
ABSTRACT 

PALASYUK, OLENA. Synthesis and Characterization of Cu(I) Metal Oxides for 

Investigation of their Photocatalytic Properties. (Under the direction of Prof. Paul A. 

Maggard.) 

Heterometallic oxides containing early transition metals, as Ti, Nb or Ta, recently has 

attracted increased scientific interest, because of their ability for photocatalytic fuel 

production using solar energy. These materials usually demonstrate robust crystal structures 

and great chemical and thermodynamic stability, which make them good candidates for 

photocatalysis in the presence of aqueous electrolyte solutions. Although photocatalytic 

metal oxides have recently created  a major impact in the green fuels research area, most of 

their application-relevant parameters e.g., stability, cost, ease-of-synthesis, scalability, 

efficiency and fuel outputs, are still far from optimal and are strongly dependent on several 

major intrinsic material properties, e.g. surface area,   crystallinity, bandgap tunability, etc. 

Most of known stable oxide semiconductor photocatalysts are based on the metal cations 

with d
0
 and d

10
 electronic configurations and are usually responsive to only UV light. 

Suitable band engineering is needed in order to develop photocatalysts for water splitting 

under visible light irradiation. My research efforts within this area have focused on the 

synthesis and characterization of new heterometallic oxides which possess novel structures 

and wide range of bandgap size tuning possibilities to reach thermodynamic requirements for 

visible light photocatalysis. 

For metal oxide systems, the bimetallic, trimentallic and tetrametallic Cu(I) tantalates 

were selected. Controlled modulations of bandgap sizes is achieved in unique site-



differentiated structures, (Na1-xCux)2Ta4O11 and NaCu(Ta1-yNby)4O11, through the creation of 

higher-energy valence bands via the incorporation of 3d
10 

orbitals of Cu(I) as well as creation 

of lower-energy conduction band via introduction of 4d
0
 of Nb(V). Their optical properties 

are studied as a function of Na
+
/Cu

+
 and Ta

5+
/Nb

5+
 substitutions. The understanding of the 

structure-properties relationships is used for design and synthesis of new materials with 

optical characteristics acceptable for visible-light photocatalysis. 
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CHAPTER 1 

OVERVIEW 

Oxide semiconductors can be essentially safe and environmental-friendly materials 

and possess a large variety of chemical composition, crystal structures and wide range of 

potentially applicable chemical and physical properties,1-3 which can lead to evolution of 

novel functions and devices. The metal oxide family includes members with diverse 

electronic characteristics, varying from metallic (e.g. ReO3, LaNiO3 and RuO2)4,5 to 

semiconducting (e.g. BaTiO3).
6 Some representatives are very sensitive to temperature, 

pressure and changes in compositions (e.g. V2O3, La1-xSrxVO3 ),
4,7 making possible  control 

and modulations of their physical properties with respect to application needs.  Oxides are 

the primary components of many naturally-occuring minerals and zeolites, as well as 

manmade porous materials, and these have been utilized in chemical processes such as ion 

exchange, gas absorption and separation, and catalytic reactions. In the energy field, lithium 

ion batteries are commonly used in consumer electronics. They are currently one of the most 

popular types of battery for portable electronics, and LiCoO2 is widely used in lithium ion 

battery as cathode8.  

Of relevance herein is the ability of some oxides (e.g. TiO2,
9 NaTaO3,

10 ZnO,11 and 

Fe2O3,
12)  to use absorbed light to drive oxidation and reduction reactions at their surfaces. 

This is called photocatalysis and has been known since the early 70’s for both organic and 

inorganic substances and reactions. By definition13
photocatalysis is a change in the rate of 
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chemical reactions under the action of light in the presence of substances – called 

photocatalysts – that absorb quanta of light and are involved in the chemical transformations 

of the reaction participants. A photocatalyst is defined as a substance that is able to yield, by 

absorption of light quanta, chemical transformations of the reaction participants, repeatedly 

coming with them into the intermediate chemical interactions and generating its chemical 

compositions after each cycle of such interactions.13 The concept and the term 

“heterogeneous photocatalysis” were introduced and developed in Lyon (University Claude 

Bernar) in 1970 to describe the partial oxidation of alkanes and olefinic hydrocarbons.14

Photocatalytic properties of inorganic oxides were first discovered by Fujishima and Honda 

in 1972,9 when they described water splitting into hydrogen and oxygen by n-doped TiO2

photoelectrode under ultraviolet (UV) irradiation.   

The principle of water 

decomposition on metal oxide 

particle is schematically 

represented in Figure 1.1 and 

can be described as follows. 

The photocatalyst absorbs a 

photon to excite an electron 

from the valence band to the conduction band; resulting in an excited state. The two protons, 

which are needed to generate hydrogen gas, can be reduced by the electrons that are excited 

in the photocatalyst. The hole in the valence band can be filled with two electron produced 

by the water oxidation. These reactions currently have drawn strong interest from all fields of 

Figure 1.1. Schematic representation of water splitting 
on particle of solid-state photocatalyst 
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science and oxide semiconductors and are attractive candidates for production of useful 

chemical fuels from sunlight, for example, photocatalytic water splitting for hydrogen and/or 

oxygen production. Particles of a potential photocatalyst are suspended in solutions and 

exposed to irradiation of either UV or visible light, which initiates both oxidation and 

reduction reactions on their surfaces. Metal oxides generally exhibit good 

photoelectrochemical stability in aqueous media over a wide pH range and their component 

elements are both plentiful in nature and environmentally friendly. For instance, titanium 

dioxide (TiO2) is the material which really sparked worldwide interest in the solar 

photoelectrolysis of water. Having bandgap size of ~3.1eV, the TiO2 has a sufficiently 

positive valence band edge to oxidize water to oxygen. It is also extremely stable material in 

the presence of aqueous electrolyte solutions. Later on hundreds examples of metal oxides 

were investigated,15 among which particle suspensions of La2Ti2O7,
16 Sr2Nb2O7

17,18 and La-

doped NaTaO3
19 achieve significant quantum efficiencies of up to ~10 to >50% for the 

production of H2 and/or O2. Although photocatalytic metal oxides have recently created  a 

major impact in the green fuels research area, most of their application-relevant parameters 

(e.g., stability, cost, ease-of-synthesis, scalability, efficiency and fuel outputs)  are still far 

from optimal and are strongly dependent on several major intrinsic material properties (e.g. 

surface area,   crystallinity, bandgap tunability, etc.).  

This present research is directed to expand the understanding of the photocatalytic 

activities of metal oxides and concentrate on investigation of new oxide materials with 

potential use for solar fuel applications. In the next few paragraphs I analyze several of most 
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relevant properties of oxide materials, which become even more important if the visible-light 

photocatalytic fuel production is under consideration. 

Surface area, particle size. These two parameters are essential for a photocatalyst, 

because usually larger surface area as well as good crystallinity strongly enhance the amount 

of reactive surface sites and charge mobility in photocatalytic material. Traditional high-

temperature solid state synthesis usually includes grinding and heating of starting material in 

closed or opened containers, which often allows to reach satisfactory purity of products, 

though provides very poor control on their crystallinity and surface areas. Therefore a new 

synthetic route was critically needed. Recent investigations20-26 showed the alternate 

synthetic approach, in which the target reaction occurs in molten salt (flux) media, e.g., in 

mixtures of Na2SO4/ K2SO4, NaCl/KCl, CuCl or Cu2O, depending on components, which are 

involved in target reaction. This method has several obvious advantages in comparison to the 

traditional one: much shorter reaction times (hours instead of days), significantly lower 

reaction temperatures, enhanced crystallinity and homogeneity. For example, through 

different flux syntheses, the particle sizes and their morphology were controlled modified in 

La-doped NaTaO3
19 and La2Ti2O7

16 photocatalysts, which significantly improved the 

photocatalytic production of hydrogen.   

Bandgap size and its position. The key issue to establish an efficient photocatalytic 

reaction system using solar energy is to find suitable responsive photocatalysts for water 

decomposition. The first requirement for such material is to have a band gap larger than the 

energy needed for the splitting of water, e.g., >1.23 eV.  
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Moreover, the semiconductor must possess certain energy levels of valence and 

conduction bands so that they have to be located below the O2/H2O and a above the H+/H2

redox potentials, respectively. The conduction band becomes more negative than the redox 

pair H+/H2 (0 eV), while the valence band becomes more positive than the redox potential 

O2/H2O (1.23 eV). Usually in active oxide photocatalytic materials the valence band is 

comprised of filled oxygen 2p orbitals whereas the conduction band is comprised of empty d0

of transition metals like Ti, Nb or Ta, which satisfy position requirements. However, a major 

handicap of these materials is their rather large optical bandgap sizes. For example, in TiO2  

the bandgap size is ~3.2 eV, which means that only a small fraction (~ 4%) of the solar 

spectrum can be harvested.  Therefore the main challenge here is to narrow the bandgap of 

photocatalyst while maintaining suitable redox potentials to drive key photosynthetic 

reactions (e.g. H2O → H2 + O2; CO2 + H2O → CH4 + O2).  

There are several approaches that can be applied to engineer the band gap so that the 

oxidation potential of the valence band could be raised and yet still be able to drive the 

oxidation of water. For example, the use of additional metals (co-metal) can narrow the band 

gap of the initial compound. This can be visualized by inserting new valence bands into 

initial compound, so that they will be situated on top of the valence band, which could only 

happen if the energy of orbitals from the co-metal corresponds to the energy of the orbitals 

forming a p-band of oxygen. For instance, indium is used as so called co-metal in compounds 

InTaO4, InNbO4, InVO4.
27 The 5s

2-orbital of indium lie higher in energy than the p-band of 

oxygen.  Figure 1.2 represents density of states (DOS) diagrams for both TiO2 and InTaO4. 

The conduction band of two oxide semiconductors consists of mainly d orbital of the 
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transition metal (3d of Ti in TiO2 and 5d of Ta 

in InTaO4), and the valence band consists of 

dominantly from 2p orbital of oxygen (dotted 

line). The valence band in InTaO4 lies higher 

in energy than the valence band in TiO2, 

because of indium 5s- orbitals. Electronic 

structures of new photocatalysts InMO4 (M = 

Ta, Nb, V) are in good agreement with the 

observed photocatalytic activity and show the 

evolution of H2 from pure water with photocatalyst suspension under visible light irradiation 

(λ > 420nm).  

One more example of adding a co-metal to the initial compound that can lower the 

band gap is shown on W-containing oxides. 

Authors prepared by solid-state reaction 

three oxides: Bi2W2O9, Ag2WO4 and 

AgBiW2O8.
28 The band structures of all W-

based oxides are illustrated in Figure 1.3.  

The band structure of Bi2W2O9 consists of 

W 5d orbital (conduction band (CB)) and the 

hybridized band of the Bi 6s and O 2p

orbitals (valence band (VB)) and the 

Ag2WO4 consists of W 5d orbital (CB) and the hybridized band of the Ag 4d and O 2p

Figure. 1.2. Comparison of  DOS of States 
(DOS) for TiO2 (a) and InTaO4 (b) 27 

Figure 1.3. The schematic band structures  
of WO3, Bi2W2O9, Ag2WO4 and AgBiW2O8

28 
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orbitals (VB). The band structure of AgBiW2O8 is suggested to consist of W 5d orbital (CB) 

and the hybridized band of the Bi 6s, Ag 4d and O 2p orbitals (VB). Electronic structures of 

all three W-based photocatalysts meet the requirement of H2 and O2 evolution and are in 

good agreement with the measurements of photocatalytic and photophysical properties. The 

approximate values of band gap energies were estimated to be 3.10 eV for Ag2WO4, 2.95 eV 

for Bi2W2O9 and 2.75 eV for  AgBiW2O8. All three oxides exhibit photocatalytic H2

evolution. 

Another approach to reach 

photocatalytic activity of the oxide material 

under visible light irradiation is doping it 

with transition-metal cations, such as 

chromium and iron. Doping means 

replacement with foreign element at a crystal 

lattice point of the host material.  For 

example chromium-doped SrTiO3.
29 Authors 

investigated the electronic structures of 

SrTiO3 and SrTiO3-doped with 12.5% of 

chromium by DFT calculations. The total 

density of states, DOS, shown in Figure 1.4. 

The band structure of SrTiO3 consists of 

three parts. The lower energy side of SrTiO3: O 2s, Sr 5p, Ti 4p, Ti 4s. The middle part of the 

bands is the valence band (VB): O 2p, Sr 5s, Ti 3d. The bottom part of the conduction band 

a)

b)

Figure 1.4. Comparison of  DOS 
of undoped SrTiO3 (a) and doped 
SrTi1-xCrxO3 (x = 0.125) (b) 29 
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(CB) is formed by the Ti 3d orbital. The band gap of SrTiO3 is estimated from calculations to 

be ~1.88eV. There are also three parts of the band in SrTi1-xCrxO3 (x = 0.125) (Fig.1.4b). The 

only difference between DOS of SrTiO3 and SrTi1-xCrxO3 (x = 0.125) is the middle of the 

SrTi1-xCrxO3 (x = 0.125) band gap, which has localized Cr 3d band, and the CB consists of Cr 

3d + Ti 3d hybrid orbital. The band gap of SrTi1-xCrxO3 (x = 0.125) is estimated to be 

~0.72eV. Although the values of the bandgap sizes calculated by DFT are smaller than that 

obtained experimentally the results/trends of the electronic band-structure calculations are in 

a good agreement with measurements of UV-vis diffuse reflectance and absorption patterns 

for SrTi1-xCrxO3 are highly dependant on the dopant concentration. The photocatalytic 

activities for water splitting of chromium-doped SrTiO3 under visible light are increased with 

the increase of amount of chromium.  

My research hypothesis is that monovalent copper, Cu(I),  being incorporated as a 

part of regular crystalline structures, could be promising for obtaining new visible-light 

active photocatalysts. A new higher-energy 3d
10 

band of Cu(I) could be inserted and is 

expected to be higher in energy than O 2p orbitals and partially hybridized with them. This 

could substantially narrow the bandgap size of starting materials, because of the increased 

energy of the valence band.  Further narrowing and precise control of bandgap sizes could 

be achived via incorporation of Nb
5+

 instead of Ta
5+

 in the same crystal structures. The 

lower-energy 4d
0
 orbitals are expected to decrease the energy of conduction band, making 

the material active under visible light. In Chapters 5,6 I tested this hypothesis via the 

successful synthesis and characterization of new Cu(I) tantalates and their Nb-substituted 

derivatives.  
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 Crystal structure. Although there is no direct connection between crystal structures 

of potential photocatalyst and its activity, the presence of some structural features often 

indicate that the oxide material  might 

reveal photocatalytic activity. First of all, 

often oxide photocatalysts interlay or 

partially consist of MO6 (M = early 

transition d-metal), which are differently 

organized and connected to each other. It 

seems that in terms of photoactivity the 

preferential connection through oxygen 

edges. For example, clear relation of 

photocatalytic and phophysical properties 

and the crystal structure units can be 

observed in InMO4 (M = Ta, Nb, V) visible 

light photocatalysts. In InTaO4 and InNbO4

two kinds of octahedra occur: InO6 and 

NbO6 (TaO6). The difference of volume between TaO6 and NbO6 leads to a change of the 

lattice parameters between InTaO4 and InNbO4. For InVO4 there is InO6 octehedra and VO4

terahedra. The bond angle of M–O–M is one of the important factors affecting a 

photocatalytic and photophysical properties of semiconductors. The closer the bond angle of 

M–O–M is to the ideal 180o the more the excited electrons are delocalized. The M–O–M 

bond angles in InTaO4 are close to ideal 180o than that of InNbO4. The mobility of electron-

a)

b)

Figure 1.5. Polyhedral representation of crystal 
structures of InTaO4, InNbO4 (a) and InVO4 (b)27 

showing MO6 as main building elements of the 
structures
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hole pairs affected the photocatalytic activity because it affects the probability of electron 

and hole to reach reaction sites on the surface of photocatalyst.27

Despite some relations between crystal structures and photocatalytic activities, these 

relations are not fully known and represent critical structure-property relationships to 

investigate for the Cu(I) systems (below). 

 Electron-hole recombination. The optimization of all factors indicated above often 

is not enough to reach photocatalytic activity of oxide material. Electrons and holes have to 

separate and to migrate to the surfaces of the particles to drive water splitting reactions. 

Several approaches can be found in literature to optimize electron-hole recombination, e.g, 

cocatalysts deposited on surfaces of photocatalysts to transport electrons and holes to 

surfaces,30 wide-band gap semiconductors (e.g. TiO2) with long electron diffusion length and 

dye molecules serving as molecular sensitizers,31 as well as bracketing of the metal-oxide 

band energies around the redox potentials of the fuel-generating reactions.32 Studies have 

shown that co-catalysts photodeposited on the surfaces of the particles typically function as a 

highly effective funnels that can be accessible to all excited electrons.30 As a result, the 

significant increase in photocatalyic H2 production and higher quantum yields are observed.

Typically Pt is used to assist H2 production whereas RuO2 or IrO2 are common cocatalyst 

assisting O2 production.  

To conclude, the generalization can be made that oxide semiconductors represent 

promising materials for environment friendly fuel production. During the last decades many 

photocatalysts were found and showed a great level of success on photocatalytic efficiencies 

for UV irradiation. However, metal oxides, which are active in the visible-light energies, are 
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still purely explored and very limited. Their activity stronger depends on intrinsic properties 

(e.g., bandgap sizes, surface features, crystal structures etc.) than that of UV-responsive 

photocatalysts.  Thus, more precise investigation of all these factors is needed to create a 

visible-light photocatalyst with maximum activity for fuel production. Present work (see 

Results) represents the synthesis and characterization of Cu(I) tantalates, which show a 

great potential as visible-light photocatalysts. These chapters describe mainly crystal 

chemistry, electronic structures and optical properties of several Cu(I) tantalates and their 

substituted derivatives.  
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

Single crystal X-ray crystallographic structure determination.  

Single crystals of each compound were selected for data collection on a Bruker SMART 

APEX CCD diffractometer using graphite-monochromatized Mo Kα radiation (l = 0.71073 Å) 

at 173 K. Single-crystal data sets were collected and analyzed using associated software 

analysis packages. Some separate packages used for refinement and data manipulation 

included the SAINT program33 used for the data reduction and SHELXL or SIR92 program,34

with hydrogen atoms introduced at idealized positions and allowed to ride on parent carbon 

atoms. Details of the data collection and analysis may be found in the experimental sections 

of each of the Chapters 3 and 4. 

Powder X-ray diffraction (PXRD).  

Ambient PXRD data on the powder samples of new compounds were collected on an Inel 

XRG 3000 diffractometer (Cu Kα radiation, λ = 1.5406 7 Å). The powder diffraction pattern 

was scanned over the angular range 2θ = 0-106o with a step size of 0.02o. The theoretical 

powder patterns were calculated and output from their if files using the program 

MERCURY.35 
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Optical absorption.  

