
ABSTRACT 

KING, NACOLE BENEE.   Flux-Mediated Syntheses and Structural Characterization of 

Cu(I)-M(V)  (M= Nb, Ta) Oxide Semiconductors. (Under the direction of Paul A. Maggard). 

 

The growth and design of new metal-oxide semiconductors is a rapidly growing field.  

Metal-oxide semiconductors can be modified to enhance specific characteristics within the 

bulk of the structure. The selection of an appropriate technique for the characterization of the 

new material is dependent upon the purity of the sample, particle morphology, and sensitivity 

of the desired technique.  The synthetic optimization of new complex oxides is a limiting factor 

in a number of chemical systems owing to difficulties in particle homogeneity, incongruent 

melting between the interdiffusion of reacting solid particles, and access to the activation 

energy required to produce thermodynamically unstable phases.  My research efforts in this 

area have focused on the high purity flux-mediated syntheses of Cu(I)-M(V) (M = Nb/Ta) 

oxide semiconductors, and the characterization of their structural, optical, electronic, and 

photoelectrochemical properties.  The molten-salt assisted flux approach was utilized to 

control the growth conditions of the metal-oxides, and served as a solvent system for the 

dissolution of reactant solid particles for high-purity crystallization. Their structural features 

were analyzed and refined using techniques such as single crystal and powder X-ray 

diffraction. The particle morphology and surface features were examined using electron 

microscopy techniques and X-ray photoelectron spectroscopy. The origin of visible light 

excitation of the semiconductors were evaluated using optical band edge absorption from UV-

visible diffuse reflectance measurements, and electronic structure calculations using density-

functional theory methods.   Additionally, the new metal-oxide semiconductors were examined 

for thermal stability, structural defects, and surface modifications as post-annealing heat 

treatments of the p-type photoelectrodes resulted in significantly enhanced cathodic 



photocurrents.  Furthermore, the flux technique was utilized for the preparation of Cu(I)-

tantalate, Cu2Ta4O11, in high purity for the first time, the phase was investigated for symmetry-

lowering distortions.  The Cu2Ta4O11 structure exhibits a phase transition from a rhombohedral 

𝑅3̅𝑐 to a monoclinic 𝐶𝑐 space group.  Thus, the results of the new investigations led to new 

insights into the synthetic flexibility in the crystal growth of metal-oxide particles with unique 

characteristics via flux-mediated synthesis, understanding the effects of post-annealing heat 

treatments within the bulk and surfaces of Cu(I)-mixed-metal-oxide particles, and the 

identification of new phases with symmetry-lowering phase transitions.   
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CHAPTER 1 

 

Introduction 

The crystal growth and design of metal oxides semiconductors exhibiting unique and 

interesting properties is a vast area of research.1–4   Synthetic modifications of metal-oxides 

can be used to examine the changes in the extrinsic properties, such as the structural, optical, 

and electronic features of a polycrystalline material.5–8  Metal-oxide semiconductors represent 

an expanding class of compounds with a wide range of applications in areas such as anode 

materials in the next generation of Li-ion batteries, materials for thermoelectric energy 

conversion, and photocatalysts in the conversion of solar energy into chemical fuels.9–13  The 

characterization of structure-property relationships of a metal-oxides has had a significant 

impact in the engineering of new materials with tailored characteristics. 

   Current challenges in the crystal growth of new materials include synthetic control 

over particle sizes and morphologies, stabilization of high energy phases that require a large 

activation energy to overcome kinetic barriers for thermodynamically unstable phases, and  

phase purity of targeted chemical compositions.14 Traditional solid-state methods are limited 

to the inter-diffusion of solid particle surfaces and can often require the use of very high 

temperatures of up to >2,000 °C.  Thus, the formation of undesired side products and unreacted 

starting materials usually occur due the incomplete reaction between the solid-state reactants. 

The solid-state method offers very little control over the crystal growth of targeted chemical 

compositions with limiting thermal stabilities, thus the synthesis of the phases are very 

challenging to prepare in high purity.  Utilization of alternative synthetic techniques, could  
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provide a new route for the stabilization of phases a with limited thermal range and control 

particle homogeneity. An additional difficulty is that the particle morphologies and dimensions 

from solid-state reactions are typically irregular thus the products, result in decreased particle 

crystallinity and non-faceted surfaces. Thus, the two primary and critical directions in this 

area include i) new investigations of molten-salt syntheses in order to prepare desired 

chemical compositions that are limited in the thermal stability and have not been 

prepared in high purity  ii) explore and examine factors such as precursor reagent sizes, 

reaction temperatures, and reaction times on the effects on product morphology, 

increased crystallinity, and enhanced particle surface features.   

 The flux synthesis technique has been reported to provide an approach for the 

nucleation and crystal growth of a metal-oxide in a molten-salt flux through the dissolution of 

inorganic reagents and result in the precipitation of the desired metal-oxide crystals.14  Further, 

the flux-mediated synthesis method facilitates the growth of crystals below the melting points 

of the constituent reactants and desired products, thus highly crystalline particles with well-

defined faceted surfaces can be synthesized.15,16 A drawing depicting the crystal growth of 

metal-oxide semiconductors from a molten-flux is shown in Figure 1.1.14  The choice of flux, 

the flux-to-reactant molar ratios, synthesis temperatures, heating/cooling rates facilitate the 

nucleation and crystal growth in addition to modifications of particle morphologies, sizes, and 

dimensions.5,17 For example, the molten-salt assisted flux reactions of AgNbO3 in a 3:1 Na2SO4 

flux-to-reactant molar ratio heated at 1 h produced particles with surface area of 0.65 m2/g and 

conversely, the smallest surface area of 0.24 m2/g  was observed for a 1:1 Na2SO4 flux-to- 
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reactant molar ratio heated  for 10 h.  The ion-exchange flux reactions of Rubidium-containing 

layered oxides RbA2Nb3O10 (A = Ca, Sr) and RbLa2TiO2 with a AgNO3 molten salt were 

prepared after heating at 250 °C for 24 h.  The substitution of the Ag cations into the interlayer 

spacing of the layered structures exhibited a red shift of the optical band gap from ~ 3.10 eV 

to 3.6 eV before ion-exchange to ~2.4 eV to 2.85 eV after insertion of the Ag cations into the 

structure.8 Also, the ion-exchange flux synthesis of RbLaNb2O7 with AgNO3 at 250 °C for 24 

h is the only synthetic route for the preparation of AgLaNb2O7 in high purity.  Further, the 

insertion of Ag(I) cations into the structure also exhibited a red shift in the band gap energies 

from ~3.30 eV to ~ 2.98 eV.   

Bandgap engineering of metal-oxide semiconductors has led to a new approach of 

designing of new complex materials with modified energy levels that can effectively position 

valence band and conduction band energies at an energetic distance suitable for modifications 

of the optical properties (e.g. red-shift of band gap energy into the of visible light region) in a 

semiconductor.  For example, the insertion of Ag(I) and Cu(I) can effectively place d orbital 

valence bands located at a position higher in energy than O 2p orbitals, thus decreases the 

energetic distance to the conduction band and red-shifts the bandgap size towards the visible 

light region of the solar spectrum.8,18–21  The insertion of Cu(I) 3d orbitals in the solid solutions 

of Na2-xCu2Ta4O11 significantly red-shifted the bandgap from ~4.0 eV to ~2.65 eV at the Cu 

rich composition x ~ 0.78.  A schematic of the position of  band energies composed of mixed-

metal (M/M’) (e.g. M =Cu, M’ = Nb, Ta) oxides is shown in Figure 1.2 The Cu(I)-containing 

oxides  have been reported to exhibit visible light absorption in the solar spectrum owing to  
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low energy metal-to-metal charge transfer from the filled d10 into the empty d0 orbitals.6,22–24 

My research efforts have built from the previous work in the Maggard group have 

focused on the flux-mediated syntheses and characterization of Cu(I)-M(V) (M = Nb, Ta) 

oxide semiconductors.  Previous studies on the  estimated thermochemical properties of 

proposed phases in the Cu2O-Nb2O5 reported chemical compositions of Cu(I)-niobates that 

have not been prepared in the literature.25 Thus, the molten-salt flux method may be suitable 

approach for the high purity syntheses of the calculated phases in the Cu2O-Nb2O5 system.  An 

investigation of the solid-state syntheses in the  Cu2O-Ta2O5 system indicated challenges in 

the high purity syntheses of the phases with the chemical compositions Cu7Ta15O41, 

Cu3Ta7O19, and Cu2Ta4O11.
26–28  Further, the Maggard group reported the first high-purity 

synthesis and the structural characterization of Cu3Ta7O19 required a CuCl flux at a reaction 

temperature of 800 °C for 5 days, in the absence of the CuCl flux, impurities of Cu5Ta11O30 

were observed.24  Thus, this was the first example of the utilization of a CuCl molten-salt flux 

for the stabilization of a Copper(I)-tantalate in high purity.  After the desired chemical 

composition has been prepared in high purity and tailored to enhance a distinct property, the 

selected characterization techniques must sensitive to the particles dimensions, morphologies, 

thermal stability, surface features, and structural defects.  Thus, two important factors in this 

area include i) the modification of an intrinsic semiconductor in order to enhance a 

specific property, ii) the selection of an appropriate technique suitable for the 

identification of a particular property.  
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Typically, semiconductors are modified to contain very small concentrations of 

impurities in order to alter and enhance a desired property in a semiconductor.29–31  A doped  

or extrinsic semiconductor contains impurities at low concentrations and are classified as n-

type or p-type.  A semiconductor that is doped with fewer valence electrons than the bulk of 

the materials is known as a p-type semiconductor as shown in Figure 1.3.32  By contrast, n-

type semiconductors contains more valence electrons than the bulk of the material.  In a p-type 

semiconductor, the energy levels are not filled due to the fewer valence electrons and positive 

holes result in the valence band. Further, the holes in the valence band enable the electrons at 

the top to be excited in to the conduction band.  Increases in the dopant concentration has been 

reported to improve the conductivity of an extrinsic semiconductor.33–35  The conductivity is 

given by the equation 1.1 below:30           

        (1.1) 

where 𝑛 is the concentration of charge carriers (holes) per unit volume, 𝑒 is the charge of an 

electron, 𝜇 is the carrier mobility. The carrier mobility is determined using the parameters listed 

in the equation 1.2 below, where 𝑒 is the charge of an electron, 𝜏 is the average time between 

electron scattering events, and 𝑚∗ is the effective mass of the charge carriers:30 

    

 (1.2) 

 Thus, the carrier concentration, scattering time, and effective mass determine the conductivity 

of a semiconductor, optimization of these parameters are essential in the design of a new 
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semiconductor with enhanced conductivity.  The increase in temperature causes lattice 

vibrations and defects in the crystal structure to scatter the electrons.30 Therefore, an  

improvement in the conductivity of a semiconductor can be significantly increased as the 

temperature is increased.30 Furthermore, it is important to consider the magnitude effective 

carrier mass (𝑚∗) of a semiconductor as it can be closely related to the curvature of bands in 

the calculated electronic band structure. Thus, wide bands have large curvature and  a small  

effective mass, therefore carriers with small effective mass are highly delocalized and possess 

high mobility.  In contrast, bands that are narrow contain little curvature and a large effective 

masses, consequently the charge carriers are localized with low carrier mobility.  The 

improvement of the conductivity in a semiconductor can be modified by the optimization of the 

carrier mobility and concentration of carriers in the dopants added to a semiconductor.  

Recently, the Maggard group investigated post-annealing heat treatments of   p-type 

doped Cu(I)-containing oxides.36,37 The studies were conducted in order to investigate the 

photoelectrochemical properties of the p-type doped semiconductors.  My research in this area 

has focused on the characterization of structural effects of a p-type doped Cu(I)-niobate, 

CuNb3O8.  Further, surface sensitive techniques such as X-ray photoelectron spectroscopy, and 

electron microscopy were utilized, in addition to the characterization of particle surface 

features, powder X-ray Rietveld refinements methods were examined for a structural 

characterization of the p-type doped semiconductor.   

The major research efforts of my work described in this dissertation involve the high-

purity flux-mediated syntheses of Cu(I)-M(V) (M = Nb, Ta) oxides that have not been 
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prepared in high purity due to restrictions associated with the traditional solid-state method. 

Further, the characterization of the new Cu(I) mixed-metal oxides have been investigated for  

the physical, structural, optical, and electronic properties.  Techniques specific for the 

characterization of the flux-synthesized products such as, single crystal and powder X-ray 

diffraction were utilized for the structural analysis and refinements of the Cu(I)-containing 

mixed-metal oxides.  Surface sensitive techniques were also examined in order to quantify the 

particle morphologies, dimensions, and probe surface features.  Furthermore, the optical band 

gap of the semiconductors were evaluated using UV-visible diffuse reflectance measurements, 

and electronic structure calculations were calculated using density-functional theory methods.  

This work then extends further into the characterization of a new Cu(I)-tantalate prepared via 

molten-flux synthesis which exhibited a symmetry-lowering phase transitions which are 

similar to reported second-order Jahn-Teller distortions.  The observation of the symmetry-

lowering distortion from the rhombohedral 𝑅3̅𝑐 to the monoclinic 𝐶𝑐 is the first example of a 

system composed of Ta 5d0 cations in alternating layers of edge-shared TaO7 pentagonal 

bipyramids and isolated octahedra. Thus, through these studies we seek to provide a better 

understanding in the design and high-purity synthesis of complex Cu(I)-containing oxides, and 

provide suitable techniques for the characterization of the physical, optical, structural, and 

electronic properties of the synthesized products.   
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Experimental Techniques 

Molten-Salt Flux Synthesis 

 The flux syntheses were prepared from combing stoichiometric mixtures of analytical 

reagent grade reactants inside a glovebox filled with nitrogen or an argon atmosphere.  The 

reactants were ground in a mortar and pestle and mixed well for ~15 minutes prior to the 

addition of the desired flux for ~ 20 minutes.  The prepared mixture were loaded into a fused 

silica ampoule and flame sealed on a vacuum line.  The reaction ampoules were heated in a 

ceramic tube furnace for the required heating duration given in each chapter.  The flux material 

was removed with ammonium hydroxide and the powder samples were neutralized with 

deionized water. The powder sample were dried at 80 °C overnight.  Further details are 

provided in each chapter.   

Powder X-ray Diffraction 

Polycrystalline powders of Cu2Nb8O21 were characterized by powder X-ray diffraction 

(PXRD) at room temperature on a Rigaku R-Axis Spider with a curved image plate detector 

and Cu Kα1 (λ= 1.54056 Å) radiation from a sealed-tube X-ray source (40 kV, 36 mA).  Solid-

state products of CuNb3O8 and Cu2Ta4O11 were characterized by powder X-ray diffraction on 

an INEL diffractometer using Cu Kα1 (λ = 1.54056 Å) radiation from a sealed tube X-ray 

generator equipped with a curved position-sensitive detector (CPS120).  Powder X-ray 

diffraction data were also collected on a Bruker D8 Advanced Powder diffractometer using Cu 

Kα (λ = 1.54056Å) configured in Brag Brentano geometry with a Lynxeye XE detector.  Data 

were collected in a 2ϴ range of 10-80° in 0.01 steps, with a dwell time of 4s at each step.  

Powder X-ray diffraction patterns were analyzed using the Winplotr program and analyzed  
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with reference to theoretical calculated patterns contained in the Crystal Structure Database 

(ICSD) and the Powder Diffraction File (PDF).  Profile fitting using GSASS II or LATCON 

programs were used to fit the lattice parameters.  

Single Crystal X-ray Diffraction 

A single-crystal X-ray analysis on Cu2Nb8O21 and α- and β-Cu2Ta4O11 was performed 

on a Bruker-Nonius X8 Apex2 diffractometer at temperatures of 223 K, 100 K, and 273 K.  

The frame integration was performed using the SAINT program.  The resulting raw data were 

scaled and absorption corrected using a multi-scan averaging of symmetry equivalent data 

using SADABS. Each structure was solved by direct methods and refined by full-matrix least-

squares fitting on F2 using SHELXTL-97 or OLEX2. 

Rietveld Refinements 

A powder X-ray diffraction data set for the refinement of CuNb3O8 heated in air at 450 

°C  was collected at room temperature on a Philips X-pert diffractometer with Cu K radiation 

over the angular range 10  2  110 with a step width of 0.017. The diffractometer had 

been calibrated against a silicon powder (NIST-SRM 640c) standard.  The data were analyzed 

by Le Bail profile analysis and then refined by the Rietveld method as implemented in the 

JANA2000 program suite.  The starting atomic coordinates included three symmetry-unique 

Nb sites, one Cu site and eight oxygen sites within the unit cell.  All atoms occupy 4e Wyckoff 

sites with a full refined occupancy in the reported crystal structure of CuNb3O8.  The 

background was estimated by a Legendre polynomial function consisting of 15 coefficients, 

and the peak shapes were described by a pseudo-Voigt function with five profile coefficients.   
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During the refinement, first the background and the peak shape parameters were refined, 

followed by the unit cell and zero shift parameters.  The scale parameter and atomic coordinates 

were refined next, beginning with Nb and Cu atoms, and subsequently the O atoms.  The 

atomic displacement parameters were then refined.  

 A Rietveld structure refinement was carried out for the monoclinic α-Cu2Ta4O11 

collected at 298 K in a N2 atmosphere and refined using the GSAS-II software program.  The 

refinement strategy was implemented as follows. The scale factor, background (Chebyshev 

function with 4 terms), sample displacement and sample transparency, and unit cell of each 

phase were independently refined. The atomic positions were refined in order of decreasing 

scattering length, followed by the refinement of isotropic temperature factors (Uiso). The Uiso 

values were fixed for O atoms, peak shape profile (Gaussian and Lorentzian terms), for the 

monoclinic crystal class (𝐶𝑐, 9) were refined.  The occupancy factor for the Cu-sites in the 

refined structures were independently refined at 523 K. 

UV-Vis Diffuse Reflectance Spectroscopy 

 The UV-Visible diffuse reflectance spectra of all powder samples were collected on a 

Shimadzu UV-Vis-NIR Spectrophotometer (UV-3600) equipped with an integrating sphere.  

The data were plotted as the remission function F(R∞) = (1-R∞)2/(2R∞), where R is diffuse 

reflectance based on the Kubelka-Munk theory of diffuse reflectance.  The reflectance data 

were analyzed in the form of Tauc plots as [F(R) × hν]n versus hν, where n = 2 for direct 

allowed transitions and n = ½ for indirect allowed transitions.  The optical bandgap sizes were 
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estimated from the onset of absorption, as extrapolated from the linear section of the curve that 

intersects with the baseline.   

Scanning Electron Microscopy 

Scanning electron microscopy of the samples were performed on a JEOL SEM 6400 

Field Emission Scanning Electron Microscope (FESEM) at 10.0 kV in order to investigate the 

average particle sizes and surface features.  All samples were observed either bare or sputter-

coated with colloidal gold in order to enhance conductivity and to prevent surface charging.  

Digital images of powder samples were typically taken at a range of magnifications in order to 

observe single particles. 

BET Surface Area Analysis 

 Surface area measurements were collected using a Quantachrome ChemBET Pulsar 

TPR/TPD.  Samples were preheated and degassed for 2-3 hours under flowing nitrogen and 

then analyzed using  30% He/N gas mixture and liquid nitrogen cooling Dewar.  

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy measurements were carried out in a UHV chamber 

(base pressure 5 × 10-10 T) with a cylindrical mirror-type electron spectrometer (Riber MAC2).  

Non-monochromatic Mg Kα radiation (1253.6 eV) was used as the excitation source. The X-

ray spot size on the sample had a 2-3 mm diameter.  The energy resolution for the survey scan 

was ~2 eV and for the detail scan was ~1 eV.  Energy scales were calibrated by assigning 

adventitious carbon peaks at 284.5 eV.  Powder samples were either placed on carbon tape 

(Ted Pella) sample holders or deposited onto FTO slides in ambient air, and then immediately  
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loaded into the XPS chamber.  The powder samples deposited on the FTO slides were heated 

to 200 oC under UHV in order to remove the surface water and hydroxyl groups.  Spectra were 

analyzed using the commercial software package CasaXPS.25 The molar ratio of Cu(I):Cu(II) 

was determined according to previously reported methods developed for similar mixed-

valence metal oxides.26 Specific surface areas of the samples were measured using a 

Quantachrome Chem BET Pulsar TPR/TPD with N2 utilized as the adsorbate.   

Thermal Gravimetric Analysis 

The thermal stability and decomposition all powder samplers were measured on a TA 

Instruments TGA Q50 under flowing nitrogen gas by heating up to ~650 °C at a programed 

rate of 5°C/min.  A weighed amount (25-35 mg) was loaded on a platinum pan, equilibrated 

and tared at room temperature. 

Transmission Electron Microscopy 

An FEI Quanta 3D Dual Beam Scanning Electron Microscope (SEM) with Focused 

Ion Beam (FIB) was used to prepare the TEM sample.  The lift-out technique was used during 

the process, as illustrated in Appendix B in Figure B3.  A platinum bar with a ~10 × 2 × 2 μm 

size was deposited by the ion beam in order to protect the area of interest, and then both sides 

of the platinum bar were milled away by the FIB.  The foil was picked up by the Omniprobe 

and then fixed onto a Mo half-ring grid for further thinning to yield the TEM sample.  The 

microscope was operated at 30 kV on both SEM and FIB sides initially.  At the final polishing 

stage of the FIB, the voltage was lowered to 5 kV to minimize the damage introduced by the 

ion beam.  
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Atomic resolution images were taken using an FEI Titan 80-300 probe aberration 

corrected and monochromated Scanning Transmission Electron Microscope (S/TEM) operated 

at 200 kV.  In STEM mode, Z-contrast images were taken using a high-angle annular dark- 

field (HAADF) detector (Fischione Instrument), and elemental mappings were performed 

using the so-called “Super X” Energy Dispersive Spectrometric (EDS) system.  The EDS 

system consists of 4 windowless silicon-drift detectors (SDD) positioned symmetrically 

around the specimen to a unique FEI design.  The convergence angle was set at 21 mrad, and 

probe current was approximately 110 pA. 

Semiconducting Quantum Interference Device 

 Magnetization measurements were collected on a Quantum Design MPMS XL SQUID 

magnetometer with a maximum field capability of 7 T and a temperature range from 2-400 K. 

The CuNb3O8 sample was prepared by placing a weighed amount (~20 mg) of dry homogenous 

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

straw and secured with additional pieces of straw and polyimide tape.  Each sample was 

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

scan subtraction.  Magnetization measurements were recorded from 5 K to 400 K in a field 

that varied from 1-3 T depending on the sample. Magnetization field hysteresis loops were 

collected from -7 T to 7 T at 5 K.  Further details are provided in Chapter 4.  

Photoelectrochemical Measurements 

Polycrystalline films of Copper (I) niobates were prepared on fluorine-doped tin oxide 

(FTO) glass slides (TEC-15 from Pilkington Glass Inc.). The FTO glass slides were cleaned  



 

14 

    

by sonication in deionized water, acetone, and ethanol for 30-45 minutes.  A 2 × 2 cm2  area 

was masked off the FTO slides using Scotch tape, the powders were ground in ethanol as a 

dispersant and deposited on to the film using the doctor-blade technique. All films were 

annealed under vacuum at 500 °C, and the films were either not heated further, or were heated 

in air at 350 or 450 °C for 3 hours.  All electrochemical experiments were carried out in a 

Teflon cell using a three-system, with the polycrystalline film as the working electrode, Pt as 

the counter electrode, and a standard calomel reference electrode (sat. KCl). Argon gas was 

bubbled through the electrolyte solution (0.5 M Na2SO4) for 30 minutes before the 

measurements; the pH of the solution was adjusted using NaOH(aq). All polycrystalline films 

were irradiated from the backside using a 400 W Xe arc-lamp equipped with visible-light 

cutoff and bandpass filter (λ ≥ 420nm).  Cyclic voltammetric measurements were carried out 

under chopped visible light irradiation with an applied bias voltage range of 200 mV to -600 

mV vs. SCE. 

 Polycrystalline films of α-Cu2Ta4O11 were prepared on TEC-15 fluorine doped tin 

oxide (FTO) slides (Pilkington Glass Inc.). First, FTO slides are sonicated in de-ionized water, 

followed by ethanol and acetone for 30 min each and dried in air in an oven set to 80 °C. A 1 

cm2 area was taped off using Scotch tape on the conducting side of the FTO, and a slurry of 

Cu2Ta4O11 in a water/tert-butanol solution was deposited using the doctor blade method. The 

films were annealed under dynamic vacuum (P<50 mTorr) at 500 °C for 3 h to allow particles 

to sinter. After the annealing process, films were heated to various temperatures for 3 h each.  

The linear sweep voltammetry (LSV) measurements were taken on a CH-Instruments CH620a  
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potentiostat under chopped simulated AM 1.5 G irradiation at 100 mW/cm2 (Oriel) using a 

scan rate of 0.0250 Vs-1. Chronoamperometric measurements were taken at the short circuit 

condition (V=0.0) for 1000 s each. The polycrystalline films served as the working electrodes, 

Pt foil as the counter electrode and an SCE (sat. KCl) electrode served as the reference 

electrode during measurements. The area of the working electrode was 1 cm2.  A 0.5 M Na2SO4 

solution adjusted to pH 6.5 using diluted H2SO4 was prepared for each photoelectrochemical 

measurement. This solution was purged with N2 gas for 30 min prior to, and during 

photoelectrochemical measurements to remove any dissolved O2 in the electrolyte solution.   

Dissertation Organization 

 This dissertation is organized in the form of journal articles either formerly published 

or in a potentially publishable format.  The results of Chapters 2-5 have been published with 

the citation listed at the beginning of each chapter, while Chapter 6 is written in a potentially 

publishable format.  
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Figure 1.1.  A depiction of a molten salt-flux producing crystals of various morphologies, 

chemical compositions, particle size and dimensions. Figure was reproduced from Boltersdorf 

et. al.14 
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Figure 1.2 A schematic representation of the insertion of Cu 3d orbitals in the solid-solution 

Na1-xCuxTa4O11, and Cu(I)-tantalates Cu5Ta11O30 and Cu3Ta7O19.  Figure was adapted from 

Joshi et. al.6  
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Figure 1.3 A schematic representation of a p-type semiconductor the valence band is shown 

in blue, the conduction band is outlined in black with the bandgap energy indicated by a 

double-headed arrow, the Fermi level is shown in red. Figure was adapted from Wertz, D. 32    

  



 

22 

    

CHAPTER 2 

 

Flux-Mediated Crystal Growth of Metal Oxides: Synthetic Tunability of Particle 

Morphologies, Sizes, and Surface Features for Photocatalysis Research 

Based on the invited highlight published in CrystEngComm 

CrystEngComm, 2015, 17, 2225-2241. 

 

Jonathan Boltersdorf, Nacole King, and Paul A. Maggard 

Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204 

 

TOC Caption: Flux crystal growth of mixed-metal oxide photocatalysis with (A) rod- and 

(B) platelet-shaped morphologies grown under varied flux conditions.   

 

ABSTRACT 

 Molten-salt reactions can be used to prepare single-crystal metal-oxide particles with 

morphologies and sizes that can be varied from the nanoscale to the microscale, subsequently 

enabling a growing number of novel investigations into their photocatalytic activities.  Crystal 

growth using flux-mediated methods facilitates finer synthetic manipulation over particle 

characteristics.  The synthetic flexibility that flux synthesis affords for the growth of metal-

oxides has led to the stabilization of phases limited stability, the discovery of new 

compositions, and access to alternate crystal morphologies and sizes that exhibit significant 

changes in photocatalytic activities at their surfaces, such as for the reduction of water to 

hydrogen in aqueous solutions.  This approach has significantly impacted the current 

understanding of the optical and photocatalytic properties of metal-oxides, such as the 

dependence of band gap energies on the structure and chemical composition (i.e., obtained 

from flux-mediated ion-exchange reactions).  Thus, flux preparations of metal-oxide 
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photocatalysts assist in the growth and optimization of their particles in order to understand 

and tune the photocatalytic reaction rates at their surfaces.   

KEYWORDS: Flux synthesis, molten-salt, crystal growth, ion-exchange, photocatalysis, 

solar energy conversion 

I. INTRODUCTION 

Current synthetic challenges for the crystal growth of complex oxides can be addressed 

by utilizing flux synthetic methods, which has made a significant impact in research involving 

solar energy conversion. The flux synthetic method is a modification of the high-temperature 

solid-state ceramic method that involves the addition of a molten-salt solvent to facilitate 

crystal growth with improved phase-purity and particle homogeneity.1–6 The flux synthetic 

route requires the use of an inorganic salt heated above its melting temperature in order to 

dissolve solid inorganic reactants and to serve as a solvent system for crystallization. Crystal 

growth in a molten flux can be described to occur in four steps: i) reactant dissolution; ii) 

reactant diffusion through the molten flux; iii) nucleation; and iv) subsequent crystal growth 

of the product from the nuclei.1,3,7–11 The flux solvent approach facilitates the growth of crystals 

below the melting points of the constituent reactants and desired products, thereby allowing 

for lower reaction temperatures.1,2  

The flux-mediated growth of single-crystals allows for the exploration of new 

compositions and structures in order to investigate their physical properties. Flux-mediated 

crystal growth can yield high-quality crystals suitable for single-crystal X-ray diffraction.1–3,5,7 

Many reports have demonstrated the remarkable effectiveness and utility in using flux  
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synthesis. For example, a recent review by zur Loye et al7 provides an overview of high-

temperature molten fluxes for crystal growth and materials’ discovery of complex oxides. 

Flux-mediated crystal growth also affords the synthetic control over crystallite morphologies, 

sizes, and surface features.7,12–22 In particular, the synthetic flexibility afforded by flux-

mediated crystal growth methods has led to an increased interest in the exploration of new 

ternary and quaternary mixed-metal oxides for use in suspended particle photocatalysis for 

total water splitting. Studies focused on the modification of particle sizes, morphologies, and 

surface features as a function of flux conditions have been shown to yield significant 

enhancements in photocatalytic rates.12,13,19–21,23–32   

This highlight is focused on the preparation of ternary and quaternary metal oxides 

using molten-salt flux synthesis methods and their use in suspended-particle photocatalysis 

research for the conversion of solar energy to chemical fuels. A comparison of conventional 

solid-state and flux synthetic methods will be described, together with the advantages and 

design strategies for the targeted preparation of crystalline metal-oxides using molten salts. 

Next, the role of the flux reaction conditions to control the particle morphologies and sizes will 

be related to their resulting properties at the surfaces.  Finally, strategies for the discovery of 

new compositions and phases with limited stability will be discussed with relevance to solar 

energy conversion.   

II. SOLID-STATE VERSUS FLUX METHODS 

 The most commonly utilized synthetic technique for crystal growth of complex oxides 

is the high temperature ceramic (or solid-state) method. The solid-state method typically 

involves combining stoichiometric proportions of solid inorganic reagents into a well-mixed 



 

25 

    

fine powder in order to maximize the interfacial surface area. The well-ground mixtures are 

typically heated in a high-temperature furnace between 500 and 2000 °C in alumina or 

platinum crucibles. High temperatures and surface areas are necessary in order to increase the 

reaction rate and to shorten the ion diffusion paths. The rate of diffusion is often the limiting 

step owing to the fact that solid-state reactions only take place at the interface of the solid 

reactants in the absence of a solvent.2,3,7–9,33 The mixtures can be pressed into a pellet to 

increase the direct contact of the crystallites. The solid-state method can require several cycles 

of grinding and reheating at high temperatures in order to yield a high-purity crystalline metal-

oxide. Particle dimensions and morphologies are typically irregular, with limited synthetic 

control using solid-state methods.3,7,9  

The flux synthetic method provides an approach for the nucleation and growth of a 

metal-oxide in a molten-salt solution through the dissolution of inorganic reagents and the 

resulting precipitation of the desired metal-oxide crystals.1–4,7,8,34  Lower reaction temperatures 

in a flux solvent system result in highly crystalline and well-defined faceted surfaces.2 Crystal 

growth at lower temperatures can allow phases to form without heating above a temperature at 

which the desired material would not be stable, or where an irreversible phase transition could 

occur.3,7 Incongruently melting and highly non-stoichiometric mixtures are typically 

crystallized using a flux in order to avoid the formation of an undesired phase.1–3,7,8 The 

enhancement of reaction kinetics and crystal growth in molten salts has been experimentally  

observed throughout the literature; however, little is known about the mechanisms and kinetic  

pathways in the solid-state or molten-salt fluxes.7,35–37 Early stages of reaction kinetics in solid 

solutions are beginning to be investigated by in-situ powder X-ray diffraction experiments, 
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which have shown enhanced reaction kinetics and crystal formation when using a molten flux 

in comparison to solid-state reactions. Reaction times as a result of using a molten flux have 

been reduced from 24-96 h down to as low as 15 min for the formation of mixed-metal oxides, 

such as NaTi2O4, CuNb3O8, and RbCa2Nb3O10.
15,19,21,27,35,36,38  

The molten flux covers the surfaces of all reactant particles, preventing aggregation 

and sintering that are typically observed in solid-state reactions. The coating of all surfaces 

with the flux acts to increase the degree of homogeneity, to control the agglomeration level 

and anisometric particle growth, and to prepare well-defined uniform particle distributions. 

