ABSTRACT

KING, NACOLE BENEE. Flux-Mediated Synthesand Structural Characterization of
Cu(D-M(V) (M Nb, Ta) Oxide Semiconductor@nder the direction of Paul A. Maggard

Thegrowth and design of new metakide semiconductors is a rapidly growing field.
Metaloxide semiconductors can be modified to enhance specific characteristics within the
bulk of the structure. The selection of an appropriate technique for the charéicieozahe
newmaterialis dependent upon the purity of the sampkticle morphologyand sensitivity
of thedesiredechnique.The synthetic optimization of new complex oxides is a limiting factor
in a number of chemical systems owing to difficultiegarticle homogeneity, incongruent
melting between the interdiffusion of reacting solid particles, and access to thei@ctiva
energy required to produ¢kermodynamically unstable phases. My research efforts in this
area have focused on the high puflux-mediated syntheses of Cuf)(V) (M  Nb/Ta)
oxide semiconductors, and the characterization of their structural, optical, electronic, and
photoelectrochemical properties. The molsaift assisted flux approach was utilized to
control the growth coditions of the metabxides, and served as a solvent system for the
dissolution of reactant solid particles for higtrity crystallization. Their structural features
were analyzed and refined using techniques such as single crystal and powaler X
diffraction. The particle morphology and surface features were examined using electron
microscopy techniques and-rdy photoelectron spectroscopy. The origin of visible light
excitation of the semiconductors were evaluated using optical band edge absorptibivfro
visible diffuse reflectance measurements, and electronic structure calculations using density
functional theory methods. Additionally, the new metelde semiconductors were examined
for thermal stability, structural defects, and surface modiboatias posannealing heat

treatments of thep-type photoelectrodes resulted in significantly enhanced cathodic



photocurrents. Furthermore, the flux technique was utilized for the preparation of Cu(l)
tantalate, CeTa4O11, in high purity for the first time, the phase was investigatedyiormetry
lowering distortions The CuTasO11 Sstructure exhibits phase transition from a rnombohedral
"Yohto a monoclinicd ¢space group. Thus, the results of the new investigaléoh® new
insights into the synthetic flexibility in the crystal growth of metaide particles with unique
characteristics via flunediated synthesis, understanding the effects ofguowtaling heat
treatments within the bulk and surfaces of Cuflxedmetatoxide particles, and the

identification of new phases with symmetogering 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 reseéfchSynthetic modifications of metaixides
can be used to examine the changesaretttrinsic properties, such as the structural, optical,
and electronic features of a polycrystalline matéffaMetaloxide semiconductors represent
an expanding class of compalswith a wide range of applications in areas such as anode
materials in the next generation of-ibh batteries, materials for thermoelectric energy
conversion, and photocatalysts in the conversion of solar energy into chemic&l*fuglse
characterization of structuroperty rehtionships of a metaixides has had a significant

impact in the engineering of new materials with tailored characteristics.

Current challenges in the crystal growth of nhew 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 asphlases, and
phase purity of targeted chemical composititifiEraditional solidstate methods are limited
to the interdiffusion of solid particle surfaces and can often require the use of very high
temperatues of up to >2,000 °C. Thus, the formation of undesired side products and unreacted
starting materials usually occur due the incomplete reaction between thetatdideactants.

The solidstate method offers very little control over the crystal grovittaeted chemical
compositions with limiting thermal stabilities, thus the synthesis of the phases are very

challenging to prepare in high purityJtilization of alternative synthetic techniques, could



provide a new route for the stabilization of ptseaewith limited thermal range and control
particle homogeneity. An additional difficulty is that the particle morphologies and dimensions
from solidstate reactions are typically irregular thus the products, result in decreased patrticle
crystallinity andnonfaceted surface3.hus, the two primary and critical directions in this

area include i) new investigations of moltersalt 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 patrticle surface features.

The flux synthesis techniqubas been reported to provide an approach for the
nucleation and crystal growth of a met&ide in a moltersalt flux through the dissolution of
inorganic reagents and result in the precipitation of the desired-oxéda! crystals? Further,
the fluxmediated 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 lyateesized>*® A drawing depicting the crystal growth of
metatoxide semiconductors from a moltflox is shown in Figure 1.3* 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:’ For example, the moltesalt assisted flux reactions of AgSzin a 3:1 NaSQy
flux-to-reactant molar ratio heated at 1 h produced particles with surface area of/@.@fan

conversely, the smallest surface area of 0.2¢ nwvas observed for a 1:1 &, flux-to-



reactant molar ratio heated for 10The ionrexchange flux reactions of Rubidibdoontaining
layered oxides RbANbz:O10(A Ca, Sr) and RbLAiIO2 with a AgQNG molten salt were
prepared after heating at 290 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 ioexchange to ~2.4V to 2.85 eV after insertion of the Ag cations inte th
structure® Also, the ionexchange flux synthesis of RbLap with AgNOs at 250°C for 24

h is the only synthetic route for the preparation of AgLaddn high purity. Further, the
insertion of Ag(l)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 metakide semiconductors has led to a new approach of
designing of new complex materials with modified energy levelsctraeffectively position
valence band and conduction band energies at an energetic distance suitable for modifications
of the optical properties (e.g. rstiift of band gap energy into the of visible light region) in a
semiconductor. For example, the irism of Ag(l) and Cu(l) can effectively plackorbital
valence bands located at a position higher in energy thap @b&als, thus decreases the
energetic distance to the conduction band anehgts the bandgap size towards the visible
light regionof the solar spectruf®2! The insertion of Cu(l) 8orbitals in the solid solutions
of NapxCuTayO11 significantly redshifted 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
met al ( M/ MDY, (M@ Tg).oxidds is shown in Figure 1.2 The Cu@ntaining

oxides have been reported to exhibit visible light absorption in the solar spectrum owing to



low energy metato-metal charge transfer from the fillef into the emptyd® orbitals®2224

My research efforts have built from the previous work in the Maggard group have
focused on the flwmediated syntheses and characterization of @a(Y)) (M  Nb, Ta)
oxide semiconductors. Previous studies on the estimbhgxchochemical properties of
proposed phases in the LJINbOs reported chemical compositions of Cufipbates that
have not been prepared in the literafiir€hus, the moltesalt flux method may be suitable
approach for the high purity syntheses of the calculated phases in 10eNkpOs system.An
investigation of the solidtate syntheses in the Q4TaO5 system indicated chatiges in
the high purity synthesesf the phases with the chemical compositions;TaiOas,
CuwsTarO19, and CleTau011.2928  Further, the Maggard group reported the first kighity
synthesis and the structural characterization afT&®D10required a CuCl flux at a reaction
temperature of 800C for 5 days, in the absence of theGTtlux, impurities of CygTa11030
were observed® Thus, this was the first example of the utilization of a CuCl medanflux
for the stabilization of a Copper{fantalate in high purity. After the desired chemical
composition has been preparechigh 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 def@étss, 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.



Typically, semiconductors are modified tmntain very small concentrations of

impurities in order to alter and enhance a desired property in a semicorfdittérdoped

or extrinsic semiconductor contains impurities at low concentrations and are classified as
type orp-type. A semiconductor that is doped with fewer valence electrons than the bulk of
the materials is known aspatype semiconductor as shown in Figure 3.8y contrastn-

type semiconductors contains more valence electrons than the bulk of the matenmtyda a
semicondudir, 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 dopaenhtration has been
reported to improve the conductivity of an extrinsic semiconddétSr.The conductivity is

given by the equation 1.1 beloW:
o =neu (1.2)

where¢ is the concentration of charge carriers (hofes) unit volumeQis the charge of an
electron, is the carrier mobility. The carrier mobility is determined using the parameters listed
in the equation 1.2 below, whefas the charge of an electrohis the average time between

electron scattermevents, and “ is the effective mass tifie charge carrier®:

m* (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



semiconductor with enhanced conductivity. The increase in temperafwses lattice
vibrations and defects in the crystal structure to scatter the elettbmestefore, an

improvement in the conductivity of a semiconductor can be significantly increased as the
temperature isncreased® Furthermore, it is important to consider the magnitude effective
carrier mass{ ) 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 curvatarsraall

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 areidedalvith 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 investigd postinnealing heat treatments op-type
doped Cu(Bcontaining oxide$®3” The studies were conducted in order to investigate the
photoelectrochemical properties of fiype dopd semiconductors. My research in this area
has focused on the characterization of structural effects ptype doped Cu(Hiobate,
CuNkOs. Further, surface sensitive techniques suchesyhotoelectron spectroscopy, and
electron microscopy were ilited, in addition to the characterization of particle surface
features, powder Xay Rietveld refinements methods were examined for a structural

characterization of thp-type doped semiconductor.

The major research efforts of my work described indigsertation involve the high

purity flux-mediated syntheses of Cul)(V) (M Nb, Ta) oxides that have not been



prepared in high purity due to restrictions associated with the traditionalssatedmethod.

Further, the characterization of the new Cuaflxedmetal oxides have been investigated for

the physical, structural, optical, and electronic properties. Techniques specific for the
characterization of the flugynthesized products such as, single crystal and powday X
diffraction were utilizedfor the structural analysis and refinements of the Gedijtaining
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 usingvidWle diffuse reflectance measurements,

and electronic structure calculations were calculated using déasdional theory methods.

This work then extends further into the characterization of a ngW-@antalate prepared via
moltenflux synthesis which exhibited symmetrylowering phase transitias which are

similar to reportedsecondorder Jah#Teller distortions. The observation of the symmetry
lowering distortion from the rhombohedi#cto the monocliniad ds the first example of a
system composed of TadGcations in alternating layers of edgleared Ta® pentagonal
bipyramids and isolated octahedra. Thus, through these studies we seek to provide a better
understanding in the design and higlrity synthesis of complex Cu{tontaining oxides, and
provide suitable techniques for the characterization ofpthesical, optical, structural, and

electronic properties of the synthesized products.



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 minutesopthe
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 giveadh 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 GiNbsO21 were characterized by powdefr&y diffraction
(PXRD) at room temperature on a RigaktARs Spider with a curved image plate detector
andCuKll (&= 1.54056 ) -tubaXraysduiceo(40 kV,B6ond)Salid- s e al e o
state products of CuNB®s and CuTasO11 were characterized by powderr&y diffraction on
an INEL diffractometer using Cug«( = = 1.54056 ) radi-ati on f
generator equipped with a curved positgEnsitive detector (CPS120). owder Xray
diffraction data were also collected on a Bruker D8 Advanced Powder diffractometer using Cu
Kog(e« = 1.54056j) configured in Brag Brentano
were collected in a@ range of 1880° in 0.01 steps, with a @N time of 4s at each step.

Powder Xray 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 (PRFProfile fitting using GSASS Il or LATCON

programs were used to fit the lattice parameters.

Single Crystal X-ray Diffraction

A single-crystal Xray analysis on GiNbsOz1a n d a WJdCwfa:011 was performed
on a BrukeiNonius X8 Apex2 diffractometer aémperatures of 228, 100K, and 273 K.
The frame integration was performed using the SAINT program. The resulting raw data were
scaled and absorption corrected using a rRsclin averaging of symmetry equivalent data
using SADABS Each structure wasolved by direct methods and refined by-fulhtrix least

squares fitting on ¥using SHELXTL-97 or OLEX2.

Rietveld Refinements

A powder Xray diffractiondata set for the refinement of Cudd3 heated in air at 450
°C was collected at room temperatureadPhilips Xpert diffractometer witlCu Ka radiation
over the angular range 10 2¢g ¢ 110 with a step width of 0.017 The diffractometer had
been calibrated against a silicon powder (NEBRM 640c) standard. The data were analyzed
by Le Bail profile amlysis and then refined by the Rietveld method as implemented in the
JANA2000 program suiteThe starting atomic coordinates included three symmetigue
Nb sites, one Cu site and eight oxygen sites within the unit cell. All atoms oteWyckoff
sites with a full refined occupancy in the reported crystal structure of {O¢NbThe
background was estimated by a Legendre polynomial function consisting of 15 coefficients,

and the peak shapes were described by a pséoido 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 CQioras, and subsequently the O atoms. The

atomic displacement parameters were then refined.

A Rietveld structure refinemermTai®as car |

collected at 29& in a Nb atmosphere and refined using the GSASoftware 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 refireeden of decreasing

scattering length, followed by the refinement of isotropic temperature factegs The Uso

values were fixed for O atoms, peak shape profile (Gaussian and Lorentzian terms), for the
monoclinic crystal classd(9) were refined. The occupancy factor for the Gites in the

refined structures were independgntfined at 523 K

UV-Vis Diffuse Reflectance Spectroscopy

The UV-Visible diffuse reflectance spectra of all powder samples were collected on a
Shimadzu UWVis-NIR Spectrphotometer (UVY3600) equipped with an integrating sphere.
The data were plotted as the remission functioneFR(1-Re)?%(2Rs), where R is diffuse
reflectance based on the Kubeldaink theory of diffuse reflectance. The reflectance data
were analyzed ithe form of Tauc plots as [F(R) h B'versush awheren 2 for direct

allowed transitions and= % for indirect allowed transitions. The optical bandgap sizes were
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estimated from the onset of absorption, as extrapolated frommétae 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 inveshgat
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 ahge®f magnifications in order to

observe single patrticles.

BET Surface Area Analysis

Surface area measurements were collected using a Quantachrome ChemBET Pulsar
TPR/TPD. Samples were preheated and degassed3ftnroRrs under flowing nitrogen and

thenanalyzed 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 x190T) with a cylindrical mirrostype electron sgpctrometer (Riber MAC2).
Non-monochromatic Mg Kradiation (1253.6 eV) was used as the excitation source. The X
ray spot size on the sample had-a @m diameter. The energy resolution for the survey scan
was ~2 eV and for the detail scan was ~1 eV. r@nscales 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

11



loadedinto the XPS chamber. The powder samples deposited on the FTO slides were heated
to 200°C under UHV in order to remove the surface water and hydroxyl groups. Spectra were
analyzed using the commercial software package Cas&XR®. molar ratio of CufiCu(ll)

was determined according to previously reported methods developed for similar mixed
valence metal oxide®. Specific surface areas of the samples were measured using a

Quantachrome Chem BET Pulsar TPR/TPD withublized 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 35 mg) was loaded on dapinum pan, equilibrated

and tared at room temperature.

Transmission Electron Microscopy

An FEI Quanta 3D Dual Beam Scanning Electron Microscope (SEM) with Focused
lon Beam (FIB) was used to prepare the TEM sample. Theuiftechnique was used during
the process, as illustrated in Appendix B 1in
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 wageu up by the Omniprobe
and then fixed onto a Mo haling 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 td/5to minimize the damage introduced by the

ion beam.
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Atomic resolution images were taken using an FEI TitasB@D probe aberration
corrected and monochromated Scanning Transmission Electron Microscope (S/TEM) operated
at 200 kV. In STEM mode,-Zontrast images were taken using a higgle annular dark
field (HAADF) detector (Fischione Instrument), and elemental mappings were performed
usingthesce al | ed ASuper X0 Energy Dispersive Spe
system consists of 4 windowlesdicon-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 measurememtgre collected on a Quantum Design MPMS XL SQUID
magnetometer with a maximum field capability of 7 T and a temperature range-#0ti
The CuNRBOg 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 w
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 43 T depending on the sample. Magnetization field hgsterloops were

collected from7 Tto 7 T at 5 K. Further details are provided in Chapter 4.

Photoelectrochemical Measurements

Polycrystalline films of Copper (1) niobates were prepared on fluatoped tin oxide

(FTO) glass slides (TEQ5 from Pilkingon Glass Inc.). The FTO glass slides were cleaned
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by sonication in deionized water, acetone, and ethanol fd53f@inutes. A 2 x 2 cfnarea

was masked off the FTO slides using Scotch tape, the powders were ground in ethanol as a
dispersant and deposit on to the film using the doctbfade 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 thregystem, with the polycrystalline film as the working electrode, Pt as

the counter electrode, and a standard calomel reference electrode (sat. KCI). Argon gas was
bubbled through the electrolyte solution (0.5 M>8@&) for 30 minutesbefore the
measurements; the pH of the solution was adjusted using NaOH(aq). All polycrystalline films
were irradiated from the backside using a 400 W Xelanp equipped with visibight
cutoff and bandpass filter (remerds wdr® camedput Cy
under chopped visible light irradiation with an applied bias voltage range of 200 #6000

mV vs. SCE.

Pol ycryst al-CleTau®11 Were preparedmf TEDS fluorine doped tin
oxide (FTO) slides (Pilkington Glass Ind5)rst, FTO slides are sonicated inidaized water,
followed by ethanol and acetone for 30 min each and dried in air in an oven setto 80 °C. A 1
cn? area was taped off using Scotch tape on the conducting side of the FTO, and a slurry of
CwTa4O11 in a waer/tertbutanol solution was deposited using the doctor blade method. The
films were annealed under dynamic vacul#x50 mTorr) at 500 °C for 3 h to allow patrticles
to sinter. After the annealing process, films were heated to various temperaturesstmt3 h

The linear sweep voltammetry (LSV) measurements were taken orlas@tbiments CH620a

14



potentiostat under chopped simulated AM 1.5 G irradiation at 100 m¥\(@riel) using a

scan rate of 0.0250 Vs Chronoamperometric measurements were takémeashort 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. KCI) electrode served as the reference
electrode during measurements. The area of the woekéstyode was 1 cin A 0.5 M NaSQu

solution adjusted to pH 6.5 using diluted3®; was prepared for each photoelectrochemical
measurement. This solution was purged with gds for 30 min prior to, and during

photoelectrochemical measurements to remove any dissopiedt@ electrolyte solution.

Dissertation Organization

This dissertation is organized in the form of journal articles either formerly published
or in a poéntially publishable format. The results of ChapteBstave 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 ofa molten sa#lux producingcrystals of various morphologies,
chemical compositions, particle size and dimensions. Figure was reproduced from Boltersdorf

et. all*
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Figure 1.2 A schematic representation of the insertion of Gorbitals in the soligsolution

NagxCuxTasO11, and Cu(tantalates CiTa11030 and CyTarO190. Figure was adapted from
Joshi et. af.
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Figure 1.3A schematic representation opdype semiconductor the valence band is shown
in blue, the conduction band is outlined in black with the bandgap energy indicated by a
doubleheaded arrow, the Fermi level is shown in red. Figure was adapted from Wéttz, D.
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CHAPTER 2

Flux-Mediated Crystal Growth of Metal Oxides: Synthetic Tunability of Particle
Morphologies, Sizes, and Surface Features for Photocatalysis Research
Based on th&wited highlightpublished in CrygEngComm
CrystEngComnR2015 17, 22252241.

Jonathan Boltersdorf, Nacole Kirand Paul A. Maggard
Department of Chemistry, North Carolina State University, Raleigh, NC 28895

TOC Caption: Flux crystal growth of mixednetal oxide photocatalysis with (A) rodnd
(B) plateletshaped morphologiegown under varied flux conditions.

