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The compound Sr;Ni O, was prepared at atmospheric pressure from potassium hydroxide melts, by
slow cooling from 700°C. All observed lines in the powder X-ray diffraction pattern were indexed
according to a hexagonal unit cell, with a = 9.480(1) A, c = 7.815(4) A. The idealized formula SrNi,O,,
corresponds to a formal oxidation state of Ni*3. From magnetic susceptibility measurements, the
observed high temperature Curie constant is consistent with the low spin ge; configuration. Electrical
conductivity measurements exhibit linear behavior of In p vs 1/T over the range 270-350 K, indicating
semiconducting behavior with a bandgap of 0.5 = 0.1 eV and room temperature resistivity ~10° Q-

cm. © 1991 Academic Press, Inc.

Introduction

The Ni(III) center is a particularly infor-
mative probe of interatomic interactions in
metal oxides because it displays an unusual
sensitivity to its nearest neighbor environ-
ment and the spacing between nickel ions.
This can lead to delocalized metallic behav-
ior in one system, e.g., LaNiO; or LaSrNiO,
(1, 2), while structurally similar ones exhibit
localized insulating behavior, as in La
BaNiO,(3), or temperature-dependent
mixed behavior, as in NdNiO, (which un-
dergoes a metal/nonmetal transition at 120
K) (¢). Recent work on mixed valent nick-
el(IL,III) oxides of the formula types La,
NiO,,; and Ln,_,Sr,NiO, (Ln = La, Nd)
indicate that upon reaching some critical
concentration of Ni(III), semiconduc-

* To whom correspondence should be addressed.

267

tor-metal or transitions to superconducting
behavior can be observed (5-7).

We report here the isolation and prelimi-
nary results of the characterization of a new
strontium nickel oxide containing formally
trivalent nickel, with idealized empirical for-
mula Sr;Ni, Oy, . This material has been pre-
pared without resorting to the high oxygen
pressures typically required for stabilization
of Ni(III) oxides. The low temperatures and
high oxygen activity possible in solvents
such as molten KOH offer an attractive al-
ternative to high pressure synthesis of high
oxidation state transition metal compounds.
Hydroxide media have been used effec-
tively for the low temperature preparation
of two metastable superconducting phases,
La,Cu0O,; and (Ba,K)BiO; (8-10), as well
as the stabilization of highly oxidized nick-
el(IIT) and copper(IIl) species, e.g., ANiIO,
(A = Li, Na) (1) and Al;(Ba,;Cu,,O4, (12).
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Experimental

The compound SriNi,0;; was prepared
under atmospheric pressure from potassium
hydroxide melts, by slow cooling from
700°C. In a typical preparation, 0.59 g (4
mmol) strontium carbonate and 0.075 g (1
mmol) nickel oxide were combined with
11.2 g (200 mmol) reagent grade potassium
hydroxide and transferred to an alumina
crucible; the reaction mixture was heated to
700°C and held for 12 h, then cooled slowly
to room temperature over approximately 15
h. Distilled water was used to extract KOH
and any soluble material from the cooled
reaction mixture, and solid product was iso-
lated by suction filtration. This product
tended to form as long, lustrous black nee-
dles, some up to 1 cm in length, with well-
defined hexagonal faceting. These crystals
showed no adverse effects to water work-
ups, and maintained their luster indefinitely.

X-ray powder diffraction studies were
performed on a computer-interfaced Rigaku
Miniflex diffractometer with CuKa radia-
tion, using step-and-count techniques.
Composition was determined by wave-
length dispersive microprobe analysis of
single crystals, using a Cameca/SX electron
beam microprobe, calibrated against com-
mercially available SrTiO; and NiO single
crystal standards for quantitative analysis.
Thermogravimetric analyses were per-
formed on a DuPont 2200 Thermal Analyzer
in 5%H,/Ar. Magnetic studies were per-
formed on a Quantum Design SQUID mag-
netometer at UC Berkeley/Lawrence
Berkeley Laboratory. The powdered sam-
ple was loaded into a calibrated Kel-F (po-
ly(chlorotrifluoroethylene))container  and
the measured magnetization corrected for
core and container diamagnetism (13). The
electrical conductivity was measured in the
range 270 < T < 350 K by four-probe tech-
niques with silver paint contacts and gold
lead wires; temperature was controlled with
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an Air Products Displex closed cycle He
refrigerator.

Results and Discussion

The highest quality crystals of SrsNi,O;;
were obtained by first predrying KOH by
heating at 700°C in air for 12 hr and cooling
to room temperature, followed by addition
of the binary oxides, reheating, and slow
cooling. These observations correlate with
the enhanced solubility of Ni** as the sol-
vated  oxyhydroxide complex [Ni
(0),(OH),1°~ in basic (dry) hydroxide me-
dia, as discussed by Tremillon and cowork-
ers (I4, 15). Preparations in air atmo-
spheres, saturated with water vapor, gave
no evidence of product formation. The ter-
nary product was found to form only when
reaction temperatures were 600°C or higher.
Analogous reactions with barium produced
the ternary BaNiO, with Ni(IV) rather than
a similar Ni(III) oxide (16).

Least squares refinement of powder X-
ray diffraction data, Fig. 1, leads to the in-
dexing of all observed lines according to a
hexagonal unit cell, a = 9.480(1) A, ¢ =
7.815(4) A (see Table I). The cell type and
corresponding cell parameters were con-
firmed by precession photographs. This dif-
fraction pattern is similar to data reported
for two polycrystalline phases, previously
identified as SrNiQO; and Sr,Ni,Os; both of
these phases were prepared by solid state
reaction under 1-50 atm oxygen (17, 18).
However, the pattern in Fig. 1 exhibits sev-
eral low angle lines not reported for either
of the reported phases, indicating that the
present compound is a structurally related
material. Detailed single crystal structural
studies have thus far been thwarted by crys-
tallographic twinning.

