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Abstract

An important energy carrier for the future is hydrogen gas, where the development of effi-

cient green production methods is an important step in minimizing the environmental impact

of global warming. One such green method is photoelectrolysis of water, where the semicon-

ductor graphitic carbon nitride (g-C3N4) can be used as the photocatalyst in the process due

to its suitable band gap for water splitting. However, it is desirable to reduce the band gap

to exploit more of the available light, thus increasing the H2 yield of pristine g-C3N4. This

means that modifications of the band gap through doping could help improve it. In this work

we demonstrate that a higher photocatalytic activity was obtained at an acidic pH by doping

g-C3N4 with boron, due to a reduced band gap and thus more utilization of the incoming light.

Boron-doped g-C3N4 was synthesized in a simple heating process from NaBH4, and the result-

ing band gaps were measured using diffuse reflectance spectroscopy. The potentials of the band

edges at different pH were found using the Mott Schottky analysis and by investigating the cur-

rent response of the semiconductor when exposed to the Fe(CN)3 – /4 –
6 redox couple. The target

reaction used to measure the photocatalytic efficiency was the oxidation of methyl orange upon

illumination. It was found that heavily boron-doped g-C3N4 proved to be roughly 2% more

efficient than pristine g-C3N4 for a pH of 0.3, but pristine g-C3N4 proved more efficient than

the boron-doped samples for an increased pH. This was likely due to a higher obtained driving

force for the oxidation of methyl orange for boron-doped g-C3N4 compared to pristine g-C3N4

at a pH of 0.3, due to the effect of band edge unpinning upon illumination. At an increased

pH, the effect of band edge unpinning upon illumination was likely not enough to compensate

for the increasing cathodic potential of the valence bands, which was most prominent for the

heavily boron-doped samples.
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Sammendrag

En viktig energibærer for framtiden er hydrogengass, hvor utviklingen av effektive grønne pro-

duksjonsmetoder er nødvendig for å minimere miljøpåvirkningen av global oppvarming. En

slik metode er fotoelektrolyse av vann, hvor halvlederen grafittisk karbonnitrid (g-C3N4) kan

brukes som fotokatalysatoren i prosessen på grunn av sitt godt egnede båndgap for splitting av

vann. Det er derimot ønskelig å redusere båndgapet slik at man kan utnytte mer av lyset og

dermed øke utbyttet av hydrogengass sammenlignet med rent g-C3N4. Dette betyr at modi-

fikasjoner av båndgapet gjennom doping kan forbedre utbyttet. I dette arbeidet demonstrerer vi

at en høyere fotokatalytisk aktivitet blir oppnådd ved en sur pH for bordopet g-C3N4, på grunn

av det reduserte båndgapet og dermed også høyere utnyttelse av lyset. Bordopet g-C3N4 ble

syntetisert fra NaBH4 i en enkel oppvarmingsprosess og det resulterende båndgapet ble målt

ved hjelp av diffus reflektansspektroskopi. Potensialene til båndkantene ved forskjellig pH ble

funnet ved hjelp av Mott Schottky-analyse og undersøkelser av strømresponsen til halvlederen

ved eksponering for Fe(CN)3 – /4 –
6 redoksparet. Målreaksjonen som ble brukt til å måle den

fotokatalytiske effektiviteten var oksidering av metyloransje ved belysning. Resultatene viste

at bordopet g-C3N4 var rundt 2 % mer effektiv enn rent g-C3N4 ved en pH på 0,3, men rent

g-C3N4 ble mer effektiv enn de bordopede prøvene for høyere pH-verdier. Dette var mest

sannsynlig et resultat av løsnede båndkanter ved belysning for bordopet g-C3N4 sammenlignet

med rent g-C3N4, som førte til en høyere drivkraft for oksideringen av metyloransje ved en

pH på 0,3. Ved en økt pH var nok ikke effekten av løsnede båndkanter ved belysning nok til

å kompensere for et økende katodisk potensial hos valensbåndene, som økte betydelig for de

bordopede prøvene.
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1 INTRODUCTION

1 Introduction

The world’s energy supply is currently dominated by fossil fuels such as oil and gas, which

contribute to global warming. Luckily, the incentive for developing sustainable and renewable

energy is growing, where the purpose is to reduce the future effects of global warming. Such

a focus has even been emphasized in UN’s Sustainable Development Goals 7 and 13 [1]. A

promising sustainable and renewable energy carrier is green hydrogen gas. However, this en-

ergy carrier is only sustainable if the production method is also sustainable. As most hydrogen

gas today is produced by fossil fuels, the development of efficient green production methods

is of great importance [2]. One such method is photoelectrolysis, where sunlight provides the

energy to split water into hydrogen and oxygen gas [3].

If photoelectrolysis is to be used as a viable option for the production of hydrogen gas, the semi-

conductor used to convert sunlight into current must be photocatalytically efficient. Graphitic

carbon nitride, g-C3N4, is a semiconductor that has been recently investigated for this purpose,

due to its suitable band gap for water splitting [4]. Additionally, it has a high thermal and chem-

ical stability to oxidation, is metal-free, and is amenable to large-scale synthesis. However, it

is desirable to reduce the band gap to exploit more of the available light and thus hopefully

increase the H2 yield [5]. As g-C3N4 can be readily doped, incorporation of a dopant into the

lattice could achieve such a reduction in the band gap. Zhao et al. demonstrated the successful

doping of g-C3N4 with boron for a more efficient oxygen evolution reaction [6]. They found

that the band gap was reduced with increasing dopant concentration, with band edges moving

towards more anodic potentials and thus a higher driving force for oxygen evolution. Wen et

al. also reported a reduced band gap and slightly more anodic potential for the conduction band

after doping g-C3N4 with boron, which resulted in a more efficient hydrogen evolution [7].

As a step towards optimizing g-C3N4 for hydrogen production, the ability of g-C3N4 to oxidize

methyl orange is studied, as this is more convenient to measure compared to the hydrogen

evolution. Methyl orange is an organic dye that pollutes waste waters, meaning that g-C3N4

can degrade the dye to a less hazardous compound through oxidation reactions [8]. Increased

photocatalytic activity of doped g-C3N4 towards methyl orange oxidation is expected compared

to pristine g-C3N4, as the electronic structure of the band gap and the occurrence of band edge

unpinning is thought to be influenced by the introduced dopants.
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1 INTRODUCTION

In this work, the photocatalytic degradation of methyl orange was investigated using boron-

doped g-C3N4. Different doping conditions were examined for the methyl orange degradation

to elucidate the semiconductor properties responsible for the photocatalytic degradation. The

semiconductor properties including band edges were measured using the Mott Schottky anal-

ysis and the current response of the semiconductor when exposed to the Fe(CN)3 – /4 –
6 redox

couple. Furthermore, the band gaps were obtained using diffuse reflectance spectroscopy. The

obtained positions of the energy bands and the sizes of the band gaps were then correlated to

the methyl orange degradation.
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2 THEORY

2 Theory

2.1 Photoelectrochemistry

2.1.1 Band theory and the semiconductor-electrolyte interface

In a semiconductor, it is the mobility of electrons that provides electronic conductivity [9, p. 36-

41]. The electrons are located in atomic orbitals, and for neighboring atoms, these orbitals will

overlap and create molecular orbitals. For metallic solids, the number of these overlaps is high

enough to provide a continuum, which creates energy bands. Energy bands are separated by

gaps of forbidden energy, called band gaps, which is demonstrated in Figure 2.1.

Figure 2.1: Density of states as a function of electron energy for the conduction band and the valence band for

an intrinsic semiconductor. The conduction band is unoccupied and the valence band is occupied, as

demonstrated by the hatched region. The Fermi level EF is located in the band gap.

The conduction band (CB) and the valence band (VB) separate the band gap in a semicon-

ductor [9, p. 399-409]. It is the lowest unoccupied molecular orbital (LUMO) that forms the

conduction band, and the highest occupied molecular orbital (HOMO) that forms the valence

band. The band gap determines the required energy to excite an electron from the valence band

to the conduction band, and this energy difference is measured in eV and termed Eg. In an in-

trinsic semiconductor, the Fermi level EF lies close to the center of the band gap [10, p. 13-14].

3



2.1 Photoelectrochemistry 2 THEORY

The Fermi level provides the uppermost energy level occupied with electrons at 0 K, which is

shown in Figure 2.1. In an extrinsic semiconductor, impurities known as dopants are deliber-

ately introduced to the crystal lattice. In this case, the Fermi level thus depends on the amount

and type of doping [10, p. 14-15]. For an n-type semiconductor, where the majority charge

carriers are electrons, the Fermi level will be located closer to the conduction band. Similarly,

for a p-type semiconductor where the majority charge carriers are holes, the Fermi level will be

located closer to the valence band.

When a semiconductor and an electrolyte solution containing a redox pair is in contact, the

formation of three different double layers on the semiconductor-electrolyte interface occurs

[3]. The one furthest away from the semiconductor is the Gouy-Chapman diffuse double layer,

which can be neglected for sufficiently high ion concentrations. Furthermore, the Helmholtz

layer is formed by the adsorption of molecules or ions on the semiconductor surface. Lastly, the

space charge double layer forms due to the minority charge carriers being distributed a finite

distance below the surface of the semiconductor. The developed potential difference across this

nanometer-wide space charge layer, denoted as φsc, will appear as a bending of the energy bands

corresponding to eφsc. For a given Fermi level of the electrolyte, this is demonstrated in Figure

2.2 for n- and p-type semiconductors. As a result of the Fermi level of the semiconductor and

the electrolyte solution aligning at equilibrium, the respective energy bands will bend upwards

and downwards.

In an electrolyte containing a redox pair, the bending of these bands can be tuned by adjusting

the electrode potential [11, p. 289-290]. When equilibrium between the semiconductor and the

electrolyte solution is reached, the Fermi levels align and as a result, the energy bands in the

semiconductor bend either upwards or downwards. By applying a potential, one could separate

these Fermi levels and thus inhibit band bending. The required potential to flatten the energy

bands is known as the flat band potential, which may correspond to the conduction band of a

heavily doped n-type semiconductor and the potential of zero charge (PZC) for a traditional

electrode.

4



2 THEORY 2.1 Photoelectrochemistry

(a) (b)

Figure 2.2: Band bending at equilibrium of a) n-type semiconductor and b) p-type semiconductor for a given

Fermi level of the electrolyte. For the n-type, the Fermi level of the semiconductor was originally

located at a higher potential than the Fermi level of the electrolyte, causing the bands to bend upwards

and electrons to be depleted from the conduction band [11, p. 289]. This forms a positive space charge

and thus enrichment of holes in the valence band. For the p-type semiconductor, the opposite is true

due to the Fermi level of the semiconductor being originally located at a lower potential than the

Fermi level of the electrolyte. Furthermore, the Gouy-Chapman diffuse double layer, the Helmholtz

layer, and the space charge double layer are illustrated and denoted GC, H, and SC, respectively.

The flat band potential may depend on the pH of the solution, as the pH affects the amount

of adsorbed protons and hydroxide ions on the semiconductor surface [12]. This affects the

potential drop in the Helmholtz layer, which in turn affects the amount of band bending. When

the amount of band bending is decreased, a lower potential is required to flatten the bands [13].

Similarly, an increased band bending results in a higher required potential to flatten the bands.

At low pH-values, protons are adsorbed on the semiconductor surface, which lowers the work

related to adding one electron from the solution into the semiconductor. Thus, the energy bands

are located at lower energies on the vacuum scale for lower pH-values. At higher pH-values,

protons are replaced by hydroxide ions, which increases the work related to adding one electron

from the solution into the semiconductor, thus placing the band edges at higher energies on the

vacuum scale.

For oxide containing semiconductors in aqueous solution, this pH dependence is in most cases

a Nernstian one, such as for the hydrogen evolution reaction and the oxygen evolution reaction

[12]. Here, the flat band potential decreases with around 59 mV per pH unit due to the surface

deprotonation.
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2.1.2 Photocatalytic water splitting

The use of photoelectrolysis to split water, where the necessary energy is provided by sun-

light, has been researched since the 1970s [3]. For a semiconductor-electrolyte interface, the

incoming light creates electron-hole pairs that are separated by an electric field. The resulting

electrons reduce water into hydrogen gas at the cathode according to the hydrogen evolution

reaction (HER);

2H2O+2e− = H2 (g)+2OH−, Alkaline solution

2H++2e− = H2 (g), Acidic solution
(2.1)

and the respective holes oxidize water into oxygen gas at the anode according to the oxygen

evolution reaction (OER);

4OH− = O2 (g)+2H2O+4e−, Alkaline solution

2H2O = O2 (g)+4H++4e−, Acidic solution
(2.2)

There are several conditions that need to be fulfilled when a semiconductor in an electrolyte

is used to split water. The first condition concerns the size of the band gap, which must be

between 1.23 eV and 3.0 eV [14]. As the potential difference between the HER and the OER

is equal to 1.23 V, this corresponds to the theoretical energy needed for water splitting. This

means that photons from the incoming light must have a minimum energy of 1.23 eV, which

thus provide the lower limit of the band gap. The upper limit of the band gap is related to a

low number of generated charge carriers from the reduced amount of excited electrons. The

second condition concerns the positions of the CB and VB. The generated electrons from the

CB can only reduce water into hydrogen gas if the CB of the semiconductor has a more cathodic

potential than the electrode potential of the HER (0 VRHE) [14][15]. This is when electronic

energies of the energy bands are converted to electrode potential. Similarly, holes from the

VB can only oxidize water into oxygen gas if the VB of the semiconductor has a more anodic

potential than the electrode potential of the OER (1.23 VRHE). This is demonstrated in Figure

2.3, where the band edges of three known semiconductors are presented. Here, g-C3N4 is the

only suitable photocatalyst for water splitting due to the positions of the band edges.
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Figure 2.3: Band edges of three different photocatalysts, related to water splitting; WO3, CdS, and g-C3N4. Due

to the positions of the band edges relative to the hydrogen evolution reaction and the oxygen evolution

reaction, WO3 and CdS are not suitable for water splitting, but g-C3N4 is. Illustration inspired by [16].

In terms of the overpotential related to the HER and OER, the band gap size is important.

The overpotentials, in this case, are only dependent on the band gap, the band edges, and the

redox potentials of the HER and OER [3]. In Figure 2.3, g-C3N4 display a high overpotential

for the HER, which indicates a high driving force for the reaction. However, the figure also

displays a lower overpotential and thus driving force for the OER, which implies the OER as

the rate-limiting reaction in this process. When considering the overpotential in addition to

the generation of charge carriers, the optimal size of the band gap for water splitting is not too

narrow and not too wide. A too narrow band gap will result in low overpotentials and thus

driving forces for the HER and OER, whilst a too wide band gap will result in a low number of

charge carriers and thus a low photocatalytic efficiency.