ABSTRACT

Molten-salt reactions can be used to prepare siogistal metabxide 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 photocatalgtiiaties. Crystal
growth using fluxmediated 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 phasesitdich 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 solutionsThis approach has significantly impacted the current
understanding of the optical and photocatalytic properties of +oridds, such as the
dependence of band gap energies on the structure and chemical composition (i.e., obtained

from flux-mediated iorexchange reactions). Thus, flux preparations of mmtale
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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, molteralt crystal growth, iorexchange, photocatalysis,
solar energy conversion

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 reseaotVing
solar energy conversion. The flux synthetic method is a modification of thedngberature
solid-state ceramic method that involves the addition of a makénsolvent to facilitate
crystal growth with improved phagririty and particle hongeneity!'® 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 molta 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 nucléf 711 The flux solvent approadfacilitates the growth of crystals
below the melting points of the constituent reactants and desired products, thereby allowing
for lower reaction temperaturés.

The fluxmediated growth of singlerystals allows for the exploration of new
compositions and structures in order to investigate their physical propertiesmeliated
crystal growth can yield higfuality crystals suitable for singteystal X-ray diffraction®' 3>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’gbravides an overview of high
temperature molten fluxes forcy st a growth and material so
Flux-mediated crystal growth also affords the synthetic control over crystabitghiogies,
sizes, and surface feature€?? In particular, the synthetic flexibility afforded bijux-
mediated crystal growth methods has led to an increased interest in the exploration of new
ternary and quaternary micenetal oxides for use isuspended 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
enhancenmts in photocatalytic rated:131921.2332

This highlight is focused on the preparation of ternary and quaternary metal oxides
using moltentsalt flux synthesis methods and their use in suspepdditle 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 trentadjes and
design strategies for the targeted preparation of crystalline-meathds 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 thdaxces. Finally, strategies for the discovery of
new compositions and phases with limited stability will be discussed with relevance to solar
energy conversion.

Il. SOLID-STATE VERSUS FLUX METHODS

The most commonly utilized synthetic technique for crystal growth of complex oxides
is the high temperature ceramic (or sdadtdte) methodThe solidstate method typically
involves combiningstoichiometric proportions afolid inorganic reagents intowell-mixed
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fine powder in order to maximize tlterfacialsurface area. The weajround mixtures are
typically heated in a higbemperature furnace between 500 and 2000 °C in alumina or
platinum cruciblesHigh temperatureandsurface aresare necesswgiin order to increase the
reactionrateandto shorten théon diffusion paths The rate of diffusion is often the limiting
step owing to the fact that solgdate reactions only take place at the interface obdiid
reactantsin the absence of a solve®>7%32 The mixtures can be pressed into a pellet to
increase the direct contact of the crystallildse solidstate method can require several cycles
of grinding and reheating at higgmperatures in order to yieldhagh-purity crystallinemetat
oxide Particle dimensions and morphologies are typically irregular, with limited synthetic
control using soliestate methodd!+°

The flux synthetic method provides an approach for the nucleation and growth of a
metatoxide in a moltersalt solution through the dissolution of inorgameagents and the
resulting precipitation of the desired metaide crystals! 7”834 Lower reactiotemperatures
in aflux solvent system result in highly crytae and welldefined faceted surfacé<€rystal
growth at lower temperatures can allolapedo form withoutheating abovatemperature at
which the desired material would not be stable, or where an irrevarkidde transitiooould
occur®’ Incongruently meltingand highly norstoichiometric mixturesare typically
crystallized using a fluwin order to avoid the formation afn undesired phadé:”® The
enhancement of reaction kinetics and crystal growth in molten salts has been experimentally
observed throughout the literature; however, little is knolouathe mechanisms and kinetic
pathways in the solidtate or moltersalt fluxes’333" Early stages ofeaction kinetics in solid

solutions are beginning to be investigated bgitn powder Xray diffraction experiments,
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which have shown enhanced reaction kinetics and crystal formation when using a molten flux
in comparison to solidtate reactions. Reaatidimes as a result of using a molten flux have
been reduced from 246 h down to as low as 15 min for the formation of miregtal oxides,
such as Na®Ds, CuNxOs, and RbCglNb3O;.1°:19:21:27:35,36,38

The molten flux cwers the surfaces of all reactant particlg®vening aggregation
and sinteringhat aretypicaly observedn solid-state reactions. The coating of all surfaces
with the flux acts to increase the degree of homogeneitypntrol the agglomeratiolevel
and anisometric particle growth, artd prepare weldefined uniform particlaistributions
The presence of the molten flux promotes the formation ofaedihed faceted particles with
fewer grain boundariesas typically observed in singlerystal growh from aqueous
solutions®'*>"8 Prolonged hating of the reactant mixtures in a flux enhances the material
transport in the solution, and can increase the average particle sizénwdry Ostwald
ripening>>’ Furthermore, djusting the growth rates ahetatoxide surfacescan yield
particles with cube, octahedron, or cuboctahedron morpho)agiels as shown for BteuO13
in Figure 2.21 when the growth ratesalong the [100], [111], or intermediate growth are
predominant for cubic systems respectively'3’ Crystallographic anisotropygoverns
anisotropic crystal growth, while isotropic cubic crystal structures tend to form cube
morphologiesn molten salts. Thgreater the degree sfructural anisotropythe more likely
the formation of 1D rods, 2D platelets, or more complex morphologies with differing exposed
crystal facets* The growth rates of the exposed crystal facets are highly dependent upon the

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

3,5,7,37,39,40
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It has been theorized that stable terminatingstal facés develop fromequilibrium
faces withthe lowest free energy These facets typicallgxhibit lower Miller indicesand
have higher atomic packing densés Preferential growth of crystal facets and anisotropic
crystal morphologies may result, and are dependent upon the growth mechanism of the
particlel373°For exampleflux synthesis of the photocatalysts,T&O; and NaTa:O11, both
grown in a NaSQW/K>SOQs molten flux have shown preferential growth of {100} arml 11 11, p
P |¢ , and p @t terminating crystallographic facets at itheurface, respectively®?
Layered perovskite structures favor preferred crystal growth of habit planes that typically
facilitate the exposure of the {001} system of planes at keplatelet surface®:?326:41
Distinct crystal facets fometal oxides have beerommonlyobserved as a function @tix
reaction conditions; however, investigations have not shown how to selectively elquiesd
facets for complex oxided.he synthetic control over the exposed cryfdaes is useful in
probing reactions at the surfaces and identifying preferential anisotpbyitocatalytic
properties.
1. FLEXIBILITY OF FLUX SYNTHESIS CONDITIONS

Appropriate selection of a flux in the synthesis of metatle particles has been used
to increase the particlesd crystallindty an
defined and facetesurface feature®.316:17.1922542 gynthetic manipulation of the particles
dimensions and their surface features is dependent on the choice of flux, tterflaxtant
molar  ratios, synthesis temperatures, heating/cooling times, and other

conditions!?1315.19.21,24.2542\ g shown in Tabl&.1, flux solvents have been selected from an
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extensivarray d metaloxides, hydroxides, halidesnd oxosalts in ordeo yield a wide range

of ternary or quaternary metal oxidé&s practice the fluxand reaction conditioraretypically

chosen by a trial and error procedure, taking into acdbergolubilitiesof the reactants within

the flux and the experimental trends from the literatlitee 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 reactaluw, volatility, and should be able to be easily

removed, such as by washing, in order to isolate the protiucts.
VIl. SUMMARY AND OUTLOOK

Flux-mediated crystal growth is an ideal method as a result of its synthetic flexibility
and capabilities in obtaining wellefined singlecrystal particles and surfas&ructures. Flux
methods used in conjunction with nanoparticle reagents may be used in order to obtain
nanocrystalline mixednetal oxidedor better synthetic control over particle morphologies,
sizes, and surface features for enhanced photocatalytitiastivCompositional modifications
of flux-prepared mixednetal oxides caeffectively decrease the bagdpenergyin order to
sensitize photocatalysts forvisible-light absorptionin order to reach maximum solar
efficiency. Tremendous advances in fex crystal growth of mixedanetal oxides for practical
applications in photocatalysis research have made them a viable alternative to commonly
utilized binary oxides such as Ti@nd NiO. Further modifying flux methods for tuning
particle sizes, morphodpes, specific surface areas, and crystallinity can be used in order to
obtain nanoparticulate mixadetal 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 inaflthe 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 hepreviously studied using thermodynamic and
potentiometric determination methot#&? The use of fluxes with the same cations as the
desired metabxide typically yields phaspure crystals as a resuf the similar chemical
bonding, coordination site preferences, electronegativity, and crystal radii. As a general
guideline, thénard soft acid base (HSAB) theorgan be used to predict solubility of inorganic
reactants in moltesalt fluxes Typically, metal cations are soluble in their corresponding
metal halide fluxes; additionally, halide fluxes can exhibit mineralizing effSatsfluxes that
can act agnineralizersinclude hydroxides €.g., NaOH, KOH, LiOH), carbonatese(.,
Na.CQs), and halidesd.g., NaF, KF, NaCl, Kgf575355

Oxosalt solvent systemsuch as hydroxides, nitrates, carbonates, and sulfates, are
suitable fluxes for solubilizing metal oxides owing to their dzade chemistry. The solubility
of metal oxides in oxosalts can be described by the concentration of oxygen anions in solution
using theLuxi Flood (Li F) type aciiibase equibrium, in which the acid is defined as ad O
acceptor, the base is defined as andonor,andh e 6 6 neut r al. &dr exanpeci e s
under moderately basic conditions the precipitation of metal oxides (e.g),CRi®occur in a
molten oxosalt flux. However, with increasing basicity metal oxides can be dissolved into the

flux to form metallate complexes (e.g., EfQ thatcan further react with cations in solution to
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form mixedmetal oxides. In the case of a PbO flux with alp@ecursor, the flux liberates
O?% anions in solution to dissolve Ti@hto TiOs? under basic conditions, which can then react
with PI?* cationsin solution to form PbTi@3 57132315462 Mojten 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 usedhimary combinatioato form eutectic mixtures
that ae advantageous owing to their reduced melting points and lower viscosity, e.g., NaCl
KCl and NaSQO-K2SQs. These two eutectic fluxes have been widely used in the literature for
the crystal growth of metal oxides, such as listed in Tabl@fdexample, thenelting points
of NaCl and KCI are 801 °C and 770 °C, respectively, but the melting point of a 50% NacCl
and 50% KCI eutectic mixture has a reduced meltergperatureof 650 °C>1° Available
databases of thermodynangbase diagramsanaid in selectingthe appropriate molar ratio
and melting poinbf a eutectic mixtureAn excellent online resirce isthe FactSage FTsalt
thermochemicalsoftware anddatabase available througie Ecole Polytechnique de
Montréal®® Identifying the ideal flux solvent or eutectic flux system for a given reaction is
typically accompliBed using the general guidelines given by HSAB theory;Eloxd theory,
and the desired reaction conditidh¥s:>*The use of flux solvents or eutectics that contain
borates, phosphatg or silicates aretypically avoidedowing to the fact thahesecovalent
anion groupasilyform highly viscous liquidsindvitreous phass* Many additional types
of molten salts thahave been reported in the literatdog the growth of crystals include
peroxides, chalcogenides, chalcoptttates, hydrofluxes, or metafgemetallics, with each

of these being system specifie®* 7
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One limitation in the use of moltesalt 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 alkalineearthmetal hydroxides and lead(ll) 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 containersisan ca
aluminum or platinum contamination; therefore, care should be taken when using these
materials as fluxe$In order to minimize the incorporation of the flux ions into the crystalline
products, it is typical to select a moltsalt flux with common cations or anions as that of the
targeted product>’8For example, the flux synthesis of Cu¢hntaining mixeemetal oxides
(e.g., CuNBOg, CteNbgO21, CusTa11030, CusTarO1g, etc.) react with alkalmetal salts results
in the formation ofvell-known phases such as Nag&hd NaB4O11 (B = Nb, Ta), and hence
must be prepared using a CuCl flux solvErif:1921:38497 There are cases in which thex
may take on the role of a reagent in a beneficial manner feexohange methods, as will be
discussed later.

B. SYNTHETIC CONDITIONS FOR FLUX SYNTHESIS

Thesolubility of the reagents and tbptimum growth ratef the crystalline produds
system spefic, and therefore tuning the flux ratios and cooling times are paramount to
avoiding dendritic growth (too much flux) or agglomerate growth (too little flux¢. fesulting
crystal size is a function of the degree of supersaturation of the flux solutiere reaching
optimal supersaturatioaids in minimizing the presence of crystal defects at the surfaces.

Flux-to-reactant molar ratios are instrumental in adjusting the concentration of reactants in the
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moltensalt over a wide range, typically from 1:1 to 50:1 molar ratio. Modifying thetfiux
reactant molar ratio can be used to improve the reaction rate and solubility in order to yield
well-defined singlecrystal particles. The reaction temperatures, tiraed, 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 164000 °C aleve 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 walkfined crystals, slower cooling rates are usually used
and can vary between 160 °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 rsaltemixture. 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 aittmlesize
has been reachédRecent flux syntheseof Cu(l) niobates using a CuCl flux has been shown
to yield, after quenching, wetlefined platelet crystals for Cubs (750 °C for 15 min;
guench) and re8haped crystals for GNbgO21 (550 °C for 24 h; quench), as shown in Figure
2.2_15,38

C. FLUX SYNTHESIS OF METAL -OXIDE NAN OPARTICLES

The nanostructuring dernary and quaternary metaides usinga molten flux has

proven to be synthetically challenging within many chemical systems.iBaglstigationsnto
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the flux synthesis ohanoparticulatd3aTiOs crystals have led tthe development ofiable
approaches for the nanoscaling of mixedtaloxides3* 788! Selective growth of mixednetal

oxide nanoparticlesan beaccomplishedsingi) lower reaction temperatures, ii) short reaction
times with quenching of the aietion 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 gven by the LuxFlood and HSAB theorieShese guidelines have been the driving force
for the growth of mixednetal oxide nanocrysslsuch as CaNbsO21,2® ATiO3 (A = Sr, Ba,
Pb)137882 ANbOs (A =Li, Na, K),2¥8 LaMnOs,”® BaTiz0s,2® SSbMnG;,8” andfor several
Li-ion battery material8®#&°In all cases, the initial sisend morphologiesf the less soluble
metatoxide precursors (e.g., T#®ONOs) have largely determined the morphology and
nanoscale dimensions of the desired produstish as nanoparticulate rods, spheres, cubes,
plateletsand wires Synthetic modulation of the particle characteristics aohave a large
impact onmetatoxide surface that influence theiphotocatalyticproperties as described
below.

D. USE OF FLUX REACTIONS IN PHOTOCATALYTIC
INVESTIGATIONS

Flux-preparation of metabxides has been of increasing importance in a growing number
of studies probing photocatalysimechanisms and surface reactivities of meiatle
photocatalyst$2131921.225.30 Elyx crystal growth otomplex metabxide photocatalysts is a
growing focus of new investigations compared to commonly used binary oxides (eg., TIO

NiO) as a result of the new capability to tune electronic configurations and optical bandgap
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sizes. Each metalxide has itown unique crystal growth conditions based on the reagents
used, choice of flux solvent, and the synthetic conditions; thereforersoad generalization

on thedesign strategygrowth mechanismor particle formatiorcan be assumed for all flux
reactions.As described below, each of these particle characteristics has been shown to play a

significant role in governinthe photocatalytiaeaction rates at the surfaces of metal oxides

A. PHOTOCATALYTIC REACTIONS OF METAL -OXIDE PARTICLES

As described in manyecent reviews, the photocatalysis of suspended foridé
particles idrivenby the absorption of photons and the separatidhenéxcitecelectronhole
pairs within thedepletion layera t t he par tP?ias lllusta@d irs Eiguri23.c e s
Suspended particle photocatalysis for waigitting 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 photogeneied carriers to the surfaces, and iii) reaction of the carriers with
adsorbed chemical species at the surfa@®At the solidsolution interface band bending
within the depletion layer of the photocatalyst is caused byhhegetransferbetween the
solution and the metalxide until the Fermi levels have equilibratéd® The depthof this
depletion region is referred to as the space charge widthafWfjhe electric fieldestablished
within this region is responsible for drivinthe electronhole separation. The space charge
width is determinetdy a number of parametees shown in Figur2.3, including the dielectric
c 0 n s t)adopant @edsity (B), and space charge heights€).?>% The excited charge

carriers are separated and driven to the p

fak)

reactions of surface species can occur, for example, in theti@d and/or oxidation of water
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to hydrogen and oxygen gas. Electtomie recombination will predominate when the photon

is absorbed deeper within the bulk of the particle beyond the space charge layetoxiMetal

with an optimal match of their space charge widths to their sitrgktal 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 metabdxide partcles.

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 interfac®°" 1% 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 particl es 0 tagatsrsiclaasBtand | nv e
RuQ preferentially deposit at wetlefined surface features (e.g., steps, edges, corners, etc.)
of metatoxide particled3232426.9.10hege surface features are the preferred active sites for
electron migration to the sohsblution interface for the formation of catalytic products (e.qg.,

H2 and Q). The increasedrystallinity of metaloxide particles prepared from flux methods
can reduce defect sitggesent in the bulk and at the surfdbat can lead to eleon-hole

recombination, subsequentlycreasinghe overall photocé#alytic activity,%294101

B. EFFECTS OF PARTICLE MORPHOLOGIES, SIZES, AND
SURFACES ON PHOTOCATALYTIC REACTION RATES

Earlyinvestigationsnto the photocatalytiactivities ofmetal oxides utilizednly high-
temperatur e O g rstate dyntlesed to loeamtthe desied proaffictdlos

Starting with research by the Maggard grptheflux syntheses of metaixide photocatalysts
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with synthetic tunability have been used increasingly to understanchplaetof the particle
sizes, morphologies, and the underlying crystal struéti#&?°-921%1For example, the solid
state preparation of the layered perovskégTi>O7 was previously foundbtexhibit a quantum
efficiency of 27%for hydrogen production from aqueous solutions under ultraviglet
irradiation®® However, using a eutectNdaSQ/K2SQs (1:1 molar ratio) fluxthe LaTi-O7
particle sizesould be tuned by varying the reaction times and-fbureactant molar ratios.
TheNaSQi/K2SOs eutectic flux has been found to be useful for obtaining-defiined particle
shapes owing to its Luklood oxobasicity and reduced melting poisotropicplateletlike
morphologieswere producedvith minimum lateral dimensions of 500 nm andplatelet
thicknesesof ~100 nm. The measured photocatalytic rates for hydrogen formation for the
flux-synthesized LAi,0; powders increased with decreasing partsizes, exhibiting a
maximum rate of140e mo begidh?®. These rates were up to two times greater than
solid-state prepared sample, whiekhibited alower rate of~87¢ mo baglah?, owing to
the platelethaving an increaseattive surface areend smaller particle siZé Particles with
nanoscale dimensions have an increased total surface area with shorter carrier migration
distances, providin@ larger number of available reaction sites at the surfadris, flux
readion conditions can bastrumental inoptimizing the surfaceo-volume ratioof single
crystal particles (i.e., with nanosized dimensions) in order to maximize the photocatalytic
rates’101

