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CATALYSTS AND METHODS OF MAKING AND USE THEREOFK

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority to U.8. Provisional Application No.
63/070,595 filed August 26, 2020, which is hereby incorporated herein by reference in s
entirety.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under Grant No. 1420451 awarded by

the National Science Foundation. The government has certain rights in the invention,
BACKGROUND

It 15 estimated that between 10-20% of all industrial catalytic processes performed today
are hydrogenations in some form. These are typically performed heterogeneously using solid-
state compounds that contain Pd, Pt, or other rare and expensive precious metals. The
semihydrogenation of C=C triple bonds into C=C double bonds and full hydrogenation into C-C
single bounds 1s an industrially significant heterogeveously catalyzed reaction, yet 1t 15 performed
almost exclusively using palladium catalyst. The heterogeneous catalysis of petroleum
feedstocks into functionally usetul derivatives using inexpensive and earth abundant elements
remains an important goal. The composttions, methods, and systems discussed herein addresses
these and other needs.

SUMMARY

In accordance with the purposes of the disclosed compositions, methods, and systems as
embodied and broadly described herein, the disclosed subject matter relates to catalysts and
methods of making and use thereof.

Additional advantages of the disclosed compositions, systerns, and methods will be set
forth in part in the description which follows, and in part will be obvious from the description.
The advantages of the disclosed compositions, systems, and methods will be realized and
attained by means of the elements and combinations particularly peinted out 1n the appended
clairas. It 18 to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not restrictive of the disclosed
systems and methods, as claimed.

The detatls of one or more embodiments of the jnvention are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages of

the invention will be apparent from the description and drawings, and from the claims.
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BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, which are incorporated in and constitute a part of this
specification, illustrate several aspects of the disclosure, and together with the description, serve
to explain the principles of the disclosure.

Figure 1. Schematic diagram showing conversion of BaGas to BaGaHz. Blue spheres
correspond to Ga, Red spheres correspond to Ba, Green spheres correspond to H.

Figure 2. X-ray diffraction of BaGa:H» sample {(red) and BaGa: (blue).

Figure 3. Rietveld analysis confirmed of Ba(az.

Figure 4. Rietveld analysis confirmed that the majority of the BaGa: phase transformed
into BaGaxtHz upon reacting it for 7 days at 170°C under 50 bar Ha.

Figure 5. Scanning electron micrograph image of ground BaGa: powder.

Figure 6. BaGan catalyzed hydrogenation of phenylacetylene (red) to styrene (blue) and
ethylbenzene (green).

Figure 7. Time dependent conversion of phenylacetylene (red) to styrene (blue) and
ethylbenzene {green) using 1 bar Hz, 40°C, 2.4 mL DMF solvent, 0.87 mmol phenylacetylene,
and 0.043 mmol BaGa catalyst. The solid hines are the fit kinetics traces assuming both
semihydrogenation and full hydrogenation reactions are first order with respect to the
phenylacetylene, and styrene, respectively.

Figure 8. Tune dependent conversion phenylacetylene (red) to styrene (blue) and
ethylbenzene {green) at 51 bar Hy, 40°C, 2.4 mL DMF solvent, 1.03 mmol phenylacetylene, and
0.060 ol BaGao catalyst. The solid lines are the fit kinetics traces assuruiong both
semihvdrogenation and full bydrogenation reactions are first order with respect to the
phenylacetylene, and styrene, respectively.

Figure 9. Catalyst recycling experiments over four runs. Reaction conditions: 51 bar H,
100°C, 20 hr, 0.058 mmol of BaGa> catalyst, 1.1 mmol phenylacetylene, 2.4 mL n-butanol
solvent.

Figure 10. XPS spectra of the Ga Zp3n and 2pwz peaks of BaGaz before (red, upper) and
after (blue, lower) exposure to air. * corresponds to the non-oxidized BaGax.

Figure 11. A schematic diagram of Pb absorbing Ha.

Figure 12, Schematic of hydrogenation catalyzed using the Zinil phase catalysts
described herein.

Figure 13. Examples of binary and ternary layered Zintl phases.

Figure 14. An example of a hydrogen absorbing Zintl phases is SrAlz, which becomes

~
L
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SrALH: upon absorption of hydrogen.

Figure 15. An example of a hydrogen absorbing Zintl phase 1s S$rGax/BaGas.

Figure 16. BaGax can absorb Hz to become BaGaxHz.

Figure 17. Ba(a: was used to catalyze the hydrogenation of phenylacetylene to styrene,

Figure 18. Photograph of hydrogenation of phenylacetylene to styrene reaction progress
using BaGas.

Figure 19. %Conversion of phenvlacetylene to styrene with BaGax.

Figure 20. Analysis of BaGaz catalyst.

Figure 21. Analysis of styrene produced from the hydrogenation of phenylacetylene
using BaGaz as a catalyst, which gives 93% cis selectivity.

Figure 22. %Conversion of phenviacetylene to styrene with BaGaz using DMF vs. n-
butanol/NaQH.

Figure 23. Mol% phenylacetylene, styrene, and ethylbenzene over time using BaGaz
catalyst.

Figure 24. Ease of hydrogenation of various functional groups.

Figure 25. Crystal structures of phases used as catalysts. In all compounds, the main
group network forms a layered honeycomb vetwork of ators, in which the fayers are oriented
horizontally, and into the page. Ba/Y/La/Eu are depicted as red spheres, Ca is depicted as green
spheres, Ga is depicted as blue spheres, In 1s depicted as purple spheres, Ge is depicted as either
black or gray spheres, and Si is depicted as grey spheres. In BalnGe and CaGaSi, the In/Ge and
(3a/S1 atorns are positioned randomly on the framework.

Figure 20. Powder X-ray diffraction pattern of BalnGe.

Figure 27. Powder X-ray diffraction pattern of CaGaSi.

Figure 28. Powder XRD pattern of o-EuGaz. The most intense EwsGas timpurity
reflections are denoted with asterisks.

Figure 29. XRD pattern LaGaz. Asterisks indicate La:zOs impurity.

Figure 30. Powder XRD pattern of Calns. Asterisks indicate reflections correspond to an
I impurity.

Figure 31. Powder XRD pattern of YGa:. Asterisks correspond to trace Y03 impurity.

Figure 32. Powder X-ray diffraction pattern of 13T-CaGaGe.

Figure 33. Powder X-ray diffraction pattern of h-EuGaz. Asterisks correspond to
reflections from EusGas impurities.

Figure 34. Powder X-ray diffraction pattern of 4H-CaGaGe.

3
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Figure 35. Superimposed X-ray diffraction patterns of 4H-CaGaGe (uppermost trace),
13T-CaGaGe (middle trace), and calculated 13T-CaGaGe (lowest trace).

Figure 36, Rietveld refinement results of the o-EuGas sample containing a 0.082 phase
fraction of EusQas.

Figure 37. Rietveld retinement results of the h-EuGar containing 0.078 phase fraction of
Hua(eas.

Figure 38. BEusGas crystal structure fooking down the b-axis.

Figure 39. EusGas crystal structure looking down the a-axis.

Figure 40. LaGa; diffraction pattern after 2 h air exposure showing decomposition of the
La(az phase. Triangles represent Gax(s, asterisks represent Lax0s, and squares represent
Lax(OH)s.

Figure 41. Superimposed Y Gar diffraction before (upper trace) and atter (lower trace) air
exposure.

Figure 42, X-ray Photoelectron spectra of the Ga 2p3n peak of 13T-CaGaGe before (top)
and after (bottom) air exposure. The fitting of the reduced Ga"at ~1115.5 eV, and the more
oxidized Gapeaks at ~1117.1-11179 and 1119.8-11202 ¢V.

Figure 43. X-ray Photoelectron spectra of the Ga 2p3n peak of Y(Gaz before (top) and
after {bottom) air exposure. The fitting of the reduced Ga at ~1115.5 eV, and the more oxidized
Gapeaks at ~1117.3-11179and 1119.8-11202 V.

Figure 44. X-ray Photoelectron spectra of the Ga Zps.2 peak of BaGa: before (top) and
after (bottom) air exposure. The fitting of the reduced Ga™ at ~1115.5 eV, and the more oxidized
Gapeaks at ~1117.1-1117.9 and 1119.8-11202 eV.

Figure 45. Catalyst recyclability study for 13T-CaGaGe compared to BaGay showing
greater that 90% conversion of phenylacetylene to styrene and after seven cycles for the same
CaGaGe catalyst at 51 bar Hp, n-BuOH. 90°C, 20 h, 8. 1 mol% (starting).

Figure 40. Catalyst air stability study for CaGaGe after 1 day, 6 days and 5 months of air
exposure to the CaGaGe powder (51 bar Hy, n-BuOH, 90°C, 20 h, 6.5-8.1 mol%).

Figure 47. Superimposed XRD patterns of 13T-CaGaGe pre (upper trace) and post
(lower trace} catalysis.

Figure 48. Tirne dependent conversion of phenylacetylene to styrene and ethylbenzene in
NMP at 40°C, 0.91 mmol phenylacetylene, 2.5 mL NMP, 15 mg 13T-CaGaGe. The specific
surface activity was calculated from the S h time point which includes the induction pertod, and

thus represents a lower bound.
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Figure 49. Time dependent conversion plot of phenylacetylene to styrene and
ethylbenzene (BMF, 40 °C, 8.4 mol% 137-CaGaGe, 0.91 mmol phenylacetylene, 1 bar Ho, 2.5
mL solvent). Ethylbenzene was below the limit of detection (<0.001%).

Figure 50. Kr adsorption isotherm of 13T-CaGaGe

Figure 51. Time dependent conversion using Lindlar’s catalyst of phenylacetylene to
styrene and ethvibenzene in DMF, 40 °C, 17 mg catalyst, 0.91 mmol phenvylacetylene. The 5 b
data point was used to calculate the turnover frequency of the catalyst.

Figure 52, Zintl-Klemm AT and ATrTt phases can catalyze the hydrogenation and
semihydrogenation of phenylacetylene with varying activities.

Figure 53. 4H polytype of CalaGe.

Figure 54. XRD patterns of synthesized 13T (upper trace), synthesized 4H (middle trace),
and calculated 4H (lower trace) CaGaGe, with Miller indices labelling the 4H polviype.

Figure 55. Rietveld refinement of the in-house X-Ray Diffraction (XRD) data, fitting to
the published 4H-CaGaGe structure. The A4/ values are indicated where the structure is clearly
unable to the fit the 04/ peaks, where /7 is odd.

Figure 56. Observed XRD pattern (upper trace) and superimposed calculated pattern of
P3 CalGaGe (lower trace).

Figure 57. Rietveld refinement of the TOFNeutron powder diffraction patiern. Observed
data, calculated pattern, and difference curve, are represented by black dots, a red line, and a
blue line, respectively. The A4/ tick marks for the 13T and 4H phases are pink and black,
respectively. The 1uset shows larger d-spacing values from a different frame to highlight the 006
and 007 reflections of the 13T structure as well as the 002 reflection of the 4H CaGaGe.

Figure 58A-Figure 58B. Atomic position possibilities for gallium and germanium in the
P6 space group. The 1/3 column represents the (1/3, 2/3, z) position and the 2/3 column
represents the (2/3, 1/3, 2} position. The middle, planar layer remains unchanged in these iitial
files. Layer labels (increasing along the ¢ crystaliographic axis) increase from top to bottom as
visible in the top left column of the table.

Figure 59A-Figure 59D First 65 possibilities for the P3 structure type. Highlighted cells
represent where the locations of Ga or Ge are changed within a layer.

Figure 60A-Figure 60D, Remaining possibilities for P3 space group. Highlighted cells
represent where the locations of Ga or Ge are changed within a layer.

Figure 61. Flow chart for the refinement procedure with the P6 unit cell.

Figure 62. Final, best structure with the P6 space group.
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Figure 63. Rietveld refinement procedure flow chart using the P3 unit cell.

Figure 64. Refined P3 crystal structure of CaGaGe. Calcium, gallium, and germanium
are represented with grey, blue, and purple spheres, respectively. Green text (left) refers to the
GaGe layer number. The unique 8%-ayer is highlighted by a red font and asterisk. The “A” and

“E” on the left column indicates whether “Ga” or “Ge”, respectively, occupy the left (1/3, 2/3, 2)

positions. An apostrophe next to the A or E denotes that the right (2/3, 1/3, z) atom is above the
left (1/3, 2/3, z} atom. The “S” label (right} groups layers having the same atoms stacked on top
of each other.

Figure 65. The catalytic hydrogenation of phenylacetylene to styrene or ethylbenzene
using etther non-ait exposed 13T or 4H CaGaGe and 13T CaGaGe after 5 months air exposure
as catalysts. Reaction conditions are 51 bar Hz, 20 h, 2.5 mL solvent (n-BuQOH or DMF}, 1.82
mmol phenylacetylene, 0.12 mmol CaGaGe (6.2 mol% catalyst).

Figure 60. Powder XRD patierns of 13T CaGaGe after exposure to air for 1 day (botiom
trace}, 2 days (second trace from bottom), 6 days (second trace from top), and 2 months {top
trace) showing minimal changes.

Figure &7, Time-dependent conversion of phenylacetylene to styrene or ethylbenzene
using von-air exposed 13T-CaGaGe at 1 bar Ho, in 2.5 mL DMF, 0.91 mmol phenylacetylene,
0.081 mmol CaGaGe (8.2 mol% catalyst).

Figure 68. Superimposed X-ray photoelectron specira of the Ga 2psi and 2pin peaks of
4H-CaGaGe (bottom} and 13T-CaGaGe (top). The Ga 2ps2 peak 1s fit with two peaks: purple
corresponds to the non-oxidized shoulder at 1115.5 eV and the red peak corresponds to the more
oxidized peak at 1117.3 eV, green is the total calculated fit.

DETAILED DESCRIPTION

The compositions, methods, and systems described herein may be understood more
readily by reference to the following detatled description of specitic aspects of the disclosed
subject matter and the Examples included therein.

Before the present compositions, methods, and systems are disclosed and described, 1t is
to be understood that the aspects described below are not himited to specific synthetic methods or
specific reagents, as such may, of course, vary. It is also to be understood that the terminology
used herein is for the purpose of describing particular aspects only and is not wntended to be
{imiting.

Also, throughout this specification, various publications are referenced. The disclosures
of these publications in their entireties are hereby incorporated by reference into this application

&
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in order to more fully describe the state of the art to which the disclosed matter pertains. The
references disclosed are also individually and specifically incorporated by reference herein for
the matenial contained in them that is discussed in the sentence in which the reference 1s relied
upon.

General Definitions

In this specification and in the claims that follow, reference will be made to a number of
terms, which shall be defined to have the following meanings.

Throughout the description and claims of this specification the word “comprise” and
other forms of the word, such as “comprising” and “comprises,” means including but not limited
to, and is not intended to exclude, for example, other additives, cormponents, integers, or steps.

As used in the description and the appended claims, the singular forms “a,” “an,” and
“the” include plural referents unless the context clearly dictates otherwise. Thus, for example,
reference to “a composition” includes mixtures of two or more such compositions, reference to
“an agent” includes mixtures of two or more such agents, reference to “the component” includes
mixtures of two or more such components, and the hike.

“Optional” or “optionally” means that the subsequently described event or circurnstance
can or cannot occur, and that the description includes instances where the event or circurmstance
gccurs and instances where it does not.

Ranges can be expressed herein as from “about” one particular value, and/or to “about”
another particular value. By “about” is meant within 5% of the value, e g, within 4, 3,2 or 1%
of the value. When such a range is expressed, another aspect includes from the one particular
value and/or to the other particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be understood that the particular value
forms another aspect. It will be further understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint, and independently of the other endpoint.

1t 1s understood that throughout this specification the identifiers “first” and “second” are
used solely to aid in distinguishing the various components and steps of the disclosed subject
roatter. The identifiers “first” and “second” are not intended to imply any particular order,
amount, preference, or importance to the components or steps modified by these terms.

Chemical Definitions

References in the specification and concluding claims to parts by weight of a particular
element or cornponent in a composition denotes the weight relationship between the element or

component and any other elements or components in the composition or article for which a part
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by weight is expressed. Thus, in a compound containing 2 parts by weight of component X and 3
parts by weight component Y, X and Y are present at a weight ratio of 2:5, and are present in
such ratio regardiess of whether additional components are contained in the compound.

A weight percent (wit. %) of a component, unless specifically stated to the contrary, i
based on the total weight of the formulation or composition in which the component 1s included.

The term “ion,” as used herein, refers to any molecule, portion of a molecule, cluster of
molecules, molecular complex, moiety, or atom that contains a charge (positive, negative, or
both at the same time within one molecule, cluster of molecules, roolecular complex, or motety
{e.g., Zwitterions)} or that can be made to contain a charge. Methods for producing a charge in a
roolecule, portion of a molecule, cluster of molecules, molecular complex, moiety, or atom are
disclosed herein and can be accomplished by methods known in the art, e.g., protonation,
deprotonation, oxidation, reduction, alkylation acetylation, esterification, deesterification,
hydrolysis, etc.

The term “anion” 1s a type of 1on and 18 included within the meaning of the term “ion.”
An “anton” is any molecule, portion of a molecule {e. 2., Zwitterion), cluster of molecules,
molecular complex, motety, or atom that contains a net negative charge or that can be made to
contain a net negative charge. The term “anion precursor” is used herein to specifically refer to a
molecule that can be converted to an anion via a chemical reaction {e.g., deprotonation).

The term “cation” 18 a type of ion and 1s included within the meaning of the term “ion.”
A “cation” is any molecule, portion of a molecule (e.g., Zwitterion), cluster of molecules,
molecular complex, motety, or atom, that contaius a net positive charge or that can be made to
contain a net positive charge. The term “cation precursor” ts used herein to specifically refertoa
molecule that can be converted to a cation via a chemical reaction {e.g., protonation or
allylation}.

As used herein, the term “substituted” 1s contemplated to include all permissible
substituents of organic compounds. In a broad aspect, the permissible substituents include
acyclic and cyclic, branched and unbranched, carbocyclic and heterocyclic, and aromatic and
nonaromatic substituents of organic compounds. THustrative substituents include, for example,
those described below. The permissible substituents can be one or more and the same or
different for appropriate organic compounds. For purposes of this disclosure, the heteroators,
such as nitrogen, can have hydrogen substituents and/or any permissible substituents of organic
compounds described herein which satisfy the valencies of the heteroatoms. This disclosure is
not intended to be limited in any manner by the permissible substituents of organic compounds.

8
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Also, the terms “substitution” or “substituted with” include the implicit proviso that such
substitution is in accordance with permitted valence of the substituted atom and the substituent,
and that the substitution results in a stable compound, e.g., a compound that does not
spontaneously undergo transformation such as by rearrangement, cyclization, elimination, etc.

“Flr gty =zt and “Z% are used herein as generic symbols to represent various
specific substituents. These symbols can be any substituent, not limited to those disclosed hergin,
and when they are defined to be certain substituents in one instance, they can, in another
instance, be defined as some other substituents.

The term “aliphatic” as used herein refers to a non-aromatic hydrocarbon group and
includes branched and unbranched, alkyl, alkenyl, or atkynyl groups.

As used herein, the term “alkyl” refers to saturated, straight-chained or branched
saturated hydrocarbon moteties. Unless otherwise specified, Ci-Coa (e.g., Ci-Ca, Ci-Cop, Ci-Cs,
Ci-Cis, C1-Cus, C1-Crz, Ci-Cro, C1-Ca, C1-Ce, or C1-Ca) alkyl groups are intended. Examples of
alkyl groups include methyl, ethyl, propyl, I-methyl-ethyl, butyl, 1-methyl-propyl, 2-methyl-
propyl, 1,1-dimethyl-ethyl, pentyl, T-methyl-butyl, Z-methyl-butyl, 3~-methyl-butyl, 2,2~
dimethyl-propyl, 1-ethyl-propyl, hexyl, 1,1-dimethyl-propyl, 1,2-dimethyl-propyl, 1-methyl-
pentyl, 2-methyi-pentyl, 3-methyl-pentyl, 4-methyl-pentyl, 1, 1-dimethyl-butyl, 1,2-dimethyl-
butyl, 1,3-dimethyl-butyl, 2,2-dimethyl-butyl, 2 3-dimethyl-butyl, 3 3-dimethyl-butyl, 1-ethyl-
butyl, 2-ethyi-butyl, 1,1, 2-trimethyl-propyl, 1,2, 2-trimethyl-propyl, 1-ethyl-1-methyl-propyl, 1-
ethyl-Z-methyl-propyl, heptyl, cctyl, nonyl, decyl, dodecyl, tetradecyl, hexadecyl, eicosyl,
tetracosyl, and the like. Alkyl substituents roay be unsubstituted or substituted with one or more
chemical moieties. The alkyl group can be substituted with one or more groups including, but
not limited to, hydroxyl, halogen, acyl, alkyl, alkoxy, alkenyl, atkynyl, aryl, heteroaryl,
aldehyde, amino, cyano, carboxyvlic acid, ester, ether, ketone, nitro, phosphonyi, silyl, sulfo-oxo,
sultonyl, sulfone, sulfoxide, or thiol, as described below, provided that the substituents are
sterically compatible and the rules of chemical bonding and strain energy are satisfied.

Throughout the specification “alkyl” is generally used to refer to both unsubstituted alkyi
groups and substituted alkyl groups; however, substituted alkyl groups are also specifically
referred to herein by identifying the specific substituent(s) on the alky! group. For example, the
terra “halogenated alkyl” specifically refers to an alkyl group that 13 substituted with one ot more
halides (halogens; e.g., fluorine, chlorine, bromine, or icdine). The term “alkoxyalkyl”
specifically refers to an alkyl group that 1s substituted with one or more alkoxy groups, as
described below. The term “alkylamino” specifically refers to an alkyl group that is substituted

g
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with one or more amino groups, as described below, and the like. When “alkyl” is used in one
instance and a specific term such as “alkylalcohol” 15 used in another, it 1s not meant to imaply
that the term “alkyl” does not also refer to specific terms such as “alkylalcohol” and the like.

This practice is also used for other groups described herein. That is, while a term such as
“cycloalkyl” refers to both unsubstituted and substituted cycloalkyl moieties, the substituted
moieties can, in addition, be specifically identified herein; for example, a particular substituted
cyvcloalkyl can be referred to as, e.g., an “alkyicycloalkyl.” Similarly, a substituted alkoxy can be
specifically referred 1o as, .2, a “halogenated alkoxy,” a particular substituted alkenyl can be,
e.g., an “alkenylaicohol” and the like. Again, the practice of using a general term, such as
“cycloalkyl” and a specific term, such as “alkyleycloalkyl” 15 not meant to imply that the
general term does not also include the specific term.

As used herein, the term “alkenyl” refers to unsaturated, straight-chained, or branched
hydrocarbon moteties containing a double bond. Unless otherwise specified, C2-Cau (e.g., C2-Caz,
C2-Cao, C2-Cus, Co-Cho, Co-Cure, Co-Cia, C2-Cro, C2-Cs, Co-Cs, or £2-C4) alkenyl groups are
intended. Alkeny! groups may contatn more than one unsaturated bond. Examples include
cthenyl, 1-propenyl, 2-propenyl, 1-methylethenyl, 1-butenyl, 2-butenyl, 3-butenyl, 1-methyl-1-
propenyl, 2-methyl-1-propenyl, T-methyi-2-propenyl, 2-methyi-Z-propenyl, 1-pentenyl, 2~
pentenyl, 3-pentenyl, 4-pentenyl, 1-methyl-1-butenyl, Z-methyl-1-butenyl, 3-methyl-1-butenyi,
t-methyl-2-buteoyl, Z-methyl-2-butenyl, 3-methyl-2-butenyl, T-methyl-3-butenyl, Z-methyl-3-
butenyl, 3-methyl-3-butenyl, 1,1-dimethyi-2-propenyl, 1,2-dimethyl-1-propenyl, 1,2-dimethyl-2-
propenyl, 1-ethyl-1-propenyl, 1-ethyl-2-propenyl, T-hexenyl, 2-hexenyl, 3-hexenyl, 4-hexenyl,
S-hexenyl, I-methyl-1-pentenyl, 2-methyi-1-pentenyl, 3~-methyl-1-pentenyl, 4-methyl-1-
pentenyl, 1-methyl-2-pentenyl, Z-methyl-2-pentenyl, 3-methvl-2-pentenyl, 4-methyl-2-pentenyl,
I-methyl-3-pentenyl, Z-methyl-3-pentenyl, 3-methyl-3-pentenvl, 4-methyl-3-pentenyl, l-methyl-
4-pentenyl, 2-methyl-4-pentenyl, 3-rmethyl-4-pentenyl, 4-methyl-4-pentenyl, 1, 1-dimethyi-2-
butenvl, 1, -dimethyl-3-butenyl, 1,2-dimethyl-1-butenyl, 1,2-dimethyl-2-butenyl, 1,2-dimethyl-
3-butenyl, 1,3-dimethyl-1-buteny!, 1,3-dimethyl-2-butenyl, 1 3-dimethyl-3-butenyl, 2,2-
dimethyl-3-butenyl, 2, 3-dimethyl-1-butenyl, 2, 3~dimethyl-2-buteonyl, 2,3-dimethyl-3-butenyl,

3 3-dimethyl-1-butenyl, 3,3-dimethyl-2-butenyl, I-ethyl-1-butenyl, 1-ethyl-2-butenyl, 1-ethyl-3-
butenyl, 2-ethyl-1-butenyl, 2-ethyl-2-butenyl, 2-ethyl-3-butenyl, 1,1 2-trimnethyl-2Z~-propenyl, 1-

ethyl-1-methvl-2-propenyi, 1-ethyl-2-methyl-1-propenyl, and 1-ethyl-Z-methyl-2-propenyt. The
term “vinyl” refers to a group having the structure —-CH=CH,; 1-propenyl refers to a group with
the structure-CH=CH-CHa; and 2- propenyi refers 1o a group with the structure ~CHz-CH=CH:.
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Asymmetric structures such as (Z'Z%)C=C{Z°Z") are intended to include both the Z and 7
isomers. This can be presumed o structural formulae herein wheretn an asymmetric alkene is
present, or it can be explicitly indicated by the bond symbol C=C. Alkeny! substituents may be
unsubstituted or substituted with one or more chemical moieties. Examples of suitable
substituents include, for example, alkyl, alkoxy, alkenyl, alkynyl, aryl, heteroaryl, acyl,
aldehyde, amino, cyano, carboxylic actd, ester, ether, halide, hydroxyl, ketone, nitro,
phosphonyl, silyl, sulfo-oxo, sulfonyl, sulfone, sulfoxide, or thiol, as described below, provided
that the substituents are sterically compatible, and the rules of chemical bounding and strain
energy are satisfied.