Another aspect to consider regarding photocatalytic efficiency is loss mechanisms related to

the generated charge carriers. The charge carriers need to be transported to the semiconductor-

electrolyte interface, without being subject to recombination, to facilitate the water splitting

[17]. Recombination is a loss mechanism where holes and electrons recombine before being

utilized in the water splitting [18]. Due to the involvement of multiple electron and proton steps,
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some with high activation energies, this is a particularly problematic loss mechanism in the

photoelectrolysis of water. Here, that means the electrons and holes recombine before reaching

the interface. Ideally, the system should have a low recombination rate, which corresponds to

a long carrier lifetime.

To better understand the water-splitting process for a single particle in a solution, a photoelec-

trochemical cell can be used [11, p. 290-291][19]. Such a cell is shown in Figure 2.4 for an

n-type semiconductor anode connected to a metal cathode through an external circuit. In this

case, it is assumed that the Fermi level of the semiconductor is initially higher than the Fermi

level of the electrolyte, which results in the energy bands bending upwards. A bending like this

leads to an accumulation of holes at the semiconductor-electrolyte interface, which makes the

oxidation of the electrolyte possible. In a similar manner, electrons are depleted from the inter-

face and travel toward the external circuit before reducing the electrolyte at the metal cathode.

As illustrated in Figure 2.4, the following reactions occur:

O(soln)+ e−(metal)−−→ R(soln)

R(soln)+h+(semiconductor)−−→ O(soln)

where O denotes the oxidized form of the electrolyte specimen and R denotes the reduced form

of the electrolyte specimen.

The difference between the photoelectrochemical cell and a single particle in an electrolyte

solution is that, for a single particle, the redox processes occur at open circuit potential (OCP)

without a counter electrode [3]. Both redox reactions happen at the same particle, but at dif-

ferent sites, demonstrated in Figure 2.5. The reactions will happen simultaneously, meaning

that the slowest one determines the overall reaction rate. Both the charge transfer and recombi-

nation rates of the charge carriers affect the efficiency of the reaction [17]. Thus, by reducing

recombination rates one can increase the overall efficiency. Adding a co-catalyst to the parti-

cle may contribute to this, as it captures the photogenerated electrons before being subject to

recombination [20]. This is illustrated in Figure 2.5.
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Figure 2.4: A galvanic photoelectrochemical cell for an n-type semiconductor where the Fermi level of the semi-

conductor is initially higher than the Fermi level of the solution, resulting in the energy bands bend-

ing upwards at equilibrium. The anode is the n-type semiconductor, which is coupled to a metal

cathode through an external circuit. When the semiconductor is illuminated, holes will travel to the

semiconductor-electrolyte interface and oxidize the reduced species, while the electrons will travel

through the external circuit to the metal cathode to reduce the oxidized species [11, p. 291].

Figure 2.5: A deposited co-catalyst on a semiconductor particle that facilitate the hydrogen evolution reaction.

Incoming light will generate electron-hole pairs that are subject to charge transfer and respective

oxidation and reduction reactions. The generated electrons pass through the metal co-catalyst before

entering the electrolyte. Illustration inspired by [20].
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A metal co-catalyst such as platinum deposited on the semiconductor will provide a

semiconductor-metal interface, resembling the photoelectrochemical cell in Figure 2.4. In this

case, the electrons will not travel through an external circuit but pass through the metal co-

catalyst before entering the electrolyte.

2.1.3 Doping of semiconductors

Manipulation of the band gap through doping is possible to obtain desired properties related to

both the size and the positions of the band edges. Zhao et al. [6] and Wen et al. [7] both doped

g-C3N4 with boron to achieve this, whilst other dopants such as nickel, potassium, and cobalt

were used by Das et al. [21], Tripathi et al. [22], and Chen et al. [23]. Doped semiconductors

have increased charge carrier density, either holes (p-type) or electrons (n-type), as energy

levels in the forbidden band gap are introduced [10, p. 10]. This will in turn lead to a reduction

of the band gap and thus a larger utilization of the available light. However, it is important

to control the positions of the band edges to ensure that water splitting is still possible for

the photocatalyst. The band edge positions can be controlled through the concentration of the

dopant and monitored through experimental methods like the Mott Schottky analysis [6].

As mentioned before, the Fermi level of extrinsic semiconductors depends on the type and

amount of doping. For an n-type semiconductor, the Fermi level will shift towards the CB with

increasing dopant concentration. Similarly, the Fermi level shifts towards the VB for p-type

semiconductors. In addition to affecting the Fermi level, doping can also influences the flat

band potential [21]. This is discussed further in section 2.3.4.

2.1.4 Photocurrent response and band edge unpinning

When photons are incident on a semiconductor surface, a photocurrent is generated as electrons

are excited from the VB to the CB [24, p. 198]. Thus, the photocurrent response can provide

information about the photocatalytic efficiency of a semiconductor. It is the minority charge

carriers in a semiconductor that are responsible for the rate-limiting redox reactions of water,

and thus the overall reaction rate [3]. In an n-type semiconductor, these minority charge carriers

are holes, and they will accumulate at or near the surface of a particle in a solution. Here,

they are subject to recombination with the majority charge carriers; electrons. Using a test

method such as chopped light voltammetry, the recombination rates at the particle’s surface
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can be investigated [18]. The observation of spikes and overshoots in this test method are

often interpreted as evidence of recombination. Furthermore, chopped light voltammetry could

be used to provide information about charge transfer and band edge unpinning. Band edge

unpinning is a process that leads to reduced band bending as a result of an increased potential

drop in the Helmholtz layer due to the build-up of charge carriers at the interface [25]. Such a

decrease in band bending also leads to a decreased photocurrent. In short, band edge unpinning

leads to the band edges moving to either more positive or negative potentials.

Experiments performed by Kelly et al. have reported that flat band potentials may shift upon

illumination [25]. An n-type semiconductor shifts towards more anodic potential, and a p-

type semiconductor shifts towards more cathodic potentials [10, p. 107-108]. This is due to an

unpinning of bands, where the movement of the flat band potential must be interpreted by an

equivalent movement of the band edges. For semiconductors in aqueous solutions, this may be

due to the minority carriers being trapped in surface states, which is a process that competes

with the transfer of minority carriers into the electrolyte. For an n-type semiconductor, this

corresponds to holes being trapped in surface states. As the density of electrons is quite low

for potentials more positive than the flat band potential, the recombination rate of these holes is

also quite low. Thus, a considerable charge can be stored, which leads to a change in potential

distribution and a downward shift of the energy bands on the vacuum scale. This shift in flat

band potential occurs mostly at very low intensities of light, and at higher light intensities it

saturates as all surface states become occupied.

By adding a suitable redox couple to the aqueous electrolyte, the accumulation of minority

carriers and thus the resulting shift of band edges upon illumination can be avoided [10, p. 108].

For an n-type semiconductor, the addition of a hole acceptor, such as Fe(CN)4−
6 , could make

the energy bands shift back to their original value. This is due to the minority carriers trapped

in surface states being transferred to the hole acceptor in the electrolyte solution. A shift of flat

band potential can also occur in the dark if minority carriers are injected into the semiconductor

from a redox couple in the electrolyte solution.

Some layered semiconductors, such as WSe2 and MoSe2, show very low interaction with water

as the metals are shielded from the solution [26][10, p. 109]. This leads to very large shifts

of the flat band potential in aqueous electrolytes, as the minority carriers cannot be transferred

across the semiconductor-electrolyte interface. Thus, the absence of a system in the electrolyte
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solution that can accept the minority carriers can lead to band edge unpinning.

2.2 Degradation of organic dyes

An additional application of g-C3N4, besides photocatalytic water splitting, is the degradation

of organic dyes [21]. By utilizing oxidation and reduction reactions, g-C3N4 can photocatalyt-

ically degrade such compounds [27]. Previous work performed on boron-doped g-C3N4 by

Yan et al. has shown that a successful degradation of both methyl orange and rhodamine B,

compounds found in waste waters, is possible [8].

Methyl orange (MO) is an organic compound, an anionic azo dye, that can be found in textiles

[28]. It is also used as a pH indicator, meaning that its structure is changed at a certain pH. For

MO, this pH-value is equal to 4.3 [29]. Rhodamine B (RhB) is also an organic compound, a

water-soluble fluorescent xanthene dye, which is used to dye various substances [30]. As both

of these compounds are toxic and because dyes, in general, are mutagenic and carcinogenic in

nature, it is desirable to remove them from waste waters through degradation [21]. Schematic

drawings of the chemical structure of MO and RhB are given in Figure 2.6.

The idea is that these dyes can be successfully degraded by g-C3N4 into less hazardous com-

pounds by oxidation reactions. For this to be possible, the VB of g-C3N4 needs to be located

at a more anodic potential than their respective oxidation potentials. This is so that holes from

the VB can move to the semiconductor-electrolyte interface to oxidize the dyes [15]. However,

should the VB be located at a potential more cathodic than the oxidation potentials of the dyes,

these reactions will not be possible. The respective oxidation potentials can be located using

experimental methods such as cyclic voltammetry. By varying the pH of the solution, a pH

dependence of the oxidation potential can be established. If this pH dependence is different

than that of the VB of g-C3N4, an optimum pH exists at which the photocatalytic degradation

is the most efficient.
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(a)

(b)

Figure 2.6: Chemical structures of a) methyl orange [31] and b) rhodamine B [8].

If these dyes are to be used successfully as target reactions for the photocatalytic efficiency

of g-C3N4, they cannot absorb light at the same wavelengths as g-C3N4. RhB has its light

absorbance peak at about 550 nm due to its pink color, whilst MO will have light absorbance

peaks located at about 510 nm for its acidic form (colored red) and closer to 470 nm for its

neutral and basic form (colored orange to yellow) [32]. This can be determined more precisely

using UV-visible spectroscopy. As the band gap of pristine g-C3N4 is about 2.7 eV, this corre-

sponds to an absorption of light with wavelengths of 459 nm and lower. As this light absorption

overlaps somewhat with MO, it is desirable to shift it towards higher wavelengths. This is ob-

tained by reducing the band gap through doping. Boron-doped g-C3N4 synthesized at 400◦C

gives a band gap of about 2.0 eV, which corresponds to an absorption of light with wavelengths

equal to 620 nm and lower [6]. This is enough to avoid overlapping absorbance with both RhB
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and MO.

If the absorbance peaks of MO and RhB is to be used as a basis for the amount of oxidized dye,

a calibration curve is needed. By performing UV-visible spectroscopy of the dyes at different

concentrations, this can be obtained. The absorption peaks can then be plotted as a function

of concentration, which is explained in more detail in section 2.3.6. This would give the real

amount of oxidized dye, whilst utilization of Faraday’s law could give the theoretical amount

of oxidized dye [33],

m =
ItM
zF

(2.3)

Here, m is the dye’s mass, I is the current, t is the time, M is the dye’s molar mass, z is the

number of transferred electrons and F is Faraday’s constant. This equation gives the theoreti-

cally expected mass of dye after illumination based on the time of illumination and the obtained

current. Thus, one can determine how much of the real current is used to oxidize the dyes by

comparing the results with those from the UV-visible spectroscopy.

2.3 Methods

2.3.1 X-Ray Diffraction

X-ray diffraction (XRD) is a characterization method for crystalline materials used to determine

crystal structures [9, p. 114-117]. It utilizes a beam of X-rays that are incident on a sample and

then diffracted by the crystalline phases of the sample. The result of the measurement is a

diffraction pattern that is considered a fingerprint of the sample, which gives intensities as a

function of the diffraction angle, θ . The diffractogram can be used to find lattice constants and

geometries by applying Bragg’s law,

λ =
2dhkl

sinθ
(2.4)

If peaks are shifted towards lower angles in a diffractogram, this indicates decreased lattice

spacing as this corresponds to a lower dhkl in equation 2.4. Similarly, a shift in the peaks

towards higher angles indicates an increased lattice spacing.

2.3.2 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is another characterization technique that pro-

vides spectra functioning as fingerprints for different chemical bonds and atoms [34, p. 347-
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348]. In between atoms, the chemical bonds vibrate with frequencies determined by the bond

strengths and the mass of the atoms. These frequencies are located in the infrared region of

the electromagnetic spectrum and they are specific to the group of atoms and type of bond in-

volved in the vibration. The infrared spectrum, resulting from a measurement of the relative

intensity vs. the frequency, can be subject to a Fourier transform. This results in an intensity

vs. frequency spectrum.

2.3.3 Diffuse Reflectance Spectroscopy and Tauc plots

To determine the band gap of semiconductors, diffuse reflectance spectroscopy (DRS) is a

method frequently used [6][7][21][22][23]. By utilizing the Kubelka-Munch relation provided

in equation 2.5, one can transform the measured diffuse reflectance to the equivalent absorption

coefficient at different wavelengths [35].

α = F(R) =
(1−R2)

2R
(2.5)

Here, α denotes the absorption coefficient, F(R) denotes the Kubelka-Munch relation and R

denotes the measured reflectance. This can be used to find the band gap of a semiconductor by

usage of Tauc plots, where the Tauc relation

(αhν) = A(hν −Eg)
n, (2.6)

provides the basis for these plots. In this relation, n provides information about the type of

band gap the semiconductor possesses, where an indirect band gap corresponds to n = 1/2

and a direct band gap corresponds to n = 2. Furthermore, hν corresponds to the energy of

the incoming light, obtained by 1240 divided by the respective wavelength. Thus, by plotting

(αhν)n vs. hν , one can extrapolate the linear part of the curve to obtain the value of the band

gap as the intersection of the hν axis.

2.3.4 Mott Schottky analysis

For an n-type semiconductor, the measured flat band potential Efb is assumed to correspond

with the CB edge potential, whilst, for a p-type semiconductor, it is assumed to correspond

with the VB edge potential [21]. To measure the flat band potential, Mott Schottky analysis can

be utilized. The Mott Schottky equation is obtained by solving Poisson’s equation and is given

by
1

C2
s
=

2
εε0A2eND

(
E −Efb −

kBT
e

)
(2.7)

15



2.3 Methods 2 THEORY

Here, Cs denotes the capacitance of the semiconductor at the interface, ε denotes the solution’s

permittivity, ε0 denotes the permittivity of vacuum, A denotes the interfacial area, e denotes

the electronic charge, ND denotes the carrier donor density, E and Efb denotes the potential

and the flat band potential, respectively, kB denotes Boltzmann’s constant and T denotes the

temperature. By plotting 1/C2
s vs. V, one can extrapolate the linear part of the curve to obtain

the value of the CB or the VB, depending on the type of semiconductor [36]. If the slope is

positive, the obtained value of the flat band potential is assumed to correspond with the CB, and

the semiconductor displays an n-type behavior [21]. Similarly, a negative slope will result in the

flat band potential corresponding to the VB, as the semiconductor displays a p-type behavior.