Among the most active photocatalysise 2% Ladoped NaTa@has been found to

exhibit the highest reporteguantumefficiency (~56% at 27@m). Thishas been attributed

to surface nanostppdstructures oiits singlecrystalparticles thatare0.L0 . 7 e m i n hei
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as a result ofanthanum dopind! By comparison, nowloped NaTa@particles with sizes of
2i 3 mm and flat surfaceshow decreased rates by a factor of four times or more. The
nanostepped surfaces of-Haped NaTa@create both a higher surface area as well as separate
surface sites for #0. production thahelpinhibit recombinatiorand back reactionsuUsing
flux synthdic methods, Ladoped NaTa@can be prepared within a pP80/K>SQy eutectic
flux. Particle sizes were tuned by a factor of up to two to three times by varying the-flux
reactant molar ratio, and also producing particles with nanostepped surface féatures
However, smallepatrticle sizes resulted in decreased photocatalytic rates fmoduction of
~30-40%. Reduction in the photocatalytic rates are attributed tpdtemtial gradient within
the space charge regiomhichis typically negligible when the dimensions oftlerystal are
much smallethan twice the width of the space charge red@@g., estimated at ~100 to 200
nm for Ladoped NaTag). As a result, the rate of electrtwole recombination increasesien
t he p adimensionsaeesndodifiedto significantly less than that othe space charge
width 9295101 Similar results have been fodifor AQNbG; and PbTiQ, both of which exhibit
higher photocatalytic rates forokand/or Q formation for the larger particle sizes obtained
from flux methods. However, their photocatalytic rates for hydrogen production were up to
twice as much as compat to the same products obtained using sstbdle methods. The
increase in photocatalytic rates as a result of using a flux has been attributed to-tiedimexdl
surface featurethat serve as active sites for photocatalytic water splitfiftp+2°

The exposedrystallographic 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 methéds3232429n recent research, Kakihana et al. have
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shown that the particle morphologies, sizes, and exposed crystal facets of @eTihly
dependent on the choice of flux, and have a significant impact on the photocatalytic activities.
The SrTiQ phase was ppared by both solidtate and flux methods at 1000 °C using LiCl,
NaCl, KCI, and SrGlfluxes in a 1:1 fluxto-reactant molar ratio, resulting in singieystal
particles shown in Figur24. The alkalimetal halide fluxes were unreactive, acting purely as
a solvent system and avoiding the formation of undesirgargucts (i.e., ATi@ 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 fluxesatigystem in order to yield various
well-defined particle shapes. By contrast, salidte methods yielded irregulaidhaped
particles that were largely aggregated with sizes ei55m for the agglomerates. The LiCl
flux yielded large cubes with sizes~5-6 >m with primarily {100} exposed crystal faces. The
use of a NaCl or Sreflux yielded edgdruncated cubkshaped particles with sizes of ~300
nm and {100} and {110} exposed crystal faces. The KCI {fhurpared particles were of
comparable sizedyut with highlyfaceted particle morphologies. The KCI flux resulted in
particles with the {100}, {120}, and {121} crystal faces exposed at their surfaces and smaller
particles sizes that yieldeignificantlyenhancd photocatalytic rates of ~6.6 mmdbagoh
Land ~3.3 mmol gpglgh? 2

A recent investigation by Takanabe et al. into the flux synthesis of the-SgsNb
photocatalyst demonstrates the utility in tuning ftaxeactant molar ratios faoptimizing
particle sizes and photocatalytic activities. The Siilzompoundwas prepared at 600 °C
using a SnClflux at various fluxto-reactantmolar ratios, resulting in platelethaped

morphologies. The Sn&flux solvent has a common Sn(ll) cation and was found to have a
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mineralizing effect. By contrast, conventional sadtdte methods resulted in irregularly
shaped agglomerated particles, as shown in FgGrelncreases in thitux-to-reactant molar

ratio led toanisotropic crystal growth along the lowemergybc plane ataslowergrowth rate

and afforeéd wellfaceted and smooth platelet morphologies witH}@&posed crystal faces.

An increase in particle sizzom ~0.3 to ~3.0>m was observed with ancrease in the flux

ratio. As theparticle sizes increased as a function of the flux r#ti® photocatalyticates for
hydrogen production as well increased from ~244 to <316l H.eg'eh*.2° The increased
photocatalytic activity for hydrogen production was also attributed to the decrease in Sn(lV)
surface defects and the higHbceted surfaces of the flyprepared particles. The flux
preparation minimized the number of surface defects aaith ¢poundaries that can act as
electronhole recombination sites, which are found in higher amounts in agglomerated particles
resulting from soliestate preparatiorts.

Structures withayeredmetaloxide connectivity, as shown irigure 2.6 for Dion
Jacobsen and RuddlesdRopper phases, show significantly higher charge mobility along the
two-dimensional layers of their structures. Singigstal particles of these perovskite
structures also most commonly grow as platelets with the 1oeidé layers parallel to the
plane of the platelets. For example, the Bidacobsen RbLaNB; phase could be prepared
in the form of thin platelet morplhagies from a RbCI flux, with lateral dimensions of several
micrometers and platelet thicknesses of ~100 to ~300 nm. ThksRIbwasutilized as a flux
due toits low melting point, mineralizing effectand the R{@) cation commorbetweenthe
flux andRbLaNkO7 product.The photocatalyticalhactive 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) i s| afackseacion t he
sites, as shown iRigure2.7. Platinum surface cocatalysts act as active sites for photocatalytic
water splitting. Therefore, the active sites of metdtle particles can be inferred by the
location of the platinum surface islands. Elentc structure calculations on RbLailh
confirmed that the excited electrons are preferentially confined to the oxédal layers along
the lateral dimensions of the particles, until reaching a surface step or edge to drive reduction
reactions. In ano#r example, the Ruddlesd®opper NaCaNbsO13 layered phase could be
flux-prepared as large micrometer to millimesered platelets within a N&Qs» molten salt at
1100 °C, as shown in Figuz8. The NaSQ; oxosalt flux was utilized due to its previous
success in other reactions, its LEood oxobasicity, and the Na(l) cation common in the flux
and NaCaNbsO13 product. Increasing the amount of flux yielded the larger particle sizes and
the highest photocatalytic activities for hydrogen formation frooeags solutions of ~447
e mo bagleh®. The surfaces of the larger platelets had a larger concentration of stepped
features at the edges that were-3P0 nm in height, and where the Pt(s) islands preferentially
deposited® Surface absorption of molecular specieg] émeir catalytic reactivity, is well
known to occur most favorably at surface features like steps, edges, corn€rs 8.

Flux synthetic techniques can also be utilized to modify the particle morphology, e.g.,
from the plateleshaped to rodhaped crystal morphology shownFigure2.8. For example,
the synthesis dilaCaNbsO13 using a NaCl flux yielded ~1 0 & m |-shapegl partioles,
rather than the more common platelet morphologies. The fNeGlvas utilized due to the
lower melting point compared to b8Cu, mineralizing effect, and the Na(l) cation common

between the Nal flux and NaCaNb4O13 product. The NaCl flux solvent will differ in
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viscosity and growth rate, which led to the preferential growth osh@ped particles. The
photocatalytic activity of N&CaNbsOizpr epared using a Naf@d f 1l ux
gh?; significantly higher than that obtained from the platelet morphologies usingSDNa

flux. For the roeshaped morphology, the higher surface areas of the smaller particles resulted
in an increase in the photocatalytic activities for hydrogen formatiaqueous 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 Ri§ur@he change in morphology

from plateletshaped to rodhapedarticles is useful in order to adjust for a larger or smaller
space charge width, respectively.odification of the particle morphologiealso aids in
orientingthe structural featurethat yield higher charge mobility (e.g., along extended metal
oxide layers)alongeither the short or long dimensions of the single crystal particles. Adjusting
the choice of flux, fluxto-reactant molar ratio, and reaction time and temperature can be used
to achieve rodand plateleshaped morphologies, as shown for Pidk&’ and RbLaNbO7%4,
respectively, in Figur@.9. Similar investigations into the impact of flux synthesis on particle
morphologies and photocatalytic activities have been repomedmiany metabxide
photocatalysts, such as PbEj@gNbQs, and NaTay0;1.12:13:19.21.24.25

VI. FLUX SYNTHESIS OF NEW METAL -OXIDES FOR PHOTOCATALYSIS
RESEARCH

Molten-salt flux techniques can also be used in the preparation of neworetas
with desired compositions and structureduxFeactions canprovide access tthe crystal
growth of new compositions, structures, and morphologiespbases that haveot been

previously achievedusing traditiond solid-state methods Flux synthesis can also aid in
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thermodynamically or kineticallgtabilizing new phases during crystal growth by increasing
the lifetimes of the nonequilibrium phasé@s!®’

A. FLUX-MEDIATED ION -EXCHANGE REACTION S

The fluxmediated exchange reaction involves the ugg@$ynthesized metaixides
with a desired parent structure, and its reaction within eéomperature moltealt flux. The
flux-exchange method has some distinct advantages over usingte\starting materials.
In this method the moltesalt takes on the role of a reagent by exchanging its cations with
those within the metadxide structure. The ieexchange reaction incorporates the cations
from the salt into the crystal structurethemetaloxide while maintaining the desired parent
structure, in order to yield new compositidr&19%% The reaction is facilitated by the
dissolution of the cations between the metable layers and the subsequent cation exchange
in the molten flux. Selectivity for icexchange is observed in molten salts based on ion
solubility, with smaller crystl radii being preferred ieaxchangers$!®1!2 |Jon-exchange
reactions have been previously investigated bgiekPXRD analyse$;>and have been found
to proced by more than a simple twahase 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 theaaies.re
The intermediate phases contain randomly distributed mixtures of cations from the flux and
those from the parent phase. For example, studies of texdtange of LiNjsMnos02were
found to exhibit two intermediate phasesoMhio.sdNio.sMno.s02and Na.2dio.53Nio.sMNo.502,
before forming the NaNEMno sO2 phase. The slower phase conversion prevents the collapse

of the interlayer space and facilitates the formation of theimhanged phasé® This method

42



overcomes common issues with binaide mixtures that melt incongruently and that may
favor a different composition for nucleation.

Metal oxides with layered structural features have been shown to exhibikebange
behaviorof their interlayer cations the molten solvert}26:27:30.32.94.108,109.147 The |ayered
Dion-Jacobson (DJ) and Ruddleseleopper (RP) perovskite phases hagpecially been
shown to exhibit facile ioexchange of their interlayer catiorie general formulas for the
DJand RP phases afeb [n-ABnX@nr)] andAz20  (f1BaX@my], respecti vely, wr
sites are the interlayer catiofesg.,A 6 =K, RI@, the Asite cations are located within the
layers(e.g.,A = La, Ca, Sr)andn defines the octahedral layer thickness=(2, 3) of the B
site cationge.qg.,B = Ti, Nb, Tg).2426:3294.109.11411Fy change reactions with layered perovskites
may occur without alteration of adjacent oxide layers, with the structure differing only in their
interlayer separation$§Some of the perovskites that have been reported to exhibit this ion
exchange behavior are KeNbs:O10, KoLazTisO10, and RbLaNBO7, as shown irFigure 2.6
and listed in Table2.1.2426:32108114116.118 The nterlayer cations have been reported to be
exchanged for other alkafetals (e.g., Li, Na, K, Rb, Cs) and transition metals (e.g., Ag,
Cu)2426:114116,118120 The flux exchange of these interlayer cations not only facilitate the
synthesis of new compositisand phases with limited stability, but can be used to tune optical,
electronic, and photocatalytic properties of mixaetal oxides.

Flux-exchange of alkaliand alkalineearth metal cationwithin the parent structure
with transitionmetal cations, e.gthose withd'® (e.g., Ag(l) or Cu(l) or d'°? electron
configurations(e.g., Pb(ll) or Bi(lll)), has yielded metal oxides with visHilght band gap

energies>242832109.116 Transition metalsvith filled d*° or d'°S orbitals carresult 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 dgtal(e.g., Ti(IV), Nb(V), and Ta(V)).

This can effectively decrease théandgap sizes order tosensitize the structure the
absorption of visible-light. Increased absorption of the full solar spectrum aids the
photocatalyst in reaching the maximyossible solar efficiend?:*° Recently, many mixed

metal oxidescontainingtwo transition metals with dandd*® or d'%? electron configurations

have showmigh activitiesfor wateksplitting reactionsinder only visibldight irradiation?4%

In recent research, the optical absorption and photocatalytic activities of metal oxides
have been westigated with the use of a lelmperature AgNeXlux to yield silverexchanged
metal oxides. Silveexchange reactions of the layered RbLaB#h RbANbzO10 (A = Ca,

Sr), and RbBLazTiz010 perovskite structures were found to yield the AgLaDH AgA2NbzO10

and AgLaxTiz010 phases that exhibited a pronouncedshidt in the optical absorption edge

by ~0.5to ~1.0 eV. After the silv@xchange reactions, the particles were shown to maintain
their original morphologies and sizes, as shown in the SEM damag Figure 2.7 for
RbLaNkO7 and AgLaNBkO;. Electronic structure calculations confirmed the formation of a
new higherenergy valence band comprised primarily of the A 4dbitals in each of these
layered structures. All silveexchanged products exiited significant increases in their
photocatalytic rates for hydrogen production. The sibshanged RbMNbzO1o structures,

i.e., AgANDbzO1o, exhibited the largest increase in the photocatalytic rates for hydrogen
production in aqueous methanoiderultraviolet and visible irradiationl. 3, 6 1 6 2Asgmo |
'AH compared to before silv@xchangg~1 , 4 1 8 A Ad)I>#?® Hhe photocatalytic

rates were also found to increase exponentially over time as the Ag(l) cations deposited on the
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surfaces and interlayer spacings as Ag(s) nanoislands to act as coc&talysts.

Ternary tantalates and niobatof theA™ (n+1ymBan+1Og@n+3) (A™ = Na(l), Ag(l), Cu(l),
Pb(ll); B = Nb, Ta) structural family can be prepared by exchange of-gite&ations using
a molten flux. For example, the hexagonal lemutalate phases Pa;O19 and PbTa011
were discovered by flumediated leagxchange reactions starting from thesCatO19 and
A>TayO11 (A = Na, Ag) parent structures and a Pbitix at 800 °C and 700 °C, respectively.
These lead tantalate phases could only be achieved bgxehdnge reaitins using a PbGl
flux in vacuum sealed fusegilica tubes. Soligtate syntheses and leaxichange reactions of
A>TasO11 (A = Na, Ag) using PbGlin air instead yielded the Pbd@s andPksTayO13phases,
respectivel\’” 1’ Leadexchange reactions under vacuum and in air yielded aod
octahedrorshaped morphologies for Pbya: andPlsTasO13phases, respectively. The slow
growth of A™ymTasO11 along thec axis results in roghaped particles, as shown in Figure
2.10. The PbTaO11 phaseexhibiteda bandgasizeof ~3.8eV,?’ which is ~0.5 eV smaller in
energy than that found for NEeuO11 at ~4.3 eV.!® A reduction in the band gapas also
observed with an increase time Pb(ll) content as a result of the flux exchanged which
served to increasthe photocatalytiactivities for hydrogen and oxygen productidrhe
PbTaO11 phase was reported wiéiphotocatalytic activitypf ~175 pmol HA A hin aqueous
methanolunder ultraviolet and visible irradiatipnvhile the solid-state preparegrecursor
Ag.Ta:O11 had a rate of ~23 umolAtAh The PbTa011 phase generated ~181 umaiXgy
!Ahin aqueous silver nitratander ultraviolet and visible irradiatignwhile its precursor
Ag2TauO11 exhibited a similar rate of ~165 umob®tAh Higher activity for water reduction

wasreported for layered tantalate structucesnprised of Ta@pentagonal bipyramid layers
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which canserve as extended changeégration pathway$’

C. PREPARATION OF METAL -OXIDES WITH LIMITED STABILITY

The synthesis of metastablmetaloxides in high purity is challengg using
conventional soliestate synthesis techniquesletastable phases are formed due to the
stabilization of a higheenergy 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 highengy phase into a more
energetically stablphase. At high temperatures there is a highergtity of transforming
into the most stable phase, and so there is
Compositional, structural, and morphological metastable phases form undequribiorium
and kineticallycontrolled pathway&°1°” An optimal temperature range where nucleation
rates are at their maximum for metastable phases exists and can be extended by modifying the
crystd 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 phasesh whait occur if isolated
during its finite lifetime’196107.111 yse of a molten salt as a flux for the synthesis of metal
oxides ncreases the temperature raagd lifetimeof the metastablphase, facilitating rapid
crystal growth.

SeveralCu(l)-cortaining mixed-metal oxides are reported to exist in the>OeM 205
(M = Nb, Ta) systenthat cannot beynthesizedising conventional solidtate method¥ For
example, e synthesis of GiNbgO»1, a metastablp-type semiconductowas prepareah high

purity by the reaction o€wO and NhOs nanoparticlesvithin a CuCl flux using a 10:1 flux
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to-reactantmolar ratio'® The CuCl flux solvent was preferentially utilized in these reactions
owing to its low melting point, ability to solubilize g, and the common Cu(l) cations as
that of the CpO reagent. The reaction mixture was heated in an evacuated fsited
ampoule at 550 °C for 24 h that was immediately quenthigde CuNbsO21 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 eNbsO21 compound begins to transform into Cuyb, and after
the temperature reaches 750 °C, theNBeO21 compound has completely transformed into
CuNkOg. In the CyO-Ta&0Os system, theCwTauO11 and Cur TagsO41 phases have not been
reported to have been synsiwed in high purity, but instead have béaind asside products
at reaction temperatures ranging from 700 °C to 1008?®*C.Both the CuTaO11 and
CwTas041 phases ave been calculated to have 33% and 22% vacancies on the-sdpper
positions within the unit cell, respectively. The.TaO:11 phase has been reported to be
stabilized through doping with zirconium and by utilizing solid solutions such as Cu
NaTa011."%1% These Cu(Bcontaining mixednetal oxides exhibit band gaps deep within
the visiblelight energy range, spanning from ~1.3 eV to ~2.6 eV, and have shown high
cathodic plotocurrents for water reduction under visihght in the form of polycrystalline
photoelectrodes. Thudd preparation afiew Cu(l}oxides in high puritycanbe facilitated
with the use of a fikrmediated synthetic route in combination with binaryde nanopatrticle
precursors.

