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Il. Abstract

Photoelectrochemical (PEC) photosynthesis has been regarded as a
promising method to convert inexhaustible solar energy to fuels, in which
polymer semiconductors have been identified to be promising photocatalysts
because they are abundant, environmentally benign, and has easily tuneable
band structure. Graphitic carbon nitride (g-C3N4) as one of the most promising
polymer photocatalysts has realized efficient water splitting in a suspension
system. However, its PEC application is limited by its low efficiency due to both
unclear understanding of reaction kinetics in the film and low quality g-CsN, film

fabricated.

Herein, a novel film fabrication method has been developed to prepare dense,
uniform and highly crystallized g-C3N4 films as a photoanode with a controllable
thickness. Comparing with g-C3N4 films prepared by other methods, the
relationship between crystallinity, deep trap states and PEC performance of g-C;N,
photoelectrodes was investigated. | found that longer-lived charge carriers were
present in more poorly crystalline samples, due to more deeply trapped states,
which inversely correlated with photoelectrochemical performance. The electron
diffusion length in such a crystalline g-C;N, film was determined to be ca. 1000 nm,

which is the first report for this promising photoelectrode.

Although g-C3N4 has a long electron diffusion length, its PEC performance
was still minimal due to the low charge carrier density and severe charge
recombination. A novel one-step construction approach has then been
developed to solve this problem, by synthesising a nanojunction metal-free

photoanode, composed of B-doped g-C3N4 nanolayer on the surface and bulk



carbon nitride. This type of nanojunction overcame a few intrinsic drawbacks of
g-CsN4 film, e.g. severe charge recombination and slow charge transfer. For the
optimum sample, the top layer of the nanojunction has a depth of ca. 100 nm
and the bottom layer is ca. 900 nm. This nanojunction photoanode resulted into
a 10 fold higher photocurrent than bulk g-CsN4 photoanode with a record
photocurrent density of 103.2 yA/cm? at 1.23 V vs RHE under one sun condition
and a high incident photon-to-current efficiency (IPCE) of ca. 10% at 400 nm.
The EIS, MS and IMPS spectroscopies proved such enhancement was mainly
due to more than 10 times faster charge transfer rate at electrode/electrolyte
interface and nearly 3 times higher conductivity due to the nanojunction

structure.

Based on the progress in g-C3N,4 photoanode, a more challenging topic was
explored which is to change g-C3N4 semiconductor from a photoanode to a
photocathode. Developing g-C3N4 photocathode is of great importance because
its negative conduction band position is favorable for water reduction, which has
been widely proved in a suspension system. However, the intrinsic property of
the g-C3N,4 film as an n-type semiconductor limits hydrogen generation at the
electrode/electrolyte interface as n-type semiconductors exhibit upward band
bending and holes accumulate on the surface. In this thesis, it is demonstrated
that surface trap states could effectively contribute to the photocathodic
performance of a g-C3N4 film. Introducing nitrogen defects and C-OH terminal
groups in the structure of g-C3N4 created a large portion of shallow trap states
with 1000 times extended lifetime that could trap electrons for the water
reduction reaction. This was further validated by hot H,O, treatment that could

transfer the g-CsN,4 photoanode to a photocathode, confirming that shallow trap
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states are the critical reason for synthesising a photocathode from an n-type
polymer semiconductor. Overall this thesis provides an effective strategy for g-
C3N4 polymer to be efficient photoanode and photocathode, forming strong

basis for its application in solar to H, fuel production.



[ll. Impact statement

Solar-driven fuel synthesis by the photoelectrochemical (PEC) cell is a
promising solution to current energy shortage and environmental issue. G-C3Ny4
as a polymer semiconductor is very popular due to its excellent light adsorption
in the visible-light region, tunable band structure, facile synthesis process,
chemical and thermal stability, environmental benignity and earth abundance.
However, the photocatalytic efficiency of g-C3N4 photoelectrode is limited due to
the lack of fabrication methods of high-quality polymer semiconductor films and
very insufficient fundamental understandings. The extremely imbalance
between its excellent H, and O, evolution ability and poor PEC performance
inhibits the further application of g-C3N,4 as a scalable device for water splitting

in practice.

To solve this problem, 1 firstly successfully synthesised dense, uniform and
highly crystallized g-CsN4 films with controllable thickness with a long electron
diffusion length of 1000 nm. This provides a facile method for high-quality
polymer films fabrication and stimulates the fundamental research on the
charge kinetics in polymer films. Based on these findings, | developed a new
nanostructure composed of B-doped g-C3N4/g-C3Ns which exhibited
significantly higher PEC performance than g-C3Ns film. This surface
nanojunction strategy can be extended to other semiconductors to efficiently
improve their applications in the fields of solar fuel conversion and
environmental purification. Finally, | demonstrated the key role of shallow trap
states in converting n-type semiconductor films from photoanodes to
photocathodes. Such discovery would contribute to exploring the potential of n-

type polymer semiconductors as efficient hydrogen evolution photoelectrodes.
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Overall, the investigation into the polymer films for PEC photosynthesis would
contribute to the sustainable production of fuel and mitigating energy and
environmental issues, beneficial to the entire societies of solar fuel, solar cell

and photocatalysis.
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1 Introduction

1.1 Background

Nowadays, with an increasing population around the world, substantial
energy consumption and environmental pollution cause serious concerns. To
relieve these concerns, discovery of renewable and clean energy sources is
crucial. Among renewable energy sources, solar energy is the most abundant.
The average world's energy production (~16.5 TW in 2011) is a small fraction of
the amount of solar energy reaching our planet ~173,000 TW, while the current
energy production from solar energy is only 0.008TW.* Although the potential of
using solar energy as the energy source is enormous, a big issue is the low
efficiency of conversion and storage of solar energy at present because the
worldwide energy demand does not correlate with the availability of sunlight.
Artificial photosynthesis provides us with an alternative way to utilize solar
energy like green plants to not only harvest energy but also store energy in the
form of fuels.? For example, “Photocatalytic water splitting” is a method of
converting and storing solar energy directly to hydrogen where photocatalysts
absorb the light and generate electron-hole pair for H, and O, evolution.
Photocatalytic water splitting is very attractive for several reasons. 1) This type
of solar energy conversion alleviates the energy storage problem, since
hydrogen can be stored much more efficiently than either electricity or heat. 2)
Hydrogen is valuable as a potential fuel and energy carrier. It is non-polluting,
renewable, inexhaustible, and very flexible concerning conversion to other
forms of energy (heat via combustion or electricity via fuel cells). 3) Hydrogen is

valuable in its own right as a primary chemical feedstock used in large
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quantities for ammonia synthesis and petroleum refining. Since the primary
current source of hydrogen is the steam reforming of natural gas, a new

process based on water and sunlight would be an important advance®.

1.1.1 Metal-based vs polymer photocatalysts

Mimicking the Photosystem 1l (PS |IlI) in natural photosynthesis,
semiconductors with valence band deeper than the water oxidation potential
(1.23V vs. RHE, pH=0) could use photo-generated holes to generate O, while
electrons can reduce water to H; if the conduction band is more negative than
the water reduction potential (OV vs RHE, pH=0). Substantial studies have been
carried out on solar water splitting over the last several decades. In the early
1970s, the TiO, electrode was firstly reported to be capable of generating
oxygen and hydrogen in a photoelectrochemical (PEC) system.* However, TiO,
can only operate with ultraviolet light, which accounts for a small amount of the
incoming solar energy (4%). Therefore, considerable efforts have been put into
developing photocatalysts capable of using the less energetic but more
abundant visible light, which accounts for about 43% of incoming solar energy.
More recently, a lot of visible-light-responsive photocatalysts, have been
discovered, modified and showed great potential to water oxidation/reduction,
such as doped TiO,,> BiVO,4,° WOs;,” hematite,® and AgsPO.°. However, the
bottleneck of metal oxide photocatalysts is the mismatch between their band
edge positions and the water redox potentials. In other word, there is a
contradiction between the narrow bandgap which enables the absorption of a
wide wavelength range of sunlight and the sufficient band edge for water
reduction/oxidation. For example, the valence band of metal oxides mainly

consists of O 2p orbit which locates around +3.0 eV vs RHE, while a narrow
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bandgap that can absorb light wavelength below 420nm is approximate 3.0 eV,
making the conduction band very close to the water reduction potential (0 V vs
RHE). Considering that a ca. 0.5 eV overpotential usually needs to be
overcome to drive the reaction, most traditional metal oxides are incapable of
realising overall water splitting in the visible region. Therefore, other narrow
bandgap metal-based photocatalysts with more suitable band positions are
developed by introducing elements such as N, S instead of O to alter their
valence band, forming GalnN, TaON, CdS. Although, the involvement of N and
S up-shifts the valence band effectively, materials' stability appears to be a
critical problem mainly due to the self-corrosion of sulfide or nitride materials
under strong light irradiation. Despite intensive studies in exploring the potential
of metal-based photocatalysts in photosynthesis, the difficulty in altering the
band edges of metal-based photocatalysts limits their current applications.
Polymer photocatalysts have drawn intense attention since graphitic carbon
nitride (g-C3N,) has firstly seen its water cleavage potential in 2009,'° because
of its excellent light adsorption in the visible light region (wavelength > 400nm),
tuneable band structure, facile synthesis process, chemical and thermal stability,
environmental benignity and earth abundance. The valence band of g-C3Ng4
mainly contributed by N 2p orbital locates around +1.7 eV vs RHE, while its
conduction band mainly dominated by C 2p orbital sits around -1.0 eV vs RHE.
Such a negative conduction band position, superior visible light absorption and
outstanding chemical stability make g-C3N4 one of the most promising polymer
photocatalysts, especially for H, production from water, evidenced by over
16000 articles in the last decade. Due to its flexible band structure covering the

H, reduction potential (Eqzn™ = 0 eV) and O, production potential (Eozmzo = 1.23

21



eV), even pure water splitting has been observed in carbon quantum dots (CQD)
loaded g-CsN,4 with a remarkable overall solar energy conversion efficiency of 2%
(the reproducibility of this result is challenging)."* Given the solar energy
conversion efficiency in natural photosynthesis is mainly around 0.5%, g-C3N4
has proved a great potential to make the artificial photosynthesis more efficient
than the natural system. More importantly, the conjugated polymer structure of
g-C3N4 makes its band structure more tuneable than traditional metal-based
semiconductors, which allows the valence band and conduction band to be
easily adjusted by heteroatoms doping, defects introducing or structure
distortion. It encourages the production of a library of polymer photocatalysts for

more extensive applications in photosynthesis.

1.1.2 Suspension vs photoelectrochemical (PEC) system

Generally, there are two systems currently being used for photo-driven water
splitting: a particle suspension system and a photoelectrochemical (PEC)
system. In a particle suspension system, photocatalysts particles are dispersed
in an aqueous solution usually with vigorous stirring to ensure uniform
irradiation on the particles. The advantage of a suspension system is that
photo-generated electron-hole pairs usually have a very short distance
(depending on the particle size) to diffuse, making the "charge transport step”
for photosynthesis short and leading to a high photocatalytic performance.
However, the disadvantages are: 1) adjacent photo-generated electrons and
holes tend to recombine unless an efficient co-catalyst is present, such as Pt for
g-C3Ny; 2) produced H,; and O, are mixed in the same reactor, which will cause
the back reaction, safety issue and high operational cost to separate the gases.

In a PEC system, photoelectrodes are made by depositing photocatalysts onto
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a substrate. When light is irradiating onto the electrode, because of the band
bending effect in a non-intrinsic semiconductor, photo-generated electrons are
driven to one electrode for reduction reaction, and holes accumulate on the
other electrode for the oxidation reaction. The advantages of a PEC system are:
1) photo-generated electrons and holes are well separated, suggesting
mitigated charge recombination and separated products; 2) photoelectrodes
can be assembled into smart devices or scaled up for industry use very easily; 3)
most importantly, multiple electrochemical techniques can be performed on
photoelectrodes to understand the electron dynamics in a material to help
further improve its performance, which can hardly be achieved in a particle
suspension system. The main challenges of a PEC system lie on: 1) the
complicated recipe to fabricate high-quality photoelectrode; 2) the demand for
directional charge transport requires a long charge diffusion length in

photoelectrodes.

1.2 Motivation, aims and objectives

To date, remarkable success of g-C3N4 in visible light driven water splitting
has only been achieved in the particle suspension system. However, its
application in a PEC system has rarely been investigated and the few reports
show very limit photocurrent which is controversy to its performance in a particle
suspension system. Therefore an in-depth investigation to g-C3Ng4
photoelectrodes is very crucial for both its fundamental undemanding and

practical applications.

With great motivation to implant the success of g-C3N4 in a suspension system

to a PEC system and more importantly to take the advantages of a PEC system
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to investigate the relationships between its charge dynamics and PEC
performance, this project aims to demonstrate facile strategies to fabricate low-
cost, metal-free, efficient polymer films as highly efficient photoelectrodes and
to develop a comprehensive understanding of charge dynamics in these
photoelectrodes. However, there are several challenges existing, such as 1)
minimal reports on high-quality g-C3N4 films fabrication; 2) scarce experience in
charge dynamic study of g-CsN, photoelectrode in this field; 3) much more
inefficient charge transfer in a polymer film than in powder. A few objectives are
promoted to overcome these barriers step by step towards high-efficient

polymer photoelectrodes.

The key objectives include:

1) Developing facile methods for high-quality g-CsN, films/photoelectrodes

fabrication;

2) Investigating the key factors dominating the PEC performance of g-C3Ng4

photoelectrode by charge dynamics study;

3) Improving its PEC performance as an efficient photoanode basing on the

comprehensive understanding of charge dynamics;

4) Exploring its potential as a PEC photocathode and understanding the

mechanism.

A high-quality g-C3N4 film is not only of great interest in PEC photosynthesis
but also can be extended to the area of the solar fuel cell, polymer batteries,

catalysis supports etc.
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1.3 Structure of the thesis

There will be seven chapters in this thesis, focusing on fabricating and
investigation of high-quality g-CsN4 polymer photoelectrode for photosynthesis.
Chapter 1 briefly introduces the background, motivations and aims of this
project; Chapter 2 reviews remarkable achievements of g-C3Ns in
photosynthesis, along with existing charge dynamic studies. Chapter 3
introduces the methods for film fabrication and characterizations. In Chapter 4,
high-quality g-CsN4 film was synthesised by a rapid thermal condensation
method. The critical factor dominating the PEC performance of the g-C3N4 film
was investigated. Chapter 5 demonstrates a novel strategy of fabricating a B-
doped CN / bulk-g-C3N4 nanojunction as an efficient photoanode. Chapter 6
reveals a strategy of altering the PEC behavior of g-C3Ns between
photocathode and photoanode. The last chapter summarizes the principal

conclusions and proposes future work.
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2 Literature review

2.1 Semiconductors and water splitting

2.1.1 Semiconductors and bandgap

Semiconductors are materials which have a lower conductivity than metals
but higher conductivity than insulators. Semiconductors are more like insulators
than metals because, at a low temperature (e.g. 0 K), the semiconductors will
transfer to insulators while the metallic conductivity of metals remains almost
the same.'® In this case, the real thing distinguishing semiconductors from
metals is the temperature dependence of the conductivity. Semiconductors and
insulators have some properties in common, that is the existence of an energy

gap between occupied and empty states.

Energy bands can be thought of as a collection of a large number of
individual but closely spaced energy levels existing in crystalline materials. The
wavefunctions (the minimum energy needed to extract an electron from the
metal equals g 6y, where By, is the wavefunction, q is the electron charge) of an
individual electron overlap with those of electrons confined to neighboring
atoms. The Pauli Exclusion Principle does not allow the electron energy levels
to be the same in the same molecule so that a set of closely spaced energy
levels are combined, forming an energy band. For example, the effect of a
periodic arrangement on the electron energy levels in a carbon crystal with the
atoms arranged in a face-centered cubic (FCC) structure (diamond) is illustrated
in Fig. 1. Energy levels are plotted as a function of the lattice constant (a).

When the distance between two atoms is large enough (the lattice constant of
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the crystal is infinite), the energy levels of carbon atoms are isolated and
decided by 2p and 2s orbitals. As the lattice constant is reduced, the
wavefunction of electrons Fig. 1 overlap due to the interactions with other
adjacent atoms. As a result, the energy levels split according to Pauli Exclusion
Principle to form energy bands, such as 2s band (containing 2N states) and 2p
band (containing 6N states), where N is the number of atoms in the crystal. A
further reduction of the lattice constant causes the 2s and 2p energy bands to
merge and split again into two bands containing 4N states each.'® At 0 K, the
lower band filled with 4N electrons is the valence band and the upper band is
empty labelled as the conduction band. In a polymer semiconductor, such as g-
C3Ny4, its crystal structure can be easily distorted due to the flexibility of a
polymer structure, which will result in a change of the lattice constant and
thereby a change of its band structure. It makes the band position in g-C3N4
adjustable. Apart from band positions shift, heteroatoms in g-CsN4 usually
narrows the bandgap by creating impurity energy levels between bandgaps. A
combination of structure distortion and heteroatoms doping strategies makes g-
C3N4 a promising photocatalyst with flexible band structure. The heteroatoms

doping strategy will be discussed in the next section.

27



4H|State \
OH[Electrons

-

CB
2H State

2H Electrons

6H State
2H Electrons

2p

8H State

Band Gap

2H State
N |State 2H State
\4" Electrons 2H Electrons 2s

/ 2M Electrons

I,

a, Lattice Constant

Fig. 1 Electron energy levels in a carbon crystal (diamond) reproduced from

reference®®

2.1.2 Intrinsic and extrinsic semiconductors

Intrinsic semiconductors are insulators at 0 K, because the valence bands
are fully filled with electrons and no electron exists in the conduction band. A
typical intrinsic semiconductor is Silicon. At room temperature, despite
electrons in silicon's valence band can be thermally excited, the amount of
generated charge carrier is orders of magnitude lower than that in a conductor.
For example, the thermally excited electron density in the pure silicon is
1.5*10'%cm™ at 298k, compared with the charge carrier density of 10%/cm™in a
metallic conductor.** Such a small amount of electron density results in a high
electrical resistivity of silicon at room temperature. However, the charge carrier
density of intrinsic semiconductors can be easily changed by doping impurity

atoms. The impurity-doped semiconductors are named extrinsic
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semiconductors. A very tiny amount of impurity atoms can significantly improve

the conductivity of semiconductors (e.g. n-type and p-type doped silicon).*

Silicon has four valence electrons for each atom. Doping arsenic (As) into
silicon will introduce one additional valence electron into the semiconductor as
each As atom has five valence electrons (Fig. 2a). These extra electrons are
weakly bonded to their parent atoms and can be easily promoted to the
conduction band. Energy levels of these extra electrons (donor levels) are
formed just below the conduction band, as shown in Fig. 3. The dotted line
represents the existence of additional electrons which may be easily excited
into the conduction band. Semiconductors that have been doped in this way will
have a surplus of electrons, and are called n-type semiconductors. In such
semiconductors, electrons are the majority carriers. Conversely, if a group IlI
element, such as boron (B), is used to substitute for some of the atoms in
silicon, there will be a deficit in the number of valence electrons in the material
(Fig. 3b). This substitution introduces electron-accepting levels just above the
top of the valence band and causes more holes to be introduced into the
valence band. Hence, the majority of charge carriers are positive holes in this

case. Semiconductors doped in this way are termed p-type semiconductors.

29



N-Type ® P-Type

(a) ° ) Acceptor
ST @ Arsenic . impurity
donar ; , % createsa
¢ Sj .JX impurity " Si i hole
T T o . @..contributes free “O’/'
. .~!.~ ______ '.’:' e}earon II" ;!1 ~mw fd
¢ Si As i i Sj e e Sj :"u’: B " Si e
o e g S S N
. Boron - i '
¢ Sl ’ added as ' S' '
impurity N
. ....-' ‘1."-‘

Fig. 2 Extrinsic semiconductors: (a) As doped n-type silicon and (b) B doped p-

type silicon.
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Fig. 3 Donor level formed by dopants in extrinsic semiconductors

In doped semiconductors, the activation energy for electrons to be donated or
accepted by impurity states is usually so low that at room temperature, the
concentration of majority charge carriers is similar to the level of impurities. A
direct consequence of heteroatoms doping is the improvement of conductivity of
materials due to improved charge carrier density, such as Phosphorus doped g-

C3N4.*® Especially in a PEC system where directional charge transport is vital,
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heteroatoms doping is a crucial strategy to enhance the charge transfer in the

film and therefore improve the PEC performance of a photoelectrode.

2.1.3 Band bending and Space charge layer

When a semiconductor is brought into contact with metal, another
semiconductor or an electrolyte, a band bending occurs and the space charge
layer forms.'” Band bending refers to the local changes in the energy levels of
semiconductors' band structure near a semiconductor-metal or semiconductor-
electrolyte junction, due to space charge effects. Band bending is significant as

it determines the direction of charge transport in a semiconductor.
Metal-semiconductor Junction

Band bending occurs as a result of different work functions (¢work) Or Fermi
level between two materials. Fermi level can be defined as the highest energy
state occupied by electrons in a material at absolute zero temperature. In an
intrinsic semiconductor, the Fermi level sits in the middle of the bandgap. In a p-
type semiconductor, there is an increase in the density of unfilled states; thus
more electrons can be accommodated at lower energy states. The fermi level is
near the valence band. In an n-type semiconductor, electrons locate at higher

energy states, and the Fermi level is near the conduction band.

Schottky and Ohmic contacts can occur between a metal and a
semiconductor (a metal/n-type semiconductor contact is displayed in Fig. 4).
When contacted, the Fermi levels of the two materials must match. If the work
function of a metal (¢m) is larger than that of an n-type semiconductor (¢s), the
electrons in the n-type semiconductor can lower their energy by moving from

the semiconductor into the metal. It causes a slightly negative charging of the
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metal, thereby repelling further flow of electrons from the conduction band of the
semiconductor into the metal. The Fermi-level in the semiconductor also falls
along with band structure, as higher energy electrons have flowed into the metal.
Since the band positions at the surface are fixed due to existence of surface
states, downshifted fermi-level in bulk generated by charging the metal causes
an upward bending of the energy bands in the semiconductor close to the
metal-semiconductor interface. The Fermi level of the metal is not affected
because there are much more electrons in the metal than in the conduction
band of semiconductors. This is Schottky contact. The immediate consequence
of making Schottky contact with the metal is that a region near to the metal-
semiconductor interface is produced in the semiconductor which has no
conduction electrons in it -- this region is depleted of electrons in the conduction
band, therefore, called the “depletion layer”, or the “space charge region”. The
depletion layer acts as a potential barrier to stop electrons further flow to the

metal.

In contrast, if m < ¢s, an accumulation layer forms at the interface due to the
electrons transfer from metal to semiconductor. The band is bending downward,
creating an Ohmic contact. An Ohmic contact has an unimpeded transfer of
electrons from semiconductor to metal which is more favorable than a Schottky

contact.
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Fig. 4 Energy band diagrams of metal and n-type semiconductor contacts

Fermi level pinning

Surface states exist due to the termination of lattice periodicity at the surface,
resulting in unsaturated bonds (also known as dangling bonds), which can
rearrange themselves or might be saturated by a layer of atoms, sometimes
oxygen.’® The energies of these states usually locate inside the bandgap.
Surface states can act as donors or acceptors. When the density of surface
states is very high (e.g. 1 state per surface atom), the Fermi level becomes
‘pinned’ at surface state energy. In other word, the Fermi level is fixed at the
peak of surface states energy level regardless of the doping density in bulk.
Taking an n-type semiconductor as an example in Fig. 5, the Fermi level of a
doped n-type semiconductor free of surface states is determined by the dopant
density, while energy levels of surface states only decide the Fermi level of an
n-type semiconductor with a high surface state density. The peak of energy

levels of surface states is usually lower than the Er in an n-type semiconductor.
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Excessive electrons flow into the surface states from the bulk, resulting in an
upward band bending and a nature depletion layer. For p-type semiconductor
where Ef is close to the VB, a downward band bending occurs as holes flow

into the surface states and form an accumulation layer.

