
ABSTRACT 

FUOCO, LINDSAY CHRISTINE.  Flux Synthesis of Metal Oxides and Investigations of 

their Photoelectrochemical and Magnetic Properties.  (Under the direction of Prof. Paul A. 

Maggard). 

 

The renewable production of fuels from sunlight has generated intense research over 

the past few decades in the field of semiconducting photoelectrodes, such as for the photon-

driven reduction of water.  Much research has focused on the identification of materials 

capable of absorbing visible-light, a major portion of the solar spectrum.  Metal-oxides are 

considered the most promising photoelectrode materials due to their relative stability.  

However, most have large sized bandgaps making them incapable of visible-light absorption.  

My research efforts in this area involve the investigation and identification of new metal-

oxide based p-type photoelectrode materials capable of hydrogen production under visible-

light irradiation.  Polycrystalline films of Cu5Ta11O30 and Cu3Ta7O19 were prepared on 

fluorine-doped tin oxide (FTO) glass starting from their flux synthesis as highly-faceted 

micron-sized particles.  Each photoelectrode material was prepared under various annealing 

and oxidation temperatures to evaluate their effects on the photocurrent response.  The 

synthetic preparation, phase purity, morphology and optical absorption of each film were 

evaluated.  Films were photoelectrochemically characterized and the flat-band potentials of 

each were determined by Mott-Schottky analysis and used to determine their valence and 

conduction band positions.        

The second section is focused on the half-metallic, double-perovskite oxides with the 

composition A2BReO6 (A = Sr or Ba; B = Fe or Cr).  These materials have been the focus of 



intense research interest owing to the discovery of low-field intergrain-tunneling 

magnetoresistance in members of this family.  Particle size, morphology and the amount of 

B/Bô site ordering have also been shown to significantly affect the observed intergrain 

tunneling magnetoresistance.  However, current synthesis methods do not allow for the 

tunable manipulation of any of these types of particle characteristics.  My research efforts in 

this area have focused on several reduced rhenates and use of flux-mediated synthesis as an 

alternative approach that allows for the tenability of their particle sizes.  The flux amount, 

heating duration and cooling rates were varied and investigated for their effects on particle 

sizes, extent of B/Bô site ordering, as well as magnetic and electrical properties. 
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CHAPTER 1 

 

INTRODUCTION TO PHOTOELECTROCHEMISTRY  

 

 

Solar hydrogen generation through photoelectrochemical water splitting using metal- 

oxides as photoelectrode materials has attracted considerable interest in the field of 

renewable energy.  With the world energy consumption estimated to double by 2050 and the 

diminishing of our energy reserves, increased research efforts have focused on the 

development of a sustainable energy source to supply our growing energy needs.
1
   While 

estimations of the fossil fuel reserves that comprise of 85% of our current energy 

consumption range from 40-80 years for oil, 60-160 years of natural gas and 150-400 years 

for coal, the effects of depleting reserves will be felt far sooner as they become harder to 

recover.
2,3

  The generation of greenhouse gasses from the combustion of fuels and their 

impact on the environment also poses a more immediate concern.
4
  Therefore an 

investigation into clean sustainable energy source alternatives to fossil fuels with the 

potential to address our growing energy demands is needed.  The solar driven 

photoelectrochemical production hydrogen from water using metal-oxide based 

photoelectrodes has been gaining considerable research over the past few decades as a 

potentially clean renewable energy source alternative to the current combustion of fossil 

fuels.  A photoelectrochemical cell for the production of hydrogen from water was first 

reported in 1972 by Fujishima and Honda using n-TiO2 as a photoelectrode under ultra-violet 



 

3 

illumination and a 0.5 V applied potential.
5
  Since this discovery, many types of materials 

have been explored as potential photoelectrode materials for water splitting with the most 

promising being metal-oxides due to their relatively higher inherent stability against 

photocorrosion compared to non-oxide semiconductors. 

The basic photoelectrochemical cell (PEC) setup consists of an anode where water 

oxidation occurs and a cathode where water reduction occurs in which one of these consists 

of a photoactive semiconductor and the other of a metal such as Pt serving as a counter 

electrode submersed in an aqueous electrolyte.  Shown in Figure 1.1 are the PEC 

configurations for n-type and p-type photoactive semiconductor electrodes.  If the 

photoactive material is an n-type material such as n-TiO2, water splitting is initiated when the 

photoactive electrode (photoanode) is irradiated with photons equal to or greater in energy 

than the bandgap of the material.  Upon illumination, electrons from the valence band are 

excited to the conduction band and create electron-hole pairs.  The electrons and holes are 

separated by an electric field inside the semiconductor (space charge layer) and the electrons 

travel to the conducting contact via an external connection to the Pt counter electrode 

(cathode) where they can reduce water to form H2.  The holes are swept towards the 

semiconductor electrolyte surface and can oxidize water to form O2.  If the photoactive 

material is p-type, it acts as the photocathode and water is preferentially reduced on the 

semiconductor surface and water is oxidized at the counter electrode.  The overall water 

splitting reaction is H2O + 2hɜ Ą H2 + 1/2O2 (hɜ = photon energy) and can be driven by light 

with a wavelength Ò 1008 nm (1.23 eV) (Figure 1.2).  In some cases, the photovoltage 

between electrodes in less than 1.23 eV and an external bias can be applied.
6
  With the 
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majority of the solar spectrum composed of visible-light, visible-light absorption is a key 

requirement in a semiconductor for water splitting. 

In an ideal semiconductor for overall water splitting, the potential of the conduction 

band edge should be more negative than the H
+
/H2 redox potential and the valence band edge 

should be more positive than the O2/H2O oxidation potential as shown in Figure 1.3.
7
  In the 

case of n-type TiO2 and many other metal oxides, the conduction and valence bands suitably 

straddle the water oxidation and reduction potentials, but their bandgap sizes are too large 

and restricts them to only ultraviolet-light absorption.  A relatively smaller number of n-type 

metal oxides that absorb at visible-light energies have been explored for use as water 

oxidation catalysts, such as Ŭ-Fe2O3, WO3, and BiVO4.
8-10

  However, their decreases in 

bandgap size are generally found to originate from a downshift in the conduction band 

energy, and thus making most all of them unsuitable for use as p-type photoelectrodes for the 

reduction of water.  The band positions with respect to the water oxidation and reduction 

potentials for selected metal-oxide and non-oxide photocatalysts are shown in Figure 1.4.
 

Narrow-bandgap non-oxide semiconductors such as GaN and CdS have been 

explored as p-type photoelectrode materials, however they lack the stability of metal-oxides 

and are readily deactivated through photocorrosion and self-oxidation.
11,12

  Just a few 

examples of p-type semiconducting oxides that function as photocathodes under visible-light 

irradiation have been discovered so far, including Cu2O, CaFe2O4, and metal-ion doped 

Fe2O3.
13-16

  Thus a primary critical direction in this area is the identification of new p-type 

photoelectrode metal oxides capable of visible-light absorption. 
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Recent research efforts in the Maggard group have focused on achieving smaller 

bandgap sizes via the use of Nb(V) or Ta(V) cations (empty d
0
-orbitals) that form the 

conduction band states in early transition-metal oxides, together with a Cu(I) cation (filled 

d
10

-orbitals) that can form higher energy valence-band states.
17-20

  For example, the 

isoelectronic substitution of Cu(I) for the Na cation in the NaNbO3 photocatalyst decreases 

its bandgap size from ~3.4 eV to ~2.0 eV via the creation of a new higher-energy valence 

band consisting of the filled Cu d
10

 orbitals, as found in CuNbO3.
17,21

  For the solid solution 

(CuxNa1-x)2Ta4O11, increasing the Cu(I) content from x= 0.05 to x= 0.77 was found to 

decrease the bandgap from 3.2 eV to 2.7 eV, as shown in Figure 1.5.
22

  Thus my research 

efforts in this field extend the use Cu(I)/Ta(V)-based compounds as potential photoelectrodes 

for the photoelectrochemical splitting of water. 

