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ABSTRACT: Intermetallic alloy phases and especially ordered intermetallic phases offer interesting chemical and physical
properties. For example, many ordered intermetallics are attractive catalysts including Pt- and Pd-bearing phases. To better
understand and exploit these materials, single crystals offer advantages. Here, we demonstrate the preparation of highly oriented or
epitaxial thin films of the intermetallics PdCu, PtCu, PdIn, and PtAl, on single-crystal MoS,. We find that cubic PdCu and PtCu
films orient on MoS, with the epitaxial relationship PdCu (111)IIMoS, (0001); PdCu[211]lIMoS, [1100] when cosputtered at room
temperature. However, they are metastable disordered (or random) alloys. Upon annealing at 400 °C, we find evidence for ordering
of PtCu. This ordered intermetallic is hexagonal and adopts the orientation PtCu (0001)IIMoS, (0001); PtCu[1100]IIMoS, [1100].
The ordered intermetallic PdIn forms at room temperature with the orientation PdIn (111)lIMoS, (0001); PdIn[110]lIMoS,
[1100]; however, it is a textured film with a wide mosaic spread, even after annealing at 400 °C. The ordered PtAl, intermetallic
phase does not grow epitaxially at room temperature; however, upon annealing at 400 °C, we observe the PtAlL,(100) face on
MoS,(0001) rather than the initially expected PtAl,(111) face. The criteria we used previously to predict low-temperature epitaxy of
elemental metals remain reliable (high adatom mobility, lack of reactivity with MoS,, and matching symmetry with the basal plane of
MoS,). However, the presence of an order—disorder transition on the phase diagram, as found for PdCu and PtCu intermetallics,
can sometimes promote the formation of a metastable disordered phase at room temperature despite epitaxy on MoS,.

1. INTRODUCTION

The study of catalysts has primarily focused on metals and
alloys since the 1950s; however, there has been a recent
increase in publications that examine intermetallic catalysts.
Ordered intermetallic phases are multicomponent alloys with
each metal on its own crystallographic sublattice. They differ
from disordered alloys, in which different metals randomly
populate lattice sites (Figure 1).

When certain ordered intermetallic phases are employed as
catalysts, they outperform their disordered counterparts, which

nevertheless share the same composition.” Order can create a Figure 1. (a) Ordered intermetallic and (b) disordered alloy.
catalytic surface that selectively favors specific reactions,'
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element in the ordered alloy. The steric effects resulting from
the long-range order in such intermetallic phases play a critical
role in this selectivity. Ordered intermetallic crystals have the
potential to revolutionize catalytic processes, enabling the
achievement of an ideal balance between high activity and
selectivity in semihydrogenation," oxidative dehydrogenation,®
and oxygen reduction reactions.”

Because of their promising performance, more studies on
intermetallic catalysts are warranted. Existing studies mainly
focus on nanoparticles, which can lead to different crystallo-
graphic facets participating in the catalytic process.”’ '’
Furthermore, eliminating grain boundaries reduces the
disruption in long-range order, motivating our desire to
synthesize single crystals. Single crystal intermetallic films are
therefore highly desirable for fundamental surface science
studies to observe and understand catalytic mechanisms
specific to a particular atomic configuration of an ordered
intermetallic surface.

Obtaining ordered intermetallic phases with a high phase
purity can be challenging. In some cases, other phases can be
present due to slight variations in a sample’s composition or
metastability of a related disordered phase, resulting in
different catalytic properties than intended. Grain boundaries
also represent local disruptions to the atomic order. Thus,
there is a need for a process that can produce intermetallic
catalysts with high phase purity and few or no grain
boundaries—single crystals.

While the discovery of graphene opened the gateway to
fascinating properties of two-dimensional semiconductors,'" it
is the van der Waals nature of these 2D layered materials that
may also provide an approach to growing ordered alloy phases.
2D layered materials have strong covalent bonds within the
layers and weak van der Waals interlayer bonds. The van de
Waals bonds can be broken easily by mechanical,*"* liquid, "
or chemical'®"” exfoliation to isolate single to few layers,
resulting in atomically flat and potentially inert surfaces ideal
for epitaxial film growth. Past studies observed room-
temperature epitaxy of elemental metals with >20% lattice
mismatch on MoS,"® and WSe,."” Epitaxy was attributed to a
match of the crystallographic symmetry, thermodynamic
stability, and high metal atom mobilities on the TMD surfaces.
The criteria for achieving metal quasi-van der Waals epitaxy on
TMDs require that (1) the metals have a crystallographic plane
with an arrangement of atoms with symmetry to match that of
the basal plane of the TMD, e.g., hexagonally arranged atoms
on the (111) plane of face-centered cubic (FCC) or the
(0001) plane of hexagonally close-packed (HCP) crystals, (2)
the metal atoms have a low energy barrier to diffusion on the
TMD surface (<£0.60 eV), and (3) the metal/TMD interfaces
are free of interfacial reactions.