Ec distribution
__________ E.
peak
Ev
EV
n type semiconductor n type semiconductor with
free of surface states a high surface state density

Fig. 5 Scheme of band bending caused by fermi level pinning

2.1.4 Semiconductors for water splitting in a suspension
system

A significant amount of energy is required for water splitting (H.O — H, + 0.5
0., AGoe= 237.13 kJ/mol). Photo-assist water splitting by means of a
semiconductor provides us with a more sustainable way to do that, such process
is denoted photocatalysis. Semiconductors with an appropriate bandgap are
thermodynamically suitable for photocatalysis. Theoretically, the minimum
bandgap for water splitting is 1.23 eV, corresponding to a wavelength of around
1100 nm. The relationship between these two values can be represented by the
equation 1'°: Bandgap (eV) = 1240/A (nm) (Equation 1); A is the wavelength of

light. To realize the water splitting, the bottom of the conduction band of
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semiconductor should be more negative than the potential of H*/H, (0 eV, RHE)
and the top of valence band should be more positive than the potential of
0,/H,0 (1.23 eV, RHE). The electrons in the conduction band will reduce H* to
produce hydrogen, while holes left in the valence band can oxidize O* to
produce oxygen. Kinetically, an extra potential needs to be overcome to realize
water splitting, making the required bandgap larger than 1.23 eV. The
mechanism for this photocatalysis process contains three steps and is
illustrated in Fig. 6. 1) A light with equal or larger energy than the bandgap can
be absorbed by the semiconductors to produce electron-hole pairs in the
particles. 2) The electron-hole pairs will move to the particle surface. 3) On the
surface, electrons can react with electron acceptors, and holes can oxidize the
donor species. In a suspension system, charge migration from the bulk to the
surface (step 2) is usually not a big concern because the short distance for
charge transport in a particle always allows sufficient electron-holes pairs to
reach the material/solution interface. However, light absorption and electron-
hole generation (step 1) is the most important because it determines the
maximum solar energy conversion efficiency of a material, thereby encouraging

intensive studies to explore semiconductors with suitable band positions.
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Taking TiO, as an example, the studies of TiO, in photocatalytic application
started from the 1970s. As a low cost, non-toxic and photochemical stable
semiconductor, TiO, received intensive attention and became vital in lots of
fundamental studies of photocatalysis. The application of TiO, is not only
restricted to water splitting but organic degradation, carbon dioxide conversion
and other photocatalytic reaction®’. However, the wide bandgap of TiO, (3.2 eV
for anatase and 3.0 eV for rutile®) limits its light absorption. Only the UV light
can be utilized by TiO,, which accounts for a small part of the solar spectrum. A
theoretical solar to hydrogen efficiency (STH) is as low as 1.3% and 2.2% for
anatase and rutile®?, respectively and a practical STH efficiency is less than
1%%. In an energy distribution within a solar spectrum, ultraviolet light (< 400nm)
accounts for only 4% of solar energy reaching our planet, while the percentages
of visible light (400 nm — 700 nm) and infrared light (> 700nm) are 43% and
53%, respectively. A narrow bandgap (smaller than 3.0 V) is favourable for

visible-light-driven water splitting. To explore TiO, as a visible-light-driven
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photocatalyst, substantial work has been performed on modifying properties of
TiO,, such as doping carbon®, nitrogen®®, and Fluorine®® to change its band
position. For water oxidation application, TiO, has an exceedingly deep band
position of +3.0 eV, which is formed by O 2p orbital. Doping impurities to
replace oxygen atoms forms a new valence band and reduces the bandgap.
Strategies used to manipulate the conduction band of TiO; includes doping

metal atoms such as Ta?’, Nb%,

There are also a few of narrow-bandgap semiconductors whose band edges
allow overall water splitting, such as GesN,?°, TasNs,* TaON,*! CdS,* CdSe*
and g-CsN4°. However, the efficiency is moderate such as the average
apparent quantum efficiency of (Ga;xZny)(N1.xOyx) in the range of 300-480 nm
was only 0.14%.3* Some of them are suffering from self-photo-corrosion, such
as nitrides and sulphides. G-C3N4 has been reported for overall water splitting,
such as Pt/Co304-g-C3N4 with an apparent quantum vyield (AQY) for overall
water splitting of 0.3% at 405nm and long stability over 510 h;*® and carbon
quantum dots (CQD) loaded g-C3N, has obtained an overall solar energy

conversion efficiency of 2.0%.%

2.2 PEC system

Honda and co-workers3"4°

in the early 1970s firstly pointed out the potential
application of PEC systems for solar energy conversion and storage. Fujishima
& Honda, using illuminated n-type semiconducting titanium dioxide anodes,
showed that the oxidation of water to oxygen could be achieved at a

significantly more negative potential compared to the standard redox potential

of the H,0O/O, redox couple. Fujishima & Honda called this effect

37



"photosensitized electrolytic oxidation,” and suggested that it could be applied
to splitting water into hydrogen and oxygen using sunlight. This process is how

generally known as photoelectrolysis.

2.2.1 PEC configuration

A PEC cell usually contains a working electrode (WE), a counter electrode
(CE) and an optional reference electrode (RE) and is shown in Fig. 7
schematically. As illustrated, photon absorption of a semiconductor electrode
generates hole-electron pairs in a region in semiconductors which light can
penetrate. With the help of an external electronic circuitry, electrons are driven
to the metal counter electrode via a metal wire, leaving holes accumulating on
the surface layer of semiconductor anodes. In this sense, holes and electrons
are efficiently separated. Oxidation and reduction reaction occurs at the working

electrode and counter electrode, respectively.

External electronic
circuitry

o & =14

Semiconductor Metal
working electrode counter electrode

A

e'g B
A Solution ) &
B

Photon
absorption

Fig. 7 The configuration of PEC cells

The selection of a CE is important to ensure that the reaction kinetics at the

CE does not limit reaction occurring at the working electrode. For n-type
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semiconductors, the large surface area of Pt foil or Pt net is a good option
because of its excellent catalytic activity in reducing H" into H,. However, for p-
type semiconductors, RuO; and IrO; are better counter electrode candidates for
water oxidation reaction than Pt as they can reduce over-potentials more
effectively*. Since Pt, RuO; and IrO; are all expensive metals, the development
of low-cost metal catalysts for HER and OER is desired for cost-effective PEC
water splitting. REs are required in PEC measurement to measure the potential
of the working electrode (WE) on a defined electrochemical scale, typically
versus the normal hydrogen electrode (RHE). Regular REs includes saturated
calomel electrodes (SCE, Esce = +0.241 V vs. RHE, 25°C), silver-silver chloride
in saturated KCI (Ag/AQCI, Eagagar = +0.197 V vs. RHE, 25°C) and Hg/HgO
reference electrode (Engrgo = +0.097 V vs. RHE, 25°C). The SCE and Ag/AgCI
reference electrodes can be used in a wide range of pH values, while Hg/HgO

reference electrode is preferred in basic solution.

2.2.2 Electrode/electrolyte interface

All phenomena associated with the photoelectrochemical system are based
on the formation of a semiconductor-electrolyte junction. A space charge layer
(SCL) develops in the semiconductor adjacent to the interface with the
electrolyte, due to the equilibrium between two phases with different chemical
potentials. For semiconductors, the chemical potential of electrons is given by
the Fermi level in the semiconductor. For liquid electrolytes, it is determined by

the redox potential of the redox couples present in the electrolyte.

The band bending at the electrode/electrolyte interface is shown in Fig. 8.
When semiconductor is brought into contact with an electrolyte that contains a

redox couple (acceptors A and donors A’), a difference in potential (between
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Fermi energy in semiconductor Er and the Nernst potential of the redox pair of
donor/acceptor Epna) Is introduced. Electrons will flow between the
semiconductor and the solution until equilibrium is established. Charge transfer
results in an interfacial electric field, where electrostatic potential balances the
initial difference in electrochemical potentials between the solution and
semiconductor. After equilibration, the electrochemical potential (Fermi level) is
the same everywhere. The conductivity even of doped semiconductors is
usually well below that of an electrolyte solution; so practically potential drop
occurs in the boundary layer of the electrode and very little on the solution side
of the interface.

For a typical n-type semiconductor photoanode in equilibrium with a redox
species in solution (e.g., O./H,0), the electrode will have excess positive
charges, and the solution will have excess negative charges. The positive
charges are spread out over the depletion layer in the semiconductor, whereas
the negative charges spread over a much narrower region (the Helmholtz layer)
in solution, close to the electrode. An n-type semiconductor is traditionally used
as a photoanode because the electric field that develops in equilibrium with a
redox couple results in band bending that directs photogenerated free minority
charge carriers (holes, for n-type semiconductors) to move into the solution. P-
type semiconducting electrodes behave analogously, except that the ionized
dopants are negatively charged and the solution is positively charged.
Therefore, p-type semiconductors favor electron flow into the positively charged

acceptor species at the interface.
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A. Before equilibrium B. After equilibrium
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Fig. 8 The band bending at the semiconductor-electrolyte interface. Reproduced

from the reference®?

2.2.3 Electrode/electrolyte interface under illumination

In dark condition, equilibrium achieves when the rate of thermal charge
generation of electron-hole pairs equals to that of electron-hole pairs
recombination. When the electrode/electrolyte junction is illuminated with light
(Fig. 9), photons having energy larger than Eg,p (the bandgap of
semiconductors) are absorbed and create electron-hole pairs in the
semiconductors. Photons absorbed in the depletion layer produce electron-hole
pairs that separate under the influence of the electric field present in the space
charge region. Electron-hole pairs produced by absorption of photons beyond
the depletion layer will separate if the minority carriers can diffuse to the

depletion layer before recombination with majority carriers occurs.

As discussed earlier, a potential barrier exists in the space charge layer

which tends to separate the photogenerated electron-hole pairs in such a way
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that excess majority carriers move toward the bulk while the excess minority
carriers are swept to the surface where they are subsequently injected into the
electrolyte to drive a redox reaction. For n-type semiconductors, minority holes
are injected to the electrolyte for an anodic oxidation reaction, while minority
electrons are driven to the counter electrode for a cathodic reduction reaction.
The photogenerated majority carriers in both cases are swept toward the
semiconductor bulk, where they subsequently leave the semiconductor via
ohmic contact, traverse an external circuit to the counter electrode and are then
injected at the counter electrode to raise a redox reaction inverse to that
happening at the semiconductor electrode. The production and subsequent
separation of photogenerated electron-hole pairs in the depletion layer force the

Fermi level in the semiconductor back toward its original position (before

contact).
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Fig. 9 Band bending at semiconductor/electrolyte interface under illumination

condition, reproduced from the reference*

2.2.4 Nanostructure of the electrode

The nanostructure of a semiconductor electrode is favorable in an efficient
PEC cell, as it allows the electrolyte to easily diffuse within materials' network,
increasing the contact area between the electrolyte and electrode and
shortening the hole diffusion distance®®. However, band bending condition near

the electrode-electrolyte interface can be different.

Debye length is defined as a scale over which charge carriers screen out an
electric field in plasma physics. In other word, significant charge separation
occurs within Debye distance. In a semiconductor where band bending happens

at material/electrolyte interface, Debye length can be calculated by equation 2:

P = [;.-;.-ukn;r ] ’
24N (Equation 2)

where N is the dopant concentration, ¢, is the permittivity of free space
(60=8.854 x 107 F-m™), ¢ is the dielectric of semiconductors, Kg is the

Boltzmann's constant, q is the electron charge.

In a nanostructure semiconductor electrode, if particles have a smaller size
than Debye length, band bending will become insignificant, and complete
depletion of charge carriers occurs. An example of band bending in a
nanostructure semiconductor particle is illustrated in Fig. 10. The potential

distribution (equation 3) was derived by Albery and Bartlett**.
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4(r)= ZIN

3eg .
& (Equation 3)

From the equation, a smaller radius of particles results in smaller band
bending. Giving a doping density of 10'” cm™ and a relative permittivity of 30, a
20 nm fully depleted anatase particle exhibit a 2 mV band bending while the

maximum band bending of a 50 nm diameter particle is 13 mV.

Higher band bending can be obtained by increasing the doping density.
Increase the doping density in anatase particle results in one order of
magnitude increase of band bending. In this sense, detectable band bending

can be created by heavily doping semiconductors to separate charge carriers.
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Fig. 10 Band bending for complete depletion in spherical anatase particles with
different doping densities (r = 25 nm, € = 30, doping density as shown).

Reproduced from reference®.

2.2.5 The band diagram of a PEC cell

After the discussion of band bending in semiconductors in an electrolyte, an
overall energy diagram of a PEC cell, taking an n-type semiconductor as an

example, is illustrated in this section (Fig. 11).

As a result of electrode/electrolyte junction, a charged layer known as
Helmholtz layer also exists in the electrolyte adjacent to the
electrode/electrolyte interface. This layer consists of charged ions from the
electrolyte adsorbed on the solid electrode surface, which have the opposite
sign to the charge induced in the solid electrode (space charge layer). As
shown in Fig. 11, there is a potential drop over the Helmholtz layer, because
the inner Helmholtz layer (the thin layer near the semiconductor) contains lots of
negative ions while the outer Helmholtz layer (the layer away from the
semiconductor) contains many positive ions. The existence of the potential drop
over the Helmholtz layer can affect the band structure. For metal oxide, the
band structure will shift by 0.059 V per pH value due to the absorption of
protons and hydroxide ions on the semiconductor surface which also changes
the potential drop over Helmholtz layer by 0.059 V per pH value.*® Without the
Helmholtz layer, the band bending would equal the difference in initial Fermi

levels between the two phases.
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Fig. 11 Energy diagram for a PEC cell based on an n-type semiconductor and a
metal counter electrode; the vacuum energy level is taken as a reference,

reproduced from reference®.

2.2.6 Applying Bias Potential

The band diagram can be considerably influenced by applying an external
bias potential in a PEC system. As illustrated in Fig. 12, when the bias is
applied to a RE, the potential difference will be distributed over the space
charge layer and the Helmholtz layer (Equation 4). These layers act as two

capacitances in series”’.

1 1

1
+ — (Equation 4
Ctotal CSC CH ( q )

Since space charge layer contains the same charge Q with Helmholtz layer

(the amount of negative ions in Helmholtz layer equals to the positive charge in
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space charge layer), the potentials over space charge layer (AVsc) and

Helmholtz layer (AVy) are given by the equation 5:

AVge  Cy
AVCy  Csc

(Equation 5)

Fig. 12 illustrates the effect of applying a positive/negative bias voltage (VA)
to an n-type semiconductor electrode more precisely. Since Cy >> Cgc, any
change in applied potential falls across the space charge layer, whereas Vy
remains constant*®. When a positive potential is applied to the semiconductor
electrode, AVsc becomes larger, and the depletion layer becomes significant,

while a sufficiently negative applied bias can remove the band bending.

Using external bias to change the band bending in a semiconductor electrode
is a quite useful technique to characterize semiconductors. Properties such as
the flat banding position of materials can be determined from this technique,

which will be discussed later.
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Fig. 12 Effect of applying a positive (left) and negative (right) bias voltage (V)

to an n-type semiconductor electrode. Reproduced from reference®.
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2.2.7 PEC water splitting

Fig. 13 shows a scheme of a PEC water splitting cell used an n-type
semiconductor and a metal as a working electrode and counter electrode,
respectively. Water splitting reaction is an uphill reaction, which requires
minimum Gibbs free energy of 237 KJ/mol. Therefore, the overall water splitting
reaction can be expressed as equation 6, and the potential difference (AV)

between water oxidation and reduction reaction is 1.23 V.

2H,0 = 2H, +0,, AG=237 kJ/mol  (Equation 6)

O
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~ 4H,0+44e > 40H+2H, |
| m— ! o« T - E¢ metal
E. I 1.23 eV
/ 4OH +4h* —» 2H,0+0,
E
Lo x
Semiconductor Electroiyte Metal electrode

Fig. 13 Schematic diagram of a PEC cell, reproduced from reference™

A complete PEC water splitting reaction contains three processes. The first
process is light absorption from a light source (simulated one sun --
100mW/cm?) to generate electron-hole pairs in the semiconductor. Upon
illumination, electron-hole pairs are generated in bulk. Ideally, as long as the
bandgap of the semiconductor straddle two lines of the redox potential of H*/H,
(O V vs RHE) and O,/H,O (+1.23V vs RHE), the photo-generated charge

carriers allow water oxidation reaction at semiconductor surface and water
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reduction reaction at the counter electrode surface. In other words, the valence
band (VB) potential must have more positive potential than 1.23 V (vs RHE) and
the conduction band (CB) potential must have more negative potential than 0 V
(vs RHE). However, in reality, extra overpotential is needed due to the energy
loss while hole passing through the surface charge region and electron
transferring through external circuits to counter electrode (e.g. Platinum). The
second process is the separation and transportation of photo-generated
electron-hole pairs. At this step, charge carries can either recombine in bulk or
at the surface and hence an efficient separation and high mobility of charge
carries is desired. The last process is the surface reaction, where the redox
reaction occurs. Both potential of the charge carriers and reaction kinetics are

crucial for an efficient water-splitting reaction.
Efficiencies

The efficiency of each steps limits the overall Solar to Hydrogen efficiency
(STH) of a PEC water-splitting cell. Therefore, the STH efficiency can be
expressed as equation 7, where naps Nsep, Ncat are light absorption, charge

separation and catalytic efficiency.
NsTH=NabsNsepMcat (Equation 7)

STH efficiency can also be defined as the ratio of total energy generated and

total energy input by sunlight illumination (equation 8):

Nnstw="Total energy generated / Total energy input= AGxRy, / PxA  (Equation 8)

Where AG is the Gibbs free energy (237 KJ/mol); Ry, is the rate of Hydrogen
production in mole/s; P is the light intensity (100 mW/cm?), and A (cm?) is the

illuminated area of the photoelectrode.
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However, in most cases, equation 9 is used to calculate the STH in a PEC

cell
NstH=Jph (Vredox—Vbias) / P light XNtaraday ~ (EQuation 9)

Where Jp, is the photocurrent density, V redox is the redox potential for water
splitting (1.23 V vs RHE); V bias is the applied bias added between the working
electrode and reference electrode; P light is light intensity (100 mW/cm?); Nfaraday
is the faraday efficiency. Jp is the generated photocurrent density.

Quantum efficiencies such as incident photon-to-current conversion efficiency
(IPCE) and absorbed photon-to-current conversion efficiency (APCE) are often
used to identify performance-limiting factors in PEC cell. The IPCE is the

fraction of the incident photons that are converted to electrons (equation 10).

IPCE (A) = Total energy of converted electrons / Total energy of incident

I he
e 24

photons = <2 +100%  (Equation 10)

P

Where J is the photocurrent density in the particular wavelength of incident light
(mA/cm?); e is the electric charge of one electron (1.602 *10™° C); h is the
Planck constant (6.626 *103* J's); C is the speed of the light (3.0¥10% m/s); A is
the wavelength of the incident light (m); P is the incident light power at that

wavelength (mW/cm?).

In IPCE, optical losses such as reflection and transmission are involved. To
correct these optical losses, absorbed photon-to-current conversion efficiency
(APCE) is often used to define the quantum efficiency, which is called internal

quantum efficiency and can be expressed as equation 11:

APCE (A) =IPCE (\) A (\)=IPCE (\/(1-R-T)*100%  (Equation 11)
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Where A, R, T are the optical absorption, refection, and transmission,
respectively.

Faraday efficiency (equation 12) is the only way to prove that the
photocurrent is due to the PEC water splitting rather than photo-corrosion of the
electrodes. It is the ratio of experimental gas evolved to the theoretical gas

evolved based on the measured photocurrent.

Faraday efficiency = Oxygen evolution measured / Gas evolution based on the

photocurrent = npy * 4e / [(Jphoto * A * ) / Na] * 100% (Equationl12)

Where no, is the mole amount of measured oxygen (mol); Jpnoto is the
photocurrent density (A/cm?) generated during the measurement time period
(h) ; A is the illumination area of photoelectrode (cm?); t is the time (s); e is the
electric charge of one electron (1.602 *10™*° C); N4 is the Avogadro constant

6.02*102% mol™?).
(

2.2.8 Photoelectrolysis configuration and strategies

The wide bandgap of semiconductors limits the application of a single
material for unbiased water splitting. For example, semiconductors such as
SrTiO3 (3.2eV)** and KaTOj; (3.5eV)? have large enough band to generate
sufficient photovoltage for water splitting. However, the poor light absorption in
the visible-light region leads to low STH efficiency of them. Narrow bandgap
semiconductors have more efficient light absorption, therefore, possessing a
higher theoretical STH value. The insufficient band potential of narrow bandgap
semiconductors can be compensated by an external bias in a PEC system. In
this single light absorber PEC system, overall water splitting can be obtained at

the cost of electricity supply, which is not favorable for renewable energy source
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development. There are some strategies for developing scalable and

economical unbiased photo-assist water-splitting devices.

Z-scheme PEC devices

To harvest the solar spectrum more efficiently, a z-scheme PEC device is
designed by combining two semiconductors with different energy levels. In such
a configuration (Fig. 14), electron-hole pairs generate at both semiconductors.
Water is oxidized by holes in the valance band of an n-type semiconductor,
while electrons in the conduction band of a p-type semiconductor transfer to the
surface to do water reduction reaction. The substrate between n-type and p-
type semiconductors acts as a conductive layer to transfer electrons between
two semiconductors. It is worth noticing that electrons can recombine with holes
before they transfer to the other semiconductor. The reverse reaction competes

with water splitting, whose effect should be minimized.

electrons

P-type H+/H:

>

-t
0:/H:0 ntype

holes

ohmic contact

Fig. 14 Configuration of Z-scheme PEC device
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This configuration has the advantage of excellent light absorption, but the
challenge is achieving efficient charge transfer between two semiconductors

and suppressing the reverse reactions™,

Successful Z-scheme pure water splitting device was firstly reported by
Domen and Co-workers®:. They synthesised a Z-scheme device by embedding
SrTiOz:La,Rh and Mo-doped BiVO, powders into a gold layer. An apparent
quantum vyield of over 30% at 419 nm was obtained for the resulting device,
along with a 1.1% STH efficiency. The gold layer acts as a conductive substrate,
allowing electrons to transfer freely between semiconductors. A further work
reported by the same group utilized carbon sheet to substitute the gold layer>”.
The conductive carbon sheet was proved to be a better substrate for charge

transfer.
Integrated PEC-photovoltaic cell (PV)

J. Turner and co-workers reported a direct water electrolysis system based
on an integrated photoelectrochemical PEC/PV device®. A schematic diagram
of the PEC/PV cell is shown in Fig. 15. P-GalnP, was used as the
photocathode due to its sufficient conduction band potential to reduce water. A
p-GaAs/n-GaAs PV cell was connected to a GalnP; top cell through a tunnel
diode interconnect. The p-n junction provided an extra voltage to help oxidize
water. The GalnP, layer with a bandgap of 1.83 eV was used for visible light
absorption, while p-n junction (1.42 eV bandgap) can absorb the near-infrared
portion of the sun spectrum transmitted through the GalnP; layer. This PEC-PV
cell generates one electron in an external circuit by consuming two photons. It is
essential to match the photon absorption characteristics to maximum the

efficiency of each material.
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Fig. 15 PV-PEC devices based on a photoanode, reproduced from reference>®

In summary, the configuration of a PEC cell consists of a photoelectrode, a
metal counter electrode and a reference electrode. Band bending occurs in a
semiconductor when it contacts with the electrolyte due to their different Fermi
levels. Several factors influencing the band bending are summarized, including
pH change, illumination condition and nanostructure design of electrodes. Band
diagram of PEC cells illustrates the effect of Helmholtz layer and space charge
layer on band bending. Thermodynamic and kinetic requirements for PEC
overall water splitting are stated. Different strategies of optimizing PEC
configuration are summarized to realize pure water splitting, such Z-scheme

PEC design, the monolithic PEC-PV cell and tandem cell.
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2.3 g-CsNy Dbased powder photocatalysts for

photosynthesis

Nowadays, photo-assist water splitting with polymer semiconductors,
represented by graphic carbon nitride (g-C3Ng, in fact, it should be C3NH, as
many protons are incorporated in the commonly prepared carbon nitride
samples®’), becomes increasingly popular. Compared with metal oxides, g-CsN,4
has advantages of simple composition, facile synthesis, low cost and earth
abundance®. As an analogue of graphite, g-CsNs has layer structures
consisting of C-N bond rich tri-s-triazine rings, which had been proposed as the
basic building blocks of g-CsN,*. The tri-s-triazine rings are cross-linked by
trigonal nitrogen atoms to form extended networks, as seen in Fig. 16. The high
degree of condensation of tri-s-triazine ring structure results in an appealing

electronic structure as well as thermal and chemical stability®.
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Fig. 16 Structure of graphite carbon nitride (g-C3Ny)

G-C3N, is an indirect semiconductor with a medium bandgap of ca. 2.7 eV.

