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Abstract

In this article, we highlight the growing applicati of intermetallic compounds in heterogeneous
catalysis. We clearly discuss intermetallics asinict from other multi-metallic systems (such as
alloys, surface modifiers and dopants). Internietalpossess a number of attributes over
random alloys (i.e., solid solutions) and oftenveeas model catalysts for a number of
industrially relevant reactions. We review a virief methods used for the synthesis of a large
number of intermetallic compounds and discuss hdandard material characterization
techniqgues can be extended to intermetallics ton gaportant insight regarding active site
morphology, a critical metric in heterogeneous lyatadesign. We further summarize the use of
intermetallics in understanding changes in reagtiand selectivity due to geometric and
electronic effects, with emphasis on determiningngositional and structural factors of the
active site. We conclude with a brief summary#raies for future advances in the field and its

potential to contribute to environment and economy.



1. Introduction

It has been known to humankind for the past 50@0s/that melting two metals together
followed by cooling to re-solidify leads to the fieation of new materials with properties distinct
from either of the constituent metals. The firgample of such a material is bronze (88%
Cu+12% Sn) which was found to be much harder andensaoited for making tools and
weaponry than pure Cu.[1l] Since then countlessysllhave been utilized in important
applications (with steel being arguably the mogtantant) throughout human history because of

their unique, emergent properties.

A Brief Introduction to Phase diagram, Alloys and I ntermetallic Compounds

It is only rather recent the term “intermetallicdstarted being used in its technically
correct sense rather than as synonym for “alloy” Ah intermetallic is a solid phase containing
at least two metals having a well-defined crystalicture with fixed atom positions and site
occupanciel leading to long range ordering. An alloy is adam substituted solid solution of
at least two metals where the atomic site distitioudf the constituent elements is not fixed. In
this case, the site occupancy is likely to be dissiizal distribution dependent upon
stoichiometry. Figure 1 illustrates the differermetween an intermetallic and random alloy.
Figure la is the PdZn intermetallic structure (R#fm) with Pd at (0, 0, 0) and Zn at (0.5, 0.5,

0.5) while Figure 1b represents a random alloy aditrany long range symmetry.

* In this review the word “site” is used both fronetperspective of catalysis and crystallography but
there is a subtle difference in the usage of thisdwn these two fields. In crystallography “siteleans

all lattice positions related by the specific cajistgraphic (space group) symmetry. In catalysige”s
refers to a cluster of atom on the surface whexigemical reaction is being catalyzed. For clarigylvave
used the word active site when referring to theefatase



Figure 1. Schematic diagram of (a) an ordered intermetéitigoarticular PdZn structure) and
(b) an alloy without any periodic order or well-ohefd site occupation. Blue and red balls are Pd

and Zn, respectively.



A primary reason for the well-defined periodicityf mtermetallics is the strong
ionic/electronic interaction between its constitisen These interactions promote formation of
unique and complex crystal structures distinct freither of the parent metals, whereas in an
alloy the crystal structure of the more abundarempiamaterial (solvent) is expected to be
retained. For example, in the Ni-Ru phase diagi@hoys up to 31 at % Ru retain the FCC Ni
structure (Fm-3m) while alloys containing >51 at% Brystallize in the HCP Ru structure
(P&/mmc). This binary system has no intermetallicggsa3] On the other hand, intermetallic
NiZn has space group P4/mmm andyA¥h, has space group 1-43m, which are distinctly

different from Ni (Fm-3m) and Zn (BBnmc).

Hume-Rothery has suggested that the crystal steictdi many intermetallics are
primarily determined by the valence electron cotredion {ec), which is defined as the number
of valence electrons/atom in a unit cell. Valertextron charge is based only on the number of
valence s and p electrons. For example, Al ([Nef3') contributes 3 electrons, Zn
([Ar]3d%s’) contributes 2, Au ([Xe]4f5d"°6s") contributes 1 and Pd contributes 0
([Kr]4d*%<).[4] Forvec = 1.5, the structure is bcc, feec = 1.61 it isy-brass and fovec = 1.75
the structure is hcp. Many intermetallics follomese guidelines and are called Hume-Rothery
phases.[5] The stability of Hume-Rothery phaseseafrom the electronic density of state
(DOS) of the specific compounds. It is believedmdéuRothery conditions leads to the
formation of pseudo-gaps near the fermi-level due¢he FsBz (Fermi surface-Brillouin zone)
interaction, which in turn leads to the stabilieatiof the particular structure predicted by the
Hume-Rothery rule. However, the origin of the gtamal stability of such Hume-Rothery
phases is not fully understood and it can’t bes&attorily explained why even minor deviations

from thesevec values leads to increased structural disordertlaadormation of unusually large



unit cells which are effectively superstructurel.[A detailed discussion on the origin of the
stability of Hume-Rothery phases is presented disesv[6, 7] Though intermetallics are not
required to follow the Hume-Rothery rules (and @mpounds that follow the Hume-Rothery
rules are not necessarily intermetallics), the ephcof electronic structure guided phase
formation is particularly relevant in catalysis €deelow and Section 4) and most intermetallic

catalysts used to date are Hume-Rothery phases.

The same bi (multi)-metallic system can containhbotermetallic and alloy phases as
shown in Figure 2a for the Ni-Zn system.[8] Further the Ni-Zn phase diagram, both the
intermetallic and alloy phases exist over a ranfjeamnpositions rather than only particular
ratios of Ni to Zn. Alternately some metal systemay have no tendency to form any
intermetallic phase as shown in Figure 2b for Pdi#lg Often only intermetallic line
compounds (single specific composition) are predmrtno phase-pure alloy is formed for
certain metal combinations. For example the omisnbigenous bimetallic pha'sén the Al-As
system is the line compound, AlAs.[10] Any othigite ratio of Al:As leads to mixed phases as
shown in Figure 2c. This case is distinct fromaday. For example, the alloy having a nominal
composition NiZn is phase pure (although disordered with resfmeatomic site occupation of
Ni and Zn in the lattice) and only shows XRD peekaracteristic of space group Fm-3m (same
as Ni except for a possible slighi &hift associated with a small change in latticestant due to
alloying). However, a material with a nominal cargjion of AkAs; will show peaks for both

AlAs and pure As.