The UV-Vis diffuse reflectance spectra (DRS) were measured on a Cary 300 

spectrophotometer or Shimadzu UV-3600 UV-Vis-NIR spectrophotometer equipped with an 

integrating sphere. ~50 mg of powder of each sample was mounted onto fused-silica 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(R∞) = (1-R∞)2/(2R∞), where R∞ is diffuse 

reflectance based on the Kubelka-Monk theory of diffuse reflectance.36

Electronic band structure calculations.  

The electronic structures were calculated using the Linear Muffin-Tin Orbital (LMTO) 

method in the Atomic Sphere Approximation (ASA) with the tight-binding program TB-

LMTO-ASA.37 The radii of the Wigner-Seitz (WS) spheres were assigned automatically so 

that the overlapping potentials would be the best possible approximations to the full 

potentials.  Because both structures are rather open, special care was taken in filling the 

interatomic space.  Using only atom-centered spheres resulted in errors because of the default 

16% overlap restriction.38 Extended Hückel calculations were carried out within the tight-

binding approximation using the CAESAR2 program39 for the full structures at an array of k-

points spread over the irreducible wedge. The atomic coordinates and lattice dimensions were 

taken from the respective single crystal structures. The molecular orbitals were calculated 

using local structure fragments and analyzed and plotted using the associated SAMOA 

package and sub-programs.40
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Thermal Analysis.   

The thermal stability and decomposition of compound were measured on a TA Instruments 

SDT 2960 Simultaneous DSC-TGA under flowing nitrogen gas by heating to ~1100oC at a 

programmed rate of 10oC/min.  A weighed amount (35 – 45 mg) was loaded onto a  pan, 

equilibrated and tared at room temperature, and the data plotted as temperature (oC) versus 

heat flow (mW).  Solid-state products obtained after heating to ~1000oC were characterized 

by powder XRD in transmission mode, as described above. 

Dissertation Organization 

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

potentially publishable format. 
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CHAPTER 3 

SYNTHESIS, OPTICAL PROPERTIES AND ELECTRONIC 

STRUCTURES  

OF COPPER(I) TANTALATES: Cu5Ta11O30 AND Cu3Ta7O19

A paper published in Journal of Solid State Chemistry 

J. Solid State Chem. 2010, 183, 814-822 

Olena Palasyuk, Andriy Palasyuk and Paul A. Maggard

Department of Chemistry, North Carolina State University, Raleigh, NC 2769. 

Abstract 

Two copper tantalates, Cu5Ta11O30 (1) and Cu3Ta7O19 (2), were synthesized by solid 

state and flux synthetic methods, respectively.  A synthetic route yielding 2 in high purity 

was found using a CuCl flux at 800oC and its structure was characterized using powder X-ray 

Diffraction (XRD) data (P63/m (No. 176), Z = 2, a = 6.2278(1)Å, c = 20.1467(3)Å).  The 

solid-state synthesis of 1 was performed using excess Cu2O that helped to facilitate the 

growth of single crystals and their characterization by XRD (P 6 2c (No. 190), Z = 2, a = 

6.2252(1)Å, c = 32.516(1)Å).  The atomic structures of both copper tantalates consist of 

alternating single and double layers of TaO7 pentagonal bipyramids that are bridged by a 

single layer of isolated TaO6 octahedra and linearly-coordinated Cu+.  The measured optical 
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bandgap sizes of ~2.59 and ~2.47 eV for 1 and 2 were located well within visible-light 

energies and are consistent with their orange-yellow colors.  Each also exhibits optical 

absorption coefficients at the band edge of ~700 and ~275 cm-1, respectively, and which were 

significantly smaller than that for NaTaO3 of ~1450 cm-1.  Results of LMTO calculations 

indicate that their visible-light absorption is attributable mainly to indirect bandgap 

transitions between the Cu 3d
10 and Ta 5d

0 orbitals within the TaO7 pentagonal bipyramids. 

Keywords:  Copper tantalates, solid-state synthesis, flux synthesis, optical properties 

Introduction 

Metal oxides have attracted an intense amount of research interest owing to their 

photocatalytic production of H2 and/or O2 from water which is driven by their bandgap 

excitations, as highlighted in several recent reviews1-3.  At ultraviolet energies, numerous 

tantalates and niobates exhibit high quantum efficiencies (~15 – 50%) for the water-splitting 

reactions, such as reported for La-doped NaTaO3 and La2Ti2O7
4-7.  The greatest fraction of 

solar energy falls at the visible-light energies, and thus a smaller and more optimally-sized 

bandgap is necessary for the efficient use of sunlight.  Many current approaches exist, 

including non-oxide systems such as AgInS2-CuInS2-ZnS8-11, or composite materials such as 

SrTiO3:Rh-BiVO4
12.  However, metal-oxides typically represent the material of choice owing 

to their greater inherent stability against photocorrosion, and also, to their known high 
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quantum efficiencies13.  Though, for early transition-metal oxides the valence band energies 

are typically much lower than needed compared to the O2/H2O redox couple, and thus only 

bandgap sizes greater than ~3 eV exhibit suitable conduction band energies compared to the 

H2/H2O redox couple14.   

A successful and growing approach to raise the valence band energies and decrease 

the bandgap sizes of metal oxides is to incorporate additional elements having d10 electron 

configurations.  Thus, these mixed-metal oxides contain an early transition metal  (e.g., Ta5+, 

Nb5+) in combination with a late transition metal (e.g., Ag+) or early main group element 

(e.g., Pb2+), such as found in AgNbO3
15 or PbBi2Nb2O9

16.  In these systems, the bandgap 

excitations are found to arise from a Metal-to-Metal Charge Transfer (MMCT) transition 

between electron-donating d10 and electron-accepting d0 electron configurations.  This lowers 

their bandgap sizes by ~0.5 – 1.5eV compared to that of alkali-metal analogues, e.g., 

AgNbO3 versus NaNbO3, via the insertion of a new higher-energy valence band consisting of 

the filled d10 orbitals.  Our efforts in this field have recently focused on Cu+(d10)-containing 

solids17, and which remain almost entirely unexplored for their optical properties and 

potential as visible-light photocatalysts.  The valence bands formed by the Cu 3d10 orbitals 

may potentially meet the thermodynamic requirements for water oxidation, but of course, 

other properties such as mobility of excited carriers or the presence of active surface sites 

may also ultimately be critical14. 

 Presented herein is a re-investigation of the Cu2O-Ta2O5 system, which was 

previously explored by L. Jahnberg in the late 80’s18-21 in the course of preparing new 

tantalum and niobium oxides containing α-U3O8-type layers of TaO7 pentagonal bipyramids.  
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These prior studies focused on the structural aspects and synthetic challenges of preparing 

Cu(I)-tantalates in high purity owing to the possible existence of different stacking variants 

close in composition.  Our research efforts were motivated to probe the high-purity syntheses 

of copper(I) tantalates, the relationship between their atomic and electronic structures, and as 

well, for their optical and photocatalytic properties.  Within this system, we report the high-

purity solid-state and flux synthesis of two copper(I) tantalates, Cu5Ta11O30 (1) and 

Cu3Ta7O19 (2), and their structural characterization by single-crystal and powder X-ray 

diffraction, respectively.  In addition, their optical properties were investigated by UV-Vis 

diffuse reflectance and transmittance techniques, and which were analyzed with respect to 

their calculated electronic structures. 

Experimental Section 

Syntheses.  Both solid-state and flux synthetic approaches were investigated in order 

to prepare Cu5Ta11O30 and Cu3Ta7O19 in high purity.  Solid-state reactions were performed 

starting from Cu2O (Alfa Aesar, >99.9%) and Ta2O5 (Alfa Aesar, >99.99%) loaded over a 

range of Cu2O:Ta2O5 molar ratios from 1:1.5 to 1:3.5 (total weight = 1g).  The reactants were 

ground together and heated in evacuated fused-silica tubes at 1000oC for 5 days, consistent 

with previously reported procedures20.  The products were characterized by powder X-ray 

diffraction (PXRD) in transmission mode on an Inel XRG 3000 diffractometer fitted with a 

CPS 120 position sensitive detector and using Cu Kα1 radiation from a sealed tube X-ray 

source.  Large crystals of Cu5Ta11O30 suitable for single-crystal XRD were obtained by using 

a 10% excess of Cu2O, giving a ~5:10 molar ratio, and slow cooling (5oC/h) from 1000 to 
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700oC.  The reaction was then allowed to radiatively cool to room temperature in the furnace.  

The excess Cu2O, which showed up as red deposits on the wall of reaction container and in 

the product, was removed by washing with 1.5M HCl.   

In contrast, the yellow-green colored product of the reactions loaded at the 3:7 (Cu:Ta) 

molar ratio could not be fitted to the Cu3Ta7O19 model that has been proposed based on a 

High- Resolution Electron Microscopy (HREM) study21.  The powder XRD data could 

instead be fitted to that for Cu5Ta11O30 with the emergence of an additional strong reflection 

at around 2θ = ~28.2o and a broadening and splitting of peaks at around 2θ = ~28.7o (Figure 

3.S1, Supporting Information).  A series of reactions loaded at from 7.3:11 to 5.5:11 (Cu:Ta) 

molar ratios showed (after washing) only Cu5Ta11O30, while Cu-poorer reactions loaded 

closer to the 3:7 (Cu:Ta) molar ratio (i.e., 3.2:7, 2.8:7, 2.5:7, 2.3:7, 2.1:7, and 2:7) always 

gave Cu5Ta11O30 together with the additional peaks described above.  Further, a decrease of 

the reaction temperatures to 800 – 900oC, as well as different heating times (5 – 7 days), did 

not significantly alter the resulting products.  The first synthesis of high purity Cu3Ta7O19

(according to powder XRD) was achieved by using additional CuCl (Alfa Aesar, >99%) as a 

flux.  The reactants were mixed at the 3:7 (Cu:Ta) molar ratio, combined with the CuCl flux 

at a 1:10 molar ratio, and heated to 800 oC for 5 days.  The flux was washed from the product

using 3M NH4OH, followed by washing with 1.5M HCl, to give a homogeneous yellow 

powder.  The powder XRD data of this product was similar to that calculated from the 

HREM model21, and the structure was refined using the full-profile Rietveld method (see 

next section).
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X-ray Structural Characterization.  The structures of Cu5Ta11O30 and Cu3Ta7O19

phases were refined using single crystal and powder XRD methods, respectively.  High-

resolution powder XRD data for Cu3Ta7O19 were recorded at room temperature on a 

RIGAKU D/Max 2200 Powder X-ray diffractometer using Cu Kα1 radiation with a diffracted 

beam graphite monochromator.  Data were collected in a 2θ range of 6° to 93° in 0.01o steps, 

with a dwell time of 4 s at each step.  The structural refinement was performed using the full-

profile Rietveld method within the FullProf program package22.  The starting atomic 

positions were taken from the HREM model proposed by Jahnberg21.  Initially, only the zero-

point shift and scale factor were refined.  The lattice constants were allowed to refine next, 

and was followed by refinement of the background parameters with a polynomial used in the 

fit that was increased up to the sixth order.  Next, the atom positions were also allowed to 

refine, starting with the copper and tantalum atoms and then all oxygen atoms.  This was 

followed by the addition of isotropic thermal parameters for all atoms.  Afterwards, the 

profile-shape parameters were included with a peak asymmetry correction for 2θ < 400.  The 

final refinement included 35 independent parameters (8,695 data points) and converged at an 

RB/Rwp = 0.058 / 0.010.  Shown in Figure 1 is the resulting fit of the Rietveld refinement to 

the experimental powder XRD of Cu3Ta7O19.  Structure refinement parameters, atomic 

coordinates, and isotropic displacement parameters are given in Tables 3.1 and 3.2. 

A Bruker-Nonius X8 Apex2 diffractometer was used for collecting single-crystal 

XRD data on Cu5Ta11O30.  A small (0.08 × 0.06 × 0.04 mm) irregular crystal was selected 

and mounted on a nylon loop using a small amount of Paratone N oil and cooled to 173 K.  

The unit cell dimensions were determined from a symmetry-constrained fit of 33,070 
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reflections in the range 5.02° < 2θ < 77.02°.  The data collection strategy included both ω

and ϕ scans that extended out to 2θ = 80.32°.  The reflection intensities were integrated with 

the SAINT subprogram in the SMART software package23.  An empirical absorption 

correction was applied using the SADABS program24. A space group determination was 

made (P-62c, No. 190) and the structure was solved and refined using the SHELXTL 6.1 

software package and associated subprograms25.  The structure was refined by full-matrix 

least-squares on F
2 with anisotropic thermal parameters and converged to R1/wR2 = 

0.040/0.052 and a goodness-of-fit = 1.09.  The structural refinement details and atomic 

positions are summarized in Tables 3.1 and 3.2, respectively. 

Optical Property Measurements.  The UV-Vis diffuse reflectance spectra of 

Cu5Ta11O30 and Cu3Ta7O19 were collected on a Shimadzu UV-Vis-NIR Spectrophotometer 

(UV-3600) equipped with an integrating sphere.  Approximately 50 mg of each sample was 

mounted onto a holder by pressing the powder into a BaSO4 matrix and placing it along the 

external window of the integrating sphere.  Pressed barium-sulfate powder was used as the 

reference and the data were plotted as the remission function F(R∞) = (1 – R∞)2/(2R∞), where 

R is diffuse reflectance based on the Kubelka-Monk theory of diffuse reflectance26.  

Transmittance spectra for pressed pellets of each powdered sample were measured in the 

wavelength range of 200 − 800nm at room temperature.  Each solid-state compound was 

measured twice with two different pellet thicknesses, as detailed previously27, in order to 

account for the regular reflection losses at the boundary surfaces in the transmittance 

measurements.  Resultant absorption spectra were calculated using the Lambert Law and 

evaluated as α (cm-1) vs. wavelength (nm): α = (1 / ∆x)(log(1 / R2) − log(1 / R1)); where α is 
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the absorption coefficient in cm-1; ∆x = x2 − x1, where x1 and x2 are the thicknesses of the two 

sample pellets. 

Thermal Analysis.  The thermal stability and decomposition of Cu3Ta7O19 were 

measured on a TA Instruments SDT 2960 Simultaneous DSC-TGA under flowing nitrogen 

gas by heating to ~1100oC at a programmed rate of 10oC/min.  A weighed amount (35 – 45 

mg) was loaded onto a Pt pan, equilibrated and tared at room temperature, and the data 

plotted as temperature (oC) versus heat flow (mW).  Solid-state products obtained after 

heating to ~1000oC were characterized by powder XRD in transmission mode, as described 

above.

Electronic Structure Calculations.  The electronic structures were calculated using 

the Linear Muffin-Tin Orbital (LMTO) method in the Atomic Sphere Approximation (ASA) 

with the tight-binding program TB-LMTO-ASA28.  The radii of the Wigner-Seitz (WS) 

spheres were assigned automatically so that the overlapping potentials would be the best 

possible approximations to the full potentials.  Because both structures are rather open, 

special care was taken in filling the interatomic space.  Using only atom-centered spheres 

resulted in errors because of the default 16% overlap restriction29.  Therefore, empty-

interstitial spheres (ES) were added to the crystal potential and the basis set.  The sphere radii 

and their positions were chosen so that space filling was achieved without exceeding a sphere 

overlap of 16%.  All sphere positions and radii were calculated automatically; the WS radii 

[Å] were Cu, 1.31 and 1.29; Ta, 1.29 – 1.35 and 1.30 – 1.35; O, 0.90 – 1.04 and 0.90 – 1.06; 

ES, 0.74 – 1.32 and 0.63 – 1.25 for Cu5Ta11O30 and Cu3Ta7O19, respectively.  The 

calculations used a basis set of Cu-4s/4p/3d, Ta-6s/6p/5d and O-2s/2p orbitals and the 
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reciprocal space integrations were performed on 12 × 12 ×12 grids of irreducible k-points 

using the tetrahedron method30.  Semi-empirical extended Hückel calculations were 

performed by the program package CAESAR31 with the following parameters (double zeta-

functions):  Hij (eV), ζ1, coefficient 1, ζ2, coefficient 2: Cu: 4s –11.40, 2.20, 1.00, 0, 0; 4p –

6.06, 2.20, 1.00, 0, 0; 3d –14.00, 5.95, 0.5933, 2.300, 0.5744;  Ta: 6s –10.10, 2.28, 1.00, 0, 0; 

6p –6.86, 2.241, 1.00, 0, 0; 5d –12.10, 4.762, 0.6815, 1.938, 0.5589; O: 2s –32.29999, 2.2775, 

1.00, 0, 0, 2p –14.80, 2.275, 1.00, 0, 0. 

Results and Discussion 

Syntheses.  The Cu2O-Ta2O5 phase diagram was initially explored by Jahnberg18-21 in 

the temperature range of 800 – 1100oC, and the products characterized using Powder X-ray 

Diffraction (PXRD) and High-Resolution Electron Microscopy (HREM).  In these studies, 

the most predominant product over the entire compositional range found was Cu5Ta11O30.  

The existence of only one other well-ordered phase, Cu3Ta7O19, was found in the HREM 

investigations21.  However, this phase could only be obtained as a side-product.  Similarly, 

solid-state reactions performed herein using Cu:Ta molar ratios from 7.3:11 to 5.5:11 were 

found to contain only the Cu5Ta11O30 phase.  Large crystals could be grown using 10% 

excess Cu2O and were suitable for single-crystal XRD.  However, Cu-poorer reactions 

loaded closer to the 3:7 (Cu:Ta) molar ratio (3.2:7, 2.8:7, 2.5:7, 2.3:7, 2.1:7, and 2:7) always 
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gave Cu5Ta11O30 together with some unidentified peaks.  However, the use of a molten CuCl 

flux resulted here in the first high purity synthesis of Cu3Ta7O19, which enabled its structural 

characterization by PXRD.  The differential scanning calorimetry results (Figure 3.2S, 

Supporting Information) show that Cu3Ta7O19 is stable up to ~900oC, whereupon it 

decomposes irreversibly to a mixture of Cu2O, Ta2O5 and Cu5Ta11O30. 

Structural Descriptions.  The basic structural features of Cu5Ta11O30 (1) and 

Cu3Ta7O19 (2) have been described previously18-21.  Results of our single-crystal and powder 

XRD refinements, Tables 3.1 and 3.2, closely match with the previously proposed crystal 

structures.  The polyhedral structural views of 1 and 2 down ~[110] are shown in Figure 3.2.  