The conductive band (CB) and valence band (VB) positions are, respectively, at
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ca. —0.85 eV and ca. +1.85 eV vs. reversible hydrogen electrodes (RHES),
underlying its potential use for visible-light-driven water splitting. However, the
band position is flexible, depending on preparation methods. In g-C3N4
synthesis, different precursors or condensation temperatures result in different
local structure or defects in g-CsN., which may influence its absorption edge™®.
For example, sulfur-doped carbon nitride leads to a blue-shift of the adsorption
edge®, while boron and fluorine doping result in a red-shift of the adsorption
edge®®. G-C3N,4 has excellent thermal stability which is better than most organic
materials. The thermal decompose temperature of g-C3N, is above 600°C, and
complete decomposition of carbon nitrides occurs up to 750 °C%. The thermal
stability of g-C3N4 would be slightly different in terms of various preparation
procedures, which is caused by the varying degrees of condensation. The
excellent chemical stability against acid corrosion was also revealed in the
study of other properties. Zhang and coworkers found out that the dispersion of
g-CsN, in strong acid could form a true solution®. The recovered material g-
CsN, from acid solution still possessed a predominant (002) peak in the X-ray
diffraction spectrum, indicating that g-Cs;N, could easily restack. In addition, g-
CsN, nanosheets or single-layered quantum dots in neutral water were usually
negatively charged (with a zeta potential of around =40 mV).*>®® The highly
negative surface charge endowed the stable suspension of g-Ci;N,
nanostructures in aqueous solution, which could standstill for several weeks

without aggregation or precipitation.
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2.3.1 g-C;N, based powder photocatalysts for H, production

half-production

Efficient water reduction into hydrogen can be realized by loading a small
weight percentage of co-catalyst (such as 3 wt% Pt) on g-C3Ng4 in the presence
of suitable sacrificial reagent such as TEOA. The role of Pt is usually
recognized as the co-catalyst to reduce the overpotential of hydrogen reduction.
As the hydrogen evolution efficiency of bulk g-CN is initially low, strategies,
investigated to improve its quantum efficiency, mainly focus on elements doping,

structure optimization, and bandgap engineering.
Heteroatoms doping

‘Structural doping' strategy has been applied in g-C3sN,4 to improve its visible
light absorbance and enhance its conductivity. Effective heteroatoms doping in
g-CsNy includes P, B, F, S, O etc. For example, phosphorous heteroatoms were
doped in g-C3N4 in carbon sites using a mild phosphorus source (1-butyl-3-
methyl-imidazolium hexafluorophosphate) showed 4 orders of magnitude
enhancement of conductivity due to significantly increased charge carrier
density*®. Phosphorous doping also introduced a color change of g-CsN4 from
yellow to brown and a narrowed bandgap due to distorted lattice of g-CsNg,
resulting into an AQY of 5.68% at 420nm.%” Oxygen doping into the linker
between heptazine chains by substituting N atoms could extend the light
absorption of g-C3N4 to near-IR region (A=800nm) and increase the charge
separation efficiently, resulting in an AQY of 10.3% at 420nm and 2.1% at
500nm.®® Treating fresh g-CsN,4 in a gaseous H,S atmosphere leaded to the
substitution of sulfur for lattice nitrogen®. An increased valence bandwidth in

combination with a high conduction band minimum and a slightly reduced
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absorbance leads to ca. 8 times higher H; evolution rate than g-C3N4 under A>
420nm. Sulfur could also substitute carbon in mesoporous g-CsN4 by directly
calcining thiourea, which exhibited enhanced and extended light absorbance in
the visible light region and a much lower density of defects compared to the
native g-CsN4, leading to 30 times higher hydrogen evolution rate than the

native g-C3N469.
Structure optimization

Structure optimization strategies include increasing the polymerization
degree, building porous structure’*, expanding g-CsN4 stacking layers into
nanosheets’? and so on. All these methods could effectively enhance the H;
evolution efficiency of bulk g-CsNs. For example, a careful control of
polymerization degree of g-CsNs has increased the H; evolution efficiency
dramatically with an AQY of 26 % at 400nm due to a pronounced negative shift
of conduction band position and enhanced charge separation determined by
DFT calcultion.”® However, as-synthesised g-CsN, bulk material usually has a
minimal surface area (generally less than 10m?®g™) which allowed limited actives
sites to be exposed to reactants. Introducing porosity at the nanoscale in g-C3Ng4
is an attractive strategy to enlarge the surface area, which could explore its
potential to be highly active photocatalysts®®. The synthesis of mesoporous g-
C3N,4 could be obtained by using hard or soft template.”*"* The resulting g-CsNa4
yellow powder showed a flexible surface area from 86 m°g™ to 439 m?g™. Apart
from the large surface area, porous g-CsN4 could also introduce shallow trap
states by structure distortion and, therefore, increase the electron lifetime and
promote H. evolution rate by 17 times than bulk g-CsN4.” Another strategy to

enlarge the surface area of g-CsNs was preparing the bulk material into
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nanosheets. G-C3sN,4 has a layered structure which is highly possible to form
graphene nanosheets because of the weak van der Waals forces between
layers. P Liu et al. synthesised 2 nm-thick g-C3N4 nanosheets via a thermal
oxidation etching of carbon nitride in air’>. Remarkably, photocatalytic hydrogen
generation and OH radical generation of g-C3Ns nanosheets have been
improved due to the high specific surface area (306m®gt), improved
conductivity along the in-plane direction and prolonged photogenerated charge

carriers lifetime.
Other strategies

A series of different strategies have been applied to modify the g-C3N4, such
as coordinating g-C3Ns with metal cations to induce metal-to-ligand charge
transfer’®; loading carbon quantum dots as sensitizers to extend the light
absorption to vis-NIR region’®; changing the surface properties of g-CsN, using
K,HPO, to enhance charge separation’’; introducing cyanamide groups by
KSCN treatment to promote fast in-situ electron transfer’® and so on. The
highest AQY achieved in g-C3N4 was 60% at 420nm by treating urea-derived g-
C3N4 with molten salts, which has been believed to modify the polymerization
pathway of g-CsN4 and leaded to well-developed donor-acceptor structure’. As
a summary, Table 1 lists the most efficient strategies for g-CsN4 modifications

for H, evolution in a suspension system.

Table 1 Hydrogen evolution efficiency of high-performance g-C3Ng

photocatalysts

strategies methods | Bandgap | HER QY Light source | Surface

[umol h* area m?

ref
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g'] g
doping Linker O- | 1.5 1020 10.3%@420nm | 300W Xe, 32.9 68
doping ; A >420nm
2.1%@500nm
Linker O- | 1.9 772 8.6%@420nm; | 300W Xe, 12.1 80
doping 2.5%@500nm | 710nm>A >4
20nm
| doping 2.69 760 2.4%@420nm | 300W Xe 23 81
S-doping, | 2.5 1210 NA 300W Xe, 72.8 8
Nitrogen A >420nm
vacancie
S
S-doping | 2.85 ~750 NA 300W Xe, 63 61
A >420nm
P-doping | 2.69-2.84 | 506 NA 300W Xe, 8
A>420nm
Br doping | 2.82 480 NA 300W Xe 54 8
O-doping | 2.49 375 NA 300W Xe, 47 8
A >420nm
F doping | 2.63 ~130 NA 500W HBO, | 38 62
A >420nm
Structure Polymeri | 2.85 33275 26.5%@400nm | 300W Xe, 43.8 8
optimization | zation A >395nm
degree
control
Crystallin | 2.1 8160 15%@400nm | 300W Xe, 93 87
e A >420nm
Nanoshe | 2.8 5222 11.3%@405nm | 300W Xe, 210 8
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ets A >420nm
Crystallin | NA 1060 8.57%@420nm | A >420nm 203 89
e
nanoshe
et
Nanoshe | 2.65 1860 3.75%@420nm | 300W Xe, 384 %0
ets A >420nm
Crystallin | 2.2 1750 1.3%@400nm | 300W Xe, NA o1
e A >420nm
nanoshe
et
Porous 2.73 590 NA 300W Xe 69.6 92
Nanoshe | 2.97 660 NA 300W Xe, 306 93
ets A >400nm
Doping O- 2.61 1204 7.8%@420nm | 300W Xe, 36.1 o
+ doping, >420nm
Structure Porous
optimization | network
S doping, | 2.61 1360 5.8%@440nm | 300W Xe, 1284 | %
mesopor >420nm
ous
P-doping, | 2.5 670 5.68%@420nm | 300W Xe, 22.95 %
Micro- A >420nm
nanostru
cture
P-doping, | 2.91 1596 3.56%@420nm | 300W Xe, 122.6 %
nanoshe A >400nm
et

61




O- 2.95 3786 NA 300W Xe, 109 o
doping, >400nm
2D
porous
B-doping, | 2.83 5560 NA 300W Xe, 144 %
nanostru A >420nm
cture
Others Salts 2.6 11720 60%@420nm | LED, 74 9
Post- >420nm
calcinatio
n
Co- 2.6 3000 57%@420nm | LED, 85 100
condensa >420nm
tion
phosphor | 2.6 18940 45.7%@380nm | 300W Xe, NA 101
ylation ; A >400nm
26.1%@420nm
Metal-to- | 1.8 604.9 NA 300W Xe, NA 102
ligand A >400nm
coordinati
on

2.3.2 g-C3N, based powder photocatalysts for overall water
splitting
In theory, the suitable band structure of g-C3N4 (CB=-0.85eV, VB=+1.85eV)

is thermodynamically favorable for overall water splitting. However, very few

reports have claimed successful overall water splitting on single g-CsNg4
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because the oxygen evolution side is very challenging. In kinetics, oxygen
evolution reaction is much slower than hydrogen generation from the water
because it involves 4 holes (40H™ + 4h™ =2H,0 + O,) while only 2 electrons are
needed for H, generation (2H" + 2e” = H,). Also, a large driving force for water
oxidation is required, which is not fully satisfied by the valence band of g-C3Na.
Suitable co-catalysts are usually loaded to lower the activation energy to
enhance the water oxidation efficiency. For example, RuO,,'®® Co304%*
Co(OH),% have been proved to assist water oxidation of g-CsN, in the presence
of sacrificial scavenger. However, the progress of oxygen production from water
by polymer photocatalysts is much lags behind H, production. For example, the
AQY of Co304-g-C3N4 water oxidation was only 1.1% at 420 nm in the presence
of a AgNO; electron scavenger.'® Overall water splitting was also realized by
loading suitable co-catalysts on g-C3N4. For example, Pt and CoOy were found
to be excellent H, and O, photocatalysts that could decrease the activation
energy barrier and accelerate the reaction kinetics of the g-CsN4 polymers,
leading to an AQY of 0.3% at 405 nm.*> ' Also, g-CsN,4 loaded only with Pt
was found to produce H, and H,O, because the four-hole process (O
generation) was less kinetically favorable than two-hole process (H.0;
generation).*®® To date, the highest efficiency for g-CsN, water splitting is using
CQD to facilitate charge separation and decompose generated H,0, to 0,.%® In
this way, the step-wise two-hole pathway allowed the water cleavage more
easily than the four-hole process, which claimed an excellent STH of 2%.
However, such an important achievement still needs to be repeated in other
laboratories around the world. Apart from g-C3N4, other conjugated polymer

photocatalysts have also been found active for overall water splitting. For
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example,

1,3-diyne-linked conjugated microporous polymer

nanosheets

(CMPN) exhibited an AQYs of 10.3% for overall water splitting at 420nm, with a

total STH of 0.6%.%” A summary of polymer photocatalysts for overall water

splitting is listed in Table 2 as well as remarkable inorganic photocatalysts.

Table 2 Overall water splitting by polymer photocatalysts.

Materials H., co- | O, co- | AQY STH | ref
catalyst catalyst
g-CsN, / CQD 16%@420nm, |2% |*°
6.29%@580nm,
4.42%@600nm
CMPN / / 10.3%@420nm | 0.6% | ™’
In plane g-CsN, Pt Pt 5%@420nm / 108
g-CsN, Pt, PtO, | CoO 0.3%@405nm |/ .
109
3D g-C;N, Pt IrO, 1.4%@420nm |/ 1o
ZrO,/TaON | WO; Pt Pt 6.3%@420nm |/ 1
SrTiOs:La/Rh | Au(carbon)/Mo- | Ru / 30%@419nm 1.1% |*"*
BiVO, 13
g-CsN, Fe,03/rGO Pt / / / 14
g-CsN, BiVO4/WO3 Pt Pt / / s
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24 g-C3N, based film  photoelectrodes  for

photosynthesis

Low cost and efficient polymer semiconductors are desired for scalable and
economic photo-assist fuel synthesis. Since great achievements have been
made on artificial photosynthesis by g-C3sN4 powders, fabrication of g-C3N4 film
becomes crucial to bring its favorable properties and performance into practice.
Making a film out of g-C3sN4 enables the separated generation of hydrogen and
oxygen in a water-splitting system which is difficult for a particle suspension
system. However, the development of polymer photoelectrodes or devices is
still at their early stage due to challenges in polymer film fabrications and limited

understanding of charge transfer in a polymer film.

2.4.1 Synthesis strategies

An ideal way to prepare a film out of powder is to place the as-synthesised g-
C3N4 powder on the desired substrate by drop coating or spinning coating
techniques, followed by the sintering process. However, it is difficult to obtain
uniform, repeatable, robust and orientated thin film with these techniques,
resulting in the unsatisfactory photocatalytic performance of final devices. Other
physical techniques such as pulsed laser deposition or spurting are qualified for
high-quality thin film synthesis. However, this technology requires special precursor
for oxide film synthesis, which is not suitable for g-CsN4.. Many researches on g-
CsN4 film preparation were performed and can be classified into two groups:

top-down and bottom-up strategies.

Top-down strategy
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A top-down strategy is making the as-synthesised g-CsN,4 powder into a film,
mainly by disperse coating from suspension. The most advantage of a top-down
strategy is that the properties of the photocatalysts could be well preserved
during the film fabrication process. Also, disperse coating is very facile and
cost-effective. The disadvantage of that is poor contact between photocatalysts
and substrate, which usually lead to a problematic charge transfer at the
material/substrate interface. g-CsN4 colloids were used for dispersing coating to
make uniform and firm contact. For example, Zhang et al. discovered a facile
approach to fabricate g-C3N4 film directly from as-prepared bulk materials by
depositing exfoliated carbon nitride nanosheet in a cellulose membrane by
vacuum filtration'*®. A free-standing g-CsN, film could be obtained after
dissolving the cellulose membrane template in acetone, which was thought to
be transferrable to other conductive substrates. Another approach was
dissolving g-C3N4 with hot nitric acid (80°C) to form a stable colloidal
suspension, which could be processed into thin-film via a high temperature
(300°C) recrystallization process on a Fluorine doped Tin Oxide (FTO)

substrate?’.

The resulting film showed a remarkably enhanced photo-
electrochemical performance as a photocathode because the defects and grain
boundaries have been dramatically reduced during the recrystallization process.
A concentrated sulfuric acid solution has also been found to enable the
formation of a colloidal suspension of g-C3sN,4 due to the synergistic protonation
and intercalation,®* which could be a feasible way to synthesise g-CsN, thin film.
Bottom-up strategies (in situ growth of g-C3Ng4 film)

In situ growth of g-C3N,4 on desired substrates intimates the contact between

materials and substrate, which ensures a reliable electrical conductivity of the
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devices. Xu et al. reported a general liquid-mediated pathway for the growth of
continuous polymeric g-C3Ng4 thin films by using of supramolecular complexes
that transform to the liquid state before direct thermal condensation into g-CsN4
solid films.*® Typically, precursor powder was placed in a crucible with a
substrate at the bottom before it was covered with a lid and heated at 550 °C for
4 h in a nitrogen atmosphere. The resulting films exhibited continuous porous g-
CsN4 networks on various substrates. The direct synthesis of g-CsN4 in a
continuous layered architecture on different functional substrates opened new
possibilities for the fabrication of many energy-related devices. J Bian et al.
used a similar strategy to synthesise g-CzNj films with different monomers,
leading to a significant improvement of the optical, electronic, and PEC
properties'®®. Liu et al. developed an economic and facile method to 'print’
carbon nitride film onto the substrates via in situ chemical vapor deposition
(CVD)*°. A remarkable photoanode current density of 30.2 pA/cm? at 1.23 Vgue
was achieved. Due to the regular and periodic structure of the porous template,
the as-obtained film could possess a structural color and could be processed as

a two-dimensional photonic crystal, adding to the functionality of the film.

2.4.2 Heterojunctions

Single g-C3N4 suffers from severe charge recombination, short charge
diffusion length and poor charge transfer. The performance of a pristine g-C3N4
photoelectrode was quite limited, such as a porous g-CzN4 with excellent active
surface area only showing a photocurrent density of ~12 pA/cm?*?
Heterojunction is a promising strategy for film fabrication to enhance the charge
separation dramatically and elongate its charge diffusion, thereby improving its

efficiency in fuel synthesis. For example, my work has reported doping boron on
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the surface of a compact-g-CsNs to form a B-CN (surface) / CN (bulk)
heterojunction. The charge recombination rate has been significantly reduced
by the heterojunction with improved charge transfer rate, leading to a
remarkable photocurrent density of 103.2 pA/cm? at 1.23 V vs RHE under 100
mW/cm? solar illumination and an IPCE of 10% at 400nm.**? Peng et al. mixed
rGO with highly porous g-CsN,4 to obtain an extreme long charge diffusion length
in the whole film up to 36 um. A photocurrent density of 72 pAlcm? was
obtained at 1.23V vs RHE under one sun condition with an IPCE of 5.3% at
400nm. Further adding TEOA as a scavenger boosted the photocurrent density
to 660 pA/cm? and an IPCE of 60% at 400nm. A total amount of 0.8 mol/g/h H,
was generated from the PEC cell, proving g-CsN, to be a promising
photoelectrode for H, generation.*?® More heterojunction designs including g-
C3N4/TiO,"*, g-CsNa/ZnO'®, g-C3N4/Fe,05™° all showed enhanced charge

separation efficiency and boosted PEC performance.

2.4.3 Surface Kinetics

As discussed earlier, water oxidation is the bottleneck of overall water
splitting as oxygen evolution is a four-hole process.*?’ Co-catalyst loading could
reduce the overpotential of oxygen evolution reaction (OER) and supply as

active sites, thereby enhancing the OER performance.

Cobalt and nickel inserting into the g-C3N4 structure has been found to
beneficial for water oxidation by lowering the overpotential, increasing the light
absorption and extracting holes, thereby increasing the photocurrent density.*®
129 Metal oxide such as CoO,, FeOOH, NiOOH loading on the g-CsN, surface

have been proved to be more effective in lowering the overpotential and

accelerating the interface charge transfer.’**'3? For example, FeOOH was
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chosen to be the co-catalyst to help the charge separation on g-C3N,4 surface,

improving its photocurrent density from 89 pyA/cm? to 122 uA/cm?® at 1.1 V vs

RHE.™®! In situ assembly of N-deficient porous g-CsN4 nanosheets and NiFe-

layered double hydroxide into a 3D N-doped graphene framework architecture

leaded to a high photocurrent density of 162.3 pA/cm? at 1.4 V vs RHE, with an

IPCE of 2.5% at 350nm.**?

Table 3 Promising g-C3N4 films as photoanodes

strategi | Materials potential Photocurrent Light | IPCE ref
es density yA/cm? | sourc
e
Pure g- | g-CsN, 1.23  vs |63 AM1. |/ 133
CsN, RHE 5
g-CsN, nanorods | 1.23  vs | 30.2 / / 134
RHE
Porous g-CsN, 1.23  vs |12 / / 121
RHE
g-CsN, 1.55  vs | 120 (with Na,S | AM1. |/ 195
RHE scavenger) 5
Heteroj | g-C3sN4/Carbon 1.23  vs | 100 (with Na,S | AM1. | 16%@400nm | **
unction RHE scavenger) 5
B-CN/CN 1.23  vs|103.2 AM1. | 10%@400nm | ***
RHE 5
g-C3N4/rGO 1.23  vs | 72(without AM1. |5.3%@400nm | ***
RHE scavenger) 5 (without
/660(with scavenger)/
TEOA 60%@400nm(
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scavenger) with TEOA
scavenger)
g- Ovs RHE |-98/-133 (with | AM1. |2.6%@365nm |’
CsN4/Graphdiyne Pt co-catalyst) | 5
Co- g-C3N,/FeOOH 1.1 vs | 122 AM1. |/ 131
catalys RHE 5
t g-C3N4/N- 1.4 vs | 162.3/72.9 AM1. |2.5%@350nm | ***
graphene/Ni- RHE/ 5
FeOOH 1.22 VS
RHE
g-C3N,/Ni 1.23  vs|69.8 AM1. |/ 129
RHE 5

In summary, Table 3 lists the most promising g-C3N4 films as photoanodes.

The photocurrent density is limited within several hundred pA per centimeter

square due to 1) poor conductivity; 2) unfavorable water oxidation kinetics. As

the 2-D layer structure and delocalized 1-bond of g-C3N4 theoretically ensure a

good electron transport, the poor conductivity could be due to either excessive

electron trap defects or low charge carrier density. Reducing the defects and

enhancing the doping level in g-C3N4 could be solutions. Doping strategies

could also alter the band edge of g-C3sN4, which also helps modify the driving

force for water oxidation.
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2.5 Charge dynamics in traditional metal oxide and g-

C3Ny

Understanding charge dynamics of materials such as charge lifetime, charge
diffusion length, charge recombination rate constant, charge transfer rate
constant etc. are critical in improving their PEC performance. Traditional metal
oxides such as TiO,, Fe,O3 have been well studied, developed and applied
especially in the area of PEC and solar cell. In this chapter, charge dynamics in
traditional metal oxide and their influence in photocatalytic performance will be
briefed. The charge dynamics in g-C3Ng4, which has rarely been investigated is
also considered to guide the development of high-performance polymer

photoelectrode.

2.5.1 Traditional metal oxide: TiO,, a-Fe,03, BiVO,

Charge diffusion length

The charge diffusion length is essential for a high-performance
photoelectrode. A long electron diffusion length relative to the film thickness can
guarantee the efficient collection of charge in a photoelectrode. The diffusion
length of TiO, has been determined to be ~10 um as observed in both the PEC
system and the dye-sensitized solar cell™®, which allows a sufficient charge
transport across the film with thickness less than 10 um. Hematite (a-Fe,Os3) is
a promising photo-electrode material due to its long-wavelength light absorption,
favorable chemical stability and earth abundance. Hematite has a bandgap of
1.9 - 2.2 eV, which corresponds to a theoretical STH efficiency of 13%'%. The
near-infrared light absorption of hematite is due to d—d transition states between
electron energy levels of the Fe®*" ion'*. Although hematite has visible-light
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response, its performance as an efficient photoanode is limited by the slow
majority charge carriers mobility, fast photoexcited electron-hole pair
recombination in the bulk and large overpotential required for photo-assisted
water splitting®. A comprehensive investigation by Gratzel et al. revealed that
the critical issue is the short charge diffusion length (~2-4 nm).** ! Typically,
the optical penetration depth for visible wavelengths into a-Fe,O3 is more than
an order of magnitude greater than the width of the space charge region, so that
a significant fraction of the photogenerated electron-hole pairs recombine in the
bulk of the material. The lifetime of charge carrier is an order of 10 ps due to the
fast photo-excited hole electron pairs recombination in the bulk*?. These
problems have been addressed by nanostructures design such as
nanostructured, dendrite a-Fe,O3; photoelectrode to overcome short diffusion

length of holes and to facilitate hole transportation to the surface®*?.

Doping strategy is an efficient method to modify the electronic structure,
charge lifetime and charge diffusion length in a semiconductor. For example,
BiVO, is an n-type semiconductor, with a direct bandgap of ca. 2.4 eV.
Theoretically, the maximum photocurrent and STH efficiency of BVO, are 7.4
mA/cm? and 9.1% respectively***. The efficiency of BiVO, is limited by fast
charge carriers recombination due to short electron diffusion length and
reduced surface water oxidation kinetics. Mo doped BiVO, showed a longer
electron diffusion length, resulting in insignificant charge carrier recombination
in the bulk and higher photocurrent density. The electron diffusion length in Mo-
BiVO, has been determined to be ca. 300 nm compared with 10nm in pure

BiVO,***. An earth-abundant water oxidation electrocatalyst (Co-Pi) was
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deposited on W-doped BiVO4 photoanode to get a near-complete suppression

of surface recombination*°.