After obtaining the value of the flat band potential from a Mott Schottky plot, the respective

value of the other band edge can be found by adding or subtracting the value of the band gap

[21]. As explained in section 2.3.3, the band gap can be found by i.e., DRS.

The slope of a Mott Schottky plot is inversely proportional to the density of donors at the

interface. Thus, both dopants and pH may affect the slope [21]. For pristine g-C3N4, lone

pairs of nitrogen are the primary donors. Additions of dopants may reduce the number of these

donors as they can be subject to electronic interaction with the dopant atoms due to nitrogen’s

excess electrons. This would result in an increased slope in the Mott Schottky plots compared to

intrinsic semiconductors. Furthermore, the adsorption of protons and hydroxide ions may also

affect the number of these available donors. In particular, protons may bind to the electron-rich

nitrogen atoms at the surface, thus decreasing the number of donors and increasing the slope

in the Mott Schottky plot. Semiconductors with a higher number of available donors will have

an enhanced electric conductivity of the charge carriers, which in turn could lead to a higher

photoresponse [37].

2.3.5 Sonochemical synthesis

To produce metal nanoparticles from respective metal salts, a sonochemical synthesis can be

utilized [38][39]. This method uses high-power ultrasound to facilitate reduction reactions of

metals such as platinum. A transducer that converts electrical energy to sound energy provides

this ultrasound, which further creates cavitation bubbles. These cavitation bubbles generate

environments of high temperature and pressure upon collapsing, which may cause water to

split into hydrogen (H·) and hydroxyl (OH·) radicals. These are known as primary radicals,
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and they possess a short lifespan. Secondary radicals with a longer lifespan can be created by

adding a radical scavenger such as ethanol to the solution. The creation of these secondary

radicals is obtained by ethanol scavenging the primary radicals at the bubble-solution interface.

After being created, the secondary radicals can diffuse into the bulk solution and reduce metal

salts into metal nanoparticles.

2.3.6 UV-visible spectroscopy

UV-visible spectroscopy is used to analyze electronic transitions in the ultraviolet and the vis-

ible range of light [40, p. 196]. In this method, a cuvette containing the target solution is

exposed to light in the UV and visible region, providing spectra of measured absorbance as a

function of the wavelength of light. These spectra can be considered fingerprints of the differ-

ent specimens. By utilizing this, one can determine which specimens are present in a solution,

i.e., the different oxidation states of a metal. Thus, one can confirm that platinum ions have

been reduced to metallic nanoparticles when utilizing the sonochemical synthesis described in

section 2.3.5.

UV-visible spectroscopy can also be used to provide concentrations of organic dyes before and

after exposure to illumination of the g-C3N4 photocatalyst. To obtain this, one must perform

a calibration of light absorption values at different concentrations. The result is a linear plot

of absorption values as a function of concentration, where the slope corresponds to ε in Beer-

Lambert’s law [41],

A = ε · c · l (2.8)

Here, A is the measured absorption, c is the respective concentration of the dye and l is the

length of the cuvette. By comparing the concentration of organic dye obtained from the mea-

sured absorption before and after photocatalytic degradation, the photocatalytic efficiency of

g-C3N4 can thus be estimated.

2.3.7 Scanning (Transmission) Electron Microscopy

Scanning (transmission) electron microscopy (S(T)EM) is a characterization method for nano-

materials and nanostructures, where information about the surface structure and chemical com-

position is obtained by an electron microscope [34, p. 336-339]. An electron beam is incident

on a sample surface when using SEM, where the collected emitted electrons provide images
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of the surface. By studying these images, one can obtain information about microstructures,

chemical distribution, and morphology. For thin samples, TEM can be used in addition to SEM,

where the electrons either deflect or penetrate the material. Images obtained from these elec-

trons provide chemical analyses and structural characterization. Here, heavier elements can

easily be distinguished from lighter elements by utilizing the difference in penetration depth

of electrons through varying elements. By using energy-dispersive X-ray spectroscopy (EDS),

these varying elements can be identified due to the sensitivity of electron scattering to target

elements.

2.3.8 Linear sweep and cyclic voltammetry

A three-electrode setup consisting of a working electrode (WE), a counter electrode (CE), and

a reference electrode (RE) is usually used for current-potential measurements at semiconductor

electrodes [10, p. 61-62]. A potentiostat is used to supply an external voltage to the cell.

A rotating disk electrode (RDE) is often used as the WE in electrochemical measurements

[11, p. 162-164]. The RDE consists of a disk insulator embedded with a disk of an electronic

conductor such as glassy carbon or platinum. By utilizing rotation at high velocities, it employs

forced convection and thus ensures a steady mass transport of the bulk solution to the RDE. At

the electrode surface, only diffusion is operative as the convective velocity is zero.

Linear sweep voltammetry (LSV) is an electrochemical technique that, according to equation

2.9, applies a potential that either decreases or increases with time [11, p. 346]. To avoid ini-

tially occurring reactions, the initial potential E0 is set to start before the onset of the chemical

reaction. Furthermore, the sweep rate is termed v, and given in Vs−1.

E(t) = E0 + vt (2.9)

Nernst equation can be used to obtain the current response due to potential sweep for a simple

redox reaction with only one electron transferred:

E = E0′ − RT
nF

ln
(

[Reduced species]
[Oxidized species]

)
(2.10)

Where E0′ denotes the formal potential, R denotes the gas constant, T denotes the temperature,

n denotes the reaction’s number of transferred electrons, F denotes Faraday’s constant and
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the brackets denote concentrations. One can further develop expressions for the current as a

function of the potential and sweep rate by considering the potential’s time dependence as given

in equation 2.9. A surface-controlled reaction displays a current proportional to the sweep rate,

whilst a diffusion-controlled reaction displays a current proportional to
√

v. The current vs.

potential plot that results from the measurement is known as a voltammogram. An example of

a voltammogram is given in Figure 2.7 for the LSV of platinum towards the HER.

Figure 2.7: An example of a voltammogram where a linear sweep voltammetry of platinum towards the hydrogen

evolution reaction (0 VRHE) is displayed. Illustration inspired by [42].

LSV of a redox couple, such as Fe(CN)3 – /4 –
6 , can be used to investigate the placement of a

semiconductor’s VB and CB edges, as stated by Lervik et al. [13], by utilizing faradaic currents.

For investigations of an n-type semiconductor such as g-C3N4, the obtained anodic and cathodic

currents in an electrolyte containing such a redox couple can give information about the relative

position of the VB compared to the redox potential of the Fe(CN)3 – /4 –
6 couple [43]. If both

anodic and cathodic faradaic currents are present in equal magnitude, the VB is located at

approximately the same potential as the redox potential of Fe(CN)3 – /4 –
6 , which is demonstrated

in scenario a) in Figure 2.8. However, if the cathodic current is a capacitive one, the value is

closer to zero at potentials more cathodic than the redox potential of the Fe(CN)3 – /4 –
6 couple.

For potentials more anodic than the redox potential of Fe(CN)3 – /4 –
6 , the anodic current may

still be faradaic and present in a higher magnitude than that of the cathodic current. If so, the

VB of the semiconductor is located at a potential that only overlaps with the reduced form of
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the Fe(CN)3 – /4 –
6 redox couple, resulting in a more anodic VB than the redox potential of the

Fe(CN)3 – /4 –
6 couple. This is demonstrated for scenario b) in Figure 2.8. Likewise, if the only

faradaic current is the cathodic one, this indicates that the VB of the semiconductor is located

at a potential that only overlaps with the oxidized form of Fe(CN)3 – /4 –
6 , resulting in a more

cathodic VB than the redox potential of the Fe(CN)3 – /4 –
6 couple.

Figure 2.8: An example of how the potential of the valence band of a semiconductor can be determined relative

to that of the redox potential of the Fe(CN)3 – /4 –
6 couple, denoted EF, Redox in the figure, using linear

sweep voltammetry. In the figure, O denotes the oxidized form of the Fe(CN)3 – /4 –
6 redox couple and

R denotes the reduced form of the Fe(CN)3 – /4 –
6 redox couple. Illustration inspired by [13] and [43].

Cyclic voltammetry (CV) is obtained by reversing the scanning direction from LSV [40, p. 77-

78]. This technique can be used to characterize electrochemical processes and reactions that

occur at the electrode-electrolyte interface. Here, a constant scan rate is used to sweep the

electrode potential between two limits. These two limits are usually chosen to be the onset of

hydrogen evolution and oxygen evolution for platinum.

Electrode processes such as oxidation and reduction, metal dissolution, and adsorption and

desorption of species in the electrolyte can be obtained by the resulting voltammogram [40,

p. 78]. Furthermore, one can also obtain the kinetics of electron transfer, positions of HOMOs

and LUMOs, and thermodynamics of redox systems from CV.
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2.3.9 Photoelectrochemical measurements

A light source, a potentiostat, and a three-electrode setup in a photoelectrochemical cell are

used when performing photoelectrochemical measurements. The photoanode, which is used

as the WE, is submerged in an electrolyte and, through an optically transparent window in the

cell, is exposed to the incoming light.

The efficiency at which incoming light is converted into charge carriers is known as quantum

efficiency, which is one of the key parameters for photoelectrodes [44]. This is usually mea-

sured as a function of the incident light and plotted using a method known as incident photon

to current efficiency (IPCE). Here, the ratio of the generated charge carriers to the number of

incident photons makes up the IPCE. Thus, the IPCE and the quantum efficiency equals 100%

if all incoming photons generate one electron-hole pair each. However, this is an ideal case.

For real systems, the IPCE and quantum efficiency is lower.

The lowered efficiency for real systems is due to loss mechanisms such as recombination and

reflection of the incoming light [44]. These mechanisms prevent the quantum efficiency and the

IPCE from reaching 100%. Additionally, semiconductors can only utilize incoming photons

with energies larger than the band gap to create charge carriers. Thus, for photons with energies

lower than the band gap, the IPCE and quantum efficiency will be equal to zero.
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3 Experimental

3.1 Chemicals

In this experiment, the following chemicals were used: dicyandiamide (C2H4N4) (Sigma-

Aldrich, 99%), ethanol (EtOH) (VWR chemicals, GPR Rectapur, 96%), methyl orange (MO)

(Sigma-Aldrich, indicator ACS, Reag. Ph Eur), NafionTM 117 containing solution (Sigma-

Aldrich, 5% in a mixture of lower aliphatic alcohols and water), platinum(IV) tetrachlo-

ride (PtCl4) (Sigma-Aldrich, 96%), potassium ferricyanide (K3[Fe(CN)6]) (Sigma-Aldrich, for

analysis EMSURE® ACS, Reag. Ph Eur), potassium ferrocyanide (K4[Fe(CN)6]) (Sigma-

Aldrich, for analysis EMSURE® ACS, ISO, Reag. Ph Eur), potassium hydroxide (KOH)

(Sigma-Aldrich, ACS reagent, ≥ 85%), potassium iodide (KI) (Sigma-Aldrich, ACS reagent,

≥ 99.0%), 2-propanol (IPA) (VWR chemicals, technical, ≥ 98%), rhodamine B (RhB) (Sigma-

Aldrich, ≥ 95% (HPLC)), sodium borohydride (NaBH4) (Sigma-Aldrich, powder, ≥ 98.0%),

sodium sulfate (Na2SO4) (Merck Millipore, anhydrous for analysis) and sulfuric acid (H2SO4)

(Sigma-Aldrich, for analysis EMSURE® ISO, 95-97%). Throughout the experiment, deion-

ized water (DI water) (Milli-Q, 18.2MΩ · cm) was also used.

3.2 Synthesis of graphitic carbon nitride

Based on earlier experiments, graphitic carbon nitride was synthesized using dicyandiamide

in a one-step heating process [16]. An amount of 3.0 g dicyandiamide was distributed in an

alumina crucible and inserted into a horizontal tube furnace (Carbolite CTF 12/65/550). Using

a heating rate of 10◦Cmin−1, the precursor was heated up to 550◦C and maintained at this

temperature for 4 hours before cooling down to room temperature. Throughout the process, a

continuous flow of synthetic air was present. The resulting bulk g-C3N4 was milled into a fine

powder using a mortar and pestle.

3.3 Exfoliation of graphitic carbon nitride

A one-step heating process was used to exfoliate the bulk g-C3N4 after a washing procedure.

Washing of the powder prior to exfoliation was conducted to remove unwanted impurities. Bulk

g-C3N4 was transferred to a centrifuge tube, and added a 50/50 mixture of EtOH and DI water.

The mixture was centrifuged (Eppendorf 5810 R) for 15 minutes at 12 000 rpm, and the liquid
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was discarded. This procedure was conducted a total of three times.

Washed bulk g-C3N4 was distributed in an alumina crucible and inserted into a horizontal

tube furnace (Carbolite CTF 12/65/550) for exfoliation of the g-C3N4 layers. The powder was

heated up to 500◦C with a heating rate of 5◦Cmin−1 and maintained at this temperature for 4

hours. The atmosphere used was synthetic air, and a steady flow was present throughout the

process. The resulting exfoliated g-C3N4 was ground to a fine powder by employing a mortar

and pestle.

3.4 Doping of boron on graphitic carbon nitride

Bulk g-C3N4 and NaBH4 in a ratio of 4:3 were milled together in a mortar for 30 minutes before

being distributed in an alumina crucible and inserted into a horizontal tube furnace (Carbolite

CTF 12/65/550), following the method of [6]. This has been shown to introduce boron-dopants

in the g-C3N4. The powders were heated up to 300◦C and 500◦C at a heating rate equal to

10◦Cmin−1. Due to nitrogen gas not favoring nitrogen leaving the lattice, the atmospheres for

the doping process were argon and synthetic air. The temperatures were maintained for 1 hour

before the doped powders were cooled down to room temperature. Lastly, the powders were

washed with a 50/50 mixture of EtOH and DI water and centrifuged (Eppendorf 5810 R) a total

of three times before being dried in a vacuum oven (Binder VD 23) at 60◦C overnight. The

doped powders were named B300Air, B500Air and B500Argon, where the B denotes boron-

doped g-C3N4, 300 and 500 denotes the temperature in the doping synthesis, and Air and Argon

denotes the atmosphere used.

3.5 Deposition of platinum

A sonochemical synthesis route was utilized to deposit 20 wt% of platinum nanoparticles on

pristine and boron-doped g-C3N4. Ultrasound with a frequency of 346 kHz and an acoustic

power of 42.5 W was used. PtCl4 were thoroughly mixed with 0.5 M EtOH in a 200 mL

solution for the precursor liquid. The g-C3N4 powder was mixed with 10 mL of DI water in a

separate container.

