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Introduction

M
any properties of multicomponent materials of inter-

est in chemical engineering, e.g., viscosity, catalytic

activity, stability, etc. . ., depend on the material

composition and the environment in which the material is

used. The ability to predict quantitatively how these properties

depend on the composition of the material and on environmen-

tal variables is essential to enabling the optimal design of

materials and operating conditions, as well as prediction of

material’s performance under suboptimal conditions. Unfortu-

nately, the necessary measurements of material properties vs.

composition are not commonly available and the ability to cal-

culate their properties at arbitrary compositions is extremely

challenging.
Traditionally, it has been time-consuming and costly to map

materials properties across composition and environmental

conditions. This is a combinatorial problem, which quickly

becomes intractable because there are many relevant degrees

of freedom (material components, environmental components,

temperature, pressure, etc. . .) which are enumerated by contin-

uous variables. The conventional approach to mitigate this

problem is to limit the number of components, compositions

or conditions, and to perform discrete experiments to sample

the relevant degrees of freedom. Nearly all progress in chemi-

cal engineering, materials science and other materials related

disciplines has resulted from this approach, but there is a

growing recognition that it is slow and expensive. As technol-

ogies advance, the expectations of materials properties

become increasingly stringent and the types of materials that

meet these expectations become increasingly complex and dif-

ficult to design. It takes 10–20 years to translate a new mate-

rial from discovery into commercial applications. The recently

announced Materials Genome Initiative (MGI)1 is a large

effort funded by the US government to stimulate the accel-

eration of new materials from discovery to commercializa-

tion at twice the traditional speed and at a fraction of the

cost. There are several approaches to the MGI, including

computational,2 experimental,3 and hybrid approaches that

use both experiments and computations.4 These are having a

significant impact on corporate R&D processes and they

will impact research across the Chemical Engineering

discipline.
This perspective describes the application of combinatorial

libraries that are continuous composition spreads of metallic

alloys, or spreads of another property such as surface structure

or nanoparticle size, and is not intended to be a comprehensive

review of high-throughput methods. We refer interested read-

ers to the following published reviews in materials,5 heteroge-

neous catalysis,6,7 homogeneous catalysis,8 and automotive

applications.9 For high-throughput computational approaches

to these areas we refer to these published reviews.10–17 The

work described in this perspective differs from most of these

reviews in the utilization and spatial characterization of sam-

ples with continuous or near-continuous gradients in some

property, e.g., composition, structure, or particle size.
In this perspective, we describe innovations in experimenta-

tion and computations by our research groups and others that

have the potential to contribute significantly to the develop-

ment of multicomponent materials for engineering applica-

tions. We describe new experimental methods and

instrumentation that enable the synthesis and characterization

of samples with gradients in alloy composition, surface struc-

ture, nanoparticle size, etc. . . and their characterization across

composition, structure and size space using spatially resolved

analytical tools. This reduces the need to make numerous dis-

crete samples, perform discrete experiments, and simultane-

ously results in richer and higher quality datasets defining

structure/composition/property relationships. We will illus-

trate the utility of these methods with examples from studies

of alloy corrosion/oxidation resistance, alloy catalysis and

electrocatalysis. These examples show how properties vary

across composition, surface structure, and nanoparticle size

spaces, and in some cases under different environmental con-

ditions. We will also show how computational simulation has

been integrated into these studies, providing guidance on

what properties to study, and confirmation of how to interpret

datasets that span entire alloy composition spaces. We end

with our thoughts on the opportunities and the needs of high

throughput methodologies as applied in chemical

engineering.
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Composition Alloy Spread Films

