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Hydrothermal Synthesis of Delafossite-Type Oxides

William C. Sheets, Emmanuelle Mugniet,Antoine Barnabg Tobin J. Marks!, and
Kenneth R. Poeppelmeief*

Department of Chemistry, Northwestern University, Evanston, lllinois 60208-3113, and Laboratoire
LCMIE/CIRIMAT CNRS UMR 5085, Universiteaul Sabatier Toulouse Ill, 118 Route de Narbonne,
31062 Toulouse Cedex, France

The syntheses of copper and silver delafossite-type oxides from their constituent binary metal oxides,
oxide hydroxides and hydroxides, by low temperatw2X0°C) and low pressure (20 atm) hydrothermal
reactions are described. Particular emphasis is placed on how thebasie character of a constituent
oxide determines its solubility and therefore whether a particular delafossite-type oxide can be synthesized,
a strategy utilized by geologists and mineralogists to understand the conditions necessary for the synthesis
of various minerals. Thus, the geochemical and corrosion science literature are shown to be useful in
understanding the reaction conditions required for the syntheses of delafossite-type oxides and the
relationship between reactant metal oxide atidse character, solubility, aqueous speciation, and product
formation. Manipulation of the key parameters, temperature, pressure, pH, and reactant solubility, results
in broad families of phase-pure delafossite-type oxides in moderate to high yields for copper BuBO
= Al, Sc, Cr, Mn, Fe, Co, Ga, and Rh), and silver, AgB@B = Al, Sc, Fe, Co, Ni, Ga, Rh, In, and TI).

1. Introduction

Delafossite, a copper and iron oxide mineral, was first
reported by Friedel in 1873 and named in honor of the French
mineralogist and crystallographer, Gabriel DelafdsBest
confirmed by Pabsts having the same structure as synthetic
CuFeQ,® the delafossite structure is constructed from
alternate layers of two-dimensional close-packed copper
cations with linear & Cu"—0O bonds and slightly distorted
edge-shared F&O; octahedra. Furthermore, each oxygen is
coordinated by four cations (one Cuand three F&).
Delafossites can crystallize in either a rhombohedral 3R-

(R3m) or hexagonal 2H- (Rfmmc) polytype based on the e, [, SR
ORRR

b

-

stacking of the alternating layet$Figure 1. This structure
type maintains the expected valences for the monovalent
A-site cations (Ad, Cu", Pd", and Pt) and trivalent B-site Figure 1. Schematic representation of the delafossite structure ABO

i 3H) < 6,7 ; ; for the “3R” polytype R3m) with AaBbCcAa... stacking along ttweaxis.
cations (0'53k r(B ) 1.03 A)' Recently’ owing to their The “2H" polytype P6s/mmgq has an alternate AaBbAa... stacking sequence.

application as catalysfs!? luminescent materiaf$;'* bat- The polyhedra and spheres represett@® distorted octahedra and linearly
teries!®> and transparenp-type conducting oxide¥; 18 coordinated A cations, respectively.

delafossite-type oxides have been studied intensely. The

specific cation combination for each delafossite-type oxide €MPpty or closed d-electron shells (groups 3 and 13), while

determines its application. The A-site cations; @md Ag" partially filled d-electron shells (transition metals) find
(d° ions), are more appropriate for enhanced optical aPplication in batteries and catalysis. _
transparency, while formal Pdand Pt (d® ions)®% are The simple binary oxides of the noble elements palladium

better choices for improved electrical conductivity. Owing (PdO), platinum (Ptg), and silver (AgO) decompose in air
to the optical absorption from-eil electron transitions, ~ at the temperatures of 800, 650, and 3@ respectively,

trivalent B-site cations suitable for transparency must possesg®&cause of their low free energies of formation. As a result,
while delafossite-type oxides with copper on the A-site can

*To whom correspondence should be addressed. E-mail: be synthesized readily by high-temperature solid-state reac-

krp@northwestern.edu. . . . .
T Northwestern University. tions, those Wlth the nqb_le metals containing _palladlum,
*Université Paul Sabatier Toulouse Il platinum, or silver are difficult to prepare in a single step
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by solid-state syntheses because these oxides decompose Iout the presence of a second phase (e.g.Olgleached
open reaction systems before an appreciable reaction carout by nitric acid after the reaction, is also reported for some
occur?! To a certain degree, the difficulty normally encoun- compositions. For copper and silver delafossite-type oxides
tered in the synthesis of mixed metal oxides of palladium, high temperature and pressure hydrothermal reactions under
platinum, and silver, specifically the delafossite-type oxides, alkaline conditions is the most effective synthetic route,
has been overcome using low-temperature and/or closedespecially with respect to reducing the amount of undesired
reaction systems. For example, the first polycrystalline silver phases in the product. Following the pioneering work of
delafossite-type oxide, silver ferrate (AgF8@Qvas prepared  Shannon, Rogers, and Prevfitiwe pursued the strategy of

at low temperatures (10TC) by Krause from the combina-  lowering the temperature<10°C) and pressure<20 atm)

tion of a “meta-ferric hydroxide gel” (y-FeOOH) and A9 required to synthesize copper and silver delafossite-type
in a boiling NaOH solutiort? To prepare small single oxides. In reviewing these efforts, we describe the effect
crystals, Croft, Tombs, and England employed thin-walled metal oxide solubility and aqueous cation speciation, con-
platinum tubes at higher temperatures (83 and pressures  cepts historically rooted in geochemistry and corrosion
(2700 atm) to synthesize AgFe®om Ag,O and FeO; and science, can have on preparative inorganic chemistry.
therefore took advantage of a closed system (hydrothermal

conditions) to prevent decomposition of the @3 Later, 2. Hydrothermal Synthesis

Shannon, Rogers, and Prewitt reported the first comprehen-
sive study of three closed system syntheses (metathetical
oxidizing flux, and hydrothermal) to generate numerous
single crystal and powder examples of the four different
classes of delafossite-type oxides, each incorporating a
different A-site cation: CuB@(B = Al, Fe, Co, Ga, and
Rh), AgBQ, (B = Cr, Fe, Co, Ga, Rh, In, and Tl), PdBO

(B = Cr, Co, and Rh), and PtCoe@®" In general, the
techniques involved low temperatures (e.g., metathesis
reactions with formation of fused salt byproducts) or oxidiz-
ing conditions (e.g., oxidizing flux reactions) or a combina-
tion of both (e.g., hydrothermal reactions). The palladium
and platinum delafossite-type oxides were generated through
metathetical (PdCoPdCrQ, PdRhQ, and PtCoQ), acidic
hydrothermal (PtCog) reactions, or high-temperature reac-
tions with elevated oxygen partial pressures (PdCatd
PtCoQ). An in situ redox reaction between a mixture of

While the field of hydrothermal chemistry has been
reviewed? "33 it is beneficial to consider briefly the main
principles that underlie the concepts of a hydrothermal
reaction. Hydrothermal syntheses involve chemical reactions
in water above ambient temperature and pressure in a sealed
or closed system and are a special type of chemical transport
reaction that relies on liquid-phase transport of reactants to
nucleate formation of the desired product. Under autogenous
conditions, water functions both as a pressure-transmitting
medium and as a solvent. In a sealed vessel, the vapor
pressure of water increases as the temperature is raised above
its normal boiling temperature, but below its critical tem-
perature. The selected reaction temperature and the degree
of fill, or the percent of the reaction vessel free volume that

is filled with water at room temperature, determine the
prevailing experimental pressuteWhen water is used as a

solvent, the dielectric constant and viscosity are also
the pure metal and metal salt reactants (e.g., Pd and;PdCl important. These decrease with rising temperature and

was employed to generate the monovalent palladium andjycrease with rising pressure, the temperature effect pre-
platinum. Copper and silver delafossite-type oxides were dominating®3 Owing to the changes in the dielectric

synthesized under basic hydrothermal conditions from a cqnstant and viscosity of water, the increased temperature
combination _of_the monovalent_A—sne and trivalent B-site within a hydrothermal medium has a significant effect on
reactants. Similar to the conditions employed by Croft, o gpeciation, solubility, and transport of solids. Therefore,
Tombs, and Englan#, the hydrothermal syntheses were e hydration of solids and the hydrolysis and speciation of
carried out at slightly higher temperatures (5000°C) and  5q,e0us cations at elevated temperatures, important concepts
pressures (3000 atm) in thin-walled platinum or gold tues. i this chemistry, are reviewed, briefly, in the following
The hydrothermal synthesis of crystalline copper delafos- sections.
site-type oxides demonstrated that closed system syntheses 2.1. Metal Oxide Hydration and Aqueous Cation
are not limited to the syntheses of noble metal delafossite- Speciation.As a solvent, water typically complexes soluble
type oxides only. Indeed, when compared to conventional reactants and chemical transport of these complexes at
high temperature solid state chemical reactions, these closelevated temperatures leads to crystallite growth. The
system syntheses offer a relatively low temperature approachbehavior of solid metal oxides and their corresponding
to the production of all four A-site cation delafossite-type cations in aqueous solutions is complex, but nonetheless
oxides. Subsequently, numerous syntheses of delafossite-typ@mportant to understand metal speciation under a wide range
oxides have relied on these metathetical (cation-exch&h@e),  of aqueous conditions, including hydrothermal conditisn®.
oxidizing flux,?® and hydrotherm@? reactions. Shannon, Although at room temperature solid metal oxides are often
Rogers, and Prewitt noted various limitations, however, to insoluble, the hydration of these solid metal oxides can occur.
each of the three closed system techniques. First, in the casé\ classic example is the alumina system with hydration
of silver delafossite-type oxides the metathesis reactions oftenreactions relating solid corundum (a-8k), boehmite (y-
lead to formation of highly stable metal halides (e.g., AgCl) AIOOH), and gibbsite (y-Al(OHj), Scheme 1°
with little to no delafossite-type oxide obtained. An oxidizing In general, an increase in temperature and/or decrease in
flux reaction, where the flux is removed with a postsynthetic pressure thermodynamically favors the less hydrated solid
leaching step, results in higher yields of the delafossite phaseoxide phase® Water can persist, however, in hydrous