Both structures contain layers of edge-shared TaO7 pentagonal bipyramids, Figure 3.3a, that 

are structurally similar to those first found in α-U3O8
32.  These layers stack along c-axis, 

sharing apex O1 atoms and forming both single (labeled α) and double layers (labeled a/b’) 

in 1, and only double layers (labeled a/b) in 2.  These alternate with layers of TaO6 octahedra 

and linearly-coordinated Cu+ (labeled A/A’), and shown separately in Figure 3.3b.  The TaO6

octahedra are formed from the apical O atoms from three edge-shared pentagonal bipyramids 

both above and below, Figure 3.4.  The three apical oxygen atoms are tilted towards each 

other in order to form a more regular octahedral coordination environment, causing a 

distortion of the edge-shared O atoms in the plane of the TaO7 pentagonal bipyramids.  There 

are three Cu atoms per TaO6 octahedron in the A/A’ layer, and which bond to two apical O 

atoms in adjacent layers above and below to form the linear coordination geometry.   

Although both 1 and 2 share generally similar structural features, a single layer of 

pentagonal bipyramids (α) in 1 interleaves the repeating {AaaAbbA} layer pattern found in 2, 
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Figure 3.2.  This causes a displacement of the A layer (TaO6/Cu+) along baa
r

rr

+=′  by ½ 

translation and yields the longer repeating sequence {AaaAαA’b’b’A’} in 1.  Further, the 

new Wyckoff site multiplicity (12i) for Cu+ in the A layer of 1 means that the position can 

only be fractionally occupied (~5/6) to give the charge-balanced Cu5Ta11O30 stoichiometry, 

as confirmed by single-crystal XRD herein.  An unfixed refinement of the Cu site occupancy 

gives a very close 0.815(4) occupancy.  However, the possibility remains that Cu could fully 

occupy the 12i site at other loaded stoichiometries, and would result in a partial reduction of 

the structure.  Our preliminary results in this direction seem to suggest that this is unlikely, as 

reactions loaded more Cu2O-rich yielded only the large single crystals of Cu5Ta11O30 that 

were characterized by single-crystal XRD.  Listed in Table 3.3, the Cu – O distances of 

1.895Å and 1.841Å in 1 and 2, respectively, are comparable to those in earlier reported Cu(I) 

oxides.  For example, the Cu – O distance is 1.849Å and 1.835Å in Cu2O and CuFeO2
33,34, 

respectively.  The Cu – Cu distances are at a much longer ~3.115Å in 1 and ~3.114 Å in 2.   

Several similar alkali and alkaline-earth analogues of these structures exist containing 

single and double layers of pentagonal bipyramids.  Both Na2Nb4O11 and CaTa4O11 contain 

only single layers of TaO7 pentagonal bipyramids that alternate with layers of TaO6

octahedra formed by the apical O atoms35.  As in 1 and 2, the layers of edge-shared TaO7

pentagonal bipyramids are slightly undulated with the O atoms shifted slightly out of the 

equatorial plane.  This tilting in Na2Nb4O11 and CaTa4O11 displaces the O atoms closer to Na 

and Ca, causing Na to be 7-coordinate and Ca to be 8-coordinate.  By contrast, the Cu+

coordination geometry in 1 and 2 remain unaltered by this tilt.  In CeTa7O19
36, only double 

layers of pentagonal bipyramids are found, which are separated by TaO6 octahedra and 8-
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coordinate Ce.  The Ta – O and O – O distances in these examples are all in close agreement 

with those in 1 and 2, listed in Table 3.3. 

Optical Properties.  Transition-metal oxides combining a d10 (e.g., Cu+, Ag+) and a 

d0 (e.g., Nb5+, Ta5+) electron configuration have drawn increasing attention owing to their 

potentially low-energy visible-light absorptions that arise from a Metal-to-Metal Charge 

Transfer (MMCT) transition1-2,15-17.  Thus, UV-Vis Diffuse Reflectance Spectra (DRS) for 

Cu5Ta11O30 (1) and Cu3Ta7O19 (2) were measured to probe the effect of Cu+ on the bandgap 

sizes of tantalates, shown in Figure 3.5.  The bandgap sizes are ~2.59 eV for 1 and ~2.47 eV 

for 2, consistent with the yellowish-orange color of both powders.  Bandgap sizes for alkali-

metal tantalates are in the range of ~3.5 to >4.0eV, while for silver tantalate (e.g. AgTaO3) 

the bandgap size is ~3.4eV15.  The incorporation of higher-energy 3d10 (Cu+ ) orbitals in 1

and 2 has further lowered their bandgap sizes deeply into the visible-light energies.  Small 

differences in the diffuse reflectance of sub-bandgap light likely owes to the crystallite sizes, 

where smaller particle sizes are known to increase the diffuse reflectance27a. 

The optical absorption coefficient, α (cm-1), of a solid determines the rate of light 

absorption as a function of depth, where at α-1 the light intensity drops to ~36% of its starting 

intensity; for example, a low α leads to light being poorly absorbed in a material.  Generally, 

semiconductors exhibit a sharp edge in their absorption coefficient spectra, since photons 

with energy below the bandgap size do not have sufficient energy to excite an electron across 

the band gap.  Thus, α depends both on the solid and on the wavelength of light.  Measured 

values of α for 1 and 2 are plotted in Figure 6 as a function of wavelength and are compared 

to that for NaTaO3.  The La-doped NaTaO3 is one of the most efficient known UV-active 
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photocatalysts4-6, and is shown here to absorb light at the band edge much more strongly (α

~1450cm-1) than either 1 or 2 (α ~700cm-1 for 1 and ~275 cm-1 for 2).  Structurally, NaTaO3

contains vertex-shared TaO6 octahedra in a distorted perovskite type, in contrast to the layers 

of TaO7 pentagonal bipyramids in 1 and 2.  Further, the structure of 1 contains a larger 

fraction of TaO6 octahedra as compared to the structure of 2, owing to the single layers of 

pentagonal bipyramids.  Although the bandgap sizes fall more deeply into the visible-light 

energies, their absorption coefficients are 2 – 5 × smaller.

Electronic Structure Calculations.  Understanding the electronic origin of the 

bandgap sizes in Cu5Ta11O30 (1) and Cu3Ta7O19 (2) is essential to determine whether their 

electronic structures are thermodynamically favorable for the photodecomposition of water.  

In order to be compatible for the visible-light photocatalysis of water the valence-band 

energy level of La-doped NaTaO3, for example, must be raised by ~1.0 – 2.0 eV closer to the 

conduction-band energy level (and to the O2/H2O redox couple), as described before1,4.  This 

is a major limitation for achieving visible-light photocalalysis in many other early transition-

metal oxides as well1-3.  Thus, the electronic structures of 1 and 2 were calculated in order to 

determine the structural origin and effects of the layers of TaO7 pentagonal bipyramids, as 

well as the addition of Cu+ atoms, on their valence and conduction band energies.    

The total and projected densities of states (DOS) and corresponding band structures 

were calculated for both 1 and 2 using the linear muffin-tin orbital (LMTO) approach, shown 

in Figures 3.7 and 3.8, respectively.  The Fermi levels are labeled with solid lines according 

to their compositions, while the Fermi level for the hypothetical ‘Cu6Ta11O30’ (i.e., with a full 

Cu-site occupancy) is labeled as a dashed line in 1.  For 1, the hypothetical full occupancy of 
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the Cu site would lead to metallic behavior owing to a partial filling of Ta d-orbitals.  In each 

case, the lowest-energy bandgap excitation is predicted to be indirect (i.e., Γ → M or Λ for 1, 

and Γ → M for 2), and which is consistent with the smaller absorption coefficients measured 

for 1 and 2 compared to that for NaTaO3 (above).  However, the bandgap sizes of metal 

oxides are generally calculated to be smaller than that obtained experimentally37,38, and 

which were calculated here to be ~0.85eV and ~0.55eV for 1 and 2 respectively.  However, 

the predicted larger bandgap size for 1 is in agreement with experiment, being found for the 

structure with the incomplete Cu-site occupation.  The insertion of higher-energy Cu 3d-

orbitals into their electronic structures has helped to lower the bandgap sizes of each by 

~1.5eV compared to NaTaO3.  This represents an even more significant lowering of the 

bandgap size than known for AgTaO3 (3.4eV), owing to the higher energy 3d (Cu+) versus 

4d (Ag+) orbitals. 

For both 1 and 2, the highest energy valence bands are comprised of Cu 3d
10-orbitals 

(blue projection), while the lowest unoccupied conduction bands consist of Ta 5d
0-orbitals 

(red projection).  Plots of the highest-occupied and lowest-unoccupied crystal orbitals within 

the structures of 1 and 2 are shown in Figures 3.9 and 3.10, respectively, according to the 

tight-binding approach.  The highest occupied crystal orbital in each corresponds to filled 

3dz2 orbitals on Cu with some mixing with the O 2p-orbitals that are bridging to the TaO7 and 

TaO6 polyhedra.  The lowest unoccupied crystal orbital in each derives from the in-plane Ta 

5dxy/5dx2-y2 orbitals of the TaO7 pentagonal bipyramids, rather than the TaO6 octahedra, as 

well as some mixing with the O 2p-orbitals.  Thus, the lowest-energy bandgap excitations of 

1 and 2 proceed by metal-to-metal charge transfer (MMCT) transitions between the linearly-
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coordinated Cu and the layers of TaO7 pentagonal bipyramids.  This is in contrast to NaTaO3, 

where the bandgap transition involves primarily the O 2p-orbitals and Ta 5d-orbitals located 

within TaO6 octahedra.  Under similar photocatalysis testing conditions as used for NaTaO3
4-

6, 1 and 2 have so far proven inactive for either O2 or H2 production in water.  Thus, while a 

much lower bandgap size has been achieved from a MMCT between Cu 3d and Ta 5d

orbitals, the effect of the layers of pentagonal bipyramids has been detrimental to 

photocatalytic activity.  Possible reasons could include a low mobility of the excited carriers 

and/or a change in the surface active sites that impairs the reaction kinetics. 

  

Conclusions

The copper(I) tantalates, Cu5Ta11O30 (1) and Cu3Ta7O19 (2), have been prepared in 

high purity using solid-state and flux synthetic methods, respectively.  Their structural 

characterizations by single crystal and powder XRD are consistent with previous reports, and 

contain single and double layers of edge-shared TaO7 pentagonal bipyramids that alternate 

with a layer of Cu+ and TaO6 octahedra.  Compared to NaTaO3, the addition of Cu 3d-

orbitals results in significantly smaller bandgap sizes of ~2.59 eV for 1 and ~2.47 eV for 2, 

but also 2 – 5 times smaller optical absorption coefficients.  Their lowest-energy bandgap 

transitions are predicted to be indirect, and originate from a MMCT between primarily the 

Cu 3d and Ta 5d-orbitals within the TaO7 pentagonal bipyramids (each mixed with some O 

2p-orbital contributions).  A growing number of known visible-light photocatalysts have 

been reported to be driven by similar MMCT transitions (e.g., AgNbO3).  Thus, this work 

shows the significant potential of Cu(I)-containing oxides in significantly lowering the 
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bandgap sizes of early transition-metal oxides, even though these still remain relatively 

unexplored. 
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Table 3.1. Single crystal and powder X-ray refinement for Cu5Ta11O30 and Cu3Ta7O19

a
∑ ∑−= ||/||||||[1 00 FFFR c  , ∑ ∑−= 2/14

0
22

00 ]/])([[2 wFFFwwR ,  

])()([ 22
0

1 BpApFw ++=− σ , where 3/]2)0,[max( 22
0 cFFp += , ∑∑ −= 00 /|| IIIR cB

,  

∑ ∑−= 2/12
00 ]/)]([[ wyyywR cwp , 2

exp
2 )/( RRwp=νχ

compounds Cu5Ta11O30 Cu3Ta7O19

fw   2781.48   1761.26

space group, Z P 6 2c (No. 190), 2 P63/m (No.176), 2

unit cell (Å), a 6.2252(1) 6.2278(1) 

                      c 32.516(1) 20.1467(3) 

                     V

(Å
3
) 

1091.26(4) 
672.7(1) 

dcalcd (Mg/m3) 8.465 8.643 

radiation Mo Kα, λ = 0.71073 Å Cu Kα = 1.54056  Å 

µ, mm-1  59.7 43.5 

2θ range 5.02 – 77.02 6.0 – 93.00

No. of data 

collected 
33070  

8695 data points 

No. of unique data 2015 (1618 with ))(2 22 FF σ> 244 Bragg reflections 

No. of variables 76 35 

residualsa
R1 ))(2( 22 FF σ> = 0.027,  

  wR2 = 0.049 

  RB = 0.058, Rwp = 0.104,  

  Rex =0.049 

  R1 (all data) = 0.040, wR2 = 0.052    χ2 = 4.2 
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Table 3.2.  Atomic Coordinates, Equivalent Isotropic Displacement Parameters (Å2), and Site 
Occupancies for Cu5Ta11O30and Cu3Ta7O19

atom 
Wyckoff 

position 

Symmetry 
x 

y 
z U(eq) 

Occ .≠ 1 

Cu5Ta11O30

Ta1 6g .2 0.3627(1) 0 0 0.0050(1)  

Ta2 12i 1 0.6689(1) 0.9715(1) 0.1920(1) 0.0071(1)  

Ta3 4f 3 1/3 2/3 0.0972(2) 0.0117(1)  

Cu 12i 1 0.3337(3) 0.1637(2) 0.0952(1) 0.0120(2) 0.833a

O1 6g .2 0.752(1) 0 0 0.010(1)  

O2 4f 3 1/3 2/3 0.9893(3) 0.005(1)  

O3 12i 1 0.370(1) 0.9419(9) 0.0596(1) 0.008(1)  

O4 12i 1 0.417(1) 0.084(1) 0.1901(2) 0.012(1)  

O5 4f 3 1/3 2/3 0.1961(2) 0.009(2)  

O6 4e 3 0 0 0.1808(2) 0.006(1)  

O7 6h m 0.698(1) 0.961(1) 1/4 0.007(1)  

O8  12i 1 0.6108(8) 0.9115(9) 0.1300(1) 0.007(1)  

Cu3Ta7O19

Ta1 2b –3 0 0 0 0.41(1)  

Ta2 12i 1 0.6945(2) 0.0292(2) 0.1564(1) 0.38(1)  

Cu 6g –1 1/2 0 0 0.45(1)  

O1 12i 1 0.752(2) 0.036(3) 0.055(3) 0.21(1)  

O2 4f 3 2/3 1/3 0.128(1) 0.52(1)  

O3 12i 1 0.333(3) 0.902(2) 0.1544(5) 0.41(1)  

O4 4e 3 0 0 0.169(1) 0.64(1)  

O5 6h m 0.715(2) 0.063(2) 1/4 0.19(1)  

a During the refinement the occupancy factor was fixed at the previously reported value of 
0.833 (= 5/6 for Cu+); and the site occupancy  could be refined  to a lower 0.815(4) without a 
statistically significant change in the final residuals.
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Table 3.3. Selected interatomic distances in Cu5Ta11O30 and Cu3Ta7O19

Cu5Ta11O30 Cu3Ta7O19

A–B  Distance (Å) A–B Distance (Å) 

Ta1, pentagonal bipyramid Ta1, octahedron 

Ta1–O1 × 2 1.999(6)  Ta1–O1 × 6 2.003(5) 

Ta1–O1 × 1 2.422(8) Ta2, pentagonal bipyramid  

Ta1–O2 × 2 2.020(2) Ta2–O1 × 1 2.071(3) 

Ta1–O3 × 2 1.975(4) Ta2–O2 × 1 2.068(4) 

Ta2, pentagonal bipyramid   Ta2–O3 × 1 1.979(6) 

Ta2–O4 × 1 1.994(7) Ta2–O4 × 1 2.016(2) 

Ta2–O4 × 1 2.413(5) Ta2–O5 × 1 1.895(3) 

Ta2–O4 × 1 2.013(7) Ta2–O3 × 1 1.984(1) 

Ta2–O5 × 1 2.005(6) Ta2–O3 × 1 2.508(5) 

Ta2–O6 × 1 2.012(1) Cu coordination 

Ta2–O7 × 1 1.898(1) Cu–O5 × 2 1.841(4) 

Ta2–O8 × 1 2.048(4)   

Ta3, octahedron    

Ta3–O3 × 3 2.022(6)   

Ta3–O8 × 3 1.953(4)   

Cu coordination   

Cu–O3 × 1 1.900(5)   

Cu–O8 × 1 1.894(4)   
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Figure 3.1.  PXRD and Rietveld refinement results for Cu3Ta7O19. The observed profile is 
indicated by circles and the calculated profile by the solid line. Bragg peak positions are 
indicated by vertical tics. The difference diffractogram is shown at the bottom.  
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Figure 3.2.  Polyhedral views down [110] for Cu5Ta11O30 and (b) Cu3Ta7O19; Blue polyhedra 
are TaO7 pentagonal bipyramids and TaO6 octahedra. 
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Figure 3.3.  Structural views down [001] of (a) a single layer of TaO7 pentagonal bipyramids 
and, (b) an intervening layer of TaO6 octahedra and Cu atoms.
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Figure 3.4.  The local coordination environment for a TaO6 octahedron, formed from three 
edge-sharing pentagonal bipyramids both above and below.  Atom types are numbered for O 
(red) and Ta (blue polyhedra). 
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Figure 3.5.  Measured UV-Vis diffuse reflectance spectra for Cu5Ta11O30 (black) and 
Cu3Ta7O19 (red), with the onset of the absorption edges labeled.
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Figure 3.6.   Calculated absorption coefficient spectra for Cu5Ta11O30 (black), Cu3Ta7O19

(red) and NaTaO3 (blue).
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Figure 3.7.  Results of TB-LMTO-ASA electronic structure calculations for Cu5Ta11O30, 
including the band structure diagram (left) and total and partial densities-of-states for each 
element (right).  The Fermi level is labeled by the solid horizontal line, while the Fermi level 
for the hypothetical ‘Cu6Ta11O30’ is labeled by the dashed horizontal line.
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Figure 3.8.  Results of TB-LMTO-ASA electronic structure calculations for Cu3Ta7O19, 
including the band structure diagram (left) and total and partial densities-of-states for each 
element(right). 
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Figure 3.9.  On the right, the calculated Highest Occupied Crystal Orbital (HOCO) and 
Lowest Unoccupied Crystal Orbital (LUCO) for Cu5Ta11O30;  On the left, a wedge of the 
structure that contains the HOCO and LUCO atoms, with the atom types and the unit cell 
labeled for comparison. Blue circles are Ta, red are O and grey are Cu. 
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Figure 3.10.  On the right, the calculated Highest Occupied Crystal Orbital (HOCO) and 
Lowest Unoccupied Crystal Orbital (LUCO) for Cu3Ta7O19;  On the left, a wedge of the 
structure that contains the HOCO and LUCO atoms, with the atom types and the unit cell 
labeled for comparison. Blue circles are Ta, red are O and grey are Cu. 
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SUPPORTING INFORMATION

Syntheses, Optical Properties and Electronic Structures of Copper(I) 

Tantalates: Cu5Ta11O30 and Cu3Ta17O19  

Olena Palasyuk, Andriy Palasyuk, and Paul A. Maggard* 

Department of Chemistry, 2620 Yarbrough Drive, North Carolina State university, Raleigh, 

North Carolina 27695-8204. 