In addition to the appropriate location of the conduction and valence band positions, 

an ideal photoelectrode material must also be capable of efficient charge transport.
1
  Poor 

mobility of charge carriers would prevent the effective transport of charges from the bulk of 

the material to the surface, and thus decreasing its photocatalytic efficiency.  Decreased 

charge mobility in metal-oxides is often caused by the presence of defects in the material that 

can serve as recombination centers for the photogenerated electrons or holes, and preventing 

efficient charge transport to the electrolyte semiconductor surface.  Previous studies on the 

photocurrent response of Ŭ-Fe2O3 photoelectrodes have been shown to be highly dependent 

on the preparation conditions.
23

  In general, the observed photocurrent in Ŭ-Fe2O3 

photoelectrodes was found to increase under synthesis conditions that improved the 

crystallinity of the material.
23

  Therefore, it is critical to employ a preparation method that 
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allows for the preparation of highly crystalline products.  Mixed-metal oxides are typically 

prepared using solid-state techniques in which products of high purity and crystallinity are 

often hard to obtain.  An alternative approach to the synthesis of these materials is to use a 

molten-flux synthetic method, which employs the use of a molten-salt as a solvent media and 

enables the formation of highly crystalline products.  Previous research efforts in the 

Maggard group have explored the use of flux-synthesis for the preparation of photocatalyst 

materials in particulate photocatalytic systems, and which have shown increased catalytic 

rates in comparison to solid-state preparation methods.
22

  However, the use of flux-synthesis 

of the preparation of photoelectrochemical electrodes has never been explored.                 

 The major research efforts of my work described in part 1 of this document is the 

identification of two new p-type photoelectrode, i.e. Cu5Ta11O30 and Cu3Ta7O19, capable of 

hydrogen production under visible-light.  Polycrystalline films of each were prepared starting 

from their flux-synthesis by and tested for photoelectrochemical water splitting.  Oxidation 

of these films was found to enhance the photocathodic response and the effects of oxidation 

and annealing temperatures were probed for each system.  Films were characterized using 

Powder X-ray Diffraction, UV-Visible Spectroscopy, Scanning Electron Microscopy and 

Thermogravimetric analyses.  The surfaces of the films before and after 

photoelectrochemical testing were also probed using X-ray Photoelectron Spectroscopy to 

investigate possible photocorrosion at the filmôs surfaces.  The flat-band potentials of each 

were determined using a Mott-Schottky analysis and used to calculate the valence and 

conduction band positions.  Through these studies we seek to provide a better understanding 
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of these materials as p-type photoelectrodes and to provide a basis for identifying and 

investigating other potential p-type metal oxides.   

 

 

EXPERIMENTAL TECHNIQUES  

 

Molten-Salt Flux Synthesis 

Flux syntheses were performed by first combining mixtures of analytical reagent 

grade reactants inside a glovebox under a nitrogen or argon atmosphere.  The reactants were 

ground together in a mortar and pestle for 20 minutes prior to and after the addition of the 

desired flux.  The resulting mixtures were loaded into fused silica ampules and flame sealed 

on a vacuum line.  The reaction ampules were heated in a ceramic tube furnace.  The heating 

profiles and molar ratios are described further in each chapter.  The flux was removed from 

the resulting products by washing.  More details are provided in each chapter. 

 

Polycrystalline Film Preparation  

Polycrystalline films were prepared on fluorine-doped tin oxide glass slides (FTO) 

(TEC-15 from Pilkington Glass Inc.).  Prior to sample deposition, the FTO slides were 

cleaned by sonication in deionized water, acetone and ethanol for 20 minutes each for two 

cycles.  A ~2 cm
2
 area was then masked off on each slide using two layers of Scotch tape.  

Approximately 30 mg of sample was ground in ethanol as a dispersant and spread over the 

slide using the doctor-blade technique.  The films were then dried at room temperature and 
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the tape was removed.  All films were annealed in a ceramic processing furnace under 

vacuum at ~30 milibar.  Further details are given in each chapter. 

 

Powder X-ray Diffraction  

Powder X-ray diffraction (PXRD) patterns of all synthesized products were collected 

on an INEL diffractometer using Cu KŬ1 (ɚ = 1.54056 ¡) radiation from a sealed tube X-ray 

generator (35 kV, 30 mA) in transmission mode using a curved position detector (CPS120).  

Samples were prepared by placing approximately 40 mg of dry sample onto a piece of Scotch 

tape adhered to the sample holder.  The sample was spread across the tape as a uniform 

smooth layer and a second piece of tape was then placed over the tape containing the sample.  

The sample holder was placed in the rotating mount located between the direct beam of the 

incident X-rays and the detector.  Data were collected for approximately 1 hour each.  The 

resulting patterns were analyzed using Winplotr
24

 and compared to calculated patterns from 

the ICSD and the ICDD databases using the programs FindIt and Match!.
25,26

   

High-resolution powder X-ray diffraction data sets used in Rietveld refinements and 

unit cell calculations were collected at room temperature on a Rigaku R-Axis Spider 

equipped with a curved image plate detector and Cu KŬ1 radiation from a sealed-tube X-ray 

source.  Samples were loaded into 0.1-0.3 mm borosilicate capillaries and data was collected 

for 2 h.  The resulting 2-D images were integrated to produce conventional 2ɗ intensity 

patterns using 2DP.
25

  Refinements were performed by the Rietveld method using the WPF 

Refinement option in Jade 9.
28
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UV-Visible Diffuse Reflectance 

UV-Visible diffuse Reflectance Spectra (DRS) were collected on a Shimadzu UV-

3600 equipped with an integrating sphere.  Approximately 30 mg of sample was pressed onto 

a BaSO4 powder holder and placed along the external window.  Pressed BaSO4 powder was 

used as a reference and the data were plotted as the remission function F(RÐ) = (1 ï 

RÐ)
2
/(2RÐ), where R is diffuse reflectance based on the Kubelka-Munk theory of diffuse 

reflectance.
29

  The bandgap size (Eg) was estimated using the formula Eg (eV) = (1240/ 

ɚg,(nm)) where ɚg is extrapolated from the linear rise in the absorption curve. 

 

Thermogravimetric Analyses (TGA) 

Thermogravimetric analyses were carried out on a TA Instruments Q50.  A weighed 

amount (~20 mg) of each sample was loaded onto Pt pans, equilibrated and tarred at room 

temperature in open air.  Samples were stepped to temperatures of 250 °C, 350 °C, or 550 °C 

at a heating rate of 16.0 °C/min and held there for 3 h. 

 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) on a JEOL 6400 was performed in order to 

examine the particle size distribution and morphology of the reaction products.  Bulk samples 

were prepared by placing approximately 10 mg of dry sample on a piece of double sided 

coated carbon tape adhered to an aluminum specimen stub.  A fast stream of nitrogen gas 

was then applied over the sample to ensure ample separation of the particles for a size 

distribution analysis.  Polycrystalline films were characterized on FTO glass as prepared.  All 
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samples were then sputter coated with a thin layer of gold colloid particles (~40) to increase 

the conductivity of the sample and to maximize the spatial resolution.  The microstructure 

and particle size distribution were imaged at magnifications ranging from 10,000-100000 ɢ.  

The film thicknesses were measured at a tilted 30°, and the correction applied as thickness = 

observed thickness × (1 / cos(30°)).          

 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectra were collected on a PHOIBIS 150 equipped with a 

hemispherical analyzer using monochromatized Mg (KŬ = 1,254 eV) radiation. A chamber 

base pressure of approximately 10
-10

 mbar was achieved under ultrahigh vacuum.  The 

binding energies were internally calibrated to the C 1s peak at 285.0 eV.  

 

Semiconducting Quantum Interference Device 

Magnetization measurements were collected on a Quantum Design MPMS XL 

SQUID magnetometer with a maximum field capability of 7 T and a temperature range from 

2-400 K.  A typical sample was prepared by placing a weighed amount (~20 mg) of dry 

homogeneous sample into a diamagnetic gelatin capsule.  The gelatin capsule was inserted 

into a diamagnetic straw and secured with additional pieces of straw and polyimide tape.  

Each sample was corrected for the diamagnetism of the atomic cores using Pascalôs 

constants.
30

  The diamagnetism of the sample holder was also corrected using a background 

scan subtraction.  Magnetization measurements were recorded from 5 K to 400 K in a field 
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that varied from 1-3 T depending on the sample.  Magnetization field hysteresis loops were 

collected from -7 T to 7 T at 5 K.  Further details are provided in each chapter.   

 

Resistivity Measurements 

Electrical resistivity measurements were collected using an MMR Hall and Van Der 

Pauw measurement system with a variable temperature hall Dewar equipped with a four 

probe setup and micro-miniature refrigeration unit.  Samples were prepared by pressing 

approximately 250 mg of dry sample into a pellet with a 10 mm diameter.  Pellets were 

mounted on the stage of a variable temperature micro-miniature refrigeration unit using a 

small amount of Dow Corning 360 silicone heat sink.  The four probes installed in the 

sample Dewar were then lowered onto the sample and the Dewar was sealed and vacuumed 

down to approximately 10 militorr.  During magnetoresistance type measurements, the 

Dewar was placed between the two poles of a GMW 5403 electromagnet. 