Scheme 1. Alumina System with Hydration Reactions Scheme 3. In Terms of Chemical Behavior, Oxides Are

Relating Al O3, AIOOH, and AI(OH) 3 Classified as Basic, Acidic, or Amphoterié
ALOs(s) + H:O()= 2 AIOOH(s) (a) Basic Oxide CaO(s) + 2 H'(aq) —— Ca®*(aq) + H,O(1)
AIOOH(s) + H,O(l) = Al(OH)s(s) (b) Acidic Oxide Sb,0s(s) + 2 OH'(aq) + 5 HoO(I) —— 2 Sb(OH)s (aq)
ALOsx(s) + 3 H2O(l)= 2 AIl(OH)s(s) (¢) Amphoteric Oxide ~ ALOs(s) + 6 H'(aq) —— 2 Al*"(aq) + 3 H,O(l)
Scheme 2. At Progressively Higher pH, the Solubility of AlOs(s) + 2 OH'(aq) + 3 H,O —— 2 Al(OH),(aq)

a-GaOOH Is Governed by Stepwise Hydrolysis Species

GaOOH(s) + 3 H'(ag) + 4 H,0(1) = Ga(H:0)¢™ (aq) (a) Basic oxides dissolve in acid, (b) acidic oxides dissolve in bases,

and (c) amphoteric oxides dissolve in béth.
GaOOH(s) + 2 H'(aq) + 4 H,O(l) =Ga(OH)(H0)s>*(aq) ) . .
concentrations, polynuclear hydrolysis species can also be
GaOOH(s) + H'(aq) + 4 H,0(1) =Ga(OH),(H:0)4*(aq) generated in solution.

GaOOH(s) + 4 H,O(l) = Ga(OH)3(H,0)3(aq) In 1976, Baes and Mesmer provided a comprehensive and
guantitative review on the hydrolysis, speciation, and solubil-
ity of metal cations as related to their size, charge, and-acid
. base charactéf. Since then, many new techniqt&save
_structures at high te_mperature wheth_er the hydrated phaseoeen developed to better characterize the behavior of metal
Is stable or not relative o th? pure oxide or a It_ass_ hydrated cation species in aqueous solution that build upon the basic
phas'e. Conversely, metal oxides can often persist in aqueou%rinciples of metal cation speciation and hydrolysis, and how
SOIU“.O.”S at low temperature. and thereforg not undgrgothey relate to solubility, outlined by Baes and Mesmer. Metal
trangltlon to_ the thermodynamlcally stable oxide hydroxide cation speciation and the chemical behavior of these species
or trihydroxide. In the latter instance, a hydrated layer on in agueous solution are temperature, metal concentration, pH,

the metal ?]X'de surface pre\(/jents_furthgcr“nucleatlog Of_ Lhe and Eh (the reductionoxidation potential) dependent. With
unstable phase (e.g., corundum is rapidly covered with @ 1o oxides, which often are not soluble at room temper-

series of amorphous AIOOH and Al(Ottpurface layers ature, dissolution rates and therefore solubility increase with
upon exposure to low pressure water vapor at room tem- temperature. With pH, in general, metal oxide solubility

peraturej® The formation of these surface layers can i,creaqes with strong acid and/or base concentration; how-
passivate the oxide and therefore influence its solubility. o\ er the rate of dissolution, often different in acids versus
Thus, it is important to establish which phase of a given 5465 yaries for each metal oxide. Thus, the cationic metal
oxide phase is controlling the solubility of the metal of g jeg concentration depends sensitively on the solution pH,

intgrest in hydrothermal solutions. Interconversions bfetween reflecting the Brgnsted reactions with the waters of hydration.
solid phases, their surface layers, and the rate at which theyDepending on the particular metal oxide, these bound aquo

occur are controlled by the pressure, temperature, pH, andligands act as proton donors, protons acceptors, or both

aging time of the solid in the aqueous solution. In most €ases, amphoterism) as a function of the solution pHScheme
the phase which controls the solubility can only be inferred 5 14 solubility of various metal oxides as a function of

from obs_erved solubilities under WeII—defi_ned conditiéﬁs. pH has been described traditionally using the concept of
Metal oxide-water systems, such as aluminum and gallium, aciq—phase character, which is briefly reviewed below.
are well-characterized. For other metal oxides, even for 22 Metal Oxide Acid—Base Character.In terms of

important metal oxides such as iron and chromium, the 4 ajitative chemical behavior at various pH, it is convenient
solubility-controlling phase can be difficult to ascertain. to classify oxides according to their acid or base character
In addition to these hydrated solid metal oxide phases, in the aqueous system. Traditionally, metal oxides can be
there are also various aqueous metal species in solution. Foclassified as having acidic, basic, or amphoteric character,
example,a-GaOOH when placed in strong acid solutions based on the electronegativity of the catféfEBasic oxides
forms the octahedral GagB)s*" .q)aquo metal complex. At such as group 1 and group 2 oxides are characterized by
progressively higher pH values the solubility @fGaOOH strong ionic bonding and generally dissolve in acids.
is governed by stepwise hydrolysis reactions involving the Composed of nonmetals and less electropositive metals,
loss of a proton from an associated water to form a hydroxide acidic oxides possess more covalent character and dissolve
group, Scheme 2. During the sequence of successive in alkaline solutions. For transition metals, an increase in
hydrolysis steps, the overall charge of the metal complex is charge of the cation leads to a more acidic oxide (e.g., MnO
correspondingly reduced, and the resulting ions differ in their is basic, MRO- is acidic). The tendency of an oxide system
chemical properties such as solubility, surface adsorption,to dissolve in both acids and bases defines an amphoteric
and reactivity?® Thus, with increasing pH, Gag®)" oxide, Scheme 3.
proceeds through the series of complexes shown in Scheme While the classification of metal oxides as acids, bases,
2 until Ga(OH)~ dominates in strongly alkaline solutions, or both (ampholytes) is a convenient way to represent the
and indeed a lowered coordination number may often be aqueous behavior of an oxide and holds historical importance,
present in anionic hydroxide complexes. Specifically, in basic it can be difficult to discern the boundary between amphoteric
solutions the tetrahedral configuration is favored for the and acidic/basic oxides. Indeed, there is reason to suppose
hydroxide complexes of most trivalent cations (e.g., that metal oxides possess some degree of both acidic and
Ga(OH)).3®® Furthermore, at moderate to high cation basic character (amphoterism), but for the majority of metal

GaOOH(s) + 2 H,O(l) =Ga(OH)4 (aq) + H'(aq)



oxides the dominant acidic or basic character overshadowsthus, in the literature they are often called Pourbaix dia-
the opposing character. For example, there are metal oxideggrams?4° The construction of such diagrams is discussed
whose basic properties dominate and therefore form insolublein numerous literature source®>*

metal hydroxides in nonacidic, aqueous solutions; however, \While most speciation and Eh—pH diagrams are con-
in very strong bases these metal hydroxides will dissolve structed from experimental information collected under
slightly. This suggests that these metal oxides can also exhibitambient conditions, another important variable to consider
some acidic and therefore amphoteric character in strongin constructing these diagrams is temperature because of the
bases. To resolve whether a metal oxide is amphoteric oreffect on the solvent and the metal cation. Specifically, there
not, various methods have been used to assess “borderlineis considerable scientific and practical interest in the ap-
metal oxides:'~*® With respect to our hydrothermal syntheses plication of Eh-pH diagrams at higher temperatures and
in basic solutions, one particularly relevant assessment waspressures toward preparative hydrothermal chemistry. The
a study by Lewis and Anthony that defined an amphoteric construction of elevated temperature -fiH diagrams,
oxide as a metal oxide that dissolves in aqueous, alkalinehowever, requires the necessary experimental data (e.g.,
solutions to significantly absorb in the 26@00 nm UV- Gibbs free energy, standard molar entropy, and specific heat
visible region; otherwise, they were considered b&sihe  capacity) under hydrothermal conditiotisTherefore, with
absorption has been assigned to the oxygem* electronic the exception of the common industrial (i.e., first-row
transition of the complex, a dissolved metal hydroxide transition) and geological (i.e., main-group) elemersO
species, [(M)y(OH)]¥ %aq. In our study, Lewis and systems, the existence of high temperature-fiH diagrams
Anthony’s correlation between solubility and amphoteric for other elementH,0 systems is incomplete. To overcome
character provides a metric to assess whether a metal oxidehis, numerous high temperature elemedsO systems have
would dissolve and therefore react. Indeed, metal oxidesbeen extrapolated from room temperature da#lthough
defined as amphoteric generate delafossite-type oxides; basitimited by the uncertainty of extrapolated data above 150
oxides do not react, but generate, as expected, stable met&lC 52 calculated Eh—pH diagrams can aid experimental
hydroxides. Lewis and Anthony studied 26 different ele- formulations by illustrating the trends in speciation as the
ments. Six of the trivalent B-site cations utilized in the temperature increasés.