The presence of the molten flux promotes the formation of well-defined faceted particles with 

fewer grain boundaries, as typically observed in single-crystal growth from aqueous 

solutions.1–3,5,7,8 Prolonged heating of the reactant mixtures in a flux enhances the material 

transport in the solution, and can increase the average particle size over time by Ostwald 

ripening.2,3,7  Furthermore, adjusting the growth rates of metal-oxide surfaces can yield 

particles with cube, octahedron, or cuboctahedron morphologies, such as shown for Pb3Ta4O13 

in Figure 2.21 when the growth rates along the [100], [111], or intermediate growth are 

predominant for cubic systems, respectively.1–3,7 Crystallographic anisotropy governs 

anisotropic crystal growth, while isotropic cubic crystal structures tend to form cube 

morphologies in molten salts. The greater the  degree of structural anisotropy, the more likely 

the formation of 1D rods, 2D platelets, or more complex morphologies with differing exposed  

crystal facets.34 The growth rates of the exposed crystal facets are highly dependent upon the 

choice of flux, degree of supersaturation of the flux solution, and the reaction conditions.1–

3,5,7,37,39,40  
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It has been theorized that stable terminating crystal facets develop from equilibrium 

faces with the lowest free energy.39 These facets typically exhibit lower Miller indices and 

have higher atomic packing densities. Preferential growth of crystal facets and anisotropic 

crystal morphologies may result, and are dependent upon the growth mechanism of the 

particle.1–3,7,39 For example, flux synthesis of the photocatalysts La2Ti2O7 and Na2Ta4O11, both 

grown in a Na2SO4/K2SO4 molten flux, have shown preferential growth of {100} and {0001}, 

{101̅2}, and {101̅4} terminating crystallographic facets at their surfaces, respectively.19,25 

Layered perovskite structures favor preferred crystal growth of habit planes that typically 

facilitate the exposure of the {001} system of planes at the flat platelet surfaces.18,23–26,41 

Distinct crystal facets for metal oxides have been commonly observed as a function of flux 

reaction conditions; however, investigations have not shown how to selectively express desired 

facets for complex oxides. The synthetic control over the exposed crystal faces is useful in 

probing reactions at the surfaces and identifying preferential anisotropic photocatalytic 

properties.   

III. FLEXIBILITY OF FLUX SYNTHESIS CONDITIONS 

 

Appropriate selection of a flux in the synthesis of metal-oxide particles has been used 

to increase the particles’ crystallinity and specific surface area, as well as yield more well-

defined and faceted surface features.12,13,16,17,19,23–25,42 Synthetic manipulation of the particles  

dimensions and their surface features is dependent on the choice of flux, the flux-to-reactant 

molar ratios, synthesis temperatures, heating/cooling times, and other 

conditions.12,13,15,19,21,24,25,42  As shown in Table 2.1, flux solvents have been selected from an  
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extensive array of metal oxides, hydroxides, halides, and oxosalts in order to yield a wide range 

of ternary or quaternary metal oxides. In practice, the flux and reaction conditions are typically 

chosen by a trial and error procedure, taking into account the solubilities of the reactants within 

the flux and the experimental trends from the literature. The necessary flux conditions are 

unique to each reaction system. However, an appropriate flux should have a relatively lower 

melting point compared to any of the reactants, low volatility, and should be able to be easily 

removed, such as by washing, in order to isolate the products.7  

VII. SUMMARY AND OUTLOOK 

 

 Flux-mediated crystal growth is an ideal method as a result of its synthetic flexibility 

and capabilities in obtaining well-defined single-crystal particles and surface structures. Flux 

methods used in conjunction with nanoparticle reagents may be used in order to obtain 

nanocrystalline mixed-metal oxides for better synthetic control over particle morphologies, 

sizes, and surface features for enhanced photocatalytic activities.  Compositional modifications 

of flux-prepared mixed-metal oxides can effectively decrease the band gap energy in order to 

sensitize photocatalysts for visible-light absorption in order to reach maximum solar 

efficiency. Tremendous advances in the flux crystal growth of mixed-metal oxides for practical 

applications in photocatalysis research have made them a viable alternative to commonly 

utilized binary oxides such as TiO2 and NiO. Further modifying flux methods for tuning  

particle sizes, morphologies, specific surface areas, and crystallinity can be used in order to 

obtain nanoparticulate mixed-metal oxides that can have highly desired optical and 

photocatalytic properties.  
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A. CHOICE OF FLUX SOLVENT 

 

In order to solubilize inorganic reagents in a flux, the physical and chemical properties 

of the solute and solvent, such as the polarizability, ionic or covalent bonding, 

electronegativity, and common cations/anions, should be similarly matched. The solubilities 

of metal oxides in molten fluxes have been previously studied using thermodynamic and 

potentiometric determination methods.43–52 The use of fluxes with the same cations as the 

desired metal-oxide typically yields phase-pure crystals as a result of the similar chemical 

bonding, coordination site preferences, electronegativity, and crystal radii. As a general 

guideline, the hard–soft acid–base (HSAB) theory can be used to predict solubility of inorganic 

reactants in molten-salt fluxes. Typically, metal cations are soluble in their corresponding 

metal halide fluxes; additionally, halide fluxes can exhibit mineralizing effects. Salt fluxes that 

can act as mineralizers include hydroxides (e.g., NaOH, KOH, LiOH), carbonates (e.g., 

Na2CO3), and halides (e.g., NaF, KF, NaCl, KCl).3–5,7,53–55  

Oxosalt solvent systems, such as hydroxides, nitrates, carbonates, and sulfates, are 

suitable fluxes for solubilizing metal oxides owing to their acid-base chemistry.  The solubility 

of metal oxides in oxosalts can be described by the concentration of oxygen anions in solution 

using the Lux–Flood (L–F) type acid–base equilibrium, in which the acid is defined as an O2- 

acceptor, the base is defined as an O2- donor, and the ‘‘neutral’’ species as OH-.  For example, 

under moderately basic conditions the precipitation of metal oxides (e.g., TiO2) can occur in a 

molten oxosalt flux. However, with increasing basicity metal oxides can be dissolved into the 

flux to form metallate complexes (e.g., TiO3
2-) that can further react with cations in solution to  
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form mixed-metal oxides. In the case of a PbO flux with a TiO2 precursor, the flux liberates 

O2- anions in solution to dissolve TiO2 into TiO3
2- under basic conditions, which can then react 

with Pb2+ cations in solution to form PbTiO3.
3–5,7,13,22,31,54–62 Molten fluxes that tend to form 

strongly oxidizing species or complex metallates in solution act to stabilize structures with 

higher oxidation states.  

Molten-salt fluxes can also be used in binary combinations to form eutectic mixtures 

that are advantageous owing to their reduced melting points and lower viscosity, e.g., NaCl-

KCl and Na2SO4-K2SO4. These two eutectic fluxes have been widely used in the literature for 

the crystal growth of metal oxides, such as listed in Table 1. For example, the melting points 

of NaCl and KCl are 801 °C and 770 °C, respectively, but the melting point of a 50% NaCl 

and 50% KCl eutectic mixture has a reduced melting temperature of 650 °C.3,10 Available 

databases of thermodynamic phase diagrams can aid in selecting the appropriate molar ratio 

and melting point of a eutectic mixture. An excellent online resource is the FactSage FTsalt 

thermochemical software and database available through the École Polytechnique de 

Montréal.63 Identifying the ideal flux solvent or eutectic flux system for a given reaction is 

typically accomplished using the general guidelines given by HSAB theory, Lux-Flood theory, 

and the desired reaction conditions.4,5,7,54 The use of flux solvents or eutectics that contain 

borates, phosphates, or silicates are typically avoided owing to the fact that these covalent  

anion groups easily form highly viscous liquids and vitreous phases.4 Many additional types 

of molten salts that have been reported in the literature for the growth of crystals include 

peroxides, chalcogenides, chalcophosphates, hydrofluxes, or metals/intermetallics, with each 

of these being system specific.4,7,64–72 
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One limitation in the use of molten-salt fluxes is that it is desirable for them to not react 

with the reaction container and to not be incorporated into the final products.  For example, 

alkali- or alkaline-earth-metal hydroxides and lead(II) oxide fluxes are extensively used to 

solubilize reactants due to their high oxobasicity, and have especially been shown to corrode 

alumina and platinum crucibles, respectively. Corrosion of the reaction containers can cause 

aluminum or platinum contamination; therefore, care should be taken when using these 

materials as fluxes.7 In order to minimize the incorporation of the flux ions into the crystalline 

products, it is typical to select a molten-salt flux with common cations or anions as that of the 

targeted product.1–3,7,8 For example, the flux synthesis of Cu(I)-containing mixed-metal oxides 

(e.g., CuNb3O8, Cu2Nb8O21, Cu5Ta11O30, Cu3Ta7O19, etc.) react with alkali-metal salts results 

in the formation of well-known phases such as NaBO3 and Na2B4O11 (B = Nb, Ta), and  hence 

must be prepared using a CuCl flux solvent.15,16,19,21,38,73–77 There are cases in which the flux 

may take on the role of a reagent in a beneficial manner for ion-exchange methods, as will be 

discussed later.  

B. SYNTHETIC CONDITIONS FOR FLUX SYNTHESIS 

 

The solubility of the reagents and the optimum growth rate of the crystalline product is 

system specific, and therefore tuning the flux ratios and cooling times are paramount to 

avoiding dendritic growth (too much flux) or agglomerate growth (too little flux). The resulting 

crystal size is a function of the degree of supersaturation of the flux solution, where reaching 

optimal supersaturation aids in minimizing the presence of crystal defects at the surfaces.1–3,7 

Flux-to-reactant molar ratios are instrumental in adjusting the concentration of reactants in the  
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molten salt over a wide range, typically from 1:1 to 50:1 molar ratio. Modifying the flux-to-

reactant molar ratio can be used to improve the reaction rate and solubility in order to yield 

well-defined single-crystal particles.  The reaction temperatures, times, and cooling rates all 

can be varied quite significantly. Reaction temperatures just above that of the melting point of 

the flux are typically used for crystal growth, but reaction temperatures can range from two-

thirds of the melting point to 100-400 °C above the melting point. The reaction temperature 

should be well below that of the boiling point of the flux in order to avoid volatilization.  

In order to nucleate larger well-defined crystals, slower cooling rates are usually used 

and can vary between 1 to 60 °C per hour. Quenching of the flux mixture has been shown to 

yield single crystals as well, but typically of smaller sizes. The mixture is brought above the 

melting point of the flux and soaked at that temperature typically for 15 min to 120 h in order 

to enable dissolve the reagents and saturate the molten-salt mixture. Depending on the 

chemical system, slow cooling or quenching can cause the molten flux to supersaturate. 

Supersaturation is favorable for crystal nucleation and subsequent growth once a critical size 

has been reached.7  Recent flux syntheses of Cu(I) niobates using a CuCl flux has been shown 

to yield, after quenching, well-defined platelet crystals for CuNb3O8 (750 °C for 15 min; 

quench) and rod-shaped crystals for Cu2Nb8O21 (550 °C for 24 h; quench), as shown in Figure 

2.2.15,38  

C. FLUX SYNTHESIS OF METAL-OXIDE NANOPARTICLES 

 

The nanostructuring of ternary and quaternary metal-oxides using a molten flux has 

proven to be synthetically challenging within many chemical systems. Early investigations into  
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the flux synthesis of nanoparticulate BaTiO3 crystals have led to the development of viable 

approaches for the nanoscaling of mixed-metal oxides.34,78–81 Selective growth of mixed-metal 

oxide nanoparticles can be accomplished using i) lower reaction temperatures, ii) short reaction 

times with quenching of the reaction mixture, iii) nanoparticulate precursors with desired 

particle shapes, and iv) increased dissolution rates of precursors by adjusting the flux 

conditions. The dissolution rates of the precursors can be controlled by following the solubility 

rules given by the Lux-Flood and HSAB theories. These guidelines have been the driving force 

for the growth of mixed-metal oxide nanocrystals, such as Cu2Nb8O21,
15 ATiO3 (A = Sr, Ba, 

Pb),13,78–82 ANbO3 (A =Li, Na, K),83–85 LaMnO3,
78 BaTi2O5,

86 Sr2SbMnO6,
87 and for several 

Li-ion battery materials.59,88–91 In all cases, the initial sizes and morphologies of the less soluble 

metal-oxide precursors (e.g., TiO2, Nb2O5) have largely determined the morphology and 

nanoscale dimensions of the desired products, such as nanoparticulate rods, spheres, cubes, 

platelets, and wires. Synthetic modulation of the particle characteristics can also have a large 

impact on metal-oxide surfaces that influence their photocatalytic properties, as described 

below. 

D. USE OF FLUX REACTIONS IN PHOTOCATALYTIC 

INVESTIGATIONS 

 

Flux-preparation of metal-oxides has been of increasing importance in a growing number 

of studies probing photocatalysis mechanisms and surface reactivities of metal-oxide 

photocatalysts.12,13,19,21,23–25,30  Flux crystal growth of complex metal-oxide photocatalysts is a 

growing focus of new investigations compared to commonly used binary oxides (e.g., TiO2, 

NiO) as a result of the new capability to tune electronic configurations and optical bandgap 
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sizes. Each metal-oxide has its own unique crystal growth conditions based on the reagents 

used, choice of flux solvent, and the synthetic conditions; therefore, no broad generalization  

on the design strategy, growth mechanism, or particle formation can be assumed for all flux 

reactions.  As described below, each of these particle characteristics has been shown to play a 

significant role in governing the photocatalytic reaction rates at the surfaces of metal oxides.  

A. PHOTOCATALYTIC REACTIONS OF METAL-OXIDE PARTICLES 

 

As described in many recent reviews, the photocatalysis of suspended metal-oxide 

particles is driven by the absorption of photons and the separation of the excited electron-hole 

pairs within the depletion layer at the particles’ surfaces,92 as illustrated in Figure 2.3.  

Suspended particle photocatalysis for water-splitting can be described as a three step process, 

i) the absorption of photons greater than the band gap energy, ii) charge separation followed 

by migration of photogenerated carriers to the surfaces, and iii) reaction of the carriers with 

adsorbed chemical species at the surface.93,94 At the solid-solution interface band bending 

within the depletion layer of the photocatalyst is caused by the charge transfer between the 

solution and the metal-oxide until the Fermi levels have equilibrated.92,95 The depth of this 

depletion region is referred to as the space charge width (W), and the electric field established 

within this region is responsible for driving the electron-hole separation. The space charge 

width is determined by a number of parameters, as shown in Figure 2.3, including the dielectric 

constant (εr), dopant density (ND), and space charge height (φSC).95,96  The excited charge 

carriers are separated and driven to the particles’ surfaces where reduction and oxidation 

reactions of surface species can occur, for example, in the reduction and/or oxidation of water 
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to hydrogen and oxygen gas.  Electron-hole recombination will predominate when the photon 

is absorbed deeper within the bulk of the particle beyond the space charge layer.  Metal-oxides  

with an optimal match of their space charge widths to their single-crystal particle sizes and 

shapes are expected to yield the most efficient photocatalytic activity.  In addition, factors such 

as crystallinity and exposed surface facets can play a predominant role in affecting the 

photocatalytic activity of metal-oxide particles.   

Cocatalysts deposited on the surfaces of metal oxides act as enhanced active sites for 

water oxidation and reduction as a result of the ohmic contact established at the metal-

semiconductor interface.95,97–100 The roles that increased crystallinity and particle surfaces have 

in the enhancement of photocatalytic efficiencies are revealed by the preferential deposition of 

cocatalysts at the particles’ surfaces. Investigations have shown that cocatalysts such as Pt and 

RuO2 preferentially deposit at well-defined surface features (e.g., steps, edges, corners, etc.) 

of metal-oxide particles.13,23,24,26,99,100 These surface features are the preferred active sites for 

electron migration to the solid-solution interface for the formation of catalytic products (e.g., 

H2 and O2).  The increased crystallinity of metal-oxide particles prepared from flux methods 

can reduce defect sites present in the bulk and at the surface that can lead to electron-hole 

recombination, subsequently increasing the overall photocatalytic activity.92,94,101   

B. EFFECTS OF PARTICLE MORPHOLOGIES, SIZES, AND 

SURFACES ON PHOTOCATALYTIC REACTION RATES 

 

Early investigations into the photocatalytic activities of metal oxides utilized only high-

temperature ‘grind and heat’ solid-state syntheses to obtain the desired products.28,102–105 

Starting with research by the Maggard group, the flux syntheses of metal-oxide photocatalysts 
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with synthetic tunability have been used increasingly to understand the impact of the particle 

sizes, morphologies, and the underlying crystal structure.3,7,24,29,92,101  For example, the solid-

state preparation of the layered perovskite La2Ti2O7 was previously found to exhibit a quantum  

efficiency of 27% for hydrogen production from aqueous solutions under ultraviolet-light 

irradiation.25  However, using a eutectic Na2SO4/K2SO4 (1:1 molar ratio) flux, the La2Ti2O7 

particle sizes could be tuned by varying the reaction times and flux-to-reactant molar ratios.  

The Na2SO4/K2SO4 eutectic flux has been found to be useful for obtaining well-defined particle 

shapes owing to its Lux-Flood oxobasicity and reduced melting point. Anisotropic platelet-like 

morphologies were produced with minimum lateral dimensions of ~500 nm and platelet 

thicknesses of ~100 nm.  The measured photocatalytic rates for hydrogen formation for the 

flux-synthesized La2Ti2O7 powders increased with decreasing particle sizes, exhibiting a 

maximum rate of ~140 μmol H2g-1h-1.  These rates were up to two times greater than the 

solid-state prepared sample, which exhibited a lower rate of ~87 μmol H2g-1h-1, owing to 

the platelets having an increased active surface area and smaller particle size.25  Particles with 

nanoscale dimensions have an increased total surface area with shorter carrier migration 

distances, providing a larger number of available reaction sites at the surface.  Thus, flux 

reaction conditions can be instrumental in optimizing the surface-to-volume ratio of single-

crystal particles (i.e., with nanosized dimensions) in order to maximize the photocatalytic 

rates.92,101  

Among the most active photocatalysts, the 2% La-doped NaTaO3 has been found to 

exhibit the highest reported quantum efficiency (~56% at 270 nm).  This has been attributed 

to surface nanostepped structures on its single-crystal particles that are 0.1 – 0.7 μm in height  
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as a result of lanthanum doping.21  By comparison, non-doped NaTaO3 particles, with sizes of 

2–3 mm and flat surfaces, show decreased rates by a factor of four times or more.  The 

nanostepped surfaces of La-doped NaTaO3 create both a higher surface area as well as separate 

surface sites for H2/O2 production that help inhibit recombination and back reactions.  Using 

flux synthetic methods, La-doped NaTaO3 can be prepared within a Na2SO4/K2SO4 eutectic 

flux.  Particle sizes were tuned by a factor of up to two to three times by varying the flux-to-

reactant molar ratio, and also producing particles with nanostepped surface features.21 

However, smaller particle sizes resulted in decreased photocatalytic rates for H2 production of 

~30-40%.  Reduction in the photocatalytic rates are attributed to the potential gradient within 

the space charge region, which is typically negligible when the dimensions of the crystal are 

much smaller than twice the width of the space charge region (e.g., estimated at ~100 to 200 

nm for La-doped NaTaO3).  As a result, the rate of electron-hole recombination increases when 

the particles’ dimensions are modified to significantly less than that of the space charge 

width.92,95,101  Similar results have been found for AgNbO3 and PbTiO3, both of which exhibit 

higher photocatalytic rates for H2 and/or O2 formation for the larger particle sizes obtained 

from flux methods.  However, their photocatalytic rates for hydrogen production were up to  

twice as much as compared to the same products obtained using solid-state methods. The 

increase in photocatalytic rates as a result of using a flux has been attributed to the well-defined 

surface features that serve as active sites for photocatalytic water splitting.12,13,24,25  

The exposed crystallographic facets of metal oxides can be varied as a result of growing 

different particle morphologies, such as rods, platelets, cubes, octahedrons, or related 

intermediate shapes using flux methods.3,7,13,23,24,29 In recent research, Kakihana et al. have 
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shown that the particle morphologies, sizes, and exposed crystal facets of SrTiO3 are highly 

dependent on the choice of flux, and have a significant impact on the photocatalytic activities. 

The SrTiO3 phase was prepared by both solid-state and flux methods at 1000 °C using LiCl, 

NaCl, KCl, and SrCl2 fluxes in a 1:1 flux-to-reactant molar ratio, resulting in single-crystal 

particles shown in Figure 2.4. The alkali-metal halide fluxes were unreactive, acting purely as 

a solvent system and avoiding the formation of undesired by-products (i.e., ATiO3; A = Li, Na, 

K).   The metal halide fluxes can act as mineralizers, with the varied cation sizes effecting the 

melting point, viscosity, and supersaturation of the flux solvent system in order to yield various 

well-defined particle shapes. By contrast, solid-state methods yielded irregularly-shaped 

particles that were largely aggregated with sizes of ~5-15 μm for the agglomerates.  The LiCl 

flux yielded large cubes with sizes of ~5-6 μm with primarily {100} exposed crystal faces. The 

use of a NaCl or SrCl2 flux yielded edge-truncated cubic-shaped particles with sizes of ~300 

nm and {100} and {110} exposed crystal faces. The KCl flux-prepared particles were of 

comparable sizes, but with highly-faceted particle morphologies. The KCl flux resulted in 

particles with the {100}, {120}, and {121} crystal faces exposed at their surfaces and smaller  

particles sizes that yielded significantly enhanced photocatalytic rates of ~6.6 mmol H2g-1h-

1 and ~3.3 mmol O2g-1h-1 .29  

A recent investigation by Takanabe et al. into the flux synthesis of the SnNb2O6 

photocatalyst demonstrates the utility in tuning flux-to-reactant molar ratios for optimizing 

particle sizes and photocatalytic activities.  The SnNb2O6 compound was prepared at 600 °C 

using a SnCl2 flux at various flux-to-reactant molar ratios, resulting in platelet-shaped 

morphologies. The SnCl2 flux solvent has a common Sn(II) cation and was found to have a 
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mineralizing effect. By contrast, conventional solid-state methods resulted in irregularly-

shaped agglomerated particles, as shown in Figure 2.5.  Increases in the flux-to-reactant molar 

ratio led to anisotropic crystal growth along the lower energy bc plane at a slower growth rate 

and afforded well-faceted and smooth platelet morphologies with {00l} exposed crystal faces. 

An increase in particle size from ~0.3 to ~3.0 μm was observed with an increase in the flux 

ratio. As the particle sizes increased as a function of the flux ratio, the photocatalytic rates for 

hydrogen production as well increased from ~244 to ~316 μmol H2g-1h-1.20  The increased 

photocatalytic activity for hydrogen production was also attributed to the decrease in Sn(IV) 

surface defects and the highly-faceted surfaces of the flux-prepared particles. The flux 

preparation minimized the number of surface defects and grain boundaries that can act as 

electron-hole recombination sites, which are found in higher amounts in agglomerated particles 

resulting from solid-state preparations.20  

Structures with layered metal-oxide connectivity, as shown in Figure 2.6 for Dion-

Jacobsen and Ruddlesden-Popper phases, show significantly higher charge mobility along the  

two-dimensional layers of their structures.  Single-crystal particles of these perovskite 

structures also most commonly grow as platelets with the metal-oxide layers parallel to the 

plane of the platelets.  For example, the Dion-Jacobsen RbLaNb2O7 phase could be prepared 

in the form of thin platelet morphologies from a RbCl flux, with lateral dimensions of several 

micrometers and platelet thicknesses of ~100 to ~300 nm.  The RbCl salt was utilized as a flux 

due to its low melting point, mineralizing effect, and the Rb(I) cation common between the 

flux and RbLaNb2O7 product. The photocatalytically-active surface sites of the platelets were 

observed to be at the particle edges and surface steps, as found by using the photochemical 
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reduction reaction of Pt(s) islands at the surfaces as chemical ‘markers’ of surface reaction 

sites, as shown in Figure 2.7.  Platinum surface cocatalysts act as active sites for photocatalytic 

water splitting. Therefore, the active sites of metal-oxide particles can be inferred by the 

location of the platinum surface islands.  Electronic structure calculations on RbLaNb2O7 

confirmed that the excited electrons are preferentially confined to the metal-oxide layers along 

the lateral dimensions of the particles, until reaching a surface step or edge to drive reduction 

reactions.  In another example, the Ruddlesden-Popper Na2Ca2Nb4O13 layered phase could be 

flux-prepared as large micrometer to millimeter-sized platelets within a Na2SO4 molten salt at 

1100 °C, as shown in Figure 2.8. The Na2SO4 oxosalt flux was utilized due to its previous 

success in other reactions, its Lux-Flood oxobasicity, and the Na(I) cation common in the flux 

and Na2Ca2Nb4O13 product. Increasing the amount of flux yielded the larger particle sizes and 

the highest photocatalytic activities for hydrogen formation from aqueous solutions of ~447 

μmol H2g-1h-1.  The surfaces of the larger platelets had a larger concentration of stepped  

features at the edges that were ~10-120 nm in height, and where the Pt(s) islands preferentially 

deposited.23  Surface absorption of molecular species, and their catalytic reactivity, is well 

known to occur most favorably at surface features like steps, edges, corners, etc.19,23,24,26   

Flux synthetic techniques can also be utilized to modify the particle morphology, e.g., 

from the platelet-shaped to rod-shaped crystal morphology shown in Figure 2.8. For example, 

the synthesis of Na2Ca2Nb4O13 using a NaCl flux yielded ~1-10 μm long rod-shaped particles, 

rather than the more common platelet morphologies.  The NaCl flux was utilized due to the 

lower melting point compared to Na2SO4, mineralizing effect, and the Na(I) cation common 

between the NaCl flux and Na2Ca2Nb4O13 product. The NaCl flux solvent will differ in 
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viscosity and growth rate, which led to the preferential growth of rod-shaped particles.  The 

photocatalytic activity of Na2Ca2Nb4O13 prepared using a NaCl flux was 1,355 μmol H2g-

1h-1; significantly higher than that obtained from the platelet morphologies using a Na2SO4 

flux.  For the rod-shaped morphology, the higher surface areas of the smaller particles resulted 

in an increase in the photocatalytic activities for hydrogen formation in aqueous solutions.  The 

rod-shaped particles also possessed a shorter diffusion length for the excited electrons to 

migrate and react at the surfaces, such as depicted in Figure 2.3.  The change in morphology 

from platelet-shaped to rod-shaped particles is useful in order to adjust for a larger or smaller 

space charge width, respectively. Modification of the particle morphologies also aids in 

orienting the structural features that yield higher charge mobility (e.g., along extended metal-

oxide layers) along either the short or long dimensions of the single crystal particles. Adjusting 

the choice of flux, flux-to-reactant molar ratio, and reaction time and temperature can be used  

to achieve rod- and platelet-shaped morphologies, as shown for PbTa4O11
27 and RbLaNb2O7

24, 

respectively, in Figure 2.9.  Similar investigations into the impact of flux synthesis on particle 

morphologies and photocatalytic activities have been reported for many metal-oxide 

photocatalysts, such as PbTiO3, AgNbO3, and Na2Ta4O11.
12,13,19,21,24,25 

VI. FLUX SYNTHESIS OF NEW METAL-OXIDES FOR PHOTOCATALYSIS 

RESEARCH 

 

Molten-salt flux techniques can also be used in the preparation of new metal-oxides 

with desired compositions and structures.  Flux reactions can provide access to the crystal 

growth of new compositions, structures, and morphologies of phases that have not been 

previously achieved using traditional solid-state methods.  Flux synthesis can also aid in 
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thermodynamically or kinetically stabilizing new phases during crystal growth by increasing 

the lifetimes of the nonequilibrium phases.106,107 

A. FLUX-MEDIATED ION-EXCHANGE REACTIONS 

 

 The flux-mediated exchange reaction involves the use of pre-synthesized metal-oxides 

with a desired parent structure, and its reaction within a low-temperature molten-salt flux. The 

flux-exchange method has some distinct advantages over using binary-oxide starting materials.  

In this method the molten-salt takes on the role of a reagent by exchanging its cations with 

those within the metal-oxide structure. The ion-exchange reaction incorporates the cations 

from the salt into the crystal structure of the metal-oxide while maintaining the desired parent 

structure, in order to yield new compositions.7,26,108,109 The reaction is facilitated by the 

dissolution of the cations between the metal-oxide layers and the subsequent cation exchange 

in the molten flux. Selectivity for ion-exchange is observed in molten salts based on ion 

solubility, with smaller crystal radii being preferred ion-exchangers.110–112 Ion-exchange 

reactions have been previously investigated by ex-situ PXRD analyses,113 and have been found 

to proceed by more than a simple two-phase process, but rather with several intermediate 

complex phases. An intermediate phase forms almost immediately in a molten flux, with 

extremely fast exchange kinetics, followed by a slower phase conversion as the ions re-order. 

The intermediate phases contain randomly distributed mixtures of cations from the flux and 

those from the parent phase. For example, studies of the Na-exchange of LiNi0.5Mn0.5O2 were 

found to exhibit two intermediate phases, Na0.19Li0.66Ni0.5Mn0.5O2 and Na0.29Li0.53Ni0.5Mn0.5O2, 

before forming the NaNi0.5Mn0.5O2 phase. The slower phase conversion prevents the collapse 

of the interlayer space and facilitates the formation of the ion-exchanged phase.113 This method 
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overcomes common issues with binary-oxide mixtures that melt incongruently and that may 

favor a different composition for nucleation.7  

Metal oxides with layered structural features have been shown to exhibit ion-exchange 

behavior of their interlayer cations in the molten solvent.24,26,27,30,32,94,108,109,114–117 The layered 

Dion-Jacobson (DJ) and Ruddlesden-Popper (RP) perovskite phases have especially been 

shown to exhibit facile ion-exchange of their interlayer cations. The general formulas for the 

DJ and RP phases are A’[A(n-1)BnX(3n+1)] and A2’ [A(n-1)BnX(3n+1)], respectively, where the A’-

sites are the interlayer cations (e.g., A’ = Na, K, Rb), the A-site cations are located within the 

layers (e.g., A = La, Ca, Sr), and n defines the octahedral layer thickness (n = 2, 3) of the B-

site cations (e.g., B = Ti, Nb, Ta).24,26,32,94,109,114,116 Exchange reactions with layered perovskites 

may occur without alteration of adjacent oxide layers, with the structure differing only in their  

interlayer separations. Some of the perovskites that have been reported to exhibit this ion-

exchange behavior are KCa2Nb3O10, K2La2Ti3O10, and RbLaNb2O7, as shown in Figure 2.6 

and listed in Table 2.1.24,26,32,108,114–116,118 The interlayer cations have been reported to be 

exchanged for other alkali-metals (e.g., Li, Na, K, Rb, Cs) and transition metals (e.g., Ag, 

Cu).24,26,114–116,118–120 The flux exchange of these interlayer cations not only facilitate the 

synthesis of new compositions and phases with limited stability, but can be used to tune optical, 

electronic, and photocatalytic properties of mixed-metal oxides.  

Flux-exchange of alkali- and alkaline-earth metal cations within the parent structure 

with transition-metal cations, e.g., those with d10 (e.g., Ag(I) or Cu(I)) or d10s2 electron 

configurations (e.g., Pb(II) or Bi(III)), has yielded metal oxides with visible-light band gap 

energies.15,24,28,32,109,116   Transition metals with filled d10 or d10s2 orbitals can result in higher 
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energy valence bands (i.e., shifted to a less positive potential), while the conduction band 

remains comprised of transition metals with empty d orbitals (e.g., Ti(IV), Nb(V), and Ta(V)).  