However, high concentration dopants result in a detrimental effect on
photocatalytic performance as recombination centers are introduced. To avoid
the bulk charge recombination and ensure efficient transfer of charges to the
semiconductor surface, surface doping strategies have been developed. For
example, V-doped TiO, exhibited superior photocatalytic performance when
vanadium was only doped on the surface lattice of anatase than in the bulk'*°,
High concentrations of the surface charges could promote recombination.
Surface V**/V*" ions could trap charge carriers to reduce the density of the
space charges, thereby extending the lifetime of the charge carriers for efficient

interfacial transfer. On the contrary, bulk V¥*/V** ions formed in the interstitial

anatase lattice inhibited charge diffusion to the surface through deep trapping**°.
Four-hole chemistry

Due to the complex of four-hole chemistry, the kinetics of oxygen evolution
reaction (OER) is quite slow. Tang et al. found evidence for four-hole chemistry
in TiO, water oxidation, and determined the photogenerated hole lifetime to be
~1s in TiO,*" Efficient water oxidation co-catalysts were developed to

overcome the poor OER kinetics, such as IrO,*?, Co?**®

and cobalt-phosphate
(CoPi)'*®, resulting in a considerable reduction of the photocurrent onset
potential. For example, a remarkable photocurrent for hematite (4.32 mA cm™ at
1.23 V vs. RHE) has been achieved by depositing CoPi on a highly crystalline
worm-like hematite photoanode.**® However, even the best OER catalyst leaves

a significant overpotential remaining (0.3-0.4V) due to the surface trapping

states®.
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2.5.2 Polymer photocatalyst g-C3N,4

Investigation on charge dynamics of g-C3N, is inadequate compared with
traditional metal oxide photocatalysts. G-C3N4 has a 2-D layer structure with a
delocalized giant 1-bond, which should allow fast in-plane electron transport.
However, the g-C3N4 has suffered from its poor conductivity, especially for g-
C3Ny4 electrodes, leading to limited PEC performance. The reasons could be 1)
there are too many deep trap states acting as recombination centers in the bulk
which barrier the charge transport. 2) the charge carrier density is too low in g-
CsNa.

Investigations into the trap states conditions and photocatalytic performance of
g-C3N4 powder revealed that deep trap states, whose energy levels are much
lower than the conduction band, is detrimental to the surface hole accumulation
and remains inactive for water oxidation.’®® It was also reported that the
structural disorder in g-C3sN4 could introduce both shallow trap states and the
deep trap states, and the shallow trap states positively contributed to its
photocatalytic performance.’®® Studies into the charge diffusion length
suggested that g-C3sN4/rGO film could have an extraordinary charge diffusion
length up to 36 um; but without rGO, diffusion length would be a limiting factor
of g-CsN4's PEC performance.’® The diffusion length of pristine g-CsN, is
challenging to measure even it is imperative. | have synthesised highly
crystallized, uniform g-C3N, with different thicknesses and determined the
electron diffusion length to be ~1000 nm using a transient photovoltage decay
(TPV) method. The electron diffusion length is an intrinsic property of g-C3N4

and is not affected by the film thickness. Such an impressive electron diffusion
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length allowed efficient photo-generated charge collection across a thin film

smaller than 1000 nm.

2.5.3 Strategies for developing high performance g-Cz;Ny4

polymer photoelectrode

g-CsNy4, though, has a great potential to PEC application due to its thermal
and chemical stability, appealing band structure, and low cost, performance on
carbon nitride photoelectrode is very moderate due to several problems, such
as a high charge recombination rate, slow charge transfer, and high electrical
resistance. Charge dynamics investigations into typical metal oxide
semiconductors such as TiO,, Fe,O3 and BiVO, suggest several strategies,
which could be used to improve the PEC performance of g-C3Njy, including:

(1) To avoid the deep trap states in bulk and achieve long charge diffusion
length in pure g-CsN4, a high-crystalline g-C3N4 thin film with a low
defects density could enable efficient charge collection across the film.

(2) Doping heteroatom at the surface could not only enhance conductivity
without introducing defects in the bulk but also promote charge
separation on the surface. The surface/bulk heterojunction could facilitate
the charge transfer and inhibit the charge recombination.

(3) Creating nanostructure of a g-CsN4 film which has an extremely short
distance for charges to migrate from the bulk to the surface and large
surface area for surface reaction.

(4) Loading a co-catalyst on surface speeds up the surface water
oxidation/reduction reaction and thus suppresses the surface

recombination. Typically, these co-catalysts are deposited on the
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electrode as a thin layer or islands (nanoparticles) to avoid light
absorption.
These strategies will be applied in my project and discussed in the following

chapters.
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3 Experimental

3.1 Films fabrication

The fabrication of g-CsN, films is very challenging. Different synthesis
methods would give rise to various film qualities including crystallinity, defects
condition and morphology. In this report, four film-fabrication methods were
developed and presented below. Typical synthesis recipe of each method was
clarified, and the appearance of resultant films was presented with its

microstructure.

3.1.1 (Seed layer) thermal evaporation method

Thermal Evaporation method is a traditional method of making g-C3N4 films.
This method could produce porous but non-uniform g-C3N4 films on FTO
substrate. In a typical run, an FTO substrate was firstly pre-treated with
Dicyandiamide (DCDA) by a rapid thermal vapor condensation method at
600 °C for 25 min to make it a more suitable place for carbon nitride nucleation
and polymerization. After treatment, there is no visible g-C3N, left on the
substrate. The treated FTO was then placed on a 10 ml crucible (FTO side
downward) filled with 2 g Dicyandiamide (DCDA). A flat crucible lid was placed
above FTO to prevent the precursor vapour leaking. The crucible was calcined
at 600 °C for 4h with a heating rate of 5 °C/min and cooled to room temperature
naturally. The experiment set up and a photo of a typical as-prepared sample is
displayed in Fig. 17. SEM image of a typical sample showed a porous and non-
uniform microstructure in Fig. 18. G-C3Ns prepared from this Thermal

Evaporation method was labelled as porous-g-C3Ny in this report.

71



| S—

| ——————
4h

L ke

Precursor

Fig. 17 Experiment set up and the photo of a typical as-prepared sample of

thermal evaporation method

SEI 10.0kV X2,000 WD 9.1mm 10pm

Fig. 18 SEM top view of a typical porous-g-C3N4 sample

3.1.2 Rapid thermal condensation method

Rapid Thermal Condensation method is a very efficient method of fabricating

high-quality g-C3N4 film with high crystallinity, low defects density and uniform
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morphology reported by my previous paper. In a typical run, 50mg
Dicyandiamide (Alfa Aesar, 99%) was dissolved with DI water in a ®35mm petri
dish. After drying at 70°C for 1h, the precursor was crystallized and adhered to
the internal surface of the petri dish. A piece of 20mm x 20mm FTO glass used
as the substrate was placed on a slightly concave crucible lid holder and
covered by the petri dish, as shown in Fig. 19. The sample was calcined in a
600°C preheated Muffle furnace (Carbolite, CWF 1300) for 20min and
guenched to the room temperature in air. The key to successfully fabricating the
high-quality film was using a slight concave crucible lid as the sample holder.
Using a flat sample holder would only result in non-compact, low-quality films.
The appearance of the g-CsN,4 film was presented in Fig. 19. The g-C3Ng4
covering the edge of the FTO substrate was easily to be removed, while the
central area is the desirable, high-quality g-CsN, film which was so robust that
could hardly be scratched from the FTO substrate. The top and side
microstructure view of the central part was shown in Fig. 20, from which a very
uniform and dense morphology was observed. The thickness of this film could
be well controlled by either adjusting the precursor amount or manipulating the
calcination time. The g-C3Ns film synthesised by this Rapid Thermal

Condensation method was denoted as compact-g-CsNy in this report.
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Precursor disk

600°C, B!JII_(carbon
) nitride
20min
FTO
holder

Fig. 19 Experiment set up and a photo of a typical as-prepared sample of rapid

thermal condensation method

10.0kV X1,000 WD 8.7mm 10pm

g—C3N4 film

UCL CHEMISTR SEI 10.0kV X800 WD 8.0mm 10pm

Fig. 20 SEM top and side view of a compact-g-C3N, film
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3.1.3 HCI assisted thermal evaporation method

The compact-g-C3N4 film has excellent photocatalytic performance as a
photoanode. However, synthesising a photocathode out of g-C3N4 is more
attractive due to its negative energy level of the conduction band. The problem
is that g-C3N4 is an n-type semiconductor where holes trend to accumulate on
the surface of the materials and prevent the electron from transferring to the
agueous solution for the reduction reaction. It makes the synthesis of g-C3N4
photocathode very challenging. Considering the great success people have
achieved in suspension system using g-CsN, for water reduction, introducing
defects on the surface of g-C3Ns might be a promising solution to a

photocathode.

HCl-assisted thermal evaporation method is invented here in an attempt to
introduce defects on the surface of g-C3N4. The DCDA precursor treated by a
various amount of HCI (laboratory reagent grade, ~37%, Fisher Chemical) was
fabricated on FTO glass substrate using a rapid thermal evaporation method. In
a typical run, 50mg (0.6mmol) DCDA (C,H4N4, 99%, Alfa Aesar) and 0.6mmol
HCI were dissolved with 2ml distilled water. After thorough stirring, 2 ml of the
well-mixed solution was spread on a 4 cm x 4 cm FTO glass substrate by the
pipette and dried in the Advantage-Lab drying oven at 70°C for 1h. The dried
precursor (Dicyandiamide with hydrochloride) adhered to the surface of the FTO
glass substrate. The substrate was place onto a ®35mm petri dish with the
precursor downward. The sample was placed in a 550°C preheated Carbolite
muffle furnace and calcined for 20 min and quenched to the room temperature
in air. This method gave a porous film as shown in Fig. 21. The microstructure
showed a sponge-like morphology probably caused by the evaporation of HCI
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during the polymerization in Fig. 22. G-C3N4 films prepared by the HCI assisted

thermal evaporation method was labelled as HCI-g-C3N, in this report.
precursor+HCI carbon nitride
550°C
%
20min

Fig. 21 Experiment set up and a photo of a typical as-prepared sample of HCI

assisted thermal evaporation method

e ] .

UCL CHEM 5.0kV X2,500 WD 8.5mm 10pm

Fig. 22 SEM top view of a typical HCI-g-C3N4 sample

3.1.4 Nanosheet g-C3;N,4 drop-casting method

Unfortunately, HCI assisted thermal evaporation method was not an ideal
approach to introduce the —OH groups on g-C3N, as its photocathodic

performance is quite poor. An alternative way is to mimic the g-C3sN,4 suspension
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by sonicating the g-C3N4 powder into nanosheet and drop-casting it into a film.
In this method (Fig. 23), a typical g-C3sN,4 film was fabricated by drop-casting
1ml of sonicated g-C3N4 suspension (10 mg g-C3N4 in 30ml aqueous solution)
onto a 2 cm * 2 cm FTO substrate, followed by drying at 70°C for 1h. The
synthesised film was robust and could not be easily removed from the FTO
substrate. In Fig. 24, the microstructure showed a rough morphology formed by
the aggregation of g-C3N,4 particles. Characterizations have shown that a large
amount of defects exist in this g-CsNs film and it exhibited obvious
photocathodic performance. G-C3N4 films prepared by this method were

labelled as defect-introduced g-C3Ny in this report.

70°C

Drying, 1h

ul:l

sonicated carbon nitride

Fig. 23 Experiment set and a photo of a typical deficit introduced g-CsN,4 sample

prepared by the nanosheet drop casting method
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UCL CHEMISTR SEI 10.0kV ~ X10,000 WD 8.1mm Tpm

Fig. 24 SEM top view of a typical deficit introduced g-CsN4, sample

3.2 Material characterisation

3.2.1 X-ray diffraction (XRD)

XRD short for X-ray powder diffraction is a rapid analytical technique for
crystalline material phase identification based on constructive interference of
monochromatic x-rays. Structural properties of the crystals such as lattice
parameters, strain, grain size, preferred orientation and phase composition can

also be roughly determined by XRD pattern analysis.

The constructive interference happens when the interaction of the incident

rays with the sample satisfy Bragg’s Law:

NnA=2dsin6
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where A means the wavelength of the X-rays, d is the atomic d(hkl) spacing, 8 is

the incident angle, n is an integer, and A is the wavelength of the X-ray.

This law indicates a relationship between the wavelength of electromagnetic
radiation and the diffraction angle (the lattice spacing) in a crystalline sample.
By scanning the sample through a range of 26 angles, all possible diffraction
directions of the lattice will be obtained due to the randomly orientated powder
of the material. As each crystalline material and framework structure produces a
unique diffraction pattern, XRD patterns of samples can be used to identify the

phase if a standard pattern is known.

The X-ray source is a cathode ray tube that produces radiation with a
characteristic wavelength of its target material. A Cu radiation X-ray source has
a wavelength of 1.54 A while a Mo radiation has the wavelength of 0.71073 A.
Cu radiation is not suitable for compounds containing Cr, Mn, Fe, Co, Ni and so
on, because x-ray will be absorbed by these materials and strong fluorescence
is generated and affects the quality of spectra. In this sense, Mo radiation with a
shorter wavelength is used for substitution. Generally, Ziarget > Zsampie +1, Where
Ziarger 1S the atomic number of target materials (Cu, Co, Mo) and Zsampie is the

atomic number of elements in samples.

3.2.2 Ultraviolet and visible (UV-Vis) spectroscopy

UV-Vis absorption spectroscopy is the measurement of the attenuation of a
beam of light after it passes through or reflection from a sample. When a
sample is exposed to light energy that matches the energy difference between
possible electronic transitions within the molecule, fraction of the light energy

would be absorbed by the molecule, and the electrons would be promoted to
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the higher energy state orbital. When a bond formed between molecules, the
atoms in a bond have their atomic orbitals merged to form molecular orbitals
which are occupied by electrons of different energy levels. Ground state
molecular orbitals can be excited to anti-bonding molecular orbitals (*). These
electrons when imparted with energy in the form of light radiation get excited
from the highest occupied molecular orbital to the lowest unoccupied molecular
orbital and the resulting species is known as the excited state or anti-bonding

State.

In UV spectroscopy, molecule undergoes electronic transition involving o, 1
and n electrons. Four types of electronic transition are possible, including o - o*
transition, n -0* transition, n -r* transition and 1T -1* transition. Most organic

compounds are undergoing transitions for n -1r* and 11 -17* transition.

UV-Visible spectroscopy enables an analysis of light absorption of materials
over a wavelength range. Molecules often undergo electron transitions at these
frequencies, since those molecules here are semiconductors, which have
indiscrete energy levels corresponding to allowed electron states, one can
determine the size and type of bandgap (direct or indirect) by using the equation

13%°;
(ahv)" = A(hv —E4)  (Equation 13)

Where a is the absorption coefficient, hv is the energy of the incident radiation,
A is the constant which is based on effective masses of electrons and holes, Eq4
is the optical bandgap, and n can take the values of 0.5 and 2, for a direct or

indirect bandgap transition.
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The bandgap of a semiconductor is approximately equal to the absorption
edge, and so one can also find this from extrapolating towards the x-axis on a
plot of wavelength (x-axis) versus absorption (y-axis), then using the following

equation 14, calculate the bandgap:

E =hc/A=1240/2 (Equation 14)

It should be noted that the absorption edge can be blue shifted by decreasing
the particle size, and is often attributed to either a quantum size effect or a
direct charge-transfer transition. If the bandgap region possesses a long tail and
appears to be red shifted, then this would conclude that there are additional sub

bandgap states present*°.

3.2.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS short for X-ray photoelectron spectroscopy is usually employed to
analyze the surface chemistry of a material, such as elemental composition,
empirical formula, chemical state and electronic state, by irradiating the surface
with an X-ray beam and simultaneously measuring the kinetic energy and
electrons that are emitted from the top 1-10 nm of the material. When an atom
or molecule absorbs an X-ray photon, an electron can be ejected. By measuring
the kinetic energy of the emitted electrons which depends on the photon energy
(hv) and the binding energy (BE) of the electron, it is possible to determine
elements near the surface of materials, their chemical states and their chemical
environment. It is worth noticing that XPS can only determine the elements
components on the surface of materials. To characterize the elements ratio in

the bulk, such as g-C3sN4, CHN techniques may be more suitable.
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3.2.4 Microscopes (SEM, TEM)

Scanning Electron Microscopy (SEM) is a useful technology for imaging the
surface features of a semiconductor, surface morphology (shape and patrticles
size which making up the semiconductor), and the composition of the
semiconductor and their relative amount. To get the composition information,
SEM must have an Energy Dispersive-X-ray (EDX) attachment. The SEM
generates a high energy electron beam by the electron gun that interacts with
the semiconductor surface resulting in electrons with different energy ejected
from the sample. The common mode of SEM only collects secondary electrons

within a few nanometres from the surface, which has energy as low as 50 eV.

Transmission Electron Microscopy (TEM) is another important technology for
imaging samples involving the transmission of a high energy electron beam
(>100kV) through a thin sample (<100nm). After the interaction between the
atoms and electrons, the magnified image is generated by using of optical lens
and then projected onto a photographic film or CCD camera. Unlike SEM, TEM
images are produced base on transmitted electrons that are directly pointed
toward the sample and thus be able to see what inside the surface. In addition,
TEM produces a two-dimensional image with the resolution as high as 0.5

angstroms.

3.2.5 Raman spectroscopy

Raman spectroscopy is a light scattering technique usually to identify the
structural fingerprint of a material by observing the vibration and rotation in a
structure. When light is irradiated on molecules, it is scattered. Some fraction of

light experiences a change in frequency because of the interaction between
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light oscillation and molecular vibration and rotation. It is possible to analyse the
composition of material or crystal lattice by analysing Raman scattering

spectrum.

3.2.6 Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain
an infrared spectrum of absorption or emission of a material. The obtained
spectra represent the fingerprint of samples, which can be used to identify the

chemical structure of different materials.

3.3 Photoelectrochemical (PEC) characterization

3.3.1 Electrochemical Impedance Spectroscopy (EIS)

Electrical impedance is an effective technique to investigate the
electrode/electrolyte interface condition in a PEC cell along with the conductivity

of the electrode.

Impedance measures the ability of a circuit to resist the flow of electrical current
and can be applied to alternating current (AC) which is different from resistance
in direct current (DC) only. In impedance in AC circuits, there are two more
components besides the resistance in DC circuits: Inductance (the induction of
voltages in conductors self-induced by the magnetic fields of currents'®*’) and
Capacitance (the electrostatic storage of charges induced by a voltage between
conductors). The impedance caused by these two effects is regarded as
reactance and forms the imaginary part of complex impedance, whereas

resistance forms the real part.
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An example of an impedance spectrum of an illuminated n-GaAs electrode is
illustrated in Fig. 25. The appearance of a small semicircle at high frequency
and the peak of capacitance is accounted for recombination of photogenerated
holes with CB electrons at the semiconductor surface™®. The recombination
mechanism consists of the successive capture of an electron in an empty
surface state and a hole in an occupied surface state. An equivalent circuit
corresponding to the electrochemical impedance spectrum is also shown. The
overall impedance of the semiconductor/electrolyte interface consists of the
parallel connection of the surface-recombination impedance and the space
charge layer capacitor (C1), because the photocurrent density (dis)charges the
space charge layer of the semiconductor. At high frequencies, the
recombination impedance reduces to the resistor R;. Hence, the high-frequency
impedance of the interface corresponds to the parallel connection of R; and C;.
This parallel combination accounts for the experimentally observed high-

frequency semicircle.

-100

0 50 100 150
Re(2) Ry Cs
[Q cm?]

Fig. 25 High-frequency electrochemical impedance spectrum and equivalent
circuit obtained for surface recombination at a semiconductor/electrolyte

interface. Reproduced from reference®®.
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3.3.2 Mott-Schottky (MS) analysis

M-S spectrum analysis is an important technigue which reveals the physic
properties of electrodes in PEC cells, such as n-/p-type features, the minority
carrier density in semiconductors and the flat band potential. An illustration of
M-S plots of n-type carbon nitride electrode is shown in Fig. 26. The positive
slope of the Mott-Schottky plot means that carbon nitride is an n-type
semiconductor. On the contrary, a negative slope of the Mott-Schottky plot

reveals a p-type feature of a semiconductor.
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Fig. 26 M-S plots of n-type carbon nitride electrode
Flat band potential

Flat-band potential (Vfb) is the voltage applied when there is no band
bending or charge depletion, or charge depletion. One approach to determine
the flat band potential of a semiconductor in the PEC cell is measuring the
capacitance of the space charge region as a function of potential under
depletion condition. It can be described by the Mott-Schottky relationship

(equation 15)
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1-_2 V=V — kL;T (Equation 15)

C2  gg9A2eNp

where Cg. is the capacitance of the space charge region; ¢ is the dielectric
constant of the semiconductor; €, is permittivity of free space; N is donor density;

E is applied potential; E, is the flat-band potential

The flat-band potential can be determined by extrapolation to C = 0. The
capacitance values are calculated from impedance measurements. The model
required for the calculation is based on two assumptions: a) the capacitance
value is assumed to be the value of the space charge capacitance. b) The
equivalent circuit used in this model is a series combination of a resistor and a
capacitance (the space charge capacitance). The capacitance is calculated
from the imaginary component of the impedance (Z") using the relationship Z" =

1/2mfC.
Charge carrier density

The slope in the quasi-linear regions of the M-S plots near the flat-band
potential (Vi) where the depletion layer remains very thin can be used to

calculate the carrier density by equation 16:

slope = (Equation 16)

gg9A%eNp

where eg is the electron charge; ¢ is the dielectric constant of Carbon Nitride; €g
is the permittivity of free space; Ny is the donor density, and V is the applied

bias at the electrode.

With this equation, a positive correlation between charge carrier density in a

semiconductor and the slope of the M-S plot is determined.
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3.4 Charge dynamic study

3.4.1 Intensity-modulated photocurrent spectroscopy (IMPS)

In PEC cells, IMPS is a powerful technique to study the mechanism and
kinetics of charge carrier at electrode/electrolyte interface by measuring the
space charge, surface states and Helmholtz capacitances on the IMPS
response™®.

In a photoanode, holes manage to reach the electrode/electrolyte interface
where 4-hole chemistry water oxidation (charge transfer) competes with the
surface recombination of electrons and holes. Fig. 27 illustrates the competition
between charge transfer and recombination at the electrode/electrolyte interface.
Hole flux into the surface (jh) can either be captured by reducing agents or
recombining via surface state or defects. K; and K, respectively represent the

charge transfer and surface recombination rate.

semiconductor electrolyte

Fig. 27 Generalized reaction scheme showing competition between charge

transfer and recombination, reproduced from reference.*®*
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The time-dependent photocurrent response of a semiconductor electrode to a
square illumination pulse is shown in Fig. 28 to understand the charge carrier
behaviours macroscopically. When the electrode is illuminated, an almost
instantaneous hole-current (jn) flows into the surface.

The capture of holes by surface states leads to a build-up of trapped holes,
and as consequence, an electron current is induced as electrons recombine
with the trapped holes. The photocurrent measured in the external circuit,
therefore, falls from its initial value as the electron current increases towards its
steady-state value. Now when the illumination is interrupted, the hole current
ceases virtually instantaneously, and the remaining holes trapped in the surface
recombine with electrons, giving a current of opposite sign to that observed

during the illumination phase.

hole current

surface trapped hole
concentration

electron current

\/

net photocurrent

L 1 1 L L 1 1 |

00 04 08 12 16 20 24 2B

Fig. 28 Origin of the characteristic shape of the photocurrent response to

square wave illumination, reproduced from reference.
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The time constant associated with the decay of the photocurrent is given by
ki + ki, and the ratio of the steady-state photocurrent to the instantaneous
photocurrent observed when the illumination is switched on is given by the ratio

kd(k: + k) (Fig. 29).
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Fig. 29 Typical IMPS plot, K, is the rate constant of surface charge
recombination, K; is the rate constant of surface charge transfer. Reproduced

from reference.®!

The high-frequency intercept of the low-frequency semicircle should occur at
unity since the measured current is equal to the hole current (i.e. no
recombination). The normalized low-frequency intercept of the low-frequency
semicircle corresponds to the fraction of the hole flux that undergoes interfacial
electron transfer, ki/(k; + k;)]. The radial frequency at the maximum of the

semicircle is given by the sum k; + k;.
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Fig. 30 IMPS plots of boron-doped carbon nitride photoanode

As shown in Fig. 30, the high-frequency IMPS response should correspond
to the AC component of the hole flux j, into the surface, since the effects of
surface recombination are effectively ‘frozen out’. The high frequency (HF) plot,
therefore, provides a direct measure of hole collection, which is given by jn/qlo.
By contrast, the low frequency intercept should correspond to the DC
photocurrent, which is determined by the product ju(ki/(k: + ki), where the ratio
kd(k: + kc) corresponds to hole transfer, the fraction of hole flux from the space

charge region that is involved in the charge transfer reaction.