present study were investigated {AICET, Fet, G&t, In3t, Thus, we enlisted high temperature solubility data anet Eh
and TP*) and seven were not (5¢ Mn®*, Co**, Ni®*, Y3*, pH diagrams to aid and understand the synthesis of both
RR**, and L&"). In addition, neither of the monovalent A-site  copper and silver-delafossite-type oxides. For several metal
cations (Cd, Ag™) utilized here were studied by Lewis and  gxides (e.g., SOs, RO, and ThOs) and oxidation states
Anthony. For the metal oxides not investigated by Lewis (e.g., COOOH and NiOOH) without high temperature data,
and Anthony, a combination of published alkaline solubility ampjent temperature solubility data, if available, were used
data, speciation diagrams, and Eh—pH diagrams, at bothand compared to metal oxides for which high temperature
ambient and elevated temperatures, were consulted tOdata were known. A more Comprehensive review of the
determine their solubility. application of ER-pH diagrams to preparative hydrothermal
2.3. Speciation and Eh-pH (Pourbaix) Diagrams. chemistry, including examples of EipH diagrams, has been
Speciation and Enh—pH diagrams are commonly used in the prepared by Raben&t.
areas of geochemistry and corrosion science where the
transport, solubility, speciation, and mineralization of metal 3. Experimental Section
oxides in hydrothermal systems have been studied exten-
sively. Since aqueous solubility and cation speciation are
dependent on pH, the pH controls not only which solid phase

'S_ formed but also whether one_ Is formed at a”f Spec'fatlon reaction solution and the possibility of contamination of the product
diagrams, therefore, chart the different hydrolysis species of i, material from the pressure vessel walls, it was often necessary

a metal cation and their abundance as determined by th& fabricate the pressure vessel from carefully selected corrosion-
solution pH. Furthermore, reactions in which elements adopt resisting and thermostable alloys. The advent of Teflon-lined

various oxidation states are also dependent on the oxidationpressure vessels reduced both the cost and materials consideration
potential of the solution in addition to the pH value. It is of hydrothermal reactions. Since Teflon tends to be porous,
important, therefore, to consider the charge on a cation sinceisostatically treated pore-free poly(tetrafluoroethylene) (PTFE)
the solubility, stability, and ligand lability of a metal cation Teflon is used. Pressure vessels fabricated with PTFE Teflon are
can be altered through changes in oxidation state. Eh_prunctionaI within a limited temperature<Q_75_°C) and pressure
diagrams are a useful way to summarize redox properties'@"9¢ (<340 atm). Thus, the vast majority of reactions are
and chemical speciation for reactions in which metals capableopgf(;::ze:l;tnothe subcritical regime at moderate temperatsq

of existing in different oxidation states participate. In-Eh . genous pressure% .

pH diagrams the reaction equilibria and dominant metal With standard PTFE Teflon-lined stainless steel pressure vessels,

. lotted | lation to th d tential and bH one experiment per vessel can be performed, and exploratory
Species are plotted In refation to the redox potential and p ' synthesis would require numerous vessels and consume a significant

and thus can be seen as a map in the chemical space thafnqunt of time. To overcome this obstacle, combinatorial explora-
summarizes thermodynamic possibilitiesHH diagrams tion can be employed to rapidly gain understanding of a chemical
originally acquired significance in applications to corrosion reaction under hydrothermal conditiots5¢ Recently, a technique

problems as exemplified by the research of Marcel Pourbaix; was reported whereby multiple FEP Teflon pouches are employed

3.1. Teflon Pouch Method.Prior to the 1980s, most hydrother-
mal syntheses utilized supercritical temperatures to generate single
crystals of inorganic solid¥. Owing to the corrosive nature of the



as individual reaction vessels placed within a single pressure vessel 3.0
of significantly larger siz&€7-58 The sealed pouches are semiperme- ] .
able to water and air under reaction conditions, but not to the solid 257 ¢
materials. The operating temperature of FEP films, and thus the ] s
reaction temperature, is limited to a maximum of 220. The g 207 . N
advantage of the “Teflon pouch” technique is that it allows subtle < *
variations in reactant and mineralizer concentrations with a series o 15 E ’
of analogous experiments to be performed in a single pressure Q@
vessel, while maintaining other reaction variables constant such as 2 10 T o
temperature, solvent concentration, and time. 051®

3.2. Role of NaOH Mineralizer. If elevated temperatures alone
are insufficient to dissolve the solid reagents, then a mineralizer 0.0 +——t————t————
can be added, whose ions form complexes with the solids and render 0.0 0.2 04 0.6 0.8
them more soluble. These solubilizing reagents include acids, bases, Mass NaOH Added (g)

and alkali salts. Tr_ad'tlo_na"y’ _bases such as NaOH and KOH have Figure 2. A graph showing how the hydroxide concentration inside the
been used as mineralizers in the hydrothermal preparation of FEP Teflon pouch increases, although not linearly, with the amount of dry,
delafossite-type oxides at higher temperatures and presddfes. fused NaOH added.

For example, the original syntheses of CupF¥@nd AgFeG??
incorporated a boiling NaOH solution. Both the conversion and
reaction rate increased with NaOH concentration, consistent with
the solubility of the constituent metal oxides and oxide hydroxides
increasing at higher pH. Furthermore, while acidic and basic
mineralizers increase the solubility of metal oxides by altering the
pH, it is also important to consider the effects of the corresponding
ions added in addition to protons or hydroxide ions. Complexation
of metals by ligands other than water and hydroxide can have
profound effects on the total solubility of metal oxides, influencing
the stability of dissolved cations at high temperat@P&pecifically,

in the case of strong base mineralizers, there exists a general
disagreement on the stability of ion pairs of alkali metal cations
(i.e., Na, K*) and metal complexes (i.e. Al(Ok) in basic
media®! Thus, while the role of the alkali metal cations is unclear,
the primary role of the NaOH mineralizer in the synthesis of
delafossite-type oxides is to increase the solubility of the metal
complexes by increasing the hydroxide concentration.

In addition to functioning as a mineralizer, NaOH controls the : _ ” K Zhly

amount of water that enters the FEP Teflon pouch during the - 3 SEM| h for (@) ot ‘A allit
: . . . : jgure o. Images are shown 1or (a) a mixture o nge{Q/s allites
reaction. NaOH is known to deliquesce, to become liquid, and to ranging in size from a few tenths of a micrometer up~6 xm, (b) a

dissolve through absorption of moisture from the air. Consequently, ¢jose-up view of some micrometer-sized hexagonal plates of AgNID

it must be weighed quickly and efficiently to ensure that this does sub-micrometer crystallites of AgSgQand (d) 3R-CuCr@ crystallites,

not happen. Before use, NaOH pellets are ground into a fine powderwhere we observe PXD peak broadening, ranging in size from 100 to 500

and heated in a vacuum oven at approximately A2%0 remove nm, with the inset showing a close-up of some of the smallest 3R-CuCrO
. . . . crystallites.

a large fraction of the water, thereby fusing the material. To weigh

accurately the NaOH, the mass must be broken into small particles. yorous at elevated temperatures. Measuring the pH of the backfill
Once the starting materials and the fused NaOH are weighed e  distilled water outside of the pouch) after the reaction to be
properly and the pouch is sealed, there are only solid materials naytral (pH= 7) confirms that there is no net diffusion of GH
inside. Water enters the FEP Teflon pouch once it_becomes ions from the pouches. Although not a linear relationship, an
permeable above150°C. The total amount of water entering each  jncreased amount of fused sodium hydroxide results in a greater
Teflon FEP pouch at elevated temperatures is a function of both fina) hydroxide concentration, Figure 2. Thus, the synthesis of each
the autogenous pressure generated and the amount of fused NaOlde|afossite-type oxide was attempted with varying amounts of fused
in the pouch, with the latter predominating. As expected, with NaOH in individual Teflon pouches. The hydroxide concentrations
respect to pressure, an increased temperature or water backfillyere then correlated with the mass yield of the products, as
increases the amount of water in each of the pouches. If NaOH yetermined by PXD, to establish the optimum range of hydroxide

mineralizer is not placed in the pouch, however, water will not concentrations where each delafossite-type oxide formed and where
enter the pouch regardless of the reaction temperature because thf-hey formed with the maximum yield.

