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ABSTRACT

Synthesis and Characterization of Metal Phosphates for Photocatalytic Applications

Bedour Essam Abdullah Al-Sabban

Solar energy is the most abundant efficient and important source of
renewable energy. The objective of this study is to develop highly efficient visible
light responsive photocatalysts for overall water splitting. This is done by using
silver or copper containing materials.

Phosphate compounds have caught much

attention due to their rigid structure, thermal stability and resistance to chemical
attacks. Solid phosphates can be prepared by direct solid-state reaction between
metal cations and phosphate anions at high temperatures. Double metal phosphates
of the Nasion-type structure had shown further technological importance. It has
been reported that well-crystallized double metal phosphate particles have
excellent ordering and cationic conduction channels in the Nasicon framework.
In this study, several Nasion-type structured materials have been
synthesized by solid-state method (e.g. CuTi2(PO4)3 and AgTi2(PO4)3) heated up
under different temperatures (400–1100C) in N2 or air atmosphere. These
materials were characterized by XRD, SEM, DR-UV-Vis spectroscopy and tested for
photocatalytic applications. A new method for direct synthesis of photoelectrode on
Ti Plate had been demonstrated. Further investigations on controlling the size and
morphology for better performance of single and double metal phosphates will be
done.
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1. Introduction

1.1. Background and principle
Environmental science and technology has covered a broad field of
knowledge and interest. It has been known that the most abundant and important
source of renewable energy is the solar energy; and that the available amount on the
earth surface is much higher than its total consumption by humans[1-2]. Therefore,
the key for our future energy supply could be by the development of a system that
can convert solar energy effectively[3]. It is most promising if this system is as simple
as just by forming H2 as a clean renewable energy from water, sun-light and the
photocatalyst.
Thermodynamic requirement to drive the overall water splitting by a photon
with energy of 1.23 eV according to equation 1, and by a single photocatalyst that
the positions of its conduction band and valence band must be suitable for H2 and O2
evolution, respectively, and that the minimum band gap must be greater than 1.23
eV. Considering the overpotential (activation barrier) required for the reaction in a
real case, the band gap of 2.0 eV is realistic to achieve the overall water splitting[4],
E1
where E is the photon energy, h is the Planck’s constant, ν is the frequency of the
photon, c is the speed of light and λ is the wavelength of the photon.
This requirement necessitates development of novel semiconductor
materials with suitable band positions. In addition, after absorption of photons, the
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photocatalyst should be capable of catalyzing respective redox reactions on its
surface (H2 and O2 evolution) [2].
The National Renewable Energy Laboratory (NREL) provided the standard
spectrum of air-mass (AM) 1.5 G. Figure 1 shows the total energy and the number of
photons as a function of wavelength[1].

Figure 1. Photon number of AM 1.5 G as a function of wavelength and for solar-to –hydrogen efficiency
integrated from low wavelength to respective wavelength at a QEs of 100 and 30% [1].

For 100% quantum efficiency, the calculated solar-to-hydrogen (STH)
efficiency was only 3.3% using UV light (λ< 400 nm). By applying at 600 nm in
visible region the efficiency of STH is 17%. If 5% STH efficiency is obtained by a
photocatalyst with a QE of 30% it will be compatitive hydrogen production
technology compared to other energy resources[1].
Figure 2 shows schematic illustration mechanism of overall water splitting
process by a solid photocatalyst. This process is initiated by light absorption that
excites electrons in the valence band (VB) and transferred to the conduction band
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(CB), leaving a positive vacant site (hole). These excited electrons and holes migrate
from the bulk of the semiconductor to the surface and undergo redox reactions with
absorbed electron donors and electron acceptors in the solution on the catalytic
active site (cocatalyst). These cocatalysts may also prevent the recombination of
electrons and holes[1-4].

Figure 2. Schematic illustration mechanism of overall water splitting process after photon-induced by a solid
photocatalys[1].

In this study the development of highly efficient visible light responsive
photocatalysts for overall water splitting was attempted by using silver or copper
containing materials. It has been found that cuprous oxide, Cu2O is a p-type
semiconductor with an interesting band gap of 2 eV and a suitable band position for
water reduction[5]. This monovalent compound has its redox potentials in-between
that band gap being unstable in aqueous solutions when irradiated. Attempting to
stabilize monovalent copper is by protecting it with the rigid phosphate structure in
the Nasicon framework using a simple technique as solid-state method.
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1.2 Objective of this study and structure of the thesis
The goal of this thesis is to develop highly efficient visible light responsive
photocatalysts for overall water splitting using silver or copper containing
materials.
The thesis consists of the following seven chapters:
Chapter 1

The fundamental aspects for overall water splitting.

Chapter 2

The precursors and methods used to synthesize the materials along

with brief explanation of the different characterization methods used to analyze
these materials.
Chapter 3

An investigation of Ag+ ion based materials as photocatalysts for O2

evolution reaction. These catalysts were synthesized either ex situ or in situ and
comparing their photocatalytic performance.
Chapter 4

Solid state synthesis and characterization of Nasicon type

M’M’’2(PO4)3, materials (M’=Na, K, Ag/ M’’=Zr, Ti). These catalysts have the ability to
absorb only UV light.
Chapter 5

Solid

state

synthesis

and

characterization

of

Nasicon

type

M’M’’2(PO4)3, materials (M’=Cu/ M’’=Zr, Ti). In addition, the investigation of Cu+ ion
based materials as photocatalysts for H2 evolution reaction, having the ability to
absorb visible light.
Chapter 6

Attempts to synthesis CuNb(PO4)2 and CuTa(PO4)2 and check their

existence to study them as photocatalysts.
Chapter 7

Electrode preparation by electrophoretic deposition of CuTi2(PO4)3 on

ITO and direct depositing the catalyst by synthesizing CuTi2(PO4)3 on Ti plate.
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2. Materials and methods

2.1. Chemicals
All chemicals were obtained from Sigma-Aldrich (unless otherwise noted)
and were used as received without further purification. The silver containing
materials were formed using silver nitrate (99.9999%), sodium chloride (99.999%),
sodium phosphate tribasic dodecahydrate and milli-Q water. For photocatalytic
activity test Lanthanum (III) oxide (99.99%) was added. For the synthesis of
AgNbO3 by PC method ethylene glycol solution (≥99%), citric acid (99%) and
Niobium (V) chloride anhydrous powder (99.995% trace metals basis) were used.
For the Nasicon-type materials several reagents were used: sodium
phosphate monobasic monohydrate, zirconium (IV) oxide (99.99%), ammonium
phosphate dibasic, potassium phosphate dibasic (≥99%), titanium (IV) oxide,
(anatase, powder 99.8% metals basis), copper (I) oxide (≥86% Cu basis), niobium
(V) oxide (99.99% metals basis) and tantalum (V) oxide (<5 micron, 99.99% metals
basis).
Organic solvents employed were ethanol (Absolute purity), methanol
(CHROMASOLV ≥99.9%), acetone (≥99.5%). Gold foil (2⨯2 cm, 0.025 mm thick,
99.99%) was used as a counter electrode in electrophoretic deposition. For the
electrode support, indium tin oxide glass (8⨯27 mm, distributed by BAS Inc., Japan)
and Ti plate (Nilaco, Japan) were used.
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2.2. Catalyst Synthesis

2.2.1. Solid-State Method
Solid-state synthesis is used for the preparation of single crystals of pure
semiconductors. Since this useful method was developed, electronic industry has
witnessed a complete transformation. The term is used to describe interaction
where no solvent medium is utilized. It involves high temperatures to create unique
thermodynamically stable compositions and morphologies with the desired crystals.

2.3. Characterization Methods

2.3.1. Nitrogen Adsorption-Desorption Analysis
In order to know the surface area in the catalysts and supports BET theory
was used. The calculations are done by analyzing the physical adsorption of gas
molecules (N2) on the solid surface of the sample. Physisorption is a non-specific
method for determining the total surface area of a porous material and its physical
structure. Nitrogen molecules are used for the experiment where only Van der
Waals forces interactions exist. The analysis procedure can be simply described as
follows; first, at low pressure the inert gas molecules start adsorbing on the surface,
as the pressure of the gas increases the coverage increases forming a monolayer of
gas molecules; then, multilayers will start forming while filling the smallest pores
first; finally, as the pressure of nitrogen rises the sample surface will be completely
covered filling all pores present. Before using BET theory the following assumptions
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must be made: a) homogeneous surface, b) no lateral interactions between
molecules, c) uppermost layer is in equilibrium with vapor phase, d) at saturation
pressure the number of layers becomes infinite. Then following BET method the
next equation can be derived

E1

where p is the pressure, v is the total volume adsorbed, vm represents the volume of
the gas needed to form the first monolayer on the covered surface and c is
approximately equal to equation 2,

E2

where E1 is the heat of adsorption of the first layer, EL is the heat of liquefaction, R is
the universal gas constant and T is the temperature. From the experimental data an
adsorption-desorption isotherm plot can be built (Isothermal plot types in Appendix
A). Using this experimental information is possible to calculate the surface area
using the BET equation and finally with BJH theory calculations is possible to
estimate the pore volume and diameter.
The analysis was performed in a Micrometrics ASAP 2420 surface area and
porosity analyzer. Standard cells for the analysis were used at all times with a
known amount of sample inside. First, the samples were degassed at 200°C with a
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temperature incremental rate of 10°C/min for 30 min. Then, the standard nitrogen
isotherm analysis at 77 K was performed.

2.3.2. Powder X-ray Diffraction
X-ray Diffraction (XRD) is a technique used to characterize the
crystallographic bulk phases of the sample, using X-rays as the incident source. It
has the possibility to monitor kinetics of bulk structure and estimate the particle
size.
XRD experiment will show the structure based on the elastic scattering of Xrays from the electron clouds of the individual atoms in the sample. The result is as
the fingerprint of the analyzed material, is a specific diffraction pattern which comes
from the particular planes in the lattice calculated from Bragg’s equation.