The platinum-containing solution was then transferred to the experimental setup as given in

[39], and followed the same sonication procedure. Concentration changes in the oxidation
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states of the platinum precursor were verified using a UV-visible spectrophotometer (Thermo

Scientific Evolution 220) and the Thermo INSIGHT software. Here, a scan speed of 100

nmmin−1 and a bandwidth of 1 nm were used to analyze the samples for light with wave-

lengths ranging from 800 nm to 200 nm. The platinum-containing solution was mixed with KI,

forming PtI2 –
6 and PtI2 –

4 . The resulting absorption peaks located at 495 nm and 345 nm were

used to assess the development of the reduction reaction. After 100 minutes of sonication, the

g-C3N4 powder was added to the solution and further sonicated for 25 minutes.

The resulting substrate with platinum nanoparticles was centrifuged (Eppendorf 5810 R) to

separate the powder from the solution at 12 000 rpm for 15 minutes. The powder was also

washed with a 50/50 mixture of DI water and EtOH three times.

3.6 Methods of characterisation

3.6.1 X-Ray Diffraction

A D8 DaVinci Diffractometer with Cu Kα was used to perform XRD, and a 10 mm Si-cavity

sample holder was used for the powders. Samples containing boron were covered with a Kapton

film. The diffractometer probed from 10◦ to 80◦ for 60 minutes, with a step length of 0.010◦

and a variable divergence slit (V6).

3.6.2 Fourier Transform Infrared Spectroscopy

A vacuum spectrometer (Bruker Vertex 80v) was used to perform FTIR on pristine and boron-

doped g-C3N4. The samples were scanned from 4000 cm−1 to 550 cm−1 using the attenuated

total reflection (ATR) mode. The resolution was equal to 4 cm−1 and the scan time was equal

to 100 scans.

3.6.3 Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy of pristine and boron-doped g-C3N4 was performed using

an integrating sphere (AvaSphere-50) and a monochromator (Newport 74125). Using the re-

flectance mode, the samples were scanned from 350 nm to 1000 nm. To obtain the respective

band gaps, the resulting spectra were transformed to Tauc plots using equations 2.5 and 2.6.
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3.6.4 Scanning (Transmission) Electron Microscopy

A Hitachi High-Tech SU9000 was used to investigate the platinum nanoparticles deposited on

the g-C3N4 substrate. A small amount of g-C3N4 powders deposited with platinum nanopar-

ticles were added to a 50/50 mixture of 2-propanol and DI water. 5 µL of this solution was

drop cast on a Formvar/Carbon supported copper grid with a size of 300 mesh and dried for

a couple of hours. Both Secondary Electron (SE) and Bright Field (BF) modes were used to

capture images, and the acceleration voltage and emission current were equal to 30 kV and 10

µA, respectively. EDS was performed to confirm the presence of platinum.

3.6.5 Mott Schottky analysis

A three-electrode setup and a potentiostat (Ivium-n-Stat) were used to obtain Mott Schottky

plots at different pH. The working electrode was a glassy carbon RDE deposited with catalyst

ink, the counter electrode was graphite and the reference electrode was Hg/HgO for alkaline

electrolytes. In neutral or acidic electrolytes, a saturated Ag/AgCl electrode was used.

The ink used in the measurements was prepared by mixing 10 mg g-C3N4 without deposited

platinum with 475 µL of DI water, 475 µL of 2-propanol, and 50 µL of Nafion. Using an

electromagnetic stirrer, the solution was mixed for 10 minutes before being sonicated in an

ultrasonic bath (VWR USC300TH) for 30 minutes.

A total of 10 µL of the as-prepared ink was spin cast onto the RDE with a rotation speed of 100

rpm and further dried at a rotation speed of 200 rpm for 20 minutes. The electrolyte solution,

consisting of various mixtures of 0.5 M H2SO4 and 0.1 M KOH, was purged with Ar(g) (5.0)

for a minimum of 20 minutes to remove dissolved oxygen.

For the Mott Schottky plots, potential measurements ranged from -2.5 VRHE to -0.1 VRHE with

a potential step equal to 10 mV for 1 kHz, 1.7 kHz, and 3 kHz. In the Ivium software, the Mott

Schottky analysis was utilized.

3.6.6 Characterisation of methyl orange and rhodamine B

To obtain oxidation peaks, CV of MO and RhB were performed with a concentration of 0.31

mM and 0.21 mM, respectively, in 0.1 M Na2SO4. The pH of the solution was varied by adding

H2SO4 and KOH to the solution. These measurements were obtained using a three-electrode
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setup where glassy carbon was the WE, graphite was the CE and the saturated Ag/AgCl elec-

trode was used as a reference for acidic and neutral solutions. The Hg/HgO electrode was used

as a reference for alkaline solutions. The potential limits for RhB were 0.5 VRHE to 1.6 VRHE,

whilst for MO the limits were 1.05 VRHE to 1.6 VRHE. The lower limit for MO was chosen to

be this high due to the polymerization of MO at potentials lower than 0.95 VRHE, which would

have covered the WE [45]. Scan rates of 500 mVs−1 were chosen to obtain clearly visible

peaks.

MO and RhB in neutral pH were subject to UV-visible spectroscopy (Thermo Scientific Evo-

lution 220) to obtain absorption peaks at different concentrations. The curves were measured

from 800 nm to 200 nm with a bandwidth of 1 nm. For MO, the starting concentration was

0.050 mM and the lowest concentration was 0.00208 mM. For RhB, the starting concentration

was 0.0125 mM and the lowest concentration was 0.00208 mM. The absorbance values were

too high at higher concentrations than 0.050 mM and 0.0125 mM, respectively.

3.6.7 Electrochemical measurements of the Fe(CN)3 – /4 –
6 redox couple

The Fe(CN)3 – /4 –
6 redox couple was used to confirm the placements of the band edges obtained

from the Mott Schottky analysis. Here, CV was performed from 0 VRHE to 1.5 VRHE to ob-

tain oxidation potentials at a pH of 2.2 and 4.4. The WE was a platinum RDE, the CE was

graphite and the RE was saturated Ag/AgCl. After obtaining the oxidation potential, LSV was

performed from 0.98 VRHE to 0.24 VRHE for a pH of 2.2 and from 1.1 VRHE to 0.38 VRHE for

a pH of 4.4, centered around where the current was zero. The scan rate was equal to -5 mVs−1.

For the LSV, the WE was replaced with a glassy carbon RDE covered with the catalyst ink as

described in section 3.6.5. The respective currents were used to determine the placement of the

VB relative to the redox potential of the Fe(CN)3 – /4 –
6 couple.

3.6.8 Photoelectrochemical measurements

To measure the photocatalytic efficiency based on the degradation of MO, both pristine and

boron-doped g-C3N4 were subject to IPCE using a photoelectrochemical cell (Zahner). The

electrolytes used were prepared from a 0.025 mM MO solution in 0.5 M H2SO4 with a pH

of 0.3, using KOH to obtain solutions at different pH values. The pH values for the other

solutions were 1.0, 2.1, 4.4, and 12.2. The respective concentrations of MO were 0.0167 mM,
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0.00833 mM, 0.0075 mM, and 0.0125 mM. Platinum was used as the CE and Ag/AgCl in

3M KCl as the RE. The WE was prepared by drop casting the photocatalyst ink, prepared

as for the electrochemical methods, onto carbon paper. 200 µL of the ink was drop cast a

total of four times, corresponding to a total amount of 800 µL to achieve a dense layer of

catalyst. The samples were illuminated with light at discrete wavelengths from 290 nm to 800

nm with a frequency of 1 Hz. A constant white background light was also applied. Based on

the results from UV-visible spectroscopy before and after IPCE, the amount of oxidized MO

was calculated.

3.6.9 Degradation of dye

The degradation of MO with time was investigated using a UV-visible spectrophotometer

(Thermo Scientific Evolution 220), an integrating sphere (AvaSphere-50), and a monochro-

mator (Newport 74125). 1 mg of the photocatalyst powder was mixed with a 50 mL solution

containing a mixture of 0.5 M H2SO4 and 0.5 M KOH with pH values of 2.2 and 4.4, re-

spectively. The solutions were mixed in an ultrasonic bath (VWR USC300TH) for 10 minutes

before adding 2 mg of MO. Further mixing using an electromagnetic stirrer was performed

for 15 minutes in the dark. The resulting solutions were illuminated with white light using an

integrating sphere, and 3 mL samples were taken every 15 minutes for a total of 60 minutes.

These samples, including one prior to illumination, were subject to UV-visible spectroscopy

to monitor the amount of degraded MO as a reduction in absorption peak. The curves were

measured from 800 nm to 200 nm with a bandwidth of 1 nm.

27



4 RESULTS

4 Results

4.1 X-Ray Diffraction

Results from the XRD analysis are given in Figures 4.1 and 4.2 for exfoliation and doping,

respectively, and they both indicate successful processes. For the exfoliation, the main peak

located at 2θ = 27.4◦ has shifted +0.15◦ after the process. This implies a successful exfoliation,

as a shift towards higher 2θ values indicates an increased lattice spacing following equation 2.4.

The main peak located at 2θ = 27.4◦ corresponds to the (002) plane, which is the interlayer

stacking peak of aromatic systems. A second peak is located at 2θ = 13◦, corresponding to the

(100) plane, which corresponds to the interlayer structural packing. Both of these peaks are

reported in literature [46].

For the doped samples, a decrease in intensity for the peaks situated at the same 2θ values are

observed. An additional broadening of the peak located at 2θ = 27.4◦ occurs for all the doped

samples. It is also clear that the doping synthesis at 500◦C made the samples more crystalline,

as can be seen from the many sharp peaks for B500Air and B500Argon.

Figure 4.1: X-ray diffractograms of exfoliated (A) and bulk (B) g-C3N4 for 2θ values ranging from 10-80◦. The

two vertical lines correspond to 2θ = 13◦ and 27.4◦, the (100) and (002) planes associated with g-

C3N4, respectively.
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Figure 4.2: X-ray diffractograms of bulk g-C3N4 (a), B300Air (b), B500Air (c) and B500Argon (d) for 2θ values

ranging from 10-80◦. In these sample names, B denotes boron-doped, 300 and 500 denote the syn-

thesis temperature, and Air and Argon denote the atmosphere used in the doping synthesis. The two

vertical lines correspond to 2θ = 13◦ and 27.4◦, the (100) and (002) planes associated with g-C3N4,

respectively.
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4.2 Fourier Transform Infrared Spectroscopy

The spectroscopic results obtained from FTIR are given in Figure 4.3. The main peaks are

located at 810 cm−1, 900-1800 cm−1, 2180 cm−1 and 3000-3500 cm−1, and they are the only

peaks present for both pristine and boron-doped g-C3N4. The peak situated at 2180 cm−1 cor-

responds to the asymmetric stretching vibration of N≡C- groups, which is formed during the

doping [6]. This peak is visible for the boron-doped samples, but not for pristine g-C3N4. Fur-

thermore, the peaks situated at 810 cm−1 correspond to the out-of-plane bending of heptazine

rings, which makes up the g-C3N4 structure [6]. Lastly, the peaks situated between 900-1800

cm−1 correspond to -C-N- stretching, and the peaks situated between 3000-3500 cm−1 corre-

spond to -N-H stretching vibrations.

Figure 4.3: Fourier transform infrared spectra of pristine g-C3N4 (a), B300Air (b), B500Air (c) and B500Argon

(d). In these sample names, B denotes boron-doped, 300 and 500 denote the synthesis temperature,

and Air and Argon denote the atmosphere used in the doping synthesis. The vertical line located at

2180 cm−1 corresponds to the N≡C- peak, which is a bond that forms during doping.

4.3 Determination of the band gap

The DRS results, given in Figure 4.4, show a decreased reflectance of light with increased boron

content in the lattice. The respective Tauc plots are given in Figure 4.5, in which the band gap

is reduced with increased boron content in the lattice. Pristine g-C3N4, B300Air, B500Air, and

B500Argon display band gaps of 3.10 eV, 2.38 eV, 1.73 eV, and 1.59 eV, respectively.
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Figure 4.4: Obtained diffuse reflectance spectra of pristine g-C3N4 (a), B300Air (b), B500Air (c) and B500Argon

(d). In these sample names, B denotes boron-doped, 300 and 500 denote the synthesis temperature,

and Air and Argon denote the atmosphere used in the doping synthesis.

Figure 4.5: Obtained Tauc plots of pristine g-C3N4 (×), B300Air (△), B500Air (▽) and B500Argon (⃝). In

these sample names, B denotes boron-doped, 300 and 500 denote the synthesis temperature, and Air

and Argon denote the atmosphere used in the doping synthesis.
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To obtain the flat band potential and thus the location of the band edges, a Mott Schottky

analysis was performed. The results are given in Figure 4.6 for pristine and boron-doped g-

C3N4 at a frequency of 1 kHz and different pH. The samples display an n-type behavior, as

the slopes in the linear part of the curves are positive. In general, the slope of these curves

decreases when the pH is increased, where a more drastic decrease is observed when the pH is

raised from 2 to 3. It is also observed that g-C3N4 does not follow a linear trend in the reduction

of flat band potential with pH. It generally decreases for a pH up to 4.5, but for pristine g-C3N4

and B300Air, the flat band potential has increased again for a pH of 13. For B500Air and

B500Argon, the flat band potential at a pH of 13 is approximately the same as that of a pH of

4.5.

In general, the flat band potentials of B300Air are located at more anodic values than pristine

g-C3N4, especially for very acidic and alkaline solutions. The flat band potentials of B500Air

and B500Argon are also located at slightly more anodic values at a pH of 0.3. However, as

the pH increases, the flat band potentials become more cathodic or practically equal to those of

pristine g-C3N4. The exception is for a pH of 3.3, where the Mott Schottky curves possess a

small bump and give flat band potentials located at more anodic values than pristine g-C3N4.
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(a)

(b)
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(c)

(d)

Figure 4.6: Mott Schottky plots of a) pristine g-C3N4, b) B300Air, c) B500Air and d) B500Argon at 1 kHz

and different pH. In these sample names, B denotes boron-doped, 300 and 500 denote the synthesis

temperature, and Air and Argon denote the atmosphere used in the doping synthesis. The potential

measurements ranged from -2.2 VRHE to -0.1 VRHE with a potential step of 10 mV. The extrapolations

of the linear parts of the curves are also demonstrated.
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Visualizations of how the band gaps move with increasing pH are given in Appendix B, based

on the Mott Schottky results. A Mott Schottky analysis was also performed for frequencies

equal to 1.7 and 3 kHz at different pH, given in Appendix A. The analysis at 1 kHz was used

as a basis due to less noise compared to 1.7 and 3 kHz. Additionally, the numeric values for

the flat band potentials are also given in Appendix A. In general, a higher frequency leads to

more cathodic values of the flat band potential and thus for the band edges, and more noise in

the measurements.