This can effectively decrease their bandgap sizes in order to sensitize the structure to the 

absorption of visible-light. Increased absorption of the full solar spectrum aids the 

photocatalyst in reaching the maximum possible solar efficiency.24,30  Recently, many mixed-

metal oxides containing two transition metals with d0 and d10 or d10s2 electron configurations 

have shown high activities for water-splitting reactions under only visible-light irradiation.24,94   

In recent research, the optical absorption and photocatalytic activities of metal oxides 

have been investigated with the use of a low-temperature AgNO3 flux to yield silver-exchanged 

metal oxides.   Silver-exchange reactions of the layered RbLaNb2O7, RbA2Nb3O10 (A = Ca,  

Sr), and Rb2La2Ti3O10 perovskite structures were found to yield the AgLaNb2O7, AgA2Nb3O10 

and Ag2La2Ti3O10 phases that exhibited a pronounced red-shift in the optical absorption edge 

by ~0.5 to ~1.0 eV.  After the silver-exchange reactions, the particles were shown to maintain 

their original morphologies and sizes, as shown in the SEM images in Figure 2.7 for 

RbLaNb2O7 and AgLaNb2O7.  Electronic structure calculations confirmed the formation of a 

new higher-energy valence band comprised primarily of the Ag 4d10 orbitals in each of these 

layered structures. All silver-exchanged products exhibited significant increases in their 

photocatalytic rates for hydrogen production. The silver-exchanged RbA2Nb3O10 structures, 

i.e., AgA2Nb3O10, exhibited the largest increase in the photocatalytic rates for hydrogen 

production in aqueous methanol under ultraviolet and visible irradiation (~13,616 μmol H2∙g
-

1∙h-1) compared to before silver-exchange (~1,418 μmol H2∙g
-1∙h-1).24,26  The photocatalytic 

rates were also found to increase exponentially over time as the Ag(I) cations deposited on the 
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surfaces and interlayer spacings as Ag(s) nanoislands to act as cocatalysts.26 

Ternary tantalates and niobates of the Am+
(n+1)/mB3n+1O(8n+3) (A

m+ = Na(I), Ag(I), Cu(I), 

Pb(II); B = Nb, Ta) structural family can be prepared by exchange of the A-site cations using 

a molten flux. For example, the hexagonal lead-tantalate phases Pb1.5Ta7O19 and PbTa4O11 

were discovered by flux-mediated lead-exchange reactions starting from the Cu3Ta7O19 and 

A2Ta4O11 (A = Na, Ag) parent structures and a PbCl2 flux at 800 °C and 700 °C, respectively. 

These lead tantalate phases could only be achieved by lead-exchange reactions using a PbCl2 

flux in vacuum sealed fused-silica tubes. Solid-state syntheses and lead-exchange reactions of 

A2Ta4O11 (A = Na, Ag) using PbCl2 in air instead yielded the PbTa2O6 and Pb3Ta4O13 phases,  

respectively.27,117 Lead-exchange reactions under vacuum and in air yielded rod- and 

octahedron-shaped morphologies for PbTa4O11 and Pb3Ta4O13 phases, respectively. The slow 

growth of Am+
2/mTa4O11 along the c axis results in rod-shaped particles, as shown in Figure 

2.10. The PbTa4O11 phase exhibited a bandgap size of ~3.8 eV,27 which is ~0.5 eV smaller in 

energy than that found for Na2Ta4O11 at ~4.3 eV.19  A reduction in the band gap was also 

observed with an increase in the Pb(II) content as a result of the flux exchange, and which 

served to increase the photocatalytic activities for hydrogen and oxygen production. The 

PbTa4O11 phase was reported with a photocatalytic activity of ~175 µmol H2∙g
-1∙h-1 in aqueous 

methanol under ultraviolet and visible irradiation, while the solid-state prepared precursor 

Ag2Ta4O11 had a rate of ~23 µmol H2∙g
-1∙h-1. The PbTa4O11 phase generated ~181 µmol O2∙g

-

1∙h-1 in aqueous silver nitrate under ultraviolet and visible irradiation, while its precursor 

Ag2Ta4O11 exhibited a similar rate of ~165 µmol O2∙g
-1∙h-1.  Higher activity for water reduction 

was reported for layered tantalate structures comprised of TaO7 pentagonal bipyramid layers, 
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which can serve as extended charge-migration pathways.27  

C. PREPARATION OF METAL-OXIDES WITH LIMITED STABILITY 

 

The synthesis of metastable metal-oxides in high purity is challenging using 

conventional solid-state synthesis techniques. Metastable phases are formed due to the 

stabilization of a higher-energy phase when the chemical system cannot reach equilibrium at 

the timescale afforded by the reaction conditions. A finite energy barrier for the diffusion of 

ions can hinder the transformation of the system from a higher-energy phase into a more 

energetically stable phase.  At high temperatures there is a higher probability of transforming  

into the most stable phase, and so there is a characteristic “lifetime” for a metastable phase. 

Compositional, structural, and morphological metastable phases form under non-equilibrium 

and kinetically-controlled pathways.106,107 An optimal temperature range where nucleation 

rates are at their maximum for metastable phases exists and can be extended by modifying the 

crystal growth rate. The rate of crystal growth is a function of the concentration and viscosity 

of the solution, which is dependent on the flux used. A critical size during nucleation must be 

achieved in order to facilitate the growth of metastable phases, which can occur if isolated 

during its finite lifetime.7,106,107,111  Use of a molten salt as a flux for the synthesis of metal 

oxides increases the temperature range and lifetime of the metastable phase, facilitating rapid 

crystal growth.1   

Several Cu(I)-containing mixed-metal oxides are reported to exist in the Cu2O-M2O5 

(M = Nb,Ta) system that cannot be synthesized using conventional solid-state methods.121 For 

example, the synthesis of Cu2Nb8O21, a metastable p-type semiconductor, was prepared in high 

purity by the reaction of Cu2O and Nb2O5 nanoparticles within a CuCl flux using a 10:1 flux-
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to-reactant molar ratio.15 The CuCl flux solvent was preferentially utilized in these reactions  

owing to its low melting point, ability to solubilize Cu2O, and the common Cu(I) cations as 

that of the Cu2O reagent.  The reaction mixture was heated in an evacuated fused-silica 

ampoule at 550 °C for 24 h that was immediately quenched.15 The Cu2Nb8O21 phase does not 

form in the absence of a molten flux at lower temperatures of 550 °C. At a higher reaction 

temperature of 650 °C the Cu2Nb8O21 compound begins to transform into CuNb3O8, and after 

the temperature reaches 750 °C, the Cu2Nb8O21 compound has completely transformed into  

CuNb3O8.  In the Cu2O-Ta2O5 system, the Cu2Ta4O11 and Cu7Ta15O41 phases have not been 

reported to have been synthesized in high purity, but instead have been found as side products 

at reaction temperatures ranging from 700 °C to 1000 °C.122   Both the Cu2Ta4O11 and 

Cu7Ta15O41 phases have been calculated to have 33% and 22% vacancies on the copper-site 

positions within the unit cell, respectively.   The Cu2Ta4O11 phase has been reported to be 

stabilized through doping with zirconium and by utilizing solid solutions such as Cu2-

xNaxTa4O11.
76,123  These Cu(I)-containing mixed-metal oxides exhibit band gaps deep within 

the visible-light energy range, spanning from ~1.3 eV to ~2.6 eV, and have shown high 

cathodic photocurrents for water reduction under visible-light in the form of polycrystalline 

photoelectrodes.  Thus, the preparation of new Cu(I)-oxides in high purity can be facilitated 

with the use of a flux-mediated synthetic route in combination with binary-oxide nanoparticle 

precursors.   

Phases containing transition-metal cations with higher oxidation states (e.g., LaFeO3) 

can be stabilized by superoxides and peroxides that form in alkali-metal hydroxide fluxes at 

lower reaction temperatures, e.g., NaOH-KOH eutectic.4,5,7,22,31,54,56,57,59,60,90,124–126 The 
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crystalline rare-earth orthoferrites LnFeO3 (Ln = La, Pr, Nd) have been synthesized by flux 

methods at a temperature of 400 °C using a molten hydroxide in a 10:1 flux-to-reactant molar 

ratio.22 The syntheses of the LnFeO3 phases were attempted by means of a eutectic NaOH–

KOH flux with a heating temperature of 300-500 °C and a reaction time of 6-24 h. The 

hydroxide eutectic flux has a reduced melting point and increased oxobasicity from 

incorporating KOH. These reaction conditions did not yield a phase-pure product; therefore  

the syntheses were attempted via a pure NaOH or KOH flux. Phase-pure LnFeO3 products 

were formed using a NaOH flux, but the metastable phases were not observed when using only 

a more basic molten KOH flux. The flux preparation using a NaOH flux yielded crystals with 

sizes of 5–10 µm and a cube morphology indicative of growth along the {100}, as shown in 

Figure 2.11.22  
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Table 2.1. Various commonly used fluxes and their melting temperatures are listed with the 

metal-oxides that have been successfully synthesized utilizing these molten fluxes. 

Flux 
Melting 

Point (°C) 
Materials Synthesized with Flux 

NaCl 801 Na2Ca2Nb4O13
23, PbTiO3

13
, SrTiO3

29 

KCl 771 
K2BiNb5O15

127, Ca3LiOsO6
128

, SrTiO3
29

, 

Sr3Ti2O7
41 

NaCl/KCl 657 Sr2FeReO6, Sr2CrReO6, Ba2FeReO6
17 

RbCl 720 RbLaNb2O7
24 

BaCl2 962 Ba2La4Ti5O18
129, BaMg6Ti6O19

130 

CuCl 426 
CuNb3O8

38, Cu2Nb8O21
15, Cu5Ta11O30, 

Cu3Ta7O19
16 

CuCl2 498 
(CuCl)Ca2NaNb4O13

131
, (CuCl)Ca2B3O10, 

(CuCl)LaB2O7 (B = Nb, Ta)30 

SnCl2 247 SnNb2O6
20 

PbCl2 501 Pb1.5Ta7O19,
117 PbTa4O11, Pb3Ta4O13

27,117 

Na2SO4 884 Na2Ca2Nb4O13
23, AgNbO3

12 

KHSO4 214 (CuCl)Ca2B3O10, (CuCl)LaB2O7 (B = Nb, Ta)30 

Na2SO4/K2SO4 834 
La2Ti2O7

25, Na2Ta4O11
19, La-NaTaO3

21, 

Bi5Ti3FeO15, LaBi4Ti3FeO15
42 

NaNO3 310 Ce0.75Zr0.25O2
132, LaAlO3

133 

KNO3 337 
(CuCl)Ca2B3O10, (CuCl)LaB2O7 (B = Nb, Ta)30, 

LaAlO3
133 

NaNO3/KNO3 223 AWO4 (A = Mg, Ba, Ca, Ni, Cu, Zn)134 

AgNO3 212 
AgLaNb2O7, AgA2Nb3O10 (A = Ca, Sr),26 

Ag2La2Ti3O10
26,135 

Na2CO3 851 Ca2Na3TaO6
136, Ca3Na2Ta2O9

137 

K2CO3 891 Ca3CuRhO6, Ca3FeRhO6
138 

SrCO3 1494 SrTiO3
61 

LiOH 477 La3Li5Ta2O12, Li5Nd3Ta2O12, Li5Pr3Ta2O12
126 

NaOH 320 Al2Ba4Ti10O27
125, LnFeO3 (Ln = La, Pr, Nd)22 

KOH 404 KLa2NbO6
31 

KOH/NaOH 170 KLaNaNbO5, K2Na2Sm4Ta2O13
57 

KOH/LiOH 225 La2LiOsO6, LiNd2OsO6
56 

Li2MoO4 705 CrLiMo2O8, CrLi3Mo3O12
139 
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Table 2.1 Continued 

 

 

 

 

 

 

  

Li2Mo3O10 560 GaLiMo2O8, GaLi3Mo3O12
140,141 

MoO3 795 KTaTi3O9
142, KTa5Ti2O17

143 

PbO 888 Al10MnPb3O20
144, Ca2Nd4Ti6O20

145, CoPb2WO6
146 

Bi2O3 817 
Bi4CaTi4O15

147, Bi2Fe2Ga2O9
148, Bi2Fe2Mn2O10

149, 

BiMg2VO6
150, Bi7NbTi4O21

151 
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Figure 2.1. Cubic crystal structures (𝐹𝑑3̅𝑚) can exhibit (a) cube, (b) octahedron, and (c) 

cuboctahedron particle morphologies with exposure of the [100], [111], and [100]/[111] faces, 

respectively as shown by the SEM image for Pb3Ta4O13.  
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Figure 2.2. SEM images of CuNb3O8 and Cu2Nb8O21 after flux synthesis at 750 °C for 15 min 

(a-b) and at 550 °C for 24 h (c-d), respectively. The products from both reactions were 

quenched in air immediately after heating.  
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Figure 2.3. On left, formation of a space charge layer width (W) that drives the separation of 

excited electron-hole pairs; On right, comparison of the space charge width within rod-shaped 

(A) versus platelet-shaped particles (B).  W is shown to cover a much larger percentage of 

particle volume in the former.  Variable definitions given in text. 
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Figure 2.4. SEM images of SrTiO3 prepared (a) by conventional solid-state methods and by 

flux methods using a (b) LiCl, (c) NaCl, (d and e) KCl, and (f) SrCl2 flux. The exposed crystal 

facets are labeled with their appropriate Miller indices for KCl (e). Reprinted (adapted) with 

permission from the Royal Society of Chemistry.29 
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Figure 2.5. SEM images of SnNb2O6 prepared by flux methods using (a) 1:1, (b) 1:3, (c) 1:6, 

(d) 1:10, and (e) 1:14 reactant-to-flux molar ratios and by conventional (f) solid-state methods 

at 800 °C. Reprinted (adapted) with permission from the Royal Society of Chemistry.20 
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Figure 2.6. Structures for the Dion-Jacobson phase K2La2Ti3O10 and the Ruddlesden Popper 

phase KCa2Nb3O10 are shown with other examples of these layered perovskite structures listed 

below. 
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Figure 2.7. FESEM images of the flux prepared RbLaNb2O7 using a 10:1 RbCl flux (a), after 

the silver-exchange reaction to yield AgLaNb2O7 (b), and RbLaNb2O7 after the 

photodeposition of 5% wt. Pt(s) (c, d).24  
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Figure 2.8. SEM Images of Na2Ca2Nb4O13 particles prepared using a 5:1 NaCl (a, b) and a 5:1 

Na2SO4 flux (c, d) yielding rod and platelet morphologies. 23  

 

 

 

 

 

 

 

 

 



 

68 

    

 

 

 

Figure 2.9. A schematic of the flux-mediated crystal growth of (A) rod-shaped particles of 

PbTa4O11 and (B) platelet-shaped particles of RbLaNb2O7 photocatalysts.  Resulting 

differences in the match of their space charge widths to their particle sizes and shapes are 

illustrated, with a larger coverage shown for PbTa4O11.  
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Figure 2.10. Polyhedral view of the (a) overall unit cell of Am+
(n+1)/mTa4O11 (A = Na, Ag, Pb; 

n = 1; m = 1, 2) consisting of TaO7 pentagonal bipyramid layers alternating with isolated TaO6 

octahedra surrounded by Na(I), Ag(I), or Pb(II) cations along the c axis. An SEM image of the 

resulting (b) rod-shaped particle of PbTa4O11 is shown.27  
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Figure 2.11. SEM images of (a) LaFeO3, (b) PrFeO3, and (c) NdFeO3 prepared using a NaOH 

flux. Reprinted (adapted) with permission from Elsevier.22 
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CHAPTER 3 

 
A Metastable Cu(I)-Niobate Semiconductor with a Low Temperature Nanoparticle-

Mediated Synthesis 

 

Based on a journal article published in ACS Nano 

 

ACS Nano, 2013, 7, 1699-1708. 

 

Jonglak Choi, Nacole King, and Paul A. Maggard 

Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204 

 

ABSTRACT 

A nanoparticle synthetic strategy for the preparation of a new metastable Cu(I)-niobate 

is described, and that involves  multi-pored Li3NbO4 nanoparticles as a precursor.  A 

hydrothermal reaction of HNbO3 and LiOH∙H2O in PEG200 and water at ~180 oC yields ~15 

nm Li3NbO4 particles.  These particles are subsequently used in a solvothermal copper(I)-

exchange reaction with excess CuCl at 150 oC.  Heating these products within the used CuCl 

flux (m.p. = 430 oC) to 450 oC for 30 min yields ~10 - 20 nm Cu2Nb8O21 crystalline 

nanoparticles, and for a heating time of 24 h yields micron-sized rod-shaped crystals.  The new 

structure was characterized by single-crystal X-ray diffraction to have a condensed network 

consisting of NbO7 polyhedra and chains of elongated CuO4 tetrahedra.  The compound 

thermally decomposes starting at ~250 oC and higher temperatures, depending on the particle 

sizes, owing to the loss of the weakly-coordinated Cu(I) cations from the structure and a 

concurrent disproportionation reaction at its surfaces.  Thus, conventional solid-state reactions 

involving higher temperatures and bulk reagents have proven unsatisfactory for its synthesis.  

The measured bandgap size is ~1.43 – 1.65 eV (indirect) and shows a dependence on the  
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particle sizes.  Electronic structure calculations based on density functional theory show that 

the bandgap transition results from the excitation of electrons at the band edges between filled 

Cu(I) 3d10-orbitals and empty Nb(V) 4d0-orbitals, respectively.  The p-type nature of the 

Cu2Nb8O21 particles was confirmed in photoelectrochemical measurements on polycrystalline 

films that show a strong photocathodic current under visible-light irradiation in aqueous 

solutions.  These results demonstrate the general utility of reactive nanoscale precursors in the 

synthetic discovery of new Cu(I)-based semiconducting oxides, and which also show promise 

for use in solar energy conversion applications. 

Keywords: Nanoscale synthesis, solar energy, metastability, copper niobate, lithium niobate 

METHODS 

Synthesis.  Nanoparticles of HNbO3 (non-crystalline; <10nm) were prepared according 

to a prior literature procedure.32 Briefly, NbCl5 (Alfa Aesar, 99.9%; 5g) and dried ethanol (200 

proof, 5 ml) were mixed under nitrogen gas.  The acidic Nb(OEt)5 ethanol solution was 

neutralized by addition to a 14.8 M NH4OH (aq) solution in a 1:5 molar ratio (final pH = 7 – 

8). After stirring the solution for an hour, the solution containing the white powder was 

centrifuged, decanted, and washed with DI-water three times and then washed with ethanol.  

The white waxy product was dried in an oven at 110 oC for 24 h and then at 200 oC for 12 h, 

resulting in amorphous Nb2O5∙nH2O (n ~ 3 to 4; found by TGA) in >95% yield.  The product 

was transferred to a glove box and ground into a fine powder. 

Next, multi-pored nanoparticles of Li3NbO4 were prepared by a hydrothermal reaction 

of HNbO3 (~1g), LiOH∙H2O (Alfa Aesar, 99.995%; ~3.2g), distilled water (20 ml) and 

PEG200 (C2nH4n+2On+1, n = 4; Alfa Aesar; 10 ml) in a 1:5 molar ratio of Nb to Li.  These 
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reactants were added to and sealed inside a Teflon-lined stainless-steel reaction vessel and 

reacted at 180 oC for 24 h (pH ~ 14), following a heating cycle similar to that  used for the 

synthesis of LiNbO3.
18 The basic supernant solution was carefully decanted off and the product 

was washed with DI water and centrifuged, and this process was repeated for ~7 cycles until 

the pH reached ~7 to 8, and then washed for a final cycle with ethanol.  Note:  It is necessary 

to use high RCF speed of 18,700 for 30 min during each cycle in order to reduce the loss of 

nanoparticles.  The powder was dried in an oven at 110 oC for 24 h and then at 200 oC for 3 h, 

and the powder was immediately transferred to a glove box. The pale-yellow colored product 

was identified by powder X-ray diffraction to be >95% yield of high-purity Li3NbO4 (ICSD-

PDF # 97-010-9053).33 

Cuprous-niobate nanoparticles were prepared by a solvothermal reaction of the 

Li3NbO4 nanoparticles (0.5g), PEG200 (20 ml), and CuCl (Alfa Aesar, 99%; 2.78 g) in a 1:10 

molar ratio of Nb to Cu, respectively.  These reagents were transferred to a 100 ml Teflon liner 

and stirred for 30 minutes.  Next, the liner was transferred to a sealed stainless steel reaction 

vessel and heated to 150 oC in a well-insulated sand bath for 5 days with continuous stirring at 

300 RPM.  The dark orange-colored product was stirred in DI-water (150 ml) for 1 h, followed 

by 3 cycles of centrifugation and decantation with DI-water, and then two washes with ethanol 

in order to remove all traces of PEG200 and water.  This mostly amorphous product was then 

dried in an oven at 110 oC for 24 h. If not used within a few days, it will eventually turn green 

and fully oxidize over the course of a week or two, yielding CuNb2O6 (JCPDS # 45-561).34   

This product was loaded into a fused-silica quartz tube, carefully vacuum dried by a heat-gun 

up to ~ 400 oC, and then sealed.  Insufficient drying or too much heat treatment can result in 
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oxidization to give CuO and CuNb2O6.  Several parallel reactions were heated from 400 to 450 

oC for durations of between 30 min and 24 h.  Each time the products were washed with 

NH4OH (14.8 M) to remove the remaining excess CuCl and Cu2O.  High-purity nano-sized 

and micron-sized crystals of Cu2Nb8O21 are obtained in about >80% yield, depending on the 

heating duration (Note: Excessive washing of the Cu2Nb8O21 nanoparticles in c-NH4OH causes 

significant Cu(I) loss for more than five washing cycles for 1 g of product mixture).  Larger 

single crystals were also obtained for structural characterization by single crystal X-ray 

diffraction by a reaction at 650 oC for 24 h.   

Characterization.  All products were characterized by powder X-ray diffraction 

(PXRD) at room temperature on a Rigaku R-Axis Spider with a curved image plate detector 

and Cu Kα1 (λ= 1.54056 Å) radiation from a sealed-tube X-ray source (40 kV, 36 mA).  A 

single-crystal X-ray analysis was performed on a Bruker-Nonius X8 Apex2 diffractometer at 

a temperature of 223K.  The frame integration was performed using the SAINT program.35  

The resulting raw data were scaled and absorption corrected using a multi-scan averaging of 

symmetry equivalent data using SADABS.36 Each structure was solved by direct methods and 

refined by full-matrix least-squares fitting on F2 using SHELXTL-97.37  Selected data 

collection and refinement parameters are listed in Table 3.1, and interatomic distances and 

angles are found in Appendix Table A.2.  Included in Appendix A is a complete list of data 

collection and refined structural and atomic parameters. 

Thermogravimetric analyses were performed using a DSC-TGA (TA Instruments TGA 

Q50 and SDT 2960 systems) on the nano-sized and micron-sized crystallites of Cu2Nb8O21, as 

well as on the HNbO3 and Li3NbO4 reactants.  Weighed amounts (~20 mg) of each were loaded 
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onto a Pt pan, equilibrated at room temperature, and then heated under either air or flowing N2 

up to 200 to 1000 oC at a at a rate of 5 oC/min.  Post-TGA residuals were characterized by 

powder X-ray diffraction in transmission mode on Rigaku R-Axis Spider system as described 

above.  Specific surface area measurements were performed on dried products (200 oC for 3 h) 

on a ChemBET Pulsar TPR/TPD instrument.  For each sample, FT-IR data were collected on 

Shimadzu IR-prestige 21 spectrophotometer equipped with sample stage and a GladiATR 

accessory (PIKE Technology).  The UV−Vis diffuse reflectance spectra (DRS) for samples 

were collected on a Shimadzu UV-3600 spectrophotometer equipped with an integrating 

sphere.  Approximately 20 mg of each sample was mounted onto a sample holder by pressing 

the powder into a BaSO4 matrix and placing it along the external window of the integrating 

sphere. A sample of pure pressed barium sulfate powder was prepared as a reference, and the 

data were plotted as the function F(R) = (1-R∞)2/(2R∞), where R is diffuse reflectance based on 

the Kubelka-Munk theory of diffuse reflectance.38,39 Since F(R) is also equal to k/s, where k 

and s are the absorption and scattering coefficients, the bandgap sizes can be extracted via Tauc 

plots of [F(R)hv]n versus (hv), where n = ½ and 2 for indirect and direct bandgap sizes, 

respectively. 

Scanning electron microscopy of the samples were performed on a JEOL SEM 6400 

Field Emission Scanning Electron Microscope (FESEM) at 10.0 kV, and the Energy  

Dispersive X-ray (EDX) data were collected on 4Pi Isis EDS system at Hitachi S3200 at 20.0 

kV, variable pressure scanning electron microscope as a check of the elemental compositions.  

Transmission electron microscopy (TEM) images and selected area electron diffraction 

(SAED) were acquired on an FEI Tecnai G² Twin microscope operated at an accelerating 
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voltage of 200 keV and equipped with a TIA digital camera. Sample preparation consisted of 

drop casting 1 mg/mL sample solutions onto a carbon-formvar 200 mesh copper grid (EMS).  

Photoelectrochemical Measurements.  Polycrystalline films were prepared on 

fluorine-doped tin oxide (FTO) glass slides (TEC-15 from Pilkington Glass Inc.). The FTO 

glass slides were cleaned by sonication in deionized water, acetone, and ethanol for 30-45 

minutes.  A  2 × 2 cm2  area was masked off the FTO slides using Scotch tape, the powders 

were ground in ethanol as a dispersant and deposited on to the film using the doctor-blade 

technique. All films were annealed under vacuum at 500 °C, and the films were either not 

heated further, or were heated in air at 350 or 450 °C for 3 hours.  All electrochemical 

experiments were carried out in a Teflon cell using a three-system, with the polycrystalline 

film as the working electrode, Pt as the counter electrode, and a standard calomel reference 

electrode (sat. KCl). Argon gas was bubbled through the electrolyte solution (0.5 M Na2SO4) 

for 30 minutes before the measurements; the pH of the solution was adjusted using NaOH(aq). 

All polycrystalline films were irradiated from the backside using a 400 W Xe arc-lamp 

equipped with visible-light cutoff and bandpass filter (λ ≥ 420nm).  Cyclic voltammetric 

measurements were carried out under chopped visible light irradiation with an applied bias 

voltage range of 200 to -600 mV vs. SCE. 

Electronic Structure Calculations.  Band-structure calculations were performed for 

the geometry-optimized structure of Cu2Nb8O21 with the use of the plane-wave density 

functional theory package CASTEP.40 The Perdew-Burke-Ernzerhof functional in the 

generalized gradient approximation and ultrasoft core potentials were employed in the 
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calculations.41  The selection of equally distributed k-points within the Brillouin zone was 

automatically calculated according to the Monkhorst-Pack scheme.42   

The discovery of new materials for use in solar-energy conversion schemes has 

received intense research interest as a promising way to increase their efficiency.1,2  As nearly 

half of the incident solar energy on the Earth’s surface falls in the visible-light energy range, 

new semiconductors are sought with bandgap sizes that more closely matches this lower-

energy component of the solar spectrum.  Recently, our research approach has focused on 

semiconducting oxides that contain M/M’ transition-metal combinations (e.g., M = Cu(I); M’ 

= Ta(V) or Nb(V)) that exhibit visible-light bandgap sizes owing to low energy metal-to-metal 

charge transfer transitions between crystal orbitals originating from the filled d10 and empty d0 

electronic configurations, respectively.3  For example, CuNbO3,
4 CuNb3O8,

5 Cu5Ta11O30, and 

Cu3Ta7O19,
6,7 all show bandgap sizes with visible-light energies, spanning values between ~1.3 

to 2.6 eV.  Their conduction bands also typically maintain a suitably negative redox potential 

with respect to the fuel-producing redox reactions, such as the reduction of water to hydrogen.  

In solar-to-fuel energy conversion schemes, two of the most prominent strategies involve either 

their use as photocatalysts in the form of suspended powders in solution, or their use as 

photoelectrodes in a photoelectrochemical cell.  The most efficient configurations of each of  

these applications require that the materials be prepared in a nanosized high-surface-area 

format that can maximize the area of reactive surfaces, and/or the efficiency of the charge-

carrier collection.8 Recent examples illustrating the advantages of nanoscale materials in solar-

energy conversion schemes include nanostructured α-Fe2O3 photoanodes,9 photocatalytic 

nanoparticles of SrTiO3 and nanosheets of KCa2Nb3O10,
10,11 as well as many others.12-16 
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A significant amount of literature has been reported on the synthesis of many types of 

nanosized metal-oxides, such as with ABO3-perovskite or A2B2O7-pyrochlore types of 

structures (A = alkali metal; B = transition metal).17  A careful selection of the reaction 

conditions (e.g., solvent, pH, temperature, time, capping agents, etc.) has demonstrated a 

variety of possible nanoparticle morphologies, such as nanoribbons, nanoflowers, and 

nanocubes, and that can be grown ranging from ~20 nm to > ~200 nm in size.  These 

nanoparticles are promising for the creation of nano-textured polycrystalline films with 

controllable surface areas, crystal facets, and film porosities.  However, with the exception of 

simple Cu2O, the nanoparticle synthesis of mixed-metal oxides containing Cu(I) has remained 

limited because of the inherent instability of the Cu(I) oxidation state.  Both high temperatures 

as well as exposure to air and water must be carefully avoided in their nanoparticle synthesis.  

The lithium-containing metal-oxides, including Li3MO4, LiM3O8 and LiMO3 (M = Ta(V) and 

Nb(V)),18-21 have been shown to represent promising reactive precursors to prepare new mixed-

metal oxides.  Several of these are known to exhibit a high Li-ion mobility, are highly reactive, 

and can frequently be converted via ion-exchange reactions to other types of metal oxides.22  

Recent investigations show that both LiNbO3 and Li3NbO4 can be relatively easily prepared  

by solvothermal methods in nanoparticle form.18,19  Thus, the synthesis of lithium-niobate 

nanoparticles for use as highly reactive precursors represents a very promising soft-chemical 

pathway to produce new mixed-metal oxides, especially for those that might not be stable 

under more conventional solid-state synthesis conditions. 

Described herein is the solvothermal synthesis of  multi-pored Li3NbO4 nanoparticles, 

and their reaction with CuCl at relatively low temperatures to prepare nanoparticles of the new 
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metastable Cu2Nb8O21 semiconductor.  These nanoparticles grow rapidly in the CuCl flux to 

produce large single crystals that were structurally characterized by X-ray diffraction.  The 

particles were also characterized by electron microscopy techniques and their thermal 

instability was investigated by powder X-ray diffraction.  Optical and photoelectrochemical 

properties measurements on the Cu2Nb8O21 particles were used to characterize their visible-

light bandgap sizes and their p-type nature in the form of polycrystalline films.  Electronic 

structure calculations were also utilized to understand the origins and size of their bandgap 

transitions. 

RESULTS AND DISCUSSION 

 

Synthesis.  Precursor Li3NbO4 Nanoparticles.  As the synthesis of Cu(I)-based mixed-

oxide nanoparticles has been found to be highly unstable towards disproportionation or 

oxidation during many attempted reactions, a new highly reactive and high-surface-area 

precursor was found to be necessary for their preparation.  The Li3NbO4 phase has a high Li-

ion mobility, and thus its nanoparticle synthesis was investigated as a potentially promising 

route to Cu(I)-niobate nanoparticles.  As shown in the TEM data in Figure 3.1, the prepared  

Li3NbO4 nanoparticles (~15 nm in diameter) have roughly spherical morphologies with 

multiple penetrating pores.  .  The product also exhibits a high purity, as confirmed by PXRD 

(Appendix A, Figure A1), with a measured specific surface area of ~45 m2/g.  The formation 

of microemulsions within a polyethylene glycol/water mixture is generally understood to be 

responsible for the  crystallization of these multi-pored particles, such as previously reported 

for the micron-sized hollow particles of LiNbO3.
23 In non-dilute solutions, the possible types 

of self-assembled colloidal structures are a sensitive function of the reaction conditions.  
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Reactions performed using lower amounts of polyethylene glycol (PEG200) produced larger 

nanoparticles with a specific surface area of ~17 m2/g, and higher amounts of it produced 

mixed lithium-niobate phases.  The solubility of LiOH in the solution was found to have a 

significant influence on the particle sizes and product distribution.   

The overall reactivity and instability of these Li3NbO4 nanoparticles was found to be 

more enhanced compared to other reported preparations, and to other lithium-niobate phases.  

In aqueous solutions these nanoparticles lose Li+ continuously, with each washing resulting in 

a slight shifting of the PXRD peaks.  Other preparations of Li3NbO4 are stable in air at up to 

~700 oC,24 but these  multi-pored nanoparticles decompose in air by 400 oC to a mixture of 

LiNbO3 and LiNb3O8, Figure A1.  A flame test of the washed product confirmed the low-

temperature loss of Li+ from the Li3NbO4 nanoparticles.  Also, the Li3NbO4 nanoparticles 

decompose immediately in c-HCl to an amorphous hydrated niobate, and which crystallizes as 

Nb2O5 upon heating to 450 oC for 12h. 

