Development of Ta3N5 as an Efficient Visible Light-responsive Photocatalyst for
Water Oxidation

Dissertation by
Ela Nurlaela

In Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy

King Abdullah University of Science and Technology
Thuwal, Kingdom of Saudi Arabia

© September 2015
Ela Nurlaela
All Rights Reserved

2

EXAMINATION COMMITTEE APPROVALS FORM

The dissertation of Ela Nurlaela is approved by the examination committee

Committee Chairperson: Prof. Kazuhiro Takanabe
Committee Member: Prof. Yu Han
Committee Member: Prof. Zhiping Lai
Committee Member: Prof. Kazunari Domen

3

ABSTRACT
Development of Ta3N5 as an efficient visible light-responsive photocatalyst for water
oxidation
Ela Nurlaela

Along with many other solar energy conversion processes, research on photocatalytic
water splitting to generate hydrogen and oxygen has experienced rapid major
development over the past years. Developing an efficient visible-light-responsive
photocatalyst has been one of the targets of such research efforts. In this regard,
nitride materials, particularly Ta3N5, have been the subject of investigation due to
their promising properties. This dissertation focuses on the fundamental parameters
involved in the photocatalytic processes targeting overall water splitting using Ta3N5
as a model photocatalyst. The discussion primarily focuses on relevant parameters
that are involved in photon absorption, exciton separation, carrier diffusion, carrier
transport, and catalytic efficiency. A collection of theoretical and experimental studies
of properties associated with Ta3N5 have been utilized to obtain a comprehensive
understanding of this material. The fundamental structural and optoelectronic
properties of Ta3N5 have been addressed. From the electronic properties, the dielectric
constant and effective masses have been calculated. Because of its high dielectric
constant and relatively low effective masses, Ta3N5 is promising for photocatalytic
reaction applications. Studies of lattice dynamics, optical properties, and band
positions have been able to clearly show that the synthesized Ta3N5 is essentially nonstoichiometric and that a truly pure phase of Ta3N5 has never been achieved, even
though XRD has shown a pure phase sample. The photophysical properties of Ta3N5,
such as the absorption coefficient, carrier mobility, and carrier lifetime, have been
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experimentally measured by synthesizing Ta3N5 thin films. Very low kinetic
properties with very low transport properties and fast carrier recombination explained
why overall water splitting has never been achieved with Ta3N5 as a photocatalyst to
date. The extent to which the surface states of Ta3N5 photocatalysts affect
photocatalytic performance has been investigated. The surface topmost layer is
demonstrated to play a critical role in the photocatalytic activity of Ta 3N5; further
research on the surface properties of Ta3N5 should be conducted to understand and
improve charge separation and the resulting photocatalytic activity. Finally, a
remarkable improvement in the photocatalytic OER has been achieved with the
addition of cobalt as a cocatalyst. There is a trade-off between the optimum contact of
hole transfer from bulk Ta3N5 to the surface of the cobalt cocatalyst and providing
active sites for the electrochemical reaction. Knowing the characteristics of cobalt on
the Ta3N5 surface, further improvement was attempted by adding a noble metal to the
CoOx/Ta3N5 photocatalyst system, where a synergetic effect of CoOx and noble metals
was observed.
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CHAPTER 1
Introduction
1.1.

Energy crisis and propose solution
The earth’s population has shown great escalation in the past decades.

Currently there are more than 7 billion people in the world and it is estimated to
increase to ~9 billion in 2050.1-2 The increased population accompanied by rapid
development and economic growth worldwide is projected to increase the energy
demand more than double. The demand for energy in 2050 is predicted to reach as
high as 30 TW and more than triple the demand (to 46 TW) by the end of the
century.1-4 It is a great challenge to provide such a huge energy to society with the
steady growth of energy demand, particularly in developing countries.
About 80% of global energy demand currently relies on fossil fuels such as
oil, natural gas, and coal.2,5 However, the continued use over the long term will reduce
the fossil fuels reserves that will fall short of this demand.6 In addition, even if the
energy supply of fossil fuels are infinite, their continued use produces harmful side
effects such as pollution that threatens human health and greenhouse gases associated
with climate change. The use of energy by far represents the larger source of
emission. It has been observed that carbon dioxide (CO2) concentration in the
atmosphere has been increasing significantly over the past century, with an average
growth of 2 ppmv/year in the last ten years.5 The concentration of CO2 was 396 ppmv
in 2013 which is four order of magnitude higher than in the mid-1800s.5 Significant
increase have also occurred in levels of methane (CH4) and nitrous oxide (N2O). CO2
resulting from combustion of fossil fuels dominates the total GHG emissions. Almost
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70% of global emission comes from CO2 gasses of energy usages. Smaller shares
correspond to agriculture, producing mainly CH4 and N2O from domestic livestock
and rice cultivation, and to industrial processes not related to energy, producing
mainly fluorinated gases and N2O.5
To answer such a huge challenge, renewable energy provides a viable option.
Although it is now still far from competitive in term of cost and capacity, compare to
the fossil fuels; the development of renewable energy is inevitable to balance the
energy demand and supply. One of the most abundant energy on earth is the sun.7 It
deposits 120,000 TW of radiation on the surface of the earth, far exceeding human
needs even in the most aggressive energy demand scenarios.3,8-9 Solar energy is able
to cover more than double of current energy consumption by only covering 0.16%
land of the earth if the efficiency of solar conversion could reach 10%. This efficiency
will lead to 20 TW of power; equivalent to 20,000 1-GWe nuclear fission plants.3
However, the availability of the solar energy is highly variable; depending on a
night/day cycle, the geographical location, the presence of the clouds, etc. Due to the
intermittency of the sun, the practical use of solar energy faces some technological
issues such as to economically convert the sunlight into useful energy and storing and
dispatching that converted energy to end users with a cost-effective and convenient
form.
Solar photovoltaic (PV), the straightforward technique for the direct
conversion of solar energy to electrical energy is in a phase of rapid growth all over
the world. However, this technique has a drawback of its scalability and high capital
cost. Transportable chemicals or fuels as energy carrier are desirable for solar energy
conversion. A mature and existing technology of solar energy conversion into
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chemical fuels has been achieved by water electrolysis into H2 and O2 utilizing solar
electricity. However, this technique faces the scalability issue that it cannot readily
scale up to the level of providing energy in TW-level.3 Therefore, direct conversion of
solar energy to chemical fuels is more preferable because it provides an inherent
method extracting solar energy, dispatching, and distributing energy cost effectively
in the existing infrastructure for use in the residential, industrial, and transportation
sectors.3,9
Photocatalytic water splitting is one of the most economical ways to harness
solar energy due to its simple technique.8-9 It offers the advantage of abundance
resources (solar energy and water) and high energy density of hydrogen. In this
process water is solely used as the reactant to produce H2 and O2, followed by
separation of these products.9 No auxiliary instruments or electronic devices needed
make this technique economically feasible for its scalability and capital cost.
The overall water splitting reaction is described as the following equation:

1
H 2O 
 H 2  O2
2

(1.1)

The above reaction (two-electron reaction in this stoichiometry) has a Gibbs
free energy of 237 kJ mol–1. The photon energy, E, is expressed by

E  hν 

hc
λ

(1.2)

where h is Planck’s constant, ν is the frequency of the photon, c is the speed of light,
and λ is the wavelength of the photon. Therefore, to drive the overall water splitting
reaction, a photon energy of 1.23 eV; which is equivalent to 1000 nm, is required.
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This means that for overall splitting application a photocatalyst should have a
bandgap energy of 1.23 eV or higher. However, the overpotential of this reaction
needs to take into consideration. In reality, there is an excess potential beyond the
thermodynamic potential required to overcome the activation energy of overall water
splitting reaction.

Figure 1.1. Photon number of AM 1.5G as a function of wavelength and theoretical
for solar-to hydrogenefficiency integrated from a low wavelength to the respective
wavelength at QEs of 30, 60 and 100%.
The efficiency of solar energy conversion to chemical fuels is generally
examined by solar to hydrogen (STH) efficiency. This efficiency is a global parameter
to unify the efficiency term for all types of solar to hydrogen energy conversion
devices/techniques. For direct solar-to-hydrogen processes, STH efficiency is defined
as chemical energy of the hydrogen produced divided by solar energy input from
sunlight incident on the process.10
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To efficiently utilize solar energy, the analysis of solar spectrum has to be
carefully taken. The STH efficiency and the number of photons as a function of
wavelength according to the data from the standard spectrum of AM 1.5G11 depicts in
Figure 1.1. The solar energy spectrum (total energy: 1003 W m–2) has ~93 W m–2 in
the ultraviolet (UV) region (  400 nm; 9.3%), ~543 W m–2 in the visible region
(400 nm <   800 nm; 54.1%), and 367 W m–2 in the infrared (IR) region ( > 800
nm; 36.6%). Knowing the required energy to evolve hydrogen from overall water
splitting reaction (1.23 eV or 237 kJ mol−1 equivalent), the theoretical attainable solar
to hydrogen energy can be calculated from the number of photons in the spectrum
from shortest wavelength to respective wavelength at a quantum efficiency (QE) of
30, 60 or 100%. If the solar irradiance is integrated from UV to ~1000 nm
wavelength, then the theoretical maximum STH efficiency (at 100% efficiency) is
estimated to reach ~48%. Based on the definition of STH efficiency, the excess
energy in a photon greater than 1.23 eV has to be dissipated (mainly as heat).
Therefore, the energy loss is more apparent for lower wavelength. For UV photons,
over half the energy is dissipated (only 1.23 eV can be utilized to generate H2) and
consequently the theoretical maximum STH efficiency using only UV light (  400
nm) is only 3.3% (for a QE of 100% at each wavelength). However, as previously
mentioned, the benchmark STH efficiency to be economically feasible is set to 10%.3
For practical application, the low STH efficiency causes the issue of large area of
solar reactor. Judging from this problem, it is essential to further enhance the photon
absorption up to visible region. Hence, development of visible light responsive
photocatalyst is indispensable. Photocatalyst with light absorption up to 600-700 nm
should be sufficient to achieve 10% STH efficiency target. However, in more

23

complicated manner, the photocatalysts need to meet some more requirements related
to the photocatalytic water splitting reaction mechanism, as will be addressed in this
thesis. Further challenge lies on the available visible light responsive photocatalyst
that is still very limited with very low efficiency. The research of photocatalytic water
splitting using visible light responsive photocatalyst is still its primary stage where
basic understanding of the associated processes has not well investigated yet.

1.2.

Photocatalytic water splitting
According to International Union of Pure and Applied Chemistry (IUPAC),12

photocatalysis is a term for the change of a chemical reaction rate or its initiation
under the action of light radiation in the presence of a substance (the
photocatalyst/semiconductor) that absorbs light and is involved in the chemical
transformation of the reaction partners. It involves the catalyst and light to bring out
the chemical reaction. In this section, some fundamental properties of semiconductor
and detail mechanism of photocatalytic water splitting will be discussed.
1.2.1. Semiconductor properties
The properties of semiconductor are generally determined by its electronic
structures. Due to its band structures, semiconductor has some unique properties
enables it for many application. The concept of energy band in semiconductor comes
from the Pauli exclusion principle which does not allow two electrons to have the
same set of quantum number. Hence, the electron can only occupy the discrete energy
level. The molecular orbitals from two atoms when they brought together will form
bonding and anti-binding energy levels. The energy bands will be formed when more
atoms are brought together as the spread in energies gives rise to closely spaced sets
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of allowed states. Therefore, the bands can be thought of as the collection of the
individual energy levels of electrons surrounding each atom.13-15
The energy diagrams of semiconductor are rather complex where the energy is
plotted as a function of the wavenumber, k, along with the crystallographic direction
in the crystal. It contains multiple completely-filled and completely-empty bands.
However, the band diagram of semiconductor is generally simplified by what so
called conduction band and valence band since the electronic properties of
semiconductor particularly are dictated by the highest partially empty band and the
lowest partially filled band. The valence band is filled with electrons, where electrons
are effectively immobile. While the conduction band is mostly empty and the
electrons are mobile. The difference between the valence band and conduction band is
called the forbidden gap or bandgap, since no energy states are allowed to exist in this
region. The important features required to be mentioned regarding the band diagram
is whether the conduction band minimum and the valence band maximum occur at the
same value for the wavenumber. In that case, the semiconductor is called direct
bandgap semiconductor, otherwise it is an indirect semiconductor. 13-15 This difference
is of an interest for photocatalytic water splitting material particularly related to
absorption properties of the semiconductor as will be discussed further in the next
section.
The properties of semiconductor mainly associated to its Fermi level, defined
as the energy level at which the probability to find the electron is half. 13-15 Ideally, at
absolute zero (0 K), the conduction band is completely empty while the valence band
is completely filled. In a thermodynamic sense, the Fermi level, E F, can be regarded
as the electrochemical potential in a particular phase. However, the chance of thermal
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excitation above 0 K is larger than zero. Hence, Fermi-Dirac distribution and the
density of states in the conduction band and valence band are used to describe the
distribution of electrons over the energy levels. The probability of an energy level (E)
being occupied by an electron at a certain temperature (T) is determined by FermiDirac (f(E)) distribution according to the following equation:

f (E) 

1
 E  EF
exp 
 k BT

(1.3)


  1


The basic nature of this function dictates that at ordinary temperatures, most of
the levels up to the Fermi level EF are filled, and relatively few electrons have
energies above the Fermi level.
In a solid, the energy states are not distributed uniformly throughout the
energy values. Rather, the number of states per unit volume (i.e., density of states)
increases with increasing energy value. The density of (available) states in an energy
interval dE as a function of E, given for conduction band and valence band by the
following questions:

me* 2me* ( E  EC )
gC ( E ) 
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mh* 2mh* ( EV  E )
(1.4) and gV ( E ) 
 23

(1.5)

me* and mh* are the effective masses of electrons and holes, respectively;   h / 2 , h
is the Planck’s constant, and EC and EV are the energy levels of the conduction and
valence band edge, respectively. The number of electrons and holes in the conduction
band and valence band are thus given by the combination of the Fermi-Dirac
distribution and density of states for the corresponding positions:
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n

Etop

EC

gC ( E ) f ( E )dE

(1.6) and n  

EV

Ebottom

gV ( E )(1  f ( E ))dE

(1.7)

For a non-degenerate semiconductor, where the difference between the Fermi
energy level and the conduction or valence band is more than 3kBT, these two
equations can be further simplified to the followings: NC and NV are the effective
densities of states in the conduction and valence bands, respectively.
3
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2

(1.8)

3
2

(1.9)

Depending on the number of valence electrons available and the probability
distribution (f(E)), the bands can be either partially or completely filled. On the basis
of the bands filling, materials are generally being classified into three types; metal,
semiconductor, and insulator. Figure 1.2. shows the energy diagram of three different
classes of materials. Materials with partially filled bands are termed as metals. There
is no bandgap exists in metals as the valence bands and conduction bands are
overlapping. As a consequence, they have good conductivity due to abundance
carriers available. On the other hand, insulators have very wide bandgaps. As an
example, SiO2 is an insulator and it has a bandgap size of ~8 eV. 16 This gap is too
large for room-temperature thermal excitation of electrons from the valence band to
the conduction band. Semiconductor differs from metal and insulator because they
have an “almost-empty” conduction band and “almost-full” valence band. It is
essentially insulators for which conduction can however be obtained under some
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condition. For instance if Eg<3kBT, electrons can jump thermally across the band gap
and promoted from the valence band. The conduction bands and valence bands of
semiconductor are separated by moderately sized bandgaps (in the order of 1-3 eV).

Figure 0.2. Energy diagram of metal, semiconductor and insulator. CB = conduction
band, VB = valence band, Eg = bandgap energy, EF = Fermi energy, kB = Boltzmann
constant, T = temperature.

Semiconductor has attracted interest mainly due to their bandgap energies where
room-temperature thermal excitation is not enough to excite the electrons. It is
however in the range of energy provided by the sunlight. Upon irradiation, the
electrons will be excited from the valence band to the conduction bands,
simultaneously leaving the holes in the valence band.

13-15

The mechanism through

which the excitons are generated and transported will be discussed further in section
1.2.2.
In most pure semiconductor, the population of thermally excited carrier at
room temperature is very small, in the orders of magnitude lower than that of metallic
conductor, leads to very low conductivity. For example, the number of thermally
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excited electrons in Si at 298 K is 1.5 × 1010 cm–3, compared with the density of
electrons in metals which can be as high as 1028 electrons cm–3. Therefore, for
practical application, insertion of impurity atoms so called doping is introduced. This
process leads to very large difference to the conductivity of semiconductor even if the
impurity level is as low as 0.0001%.
Doped semiconductors are known as extrinsic semiconductors whereas those
of undoped called as intrinsic semiconductor. In intrinsic semiconductor such as Si,
the valence band is completely filled at absolute zero. The only charge carriers are the
electrons in the conduction band and the holes in the valence band that arise as a
result of the thermal excitation of electrons to the conduction band. Depending on the
dopant valency, the extrinsic semiconductor is divided into two; n-type (donor) and ptype (acceptor) semiconductor. The n-type semiconductor is a type of semiconductor
with electron as major carrier where the extra electron in the dopants can be excited to
the conduction band of the host semiconductor. To form this semiconductor, an
impurity with higher valency than the host atom is introduced, e.g. phosphorus or
arsenic in silicon. Due to the large concentration of electrons in conduction band, the
Fermi level of n-type semiconductor is shifted closer to the conduction band. In
contrast, p-type semiconductors have impurity with lower valency than the host atom,
e.g. boron in silicon. In this case, electrons from the valence band of semiconductor
are excited into the valence band of the dopant, creating the holes in the valence band
host semiconductor. As a result, the Fermi level in a p-type semiconductor is located
close to the valence band, because of the high existence of holes.13-15
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1.2.2. Mechanism of photocatalytic water splitting and related properties

Figure 0.3. Scheme of photon-induced reaction process for overall water splitting by
solid photocatalyst.

The principle of photocatalytic water splitting is schematically depicted in Figure
1.3. The reaction begins when the photocatalyst absorbs light with a photon energy
that is higher than its bandgap. This process initiates electron excitation from the
valence band (VB) to the conduction band (CB), simultaneously leaving a hole in the
valence band. This initiation proceeds in a very short time (at the femtosecond scale),
followed by relaxation of the hole to the bottom of the CB and to the top of the VB,
respectively, on a similar time scale. Furthermore, the photogenerated charges will
undergo an electrochemical reaction on the surface of the photocatalyst when the
charges successfully migrate from the bulk to the surface (i.e., no recombination
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reaction). On the surface of the photocatalyst, the photogenerated electron and hole
undergo water reduction and oxidation reactions, respectively. However, to facilitate
(and accelerate) these reactions, another catalytic active site (cocatalyst) is introduced
onto the surface of the photocatalyst. The presence of an efficient electrocatalyst as a
cocatalyst is indispensable because each photon in visible light possesses a limited
overpotential for water splitting. In addition, the cocatalyst will preferentially
accommodate electrons (hydrogen evolution site) or holes (oxygen evolution site),
preventing recombination reactions on the surface.
Undoubtedly, overall photocataytic water splitting involved a complex
photophysical and chemical processes. To fully understand the mechanism, several
processes that involved in the reaction are addressed in this section. The processes
involved in the photocatalysis for water splitting are divided into the following six
processes and describe relevant parameters:18
a. Photon absorption and exciton generation
Photon absorption by semiconductor is the first step in photocatalytic reaction
which will trigger the excitons (excited electron and hole pair) generation. In a
powder system, in addition to absorption, the photon will also experience scattering,
reflection, and transmission. Light scattering trhough a particle is generally classified
by Rayleigh and Mei scattering whereas reflection of light in is well described by
Fresnel equation. Reflection and scattering of light is detrimental for semiconductor
film configuration system bacause they will reduce light absorption. However,
powder semiconductor system offers more advantage related to the reflection and
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scattering as the reflected and scattered lights will be absorbed further by the different
semiconductor particles.18
The absorption properties of photocatalyst are quantitatively defined by
absorption coefficient (α) and ideally measured for a semiconductor thin film. The
general formula expresses as:

α  cm1  

ln 10   A
l  cm 

(1.10)

where A is absorbance and l is the path length of light through the sample. The light
intensity, I, as a function of distance, d, is given by

I  z    I 0 e  d

(1.11)

For accurate measurement of the absorption coefficient, the absorption
coefficient is linked with the measured transmittance, T, and reflectance, R:
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(1.14)

When R is negligible and/or the following inequality is satisfied,22

Re ad 1

(1.15)

then, the equation (1.12) is simplified to;

T  (1  R) 2 e d

(1.16)
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Thus,

 

1 1  R 
ln
d
T

2

(1.17)

In term of photocatalytic reactor design, the absorption coefficient is very
useful to optimize the number of semiconductor particulate required to effectively
absorb the incident light in the photoreactor (depth of photoreactor). From the
absorption coefficient, the light absorption depth can be obtained by simply taking the
inverse of the absorption coefficient (natural logarithm scale).9 The penetration depth
is defined as the depths at which the light intensity decreases by factors of 1/e (~36%)
of the incident intensity.18
The nature of direct and indirect bandgap is also important parameter to
optimize the light absorption by semiconductor. Indirect transition involves both a
photon and a phonon because the band edges of the conduction and valence bands are
widely separated in k space. The crystal orbitals at the top of the valence band and at
the bottom of the conduction band have the same wave vector in a direct band gap
solid, but different wave vectors in an indirect band gap material. The main effect
given by these properties lies on the different absorption coefficient where higher
absorption coefficient is observed for direct bandgap semiconductor compared to that
of indirect bandgap semiconductor.18
In a powder semiconductor, it is often difficult to accurately measure the
absorption coefficient and therefore diffuse reflectance is generally used to describe
the absorption properties. The Kubelka-Munk function f(R) is frequently used to
describe absorption/reflectance.
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in which s is the scattering coefficient. Because of lack of s value, it is difficult to pin
down the absolute value for α. The Kubelka-Munk function is effective to address the
bandgap measurement assuming that the scattering coefficient is independent of
wavelength, f(R) is then proportional to α.
When α > 104 cm−1, it often obeys the following relation presented by Tauc:28
1

αhν   hν  Eg  n

(1.19)

where n can take on values of 3, 2, 3/2, or 1/2, corresponding to indirect (forbidden),
indirect

(allowed),

direct

(forbidden),

and

direct

(allowed)

transitions,

respectively.10,29-30
In addition to experimental measurement, it is now possible to predict the
optical properties of semiconductor by theoretical calculation. Based on the density of
states (DOS) calculation, the information of bandgap energy, the band positions (vs.
vacuum), the connectivity of both CB and VB within crystal structure, and absorption
coefficient as a function of wavelength can be obtained.
b. Exciton separation
The next process after light absorption by semiconductor is excitons
generation. The exciton is characterized by its binding energy which has to be as low
as possible to facilitated dissacociation. Once the excitons are separated, they will
form free charges which will be used further for photocatalytic reaction.15
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The exciton binding energy is generally defined as the energy required to
ionize an exciton in its lowest energy state, i.e., the energy separation between the
lowest bound state (n = 1) and the series limit, and is very much smaller than that for
a hydrogen atom.34 It can be described based on the following formula:

R

me4
m

E
1
2h 2 r2
 r2 ,

wherein m* as reduced effective mass of the electron-hole system (

(1.20)

1
1
1
 *  * ), e
*
m
me mh

as elemental charge, h as the Planck constant, and εr as dielectric constant.
The dielectric constant is experimentally measured from the absorption spectra of the
semiconductor. The dielectric constant is estimated from the complex index of
refraction: N = n + ik

(1.21)

The simplified equation of the refractive index, n, can be obtained from the fringes
observed in the transmittance and reflectance spectra:

n

f  12 

2  1  2  t

(1.22)

where f is the fringe number, λ1 is the maximum wavelength, λ2 is the minimum
wavelength and t is the film thickness. while the absorption index k (or absorptance)
can be extracted from the absorption coefficient:

k


4

(1.23)
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where α is the absorption coefficient. In the spectral range of 600-900 nm, we can
calculate n = 4.2 and k = 0.06. Correlating the complex index to the dielectric
properties then becomes:

  1  i 2  N 2   n  ik 

2

(1.24)

where ε1 is dielectric constant, the real part associated with dispersion ( 1  n 2  k 2 )
and ε2 is dielectric loss, the imaginary part associated with dissipative rate of the wave
(  2  2n k ).
Based on equation 1.20, high dielectric constant is more preferable in order to
have lower exciton binding energy. In order to have a high dielectric constant, the
high contribution of electronic and ionic are required. Electronic contribution can be
obtained with high polarizability elements while ionic contribution is significantly
strong in ionic materials with soft vibrational modes. In addition, anisotropic nature of
exciton binding energy also plays a crucial role. This anisotropic nature is defined by
the crystal and electronic structure of the semiconductor, which is now possible to be
predicted by DFT calculation.
c. Carrier diffusion and recombination
To successfully undergo photocatalytic reaction, free carriers have to transfer to
the surface after exciton separation. The ability of electron and hole to move around
in material and transport charge is called electron and hole mobility, respectively. The
carriers’ mobility is connected with diffusion coefficient, D, and the carrier lifetime, τ,
through the Einstein relation: 36
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where kB is the Boltzmann constant, e is the elemental charge and m* is the effective
mass.
The movement of free carriers in semiconductor will generate current. The
total current in semiconductor is generally the summation of diffusion current and
drift current; according to the following equation15:

J total  J p,diffusion  J n,diffusion  J p,drift  J n,drift
  qDp

dpx
dn
 qDn x  pqp E x  nqn E x
dx
dx

(1.27)

Diffusion current is the current due to free carriers concentration gradient. In a
given direction, the diffusion currents are described with diffusion coefficients, Dn
and Dp and charges, −q and +q, according to Fick’s law (n for electrons, p for holes,
respectively).18 The electric field on the other hand will cause potential gradient,
result in drift current.
The charge carriers concentration and mobility are strongly related to the
minority carrier lifetime and diffusion length. The minority carrier lifetime is the
average time a typical minority carrier exists before recombination, and is one of the
parameters to determine the efficiency of photocatalyst. In case of p-type
semiconductor where the minority carrier is electrons, it denotes as τn and vice versa
for n-type semiconductor, it denotes as τp. It is usually measured optically or
electronically using spectroscopic techniques.39 For quasi-steady-state and quasitransient carrier lifetime measurements, effective carrier lifetimes τeff can be given in
the following generalized form: 39
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where G is the photogeneration rate and Δn is the time dependent values of the excess
carrier density.
The minority carrier diffusion length is the average distance the excess
minority carrier travels from where it was generated to when it is annihilated. It is
measured once the minority carrier lifetime is known. Similar to the minority carrier
lifetime, it denotes as Lp for holes in an n-type material and Ln for electrons in a ptype material.
Ln  Dn n

,

Lp 

Dp p

(1.29)

The carrier lifetime and diffusion length must be long in order to have
efficient photocatalytic reaction. This is applicable when the photocatalysis depends
only to the diffusion of excited carriers. Having high crystallinity and least defects
semiconductor are generally expected, aiming to this condition.
It is a great importance to characterize the semiconductor photocatalyst carrier’s
mobility and diffusion to optimimize the photocatalytic reaction. Experimentally, the
carrier mobility is measured by applying the the van der Pauw technique with the Hall
measurement.37-38 Both methods are not directly measured mobility instead they
measured resistivity and charge carrier concentration from where the mobility and
diffusion length can be calculated.
One of the major obstacles in photocatalytic reaction is the recombination
reactions of free carriers before they participate in the reaction. The electron in the
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conduction band returns to the valence band and recombines with the leaving hole.
Recombination of electrons and holes can be categorized into the following three
types: a) band-to-band recombination, b) Shockley-Read-Hall recombination
(defects)40-41, and c) Auger recombination42. The band-to-band recombination
generally occurs in direct semiconductor and is proportional to the density of
available electrons and holes. On the other hand, it is negligibly low for indirect
semiconductor. For this type of semiconductor, Shockley- Read-Hall recombination is
dominant because the recombination is facilitated by the exchange of thermal energy
with a phonon. The surfaces recombination reaction happens because the surfaces and
interfaces often act as trap sites due to some impurities and abrupt terminations.
Auger recombination is actually band-to-band electron hole recombination but with
the resulting energy transfer to another electron or hole. This process involved a third
particle which affects the recombination rate.
d. Carrier transport
Upon successful carriers’ separation and transfer, they should further transfer to
surface of semiconductor (or cocatalyst) to undergo redox reaction. As mentioned
above, for the intact semiconductor, only diffusion involve in the carriers transfer
which suggest that carrier lifetime strongly dictates the efficiency. One of the key
features in semiconductor is the presence of built-in electric field or space charge
when they brought into contact with electrolyte, metal, or another semiconductor.43
This built in electric field causes a band bending which further utilized for effective
charge separation.
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Figure 0.4. Details of the semiconductor–electrolyte interface for n-type
semiconductor.
The band bending that occurs when an n-type semiconductor is in contact with
electrolyte is depicted in Figure 1.4.44 Electrons will be transferred from the
semiconductor to the electrolyte, until it reaches equilibrium. This is when the Fermi
level of the semiconductor (EF,s) is at the same level as the redox level of the
electrolyte (E0). As a result, an upward bending of the bands is created, and there is a
region near the surface of the semiconductor where the concentration of electrons is
depleted. This region is called the depletion layer or the space charge layer. Band
bending can be described by the Poisson equation as follows:15

d 2  x 
eN
 D
2
dx
 0 r  0  x  W 

(1.30)

where ND is the majority carrier density, W is the depletion layer width, ε0 is the static
permittivity in vacuum, and εr is the static dielectric constants of the semiconductor.
Solving this for Ψ gives,15
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where e is the elementary charge, VB is the potential drop in the space-charge layer or
the band bending that originates from the potential barrier height for the majority
carriers to pass over on transferring from the semiconductor to the solution.
The flat-band potential, EFB, is the potential that band bending diminishes when the
band becomes flat. It is generally used to estimate the band positions of
semiconductor (i.e. conduction band and valence band) and experimentally measured
by applying Mott-Schottky equation as follows:45
1
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kBT 
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where A is surface area and Eapp is applied potential. Hence, a plot of C−2 against
potential may yield a straight line from which the flatband potential (Efb) and the
carrier concentration (NA) can be extracted.
As discussed in many literatures, the presence of cocatalyst is indispensable to
get the efficient photocatalytic reaction. Typically metal cocatalyst will be deposited
on semiconductor where a new interface will be created and a new electronic structure
is formed.48 The local electronic structure at the interface is strongly influenced by the
relative positions between the metal work function (ϕm) and the Fermi level of the
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semiconductor (ϕSC). When the semiconductor with higher Fermi level brought in
contact with metal with lower work function (ϕSCn-type > ϕm and ϕm > ϕSCp-type) a so
called ohmic contact, an energetically-smooth interface, is formed. In contrast, when
the semiconductor with higher Fermi level brought in contact with metal with lower
work function (ϕSCn-type > ϕm and ϕm > ϕSCp-type) there is the formation of a barrier, a
so-called Schottky barrier. Additionally, a high concentration of dopants may lead to
Ohmic contact because of tunneling effects. For interface driven potentials, the
difference between the work function, ϕm, and the flatband potential of the
semiconductor, ϕSC, gives the diffusion voltage, VD:
eVD  m SC

(1.34)

The maximum Schottky barrier height is described as the potential difference
between the work function and the electron affinity of the semiconductor, χSC:

B  m   SC (Schottky limit)

(1.35)

In a certain condition when the surface states present the barrier height becomes
smaller than the Schottky limit. This condition, namely Bardeen limit, occurs when
the surface states pin the Fermi level of the system, irrespective of the metal work
function.49 However in a real condition, the barrier comes between the Schottky and
Bardeen limits. The barrier can be described as

B  S m   SC  AE g

(1.36)

where S varies between 0 and 1, A is a constant, and Eg is the bandgap of the
semiconductor.
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To optimize the potential shif caused by cocatalyst deposition, the particle size
of the cocatalyst needs to take into consideration. Theoretically, the potential shift is
in reverse to the cocatalyst size where smaller particles require fewer electrons to shift
the potential. 50 However, the contact area of metal cocatalyst-semiconductor will also
decrease. Hence, there is an optimum particle size for the charge-up effect derived
from excited electrons.18
e. Catalytic efficiency
The culmination of all the photophysical process on the semiconductor surface
described above is succeeded with effective electrocatalytic process. The efficient
electrocatalyst is one of the most important parameters to achieve efficient
photocatalytic water splitting in visible light.