3.4.2 Open Circuit photoVoltage Decay (OCVD)

Open circuit voltage decay is an efficient technique to estimate the average
lifetime of charges in the photoelectrode and its trap states condition.*®**® The
target photoelectrode was firstly placed in the electrolyte in the dark condition to
ensure equilibrium voltage was obtained. When the light was turned on,
photovoltage was generated. After a stable photovoltage was achieved, the

illumination was cut off, resulting in a fast decay of the photovoltage with time.
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The obtained photovoltage decay curve could be fitted into a biexponential

function (equation 17):

V=Ay+Ae /1 + A,e”t/2  (Equation 17)

Where 1; and 71, are time constants.

The average charge lifetime could be calculated by equation 18:
T = 2(1172)/(T1 + T2) (Equation 18)

Where 1, is the average charge lifetime.

dark condition strong illumination
| A -
_ Erwo: ¥ AV || Eraor

+ +
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Fig. 31 Scheme of photovoltage generation for an n-type semiconductor.

The generated-photovoltage could be understood as the recovery of the band
banding. In dark condition, the fermi level of an n-type semiconductor (as shown
in Fig. 31) is at the same level as the redox potential in the electrolyte. With
strong illumination, photo-generated electrons are promoted to the condition
band, therefore, shifting the Fermi level upward. As the Fermi level becomes

more negative, a negative photovoltage is observed in a PEC system. An
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example of OCVD plot of an n-type g-C3N4 film is displayed in Fig. 32. a -
290mV photovoltage is generated, and the average electron lifetime is

estimated to be 0.9s.
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Fig. 32 OCVD plot of an n-type g-C3Ng4 film

A p-type semiconductor such as Cu,O will generate a positive photovoltage
(as shown in Fig. 33). The OCVD is another method to determine the n-type/p-

type characteristic of a semiconductor.
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Fig. 33 Photovoltage of a p-type Cu,O film prepared by electrodeposition
(electrolyte: 15 g of Cu,SO,4 was dissolved in 25 mL of 88% lactic acid to form
the copper lactate complex. A total of 75 mL of a 5 M NaOH aqueous solution
was added in small portions to the copper solution; pH was adjusted to 9, the

voltage applied for electrodeposition: -0.1V vs Ag/AgCl

3.4.3 Transient Photovoltage decay (TPV)

TPV method has been used to determine the charge diffusion length in a
semiconductor such as TiO,'. In this method, a continuous strong light was
irradiated onto the sample to generate electron-hole pairs. The generated
electrons were promoted to trap states energy levels and then the conduction
band. After the equilibrium between charge generation and charge consumption
(recombination) was achieved, a single pulse light (1us) was applied onto the

EE side of the electrode. The photovoltage rise and decay corresponding to the
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pulse light was recorded. An example of TPV of g-CsN4 under different pulse
light intensity is shown in Fig. 34. The photovoltage rise and decay are due to
the single pulse light. The electron diffusion length is derived by the following

equations 19-21.

-260
(a)

26

£ .

2701

g

S 25W 365nm LED

g-21> 50W 365nm LED

2 75W 365nm LED

< -2801 100W 365nm LED
-285,

-0.2 0.0 0.2 014 0.6 0.8 1.0
Time /s

Fig. 34 TPV of g-C3N4 under different pulse light intensity

__ KgT dVye\_q .
T=-" - (—dt )™+ (Equation 19)
d? 3 1 1 .
D, = = (1 +—5=czn) (- — ) (Equation 20)
1+(ﬁ—1)m rise n

L = (D,t,)'? (Equation 21)

Where d is the thickness of the film; C¢3n4 is the capacitance of carbon nitride
film; Cqup is the capacitance of FTO substrate; 1,se IS the time constant of
photovoltage rise; 1, is the time constant of photovoltage decay, D, is the

diffusion coefficient, and L is the charge diffusion length
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4 Key Factors Dominating Photoelectrochemical

Performance of g-CsN4 Polymer Films

This chapter would mainly study key factors that dominate the photocatalytic
performance of g-C3N4 as an efficient photoanode. | investigated the relationship
between crystallinity, deep trap states and PEC performance of g-C;N,
photoelectrodes. Long-lived charge carriers were present in the more poorly
crystalline samples, due to deeper trap states, which inversely correlated with
photoelectrochemical performance. The charge diffusion length in a compact g-
CsN, film as one of the most important factors dominating its PEC performance was

determined.

4.1 Introduction

Development of polymer photocatalysts have been triggered after the
discovery of g-CsN4 as population of materials due to ease of processing,
readily tunable band structure, promising activity and composed of abundant
elements.'®®"%" Especially, the benchmark polymer photocatalyst g-CsN4 at
present, has attracted considerable attention due to its thermal and chemical
stability, appealing band structure and low cost. A wide range of photocatalytic
applications of g-CsN, has been reported, such as water splitting’ ®® °, CO,

8 organic pollutants degradation'® and even in polymer

conversion,'®
synthesis.'”® Tremendous efforts have continuously been made to improve the
performance of g-C3N4, such as by doping heteroatoms to extend its light
absorption and manipulate the band structure to make it thermodynamically
more favorable for redox reactions, or by controlling the microstructure and

electronic properties of g-CsN, to kinetically improve its charge transfer, '® 8 171-
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2 building upon the great success of g-CsN; powder photocatalysis in
suspension systems. To fabricate active g-CsN4 film is a subsequent preferred
research area which is very attractive due to large-scale industrial and

173174 the prepared

commercial use. Although there have been some attempts,
g-CsN4 films show very moderate photoelectrochemical performance, leading to
a low photocurrent density of around 100 pA/cm? at 1.23 V under AM 1.5
illumination.’*>'7® This is far inconsistent with the powder suspension systems

reported so far.'”’

It is rather different from metal oxide based photocatalysts
which always show both excellent photocatalytic activities in suspension
systems and photocurrent in a PEC cell, e.g. BiVO,,""®""° W0O3,"®° TaON*' etc.
There are some guesses about this extremely moderate photoelectrochemical
performance of g-CsNs e.g. due to poor charge separation, low electronic

conductivity and small charge diffusion length."”* Obviously, a clear and

comprehensive insight into this dilemma is highly sought after.

It has been observed that the charge diffusion length plays a pivotal role in
dictating photocurrents and photoelectrochemical performance. For instance, in
case of a-Fe,O3 a well-known and well-studied benchmark oxide film suffers
with poor and unsatisfactory photocurrents though it has very good light
absorption as observed ."®' A comprehensive investigation by Gratzel et al.
reveals that the key issue is the short charge diffusion length (~2-4 nm) in this
benchmark oxide, which interpreted the very good performance of
nanostructured, dendrite a-Fe;O3 films due to their shorter charge diffusion
distance compared to bulk a-Fe,03 films.*> 1182 |n the similar lines, it is quite
obvious that the charge diffusion length is also an important factor in g-C3Ng4 in

terms of charge separation, migration and surface reaction; the other factor
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heavily influencing the photoelectrodes performance is charge separation and
recombination dominated by trap states in the bulk or on the surface of a

semiconductor.%® 123

The previous study related to the charge trapping in g-C3sN4 powders in a
suspension system described that a high concentration of electrons was deeply
trapped by electron acceptors in g-CsN4s and remained unreactive.’®® These
photogenerated separated electrons with a long lifetime could not participate in
both photocatalytic reactions and photoluminescence. In other words, the
density of long-lived electrons was correlated inversely with the photocatalytic
activity. It was also reported that the structural disorder in g-CsN4 could
introduce shallow trap states that compete with the deep trap states.”®® The
impact of trap states on g-C3sNy4’s activity is, to some extent, very informative
although this useful information was achieved in a powder-suspension system.
In a PEC system where the directional charge migration is vital, a large number
of deep trap states will prohibit the directional charge transport and affect the
charge diffusion length although they can prolong the lifetime of charges
generated. Also, as reactions always happen at the semiconductor/electrolyte
interface. The fast charge transfer at the interface would benefit the
photoreaction while surface recombination would be detrimental. Massive

surface trap states would also act as recombination centers.

The influences of both charge diffusion length and trap states on the
performance of g-C3;N4 photoelectrodes are very important which is currently
less clear. It is speculated that deep trap states in g-CsN4 may be caused by
terminal groups or defects which mainly appear on g-C3N4 surfaces.'™ The

desired closely-packed and well-crystallized g-CsN4 thin film in principle is
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expected to reduce the deep trap states which in turn facilitate the charge
transfer with suitable charge diffusion length. To explore the influence of trap
states on PEC performance of g-CsN4 films, here | fabricated three kinds of g-
CsNy4 films with different trap state conditions, including bulk-g-C3N4 film,
porous-g-CsN4 film and the compact-g-CsN4 films. X-ray diffraction (XRD),
Ultraviolet—visible spectroscopy (UV-vis), X-ray photoelectron spectroscopy
(XPS) and Fourier-transform infrared spectroscopy (FTIR) have been used to
characterize the structure of three g-CsN4 films. The electron decay lifetime and
trap conditions were determined by the open circuit photovoltage decay (OCVD)
technique. A three-electrode PEC system was applied to examine the PEC
performance of these g-CsN4 films. Furthermore, charge diffusion length was
measured by a small perturbation photovoltage transient (TPV) measurement to

elucidate the key intrinsic factor of g-C3N4 films.

4.2 Experimental
Sample synthesis

The bulk-g-C3N,4 film, compact-g-C3N,4 film and porous-g-C3N4 film have been
fabricated by three different methods. The compact-g-C3N, film was synthesised by
a rapid thermal condensation method referring to the method in section 3.1.2.
The precise experimental condition was shown below: 50 mg Dicyandiamide
(Alfa Aesar, 99%) was dissolved with DI water in a ®35 mm petri dish. After
drying at 70 °C for 1 h, Dicyandiamide precursor was recrystallized and adhered
to the internal surface of the petri dish. A piece of 2 cm x 2 cm FTO glass used
as the substrate was placed on a slightly concave crucible lid and covered by
the petri dish. The sample was calcined in a 600 °C preheated Muffle furnace

(Carbolite, CWF 1300) for 23 min and quenched to the room temperature in air.

104



The bulk-g-C3N,4 film was synthesised by a drop-casting method. G-C3Ng4
powders were synthesised by heating Dicyandiamide (Alfa Aesar, 99%) at 600°C
for 4h in the air in a Muffle furnace (Carbolite, CWF 1300) with a rate of 5°C/min.
10 mg as-prepared g-CsN,4 powders were mixed with 750 ml DI H,O, 250 ml 2-
propanol (Fisher Chemical, HPLC grade) and 10 ul Nafion perfluorinated resin
solution (Sigma-Aldrich). The suspension was sonicated for 1h and drop-casted
onto a 2 cm * 2 cm FTO substrate on a 250 °C preheated hotplate. The as-

synthesised film was calcined at 400 °C for 30 min to remove the organic residues.

The porous-g-C3N, film was synthesised by a thermal evaporation method
referring to the method in Section 3.1.1. To be precise, a FTO substrate was
firstly pre-treated by a rapid thermal vapor condensation method at 600 °C for
25 min to make it a more suitable place for carbon nitride nucleation and
polymerization. After treatment, there is no visible carbon nitride left on the
substrate. The treated FTO was then placed on a 10 ml crucible (FTO side
downward) filled with 2 g DCDA. A flat crucible lid was placed above FTO. The

crucible was calcined at 600 °C for 4 h with a heating rate of 5 °C/min.

Photoelectrochemical measurements

The photoelectrochemical properties were investigated in a conventional
three-electrode cell using an electrochemical analyser (IVIUM Technologies).
The as-prepared film, a Pt net and an Ag/AgCl electrode were used as the
working, counter and reference electrodes, respectively. The photocurrent of
samples was measured in 0.1 M Na,SO, aqueous solution under 150 W Xenon
lamp (Newport). Samples were illuminated from the SE side (FTO

substrate/semiconductor interface). Electrochemical impedance spectra (EIS)
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were measured from -0.3 V to 0.5 V vs. Ag/AgCI. A sinusoidal ac perturbation of

5 mV was applied to the electrode over the frequency range 0.1 Hz-10 kHz.

In the open circuit voltage decay (OCVD) measurement, electrodes were
placed in dark condition until the voltage became stable. 150 W Xenon lamp
(Newport) was illuminated to the EE side of the electrode. After the stable
photovoltage was observed, the light source was turned off to obtain the

photovoltage decay.

In the small perturbation photovoltage transient (TPV) measurement, a
continuous light source (150 W Xenon lamp) was irradiated to the sample to
excite electron-hole pairs continuously. After the equilibrium between charges
generation and charge consumption (recombination and reaction) was achieved,
a one-shot pulse light (duration of 1ms) was irradiated to the EE side of the
electrode. The photovoltage rise and decay corresponding to the pulse light was
recorded and used for electron diffusion length calculation. The time constant
for photovoltage rise and decay T,ise and 7, was calculated using the initial phase

of photovoltage rise and decay with equation 19.

¢ = _ KeT (Vo

< Ca )1 (Equation 19)

Where kg is the Boltzmann constant, T is the temperature (in Kelvin), and q is

the unsigned charge of an electron.

The electron diffusion coefficient was used to calculated using equation 20*%%;
d? 3 1 1 .
On = (Ut Ly G ) (Fauation 20)

vz

Csub
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Where d is the thickness of the film; Ccsn4 is the capacitance of carbon nitride
film; Csup is the capacitance of FTO substrate; T.se is the time constant of

photovoltage rise; 1, is the time constant of photovoltage decay.
The diffusion length L was calculated using the equation 21.

L = (D,t,)'? (Equation 21)

4.3 Result and discussion

The bulk-g-C3N4 film prepared by drop-casting pre-synthesised g-C3N4
powder on an FTO substrate could represent the properties of pristine carbon
nitride powders widely used in the photocatalytic suspension system, thus used
as a reference sample. The compact-g-CsN,4 film was fabricated by a rapid

thermal vapor condensation method,'”

which is known to produce a uniform
film with closely-packed microstructure. The porous-g-CsNs film was
synthesised via a thermal evaporation method, producing a rough surface and

porous structure. To display the morphologies of g-CsN4 films prepared by

different methods, SEM techniques have been applied,
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Fig. 35 SEM images of (a) bulk-g-C3N,4 film top view, (b) compact-g-C3N4 film

top view and side view (inset), (c) porous-g-CsN film top view.

SEM images show significantly different morphologies for bulk-g-C3sN4 film,
compact-g-C3N4 film and porous-g-C3N4 film as represented in Fig. 35 a, b and
c respectively. Apparently, the bulk-g-C3N4 film is composed of an aggregation
of small particles with uneven distribution (Fig. 35a). The compact-g-C3sN4 film
exhibits a very uniform morphology and dense microstructure (Fig. 35b). The
thickness of the compact-g-C3Ny4 film is determined to be 600 nm from its cross-
section image (Fig. 35b, inset). The uniform and low thickness films are
beneficial for charge migration and collection across the film in a PEC
photocatalytic reaction. The porous-g-CsN4 film shows a rough surface with a

hollow structure (Fig. 35c). The porous structure possesses a likely large
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surface area, more defects and surface states which have a complicated

influence on charge trap, transfer and recombination process.'®

SEM images of different g-CsN4 samples have shown obvious differences.
The XRD patterns of bulk-g-C3sN4, compact-g-C3N4 and porous-g-C3Ny4 films are
shown in Fig. 36a in order to examine the difference in their crystallinities. All
samples show a main peak located around 27.5° which is due to the interlayer
arrangement of a graphite-like structure. The weaker peak at 13.0° is attributed
to the heptazine units in the g-C3Ny4 structure.”™  The extra peak at 26.7° is
assigned to the (110) plane of SnO, from an FTO substrate. The full width at
half maximum (FWHM) of XRD peak at 27.5° is calculated among the three

samples to illustrate the crystallinity of the graphite-like layer structure.

Sn0O, (110)
g-CsN, in plane 1 g-C3Ny
repeating unit | layered

I Compact-g-C3N4 fyrstacking

Intensity

Porous-g-C3Ny

Bulk-g-C3N4

10 12 14 16 18 20 22 24 26 28 30 32
20

Fig. 36 XRD patterns of the bulk-g-C3N4 film, compact-g-C3sN4 film and porous-

g-C3N, film.

In Fig. 37, the FWHM of the peak at 27.5° for bulk-g-CsN4 film, compact-g-
C3Nq4 film and porous-g-CsN4 film are analyzed and determined to be around

1.0°, 0.7° and 1.1°, respectively. Smaller FWHM indicates higher crystallinity of
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a material,’®® so the compact-g-CsN, film possess relatively higher-ordered
layer structure than bulk-g-CsN4 and porous-g-CsN4 films. The order of the
crystallinity is compact-g-CsNs > bulk-g-CsN4 > porous-g-CsN4 with all films

prepared at 600 °C.

(a) FTO (110) (b)
FTO (110)
= =
k= E
20 22 24 26 28 30 32 20 2 24 26 2 30 32
20 20
(d)
sample FTO (110) G-C3N,
FWHM FWHM
=
% Compact-g- 0.41 0.7
IS CsN,y
Porous-g-C;N, 0.48 1.1
Bulk-g-C;N,  0.46 1.0

20 22 24 26 28 30 32

Fig. 37 XRD patterns showing peaks of FTO (110) plane and g-CsN,4 stacking
layer structure of (a) compact-g-C3Ny, (b) bulk-g-C3sN4 (c) porous-g-CsNg4, (d)

FWHM of peaks of all three samples

To further evidence the order of their structure, Raman spectra of all three
samples are displayed in Fig. 38. From 1200-1700 cm™ a series of peaks are
attributed to C-N stretching vibrations, specifically “G and “D” band profiles of
structurally disordered graphitic carbon and other carbon/nitrogen layered
compounds. The peak at 980 cm™ can be assigned to the symmetric N-
breathing mode of heptazine, whilst the peak at 690 cm™ corresponds to the in-
plane bending vibrations of the tri/heptazine C-N-C linkages. All peaks,
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therefore, confirm the local structure of the g-C3sN4. The ratio of D band (locates

at 1405 cm™) to G band (at 1570 cm™) could illustrate the distortion of the

crystal structure and the defects density.'®®

Compact-g-C3N4

Porous-g-C3;N,4

Raman Intensity

500 1000 1500 2000
Raman shift (cm-1)
Fig. 38 Raman spectra of bulk-g-CsN4 film, compact-g-C3sN4 film and porous-g-

C3N4 film

The analysis of Raman spectra displayed in Fig. 39 suggests that the Ip/lg
value increases in the order of compact-g-C3Ny4, bulk-g-C3N4 and porous-g-
C3N4. The smallest Ip/lg value (Ip/lc=0.13) of the compact-g-CsN4 suggested
that it has least defects among all three samples, while larger Ip/lg values
porous-g-C3sN4 samples (Ip/lc=0.55) indicates high defects density in bulk and
more distorted structures with bulk-g-C3N4 (Ip/Ig=0.41) in the middle, which is
consistent with the XRD analysis. The summary of XRD HWFM (with errors)

and Raman analysis is displayed in Table 4.
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Fig. 39 Raman spectra films showing different degrees of structural distortion of

(@) bulk-g-C3N4, (b) compact-g-C3N4 (c) porous-g-CsNg; (d) the value of Ip/lg of

all three g-CsN4 samples. The Raman spectra were recorded with an exciting

laser at 325 nm.

Table 4 FWHM with errors of peaks at 27.5° within XRD patterns (Fig. 36) and

ratios of D band to G band within Raman spectra (Fig. 38) of three g-C3Ny films.

Porous-g-C3Ny4 Bulk-g-C3N4 Compact-g-C3N4

XRD(FWHM) 1.07+0.05° 1.02+0.06° 0.70£0.04°

Ip/lg 0.55 0.41 0.13
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Although the differences in morphology and crystallinity, UV-vis spectra of all

samples show a similar light absorption edge around 440 nm (Fig. 40 a, c, e)

and a similar bandgap of 2.8 eV, derived from the Tauc plot (Fig. 40b, d, f)

which is in good consistency with pristine carbon nitride as reported earlier.®®
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Fig. 40 (a) bulk-g-C3N4 UV-vis spectrum, (b) Tauc plot of bulk-g-CsN4 UV-vis

spectrum; (c) compact-g-C3N, film UV-vis spectrum (d) Tauc plot of compact-g-
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C3N4 film UV-vis spectrum (e) porous-g-CsNy film UV-vis spectrum and (f) Tauc

plot of porous-g-C3N, film UV-vis spectrum.

To further investigate the local structure of three samples, the FT-IR spectra
(Fig. 41) of all samples are displayed. The intense band at 806 cm™ is
attributed to the out-of-plane bending vibration, characteristic of heptazine rings.
The bands at 1311 and 1226 cm™ could be assigned to stretching vibration of
C—N(-C)-C or C-NH-C units. The intense bands at 1633, 1558, 1456 and

1406 cm™" represent typical stretching vibration modes of heptazine-derived

repeating units.”

Porous-g-C_N,

Compact-g-C,N,

W Bulk-g-C N,

T T T T T T T T T T T T
200 1000 1200 1400 1600 1800 2000 2200 2400

Intensity

Wavelength cm™

Fig. 41 FT-IR spectra of bulk-g-C3N,4 film, compact-g-C3N, film and porous-g-C3N,4

film

Apart from FT-IR, another important technique XPS has been used to analyse
the elemental composition, chemical state and electronic state of the elements
on the surface of g-C3sN4. (It is worth noticing that XPS can only determine the
elements components on the surface of materials. To characterize the elements

ratio in the bulk, such as g-C3N4, CHN techniques may be more suitable). XPS
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spectra of bulk-g-CsN4 film, compact-g-CsN4 film and porous-g-CsNy4 film are
displayed in Fig. 42. As shown in Fig. 42a, the C1s XPS spectra show a peak
at 288.1 eV corresponds to the binding energy of C-N-C bonds. The faint peak
at 286.2 eV corresponds to C-O bonds and the peak centered at 284.8 eV is

adventitious carbon.

(a) (b)
A - ‘porous-g-CSN,

2 .
/ N\ porous-g-C;N, - A~~~

‘\\"-1-...._._ -
—_&mpact-g-ca N,

/m‘Pa°"g'°a”*
bulk-g-C;N
/Q\ bulkeg-C:N, A\ o
T T T T T T T T T T T T T T T
280 282 284 286 288 200 202 294 296 392 394 396 398 400 402 404 406 408 410

Binding Energy / eV Binding Energy / eV

Intensity

Intensity

Fig. 42 (a) XPS Cl1s spectra and (b) XPS N1s spectra of bulk-g-C3N4 film,

compact-g-C3Ny film and porous-g-C3Ng4 film

N1s XPS spectrum can be fitted to three components. The main peak located
at 398.7 eV is attributed to C-N-C bonds. The other two peaks at higher energy
account for C-[N]s (399.9 eV) and C-NH, bonds (401.1 eV) respectively.?® A
percentage breakdown of different bonds is listed in Table 5. The atomic
percentage of C-NHy, which is recognized as the terminal groups of g-CsN4
structure, in compact-g-CsN4 film, bulk-g-CsN4 film and porous-g-CsNy4 film are
8%, 13.6% and 18.8%, respectively. As a more ordered g-C3N, structure has a
lower percentage terminal group (C-NHy), the structure of three samples, in
order of decreasing completeness, are compact-g-CsNg4; bulk-g-C3sN4; and

porous-g-CsN4, agreeing with the XRD and Raman analysis.
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Table 5 Percentage of different bonds within the N1s spectra (in Fig. 42b) of

porous-g-C3Ny film, bulk-g-C3Ng4 film and compact-g-C3Ng4 film

Bond Binding Atomic % of bond (sample)
Energy
Porous-g-CzN, Bulk-g-CsN4 Compact-g-CzN,
(eV)
C-N-C 398.7 60.0% 71.8% 72.8%
N-[C]s 399.9 21.2% 14.6% 19.2%
C-NH, 401.1 18.8% 13.6% 8%

Furthermore, the C to N ratios in compact-g-C3Ng4, bulk-g-C3N4 and porous-g-
C3N4 are calculated to be C3Ngi12, C3N3z 76 and C3Ns 79 from the XPS spectra
(Table 6). The C/N ratio in compact-g-C3Ny is the closest to the ideal ratio of 3:4

among three samples.

