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The structural properties of the two modifications of Ni;S, are reported. In
%-Ni;S, at low temperature the Ni atoms occupy tetrahedral sites, and any
homogeneity range is very limited up to the transformation into B-Ni;S, at
838 + 5 K. Unit-cell data are provided for the extremely defect, ionic-conducting
B-Ni;S, phase as a function of composition and temperature. Thermal expansion
data are presented for both modifications. The structure of B-Ni,S, is considered
in relation to other fast-ionic conductors with a face-centered cubic sublattice of

anions.

Nickel and nickel allovs may undergo severe corrosion at
temperatures between 800 and 1100 K in sulfur-contain-
ing atmospheres.'” Normally, the reaction is passivated
by a protective oxide film. However, rapid corrosion oc-
curs when Ni;S, is formed as a reaction product in the
NiO matrix of the corrosion layer. This feature has been
interpreted in terms of nickel diffusion being several or-
ders of magnitude larger in Ni,S, than in NiO.?

Studies of corrosion reactions? have shown that Ni,S,
forms an interconnected network along NiO grain bound-
aries of the corrosion scale, and thereby increases the
reaction rates significantly, although present as a minority
phase. Thus the properties of Ni,S, have great techno-
logical relevance. However, more knowledge of its high-
temperature properties, with respect to crystal and defect
structure and diffusion properties, is desirable for under-
standing the corrosion reactions.

The Ni-S binary system contains a number of phases.
Several of these are fairly well characterized,* whereas for
others, e.g. Ni,S,, the situation is still unclear.” Among
the Ni-S phases, Ni;S, constitutes the most nickel-rich
solid phase. Ni;S, exists in two modifications, x-Ni;S, at
low temperatures 7<838 K, and B-Ni,S, at higher tem-
peratures. The rhombohedral a-phase transforms discon-
tinuously into the cubic B-phase. Whereas a-Ni,;S, shows
no homogeneity range at room temperature, 3-Ni;S, ex-
tends over a wide composition interval. The crystal struc-
ture of a-Ni;S, (heazlewoodite) has been questioned;
however, single-crystal X-ray diffraction studies have
confirmed the structure originally described by West-
gren.®® Recently, single crystals of Ni,S, were re-exam-
ined by Metcalf er al.® Thermodynamic data for Ni-S
phases have recently been published by Stelen er al.'®
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The object of the present contribution is to report on
structural properties and on variations in composition at
elevated temperatures for a- and B-Ni;S,. Since $-Ni;S,
is not quenchable, all studies on the phase were made
within its range of thermal stability. Thermal expansion
data for the two polymorphs of Ni,S, are given, and fea-
tures of the crystal structure of B-Ni,S, are discussed.

Experimental

Samples of Ni,S, (2.6 <r<3.4) were prepared by heating
weighed amounts of the pure elements (Ni, turnings from
rods, 99.99%, Johnson, Matthey & Co. and S, lumps,
99.9999,, Koch-Light Laboratories) in evacuated, sealed
silica glass tubes. After a first heat treatment at 600°C for
1 d followed by crushing at room temperature, re-anneal-
ing was carried out at 600°C for 3 d before the samples
were slowly cooled to room temperature during 1 d.
Samples with > 3.0 then contain Ni as a minority phase,
whereas those with 1< 3.0 contain additional B-NigSq or
one of the metastable forms of Ni,;S,.’

All samples were studied by room- and high-tempera-
ture powder X-ray diffraction (PXD), respectively, in a
Guinier camera (CuKo, radiation, Si as internal stan-
dard) and in a Guinier-Simon camera (CuKa, or MoKa,
radiation, 300 to 1300 K, temperature increase synchro-
nized with film movement, heating rate 25-50 K h™1).
Powder neutron diffraction (PND) data were collected
with the OPUS III two-axis diffractometer at the JEEP
II reactor, Kjeller, at a wavelength of 187.7 pm. Diffrac-
tion data were collected for 5<20@<100° in steps of
0.05°. Refinements for a-Ni;S, were carried out using the
Hewat version'! of the Rietveld program.'? The scatter-
ing lengths by; = 10.3 and bg =2.85 fm were taken from
Ref. 13. Structure considerations for $-Ni,S, were based



on structure factors derived from integrated intensities
deduced from powder X-ray diffraction photographs
taken at 900 K. A Nicolet LS18 microdensitometer and
the SCANPI'* and GX'® program systems were used.