The effect main of cocatalyst on

photocatalytic reaction is still a matter of debate, whether it accelerates hole
consumption or solely provides the active sites for redox reaction. The general redox
reactions on the cocatalyst are generally expressed as below:

2H   2e  H 2 (acid) or 2H 2O  2e  H 2  2OH _ (base)
E = 0 V vs. RHE

(1.37)

2H 2O  O2  4H   4e (acid) or 4OH   2H 2O  O2  4e  (base)
E = 1.23 V vs. RHE (1.38)
Electrochemical reaction occurs at the steady-state potential of the
electrocatalysts on the surface of photocatalysts where the potential itself is
determined by all the photophysical and photochemical events described previously.
The rate of electrocatalytic reaction itself can be measured separately utilizing
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electrochemical approach, if the potential shift of the electrocatalyst immobilized on
the surface of semiconductor can be measured. Electrocatalytic activity can be
described in the form of the Tafel equation by neglecting the reverse reaction. The
reaction rate for the photoelectrochemical half reaction, r (mol s–1), can be described
by:54

r

 nF  ED  E
i0
exp
nF
RT

0


,

(1.39)

where i0 is the exchange current density of the given metal (A cm–2), α is the transfer
coefficient, n is the number of electrons involved in the reaction, F is the Faraday
constant, ED and E0 are respectively the Fermi level of the metal and the redox
potential in solution, R is the universal gas constant, and T is the absolute temperature.
For efficient photocatalytic reaction, identification of various cocatalys
utilizing electrochemical approach is essential. Trasatti55 and Nørskov and coworkers56 have reported the volcano plot of various metals for hydrogen evolution in
acid condition. It has been shown that there is an optimal value for the free energy of
hydrogen adsorption on metals. Similar volcano plots have been reported for oxygen
evolution catalyst with various thermodynamic descriptors.57-59 Currrent research
focus on developing hydrogen and oxygen evolution catalyst is to replace or at least
reduce the use of noble metals. The islands of nickel and cobalt species on noble
metals surface have been reported to have an excellent performance for both hydrogen
and oxygen evolution.60 Others materials such mixed oxyhydroxides (e.g. nickel-iron)
and perovskites have also been reported as low overpotential electrocatalysts.61-64
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f. Mass transfer
As previously mentioned, investigating electrocatalysis is one of the best
approaches for studying photocatalytic water splitting. The study of photocatalytic
water splitting has primarily focused on developing efficient materials, including
cocatalysts, without consideration of thermodynamic and kinetic information from the
electrocatalysis perspective. In the recent review, the mass transfer of reactants is
included, which significantly affects the photocatalytic water splitting performance.18
Indeed, in a single powder photocatalyst system, there is no pH gradient because the
H2 and O2 are generated in the same compartment.
Most of the photocatalytic water splitting is conducted at neutral pH due to the
stability issue of most semiconductor photocatalysts. Therefore, it is important to
study the electrolysis of water under neutral pH. In acidic or alkaline conditions, pH 0
and 14, respectively, one H+ or OH− ion is present among approximately 55 H2O
molecules. In terms of kinetics, the reaction with hydronium ions (protons) or
hydroxyl ions that have a very large diffusion coefficient is more facile than that with
water molecules for reduction and oxidation, respectively.18,52 In neutral conditions,
however, a different reaction mechanism has been observed.18,52 Insufficient
hydronium/hydroxyl ion activities at near-neutral pH induced the limiting diffusion
currents of reactions with these ions. In this condition, buffering actions are effective
based on the reactant switching over varied pH.53 In addition, for electrochemical
measurements, the supporting electrolyte is an essential component for avoiding
solution resistance (iR drop). However, there is a lack information available regarding
this pH and the electrolyte effect in photocatalytic water splitting.
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1.2.3. Material for photocatalytic water splitting
For a semiconductor to be considered a good material for photocatalytic water
splitting, there are several general requirements. First, to utilize visible light, it needs
to have a low bandgap energy.9,73-79 A photocatalyst with a bandgap energy of
approximately 2.1 eV, corresponding to a wavelength of 600 nm, is sufficient for
achieving the targeted efficiency. The second requirement is that the photocatalyst
band positions have to straddle the water redox potential.

9,73-79

For a single

photocatalyst system, the bottom of conduction band of the photocatalyst has to be
more negative than water reduction potential (ECB > 0 vs. RHE) while the top of the
valence band has to be more positive than the water oxidation potential (EVB < 1.23
vs. RHE). Bandgap energy and band positions are generally determined by the
electronic and crystal structures of the material. Therefore, fundamental
understanding and comprehensive characterization of particular photocatalysts are
essential to provide a guideline in selecting effective photocatalyst. Next, the
photocatalyst needs to have excellent stability under the photocatalytic reaction
conditions, under illumination and in the dark. 9,73-79 This requirement is very crucial,
since many excellent photo-active materials are prevented from being a good material
for photocatalytic water splitting due to their instability. Some potential low bandgap
energy photocatalysts, such as CdS and CdSe, fulfill the first requirement and are very
active for hydrogen evolution. However, these photocatalysts suffer from
photocorrosion or self-oxidation due to their valence band positions, which lie more
negative than the water oxidation potential.80-84 WO3, on the other hand, is very good
for oxygen evolution, but its CB position lies more positive than the water reduction
potential.84-86 Hence, compare to PEC system, single photocatalyst system has fewer
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choice of existing photocatalyst. The fourth requirement is that the semiconductor has
a high catalytic activity toward oxidation or reduction of water which has been
extensively described in previous section. Finally, the semiconductor must be
economically viable. Considering the scalability of the powder photocatalyst system,
the photocatalyst therefore must be composed of cheap, abundant materials, and
largely scalable synthesis.
Various materials have been reported to successfully undergo photocatalytic
water splitting with high efficiency. The quantum efficiency may go to as high as
56% at 270 nm using La doped-NaTaO3 photocatalyst.87-88 Effective photocatalyst
generally have electronic configurations with either a vacant d orbital (d0, d0f0) or a
full d orbital (d10, s2d10). 9,73-79 Metals with such electron configurations include the
highest oxidation states of Ti, Zr, V, Nb, Ta,W, Zn, Ga, In, Ge, Sb, and Bi.

9,73-79

These photocatalyst mostly form metal oxides with valence band consist of O 2p
orbitals, of which the potential is about 3.0 eV vs. NHE while the conduction band are
more negative than 0 eV. Therefore these materials work only in UV light irradiation.
There are some factors affecting the photocatalytic activity of these materials, of
which are related to their electronic and crystal structures. Comparing Sr2Nb2O7 and
Sr2Ta2O7 photocatalysts, the higher position of Sr2Ta2O7 conduction band is believed
to be one of the reasons of its superior photocatalytic activity, albeit their similar
crystal structure.73,89 Both photocatalysts have layered perovskite structure with
distorted framework.90-91 Effect of framework distortion also appear for ATaO3 (a: Li,
Na, ans K) photocatalysts where NaTaO3 has shown the highest activity.88-89 The high
activity of NiO/NaTaO3 is due to the suitable conduction band level consisting of Ta
5d and energy delocalization caused by the small distortion of TaO6 connections.88-
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89,92

Inoue has proposed the effects of local distortion of polyhedra consisting of the

crystal structure of photocatalysts on the charge separation.35 Remarkable
photocatalytic activity improvement has been achieved when a new morphology is
created on La-doped NaTaO3. Ordered nano-steps morphology are created with La
doping and are effective to separate H2 evolution site of the edge and O2 evolution site
on the groove.88-89
Complications arise when low bandgap energy photocatalyst is required while
maintaining the relative positions of CB and VB to water reduction and oxidation
potentials. Several methods have been reported to answer such a challenge. The
attempts can be categorized into the following four groups:77
1. UV-responsive oxides with d1–d9 metal doping to take the d orbital contribution to
a dopant level;93-100
2. Doping with non-metallic hetero-elements, such as S, Se, N, P, C; 101-103
3. Synthesis of double metal oxides with a d0 or d10 and d10s2 electronic
configuration;104-112
4. Synthesis of (oxy)nitride and oxysulfide of d0 or d10 metal;113-123
As previously described, generally the conduction band of the UV responsive
photocatalysts consist of empty orbital (LUMOs) of metal cations with d0 and d10
configurations while the valence band consist of O 2p orbitals. As the conduction
band cannot be lowered, a new valence band or an electron donor must be formed
with orbitals other than O 2p to reduce the bandgap energy. However, this bandgap
energy reduction needs to consider the thermodynamic and kinetic ability of the new
forming level to undergo water oxidation. Doping of UV responsive photocatalysts
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with foreign elements has been attempted to synthesize visible light responsive
photocatalyst. It needs to be emphasized that here the band gap is distinguished from
energy gap. The energy gap is formed by the impurity level that does not form a
complete band. TiO2 is one of most well-investigated as host photocatalyst for
doping.73 However, although the photocatalyst becomes visible light responsive,
doping with foreign element often detrimental to its photocatalytic activity. The
dopant will form a new recombination centers for photogenerated electrons and holes
thus drastically reduces the photocatalytic activity. Extending the absorption into
visible region while maintaining the photocatalytic activity is attempted by co-doping
of Cr3+/Ta5+, Cr3+/Sb5+, Ni2+/Ta5+ and doping of Rh. The suppression of
recombination centers is achieved as Nb5+, Ta5+ and Sb5+ compensate the charge
imbalance.73,97-98,100,124-128 Many studies have reported doping and the substitution of
the A and B sites for the ABO3 perovskite structure, such as SrTiO3 and La2Ti2O7,
with various ions, such as Cr3+ and Fe3+. Rh-doped SrTiO3 powders with Pt cocatalysts show photocatalytic activities for H2 evolution from aqueous methanol
solutions under visible light irradiation. This Rh doping is also effective for CaTiO3.
Co-doping with Sb5+ produces Rh3+ forming an electron donor level, due to keeping
of the charge balance, and results in showing of photocatalytic activities. They led to
successful visible sensitization, but the efficiency remained low.
Another type of dopant has been introduced with non-metal dopant such as C and
N. 101-103 This type of doping has been successfully inserted into TiO2 and improved
the activity in visible region. However, still the detrimental effects persist. The
activity in UV region decreases most likely due to the dopants may also introduce
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structural constraints and a localized electronic spot, thus functioning as a charge
recombination site.129
Obviously, the formation of recombination centers in doped-photocatalyst is
inevitable. Thus, another attempt to extent the absorption into visible region is
achieved by formation of valence band not associated with O 2p orbital. Another
route to develop visible light responsive photocatalysts is using a metal with a d0 or
d10 electronic configuration with a second metal consisting of a d10s2 electronic
contribution.77,102-112 For example, the negative shifts of valence band can be achieved
in several photocatalysts with ns2 orbitals such as Bi 6s in Bi3+, Pb 6s in Pb2+, Sn 5s in
Sn2+ and Ag 4d in Ag+.77,102-112 The conduction band and valence band maximum of
BiVO4 composed of V 3d the hybridization between the O 2p and Bi 6s orbitals,
respectively. The visible light absorption is relative to the Bi 6s electron lone pairs and
has been confirmed by the DFT calculation. BiVO4 has been tested for photocatalytic
oxygen evolution reaction in the presence of suitable sacrificial reagent. The activity
towards oxygen is high although overall water splitting is still not successful. This
photocatalyst is also applied for the Z-scheme system or photoelectrochemical
system. 102-112
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Figure 1.5. UV–Vis reflectance spectra of (oxy)nitrides as promising photocatalysts
for overall water splitting containing d0 metal electronic configuration 75

The first report on overall water splitting with achievable rate under visible
light irradiation is using GaN:ZnO solid solution.122 Both GaN and ZnO are UV
responsive photocatalyst with similar crystal structure and lattice parameter. 130-131 The
visible response originates from the contribution of Zn 3d atomic orbitals to the
valence band, where the bonding between Zn and N atoms is formed as a result of the
formation of the solid solution. A significant overlap of the ZnO and GaN electronic
structures by the formation of a solid solution enables the utilization of Zn to Ga
excitation.

51

Figure 0.6. Band structures of Ta-based materials with different degree of N 2p
contribution.132
The successful synthesis of visible responsive photocatalyst is demonstrated
by (oxy)nitrides and (oxy)sulfides formation.113-123 These photocatalysts are form by
partial/full replacement of oxygen with N and S, respectively. Because the N 2p and S
3p orbitals have a higher energy level than O 2p orbitals, this replacement process
leads to a bandgap reduction. The valence bands of these photocatalysts are
distinguished from the doped-oxide photocatalysts because they composed of
concrete electronic structure rather than a dopant concentration. This property is
beneficial for effective transfer of photogenerated holes where they can migrate
smoothly in the valence band of photocatalysts.
Some (oxy)nitrides containing transition-metal cations of Ti4+, Nb5+, and Ta5+
with d0 electronic configuration with their absorption behavior are shown in Figure
1.5.75 These photocatalyst are generally synthesized by applying direct nitridation of
the corresponding metal oxides under NH3 flow at high temperature. These
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photocatalysts possess the absorption edge at 500-700 nm, corresponding to bandgap
energy around 1.7-2.5 eV. Based on DFT calculation, these photocatalysts have
suitable band positions for water splitting as proven by their activity in photocatalytic
reaction in the presence of suitable sacrificial reagents. Hence, they appear to be a
good candidate for overall water splitting under visible light irradiation.
Among the (oxy)nitrides photocatalysts, tantalum oxynitride (TaON) and
tantalum nitride (Ta3N5) have received considerable attention over the past years for
their low bandgap energy and suitable band positions for overall water splitting.113119,132

Particular interest has been paid on Ta3N5 due to its absorption spectra that can

go up to 600 nm; a target for achieving efficient photocatalytic water splitting.
Experimentally, TaON and Ta3N5 powders are generally produced through the hightemperature nitridation of amorphous or crystalline Ta2O5 under various temperature
and heating time regimes.117,133-134 Characterizing the resulting samples through
neutron and synchrotron powder diffraction analysis revealed monoclinic (known as
β-phase) and orthorhombic crystal structures for TaON and Ta3N5, respectively.117,135
The concept of band engineering using the N 2p electronic configuration obtained by
nitridation of oxides materials depicts in Figure 1.6. The valence band becomes more
negative as the nitridation proceed due to oxygen replacement by nitrogen while the
conduction band remains relatively similar; consist of empty orbital originating from
Ta d0 orbital. In addition, the band gap and photocatalytic activity of these materials
were found to be dependent on the temperature, flow rate and duration of the
nitridation process.117,135-136
It has been reported that both materials can generate H2 or O2 from water
under visible light in the presence of sacrificial reagents.117,137-141 Thus far, efficient
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overall water splitting has not been achieved using these photocatalysts. These
photocatalysts exhibit relatively high activity towards oxygen evolution under visible
light irradiation. However, their activity towards hydrogen evolution remains
extremely low; about one order of magnitude lowers that of oxygen evolution. In
addition, modification with cocatalyst such as Pt and Ru is required to generate
hydrogen.
Attempts to improve the activity towards hydrogen evolution have been
pursued. On TaON photocatalyst, photodeposition of Ru nanoparticles has been found
to effectively increase the hydrogen evolution.75 In case of Ta3N5, the hydrogen
evolution rate is still much lower although the Pt or Ru has been used as cocatalyst.
High pressure treatment with NH3 gas is one of the effective ways to improve the
hydrogen evolution reaction on Ta3N5.142 This approach is rationalized by the fact that
during the synthesis of the (oxy)nitrides, the nitrogen vacancies are formed in the
crystal lattice. These vacancies later promote large band-bending at the photocatalystelectrolyte interface and producing Schottky barrier, thus hinders the electron transfer
from the bulk to the surface reaction sites.142 Therefore, reducing the defect density in
d0 (oxy)nitrides materials by modification of the synthesis procedure is believed to be
an effective way to enhance the photocatalytic activity. 142
1.3.

Scope of this thesis
As mentioned earlier, photocatalytic water splitting is a complex reaction

involving photophysical and chemical reaction affected by many factors. Due to its
complexity, there are some discrepancies in determining which factor needs to take
into consideration to design the effective and efficient photocatalyst system. This
thesis addresses the global picture of photocatalytic reaction using Ta3N5 as a model
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photocatalyst. This material was selected for two reasons. First, the initially reported
photocatalytic activities were promising. Second, prior to the start of the work
presented in this review, there were conflicting reports on the performance levels of
different Ta3N5 materials, i.e., there was limited understanding of the factors that
affect its photocatalytic performance.
. Thus, the aims of this thesis are:
1. To study the fundamental properties of Ta3N5 related to its structural and
optoelectronics

properties

by

combining

theoretical

calculation

and

experimental approach.
2. To study the dynamics and kinetics properties of Ta3N5 and investigated the
limiting factors for PEC and photocatalytic performance.
3. To improve the photocatalytic activity of Ta3N5 by surface modification with
OER cocatalyst and elaborate its effect.
In chapter 2, the fundamental structural and optoelectronics properties of
Ta3N5 have been addressed. The nitridation is confirmed to proceed via the successive
transformation of Ta2O5  TaON  Ta3N5 on the basis of XRD pattern and Rietveld
analysis. Knowing electronic properties, the dielectric constant and effective masses
have been predicted. Because of its high dielectric constant and relatively low
effective masses, Ta3N5 is promising for photocatalytic reaction applications. Lattice
dynamics study, optical properties, and band position studies have been able to
portray more that the synthesized Ta3N5 is essentially defective and nonstoichiometric and that pure phase of Ta3N5 is rather impossible to be synthesized
with this method, although XRD shown a pure phase sample.
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In chapter 3, Ta3N5 photophysical properties such as the absorption
coefficient, carrier mobility, carrier lifetime, relative surface area, and PEC
performance are experimentally measured by synthesizing Ta3N5 thin films. The PEC
performance of the bare Ta3N5 was strongly reflected by the carrier recombination
dynamics. Very low kinetic properties with very low transport properties and fast
carrier recombination explained why overall water splitting has never been achieved
with Ta3N5 as photocatalyst to date. A surface modification with cocatalyst and new
interface construction are thus suggested to improve the photocatalytic activity.
Chapter 4 addresses to which extent the Ta3N5 photocatalysts surface states
effect on photocatalytic performance. A thin surface layer namely TaN and
amorphous phase have been identified on Ta3N5 synthesized with different method
that greatly changed the energetic picture Ta3N5 electrolyte interface. The surface
topmost layer is demonstrated to play a critical role in the photocatalytic activity of
Ta3N5; further research on the surface properties of Ta3N5 should be conducted to
understand and improve its photocatalytic activity. In addition, this study also
explained the discrepancies of some report regarding different photocatalytic activity
of Ta3N5 synthesized with different method.
Finally, the surface modification of Ta3N5 is aided with oxygen evolution
reaction cocatalyst addition, explained in chapter 5. A remarkable photocatalytic OER
improvement has been achieved with addition of cobalt as cocatalyst. Detailed
experiment has been able to elucidate the effect of nitridation after cobalt
impregnation. There is a trade-off between optimum contact of hole transfer from
bulk Ta3N5 to the surface of cobalt cocatalyst and providing active sites for
electrochemical reaction. Knowing the characteristic of cobalt on Ta3N5 surface,
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further improvement was attempted by addition of noble metal to CoOx/Ta3N5
photocatalyst system, where a synergetic effect of CoOx and noble metals has been
observed. Considering its simple technique, this finding can be seen as a promising
approach towards overall water splitting on 600- nm-responsive materials.
1.4.
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CHAPTER 2
Ta3N5 synthesis and properties, combined experimental and theoretical
assessment

2.1.

Introduction
Many photocatalysts have been discovered and reported as effective

photocatalysts to split water into H2 and O2. Ti4+, Nb5+, and Ta5+-based oxides such as
SrTiO3, K2La2Ti3O10, K4Nb6O17 and NaTaO3 are some of the photocatalysts that have
been extensively studied.1-8 However, these photocatalysts are not activated by visible
light because the tops of the valence bands are composed of O 2p orbitals with low
potential energiy, resulting in large band gap energy of over 3 eV.
A good photocatalyst should possess some properties such as small bandgap
energy, having appropriate band position relative to redox potential of water reduction
and oxidation, as well as stability in water suspension under irradiation.1-8 Besides
enhancing the efficiency of UV light active photocatalysts, attempts on harnessing
visible light for photocatalytic water splitting is inevitable and have been developed in
various ways. In such method, investigation mainly focused on reducing the bandgap
of photocatalyst while maintaining its band position relative to the H+/H2 and O2/H2O
redox potentials. Transition metal oxide photocatalysts have been the subject of most
previous studies1-6,9 for their good chemical stability in aqueous solution. However,
their relatively large band gap (  3 eV) makes them efficient only under UV light,
which accounts for only ~3 % of the solar to hydrogen energy efficiency. Owing to
the suitable band positions and low bandgap energy, Tantalum oxynitride (TaON) and
tantalum nitride (Ta3N5) have received considerable attention over the past years as
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the promising photocatalysts.1,4-5,10-18 Various methods of synthesis have been applied
to prepare TaON and Ta3N5 powders but direct nitridation of the Ta2O5 precursors is
by far shows relatively higher photocatalytic activity.12,19-22 Characterizing the
resulting samples through neutron and synchrotron powder diffraction analysis
revealed monoclinic (known as β-phase) and orthorhombic crystal structures for
TaON and Ta3N5, respectively.12,20,23-24
During TaON and Ta3N5 synthesis, partial or fully the replacement of oxygen
atoms with nitrogen atoms occurred. Since the 2p orbitals of nitrogen have a higher
energy level than that of oxygen, this replacement process leads to a band gap
reduction. The valence band of TaON consist of O 2p and N 2p hybridization whereas
that of Ta3N5 consists of N 2p and therefore the position is more negative than its
oxide. On the other hand, no change in the conduction band sites. The conduction
band edges of TaON and Ta3N5 consist predominantly of empty orbitals of the metal,
resulting in similar energy levels to those of corresponding metal oxides.
Consequently, this material possesses appropriate band levels for water splitting, as
well as a narrow band gap allowing visible light absorption.
Despite considerable studies as photocatalyst for many years, TaON and
Ta3N5 are still lack of information regarding its deep characterization to understand
the underlying physical and chemical properties. Theoretical study on this material is
also limited. In this chapter, a thorough study on Ta3N5 crystal structure,
optoelectronics and lattice dynamics are described. Theoretical studies to support and
explain the findings are also reported. The experiments are mainly divided to
conventional characterization including structural and optoelectronic properties,
physical and chemical properties, and band position; and computational study.
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XRD, Raman’s spectroscopy, IR spectroscopy, elemental analysis, and DR-UVvis spectroscopy as the main tools to assess the crystal structure, lattice dynamic, and
absorption behavior of Ta3N5. It is essential to mention that due to the complex
nitridation reaction, the structural and optoelectronic properties were conducted not
only for pure phase of Ta3N5 but also TaON and mixture of TaON-Ta3N5. To assess
the physical and chemical properties such as morphology, surface area and oxidation
state, characterization using SEM, N2 sorption, and XPS have been applied.

2.2.

Experimental
2.2.1.

Ta3N5 synthesis

Ta3N5 particles were prepared from as-purchased commercially available
crystalline Ta2O5 (≥99.99% metal basis, <5 microns, Sigma–Aldrich) by applying
direct NH3 nitridation under high temperature as reported elsewhere.25,31 In a typical
experiment, a total of 0.5 g Ta2O5 was wrapped with quartz wool and placed in the
center of tube furnace. The tube furnace was initially purged with N2 prior to
introduction of NH3 flow at room temperature. To gain a pure Ta3N5, the nitridation
reactions were conducted at different condition by changing the NH3 gas flowrate and
temperature. The nitridation was conducted with a heating rate of 5 °C min−1 and was
held at certain temperature for 15 h under certain NH3 flowrate. The sample was
allowed to cool to room temperature inside a tube furnace under NH3 flow.
Additionally, pure TaON phase was prepared by applying similar procedure of
nitridation with 200 mL min−1 flow of NH3 gas but with H2O vapor (~0.03 atm) was
used using a water saturator. To selectively prepare TaON phase, the presence of H2O
vapor is required as previously reported. 25,26
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2.2.2.

Characterization
Structural and optoelectronics properties

X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advanced
A25 diffractometer equipped with a Cu X-ray tube (Cu–Kα; λ = 0.15418 nm) operated
at 40 kV and 40 mA in the Bragg–Brentano geometry using a linear position-sensitive
detector with an opening of 2.9°. The diffractometer was configured with a 0.44°
divergence slit, a 2.9° anti-scatter slit, 2.5° Soller slits, and a nickel filter to attenuate
contributions from Cu–Kβ fluorescence. Data sets were acquired in continuous
scanning mode over the 2θ range of 10–80°. The XRD data were analyzed using the
Rietveld method with the fundamental-parameters approach, as implemented in the
software TOPAS V4.2 (Bruker-AXS).27,28 The XRD pattern for the samples were
refined using the orthorhombic structure of Ta3N5 (space group Cmcm (№ 63)) taken
from card 1005006 in the ICSD database and monoclinic TaON (β TaON, space
group P21/c (No 14)) taken from ICSD database card No 701193. The profile
parameters included the scale factor, a sample displacement parameter, and a threeterm polynomial for the background. The fundamental-parameters approach
analytically calculates the instrumental broadening in the peak profile. The particle
size was calculated from the Lorentzian contribution of this profile. The Rwp, RBragg,
and goodness of fit (GOF) were in the range of 3, 2 and 6, respectively, for all
refinements.
Raman spectra of TaON and Ta3N5 powders have been acquired using a NTMDT NTEGRA nano- and micro-Raman setup equipped with a Raman spectrometer,
three laser sources: He-Ne laser (λ=632.8 nm), solid state lasers (λ=532 nm and 473
nm) and a Peltier cooled CCD Andor iDus 420. In micro-Raman mode, the confocal
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optics allow a spatial resolution below 500 nm in x,y plane while the instrumental
spectral resolution is 1.5 cm-1. All spectra were acquired using 632.8 nm, 532 nm and
473 nm as exciting wavelengths in the z(x,x)-z back scattering geometry. The level of
laser power was chosen in order to have a good signal to noise ratio, but at the same
time to minimize thermal effect in the spectra and the photodegradation of the
powders. Acquisition times were set to variable values in order have comparable
intensities for spectra of different samples and to further reduce the noise, any
spectrum is the result of the average of three consecutive spectra acquired from the
same spot. By the same equipment, photoluminescence spectra were also acquired
using the two higher energy exciting wavelengths. All samples were prepared by
simply drop casting ethanol dispersions of TaON and Ta3N5 powders on 200 um thick
microscope glass slides. Low temperature IR spectra of the samples were recorded
using a FTIR spectrometer (Perkin Elmer Spectrum 100) with a mid-infrared
deuterated triglycine sulfate (MIR- DTGS) detector. The spectra were obtained at a
resolution of 4 cm−1 in the range of 4000-650 cm−1 and with the accumulation of 32
scans. Room temperature IR spectra were acquired using a FTIR spectrometer
(Bruker Tensor 37) in the attenuated total reflection configuration (ATR). The spectra
were obtained at a resolution of 4 cm−1 in the range of 4000-360 cm−1 and with the
accumulation of 64 scans.
The optical properties of the powder samples were studied by diffusereflectance ultraviolet-visible (DR–UV–vis) spectroscopy performed on a JASCO
model V-670 spectrophotometer equipped with an integrating sphere. The spectra
were scanned from 1100 to 200 nm using halogen and deuterium lamps as the light
sources. Contributions from scattering were removed using the Kubelka–Munk
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function. The spectra were referenced to a Spectralon standard (Labsphere, Inc.),
which reflects >99% of light in the 250-2000 nm range. Determination of the
Kubelka-Munk function, F(R∞), was obtained from the UV-Vis absorbance, and the
bandgap energy (Eg) was determined by finding the intercept of the straight line in the
low-energy region of a plot of [F(R∞)hν]n vs. hν, where n = 2 and 0.5 for the direct
and indirect allowed transitions, respectively, and hν is the energy of the incident
photons.29-30
Band position
Electrochemical impedance spectroscopy was performed to estimate the flatband potential and band positions of the prepared samples. For this purpose, the
electrodes were fabricated from Ta3N5 powder using the electrophoretic deposition
method.32 Using 100 mg of I2 dissolved in 25 mL of acetone, 20 V was applied for 3
min to electrophoretically deposit Ta3N5. The selected substrate was fluorine-doped
tin oxide, which was dipped in the suspension to prepare a coated area of 2.0 × 1.0
cm2. The counter electrode was another fluorine-doped tin oxide electrode that faced
the previous electrode at a distance of 1 cm. The electrodes were then washed several
times with acetone to remove the adsorbed iodine and were simply treated in a flow of
NH3 at 500 °C for 30 min before analysis.
The electrolyte used for the electrochemical impedance spectroscopic
investigations was a 1 M NaOH solution (pH = 13.5). The measurements were
performed using a 16-channel research-grade potentiostat system (VMP3) from
BioLogic
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electrochemical cell. An Ag/AgCl electrode and a carbon rod were used as the
reference electrode and counter electrode, respectively.
Prior to impedance spectroscopy, cyclic voltammetry experiments were conducted
under Ar with a 50 mV s−1 scan rate between −0.5 and 1.8 V vs. RHE to determine
the potential window for the Mott-Schottky analysis. Impedance spectra were then
recorded between 10 Hz and 200 kHz under bubbling Ar, and the amplitude of the
superimposed sinusoidal potential signal was 5 mV for each of the 70 steps in the
potential window starting from 1.5 to 0 V vs. RHE. The Mott-Schottky plots will only
depict the potential window in which the faradic current remains negligible in
accordance with cyclic voltammetry (0.9 to 1.3 V vs. RHE).
Physical and chemical properties
Elemental analyses of carbon, hydrogen, nitrogen, and oxygen were conducted
at the Mikroanalytisches Labor Pascher in Remagen-Bandorf, Germany. The total
amounts of carbon and hydrogen were determined using a C/H analyzer. The nitrogen
content was determined using the hot carrier gas extraction method and a nitrogen
analyzer. The oxygen content was determined using the hot vacuum extraction
method and a Balzers Exhalograph EAO-202. For a comparison study, the Ta3N5
were transferred under an inert atmosphere (N2) and characterized without exposure
to air. The tantalum content was determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES) using a Thermo iCap 6500. Prior to analysis, each
sample was decomposed in an acid mixture of nitric acid and hydrofluoric acid (under
pressure and high temperature).
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N2 sorption studies were conducted using a Micromeritics ASAP 2420 to
determine the Brunauer-Emmett-Teller (BET) surface areas of the samples. Prior to
analysis, the samples were degassed overnight at 150 °C and 6.6 Pa. The BET surface
area was determined by a multipoint BET method using the adsorption data in the
relative pressure (P/P0) range of 0.01–1.
Morphology of the samples were analyzed by scanning electron microscopy
(SEM) performed on Nova Nano 630 at 5 kV. The samples were prepared by simply
drop-casting ethanol dispersions of samples onto the SEM sample holder and
naturally dried before analysis.
XPS studies were conducted using an AMICUS/ESCA 3400 KRATOS
equipped with a Mg-anode Kα excitation X-ray source (ℎν = 1253.6 eV) operated at
10 kV and 10 mA. During the experiments, the pressure in the analysis chamber was
maintained at ~2 × 10−6 Pa. The measured binding energies were calibrated on the
basis of the Ag 3d5/2 binding energy at 368.2 eV (Ag substrate). The XPS spectra
were analyzed using the relative sensitivity factor (RSF) method directly implemented
in the software (Casa XPS). The backgrounds of the spectra were subtracted using a
Shirley background31 or simply a linear background, and the spectra were fitted with a
Gaussian-Lorentzian function [GL(30)]. Although the Ta 4f signal is known to
overlap with the minor O 2s signal, the contribution from O was neglected in this
study.
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2.2.3. Computational study
The computational study was done primarly in the collaboration with Dr.
Moussab Harb from KAUST Catalysis Center. In this study, various aspects of
semiconductor photocatalyst have been assessed and described accordingly.
TaON monoclinic (space group is P21/c) and Ta3N5 orthorhombic (space
group is Cmcm) crystal structures were optimized by means of DFT within the PBE
functional33 and the PAW approach34 using VASP program .35-38 Their Brillouin
zones were sampled with 6 × 6 × 6 and 9 × 3 × 3 Monkhorst–Pack k-point grids. 39
Cutoff energies of 400 and 605.4 eV were used for the wave functions and for charge
augmentations, respectively. The ionic coordinates and cell parameters were fully
optimized until the values of all of the residual force components were less than 0.01
eV Å. The convergence criterion for the SCF cycles was fixed at 10−5 eV.
The formation energy of the TaON and Ta3N5 were calculated using NH3 in
the gas phase as nitrogen source. Depending on the stoichiometry of the material, the
following three chemical reactions were considered:
TaON  2 xNH 3  TaO(13 x ) N (12 x )  3xH 2O