Table 6 C to N ratio in porous-g-C3N, film, bulk-g-CsN4 film and compact-g-C3N4

film derived from XPS spectra

Sample CN
X Y
Porous-g-C N N
3 4 3 379
Bulk-g-C N
3 4 3 3.76
Compact-g-C3N4 N,
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With comprehensive characterizations of all samples, | want to further
investigate the charge dynamics in these samples. Charge dynamics are
investigated using the OCVD measurement which is proven to be a useful
method to study the trap states and to estimate the lifetime of electrons in
photoelectrodes.’®'% OCVD plots obtained using bulk-g-CsN4, compact-g-

CsN4 and porous-g-C3N4 photoelectrodes are displayed in Fig. 43.
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Fig. 43 Open Circuit Transient Voltage Decay (OCVD) plots of (a) bulk-g-C3Ny,
(b) compact-g-C3Ny, (c) porous-g-C3Ny4 with 150W Xenon lamp illumination from
the electrolyte-electrode (EE) side, (d) the calculated average charge-life time in
bulk-g-C3sN4 film, compact-g-CsN4 film and porous-g-CsN4 film (generated
photovoltage AV is the difference in voltage between dark and illumination

conditions).
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Samples are placed in dark condition at the beginning of the experiment to
avoid unwanted/erroneous effects from light absorption. Strong illumination was
irradiated to the electrolyte-electrode (EE) side of the sample to generate a
photovoltage. The generation of photovoltage is due to the recovery from the
band bending at EE interface (when it is in the dark) of a semiconductor under
illumination.” A decay in OCV was noted when the illumination was shut off.
The electron lifetime is determined by fitting the decay curve to a biexponential

function (Fig. 44)."%
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Fig. 44 Determination of harmonic mean of electron lifetimes 1, by a
biexponential fitting in (a) compact-g-CsN4 film (b) bulk-g-C3N4 film and (c) porous-

g-C3N4 film.
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When the light is on, a prompt increase in transient photovoltage is observed.
Among the studied films, the compact-g-CsN4 showed the highest increase rate
with the transient photovoltage (AV) of 0.29 V, whereas for porous-g-CsN4 and
bulk-g-CsN4 showed relatively slow increase rate and photovoltages were 0.08
V and 0.04 V, respectively, indicating that electrons are being transferred fastest
in the compact-g-CsN4 film among all samples. After turning off the light,
different decay profiles were observed. Photovoltage decay in the compact-g-
C3N4 is much faster than that in bulk-g-CsN4 and porous-g-CsN4. The average
lifetimes of electrons are found to be 0.9 s, 5.0 s and 12.8 s for the compact-g-
C3N4, bulk-g-CsN4 and porous-g-CsNg4, respectively. The rapid photovoltage
decay or short average electron lifetimes indicate facile electrons recombine
with holes in the absence of an electron donor in the electrolyte, while a long
lifetime of electrons observed in other samples is mainly due to severe electron
trap effect.’® Most of the long-lifetime electrons are deeply trapped and locates
at low energy levels (more positive levels) that are insufficient to participate in
redox reactions.’®® These deep trap states can act as recombination centers
and hinders the migration of electrons in a photoelectrode towards the surface.
As photogenerated electrons tend to migrate from the conduction band to the
deep trap states (recombination centers) after excitation, reducing the deep trap
states density can promote the charge transfer efficiency and thereby
enhancing the photocurrent density of a photoelectrode. Apparently, significantly
reduced electron average lifetime in compact-g-C3sN4 film (0.9 s) indicates that
the majority of photogenerated electrons are less likely deep-trapped compared
to the bulk-g-C3N4 samples (5.0 s). Also, the long average electron lifetime in

porous-g-CsN4 (12.8 s) suggested the presence of severe deep electron
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trapping states. Therefore, the degree of the crystallinity shows a good
correlation with trap states. Thus lesser the crystallinity is, higher the density of

deeper trap states is.

More clues of trap states condition can be extracted from the photovoltage (AV)
in Fig. 43. The situation is schematically shown in Fig. 45. In dark condition,
when an electrical equilibrium is established between a semiconductor and a
redox in an electrolyte (Eregiox), the fermi level of the semiconductor aligns with
Ereqiox- Under illumination, electrons are usually excited into the conduction
band from the valence band, promoting the Fermi level of the semiconductor
close to its initial level (before contacting with electrolyte) and reduce the band
bending. AV represents the potential difference between the Fermi level of the
semiconductor under illumination and the Eregiox in the electrolyte.42 As the
redox potential is fixed, higher photovoltage indicates a more negative electron
Fermi level. In the compact-g-C3N4, the generated photovoltage (AV=0.29 V) is
much larger than that in bulk-g-C3N4 film and porous-g-CsN4 film whose
photovoltages are less than 0.1 V. It indicates that the compact-g-C3N4 under
illumination has a more negative electron energy level than other two samples

due to less deep trap states.
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Fig. 45 Schematic of photovoltage generation for an n-type semiconductor

To summarise, there is a clear correlation of trap-state conditions with the
crystallinity of g-CsN4 films which is associated with the decay lifetime. The
compact-g-CsN4 film with the most ordered structure seems to consist of
shallow trap states, resulting in the shortest average electron lifetime (0.9 s) and
highest photovoltage (0.29 V) among all three samples. In contrast, both the
bulk-g-CsN4 film and porous-g-CsN4 film have deep trap states due to their low
crystallinity, leading to long charge lifetime (5.0 s for bulk-g-C3sN4 film and 12.8 s
for porous-g-CsN4 film) and low photovoltage (0.04V for bulk-g-CsN4 film and
0.08V for porous-g-CsNy film ). It could be reasonable that high crystallinity of a
semiconductor resulted in fewer defects in structure thereby reducing the deep
trap states density.

The capacitances of the bulk-g-CsNs film, compact-g-C3sN4 film, porous-g-CsN4
film and FTO substrate at different potentials are also derived from the
impedance plots (Fig. 46) and shown in Fig. 47, by fitting the data with the

equivalent circuit as shown in Fig. 48.
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Fig. 46 EIS spectra of (a) FTO substrate, (b) bulk-g-C3N4 film, (c) compact-g-

C3N, film and (d) porous-g-C3N,4 film; potential range -0.3 V to 0.5 V vs Ag/AgCl;
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Cy

Fig. 48 Equivalent circuit representing the photoanode/electrolyte system used
for EIS data modelling. R is the system resistance, C; is the space charge layer

capacitor, R; and C, are the surface recombination impedance.

The bulk-g-C3N4 film, compact-g-C3N4 film, porous-g-CsN4 film and FTO
substrate show the space charge layer capacitance of 10.8 pF/cm?, 1.9 pF/cm?,
24.6 uF/cm? and 8.3 pF/cm?, respectively. Apparently, bulk-g-CsN, film and
porous-g-CsN, film exhibit 6 and 13 times higher capacitance than the compact-

138 It is

g-C3N4 film due to their non-uniform morphology/severe trap states
noticed that compact-g-C3N4 film only has a 1/4 capacitance as that of the FTO
substrate. Although the compact-g-C3N4 film grew on the top of the FTO

surface, the high-quality carbon nitride film screens the electronic effect of FTO

substrate well and results in lower capacitance.'®®

Consequently, the photocatalytic performances of the bulk-g-C3N4 film,
compact-g-CsN4 film and porous-g-CsN4 film were examined in a PEC system,
and the results are shown in Fig. 49a, b and c. Apparently, the compact-g-C3sN4
film exhibits the highest anodic photocurrent density (e.g. 180 pA/cm? at 0.6 V
vs Ag/AgCl) among three photoelectrodes due to its significantly reduced deep
trap-state density and surface states caused by high crystallinity and uniform
morphology, as discussed earlier. In contrast, the bulk-g-C3N4 film and porous-

g-CsNy4 film with low crystallinity and rough morphology resulting into deeper
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trap states, only exhibited less than 30 times lower photocurrent density (5
pA/cm? at 0.6 V vs Ag/AgCl). It reveals that the significantly mitigated deep trap
states in the g-C3Ny4 films improve charge transfer across the film and facilitates
charge collection on the electrode and electrolyte interface, resulting in a
significantly enhanced photocatalytic performance.
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Fig. 49 Photocurrent vs potential plot of (a) bulk-g-C3N4 film, (b) compact-g-
C3Ny4 film and (c) porous-g-CsNy film using 150 W Xenon lamp illuminating from
the substrate-electrode (SE) side (the 150 W Xenon lamp contains much
stronger UV light irradiation than the stimulated one sun illumination),

electrolyte: 0.1 M Na,SO4, pH=6.5.

Charge diffusion length is a key factor that determines the photoelectrodes’
performance. The diffusion length indicates the average distance that the carrier
can move before it is recombined. A long charge diffusion length guarantees the
efficient charge transfer across the film. Metal oxides photoelectrodes vary their

diffusion length with materials. For example, TiO, has a ~10 micrometer
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diffusion length by adopting TPV method by Durrant et al.,"®

while Fe»O3 has a
much smaller diffusion length of 2 - 4 nm. The charge diffusion lengths of
polymers photoelectrodes have much less investigated. TPV has been used to
determine this important factor for the g-CsN4 film. In this method, a continuous
strong light source was irradiated onto the sample to generate electron-hole
pairs. Deep trap states were then occupied during the illumination. After the
equilibrium between charge generation and charge consumption (filling the
deep trap states and recombination) was achieved, a single pulse light was
applied onto the EE side of the electrode. The photovoltage rise and decay

corresponding to the pulse light was recorded, and electron diffusion length has

been derived as follow.

The electron diffusion length for the benchmark photocatalyst (compact-g-
C3Ng4-film) was measured using a range of light pulse intensities (25 w — 100 w).
It is observed that the amplitude of the transient photovoltage changed from 5
mV to 20 mV by tuning the output power of the pulse light. Time constants for
photovoltage rise (Trise) and decay (1,) are determined by using the initial phase
of the photovoltage rise and decay in Fig. 50. The duration of the pulse light is
around 1ms. The corresponding Tise and T, are calculated using equation 19
and the resultant electron diffusion length (L) is then determined by equation 20
and 21" '8 \where d is the thickness of the film; Ccans is the capacitance of
carbon nitride film; Csgy, is the capacitance of FTO substrate; s is the time
constant of photovoltage rise; 1, is the time constant of photovoltage decay, D,
is the diffusion coefficient, and L is the charge diffusion length The determined

results are represented in Fig. 50b.

KgT ,dV,

T=- q (dt

)~1 (Equation 19)
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L = (D,7,)"? (Equation 21)

It is observed that the effective electron lifetime (1,) decreases with an
increase in pulse intensity from 950 ms at 25 W to 350 ms at 100 W. At high
light intensity, the reduced electron lifetime could be due to increased rate of
recombination of electron-hole pairs.’*” As expected, though a series of light
pulse intensities result in different values of T,se and 1, the electron diffusion
length in the g-C3N4 film is ca. 1000 nm. As an intrinsic property, it remains
independent of the pulse light intensity. Compared to the thickness of the
compact-g-CsN4 film (600 nm), such a long electron diffusion length can
guarantee the efficient charge transfer and collection across the film, which

significantly contributes to its excellent PEC performance.
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Fig. 50 (a) Transient photovoltage vs time at varying light power, and (b)
Dependence of photovoltage rise time (T;se), effective electron lifetime (1,) and

charge diffusion length of the compact-g-C3sN4 sample on light power.

To further confirm the intrinsic charge diffusion length, TPV measurements
have been performed on another sample S1 which was also prepared by the
rapid thermal vapor condensation method. By adjusting the synthesis time, the
thickness of sample S1 was manipulated to 800 nm (in Fig. 51). The diffusion

length determined form TPV measurements against different pulse intensities
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are displayed in Fig. 52a. The average charge diffusion length is determined to
be 950 nm. From this, it is evident that the charge diffusion length does not
change with the thickness of the films, at least in the range studied in this work.
Thus the average electron diffusion length of the g-C3N4 film fabricated by the
rapid thermal vapor condensation method is ca. 1000 nm. Photocurrent
response of sample S1 is shown in Fig. 52b. The photocurrent density is ca.
130 pA/lcm? at 0.6 V vs Ag/AgCl, which is smaller than that observed in the
600nm thick compact-g-C3sNy4 film (180 pA/cmz), while it is still 20 times higher
than the bulk g-CsN4 It is reasonable that a film thickness smaller than its

charge diffusion length is beneficial for its PEC performance.

Fig. 51 Side SEM side view of g-C3N4 S1 sample

128



1200

_M000E
=
c
2
600 =
9
[T}
_moé
=
®— Tdecay o Diffusion length 200
10— , , |
s 100
150 Light power / W
E
%DD—
=
=
]
=
2 50-
1=
e
o 0-
©
L=
a 1
0.4 -0.2 0.0 0.2 0.4 0.6

Potentional V vs AgCl/Ag

Fig. 52 (a) Dependence of photovoltage rise time (Tise), effective electron
lifetime (1) and charge diffusion length of light power of g-CsN4 S1 sample. (b)
photocurrent vs potential plot of S1 sample using 150W Xenon lamp illuminating

from the substrate-electrode (SE).

In addition, TPV measurements show no reliable and reproducible response
for bulk-g-CsN4 as well as porous-g-C3;N4 samples. It is believed that short
diffusion lengths caused by a large number of deep traps states make such

measurement difficult.
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To further confirm the electron diffusion length in compact-g-C3N,4, the PEC
performance measurements of two samples with forward-illumination and back-
ilumination have been performed, respectively. One film has a thickness of ca.
500nm, which is much smaller than our calculated diffusion length (1000nm).
The other sample has a thickness of ca. 900nm, which is approaching the
calculated diffusion length. The I-V curves (1% cycle) of two samples with
forward/back-illumination are presented in Fig. 53 along with their SEM side
view. In Fig. 53a, the sample with a thickness of 500 nm has shown a slightly
higher photocurrent density with forward-illumination (illumination from EE side)
than with back-illumination (illumination from SE side). It indicates that electrons
can sufficiently travel across the film and the film thickness (500 nm) is much
smaller than the electron diffusion length in the compact-g-CsN4 film. However,
in Fig. 53c, when the film thickness is similar to the diffusion length (900nm vs
1000nm), the 900nm-thick g-C3N4 has shown a 1/3 lower photocurrent density
with forward-illumination than that with back-illumination. It should be noted that
in this film electrons have to travel across the film if the illumination is from EE
side, while holes have to travel across the film if the illumination is from the SE
side. The lower performance with forward-illumination than the back-illumination
in 900nm-thick film is because when the film thickness is similar to the electron
diffusion length, a part of electrons cannot freely travel across the film but
recombine. It causes a loss of electrons reaching the SE interface and,

therefore, a lower photocurrent density.
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Fig. 53 (a) I-V curve (1% cycle) of a 500 nm-thick compact-g-CsN, film with
illumination from EE (electrode/electrolyte) and SE (substrate/electrolyte) side;
(b) SEM side view of the 500 nm-thick compact-g-CsNy film; (c) 1-V curve (1%
cycle) of a 900 nm-thick compact-g-C3N4 film with illumination from EE
(electrode/electrolyte) and SE (substrate/electrolyte) side; (b) SEM side view of

the 900 nm-thick compact-g-C3N4 film.

4.4 Conclusion

In summary, it is demonstrated that there is a good relationship between
crystallinity and the trap states in graphitic carbon nitride. Worse crystallinity
results in deeper trap states, which would lead to unusual long-lived charge
carrier that does not guarantee good photoelectrochemical performance. Low

deep trap-state density and long electron diffusion length could be achieved in
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g-CsN4 films by manipulating its crystallinity and morphology. The significantly
shorten charge lifetime, large transient photovoltage, essentially reduced
capacitance, all illustrate the low deep trap state density in a well crystallized,
closely packed, high quality g-CsN4 thin film. The intrinsic property of the charge
diffusion length in g-C3N4 electrodes was determined to be ca. 1000 nm. The
reduced deep trap state density and the long electron diffusion length finally
contributed to the facilitated charge transfer, efficient charge collection in the
film and excellent photocatalytic performance of 180 pA/cm? at a bias of +0.6 V
vs Ag/AgCI under full arc illumination (150W Xenon lamp), which is 30 times
higher than the bulk g-CsN4 film prepared by carbon nitride powders widely used
in the photocatalytic suspension system. This study intensifies the effect of trap
states on the photoelectrochemical performance of benchmark polymer
photocatalyst and determines the electron diffusion length of g-CsNj. It will
further encourage the mechanistic study of highly efficient polymer

photoelectrode for photosynthesis in the future.

132



5 Nanojunction Polymer Photoelectrode for

Efficient Charge Transport and Separation

Although crystalline g-C3sN,4 has a long electron diffusion length measured in
Chapter 4, its PEC performance is still very limited probably due to the low
charge carrier density and severe charge recombination on the surface. To
solve this problem, a novel one-step construction approach has been developed
to synthesise a nanojunction metal-free photoanode, composed of B-doped
carbon nitride nanolayer and bulk carbon nitride (this nanojunction is donated
as s-BCN). This type of nanojunction overcomes a few intrinsic drawbacks of
carbon nitride film, e.g. severe charge recombination and slow charge transfer.
For the optimum samples, the top layer of the nanojunction has a depth of ca.
100 nm and the bottom layer is ca. 900 nm. This nanojunction photoanode
results into a 10 fold higher photocurrent than compact-g-CsN4 photoanode with
a recorded photocurrent density of 103.2 pA/cm? at 1.23V vs RHE under one
sun condition (AM 1.5, 100mW/cm?) and a high incident photon-to-current
efficiency (IPCE) of ca. 10% at 400 nm. The EIS, MS and IMPS spectroscopies
all prove such enhancement is mainly due to more than 10 times faster charge
transfer rate at electrode/electrolyte interface and nearly 3 times higher

conductivity due to the nanojunction structure.

5.1 introduction

Despite the potential to be an efficient photoelectrode mentioned in previous
chapters, there are limited reports on the PEC application of g-C3N4 due to a
number of problems, such as a high charge recombination rate, slow charge

transfer and high electrical resistance of the intrinsic graphic carbon nitride.**’
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To overcome these drawbacks, variable strategies have been used during the
process of carbon nitride film fabrication, including reducing grain boundary
defects of G-CN via a sol-processing,**” printing carbon nitride on a substrate to

build micro-contact between carbon nitride and the substrate,*®

and improving
optical and electronic properties of carbon nitride by monomers design.!*®
However, even in the presence of sacrificial agents, the efficiency of the
synthesised photoanodes is still very moderate.™® **° Elemental doping is an
effective strategy to modify the electronic properties of a semiconductor and

16, 61-62, 191-192

improve its photocatalytic performance, which has also been used

193

for carbon nitride.®" However, a detrimental effect of bulk-doped

semiconductors is the increasing charge recombination centers due to

194-195

doping, especially in a PEC system where effective diffusion of charge

carriers to the surface is crucial, resulting in very low efficiency.

As water-splitting reaction takes place on a surface, doping the surface of a
photoelectrode can significantly affect the surface state, morphology, surface

charge transfer and electrode/electrolyte interfacial properties
changing the bulk properties of the photoelectrode. Furthermore, the formation
of surface layer/bulk heterojunction may help charge transfer and separation,
leading to an improved photocatalytic performance, which has been justified in

powder system.%8292

Herein, for the first time, an efficient one-step approach has been developed
to control the surface layer of metal-free carbon nitride film fabricated on FTO
substrate. Remarkably, the resulting nanojunction film, composed of 100 nm B-
doped carbon nitride and 900 nm bulk carbon nitride, exhibits 10 times higher

PEC performance than compact-g-CsN4 film. | further investigate the effect of
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the boron-doped carbon nitride nanolayer on interfacial charge transport and
recombination, which supports the extraordinary photocatalytic activity of the

nanojunction photoanode.

5.2 Experimental
Synthesis methods

Compact-g-C3N4 and s-BCN films were synthesised by a new “rapid thermal
vapour deposition” method. 50mg Dicyandiamide (Alfa Aesar, 99%) and 0 wt%-
5 wt% Boric Acid (Sigma-Aldrich, 99.5%) were mixed and dissolved with DI
water in a ®35 mm petri dish. After drying at 70°C for 1h, the mixture of
Dicyandiamide and Boric Acid were crystallized and adhered to the internal
surface of the petri dish. A piece of 20 mmx20 mm FTO glass used as the
substrate was placed on a slightly concave crucible lid and covered by the petri
dish. The sample was calcined in a 600°C preheated Muffle furnace (Carbolite,

CWF 1300) for 20min and quenched to the room temperature in air.

Characterisation

XRD patterns were taken by a D8 Bruker Diffractometer. UV-Vis absorption
spectra were collected using a Shimadzu UV-Vis 2550 spectrophotometer fitted
with an integrating sphere using BaSO, as the reference material. FTIR
spectroscopy was performed on a Perkin-Elmer 1605 FT-IR spectrometer in the
wavenumber range from 400 — 4000 cm™ with a resolution of 0.5 cm™. Raman
spectroscopic measurements were performed on a Renishaw InVia Raman
Microscope, using a 325 nm excitation laser, and a wavenumber range from
100 — 3000 cm™. XPS measurements were done on a Thermoscientific XPS K-

alpha surface analysis machine using an Al source. The analysis was
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performed on the Casa XPS software. SEM images were taken by a JOEL

JSM-7401F Scanning Electron Microscope.

Photocatalytic analysis

The photoelectrochemical properties were investigated in a conventional
three-electrode cell using an electrochemical analyzer (IVIUM Technologies).
The as-prepared film, a Pt net and an Ag/AgCl electrode were used as the
working, counter and reference electrodes, respectively. Sunlight was simulated
with a 150 W xenon lamp (Newport) and AM 1.5 filter (Newport) (approximately
on sun condition). The light intensity was set using a calibrated crystalline
silicon solar cell, equivalent to global AM 1.5 illumination at 100 mW/cm?.
(Again, AM 1.5 illumination has a very weak UV irradiation compared to 150W
Xenon lamp) The photocurrent of samples was measured in 0.1M Na,SO,4
agueous solution (pH=6.5). Samples were illuminated from the back-side (FTO
substrate/semiconductor interface) and the mask-off irradiated area was 0.28
cm?. Cyclic voltammetry measurements were performed at a scan speed of
10mV s™. The potentials of the working electrodes can be calculated by the
formula Vrie=Vagiagci + 0.059 pH + 0.1976 V, where VRHE is a potential vs. a
reversible hydrogen potential, Vagagci is @ potential vs. Ag/AgCl electrode. The
Mott—Schottky curves were measured at a certain DC potential range with an
AC amplitude of 5 mV and a frequency of 1000Hz under dark condition.
Electrochemical impedance spectra (EIS) were measured at 0.0 V vs Ag/AgCI.
A sinusoidal ac perturbation of 5mV was applied to the electrode over the
frequency range 0.1 Hz-10 kHz. The IPCE was obtained under light irradiation
using a different wavelength generated by monochromatic filters with a 10 nm

band-width. Intensity-modulated photocurrent spectroscopy (IMPS) was
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conducted using a potentiostat (IVIUM technology) in a three-electrode
configuration. Modulated illumination (LED: ultraviolet 365nm) was provided by

a ModuLight module (IVIUM technology).

The equation 22 was used for IPCE calculation®:

1240+,

IPCE = )

(Equation 22)

Where P and A are incident light intensity (W cm™) and wavelength (nm),

respectively; Ipn is the photocurrent density (WA cm™).

5.3 results and discussion

The boron-doped top nanolayer and g-CN bulk layer were prepared by
modifying the vapour deposition method as shown in Fig. 54, where DCDA was

replaced by a mixture of boric acid and DCDA.

Precursor disk

B-doped carbon

Bulk carbon

600°C, hitride

— 20min \
\ J

Fig. 54 lllustration of one step depositing s-BCN on FTO substrate
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The XRD pattern of both s-BCN and compact-g-C3sNs were very similar,
indicating that the bulk of the film was compact-g-CsN,4 and that the top layer of

s-BCN is too thin to be observed by XRD (Fig. 55).
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Fig. 55 XRD patterns of compact-g-C3sN4 and s-BCN

The chemical environment of boron in the top layer of s-BCN was determined
by X-ray photoelectron spectroscopy (XPS) and Nuclear Magnetic Resonance
(NMR) spectroscopy. In Fig. 56a, a single B1ls peak centered at 191.7 eV with a
FWHM of 1.56 eV was detected which can be assigned to a B-N-C bond
connection.?**?%* The binding energy of boron in s-BCN is higher than that of h-
BN (190.1eV),?® suggesting boron atoms in s-BCN structure are more
electropositive. This can be explained by one boron atom bonding with three
nitrogen atoms in the heptazine.’®®> XPS Bls peak of B-C bonds was usually
centred at 189.4eV,?®® which is absent in the s-BCN structure. The boron
content in s-BCN surface layer could be controlled by adjusting the boron
amount in the precursor. The optimum s-BCN sample had a real boron content
of 0.6% on the surface layer determined by XPS. B chemical shift data was
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collected with BF3Et,O as the reference to investigate the structural details of
boron incorporation into CN matrix. *'B solid-state MAS NMR spectrum shows
one single peak at -5.93 ppm which can be assigned to boron substituting “bay-
carbon” site?® (Fig. 56b). The negative chemical shift indicates the stronger
shielding effects and increased electron cloud density around the B nuclei,
which can be explained by electrons flowing to B atom by forming conjugated 1
bonds with surrounding three N atoms. XPS and NMR spectra indicate that
boron atoms have most likely substituted for carbon in CN,(NHy) cluster. XPS
depth profile of B1ls (Fig. 56a) shows that the boron concentration drops with
depth. Negligible boron signal can be observed at 100 nm below the surface,
suggesting that boron doping is limited to the 100 nm surface of s-BCN. STEM
elemental mapping in Fig. 57 demonstrates the evenly distributed boron doping

on the surface.
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Fig. 56 a) XPS depth-profile of Bls in s-BCN film; b) Solid state *'B MAS NMR

spectra of s-BCN
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Fig. 57 a) TEM top view of s-BCN sample (the sample flake was scraped from

the FTO substrate), b-d) boron, carbon and nitrogen elemental mapping.