Figure S1. Characteristic PXRD peaks between 2θ = 26.7 – 31.2o for Cu5Ta11O30 (theoretical; 

lower) and for solid-state products using different Cu2O:Ta2O5 molar ratios.  
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Figure S2. Differential scanning calorimetry curves between 200 – 1100o for Cu3Ta7O19.  

The temperature was cycled twice, and labeled as the red (cycle 1) and black lines (cycle 2). 
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Synthesis, Optical Properties and Electronic Structures of Cupper(I) Tantalates: 

Cu5Ta11O30 and  Cu3Ta7O19,  Palasyuk  O.; Palasyuk A.; Maggard P. A.* 

Graphical Abstract Figure and Caption: 

Caption: The copper(I) tantalates, Cu5Ta11O30 and Cu3Ta7O19, were synthesized by high-

temperature solid-state reactions and by a new CuCl flux method, respectively. Their 

structures consist of single and double layers of TaO7 pentagonal bipyramids separated by 

isolated TaO6 octahedra and Cu atoms. UV–vis spectra show visible-light bandgap sizes of 

2.5–2.6eV, which LMTO calculations show arise primarily from indirect transitions between 

the filled Cu 3d
10 and the empty Ta 5d

0 orbitals in the TaO7 pentagonal bipyramids. 
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CHAPTER 4 

SITE-DIFFERENTIATED SOLID SOLUTION  

IN (Na1-xCux)2Ta4O11 AND ITS ELECTRONIC STRUCTURE AND 

OPTICAL PROPERTIES 
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 Inorg.Chem. 2010, 49, 10571 – 10578 

Olena Palasyuk, Andriy Palasyuk and Paul A. Maggard

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

Abstract 

The (Na1-xCux)2Ta4O11 (0 ≤ x ≤ 0.78) solid-solution was synthesized within evacuated 

fused-silica vessels and characterized by powder X-ray diffraction techniques (Space group: 

R-3c (#167), Z = 6, a = 6.2061(2) − 6.2131(2)Å, c = 36.712(1) − 36.861(1)Å, for x = 0.37, 

0.57 and 0.78). The structure consists of single layers of TaO7 pentagonal bipyramids as well 

as layers of isolated TaO6 octahedra surrounded by Na+ and Cu+ cations. Full-profile 

Rietveld refinements revealed a site-differentiated substitution of Na+ cations located in the 

12c (Wyckoff) crystallographic site for Cu+ cations in the 18d crystallographic site. This site 

differentiation is driven by the linear coordination geometry afforded at the Cu+ site 

compared to the distorted seven-coordinate geometry of the Na+ site. Compositions more Cu-

rich than x ~ 0.78, i.e., closer to ‘Cu2Ta4O11’, could not be synthesized owing to the 
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destabilizing Na+/Cu+ vacancies that increase with x up to the highest attainable value of 

~26%. The UV-Vis diffuse reflectance spectra show a significant red-shift of the bandgap 

size from ~4.0eV to ~2.65eV with increasing Cu+ content across the series. Electronic 

structure calculations using the TB-LMTO-ASA approach show that the reduction in 

bandgap size arises from the introduction of Cu 3d
10 orbitals and the formation of a new 

higher-energy valence band. A direct bandgap transition emerges at  k = Γ that is derived 

from the filled Cu 3d
10 and the empty Ta 5d

0 orbitals, including a small amount of mixing 

with the O 2p orbitals. The resulting conduction and valence band energies are determined to 

favorably bracket the redox potentials for water reduction and oxidation, meeting the 

thermodynamic requirement for photocatalytic water-splitting reactions. 

Introduction 

Many early transition-metal oxide photocatalysts have been investigated for their 

photondriven heterogeneous catalysis of water into oxygen and/or hydrogen, such as known 

for La-doped NaTaO3,
1,2 La2Ti2O7,

3,4 and many others that exhibit photon-conversion 

efficiencies of ~15 – 50%.5,6 However, owing to their large bandgap sizes, their use has so 

far been predominantly restricted to the ultraviolet energy range. The investigation of new 

metal oxides exhibiting visible-light bandgap sizes is therefore essential to facilitate the 

development of new technologies for the conversion of solar energy to chemical fuels. To 

addressing this need, current strategies for decreasing the bandgap sizes have focused on the 

creation of higher- energy valence bands via the incorporation of a late transition metal or 

main group element, i.e. as found in AgNbO3 or PbTiO3.
7,8 In these systems, the higher-
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energy valence bands originate from the filled d10 or d10
s

2 electron configurations, and not 

predominantly from the O 2p orbitals as found in the larger bandgap metal oxides. Further, 

this type of band profile approach should attempt to maintain suitable energetic positions 

with respect to the redox couples for the oxidation and reduction half-reactions of water. 

Our research efforts in this area have focused on the investigation of new 

heterometallic oxides and oxide/organic hybrid solids containing Cu(I) (d10) in combination 

with an early transition metal, e.g., Nb(V) (d0). Recent results for hybrid oxide/organic solids 

demonstrate substantial reductions in bandgap sizes, down to ~2.0 – 2.6eV, because of the 

formation of higher-energy valence bands derived from the Cu 3d
10 orbitals.9-11 However, the 

optical and photocatalytic properties of simpler heterometallic oxides, e.g., as in the Cu(I)-

tantalates, remain almost entirely unexplored. The Cu2O-Ta2O5 system is characterized by a 

family of structurally-related solids with the general formula CuxTa3n+1O8n+3.
12,13 Their 

structures are comprised of different stacking variants of both single (n = 1) and/or double 

layers (n = 2) of edge-shared TaO7 pentagonal bipyramids, where the n in the formula is the 

average number of single and double layers in the structure. These pentagonal bipyramidal 

layers alternate with layers of linearly-coordinated Cu(I) and isolated TaO6 octahedra. 

Interestingly, a full occupancy of the Cu site is only achieved for n = 2, i.e., for Cu3Ta7O19. 

Owing to charge balance requirements, the other structures show increasing Cu-site 

vacancies with decreasing n, i.e. from n = 1.5 for Cu5Ta11O30 (16.6% vacant), to n = 1.33 for 

Cu7Ta15O41 (22.3%), and for n = 1 in Cu2Ta4O11 (33%). Only the two highest n members, 

Cu3Ta7O19 and Cu5Ta11O30, have been synthesized in pure form and characterized by X-ray 

diffraction techniques.14,15 The other structures have so far only been found as impurity 
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phases in HREM studies.12 Thus, major questions remain regarding their range of 

compositional stability, and that currently appears to decrease with n.  

Presented herein is an investigation of the synthesis and characterization of the lowest 

n (= 1) composition in the ‘M2Ta4O11’ structure as part of the (Na1-xCux)2Ta4O11 solid-

solution. While Na2Ta4O11 (x = 0) has been previously synthesized in pure form and 

characterized by single-crystal X-ray diffraction,16 the proposed ‘Cu2Ta4O11’ (x = 1) has only 

been reported as a possible impurity phase and has never been thoroughly characterized.12

The (Na1-xCux)2Ta4O11 solid-solution thus enables the new high-purity syntheses and a 

complete structural characterization for compositions approaching ‘Cu2Ta4O11’, and as well, 

provides a convenient probe to investigate the structural factors governing its stability or lack 

thereof. Notably, the Na2Ta4O11 solid has also recently been reported as exhibiting high 

photocatalytic activity for hydrogen production when irradiated by ultraviolet light in 

aqueous solutions.17 Thus, the slow and systematically-controlled substitution of Cu+ for Na+

within its structure has been utilized to more closely track the creation and energy of the new 

higher-energy valence band, and which illustrates a novel route for its visible-light 

sensitization. Further, by using the band positions known for Na2Ta4O11, the members of the 

(Na1-xCux)2Ta4O11 solid-solutions can be investigated for their conduction and valence band 

energies with respect to the redox potentials for water reduction and oxidation. 

Experimental  

Synthesis. Members of the (Na1-xCux)2Ta4O11 (0 ≤ x ≤ 0.78) solid-solution were 

synthesized by combining stoichiometric amounts of Na2O (Alfa Aesar, >99.9%), Cu2O 



59

(Alfa Aesar, >99.9%) and Ta2O5 (Alfa Aesar, >99.99%) loaded at the Na:Cu:Ta molar ratios 

appropriate for x = 0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0. The reactants were ground together inside 

a glovebox, flame sealed inside of evacuated fused-silica tubes, and heated to 950oC for ~5 

days before subsequently being allowed to radiatively cool to room temperature. Thin 

platelet-shaped powders were obtained with colors that ranged from light white to deep 

yellow with increasing copper content. A powder X-ray diffraction analysis indicated good 

agreement with the theoretical pattern calculated using the Na2Ta4O11 structural model, and 

no detectable impurity peaks for the reactions loaded at x = 0, 0.1, 0.3, 0.5, 0.7 (i.e., 0% to 

70% Cu). Attempts to grow large single crystals suitable for single-crystal diffraction using a 

CuCl flux were unsuccessful. Reactions loaded at the Cu-richest ratios of x = 0.9 and 1.0 (i.e., 

90% to 100% Cu) exhibited additional X-ray diffraction peaks characteristic of Cu5Ta11O30, 

Cu3Ta7O19, as well as some unidentified peaks. The Cu-rich limit of the solid solution was 

found to be x ~ 0.78 as shown by the regular changes in lattice constants that reach a plateau 

at this composition, and which was consistent with the limiting composition of the full-

profile Rietveld refinement (below). 

Structural Characterization. Three members of the solid solution (Na1-xCux)2Ta4O11, 

i.e., x = 0.3, 0.5 and 0.7 were selected for collection of high-resolution powder X-ray 

diffraction data at room temperature on a RIGAKU D/Max 2200 Powder X-ray 

diffractometer using Cu Kα radiation. Diffraction data were collected in the 2θ range from 5° 

to 115° in step sizes of 0.02o and a dwell time of 4 seconds per step. Refinements were 

performed by the full-profile Rietveld method using the program FullProf.18 The unit-cell 

dimensions and starting atomic positions were taken from the reported single-crystal 
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structure of Na2Ta4O11,
16 as well as from the HREM structural model proposed by Jahnberg 

for the ‘Cu2Ta4O11’ composition.12 The tantalum-oxide substructure for both models is 

nearly identical. However, while the Na atoms fully occupy the 12c crystallographic site, the 

Cu atoms are located on the 18d site and are 2/3 occupied, as would be required for charge 

balancing. Two refinement approaches were investigated to refine the crystal structure of 

each of the (Na1-xCux)2Ta4O11 solid-solution members. In the first approach, the Cu/Na atoms 

were allowed to refine as disordered on either the 12c or 18d crystallographic sites. These 

refinements typically converged at RB ~ 0.08-0.14 with unsatisfactory differential 

diffractograms. In the second approach, the Cu and Na atoms were allowed to refine in the 

12c and 18d positions, respectively, with the restraint that the final occupancies yield the 

chargebalanced composition. This second model exhibited significantly better fits and 

reduction of the RB/Rwp residuals to ~3-5%. The final refinements included 26 parameters 

(5,495 data points) and converged at RB = 5.3% for x = 0.3, RB = 6.7% for x = 0.5 and RB = 

11.8% for x = 0.7. In a typical refinement, initially only the zero-point shift and scale factor 

were refined. The lattice constants were then allowed to refine, and followed by the 

background parameters that involved gradually increasing the polynomial used in the fit up 

to the sixth order. The positional parameters were refined next, beginning with the copper 

and tantalum atoms and followed by all oxygen atoms. This was followed by refinement of 

the isotropic thermal parameters for all atoms, and which were thereafter fixed in order to 

refine the occupancies. Afterwards, profileshape parameters were included with a peak-

asymmetry correction for 2θ < 400. Powder refinement parameters and interatomic distances 
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are given in Tables 4.1 and 4.2, and the resulting fits of the Rietveld refinements to the 

experimental powder data are plotted in Figure 4.1.

Optical Measurements. The UV-Vis diffuse reflectance spectra were collected on a 

Shimadzu UV-Vis-NIR Spectrometer UV-3600/3100 with the use of an integrating sphere. 

Approximately 50 mg of each sample was mixed with barium sulfate and pressed onto a 

holder and placed along the external window of the integrating sphere. A second sample of 

pure pressed barium sulfate powder was prepared as a reference and the data were plotted as 

the remission function F(R∞) = (1 – R∞)2/(2R∞), where R is diffuse reflectance based on the 

Kubelka- Monk theory of diffuse reflectance.19

Electronic Structure Calculations. Electronic structure calculations were performed 

for the limiting compositions Na2Ta4O11 and the idealized ‘Cu2Ta4O11’ using the linear 

muffin-tin orbital (LMTO) method in the atomic sphere approximation (ASA), within the 

tight-binding program TB-LMTO-ASA.20 The radii of the Wigner-Seitz (WS) spheres were 

assigned automatically so that the overlapping potentials would be the best possible 

approximations to the full potentials, with the default 16% overlap restriction.21 Since the 

title structures are rather open, special care was taken in filling the inter-atomic space. The 

use of only atom-centered spheres resulted in errors because the overlap was too large. 

Therefore, the empty interstitialspheres (ES) were added to the crystal potential and the basis 

set. The sphere radii and their positions were chosen so that space filling was achieved 

without exceeding a sphere overlap of 16%. All sphere positions and radii were calculated 

automatically; the WS radii (Å) were Na, 1.88 and Cu, 1.30; Ta, 1.33 – 1.41 and 1.35 – 1.37; 

O, 0.93 – 1.01 and 0.94 – 0.99; ES, 0.61 – 0.84 and 0.66 – 0.98 for Na2Ta4O11 and 
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Cu2Ta4O11, respectively. The calculations used a basis set of Na 3s/3p orbitals, Cu 4s/4p/3d 

orbitals, Ta 6s/6p/5d orbitals and O 2s/2p orbitals and the reciprocal space integrations were

performed on 12 × 12 × 12 grids of irreducible k-points using the tetrahedron method.22

Semi-empirical extended Hückel calculations were performed using the program package 

CAESAR,23 with the following parameters (double zeta-functions): Hij (eV), ζ1, coefficient 1, 

ζ2, coefficient 2: Na: 3s –5.10, 0.733, 1.00, 0, 0; 3p –3.10, 0.733, 1.00, 0, 0; Cu: 4s –11.40, 

2.20, 1.00, 0, 0; 4p –6.06, 2.20, 1.00, 0, 0; 3d –14.00, 5.95, 0.5933, 2.300, 0.5744; Ta: 6s –

10.10, 2.28, 1.00, 0, 0; 6p –6.86, 2.241, 1.00, 0, 0; 5d –12.10, 4.762, 0.6815, 1.938, 0.5589; 

O: 2s –32.29999, 2.2775, 1.00, 0, 0, 2p –14.80, 2.275, 1.00, 0, 0. 

Results and Discussion 

Synthesis. Early systematic reinvestigations of the Cu2O-Ta2O5 system by Jahnberg 

revealed the existence of several possible layered copper(I)-tantalate solids belonging to a 

family having the general formula AxTa3n+1O8n+3,
12-14 including Cu2Ta4O11, Cu3Ta7O19, 

Cu5Ta11O30 and Cu7Ta15O41. In these studies, only Cu5Ta11O30 could be synthesized in pure 

form and characterized by means of single-crystal X-ray diffraction. All other phases were 

obtainable only as side-products, and structural models were proposed based upon high-

resolution electron microscopy (HREM) measurements. Synthetic difficulties in their 

preparation were attributed to their meta-stability that arose from the high Cu(I) vacancies 

within the layers, which increases in the order of Cu3Ta7O19 (0% site vacancies), Cu5Ta11O30

(~17% site vacancies), Cu7Ta15O41 (~22% site vacancies), and Cu2Ta4O11 (~33% site 

vacancies), as well as to their compositional closeness owing to the inter-related stacking 
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variants. In recent work we found that the synthesis of Cu3Ta7O19 in pure form could be 

obtained via the use of a CuCl flux,15 and enabling its first complete structural 

characterization by powder X-ray data refinements. Unfortunately, similar solid-state and 

flux synthetic approaches have so far not yielded either of the proposed Cu2Ta4O11 or 

Cu7Ta15O41 structures. Instead, solid-state reactions of Cu2O and Ta2O5 loaded at molar ratios 

close to 2:4 or 7:15 were found to produce only Cu5Ta11O30 and Cu2O. Given that the 

analogous Na2Ta4O11 is known, the partial substitution of Na2O for Cu2O into the reactants 

was systematically investigated as a possible means to stabilize the Cu2Ta4O11 structure, and 

that yielded the high-purity preparation of the solid solution (Na1-xCux)2Ta4O11. A plot of the 

refined lattice constants, shown in Figure 4.2, exhibits a linear Vegard’s-law behavior over a 

compositional range extending between approximately 0 < x < 0.78. Thus, Cu-richest 

composition that could be formed using these synthetic procedures was Na0.44Cu1.56Ta4O11, 

and which exhibits a Cu-site occupancy close to that proposed for the Cu2Ta4O11 structural 

model (described below). 

Structures. Three members of the (Na1-xCux)2Ta4O11 (0 ≤ x ≤ 0.78) solid solution 

were structurally characterized with increasing Cu content with the compositions x = 0.37, 

0.57 and 0.78, and thus falling between the Na2Ta4O11 and proposed ‘Cu2Ta4O11’ 

compositions. Nearneighbor interatomic distances for each are listed in Table 4.1, and a plot 

of the refined lattice constants across the entire composition range is shown in Figure 4.2. 