In this study, we explore the possibility that this discovery
can be taken a step further and exploited for the synthesis of
single-crystal-ordered intermetallic alloys or phases. We
prepare intermetallic alloys with high phase purity on MoS,
as a growth template. We apply the guidelines from previous
work on quasi-van der Waals epitaxy of metals on TMDs to
new work on ordered intermetallic alloys on TMDs and
expand our understanding of how metal/TMD interactions
affect heteroepitaxy. Specifically, we deposit PdCu, PtCu, PdIn,
and PtAl, alloys on MoS, using exfoliated flakes for this
demonstration and investigate the resulting structures.
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2. METHODOLOGY

2.1. Criteria for Quasi-van der Waals Epitaxy. We
began by checking the criteria for quasi-van der Waals epitaxy
between the selected intermetallic phases and MoS, using the
guidelines presented in prior studies on room-temperature
epitaxy of metals on TMDs.'®"” We chose Pd- and Pt-based
ordered intermetallics because Pd and Pt are common but
expensive catalysts.”**">* The intermetallic phases with a
plane of hexagonally arranged atoms may orient with the basal
plane of MoS, provided they are thermodynamically stable
against the reaction with MoS, and the atoms have adequate
atomic mobilities on the surface of MoS,. The atomic
arrangements of these ordered alloys on MoS, can be
visualized by obtaining the crystallographic information file
(CIF) from the Materials Project Database™® and orienting the
crystals using the CrystalMaker software.

Figure 2 shows the hexagonally arranged sulfur atoms on the
basal plane of MoS, and the different crystal structures of the
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Figure 2. Basal plane of MoS, and the PdIn (111), PdCu (111), PtAl,
(111), and PtCu (0001) planes with hexagonal arrangements of
atoms. The first column displays a projection of both elements. The
second column displays only Mo or the catalytic component. The
third column displays only S or secondary metals.

intermetallic phases of interest. Table 1 lists the crystallo-
graphic information®*~*” for the different intermetallics along
with their repeat distance with respect to the basal plane of
MoS, and their lattice mismatch. The CuPt prototype has
atoms in a hexagonal arrangement on the (0001) plane like
MoS,. Compounds with CaF, and CsCl structures have atoms
in a hexagonal arrangement on the (111) plane. By obtaining
the geometric relationships between the atomic positions of
the intermetallics with respect to the sulfur—sulfur distance on
the (0001) plane of MoS,, we were able to calculate the lattice
mismatch for the predicted hexagonal (0001) or the cubic
(111) planes of the intermetallics on the basal plane of MoS,.
The calculated lattice mismatch ranges from —31.2 to 1.0%,
where for PtAl,, we matched two unit cells of MoS, to one of
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Table 1. Crystallographic Information for MoS, and Intermetallic Phases of Interest”

alloys  proto-type  Bravais lattice a (nm) ¢ (nm)  plane
MoS, MoS, hexagonal 0.316 1.230 0001
PtAl, CaF, cubic 0.591 111
PdCu CsCl cubic 0.298 111
PtCu CuPt hexagonal 0.313 1.498 0001
PdIn CsCl cubic 0.325 111

“Lattice parameters obtained from the ASM Alloyed Phase Diagram Database.

repeat distance formula

repeat distance number of MoS, cells lattice mismatch

a 0.316

2a 0.836 2 —6.44%
2a 0.421 1 —25.0%
a 0.313 1 1.0%

2a 0.460 1 -31.2%

24-27

PtAl,. Although some mismatch values are high, they might
not be a limiting factor for achieving epitaxy on MoS,, since
large lattice mismatches have been reported for successful van
der Waals epitaxy of many metals on TMDs."*"”