¥ In this review (and consistent with traditional stallography literature) a “homogenous phase” means
either an alloy or an intermetallic. It simply reféo homogeneity in terms of space group symmiatey
particular region of the phase diagram. Unlessratise mentioned, it does not refer to atomic level
homogeneity associated with atomic site distributio
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For the same composition a phase may switch betwdermetallic and alloy as a
function of temperature. For example a nominal position of AgCu is intermetallic below

200°C but becomes a random alloy at higher temperB]
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Figure 2 Phase diagrams of (a) Ni-Zn (reprinted with pesmis from reference [8], copyright
2000, ASM International.), (b) Pd-Ag (reprinted kvppermission from reference [9], copyright
1988, Springer) and (c) Al-As (reprinted with pession from reference [10], copyright 1984,
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ASM International). Blue regions (in (a)) or line (c)) indicates intermetallic phases while red
regions (in (a) and (b)) indicate alloys. Uncoloredgions indicate non-homogenous
compositions. Compositions are in atom%.



Role of Intermetallics and Alloysin Catalysis

The application of alloys in catalysis is a ratfesent development (compared to thermal
and mechanical applications). Alloying can affelee tcatalytic properties of a material by
modifying both the active site morphology (geontetaffect) and electronic structure as
discussed below. The geometric effect of alloyisgeatially stems from the fact that many
commercially important reactions are either strreiensitive at an atomistic level (for example
Yardimci et al.[11] found that the nuclearity of Rusters have a large effect on butadiene semi-
hydrogenation selectivity) or requires a certaierafcal environment (i.e. composition) at the
gas-solid interface for optimal performance (foaewle, McCue et al.[12] found that exposing
both Cu and Pd on the catalyst surface in the pgbportion balances the over-hydrogenation
propensity of Pd with the oligomerization tendeméyCu to yield a highly selective acetylene
semi-hydrogenation catalyst). It is therefore itnte that a suitable bi-metallic (or multi-
metallic) alloy may have significant catalytic ajgptions. For example, Pd-Ag alloys are the
standard industrial catalyst for acetylene semirbgdnation because the presence of silver
(typically ~ 67%) reduces the interaction betwdss tydrocarbon feed and the catalyst surface

by breaking up large Pd clusters, thereby limitwgr-hydrogenation.[13]

Apart from geometric effects (i.e., crystallograplsite isolation), change in electronic
structure (due to charge transfer and hybridizagffect as a result of varying coordination
environment) during alloying can also affect théeraction of the surface with the reactants
which may in turn influence catalytic propertie§or example, Neurock and co-workers[14]
calculated the charge transfer from Ag to dherbital of Pd in a Pd-Ag alloy reduces the binding
energy of alkynes by 10-20 kJ/mole in addition e 35 kJ/mole reduction attributed to

geometric ensemble (site isolation) effects memtabpreviously.
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Typically, both geometric and electronic effectscurc simultaneously as a result of
alloying. In a recent perspective Meyer et al.[1}s deconvoluted these two effects and
highlighted their individual impact towards drivingelectivity of catalytic reactions. The
primary conclusion was electronic effects can adhiegraction of the surface with the reactants,
but they cannot break positive correlations betwagsorption energy of desired and undesired
intermediates (which is the main cause of non-sglgcin pure metals) and can thus only
provide incremental benefits.[16] However, geometffects can break such correlations and
have a much stronger impact on selectivity. Furthetails of these effects are presented in

reviews by Sinfelt[17] and Norskov and co-workek8,[19]

Advantages of Intermetallics over Alloysin Catalysis

It is even more advantageous to use an intermetdlin an alloy because the unique
crystal structure and long range atomic orderingam intermetallic ensures (in theory)
homogenous and reproducible active site morpholagy allows greater control on catalyst
design. This essential difference between thetywes of phase pure bi (multi)-metallics is the
motivation for specifically calling intermetallicgs model catalysts. At this point it is worth
highlighting that the surface composition may vaith respect to the bulk (discussed in Section
3) and the long range periodic order in the crysattice may be perturbed at the surface
depending on reaction temperature and chemicalsgthase. The exact relationship between
bulk and surface (active site) configurations iteimetallics has not been studied in detail and is
likely difficult to achieve as the surface morphgpjacan be altered even in the presence of a few
ppm of an impurity such as oxygen.[20] However, Bfegt al.[15] has argued (consistent with

the suggestion by Kovnir et al.[2]) the “enthalgidving force” of intermetallics to maintain
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their structure inhibits surface segregation effex@mpared to alloys and they are thus expected

to serve as better model systems.

In addition to greater atomic ordering, intermétallcan also form unique crystal
structures (Figure 3) which are not commonly dertratesd by alloys (or pure metals) and may
be advantageous to catalysis due to favorable gmcroe electronic effects. For example the
brass phase (Figure 3c) seen in many transitioralnpdtase diagrams has a distinct crystal
structure[21] leading to unique coordination geomstand hence active site morphology as

discussed in Sections 3 and 4 fdsrass Ni-Zn.
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Figure 3: Crystal structures of some catalytically releviat¢rmetallic phases. (a) PtBi (2 x 2 x
2 cell), (b) PdPb (2 x 2 x 2 cell), (c) MZn;; (unit cell) and (d) NiGa; (unit cell). Dark blue
atoms are Pt, dark pink atoms are Bi, grey atoradNarred atoms are Zn, light pink atoms are

Ga, black atoms are Pb and green atoms are Pd.
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The advantage of intermetallic over an alloy falabssis was succinctly demonstrated by
Armbruster et al.[22] It is well-documented theclaarity of the active site has a strong
influence on acetylene semi-hydrogenation seldgtiviin their paper, two GuyPdy, catalysts
were tested with Pd being considered the “actieeneht” (since it is a significantly more active
hydrogenation catalyst than Cu due to the activatatlire of H dissociation on Cu[23]).
Despite having identical compositions, one bimetallas a disordered alloy with an FCC
structure (similar to the solvent, Cu) while théegtcrystallized into an ordered CsCI structure
(intermetallic). This was achieved by annealing ttame bimetallic powder at different
temperatures (800°C for alloy and 200°C for intaathie) for 2-3 weeks. The intermetallic had
a higher Pd-Pd separation (0.29624 nm compared2&186 nm) resulting in greater extent of

site isolation and higher ethylene selectivity (908fsus 75% at ~90% acetylene conversion).

Such direct comparison between alloy and interrietaf same composition is rare in
the literature and it is much more common to compaltoy/intermetallic with their pure
constituent elements as discussed in subsequetibrsecinterestingly, Tsai et al.[24-26] has
identified that certain intermetallics have ideati®OS as a third catalytic metal and may be
used as a direct replacement for catalyzing rekesta@mistries. For example, the performance of
PdZn and PdCd for methanol steam reforming is éxathilar to pure Cu (due to similarity in

the DOS of the three materials) and distinctlyetight from Pd.

An additional advantage of intermetallics is thegll-defined periodic structure makes
them much more tenable towards density functionabty (DFT) calculations[27, 28] (which
utilizes infinitely repeated periodic structure3rD) compared to alloys. In fact intermetallics
have also been used as quasi-crystal approximactaube of the ease of computing associated

with their long range order.[29]
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Intermetallics are typically mechanically hard dndtle, have high melting points and
desirable electronic, magnetic and chemical praggedistinct from the parent metals.[30-34]
Over the past four decades (and from around thee dame as the conception of the term
“intermetallic”), intermetallics have been usedarwide variety of mechanical, electrical and
thermal applications with its most common chemiggplication being hydrogen storage and
corrosion resistance. These applications arelddtalsewhere[30, 34-36] and beyond the scope
of this review. In recent times, intermetallicsvbanjoyed exponentially increasing popularity
as catalysts in academia (as illustrated in Figdrand industry. Table 1 summarizes a number
of intermetallic compounds and the relevant chemsthey catalyze better than the respective
traditional catalysts (see Section 4 for detailestussions). The remainder of this paper is
dedicated to the review of these intermetallicsatalysis including various synthesis strategies,

proper characterization techniques and represeatexamples.
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Table 1. Selected examples of intermetallic catalysts andmi@l advantage over pure metals.

Reaction Chemistry  Intermetallic Compound Traditional ~ Advantage
Catalyst
CoHotHy,—» CoHy Pdzn[37], N§Zny4[38], PdIn[39], Pd and Ni Higher ethylene selectivity.
Pd,:Gal40], PdGa[2], Pd5a[41],
Al 1zFel[42].
CeHsCCH+H, —» NisGas NizGa, NiGa[43] Pd and Ni Higher selectivity, greater

CeHsCHCH,

CsHg +Hy —>»CyHs
CH4+C02 —>

2CO+2H

CO+H,—» G+GCo

COy+H; —» CHOH

CH;OH+H,O —»

CO,+3H;

HCOOH —»

COy+H>

PdSn[44], PdPb[45], FBe[46]  Pd

CoHf, NiSc[47] Ni
NisGas NiGa, NkGa[48] Cu
NisGas[49] Cu/zZnO
Pdzn[50] Cu/znO
Pdzn[51], PtBi[52] Pt

17

time-on-stream stability
and cost benefits (w.r.t.
Pd).

Improved selectivity.
Improved activity and
stability (decreased
carbonaceous deposition).
Higher activity.

Can be operated at ambient

pressure instead of 50-100

bar.

Higher resistance to
sintering and higher CQO
selectivity.

Higher selectivity to GO

compared to CO.



CeHip —» PtSn, PtGe[53] Pt Higher selectivity and
CeHet+3H; resistance to coking.
CsHio —»CyHgtH,  PSn, PtGe[53] Pt Higher selectivity and

resistance to coking.
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2. Synthesis of Intermetallic Compounds

The synthesis of monometallic catalysts (typicanoparticles, NP) through wet or dry
impregnation techniques is well-known [54-57] aegliewed in detail in the literature.[58, 59]
Conversely, methods for synthesizing intermetaltatalysts are not well established.
Researchers have discovered a number of approtzisgathesize intermetallic compounds of
desired stoichiometry with high phase purity buesih techniques are not often transferable
between metal pairs or composition ranges. A @agr method is effective for a limited

number of bimetallic systems.

The most traditional technique for the synthesisnéérmetallic compounds is through
bulk thermal diffusion.[2, 4, 60-62] By this tedhue the two constituent elements (preferably
of high purity) are physically mixed in a crucibdéad heated under vacuum for a prolonged
period of time (up to a week) at a temperaturebaiva 700°C. The high temperature facilitates
thermal diffusion of one metal into another leadingthe formation of an alloy/intermetallic.
The approach is easily extended to multi-metallygsteams by simple modification of the
composition of the starting mixture.[4, 61] Théshnique results in thermodynamic equilibrium
phases (because of the intrinsically slow solifudibn step and high synthesis temperature) and
phase-pure materials can only be obtained if thgisg ratios fall within the range of a single
phase. As demonstrated in Figure 2a, a startimgposition of 40 at % Ni will result in a
mixture ofy andp phases while a starting composition of 17 at% Ningsult in phase pure
material provided of course synthesis time and tgatpre are adequate for bulk thermal
diffusion. Further, the cooling rate may also beeamportant in certain cases. A fast cooling
step would result in a kinetic (rather than thergrainic) control and phase impure materials

will begin to form based on the tie-line rule a® tmixture passes through different phase
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regimes while cooling down. For example, we fotinel synthesis of NGa; phase requires a
temperature of 1000°C for effective thermal difusi However, the phase is only stable until
about 700°C. A fast cooling (typically achieved signply shutting off the furnace) resulted in
significant NiGa phase formation but cooling slovdy about 0.5°C/min lead to phase pure
NisGa. After synthesis, the intermetallic ingot is batlilled to a powder for catalytic
applications. This approach is ideally suited thoe synthesis of model catalyst for studying
structure-function relations since it ensures hmgtase purity and excellent compositional
control. Further, the possibility of any suppdfeet is eliminated. However, the surface area of
the catalyst is low (~1 ffg, 10-50 micron particles) leading to limited pieal applicability.[2]
Mukhopadhyay et al.[63] found that even after estem ball milling the particle size of the
CusZng intermetallic could not be reduced to below 150 with a very large particle size
distribution (Figure 5a). Moreover, extensive bailling may lead to sample contamination
from ball material or the walls of the containéfurther, the high energy, uncontrolled and non-
equilibrated ball milling step may result in theviion of surface composition from the
expected bulk values. Therefore, an annealing atip ball milling is essential to restore the

material to its thermodynamically preferred form.

Miura et al.[51] adapted the high temperature diffia technique to synthesize supported
Pt-Zn NPs. A Pt/Vulcan material and a lump of Zmole ratio 1:1) physically separated in a
tube furnace were heated to 500°C for 8 h undéova 6f nitrogen. The entire amount of Zn
was consumed and PtZn intermetallic NPs were sgizbé with particle size less than 15 nm
(Figure 5b). This approach is limited since it lcbnot be extended to metals such as Bi, Pb or
Tl because of their lower vapor pressure (everemiperatures approaching 800°C). Shao et

al.[64] mixed together stoichiometric amount of &id Mg NPs formed by arc melting and
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heated to 623 K under hydrogen atmosphere foreatlimg to the formation of MiyiH4 which

can be dehydrogenated to phase purgNWi(d = 30-50 nm) by evacuation at 623 K for 45 min.

Li et al.[43] usedn situ reduction of layered double hydroxide precursat found that
the starting composition as well as the reducteangerature had an effect on the synthesized Ni-
Ga intermetallic phase and particle size. Zhouwaletsynthesized a PdZn intermetallic by
calcining and reducing a Pd/ZnO material.[37] Arntical method was also successful in
synthesizing NiZn/ZnO NPs.[65] Onda et al.[66] disshemical vapor deposition of a Sn
complex on Ni/Si@to prepare a number of phase-pure Ni-Sn suppedtlysts. Milanova et
al. used a template approach to synthesize Cu-8nNaSn NPs using a porous C-foam
support.[67] Solvothermal techniques have beermessfully applied by Sarkar et al.[68] to
synthesize Pga. Other possible techniques include electrodepof69] and mechanical
attrition methods (reviewed in detail by Koch andhitéénberger[70]). Several techniques have
also been applied to access meta-stable ordermunietallic structures (which are not accessible
through high temperature bulk synthesis) but plpaséy is often an issue due to the presence of

residual pure metals or oxides.[71-73]

Researchers have also tried to adopt establishedheenical methods for the synthesis
of monometallic NP to intermetallics. Cable anch&k synthesized a number of M-Zn
intermetallics through a solution synthesis methtagiting with a zero-valent organometallic Zn
source.[74] Notable amongst these is theZ@gly-brass phase because accessing this phase in
NP dimensions (Figure 5c) is challenging owingtsolarge and complex but highly symmetric
crystal structure. Cable and Schaak developeddified polyol method for the synthesis of M-
Sn and Pt-M’ intermetallics with sizes ranging frd@-100 nm.[75] Other similar solution

based techniques are also reported in literat@e{8-79] Brian et al.[80] synthesized ternary
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intermetallic Au-Cu-Sn and Au-Ni-Sn phases throymgiyol method. A major drawback of
many of these techniques is that there is no rakiguideline as to which starting composition is
required to access which intermetallic phase (Tale Further, in many solution-based
synthesis of intermetallics[74, 75], rigorous paeisize control has also proven to be elusive.
Zn is known to form a large number of catalyticatBlevant intermetallic compounds (see
Section 4).[38, 81] However, a potential drawbaxdkZn containing intermetallics is the
ubiquitous presence of ZnO (observed by SchaakWdta[51] and others[65, 82]) which may
significantly affect catalytic properties.[65] B&oltz et al.[83] circumvented this issue by using

LiOH (at 20071C), a reducing agent, as the synthetic mediumnithegize PdZn.

In recent times significant effort has been focusedsynthesizing hybrid intermetallics-
pure metal/alloy catalysts with specific core-shalichitecture via various de-alloying
techniques. Examples are available in literaturereteither the core or the shell or even both
may be intermetallics.[84-88] These materials afeparticular importance for catalyzing

electrochemical half reactions commonly utilizedusl cells, as discussed in Section 4.

In general, simply ensuring stoichiometric additioh different metal precursors is
neither a sufficient nor a necessary condition fotermetallic NP synthesis. Proper
characterization is essential to ascertain thattmeect phase is indeed formed and preclude the

existence of mixed phases, undesired oxides orstwetk structures.
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Figure 5 (a) CuZng after ball milling bulk ingots for 40 h;(reprintedith permission from
reference [63], copyright 2007, Elsevier.) (b) PWMncan catalysts by Zn vapor diffusion

(reprinted with permission from reference [51], wopht 2009, American Chemical Society)
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and (c) CdZng by solution synthesis (reprinted with permissioont reference [74], copyright

2007, American Chemical Society).
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Table 2 Compilation of starting and final metal compmsitduring synthesis of intermetallic

particles through solution based techniques.

Product Composition

Initial Composition

Reference

Pd:Ga=2:1
Pt:Sn=1:4
Ir:Sn=3:7
Ni:Sn=2.7:2
Cu:Sn=1:1
Pd:Zn=1:1
Cu:Zn=5:8
Au:Zn=1:1
Au:Zn=3:1
Ag:Sn=4:1
Au:Sn=5:1
Fe:Sn=1:2
Ni:Sn=3:4
Pt:Sn=1:1
Pt:Pb=1:1
Fe:Pt=1:3
Au:Cu=1:1
Pt:Pb=1:1
Pd:Sn=1:1
Fe:Sn=1:2
Ni:Sn=1:3

Pd:Ga=2.5:30
Pt:Sn=1:9
Ir:Sn=2:9
Ni:Sn=3:4
Cu:Sn=6:5

Pd:Zn=49.2:465

Cu:Zn=50:412
Au:Zn=50:619
Au:Zn=53:206
Ag:Sn=1:1
Au:Sn=1:1
Fe:Sn=1:5.9
Ni:Sn=1:4.4
Pt:Sn=1:4.3
Pt:Pb=1:1.1
Fe:Pt=0.5:1.1
Au:Cu=3.1:1
Pt:Pb=1:1
Pd:Sn=1:1.6
Fe:Sn=1:2.1
Ni:Sn=1:3.3

Ota et al.[40]
Downing et al.[76]
Downing et al.[76]
Yakymovych and Ipser[77]
Milanova et al.[67]
Cable and Schaak[74]
Cable and Schaak[74]
Cable and Schaak[74]
Cable and Schaak[74]
Cable and Schaak[75]
Cable and Schaak[75]
Cable and Schaak[75]
Cable and Schaak[75]
Bauer et al.[89]
Bauer et al.[89]
Bauer et al.[89]
Sra et al.[90]
Alden et al.[91]
Chou and Schaak[92]
Chou and Schaak[92]
Chou and Schaak[92]

25



3. Characterization of Intermetallic Catalysts

The primary purpose of this section is to highligtdt many characterization techniques
are more informative in case of intermetallics thamonometallic catalysts and multiple
techniques should be considered during the chaizatien of intermetallic catalysts. The
approach for characterizing alloys and intermetsillare identical. However, for alloys, all
values are averaged over the entire loading butirftermetallics (because of long range
ordering) the values may be considered to holce&mh individual unit cell and not a statistical
average over millions of unit cells. Apart fronetmethods discussed herein other methods that
are used for monometallic catalyst characterizasibould also be performed for intermetallic
catalysts. These include Brunauer-Emmett-Tell&T(B surface area, temperature programmed

reduction, oxidation and desorption and elememntalyasis.

Diffraction Methods: Diffraction (most commonly X-ray diffraction) is eh initial
characterization technique performed on a newlyth®gized material. It often (particle size
typically >20 nm) provides conclusive evidence todgaphase identity and corresponding purity
and the general success of the synthesis as nteshatallic compounds’ diffractograms differ
significantly from the constituent pure metals (owito large difference in crystal structures,
Figure 6). Quantitative X-ray or neutron diffrastiaccompanied by Rietveld refinement[93] (or
other techniques)[94, 95] of the diffraction dataymralso provide insight into the atomic site
occupation in the crystal lattice[4, 62, 96] anduadle hints towards active site morphology.
For example, using Rietveld refinement of neutrdfrattogram, Spanjers et al.[96] identified
that in the NiZn,4 y-brass phase all Ni atoms are completely isolatethi matrix which leads to

the conclusion that barring any major surface gggren effects (to be discussed in detalil;
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general guidelines for predicting surface segregatiendencies of many metal pairs is available

in literature[97, 98]) NiZna4 will form a single atom hydrogenation catalyst.
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Figure 6: XRD patterns and crystal structure of differentaxi alloy (NiZn) and intermetallic
(Nizn and NiZnp;) phases. Materials synthesized through bulk swgrth®llowed by ball-

milling. Reprinted with permission from referen@8], copyright 2014, Elsevier.
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For ternary phases a simultaneous refinement cayXand neutron diffractograms is
expected to provide the best results for deterrgirsite occupation factors.[99] However, for
many ternary intermetallic systems using eithertmoeuor X-ray diffraction is found to be
sufficient depending on the respective diffract@oss-sections of the constituent elements for

the different probes.[4, 100-102]

Electron diffraction can also be applied to identlie formation of intermetallic phases.
This method is particularly suited for small NP4@<nm). The signal for electron diffraction is
much stronger than for X-ray or neutron diffractiamd hence sufficient signal is obtained for
electron diffraction even when X-ray or neutronfrdiftograms show poorly resolved, low
intensity, or broad peaks. However, electron ddfion can in general only be performed on a
finite number of particles (as opposed to powddratition) and therefore is less effective in
confirming phase purity of the entire sample. Ostaof this technique is reviewed

elsewhere.[103]

TEM (Transmission Electron Microscopy) & STEM (Scanning Transmission Electron
Microscopy) or SEM (Scanning Electron Microscopy)-EDS (Energy Dispersive X-ray
Soectroscopy). TEM and STEM-EDS are powerful techniques for chi@ming multi-
component NPs (beyond simple particle size distion) and provide supporting data to the
diffraction analysis. Diffraction techniques arepéndent on the crystallite volume and heavily
biased towards the phase having the larger crigegalvhile making it extremely difficult to
detect highly dispersed or amorphous secondaryeghaBor example, an envelope of Na or Zn
hydroxide or oxide was detected by Miura et al.[8ating TEM imaging of PtZn particles even
though no such peaks were present in the X-rayagitbgrams. STEM-EDS provides additional

information regarding the composition of each imdiinal NP. For example, while XRD can only
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predict if the bimetallic is single phase, complnteey STEM-EDS elemental mapping can
confirm if the metal ratio of each individual NP &so identical or varies within the
compositional bounds of the corresponding phaseialfan of the metal ratio even within the
same phase may lead to critical differences invacsite morphologies. Further, elemental
mapping through STEM or SEM-EDS (depending on plartisize) can provide visual

conformation of alloying.

EXAFS (Extended X-ray Absorption Fine Srucutre): EXAFS is a method which finds
application in bi-metallic systems to identify theerage coordination geometry (and interatomic
distances) of each kind of atom. In case of NBAES can provide insight regarding the extent
of site isolation which is an important considesat(geometric effect) for designing selective
intermetallic catalysts. For example, Feng eB8lg¢xplained the superiority of PdIn oversfPd

for acetylene semi-hydrogenation on the basis @higher Pd-In coordination (5.7 £ 1.2) in the
former compared to Bbh (4.0 £ 1.7) which indicated a higher degree dfi$blation, inhibiting
over-hydrogenation and oligomerization pathwayshilders et al.[81] have shown that the
catalytic activity for neopentane hydrogenolysiecréases as the average Pd-Zn coordination

number increases in the catalyst and becomes Z®n wis 5.2.

HSLEIS (High Senstivity-Low Energy lon Spectroscopy) and other Surface Sensitive
Techniques: HS-LEIS is a relatively new method and its techhidatails are reviewed
elsewhere.[104, 105] The salient point of LEIShat it uses a beam of very low energy (3-5
keV) noble gas ions (Her N€) to probe only the top monolayer of the materiaking it truly
surface sensitive compared to traditional surfaagangfication techniques like X-ray
photoelectron spectroscopy (XPS, typical penetnatiepth ~10 nm) and Auger Electron

Spectroscopy (AES). Since catalysis is a surfhempmenon, LEIS is an ideal tool to verify the
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surface composition (which may prove to be diffétéan bulk composition). Depth profiling is
possible through sputtering by Aand sequentially removing a desired number of rayeos
from the top. Such depth profiling can provideleac understanding of surface segregation
effects, that is the composition in each subsediaget should approach (and ultimately saturate
at) the bulk composition (estimated through ICFE@S). LEIS is often used together with a
more traditional surface characterization technidiqe XPS or AES which have higher
penetration depths. A clear difference in signatween AES and LEIS is presented by
Stadlmayr et al.[106] (Figure 7a) for a Pd-Zn ngarface intermetallic (Figure 7b) on a Pd
substrate. This study highlights the complemetytd@tween methods since in conjunction they

provide a more complete description of atomic sgafien than either method alone.
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Figure 7. (a) AES and LEIS determined Zn composition of a PdZar+seirface intermetallic on
a Pd substrate (re-plotted with permission fronmenesice [106], copyright 2010, American
Chemical Society). (b) Schematic representatiothefconversion of multi-layer near-surface
intermetallic to a mono-layer top-surface interietat ~600 K. Blue spheres represent Pd and

red Zn.
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Rameshan’s study on near-surface intermetallic Réttimed by depositing Zn on a Pd
foil followed by annealing) for catalytic steam @ahing of methanol[107] had led to a
surprising conclusion that the relative selectibgtween CO and GQzompletely reversed at
~600 K (see Figure 12 in Section 4 for reactionaflatStadimayr et al.[106] explained this
phenomenon by demonstrating that as the temperaitneases above 600 K, the top surface Zn
concentration starts to decrease (LEIS signal)fmitas significantly as the sub-surface Zn
concentration (AES signal). This indicates Zn déph is much faster in the subsurface than the
surface so that the catalyst is virtually an intetatiic/alloy monolayer on a Pd substrate at ~650
K. Figure 7b provides a schematic of this tempeeatependent transformation. The presence
of only Pd in the first subsurface layer stronglfeets the surface corrugation (relative heights
(normal to the facet) of Zn and Pd centers at @pedurface) which influences the observed

selectivity.[108-110]

Rameshan[111] has used LEIS and XPS techniquebaw that a near surface PdGa
intermetallic may be synthesized by depositing rtratled amount Ga on a Pd foil followed by
annealing. Kopfle et al.[112] has also used LEN8 XPS to conclude that under reductive
conditions only Pd is present on the surface ofd&ZPintermetallic but under dry methane
reforming conditions Zr is exposed on the surfacéhe presence of Zr on the surface was

determined as a key factor for high catalytic rieagt

Chemisorption+Calorimetry:  Chemisorption is a powerful tool for catalyst
characterization and for the estimation of the nembf active sites exposed to a potential
reactant. In case of an intermetallic, due touhiue surface morphology as well as potential
surface segregation effects, determining the twmber of active sites becomes a significant

challenge that may be solved via chemisorption. e Tdbility to perform calorimetric
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measurements in conjunction with chemisorption ples further insight into the chemical

nature of the active sites and their geometrictedea distinction from the pure metals (as
mentioned before, varying the interaction betwesalgst and reactant is a major motivation for
intermetallic selective catalyst design). Zhouakf37] reported (Figure 8) that the heat of
adsorption of hydrogen on PdZn intermetallic NPabsut 40 kJ/mole lower than on pure Pd
NPs at low coverage and the discrepancy is evelnehigs the coverage (specific uptake) is
increased. The sharper decrease in adsorptiog\ef@requivalent coverage may also possibly
hint at fewer number of sites (leading to greateris repulsion) in the PdZn intermetallic

compared to pure Pd.

In an earlier work by Vannice and co-workers, dethimethods are described for
quantifying the surface composition (humber of Gul &t atoms exposed on average) of a
representative bimetallic catalyst where both nsedad of catalytic relevance (Cu-Pt).[113] This
method involves a number of successive surfaceativi and titration steps using CO as
adsorbate and J0 as the oxidizing agent because of its abilitpteferentially convert surface
Cu(0) to Cu(l). The presence of Cu(l) is critib&lcause it possesses CO chemisorption ability
(in contrast to Cu(0) or Cu(ll)) and provides a heoet to estimate total metal surface atoms (as
Pt also chemisorbs CO). The number of Pt atomddemtified via CO chemisorption of the
reduced catalyst (Cu(0) does not chemisorb CO) thiednumber of Cu surface atoms is
identified by subtraction of Pt surface atoms (Q@misorption on reduced sample) from the
total number of surface atoms (CO chemisorptiorpartially oxidized sample). This method
can not only be extended to phase pure intermegaliut can in fact provide greater insight

because of the structural homogeneity (in termectif’e site morphology) of the intermetallic.
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Figure 8: Heat of adsorption of hydrogen on Pd and PdZnnme¢allic catalysts. Reprinted with

permission from reference [37], copyright 2016, Aicen Chemical Society.
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CO-FTIR (Fourier Transform Infra-Red) Spectroscopy: CO-FTIR spectroscopy is another
technigue which can be applicable in case of sige@hrticularly Pd-containing) intermetallics.
For single atom Pd sites, CO can only bind in ap giosition (linear configuration, Pd-CO)
whereas for a site with Pd-Pd coordination, CO dias the opportunity to bind in bridge
position (Pd-CO-Pd). The vibration frequency fbege cases can be distinguished by FTIR
(peak at ~2050 cthfor atop and at ~1900 chfor bridge) and help to determine the extent of
site isolation (single atom versus multi-atom).[RBjgure 9 demonstrates monometallic Pd nano-
particles can support both linear and bridge bor@@dy virtue of its Pd-Pd coordination, while
isolated Pd atoms in the Zn matrix of a PdZn intgatic nanoparticle can only support linearly

bonded CO (demonstrated by a single peak at 205(.cm
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Probe Reactions and DFT: Despite the wide range of bulk and surface seesiechniques
available there is no way to probe the chemicalpinology of the exposed surface. While LEIS
or well-designed chemisorption experiments can igewestimates regarding the chemical
composition of the surface, they allow no undewditagp of the coordination geometry of the
different atoms exposed on the surface (which may out to be different from the bulk due to
surface segregation effects). The easiest wagdess such insight is through a combination of
probe reactions and DFT as detailed by Spanjeas ébr the Ni-Zny-brass phase.[96] It was
determined through Rietveld refinement and DFT walons the Ni-Zny-brass phase crystal
lattice contained isolated Ni active atoms at EHi% Ni but Ni-Ni coordination (Ni-Ni-Ni trimer
site) appeared when the Ni concentration excee8etl dt% (N§Zn,4) by Zn replacement (in
particular NyZnsz and NigZns, see Figure 10). However, D, exchange and ethylene
hydrogenation barriers showed this increase in Nedordination in the lattice had no effect on
catalysis implying that only isolated Ni atoms @&epected to be exposed irrespective of Ni
concentration. This hypothesis was confirmed byl Bldarface energy calculation and Wulff
construction where it was shown single atom Nivacsiites were more favorable to be exposed

than Ni-Ni-Ni trimer active sites (Figure 10).

An ideal probe reaction should be one whose kisasiavell-documented on appropriate
reference material and the reaction network is ipteble and relatively simple to analyze.
Common probe reactions are-B, exchange, ethylene and benzene hydrogenationthadees
hydrogenolysis amongst others.[54, 65, 114-118]c&@ifrse, the actual choice of probe reaction
depends on the desired catalytic propensities fovestigated (for example, hydrogen or carbon

bond cleavage ability).
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Figure 10: (left) Ni-Ni-Ni trimer present in the bulk of Bin,; as determined by Rietveld
refinement of Neutron diffraction patterns and Ift)jgthe corresponding Wulff Construction
showing the trimer containing (1 -1 0) facet is meoergetically favored to be exposed. The
inlays in (right) demonstrate the respective swfdaerminations for the different facets
considered. Orange spheres represent Ni and greyesgpZn. Reprinted with permission from

reference [96], copyright 2017, American ChemicatiSty.
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4. Intermetallics in Catalysis — Survey of result$rom the literature

Schwab was the first to recognize anomalous aabivdiarriers in case of unsupported
alloy and intermetallic catalysts compared to thmire metal constituents[24] and studied the
effect of compositional variation within the samdape as well as between different
crystallographic phases for formic acid dehydrogiena(discussed below) as early as 1946.
Since the late 1980s the interest in intermetathtalysts has garnered significantly more
attention and efforts with increased commerciakemive of synthesizing low cost and high
performing catalysts. Here we present some comrmasses of reactions for which

intermetallics have significantly superior perfoma than pure metals.

Formic acid dehydrogenation: Formic acid dehydrogenation is a popular modeltreat®ecause

of the simple nature of the substrate as well sairactical importance in modern fuel cell

operation. Schwab et al. initially studied theiatton barrier for this model system (on a large
number of Ag-M and Au-M’ catalysts) and determingifferent Hume-Rothery phases had

markedly different activation energies. It wasetlgtined to be an electronic effect (establishing
the applicability of Hume-Rothery'sec concept in catalysis) as the barrier was strongly
correlated with intrinsic properties commonly asatedl with the valence shell electronic

configuration of metals, such as electrical registiand hardness.[119, 120] More recently, it

has been found that the selectivity of formic adehydrogenation is also an important

consideration since the formation of CO (as by-popdcan poison typical fuel cell catalysts

such as Pt. This has prompted the developmenntefmetallic catalysts which are less

susceptible to CO poisoning than Pt. PtBi is sagggkto be a suitable alternative demonstrating

high activity (due to electronic effects) and lo@ @dsorption energies (increased Pt-Pt distance
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compared to pure Pt).[52, 121] Similar results evaiso observed for Pt-Zn and Pt-Pb

intermetallics.[51, 122, 123]

Selective Alkyne Semi-hydrogenation: Selective semi-hydrogenation of alkyne in an alkecdk
stream is a commercially important and widely stddthemistry. Alkynes are typically present
in trace amounts in alkene feeds destined for pehgation (a multi-hundred-billion-dollar
industry).[124] However, alkynes are poisonoushe polymerization catalyst and must be
reduced to ppm level. Ideally, only the alkyne idHobe selectively semi-hydrogenated to
decrease its concentration and enhance the alkedestream. However, typical hydrogenation
catalysts either lead to total hydrogenation ofua$aturated C-C bonds to (low value) alkane

(Pd) or forms oligomers and green oil (Ni).

The geometric (and possibly also the electronit@ce$ of alloying is seen to impart
suitable catalytic properties for this reactionatétarge number of intermetallic compounds. In
this case, the primary design concept is limitirydRuster size to just a few atoms as alkyne
semi-hydrogenation requires fewer number of Pd attman any of the competing steps.[125,
126] It is important to note that reducing the fe@mof Pd atoms per active site (by adding
inactive metals as spacers) to increase selects/iéways associated with a loss in activity and
identifying the best catalyst is essentially aniroation challenge, balancing the gain in

selectivity with the loss in activity.[127]

Of all alkyne semi-hydrogenation reactions, acetylsemi-hydrogenation is considered
to be the most challenging (in terms of selectjvitgcause of the small molecular size and very
strong interaction of reaction intermediates wrtmsition metal surfaces (particularly Pd).[128]
Several intermetallics such as Pd-In,[39] Pd-Zn[&7dl Pd-Ga[2, 40, 41, 129] have shown high

selectivity (sometimes >90%) for this reaction.
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The current focus in this field is replacing Pdhwitheaper base metals. Spanjers et
al.[38] studied the Ni-Zn phase diagram and fourat bnly they-brass phase has a sufficiently
high selectivity (~65%), almost 3 times higher tlany other Ni-Zn alloy (Figure 11). This was
attributed to the high degree of site isolationNdfin Zn due to the unique crystal structure of
this phase. In fact it was concluded that tHerass phase had effectively single atom Ni
sites[96] which led to high ethylene selectivity tmnimizing oligomerization. Liu et al.[130]
has demonstrated high acetylene semi-hydrogenaélactivity on NiGa and NiSrn,. Another
highly selective Al-Fe catalyst having a unit cellmore than 100 atoms has been reported by
Armbruster and co-workers.[42] It was found thaithex of the pure components under
experimental conditions was able to catalyze tlaetien. The catalytic activity was therefore
attributed to the small but apparently significatiange in DOS due to alloying. Further,
reduction of Fe-Fe coordination was also hypotleesito be an important factor for reducing

oligomerization.

Intermetallic compounds have been found to be ®¥edor semi-hydrogenation of
higher molecular weight alkynes as well. For exnpli-Ga intermetallics were found to be
selective for phenylacetylene semi-hydrogenation[430] while PgPb is selective for
hydrogenating functionalized alkynes (aldehyde,oRet carboxylic acid and ester) to (E)-

alkenes.[131]
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Steam Reforming of Methanol: Steam reforming of methanol is gaining populanityhe field of
fuel cell development because methanol can acrelatively safe, high yield and easy to handle
liquid source of hydrogen. However, parallel C@niation pathways must be suppressed to
ensure the success of any methanol based hydrdgege approach. Pure Pd and Pt are
exclusively selective to CO and is therefore natatle. On the other hand, near-surface
intermetallics such as Pd-Zn, Pd-Ga and Pd-In wlach generatedn situ from Pd/MG
materials under reactive or pretreatment conditemesfound to be highly selective towards the
desired products (C@H,). The high selectivity is attributed to the drifat preferred
configurations of HCHO (which is a key intermedjaten intermetallic versus pure metal
surfaces possibly due to differences in electratiacutre.[132] Of these PdZn is perhaps the
most widely studied; Armbruster et al. has publishaletailed review of this chemistry on PdZn
catalysts.[50] As pointed out in Section 3, tharrgurface composition plays a huge role in the
selectivity of PdZn catalysts for this chemistfgameshan et al. reported that if the intermetallic
existed to a depth of at least 5 layers below thtéase (including the top exposed surface) the
catalyst is selective towards €0ut if there is only a surface monolayer of theimetallic on a

Pd substrate then the pathway for CO productiorfai®red.[107] Further, as previously
mentioned (refer Section 3 and Stadlmayr et al])1@6e thickness (number of layers from the
surface) of PdZn near-surface intermetallic isrecfion of temperature and becomes effectively
a monolayer (on a Pd substrate) above 623K therebgrsing the CO/CPOselectivity. This

phenomena is represented in Figure 12.
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Low Temperature Electrocatalytic Oxygen Reduction: The electrocatalytic reduction of oxygen
is the typical cathode half reaction for low tengiare (polymer-electrolyte-membrane,
phosphoric acid, direct alcohol etc.) fuel cellaeTpreferred pure metal catalyst for this reaction
is Pt. However, the very high cost of Pt is detniaé to the commercialization of this clean
energy technology and there is considerable focusecreasing the intrinsic activity (on a per
mole Pt basis) through alloying with base metal$ iatroducing beneficial active site ensemble
effects.[133-135] The key descriptor for activisythe adsorption energy of oxygenated species
(most importantly OH) on the catalyst surface. Réidn in the OH bond strength is positively
correlated with catalyst activity.[136] Alloying ¢ft with suitable and much cheaper transition
metals (Fe[137-139], Cr[140, 141], Co[142], Ni[1}3ads to a Pt d-band downshift which
weakens this surface-OH interaction, thus increpsictivity.[144] Further, it is seen that the
specific activity of intermetallic Pt-M phases asdways higher than alloys of similar
composition.[145] Even though the exact reasonruklthis observation is not yet known, one
possibility certainly may be that the disorder amdom alloys only results in a fraction of the
active sites to have the desired ensemble morphdbgydetermined by stoichiometry) whereas
in the ordered intermetallics the desired ensemmagohology is guaranteed in the entire catalyst
bed. In recent times several research groups fuoused on strategic design of hybrid core-
shell intermetallic catalysts which show some @f lighest oxygen reduction activity and time-

on-stream stability reported to date.[85-87]

Other examples. Several other chemistries have also been succlssédted on different
intermetallic materials. For example, Ni-Ga intetailics are reported to be highly active and
selective catalysts for GQeduction to methanol[49] and even to alkanesalkenes.[48] Pt-

Ge, Al-Cu and Pd-Zn intermetallic catalysts weren® to be selective for butadiene semi-
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hydrogenation.[46, 146] Pd-Zr and Co-Hf intermétalompounds are seen to be more active
for dry reforming of methane compared to the caomstit pure metals.[47, 112] Takeshita et al.
has reported a number of transition metal-rareheaetal intermetallics to be highly active for
ammonia synthesis.[147] Pd-Zn catalysts have WBeand to be effective for a variety of
reactions (beyond those mentioned above) inclugiagial methanol oxidation, methanol

dehydrogenation and ester hydrogenation.[148-150]

5. Conclusions and Future Outlook

In addition to the catalytic reactions mentioned\a) intermetallics, by virtue of their
unique properties (compared to pure metals) magffeetively employed to perform a large
number of chemical transformation (see reviews bukawa and Komatsu[151, 152] for more
examples) while providing added opportunities fptimizing activity and selectivity through
manipulation of active site nuclearity and elecirtostructure. In this context it is worth
mentioning that catalytic studies on ternary (ghleir) intermetallic phases are rarely reported as
of yet even though polymetallic catalysts (typigativolving doping of small amounts of one or
more metal as modifier) have been reported inditee.[153-155]. This paper has highlighted
the challenges of reliably synthesizing phase-putermetallic NPs. It is expected that
synthesizing ternary phases or intermetallics weiéalytically enhanced special nano-porous
structures will be even more challenging. Howeveuch efforts have already gained
considerable focus in the last few years[80, 158} Hnd with the development of appropriate
synthetic methods, we can potentially access amitatl number of well-defined unique active
site morphologies which may cater to any numbeprmaictically important reactions and be

individually tailored for optimal performance fonyatype of chemistry.
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Apart from better control over synthesis of intetatiees (particularly in NP form) the
other significant improvement desirable in thiddies to develop more sensitive and advanced
methods for identifying the true surface morpholagyntermetallics under reactive conditions.
At present most catalytic properties of intermétalbre interpreted on the basis of bulk structure
but as highlighted in this review it may prove ® d& gross misinterpretation/simplification due

to surface segregation effects.

Overall, it is apparent intermetallics offer sevadvantages over pure metals and even
alloys for catalysis and will continue to gain tian in the catalysis community as we head
towards a greener future where high selectivity dnecome indispensable to meet ever stricter
waste (byproduct) disposal and raw material proemtr(such as mining of crude oil) laws.
Further it may be hoped that development in thasamentioned above will not only increase
our ability to synthesize optimized catalysts bugoaimprove our understanding of the
fundamental surface phenomena which effects sureased activity and selectivity, ultimately

leading to enrichment of the entire field of casadyin general.
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