As used herein, the term “alkyoyl” represents siraight-chained or branched hydrocarbon
moieties containing a triple bond. Unless otherwise specified, Cr-Cua(e.g., Ca-Cra, Ci-Cao, Tr-
Cis, C2-Cis, Ca-Cua, Cr-Cry, Ca-Cuo, C2-Ca, C2-Cs, or Co-Ca) alkynyl groups are intended.
Alkynyl groups may contain more than one unsaturated bond. Examples tnclude Cz-Co-alkynyl,
such as ethynyl, I-propynyl, 2-propynyl {or propargyly, 1-butynyl, 2-butynyl, 3-butynyl, 1-
methyl-2-propynyl, 1-pentynyl, Z-pentvnyl, 3-pentynyl, 4-pentynyl, 3-methyl-1-butynyl, 1-
methyl-2-butynyl, T-methyl-3-butynyl, 2-methyl-3-butynyl, 1, 1-dimethyl-2-propynyl, I-ethyl-2-
propynyl, T-hexynyl, 2-hexynyl, 3-hexynyl, 4-hexynyl, S-hexynyl, 3-methyl-1-pentynyl, 4-
methyl-1-pentynyl, T-methyl-2-pentynyl, 4-methyl-Z-pentynyl, 1-methyi-3-pentynyl, 2-methyl-
3-pentynyl, 1-methyl-4d-pentynyl, 2-methyl-4-pentyoyl, 3-methyl-4-pentynyl, 1,1-dimethyl-2-
butynyl, 1,1-dimethyi-3-butynyl, 1,2-dimethyl-3-butynyi, 2,2-dimethyl-3-butynyl, 3,3-dimethyl-
I-butynyl, T-ethyl-2-butynyl, 1-ethyl-3-butynyl, 2~ethyl-3-butynyl, and 1-ethyi-T-methyl-2-
propynyl. Alkynyl substituents may be unsubstituted or substituted with one or more chemical
moieties. Examples of suttable substituents include, for example, alkyl, atkoxy, alkenyl, alkynvl,
aryi, heteroarvl, acyl, aldehvde, amino, cyano, carboxylic acid, ester, ether, halide, hydroxyl,
ketone, nitro, phosphonyl, silyl, sulto-oxo, sultonyl, sulfone, sulfoxide, or thiol, as described
below.

As used herein, the term “aryl,” as well as derivative terms such as aryloxy, refers to
groups that include a monovalent aromatic carbocyclic group of from 3 to 50 carbon atoms. Aryl
groups can include a single ring or multiple condensed rings. In some embodiments, aryl groups
include Ce-Cro aryl groups. Examples of aryl groups wnclude, but are not limited to, benzene,
phenyl, biphenyl, naphthyl, tetrahvdronaphtyl, phenvicyclopropyl, phenoxvbenzene, and
indanyl. The term “aryl” also includes “heteroaryl,” which 1s defined as a group that contains an
aromatic group that has at least one hetercatom incorporated within the ring of the aromatic
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group. Examples of heteroatoms include, but are not limited to, nitrogen, oxygen, sulfur, and
phosphorus. The term “non-heteroaryl,” which is also included in the term “aryl,” defines a
group that contains an aromatic group that does not contain a heteroatorn. The aryl substituents
may be unsubstituted or substituted with one or more chemical moieties. Examples of suitable
substituents include, for example, alkyl, alkoxy, alkenyl, alkynyl, aryl, heteroaryl, acyl,
aldehyde, amino, cyano, carboxylic actd, ester, ether, halide, hydroxyl, ketone, nitro,
phosphonyl, silyl, sulfo-oxo, sulfonyl, sulfone, sulfoxide, or thiol as described herein. The term
“biaryl” 18 a specific type of aryl group and 15 1ncluded 1n the definition of aryl. Biaryl refers to
two aryl groups that are bound together via a fused ring structure, as in naphthalene, or are
attached vig one or more carbon-carbon bonds, as in biphenyl.

The term “cycloalkyl” as used herein is a non-aromatic carbon-based ring composed of at
ieast three carbon atoms. Examples of cycloalkyl groups include, but are not limited to,
cyclopropyl, cyclobutyi, cyclopentyl, cyclohexyl, eic. The term “heterocycloalkyl” is a
cycloalkyl group as defined above where at least one of the carbon atoms of the ring is
substituted with a heteroatom such as, but not limited to, nitrogen, oxygen, sulfur, or
phosphorus. The cycloalkyl group and heterocycloalkyl group can be substituted or
unsubstituted. The cycloalkyl group and heterocycloalkyl group can be substituted with one or
more groups including, but not limited to, alkyl, atkoxy, alkenyl, alkvnyl, arvl, heteroaryl, acyl,
aldehyde, amino, cyano, carboxylic acid, ester, ether, halide, hydroxyl, ketone, nitro,
phosphonyl, silyl, sulfo-oxo, sulfonyl, sultone, sulfoxide, or thiol as described herein.

The term “cycloalkenyl” as used herein is a non-aromatic carbon-based ring composed of
at least three carbon atoms and containing at least one double bound, i.e., C=C. Examples of
cycloalkenyl groups include, but are not limited to, cyvclopropenyl, cyclobutenyl, cyclopentenyl,
cyclopentadienyl, cyclohexenyl, cyclohexadienyl, and the like. The term “heterocycloalkenyl” is
a type of cycloalkenyl group as defined above, and 15 included within the meaning of the term
“cycloalkenvl,” where at least one of the carbon atoms of the ring is substituted with a
hetercatom such as, but not limited to, nitrogen, oxygen, sulfur, or phosphorus. The cycloalkenyl
group and heterocycloalkenyl group can be substituted or unsubstituted. The cycloalkenyl group
and heterocycloalkenyl group can be substituted with one or more groups including, but not
lirotted to, alkyl, alkoxy, alkenyl, alkyunyi, aryl, beteroaryl, acyl, aldehyde, amino, cyano,
carboxylic acid, ester, ether, halide, hydroxyl, ketone, nitro, phosphonyl, silvi, sulfo-oxo,
suifonyl, sulfone, sulfoxide, or thicl as described herein.

The term “cyclic group” is used herein to refer to either aryl groups, non-aryl groups (i.e.,
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cycloalkyl, heterocycloalkyl, cycloalkenyl, and heterocycloalkenyl groups), or both. Cyclic
groups have one or more ring systems that can be substituted or unsubstituted. A cyclic group
can contain one or more aryl groups, one or more non-aryl groups, or one or more aryl groups
and one or more non-aryl groups.

The term “acyl” as used herein is represented by the formula ~C{0)2' where Z' canbe g
hydrogen, bydroxyl, alkoxy, alkyl, atkenyl, alkynyl, arvi, heterocaryl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocycloalkenyl group described above. As used herein, the term “acyl”
can be used interchangeably with “carbonyl.” Throughout this specification “C(OY or “CO 7 is a
shorthand notation for C=0.

The term “acetal” as used herein is represented by the formula (Z'1Z9CEOZHN=0ZY,
where 2}, Z* Z? and Z* can be, independently, a hydrogen, halogen, hydroxyl, alkyl, alkenyl,
alkynyl, arvl, heteroaryl, cycloatkyl, cycloalkenyl, heterocyeloalkyl, or heterocycloalkenyl group
described above.

As used herein, the term “alkoxy” as used herein 1s an alkyl group bound through a
single, terminal ether linkage, that is, an “alkoxy” group can be defined as to a group of the
formula Z'-0-, where Z' is unsubstituted or substituted alkyl as defined above. Unless otherwise
specified, atkoxy groups wherein Z' is a Ci-Cza (e.g., C1-Ca2, C1-Cao, C1-Cis, C1-Cis, C1-Cr4, Ci-
Cua, Ci-Che, Ci-Cs, C1-Co, or Ci-Ca) alky! group are intended. Examples include methoxy,
ethoxy, propoxy, t-methyl-ethoxy, butoxy, 1-methyl-propoxy, 2-methyl-propoxy, 1,1-dimethyl-
ethoxy, pentoxy, 1-methyl-butyloxy, Z-methyl-butoxy, 3-methyl-butoxy, 2,2-di-methyl-propoxy,
I-ethyl-propoxy, hexoxy, 1, 1-dimethyl-propoxy, 1,2-dimethyl-propoxy, T-methyl-pentoxy, 2-
methyl-pentoxy, 3~methyl-pentoxy, 4-methyl-penoxy, 1, I-dimethyl-butoxy, 1,2-dimethyl-
butoxy, 1,3~-dimethyl-butoxy, 2,2-dimethyl-butoxy, 2 3-dimethyl-butoxy, 3,3-dimethyl-butoxy,
I-ethyl-butoxy, 2-ethylbutoxy, 1,1,2-trimethyl-propoxy, 1,2, 2-trimethyl-propoxy, 1-ethyl-1-
methyl-propoxy, and I-ethyl-2-methyl-propoxy.

The term “aldehyde” as used heretn is represented by the formula —C{OYH. Throughout
this specification “C{0)” is a shorthand notation for C=0.

The terms “arnine” or “aming” as used herein are represented by the formula —NZ'Z°Z7,
where 7', Z*, and Z° can each be substitution group as described herein, such as hydrogen, an
alkyl, alkenyl, alkynyl, aryl, heteroarvl, cycloalkyl, cycloalkenyl, heterocycloalkyl, or
heterocycloaltkenyl group described above.

The terms “arnide” or “amido” as used herein are represented by the formula —

C(ONZZ? where 2" and Z* can each be substitution group as described herein, such as
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hydrogen, an atkyl, alkenvl, alkynyl, aryl, heteroaryl, cvcloalkyl, cycloatkenyl, heterocycloaltkyl,
or heterocycloalkenyl group described above,
The term “carboxvlic acid” as used herein is represented by the formula —C(OYOH A

“carboxylate” or “carboxyl” group as used herein is represented by the formula

The term “cyano” as used hereiu is represented by the formula —CN.

The term “ester” as used herein is represented by the formula —QC(Q)Z! or
—C{OY0OZY, where 7! can be an alkyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl,
cycloatkenyl, heterocycloalkyl, or heterocycloalkenyl group described above.

The term “ether” as used herein is represented by the formula Z'0Z°, where 2! and 27
can be, independently, an alkvl, alkenyl, allkynyl, aryl, heteroaryl, cycloalkyl, cycloalkenyl,
heterocycloaltkyl, or heterocycloalkenyl group described above.

The term “ketone” as used herein is represented by the formula Z1C(0)Z?, where 2! and
Z* can be, independently, an alkyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocycloalkenyt group described above,

The term “halide” or “halogen” or “halo” as used herein refers to fluorine, chlorine,
bromine, and iodine.

The term “hydroxy!l” as used herein is represented by the formula —OH.

The term “nitro” as used herein is represented by the formula —NG2.

The term “phosphonyl” 1s used herein to refer o the phospho-oxo group represented by
the formula —P{O)OZ"Y, where Z! can be hydrogen, an alkyl, alkenyl, alkynyl, aryl,
hetercaryl, cycloallyl, cyveloatkenyl, heterocycloalkyl, or heterocycloalkenyl group described
above.

The term “silyl” as used herein is represented by the formula —SiZ12223 where 21, 22,
and Z° can be, independently, hydrogen, alkyl, alkoxy, alkenyl, alkynyl, aryl, hetercaryl,
cycloatkyl, cycloalkenyl, heterocycloalkyl, or heterocycloalkenyl group described above.

The term “sulfonyl” or “sulfone” is used herein to refer to the sulfo-oxo group
represented by the formula —S(OnZ!, where Z! can be hydrogen, an alkyl, alkenyi, alkyny,
arvi, heteroaryl, cycloalkyl, cycloalkenyl, heterocycleoalkyl, or heterocycloalkenyl group
described above.

The term “sulfide” as used herein is comprises the formula —S-—.

The term “thiol” as used herein 1s represented by the formula —SH.

SRR SR URY ete., where nis some integer, as used herein can, independently,
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possess one or more of the groups listed above. For example, if R' is a straight chain alkyl group,
one of the hydrogen atoms of the alkyl group can optionally be substituted with a hydroxyl
group, an alkoxy group, an amine group, an alkyl group, a halide, and the like. Depending upon
the groups that are selected, a first group can be incorporated within second group or,
alternatively, the first group can be pendant (i.¢, attached) to the second group. For example,
with the phrase “an alkyl group comprising an amino group,” the amino group can be
incorporated within the backbone of the alky!l group. Alternatively, the amino group can be
attached to the backbone of the alkyl group. The nature of the group(s) that is {(are} selected will
determine if the first group is embedded or attached to the second group.

Unless stated to the contrary, a formula with chemical boods shown only as solid lines
and not as wedges or dashed lines contemplates each possible sterecisomer or mixture of
stereoisomer {e.g, each enantiomer, each diastereomer, each meso compound, a racemic
mixture, or scalemic mixture).

Catalysts and Methods of Making and Use Thereof

Disclosed herein are catalysts comprising a layered intermetallic compound comprising:

AM M

wherein

Ais a group 2 metal, a2 group 3 metal, a lanthanide metal, or a combination thereof,

Mis a group 13 metal;

M’ s a group 14 metal or a group 14 metalloid; and

K18 from Oto 1.

In some examples, A can be selected from the group consisting of Ba, Sr, Ca, Lu, Y, La,
Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, and combinations thereof In some examples,
A can be selected from the group consisting of Ca, Ba, Y, La, Eu, and combinations thereof. In
sorne examples, A can be selected from the group consisting of Ba, Ca, St, Y, and combinations
thereof. In some examples, A is Ba.

In some examples, A can be selected from the group consisting of Ca, Lu, Y, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and combinations thereof. In some examples, A can
be selected from the group consisting of Y, Ly, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tim,
Yh, and combinations thereof.

In some examples, M can be selected from the group consisting of Al, Ga, In, and
combinations thereof. In some examples, M can comprise Ga.

In some examples, M’ can be selected from the group consisting of Si, Ge, Sn, and
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combinations thereof

In some examples, x can be 0 or more {e.g,, 0.1 or more, (.2 or more, 0.3 or more, 0.4 or
more, 0.5 or more, 0.6 or more, 0.7 or more, 0.8 or more, or 0.9 or more). In some exarples, x
canbe 1 orless {e.g, 0.9 orless, 0.8 orless, 0.7 or less, 0.6 orless, 0.5 or less, 0.4 or fess, 03 or
less, 0.2 or less, or 0.1 or less). The value of x can range from any of the numimum values
described above to any of the maximum values described above. For example, x can be from 0 10
T{eg,from0tc 05 from05tc !, from 0to 02, from 21004, from 041006, from06t0 08,
from 0.8 to 1, from 0.1 10 0.9, or from 0.2 10 0.8). In some examples, x1s G or 1.

In some examples, A is selected from the group consisting of Ba, 8r, Ca, Lu, Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, and combinations thereof, M is selected from the
group consisting of Al, Ga, In, and combinations thereof, and M’ is selected from the group
consisting of 81, Ge, Sn, and combinations thereof. In some examples, A is selected from the
group consisting of Ba, Sr, Ca, Ly, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, and
combinations thereof, M is selected from the group counsisting of Al Ga, In, and combinations
thereof, M’ is selected from the group consisting of Si, Ge, S, and combinations thereof; and x
isOorl.

In some examples, A is selected from the group consisting of Ba, Ca, S, Y, and
combinations thereof; M is selected from the group consisting of Al, Ga, In, and combinations
thereot’ and M 1s selected from the group consisting of 8i, Ge, Sn, and combinations thereof. In
some examples, A is selected from the group consisting of Ba, Ca, Sr, Y, and combinations
thereof, M is selected from the group consisting of Al, Ga, In, and combinations thereof, M’ 18
selected from the group consisting of Si, e, Sn, and combinations thereof, and xis G or 1.

In some examples, A 1s selected from the group consisting of Ca, Ba, Y, La, Eu, and
combinations thereof, M i3 selected from the group consisting of Al, Ga, In, and combinations
thereof, and M 1s selected from the group consisting of Si, Ge, Sn, and combinations thereof. In
some examples, A 13 selected from the group consisting of Ca, Ba, Y, La, Hu, and combinations
thereof, M is selected from the group consisting of Al, Ga, In, and combinations thereof, M’ is
selected from the group consisting of St, Ge, Sn, and combinations thereof, and x1s G or 1.

In some examples, A is selected from the group consisting of Ca, Lu, Y, La, Ce, Pr, Nd,
Sm, Bu, Gd, Th, Dy, Ho, Er, Tm, Yb, and combinations thereof, M is selected from the group
consisting of Al, Ga, In, and combinations thereof, and M’ 1s selected from the group consisting
of 51, Ge, Sn, and combinations thereof. In some examples, A 15 selected from the group
consisting of Ca, Lu, Y, La, Ce, Pr, Nd, Sm, BEu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and combinations
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thereot, M is selected from the group consisting of Al, Ga, In, and combinations thereof, M 15
selected from the group consisting of S, (e, Sn, and combinations thereof, and xis G or 1.

In some examples, A is selected from the group consisting of Y, Lu, La, Ce, Pr, Nd, Sm,
Hu, Gd, Th, Dy, Ho, Er, Tm, Yb, and combinations thereof; M is selected from the group
consisting of Al, Ga, In, and combinations thereof; and M’ 15 selected from the group consisting
of 5i, Ge, Sn, and combinations thereof. In some examples, A 15 selected from the group
consisting of Y, Lu, La, Ce, Pr, Nd, Sm, Eu, GGd, Tb, Dy, Ho, Er, Tm, Yb, and combinations
thereof, M is selected from the group consisting of Al, Ga, In, and combinations thereof, M’ 18
selected from the group consisting of Si, Ge, Sn, and combinations thereof, andxis O or 1.

In some exarmples, A 13 Ba; M 15 selected from the group consisting of Al, Ga, In, and
combinations thereof, and M’ is selected from the group consisting of Si, Ge, Sn, and
combinations thereof. In some examples, A is Ba; M is selected from the group consisting of Al
(3a, In, and combinations thereof, M’ is selected from the group consisting of Si, Ge, Sp, and
combinations thereof, and x is 0 or 1.

In some examples, the catalyst can comprise BaGay, BaGaGe, BaGaSn, BalnGe, CaGes,
Calm, CaGaGe, CaGaSi, SrGaz, SrAly, BaAlSy, SrAlSt, YGar, LnGar wherein Ln is a lanthanide
metal, or a combination thereof. In some examples, the catalyst can comprise BaGaz, BaGaGe,
BaGaSn, BalnGe, or a combination thereof. In some examples, the catalyst can comprise BaGas.
In some embodiments, the catalyst 15 not BaGar or S1Gaz (1.¢, the catalyst is substantially free
trom BaGa: and SrGay).

In some examples, the catalyst can comprise BaGaGe, BaGaSn, BalnGe, CaGer, Caln,
CaGaGe, CaGaSy, SrAl, BaAlSi, SrAlSL YGaz, LnGaz wherein Lo is a lanthanide metal, ora
combination thereof

In some examples, the catalyst can comprise BaGaGe, BaGaSn, BalnGe, Cale:, Calng,
CaGaGe, CaGaSi, BaAlSi, SrAlSi, YGay, LnGar wherein Ln is a lanthanide metal, or a
combination thereot. In some examples, the catalyst can comprise BalnGe, Calm, CaGaGe,
CaGaSi, YGaq, LaGay, BEuGag, or a combination thereof. In some exampiles, the catalyst can
comprise CalGaGe, CaGaSt, YGaz, or a combination thereof,

In some examples, A 1s Ba and x is 0 or 1. In some examples, the catalyst can comprise
BaGaz, BaGaGe, BaGaSn, BalnGe, or a corobination thereof. In some exaruples, the catalyst can
comprise BaGaGe, BaGaSn, BalnGe, or a combination thereof.

In some examples, x is 1 and M 1s Ga.

The catalyst can, for example, be substantially free of transition metals.
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In some embodiments, the catalyst can comprise CaGaGe. For example, the catalyst can
comprise a 13-layer trigonal polytype of CaGaie.

Also disclosed herein are catalysts comprising a layered intermetallic compound
comprising:

AM M 1k

wherein

A1s a group 2 metal, a group 3 metal, a lanthanide metal, or a combination thereof,

M is a group 13 metal;

M’ is a group 14 metal or a group 14 metalloid; and

x is from O to 1

with the proviso that the catalyst is not BaGaz or SrGaz (e.g.. the catalyst is substantially
free from BaGay or SrGaz).

Also disclosed herein are catalysts comprising a layered intermetallic compound
comprising;

AMiaM 1«

wherein

A 1s a group 2 metal, a group 3 metal, a lantharude metal, or a combination thereof,

M is a group 13 metal;

M s a group 14 metal or a group 14 metalloid; and

X is from O to 1

with the proviso that when A 1s Ba ot Sr, xis not 1.

In some examples, the catalyst can comprise a layered Zintl phase (¢ 2., a layered binary
Zintl phase, a layered ternary Zintl phase, or a combination thereof). In some examples, the
catalyst can comprise a Hz adsorbing layered Zintl phase {e.g., a Ho absorbing layered binary
Zintl phase, a Ho absorbing layered ternary Zintl phase, or a combination thereof). In some
examples, the catalyst can comprise a layered Zintl-Klemm phase comprising group 13 triel or
group 14 tetrel networks separated by electropositive cations comprising A. In some examples,
the catalyst can corprise a layered Zintl-Kiemm phase comprising a tnel network, a half-filied
pz orbital, no interlayer bonding in the main group framework, or a combination thereof.

In some examples, the catalyst can comprise a plurality of particles. The plurality of
particles can comprise particles of any shape (e.g., a sphere, a rod, a quadrilateral, an ellipse, a
triangle, a polygon, etc ). In some examples, the plurality of particles can have an trregular

shape, a regular shape, an isotropic shape, an anisotropic shape, or a combination thereof.
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In some examples, the catalyst can comprise a plurality of particles having an average
particle size. “Average particle size” and “mean particle size” are used interchangeably herein,
and generally refer to the statistical mean particle size of the particles in a population of
particles. For example, the average particle size for a plurality of particles with a substantially
spherical shape can comprise the average diameter of the plurality of particles. For a particle
with a substantially spherical shape, the diameter of a particle can refer, for example, to the
hydrodynamic diameter. As used herein, the hydrodynamic diameter of a particle can refer to
the largest linear distance between two points on the surface of the particle. For an anisotropic
particle, the average particle size can refer to, for example, the average maximum dimension of
the particle (e.g., the length of a rod shaped particle, the diagonal of a cube shape particle, the
bisector of a triangular shaped particle, etc.} For an anisotropic particle, the average particle size
can refer to, for example, the hydrodynamic size of the particle. Mean particle size can be
measured using methods known in the art, such as evaluation by scanning electron microscopy,
transmission electron microscopy, and/or dynamic light scattering.

For example, the catalyst can comprise a plurality of pasticles having an average particle
size of 4 nanometers (nm) or more (.., 5 nm or more, 6 nm or more, 7 nm or more, § nm or
more, 9 nm or more, 10 nm or more, 15 nm or more, 20 nm or more, 25 nm or morg, 30 nm or
more, 35 nm or more, 40 nm or more, 45 nm or moreg, 50 nm or more, 60 nm or more, 70 nm or
more, 30 nm or more, 90 nm or more, 100 nm or more, 120 nm or more, 140 nm or more, 160
nm or more, 180 nm or more, 200 nm or more, 220 nm or more, 240 nm or more, 260 nm or
more, 280 nm or more, 300 nm or more, 320 nmw or more, 340 i or more, 360 nm or more, 380
nm or more, 400 nm or more, 425 nm or more, 450 nm or more, 475 nm or more, 300 nm or
more, 550 nm or more, 600 nm or more, 630 nm or more, 700 nm or more, 750 nm or more, 800
am or more, 900 nm or more, 1 micrometer (um, micron} or more, 1.25 microns or more, 1.5
microns or more, 1.75 microns or more, 2 microns or more, 2.25 microns or more, 2.5 microns
or more, 2.75 microns of more, 3 microns or more, 3.5 microns of more, 4 microns of more, 4.5
microns or more, S microns of more, 6 microns or more, 7 microns or more, § microns or more,
9 microns or more, 10 microns or more, 11 microns or more, 12 microns or more, 13 microns or
more, 14 microns or more, 15 microns or more, 20 microns or more, 25 microns or more, 30
microns of more, 35 microns or more, 40 microns or more, or 45 microns or more},

In some examples, the catalyst can comprise a plurality of particles having an average
particle size of 50 microns or less {e.g., 45 microns or less, 40 microns or less, 35 microns or
less, 30 microns or less, 25 microns or less, 20 microns or less, 15 microns or less, 14 microns or
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fess, 13 microns or less, 12 microns or less, 11 microns or less, 10 microns or less, 9 microns or
less, 8 microns or less, 7 microns or less, 6 microns or fess, 5 microns or less, 4.5 microns or
less, 4 microns or less, 3.5 microns or less, 3 microns or less, 2.75 microns or less, 2.5 microns
or less, 2.25 microns or less, 2 microns or less, 1.75 microns or less, 1.5 microns or less, 1.25
microns or less, 1 micron or less, 900 nm or less, 800 nm or less, 750 nm or less, 700 nm or less,
650 nm or less, 600 nm or fess, 5350 nm or less, 500 nm or fess, 475 nm or less, 450 nm or fess,
425 nm or less, 400 nm or less, 380 nm or less, 360 nm or less, 340 nm or less, 320 nm or less,
300 nm or less, 280 nm or less, 260 nm or less, 240 nm or fess, 220 nm or less, 200 nm or less,
180 nm or less, 160 nm or less, 140 nm or less, 120 nm or less, 100 nm or less, 90 nm or less, 80
nm ot less, 70 nm or less, 60 nm or less, SO nm or less, 45 nm or less, 40 nm or less, 35 om or
less, 30 nm or less, 25 nm or less, 20 nm or less, 15 nm or less, 10 nm or less, 9 nm or less, 8 nm
or less, 7 nm or less, 6 nn or less, or 5 nm or less).

The average particle size of the plurality of particles of the catalyst can range from any of
the mimimum values described above to any of the maximum values described above. For
example, the catalyst can comprise a plurality of particles having an average particle size of from
4 nm to 50 microns {e.g., from 4 nm to 100 nm, from 100 nrn to | nmicron, from 1 micron to 50
microns, from 100 nm to 40 microns, or from 320 um to 13 microns).

In some examples, the plurality of particles can be substantially monodisperse.
“Monodisperse” and “homogeneous size distribution,” as used herein, and generally describe a
population of particles where all of the particles are the same or nearly the same size. As used
herein, a monodisperse distnibution refers to particle distributions in which 80% of the
distribution {e.g., 85% of the distribution, 30% of the distnibution, or 95% of the distribution)
ltes within 25% of the median particle size (e.g., within 205 of the median particle size, within
15% of the median particle size, within 10% of the median particle size, or within 5% of the
median particle size).

In some examples, the plurality of particles comprises: a first population of particles
comprising a first material and having a first average particle size and a first particie shape; and a
second population of particles comprising a second material and having a second average
particle size and a second particle shape; wherein the first average particle size and the second
average particle size are different, the first particle shape and the secound particle shape are
different, the first material and the second material are different, or a combination thereof.

In some examples, the plurality of particles comprises a mixture of a plurality of
populations of particles, wherein each population of particles within the mixture has a different
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size, shape, composition, or combination thereof In some examples, the plurality particles
within each population of particles are substantially monodisperse.

The catalyst can, for example, have an average surface are of 0.1 meters squared or more
per gram of catalyst (m%/g) (e.g., 0.25 m*/g or more, 0.5 m*/g or more, 0.75 m*/g or more, 1 m%/g
or more, 1.5 m¥g or more, 2 m%*g or more, 2.5 m¥/g or more, 3 m*/g or more, 3.5 m"/’g or more,
4 m*/g or more, 4.5 m?/g or more, 5 m¥/g or more, 6 m¥/g or more, 7 m/g or more, 8 m¥/g or
more, 9 m*/g or more, 10 m*/g or more, 15 m¥g or more, 20 m%/g or more, 25 m*/g or more, 30
m*/g or more, 35 m/g or more, 40 m?/g or more, 45 m*/g or more, 50 m?*/g or more, 60 m%/g or
more, 70 m*/g or more, 80 m*/g or more, 90 m*/g or more, 100 m*/g or more, 125 m*/g or more,
150 m?%/g or more, 175 m¥/g or more, 200 mz_/'g or more, 225 m¥/g or more, 250 m¥/g or more,

Y

75 m?/g or more, 300 m%/g or more, 325 m¥/g or more, 350 m%/g or more, or 375 m¥/¢ or more}.

f

~ 2/
7

In some examples, the catdi‘y st can have a surface area of 400 m%/g or less {e.g., 375 m?/g or less,

350 m?/g or less, 325 m%/g or less, 300 m*/g or less, 275 m*/g or less, 250 m*/g or less, 225 m*/g
or less, 200 m*/g or less, 175 m%g or less, 150 m¥/g or less, 125 m?/g or less, 100 m?/g or less,
30 m¥/g or less, 80 m%/g or less, 70 m*/g or less, 60 m?/g or less, 50 m*/g or less, 45 m*/g or less,
40 m¥/g or less, 35 m%/g or less, 30 m¥/g or less, 25 m*/g or less, 20 m*/g or less, 15 m¥/g or less,
10 m?/g or less, @ m¥/g or less, 8 m¥/g or fess, 7 m?/g or less, 6 m¥/g or less, S m%/g or less, 4.5
m'/g or less, 3 m¥/g or less, 3.5 m*/g or less, 2 m*/g or less, 2.5 m*/g or less, 2 m*/g or less, 1.5
m?/g or less, 1 m%/g or less, or 0.5 m?%/g or less). The average surface area of the catalyst can
range from any of the minimum values described above to any of the maximum values described
above. For example, the catalyst can have an average surface area of from 0.1 m?¥/g to 400 m?*/g
{e.g., from 0.1 m¥/g to 200 m¥g, from 200 m¥/g to 400 m¥g, from 3 m%/g to 400 m¥/g, from 3

*/g to 100 m¥/g, from 10 m?¥/g to 400 m?%/g, or from 50 m*/g to 300

m?/g to 230 m¥/g, from 1 m
m?/g).

The catalysts described herein can be used to catalyze a variety of reactions. In some
examples, the catalysts described herein can effectively catalyze a hydrogenation reaction. As
used herein a hydrogenation reaction includes semi-hydrogenation and full hydrogenation
reactions. o some examples, the catalysts described berein can have a catalytic activity {e.g., a
turnover frequency ) comparable to the catalytic activity of a commercial Pd based hydrogenation
catalyst in a hydrogenation reaction.

For example, the catalysts described herein can effectively catalyze hydrogenation at 1
bar Hz or more {e.g., 2 bar or more, 3 bar or more, 4 bar or more, S bar or more, 6 bar or more, 7

bar or more, & bar or more, 9 bar or more, 10 bar or more, 15 bar or more, 20 bar or more, 25 bar
> 2 2 3 > >
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or more, 30 bar or more, 35 bar or more, 40 bar or more, 45 bar or more, or 50 bar or more). In
some examples, the catalysts described herein can effectively catalyze hydrogenation at 55 bar
Hz orless {e.g., 50 bar or less, 45 bar or less, 40 bar or less, 35 bar or less, 30 bar or less, 25 bar
or less, 20 bar or less, 13 bar or less, 10 bar or less, 9 bar or less, 8 bar or less, 7 bar or less, 6 bar
or less, S bar or less, 4 bar or less, 3 bar or less, or 2 bar or less). The amount of hydrogen
provided can range from any of the minimum values described above to any of the maximum
values described above. For example, the catalysts described herein can effectively catalyze
hydrogenation at 1-55 bar Ho {e.g, from 1 bar to 25 bar, from 25 bar to §S bar, from 1 bar to 10
bar, from 10 bar to 20 bar, from 20 bar to 30 bar, from 30 bar to 40 bar, from 40 bar to 55 bar,
from 1 bar to 50 bar, or from 1 bar to 40 bar).

In some examples, the catalysts described herein can effectively catalyze hydrogenation
at a temperature of 40°C or more {e.g., 45°C or more, S0°C or more, 55°C or more, 60°C or
maore, 03°C or more, 70°C or more, 75°C or more, 80°C or more, 85°C or more, 90°C or more,
or 95°C or more). In some examples, the catalysts described herein can effectively catalyze
hydrogenation at a temperature of 100°C or less (e.g., 95°C or less, 90°C or less, 85°C or less,
80°C or less, 75°C or less, 70°C or less, 65°C or less, 60°C or less, 55°C or less, S0°C or less, or
45°C or less). The temperature at which the catalyst effectively catalysts hydrogenation can
range from any of the minimum values described above to any of the maximum values described
above. For example, the catalysts described herein can effectively catalyze hydrogenation at a
temperature of from 40-100°C (e.g., from 40°C to 70°C, from 70°C to 100°C, from 40°C to
60°C, from 60°C to BO°C, from 30°C to 100°C, or from 30°C to 90°C).

In some examples, the catalysts described herein can effectively catalyze the
hydrogenation of an alkyne. For example, the catalysts described herein can effectively catalyze
hydrogenation of an alkyne at 1-55 bar Hz (e.g., 1-50 bar Hz) and/or at a temperature of 40-
166°C.

In some examples, the catalysts described herein can effectively catalyze the
hydrogenation of phenylacetylene into styrene and ethylbenzene. For example, the catalyst
described herein can effectively catalyze hydrogevation of phenylacetylene into styrene and
ethylbenzene at 1-55 bar Hz {e.g., 1-50 bar Hz} and/or at a temperature of 40-100°C.

In some examples, the catalysts described herein are effectively air stable, for example
such that the effectiveness of the catalyst upon exposure to air for an amount of time of | minute
or more {e.g., 5 minutes or more, 10 minutes or more, 15 minutes or more, 30 minutes or more,

45 minutes or more, 1 hour or more, 2 hours or more, 3 hours or more, 4 hours or more, 5 hours
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or more, 6 hours or more, § hours or more, 10 hours or more, 12 hours or more, 18 hours or
more, | day, 2 days or more, 3 days or more, 4 days or more, S days or more, ¢ days or more, |
week or more, 2 weeks or more, 3 weeks or more, 1 month or more, 2 months or more, 3 months
or more, 4 months or more, 5 months or more, or 6 months or more} decreases by 10% or less

~
II

{e.g, 9% or less, 8%% or less, 7% or less, 6% or less, 5% or less, 4% or less, 3% or less, 2% or
less, or 1% or less) relative to the effectiveness of the catalyst in the absence of air exposure.

Also described herein are supported catalysts comprising any of the catalysts described
herein disposed on a support, such as alumina, silica, chromia, zirconia, tungsten, ceriur oxide,
calcium carbonate, carbon, titania, metal oxides, metal hydroxides, metal phosphates, or
combinations thereof. Also described herein are methods of making the supported catalysts, the
methods comprising disposing and/or dispersing the catalyst on the support.

Also described heretn are methods of making the catalysts described herein. For
example, the methods can comprise heating stoichiometric amounts of A and M and/or M
followed by annealing, thereby making the catalysts described herein. In some examples, the
methods can comprise arc-melting stoichiometric amounts of A and M and/or M, thereby
making the catalysts described herein. In some examples, the methods can further comprise
making the catalyst into a plurality of particies, for example by grinding, milling {e.g., air-
attrition milling (jet milling) or ball milling}, and the like. In some examples, the methods of
roaking the catalysts described herein can include wet chemical moethods (e.g., a bottom up
method).

Also disclosed herein are methods of hydrogenating a hydrogevation substrate, the
methods comprising combining the hvdrogenation substrate and hydrogen in the presence of a
catalyst, thereby hydrogenating the hydrogenation substrate and forming a nuxture, wherein the
catalyst comprises any of the catalysts or supported catalysts described herein. As used herein, a
“hydrogenation substrate” refers to any compound or element that can be hydrogenated. In some
examples, the hydrogenation substrate can comprise an organic substrate including one or more
functional groups that can be hydrogenated (e.g., acyl, nitro, alkyne, alkene, aldehyde, ketone,
cvano, ester, carboxyiic acid, amide, etc.) or an inorganic substrate {e.g., nitrogen). In some
examples, the hydrogenation substrate comprises an alkyne. In some examples, the
hydrogenation substrate comprises phenylacetylene.

The catalyst can, for example, be provided in an amount of 0.5 mol% or more relative to
the arnount of the hydrogenation substrate {e.g., I mol% or more, 1.5 mol% or more, 2 mol% or

more, 2.5 mol% or more, 3 mol% or more, 3.5 mol% or more, 4 mol% or more, 4.5 mol% or
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more, S mol% or more, 5.5 mol% or more, 6 mol% or more, 6.5 mol% or more, 7 mol% or
more, 7.5 mol% or more, & mol% or more, & 5 mol% or more, 9 mol% or more, 9.5 mol% or
more, 10 mol% or more, 11 mol% or more, 12 mol% or more, 13 mol% or more, 14 mol% or
more, 15 mol% or more, 20 mol% or more, 25 mol% or more, 30 mol% or more, 35 mol% or
more, 40 mol% or more, or 45 moi% or more). In some examples, the catalyst can be provided
in an amount of S0 mol% or igss relative to the amount of the hydrogenation substrate (e.g., 45
mol% or less, 40 mol% or less, 35 mol% or less, 30 mol% or less, 25 mol% or less, 20 mol% or
fess, 1S mol% or less, 14 mol% or less, 13 mol% or less, 12 mol% or less, 11 moi% or less, 10
mol% or less, 9.5 mol% or less, 9 moi% or less, 8.5 mol% or less, 8 mol% or less, 7.5 mol% or
fgss, 7 mol% or less, 6.5 mol% or less, 6 mol% or less, 5.5 mol®6 or less, 5 mol% or less, 4.5
mol% or less, 4 mol% or less, 3.5 mol% or less, 3 mol% or less, 2.5 moi% or less, 2 mol% or
iess, 1.5 mol% or less, or I mol% or less). The amount of catalyst provided relative to the
amount of the hydrogenation substrate can range from any of the mintmum values described
above to any of the maximum values described above. For example, the catalyst can be provided
in an amount of from 0.5 moi%e to 50 mol% relative to the amount of the hydrogenation
substrate {e.g., from 0.5 mol% to 25 mol%, from 25 mol%6 to 50 mol%, from 0.5 mol% to 40
mol%, from 0.5 mol® to 30 mol%, from 6.5 mol% to 20 mol%, from 0.5 mol% to 10 mol%,
from 0.5 moi% to0 5 mol%, or from 0.5 moi% to 3 moi%).

The hydrogen can be provided at 1 bar or more {e.g., 2 bar ot more, 3 bar ot more, 4 bar
or more, 5 bar or more, & bar or more, 7 bar or more, 8 bar or more, 9 bar or more, 10 bar or
more, 15 bar or more, 20 bar or more, 25 bar or more, 30 bar or more, 35 bar or more, 40 bar or
more, 45 bar or more, or 50 bar or more). In some examples, the hydrogen can be provided at 55
bar or less {e.g., 50 bar or less, 45 bar or less, 40 bar or less, 35 bar or less, 30 bar or less, 25 bar
or less, 20 bar or less, 15 bar or less, 10 bar or less, 9 bar or less, 8 bar or less, 7 bar or less, 6 bar
or less, 5 bar or less, 4 bar or less, 3 bar or less, or 2 bar or less). The amount of hydrogen
provided can range from any of the minimum values described above to any of the maximum
values described above. For example, the hydrogen can be provided at 1-55 bar {e g, from 1 bar
t0 25 bar, from 25 bar to 55 bar, from 1 bar to 10 bar, from 10 bar to 20 bar, from 20 bar t0 30
bar, from 30 bar to 40 bar, from 40 bar to 55 bar, from 1 bar to 50 bar, or from 1 bar to 40 bar).

In some examples, the method can be performed at a temperature of 40°C or more {e.g.,
45°C or more, S0°C or more, 55°C or more, 60°C or more, 65°C or more, 70°C or more, 75°C or
more, 830°C or more, 85°C or more, 90°C or more, or 95°C or more). In some examples, the
rmethods can be performed at a temperature of 100°C or less (e.g., 95°C or less, 90°C or less,
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85°C or less, 80°C or less, 75°C or less, 70°C or less, 65°C or less, 60°C or less, 55°C or less,
SO°C or less, or 457C or less). The temperature at which the method is performed can range from
any of the rminimum values described above to any of the maximurm values described above. For
example, the can be performed at a temperature of from 40-100°C {e.g., from 40°C to 70°C,
from 70°C to 100°C, from 40°C to 60°C, from 60°C to 80°C, from 80°C to 100°C, or from 50°C
10 90°C).

In some examples, the method further comprises combining the alkyne and hydrogen
source in the presence of the catalyst and a solvent. Examples of suitable solvents include, but
are not limited to, tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP), dimethylformanide
(DMF), dimethy] sulfoxide (DMSO), N,N-dimethylacetamide, dichloromethane (CHCl),
ethylene glycol, ethanol, methanol, propanol, 1sopropancl, butanol (e g , n-butanol, n-BuOH),
acetonitrile, chlorotorm, acetone, hexane, heptane, toluene, methyl acetate, ethyl acetate, and
combinations thereof. In some examples, the solvent can comprise NMP, DMF, n-butanol, or a
combination thereof

The catalyst can, for example, exhibit a turnover frequency of 350 b or more in the
hydrogenation {(e.g., 400 h™' or more, 450 h'! or more, 500 h'! or more, 550 h™ or more, 600 h™
or more, 700 k't or more, 300 h'h or more, 900 bt or more, 1000 bt or more, 1250 b or more,
1500 bt or more, 1750 h! or more, 2000 k'l or more, 2250 k™! or more, 2500 b or more, 3000
ht or more, 3500 bl or more, 4000 bl or more, 4500 bt or more, 5000 bt or more, 5500 bt or
more, 6000 h™ or more, 6500 h™' or more, 7000 b or more, 7500 k™' or more, 8000 k™! or more,
8500 h't or more, 9000 h! or more, or 9500 h™ or more). In some examples, the catalyst can
exhibit a turnover frequency of 7400 h™ or more. In some examples, the catalyst has a catalytic
activity in the hydrogenation reaction comparable to the catalytic activity of a commercial Pd
based hydrogenation catalyst.

In some examples, the hydrogenation substrate comprises phenylacetylene and hydrogen
is provided a 1-55 bar {e.g., 1 -50 bar}. In some examples, the hvdrogenation substrate comprises
phenylacetylene and the method is performed at a temperature of 40-100°C. In some examples,
the hydrogevation substrate comprises phenylacetylene, hydrogen is provided at 1-55 bar {e.g.,
1-50 bar}, and the method is performed at a temperature of 40-100°C. In some examples, the
catalyst effectively catalyzes the hydrogenation of phenylacetylene nio styrene and
ethylbenzene at 1-55 bar (e.g., 1-50 bar} H» and at a temperature of 40-100°C.

In some examples, the percent conversion of the hydrogenation substrate is 15% or more
within 24 hours at 1 bar Ho {e.g., 20% or more, 25% or more, 30% or more, 35% or more, 40%
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or more, 45% or more, 50% or more, 55% or more, 60% or more, 65% or more, 70% or more,
75% or more, 80% or more, 85% or more, 90% or more, 95% or more, or 99% or more}. In
sorne examples, the percent conversion of the hydrogenation substrate is 80% or more within 48
hours at T bar Hz {e.g., 85% or more, 90% or more, 95% or more, or 99% or more). In some
examples, 100% of the hydrogenation substrate is hydrogenated within 2 hours at 51 bar Ha.

In some examples, the hvdrogenation substrate is an alkvne and the percent conversion of
the alkvne is 15-40% within 24 hours at 1 bar Hz. In some examples, the hydrogenation substrate
is an alkyne and the percent conversion of the alkyne 1s 80% within 48 hours at 1 bar Hz. In
some examples, the hydrogenation substrate is an alkyne and 100% of the alkyne 1s
hydrogenated within 2 hours at 51 bar Ha.

In some examples, the methods can further comprise separating the catalyst from the
mixture, thereby forming a recycled catalyst. In some examples, the recycled catalyst 1s used to
contact the hydrogenation substrate and hydrogen. The catalyst can, for example, be recycled 4
or more fimes {e.g., 5 or more, 6 or more, 7 or more, § or more, 9 or more, or 10 or more). The
catalyst can be separated from the mixture by any suitable method. For example, separating the
catalyst form the mixture can comprise decanting, filtering, centrifugation, or a combination
thereof.

A number of embodiments of the invention have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and scope
of the invention. Accordingly, other embodiments are within the scope of the following claims.

The examples below are intended to further llusirate certain aspects of the systems and
methods described herein, and are not intended to limit the scope of the claims.

EXAMPLES

The following examples are set forth below to tlustrate the methods and results
according to the disclosed subject matter. These examples are not intended to be inclusive of all
aspects of the subject matter disclosed herein, but rather to illustrate representative methods and
results. These examples are not intended to exclude equivalents and variations of the present
invention which are apparent to one skilled in the art,

Efforts have been made to ensure accuracy with respect to numbers {e.g., amounts,
terperature, etc.) but some errors and deviations should be accounied tor. Unless indicated
otherwise, parts are parts by weight, temperature is in °C or is at ambient temperature, and
pressure is at or near atmospheric. There are numerous variations and combinations of

measurement conditions, e.g., component concentrations, temperatures, pressures and other
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measurement ranges and conditions that can be used to optimize the described process.

Example 1

The discovery of new catalysts has a come a long way from the random screening of
solid-state compounds. The most common platforn for heterogeneous hydrogenations are
supported transition metal nanostructures such as Lindlar’s Pb-coated Pd catalysts on CaCOs for
alkyne semihydrogenation (Lindlar et al. Organic Synthesis 1966, 46, 89}, and reduced Fea(4 on
calcium alumina silicates or Ru on graphite for NH: production. In almost all catalysts, the
transition metals are thought to serve as the active sites, enabling the binding of ditferent
reactanis and intermediates on account of their ability to accommodate various redox states and
coordination environments. The support is attributed to a variety of roles including limiting
catalyst deactivation from sintering, and, in many instances, influencing the reactivity via
spillover (Zaera. Acs Catalysis 2017, 7, 4947). The need to move away from expensive precious
metals has resulted in the exploration of methodologies to tmprove the catalytic activity and
selectivity per mass of active metal. Such strategies have included diluting the active metal and
funing the electronic structure via alioying with a second element or achieving higher surface
area 10 mass ratios via nanostructuring. For instance, unsupported PdGa, Pd:Gay, and PdaGa, and
even AlisFes all exhibit much higher selectivity 1o acetylene semihydrogenation while
maintaining similar activities as Pd on Al:Os (Armbruster et al. Journal of the American
Chemical Society 2010, 132, 14745, Armbruster et al. Nature Materials 2012, 11, 690} In
addition, computational screening methods to determine the relative binding affinity of different
substrates to a catalyst surface have proven to be a powerful method for discovering new
heterogeneous catalysts (Studt et al. Science 2008, 320, 1320). For instance, initial predictions of
selective alkyne semi-hydrogenation with NiGa and NiSn (Studt et al. Science 2008, 320, 1320},
led to the experimental observation of this catalysis in NizGa and NizSnz nanocrystals (Liu et al.
Advanced Materials 2016, 28, 47473, A final approach that has emerged s to wdentify solids with
particular electronic structures that are thought to be correlated with high catalytic activity. One
example of this are the solid-state electrides that have low work functions and can readily
dissociate Ho (Faera. Acs Catalysis 2017, 7, 49473, Recently, LaCuos751133 was reported tobe a
highly stable, solid-state electride with excellent catalytic activity for nitroarene hydrogenation
{(Yeet al. Journal of the American Chemical Society 2017, 139, 17089). LaRuSi, and LaCoSi
have been reported to be effective for ammonia synthesis (Gong et al. Nature Catalysis 2018, 1,
178; Wu et al. Angewandte Chemie-International Edition 2019, 58, 825). Still, there remains a
need of developing transition-metal free heterogeneous hydrogenation catalysis.

2
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The discovery and screening of unexpected families of heterogeneous hydrogenation
catalysis described herein was based oftf of the propensity of these materials to react with and
absorb Hs 1nto their lattice under moderate conditions (<200°C, S0 bar Hz) (Haussermann et al.
In Zintl Phases: Principles and Recent Dievelopments; Fassler, T F., Ed. 2011, Vol 139, p 143}
One of the key steps in most hydrogenation mechanisms 18 the ability for a solid to dissociatively
adsorb Hz onto the surface of its lattice. A solid that can break apart Ha and absorb 1t deep within
its lattice under relatively mild conditions is likely to have a low barrier for surface adsorption.
Whether the wnternally absorbed hydrogen plays a role 1o catalysis depends on the material and
the catalytic reaction. Pd metal is one of the best hydrogen absorbing metals, being able to
incorporate 0.7 eq of H into its crystal structure (Worsham et al. Journal of Physics and
Chemistry of Solids 1957, 3, 303}, for which this subsurface hydnde is found to result in alkyne
over-hydrogenation to the alkane (Garcia-Mota et al. Journal of Catalysis 2010, 273, 92; Pradier
et al. Journal of Molecular Catalysis 1994, 89, 211; Teschner et al. Science 2008, 320, 86;
Teschner et al. Journal of Catalysis 2006, 242, 26). In contrast, LaCuos751133 also forms a
hydride (LaCuoe78i133H03) for which catalytic activity is greatly suppressed (Ye et al. Journal of
the American Chemical Society 2017, 139, 17089

Inexpensive, transition metal-free intermetallic compounds have received almost no
attention as heterogeneous catalysts. Herein, BaGay, a transition metal-free, layered Zintl-
Klemr compound comprised of honeycomb sheets of Ga™ anions separated by Ba®" and which
can react with Hy under modest conditions to form a layered polyanionic hydride BaGaxHy,
effectively catalyzes the hydrogenation of phenylacetylene 1uto styrene and ethylbenzene under
modest conditions {1-50 bar Hz, 46-100°C), is shown to be a highly efficient catalyst for alkyne
hydrogenation. For example, BaGaz effectively catalyzes the hydrogenation of phenylacetyiene
into styrene and ethylbenzene under modest conditions (1-50 bar Haz, 40-100°C). Using
phenylacetylene as a substrate, turnover frequencies (TOFs) >350 h™ were observed with very
mild conditions (40°C, 1 bar Hz, 4 mol% catalyst), as well as much higher TOFs (>7400 k1)
were observed at elevated Hz pressures. Remarkably, the catalytic activity of BaGaz (TOF up to
7400 hh), 18 in the same order of magnitude as commercial Pd-based catalysts. In contrast, the
hydrogenated form BaGasH» showed no appreciable catalvtic activity thereby indicating that
hydrogen inside the Zintl phase s kinetically trapped and does not participate in catalysis and
that the unsaturated Ga™ framework is necessary for phenylacetylene and styrene adsorpiion.
Despite the high activity, the Zintl phase surface is prone to oxidation in HoO, suppressing
catalytic activity. The phenylacetylene semihydrogenation and hydrogenation reactions can be
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modeled to first order kinetics with respect the organic substrate. Overall these results indicate
that catalytic activity can be achieved in main group Zintl phases. These findings open up future
explorations of utilizing and optimizing the long term stability of transition metal-tree
intermetallic hydrogen absorbing compounds for hydrogen based catalysis.

Experimental

Sample Freparation. The synthesis of BaGaz was accomplished with greater than 90%
phase purity via a sealed quartz tube reaction in an alumina crucible by slowly heating
stotchiometric gquantities of barium and gallium to 900°C and holding at that temperature for 12
hours. The reaction was then cooled over 12 hours to 100 °C, then reheated to 800°C, and held at
BO0°C for 24 hours. The impurity phase, BaGaa, was also synthesized by heating up
stoichiometric bartum and gallium over 12 hours to 900°C, held for 12 hours, and then cooled to
room temperature over 12 hours. BaGa:H; was synthesized by annealing BaGas at 50 bar Hz and
175°C for § days.

General Procedure for the Catalviic Hvdrogenation Reactions. For atmospheric pressure
experiments, Ba(Gaz was ground in a mortar and pestle, massed out, and added to a 10 mL round
bottom flask, followed by the addition of the dry, degassed solvent and phenylacetylene. Ina
typical reaction, 0.9 mmol of substrate and 10 mg of catalyst were mixed in 2.4 mL of solvent.
The material was then removed from the glovebox, and a balloon filled with hydrogen gas was
added to the flask (Figure 18). The reaction progress as a function of time was monitored via
HPLC with an external calibration to monitor the progress from phenylacetylene to styrene to
ethylbenzene. For high pressure experiments, the catalyst, solvent, and substrate were added to a
20 mL vial in a Parr bomb. Once the Parr bomb was brought out of the glovebox it was
pressurized with hydrogen gas and then brought up to temperature on a hot plate. To calculate

the surface area normalized turnover frequencies, Eguations 1, 2, and 3 were used:

o~

. e
(1)  TOF= "%/,

'
2y m... = Wicat'i\“r}‘a sites {
2} /N
¥4

{3} Nog sites = Sj/cat X R

‘P SAGa
where #p1s the initial moles of substrate, ( is the conversion of the substrate at reaction time ¢,
#1car 18 the moles of Ga atoms exposed on the surface, meer 18 the mass of the catalyst, Noasies 18
the amount of exposed Ga atoms per gram of catalyst, Nais Avogadro’s constant, 84 cats the

surface area of the catalyst, ¥ is the volume of the catalyst, p is the density of the catalyst, and 54
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Ga 18 the surface area of the gallium atoms,

Results and Discussion

The BaGaz crystal structure comprises planar honey-comb networks of Ga™ anions
separated by Ba’" cations (Figure 1). This crystal structure is isoelectronic to MgB2 or graphite.
Thus, the electron configuration suggests that the Ga networks have appreciable n-bonding. In
contrast to the first-row elements, Ga-Ga n-bonding 1s much weaker. Consequently, under
relatively mild conditions (50 bar Hy and 170°C) BaGa; readily reacts with Hy to form BaGaH»
(Bjotling et al. Journal of the American Chemical Society 2006, 128, 817). The polyanionic
gallium hydride layer retains the honeycomb configuration, but is now puckered on account of
Ga’s sp-hybridization (Figure 1). BaGaz was synthesized by heating stoichiometric amounts of
bariun and gallium in an alumina crucible in a sealed quartz tube for 12 hr at 900°C, followed
by a 24 hr anneal at 800°C. Figure 2 shows the powder X-ray diffraction (XRD) pattern of the
Ba(as product. Rietveld analysis confirmed that the optimized synthesis of BaGaz was >97%
phase pure and crystallized into a P6/mmum space group with a = 4.4320(3) A and ¢ =5.073 1(2)

A (Figure 3, Table 1).

Table 1. Rietveld analysis of BaGaz.

Empirical Formula BaGaz
Fw (gfraol) 27677
Space group P6&/mmm
a (A) 4.4320(3)
c{A) 5.073H2)
V(A% 86301

z 3

T{K) 295

A (A 1.5406
p{gcm™) 5325
Pattern range {26,°) 15-87
Step size (28,°%) 0.015342
Step scan time (s} 2.0

No. of contributing reflns | 4368

Rup $.0492
Ry $6.0377
R{F% $.0565
BaGaz Phase Fraction $.9773
Baisas Phase Fraction 0.0276
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Due to the peritectic nature of BaGaz tn the Ba-Ga phase diagram {Okamoto. Journal of
Phase Equilibria and Diffusion 2015, 36, 518), trace quantities of Ba{3as were usually found
under a wide range of synthetic conditions. Therefore, pure BaGas as synthesized to compare its
catalytic activity as a potential catalytic impurity (Figure 4). Also, it was confirmed that the
majority of the BaGar phase transformed into BaGaHu upon reacting it for 7 days at 170°C
under 50 bar Ha. Figure 2 also shows the XRD pattern of the hydrogenated sample, showing a
majority BaGa:H» phase. Rietveld analysis (Figure 4, Table 2} confirmed that the majority of the
sample (84.7 wt%) transformed into a P3m1 space group with a = 4 530(8) A and ¢ =4.910(9) A,
with 11.6% unreacted BaGaz and ~3.7 wt% is BaGas. Scanning Electron Microscope (SEM)
images of the ground BaGazx powders shows particles with lengths and widths with dimensions

~ o

ranging from 320 nm to 13 pm (Figure 5}.

Table 2, Rietveld analysis of BaGa:Hz.

Empirical Formula Ba(zarH:
Fw (g/motl) 27879
Space group P-3mt
a(A) 4.530(8)
¢ {A) 4910(9)
V 36.385
£

T 295

A 1.5406
p{g om™) 5302
Pattern range (28,°) 15-87
Step size (26,%) 0.020
Step scan time {8} 1.00
No. of contributing reflns | 3397
Ruwp 0.0481
Rp 0.0355
R(F% 0.0814
BaGay Phase Fraction 0.116
Ba(zas Phase Fraction 0.0365
BaGaxH; Phase Fraction | 0.847

Preliminary hydrogenation experiments were conducted using phenvlacetylenc as a
substrate to evaluate the catalytic semi-hydrogenation to styrene and full hvdrogenation to

ethylbenzene (Figure 6). Using 1 bar Ha and 0.5-3 mol% BaGan it was found that the dried,
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freshly-distilled, and degassed solvents DMF (40°C) and n-butancl (70 °C) had the highest
percent conversion of phenylacetylene to styrene and ethylbenzene (15-40% within 24 hrs).
Other solvents such as THF and MeOH had much less conversion of phenylacetylene (5-10%)
after 24 hrs. As shown in Figure 7, 80% conversion of phenylacetylene to styrene and
ethylbenzene was observed after 48 hr in DMF, | bar Ho, with 4.7 mol%% BaGa,. Longer reaction
times did not lead to 100% conversion, which 18 a consequence of solvent decomposition and
catalyst poisoning. No other products other than ethylbenzene or styrene were detected via 'H
NMR, or HPLC . Additionally, BaGas and BaGazHo controls showed minimal catalytic activity,
even at 51 bar Ha: (<10% conversion after 20 hr}. BaGas is a binary analog of the ThCr:8i2
structure-type, and comprises layers of 21 tetrahedrally coordinated Gas” sheets. The lack of
activity using BaGas partially implies that the n-bonding honeycomb network and electronic
structure of BaGaz can be important for this transtformation. It was hypothesized that when the
{3a atoms are coordinatively saturated upon forming BaGa:Hy, catalytic activity is disrupted via
blocking substrate adsorption upon elimination of the m-network. This loss of activity upon
hydrogenating the catalyst is consistent with the aforementioned loss of catalytic activity in

139, 17089).

LaCuosSitssHoes (Ye et al. Journal of the American Chemical Society 2017,
Finally, once the BaQGaz catalyst is removed, the activity is eliminated indicating the absence of a
trace homogeneous catalytic impurity being responsible for catalysis.

The TOF was calculated by measuring the surface area per gram of the BaGa: catalyst,
determined via counting the sizes of >300 particles using SEM analysis, along with the
conversion vs. ime. The average surface area of the ground particles was estimmated tobe ~ 3.4
m’ g” Given that BaGa: has 2 Ga atoms per susface area of 17.0 A% in a single unit cell, the
turnover frequency at 40°C was estimated to be 370 k™' This turnover frequency makes BaGa:
the most active Pd-free heterogeneous catalyst for phenylacetylene hydrogenation and is within

1-2 orders of magnitude of the most active Pd-catalysts under similar conditions (Table 3).
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Table 3. Phenylacetylene to Styrene Turnover Frequency, normalized to the relative number of

surface atoms of Ga (for BaGaz), Pd, Ay, or Ni (for NizGa)

Catalyst / Support | Cendition TOF Heference
. ; 51 bar Hs, 40 °C, . 4
BaGa:/ None DMF 7400 h -
. 1 bar H;, 46 °C, e ool
BaGa;/ None DMF 378 h e
e s 5 bar Ha, 40 °C, N e | Liuet al Adyv. Mater. 2016,
12Ga / None . 5 ; .
Niz(za / Noone Hexanes A6x107 h 28, 4747-4754
e He flow (30 ml/ Dominguer-Dominguez et al.
ii é éigz‘zn min), 50 °C, 3600 bt J. Phys. Chem. C. 2008, 112,
) Methanol 10, 3827-3834
Au/ Graphene o i}ﬁW.(O,Lz o A Shao et al. ACS Cafal. 2014,
. mi/min}, 60 °C, 360 b gy
Oxide g 4,7, 2369-2373
Ethanol

6 bar Hz, 0 °C, 15940 1t Yoshida et al. RSC. Aav,,

S A7y |7
PdZn /200 Toluene 2014, 47, 24922-24928

Pd / {mesoporous 1 bar Hy, 40 °C, 47104 ! Yang et al. Chemisiry Select
Si0 + FesOa) Ethanol 2816, 1, 5599.5606

Continuous tlow 1 bar
Lindlar’s Catalyst | Ho, Methanol, 30 °C, | 1866 b
1 4- dioxane

Kawahara et al. ACS Cadd.
2019, 9, 1993-2006

Continuous flow | bar

12 )O:L*( ) 575 -
Ha, 3(‘ ( Methanol, {6751 h 2019, 9, 1993-2006
1,4~ dioxane

Pd / (Polyethylene Kuwahara et al. ACS Caral

imine + S510n)

Pd / {mesoporous 1 bar of Hz, 25 °C, 1940 1l Guo et al. ACS Catal 2018,
Si0n FDU-12) Ethanol ' 8(7), 6476-6485

Additional hydrogenation experiments were performed under elevated pressure with the
two solvents that displayed best activity, DMF and n-butanol. In DMF, phenylacetylene was
completely converted to styrene and ethylbenzene within 2 hours at 40 °C using 51 bar Hz and
5.5 mol% catalyst (Figure 8). After 15 hours the styrene was completely hydrogenated to
ethylbenzene. The maximum turnover frequency for this catalyst was ~7400 b The kinetic
traces at both low and high H» pressure show excellent fits to consecutive reactions that both
exhibit tirst order reaction kinetics to their respective substrates (Figure 7, Figure 8). At 1 bar Ho,
the first order rate constant of phenylacetylene to styrene fits to ki=0.035(4) h'! and, the first
order rate constant of styrene to ethylbenzene fits to k»=0.035(7) h! (Table 4). At 51 bar Ho, the
rate constants are still first order and much faster, with ki1=1.16(19) h”' and k>=0.337(23) 1!
{Table 4). These differences with respect to Hz pressure indicate the phenylacetylene to styrene
conversion reaction approaches first order with respect to Ho, and the styrene to ethylbenzene

conversion reaction approaches ¥4 order with respect to Ha. For comparison, in the conversion of

(98]
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ethylene to ethane, the order of the rate law with respect to Ha typically varies from % order to
1 order depending on the catalyst and conditions. In addition, in the conversion of acetylene to
cthylene, most metals show first order kinetics with respect to Ho pressure, comparable to the

observations herein with phenylacetylene hydrogenation.

Table 4. Rate constants from first order kinetic fits in Figure 7 and Figure 8.
I Emr 51 bar

ki | 0.035(4)h | 1.16(39) bt
ki | O (35(7) 0.337(23) !

In n-butanol the conversion rate was slower than DMF, giving 95% phenylacetylene

conversion at 100 °C after 20 hours (Figure 9). Figure 9 also demonsirates the reusability of the

catalyst. The same catalyst retains greater than 50% conversion after four 20 hr cycles. The
decreased activity over time can be attributed to formation of a surface oxide. Figure 10 shows a
zoom 1 of the Ga 2p region of the X-ray Photoelectron spectra (XPS}) of two different BaGa
catalysis: one that has been exposed to air and one that has only been exposed to an Ar-filled
glove box. After the BaGaz catalyst is exposed to air, the 2Zpsn and 2p2 peak appear at 1117.90
and 1144 .55 ¢V, indicative of an oxidized Ga’™ (Priyantha et al. Journal of Crystal Growth 2011,
323, 103). The sample that has been solely handled in an Ar-filled glovebox has a surface that is
still partially oxidized, on account of the presence of peaks at the same energies. However, it
shows the existence of a surface species that has a lower binding energy than Ga metal, which
would be expected for BaGan, due to the presence of the 2psn and 2pis shoulder at 111570 and
1142.69 eV. Further confirming that surface oxidation can inhibit catalysis, exposure of the
catalyst to either undistiled solvents or air/HoO immediately eliminated all catalytic activity
Annealing air-exposed BaGas catalyst at 600-800°C can restore the catalytic activity. It is not
unexpected that this Ga containing compound s prone to catalytic deactivation via oxidation, as
even catalytic activity 1o PdGa and PdsGar 1s sigmaficantly decreased upon oxidation (Kovuir et
al. Journal of Catalysis 2009, 264, 93). It is possible that the surface oxide can be removed in
nonaqueous solution~conditions by explotting the amphotetic nature of the group 13 metal.

Ba(Gaz, a transition-metal free intermetallic Zintl phase, has a high catalytic activity for

alkyne hydrogenation. In the conversion of phenylacetylene to styrene, the turmover frequencies
are among the highest for non-Pd containing catalysts. The exploration of these materials can
investigate long-term oxidative stability, substrate selectivity, and a mechanistic understanding.
BaGaz is just one member of a large family of hydrogen-absorbing layered honeycomb Zint

phases.
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Example 2

The heterogeneous catalysis of petroleum feedstocks into functionally useful derivatives
using inexpensive and earth abundant elements remains an important goal. The
semihvdrogenation of C=C triple bonds into C= double bonds and full hydrogenation into C-C
single bonds 1s an industrially significant heterogeneously catalyzed reaction, yet it 1s performed
almost exclusively using paliadium catalyst.

Described herein are a family of transition-metal free alkyne semihydrogenation catalysts
and hydrogenation catalysts using layered intermetallic phases having the general stoichiometry
AMiM’ 1, wherein: A 15 a group 2 metal, a group 3 metal, a lanthanide metal, ora
combination thereof, M is a group 13 metal, M 15 a group 14 metal or a group 14 metalloid; and
% 1s from O to 1.

For example, BaGaz, a Zintl-Klemm compound comprising honeycomb sheets of Ga
anions separated by Ba’", which can react with H2 under modest conditions to form a layered
polyanionic hydride BaGaxHo, was shown to effectively catalyze the hydrogenation of
phenylacetylene into styrene and ethylbenzene under modest conditions (1-50 bar Hz, 40-
100°C). The catalytic activity of BaGaz (TOF up to 7400 h™') is in the same order of magnitude
as commercial Pd-based catalysts. In contrast, the hydrogenated forro BaGaxHz shows negligible
catalytic activity, indicating that the unsaturated Ga™ framework is involved in the
phenylacetylene and styrene adsorption.

For example, CaGaGe effectively catalyzes the hyvdrogenation of phenviacetylene into
styrene and ethylbenzene under roodest conditions (1-50 bar Hz, 40-100°C). Rervarkably, the
catalytic activity of CaGGaGe is even better than BaGa: (TOF up to 7400 h''y, which is in the
same order of magnitude as commercial Pd-based catalysts. These findings open up a new
tamily of transition metal-free intermetallic hydrogen absorbing compounds for hydrogen based
transtormations.

Example 3

It 1s estimated that between 10-20% of all industrial catalytic processes performed today
are hydrogenations in some form. These are typically performed heterogeneously using solid-
state compounds that contain Pd, Pt, or other rare and expensive precious metals, because of
their affinity for hydrogen (Figure 11). Alkyne serni-hydrogenation is an industnial example with
an unwanted over-hydrogenation product ethyibenzene (Figure 6) usually with use of Lindlar’s
catalyst Pd/Pb on CaCOs,

However, there are many classes of precious-metal free compounds that readily cleave
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dihydrogen and absorb it into their lattices under moderate pressures (1-50 Bar) and
temperatures (S0-200 °C}. For instance, lavered BaGa:z forms layered polyantionic hydrides with
covalent Ga-H bonds.

Described herein are hydrogen absorbing Zintl phases which can be used as
heterogenecous catalysts, for example in hydrogenation reactions (Figure 12). For example, it is
shown herein that the Zintl-Klemm compound Ba(a:z can effectively catalyze the semi-
hydrogenation of phenylacetylene into styrene at modest temperatures {40-70 °C}. The catalytic
activity of BaGaz is on par with the commercial Lindlar’s catalyst

Layered Zintl phases are intermetallics having a general stoichiometry of AE;, wherein A
comprises a Group 1, Group 2, or Lanthanide metal and E comprises a main group element.
Large electronegativity differences between A and E can create the lavered Zintl phases. Many
layered phases occur with AEz stoichiometry. Examples of binary and ternary layered Zintl
phases are shown in Figure 13,

Some Zintl phases can absorb hydrogen. An example of a hydrogen absorbing Zintl
phases is SrAlz, which becomes SrAlzHa upon absorption of hydrogen (Figure 14) (Gingl et al ]
Alloys Compd, 2000, 306, 127-132). Another example of a hydrogen absorbing Zintl phase 1s
SrGax/BaGar (Figure 15) (Haussermaon et al. JACS, 2006, 128(3), 817-824; Auer et al.
Inorganic Chemistry 2017, 56 (3), 1061-1071;, Wendercth et al. Inorganic Chemistry 2813, 52
(18}, 10525-10531; Wenderoth et al. Zeitschrift fir anorganische und allgemeine Chemie 2812,
638 (10) , 1604-1604),

Weak n-bonding in the main group layer of BaGaz allows for polyauionic hydrogen
incorporation into the bulk lattice (Figure 16}, BaGaz was synthesized and characterized using
X-Ray diffraction (Figure 2). Scanning electron microscopy was used to characterize the BaGa:
particles (Figure 3}, for example to determine that the average surface area of the BaGaz particles
was 13.428 um?®.

For example, BaGaz was used to catalyze the hydrogenation of phenylacetylens to
styrene with a TOF of ~392 I over 24 hours (Figure 17 - Figure 21). The catalytic activity of
BaGaz was further investigated using n-butanol/NaOH. Compared to the conversion of
phenylacetylene in DMF at 40°C, the use of n-butanol/NaQOH and a higher temperature gave
accelerated conversion (~10° b TOF, 3 hrs) and even over hydrogenation (Figure 22-Figure
23).

The catalysts described herein can be used for a variety of hydrogenation reactions

(Figure 24).
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Example 4 - Allyne Hydrogenation Catalysis Across a Family of Ga/fn Layered Zinfl Phases

Transition metal-free Zintl-Klemm phases have received little attention as heterogeneous
catalysis. Herein, it is shown that a large family of structurally and electronically similar layered
Zintl-Klemm phases built from honeycomb layers of group 13 triel (Tr) or group 14 tetrel (Tt}
networks separated by electropositive cations {A) and having a stoichiometry of AT or ATrTt
(A={a, Ba, Y, La, Eu; Tr =Ga, In; Tt=81, Ge) also show varying degrees of activity for the
hydrogenation of phenylacetylene to styrene and ethvibenzene at 51 bar Ha, 40-100 °C across a
variety of solvents. The roost active catalysts contain Ga with, formally, a half-filled p: orbutal,
and minimal bonding between neighboring Tr or TrTt lavers. A 13-layer trigonal polyiype of
CaGaGe (13T-CalaGe) was the most active, cyclable, and robust catalyst and under modest
conditions {1 atm Hs, 40°C) had a surface specific activity {590 k') comparable to a commercial
Lindlar’s catalyst. Additionally, 13T-CaGaGe maintained 100% conversion of phenylacetylene
to styrene at 51 bar Ha, even after S months of air exposure. This work reveals the structural
design elements that can lead to particularly high catalytic activity in Zintl-Klemm phases,
further establishing them as a promising materials platform for hvdrogen-based heterogeneous
catalysis.

Introduction. The design of new, inexpensive heterogeneous catalysts using earth
abundant elements that can perform complementary chemical transformations to existing
systems 1s essential for long term sustainability (Sheldon RA J K Soc., fnterfoce 2016, 13,
20100087, Ludwig JR et al. Chem 2017, 2, 313-316; Descorme C et al. ChemCafChem 2012, 4,
1897-1900). The need to limit the use of precious metals bas spurned the discovery of new
catalyst concepts and heterogeneous catalyst materials to maximize activity, stability, and
selectivity, for which intermetallics have attracted considerable attention (Furukawa S et al. ACY
Catal 2817, 7, 735-765; Dasgupta A et al. Catal Today 2019, 330, 2-15;, Armbriister M. Sci.
Technol Adv. Mater 2028, 2/, 303-322; Pei Y et al. J. Caral. 2019, 374, 136-142). For example,
structurally precise intermetallic alloys such as GaPd: where precious metals are spatially
separated to enhance selectivity, in accordance with the “active-site” 1solation concept (Verbeek
HS et al. J Catad 1976, 42, 257-2673, were found to catalyze the semihydrogenation of
acetylene to ethylene with high activities and selectivities {Armbriister M. Sci. Technol Adv.
Mater 2028, 27, 303-322; Matselko O et al. J Phys. Chem. C 2018, 722, 21891-21896;
Armbriister M et al. J. dm. Chem. Soc. 2819, 132, 14745-14747; Grin Y et al. Mol Phys. 2016,
{14, 1250-1259; Kovnir K et al. Stud. Surf. Sci. Caral. 2066, 162, 481-488). As a second

example, many electrides, or compounds that contain excess electrons that preferentially occupy
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distinct crystallographic sites, have low work function that can readily reduce substrates such as
Hp, and compounds such as LaCoSi have shown promise in NH; synthesis (Gong YT et al. Nat.
Catal 2018, 1, 178-185).

Most of these intermetalltc phases feature transition metals, due to the ease at which they
can cycle between coordination environments and oxadation states facilitating the coordinative
addition of substrates and elimination of products. Still, there are a large number of intermetallic
phases that combine main group metais/metailoids with electropositive group 1-3 or lanthanide
elements, that form structurally defined covalent networks 1o accordance with the Zintl-Klem
concept. These Zintl-Klemm phases have received virtually no attention as catalysts. It was
recently discovered that BaGaz showed tncredibly high catalytic activities for the
semihydrogenation of phenylacetylene to styrene and complete hydrogenation to ethylbenzene,
despite the absence of transition metals (Hodge KL et al. J Am. Chem, Soc. 2019, /41, 19969-
19972). It was hypothesized that the origin of the catalytic activity stems from the electronic
structure of BaGax which causes a low barrier for the adsorption of alkynes and dissociative
adsorption of Hz (Hodge KL et al J. Am. Chem. Soc. 2819, 747, 199069-19972). BaGa:
crystallizes into the AlB2 structure type (Biorling T et al. J Am. Chem. Soc. 2006, 128, 817-
8245 It comprises single atom thick honeycomb layers of Ga, with each layer separated by Ba
atoms. This compound has a total valence electron count of 8 electrons per BaGaz formula unit,
excluding the filied d' sheli. Every Ga has 3 covalent bonds with its neighbors and can be
thought of as being formally reduced to Ga” by Ba™. Thus, the Ga” network is isoelectronic to
graphite; each Ga ion is sp’-hybridized, and forms a single m-bond with its neighbors. As n-
bonding in 3™ row and greater elements tends to be considerably weaker than o-bonding, at 51
bar Hz and above 170°C, BaGa» readily absorbs Hs to form BaGaxH: in which every Ga atom is
terminated with a Ga-H bond (Bjorling T et al. /. dm. Chem. Soc. 2086, /25, 817-824). BaGa:z
was found to be a highly active alkyne hydrogenation catalyst, whereas BaGaxH, was not
{(Hodge KL et al. J 4m. Chem. Soc. 2819, 747, 19969-19972). This suggests that the presence of
half-filled p- orbitals in layered honeycombd networks is an important motif for catalytic activity
and for adsorption of the alkyne substrate on the surface. Remarkably, BaGas showed surface
specific activities that were within an order of magnitude of commercial Pd-catalysts and other
transition-metal compounds (Hodge KL et al. J Am. Chem. Soc. 2819, 747, 19969-19972).
Analysis of the supernatant immediately after the reaction showed <1 ppm Ga, highlighting the
heterogeneous nature of the BaGaz catalyst (Hodge KL et al. J dm. Chem. Soc. 2019, /41,

19969-19972). Unfortunately, upon exposure to HzO or air, BaGas instantaneously formed a
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surface oxide that inhibited its activity, thereby limiting its long-term use as a catalyst (Hodge
Kl etal J Am. Chem. Soc. 2019, /47, 19909-19972).

Once a new catalyst systern is discovered, the systematic exploration of the catalytic
behavior of numerous closely related analogues is essential for determining the balance between
structural and electronic intluences on the mechanism, selectivity, and activity to optimize
catalytic performance (Meyer RJ et al. ACS Cafad 2018, 8, 566-570}. BaGaz is just one member
in a larger family of Zintl-Klemm phase compounds containing honeycomb networks of main
group elements separated by eleciropositive cations (Biorhog T et al. J Am. Chem. Soc. 2006,
128, 817-824; Zapp N et al. fnorg. Chem. 2019, 58, 14635-14641; Wenderoth P et al. fnorg.
Chem 2013, 52, 10525-10531; Nuspl G et al. fnorg. Chem. 1996, 33, 6922-6932; Evans M et
al. Physical Review B 2009, 80, 064514; Bojin MD et al. Helv. Chim. Acfa 2003, 86, 1683-1708;
Bojin MD et al. Helv. Chim. Acto 2003, 86, 1653-1682). Based on the activity of BaGas it
seemed relevant to explore whether other members of this family in which at least one of the
main group elements formally has a half-filled p- orbital (7 valence clectrons ignoring any n-
bonding) could also display similar catalytic activity and would either be more resistant to
oxidation or have a more readily removable oxide. It was hypothesized that this electronic motf
would lead to surfaces with greater acidity, thereby enhancing the adsorption and subsequent
hydrogenation of alkkynes. In addition, whether the ability of a phase to absorb Hz into iis lattice
and form a topotactic hydride, as well as whether the structural and electronic features of the
compound would influence catalytic activity and oxide formation were probed. Such features
include the planarity of network, the wnterlayer stacking sequence, whether ove or both elements
on the honeycomb network formally have 7 valence electrons, and if the electropositive cation is
divalent or trivalent.

Herein, the catalytic activity of a series of Zintl phases built from honeycomb layers of
group 13 triel {Tr) or group 14 tetrel (Tt) networks and having a stoichiometry of AT, and
ATrTt (A =1{Ca, Ba, Y, La, Eu; Tr =Ga, In; Tt=5i, Ge} were compared. These compounds have
either & or O total valence electrons per ATr; or ATrTt formula unit. At least one of the trigl
elements in the network features a half-filled p= orbital, which again, 13 considered to be an
important electronic feature for alkyne hydrogenation. Most compounds have appreciable
catalytic activity in the seruhydrogenation of phenylacetylene to styrene at high pressure (51 bar
Hz). The most active catalysts contained Ga and lacked any interayer bonding in the main group
framework, and there was no correlation between the ability to form a known hydride and

catalytic activity. For many of these phases the activity gets disrupted upon exposure to air, due
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to surface oxidation. However, 13T-CaGaGe, YGaz, and CaGaSi maintained activity after
exposure to air. 13T-CalaGe was the most active, cyclable and robust catalyst, and maintained
100% conversion of phenylacetylene to styrene at 51 bar Ho even after 5 months of air exposure.
Without air exposure this phase had surface specific activities {SSA) of 590 h'at T atm Ho, and
was selective tor the hydrogenation of phenvlacetylene to styrene, producing no detectable
ethylbenzene within 24 hours. Taken together, this work shows that this broad family of layered
Zintl phases having triel elements with halt-filled p; orbitals are catalytically active, outlining a
new unexplored design feature for transition metal-free heterogeneous catalysts.

Experimental Section

Prepavation of Zintd Phase Catalysts. The synthesis of all compounds was performed
using atr-free conditions whenever possible, and all compounds and elements were prepared and
stored in an Ar-filled glovebox.

For the synthesis of La{Gaz, oif from the fanthanum metal powder {99.9%, Strem} was
removed by washing with hexanes several times and allowing it to dry. A total of 1.2 equivalents
of lanthanum to 2 equivalents of gallium (99.99% Strem)} were placed in an alumina crucible and
sealed in an evacuated quartz tube. The tube was heated to 1100°C over 10 hours and held at that
terop for 18 hours with the furnace turned off at the end of the synthesis.

For the synthesis of orthorhombic BuGas (o-EuGay), the oil and oxide on the outside of
the europium surface were removed mechanically and 1.1 equivalents of europiurs (99.9%,
Strem} to 2 equivalents of gallium were placed in crimped titanium foil and sealed in a quartz
iube. The tube was heated in a vertical furnace over 8 hours to 900°C, held for 20 hours and then
cooled over 12 hours.

For the synthesis of hexagonal EuGaz (h-EuGan)}, stoichiometric amounts of europium
and gallium were heated tn an alumina crucible in a sealed quartz tube to 10506°C over 6 hours,
held for about 16 hours and was rapidly quenched.

For the synthesis of BainGe, stoichiometric amounts of indium, germantum, and a 5%
excess of barium {99.7% Strem)} were added to an alumina crucible and sealed in a quartz tube.
The tube was heated up 10 900°C over six hours, raraped down to 830°C over 18 hours with the
furnace shut off after that time.

To synthesize 13T-CaGaGe, Calng, and CaGaSy, the surface oxide of the calcium
turnings was mechanically removed. Stoichiometric amounts of Ca (99%, Sigma-Aldrich), Ga,
81 (99.9999% Strem), In (99.9% Strem), and Ge were placed in a copper hearth and were arc-
melied together. The resultant button was flipped so that the materials were melted a total of 5
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times each. A similar process was followed for YGar where stoichiometric amounts of yitrium
(99.9% Strem) and gallium were arc-melted flipping between each melt so that button was
melted a total of 5 times.

To synthesize 4H-CaGale, previcusly synthesized 137-CaGaGe powder was sealed in
an evacuated quartz tube and annealed at SO0°C for 18 hours.

General procedure for catalytic hydrogenations

In 1 bar pressure reactions, the catalytic material is ground in a mortar and pestle and
weighed out i an Ar-filled glove box, then added to a 10 mL round bottom flask. Avhydrous
solvents were then added to the flask. In a typical reaction ~15 mg of catalyst was added to the
flask with 2.5 ml. of anhydrous solvent, followed by 0.9 mmol of phenylacetylene subsirate. The
sealed round bottom flasks were then removed from the glove box and placed on hot plates
where a Ho filled balloon was added. The Ho pressure was assumed to be 1 bar. Elevated
pressure reactions were done in a simifar manner. In a typical reaction 1.8 mmol of substrate was
added to a 20 Ll vial along with 20-35 mg of catalyst and 2.5 mL solvent. These vials were
placed 1n Parr reactors and once cut of the glove box, hydrogen was added to the desired
pressure {51 bar) and the reactors were placed on the heating elements,

Surface specific activities (8SAs) for balioon pressure reactions were calculated using
2, and 3:

equations |

3

N 11,C
(1}SSA ="/

cat

— 1nczati\?ﬂa sites
(2) Hegr = /NA
AN 7 e _ L Gaatom
(-’) Ngasites = SperX G
=8

where C is the conversion of the substrate at time t, no 1s the initial moles of substrate, neatis the
maximum moles of Ga atoms exposed on the surface, mcx 18 the mass of the catalyst, Noasues 18
the amount of exposed gallium sites per gram of catalyst, Na 18 Avogadro’s constant, Sgeris the
specific surface area of the material, and Sa is the surface area of the gallium atoms. CaGaGe
has 1 Ga atom per 15.3 A? of surface area for the 001 face of the unit cell, thus Sa would
correspond to 15.3 A% in equation 3.

When comparing catalytic activities between different solvents, all catalysts were used
from the same synthetic batches to eliminate differences in the relative amount of oxides,
impurtties, and surface areas per gram, from synthesis to synthesis.

Characterization. Powder X-ray diffraction patterns were obtained at room temperature

using a Bruker D8 X-ray powder diffractometer (sealed Cu X-ray tube 40 ¥V and 40 mA} in
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Johansson mode.

High Performance Liguid Chromatography- A Shimadzu liquid chromatograph equipped
used a reversed phase C18 column with solvents water and acetonitrile was used. Ratiometric
calibration curves were made to identify ratios of phenylacetylene to styrene to ethylbenzene.

X-ray Photoelectron Spectra of the samples were taken with a Kratos Ultra X-ray
photoelectron spectrometer with a monochromated Al X-ray Source. Non-air-exposed powders
were prepared in an Ar-filled glovebox, affixed to a sample holder using carbon tape, and loaded
into an air-free transfer tool. Energy calibration was performed usiog the € Ts peak as 284.8 eV,

(Gas Adsorption Measurements: A Micrometrics 3Flex Surface Characterization Analyzer
was used to measure single component, gas adsorption isotherms. The reasurements were
performed using ultra high purity krypton {99.999%) purchased from Praixair (Kr: 5.0RS-
Q2000).

Prior to analysis 500 mg of 13T-CaGaGe was transferred to oven-dried sample tubes
equipped with TransSealsTM (Micrometrics) and heated to 100°C (1°C min™') under vacuum
until the outgas rate was less than 3 mbar min™'. Surface areas were calculated from Kr
adsorption isotherms (77K} by fitting the isotherm data to the BET equation with the pressure
range (0.0001 <P/Ps <0.4}.

Results and Discussion. A series of Zintl phase catalysts with slightly varied structures
and compounents were synthesized for the purpose of evaluating their comparative catalytic
activities. The crystal structures of these catalysts are available in Figure 25, LaGas, YGa,
BalnGe, o-EuGa, b-EuGaz, Calna, CalGali, 4H-CaGaGe, and 13T-CaGaGe were syuthesized to
explore the effects of local structure, the presence of interlayer bonding, the potential to form
topotactic hydride phases, valence electron count, and electronic structure on catalytic behavior
and the propensity for oxidation compared to BaGay. Of all these compounds, only La(ay,
Ba(Gaz, and BalnGe have been previously reported to react at 150-300°C, <80 bar Hx or I to
form LaGaDoy, BaGazHz, and BalnGeD, respectively (Bidrling T et al. /. dm. Chem. Soc. 2006,
{28, 817-824; Werwein A et al. Crystals 20819, 2, 193; Evans MJ et al. Jnorg. Chem. 2009, 48,
S602-5604). In previous hiterature, either decompostition or vo formation of hydride phases was
observed under similar conditions with Caln (Biorling T et al. J. Am. Chem. Soc. 20806, 128,
§17-824), o-Eulzaz {Wenderoth P et al. lnorg. Chem. 2613, 52, 10525-10531; Werwein A et al.
Crystals 2619, 9, 193), CaGaSi (Evans M et al. J Am. Chem. Soc. 2008, /30, 12139-12147),
and 4H-CaGaGe (Evans MJ et al. J Am. Chem. Soc. 2008, 130, 12139-12147).

The powder diffraction patterns of all compounds are shown in Figure 26- Figure 35
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Y Gaz, BalnGe, and CaGaSy, are all single-phase with no detectable impurity. LaGas has a minor
impurity of Lax(s, which is attributed to its rapid propensity for oxidation (Figure 29). YGas has
a trace impurity of Y203, which inherently exists on the surface of source Y precursor, and
proved very challenging to remove (Figure 31}, Calnz has a minor impurity of In (Figure 30}
BaGas has a minor impurity of BaGas which was previously showed to be catalytic inactive for
alkyne hydrogenation (Hodge KL et al. J Am. Chem. Soc. 2619, /471, 19969-19972). 13T~
CaGaGe can only be accessed via arc-melting, and has ~15% 4H-CaGaGe as a minor impurity
phase. The discovery and elucidation of the structure of 13T-CaGaGe 15 reported below. Both o-
FuGa: and h-EuGaz proved incredibly difficult to grow as pure phases. The h-EuGaz polymorph
could only be formed via fast quenching from 1050°C, whereas the o-EuGaz polymorphs forms
upon slow cooling in agreement with previous reports {Buschow KHJ et al. J Less-Common
Aer 1984, 97 L5-L8) However, both h-EuGar and o-FuGas always exhibited minor impurities
of EuzGas {10% and 8%, respectively) (Figure 28, Figure 33, Figure 36, and Figure 37).
Interestingly, the crystal structure of EusGaz can be thought of as a layered intergrowth structure
in which layers of EuGas with tetrahedral Ga, are connected to planar honeycomb layers of Ga in
h-EuGa; (Figure 38 — Figure 39) (Demoot DB et al. J. Less-Common Met. 1988, {09, 117-122).
It has been established that Euis divalent in all these compounds (De Vries JWC et al. Plysica
B+ 1988, /28 265-272). In other words, 2/3 of the Ga atoms in the Fu:Gas are sp’-hybridized
with formally 7 valence electrons and have the same local planar honeycomb coordination
environment as h-EuGa,, which, again, is hypothesized to be a structural and electronic teature
indicative of catalytic activity (Demooy DB etal J Less-Common Met. 18858, 109, 117-1223,
By changing the electropositive element in BaGaz from barium to europium, it was
possible to explore how a phase that 15 isoelectronic but having a different bonding behaves
catalytically. In particular, the fact that h-Eu(Gaz 1s isostructural to BaGas whereas o-Eu(as is
not, gives excellent insight 1nto how the different bonding networks behave catalytically. The o-
Fua:z phase features divalent Eu’" and is distorted into an orthorhombic lattice, in which the
intralayer Ga-Ga distance ranges from 2.65-2.70 A while the interlayer Ga-Ga distances are 2.81
A (Demooij DB et al. J. Less-Common Mer. 1985, 109, 117-122). Compared to the intralayer
and interlayer distances of BaGa (2.55 A and 5.072 A, respectively) and h-EnGaz (2.51 A and
4,51 A, respectively), it is clear that o-EuGar exhibits appreciable interlayer Ga-Ga bonding.
Calm is another phase with significant interlayer bonding. This hexagonal phase has significant
puckering in the honeycomb In framework. The intralayer In-In distances are 2.92 A, while the
interlayer distances are 3.13 A, which is also in the range expected for a covalent In-In bond
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(Nuspl G et al. lnorg. Chem. 1996, 35, 6922-6932). Beyond the more subtle structural
differences, the group 13 element is changed from gallium to indium to probe its infhience on
catalysis.

The remaining compounds synthesized all allowed for the exploration of the influence of
having one additional valence electron on the honeveomb framework, which would result in
only one of the two main group elements to have a halt-filled p. orbital, rather than both. LaGaz
and Y(Qa are isostructural to BaGaz and have planar honeycomb Ga layers. Replacing divalent
Ba®" with trivalent Y and La’" gives one more electron per honeycomb layer according to
Zintl-Klemm counting rules and 9 total valence electrons per formula unit. The ATrTt phases in
which A is a divalent cation also feature 9 electrous per formula umt. CaGaSt has a planar
honeycomb network, but with a random configuration of gallium and silicon atoms on the
framework. In BalnGe, the In and Ge atoms also randomly occupy both sites of the honeycomb
layers, which are shightly distorted away from planarity having In/Ge-1n/Ge-ln/Ge bond angles
of 117.8°. Finally, in CaGaGe the Ga and Ge atoms occupy distinet positions on the framework
and also distort away from planarity. CaGaGe forms two different polytypes, 4H-CaGaGe and
13T-CalGaGe that are closely refated. 4H-CaGaGe features puckered honeycomb layers with the
Ga and Ge atoms occupying distinet sites. The Ga atoms in neighboring layers are directly on
top of each other and are tilted towards each other. Still, the interlayer Ga-Ga distance is 3.577 A
indicating minimal bonding interactions of the half-filled p. orbitals. The 13T-CaGaGe structure
can be thought of as 3 unit cells of 4H-CaGaGe, with a 13% misaligned layer, and has interlayer
Ga-Ga distances that range from 3.22 t0 3.62 A (with the exception of the misfit layer which is
4.43 A). These are much larger than the 2.81 A interlayer Ga-Ga distances in o-FuGay, for which
interlayer bonding cccurs. Thus, 13T-CaGaGe similarly has minimal interlayer bonding
interactions between Ga atoms. In addition, the Ga-Ge-Ga bond angles within each honeycomb
layer are slightly distorted away from planarity and range from 111.8-117.6° in the 137 phase,
and are 115.2° in the 4H phase.

The catalytic activity of the different synthesized phases were screened for the
semihydrogenation and hydrogenation of phenylacetylene to styrene and ethyvlbenzene at 51 bar
Ho, with 20-35 mg catalyst {3.6-8.5 mol%}, and under different solvents {(n-butanol (n-BuOH)},
dimethyltormamide (DMF), N-methyl pyrrolidone (NMP}) without exposing these catalysts to
air {Table 5} Most compounds showed some degree of alkyne semihydrogenation compared to
control experiments with no catalyst, which showed less than 5% conversion. This allowed for
general trends that correlate structure and activity to be elucidated. First, the Zintl phases with
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interfayer bonding between the main group elements had the least catalytic activity. Calnz and o-

Bu(saz have interlayer In-In and Ga-Ga distances within the range expected for covalent bonds,

but showed the least activity across all three solvents. Considering h-EuGaz 1s much more

catalytically active than o-Eu(Gaz vet contains the same elements, the differences in catalytic

activity can be explained by their differences in electronic structure. In particular, the presence of

half-filled p. orbitals in the honeycomb network, as occurs in h-EuGaz, 1s an important electronic

motif for activity. Furthermore, it is unclear if the trace activity in o-EuGaz 1s caused by the

EusGas impurity, which is present in both compounds, as its orystal structure also contains the

same planar honeycomb Ga networks with half-filled 3p, orbitals as occurs in h-EuGas. The only

Zintl-Klemm phase with less activity than Calm and o-EuGaz without interlayer bonding was

LaGas The lack of activity of LaGaz can be explained by its extreme air-sensitivity, as it is the

only phase that rapidly oxidizes upon immediate exposure to air (Figure 40},

Table 5. The percent conversion of phenylacetylene to styrene (ST} and ethylbenzene (EB) after
Z0hin 51 bar Ho, 2.5 mbL of n-BuOH, NMP, or DMF solvent, 55-90°C, 20-35 mg catalyst (3.6~
8.5 mol%;, 1.82 mmol phenylacetylene, for 20 h. Unless otherwise noted, the sole hydrogenation

product was 8T, The same conditions were used to test for catalysis after the powder was

exposed to air for 24 h

(:Jataiystﬁ %mersian ‘?Asjffgnw'aéa:“siﬁn °/§3C§§\793;5i011 After 24 h air exposure
{typical mol%%} n-BuOH, 96°C NMP, 55°C DMF, 85°C
Mo Catalyat <5% <5% <5% e
LaGa, (4.7-5.5%) <5% <5% <3% <5% {DMF, 55°C)
Calny (4.4-4.9%) 1% 13% 3% 5% (DMF, 55°C)
o-EuGay (3.8-3.9%) 20% <5% <5% 9% (u~-BuQOH, 90°C})
h-EuGa: {6.9%) 63% e e e
BalnGe (4.9-5 5% 6% 23% 3% <5% (DMF, 55°C)
CaGaSi (8.1-8.5%) 58% 39.5% 67% 3% (DMF, S5°0)
54 5% 5T, 3.5% EB(319% ST, 8.3% EB| 67% 8T, 0% EB 33% 8T, 0% EB
YGas {3.6-5.4%) 55% 96% 62% 219% (DMF, 55°C)
55% ST, 0% EB | 96% 8T, 0% EB | 62% 8T, 0% EB 21% 8T, 6% EB
BaGa: (4.5-5.3%) 85% (1) <3% 100% (1) <5% {all)
58% ST, 37% EB - 0% ST, 100% EB -
83% ST, (.6% ST, (39 8T, n-BuOH: 98% ST, 2%EB
2 97.9%EB 100% EB NMP: 0.59% ST, 99 5%ERB

4H CaGaGe
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The remaining compounds studied had appreciable activity in the high pressure
hydrogenation i n-BuOH, DMF, and NMP. BalnGe showed some activity for the
hydrogenation of phenylacetylene, but it was lower than all the gallium compounds. It might be
the general case that In-containing phases have reduced activity compared to Ga-containing
phases. However, BalnGe 1s the only known layered honeycomb phase containing indium with a
similar electronic structure (1.e., formally having a half-filled In 4p. orbital). Sull, BaGaa,
CaGasi, YGay, and 13T/4H-CaGaGe all cutperform BalnGe, which helps support the idea that
indiom is less active.

The four most active catalysts were CaGaSi, YGaz, BaGaz, and 13T-CaGaGe. These
compounds have different total valence electrons per formoula unit and are either planar or
distorted. BaGay features 8 total valence electrons per formula unit, whereas the other phases
have 9 total valence electrons per formula unit, thereby indicating that high catalytic activity can
be achieved when either one or both of the main group elements on the framework feanire a half-
filled p- orbutal. Additionally, 13T-CaGaGe has a puckered honeycomb arrangement of Ga-Ge
atoms, whereas CaGaSi, BaGaz, and YGaz are all planar, suggesting that catalytic activity does
not depend on whether there are small distortions away from planarity. This is consistent with
previous reports that indicate that the electronic structure of the active site and not the geometric
structure primarily influences catalytic activity (Armbrister M. Sci. Techmnol Adv. Mater. 2028,
24, 303-322). Finally, there 15 no divect correlation between the high catalytic activity observed
in these four compounds and whether the Zintl-Klemm phase can react with H» at moderate
teraperatures and pressures to form a topotactic hydnde, as CazaSi is reported to be unable {o
form CaGaSiH, whereas BaGas can form BaGacH: (Bjorling T et al. /. dm. Chem. Soc. 2006,
{28, 817-824; Evans MJ et al. J. Am. Chem. Soc. 2608, /130, 12139-12147).

Next, how the catalytic properties of these compounds changed upon exposure to air was
probed. While as a general rule, Zintl-Klemm phases tend to be air sensitive and prone to surface
oxidation due to the reduced nature of the main group element, the thermodynamic propensity
and rate of oxidation of the surface and in the bulk can significantly vary between compounds.
The presence of oxide phases was not detected in the XRE patterns for almost all phases after
exposure to air, with the exception of La(Ga,, which starts to form La(OH)z and Ga: O3 impurities
after 2 hours of exposure to aur (Figure 40). The trace Y205 impurity in YGao can be atiributed to
be a result of the surface oxide on the Y source, as the intensity of the Y:Os reflections in the
XRD pattern do not increase after air exposure (Figure 41}, Still, most compounds had a drop off
in catalytic activity upon exposure to aur for 1 day, implying the formation of a surface oxide
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layer disrupts catalysis. XPS was used to compare the changes to the surface of the most active
gallium compounds, 13T-CalGaGe, YGaz, and BaGaz before and after their exposure 10 air
(Figure 42 — Figure 44), focusing on the Ga 2psn peak. Before exposure to air, when all
compounds are highly active, all three compounds have a Zpiz low energy shoulder centered at
1115 4-1115.7 eV that are tndicative of an anionic Ga species, as would be expected in these
layered Zintl-Klemm phases. All compounds also exhibit dominant 2pan peaks centered at
~1117.1-1117.9 eV, and 13T-CaGaGe and YGa: featured a more oxidized peak centered at
1119.8-1120.2. Both of these peaks correspond to the varying degrees of Ga" surface oxidation
that may occur with the native oxide (Romo-Garcia F et al. Opt. Mafer. Fxpress 2819, 9, 4187-
4193 Lin Y et al. dppl. Phys. Lert. 2008, 77, 687-689; Cybulskis VI et al. Catad Lesr. 2017,
£47,1252-1262). The presence of the low energy shoulder was previously found to be an
important indicator for catalytic activity in BaGar (Hodge KL et al. ./ dm. Chem. Soc. 2019,
741, 19969-19972). The relative area of this low energy shoulder before air exposure 15 16%,
34% and 11% tor BaGay, 13T-CaGaGe, and YGa, respectively. Upon exposure to air tor 2 h,
the low energy shoulder disappears in BaGaz, however, it still remains prevalent in both 137T-
CaGaGe and YGay at 24%, and 12%, respectively. YGaz and 13T-CaGaGe both show catalytic
activity upon atr-exposure, while BaGaz does not, further showing that the fow energy shoulder
correlates with catalytic activity in these other phases, and that the different Zintl phases can
have differing rates of surface oxidation.

131-CalGaGe is by far the most active Zintl-Klemm catalyst demonstrating complete
semihydrogenation from pheoylacetylene to styrene in n-BuOH and complete hydrogenation to
ethylbenzene in NMP and DMF, tn the initial 51 bar Ha tests. What is most remarkable about
this phase is its enhanced air-stability and long-term recyclability. The recyclability of the same
13T-CaGaGe catalyst was probed in phenylacetylene semihydrogenation after seven 24 b cycles
at 51 bar Hz in n-BuOH (Figure 45). When switching reagents, the same catalyst was exposed to
air between each cycle for durations of 2-24 h. Compared to BaGaz, which would lose all
catalytic activity upon instantaneous air-exposure, 13T-CaGaGe maintains a much higher
conversion with more cycles, and even has 90% conversion after seven cycles (Figure 45). To
turther probe the air-stability of this catalyst, it was explored whether any changes in percent
conversion occurred after exposing to air after 1 day, 6 days, and 5 months, using the same 51
bar reaction conditions {(Figure 46} Remarkably, ~100% conversion to styrene is observed even
after S months of exposure to air (Figure 46} This resilience of the catalytic activity to
prolonged air exposure is unprecedented among these Zintl-Klemm phases.

4

~1



[,

by
-

WO 2022/046271 PCT/US2021/039060

The XRD patterns of 13T-CaGaGe before and after catalysis are shown in Figure 47.

13T-CaGaGe also catalyzes the semihydrogenation of phenylacetylene to styrene under
much milder conditions (1 bar Ha, 40°C, 8 5 mol% 13T-CaGaGe, 23 h), again with no detectable
ethylbenzene formation. Catalytic activity was observed in a variety of solvents at 1 bar Ha
{Table 6), with complete conversion occurring in anhydrous NMP, with non-air exposed
catalyst. The next best solvents are n-BuOH and DMEF, for which >50% conversion of
phenylacetylene to styrene was achieved after 23 h. As shown in the conversion vs. time (Figure
48), complete conversion of phenylacetylene to styrene occurred well within 23 h 1o NMP. The
time dependent conversion in DMF 1s shown in Figure 49 and highlights a steady but reduced
catalytic activity 10 this second solvent. The Surface Specific Activity (SSA)Y in NMP was
determined by measuring the surface area per gram of catalyst using the Kr adsorption isotherm
analyzed via the Braunauer-Emmett-Teller (BET) method (Figure 50}, along with the conversion
vs time. The surface area of 13T-CaGaGe was determined to be 0.406 m? g Assuming that Ga
is the only catalytically active site, the specific surface activity is estimated to be 590 h'!, using
the 5 h time point in Figure 48. It is important to point out that in both solvents, the time
dependent conversion indicates the presence of an induction period, which makes the estimate of
specific surface activity a lower bound, and significantly complicates further kinetic analysis. An
induction period was also similarly observed in BaGas, but ICP-CES analysis of the supernatant
indicated the amount of soluble Ga to be < ppm, suggesting that catalysis 18 not due to a soluble
Ga based impurity (Hodge KL et al. J 4m. Chem. Soc. 20198, /47, 19969-19972). The 137~
CaGaGe specific surface activity is higher than what was previously reported for BaGax (425 i
", and is refatively close to a Lindlar’s catalyst control (650 b)) (Figure S1). Thus, 13T CaGaGe
dethrones BaGaz as the most active Pt/Pd-free heterogeneous catalyst for phenylacetylene
hydrogenation and has comparable activities with Pd. For comparison, the specific surface
activities of other phenylacetylene hydrogenation catalysts under similar conditions are listed in
Table 7.

Table 6. Conversion of phenylacetylene hydrogenation to styrene in the listed anhydrous
solvents (40°C, 23 h, 8.5 mol% (~15 mg) 13T-CaGaGe catalyst, 0.91 mmol phenylacetylene)

Selvent Conversion (%)
NMP 100

n-butanol 60

DMF 52

i,4-dioxane 14

iPA 18

ethanol 23
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Table 7. Comparison in activity for different catalysts for the conversion of phenylacetylene to

styrene.
Surface activity or
Catalyst Conditions activity per mole of Reference
catalyst
590 1t
CaGaGe i Bar Hi. 40°C, NMP v This Work
{per surface Ga}
‘ N 170 bt ,
CaGaGe I Bar Ha. 40°C, DMF . ‘_ This work
{per surface Ga)
8390 1t Hodge KL et al. J. dm. Chem.
BaGa 51 Bar Ha. 40°C, DMF . . e
M. o : (per surface Ga) | Soc. 2019, /41, 19969-19972
425 47t Hodge KL et al. J. Am. Chem.
BaGaz I Bar Hy. 40°C, DMF , :
b i (per surface Ga) | Soc. 2019, /41, 19969-19972
Lindlar’s 650 bt .
Hars i Bar Hy. 40°C, DMF , v This work
Catalyst {per mol Pd)
S16x 107wt Tiu Y et al. Adv. Maier 2016
NisGe 5 bar Hz 40°C, hexane : o
HuE “ CHORANES L ver surface Ni) 28, 4747-4754
Aw/Graphene | Hz flow (0.2 mE/min), 360 bt Shao L et al. ACY Caral. 2014,
Oxide 60°C, Ethanol {(per surface Au} 4, 23692373
, 15840 bt Yoshida H et al. R3C Adv.
PdZn/ZnC 6 bar Ha, 0°C, tol ;
wen PAr R, UL BRIEE L er surface Pd) 2014, 4, 24922
. , ey Dominguez-Dominguez S ¢
Pd/Carbon H: flow (30 mL/min} 3600 h™ ominguez W@mmg? ez s et
Nanotubes 50°C, Methanol ‘per surface Pd) al. J. Piys. Chem. © 2008,
Nanotubes 0%, Met , {per surtace | 112, 3827-3834
. , Continuous flow, 1 bar o } e
Lindiar’s , 1866 1™ Kuwahara Y et al. ACY Caterd.
N Ho, methanol, 1 4- o o
Catalyst {per surface Pd) 2019, 9 1993.2006

dioxane, 30°C

PA/FDU-12

1 bar Hz, 25°C, Ethanol

1840 b
{per surface Pd)

GuoM et al. 408 Catal. 2018,
&, 6476-6485

Conclusion. This work shows that a broad of tamily of electronic and structurally stmilar

layered Zintl-Klemm ATr and ATrTt phases can catalyze the hydrogenation and

semihydrogenation of phenylacetylene with varying activities. The common feature 1n the

electronic structure of these materials that 1s important for catalviic activity s the presence of a

triel element on the honeycomb lattice that would formally have a halt-filled p: orbital,

bestowing acidity onio the framework. The most active catalysts lacked any interlayver bondin
g v J R v

{(Figure 52). Furthermore, the ability to form bulk metal hydride phases did not correlate with

activity, While all compounds lost some degree of catalytic activity upon exposure to air, 137~
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CaGaGe remained highly active tn high-pressure hydrogenation reactions. Without exposure to
air, 13T-CaGaGe had specific surface activities comparable to Lindlar’s catalyst at 1 bar Hz, and
were among the largest for non-Pd/Pt catalysts. This discovery that this family of materials
universally catalyze allcyne hydrogenation, paves the way for future surface science studies on
the origin of catalytic behavior in these compounds, as well as expansion of the reaction and

substrate scope, and optimization of long-term catalytic performance.

Example § - Lucky Number 13: 4 13-layer Polytype of the Alkyne Hydrogenation
Catalyst, CaGale

Abstract: The ability of matertals to form crystal structures with different stacking
sequences, known as polvtypism, occasionally causes materials with the same stoichiometry and
similar local structures to have profoundly different properties. Herein, a metastable 13-layer
trigonal (137) polytype of CaGaGe, a layered intermetallic phase comprised of [GaGe]”
honeycomb networks separated by Ca®”, is discussed. This 13T polytype is readily synthesized
from arc-melting the elements, and its structure is elucidated via neutron diffraction. This air-
stable polytype has one-misaligned [GaGel” layer for every 13, and transforms into the more
stable 4-layer hexagonal (4H) CaGaGe polytype after annealing at 500°C. This transition metal-
free 13T CaGaGe shows remarkable activity in the catalytic hydrogenation of phenylacetylene to
styrene and ethylbenzene, whereas the activity of the 4H polytype is reduced. This work
identifies the first 13-layer polytype for any crystal structure, and further establishes the
influence of polytypism on catalysis.

Introduction: Polymorphism, the abtlity for compounds with the same stoichiometry to
have different crystal structures, 1s quite prevalent in materials chemistry. Very often
polymorphs have significantly different local bonding networks (i.e, graphite vs. diamond},
which leads to dramatically different properties just as with constitutional isomerism,
Polytypism is a subset of polymorphism commonly occurring in lavered compounds that
describes materials having a vearly dentical structure and composition along two dimensions
but are stacked into unit cells with different repeating sequences. While most polytypes
generally lead to subtle differences in electronic structure and properties, sometimes dramatic
changes are observed. For instance, the layered van der Waals compound, TaSezxTex, exhibits
an order of magnitude higher superconducting transition temperature when it stacks into a 3-
iayer rhombohedral unit ceil polytype compared to a 2-layer hexagonal polytype, despite
muinimal differences in the local coordination (Luo BX et al. Proc. Narl. dead. Sci. 17 5. A, 201§
182, 1-7y. 8iC can form wany different polyiypes of layers of close-packed corner sharing
0
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tetrahedra, and its band gap changes from 2.39 to 3.33 eV in the zinc-blende and wurtzite
stacking sequences, respectively (Park CH et al. Phys. Rev. B: Condens. Matier Mater. Phys.
1994 49 4485-4493). As a tinal example, there have been signiticant differences in the catalytic
and electrocatalytic behavior between the face centered cubic (3C) and the 4-layer hexagonal
{4H) polytypes of gold and copper, which have different arrangements of close packed layers
(Chen Y et al. Adv. Mader 2017, 29, 1701331, Chen Y et al. J. Am. Chem. Soc. 2028, [42,
12760-12766; Fan £X et al. Smal! 20816, 12, 3908-3913; Han SB et al. Nat. Commun. 20820, {1,
5523 The metastable 4H copper phase has been recently found to exhibit much higher
electrocatalytic activities and ethylene selectivity in the CO» reduction reaction (Chen Y et al. /.
Am. Chem. Soc. 2028, 142, 12760-12766). Thus, polytypism can sigmificantly influence catalytic
behavior.

Oue of the most exciting families of crystalline matenials that commonly feature
polytypism are Zintl-Klemm compounds, having structures comprised of layers of main group
elements that are separated by large electropositive cations (Luo HX et al. Froc. Natl Acad. Sci.
U 8 A 2018, 772, 1-7, Bojin MD et al. Helv. Chim. Acta 2003, 86, 1653-1682; Bojin MD et al.
Helv. Chim. Acra 2003, 86, 1683-1708; Brown SR et al. Chem. Mot 2006, /8 1873-1877; Evans
Ml et al. Phyvs. Rev. B: Condens. Matter Maier. Phys. 2809, 80, 004514, Kim 8T et al. New
Cryst. Struct. 2008, 223, 325-326; Kim S) et al. Chem. Mar 1999, {1, 3154-3159; Owens-Baird
Betal J 4m. Chem. Soc 2828, 142, 2031-2041; Owens-Baird B et al. Chem. Mot 2019, 34,
3407-3418). These materials exhibit a wealth of exotic physical properties including axis-
dependent conduction polarnty in NaSmAs: (He B et al. Nat. Maider. 2619, 718, S68-5723,
reversible hydrogen absorption tn SrGaz (Wenderoth P et al. /norg. Chem. 2813, 52, 10525+
10531), and the topological insulating properties of BaSm (Kim SF et al. New Cryst, Struct.
2008, 223, 325-326). Some examples of polytypism in these Zintl-Klemm phases include CaGex,
which can form a 2-laver and 6-layer polytype, as well as CaAlSi that can crystallize into 1-, 5-
or O-layers per unit cell (Evans M et al. Phys. Rev. B: Condens. Matier Mater. Phys. 2689, 80,
064514; Cultrara ND et al. Chem. Mai. 2018, 30, 1335-1343; Sagayama H et al. .J. Phys. Soc.
Jpn. 2006, 75, 043713).

Recently, it was discovered that the transition metal-free layered Zintl-Klemm
compound, BaGaz, shows remarkable catalvtic activities for the hydrogevation of
phenylacetylene into styrene and ethylbenzene, that are within an order of magnitude of Pd-
based compounds (Hodge KL et al. J Am. Chem, Soc. 2019, {41, 19969-19972). The crystal

structure of BaGas comprises isolated favers of covalently bonded Ga™ honeycomb networks, in
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which every Ga atom has formally 7 valence electrons, ignoring the weak intralayer Ga-Ga n-
bonding. It was hypothesized that the presence of 7 valence electrons would make these phases
acidic, thereby promoting the adsorption of both Ho and alkynes. The catalytic properties of
other structurally and electronically similar transition metal-free layered intermetallics
{(discussed above) have been investigated. One such material is CaGaGe. This material was first
discovered in 1989 and is comprised of puckered honeycomb [GaGel* layers having an
alternating BN-like arrangement, with each layer separated by Ca*" (Czybulka A et al. Alg.
Chem. 1989, 579, 151-157). According to Zintl-Klerom electron counting rules, formally each
(Ga and Ge” would have 7 and 8 valence electrons, respectively. CaGaGe adopts a 4H YPtAs-
type crystal structure type, o which the Ga atoms in neighboring layers tilt towards each other to
partially stabilize the lack of an octet, although the interlayer Ga-Ga distance is too large (3.57
A} to form a covalent bond (Figure 53 and Figure 54) (Czybulka A et al. Allg. Chem. 1989, 579,
151-157). Subsequent transmission electron microscopy studies suggested that CaGalGe could
form a more complex stacking sequence, although the structure was never fully determined
(Evans MJ et al. Phvs. Rev. 8: Condens. Matter Mater. Phys. 2009, 80, 064514). Herein, a new,
I3-layer trigonal {13T) polytype of CaGaGe, that 1s an air-stable, highly active heterogeneous
catalyst for the hydrogenation of alkynes, with consistently greater activities than the 4H
polytype is elucidated.

Experimential Methods

X-Ray and Neutron Diffraction: X-Ray Diffraction data was obtained using a Bruker D¥
X-ray powder diffractometer (sealed Cu X-ray tube, 40 kV and 40 mA) equipped with a
Lymxeye XE-T position-sensitive detector. The data were collected with an incident beam
monochromator (Johansson type SiOz-crystal) that selects only Cu Ko radiation (A = 1.5406 A},
Time-~of-flight neutron diffraction data were coliected on the POWGEN beamline at the
Spallation Neutron Scurce at Oak Ridge National Laboratory at ambient temperature using both
2708 A and X=2.665 A Rietveld refinements of X-Ray and Neutron Diffraction data were
carried cut using the TOPAS-Academic (Version 0) software package to determine the crystal
structure.

X-Ray Photoelectron Spectroscopy was done using a Krates Ultra X-ray photoelectron
spectrometer with a monochromated Al X-ray source. Air-free powders were affixed to catbon
tape on a sample holder in an Ar-filled glove box and loaded into an air-free transfer tool.
Energy calibration was done using the C 1s peak at 284 8 eV,

13T Cazalse was synthesized by stoichiometric arc melting of the elements. 4H CaGaGe
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was synthesized by annealing 13T CaGaGe that was sealed in quartz tubes at S00°C for 18
hours.

Catalytic hydrogenations were performed by inttially grinding the appropriate polytype
of CaGGa(Ge in mortars and pestles and adding approximately 20 mg of the materials to glass
vials. Approximately 2.5 mb of solvent (dimethyltormamide or n-butanol} was added followed
by 1.8 mmol of substrate. The glass vials were then placed in Parr reactors and the reactors were
sealed. The reactors were then taken out of the glove box and the desired pressure of Hz was
added followed by placing the reactors on the heating elements. In samples where vo catalyst
was added, less than 5% conversion was observed.

Results and Discussion

CaGaGe was synthesized by arc-melting stoichiometric amounts of the elements and
initial Rietveld refinements were performed on in-house X-ray diffraction (XRD) data. All
attempts to fit the powder pattern to the reported 4H Pos/mmc crystal structure were
unsuccessful (Figure 53, Figure 54, Figure 55). Specifically, when assuming a 4H polytype, all
of the 0&E reflections where € is odd are shifted to either higher or lower 28, However, the
observed intensity of every reflection 1s close to the intensity predicted with this 4H polytype,
indicating that the majority phase has a similar structure but has a different stacking sequence.
Indeed, the d-spacing of the 0k reflections precisely maich to a 13-layer trigonal or hexagonal
unit celi (Figure 50} The 4H CaGaGe phase is present as a minor impurity (~15 wt%;} that
appears as shoulders on the most intense 13-layer reflections, shifted to a slightly larger 28. The
I3-layer phase transforms into the 4H polytype upon annealing at 300 °C for 18 h (Figure 54).

A time of flight (TOF) neutron diffraction powder pattern of CaGaGe was collected to
elucidate the structure of this 13-layer phase since the neutron scattering factors of Ga and Ge
are considerably different (Ga=6.83, Ge=8.6} compared to the similar X-ray form factors of
these neighboring elements (Sears VE. Newtron News 1992, 3, 26-37). Rietveld refinement was
able to convincingly establish a 13-layer unit cell as the majority phase (Figure 87}, The most
visually straightforward evidence of the majority phase having a 13-layer sequence is the
presence of the 006 and 007 reflections at large d-spacings (Figure 57 inset). Between those
reflections the 002 reflection of the 4H minority phase is apparent.

To fully elucidate the space group and structure of the 13-layer phase, many different
structures were attempted with Rietveld analysis. First, the presence of the intense 0 0 13
reflection, where { 18 odd requires a space group with no systematic absences, thereby narrowing

the number of possibilities down to 16, Of these 16, puckered honeycomb layers with
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alternating Ga and Ge can only exist in the £6 and 73 space groups. In the P6 space group, the
presence of a mirror plane halfway up the unit cell causes the 1-6™ and 8™.13% layers to be
mirror images of each other. However, the middie 7% layer must be planar. Assuring that the Ga
will occupy either the 2h (1/3, 2/3, z) or the 2i (2/3, 1/3, z) position in each layer with the Ge
occupying the other site, will lead to 42 unique possibilities 1o this space group (Figure 58A-
Figure 588B). In the 73 space group, every layer is independent, as there are no mirror planes in
the structure. This leads to 146 distinct possibilities assuming that the Ga in each layer occupies
either the 1b (173, 2/3, z) or the 1¢c (273, 1/3, z} (Figure 59 A~ Figure 60D},

The P6 space group was initially considered. The refinement procedure is described in
Figure 61. To determine the most probable structure, initial refinements of all 42 unique crystal
structures were performed, assuming the Ga and Ge atoms are planar within each layer. The Ga
and Ge positions were then allowed to refine, in all cases creating buckling within the
honeycomb Ga-Ge layers. The refinement was continued with the five crystal structures that
produced the best statistics. In the best five crystal structures, the positions of gallium and
germanium in the central, planar layer, were then switched to determine which produced better
statistics. By allowing the positions in the muddle layer to change and keeping the structures with
the better statistics, two of the structures were then identical, so one was thrown out. The
fractional occupancies were then allowed to refine freely tor each structure, this produced almost
no changes in the overall refinement. From this point, there was one clear crystal structure that
produced the best statistics (Figure 62). Considering that the relative intensities of each
reflection in the pattern was very close to the 4H-CaGaGe unit cell, the refined P6 crystal
structure was unsurprisingly very similar. For most of the structure (Jayers 1-5; 9-13) the Ga and
(e atoms switch sites every two layers, and the Ga atoms in neighboring layers {1,13; 2,3; 4,5;
9,10, 11,12} tilt towards each other to partially stabilize the lack of an octet.

While the final P6 structure did produce a respectable refinement (Rup = 2.94%, GOF =
$.723, DFT calculations of the formation energies indicated that having a planar middle layer is
unstable by 0.13 eV, compared to puckering. Thus, these calculations indicate that the trigonal
F3 space group is the more realistic structure. Rather than testing all 146 possibilities, the
stacking sequence from the best P6 refinement was chosen and then converted and refined as a
F3 unit cell using a revised procedure (Figure 63}, A shight imoprovement in refinement statistics
(Rup = 2.88%, GOF = 5.62) compared to £6, combined with the lower predicted formation

energy indicated this to be a slightly better model. Refinement resulis are in Table §- Table 9.
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Table 8. Neutron Refinement of CaGaGe with P3 structure type atomic parameters

Atom | Site | x y z Uil 33

Cal ta {0 0 C.0011(10) | 0.0107(18}) | 0.00598(20)
Ca? fa |0 0 0.07736(11) | 0.0107(18) | 0.00598(20)
a3 la |0 0 (0. 1534012y | 0.0107(18) | 0.00598(20)
Cad ta |0 0 0.2307(11y | 0.0107(18) { 0.00598(20)
Cas ta {0 0 0.3126(7) 0.0107{18) | 0.00598(20)
Cab fa |0 0 0.384(8) 0.0107(18) | 0.00598(20)
Ca7 la |0 0 0.4613(10) | 0.0107(18) | 0.00598(20)
Cad ta |0 0 0.5381(9} 0.0107(18) | 0.00598(20)
Cal ta {0 0 0.6162(10) | 0.0107(18) | 0.00598(20}
Cald (la |0 0 0.6921(8) 0.0107(18) | 0.00598(20)
Call |1la |0 0 (. 7705(9} 0.0107(18) | 0.00598{2()
CalZ (la [0 0 0.8459(9} 0.0107(18) | 0.00598(20)
Calld 1la {0 0 0.9242(11) | 0.0107(18) | 0.00598(20}
Gall {1c § 2/3 | 1/3i00314(7) 0.0268(17) | 0.00280(14)
Gel.l | 1b 131 2/3100423(6) 0.0144(8) | 0.00346(13)
Gel2 | le § 2/3 | 1/310.1122(5) 0.0144(8) | 0.00346(13)
Gal2 | 1b /31 2/3 1 0.1232(8) 0.0268(17) | 0.00280(14)
Gel3 {lc § 2/3 | 1/310.1949(6) 0.0144(8) | 0.00346(13)
Gal.d | 1b 131 2/3 1 01840(8) 0.0268(17) | 0.00280(14)
Gel4 | 1b 1731 2/3 1 0.2641(5) 0.0144(8) | 0.00346(13}
Gald | e 2/3 1 13 10.2767(7) 0.0268(17) | 0.00280(14)
Gel5 | 1b /31 2/3 1 0.3463(5) 0.0144(8) | 0.00346(13)
Gald (le | 2731 U3 103331H4) 0.0268(17) | 0.00280(14)
Gelo | lc | 2/3] 1/3104173(6) 0.0144(8) | 0.00346(13}
Galo | 1b 1/3 1 2/3 1 0.4202(8) 0.0268(17) | 0.00280(14)
Gal7 | 1b /31 2/3 1 0.4934(5) 0.0268(17) | 0.00280(14)
Gel7 (1e | 2731 U3 10500K{7) 0.0144(8) | 0.00346(13)
Galg | 1b 173 ] 2/3 1 0.5719(6) 0.0268(17) | 0.00280(14)
GelB | e 2/3 1 1/3 1 0.5829(8) 0.0144(8) | 0.00346(13)
Gel9 | 1b /31 2/3 1 0.6537(8) 0.0144(8) | 0.00346(13)
Gal9 (le | 2731 U3 106616(5) 0.0268(17) | 0.00280(14)
Gal10 | 1e | 2/3 | 1/3 1 0.72460(8) | 0.0268(17) | 0.00280(14)
GeL10 | 1b 131 2/3 1 0.7363(6) 0.0144(8) | 0.00346(13)
GeL 11 {Ic | 2/3| 173 { 0.8060(5) 0.0144(8) | 0.00346(13)
Gallll | 1b /31 2/3 1 0.8159(5) 0.0268(17) | 0.00280(14)
Gel 12 | 1e | 2/3 | 1/3 { 0.8886(5) 0.0144(8) | 0.00346(13}
Gall12 1 1b 1/3 1 2/3 1 0.8767(8) 0.0268(17) | 0.00280(14)
Gali3 | fe 2/3 1 1/310.9711{6) 0.0268{17) | 0.00280(14)
GeL13 | 1b /31 2/3 1 0.9587(6) 0.0144(8) | 0.00346(13)
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Table 9. Neutron powder refinement results from POWGEN time of flight data using both the

13T and 4H CaGaGe structures

Phase 1 - 13T Calzalse

Chemical Formula CaGaGe
Formula Weight {(g¢/mol F. 1} | 182.43
Crystal System Trigonal
Space Group £3

a{A) 4 20693(7)
c(A) 56.4561(12)
V(A% 865.31(3)
Phase Fraction 85.3%

Phase If - 4H CalGalGe

Chemical Formula CaGa(e
Formula Weight (¢/mol F. U} | 182.43
Crystal System Hexagonal
Space Group Pos/mme
a{A) 4. 2060(5)
c{A) 17.1116(24)
V(A% 262.16(7)
Phase Fraction 14.7%

Refinement condifions

Temperature (K} 300
Time of flight range (pus) 11000-90000

Rup 2.88%
Goodness of fit 5616

Thus, a combination of Rietveld refinements and DFT calculations indicated that the
polytype crystallizes into a £3 space group. The refined 13T-CaGaGe 3 crystal structure shown
in Figure 64 1s nearly identical to the 4H-CaGaGe, with the exception of “layer 87. For the rest
of the structure, the position of the Ga and Ge atoms switch every two layers. The Ga atoms
pucker towards each other to partially stabilize the lack of an octet, but again the average Ga-Ga
interlayer distance of 3.45(14) A is too large to indicate full covalent bonding. Layer 8 deviates
from the 4H stacking sequence and lacks any interlayer Ga-Ga stabilization. In other words, the
13 layer unit cell can be thought of as having an overall repeat unit of 3x{(4H-CaGaGe layers)
capped by one CaGaGe layer that deviates from the stacking sequence.

Considering how close the 13-layer structure is to the original 4H unit cell, ove could
envision that other polytypes with 4n+1 layers could exist. DFT calculations indicated there to
be negligible difference in formation energy normalized per forroula unit between a 13-layer

polytype and other structurally similar polytypes with 5, 9, 17, or 4n+1 layers. Regardiess, no
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evidence for such structures was observed in the X-ray or neutron diffraction patterns,
Nevertheless, this 13T phase is metastable and can only be accessed from the fast cooling
achieved via arc-melting. This is the first example of a crystal structure with a 13-layer polytype
in any crystalline material including materials known to have a plethora of polytypes (zeolites,
SiC, ete.. ). The only previously claim of a 13-layer unit cell was in BaigTisalNb2Owge, although
its atomic structure remains undetermined (Roth RS et al. J. Sofid State Chem. 1987, 68, 330-
339).

The catalytic activities of the 13T and 4H phases for the alkyue hydrogevation of
phenylacetylene to styrene and ethylbenzene were first evaluated in both dimethylformamide
(DMF) and n-butavol (n-BuOH) at 51 bar Ha (Figure 63). After 24 h, 13T-CaGaGe completely
hydrogenates phenylacetylene to ethylbenzene in DMF and shows the more selective
hydrogenation to styrene in n-BuOH. Surprisingly, 13T-CaGaGe consistently shows much
greater conversion than the 4H-CazaGe phase, despite having a nearly identical structure and
particle sizes. This observation is quite robust, as the enhanced catalytic activity in 13T-CaGaGe
was observed across three different synthetic batches of both polytypes. Additionally, 137
CaGaGe has enhanced air-stability compared to the other Zintl-Klemum catalysts, including
BaGaz, which loses all activity upon immediate exposure to air (see above and Hodge KL et al.
J Am. Chem. Soc. 2019, [41, 19969-19972). After 5 months of air exposure, 13T-CaGaGe
retained complete conversion with similar product muxtures tn both DMF and n-BuOH, using
these same reaction conditions. No new phases are observed in the diffraction pattern after this
long-term air exposure, further evidencing the air-stability (Figure 66). 13T-CaGaGe even
exhibited some catalytic activity at 1 bar Hz (Figure 67). The time-dependent conversion in DMF
shows >50% conversion after 23 h. The Surface Specific Activity (SSA) was estimated by
measuring the surface area per gram of catalyst (0.406 m” g') with the Kr adsorption isotherm
Braunauer-Emmett-Teller method along with the conversion vs time. Using the 23 h tirne point,
the surface specific activity is estimated to be 315 b, which is within an order of magnitude of
Lindlar’s catalyst (650 h™') (see above and Hodge KL et al. J. Ane. Chem. Soc. 2019, {41, 19969-
19972} The presence of an induction period is apparent in the time dependent conversion, which
complicates further kinetic analysis, and makes the estimate of surface specific activity a lower
bound. Au induction period was also similtarly observed 1o BaGao, but ICP-OES analysis of the
supernatant indicated the amount of soluble Ga and Ge to be <1 ppm, suggesting that catalysis is
not due to a soluble Ga based impurity.

The difference tn activity between polytypes ts unexpected. Since the 4H-CaGa(e phase
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is prepared via annealing the 137 phase at S00°C under vacuum in fused silica, whether this
procedure resulted in additional oxidation on the surface of the 4H-CaGaGe phase, thereby
reducing catalytic activity, was explored. However, X-ray Photoelectron Spectroscopy {XPS) of
the 13T and 4H powders show no differences in the degree of oxidation between the polytypes
(Figure 66). Both phases show a major Ga 2p3z and 2pi2 at 1117.90 and 1144.5 eV, indicative
of an oxidized Ga'™ along with shoulders at 1115.7 and 1142.7 eV, indicative of an anionic Ga
surface species. The presence of this anionic Ga surface species was previously shown to
correlate with catalyiic activity in BaGaz (Hodge KU et al. J Am. Chem. Soc. 2819, 747, 19969~
19972). The relative area of the anionic Ga shoulders is nearly identical in both 4H-CaGaGe and
13T-CaGaGe, indicating that the degree of surface oxidation 13 very similar (Figure 68). This
implicates the minor differences in structure between the two polytypes to cause their disparate
catalytic behavior. One possible explanation is that the catalytic sites originating from the single
misfit layer in the 13T phase are much more active. Another possibility is that the subtle changes
in (Ga-Ge bond length leads to enhanced activity. The 13T-polytype does have, on average,
stightly smaller Ga-Ge bond distances 2.507(23) A, ranging from 2.458 to 2.541 A compared to
the 4H structure 2.530(3) A. In other heterogeneous catalyst systems, similar deviations in
metal-metal bond engths bave been shown to significantly influence catalytic activity (Wexler
RB etal J dm. Chem. Soc. 2018, /40, 4678-4683). Further investigations can conclusively
pinpoint the exact nature of the active sites, the mechanism of hydrogenation, and the origin of
the increased activity in the 137 polytype.

Conclusion

In conclusion, this exotic, metastable 13T-CaGaGe, is not only the first 13-layer
polytype, but also provides an additional example of the unique role that polytypism can have on
catalytic performance, beyond Cu and Au. Hts formation is highly reproducible and is the
dominant phase that forms through >50 synthesis attempts. This highly active transition metal-
free, air-siabie catalyst paves the way for the systematic exploration of the reactivity, selectivity,

robustness, and mechanistic understanding in Zintl-Klemm phases.

Other advantages which are obvious and which are inherent to the invention will be
evident to one skilled in the art. It will be understood that certain features and sub~combinations
are of utility and may be employed without reference to other features and sub-combinations.
This 1s contemplated by and is within the scope of the claims. Since many possible embodiments

may be made of the invention without departing from the scope thereof, it is 0 be understood
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that all matter herein set forth or shown in the accompanying drawings is to be mterpreted as
illustrative and not in a limiting sense.

The methods of the appended claims are not limited in scope by the specitic methods
described herein, which are intended as illustrations of a few aspects of the claims and any
muethods that are functionally equivalent are intended to fall within the scope of the clatms.
Various modifications of the methods in addition to those shown and described herein are
intended to fall within the scope of the appended claims. Further, while only certain
representative method steps disclosed herein are specifically described, other combinations of
the method steps also are intended to fall within the scope of the appended claims, even if not
specifically recited. Thus, a combination of steps, elements, components, or constituents may be
explicitly mentioned herein or less, however, other combinations of steps, elements,

components, and constituents are included, even though not explicitly stated.
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CLAIMS
What is claimed is:
I. A catalyst comprising a layered intermetallic compound comprising:

AMipaxM 1x
wherein
A is a group 2 metal, a group 3 metal, a lanthanide metal, or a combination
thereof
Mis a group 13 metal;
M’ is a group 14 metal or a group 14 metalloid; and

xisfrom Oto 1.

2. The catalyst of claim 1, wherein the catalyst comprises BaGay, BaGaGe, BaGaSn,
BalnGe, CalGe, Calnz, CaGaGe, Calali, SrGaz, SrAly, BaAlS:, SrAlS: YGaz, LaGaz
wherein Ln is a lanthanide metal, or a combination thereof

3. The catalyst of claim 1 or claim 2, wherein the catalyst comprises BaGas, BaGaGe,
BaGaSn, BalnGe, or a combination thereof.

4. The catalyst of any one of claims 1-3, wherein the catalyst comprises BaGaz.

5. The catalyst of any one of claims 1-3, wherein the catalyst is not BaGaz or SrGas.

o, A catalyst comprising a layered intermetallic compound comprising:

A‘L\/E%KNT 1-x
wherein
A is a group 2 wetal, a group 3 metal, a lanthamde roetal, or a combination
thereof
M 15 a group 13 metal;
M is a group 14 metal or a group 14 metalioid; and
x 1s from O to 1;
with the proviso that the catalyst is not BaGaz or §rGao.
7. The catalyst of any one of claims 1-6, wherein the catalyst comprises BaGaGe, BaGaSn,

BalnGe, CaGe», Calng, CaGaGe, CaGaSi, SrAly, BaAlS:, SrAlS:, YGar, LoGas wherein

I.nis a lanthanide metal, or a combination thereof
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A catalyst comprising a layered intermetallic compound comprising:
AMiM 1

wherein

Ais a group 2 metal, a group 3 metal, a lanthanide metal, or a combination
thereof’

M is a group 13 metal;

M’ is a group 14 metal or a group 14 metalloid; and

x 1s from O to 1;

with the proviso that when A is Ba or Sr, xisnot 1.

The catalyst of any one of claims 1-8, whereitn A 15 selected from the group consisting of
Ba, Sr, Ca, Lu, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, T, Yb, and

combinations thereof.

The catalyst of any one of claims 1-9, wherein A 1s selected from the group consisting of

Ca, Ba, Y, La, Eu, and combinations thereof.

The catalyst of any one of claims 1-10, wherein A is selected from the group consisting

of Ba, Ca, Sr, Y, and combinations thereof.

The catalyst of any one of claims 1-11, wherein A is selected from the group consisting
of Ca, Lu, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yh, and combinations

thereof,

The catalyst of any one of claims 1-12, wherein A is selected from the group consisting

of Y, Ly, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and combinations thergof,

The catalyst of any one of claims 1-13, wherein M is selected from the group consisting

of Al, Ga, In, and combinations thereof
The catalyst of any one of claims 1-14, wherein M comprises Ga.

The catalyst of any one of claims 1-15, wherein M’ is selected from the group consisting

of 81, Ge, Sn, and combinations thereof.
The catalyst of any one of claims 1-16, whereinx1s 0 or 1.

The catalyst of any one of claims 1-17, wherein the catalyst comprises BaGaGe,

BaGaSn, BalnGe, Cale:, Calnz, CalaGe, CaGas:, BaAlsi, SrAlSy, YGaz, InGaz
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wherein Ln 1s a lanthanide metal, or a combination thereof.
19, The catalyst of any one of claums 1-18, wherein the catalyst comprises BalnGe, Calng,
CaGaGe, CaGaSi, YGay, LaGas, EuGas, or a combination thereof.

20, The catalyst of any one of claims 1-19, wherein the catalyst comprises CaGaGe, CaGaSi,

Y (Gaz, or a combination thereof,

21 The catalyst of any one of claims 1-20, wherein A 1s Ba.

22, The catalyst of any one of claims 1-21, wherein the catalyst comprises BaGaGe,
BaGaSn, BalnGe, or a combination thereof.

23, The catalyst of any one of claims 1-22, wherein x 15 1 and M 1s Ga.

24, The catalyst of any one of claums 1-23, wherein the catalyst comprises CaGaGe.

25, The catalyst of any one of claims 1-24, wherein the catalyst comprises a 13-layer trigonal
polytype of CaGaGe.

26.  The catalyst of any one of claims 1-25, wherein the catalyst is substantially free of
transition metals,

27. The catalyst of any one of claims 1-26, wherein the catalyst comprises a layered Zintd
phase.

23. The catalyst of any one of claims 1-27, wherein the catalyst comprises a layered binary
Zintl phase, a layered terpary Zintl phase, or a combination thereof.

29, The catalyst of any one of claims 1-28, wherein the catalyst comprises a Hz adsorbing
layered Zintl phase.

30, The catalyst of any ove of claimns 1-29, wherein the catalyst comprises a Ho absotbing
lavered binary Zintl phase, a Hs absorbing layered ternary Zintl phase, or a combination
thereof

31 The catalyst of any one of claums 1-30, wherein the catalyst comprises a layered Zintl-
Klemm phase comprising group 13 triel or group 14 tetrel networks separated by
electroposttive cations comprising A.

32. The catalyst of any one of claims 1-31, wherein the catalyst comprises a layered Zintl-

Klemm phase comprising a triel network, a half-filled p. orbital, no interlayer bonding in
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the main group framework, or a combination thereof.

The catalyst of any one of claims 1-32, wherein the catalyst comprises a plurality of

particies.

The catalyst of any one of claims 1-33, wherein the catalyst comprises a plurality of

yarticles having an average particle size of from 4 nm to 50 microns.
& &

The catalyst of any one of claims 1-34, wherein the catalyst comprises a plurality of

particles having an average particle size of from 320 nm to 13 microns.

The catalyst of any one of claims 1-35, wherein the catalyst has an average surface area

of from 0.1 m* per gram of catalyst (m%/g) to 400 m?*/g.

The catalyst of any one of claims 1-36, wherein the catalyst has an average surface area

of from 3 m¥/g to 230 m¥/g.

=}

The catalyst of any one of claims 1-37, wherein the catalyst effectively catalyzes a

hydrogenation reaction.

The catalyst of any one of claims 1-38, wherein the catalyst effectively catalyzes

hydrogenation of an alkyne.

The catalyst of any one of claums 1-39, wherein the catalyst effectively catalyzes

hydrogenation of an alkyne at 1-55 bar Hz and at a temperature of 40-100°C.

The catalyst of any one of claims 1-40, wherein the catalyst effectively catalyzes
hydrogenation of phenylacetylene nto styrene and ethyibenzene at 1-SSbar Hz and ata

temperature of 40-100°C.

The catalyst of any one of claims 1-41, wherein the catalyst has a catalytic activity
comparable to the catalytic activity of a commercial Pd based hydrogenation catalystin a
hydrogenation reaction.

A supported catalyst comprising the catalyst of any one of claims 1-42 disposed and/or
dispersed on a support.

The supported catalyst of claim 43, wherein the support comprises alumina, silica,

chromia, zirconia, tungsten, cerium oxide, calcium carbonate, carbon, titama, metal

oxides, metal hydroxides, metal phosphates, or combinations thereof.

@
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45, A method of hydrogenating a hydrogenation substrate, the method comprising:
combining the hydrogenation substrate and hyvdrogen in the presence of a catalyst,
thereby hydrogenating the hydrogenation substrate and forming a mixture, wherein the
catalyst comprises the catalyst of any one of claims 1-42 or the supported catalyst of

claims 43 or 44,

46, The method of claim 45, wherein the catalyst is provided in an amount of from 0.5 mol%

to 50 mol% relative to the amount of the hydrogenation subsirate.

47. The method of claim 45 or claim 46, wherein the catalyst is provided in an amount of
from 0.5 mol% to 10 mol% relative to the amount of the hydrogenation substrate.
48.  The method of any one of claims 45-47, wherein the catalyst is provided 1u an amount of

from 0.5 mol% to 3 mol% relative to the amount of the hydrogenation substrate.

49, The method of any one of claims 45-48, wherein the hydrogen is provided at 1-55 bar.
S6.  The method of any one of claims 45-49, wherein the method is performed at a

temperature of from 40°C to 100°C.

51 The method of any one of claims 45-50, wherein the method further comprises

combining the alkyne and hydrogen source in the presence of the catalyst and a solvent.

52. The method of claim 51, wherein the solvent comprises NMP, DMF, n-butanol, or a
combination thereof.

53.  The method of any one of claims 45-52, wherein the catalyst exhibits a turnover
frequency of 350 h! or more.

54. The method of any one of clairs 45-53, wherein the catalyst exhubits a turnover
frequency of 7400 h' or more.

55, The method of any one of claims 45-54, wherein the catalyst has a catalytic activity in
the hydrogenation reaction comparable to the catalytic activity of a cornmercial Pd based
hydrogenation catalyst.

56.  The method of any one of claims 45-55, wherein the catalyst is air stable.

57 The method of any one of claims 45-56, wherein the hydrogenation substrate comprises

an alkyne.
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S8. The method of any one of clairos 45-57, wherein the hydrogenation substrate comprises
phenylacetylene.
59, The method of any one of claims 45-58, wherein the catalyst effectively catalyzes the

hydrogenation of phenylacetylene into styrene and ethyibenzene at 1-SSbar Hz and ata

temperature of 40-100°C.

60, The method of any one of claims 57-59, wherein the percent conversion of the alkyne is

15-40% within 24 hours at 1 bar Ho,

61, The method of any one of clairns 57-59, wherein the percent conversion of the alkyne is

80% within 48 hours at 1 bar Ha.

62.  The method of any one of claims 57-59, wherein the percent conversion of the alkyne is

100% within 2 hours at 51 bar Ha,

63. The method of any one of claims 45-62, further comprising separating the catalyst from

the mixture, thereby forming a recycled catalyst

&4, The method of claim 63, wherein the recycled catalyst 15 used to contact the

bydrogenation substrate and hydrogen.

65. The method of claim 63 or claim 64, wherein the catalyst can be recycled 4 or more
fimes.
66.  The method of any one of claims 6365, wherein separating the catalyst form the mixiure

comprises decanting, filtering, centrifugation, or a combination thereof.

67. A method of making the catalyst of any one of claims 1-42.
63, The method of claim 67, wherein the method comprises heating stoichiometric amounts

of A and M and/or M’ followed by annealing.

69, The method of claim 67, wherein the method comprises arc-melting stoichiometric

amounts of A and M andfor M.

<o

70, A method of making the supported catalyst of claim 43 or claim 44, the method
comprising disposing and/or dispersing the catalyst of any one of claims 1-42 on a

support.

65



WO 2022/046271 PCT/US2021/039060

1/42

50 bar H,
170 °C

Figure 1

T §
——Nafia.s
/ Noc® & &

wanlin

=R ¥ o
T R ERPY ¥
&7 T8

ey g
g L
e SRR e SR
~ Hoot S8 R ¥ R

/ e

Intensity (a.u.)

S
i
4"///////”””’

R g
729

% S
kb

60 80

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

Figure 3

Phases
Bat Ga2
BaGa2H2
BaGa4

Figure 4

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

Phenylacetylene Styrene Ethylbenzene

Figure 6

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

4/42
100 ’
AN P,,=1 bar, 40°C
i em T Phenylacetylene
75+ s
. o aemms Styrene
j " _---Ethylbenzene
°\° 3 I, /,,
5 901 /
Q A ¢ R
= " Il D
n 4
0"||1|
0 10 20 30 40 50
Time (Hours)
Figure 7
100
3 ot [»]
__--~Phenylacetylene Py,=51 bar, 40°C
'\ ,~-Styrene
751 \ i Ethylbenzene-~-~_ L

M M .'

0 o L
0 1 2 3 4 5
Time (Hours)
Figure 8

SUBSTITUTE SHEET (RULE 26)



PCT/US2021/039060

WO 2022/046271

5/42

100

T
o o
0

(%) uoisiaauon

1130
Binding Energy (eV)

(‘n-e) Ayisuajuj

1110

1150

Figure 10

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

6/42
H,
One of the world's best The world's most
hydrogenation catalysts (in)famous H, absorber
Figure 11
D
D
+
H, 5 > C§_\
catalyst
1
1
1
1
A4

r-__-———--__-———--_—————--_—————--_——_——ﬁ

L---------------------------------------J

Figure 12

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

SrAl,
RN R N N

W N NS

BaGa,

3 ol o
Mw e
A R
NP
¢ \ @
R T -

N

e
o
TERRTRRe

SrPdAs KSnAs

3 RN X N \\\\\\ Y O
i - % \d\@\ \i@\\\\\@ AR \\ \\\\ \\\\\
§\\\\§ N R "~ bt \\\\ §*\\\\ \\\\\:\\\ \\\\\\\\ \\\&\i\\
e - R N % Y DN Ny
k \W - W\\\\\\\@ R AR N \\ \@\@\\
= eSS

50 bar H,

175 °C >

e

& \gsm\ R
o8 o @

S N

Interlayer Al-Al=~2.88 A
In-plane Al-Al= ~2.78 A

Figure 14

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

8/42
TS S -
N § N
o &,& w?_g st 50 bar Hz
N >
S g‘%ﬁfﬁfﬁi&x - >120 C
¢ 8 o

SriasiNaka,

Ga-H stronger
than Ga-Ga 1r-bonds

Ternary phases include;
SrAISIH, balasnH,
NaaGeH, balnGeH

Figure 15

BaGa, BaGa,H,

. ) SR R X SN
PR PR S SRR S S
§ @ \\\\\ § \\\\\\ § § @ 5 0 bar H2 ® \§\ = @. xxxxxxxxxx @_..w“&\§ ¥ @

\\\\\\\ s @@M - 170 °C > g“? RogrotoBogerBog
N § ......... § ........ % A © & § \§ ..... 3 N D
EMEIIEIE . S AT S A S &x\?m\m N M @\?
¢ ¥ ¥ 8 8§ @ I I B B
P6/mmm P-3m1

Figure 16

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

9/42

/
1 atm H2
3 mol% BaGa2

40 °C, DMF*

*<150 ppm H,0, removed dimethylamine

Figure 17

50- S ~392 h” TOF (24 hrs)
(normalized per surface Ga)

%Conversion
N
[a=]
3
1
%

20+ H,0 is poison

0D ; I } } l :
0.00 50.00 100.00 150.00 200.00 250.00 300.00 350.00

Time (Hours)

Figure 19

SUBSTITUTE SHEET (RULE 26)



PCT/US2021/039060

WO 2022/046271

10/42

I Y
Gty

30

25

20

Aususyujf

90

80

0

7

60

50

40

30

20

10

Figure 20

7%
9
g
rrtrrs
P
4%
vnges

s

%
A
s
......................................... s
) 4
Freacd A
g R
R
%
P2

it

Figure 21

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060
11/42
. ~10° " TOF (3 hrs)
100 Ié‘
’la ‘| n-butanol, 3 mol%, 70 °C
I 3 mol% NaOH
| ‘, ‘ 8
BT | ! N N N
- || & l___,_xl S
2 I i N
e =
2 | .
[ v 5q.... | =
O
S
< || I N
25+ |
|
1]
|/
\/
0_& 1 1 1 1 : 1 H I H : 1 ] I H : i 1 L i
0 50 100 150 200
Time (h)
Figure 22
1003
- O Mol PhA
- O
i Mol Sty
5t < S Mol EB
i N
- N
S 071
R
- |
-
- O
254
i |
R
-
:III—I L1 1 Illll IIIIlIDllulD mlll L
0 2 4 6 8 10 12
Time (h)
Figure 23

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

12/42
Ease of hydrogenation:

R R 0 0

: - o o O
>R—NO, > > > > > > > >
RANC] 271l IR RPOHROOR R”“OR R)kNRz

Figure 24

\\ \\ﬁa\\\
P 6/mmm

T b

. *\\
% e ¥ &% -
SUSNINNE w® PN .
RREREE R e S B 2

P -3m1 l mma

LaBGaGe
P 6;/mmc
@.\\m\\ A \}®

\\\‘\@‘
\\. S

@\\\. “. : S . .' N \‘.'v i N
E c

\\\\\\\

AASIISIII I
A

AR
RERLILILILIY

g *»\%MM
S b

S b

Figure 25

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

13/42

.}

N

{a

irdenaily

o5
o
g
<2
0
<3

26(°)
Figure 26

<

3} .

3 3 Y

3 3 N

B 3 3

3 X N By

X ¥ H by

NN N S 3 Q

st K N S\

......................... S z\\\% 3,

(4 L ¥ L) ¥

Fd R IR e T 28 2 48 £ fog 24 ATAY
15 20 25 30 35 3 45 50 58 o

Figure 27



PCT/US2021/039060

14/42

e

R asssnsiii

aanenniris 2
i, “q((‘, [
18] % e
X
FE
S
2
o

26(%)

a0
Figure 28
:I

30

26(°)
Figure 29

45

WO 2022/046271

Une) Asusiv] (117e) Asusiul



PCT/US2021/039060

WO 2022/046271

15/42

2
z
rovorrorssiinss T

Y

LR IS,

\\;\\" Neiane

rrroererstly
4
.
Lt bl
Y

s
X

revroersd

3
N
RS NN
&

arrrrrl

s

CPPPPLLLLLLLLLLL LI

4

1

N

a

R

3

R R RE I AL

N

cerindy

%
%
.\\\\\“

o

AR AP AIIIIIIIIS,

K weos

SN

RS

&

o \\\

vw6 e
Z

RPPIEEEE SIS I RISV

Y

3

]

5

e
oo
5

7

ey suei

iy
)

[

19

28(°%)
Figure 30

\\x&i\ggsnn.\

S

R

AR

o

2
¥

45

28(°)

Figure 31

A,

&b

&b

(©e
7

el Ausuag



WO 2022/046271

16/42

PCT/US2021/039060

kY
J

~~

intersity (a1

%\ow;-ﬂ‘“ i g ‘é‘e}\.}ﬁ%\“\ § 3 ué

e
.
Lr 2]
2
%

i
Ly
%11

i S
&

45

20(%}
Figure 32

X
N
3
3
3
3
]
R
R
2
3

LSRRI e
anrsrr,

S

\\ *
IV e iR
\\\\\\\\\\\\\ N

Y ey g

Ry

R

R

]

]

]

1]

%

RO
Y

S 13 .
TR W gt

N
3
R

by

§

]
i

§

Fy 5
¥

30 40 50 80
28(%

Figure 33



PCT/US2021/039060

WO 2022/046271

17/42

wnrirsl

. L%
S Ve

LI LI

ST RN

>

S

B et e
\

45

26{°)
Figure 34

©2
[

©2

<>
F

ertiits,
4

voversl it
A

creerrBLT

s
2

.\\\\\\\\.A%g
“

3

o

NI
S

YRl

3

A

SN SNNUURVENRE: NN

LIS

it

AR AR

&

el

kgi\\\v‘“

7

X
N

A NN TNV TR
R

(7e)

APSUSIU

28 (7)
Figure 35



PCT/US2021/039060

WO 2022/046271

18/42

L
el
= “
o r.
N O
- Y s
33 e
1Ll LU -
P
o
Boiiyperiznitp .. von
e wors
i o
. R 55 i s v oes
2 ; pAn e ens
1 1 1 i 1
(=4 (=] (=] (=} (=]
un < o (9] e

Asuayuy

Figure 36

<23

T T
[ o (o) (=] [~==]
<t -~

o o~
Ajususyuy

-0.5-

0

3 0.0

20

Figure 37

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271

e} /////////////////////////l

PCT/US2021/039060

19/42
= - SRRV, “
NN R NN

\x«wwﬁ;\ R RSN
R RN R

W a8 - “{Q‘\:‘:Q%\&@

Y 3
\ X

3 X 3 »
S
. " X o .
N n . Ny S N
@»\s&s\\ \\‘\??“\\& X \\§ 3
N RRIRRRY A R s R
ARSI SN SRS 3 ““““\:

Figure 38

Figure 39

Intensity (a.u.)

7
4//’%’
72
oo
A

N 3 &

R . . 3 X 3 : ¥

VL. WS, WU, S

1 1 1 1 1 ) 'Y 1 L 1 1 3 1 i 1 ) e 1 1 ] 1 '3 i 1 i 4
I I I J I

25 35 45 55 65
26 (°)
Figure 40

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271

20/42

PCT/US2021/039060

Intensity (a.u.)

7
vt AR e

15 55 65
20 (°)
Figure 41

o
SN

R S e

1130 1125 1120 1115
Binding Energy (e.V.)

Figure 42

SUBSTITUTE SHEET (RULE 26)




WO 2022/046271 PCT/US2021/039060

21/42

1130 1125 1120 1115 1110
Binding Energy (e.V.)
Figure 43

1130 125 1120 1115 1110
Binding Energy (e.V.)
Figure 44

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

22/42
B 13T7-CaGaGe N BaGa,

60

Fercent Conversion
Pt £
oSO

-

n

Perce
6o

Duration in Air
Figure 46



WO 2022/046271 PCT/US2021/039060

23/42

P

intensity {a.u.)

& &’W Wl’
s i SIIEAI A7
[
4
, oo

et
(83
N
&F
[on)
£
L3
5
u’v
[ox
[}

i
Sooodk
;|
80 »

\ Ll |
wg;» 80 + ® B Phenylacetylene
S~ 3 Styrene
o - N Ethyibenzene

) 40 +
Q 1
= %
20 + L]
£

& & 15 20 e

Témg (hours)

Figure 48

L



WO 2022/046271 PCT/US2021/039060

£h 3
104 ﬁ N

ST ® Mot Pha
EIMoi% Sty

e

N Mol &8

80 4
L

Lo 3l Q
£ )

R

A

&0 +

Reegeeed ¥ § B
10 15 s

5

s % E3
v

' 20 25
Time {hours)
Figure 49
G.O050 §
&
&
.
&
&
AT #®
4G.0040 % &
ey R
& ®
E &
= . &
B ®

uanitity Adsorb
o
b
]
3
joed

[
o’
&

4B0 D45 QG ah 825 D30 436 G40

Figure 50



WO 2022/046271 PCT/US2021/039060

25/42

100 @

. "
- Lindia
4 &
BO -
8
80 =+ Bmol pha| ® |
R Cimal Sty |
@ Sl BB
A4 < 8
i =
3
20 4 q -
1
W $ N N N W N + W
£ 1 2 3 4 5 g 7 8

Time {Hours)

Figure 51

N L

Figure 52 ”



WO 2022/046271 PCT/US2021/039060

26/42

M
N

Figure 53

Intensity (a.u.)
-~ 008

Cirey,
o

%
res

Figure 54

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

27742
. +  Ohserved
- {SalcUlated
p — {3 fference
- . L 4H-Calate
:;E E-
5 . £ T 4 o N N
ey *® spooes - o N e DAY I
:% g L L {3 L E S I
o {1
D '
[=
N R R I N R IR TR [ AR I
£ g é % A L4 E X
L] ’E e § —“"“"L‘é““‘““‘”_‘
i

15 20 25 38 35 »‘%i} 45 *"%i} ‘::}5 ﬁi} ﬁS 70
20 ()
Figure 55



WO 2022/046271 PCT/US2021/039060

28/42

B o
-
-
© o
= b
> -
©
g
>
= o
(7)) b v
v )
g| s = o
E i o © o ™
o © © N N
DI —1 N ©
< T of o
- i 1 : o i
TN --:*\\\\\\%\\55\\335\* s \\\\\\ii ‘ 8 i i
: E = [ AR 28 NRAANC
H ¥ 1 L) T

15 25 35
20 (°)
Figure 56

+ Observed data
~Calculated s

oo ON 88 |

K
S
3
o
3
o
N
bt W
attern :
" W JReey O
p : -
K & |
E = oY sy
B s 3} SR |
] S i
[ \Q By
X 2 Py 3
w \&mé‘\ . R £
PR o g
Ry
X

F

4 6 8 10

AR Tt T

§ 3 d-spacing (A
e p _( )
% § §~§ ]

X 83

Intensity (a.u.)

Difference
13 T phases
4H phases

At
A

d-spacing (A)

Figure 57

SUBSTITUTE SHEET (RULE 26)



PCT/US2021/039060

29/42

WO 2022/046271

e
7 o
- > E . s P
p L E S wom w4 oy i
P2} (ORI xS0 I s R v BN R Yo B 55 SR o 3 g 1%
- P g A FR
. o 3 o e 3¢3
K2 7 won 1T
- J 55 o,
o g odr W )t Ay 0y BE Y 4 re o
(o IR R i S 50 SN B N 57 SR R0 i MY Goodioty AL rmofp ROy vy ode iy
ERArEn s o S A ¢ S R e S AT
AR GRS o i
k]
£
e
oM e g T 5
pas 4t o RaiE s ER A e gAY sl o & & W W e
& . R D W A D D el
aoB ¥
3% I e
45 PR ERD L ) K - P I D A ] < % X3 7% ire ' g
” Sl n L oalr AZp Gl 3¢ JEAV I 8] WA Sl R S e e S
SOL SRR N SRR RS nd N et £~
o 7 rary
B \w o e
SR .
e, o,
g g
G e 4w A oA s o
o TR AL Gp R i A & &7 % az G Evs 05 e
= RS e R I %o it R ¥ g
o - hoif s gt LA R A SO ) (3¢ IRV Wb AL, A e 522
[ oA P o)
7 oy e
& 15 i s
o ) It i pe g 7 = H 23 5o I A AN 4
S CH AL D AR Ll D 1D i oD LA D
77 5
e e
4 o
o o g 5 et o % 8 2
s # n S ; 7 o oL
ot & E L% o DR iy [Rages 1 A5
e o 00
1 W T,
i
5 o5 Pei Qrofn % TR vE SRR on o % g g
- s PR SRR ORI S sr S s 292 v P
AT S 5] AR WD AL WG UE DR AR
K]
g
7
e % % WM G B % 4 wm S A M A IR 4 g R
e s p A w1 A T e e pr Ly Cany TR G Ts e i s R <
o i oA At 1 4D D 0 Y L ONE A VoA U gl i
o e
oy K
4 em em v oo rm £ 1 W e G % gL
T oo RR A 124 PES P vy W g e i 7
o AL A I o R (SRR (ORI RV s
7 wOT g @i Wt g4 g oW
. ¥ ¥ k; g SR 3 B
% 5w ap i A G R D A D R D
e 5, F N PR K=
LA [ LR S A i
P o A s . . ~ ] b Lo 4
= h % % E %% 5 T 5o R Rt
L ] Y it ] 15 I o LAy
g o et ek St S e 2 ot LAy
% K % i TR TR P
-1 i 7 hE2) . o vy AT He  Ga 42 PO B 5 s 4]
e = wr W g 5 B ow oo B & A g e
7 R R P i (R R A o e h St wd et ad et Nlp URIE
. o IR R s S chghl N NA URIA e %
- !
i e
Z @ e
7% owe e AT &
P e B s B S TR T N A A :s.“ mh ] mm“ Hoime o8 S o g ks £ L
23 % ks h -~ 7 Ela s b ¥ fy z
DR L o (e B R QG 0 Vo AD (5 e ageis

Figure 584




WO 2022/046271 PCT/US2021/039060

33 e G Gw
(X 30 QG
ey 33 £

G S i
{ o
L5F 53
Ry e 23 £38 Ga 0 Gp

Figure 588



PCT/US2021/039060

1/42

3

WO 2022/046271

g
42BN S C R S U R S I s ot 4 oo {oemn oSt R SN SUNNNS S s > SISV I o F R
SECA IR\ N S RPN FOEACE D AT O O 0 @D
o m oo
et oo
Gom @ omom g og o oy oo Wod omid om ooy oy
WA AR D R D D D D DD D D SR D D D0 0D D O DD
o
L
i~
VR I PR o LI I O O < < A< LA V<X g Qo Syoag L ow Y o4 G g
LR s < R B0 R PR AR A I A S L [SPIRAP ISP LS R 20 s S AN S SN R A5 R A5 A5 R
#
v
bl
(2RSSR O SR U U B U U B U B U LA L [U S R s eSS 5 2N (R Y B A S S
Ixg]
eF
WG e @oqr o 8 g Lo I Y b Gl Q)
5 iSRSV R Sv i e S Ao e B B A SV A e D W O WD
i ¥
- e
ORIy S O (< B <o T B T Ty T mom o mom IR % w n Rl o omomomom
(e p R iy et Ay B B A5 B U U U S Lo B I A [ RS B Ax s xS A B A B An B Ap s o 55 2o SNy A R s B A S A
[
£
et
o s <R K N« K < E N R s S B s R ot I s C I 5 I 5} O R ¢ < aust ¢« < P« F S U s R s LI 4 1]
- 2 Dl D D D D 3l 0 W OO QD D D D D g g
Il o]
e,
v
40 oAb fgocn 8 ofm g oG n JE o erodiige g gy oy
SRR/ SRR S K S S L R L S [S2 BRI R 55 32 AP B ) el
1G] Iat]
i A
e ]
AR 4 G G @ G 8 o o oo <SR VR VI A ) e Qo i 4l 3 & o @
R D D D D D D DD D D o ISP B O RN I R s By R B e A S i
=4 o
o
qroe Mmoo e i - 3 S B B o] W Mmoo opTEligr oy iy ey Mg S T g
A A U U U U [SSRRA Y] SRR A4 S A] S5 R IR s En L L L L A R R A R4
EEEEEEEER S e L Mo owow oL » W B L g
SR K I O I S B X IR (PR A B0 A A W9 WD a0 L 80w W
[ S-S S T T B T mom oo GETG MMISSY oM o om oo oMo
SO AN O A B U B U B U B U A LR A XA A DR D D D D D 3 3@
% anl
S, Srea
o D]
T4 @@ @ g % oW ow % @ » NN - R
3 8 O DD DD oy AN SO ESOER U R B D D D D D
R SR
el ol
fasd LS (= = T (= = T 19 S > B 12 T 1 T & > B+ moom 2] DL BN T s B s - 2SR e o
[5¢] IRV ERYIEYIRYIRVIEVIRVIRY IRV I IR 5] WP IR o

94

ure 5

o

Fig




PCT/US2021/039060

32/42

WO 2022/046271

o~
<] Cr Cr Crggooege g 3 our o gy o) g RECUE ST Q) gQrooadn gy W W W
i 3 3 3 T : [ 4 Pt
LAY (I ORI GE 52 a3 SR Ity B S B G . SoiRInT S TR R A SR 5T L B S B S B S R L
s B
e,
4t
oy i 4 PRV U B B B B S D ] 32 oo o
v, s =3 § 23 § 23 §24 e e = 2 [ P o ey s . . ‘ 1
NS 3 FADERDe D 3 O O & AN (3 (IR IR
o
.fh«-‘.
]
> A5 4K Sy 3 qeoa4y B A A @ sR By gy Qoo 4 4 P B W
v o ! 3 3 L g’ Ly BNt g - s ~ ~ > $3 [0 204 Fe ¢ el
RS ., iy o A I, [ty By S B A G - S5 Ao sDrsie o o A A i3
™y [1: B
nr,, ey
=t et
LC I S OGN R Rt < TR T (I I B S <R 4 I 1] [ 3000 o 2 £ RS 5D S X0 » AN S O s < B s S < S 1< S <4
H 5 2 ¥ (R AT IS B e R - e L B L Ny ¢ I > ey o e W e G v
o D Co BRI s s 2 By IR O L B R G SRS DT DS D D A0 D 8D
%
e,
g
o7 X S (18 Fo R DR <o s o T TR SO SR < S 11 S 1S S 1S S 474 e Wy OBr oo 4 G iy v o o W
[£ed ; S RS RS T o S SN s S S Z R L R B A P R B e B X} e B € B €s B T2
DD e SR W g A D D DA D D D T R AD DD D WDl D 0 3 3
™ 7 wom
“Hirm, Y
o ot
L1 B 45 S 44 b R R xs < T 1 I B 1 T B B VITIGE (G GGy Mmoo moom m
ISy B S0 DA S 12 15 3 G 5 MR WD WDy 1 SRS A

3
2
o
=R ko 5 A %
&% % 2 PEEEEE
As NN SN Pasaar) 15 SR SO B A0 SRS
7oy
i
ot
5 ke ety o R
i L sl o Jb
7%
oy,
£
2% S o o @ @ W [ oM PO M 0 W %o @owo oW W
s Ao By I 00 IR 6 BN D B L 56 S¥ o EEAZE R D D D D 3 3 03 03 4
o5
\»\\(J
7t
(SRS T A B A Ay B 3 B LY N sy LR
77
w,.».)
7

8
&
)
=
2]
23
23
&

i3
3
135
5
L&
&3
a
a3
e

&
&
&
&
83
Ge
3
3
i3
i3
O
O
G
Ge

momo s o oG o L m o
A JRGE t o i Gk on sk R W

ure 598

o~y

F




PCT/US2021/039060

33/42

WO 2022/046271

&2
Fe
e o g Woodr g W M 4 A
A aio) £y £ L gfn Lysam gie i gnm o gRe A A
“©y poEEEss AP RIS IR - ) Fo s IR IR LS BT L5 TS B
& 0 o
s, S,
4 4
e ofe U omom o omomomom
e o i g W g gim gsn gue s s
Hotater BeaRtrante] WD D D D AT D
e
e,
P,
Mo o W W odE & S G W W
A S A A A g v Y R
LE VY B A A i i W DS

45
3

=t
a.m.\.a...a\ws Spiiiy ows o mmoigr oIy mmorn s i
pEa g gge gse DAl ot IR L L o R LRI IR
BaRcioiiteBRte i 1o s LA D A A amenl Sl S S i i

m
i
X
B @G & @ oW
<& o i 40 40y L A2 3
L~ S 443
fat
® @ g g
© (e W
1 9
<, et
kK B
W B oW oW W A &
] AL AR IR AR A
V0 Y 4 A N W
W o
=3
g [ o % G om om o omomom
ARy oS ~ 7% ARt s B s
WY el P i (e S v v v RS AR
%
(3
o ) e o 4 &% CRIIOR IR e b Hp Hp WE I G O 0
P T e E e R O E R e R R R S
g o 2 AT ped i et IR IRV IR NS SRS TS S So B e
L
24
Fadd
a2 n o E b WM om oM MmO mom
B3 G ~ R R R R 5 eIl
o PO S 4% (BRI B L R s B o R S A B
0 f13
e, oy
o et
%4 [ LR A I I TR TR A o
1 H H 2 LG RGEG g A GGG
2 s S RRio I A R a s e B S S AV ™S s SRS s A1 oA i
% r
m
4
e 0 4 oOr o p p G g g fg fg v
R S 1 B B I I G L D D G
[xe] fied
P gy
e oo B o [t ey g 353
o #x
& o i
a4 el
ar o s o o Mgz mom omom
e oty re (5 gsm o f5m 5 £ gty efh At o5 ggn Lar ta
i (ARt Vg S AT {5 i Ay 5y Ay i W S WS

ure 59C

o~y

F




WO 2022/046271 PCT/US2021/039060

145 243
ST LT
Ga G
iz 03
e 03
{38 3R
G {3
TS {38
3R ERES
&3 {3
Ga {3
AN Ge
{3 Qe
80 a3
143 43 13 F£3 3

3
Q8 &a
OR 3¢
33 a8
33

Figure 59D



PCT/US2021/039060

35/42

WO 2022/046271

g os Sioamooam W oo 4 dr 4 e fdr dr groam WoW A g gl
AR R D D D G 000 £ WA 4D DD KD D [ B UCAA]
0 M
e
o
RS s UI -< T g o 0r oGl M g g 9 n % (o
LR Ao S0 U U A I 0 S A e So PR AV I Co A SRR s St B L R L s £ B B DD
o
i
W o omom oqr @ oem omomow Wom W LTRSS T T Lo
GO Wi D DA O W % D0 LR O W DD [SE RN
4]
i
B gr oty ogr Gl gy Mmooyt e5 [
£ G I AR WA (DA 1D [ SN L o] 5]
1]
&
e
DG oM oG G o mm g gy mom oM 4 B GG D WU Loa @
WA D 4 DD O G 0 DD ey LD (IR VAR AR D D KD D [U RG]
0
(g
o
dogyigy g g WPl W a3 gl e o SyANT on U A e TGE @ U gm0 % a5 G (@
Fe SRS IR SR -8 S SERC IR SRl LA JYC R
{5y S L A LY G0 B Y 5 S S B L [SeEE Ao By B R I A S B R SR L B A I A I A A/ RN Ry
4% [eid
e o
R T S LTI ST ST 41 e 93 G W w ]
& KA (O Ll L LAPER [SURR I I AY R 45 Ay L
; o4,
82 .G.. &3 0
o ot
i (s SR kS R <O« TR 4 % S ( (NS < ST 6 B A £ S & 1 Qaongr g (4SSN Iy Iy B B I ¢ = S o] sy I
LSRR Gt A E D IR A9 S 0 B 5 B A 5 S W VI VY A W20 [SaCERNY S B 0 I AV B S0 B8 20 B S0 [SERRAY
\s] T
e, A
[ =i
o 1 U VI P 0 D ) U G oo o gr Q@ & oo
[y 2 TDL S IS T L U B T U o i [ A B 8 . S R [ s Ay
[ By
RS gy W o LS T e ] ooy oy [ I
L (05 SRR I U B A R 7o AN By WGy D (D [0S S (2
] i
T, e
[ a
o Q0 as S e 4y MRl oy Gp gr U W W W <
e WA AD W e LA S S A I SR U S E L I G L SR B L2
[ ] [5Iy]
T, e
Ll el
Lo v omwod ovmo@ o @ o om0 Qg oM W Mol o g oM
DA Ay R R v I Ay B e G B R B A I oS R A B e it Siel O D D (S
<t v
e, o
Py o~
el g Qodp o R o Qb gl g gl Goorms o iR Qo g gro) o wogl Qi
] e i ek O @ D DD S v R A I S R O 8 v S L S ER L S AV I A B A DD
u o a0
- ",
haad Laat
Pogoah o mogr momog Wom o omom s WMo mog o m o monp mo oo Yo Wk o o Wodh mow o wow
SRR IR IRV R e RV e TR SV I I S RS LR RS W R S I IR G SR BV LV R N R S R R v N R e S L)

04

Figure 6



7 8

PCT/US2021/039060

36/42
74 i

WO 2022/046271
3

£ Y

e, o,
£ fe™!
SEG Al Qo e LY TR <P SRS R = N ok G i SR« B¢ ¥ IR« JE < ¥ A 0> ¢ B+
P e LA pfs g e F Y A Y S~
S Sy SRR A e BRI S GOSN G AN LN BT o T A R 1 ERA T o BR Ly A
e o
.(Al):\ .\ﬂ\l\).
P o]
Fos S M 41 ML Ve % G <y I E SN CREEE < o B < « B <o JREK 3 S Ny IS SR y ULt S I (]
A B e 0% % 8 s BB g E OB R
ooan 5 [ %5 5] SRR L] U R te BE Ly B A B A e Cr R £ B S et 6 SR T 0y S A B

£ 757
Nerns, hen,
4 [
e VLSS e S owom o mom oW o g gy W
50 S Rt B 1 R G SR A RGeS L B S S I S5 C R o LA SR AR YRR LG TR 5 SRS RS 3 A B 1 e A A
bsd @8 g
My oy
fo57 gy % e Ml Bl s s Qi Beomo o9 m o4 O im0
53 D WD AR DR D 1 R D ARV R S0 R L S S0 AN 8 AR D AD
1y 194
Nerns, hen,
£ o
o o4 W osE @ g A odg S Qo mods oW g g 4 ok W
L5 1 SR BRI RIS S B e S S v RS L5 SR SRV S v NG S 1. S 1 S L e g G S0
bsd o g
yod iy
oW o oMo M A 5 fn % Qi B g g A ]
5 SRR BRERTA TS s B S Y B e B A G S A L5y SRSy JE 5o So B 5o 5] L ADAD A
1 %
o, T,
7N 4
apomr oo WOOAmYE % o W W MRG0 moem G W oW I

X< Ht ;
Loraita Rt Rt o Tie R RNV RV s SRR 5 B R

St et had N2 RGE N KD

3
2R
3

Juse o
(o R I B O G omiidy omo% v v g ooty oo
et S RN BRAS RIS IR E 1 L L S B WD s Wy R 10 08 O O G
o0 £
= od
oo sy gy @ Qoo g v o o oo g dr e o g ovm Qo oo
EE B e B E _ ; LTI 5
EAD D i iR AL AD AR D D e al s SRR Y IR IR ISV E 35 R Lo RSE RN R
b2 % o
v od
@ow om m 4omomo Gt WEOOWO i@ uomo oW omoW Mmoo
_ ) i + + { X { q q AR R gy M~ 8
AL D SO KA O WD DD D O 1B DD A A
574 o
e, o,
o 4
oW oW oWwomom n oW W & & om W WO W W @ oW oW oW % W
(0 S B LR (55 SR AY IR 15 I Ay I SR A5 B8 5 SR S T ¢ DAt A SRAVEE A B\ SO S B R G R L 5y 5
o g
o oy
s R R RS 2 S IS RS
e BR AV IR A IR A ST S A S s S (65 5 R AR L PR UCRR SRS 1 B N IS IS IS 05 SR

oure 608

o~y

F




PCT/US2021/039060

WO 2022/046271

37/42

1i0 i1

i0s

i06 a7

105

25

1

124

123

22

121

120

ii9

138

i3s

137

iz8

135

i34

iz3

o

)
0

M
4]

re 60C

£}

Ty

Sy

F



WO 2022/046271 PCT/US2021/039060

e
0o 0
5o
]

]
=X)
]

& M
=R ISl

I W ]
Mm@ 0

o

T

{38 za e

Ge Ga ae

Ge Ga Ge =

Ge ga Ge a3 Ge 3a e Ga Ge G2 Ge
i41 156

/3 273

Figure 60D

L



PCT/US2021/039060

WO 2022/046271

39/42

79 24n31,]

sajouednano
ag/eq) pue uoljejusiio
paniajead sulyoy

\\\

19 24n51,]

0 10 | Joyyo ale
sojouednoado ||y

paiiuapl
sainjonJls
jeyshio y doj

auyal
pue Jakej ajppiwi
ui suonjisod

99/e9 YMS

siojoweled |euLiay}

- |910101}OS|UE BULJDI PUE
Aouednoso yjo uing

payuap!
sainjoni)s
jeyshio ¢ doj

<

solsne)s
159( [|RI9A0 UM
ainjonys Ayuapi

(Ajsnonunuo)

uolysod aulyay

Jeuejd ale swoje
35 pue eo jo siafe
:S|199 Jlun 94
Jahker-¢| zv e dn jog

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271

Convert best P6
structure to P3 unit
cell; make all Ga and
Ge layers planar

40/42

Refine position
(continuously)

—_—

Turn off occupancy

thermal parameters

and refine anisotropic| «—

PCT/US2021/039060
N —) structure
midde layer identified
and refine

All occupancies
are either 1 or 0

-«

D s

Figure 63

Figure 64

SUBSTITUTE SHEET (RULE 26)

Refine preferred
orientation and
GalGe
occupancies




WO 2022/046271 PCT/US2021/039060

41/42
Bl Styrene [ |Ethylbenzene

100 I
|
80+ :
2 |
|
S 607 :
a
= 40+ |
O I
& [
20+ :
|
|
0 ]

13T 4H 13T 4H

5mo 5 mo
n-BuOH DMF

Figure 65

Intensity (a.u.)

Figure 66

SUBSTITUTE SHEET (RULE 26)



WO 2022/046271 PCT/US2021/039060

.o 60+| [J Phenylacetylene
=)

© B Styrene "“‘:‘.} ﬂ
= 40+ Ethylbenzene

TSN\ NN + e\
0 5 10 15 20 25
Time (Hours)

Figure 67

|.-total
|- oxidized

 _-total
|.- oxidized

Intensity (a.u.)

i .' N o,

T L

1150 1140 1130 1120 1110
Binding Energy (e.V.)

Figure 68
SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2021/039060

A. CLASSIFICATION OF SUBJECT MATTER

IPC(8) - BO1J 23/02; BO1J 23/08; BO1J 23/14; B22F 1/00; B22F 7/00; B22F 7/02 (2021.01)
CPC - B01J 23/02; BO1J 23/08; BO1J 23/14; B22F 1/0003; B22F 7/00; B22F 7/02 (2021.08)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

see Search History document

Minimum documentation searched (classification system followed by classification symbols)

see Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

see Search History document

Electronic data base consulted during the international search (name of data base and, where practicéble, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y ~|HODGE et al., Transition Metal-Free Alkyne Hydrogenation Catalysis with BaGa2, a Hydrogen |1-3,6,8
Absorbing Layered Zintl Phase, Journal of the American Chemical Society, Vol. 141, Iss. 51, 08
December 2019 [retrieved on 26 August 2021]. Retrieved from the Internet: <URL:
https://pubs.acs.org/doi/10.1021/jacs.9b09856>. abstract

EVANS et al., Structural properties and superconductivity in the ternary intermetallic compounds | 1-3, 6, 8
MAB (M=Ca, Sr, Ba, A=A, Ga, In; B=8i, Ge, Sn), Physical Review B, Vol. 80, 27 August 2009
[retrieved on 22 November 2021). Retrieved from the Internet: <URL.:
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.80.064514>. abstract

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“D"  document cited by the applicant in the international application

“E” earlier application or patent but published on or after the international
filing date

“L” document which maK throw doubts on priority claim(s) or which
is cited to establish t e[_Jlaubllcatnon date of another citation or other
special reason (as specifie

“0” documentreferring toan oral disclosure, use, exhibition or other means

“P” document published prior to the international filing date but later than
the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

29 November 2021

Date of mailing of the international search report

DEC 27 2021

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Harry Kim

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2021/039060

Box No. H Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. [:l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 4, 5,7, 9-70
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See extra sheef(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Alithority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

1-3,6,8

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2021/039060

Continued from Box No. Ill Observations where unity of invention is lacking

Claims 1-3, 6, and 8 have been analyzed subject to the restriction that the claims read on a layered intermetallic compound comprising
AM1+xM'1-x, wherein A is a group 2 metal, specifically Ba; M is a group 13 metal, specifically Ga; M’ is a group 14 metal, specifically Sn;
and x is 0.

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group I+: claims 1-3, 6, and 8 are drawn to a catalyst comprising a layered intermetallic compound comprising AM1+xM'1-x.

The first invention of Group I+ is restricted to a layered intermetallic compound comprising AM1+xM'1-x, wherein A is a group 2 metal,
specifically Ba; M is a group 13 metal, specifically Ga; M’ is a group 14 metal, specifically Sn; and x is 0. Itis believed that claims 1-3, 6,
and 8 read on this first named invention and thus these claims will be searched without fee to the extent that they read on the above
embodiment.

Applicant is invited to elect additional formula(e) for each additional layered intermetallic compound to be searched in a specific
combination by paying an additional fee for each set of election. Each additional elected formula(e) requires the selection of a single
definition for each layered intermetallic compound variable. An exemplary election would be a layered intermetallic compound
comprising AM1+xM'1-x, wherein A is a group 2 metal, specifically Sr; M is a group 13 metal, specifically Ga; M’ is a group 14 metal,
specifically Sn; and x is 0. Additional formula(e) will be searched upon the payment of additional fees. Applicants must specify the claims
that read on any additional elected inventions. Applicants must further indicate, if applicable, the claims which read on the first named
invention if different than what was indicated above for this group. Failure to clearly identify how any paid additional invention fees are to
be applied to the “+” group(s) will result in only the first claimed invention to be searched/examined.

The inventions listed in Groups I+ do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The Groups I+ formulae do not share a significant structural element requiring the selection of alternatives for the compound variables A,
M, M’, x, and accordingly these groups lack unity a priori.

Additionally, even if Groups I+ were considered to share the technical features of a catalyst comprising a layered intermetallic compound
having the core structure of AM1+xM'1-x, these shared technical features do not represent a contribution over the prior art as disclosed
by the publication entitled “Trangition Metal-Free Alkyne Hydrogenation Catalysis with BaGa2, a Hydrogen Absorbing Layered Zintl
Phase” by Hodge et al. (hereinafter, “Hodge").

Hodge teaches a layered intermetallic compound having the core structure of AM1+xM'1-x (where x is 1; Abstract, transition metal-free
intermetallic compounds...heterogeneous catalysts...BaGa2).

The inventions listed in Groups {+ therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical feature.
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