Next, we examined the diffusion barriers (Table 2) of
adatoms on the basal plane of MoS, for the elemental

cosputtered by DC magnetron sputtering directly onto
exfoliated MoS, at a base chamber pressure of 2 X 1077
Torr and a working pressure of S mTorr with Ar gas. In order
to deposit films of the desired composition, we first calibrated
the deposition rate of each, and then we calculated the ratio of
thickness (Table 3) of each element needed based on the

Table 2. Surface Diffusion Barriers of Metal Atoms on MoS,
Obtained from Saidi (2015)>*

metals diffusion barrier (eV)
Al 0.28
Cu 0.33
Pd 0.43
In 0.15
Pt 0.60

components of the intermetallic phases of interest from density
functional theory (DFT) calculations by Saidi.”® The atoms we
have chosen have relatively low diffusion barriers ranging from
0.15—0.60 eV on MoS,. Many elemental metals like these with
low diffusion barriers have been found to be epitaxial on MoS,,
even when deposited at room temperature (or annealed at
~400 °C), while metals with diffusion barriers greater than
0.85 eV (i.e., Ni and Ru) were not epitaxial."® Thus, we expect
that atomic components of the selected intermetallics could
have adequate atomic mobility for ordering on the MoS,
surface.

Finally, we looked at the literature to obtain information
about the reactivity between the metals in the intermetallic
phases and MoS,. Calculated ternary phase diagrams at 25 °C
for Cu, Pd, and Pt show lack of reactivity with MoS,.”’
Therefore, the ordering of PtCu and PdCu on the MoS,
surface should not be limited by interfacial reactions at modest
temperatures. Although we could not find ternary phase
diagrams for the AI-Mo—S system, we did find studies that
reported on the reactivity of these systems. Aluminum films
have been reported via a selected area electron diffraction
(SAED) pattern to be epitaxial on exfoliated MoS, when
deposited at room temperature and after annealing at 400
°C.'"® Therefore, we do not expect a reaction between Al and
MoS, at modest temperatures to be a limiting factor for the
epitaxy of PtAl,.

2.2. Experimental Procedure. To study the growth of
films on MoS,, we prepared plan-view samples for transmission
electron microscopy (TEM) and electron diffraction. Bulk
MoS, crystals received from the 2D Crystal Consortium at
Penn State were mechanically exfoliated by using the Scotch-
tape method directly on Quantifoil gold TEM grids. The
Quantifoil grids are covered by amorphous carbon, making it
possible to examine differences in the crystallographic
orientation of our films on an amorphous support compared
to crystalline MoS, flakes. Each intermetallic alloy was then
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Table 3. Target Thicknesses of Elements in the
Intermetallic Alloys

alloy active metal (nm) secondary metal (nm)
PtAl 9 21
PdCu 15 15
PtCu 18 12
PdIn 12 18

composition and atomic densities of phases from the ASM
Alloy Phase Diagram Database.”*™”” In some cases, we
adjusted the cosputtering rates if we did not achieve the
desired phase on the first attempt. A total thickness of 25—30
nm was deposited to keep the films electron-transparent for
TEM, and the films were continuous or nearly continuous.
Plan-view TEM micrographs are provided in Figures S1—S4 in
the Supporting Information. The alloys were cosputtered at a
deposition rate of 0.2—0.3 A/s and annealed in a rapid thermal
annealing (RTA) furnace at 400 °C for S min in an Ar
environment.

The intermetallic films on exfoliated MoS, were charac-
terized by TEM using an FEI Talos F200X system at an
accelerating voltage of 200 kV to obtain plan-view TEM
images, SAED patterns, and energy dispersive spectroscopy
(EDS) maps. The TEM, SAED, and EDS data provide us with
the crystallinity, morphology, phase, orientation, and compo-
sition of the intermetallic phases.

3. RESULTS AND DISCUSSION

3.1. PdCu. Figure 3 shows the electron diffraction pattern
for as-deposited PdCu on MoS,. According to EDS, its
composition was approximately 52 at. % Pd and 48 at. % Cu,
and the film was continuous (Figure S1). The pattern shows
spots from the MoS, flake and spots or narrow arcs from the
PdCu film, as well as reflections from double diffraction. We
find the PdCu (111) plane to be aligned with the basal plane of
the MoS, surface with the PdCu [211] and MoS, [1100]
directions aligned. After annealing the sample at 400 °C, we
found that the PdCu film exhibits the same orientational
relationship on the MoS, surface over different areas (Figure
4).