Cu(I)-Niobate Nanoparticles.  Lower temperatures, as well as the absence of air and 

moisture, were found to be necessary in the ion-exchange solvothermal reaction of CuCl with 

the Li3NbO4 nanoparticles.  The solvothermal reactions involving Cu(I)-based nanoparticles 

were found to be highly sensitive to both air and moisture, as well as to the temperature.  To 

the best of our knowledge the synthesis of Cu(I)-based mixed-oxide nanoparticles, specifically 

with early transition-metal oxides, has not previously been reported.  Illustrated in Scheme 1 

is the overall reaction strategy that was used.  As shown in the PXRD data and SEM images in 

Figures 3.2 and 3.3, respectively, these reactions yielded crystalline Cu2Nb8O21 nanoparticles 

that grew very rapidly into micron-sized single crystals during a heating duration of between 
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30 min to 24 h.  The measured surface areas of each of the products are listed in Table 3.1.  

The calculated PXRD of Cu2Nb8O21 in Figure 3.2 was determined from the structural 

refinement of a single crystal obtained from a 24 h reaction at 650 oC, described below.  For a 

heating time of 1h, the PXRD data show the distinct emergence of diffraction peaks 

corresponding to the Cu2Nb8O21 phase, and which originate from a smaller set of broad 

diffraction peaks observed in the shorter heating duration of 30 min, Figures 3.2e and 3.2g.  

The surface areas decrease only slightly between the 30 min and 1 h heating times of ~43 m2/g 

to ~39 m2/g, respectively.  This transformation is also observable in the electron microscopy 

images in Figure 3.3, with the formation of distinct rod-like nanoparticles in Figures 3.3c and 

3.3d, compared to the more spherical nanoparticles in Figures 3.3a and 3.3b.  The measured 

particle sizes from the TEM data vary from 4 nm to 10 nm for the 30 min reaction, and from 4 

nm to 28 nm for the 1 h reaction.  In comparing the SAED of each, Figures 3.3b and 3.3d, the 

extent of single-crystalline features is more prominent in the Cu2Nb8O21 nanoparticles at 1 h.  

Simulation of the transmission electron diffraction can be approximately matched to the d- 

spacing present for the [101] zone axis (Appendix A), consistent with a growth direction of the 

rod-like crystals down the b-axis.  The longest growth duration of 24 h results in the formation 

of large single crystals, Figures 3e and 3f, and an intermediate growth duration results in a 

product mixture that contains both relatively smaller single crystals and nanoparticles (see 

Appendix A), with a much smaller surface area of ~2.7 m2/g.  At lower temperatures of 400 

oC there is no growth of the Cu2Nb8O21 nanoparticles into single crytals, as CuCl melts at ~430 

oC.  Thus, the excess CuCl from the solvothermal products is critical for both the Li/Cu ion-

exchange as well as in the subsequent rapid flux-assisted growth of the large single crystals. 
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The nanoparticle formation of other Cu(I)-niobates, e.g., Li-doped CuNb3O8 and 

CuNbO3, was also observed over the course of these synthetic investigations.  The distribution 

and purity of the obtained Cu(I)-niobates are highly sensitive to the preparation conditions, 

including the temperature, reaction duration, the amount of CuCl, and stirred versus non-stirred 

reactions.  The reaction duration and the amount of excess CuCl are two of the most important 

factors in obtaining a particular Cu(I)-niobate product in the synthesis.  For example, if the 

molar ratio of CuCl-to-Li3NbO4 is lowered to 4:1, then the formation of only Cu(I)-richer 

phases is observed, such as nanoparticles of CuxLi1-xNb3O8 and CuxLi1-xNbO3 (see Appendix 

A).  These Cu(I)-richer phases are known to form solid solutions with the Cu(I) and Li cations 

disordered over the same atomic sites, and which is detectable here as a significant shifting of 

the X-ray diffraction peaks.  For the washed Cu2Nb8O21 products, the electron microscopy 

EDS data were all very close to the ideal 1:4 Cu-to-Nb ratio in the formula, as determined by 

single-crystal X-ray diffraction.  Thus, the full replacement of Li for Cu(I) in these  

solvothermal reactions, followed by the thermal growth process, yields the formation of the 

new Cu2Nb8O21 phase.  Further synthetic investigations are underway to obtain pure CuNb3O8 

and CuNbO3 nanoparticles, and which will be reported in subsequent complete studies. 

Structural Description.  The single crystals of Cu2Nb8O21 were structurally 

characterized by X-ray diffraction to crystallize in a monoclinic space group (C2/m) with a 

condensed three-dimensional structure, as shown in Figure 3.4.  Within the structure there are 

four symmetry-inequivalent Nb sites, one Cu site, and eight independent O sites, as listed in 

Table A2 with all nearest-neighbor distances.  Generally, the structure consists of a double 

layer of distorted NbO7 polyhedra that alternates with a layer of distorted CuO4 tetrahedra and 
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NbO7 pentagonal bipyramids that form chains aligned down the [010] direction.  These two 

types of layers are shown in Figure 3.5.  The layer of NbO7 polyhedra is constructed from 

edge-shared zigzag chains of the NbO7 pentagonal bipyramids (Nb3 – O and Nb4 – O with 

distances of 1.765(2)Å to 2.229(3)Å).  These zigzag niobate chains are condensed into a layer 

via both a corner-shared oxygen (O7), and also through an edge-shared NbO7 monocapped 

trigonal prism (Nb2 – O with distances of 1.988(2)Å to 2.185(2)Å).  Two of these layers are 

condensed into a double layer via shared apical oxygen atoms (O3 and O6) of the NbO7 

pentagonal bipyramids, Figure A3.  The double layers are in turn condensed to the layer of 

CuO4 and NbO7 chains through the other half of their apical oxygen atoms on the NbO7 

pentagonal bipyramids (O1 and O2).  Shown in Figure 3.5 (right), the distorted CuO4 tetrahedra 

(Cu – O distance of 2.095(2) Å) are condensed into a chain via share edges, and then further 

condensed to neighboring edge-shared chains of NbO7 polyhedra to form a layer.  These two  

types of layers, Figure 3.5 (left and right), thus form the full three-dimensional structure. 

The Cu2Nb8O21 phase is synthetically challenging to prepare, although all interatomic 

distances seemingly fall within reasonable values as reported before.25,26  However, among the 

other known Cu(I)-niobates, i.e., CuNbO3, CuNb3O8 and CuNb13O33, their structures consist 

exclusively of distorted NbO6 octahedra rather than the NbO7 polyhedra observed in 

Cu2Nb8O21.  Conversely, the Cu(I)-tantalates, i.e, Cu5Ta11O30 and Cu3Ta7O19, exhibit 

structures constructed from layers of TaO7 pentagonal bipyramids.  Within the pentagonal 

bipyramidal coordination environments, the greater covalent character of the Nb – O bonds 

(especially to the two apical oxygen atoms) compared to the Ta – O bonds causes longer bond 

distances to vertex-bridged Cu(I) – O interactions, i.e., across the Nb – O – Cu bridges.  This 
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is a relationship that has been observed previously in the NaCu(Ta1-yNby)4O11 solid solution,27 

wherein the substitution of Ta for Nb causes a shortening of the apical M – O distances 

concomitant with a lengthening and weakening of the Cu – O interactions.  Shown in Table 

A2 for Cu2Nb8O21, the calculated bond valence sums28,29 are higher than expected for Nb (+5.1 

to +5.3) and lower than expected for Cu (+0.74), consistent with an overall stronger 

coordination of Nb and a weaker coordination around Cu than typically observed within 

structures.  The instability of Cu2Nb8O21 results from a re-equilibration of these out-of-balance 

interactions, such as can happen from a structural rearrangement or from the removal of the 

weakly-coordinated Cu(I) atoms from the compound, as described below. 

Thermal Instability.  While the synthesis of both CuNbO3 and CuNb3O8 can be 

performed using conventional solid-state reactions between bulk Cu2O and Nb2O5, numerous  

attempts at the bulk solid-state synthesis of Cu2Nb8O21 have not been successful.  Currently, 

the only alternate synthesis that has been found to work is the reaction of Cu2O nanoparticles 

(~10 – 20 nm) with Nb2O5 in a CuCl flux at 550 oC, but which does not yield nanoparticles.  A 

highly reactive nanoparticle precursor and the low-melting CuCl flux have both been found to 

be necessary to obtain Cu2Nb8O21.  The CuCl-flux and the nanoparticles serve to lower the 

activation energy of the reaction, and thus can help lead to the formation of potentially new 

metastable phases.  Thus, the thermal stability and decomposition of the Cu2Nb8O21 products 

were investigated in order to understand why this compound can only be prepared under these 

conditions, and which can help inform whether other possible Cu(I)-based mixed-metal oxides 

might be discovered using this approach. 
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The reactivity and thermal stability of both the Cu2Nb8O21 nanoparticles and the 

micron-sized crystals were investigated by heating (either under N2 or in air) at increasing 

temperatures from 200 oC to 1000 oC, in intervals of 50 oC to 100 oC.  All products at each 

temperature were characterized by powder X-ray diffraction techniques.  The final end 

products are given in the PXRD of Figure 3.6, while all data at each temperature can be found 

in Appendix B.   Both the nano- and micron-sized particles exhibited the same final products, 

but which generally formed at lower temperatures for the nanoparticles.  When heating the 

Cu2Nb8O21 particles under flowing N2, these all showed the formation of Cu(s) starting at ~250 

oC for nanoparticles, and at ~300 oC for micron-sized crystals, but which was significantly 

more extensive for the nanoparticles.  The other decomposition products of the nanoparticles 

were Nb2O5 and Nb12O29 at 750 oC and higher temperatures, while the micron-sized particles 

decomposed to CuNbO3 and CuNb3O8 as well.  In the latter case, the Cu(I) ions have a much 

longer distance to travel to reach the surfaces of the micron-sized crystals, and thus the Cu(I) 

cannot be completely removed and the more stable Cu(I)-niobates are formed in the products.  

At temperatures as low as ~300 oC, there is a noticeable shifting of Cu2Nb8O21 diffraction 

peaks as well as a continuous decrease in the relative intensity of (002) reflection, i.e., 

containing the layer of Cu(I) atoms, and that results from the decrease in electron density in 

this layer.  When the Cu2Nb8O21 particles are heated in air, the products are easily oxidized to 

give the Cu(II)-containing CuNb2O6 phase, as well as Nb2O5 and Nb12O29.  These results 

confirm that Cu2Nb8O21 is highly unstable towards the loss of the weakly-coordinated Cu(I) in 

the compound.  Interestingly, when Cu2Nb8O21 is kept in the CuCl-flux, no decomposition 
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occurs at temperatures of up to ~650 oC, although at this temperature the Cu(I) ions must be 

highly mobile. 

The formation of Cu(s) at the surfaces by the reduction of Cu(I) must be coupled to a 

concurrent oxidation reaction.  The most likely mechanism which occurs is a Cu(I) 

disproportionation reaction at the surfaces, i.e., Cu2Nb8O21  xCu(s) + Cu2-xNb8O21, wherein 

Cu-vacancies as well as oxidized Cu(II) sites form within the Cu2Nb8O21 structure.  This is 

evidenced in the significant peak shifting and decrease in intensity of the (002) reflection 

described above.  This has also previously been observed for other Cu(I) niobates, e.g. 

CuNbO3,
4 as well as for Cu(I) delafossite phases,30,31 but usually at higher temperatures.  The 

Cu2Nb8O21 nanoparticles contain much higher amounts of surface water by FT-IR (See 

Appendix A, v(O-H stretch) at ~3300 cm-1), and which explains a more significant extent of  

disproportionation in this case, versus the much smaller amount of disproportionation for the 

micron-sized particles.  Further, photoelectrochemical data (described below) show an 

increasing amount of p-type dopants, i.e., Cu(II) sites, with increasing heating temperatures 

for polycrystalline films of Cu2Nb8O21. 

Optical and Photoelectrochemical Properties.  The bandgap sizes of the known 

Cu(I)- niobate occur within the visible-light energies and have been investigated as efficient 

p-type photoelectrodes for solar energy conversion to hydrogen.  Shown in Figure 3.7 are Tauc 

plots of UV-Vis DRS data for Cu2Nb8O21 with nano- to micron-sized particles, and listed in 

Table 3.1 are the calculated bandgap sizes.  The lowest energy bandgap transition in all cases 

is ~1.43 eV to ~1.65 eV and is indirect and dependent on the particle size.  These values  
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compare to the bandgap sizes of CuNbO3 (Eg = 2.0 eV; indirect) and CuNb3O8, (Eg = 1.26 eV; 

indirect).  The apparent trend of the bandgap size is related to the number of nearest-neighbor 

Cu – O interactions, where Cu(I) is linearly coordinated in CuNbO3, tetrahedrally-coordinated 

in Cu2Nb8O21, and octahedrally-coordinated in CuNb3O8.   For the higher-energy direct 

bandgap transition, there is an even more significant blue-shift with decreasing particle size, 

from ~1.6 eV for the micron-sized crystals to ~3.0 eV for the nanoparticles.  Results of 

electronic structure calculations, Figure 3.8, show that the lowest-energy bandgap transitions 

are between filled Cu 3d10-based crystal orbitals and empty Nb 4d0-based crystal orbitals, with 

a small amount of mixing of the O 2p orbitals in each.  Thus, a Cu(I)-to-Nb(V) charge transfer 

occurs as a result of visible-light absorption near the band edges, similar to that found for the 

other Cu(I)-niobates that function as promising new p-type photoelectrodes.4,5 

The photoelectrochemical properties of polycrystalline Cu2Nb8O21 photoelectrodes 

were investigated to confirm the p-type nature of this semiconductor.  Owing to the highest 

purity in the micron-sized particles (from the CuCl flux synthesis using Cu2O nanoparticles at 

650 oC), these were used to prepare polycrystalline films that were sintered in a vacuum at 

~500 oC, and either used as-is or heated in air to 350 oC or 450 oC for 3h.  The PXRD data 

confirmed high-purity Cu2Nb8O21 films.  Shown in Figure 3.9, the polycrystalline films exhibit 

a strong photocathodic current under visible-light irradiation on the order of ~0.25 to 0.75 

mA/cm2, which is characteristic of a p-type semiconductor in the depletion condition.  Mott-

Schottky measurements confirm the p-type character and the energetic positions of the valence 

and conduction bands at approximately +0.12 to +0.15 V and -1.50 to -1.53 V, respectively, 

versus RHE at a pH = 12.  Thus, bandgap excitation of the film causes a charge separation 



 

88 

    

within the depletion region and the migration of the excited electrons to the surfaces to drive 

the reduction of water at an overpotential of ~0.8 V.  The strongest photocathodic currents are 

observed for films that are heated in air, where the partial oxidation to Cu(II) occurs (as 

described above) with increasing temperature and yields increasing p-type dopant 

concentrations.  A decrease in the photocurrent and the formation of larger amounts of 

CuNb2O6 and Nb2O5 side products is found when the films are heated in air to temperatures 

greater than 500 oC.  At 350 oC and 450 oC, preliminary data show the formation of very small 

amounts of isolated CuOx nano-islands on the particle surfaces.  These isolated and small 

islands have recently been found to enhance the charge separation in the Cu(I)-niobate phases, 

as the photocurrent decreases by about ~10% to ~50% (depending on the specific Cu(I)-niobate  

phase and its preparation conditions) when they are washed away in acid solutions.  The cause 

of the increasing dark current at the highest bias potentials is currently under investigation.  

However, a complete investigation of these effects, and of the photoelectrochemical properties 

of the Cu2Nb8O21 nanoparticles, is currently in progress and will be reported in a future paper 

on this topic.  These preliminary results can confirm the oxidation of Cu(I) to Cu(II) within the 

films, and that Cu2Nb8O21 represents a promising new material for use as a p-type 

photoelectrode that is active under for water reduction under visible-light irradiation. 

CONCLUSIONS 

 

New multi-pored nanoparticles of Li3NbO4, ~15nm in diameter, can be synthesized 

from a hydrothermal reaction using a PEG200/water solution, and having a high Li-ion 

reactivity.  These Li3NbO4 nanoparticles can be used to prepare new metastable ~10-20 nm 

particles of Cu2Nb8O21 from low temperature ion-exchange reactions with CuCl.  These 
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nanoparticles grow very rapidly within a CuCl flux and yield micron-sized crystals that were 

characterized by single-crystal X-ray diffraction.  The structure consists of a condensed 

network of NbO7 polyhedra as well as chains of elongated CuO4 tetrahedra.  The nanoparticles 

are unstable to the loss of Cu(I) from the structure starting at ~250 oC owing to a 

disproportionation reaction at its surfaces, and thus cannot be prepared by conventional solid-

state reactions.  The bandgap size falls within visible-light energies of ~1.43 – 1.65 eV, and 

that electronic structure calculations show originates from the excitation of electrons at the 

band edges between filled Cu(I) 3d10-orbitals and empty Nb(V) 3d0-orbitals.  Polycrystalline 

films show a strong photocathodic current under visible-light irradiation and confirm the p- 

type nature of Cu2Nb8O21.  These results show the general utility of reactive nanoscale 

precursors in the preparation of new Cu(I)-based semiconducting materials for use in solar 

energy applications. 
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Table 3.1. Surfaces areas, particle sizes and bandgap sizes of Cu2Nb8O21 prepared via 

different reaction times. 

Heating 

durationa 
24 h 8h 5h 1 h 

30min, ramped 

7oC/min 

30min, ramped 

15oC/min 

Surface 

area (m2/g) 
2.7 10 12 39 43 52 

Bandgap 

size (eV) 
1.65 1.62 1.58 1.54 1.43 1.43 

a All samples were heated to 450 oC in an evacuated fused-silica vessel for a duration of 

between 24 h and 30 min. 
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Scheme 

3.1.  The 

synthetic transformation of hollow Li3NbO4 nanoparticles to Cu2Nb8O21 nanoparticles, 

followed by their further growth into micron-sized single crystals. 
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Figure 3.1.  TEM images of multi-pored Li3NbO4 nanoparticles with an average diameter of 

~15-20 nm. 
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Figure 3.2.  PXRD plots of simulated Cu2Nb8O21 from the a) single crystal data, and 

products heated to 450 oC for b) 1 day, c) 8h, d) 5h; e) 1h, f) 30min using 7 oC/m ramping 

rate, g) 30min  using 15 oC/m ramping rate, and h) heated at 400 oC for 30 min.  Note: + = 

peak from capillary quartz tube for XRD, † = unidentified peaks. 
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Figure 3.3.  Electron microscopy images of Cu2Nb8O21 after annealing at 450 oC for 30 min. 

(A and B), 1 h (C and D), and 24 h (E and F).  The insets in the TEM images of B and D 

show the selected area of electron diffraction patterns, while SEM images are shown in A 

and C. 
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Figure 3.4.  Polyhedral structural view of the overall unit cell of Cu2Nb8O21.  Selected atoms 

are labeled; oxygen atoms are pink, grey polyhedra are NbO7 and orange polyhedra are 

CuO4. 
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Figure 3.5.  Polyhedral views, both perpendicular to the (110) plane, of a single niobate layer 

(top) and of the neighboring layer comprised of CuO4/NbO7 polyhedra (bottom).  Selected 

atoms are labeled; oxygen atoms are pink, grey polyhedra are NbO7 and orange polyhedra 

are CuO4. 

  



 

102 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.  Powder XRD data of the products of heating Cu2Nb8O21 nanoparticles (a and c) 

or micron-sized crystals (b and d).  These were heated under either N2 gas to 1000 oC (a and 

b) or in air up to 900 oC (c and d).  Symbols: N = Nb2O5, C = Cu, * = Nb12O29, † = CuNb2O6, 

‡ = CuNb3O8, and ! = CuNbO3.  
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Figure 3.7.  Tauc plots of [F(R)hv]n versus [hv] for measurement of the direct and indirect 

band gap sizes, n =2 (left) and n = ½ (right), respectively, of Cu2Nb8O21 particles.  The products 

were heated to 450 oC for a) 24 h, b) 8 h, c) 5 h, d) 1 h, and e) 30 min. 
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Figure 3.8.  Plots of the electron density in Cu2Nb8O21 for the uppermost valence band states 

(blue colored), and lowermost conduction band states (red colored).  As in Figure 3.5, both 

structural views are perpendicular to the (110) plane, drawn for a single niobate layer (left) and 

for the neighboring layer comprised of CuO4 and NbO7 polyhedra  (right).  Selected atoms are 

labeled. 
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Figure 3.9.  Left, current-potential curves in aqueous 0.5 M Na2SO4 solution (pH = 12) under 

chopped visible-light irradiation for Cu2Nb8O21 films annealed at 500 oC for 3 h, followed by 

either no heating in air, or heating in air at 350 oC or 450 oC for 3 h. Right, plot of Mott-

Schottky data for two non-oxidized Cu2Nb8O21 films. 
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CHAPTER 4 

 

Cu-Deficiency in the p-Type Semiconductor Cu1-xNb3O8 

 

Based on a journal article published in Chemistry of Materials 

 

Chem. Mater., 2014, 26, 2095-2104. 

 

Nacole King,a Prangya Parimita Sahoo,a Lindsay Fuoco,a Sean Stuart,b Daniel Dougherty,b 

Yi Liu,c and Paul A. Maggarda,* 

 
a Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204. 

b Department of Physics, North Carolina State University, Raleigh, NC 27695-8204. 
c Analytical Instrumentation Facility, North Carolina State University, Raleigh, NC  27695-

8204. 

 

TOC Synopsis:  The Cu-deficiency of Cu1-xNb3O8 has been characterized by electron 

microscopy (shown), X-ray photoelectron spectroscopy and Rietveld refinements of powder 

X-ray diffraction data.  The loss of Cu from the compound is found to result in the growth of 

CuO nano-islands on its surface and ~21% Cu-vacancies within the structure.  Electronic 

structure calculations reveal an increasing amount of O 2p-orbital contributions at the Fermi 

level with increasing Cu deficiency. 

ABSTRACT 

 The p-type semiconductor CuNb3O8 has been synthesized by solid-state and flux 

reactions and investigated for the effects of copper extrusion from its structure at 250 oC to 750 

oC in air.  High purity CuNb3O8 could be prepared by solid-state reactions at 750 oC in reaction 

times of 15 min and 48 h, and within a CuCl flux (10:1 molar ratio) at 750 oC in reaction times 

of 15 min and 12 h.  The CuNb3O8 phase grows rapidly into well-faceted micron-sized crystals 

under these conditions, even with the use of Cu2O and Nb2O5 nanoparticle reactants.  Heating  
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CuNb3O8 in air to 450 oC for 3 h yields Cu-deficient Cu0.79(2)Nb3O8 that was characterized by 

powder X-ray Rietveld refinements (Sp. Grp. P21/a, Z = 4, a = 15.322(2)Å, b = 5.0476(6)Å, c 

= 7.4930(6)Å, β = 107.07(1)o, and V = 554.0(1)Å3).  The parent structure of CuNb3O8 is 

maintained with ~21% copper vacancies, but with notably shorter Cu – O distances (by 0.16Å 

to 0.27Å) within the Cu – O – Nb1 zigzag chains down its b-axis.  Copper is extruded at high 

temperatures in air and is oxidized to form ~100 – 200 nm CuO islands on the surfaces of Cu1-

xNb3O8, as characterized by electron microscopy and X-ray photoelectron spectroscopy (XPS) 

techniques.  XPS measurements show only the Cu(II) oxidation state at the surfaces after 

heating in air at 450 oC and 550 oC.  Magnetic susceptibility of the bulk powders after heating 

to 350 oC and 450 oC is consistent with the percentage of Cu(II) in the compound.  Electronic 

structure calculations find that an increase in Cu vacancies from 0 to 25% shifts the Fermi level 

to lower energies, resulting in the partial oxidation of Cu(I) to Cu(II).  However, higher 

amounts of Cu vacancies lead to a significant increase in the energy of the O 2p contributions 

that cross the Fermi level and become partially oxidized at the top of the valence band.  These 

oxygen contributions occur over the bridging Cu – O – Nb neighbors when the Cu site is 

vacant.  After heating to 550 oC, XPS data show the formation of a new higher energy O 1s 

peak that corresponds to the formation of ‘O–’ species at this higher concentration of Cu 

vacancies.  Light-driven bandgap transitions between the valence and conduction band edges 

are predicted to occur between regions of the structure having Cu vacancies to regions of the 

structure without Cu vacancies, respectively.  This perturbation of the electronic structure of 

Cu-deficient Cu1-xNb3O8 could serve to drive a more effective separation of excited 

electron/hole pairs.  Thus, these findings help shed new light on p-type Cu(I)-niobate 
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photoelectrode films, i.e., CuNb3O8 and CuNbO3, that exhibit significant increases in their 

cathodic photocurrents after being heated to increasing temperatures in air. 

KEYWORDS:  Copper(I) niobate, p-type semiconductor, copper deficiency, electronic 

structure, flux synthesis. 

INTRODUCTION 

The advantages of using sunlight for the large scale and inexpensive generation of 

electrical power, or for the production of chemical fuels, have led to growing investigations 

into suitable semiconducting materials.1,2 Cuprous oxide, i.e., Cu2O, has been the focus of 

many past investigations owing to a number of favorable characteristics, including p-type 

conductivity, a bandgap size of ~2.0 eV, its non-toxic nature, and its films can be easily and 

cheaply prepared.3,4 The conductivity and stability of p-type Cu2O films are known to be 

sensitive functions of the preparation conditions, e.g., dependent on the oxygen partial pressure 

and temperature.4,5  Investigations into Cu2O-based heterojunctions have also previously been 

troubled by its reduction to Cu(s) in the interfacial regions, and resulting in low solar 

conversion efficiencies.6,7  Within aqueous liquid-junction cells, films of p-type Cu2O also 

exhibit a poor stability under visible-light irradiation.  Recent investigations have focused on 

the stabilization of its surfaces, especially with the use of protecting layers such as CuO,8 

carbon,9 and ZnO/TiO2.
10  Thus, many current research efforts aimed at realizing the full 

potential of cuprous oxide for solar-energy capture and conversion have focused on 

understanding the stability and surface reactivity of the Cu(I) cation. 

Recent investigations into niobium and tantalum oxides containing the Cu(I) cation 

have revealed many new p-type semiconductors with visible-light bandgap sizes for potential 
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applications in solar energy conversion.11,12  The incorporation of Cu(I) within their structures 

is found to result in a significant red-shifting of their bandgap sizes (Eg) by up to ~2.6eV, such 

as found for the solid solutions Na1-xCuxTa4O11 (Eg from ~4.0 to 2.7 eV),13 Li1-xCuxNb3O8 (Eg 

from ~3.9 to 1.3 eV),14 and Cu3xLa1-xTa7O19 (Eg from ~4.1 to ~2.6 eV).15  Within each, an 

increasing Cu(I) content results in the formation of a new higher-energy valence band owing 

to growing contributions from the Cu 3d10 orbitals.  The lowest-energy bandgap transitions are 

found to originate primarily from a metal-to-metal charge transfer between the filled Cu d10-

based and empty Nb/Ta d0-based crystal orbitals.  Most of the Cu-richest phases, i.e., 

CuNb3O8,
16 Cu2Nb8O21,

17 Cu5Ta11O30 and others,18,19 can be prepared as p-type polycrystalline 

films that show high cathodic photocurrents under visible-light irradiation in aqueous 

photoelectrochemical cells.  However, similar to that described for Cu2O above, the cathodic 

photocurrents and stabilities of these films are highly sensitive to the film preparation 

conditions.  Post-annealing heat treatments of these p-type photoelectrode films in air, at 

temperatures of ~250 oC to ~450 oC for 3 h, typically result in significantly enhanced cathodic 

photocurrents.16-19 However, the relevant chemistry and reactivity of the Cu(I) cations at the 

surfaces, as well as within their crystalline structures, have not previously been extensively 

investigated within these semiconducting oxides. 

 Described herein, the p-type CuNb3O8 semiconductor has been synthesized using solid-

state and flux-synthetic techniques and investigated for the effect of the synthesis conditions  

on particle sizes and surface areas.  Well-faceted CuNb3O8 crystallites obtained from a CuCl-

flux reaction were heated in ambient air at temperatures up to 750 oC and the products 

characterized by powder X-ray diffraction, electron microscopy, and X-ray photoelectron 
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spectroscopy.  These results were analyzed with respect to understanding the Cu(I) reactivity 

and extrusion at its surfaces, and the resulting formation of CuO nano-sized surface islands.  

After heating to 450 oC, the structure of the Cu(I)-deficient Cu1-xNb3O8 (x ~ 0.79) was 

characterized by powder X-ray Rietveld refinements.  Electronic structure calculations were 

performed in order to investigate the effect of Cu(I)-deficiency on the bandgap transition, and 

which leads to new insights regarding a possible mechanism for the effective separation of 

excited electron/hole pairs within the structure. 

EXPERIMENTAL 

A.  Materials.  All starting reagents were purchased from commercial suppliers and 

used without further purification, including Cu2O (99.99% metals basis, Alfa Aesar), CuCl 

(99%, Alfa Aesar), NbCl5 (99.99%, Alfa Aesar), and Nb2O5 (99.999% metals basis, 

Puratronic).  

B.  Synthetic Methods. Several different synthetic routes to prepare high-purity 

CuNb3O8 were investigated, including both solid-state and CuCl-flux reactions.  All syntheses 

required ~15% excess of Cu2O in order to obtain a high-purity product without Nb2O5 as an 

impurity, as judged by powder X-ray diffraction.  Solid-state syntheses involved grinding 

together a 1:3 molar ratio of Cu2O and Nb2O5 in a mortar and pestle (SS1), or a 5:1 molar ratio 

of Cu2O and NbCl5 (SS2), and then flame sealing them into fused-silica reaction vessels under  

vacuum.  Both reactions were heated to 750 oC and held at that temperature for either 48 h or  

15 min, for SS1 and SS2, respectively.  The flux syntheses involved combining a 1:1 mixture 

of Nb2O5 and Cu2O with a CuCl flux in a 10:1 flux-to-reactant molar ratio under an inert  
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atmosphere inside a glovebox.  These reactions were flame-sealed inside fused-silica reaction 

vessels under vacuum, and then heated to 750 oC for either 15 min (FS1) or 12 h (FS2), 

followed by quenching to room temperature.  Nanoparticle Cu2O and Nb2O5 reactants were 

also prepared for use in these flux-mediated reactions (FS-nano), starting from the previously 

reported preparations of Cu2O and Nb2O5 nanoparticles.20,21  Briefly, nanoparticles of Cu2O 

were prepared from a solution of 0.5 M NaOH and 0.5 M CuSO4 at room temperature.  To this 

solution, 0.1 M ascorbic acid was added dropwise to the stirred solution until Cu2O 

nanoparticles precipitated from solution, as confirmed by powder X-ray diffraction.  The 

product was washed with deionized water, separated by centrifugation, and filtered and dried 

at 80 °C oven overnight.  Nanoparticles of Nb2O5 were prepared by dissolving 5 g of NbCl5 

into 10 ml of ethanol, followed by the addition of 200 ml of 5 M NH4OH to form a niobic acid 

(Nb2O5·xH2O) precipitate.  The product was washed with deionized water, dried overnight in 

an oven at 80 °C, and calcined in air at 500 °C for 12 h.  The Nb2O5 and Cu2O nanoparticles 

were then combined with a CuCl flux in a 10:1 flux-to-reactant molar ratio inside fused-silica 

reaction vessels and heated to 675 oC for 60 min (FS-nano).  The resulting products were 

washed with 3M NH4OH and HCl in order to remove the CuCl flux and any excess Cu2O. 

C.  Powder X-ray Structure Refinement.  The phase purities of all products were 

confirmed by high resolution powder X-ray diffraction on an INEL diffractometer using Cu  

Kα1 (λ=1.54056 Å) radiation from a sealed tube X-ray generator equipped with a curved 

position-sensitive detector (CPS120).  Refinements of the lattice constants were performed 

using the JADE 9 software package22 starting from the reported unit-cell dimensions of the 

monoclinic structure of CuNb3O8 (Space Group P21/a; No. 14; a = 15.365(2) Å, b = 5.0717(5) 
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Å, c = 7.5266(6) Å, and β = 107.18(1)o.23  Refined lattice constants for each sample are listed 

in Table A1 in Appendix A.  A Rietveld structure refinement was also carried out for CuNb3O8 

(FS1) that was heated in air at 450 C for 3h.  A powder X-ray diffraction data set for the 

refinement was collected at room temperature on a Philips X-pert diffractometer with Cu K 

radiation over the angular range 10  2  110 with a step width of 0.017. The diffractometer 

had been calibrated against a silicon powder (NIST-SRM 640c) standard.  The data were 

analyzed by Le Bail profile analysis and then refined by the Rietveld method as implemented 

in the JANA2000 program suite.24  The starting atomic coordinates included three symmetry-

unique Nb sites, one Cu site and eight oxygen sites within the unit cell.  All atoms occupy 4e 

Wyckoff sites with a full refined occupancy in the reported crystal structure of CuNb3O8.
23  

The background was estimated by a Legendre polynomial function consisting of 15 

coefficients, and the peak shapes were described by a pseudo-Voigt function with five profile 

coefficients.  During the refinement, first the background and the peak shape parameters were 

refined, followed by the unit cell and zero shift parameters.  The scale parameter and atomic 

coordinates were refined next, beginning with Nb and Cu atoms, and subsequently the O atoms.  