 

Photoelectrochemical Measurements 

All photoelectrochemical measurements were performed in a custom-fabricated 

Teflon cell with the prepared polycrystalline film as the working electrode, Pt as the counter 

electrode and a standard calomel saturated KCl electrode as the reference electrode.  A 0.5 M 

Na2SO4 aqueous solution, adjusted to pH = 6.3 using dilute H2SO4 (aq), was used as the 

electrolyte and the cell was purged with argon gas 30 minutes prior to and during all 

measurements.  An electrochemical analyzer (Princeton Applied Research, PARSTAT 2263) 

with PowerSuite software was used to measure photocurrent and to carry out 
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chronoamperometry experiments.  Films were irradiated from the backside using a 400 W Xe 

arc lamp equipped with a long-pass cutoff filter (>420 nm) and band-pass filters as 

appropriate.  Mott-Schottky measurements were obtained using the AC electrochemical 

impedance method, with an AC amplitude of 5 mV at an applied frequency of 12 kHz.  The 

experimental setup used for all photoelectrochemical measurements is shown in Figure 1.6.   

Incident-photon-to-current conversion efficiency (IPCE) measurements were carried 

out using band-pass filters of four different wavelengths (352, 451, 522, and 603 nm).  The 

number of photons of monochromatic light reaching the electrode surface was measured at 

each wavelength using a Si photodiode.  The % IPCE is defined as [(1239.8 × photocurrent 

density [mA/cm
2
]) / (wavelength [nm] × photon flux [mW/cm

2
])] × 100.   

 

Dissertation Organization  

 This dissertation has been organized in the form of papers either recently published or 

in preparation to be published.  They are divided into two major sections: 1. Flux Synthesis 

of Metal-Oxide Particles: Photoelectrochemistry (Chapters 1-3) and 2. Flux Synthesis of 

Metal Oxide-Particles: Intergrain Tunneling Magnetoresistance.  (Chapters 4-5).   
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Figure 1.1.  PEC cell configuration of  (A) n-type semiconductor electrode with a Pt counter 

electrode and (B) a p-type semiconductor electrode with a Pt counter electrode. 
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Figure 1.2.  Solar irradiance spectrum as a function of photon wavelength.

31
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Figure 1.3.  Schematic energy diagram of an ideal water-splitting photocatalyst where the 

hydrogen and oxygen potentials lie outside the conduction and valence bands of the material.  

These positions have been shown vs. NHE for a solution pH = 0. 
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Figure 1.4.  Previously reported band positions of selected photocatalysts shown vs. NHE at 

pH = 1.  Image has been adapted from reference 4.  
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Figure 1.5.  Schematic energy diagram of the band positions for the solid solution (CuxNa1-

x)2Ta4O11 with increasing Cu(I) content, CuNb13O33, CuNbO3 and CuNb3O8. 
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Figure 1.6.  Experimental photoelectrochemical measurement setup. 
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CHAPTER 2 

 

Preparation and Photoelectrochemical Properties of p-type Cu5Ta11O30 and Cu3Ta7O19 

Semiconducting Polycrystalline Films 

 

 

Based on the paper published in the Journal of Physical Chemistry C 

Journal of Physical Chemistry C. 2012, 116, 10490-10497. 

Lindsay Fuoco, Upendra A. Joshi and Paul A. Maggard 

Department of Chemistry, North Carolina State University, Raleigh, NC 27695 

 

 

TOC Caption:  Cathodic photocurrents under visible-light irradiation of p-type Cu5Ta11O30 

and Cu3Ta7O19 polycrystalline films, and a plot of the electron density for the lowest-energy 

conduction band states of a TaO7 layer that is found in each solid. 

  

 

ABSTRACT 

 New p-type polycrystalline films of semiconducting Cu5Ta11O30 and Cu3Ta7O19 were 

prepared on fluorine-doped tin oxide (FTO) glass starting from their CuCl-flux synthesis as 

highly-faceted micron-sized particles.  The particles were annealed on FTO at 400 ï 500 ºC, 

followed by a mild oxidation in air at between 250 ï 550 ºC. In an aqueous 0.5 M Na2SO4 

electrolyte solution (pH = 6.3), the films exhibit strong cathodic photocurrents under 

irradiation by visible and/or ultraviolet-light, and which increased with higher annealing and 
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oxidation temperatures owing to increased p-type carrier concentration and better electrical 

contact between particles.  Thermogravimetric analyses show the oxidation treatments result 

in an oxygen uptake at concentrations of ~3 × 10
20

 cm
-3

 at 250 ºC, to ~4 × 10
21

 cm
-3

 at 550 

ºC, with the higher temperatures leading to the decomposition of the film.  The Cu5Ta11O30 

and Cu3Ta7O19 bulk powders exhibit bandgap sizes of ~2.59 eV and ~2.47 eV, respectively, 

and show an onset of their cathodic photocurrents at wavelengths of ~500 ï 550 nm.  Mott-

Schottky measurements of their flat-band potentials have been used to determine the valence 

band positions at approximately +1.06 and +1.19 V versus SHE (pH = 6.3), and thus 

conduction band positions of about ï1.53 and ï1.28 V for Cu5Ta11O30 and Cu3Ta7O19, 

respectively.  The band positions are thus suitably located for the photon-driven reduction 

and oxidation of water.  The highest observed incident-photon-to-current efficiencies (IPCE 

%) for hydrogen production were ~5 % at 350 nm and ~1-2 % at 500 ï 600 nm.  Electronic 

structure calculations based on density functional- theory methods show that the conduction 

band states are delocalized within layers of TaO7 pentagonal bipyramids, while the valence 

band states originate within layers of linearly coordinated Cu(I) cations.  The lowest-energy 

bandgap transitions involve a metal-to-metal charge transfer between Cu(I) and Ta(V) 

cations in these two types of layers.  Compared to other Cu(I) oxides, these structures possess 

sufficiently disperse bands for high carrier mobility within these layers, thus explaining the 

strong cathodic photocurrents of the films. 
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INTRODUCTION  

The renewable production of fuels from sunlight has generated intense research over 

the past few decades in the field of semiconducting photoelectrodes, such as for the photon-

driven reduction of water or carbon dioxide.
1-4

  Much recent work has focused on the 

synthesis and development of photoelectrodes capable of utilizing visible-light, and which is 

a significant fraction of the solar spectrum.  The use of metal oxides as photoelectrodes, 

typically as n-type, is attractive owing to their relatively higher inherent stability against 

photocorrosion.  However, metal oxides often suffer from large bandgap sizes that restrict 

their use to only ultraviolet energies, such as in n-type TiO2.  A relatively smaller number of 

n-type metal oxides that absorb at visible-light energies have been explored for use as water 

oxidation catalysts, such as Ŭ-Fe2O3, WO3, and BiVO4.
5-7

  However, these decreases in 

bandgap size are generally found to originate from a downshift in the conduction band 

energy, and thus making most all of them unsuitable for use as p-type photoelectrodes for the 

reduction of water or carbon dioxide.  Just a few examples of p-type semiconducting oxides 

that function as photocathodes under visible-light irradiation have been discovered so far, 

including Cu2O, CaFe2O4, and metal-ion doped Fe2O3.
8-11

  Our research efforts in the area 

have focused on the reduction of bandgap sizes via the use of Nb(V) or Ta(V) cations (empty 

d
0
-orbitals) that form the conduction band states in early transition-metal oxides, together 

with a Cu(I) cation (filled d
10

-orbitals) that can form high-energy valence-band states.
12-15

  

For example, the isoelectronic substitution of Cu(I) for the Na cation in the NaNbO3 

photocatalyst decreases its bandgap size from ~3.4 eV to ~2.0 eV via the creation of a new 

higher-energy valence band consisting of the filled Cu d
10

 orbitals, as found in CuNbO3.
12,16
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Recently, we reported the preparation of a polycrystalline CuNbO3 film as the first p-type 

semiconducting photoelectrode in the Cu(I)-niobate system.
12

  However, the preparation and 

properties of analogous p-type Cu(I)-tantalate photoelectrodes remain unexplored. The few 

known Cu(I) based tantalates include Cu3Ta7O19, Cu5Ta11O30, and the Na1-xCuxTa4O11 solid 

solution.
13,15,17

  These exhibit bandgap sizes down to ~2.5 eV, and form in layered structures 

with the general formula AxTa3n+1O8n+3.  The structure of each member of this family consists 

of layers of TaO7 pentagonal bipyramids that alternate with layers of linearly coordinated 

Cu(I) and TaO6 octahedra.  Nearly all known transition-metal oxide photoelectrodes consist 

of octahedral MO6 coordination environments, and almost nothing is known regarding the 

influence of MO7 coordination environments on photoelectrochemically-relevant properties.  