Phases containing transitiometal cationsvith higheroxidation states (e.g., LaFgO
can bestabilized bysuperoxides and peroxiddsat formin alkali-metal hydroxiddluxes at

lower reaction temperature®.g., NaOHKOH eutectic*57:22:31,5456,57.5900124126 The
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crystalline rareearth orthoferrites LnFefJLn = La, Pr, Nd)have been synthesized by flux
methods at a temperature of 4@usinga moltenhydroxide in a 10:1 flwto-reactant molar
ratio?? The syntheses of the EeG; phase were attemptedby means of eutectidcNaOH

KOH flux with a heatingtemperatureof 300500 C and areaction timeof 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 ppase product;herefore

the syntheses were attemptad a pure Na@H or KOH flux. Phasgure LiFeQ products

were formed using a NaOH flukutthe metastable phasesrenotobservedvhen using only

a more basic moltelOH flux. The flux preparation using a NaOH flux yielded crystals with
sizes of 510 umanda culke morphologyindicative of growthalong the {100}, as shown in

Figure2.11.2?
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Table 2.1. Variouscommonly usedluxes and tkir melting temperatures are listed witie
metaloxidesthat have been successfully synthesized utilizing these nfhlies

Flux Pl\(;liilgl?"%) Materials Synthesized with Flux
NaCl 801 NaCaNbsO15%3, PhTiQ! SrTi0s?°
K2BiN 127 Cali 128 5rTi0s?°
KCl 271 2BiNbsO15 ,Sg_ﬁzcgfl% ' SITIO:™,
NaCl/KCl 657 SrnFeReQ, SrCrReQ, BaFeReQ!’
RbCl 720 RbLaNkO*
BaCb 962 BapLasTis015'%°, BaMgsTigO10M°
cucl 426 CuNksOs®, C(::Lllil\_lrl;s?%zlilsé CwsTa11030,
cwce s (c)CalebOs (CucicaB0n
SnCh 247 SNNBO6?°
PbCh 501 PbysTarO19,'Y” PbTaO11, PeTau0137"
NaSQy 884 NaCaNbsO152%, AgNbOs*2
KHSOq 214 (CuCl)CaB3010, (CuCl)LaBO7 (B = Nb, Ta§°
wsowsa ow T O e
NaNOs 310 Cep.7sZr0.2802'% LaAlOs!3
KNOs 337 (CuCl)CaB3z01o, ((E;zl&?%& (B = Nb, Ta¥°,
NaNOs/KNO3 223 AWO4 (A = Mg, Ba, Ca, Ni, Cu, Zi§*
AgNOs 212 AgLaNbZOZ;%;Z'T\'iSB??G(ﬁ; Ca, Srj?
NaCOs 851 CaNasTaOs'%¢, CaNaxTa0o'®’
K2COs 891 CaCuRhQ@, CaFeRhQ'®®
SICQ 1494 SITios%
LiOH 477 LasLisTapO12, LisNdsTaO12, LisPr3Tae0122°
NaOH 320 Al:BayTi100271%° LnFeQ (Ln = La, Pr, Ndj?
KOH 404 KLazNbOs®!
KOH/NaOH 170 KLaNaNbQs, KoNaSmyTae013°’
KOH/LiOH 225 LapLiOsOs, LiNd20sQs®
LioMoOq4 705 CrLiMo020g, CrLizM03012'3°
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Table 2.1 MWntinued

LioMo3O10 560

MoOs 795
PbO 888
Bi>O3 817

GalLiMo,0s, GaLsM0301,140141
KTaTiz0o'*?, KTasTi201744
Al 10MNPhO20*4 CaNdaTisO20M5, CoPhWOg!48

BisCaTiuO15*, BisFe&Ga0o'*8, BisFerMn20104°,
BiMg2VOe®®, BizNbTisO21%!
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Figure 2.1. Cubic crystal structures@@a ) can exhibit (a) cube, (b) octahedron, and (c)
cuboctahedron particle morphologies with exposuteef{100], [111], and [100]/[111] faces,
respectively as shown by the SEM image fosTR{O13.
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Figure 2.2. SEM images of CuNd®Ds andCuxNbgO»; after flux synthesis at 750 °C for 15m
(arb) and at 550 °C for 24 fc-d), respectively The products from both reactions were

guenched in aimmediatelyafter heating.
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Figure 2.3. On left, formation of a space charge layer width (W) thiates theseparabn of
excited electrothole pairs; On right, comparison of the space charge widlkin rod-shaped

(A) versus plateleshaped patrticles (B). W is shown to cover a much larger percentage of
particle volume in théormer. Variable definitions given in text.
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Figure 2.4. SEM images of SrTi@prepared (a) by conventional sekthte methods and by
flux methods using a (b) LiCl, (c) NacCl, (d and e) KCI, and (f) SitGk. The exposed crystal
facets are labeled with their appropriate Miller indices for K&l Reprinted (adapted) with

permission fronmhe Royal Society of Chemistfy
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Figure 2.5. SEM images of SnNiDs prepared by flusmethodsusing (a) 1:1, (b) 1:3, (c) 1:6,
(d) 1:10, and (e) 1:14 remntto-flux molar ratios andby conventional (fsolid-statemethods
at 800 °C Reprinted (adapted) with permission freine Royal Society of Chemistf)
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Ruddlesden Popper Dion-Jacobson
A’ [An-1)BnX(3n1)] A'TAn1)BnX(3ne1)]

KCa,Nb;O4 (n = 3)

K,La,Ti;O40 (n =3) KSrNb3O40 (0 = 3)
K,LaysTa,0; (n = 2) RbLaNb,O; (n = 2)
K28r1_5Ta3010 (n = 3) KBaZTa3O1O (n = 3)

Figure 2.6. Structures for the Diodacobson phase2KaTizO10 and the Ruddlesden Popper
phase KCsglNbsO1o are shown with other examples of these layered perovskite structures listed
below.
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Figure 2.7. FESEM imaes of the flux prepared RbLap@y using a 10:1 RbCl flux (aafter
the silverexchange reaction to vyield AgLably (b), and RbLaNbkO; after the
photodeposition of 5% wt. Pt(s) (c,.d)
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Figure 2.8. SEM Images of N&CaNb4O1zparticles prepared usirag5:1 NaCl (ab) anda5:1
NaSQx flux (c, d) yielding rod and platelet morphologié$.
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700 °C 96h
5:1 PbCl, Flux

r@-_ﬁ-:

RbLaNb,0,
1100 °C 6h
10:1 RbCI Flux

Figure 2.9.A schematic of the flixnediated crystal growth of (A) reshaped particles of
PbTaO:1:1 and (B) plateleshaped particles of RbLaMbB; 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 Pitha
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Figure 2.10. Polyhedral view of the (a) overall unit cell A" n+1ymTasO11 (A = Na, Ag, Pb;
n=1; m=1, 2) consisting of Tafpentagonal bipyramid layers alternating with isolatedsTaO
octahedra surrounded by Na(l), Ag(l), or Pb(Il) cations along thaés. An SEM image of the
resulting (byod-shaped particle of PbT@i1 is showr?’
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Figure 2.11 SEM images ofa) LaFeQ, (b) PrFeQ@, and (c)NdFeQ prepared using a NaOH
flux. Reprinted(adapted) with permission froFisevier??
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CHAPTER 3

A Metastable Cu(l)-Niobate Semiconductor with a LowTemperature Nanopatrticle-
Mediated Synthesis

Based on a journal article published in ACS Nano
ACS Nanp2013 7, 16991708.

Jonglak Choi, ldcole King, and Paul A. Maggard
Department of Chemistry, North Carolina State University, Raleigh, NC 28895
ABSTRACT

A nanoparticle synthetic strategy for the preparation of a new metastablen©béje

is described, and that involves mybred LgNbOs nanoparticles as a precursor. A
hydrothermal reaction of HNk& n d L pbOOnHPAG200 and water at ~180 yields ~15
nm LisNbOs particles. These particles are subsequently used in a solvothermal cepper(l)
exchange reaction with excess CuCl at 460 Heating these products within the used CuCl
flux (m.p. = 430°C) to 450°C for 30 min yields ~10 20 nm CuNbgO2: crystalline
nanoparticles, and for a heating time of 24 h yields misiped rodshaped crystals. The new
structure was characterized by singigstal Xray diffraction to have a condensed network
consisting of Nb@®@ polyhedra and chains of elcaigd CuQ tetrahedra. The compound
thermally decomposes starting at ~280and higher temperatures, depending on the particle
sizes, owing to the loss of the weaklyordinated Cu(l) cations from the structure and a
concurrent disproportionation reactianits surfaces. Thus, conventional sdlidte reactions
involving higher temperatures and bulk reagents have proven unsatisfactory for its synthesis.

The measured bandgap size is ~1.4365 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(l) 3d*%-orbitals and empty Nb(V) d-orbitals, respectively. Thp-type nature of the
CwNbgO21 particles was confirmed in photoelectrochemical measurements on polycrystalline
films that show a strong photocathodic current under vididgphe irradiation in agueous
solutions. These results demonstrate the general utiligactive nanoscale precursors in the
synthetic discovery of new Cu{based semiconducting oxides, and which also show promise
for use in solar energy conversion applications.
Keywords: Nanoscale synthesis, solar energy, metastability, copper niobatanlitihbbate
METHODS

Synthesis.Nanoparticles o iNbOs (non-crystalline; <10nm) werprepare according
to a prior literature proceduféBriefly, NbCls (Alfa Aesar99.9%;5g) and dried ethanol (200
proof, 5 ml) were mixed under nitrogen gas. The addi{OEty ethanol solution was
neutralized by addition to a 14.8 M NBH (aq) solution in a 1:5 molar ratio (final pH 57
8). After stirring the solution for an hour, the solution containing the white powder was
centrifuged, decanted, and washed withwiaker three times and then washed with ethanol.
The white vaxy product waslried in an oven at 11 for 24 h and then at 20 for 12 h,
resulting in amorphous N®sAH;O (n ~ 3 to 4; found by TGA) in >95% yield. The product
was transferred to a glow®x and ground into a fine powder.

Next, multipored nanparticles of LiNbOs were prepared by a hydrothermal reaction
of HNbGs (~1g9), L HOHAfa Aesar 99.995%;~3.2g) distilled water (20 ml) and

PEG200 (GHan+20n+1, N = 4; Alfa Aesar; 10 ml) in a:b molar ratio of Nb to Li. These
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reactants were added to and sealed insideflon-lined stainlessteel reactiorvesseland
reactedat 180°C for 24 h (pH ~ 14), following a heating cycle similar to that uledhe
synthesis ofiNbO3.18 The basic spernant solution was carefully decanted off and the product
was waked with Dlwater and centrifuged, and this process was repeated for ~7 cycles until
the pH reached ~7 to 8, and then wasdioed final cyclewith ethanol. Note: It is necessary
to usehigh RCF speed of 18,700 for 30 min during each ciclerder to reduce the loss of
nanoparticles The powder was dried in an oven at ¥Cdor 24 h and then at 20C for 3h,
and the powder was immediately transferred to a ghoxe Thepaleyellow coloredproduct
was identified by powder Xay diffraction to be>95% yield ofhigh-purity LisNbOs (ICSD-
PDF #97-010-9053)33

Cuprousniobate nanoparticles were prepared by a solvothermal reagtidhe
LisNbOs nanoparticles (0.5g), PEG200 (20 ml), and>C(Alfa Aesar, 99%2.78 g) in a 1:10
molar ratio of Nb to Cu, respectively. These reagents were transferré@Q@adTeflon liner
andstirredfor 30 minutes. Next, the liner was transfertec sealedtainless steel reaction
vessel and heated t60°C in a welkinsulated sand bath for 5 days with continuous stirring at
300 RPM. Thedarkorangecolored product was stirred in tater (150 ml) for 1 h, followed
by 3 cycles otentrifugation and decantatiaith DI-water, and then twawashes wittethanol
in order to remove all traces of PEG200 and water. fibistly amorphouproduct was then
dried in an oven at 11 for 24 h If not used within a few days, it will eventuatiyrn green
and fullyoxidize over the course & week or twoyielding CuNOg (JCPDS # 4561)3
This product wasoaded into a fusedilica quartz tube, carefully vacuum dried dlgeatgun

up to~ 400°C, andthensealed. Insufficient drying or too much heat treatment can result in
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oxidization to give CuO and CulDs. Several parallel reactions were heated fAf@ to 450
°C for durations ofbetween30 minand 24 h. Each time lhe products were washed with
NH4OH (14.8 M) to remove the remaining excess CuCl angDCuHigh-purity nanosized
and micronsized crystals oCu:NbgO>: are obtained in about >80% yield, dependamgthe
heating duration (Not&xcessive washing of the eNibgO21 nanoparticles ie-NH4OH causes
significant Cu(l) loss for more than five washing cycles for 1 g of product mixtlager
single cystals were also obtained forstructural characterizatiohy single crystal Xay
diffraction by a reactiorat 650°C for 24 h.

Characterization. All products were characterized bywder Xray diffraction
(PXRD) at roomtemperature on a Rigak-Axis Spider with a curved image plate detector
and Cu KL ( &= 1. Srdadiatiosfrom g sealedube Xray sourcg40 kV, 36 mA) A
singlecrystal Xray analysis was performed arBrukerNonius X8 Apex2 diffractometer at
a temperature of 223K. The framedgtation was performed using the SAINT progrdm.
The resulting raw data were scaled and absorption corrected using-acanlawveraging of
symmetry equivalent data using SADABSEachstructure was solvelly direct methods and
refined by fullmatrix leastsquares fitting on ¥using SHELXTL-973" Selected data
collection and refinement parameters are listed in Taldleand interatomic distances and
angles are found iAppendixTableA.2. Included inAppendix Ais a mmplete list of data
collectionand refinedstructural and atomiparameters.

Thermogravimetric analyses were performed using a-DGE& (TA Instruments TGA
Q50 and SDT 2960 systems) on the naized and microsized crystallites of GNbgO»1, as

well as on the HNb&and LeNbO4 reactans. Weighed amounts (~20 mg) of each were loaded
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ontoa Pt panequilibrated at room temperature, anchtheated under either air or flowing N
up to 200 to 1000C at a at a rate of /min. PostTGA residuals were characterized by
powder Xray diffraction in transmission mode &igakuR-Axis Spidersystem as described
above. Specific surface area measurements were performed on dried prodRE@s¢23h)
on a ChemBET Pulsar TPR/TPD ingshent. For each sample, X data were collected on
Shimadzu IRprestige 21 spectrophotometer ggped with sample stage and a GladiATR
accessory (PIKE Technology). The UVI Vis di
were collected on a ShimadzuvtB600 spectrophotometer equipped with an integrating
sphere. Approximately 20 mg of each sample was mounted onto a sample holder by pressing
the powder into a BaSQOnatrix and placing it along the external window of the integrating
sphere. A sample of pel pressed barium sulfate powder was prepared as a reference, and the
data were plotted as the functiB(R) = (1-Re)?%/(2Ro), whereR s diffuse reflectance based on
the KubelkaMunk theory of diffuse reflectanc&?° Since F(R) is also equal tds, whee k
andsare the absorption and scattering coefficients, the bandgap sizes can be extracted via Tauc
plots of [F(RhV]" versus [v), wheren = %2 and 2 for indirect and direct bandgap sizes,
respectively.

Scanning electron microscopy of the sd@s were prformed on a JEOL SENM400
Field Emission Scanning Electron Microscope (FESEM) at 10.0 kV, anddrg¥E
Dispersive Xray (EDX)data were collected otPi Isis EDS systerat Hitachi S3200 at 20.0
kV, variable pressure scanning electron micros@spa check of the elemental compositions.
Transmission electron microscopy (TEM) images and selected area electron diffraction

(SAED) were acquired onmaFEI Tecnai G2 Twin microscope operated at an accelerating
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voltage of 200 keV and equipp&dth a TIA digital camera. Sample preparation consisted of
drop casting 1 mg/mL sampé®lutions onto a carbefiormvar 200 mesh copper grid (EMS).
Photoelectrochemical Measurements. Polycrystalline films were prepared on
fluorine-doped tin oxide (FTO) glass slid€BEC-15 from Pilkington Glass Inc.). The FTO
glass slides were cleaned by sonication in deionized water, acetonghandl éor 3045
minutes. A 2 X2 cn? area was masked off the FTO slides using Scotch tape, the powders
were ground in ethanol as #&spersant and deposited on to the film using the dduitate
technique. All films were annealed under vacuum at ¥Q0andthe films were either not
heated further, or were heated in air ab 8 450 °C for 3 hours. All electrochemical
experiments werearried out in a Teflon cell using a thregstem, 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 (0.29@Na
for 30minutes before #ameasurements; the pH of the solution was adjusted using NaOH(aq).
All polycrystalline films were irradiated fronthe backside using a 400 We arclamp
equipped with visibldight cutoff and bandmas f i | t er ( dic va@litan¥m2tficn m) .
measurements were carried out under chopped visible light irradiation with an applied bias
voltage range of 200 t&00 mV vs. SCE.
Electronic Structure Calculations. Bandstructure calculations were performed for
the geometroptimized sructure of CuNbsO21 with the use of the plansave density
functional theory package CASTEP.The PerdewBurke-Ernzerhof functional in the

generalized gradient approximation and ultrasoft core potentials were employbé in
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calculations’* The selection of equally distributedploints within the Brillouin zone was
automatically calculated according to the Monkhd&Yatk schem#
The discovery of new materials for use in s@aergy conversion schemes has
received intense research istras a promising way to increase their efficiéfficAs nearly
half of the incident sol ar enelglgenergymangehe Eart
new semiconductorare soughtwith bandgap sizes that more closely matches this lower
energy component of the solar spectrurRecently, our researdpproachhas focused on
semi conducting oxi des-metd eombinatomsggaM -nC uM/IM6; tMba n
= Ta(V) or Nb(V) thatexhibit visiblelight bandgap sizes owirtg low energymetal-to-metal
charge transferansitions betweearystal orbitals originating from the filledt® andemptyd®
electronic configurations, respectivélyFor example, CuNbg&f CuNsOs,> CusTay1030, and
CusTarO10,%7 all showbandgap sizes witvisible-light energiesspanning values between ~1.3
to 2.6 eV. Their conduction bands atypically maintain a suitably negative redox potential
with respect to th&uel-producing redox reactions, such as the reduction of water to hydrogen
In solarto-fuel energyconversion 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 nanosizedirfagbarea
format that can maximize the area of reactive surfaces, and/or the efficiency of the charge
carrier collectiorf Recent examples illustrating the advantages of swale materials in sokar
energy conversion sche feQ® photoanoda$ ghetocatadytico st r u c

nanoparticles of SrTi@and nanosheets of K&bz010,2%* as well as many otheté1®
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A significant amount of literature has been reportechesynthesis of many types of
nanasized metabxides, such as with ABgperovskite or AB O7-pyrochlore types of
structures (A = alkali metal; B = transition mefdl) A careful selection of the reaction
conditions €.g, solvent, pH, temperature, time, capping agents, etc.) has demonstrated
variety of possible nanoparticle morphologies, such as nanoribbons, nanoflowers, and
nanocubes, and that can be grown ranging from niB0to > ~200nm in size. These
nangarticles are promising for the creation aefanotextured polycrystalline films with
controllable surface areas, crystal facets, and film porosities. However, with the exception of
simple CuO, the nanopartie synthesis of mixethetaloxidescontaining Cu(lhas emained
limited becase of the inherent instabilityf the Cu(l) oxidation stateBoth high temperatures
as well as exposure to air and water must be carefully avoided in their nanoparticle synthesis.
Thelithium-containingmetatoxides, including LeMOg, LiM30g and LIMOs (M = Ta(V) and
Nb(V)),*®?! have been shown to represent promising reactive precursors to prepare new mixed
metal oxides. Several of these are known to exhibit a higdnlinobility, are highly reactive,
and can frequently be convertei@d ion-exchange reactions to other types of metal oxiéles.
Recent investigations show that both LiNg®#Id LsNbO4 can be relatively easily prepared
by solvothermal methods in nanoparticle foff"® Thus, he synthesis oflithium-niobate
nanopartieésfor use as highly reactive precursors represents a very prorsidirghemical
pathwayto produce new mixethetal oxides, especially for those that might not be stable
under more conventional solglate synthesis conditions.