The atomic displacement parameters were then refined, and that showed larger relative values 

for the Cu site.  Several cycles of refinements were carried out that converged to a 0.79(2)  

occupancy for the Cu site.  The site occupancy of all atomic positions were similarly allowed 

to refine, but only the Cu site occupancy was found to be less than unity.  The difference profile 

revealed the presence of a small amount of CuO impurity that was included in the refinement 

cycles, at a refined phase fraction of 8%.  The highest residual electron densities were 1.00 and  
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-1.12 e/Å3, respectively, indicating that the electron density had been correctly modeled.  The 

final Rp and Rwp factors converged to 3.28 % and 4.37 %, respectively.  Selected refinement 

parameters and interatomic distances are given in Tables 4.2 and 4.3, and the refined atomic 

coordinates are listed in Table B2 of Appendix B. 

D.  Characterization Techniques.  The Cu1-xNb3O8 powders (reaction FS1) were 

fixed onto double-sided carbon tape, and a single crystallite was selected to make the TEM 

sample.  An FEI Quanta 3D Dual Beam Scanning Electron Microscope (SEM) with Focused 

Ion Beam (FIB) was used to prepare the TEM sample.  The lift-out technique was used during 

the process, as illustrated in Appendix B in Figure B3.  A platinum bar with a ~10 × 2 × 2 μm 

size was deposited by the ion beam in order to protect the area of interest, and then both sides 

of the platinum bar were milled away by the FIB.  The foil was picked up by the Omniprobe 

and then fixed onto a Mo half-ring grid for further thinning to yield the TEM sample.  The 

microscope was operated at 30 kV on both SEM and FIB sides initially.  At the final polishing 

stage of the FIB, the voltage was lowered to 5 kV to minimize the damage introduced by the 

ion beam.  

Atomic resolution images were taken using an FEI Titan 80-300 probe aberration 

corrected and monochromated Scanning Transmission Electron Microscope (S/TEM) operated  

at 200 kV.  In STEM mode, Z-contrast images were taken using a high-angle annular dark-

field (HAADF) detector (Fischione Instrument), and elemental mappings were performed 

using the so-called “Super X” Energy Dispersive Spectrometric (EDS) system.  The EDS 

system consists of 4 windowless silicon-drift detectors (SDD) positioned symmetrically 
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around the specimen to a unique FEI design.  The convergence angle was set at 21 mrad, and 

probe current was approximately 110 pA. 

X-ray photoelectron spectroscopy measurements were carried out in a UHV chamber 

(base pressure 5 × 10-10 T) with a cylindrical mirror-type electron spectrometer (Riber MAC2).  

Non-monochromatic Mg Kα radiation (1253.6 eV) was used as the excitation source. The X-

ray spot size on the sample had a 2-3 mm diameter.  The energy resolution for the survey scan 

was ~2 eV and for the detail scan was ~1 eV.  Energy scales were calibrated by assigning 

adventitious carbon peaks at 284.5 eV.  Powder samples were either placed on carbon tape 

(Ted Pella) sample holders or deposited onto FTO slides in ambient air, and then immediately 

loaded into the XPS chamber.  The powder samples deposited on the FTO slides were heated 

to 200 oC under UHV in order to remove the surface water and hydroxyl groups.  Spectra were 

analyzed using the commercial software package CasaXPS.25 The molar ratio of Cu(I):Cu(II) 

was determined according to previously reported methods developed for similar mixed-

valence metal oxides.26 Specific surface areas of the samples were measured using a 

Quantachrome Chem BET Pulsar TPR/TPD with N2 utilized as the adsorbate.   

E.   Electronic Structure Calculations.  Electronic band-structure calculations were 

performed on the geometry-optimized and defect-free CuNb3O8 structure based on plane-wave  

density functional theory within the program package CASTEP.27   A superstructure of 2 × 2 

× 2 unit cells was used to model structures that contained 16.7%, 25%, and 50 % Cu-site 

vacancies.  The Perdew-Burke-Ernzerhof functional in the generalized gradient approximation 

and ultra soft core potentials were employed in the calculations.28 The Monkhorst-Pack scheme 

was used for automatic selection of k-points within the Brillouin zone.29  
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RESULTS AND DISCUSSION 

A.  Synthetic Results.  The products from all flux and solid state reactions were found 

to yield CuNb3O8 in high purity according to powder X-ray diffraction, as shown in Figure B1 

in Appendix B.  The structure of CuNb3O8, isostructural with LiNb3O8, has previously been 

described within the monoclinic crystal system (Space Group P21/a; No. 14) and unit cell 

parameters of a = 15.365(2) Å, b = 5.0717(5) Å, c = 7.5266(6) Å, and  = 107.18(1).23  The 

refined unit cell parameters from each of the syntheses, listed in Table B1, were closely similar 

(to within <3σ) to these reported values.  As shown in Table B1 and Figure 4.1, surface area 

measurements and SEM images were taken on the CuNb3O8 crystallites in order to evaluate 

their sizes, morphologies, and specific surface areas.  These particle characteristics have 

previously been found to depend on the flux synthesis conditions, such as reported for 

AgNbO3.
30-32  The products obtained from the solid state synthesis (SS1) and both of the flux 

synthesis reactions (FS1 and FS2) exhibited the smallest surface areas of ~0.42 m2/g and ~0.65 

m2/g, with the 15 min flux reaction (FS1) showing the slightly larger surface area.  The 

CuNb3O8 crystallites from these three syntheses were highly faceted with platelet-like shapes 

and striations along their lateral dimensions, Figure 4.1 (A, B, and C), with an average size in  

the range of ~5 to 10 μm.  The final particle sizes and surface areas were thus independent of 

the reaction time and/or whether a CuCl flux was used in the reaction.  The lower-temperature 

flux reaction using Cu2O and Nb2O5 nanoparticles (FS-nano) increased the product surface 

area to ~1.7 m2/g, with an average particle size of ~3.8 μm, shown in Figure 4.1D.  A solid-

state synthesis using Cu2O and NbCl5 reactants (SS2) also exhibited a specific surface area of 

~2.0 m2/g and an average particle size of ~3.0 μm.  Thus, the CuNb3O8 phase grows very 
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rapidly into micrometer-sized crystals under each of these conditions, similar to that reported 

for Cu2Nb8O21.
17 

B.  Characterization of Copper Extrusion from CuNb3O8.   

     1.  Phase Identification in the Bulk and at the Surfaces.  The extrusion of copper 

from CuNb3O8 was investigated upon heating in air at temperatures up to 750 oC.  The Powder 

X-ray Diffraction (PXRD) patterns exhibited very small peaks arising from CuO and ζ-Nb2O5 

at 450 °C and 550 oC, shown in Figures B2 and 4.2, and that increase in intensity with 

increasing temperature (> 550 oC) and time (> 3h).  At a temperature of 650 oC, the CuNb2O6 

phase is detected, likely resulting from a reaction between the growing amounts of CuO and ζ-

Nb2O5.  The CuO impurity can be observed in SEM images as ~100 to 200 nm-sized islands 

that are produced at the surfaces of CuNb3O8 starting as low as ~350 oC, as shown in Figure 

4.1 (E and F).  The ends of the platelet-shaped particles show a significantly larger 

concentration of these surface islands.  In order to probe the composition and crystalline 

structure of these surface islands, the highly-faceted CuNb3O8 particles from reaction FS1 were 

heated in air at 550 °C for 3 hours.  This sample was investigated using scanning/transmission 

electron microscopy (S/TEM), as shown in Figures 4.3 and 4.4.  Elemental mapping shows 

only copper and oxygen as the constituent elements of the surface islands, illustrated in Figures 

B4 and B5.  The selected area electron diffraction pattern obtained by both experiment and fast 

Fourier Transformation (FFT) of the surface islands could be indexed to the [010] zone axis of 

CuO with 1/d spacings (Å-1) of 0.431 Å-1 and 0.400 Å-1 belonging to the (200) and (002) planes.  

The elemental composition below the surface islands was determined to consist predominantly 

of niobium and oxygen with a relatively smaller amount of copper.  The selected area electron 
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diffraction pattern of the underlying sample obtained by experiment and FFT could be 

approximately matched to the [103] zone axis of CuNb3O8 with 1/d spacings (Å-1) of 0.385 Å-

1 and 0.419 Å-1.  However, additional diffraction spots suggest a complex superstructure, i.e., 

2 × b-axis, which potentially results from structural defects and oxygen re-distribution formed 

in the crystal lattice as a result of heating in air.  Further investigations are necessary to 

characterize its structure at this interfacial region.  A Cu-deficient composition, i.e., Cu1-

xNb3O8, is found after heating to 450 oC, as characterized by powder X-ray diffraction 

refinements (below).  The ζ-Nb2O5 phase detected by powder X-ray analysis could not be 

found by electron microscopy at the surfaces.  This phase is likely to be found within the 

interior, farther away from the Cu-richer surface regions. 

The extrusion of Cu from CuNb3O8 at high temperatures is thus found to occur with its 

oxidation in air to CuO, as given by the reaction:  CuNb3O8(s) + ½O2(g) → Cu1-xNb3O8(s) + 

xCuO(surface).  Further, from charge balance considerations, the formal oxidation state of 

copper within Cu1-xNb3O8 increases according to the formula CuI
(1-2x)CuII

xNb3O8, wherein the  

formation of x Cu vacancies is accompanied by the oxidation of x Cu sites from +1 to +2.  

Thus, when heated in air, the Cu(I) cations at the surfaces disproportionate into Cu(II) cations 

within the CuI
(1-2x)CuII

xNb3O8 structure, as well Cu0 that becomes oxidized at the surfaces to 

CuO.  The temperature-dependent magnetic susceptibility was measured for CuNb3O8, both 

before and after heating the compound in air at 350 oC and 450 oC, given in Figure B.10 

(Appendix B).  The data could be fit to the Curie-Weiss law (S = ½ for Cu(II)), with the 

parameters listed in Table B3.  In the Cu1-xNb3O8 samples heated to 350 oC and 450 oC, the 

percentage of Cu(II) cations in the samples is calculated to be ~47% and ~62%.  This 
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corresponds to x = 0.235 and 0.31, i.e., with a product mixture consisting of x CuO and 

Cu0.725Nb3O8 and Cu0.69Nb3O8, respectively.  These compositions are in rough agreement with 

that determined from the Rietveld structure refinement described below, with these samples 

showing a slightly higher Cu-deficiency owing to the different synthetic method. 

     2.  Surface Oxidation States.  The chemical compositions at the surfaces of the Cu1-

xNb3O8 crystallites (FS1 products) were characterized via X-ray photoelectron spectroscopy, 

both before and after heating in air at 450 oC and 550 oC for 3 h.  In order to remove 

contributions from the adsorbed surface water and hydroxyl species, each sample was annealed 

in UHV at 200 oC.  Survey scans for both samples confirmed the Cu 2p, O 1s, and Nb 3d 

absorption peaks at the expected binding energies,33 as plotted in Figures 4.5, 4.6, and B6, 

respectively.  Prior to heating CuNb3O8 in air, two broad peaks were found corresponding to 

the binding energies of the Cu 2p3/2 and 2p1/2 levels, shown in Figure 5C centered at ~931-935 

eV and ~951-955 eV, respectively.  These broad peaks arise from overlapping contributions  

from the Cu(I) cations in the CuNb3O8 particles and the Cu(II) cations at their surfaces resulting 

from ambient surface oxidation.  The Cu(I)/Cu(II) cations have 2p core levels that are separated 

in energy by ~ 1 eV to 2 eV, in agreement with previous literature reports.26,33  The non-

symmetrical Cu 2p3/2 and 2p1/2 peaks, and the weak shakeup satellite peaks observed at 942 eV 

and 962 eV, are characteristic of Cu(II) near the surface.  An approximately ~7:10 molar ratio 

of Cu(I) to Cu(II) is found at the surface.  After heating CuNb3O8 in air at 450 oC and 550 oC, 

shown in Figure 4.5 (A and B) only peaks corresponding to Cu(II) cations are observed, and 

the characteristic shakeup satellite peaks are clearly defined.  The shift in the Cu 2p core level 

spectra arising from ambient heating is consistent with the formation of CuO near the surface, 
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as visualized in Figure 4.3.  By contrast, the absorption peaks corresponding to the Nb 3d3/2 

and 3d5/2 levels were not altered after heating CuNb3O8, shown in Figure B6.  These peaks 

were consistent with previously reported Nb(V)-containing oxides,33 at ~209 eV and ~207 eV, 

respectively.   

The XPS spectra are shown in Figure 4.6 for the O 1s core level, both before and after 

heating CuNb3O8 in air at 450 oC and 550 oC.  Each spectrum is found to consists of two peaks.  

The lower binding energy peak at ~530 eV is present at all temperatures, and its energy range 

is consistent with previously reported investigations in both copper oxide and niobium oxide 

compounds.26  After heating CuNb3O8 in air at 450 oC and 550 oC, the lower binding energy 

peak is shifted to lower energies owing to the presence of CuO islands at the surface.34  In 

addition, a higher energy absorption peak at ~532 eV is found to significantly increase in 

intensity at 550 oC in Figure 4.6A.  This peak can be assigned as ‘O‒’ defect sites near the Cu  

vacancies, with the addition of some OH (hydroxyl) surface species not removed by the UHV 

annealing process.  Previous systematic studies of the O 1s binding energies have found that 

peaks in this energy range may emerge after heating metal oxides to high temperatures in air, 

owing to the formation of ‘O−’ species that can be created by site defects at the surfaces.35  

Interestingly, this peak is much weaker at 450 oC, Figure 4.6B, indicating that the amount of 

Cu vacancies passes a critical limit in the CuNb3O8 sample heated to 550 oC.  The extrusion of 

Cu from the structure, i.e., as in the Cu-deficient Cu1-xNb3O8, can result in the formation of 

dangling ‘O−’ ligands in the structure, and which has been investigated by electronic structure 

calculations (described below). 
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     3.  Rietveld Refinement of the Cu-Deficient Cu1-xNb3O8 Structure.  After heating 

CuNb3O8 in air, its powder X-ray diffraction peaks show a detectable shifting towards higher 

2θ angles.  The a-axis lattice constant exhibited the most significant shifting, from ~15.37Å to 

~15.33Å, as listed in Table B1.  The copper-deficient structure of Cu1-xNb3O8 was investigated 

by a Rietveld refinement after heating the compound in air at 450 °C for 3 h (sample FS1).  

The structure refinement included the main phase Cu1-xNb3O8 (~92%) as the predominant 

fraction, as well as the CuO (~8%) impurity, as shown in Figure 4.7.  A refined Cu-site 

occupancy of 0.79(2) yielded the formula Cu0.79(2)Nb3O8.  Selected interatomic distances are 

listed in Table 4.3.  The structure of CuNb3O8 and the Cu-deficient Cu0.79(2)Nb3O8 can both be 

described as a superstructure of the parent orthorhombic PbO2-structure type,14,23 as illustrated 

in Figure 4.8.  Briefly, the structure consists of distorted octahedral NbO6 and CuO6 

coordination environments that share edges with each other to form the full three-dimensional  

structure.  The structure contains two types of edge-sharing zigzag chains that are oriented 

down the b-axis direction, one that consists of the Nb2 and Nb3 octahedra, and the other 

consisting of the Cu and Nb1 octahedra.  As shown in Figure 4.9a, two of each type of these 

zigzag chains condense together to form channels that also run along the b-axis direction.  The 

Nb – O and Cu – O nearest-neighbor distances are found to be within similar ranges as found 

previously.23  However, several significant shifts in the interatomic distances, i.e., ∆dist in Table 

4.3, occur with the loss of Cu.  The most notable shifts are exhibited within the CuO6 octahedra, 

as compared in Figure 4.9 (b and c) before and after the loss of copper, respectively.  The Cu 

atom has shifted away from the center of the channel in Figure 4.9a, as labeled by the dashed 

arrows, with significantly shorter Cu distances (by ~0.16Å to 0.27Å) to O1, O4, and O7.  These 
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O atoms are bridging to the Nb1 atoms within the zigzag chain.  The structure thus compensates 

by a shortening of the opposing Nb1 – O8 distance (by ~0.37Å) and a lengthening of the Nb3 

– O8 distance (by ~0.32Å).  The net effect of the Cu-deficiency in the Cu0.79(2)Nb3O8 structure 

is to shift the Cu and Nb1 sites away from the channels that are oriented down the b-axis 

direction.  The displacement of the oxygen sites (O1, O4, O7, and O8) towards Cu and Nb1 

sites is also responsible for contracting the a-axis length. 

C.  Electronic Structure Calculations.  The electronic structures of CuNb3O8 and Cu-

deficient Cu1-xNb3O8 were calculated by density-functional theory methods.  The Cu-deficient 

structural model  was taken from the refined structure of Cu0.79(2)Nb3O8, and included Cu 

vacancies that were varied from 16.7%, to 25%, to 50%.  As reported for the CuNb3O8 

structure, the band-gap transition occurs between the valence and conduction band edges  

comprised primarily of the filled 3d10 orbitals on Cu(I) and the empty 4d0 orbitals on 

Nb(V).14,16  Shown in Figure 4.10 as orange- and blue-shaded electron density, respectively, 

these contributions are mixed with relatively smaller contributions from O 2p orbitals in each 

band.  As an increasing amount of Cu is removed from the structure, the Fermi level shifts 

down and Cu(I) is oxidized to Cu(II) throughout the structure.  The calculated compositional 

limit for the complete oxidation of Cu(I) to Cu(II) would be Cu0.5Nb3O8, or a structure with 

50% vacancies on the Cu sites.  Surprisingly though, as the Cu vacancy level increases from 

25% to 50%, the top of the valence band changes to predominantly O 2p orbital in character, 

as shown in the densities of states in Figure 4.11 (lower right).  The removal of bonding Cu – 

O interactions (low energy) that are predominantly O 2p in character causes the build up of 

high-energy electron density on the dangling O ligands at the top of the valence band, as shown 
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in the orange-shaded electron-density in Figure 4.11b.  This situation should lead to a 

destabilization of the structure much beyond ~25% Cu-site vacancies, in rough agreement with 

the refined Cu0.79(2)Nb3O8 composition.  A blue shift of the optical bandgap size of CuNb3O8 

is found to occur from ~1.3 eV, to ~1.5 eV after heating to 550 oC, as illustrated in Figure B9.  

These results are also consistent with the XPS data showing a buildup of “O−” within the 

structure after a significant removal of Cu from the structure at 550 oC, but not at 450 oC.   

At the bottom of the conduction band the electron density becomes localized on empty 

Nb 4d orbitals that are located farthest away from the Cu vacancies, as illustrated in Figure 

4.12.  The increased energies of the O 2p orbitals (around Cu vacancies) cause significantly 

greater Nb – O antibonding interactions owing to the closer energetic separation, as well as 

shortened spatial separation, between the 2p and 4d orbitals.  In short, the removal of Cu atoms 

from the Nb – O – Cu bridges within the structure causes the occupied O 2p orbitals to be 

raised in energy, and which in turn causes near-neighbor Nb 4d orbitals to be raised in energy.  

The Nb atoms with intact Nb – O – Cu bridges exhibit the lowest-energy Nb 4d orbitals in the 

structure.  For the Cu-deficient structure, excitation of electrons between the valence and 

conduction band edges consists of electronic transitions between regions of the structure 

having Cu vacancies to other regions of the structure without Cu vacancies.  This is caused by 

an increasing amount of O 2p contributions (locally near to the Cu vacancy) at the valence 

band edges, and the lowest-energy Nb 4d orbitals (locally farthest from Cu vacancy) at the 

conduction band edge.  Electronic transitions to higher energy levels in the conduction band, 

or from lower energy levels in the valence band, will rapidly thermalize to the band edges.  In 
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ongoing experimental efforts, the p-type cathodic photocurrent has been confirmed on a 

polycrystalline Cu1-xNb3O8 film that was heated in air at 450 oC for 3h, as shown in Figure B11 

(Appendix B).  This results in a stronger photocurrent and smaller dark current that previously 

reported.16  Thus, the electronic structure of Cu-deficient Cu1-xNb3O8 can potentially serve to 

more effectively separate excited electron/hole pairs within the structure.  Comprehensive 

photoelectrochemical investigations of these films are underway in order to probe changes and 

stabilization of these CuO islands while under irradiation. 

CONCLUSIONS 

Solid-state and flux-synthesis routes have been utilized in the high-purity synthesis of 

the p-type semiconductor CuNb3O8.  Starting from bulk or nanoscale reactants, the compound  

grows quickly into micron-sized crystals with specific surface areas that ranged from ~0.41 

m2/g to ~2.0 m2/g, depending on the reaction conditions.  Heating the CuNb3O8 phase in air to 

450 oC for 3 h yields the Cu-deficient Cu0.79(2)Nb3O8 that maintains the original crystal 

structure with ~21% vacancies on the copper sites.  The structure exhibits notably shorter Cu 

– O distances (by 0.16Å to 0.27Å) within the Cu – O – Nb1 zigzag chains down the b-axis.  

As copper is extruded from the compound, ~100 – 200 nm-sized CuO islands form on the well-

faceted surfaces of Cu1-xNb3O8.  Electronic structure calculations show that an increase in the 

Cu vacancies from 0 to 25% causes a shift in the Fermi level to lower energies and results in 

the partial oxidation of Cu(I) to Cu(II) within the structure.  Higher amounts of Cu vacancies 

further lower the Fermi level and leads to the buildup of electron density on O 2p states that 

cross the Fermi level and become partially oxidized.  XPS measurements of the O 1s core level 

indicate an enhanced contribution from ‘O–’ defect species at a higher concentration of Cu 
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vacancies after heating to 550 oC.  Light-driven bandgap excitations between the valence and 

conduction band edges are found to occur between regions of the structure having Cu vacancies 

to regions of the structure without Cu vacancies, respectively.  The effect of this perturbation 

of the electronic structure could help to drive a more effective separation of excited 

electron/hole pairs within the Cu-deficient Cu1-xNb3O8.  These findings lead to important and 

relevant insights for p-type Cu(I)-niobate photoelectrode films, i.e., CuNb3O8 and CuNbO3, 

which show significant increases in their cathodic photocurrents when heated to increasing 

temperatures in air. 

SUPPORTING INFORMATION 

 Provided in Appendix B are powder X-ray diffraction patterns of the CuNb3O8 products 

from the solid-state and flux-synthesis reactions and refined lattice constants, additional 

scanning electron microscopy images of the products and of the Omniprobe used for the TEM 

sample preparation, elemental mapping of the CuO/Cu1-xNb3O8 interfacial region at the 

surfaces, XPS data for the Nb 3d and Cu 2p1/2 and 2p3/2 binding energies for samples not 

annealed in UHV to remove, magnetic susceptibility and photoelectrochemical data, and 

finally, the table of refined atomic coordinates. 
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Table 4.1.  Measured particle sizes and specific surface areas for five different synthetic 

routes used to prepare CuNb3O8. 

Synthesisa 
Reaction 

Time 

Reaction   

Temperature (°C) Surface Area (
𝒎𝟐

𝒈 ) 

FS2        12 h 750 0.41 

FS1        15 min 750 0.65 

SS1        48 h 750 0.42 

SS2        15 min 750 2.0 

FS-nano        60 min 675 1.7 

a The synthetic routes are a) FS-1 and FS-2: flux reactions in a 10:1 CuCl flux with Cu2O and 

Nb2O5 (1:1 ratio); b) FS-nano: flux reactions in a 10:1 CuCl flux using nanoparticle 

Cu2O and Nb2O5 reactants; SS1: solid-state reaction of Cu2O and Nb2O5; SS2: solid-

state reaction of NbCl5 and Cu2O in a 5:1 molar ratio. 
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Table 4.2.  Selected Rietveld refinement parameters for Cu0.79(2)Nb3O8 after heating 

CuNb3O8 (FS1) in air at 450 oC for 3h. 

Chemical Formula Cu0.79(2)Nb3O8  

Space group, Z P21/a , 4 

Radiation Wavelength Cu K1 = 1.54051 Å  

      K2 = 1.54433 

Å 

Crystal System Monoclinic 

a / Å   15.322(2) 

b / Å  5.0476(6) 

c / Å  7.4930(6) 

 /  107.07(1) 

V/ Å3 554.0(1) 

Rp, Rwp 0.0328, 0.0437 

2  () range 10 - 110  

No. of unique data 6177 
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Table 4.3.  Selected interatomic distances for the refined structure of Cu0.79(2)Nb3O8 

 Atom pair 
Distance 

(Å) 
Δdist(Å)a   Atom pair Distance(Å) Δdist(Å)a 

Nb(1) – O(1) 1.99(10) -0.06 Nb(2) – O(3) 2.23(9) +0.2 

          – O(1) 1.91(9) +0.10           – O(4) 1.84(9) -0.04 

          – O(2) 2.09(11) +0.06           – O(5) 1.95(10) -0.06 

          – O(4) 2.14(8) +0.07           – O(6) 1.91(9) +0.02 

          – O(7) 1.89(10) -0.08           – O(7) 2.01(9) +0.03 

          – O(8) 1.69(9) -0.37           – O(8) 2.31(8) +0.23 

Nb(3) – O(2) 1.83(11) -0.14 Cu(1) – O(1) 2.28(9) -0.16 

          – O(3) 2.04(11) -0.164           – O(2) 2.27(9) +0.08 

          – O(3) 1.99(10) -0.01           – O(4) 1.98(11) -0.27 

          – O(5) 1.92(9) +0.122           – O(5) 2.16(11) +0.02 

          – O(6) 1.97(8) -0.09           – O(6) 2.20(9) +0.12 

          – O(8) 2.46(8) +0.316           – O(7) 2.28(9) -0.21 

a  Δdist(Å) is the difference in interatomic distance as compared to that reported for the 

CuNb3O8 structure.23 
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Figure 4.1.  SEM images of CuNb3O8 particles prepared using 12 h flux synthesis (FS-2; A), 

15 min flux synthesis (FS-1; B), solid state synthesis starting from NbCl5 and Cu2O (SS2; C), 

flux synthesis starting from nanoparticles of Cu2O and Nb2O5 (FS-nano; D), after heating the 

FS-1 product in air at 350 oC for 3 h (E), and at 550 oC for 3 h (F). 
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Figure 4.2.  Powder X-ray diffraction patterns of CuNb3O8 after its flux synthesis (FS1, a), 

and after heating in air at 550 oC for 3 h (b) and 12 h (c), and after heating in air at 650 oC for 

3h (d), and at 750 oC for 3 h (e). 

  



 

133 

    

 

 

 

Figure 4.3.  Transmission electron microscopy image of the interfacial region between CuO 

and Cu1-xNb3O8  after heating in air at 550 °C for 3 h (a), and the selected area electron 

diffraction patterns of CuO (b) and Cu1-xNb3O8 (c). 
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Figure 4.4.  High angle annular dark field images of selected sections of the surface CuO 

islands (a), and the underlying Cu-deficient Cu1-xNb3O8 (b), with relevant d-spacings labeled 

in each. 
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Figure 4.5.  The fitted X-ray photoelectron spectra (dots) and fits (colors) of the Cu 2p levels 

after heating Cu1-xNb3O8 in air at 550 °C for 3 h (A), heating in air at 450 °C for 3 h (B), and 

before heating in air (C).  The samples were mounted onto FTO slides and annealed at 200 oC 

in UHV to remove adsorbed surface water and hydroxyl species. 
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Figure 4.6.  The fitted X-ray photoelectron spectra (dots) and fits (colors) of the O 1s level 

after heating Cu1-xNb3O8 in air at 550 °C for 3 h (A), heating in air at 450 °C for 3 h (B), and 

before heating in air (C).  The samples were mounted on FTO slides and annealed at 200 oC in 

UHV to remove adsorbed surface water and hydroxyl species. 
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Figure 4.7.  Rietveld refinement of powder X-ray diffraction data for Cu0.79(2)Nb3O8, after 

heating CuNb3O8 in air at 450 °C for 3h. 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 is shown at the bottom. The upper and lower rows of vertical marks correspond to 

the allowed reflections for CuNb3O8 and CuO, respectively. 
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Figure 4.8.  Polyhedral view of the ideal unit cell of Cu0.79(2)Nb3O8 shown perpendicular to the 

b axis; Orange polyhedra are CuO6 and blue polyhedra are NbO6.   
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Figure 4.9.  Polyhedral view of a local structural unit in Cu0.79(2)Nb3O8 (a) and the local Cu 

coordination environment with and without the ~21% Cu deficiency, (b) and (c), respectively; 

Decreased distances (labeled): Cu – O1, – O4, and – 7; Nb1 – O8.  Atom types are labeled. 
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Figure 4.10.  Calculated electron density in CuNb3O8 (0% Cu vacancies) for the highest-

energy region of the valence band (orange shading) and lowest-energy region of the conduction 

band (blue shading).  Atom types are labeled for the same group as shown in Figure 9a, and 

related by a 45o counter-clockwise rotation. 
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Figure 4.11.  Electron-density plots for Cu1-xNb3O8 at the highest-energies of the valence band 

(orange shading) with 25% of the Cu atoms vacant (a) and 50% of the Cu atoms vacant (b); 

Lower, calculated densities-of-states plots at 0%, 25%, and 50% Cu vacancies, with the Fermi 

levels (Ef) and d-orbital and p-orbital contributions labeled on each. The dashed arrows 

labelled as ‘a’ and ‘b’ indicate the occupied states changing from Cu d-orbital to O p-orbital 

in character, and are matched with the above electron-density plots. 
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Figure 4.12.  Calculated electron density for Cu1-xNb3O8 (25% Cu vacancies) at the lowest-

energies of the conduction band (blue shading).  The Cu-vacancies occur only in the lower half 

of this section of the structure.  Atom types are labelled. 
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CHAPTER 5 

 

Synthesis, Structure, and Thermal Instability of the Cu2Ta4O11 Phase 

Based on the journal article published in Crystal Growth and Design 

Crys.Grow.Des., 2015, 15, 552-558. 

Nacole King,a Roger D. Sommer,a Pilanda Watkins-Curry,b Julia Chanb and Paul A. 

Maggarda,* 

 aDepartment of Chemistry, North Carolina State University, Raleigh, NC 27695-8204. 
bDepartment of Chemistry, The University of Texas at Dallas, Richardson, TX 75080-4551. 

 

TOC Synopsis: A CuCl-flux synthesis route has been used to prepare Cu2Ta4O11 having a 

structure comprised of layers of TaO7 pentagonal bipyramids (left) and Cu(I)/TaO6 octahedra 

(right).  The compound exhibits the lowest known Cu-site occupancy of 66.7% in the Cu(I)-

tantalate family of structures, and leading to its limited range of stability and eventual 

decomposition in the absence of the CuCl flux. 

ABSTRACT  

 The Cu(I)-tantalate, Cu2Ta4O11,  has been synthesized by flux methods in high purity 

and  characterized by single-crystal X-ray diffraction techniques (space group R3̅c (167), a = 

6.219(2)Å, c = 37.107(1)Å).  The compound is a new n = 1 member of the Cu(I)-tantalate 

CuxTa3n+1O8n+3 series of structures and must be prepared in a molten CuCl flux within a 

relatively low temperature range of ~625-700 °C, in comparison to the synthesis of Cu5Ta11O30 

(n = 1.5) and Cu3Ta7O19 (n = 2) at ~800 to 1000 oC.  The structure consists of layers of TaO7 

pentagonal bipyramids that alternate with layers of isolated TaO6 octahedra and linearly-

coordinated Cu(I) cations.  An increasing Cu-site vacancy across this series from Cu3Ta7O19 

(100%), to Cu5Ta11O30 (83.3%), to Cu2Ta4O11 (66.7%) leads to an increasing fraction of O 
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atoms that are not locally charge balanced by the Ta(V)/Cu(I) cations, and thus yields the 

decreased stability of Cu2Ta4O11.  Thermal analysis shows that Cu2Ta4O11 decomposes in air 

or under flowing nitrogen at temperatures above ~550 °C (in the absence of the CuCl flux) into 

a mixture of known tantalates and Cu(II)-tantalate phases.  The compound exhibits a bandgap 

size of ~2.55 eV (indirect), with higher-energy direct transitions starting at ~2.73 eV.  

Electronic structure calculations confirm the indirect nature of the lowest-energy bandgap 

transition, and which arises from valence and conduction band states that are primarily 

composed of Cu 3d10 and Ta 5d0 orbital contributions, respectively.  