Further, with the exception of Cu3Ta7O19, these structures exhibit significant Cu-site 

vacancies of up to ~33%.
13,14

  These vacant sites are thus likely accessible to dopants or the 

incorporation of extra O atom defects. 

 

EXPERIMENTAL  

 

 Synthesis and Film Preparation.  The syntheses of Cu5Ta11O30 and Cu3Ta7O19 were 

performed by a molten-salt flux method using CuCl as the flux.  Stoichiometric mixtures of 

reagent grade Ta2O5 (Alfa Aesar, min. 99.99%) and Cu2O (Alfa Aesar, min. 99.9%) were 

combined with CuCl (Alfa Aesar, min 99%) at a 10:1 molar ratio (flux:product) in a 

glovebox with an Argon atmosphere.  The reactant mixtures were ground together, loaded 

into a fused silica ampule, and flame sealed on a vacuum line.  The reaction vessels were 

heated to 900 °C for Cu5Ta11O30 and to 700 °C for Cu3Ta7O19 for 24 h, and allowed to 
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radiatively cool in the furnaces. The resulting products were washed with 3M NH4OH to 

remove the CuCl flux.   

 Characterization.  Solid-state products were characterized by high resolution 

powder X-ray diffraction (PXRD) on an INEL diffractometer using Cu KŬ1 (ɚ= 1.54056 ¡) 

radiation from a sealed-tube X-ray generator equipped with a curved position sensitive 

detector (CPS120), as well as on a Rigaku R-Axis Spider with a curved image-plate detector.  

The samples annealed on FTO slides were scraped off of the slides for characterization.  

Lattice parameters for Cu5Ta11O30 and Cu3Ta7O19 were refined using the Jade 9 software 

package 
18

 to a = 6.2243(9) Å and c = 32.513(6) Å for Cu5Ta11O30 and a = 6.2338(5) Å and c 

= 20.166(1) Å for Cu3Ta7O19, which were consistent with previous reports.
13,17

 Field-

emission scanning electron microscopy were performed on a JEOL SEM 6400.  Film 

thicknesses were measured at a tilted 30°, and the correction applied as thickness = observed 

thickness × (1 / cos(30°)).  UV-Vis diffuse reflectance spectra were collected on a Shimadzu 

UV-3600 equipped with an integrating sphere.  Pressed barium sulfate powder was used as a 

reference and the data were plotted as the remission function F(RÐ) = (1 ï RÐ)
2
/(2RÐ), where 

R is diffuse reflectance based on the Kubelka-Munk theory of diffuse reflectance.
19

  

Thermogravimetric analyses were carried out on a TA Instruments Q50.  To simulate the 

same conditions used for the oxidation of the films, the samples were loaded onto Pt pans 

and stepped to temperatures of 250 °C, 350 °C, or 550 °C at a heating rate of 16.0 °C/ min 

and held there for 3 h.  Samples were characterized by X-ray Photoelectron Spectroscopy 

(XPS) on a PHOIBIS 150 equipped with a hemispherical analyzer using monochromatized 

Mg (KŬ = 1,254 eV) radiation.  A chamber base pressure of approximately 10
-10

 mbar was 
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achieved under ultrahigh vacuum.  The binding energies were internally calibrated to the C 

1s peak at 285.0 eV.  

 Photoelectrochemical measurements were carried out in a Teflon cell with the 

Cu5Ta11O30 or Cu3Ta7O19 polycrystalline film as the working electrode, Pt foil as the counter 

electrode, and a standard calomel reference electrode (SCE).  Films were immersed in a 0.5 

M Na2SO4 electrolyte solution that was adjusted to a pH of ~6.3 using dilute H2SO4.  The 

cell was purged with argon gas 30 minutes prior to and during all measurements. An 

electrochemical analyzer (Princeton Applied Research, PARSTAT 2263) with PowerSuite 

software was used to measure photocurrent and to carry out chronoamperometry 

experiments.  Films were irradiated from the backside using a 400 W Xe arc lamp equipped 

with a long-pass cutoff filter (>420 nm) and band-pass filters as appropriate.  Further details 

of the experimental setup have been described in detail elsewhere.
12

  For comparison, 

frontside and backside irradiation studies were performed on 1 x 1 cm
2
 films able to freely 

rotate within the cell and allowing either frontside or backside illumination under identical 

conditions.  Mott-Schottky measurements were obtained using the AC electrochemical 

impedance method, with an AC amplitude of 5 mV at an applied frequency of 12 kHz.  

Incident-photon-to-current conversion efficiency (IPCE) measurements were carried out 

using band-pass filters of four different wavelengths (352, 451, 522, and 603 nm).  The 

number of photons of monochromatic light reaching the electrode surface was measured at 

each wavelength using a Si photodiode.  The % IPCE is defined as [(1239.8 × photocurrent 

density [mA/cm
2
]) / (wavelength [nm] × photon flux [mW/cm

2
])] × 100.   
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 Electronic Structure Calculations.  Band-structure calculations were performed on 

the geometry-optimized structures of Cu5Ta11O30 and Cu3Ta7O19 with the use of the plane 

wave density-functional theory package CASTEP.
20

  The Perdew-Burke Ernzerhof functional 

in the generalized-gradient approximation and ultrasoft-core potentials were employed in the 

calculations.
21

  The selection of equally distributed k-points within the Brillouin zone was 

automatically calculated according to the Monkhorst pack scheme.
22

 

 

RESULTS AND DISCUSSION   

 

 Film Characterization.  The Cu5Ta11O30 and Cu3Ta7O19 semiconductors were 

prepared in high purity according to powder X-ray diffraction (PXRD) and are shown in 

Figure 2.1 and Figure 2.2 for Cu5Ta11O30 and Cu3Ta7O19 respectively.  Each diffraction peak 

could be indexed to the theoretical patterns, and the lattice constants were refined to the 

expected values for their reported crystal structures.  After annealing and oxidation of the 

films, the PXRD data generally confirmed the high crystalline purities of the semiconductors 

were maintained.  However, the Cu5Ta11O30 films oxidized at 450 °C and 550 °C exhibited 

minor amounts of Ta2O5 impurities, and as well, at temperatures of 550 °C the films 

generally showed significant peak broadening and decreased crystallinity as shown in Figure 

2.3 for a Cu3Ta7O19 oxidized at 550 °C.  The total oxidation of Cu5Ta11O30 and Cu3Ta7O19 

was accomplished at a temperature of 750 °C for 3 h in air, yielding Ta2O5 and CuTa2O6 that 

contains the oxidized Cu(II) cations.  Shown in Figures 2.4 and 2.5 are SEM images of the 

polycrystalline films of Cu5Ta11O30 and Cu3Ta7O19 before and after the oxidation treatments.  

Both sets of images reveal distributions of highly-faceted micron-sized particles, with either 
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coffin-shaped or irregular block-shaped/hexagonal morphologies for Cu5Ta11O30 and 

Cu3Ta7O19, respectively.  Specific particle dimensions range from about 3 to 15 ɛm.  

Estimated total film thicknesses formed in these samples were measured by cross-sectional 

SEM images to be fairly thick films, at ~80 ɛm for both.  These same particle sizes and 

morphologies were conserved even after the annealing and oxidation treatments at high 

temperatures.  These results confirmed that high-purity polycrystalline films could be 

formed.  

 Photoelectrochemical Properties.  Cyclic-voltammetric measurements of 

Cu5Ta11O30 and Cu3Ta7O19 films were carried out under chopped visible-light irradiation for 

an applied bias voltage range of +0.1 to -0.6 V versus SCE, as shown in Figures 2.5, 2.6 and 

2.7.  For each, a significant cathodic photocurrent was observed that increased with an 

increasingly negative potential bias, indicating their p-type nature in the depletion condition.  