Results and discussion

(i) The low-temperature a-Ni;S, phase. At 300 K, the
rhombohedral unit cell has dimensions @ =407.9 + 0.1 pm
and o =89.47 +0.01° (cf. Ref. 9 and references therein).
No systematic extinctions were indicated by the PXD
and PND data, and the refinements confirmed the space
group to be R32. The Ni and S atoms occupy 3(e) and
2(c) positions, respectively, (1/2, y, y) and (x, x, x).
The unconstrained positional parameters are yy;=
0.2457 + 0.0003 and x4 =0.2546 + 0.0012 (22 reflections;
Ry =0.040; a=407.89 + 0.01 pm, o = 89.45 + 0.01°). The
parameters agree well with data published by Fleet” and
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Fig. 1. Temperature dependence of unit-cell dimensions for
a-NijS,.
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by Parise,® in contrast to the recent data provided by
Metcalf et al.®

The sulfur atoms in rhombohedral «-Ni;S, build a
nearly body-centered cubic arrangement, of which a sub-
set of tetrahedral holes are occupied by nickel atoms. The
four Ni~S bonding distances are split into two sets, with
distances 226.4 + 0.5 (2 x ) and 227.9+ 0.5 (2 X ) pm. The
nickel atoms are furthermore coordinated by four other
Ni-atoms at 250.4 + 0.2 (2x) and 252.8 +0.2 (2x) pm.
The short Ni-Ni distances comply with those of metallic
Ni, and among the Ni-S phases such short distances are
only found for B-NigS,.'®

The variations of the unit-cell dimensions between 300
and 800 K are shown in Fig. 1. Whereas a increases, o
decreases with increasing temperature (in the trigonal set-
ting of the unit cell, both axes increase). The thermal ex-
pansion is non-linear (Fig. 1). On average, the linear vol-
ume thermal expansion coefficient is o, =(1/V)AV/
AT)=47x10"° K~

The refined unit-cell parameters for a-Ni;S, in samples
with different nominal composition ¢ were compared. At
295 K no variations in the unit-cell parameters larger than
two calculated standard deviations were found. At
800 K, non-systematic variations in ¥ of up to four cal-
culated standard deviations occured, probably as a result
of the less accurate Guinier~Simon technique (with no
internal standard). This clearly indicates that any homo-
geneity range of a-Ni;S, must be very small compared
with that of B-Ni;S, (see below). If a volume increment
of 107 pm® per Ni atom is assumed, the variation at
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Fig. 2. Section of the Ni—S phase diagram. Solid line, ac-
cording to Kullerud and Yund,* dotted line, two-phase region
proposed by Lin et al.;"” filled and open circles present results
from DTA and PXD, respectively.
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800 K, if it exists, corresponds to a maximum variation
in the Ni content of +0.014 atoms per unit cell.

(ii) The high-temperature B-Ni;S, phase. a-Ni,S, trans-
forms at T,=838 + 5 K into cubic B-Ni,S, according to
DTA and PXD data. The temperature-dependent homo-
geneity region for B-Ni;S, is shown in Fig. 2 (evaluated
from DTA and PXD data) and agrees well with the find-
ings by Kullerud and Yund'* and by Lin et al."”

The high-temperature PXD experiments were ham-
pered by NiO formation at some 900 K, but this problem
was overcome by using double, evacuated and sealed
quartz capillaries. The small, and highly symmetric, unit
cell for B-Ni,S, required MoKu, radiation in order for
intensity data to be collected for the largest possible num-
ber of reflections. CuKa, radiation was used for collec-
tion of thermal expansion data. No single crystal of
B-Ni;S, could be obtained, probably owing to the de-
structive B-to-a phase transition on cooling.

The variation of the unit-cell dimensions a and V with
composition ¢ at 920 K is shown in Fig. 3. A smooth,
almost linear relation between a and ¢ is found. Any par-
tial oxidation of the samples was easily recognized from
the observed temperature variation of the unit-cell dimen-
sions, since oxidation shifts the composition of the
B-Ni;S, phase towards the sulfur-rich phase boundary;
e.g. for Ni;,S, the a-axis was found to shorten continu-
ously and approached that for 7=2.8 at 1050 K (in ad-
dition NiO was observed).

The temperature variations of the g-axis for r=2.8, 3.1
and 3.3 are shown in Fig. 4. The average volume thermal
expansion coefficient does not vary significantly with ¢,
and o, equals 6 x 10> K ™', which is somewhat larger
than for «-Ni;S,. Lin e al.'” modified the original phase
diagram forwarded by Kullerud and Yund,* and sug-
gested that two different phases, separated by a small
two-phase region, actually exist within the wide domain
of solid solubility (cf. dotted lines in Fig. 2). From the
numerous high-temperature diffraction experiments no
confirmation of a two-phase region was possible.