Described herein is theolvothermal synthesis of muftored LsNbOs nanoparticles,

and their reaction with CuCl at relatively low temperatures to prepare nanopatrticles of the new
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metastable GiNbsO2: semiconductor. These nanoparticles grow rapidly in the CuCl flux to
produce large single crystals that were structurally characterizedrhy #iffraction. The
particles were also characterized by electron microscopy techniques and their thermal
instablity was investigated by powder-kKy diffraction. Optical and photoelectrochemical
properties measurements on theNlgO.: particles were used to characterize their visible
light bandgap sizes and thgitype nature in the form of polycrystalline figm Electronic
structure calculations were also utilized to understand the origins and size of their bandgap
transitions.
RESULTS AND DISCUSSION

Synthesis.PrecursorLisNbOs Nanopatrticles As the synthesis of Cu¢hased mixed
oxide nanoparticles has dxe found to be highly unstable towards disproportionation or
oxidation during many attempted reactions, a new highly reactive andsiifgtearea
precursor was found to be necessary for their preparation. 3XbQ4 phase has a high i
ion mobility, ard thus its nanoparticle synthesis was investigated as a potentially promising
route to Cu(Pniobate nanoparticles. As shown in the TEM data in Figurethe prepared
LisNbOs nanoparticles 15 nm in diamet@rhave roughly spherical morphologies with
multiple penetrating pores. . The product also exhibits a high purity, as confirmed by PXRD
(Appendix A, Figure A), with a measurespecific surface areaf ~45 nt/g. The formation
of microemulsions within a polyethylene glycol/water mixturgeserally understood to be
responsible for the crystallization of these mptired particlessuch as previously reported
for the microrsized hollow particles of LiNb€? In non-dilute solutions, the possible types

of selfassembled colloidal structweare a sensitive function of the reaction conditions.
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Reactiongperformed using lower amounts of polyethylene gly& G200 producedarger
nanoparticlesvith a specific surface areaf ~17 n¥/g, and higher amounts of it produced
mixed lithiumniobatephases The solubility of LIOH in the solution was found to have a
significantinfluenceon the particlesizes andproductdistribution

The overall reactivity and instability of thesesMbOs nanoparticles was found to be
more enhanced compared to atheported preparations, and to other lithinmabate phases.

In aqueous solutions these nanoparticles losedritinuously, with each washing resulting in

a slight shifting of the PXRD peaks. Other preparations sNt®s are stable in air at up to
~700 °C,?* but these multpored nanoparticles decompose in air by 2D@o a mixture of
LiNbOs and LiNOs, Figure Al. A flame test of the washed product confirmed the low
temperature loss of Lifrom the LsNbOs nanoparticles. Also, the 4dNbOs nanoparticles
decompose immediately caHCI to an amorphous hydrated niobate, and which crystallizes as
Nb2Os upon heating td50°C for 12h.

Cu(l)-Niobate Nanoparticles. Lower temperatures, as well as the absence of air and
moisture, were found to beecessary in the ieaxchange solvothermal reaction of CuCl with
the LikNbOs nanoparticles. The solvothermal reactions involving Codhed 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 Ctlf§sed mixegbxide nanoparticles, specifically
with early transitiormetal oxides, has not previously been reported. lllustrated in Scheme 1
is the overall reaction strategy that was used. As shown in the PXRRASEM images in
Figures3.2 and3.3, respectively, these reactions yielded crystallingNBgO.1 nanoparticles

that grew very rapidly into micresized single crystals during a heatohgration of between
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30 min to 24 h. The measured surface areasaol of the products are listed in TaBl&.

The calculated PXRD of GNbgO2: in Figure 3.2 was determined from the structural
refinement of a single crystal obtained from a 24 h reaction &t@&5fkescribed below. For a
heating time of 1h, the PXRDath show the distinct emergence of diffraction peaks
corresponding to the GNbgO.1 phase, and which originate from a smaller set of broad
diffraction peaks observed in the shorter heating duration of 30 min, Fig2esnd3.2g.

The surface areakecrease only slightly between the 30 min and 1 h heating times of#g3 m

to ~39 nt/g, respectively. This transformation is also observable in the electron microscopy
images in Figur®.3, with the formation of distinct relike nanoparticles in Figures3c and

3.3d, compared to the more spherical nanopatrticles in Fi@Basand3.3b. 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 reactioln comparing the SAED of eh, Figures3.3b and3.3d, the

extent of singlecrystaline features is more prominent in the28bsO21 nanoparticles at 1 h.
Simulation ofthetransmission electron diffractiartan be approximately matched to the

spacing present for the [101] zonessippendix A, consistent with growth direction othe
rod-like crystalsdown theb-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
productmixture that contains both relatively smaller single crystals and nanoparticles (see
Appendix A, with a much smaller surface area of ~2%gn At lower temperatures of 400

°C there is no growth of the @ubgO21 nanoparticles into single crytals, as CuCl melts at ~430
°C. Thus, the excess CuCl from the solvothermal products is critical for both the Li/Cu ion

exchange as well as in the subsequent rapidaisisted growth of the large single crystals.
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The nanopdicle formation of other Cu({hiobates,e.g, Li-doped CuNBOg and
CuNbGQ, was also observed over the course of these synthetic investigations. The distribution
and purity of the obtained Cu{jiobates are highly sensitive to the preparation conditions
including the temperature, reaction duration, the amount of CuCl, and stirred verstisnedn
reactions. Theeaction duration and trenount ofexcesCuClaretwo of themost important
factors in obtaining a particular Cuiobate product in theynthesis. &r example, ifthe
molar ratio of CuCHo-LisNbOs is lowerd to 4:1, then the formation of only Cufi¢her
phasess observedsuch asanoparticles o€uyLi1-xNbzOs and CukLi1.xNbOs (seeAppendix
A). These Cu(bicher phases are knownftrm solid solutions with the Cu(l) 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 theashedCuNbgO2:1 producs, the electron microscopy
EDS datawvere all very close to the ideal 1:4-@uNb ratio in the formula, as determined by
singlecrystal Xray diffraction. Thus, the full replacement of Li for Cu(l) in these
solvothermal reactions, followed by the thermal growth process, yields the fammoétibe
new CuNbsO21 phase. Further synthetic investigations are underway to obtain pure@:uNb
and CuNbQ@ nanoparticles, and which will be reported in subsequent complete studies.

Structural Description. The single crystals of GNbgO.1 were structually
characterized by Xay diffraction to crystallize in a monoclinic space gro@2/m with a
condensed thregimensional structure, as shown in FigBre Within the structure there are
four symmetryinequivalent Nbsites, oneCu site, and eighindependentO sites, as listed in
Table A2 with all nearesheighbor distancesGenerally, the structure consistsaftlouble

layer ofdistortedNbO7 polyhedra that alternates with a layer of disto@ed tetrahedrand
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NbO; pentagonal bipyramids that form chains aligned down the [@it8¢tion These two
types of layers are shown in FigB&. Thelayer of NbQ polyhedra is constructed from
edgeshared zigag chains othe NbO; pentagonal bipyramid@dNb31 O andNb4i O with
distances of 1.765(2)A to 2.229(3)AThese zigzag niobate chains are condensed into a layer
via both a corneshared oxygen (O7), and also through an estgeged Nb® monocapped
trigonal prism (Nb2 O with distances of 1.988(2)A to 2.185(2)A). Twbthese layers are
condensed into a double layer via shared apical oxygen atoms (O3 and O6) of the NbO
pentagonal bipyramids, Figure3A The double layers are in turn condensed to the layer of
CuQ; and NbOy; chains through the other half of their apicadygen atoms on the NbO
pentagonal bipyramids (O1 and O2). Shown in Fi@b€right),the distorted Cugtetrahedra
(Cui O distance of 2.095(2) are condensed into a chain via share edges, and then further
condensed to neighboring edgigared chas of NbQG polyhedra to form a layer. These two
types of layers, Figurg.5 (left and right), thus form the full threémensional structure.

The CuNbgO21 phase is synthetically challenging to prepare, although all interatomic
distances seemingly fall tiin reasonable values as reported befofé However, among the
other known Cu(bniobatesj.e., CuNbQ, CuNkOg and CuNhsOzs, their structures consist
exclusively of distorted Nbg octahedra rather than the Nb@olyhedra observed in
CwNbgO21.  Conversely, the Cu(jantalates, i.e, Glia1103 and CuyTasOi1g, exhibit
structures constructed from layers of Tgé@ntagonal bipyramids. Within the pentagonal
bipyramidal coordination environments, the greater covalent character of th€&ONdmnds
(especially to the two apical oxygen atoms) compared to thie @donds causes longer bond

distances to vertelridged Cu(l)i O interactionsi.e., across the Nb O Cu bridges. This
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is a relationship that has been observed previously in the NaGMExO11 solid solutior?’

wherein the substitution of Ta for Nb causes a shortening of the apiGalOMlistances
concomitant with a lengthening and weakening of thé Quinteractions. Shown in Table

A2 for CbNbsOz1, the calculated bond valence sdfrt€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 @NbsO21 resuts from a reequilibration of these otdf-balance
interactions, such as can happen from a structural rearrangement or from the removal of the
weakly-coordinated Cu(l) atoms from the compound, as described below.

Thermal Instability . While the synthesis of both CuNb@nd CuNhOg can be
performed using conventional scktiate reactionsetweerbulk CeO and NbOs, numerous
attempts at the bulk sohstate synthesis of GNbgO21 have not been successful. Currently,
the only alternge synthesis that has been found to work is the reactionJ Ganoparticles
(=107 20 nm) with NBOs in a CuCl flux ab50°C, but which does not yield nanoparticles. A
highly reactive nanoparticle precursor and the-toelting CuCl flux have both bedaund to
be necessary to obtain £bsO.1. The CuCiflux and the nanoparticles serve to lower the
activation energy of theeaction and thus can help lead to the formation of potentially new
metastable phaseJhus, the thermal stability and decompiasitof the CuNbsO21 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-Gag@d mixednetal oxides

might be discovered using this approach.
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The reactivity and thermal stability of both tk&@rNbsO21 nanoparticles and the
micronsized crystals were investigated by heating (either undear Nh air) at increasing
temperatures from 200 to 1000°C, in intervals of 50C to 100°C. All products at each
temperature were characterized by powdera¥X diffraction techniques. The final end
products are given in the PXRD of Figlgé, while all data at eadkemperature can be found
in Appendix B Both the nancand micronrsized paticles exhibited the same final products,
but which generally formed at lower temperatures for the nanoparticles. When heating the
CwNbgO21 particles under flowing B these all showed the formation of Cu(s) starting at ~250
°C for nanoparticles, and aB00°C for micronsized crystals, but which was significantly
more extensive for the nanoparticles. The other decomposition products of the nanoparticles
were NhROs and Nh2O29 at 750°C and higher temperatures, while the miesired particles
decompoed to CuNb@and CuNRkOs as well. In the latter case, the Cu(l) ions have a much
longer distance to travel to reach the surfaces of the msired crystals, and thus the Cu(l)
cannot be completely removed and the more stable-Giofhates are formed the products.

At temperatures as low as ~300, there is a noticeable shifting of £8lbsO>; diffraction
peaks as well as eontinuous decreasia the relative intensity of (®&) reflection, i.e.,
containing the layer of Cu(l) atoms, and that resultsiftbe decrease in electron density in
this layer. When the GNbgO»; particles are heated in air, the products are easily oxidized to
give the Cu(lljcontaining CuNbBOs phase, as well as NBs and Nh2Oz9. These results
confirm that CuNbgOz>1 is highly unstable towards the loss of the wealdgrdinated Cu(l) in

the compound. Interestingly, when B8Oz is kept in the CuGflux, no decomposition
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occurs at temperatures of up to ~680) although at this temperature the Cu(l) ions must be

highly mobile.

The formation of Cu(s) at the surfaces by the reduction of Cu(l) must be coupled to a
concurrent oxidation reaction. The most likely mechanism which occurs is a Cu(l)
disproportionation reaction at the surfadges, CleNbgO21 A xCu(s) + CuxNbgO21, wherein
Cuwvacancies as well as oxidized Cu(ll) sites form within theNBgO-1 structure. This is
evidenced in the significant peak shifting and decrease in intensity of the (002) reflection
described above. This has also previously been adeior other Cu(l) niobates.g.
CuNbG;,* as well as for Cu(l) delafossite phasgdbut usually at higher temperatures. The
CwNbgO21 nanoparticles contain much higher amounts of surface water bR Hbee
Appendix A v(O-H stretch) at ~3300 cf), and which explains a more significant extent of
disproportionation in this case, versus the much smaller amount of disproportionation for the
micronsized particles. Further, photoelectrochemical data (described below) show an
increasing amount g-type dopantsi.e., Cu(ll) sites, with increasing heating temperatures
for polycrystalline films of CeNbgOo1.

Optical and Photoelectrochemical Properties The bandgap sizes of the known
Cu(l)- niobate occur within the visibligght energies and have bemvestigated as efficient
p-type photoelectrodes for solar energy conversion to hydrogen. Shown inFigare Tauc
plots of UV-Vis DRS data for C#NbgO-1 with nane to micronsized particles, and listed in
Table3.1 are the calculated bandgap siz€he 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 CulItE = 2.0 eV; indirect) and CuNBs, (Eg= 1.26 eV;
indirect). The apparemtend of the bandgap size is related to the number of newsaigstbor
Cui O interactions, where Cu(l) is linearly coordinated in CubJli€rahedrallycoordinated
in CweNbsO21, and octahedrallgoordinated in CuNd®s.  For the higheenergy direct
bandgap transition, there is an even more significantdilifewith decreasing patrticle size,
from ~1.6 eV for the microsized crystals to ~3.0 eV for the nanoparticles. Results of
electronic structure calculations, Big 3.8, show that the lowestnergy bandgap transitions
are between filled Cud3®-based crystal orbitals and empty Ni¥-based crystal orbitals, with
a small amount of mixing of the Qo @rbitals in each. Thus, a Cugh)-Nb(V) charge transfer
occurs a8 a result of visibldight absorption near the band edges, similar to that found for the
other Cu(l}niobates that function as promising npstype photoelectrodes

The photoelectrochemical properties of polycrystallineNBgO21 photoelectrodes
were nvestigated to confirm thp-type nature of this semiconductor. Owing to the highest
purity in the microrsized particles (from the CuCl flux synthesis using@uoanoparticles at
650 °C), these were used to prepare polycrystalline films that were siritege vacuum at
~500°C, and either used s or heated in air to 35T or 450°C for 3h. The PXRD data
confirmed highpurity CteNbgO21 films. Shown in Figur&.9, the polycrystalline films exhibit
a strong photocathodic current under visilidgat irradiation on the order of ~0.25 to 0.75
mA/cn?, which is characteristic of gtype semiconductor in the depletion condition. Mott
Schottky measurements confirm firéype character and the energetic positions of the valence
and conduction bands at approximately +0.12 to +0.15 V-h&@ to-1.53 V, respectively,

versus RHE at a pH = 12. Thus, bandgap excitation of the film causes a charge separation
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within the depléon 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 ©ualirs (as
described above) with increasing temperature and yields incregsiyge dopant
concentrations. A decrease in the photocurrent and the formation of larger amounts of
CuNhOs and NROs side products is found when the films are heated in aertgperatures
greater than 508C. At 350°C and 45C0°C, preliminary data show the formation of very small
amounts of isolated Cuancislands on the particle surfaces. These isolated and small
islands have recently been found to enhance the chargeasep in the Cu(Hiobate phases,
as the photocurrent decreases by about ~10% to ~50% (depending on the spectfiioat)
phase and its preparation conditions) when they are washed away in acid solutions. The cause
of the increasing dark curreat the highest bias potentials is currently under investigation.
However, a complete investigation of these effects, and of the photoelectrochemical properties
of the CuNbsgO21 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(l) to Cu(ll) within the
films, and that CgNbsO.1 represents a promising new material for use ap-tgpe
photoelectrode that is active under for water reduction under vigjbkdrradiation.
CONCLUSIONS

New multipored nanoparticles of 4NbO4, ~15nm in diameter, can be synthesized
from a hydrothermal reaction using a PEG200/water solution, and having a hkigh Li
reactivity. These LNbOs nanoparticles can be used to prepase metastable ~1P0 nm

particles of CuelNbgO21 from low temperature ioexchange reactions with CuCIl. These
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nanoparticles grow very rapidly within a CuCl flux and yield miestred crystals that were
characterized by singlerystal Xray diffraction. The structure consists of a condensed
network of NbQ polyhedra as well as chains of elongated £w@®ahedra. The nanoparticles
are unstable to the loss of Cu(l) from the structure starting at “@€50wing to a
disproportionation reaction at issirfaces, and thus cannot be prepared by conventional solid
state reactions. The bandgap size falls within vidiglg energies of ~1.48 1.65 eV, and
that electronic structure calculations show originates from the excitation of electrons at the
band eges between filled Cu(l)d3%orbitals and empty Nb(V)d-orbitals. Polycrystalline
films show a strong photocathodic current under vidiplet irradiation and confirm thp-
type nature of CiNbgO21. These results show the general utility of re&cthanoscale
precursors in the preparation of new Cii@sed semiconducting materials for use in solar
energy applications.
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Table 3.1. Surfaces areas, particle sizes and bandgap sizesNb&Qs, prepared via
different reaction times.

Heating 30min, ramped  30min, ramped
duration? 24h 8h oh 1h 7°C/min 15°C/min
Surface

area ( n%/g) 2.7 10 12 39 43 52
Bandgap ;oo 160 158 154 1.43 1.43

size (eV)

2 All samples were heated to 4%0 in an evacuated fusesilica vessel for a duration of
between 24 h and 30 min.
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The
synthetic transformation of hollow dNbOs nanoparticlesto CwNbgO21 nanoparticles,

followed by their further growth into micresized single crystals.
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Intensity (a.u.)

Figure 3.2. PXRD plots of simulated GiNbsO21from thea) single crystal data, and
productsheated ta50°C forb) 1 day, c) 8h, ddh;e) 1h,f) 30minusing7 °C/m ramping

rate g) 30min using15°C/m ramping rateand h) heatedt 400°C for 30min. Note: + =

peak from capillary quartztubefor XRD A = wuni denti fied peaks
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Snm

Figure 3.3. Electron microscopy images of éNbgO-; after annealing at 45 for 30 min.
(Aand B), 1 h (Cand 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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*.Nb2-* 'Nb3 +

Figure 3.4. Polyhedral structural viewf the overall unit cell of CiNbgO»1. Selected atoms
are labeled; oxygen atoms are pink, grey polyhedra are AitdDorange polyhedra are
CuQu.
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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 GINDO; polyhedra(bottorm). Selected

atoms are labeled; oxygen atoms are pink, grey polyhedra areahbd@range polyltea

are CuQ.
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Figure 3.6. Powder XRD data of the products of heatingXlgO-1 nanoparticles (a and c)

or micronsized crystals (b and d). These were heated under eitlyarsNo 1000C (a and

b) or in air up to 900C (c andd). Symbols: N = NfDs, C=Cu, * = NhO2o, A =0sCu NbD
y = £Op &b ! = CuNbQ
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Figure 3.7. Taucplots of [F(R)hv]" versus hy] for measurement of théirectand indirect
bandgap sizesp =2 (left) andn =% (right), respectivelypf CleNbgO21 particles. The products
wereheated ta150°C for a) 24 h, b) 8 h, ¢) 5 h, d) 1 h, and e) 30 min.
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Figure 3.8. Plots of the electron density in GNbgO21 for the uppermost valence band states
(blue colored), and lowermost conduction band states (red colofedin Figure3.5, both
structural views are perpendicular to the (110) plane, drawn for a single niobate layer (left) and
for the neighboring layasomprised of Cu@and NbQ polyhedra (right). Selected atoms are

labeled.
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Figure 3.9. Left, currentpotential curves in aqueous 0.5 MaS&; solution (pH = 12) under
chopped visibldight irradiation forCuNbgO21 films annealed at 508 for 3 h, followed by
either no heating in air, or heating in air at 38or 450°C for 3 h. Right, plot of Mott
Schottky data for two neoxidized CuNbgOz; films.
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CHAPTER 4
Cu-Deficiency in thep-Type Semiconductor Cu-xNbsOs
Based on a journarticle published in Chemistry of Materials
Chem. Mater.2014 26, 20952104.