Each structure contains layers of edge-shared TaO7 pentagonal bipyramids that alternate with 

layers of isolated TaO6 octahedra, as shown in Figure 4.3 and labeled as A/B/C or a/b/c, 

respectively. The TaO6 octahedral coordination environments are formed by the apical O 
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atoms of three edge-shared pentagonal bipyramids both above and below the layer, shown in 

Figure 4.5. The three apical O atoms are tilted towards each other and form a regular 

octahedral coordination environment with six equivalent Ta1 – O3 distances of ~1.88Å for 

all three structures. The TaO7 pentagonal bipyramids are also fairly similar in all three 

structures, shown in Figure 4.4(a), and are comprised of six nearly equidistant Ta2 – O 

distances at ~2.00 – 2.07Å and one longer Ta2 – O1 equatorial distance at ~2.40Å. The 

distances and structural connectivity for the tantalum oxide substructures are consistent with 

previous structural characterization for Na2Ta4O11.
16

Within the layer of TaO6 octahedra, as shown in Figure 4.4, the Na+ cations partially 

occupy an irregular seven-coordinate site (Wyckoff site 12c) at Na – O distances of ~2.40 to 

2.82Å, the same as found in fully-occupied sites in Na2Ta4O11. However, the replacement of 

Na+ in the structure for Cu+ is found to occur at a linearly-coordinated site (Wyckoff site 

18d), with two equivalent Cu – O3 distances of ~1.76 – 1.81 Å in each of the structures. The 

Cu sites, shown in Figure 4.4(d) and 5, reach ~52% site occupancy at the Cu-richest 

composition of Na0.44Cu1.56Ta4O11. The occupation of near-neighbor Cu sites would yield a 

closest-attainable Cu – Cu distance of ~3.1Å, and which is satisfactorily larger than that for 

previously reported d10-d10 Cu+ near-neighbor distances of down to ~2.53Å.24 Also, the Cu 

site in the structurally-related layers of Cu3Ta7O19 shows full occupancy can be reached. The 

combined Na+/Cu+ site occupancy, shown together in Figure 4.4(c), decreases from ~88%, to 

~81%, to ~74% across the compositions from the Cu-poorest to Cu-richest compositions. 

The ‘Cu2Ta4O11’ composition, if reached, would exhibit the lowest combined site occupancy 

of ~67%, and which is determined by the charge-balancing requirements. By comparison, the 
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similar Cu5Ta11O30 structure exhibits a Cu-site occupancy of ~83%. Thus, these results 

indicate that a primary determinant of the stability limit for the AxTa3n+1O8n+3 family is the 

combined total occupancy (i.e., amount of vacancies) of the interlayer A sites, which in this 

case needs to be at least ~74%. The occupation of near-neighbor Na and Cu sites would yield 

a closest possible interatomic distance of ~1.80Å. Considering that a single Cu site replaces a 

single Na site, this close contact must occur to some extent randomly within the structure of 

the solid-solution. However, the strongly-preferred coordination preferences for Na+/Cu+ in 

this case yield a rare site-differentiated solid-solution. As shown in Figure 4.2, the lattice 

constants follow a linear relationship with increasing Cu content across the (Na1-xCux)2Ta4O11

solid solution, with no detectable deviations from Vegard’s law. The a lattice parameter 

increases only slightly, at ~0.01Å, compared to significant increases in the c lattice parameter 

of ~0.3Å. This is a surprising trend given the significantly smaller Shannon crystal radii of 

Cu+ (r = 0.60Å) compared to Na+ (r = 1.26Å) for their respective coordination 

environments.25 Consistent with these radii, the height of the layer of Cu+ cations and 

isolated TaO6 octahedra decreases from ~2.139Å for x = 0.37, to ~1.978Å for x = 0.78. This 

is reflected in the shortening of the Cu – O3 and intra-octahedral Ta1 – O3 distances with 

increasing x, listed in Table 4.3. However, these decreases are more than offset by the 

increasing height of the TaO7 pentagonal bipyramidal layer, which increases from ~3.980Å 

for x = 0.37 to ~4.165Å for x = 0.78. 

As shown in Figure 4.5, these two opposing trends are coupled to each other via the 

bridging Ta2 – O3 – Cu interactions between the layers. While the Cu – O3 distances are 

strengthened and shortened with increasing Cu content, the analogous Ta – O3 distances 



66

become weakened and elongated. Further, the increasing Ta2 – O3 distances are aligned 

directly down the c-axis and thus predominant over changes in the Cu – O3 distances that 

have a much more significant in-plane ab component. 

Optical Properties and Electronic Structures. Bandgap strategies have emerged for 

extending the range of light absorption in early transition-metal oxides out to the visible-light 

wavelengths via the incorporation of a late transition-metal or main group elements, e.g. Ag+

or Pb2+.7,8 This results in a new higher-energy valence band typically comprised of the d10 or 

d
10

s
2 electron configuration of the latter. The (Na1-xCux)2Ta4O11 solid solution series enables 

the first measurements of the changes in bandgap sizes as a function of increasing Cu content, 

as characterized by the UV-Vis Diffuse Reflectance data plotted in Figure 4.6 for x = 0 - 0.1 

(in 0.01 increments), 0.3, 0.5, 0.7, and 0.9 (nominally). A substantial red-shift of the optical 

bandgap size from ~4.0 to ~2.65 eV is found upon going from x = 0 (Na2Ta4O11) to x ~ 0.78 

(Na0.22(3)Cu0.78)2Ta4O11). Notably, at the low Cu+ content of x = 0.01 – 0.05, a pre-edge peak 

appears at ~3.2eV, and which corresponds to the transitions from isolated Cu 3d
10 orbitals 

prior to their formation of a new valence band. At increasing Cu concentrations, this peak 

rises rapidly and then broadens slowly to yield the visible-light band edge at ~2.65eV. Thus, 

the new Cu 3d
10 valence band is determined to be centered at around ~0.8eV higher (for x = 

0.05) than the O 2p valence band of Na2Ta4O11, and which then further broadens by ~1.1eV 

(for x ~ 0.78).  

Electronic structures of the two limiting members, Na2Ta4O11 and ‘Cu2Ta4O11’, were 

calculated in order to determine the atomic and structural origins of the valence and 

conduction band energies as a function of increasing Cu content. The total and projected 
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Densities of States (DOS) and corresponding band structures were calculated for both, and 

are shown in Figure 4.7. In each case, the lowest-energy bandgap excitation is predicted to be 

direct and located at the Γ point of k-space. The bandgap sizes are calculated to be lower than 

that obtained experimentally, as is usually found.26,27 The highest-occupied crystal orbital in 

Na2Ta4O11 consists almost exclusively of O 2p-orbitals from the TaO7 pentagonal bipyramids, 

whereas the lowestunoccupied crystal orbital derives from the in-plane Ta 5dxy/5dx
2

-y
2

orbitals of the TaO7 pentagonal bipyramids. The substitution of Cu+ into the structure, i.e., in 

‘Cu2Ta4O11’, results in new highest-occupied crystal orbitals that correspond to the filled Cu 

3dz
2 that also mix to a small extent with the O 2p-orbitals. Further, the lowest-unoccupied 

band components are now comprised of the Ta 5dxy/5dx
2

-y
2 orbitals located on the TaO6

octahedra rather than on the TaO7 pentagonal bipyramids. As described earlier, the Cu – O3 

interactions weaken the bonding within the pentagonal bipyramids. The lowest-energy 

bandgap excitations of Cu2Ta4O11 can therefore be viewed as yielding a metal-to-metal 

charge transfer transition between the linearlycoordinated Cu+ and the TaO6 octahedra. Also, 

these results predict that a higher occupancy at the Cu site would lead to a partial filling of Ta 

d-orbitals and metallic behavior.  

A key question for the Cu(I)-tantalates is whether the band energies resulting from 

the Cu 3d
10 and Ta 5d

0 orbitals meet the thermodynamic requirements for driving the water 

splitting reactions at their surfaces using visible light. A failure to observe these 

photochemical reactions directly would prove inconclusive, as optimized surface 

modifications would be necessary to lower the kinetic barriers. Fortunately, the band energies 

for early transition-metal oxides are known to fairly accurately follow the Butler and Ginley 
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equation based on the geometric mean of the Mulliken electronegativities,28 as well as the 

more empirically-derived Scaife equation (Vfb = 2.94 – Eg; Vfb = flat-band potential in V; Eg

= bandgap size in eV).29 However, both methods are typically known to fail in the case of 

metal oxides comprised of two or more transition metals. A convenient solution is provided 

by using the (Na1-xCux)2Ta4O11 solid solution compositions. Application of the Scaife 

equation to Na2Ta4O11 locates the O 2p valence band at +3.0V and the Ta d0 band at –1.0V 

versus the standard hydrogen electrode, as found for Na2Ta4O11 and NaTaO3. From the UV-

Vis DRS spectra, the Cu 3d
10 orbitals are shown to initially emerge at ~0.8eV higher than the 

O 2p valence band, i.e., at +2.2V on the redox scale. At the highest Cu content of x = 0.78, 

the 3d
10 band has broadened and reduced the bandgap size by another 0.55eV, i.e., or up to 

+1.65V on the redox scale. Thus, the resultant conduction and valence band energies are 

suitably positioned (i.e., above and below, respectively) the reduction and oxidation 

potentials for water splitting, which are located at 0.0V (H2O/H2) and +1.23V (O2/H2O) 

under standard conditions. More generally, these results demonstrate a promising new 

approach in the utilization of cation substitutions, amenable to a number of metal oxides, in 

order to probe the formation and position of the higher-energy valence bands required for 

new photocatalytic metal oxides. 

Conclusions 

The new (Na1-xCux)2Ta4O11 (0 ≤ x ≤ 0.78) solid-solution can be prepared via standard 

solid-state reactions in evacuated fused-silica vessels. The tantalate substructure consists of 

single layers of pentagonal TaO7 bipyramids as well as layers of isolated TaO6 octahedra. 
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The site-differentiated occupation of separate Na and Cu positions results from their 

disparate preferences in coordination geometries, either seven-coordinate for the former or a 

linear coordination geometry for the latter. Their combined occupancy decreases with x, but 

ultimately reaches a lower limit of stability at ~74% for x = 0.78. This provides a new insight 

into the stability or lack thereof in related members of the CuxTa3n+1O8n+3 family. A 

significant red-shift of the bandgap size from ~4.0 to ~2.65eV is found with increasing Cu 

content, and which arises from the creation of a new higher-energy valence band resulting 

from the incorporation of the 3d
10 orbitals within Na2Ta4O11. Diffuse reflectance 

measurements at both low and high Cu content enables the characterization of the formation 

of the new higher-energy valence band. These result show that both the conduction and 

valence band energies favorably bracket the redox potentials for water reduction and 

oxidation, and thus provide a promising new family of solids to investigate for the solar-

driven photocatalysis of water. 
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Table 4.1. Crystal and Refinement Data for (Na1-xCux)2Ta4O11 for x = 0.37, 0.57 and 0.78.
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Table 4.2. Atomic Coordinates, Equivalent Isotropic Displacement Parameters (Å2), and Site 
Occupancies for (Na0.63(1)Cu0.37)2Ta4O11, (Na0.43(1)Cu0.57)2Ta4O11 and (Na0.22(3)Cu0.78)2Ta4O11. 
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Table 4.3. Selected interatomic distances in (1) (Na0.63(1)Cu0.37)2Ta4O11 , 
(2) (Na0.43(1)Cu0.57)2Ta4O11 and (3) (Na0.22(3)Cu0.78)2Ta4O11
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Figure 4.1. PXRD and Rietveld refinement results for (Na0.63(1)Cu0.37)2Ta4O11 (upper), 
(Na0.43(1)Cu0.57)2Ta4O11 (middle) and (Na0.22(3)Cu0.78)2Ta4O11 (lower). The observed profile is 
indicated by circles and the calculated profile by the solid line. Bragg peak positions are 
indicated by vertical tics, and the difference diffractogram is shown at the bottom. 
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Figure 4.2. Plot of the unit-cell lattice parameters a (Å), c (Å), and V (Å3), versus x across 
the (Na1-xCux)2Ta4O11 solid solution. 
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Figure 4.3. Polyhedral views down [110] for (a) Na2Ta4O11 and (b) the proposed 
‘Cu2Ta4O11’structural model; Blue polyhedra are TaO7 pentagonal bipyramids and TaO6 

octahedra. 
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Figure 4.4. Structural views for (CuxNa1-x)2Ta4O11 down [001] of (a) a single layer of TaO7 

pentagonal bipyramids (blue polyhedra), and also the layer of TaO6 octahedra and 
monovalent cations for (b) only Na (gray atoms), (c) both Na and Cu (black atoms), and (c) 
only Cu. The blue polyhedra in (b-d) are TaO6 octahedra and all red atoms are oxygen. 
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Figure 4.5. Polyhedral view of the local coordination environments in (Na1-xCux)2Ta4O11 for 
a single TaO6 octahedron with three edge-sharing pentagonal bipyramids above and below, 
and all possible near-neighbor Cu positions. Atom types are numbered for O (red) and Ta 
(blue polyhedra). 
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Figure 4.6. Measured UV-Vis diffuse reflectance spectra for (Na1-xCux)2Ta4O11 for x = 0 
(black), 0.01 – 0.09 (0.01 increments; thin black lines), 0.1 (blue), 0.3 (green), 0.5 (gray), 0.7 
(orange) and 0.9 (nominally; red). 
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Figure 4.7. Results of the TB-LMTO-ASA electronic structure calculations for Na2Ta4O11 

(upper) and the ‘Cu2Ta4O11’ HREM structural model (lower),12 including the band-structure 
diagrams (left) and the total and partial densities-of-states for each element (right). The Fermi 
level is labeled by the solid horizontal lines in each plot. 
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CHAPTER 5 

TUNING OF OPTICAL BANDGAP SIZE VIA Ta
5+

/Nb
5+

SUBSTITUTIONS IN NaCu(Ta1-yNby)4O11 (0 ≤  y ≤ 0.67) 

A paper prepared for submission  

Olena Palasyuk  and Paul A. Maggard

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

Abstract 

The solid solution, NaCu(Ta1-yNby)4O11 (0 ≤  y ≤ 0.67), was synthesized by the high 

temperature solid state method in the form of thin powders. Powder X-ray diffraction (PXRD) 

structural investigation of NaCu(Ta1-yNby)4O11 was successfully performed in space group R-

3c (#167) with Z = 6, and a = 6.214(1) – 6.218(1), c = 36.86(1) – 36.94(1) Å. Full-profile 

Rietveld refinements confirmed the site-differentiated nature of the cation distribution, e.g. 

Cu+ and Na+ occupying 12c and 18d crystallographic sites, respectively. Whereas the 

substitution of Ta5+ by Nb5+ occurred without any preferential site occupation over both 6b

(octahedral) and 18e (pentagonal bipyramidal) Wyckoff positions.  The UV-Vis diffuse 

reflectance spectra showed a significant red-shift of the bandgap size from ~2.70eV to 

~1.92eV with increasing Nb5+ content across the series. Electronic-structure calculations 
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using the TB-LMTO-ASA approach showed that the reduction in bandgap size arises from 

the introduction of Nb 4d
0 orbitals, which lowered the energy of the conduction band. 

Minimum bandgap electron excitations depended on the Nb content. Direct lowest-energy 

bandgap transitions calculated for the Ta only model, ‘Cu2Ta4O11’, occurred at k = Γ and 

derived from the filled Cu 3d
10 and the empty Ta 5d

0 orbitals, including a small amount of 

mixing with the O 2p orbitals. In the Nb only isostructural model, ‘Cu2Nb4O11’, the electron 

transitions became indirect k = Γ→ Φ  and were derived from the filled Cu 3d
10 to the empty 

Nb 4d
0 orbitals. These theoretical trends were in agreement with the experiment, which 

showed that the direct lowest-energy electron excitations in Nb-rich members of solid 

solution required higher photon energies than in samples with lower Nb content. The 

resulting conduction and valence band energies were determined to favorably bracket the 

redox potentials for water reduction and oxidation, meeting the thermodynamic requirement 

for photocatalytic water-splitting reactions. 
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Introduction 

Modern rapid development of technological processes puts an increased demand on 

energy consumption. Conventional natural resources, e.g. oil or natural gas, for different 

important industries become critical because of their limited amounts left on Earth as well as 

pollutants, e.g., CO2, which are produced during their utilization. Therefore one of most 

important focuses of chemical research is the development of new environmentally-friendly 

fuels. Hydrogen and oxygen production by direct splitting of water over heterogeneous 

photocatalysts has received much attention recently in terms of clean energy supply for the 

future.1-3 Many photocatalysts that work under UV-light have been developed1 and 

remarkable results have been achieved, as for example, the NaTaO3 photocatalyst4-7 with a 

quantum yield of ~30%. However, almost 50% of incident solar energy at the surface of the 

Earth is visible light (400 < λ < 800 nm). Therefore the efficient utilization of visible light 

energies is essential for photocatalytic water splitting. At the moment, few non-oxide visible- 

light-responsive photocatalysts, such as (Ga1-xZnx)(N1-xOx) modified with a Rh-Cr mixed 

oxide8-13, have been reported for overall water splitting. There are also higly active systems 

for H2 production, such as AgInS2–CuInS2–ZnS14-17 or SrTiO3:Rh–BiVO4.
18  The greatest 

challenges to the progress in the search for good visible light photocatalysts remain their low 

efficiency of light utilization as well as instability against photocorrosion. In addition the 

synthesis of metaloxides with high crystallinity and high surface area is also important, 

because of the great impact of these on activity. Recently, early transition-metal oxides were 

widely explored as target materials for water decomposition.1,19 In comparison to non-oxide 

systems they are less susceptible photocorrosion, though their valence-band energies are 
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typically much lower than needed compared to the O2/H2O redox couple, and thus only 

bandgap sizes greater than ~3 eV. Exhibit suitable conduction band energies relative to the 

H2/H2O redox couple20.   

To narrow the bandgap size a new approach was recently introduced. The oxides 

containing an early transition metal (e.g., Ta5+, Nb5+) are combined with late transition metals 

(e.g., Ag+ , Cu+) or early main-group elements (e.g., Pb2+), such as found in AgNbO3
21 or 

PbBi2Nb2O9.
22  In these systems the valence band consists not only of O 2p orbitals but also 

from higher energy d10 orbitals of Cu+ or Ag+, which decrease the bandgap size. The electron 

excitations are found to arise from a Metal-to-Metal Charge Transfer (MMCT) transition 

between electron-donating d10 and electron-accepting d0 electron configurations. Our efforts 

in this field have recently focused on Cu+(d10)-containing solids, 23-25 and which remain 

almost entirely unexplored for their optical properties and potential as visible-light 

photocatalysts.  The valence bands formed by the Cu 3d
10 orbitals can satisfy the 

thermodynamic requirements for water oxidation,26 but of course, other properties such as the 

mobility of excited carriers or the presence of active surface sites are also critical to visible-

light photocatalysis activity and need to be investigated.20 However, the incorporation of 

Cu(I) into alkali-metal tantalates is only one of many possibilities to create new visible-light 

photocatalysts and to tune bandgap sizes. A further way to target even lower-energy photons 

is, for example, to lower the conduction band in Cu(I) tantalates. Drawn in Figure 5.1 is the 

potential effect from the incorporation of the Nb5+ ions (with lower than Ta5+ energy of d0

bands) into (Na1-xCux)2Ta4O11,
25 resulting in the hypothetical  ‘(Na1-xCux)2(Ta1-yNby)4O11’ 

phase with even smaller bandgap sizes and tuning possibilities.  Another example of 
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successful atomic substitution between early transition elements, e.g., Ta/Zr, was observed in 

the Cu2.4Ta3.6Zr0.4O11 compound,27 which represents the same structural organization of 

anionic layers as found in the solid solution (Na1-xCux)2Ta4O11. This suggest that high 

amounts of Nb5+ could also be incorporated into the pentagonal TaO7 bipyramids and TaO6

octahedra, of (Na1-xCux)2Ta4O11
25 without destabilization of its crystal structure. In this paper 

we report a tetrametallic semiconductor system CuNa(Ta1-xNbx)4O11 (0 ≤ y ≤ 0.67), a 

characterization of its crystal structure, electronic structure calculations, and its optical 

properties. This system represents the first known modification of a site-differentiated solid 

solution (Na1-xCux)2Ta4O11
25 at x = 0.5 via conventional Ta/Nb substitutions.    
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Experimental Section 

Synthesis. To establish the width of the homogeneity region of the solid solution 

CuNa(Ta1-yNby)4O11, stoichiometric mixtures of Cu2O (Alfa Aesar, min. 99.9%), Na2O (Alfa 

Aesar, min. 99.9%), Nb2O5 (Alfa Aesar, min. 99.99%) and Ta2O5 (Alfa Aesar, min. 99.99%) 

were heated in evacuated silica tubes at 9500C for 4 days. Compositions were chosen so that 

molar ratios of starting oxides satisfied the fallowing conditions, Cu2O/Na2O = 1, 

(Cu2O+Na2O)/(Nb2O5+Ta2O5) = ½ and Nb2O5/Ta2O5 = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0.  