The obtained values for the flat band potentials as a function of an acidic pH are given in Figure

4.7 for a frequency of 1 kHz. The flat band potential at a pH of 13 was not included as it did

not follow the same trend as for acidic pH. The general trend is that the flat band potential

becomes more cathodic when the pH is increased. Corresponding plots of flat band potentials

as a function of pH are given in Appendix A for frequencies equal to 1.7 and 3 kHz.

A corresponding overview of how the measured flat band potential changes with acidic pH for

a frequency of 1 kHz is given in Table 4.1. The respective linear fits of these pH-dependencies

are given in Appendix A, along with the results from 1.7 and 3 kHz. For the boron-doped

samples, an increased doping concentration leads to a reduced pH dependence of the flat band

potential. The flat band potentials of B300Air display a higher pH dependence than those of

pristine g-C3N4, while the flat band potentials of B500Air and B500Argon display a lower pH

dependence than those of pristine g-C3N4. For an increased frequency, the flat band potentials’

pH dependence generally increases.
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Figure 4.7: Measured flat band potentials vs. acidic pH for pristine g-C3N4 (×), B300Air (△), B500Air (▽) and

B500Argon (⃝) at a frequency of 1 kHz. In these sample names, B denotes boron-doped, 300 and

500 denote the synthesis temperature, and Air and Argon denote the atmosphere used in the doping

synthesis. The flat band potential moves towards more cathodic potentials with pH.

Table 4.1: Measured flat band potential as a function of acidic pH at a frequency of 1 kHz for pristine and boron-

doped g-C3N4. For the sample names in the table, B denotes boron-doped, 300 and 500 denote the

synthesis temperature, and Air and Argon denote the atmosphere used in the doping synthesis.

Flat band potential vs. pH

(mVpH−1)

Pristine g-C3N4 -241

B300Air -323

B500Air -200

B500Argon -170

To visualize the effects of doping on the flat band potential, Figure 4.8 displays Mott Schottky

plots of pristine and boron-doped g-C3N4 at a frequency of 1 kHz and a pH of 2.2. From

these plots, an increased slope in the linear parts of the curves is clearly visible. The flat band

potential also shifts slightly towards more cathodic values for increasing boron content. The

respective values can be found in Table A.1 in Appendix A.
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Figure 4.8: Mott Schottky plots of pristine g-C3N4 (×), B300Air (△), B500Air (▽) and B500Argon (⃝) at

a frequency of 1 kHz and a pH of 2.2. In these sample names, B denotes boron-doped, 300 and

500 denote the synthesis temperature, and Air and Argon denote the atmosphere used in the doping

synthesis. The potential measurements ranged from -1.3 VRHE to -0.1 VRHE with a potential step of

10 mV.

To verify the placements of the band edges obtained by the Mott Schottky analysis, LSV of

the Fe(CN)3−/4−
6 redox couple was performed at a pH of 2.2 and 4.4 for pristine g-C3N4 and

B500Argon. The results are given in Figure 4.9, where both anodic and cathodic faradaic

currents exist for both samples, placing the Fermi level of the redox pair (Fe(CN)3−/4−
6 ) ap-

proximately at the same potential as the VB of the semiconductors. At a pH of 2.2, this redox

potential was measured to be around 0.63 VRHE, but at a pH of 4.4, it was closer to 0.76 VRHE.

This can be seen in the LSV where the current is equal to zero.

The obtained maximum currents from the LSVs are much lower than the limiting currents for

the Fe(CN)3−/4−
6 redox couple, which could be obtained from the CV of the system without

any g-C3N4. This is given in Figure C.1 in Appendix C, where the limiting anodic and cathodic

currents are 11.7 and -11.2 mA, respectively.
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(a)

(b)

Figure 4.9: Linear sweep voltammetry of the Fe(CN)3−/4−
6 redox couple for pristine g-C3N4 (i) and B500Argon

(ii) at a) pH 2.2 and b) pH 4.4, centered around the redox potential of Fe(CN)3−/4−
6 . In the sample

name, B denotes boron-doped, 500 denotes the synthesis temperature, and Argon denotes the atmo-

sphere used in the doping synthesis. The potential was swiped from 0.98 VRHE to 0.24 VRHE for a pH

of 2.2 and from 1.1 VRHE to 0.38 VRHE for a pH of 4.4 with a scan rate of -5 mVs−1. The Fermi level

of the redox pair was equal at 0.63 VRHE for a pH of 2.2 and 0.76 VRHE for a pH of 4.4.
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For a pH of 2.2, the redox potential of Fe(CN)3−/4−
6 , and thus the VB of pristine g-C3N4

and B500Argon, is equal to 0.63 VRHE. Pristine g-C3N4 has a band gap of 3.10 eV, placing

the respective CB at -2.47 VRHE. B500Argon has a band gap of 1.59 eV, placing the CB

at -0.96 VRHE. When compared with the results from the Mott Schottky analysis, the band

edges of pristine g-C3N4 are located at much more cathodic potentials, while the band edges

of B500Argon are located at slightly more anodic potentials. An illustration of this is given in

Figure C.2 in Appendix C. Based on the Mott Schottky analysis, pristine g-C3N4 is suitable

for the oxidation of MO, but B500Argon is not. Based on the results from the LSV of the

Fe(CN)3−/4−
6 redox couple, neither semiconductor sample is suitable for the oxidation of MO.

The same is the case for a pH of 4.4, where the CB of pristine g-C3N4 is located at -2.34 VRHE

and the CB of B500Argon is located at -0.83 VRHE, according to the LSV of the Fe(CN)3 – /4 –
6

redox couple. Here, the band edges of pristine g-C3N4 are more cathodic than for the Mott

Schottky analysis, and the band edges of B500Argon are more anodic. As the VB of both

pristine g-C3N4 and B500Argon is located at 0.76 VRHE, neither semiconductor sample is

suitable for the oxidation of MO.

4.4 Oxidation potential of methyl orange

The obtained CVs of 0.31 mM MO in 0.1 M Na2SO4 for different pH are given in Figure 4.10a,

where only oxidation peaks of MO in acidic solutions are visible in the given potential range.

MO displays oxidation potentials equal to 1.22-1.24 VRHE for the acidic form of the dye (at a

pH below 4.3 VRHE), and closer to 1.3 VRHE for the alkaline form of the dye (at a pH above

4.3 VRHE). No reduction peaks are visible in the voltammograms, which indicates that the

oxidation of MO is an irreversible reaction.

Only MO displayed clearly visible oxidation peaks in the voltammograms, so this was the only

dye considered for further testing. CVs of 0.21 mM RhB in 0.1 M Na2SO4 are given in Figure

D.1 in Appendix D. As the oxidation peaks only are evident for an acidic pH, a more thorough

investigation of the oxidation potential as a function of different acidic pH was performed, as

demonstrated in Figure D.2 in Appendix D. Here, the respective curve with oxidation potential

as a function of pH for the acidic form of the dye is given in Figure 4.10b.
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(a)

(b)

Figure 4.10: a) Obtained cyclic voltammetry displaying oxidation potentials for 0.31 mM methyl orange in 0.1

M Na2SO4 at different pH, from 1.05 VRHE to 1.6 VRHE, at a scan rate of 500 mVs−1 and b) the

respective oxidation potential vs. pH for the acidic form of the dye. The linear fit has an R2 value of

0.989 and a slope equal to 0.0083 VpH−1.
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The slope in the oxidation potential vs. pH curve is equal to 0.0083 VpH−1, meaning the

oxidation potential is practically independent of the pH for the acidic form of the dye.

4.5 Platinum deposition

To confirm the presence of platinum nanoparticles on the g-C3N4 substrates, both UV-visible

spectroscopy during the sonochemical synthesis and S(T)EM were utilized. The obtained spec-

tra from UV-visible spectroscopy are given in Appendix E, where a reduction of the PtI2−
6 peak

indicates a reduction of the platinum(IV) ions to metallic platinum. The obtained S(T)EM im-

ages of pristine g-C3N4 are given in Figure 4.11 for both secondary electron (SE) and bright

field (BF) modes. The platinum nanoparticles are clearly visible as the small dots deposited

evenly across the g-C3N4 substrate. The corresponding measured particle size was (3.2 ± 1.8)

nm.

(a) (b)

Figure 4.11: Scanning (Transmission) Electron Microscopy images of pristine g-C3N4 with deposited platinum

nanoparticles in a) secondary electron mode and b) bright field mode. The measured size of the

nanoparticles was (3.2 ± 1.8) nm.

To see if the platinum deposition was hindered by the boron doping, EDS of these samples

was performed. The respective EDS spectra are given in Appendix E, and they indicate that

platinum is present for all boron-doped samples.
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4.6 Photoelectrochemical tests

IPCE was used to measure the photocurrent response of pristine and boron-doped g-C3N4. The

resulting spectra are given in Figure 4.12 for different pH. The overall IPCE values for all

samples are in the range of 0-2 µ%, which is quite low. Both pristine g-C3N4 and B500Air

possess one peak located slightly higher than the rest, at 0.65 µ% for a pH of 0.3 and 1.77 µ%

for a pH of 12.2, respectively. The corresponding wavelengths of light are 338 nm and 596 nm.

B300Air possesses two such peaks, one at 350 nm with an IPCE of 1.34 µ% and one at 474 nm

with an IPCE of 1.02 µ%. The respective values of the pH are 4.4 and 12.2. For B500Air, there

are no peaks located at slightly higher IPCE values than the rest.

After the IPCE tests, the MO solution was subject to UV-visible spectroscopy to estimate the

amount of oxidized dye after the illumination. The resulting spectra are given in Figure F.1

in Appendix F for the different pH values, where the measured absorption can be used to find

the amount of oxidized MO. A summary of the amount of oxidized MO as a function of pH

is given in Figure 4.13, with corresponding tabulated values given in Table F.1 in Appendix

F. From this figure, it is observed that pristine g-C3N4 has oxidized the most MO for every

pH above 0.3, but for a pH of 0.3, B500Argon and B500Air oxidized slightly more MO than

pristine g-C3N4. At a pH of 12.2, no MO has been oxidized at all.
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(a)

(b)
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(c)

(d)

Figure 4.12: IPCE of a) pristine g-C3N4, b) B300Air, c) B500Air and d) B500Argon at different pH. In these

sample names, B denotes boron-doped, 300 and 500 denote the synthesis temperature, and Air and

Argon denote the atmosphere used in the doping synthesis. The curves were measured from 290 nm

to 800 nm at 1 Hz. All IPCE values are in the range of 0-2 µ%.
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Figure 4.13: Amount of oxidized methyl orange as a function of pH for pristine g-C3N4 (×), B300Air (△),

B500Air (▽), and B500Argon (⃝). In these sample names, B denotes boron-doped, 300 and 500

denote the synthesis temperature, and Air and Argon denote the atmosphere used in the doping

synthesis. The amount of oxidized methyl orange decreases with increasing pH.
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4.7 Degradation of methyl orange

A degradation experiment of MO under illumination was conducted with pristine g-C3N4 and

B500Argon, the two extremes in terms of the band gap, at a pH of 2.2 and 4.4. The obtained

results are given in Table 4.2, where the corresponding absorption spectra are given in Appendix

F. Both samples were more efficient at degrading MO at a pH of 2.2 compared to a pH of 4.4.

At a pH of 2.2, B500Argon was more efficient than pristine g-C3N4, with 5.8% degraded MO

after 60 minutes compared to 3.8%. For a pH of 4.4, pristine g-C3N4 was more efficient than

B500Argon, with 3.0% degraded MO after 60 minutes compared to only 1.7%.

B500Argon without deposited platinum was also subject to this experiment at a pH of 4.4 to

see how platinum affected the degradation of MO. These results are also given in Table 4.2,

where the corresponding absorption spectrum is given in Appendix F. The amount of degraded

MO is approximately the same for B500Argon with and without platinum.

Table 4.2: Calculated amount of degraded methyl orange from measured absorption peaks obtained from UV-

visible spectroscopy after 60 minutes of illumination. The results are given for pristine g-C3N4 and

B500Argon with and without platinum in electrolytes containing 0.12 mM methyl orange and a pH

equal to 2.2 and 4.4. Here, B denotes boron-doped, 500 denotes the synthesis temperature, and Argon

denotes the atmosphere used in the doping synthesis.

pH Absorption peak Degraded MO after 60 min

(%)

2.2 MO before, pristine g-C3N4 1.839

MO after, pristine g-C3N4 1.769 3.8

2.2 MO before, B500Argon 1.940

MO after, B500Argon 1.827 5.8

4.4 MO before, pristine g-C3N4 1.559

MO after, pristine g-C3N4 1.512 3.0

4.4 MO before, B500Argon 1.968

MO after, B500Argon 1.934 1.7

4.4 MO before, B500Argon without Pt 1.375

MO after, B500Argon without Pt 1.350 1.8
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5 Discussion

Oxidation of MO was used as a target reaction for the photocatalytic activity of g-C3N4, where

the obtained results suggest that B500Air and B500Argon oxidized more MO than pristine g-

C3N4 upon illumination at a low pH (Figure 4.13 and Table 4.2), due to the effect of band edge

unpinning (Figure 4.9). As the pH was increased, the overall oxidation of MO was reduced

and pristine g-C3N4 proved more efficient than the boron-doped samples, due to the flat band

potentials, and thus the VBs, becoming more cathodic for the boron-doped samples (Figure

4.7).

Band edge unpinning may lead to an anodic shift of the flat band potential and thus of the band

edges, as established by Kelly et al. [25]. This is due to the build-up of the minority carriers,

holes, leading to an increased potential drop in the Helmholtz layer, and thus a downward shift

of the energy bands, as explained in section 2.1.4. In turn, oxidation of MO upon illumination

can be made possible even though the VBs are placed below the oxidation potential of MO in

the dark. The occurrence of band edge unpinning in aqueous solutions can be found from the

LSV of the Fe(CN)3 – /4 –
6 redox couple without illumination (Figure 4.9). Here, the obtained

value of the VB for B500Argon was located at a slightly more anodic potential than that ob-

tained from the Mott Schottky analysis, illustrated in Figure C.2 in Appendix C. This anodic

shift is an indication of band edge unpinning for the boron-doped sample, further supported by

the Fermi level, as obtained from the Mott Schottky analysis, being located outside of the band

gap. The same is not observed for pristine g-C3N4, where a cathodic shift of band edges is

observed instead. Thus, the obtained Fermi level is located inside the band gap, some distance

from the CB. As pristine g-C3N4 is theoretically an intrinsic semiconductor, this is a plausible

explanation. In contrast, B500Argon is heavily doped, meaning that the approximation of the

Fermi level being located at or near the CB is more valid. Thus, band edge unpinning is likely

only occurring for the boron-doped sample in the dark. The reason why band edge unpinning

occurs for this boron-doped sample in the dark is likely due to the presence of a good hole

injector; Fe(CN)3 –
6 .