It is very interesting that the boron only exists on the top layer of compact-g-
C3N4. Therefore, the fabrication process of the s-BCN film is further investigated
by observation of samples synthesised for 5 min, 10 min, 15 min and 20 min
(Fig. 48), which evidences the evolution from compact-g-C3N4 to the s-BCN
photoanode. A clear difference is observed among samples synthesised at
different times in terms of morphology, thickness and boron concentration. A
transformation of morphology with calcination time is observed, from a loosely
compact surface to a rough and dense morphology. A synthesis time of 5
minutes produced a ca. 1.5 pm-thick carbon nitride film on the substrate with
negligible boron appearing on the surface. This is due to the process of boron
doping being much slower than carbon nitride polymerization. At 10 mins, the

carbon nitride film grew to ca. 2.2 ym and small boron peaks appeared in the
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Bls XPS spectrum. This suggests that further polymerization of carbon nitride
with boron doping is happening at the same time. At 15 mins, the thickness of
the carbon nitride film was reduced to ca. 1.7 um and further to 1.0 ym (100 nm
B doped carbon nitride and 900 nm carbon nitride) at 20 mins, while boron
doping concentration on the surface continued to increase. The reduction in
thickness is most likely due to polymerization of carbon nitride and
decomposition of a less stable structure. The accumulation of boron on the
surface implies that the good thermal stability of boron-doped carbon nitride is
probably due to nitrogen being stabilized by bonding to the boron atoms®®. In

Fig. 58f, the XPS N1s peak also demonstrates a change at 400 eV with

calcination time, which is believed to relate to the boron doping concentration.
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142



The optical properties of compact-g-C3N, and s-BCN films, as an important
physical property for photocatalysis, are investigated by UV-vis spectroscopy,
shown in Fig. 59a with UV-Vis spectra of compact-g-CsN, and B-doped CN
powder in Fig. 59b as references. Pure carbon nitride exhibits a bandgap of ca.
2.72 eV, similar to previous reports.?®’?® S.BCN shows a red-shift of the
spectrum with a slightly narrower bandgap of ca. 2.65 eV. The narrowed
bandgap of s-BCN extends its visible light absorption, which is somehow
beneficial to the photocatalytic reaction. UV-Vis spectra on g-C3N4 powder and
B-doped CN powder are shown in Fig. 59b. It is found that B-doped CN powder
has a bandgap of 2.61 eV, smaller than that of g-C3sN4 powder (2.72 eV). It is
noticed that the bandgap measured for s-BCN film (2.65 eV) (composed of 100
nm B-doped CN layer and 900 nm G-CN layer) is larger than that of bulk B-
doped CN (2.61 eV) while smaller than the g-C3N, powder (2.72 eV). It may
indicate that the B-doped nanolayer partially contributed to the light absorption

of the s-BCN film.
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Fig. 59 UV-Vis spectrum and tauc plot (inset) of a) compact-g-C3N4 and s-BCN

film; b) g-C3sN4 and B-CN powder
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N1ls and C 1s XPS spectra are then observed to further understand the
doping position of B in the films. Typical N1s spectra of s-BCN are fitted to four
components in Fig. 60a. The main peak locates at 398.8 eV is usually attributed
to C-N-C bonds’™. Compared to compact-g-CsN4, an additional peak at 399.6
eV is believed to be associated with boron substitution (Fig. 60a). Apart from
that, the other two peaks at higher energy account for C-[N]; (400.0 eV), C-NH
bonds (401.1 eV) respectively, consistent with pure carbon nitride.” In Fig. 60b,
Cls peak at 288.2 eV, corresponds to the binding energy of C-N-C bonds. The
small peak at 286.4 eV is C-O bonds and peak centered at 284.8 eV is C-C
carbon impurity. The unchanged carbon chemical environment (Fig. 60) further

proves boron atoms substitute carbon, not nitrogen.
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Fig. 60 a) N1s XPS spectra and b) C1ls XPS spectra of compact-g-C3N4 and s-

BCN

Doped with boron, the FT-IR spectrum of s-BCN reveals a typical molecular
structure of graphite carbon nitride (Fig. 61a). The intense band at 806 cm™
represents the out-of-plane bending vibration characteristic of heptazine rings or
BN stretching vibration®®®. The bands at 1311 and 1226 cm™ correspond to
stretching vibration of connected units of C-N(-C)-C or C-NH-C. The intense

bands at 1633, 1558, 1456 and 1406 cm™* can be assigned to typical stretching
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vibration modes of heptazine-derived repeating units. Raman spectroscopy
allows the fine structure of compact-g-CsN4 and s-BCN to be examined in detail
(Fig. 61b). From 1200-1700 cm™ a series of peaks are attributed to C-N
stretching vibrations, specifically “G and “D” band profiles of structurally
disordered graphitic carbon and other carbon/nitrogen layered compounds?‘°.
The peak at 980 cm™ can be assigned to the symmetric N-breathing mode of
heptazine, whilst the peak at 690 cm™ corresponds to the in-plane bending

vibrations of the tri/heptazine C-N-C linkages®!. Both FTIR and Raman

spectrum prove that compact-g-C3sN4and s-BCN had a typical local structure of

g'C3N4.
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Fig. 61 a) FTIR and b) Raman spectrum of compact-g-C3N4 and s-BCN

Solid-state *C CP-MAS NMR spectra (Fig. 62) shows two distinct peaks at &
= 156.0 ppm and & = 164.1ppm, respectively. The first peak is attributed to the
sp® hybridized C centered in the melem unit. The second peak can be assigned
to the surround C atoms in CN,(NH.) group®?. All these characterizations
confirm the successful synthesise of a pure carbon nitride film and surface

nanojunction s-BCN film.
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Fig. 62 Solid-state *C CP-MAS spectra of compact-g-CsN, and s-BCN

The photocatalytic water splitting by these samples in a PEC cell was then
carried out and the anodic photocurrent curves of compact-g-CsN4 and s-BCN
are displayed in Fig. 63a. Compact-g-CsN4 and s-BCN samples show negligible
dark current from 0.4 V to 1.23 V vs RHE. G-CN shows a low photocurrent of
10.6 pA/cm? at 1.23 V vs RHE, similar to previous reports.t*” 129 190 The
performance of the compact-g-CsN4 sample is significantly enhanced by adding
a nanolayer of boron doped CN. To find the optimum boron content, different
samples have been tested (If a wt% boric acid precursor and (1-a) wt% DCDA
precursor were used, the prepared sample was denoted s-BCN (a%)) (Fig.
63a). The s-BCN (4%) nanojunction film exhibits the highest photocurrent of
103.2 pA/cm?at 1.23 V vs RHE, which is the highest for g-CN based polymer
photoanode in the absence of any chemical scavenger, to the best of our
knowledge. This specific film has a 100 nm surface doped CN layer onto 900

nm G-CN. The real boron concentration on the doped CN layer is determined to
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be 0.6% by XPS. Further increase of boron concentration results in a decrease
in photocurrent. To investigate the photocatalytic response of electrodes at
different wavelengths, incident light-to-electron conversion efficiency (IPCE)
measurements of both s-BCN (4%) and compact-g-C3N4 films are acquired at
1.23 Vgree (Fig. 63b). The IPCE of compact-g-C3N4 has been measured to be
around 1% at 400 nm, while remarkably increasing to nearly 10% for s-BCN

(4%) at the same wavelength.
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Fig. 63 a) Photocurrent-potential curves for s-BCN (0-5%) illuminated from the
back-side; electrolyte: 0.1M Na,SO, solutions (pH=6.5), one sun irradiation

provided. b) IPCE plot of compact-g-C3N4 and s-BCN (4%) at 1.23V vs RHE

More electrochemical analysis of s-BCN and compact-g-C3N, samples have
been carried out, including Mott-Schottky (MS) plots and electrochemical
impedance spectroscopy (EIS) Nyquist plots, to investigate the reason for
dramatically enhanced IPCE. Typical MS plots in the dark condition disclose the
n-type characteristics of s-BCN and compact-g-CsN,4 due to the positive slope of
the linear plots (Fig. 64a).**® The carrier density of s-BCN and compact-g-C3N,
derived from Mott-Schottky plots are of the same order of magnitude. The

similar carrier density suggests that nanoscale surface doping, as expected,
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does not affect the carrier concentration in bulk. The flat-band potential is also
derived from the extrapolation of MS plots at different frequencies (Fig. 65). For
both compact-g-CsN4 and s-BCN, the flat-band potentials are determined to be
ca. -1.3 V vs Ag/AgCl (pH=6.5), consistent with previously reported pristine
carbon nitride.®> 232 However, the s-BCN has a smaller bandgap than
compact-g-C3N4 which forms a heterojunction on the surface. Apparently, boron
doping slightly shifts the band structure of carbon nitride and the driving force
between carbon nitride and boron-doped nanolayer enables the efficient charge

separation between the bulk and the surface for photooxidation reaction.

EIS Nyquist plots (Fig. 64b) were used to observe the charge transfer rate. A
significantly decreased diameter for semicircle of s-BCN is observed. The
electron-transfer conductivity calculated with an equivalent circuit shows a
three-time increase for the s-BCN sample compared with compact-g-C3Ng,
which is further confirmed by the measurement of the photocurrent (inset of Fig.
64b). A remarkable improvement in photocurrent of s-BCN over compact-g-

CsNy is likely due to a more efficient charge transfer for s-BCN samples
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Fig. 64 a) Mott—Schottky plots of G-CN and s-BCN at 1 kHz frequency and the

plots at other frequencies shown in Fig. 65) Nyquist plots of compact-g-C3sN4
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and s-BCN obtained by applying a sine wave with an amplitude of 5.0 mV over
the frequency range from 10 kHz to 0.1 Hz with the inset showing the periodic
on/off photocurrent response of compact-g-CsN4 and s-BCN electrodes in 0.1 M

Na,SO, with 0 V bias versus Ag/AgCl.
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Fig. 65 Mott-Schottky plots of a) compact-g-C3N4 and b) s-BCN at 2k, 1k and

0.5 k Hz frequencies.

To further investigate the kinetics of charges in s-BCN, intensity-modulated
photocurrent spectroscopy (IMPS) has been employed. Typical IMPS
responses of compact-g-C3N, and s-BCN photoanode are provided in a
complex plane (Fig. 66). The high-frequency semicircle (lower semicircle)
indicates charge transport and relaxation in photoanode, whose intercept with x-
axis equals to the hole current without recombination, while the low-frequency
semicircle (upper semicircle) corresponds to the competition between interfacial
charge transfer and surface recombination.”*> Compared with compact-g-CsNa,
the larger hole current (no recombination) of s-BCN implies more efficient hole
capture by surface, which in sequence are either transferred to electrolyte or

recombine with electrons.®*
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Fig. 66 Typical IMPS response of compact-g-CsN,4 (black) and s-BCN (red) films

at 0.1V vs Ag/AgCl, 0.1M Na,SO,4, pH=6.5

Kinetics of charges can be represented by the first-order rate constant of
surface recombination (K;) and interface charge transfer (K;) derived from IMPS
plot data (Fig. 67) and plotted in Fig. 68. Larger K, describes a faster charge
recombination on the electrode surface. In both samples, K, decreases strongly
with potential as expected for an ideal semiconductor/electrolyte interface,
because large potential increases the band bending so that charge
recombination both in bulk and at the surface is suppressed.'®! It is noted that
at a low potential, K; in s-BCN is larger than that in compact-g-C3N,. It can be
explained that boron doping can introduce defects on the surface that becomes
recombination centers for charge recombination. Consistent with this, too high a
concentration of boron doping promotes surface recombination and results in
poorer PEC performance (Fig. 63a), so the bulk doped samples always yields a

low photocurrent as reported.?*® At high potential, the surface recombination of
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both samples is suppressed as most electrons are driven to the counter
electrode by bias. K; is used to describe the transfer of charges between
electrode and electrolyte, i.e. reaction between holes and water in the study. As
shown in Fig. 68, K; of s-BCN samples is apparently 10 fold larger than that of
compact-g-CsNy4, e.g. 7 s for s-BCN samples and 0.7 s™ for compact-g-C3N, at
0.2 V vs Ag/AgCl, indicating nearly 10 times faster reaction rate of photoholes
with water as a result of the nanojunction architecture. More importantly, the
ratios of K/K; of G-CN and s-BCN which are plot in Fig. 68 (inset) indicate the
efficiency of the photoanode. At potential larger than 0.2 V vs. Ag/AgCl, the
value of K¢/K; of s-BCN becomes sharply increase, much larger than that of
compact-g-C3Ny, e.g. 3 times larger at 0.4 V vs. Ag/AgCl, indicating much more

charges to be used for water oxidation by the nanojunction photoanode.

Based on the band alignment in the inset of Fig. 64a, boron doping shifts the
valence band of CN upward. The driven force between valence band of
compact-g-CsN4 layer and upshifted valence band of B-doped CN layer allows
holes after excitation to transfer from compact-g-CsN4 to B-doped CN layer,
while electrons transfer to the compact-g-CsN,4 layer even in the presence of
very weak bias. A 10 time higher charge transfer rate on the s-BCN top layer
further helps the fast water oxidation reaction. Therefore, the final photon
conversion efficiency in the visible region (at 400nm) enhances by a factor of 10

due to the nanojunction.
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Fig. 68 Potential dependence of the rate constant K; and K; for s-BCN and

compact-g-C3N4 (g-C3N4) samples, lllumination: 365nm UV light

To further prove the sufficient charge separation on the s-BCN surface. |
added H,0, as efficient hole scavenger in the electrolyte, aiming to remove
charge recombination on the surface. In Fig. 69, at low potential (e.g. 0 V vs

Ag/AgCl), H,O, could significantly enhance the photocurrent density of s-BCN
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due to a large K; value of 11 s™ at that potential. However, at high potential (e.g.
V > 0.4 V vs. Ag/AgCl), adding H,O, cannot further improve the photocurrent
density. It indicates that the charge separation at the s-BCN surface is sufficient,
agreeing with a high ratio of K¢/K; displayed in Fig. 68 (e.g. K/K;>10 at 0.4 V vs
Ag/AgCl). In contrast, H,O, significantly improves photocurrent of compact-g-
C3Ny4 film, indicating that charge separation on the compact-g-CsN4 surface is

less efficient,
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Fig. 69 Photocurrent of s-BCN and CN (compact-g-C3N,4) with and without the

addition of 0.1M H,0,

5.4 Conclusion

To conclude, this chapter presents a novel strategy for the production of
nanojunciton on carbon nitride film, which acts as a potential photoanode for
water oxidation. The resulting nanojunciton film shows a high photocurrent

density of 103.2 pA/cm? at 1.23 V vs RHE under one sun condition (weaker light
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intensities than that used in chapter 4) and a high IPCE of 10% at 400 nm,
which is 10 times higher than that of pristine carbon nitride. Data from XPS, UV-
vis, and PEC analysis show that the surface nanolayer doping can significantly
improve the solar to fuel conversion efficiency but without dramatically changing
the bandgap and bulk properties. Such enhancement is mainly due to the
efficient charge separation and fast charge transfer in the nanojunction as
evidenced by EIS, MS and IMPS spectroscopies. Furthermore, the H,0,
addition proves that the efficient charge separation can be achieved by the
nanojunciton itself. |1 believe that this surface nanojunction strategy can be
extended to other semiconductors to efficiently improve their applications in the

fields of solar fuel conversion and environmental purification.
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6 Insight on shallow trap states introduced
photocathodic performance in n-type polymer

photocatalysts

With the success of preparing efficient g-C3sN4 photoanode, the potential of g-
C3N4 as a promising photocathode is explored. Strategies of transforming an n-
type g-C3N; semiconductor from a photoanode to a photocathode and

fundamental understandings thus will be investigated in this chapter.

6.1 Introduction

Great successes in overall water cleavage and especially hydrogen evolution
(up to 20000 pmol h™'g™") have been achieved using a nominal g-CsNj (in fact it
is CNxHy as many protons are incorporated in the commonly prepared carbon
nitrides. It is denoted as g-CsN4 in this work for consistence with all papers
published in this field)*” in suspension systems. Such H; evolution rate is much

higher than the majority of inorganic photocatalysts,?"’

indicating this nominal g-
C3sN4 would be an excellent candidate as a photocathode.*® "® However, only a
few works reported on the single phase g-CsN4 as a photocathode while with a
low photocurrent density.'%® "7 137218219 The reason behind this inconsistency
between its extremely excellent H, evolution ability and very poor photocathodic
performance is not well studied while of scientific significance for its application

and efficiency improvement in photoelectrochemical water splitting taking into

account its potential to be an excellent photocathode for solar H, production. To
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address this challenge, fundamental factors that affect the photocathodic

behavior of g-C3N4 have to be understood comprehensively.

The intrinsic property of the g-CsNy4 film as an n-type semiconductor limits
hydrogen generation at the electrode/electrolyte interface, as n-type
semiconductors exhibit upward band bending which results in accumulation of
holes on the surface. This promotes anodic behavior, resulting in many
literature reports of photoanodes based on pristine g-C3N4.">* 7220 |n order to
realize its potential to be an efficient photocathode, diverse strategies of
preparing g-CsNy-based photocathodes were developed including heteroatom
doping,?*' biopolymer—activation?”> and heterojunction construction'” while the
photocurrent of the prepared photocathode is still very moderate, nearly 10
times smaller than that as a photoanode.'?* The function of trap states has been
shown to be essential to pristine g-C3N4’s performance in a suspension system,
where long-lived trapped electrons enabled H; evolution even in the dark
condition®”® and shallow trapped electrons significantly improved the H,
generation activity." Trap states in g-CsN4 are commonly a result of structural
defects, and can be caused by structural nonideality, including C/N vacancies
and/or -OH/-NH, terminal groups. Different defects give rise to different types of

trap states, which in turn result in different PEC behavior.

To understand the impact of trap states on the photoelectrode characteristics
of g-C3N4 in depth and more importantly to discover an efficient strategy for g-
CsN4 to be an excellent photocathode herein | tried to introduce N defects along
with C-OH terminal groups to generate shallow trap states in the g-CsN4
framework through ultrasonication. Compared to a reference g-CsNs film

(compact-g-C3N4) that behaves as a photoanode, defect-introduced g-CsNg4
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exhibits clear cathodic PEC behavior. To provide further evidence for the
necessity of trap states associated with C-OH terminal groups and N defects for
cathodic performance, reference g-CsN4 film (compact-g-CsN4) was protonated
using H20, treatment, and shows a clear transformation from a photoanode to a
photocathode. These findings provide a novel strategy for an efficient polymer

photocathode for solar driven H; fuel synthesis.

6.2 Experimental
Sample preparation

g-C3N4 powder was synthesised by calcinating 2g Dicyandiamide (Alfa Aesar,
99%) at 600 °C for 4h with a ramping of 5°C/min in air atmosphere. 10 mg as-
prepared g-C3N4 particles were sonicated in 30ml distilled water for 1h, 2h and
5h. 1ml as-obtained suspension was drop-casted on a 2 cm * 2cm FTO glass
and dried at 70 °C for 1h. The fabricated films made from 1h, 2h and 5h
sonicated g-C3N4 suspension were labelled as def-g-C3Ny-1, def-g-C3Ny4-2 and

def-g-C3Ny4-5, respectively.

Reference g-C3N4 film (compact-g-C3Ng) was fabricated as | reported
before.'”® #** To be brief, 50 mg Dicyandiamide (Alfa Aesar, 99%) was
dissolved with DI water in a ®35 mm petri dish. After drying at 70 °C for 1h,
Dicyandiamide precursor were recrystallized and adhered to the internal surface
of the petri dish. A piece of 2 cm x 2 cm FTO glass used as the substrate was
placed on a slightly concave crucible lid and covered by the petri dish. The
sample was calcined in a 600 °C preheated Muffle furnace (Carbolite, CWF
1300) for 23 min and quenched to the room temperature in air. The as prepared
film was labelled as ref-g-C3Na.

Characterizations
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XRD patterns were collected by a D8 Bruker Diffractometer. The UV-Vis
absorption spectra were collected using a Shimadzu UV-Vis 2550
spectrophotometer fitted with an integrating sphere using BaSO, as the
reference material. XPS measurements were done on a Thermoscientific XPS
K-alpha surface analysis machine using an Al source. Analysis was performed
on the Casa XPS software. SEM images were taken by a JEOL JSM-7401F
Scanning Electron Microscope.

The photoelectrochemical properties were investigated in a conventional
three-electrode cell using an electrochemical analyser (IVIUM Technologies).
The as-prepared film, a Pt net and an Ag/AgCl electrode were used as the
working, counter and reference electrodes, respectively. The photocurrent of
samples was measured in 0.1 M Na,SO, aqueous solution purged with argon
under 150 W Xenon lamp (Newport). Samples were illuminated from the SE
side (FTO substrate/semiconductor interface).

In the open circuit voltage decay (OCVD) measurement, electrodes were
placed in dark condition until the voltage became stable. 150 W Xenon lamp
(Newport) was illuminated to the EE side of the electrode. After the stable
photovoltage was observed, light source was turned off to obtain the
photovoltage decay. The electrolyte—electrode (EE) side of each sample was
exposed to intense irradiation to generate a photovoltage. The Mott—Schottky
curves were measured at a certain DC potential range with an AC amplitude of
5 mV and a frequency of 1000 Hz under 0% - 100% illumination. The charge
density could be determined from the slope of the MS plot using the equation
15-16, where C is the differential capacitance; € is the dielectric constant of the

semiconductor, €, is the permittivity of free space, A is the area, e is the
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elementary charge, Np is the density of charge carriers, V is the applied
potential, Vi, is the flat-band potential, kg is the Boltzmann constant, and T is

the absolute temperature.

t__ 2 wy_vy., kT i
= meateny V=V - ) (Equation 15)
slope = SeoAteNy (Equation 16)

6.3 Results and discussion
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Fig. 70 (a) XRD patterns of ref-g-CsN4 (compact-g-CsNg), def-g-C3Ns-1, def-g-
C3N4-2 and def-g-C3Ng-5 prepared on FTO substrate, and shows an extra peak
from SnO, (110) plane; (b) Carbon to nitrogen ratio calculated from XPS survey
spectrum of all samples, the red straight line indicates the carbon to nitrogen

ratio in an ideal g-C3Ny; (c) analysis of C1s XPS peak of all samples; (d) band
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structure of all samples determined by their UV-Vis absorption and XPS

valence-band spectra in Fig. 72.

In order to investigate the functions of trap states in g-C3Ng4, four different g-
C3N4 samples were prepared, consisting of one reference film (ref-g-C3sN4) with
low defect density and three defect-introduced films. The defect-introduced films
were prepared by sonicating g-C3sN4 powder for 1h, 2h or 5h in water, then drop-
casted onto FTO glass substrate, respectively labelled as def-g-C3N4-1, def-g-
C3Ns-2 and def-g-C3Ny4-5. More details on sample preparation can be found in
Supporting Information (SI). The XRD pattern of all four samples are shown in
Fig. 70a. All samples show a peak at 27.5°, which represents the interlayer
arrangement in g-C3N4 structure, indicating that defects introduced by
ultrasonication does not affect the interlayer spacing of g-C3N4. Obviously,
sonicating has a significant impact on the crystallinity of g-C3N4 as the peak
intensity at 27.5° shows a big variation with sonication duration. The lowest
peak intensity of g-C3sN4-1 indicates that 1h sonication has introduced severe
structure disorder, while longer sonicating duration (2h and 5h) could partially
restore the crystallinity. The other board peak at 13.2° is ascribed to repeating
heptazine structure which is absent in def-g-C3N4-1 and def-g-C3Nj-2 sample
due to their poor crystallinity.?*® The sharp peak at 26.7° is attributed to the (110)

plane from FTO substrate.?**

To investigate the impact of sonication on g-CsN4 structure in more detail, the
carbon to nitrogen ratio on the surface of all samples were calculated from XPS
survey spectra, and displayed in Fig. 70b. The ref-g-CsN4 (compact-g-C3Ny)
has an average N/C ration of 4.1/3, close to the stoichiometric ratio of pristine g-

CsN4. 1h sonicating results in a decrease of N/C ratio to 3.2/3. The decreased
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N/C ratio likely indicates that N vacancies were created by sonication. Further
sonication (2h and 5h) increases the N/C ratio to 3.6/3. With longer sonication
time, the elementary component of g-C3N4 particles becomes more uniform,
evident from the reduced error bar calculated by 3 repeated experiments in Fig.
70b. Consistent with XRD analysis, more N defects results in lower crystallinity

of g-CsN4 structure.