(2.1)

(3  x)TaON  (2  4 x) NH 3  Ta( 3 x ) N ( 55 x )O5 x  (3  6 x) H 2O

(2.2)

3TaON  (2  2 x) NH 3  Ta3 N (52 x )O3 x  (3  3x) H 2O

(2.3)

For reaction (2.1), the formation energy was calculated using equation:
K
E form (3)  E 0form
(3)  [3x.H2O  2 x. NH3 ]
0K
where E form(3)  Etot (TaO(1 3 x ) N (1 2 x ) )  Etot (TaON )  3x.EH 2O  2 x.ENH3

(2.4)
(2.5)

Equation (2.4) shows that Eform (3) includes the total energies at 0 K for the
TaON and for isolated H2O and NH3 molecules as well as the thermal part of the
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chemical potentials of water ( H O ) and ammonia (  NH ) that depend on the
2

3

pressure (p) and temperature (T) through the enthalpy correction (h) and entropy (s) of
each gas phase molecule as follows:

H 2O  hH2O (T )  TsH2O (T )  RTLn(

p( H 2O )
)
p0

(2.6)

A similar expression holds for  NH . Based on the experimental conditions,  NH
3

3

was fixed at -1.81 eV for T = 1200 K (typical annealing temperature of Ta3N5) at
p(NH3) = 1 atm (standard thermodynamic conditions).
In the general case, H 2O and H are expressed as a function of T, p(H2O)
and p(H2), similarly to equation (2.6). In the following calculations, H was fixed at
-1.36 eV for T = 1200 K and p(H2) = 10-5 atm (as the experimental pressure is usually
negligible). O is variable as a function of H

2O

and can be fixed by changing

p(H2O) using the following equation:
H 2O  O  2H

(2.7)

Similarly, for reaction (2.2), the formation energies were normalized by Ta
and expressed as follows:
K
E form(4)  E 0form
( 4) 

1
[(3  6 x ).H 2O  (2  4 x ).NH3 ]
(3  x )

(2.8)

For reaction (5), the formation energies per Ta were expressed as follows:

1
K
E form(5)  E 0form
(5)  [(3  3x ).H 2O  (2  2 x ).NH3 ]
3

(2.9)

The formation energy per Ta for pure Ta3N5 was calculated using either
equation (2.8) or (2.9) for x = 0.
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Lattice dynamics calculations were obtained using the the linear response (LR)
method within the density functional perturbation theory (DFPT) implemented in
VASP35-38 within the PBE functional. 33 The force constant matrix elements obtained
from the calculated Hellman-Feynman forces were imported into the PHONON
program,40-41 where the dynamical matrix was constructed using the Fourier
transform. Raman and IR frequencies, which are the eigenvalues of the diagonalized
matrix, were then obtained and assigned using the irreducible representation of the
symmetry group.
Electronic density of states and k-space band-structure calculations were
carried out by DFT within the range-separated hybrid (HSE06) exchange-correlation
functional42 [48] using VASP program.35-38 The valence atomic configurations used in
the calculations were 5d36s2 for Ta, 2s22p4 for O, and 2s22p3 for N. The tetrahedron
method with Blöchl corrections for the Brillouin zone integration was adopted for the
density of states, while Gaussian smearing was considered for the energy dispersion
curves.
UV-visible optical absorption calculations were performed by applying the
DFPT implemented in VASP35-38 using the HSE06 functional.

42

The absorption

curves were obtained from the imaginary part of the frequency-dependent dielectric
function, which is calculated by summing all possible electronic transitions from
occupied to unoccupied states in the Brillouin zone weighted with the momentum
matrix

elements

2e 2
 2 ( ) 
 0

describing


c ,v

kc uˆ.r kv

the
2

probability

of

transition

as

follows:

 E kc  E kv   .43-45 Ω is the volume of the

k

elementary cell, k represents the k-point, ω is the frequency of the incident light, and v
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and c represent the valence and conduction bands, respectively. kv and kc are the
eigenstates, r is the momentum operator, and û is the external field vector.
Static (including the electronic and ionic contributions) dielectric constant
tensors of these materials were obtained from DFPT within the LR method
implemented in VASP35-38 using PBE.

33

Effective mass tensors of photogenerated

holes and electrons at the band edges of these compounds were computed from the
 2E 
electronic band structure E(k) obtained with HSE06 using m    2 
 k 
*

2

1

where E

and k correspond to energy and reciprocal lattice vector along the crystal.
To calculate the energy band alignment of the semiconductor, the Fermi
electrons are energetically compared with the common vacuum level. The procedure
consists of two separate calculations: (i) a first slab calculation to obtain the bulk band
structure relative to the average electrostatic potential and (ii) a second slab
calculation from which the alignment of the electrostatic potential within the material
with respect to the vacuum level can be obtained. The relative VB and CB edges of
TaON and Ta3N5 semiconductors to the vacuum level, denoted by EVB and ECB ,
respectively, were defined as follows:
slab
EVB  EVB
 EVAC

slab
ECB  ECB
 EVAC

(2.10)

(2.11)

slab
slab
where EVB
and ECB
are the energies of the VB and CB edges and EVAC is the

energy of the vacuum level obtained using the slab calculation. Hence, (2.10) and
(2.11) shift the vacuum level to zero.
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To simulate the β-TaON- and Ta3N5-vacuum interfaces, the (001) direction
in both cases are considered by building two (2𝑎⃑ × 1𝑏⃑⃑) slabs (vacuum built along the
𝑐⃑ direction) that respectively contained 6 and 9 atomic layers. Full slab relaxation was
performed by holding the bulk optimized cell parameters constant. For each slab
model, the vacuum thickness added to separate each neighboring slab was carefully
optimized to avoid any electronic interaction between the two sides of the slab.
Moreover, the crystal thickness of each slab was carefully optimized to ensure an
accurate reproduction of the optical band gaps of the bulk materials. A slab thickness
of 15 Å and a vacuum thickness of 15 Å allowed a good reproduction of the bulk
properties of these materials.
To determine the vacuum energy level in each slab system, the total local
potential, which includes the electrostatic and exchange-correlation potentials were
calculated by employing the HSE06 formalism following a methodology described in
VASP5.2. Dipole corrections were also added to the local potential to correct for any
possible error introduced by the periodic boundary conditions.

2.3.

Results and discussions
2.3.1.

Structural and optoelectronic properties

The nitridation of tantalum oxide in NH3 flow proceeds in a complex manner
where the solid-state diffusion of anion replacements (N3- vs. O2-) occurs while
gaseous NH3 decomposes to nitrogen and hydrogen at high temperatures.13, 47-51 The
process of anion diffusion requires the substitution of three oxygen atoms with two
nitrogen atoms to maintain a high oxidation state of the Ta d0 electronic configuration
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(Ta5+). As observed in SEM images of the samples (Figure 2.15), the process
essentially creates the porous morphology of the nitrided products.

Figure 2. 1. XRD pattern and crystal structure of TaON and Ta3N5. Color legend: Ta
in gray, O in red, and N in blue.
XRD characterization was performed to investigate the crystal structures of
the synthesized materials. The XRD patterns for TaON and Ta3N5 are shown in
Figure 2.1. The successive nitridation completely changes the crystal structures of the
products from the initial β-Ta2O5 to monoclinic β -TaON and thence to orthorhombic
Ta3N5, which is consistent with the literature.11-14 The lattice parameters obtained
from the XRD measurements are listed in Table 2.1.
To understand the nitridation process on Ta2O5 precursor, different
temperature and NH3 flowrates was applied. The XRD patterns of samples heated at
800 and 900 °C for 15 h under different NH3 flowrates are shown Figure 2.2 and 2.3,
respectively. For both temperatures, changing the flowrate obviously change the
TaON and Ta3N5 concentration. At 900 °C, mixture phase of oxynitride (TaON) and
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nitrides (Ta3N5) material was observed for lower flowrates (i.e. 50-100 ml min-1 NH3)
whereas higher amount of Ta3N5 phase was observed for higher flowrates. Complete
transformation of Ta2O5 to Ta3N5 was achieved after prolong nitridation at 900 °C for
15 h under 200 ml min-1 NH3 flow. No remaining Ta2O5 or partially nitrided phase
(e.g., β-TaON) was detected. The resulting Ta3N5 has orthorhombic crystal (ICSD
card No. 1005006) with Cmcm space group.
Table 2. 1. Experimental and theoretical lattice parameters and atom positions of
TaON and Ta3N5
Calculation

Experiment (Rietveld analysis)

Lattice
γ
parameter

a (Å)

b (Å)

c (Å)

α (°)

β (°)

a (Å)

b (Å)

α

β

γ

(°)

(°)

(°)

c (Å)

(°)
TaON

4.97

5.03

5.18

90

99.7

90

4.97

5.04

5.18

90

99.8

90

Ta3N5

3.89

10.25

10.27

90

90

90

3.89

10.22

10.27

90

90

90

Atom positions

TaON

Ta3N5

x

y

z

X

y

Z

Ta (4e)

0.294

0.045

0.214

0.291

0.045

0.215

O (4e)

0.063

0.327

0.345

0.075

0.336

0.346

N (4e)

0.440

0.756

0.481

0.447

0.750

0.474

Ta1 (4e)

0

0.198

0.250

0

0.197

0.250

Ta2 (8e)

0

0.133

0.559

0

0.134

0.560

N1 (4e)

0

0.764

0.250

0

0.762

0.250

N2 (8e)

0

0.046

0.120

0

0.044

0.116

N3 (8e)

0

0.309

0.073

0

0.304

0.072

Nitridation condition to get pure phase of Ta3N5 also changes with different
amount of oxide precursor. For 1 g of oxide precursor nitridation at 900 °C, at least
500 ml min-1 NH3 was required. Similarly for samples nitrided at 800 °C, the amount
of Ta3N5 phase increases with increasing NH3 flowrate. However, at 800 °C, higher
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flowrate up to 500 cm3 min-1 did not change the entire oxide precursor into Ta3N5
pure phase. Some remaining TaON (~8 wt%) phase is still observed.

Figure 2.2. XRD patterns of sample nitrided at 800 °C with different NH3 flowrate.
The fact that mixture of TaON and Ta3N5 always form at 800 °C regardless of
flowrates suggested that, during nitridation, the oxide was first transformed into
oxynitride prior to nitride. This finding is in good agreement with literatures that
TaON is the intermediate phase of Ta3N5 formation from Ta2O5 precursor.12,46-47 This
also implies that the nitridation proceed via the successive transformation of Ta2O5 
TaON  Ta3N5,11-13 where a continuous dehydration reaction occurs. In this study, no
concrete evidence could be found that the transformation of Ta2O5 to Ta3N5 is initially
triggered by incorporation of N atoms to Ta2O5 lattice forming N-doped Ta2O5 as
observed by Dabirian et al. where in-situ XRD was utilized to follow the nitridation
of Ta2O5 film.48

80

Figure 2.3. XRD patterns of sample nitrided at 900 °C with different NH3 flowrate.
The crystallite sizes for the synthesized samples and the lattice parameters
were obtained from the Rietveld analysis. The crystallite sizes and lattices parameters
are listed in Table 2.2. The Ta3N5 samples synthesized at different temperature with
similar NH3 flowrate (Table 2.2, entry 4 and 7) and samples synthesized at 800 °C
with different NH3 flowrate (Table 2.2, entry 1 and 4) did not exhibit any significant
change in lattice parameters. Hence, the incorporation of N into Ta2O5 (i.e. formation
of doped-Ta2O5) is unlikely as that observed for Ta3N5 film synthesis.48 In addition,
the crystal size for samples synthesized at different temperatures shows a slight
difference. Samples synthesized at higher temperature (900 °C) show bigger crystal
size compared to those of lower temperature, most likely due to the crystal growth as
the temperature increases.
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Table 2.2. Lattice parameters and crystallite size of samples synthesized at different
temperature and NH3 flowrates.

No.

T
(°C)

Crysta

NH3
Flowrate
-1

wt%

wt%

a

b

c

-llite

(TaON)

(Ta3N5)

(Ta3N5)

(Ta3N5)

(Ta3N5)

size

(mL min )

1.

900

200 (H2O

(nm)

100

0

4.958

*

5.027

*

5.177

*

50

vap)
2.

800

20

96

4

3.898

10.204

10.269

30

3.

800

50

72

28

3.893

10.213

10.278

39

4.

800

100

49

51

3.893

10.214

20.277

38

5.

800

200

18

82

3.893

10.217

20.277

38

6.

800

500

8

92

3.895

10.209

20.277

38

7.

900

50

13

87

3.892

10.221

10.277

50

8.

900

100

1

99

3.892

10.222

10.275

52

9.

900

200

0

100

3.891

10.224

10.275

53

Interestingly, the pure phase of TaON could not be formed by changing the
NH3 flowrate, temperature, and nitridation time. The pure phase of TaON or Ta3N5
could not be obtained for 800 °C nitridation temperature even the flowrate is as low as
20 ml min-1. Increasing the temperature to 900 °C with similar flowrate in turn further
increase the concentration of Ta3N5 until the pure phase was obtained. The
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introduction of H2O into the NH3 flow during nitridation successfully forms β-TaON
instead of Ta3N5 under the same nitridation flow rate (200 mL min-1), temperature
(900 °C) and time (15 h) with no indication of an impurity phase in the XRD pattern.
The crystal structures of TaON and Ta3N5 based on theoretical calculation are
shown in Figure 2.1. β-TaON has a monoclinic structure with space group P21/c,
which is composed of edge-sharing irregular TaO3N4 polyhedra (Figure 2.1). Each Ta
is coordinated to three O (that are 3-fold coordinated) and four N (that are 4-fold
coordinated) with Ta-O bond lengths ranging from 2.03 to 2.15 Å and Ta-N bond
lengths ranging from 2.06 to 2.13 Å. Ta3N5 has an orthorhombic structure with space
group Cmcm, which is composed of edge-sharing irregular TaN6 octahedra. Each Ta
is coordinated by two N (that are 3-fold coordinated) and four N (that are 4-fold
coordinated) with Ta-N bond lengths ranging from 2.0 to 2.23 Å. The lattice
parameters of TaON and Ta3N5 obtained from the XRD measurements and
calculation are listed in Table 2.1. As shown in Table 2.1, the calculated lattice
parameters for TaON and Ta3N5 at the DFT/PBE level of theory are found to be in
excellent agreement with the experimental data.
Thermodynamic stability of TaON and Ta3N5
To elaborate the nitridation process, the thermodynamic stability of the
explored materials under NH3 in the gas phase is investigated by means of theoretical
calculation. To mimic the most commonly used synthetic protocol, the chemical
potential of ammonia,  NH 3 , was fixed at p(NH3) = 1 atm (standard thermodynamic
conditions) and used a nitridation temperature of T = 1200 K (typical experimental
annealing temperature for Ta3N5 material). The thermodynamic diagram is built by
plotting the bulk formation energies of these materials as a function of the thermal

83

part of the oxygen chemical potential, o , which is an important parameter
characterizing the oxygen environment during synthesis.

Figure 2.4. Thermodynamic equilibrium stability diagram of the various explored
semiconducting materials as a function of the oxygen chemical potential O and
p(H2O) using NH3 in the gas phase for  NH  1.81 eV (p(NH3)) = 1 atm; T = 1200
3

K). The black dashed lines represent Ta2O5 obtained from this reaction:
2TaON  3H 2O  Ta2O5  2 NH 3

The environment acts as a reservoir, which can give or take any amount of
oxygen without changing its temperature and pressure.49-50 Low or high values of

o correspond to O-poor or O-rich growth conditions. The range of o is fixed by
the partial pressure of water p(H2O) through equations (2.7) and (2.8) for T = 1200 K.
The reference formation energy expressed for a unit containing 1 Ta atom
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corresponds to pure β-TaON. Lower or higher formation energies thus represent
materials that are more or less stable than β-TaON.
Figure 2.4 shows the diagram for the formation energy of TaON and Ta3N5 for
a fixed NH3  -1.81 eV at p(NH3) = 1 atm and T = 1200 K. Clearly, only a part of
the p(H2O) range is experimentally accessible. A clear stability interval is observed
for TaON for p(H2O) between 10-1 and 1 atm. Above is the domain of Ta oxide
Ta2O5, and below is the Ta nitride Ta3N5 for a large range of o corresponding to
p(H2O) < 10-1 atm. In addition, the stability range of the oxynitride β-TaON phase is
narrow between the oxide and the nitride. This result clearly explains the
experimental difficulties in synthesizing this material.
As described in the thermodynamic calculation on the Ta-O-N system
(Figure 2.4), it has been experimentally demonstrated that selective control of the
oxynitride phase (TaON) or nitride phase (Ta3N5) is achievable with or without
introducing appropriate H2O vapor in the NH3 stream. This result is consistent with
the previous literature,20 where TaON synthesis is attempted with a humidified
ammonia flow. In the experiments, the water addition to NH3 flow (0.03 atm H2O)
successfully changes the final form of nitridation product to TaON, whereas synthesis
with dry NH3 leads to Ta3N5. It is suggested that competitive substitution of O with N
between the NH3 feed and H2O occurred, where the chemical potential of oxygen
kinetically determines these pseudo-thermodynamically stable phase diagrams.
Furthermore, this type of thermodynamic calculation has high potential to be
applicable in the prediction of various non-oxide materials, such as nitride, sulfide and
carbides, starting from the oxide precursors.
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Raman and IR spectra
TaON crystallizes preferentially in the more stable monoclinic β-phase
baddeleyite, bearing a P21/c space group. For this crystal, group theory predicts 18
active Raman modes 9Ag+9Bg and 15 IR active modes 8Au+7Bu. Ta3N5 is known to
crystallize in the orthorhombic structure with space group Cmcm. For this spatial
group, theory predicts in total 24 Raman active modes 8Ag+16Bg and 21 IR active
modes 3Au+18Bu. Raman and IR active modes were obtained from the respective
spectra. Raman frequencies could be determined with very high precision, but the
predicted IR frequencies were less precise due to temperature and instrumental
broadening. Moreover, the lower spectral range of the FTIR spectrometer is limited to
360 cm−1.

Figure 2.5. Raman spectra of TaON and Ta3N5 acquired using λ=632.8 nm as
excitation wavelength. The inset shows enlarged spectra at low wavenumbers.
In Figure 2.5, Raman spectra for TaON and Ta3N5 measured using 632.8 nm
excitation wavelength are shown. For both of these materials, it can be observed that
the more intense peaks are accumulated at low wavenumbers, namely in the 100-300
cm−1 spectral range. The inset of Figure 2.5 is a magnification of the spectra in the
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low frequency range that helps better discern low frequency lines. Table 2.4 reports
all TaON and Ta3N5 Raman and IR frequencies that were measured experimentally
and calculated by LR-DFPT method. It is necessary to remark the method does not
perform full-phonon calculations; therefore, it is possible to assign to the observed
Raman and IR modes symmetry with respect to only the main axis (A or B symbols)
and the identity i (gerade or ungerade). It is not possible to distinguish between
longitudinal and transverse modes or combined modes. Furthermore, to predict the
overtones, a Raman spectrum simulation would also be necessary. Additionally, the
model can reproduce the experimental data accurately, especially at low
wavenumbers and in general better for Ta3N5 than for TaON.

Figure 2.6. Raman spectra of TaON acquired using three excitation wavelengths.
Analyzing the experimental Raman frequencies of TaON and putting them in
relation with the theoretical frequencies obtained by DFPT/PBE method, there is a
fairly good agreement at low wavenumbers (< 500 cm−1) in this case, though not as
good as for Ta3N5. Experimentally observed frequencies 127, 140 170, 178 and 258
cm−1 are quite accurately reproduced by the theoretical method. At higher
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wavenumbers, say above 664 cm−1, the agreement between the experimental and
computed values is less evident; the difference in this case can be up to 10 cm −1. An
analogous behavior was observed for Ta3N5 frequencies.

Figure 2.7. Raman spectra of Ta3N5 acquired using three excitation wavelengths.
For both materials, some frequencies predicted by DFPT/PBE method have
not been observed experimentally. A possible simple explanation for this may be that
these modes have a low scattering cross-section and that the peaks are consequently
hidden in the background. On the other hand, a few modes observed experimentally
are not predicted by the theory. This happens especially for TaON where small nonstoichiometries that are not detectable in the XRD pattern might give rise to Ta3N5like and Ta2O5-like vibrational modes that are expected to have a very small
scattering cross-section. It must be stressed that the theoretical model does not take
these non-stoichiometries into account; thus, only modes of the ideal crystal are
predicted.
Looking in detail at the Raman frequencies of Ta3N5, it can be seen that there
is a particularly good agreement at low wavenumbers (<500 cm−1) between the
experimental and theoretical frequencies obtained by the two methods. Most intense
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peaks at low wavenumbers, such as 102, 123, 138, 168, 230, 266, 400 and 495 cm−1,
are very well matched by the theory within 3-4 cm−1, but at higher wavenumbers, the
agreement is less evident. Experimental modes at 524 and 601 cm−1 are still quite well
reproduced by computed values within 5 cm−1, yet for peaks at 749, 869, and 900
cm−1, there is a larger variation in the range of 10 cm−1. This behavior at higher
wavenumbers was expected according to several reports where the low energy part of
the experimental spectrum is always better matched by theory than the higher energy
part.52,53 The appearance of peaks at 658 and 825 cm−1 labeled with * will be
discussed later.

Figure 2.8. FTIR spectra of Ta3N5 and TaON acquired with the attenuated total
reflectance (ATR) configuration.
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Table 2. 3. Experimental and theoretical Raman frequencies of Ta3N5 and TaON. The
values marked with * are frequencies observed in resonance conditions only, that is,
when λex=532 nm and λex=473 nm were used as excitation wavelengths.

Ta3N5
exp.

DFPT/PBE

ω (cm-1)

ω (cm-1)

β-TaON
mode

exp.

DFPT/PBE

ω (cm-1)

ω (cm-1)

mode

96.7

Bg

127

131.5

Ag

104.5

Bg

140

143.8

Ag

117.3

Bg

144.7

Bg

118.5

Bg

170

173.9

Bg

122

123

Bg

178

183.8

Ag

138

137.8

Ag

228

152

156.7

Bg

258

257.6

Ag

168

167.2

Bg

262.5

Bg

181

183.2

Bg

312

200

198.9

Bg

371
381.4

Bg

102

215
230

229.8

Ag

415

419.7

Ag

234.8

Bg

430

434.2

Ag

263.7

Bg

500

503.1

Ag

266

267.6

Ag

506.9

Bg

400

396.6

Ag

518

Bg

527

90
495

495.4

Bg

573

524

519.8

Ag

660

652.9

Ag

596.6

Bg

689

680.6

Bg

597.1

Bg

743

735.6

Bg

606

Ag

759

752.2

Ag

840.2

Bg

601
658*
749

741.6

Bg

850.6

Bg

869

859.3

Ag

900

893.8

Ag

823*

In addition to Raman spectra acquired using an excitation wavelength of 632.8
nm, Raman measurements on TaON and Ta3N5 were performed at resonance
conditions using, λex=532 nm (2.33 eV) and λex=473 nm (2.62 eV). Raman spectra of
TaON and Ta3N5 acquired using the three excitation wavelengths reported above are
shown in Figures 2.6 and 2.7, respectively. Analyzing the TaON spectra in Figure 2.6,
it can be noted that the PL background signal was very weak with λ ex=532 nm, and
there was basically no resonance enhancement because the TaON bandgap energy
(2.76 eV) was substantially larger than the excitation energy (2.33 eV). With λex=473
nm (2.66 eV) the bandgap of TaON was close enough that PL and resonant Raman
were both enabled. For TaON, by changing the excitation wavelength from 632.8 to
532 nm, the relative intensity between peaks remained unvaried (except ωAg=415
cm−1), but for λex=473 nm, there was an evident overall enhancement of the peaks and
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a noteworthy PL background. For λex=532 nm, a PL background was only barely
observable and there was only a weak Raman enhancement at high wavenumbers.
From these additional measurements, it can be inferred that modes at 181, 266, 400,
524 cm−1 for Ta3N5 and 178, 258, 415, 527, 660, 743, and 759 cm−1 for TaON were
likely longitudinal optical modes (LO), given the apparent coupling between
vibrational modes and the electronic excitation manifesting as PL. This feature has
been already reported for other polar materials such as CdS, where there is a strong
coupling between longitudinal phonons and electrons, and even LO overtones are
enhanced when PL signal falls in the same spectral range.54 From the intensity ratio
ILO/I2LO, an estimation of the magnitude of electron-phonon interaction can be
obtained. Returning to the Ta3N5 case, it can be seen in Figure 2.7 that the Raman
spectra of Ta3N5 acquired using λex=532 and 473 nm present some additional peaks
that cannot be observed in the λex=632.8 nm spectrum, in particular for λex=532 nm at
higher wavenumbers. These modes, occurring at 658 and 823 cm−1, were not
predicted by the theory, and given that these peaks were rather broad, they could be
LO overtones that in non-resonance conditions were too weak to be observed. In
particular, the peak at 823 cm−1 observed with λex=532 nm might be the second
overtone (3ωAg) of ωAg=266 cm−1, and the peak at 523 cm−1, which was not very well
matched by the theoretical models, might be the first overtone 2ωAg. The distance
between the peaks was compatible with this hypothesis because they are spaced of
approximately the double and the triple of the first order peak ω Ag=266 cm−1.
Something similar can be observed for the TaON spectra, where two broad peaks that
were just perceptible with λex=632.8 nm became more evident with the increase of the
excitation wavelength. Even in this case, frequencies at 258, 527 and 808 cm−1 might
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be assigned to the first order and to the two overtones of a LO mode. However, these
remain just speculations, and a full phonon calculation will be necessary to identify
LO overtones throughout the spectrum.
Table 2.4. Experimental and theoretical IR frequencies of Ta3N5 and TaON.
β-TaON

Ta3N5
exp.

DFPT/PBE

ω (cm-1)

ω (cm-1)

392.21

510.98

677.05

mode

exp.

DFPT/PBE

ω (cm-1)

ω (cm-1)

mode

83.5

Bu

160.8

Au

86.3

Bu

195.1

Au

89

Bu

261.3

Bu

169.2

Au

267

Au

274.4

Bu

272.5

Bu

286.7

Bu

369

Bu

320.7

Bu

427.2

Bu

328.6

Bu

437.1

Au

391.1

Bu

451.7

Au

468.1

Au

487.36

497.3

Bu

475.6

Bu

520.36

512.1

Au

510.6

Bu

558.7

Bu

512.9

Bu

621.7

Au

541.7

Bu

777.69

764.3

Bu

547.3

Bu

825.96

825.5

Au

550.7

Bu

893.45

579.7

Bu

680.7

Au

389.17

93

779.68

692.9

Bu

705.3

Bu

779.6

Bu

858.68

However, a more intriguing explanation is that these modes originated from
different localized non-stoichiometries in the crystal that can be activated by one or
various excitation wavelengths. Nevertheless, to confirm this, suitable calculations
taking into account the local non-stoichiometries would be necessary. For Ta3N5,
having a bandgap of 2.1 eV, the photoluminescence was activated by both excitation
wavelengths 2.33 and 2.62 eV, and at the same time, the intensity of some Raman
modes were enhanced. A peculiar behavior was observed for the intensity of specific
modes when a different excitation energy was used, in particular for ω=495 cm−1 that
was enhanced with λex=473 nm and ω=523 cm−1 enhanced with λex=532 nm. This
may be due to a combined effect of resonant Raman and coupling with
photoluminescence that falls in two different spectral regions related to the excitation
wavelength, as seen in the PL spectra in Figure 2.9 (details will be discussed later). At
low wavenumbers for both Ta3N5 and TaON, Raman modes are apparently not
affected by resonance, nor there is any coupling with PL when λex=532 nm is used.
For λex=473 nm, the laser edge filter cut out all of the peaks below 170 cm−1, and it
was not possible to see whether there was a Raman enhancement due to resonance or
not.
Table 2.4 lists the computed and experimental IR frequency values that were
possible to identify from the FTIR spectra of TaON and Ta3N5 shown in Figure 2.8.
The spectral range of interest spans from 360 cm−1, which was the lowest instrumental
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limit, to approximately 1000 cm−1. From the comparison with theoretical values, it
can be seen that there is a good agreement with the experimental frequencies. The two
models seem to work very well for both materials, even at high wavenumbers, but
again, frequencies of Ta3N5 are better reproduced than the TaON ones, especially at
low wavenumbers. Nevertheless, most of the theoretically predicted modes cannot be
associated with any experimental peak, probably because they are hidden in the
background due to the low intensity. Moreover, a part of the spectrum, namely below
360 cm−1, could not be measured experimentally due to the instrumental limitation.

UV-visible optical absorption properties and electronic structure
The photoluminescence spectra of Ta3N5 and TaON powders acquired using
473 and 532 nm lasers as excitation sources are reported in Figure 2.9. Any attempts
to get a PL signal using a standard spectrofluorimeter with xenon lamp as exciting
source failed, due to the low light intensity. It can be noticed that Ta3N5 has a quite
narrow PL centered at 580 nm that is much more intense when λex=532 nm is used.
This PL is related to the direct bandgap transition at Γ-point (2.2 eV) with energy
slightly lower to the absorption onset due to non-radiative recombination.
For TaON the PL band is centered at 655 nm and the intensity in this case is
much higher with λex=473 nm, and there is almost no emission with λex=532 nm. The
relatively low energy of the PL band and its broadness might be ascribed to the
presence of defects and non-stoichiometries as reported in [25] that can cause a nonradiative recombination.
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Figure 2.9. Photoluminescence spectra of TaON and Ta3N5 with two excitation
wavelengths.