In the Cu—Pd system, there is an ordered PdCu phase at
room temperature with the CsCl crystal structure (Pm3m)
with a wide range of homogeneities, but at higher temper-
atures, there is a disordered FCC phase belonging to the
Fm3m space group. The highest temperature the ordered

https://doi.org/10.1021/acs.cgd.3c01167
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(a)PdCu — as deposited -

Figure 3. SAED pattern of the disordered PdCu phase on MoS, (a) for the as-deposited condition and (b) simulated primary diffraction spots for
the [111] zone axis of disordered PdCu overlaid with the [0001] zone axis of MoS, with only the MoS, spots labeled. The orientation relationship
is PdCu (111)IIMoS, (0001); PdCu[211]IIMoS, [1100]. (¢) SAED pattern identifying double diffraction (circled spots). (d) Simulated diffraction
spots of the [111] zone axis of disordered PdCu (labeled) overlaid with the [0001] zone axis of MoS, (not labeled).

phase is stable is at 598 °C,** at which the ordered phase is
rich in Cu. To determine whether we achieved ordering in
addition to epitaxy, we compared experimental SAED patterns
with simulated patterns of both the disordered and ordered
PdCu phases. We find that the PdCu phase is disordered, with
d-spacings most closely matching the reference pattern for the
disordered PdCu phase. The 010 reflections that correspond to
the ordered Pm3m phase were missing from the SAED pattern
(Figure S). The measured d-spacings were also much closer to
the d-spacings of the disordered PdCu phase, leading us to
conclude that the phase formed on exfoliated MoS, was
disordered PdCu both for the as-deposited case and after
annealing. Additional spots are present in the patterns due to
double diffraction. There are faint double spots (up to six)
around bright reflections as well as additional spots that we
confirm are from double diffraction by displacing the origin of
the pattern for MoS, onto the PdCu 220, 202, 022, 220, 202,
and 022 reflections. We also compared SAED patterns with
rings from polycrystalline PdCu acquired from the areas of the
sample without MoS, to simulated ordered and disordered
PdCu patterns (not shown) and found that our experimental
data again corresponded to the disordered phase for both the
as-deposited and the annealed cases.

We were able to form only the disordered phase of PdCu
even after annealing at 400 °C for 5 min, even though EDS
showed a composition of 51 at. % Pd and 49 at. % Cu for the
annealed film, within the range of homogeneity for the ordered
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phase. Similar observations have been made for the CoPt
intermetallic phase (on other substrates), where the ordered
phase was formed only when the films were annealed at 600 or
700 °C,” close to the transition temperature (825 °C).*" It is
possible that our annealing temperature was too low to form
ordered PdCu due to kinetic limitations. However, annealing
at temperatures higher than 400 °C could possibly lead to
degradation of the MoS, flake, and we did not pursue
annealing at higher temperatures.

3.2. PtCu. Similar to the Pd—Cu system, the Pt—Cu system
also has an ordered R3m phase at room temperature with a
wide composition range of 43—76 at. % Pt at room
temperature”> and a disordered Fm3m phase at higher
temperatures (above 830 °C near the equiatomic composi-
tion). According to EDS, the films were Pt-rich, with 70 at. %
Pt and 30 at. % Cu but within the single-phase region. Some
cracks were present in the otherwise continuous films (Figure
S2). Both the FCC and HCP phases are predicted to orient on
the basal plane of MoS,. The diffraction spots for the [0001]
zone axis of the ordered R3m phase and the [111] zone axis for
the disordered Fm3m phase of PtCu are similar, with a very
small difference in the d-spacing as observed in overlapping
simulated diffraction patterns of the two phases (Figure 6a),
making it hard to distinguish between the two phases with d-
spacing measurements alone. Although the measured d-spacing
and the ratios of distances from the origin of the MoS, and
neighboring PtCu diffraction spots for the experimental SAED

https://doi.org/10.1021/acs.cgd.3c01167
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Figure 4. SAED pattern of the disordered PdCu phase on MoS, (a) for the annealed (400 °C) condition and (b) simulated primary diffraction
spots for the [111] zone axis of disordered PdCu overlaid with the [0001] zone axis of MoS, with only the MoS, spots labeled. The orientation
relationship is PdCu (111)IIMoS, (0001); PdCu[211]IMoS, [1100]. (c) SAED pattern identifying double diffraction (circled spots). (d)
Simulated diffraction spots of the [111] zone axis of disordered PdCu (labeled) overlaid with the [0001] zone axis of MoS, (not labeled).