E3

This equation is derived from Figure A.2 in Appendix A. Where λ represents
the wavelength of the incident ray, d is the plane spacing, θ is the angle between the
incident waves and the planes and n is an integer. Moreover, it is possible to obtain
an estimation of the particle size D by using the Scherrer equation,

E4
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where K is a constant, λ is the x-ray wavelength, θ0 is the angle corresponding to the
peak and finally Δ(2θ) represents the area value of the full width at half maxima
(FWHM) of the peak. The former equation is only valid when using a shape factor to
derive the equation and only produces an average value when the particle is no
smaller than 3 nm.
XRD experiments were performed on a BRUKER D8 Advance diffractometer
system using a Cu Kα energy source and a Lynx Eye detector. The sample was placed
on the automated system and measurements were done at 40 kV and 40 mA from
10° to 80° 2θ angles.

2.3.3. Ultaraviolet-Visible Spectrometer
Ultaraviolet-Visible (UV-Vis) Spectrometery is an experiment where
radiation with different wavelengths from UV to near IR (NIR) is absorbed by
molecules. An absorption spectrum will show absorption reflectance bands
corresponding to the excitation of outer electrons. The energy separation between
the valence and conduction bands of the solid, determines the spectral position of
the absorption edge. This was performed using a PerkinElmer, Lambda 25 UV/Vis
and a JASCO V670 with an integrating sphere with 1 nm bandwidth, used for
substances that absorb in the 190-1100 nm region.
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2.3.4. Thermal Gravimetric Analysis
Thermal Gravimetric Analysis (TGA) is a temperature programmed
experiment where weight changes in a given sample are closely followed while
varying the temperature under specific conditions. The experiment was performed
in a Mettler Toledo Thermal Analyzer TGA/DSC1 Star System. The experiment
conditions were set under constant flowing air at 100 ml min-1 starting from room
temperature with an increase rate of 10°C min-1 until the sample reached 800°C. A
known amount of sample was placed in a platinum crucible with known weight. The
most important part of the instrument is the balance cell, where there is a constant
measurement of the sample weight and heat flow. Regularly the experiment is used
to determine different material characteristics like degradation, decomposition,
corrosion, oxidation or crystallization.

2.3.5. Scanning Electron Microscopy
The Scanning Electron Microscopy (SEM) produces images by probing the
specimen with a focused high-energy electron beam that is scanned across an area
of the specimen. At each point on the sample the incident electron beam loses some
energy; the lost energy is converted into other forms, such as heat, emission of lowenergy secondary electrons, backscattered electrons, diffracted backscattered
electrons and X-ray emissions. Generally, SEM is widely used because it does not
rely on transmission; it is based on surface processes and can produce (depending
on the system) three-dimensional representations of the shape. Depending of the
nature of the sample, it can easily characterize morphology, structure and particle
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size of the catalysts. Catalysts were characterized using an FEI QUANTA 3D FEG 600
electron microscope working at 15 kV. The samples were suspended in ethanol and
dispersed by sonication. Couple drops of the solution were placed onto a coppergrid support. Finally, the grid was dried at open-air prior to the observation.

2.3.6. Transmission Electron Microscopy
On Transmission Electron Microscopy (TEM) the “light” source is a beam of
electrons with several orders of magnitude lower wavelength than visible light,
producing a resolution of a thousand times greater than a regular microscope. The
electrons interact with the specimen and the image is formed from the electrons
transmitted through the sample. The transmitted image is magnified and focused by
using electromagnetic lenses. Finally, the transmitted electrons hit a fluorescent
screen forming the image of the specimen’s “shadow”; which then can be captured
with a CCD camera. The expert scientist analyzing the images can observe chemical
identities, crystallographic structures, morphologies and size of the samples in subangstrom resolution. The TEM used for characterization is a TITAN ST transmission
electron microscope from FEI operated at 300 kV.

31

3. Photocatalytic Oxygen Evolution using silver containing material

3.1. Introduction
The overall water splitting driven by a single photocatalyst has
thermodynamic requirement consisting of the positions of conduction band and
valence band must be suitable for H2 and O2 evolution, respectively, and that the
minimum band gap must be greater than 1.23 eV[1]. Considering the overpotential
(activation barrier) required for the reaction in a real case, the band gap of 2.0 eV is
realistic to achieve the overall water splitting[4]. This requirement necessitates
development of novel semiconductor materials with suitable band positions. In
addition, after absorption of photons, the photocatalyst should be capable of
catalyzing respective redox reactions on its surface (H2 and O2 evolution). In
general, oxygen evolution reaction (OER) is well thought-out to be the bottleneck for
the overall water splitting[2].
Photocatalytic OER from water using semiconductor materials is considered
as a difficult process because it involves four-electron transfer from two water
molecules to the excited holes in order to form one oxygen molecule[1-4]. This
chapter focuses on the synthesis of some silver-cation-containing materials, AgCl,
Ag3PO4 and AgNbO3, as photocatalysts. These photocatalysts are expected to possess
suitable band positions for photocatalytic water splitting. Photocatalytic oxygen
evolution from aqueous water containing additional Ag+ ions act as electron
acceptors was tested under UV-light by these photocatalysts.
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3.2. Experimental Section

3.2.1. Material Synthesis

3.2.1.1. Synthesis of AgCl
1. Ex situ synthesis of AgCl: AgCl crystals were prepared by two separate
procedures. First, 2.12 g (0.05 M) AgNO3 aqueous solution using 100 ml burette was
added to 0.73 g (0.05 M) aqueous NaCl solution under vigorous stirring (500 rpm)
and a rate of 10 ml min1. Likewise, 0.73 g (0.05 M) NaCl solution was added to a
flask containing 2.12 g (0.05 M) aqueous AgNO3 solution. The obtained white
precipitates were filtered, washed with 200 ml distilled water then kept at room
temperature and used for photocatalytic tests.

2. In situ synthesis of AgCl: Four samples were prepared by varying the order of
addition materials: 0.03 g (513 μmol) of NaCl, 0.09 g (513 μmol) AgNO3, 0.17 g (1
mmol) of AgNO3 and 0.2 g (600 μmol) of La2O3 into a photocatalytic pyrex cell that
contains 100 ml water.
The first sample was prepared by adding NaCl to the water while stirring, then
combing it with AgNO3 followed by La2O3 and finally AgNO3 was added as sacrificial
reagent.
For the second sample 1.5 mmol AgNO3 was added after the addition of NaCl and
La2O3 to water. Adding AgNO3 to water followed by La2O3 then NaCl did the third
sample.
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Finally, sample four was prepared by combining two solutions which were prepared
by dissolving 513 μmol AgNO3 in the photocatalytic cell containing 50 ml H2O then
adding NaCl solution prepared by dissolving 513 μmol of it in 50 ml H2O.

3.2.1.2. Synthesis of Ag3PO4
1. Ex situ synthesis of Ag3PO4: an aqueous solution of 0.01 M Na3PO4 was prepared
by dissolving 2.5 mmol Na3PO4.12H2O in 250 ml water. Then another solution of
0.05M AgNO3 was prepared by dissolving 12.5 mmol AgNO3 in 250 ml water. A 100
ml burette was filed with the Na3PO4 aqueous solution and added to a flask
containing the AgNO3 solution by a rate of 10 ml min1 while magnetic stirring (500
rpm).

2. In situ synthesis of Ag3PO4: 720 μmol AgNO3 (122 mg) was added to the
photocatalytic pyrex cell that contains 239 μmol Na3PO4.12H2O (91 mg) then
dissolved in 100 ml water and stirred for 1h under dark. After that 0.2 g (600 μmol)
of La2O3 was added followed by adding 1 mmol AgNO3. Same method was done but
without the addition of La2O3.

3.2.1.3. Synthesis of AgNbO3
AgNbO3 (500 μmol) was synthesized by polymerization complex (PC) method:
This is a very useful method for the synthesis of crystalline complex metal oxides
that can be size controlled by changing the calcinations’ temperature. In a 250 ml
beaker 50 mmol citric acid was dissolved in 11 ml ethylene glycol then 5 mmol
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AgNO3 was added. In another beaker 13.5 ml NbCl5 was added to a mixture of 5.5 ml
ethylene glycol and 23 mmol citric acid while stirring. Then by adding the second
solution to the first one a white precursor was formed. The mixture was heated at
220°C until it turned solid. After that it was heated at 350°C for 4h. Finally the
obtained sample was heated at 550°C for 15h to get a grey powder.

3.2.2. Characterization
Powder X-ray diffraction (XRD) patterns were obtained with a BRUKER D8
Advance diffractometer system using Cu Kα radiation as energy source and a
LynxEye detector. The Brunauer, Emmett, Taller (BET) surface area was measured
using a Micromeritic ASAP 2420 instrument at liquid nitrogen temperature. The
samples were degassed at 120°C for 2h. Scanning electron microscopy (SEM)
images showing the morphology and particle size of the catalyst.