The measured cathodic photocurrent is weak for the non-oxidized Cu5Ta11O30 film, Figure 

2.5, but increases significantly with increasing oxidation temperatures at up to ~1.5 mA/cm
2
 

at -0.6 V.  The increase is notably most significant between 250 °C and 350 °C.  At higher 

oxidation temperatures of 450 °C and 550 °C even stronger photocurrents were observed of 

~2.2 mA/cm
2
 at -0.6 V (Supporting Information), but these specific films exhibited Ta2O5 

impurities after the oxidation treatment.  Shown in Figure 2.6, a comparison of the cathodic 

photocurrents for the Cu5Ta11O30 films annealed at 400 °C and 500 °C (in vacuum), followed 

by oxidation in air at 350 ºC, shows that this leads to an even higher photocurrent response of 

~2.6 mA/cm
2
.  This result originates from a better sintering and electrical contact between 

the particles.  By contrast, the Cu3Ta7O19 films exhibited a significant cathodic photocurrent 
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even in the absence of its oxidation at high temperatures, shown in Figure 2.7.  Its cathodic 

photocurrent approximately doubled with its oxidation at higher temperatures.  The 

difference in the photocurrent response of the non-oxidized films may be attributed to the 

Cu(I) site vacancies present in Cu5Ta11O30 but absent in the Cu3Ta7O19 structure.  

The flat-band potentials of the films were characterized using frequency-dependent 

Mott-Schottky measurements,
23

 shown in Figure 2.8, which involves a measurement of the 

apparent capacitance as a function of potential under depletion conditions.  The negative 

slope of the data shows the expected behavior of a p-type semiconductor.  The films show 

some frequency dispersion, but the linear regions can be extrapolated to give x-axis intercepts 

(V0 = 0.62 V and 0.75 V versus SCE at pH = 6.3; or +0.86 V and +0.99 V versus RHE) that 

can be used to determine the flat-band potential (Vfb) from the equation V0 = Vfb - kT/e,
2
 

where k is the Boltzmann constant, T is temperature and e is electron charge.  This gives flat-

band potentials (Vfb) of +0.88 V and +1.01 V versus RHE for Cu5Ta11O30 and Cu3Ta7O19 

films, respectively.  For p-type semiconductors, the valence band energy (Ev) can be 

calculated from the flat-band potential (Vfb) with the equation:
23

  Ev = Vfb + kT ln(NA/NV) 

where NA is the acceptor concentration (calculated below) and NV is the effective density of 

states (typically ~1019) at the valence band edge.  The flat-band potentials yield valence 

band positions of +1.06 V and +1.19 V versus RHE (pH = 6.3).  Adding the optical bandgap 

size to the valence band positions gives the conduction band positions at ï1.53 V and ï1.28 

V versus RHE.  The energies of the minority carriers at the conduction band edge are thus 

much more negative than the redox couples for the reduction of water to hydrogen (ï0.38 V) 

at this pH.  



 

31 

The incident-photon-to-current efficiencies (IPCE) of each film for water reduction 

are plotted in Figure 2.9 as a function of wavelength at an applied potential of ï0.6 V, and 

after subtraction of the dark background current.  The Cu5Ta11O30 films show an onset edge 

at ~475 ï 500 nm consistent with its measured optical bandgap size of ~2.59 eV, or ~479 nm, 

and reaching a maximum IPCE of ~5%.  Both higher annealing and oxidation temperatures 

of the film lead to a minor shifting of the IPCE curves to higher efficiencies.  However, the 

IPCE does not fall completely to 0% at sub-bandgap energies, especially with higher 

annealing and oxidation temperatures.  This is likely indicative of mid-bandgap states that 

can facilitate the surface charge transfer with sub-bandgap light irradiation, especially for the 

higher oxidation temperatures and dopant concentrations (described below).  By contrast, the 

non-oxidized Cu3Ta7O19 film shows a cleaner onset edge in the IPCE spectrum at ~500 nm, 

consistent with its measured optical bandgap size of ~2.47 eV, or ~ 502 nm.  A maximum of 

the IPCE of ~4% is reached, and which falls to 0% for sub-bandgap light energies.  In each 

of the films, higher cathodic photocurrents lead to an increasing dark current at the most 

negative applied potential, and also to a more rapid decay of the photocurrent.  At a low or 

zero applied constant potential, the dark current and decay in the photocurrent response could 

be minimized, but which eventually decayed over the course of an hour (Supporting 

Information).  Both PXRD and FESEM measurements taken subsequent to the photocurrent 

measurements showed no detectable changes in crystalline products, but that did reveal a 

significant break-up of the particles in the film.  Considering the films are backside irradiated 

and the fact that these solids have absorption coefficients of ~250-700 cm
-1,13

 then more than 

~64% of the light will be absorbed by the bottom ~13 ɛm ï 36 ɛm of the film.  With film 
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thicknesses of ~80 ɛm, the reduction of water is thus achieved deep within the 

polycrystalline films and closer to the FTO-glass back contact than to the external electrolyte.  

Shown in Figure 2.10 for Cu5Ta11O30 (500 ºC anneal, 350 ºC oxidation), are both frontside 

and backside cyclic voltammetry scans taken under chopped visible-light irradiation.  Only 

somewhat larger photocurrents were observed for the backside irradiation, showing that hole 

transport to the surface is slightly more difficult that electron transport to the back contact.  

Thermogravimetric and UV-Vis diffuse reflectance data were taken in order to probe 

the origin of the significant increase in cathodic photocurrent with the film oxidation 

temperature.  The acceptor densities (NA) for each of the films have been calculated from the 

slopes of the Mott-Schottky plots to be ~1.0 × 10
16

 cm
-3

 for both.  Upon a slow oxidation of 

the films for 3 h in air at 250 ºC to 550 ºC, the polycrystalline films exhibited a significant 

oxygen uptake of from ~0.17 ï 1.00 oxygen atoms per formula unit of Cu5Ta11O30 and ~0.37 

ï 1.32 oxygen atoms per formula unit of Cu3Ta7O19 (see Supporting Information).  The 

highest oxygen uptake and oxidation temperature of 550 ºC yielded a partial decomposition 

of the products.  However, at 250 ºC the oxygen uptake corresponded to dopant oxygen 

densities of ~3.2 × 10
20

 oxygen-dopant/cm
3
, and at 350 ºC of ~1.0 × 10

21
 oxygen-

dopant/cm
3
.  The significant enhancement of cathodic photocurrent between these two 

temperatures is explained by the order of magnitude change in the oxygen-atom dopant 

density, and which are both about four orders of magnitude greater than the non-oxidized 

films.  The UV-Vis diffuse reflectance spectra are shown in Figure 2.11 for both oxidized 

and non-oxidized films of Cu5Ta11O30 and Cu3Ta7O19.  The optical absorption edges of the 

non-oxidized films were both sharp and clearly defined, consistent with previous reports of 
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their bandgap sizes of ~2.59 eV and ~2.47 eV.
13

  However, oxidation of the Cu5Ta11O30 and 

Cu5Ta11O30 films at temperatures of 350 ºC or greater results in the disappearance of a 

defined absorption edge and instead a broad diffuse reflectivity that is more characteristic of 

a degenerate semiconductor.  This occurs concomitantly with the sharp increase in 

photocurrents observed in Figure 2.5.  While a higher electrical conductivity enhances the 

mobility of charge carriers and thus the cathodic photocurrents, the high amount of p-type 

dopants (> 10
19

-10
20

 cm
-3

 in most cases) most likely results in a degenerate semiconductor 

under these conditions. 

In order to investigate changes in the oxidation states and coordination environments 

at the particlesô surfaces, X-ray photoelectron spectra were taken for Cu5Ta11O30 and 

Cu3Ta7O19 before and after oxidation as well as before and after photocurrent measurements, 

as shown in Figure 2.12.  Before oxidation, both films exhibited two Cu 2p3/2 absorption 

peaks at 932.9 eV and 934.7 eV, as well as two Cu 2p1/2 absorption peaks located a 952.6 eV 

and 954.7 eV, corresponding to Cu(I) and Cu(II) respectively.  For Cu3Ta7O19, these two sets 

of absorption peaks are shifted to slightly lower binding energies and are less resolved, 

indicating a greater amount of Cu(II) present at the surfaces compared to the Cu5Ta11O30 

phase.  After oxidation of the films at 350 ºC, both only exhibited broad Cu 2p3/2 absorption 

peaks corresponding to primarily Cu(II) at the surfaces.  Intense shake-up satellite peaks 

present at 943.8 eV and 962.7 eV, characteristic of the open-shell 3d
9
 configuration of Cu 

(II), were also observed for the oxidized samples.
24

 The Cu 2p spectra remained unchanged 

for data taken before and after chronoamperometry measurements for 1 h.  However, the 

presence of small amounts of Cu(0) at the surfaces would not be detectable because the 
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expected chemical shift associated with the binding energies of Cu(0) is only 0.1 eV lower 

than those for Cu(I).  XPS data for the O 1s core-level binding energies, given in the 

Supporting Information, are consistent with those reported for Cu(I) in Cu2O.
25

 Oxidation of 

both phases resulted the presence of an additional peak at lower energies consistent with 

Cu(II) in the CuO phase.
25

 The Ta 4f core-level binding energies were measured at ~28 eV 

and ~26 eV, consistent with Ta(V) ions present in both of the compounds.  While oxidation 

of the samples resulted in a shift of these absorption peaks to lower energies, no differences 

were observed before and after the chronoamperometric measurements.  Taken together, 

these data are consistent with the oxidation of Cu(I) at the surfaces to Cu(II), but with no 

detectable changes resulting from the photocathodic currents to suggest that corrosion is 

occurring at the surfaces.  However, the formation of Cu(0) also cannot be ruled out. 