Tauc’s plots for direct allowed transition (Figures 2.10 and 2.11) showed the
measured bandgaps for TaON and Ta3N5 of 2.76 and 2.11 eV, respectively. Figures
2.10 and 2.11 also show the calculated electronic density of states and energy
dispersion diagrams of TaON and Ta3N5, respectively, at the DFT/HSE06 level of
theory. For TaON (Figure 2.10), the electronic analysis indicated a valence band
within the 0-1.2 eV range dominated by occupied N 2p states whereas the lower part
was found to be governed by occupied O 2p states, in line with the lower
electronegativity of O with respect to N. The conduction band of this compound
primarily consists of empty Ta 5d states (Figure 2.10). The HSE06 calculations
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predict this material to be a direct (at the Г point) semiconductor with bandgap energy
of 3.0 eV, as shown in Figure 2.10. The lowest-energy bandgap of this compound
originates from direct N 2p6-Ta 5d0 orbital transitions.

Figure 2.10. Tauc’s plot for direct band gap, electronic density of states (DOS) and kspace band structure diagrams computed at the DFT/HSE06 level of theory for TaON.
Color legend: total DOS (black) and the partial contributions from Ta 5d orbitals
(blue), O 2p orbitals (green), and N 2p orbitals (red). Fermi level is set at 0 eV.

Bandgap energies for TaON and Ta3N5 were determined from Tauc’s plots of the DR
UV-Vis spectra of the samples. The calculated direct bandgap of 3.0 eV shows a
discrepancy of ~0.2 eV compared to the current experimental data. Note that the
predicted bandgap energy values with HSE06 of 2.7 eV for TaO0.90N1.06 and 2.5 eV
for TaO0.81N1.12 closely match the current experimental data. This result indicates that
the experimentally prepared tantalum oxynitride material might not be fully
stoichiometric but slightly enriched in N, closer to TaO0.81N1.12 rather than TaON.23
This consideration is also consistent with the broad tailing beyond the band gap in
Tauc’s plot (Figure 2.10). In the case of Ta3N5, the valence band is dominated by fully
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filled N 2p states while the conduction band is mainly composed of Ta 5d states
(Figure 2.11). This compound can be identified as a direct (at the Г or Y point) or an
indirect (Г-Y) semiconductor with the same bandgap energy of 2.2 eV (Figure 2.11),
inconsistent with the previous report for Ta3N5 where indirect nature was simulated.55

Figure 2.11.Tauc’s plot for direct band gap, electronic density of states (DOS) and kspace band structure diagrams computed at the DFT/HSE06 level of theory for Ta3N5.
Color legend: total DOS (black) and the partial contributions from Ta 5d orbitals
(blue) and N 2p orbitals (red). Fermi level is set at 0 eV.
Here, the direct or indirect electronic excitations from N 2p6 orbitals to Ta 5d0 orbitals
characterize the lowest-energy bandgap of this material. As expected, the predicted
bandgap energy of 2.2 eV with HSE06 matches very well the current experimental
data reported on the synthesized Ta3N5 samples (~2.1 eV). This result confirms once
again the crucial need of using HSE06 functional for obtaining accurate bandgap
values over PBE functional. The spin-orbit coupling effect on the electronic structures
of TaON and Ta3N5 materials at the DFT/PBE level was also checked and very small
decreases of 0.03 eV in the bandgaps were obtained in both cases.
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To understand the UV-visible light absorption behaviors inside the crystal
lattice of these two materials, their imaginary part of the frequency-dependent
dielectric function over the three principal light polarization vectors as a function of
the photon energy using the DFPT/HSE06 method were calculated. The obtained
spectra are displayed in Figure 2.12. In the case of TaON, the optical analysis shows
an important anisotropy near the absorption edge. Figure 2.12 gives an absorption
onset at 3.0 eV, corresponding to the lowest-energy bandgap of this compound shown
in Figure 2.10, when the light is polarized along the b- or c-axis of the monoclinic
lattice.

Figure 2.12. Imaginary part of the frequency-dependent dielectric function along with
the three principal light polarization vectors computed at the DFPT/HSE06 level of
theory for TaON and Ta3N5. Red, blue, and green curves correspond to xx, yy, and zz
components, respectively.
In contrast, the absorption edge was found to be situated at higher energy (3.5
eV) for a light polarization along the a-axis of the crystal. For Ta3N5, a significant
optical anisotropy near the absorption edge was revealed because of the strong
dependence on the light polarization vector. When the light is polarized along the a-
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axis of the orthorhombic lattice, the absorption onset is found to occur at 2.2 eV
which gives the lowest-energy bandgap of this material (Figure 2.11). Nevertheless,
for a light polarization along b- or c-axis of the crystal, the absorption edge is found to
be situated at higher energy (2.5 eV).
2.3.2. Band position
The flat band potentials of TaON and Ta3N5 were experimentally estimated from the
Mott-Schottky plots from electrochemical impedance spectroscopy measurements.
The Mott-Schottky plots, together with the results of cyclic voltammograms (CVs),
are shown in Figure 2.13. From the CVs, the appropriate potential range was selected
to extract a double-layer capacitance region without Faradaic currents (typically 0.61.0 V vs. RHE). The flatband potentials for all samples were obtained by
extrapolation at a frequency of 500 Hz based on the stability of the phase change
obtained from the Bode plots. Clearly, the slopes of all of the samples exhibited
positive values, characteristic of n-type semiconductors. According to the MottSchottky equation, the flatband potential of a semiconductor can be determined by
extrapolation to the x-axis base on equation 1.42. The Mott-Schottky analyses at pH
13.5 give flat band potentials of ~−0.5 V vs. RHE for both samples. The
experimentally obtained flat band potentials are considered to be located close to the
conduction band and are consistent with the fact that the contribution of conduction
bands are commonly associated strongly with empty Ta d0 orbitals for both TaON and
Ta3N5. Here, the band positions are assumed to follow a typical pH dependence
relationship of 0.059 × pH (in V), so that the band positions relative to water redox
potentials remain constant at any pH.
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Figure 2.13. Cyclic voltammetry and the Mott-Schottky plots for (a) TaON and (b)
Ta3N5 (1 M NaOH aq., 50 mV s-1, 298 K).
Knowing the band gap obtained from the measurement of optical properties,
the measured conduction and valence band positions are located at ~-0.5 and ~2.3 V
vs. SHE for TaON and at ~-0.5 and 1.6 V vs. SHE (at pH 0). The band positions are
visualized in Figure 2.14. These band positions are in good agreement with the
literature. Based on these data, the band positions for both TaON and Ta3N5 are
located suitably for overall water splitting (they straddle the water redox potentials).
For pure β-TaON and Ta3N5 materials, the calculated VB and CB edges with
respect to vacuum level were obtained using equations (2.10) and (2.11). For pure
Ta3N5, it is important to stress that the HSE06 calculations predict the VB edge
position to be 0.3 eV higher in energy than the O2/H2O level. The CB edge position is
found to be 1.3 eV higher in energy than H+/H2 level. Because of its unsuitable VB
edge position with respect to O2/H2O potential, pure Ta3N5 material is predicted to be
a good candidate only for the hydrogen evolution reaction. It is important to discuss
here the potential error bars in the calculation of the band edge positions. General
benchmarks are available for the ionization potential and electron affinities of
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molecular set, and they indicate a mean absolute error of ~0.2 eV. In any case, the VB
edge position is not below the O2/H2O level, and thus, the holes created upon photon
absorption in pure Ta3N5 will have a very limited (if not null) capability to oxidize
water. Additionally, the pH value is able to slightly affect the O2/H2O potential. In
contrast, the position of the CB band edge is undoubtedly above the H+/H2 level, and
the excited electrons thus have a strong capability to reduce H+.

Figure 2.14. VB and CB edge positions calculated using HSE06 for the various
explored materials. The values are given with respect to vacuum level (in eV).
Considering now the pure TaON, the band edge positions are completely different
from the previous case; consequently, different photocatalytic behavior is expected.
For β-TaON, it is important to stress that the CB edge position calculated using
HSE06 is 0.3 eV lower in energy than the H+/H2 level, while the VB edge position is
2.0 eV lower in energy than O2/H2O level. Thus, the β-TaON material is predicted to
be a good candidate only for oxygen evolution reaction because of its unsuitable CB
edge position with respect to the H+/H2 potential. Even if this value is tempered by

102

considering the error bars in the orbital energy positions, the excited electrons to the
CB of TaON upon photon absorption will have a very limited capability to reduce H+.
The predicted band edge positions for pure Ta3N5 are found to differ from the
experimental results. For the experimental results, the measurements and calculations
are based on the Mott-Schottky relationship, where the surface states may present and
play a crucial rule in modifying the flat band potential. This effect, however, was not
taken into account for the theoretical calculations. In addition, as mentioned
previously, the formation of pure Ta3N5 is not possible. Although the XRD patterns
show the pure phase, the elemental analysis (Table 2.6) shows a considerable amount
of remaining oxygen for Ta3N5; which indicates an oxygen-enriched Ta3N5 crystal
structure. The band edge positions of various oxygen-rich Ta3N5 structures through
theoretical calculations have been systematically studied in previous report. The
measured band edge positions are found to be highly consistent with the band edge
positions for O-enriched Ta3N5 materials, particularly for the nonstoichiometric
Ta(3_x)N(5_5x)O5x (for x ≥ 0.16) compounds. This result might explain the possibility
that the experimentally prepared tantalum nitride materials are not stoichiometric but
rather strongly enriched in O, as also observed from Raman and DR-UV-Vis
absorption spectra.
Dielectric constant and effective masses
In photocatalytic reactions, it is important to examine the separation of charge
carriers in the photocatalyst. The dielectric constant is an important parameter that
describes the interaction of the electric field with the material’s medium. To obtain
insight into the exciton dissociation ability in these two compounds, their static
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dielectric constant are calculated and compared to previous experimental studies on
semiconductors used in photovoltaic devices showing that a value of 10 or more is
quite enough to obtain a good exciton dissociation into free charge carriers.56-62
Table 2.5. Static dielectric constants (  0 ), effective masses of holes ( mh* ) and
electrons ( me* ) of TaON and Ta3N5 computed at two different levels of theory. m0 is
the free electron mass.

Sample

TaON

Ta3N5

0

mh* / m0

me* / m0

Direction

(DFPT/PBE)

(DFT/HSE06)

(DFT/HSE06)

100

21.02

1.17

0.21

010

33.88

1.73

0.31

001

22.56

0.27

0.42

100

35.15

3.38

1.94

010

39.68

0.85

0.60

001

53.88

0.85

0.60

The calculated diagonal components of the static dielectric tensors are
reported in Table 2.5. For TaON, high values of 21.02, 33.88 and 22.56 are obtained
along [001], [010] and [001] directions, respectively, indicating that TaON has
excellent dielectric properties along the three crystallographic directions. The
calculated average value of 25.8 matches well the available experimental one.63 In the
case of Ta3N5, higher dielectric constants of 35.15, 39.68 and 53.88 are obtained
along the principal crystallographic directions with an average value of 43.
Consequently, the ability for exciton dissociation into free charge carriers is expected
to be easier with Ta3N5 than with TaON.
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To evaluate the charge carrier transport properties of TaON and Ta3N5
materials, the charge carrier effective masses are computed and compared to previous
experimental works on semiconductors used in photovoltaic devices revealing that the
values smaller than 0.5 m0 are required, at least in one crystallographic direction, to
obtain a good mobility.56-62 Table 2.5 showed the calculated effective masses of
photogenerated holes and electrons at the band edges using the k-space electronic
band structure computed at the DFT/HSE06 level of theory. In the case of TaON, the
smallest hole effective mass was found to be along [001] direction with mh*  0.27 m0
and the smallest electron effective mass was found to be along [100] direction with

me*  0.21 m0 . This means that the highest hole mobility is expected to be along [001]
direction while the highest electron mobility is expected to be along [100] direction.
As these two obtained effective masses were relatively small (lower than 0.5 m0 ),
good charge carrier transport properties are expected along these two specific
directions. Interestingly, the holes and electrons tend to migrate easily through two
different crystallographic directions, and efficient electron-hole separation is expected
within this compound. For Ta3N5, the smallest hole and electron effective masses are
both found to be either along [001] or [010] direction with mh*  0.85 m0 and me* 
0.6 m0 , and the highest hole and electron mobilities are expected to be along these two
specific directions. However, these two obtained values are larger than 0.5 m0
(threshold value), and hence relatively poor charge carrier transport properties are
expected along this specific direction. Note that the obtained hole and electron
effective masses along [100] direction were found to be much larger than 0.5 m0 , and
very low charge carrier mobilities are expected along this direction. It is noteworthy
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that the current data using DFT/HSE06 level of theory had a subtle discrepancy with
the reported values using DFT/PBE level of theory,55 as expected from different
calculated energy diagrams.This detailed information should be reflected and utilized
for photocatalytic applications for advanced material synthesis.

2.3.3. Physical and chemical properties
Scanning electron microscopy (SEM)

Figure 2.15. SEM Images of Ta2O5, TaON, and Ta3N5.
Figure 2.15 presents SEM images of the Ta2O5, TaON, and Ta3N5,
respectively. The morphology of the Ta2O5 sample shows a smooth surface with
agglomerated particles and a particle size in the range of several hundred nanometers.
Upon nitridation, the morphologies of the particles changed, as shown in Figure 2.15.
Numerous pores appeared, and the particle size was maintained. This porous
morphology has been well documented for oxynitride and nitride materials and is due
to crystal shrinkage in response to the exchange of O and N atoms to maintain the
charge balance.17 During nitridation, the valence difference of O2- and N3- caused the
average coordination number of the cation reduced. This process led to void space
generation which in turn changed the structure and caused lattice shrinkage 11.
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Elemental analyses (CHNO and Ta)
Table 2.6. Elemental analyses of TaON and Ta3N5.The theoretical values were
determined from Rietveld analyses of the samples obtained from XRD patterns.
Experimental value

Elemental analysis (wt%)
Sample

Theoretical value

(mol/mol)

(mol/mol)

C

H

N

O

Ta

O/N

N/Ta

O/N

N/Ta

TaON

0.03

0.06

6.69

7.77

85.0

1.16

0.08

1.14

0.08

Ta3N5

0.03

0.03

11.45

0.68

87.6

0.05

1.69

0.00

1.67

Elemental analyses were performed to determine the concentrations of
tantalum, nitrogen, oxygen of the synthesized samples; the results of these analyses
are presented in Table 2.6. The results indicate that the samples particularly TaON
and Ta3N5 are oxygen rich. In case of Ta3N5, a higher tantalum and nitrogen content
than its theoretical value (1.69) is also observed.
The presence of oxygen (0.68 wt %) might indicate the presence of an oxygenrich layer on the surface of Ta3N5, which has been previously reported.18 However,
the analyses were also performed on samples synthesized under an inert atmosphere
as well as on samples exposed to air for a considerable length of time. No clear
difference was observed between the samples treated under the inert atmosphere (N2)
and those exposed to air. This result suggests that the remaining oxygen is very
unlikely to originate from the oxidation of Ta3N5 upon exposure to air but is rather
bonded in the Ta3N5 crystal. This finding is in agreement with the work reported by
Henderson and Hector,20 who reported that oxygen is always present in Ta3N5, even
after 8 h of nitridation at 800 °C. Furthermore, prolonged nitridation for up to 120 h
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could not completely remove the oxygen. On the basis of neutron diffraction data and
considering the crystal structure of Ta3N5, they inferred that the oxygen atoms are
likely present at the 3-coordinated nitrogen sites in the TaN6 octahedra.23 This result
non-stoichiometric or defective compound might existed on both TaON and Ta3N5. In
the case of Ta3N5 synthesized at high temperature, a considerable amount of
remaining oxygen was found, and giving a typical O/N ratio of ~0.05 indicates the
presence of a non-stoichiometric or defective compound.26 Several non-stoichiometric
chemical compositions were also proposed for TaON samples with various O/N
ratios.26,51
Surface area
N2 sorption measurements were performed to obtain the BET surface areas of
the synthesized samples. The results indicate that the surface areas increased upon
nitridation from 2 to 5 to 10 m2 g−1 for Ta2O5, TaON, and Ta3N5, respectively. This
enhancement in surface area is mainly attributable to the porous-like morphology that
is formed during nitridation, which is clearly evident in the SEM images (Figure
2.15). Additionally, the BET surface areas of the TaON and Ta3N5 samples are
consistent with those previously reported.22
X-ray photoelectron spectroscopy (XPS)
XPS measurements were performed to study the surface chemical composition
and oxidation state. The Ta 4f, O 1s, and N 1s spectra are shown in Figures 2.16 a, b,
and c, respectively. The XPS spectra focused on Ta 4f (Figure 2.16 a) for Ta2O5
contained two peaks at binding energies of 27.4 eV for Ta 4f7/2 and 29.4 eV for Ta
4f5/2, which are characteristic of Ta5+ from Ta2O5.25 For the TaON the Ta 4f7/2 and Ta
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4f5/2 binding energies were shifted to lower binding energies 25.6 and 27.4 eV,
respectively and for Ta3N5 the peaks shifted to 26.6 and 27.5 eV, respectively.

Figure 2.16. XPS Spectra of Ta2O5, TaON, and Ta3N5. a) Ta 5d core level, b) O 1s
core level, and c) N 1s core level
As shown in Figure 2.16b, two peaks appeared at ~405 and 396.5 eV and were
attributed to the Ta 4p3/2 and N 1s of the metal nitride (Ta-N), respectively. The shift
of the Ta 4f peaks toward lower oxidation states relative to the corresponding oxide
indicates that the binding energy of Ta5+ was weakened by nitridation. As shown in
Figure 2.16c for the O 1s region, peaks at 531 and 533 eV were observed and
identified as oxygen from OH or molecular H2O; in addition, one shoulder was
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observed at 529.5 eV, which was attributed to oxygen from the metal-oxygen bond in
the lattice (such as Ta2O5).
2.4. Conclusion and outlook
Detailed experiment and theoretical calculation have been combined to assess
the properties of Ta3N5 photocatalyst. On the basis of XRD pattern and Rietveld
analysis of sample nitrided with different condition, the nitridation is confirmed to
proceed via the successive transformation of Ta2O5  TaON  Ta3N5. Theoretical
calculation further explained the resulting nitridation product at different condition
based on thermodynamic stability calculated from water vapor pressure during
nitridation. This approach has been able to justify the difficulty of TaON synthesis in
the absence of water vapor. Lattice dynamics study, optical properties, and band
position studies have been able to portray more that the synthesized Ta3N5 is
essentially defective and non-stoichiometric and that pure phase of Ta3N5 is rather
impossible to be synthesized with this method, although XRD shown a pure phase
sample. Knowing electronic properties, the dielectric constant and effective masses of
TaON and Ta3N5 have been predicted. Both samples have good dielectric constant and
relatively low effective masses which resultant in good excitons mobility and
separation. Note that all the calculation was conducted mostly for the bulk samples.
However, as previously mentioned in chapter 1, photocatalysis consist of several steps
affected by the bulk and surface of photocatalyst. Therefore, some discrepancies have
been found between calculation and experimental results. For instant, the band
positions determined from Mott-Schottky analysis which are predominantly affect by
surface phenomena cannot be explained very well with theoretical calculation.
However, theoretical calculation still gave a good guidance in predicting some
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essential properties of photocatalyst. In addition, the physical properties of Ta3N5 have
been studied.
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CHAPTER 3
Carrier dynamics of a visible-light-responsive Ta3N5 for water oxidation
3.1. Introduction
Considering the rarefaction of the current fossil energy resources and global
warming worldwide, the question of finding a clean and cheap alternative to
conventional energy has become an essential challenge for the scientific
community. Recently, the production of hydrogen (H2) by water splitting under
visible light irradiation is one of the most innovative solutions to tackle the
above energy problems.

1-7

H2 production from the naturally abundant both

water and solar light sources can be achieved in the UV domain by broad bandgap-based oxide photocatalyst materials such as TiO2,8 or by photoactive
oxides in the visible range (1.7-2.5 eV) such as hematite (α-Fe2O3), tungsten
oxide (WO3) or bismuth vanadate (BiVO4).9-12 These types of materials are
only effective for half-reactions (oxidation) because of their insufficient
reduction potential at bottom of the conduction band. For overall water
splitting, the choice of photocatalysts is limited. The most promising
photocatalysts are (oxy)nitride materials such as tantalum oxynitride (TaON),
tantalum nitride (Ta3N5) or materials from the perovskite family.13-18 Due to its
good visible absorption (approximately 600 nm) and band positions that allow
both water reduction and oxidation reactions, Ta 3N5 has been extensively
investigated for more than a decade as an attractive solar water splitting powder
and photoanode.19-23 Significantly high photocurrents for water oxidation, even
at high applied potential (>0.6 V vs. RHE), have been reported when the
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photoanode is adequately modified with a cocatalyst such as CoPi 20-24 or a
ferrihydrite complex as a hole scavenger,11,22 achieving an applied bias photonto-current efficiency (ABPEAM1.5G) of 1.5%.25 None of these works has
discussed the optoelectronic and transport properties of Ta3N5, its intrinsic
properties as a semiconductor, is essential to achieve the process.
In this chapter, the objection is to experimentally measuring absorption
coefficient, carrier lifetime and charge carrier mobility of Ta 3N5, by means of
the

ultra-fast

transient

absorption

spectroscopy

and

the

Hall

effect

measurements. To accurately measure these optical and spectroscopic
properties, it was effective to have Ta3N5 in the form of crystalline thin films
with flat surfaces. Therefore, a conventional sputtering method was
intentionally used to obtain high-quality thin films. To gain further insight of
these properties effect, PEC performance tests were conducted. The obtained
Ta3N5 thin films were characterized to break down the complex PEC
mechanism starting from the photon absorption to the charge carrier interaction
with the electrolyte solution at the photocatalyst surface.
The majority of Ta3N5 thin films in the literature were obtained by postcalcination of Ta foil,23,26-27 sputtering of Ta thin films,27 or anodization of
Ta.20,24,28 One paper describes the direct sputtering of Ta3N5 by radio frequency
(RF) sputtering with a mixture of Ar/O2/N2.29 Herein, thin films with different
thicknesses were fabricated in a controlled manner using reactive direct current
(DC) sputtering followed by annealing and nitridation to enhance the
crystallinity. The various measurements including femtosecond (fs) transient
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absorption spectroscopy revealed a significant impact of the intrinsic lifetime of
the excited carriers on the PEC performance of Ta 3N5 films.

3.2. Experimental
3.2.1. Thin film synthesis
Ta3N5 thin films were grown using direct current (DC) magnetron reactive
sputtering with a pure tantalum (Ta) target with different thickness from 50 to 470 nm
by changing the deposition time. In addition, thicker samples with multiple sputtering
intervals of Ta3N5 (3 × 320, and 6 × 160 nm) were fabricated (with 1 h intervals to
avoid overheating of the Ta target). Deposition was performed on Ta foil and fused
glass (FG) substrates at room temperature. The tantalum nitride phase was obtained
by the addition of reactive nitrogen (N2) gas to the argon (Ar) sputtering gas. The Ar
and N2 flows were fixed at 4 and 10 standard cubic centimeters per minute (sccm),
respectively. The total pressure and DC power density to target were fixed at 0.8 Pa
and 7.3 W cm−2, respectively. Post-annealing treatments were conducted for 3 h at
550°C under air for the oxidation phase and for 3 h under 200 mL min−1 continuous
ammonia (NH3) flow at 900°C for the nitridation phase. Thin film thicknesses were
measured using a profilometer on a glass substrate masked with a small piece of
silicon.
3.2.2. Characterization
Structural and optoelectronics properties
The UV-visible transmittances and reflectances were obtained on films deposited
on FG substrates. The spectra were recorded in the range of 200 to 1000 nm using a
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JASCO V-670 spectrophotometer. For each sample, the absorbance was extracted by
accounting for the transmittance and the reflectance according to equation 1.12 and
the absorption coefficient was calculated using the equation 1.13. The dielectric
constant was estimated using the complex index of refraction 1.23.
From the fringes observed in the transmittance and reflectance spectra, the
refractive index can be deduced. The simplified equation for the refractive index n
and, from the absorption coefficient, the absorption index k (or absorptance) has been
explained in chapter 1.30
Kinetics and dynamics studies
The electrical transport measurements were performed in a physical properties
measurement system (PPMS) from Quantum Design. The resistivity, carrier charge
density and mobility were characterized using four probes. Van der Pauw and Hall
effect measurements were obtained at room temperature.31 Van der Pauw four-probe
measurement provides the resistivity of the material, and the Hall measurements
provide the charge carrier concentration.
Femtosecond (fs) transient absorption spectroscopy provides direct information
regarding the carrier dynamics and excited-state deactivation pathways, including
carrier trapping. This method was utilized to probe the events that occurred due to
photoexcitation of the Ta3N5 films.
The fs absorption spectroscopy measurement was conduvted in the collaboration
with Dr. Errki Alarousou and Prof. Omar F. Mohamed from Solar and Photovoltaic
Engineering Research Center, KAUST. The fs transient absorption spectroscopy
employed a white-light-continuum probe pulse generated in a 2-mm-thick sapphire
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plate in an Ultrafast System LLC spectrometer. A pulse energy of a few µJ of the
fundamental output of a Ti:sapphire fs regenerative amplifier operating at 800 nm
with 35 fs pulses and a repetition rate of 1 kHz was used. Pump pulses at 440 nm
were created from fs pulses generated in an optical parametric amplifier (SpectraPhysics). The pump and probe beams were focused on the sample solution, and the
transmitted probe light through the samples was collected and focused on the
broadband UV-visible detector to record the time-resolved transient absorption
spectra.
3.2.3. Electrochemical test
Electrochemical impedance spectroscopy was performed to estimate the flatband potential and the band positions of the prepared Ta 3N5 films. The
fabricated Ta3N5 film, a platinum electrode, and a Ag/AgCl (saturated in KCl
aq.) electrode were used as the working, counter and reference electrodes,
respectively. The detail method for this measurement is similar to that
previously described in chapter 2 section 2.2.2.
3.2.4. Photoelectrochemical test
Photoelectrochemical measurements were conducted using 3-electrode system
and a potentiostat (Biologic, VMP3). The Ta3N5 electrode was used as the working
electrode, the Ag/AgCl electrode (saturated in KCl aq.) was used as the reference
electrode, and a platinum wire was used as the counter electrode. The electrolyte used
was 0.1 M Na2SO4 aq. at an adjusted pH of 13 by the addition of NaOH. A solar
simulator (Peccell Technologies, PEC-L15) was used to illuminate AM 1.5 G
mimicking spectra. An anodic sweep was conducted at 10 mV s−1.
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3.3. Results and discussion
3.3.1. Structural and optoelectronics properties
The crystal structures of the obtained films were characterized using XRD
analysis, and the results are presented in Figure 3.1. Clearly, all of the films
have a polycrystalline structure corresponding to the Ta 3N5 monoclinic phase
that is characterized by the presence of the five most intense peaks at 17.7º,
24.8º, 31.8º, 35.4º and 36.5º corresponding to the (200), (−202), (−203), (400)
and (−113) planes, respectively.

Figure 3.1. The XRD patterns of Ta3N5 films at different thicknesses.

The crystallinity and grain size tends to increase with increasing thickness.
The peaks become sharper and more intense with increasing thickness,
especially for the a-axis orientation. One additional peak arising from the
TaON impurity appeared at 29.5º for the thick films (470 nm and greater),
which likely formed underneath the major Ta3N5 layer.

119

The scanning electron microscopy (SEM) surface images confirm the
polycrystalline nature and the dense crystalline grains, as shown in Figure 3.2
(a-c) corresponding to film thicknesses of 320, 3 × 320 and 6 × 160 nm,
respectively. Figure 3.2d shows a cross-sectional SEM image of the 6 × 160 nm
film. This image depicts a columnar growth of the film and the presence of an
interlayer between the film and substrate. The surface becomes rougher with
increasing thickness, which is associated with a gradual formation of nanograins on the surface (Figure 3.2d).

Figure 3.2. The SEM images of Ta3N5 films at different thicknesses: (a) 320, (b) 3 ×
320, (c) 6 × 160 nm and (d) cross sectional SEM image of the 6 × 160 nm film.
The transmittance spectra of the films deposited on fused glass are shown in
Figure 3.3. A continuous shift of the transmittance towards higher wavelengths was
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observed with increasing film thickness, as expected from the Beer-Lambert law. The
spectra also show typical fringes resulting from interferences between the air/film and
film/substrate interfaces. In the reflectance spectra (Figure 3.3b), an average
reflectance of approximately 20% beyond 400 nm and an increase of approximately
30% for lower wavelengths were observed.
To saturated parts of the transmission spectrum was used, as seen in Figure
3.3c. An absorbance edge of ~600 nm was observed for all of the films, which is
consistent with the reported 2.1 eV band-gap of Ta3N5.17,20,23,32 The absorption
coefficient appears to monotonically decrease with increasing wavelengths, and the
values are relatively low, starting from 8 × 105 to 1 × 104 cm−1 in the spectral range
relevant to the PEC measurement (300 to 600 nm). Two broad absorbance peaks at
~430 and ~540 nm precisely reflect the density of states of the electronic structure
obtained by advanced density functional theory calculation.32
Although Dabirian et al. attributed this absorbance to the resonance of Ta3N5
films with conductive platinum under the nitride films,33 the absorption more likely
originates from the direct/indirect band-gap transition of Ta3N5, as previously
observed for powder system explain in chapter 2.

121

Figure 3.3. The (a) transmittance, (b) reflectance, (c) absorbance and (d) absorption
coefficient spectra of Ta3N5 films with different thicknesses.

3.3.2. Band positions
The thin films were tested for their electrochemical properties. First, the
conducted capacitive current was measured by varying the scan rates in cyclic
voltammetry (CV; Figure A1, Appendices).
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Figure 3.4. Plot showing the linear relationship between the capacitive current and the
scan rate for all of the films.
Generally, the capacitive current increases in both reduction and oxidation
at more negative potentials, which may result from extra surface redox species
that appear only at these potentials. This behavior was also observed for all of
the Ta3N5 films with different thicknesses, suggesting that it is intrinsic for the
Ta3N5 films. The fact that capacitive current increased with increasing film
thickness (Figure 3.4) indicates an increase of the relative surface area by 9-fold
for the 6 × 160 nm film relative to the 160 nm film (Table 3.1).
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Figure 3.5. Mott-Schottky plots at different frequencies taken at two different
potential range for a) 160, b) 320, c) 470, and d) 6 × 160 nm Ta3N5 film. The
experiments were conducted under bubbling Ar using a 0.5 M NaOH solution (pH
13.5) as the electrolyte, a Pt wire as the counter electrode, and Ag/AgCl as the
reference electrode.
To undergo a photocatalytic/photoelectrochemical reaction, a semiconductor
photocatalyst must possess suitable band positions (conduction band and
valence band) with respect to the water redox potentials (thermodynamic
requirement).5,7 To estimate band positions, Mott-Schottky plots using
impedance spectroscopy were obtained in an attempt to retrieve the flat-band
potential. Figure 3.5 shows the Mott-Schottky plots for the Ta3N5 films with
different thicknesses, based on the impedance data. All of the Ta 3N5 films
exhibited positive slopes, which are characteristic of n-type semiconductors.
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The selection of a suitable potential window for extrapolation from the MottSchottky plots is crucial to accurately obtain the flat-band potentials. For this
purpose, the Faradaic current should remain negligible.