(a)PdCu

(b)PdCu

Figure 5. Simulated diffraction patterns of the [111] zone axis of (a) disordered and (b) ordered PdCu.

pattern closely matched the ordered PtCu phase, we were
unable to conclusively determine that we formed an ordered
PtCu phase. However, we collected SAED patterns from areas
of the film on amorphous carbon without exfoliated MoS,,
where the film was polycrystalline and exhibited rings rather
than spots in the SAED patterns for the as-deposited and
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annealed conditions (Figure 6b,c). Although the as-deposited
SAED polycrystalline rings correspond to the referenced
polycrystalline rings for the disordered PtCu phase (Figure
6b), we observed additional rings in the annealed SAED
polycrystalline pattern consistent with the ordered PtCu phase
(Figure 6¢), most notably the 0003 reflection near the origin

https://doi.org/10.1021/acs.cgd.3c01167
Cryst. Growth Des. 2024, 24, 1578—1590
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Figure 6. (a) Simulated diffraction pattern of ordered and disordered PtCu. The disordered pattern is indicated by Miller—Bravais indices (hkl),
and the ordered pattern is indicated by the Miller—Bravais (hkil) indices. (b) SAED pattern of as-deposited PtCu (right) and simulated
polycrystalline rings for disordered PtCu (left). (c) SAED pattern of annealed PtCu (right) and simulated polycrystalline rings for ordered PtCu
annealed (left). The SAED patterns were obtained from the areas of the sample without MoS,.

Figure 7. SAED pattern of the disordered PtCu phase on MoS, (a) as-deposited and (b) simulated diffraction spots of the [111] zone axis of PtCu
overlaid with the [0001] zone axis of MoS, with the MoS, spots labeled. The orientation relationship is PtCu (111)IIMoS, (0001); PtCu[211]ll
MoS, [1100]. (c) SAED pattern showing double diffraction events circled. (d) Simulated diffraction spots of the [111] zone axis of PtCu (labeled)
overlaid with the [0001] zone axis of MoS,.
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Figure 8. SAED pattern of the ordered PtCu phase on MoS, (a) annealed at 400 °C and (b) simulated diffraction spots of the [0001] zone axis of
PtCu overlaid with the [0001] zone axis of MoS, with the MoS, spots labeled. The orientation relationship is PtCu (0001)lIMoS, (0001);
PtCu[1100]IIMoS, [1100]. (c) SAED pattern showing double diffraction events circled. (d) Simulated diffraction spots of the [0001] zone axis of

PtCu (labeled) overlaid with the [0001] zone axis of MoS,.

but also many other faint rings for ordered PtCu. Hence, PtCu
exhibits at least some degree of ordering after it is annealed at
400 °C.

The diffraction patterns for as-deposited PtCu/MoS,
(Figure 7) show spots from MoS, and bright arcs from
PtCu. The orientation relationship is PtCu (111)IIMoS,
(0001); PtCu[211]lIMoS, [1100]. The arcs indicate that the
PtCu film is textured and oriented. After annealing at 400 °C,
we see clear bright spots for both the PtCu and MoS,,
indicating improved alignment of PtCu after annealing (Figure
8). The orientation is PtCu (0001)lIMoS, (0001);
PtCu[1100]IIMoS, [1100]. We also observed additional arcs
from double diffraction of MoS, and PtCu.