3.2.3. Photocatalytic Tests
The photocatalytic tests were performed by dispersing 0.1 g of the prepared
samples in 100 ml water using a magnetic stirrer in a pyrex glass cell. Then 0.2 g
La2O3 was added along with 1 mmol AgNO3 sacrificial reagent. The light source was
a 300 W Xenon lamp (CM 2). A recirculating batch reactor with the volume of 491
cm3 was used. For gas analysis, a gas chromatograph in a volume of bruker (450-GC)
was used.
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3.3. Results and Discussion

3.3.1. AgCl photocatalyst:
Powder X-ray diffraction patterns corresponding to AgCl synthesized Ex situ

Intensity / a.u.

shows pure phase of the product material in figure 3.1.
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Figure 3.1. XRD pattern for AgCl prepared Ex situ. (●) AgCl

The photocatalytic O2 evolution was evaluated from an aqueous silver nitrate
solution under UV-light irradiation. The first photocatalytic test was done on ex situ
AgCl (0.1 g) in the presence of AgNO3 (1 mmol) and La2O3 (0.2 g); no O2 evolution
was observed after running the reaction for 3 h. When 50 mg of NaNO3 was added to
the solution after the first photocatalytic test, only 8 μmol of O2 was evolved. With a
separate experiment the initial rate of photocatalytic O2 evolution was 122 μmol h1
when 50 mg NaCl was added to fresh ex situ AgCl (0.1 g) in the presence of AgNO3 (1
mmol) and La2O3 (0.2 g) shown in figure 3.2. It can be concluded that ex situ AgCl
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has low activity towards photocatalytic O2 evolution. The exposure of the
photocatalyst to the ambient air may cause determind effect on photocatalytic
performance.
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Figure 3.2. Photocatalytic performance of O2 evolution in the presence of ex situ AgCl with the presence of 50 mg
NaNO3 and NaCl prepared as described in the text. Photocatalyst: 0.1 g; solution: 100 ml H2O; light source: 300
W Xenon lamp using CM2 (cold mirror 300-500 nm wavelengths) without a filter.

It can be indicated that the presence of Cl- ions with the excess Ag+ ions forms in
situ AgCl in the photocatalytic reactor without exposing to the atmosphere. With this
observation more experiments were tested on four samples of in situ AgCl prepared
by varying the order of adding the starting materials.
Figures 3.3 show results of photocatalytic O2 evolution using four samples of in situ
AgCl photocatalysts prepared as follows.
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1. NaCl (0.03 g) was dissolved in 100 ml water followed by adding La2O3 (0.2 g) and
AgNO3 (0.25 g).
2. AgNO3 (0.25 g) added to 100 ml water followed by adding La2O3 (0.2 g) and NaCl
(0.03 g).
3. Two solutions of AgNO3 and NaCl prepared as explained previously then La2O3
(0.2 g) and AgNO3 (0.17 g) were added (figure 3.5).
4. NaCl (0.03 g) was added to 100 ml H2O followed by AgNO3 (0.09 g) and La2O3 (0.2
g) after that AgNO3 (0.17 g) added as sacrificial reagent.
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Figure 3.3. Photocatalytic performance of O2 evolution for 513 μmol for the four samples of in situ AgCl
photocatalysts prepared as described in the text. solution: 100 ml H2O; light source: 300 W Xenon lamp using
CM2 (cold mirror 300-500 nm wavelengths) without a filter. (⋄) NaCl-La2O3-AgNO3, (∆) AgNO3-La2O3-NaCl,
(⨯)NaCl, AgNO3 (sol.)-La2O3-AgNO3, (∎)NaCl-AgNO3-La2O3
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It was remarked that the best performance of oxygen evolution among the four
samples obtained with catalyst 2. AgCl was precipitated as soon as Ag+ was mixed
with Cl-.
It seems that by adding NaCl into Ag+ containing aqueous solution at the end rather
than at first may influence the result of the photocatalytic activity.
Two other samples of in situ AgCl with lower concentrations were also prepared in
attempt to synthesize smaller particles of AgCl expecting that O2 evolution reactivity
can be improved by the smaller particle size. Figure 3.4 shows the O2 evolution of
342 μmol in situ AgCl prepared by adding 1.5 mmol AgNO3 to 100 ml water while
stirring then 0.2 g La2O3 was added followed by 0.02 g of NaCl. For the first 30 min,
15 μmol of O2 was formed then the photocatalyst deactivated within only 60 min
and O2 was only gradually formed (33 μmol h1) for 24 h. Compared to the 171 μmol
in situ AgCl prepared by adding same amount of AgNO3 and La2O3 but 0.01 g of NaCl
was used. In this case, 11 μmol of O2 was formed in the first 30 min then
decomposed within 2 h and O2 was only gradually formed (40 μmol h1) for 24 h.
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Figure 3.4. Photocatalytic performance of O2 evolution of in situ AgCl prepared by AgNO3, La2O3 then 30 mg,
20 mg and 10 mg NaCl, respectively as described in the text. solution: 100 ml H2O; light source: 300 W Xenon
lamp using CM2 (cold mirror 300-500 nm wavelengths) without a filter. (⋄) 513 μmol, (∆) 342 μmol and (∎)
171 μmol.

The photocatalyst was deactivated in both cases, which indicates that AgCl
photocatalyst is not stable. Characterizations for the catalysts were obtained by
using BET, SEM images and XRD measurements. The surface area was measured
using BET method. The results are shown in Table 1 when the change in the order of
adding the starting materials forming in situ AgCl. The morphology of AgCl was
analyzed by SEM. Figure 3.5 shows scanning electron micrograph of precipitated
AgCl with different concentrations showing different morphology. The variation in
activity may be due to the change in the morphology of the catalyst during the
experiment. Silver nanoparticles were deposited on the surface of AgCl particles (fig.
3.5 b). When a photon is absorbed by AgCl catalyst it is separated into an electron
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and a hole such that an electron is transferred to the surface attracting Ag+ ions
forming silver particles

Table 1. Textural properties changes for in situ AgCl catalyst by changing the order of starting materials added.

a

Sample of In situ AgCl

BET Surface area [m2 g-1]

Rate of O2 evolution [μmol h-1]

(NaCl+AgNO3)sol, La2O3, AgNO3

15

31

30 mg NaCl, La2O3, AgNO3

15

21

30 mg NaCl, AgNO3, La2O3

5

5

AgNO3, La2O3, 30 mg NaCl

9

17

AgNO3, La2O3, 20 mg NaCl

7

18

1 µm

b

Figure 3.5. SEM images of in situ AgCl after photocatalytic test: a) 513 μmol, b) 342 μmol

500 nm
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3.3.2. Ag3PO4 Photocatalyst:
Powder X-ray diffraction patterns shows pure phase of the product material
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corresponding to Ag3PO4 synthesized Ex situ in figure 3.6.
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Figure 3.6. XRD pattern for Ag3PO4 prepared Ex situ. (●) Ag3PO4

Figures 3.7 shows results of photocatalytic O2 evolution using ex situ Ag3PO4, in situ
AgCl with and without La2O3 photocatalysts prepared as follows.
1. Ex situ Ag3PO4: Ag3PO4 (0.1 g) powder was dissolved in 100 ml water then La2O3
(0.2 g) and AgNO3 (0.17 g) were added.
2. In situ Ag3PO4: a) Na3PO4.12H2O (91 mg) was dissolved in 100 ml water then
AgNO3 (122 mg) was added, stirred for 1 h under dark. After that La2O3 (0.2 g) and
AgNO3 (0.17 g) were added.
b) Same method as cat. 2 was done but without the addition of La2O3.
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Photocatalytic reactivity for both catalysts 1, 2 were observed. Although the
performance of cat. 2a containing (0.2 g) La2O3, showed a rate twice of that of cat. 1
and 2b. The presence of La2O3 influences the catalytic activity.
160
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Figure 3.7. Photocatalytic performance of O2 evolution ex situ and in situ Ag3PO4 with and without La2O3
prepared as described in the text. Photocatalyst: 0.1 g; solution: 100 ml H2O; light source: 300 W Xenon lamp
using CM2 (cold mirror 300-500 nm wavelengths) without a filter.

Table 2. Textural properties for in situ and ex situ catalysts
Sample

BET Surface area [m2 g-1]

Rate of O2 evolution [μmol h-1]

No measurement was obtained

122

In situ AgCl

19

18

Ex situ AgPO3

15

32

In situ AgPO3

16

60

Ex situ AgCl +NaCL
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3.3.3. AgNbO3 Photocatalyst:
Powder X-ray diffraction patterns corresponding to AgNbO3 synthesized Ex

Intensity / a.u.

situ shows pure phase of the product material in figure 3.8.
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Figure 3.8. XRD pattern for AgNbO3 prepared Ex situ. (●) Ag NbO3

The ex situ prepared AgNbO3 by PC method treated by 0.2 g La2O3 and 1 mmol
AgNO3 under UV-light shows a promising reactivity towards O2 evolution with an
average rate of 47 μmol h-1 shown in figure 3.9. SEM images show the morphology of
AgNbO3 after it was synthesized and before the oxygen evolution reaction was done
(fig. 3.10 a). While (fig. 3.10 b) shows silver nanoparticles were deposited on the
surface changing AgNbO3 morphology after OER.
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Figure 3.9. Photocatalytic performance of O2 evolution for ex situ AgNbO3 prepared as described in the text.
Photocatalyst: 0.1 g; solution: 100 ml H2O; light source: 300 W Xenon lamp using CM2 (cold mirror 300-500 nm
wavelengths) without a filter.

a

2 µm

b

Figure 3.10. SEM images of AgNbO3: a) before OER, b) after OER.

1µm
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3.4. Conclusions
Oxygen evolution under UV-light shows better performance by the in situ
prepared AgCl and Ag3PO4 nanoparticals. There is an influence on the catalytic
activity done by La2O3. The photocatalytic activity was improved since it was
reported that La3+ could perform as photo-generated electron trapper enhancing the
separation rate of electrons and holes[10]. From the physical absorption experiments
on varies catalysts, it was clear that the catalytic activities are not attributed to the
surface areas, since they showed low surface areas. More research and experiments
of hydrogen evolution will be done using AgNbO3 as well as its characterizations.