Table 3.1. Relative electrochemical active surface areas of Ta3N5 films (using 160 nm
film as the baseline)
Film thickness (nm)

Capacitance (µF cm-2)

160

10.3

320

8.6

470

18.3

6 × 160

94.6

Figure 3.6. Plot of the dielectric constant vs. λ2 of Ta3N5 thin film.

However, the non-flat behavior of the capacitive current as observed in
Figure A1 (appendices) causes difficulty in selecting the right potential window
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for flat band potential measurement. At the potential range from −1.2 to +1.0 V
vs. RHE, the Mott-Schottky analysis leads to a flat-band potential from −0.1 to
0 V vs. RHE, which is consistent with reported values. 18,25

Table 3.2. Potentials at x-intercept and donor density for Ta3N5 films with different
thickness calculated from Mott-Schottky plots.
Intercept
Film
thickness
(nm)

potential from
potential
range of 1.21.0 V vs. RHE

Intercept
Donor

potential

from Donor

density

potential range of density

(cm−3)

0.6-0.1 V vs. RHE

(cm−3)

(V vs. RHE)

(V vs. RHE)
160

0.9

4 × 1020

−0.1

5 × 1021

320

0.9

5 × 1020

−0.05

6 × 1021

470

0.85

4 × 1020

−0.1

4 × 1022

6 × 160

1.1

2 × 1021

−0.15

2 × 1024

Using a different potential range at more positive potentials, the flat-band
potential can be found between +0.8 and +1.1 V vs. RHE. These results show
much more positive flat-band potential compared with those reported. Notably,
the flat-band potentials mentioned in the literature were taken at different
potential ranges, resulting in different flat-band potentials. Ideally, the MottSchottky analysis is suitable for a single-crystal material with moderate doping
content and a good ohmic contact,34 which is not the case for these samples nor
those reported in the literature.18,25 Additionally, the flat-band potential should
not depend on the frequency used. However, as seen in Figure 3.5, there is
slight difference in the flat-band potential with different frequencies (250-1000

126

Hz), which might arise from the surface state capacitance and associated
double-layer capacitance at the semiconductor-electrolyte interface, as also
observed in the CV at high scan rates (Figure A1, Appendices).34
3.3.3. Kinetics and dynamics properties
The dielectric constant is an important parameter that describes the interaction of
the electric field with the material medium. The dielectric constant of Ta3N5 in a
powder system equal to 110 was used to calculate the carrier concentration in the
literature.25 However, the dielectric constant is often overestimated when the powder
semiconductor is used for the measurement due to extrinsic microstructural features,
such as twin boundaries or the presence of a barrier-layer capacitor effect.35 Thin
films are in the form of more compact structure with less extrinsic effects.
To estimate the electronic vibration of the dielectric constant, the complex
index of refraction (Equation 1.21) was utilized. From the fringes observed in
the transmittance and/or reflectance spectra, the dielectric constant ε1 = n2 − k2
≈ n2 (for low absorption) and ε2=2nk are deduced. Thus, the obtained dielectric
constants were approximately 12.5 and 13 in the visible spectral range for
Ta3N5-160 nm and Ta3N5-470 nm; respectively. Because of the very thin
thickness of the Ta3N5-50 nm sample, there were no fringes observed.
Therefore, another formalism to extract dielectric constant was used. The
dielectric constant was extracted from a calculation of the real part of the index
of refraction from the reflectance and transmittance measurements.36
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The real part of the dielectric constant, ε1, is related to the wavelength, λ, in the
non-absorbing region by equation, as follows:36

e2 N D
1   L 
2
* 2
4 0m c
Figure 3.6 shows the plot of ε1 vs. λ2 for the Ta3N5-50 nm thin films. The
intersection of the linear part of this curve provides the value of the dielectric
constant, and the N/m* ratio can be calculated from the slope of the straight
line. From this extrapolation, the dielectric constant was found to be equal to
13.8.
Compared with the theoretical calculation (Table 2.5), clearly, there is a
significant difference among the measured and theoretically calculated
dielectric constants. For the measured dielectric constant, the experiment was
conducted only for high frequency (UV-Vis range), where it contributes only to
electronic vibration, whereas for the calculated dielectric constant, both low and
high frequencies were taken into account, and therefore, the dielectric constant
also considered the ionic and electronic contributions.
Using a dielectric constant of 17, the charge carrier concentration can be
calculated from the slopes in the Mott-Schottky plots (Figure 3.5), and the
results are listed in Table 3.2. Using a geometric area of the films, the obtained
values were ~4 × 1020 cm−3 for the 160, 320, and 470 nm films and 2 × 10 21
cm−3 for the 6 × 160 nm film. If the relative surface area (Table 3.1) of the
stacked film (6 × 160 nm) was used, the carrier concentration of this film was
in the same range as the rest of the samples. Clearly, the donor density
measurement from the Mott-Schottky analysis is very complex; therefore, the
carrier concentrations of the films were also estimated by Hall effect
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measurement. The dielectric constant used for the calculation here only
considered electronic vibration of Ta3N5. If the total dielectric constant where
both electronic and ionic contribution are considered (~54 as predicted with
theoretical calculation mentioned in chapter 2), then the charge carrier
concentration for all the films are in the same range as those measured by Hall
effect.
Table 3. 3. Electrical and transport properties of Ta3N5 films at different thickness.
Carrier

Ta3N5

Resistivity

Charge carrier

Mobility

thickness (nm)

(Ω cm)

concentration (cm−3)

(cm2 V−1 s−1)

160

32

1.0 × 1017

1.9

5.0

320

0.02

2.6 × 1020

1.8

4.0

470

0.01

5.1 × 1020

1.3

3.1

3 × 320

58

2.4 × 1016

4.4

7.3

6 × 160

0.45

4.7 × 1018

2.9

8.7

BiVO438

5.68

2.5 × 1019

0.044

40000

α-Fe2O339,40

2.80

1.5 × 1016

1.48

3

lifetime
(ps)

In Table 3.3, the electronic transport properties (carrier mobility) and
spectroscopic measurements (carrier recombination) are reported. These two
parameters determine the diffusion length of the material and can be correlated
to the PEC performances. Van der Pauw four-probe measurement provides the
resistivity of the material, and the Hall measurements provide the charge carrier
concentration. As seen in Table 3.3, the resistivity of the films decreased from
32 to 0.01 Ω cm with a thickness increase from 160 to 470 nm, which correlates
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to the crystallinity of the films. For the stacked films (3 × 320 nm and 6 × 160
nm), the resistivity increased to 55 and 0.45 Ω cm, respectively.

Figure 3.7. The transient absorption spectra at different time delay (top panel), and the
kinetics of the ground state bleach recovery after 480 nm optical excitation (lower
panel).

The stacking growth of the Ta3N5 material is considered to cause additional
resistivity especially at the interfaces. However, all of these values are within
the range of typical semiconductor materials (10 −3-103 Ω cm). The carrier
concentrations are in the range of 1016 to 1020 cm−3, which are within the same
range for the other reported photoanodes, such as hematite α-Fe2O3 or bismuth
vanadate BiVO4.37,38 The calculated mobilities were in the range of 1.3 to 4.4
cm2 V−1 s−1. Thicker films was found to possess higher mobility.

130

It is well known that the carrier lifetime is significantly elongated by the film
morphology, grain size and crystallinity. Here the carrier dynamics of the
Ta3N5 thin films were explored using broadband transient absorption
spectroscopy with 120 fs temporal resolution.
As can be clearly seen in Figure 3.7, the carrier recombination decreased as
reflected from the ground state bleach recovery for the thin films (160, 320 and
470 nm) under the same experimental conditions. It is known that a decrease in
film thickness leads to a good electrons-hole transport because the
photogenerated carriers have short distance to travel with less chance of being
trapped by surface defects.27 However, for multiply deposited thicker films (3 ×
320 nm and 6 × 160 nm), a modest increase in the carrier lifetime compared
with the thinner films is noticed. The ground-state bleach recovery of Ta3N5
due to carrier recombination becomes slower as the thickness of the film
increases. The observed dynamics can be attributed to the decrease in carrier
trapping, indicating that there are less defects in the thicker film compared with
the thinner one. This observation is consistent with XRD patterns (Figure 3.1)
and SEM images (Figure 3.2) which indicates more crystalline with the thicker
films. The measured lifetimes were in the range of 3.1 to 8.7 ps (Table 3.3),
consistent with the low lifetime of 12 ps reported on Ta 3N5 powder.39
3.3.4. Photoelectrochemical activity
For investigation of the photoelectrochemical (PEC) properties, currentpotential curves were obtained from linear sweep voltammetry (LSV) from 0 to +1.4
V vs. reversible hydrogen electrode (RHE) at a scan rate of 10 mV s−1 in an aqueous

131

Na2SO4 solution (pH 13) under intermittent irradiation using a solar simulator, AM
1.5G, as shown in Figure 3.8.

Figure 3. 8. The LSVs for different Ta3N5 films thicknesses.

For all of the films, an anodic photocurrent was observed at +0.5 V vs. RHE.
For the thinner films (160 to 470 nm), the best PEC performance was observed for the
160 nm film. The photocurrent decreased as the film thickness increased although the
absorbance of the film increased, indicating better electronic transport in thinner
films. A higher photocurrent was observed for the thick films that were made by
stacking multiple depositions (3 × 320 and 6 × 160 nm) compared with those for the
thin films. This stacking procedure for deposition may lead to an increase in the
porosity of the material after annealing treatment, as evidenced by higher capacitance
(Table 3.1). It was reported that the PEC performance in such porous structure was
better than that in the dense thick films.27 Porosity may affect various properties of the
semiconductors, such as surface area and resultant transport properties, which may in
turn improve the PEC performance. In the next session, the measured properties with
the obtained PEC performance were rationalized.
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Figure 3.9. The variation of the carrier lifetime and photocurrent density with
different thicknesses of Ta3N5 films.

The PEC performance was compared with the measured values for the photophysical
properties. The relative surface area (9-fold difference; Table 3.1), the absorbance
(Figure 3.3c, monotonic increase with thickness), or the mobility (Table 3.3) cannot
alone explain the PEC performance. In contrast, the carrier recombination (Table 3.3)
adequately fits the behavior when the photocurrent is +1.23 V vs. RHE, as depicted in
Figure 3.9. This result may indicate that the PEC performance of the Ta 3N5 films is
essentially reflected by the carrier lifetime.
The measured carrier lifetimes for the Ta3N5 films were found to be very low
compared with, e.g., BiVO4, which was 104 larger.35 High PEC performance of
BiVO4 was achieved, despite a very low mobility (approximately 0.044 cm2 V−1 s−1),
due to its high carrier lifetime (approximately 40 ns).38 One particular obstacle in the
use of a Ta3N5 film as a photoanode is its high onset potential for water oxidation
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(approximately +0.6 vs. RHE or higher) despite the fact that its flat-band potential is
reported to be approximately −0.05 to −0.1 V vs. RHE.20,22,24,25,27 Here, the low
carrier lifetime is correlated as an intrinsic kinetic barrier that causes the large onset
potentials and then limit the overall PEC performance. This result may be a key
finding because it illustrates the intrinsic limitation of the Ta3N5 electronic structure
for use as the photoanode for water splitting. Extremely fast carrier recombinations
together with low carrier mobilities are the major concern in the development of
Ta3N5 as an efficient photocatalyst.
The stability of the photoanode is a very important criterion for PEC reaction.
Photocatalyst surface modification with cocatalyst is a conventional way to increase
the stability.5 The addition of cobalt or a cobalt system, have been reported to
tremendously improve the PEC performance.20-25 Therefore, the Ta3N5 films were
decorated with 10 nm of DC-sputtered cobalt. Their photoelectrochemical
performance is depicted in Figure 3.10. The photocurrent density on the films with Co
cocatalyst is approximately 6 times higher than on the unmodified film at +1.23 V vs.
RHE. This increased anodic photocurrent was also observed for the other films
prepared in this study upon modification with a Co species.
The modification of Co leads to improved charge separation, created a new
interface between the Ta3N5 and the Co species, and improved the catalytic function
of the photoanode surface. In addition, the stability of the film (Figure 3.10) shows
that the anodic photocurrent was very stable over time. The surface of the film was
protected against the electrolyte corrosion when it was completely covered by 10 nm
of Co, which leads to an efficient charge transfer and increases the reaction rate.13
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Figure 3.10. The variation of the carrier lifetime and photocurrent density with
different thicknesses of Ta3N5 films.
3.4. Conclusion
In this chapter, Ta3N5 films with different thicknesses were synthesized by DC
sputtering followed by nitridation and were characterized to accurately determine
their (photo)physical properties, such as the absorption coefficient, carrier mobility,
carrier lifetime, relative surface area, and PEC performance. For all the Ta 3N5
samples prepared with various thickness, low carrier lifetime was measured (<10 ps).
This low value of carrier dynamics may play as an intrinsic kinetic barrier of Ta3N5
for PEC application, which may explain high onset potentials required for water
oxidation (>0.6 V vs. RHE) reported in the literature for Ta3N5. The PEC performance
of the bare Ta3N5 was strongly reflected by the carrier recombination dynamics.
Because one gear deficiency can cause the limited overall deficiency in the PEC
mechanism, this study provides a good pedagogic example to provide the measure of
improvement based on the global characterization of the photoelectrode, including the
absorption coefficient, charge separation, charge diffusion and electron-hole reactions
with the electrolyte. Construction of new interface with, e.g., cocatalyst and back
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contact was suggested to tremendously affect PEC nature (p or n), activity and
stability, and thus needs to be elucidated for the improved PEC performance.
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CHAPTER 4
Critical role of the semiconductor−electrolyte interface in photocatalytic
performance for water-splitting reactions using Ta3N5 particles

4.1. Introduction
Photocatalytic water splitting using a heterogeneous catalyst is a promising and
cost-effective route to produce hydrogen using solar energy because of the scalability
of this approach.1,2 Previous research on photocatalytic water splitting has been
focused on the use of semiconductor oxides as photocatalysts that are only active
under UV irradiation, where high quantum efficiencies of up to 56% have been
reported.3-6 To improve the solar energy conversion efficiency, harnessing visible
light for photocatalytic water splitting is inevitable and has been developed using
various approaches.1,7-8 In a number of studies, various metal (oxy)nitrides have been
reported to be active photocatalysts for hydrogen or oxygen evolution in the presence
of suitable sacrificial reagents.9-11 Among these materials, tantalum(V) nitride (Ta3N5)
has emerged as a promising candidate for photocatalytic water splitting because it has
a visible-light response (~2.1 eV bandgap) and is capable of producing hydrogen or
oxygen in the presence of appropriate sacrificial reagents under visible-light
irradiation.1,12-17 These photocatalytic results are consistent with the band positions
that straddle the redox potentials of water.4 Nevertheless, water splitting with a
satisfactory efficiency using Ta3N5 as the primary photocatalyst has not yet been
achieved.
Attempts to increase the photocatalytic activity of Ta3N5 have focused primarily
on the applying different synthesis routes and on doping Ta3N5 with foreign elements,
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such as group-IA alkali metals.18-21 In fact, changes in the structural, electronic,
optical, and morphological properties of Ta3N5 have been observed to improve its
photocatalytic activity. One successful approach to improve the photocatalytic activity
of Ta3N5 is to synthesize nanosized Ta3N5, which possesses a higher surface area and
a uniform size distribution.21-22 In this approach, Ta3N5 nanoparticles are synthesized
using mesoporous graphitic carbon nitride (mpg-C3N4) as a decomposable and
reactive template. The particle size of Ta3N5 is controlled to sizes as small as
approximately 7 nm via control of the pore size of the mpg-C3N4 template, and its
surface area can reach 60 m2 g−1. The size of semiconductor particles is believed to
affect their photocatalytic activity by reducing the distance that the excited electrons
and holes must travel to reach the active surface sites. Moreover, the size has also
been hypothesized to affect the space-charge layer and band bending that govern the
photocatalytic activity.22
Very recently, a sol-gel method for synthesizing a Ta3N5 photocatalyst was
reported, where Ta2O5 was first grown on the surface of SiO2 spheres with a diameter
of ~550 nm.23 The final Ta3N5/SiO2 sample exhibited a uniform size distribution with
high crystallinity and a core-shell structure with a narrow size distribution without
aggregation. The photocatalytic activity of the Ta3N5/SiO2 samples toward hydrogen
evolution was considerably higher than that of Ta3N5 synthesized via the conventional
nitridation of commercial Ta2O5 and was relatively comparable with that of pure
Ta3N5 powders prepared using the sol-gel method (i.e., without the SiO2 core-shell
structure). Arguably, attributing the improvement in photocatalytic activity toward
hydrogen evolution to only the smaller particle size and higher surface area is
questionable.
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In a previous study, Ta3N5 with improved photocatalytic activity toward oxygen
evolution was achieved through a simple modification in which the Ta2O5 precursor
was first modified with an alkali metal salt (i.e., Na2CO3) prior to nitridation.18 The
presence of the alkali metal salt improved the activity of Ta3N5 by affecting the
crystal growth, which further led to higher crystallinity and a smaller particle size.
However, the enhanced physicochemical properties of Na-doped Ta3N5 and their
relationship to higher photocatalytic activity remain unclear. The authors of a very
recent work on Ba-doped Ta3N5 for photoelectrochemical water oxidation attributed
its substantially enhanced activity to the change in the flat-band potential and to the
difference in donor density.24 However, no obvious changes in the morphology or
crystallinity of the Ta3N5 were observed.
In this chapter, thorough characterizations of Ta3N5 photocatalysts synthesized
from different Ta2O5 precursors are applied and the origin of the different
photocatalytic activities of these photocatalysts is discussed. The critical role of the
outermost layer of Ta3N5 within a few nanometers is emphasized as being the main
factor that governs the different activities of Ta3N5 prepared through conventional and
sol-gel routes. Ta3N5 has been well documented to contain an oxygen-rich layer on its
outermost surface.18,25 A thin layer (1-2 nm) of cubic TaN and an amorphous phase
were identified on the surfaces of Ta3N5 synthesized from both commercial and solgel Ta2O5, and these surface layers were correlated with their different photocatalytic
activities. Although none of the characterizations of the bulk properties revealed
detectable differences between these two photocatalysts, the surface layers were
observed to be responsible for the differences in photocatalytic activities because
removal of the layer by chemical etching led to comparable photocatalytic activities
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and properties. This finding will open new directions and provide guidance for the
development of photocatalysts, where particular attention needs to be given to the
surface properties.
4.2. Experimental
4.2.1. Synthesis of Ta3N5 and chemical etching of the surface
Two types of Ta3N5 were prepared through the nitridation of different oxide
precursors: commercially available Ta2O5 (Aldrich) and homemade sol-gel Ta2O5.
The sol-gel Ta2O5 precursor was prepared according to the previously reported
method using tantalum pentachloride (99.99% TaCl5, Sigma–Aldrich), ethanol
(99.99%, Sigma–Aldrich), citric acid (≥99.5%, Sigma–Aldrich) as the chelating
agent, and polyethylene glycol (PEG, molecular weight = 10,000, Bio Ultra, Sigma)
as the cross-linking agent.23 In a typical synthesis procedure, a stoichiometric quantity
of tantalum pentachloride was dissolved in ethanol to obtain a colorless
TaCl5 solution. Subsequently, a suitable amount of a water–ethanol (v/v = 1:7)
solution containing citric acid with a fixed molar ratio of metal ion to citric acid of 1:2
was slowly added. Polyethylene glycol was then added to a final concentration of
0.20 g mL−1, and the pH of the solution was measured to be between 2 and 3. A
highly transparent gel was obtained after stirring for 4 h. The gel was then slowly
evaporated at 100 °C for 4 h in a water bath, and the resulting xerogel powder was
annealed in air at 750 °C for 3 h with a heating rate of 5 °C min−1 to form the
Ta2O5 precursor.
To prepare Ta3N5 particles, the obtained Ta2O5 precursor was subjected to
nitridation under a flow of ammonia (NH3) gas. One gram of sol-gel Ta2O5 was
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wrapped with quartz wool and placed in a tube furnace (i.e., in the center of the tube
furnace to minimize the temperature gradient during the nitridation). Prior to
nitridation, 200 mL min−1 N2 was flowed into the furnace for 30 min to remove air.
The nitridation was conducted at 900 °C with a heating rate of 5 °C min−1 and was
held at this temperature for 24 h under a NH3 flow of 500 mL min−1.
A commercially available crystalline Ta2O5 (≥99.99% metal basis, <5
microns, Sigma–Aldrich) was also subjected to nitridation using a procedure similar
to that used for the sol-gel Ta2O5. A total of 0.5 g Ta2O5 (used as received without
further treatment) was nitrided at 900 °C using a heating rate of 5 °C min−1 and was
held at this temperature for 15 h under a NH3 flow of 200 mL min−1.
Chemical etching was applied to selectively remove the surface layer observed
on the prepared Ta3N5. For this purpose, two types of wet chemical etching were
employed: aqua regia and alkaline piranha solution etching. Aqua regia etching was
conducted by adding 6 mL of aqua regia solution (mixture of HCl (37%) and HNO3
(65%) in a 3:1 ratio) to 0.15 g of Ta3N5 and held for different times (i.e., 15-30 s and
1-6 min). The samples were then filtered and washed with 200 mL of H2O three
times. Alkaline piranha etching was conducted by adding alkaline piranha solution (a
mixture of NH4OH (28%) and H2O2 (30%) in a 3:1 ratio) using the same procedure as
that used for the aqua regia etching. The only difference between the two etching
procedures was that the alkaline piranha solution etching was conducted at a
controlled temperature of 60 °C.
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4.2.2. Characterization
X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advanced
A25 diffractometer equipped with a Cu X-ray tube (Cu–Kα; λ = 0.15418 nm) operated
at 40 kV and 40 mA in the Bragg–Brentano geometry using a linear position-sensitive
detector with an opening of 2.9°. The diffractometer was configured with a 0.44°
divergence slit, a 2.9° anti-scatter slit, 2.5° Soller slits, and a nickel filter to attenuate
contributions from Cu–Kβ fluorescence. Data sets were acquired in continuous
scanning mode (0.004998°/s) over the 2θ range of 10–150°. The integration step size
of 0.0010° resulted in a counting time of 20 s per step. The XRD data were analyzed
using the Rietveld method with the fundamental-parameters approach, as
implemented in the software TOPAS V4.2 (Bruker-AXS).26,27 The XRD pattern of
Ta3N5 was refined using the orthorhombic structure (space group Cmcm (№ 63))
taken from card 1005006 in the ICSD database. The profile parameters included the
scale factor, a sample displacement parameter, and a three-term polynomial for the
background. The fundamental-parameters approach analytically calculates the
instrumental broadening in the peak profile. The particle size was calculated from the
Lorentzian contribution of this profile. The Rwp, RBragg, and goodness of fit (GOF)
were in the range of 3, 2 and 6, respectively, for all refinements.
IR spectra of the samples were recorded using an FTIR spectrometer (Perkin
Elmer Spectrum 100) with a mid-infrared deuterated triglycine sulfate (MIR- DTGS)
detector. The spectra were obtained at a resolution of 4 cm−1 in the range of 4000-650
cm−1 and with the accumulation of 32 scans.
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Raman spectra of Ta3N5 were acquired using a NT-MDT NTEGRA nano- and
micro-Raman spectrometer equipped with a He-Ne laser (λ = 633 nm), two solid-state
lasers (λ = 532 and 473 nm) and a Peltier-cooled Andor iDus 420 CCD. In the microRaman mode, the confocal optics provides a spatial resolution of 500 nm in the x-y
plane; the instrumental spectral resolution is 1.5 cm−1. All spectra were acquired using
633 and 532 nm as excitation wavelengths in the z(x,x)-z back-scattering geometry.
The laser intensity level and the acquisition time were chosen in order to obtain a
good signal-to-noise ratio while simultaneously minimizing thermal effects in the
spectra or the photodegradation of the material. All samples were prepared by simply
drop-casting ethanol dispersions of Ta3N5 onto glass microscope slides. The intensity
of each spectrum was normalized by its total area. To accurately measure the position
of each Raman peak the normalized spectra were fit using a set of Voigt lineshapes
with a fixed value of the width of the Gaussian component that accounts for the
instrumental broadening. The photoluminescence and the diffuse light scattering
backgrounds were subtracted using a suitable curve.
Elemental analyses of carbon, hydrogen, nitrogen, and oxygen were conducted
at the Mikroanalytisches Labor Pascher in Remagen-Bandorf, Germany. The total
amounts of carbon and hydrogen were determined using a C/H analyzer. The nitrogen
content was determined using the hot carrier gas extraction method and a nitrogen
analyzer. The oxygen content was determined using the hot vacuum extraction
method and a Balzers Exhalograph EAO-202. For a comparison study, both Aldrich
and sol-gel Ta3N5 were transferred under an inert atmosphere (N2) and characterized
without exposure to air. The tantalum content was determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES) using a Thermo iCap 6500. Prior to
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analysis, each sample was decomposed in an acid mixture of nitric acid and
hydrofluoric acid (under pressure and high temperature).
The optical properties of the powder samples were studied by diffusereflectance ultraviolet-visible (DR–UV–vis) spectroscopy performed on a JASCO
model V-670 spectrophotometer equipped with an integrating sphere. The spectra
were scanned from 1100 to 200 nm using halogen and deuterium lamps as the light
sources. Contributions from scattering were removed using the Kubelka–Munk
function. The spectra were referenced to a Spectralon standard (Labsphere, Inc.),
which reflects >99% of light in the 250-2000 nm range. Determination of the
Kubelka-Munk function, F(R∞), was obtained from the UV-Vis absorbance, and the
bandgap energy (Eg) was determined by finding the intercept of the straight line in the
low-energy region of a plot of [F(R∞)hν]n vs. hν, where n = 2 and 0.5 for the direct
and indirect allowed transitions, respectively, and hν is the energy of the incident
photons.28,29
N2 sorption studies were conducted using a Micromeritics ASAP 2420 to
determine the Brunauer-Emmett-Teller (BET) surface areas of the samples. Prior to
analysis, the samples were degassed overnight at 150 °C and 6.6 Pa. The BET surface
area was determined by a multipoint BET method using the adsorption data in the
relative pressure (P/P0) range of 0.01–1.
The high-resolution transmission electron microscope (HRTEM) used is a
spherical aberration corrected ETEM (Titan ETEM 80-300, FEI Company) with point
resolution of 0.09 nm in high vacuum mode.
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XPS studies were conducted using an AMICUS/ESCA 3400 KRATOS
equipped with a Mg-anode Kα excitation X-ray source (ℎν = 1253.6 eV) operated at
10 kV and 10 mA. During the experiments, the pressure in the analysis chamber was
maintained at ~2 × 10−6 Pa. The measured binding energies were calibrated on the
basis of the Ag 3d5/2 binding energy at 368.2 eV (Ag substrate). The XPS spectra
were analyzed using the relative sensitivity factor (RSF) method directly implemented
in the software (Casa XPS). The backgrounds of the spectra were subtracted using a
Shirley background30 or simply a linear background, and the spectra were fitted with a
Gaussian-Lorentzian function [GL(30)]. Although the Ta 4f signal is known to
overlap with the minor O 2s signal, the contribution from O was neglected in this
study.
Electrochemical impedance spectroscopy was performed to estimate the flatband potential and band positions of the prepared samples. For this purpose, the
Ta3N5 electrode was fabricated using the electrophoretic deposition method.31 Using
100 mg of I2 dissolved in 25 mL of acetone, 20 V was applied for 3 min to
electrophoretically deposit Ta3N5 synthesized from Aldrich Ta2O5 or via the sol-gel
route. The selected substrate was fluorine-doped tin oxide, which was dipped in the
suspension to prepare a coated area of 2.0 × 1.0 cm2. The counter electrode was
another fluorine-doped tin oxide electrode that faced the previous electrode at a
distance of 1 cm. The electrodes were then washed several times with acetone to
remove the adsorbed iodine and were simply treated in a flow of NH3 at 500 °C for 30
min before analysis.
The electrolyte used for the electrochemical impedance spectroscopic
investigations was a 1 M NaOH solution (pH = 13.5). The measurements were
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performed using a 16-channel research-grade potentiostat system (VMP3) from
BioLogic

Science

Instruments

in

a

conventional

three-electrode

single

electrochemical cell. An Ag/AgCl electrode and a carbon rod were used as the
reference electrode and counter electrode, respectively. The detail method for this
experiment has been described in chapter 2 section 2.2.2.
4.2.3. Photocatalytic reaction
The photocatalytic reactions were conducted in a circulating batch reactor
connected to a gas chromatograph (GC) and equipped with a vacuum line. The
reactant solution was maintained at room temperature using a flow of cooling water
during the reaction. Prior to irradiation, the reaction vessel was degassed several times
to remove air, followed by the introduction of 13 kPa of Ar gas into the photocatalytic
system. A Xe lamp (CERMAX PE300-BF, 300W) was used as the light source, and
the irradiation wavelength was controlled with a combination of a cold mirror and a
water filter (350 < λ < 800 nm). A cut-off filter (HOYA L 42) was used with the
aforementioned light source (420 < λ < 800 nm). The light intensity was measured
using a spectroradiometer (EKO, LS-100) and is shown in Figure A1. The
homogeneity of the solution during the reaction was maintained by agitation with a
magnetic stirrer. The evolved gasses were analyzed using a gas chromatograph
(Bruker 450 GC, TCD, Ar gas, and molecular sieve 13X).
Ta3N5 samples were tested for half-reactions (photocatalytic oxygen and hydrogen
evolution) in the presence of suitable sacrificial reagents (i.e., an electron donor or
acceptor). For the oxygen evolution reaction, Ag+ ions were added to the solution as
sacrificial electron acceptors. In a typical experiment, 10 mM AgNO3 was dissolved
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in 100 mL of H2O and 0.2 g of La2O3 was added as a buffer to maintain alkaline
conditions. Then, 50 mg of Ta3N5 was suspended in the corresponding solution and
stirred for 10 min with a magnetic stirrer. To determine the activity of Ta3N5 toward
photocatalytic hydrogen evolution, 3 wt% Pt co-catalyst was loaded via impregnation,
followed by H2 reduction at 300 °C for 1 h. The impregnated Ta3N5 was then
suspended in 100 mL of solution containing 10 vol% methanol as an electron donor.
These experiments were conducted at least three times, and the average values are
reported, along with the standard deviations.
4.3. Results and discussion
4.3.1. Photocatalytic activity of as-prepared Ta3N5
Two distinct Ta2O5 precursors—one as-purchased from Aldrich and one
home-made using the sol-gel route—were used under the same conditions to obtain
Ta3N5 samples. The samples are denoted as Aldrich and sol-gel, respectively. First,
the results for photocatalytic oxygen evolution and hydrogen evolution in the
presence of suitable sacrificial reagents are presented in Figure 4.1. For photocatalytic
oxygen evolution, Ag+ was used as an electron acceptor base on the following
reaction:
4Ag+ + 2H2O  4Ag0 + O2 + 4H+
Figure 4.1a shows that the amount of oxygen evolution monotonically
increased but the rate of oxygen evolution gradually decreased as the deposited Ag0
particles covered the surfaces of the Ta3N5. The oxygen evolution rate achieved with
Ta3N5 (sol-gel) was only half that achieved with Ta3N5 (Aldrich) (77 vs. 35 µmol h−1).