primary driving force for the passgge of wgter into the pouch is Acidic mineralizers such as HNOHCI, and HSO; could not

the presence of fused NaOH and its solvation. be used because of their propensity either to incorporate anions
The amount of fused NaOH added to the Teflon pouch prior to into the reaction or to react immediately with the starting materials

the reaction allows for control over the final hydroxide concentration to form stable precipitates which did not react during the synthesis.

and therefore the delafossite-type oxide product yield. The final Specifically, these acids promoted the disproportionation gfoCu

hydroxide concentration within the pouch is calculated knowing to copper metal and aqueous®species, the latter stabilized by

both the amount of sodium hydroxide added to the sealed pouchthe corresponding nitrates, chlorides, and sulfété=r the same

and the mass change of the pouch. The latter is attributed to thereason metal nitrates and halides, common hydrothermal precursors,

amount of water permeating the FEP Teflon pouch once it becomeswere avoided. From the standpoint of aqueous Clhiemistry, it



Scheme 4. Reaction Scheme between the Monovalent A-Site Table 1. Reaction Conditions and Product for the Attempted

Cation Metal Oxide and the B-Site Catior? Synthesis of Certain Copper Delafossite-Type Compounds
1 1 NaOH NaOH temp time
@) 5 A20() + = B0s(s) ABO(s) reactants M) (C) (h) product(s)
) | CwO+ CuO+Al+ A0 09 210 60 CuAlQ(3R)
(b) = A0(s) + BOOH(s) — 5 ABOy(s) + = H,0(l) CwpO + 2Sc(OH) 25 210 60 CuSc@(2H, 3R)
2 2 CwO + Tix0s 1.0 210 60 Cu,Ti@
CwO + V203 1.0 210 60 Cu,¥YOs
(©) 1 A;0(s) + B(OH)s(s) — NaOH ABOy(s) + 3 H,0(1) Cu0O + 2Cr(OH) 2.5 210 60 CuCr@(3R)
2 2 Cw0O + 2FeOOH 15 210 60 CuFe@H,3R)
CwO + Mn;03 15 210 60 CuMn@(C2/m)
2(a) Sesquioxide, (b) oxide hydroxide, or (c) trihydroxide to form  Cu,0 + 2CoOOH 2.0 210 60 CuCof3R), CaO4
delafossite-type oxides. CwO + 2NiOOH 20 210 60 CuO,NiO
Cuw0 + G&0s3 0.5 210 48 CuGa@3R)
also should be noted that the Tion generated in acidic solutions, gbbg i \z(lé(aon); gg ;ig gg gh%h\g(g:)h
. . . . . Wt . u
with some coordinated water, has_a dlffer_ent solu_blllty and chemical ClpO + ;05 25 210 60 Gy, IN(OH)
reactivity than Cu(OH)™ produced in alkaline solutions. As aresult,  cy,0 + La,0s 25 210 60 CiO,La(OH)
reactions involving common acidic mineralizers do not form CuwO + Ew0Os 25 210 60 CuO, Eu(OH)
delafossite-type oxides. In addition, organic acids such as acetic CwO + Tl20s 25 210 60 CpO, ThOs

or oxalic acidic could not be used since they decompose to carbon  aas determined by PXD.
dioxide under hydrothermal conditions, which then reacts with water

and most soluble trivalent B-site cations to generate stable metal ~ T@ble 2. Reaction Conditions and Product for the Attempted
Synthesis of Certain Silver Delafossite-Type Compounds

carbonates.
: : : NaOH temp time
3.3. Synthetic Procedure All reactions were performed with
. . . tant M °C h duct
commercially available GO (99.9% metals basis, Alfa Aesar) or reactan’s (M) SN0 product(s)
Ag20 + Al,03 09 210 60 AgAIQ(3R)

0 ) -
Ag.0 (99.99% metals basis, Alfa Aesar) and the appropriate Ag2O + 25C(OH} 25 210 60  AgSc@EH. 3R)

(described later) sesquioxides, oxide hydroxides, or trinydroxides. Agz0 + Tiz0s 10 210 60 Ag, TiQ

Copper- and silver-based delafossite-type oxides were synthesized ag,0 + V,05 1.0 210 60 Ag, \Os

by adding an equimolar amount of both theO\A = Cu and Ag) Ag20 + 2Cr(OH) 25 210 60 Ag, CrG#(aqy
and BO; (B = Al, Sc, Mn, Fe, Ga, In, and Tl), BOOH (B Al, Ag20 + MnOs 15 210 60  Ag, NMnOyyH0

. = . Ag:O+2FeOOH 15 180 60 AgFed2H, 3R)
Fe, Co, and Ni) or B(OH)(B = Al, Sc, Cr, and Rh) totaling 0.80 Q.0 + 2Co0OH >0 210 60 AQCom3R). Cals

g, with fused NaOH into a fluoro(ethylene-propylene) (FEP) Teflon  ag,0 + 2NioOH 20 210 60 AgNiQ(2H, 3R)

pouch according to Scheme dnd sealed. Irof8 cobalt® and Ag20 + Ga03 0.2 180 48 AgGa@(3R)

nickeFs oxide hydroxides and aluminuffchromium® and scan- Ag20 + Y205 25 210 60  AgO, Y(OH)

diumf” hydroxides were prepared as described in the literature 2928 i IZRg(OH); ig iég 23 ﬁg:?ré@gSRR)
sources (see Supporting Information). All metal oxide hydroxides Ag§o+ Lna22033 25 210 60 Ag(; |_E,Jl(o),_|)3

and hydroxides were dried thoroughly to ensure accurate weighing Ag,0 + EwO; 2.5 210 60  AgO, Eu(OH}

of mass amounts and to prevent prehydration of the sealed reaction Ag20 + Tl,03 25 210 60  AgTIQ(3R), TkOs Ag
mixtures. 2 As determined by PXDP As determined by UV-vis absorption.

For any individual preparation, multiple pouches were placed
each in a 125-mL PTFE Teflon-lined pressure vessel (Parr
Instruments), which was then back-filled with 50 mL of distilled

Table 3. Delafossite-Type Oxides Matched to Their Respective
JCPDS Files in the Jade Software Suite

water. The pressure vessel was then sealed and heated t€ 150 de'afos.ﬂte'type JC?PDSb space A A
followed by a controlled incremental increase 09éa to thedesired oxide card number 9rOUp a(A) ¢
reaction temperature, from 175 to 2FC depending on the gué% igiggé gg; ggg; 1‘152‘112
: : : uSC - mmc . .
delafossne_—type oxide. The maximum temperature was held constant CuSco 79-0599 Ram 3216 17089
for 60 h with subsequent cooling to room temperature aCa. _ CucrQ 74-0983 R3m 2975  17.096
After the latter step, the pouch was opened and polycrystalline CuFeQ 79-1546 P&/mmc  3.035 11.449
delafossite-type oxide products were recovered by filtration, fol- CuFeQ 39-0246 R3am 3.035  17.162
lowed by a deionized water rinse to remove any NaOH. All solids CuGaQ 41-0255 Ran 2.976  17.158
llected were then dried at 8@ for at least 12 h in a dryin AQFeQ: 250765 P&/mmc  3.039 12.395
co ying AgFeQ 75-2147 Ram 3.039  18.595
oven. AgCoQ, 25-0761 R3n 2.859  18.26
3.4. Characterization. Syntheses to prepare copper- and silver- AgNIO; 49-0666 Ram 2939 1837
based delafossite oxides;yB3+0, where B+ = Al, Sc, Ti, V, Cr, AgInO, 21-1077 Ram s.2rr 18817

Fe, Mn, Co, Ni, Ga, Y, Rh, In, La, and TI, result in single-phase or polytype, or a mixture of both. Where available, the PXD patterns
multiphase samples as determined by powder X-ray diffraction were matched to their respective JCPDS files using the Jade
(PXD). PXD data for the samples, to confirm phase formation and software suité® Table 3. Delafossite-type oxides not having a

extent of purity, were collected every 0.0t 10° < 26 < 80°on JCPDS file were matched to calculated PXD patterns generated
a Rigaku XDS 2000 diffractometer with Ni-filtered Coi¢adiation from published crystallographic data by the PowderCell software
(A = 1.5418 A). Polycrystalline samples of CuB( = Al, Sc, suite®® Table 4.