46

4. Solid State Synthesis NaZr2(PO4)3, KZr2(PO4)3 and AgTi2(PO4)3

4.1. Introduction
NASICON type materials (Sodium Super Ionic Conductor) got their name
from NaZr2(PO4)3 being the first investigated crystal structure of the Nasicon group
members. They possess important parameters as high ionic conductors with the
ability to accommodate ions in the lattice and low thermal expansion behavior[11].
These structure-type materials consist of a three-dimensional network made up of
PO4 tetrahedra sharing corners with MO6 (ZrO6, TiO6) octahedra and forming
interconnected tunnels, where M+ (Na+, K+, Ag+) ions have freedom of movement[12].
Crystal structures of NaZr2(PO4)3 and KZr2(PO4)3 are shown in figures 4.1 and 4.2.
The possibility for ionic substitution provided the Nasicon structure with special
attraction and led to synthesis a wide range of different compounds with diverse
applications.
In this chapter NaZr2(PO4)3, KZr2(PO4)3 and AgTi2(PO4)3 with the Nasicon
type structures have been synthesized by solid-state method, characterized and
their photocatalytic performance was tested for some of these catalysts.
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Scheme 4.1. Crystal structure of NaZr2(PO4)3 showing: Na(yellow sphere), O (red sphere), Zr (blue sphere)and
P(purple sphere).

Scheme 4.2. Crystal structure of NaZr2(PO4)3 showing: K(dark purple sphere), O (red sphere), Zr(blue
sphere)and P(purple sphere).
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4.2. Experimental Section

4.2.1. Material Synthesis

4.2.1.1. Synthesis of NaZr2(PO4)3
The materials were prepared by solid-state reactions. Two samples of
powders were prepared in stoichiometric quantity (1:2:3): 0.14 g (1 mmol) of
NaH2PO4.H2O, 0.25 g (2 mmol) of ZrO2 and 0.26 g (2 mmol) of (NH4)2HPO4. After
these starting reagents were weighed and well-mixed, they were grinded together
thoroughly in their dry state, using an agate mortar for 30-40 min. These mixed
powders were transferred into an alumina crucible and introduced into a chamber
furnace then heated to 700 and 900°C. This temperature was maintained for 5 h
under air flow. The white obtained materials were extracted from the crucible and
reground for 30 min to a fine powder using an agate mortar and ready to be
characterized.

4.2.1.2. Synthesis of KZr2(PO4)3
The powder was prepared in stoichiometric quantity (1:2:3): 0.09 g (0.5
mmol) of K2HPO4, 0.25 g (2 mmol) of ZrO2 and 0.33 g (2.5 mmol) of (NH4)2HPO4.
After these starting reagents were weighed and well-mixed, they were ground
together thoroughly in their dry state, using an agate mortar for 30-40 min. These
mixed powders were transferred into an alumina crucible and introduced into a
chamber furnace then heated to 700 and 900°C. This temperature was maintained
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for 5 h under air flow. The obtained white materials were extracted using a spatula
from the crucible and reground for 30 min to a fine powder using an agate mortar
and ready to be characterized.

4.2.1.3. Synthesis of AgTi2(PO4)3
The powder was prepared using solid-state reaction. Stoichiometric amounts
with a ratio of (1:2:3) of reagents were weighed about 1.4 g (8 mmol) of AgNO3, 1.3g
(16 mmol) of TiO2 and 3.2 g (25 mmol) of (NH4)2HPO4. The powders were well
mixed and grinded in an agate mortar for 30-40 min. The powder was divided into
two batches then placed directly into an alumina crucible and introduced into a
chamber furnace then heated to 800 and 1000°C. These temperatures were
maintained for 5 h under air flow. The white obtained materials were extracted
from the crucible and reground for 30 min to a fine powder using an agate mortar
and ready to be characterized.

4.2.2. Characterization
A sample (~1 g) of the powder was analyzed by powder X-ray diffraction (XRD)
using a BRUKER D8 Advance diffractometer system using Cu Kα radiation as energy
source and a LynxEye detector. Diffuse reflectance spectra of the powdered
phosphates were carried out on a JASCO V670 with an integrating sphere.
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4.2.3. Photocatalytic Test
The photocatalytic tests were performed using a flat-bottomed reaction vessel
made of Pyrex glass (491 cm3) attached to a closed gas circulation and evacuation
system. In most of the experiments, 0.1 g of the catalyst powder was suspended in
100 ml distilled water by magnetic stirring. The gas phase was evacuated to remove
N2 and O2 prior to reaction, and to let only water vapor remain. The evolved gases
were analyzed by gas chromatography of bruker (450-GC).

4.3. Results and Discussion
4.3.1. NaZr2(PO4)3 and KZr2(PO4)3 :
A set of the powder X-ray diffraction patterns corresponded to the product
materials of NaZr2(PO4)3 synthesized in stoichiometric amount in the muffle
furnace in air is shown in figures 4.1. It appeared that the specimens of NaZr2(PO4)3
synthesized under both temperatures (700-900C) showed main phase of
NaZr2(PO4)3 along with impurity phase of ZrP2O7. It is observed that the catalyst
NaZr2(PO4)3 prepared at 900C have been prepared with reasonably high degree of
phase purity compared to that synthesized at 700C. Moreover, impurity peaks of
ZrP2O7 have less intensity when prepared at 900C. This observation can be
interpreted that high temperature is essential for better synthesis of NaZr2(PO4)3.
The XRD patterns for KZr2(PO4)3 prepared in a stoichiometric ratio (1:2:3) heated
up to 700°C and 900°C for 5 h in air flow are shown in figure 4.2. Main phase of
KZr2(PO4)3 is observed along with impurity phase correspond to ZrP2O7. A minor
amount of unreacted ZrO2 precursor is however, also observed in this pattern.
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The spectra of the white powders NaZr2(PO4)3 and KZr2(PO4)3 are almost the same
having an absorption edge at 290 nm in the UV range and a band gap of 4.3 eV as
shown in figure 4.3.
Photocatalytic activity for hydrogen evolution was tested. Figure 4.4 shows
photocatalytic performance of NaZr2(PO4)3 for H2 evolution prepared by solid-state
method. About 0.1 g of the catalyst powder was suspended in 90 ml Milli-Q water
and photodeposited 2 wt.% Pt cocatalyst then adding 10 ml MeOH as sacrificial
reagent irradiated by 300 W Xenon lamp using CM2 (cold mirror 300-500 nm
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Figure 4.1. XRD pattern for NaZr2(PO4)3 prepared in a stoichiometric ration heated up under 700°C and 900°C
for 5 h in air flow. (●) NaZr2(PO4)3 , (▪)ZrP2O7.
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Figure 4.2. XRD pattern for KZr2(PO4)3 prepared in a stoichiometric ration heated up under 700°C and 900°C for
5 h in air flow. (●) KZr2(PO4)3 , (▪)ZrP2O7, (◦)ZrO2.
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Figure 4.3. NaZr2(PO4)3 and KZr2(PO4)3 prepared in a stoichiometric ration heated up under 900°C for 5 h in air
flow.
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Figure 4.4. Photocatalytic performance of H2 evolution for NaZr2(PO4)3 prepared with solid-state method, as
described in the text. Photocatalyst: 0.1 g; Cocatalyst: 2 wt.% Pt; solution: 90 ml H2O, 10 ml MeOH; light source:
300 W Xenon lamp using CM2 (cold mirror 300-500 nm wavelengths) without a filter.

4.3.2. AgTi2(PO4)3:
The synthesis of AgTi2(PO4)3 has been achieved under 800°C and 1000°C.
XRD experiments showed pure crystalline phase of this material heated up to
1000°C compared to the sample prepared at 800°C showing main phase of
AgTi2(PO4)3 along with impurity phase of TiP2O7 as shown in figure 4.5. While the
inset figure 4.6 shows the optical spectrum of the resulting AgTi2(PO4)3. A single
band occurred that can be correlated with the possibility of hybridization d9s known
for Ag+, as can be seen this material has an absorption edge around 380 nm in the
UV region and a band gap of 3.3 eV.
Photocatalytic activity for hydrogen evolution was tested and figure 4.7 shows the
photocatalytic performance of AgTi2(PO4)3 for H2 evolution prepared by solid-state
method. About 0.1 g of the catalyst powder was suspended in 90 ml Milli-Q water, 2
wt.% Pt was used as cocatalyst and 10 ml MeOH was added as sacrificial reagent
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irradiated by 300 W Xenon lamp using CM2 (cold mirror 300-500 nm wavelengths)
without a filter. AgTi2(PO4)3 showed no activity for H2 evolution under UV
irradiation.
Specific surface area was examined by the measurement of N2 adsorption
and desorption isotherm (BET) at liquid nitrogen temperature, the sample was
degassed at 120°C for 2h. Results showed low specific surface area ~ 0.3 m2g-1 and
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Figure 4.5. XRD pattern for AgTi2(PO4)3 prepared in a stoichiometric ration heated up under 800°C and 1000°C
for 5 h in air flow. (●)AgTi2(PO4)3 , (▪)TiP2O7.
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Figure 4.6. Diffuse reflectance UV-vis spectra of AgTi2(PO4)3 prepared in a stoichiometric ration heated up under
800°C and 1000°C for 5 h in air flow.
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Figure 4.7. Photocatalytic performance of H2 evolution for AgTi2(PO4)3 prepared with solid-state method, as
described in the text. Photocatalyst: 0.1 g; Cocatalyst: 2 wt.% Pt; solution: 90 ml H2O, 10 ml MeOH; light source:
300 W Xenon lamp using CM2 (cold mirror 300-500 nm wavelengths) without a filter.
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4.4. Conclusions
Nasicon-type materials NaZr2(PO4)3, KZr2(PO4)3 and AgTi2(PO4)3 have been
synthesized to be tested as new photocatlytic candidates. These materials were
prepared by solid-state method and characterized using X-ray diffraction and UV-vis
spectrometry. Pure crystalline AgTi2(PO4)3 were successfully prepared at 1000°C.
These white powders showed UV light response unlike our aim to develop visiblelight response photcatalysts for overall water splitting. Photocatalytic performance
of NaTi2(PO4)3 and AgTi2(PO4)3 showed negligible or no activity for H2 evolution,
respectively.
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5. Solid State Synthesis CuTi2(PO4)3, CuZr2(PO4)3, Cu2PO4, TiP2O7 and
CuTiZr(PO4)3