149

For photocatalytic hydrogen evolution, methanol was used as an electron donor base
on the following reaction:
CH3OH + H2O  CO2 + 3H2

Figure 4.1. Photocatalytic activity time courses of a) oxygen evolution for as-prepared
Aldrich and sol-gel Ta3N5 and of b) hydrogen evolution for as-prepared Aldrich and
sol-gel Ta3N5. The error bars represent the standard deviation from at least three
experiments.
The photocatalysis was tested using the samples loaded with 3 wt% Pt
nanoparticles as a co-catalyst, which is required to achieve hydrogen evolution using
Ta3N5. In contrast, stable hydrogen evolution was observed for sol-gel Ta3N5, whereas
no hydrogen evolution could be detected even after 10 h of reaction for the Aldrich
Ta3N5, as shown in Figure 4.1b. Without H2 treatment to reduce Pt (photo-reduction
of Pt), the same hydrogen evolution rate with an induction period of ~5 h was
observed for the sol-gel sample while no hydrogen was observed for the Aldrich
sample. Thus, it is likely that the pristine Ta3N5 has strong influence in differences of
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photocatalytic performances. Hereafter, the origin of the photocatalytic results is
discussed on the basis of the thorough characterization of the materials.

4.3.2. Characterization of as-prepared Ta3N5
Scanning electron microscopy (SEM)

Figure 4.2. (Left) SEM images of (a) Aldrich and (b) sol-gel Ta2O5 and (right) of (c)
Aldrich and (d) sol-gel Ta3N5.

Figure 4.2 presents SEM images of the Aldrich and sol-gel Ta2O5 and Ta3N5
samples. The morphologies of both the Aldrich and sol-gel Ta2O5 samples show a
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smooth surface with agglomerated particles and a particle size in the range of several
hundred nanometers.
Upon nitridation, the morphologies of the particles changed, as shown in
Figure 4.2. Numerous pores appeared, and the particle size was maintained. This
porous morphology has been well documented for oxynitride and nitride materials
and is due to crystal shrinkage in response to the exchange of O and N atoms to
maintain the charge balance.17 Notably, the morphologies and particle sizes of the
Aldrich and sol-gel Ta2O5 samples and those of their corresponding nitrides were very
similar. No distinct differences were observed for Ta3N5 synthesized via different
routes.
Surface area and metal dispersion
The difference in photocatalytic hydrogen evolution activity may originate from the
different surface areas of Ta3N5 and from the dispersion of Pt co-catalyst
nanoparticles. N2 sorption measurements were performed to obtain the BET surface
areas of the synthesized samples; the results are shown in Table 4.1. The results
indicate that the surface areas increased upon nitridation from 2 to 10 m2 g−1 for
Ta2O5 and Ta3N5, respectively. This enhancement in surface area is mainly
attributable to the porous-like morphology that is formed during nitridation, which is
clearly evident in the SEM images (Figure 4.2).
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Figure 4.3.TEM and STEM images, EDX spectra and Pt particle size distributions for
as-prepared (a,c) Aldrich and (b,d) sol-gel Ta3N5.
Similar BET surface areas of 10 m2 g−1 were observed for the sol-gel Ta3N5
and for that synthesized from the Aldrich precursor. This finding is in good agreement
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considering the similar porous morphology and crystallite size of these two
photocatalysts. Additionally, the BET surface areas of the Aldrich and sol-gel Ta3N5
are consistent with those previously reported.22 In addition, further analysis of the
Aldrich and sol-gel Ta3N5 reveals similar Pt particle sizes with a uniform distribution
in both cases, with typical sizes of 2.8 ± 0.7 and 2.3 ± 0.8 nm, respectively, as shown
in the HRTEM images in Figure 4.3.
Table 4. 1. BET surface areas and lattice parameters obtained by Rietveld analysis
and DFT-PBE of Aldrich and sol-gel Ta3N5.

Sample

Surface area

a

b

c

Crystallite

(m2 g−1)

(Ta3N5)

(Ta3N5)

(Ta3N5)

size (nm)

(Å)

(Å)

(Å)

Ta2O5 Aldrich

3

52

Ta2O5 sol-gel

2

53

Ta3N5 Aldrich

10

3.892

10.223

10.276

57

Ta3N5 sol-gel

11

3.890

10.224

10.274

53

X-ray diffraction (XRD)
XRD characterization was performed to investigate the crystal structures of
the synthesized materials. The XRD patterns of the Aldrich and sol-gel Ta2O5 and
those of their corresponding Ta3N5 are shown in Figure 4.4. The results indicate that
no distinct differences were observed between the Aldrich and sol-gel Ta2O5 or
between their corresponding nitrides, as evident from the XRD patterns. On the basis
of the crystal structure of the bulk material, complete transformation of the oxide
precursors to nitride material was successfully achieved after the nitridation process,
affording orthorhombic Ta3N5 (ICSD card No. 1005006) with space group Cmcm. No
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remaining Ta2O5 or partially nitrided phase (e.g., β-TaON) was detected. To further
analyze the crystal structures of the Aldrich and sol-gel Ta3N5, Rietveld refinements
were performed; the results of the obtained cell parameters are listed in Table 4.1. The
Aldrich and sol-gel Ta3N5 have relatively similar lattice constants and have a 100%
crystalline phase of Ta3N5; no other crystalline phases were identified. Furthermore,
the crystallite sizes obtained using the Scherrer equation were also similar: 57 and 53
nm for the Aldrich and sol-gel Ta3N5, respectively. The results indicated that both
preparation methods lead to nearly identical Ta3N5 crystals because the cell
parameters, crystallite sizes and structure factors are all very similar (Table 4.1).

Figure 4.4. XRD patterns of Aldrich and sol-gel Ta3N5.
Raman spectra
Raman spectra of the oxide precursors, the Aldrich and sol-gel Ta2O5, and
their corresponding nitrides are shown in Figure 4.5. The Raman bands of the Ta2O5
are indicative of the crystalline Ta2O5 phase.48 The strongest band in the spectrum for
the Ta2O5 phase appears at 250 cm−1 and has been assigned to Ta-O-Ta bending
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modes. The bands at 340, 480, 630, 708 and 842 cm−1 are assigned to the Ta2O5
lattice phonon due to TaO6 symmetric bending, Ta-O-Ta symmetric stretching, Ta-O
symmetric stretching, Ta-O-Ta antisymmetric stretching and higher-order Ta-O
symmetric stretching modes, respectively.48-50 All the features of the Raman spectra
of the oxide precursors disappear after nitridation and new very intense and well
defined peaks become evident.

Figure 4.5. Raman spectra of Aldrich and sol-gel Ta2O5 and of their corresponding
nitrides.
The typical Raman spectra of Ta3N5 synthesized from the Aldrich and sol-gel
precursors exhibit six primary features centered at 123, 266, 400, 495, 524, 601, and
749 cm−1. Some other weaker bands are observed at 102, 138, 168, 181, 230, 305,
712, 823, 869, and 900 cm−1. This number of observed Raman modes is exceeding the
number of modes predicted by the group theory for the Cmcm space group 3Ag, 3B1g,
3B2g and 3B3g (12 modes). This is because overtones are clearly visible all over the
spectrum for this material and they have an intensity comparable to first order phonon
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lines. Related to the synthesis, no differences are observed between the Raman spectra
of the Aldrich and sol-gel Ta2O5 or between their corresponding nitrides, suggesting
that the crystal structures of the Aldrich and sol-gel Ta3N5 are similar, as also
demonstrated by the XRD measurements.
Infrared spectra

Figure 4.6. IR spectra of Aldrich and sol-gel Ta2O5 and of their corresponding
nitrides.
IR spectroscopic measurements were conducted to investigate the vibrational
modes of the synthesized Ta2O5 and Ta3N5 as well as the surface functional groups
that may form during their synthesis. The IR spectra for the Aldrich and sol-gel Ta2O5
and Ta3N5 are presented in Figure 4.6. For all of the samples, no peaks were observed
in the range of 1000-4000 cm−1, which provides a fingerprint of the surface functional
groups (such as OH or NH2). The absence of these signals is partially attributable to
the low surface areas of the target samples (Table 4.1). Thus the vibrational peaks
associated with bulk properties (< 1000 cm−1) were investigated. For the Ta2O5
samples, two broad peaks characteristic of the Ta‒O‒Ta or Ta-O stretching vibration
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modes of Ta2O5 appeared at 826 and 894 cm−1.51 As observed in the Raman spectra,
no distinct differences between the Aldrich and sol-gel Ta2O5 were detected. Upon
nitridation, the characteristics of the spectra for the oxide precursors changed. Two
peaks appeared at 780 and 675 cm−1 and were assigned to the Bu and Au phonon
modes, respectively. A slight difference was observed between the Aldrich and solgel Ta3N5 spectra. A broad peak centered at 875 cm−1 appeared in the spectrum of the
Aldrich Ta3N5, whereas the center of the broad peak in the spectrum of the sol-gel
Ta3N5 shifted to 850 cm−1. However, because the peaks are broad and may contain
several undetectable peaks, the difference is negligible.
Elemental analyses (CHNO and Ta)
Elemental analyses were performed to determine the concentrations of
tantalum, nitrogen, remaining oxygen, and some other contaminants that are
presumably present in the synthesized samples; the results of these analyses are
presented in Table 4.2. The results indicate that the sol-gel Ta3N5 has slightly higher
tantalum and nitrogen contents compared to those of the Aldrich Ta3N5. However, the
ratio of nitrogen to tantalum is observed to be similar in both cases. The atomic ratios
of nitrogen to tantalum are 1.69 and 1.70 for the Aldrich and sol-gel Ta3N5,
respectively.
The concentrations of other elements, such as carbon and hydrogen, were
similar in Ta3N5 synthesized from the Aldrich and sol-gel oxide precursors,
suggesting that the synthesis through the sol-gel route did not introduce additional
carbon content, which may arise from remaining organic precursors.

158

Table 4. 2. Elemental analysis of Aldrich and sol-gel Ta3N5.

Composition (wt.%)

Experimental

Theoretical

value

value

(mol/mol)

(mol/mol)

Sample

a

C

H

N

O

Ta

O/N

N/Ta

N/Ta

Ta3N5 Aldricha

0.07

0.02

11.45

0.60

87.50

0.05

1.69

1.67

Ta3N5 Aldrichb

0.03

0.03

11.45

0.68

87.60

0.05

1.69

1.67

Ta3N5 sol-gela

0.07

0.02

11.49

0.50

87.45

0.04

1.70

1.67

Ta3N5 sol-gelb

0.03

0.03

11.43

0.52

87.45

0.04

1.70

1.67

Samples were exposed to air. b Samples were synthesized and characterized under a

control atmosphere without exposure to air.
The presence of oxygen (Aldrich 0.60%, sol-gel 0.50%) might indicate that
the presence of an oxygen-rich layer on the surface of Ta3N5, which has been
previously reported.18 However, in this case, the analyses were also performed on
samples synthesized under an inert atmosphere as well as on samples exposed to air
for a considerable length of time. No clear difference was observed between the
samples treated under the inert atmosphere (N2) and those exposed to air. This result
suggests that the remaining oxygen is very unlikely to originate from the oxidation of
Ta3N5 upon exposure to air but is rather bonded in the Ta3N5 crystal. This finding is in
agreement with the work reported by Henderson and Hector,52 who reported that
oxygen is always present in Ta3N5, even after 8 h of nitridation at 800 °C.
Furthermore, prolonged nitridation for up to 120 h could not completely remove the
oxygen. On the basis of neutron diffraction data and considering the crystal structure
of Ta3N5, they inferred that the oxygen atoms are likely present at the 3-coordinated
nitrogen sites in the TaN6 octahedra.53

159

UV-Vis diffuse-reflectance spectra
The UV-Vis diffuse-reflectance spectra of Ta3N5 powders prepared using the
sol-gel method and those of Ta3N5 powders prepared from commercial Ta2O5 are
compared in Figure 4.7. For comparison, the spectra of the oxide precursors of both
photocatalysts are also shown. The nitridation of both oxides clearly led to absorption
at higher wavelengths, with a distinctive absorption edge at 600 nm attributable to
electron transitions from the N 2p orbitals to the empty Ta 5d orbitals.18 Bandgap
energy calculations using a Tauc’s plot yielded values of 2.1 eV and 1.9 eV for the
direct bandgap and indirect bandgap excitation, respectively; these values are in good
agreement with previously reported values.17,18

Figure 4.7. Diffuse reflectance spectra of Aldrich and sol-gel Ta2O5 and their
corresponding nitrides.

High-resolution transmission electron microscopy (HRTEM)
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HRTEM was conducted to further characterize, in detail, the structures of the
Ta3N5 materials at the atomic scale with specific focus on the surfaces. Figure 4.8
shows a typical image of sol-gel Ta3N5 and FFT patterns of the designated positions
in the TEM image. More images are available in Figures 4.11-4.12 for both Aldrich
and sol-gel Ta3N5. The Ta3N5 samples exhibited agglomerated particles with an
average primary size of 30-50 nm and a secondary size greater than 1 μm, as depicted
in the SEM images (Figure 4.2).

Figure 4.8. HRTEM image sol-gel Ta3N5 and FFT of the indicated areas.
The lattice fringes of this sample showed that the bulk Ta3N5 is highly
crystalline with an orthorhombic structure, which was also confirmed by FFT (Figure
4.8) and XRD (Figure 4.4). Interestingly, on the surface of this sample, a distinct thin
layer approximately 2 nm thick was observed. The FFT shows that this surface layer
has a cubic structure with a lattice parameter (a = 0.434 and 0.442 nm) that matches
either TaO (space group Fm-3m, ICSD card No. 76023) or TaN (space group Fm-3m,
ICSD card No. 76456). A previous report indicated that the surface layer on Ta3N5 is
well documented and is reported to be TaOxNy on the basis of XPS analysis that
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showed a higher oxygen content on the surface of Ta3N5.59 To confirm that this
surface layer is not due to the oxidation of Ta3N5 when it is in contact with air,
another experiment was additionally conducted under an inert atmosphere throughout
the process from the synthesis to transfer of the sample to HRTEM analysis.

Figure 4.9. HRTEM images of Ta3N5 prepared and analyzed under a controlled
atmosphere (without exposure to air).
The HRTEM image of Ta3N5 synthesized under an inert atmosphere is
depicted in Figure 4.9. The 2 nm thin layer also clearly forms even without exposure
of the sample to air, which eliminates the possibility of Ta3N5 oxidizing in air.
Electron energy-loss spectroscopy (EELS; Figure 4.10) shows only the nitrogen Kedge (electron energy loss of 400 eV); the signal for the oxygen K-edge (Electron
energy loss of 500 eV) was not detected. These results suggest that the surface layer is
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most likely reduced Ta species with bound nitrogen, i.e., TaN, formed during the
ammonia treatment at high temperature.

Figure 4.10. Electron energy-loss spectrum of Aldrich Ta3N5.
A similar surface layer was observed on the surface of Ta3N5 synthesized from
both the Aldrich and the sol-gel precursor. The difference is however observed in the
extent of this surface layer between these two samples. Statistically, the thin layer on
the surface of the sol-gel Ta3N5 is more uniform and continuously surrounds the
surface compared to that on Ta3N5 synthesized from the Aldrich oxide precursor,
which is randomly distributed, as shown in Figure 4.11 and 4.12. Additionally, to a
more minor extent, some amorphous features with a size of 2 nm were observed on
the surfaces of both samples, but comparatively more on the sol-gel sample.
The mechanism for the formation of TaN on the surface of Ta3N5 has not yet
been elucidated. However, the fact that the outer surface layer was also observed on
the oxide precursors—both Aldrich and sol-gel Ta2O5 (Figure 4.13)—might explain
this phenomenon. The 1-2 nm amorphous surface layer was observed to surround the
bulk of the oxides, which suggests that the surface layers on the Aldrich and sol-gel
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Ta3N5 were initially formed from their corresponding oxide precursors and further
transformed into TaN during nitridation. If the nitridation reaction initially occurs on
the surface, then the amorphous layer will reasonably proceed under nitridation and
form more reduced species on the surface. This finding is consistent with that reported
by Ritala et al., who investigated Ta3N5 film deposition using TaCl5-NH3 and TaCl5Zn-NH3.60

Figure 4.11. HRTEM images of as-prepared Aldrich Ta3N5.
In the first case, they observed that the film was deposited as Ta3N5, whereas,
in the presence of Zn, the film was deposited as TaN rather than Ta3N5, which
suggested that TaN was formed under stronger reducing conditions (i.e., Zn
introduced stronger reducing conditions). Additionally, according to the Ta-N phase
diagram, Ta-N crystals can be synthesized with different Ta-to-N ratios, as
demonstrated by Terao, who observed successive Ta3N5 crystal structure changes to
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TaN upon heating under argon gas or vacuum conditions.61 Ta3N5 films annealed in
vacuum exhibit phase transformations as follows: Ta3N5  Ta4N5  Ta5N6  TaN
 Ta2N.

Figure 4.12. HRTEM images of as-prepared sol-gel Ta3N5.
The transformation to a lower nitrogen content crystal is hypothesized to occur with
nitrogen or a metal undergoing rearrangement and releasing excess nitrogen atoms
from the lattice.62 The presence of a surface layer containing some defects and an
amorphous phase was also reported for the LaTiO2N photocatalyst.63 Rather than Ti4+,
the surface contained Ti3+ species, possibly because of the presence of nitrogen
defects inducing reduction to maintain charge balance.
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Figure 4.13. TEM images of (a) Aldrich and (b) sol-gel Ta2O5.

X-ray photoelectron spectroscopy (XPS)
XPS measurements were performed to study the surface chemical composition and
oxidation state. The Ta 4f, O 1s, and N 1s spectra are shown in Figures 4.14a, b, and
c, respectively. The XPS spectra focused on Ta 4f (Figure 4.14a) for Ta2O5 contained
two peaks at binding energies of 26.8 eV for Ta 4f7/2 and 28.7 eV for Ta 4f5/2, which
are characteristic of Ta5+ from Ta2O5.25 For the nitrides, the Ta 4f7/2 and Ta 4f5/2
binding energies were shifted to lower binding energies of 24.9 and 26.8 eV,
respectively. As shown in Figure 4.13b, two peaks appeared at ~405 and 396.5 eV
and were attributed to the Ta 4p3/2 and N 1s of the metal nitride (Ta-N), respectively.
The shift of the Ta 4f peaks toward lower oxidation states relative to the
corresponding oxide indicates that the binding energy of Ta5+ was weakened by
nitridation. As shown in Figure 4.14c for the O 1s region, peaks at 531 and 533 eV
were observed and identified as oxygen from OH or molecular H2O; in addition, one
shoulder was observed at 529.5 eV, which was attributed to oxygen from the metaloxygen bond in the lattice (such as Ta2O5).
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Figure 4.14. XPS spectra of Aldrich and sol-gel Ta2O5 and of their corresponding
nitrides: a) Ta 4f binding energy, b) N 1s binding energy, and c) O 1s binding energy.
The nitrogen-to-tantalum ratios were observed to be 1.45 and 1.21 for the Aldrich and
sol-gel Ta3N5, respectively; these ratios are lower than the theoretical value for Ta3N5
(1.67). This result suggests that another species with a lower nitrogen content was
present on the surface, most likely coexisting TaN and TaOx, as demonstrated by
HRTEM (Figure 4.8); this result is reasonable given that trace amounts of oxygen
were always detected during the XPS analysis and elemental analysis (Table 4.2),
consistent with the literature.59
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4.3.3. Photocatalytic activity of chemically etched Ta3N5
Considering that the difference in activities of the Aldrich and sol-gel Ta3N5
toward hydrogen and oxygen evolution to the surface state originates from the
surface layer (TaN or amorphous), a post-treatment in an attempt to remove the
surface layer on both photocatalysts was investigated. Alkaline piranha solution
treatment is a typical wet chemical etching method used for the removal of TaN in
applications involving high-dielectric-constant metal gate materials.64 In addition,
aqua regia has also been used, but the etching rate was observed to be slow-less than
a few Å min−1.65 The synthesized Ta3N5 photocatalysts were subjected to alkaline
piranha solution (3:1 NH4OH to H2O2) and aqua regia (3:1 HCl to HNO3) for
different times and were subsequently tested for oxygen and hydrogen evolution
reactions.
Figure 4.15a shows the O2 evolution behavior of the sol-gel Ta3N5 samples
treated with piranha solution for different times. In the case of the sample treated for
2 min, an enhanced O2 evolution rate was observed. Further treatment in piranha
solution decreased the activity. Notably, the photocatalytic performance of the
etched sol-gel Ta3N5 (2 min) became comparable to that of as-prepared Aldrich
Ta3N5, as shown in Figure 4.15b. In contrast, the hydrogen evolution activity of the
etched sol-gel Ta3N5 (2 min) was diminished, as shown in Figure 4.15c. For the
Aldrich sample, the optimized etching time (6 min) resulted in a slight improvement
in O2 evolution (Figure 4.14b). These results clearly demonstrate that the etching
treatment makes the two materials (Aldrich and sol-gel Ta3N5) comparable with
respect to photocatalytic performance. The surface layer (1-2 nm in thickness) is
responsible for the differences in photocatalytic performance.
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Figure 4.15. Photocatalytic activity time courses of a) O2 evolution for sol-gel Ta3N5
chemically etched for different time, of b) O2 evolution of Aldrich Ta3N5 and sol-gel
Ta3N5 optimized by chemical etching, and of c) H2 evolution for as-prepared Aldrich
and sol- gel Ta3N5. The error bars represent the standard deviations from at least three
experiments. The data for Ta3N5 “as-prepared” are taken from Figure 4.1 for
comparison.

Figure 4.16a and 4.16b respectively show the oxygen evolution of the Aldrich
and sol-gel Ta3N5 after chemical etching with aqua regia at different times. No distinct
photocatalytic activity difference observed for both samples before and after chemical
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etching which suggest that the surface layer is not removed. This behavior most
probably due to the slow rate of aqua regia etching to remove TaN layer as also
reported elsewhere. 65

Figure 4.16. Photocatalytic oxygen evolution on various Ta3N5 etched with aqua regia
or alkaline piranha for different times.

4.3.4. Characterization of chemically etched Ta3N5
HRTEM observations revealed that the surface cubic structure was
successfully removed and that the bulk lattice fringe is continuously observed at the
surface, as shown in Figure 4.17. Additionally, when subjected to 6 min of etching,
some amorphous features were observed on the surface (Figure 4.18), consistent with
the decrease in photocatalytic activity (Figure 4.15a). This observation confirms that
the surface layer plays an important role in the photocatalytic activity of the samples.
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Figure 4.17. HRTEM images of the Ta3N5 samples after chemical etching for a)
Aldrich Ta3N5 (6 min) and b) sol-gel Ta3N5 (2 min).

Figure 4.18. HRTEM of etched (a-b) Aldrich and (c-d) sol-gel Ta3N5. Some
amorphous features were observed for the samples that were etched for a prolonged
time, as shown in Figures b and d.
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XPS analysis was utilized to investigate the differences in the Ta3N5 samples
after etching; the results are presented in Figure 4.20. Although the surface features
were drastically altered by chemical etching, as observed in the HRTEM images
(Figure 4.17-18) and UV-Vis spectra (Figure 4.19), the binding energies for Ta, N and
O in the XPS spectra did not show obvious changes.

Figure 4.19. DR UV-Vis spectra for as-prepared and etched Ta3N5 samples.
As shown in Figure 4.20a, the XPS spectra of Ta 4f exhibited two peak
maxima at binding energies of 24.9 eV for Ta 4f7/2 and 26.8 eV for Ta 4f5/2, which are
distinct from that of Ta5+ in Ta2O5 (Figure 4.14). Figure 4.20b shows that the N 1s
binding energies did not change after chemical etching, consistent with the absence of
changes in the Ta signals. As shown in Figure 4.20c, two O 1s peaks were observed at
531 and 533 eV and were identified as oxygen from OH or molecular H2O; in
addition, no drastic changes were observed in their binding energies before and after
the chemical etching. The surface oxygen is still evidently different from O in the
bulk metal-oxygen bond, which should appear at a lower binding energy of ~530 eV.
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Consistent with the lack of change in the nature of the samples, the N/Ta and O/Ta
ratios were almost unchanged before and after the etching treatment (Table 4.3).
Table 4. 3. Elemental analysis of XPS signals for Aldrich and sol-gel Ta3N5 before
and after chemical etching.

Ta3N5 sample

XPS signal

Theoretical value

(mol/mol)

(mol/mol)

O/Ta

N/Ta

N/Ta

As-prepared Aldrich

3.1

1.2

1.67

Etched Aldrich

3.5

1.2

1.67

As-prepared sol-gel

2.9

1.3

1.67

Etched sol-gel

3.2

1.2

1.67

The spectra of the etched samples showed some bulk vibrational modes of TaN, as also observed in the spectra of the as-prepared samples. Moreover, no difference
between Raman spectra of surface etched and unetched samples has been detected.
This is probably due to the overall small quantity of superficial TaN that does not give
an appreciable signal compared to the bulk Ta3N5. The O/Ta and N/Ta values from
the XPS data (Table 4.3) suggest that surface oxygen is present on the Ta3N5 surface.
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Figure 4.20. XPS spectra of Ta3N5 before and after chemical etching: a) Ta 4f binding
energy, b) N 1s and Ta 4p binding energies, and c) O 1s binding energy.
IR spectra were recorded to investigate the possibility that a surface hydroxyl
group formed after the chemical etching; the spectra are presented in Figure 4.21. No
clear peaks were evident in the spectra, likely because of the materials’ low surface
areas.
The fact that the surface layer on Ta3N5 was successfully removed when
etched with piranha solution but remained stable under aqua regia etching for the
same range of time (Figure 4.16) provides further evidence that TaN species were
most likely removed from the surface. Additionally, post-treatment with aqua regia
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did not change the activities of either photocatalyst, which indicates that the
photocatalysts have good stability under highly acidic conditions.

Figure 4.21. IR spectra of as-prepared and etched Aldrich and sol-gel Ta3N5.

4.3.5. Mott-Schottky analysis
Figure 4.22 shows the current density-potential curves for the Aldrich and solgel Ta3N5 under bubbling Ar. For all samples, two successive cathodic waves were
observed, which are tentatively attributed to the reduction of surface oxide at a
potential of 0.6 V vs. RHE and further reduction of water at ~−0.2 V vs. RHE. The
anodic wave corresponding to the oxidation of water or material was observed at a
potential of ~1.6 V vs. RHE. The current density-potential curves of these samples
were further used to select the potential window for the impedance spectroscopy
measurements.
The Mott-Schottky plots only depict the potential window in which the
Faradaic current remains negligible in accordance with cyclic voltammetry (0.9 to 1.3
V vs. RHE). The flatband potentials for all samples were obtained by extrapolation at
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a frequency of 500 Hz based on the stability of the phase change obtained from the
Bode plots. The Mott-Schottky plots of the as-prepared Aldrich and sol-gel Ta3N5 are
shown in Figure 4.23. Clearly, the slopes of all of the samples exhibited positive
values, characteristic of n-type semiconductors. According to the Mott-Schottky
equation, the flatband potential of a semiconductor can be determined by
extrapolation to the x-axis of the plot according to equation 1.42. Hence, a plot of C−2
against potential may yield a straight line from which the flatband potential (Efb) and
the carrier concentration (NA) can be extracted. The extrapolated flatband potentials
are −0.5 V and −0.7 V vs. RHE for the Aldrich and sol-gel Ta3N5, respectively.

Figure 4.22. Cyclic voltammograms of as-prepared and etched Aldrich and sol-gel
Ta3N5. The CVs were recorded under bubbling Ar using a 1 M NaOH solution (pH =
13.5) as the electrolyte, a carbon rod as the counter electrode and Ag/AgCl as the
reference electrode.
Further explanation regarding the differences in photocatalytic activity
between the as-prepared Aldrich and sol-gel Ta3N5 was obtained from the flatband

176

potential difference between these two photocatalysts. Extrapolation from the MottSchottky plots demonstrated that the flatband potential of the sol-gel Ta3N5 is more
negative than that of the Aldrich Ta3N5, which may explain why the photocatalytic
activity of the sol-gel Ta3N5 toward hydrogen is greater than that of the Aldrich
Ta3N5. In the case of small-bandgap semiconductors, a negative flatband potential
shift without altering the bandgap is generally accepted to improve hydrogen
evolution and suppress oxygen evolution.22 Additionally, both the sol-gel and Aldrich
Ta3N5 have relatively high donor densities (i.e., they are highly doped), presumably
due to the TaN layer on the surface, as observed by HRTEM.