KEYWORDS:  flux synthesis, copper(I) tantalate, thermal stability, semiconductor 

INTRODUCTION 

The high purity synthesis of metal-oxide compounds with a limited range of thermal 

stability  has proven to be synthetically challenging for a number of chemical systems.1–6  The 

activation energy necessary to overcome kinetic barriers for the inter-diffusion of solid-state 

reactants often restricts the low-temperature range of the reaction temperature.  Traditional 

solid-state methods can frequently require the use of very high temperatures of up to >2,000 

°C.  Further, the formation of side products and unreacted starting materials usually occurs 

because of the incomplete reaction between the solid-state reactants.  Alternative routes, such 

as hydrothermal synthesis, sol-gel routes, and molten-salt synthetic methods have been utilized 

for the crystal growth of metal-oxides at lower temperatures and under non-equilibrium 

conditions.7–9 For example, the use of a flux facilitates the dissolution of oxides in a salt melt, 

accelerates inter-diffusion of ions, and lowers the activation barrier for nucleation and crystal 
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growth.10–12 A lower reaction barrier enables the high-purity synthesis of metal-oxide 

compounds that have a limited range of thermal stability.13  

Recently, our research approach has focused on the synthesis and characterization of 

new Cu(I)-M(V) (M = Nb, Ta)  semiconducting oxides that have been prepared using low-

temperature flux-mediated reactions.14–17 For example, this synthetic approach has led to the 

first reported flux synthesis of the p-type semiconductors Cu2Nb8O21 and Cu3Ta7O19, that are 

prepared in high purity and with highly-faceted particle morphologies.14,15 Synthesis of the 

Cu2Nb8O21 phase has been found to require the use of nanoscale reactants with high surface 

areas, as well as the addition of a CuCl flux and low reaction temperatures.  In the absence of 

the CuCl flux, this metastable phase slowly decomposes both in air and under inert conditions, 

and which is rapidly accelerated at temperatures above ~250 °C.   In air, Cu2Nb8O21 

decomposes into CuNb2O6 and Nb2O5, while under vacuum it decomposes into Cu(s) and 

reduced niobium-oxide phases.  Its low-temperature decomposition has been postulated to 

arise from the under-coordinated Cu(I) cations and their facile migration within the structure, 

as well as the energetically-favorable disproportionation of the Cu(I) cations at the surfaces.  

Thus, a similarly high surface reactivity and limited thermal stability has been found for other 

compounds in the Cu(I)-niobate/tantalate systems, such as for Cu3Ta7O19, Cu5Ta11O30,
15,18 

CuNb3O8,
19 and CuNbO3. 

20 Highly Cu-deficient compositions are formed, e.g., Cu5-xTa11O30, 

as a result of the Cu extrusion at their solid surfaces.21  These results suggest that a rich 

structural diversity may exist at even lower temperatures that effectively stabilize the Cu(I) 

cations over a range of possible new compositions.  However, relatively little has been 
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investigated with regards to the low-temperature synthesis and stabilization of new Cu(I)-

containing compositions.   

 The Cu2O-Ta2O5 chemical system was first investigated by Jahnberg via high 

temperature solid state reactions over the temperature range of ~800 to 1100 °C.  Along with 

Cu5Ta11O30 and Cu3Ta7O19, a new compound with the approximate composition Cu2Ta4O11 

was reportedly observed as a minor side product using HREM techniques.22,23  This compound 

was a previously reported member of the family of structures with the general composition 

AxM3n+1O8n+3 (e.g., A = Na, Ca, Y, Ag, Cu; M = Ta, Nb), that contain single (n = 1) and/or 

double (n = 2) layers of MO7 and MO6 polyhedra.24   Interestingly, the Cu-site is fully occupied 

in Cu3Ta7O19 (n = 2), and decreases to ~83.3% occupancy in Cu5Ta11O30 (n = 1.5), and to 

~66.7% occupancy in the idealized Cu2Ta4O11 (n = 1) structure.  Thus, the stability of the 

Cu(I)-tantalates reveals an important trend with the extent of Cu-vacancies supported within 

their structures.  Described herein is the first high-purity synthesis of Cu2Ta4O11 via the 

reaction of Cu2O nanoparticles and Ta2O5 in a molten CuCl-flux at relatively low temperatures 

of ~625 to 700 °C.  The structure has been characterized by single-crystal X-ray diffraction 

and its thermal stability and decomposition products have been investigated by electron 

microscopy, powder X-ray diffraction and thermogravimetric analysis techniques.  Its 

electronic structure has also been investigated by density functional theory methods, in order 

to yield new insights into its optical bandgap size and relatively limited range of stability.  
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EXPERIMENTAL 

A.  Materials and Synthesis.  The nanoparticle Cu2O and Ta2O5 reactants were 

prepared according to previously reported procedures.25,26  Briefly, Cu2O nanoparticles were 

synthesized using a 1:1 molar ratio of CuSO4∙5H2O and NaOH, and this solution was reduced 

by the addition of a 0.1 M ascorbic acid solution. The Cu2O nanoparticles were centrifuged, 

purified with deionized water, and dried overnight at 80 °C.  The Ta2O5 nanoparticles were 

prepared from a 0.2 M solution of TaCl5 dissolved in 80 mL of ethanol, followed by the 

addition of 1 mL of concentrated HNO3(aq).  This solution was stirred for 6 h at 80 °C, aged 

for 24 h at room temperature, and dried overnight in an oven at 80 °C.  The products were well 

ground in a mortar and pestle and calcined at 700 °C for 48 h.   The CuCl (Alfa Aesar, 

Puretronic, 99.999%) and Ta2O5 (Alfa Aesar, Puretronic, 99.993%) reagents were used as 

received.  Reactions targeting the Cu2Ta4O11 phase were performed by combining Cu2O and 

Ta2O5 in 1.7:1 and 2:1 molar ratios, respectively, and mixed with the CuCl flux in a 10:1 flux-

to-product ratio.  The reactants and flux were ground together inside an N2-filled glovebox, 

sealed within evacuated fused-silica tubes, and heated to 665 °C for 1 h.  The reaction vessels 

were then quenched in air.  The products were repeatedly washed with concentrated 

ammonium hydroxide and deionized water in order to remove the CuCl flux, and the synthesis 

was repeated resulting in high-purity Cu2Ta4O11 according to powder X-ray diffraction.  

B.  Single Crystal X-Ray Diffraction.  A single crystal was selected for X-ray 

diffraction that had been prepared from Cu2O nanoparticles and commercial Ta2O5 (in a 1.7:1 

molar ratio) that was heated within the CuCl flux at 625 °C for 24 h.  A single-crystal X-ray  



 

148 

    

data set was collected on a Bruker-Nonius X8 Apex2 diffractometer using Mo Kα radiation (λ 

= 0.70926).  The unit cell, frame integration, and resulting raw data were processed using the 

SAINT program.27  A numerical absorption correction based on the indexing of the crystal 

faces was applied, and the structure was solved using direct methods and refined by a full-

matrix least-squares fitting on F2 using OLEX2.28  During the single crystal X-ray diffraction 

refinement the Cu site refined to a value of ~0.67, and which was then fixed in the final cycles 

of refinements owing to charge balancing considerations as described below.   Selected data 

collection and refinement parameters are listed in Table 5.1, and interatomic distances are 

collected in Table 5.2.  A complete list of refined structural and atomic parameters as well as 

a crystallographic information file is included in Appendix C.  

 C.  Bulk Characterization Techniques.  Solid-state products were characterized by 

powder X-ray diffraction on an INEL diffractometer using Cu Kα1 (λ = 1.54056 Å) radiation 

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

(CPS120).  Powder X-ray diffraction data were also collected on a Bruker D8 Advanced 

Powder diffractometer using Cu Kα (λ = 1.54056Å) configured in Brag Brentano geometry 

with a Lynxeye XE detector.  Data were collected in a 2ϴ range of 10-80° in 0.01 steps, with 

a dwell time of 4s at each step. Refinements of the lattice constants were performed using 

LATCON software starting from the reported crystal structure of Cu2Ta4O11.
29  The thermal 

stability and decomposition of Cu2Ta4O11 was measured on a TA Instruments TGA Q50 under 

flowing nitrogen gas by heating up to ~650 °C at a programed rate of 5°C/min.  A weighed 

amount (25-35 mg) was loaded on a platinum pan, equilibrated and tared at room temperature.  
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UV-Vis diffuse reflectance spectra of Cu2Ta4O11 were collected on a Shimadzu UV-Vis-NIR 

Spectrophotometer (UV-3600) equipped with an integrating sphere.  The data were plotted as 

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

Kubelka-Munk theory of diffuse reflectance.30,31  The reflectance data were analyzed in the 

form of Tauc plots as [F(R) × hν]n versus hν, where n = 2 for direct allowed transition and n = 

½ for indirect allowed transition.32,33  The optical bandgap sizes were estimated from the onset 

of absorption, as extrapolated from the linear rising section of the curve that intersects with the 

baseline.  Scanning electron microscopy images of the samples were taken on a JEOL SEM 

6400 Field Emission Scanning Electron Microscope (FESEM) operating at 10.0 kV.  

D.  Electronic Structure Calculations.  Electronic structure calculations were 

performed on the geometry-optimized Cu2Ta4O11 crystal structure using plane-wave density 

functional theory within the Vienna Ab initio Simulation Package (ver. 4.6).34–37 Band-

structure diagram and densities-of-states calculations were performed using the Perdew-

Burke-Ernzerhof functional in the generalized gradient approximation,38 using the projector 

augmented wave method.  Automatic sampling of the Brillouin-zone was performed using a 2 

× 2 × 1 Monkhorst-Pack grid.  The Cu-deficiency in the structure was modeled by the random 

distribution of Cu-site vacancies within each of the layers of the structure.  The band structure 

calculation followed the standard k-path of special k-points through the Brillouin according to 

the Bilbao Crystallographic Server for the space group R3̅c (167).39  
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RESULTS AND DISCUSSION 

A.  Synthesis and Crystal Structure.  The Cu2Ta4O11 phase could be prepared within 

a CuCl flux in the limited temperature range of ~625 to 700 oC in high purity according to 

powder X-ray diffraction (PXRD) data, shown in Figure 5.1.  Impurities of Ta2O5 are observed  

in the PXRD data after heating at only 625 °C for less than 24 h.  When reacted at temperatures 

of 700 oC and above, its decomposition into Cu5Ta11O30 is also observed.  Slow cooling of the 

reaction vessel at 6°C/min (rather than quenching) after 12 h at 650 oC results in a mixture of 

the related Cu5Ta11O30 and Cu3Ta7O19 phases.  Thus, these data show that Cu2Ta4O11 forms 

initially at the relatively lower temperatures, but is not stable at temperatures above 700 °C, in 

the presence of a CuCl flux.  High purity syntheses of Cu2Ta4O11 phase has been found after 

heating at 625 °C for 24 h, 650 °C for 12 h, repeat heating cycles at 665 °C for 1 h, and 700 

°C for 15 minutes within a CuCl flux.  However, the Cu2Ta4O11 phase transforms into a lower-

symmetry structure (monoclinic crystal system, space group C2/c) after several weeks at room 

temperature, as shown by the split diffraction peaks in Figure 5.1(iii-iv).  Characterization of 

the stable room-temperature structure is currently ongoing and will be reported in a separate 

full investigation.  The higher-symmetry structure described below is thus the metastable high 

temperature structure of the Cu2Ta4O11 composition. 

The structure of Cu2Ta4O11 was first investigated by Jahnberg using high-resolution 

electron microscopy, owing to its formation as only a minor side product for reactions within 

the Cu2O-Ta2O5 system.23  Shown in Figure 5.2, the crystal structure from the single-crystal 

X-ray refinement is generally consistent with the previously reported structure.  Selected 

interatomic distances and bond valence sums are listed in Table 5.3, and which are consistent 
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with the previously reported structures in this structural family.23,24  Briefly, the structure of 

Cu2Ta4O11 is comprised of single layers of TaO7 pentagonal bipyramids which alternate with 

layers of TaO6 octahedra and linearly-coordinated Cu(I) cations.  These layers are stacked 

along the c-axis and are bridged through the apical vertices of the TaO7 pentagonal bipyramids.  

These two kinds of layers are shown together in Figure 5.3.  Each TaO7 pentagonal bipyramid 

is edge-shared to four neighboring TaO7 polyhedra within the layer, at Ta – O distances of 

1.994(2) Å to 2.44(1) Å.  This layer of pentagonal bipyramids has been described as 

structurally similar to that first found as part of the three-dimensional structure of α-U3O8.
40  

The apical oxygen atoms of the TaO7 pentagonal bipyramids, i.e., Ta1-O2 at 1.973(8) Å and 

1.972(8) Å, are directed between these layers and form the coordination environments of the 

TaO6 octahedra (Ta2-O2 of 1.990(8) Å) and the linearly coordinated CuO2 (Cu-O2 of 1.905(8) 

Å).   

The Cu2Ta4O11 compound is a member of a family of related structures containing 

single and double layers of pentagonal bipyramids with the general composition AxTa3n+1O8n+3 

(e.g., A = Na, Ca, Y, Ag, Cu).  These structures are comprised of single (n = 1) and/or double 

(n = 2) layers of TaO7 pentagonal bipyramids that alternate with layers of TaO6 octahedra and 

the A-site cations.  The Cu2Ta4O11 structure is similar to Na2Ta4O11 and Ag2Ta4O11, except for 

the positions of the Na and Ag cations between the layers.  Both Na and Ag adopt higher-

symmetry Wyckoff sites (12c) with seven- and six-coordinate coordination environments,41,42 

respectively, while Cu occupies a lower-symmetry Wyckoff site (18d) with a linear 

coordination environment.43 Thus, the Cu site is 66.7% (i.e., 2/3) occupied in order to satisfy 

charge-balancing requirements of the Cu(I) and Ta(V) cations, as full occupancy of this site 
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would result in a Cu3Ta4O11 composition.  Higher Cu-site occupancies are found in the related 

structures of Cu5Ta11O30 (83%) and Cu3Ta7O19 (100%).  Within each structure, the Cu(I) 

cations are coordinated to the apical O atoms (i.e., Oapical) of the TaO7 pentagonal bipyramids.  

Each Oapical atom is also bridged to one TaO6 octahedra between the layers.  In Cu3Ta7O19, the 

bond valence sum around each Oap atom is 1.99, i.e., appropriate for O2-, because the Cu sites 

are fully occupied.  However, in Cu5Ta11O30 and Cu2Ta4O11, the bond valence sum around 

each Oap atom is calculated to be 2.1 when the Cu-site is occupied, but a lower 1.6-1.7 when 

the neighboring Cu-site is vacant.  Thus, the anion charge is not locally balanced on 

neighboring Oap atoms in the presence of Cu-site vacancies.  Owing to the differences in the n 

= 2, 1.5 and 1 structures across this series, the fraction of Oap atoms (i.e., Oap/Ototal atoms) 

increases from Cu3Ta7O19 (31.5%), to Cu5Ta11O30 (40%), to Cu2Ta4O11 (54.5%), respectively.  

As the Cu-site vacancy increases across this series (i.e., with decreasing n) then a greater 

fraction of the total number of O atoms is not locally balanced, and which is leading to the 

decreased stability across this series. 

B. Particle Morphology, Instability and Thermal Decomposition.  Particle 

morphologies were investigated by scanning electron microscopy (SEM) for the Cu2Ta4O11 

products synthesized at 625 °C for 24 h from Cu2O nanoparticles and Ta2O5 in a 1:7 molar 

ratio, respectively.  As shown in Figure 5.4, micron-sized single crystals of Cu2Ta4O11 were 

observed with hexagonal- and truncated octahedral-shaped particles with dimensions from ~15  

to 30 μm.  This regular distribution of highly-faceted particles is the result of the use of the 

CuCl flux in the reaction, wherein the particle sizes of Cu(I)-containing phases grow rapidly 

to micron dimensions in less than 24 h.  However, the Cu2Ta4O11 particles slowly decompose 
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in air over the course of several weeks, as shown in the SEM images in Figure 5.1B.  After 6 

weeks at room temperature in air, the samples also displayed small amounts of surface flakes 

from oxidation that covered the outer edges of the particles, similar in nature to the CuO surface 

islands that form on Cu5Ta11O30 particles after heating them to 350 oC to 550 oC in air.21  

Powder XRD peaks also exhibit splitting, Figure 5.1A, owing to a symmetry-lowering phase 

transition to a monoclinic structure (space group C2/c) that occurs at room temperature.  This 

phase transition appears (tentatively) to be analogous to that reported for Na2Nb4O11 from R-

3c to C2/c at 380 K.44   

The thermal stability and decomposition products were investigated by heating 

Cu2Ta4O11 under flowing nitrogen or in air at temperatures from 250 oC to 650 °C.  The 

decomposition products were characterized by powder XRD techniques.  When heated at 250 

°C to 550 °C (for 3h), no impurities could be detected by powder XRD, as illustrated in Figure 

C1.  Lattice constant refinements of products heated in air up to 550 °C for 3 h are listed in 

Table C1.  However, significant decomposition begins to occur after heating to 550 oC for 24 

h, or 650 oC for 3h, as shown in the powder XRD data in Figure 5.5.  At 550 oC for 24 h in air 

or under vacuum, its partial decomposition into Ta2O5 is observed in the powder XRD.  After 

heating the powders in air or under nitrogen at 650 °C for 3 h, the Cu2Ta4O11 has almost entirely 

decomposed into a mixture of phases with the Ta2O5, TaO2, and CuTa2O6 types of structures.
45– 

48  As Cu2Ta4O11 is heated, some of the Cu(I) cations at the surfaces are oxidized to Cu(II) 

cations, and subsequently form the CuTa2O6 compound.  At relatively lower temperatures, the 

Cu(I) cations are typically slowly extruded at the surfaces of these compounds to form surface 
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CuO islands that are not detectable by powder XRD, as reported previously for both Cu5-

xTa11O30 and Cu1-xNb3O8.
16,21      

C.  Optical Properties And Electronic Structure.  The previously known members 

of this structural family, Cu5Ta11O30 and Cu3Ta7O19, are p-type semiconductors with visible-

light bandgap sizes of ~2.6 eV and ~2.5 eV, respectively.  UV-Vis diffuse reflectance data 

were taken on the Cu2Ta4O11 powder and the data were plotted and analyzed as Tauc plots of 

(F(R)hν)n versus hv (hv = photon energy), as shown in Figure 5.6, where n = 2 or ½ for direct 

and indirect bandgap transitions, respectively.  The band gap is found to be indirect with an 

energy of ~2.6 eV, with the higher energy direct transition occurring at ~2.7 eV. The Cu-

deficient structures, i.e., Cu5Ta11O30 and Cu2Ta4O11, thus both have a slightly larger bandgap 

size than for Cu3Ta7O19 with a fully-occupied Cu site. 

The electronic structure of Cu2Ta4O11 was investigated using density functional theory 

methods.  The calculated densities-of-states (DOS) plot and band structure diagram are shown 

together in Figure 5.7, with the Fermi level (Ef) indicated by the dashed lines in each.  Similar 

to both Cu5Ta11O30 and Cu2Ta4O11, the highest-energy contributions to the valence band arise 

primarily from the filled Cu 3d orbitals while the lowest-energy states of the conduction band 

are comprised of predominantly Ta 5d orbital contributions, with both containing minor 

contributions from interactions with the O 2p orbitals.  Electron density plots of the lowest- 

energy conduction band states and highest-energy valence band states are shown in Figure 5.8, 

within ~0.1 eV and ~0.5 eV of each band edge, respectively.  These plots are shown for a small 

segment of the structure and illustrate the delocalization of the electron density over the layers 

of TaO7 pentagonal bipyramids and TaO6 octahedra in the conduction band, and over the Cu 
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atoms in the valence band.  Plots of the electron density throughout the full unit cell are given 

in Appendix C, Figure C4.  The lowest-energy bandgap transition in the band diagram is shown 

to be indirect, from the k-points Γ to M, in agreement with the diffuse reflectance data and 

similar to that known for Cu5Ta11O30 and Cu3Ta7O19.
18  This is in contrast to the (Na1-

xCux)2Ta4O11 solid solution,43 wherein the lowest energy bandgap transition is predicted to be 

direct and located at the Γ point.  

CONCLUSIONS 

 

The Cu2Ta4O11 phase was prepared in high purity via CuCl-mediated flux reactions in 

the temperature range of 625 to 700 °C and characterized by single-crystal X-ray diffraction.  

The structure is comprised of single layers of edge-sharing TaO7 pentagonal bipyramids that 

are bridged via their apical oxygen atoms to TaO6 octahedra and linearly coordinated Cu(I) 

cations. In the absence of the CuCl flux, the Cu2Ta4O11 phase slowly decomposes at room 

temperature to a lower-symmetry monoclinic structure.  At temperatures ≥550 °C, it 

decomposes and oxidizes to give a mixture of known tantalate and Cu(II)-tantalates phases.  

UV-Vis diffuse reflectance data show the compound has an indirect band gap with a size of 

~2.6 eV, similar in size to the related Cu5Ta11O30 and Cu3Ta7O19 compounds.  Electronic 

structure calculations show that its bandgap transition stems from valence and conduction band  

edges that are comprised primarily of contributions from the filled Cu 3d and empty Ta 5d 

orbitals, respectively.  Thus, these results show the promise of using CuCl-mediated flux 

syntheses for the discovery and investigation of new and potentially metastable Cu(I)-

containing p-type semiconductors. 
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SUPPORTING INFORMATION.   

Crystallographic information file, refined lattice constants, and powder X-ray 

diffraction patterns of Cu2Ta4O11 both before and after heating in air or under flowing nitrogen 

and plots of electron density through the unit cell are provided in Appendix C. 
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Table 5.1.  Selected single-crystal refinement data for Cu2Ta4O11. 

Refined Formula Cu
2
Ta

4
O

11
 

Formula Weight (g/mol)  1019.26 

Space Group, Z  R3̅c (167), 6 

Crystal System  Trigonal 

Temperature (K)  296 

Unit Cell (Å), a  6.2190(2) 

                      c  37.107(1) 

                     V (Å
3
)  1242.86 (9) 

r (g/cm
3
)  8.237 

μ, (mm
-1

)  57.72 

No. of unique data collected 3079 

No. of variables residuals
a
  R

1
, 

 
[F

o
>4σ(F

o
)]  0.0236 

 wR
2 
= 0.0666 

 R1(all) = 0.0236 

 wR2(all) = 0.0666 

Goodness-of-Fit  1.377 
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Table 5.2.  Atomic coordinates, isotropic displacement parameters (Å2), and Wyckoff 

positions for the refined structure of Cu2Ta4O11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atom Site Wyckoff Position x y z Uiso(eq) Occ. 

Ta1 18e 0.3041(1) 1/3 0.5833 0.0155(3) 1.0 

Ta2 6b 0 0 1/2 0.0276(4) 1.0 

Cu 18d 1/2 1/2 1/2 0.0279(7) 0.67 

O1 12c 1/3 2/3 0.5736(4) 0.019(3) 1.0 

O2 36f 0.240(2) 0.277(2) 0.5311(2) 0.020(2) 1.0 

O3 18e 2/3 0.579(2) 0.5833 0.018(2) 1.0 
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Table 5.3.  Selected Interatomic Distances and Bond Valence Sums for the Symmetry-

Inequivalent Metal Sites in Cu2Ta4O11. 

Coordination Environment Distance (Å)  Bond Valence Sum 

Ta1, pentagonal bipyramid   5.145(3) 

Ta1-O1 2.021(2) 

x 

2  

Ta1-O2 1.973(8)   

Ta1-O2 1.972(8)   

Ta1-O3 1.994(3)   

Ta1-O3 1.994(2)   

Ta1-O3 2.44(1)   

Ta2, octahedron    4.968(1) 

Ta2-O2 1.990(8) 

x 

6  

Cu coordination    

Cu-O2 1.905(8) 

x 

2 0.90(1) 
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Figure 5.1.  (A) Powder X-ray diffraction patterns i) calculated from the crystal structure of 

Cu2Ta4O11, and experimental patterns for the ii) post synthesis products, and iii) after 6 

weeks in ambient conditions in air; (B) Scanning electron microscopy images of Cu2Ta4O11 

after exposure to air for 6 weeks.  The marked peaks (*) are new peaks that emerge during 

the symmetry-lowering phase transition  (monoclinic crystal class system, C2/c)     
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Figure 5.2.  Polyhedral view of Cu2Ta4O11 shown with the unit cell outlined in blue, with 

tan-colored polyhedra for the TaO7 pentagonal bipyramids and TaO6 octahedra, and the blue 

and red spheres for copper and oxygen, respectively.  
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Figure 5.3.  The two types of layers in the structure of Cu2Ta4O11: A) the layer of linearly-

coordinated CuO2 and isolated TaO6 octahedra, and B) the layer of edge-shared TaO7 

pentagonal bipyramids. Tan polyhedra are TaO7 or TaO6, and blue and red spheres are copper 

and oxygen, respectively.   
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Figure 5.4.  Scanning electron microscopy of Cu2Ta4O11 particles from a CuCl flux reaction 

of Cu2O nanoparticles and Ta2O5 at 625 °C for 24 h and quenched in air. 
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Figure 5.5.  Powder X-ray diffraction patterns of Cu2Ta4O11 that has been heated at either 

550 oC for 24 h (A) or at 650 oC for 3 h (B).  At each temperature, samples were heated 

under nitrogen (i) or in air (ii), and compared to the calculated pattern (iii). The marked peaks 

indicate Cu2Ta4O11 (+) or the decomposition products with the structures types of Ta2O5 (#)  
TaO2 (^), and CuTa2O6 (*). 
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Figure 5.6. Tauc plots of the UV-Vis diffuse reflectance data for Cu2Ta4O11, showing the 

indirect (n = ½ ) and direct (n = 2) band gap transitions. 
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Figure 5.7. The calculated band-structure diagram (left) and densities-of-states (right) for 

Cu2Ta4O11, with contributions from the valence and conduction bands indicated in red and 

blue, respectively. 
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Figure 5.8.  Calculated electron density plots of Cu2Ta4O11 for its highest-energy valence 

band states (A; blue shading) and lowest-energy conduction band states (B; brown shading).  

Selected atom types are labeled.  
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CHAPTER 6 

 

Flux-mediated Syntheses, Structural Characterization, and Polymorphism of the p-

Type Semiconductor Cu2Ta4O11 
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ABSTRACT 

 A new copper(I)-tantalate, α-Cu2Ta4O11, has been synthesized via flux methods and 

characterized by a powder X-ray Rietveld refinement (space group 𝐶𝑐, (9), a = 10.7337(14) 

Å, b = 6.2506(3) Å, c = 12.8869(14) Å, β = 106.070(4) Å).  The α-Cu2Ta4O11 structure has 

been prepared in a molten CuCl flux at 665 °C for 1 h and is a low-temperature polymorph of 

the rhombohedral Cu2Ta4O11 (β-Cu2Ta4O11) (space group 𝑅3̅𝑐 a = 6.2190(2) Å, c = 37.107(1) 

Å) structure. The monoclinic α-Cu2Ta4O11 is found at 223 K and 298 K in an inert atmosphere. 

The monoclinic α-Cu2Ta4O11 is structurally similar to the rhombohedral β-Cu2Ta4O11, and is 

composed of single layers of distorted edge-shared TaO7 and TaO6 polyhedra alternating with 

layers of linearly coordinated Cu(I) cations and isolated TaO6 octahedra. The symmetry-

lowering distortions from the rhombohedral β-Cu2Ta4O11 into the monoclinic α-Cu2Ta4O11 are 

similar to second-order Jahn-Teller effects arising from the out-of-center displacement of Ta 5 

d0 cations in the edge-shared TaO7 pentagonal bipyramid layer.  The UV-vis diffuse reflectance  
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spectra  of the monoclinic α-Cu2Ta4O11 shows a higher-energy direct band gap transition at 

~2.71 eV and lower-energy indirect band gap transition at ~2.6 eV.  Photoelectrochemical 

measurements on polycrystalline films of α-Cu2Ta4O11 that produced strong cathodic 

photocurrents ~1.5 mA/cm2 under A.M. 1.5 G solar irradiation.   

INTRODUCTION 

 The growth and design of metal-oxide semiconductors with intriguing properties is a 

vast area of research.1–5  Synthetic optimization of complex oxides is a current challenge for a 

number of chemical systems, it is achievable using a combination of synthetic techniques such 

as hydrothermal synthesis, solid-state synthesis, and molten-salt flux synthesis methods, which 

are essential for the tailored crystal growth of metal-oxides.6–10    The flux synthesis method is 

a versatile and advantageous technique for the modification of particle characteristics, such as 

particle sizes, particle morphologies, surface features, and the high-purity of polycrystalline 

phases.11  Further, the flux synthesis approach has been shown to yield lower reaction rates 

and temperatures, increased product homogeneity and lower the activation barrier for the 

growth of thermodynamically unstable phases.12–14  Synthetic modifications of metal-oxides 

can be used to alter the physical properties, such as the catalytic, optical, and electronic 

properties. For example, the Na2-xCuxTa4O11 solid-solution displayed a significant redshift in 

the band gap energy from ~4.0 eV to ~2.65 eV as Cu(I) cations were inserted into the structure 

in place of the Na(I) cations.15   

 The Maggard research group has investigated the high-purity syntheses of several 

Cu(I)-M(V) (M = V, Nb, Ta) oxides using the solid state and molten-salt flux method, which 

includes Cu3VO4
16, CuNb3O8

17, Cu2Nb8O21
18,  Cu3Ta7O19

19, and β-Cu2Ta4O11
20.  Although, the 
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flux method is not required for the crystal growth of CuNb3O8; in the absence of CuCl as a 

molten salt, the solid-state reaction can take up to 48 h at a temperature of 750 °C with 

impurities from unreacted reagents.21 The introduction of a CuCl flux with a low melting point 

(~426 °C) has been reported to reduce the reaction time to 15 min at the same temperature and 

yields CuNb3O8 in high purity.17  The metastable Cu2Nb8O21 phase requires the use of highly 

reactive and high-surface-area nanoparticle reactants in the presence of a CuCl flux at 

temperatures up to 550 °C.18 The rod-shaped multi-faceted single crystals can grow up to ~80 

μm in the presence of a CuCl flux.  Also, the high purity synthesis of the Cu(I)-tantalate phase, 

Cu3Ta7O19, requires the use of a CuCl flux to facilitate crystal growth at 700 °C for 24 h,  while 

the flux is not required for the growth of the high purity crystal growth of the Cu5Ta11O30 

phase.19,22  The Cu(I)-containing niobates and tantalate mentioned above have shown promise 

as visible light active p-type photoelectrodes for the conversion of solar energy into chemical 

fuels.23  The reported band gap energy sizes of the Cu(I)-M(V) (M = V, Nb, Ta) oxides listed 

above are between ~1.1 eV to ~2.7 eV and polycrystalline films of the metal-oxides with 

increased p-type dopants have demonstrated cathodic photocurrents up to ~2.0 mA/cm2.    

 The Cu2Ta4O11 phase was first discovered in a very small quantity during a high 

resolution electron microscopy (HREM) investigation of the solid-state  products for phases in 

the Cu2O-Ta2O5 system in the temperature range of 700 °C to 1100 °C.24,25  Recently, the 

rhombohedral β-Cu2Ta4O11 phase was prepared in high purity and, required the presence of a 

CuCl flux in the temperature range of 625 °C to 700 °C.20 The limited thermal stability of the  

rhombohedral β-Cu2Ta4O11 has made the high-purity synthesis of the Cu(I)-tantalate 

challenging.  This compound has been previously reported as a member of a family of related 
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structures with the general composition Am+
(n+1)/mM3n+1O(8n+3)(e.g., A = Ag 1+, Na1+, Cu 1+,Ca2+, 

Y3+,  ; M = Ta, Nb), that contains single (n = 1) and/or double (n = 2) layers of MO7 polyhedra 

alternating with a layer of isolated MO6 polyhedra.26,27    Described herein is the first example 

of a second-order Jahn-teller effect of a Ta 5d0 polar non-centrosymmetric structural distortion. 

The newest member in the Copper(I)-tantalate family, the monoclinic α- Cu2Ta4O11, was 

prepared using a flux-mediated crystal growth technique, the thermal stability, optical and 

photoelectrochemical properties of the metal-oxide semiconductor were examined.   