Cr, Mn, Fe, Co, Ga, and Rh) and of AgB(B = Al, Sc, Fe, Co, A significant intensity enhancement for the (0@eflections in

Ni, Ga, Rh, In, and Tl) form under hydrothermal conditions in basic the patterns suggests microstructures with a prefemexis
solutions. Tables 1 and 2 summarize which combinations of A- orientation of the grains, which is typical of the majority of the
and B-site metal oxides form a single phase according to PXD. delafossite-type oxides prepared by this method. Electron micros-
The PXD patterns of pure phase delafossite-type oxide samplescopy studies of delafossite-type oxides were carried out using an
can be indexed as either the 3RB(n) or 2H (P6/mmg delafossite Hitachi S-4500 scanning electron microscope (SEM). The SEM



Table 4. Delafossite-Type Oxides Matched to Simulated PXD the delafossite-type oxides. The acidic character of the group
Patterns in the Powdercell Software Suite 11 oxides increases as one descends the periodic table from

delafOS%itE-type space Ay e . copper to gold, and therefore the enhanced acidic character

oxide growp  ah?  c(A)T  reference of AgzO compared to G translates into a higher solubility

gggl%q Sg: 2'2388 ig-g?o 5 in bases for Ag ions compared to Cuions. Furthermore,

AgScQz RaM 32112 18538 21 unlike Cu' ions, which can disproportionate, aqueous'Ag

AgScQ Pé/mmeé 3211 12.359 21 hydroxide species (i.e., Ag(OLf) are stable at room

AGNIO, Pe/mme  2.939  12.25 72 temperature. As will be demonstrated by multiple examples

AgGad, R3m 2.9889  18.534 21 . . o

AgTIO; R3N 3568 18.818 21 and comparisons, the increased aqueous solubility of Ag

aThe lattice parameters are from the listed literature sources and !Ons compared to OI_JlonS not only plays an w_nportant _mIe
references thereiff Where only the 3R structure is reported in the literature, N reducing the maximum temperature and time required to

the unit cell parameters have been converted to the 2H form prior to form the silver delafossite-type oxide phases but also
caleulating the simulated PXD pattern. generates silver delafossite-type oxides that did not form

_ o ) ) _ ~analogous copper delafossite-type oxides with the same
images in Figure 3 illustrate that the particle sizes for delafossite- B-site cation

type oxide crystallites prepared in this study can range from 100 .
nm to a few micrometers. In addition, the presence of trace amounts Copper. In aqueous solution at room temperature and

of metallic silver detected by PXD in the silver delafossite-type @mbient pressure, Cuions disproportionate to Ct ions

oxide products is not surprising as it has been evidenced in previousand copper metdf:’” At elevated temperatures, however,
attempts at silver-based delafossite-type oxidé%:74Our prior the stability of aqueous Cuspecies increases because the

TEM studies of samples from several commercial vendors reveal decreased water dielectric constant destabilizes the more

Ag0 to be the source of the silver impurity. highly charged C#' ion, thereby reducing the driving force
_ _ _ for disproportionatior§? An important feature of the Teflon
4. Synthesis of Delafossite-Type Oxides pouch synthesis, therefore, involves the FEP Teflon pouch

As summarized by Rabenabfor decades geochemists €maining impermeable to water untit150 °C, thereby
and mineralogists have used their knowledge of the dominantPréventing the aqueous disproportionation of* Gypecies
aqueous species at a given pH, oxidation potential, and@! lower temperatures. Some quantitative experimental
temperature to interpret the solubility of reactants in elevated Information is available on GO in basic solutions at
temperature aqueous systems, and to thus provide rational&'€vated temperatures. Above 100 at alkaline pH, C4O
for mineral formation in hydrothermal environments. In dissolves to form the stable, soluble Cu(@Hgpecies®
preparative hydrothermal chemistry, therefore, it is also CY IoNS, although stable, are limited in their solubility in
beneficial to understand the solubility of each constituent &/kaline aqueous media, with an estimated maximum of
metal oxide as related to the reaction conditions. [Cu’] ~ 107* M at 200 °C.

The delafossite-type oxides, owing to the large number  Silver. In contrast to Cuions, the monovalent oxidation
of possible B-site cations, enable the study of how the state of Aq is stable in water at room temperature, and the
aqueous chemistry of individual elements influences product @mphoteric character of AQ has been demonstrat¥d®?
formation, or lack thereof, in hydrothermal syntheses. In strong bases Agions exist primarily in the form of
Essentially, we seek to exploit the speciation of metal oxides soluble Ag(OH)~ species. As the temperature increases; Eh
and their associated aqueous complexes to determine whypH diagrams also demonstrate that the region of stability
certain delafossite-type oxides form and a few others do not.for Ag(OH),™ becomes greater, so it is possible for higher
In this paper, we observe that achieving a minimum solubility concentrations of Ag(OH]) to be present at a given pH.
(~10% mol/L) for the reactant oxides at the reaction Ag" ions have a significantly higher aqueous alkaline
temperature is a necessary condition for a hydrothermal Solubility when compared to Cuions, with a maximum
reaction to occur. Furthermore, we illustrate several key concentration of [Ag] ~ 102° mol/L at 200 °C, an
factors that enhance the product mass yield of delafossite-impressive 30-fold increase. Another important change in
type oxides: (1) increasing the acidic character of the A-, the Eh—pH diagrams with an increase in temperature is that
B-site constituent metal oxide or both; (2) elevating the the evolution of oxygen from A@ to form silver metal
NaOH mineralizer concentration in syntheses that involve becomes more favorable. Although closed system syntheses
B-site constituent metal oxides with more basic character; reduce the likelihood of spontaneous&gdecomposition,
and (3) Choosing the most soluble B-site metal oxide Weé notice in combination with particular B-site Cations,
precursor (i.e., metal oxide, oxide hydroxide, or trihydroxide). Which can undergo oxidation, that a redox reaction occurs
Our observations and results follow and build on those (see section on transition metals).
previously established by Shannon, Rogers, and Préwitt.  4.2. B-Site Cations.With regard to the delafossite-type
In the following sections we review solubility data for each oxides, Shannon, Rogers, and Prewitt proposed that the
A-site and B-site constituent oxide involved in our syntheses oxidized state of the noble A-site metal, particularly pal-
and discuss how they relate to the formation, or equally ladium, platinum, and silver, is “apparently” stabilized by
important the lack thereof, of each (see Tables 1 and 2)the basicity of the companion B-site cation metal oxitle.
delafossite-type oxide. As alluded to previously and summarized below for each

4.1. A-Site Cations.The solubility of monovalent copper individual metal cation, we demonstrate that the acidity of
and silver oxides plays an essential role in formation of all the B-site metal oxide, oxide hydroxides, and hydroxides



allows them to dissolve in the form of metal hydroxospecies,
[B(OH)y]® Yaq) at elevated temperature and alkaline, aqueous
conditions and therefore to undergo reaction. Although the
basic character of the majority of the B-site metal oxides is
well-known, the acidic character of the B-site metal oxides,
which is only revealed in strongly alkaline solutions (>1
M), is important to the formation of delafossite-type oxides.
Copper and silver delafossite-type oxide products, therefore,
result from a reaction between the soluble A-site and B-site
cation metal oxide/hydroxide species. In contrast, the most
basic B-site cation metal oxides form the insoluble and
unreactive trinydroxides, and no delafossite-type oxide
product results. In general, the B-site metal oxides can exist
as either oxides (B3), oxide hydroxides, (BOOH) or
trihydroxides (B(OH)). In this paper, when not referring to

a specific form of the metal oxide, for the sake of simplicity,
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Figure 4. The PXD pattern of the AgScproduct consists of a mixture

of both the OGordered (*) 2H- and 3R-polytypes. Calculated positions,

both indexed and indicating relative intensities, are shown for 2H-AgScO

the general term metal oxides is used (e.g., gallium oxidesand 3R-AgSc@?

refer to all forms of GgO;, GaOOH, and Ga(OH).

4.2.1. Group 3 Metal Oxides.All the group 3 copper
delafossite-type oxides (CuSg@uYQ,, and CuLa®) were

and CuSc@ respectively, where at room temperature

scandium has a reported solubility of fSg~ 10~* mol/

L.87 Both the CuSc@and AgScQ product contain a mixture

synthesized previously by high temperature reactions betweerbf the 2H- and 3R-polytypes. While phase-pure AgscO

Cuw,0 and the corresponding sesquiox#@€s Prior to our
synthesis of both CuScCand AgSc@, only AgScQ had
been hydrothermally synthesized by Shannon, Rogers, an
Prewitt?! The reaction of only scandium oxides among the
group 3 metal oxides is not surprising as the group 3 oxides

results (Figure 4) unreacted ScOOH remains in the CyScO
roduct. This result can be attributed to the greater solubility
f Ag™" ions than Cti ions. At lower hydroxide concentra-

tions (<2.0 M) no CuSc@forms and the AgScEreaction

also contains unreacted ScOOH. At greater hydroxide

have considerable basic character with the basicity increasmgconcentrations%2 5 M), there is an increase in the dissolu-

for the heavier elements. Yttrium and lanthanum oxides,
therefore, are too basic to be significantly soluble in alkaline
solutions and form insoluble hydroxides.

ScandiumSimilar to the other group 3 metals yttrium and
lanthanum, scandium only exists in the trivalent state in
solution and its oxides exhibit strongly basic character;
however, unlike the heavier group 3 metals, scandium oxides
also exhibit amphoteric charact&rThis is because $0s,
ScOOH, and Sc(OH)possess acidic character, although

tion of the ScOOH reactant; however, the Cugygi@ld does
not appreciably increase. Instead, the water in the FEP Teflon
pouch turns blue, consistent with the enhanced hydroxide
concentration, allowing oxygen inside the pouch to oxidize
some fraction of the Cuto C#™. A 1.0 h soak in 0.5 M
HNO; at ambient temperature removes any ScOOH from
the product while avoiding significant dissolution of the
CuScQ.