5.1. Introduction
A variety of metal oxides and sulfides have been intensively investigated over
the past decades in the field of chemistry based on solar energy conversion and
testing their applications for water splitting[13]. Most stable oxides have limited
photosensitivity absorbing only at the UV region with large band gap or
photocatalytically unstable metal oxides with suitable bad structure.
The aim of this study is to synthesize new materials that can overcome this
drawback using double metal phosphates assuming that the rigid structure of PO4
would stabilize monovalent metal ions e.g. Cu+ for photocatalytic reactions with
suitable band gap and the ability to absorb visible light. CuTi2(PO4)3 or CuZr2(PO4)3
materials are interesting, since it has been found that they have rigid basic
structural network [M2(PO4)3].
Copper metal phosphates were extensively investigated and found to be
related to the Nasicon family[14-15]. Consisting of a three-dimensional network made
up of PO4 tetrahedra sharing corners with TiO6 or ZrO6 octahedra and Cu+ ions are
located in the M(1) site with an occupation factor of 1/6[16]. Interconnected tunnels
are formed by the geometry of the network where Cu+ ions have high mobility,
crystal structures of CuTi2(PO4)3 and CuZr2(PO4)3 are shown in figures 5.1.1 and
5.1.2. Copper atoms occupy the octahedral site called M1 which is usually occupied
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by monovalent ions (same position as sodium atoms in NaZr2(PO4)3). This site is
formed by the triangular faces of two MO6 octahedra stacked on top of each other.
These compounds have technological importance in radioactive waste fixation and
as ion conductors.
In this chapter CuTi2(PO4)3, CuZr2(PO4)3, Cu2PO4, TiP2O7 and CuTiZr(PO4)3
have been synthesized by solid-state method, characterized and their photocatalytic
performance was tested after showing interesting ability to absorb visible light.

Scheme 5.1. Crystal structure of CuTi2(PO4)3 showing: O (red sphere), Ti (blue sphere), P (purple sphere) and
(white sphere) which are partially occupied by Cu+ ions; occupation factor = 1/6.
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Scheme 5.2. Crystal structure of CuZr2(PO4)3 showing: O (red sphere), Zr (green sphere), P (purple sphere) and
(white sphere) which are partially occupied by Cu+ ions; occupation factor = 1/6.

5.2. Experimental Section

5.2.1. Material Synthesis

5.2.1.1. Synthesis of Copper Titanium Phosphate
The materials were prepared by solid-state reactions. Two samples of
powders were prepared for CuTi2(PO4)3 one in stoichiometric quantity (1:2:3): 0.65
g (9 mmol) of Cu2O, 1.4 g (18 mmol) of TiO2 and 3.56 g (27 mmol) of (NH4)2HPO4 to
prepare 4 g of the catalyst. The other sample was also prepared with excessive
amount of copper (2:2:3). After these starting reagents were weighed and wellmixed, they were ground together thoroughly in their dry state, using an agate
mortar for 30-40 min. These powders were placed directly into an alumina boat and
introduced into the central zone of a tube furnace then heated to temperatures
between 400°C and 1100°C. This temperature was maintained for 5 h under N2 flow.
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The brown obtained materials were extracted from the crucible and reground for 30
min to a fine powder using an agate mortar and ready to be characterized.

5.2.1.2. Synthesis of Copper Phosphate
The following reagents were weighed with a ratio of (3:1). About 1.7 g (24
mmol) of Cu2O and 1.1 g (8 mmol)of (NH4)2HPO4 were mixed, grind then divided
into two, placed in an alumina boat and heated to 500°C and 700° for 5 h under N2
flow in a tube furnace.

5.2.1.3. Synthesis of Titanium Phosphate
The preparation of titanium phosphate was done by mixing 0.7 g (9 mmol)
TiO2 and 1.8 g (13 mmol) of (NH4)2HPO4. The mixed powders were using an agate
mortar then progressively heated to 1000°C in a tube furnace in N2 flow for 5 h.

5.2.1.4. Synthesis of Copper Zirconium Phosphate
The materials were prepared by solid-state reactions. Two samples of
powders were prepared one in stoichiometric quantity (1:2:3): 0.143 g (2 mmol) of
Cu2O, 0.49 g (4 mmol) of ZrO2 and 0.79 g (6 mmol) of (NH4)2HPO4 to prepare 1 g of
the catalyst. The other sample was prepared with excessive amount of copper
(2:2:3). After these starting reagents were weighed and well-mixed, they were
ground together thoroughly in their dry state, using an agate mortar for 30-40 min.
These powders were placed directly into an alumina boat and introduced into the
central zone of a tube furnace then heated under 700°C and 900°C. This

61
temperature was maintained for 5 h under N2 flow. The obtained materials were
extracted from the crucible and reground for 30 min to a fine powder using an agate
mortar and ready to be characterized.

5.2.1.5. Synthesis of Copper Titanium Zirconium Phosphate
Solid solution was prepared by solid-state reaction. The sample of powder
was prepared with excessive amount of copper (2:1:1:3): 0.29 g (4 mmol) of Cu2O,
0.16 g (2 mmol) of TiO2, 0.25 g (2 mmol) of ZrO2 and 0.79 g (6 mmol) of (NH4)2HPO4
to prepare 1.5 g of the catalyst. After these starting reagents were weighed and wellmixed, they were ground together thoroughly in their dry state, using an agate
mortar for 30-40 min. The mixed starting materials were placed directly into an
alumina boat and introduced into the central zone of a tube furnace then heated to
900°C. This temperature was maintained for 5 h under N2 flow. The obtained
material was extracted from the crucible and reground for 30 min to a fine powder
using an agate mortar and ready to be characterized.

5.2.2. Acid Treatment
An attempt to obtain single phase powders and impurity (e.g. Cu0) removal
was done by acid washing. The as prepared powders (0.4 g) were placed in a glass
beaker, together with 40 ml (5-10%) dilute HNO3 acid solution while stirring. The
isolated phosphate is filtered, washed with distilled water and left to dry in air. The
final product was analyzed by X-ray diffraction.
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5.2.3. Characterization
A sample (~1 g) of the powder was analyzed by powder X-ray diffraction (XRD)
using a BRUKER D8 Advance diffractometer system using Cu Kα radiation as energy
source and a LynxEye detector. Diffuse reflectance spectra (UV-vis spectra) of the
powdered phosphates were carried out on a JASCO V670 with an integrating sphere.
The Brunauer, Emmett, Taller (BET) surface area was measured using a
Micromeritic ASAP 2420 instrument at liquid nitrogen temperature. The samples
were degassed at 120°C for 2h. Scanning electron microscopy (SEM) images
showing the morphology and particle size of the catalyst. Small amount of catalysts
are dispersed with sonication in ethanol and prepared for SEM characterization
with two drops of the solution into the mesh-copper grid support.

5.2.4. Photocatalytic Test
The photocatalytic tests were performed using a flat-bottomed reaction vessel
made of Pyrex glass (491 cm3) attached to a closed gas circulation and evacuation
system. In most of the experiments, 0.1 g of the catalyst powder was suspended in
100 ml distilled water by magnetic stirring. The gas phase was evacuated to remove
N2 and O2 prior to reaction, and to let only water vapor remain. The evolved gases
were analyzed by gas chromatography of bruker (450-GC). The test was done for H2
evolution, where Pt was impregnated to the catalyst and methanol was added as
sacrificial reagent. The light source was a 300 W Xenon lamp (CM 2).
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5.3. Results and Discussion
5.3.1. CuTi2(PO4)3 :
A set of powder X-ray diffraction patterns corresponding to the product
materials of CuTi2(PO4)3 synthesized in stoichiometric or excessive amount of Cu
are shown in figures 5.1, 5.2. It is apparent that the specimens of CuTi2(PO4)3
synthesized under both temperatures (700-900C) in stoichiometric quantity have
the same XRD patterns, showing main phase of CuTi2(PO4)3 was synthesized along
with impurity phases of TiP2O7 and Cu0. Figure 5.2 shows the CuTi2(PO4)3 samples
prepared with excessive Cu and reacted by heating from 400-1100C temperature
range, where a main phase of CuTi2(PO4)3 was successfully crystallized under
temperature range from 600-1100C along with some minor peaks of Cu0 and
Cu2PO4 impurities. On the other hand, incomplete reaction and unreacted
precursors were observed (e.g. TiO2) at 500C and 400C.
In the solid state reaction (NH4)2HPO4 precursor starts to melt at first forming
a flux solution phase since the melting point is 155C. Then this solution dissolves
Cu2O and TiO2, respectively. In this case of preparing CuTi2(PO4)3 the reaction needs
temperature above 500C for the flux solution to complete dissolving other reactant
powders.
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Figure 5.1. XRD pattern for CuTi2(PO4)3 prepared in a stoichiometric ration heated up under 700°C and 900°C.
(●) CuTi2(PO4)3 , (◊)copper metal, (▪)TiP2O7.
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Figure 5.2. XRD pattern for as prepared CuTi2(PO4)3 with excessive Cu heated up under range of temperatures
from 400°C-1100°C. (●) CuTi2(PO4)3 , (◊)copper metal, (▪)Cu2PO4, (◦) TiO2
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The diffuse reflectance spectra for CuTi2(PO4)3 prepared in stoichiometric
quantity are compared in figure 5.3. An absorption edge was observed in visible
region around 600 nm corresponded to the main phase of CuTi2(PO4)3. These
spectra are compared to the precursors Cu2O and TiO2. An absorption edge arises
around 600 nm for CuTi2(PO4)3 (2:2:3) indicating its ability to absorb visible-light
with an optical band gap of about 1.9 eV as shown from the UV-Vis spectra in figure
5.4. While for the sample prepared at 400C, an absorption edge of unreacted
precursors was observed. The valence band edge of Cu+ consists of the 3d10 orbitals
and charge is transferred between the bands shown in this equation:
Cu+(3d10) + Ti4+(3d0) → Cu2+(3d9) + Ti3+(3d1)
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Figure 5.3. UV-Vis spectra for CuTi2(PO4)3 prepared in stoichiometric quantity reacted under 700°C and 900°C,
having two absorption edges one in UV and other in the visible region which compared to the precursors Cu2O,
TiO2.
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Figure 5.4. UV-Vis spectra for CuTi2(PO4)3 as prepared heated up under range of temperatures from 400°C1100°C having an absorption edge in the visible region.