Fig. 70c shows Cls XPS spectra which elaborates the chemical
surroundings of C element in all four samples. The peak at 288.1 eV
corresponds to the binding energy of the C-N bonding, which is dominant in the
heptazin structure. The peak centred at 284.8 eV is assigned to
adventitious carbon. The faint peak at 286.2 eV corresponds to C-O bonds. In
ref-g-CsN4 (compact-g-C3Ny4), the concentration of C-O bonds is quite low.
Sonicating the g-C3N4 powder for 1h significantly increases the amount of C-O.
Further sonication (2h and 5h) decreases the amount of C-O, but not to a

critical value.
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Fig. 71 *H MAS solid state NMR spectra of (a) g-CsN4-5 and (b) bulk-g-C3Ny;

13C CP MAS solid state NMR spectra of (c) g-CsN4-5 and (d) bulk-g-C3N,

Agreeing with XPS analysis, *H Solid state NMR spectra of ref-g-CsN,
(compact-g-C3N4) and defects introduced def-g-C3Ns-5 sample show obvious
differences. As shown in Fig. 71, *H Solid state NMR spectrum of ref-g-C3N,4
(compact-g-C3N,4) contains two main peaks at 8.9 ppm and 4.2 ppm, which can
be attributed to the chemical shifts of —NHyx ending group and residual water,
respectively.?®® An additional clear peak locating at 4.5 ppm is present in def-g-
CsN4-5 sample and can be ascribed to the formation C-OH bonds.??®® The
appearance of C-OH in def-g-C3N4-5 sample NMR spectrum is in agreement
with XPS analysis. One can see an interesting correlation between N defects
and C-OH groups, more N defects, higher amount of C-OH group. **C solid
state NMR spectra of these two samples show two similar peaks at 156.8 ppm
and 164.7 ppm, which has been assigned to C-[N]z and CN2(NH,) groups,

respectively.®®
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Fig. 72 (a) UV-vis spectra, (b) Tauc plots and (c) XPS valence band spectra of

ref-g-C3N4 (compact-g-C3N,), def-g-C3Ns-1, def-g-C3N4-2 and def-g-CsNy-5 films

Significant differences in structure may influence the light absorption of
semiconductors. UV-vis spectra illustrating the light absorption of all samples
are displayed in Fig. 72a. The bandgaps of ref-g-C3sN,4 (compact-g-C3N), def-g-
C3Njs-1, def-g-C3Ns-2 and def-g-C3Ns-5 are respectively 2.6 eV, 2.4 eV, 2.4 eV
and 2.6 eV, determined from the Tauc plots in Fig. 72b. The creation of N
defects and introducing of C-O bonds inevitably changed the band structure of
g-CsN4 samples. From Fig. 72c, the linear extrapolations of XPS valence band
plots intercept the x-axis at 2.0 eV, 1.8 eV, 2.2 eV and 2.3 eV for ref-g-C3sNy4
(compact-g-C3N,), def-g-C3Ns-1, def-g-C3Ng-2 and def-g-C3Ny-5, respectively.
Combining this information with bandgap from UV-vis spectra, the relative band

structure of all four g-C3sN4 samples are depicted in Fig. 70d.
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Fig. 73 Photocurrent vs. potential curves of (a) ref-g-CsN,4 (compact-g-CsNy), (b)
def-g-C3Ny4-5 with an 150W Xenon lamp illumination in 0.1M Na,SO, electrolyte

(pH=6.5).

Photoelectrochemical performance of ref-g-C3N4 (compact-g-C3N4) and def-g-
C3N4-5 samples were examined in Fig. 73, using a three electrode PEC system.
In Fig. 73a, the ref-g-C3N4s (compact-g-CsN4) sample exhibits a clear
photoanodic current with a relatively low onset potential at +0.15 V vs RHE.
Such a low potential indicates that oxidation reaction could easily happen on the
electrode/electrolyte interface, which is expected as holes accumulate on the
surface of an n-type semiconductor, resulting in typical photoanode
performance of ca. 90 pA/cm? at 1.0 V vs. RHE. On the other hand,
characteristic for a photocathode, negative photocurrent is recorded for def-g-
C3N4-5, measured as -4 pA/cm? at 0 V vs RHE in Fig. 73b. Compared with ref-
g-CsN4 (compact-g-C3N4), the def-g-C3N4-5 film also experiences a large right
shift of the onset potential from +0.15 V vs. RHE to over +0.60 V vs. RHE. The
shifted onset potential is probably because introduced the trap states could
reduce surface hole accumulation, thus allowing electron accumulation on the
surface as evidenced below by the open circuit photovoltage analysis, leading
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to photoreduction reaction taking place on the surface of the g-C3Ns-5
photoelectrode. Together with XPS and NMR analysis discussed above, it is
reasonable to speculate that N-defects and -OH terminal groups may play a key

role for its photocathode behavior.

Fig. 74 SEM images of (a) ref-g-C3N4 (compact-g-C3N,), (b) def-g-C3sNy4-1, (c)

def-g-C3Ny4-2 and (d) def-g-C3Ny4-5 films

It is noticing that ref-g-CsN4 film (compact-g-C3N,4) (Fig. 74a) has a uniform
morphology with a thickness of ca. 500 nm and def-g-C3N4-5 film (Fig. 74d) has
relative uniform morphology with thickness approaching 500 nm as well. As
such, the morphology and film thickness are not factors that influence the
cathodic behaviour of the def-g-C3N4-5 photoelectrode. For photocathodic

behaviour to be observed, there needs to be a significant proportion of surface
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electrons with enough potential for water reduction. Thus it is speculated that

the N-defects and C-OH groups introduced in def-g-C3N4-5 act as shallow

surface traps for electrons. After photoexcitation, electrons trapped in these

shallow surface states can reduce water, leading to cathodic behaviour.
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Fig. 75 (a) Open circuit photovoltage decay (OCVD) of ref-g-C3N4 (compact-g-
C3N4) and def-g-C3Ny-5 electrodes; (b) Mott-schottky plots of ref-g-C3Ng4
(compact-g-C3N,4) electrode at 1 KHz with 0% - 100% illumination; (c) Mott-
schottky plots of def-g-C3Ny4-5 electrode at 1 KHz with 0% - 100% illumination;
(d) Impedance plots of ref-g-CsNs (compact-g-C3Ng) and def-g-C3Ns-5
electrodes at 0.2 V vs RHE in dark condition; the inset is the equivalent circuit of
g-CsN4 electrode, where Rs is the system resistance, R is the charge transfer
resistance, CPE is the constant phase element representing the double layer

capacitor.

To investigate the contribution of trap states to the photocathodic behaviour
of g-C3N4, Open circuit photovoltage Decay (OCVD) was performed on ref-g-
C3N4 (compact-g-C3Ng4) and g-C3Ns-5, and charge carrier density was studied
with Mott-schottky plots. As shown in Fig. 75a, open circuit photovoltage decay
(OCVD) plots of both samples show negative photovoltage with illumination,
indicating that both films are n-type semiconductors. While the generated
photovoltage in ref-g-C3N4 (compact-g-C3N4) is 10 times larger than in def-g-
C3N4. This could be due to the surface trap states below the conduction band in
def-g-C3N4, which mediates the band bending thus reducing the built-in electric
field. Then the photoelectrons can accumulate at the trap states, resulting into a
small photovoltage determined by the potential difference between the trapped
electron states and surface hole states. In one word, the defects introducing into
the def-g-CsN4-5 photoelectrode mediates its n-type characteristic. Careful
observation of the OCVD, one can see that def-g-C3Ns has much slower
photovoltage decay after the illumination cut-off compared to ref-g-C3Ng4

(compact-g-C3N,4). The average electron lifetimes of ref-g-CsN4 (compact-g-
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C3N4) and def-g-C3N4 are respectively determined to be 0.9 s and 5.5 s,

calculated by fitting the photovoltage decay curves as shown in Fig. 76. This

could be indicative of a significantly higher concentration of surface trap states

in def-g-C3N4 compared to ref-g-C3N,4 (compact-g-C3Ny).
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Fig. 76 Determination of average electron lifetime of (a) ref-g-C3N4 (compact-g-

C3Ny4) and (b) def-g-C3Ny4-5 films

Mott-Schottky (MS) plots of the two samples under different illumination

intensities are analysed respectively in Fig. 75b and c to investigate the charge

carrier density in the ref-g-C3N4 (compact-g-C3N4) and defect-introduced g-

C3Ns-5. Clear differences in slope is observed under different illumination

conditions for ref-g-C3N4 (compact-g-C3N,4), as shown in Fig. 75b. Compared to

the dark condition, ref-g-C3N4 (compact-g-C3N,) illuminated with 10% light

intensity shows dramatically reduced slopes to a quarter of its original value

(dark condition). The higher slope of MS plot usually indicates lower charge

carrier density. It could, therefore, be explained that, with illumination, photo-

generated electrons are promoted to the conduction band of ref-g-CsNg
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(compact-g-C3N,), boosting the charge carrier density in the film by a factor of 4.
Increasing the incoming light density to 100% does not further improve the
carrier density level significantly, probably because of fast charge recombination
with stronger light intensity**”. For the def-g-C3sN4-5 film, as shown in Fig. 75c,
the slop of MS plots is three order of magnitude lower than the ref-g-C3N4
(compact-g-C3N4) samples even in the dark condition, suggesting that
introducing N defects in g-C3N4 structure could significantly improve its charge
carrier density and electron conductivity. In contrast, increasing the illumination
intensity for def-g-C3Ny4-5 only slightly increases its charge carrier density, as
shown in Fig. 75c. This is consistent with the significantly lower photovoltage
developed by def-g-C3N4-5 under illumination compared to ref-g-C3N4 (compact-
g-CsNy4) as the relatively weak illumination does not dramatically increase the

surface trapped electrons.

In addition, the extrapolations of MS plots in dark condition incepts the x-axis
at -0.59 V vs RHE (the flat-band potential, Es, was calculated to be -0.62 V vs
RHE) for ref-g-C3sNs (compact-g-C3N4), while for def-g-C3N4, the flat-band
potential is -0.30 V vs RHE, which also fits the conduction band edge in Fig.
70d. Increasing the light intensity has positively shifted the Eg, which is a
characteristic of n-type semiconductor, due to the change in hole density at the
interface.®® 2’ Obviously, ref-g-CsN, (compact-g-CsN4) has experienced a
larger Eg shift of 0.15 V from -0.62 V (in dark) to -0.47 V (100% illumination)
than that of def-g-C3Ny4-5 (0.07 V) whose Eg, shifted from -0.30 V (in dark) to -
0.23 V (100% illumination). The surface states in a typical n-type

228-229

semiconductor should result in a large positive shift of Eg, the opposite

phenomenon (smaller shift) observed here implies that the n-type characteristic
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of def-g-C3sN4-5 is moderated. This indicates that electrons are more easily
transferred to the photoelectrode surface for reduction reaction. Impedance
plots of two samples are displayed in Fig. 75d and analysed in Table 7. Def-g-
C3Ns-5 has a two order of magnitude smaller charge transfer resistance (5.6 *
10% Q-cm?) than ref-g-C3N, (compact-g-CsN,) (1.3 * 10° Q-cm?), in agreement

with the observation in MS analysis.

Table 7. Analysis of impedance plots of ref-g-C3N4 (compact-g-C3N4) and def-g-
C3Ns-5; Rs is the system resistance, R is the charge transfer resistance, CPE

is the constant phase element representing the double layer capacitor.

Rs (Qcm?) | Ry / (Q cm?) CPE (S"Q'cm™) N

ref-g-CsNy 153 1.3*10° 8.1*10” 0.94

(compact-g-C3Ny)

def-g-C3sN4-5 49 5.6 * 10° 4.5*107 0.85

dEf—g = C 3”4"1

Photocurrent density pA/cm®
én

[ % ]
o
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Fig. 77 (a) Photocurrent vs potential curves of def-g-C3Ns-1.
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Fig. 78 Photocurrent vs. potential curves of def-g-C3N4s-2 with a 150W Xenon

lamp illumination in 0.1M Na,SO, electrolyte (pH=6.5).

In order to further optimize the cathodic performance of the def-g-CsN4
samples, two more samples def-g-C3N4-1 and def-g-C3N4-2 were characterized
by PEC measurement. Interesting, both g-C3Ns-1 (Fig. 77a) and def-g-C3Ny4-2
(Fig. 78) exhibits a higher cathodic photocurrent density than g-C3;N4-5 while the
g-C3Ns-1 is the best. The photocurrent response of def-g-C3Ns-1 is nearly -10
pA/cm2 at 0 V vs RHE, which is twice of that observed for g-C3N4-5. This is
likely because of the much lower nitrogen to carbon ratio and a consequently
higher amount of C-O bond in g-C3Ny4-1, as evidenced in Fig. 71b and c. Similar

to g-C3N4-5,
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Fig. 79 (a) Photocurrent vs potential plot (b) open circuit photovoltage decay
curve and (c) Cls XPS spectra of ref-g-C3N4 (compact-g-C3N4) before and after

H,O, treatment

Table 8. Carbon to nitrogen ratio, and C-O bond to N=C-N bond ratio in ref-g-

C3N4 (compact-g-C3N,) before and after H,O, treatment.

Before H,O, treatment | After H,O, treatment

CxNy C3Na.13+0.02 C3N3.94:0.04

C-O bond / N=C-N bond ratio 0.043+0.007 0.066+0.002

As previously mentioned, there are two types of significant trap states in the
def-g-C3Ny4- sample: N defects and C-OH groups. To further investigate their

roles in a g-CsN,4 photocathode, the ref-g-C3sN4 (compact-g-C3N4) sample which
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has shown good photoanodic performance was protonated by H,O, treatment.
After treating with 30% H,0O, at 70°C for two weeks, ref-g-C3sN4 (compact-g-
Cs3N,) clearly shows a photocathodic performance, exhibiting a negative
photocurrent with an onset potential at +0.8 V vs RHE (Fig. 79a). The average
charge lifetime derived from OCVD plots of treated ref-g-C3sN4 (compact-g-C3N,)
in Fig. 79b has increased from 0.9 s to 2.8 s (Fig. 80), indicating an increase of
surface trap state density after treatment. Cls XPS spectrum in Fig. 79c
displays a clear left-shift peak of C-O bond afterH,O, treatment, which is due to
the appearance of C-OH end group.?® In Table 8 the ratio of C-O bond to N=C-

N bond increases from 0.043+0.007 to 0.066+0.002 after H,O, protonation,

indicating an increase in the amount of C-OH bond as well, with N=C-N bond as
a reference. Meanwhile, the carbon to nitrogen ratio has changed from
C3Na.13:0.02 10 C3N3.04:0.04, Which suggests the introduction of N defects in the
structure of g-C3N,4 after H,O, treatment. This provides further evidence that the
introducing of N defects along with C-OH end groups as trap states is

responsible for the cathodic behaviour of an n-type g-C3N4 semiconductor.
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Fig. 80 OCVD curve and OCVD plot analysis of H,O, treated ref-g-C3N4

(compact-g-C3Ny)

6.4 Conclusion

It has been demonstrated that by introducing both N defects and C-OH
terminal groups in the g-C3N4 structure, this n-type photoanode material (ref-g-
C3N4) is modified to behave as a photocathode (def-g-CsN4). The g-C3N4
photoandoe shows ca 90 pA/cm? at 1.0 V vs RHE and the optimized def-g-
C3N4-1 shows a photocathodic performance with ca. -10 yA/cm? at 0 V vs RHE.
This photocathode performance is rationalized by the presence of shallow
electron traps associated with the synergy of N-defects and C-OH terminal
groups introduced through ultrasonication in water, as indicated by XPS and
NMR. The ultrasonicated sample also develops two orders of magnitude higher
conductivity and 1000 times longer lived shallow-trapped charges compared
with the g-C3N4. Furthermore, the average OCVD lifetime observed for def-g-

Cs3N4 is 5 times longer than the reference, which can be attributed to the
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residual surface-trapped electrons that gradually recombine with
photogenerated holes in the bulk material that slowly diffuse to the surface. As
such, OCVD and MS plots collectively provide evidence that long-lived
electrons in surface trap states associated with N-defects and C-OH terminal
groups are key to the photocathodic characteristics of def-g-C3sNy. This is further
evidenced by a clear transformation of a ref-g-CsNs (compact-g-CsNa)
photoanode to photocathodic performance after H,O, treatment. This new
understanding demonstrates that g-CsN4 can be both photoanode and
photocathode candidates and could aid the rational development and
improvement of sustainable organic photoelectrochemical systems for water

splitting.
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7 Overall conclusions and future work

7.1 Conclusion

Photoelectrochemical (PEC) photosynthesis has been regarded as a
promising method to convert inexhaustible solar energy to fuels. Polymer
semiconductors have been identified to be promising photocatalysts because
they are abundant, environmentally benign, and have easily tuneable band
structure. G-C3N4 as one of the most promising polymer photocatalysts has
realized efficient water splitting in a particle suspension system. However, its
PEC application in water splitting was quite limited due to the lack of facile
methods for high quality g-C3N4 film fabrication, low solar to fuel conversion
efficiency and a deep understanding of kinetics in the film. As PEC device is
portable, easy to scale up and can produce separated products, synthesising
high quality g-C3N4 films with high solar to fuel conversion efficiency is of great
importance but remains challenging. Therefore, my PhD thesis is designed to
address these main obstacles for high performance g-C3N4 photoelectrodes and

their underlying mechanism.

Firstly, a novel film fabrication method has been developed to prepare dense,
uniform and highly crystallized g-CsN, films as a photoanode with controllable
thickness. Comparing with g-C3N4 films prepared by other methods, the
relationship between crystallinity, deep trap states and PEC performance of g-C3Ny4
photoelectrodes was investigated. As such, longer lived charge carriers were
present in more poorly crystalline samples, due to more deeply trapped states,
which inversely correlated with photoelectrochemical performance. Low deep trap-
state density and long electron diffusion length could be achieved in g-C3Ng4
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films by manipulating its crystallinity and morphology. The significantly shorten
charge lifetime, large transient photovoltage, essentially reduced capacitance,
all illustrate the low deep trap state density in a well crystallized, closely packed,
high quality g-C3Ng4 thin film. The intrinsic property of the charge diffusion length
in these g-C3N4 electrodes was determined to be ca. 1000 nm. The reduced
deep trap state density and the long electron diffusion length finally contribute to
the facilitated charge transfer, efficient charge collection in the film and an
excellent photocatalytic performance of 180 puA/cm? at a bias of +0.6V vs
Ag/AgCIl under 150W Xenon lamp illumination (light intensity higher than 100
mW/cm?), which was 30 times higher than the bulk g-CsN, film prepared by
carbon nitride powders widely used in photocatalytic suspension system. This
finding intensified the effect of trap states on the photoelectrochemical

performance of the benchmark polymer photocatalyst.

Next, building on the diffusion length measurement and negative function of
the deep trap states on the surface, a new nanostructure composed of B-doped
g-C3N4 (100nm) and bulk g-C3N4 (900 nm) was constructed which exhibited
significantly higher PEC performance than a g-C3N4 film. The resulting
nanojunciton film shows a high photocurrent density of 103.2 pA/cm? at 1.23V
vs RHE under one sun condition and a high IPCE of 10% at 400 nm, which is
10 times higher than that of pristine carbon nitride photoanode. Data from XPS,
UV-vis, and PEC analysis show that the surface nanolayer doping can
significantly improve the solar to fuel conversion efficiency but without
dramatically changing the bandgap and bulk properties. Such enhancement is
mainly due to the efficient charge separation and fast charge transfer in the

nanojunction as evidenced by EIS, MS and IMPS spectroscopies. Furthermore,
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the H,O, addition proves that the efficient charge separation can be achieved
by the nanojunciton itself. This surface nanojuction strategy can be extended to
other semiconductors to efficiently improve their applications in the fields of

solar fuel conversion and environmental purification.

Finally, | attempted to realize the photocathode performance of g-C3N4 film
following successes in photoanode design. The crucial role of defects in
converting n-type semiconductor films from photoanodes to photocathodes was
demonstrated. The photocathode performance was related to the presence of
electron traps associated with the synergy of N-defects and C-OH terminal
groups. This new understanding demonstrated that g-C3N; can be both
photoanode and photocathode candidates and could aid the rational
development and improvement of sustainable organic photoelectrochemical

systems for water splitting.

7.2 Future work

Based on the outcomes from my PhD programme project, a polymer such as
g-C3N4 has the potential to be efficient photoanode and photocathode for solar
energy conversion. However, a few problems needs to be further addressed, 1)
fundamental understandings on water redox by C3N4 photoelectrodes is not
clear; 2) developing suitable co-catalyst for water oxidation reaction is
imperative; 3) most importantly, the low conductivity in bulk g-C3N4 due to the
low charge carrier density still limits the PEC application of g-C3Ng films.

Therefore, a few of future works are proposed here.

1) A combination of heteroatoms doping strategy and shallow trap states

introducing strategy will be a promising approach following this thesis.
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2)

3)

For example, boron-doped g-CsN, can be sonicated into nanosheets,
which will be further processed into a thin film of 600 nm. The high
conductivity arising from heavily doping, coupling with shallow trapped
electrons with extended lifetime, is likely to result into a high-performance
g-CsN4 photocathode. More importantly, B-doped g-CsN4 and P-doped g-
C3N4 nanosheets will be further processed into nanojunction thin films,
where efficient charge separation is guaranteed.

Another important future work is preparing suitable co-catalyst to fully
explore the potential of polymer photoelectrodes. The function of co-
catalyst is not only enhancing the charge separation at the
electrode/electrolyte interface, but also provides active sites for water
redox. For example, Pt is suitable for H, evolution reaction, while IrO; is
favourable for O, evolution reaction. Promising co-catalyst, such as Pt,
PtOy, IrO,, Co-Pi, CoOyx, which could assist the water oxidation and
reduction reactions will be applied to further improve the photocatalytic
activity of polymer photoelectrodes.

High temperature (> 500°C) pressing method is another promising
strategy which has rarely been tried for the polymer photoelectrode
fabrication. The high-temperature pressing method can physically
enhance the contact among particles, therefore, enhancing the electron
migration among these particles. The most advantage of this method will
be fabrication of solid-state Z-scheme devices (section 2.2.8) with two
photocatalysts deposited on different sides for H, and O, generation,

respectively. If the efficient electron migration between two
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4)

5)

photocatalysts films can be achieved via a mediator such as copper foil,
a smart solid-state device for overall water splitting will come true.
Beyond the scope of the PEC system, g-C3N4 can also be designed for
other applications. For example, the HCI-assist g-C3N4 (preparation
method in section 3.1.3) has a uniform and porous structure which is a
very suitable substrate for an enzyme for the electrochemical reduction
reaction. The porous structure could firmly capture the enzyme and inject
photo-generated electron from its negative conduction band to the
enzyme for reduction reaction such as CO; reduction.

Although g-C3N4 is a 2-D material with giant delocalized 1 bond which
somehow benefits its conductivity, its unique crystal structure makes the
conductivity still much worse than perfect 2-D material such as graphene.
However, the conducting graphene has a zero bandgap, which cannot
utilize the energy of photons for photosynthesis. It will be interesting to
introduce N atoms in the structure of graphene by substitutional doping.
N atoms doping could open the bandgap of graphene, but perverse most
conductivity of the graphene material. Such an N-graphene material still
has the tunable band structure but much better electron mobility than that
in g-CsNg4. | believe this doping strategy can come out a series of narrow
bandgap polymer semiconductors with tunable band structure and good
conductivity, which is promising for PEC hydrogen fuel synthesis in the

future.
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