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Chemistry of Materials

Figure 3. Polyhedral representation of the crystal structure of four known Ni—Bi intermetallic compounds. Violet and green spheres represent Bi

and Ni, respectively. Thermodynamically stable precursor NiBi; forms layered NiBi% by heating at
37 GPa (right).*

NiBi was previously reported to form B-NiBi upon heating at

subunits that form quasi-1D NiBis, quasi-2D NiBi,, and compact p-NiBi.

15 GPa (left). Thermodynamically stable a-
The polyhedral representation clearly depicts the identical

Bi; monocapped trigonal prisms that are rectangle-face-sharing
along the b-axis to form 1D NiBi; prism rods. In NiBis, these
rods are spatially separated, connected by weak Bi—Bi bonds
(Figure 3, left). In NiBi,, the 1D prism rods are triangle-face-
sharing perpendicular to their running direction, generating a
layered structure. Strikingly, the structural motif of 1D rods is
also present in the recently reported high-pressure [B-NiBi
phase (Figure 3, right).*® In this structure, the 1D prism rods
are triangle-face-sharing both perpendicular to their running
direction and along the crystallographic a-axis, forming a
compact three-dimensional (3D) structure. In elemental
examples, it is common for atoms to increase coordination
number and adopt close-packed arrangements under pres-
sure.”** This system is particularly interesting because as
pressure is increased, the coordination of Ni remains constant
such that the NiBi; prism rod motif is maintained. Instead, we
observe an overall increase in dimensionality from the quasi-
1D NiBi3, to quasi-2D NiBi,, to compact 3D [B-NiBi by a
“polymerization” of prism rod building blocks and a
corresponding change in stoichiometry associated with a
decrease in bismuth content. Note: B-NiBi has only been
synthesized from a-NiBi, indicating that other factors also play
an important role in going from one compound to another.
There is precedent for such behavior in the form of chemical
pressure as a mechanism to control dimensionality. One
example is within the AeNiGe (Ae = Mg, Ca, Sr, Ba) system,
where an increase of the cation size led to a reduction of the
dimensionality of the [NiGe] building blocks.** Further, the
dimensionality of binary compounds comprised of light
elements, such as SiS,, can be controlled from 1D to 3D
with relatively low physical pressure.”® To the best of our
knowledge, the Ni—Bi system is the only example of a binary
intermetallic system where the structural subunits can pack
from quasi-1D to quasi-2D and ultimately to 3D depending on
the synthesis pressure and precursor stoichiometry. These
results recommend the high-pressure exploration of other
intermetallic systems that under ambient conditions exhibit
low dimensionality, such as Ta,SiTe,,?® ZrTes,?’ and CoSn,.?
Although the new NiBi, phase forms from NiBi; with the
expulsion of Bi at 14 GPa and 675 °C, previous
experiments using a-NiBi as the precursor do not produce
NiBi, at similar pressures and temperatures. When qualitatively
determining which materials may be more stable at high
pressure, the unit cell volume of the materials may be
considered, as increasing pressure tends to favor higher
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densities in materials. Under temperature and pressure
conditions at which NiBi, and Bi(V) form from NiBis, NiBi;
has a unit cell volume of 85.6(1) A% per formula unit, whereas
NiBi, and Bi(V) have a combined unit cell volume per formula
unit of 84.54(1) A% Therefore, the formation of NiBi, is
favorable from a density perspective, as the volume of the
system decreases by 1.2% upon conversion from NiBi; to NiBi,
+ Bi(V). In comparison, at about 14.1(1) GPa, a-NiBi has a
unit cell volume of 68.48(1) A® per two formula units, whereas
NiBi, + Ni have a combined volume of 70.50(8) A% per
formula unit”® Thus, forming NiBi, and Ni from a-NiBi
requires a 3% increase in the summed volume of the phases,
which is unfavorable from a density standpoint. This may
account for why NiBi, forms from NiBi; but not from a-NiBi
in this pressure range and reinforces the importance of
stoichiometry in determining which products are formed at
high-PT conditions.

After isolating the new phase at high-pressure conditions
within the LH-DAC, we performed a decompression study to
assess if the compound remained stable to ambient pressure,
i.e., to determine whether it was pressure-quenchable (Figure
S4). Bragg peaks corresponding to NiBi, persisted upon
decompression to ambient pressure, indicating that the phase
was in fact pressure-quenchable. We scaled-up the reaction
using a multianvil press (MAP) to probe the physical
properties of NiBi,. The new binary compound was obtained
in  75% yield by reaction of the elements at 15 GPa and

675 °C for 1 h (see Supporting Information for details).
Scanning electron microscopy and energy dispersive X-ray
spectroscopy performed on the decompressed sample
confirmed that the majority of the sample consisted of NiBi,
and indicated the presence of unreacted elements Ni and Bi as
well as regions of Ni/Bi 1:1 and 2:1 (Figure S6). Because of
the layered structure and the high-pressure synthesis
conditions, crystals su ciently large for single-crystal X-ray
di raction could not be isolated from the reaction product.
The structure of NiBi, at ambient pressure was confirmed by
the Rietveld refinement of the synchrotron PXRD pattern
(Figure S9). A comparison of the high-pressure and ambient-
pressure structures highlights the layered nature of the
structure. The unit cell volume of the new phase increases
by 16.3% upon decompression. Notably, the interlayer spacing
increases by 16.8% upon decompression, indicating that the
interlayer region, likely occupied by the Bi lone pair, is the area
of highest compressibility in the structure (Figure 4). The
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