Figure 5.5 shows SEM images for CuTi2(PO4)3 crystalline as large aggregated
particles with an average particle size 1-4 µm of (a) (1:2:3) stoichiometric, (b)
(2:2:3) excessive Cu. The obtained CuTi2(PO4)3 powders prepared by this method
are nonporous with relatively small surface area ~ 0.1- 0.3 m2g-1.

a

4 µm

b

4 µm

Figure 5.5. SEM images of as prepared CuTi2(PO4)3 (a) (1:2:3) stoichiometric, (b) (2:2:3) excessive Cu.
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A 0.4 g of CuTi2(PO4)3 powder prepared in stoichiometric quantity was
treated with 40 ml (5%) dilute HNO3 while kept stirring for 2 h. The solution was
filtered, dried in air and characterized. Figure 5.6 shows XRD patterns of as
prepared CuTi2(PO4)3 before and after the acid treated. Main phases of CuTi2(PO4)3
along with TiP2O7 has remained while Cu0 peaks are no longer observed indicating
that it has been dissolved. On the other hand, the acid treatment was done for 0.4 g
of the prepared CuTi2(PO4)3 with excessive amount of copper using 40 ml (10%)
dilute HNO3 and kept overnight. The filtered material was characterized by X-ray
diffraction and UV-vis spectra. Figures 5.7 shows XRD patterns of as prepared
CuTi2(PO4)3 before and after the acid treated. Main phases of CuTi2(PO4)3 are
observed with no evidence of copper phosphate and copper metal impurity phases.
were successfully removed from CuTi2(PO4)3 (2:2:3) by washing. By this treatment,
the Cu0 and Cu2PO4 were completely dissolved, leaving behind the main phases of

Intensity / a.u.

CuTi2(PO4)3 and which retained its reddish coloration throughout this treatment.

b

a
10

20

30
40
2Ɵ / degree

50

60

Figure 5.6. XRD patterns for CuTi2(PO4)3 (1:2:3): (a)before and (b) after acid treatment.
(●) CuTi2(PO4)3 , (◊)copper metal, (▪)TiP2O7, (u) unknown.
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Figure 5.7. XRD patterns for CuTi2(PO4)3 (2:2:3): (a)before and (b) after acid treatment.
(●) CuTi2(PO4)3 , (◊)copper metal, (▪)Cu2PO4, (u) unknown.
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Figure 5.8. UV-Vis spectra for CuTi2(PO4)3 prepared in stoichiometric quantity reacted under 900°C, before and
after acid treatment.
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Figure 5.9. UV-Vis spectra for CuTi2(PO4)3 prepared with excessive Cu reacted under 1000°C before and after
acid treatment.

SEM images for CuTi2(PO4)3 samples show individual crystals with specified shapes
and sizes. Some particles are well-defined having cubic shape with an average size
of 10 µm.
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Figure 5.10. SEM images of CuTi2(PO4)3 (a,b) (1:2:3) stoichiometric, (c,d) (2:2:3) excessive Cu after acid
treatment using 40 ml dilute HNO3.

5.3.2. Cu-PO4:
Attempts were made to synthesis Cu3PO4 by reacting Cu2O and (NH4)2HPO4
in a ratio (3:1) in N2 atmosphere at 500°C and 700°C, were unsuccessful. The
reaction product yield was a mixture of Cu2PO4, Cu2O and Cu0 based on the intensity
profiles of XRD pattern as shown in figure 5.11. The presence of Cu0 suggests that
during the reaction a metastable amorphous phase that contained Cu+ ions was
formed initially and then disproportionate into metallic copper and crystalline Cu2+
compounds. It has been known that the maximum heating temperature for the best
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product was 500°C. On the other hand, the sample synthesized at 700°C was melted
and hard to be extracted from the boat.
The diffuse reflectance spectra of Cu2PO4 synthesized at 500°C with a ratio of
3:1 is shown in figure 5.12 having an absorption edge in the visible region compared
with CuTi2(PO4)3 synthesized with excessive Cu at 1000°C and the precursor Cu2O,
and a high jump spectra between 700-1000 nm corresponded to copper metal
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Figure5.11. XRD patterns for Cu2PO4 prepared with a ratio of (3:1) at 500°C
(●) Cu2PO4 , (◊)copper metal, (◦)Cu2O
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Figure 5.12. UV-Vis spectra of the prepared Cu2PO4 at 500°C compared to CuTi2(PO4)3 synthesized with
excessive Cu and the precursor Cu2O, having an absorption edge in the visible region.

The photocatalytic test for H2 evolution was done by impregnating 2 wt.% Pt
as a cocatalyst onto 0.1 g of the catalyst dispersed in 100 ml solution consisted of 90
ml H2O and 10 ml methanol as a sacrificial reagent irradiated by 300 W Xenon lamp
using CM2 (cold mirror 300-500 nm wavelengths) without a filter. Figures 5.13,
5.14 show the amount of H2 evolved using CuTi2(PO4)3 and Cu2PO4 as catalysts is
negligible indicating their low activity as photocatalysts. About 0.1 μmol of H2 gas
was only observed in an hour, although, they have suitable band gap and the ability
to absorb visible light around 600 nm.
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Figure 5.13. Photocatalytic performance of H2 evolution for CuTi2(PO4)3 synthesized at 1000°C with excessive
Cu prepared with solid-state method, as described in the text. Photocatalyst: 0.1 g; Cocatalyst: 2 wt.% Pt;
solution: 90 ml H2O, 10 ml MeOH; light source: 300 W Xenon lamp using CM2 (cold mirror 300-500 nm
wavelengths) without a filter.
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Figure 5.14. Photocatalytic performance of H2 evolution for Cu2PO4 prepared with solid-state method, as
described in the text. Photocatalyst: 0.1 g; Cocatalyst: 2 wt.% Pt; solution: 90 ml H2O, 10 ml MeOH; light source:
300 W Xenon lamp using CM2 (cold mirror 300-500 nm wavelengths) without a filter.
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5.3.3. Ti-PO4:
The precursors, TiO2 and (NH4)2HPO4 were reacted at 1000°C and the
product obtained was investigated by XRD. Figure 5.15 shows XRD patterns related
to TiP2O7 along with couple unknown impurity peaks. The diffuse reflectance
spectra of TiP2O7 is compared to the spectra of CuTi2(PO4)3 synthesized with
excessive Cu and the precursor TiO2 in figure 5.16. It is shown that TiP2O7 have an
absorption edge in deeper UV region than for TiO2 along with a broad absorption
band in visible region.
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Figure 5.15. XRD patterns for TiP2O7 prepared at 1000°C. (●) TiP2O7
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Figure 5.16. UV-Vis spectra of the prepared TiP2O7 at 1000°C compared to CuTi2(PO4)3 synthesized with
excessive Cu and the precursor TiO2 , having an absorption edge in the UV region deeper than for TiO 2 along with
a band in visible region.

5.3.4. CuZr2(PO4)3:
CuZr2(PO4)3 was synthesized in stoichiometric and with excessive amount of
Cu at 700C and 900C. Powder X-ray diffraction patterns corresponding to the
product materials synthesized at 900C in stoichiometric and with excessive Cu are
shown in figure 5.17 (a,c) respectively . It was observed that the specimens of
CuZr2(PO4)3 synthesized under both temperatures (700 and 900C) have the same
XRD patterns, showing main phase of CuZr2(PO4)3 was synthesized along with
impurity phases of Cu0 and Cu2O precursor. CuZr2(PO4)3 powders were treated with
acid for the removal of impurities. About 0.4 g of each powder was suspended in 40
ml (5%) dilute HNO3 and kept stirring for 2 h. The solution then was filtered, dried
in air and characterized. Figure 5.17 shows XRD patterns of as prepared CuZr2(PO4)3
before and after the acid treated. Main phases of CuZr2(PO4)3 had low intensities
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after acid washing with the appearance of ZrO2 peaks. Removing Cu0 and Cu2O was
successfully done. By this treatment, CuZr2(PO4)3 crystallinity was lowered.
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Figure 5.17. XRD patterns for CuZr2(PO4)3 : (a,b) (1:2:3) before and after acid treatment. (c,d) (2:2:3) before and
after acid treatment. (●) CuZr2(PO4)3 , (◊)copper metal, (▪)Cu2O, (◦)ZrO2, (u) unidentified.

The diffuse reflectance spectra for CuZr2(PO4)3 prepared in (1:2:3), (2:2:3)
ratios at 900C are compared to the ones treated by acid in figure 5.18. A broad
absorption band in the visible region is observed with an absorption edge at 550
nm. This band disappears after treating these powders with 5% dilute HNO3.
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Figure 5.18. UV-Vis spectra for CuZr2(PO4)3 prepared in stoichiometric amount and with excessive Cu reacted
under 900°C (a)before and (b) after acid treatment.

Photocatalytic test for H2 evolution has been done using CuZr2(PO4)3 catalyst
by impregnating Pt as a cocatalyst and methanol as a sacrificial reagent using UV
lamp as light resource. Figure 5.19 shows negligible amount of H2 evolved less than
0.1 μmol of H2 gas was observed in an hour.
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Figure 5.19. Photocatalytic performance of H2 evolution for CuZr2(PO4)3 prepared with solid-state method, as
described in the text. Photocatalyst: 0.1 g; Cocatalyst: 2 wt.% Pt; solution: 90 ml H2O, 10 ml MeOH; light source:
300 W Xenon lamp using CM2 (cold mirror 300-500 nm wavelengths) without a filter.
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SEM image for CuZr2(PO4)3 crystalline as large random particles with an
average particle size of 2-5 µm is shown in figure 5.20.