High throughput methods typically rely on the use of

“libraries,” physical samples that contain large numbers of dif-

ferent materials that can be prepared, characterized and stud-

ied simultaneously or, at least, using highly automated data

collection. One of the advantages of these libraries is that all

samples contained within the library can be treated identically

during heating, exposure to environment, aging, etc. . . Simi-

larly, parallelized measurement methods allow collection of

data with higher internal self-consistency than in sets of dis-

crete measurements. The 96-well plates commonly used in

many biochemical laboratories are one example of a high

throughput library. In many materials research laboratories

including ours, the composition spread alloy film (CSAF) has

become the common form of materials library (Figure 1).18–21

A typical need in the fields of catalysis, corrosion, and

others, is to know how some property depends on the compo-

sition of a multicomponent metal catalyst, alloy material,

etc. . . In catalysis, it is known that the activity of an alloy can
be different than that of its components. Traditionally, the

activity has been studied by making discrete catalyst samples

of different compositions, with individual characterization of

the samples and individual measurements of catalytic activity

and selectivity. This approach has made remarkable progress

over the past century, but it is time consuming, labor intensive

and consequently, expensive. Since it is typical to have only a

small number of samples, it can be difficult to determine

trends in reactivity with great confidence, and to decouple the

trends in observed activity from other effects such as particle

size which may also vary with catalyst composition. Surface

science studies of thin alloy films on single crystal substrates

provides one approach to creation and study of a model sys-

tem, but again typically one alloy composition is studied at a

time, and each sample is time-consuming to synthesize, char-

acterize and study.
An alternative approach to the study of alloy films of a sin-

gle uniform composition is to make and characterize CSAFs,

thin alloy films with a composition gradient across the sample

(Figure 1), for use in studies of catalysis. When CSAFs are

coupled with spatially resolved analysis tools one can, in
essence, characterize many samples across composition space
in a single experiment. The key is to create high quality, well-
characterized gradients. Gellman and co-workers have
designed and fabricated an ulta-high vacuum deposition cham-
ber, the rotating shadow mask (RSM) CSAF deposition appa-
ratus, that allows up to 4 metals to be simultaneously co-
deposited on a substrate surface with controlled gradients.22,23

The deposition flux gradients are created using the shadow
mask concept.18 By controlling the deposition rates from each
metal evaporation source, and the orientations of rotatable
shadow masks that control gradient orientations, an entire ter-
nary alloy composition space (or subspace) can be made as a
CSAF. For example, in a ternary alloy AxByC12x2y the full
space of x50! 1; y50! 12x; and z50! 12x2y can be
made on a single surface. This alloy library includes the pure
components at the corners of a triangle, the three binary alloy
CSAFs along the edges of the triangle, and the ternary alloy
space in the interior of the triangle. The RSM-CSAF deposi-
tion tool can also create samples with magnified subspaces
spanning the library or quaternary CSAFs with the fourth com-
ponent held at constant composition across the substrate.

The utility of these CSAF libraries lies in the ability to mea-
sure alloy characteristics such as the bulk composition, surface
composition, bulk atomic structure, electronic structure, etc. . .
all as continuous functions of local CSAF composition. These
can then be correlated to spatially resolved measurements of
functional properties such as catalytic activity, corrosion pas-
sivation, hardness, etc. . . In the next sections, we illustrate
specific applications of CSAFs in the areas of corrosion and
catalysis. The first example from a study of alloy corrosion
will describe the creation of Fe-Ni-Al alloy CSAFs and a study
of their oxidation resistance via formation of a protective alu-
mina scale. The second example will illustrate the measure-
ment of surface and catalytic properties of binary Cu-Pd
CSAFs spanning composition space.

Corrosion

Materials corrosion is an issue of significant industrial con-
cern and societal impact. Corrosion results from the oxidation

Figure 1. Left. Graphic illustration of a ternary CSAF deposited in the form of a thin film (typically <1 lm) on a substrate that
can be 1–10 cm in lateral dimensions. The triangular region at the center contains all possible compositions of the
ternary material AxByC12x2y with x50fi1; y50fi12x. Along its edges are regions containing the three binary com-
position spreads. At the vertices are regions that contain the three single components in pure form. Right. Photo-
graph of a CuxAuyPd1–x–y CSAF deposited as a 100 nm thick film on a 2.5 3 14 3 14 mm3 polished Mo substrate.
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of a metal to an oxide or dissolved ionic form. One way to

combat corrosion is to add corrosion resistant components to
the metal, e.g., by alloying or coating. Doing so often compro-
mises some other property, e.g., the mechanical strength, or
cost, so finding the alloy composition that optimizes these
multiple properties is essential. Given that structural alloy can
have as many as 10–12 components, rigorous optimization of
properties becomes infeasible by traditional means.