Nacole King? Prangya Parimita Sahdd,indsay Fuocd,Sean StuartDaniel Dougherty,
Yi Liu,¢ and Paul A. Maggafd

2Department of Chemistry, North Carolina Stabeiversity, Raleigh, NC 27695204.
b Department of Physics, North Carolina State University, Raleigh, NC 29595.
¢ Analytical Instrumentation Facility, North Carolina State University, Raleigh, NC 27695
8204.
TOC Synopsis: The Cu-deficiency of CuxNbsOs has been characterized by electron
microscopy (shown), Xay photoelectron spectroscopy and Rietveld refinements of powder
X-ray diffraction data. The loss of Cu from the compowfdund to result in the growth of
CuO naneislands on its surfacand ~21% Cwacancies within the structureElectronic
structure calculations reveal an increasing amount gb-OrRital contributions at the Fermi

level with increasing Cu deficiency.

ABSTRACT

The p-type semiconductor CuNBOg has been synthesized bylidestate and flux
reactions and investigated for the effects of copper extrusion from its structuré€@tta>®0
°C in air. High purity CuN§Osg could be prepared by sol&tate reactions at 75Q in reaction
times of 15 min and 48 h, and within a CuCl flux (10:1 molar ratio) aP@50 reaction times
of 15 min and 12 h. The CubliBs phase grows rapidly into wellhiceted microssized crystals

under these conditions, even with the use afCandNb>Os nanoparticle reactants. Heating
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CuNkOg in air to 450°C for 3 h yields Cwdeficient Cu.792Nb3Og that was characterized by
powder %ray Rietveld refinements (Sp. Gip2/a, Z = 4,a= 15.322(2)Ab = 5.0476(6)Ac

= 7.4930(6)A,b = 107.07(19, andV = 554.0(1)&). The parent structure of Cubl is
maintained with ~21% copper vacancies, but with notably shortér@distances (by 0.16A

to 0.27A) within the Cti O Nb1 zigzag chains down itsaxis. Copper is extruded at high
temperaturems air and is oxidized to form ~100200 nm CuO islands on the surfaces of.Cu
xNb3Os, as characterized by electron microscopy afrrdyXphotoelectron spectroscopy (XPS)
techniques. XPS measurements show only the Cu(ll) oxidation state at the sutirces af
heating in air at 458C and 550C. Magnetic susceptibility of the bulk powders after heating
to 350°C and 45CC is consistent with the percentage of Cu(ll) in the compound. Electronic
structure calculations find that an increase in Cu vacarraes(@ to 25% shifts the Fermi level

to lower energies, resulting in the partial oxidation of Cu(l) to Cu(ll). However, higher
amounts of Cu vacancies lead to a significant increase in the energy of preotributions

that cross the Fermi level and bete partially oxidized at the top of the valence band. These
oxygen contributions occur over the bridging C@® 1 Nb neighbors when the Cu site is
vacant. After heating to 551, XPS data show the formation of a new higher energg O 1
peak that correspnds t o t he ' ogpnactii @ atf OO s higher
vacancies. Lightriven bandgap transitions between the valence and conduction band edges
are predicted to occur between regiofshe structure having Cu vacancies to regions ®f th
structure without Cu vacancie®spectively. This perturbation of the electronic structure of
Cu-deficient CuxNbsOg could serve to drive a more effective separation of excited

electron/hole pairs. Thus, these findings help shed new lighp-type QGu(l)-niobate
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photoelectrode films, i.e., Cul®g and CuNbQ@, that exhibit significant increases in their
cathodic photocurrents after being heated to increasing temperatures in air.
KEYWORDS: Copper(l) niobate, fype semiconductor, copper deficiency, ctlenic
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 semiconductingaterials-?> Cuprous oxide, i.e., GO®, has been the focus of
many past investigations owing to a number of favorable characteristics, incjutipg
conductivity, a bandgap size of ~2.0 eV, its 4toxic nature, and its films can be easily and
cheaplyprepared:* The conductivity and stability of-type CuO films are known to be
sensitive functions of the preparation conditions, e.g., dependent on the oxygen partial pressure
and temperatur®® Investigations into CiD-based heterojunctions have apseviously been
troubled by its reduction to Cu(s) in the interfacial regions, and resulting in low solar
conversion efficiencie$’ Within aqueous liquigunction cells, films ofp-type CuO also
exhibit a poor stability under visiblght irradiation Recent investigations have focused on
the stabilization of its surfaces, especially with the use of protecting layers such & CuO,
carbon? and ZnO/TiQ.2° Thus, many current research efforts aimed at realizing the full
potential of cuprous oxide fosolarenergy capture and conversion have focused on
understanding the stability and surface reactivity of the Cu(l) cation.

Recent investigations into niobium and tantalum oxides containing the Cu(l) cation

have revealed many ngwtype semiconductors withisible-light bandgap sizes for potential
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applications in solar energy conversion? The incorporation of Cu(l) within their structures

is found to result in a significant reshifting of their bandgap sizesdjiby up to ~2.6eV, such

as found for thesolid solutions NaxCuTa4O11 (Eg from ~4.0 to 2.7 eV} Li1..CuNbzOs (Eg

from ~3.9 to 1.3 eV}} and CuxLaixTarO19 (Eg from ~4.1 to ~2.6 eV}> Within each, an
increasing Cu(l) content results in the formation of a new highergy valence band owing

to growing contributions from the Cul® orbitals. The lowesenergy bandgap transitions are
found to originate primarily from a mettd-metalcharge transfer between the filled 64-

based and empty Nb/Td-based crystal orbitals. Most of the -@chest phases, i.e.,
CuNksOs,*6 CleNbgO21,Y” CusTai10s0 and others®1°can be prepared astype polycrystalline

films that show high cathodiphotocurrents under visibleght irradiation in aqueous
photoelectrochemical cells. However, similar to that described fgd @hove, the cathodic
photocurrents and stabilities of these films are highly sensitive to the film preparation
conditions. Pdsannealing heat treatments of thgsg/pe photoelectrode films in air, at
temperatures of ~25WC to ~450°C for 3 h, typically result in significantly enhanced cathodic
photocurrents®*® However, the relevant chemistry and reactivity of the Cu(lpoatiat the
surfaces, as well as within their crystalline structures, have not previously been extensively
investigated within these semiconducting oxides.

Described herein, thetype CuNBOg semiconductor has been synthesized using-solid
state and flussynthetic techniques and investigated for the effect of the synthesis conditions
on particle sizes and surface areas. Mé&keted CuN§Og crystallites obtained from a CuCl
flux reaction were heated in ambient air at temperatures up tdG%hd the prodicts

characterized by powder-day diffraction, electron microscopy, andrXy photoelectron
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spectroscopy. These results were analyzed with respect to understanding the Cu(l) reactivity
and extrusion at its surfaces, and the resulting formation of Cu@sieed surface islands.
After heating to 450°C, the structure of the Cuftleficient CuxNbzOs (X ~ 0.79) was
characterized by powder-bay Rietveld refinements. Electronic structure calculations were
performed in order to investigate the effect of Gd@jiciency on the bandgap transition, and
which leads to new insights regarding a possible mesmafor the effective separation of
excited electronfble pairs within the structure.
EXPERIMENTAL

A. Materials. All starting reagents were purchased froommercial suppliers and
used without further purification, includin@uO (99.9% metas basis, Afa Aesar),CuCl
(99%, Alfa Aesar),NbCls (99.9%%0, Alfa Aesar) and NhOs (99.99% metals basis,

Puratronig.

B. Synthetic Methods. Several differentsyntheic routes toprepare higkpurity
CuNkOswere investigated, including both sekthte andCuClHlux reactions. All syntheses
required ~15% excess of &l in order to obtain a highurity product without NiOs as an
impurity, as judged by powder-¥y diffraction. Solidstate syntheseinvolved grinding
together a.:3 molar ratioof CieO and N22Os in @ mortar and pestle (SS1), or a 5:1 molar ratio
of CwO and Nb(4(SS2), and then flame sealing them into fus#ida reaction vessels under
vacuum. Both reactions were heated to 7G@nd held at that temperature for either 48 h or
15 min,for SS1 and SS2, respectively. The synthesesvolved combining a 1:1 mixture

of Nb,Os and CuO with a CuCl flux in a 10:1 flusto-reactant molar ratiander an inert
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atmosphere insideglovebox. These reactions were flarsealed inside fusesilica reaction
vessels under vacuum, and then heated to°Z5tor either 15 min (FS1) or 12 h (FS2),
followed by quenching to room temperature. NanoparticlgdCand NbOs reactants were
also prepared for use in these fiorediated reactions (FH$ano), staing from the previously
reported preparations @wO and NkOs nanoparticles®?! Briefly, nanoparticleof CuieO
were preparetfom asolutionof 0.5 M NaOH and 0.5 M CuS@t room temperaturel o this
solution, 0.1 M aswrbic acid wasadded dropwiseto the stirred solution until GO
nanoparticles precipitateflom solution, as confirmed by powderrdy diffraction The
productwaswashed with deionized water, separabgaentrifugation, andiltered anddried
at 80 °C oven overnightNanoparticleof Nb2Os were preparethy dissolving5 g of NbCk
into 10 ml of ethanqlfollowed by the addition d00 ml of 5M NH4OH to formaniobic acid
(Nb20OsXH20) precipitate. The product was washedth deionized water, dried overnight in
an oven at 80 °C, arzhicined in air at 500 °C for 12 lThe Nb2,Os and CuO nanoparticles
were then combined with a CuCl flux in a 10:1 fiaxreactant molar ratio inside fussdica
reaction vessels and heated to 6Z5for 60 min (FSnano). The resulting products were
washed with 3M NEOH and HCI in order to remove ti@uClI flux and any excess @Q.

C. Powder X-ray Structure Refinement. The phae puritiesof all products were
confirmed by high resolution powderrdy diffraction on an INEL diffractometer using Cu
Koi(a=1.54056 ) r adi a trayogenerdtor eqoipped wisheaacuneed
positionsensitive detector (CPS120Refinements of the lattice constants were performed
using the JADE 9 software pack&gstarting from the reportednit-cell dimensios of the

monoclinicstructure of CuN§Og (Space @upP2i/a; No. 14;a= 15.365(2) Ap=5.0717(5)
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A, c=7.5266(6) A, and = 107.18(19.2° Refined lattice constants foaeh sample are listed

in Table Al in Appendix A A Rietveldstructurerefinement waslsocarried out for CuN$Ds

(FS) that was heated in air 460 C for 3h. A powder Xray diffractiondata sefor the
refinementwas collected at room temperature on a Philigser diffractometer witlCu Ka
radiation over the angulamge 10 ¢ 2g¢ 110 with a step width of 0.017 The diffractometer

had beercalibrated againsa silicon pwder (NIST-SRM 640c) standard The data were
analyzed by Le Bail profile analysis and then refined by the Rietveld method as implemented
in theJANA2000 program suit&. The starting atomic coordinates includbdeesymmetry
unique Nb sites, one Cu si@d eight oxygesiteswithin theunit cell. All atoms occupyle
Wyckoff sites with a full refined occupancin the reported crystal structuoé CuNkOs.23

The background was estimated by a Legendre polynomial function consisting of 15
coefficients, and the peak shapes were described by a pgeigtdunction with five profile
coefficients. During the refinement, first the backgrounaiahepeak shape parameters were
refined, followed by the unitell and zero shift parameters. The scale parameter and atomic
coordinates were refined next, beginning withand Cu atomsand subsequently the O atoms.
The atomic displacement parameters wheairefined and that showed larger relative values
for the Cu site Several cycles of refinements were carriedtbat converged to a 0.79(2)
occupancy for the Cu sitelhe site occupancy of all atomic positions were similarly allowed
to refine, but aly the Cu site occupancy was found to be less than uhity.difference profile
revealed the presenoéa small amount of CuO impurity that was included in the refinement

cycles, at a refined phase fraction of 8¥hehighest residual electron densgiwerel.00 and
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-1.12 e/R, respectively, indicatig that the electron density hiadencorrectlymodeled. The
final Ry and Ry factorsconverged t3.28 % and 4.37 %, respectivel$elected refinement
parameters and interatomic distances are given in Tdldeand4.3, and the refined atomic
coordinates are listed in Table B2 of Appendix B

D. Characterization Techniques. The CuxNbsOg powders (reaction FS1) were
fixed onto dowble-sided carbon tapend a single crystalliteras selected to makbae TEM
sample. An FEI Quanta 3D Dual Beam Scanning Electron Microscope (SEith) Focused
lon Beam (FIBWwas used to prepare the TERdmple. Thdft-out techniquevas used during
theprocess, as illustrated in Appendix B in Figui® B platinum bar witha~10x2x2 & m
sizewas deposited bgheion beam in order to protect the area of interast then both sides
of the patinum bar were milled away by the EIB'he foil was pickdup bythe Omniprobe
and therfixed onto a Mo haHring grid for further thinning tgjield the TEM sample. The
microscope was operated at 30 kV on both SEM and FIB sides inithdlifnhefinal polishing
stageof the FIB, the voltage was lowered to ¥ ko minimize the damage introduced thye
ion beam.

Atomic resolution images were taken using an FEI Titar8@D probe aberration
corrected and monochromated Scanning Transmission Electron Microscope (S/TEM) operated
at 200 kV. In STEM mode, Zcontrag images were taken using a highgle annular dark
field (HAADF) detector (Fischione Instrument), and elemental mappings were performed
usingthesee al | ed ASuper X0 Energy DispeeBOSve Spe

system consists of 4 windowlesdiin-drift detectors (SDD) positioned symmetrically
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around the specimen to a unique FEI desifihe convergence angle was set at 2adnand
probe current was approximatelg0 pA.

X-ray photoelectron spectroscopyeasurements werarried out in a UH\hamber
(base pressutex 101°T) with a cylindrical mirrostype electron spectrometer (Riber MAC2).
Non-monochromatic Mg Kradiation (1253.6 eV) was used as the excitation source. The X
ray spot size on the sample had-am diameter.The energy resolution for the survey scan
was ~2eV and for the detail scamas~1 eV. Energy scales were calibrated by assigning
adventitious carbon peaks at 284¥. Powder samples were either placed on carbon tape
(Ted Pellasample holders or deposited onto F3ldesin ambient airandthenimmediately
loaded into the XPS chamber. The powder samples deposited on the FTO slides were heated
to 200°C under UHV in order to remove the surface water and hydroxyl groups. Spergra
analyzed usinghe commercial softwarpackageCasaXP$® The molar ratio of Cu(l):Cu(ll)
was determined according to previously reported methods developed for similar mixed
valence metal oxides. Specific surface areas of the samples weraeasurd using a
Quantachrome CheBET Pulsar TPR/TPvith N2 utilized as the adsorbate

E. Electronic Structure Calculations. Electronicbandstructure calculations were
performedon the geometrpptimized and defedtee CuNRBOs structure based grlanewave
density functional they within the program packag@ASTEP?’ A superstructure of 2 x 2
x 2 unit cells was used to model structures that contained 16.7%, 25%, and 5&iéé Cu
vacancies. The PerdeBurke-Ernzerhof functional in the generalized gradient approximation
and ulta soft core potentials were employed in the calculaéibfibe MonkhorstPack scheme

was used for automatic selectionkgboints within the Brillouin zoné&
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RESULTS AND DISCUSSION

A. Synthetic Results.The products from allfix and solid state reactions were found
to yield CuNkOs in high purity according to powder-kay dffraction, as shown in Figure B1
in Appendix B The structure o€uNOs, isostructural with LiNBOs, has previously been
described within thenonoclinic crystal system (Spacer@up P2:1/a; No. 14 and unit cell
parameters oi = 15.365(2)A, b = 5.0717(5)A, c = 7.5266(6)A, andb = 107.18(1).2 The
refinedunit cell parameterfom each othe syntheses, listed in Tabl& Bvere closely similar
(to within <30) to these Blamé&igureldurfaca rene s .
measurements arBEM imagesvere takeron the CuNkOg crystallitesin orderto evaluate
thar sizes, morphologies, andpecific surface aes. These particle characteristics have
previously been found to depend on the flux synthesis conditions, such as reported for
AgNb0s.2%32 The products obtained frothe solid state synthesis (SSdnd both of the flux
synthesis reactions (FS1 and F&ghibitedthe smallest surface assaf ~0.42 nf/gand ~0.65
m?/g, with the 15 min flux reaction (FS1) showing the slightly larger surface area. The
CuNROg crystallites from these three syntheses were highly faceted with plédtelshapes
and striatios along their lateral dimensions, Figdtg (A, B, and C), with an average size in
the range of-5 to 10e m The final particle sizes and surface areas were thus independent of
the reaction time and/or whether a CuCl flux was used in the reactionowdrgemperature
flux reaction using G0 and NbOs nanoparticles (FRano) increased the product surface
area to 4.7 n¥/g, with an average particle size of ~2.8nshown in Figuret.1D. A solic
state synthesis using € and Nb(d reactant$SS2)also exhibiteda specific surface area of

~2.0 nf/g and an average particle size of ~81. Thus, theCuNksOs phase grows very
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rapidly into micrometesized crystals under each of these conditions, similar to that reported
for CleNbsO21.1’
B. Characterization of Copper Extrusion from CuNbsOs.

1. Phase ldentification in the Bulk and at the SurfacBse extrusion of copper
from CuNBOg was investigated upon heating in air at temperatures up t&C75Dhe Powder
X-ray Diffraction (PXRD patterns exhibited very small peaks arising filou© ands-Nb2Os
at 450°C and 550°C, shown in Figures B and4.2, and that increase in intensity with
increasing temperature (> 590) and time (> 3h). At a temperature of 680) the CuNBOs
phase is detected, |ikely resulting from a r
Nb2Os. The CuO impurity can be observed in SEM images as ~100 to 2@zacislands
that are produced at the surfaces of Cadtstarting as low as ~35IC, asshown in Figure
41 (E and F). The ends of the platedbaped particles show a significantly larger
concentration of these surface islands. order to probe the compositiand crystalline
structureof thesesurfaceslands, the highlyfaceted CuN§Og particles from reaction FS1 were
heated in air at 550 °C forl®urs. This sample was investigated using scanning/transmission
electron microscopy (S/TEM), as shown in Figudes and4.4. Elemental mapping shows
only copper and oxygen as the constitieements of the surfacgands, illustrated in Figures
B4 and B. Theselected arealectron diffraction patterobtained by both experiment and fast
Fourier Transformation (FFOf thesurface islands could ledexedto the [010] zone axis of
CuOwith 1/ spacinggA™) of 0.431 A and 0.400 A belonging tahe(200) and (002planes.

The elemental composition below the surface islands was determicausist predominantly

of niobium and oxygen with a relatively smaller amount of coppee 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 C4Ddlwith 1/d spacinggA™) of 0.38% A"

tand 0.419 A. However, additional diffraction sp®suggest a complex superstructure, i.e.,

2 x b-axis, which potentially results from structural defects and oxygelstabution formed

in the crystal lattice as a result of heating in akurtherinvestigations are necessary to
characterize its strtiare at this interfacial region. A @ieficient composition, i.e., Gu
xNb3Os, is found after heating to 45%C, as characterized by powderray diffraction
refinements (below). TheNb2Os phase detected by powderrXy analysis could not be
found by éectron microscopy at the surfaces. This phase is likely to be found within the
interior, farther away from the @icher surface regions.