In the dark, Fe(CN)3 –
6 may inject minority carriers, holes, into the surface states of g-C3N4,

thus causing unpinning of the energy bands. This is possible if there is a good interaction

between Fe(CN)3 –
6 and g-C3N4. In general, poor interaction between g-C3N4 and the elec-

trolyte would lead to a poor transfer of holes across the semiconductor-electrolyte interface, as
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stated by [10]. In the dark, this means that the electrolyte would not have been able to inject

g-C3N4 with holes, and no unpinning of bands would occur due to a lack of built-up charge. As

a small amount of band edge unpinning can be observed for B500Argon in the Fe(CN)3 – /4 –
6

electrolyte, there appears to be an interaction between the g-C3N4 sample and the electrolyte.

However, upon illumination in such an electrolyte, this would lead to the photogenerated holes

being easily transported to the electrolyte, thus inhibiting band edge unpinning. This is due to

the Fe(CN)3 – /4 –
6 electrolyte also containing a good hole acceptor; Fe(CN)4 –

6 . For poor inter-

action between g-C3N4 and the electrolyte, the photogenerated holes will instead accumulate

at the semiconductor-electrolyte interface, resulting in increased band edge unpinning. Thus,

the amount of band edge unpinning is different with and without illumination for a given elec-

trolyte. Upon illumination, the g-C3N4 samples are immersed in electrolytes containing water

and MO. For some layered n-type semiconductors, low interaction with water is the case in

aqueous solutions, which could also be the case for g-C3N4 [10]. Additionally, if MO is a

poor hole acceptor, this would further increase the amount of band edge unpinning. If a low

interaction is the case, a high amount of band edge unpinning can occur upon illumination in

an aqueous electrolyte.

As the MO oxidation is possible upon illumination, a higher amount of band edge unpinning

likely occurs for illumination compared to that in the dark. This is indicated by the obtained

VBs in the dark, which are located at more cathodic potentials than the oxidation potential

of MO. An explanation for this higher amount of unpinning upon illumination is likely that

more holes are generated, and thus accumulated at the semiconductor-electrolyte interface,

by the incoming light compared to what Fe(CN)3 –
6 can inject into the semiconductor in the

dark. If this is the case, then a reduced band gap would lead to more photogenerated holes

and thus more band edge unpinning. This means that the amount of boron in the samples

affects the amount of unpinning. In addition to the size of the band gap, the amount of boron

in the g-C3N4 samples may also affect the number of surface states in the semiconductor.

If the boron-doped samples generate more surface states in the semiconductor compared to

pristine g-C3N4, they also have the ability to generate more build-up of charge and thus more

unpinning of bands. Studies performed on other systems have reported an increase in generated

surface states when dopants were added to the substrate [47][48]. Thus, the introduced boron

in the g-C3N4 samples may have led to a larger amount of band edge unpinning due to more

photogenerated holes accumulating in more surface states. However, the number of surface
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states in the g-C3N4 samples are likely the same with and without illumination, indicating that

the amount of unpinning is not saturated in the dark.

The amount of band edge unpinning is likely unsaturated in the dark, but as light with higher

intensities is incident on the semiconductor upon illumination, the amount of band edge unpin-

ning saturates. The saturation is a result of all surface states in the semiconductor becoming

occupied by the photogenerated holes, as stated by Kelly et al. [25]. This assumption is sup-

ported by the occurrence of band edge unpinning for pristine g-C3N4 during illumination, but

not in the dark, which makes the oxidation of MO possible. A saturation results in the existence

of a maximum value for the VBs at a pH of 0.3, decreasing with an increasing pH (Figure 4.13).

This indicates a pH dependence of the obtained overpotential towards the MO oxidation.

The amount of oxidized MO, and thus the overpotential for this oxidation reaction, is clearly

pH dependent (Figure 4.13 and Table 4.2). Generally, a higher amount of MO is oxidized at

a lower pH, with the exception of a pH equal to 1 for the IPCE measurements. Additionally,

no MO has been oxidized at all at a pH of 12.2, which is expected due to the absence of an

oxidation potential of MO in alkaline solutions for the given potential range (Figure 4.10a). The

higher amount of oxidized MO at a lower pH is likely due to a higher overpotential towards this

oxidation reaction, due to both more anodic VBs and more cathodic oxidation potentials for the

MO (Figure 4.10). For all the g-C3N4 samples, the band edge unpinning is likely the reason

why oxidation of MO is possible, but the amount of unpinning under illumination appears to

be unaffected by the increase in pH.

The pH independence of the band edge unpinning is indicated by the Mott Schottky results

(Figure 4.7). Here, a cathodic change in flat band potential, and thus the Fermi level and

the VB, is observed for an increased pH. For the pH changing from 0.3 to 4.5 for pristine g-

C3N4 and B500Argon, the extremes in terms of the band gap are illustrated in Figure 5.1. The

oxidation potential of MO also shifts to slightly more anodic potentials for an increasing pH,

but this is less prominent than the shift of the Fermi level. The expected result in terms of MO

oxidation is thus a decrease in efficiency, which is observed in the experimental results (Figure

4.13 and Table 4.2). This indicates that the amount of band edge unpinning upon illumination is

not enough to compensate for the cathodic movement of the VB, supporting the assumption of

a saturated band edge unpinning upon illumination, and thus independence of the pH. Without

illumination, however, the amount of band edge unpinning appears to be pH-dependent.
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Figure 5.1: Band edges of pristine g-C3N4 and B500Argon at a pH of 0.3 and 4.5, based on the Mott Schottky

results. In this sample name, B denotes boron-doped, 500 denotes the synthesis temperature, and

Argon denotes the atmosphere used in the doping synthesis. The oxidation potential of methyl orange

aligns with that of the oxygen evolution reaction at a pH of 0.3 and is added as the orange dashed

line for a pH of 4.5. The redox potential of the Fe(CN)3 – /4 –
6 couple at a pH of 4.4, the most anodic

potential of those measured, is also given.

The band edge unpinning of B500Argon without illumination, as given by the LSV of the

Fe(CN)3 – /4 –
6 redox couple (Figure 4.9), display a strong pH dependence. At a pH of 2.2, a

slight anodic shift of 90 mV occurs (illustrated in Figure C.2), but at a pH of 4.4, this anodic

shift is equal to 810 mV. This is also shown in Figure 5.1, where the VB would thus be located

at the redox potential of Fe(CN)3 – /4 –
6 . This means that far more holes are injected into the

B500Argon sample at a higher pH, which could be due to the lower concentration of H+ ions in

the electrolyte solution. If H+ ions are poor hole injectors for g-C3N4, they will not contribute to

the unpinning of energy bands in this process. Thus, they might instead prevent the injection of

holes into the semiconductor by blocking the Fe(CN)3 –
6 ions from reaching the semiconductor

surface. This assertion could be supported by the Mott Schottky results (Figure 4.6), which

display a decreasing amount of available donors at the semiconductor surface for a more acidic

pH, as the slopes of the plots increase. Thus, this can be interpreted as the protons in the

electrolyte solution occupying these donors, which are electron-rich nitrogen atoms for g-C3N4,

as stated by Das et al. [21]. This effect is also more prominent for the boron-doped samples
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compared to pristine g-C3N4, as Figure 4.8 demonstrates a lower amount of available donors

for an increased boron content at a given pH. For a lower pH, the injection of holes into the

semiconductor from Fe(CN)3 –
6 is, therefore, more difficult than at a higher pH, leading to more

band edge unpinning for a higher pH. This pH dependence is thus a result of a lack of saturated

band edge unpinning without illumination, as more holes can be trapped in surface states at

an increased pH. Upon illumination, the band edge unpinning saturates, and more MO can

be oxidized. The exception is for a pH of 1, where all samples oxidized less than expected

according to the trend (Figure 4.13).

The oxidation of MO after the IPCE tests is clearly decreasing with increasing pH, except for

a pH of 1 (Figure 4.13). Here, a dip in the amount of oxidized MO is observed for all samples,

which may indicate a lower overpotential for the MO oxidation at this pH. The overpotential

towards MO oxidation is dependent on the potential of the VB and the oxidation potential of

MO. As the oxidation potential of MO is approximately the same as that of a pH of 0.3 and

2.1 (Figure 4.10b), the most likely cause of a reduced overpotential is the placement of the

VB. When the samples are illuminated, a saturation of the amount of band edge unpinning

occurs, leading to an anodic shift of the VB, the size which is most likely independent of the

pH. Thus, the placement of the VB before illumination is likely the issue, which is dependent

on the measured Fermi level from the Mott Schottky analysis (Figure 4.7). For pristine g-C3N4

and B300Air, the Fermi level lies closer to that of a pH equal to 0.3, but for B500Air and

B500Argon the Fermi level is much closer to that of a pH equal to 2.2. Thus, for pristine g-

C3N4 and B300Air, the amount of oxidized MO at a pH of 1 should have been closer to that

of a pH of 0.3. For B500Air and B500Argon, the amount of oxidized MO should have been

closer to that of a pH of 2.2, due to the approximately constant value of the oxidation potential

of MO. However, since this dip is observed for all samples at this pH, another concern is

related to experimental parameters concerning the electrolyte solution. This can i.e., be the

distribution of the oxidized MO in the solution, related to the extracted amount that was further

examined. In terms of pH, this is not the only deviation found in the study. For a pH of 2.2,

the photocatalytic efficiency of B500Argon relative to pristine g-C3N4 is different for the MO

oxidation after the IPCE and the degradation experiments.

At a pH of 2.2, B500Argon is more efficient than pristine g-C3N4 in terms of degrading MO,

but this is not the case for the IPCE measurements. As the general amounts of oxidized MO

51



5 DISCUSSION

after illumination for 60 minutes are lower than those after the IPCE measurements, it could

indicate a lower amount of light incident on the g-C3N4 particles. This may be a natural con-

sequence of the light being incident directly on the semiconductor particles on a carbon paper

substrate for the IPCE measurements, whereas in the degradation experiments, the semicon-

ductor particles were simply mixed into the MO solution. Thus, the incident light may not have

hit all the semiconductor particles in the MO solution and the corresponding distribution of the

particles is of importance. If B500Argon has higher miscibility in the MO solution compared

to pristine g-C3N4, more light could have been incident on these particles. At a pH of 4.4,

pristine g-C3N4 is again more efficient than B500Argon in terms of MO oxidation, which is

in accordance with the results from the IPCE measurements. This indicates that the reduced

overpotential for the MO oxidation at a pH of 4.4 for B500Argon may have dominated over the

easier miscibility of B500Argon in the MO solution. Even though the amounts of oxidized MO

after the IPCE measurements are higher than for the degradation experiments, these are still

overall low amounts of oxidized MO. This could be a result of a low generated photocurrent,

as can be seen by the low values for the IPCE measurements (Figure 4.12).

The obtained values for the IPCE measurements (Figure 4.12) are all very low, likely a result

of a too high loading of co-catalyst on the g-C3N4 substrates. As all the values for the IPCE are

in the range of 0-2 µ%, a lot of this response may be noise instead of an actual response from

the photocurrent. The occurrence of band edge unpinning is known to reduce the generated

photocurrent, but low IPCE values are obtained for all samples, even though the amount of

unpinned bands may vary for the different samples. Thus, a more plausible explanation for the

low IPCE values could be drawn from the deposited platinum co-catalyst.

As the g-C3N4 samples are deposited with a relatively high amount of platinum, this may cause

a blockage of the g-C3N4 substrate from the incoming light and thus low IPCE values. In

this study, 20 wt% platinum was used, which may be too high. If this is the case, a very low

photocurrent will be generated. Previous studies performed on the same system, but with 1 wt%

platinum instead of 20 wt%, obtained IPCE values up to 0.25‰, indicating more light incident

on the g-C3N4 substrate [49]. Thus, an optimum concentration of deposited platinum exists,

where 20 wt% is too much to be effective. However, other contributions such as recombination

and high charge transfer resistance would also lead to a lowered photocurrent response and thus

lower IPCE, but likely not as much as the deposited platinum. Still, these contributions would
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have to be investigated further to examine their effect on the obtained IPCE values. In terms of

degraded MO, platinum is likely also a major cause of the overall low amount of oxidized MO.

Due to the low value of the IPCE, only a small photocurrent is generated and available for

the degradation of MO, meaning that the co-catalyst is of importance in terms of catalyzing

the oxidation reaction. After 60 minutes of illumination, less than 6% of the MO had been

degraded by all samples (Table 4.2), which is a relatively low amount. From the results reported

for B500Argon without platinum (Table 4.2), it is clear that platinum is not an optimal co-

catalyst for the degradation of MO, as the same amount of MO is oxidized for B500Argon with

and without platinum. Other co-catalysts such as nickel have proven to be more efficient in

this regard [21]. Still, some MO has been oxidized after illumination, for which the amount

varies with the concentration of boron in the g-C3N4 samples. This means that the discussed

explanations given up to this point all assume a successful doping synthesis.

As can be seen in in Figures 4.2, 4.3, 4.4 and 4.5, boron has been successfully incorporated into

the lattice of g-C3N4. For the XRD analysis, the reduced intensity of the main peaks situated

at 2θ = 13◦ and 27.4◦ is an indication of a successful doping synthesis [6]. Additionally, the

broadening of the main peak located at 2θ = 27.4◦ may also indicate successful doping as the

dopant atoms cause a hindrance of crystal growth and inhibition of polymeric condensation of

g-C3N4 [21]. For the FTIR results, the increased size of the N≡C- peak at 2180 cm−1 indicates

an increased amount of boron incorporated into the g-C3N4 lattice [6]. As no new peaks were

generated after the doping synthesis, apart from the one at 2180 cm−1, this suggests that the

structural framework remains intact after doping [21]. Furthermore, the results obtained from

DRS and the respective Tauc plots show that the boron-doped samples utilize more of the

available light as the reflectance has been reduced and that the band gaps are reduced with

increasing concentration of dopant. Additionally, the increased amount of boron can be seen

as an increased slope in the Mott Schottky plots (Figure 4.8). Here, the number of donors in

the semiconductor-electrolyte interface is decreased with increasing boron content in the lattice.