A typical corrosion passivation additive is a metal that
will segregate to the surface of the alloy and form a pro-
tective oxide scale that is impenetrable to environmental
oxidants. For example, Cr will segregate to the surface of a
Ni containing alloy and form an adherent, protective chro-
mium oxide surface layer that hinders further corrosion.
Aljohani et al. used a CSAF to study the corrosion resist-
ance of Ni-Cr films as measured by electrochemical screen-
ing.24 The films were deposited on a 10 3 10 array of
electrodes on a silicon substrate. They were able to charac-
terize the composition and structure of the films on the
electrodes, as well as perform independent electrochemical
characterization of each individual electrode. They found
that particular phases of the alloy occurring at specific
compositions showed the highest resistance to corrosion,
whereas in composition regions with co-existence of
phases, there is less resistance to corrosion.

The study of gas phase alloy oxidation can also be acceler-
ated using high throughput methods.25–27 Ni/Al alloys are
commonly referred to as superalloys because they maintain
structural integrity at temperatures up to 80% of their melting
points. Aluminum is added to provide corrosion resistance
because it segregates to the alloy surface, generating a protec-
tive aluminum oxide scale. Very early work led to the concept
of the critical aluminum concentration, Ni�Al, above which cor-
rosion is passivated under operating conditions.28 The amount
of Al required has been fine-tuned over decades of experience
with Ni/Al alloys. Ni, however, is relatively expensive, and it
is desirable to reduce the amount of Ni present by alloying
with a cheaper metal such as Fe. The downside is that Fe is
more readily oxidized, and a greater fraction of Al is required
to protect the ternary AlxFeyNi12x2y alloy. Adding too much
Al is detrimental to the mechanical properties of the alloy, and
hence an optimal composition that minimizes cost, and that
maximizes mechanical properties and oxidation resistance is
desired. The addition of Fe to the alloy complicates the pro-
cess of finding the critical Al concentration because it now

becomes a trajectory through ternary alloy composition space,

Ni�Alðx; yÞ rather than a scalar quantity. Gellman and co-
workers approached this problem by examining the oxidation
behavior in dry air of a ternary AlxFeyNi12x2y CSAF.26

The goal of that study of AlxFeyNi12x2y oxidation was to

identify the critical aluminum concentration required to form a
protective aluminum oxide scale on the alloy and to map its
path through composition space (Figure 2). EDX was used to
map the uptake of oxygen across AlxFeyNi12x2y CSAFs

exposed to dry air at 700 K (Figure 2C). Subsequently, Raman
spectroscopy (Figure 2D), x-ray photoelectron spectroscopy
(XPS) depth profiling, and SEM imaging were used to map
and characterize the oxidation behavior across composition

space. The combined datasets have allowed identification of
four distinct regions of oxidation behavior and the boundaries
between them in composition space (Figure 2E). In region 1, a
protective surface scale of Al2O3 clearly formed. In regions 2

and 3, the alloy is passivated by a continuous but subsurface
Al2O3 scale with an external Fe2O3 scale forming over the
Al2O3. The two regions are differentiated by whether the scale
is smooth (region 2) or rough (region 3). Region 4 is not passi-

vated and deep oxidation was observed. In summary, the
boundary on the Al rich side of region 4 defines the composi-
tion dependent critical aluminum concentration required to
protect the alloy from deep oxidation in dry air at 700 K. This

single study of oxidation on a single CSAF library has yielded
a high fidelity picture (Figure 2) of ternary alloy oxidation that
would have required years of work by traditional methods!

Catalysis

Metal alloys are used frequently in catalysis because it has
been found empirically that the alloys often exhibit catalytic
performance superior to those of their elemental compo-
nents.29 Not surprisingly, the activity of an alloy depends on

its composition, and in many cases the optimal composition
depends on the reaction conditions. The conventional
approach to finding this optimal composition, or to under-
standing the composition dependence of alloy reactivity has

been to synthesize alloy samples at discrete compositions, and
characterize them in detail. While nearly everything we know
about alloy catalysis has been determined using this approach,
it is slow and expensive, and has limited progress.