The extrusion of Cu from CuN®g at high temperatures is thus found to occur with its
oxidation in air to CuO, as\gen by the reaction: CuNDs(s) + 2Q( g )  XNbgDs(s) +
xCuO(surface). Further, from charge balance considerations, the formal oxidation state of
copper within CuxNbsOs increases according to the formula € Cu'xNbsOs, wherein the
formationof x Cu vacancies is accompanied by the oxidatiom Gu sites from +1 to +2.
Thus, when heated in air, the Cu(l) cations at the surfaces disproportionate into Cu(ll) cations
within the Cli1-20Cu'xNbsOs structure, as well Cithat becomes oxidized tite surfaces to
CuO. The temperatw@ependent magnetic susceptibility was measured for gddNboth
before and after heating the compound in air at ®@nd 450°C, given in Figure B.O
(Appendix B. The data could be fit to the Cuiféeiss law (S =% for Cu(ll)), withthe
parameters listed in Table3B In the CuxNbsOg samples heated to 35C and 45C°C, the

percentage of Cu(ll) cations in the samples is calculated to be ~47% and ~62%. This
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corresponds tx = 0.235 and 0.31, i.e., with a product mixture consistinge €fuO and
Cuo.729\b30s andCuo.6dNb3Og, respectively These compositions are in rough agreement with
that determined from the Rietveld structure refinement described below, with these samples
showing a slightly higher Gdeficiency owing to the different synthetic method.

2. Surface Oxidation State§ he chemical compositions at the surfaces of the Cu
xNb3Os crystallites (FS1 products) were characterized ey photoelectron spectraguy,
both before and after heating in air at 4%D and 550°C for 3 h. In order to remove
contributions from the adsorbed surface water and hydroxyl species, each sample was annealed
in UHV at 200°C. Survey scans for both samples confirmed the GuO2ls, and Nb 8
absorption peaks at the expected binding enetfgias,plotted in Figured.5, 4.6, and B,
respectively. Prior to heating CuNi®s in air, two broad peakwere foundcorresponding to
the binding energies die Cu 2pz2 and 212 levels, $iown in Figure 5C centered at ~9335
eV and ~951955 eV, respectively. These broad peaks drige overlapping contributions
fromtheCu(l) cationsin the CuNROg particlesand theCu(ll) cationsat their surfaces resulting
from ambient surface oxidatn. TheCu(l)/Cu(ll) cationshave 2 core levels that aiseparated
in energy by~ 1 eV to2 eV, in agreement with previous literature repdft¥ The non
symmetrical Cu @z and 212 peaks, and the weak shakeup satellite peaks observed at 942 eV
and 962 eVare characteristic of Cu(ll) near the surface. afgproximately-7:10 molar ratio
of Cu(l) to Cu(ll) is found at the siace After heating CuN$Ds in air at 40 °C and 550°C,
shown in Figure4.5 (A and B) onlypeaks corresponding to Cu(tationsare observedand
the characteristic shakeup satellite peaks are clearly defifteeshiftin the Cu 2o core level

spectraarising fromambientheatingis consistent with the formaitn of CuO near the surface
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as visualized in Figuré.3. By contrast, the absorptigreaks corresponding tbhe Nb 3ds/2
and 352 levels were not altered after heating Ce®4 shown in Figure B. These peaks
were consistent with previously reportdt(V)-containing oxides® at~209 eV and ~207 eV,
respectively.

The XPS spectra are shown in Figdt@ for the O & core level, both before and after
heating CuNBOg in air at 450°C and 550C. Each spectrum is found to consists of two peaks.
The lowver binding energy peakt ~530 eV is present at all temperatures, and its energy range
is consistent with previolisreportedinvestigationdn both copper oxide and niobium oxide
compoundg® After heating CuNKEOs in air at 450°C and 55C°C, the lower binding energy
peak is shiftedo lower energies owintp the presence of CuO islands at the surfach
addition, a higher energy absorption peak at ~532 eV is found to significantly increase in
intensity at 550C in Figure46A. Thispek can be a&sd@gfmhedt asi t6s
vacancies, with the addition of some OH (hydroxyl) surface species not removed by the UHV
annealing processPrevious systematic studies of the ©binding energies have found that
peaks in this energynge may emerge after heating metal oxtddsgh temperatures air,
owi ng to t he'os$peciealaat darobe creafed by €ite defects at the suffaces.
Interestingly, this peak is much weaker at 460 Figure4.6B, indicating that the amati of
Cu vacancies passes a critical limit in the CeDgsample heated to 58C. The extrusion of
Cu from the structure, i.e., &s the Cudeficient CuxNbsOg, can result in the formation of
danglingg @ | i gands iamd whidn babeetinvestigated byeslectronic structure

calculations (described below).
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3. Rietveld Refinemeof the Cu-Deficient CuxNb:Os Structure. After heating
CuNOs in air, its powder Xray diffraction peaks show a detectable shifting towards higher
2 d asnThea-@xis lattice constant exhibited the most significant shifting, from ~£6t87
~15.33, as listed in Table B The coppewdeficient structure of GuNbzOs was investigated
by aRietveld refinemenafter heating the compound in air at 450 °C3dn (sample FS1)
The structureefinementincluded the main phaseuixNbsOs (~92%) as the predominant
fraction, as well ashe CuO (~8%) impurity, as shown in Figur.7. A refined Cesite
occupancy of 0.79(2) yielded the formulacGg)NbsOs. Selectedinteratomic distances are
listed in Tabled.3. The structuref CuNsOg and the Cedeficient Cuy.792Nb3Og canbothbe
described as a superstructofeheparentorthorhombic Pb@structure tpe 142 as illustrated
in Figure 48. Briefly, the structure consists of distorted octahedral Nbp@nd CuQ
coordination environments that share edges with each other to form the fulllitheesional
structure. The structure contains two types of estgging zigzag chains that are oriented
down theb-axis direction, one that consists of the Nb2 and Nb3 octahedra, and the other
consisting of the Cu and Nb1l octahedra. As shown in Fi§jQee two of each type of these
zigzag chains condense together to form channels that also run albraxikealiretion. The
NbT O and Cu O nearesheighbor distances are found to be within similar ranges as found
previously’ >’ However, several significantasi@Tabld t s i n
4.3, occur with the loss of Cu. The most notabiés are exhibited within the Cu@ctahedra,
as compared in Figu#e9 (b and c) before and after the loss of copper, respectively. The Cu
atom has shifted away from the center of the channel in Figeae as labeled by the dashed

arrows, with signiftantly shorter Cu distances (by ~041® 0.27) to O1, 04, 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 NbD8 distance (by ~0.3%) and a lengthening of ti¢b3

i 08 distance (by ~0.39. The net effect of the Gdeficiency in the Carro@eNbsOs structure

is to shift the Cu and Nb1l sites away from the channels that are oriented dolvaxiise
direction. The displacement of the oxygen sites (O1, O4, O70&ndowards Cu and Nb1l

sites is also responsible for contractingdkexis length.

C. Electronic Structure Calculations. The electronic structures of Cup@® and Cu
deficient Cu.xNbsOg were calculated by densifunctional theory methods. The @eficient
structural model was taken from the refined structure of76aNbsOg, and included Cu
vacancies that were varied from 16.7%, to 25%, to 5086. reportedfor the CuNkOs
structure the banehap transitioroccursbetween theralence and conduction band edges
comprised primarily of thdilled 3d'° orbitals on C@) and the empty @ orbitals on
Nb(V).1*1® Shown in Figuret.10 as orangeand blueshaded electron density, respediye
these contributions are mixed with relatively smaller contributions f2o2p orbitalsin each
band. As an increasing amount of Cu is removed from the structure, the Fermi level shifts
down and Cu(l) is oxidized to Cu(ll) throughout the structuree ddiculated compositional
limit for the complete oxidation of Cu(l) to Cu(ll) would be ¢sNbzOs, 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 dgeanto predominantly Op2rbital in character,
as shown in the densities of states in Figutd (lower right). The removal of bonding Cu
O interactions (low energy) that are predominantlygdn2character causes the build up of

high-energy electrodensity on the dangling O ligands at the top of the valence band, as shown
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in the orangeshaded electredensity in Figure4.11b. This situation should lead to a
destabilization of the structure much beyond ~25%siBrivacancies, in rough agreement with

the refined Culz92NbsOs composition. A blue shift of the optical bandgap size of GaNb

is found to occur from ~1.3 eV, to ~1.5 eV after heating to°05@s illustrated in Figure®B

These results are also consistent with the XPS data showbng & | du'® ovfi t AONn t h

structure after a significant removal of Cu from the structure atG50ut not at 450C.

At the bottom of the conduction band the electron density becomes localizatpon
Nb 4d orbitals that are located farthest awaynirthe Cu vacancies, as illustrated in Figure
4.12. The increased energies of the ogbitals (around Cu vacancies) cause significantly
greater Nbi O antibonding interactions owing to the closer energetic separation, as well as
shortened spatial sepadmat, between theand 4 orbitals. In short, the removal of Cu atoms
from the Nbi O 1 Cu bridges within the structure causes the occupieg Orldtals to be
raised in energy, and which in turn causes-negghbor Nb 4 orbitals to be raised in energy
The Nb atoms with intact NbO 1 Cu bridges exhibit the loweshergy Nb 4 orbitals in the
structure. For the Cdeficient structure, excitation of electrons between the valence and
conduction band edges consists of electronic transitions betweemsegf the structure
having Cu vacancies to other regions of the structure without Cu vacancies. This is caused by
an increasing amount of @ 2ontributions (locally near to the Cu vacancy) at the valence
band edges, and the lowsestergy Nb d 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 ffrts, the p-type cathodic photocurrent has been confirmed on a
polycrystalline CuxNbsOs film that was heated in air at 4530 for 3h, as shown in Figuil1
(Appendix B. This results in a stronger photocurrent and smaller dark current that previously
reportedt® Thus, the electronic structure of @eficient CuxNbsOs can potentially serve to
more effectively separate excited electron/hole pairs within the structure. Comprehensive
photoelectrochemical investigations of these films are underwayén twr probe changes and
stabilization of these CuO islands while under irradiation.
CONCLUSIONS

Solid-state and fluxsynthesigouteshave been utilized in the highurity synthesis of
thep-type semiconductor CuNBs. Starting from bulk or nanoscale cgants, the compound
grows quickly into microrsized crystals with specific surface areas that ranged from ~0.41
m?/g to ~2.0 /g, depending on the reaction conditions. Heating the @\thase in air to
450 °C for 3 h yields the Gudeficient Cud.792NbsOs that maintains the original crystal
structure with ~21% vacancies on the copper sites. The structure exhibits notably shorter Cu
i O distances (by 0.16A to 0.27A) within the TW i Nbl zigzag chains down theaxis.
As copper is extruded from tkempound, ~100 200 nmsized CuO islands form on the well
faceted surfaces of @WNbzOs. 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 patial oxidation of Cu(l) to Cu(ll) within the structure. Higher amounts of Cu vacancies
further lower the Fermi level and leads to the buildup of electron density @s@t2s that

cross the Fermi level and become partially oxidized. XPS measurerh#resX core level

indicate an enhancdéddeafodtri duedioms fatoma 6IOi g |
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vacancies after heating to 5%D. Lightdriven bandgap excitations between the valence and
conduction band edges are found to ot@iweenegions of the structure having Cu vacancies
to regions of the structure without Cu vacancrespectively. The effect of this perturbation
of the electronic structure could help to drive a more effective separation of excited
electron/hole pairs withirhe Cudeficient CyxNb3Og. These findings lead to important and
relevant insights fop-type Cu(l}niobate photoelectrode films, i.e., Cuj@ls and CuNbGQG,
which show significant increases in their cathodic photocurrents when heated to increasing
temperatres in air.
SUPPORTING INFORMATION

Provided imMAppendix Bare powder Xray diffraction patterns of the Cublbs products
from the solidstate and fluxssynthesis reactions and refined lattice constaaudslitional
scanning electron microscopy images ofgiheducts and of the Omniprobe used for the TEM
sample preparation, elemental mapping of the Cu@QMgiogOs interfacial region at the
surfaces, XPS data for the Nbl @nd Cu P12 and 232 binding energies for samples not
annealed in UHV to remove, magiesusceptibility and photoelectrochemical data, and
finally, the table of refined atomic coordinates.
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Tabd4leMeasured particle sizes and specific
roudtseesd to pIOepare CuNbD

Syntﬁ«R_?.aCt Reactiosurfacm ‘
i me Temperatu q)
FS2 12 h 750 0.41
FS1 15 mi 750 0. 65
SS1 48 h 750 0. 42
SS2 15 mi 750 2.0
FS$ano 60 mi 675 1.7

2 The synthetic routes are a)E3nd F2: flux reactions in a 10:1 CuCl flux with @D and
Nb2Os (1:1 ratio); b) F&hano: flux reactions in a 10:1 CuCl flux using nanoparticle
CwO and NhOs reactants; SS1: sohstate reaction of GO and NbOs; SS2: stid-
state reaction of Nbe€hnd CuO in a 5:1 molar ratio.
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Table 4.2. Selected Rietveld refinement parameters foy &@NbzOg after heating
CuNhOs (FS1) in air at 450C for 3h.

Chemical Formula Cuo.79(2Nb3Os
Space groupZ P2/a, 4
RadiationWavelength Cu Ka1 = 1.54051 A
Crystal System Monoclinic
alA 15.322(2)

b/A 5.0476(6)

c/A 7.4930(6)

bl~ 107.07(1)

VI A3 554.0(1)

Ro, Rwp 0.0328, 0.0437
2g () range 10-110

No. of unique data 6177
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Table 4.3. Selected interatomic distances for the refined structure ©foEMbzOs

Distance

Atom pair A quistA)2  Atom pair  Distance(A) qaist(A)?

Nb(1)i O(1) 1.99(10) -0.06 Nb(2)i O@3) 2.23(9) +0.2
iO(1) 1.91(9) +0.10 i O@4)  1.84(9) -0.04
i O(@2) 2.09(11) +0.06 i O(B)  1.95(10) -0.06
i O(4)  2.14(8) +0.07 i O®B)  1.91(9) +0.02
i O(7) 1.89(10) -0.08 i O(@7)  2.01(9) +0.03
i O@B)  1.69(9) -0.37 i 0@  2318) +0.23

Nb@3)i O(2) 1.83(11) -0.14  Cu(l)i O(1) 2.28(09) -0.16
i O(3) 2.04(11) -0.164 i O(Q2)  227(9) +0.08
i O@3) 1.99(10) -0.01 i O@4) 19811 -0.27
i O(B)  1.92(9) +0.122 i OB) 2.16(11) +0.02
i O®B) 1.97(8) -0.09 i O®B)  2.20(9) +0.12
i O@8)  2.46(8) +0.316 i O(7)  2.28(9) -0.21

2 quis(A) is the difference in interatomic distance as compared to that reported for the
CuNksOs structure?®
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flux synthesis star td nagn gDs(NbkhBa m @ after Pgating thec | e s ¢
FS-1 product in air at 358C for 3 h (E), and at 55 for 3 h (F).
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Figure 4.3. Transmission electron microscopy image of the interfacial region between CuO
and CuxNbsOg after heating in air at 550C for 3 h(a), and the selected area electron
diffraction patterns of CuO (b) and GiNbsOs (c).
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Figure 44. High angle annular dark field images of selected sections of the surface CuO
islands (a), and the underlying @eficient Cu.xNbzOs (b), with relevantd-spacings labeled

in each.
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Figure 4.5. The fitted Xray photoelectron spectra (dots) and fits (colors) of thefdav&ls

after heating CikNbsOg 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 annealéat 200
in UHV to remove adsorbed gace water and hydroxyl spes.
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Figure 4.6. The fitted Xray photoelectron spectra (dots) and fits (colors) of thes @vEel
after heating CikNbsOg 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 slidesiaealed at 208 in
UHV to remove adsorbed surface water and hydroxyl species.
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Figure 4.10. Calculated electron density in Cup@ (0% Cu vacancies) for the highest
energy region of the valence band (orange shading) and lewesdy region of the conduction

band (blue shading). Atom types are labeled for the same group as shown in Figure 9a, and
related by a 45counterclockwise ptation.
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Figure 4.11. Electrondensity plots for CLxNbzOg at the highesénergies of the valence band

(orange shading) with 25% of the Cu atoms vacant (a) and 50% of the Cu atoms vacant (b);
Lower, calculated densitiesf-states plots at 0%, 25%, abd% Cu vacancies, with the Fermi

levels (E) and d-orbital and p-orbital contributions labeled on each. The dashed arrows

| abell ed as 6ad and O0bd i ndi derhtita toOfraebitabc c upi ¢
in character, and are matched with #ifs®ve electroensity plots.
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Figure 4.12. Calculated electron density for GiNb:Og (25% Cu vacancies) at the lowest
energies of the conduction band (blue shading). TheaCancies 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 theCuzTasO11Phase
Based on the journal article publisheddrystal Growth and Design
Crys.Grow.Des 2015 15, 552558.

Nacole King? Roger D. Sommet Pilanda WatkinsCurry? Julia Chafand Paul A.
Maggard*

#Department of Chemistry, North Caroliate University, Raleigh, NC 2768204.
bDepartment of Chemistry, The University of Texas at Dallas, Richardson, TX-Z5880

TOC Synopsis:A CuCHlux synthesis route has been used to prepaed &011 having a
structure comprised of layers of Ta@entagonal bipyramids (left) and Cu(l)/TaGctahedra
(right). The compound exhibits the lowest knownste occupancy of 66.7% in the Cu(l)
tantalate family of structures, and leading to its limited range of stability and eventual
decomposition in the alence of the CuCl flux.
ABSTRACT

The Cu(l}tantalate, CelauO11, has been synthesized by flux methods in high purity
and characterized by singteystal Xray diffraction techniques (space graepc (167),a=
6.219(2)A,c = 37.107(1)A). The compound is a new= 1 member of the Cu@antalate
CwTasn+10gn+3 Series of structures and must be prepared in a molten CuCl flux within a
relatively low temperature range of ~6280 °C, in comparison to the synthesis 0§ Tau1030
(n=1.5) and Celf'a;O19 (N = 2) at ~800 to 1008C. The structure consists of layers of TaO
pentagonal bipyramids that alternate with layers of isolateds Da@hedra and lineady
coordinated Cu(l) cations. An increasing-€§ite vacancy across this series fromyTauO19

(100%), to CeTa11030(83.3%), to CuiTauO11 (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(l) cations, and thus yields the
decreased stability of GUasO11. Thermal analysis shows that TasO11 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 Cufkintalate phases. The compound exhibits a bandgap
size of ~2.55 eV (indirect), with highenergy diect transitions starting at ~2.73 eV.
Electronic structure calculations confirm the indirect nature of the lesvestgy bandgap
transition, and which arises from valence and conduction band states that are primarily

composed of Cudi® and Ta 8° orbital contributions, respectively.