5 µm

Figure 5.20. SEM images of as prepared CuZr2(PO4)3 synthesized at 900°C .

5.3.5. CuTiZr(PO4)3
The solid-state synthesized CuTiZr(PO4)3 with an excessive amount of copper
at 900°C was characterized by XRD, where peak characteristic of the diffraction
pattern of this solid was recorded, shown in figure 5.21. It is observed that the main
phase of CuTiZr(PO4)3 is obtained along with mixed-valence copper phosphate
(Cu2PO4), some amount of copper metal and unidentified crystalline phase. Because
of our interest in testing the photocatalytic activity, the optical spectrum provides
important information.
Figure 5.22 shows the diffuse reflectance UV-vis spectra of the as prepared
CuTiZr(PO4)3 with excess copper in a ratio of (2:1:1:3) compared with the spectra of
CuTi2(PO4)3 and CuZr2(PO4)3 also synthesized with excessive amount of copper with
a ratio of (2:2:3). As can be seen from the spectra, CuTiZr(PO4)3 shows an absorption
edge in the visible region at about 550 nm with a shift tail related to the existence of
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copper metal. This copper metal can be dissolved by acid wash with dilute nitric
acid (5% HNO3). CuTi2(PO4)3 has an absorption edge at about 600 nm, while
CuZr2(PO4)3 has weak absorption even in UV region. According to this data and
considering that our target is to determine the photocatalytic activity under visible
light (λ > 400 nm), it appears that CuTi2(PO4)3 is the most promising material for
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this purpose by having suitable absorption edge at 600 nm and a band gap of 1.9 eV .
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Figure 5.21. XRD patterns for CuTiZr(PO4)3 synthesized with excessive amount of copper (2:1:1:3) at 900°C
(●) CuTiZr(PO4)3, (▪)Cu2PO4, (◊)copper metal, (u) unknown.
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Figure 5.22. Diffuse reflectance UV-vis spectra of CuTiZr(PO4)3 synthesized with excessive amount of copper
(2:1:1:3) at 900°C and compared to the spectra of CuTi2(PO4)3 and CuZr2(PO4)3 prepared with excess copper
(2:2:3) at 1000°C, 900°C, respectively.

5.4. Conclusions
The solid state CuTi2(PO4)3 belonging to Nasicon family and with excessive
amount of copper has been successfully synthesized under 600-1100°C temperature
range. This material is interesting having the ability to absorb visible light with a
suitable band position. Cu+ was somewhat stabilized in the Nasicon structure being
surrounded by like-cages of PO4 and MO6 structures. Some Cu+ ions can migrate
toward the surface through the three-dimensional tunnels where they can be
reduced to metallic Cu or oxidized to Cu2+. Moreover, its rigid structure enhanced its
stability even after acid treatment the main phase of CuTi2(PO4)3 remained as it is
and the removal of impurities was achieved. The material retained its reddish
coloration throughout this treatment with a specified crystal cubic shape grown by
phosphate flux.

81
These catalysts possess suitable band structure with visible light response,
on the other hand, are not suitable in photocatalytic applications, since negligible
amount of hydrogen is evolved under UV-light. In the case of Cu2PO4 a novel mixedvalence (Cu+/2+) phosphate was synthesized by direct reaction of Cu2O and
(NH4)2HPO4. It is necessary to use (3:1) ratio or above of the precursors (Cu:PO4) to
obtain solid powder with considering that the maximum heating temperature
should be 500°C.
Crystalline CuZr2(PO4)3 was successfully prepared with low absorption. The
material was tested for photocatalytic hydrogen evolution reaction under UV light
and showed no activity although it has fluorescence properties. Crystallinity of this
catalyst was affected after the acid treatment; copper metal was successfully
removed while some precursors were observed. This may indicate that CuTi2(PO4)3
has more stability than CuZr2(PO4)3.
Preparing

crystalline

CuTiZr(PO4)3

was

successfully

achieved

and

structurally characterized using powder X-ray diffraction which confirms the
existence of Cu2PO4. This material has an absorption edge in the visible region which
is our interest range (600 nm).
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6. Solid State Synthesis Copper-Niobium-Phosphate, Copper-TantalumPhosphate

6.1. Introduction
The interesting properties of compounds with Nasicon like structure, as
luminescent materials and ionic conductors, made them intensively studied by
scientists. Moreover, the Nasicon structure has flexible compositional diversity with
a general formula that can be written as AM1M2(PO4)3. The site A can be occupied by
either alkali ions, alkaline earth ions (Cu+ in our case) or can be vacant. M1 and M2
could be occupied by di, tri, tetra and penta valent transition metal ions (Nb5+, Ta5+).
Our aim was to attempt the synthesis of CuNb(PO4)2 and CuTa(PO4)2 phases. The
synthesized materials were characterized using X-ray powder diffraction and then
studied on their activity as photocatalysts. In this study the samples were prepared
using solid-state method.
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6.2. Experimental Section

6.2.1. Material Synthesis

6.2.1.1. Synthesis of Copper-Niobium-Phosphate
The materials were prepared by solid-state reactions. Two samples of
powders were prepared one in stoichiometric quantity (1:2:3): 0.29 g (4 mmol) of
Cu2O, 0.53 g (4 mmol) of Nb2O5 and 1.06 g (8 mmol) of (NH4)2HPO4 to prepare 1 g of
the catalyst. The other sample was prepared with excessive amount of copper
(2:2:3). After these starting reagents were weighed and well-mixed, they were
ground together thoroughly in their dry state, using an agate mortar for 30-40 min.
These powders were placed directly into an alumina boat and introduced into the
central zone of a tube furnace then heated to 900°C. This temperature was
maintained for 5 h under N2 flow. The obtained materials were extracted from the
crucible and reground for 30 min to a fine powder using an agate mortar and ready
to be characterized.

6.2.1.2. Synthesis of Copper-Tantalum-Phosphate
The materials were prepared by solid-state reactions. Two samples of
powders were prepared one in stoichiometric quantity (1:2:3): 0.29 g (4 mmol) of
Cu2O, 0.88 g (4 mmol) of Ta2O5 and 1.06 g (8 mmol) of (NH4)2HPO4 to prepare 1 g of
the catalyst. The other sample was prepared with excessive amount of copper

84
(2:2:3). After these starting reagents were weighed and well-mixed, they were
ground together thoroughly in their dry state, using an agate mortar for 30-40 min.
These powders were placed directly into an alumina boat and introduced into the
central zone of a tube furnace then heated to 900°C. This temperature was
maintained for 5 h under N2 flow. The obtained materials were extracted from the
crucible and reground for 30 min to a fine powder using an agate mortar and ready
to be characterized.

6.2.2. Characterization
A sample (~1 g) of the powder was analyzed by powder X-ray diffraction (XRD)
using a BRUKER D8 Advance diffractometer system using Cu Kα radiation as energy
source and a LynxEye detector. Diffuse reflectance spectra (UV-vis spectra) of the
powdered phosphates were carried out on a JASCO V670 with an integrating sphere
system.

6.3. Results and Discussion

6.3.1. Cu-Nb-PO4
Powder X-ray diffraction patterns in figure 6.1 correspond to Cu-Nb-PO4
prepared at 900°C in stoichiometric and with excessive Cu. It shows main phase of
NbOPO4 along with weak peaks at 43 and 51° 2Ɵ corresponded to Cu0 phase for the
sample synthesized in stoichiometric amount. On the other hand, the sample
prepared with excessive Cu showed extra peaks related to Cu2P2O7 and Cu0 along
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with the main phase of NbOPO4. The optical spectrum of the reacted Cu-Nb-PO4 is
shown in figure 6.2 the band between 300-600 nm is due to NbOPO4 while for that

Intensity / a.u.

shifted band after 600 nm is due to the formation of copper metal.
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Figure 6.1. XRD pattern for Cu-Nb-PO4 prepared at 900°C (a) stoichiometric ratio, (b) excessive Cu.
(●) NbOPO4 , (▪)Cu2P2O7, (◊)copper metal.
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Figure 6.2. UV-Vis spectra for the reacted Cu-Nb-PO4 prepared at 900°C
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These impurity phases where dissolved by acid washing using 5% dilute HNO3
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while maintaining pure main phase of NbOPO4 as shown in figures 6.3, 6.4.
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Figure 6.3. XRD pattern for NbOPO4 (1:2:3) prepared at 900°C (a) before, (b) after acid treatment.
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Figure 6.4. XRD pattern for NbOPO4 (2:2:3) prepared at 900°C (a) before, (b) after acid treatment.
(●) NbOPO4 , (▪)Cu2P2O7, (◊)copper metal.
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6.3.2. Cu-Ta-PO4
The XRD patterns (figure 6.5) showed that crystalline pure phase in the case of
CuTa(PO4)2 was never obtained; crystals of TaPO5 and Cu2P2O7 were synthesized
instead together with copper metal and some unknown peaks. This material was
synthesized by reacting Cu-Ta-PO4 in a stoichiometric ratio and with excess amount
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of copper heated at 900°C.
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Figure 6.5. XRD pattern for Cu-Ta-PO4 prepared at 900°C (a) stoichiometric ration, (b) excessive Cu.
(●) TaPO5 , (▪)Cu2P2O7, (◊)copper metal, (u) unknown phase.