One challenge to designing alloys to have specific surface

properties is that the surface composition often differs from the
bulk composition due to surface segregation. Segregation in

Figure 2. Oxidation of an AlxFeyNi12x2y CSAF mapped across composition space.

(A) Photograph of the AlxFeyNi12x2y CSAF as prepared. (B) Photograph of the AlxFeyNi12x2y CSAF after oxidation at 700 K for

4 h in dry air. The observable discolorations are very reproducible and clearly allow visual differentiation of oxidation behaviors.

(C) A map of the oxygen uptake by the alloy films as measured using energy dispersive x-ray (EDX) analysis. The Fe rich regions

exhibit the highest level of oxidation (red) while the Al rich region are passivated (blue). (D) Raman mapping of the oxide phases

(Al2O3, NiO, NiFe2O4, and Fe2O3) formed across compositions space. E. The four regions of AlxFeyNi12x2y composition space exhib-

iting distinct oxidation behavior. The critical aluminum concentration, below which bulk oxidation occurs, is indicated by the

boundary of region 4.
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alloys or multicomponent mixtures occurs when changes to the

surface composition lower the free energy of the system, e.g.,

because an element with a lower surface energy segregates to

the surface, or when larger atoms segregate to the surface to

relieve strain in the bulk. By measuring the surface composition

of a sample as a function of temperature, one can determine the

segregation energy at that bulk composition, which can be used

to estimate the surface composition at other temperatures. The

segregation energy may be a function of composition itself, but

performing experiments on alloys with enough different compo-

sitions to determine this function is rarely done.
Miller et al. used a CuxPd1–x CSAF to thoroughly map the

segregation behavior of a Cu-Pd alloy.30 In that work, they

used XPS and low energy ion scattering spectroscopy (LEIS)

to measure the bulk and surface compositions of a CuxPd1–x

CSAF at different temperatures and different bulk composi-

tions. They also used electron backscatter diffraction to iden-

tify the composition dependent bulk phases in the CSAF. They

observed that the composition dependent phase behavior of

the film closely resembled bulk phase behavior, with a B2

phase forming at intermediate compositions, as expected, and

FCC solid solutions forming at Cu-rich and Pd-rich composi-

tions.31 The temperature dependent LEIS data revealed Cu

segregation at all CuxPd1–x compositions (xCu 5 0.05–0.95)

and temperatures (400–1000 K) but with a maximum at 700 K.

The Langmuir-McLean segregation model was used to extract

composition dependent enthalpies and entropies of segregation

from measurements spanning composition space on a single
sample, including robust estimates of error in the measurements.

Alloying can result in a change in the electronic structure of

the metal components; this is often one reason for the changed

reactivity. XPS core level shifts (CLS) are sensitive probes of

the local chemical environment, e.g., the local composition,

structure, ordering, and strain state, of atoms in an alloy. Boes

et al. used a composition spread Cu-Pd alloy film to study how

the CLS of the alloy components varied with composition.32

Previous reports of the CLS from numerous samples of fixed

compositions33,34 indicated that the Cu CLS decreases monot-

onically and nearly linearly across the entire composition

space. These samples had all been annealed at high tempera-

tures, and were likely in an FCC solid solution phase. In con-

trast, Boes’ work using a CSAF showed an anomalous dip in

the Cu CLS in the range of 0:33 < xPd < 0:55. Electron back-

scatter diffraction showed that in this composition range the

bulk phase has a B2 structure, which is body-centered cubic

analogous to the CsCl structure. Density functional theory cal-

culations were used to show that the anomalous dip in the CLS

was due to the existence of the ordered B2 phase, and that the

anomaly disappears when the solid FCC solution forms.
In catalysis, a primary goal has been to correlate the elec-