Figure 4.23. Mott-Schottky plot of as-prepared and etched Aldrich Ta3N5 and sol-gel
Ta3N5. The experiments were conducted under bubbling Ar using a 1 M NaOH
solution (pH = 13.5) as the electrolyte, a carbon rod as the counter electrode and
Ag/AgCl as the reference electrode.
The Mott-Schottky plots of the Aldrich and sol-gel Ta3N5 after etching were
observed to be similar to those of the as-prepared samples with positive slopes.
Interestingly, the flatband potentials for the Aldrich and sol-gel Ta3N5 shifted to more
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positive values and exhibited the same value of ca. −0.5 vs. RHE. Notably, this value
is similar to that observed for the as-prepared Aldrich Ta3N5; thus, the positive shift of
the flatband potentials of the etched samples might explain the changes in their
photocatalytic activities. The etched sol-gel Ta3N5 exhibited greater photocatalytic
activity toward oxygen evolution and exhibited the same rate as that observed for the
as-prepared Aldrich Ta3N5. However, the photocatalytic activity of the etched sol-gel
Ta3N5 toward hydrogen evolution was completely suppressed. This behavior is
consistent with its positive flatband potential shift.
4.3.6. Discussion
Photocatalysis is a complex reaction that is affected by various factors,
including the particle size, crystallinity, surface state, and morphology of the
photocatalyst. In many cases, each factor cannot be excluded one-by-one but rather
accumulate to exert a simultaneous effect. Therefore, the activity of a photocatalyst is
reasonably attributed to its bulk and surface properties. Our study demonstrated that
the difference in photocatalytic activity resulted from the different synthesis routes for
preparing Ta3N5. Thorough characterizations have revealed that the difference is
primarily attributable to the surface properties of the photocatalyst (surface state) and
that very negligible differences exist between the bulk properties of Ta3N5
synthesized from Aldrich and sol-gel Ta2O5. Herein, it is demonstrated that such a
small difference in the surface layer can drastically alter the photocatalytic activity of
Ta3N5. Figure 4.24 demonstrates the plausible band positions estimated from the
Mott-Schottky analyses. These positions resulted from a consequence of drastic
influence by surface states. The surface states are difficult to be elucidated in this
study, but it can be said that the layer which can be removed by alkaline piranha
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shifted the overall flat-band potential to be more negative without changing the band
gap, consistent with the fact that enhanced hydrogen evolution while minimizing the
oxygen evolution.
Research on the development of Ta3N5 as a photocatalyst for oxygen evolution
and as a photoanode for photoelectrochemical reactions has mainly attributed the
photocatalytic activity of Ta3N5 to its bulk properties, such as crystallinity, particle
size, and optical properties.18,21,22,24 Tuning of the particle size was observed to
improve the photocatalytic hydrogen production, whereas higher crystallinity
resulting from the sodium-mediated synthesis is believed to improve photocatalytic
oxygen evolution on Ta3N5.18 However, surface properties that might affect
photocatalytic activity to a greater extent are less observed and elaborated. In our
case, the difference in photocatalytic activity is attributed to the few-nm-thick surface
layer formed on both the Aldrich and sol-gel Ta3N5, but to different extents.
The origin for the difference in photocatalytic activity most likely arises from
a thin layer on the Ta3N5 surface, as observed by HRTEM (Figure 4.8). Attempts to
etch the Ta3N5 surface to remove TaN with piranha solution led to improved water
oxidation but reduced hydrogen evolution (Figure 4.15). The improved water
oxidation activity is consistent with the results reported by Matsukawa et al. for the
LaTiO2N photocatalyst.63 They concluded that the surface layer containing an
amorphous phase and reduced Ti3+ species acted as a recombination center. Given
that TaN exhibits greater conductivity than bulk Ta3N5, the more metallic nature of
TaN will either enhance photocatalytic activity by facilitating more effective electron
transfer or inhibit electron transfer by introducing new interfacial resistance between
the Ta3N5 surface and the electrolyte.
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Figure 4.24. Plausible band positions for Aldrich and sol-gel Ta3N5.
Interestingly, the surface layer changes the potential distribution on the Ta3N5
surface-electrolyte interface, as evidenced by the perturbed flatband potentials (Figure
4.23). This change in potential distribution suggests that the surface layer affected the
flatband potential by introducing new surface states in the Ta3N5-electrolyte interface.
When conductive surface states are present on n-type semiconductors, the donor
density is high; thus, the effect of potential drop in the Helmholtz layer is significant,
which, in turn, will shift the intercept of the potential axis from the value, i.e., the
flatband potential is shifted. This condition is usually referred to as unpinning of the
band-edge or as Fermi-level pinning of the semiconductor-electrolyte interface, where
the surface states in a semiconductor give rise to a fixed barrier height (band bending)
independent of the electrolyte redox potential. To explain the difference in
photocatalytic activity between the Aldrich and sol-gel Ta3N5, the extent of such a
surface layer on both photocatalysts must be considered. The continuous and uniform
distribution of the TaN layer on the sol-gel Ta3N5 affected the photocatalytic activity
by shifting the flatband potential toward more negative values, thereby increasing the
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activity toward the water reduction reaction. However, the water reduction reaction is
less effective on bare Ta3N5 because it has a more random and not continuous
distribution of the TaN layer, thereby contributing to its lower flatband potential.
The results of this study indicate that care must be taken with respect to the very
topmost surfaces of semiconductors, which determine the flatband potentials by
creating surface states and thus drastically vary semiconductors’ photocatalytic
performance. The importance of the design of the interface between semiconductor
and electrolyte is obvious, and further surface modifications to change the number
and location of surface states is an important way to control and improve the
photocatalyst. It should be further noted that the chemical-etching treatment
conducted in this study still showed the limit in activity improvement. Interface
modification together with cocatalyst function as well as intentional perturbation of
surface state by introducing additional hetero-layer would have chance to further
improve the photocatalytic performance.
4.4. Conclusion and outlook
Ta3N5 photocatalysts synthesized using two different routes—from commercially
available Aldrich Ta2O5 and from sol-gel Ta2O5—exhibited distinct photocatalytic
activities toward oxygen evolution in a Ag+-containing solution and toward hydrogen
evolution in a methanol-containing solution. The Aldrich Ta3N5 exhibited high
activity toward oxygen evolution, but exhibited negligible activity toward hydrogen
evolution. These results are in contrast to those for sol-gel Ta3N5, which exhibited
lower activity toward oxygen evolution but higher activity toward hydrogen
evolution. The photocatalytic activities of both Ta3N5 samples became similar after
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they were subjected to an alkaline piranha treatment to remove the surface layer. Bulk
characterization techniques revealed that the bulk properties showed negligible
differences, and DFT showed the best agreement for absorption spectra for models
where a small number of O atoms are substituting N atoms in agreement with
elemental analysis. Surface characterization showed the presence of a thin layer of
different species with different crystal structures—specifically, TaN and an
amorphous phase—was observed to different extents. Mott-Schottky analysis
demonstrated that the surface layer significantly affected the flatband potentials,
which, in turn, explains the differences in photocatalytic activity. The surface topmost
layer is demonstrated to play a critical role in the photocatalytic activity of Ta3N5;
further research on the surface properties of Ta3N5 should be conducted to understand
and improve its photocatalytic activity.
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CHAPTER 5
Establishing efficient catalytic sites for oxygen evolution from water on a Ta3N5
photocatalyst

5.1. Introduction
Water splitting using powder photocatalyst systems has attracted significant
interest for the production of renewable hydrogen generation using abundant solar
energy because of its simplicity, scalability, and low capital cost.1,2 To effectively
convert solar energy, substantial utilization of photon energy in the visible light range
is essential. Using the AM 1.5G standard spectrum3, a photocatalyst with absorption
from UV to 600 nm with a quantum efficiency of 30% accounts for ~5% solar to
hydrogen efficiency, making the technology commercially feasible.1,4 Among the
photocatalysts investigated to date, tantalum(V) nitride (Ta3N5) has emerged as one of
the most promising candidates and has been extensively investigated for more than a
decade.4-15 Ta3N5 has a visible response (approximately 600 nm, ~2.1-eV band gap)
and is capable of producing hydrogen or oxygen in the presence of appropriate
sacrificial reagents and surface modifications under visible-light irradiation.1,5-16 Our
recent work on Ta3N5 thin films for the photoelectrochemical oxygen evolution
reaction (OER) noted that despite having suitable absorption in the visible range,
Ta3N5 suffered from very low transport properties and fast carrier recombination (<10
ps) without any surface decoration.17 These detrimental intrinsic semiconducting
properties might explain why overall water splitting has not been achieved at a
detectable efficiency using Ta3N5 as the main photocatalyst to date.
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The efficiency of water splitting in a powder photocatalytic system is particularly
affected by several factors associated with the photocatalyst and cocatalyst properties.
Indeed, changes in the structural, electronic, optical, and morphological properties of
the Ta3N5 have been observed to have beneficial effects for improving its
photocatalytic activity.15-23 Among these studies, our recent work reported that not
only the bulk properties but also the surface properties greatly affected the
photocatalytic activity of Ta3N5.24 A thin TaN layer on the surface (~ 2 nm), which
formed depending on the synthesis method, was observed to change the energetic
profile on the Ta3N5-electrolyte interface, thus changing the photocatalytic activity.24
Hence, despite the kinetic hindrance governed by the intrinsic properties, research
design involving perturbing the surface properties of Ta3N5 is believed to further
improve its photocatalytic activity.24
Decreasing the bandgap of a photocatalyst will increase the number of potentially
absorbable photons but, in turn, reduce the driving force for charge separation and the
rate of subsequent redox reactions on the surface.25-26 An upward band bending (in the
case of an n-type semiconductor) promotes easier hole transfer to the surface and
subsequently initiates the OER on the surface.27-28 However, for a visible-lightresponsive photocatalyst, shifting the valence band to a more negative energy level
results in the drawback of reducing the activity toward OER. Therefore, considerable
efforts have been made to improve the OER by introducing an active
electrocatalyst.23,25,29-32
Cobalt oxide (CoOx) has been extensively investigated as a cocatalyst, particularly
for electrochemical and photoelectrochemical OER.25,29-32,34,35 Although many studies
have reported improvement of the electrochemical OER using CoOx, studies on

187

powder suspension systems are limited. To date, quantum efficiencies as high as 27%
(at 440 nm) have been reported on CoOx/LaTiO2N for the OER in the presence of Ag+
as a sacrificial reagent.25 Thus, CoOx is believed to play a vital role in providing
active sites for the OER as well as in promoting charge separation.1,24,33 However, the
exact role of the cobalt species (i.e., Co-Pi and CoOx) on the photoanode material has
been a matter of debate.33-36 Unlike in the electrochemical OER, when cobalt is added
to the semiconductor surface, a new interface is created between the photoanode and
cobalt cocatalyst. Hence, new band bending is introduced, thus promoting effective
charge separation.36-39 The cobalt layer modifies not only the rate of electron transfer
to and from the solution but also the equilibrium and non-equilibrium interface
energetics. Furthermore, considering that CoO or Co3O4 are p-type semiconductors,
some evidence has also led to the conclusion that a type of p-n junction was created
between the semiconductor and cobalt catalyst.40-41 Nevertheless, despite these
differences, the information provided by the electrochemical OER can be rationalized
to construct an effective OER system for a photoelectrochemical or photocatalytic
system.
Despite tremendous effort on the development of a CoOx catalyst, its chemical
state and properties on a photocatalyst have yet to be elucidated. To examine the exact
role and design an effective photocatalyst-electrocatalyst interface, systematic
characterization is required. On the reported La2Ti2ON powder system, CoOx was
synthesized by applying the wet-impregnation method followed by NH3 treatment at
high temperature and post-oxidation. CoOx was identified as a mixed oxide of cobalt
based on XPS and HRTEM.25 It is well known that under high temperature, NH3
decomposes into active nitriding species, such as N, NH, or NH2 ions and H2 gas,

188

which may act as reducing agents for the cobalt species.42-43 Hence, there is the
possibility that Co will be reduced or nitrogen will be inserted into the CoOx species,
forming a cobalt nitride phase. On a Ta3N5 film for photoelectrochemical water
splitting, Co has been deposited by dip coating and subjected to heat treatment under
NH3 flow. Based on glancing incidence X-ray diffraction (GIXRD), the main phases
were identified to be orthorhombic-phase Ta3N5 and cubic-phase Co5.47N.30 Although
the cobalt precursors were introduced on top of the Ta3N5 precursor (i.e., TaCl5)
before nitridation, no TayCo1-yNx phase was detected.
In previous works on electrocatalytic OER, the combination of two metals,
such as an Au-CoOx electrode, has drastically improved the performance; compared to
that of mono-metallic counterpart.35 The beneficial effects of coexisting two metals
were speculated by increasing the population of CoIV; which are believed to be the
active sites for OER. This effect is believed due to the electronegetavity of Au that it
acts as electron sink to facilitate Co oxidation. Other electronegative materials such
Rh, Pt, Ru, Pd, and Ir also demonstrated similar behavior.35 Furthermore, in
photoelectrochemical OER using CoOx/BaTa2ON system, the addition of RhOx was
found to significantly improve the photocurrent and lowered the onset potential. A
synergetic effect between RhOx and CoOx was proposed where Rh (i.e., in the form of
RhOx) was proposed to form highly oxidized Rh4+, which promotes effective hole
extraction from the bulk BaTaO2N, but the exact role of the noble metal addition
remains unclear.17
The present study attempts to provide a detailed characterization of the cocatalyst
modification of Ta3N5 photocatalyst particulates. A cobalt species as an OER catalyst
was immobilized via ammonia treatment, which produced reduced metallic cobalt as a
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contact at the semiconductor surface. This treatment was observed to be effective in
improving the photocatalytic performance, although the catalyst was re-oxidized after
the reaction. Further photocatalytic OER improvement was achieved with addition of
traces noble metal. The synergetic effect of CoOx and noble metal is believed to play a
significant role in this improvement.
5.2. Experimental
5.2.1. Ta3N5 synthesis and cocatalyst deposition
Ta3N5 particles were prepared from as-purchased commercially available
crystalline Ta2O5 (≥99.99% metal basis, <5 microns, Sigma–Aldrich) by applying
direct NH3 nitridation under high temperature, as reported elsewhere.24,44 In a typical
experiment, a total of 0.5 g Ta2O5 was wrapped with quartz wool and placed into a
tube furnace. The tube furnace was initially purged with N2 before the introduction of
NH3 flow at room temperature. The nitridation was conducted at 900 °C with a
heating rate of 5 °C min−1 and was held at this temperature for 15 h under a NH3 flow
of 200 mL min−1. The sample was allowed to cool to room temperature inside a tube
furnace under NH3 flow.
Cobalt deposition onto the Ta3N5 was conducted using the wet-impregnation
method.18,25 In a typical experiment, a known amount of Co(NO3)2·6H2O (Aldrich,
99%) and 0.1 g Ta3N5 were suspended in 5 mL H2O and sonicated for 5 minutes. The
suspension was then subjected to evaporation to remove water under a slight vacuum
at 70 mbar for 30 minutes followed by 50 mbar for 30 minutes. Subsequently, the
resulting powder was subjected to heat treatment at various temperatures (300, 500,
and 700 °C) for 1 h under 200 mL min−1 NH3 flow. In a similar manner, the cooling
process inside the tubular furnace was conducted under NH3 flow. A noble metal
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cocatalyst (Rh and Ru) was subsequently deposited onto the Co-impregnated Ta3N5
(hereafter, CoOx/Ta3N5) by applying a similar method of wet impregnation followed
by reduction at 400 °C for 1 h under H2 flow. The chemicals used for noble metal
precursors were Na3RhCl6·6H2O and RuCl3·xH2O and were of analytical grade
(Aldrich, 99.99% trace metal basis).
5.2.2. Characterization
XRD patterns were collected on a Bruker D8 Advance A25 diffractometer in the
Bragg–Brentano geometry equipped with a Cu tube (Cu–Kα; λ = 0 .15418 nm)
operating at 40 kV and 40 mA using a linear position-sensitive detector (opening
2.9°). The diffractometer was configured with a 0.44° diverging slit, a 2.9°
antiscattering slit, 2.5° Soller slits, and a nickel filter to attenuate the contributions
from Cu–Kβ fluorescence. Data sets were acquired in continuous scanning mode over
the 2θ range of 10–80°. Raman spectra were obtained using

a Horiba Aramis

equipped with three laser sources: a He-Ne laser (λ=632.8 nm), solid-state lasers
(λ=532 and 473 nm), and a Peltier-cooled CCD Andor iDus 420. All the spectra were
acquired using 632.8 nm as the exciting wavelength in the z(x,x)-z backscattering
geometry. To minimize the thermal effect and photodegradation of the sample, a
limited laser power was selected. A resolution of 0.5 cm-1 in the range between 100
and 1000 cm-1 was selected to obtain a good signal-to-noise ratio. Repeated
acquisitions using the highest magnification were accumulated to improve the signalto-noise ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.
Diffuse reflectance ultraviolet visible (DR–UV–Vis) spectroscopy was performed
using a JASCO model V-670 spectrophotometer equipped with an integrating sphere.
The spectra were obtained using halogen and deuterium lamps as light sources,
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scanning from 1100 to 200 nm. Contributions from scattering were removed using the
Kubelka–Munk function. The spectra were referenced to a Spectralon standard
(Labsphere, Inc.), reflecting >99% of light in the 250–2000 nm range. The KubelkaMunk function, F(R∞), was determined from the UV-Vis absorbance.
Elemental analyses of Co, Rh, Au, Ir, Ru, and Pt were conducted by inductively
coupled plasma-atomic emission spectrometry (ICP-AES) using a Thermo iCap 6500.
Before analysis, 15 mg of the sample was decomposed by an acid mixture of nitric
acid and hydrochloric acid (under pressure and high temperature).
X-ray absorption spectroscopy (XAS) experiments were performed on the CRGFAME beamline (BM30B) at the European Synchrotron Radiation Facility in
Grenoble. Spectra were recorded either in fluorescence (photocatalysts) or
transmission (reference) modes at the Co K-edge (7.709 keV). XAS data were
analyzed using the HORAE package, a graphical interface to the AUTOBK and
IFEFFIT code.45 XANES and EXAFS spectra were obtained after performing
standard procedures for pre-edge subtraction, normalization, polynomial removal, and
wavevector conversion. The amplitude factor (S02) was fitted to the EXAFS spectrum
obtained for a cobalt metallic foil, the crystallographic structure being hexagonal
(P63/mmc). S02 was observed to be 0.80. Quantitative XANES analyses were
performed with the FDMNES code using the Multiple Scattering theory, where the
Muffin-Tin approximation is made to describe the shape of the potential,46
quadrupolar transitions were included for the calculation of the theoretical absorption
spectra.
Aberration-corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was performed on a Titan G2 60–300 CT
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electron microscope at an accelerating voltage of 300 kV. The electron gun was used
in the unfiltered mode, and the probe size during STEM analysis was estimated to be
approximately 0.5 nm with a beam current of 0.08 nA. A large camera length of 360
mm was needed to observe Ta3N5 and the cobalt-based cocatalyst together. Several
low- and high-resolution electron micrographs were acquired from various locations
during the analysis. Fast-Fourier transform (FFT) analysis was applied to various
regions of the high-resolution STEM micrographs to investigate the crystal structure
of the metallic cobalt nanoparticles. The elemental compositions of the samples were
characterized based on the simultaneous acquisition of spectra from electron energy
loss spectroscopy (EELS) and X-ray energy dispersive spectroscopy (EDX). The
absorption K-edges of nitrogen and oxygen obtained by EELS and the fluorescence
lines of cobalt (Kα1,α2) and tantalum (Lα1,α2) obtained by EDX were selected to build
the chemical maps.
XPS studies were performed in an AMICUS/ESCA 3400 KRATOS using Mg
anodes and a Kα-excitation X-ray source (ℎν = 1253.6 eV) operated at 10 kV and 10
mA. During the experiments, the pressure in the analysis chamber was maintained at
~2 × 10−6 Pa. A prominent peak of Ag 3d5/2 from the Ag substrate at 368.2 eV was
used to calibrate the spectra.
5.2.3. Photocatalytic reaction
The photocatalytic reactions were performed in a recirculating batch reactor
connected to a gas chromatography (GC) unit equipped with a vacuum line.47 The
reactant solution was maintained at room temperature using a flow of cooling water
during the reaction. Before irradiation, the reaction vessel was degassed several times
to remove air, followed by the introduction of 100 torr of Ar gas into the
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photocatalytic system. A Xe lamp (CERMAX PE300-BF, 300-W) was used as a light
source, and the irradiation wavelength was controlled with a combination of a cold
mirror and a water filter (350 < λ < 800 nm). A cut-off filter (HOYA L 42) was used
with the aforementioned light source (420 < λ < 800 nm). The homogeneity of the
solution during the reaction was maintained by agitation with a magnetic stirrer. The
gases evolved were analyzed by GC (Bruker 450 GC, TCD, Ar gas, molecular sieve
13X).
All the samples were tested for photocatalytic oxygen using either 0.1 M AgNO3
or 0.1 M Na2S2O8 as the sacrificial electron acceptor. In a typical experiment, a
known amount of AgNO3 or Na2S2O8 was dissolved in 100 mL H2O and the pH
adjusted with a La2O3 or NaOH solution, respectively. Then, a 50-mg sample was
suspended in a corresponding solution and sonicated for 5 minutes.
5.3. Results and discussion
5.3.1. Effect of Co loading and NH3 treatment on photocatalytic activity of
CoOx/Ta3N5
In previous chapter, the detailed photocatalytic performance of Ta3N5 in the
absence of catalyst is described.24 In this study, cobalt was introduced onto the Ta3N5
surface by wet impregnation. Photocatalytic tests were conducted in the presence of
AgNO3 as the sacrificial reagent and La2O3 as the buffer (pH 8.5). The amount of
evolved O2 generally decreased with time because of irreversible Ag deposition onto
the Ta3N5 surfaces. Thus, the reaction rate was calculated using the initial slope of the
plot of the amount of evolved O2 versus time. First, 2 wt% CoOx/Ta3N5 was pretreated
under NH3 at one of the temperatures up to 900 °C. The heat treatment in NH3 was
critical, as shown in Figure 5.1. The sample that was not heat treated did not exhibit
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any improvement in photocatalytic activity compared to the sample without any
cobalt (50 μmol h−1).
The as-impregnated sample obviously lacked good contact between cobalt and
Ta3N5. The OER rate monotonically increased with increasing heating temperature,
from 80 μmol h−1 at 300 °C to 142 μmol h−1 at 700 °C; at a higher temperature of 900
°C, no further improvement of the OER rate was observed. Various loadings (0–3
wt% Co metal base) were then evaluated for further improvement at the NH3
treatment temperature of 700 °C. The results are presented in Figure 5.1B.
The photocatalytic activity was enhanced upon increasing the cobalt
concentration up to 2 wt % but slightly decreased upon further addition of cobalt. This
is a general trend for powder systems due to the requirement for sites for both
reduction and oxidation and potential competitive light absorption from Co
species.25,48-50 To further elucidate the state of the catalyst after pretreatment, 2 wt%
CoOx/Ta3N5 treated at 700 °C under NH3 was selected for further study unless
otherwise noted.
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Figure 5.1. Time courses of photocatalytic OER using CoOx/Ta3N5 (A) treated at
different temperatures under NH3 and (B) with different Co loadings (10 mM AgNO3,
at pH 8.5 (La2O3 buffer) under visible light irradiation (420 < λ<800 nm)).
5.3.2. Characterization of CoOx/Ta3N5
The XRD patterns of Ta3N5 and CoOx/Ta3N5 are compared in Figure 5.2. The dspacings observed for the initial Ta3N5 material correspond to a single phase with an
orthorhombic structure (Cmcm). The cobalt–nitrogen system has been reported to
contain many phases. These vary with increasing nitrogen concentration from a Co-N
solid solution (cubic (>425 °C), Fm3m or hexagonal (<425 °C), P63/mc)51-52 to Co4N
(cubic, Pm-3m),53 Co2N (orthorhombic, Pmnn),54 or CoN (cubic, F-43m (ZnS type) or Fm-
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3m

(NaCl type)).55 The formation of such a cobalt-nitrogen solid solution as well as

CoOx was not evident in the XRD patterns because an insufficient amount of cobalt
was deposited.

Figure 5.2. XRD patterns of bare Ta3N5 and CoOx/Ta3N5 after nitridation at 700 °C.

Figure 5.3. Raman spectra of Ta3N5 and CoOx/Ta3N5 after nitridation at 700 °C.
Raman spectra of Ta3N5 and CoOx/Ta3N5 are presented in Figure 5.3. Because
there is only limited literature describing the Raman modes of Ta3N5, a detailed
assignment for Ta3N5 Raman modes based on theoretical calculations was previously
performed in our recent study.21,56 To summarize, the theory predicted for the
orthorhombic allotrope (Cmcm) of Ta3N5 a total of 24 Raman-active modes
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(8Ag+16Bg). The experimental spectrum of Ta3N5 only displayed 14 peaks: 138, 230,
269, 522, 599, 863, and 895 cm−1 vibrations assigned to Ag modes and 125, 169, 181,
402, 495, 748, and 829 cm−1 vibrations assigned to Bg modes.The spectrum of
CoOx/Ta3N5 clearly showed the appearance of three additional peaks at 193, 475, and
678 cm−1. The vibration at 193 cm−1 is characteristic of a [CoO4] unit, as already
observed for the vibration of the tetrahedral site in Co3O4 spinel.57 The band at 475
cm−1 is attributed to a Co-O stretching vibration, and the band at 671 cm−1 is attributed
to the vibration of a [CoO6] unit, already observed for crystalline CoO and Co3O4
solids.35,58-59 Furthermore, no vibrations originating from the metallic cobalt
nanocrystallites could be observed. Indeed, group theory predicts no active Raman
modes for the fcc lattice, whereas for the hcp lattice, only one Raman mode (Eg) is
active and reported with a wavenumber of 130 cm−1. The latter could not be observed
because it overlaps with the intense Ag mode of Ta3N5 located at 138 cm−1.60
X-ray absorption spectroscopy (XAS) with sensitive fluorescence detection was
used to unveil the local environment of the cobalt. Cobalt K-edge XANES spectra for
the reference hexagonal cobalt foil and CoOx/Ta3N5 after impregnation and after NH3
treatment at 700 °C are presented in Figure 5.4A. The analysis of the pre-edge region
at approximately 7710 eV is very informative as to the position and intensity of the
localized transitions observed at the K pre-edge, which are characteristic of the
oxidation state of the metal and the geometry of its environment.61-62
For CoOx/Ta3N5 after impregnation, although the signal was rather noisy in
this region, a weak absorption peak was observed at 7009.5 eV. The origin of the
latter absorption is usually related to the presence of quadrupolar Co(1s) → Co(3d)
transitions within an octahedral field. After the material was subjected to nitridation at
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700 °C, the pre-edge was drastically modified, and its shape became similar to that
observed for the cobalt metallic foil.

Figure 5.4. (A) XANES spectra, (B) EXAFS k2. (k) functions and (C) the related
Fourier transforms for a cobalt metallic foil (hcp), 2 wt.% cobalt content loaded on the
surface of Ta3N5 after impregnation (CoOx/Ta3N5) and after nitridation at 700 °C
(CoOx/Ta3N5-NH3). The open symbols are the experimental data while the solid lines
are the fit results. The fit results using the hcp or fcc model are both shown for
CoOx/Ta3N5-NH3 sample.
These observations were consistent with the large decrease in the white-line
intensity upon nitridation treatment, which is evidence of a quantitative reduction of
cobalt. However, both the pre-edge and white line did not reach the same levels as
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those observed for the cobalt metallic foil, indicating that cobalt atoms remained
partially oxidized. To the best of our knowledge, only two experimental studies have
reported the XANES spectrum of CoIIIN, either as a rock-salt-type63 or a zinc-blendetype structure.64 The formation of CoN (ZnS type) was excluded for CoOx/Ta3N5
because of the absence of the intense and well-resolved transition Co(1s) → Co(3d4p), related to the local tetrahedral symmetry around the cobalt atoms (Wyckoff
position 4a). A minor presence of CoN with a rock-salt-type structure cannot be ruled
out because the pure compounds display a rather intense white line with a quasiinexistent pre-edge transition (Co in Oh symmetry). For the other crystalline cobalt
nitrides (Co4N, Co3N, and Co2N), there are no XANES spectra reported in the
literature, so calculations performed with FDMNES code were used to compare the
experimental spectrum of CoOx/Ta3N5 with simulated absorption spectra of cobalt
metal, (hydro)oxides, and nitrides (Figure A2, Appendices). All the major absorption
features of the reference compounds were well represented although slight shifts in
certain energy positions were observed (especially for the pre-edge region). Thus, the
presence of the Co4N, Co3N, and Co2N phases could be excluded because none of
their main absorption features could be identified in the CoOx/Ta3N5 spectrum (Figure
A2, Appendices). The best match of the nitrided CoOx/Ta3N5 spectrum was, however,
obtained by a linear combination of the CoOOH (19 wt.%) and Co(OH)2 (30 wt.%)
theoretical spectra and the cobalt metallic foil spectra (51 wt.%) (Figure A2,
Appendices).
The analysis of the Co K-edge k2-weighted EXAFS signal further substantiated the
XANES results. First, the EXAFS spectrum of the cobalt metallic foil (hcp) was fitted
within a k-range of [3.3; 12] Å-1. The distinction between the cubic and hexagonal

200

crystal systems using EXAFS requires the investigation of the 3.5–5 Å R-interval of
the Fourier transform.65 Thus, an extensive R-range ([1; 5.1] Å) was fitted using
single and multiple scattering paths calculated from the crystal structure of either
hexagonal or cubic metallic cobalt. The parameterization of the latter scattering paths
was as follows: a single shift of energy was used, all amplitudes were adjusted by the
amplitude reduction factor (So), the variation of distances was calculated by adjusting
the cell parameters of the considered lattice, the disorder for each single scattering
paths was fitted with an independent mean square displacement parameter, for
multiple scattering paths (triangular and collinear pathways) it was modelled by linear
combinations of the mean square displacement parameters of the relevant single
scattering paths.
When the parameters of the latter models were adjusted to the EXAFS spectrum
for the reference metallic foil, excellent agreement between theory and experiments
was obtained, especially with the hexagonal model (R-factor = 6 × 10−5, Figure
5.4B,C and Table A1). The clear improvement in the reduced chi-squared value for
the latter hexagonal model (2v (hcp) = 133) compared with a standard cubic model
(2v (fcc) = 1108) was noteworthy and was explained by the better fitting of the
higher-order shell. The amplitude-reduction factor (So) was determined to be 0.87 ±
0.04 and was fixed for the following EXAFS fittings.
The useful k-range for CoOx/Ta3N5 after impregnation was rather limited because
the data were too noisy above 9 Å−1. Thus, the impregnated Ta3N5 was analyzed with
a restricted number of parameters within a k-range of [3.3: 7.45] Å−1 and within an Rrange of [0.8; 4.6] Å (8 parameters for 10 independent points, Figure 5.4B, C and
Table 5.1). The first neighbor contribution was fitted with a total of 6 ± 1 oxygen
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atoms at 2.13 ± 0.02 Å, which confirmed the presence of cobalt in an octahedral
environment. The second and third coordination shells were fitted using 1.7 ± 0.5
cobalt atoms at 2.85 ± 0.03 Å and 2 ± 1 cobalt atoms at 3.76 ± 0.03 Å. Although the
quantification of cobalt neighboring atoms was not reliable because their mean square
displacement parameters were fixed due to parameter correlations, these results at
least indicate that the cobalt nitrate displayed a certain degree of polycondensation
after its impregnation. To conclude, the structure of CoOx/Ta3N5 as impregnated was
consistent with the presence of an amorphous cobalt oxyhydroxide spread on the
surface of Ta3N5.
A preliminary qualitative comparison of the EXAFS spectra of the metallic
cobalt foil (hcp) with CoOx/Ta3N5 after nitridation revealed striking similarities for
the k value above 4 Å-1 (Figure 5.4B, C). For k values less than 4 Å-1, the oscillation
of the metallic phase appears modulated by the presence of a light backscatterer.
Hence, the models for the EXAFS fitting of CoOx/Ta3N5 after nitridation involve
either the hexagonal or cubic model for metallic cobalt, with one additional single
scattering path due to oxygen atoms (k-range of [3.3; 11.5] Å-1 and R-range of [1; 5.1]
Å). The light atoms N and O were treated as one single type of ligand because
EXAFS is not capable of distinguishing between scattering atoms with close atomic
numbers.66 The oscillation amplitude for each scattering path of the metallic phase
was fitted by keeping the amplitude-reduction factor So constant and adjusting a
single amplitude parameter. Both the cubic and hexagonal model provide acceptable
agreement with the experimental data, although not as good as that obtained with the
reference Co foil (R-factor(fcc) = 9 × 10−3, R-factor(hcp) = 4 × 10−3, 2v (fcc) =45,
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and 2v (hcp) = 25). A clear-cut distinction between the hexagonal and cubic Bravais
lattices is thus not possible in this case. The latter issue could be evidence of an hcp
Table 5.1. Parameters extracted from the fits of EXAFS data for a cobalt metallic foil
(hcp) reference, CoOx/Ta3N5 treated at 700 °C with ammonia flow, and CoOx/Ta3N5
after impregnation of cobalt nitrate (underlined characters denote fixed parameters).
Multiple scattering paths are omitted for the sake of clarity (a total of 31 multiple
scattering paths).