1584

3.3. PdIn. The PdIn films were continuous (Figure S3),
with EDS indicating a composition of 53 at. % Pd and 47% at.
% In. After annealing, the composition was 55 at. % Pd and 45
at. % In, possibly due to evaporation of In. Both compositions
are within the range of homogeneity of PdIn. The SAED
patterns for the as-deposited (Figure 9) and annealed (Figure
10) PdIn indicate that the intermetallic phase is highly textured
and orients on the MoS, substrate. The orientation relation-
ship is PdIn (111)IIMoS, (0001); PdIn[110]IIMoS, [1100] in
both the as-deposited and the annealed cases. Some arcs
correlate to the textured PdIn [111] zone axis, and others
correspond with double diffraction between PdIn and MoS,.
We found all spots associated with the ordered PdIn phase,
with the exception of the 121 reflection family, which has
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Figure 9. SAED pattern of the PdIn on MoS, (a) for the as-deposited condition and (b) simulated diffraction spots of the [111] zone axis of PdIn
overlaid with the [0001] zone axis of MoS, with the MoS, spots labeled. The orientation relationship is PdIn (111)IIMoS, (0001); PdIn[110]Il
MoS, [1100]. (c) SAED pattern showing double diffraction events circled. (d) Simulated diffraction spots of the [111] zone axis of PdIn (labeled)

overlaid with the [0001] zone axis of MoS,.

weaker intensity in the simulated pattern and is far from the
origin. We see double diffraction of MoS, in the form of lines
forming a hexagon around the MoS, spots and additional faint
spots that are due to regions of slightly differing orientation of
MoS, (Figures 9c and 10c). Double diffraction patterns were
also generated. Spots corresponding to the PdIn [111] zone
axis were superimposed with the origin of the PdIn [111] zone
axis patterns at the 1210, 2110, 1120, 1210, 2110, and 1120
MoS, reflections.

3.4. PtAl,. Films with a composition very near to that of
PtAL, (65 at. % Pt and 35 at. % Al according to EDS) were very
nearly continuous (Figure S4). All spots observed in the SAED
pattern for the as-deposited PtAl, sample belong to the MoS,
basal plane (Figure 11a). The SAED pattern also shows a
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single ring that corresponds to the 220 reflection of
polycrystalline PtAl, (Figure 11b). We collected SAED
patterns from areas without MoS, (Figure 1lc), which
confirmed the PtAl, phase with rings corresponding to the
111, 220, and 331 reflections. We observed alignment of the
PtAl, film on MoS, after annealing at 400 °C (Figure 12).
Unlike our prediction, the PtAl, (100) plane grew on (0001)
MoS, instead of the originally expected (111) plane. The
orientation relationship for the annealed PtAl, on MoS, is
PtAlL, (100)lIMoS, (0001); PtAl, [020]lIMoS, [2130] with a
slight rotation of the PtAl, by approximately 2°, where the
[2130]direction is perpendicular to the (1010) plane. While
the calculated lattice mismatch between the basal plane of the
MoS, and the (111) plane of PtAl, is —6.4% (Table 1), the
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Figure 10. SAED pattern of PdIn on MoS, (a) for the annealed condition (400 °C) and (b) simulated diffraction spots of the [111] zone axis of
PdIn overlaid with the [0001] zone axis of MoS, and the MoS, spots labeled. The orientation relationship is PdIn (111)IIMoS, (0001); PdIn[110]Il
MoS, [1100]. (c) SAED pattern showing double diffraction events circled. (d) Simulated diffraction spots of the [111] zone axis of PdIn (labeled)

overlaid with the [0001] zone axis of MoS,.

(100) plane has two lattice mismatches along the [001] and
[010] directions. The lattice mismatch between the (100)
plane of PtAl, and the basal plane of MoS, is calculated to be
—7.4% and 6.9% along the [001] and [010] directions,
respectively. The magnitudes of the lattice mismatches for the
(100) plane of PtAl, are barely larger than the lattice mismatch
for the (111) plane (—6.4%), so in retrospect, this orientation
relationship is not so surprising.

3.5. Trends in Epitaxy and Ordering. By comparing
different materials, we are able to recognize some trends in the
epitaxy of intermetallics on single-crystal MoS, as well as
trends in whether ordered or disordered intermetallic phases
form. Although polycrystalline films formed whenever we
cosputtered intermetallics at room temperature on amorphous
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carbon, when the films were deposited on exfoliated (0001)
MoS,, we often observed spot patterns. PdCu, PtCu, and PdIn
were all highly oriented or epitaxial as deposited, with easily
predicted orientation relationships, while PtAl, was epitaxial
only after annealing in Ar at 400 °C for 5 min. Although we do
not know why cubic PtAl, oriented with the (100) face instead
of the (111) face on (0001) MoS,, we point out that the lattice
mismatch was similar, and we suggest that coincidence lattices
can be important in quasi-van der Waals epitaxy.