tronic structure of the catalyst with its reactivity. The direct

correlation of experimentally measured electronic structure and

experimentally measured reactivity across composition space is

rare. We have demonstrated above that it is possible to com-

bine the CSAFs and high spatial resolution spectroscopies to

map out electronic structure, bulk phases, surface composition,

etc. . . across composition space. Measuring reactivity is more

difficult and requires development of specialized reactor sys-

tems for high throughput measurements of catalytic activ-

ity.35–38 Gellman’s lab has developed a novel microreactor

system to address this need using CSAF libraries.39 They cre-
ated a 20 3 10 array of channels in a solid glass block to form
the inlet and outlet channels of a 10 3 10 array of microreac-
tors. The CSAF and the microreactor array are compressed
together, but separated by a thin gasket having a 10 3 10 array
of 700 3 900 lm2 holes that isolate 100 regions of different
composition across the CSAF surface (Figure 3). Each channel
is isolated, and allows gases to flow to the CSAF surface, react,
and then flow through its corresponding outlet channel to a
mass spectrometer for analysis. Since the channels and the
holes in the gasket are arranged in space, they sample different
compositions across the CSAF catalyst library, and conven-
tional reaction kinetics experiments can be conducted, e.g.,
partial pressure dependence, temperature dependence, etc. . . at
100 different alloy compositions, in parallel.

The microreactor was used in two recent studies that exam-
ined the reactivity of a CuxPd1–x CSAF for H2-D2

exchange.40,41 In that work, the conversion of H2 to HD was
measured at 100 locations on the CSAF as a function of tem-
perature (300–600 K). A microkinetic model that described
dissociative adsorption, and recombinative desorption of H2,
D2, and HD was used to derive an expression for the tempera-
ture dependent conversion. The model was then fitted to the
experimental data to derive composition-dependent activation
energies for adsorption and desorption. The results were in
good agreement with previous studies on alloys of fixed com-
position. More importantly they provided estimates of DE‡

adsðxÞ
and DE‡

desðxÞ across composition space (Figure 4A).
In parallel, ultraviolet photoelectron spectroscopy (UPS)

was used to map the valence bands of the CuxPd1–x alloy
across composition space. The valence bands in Cu-Pd are
dominated by the d-bands, and since they are nearly filled,
UPS approximately measures the d-band properties of this
alloy. DFT calculations showed that the trends in the d-band
center vs. alloy composition are similar to those of the valence
band (containing s, p, and d electrons), and that this is the
same trend observed in the average energy of the valence band
measured experimentally using UPS (Figure 4B). This enabled
us to make one of the first experimentally determined correla-
tions between the alloy electronic structure and reactivity
across a continuous alloy composition space (Figure 4C).

The composition dependent barrier to H2 adsorption on
CuxPd1–x alloys is not a simple linear interpolation of the bar-
riers on Cu and Pd across the composition space. On the Pd-
poor side of the composition range, the H2 adsorption barrier
decreases with an approximately linear dependence on Pd
composition. The adsorption barriers were lower than a simple
linear interpolation of the pure metal properties would suggest.
Above xPd 5 0.40, however, this trend ceased, with adsorption
barriers becoming independent of Pd composition. To investi-
gate this phenomenon, we developed a novel approach to
modeling composition spread alloy surfaces using density
functional theory.41 We found that the region of near linear
decrease in adsorption barriers with lower values than sug-
gested by linear interpolation of the pure component values,
xPd< 0.40 were readily explained by hydrogen-induced segre-
gation of Pd to the surface. In other words, the surface compo-
sition was richer in Pd than it would be under vacuum
conditions. Because Pd is the more active component this
results in lower barriers. The change in behavior for xPd> 0.40
cannot be explained so simply, and may be due to the
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formation of a Pd hydride phase with different electronic

structure and reactivity than the alloy.