This is likely due to electronic interactions between the donors of g-C3N4 and the dopant atoms

[21]. Thus, these results indicate an evident incorporation of boron into the g-C3N4 lattice. The

incorporation of boron resulted in B500Air and B500Argon being more photocatalytic efficient

than pristine g-C3N4 at a pH of 0.3, as measured towards the MO oxidation, but also to less

efficient oxidation at an increased pH, compared to pristine g-C3N4.
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6 Conclusion

The obtained results indicate that the introduced boron has reduced the band gap, placed the

band edges at slightly more cathodic potentials, and increased the effect of band edge unpin-

ning. As a result, heavily boron-doped g-C3N4 is approximately 2% more efficient than pristine

g-C3N4 in terms of oxidation of MO at a pH of 0.3, for which further optimization can likely

improve this efficiency. As the pH increased, the overpotential and thus driving force for the

MO oxidation became larger for pristine g-C3N4 than for the boron-doped samples. The main

reason for this was the more anodic band edges for pristine g-C3N4 due to a more anodic Fermi

level, as the amount of band edge unpinning was saturated upon illumination and thus indepen-

dent of the pH. An overall low amount of oxidized MO was observed for all samples, likely due

to very low generated photocurrents for the samples. Band edge unpinning leads to a reduced

photocurrent, but the main cause for the low IPCE values was probably the amount of deposited

platinum on the g-C3N4 substrates. Thus, the deposited platinum may have blocked the g-C3N4

substrates from the incoming light, as 20 wt% platinum was too much. Furthermore, platinum

was a rather poor co-catalyst for MO oxidation. If another target reaction, such as the HER, is

used, platinum may prove to be a more efficient co-catalyst.
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7 Further Work

In this study, the target reaction for the photocatalytic activity of g-C3N4 was the oxidation

of MO. To further investigate the photocatalytic efficiency of the HER, gas chromatography

(GC) is a useful test method where the amount of evolved hydrogen gas can be measured as a

function of time. Another test method that can be used to investigate the HER for the g-C3N4

samples is LSV, where the obtained cathodic current can be used as an indication of the amount

of developed hydrogen gas. As platinum is a co-catalyst for hydrogen evolution, different

concentrations of deposited platinum on the g-C3N4 substrate can be investigated with the HER

as the target reaction. Thus, an optimum concentration in terms of reduced recombination and

increased photocurrent response can be obtained. It was clear from this study that 20 wt%

platinum was too much. Furthermore, thermogravimetric analysis (TGA) can be performed to

determine the real amount of wt% platinum, as only a theoretical value has been operated with

in this study.

Furthermore, it would be interesting to investigate the effect of different co-catalysts for the

oxidation of MO, such as i.e., nickel. As seen in this study, platinum is not an optimal co-

catalyst for the MO oxidation reaction; it is more suitable for the hydrogen evolution reaction.

If more suitable co-catalysts for the MO oxidation are found, the reaction rate as a function

of pH can also be investigated for the different co-catalysts. Lastly, the usage of other organic

dyes to measure the photocatalytic activity of g-C3N4 can be investigated. Rhodamine B was

not prioritized in this study due to a lack of observed oxidation peaks, but other studies have

reported successful degradation of this dye by g-C3N4 [8][50].

To investigate the behavior of g-C3N4 upon illumination, such as the effect of band edge unpin-

ning, more closely, chopped light voltammetry can be performed. Chopped light voltammetry

can also be used to investigate the effect of recombination. As both band edge unpinning and

recombination lead to a reduced generated photocurrent, a closer investigation of these contri-

butions are beneficial to better evaluate and improve the photocatalytic activity of g-C3N4.

Another contribution that might reduce the overall generated photocurrent is the charge trans-

fer resistance. This can be investigated using electrochemical impedance spectroscopy (EIS),

where the internal charge transfer resistance can be estimated from the resulting spectra. As

the charge transfer resistance of g-C3N4 may change upon illumination, EIS both in the dark
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and upon illumination is interesting to investigate.

The charge transfer resistance can’t be used as a direct indicator of conductivity, meaning that

proper conductivity measurements, such as the van der Pauw method or current sensing atomic

force microscopy (CS-AFM), could be performed to evaluate the effect of doping on conduc-

tivity. For the van der Pauw method, a 4-point probe measurement is used for thin films to

measure the conductivity. This method can also be used to give more quantitative results of

the doping. The CS-AFM technique is used to determine the local conductivity of samples

for different voltages. Pristine g-C3N4 has a relatively low conductivity, which means that an

increase in this could lead to more efficient charge transport to the semiconductor-electrolyte

interface.

In this study, two different methods were used to obtain the placements of the VB in aqueous

solutions for the g-C3N4 samples; Mott Schottky and LSV of the Fe(CN)3 – /4 –
6 redox couple. As

they obtained different results, other methods such as X-ray photoelectron spectroscopy (XPS)

may be used to more precisely determine the positions of the VBs for the g-C3N4 powders.

This is performed for boron-doped g-C3N4 samples by Zhao et al. [6] and Wen et al. [7].

A doping synthesis using NaBH4 was utilized in this study, but another boron source that is

less toxic and safer to operate would be more desirable to use. Therefore, different doping

syntheses would be interesting to investigate. Additionally, the effect of different dopants can

be investigated.
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A Mott Schottky analysis

In addition to a frequency of 1 kHz, Mott Schottky analyses for frequencies equal to 1.7 and 3

kHz were also performed to investigate the effect of frequency on the flat band potential. The

resulting curves for pristine and boron-doped g-C3N4 at frequencies of 1.7 and 3 kHz are given

in Figures A.1 and A.2, respectively. In general, a higher frequency led to a more cathodic flat

band potential.

A summary of the flat band potentials and the corresponding VB for the samples at all frequen-

cies are given in Tables A.1, A.2, and A.3. In these calculations, it is assumed that the flat

band potential, and thus the Fermi level, is approximately equal to the CB. Thus, the VB can

be found by adding the value of the band gap to the flat band potential.

(a) (b)

(c) (d)

Figure A.1: Mott Schottky plots of a) pristine g-C3N4, b) B300Air, c) B500Air and d) B500Argon at 1.7 kHz

and different pH. In these sample names, B denotes boron-doped, 300 and 500 denote the synthesis

temperature, and Air and Argon denote the atmosphere used in the doping synthesis. The potential

measurements ranged from -2.3 VRHE to -0.1 VRHE with a potential step of 10 mV. The extrapolations

of the linear parts of the curves are also demonstrated.
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(a) (b)

(c) (d)

Figure A.2: Mott Schottky plots of a) pristine g-C3N4, b) B300Air, c) B500Air and d) B500Argon at 3 kHz

and different pH. In these sample names, B denotes boron-doped, 300 and 500 denote the synthesis

temperature, and Air and Argon denote the atmosphere used in the doping synthesis. The potential

measurements ranged from -2.5 VRHE to -0.1 VRHE with a potential step of 10 mV. The extrapolations

of the linear parts of the curves are also demonstrated.
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Table A.1: Measured flat band potentials and corresponding valence bands for pristine and boron-doped g-C3N4

at a frequency of 1 kHz and different pH. For the sample names in the table, B denotes boron-doped,

300 and 500 denote the synthesis temperature, and Air and Argon denote the atmosphere used in the

doping synthesis. The flat band potential is assumed to correspond to the conduction band and the

valence band is thus calculated by adding the energy of the band gap.

pH Flat band potential Eg Valence band

(VRHE) (eV) (VRHE)

Pristine g-C3N4 0.3 -0.76 3.10 2.34

1.2 -0.80 3.10 2.30

2.2 -0.96 3.10 2.14

3.3 -1.44 3.10 1.66

4.5 -1.69 3.10 1.41

13 -1.08 3.10 2.02

B300Air 0.3 -0.54 2.38 1.84

1.2 -0.53 2.38 1.85

2.3 -0.98 2.38 1.40

3.4 -1.34 2.38 1.04

4.6 -1.86 2.38 0.52

13 -0.92 2.38 1.46

B500Air 0.3 -0.65 1.73 1.08

1.1 -1.01 1.73 0.72

2.2 -1.02 1.73 0.71

3.3 -1.07 1.73 0.66

4.3 -1.68 1.73 0.05

13 -1.76 1.73 -0.03

B500Argon 0.3 -0.74 1.59 0.85

1.2 -1.09 1.59 0.50

2.2 -1.05 1.59 0.54

3.4 -1.09 1.59 0.50

4.5 -1.64 1.59 -0.05

13 -1.58 1.59 0.01
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Table A.2: Measured flat band potentials and corresponding valence bands for pristine and boron-doped g-C3N4

at a frequency of 1.7 kHz and different pH. For the sample names in the table, B denotes boron-doped,

300 and 500 denote the synthesis temperature, and Air and Argon denote the atmosphere used in the

doping synthesis. The flat band potential is assumed to correspond to the conduction band and the

valence band is thus calculated by adding the energy of the band gap.

pH Flat band potential Eg Valence band

(VRHE) (eV) (VRHE)

Pristine g-C3N4 0.3 -0.79 3.10 2.31

1.2 -0.85 3.10 2.25

2.2 -1.05 3.10 2.05

3.3 -2.00 3.10 1.10

4.5 -1.81 3.10 1.29

13 -1.42 3.10 1.68

B300Air 0.3 -0.59 2.38 1.79

1.2 -0.61 2.38 1.77

2.3 -1.22 2.38 1.16

3.4 -1.67 2.38 0.71

4.6 -1.97 2.38 0.41

13 -0.94 2.38 1.44

B500Air 0.3 -0.68 1.73 1.05

1.1 -1.07 1.73 0.66

2.2 -1.09 1.73 0.64

3.3 -1.30 1.73 0.43

4.3 -1.77 1.73 -0.04

13 -1.79 1.73 -0.06

B500Argon 0.3 -0.71 1.59 0.88

1.2 -1.16 1.59 0.43

2.2 -1.22 1.59 0.37

3.4 -1.42 1.59 0.17

4.5 -1.83 1.59 -0.24

13 -1.80 1.59 -0.21
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Table A.3: Measured flat band potentials and corresponding valence bands for pristine and boron-doped g-C3N4

at a frequency of 3 kHz and different pH. For the sample names in the table, B denotes boron-doped,

300 and 500 denote the synthesis temperature, and Air and Argon denote the atmosphere used in the

doping synthesis. The flat band potential is assumed to correspond to the conduction band and the

valence band is thus calculated by adding the energy of the band gap.

pH Flat band potential Eg Valence band

(VRHE) (eV) (VRHE)

Pristine g-C3N4 0.3 -0.85 3.10 2.25

1.2 -0.94 3.10 2.16

2.2 -1.23 3.10 1.87

3.3 -1.82 3.10 1.28

4.5 -2.05 3.10 1.05

13 -1.92 3.10 1.18

B300Air 0.3 -0.66 2.38 1.72

1.2 -0.76 2.38 1.62

2.3 -1.33 2.38 1.05

3.4 -2.36 2.38 0.02

4.6 -1.95 2.38 0.43

13 -1.22 2.38 1.16

B500Air 0.3 -0.72 1.73 1.01

1.1 -1.13 1.73 0.60

2.2 -1.17 1.73 0.56

3.3 -1.71 1.73 0.02

4.3 -2.12 1.73 -0.39

13 -1.84 1.73 -0.11

B500Argon 0.3 -0.73 1.59 0.86

1.2 -1.25 1.59 0.34

2.2 -1.46 1.59 0.13

3.4 -2.03 1.59 -0.44

4.5 -2.00 1.59 -0.41

13 -1.81 1.59 -0.22
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An overview of how the flat band potentials generally move with increasing pH in the acidic

region is given in Figure A.3 for the respective frequencies. Here, the flat band potentials

generally move towards more cathodic potentials with increasing pH for all samples.

(a) (b)

Figure A.3: Measured flat band potentials vs. acidic pH for pristine g-C3N4 (×), B300Air (△), B500Air (▽) and

B500Argon (⃝) at a frequency of a) 1.7 kHz and b) 3 kHz. In these sample names, B denotes boron-

doped, 300 and 500 denote the synthesis temperature, and Air and Argon denote the atmosphere used

in the doping synthesis. The flat band potential generally moves towards more cathodic potentials

with an increasing pH.
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For 1 kHz, the linear fits obtained for the flat band potentials as a function of pH are given

in Figure A.4 for pristine and boron-doped g-C3N4. The obtained slopes are -241 mVpH−1,

-323 mVpH−1, -200 mVpH−1, and -170 mVpH−1 for pristine g-C3N4, B300Air, B500Air, and

B500Argon, respectively, with corresponding R2 values of 0.936, 0.958, 0.777, and 0.768 for

the linear fit. This indicates a varying degree of linearity for the flat band potential vs. pH for

the different samples. A summary of the slopes is given in Table 4.1.

(a) (b)

(c) (d)

Figure A.4: Flat band potential as a function of pH for a) pristine g-C3N4, b) B300Air, c) B500Air, and d)

B500Argon at a frequency of 1 kHz. In these sample names, B denotes boron-doped, 300 and 500

denote the synthesis temperature, and Air and Argon denote the atmosphere used in the doping syn-

thesis. The linearly fitted curves with corresponding R2 values are given.

For 1.7 kHz, the obtained flat band potentials as a function of pH are given in Figure A.5 for

pristine and boron-doped g-C3N4. The obtained slopes are -304 mVpH−1, -355 mVpH−1, -

237 mVpH−1, and -230 mVpH−1 for pristine g-C3N4, B300Air, B500Air, and B500Argon,

respectively, with corresponding R2 values of 0.796, 0.961, 0.895, and 0.936 for the linear fit.

This indicates a varying degree of linearity for the flat band potential vs. pH for the different

samples. A summary of the slopes is given in Table A.4.
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(a) (b)

(c) (d)

Figure A.5: Flat band potential as a function of pH for a) pristine g-C3N4, b) B300Air, c) B500Air, and d)

B500Argon at a frequency of 1.7 kHz. In these sample names, B denotes boron-doped, 300 and

500 denote the synthesis temperature, and Air and Argon denote the atmosphere used in the doping

synthesis. The linearly fitted curves with corresponding R2 values are given.

Table A.4: Measured flat band potential as a function of acidic pH at a frequency of 1.7 kHz for pristine and

boron-doped g-C3N4. For the sample names in the table, B denotes boron-doped, 300 and 500 denote

the synthesis temperature, and Air and Argon denote the atmosphere used in the doping synthesis.

Flat band potential vs. pH

(mVpH−1)

Pristine g-C3N4 -304

B300Air -355

B500Air -237

B500Argon -230
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For 3 kHz, the obtained flat band potentials as a function of pH are given in Figure A.6 for

pristine and boron-doped g-C3N4. The obtained slopes are -314 mVpH−1, -384 mVpH−1, -

312 mVpH−1, and -302 mVpH−1 for pristine g-C3N4, B300Air, B500Air, and B500Argon,

respectively, with corresponding R2 values of 0.956, 0.790, 0.960, and 0.903 for the linear fit.

This indicates a varying degree of linearity for the flat band potential vs. pH for the different

samples. A summary of the slopes is given in Table A.5.