EXPERIMENTAL 

 

A.  Materials and Synthesis.  The nanoparticle Cu2O and Ta2O5 reactants were 

prepared according to previously reported procedures.28,29  The Ta2O5 (Alfa Aesar, 99.999%) 

reagents were used as received.  Reactions targeting the monoclinic α-Cu2Ta4O11 phase were 

performed by combining nanoparticle Cu2O and Ta2O5 in a 2:1 molar ratio, respectively, and 

mixing with a CuCl flux in a 10:1 flux-to-reactant molar ratio.  The reactants and flux were 

well-ground together inside a N2-filled glovebox, sealed within an evacuated fused-silica tube, 

and heated at 665 °C for 1 h.  The reaction vessel was then quenched in air immediately upon 

completion of the heating cycle.  The products were repeatedly washed with concentrated 

ammonium hydroxide and deionized water in order to remove the CuCl flux.  Minor impurities 

from the starting reagent Ta2O5 (≤ 5 %) were observed in the powder X-ray diffraction 

patterns of the obtained product.  

 B.  Bulk Characterization Techniques.   Powder X-ray diffraction data were collected 

on a Bruker D8 Advanced Powder diffractometer configured in Brag Brentano geometry with  
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a Lynxeye XE detector and collected on an INEL diffractometer using Cu Kα (λ = 1.54056 Å).   

Data were collected in a 2𝜃 range of 10-80° in 0.01 steps with a dwell time of 4 s at each step. 

The Rietveld structure refinement of α-Cu2Ta4O11  at 298 K used a single crystal data collection 

of  α-Cu2Ta4O11 (monoclinic crystal class 𝐶𝑐, 9) at 100 K as the starting model in the Rietveld 

and lattice constant refinements for data collected at 223 K and 298 K, on the GSAS-II software 

program.32 The reported rhombohedral β-Cu2Ta4O11 structure was used as the calculated 

structures for the lattice constant refinements at temperatures 523 K to 723 K.20  The refinement 

strategy was implemented as follows. The scale factor, background (Chebyshev function with 

4 terms), sample displacement and sample transparency, and unit cell of each phase were 

independently refined. The atomic positions were refined in order of decreasing scattering 

length, followed by the refinement of isotropic temperature factors (Uiso). The Uiso values were 

fixed for O atoms, peak shape profile (Gaussian and Lorentzian terms) were refined.  The 

occupancy factor for the Cu-sites for the experimental powder XRD patterns at 298 K were 

independently refined. The impurities of Ta2O5 were masked in the Rietveld refinements from 

25.9° to 27.6° 2𝜃 as indicated by the purple lines in the refinement profile. Selected data 

collection and refinement parameters for the refinement in the monoclinic α-Cu2Ta4O11 at 298 

K is listed in Table 1 and interatomic distances are given in Table 2. A complete list of refined 

structural and atomic parameters, as well as a crystallographic information file, are included in 

Appendix D, Table 1. 

The UV-Vis diffuse reflectance spectra of α-Cu2Ta4O11 were collected on a Shimadzu 

UV-Vis-NIR Spectrophotometer (UV-3600) equipped with an integrating sphere.  The data 

were plotted as the remission function F(R∞) = (1-R∞)2/(2R∞), where R is the diffuse 



 

176 

    

reflectance based on the Kubelka-Munk theory.33,34  The reflectance data were analyzed in the 

form of Tauc plots as [F(R) × hν]n versus hν, where n = 2 for direct allowed transitions and n 

= ½ for indirect allowed transitions.35,36  The optical bandgap sizes were estimated from the 

onset of absorption, as extrapolated from the linear section of the curve that intersects with the 

baseline.  Differential scanning calorimetric analysis were performed using a Differential 

Scanning Calorimeter-Thermal Gravimetric Analysis Instrument (TA Instruments TGA Q50 

and SDT 2960 systems) on the monoclinic α-Cu2Ta4O11 powders.  Weighed amounts (~ 20 

mg) were loaded on a Pt pan, equilibrated at room temperature, and then heated under flowing 

N2 from -50 °C to 325 °C at a rate of 5 °C/min.   

C. Photoelectrochemical Investigation.  Polycrystalline films of α-Cu2Ta4O11 were 

prepared on TEC-15 fluorine doped tin oxide (FTO) slides (Pilkington Glass Inc.). First, FTO 

slides are sonicated in de-ionized water, followed by ethanol and acetone for 30 min each and 

dried in air in an oven set to 80 °C.  A 1 cm2 area was taped off using Scotch tape on the 

conducting side of the FTO, and a slurry of Cu2Ta4O11 in a water/tert-butanol solution was 

deposited using the doctor blade method. The films were annealed under dynamic vacuum 

(P<50 mTorr) at 500 °C for 3 h to allow particles to sinter. After the annealing process, films 

were heated to various temperatures for 3 h each.  The polycrystalline films were examined as 

photoelectrodes in a photoelectrochemical cell. The linear sweep voltammetry (LSV)  

measurements were taken on a CH-Instruments CH620a potentiostat under chopped simulated 

AM 1.5 G irradiation at 100 mW/cm2 (Oriel) using a scan rate of 0.0250 Vs-1. 

Chronoamperometric measurements were taken at the short circuit condition (V= 0.0) for 1000 

s each. The polycrystalline films served as the working electrodes, Pt foil as the counter 
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electrode and an SCE (sat. KCl) electrode served as the reference electrode during the 

measurements. A 0.5 M Na2SO4 solution adjusted to pH 6.5 using diluted H2SO4 was prepared 

for each photoelectrochemical measurement. This solution was purged with N2 gas for 30 min 

prior to, and during photoelectrochemical measurements to remove any dissolved O2 in the 

electrolyte solution.   

RESULTS AND DISCUSSION 

 

A. Synthesis and Structure.  The monoclinic α-Cu2Ta4O11 phase has been 

synthesized using nanoparticle precursor reactants in a 2:1 (Cu2O:Ta2O5) molar ratio at 665 °C 

for 1 h in a molten CuCl flux (10:1 flux-to-reactant molar ratio) and immediately quenched in 

air upon completion of reaction.  The flux was removed using concentrated NH4OH and, the 

resulting products were washed with deionized water and dried overnight at 80 °C. High-

surface-area nanoparticle Cu2O and Ta2O5 precursors were required for the flux synthesis of 

α-Cu2Ta4O11. In the absence of the nanoparticle precursors, impurities of Ta2O5 ~20% resulted 

therefore, the highly reactive reagent powders are necessary in order to stabilize the monoclinic 

α-Cu2Ta4O11 phase and minimize impurities. The crystallization of β-Cu2Ta4O11 in the 

rhombohedral space group, 𝑅3̅𝑐, requires an additional heating cycle of synthesized products 

at 665 °C for 1 h in excess Cu2O and a CuCl flux.  A powder X-ray data set collected at room  

temperature was refined in a monoclinic space group with unit cell parameters of ( a = 

10.7337(14) Å, b = 6.2506(3) Å, c = 12.8869(14) Å, β = 106.070(4)°) at 298 K, as shown in 

Figure 6.1.  Data collection, refinement parameters, and selected interatomic distances are 

listed in Tables 6.1 and 6.2, and are consistent with the previously reported Cu(I)-tantalate  



 

178 

    

structures.  The monoclinic crystal structure of α-Cu2Ta4O11 is composed of alternating layers 

of linearly coordinated Cu atoms, isolated TaO6 octahedra that are apically bridged to O atoms 

in a single layer of a distorted edge-shared layers of TaO6 and TaO7 polyhedra, as shown in 

Figure 6.2.  The apical oxygen atoms of the TaO7 pentagonal bipyramids construct the isolated 

TaO6 octahedra with interatomic distances from 1.91(7) Å to 2.11(8) Å thus, create a cavity 

for Ta atoms to occupy between the adjacent TaO7 layers as shown in Appendix D, Figure D1.   

The monoclinic α-Cu2Ta4O11 phase consist of three symmetry unique Ta sites (Ta1, Ta2, Ta3) 

in the edge-shared TaO7 pentagonal bipyramidal layers with interatomic distances in the range 

of 1.92(8) Å to 2.45(8) Å, and are consistent with the bond distances observed for the 

rhombohedral β-Cu2Ta4O11, as shown in Figure 6.3. Further, the Ta1 and Ta3 cation maintains 

the TaO7 pentagonal bipyramid coordination while the Ta2 cation in the edge-shared layer is 

distorted into a TaO6 octahedron.  The three symmetrically inequivalent Cu-sites in the 

monoclinic α-Cu2Ta4O11 unit cell (Cu1, Cu2, Cu3) have bond distances that are in the range of 

1.71(8) Å to 2.01(9) Å.  A crystal structure of a layer of isolated TaO6 octahedra bridged to 

linearly coordinated Cu(I) cations is shown in Appendix D, Figure D2.   

The Cu2Ta4O11 structure is a member in a family of previously reported Cu(I)-tantalates 

that are constructed with α-U3O8 type layers.  These structures contain single (n = 1) and/or  

double (n = 2) layers of edge-shared TaO7 pentagonal bipyramids that alternate with layers of 

isolated TaO6 octahedra surrounded by the A-site cations.  The occupancy of the Cu-site is 

66.7%  for the rhombohedral β-Cu2Ta4O11, where (𝑛 = 1) is occupied in order to satisfy the 

charge-balancing requirements of the desired neutral composition, as full occupation of this 

site would result in the undesired Cu3Ta4O11 composition.  Higher Cu-site occupancies are 
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found in the related copper(I)-tantalate structures of Cu5Ta11O30 (83%) where (𝑛 = 1.5 ) and 

Cu3Ta7O19 (100%) where (𝑛 = 2 ).  The previous investigation of the rhombohedral β-

Cu2Ta4O11 examined a trend observed between the fraction of apical O atoms per total O atoms 

and increasing Cu-vacancies of the Cu(I)-tantalates.20 This trend served as an insight into the 

relationship between the structural variation, stability, and increasing Cu-site occupancy 

observed in Cu2Ta4O11, Cu5Ta11O30, and Cu3Ta7O19, respectively.  Furthermore, the symmetry-

lowering distortion of the rhombohedral β-Cu2Ta4O11 into the monoclinic α-Cu2Ta4O11  has 

not been observed in the related Copper(I)-tantalate mentioned above however, this transition 

has been reported for a related member of the α-U3O8-layer type of structures, Na2Nb4O11.
37   

B.  Symmetry-Lowering Distortions in Cu2Ta4O11. The relationship between the 

structural transformation observed for the monoclinic and hexagonal-rhombohedral unit cells 

has been reported previously, and are illustrated in Appendix D, Figure D3.27,37,38  Masó et. al 

reported the layered niobates, Ag2Nb4O11 and Na2Nb4O11, as the only structures to exhibit a 

phase transition within the family of related structures in arrangement of alternating single 

layers of edge-shared pentagonal bipyramids and octahedra.39  Furthermore, they comment on 

the tendency for niobates rather than tantalates to exhibit ferroelectric polymorphism, due to  

the differences in the unit cell volumes, octahedron sizes and interatomic distances.  For 

example, the c lattice parameter, unit cell volume, and Ta-O interatomic distances of 

Ag2Ta4O11 were shorter in comparison to Ag2Nb4O11. The Ag2Nb4O11 displays a polar non-

centrosymmetric phase transition from a structure in the rhombohedral space 𝑅3̅𝑐  to 𝑅3𝑐 upon 

cooling.  The driving force for the symmetry-lowering polar distortion observed in Ag2Nb4O11 

can be attributed to atomic displacements of the Nb cations in NbO7 pentagonal bipyramids 
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towards apical O atoms, and the Ag cations in AgO6 octahedra toward octahedral faces along 

the c direction of the rhombohedral unit cell. By contrast, Na2Nb4O11 exhibits a non-polar 

centrosymmetric distortion from the 𝑅3̅𝑐 to 𝐶2/𝑐 space group upon cooling due to the smaller 

unit cell dimensions and shorter Na-O1 interatomic distances  (2.510(3) Å) in a NaO7  

polyhedron comparatively, the Ag cation in Ag2Nb4O11 is coordinated to three O1 atoms at a 

longer distance (2.6503(14) Å) in the octahedron.  A comparison of the c lattice parameter, 

unit cell volumes and Nb/Ta-O interatomic distances of the Na2Nb4O11, Ag2Nb4O11, 

Ag2Ta4O11, and Cu2Ta4O11 rhombohedral structures indicate striking similarities between 

Na2Nb4O11, Ag2Nb4O11, and Cu2Ta4O11. The Cu-(I) cation in Cu2Ta4O11 adopts a linear 

coordination owing to the smaller crystal radius ~0.6 ° with significantly shorter Cu-O 

interatomic distances (1.71(8) Å to 2.01(9) Å).  The rhombohedral β-Cu2Ta4O11 structure 

displays an out-of-center displacement of the Ta 5d0 cation in the edge-shared TaO7 pentagonal 

bipyramid layer, and is shown in Figure 6.4. The symmetry transformation of the atoms in 

Cu2Ta4O11 from the rhombohedral 𝑅3̅𝑐 to a monoclinic 𝐶𝑐 unit cell are as follows: Cu1 → 

Cu1, Cu2, Cu3; Ta1 → Ta1, Ta2, Ta3; Ta2 → Ta4; O1→O1, O11; O2 → O4, O5, O7, O8,  

O9, O10; O3 →O2, O3, O6.   

The tendency for symmetry-lowering transitions of d0 cations in an octahedral 

coordination are known to occur as a result of a second-order Jahn-Teller effects.40 The driving 

force for a second-order Jahn-Teller distortion is expected to increase as the energy separation 

between the t2g orbitals and the non-bonding O 2p states in the HOMO and LUMO decrease.41  

The second order Jahn-Teller distortions have typically been reported and observed for 

octahedral d0 cations with high valency and the magnitude of the distortion increases in the 
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following sequence: Zr4+< Ta5+ < Nb5+< W6+ < V5+< Mo6+.41  To the best of our knowledge, 

there are not any examples in the literature of a second-order Jahn-Teller effect of Ta 5d0 in an 

arrangement of alternating layers of pentagonal bipyramid and octahedral environments 

therefore, Cu2Ta4O11 is the first case of a Cu(I)-containing tantalate which displays a 

symmetry-lowering structural distortion. A possible explanation for the uncommon phase 

transition observed in Cu2Ta4O11 can be observed in the Ta-O bond lengths.  The Ta-O bond 

distance in the TaO6 octahedron are slightly larger, in the range of 1.92(7) to 2.20(6) Å, than 

in Ag2Ta4O11, of 1.9845(5).  Also, the longer distance in the equatorial plane of edge-shared 

pentagonal bipyramids is also slightly larger for Ta1-O3 in Cu2Ta4O11 as compared to 

Ag2Ta4O11 of 2.45(8) Å and 2.3983(18) Å, respectively.  The orbital interactions between a 

metal-oxygen bond with shorter distances are stronger, thus less likely to distort out of place 

and displace the cation as observed for Ag2Ta4O11. The longer Ta-O interatomic distances 

observed in TaO6 and TaO7 polyhedra in Cu2Ta4O11 are comparable to the Nb-O bond 

distances in Na2Nb4O11 and Ag2Nb4O11, thus a distorted environment is likely to occur due to  

the out-of-center displacement of the Ta/Nb cations. Goodenough and Longo described the 

displacement of a  d0 cation in an octahedral coordination environment may occur 

rhombohedrally along the C3 axis.42  Kunz and Brown reported the direction of the 

displacement of the d0 cation is not determined from the electronic second-order Jahn-Teller 

effect.43  By using bond-valence arguments, they were able to conclude the preferential 

direction of out-of-center cation displacement is influenced by bond network stresses (e.g. 

asymmetry in the bond network from nearest neighbors) and cation-cation repulsions from 

near neighbor cations that share edges or faces.  For example, the tendency of V5+ to a favor a 
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distorted environment is observed in the ZnV2O6 structure, an asymmetrical bond network, 

leading to the displacement of the V d0 cation and contributing to the effects of the second-

order Jahn-Teller distortion.  In the rhombohedral β-Cu2Ta4O11 structure, effects from cation-

cation repulsion cause the nearest neighbor Ta 5d0 cation in the edge-shared TaO7 pentagonal 

bipyramid layer to move out of the center of the polyhedron.  Furthermore, the preferential 

direction of the out-of-center displacement of the Ta cations is towards the vertex of the 

polyhedron not shared by a neighboring Ta cations, and is shown in Figure 6.5.  Thus, the 

repulsion from nearest neighbor cations is shown to direct the out-of-center displacement of 

Ta d0 cations towards an edge of the polyhedron that is not shared by a neighboring Ta cation 

in the rhombohedral β-Cu2Ta4O11 structure. 

The distortion of the rhombohedral β-Cu2Ta4O11 has been reported to occur after 

exposing a powder sample to room temperature conditions for ~ 6 weeks.20  The effects of the 

cation-cation repulsions in the TaO7 pentagonal bipyramid layer direct the displacement of the  

Ta 5d0 cation towards an edge that is not shared.  As a result of the out-of-center displacement, 

the rhombohedral β-Cu2Ta4O11 structure transformation into the monoclinic α-Cu2Ta4O11 

occurs.  The TaO7 pentagonal bipyramid layer distorts into a layer containing TaO6 and TaO7 

polyhedra  where Ta3 and Ta1 maintains the TaO7 pentagonal bipyramid coordination 

environment, and Ta2 distorts into a TaO6 octahedron.  In the monoclinic α-Cu2Ta4O11 

structure fewer edges are shared as the Ta2 and O2 interatomic distance lengthens to 2.55(3) 

Å, an increase of ~0.13 Å as compared to the rhombohedral β-Cu2Ta4O11 structures as shown 

in Figures 6.3 and 6.4, respectively.  The interatomic distances change in the isolated TaO6 

octahedron and linearly coordinated Cu(I)-cations are also listed in Table 6.2.   
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C. Thermal Decomposition of α-Cu2Ta4O11. The phase transformation of the 

monoclinic α-Cu2Ta4O11 into the rhombohedral phase β-Cu2Ta4O11 was investigated in the 

temperature range of 223 K to 723 K an inert atmosphere. A powder XRD analysis of the phase 

transformation the monoclinic α-Cu2Ta4O11 shown in Figure 6.6, and indicates the 

transformation of the monoclinic α-Cu2Ta4O11 into the rhombohedral β-Cu2Ta4O11 at 523 K. 

At temperatures above 523 K, the powder XRD analysis shows the rhombohedral β-Cu2Ta4O11 

structure is stable. The lattice constants of the monoclinic α-Cu2Ta4O11 as it transforms into 

the rhombohedral β-Cu2Ta4O11 are listed in Appendix D, Table D2.  The lattice constant 

refinements of α-Cu2Ta4O11 powders that were heated at 523 K in an inert atmosphere were 

analyzed in order to give new insights of the phase transition of the monoclinic α-Cu2Ta4O11 

into the rhombohedral β-Cu2Ta4O11 at increasing temperatures.  At temperatures 223 K and 

298 K the monoclinic the a, b, c, and β, lattice constants and unit cell volume decreases as the  

temperature increase from 223 K to 298 K.  The trend is further observed for the lattice constant 

refinements and the unit cell volume of the rhombohedral β-Cu2Ta4O11 as the temperature 

increases from 523 K to 723 K. Upon heating α-Cu2Ta4O11 from 523 K to 623 K, a change in 

color results from a yellowish to a tannish.  This observation is consistent with the change in 

color observed after the in air heating of Cu5Ta11O30, and the formation of Cu-deficient 

structure, Cu5-xTa11O30.
45  Previous investigations of the thermal instability of Cu5Ta11O30 and 

CuNb3O8 reported the extrusion of Cu(I) and the formation of CuO nanoparticles on the 

surfaces of the particles heated at temperatures of 450 °C and 550 °C for 3 h.17,44 Further, the 

extrusion of Cu(I) at the temperatures of  550 °C leads to increased Cu-site vacancies in the 

unit cell and the emergence of an ‘O−’ species at the heated surface. Ongoing efforts and 
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studies are underway to determine if the formation of CuO occurs after the transition of α-

Cu2Ta4O11 into β-Cu2Ta4O11.  

D. Optical and Photoelectrochemical Properties. The optical band gap and 

photoelectrochemical properties of the monoclinic α-Cu2Ta4O11 semiconductor were 

examined in order to establish and compare the cathodic photocurrent of Cu2Ta4O11  to the 

previously known members of the Cu(I)-tantalate family, Cu5Ta11O30 and Cu3Ta7O19. The 

visible-light absorbing p-type semiconductors Cu5Ta11O30 and Cu3Ta7O19, have reported band 

gap energies of ~2.6 eV and ~2.5 eV, respectively.  The UV-visible diffuse reflectance data 

for the monoclinic α-Cu2Ta4O11 were calculated and analyzed as Tauc plots of (F(R)hν)n versus 

hν (hν = photon energy), as shown in Figure 6.5.  A direct band gap transition of  ~2.71 eV  

and indirect band gap transitions (n = ½) of ~2.61 eV were observed.  The observed band gap 

energies of α-Cu2Ta4O11 are comparable to the reported bandgap energies of the rhombohedral 

β-Cu2Ta4O11 phase.   

The photoelectrochemical properties of Cu2Ta4O11 were investigated in order to 

confirm the cathodic nature of the semiconductor under simulated A.M. 1.5 G solar irradiation. 

The polycrystalline films of α-Cu2Ta4O11 were annealed under vacuum at 550 °C for 3 h and 

heated in air at temperatures of 250 °C and 350 °C. The post-annealing heat treatments of 

Copper(I)-tantalates Cu5Ta11O30 and Cu3Ta7O19 have shown to increase p-type dopant 

concentration of the semiconductor, thus improved conductivity and enhanced cathodic 

photocurrents have been observed.  The linear sweep voltammetry and chronoamperometric 

measurements of the polycrystalline films of Cu2Ta4O11 before heating and after heating at 250  
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°C and 350 °C for 3 h are shown in Figure 6.7 and Appendix D, D4.  The cathodic photocurrent 

density of α-Cu2Ta4O11 were increased from -0.25 mA/cm2 up to -1.5 mA/cm2 before and after 

heating in air, respectively.  This has been previously reported for Cu5Ta11O30 polycrystalline 

films and, has been attributed to CuO formation at the surface of these materials.  To determine 

whether the enhanced photocurrents occur from the phase change of monoclinic α-Cu2Ta4O11 

into rhombohedral β-Cu2Ta4O11, the increase in p-type deficiencies or a combination of both,  

CuO was added to the surface of a polycrystalline α-Cu2Ta4O11 film by soaking the film in an 

ethanolic solution of Cu(NO3)2 and heating to 250 °C for 20 min. A control was also performed 

by heating a film at the same conditions, without adding CuO to the surface. Increased 

photocurrents were observed as CuO is added to the surface, however; the photocurrent 

densities were not as significant as observed for films heated to 350 °C as shown in Figure 6.8.  

This large difference in photocurrent may be due to the phase change of the material.  Powder 

X-ray diffraction was used to characterize the solid powders after photoelectrochemical 

measurements and is shown in Appendix D, Figure D5.     

CONCLUSIONS 

 The α-Cu2Ta4O11 phase was prepared with highly reactive Cu2O and Ta2O5 

nanoparticles in a CuCl flux at 665 °C for 1 h and characterized by Rietveld refinement.  The 

structure is composed of alternating layers of distorted edge-shared TaO6 and TaO7 polyhedra 

coordinated to layers of linearly coordinated Cu(I) atoms and isolated TaO6 octahedra.  The 

Cu2Ta4O11 structure distorts from a rhombohedral R3̅c space group and crystalizes in a polar 

non-centrosymmetric monoclinic 𝐶𝑐 space group.  The Cu2Ta4O11 is the first case of a Ta 5 d0  
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cation arranged in alternating layers of pentagonal bipyramids and octahedra to exhibit a 

symmetry lowering distortion.  The structural distortion is similar to a second-order Jahn-Teller 

effect, and the origin of the distortion is due to an out-of-center displacement of the nearest-

neighbor Ta cations in the layer of edge-shared TaO7 polyhedra.  The α-Cu2Ta4O11 phase is 

thermally instable at 523 K and transforms into the rhombohedral β-Cu2Ta4O11.  The UV-vis 

diffuse reflectance spectra of α-Cu2Ta4O11 exhibits a direct band gap transition of ~2.7 eV and 

a lower-energy indirect band gap transitions at ~2.6 eV.  The visible light absorbing 

semiconductor is p-type, and produces cathodic photocurrents up to ~1.5 mA/cm2 under A.M. 

1.5 G irradiation. Thus, these new results may provide insights for the stabilization of 

metastable Cu(I)-containing compositions, and the out-of-center displacements of Ta 5 d0 

cations in a rhombohedral unit cell. 

SUPPORTING INFORMATION.  The crystallographic information file of α-Cu2Ta4O11 at 

298 K are included in the supporting information. The crystal structure of the  relationship 

between the monoclinic and hexagonal-rhombohedral unit cell transformation, and the local 

coordination view of the out-of-center displacement of Ta cations as the monoclinic α-

Cu2Ta4O11 298 K are available.  Photoelectrochemical measurements of Cu2Ta4O11 are 

included as well.   
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Table 6.1.  Selected Rietveld Refinement Data for α-Cu2Ta4O11 

Refined Formula  Cu2Ta4O11 

Formula Weight (g/mol)  1030.69 

Space Group, Z  𝐶𝑐  (9), 4 

Crystal System  Monoclinic 

Temperature (K)  298 

Unit Cell (Å),  a  10.7337 (14) 

                        b  6.2506(3) 

                        c  12.8869(14) 

  β  106.070 

                        V (Å)3  830.82(12) 

No. of unique data collected  7005 

No. of variables residualsa  R1, [Fo>4α(Fo)], 0.0431 

  wR = 0.09653 

  wRexp = 0.05447 

Goodness-of-Fit  2.517 

                         ||/||||||[1 00 FFFR c     2/14
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22

00 ]/])([[2 wFFFwwR  
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Table 6.2.  Selected Interatomic Distances for the Symmetry-Inequivalent Metal Sites in α-

Cu2Ta4O11 from the powder Rietveld refinement at 298 K. 

Atom 

Atom 

pair 

Distance 

(Å) 

 

Δdist 
a (Å) 

Atom 

 

Atom 

pair 

Distance 

(Å) 

Δdist 
a (Å) 

Ta1, 

pentagonal 

bipyramid   

 Ta4, 

octahedron 

 

   

 Ta1-O1 2.10(8) +0.106  Ta4-O4 2.20(4) +0.21 

 Ta1-O2 2.07(8) +0.077  Ta4-O5 1.98(7) -0.01 

 Ta1-O3 2.12(6) +0.092  Ta4-O7 1.99(8) 0.0 

 Ta1-O4 1.98(7) +0.006  Ta4-O8 2.08(10) +0.09 

 Ta1-O5 2.08(9) +0.086  Ta4-O9 1.92(7) -0.07 

 Ta1-O6 2.19(5) +.169  Ta4-O10 2.16(7) +0.17 

 Ta1-O11 1.96(8) -0.48     

        

Ta2, 

octahedron*    

 

Cu1, linear 

   

 Ta2-O1 2.08 (7) +0.059     

 Ta2-O2  1.92(8) -0.074  Cu1-O5 1.96(9) +0.055 

 Ta2-O6  2.15(8) +0.156  Cu1-O9 1.77(7) -0.19 

 Ta2-O9 2.11(8) +0.138     

 Ta2-O10 1.91(7) +0.068     

 Ta2-O11 2.06(8) +0.034 Cu2, linear    

     Cu2-O7 1.88(7) -0.025 

Ta3, 

pentagonal 

bipyramid 

 

 

  

 

 

Cu2-O8 1.78(9) -0.125 

    Cu3, linear    

 Ta3-O1 2.12(7) +0.099  Cu3-O4 1.71(8) -0.195 

 Ta3-O2 2.45(4) +0.01  Cu3-O10 2.01(9) +0.105 

 Ta3-O3 2.07(5) +0.077     

 Ta3-O6  1.98(7) -0.013     

 Ta3-O7 1.95(8) -0.22     

 Ta3-O8 2.07(10) +.108     

  Ta3-O11 1.99(8) -0.031     

        
*The Ta2-O2 atom pair is not bonded at 298 K in the monoclinic Cc space group, Ta2 distorts to an octahedron 
a Δdist (Å) is the difference between the interatomic distance as compared to the α-Cu2Ta4O11 structure from the 

single crystal XRD structure refinement at 298 K for the rhombohedral 𝑅3̅𝑐. 
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Figure 6.1.  The Rietveld refinement pattern of the monoclinic α-Cu2Ta4O11 at 298 K under 

flowing nitrogen.  The observed intensities are indicated in blue (+), calculated intensities in 

green, the difference pattern is indicated by light blue, and the peak positions of α-Cu2Ta4O11 

in the monoclinic Cc space group are indicated by the blue tick marks. Impurities of Ta2O5  

were masked as indicated by the purple lines.    
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Figure 6.2.  A crystal structure of α-Cu2Ta4O11 at 298 K in the monoclinic 𝐶𝑐 space group 

along the ac direction of the unit cell, outline in blue.  The Cu and O atoms are in blue and red, 

respectively.  The Ta cation and polyhedra are shown in tan.   
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Figure 6.3.  A crystal structure of a layer of edge-sharing TaO7 in the pentagonal bipyramid 

layer of the monoclinic α-Cu2Ta4O11 a) a view of the edge sharing of Ta cations along the ab 

plane with the unit cell outline in a blue dashed line, black line indicates the distortion of Ta2 

into an octahedra in the edge-shared tantalate layer b-d) the local coordination environment of 

Ta3, Ta1 and Ta2, respectively.   
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Figure 6.4.  A crystal structure of a layer of edge-sharing TaO7 in the pentagonal bipyramid 

layer of the rhombohedral β-Cu2Ta4O11 a) a view of the edge sharing of Ta cations along the 

ab plane with the unit cell outline in a blue dashed line b) a smaller segment from the uppermost 

three Ta cations, the grey arrows indicate the out-of-center displacement of Ta due to 

repulsions from nearest neighbor cations a local view of the Ta cations from the small segments 

(c-e) for Ta cations labeled 1, 2, and 3 respectively.   
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Figure 6.5.  The powder X-ray diffraction patterns of  α-Cu2Ta4O11 in an inert atmosphere 

with i) the simulated XRD of α-Cu2Ta4O11 from the Rietveld refinement, ii-vi) the 

experimental powder XRD patterns heated at 223 K, 273 K, 523 K, 623 K, and 723 K, and 

vii)the simulated XRD pattern of β-Cu2Ta4O11 at room temperature.    
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Figure 6.6. The Tauc plots of the UV-vis diffuse reflectance data for the monoclinic α-

Cu2Ta4O11 showing indirect (n = ½; orange) and direct (n = 2; green) band gap transitions. 
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Figure 6.7.  The linear sweep voltammetry scans of the polycrystalline monoclinic α-

Cu2Ta4O11 films annealed under vacuum at 773 K for 3 h (red), and heated in air to 523 K 

(blue), and 623 K (green) for 3 h each. 
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Figure 6.8. The linear sweep voltammetry scans of the polycrystalline monoclinic α-

Cu2Ta4O11 films heated to 523 K for 3 h (red), 523 K for 20 min with CuO on surface (blue), 

and 623 K for 3 h. 
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CHAPTER 7 

 

Conclusions 

 

The synthetic optimization and characterization of complex structures with intriguing 

structural, optical, and electronic properties is a key challenge for mixed-metal oxides systems. 

Current challenges in the crystal growth of new materials include synthetic control over 

particle sizes and morphologies, stabilization of high energy phases with limited thermal range, 

and phase homogeneity.1  Flux-mediated crystal growth is an ideal method as a result of its 

synthetic flexibility and capabilities in obtaining well-defined single-crystal particles and 

surface structures. The characterization of a new structure is dependent upon the purity of the 

sample and sensitivity of the technique.  

The syntheses of several Cu(I)-containing mixed-metal oxide have been investigated 

using solid-state techniques thus, difficulties in the high purity synthesis of thermodynamically 

unstable phases can be challenging.2  The introduction of a molten-salt flux has been reported 

to control the crystal growth conditions of complex systems, modify particle sizes and 

morphologies, facilitate lower reaction times and temperatures, and serve as a solvent system 

for the dissolution of reactant solid particles for high-purity crystallization. For example, a 

CuCl flux was utilized to prepare the CuNb3O8 phase at 750 °C in 15 minutes, in the absence 

of the flux the synthesis requires 48 h and impurities from unreacted powders may be 

observed.3  The combination of a CuCl flux and high-reactive high-surface area nanoparticle 

precursors was reported to lower the activation energy required for the stabilization of 

metastable phases Cu2Nb8O21 and Cu2Ta4O11 in high purity.1  
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The  low-temperature flux-mediated synthesis of  the new metastable Cu2Nb8O21 

produced nanoparticles that grow very rapidly within a CuCl flux and yielded micron-sized 

crystals in the temperature range of  450 °C to 550 °C.4   The structure is the first Copper(I)-

niobate to contain Nb cations coordinated to 7-oxygen atoms and is comprised of a condensed 

network of NbO7 polyhedra and chains of elongated CuO4 tetrahedra.  The  Cu2Nb8O21 

semiconductor absorbs visible-light energy at an average bandgap size of ~1.5 eV, and 

electronic structure calculations indicate the origin of the excitation of electrons at the band 

edges between filled Cu(I) 3d10-orbitals and empty Nb(V) 3d0-orbitals.  Polycrystalline films 

generate strong photocathodic current under visible-light irradiation after post-annealing heat 

treatments at temperatures of 350 °C and 450 °C for 3 h. Thus, the combination of a molten-

salt flux and nanoparticle precursor reactants lead to the discovery of a new Copper(I)-niobate 

and the characterization of the structure, optical, electronic, and photoelectrochemical 

properties.    