Yttrium and LanthanumYttrium and lanthanum oxides

weak, that when combined with their dominant basic are characterized by predominantly ionic bonding because
character they can be classified as “weakly amphoteric”. The of the greater differences in electronegativity between the
solubility of Sc(OH} scales with base concentration and rare-earth cation and oxide anion, resulting in strongly basic
therefore requires considerable aqueous concentrations Otharacter. Consequently, the solubility of yttrium and lan-
hydroxide 10 M) to be appreciably soluble at ambient thanum oxide in aqueous alkaline solutions is negligible, even
temperature, with a maximum of [S§ = 5 x 1072 mol/L at elevated temperatures, and both yttrium and lanthanum
in 11 M sodium hydroxide solutiofl. Above the hydroxide  oxide readily hydrolyze to generate the stable, insoluble
concentration at which 8¢ ions are at their maximum trihydroxide in wate8€° It was not surprising, therefore,
solubility, the formation in strong bases of crystalline alkali that over the range of temperatures (3210 °C) and
metal hydroxoscandates, H&c(OH)]-2H.O and K[Sc- hydroxide concentrations (0:2.5 M) employed in this study
(OH)s(H20)]-3H.0, are further indication that soluble hy-  neither CuO nor Ag:O undergo reaction with X0; or La,Os
droxoscandate species, [Sc(QH)"aq, predominate in very g yield delafossite-type oxides.

basic solutions. 4.2.2. Group 13 Metal OxidesWhile copper delafossite-

In the current study, Sc(Okljvas reacted with GO and type oxides containing the lighter group 13 elements, CuBO
Ag.0 to generate the analogous delafossite-type oxides. 1t(B = Al and Ga), have been synthesized by high temperature
is not known if the Sc(OH)transforms into SCOOH before  solid-state reaction¥, Shannon, Rogers, and Prewitt were
it undergoes reaction sinaeSCOOH is the stable form of  the first to synthesize the silver delafossite-type oxides with
solid scandium oxide in hydrothermal systems abexi&0 group 13 B-site cations, AgBQB = Ga, In, and TI¥! In
°C57 Regardless, we chose Sc(QH} the reactant because the present study, at low temperatures both copper, GuBO
Sc0; does not react with GO and is slow to undergo (B = Al and Ga), and silver, AgB®(B = Al, Ga, In, and
transition via hydration, to the more reactive hydrated phases,Tl), delafossite-type oxides were generated, as expected. As
ScOOH and/or Sc(OH) The optimized sodium hydroxide  will be discussed later, these results are consistent with the
concentration is 2.0 and 2.5 M for the synthesis of AgScO general trend of progressively decreasing acidic character



amphoteric character. Lewis and Anthdéhyreported a
significant optical absorption for Ga(OH)Xissolved in
agueous, basic media, and various metal hydroxogallates,
such as NaGa(OH) have been isolated under similar
conditions? Both of these observations are consistent with
the formation of an aqueous soluble gallate ion, Ga(OH)

In fact, gallium oxides are not ideal ampholytes since
solubility data collected at both ambient and elevated
temperatures demonstrate that their acidic properties are more
marked than the basic propertfsThis agrees well with
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j Ga(OH)~ having a solubility on the order of [Gf ~ 1

SR-ABAIC, g 1 L mol/L at 200°C in 0.5 M hydroxide solution, a magnitude

10 20 30 40 50 60 70 greater than aluminum under similar conditiéhAs a result
2-Theta (°) of the high solubility of gallate ion, in the present study both

Figure 5. The PXD pattern of the 3R-AgAlPproduct has enhanced 00 _ _
ordered reflections consistent with preferred crystalline orientations along 03R CuGaQ and 3R-AgGa@ bo_th form phase pure at 189
the c-axis. Calculated positions, both indexed and indicating relative °C, the lowest temperature with respect to all delafossite-

intensities, are shown for 3R-AgAIG! type oxides synthesized, and at very low hydroxide concen-

and decreasing solubilities of the group 13 oxides in the seriestrf.itlons (0.2 M) by reaction of GO or Ag:0, respectively,
) . with Gg0s.
aluminum to thallium. ) , :
Aluminum.Aluminous phases (e.g., s, AIOOH, and Indium. In contrast to the lighter group 13 metal oxides
Al(OH)s3) are often cited as the classic examples of oxides Al20s and GaOs, In;0; does not dissolve readily in alkaline
exhibiting amphoteric character. Solubility data across a Media at elevated temperatures. While extensively studied,
broad range of pH and temperatures confirm that aluminousthere exists a general disagreement on the exact solubility

minerals indeed possess amphoteric chardttét. The of indium oxides in basic medfd.A general consensus can
solubility of alumina increases with an increase in temper- P€ reached, however, that defines'lions as more soluble
ature and pH, and under alkaline conditions (pHp), the i acid than in base. Lewis and Anthony support this
aqueous aluminum species Al(QH)predominates, achiev-  Consensus by defining In(OFs “very slightly amphoteric”,
ing a measured solubility of [&t] ~ 10~ mol/L at 200°C owing to the minimal optical absorption of the aqueous
in 0.5 M hydroxide concentratiof. species generated from the dissolution of In(@k)3 M

In the present study, phase-pure 3R-AgAlorms in a K.OH.47 Polarographic method8,and crystalline hydrox-
direct reaction between A@ and AIOOH at a moderate ~ Oindates NgIn(OH)e]-2H20, Ks[In(OH)e]-2H0, and Rb-
hydroxide concentration (~1 M) (Figure 5), yet the highest [IN(OH)s(H20)]** isolated from solutions of In(OH)in
mass yield for a reaction between Luand AIOOH is concentrated alkali, provide evidence for the presence of
~60% 3R-CUAIQ. In the synthesis of CUAIQ the alumi-  indate ions, [IN(OHJ*"aq) Ivanov-Emin et al. report In-
nous mineral source, corundum (c2@8%) vs boehmite (y- (OH)3_ _having a maximum ambient temp_erature alk_aline
AIOOH), vs gibbsite (y-Al(OH)), affects the product mass ~ Solubility of [In*"] ~ 6 x 1072 mol/L at a sodium hydroxide
yield; both boehmite and gibbsite afford an increased product concentration of 11.0 M, a result similar to that of weakly
yield compared to corundum. This is clearly a kinetic effect @mphoteric scandiur?? Although both S&" and IP* ions
since gibbsite is not stable in aqueous solution abovego  have similar maximum concentrations at very high sodium
nor is corundum below~380 °C; therefore, they both are hydroxide concentrations~(L0 M), at hydroxide concentra-
transformed to boehmite at the reaction temperature of 210tions attainable in the Teflon pouch techniquel(M) In**
°C. The different aluminous sources react at a different rate, SClubility at room temperature .[WT] ~ 107° mol/L is a
however, because the reaction occurs over a finite time period™agnitude lower than that of Scions®” As a result, while
(60 h), and the phase transformation to boehmite is not in the present study phase-pure 3R-Agimeadily forms in
spontaneous. Indeed, in the straightforward stoichiometric the reaction of AgO with In,Oz at 180°C, CuInG does not
reaction of CyO with aluminous minerals this was evidenced form. Instead, the reaction between,Owand In0O; at 210
by the presence of boehmite in the 3R-CuAl@roduct, °C results ip the conversion of all thexDs into IN(OH)s. A
regardless of the starting material, except in the case ofdirect reaction between @0 and In(OHj also does not yield
corundum where a mixture of boehmite and corundum is CUING:. The presence of In(Okn the product, 1™ ion
detected. Longer reaction times result in complete dissolutionSolubility data, and the lack of CulnCproduct, even at
of all alumina reactants, as determined by inductively coupled Substantial sodium hydroxide concentrations2(5 M),
plasma atomic emission spectroscopy (ICP-AES) of the waterWould suggest that In(OH)is too basic in character to
inside the pouch. However, a portion of the ,Oureactant dissolve at the minimum level required for a hydrothermal
still remains in the 3R-CUAI@ product. Our previously reaction with the slightly soluble Cuons. In contrast, more
reported syntheses of phase-pure 3R-CuAil@orporated amphoteric AgO, which has a greater solubility, overcomes
a redox reaction between a mixture of OUCUO and Al/  this constraint and forms 3R-AgInO
Al,O5 at 210°C % Thallium. Following the group trend, ZD; and TI(OH})

Gallium. Below aluminum in the periodic table, gallium exhibit the most basic character of all the group 13 elements.
oxides exhibit many similar chemical properties, including Their solubility also remains the least studied of the group



13 metal oxides because of their limited use and high toxicity.
Ivanov-Emin et al. demonstrated that TI(QHjs the lowest
maximum ambient temperature solubility in strong bases
(~12 M) when compared to aluminum, gallium, and indium
hydroxidest®® At hydroxide concentrations more representa-
tive of the present experimental conditions2(5 M), the
room temperature solubility of 1 species is slightly lower
than that of 18" ions, but still around [F] ~ 1075 mol/L.