 Electronic Band-Structure Calculations.  Electronic structures were calculated 

based on plane-wave DFT-methods from the geometry-optimized crystal structures reported 

for both of the Cu(I)-tantalate structures.
13

 These structures consist of layers of edge-shared 

TaO7 pentagonal bipyramids as well as layers of Cu(I)/TaO6 octahedra.  The difference is 

that while the Cu3Ta7O19 structure is comprised of the stacking of double layers of TaO7 

units, the Cu5Ta11O30 structure consists of alternating single and double layers of the TaO7 

units.  The calculated band structure for Cu3Ta7O19 is plotted in Figure 2.13, and predicts the 

highest carrier mobilities within the 2D plane defined by k = K Ÿ G Ÿ M (labeled with 

arrows) in the plane of the TaO7 layers, but a lower mobility for the reciprocal directions 

along k = L Ÿ M Ÿ K between the layers.  The effective mass of the carriers is inversely 

proportional to the rate of change of the band energy in k-space (i.e., m* Ŭ (ÖE)
2
/Ö

2
k),

26
 and 
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which leads to higher carrier mobilities (ɛ) for more disperse bands.  Shown in Figure 2.14 

are the two types of layers and the calculated electron-density plots of the highest-energy 

parts of the valence band (reddish-orange electron density; right) and the lowest-energy 

components of the conduction band (yellowish green electron density, left).  Thus, electron 

density in these layers represents the lowest-energy bandgap transition between the 

conduction and valence bands, and which is primarily a transition between filled Cu d
10

 and 

empty Ta d
0
-based crystal orbitals.  The valence band states are shown to reside 

predominantly on Cu(I) ions, while the conduction band states are found to occur over both 

the TaO7 in the double layers as well as the isolated TaO6 octahedra.  Surprisingly, the single 

layers of TaO7 in Cu5Ta11O30 do not contribute to these conduction band states, but only its 

double layer structural feature that it shares in common with Cu3Ta7O19.  Additional minor 

contributions arise from the bridging oxygen ligands between the edge-linked TaO7 

polyhedra, and showing that excited electrons into this band would migrate within the 2D 

layers of this structure.  The isolated Cu(I)/TaO6 layer in Figure 2.14 shows that while there 

are shared CuïOïTa bridging interactions that would facilitate a charge-transfer transition to 

the tantalate layer, there are no direct CuïOïCu bridges to facilitate hole transport within 

these layers of the structures.  The direct Cu ï Cu distances are ~ 3.10Å within these 

structures.  Further, the plausible location for the incorporation of oxygen dopants into this 

layer is between three neighboring Cu(I) sites (e.g., at x = 2/3, y = 1/3, z = 0.0952 in 

Cu5Ta11O30), giving reasonable CuïO distances of ~ 1.80-1.90Å, as similarly recently 

reported for LaCuO2.66.
27

 Further investigations are necessary to characterize the type and 

location of the p-type oxygen-atom defect sites within these structures.   
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CONCLUSIONS   

 

New p-type polycrystalline films of semiconducting Cu5Ta11O30 and Cu3Ta7O19 could 

be prepared on FTO glass at 400 ï 500 ºC and oxidation in air at between 250 ï 550 ºC.  The 

films exhibit strong cathodic photocurrents under irradiation by visible and/or ultraviolet-

light irradiation, and which increased with higher annealing and oxidation temperatures 

owing to a better sintering of the particles as well as by increasing the concentration of p-type 

dopants.  Onset of their cathodic photocurrents is found to begin at wavelengths of ~500 ï 

550 nm, with new p-type polycrystalline films of semiconducting Cu5Ta11O30 and Cu3Ta7O19 

could be prepared on FTO glass at 400 ï 500 ºC and oxidation in air at between 250 ï 550 

ºC.  The films exhibit strong cathodic photocurrents under irradiation by visible and/or 

ultraviolet-light irradiation, and which increased with higher annealing and oxidation 

temperatures owing to a better sintering of the particles as well as by increasing the 

concentration of p-type dopants.  Onset of their cathodic photocurrents is found to begin at 

wavelengths of ~500 ï 550 nm, with highest observed incident-photon-to-current efficiencies 

of ~5 % at 350 nm and ~1-2 % at 500 ï 600 nm.  Mott-Schottky plots locate the valence band 

positions at +1.06 V and +1.19 V (versus SHE at pH = 6.3) and conduction band positions at 

ï1.53 V and ï1.28 V for Cu5Ta11O30 and Cu3Ta7O19, respectively.  DFT-based electronic 

structure calculations reveal the conduction band states derive from the double layers of 

TaO7 pentagonal bipyramids with the highest calculated band dispersion and mobility of the 

minority carriers within this layer.  Thus, these initial investigations of two new p-type 

semiconductors show that they can be prepared as polycrystalline films and which show 

promise for potential use in solar-energy-to-fuels production.  A full investigation of the 
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effects of different thicknesses and particle sizes of the films on their stability and cathodic 

photocurrent is ongoing and will be reported in a future study. 
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Figure 2.1. Powder X-ray diffraction data for (a) as-prepared Cu5Ta11O30, (b) calculated 

pattern of Cu5Ta11O30, and films of Cu5Ta11O30, (c) annealed at 400 °C and oxidized at 250 

°C, (d) annealed at 400 °C and oxidized at 350°C, (e) annealed at 400 °C and oxidized at 

450°C, (f) annealed at 400 °C and oxidized at 550 °C, and (g) annealed at 500 °C and 

oxidized at 350 °C.  
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Figure 2.2.  Powder X-ray diffraction data for (a) bulk Cu3Ta7O19, (b) Cu3Ta7O19 film 

annealed at 500 ºC and (c) oxidized at 350 °C (d) calculated pattern of Cu3Ta7O19. 
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Figure 2.3.  SEM images of a Cu5Ta11O30 film (A) after annealing at 400 °C for 3 h, (B) an 

~30 ° tilted cross-section view of film after oxidizing at 250 °C for 3 h, and (C and D) after 

annealing at 400 °C for 3 h before and after oxidizing at 350 °C, respectively. 
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Figure 2.4.  SEM images of a Cu3Ta7O19 film (A) after annealing at 500 °C for 3 h, (B) an 

~30 ° tilted cross-section view of film, and (C and D) and after the chronoamperometry 

measurements, respectively. 

 



 

42 

 

 

Figure 2.5.  Current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for Cu5Ta11O30 films annealed at 400 °C for 3 h and not 

oxidized or oxidized for 3 h at 250 °C, 350 °C (upper chart), and oxidized for 3 h at 450 °C, 

550 °C (lower chart). 
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Figure 2.6.  Current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for Cu5Ta11O30 films annealed at 400 °C and 500°C 

followed by oxidation at 350 ºC for 3 h. 
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Figure 2.7.  Current-potential curve in aqueous 0.5 Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for Cu3Ta7O19 films annealed at 500 °C for 3 h and not 

oxidized or oxidized for 3 h at 350 °C and 550 °C. 
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Figure 2.8.  Mott-Schottky plots for the (A) Cu3Ta7O19 and (B) Cu5Ta11O30 polycrystalline 

fil ms annealed at 500 °C. 
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Figure 2.9.  Incident-photon-to-current (IPCE) efficiencies (upper plot) for Cu5Ta11O30 films 

annealed at 400 ºC or 500 ºC and oxidized at 350 ºC or 550 ºC, and (lower plot) a Cu3Ta7O19 

film annealed at 500 ºC and no oxidation. 