KEYWORDS: flux synthesis, copper(l) tantalate, thermal stability, semiconductor
INTRODUCTION

The high purity synthesis of metakide compounds with a limited range of thermal
stability has proven to be synthetically chatiing for a number of chemical systetfs The
activation energy necessary to overcome kinetic barriers for thediffiesion of solidstate
reactants often restricts the ldamperature range of the reaction temperature. Traditional
solid-stae 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-stadié reactants. Alterma routes, such
as hydrothermal synthesis, gy#l routes, and moltesalt synthetic methods have been utilized
for the crystal growth of metaixides at lower temperatures and under-equilibrium
conditions” ® For example, the use of a flux facilitates the dissolution of oxides in a salt mel,

accelerates inteiffusion of ions, and lowers the activation barrier for natiten and crystal
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growth1%12 A lower reaction barrier enables the higlrity synthesis of metaixide

compounds that have a limited range of thermal stabflity.

Recently, our research approach has focused on the synthesis and characterization of
new Cu(l}M(V) (M = Nb, Ta) semicondtting oxides that have been prepared using low
temperature flusmediated reaction'$'!” For example, this synthetic approach has led to the
first reported flux synthesis of thetype semiconductors @NbgO21 and CuyTarOng, that are
prepared in high purity and with highfgiceted particle morphologié$!® Synthesis of the
CwNbgO21 phase has been found to require the use of nanoscale reactants with high surface
areas, swell 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. I€uglibsO21
decomposes into CuMBs and NbOs, while under vacuum it decomposes into Cu(s) and
reduced niobiuroxide phases. Its lowemperature decomposition has been postulated to
arise from the underoordinated Cu(l) cations and their facile migratwaithin the structure,
as well as the energeticallgvorable disproportionation of the Cu(l) cations at the surfaces.
Thus, a similarly high surface reactivity and limited thermal stability has been found for other
compounds in the Cu¢hiobate/tantalatesystems, such as for €iaO19, CusTan1030,1>18
CuNksOs,'® and CuNb@Q. 2° Highly Cu-deficient compositions are formed, e.g. 5618110so0,
as a result of the Cu extrusion at their solid surféteFhese results suggest that a rich
structural diversity may exist at even lower temperatures that effectively stabilize the Cu(l)

cdions over a range of possible new compositions. However, relatively little has been
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investigated with regards to the ldemperature synthesis and stabilization of new €u(l)

containing compositions.

The CuO-TaOs chemical system was first investigated by Jahnberg via high
temperature solid state reactions over the temperature range of ~800 to 1100 °C. Along with
CusTa11030 and CyTarO19, @ Nnew compound with the approximate compositiopT@D:11
was reportedly olesved as a minor side product using HREM technigti&sThis compound
was a previously reported member of the family of structures with the general coomposi
AxM3n+10gn+3 (€.9., A = Na, Ca, Y, Ag, Cu; M = Ta, Nb), that contain single (1) and/or
double (= 2) layers of MGand MQ; polyhedra?* Interestingly, the Cisite is fully occupied
in CwTarO19 (N = 2), and decreases to ~83.3% occupancy isT&uOso (n = 1.5), and to
~66.7% occupancy in the idealized LeyO11 (n = 1) structure. Thus, the stability of the
Cu(l)-tantalates reveals an imant trend with the extent of Gwacancies supported within
their structures. Described herein is the first kpghty synthesis of GiTasO11 via the
reaction of CeO nanoparticles and 7@s in a molten CuGflux at relatively low temperatures
of ~625 to 700 °C. The structure has been characterized by-smgtal Xray diffraction
and its thermal stability and decomposition products have been investigated by electron
microscopy, powder Xay 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 relgtliraited range of stability.
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EXPERIMENTAL

A. Materials and Synthesis. The nanoparticle GO and TaOs reactants were
prepared according to previously reported procediirésBriefly, Ci,O nanoparticles were
synthesized using a 1:1 molar ratio of Cu®8,0 and NaOH, and this solution was reduced
by the addition of a 0.1 M ascorbic acid solution. The@nanoparticles were centrifuged,
purified with deionized water, and dried overnight at’80 The TaOs nanoparticles were
prepared from a 0.2 M solutioof TaCk dissolved in 80 mL of ethanol, followed by the
addition of 1 mL of concentrated HN@q). This solution was stirred for 6 h at €D, aged
for 24 h at room temperature, and dried overnight in an oven°&t.8The products were well
ground ina mortar and pestle and calcined at 7Q0for 48 h. The CuCl (Alfa Aesar,
Puretronic, 99.999%) and 3@ (Alfa Aesar, Puretronic, 99.993%) reagents were used as
received. Reactions targeting the.CazO11 phase were performed by combining2Owand
TaOsin 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-filtetll glovebox,
sealed within evacuated fussilica tubes, and heated to 665 °C for. 1The 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 higiurity CweTasO11 according @ powder Xray diffraction.

B. Single Crystal XRay Diffraction. A single crystal was selected for-rdy
diffraction that had been prepared fromeOwanoparticles and commercial-Ua (in a 1.7:1

molar ratio) that was heated within the CuCl flux at 625or 24 h. A singlecrystal Xray
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data set was collectedonaBrukéo ni us X8 Apex2 diffractometer
= 0.70926). The unit cell, frame integration, and resulting raw data were processed using the
SAINT program?’ 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 leastsquares fitting on ¥using OLEX228 During the single crystal Xay 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 Taldleand interatomic distances are
collected in Tabl&.2. A complete list of refined structural and atomicapaeters as well as

a crystallographic information file is includedAppendix C

C. Bulk Characterization Techniques. Solid-state products were characterized by
powder Xray diffraction on an INEL diffractometer usingCu{ &= = 1. 54056 )
from a sealed tube -Kay generator equipped with a curved posisensitive detector
(CPS120). Powder Xay diffraction data were also collected on a Bruker D8 Advanced
Powder diffractometer using Cug = = 1. 54056i) <configured in
with a Lynxeye XE detector. Data were collected idar@nge of 1680° in 0.01 steps, with
a dwell time of 4s at each step. Refinements of the lattice constants were performed using
LATCON software stding from the reported crystal structure of;Ca011.2° The thermal
stability and decomposition of @leyO11 was measured on a TA Instruments TGA Q50 under
flowing nitrogen gas by heating up to ~68D at a programed rate of 5°C/min. A weighed

amount (2535 mg) was loaded on a platinum pan, equilibrated and tared at room temperature.
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UV-Vis diffuse reflectance spectra of £JiaO11 were collected on a Shimadzu BXs-NIR
Spectrophotometer (UA8600)equipped with an integrating sphere. The data were plotted as
the remission function F@ = (1-Re)%(2Re), where R is diffuse reflectance based on the
KubelkaMunk theory of diffuse reflectand®3! The refectance data were analyzed in the
form of Tauc plots as [F(R) h B'versush awheren = 2 for direct allowed transition amd=

Y for indirect allowed transitiof:>® The optical bandgagizes 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 takerJEOL SEM

6400 Field Emission Scanning Elemn Microscope (FESEM) operating at 10.0 kV.

D. Electronic Structure Calculations. Electronic structure calculations were
performed on the geometoptimized CuTasO11 crystal structure using plasveave density
functional theory within the Vienna Ab initio Simulation Package (ver. #.8).Band
structure diagram and densitiekstates alculations were performed using the Perdew
Burke-Ernzerhof functional in the generalized gradient approximafimsjng the projector
augmented wave method. Automatrgling of the Brillouirzone was performed using a 2
x 2 x 1 MonkhorsPack grid. The Culeficiency in the structure was modeled by the random
distribution of Cusite vacancies within each of the layers of the structure. The band structure
calculation bllowed the standarklipath of speciak-points through the Brillouin according to

the Bilbao Crystallographic Server for the space giRop(167)3°
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RESULTS AND DISCUSSION

A. Synthesis and Crystal Structure. The CuTasO11 phase could be prepared within
a CuCl flux in the limited temperature range of ~625 to 700n high purity according to
powder Xray diffraction (PXRD) data, shown in Figusel. Impurities of TeOs are observed
in the PXRD data after heating at only 625 °C for less than 24 h. When reacted at temperatures
of 700°C and above, its decomposition intosCay1030 is also observed. Slow cooling of the
reaction vessel at 6°C/min (rather than quenching) after 12 $0&C6results in a mixture of
the related CsTa11030 and CyTa;O19 phases. Thus, these data show thafl@D11 forms
initially at the relatively lower temperatures, but is not stable at temperatures above 700 °C, in
the presence of a CuCl flux. High pyrsyntheses of GTasO11 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-=CaO11 phase transforms into a lower
symmetry structte (monoclinic crystal system, space gro®idrafter several weeks at room
temperature, as shown by the split diffraction peaks in Figf@i-iv). Characterization of
the stable roortemperature structure is currently ongoing and will be reportedseparate
full investigation. The highesymmetry structure described below is thus the metastable high
temperature structure of the ZaO11 composition.

The structure of GTaO11 was first investigated by Jahnberg using higbolution
electron micoscopy, owing to its formation as only a minor side product for reactions within
the CuO-Ta0s systen?® Shown in Figures.2, the crystal structure from the singleystal
X-ray refinement is generally consistent with the previously reported structure. Selected

interatomic distances and bond valence sums are listed in 3.:abknd which are consistent
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with the previously rgorted structures in this structural famif?* Briefly, the structure of
CwTayO11 is comprised of single layers ®80; pentagonal bipyramids which alternate with
layers of Ta@ octahedra and lineargoordinated Cu(l) cations. These layers are stacked
along thec-axis and are bridged through the apical vertices of the pa@agonal bipyramids.
These two kinds dhyers are shown together in Figix8. Each Ta@pentagonal bipyramid
is edgeshared to four neighboring TaQ@olyhedra within the layer, at TlaO distances of
1.994(2) A to 2.44(1) A. This layer of pentagonal bipyramids has been described as
structuelly similar to that first found as part of the thdé me nsi onal -U®4*r uct ur
The apical oxygen atoms of the Ta@ntgonal bipyramids, i.e., Tad2 at 1.973(8) A and
1.972(8) A, are directed between these layers and form the coordination environments of the
TaOs octahedra (Ta®2 of 1.990(8) A) and the linearly coordinated GOu-02 of 1.905(8)
A).

The CuTasO11 compound is a member of a family of related structures containing
single and double layers of pentagonal bipyramids with the general compositi@s: fOsn+3
(e.g., A=Na, Ca, Y, Ag, Cu). These structures are comprised of singl&)(@and/or double
(n=2) layers of Ta@pentagonal bipyramids that alternate with layers of¢l@@ahedra and
the Asite cations. The Glia;O11 structure is similar to Nda«O11and AgTasO11, except for
the positions of the Na and Ag cations between the layers. BotmdNAgadopt higher
symmetry Wyckoff sites120 with sever and sixcoordinate coordination environmefts?
respectively, while Cu occupies a lowammetry Wyckoff site 8d) with a linear
coordination environmert. Thus, the Cu site is 66.7% (i.e., 2/3) occupied in order to satisfy

chargebalancing requirements of the Cu(l) and Ta(V) cations, as full occupancy of this site
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would result in a CsTasO11 composition. Higher Ggite occupancies are found iretrelated
structures of CiT'a11030 (83%) and Ceil'ayO19 (100%). Within each structure, the Cu(l)
cations are coordinated to the apical O atoms (i gicaf00f the TaG pentagonal bipyramids.
Each Qpicaatom is also bridged to one TaGrtahedra betven the layers. In GliazOxg, the

bond valence sum around eack &om is 1.99, i.e., appropriate fof Cbecause the Cu sites
are fully occupied. However, in €la11030 and CuTasO131, the bond valence sum around
each @patom is calculated to be 2.1 when theste is occupied, but a lower 1167 when

the neighboring CGsite is vacant. Thus, the anion charge is not locally balanced on
neighboring Q,atoms in the presence of Gile vacancies. Owing to the differenaeshen

= 2, 1.5 and 1 structures across this series, the fractionpat@ns (i.e., @/Ootal atoms)
increases from Gla;O19 (31.5%), to CeTa11030 (40%), to CuTayO11 (54.5%), respectively.

As the Cusite vacancy increases across this series (uiéh decreasing@) 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
morphologieswere investigated by scanning electron microscopy (SEM) for th@a@Du1
products synthesized at 625 °C for 24 h from@manoparticles and 1@s in a 1:7 molar
ratio, respectively. As shown in Figubel, micronsized single crystals of GliasO11 were
observed with hexagonalnd truncated octahedisthaped particles with dimensions from ~15
to 30 &m. Thi s r e gfacéteal partidlas sstthe result df theouse obthe h i g
CuCl flux in the reaction, wherein the particle sizes of Coghtaining phases grow rapidly

to micron dimensions in less than 24 h. However, thd &1 particles slowly decompose
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in air over the course of several weeks, as shown in the SEM images inJ-idgireAfter 6

weeks at room temperature in air, #amples 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 Gliau1Os0 particles after heating them to 380 to 550°C in air?!
Powder XRD peaks also exhibit splittingigure5.1A, owing to a symmetrowering phase
transition to a monoclinic structure (space gro@pdCthat occurs at room temperature. This
phase transition appears (tentatively) to be analogous to that reportedNtm®ta from R-

3cto C2/cat 380K.*

The thermal stability and decomposition products were investigated by heating
CwTa4O11 under flowing nitrogen or in air at temperatures from 260to &0 °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 pow&D, as illustrated in Figure
C1. Lattice constant refinements of products heated inpaio 550 °C for 3 h are listed in
TableC1. However, significant decomposition begins to occur after heating teCo0 24
h, or 650°C for 3h, as shown in the powder XRD data in Figue At 550°C for 24 h in air
or under vacuum, its partial decposition into TaOs is observed in the powder XRD. After
heating the powders in air or under nitrogen at 650 °C for 3 h, #i&afti 1 has almost entirely
decomposed into a mixture of phases with th€&§ara®, and CuTa0e types of structure®¥’

48 As CwTauO11 is heated, some of the Cu(l) cations at the surfaces are oxidized to Cu(ll)
cations, and subsequently form the CiJsecompound. At relatively lower temperatures, the

Cu(l) cations are typically slowly extruded at the surfaces of these compounds teutface
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CuO islands that are not detectable by powder XRD, as reported previously for lgoth Cu
xTa1030 and CyxNbs0s. 164

C. Optical Properties And Eledronic Structure. The previously known members
of this structural family, C4Ta11030 and CuTazO19, arep-type semiconductors with visible
light bandgap sizes of ~2.6 eV and ~2.5 eV, respectively-Vis\iffuse reflectance data
were taken on the GUiayO11 powder and the data were plotted and analyzed as Tauc plots of
(F(R)h ¥ versushv (hv= photon energy), as shown in Figl6, wheren = 2 or ¥ for direct
and indirect bandgap transitions, respectively. The band gap is found to be indirect with an
erergy of ~2.6 eV, with the higher energy direct transition occurring at ~2.7 eV. The Cu
deficient structures, i.e., €la11030 and CuTa4O11, thus both have a slightly larger bandgap
size than for Cel'ayO10 with a fully-occupied Cu site.

The electronic streture of CuTayO11 was investigated using density functional theory
methods. The calculated densit@sstates (DOS) plot and band structure diagram are shown
together in Figur®.7, with the Fermi level (g indicated by the dashed lines in each. Zimil
to both CuTa11030 and CuTasO11, the highesenergy contributions to the valence band arise
primarily from the filled Cu @ orbitals while the lowesgnergy states of the conduction band
are comprised of predominantly Tal Brbital contributions, withboth containing minor
contributions from interactions with the @ @rbitals. Electron density plots of the lowest
energy conduction band states and higleestrgy valence band states are shown in Fig8re
within ~0.1 eV and ~0.5 eV of each band edgspectively. These plots are shown for a small
segment of the structure and illustrate the delocalization of the electron density over the layers

of TaG; pentagonal bipyramids and TaGctahedra in the conduction band, and over the Cu
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atoms in the valare band. Plots of the electron density throughout the full unit cell are given

in Appendix C, Figure €. The lowesenergy bandgap transition in the band diagram is shown

to be indirect, fromthé&poi nt s 4 t o M, i n agr eedatarmand wi t h
similar to that known for GiTa11030 and CyTayO10.2® This is in contrast to the (Na
«Cy)2TayO11 solid solution’®® wherein the lowest energy bandgap transition is predicted to be
drect and | ocated at the U point.

CONCLUSIONS

The CuTa4O11phase was prepared in high purity via Ca@diated flux reactions in
the temperature range of 625 to 700 °C and characterized by-siggtal X-ray diffraction.
The structure is comprised dhgle layers of edgsharing Ta®@ pentagonal bipyramids that
are bridged via their apical oxygen atoms to da€tahedra and linearly coordinated Cu(l)
cations. In the absence of the CuCl flux, theTawO11 phase slowly decomposes at room
temperature to dowers y mmet r y monocl inic structure.
decomposes and oxidizes to give a mixture of known tantalate and-tan(H)ates 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 €le11030 and CyTa;O19 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 €Can8 empty Ta &
orbitals, respectively. Thus, these results show the promise of usingn@aited flux
syntheses for the discovery and investigation of new and potentially metastable Cu(l)

containingp-type semiconductors.
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SUPPORTING INFORMATION .

Crystallographic information file, refined lattice constants, and powdeayX
diffraction patterns of GiTa4O11 both before and after heating in air or under flowing nitrogen
and plots of electron density through the unit cell are providégpendix C.
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Table 5.1. Selected singlerystal refinement data for €lesO11.

Refined For mCuyTgO ,
Formul agWelio$11019. 26

Space Lroup, Roc (,1667)
Crystal Syst Trigonal

Temperature 296

Unit Cal | (i 6.203)0
c 37.10)07
V() 1242(.98)6

rg/ om 8.237

e ,mm) 57.72

No. of wuniqu 3079

No.varfiabl es Ryl H4EX] 0.0
WR,= 0.0666

Ri(all) = 0.0
wR2(all) = 0.
Go o d rodFsi st 1.377

RL=[Q I |- |F I/ &1 F | wR2=[§ [wW(F, - F7)]/8 wRyT"
w =[s(F7) +(Ap)” +Bp] p=[max(Fj,0) +2F.]/3
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Table 5.2. Atomic coordinates, isotropic displacement parametefs &hd Wyckoff
positions for the refined structure of J@O11.

Atom Site Wyckoff Position X y z Uiso(€q) Occ.
Tal 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
01 12¢ 1/3 2/3 0.5736(4) 0.019(3) 1.0
02 36f 0.240(2) 0.277(2) 0.5311(2) 0.020(2) 1.0
03 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
InequivalentMetal Sites in CpllayO11.

Coordination Environment Distance (A) Bond Valence Sum

Tal, pentagonal bipyramid 5.145(3)
X

Tal-01 2.021(2) 2

Tal-02 1.973(8)

Tal-02 1.972(8)

Tal-03 1.994(3)

Tal-03 1.994(2)

Tal-03 2.44(1)

Ta2, octahedron 4.968(1)
X

Ta202 1.990(8) 6

Cu coordination

N X

Cu02 1.905(8) 0.90(1)

162



Figure 5.1. (A) Powder Xray diffraction patterns i) calculated from the crystal structure of
CwTasO11, and experimentgdatterns for the ii) post synthesis products, and iii) after 6
weeks in ambient conditions in air; (B) Scanning electron microscopy imagesTaOu

after exposure to air for 6 weeks. The marked peaks (*) are new peaks that emerge during
the symmetrytowering phase transition (monoclinic crystal class system, C2/c)
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