Fig. 3. Variation of a-axis and unit-cell volume for B-Ni,S, at
920 K.
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Fig. 4. Temperature dependence of a-axis between 800 and
1080 K for the B-Ni S, phase for the compositions Ni, ¢S,
Ni; ,S, and Ni, ;S,,.

The temperature dependences of the unit-cell dimen-
sions shown in Fig. 4 contain additional details related to
the phase diagram (Fig. 2). The onset of the deviation of
a(T) for Ni, ;S, from linearity correlates in temperature
with the onset of partial melting. For the nominal com-
position Ni,4S,, the a- and B-Ni,S, phases coexist in a
narrow temperature interval. By using data in Fig. 3 and
ay=6x10"° K™, a composition 7=2.65 is calculated
for the B-Ni,S, phase at 810 K, in good agreement with
phase-diagram data. Over the temperature range 810—
840 K the continuous change in composition of the
B-Ni,S, phase (cf. phase diagram, Fig. 2) results in a
large increase of the a-axis.

All strong reflections in the PXD diagrams for $-Ni,S,
are accounted for by an F-type Bravais lattice. In a few
of some 25 high-temperature runs, definite evidence for
other reflections, such as (110) and (332), was present.
No indications for deviations from cubic symmetry were
found. The sparse PXD data showed no reflections for
d-values less than 100 pm, probably owing to huge dis-
placement factors for the disordered phase. Only 8 re-
flections were observed for Ni, ¢S, with I>3c(/) (using
MoKua, radiation; 900 K). In addition, 8 reflections were
considered to have zero observed intensity. A proper
analysis of the structure on this basis became impossible.
Nevertheless, different models and various space groups
were tested. The structure is most probably closely re-
lated to a defect antifluorite-type structure, with face-cen-
tering of sulfur atoms. However, owing to some of the
observations regarding Bragg reflections (see above), the
distribution of the Ni atoms cannot be face-centered




cubic for the entire composition/temperature stability
range of the phase. Attempts to refine the disordered
structure on the basis of high-temperature PND and
PXD (collected with synchrotron radiation) data did not
give unambiguous results. Actually, the disorder on the
metal sublattice is so large that the Bragg reflection in-
tensities, even in the case of the strongly scattering Ni
atoms in the PND diagrams, are very low compared with
the background and fall off rapidly with increasing scat-
tering angle.'® New PND experiments at high tempera-
tures using position-sensitive detectors will be carried out.

For Ni, ¢S,, with Z = 2, the 5.2 nickel atoms of the unit
cell may occupy tetrahedral sites (at a distance of 225 pm
to sulfur), octahedral sites with a Ni-S distance of
260 pm, or distorted sites with Ni-S distances between
205 and 275 pm. Preliminary refinements (for PXD in-
tensity data, see above) indicate distribution of the Ni
atoms (viz. split atoms) over positions situated close to
the tetrahedral sites, but shifted towards the side of the
‘ideal’ tetrahedron. It should be noted that higher-order
terms for the temperature factor description should in
principle be adopted for the case with mobile cations,
which, however, would require access to single-crystal
diffraction data.

The enthalpy and entropy changes for the a-to-f trans-
formation are substantial,’® and exceed those of the fast-
ionic conductors Ag,S,'? Cu,S8?° and Agl.?! In particular,
the enthalpy change at the a-to-f transition is larger than
that for the melting of B-Ni;S,.'" Furthermore, data on
Ni self-diffusion are available for a-Ni;S,** as well as for
the chemical diffusion coefficient in B-Ni,S,.>> However,
the conductivity has a significant electronic component,
and metallic behaviour is reported.”!”?* Whereas some
fast-ionic conducting chalcogenides have a basically
body-centered arrangement of anions (B-Ag,S in an in-
termediate temperature range,’* o-Ag,Se,”> a-Agl at high
temperatures®® and Ag,SI?’), a face-centered arrange-
ment of anions is found for Cu,S,”® Cu,Se,”® Li,S*° and
Na,S.** A common feature for the latter phases is a shift
of the cations out of the tetrahedral sites (in split model
calculations; harmonic temperature factor description)
and a small, yet significant, occupancy of deformed oc-
tahedral sites. For the space group Fm3m this corre-
sponds to shifts from the 8(c) position (1/4, 1/4, 1/4) into
(x, x, x) or (x, x, z) positions, and a partial filling of (1/2,
0, 0) or (x, 0, 0). More reliable structure data for B-Ni,S,
are required for a proper comparison with the sitnation
among the group of defect anti-fluorite-type ionic con-
ductors.
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