Microprobe analysis gave an empirical
formula of Sr, oK, ;Ni,O,; . Thermal gravi-
metric analyses were undertaken to better
characterize the oxygen content of this ma-
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Fi6. 1. X-ray powder diffraction pattern of polycrystalline SrsNi,O,,; CuKa radiation (A = 1.541 A).
This pattern can be indexed as hexagonal cell, a = 9.480(1) A, ¢ = 7.815(4) A.

terial. The weight loss for this reduction pro-
cess corresponds to an overall stoichiome-
try (based on the metals analysis from
microprobe) of Sr, oK, ;Ni,0,4, , and a for-
mal oxidation state of Ni*®*. This suggests
the idealized formula SriNi,O,, if one as-
sumes potassium is present as an impurity
or minor dopant; the idealized formula cor-
responds to a formal oxidation state of +3
for the nickel.
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FiG. 2. Magnetic susceptibility (left axis) and inverse
magnetic susceptibility (right axis) as functions of tem-
perature for polycrystailine Sr(Ni,Oy;, 5 kG applied
field. Least squares fitting of 7 > 100 K data indicates
linear Curie-Weiss fit, C = 2.28 emu-K/mol SrsNi;Oy,
and ® = —166.9 XK. Data at 40 kG are qualitatively
similar.

Magnetic susceptibility studies on poly-
crystalline SrsNi,O; show that this material
is paramagnetic over the temperature range
5-280 K and in fields from 5 to 40 kG (Fig.
2). The magnetic susceptibility at 5 K varied
linearly with applied field, indicating the
presence of isolated magnetic centers at low
temperatures. At temperatures above 100
K, plots of x~! vs temperature are linear,
yielding a Curie constant of C = 0.570 emu-
K/mol Ni, and a Weiss constant @ =
—166.9 K at 5 kG; 40 kG data are qualita-
tively similar. Below 100 K, there is a transi-
tion to behavior characteristic of a lower
spin multiplicity, with x~' vs temperature
linear over this entire range. The observed
high temperature Curie constant rules out
the possibility of high-spin Ni**, and is more
consistent with the low spin #5,e; configura-
tion (assuming O, coordination geometry), a
feature common to all Ni(III) oxides studied
thus far (2, 19, 20), with the exception of
BalLaNiO, (3). The measured Curie con-
stant is significantly greater than the spin-
only value predicted for a simple § =
1/2 system; a similar discrepancy has been
observed in several other nonmetallic Ni
(I17) oxides (2, 19, 20), but its origin is as
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TABLE 1

INDEXING OF X-RAY POWDER DIFFRACTION
DAtA, SrsNiyOy®

e e hki A
5.708 5.658 101 1.8
4.744 4.735 110 8.1
3.657 3.631 201 1.4
3.017 3.014 112 76.2
2.738 2.734 300 100
2.367 2.367 220 3.7
2.276 2.274 310 3.3
2.192 2.184, 2.199 311,203 10.0
2.027 2.025 22 41.5
1.991 1.994 213 13.6
1.957 1.954 004 47
1.828 1.829 321 45
1.805 1.806 114 3.1
1.711 1.713 313 3.1
1.628 1.627 412 19.6
1.606 1.605 501 2.2
1.589 1.590 304 7.3
1.578 1.578 330 27.1
1.523 1.520 421 1.2
1.508 1.507 224 2.6
1.367 1.367 600 20.2
1.329 1.329 431,423 1.8
1.319 1.320 414 1.8
1.287 1.290, 1.287 602,106 1.2
1.235 1.235 611 2.9
1.140 1.137, 1.141 620,226 1.2
1.133 1.133 442 2.6
1.119 1.120 604 22
1.068 1.068 353 2.6
1.051 1.050, 1.053 127,614 1.4
1.041 1.041 451 1.6
1.033 1.034, 1.033 307,630 3.1

2 Based on a hexagonal unit cell, a = 9.470(1) A, ¢
= 7.815(4) A.

yet unclear. The Weiss constant extracted
from the low iemperature magnetic data in-
dicates that the dominant Ni-O-Ni ex-
change interactions are antiferromagnetic in
nature. These two factors (Cys > Coyc, ©
large and negative) suggest strong Ni-O-Ni
interactions and may signal incipient metal-
lization.

Electrical conductivity measurements,
performed on pressed pellets of polycrystal-
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line material, exhibit linear behavior of In p
vs 1/T over the range 270-350 K, indicating
semiconducting behavior with a bandgap of
0.5 = 0.1 eV. Room temperature resistivi-
ties (~10° Q-cm) were 101000 times greater
than observed for other semiconducting
Ni** oxides. The unusually high resistivity
may be due to very low electronic mobility
or trapping of the conduction electrons at
crystal defects.

In conclusion, we have synthesized a new
Ni(III) oxide with formula SrsNi,O,;, using
potassium hydroxide melts at atmospheric
pressure. As prepared, this material is a
paramagnetic semiconductor. Studies are
underway to elucidate the single crystal
structure and further characterize the un-
usual magnetic and electrical transport
properties of this material. Doping of aliova-
lent metal ions (e.g., La’*, Rb*) is being
investigated to determine their effect on the
transport properties of this new Ni(III) ox-
ide. Further work is in progress to explore
the generality of this synthetic procedure
for the preparation of other highly oxidized
nickel oxides.
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