In our prior work with elemental metals, lower barriers
predicted by DFT for adatom diffusion on the basal plane of
MoS, promoted epitaxy, as long as epitaxy was also favored by
the crystallography. The barrier for the diffusion of Pt on MoS,
is higher than that of Cu, Pd, and AL'® which may be part of

https://doi.org/10.1021/acs.cgd.3c01167
Cryst. Growth Des. 2024, 24, 1578—1590


https://pubs.acs.org/doi/10.1021/acs.cgd.3c01167?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01167?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01167?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01167?fig=fig10&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c01167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

(a)PtAl, — as deposited

s 5.00 nm~?

=0 °
321052 ]

° °
00727002204 5 39

2300237073209 30

s 5.00 nm 2

Figure 11. SAED pattern of PtAl, on MoS, (a) for the as-deposited condition collected with the 200 mm selected area aperture and (b) with
simulated MoS, spots labeled. (c) SAED polycrystalline pattern collected from an area without the presence of the MoS, flake showing rings
corresponding to the PtAl, the 111, 220, and 331 reflections. (d) Simulated diffraction spots of the [0001] zone axis of MoS, overlaid with

polycrystalline PtAl, rings.

the reason PtAl, was not epitaxial until after annealing
However, disordered PtCu grew epitaxially. We then consider
that diffusion in an ordered intermetallic also requires atoms to
remain on their respective sublattices, which logically would be
accompanied by a higher barrier to diffusion than that in a
disordered crystal. Therefore, the somewhat higher barrier to
adatom diffusion of Pt on MoS,, combined with the lack of a
metastable disordered phase of the same composition, may
have both contributed to the lack of room-temperature epitaxy
of PtAl,

PdCu and PtCu differ from PdIn and PtAl, in that they are
ordered only at lower temperatures. At higher temperatures, a
disordered phase without separate sublattices for Pd or Pt
atoms becomes stable. PdCu and PtCu were both disordered
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(but epitaxial) on MoS, as deposited, but only PtCu became
ordered upon annealing. Neither were at their perfect
stoichiometric composition, but annealed PtCu was much
further from the perfect 1:1 stoichiometry at 70 atom % Pt
compared to PdCu at 51 at. % Pd. The PtCu phase has a
particularly wide range of homogeneity (43—76 at. % Pt at
room temperature”), which means that there are many
constitutional point defects. These defects could make
diffusion easier. We therefore speculate that a nonstoichio-
metric composition may have aided the ordering of PtCu at
400 °C, although nonstoichiometry would be unfavorable in
catalysts in cases when the ordered nature of an intermetallic
improves performance. We also note that deposition with the
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Figure 12. SAED pattern of PtAl, on MoS, (a) for the annealed condition (400 °C) and (b) simulated diffraction spots of the [100] zone axis of
PtAl, with approximately 2° rotation relative to the [0001] zone axis of MoS, with the MoS, spots labeled. The orientational relationship is PtAl,
(100)IMoS, (0001); PtAl, [020]lIMoS, [2130]. (c) SAED pattern showing double diffraction events circled. (d) Simulated diffraction spots of the
[100] zone axis of PtAl, (labeled) with an approximately 2° rotation relative to the [0001] zone axis of MoS,.

substrate stage at a temperature closer to but lower than the
order—disorder transition could promote ordering.

4. CONCLUSIONS

We used our prior work on the quasi van der Waals epitaxy of
elemental metals as a guideline to predict the low-temperature
epitaxy of Pd and Pt-bearing intermetallics on MoS,. We
employed cosputtering to deposit PdCu, PtCu, PdIn, and
PtAl,, which are equilibrium ordered intermetallic phases at
room temperature and also consistent with our criteria for low-
temperature epitaxy. Our SAED patterns showed the formation
of oriented but disordered PdCu on exfoliated MoS,. Its
orientation relationship matches other examples of the epitaxy
of FCC metals on MoS,. We were able to form ordered PtCu
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after annealing as well as highly textured PdIn films on MoS, at
room temperature and after annealing, which matched our
predictions. Additionally, we formed ordered PtAl, after
annealing, but with the (100) plane and not the initially
expected (111) plane on the (0001) MoS, surface. Overall, our
study demonstrated the opportunities and challenges of using
2D materials as growth templates for single crystals of ordered
intermetallic phases.
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