Co foil
(So = 0.87 ±
0.04)
hcp model

0.4 ±
0.4

6x10

6
6
6
2
12
6
12
6

2.488 ± 0.006
2.514 ± 0.005
3.537 ± 0.008
4.041 ± 0.009
4.339 ± 0.009
4.354 ± 0.009
4.76 ± 0.01
5.028 ± 0.01

0.0044 ± 0.0002
0.011 ± 0.001

2.09 ± 0.06

0.024

2.48 ± 0.02

0.007 ± 0.001

2.55 ± 0.008

0.009 ± 0.002

3.56 ± 0.02

0.015 ± 0.004

3.98 ± 0.03

0.012

4.38 ± 0.02

0.011 ± 0.003

4.42 ± 0.01

0.012

4.73 ± 0.03

0.009 ± 0.004

5.11 ± 0.02

0.006 ± 0.002

2.04 ± 0.08

0.024

2.511 ± 0.002

0.009 ± 0.002

3.551 ± 0.003

0.012 ± 0.004

4.335 ± 0.003

0.013 ± 0.003

5.022 ± 0.004

0.012 ± 0.002

ΔE
(Co)
-2 ±
2

2.13 ± 0.02

0.010 ± 0.005

3±2

Co-Co

4.0 ±
0.7
3.2 ±
0.5
3.2 ±
0.5
3.2 ±
0.2
1.1 ±
0.2
6.3 ±
0.9
3.2 ±
0.5
6.3 ±
0.9
3.1 ±
0.5
3.7 ±
1
6±1
2.9 ±
0.5
12 ±
2
6±1

Co-O

6±1

Co-Co
Co-Co

hcp model
Co-Co
Co-Co
Co-Co
Co-Co
Co-O
Co-Co
Co-Co
Co-Co

CoOx/Ta3N5

Rfactor

Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co

Co-Co

CoOx/Ta3N5NH3 (700 °C)
fcc model

ΔE
[eV]

R [Å]

Co-Co

NH3 (700 °C)

2

N

Co-O

CoOx/Ta3N5-

2

σ [Å ]

Scattering
paths

0.0109 ± 0.0009
0.009 ± 0.005
0.012 ± 0.004
0.007 ± 0.003
0.008 ± 0.001
0.011 ± 0.001

-5

ΔE
(O)
7±4
ΔE
(Co)
-0.6
-1 ±
1

4x10

-3

ΔE
(O)
2±7
9x10-3

5x10

-3
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Co-Co
Co-Co

1.7 ±
0.5
2±1

2.85 ± 0.03

0.006

3.76 ± 0.05

0.006

and fcc polytype mixture or possibly the presence of stacking faults in the closepacking arrangement of atoms in nanocrystallites, which was previously investigated
by Longo et al.67 The coordination number of the first Co-Co bond was 6 ± 1, which
confirms the formation of small nanoparticles. The estimation of the particle size was
prevented by a non-negligible presence of the light scatterer (N(Co-O/N) ≈ 3.7 ± 1) at
2.04 ± 0.08 Å. Note that none of the attempts to fit the EXAFS spectrum of
CoOx/Ta3N5 after nitridation with the crystal structures of the cobalt nitrides (ConN,
n=1-4) led to any acceptable agreement. The only possibilities left to explain the
presence of light atoms in the vicinity of metallic cobalt was a partial surface
oxidation by O2 and/or the presence of a Co-N solid solution within the metallic
cobalt.
HAADF-STEM was used to further investigate the CoOx/Ta3N5 structure after
nitridation. The micrograph presented in Figures 5.5A and 5.6 shows a typical
example of a large agglomerate deposited onto the surface of Ta3N5. The acquisition
of hundreds of micrographs revealed that such agglomerates were randomly dispersed
on the surface of Ta3N5 and had an average size of 15±2.5 nm. Elemental mapping of
selected areas confirmed the presence of cobalt atoms as the main component,
although oxygen atoms were also detected (Figure 5.6A). Observations at higher
magnification indicate that the agglomerates are composed of small crystallites with a
range of sizes between 2 and 4 nm (Figure 5.5A). A fast-Fourier transform (FFT) of
the crystalline region revealed a characteristic pattern of a cubic lattice viewed along
the [110] zone axis (Figure 5.5A inset). The calculated cell parameter (3.55 Å) was
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consistent with the reported cell parameter of fcc metallic cobalt (a = 3.548 Å). This
finding was also consistent with the XAS results, which indicated the presence of
metallic cobalt was proposed for CoOx/Ta3N5 after nitridation.

Figure 5.5. (A) Dark-field HR-STEM for core-shell agglomerated cobalt
nanoparticles. The inset shows the FFT results of the core region and depicts a
characteristic fcc pattern viewed along the [110] zone axis, (B) X-ray fluorescence
spectra of Ta3N5 (1), the core (2) and the shell (3) of an agglomerate as depicted on
(B).
Interestingly, a difference was regularly noted between the surface and core of
the agglomerates in the HAADF-STEM micrographs (Figure 5.5A): the core often
appeared brighter, whereas the shell was darker. As dark-field STEM is mostly
sensitive to the atomic number of atoms, the darker region suggested an enrichment of
oxygen atoms. To further confirm this finding, EDX point analysis was performed on
the three areas indicated in Figure 5A.
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Figure 5.6. (A) A dark field STEM image and elemental mapping and (B) a dark field
STEM image and selected area for EELS line profiling, and (C) EELS spectra for
corresponding spot in (B), for CoOx/Ta3N5 after nitridation at 700 °C.
The resultant X-ray fluorescence spectra of each area are presented in Figure
5.5B. For the Ta3N5 region (area 1), the nitrogen (Kα) and tantalum (Lα,β, Mα,β)
fluorescence lines were indeed observed. The noticeable presence of the K
fluorescence line of oxygen in this region also indicated a slight oxidation of the
Ta3N5 surface. In the agglomerate region (area 2, 3), the cobalt fluorescence lines (K
α,β,

Lα,β) were also easily observed. Noticeably, the shell region (area 3) clearly
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displayed a more intense Kα fluorescence line of the oxygen atoms than the core (area
2).
Additionally, an STEM-EELS elemental line-scan profile was acquired from
the surface to the bulk of one agglomerate (Figure 5.6B). The spectra of the shell and
core regions were summed separately and are displayed in Figure 5.6C. A comparison
of the intensity ratios of the O K-edge to the Co L-edge in the shell and core regions
indicates a stronger oxidation of the shell.

Figure 5.7. Co 2p XPS spectra of CoOx/Ta3N5 synthesized at different temperature.
To further refine the chemical state of the cobalt species deposited onto the
Ta3N5, the samples were analyzed using X-ray photoelectron spectroscopy (XPS)
(Figure 5.7). Careful considerations must be taken to assign the XPS peaks of cobalt
2p core levels because of the close binding energies of the cobalt oxidation states,
multiplet splitting, and the presence of satellites.68 The cobalt core-level spectrum of
crystalline CoO displays two main peaks at binding energies of 797 (2p3/2) and 782
eV (2p3/2) and two satellites at 786.5 and 802 eV. Crystalline CoO and Co3O4 are
more easily distinguished by their satellite peaks rather than by their main core levels.
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Indeed, the satellite peak near the 2p3/2 state for Co3O4 is 2 eV higher (804 eV)
than that of CoO (802 eV). However, the satellite peak near the 2p1/2 state for CoO
(787 eV) is slightly higher than that of Co3O4 (785 eV).

58,68-69

The spectra of

CoOx/Ta3N5 samples prepared at various nitration temperatures all reveal two main
peaks at 797.5 (2p1/2) and 782 eV (2p3/2) and two satellites at 804 and 787 eV. Because
of the presence of the satellite peaks, the oxidation state of the cobalt atoms was
attributed, based on previous literature, to a mixture of CoII and CoIII states in
accordance with XAS results. The 2p1/2 (778 eV) core levels of the cobalt metallic
state was also present as a weak shoulder of the main peaks located at 782 eV for
CoOx/Ta3N5 after nitridation (highlighted in Figure 5.7).68 An estimation of the
inelastic mean free path of the photoelectron emitted in crystalline Co(OH)2 due to
aluminum Kα radiation was calculated to be in the range of 1 to 2 nm.70 Considering
an average shell thickness of ≈ 6 nm, as observed by STEM, it is reasonable that the
signal associated with metallic is weak. By extension, this finding also implies that all
the metallic cobalt nanocrystallites were almost fully covered by an oxide or
oxyhydroxide layer.
Comprehensive characterization was performed on CoOx/Ta3N5 synthesized by
wet impregnation followed by nitridation. An agglomerated core-shell-like structure
of cobalt was observed with metallic cobalt in the core and cobalt oxide in the shell.
Although, the distinction between the cubic and hexagonal lattice using EXAFS was
successful for a reference cobalt metallic foil, it was not possible to conduct the same
identification for CoOx/Ta3N5 after nitridation. However, electron microscopy study
did show for a few spots - where crystallites agglomeration was limited- a cubic
lattice. The fact that the hexagonal lattice was not found by electron microscopy do
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not prove its absence. Indeed, the results of X-ray absorption spectroscopy are
statistically more relevant as it provides the average atomic and electronic structure of
all cobalt atoms. Thus, a mixture of cubic and hexagonal lattice seems a more
reasonable description of the crystal nature of the cobalt metallic core. Studies
discussing the characteristics of cobalt on the surface of photocatalysts are very
limited. On the surface of LaTiO2N, which was synthesized using a similar procedure
followed by oxidation, the cobalt species was assigned to mixed cobalt oxide based on
the d-spacing of HRTEM and XPS spectra.25 Comparison with the XRD pattern of the
nitridation of pure cobalt nitrate suggested that cobalt was initially (after nitridation
but before oxidation) in the form of metallic cobalt. Our finding confirms the presence
of metallic cobalt with slight oxidation on the surface. In addition, no form of cobalt
nitride was observed in our case, consistent with previous observations for cobalt on a
Ta3N5 film.30 The cubic phase of Co5.47N has been observed on a Ta3N5 film by
comparing the glancing incidence XRD pattern of Co metal and that of CoOx/Ta3N5,
both after nitridation.
5.3.3. Modification of CoOx/Ta3N5 to improve photocatalytic OER
Effect of post oxidation on CoOx/Ta3N5
It is well documented that the oxide states of cobalt (CoOx or Co3O4) are the
active species for the OER and are obtained by heat treatment in air (oxidation). In the
presence of Ta3N5, heat treatment should be conducted under NH3 because of its
sensitivity to oxidation. The heat treatment was not only intended to alter the cobalt
oxidation state but also to improve the contact between CoOx and Ta3N5 for better
hole transfer. Because the characterization indicates that cobalt was in the metallic
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state in the core and oxidized on the surface, it is of particular interest to study the
active species for the photocatalytic OER on CoOx/Ta3N5.

Figure 5.8. Time course of photocatalytic OER on nitrided CoOx/Ta3N5 with
oxidation at 200 °C for various times (10 mM AgNO3, at pH 8.5 (La2O3 buffer) under
visible light irradiation (420 < λ<800 nm)).
The NH3-treated CoOx/Ta3N5 was further oxidized at a mild condition of 200
°C for various durations (1, 3, and 5 h), and the photocatalytic activity is shown in
Figure 5.8. The photocatalytic activity was significantly improved after oxidation
(143 to 222 µmol h−1). The quantum efficiency using a band pass filter (~440 nm) was
19.4%, one of the highest reported for photocatalytic OER using Ag+ as a sacrificial
electron acceptor. Longer oxidation times for 3 and 5 h also led to improvement of
photocatalytic activity over the sample without mild oxidation but caused a slight
decrease compared to treatment for 1 h (Figure 5.8).
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Figure 5.9.Time course of photocatalytic OER on as-impregnated CoOx/Ta3N5 treated
at 200 °C for 1 h, and on nitrided CoOx/Ta3N5 with and without oxidation at 200 and
300 °C for 1 h (10 mM AgNO3, at pH 8.5 (La2O3 buffer) under visible light
irradiation (420 < λ<800))
Treatment at 300 °C completely reduced the photocatalytic activity (Figure
5.9). Thus, a higher oxidation temperature was detrimental for Ta3N5 (i.e., Ta3N5 is
oxidized, at least on the surface) as confirmed by thermal gravimetric analysis
measurement of Ta3N5 in flowing air (Figure 5.10). The direct heat treatment of
impregnated CoOx/Ta3N5 under air at 200 °C without NH3 treatment (see Figure 5.9)
did not drastically improve the photocatalytic activity, emphasizing the important role
of high temperature treatment without altering Ta3N5 states.
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Figure 5.10. Thermogravimetric profile of Ta3N5 oxidation from room temperature to
1000 °C with heating rate of 5 °C min-1. The oxidation of Ta3N5 starts at ~300 °C

Figure 5.11. The effects of mild oxidation of nitrided CoOx/Ta3N5 on photocatalytic
OER in the presence of different sacrificial reagents (0.1 M Na2S2O8, pH 14 NaOH
adjusted, or 10 mM AgNO3, at pH 8.5 (La2O3 buffer) under visible light irradiation
(420 < λ<800 nm)).
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Figure 5.12. Photocatalytic OER stability test on 2 wt% CoOx/Ta3N5 700 °C after post
oxidation at 200 °C for 1 h. (0.1 M Na2S2O8, pH 14 NaOH adjusted visible light
irradiation (420 < λ<800 nm)).

To eliminate the possibility of Ag effects and to enable characterization of the
samples after the reaction, the photocatalytic activity of CoOx/Ta3N5 with and without
mild oxidation was also tested using a different sacrificial reagent (i.e., 0.1 M
Na2S2O8). As observed in Figure 5.11, the photocatalytic activity decreased, most
likely because of the different mechanisms of reduction in AgNO3 and Na2S2O8.
Reduction of Ag+ ion is a one-electron process, whereas that of Na2S2O8 is a rather
complex reduction involving a two-electron process. Complexity further arises also
from the reported double-current effect.71 The trend for the photocatalytic OER is,
however, similar in these two sacrificial reagents, i.e., mild oxidation improved the
photocatalytic activity (40 to 67 µmol h−1 in the case of Na2S2O8). This result
confirms the beneficial effects of mild oxidation on photocatalytic activity for OER of
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the nitrided sample. The photocatalytic activity improvement after the mild oxidation
suggests that CoOx sites are indeed the sites for the OER. In addition, photocatalytic
OER activity of oxidized CoOx/Ta3N5 shows an excellent stability for 10 h at 100
µmol h-1 as shown in Figure 5.12.

Figure 5.13. Co 2p XPS spectra of nitrided CoOx/Ta3N5 before and after
photocatalytic reaction in 0.1 M Na2S2O8 as sacrificial reagent.
The XPS spectra of the sample before and after the photocatalytic test are
compared in Figure 5.13. The minor shoulder peak due to the presence of the metallic
Co was no longer observed, in contrast to the nitrided sample. As discussed
previously, the cobalt core-level spectrum displays a mixture of CoII and CoIII. The
oxidation of cobalt likely occurred during photocatalysis. In addition, the STEM
image with elemental mapping of the spent sample (CoOx/Ta3N5 after the
photocatalytic reaction using Na2S2O8 as a sacrificial reagent) no longer indicated the
presence of metallic cobalt (Figure 5.14).
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The oxidation of cobalt at the potential of OER (> 1.23 VRHE) is reasonable as
long as an interface with water is present. Accordingly, mild oxidation at 200 °C
enhanced the photocatalytic performance. The results clearly suggest that the oxidized
Co species provides active sites and that a metallic state is not essential to achieve
high OER performance. It is reasonable to conclude that the NH3 treatment was
essential for enhanced photocatalytic OER performance because of the nature of the
photon absorber, i.e., Ta3N5, for which oxidative treatment was not preferred. This
study provides experimental evidence that the construction of an intimate
semiconductor-catalyst interface and active catalytic sites is crucial to improve the
photocatalysis.

Figure 5.14. Dark-field STEM images and elemental mapping of CoOx/Ta3N5 after
photocatalytic reaction in 0.1 M Na2S2O8 as sacrificial reagent (see Figure 5.10).
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Effect of noble metal co-loading on CoOx/Ta3N5 (M- CoOx/Ta3N5)
a) Photocatalytic OER activity and stability test on M- CoOx/Ta3N5

Figure 5.15. (A)Time courses of photocatalytic OER showing the effect of RhCoOx/Ta3N5 and Ru-CoOx/Ta3N5 (50 mg photocatalyst, 0.1 M Na2S2O8, pH 10.5
adjusted by NaOH) under visible light irradiation (420 < λ<800 nm)), (B) quantum
efficiency and photon distribution using various band-pass filters (50 mg RhCoOx/Ta3N5, 0.1 M Na2S2O8, pH 14 adjusted by NaOH, 100 mL, 300 W Xe lamp).
The photocatalytic activities of M-CoOx/Ta3N5 samples were tested for
oxygen evolution in the presence of 0.1 M Na2S2O8 as the sacrificial electron
acceptor. Figure 5.15A depicts effects of various modifications on Ta3N5 on the
photocatalytic oxygen evolution. Modification of the CoOx/Ta3N5 photocatalyst with
trace amount of both Rh and Ru (0.5 wt%) drastically improved the performance,
reaching a maximum rate of 133 µmol h−1. The photocatalytic OER on samples not
containing the CoOx phase (Rh/Ta3N5) showed no improvement in the photocatalytic
activity compared with bare Ta3N5, as shown in Figure 5.15A, confirming the
synergistic effects of coexistence of Co and Ru or Rh to improve the efficiency.
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Variation of Rh actually shows very sensitive trend: 0.05 wt% shows the maximized
OER efficiency while further loading decreased the efficiency, as shown in Figure
5.16A.

Figure 5.16. (A) Time course photocatalytic OER using Rh-CoOx/Ta3N5 with
different Rh loading, (B) Photocatalytic stability test using 0.05 wt% Rh - 2 wt%
CoOx/Ta3N5. The reactions were conducted in the presence of 100 mL solution, 0.1 M
Na2S2O8, (A) pH 10.5, (B) pH 14, under visible light irradiation (420 < λ < 800 nm).
To interrogate the stability of the Rh-CoOx cocatalyst, the photocatalytic OER
was conducted for up to 2- days at pH 14, and the result is depicted in Figure 5.16B.
The OER rate was initially slightly higher and then reached a steady-state rate after ~
6 h, evolving a total of 2 mmol oxygen. The photocatalytic OER remained unchanged
for the next 48 h after evacuation, indicating the excellent stability of Ta 3N5 and RhCoOx as the photocatalyst and OER cocatalyst, respectively. After this long-term test,
the action spectra were taken and the results are shown in Figure 5.15B. The QE trend
coincides with the absorption of Ta3N5 (Figure 5.17), which is consistent with the
band-gap excitation of Ta3N5 as the source of oxygen evolution. The QE was
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observed >10% for wavelengths ranging between 440 and 520 nm) with a maximum
value of 30% at 480 nm. The QE values at higher wavelength were slightly lower, i.e.,
10.4 and 8.4 for 560 and 600 nm, respectively. The QE values at 500 (28%) and 600
nm (8%) are much higher than the highest QE value ever reported for CoOx-loaded
Na2CO3/Ta3N5 for 500–600 nm wavelengths. In addition, a comparable QE value for
CoOx-loaded LaTiO2N has been reported only at a shorter wavelength (27% at 440
nm).[10]
b) Characterization of M- CoOx/Ta3N5
The synthesized M-CoOx/Ta3N5 samples were characterized to understand the
effect of the co-loaded metal on the CoOx/Ta3N5 physical and chemical properties.
However, any attempt to characterize the samples is a challenging task because of the
very small amount of metal addition that is beyond the detection limit of most
instruments.

Figure 5.17. DR-UV-Vis spectra of Ta3N5, CoOx/Ta3N5, and M- CoOx/Ta3N5
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Figure 5.18. XPS spectra of CoOx/Ta3N5 and Rh-CoOx/Ta3N5 before and after
photocatalytic reaction.
UV-Vis spectra of the Ru or Rh co-loaded CoOx/Ta3N5 samples are shown in
Figure 5.17. As observed for CoOx/Ta3N5, all the samples have band edge absorption
at ~600 nm with additional absorption below the band edge, most likely originating
from absorption and scattering from the cobalt and Rh or Ru. The Co 2p XPS spectra
of CoOx/Ta3N5 and Rh-CoOx/Ta3N5 before and after the photocatalytic OER are
compared in Figure 5.18. The peak positions of Co 2p1/2 and 2p3/2 located at 797.5 and
782 eV, respectively, for CoOx/Ta3N5 and M-CoOx/Ta3N5 did not show significant
differences, suggesting a similar oxidation state of the cobalt oxide present on the
outer surface.
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Figure 5.19. ABF-STEM image of a Ru-Co aggregate concentrated in Ru and
deposited on Ta3N5. The inset shows its related chemical mapping acquired using Ta
Lα, Co Kα, and Ru Lα fluorescence lines.
Another possible explanation for the increased activity upon Ru addition to
CoOx/Ta3N5, is that some Ru is deposited on “free” Ta3N5 (not covered with CoOx),
which will promote more effective reduction of Na2S2O8. It is challenging to
determine the precise location of Ru, whether it is well distributed on Ta3N5 or
located on CoOx because of low loading of added Ru. Aberration-corrected annular
bright-field scanning transmission electron microscopy (ABF-STEM) was performed
to observe morphology and elemental distribution in atomic scale. Generally cobalt
species was evident as large aggregates having 10 - 40 nm in size. EDX elemental
mapping identified that only a few CoOx particles certainly contain significant amount
of Ru together with CoOx, as shown in Figure 5.19. It is hard to conclude whether Ru
was homogeneously distributed on Ta3N5 surface, but we may claim that this small
quantity of Ru incorporation into Co species drastically alter the electronic structure,
or generating interfacial site between Ru and Co.
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Finally, an enhanced photocatalytic OER is also rationalized by improvement
of the electrochemical OER kinetics on the surface of M-CoOx. Because of its
electronegativity, M (Ru and Rh) may serve as an electron sink, facilitating oxidation
of CoOx to CoIV and increasing the availability of the active sites for OER.35 In situ
Raman spectroscopy during the electrochemical OER has demonstrated that the
population of CoIV is much higher in the presence of Au, which explained the higher
current density on the Au-CoOx sample.35 Electrochemical OER improvement on the
relevant sample has been alternatively assigned to a local, interfacial effect between
Au and MnOx. 35 Although such an interface has not been experimentally confirmed
directly, a control experiment by simply adding a trace amount of Au to the reaction
has demonstrated that Au affects only a subset of MnOx sites and is the likely cause of
the observed OER enhancement. 35
5.4. Conclusion
This study demonstrated strategic enhancements in photocatalytic performance in
an investigation of the CoOx/Ta3N5 photocatalyst system. First, nitridation after Co
impregnation on Ta3N5 led to drastic improvements in the photocatalytic efficiency
for OER. The metallic cobalt was formed by the nitridation treatment at high
temperatures, and the subsequent exposure to air likely generated a structure with
metallic cobalt in the core and cobalt oxide in the shell, as indicated by STEM. This
state is also consistent with the results obtained by Raman, XAS and XPS
spectroscopy. However, after photocatalysis, metallic cobalt was not observed,
indicating that a metallic state is not an essential component of high OER activity.
Accordingly, subsequent mild oxidation led to further improvement in the
photocatalytic OER, indicating that the cobalt oxide is likely a preferred active site for
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the OER over the metallic phase. Heat treatment at high temperatures likely facilitated
the creation of intimate contact between the Co electrocatalyst and the Ta3N5
photocatalyst, and subsequent mild oxidation generated a more active oxidized cobalt
state without altering the chemical state of Ta3N5.
In addition, a simple and effective method to improve the photocatalytic OER by
addition of traces noble metal has been demonstrated. A synergetic effect of CoOx and
noble metal has been observed in improving the photocatalytic OER. The
improvement is attributed to the enhanced electrocatalytic OER kinetics on the
surface of M-CoOx. There is another possible effect caused by noble metal addition;
noble metal improved the kinetics of hole transfer as those mentioned in literature.32
However, it is challangenging task to measure the kinetics and dynamic of the powder
system using the available femtosecond spectroscopy. Further investigation utilizing
other techniques applicable for powder system such as microwave photoconductivity
or time-resolved terahertz spectroscopy would be beneficial to fully characterize the
photocatalyst-cocatalyst system and verifies the role of noble metal.
In addition, this study also demonstrated that electrochemical approach to study
the OER catalyst is applicable and effective for photocatalytic reaction despite the
difference between the two systems.
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CHAPTER 6
SUMMARY

Developing efficient visible-light-responsive photocatalysts is essential for
making the photocatalytic overall water splitting reaction economically competitive
for hydrogen production. To achieve this goal, all the parameters involved in
photocatalytic water splitting should be optimized. A collection of theoretical and
experimental studies of properties associated with Ta3N5 have been utilized to obtain
a comprehensive understanding of this material.
In the beginning of this dissertation, the conventional method of Ta3N5
synthesis has been applied and the resulting products have been investigated. The
nitridation process has been investigated by applying different temperatures and NH3
flowrates. XRD and Rietveld analyses were used to gain insights into the structural
properties of the nitridation products; where the nitridation is confirmed to proceed
via the successive transformation of Ta2O5  TaON  Ta3N5. The thermodynamic
stability of the products under nitridation condition is investigated and has been able
to explain why pure phase of TaON has never been achieved in conventional
nitridation. This type of calculation has a high potential to be applicable in the
prediction of the stability of various non-oxide materials, such as nitride, sulfide and
carbides, starting from the oxide precursors. Lattice dynamics of Ta3N5 have been
elucidated by combining experimental measurement and theoretical calculation. The
detailed study leads to an exhaustive description of the spectra, including the
symmetry of the vibrational modes. Electronic structures of this material were
measured by diffuse reflectance UV-visible (DR-UV-Vis) spectroscopy and computed
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using DFT calculation. The nature of direct and indirect bandgap transition has been
elucidated from calculation point of view. Based on the density of states calculation,
the valence band is dominated by completely filled N 2p states and the conduction
band is primarily composed of Ta 5d states. This compound can be identified as a
direct or an indirect semiconductor with the same bandgap energy of 2.2 eV. In
addition, studies of lattice dynamics, optical properties, and band positions have been
able to clearly show that the synthesized Ta3N5 is essentially defective and nonstoichiometric and that a truly pure phase of Ta3N5 has never been achieved, even
though XRD has shown a pure phase sample.
From the electronic properties, the dielectric constant and effective masses
have been calculated and experimentally measured on Ta3N5 films. Theoretical
calculation which considered electronic and ionic contribution has found a very high
dielectric constant whereas dielectric constant of 17 has been found by measurement
at high frequency (i.e. considering only electronic contribution). Depending on the
direction, different effective masses have been calculated with the average value of
0.60m0 – 1.94 m0. The low value of 0.36m0 has been found for effective masses by
measurement. Considering its high dielectric constant and relatively low effective
masses, Ta3N5 is promising for photocatalytic reaction applications.
Further investigation was broadened to gain insight into the kinetic and
dynamics properties of Ta3N5. The kinetic and dynamics properties have been
experimentally measured by synthesizing Ta3N5 film and studied their properties by
combining electrochemistry measurement, Hall effect and van der Pauw
measurements, and femto second spectroscopy. Very low kinetic properties with very
low transport properties and fast carrier recombination explained why overall water
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splitting has never been achieved with Ta3N5 as a photocatalyst to date. A surface
modification with a cocatalyst and new interface construction are thus suggested to
improve the photocatalytic activity.
Next, after knowing the bulk properties of Ta3N5, the investigation were
focused on surface related phenomena. The study shows that not only the bulk
properties but also the surface properties greatly affected the photocatalytic activity of
Ta3N5 [44]. A thin TaN layer on the surface (~ 2 nm), which formed depending on the
synthesis method, was observed to change the energetic profile on the Ta3N5electrolyte interface, thus changing the photocatalytic activity. The surface layer
changes the potential distribution on the Ta3N5 surface-electrolyte interface, as
evidenced by the perturbed flatband potential. The flatband potentials shifted as a
consequence of Fermi level pinning of the semiconductor-electrolyte interface due to
the drastic influence of surface states. This finding suggested that further research on
the surface properties of Ta3N5 should be conducted to understand and improve
charge separation and the resulting photocatalytic activity.
Finally, a tremendous photocatalytic OER improvement has been achieved
with surface modification of Ta3N5 with cobalt cocatalyst. High temperature treatment
under NH3 is beneficial in creating an intimita contact between Ta3N5 and CoOx
species for more efficient hole transfer while preserving the Ta3N5 phase. Further
treatment with mild oxidation has found to improve photocatalytic OER rate due to
increasing the CoOx population; suggested that CoOx is more preferable sites for
OER. Knowing the characteristics of cobalt on the Ta3N5 surface, further
improvement was attempted by adding a noble metal to the CoOx/Ta3N5 photocatalyst
system, where a synergetic effect of CoOx and noble metals was observed. Although a

229

solar energy to hydrogen conversion efficiency of greater than 1% using Ta3N5 has
been achieved, substantial bias in the PEC configuration or the use of a sacrificial
reagent is still mandatory. Research should continue as the efficiency has not yet
reached the desired level. However, a thorough understanding of all the processes
involved in the photocatalytic process would pin down the crucial parameters, which
will lead to the design of photocatalysts for solving targeted problems.
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APPENDICES

Figure A1. Cyclic voltammogram of a) 160 nm, b) 370 nm, c) 470 nm, and d) 6 x 160
nm Ta3N5 films at different scan rates. The experiments were conducted under
bubbling Ar using a 0.5 M NaOH solution (pH 13.5) as the electrolyte, a Pt wire as
the counter electrode, and Ag/AgCl as the reference electrode.
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Table A1. Parameters extracted from the fits of EXAFS data for a cobalt metallic foil
(hcp) reference, CoOx/Ta3N5 treated at 700 °C with ammonia flow, and CoOx/Ta3N5
after impregnation of cobalt nitrate (underlined characters denote fixed parameters).
Multiple scattering paths are omitted for the sake of clarity (a total of 31 multiple
scattering paths).
2

2

σ [Å ]

Scattering
paths

N

R [Å]

Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co

6
6
6
2
12
6
12
6

2.488 ± 0.006
2.514 ± 0.005
3.537 ± 0.008
4.041 ± 0.009
4.339 ± 0.009
4.354 ± 0.009
4.76 ± 0.01
5.028 ± 0.01

0.0044 ± 0.0002
0.011 ± 0.001

Co-O
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co
Co-Co

4.0 ± 0.7
3.2 ± 0.5
3.2 ± 0.5
3.2 ± 0.2
1.1 ± 0.2
6.3 ± 0.9
3.2 ± 0.5
6.3 ± 0.9
3.1 ± 0.5

2.09 ± 0.06
2.48 ± 0.02
2.55 ± 0.008
3.56 ± 0.02
3.98 ± 0.03
4.38 ± 0.02
4.42 ± 0.01
4.73 ± 0.03
5.11 ± 0.02

0.024
0.007 ± 0.001
0.009 ± 0.002
0.015 ± 0.004
0.012
0.011 ± 0.003
0.012
0.009 ± 0.004
0.006 ± 0.002

CoOx/Ta3N5-NH3
(700 °C)
fcc model

Co-O
Co-Co
Co-Co
Co-Co
Co-Co

3.7 ± 1
6±1
2.9 ± 0.5
12 ± 2
6±1

2.04 ± 0.08
2.511 ± 0.002
3.551 ± 0.003
4.335 ± 0.003
5.022 ± 0.004

0.024
0.009 ± 0.002
0.012 ± 0.004
0.013 ± 0.003
0.012 ± 0.002

Co-O

6±1

2.13 ± 0.02

0.010 ± 0.005

CoOx/Ta3N5

Co-Co

1.7 ± 0.5

2.85 ± 0.03

0.006

Co-Co

2±1

3.76 ± 0.05

0.006

Co foil
(So = 0.87 ± 0.04)
hcp model

CoOx/Ta3N5-NH3
(700 °C)
hcp model

0.0109 ± 0.0009
0.009 ± 0.005
0.012 ± 0.004
0.007 ± 0.003
0.008 ± 0.001
0.011 ± 0.001

ΔE [eV]

Rfactor

0.4 ±
0.4

6x10

-5

ΔE (O)
7±4
ΔE (Co)
-0.6
-1 ± 1

4x10

-3

ΔE (O)
2±7
9x10-3
ΔE (Co)
-2 ± 2
3±2

5x10

-3
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Figure A2. Simulated XANES spectra for cobalt metals, cobalt oxides, and cobalt
nitride calculated with FDMNES code: (A) comparison of the simulated spectra of
Co(hcp), CoO, and Co3O4 with those measured on the reference samples, (B)
simulated spectra of cobalt nitrides, (C) simulated spectra of cobalt (hydro)oxides,
and (D) fitting of the experimental spectra of CoOx/Ta3N5 after nitridation at 700 °C
with a linear combination of the experimental spectra of Co(hcp) and the simulated
absorption spectra of Co(OH)2 and CoOOH.
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