In the current study, the reaction betweegOgland AgO
at 210°C and high hydroxide concentration (2.5 M) results
in a ~50% mass yield of 3R-AgTI®with TI,O3 and silver AR-CUCHO U{ } l ]

g . 2
metal, from the decomposition of unreacted,@gcompris- . —— |1
ing the rest of the product. As expected, CuTlides not
result in a reaction between @ and ThO5; under similar _ _
ditions. As before, the formation of AgTiObut not F|gure_6. I_DXD pattern of_the small crystallite 3R-CuGr@roduct. S_cherre_r
condai : ’ - ) g ™~ analysis yields a crystallite size 6f150 nm, although the SEM image in
CuTIO,, correlates well with the higher solubility of Ag Figure 2d suggests a crystallite size ranging between 100 and 500 nm.
versus Ct ions. Owing to the low solubility of BD; Calculated positions, both indexed and indicating relative intensities, are
. shown for 3R-CuCr@(JCPDS #74-0983).

compared to the other group 13 metal oxides and therefore
the longer reaction time required to obtain a significant mass
yield of AgTIO,, we could not generate phase-pure AgZ10
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perature solubility of Cr(OH)is unknown, the predominance
, s region for Cr(OH)~ in the elevated temperature Pourbaix
because a fr.ac“f’f‘ of the AQ decomposed to silver metal diagram for chromium—water increases with temperature,
before reacting with poorly soluble 0. indicating that the concentration increa$®sn contrast, the

It should be noted that 705 is toxic and should be handled reported solubility for GiOs in alkaline media at 200C is
with care. Owing to the toxicity of H0; and the porosity  pegiigible (nanomolard® Thus, in the present study we find
of PTFE Teflon liners at elevated temperatures, the reactionsiat while both Cr(OH) and CrOOH react with GO to
between CpO or AgO and ThOs at various hydroxide  form phase-pure 3R-CuCpQ(Figure 6) at 210°C at a
concentrations (0:52.5 M) was limited to one set of  moderate hydroxide concentration1.0 M), CrOs did not
reactions, and the Teflon liner was subsequently disposedreact under similar experimental conditions to form CugcrO
of, to avoid the hazard of permanent contamination of the Based on these observations, the chromium oxide system is
reactor. Based on our observations with other sesquioxidesfond to behave similarly to the aluminous phase series,
the product yield of AgTIQ may be improved by utilizing  gemonstrating that although in general the various hydrated
a TI(OH); reagent instead of s in the reaction with AgO. metal oxides are amphoteric, a slow transition to the more
These experiments would discern whether the mass yield ofgg|yplereactant phase limits the formation of the delafossite-
AgTIO; is limited by the transition between ;03 and TI- type oxide product.
(OH); and/or TIOOH, which was not observed, or by the  * crOOH or Cr(OH), unlike other amphoteric transition
basic character of thallium oxide. metal oxide hydroxides and hydroxides, does not react with

4.2.3. Transition Metals Oxides.The original hydrother- Ag,0 to form AgCrQ, but rather these reactions generate a
mal syntheses of delafossite-type oxides involved the pro- Jarge amount of silver metal. It has been proposed that, in
duction of the mineral delafossite (CuFg®y Emon&°and air at elevated temperatures (but below the decomposition
its silver analogue (AgFef by Krause?? Subsequently,  temperature of 300C), Ag:O undergoes slow dissociative
Shannon, Rogers, and Prewitt generated both GUBG= evaporation to molecular oxygen and free silver atoms, which
Cr, Co, and Rh) and AgBO(B = Cr, Co, and Rh)  immediately condense as metallic silV&While Ag(OH),~
delafossite-type oxides at higher temperatures and prestemains stable in solution to react and yield silver delafossite-
sures? In this study, all the aforementioned delafossite-type type oxides with other trivalent transition metals (e.g., iron),
oxides were generated in addition to CugrOuMnQ;, and  in the presence of €t ions, which can undergo oxidation
AgNiO.. to Cr®*, a redox reaction occurs that accelerates the decom-

Chromium.Independent of the trivalent chromium oxide position of AgO to metallic silver and limits the formation
source, at room temperature 3Crhydroxo complexes, of AgCrO.. The yellow color of the FEP pouch water,
[Cr(OH) 3", are the dominant aqueous speéfeshe indicative of the formation of highly soluble Cis® in
solubility of Cr(OH) increases with both proton and to a alkaline solutions, lends further support to the hypothesis
lesser degree hydroxide concentrattéhand CE* ions in that a redox reaction occurred. Similarly,®s, Mn,O3, and
alkaline conditions are stabilized by the formation of the V.03, other trivalent transition metal oxides, which also
aqueous soluble Cr(OHt) species. Therefore, while the basic readily undergo oxidation, also reduce the,8gto silver
character of Cr(OH)is slightly more pronounced than its metal. Thus, a B-site cation may exhibit amphoteric char-
acidic character, it behaves as a “weakly amphoteric” acter, but silver delafossite-type oxide cannot be formed if
hydroxide. At ambient temperatures and a 2.5 M NaOH the soluble trivalent species can easily oxidize.
concentration used in the present syntheses, Ci{Okfs Manganeseln comparison to chromium and iron, few
an aqueous solubility of [Gf] ~ 10~ mol/L.2%2 Although solubility studies of manganese oxides at elevated temper-
to our knowledge the quantitative alkaline, elevated tem- ature have been reported, presumably due to the many
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Figure 7. The PXD pattern of the CuMnQproduct has enhanced 100 Figure 8. The PXD_ pattern of the AgFegprodgct consists primarily of

ordered reflections consistent with preferred crystallite orientations along the 3R-polytype, with a small amount of admixed 2H-Agkq@lytype,

the c-axis. Calculated positions, both indexed and indicating relative With the inset showing the region from 34.8 26 < 36.0°where the most

intensities, are shown for monoclinic CUMpQICPDS #50-0860). intense peak of 2H-AgFeJJCPDS #25-0765) appears, indexed as (101);
other observable 2H-AgFeQeflections are indexed as well. Calculated
positions, both indexed and indicating relative intensities, are shown for

accessible oxidation states{IVIl) and solid oxides preva- 3R-AgFeQ (JCPDS #75-2147).

lent in this system. Divalent manganese hydroxide was
classified as “very slightly amphoteric” by Lewis and MnO.yH,O) identified by PXD. Indeed, it was reported
Anthony; however, no data were collected for trivalent previously that mixed valent sodium manganates {Mn
manganese hydroxidé.The discrete cluster model, which  Mn*") are formed when Mn@s subjected to a hydrothermal
is treated explicitly with density functional theory on the reaction in the presence of a NaOH mineraliér.
absolute pK of manganese cations in solution surrounded  Iron. Owing to its ubiquitous environmental and industrial
by two hydration shells of water, predicts that waters chemistry, the aqueous corrosion and speciation chemistry
coordinated to aqueous Mhmore readily undergo depro- of iron has been investigated at both ambient and elevated
tonation to form hydroxo complexes than®Fepecies and  temperatures. Although ferric oxides do not readily dissolve
therefore are ranked more acidf€. Consistent with the in basic solutions as do aluminum and gallium oxides, the
expected increase in acidity for an increase in cation existence of Fe(OH) species in basic solutions is reported
oxidation state, the discrete cluster model also predicts thatin various elevated temperature solubility studies of ferric
the species containing trivalent ions of iron and manganeseminerals such as Fe(Og):*11FeO0H2 and Fg0s.113:114
are far more acidic than the species incorporating divalent Goethite (a-FeOOH), the most soluble ferric mineral at 20
ions. Experimental measurements also support this model°C, has a solubility in alkaline solutions<@.5 M) on the
since the measured concentration of Wions at ambient  order of [Fé'] ~ 10°® mol/L.**? While the solubility of
temperature in 3 M NaOH solutions, the lowest hydroxide Fe(OH),” is markedly less than that of other trivalent metal
concentration reported, is [Mh] ~ 102 mol/L, 3 magni- species at room temperature, the solubility of the Fe(OH)
tudes larger than the solubility of Fein a similar environ- increases at a greater rate with increasing temperature over
menti®” An increase in the solubility of Mi ions with other trivalent metal species (e.g., Al(QHand Ga(OH)").
increasing hydroxide concentration correlates with the for- The enhanced dissolution rate for ferric oxides with increas-
mation of soluble [Mn(OH)3~" species. ing temperature is attributed to their greater heat capacity,
Consistent with the appreciable amphoteric character of which enhances their entropy and free energy with temper-
Mn;0s, in the present study, phase-pure CuMn®sults ature and therefore their solubility. While the exact value
from a straightforward reaction between Quand MnO3 varies slightly between literature sources, the average
at 210°C at a moderate hydroxide concentration (1.5 M). reported solubility of Fe(OH) at hydroxide concentrations
CuMnG; (also known as the mineral crednerite) does not comparable to these of the present syntheségs5 M) at
crystallize in either the 2H- or 3R-delafossite space gfdtip. 200°C is [FE'] ~ 1074-10"5 mol/L.1*3
All peak positions correspond to reflections of the monoclinic  In the current study, FeOOH reacts with Quor AgO
phaseC2/m(No. 12), with cell constants that match those at 210°C and moderate hydroxide concentrations (1.5 M)
of JCPDS file #50-0860 (&= 5.596 A,b = 2.880 A,c = to form CuFeQ and AgFeQ, respectively; both products
5.899 A,3 = 104.02°; Figure 7). The monoclinic structure consist of a mixture of 2H- and 3R-polytypes (Figure 8).
of CuMnQ; is closely related to that of delafossite, but the Lower hydroxide concentrations (<1.5 M) diminish the
expected Jahn—Teller distortion of Mnbreaks the 3-fold purity of the CuFe@ but not of the AgFe@ product. In
symmetry along the hexagonedaxis. CuMnQ, therefore, addition, employing hematite (a-F@;) as the iron oxide
possesses the same stacking ef@it—0O dumbbells and  reagent also results in AgFe@t moderate NaOH concentra-
slightly distorted edge-shared Mg octahedra. AgMn© tions (>1.0 M); however, unreacted v and FegOs;
does not form in the reaction of A@ with Mn,Os, but rather reactants are present in the 3R- and 2H-CuFe@ducts,
Ag,0 is reduced to silver metal and Mhis oxidized to regardless of the hydroxide concentration (€255 M).
form a mixed valent (Mfi"/Mn**) sodium manganate (Na Based on these observations, FeOOH proved to be a more