Products were obtained in the form of thin crystalline powders with colors varying from pale-

yellow to brown depending on the Nb content. Powder XRD phase analysis showed a good 

matching of experimental data, taken from samples with 10 – 70% Nb, with patterns 

simulated from (Na1-xCux)2Ta4O11.
25  Dark  red-colored impurities were detected in the two 

latter samples with Nb contents of 90 and 100%, respectively. Peaks of a highly crystalline 

phase, presumably (Cu,Na)Nb3O8, structurally related to Na13Nb35O94,
28 were predominant in 

the PXRD patterns of those two samples. The best homogeneities as well as uniform colors, 

were observed in samples with 10 – 60% Nb, with the one with 70% Nb showing traces of 

red impurities, though undetected by PXRD. The Nb-rich limit of the solid solution, y = 0.67, 

was obtained from the point at which the lattice parameters stopped their shifting and reached 

a plateau, as shown in Figure 5.2.  Crystal structure investigations were performed by means 

of a full-profile Rietveld refinement for samples with 10, 30 and 50% Nb, respectively (see 

below). 

Structure Determination. The powder X-ray Diffraction Method (PXRD) was used 

to characterize the crystal structure of the title phase. This was motivated by the lack of large 
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enough crystals for single-crystal structure determinations. Several members of the solid 

solution with nominal Nb/Ta ratios of 0.1, 0.3 and 0.5 were chosen for high resolution 

powder XRD data collection recorded at room temperature on a RIGAKU D/Max 2200 

Powder X-ray diffractometer with Cu Kα radiation with a diffracted beam graphite 

monochromator. Intensities were collected for the 2θ range from 10° to 110° in step of 0.02°

with a dwell time of 4 s at each step. Refinements of crystal structures were performed by 

full-profile Rietveld method using the program FullProf.29 The atomic positions were taken 

from the site-differentiated system (Na0.43(1)Cu0.57)2Ta4O11.
25  In this structural model the 

coexistence of two different cationic sites, 12c and 18d, is observed. Both positions are 

partially occupied by Na+ and Cu+, respectively, and mantain the charge balance and valence 

requirements. Since the nominal quantities of Na and Cu in all three refined samples were 

equal, the occupation factors of those two positions were first refined and confirmed to be 

close to nominal, and then fixed at these values (see details below). Initially, only the zero-

point shift and scale factor were refined. The lattice constants were added next, followed by 

the background parameters, with the polynomial used in the fit being gradually increased up 

to sixth order. Then, the position parameters were refined, with the copper and sodium atoms 

first followed by niobium/tantalum atomic mixtures, and finally all oxygen atoms. 

Occupation factors of the atomic mixtures were fixed and chosen so to be consistent with the 

nominal compositions. This was followed by isotropic thermal parameters for all atoms. 

Then the thermal parameters were fixed and the occupation parameters of mixture sites were 

refined. Afterwards, profile-shape parameters were included with a peak asymmetry 

correction for 2θ < 400. The final iterations included 25 parameters (4995 data points) and 
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converged at RB = 4.7% for y = 0.1, RB = 3.8% for y = 0.3 and RB = 6.1 for y = 0.5. The 

resulting fits of the Rietveld refinements to experimental powder patterns are shown in 

Figure 5.3.  

Electronic Structure Calculations. Two models were chosen for the analysis of the 

electronic structure of the NaCu(Ta1-yNby)4O11 solid solution. As a Ta-richest representative, 

the ‘Cu2Ta4O11’ was taken, and for which the electronic characterization was described 

earlier.25 Whereas the Nb-richest, ‘Cu2Nb4O11’, model was created using the crystallographic 

data of the refined sample with the highest Nb content, i.g., CuNa(Nb0.47(2)Ta0.53)4O11. The 

Cu+ content in both models was taken as 100%, because the Cu 3d
10 orbital contribution 

forms the valence band of (Na1-xCux)2Ta4O11 already at ~10% of Cu.25 Thus, no significant 

differences are expected in the maximal orbital energies of the valence bands between 50% 

Cu in NaCu(Ta1-yNby)4O11 and 100% in the models  ‘Cu2Ta4O11’ and ‘Cu2Nb4O11’. 

The electronic structure was calculated with the linear muffin-tin orbital (LMTO) 

method in the atomic sphere approximation (ASA) using the tight-binding program TB-

LMTO-ASA.30 The radii of the Wigner-Seitz (WS) spheres were assigned automatically so 

that the overlapping potentials would be the best possible approximations to the full 

potentials, and the interstitial sphere was necessary with the default 16% overlap restriction.31

Since the structures are rather open, special care was taken in filling the interatomic space. 

Using only atom-centered spheres resulted in errors because of a too large overlap. Therefore, 

the empty interstitial spheres (ES) were added to the crystal potential and the basis set. The 

sphere radii and their positions were chosen so that space filling was achieved without 

exceeding a sphere overlap of 16%. All sphere positions and radii were calculated 
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automatically; the WS radii [Å] were Cu, 1.27; Nb, 1.32 – 1.34 O, 0.89 – 1.05; ES, 0.67 – 

1.25 for ‘Cu2Nb4O11’ (WS radii for ‘Cu2Ta4O11’ are indicated earlier25).  The calculations 

used a basis set of Na-3s/3p, Cu-4s/4p/3d, Ta-6s/6p/5d and O-2s/2p orbitals and the 

reciprocal space integrations were performed on 12 × 12 ×12 grids of irreducible k-points 

using the tetrahedron method.32 Semiempirical extended Huckel calculations were performed 

using the program package CAESAR,33 with the following parameters (double-ζ-functions): 

Hij (eV), ζ1,coefficient 1, ζ2, coefficient 2: Cu: 4s -11.40, 2.20, 1.00, 0, 0; 4p -6.06,2.20, 

1.00, 0, 0; 3d -14.00, 5.95, 0.5933, 2.300, 0.5744; Nb: 5s –10.10, 1.89, 1.00, 0, 0; 5p –6.86, 

1.85, 1.00, 0, 0; 4d –12.10, 4.08, 0.6401, 1.64, 0.5516; O: 2s -32.29999, 2.2775, 1.00, 0, 0, 

2p -14.80, 2.275, 1.00, 0, 0.

Diffuse Reflectance Measurements. The UV-Vis diffuse reflectance spectra were 

collected on a SHIMADZU UV-VIS-NIR Spectrometer UV-3600/3100 with an integrating 

sphere. Approximately 50 mg of each sample was mounted onto a holder and placed along 

the external window of the integrating sphere. Pressed barium sulfate powder was used as a 

reference and the data were plotted as the remission function F(R∞) = (1 – R∞)2/(2R∞), where 

R is diffuse reflectance based on the Kubelka-Monk theory of diffuse reflectance.34

Results and Discussion 

Synthesis.  Synthetic methods applied in this work are based on our previous 

experience in bimetallic, Cu2O – Ta2O5,
24 and trimetallic, Cu2O – Na2O – Ta2O5,

25 systems 

as well as on the extended research of Jahnberg27,35,36 on layered copper(I)-tantalate solids 

with the general formula AxTa3n+1O8n-3. In the bimetallic Cu2O – Ta2O5 system, significant 
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synthetic difficulties were reported by Jahnberg to clearly prepare each of the four tantalates. 

e.g. Cu2Ta4O11, Cu3Ta7O19, Cu5Ta11O30 and Cu7Ta15O41.  According to Jahnberg,27,35,36 the 

only one compound, Cu5Ta11O30, was isolated and characterized by single crystal XRD. The 

other three, Cu2Ta4O11, Cu3Ta7O19, and Cu7Ta15O41, were found in trace amounts and 

investigated by high-resolution electron microscopy (HREM).  Their crystal structures were 

assumed based on the close examination and comparison of different HREM images.  

Recently, we were able to isolate Cu3Ta7O19 as a pure phase using CuCl as a flux.24

Unfortunately, the other two compounds, Cu2Ta4O11 and Cu7Ta15O41, have not been so far 

synthesized by either solid state or flux methods. We assumed that the meta-stability of those 

compounds is based on their close inter-related stacking structural motifs and their varying 

amounts of Cu(I) vacancies. The vacancy factor was especially emphasized in the trimetallic, 

Cu2O – Na2O – Ta2O5 system, in which the 2:4:11 structure was successfully  prepared in 

high-purity in the solid solution (Na1-xCux)2Ta4O11.
25 In this work we explained the 

stabilization of 2:4:11 phase in trimetallic and its hypothetical existence in bimetallic system 

by Na+/Cu+ combined occupancy factor, of more than ~ 74%, which is higher than the same 

factor, of ~66%, in hypothetical ‘Cu2Ta4O11’. This explanation, however, appears to work 

uniquely for the 2:4:11 composition, because the systematic investigation of the whole Cu2O 

– Na2O – Ta2O5 system at 950oC37 has not revealed any extended solid solutions based on 

another likely meta-stable phase, Cu7Ta15O41, as well as for two stable tantalates, Cu5Ta11O30

and Cu3Ta7O19. The (Na1-xCux)2Ta4O11 system revealed significant structural deformations

with increasing Cu+ content, especially along the [001] direction, e.g. the lattice parameter c 

was changed by ~0.35Å within the same structural model. Because of significant structural 
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flexibility the anionic {Ta4O11}
2- layered framework withstands the insertions/subtractions of 

very differently-sized cations, Cu+ (r = 0.60Å) and Na+ (r = 1,26 Å), into the vacant spaces 

between the layers. Whereas nothing is known about the flexibility of the same complex 

layered {Ta4O11}
2- network if the cations of early transition elements which form it, e.g. Ta5+, 

could be substituted by somewhat similar Nb5+.  In six and seven coordinated environments, 

the Ta5+ and Nb5+ are practically identical by size38, r = 0.78Å [VI] and 0.83Å in [VII],  

though showing significant differences in their electronic structures, e.g. Ta5+ posses higher 

energy 5d
0 orbitals and whereas the 4d

0  orbitals of Nb5+ are located lower in energy. The 

larger electronegativity of Nb, χ = 1.60 (Pauling39), in comparison to χ = 1.50 of Ta, indicates 

Nb  forms more covalent bonds. These differences could be very promising for the purpose 

of new visible active semiconductor oxide photocatalysts, because the lower energy 4d
0 

orbitals of Nb5+ if mixed with 5d
0 of Ta5+ could decrease the overall energy of the conduction 

band, therefore decreasing the bandgap size. The NaCuTa4O11 composition with a 50/50 

mixture of Na+/Cu+ was chosen as a starting point, and the partial substitutions of Ta2O5 for 

Nb2O5 was systematically investigated as a possible means to reach the hypothetical 

NaCuNb4O11 phase.  The high-purity samples of solid solution NaCu(Ta1-yNby)4O11 were 

synthesized in the compositional range extending between approximately 0 < y < 0.67, as 

shown in Figure 5.2.

Structures. The full-profile Rietveld analysis was performed for several samples for 

y = 0.10, 0.30 and 0.50.  Crystal and refinement data are presented in Table 5.1, and refined 

atomic parameters as well as equivalent isotropic displacement parameters and site 

occupancies are listed in Table 5.2. Near-neighbor interatomic distances for each sample are 
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shown in Table 5.3. Similar to the earlier investigated (Na1-xCux)2Ta4O11,
25 the anionic 

framework of a title solid solution consists of layers of edge-shared pentagonal bipyramids 

that alternate with layers of isolated octahedra, shown in Figure 5.4. The metal-centered 

polyhedra in NaCu(Ta1-yNby)4O11 contain a  randomly distributed mixtures of Ta5+ and Nb5+

ions on the both 6b and 18e Wickoff positions. The statistical mixtures are both equally 

proportional to the amount of Nb being introduced and show no preferential occupation on 

either 6b (octahedral) or 18e (pentagonal bipyramidal) crystallographic sites, despite their 

different coordination environments. The M(1)O6 octahedra, with six equivalent M(1) – O3 

distances, are formed by the apical O3 atoms of three edge-shared pentagonal bipyramids 

both above and below the layer as it is shown in Figure 5.5.  Pentagonal bipyramids, M(2)O7, 

contain six similar distances, M(2) – O, all falling in the narrow range of ~2.00 – 2.05Å, plus 

one longer, M(2) – O1 equatorial distance of ~2.40Å. These structural details of NaCu(Ta1-

yNby)4O11 are consistent with the structural characterizations performed earlier for (Na1-

xCux)2Ta4O11
25 as well as for Na2Ta4O11.

40

Apart from the anionic framework it is important to mention the structural 

organization of Na+ and Cu+ cations in NaCu(Ta1-yNby)4O11. These are situated within the 

layers of M(1)O6 octahedra, Figure 5.4b, and are site-differentiated, e.g. Na+ in 12c and Cu+

in 18d, because of the strong coordination preferences of Na+ and Cu+, respectively. In the 

present study, the refined occupation factors of the 12c and 18d  sites vary in the narrow 

ranges of 0.51(1) – 0.53(1) for Na+ and  0.33(1) – 0.31(1) for Cu+, which correspond well 

with the nominal ratio of  Na+/Cu+ = 1.  The detailed description of the rather rare 

phenomenon of site-differentiated cationic substitutions can be found elsewhere. 25   
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Similar to (Na1-xCux)2Ta4O11
25 the lattice constants of NaCu(Ta1-yNby)4O11 increase 

with increasing amount of Nb5+ ions. However the Ta5+/Nb5+ substitutions causes a less 

significant deformation of the parent structure. The a lattice parameters of NaCu(Ta1-

yNby)4O11 increases by a practically negligible ~0.004Å, Figure 5.5, whereas the c  constant 

increases by ~0.08Å, which is nearly three and four times less than those changes in (Na1-

xCux)2Ta4O11.
25 There is also a significant difference in structural trends. In the Na/Cu-

substitution the elongation of the c parameter is caused by an interplay of the less 

pronounced decrease of height in the TaO6 octahedral layers and the more pronounced 

increase of height in the TaO7 pentagonal bipyramidal layers. Whereas in the Ta/Nb-

substitution the interplay is reversed. Although the opposite structural effects are observed, 

the key structural unit responsible for these effects appears to be the same, e.g. the bridging 

Ta2 – O3 – Cu interactions between the layers.25 In (Na1-xCux)Ta4O11 the increasing Cu+

content causes shortening of the Cu3 – O distances, because of stronger Cu – O bonding 

interactions, whereas Ta2 – O distances become longer and weakening bonding between 

these two atoms. In contrast, the substitution of Ta5+ by Nb5+ shifts the O position 

‘equilibrium’ in M2  – O3 – Cu (M2 = Ta/Nb-mixture) in the opposite direction, i.e., to 

stronger M2 – O interactions, with shorter M2 – O3 and longer Cu – O3 distances, Table 5.3. 

Thus, the height of MO7 bipiramids decreases. The bridging M2 – O3 – M1 interaction 

appears to play a role in the overall structural deformations as well.  With increasing Nb5+

content, the height of the M1O6 octahedron decreases and the global effect would be 

expected cause the decrease in lattice parameters, especially along c.  However, this does not 

occur because of different multiplicities of M positions, 6b for octahedral M1 and 18e for M2, 
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Table 5.2.  Three apical O3 atoms of M2O7 bipyramids, which simultaneously are part of the 

regular octahedral M1O6 coordinations, Figure 5.5, tend to shift towards M2 ions rather than 

M1. The octahedral layers contain only 1/3 of all M5+ ions, which interact with interstitial 

oxygen layers significantly weaker than 2/3 of M5+ ions situated in pentagonal bipiramidal 

layers. Therefore the M1 – O3 distances become longer, increasing the height of the 

octahedral layers in general.  Although initially the M2 – O3 distances have larger vertical 

component than those for M1 – O3, the increasing Nb content cause stronger tilting of the 

apical O3 atoms toward each other, which apparently change the balance of the larger 

vertical component. Thus, the increase of 0.114Å (measured for y = 0.1 and 0.5) in the height 

of the octahedral layer, is more significant than the decrease of 0.105Å in the layer formed by 

pentagonal bipyramids, and which causes the elongation of the c lattice parameter.  

Interestingly, the solid solution NaCu(Ta1-yNby)4O11 does not spon the entire range, 

e.g. it is limited to 67% of Nb. For reasons yet unknown, the composition could not reach 

100 at.% Nb. Perhaps relevant is the fact that Na2Ta4O11 (S.G. R-3c) and Na2Nb4O11 (S.G. 

C2/c) are not isostructural, Figure 5.6. However, our recent results41 show that Na+/Cu+

substitutions help stabilize the rhombohedral structure in (Na1-xCux)2Nb4O11 (0.31 < x < 0.67) 

(S.G. R-3c), and which means that NaCuNb4O11 with a Nb content of 100 at. % should exists 

at a suitable Cu+ content. The latter, was synthesized and annealed at lower 800 – 850oC 

temperatures. At 950oC another phase was observed (see above). This suggest that lower 

synthesis temperatures could facilitate the formation of the entire solid solution between the 

two isostructural compounds, e.g. CuNaTa4O11 and CuNaNb4O11. 
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  Optical Properties and Electronic Structures. In the recent work on (Na1-

xCux)2Ta4O11
25 we demonstrated the modulation of the bandgap size of the oxide 

photocatalyst via cation  Na+/Cu+ substitutions.  This enabled the formation of higher-energy 

valence bands required for visible-light band gap sizes, which decreased from ~4.0 to 

~2.65eV. Recent studies on photocatalytic metal oxides42 suggest that a most optimal band 

gap width of ~2.0eV, which, of course, has to have properly positioned bands as well. 