 

47 

 

Figure 2.10.  Current-potential curves of Cu5Ta11O30 film annealed at 500 °C and oxidized at 

350 °C in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under chopped frontside or backside 

visible-light il lumination. 
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Figure 2.11.  UV-Vis diffuse reflectance spectra for (upper plot) Cu5Ta11O30 films annealed 

at 400 ºC and oxidized at various temperatures from 250 ºC to 550 ºC, and (lower plot) 

Cu3Ta7O19 films annealed at 500 ºC and oxidized at 350 ºC. 
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Figure 2.12.  Cu 2p core-level spectra for Cu5Ta11O30 (upper plot) and Cu3Ta7O19 (lower 

plot) films annealed at 500 °C without oxidation (A), oxidized at 350 °C before (B) and after 

chronoamperometry (C). 
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Figure 2.13.  Calculated band-structure k-space diagram for Cu3Ta7O19, with arrows labeling 

the higher band-dispersion directions. 
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Figure 2.14.  Calculated electron density for the lowest-energy conduction band states (A; 

reddish-orange density) and for the highest-energy valence band states (B; yellowish-green 

density), which is concentrated within the TaO7 layers and the TaO6/Cu layers, respectively.  

 

 

 

 



 

52 

 

Figure 2.15.  TOC Caption  Cathodic photocurrents under visible-light irradiation of p-type 

Cu5Ta11O30 and Cu3Ta7O19 polycrystalline films, and a plot of the electron density for the 

lowest-energy conduction band states of a TaO7 layer that is found in each solid. 
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Figure 2.S1.  Powder X-ray diffraction data for (a) Cu5Ta11O30 oxidized at 750 °C for 3 h, 

(b) calculated pattern of CuTa2O6, and (c) calculated pattern of Ta2O5. 
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Figure 2.S2.  Thermogravimetric analyses (in air) versus time for Cu5Ta11O30 (upper) at 250 

°C, 350 °C and 550 °C and for Cu3Ta7O19 (lower) at 350 °C and 550 °C.  
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Figure 2.S3.  Powder x-ray diffraction data of (A) calculated Cu5Ta11O30 and (B) the 

Cu5Ta11O30 film after chronoamperometry (-0.4 V applied bias potential) for 1 h. 
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Figure 2.S4.  O 1s core-level spectra for Cu5Ta11O30 (upper plot) and Cu3Ta7O19 (lower plot) 

films annealed at 500 °C without oxidation (A), oxidized at 350 °C before (B) and after 

chronoamperometry (C). 
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Figure 2.S5.  Ta 4f  core-level spectra for Cu5Ta11O30 (upper plot) and Cu3Ta7O19 (lower 

plot) films annealed at 500 °C without oxidation (A), oxidized at 350 °C before (B) and after 

chronoamperometry (C). 
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Figure 2.S6.  Chronoamperometry for the Cu5Ta11O30 sample analyzed by XPS. 
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Figure 2.S7.  Chronoamperometry for the Cu3Ta7O19 sample analyzed by XPS. 
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Figure 2.S8.  Electron-density plots from the calculated electronic structures of Cu5Ta11O30 

for the lowest-energy states (blue electron density; unfilled) in the conduction band (on left) 

and the highest-energy states (red electron density; filled) in the valence band (on right).  The 

ñ[ñ brackets label the three different types of tantalate layers. 
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Figure 2.S9.  Electron-density plots from the calculated electronic structures of Cu3Ta7O19 

for the lowest-energy states (blue electron density; unfilled) in the conduction band (A) and 

the highest-energy states (red electron density; filled) in the valence band (B) for just the 

Cu(I)/TaO6 layer.  The ñ[ñ brackets label the three different types of tantalate layers. 
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Figure 2.S10.  Chronoamperometric measurements in aqueous 0.5 M Na2SO4 solution (pH = 

6.3) for Cu5Ta11O30 films annealed at 500 °C under vacuum and oxidized at 350 ° C with 

zero applied voltage under visible-light illumination.    
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CHAPTER 3 

 

The Effect of Oxidation on the Structural Properties of p-type CuNbO3, CuNb3O8, 

Cu5Ta11O30 and Cu3Ta7O19. 

 

Lindsay Fuoco, Prangya P. Sahoo, Nacole King and Paul A. Maggard 

 

 

INTRODUCTION  

The renewable production of fuels from sunlight has generated intense research over 

the past few decades in the field of semiconducting photoelectrodes, especially in the 

development of photoelectrodes capable of utilizing visible-light, a significant fraction of the 

solar spectrum.  The use of metal oxides as photoelectrodes is particularly attractive owing to 

their higher inherent stability against photocorrosion.  However, metal oxides often exhibit 

large bandgap sizes that restrict their use to only ultraviolet energies, such as in n-type TiO2.  

Just a few examples of p-type semiconducting oxides that function as photocathodes under 

visible-light irradiation have been discovered so far, including Cu2O, CaFe2O4, and metal-ion 

doped Fe2O3.
2-6

  Our research efforts in the area have focused on the reduction of bandgap 

sizes via the use of Nb(V) or Ta(V) cations (empty d
0
-orbitals) that form the conduction band 

states in early transition-metal oxides, together with a Cu(I) cation (filled d
10

-orbitals) that 

can form higher energy valence-band states.
7-10

  For example, the isoelectronic substitution of 

Cu(I) for the Na cation in the NaNbO3 photocatalyst decreases its bandgap size from ~3.4 eV 
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to ~2.0 eV via the creation of a new higher-energy valence band consisting of the filled Cu 

d
10

 orbitals, as found in CuNbO3.
7,11

   

Recently, we reported the preparation of four new p-type semiconducting 

photoelectrodes, i.e. CuNbO3, CuNb3O8, Cu5Ta11O30 and Cu3Ta7O19 that exhibit bandgap 

sizes of 2.0 eV, 1.47 eV, 2.59 eV and 2.47 eV respectively.
1,6

  An example of the 

photocathodic current observed in each is shown in Figures 3.1-3.4.  A mild oxidation of 

both of the Cu(I) tantalate phases results in an increase in their cathodic currents.
6
  Similarly, 

oxidation of CuNbO3 was also shown to result in an increase in photocathodic currents.
10

   

However, it is still unknown as to how the oxidation affects the composition and structure.  

Described herein is a preliminary investigation into the controlled oxidation of CuNbO3, 

CuNb3O8, Cu5Ta11O30 and Cu3Ta7O19 by powder X-ray diffraction in order to probe the 

overall structural changes undergone in each structure and to provide a further understanding 

of its effects on their photoelectrochemical properties.    

 

EXPERIMENTAL  

 

The syntheses of Cu5Ta11O30 and Cu3Ta7O19 were performed by a molten-salt flux 

method using CuCl as the flux. Stoichiometric mixtures of reagent grade Ta2O5 (Alfa Aesar, 

min. 99.99%) or Nb2O5 (Alfa Aesar 99.998%) and Cu2O (Alfa Aesar, min. 99.9%) were 

combined with CuCl (Alfa Aesar, min 99%) at a 10:1 molar ratio (flux:product) in a 

glovebox with an Argon atmosphere.  The reactant mixtures were ground together, loaded 

into fused silica ampules, and flame sealed on a vacuum line.  The reaction vessels were 

heated to 900 °C for Cu5Ta11O30 and 700 °C for Cu3Ta7O19 for 24 h, and allowed to 
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radiatively cool in the furnaces.  The CuNb3O8 reaction was heated at 750 ºC for 20 minutes 

and quenched.  The resulting products were washed with 3M NH4OH to remove the CuCl 

flux.  The synthesis of CuNbO3 was performed using excess Cu2O as a flux.  A 1.5:1 molar 

ratio of Cu2O:Nb2O5 was ground together using a mortar and pestle in a glovebox with an 

Argon atmosphere for 30 minutes and flame sealed into a fused silica reaction vessel on a 

vacuum line.  The vessel was heated at 900 ºC for 48 h and allowed to radiatively cool in the 

furnace.  The resulting product was washed with a 5 M NH4OH to remove excess Cu2O.  

Approximately 80 mg of each sample was then oxidized at 250 ºC, 350 ºC or 450 ºC for 3 h 

in open air and allowed to radiatively cool.  

  Characterization.  Solid-state products were characterized by high resolution 

powder X-ray diffraction (PXRD) on a Rigaku R-axis Spider diffractometer using Cu KŬ1 

(ɚ= 1.54056 ¡) radiation from a sealed-tube X-ray generator equipped with a curved image-

plate detector.  UV-Vis diffuse reflectance spectra were collected on a Shimadzu UV-3600 

equipped with an integrating sphere.  Pressed barium sulfate powder was used as a reference 

and the data were plotted as the remission function F(RÐ) = (1 ï RÐ)
2
/(2RÐ), where R is 

diffuse reflectance based on the Kubelka-Munk theory of diffuse reflectance.
12

   

Photoelectrochemical measurements were carried out in a Teflon cell with the 

Cu5Ta11O30, Cu3Ta7O19, CuNbO3 or CuNb3O8 polycrystalline film as the working electrode, 

Pt foil as the counter electrode, and a standard calomel reference electrode (SCE). Films were 

immersed in a 0.5 M Na2SO4 electrolyte solution that was adjusted to a pH of ~6.3 using 

dilute H2SO4 (aq).  The cell was purged with argon gas 30 minutes prior to and during all 
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measurements. An electrochemical analyzer (Princeton Applied Research, PARSTAT 2263) 

with PowerSuite software was used to measure photocurrent. 