6.4. Conclusion
Attempting to synthesis CuNb(PO4)2 and CuTa(PO4)2 by solid state method
was never achieved. By reacting Cu-Nb-PO4; atoms were rearranged forming
NbOPO4 and Cu2P2O7. While TaPO5 and Cu2P2O7 were obtained when Cu-Ta-PO4
were reacted. Small amounts of copper metal phases can be dissolved by acid
washing.
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7. Photoelectrode Preparation and Photoelectrochemical Measurement

7.1. Introduction
Photoelectrochemical water splitting for the production of clean and
renewable chemical fuels by abundant solar energy has been an attractive solution
to the world’s energy problem. An electric field is generated in the
photoelectrochemical cell as light is absorbed by the semiconductor. It is required to
develop a stable semiconductor device from abundant elements using new
techniques. The attractive Cu+ in Cu2O has suitable band position for H2 evolution
unfortunately, with poor stability; attempting to be stabilized in the threedimensional Nasicon framework.
Electrophoretic deposition (EPD) is an easy technique to deposit and coat
different materials with low cost. The thickness and morphology of deposited films
can be controlled by just adjusting the deposition time and applied potential. These
properties increased interest in industry world. In the EPD mechanism, the applied
electric field has the influence to deposit the charged particles in a suspension onto
an electrode.
In this chapter, a conducting glass (ITO) support was used to prepare
CuTi2(PO4)3 photoelectrode using electrophoretic deposition method. Moreover,
fabrication of an efficient electrode was attempted by synthesizing CuTi2(PO4)3
materials directly on Ti plate substrate using (flux-assisted) solid-state method.
Then these electrodes were used for the photoelectrochemical measurements
performed in dark then under illumination.

89
7.2. Experimental Section

7.2.1. Preparation of CuTi2(PO4)3 electrodes

7.2.1.1. Electrophoretic Deposition
CuTi2(PO4)3 powder synthesized as described in chapter 5 was prepared by
mixing 0.65 g (9 mmol) of Cu2O, 1.4 g (18 mmol) of TiO2 and 3.56 g (27 mmol) of
(NH4)2HPO4 with excessive amount of copper and a ratio of (2:2:3). These
precursors were grinded together thoroughly in their dry state, using an agate
mortar for 30-40 min. This reaction was heated for 5 h under N2 flow at 1000°C.
CuTi2(PO4)3 thin film electrode was prepared by electrophoretic deposition on ITO
conducting glass support. The electrophoretic deposition was carried out in an
acetone solution (20 ml) containing iodine (12 mg) and CuTi2(PO4)3 powder (40
mg), which was dispersed by sonication for 1 min. ITO electrode (8⨯27 mm) and
gold foil (2⨯2 cm) were immersed parallel in the solution, then 50 V bias was
applied between them for 2 min. The CuTi2(PO4)3- coated area was controlled to be
ca. 0.88⨯1 cm. The electrode was dried and then annealed at 200°C for 2 h and
ready for photoelectrochemical measurements.

7.2.1.2. Direct Synthesis of Photoelectrode on Ti Plate
The powder was prepared by mixing these precursors: 0.65 g (9 mmol) of Cu2O,
1.4 g (18 mmol) of TiO2 and 3.56 g (27 mmol) of (NH4)2HPO4. Ti plate was used as a
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support to deposit the catalyst forming the working electrode. The Ti plate was first
cut (2⨯2.5 cm), washed with de-ionized water and polished with 0.05 µm of
alumina, then washed again with acetone and de-ionized water. The plate was
designed forming a boat-like shape with an area (1⨯1 cm) to hold the suspension.
Three electrodes were prepared using different solvents: 50 mg of the mixed
powder was suspended in 5 drops of Milli-Q water, then 5 drops of the suspension
was placed onto the Ti plate and was kept to dry. Another electrode was prepared
by placing a thin layer of the dry mixed powder. Ethanol was used as a solvent to
form a suspension with 50 mg of the mixed powder and just 5-7 drops was placed
on the plate for the last electrode. These plates were placed into an alumina boat
and introduced into the central zone of a tube furnace then heated to 1000°C. This
temperature was maintained for 5 h under N2 flow.

7.2.2. Photoelectrochemical measurements
The photoelectrochemical performance of the electrodes was evaluated in a
three-electrode configuration. The electrolyte was 0.1 M aqueous Na2SO4 solution,
the reference electrode was Ag/AgCl in saturated KCl, and a Pt wire was used as the
counter electrode. The electrolyte was purged with Ar for 10 min before the
measurements. The cyclic voltammetry (CV) was first measured in the dark to find
out the suitable range of the applied bias and the frequency for CuTi2(PO4)3 sample
in the electrolyte solution with a scan rate of 50 mV s-1. The photoresponse was
measured under chopped irradiation from a 300 W Xe lamp. The scan rate for the
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cyclic linear sweep voltammetry was 3 mV s-1. Photocurrent stability test was
carried out by measuring the photocurrent produced under chopped light
irradiation (light/dark cycles of 10 s) at a fixed electrode potential of 0 V versus
RHE. During linear sweep voltammetry the electrolyte was continuously bubbled
with Ar.

7.3. Results and Discussion
A thin film of CuTi2(PO4)3 was successfully deposited on ITO conducting glass
using electrophoretic deposition method. This procedure was done in an acetone
solution containing iodine and CuTi2(PO4)3 powder with an applied bias of 50 V for 2
min after sonication figure 7.1 shows an image of the deposited CuTi2(PO4)3 on ITO.

Figure 7.1. Image of deposited CuTi2(PO4)3 on ITO conducting glass using electrophoretic deposition method.

A homogenous film was formed by the mixed powders of Cu2O, TiO2
(NH4)2HPO4 directly on the Ti plate. Figure 7.2 shows an image of the successfully
prepared photoelectrode. XRD measurement was taken to characterize the material
prepared on the Ti plate. Few powders were obtained by scratching the plate to be
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characterized. Figure 7.3 shows pure phase of CuTi2(PO4)3 has been successfully
prepared by the suspension done with ethanol deposited .
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Figure 7.2. Image of the directly synthesized CuTi2(PO4)3 on the Ti plate prepared by suspension of the mixed
powders in ethanol.
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Figure 7.3. XRD pattern for CuTi2(PO4)3 with excessive Cu prepared by suspending it in ethanol then placed on
Ti plate heated up under 1100°C. (●) CuTi2(PO4)3

Cyclic voltammogram using CuTi2(PO4)3 on ITO working electrode was done
in 3 cycles with a scan rate 50 mV s-1, in 0.1 M Na2SO4 electrolyte is shown in figure
7.4. Figure 7.5 shows the photoresponsive current of CuTi2(PO4)3 at a bias ranging
from 0.25 V to 0.9 V (versus RHE) is observed from the on/off light cycles. The
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appearance of the cathodic photocurrent indicates that the CuTi2(PO4)3 function as a
p-type semiconductor. This negative cathodic current at a range of 0.25 to 0.6 V vs.
RHE indicates H2 evolution by the metallic nature of copper. At >0.6 V the negative
cathodic current is no longer observed and switched to a large positive anodic
current at 0.6 V to 0.7 V range. This phenomenon corresponds to the oxidation of
Cu0 to Cu+ or Cu+ to Cu2+ and not from O2 evolution. Then at higher potential (>0.7 V)
a band is observed that is corresponded to the second step of oxidizing Cu+ to Cu2+.
The amount of oxidation is very limited according to the number of electrons
flowing to the electrode, which may be just electrons found on the surface.

Figure 7.4. Cyclic voltammogram using CuTi2(PO4)3 on ITO working electrode, 50 mVs-1 scan rate, in 0.1 M
Na2SO4 electrolyte.
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Figure 7.5. Current-voltage curve of CuTi2(PO4)3 on ITO in an electrolyte of 0.1 M Na2SO4 under illumination
with a 300 W xenon lamp. Sweep rate of the voltage 10 mV s-1.

7.4. Conclusion
The proposed electrode process has great advantage in the preparation of
electrodes by forming a thin layer of different powder materials on Ti plate using a
suspension of it with a suitable solvent.
Photoresponsive current-voltage measurements confirm an unstable p-type
semiconductor property giving a low cathodic photocurrent at an applied bias range
of 0.25 to 0.6 V vs. RHE of H2 evolution. Moreover, a large anodic photocurrent at an
applied bias of +0.6 V vs. RHE under a 300 W xenon lamp illumination, due to the
oxidation of Cu Cu0 → Cu+→ Cu2+. The amount of H2 evolution will be measured in
future work.
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8. Summary
The development of highly efficient, stable and abundant photocatalysts with
visible light response for overall water splitting is still a main challenge. Some
silver-cation-containing materials which may possess suitable band positions for
photocatalytic water splitting (such as AgCl, Ag3PO4 and AgNbO3) were synthesized.
These photocatalysts were used for oxygen evolution under UV irradiation from
aqueous water containing additional Ag+ ions.
The rigid structure of phosphate compounds with their thermal stability
attracted our attention for the purpose of synthesizing more stable photocatalysts.
Double metal phosphates of the Nasion-type structure have excellent ordering and
cationic conduction channels in the Nasicon framework. CuTi2(PO4)3 synthesized by
solid-state method under high temperatures has the suitable adsorption edge at 600
nm with a band gap of 1.9 eV , which makes it a good photocatalytic candidate.
More designing synthesis will be demonstrated for the development of CuTi2(PO4)3
with size and morphology controlling and with high surface area.
The newly designed method for the preparation of a photoelectrode, by
direct synthesis of a thin film of semiconductor on Ti Plate was successfully
achieved. This simple method just requires a suitable solvent forming a suspention
with the mixed precursors. This prepared electrode can be directly used as a
photoelectrode in photoelecrochemical measurements.
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APPENDIX

Figure A.1. IUPAC classification for adsorption Isotherms. I) Microporous solids. Chemisorption region. II & III)
Macroporous adsorbents and finely divided non-porous solids. IV & V) Adsorption isotherms plots with
hysteresis loops. Mesoporous materials characteristic plot. VI) Stepped isothermal plot for special cases.

Figure A.2. Schematic representing Bragg’s Law. Derivation from the figure is as follows:

