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Indium oxide (InOs3), which is an n-type semiconductor, is of ~ Table 1. Structural Parameters for Known In—O Phases (adapted
interest for many device applications and fundamental research, oM refs 2-5)

especially due to its high electrical conductivity and high transpar- space cell parameters, D (In-0), d,
ency to lightt One of the most important and rapidly growing topics ~_ Phase  group  Z A A glem®
currently applied to 1503 is the search for new synthetic strategies C-In,0; 1a3 16 a=10.12 213,219, 7.1
to achieve metastable J@; structures, such as nanofibers and _ 2.23,2.18
nanowires® ' aggregates of nano-®;9" and high-pressure :'r']'('(’;ao)a IRn3]§ g gf 573-33;0= 14.52 gf; 2.07 47,33
modification of InO; (corundum-type or hexagonal @)1 |nOOH3 Phnm 2 a=516b=456.c=3.87 215 220 625

Under normal conditions b®; crystallizes in cubic bixbyite-type
structure (cubic-1g03, space groupa3, the cell contains 16 units,
denoted as C-h®; hereafter) (Table 1). Corundum-type indium
(1) oxide (hexagonal-1g0;, space groupR3c, the cell contains
six formula units, denoted as H-@; hereafter) is known to be
the high-pressure modification of J@s.

The novelty of the present study is related to the new synthetic
strategy to obtain pure metastable H®g by a simple sotgel

precipitation method under ambient pressure as well as to the k i . -
general understanding of phase transitions iOin was collected by centrifugation (4500 rpm for 10 min), then dried

C-In,O5 can be described as an oxygen-deficient fluorite structure &t 80°C for 40 h. The product was ground and heated at various
with twice the unit-cell edge of the corresponding fluorite cell and {€MPeratures in an electrically heated furnace (Thermolyfi€/5
with one-quarter of the anions missing in an ordered way. Thie In ~ Min; heating time 1 h). After the heat treatment, the oven was cooled
ions in C-InO; are of two types. Instead of eight neighbors at the &t @ rate of 250C/h. _
vertexes of a cube, two are missing. For one-quarter of the M atoms | "€ Samples in the acetylacetone/methanol-based route (this route
these two are at the ends of a body-diagonai{4 and for the was originally conceived for overcoming the uniformity problem
remaining ones, at the ends of a face-diagonah,(H). Both in the deposition of thin films encountered when using the sol
coordination groups may be described as distorted octahedra.CPtained from peptizationprecipitation, ref 8) were prepared by
Cations of H-InO; are in a rather regular octahedron. In H@g dissolvirg 1 g of In(NOz)3 x SH,O in 10 mL of methanol. Then
the Irf* ions are distributed in an ordered fashion over two-thirds acétylacetone (Acros Organics, ACS reagent) was added to get an
of the octahedral sites within a framework of hexagonally close- @cacH/In molar ratio of 3; 30 min after the addition of acetylacetone
packed G- ions. The indium-oxygen distances are nearly identical & concentrated (30 wt % in water) ammonia solution was added to
in the two structures. The densities are similar, and the difference 96t @ NH/In molar ratio of 20' The resulting sol was dried in a
is supposed to result from better packing of the anion layers in the fotary evaporator (Behi) at 70°C and reduced pressure (50 mbar)
H-In,0; modification. In both the C-IsOs and H-InOs structures until a powder was obtained. The powder was heated at about 200

the indium-cations are six-coordinated, and the oxygen-anions are’C Until the indium acetylacetonato complex contained in the
four-coordinated. product decomposed; the charred residuals were then heated at

The cubic to hexagonal phase transition under ambient conditions different temperatures in a tubular oven in oxygen flow (30 mL/
is supposed to be favored when a foreign atom M with a smaller min) (Linn High Therm, heating conditions as above for the other

ionic radius than that of indium is inserted into the cubic indium Samples). The complex decomposition is strongly exothermic and
oxide network. This transition was observed in $H@0; oxide$ should be carried out under a hood with proper shielding.
formed by wet chemical route (coprecipitation,-sgel technique, The as-obtained and calcinated powders were characterized by
hydrothermal treatment) and in@s-Fe;0; coprecipitated! X-ray diffraction (XRD, Philips 1880 diffractometer, Cu oK
In this communication, we describe the ambient-pressure syn- radlatlc_m) and by scanning electron microscopy (SEM, Zeiss DSM
thesis of corundum-type indium oxide by a modified nonalkoxide 962 microscope). o
sol-gel method which allows obtaining pure undoped ko The Using methanol or kD as the solvent does not result in different
resulting powders as well as films are expected to have potential Pases in the starting product; in both cases the phase of the product
in solar energy conversions, catalysis, and gas seh8ofs. dried at 80°C is the indium hydroxide. The stabilization with
For comparison, three séries of sz;lmples which differ in the acetylacetone resultsin a peculiar phase, which remains unidentified

solvent (water or methanol) and additive (with or without acetyl- (it may consist of polynuclear species resulting from partial
hydrolysis and condensation of hydroxo-acetylacetonato In

acetone) have been synthesized. All the precipitations were carried
out at room temperature and under ambient pressure.

The samples in the methanol-based and in the water-based routes
were prepared by dissohgnl g ofIn(NOs3); x 5H,0 in 10 mL of
methanol (Aldrich, ACS reagent) or deionized water, respectively
and then adding a concentrated (30 wt % in water) ammonia
solution to get a NHIn molar ratio of 8. The white precipitate
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A R g g e -inom, f (with Sn, Fe) InO; structures prepared either by sglel method
o §Rw £ 8 28 “. o IO, or coprecipitation. Both of these methods involve most obviously
S| = Sl 500°C| | the formation of H-1rO; via the phase transformation of In(OH)

r Y '

(either pure or doped). Therefore, the structure of the initial
precipitate, which includes either metal cations (for examplé!,Sn
r = 83 pm in octahedral coordination; ¥er = 92 pm in octahedral

e %o [* 1s0C S i . i T
. 0 80°C coordination and high spin configuration, cited from ref 9) smaller
80 50 40 30 20 10 than If* (r = 94 pm in octahedral coordination) or anions or
26 (degrees)

_ ) organic molecules (for example, NQ r = 165 pm) larger than
Figure 1. (A) X-ray powder diffraction pattern recorded from the powders 02~ (r = 124 pm in tetrahedral coordination), plays the crucial
prepoared in the methanol—ba_sed route. For the_ powders calcined -at 250 role in the formation of H-IgOs. As shown in ref 10, both
500°C, all the peaks can be indexed to H@3 with corundum structure ) — A

(JCPDS 22-336). (B) SEM of the powder prepared in the methanol-based Structures-In(OH); (collapsed perovskite structuf@,'TIs*' Iny(OH)s,

route after calcination at 50TC.
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Figure 2. Results of the thermal analysis of the powders prepared in the

space groupim3) and H-InOs (collapsed perovskite structure
ABX 3, space groujR3c)—are topologically related to the perovskite
structure and can be easily transformed into one another. This
transformation involves most obviously a change in unit-cell shape
and some anion shifts. The small cations as well as large anions
favor the transformation of indium hydroxide into H,Os.

In summary, we have demonstrated the large-scale synthesis of

the metastable indium oxide with corundum structure under ambient
pressure.
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Symbols (circles, cubes, and triangles) denote the phase composition
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complexes, see Supporting Information). The powder prepared in Pattern recorded from the powders prepared in acetylacetone/methanol-

the methanol-based route becomes byafter calcination at 250
°C (Figure 1A), while that prepared in water-based route becomes

based route; SEM image of the powder prepared in acetylacetone
methanol-based route (PDF). This material is available free of charge

C-In,Os. The powder prepared in the acetylacetone/methanol-basedi the Intemet at http://pubs.acs.org.

route is C-InO; already after the complex decomposition at 200
°C. The SEM image indicates that H,(®s consists of cubically
shaped grains (Figure 1B).

As shown by thermal analysis (Figure 2), the powders in the
acetylacetone/methanol-based route, during the pyrolysis &t00
go through a strongly exothermic process; thus, it is possible that
the energy generated in the decomposition vaporizes all the solvents
simultaneously, favoring an arrangement of the structure toward
the more stable cubic phase. The powders in the methanol-based
route, instead, have a behavior similar to those of the water-based
route, but there is a critical temperature through which a phase
transition occurs from the initial phasén(OH);—which is common
to the two processes, to the hexagonal phase, while this does not
occur in the powders from the water-based route.

The endothermic peak in the methanol-based route at about 270
°C can be attributed to the pyrolysis of residual ammonium and
nitrate ions, as well as to the desorption of residual solvent. It is
not clear what causes the difference in the phase composition in
the water- and methanol-based routes. By now, we can only
speculate that the presence of methanol residuals favors a transition
coordination sphere of thehions that can evolve to the hexagonal
phase. On the other hand, chelating agent (acetylacetone) not only
permits control of the reactivity by avoiding fast hydrolysis and
condensation of the precursor in contact with ammemiater
solution but also influences the phase composition of the obtained
precipitate?

Another point which we have to keep in mind is that the
stabilization of H-InO3 under ambient conditions (in fact, synthesis

under ambient pressure) was observed for both undoped and doped
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