The well-faceted CuNb3O8 crystallites were prepared in a 15 minute CuCl flux reaction 

were investigated for the effects of post-annealing heat treatment of the p-type photoelectrode 

films in air, which have been reported to result in significantly enhanced cathodic 

photocurrents. Heating the CuNb3O8 phase in air to 450 oC for 3 h yields the Cu-deficient 

Cu0.79(2)Nb3O8 that maintains the original crystal structure with ~21% vacancies on the copper 

sites.3 As copper is extruded from the compound, electron microscopy techniques indicate 

~100 – 200 nm-sized CuO islands form on the particle surfaces of Cu1-xNb3O8.  Higher 

amounts of Cu vacancies further lower the Fermi level and leads to the buildup of electron  
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density on O 2p states that cross the Fermi level and become partially oxidized.  X-ray 

photoelectron spectra measurements of the O 1s core level indicate an enhanced contribution 

from ‘O–’ defect species at a higher concentration of Cu vacancies after heating to 550 oC.  The 

flux synthesis of CuNb3O8 prepared well-faceted platelet particles from a flux-mediated 

synthesis were examined, and analyzed for the effects of Cu extrusion in the structure as a 

result of heating the semiconductor.  Thus, the Cu-deficient Cu1-xNb3O8 structure was 

investigated for structural and optical properties and the well-faceted particles were 

characterized using surface sensitive techniques.    

The combination of mixed-metal (M/M’) transition-metal combinations (e.g. M =Cu, 

M’ = Nb, Ta) have been reported to exhibit visible light absorption in the solar spectrum owing 

to low energy metal-to-metal charge transfer transitions between filled d10 and empty d0 

orbitals.5   For example, the Cu(I)-niobates CuNbO3,
6 CuNb3O8,

7 and Cu(I)-tantalates 

Cu5Ta11O30, and Cu3Ta7O19,
8

 exhibit bandgap sizes with visible light energies in the range of 

~1.3 eV up to 2.6 eV. The visible light absorbing semiconductors generate cathodic 

photocurrents up ~1.5 mA/cm2 as photocathodes in a photoelectrochemical cell for hydrogen 

generation. Mott-Schottky measurements of the Copper(I)-niobates, CuNb3O8 and Cu2Nb8O21 

were used to calculate the positions of the valence and conduction band edges as shown in 

Figure 7.1. The bandgap excitation observed in Cu2Nb8O21 and CuNb3O8 causes a charge 

separation within the depletion region and the migration of the excited electrons to the surfaces 

to drive the reduction of water at an overpotential of  ~0.8 V and ~0.6 V, respectively.4,7 Thus, 

the Copper(I)-niobates are not suitable for total water splitting due to the positioning of the  
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valence band edge as it is not large enough to drive the oxidation of water. In order to prepare 

a new metal-oxide semiconductor with suitable for the oxidation and reduction of water, the 

Copper(I)-tantalum oxide system was explored.  The p-type semiconductors, Cu5Ta11O30 and 

Cu3Ta7O19 have reported valence and conduction band edge positions suitable for total water 

splitting.9  

The challenging Cu2Ta4O11 phase was prepared in high purity for the first time via 

CuCl-mediated flux reactions at 665 °C.10  The structure is reported to consist of ~67% Cu-

site vacancies and is comprised of single layers of edge-shared TaO7 pentagonal bipyramids 

that are bridged via apical oxygen atoms to TaO6 octahedra and linearly coordinated Cu(I) 

cations. The Cu2Ta4O11 phase exhibits a structural distortion to a lower-symmetry monoclinic 

structure, α-Cu2Ta4O11 under cooling.  The structural distortion of the Cu2Ta4O11 phase is a 

second order Jahn-Teller effect and, the Cu2Ta4O11 phase is the first example of a system 

composed of Ta 5d0 cation  to exhibit a non-polar centrosymmetric transition. The effects of 

cation-cation repulsion between nearest-neighbor Ta cations that share an edge in the TaO7 

pentagonal bipyramid layer directs the out-of-center displacement of the Ta cation towards an 

edge that is not shared. The grey arrows in Figure 7.2 indicate the direction of the preferential 

direction of the Ta cation in the rhombohedral β-Cu2Ta4O11 (left), and α-Cu2Ta4O11 (right) 

towards the edge that is not shared.  The Cu2Ta4O11 semiconductor absorbs visible light from 

the solar spectrum at ~2.5 eV, and the electronic structure calculations based on density-

functional theory indicates metal-to-metal charge transfer from the valence band to conduction 

band edge are comprised primarily of contributions from the filled Cu 3d10 and empty Ta 5d0  
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orbitals, respectively.  The cathodic photocurrents of α-Cu2Ta4O11 were investigated and 

significantly enhanced as the photoelectrodes were heated in air from -0.25 mA/cm2 up to -1.5 

mA/cm2.  Thus, the molten-salt flux technique was used to lower the activation energy required 

to stabilize the Cu2Ta4O11 in a high purity, the structural characterization of the Cu(I)-tantalate 

led to the discovery of the first example a second-order Jahn-Teller distortion of Ta 5d0 cation 

in complex systems composed of layers of edge-shared pentagonal bipyramids and octahedra.  

 The Copper(I)-tantalates Cu5Ta11O30, Cu3Ta7O19, Cu2Ta4O11 and the Copper (I)-

niobate CuNbO3 have been reported to generate enhanced cathodic photocurrents ~1.5 

mA/cm2 and  increased stability over time in comparison to CuNb3O8 and Cu2Nb8O21.  The 

crystal structures of the Copper(I)-tantalates and CuNbO3 consist of  single and or double 

layers of Ta/Nb oxide polyhedra and alternating linearly coordinated Cu and Ta/Nb octahedra. 

Thus, the increased stability observed in the layered phases has been attributed to the charge 

separation within the separated layers of the Cu(I)-containing tantalates and CuNbO3 upon the 

excitation of electrons from the valence band into conduction band. Current research efforts 

are aimed at the flux synthesis of new phases, characterization of the structural, optical, and 

electronic properties of complex mixed-metal oxides. For the challenging discovery of new 

structures with interesting properties, the molten-salt assisted flux synthesis has been 

demonstrated to be a highly effective technique to facilitate the structural optimization of 

systems containing mixed-metal oxides. 
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Figure 7.1  The calculated flat band, valence band, and conduction band edges for the Mott-

Schottky calculations of Cu2Nb8O21 and CuNb3O8. The conduction band edges are shown in 

tan and valence band edge is shown in red and purple for Cu2Nb8O21 and purple for CuNb3O8. 

The flat band potentials from the calculation are shown in dashed lines.   
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Figure 7.2 The TaO7 pentagonal bipyramid layer of rhombohedral β-Cu2Ta4O11 (left) and the 

monoclinic α-Cu2Ta4O11 (right) oriented along the ab plane.  The grey arrows indicated the 

out-of-center displacement of Ta 5d0 cations towards edges that are shared by Ta cations. The 

unit cell is outline in a blue dashed line.  



 

208 

    

APPENDICES 



 

209 

    

APPENDIX A 

 

Supporting Information 
“A Metastable Cu(I)-Niobate Semiconductor with a Low Temperature  

Nanoparticle-Mediated Synthesis” 

Jonglak Choi, Nacole King, and Paul A. Maggard* 

Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204 

 

 

Table A1. Selected crystal and refinement data for Cu2Nb8O21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       a Rf = (|Fo-Fc|)/Fo; Rw = [( w(Fo
2-Fc

2)
2
 ) / (( Fo

2
)2) ]½; w = σF

-2. 

 

 

Formula  Cu2Nb8O21 

Formula Weight (g/mol)  1206.36 

Space Group, Z  C2/m (12), 2 

Crystal System  Monoclinic 

Temperature (K)  223(2) 

Unit Cell (Å), a  10.5325(2) 

                      b  6.4306(1) 

                      c  10.1730(2) 

                      β (o)  100.212(1) 

                     V (Å
3
)  678.11(2)  

 (g/cm3)  5.908 

μ, (mm-1)  9.698 

Data/restraints/parameters  2420/0/86 

a R1, wR2
 [I>2σ(I)]    0.0357, 0.0738 

Goodness-of-Fit  1.009 
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Table A2.  Selected interatomic distances and calculated bond valence sums28,29 for 

Cu2Nb8O21. 

Bond Distance Type Distance (Å) Bond Distance Type Distance (Å) 

 Nb1              – O(1) 2.002(3) Nb3               – O(1) 2.032(3) 

                      – O(2) 1.890(3)                       – O(3) 1.8834(3) 

                      – O(5) 2.074(2)    ×2                       – O(4) 2.063(2)     ×2 

                      – O(5) 2.100(2)    ×2                       – O(7) 2.077(3) 

                      – O(7) 2.114(3)                       – O(8) 2.073(2)     ×2 

Bond Valence Sum 5.1 

\\ 
Bond Valence Sum 5.2 

Nb2               – O(4) 2.010(2)    ×2 Nb4                – O(2) 2.229(3) 

                      – O(5) 2.022(2)    ×2                        – O(4) 2.090(2)      ×2 

                      – O(6) 2.185(2)                        – O(6) 1.765(2) 

                      – O(8) 1.988(2)    ×2                        – O(7) 2.054(3) 

Bond Valence Sum 5.3                        – O(8) 2.108(2)      ×2 

  Bond Valence Sum 5.2 

 
  Cu                  – O(1) 2.095(2)      ×2 

                         – O(2) 2.095(2)      ×2 

  Bond Valence Sum 0.74 
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Description of Mott-Schottky Measurements and Calculations. 

Mott-Schottky measurements were performed using the AC electrochemical 

impedance method with an AC amplitude of 5 mV at an applied frequency of 9 kHz at pH 12 

on a PARSTAT 23263 potentiostat-galvanostat instrument.    

The space charge capacitance C may vary with the applied potential over the depletion 

layer as determined by the Mott-Schottky equation for a p-type semiconductor: 

1

𝐶2
= (

2

𝑒𝜀𝑜𝜀𝑟𝑁𝐴𝐴2
) (−𝑉 + 𝑉𝑓𝑏 −

𝑘𝑇

𝑒
) 

 

Where e is the electron charge, εr is the dielectric constant, εo is the permittivity of a vacuum, 

NA is the acceptor density, V is the applied bias, Vfb is the flatband potential, k is the Boltzmann 

constant, T is room temperature, and A is the surface area of the film in contact with the 

electrolyte. 

Therefore a plot of C-2 versus V should yield a straight line with a slope than can be used to 

determine NA.  Slope = (2/eƐrƐ0NAA2); the value for Ɛr was chosen as ~10, A = 0.125 m2, Ɛ0 = 

8.8541 × 10-12 Fm-1, and e = 1.602 × 10-19 C 

Slope from trial 1 (-8.80 × 106 F-2V-1) and from trial 2 (-4.23 × 107 F-2V-1) 

Thus, an NA from trial 1 (1.03 × 1018cm-3) and trial 2 (2.13 × 1017cm-3) was obtained at 9 kHz.  

Using the above Mott-Schottky equation, the flatband potential is determined from the 

intercept with the x-axis on the linear plot of C-2 versus V and converted from SCE to RHE.  

The x-axis intercept for trial 1 was +0.032V vs. RHE and for trial 2 was +0.022V vs. RHE at 

a pH = 12. 

Hence, Vfb for trial 1 is (.058 V) and for trial 2 (+.048 V). 

The energetic position of the valence band (Ev) is determined from the equation for a p-type 

semiconductor: 

Ev = Vfb - kT ln (NA/NV) where Nv is the effective density of states (typically ~1019) at the 

valence band edge. 

Hence, Ev for trial 1 (0.118 V) and trial 2 (0.147 V).   Therefore, the position of the conduction 

can determined when the bandgap (1.65 eV) is subtracted from the valence band. The 

conduction band position trial 1 (-1.53 V) and trial 2 (-1.50 V) versus RHE at pH = 12. 
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Figure A1. Powder X-ray plots of a) prepared nano Li3NbO4 (indexed from ICSD-PDF # 97-

010-9053); b) heat treated a at 400 oC for 2 days in air; c) heat treatment of (b) at 400 oC for 5 

days in air.  Note * = LiNbO3 (JCPDS # 1-74-2236), † = LiNb3O8 (JCPDS # 1-70-1566). 
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Figure A2. SEM images of the Cu2Nb8O21 particles heated to 450 oC for a) 30minutes, b) 1hr, 

c) 5hr, d) 8hr, e) 1 day, and f) a higher magnification on one of the crystals in (e).  
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Figure A3. Polyhedral structural view of Cu2Nb8O21 (a and b); c, unit-cell structural view with 

the [101] zone axis labeled (red line); d) simulated transmission electron diffraction pattern for 

the [101] zone axis. Note: red, green, blue spheres represent oxygen, niobium, copper, 

respectively, and green and purple polyhyedra indicate the coordination of copper and niobium 

to oxygen, respectively. The blue numbers in d) are the labeled miller indices. 
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Figure A4. PXRD of different copper(I)-niobates obtained from the solvothermal reaction 

(150 oC) between CuCl and Li3NbO4 nanoparticles at different molar ratios and heating times 

of a) 12:1 for 4days, b) 7:1 for 4 days, c) 5:1 for 5days, d) 4.5:1 for 5 days, e) 4:1 for 3days 

16hr, and f) 4:1 for 4days 14hr.  Each product was heated to 450 oC for 24 h after the 

solvothermal reaction.  Note - ‡ = Cu2Nb8O21, † = LixCu1-xNbO3 (x < 1), and * = LixCu1-

xNb3O8. 
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Figure A5. PXRD plots of micron-sized Cu2Nb8O21 particles after a) non-heat treated, and 

after heating under N2 gas at b) 250 oC, c) 300 oC, d) 400 oC, e) 500 oC, f) 600 oC, g) 750 oC, 

h) 1000 oC after drying at 200 oC for 3hr, and i) 750 oC rapid heating. Note: C = Cu (JCPDS # 

4-836), * = Nb2O5(JCPDS # 27-1313), † = CuNb3O8 (JCPDS # 1-71-1927), ! = CuNbO3(ICSD-

PDF # 97-020-1899), ‡ = Nb12O29 (JCPDS # 1-73-1610) 
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Figure A6. PXRD plots of Cu2Nb8O21 nanoparticles (1h reaction) after heating in air to a) 

200 oC, b) 300 oC, c) 400 oC, d) 600 oC, e) 750 oC, and f) 900 oC. Note: * = Nb2O5(JCPDS # 

27-1313), † = CuNb2O6(JCPDS # 45-561), and ‡ = Nb12O29 (JCPDS # 1-73-1610) 
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Figure A7. PXRD plots  of Cu2Nb8O21 nanoparticles (30 min reaction) after a) non heating, 

and after heating under N2 at b) 250 oC, c) 300 oC, d) 400 oC, e) 500 oC, f) 600 oC, g) 750 oC, 

and h) 1000 oC.  Note: c = Cu (JCPDS # 4-836), * = Nb2O5 (JCPDS # 27-1313), † = Nb12O29 

(JCPDS # 1-73-1610), ‡ = Nb2O5 (JCPDS # 15-166). 
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Figure A8. Histograms of particle sizes for multi-pored Li3NbO4 nanoparticles (left) and 

Cu2Nb8O21 nanoparticles (right) for a 30 min reaction time.  
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Figure A9.  FT-IR plots of a) washed and well-dried product at 450 oC for 30minute, b) heat 

treated at 300 oC, c) 400 oC, d) 500 oC, e) 600 oC, and f) at 750 oC under N2 gas. 
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Figure A10.  FT-IR plots of a) dried CuCl (Alfa Aesar), b) as-synthesized Cu2Nb8O21 products, 

c) washed and well-dried product at 400 oC for 30minute, and, d) and e), heat treated c at 500 
oC, and 650 oC in vacuum sealed quartz tube for 1 day, respectively. 
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Figure A11. The PXRD patterns of Cu2Nb8O21 polycrystalline films after annealing at 500 

°C under vacuum (not heated in air) and both before (a) and after (b) the voltammetric scans 

at a pH of 12, and c) calculated PXRD pattern. 
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Figure A12. The PXRD patterns of Cu2Nb8O21 polycrystalline films after annealing at 500 

°C under vacuum, followed by heating air 350 °C for 3 h, a) after cyclic voltammetric scans 

at a pH of 12,  b) before the cyclic voltammetric scans, and c) the calculated PXRD pattern. 
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Figure A13. The PXRD pattern of Cu2Nb8O21 polycrystalline films after annealing at 500 °C 

under vacuum, followed by heating in air at 450 °C for 3 h, and a) after cyclic voltammetric 

scans at a pH of 12, b) before cyclic voltammetric scans, and c) the calculated PXRD pattern. 
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APPENDIX B 

 

Supporting Information 

 

“Cu-Deficiency in the p-Type Semiconductor Cu1-xNb3O8” 

 

Nacole King,a Prangya Parimita Sahoo,a Lindsay Fuoco,a Sean Stuart,b Daniel Dougherty,b 

Yi Liu,c and Paul A. Maggarda 

 
a Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204; 

b Department of Physics, North Carolina State University, Raleigh, NC 27695-8204. 
c Analytical Instrumentation Facility, North Carolina State University, Raleigh, NC  27695-

8204. 

 

 

 

Table B1. Refined lattice constants of CuNb3O8 prepared by various synthetic methods, and 

after heating the products from FS1 in air up to 550 oC. 

Cu1-xNb3O8 

Heating 

Temp.  

 Heating 

Time 
a(Å) b(Å) c(Å) β(°) V(Å3) 

Literature values 770 oC  15.365(2) 5.071(5) 7.5266(6) 107.18(1) 560.3 

Experimental (FS2) 750 oC 12 h 15.372(7) 5.063(1) 7.515(5) 107.25(6) 558.2 

Experimental (SS1) 750 oC 48 h 15.372(7) 5.074(1) 7.522(1) 107.08(3) 560.9 

Experimental (FS2) 750 oC 12 h 15.369(4) 5.068(1) 7.518(2) 107.16(3) 559.5 

Experimental (SS2) 750 oC 15 min 15.369(4) 5.0691(7) 7.516(2) 107.20(2) 559.3 

Experimental (FS1) 750 oC 15 min 15.38(1) 5.072(2) 7.492(3) 107.1(4) 558.8 

Anneal FS1 vacuum 500 oC 3h 15.36(1) 5.065(1) 7.515(2) 107.14(4) 558.7 

FS1 film in air 250 °C 3 h 15.371(6) 5.065(1) 7.519(3) 107.11(6) 559.6 

FS1 film in air 350 °C 3 h 15.35(1) 5.065(1) 7.519(3) 107.20(3) 558.8 

FS1 film in air 450 °C 3 h 15.359(8) 5.067(4) 7.540(3) 107.23(4) 560.6 

FS1 film in air 550 °C 3 h 15.330(8) 5.072(3) 7.5214(4) 107.24(4) 558.6 
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Table B2.  Refined atomic coordinates and isotropic displacement parameters and shifts in 

the atomic positions (Δpos) of Cu0.79(2)Nb3O8, compared to the previously reported CuNb3O8. 

 

a The shift in the atomic position compared to the previously reported CuNb3O8. 
b The occupancy of the Cu site refined as 0.79(2). 

 

 

  

Atom type and 

Wyckoff Site x y z Ueq (Å2) Δpos
a(Å) 

Cu(1) (4e)b 0.420 (2) 0.283(7) 0.255(4) 0.0385 0.143 

Nb(1) (4e) 0.1657(9) 0.267(5) 0.0024(17) 0.028(5) 0.053 

Nb(2) (4e) 0.077(1) 0.751(5) 0.248(2) 0.030(4) 0.031 

Nb(3) (4e) 0.1649(8) 0.263(4) 0.5130(15) 0.016(4) 0.037 

O(1)   (4e) 0.285(7) 0.454(16) 0.076(12) 0.018 0.204 

O(2)   (4e) 0.157(6) 0.399(15) 0.732(14) 0.018 0.270 

O(3)   (4e) 0.213(7) 0.59(2) 0.411(13) 0.018 0.221 

O(4)   (4e) -0.037(6) 0.90(2) 0.154(12) 0.018 0.238 

O(5)   (4e) 0.104(6) -0.075(18) 0.491(13) 0.018 0.113 

O(6)   (4e) 0.052(6) 0.426(16) 0.354(12) 0.018 0.104 

O(7)   (4e) 0.100(5) 0.576(19) 0.024(11) 0.018 0.270 

O(8)   (4e) 0.161(5) 0.110(14) 0.200(11) 0.018 0.380 
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Table B3.  The results of Curie-Weiss fits to magnetic susceptibility measurements for 

CuNb3O8 and the Cu-deficient Cu1-xNb3O8 at 350 oC and 450 oC. 

Oxidation 

Temperature 

ϴ 

(K) 

C 

(emu/mol)

K) 

TIP 

(emu/mol) 

R2 μeff per 

Cu 

(B.M.) 

% 

Cu(II) 

CuNb3O8 (R.T.) 0.0297 0.02412 
2.8×10-4 (60-110 

K) 
0.9975 0.4393 25.39 

Cu1-xNb3O8 

(350°C) 
0.5558 0.08382 

3.0×10-4 (36-300 

K) 
0.9990 0.8189 47.33 

Cu1-xNb3O8 

(450°C) 
-2.084 0.1458 

3.7×10-4 (50-300 

K) 
0.9995 1.0801 62.43 
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Figure B1. Powder X-ray diffraction calculated from the CuNb3O8 crystal structure (a), and 

of the products from reactions labeled in the manuscript as FS1 (b), SS2 (c), SS1 (d), and FS-

nano (e). 
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Figure B2. Powder X-ray diffraction patterns calculated from the CuNb3O8 crystal structure 

(a), of the FS1 CuNb3O8 product (b), and of Cu1-xNb3O8 polycrystalline films after heating 

for 3h at 250 oC under vacuum (c), followed by heating to 350 oC in air for 3h (d), or 450 oC 

in air for 3h (e), or 550 oC in air for 3 h (f). The CuO and Nb2O5 peaks are labeled as ‘#’ and 

‘*’, respectively. 
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Figure B3. SEM images of theCu1-xNb3O8 crystallites from the FS1 reaction after heating to 

550 oC for 3h, with one containing a Pt-bar deposited by the ion beam (left, labeled), and 

picking it up by the Omniprobe (right) after milling away both sides of the particle. 
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Figure B4. Elemental mapping of the Cu1-xNb3O8 surface, and of the CuO surface islands, 

after heating CuNb3O8 to 550 °C for 3 hours in ambient air. 
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Figure B5. Scanning electron microscopy EDS spectra of a CuO nano-island on the surface 

after heating CuNb3O8 in air at 550 °C for 3 h (a), and the underlying surface section of Cu1-

xNb3O8 (b). 

 

 



 

233 

    

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure B6.  X-ray photoelectron spectra of the Nb 3d3/2 and 3d5/2 levels after heating 

CuNb3O8 in air at 550 oC for 3h (A), after heating it in air at 450 oC for 3h (B), and before 

heating it in air (C).  The samples were mounted on FTO slides and annealed at 200 oC in 

UHV to remove the adsorbed surface water and hydroxide species. 
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Figure B7.  The fitted X-ray photoelectron spectra (dots) and fits (colors) of the Cu 2p levels 

after heating CuNb3O8 in air at 550 °C for 3 h (A), heating in air at 450 °C for 3 h (B), and 

before heating in air (C). The powders were characterized as loaded, and were mounted on 

carbon tape. 
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Figure B8.  The fitted X-ray photoelectron spectra (dots) and fits (colors) of the O 1s level 

after heating CuNb3O8 in air at 550 °C for 3 h (A), 450 °C for 3 h (B), and before heating in 

air (C). The powders were characterized as loaded, and were mounted on carbon tape. 
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Figure B9.  The UV-Visible diffuse reflectance spectra of Cu1-xNb3O8 polycrystalline films 

after annealing under vacuum at 500 °C for 3 h, and then heating in air from 250-550 °C for 

3 h (as labeled). 
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Figure B10.  Magnetic susceptibility versus temperature for CuNb3O8 that was not heated in 

air (A), and after heating it in air at 350 °C (B) and 450 °C (C). 
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Figure B11.  Linear sweep cyclic voltammogram of a working Cu1-xNb3O8 photoelectrode 

(oxidized at 450 oC for 3h in air) under AM 1.5G solar irradiation in an aqueous 0.5 M 

Na2SO4 (pH = 12) electrolyte solution. 
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APPENDIX C 

 

Supporting Information 

“Synthesis, Structure, and Thermal Instability of the Cu2Ta4O11 Phase” 

Nacole King,a Roger D. Sommer,a Pilanda Watkins-Curry,b Julia Chanb and Paul A. 

Maggarda,* 

aDepartment of Chemistry, North Carolina State University, Raleigh, NC 27695-820 
bDepartment of Chemistry, The University of Texas at Dallas, Richardson, TX 75080-4551 

 

 

Table C1. Refined lattice constants of Cu2Ta4O11, both before and after heating in air at 

temperatures between 250 oC to 550 °C for 3 h.    

 

 

 

 

 

 

 

 

 

  

Cu2Ta4O11 a c Volume (Å3) 

Single Crystal 6.2190(2) 37.107(1) 1242.86(9) 

Before Heating 6.225(6) 37.08(5) 1244.64(2) 

250 °C 3 h 6.224(9) 37.06(6) 1243.56(3) 

350 °C 3 h 6.235(2) 37.24(1) 1254.39(8) 

450 °C 3 h 6.20(5) 37.48(4) 1251.4(2) 

550 °C 3 h 6.227(2) 37.06(2) 1244.77(8) 
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Figure C1. Powder X-ray diffraction patterns calculated from the products of Cu2Ta4O11 

after heating the powders in air up to 550 °C, A) calculated B) before heating in air C) 250 

°C for 3 h, D) 350 °C for 3 h, E) 450 °C 3 h, for  F) 550 °C 3 h. 
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Figure C2.  Powder X-ray diffraction patterns after heating Cu2Ta4O11 in air or under 

nitrogen at 550 °C for 12 h.  (# = Ta2O5) 
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Figure C3. UV-Vis diffuse reflectance spectrum of Cu2Ta4O11 plotted as the Kubelka-Munk 

function versus energy, with the onset of the absorption edge labeled.   
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Figure C4. The electron density plots of Cu2Ta4O11 showing the unit cell outlined in black 

A) valence band orbital contributions outlined in blue and B) conduction band orbital 

contributions outlined in brown.  All atoms are labeled.   
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APPENDIX D 

 

Supporting Information 

 

Flux-mediated Syntheses, Structural Characterization, and Polymorphism of the p-

Type Semiconductor Cu2Ta4O11 

 

Nacole King,a Roger D. Sommer,a  Ian Sullivana, Pilanda Watkins-Curry,b,c Julia Y. Chanc 

and Paul A. Maggarda,* 

 
aDepartment of Chemistry, North Carolina State University, Raleigh, NC 27695-8204. 

bDepartment of Chemistry, Louisiana State University, Baton Rouge, LA 
cDepartment of Chemistry, The University of Texas at Dallas, Richardson, TX 75080-4551. 

 

 

Table D1. The atomic positions, Isotropic Displacement Parameters (Å), and Wyckoff sites  

for the refined structure of α-Cu2Ta4O11 at 298 K. 

 

Refined 

Chemical 

Formula 

Space 

Group Atom x y z Uiso Occ. ≠ 1 

Cu2Ta4O11 𝐶𝑐 Ta1 0.521(6) 0.0694(17) 0.634(3) 0.022(3)  

  Ta2 0.160(6) 0.0671(13) 0.535(4) 0.019(3)  

  Ta3 0.343(6) 0.6092(6) 0.540(4) 0.0229(17)  

  Ta4 0.603(6) 0.243(2) 0.286(4) 0.0305(15)  

  Cu1 0.820(7) 0.501(6) 0.294(4) 0.035(2) 0.67(5) 

  Cu2 0.363(7) 0.482(5) 0.305(4) 0.035(15) 0.67 (5) 

  Cu3 0.611(7) 0.240(5) 0.786(4) 0.035(8) 0.67(5) 

  O1 0.493(9) -0.251(12) 0.485(5) 0.02  

  O2 0.329(9) -0.001(6) 0.520(6) 0.02  

  O3 0.480(7) 0.371(8) 0.591(5) 0.02  

  O4 0.544(8) 0.050(11) 0.691(6) 0.02  

  O5 0.492(9) 0.116(10) 0.369(8) 0.02  

  O6 0.203(8) 0.403(12) 0.539(9) 0.02  

  O7 0.266(9) 0.628(11) 0.384(7) 0.02  

  O8 0.417(9) 0.343(12) 0.205(7) 0.02  

  O9 0.669(8) 0.441(10) 0.201(7) 0.02  

  O10 0.590(8) 0.481(11) 0.883(7) 0.02  

  O11 0.179(9) 0.741(13) 0.553(5) 0.02  
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Table D2.  Lattice Constant Refinements Cu2Ta4O11 in the temperature range of 223 K to 

723 K.  The lattice constants of powder X-ray samples at the temperature 223 K and 298 K  

were refined and indexed using a monoclinic 𝐶𝑐 unit cell, powder samples at 523 K, 623 K, 

and 723 K were refined and indexed using a rhombohedral 𝑅3̅𝑐 unit cell.  
 

 

  

Temperature (K) a (Å) b (Å) c (Å) β (°) Volume (Å) 

223 K 10.7349(15) 6.2512(3) 12.8882(15) 106.071(4) 831.08(12) 

298 K 10.7337(14) 6.2506(3) 12.8869(14) 106.070(4) 830.82(12) 

523 K 6.2322(1) 6.2322 37.1745(4) 90 1250.46(3) 

623 K 6.2299(1) 6.2299 37.1471(4) 90 1248.61(3) 

723 K 6.2285(2) 6.2285 37.1297(6) 90 1247.46(4) 
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Figure D1.  A) The crystal structure of a unit cell of α-Cu2Ta4O11 along the ac direction 

showing the coordination of TaO6 and TaO7 polyhedra in the distorted tantalate layer to the 

TaO6 octahedra in the alternating layer with the unit cell outlined in dashed blue line.  B-E) 

Local coordination environment of Ta1, Ta2, Ta3, and Ta4 cations with the interatomic 

distances shown.  The Ta cations and polyhedra are shown in tan, and the O atoms are shown 

in red.    
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Figure D2.  A) The crystal structure of α-Cu2Ta4O11 along the ab direction of the layer of 

lineraly coordinated Cu cations bridged to the TaO6 octahedra with the unit cell outlined in a 

blue dashed line.  B-C) The local coordination environments of Ta4 and the symmetry 

inequivalent Cu(I) cations are shown with the interatomic distances displayed.  The Ta cations 

and polyhedra are shown in tan, the Cu and O atoms are shown in blue and red, repectively.    
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Figure D3. Figures adapted from Jahnberg37 indicating the relationship between the phase 

transition from a monoclinic to a rhombohedral unit cells A) 3 monoclinic unit cells stacked 

on top of each other outlined in the dashed line along the ab plane and B) the hexagonal unit 

cell outlined in the solid line. C) a single monoclinic unit cell outlined in a dashed line along 

the bc plane with the β angle shown in relation to the [001] of the rhombohedral unit cell. D) 

the ab plane of the monoclinic unit cell  outlined in a dashed line in relation to the [100] 

direction of a hexagonal unit cell outlined in a solid line.  The equations [1] to [3] reported 

from Ercit et. al.38 
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Figure D4. Chronoamperometric scans of the monoclinic α-Cu2Ta4O11 polycrystalline films 

that were annealed under vacuum at 500 °C for 3 h a) not heated in air b) heated in air at 250 

°C for 3 h, c) heated in air 350 °C.   
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Figure D5. The powder X-ray diffraction patterns of Cu2Ta4O11 before and after heating in air 

after photoelectrochemical measurements i) simulated XRD of α-Cu2Ta4O11 ii) before heating 

iii) after heating at 250 °C, iv) after heating at 350 °C, v) after heating at 450 °C vi) simulated 

XRD of the rhombohedral β-Cu2Ta4O11 

 

 

 