reactive iron oxide source in basic solution thae,0s. ®
Our observations on the synthesis of iron delafossites are
consistent with previous observations by Feitknecht et al. in
the synthesis of AgFedrom Ag,O and FeOOH in boiling
NaOH solutiont’® they reported that the reaction rate
increases with hydroxide concentration, as does the solubility
of the various iron reagentsy( 5, y, versuso-FeOOH). *
Furthermore, in addition to planned synthe¥abe mineral
delafossite (CuFef) previously has been evidenced and LJ
reported as an unintentional precipitate in boiling water ‘

reactors containing both copper oxides and iron oxides at JRANO, | | ! TR
temperatures reaching 29C 116 Although the delafossite AR, | |, - .
product itself was not studied extensively, thermodynamic ' 20 30 40 50 6 70 &
data collected by the authors argue that under the experi- 2-Theta () _ _
mental conditions, where the aqueous stability regions 6f Cu E}g&fhgt'hJ%%Eézrggn(f)mﬂ_tgﬁ f%’;'gﬁg’g‘;‘e’gc‘g‘;"fﬁa‘t’é 3 F;'(‘)';‘Itt‘l‘(;ﬁ .
and Fé&" species overlap, CuFe@ more stable than the  poth indexed and indicating relative intensities, are shown for 2H-AgNiO
constituent oxides, GO and FeOs. and 3R-AgNiQ (JCPDS #49-0666).

i 2
Cobalt. Compared with more common aqueous®Co o5 teq reaction between silver metal and CoOOH at 330

species, little is known about aqueous®Cspecies in the °C and at 300 atm in 0.5 M NaOH for 4&2 h generated
cobalt-water system because, in acidic and neutral aqueous

X iy a AgCoQ product crystalline enough to be indexed by high-
solutions, C&" ions are unstable and decompose at room resolution PXD!?? In the latter reaction, a mixture of both
temperature with the evolution of oxygen and formation of o 514 ang 3R-AgCo@phases was observed.

Co*.% Furthermore, most elevated temperature studies of  \jickel. Owing to the use of nickel alloys in the high
cobalt oxides solubilities do not consider pure’Cepecies o nerature portions of nuclear power plants, the solubility
since the required experimental data are not avaifdble.

. data for NiO and its corrosion products are extensive.
However, when using Co(Oland COOOH sources under 4 vever, trivalent nickel oxides were not considered in these
alkaline conditions, CU is stable and their solubility

) I . : ; . studies because Niis unstable at ambient temperature, in
increases with increasing hydrOX|_de concentration. Specifi- acidic and neutral aqueous solutions with respect to the
cally, at a hydroxide concentration of 3.0 M, the r00m i aient cation. In elevated temperature-BiH diagrams

ility i ~ 6 118,119 . -
temperature solubility IS [CE] ~ 10 _moI/L o a for the water—nickel system, however, the stability area of
relatively low concentration that is consistent with cobalt “beta-phase nickel oxide” (trivalent nickel oxides) in alkaline

OXIde.S. exhibiting Wgak amphoteric gharacter. As with other ¢ tions was reported to increase with temperaftiBased
transition metal cations, however, in elevated temperature .\ this report, the concentration of soluble*Nispecies

Eh—pH diagrams, the concentration of Cospecies is  gpoid increase with increasing temperature, although the
predicted to increase with temperatdfe. authors comment that the calculated temperature dependence
CoOOH was used as the source of’Cin the present  of the stability areas of the “higher oxides of nickel” should
study since we observed neitherOg nor CaO, undergo  pe viewed with a certain degree of caution until further
reaction with the A-cation oxides to form the desired product. experimenta| evidence is available. Prior to the present
Both 3R-CuCoQ@and 3R-AgCoQ form through a reaction  synthesis, however, the synthesis of AghiBad been
between CoOOH and GO or AgO, respectively, at 210  reported via an aqueous reaction between NiOOH anAg
°C in strong hydroxide solutions (2.5 M). Both the CuGoO jn a strong KOH solution at room temperatdfélhe PXD
and AgCoQ products are not phase-pure, however, as they for this room temperature AgNiQvas characterized by very
contain significant quantities of @0, at all hydroxide  proad diffraction peaks, which were indexed by the author
concentrations (0.2—-2.5 M). As expected, the Cug€oO tg the known 3R-delafossite AgCe@®hase, invoking the
product contains more @0, than does the AgCofproduct,  similar sizes of the C and NF* ions. At 210°C, the
consistent with the decreased solubility of'Gapecies versus  reaction between NiOOH and A@ at a NaOH concentration
Ag" species. The presence of £ in the product is not  of 2.0 M in the present study yields phase-pure 2H- and 3R-
surprising since, at elevated temperatures, the Eh—pHAgNIiO,, as determined by PXD. Indeed, by increasing the
diagrams for the cobattwater system also predict that reaction temperature over the previous synthesis the crystal-
although Cé" species exist in solution they are metastable |inity of the 3R-AgNiO; product was significantly increased
and will eventually transform to the mixed valent spinel.  (Figure 9). Under similar conditions, as expected, no CuNiO
Similar to the original reported syntheses of Aghdy was observed since a redox reaction occurred betwegh Cu
Krause?? polycrystalline CuCo@and AgCoQ have been and NiOOH to form the divalent oxides, CuO and NiO.
reported for a reaction between the monovalent oxide and RhodiumLittle has been reported on the aqueous solubility
CoOOH in boiling NaOH solutio#?* The CuCoQ and of Rhb,Os; and Rh(OH) because of the rarity and high cost
AgCoGQ; generated from these reactions were not sufficiently of the metal. Using both titrations and colorimetry measure-
crystalline enough to be indexed by PXD and also contained ments, lvanov-Emin et al. investigated the solubility of
Co;04. However, the authors did report that the pattern was hydrated RbO; at room temperature and reported a maxi-
similar to the known pattern for CuFgOLater, another =~ mum solubility of [RF*] ~ 0.01 mol/L at a hydroxide

Intensity (a.u.)




concentration of 11 M?* At sodium hydroxide concentra-
tions similar to the present experimental condition® (6

M), the solubility of RE" is [Rh®*] ~ 10~* mol/L, a value
comparable to that of St and consistent with rhodium
oxides being classified as weakly amphoteric. The solubility
of Rh(OH) results in the formation of both 3R-CuRh@nd
3R-AgRhQ at 210°C and a hydroxide concentration of 2.5
M via reaction of CyO or AgO, respectively, with Rh(OH)

5. Conclusions

The formation of delafossite-type oxides accessed by a
single step, low temperature<10 °C) and low pressure
(<20 atm) hydrothermal synthetic route has been examined.
Solubility data and EkpH diagrams for each metal oxide
afford phase-pure products and insight into why certain
delafossite-type oxides form and why a few others do not.

We observe that for a successful delafossite synthesis a

necessary condition is that both the component A-site and
B-site metal oxides reach a minimum solubility. Primarily,
this can be estimated from the aeidase character of the
metal oxide. Only metal oxides with some acidic character
dissolve and therefore form delafossite-type oxides; basic
metal oxides remained as insoluble trihydroxides. For metals
with weak acidic character, the mass yield of the delafossite-
type oxide product is increased with greater hydroxide
mineralizer concentration. With respect to reactant selection,
it is also important to avoid metal oxides that form a
passivating layer, which slows and/or prevents dissolution
of the reactant and therefore limits product formation. Indeed,
with each of these factors, the geochemical, environmental,
and corrosion science literature on aqueous metal oxide
chemistry are an invaluable resource to improve the under-
standing and synthetic utility of hydrothermal reactions and
to move away from empiricism.
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