Further narrowing of the bandgap sizes is possible in the quaternary system as reported 

herein, Figure 5.6, and that predicts a rich ‘palette’ of tunable orange → red → brown colors, 

that can be obtained by the combination of cationic Na+/Cu+ substitutions together with 

Ta5+/Nb5+ substitutions into the anionic layered network of the 2:4:11 structure type. The 

NaCu(Ta1-yNby)4O11 system was chosen as the test of this ‘palette’, which runs from the Nb-

poorest to Nb-richest sample with Cu content kept constant at 50%, e.g., x = 0.5. The valence 

band in NaCu(Ta1-yNby)4O11 is already formed25,26 and constant, so that the changes in optical 

properties arise exclusively from changes in the conduction band energies, e.g., as caused 

bythe varying Nb content.

A plot of the UV-vis diffuse reflectance data is given in Figure 5.7 for CuNa(Ta1-

yNby)4O11 at  y = 0.1, 0.3, 0.5, 0.7  (nominally), and shows the change in the optical 

absorption edge and bandgap sizes as a function of Nb the content. The optical bandgap sizes 

at two limiting composition, e.g., NaCu(Ta0.9Nb0.1)4O11 and NaCu(Ta0.3Nb0.7)4O11, spans the 

range of ~2.70 and 1.92eV, respectively, which is maximum ~30% red-shift with increasing 

Nb content.  This bandgap narrowing can be attributed to the increasing amount of lower 

energy bands formed by Nb 4d
0 orbitals, and which mix with Ta 5d

0 orbitals and resulting in 
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the lower energy of the conduction band in general. In contrast to Na+/Cu+-solid solution we 

do not observe a pre-edge peak of separate 3d
10 orbitals, and which then form a valence 

band.25  Rather, the conduction-band edge is already formed and shifts gradually to lower 

energies as the amount of Nb states increases. An explanation of the difference can be found 

in the greater number of metal-based orbitals in the pentagonal bipyramidal coordination 

environments. This reduced degeneracy of  electronic states also makes them more disperse  

in comparison to linearly-coordinated Cu. 

Electronic structures of the end-member composition, ‘Cu2Ta4O11’ and ‘Cu2Nb4O11’ 

(see above), were chosen in order to calculate the cause of the changes in valence and 

conduction band energies as a function of increasing Nb content.  The total and projected 

Densities of States (DOS) and corresponding band structures are presented in Figure 5.7. The 

bandgap sizes of ~1.5 eV for ‘Cu2Ta4O11’ and ~1.0eV for ‘Cu2Nb4O11’ correspond with the 

observed experimental ~30% red-shift, though each are calculated to be lower than that 

obtained experimentally,  as usually found.43,44 The lowest-energy bandgap excitations in 

‘Cu2Ta4O11’ were calculated to be direct and located at the Γ point of k-space,25 whereas in 

‘Cu2Nb4O11’ these are  indirect, i.e., Γ → Φ transitions.  Experimentally, the energies of 

direct, Eg
d , and indirect, Eg

i, excitations of a semiconductor can be easily extracted from 

linear extrapolations of plots of {[F(R)·hν]2  vs. hν }  and {[F(R)·hν]1/2 vs. hν}, appropriate 

for direct and indirect transitions, respectively.45-47 Figure 5.9 shows that an increasing Nb 

content yieldes indirect lowest-energy bandgap excitations. This is because of the large 

energy difference of 0.3eV between the indirect and direct transitions in 

CuNa(Ta0.3Nb0.7)4O11. This compared to a  ∆ = ~0.1eV in the unsubstituted sample, i.e., 
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CuNaTa4O11, and which is in agreement with the electronic structure calculations. 

As reported previously25 the highest-occupied crystal orbital in ‘Cu2Ta4O11’ 

corresponds to the filled Cu 3dz
2, and which is mixed with O 2p-orbitals, while the lowest-

unoccupied band components consist of the Ta 5dxy/5dx
2

-y
2 orbitals located on the TaO6

octahedra rather than on the TaO7 pentagonal bipyramids. The lowest-energy bandgap 

excitations of ‘Cu2Ta4O11’ were determined to originate from a metal-to-metal charge 

transfer transition between the linearly coordinated Cu+ and the TaO6 octahedra.  The 

substitution of Nb5+ into the structure strengthens the M – O interactions within the 

pentagonal bypiramids, whereas the Cu – O3 interactions become weaker. As a result, in 

‘Cu2Nb4O11’ the lowest-unoccupied band originated from pentagonal bipyramids and is 

comprised of  the in-plane Nb 4dxy/4dx
2

-y
2 orbitals.  

Finally, the positions of the valence and conduction band energies on a redox scale 

have to be evaluated for this new solid solution in order to determine if they meet the 

thermodynamic requirements for driving the water splitting reactions at their surfaces. We 

estimated that in (Na1-xCux)2Ta4O11,
26 at the highest Cu content of x = 0.78, the 3d

10 band has 

broadened and reduced the bandgap size by 0.55eV, i.e., or up to +1.65V on the redox scale. 

The UV-vis DRS spectra does not differ significantly for samples with maximum Cu content 

of ~78% and the one with ~50% of Cu, and which was used for Nb substitutions herein.25  To 

first approximation we have assumed that the position of the valence band will be nearly the 

same in the NaCu(Ta1-yNby)4O11 solid solution. Further, in (Na1-xCux)2Ta4O11 the conduction 

band was estimated to be located at –1.0V.  As described above, the increasing Nb content 
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narrows the bandgap size of NaCu(Ta1-yNby)4O11 by ~30%. Therefore at the highest Nb 

content of y = ~0.7 the lowest unoccupied electronic state of the conduction band could be 

approximated to be at ~ -0.2V on redox scale. Thus, the resultant conduction and valence 

band energies are still suitably positioned (i.e., above and below, respectively) for the 

reduction and oxidation potentials for water splitting, which are located at 0.0V (H2O/H2) 

and +1.23V (O2/H2O) under standard conditions. 

Conclusions 

The new NaCu(Ta1-yNby)4O11 (0 ≤  y ≤ 0.67) solid-solution was prepared via high 

temperature solid-state synthesis in evacuated fused-silica ampoules. The crystal structure of 

consists of single layers of pentagonal TaO7 bipyramids as well as layers of isolated TaO6

octahedra. The Na and Cu cations are site-differentiated because of their strong preferences 

in coordination geometries, either seven-coordinate for the former or a linear coordination 

geometry for the latter. Substitution of Ta by Nb occurs statistically overt the two M sites and 

reaches ~67% Nb at 950oC.  The existence of the completely Nb-substituted NaCuNb4O11

compound is suggested at lower temperatures. A significant red-shift of the bandgap size 

from ~2.70 to ~1.92eV is found with increasing Nb content, and which arises from the 

creation of a new lower-energy conduction band resulting from the incorporation of the 4d
0

orbitals within NaCuNb4O11. Diffuse-reflectance measurements at both low and high Nb 

content enables the estimation of the position of the new lower-energy conduction band on 

the redox potential scale. Significant compositional flexibility of the 2:4:11 structure enables 

the wide possible modulation of its optical properties, and which makes it a unique and 
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promising are to more fully investigate for the solar-driven photocatalytic reactions with 

water. 
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Table 5.1. Crystal and Refinement Data for CuNa(Nb0.16(2)Ta0.84)4O11,   
CuNa(Nb0.30(1)Ta0.70)4O11, CuNa(Nb0.47(2)Ta0.53)4O11. 

a
∑∑ −= 00 /|| IIIR cB .  

compounds CuNa(Nb0.16(2)Ta0.84)4O11 CuNa(Nb0.30(1)Ta0.70)4O11 CuNa(Nb0.47(2)Ta0.53)4O11

space group, Z R3 c (167), 6 R3 c (167), 6 R3 c (167), 6

unit cell (Å), a 6.2113(2) 6.2108(1) 6.2151(2) 

                      c 36.832(1) 36.844(1) 36.890(1) 

                     V (Å
3
) 1230.60(6)  1230.81(4) 1234.05(8) 

radiation Cu Kα = 1.54056  Å   

2θ range 10.0 – 110.00   

No. of data 

collected 
4995 data points 4995 data points 4995 data points 

No. of unique data 198 Bragg reflections 197 Bragg reflections 198 Bragg reflections 

No. of variables 25 25 25 

residualsa   RB = 0.047   RB = 0.038   RB = 0.061  
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Table 5.2.  Atomic Coordinates, Equivalent Isotropic Displacement Parameters (Å2), and Site 
Occupancies for CuNa(Nb0.16(2)Ta0.84)4O11, CuNa(Nb0.30(1)Ta0.70)4O11, 
CuNa(Nb0.47(2)Ta0.53)4O11. 

atom Wyckoff 
position 

symmetry x y z bU(eq) Occ.≠ 1 

aM1 6b -3. 0 0 0 1.10 0.87(1)/0.13(1) 
       0.67(1)/0.33(1) 
       0.51(1)/0.49(1) 
        
aM2 18e .2 0.3637(2) 0 1/4 0.85 0.83(4)/0.17(4) 
   0.3632(2)    0.71(4)/0.29(4) 
   0.3628(2)    0.54(5)/0.46(4) 
        
Na 12c 3. 0 0 0.172(1) 1.55 c0.50 
     0.1726(6)   
     0.1718(7)   
Cu 18d -1 1/2 0 0 1.55 c0.33 
O1 18e .2 3/4 0 1/4 2.50 
O2 12c 3. 0 0 0.0964(5) 2.50 
     0.0972(4)  
     0.0974(5)  
O3 36f 1 0.949(2) 0.364(2) 0.3051(4) 2.50 
   0.947(1) 0.365(2) 0.3043(2)  
   0.945(2) 0.362(2) 0.3035(2)  

a A statistical atomic mixtures of Ta and Nb; b,c The equivalent isotropic displacement parameters and 
occupation factors of site-differentiated Cu/Na-atomic mixture were fixed  
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Table 5.3. Selected Interatomic Distances (in Å) in CuNa(Nb0.16(2)Ta0.84)4O11, 
CuNa(Nb0.30(1)Ta0.70)4O11, CuNa(Nb0.47(2)Ta0.53)4O11. 

distances, Åbond 

CuNa(Nb0.16(2)Ta0.84)4O11 CuNa(Nb0.30(1)Ta0.70)4O11 CuNa(Nb0.47(2)Ta0.53)4O11

Ta1/Nb1, Octahedron 

M1 – O3 × 6 1.964(3) 1.970(2) 1.980(2) 

 Ta2/Nb2, Pentagonal Bipyramid 

M2 – O1 × 2 2.002(3) 1.999(1) 1.999(2) 

M2 – O1  2.399(4) 2.402(1) 2.406(2) 

M2 – O2 × 2 2.040(4) 2.049(3) 2.053(3) 

M2 – O3 × 2 2.054(3) 2.028(2) 2.004(3) 

 Na, Distorted Seven-Coordinate 

Na – O2  2.747(4) 2.777(3) 2.768(3) 

Na – O3 × 3 2.550(4) 2.535(2) 2.497(3) 

Na – O3 × 3 2.603(5) 2.589(3) 2.582(4) 

Cu, Linear 

Cu – O3 1.802(3) 1.816(2) 1.840(3) 

  



107

Figure 5.1.  Calculated conduction and valence band redox potentials for the Cu2Ta4O11 and 
the estimated redox potentials for the hypothetical (Na1-xCux)2(Ta1-yNby)4O11 solid solution.
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Figure 5.2.  Plots of the unit-cell lattice parameters a (Å ), c (Å ), and V (Å3), versus x across 
the NaCu(Ta1-yNby)4O11 solid solution. 
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Figure 5.3. PXRD and Rietveld refinement results for CuNa(Nb0.16(2)Ta0.84)4O11 (upper), 
CuNa(Nb0.30(1)Ta0.70)4O11 (middle) and CuNa(Nb0.47(2)Ta0.53)4O11(lower). The observed 
profile is indicated by circles and the calculated profile by the solid line. Bragg peak 
positions are indicated by vertical tics, and the difference diffractogram is shown at the 
bottom.
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Figure 5.4. (a) Polyhedral view down [110] of NaCu(Ta1-yNby)4O11, (b) a single layer of 
M1O6 octahedra and both monovalent Na and Cu, and (c) a single layer of M2O7 (M = 
Ta/Nb) pentagonal bipyramids  
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Figure 5.5. Comparison of the opposite structural trends causing [001]-elongations and the 
local atomic coordination environments of (a) (Na1-xCux)2Ta4O11 and (b) NaCu(Ta1-yNby)4O11
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Figure 5.6. Schematic representation of the isothermal section of the quaternary system  
Cu2Nb4O11 – Cu2Ta4O11 – Na2Ta4O11 – Na2Nb4O11 at 950oC with hypothetical homogeneity 
region (dashed line) and assumed optical characteristics (circles)  
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Figure 5.7. Results of the TB-LMTO-ASA electronic structure calculations for two 
structural models,‘Cu2Ta4O11’ (upper) and ‘Cu2Nb4O11’ (lower), including the band-structure 
diagrams (left) and the total and partial densities-of-states for each element (right). The Fermi 
level is labeled by the solid horizontal lines in each plot. 
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Figure 5.8. Measured UV-vis diffuse reflectance spectra for  NaCu(Ta1-yNby)4O11 for y = 0 
(grey), 0.1(yellow), 0.3(orange), 0.5(red) and 0.7(nominally; wine). 
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Figure 5.9. Plots of [F(R)·hν]2  and  [F(R)·hν]1/2  vs. photon energies for the extraction of the 
lowest-energy direct and indirect electron excitations in (a) NaCuTa4O11 and (b) 
NaCu(Ta0.3Nb0.7)4O11.  
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Tuning of Optical Bandgap Size Via Ta
5+

/Nb
5+

 Substitutions in  

NaCu(Ta1-yNby)4O11 (0 ≤  y ≤ 0.67),  Palasyuk  O.; Maggard P. A.* 

Synopsis Figure and Caption: 

Caption: In the NaCu(Ta1-yNby)4O11 (0 ≤ y ≤ 0.67) solid solution with a differential Na+/Cu+

site occupancy the Ta5+ ions are being substituted by Nb5+, forming statistical atomic 

mixtures in both octahedral and pentagonal bipyramidal crystallographic sites (see Figure, 

left). The increasing Nb5+ content also causes a significant red-shift of the bandgap size from 

~2.70 to 1.95eV, and allows photon absorption out into the in visible-light energies (see 

Figure, right).  
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CHAPTER 6 

PHASE RELATIONSHIPS  

IN THE CU2O – NA2O – TA2O5 SYSTEM AT 950
o
C 

A paper prepared for submission  

  

Olena Palasyuk and Paul A. Maggard

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

Abstract 

The trimetallic-oxide system, Cu2O – Na2O – Ta2O5, was investigated systematically 

by means of phase analysis of powder X-ray diffraction patterns prepared within the entire 

concentration range of the system. A partial isothermal section of the Cu2O – Na2O – Ta2O5

phase diagram was built at 950 °C. The only quaternary compound which crystallizes in the 

system is a site-differentiated solid solution, (CuxNa1-x)Ta4O11 (0 ≤  x ≤ 0.78) (SG R-3c, a = 

6.207(1) – 6.218(1)Å, c = 36.63(3) – 36.97(3)Å), which is in equilibrium with bimetallic 

Cu(I)-tantalates as well as with Ta2O5, NaTaO3 and Cu2O. A method of the high-purity 

synthesis of Cu-rich members of the solid solution is found in the two-phase region, (CuxNa1-

x)Ta4O11 – Cu2O.  The crystallization of only one trimetallic phase, (CuxNa1-x)Ta4O11, is 

explained by the unique structural features of its complex anionic network {Ta4O11}
2-.  
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Introduction 

Alkali-metal tantalates draw significant interest as UV-active photocatalytic 

materials.1 Unfortunately, their application as photocatalysts is limited because of their large 

UV bandgap sizes. By contrast, the Cu(I) tantalates are very interesting candidates for visible-

light photocatalysis owing to their narrower visible-light bandgap sizes, arising from the  

higher energy Cu(I) 3d
10 orbitals incorporated as their new valence bands.2,3 However the 

number of known Cu(I) tantalates is limited.2-5 Although all of them show significant  

potential as new visible-light photocatalysts, the strategy of obtaining new Cu(I) tantalates is 

needed to reveal yet unknown structures and compositions. Experimental attempts in this 

direction3 show that Cu(I) can be incorporated into alkali metal tantalates creating extended 

solid solutions, and are interesting from both structural (site-preferential occupations, etc) and 

photocatalytic (modulation of energies of valence band, optical properties, etc.) points of 

views. Wide possibilities to tune bandgap sizes of known UV-active compounds is a strong 

driving force to search for other solid solutions or ordered quaternary A/Cu(I) tantalates. This 

has been systematically investigated in the trimetallic Cu2O – A2O – Ta2O5 (A = alkali metal) 

system across the entire concentration range at 950°C. The result of these investigations 

would be the isothermal sections of phase-equilibria diagrams of Cu2O – A2O – Ta2O5

systems.   

We herein report the systematic investigation of the Cu2O – Na2O – Ta2O5 phase 

diagram at 950°C. To the authors’ best knowledge, this is the first pioneering effort in Cu2O – 

A2O – Ta2O5 (A = alkali metal) systems, as no literature data was found on phase 
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relationships of this kind in oxide systems.  Our previous experimental efforts3 in the Cu2O – 

Na2O – Ta2O5 system revealed the solid-solution (Na1-xCux)2Ta4O11 (0 ≤  x ≤ 0.78) between 

two closely-related  crystal structures, e.g. Na2Ta4O11
6 and ‘Cu2Ta4O11’.