 

RESULTS AND DISCUSSION 

 

Cu5Ta11O30 and Cu3Ta7O19 crystallize in a hexagonal structure with space groups 

P62c and P63/m such as shown in Figure 3.5.  Both CuNbO3 and CuNb3O8 crystallize in 

monoclinic structures with space groups C2/m and P21/c respectively and are shown in 

Figure 3.6.  The bulk non-oxidized polycrystalline powders of CuNbO3, CuNb3O8, 

Cu5Ta11O30 and Cu3Ta7O19 were prepared in high purity according to their powder X-ray 

diffraction (PXRD) patterns and are shown in Figure 3.7A, Figure 3.8A, Figure 3.9A and 

Figure 3.10 A respectively.  Each diffraction peak could be indexed to the theoretical 

patterns, and the lattice constants were refined to the expected values for their reported 

crystal structures, listed in Table 3.1.
8,13

   

The UV-Vis diffuse reflectance spectra are shown in Figures 3.15 and 3.16 for both 

oxidized and non-oxidized films Cu5Ta11O30 and Cu3Ta7O19. The optical absorption edges of 

the non-oxidized films were sharp and clearly defined, consistent with previous reports of 

their bandgap sizes of ~2.0 eV, ~1.47 eV, ~2.59 eV and ~2.47 eV. However, oxidation of the 

Cu5Ta11O30 and Cu5Ta11O30 films at temperatures of 350 ºC or greater results in the 

disappearance of a defined absorption edge and instead a broad diffuse reflectivity that is 

more characteristic of a degenerate semiconductor. 

The PXRD patterns for the oxidation of each at 250 ºC, 350 ºC and 450 ºC are shown 

in Figures 3.7-3.10.  Both CuNb3O8 and Cu5Ta11O30 phases were stable under all oxidation 
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conditions and no additional impurity phases were observed.  However, the complete 

decomposition of CuNbO3 was observed at 450 ºC and evidence of decomposition in 

Cu3Ta7O19 as peak broadening is also observed.  The lattice constants for CuNbO3, CuNb3O8, 

Cu5Ta11O30 and Cu3Ta7O19 samples with and without oxidation treatments from 250-450 ºC 

were refined and are listed in Table 3.1.  For CuNbO3, all lattice parameters show a linear 

decrease with increasing oxidation temperatures as shown in Figure 3.11.  A similar trend 

was observed for CuNb3O8 of a general decrease in lattice constants with increasing 

oxidation temperature (Figure 3.12).  In the case of Cu5Ta11O30 and Cu3Ta7O19, the a lattice 

constant was found to increase with increasing oxidation temperatures while c lattice 

parameter was found to decrease and is shown in Figures 3.13 and 3.14.  Further 

investigation into the effects of oxidation is in progress via the collection of high resolution 

PXRD spectra and a full Rietveld refinement of the atomic positions.     

 

CONCLUSIONS 

 

Microcrystalline powders of CuNbO3, CuNb3O8, Cu5Ta11O30, and Cu3Ta7O19 could 

be prepared in either a CuCl or Cu2O flux in high purity.  Samples were oxidized at 250 ºC, 

350 ºC, and 450 ºC and characterized by Powder X-ray diffraction.  Refined lattice 

parameters for CuNbO3 and CuNb3O8 were found to decrease with increasing oxidation 

temperatures.  For, Cu5Ta11O30 and Cu3Ta7O19, the a lattice constant was found to increase 

with increasing oxidation temperatures while c lattice parameter was found to decrease.  

Further investigation into the effects of oxidation on CuNbO3, CuNb3O8, Cu5Ta11O30, and 

Cu3Ta7O19 is currently in progress.     
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Table 3.1.  Lattice parameters for CuNbO3, CuNb3O8, Cu5Ta11O30 and Cu3Ta7O19 calculated 

from the PXRD. 

Sample              a(Å)      b(Å) c(Å)    V(Å
3
) 

CuNbO3 RT 9.489301(2) 8.433746(6) 6.765217(2) 541.3772(4) 

C2/m 250 ºC 9.481757(6) 8.430655(8) 6.761132(10) 539.5992(10) 

 350 ºC 9.468114(3) 8.427990(8) 6.752099(5) 538.7274(7) 

CuNb3O8 RT 15.35414(5) 5.069345(2) 7.530019(2) 560.2178(19) 

P21/c 250 ºC 15.34222(10) 5.068348(8) 7.533133(6) 560.070(5) 

 350 ºC 15.34089(4) 5.06442(3) 7.528267(4) 559.205(4) 

 450 ºC 15.34744(1) 5.069588(10) 7.524248(7) 559.527(6) 

Cu3Ta7O19 RT 6.232442(2)     

 

-------------- 20.15926(3)     678.1436(11) 

P63/m 250 ºC 6.238174(2) -------------- 20.14164(11) 678.7977(11) 

 350 ºC 6.246716(8) -------------- 20.088499(10) 678.8622(13) 

 450 ºC 6.262435(2) -------------- 20.103100(10) 682.7788(5) 

Cu5Ta11O30 RT 6.2264581(1) -------------- 32.53343(2)  1092.3018(7) 

P62c 250 ºC 6.22775(3)   -------------- 32.52028(5) 1092.312(8)     

 350 ºC 6.232635(2)   -------------- 32.445511(10) 1091.5123(6)    

 450 ºC 6.235188(7)   -------------- 32.20213(4)     

 

1084.212(2)     
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Figure 3.1. Current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for a CuNbO3 film annealed at 500 °C for 3 h and oxidized 

for 3 h at 350 °C. 
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Figure 3.2.  Current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for a CuNb3O8 film annealed at 500 °C for 3 h and oxidized 

for 3 h at 350 °C. 
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Figure 3.3.  Current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for a Cu5Ta11O30 film annealed at 500 °C for 3 h and 

oxidized for 3 h at 350 °C. 
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Figure 3.4.  Current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 6.3) under 

chopped visible-light irradiation for a Cu3Ta7O30 film annealed at 500 °C for 3 h and 

oxidized for 3 h at 350 °C. 
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Figure 3.5.  Representative drawings of the crystal structures of Cu5Ta11O30 (A) and 

Cu3Ta7O19 (B). 
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Figure 3.6.  Representative drawings of the crystal structures of CuNbO3 (A) and CuNb3O8 

(B). 
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Figure 3.7.  PXRD patterns for CuNbO3 non-oxidized (A), oxidized at 250 ºC (B), and 350 

ºC (C).  Also shown is the calculated pattern of CuNbO3 (D). 

 



 

78 

 

Figure 3.8.  PXRD patterns for CuNb3O8 non-oxidized (A), oxidized at 250 ºC (B), 350 ºC 

(C) and 450 ºC (D).  Also shown is the calculated pattern for CuNb3O8 (E). 
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Figure 3.9.  PXRD patterns for Cu5Ta11O30 non-oxidized (A), oxidized at 250 ºC (B), 350 ºC 

(C) and 450 ºC (D).  Also shown is the calculated pattern of Cu5Ta11O30 (E). 
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Figure 3.10.  PXRD patterns for Cu3Ta7O19 non-oxidized (A), oxidized at 250 ºC (B), 350 ºC 

(C) and 450 ºC (D).  Also shown is the calculated pattern of Cu3Ta7O19 (E). 
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Figure 3.11.  UV-Vis diffuse reflectance spectra for (upper plot) CuNbO3 with no oxidation 

and oxidized for 3 h at 250 ºC and 350 ºC, and (lower plot) CuNb3O8 with no oxidation and 

oxidized for 3 h at 250 ºC, 350 ºC and 450 
 
ºC. 
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Figure 3.12.  UV-Vis diffuse reflectance spectra for (upper plot) Cu3Ta7O19 with no 

oxidation and oxidized for 3 h at 250 ºC, 350 ºC and 450
 
ºC and (lower plot) Cu5Ta11O30 with 

no oxidation and oxidized for 3 h at 250 ºC, 350 ºC and 450
 
ºC. 
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Figure 3.13.  Unit cell lattice parameters versus oxidation temperature for CuNbO3. 

 
















































































































