(a) (b)

(c) (d)

Figure A.6: Flat band potential as a function of pH for a) pristine g-C3N4, b) B300Air, c) B500Air, and d)

B500Argon at a frequency of 3 kHz. In these sample names, B denotes boron-doped, 300 and 500

denote the synthesis temperature, and Air and Argon denote the atmosphere used in the doping syn-

thesis. The linearly fitted curves with corresponding R2 values are given.
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Table A.5: Measured flat band potential as a function of acidic pH at a frequency of 3 kHz for pristine and boron-

doped g-C3N4. For the sample names in the table, B denotes boron-doped, 300 and 500 denote the

synthesis temperature, and Air and Argon denote the atmosphere used in the doping synthesis.

Flat band potential vs. pH

(mVpH−1)

Pristine g-C3N4 -314

B300Air -384

B500Air -312

B500Argon -302
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B BAND GAP VISUALIZATIONS

B Band gap visualizations

Visualizations of the band gaps can be made based on the Mott Schottky results given in section

4.3. These are presented in Figures B.1, B.2, B.3, and B.4 for pristine g-C3N4, B300Air,

B500Air, B500Argon, respectively. As can be seen in these figures, the cathodic change in

flat band potential occurs for all samples at an increasing pH in the acidic region. For pristine

g-C3N4 and B300Air, the flat band potential moves to more anodic values for a pH of 13. For

B500Air and B500Argon, the flat band potential at a pH of 13 is located approximately at the

same value as that for a pH of 4.5. A jump in the flat band potential for a pH of approximately

4.5 is also observed for all samples.

These band gap visualizations are more accurate for the boron-doped samples than for pristine

g-C3N4, due to the approximation of the Fermi level being located at or near the CB for these

samples being more valid. For pristine g-C3N4, the VB proved to be located at much more

cathodic potentials than that obtained from the Mott Schottky analysis when performing LSV

of the Fe(CN)3 – /4 –
6 redox couple. Thus, the approximation of the flat band potential, and thus

the Fermi level, being located near the CB for pristine g-C3N4 is not valid. As a result, the band

edges of pristine g-C3N4, and perhaps also B300Air due to the lower amount of dopant con-

centration compared to B500Air and B500Argon, are likely located at more cathodic potentials

than those given in the figures below. The most anodic redox potential for the Fe(CN)3 – /4 –
6

couple, obtained at a pH of 4.4, is presented along with the oxidation potential of MO in the

figures.
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Figure B.1: Band edges of pristine g-C3N4 at 1 kHz and different pH, based on the Mott Schottky results. The

redox potential of the Fe(CN)3 – /4 –
6 couple at a pH of 4.4 and the oxidation potential of methyl orange

is given as the colored dotted lines in the figure.

Figure B.2: Band edges of B300Air at 1 kHz and different pH, based on the Mott Schottky results. In this sample

name, B denotes boron-doped, 300 denotes the synthesis temperature, and Air denotes the atmosphere

used in the doping synthesis. The redox potential of the Fe(CN)3 – /4 –
6 couple at a pH of 4.4 and the

oxidation potential of methyl orange is given as the colored dotted lines in the figure.
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Figure B.3: Band edges of B500Air at 1 kHz and different pH, based on the Mott Schottky results. In this sample

name, B denotes boron-doped, 500 denotes the synthesis temperature, and Air denotes the atmosphere

used in the doping synthesis. The redox potential of the Fe(CN)3 – /4 –
6 couple at a pH of 4.4 and the

oxidation potential of methyl orange is given as the colored dotted lines in the figure.

Figure B.4: Band edges of B500Argon at 1 kHz and different pH, based on the Mott Schottky results. In this

sample name, B denotes boron-doped, 500 denotes the synthesis temperature, and Argon denotes the

atmosphere used in the doping synthesis. The redox potential of the Fe(CN)3 – /4 –
6 couple at a pH of

4.4 and the oxidation potential of methyl orange is given as the colored dotted lines in the figure.
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C The Fe(CN)3 – /4 –
6 redox couple

A CV of the Fe(CN)3 – /4 –
6 redox couple at a pH of 4.4 is given in Figure C.1. The voltammo-

gram displays anodic and cathodic limiting currents of 11.7 and -11.2 mA, respectively. The

oxidation potential at this pH is about 1.0 VRHE and the reduction potential is 0.55 VRHE.

Figure C.1: Cyclic voltammetry of the Fe(CN)3−/4−
6 redox couple at a pH of 4.4 from 0 VRHE to 1.5 VRHE at a

scan rate of 500 mVs−1, displaying an oxidation peak at around 1.0 VRHE, a reduction peak at around

0.55 VRHE, and limiting currents equal to 11.7 and -11.3 mA.

As the resulting band edges obtained from the Mott Schottky analysis and the LSV of the

Fe(CN)3 – /4 –
6 redox couple differed, a visualization of the difference is given in Figure C.2

for pristine g-C3N4 and B500Argon at a pH of 2.2. The Mott Schottky analysis gave more

anodic band edges than the LSV of the Fe(CN)3 – /4 –
6 redox couple for pristine g-C3N4, but

more cathodic band edges for B500Argon.
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Figure C.2: Comparison of the results from the Mott Schottky analysis and the Fe(CN)3−/4−
6 redox couple at

a pH of 2.2 for pristine g-C3N4 (left) and B500Argon (right). Here, B denotes boron-doped, 500

denotes the synthesis temperature, and Argon denotes the atmosphere used in the doping synthesis.

The Mott Schottky results place the valence bands at 2.14 VRHE and 0.54 VRHE for pristine g-C3N4

and B500Argon, respectively. The results from the linear sweep voltammetry of the Fe(CN)3−/4−
6

redox couple places the valence band at 0.63 VRHE for both samples. In this figure, O denotes the

oxidized form of Fe(CN)3−/4−
6 and R denotes the reduced form of Fe(CN)3−/4−

6 .
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D Methyl orange and rhodamine B

Obtained CVs of RhB at different pH are given in Figure D.1. No visible oxidation peaks are

observed in this potential region, resulting in MO being more interesting to investigate further

than RhB.

Figure D.1: Obtained cyclic voltammetry for 0.21 mM rhodamine B in 0.1 M Na2SO4 at different pH, from 0.5

VRHE to 1.6 VRHE, at a scan rate of 500 mVs−1. No visible oxidation or reduction peaks are observed

in this potential range.

As MO was chosen to investigate further instead of RhB, a more thorough examination of the

pH dependence of MO’s oxidation potential was performed, for which the CVs are given in

Figure D.2. These oxidation peaks were used to obtain the dependence given in Figure 4.10b

for the acidic form of MO.
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Figure D.2: Obtained cyclic voltammetry displaying oxidation potentials in acidic solutions for 0.31 mM methyl

orange in 0.1 M Na2SO4 from 1.05 VRHE to 1.6 VRHE with a scan rate of 500 mVs−1. These oxidation

peaks were used to obtain the pH dependence displayed in Figure 4.10b.

Using UV-visible spectroscopy, calibration curves of MO and RhB were obtained. These are

given in Figure D.3. For MO at a pH above 4.3, the main absorption peak is situated at around

464 nm, whilst for RhB the main absorption peak is situated at around 507 nm. A decrease in

absorbance with decreasing concentration is observed for both MO and RhB. Only MO was

interesting to use as a target reaction for the photocatalytic efficiency of pristine and boron-

doped g-C3N4, meaning that only the absorbances of MO were used in this study.

(a) (b)

Figure D.3: Calibration curves of concentration vs. absorption peak for a) methyl orange and b) rhodamine B.

The curves were measured from 800 nm to 200 nm with a bandwidth of 1 nm.
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A plot of measured absorption as a function of the concentration of MO was used to verify a

linear relationship between them. The resulting plot is given in Figure D.4, where the linear fit

has an R2 value of 0.996, indicating a strong linear relationship between measured absorption

and concentration. Thus, the reduction in absorption peak for MO after illumination can be

used to calculate the amount of reduced MO concentration.

Figure D.4: Measured absorption as a function of the concentration of methyl orange. There is a clear linear

relationship as the R2 value is equal to 0.996.
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E Deposition of platinum

UV-visible spectroscopy of the platinum solution was performed during the sonochemical syn-

thesis to ensure a sufficient reduction of the platinum precursor to metallic nanoparticles. These

are given in Figure E.1 for pristine g-C3N4, B300Air, B500Air, and B500Argon. The absorp-

tion peaks located at 495 nm and 345 nm, corresponding to PtI2 –
6 and PtI2 –

4 , respectively, are

significantly reduced.

(a) (b)

(c) (d)

Figure E.1: UV-visible spectroscopy of the sonochemical platinum deposition on a) pristine g-C3N4, b) B300Air,

c) B500Air and d) B500Argon. In these sample names, B denotes boron-doped, 300 and 500 denote

the synthesis temperature, and Air and Argon denote the atmosphere used in the doping synthesis.

After 100 minutes, the boron-doped g-C3N4 powder was added and sonicated for an additional 25

minutes.

A visible way to confirm that the platinum precursor had been sufficiently reduced to metallic

nanoparticles was the change in color of the solution when mixed with KI. This is illustrated

in Figure E.2, where the bright red color disappeared after 100 minutes, and turned completely
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blank after 125 minutes. Additionally, the platinum solution subject to sonication, without

mixing with KI, turned more and more black as metallic nanoparticles were produced.

Figure E.2: Visible indication of Pt4+ reduction to metallic nanoparticles after 100 and 125 minutes. The red start

solution lost its color completely after 125 minutes.

Furthermore, EDS was performed on the boron-doped samples to confirm the presence of plat-

inum. The obtained spectra are given in Figures E.3, E.4 and E.5, where a platinum peak is

observed for all samples.
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Figure E.3: Obtained spectrum for energy-dispersive X-ray spectroscopy of B300Air. In this sample name, B

denotes boron-doped, 300 denotes the synthesis temperature, and Air denotes the atmosphere used in

the doping synthesis. Platinum was detected in the sample.

Figure E.4: Obtained spectrum for energy-dispersive X-ray spectroscopy of B500Air. In this sample name, B

denotes boron-doped, 500 denotes the synthesis temperature, and Air denotes the atmosphere used in

the doping synthesis. Platinum was detected in the sample.
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Figure E.5: Obtained spectrum for energy-dispersive X-ray spectroscopy of B500Argon. In this sample name,

B denotes boron-doped, 500 denotes the synthesis temperature, and Argon denotes the atmosphere

used in the doping synthesis. Platinum was detected in the sample.
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F Photoelectrochemical tests

The obtained absorption spectra of the MO solution at different pH values before and after

the IPCE tests with pristine and boron-doped g-C3N4 are given in Figure F.1. The measured

absorption can be used to find the amount of oxidized MO, where a summary of the numerical

results are given in Table F.1. The starting concentration of MO and the resulting measured

absorbance does not correspond to each other for a pH of 0.3 and 1.0, as the solution had

to be diluted 50/50 with DI water before the UV-visible spectroscopy to obtain low enough

absorbance values. This was due to the generally higher measured absorbance from the acidic

form of MO compared to that of the alkaline form of the dye.

The amount of oxidized MO is calculated from the resulting decrease in absorption peak ob-

tained from UV-visible spectroscopy. The corresponding trends in the amount of oxidized MO

are illustrated in Figure 4.13 in section 4.6.
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(a) (b)

(c) (d)

(e)

Figure F.1: UV-visible spectroscopy of methyl orange before and after IPCE with pristine and boron-doped g-

C3N4 at a) pH of 0.3, b) pH of 1.0, c) pH of 2.1, d) pH of 4.4, and e) pH of 12.2. For the sample

names in the figure, B denotes boron-doped, 300 and 500 denote the synthesis temperature, and Air

and Argon denote the atmosphere used in the doping synthesis. The curves were measured from 800

nm to 200 nm with a bandwidth of 1 nm.
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Table F.1: Calculated amount of oxidized methyl orange from measured absorption peaks obtained from UV-

visible spectroscopy after IPCE tests. The results are given for pristine and boron-doped g-C3N4

in electrolytes containing various concentrations of methyl orange and different pH. For the sample

names in the table, B denotes boron-doped, 300 and 500 denote the synthesis temperature, and Air and

Argon denote the atmosphere used in the doping synthesis.

pH Absorption peak Oxidized methyl orange (%)

0.3 MO before 1.408

MO after, pristine g-C3N4 1.200 14.8

MO after, B300Air 1.268 9.9

MO after, B500Air 1.182 16.1

MO after, B500Argon 1.176 16.5

1.0 MO before 0.536

MO after, pristine g-C3N4 0.500 6.8

MO after, B300Air 0.526 2.0

MO after, B500Air 0.548 0.0

MO after, B500Argon 0.532 0.9

2.1 MO before 1.209

MO after, pristine g-C3N4 1.084 10.4

MO after, B300Air 1.121 7.2

MO after, B500Air 1.097 9.2

MO after, B500Argon 1.113 8.0

4.4 MO before 0.684

MO after, pristine g-C3N4 0.616 9.9

MO after, B300Air 0.645 5.7

MO after, B500Air 0.657 3.9

MO after, B500Argon 0.661 3.3

12.2 MO before 0.244

MO after, pristine g-C3N4 0.257 0.0

MO after, B300Air 0.276 0.0

MO after, B500Air 0.297 0.0

MO after, B500Argon 0.286 0.0
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Measured absorption spectra were also obtained for the MO solution during the degradation

experiment with pristine g-C3N4 and B500Argon for a pH of 2.2 and 4.4. Here, the ab-

sorbance was measured every 15 minutes for a total duration of 60 minutes. The resulting

spectra are given in Figures F.2 and F.3, where a slight decrease in MO concentration with

time is observed for all samples. Additionally, the degradation experiment was performed for

B500Argon without platinum at a pH of 4.4 to investigate the effect of the co-catalyst. The

results are given in Figure F.4, where the resulting amount of degraded MO is approximately

the same for B500Argon with and without platinum.

(a) (b)

Figure F.2: Degradation of methyl orange by a) pristine g-C3N4 and b) B500Argon with time at a pH of 2.2. Here,

B denotes boron-doped, 500 denotes the synthesis temperature, and Argon denotes the atmosphere

used in the doping synthesis. The curves were measured from 800 nm to 200 nm with a bandwidth of

1 nm.

(a) (b)

Figure F.3: Degradation of methyl orange by a) pristine g-C3N4 and b) B500Argon with time at a pH of 4.4. Here,

B denotes boron-doped, 500 denotes the synthesis temperature, and Argon denotes the atmosphere

used in the doping synthesis. The curves were measured from 800 nm to 200 nm with a bandwidth of

1 nm.
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Figure F.4: Degradation of methyl orange by B500Argon without platinum with time at a pH of 4.4. Here, B

denotes boron-doped, 500 denotes the synthesis temperature, and Argon denotes the atmosphere used

in the doping synthesis. The curves were measured from 800 nm to 200 nm with a bandwidth of 1

nm.
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