4 The latter one has 

only previously been observed in trace amounts by Jahnberg4 and characterized by means of 

High Resolution Electron Microscopy (HREM).  Jahnberg also reported the existence of at 

least another three other Cu(I) tantalates, Cu5Ta11O30, ‘Cu7Ta15O41’ and Cu3Ta7O19, with 

closely related crystal structures. Similarly to ‘Cu2Ta4O11’ the ‘Cu7Ta15O41’ was obsereved by 

Jahnberg4 in trace amount and never synthesized as a pure phase. The other two were isolated 

and thoroughly characterized.2,5 All of these compounds have a similar structural organization 

of their anionic networks, Figure 6.1, which consist of alternating layers of edge-shared TaO7

pentagonal bipyramids and layers of TaO6 octahedra and isolated Cu+ positions.  Moreover, 

their octahedral layers are practically identical with the above mentioned (Na1-xCux)2Ta4O11, 

which contain a rather rare site-differentiated Na+/Cu+ occupation.3 Thus, the same Na+/Cu+

substitution was expected for the other three tantalates, i.e., to give (Cu1-xNax)5Ta11O30, (Cu1-

xNax)7Ta15O41 and (Cu1-xNax)3Ta7O19 phases with extended solid solution ranges. As 

described before,3 the combined Na+/Cu+ occupancies could play an important role in the  

stabilization of any of the three phases. The structure of ‘Cu2Ta4O11’ is stabilized in the site-

differentiated solid solution (Na1-xCux)2Ta4O11, because the combined Na+/Cu+ site occupancy 

increased from ~67% to ~74% and more. By analogy, the structure of ‘Cu7Ta15O41’ might be 

similarly stabilized with a wide compositional range (Cu1-xNax)7Ta15O41, in which the total 

occupancy factor will increase with increasing Na+ content.  The compositional range, e.g., x
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value of (Cu1-xNax)7Ta15O41, would be predicted to be in the range of ~0.1 < x < ~0.9. The 

absence of isostructural compounds in the adjacent Na2O – Ta2O5 system will keep x lower 

than the maximum value of 1, and the decreasing combined occupancy factor will destabilize 

(Cu1-xNax)7Ta15O41 so that x could never reach 0.  By contrast, in other predicted solid 

solutions, e.g., (Cu1-xNax)3Ta7O19 and (Cu1-xNax)5Ta11O30, x might easily reach 0 (maximum 

Cu+  content), because the combined occupancy factor is not critical for their crystal 

structures.2,4,5  

A significant point of interest is the incorporation of Cu(I) into crystal structures of 

the other known Na-tantalates,  NaTa3O8,
7 NaTaO3

8 and Na5TaO5.
9  However this may not be 

very favorable, because the Na-tantalates structures may no longer satisfy the linear 

coordination preference of  Cu+ as observed in (Na1-xCux)2Ta4O11.
3 Therefore, regions of the 

Cu2O – Na2O – Ta2O5 system with a lower Ta2O5 content may yield the formation of similar 

ternary compounds rather than the desired solid solution. 
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Experimental  

In order to study phase equilibria in the Cu2O – Na2O – Ta2O5 system 25 samples 

were prepared, and whose composition are depicted in Figure 6.2. The samples were 

synthesized from high-purity Cu2O, Na2O, and Ta2O5 oxides (Alfa Aesar, >99.9%). The 

reactants were ground together inside a glovebox, then flame-sealed inside of evacuated 

fused-silica tubes, heated up to 950 °C and annealed for 96-120 hours before being rapidly 

cooled to room temperature in cold water. Longer annealing times resulted in a significant 

corrosion of fused-silica ampules, which caused their rupture and oxidation of the products. 

For the X-ray phase analysis, polycrystalline products were crushed, and powdered in an 

agate mortar. Phase analysis was conducted using powder X-ray diffraction (PXRD) in 

transmission mode on an Inel XRG 3000 diffractometer fitted with a CPS 120 position 

sensitive detector and using Cu Kα1 radiation from a sealed-tube X-ray source.  A complete 

phase analysis was performed through comparison of the experimental PXRD patterns with 

all known patterns from the literature as well as from our experimentally confirmed data. The 

lattice parameters were refined by least-squares fitting, using the LATCON10 and FullProf11

programs.  In the Na2O-rich region several samples, #21 – 25, Figure 6.2, had strongly 

corroded and destroyed/exploded during the cooling procedure, and which did not allow their 

characterization. Repeating these syntheses at lower temperatures, 800 – 8500C, was not 

successful either, which indicates the classical high temperature solid state synthesis in 

Na2O-rich region are unsuitable. High purity samples (up to 98 – 100% of main phase) can 

be synthesized for members of the solid solution (Na1-xCux)2Ta4O11 with x = ~0.55 – 0.75, if 
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the ratios of [Na2O/Cu2O] : [Ta2O5] are shifted from ideal 1 : 2 to 1.05 : 2 or 1.10 : 2.  These 

latter samples fall within the two-phase region (Na1-xCux)2Ta4O11 – Cu2O, and will include 

some Cu2O impurities. These impurities, which show up as red crystallite droplets in the 

yellow powders, and can be easily removed by washing with 1.5M HCl. For one example, 

the PXRD pattern of sample N 14 is presented in Figure 6.2, 6.3. 

Results and Discussion 

The data in Table 6.1 lists the literature and experimental data for crystallographic 

parameters of bimetallic oxides in the adjacent Na2O – Ta2O5, Na2O – Cu2O and Cu2O – 

Ta2O5 adjacent systems.  The existence of two bimetallic oxides, NaTaO3 and Na2Ta4O11, 

was confirmed in the bounding system Na2O – Ta2O5 and one, Cu5Ta11O30, was clearly 

confirmed in the system Cu2O – Ta2O5, Table 6.1. However, strong overlap of peaks in 

samples #5, and 6 makes it difficult to conclude the exclusive presence of Cu5Ta11O30 as the 

phase in equilibrium with site-differentiated solid solution (Na1-xCux)2Ta4O11. Therefore, we 

assume to some extent that the solid solution is in equilibrium with all known Cu(I) tantalates. 

Results of the phase analysis of selected Na-Cu-Ta-O samples are presented in Table 

6.2 and Figure 6.4. The isothermal section of the trimetallic system Cu2O – Na2O – Ta2O5 at 

950 °C, which was constructed according to the results of X-ray phase analysis is presented 

in Figure 6.2. The only phase which crystallizes in Cu2O – Na2O – Ta2O5 trimetallic system 

is the solid solution, (Na1-xCux)2Ta4O11, Figure 6.2, which is in equilibrium with all 

bimetallic Cu(I)-tantalates (though only Cu5Ta11O30 was clearly present) as well as with 
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NaTaO3 and Cu2O.  The solid solution appears to be a relatively thermodynamically-stable 

phase in this system, and exists up to 1100oC without detectable phase transformations. The 

detailed characterization of its crystal structure and optical properties can be found 

elsewhere.3  

A key question of the present investigation is why the solid solution (Na1-

xCux)2Ta4O11 is the only quaternary phase crystallizing in  Cu2O – Na2O – Ta2O5 trimetallic 

system at 950°C, Figure 6.2. The analysis of crystal structures of all possible Cu(I) tantalates, 

Figure 6.1,  reveals that the structural factor could be critical in this regard. All compounds 

have identical layers of TaO6 octahedra and Cu+ positions with favorable linear coordination 

of O atoms, as well as acceptable seven-coordinate oxygen cavities into which the Na+ could 

be introduced. Thus, all of them are expected to form Na+/Cu+ site-differentiated solid 

solutions based on principles described for (Na1-xCux)2Ta4O11,
3  (see above).  However, only 

one structure, i.g. of ‘Cu2Ta4O11’, consists of single layers of edge-shared TaO7 pentagonal 

bipyramids, which alternate with layers of TaO6 octahedra and linearly-coordinated Cu+.  

Other tantalates, Cu5Ta11O30 and Cu7Ta15O41, include both double and single layers of TaO7

pentagonal bipyramids, Figure 6.1b,c, or exclusively double pentagonal bipyramidal layers, 

as found in Cu3Ta7O19, Figure 6.1d.  As shown earlier,3 the Na+/Cu+ substitutions lead to 

structural trends in the Ta – O – Cu bridges between alternating octahedral and pentagonal 

bipyramidal layers. Increasing Cu+ content decreases the Cu – O distances and height of the 

TaO6 octahedra, whereas the Ta – O distances and the height of pentagonal bipyramids 

increases.  Although, the net effect is the deformation of the structure along the [001] 
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direction, this compensatory mechanism of opposite structural trends prevents the structural 

destabilization. The interstitial oxygen layers, i.g. apical O atoms of pentagonal bipyramids 

shared with TaO6 octahedra, can move in opposite directions. In contrast, in double edge-

shared layers of the bipyramids, a similar compensatory mechanism cannot occur because of 

an additional interstitial oxygen layer that is shared exclusively by the pentagonal bypiramids. 

This layer will eventually be destabilized if any significant deformation in TaO6 octahedra 

occurs, thus disfavoring any Na+/Cu+ substitutions impossible.  

In contrast to Na2Ta4O11, which exhibits an extended solubility of Cu, e.g., up to 

~78%, another bimetallic sodium tantalite, NaTaO3, does not show any detectable changes in 

lattice parameters in the trimetallic system, which indicates that the analogous solid solution 

Na1-xCuxTaO3 does not exist.  The NaTaO3 phase is known as the most highly efficient and 

chemically stable UV-photocatalyst.12 The incorporation of Cu+ 3d
10 electronic states 

changes the electronic structure of sodium tantalates, as it was shown for Na2Ta4O11,
3 and 

lowest their bandgap size for achieving visible light photocatalysis. Therefore, it is essential 

to understand why the Na+/Cu+ substitutions does not occur in NaTaO3. In the perovskite 

structure of NaTaO3, the Na+ cations are located in the regular or distorted cubooctahedral 

oxygen coordination environments, depending on the polymorph modification.  As it was 

shown for (Na1-xCux)2Ta4O11, the substitution of  Na+ (r = 0.60Å)  for Cu+ (r = 1.26Å) occurs  

because of vacancies with a favorable  linear oxygen coordination  in which Cu+ could be 

introduced.  The simple and regular perovskite structure of NaTaO3 does not provide any 

similar vacancies for preferential linear coordination by Cu+. The introduction of Cu+ into the 
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cubooctahedral cavity of Na+ must be strongly disfavored compared the linear O – Cu – O 

coordination environment.  

Conclusions 

The partial isothermal section of the trimetallic Cu2O – Na2O – Ta2O5 system at 

950oC has been experimentally investigated. The only trimetallic phase which crystallizes in 

the system is the site-differentiated solid solution, (Na1-xCux)2Ta4O11, which is in equilibrium 

with bimetallic Cu(I)-tantalates as well as with NaTaO3 and Cu2O.  The formation of the 

solid solution (Na1-xCux)2Ta4O11 is caused by rather unique structural features of the layered 

tantalate network, which includes compensatory mechanisms as well as favorable vacancies 

for site-differentiated cationic occupations.  
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Table 6.1. Crystallographic data on the bimetallic tantalates for the adjacent Na2O – Ta2O5, 

Na2O – Cu2O and Cu2O – Ta2O5 systems. 

Lattice parameters (Å) 
Compound Space group 

a b c 
Ref. 

Na2Ta4O11 R3 c  6.2092(1)  - 36.619(1) 6 

6.207(1) - 36.63(3) this work 

NaTa3O8 Ibam 7.242(2)  10.462(3) 7.001(3) 7 

NaTaO3 Pbnm 5.48109(1)  5.52351(1) 7.7948(1) 8 

5.475(1) 5.517(1) 7.795(3) this work 

Na5TaO5 C2/c 6.293(1)  10.254(2) 10.046(2) 9 

NaCuO I4/mmm 8.861(1)  - 4.666(1) 13 

‘Cu2Ta4O11’ R3 c 6.23  - 37.34 4 

Cu5Ta11O30 P 6 2c 6.2252(1) - 32.516(1) 2,5 

6.228(2) - 32.55(4) this work 

‘Cu7Ta15O41’ P63/m 6.2262  - 44.877 4 

Cu3Ta7O19 P63/m 6.2278(1) - 20.1467(3) 2,5 
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Table 6.2. X-ray phase analysis of selected Cu-Na-Ta-O samples and crystallographic data 

of constituent phases at 950oC 

Lattice parameters in (Å) 
N 

Nominal 
composition 
Cu2O : Na2O : 
Ta2O5  (mol.%) 

X-ray phase 

analysis 

Space group 
a b c 

1 3.3 : 30 : 66.7 (Na0.9Cu0.1)2Ta4O11 R 3 c
6.209(1) - 36.68(2) 

2 10 : 23.3 : 66.7 (Na0.7Cu0.3)2Ta4O11 R 3 c
6.211(1) - 36.75(2) 

3 16.6 : 16.6 : 66.7 (Na0.5Cu0.5)2Ta4O11 R 3 c
6.214(1) - 36.86(5) 

4 23.3 : 10 : 66.7 (Na0.3Cu0.7)2Ta4O11 R 3 c
6.218(2) - 36.90(3) 

5 30 : 3.3 : 66.7 (Na~0.2Cu~0.8)2Ta4O11 

Cu5Ta11O30

R 3 c 

P 6 2c

6.217(3) 

6.223(2) 

- 

- 

37.01(5) 

32.52(3) 

6 30 : 2 : 68 (Na~0.2Cu~0.8)2Ta4O11 

Cu5Ta11O30

R 3 c  

P 6 2c 

6.219(3) 

6.225(2) 

- 

- 

36.98(5) 

32.53(3) 

8 6 : 2 : 92 (Na~0.2Cu~0.8)2Ta4O11  

Ta2O5

R 3 c  

P2mm

6.217(3) 

6.196(5) 

- 

40.3(4) 

37.00(5) 

3.895(3) 

9 10 : 10 : 80  (Na~0.5Cu~0.5)2Ta4O11  

Ta2O5

R 3 c  

P2mm

6.213(1) 

6.202(5) 

- 

40.3(4) 

36.87(5) 

3.892(3) 

11 5 : 35 : 60 (Na~0.7Cu~0.3)2Ta4O11  

NaTaO3

R 3 c  

Pbnm

6.212(1) 

5.475(2) 

- 

5.520(2) 

36.70(3) 

7.795(4) 

14 30 : 10 : 60 (Na~0.3Cu~0.7)2Ta4O11  

Cu2O 
R 3 c  

Pn 3 m

6.216(1) 

4.270(2) 

- 

- 

36.91(2) 

- 

15 25 : 25 : 50  (Na~0.5Cu~0.5)2Ta4O11  

NaTaO3

Cu2O 

R 3 c  

Pbnm 

Pn 3 m

6.215(1) 

5.477(2) 

4.266(3) 

- 

5.520(1) 

- 

36.86(5) 

7.797(3) 

- 

17 50 : 10 : 40 (Na~0.5Cu~0.5)2Ta4O11  

Cu2O 
R 3 c  

Pn 3 m

6.214(2) 

4.272(2) 

- 

- 

36.83(5) 

- 

18 50 : 20 : 30 (Na~0.5Cu~0.5)2Ta4O11  

NaTaO3

Cu2O 

R 3 c  

Pbnm 

Pn 3 m

6.214(2) 

5.475(1) 

4.272(3) 

- 

5.518(1) 

- 

36.86(6) 

7.791(2) 

- 
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Figure 6.1.  Polyhedral views down [110] for (a) ‘Cu2Ta4O11’,
4  (b) Cu5Ta11O30,

2,5 (c) 
‘Cu7Ta15O41’

4 and Cu3Ta7O19
2,5 showing different stacking variants of single (s) and double 

(d) layers of TaO7 pentagonal bipyramids and layers of TaO6 octahedra (o) with linearly 
coordinated Cu+
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Figure 6.2. The partial isothermal section of Cu2O – Na2O – Ta2O5 phase diagram at 950oC. 
1 -  (CuxNa1-x)Ta4O11 (0 ≤  x ≤ 0.78). Numbers indicate compositions of prepared samples. 
The two-phase regions are colored for clarity. 
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Figure 6.3.  Small section of the Cu2O – Na2O – Ta2O5 phase diagram with emphasis on the 
two-phase region (Na1-xCux)2Ta4O11 – Cu2O and the high-purity sample N14 (excess of Cu2O 
is washed out by 1.5N HCl). 
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Figure 6.4.  Experimental PXRD patterns of selected samples within the different regions of 
the Cu2O – Na2O – Ta2O5 system (upper) and their phase analysis (lower). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PART 3 

CONCLUSIONS 
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•  The copper(I) tantalates, Cu5Ta11O30 and Cu3Ta7O19, have been prepared in high 

purity using solid-state and flux synthetic methods, respectively. Their structural 

characterization by single crystal and powder XRD are consistent with previous 

reports, and contain single and double layers of edge-shared TaO7 pentagonal 

bipyramids that alternate with a layer of Cu+ and TaO6 octahedra. Compared to 

NaTaO3, the addition of Cu 3d-orbitals results in significantly smaller bandgap sizes 

of ~2.59eV for Cu5Ta11O30 and ~2.47eV for Cu3Ta7O19, but also 2 – 5 times smaller 

optical absorption coefficients. Their lowest-energy bandgap transitions are predicted 

to be indirect, and originate from a MMCT between primarily the Cu 3d and Ta 5d-

orbitals within the TaO7 pentagonal bipyramids (each mixed with some O 2p-orbital 

contributions). 

 

•  The new (Na1-xCux)2Ta4O11 (0 ≤ x ≤ 0.78) solid-solution can be prepared via standard 

solid-state and flux reactions in evacuated fused-silica vessels. The tantalate 

substructure consists of single layers of pentagonal TaO7 bipyramids as well as layers 

of isolated TaO6 octahedra. The site-differentiated occupation of separate Na and Cu 

positions results from their disparate preferences in coordination geometries, either 

seven-coordinate for the former or a linear coordination geometry for the latter. A 

significant red-shift of the bandgap size from ~4.0 to ~2.65eV is found with 

increasing Cu content, and which arises from the creation of a new higher-energy 

valence band resulting from the incorporation of the 3d10 orbitals within Na2Ta4O11. 
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•  The new NaCu(Ta1-yNby)4O11 (0 ≤  y ≤ 0.67) solid-solution was prepared via high 

temperature solid state synthesis in evacuated fused-silica ampules. The crystal 

structure consists of single layers of pentagonal TaO7 bipyramids as well as layers of 

isolated TaO6 octahedra. The Na and Cu cations are site-differentiated because of 

their strong preferences in coordination geometries, either seven-coordinate for the 

former or a linear coordination geometry for the latter. Substitution of Ta by Nb 

occurs conventionally and reaches ~67% Nb at 950oC. A significant red-shift of the 

bandgap size from ~2.70 to ~1.95eV is found with increasing Nb content, and which 

arises from the creation of a new lower-energy conduction band resulting from the 

incorporation of the 4d0 orbitals within NaCuTa4O11. 

 

•  The partial isothermal section of the trimetallic Cu2O – Na2O – Ta2O5 system at 

950oC has been experimentally investigated. The only trimetallic phase which 

crystallizes in the system is the site-differentiated solid solution, (Na1-xCux)2Ta4O11, 

which is in equilibrium with Cu(I)-tantalates as well as with NaTaO3 and Cu2O. The 

formation of the solid solution (Na1-xCux)2Ta4O11 is caused by the rather unique 

structural features of the layered tantalate network, which includes compensatory 

mechanisms as well as favorable vacancies for site-differentiated cationic occupations. 

 