Surface Structure Spread Single Crystals

In the field of surface science a typical experiment is the

study of a reaction on a single crystal surface. As a specific

example, the surfaces of face-centered cubic metals have been

studied extensively, and these crystals are often commercially

available with any desired surface orientation, although the

low Miller index orientations are by far the most common. A

typical single crystal is approximately 1 cm in diameter and

polished to a mirror finish with the surface crystallographic

orientation known to <0:5� accuracy. When used in ultrahigh

vacuum (UHV) surface science instruments, these surfaces

can be cleaned and characterized by a variety of spectroscopic

and microscopic methods to prepare well-defined surfaces that

are often well-ordered atomically. Decades of work using this

approach has developed substantial insights in catalysis, tribol-

ogy, and other areas of surface related research. These types

of studies have been used to explore the structure sensitivity

of surface reactions by detailed studies of reactions on differ-

ent surface orientations.42

The main drawbacks of single crystal surface science are the

cost of the single crystals, and that the experiments can be very

time consuming. Typically only one crystal orientation can be

studied at a time, and it is laborious to open a UHV surface sci-

ence chamber, change the crystal, and recondition the chamber

afterwards to do experiments on a new crystal. Thus, progress

in understanding structure sensitivity in chemical reactions on

surfaces has been slow, but steady. Progress in surface science

on materials that do not readily form large single crystals (e.g.,

some oxides) is practically non-existent.
A typical single crystal exposes a single surface orientation,

ideally with an orientation that is known to high degree of

accuracy, <0:5�. This provides approximately 1 cm2 of clean,

well-defined surface area on which to perform experiments.

An alternative approach is to use a single crystal with a simi-

larly precise, but spherical surface43; a surface structure spread

single crystal (S4 C). On such a crystal the surface normal will

vary across the crystal surface, exposing a broad continuous

distribution of surface orientations. When coupled with char-

acterization methods that have high spatial resolution, this

Figure 3. Left. Photograph of the glass microreactor array consisting of 100 inlet-outlet channel pairs fabricated in glass and
isolated by the 10 3 10 array of holes visible in the gasket on the reactor face. Right. Schematic of the microreac-
tor array operation. Gases flow into and out of the microreactor array through capillary tubes. The CSAF is sand-
wiched between a heater and the gasket. The holes in the gasket isolate 100 regions of the CSAF surface and one
inlet–outlet pair.

Figure 4. (A) Plot of the barriers to dissociative adsorption of H2, and the recombinative desorption of H2 on CuxPd1–x alloys
as determined from measurements of H2-D2 exchange kinetics on a CuxPd1–x CSAF using the 100 channel microreac-
tor array. The data in blue are estimates determined from H2-D2 exchange in a standard flow reactor and for cata-
lysts of single composition. (B) UV photoemission spectra of CuxPd1–x alloys. Increasing Pd content results in a
shift of the valence band toward the Fermi level (0 eV). (C) Correlation of the barrier to H2 adsorption with the
average energy of the d-band electrons in CuxPd1–x alloys.
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enables many surface orientations to be studied on one sample
and in one set of experiments. A single S4 C sample cannot
practically cover the entire range of crystallographic surfaces
that are possible, but as few as six crystals with different pri-
mary orientations can span the entire stereographic triangle,
enabling high-throughput studies of the structure sensitivity of
surface reactions.

As a specific example, the initial stages of oxidation of Cu
single crystal surfaces was studied using a Cu S4 C of exposing
all possible surface orientations lying within 10� of the (111)
surface.44 The (111) surface was approximately in the center
of the crystal, and scanning tunneling microscopy showed that
the step density on the surface increased with distance from
the center in the expected way. The orientations of the step
edges rotated as expected at various positions around the cen-
ter. XPS was used to measure the oxygen uptake on the S4 C
surface at �100 different surface orientations (Figure 5). By
knowing the position of the XPS beam with respect to an ori-
gin on the crystal, the surface orientation at the beam position
can be calculated, enabling a mapping of the XPS spectra vs.
the surface orientation. The oxygen uptake depended only on
the step density, and increased with distance from the (111)
origin toward the edges of the crystal. Surprisingly, the step
orientation and kink density had no apparent effect on the oxy-
gen uptake.

Although they have been used sporadically over the many
decades of modern surface science, the use of S4 Cs is not
common. Nonetheless, there are some other examples in the
current literature. For example, water desorption on a curved
Ag crystal was recently reported.45 Those authors observed a
significant linear dependence of the desorption temperature on
the step density of the surface. It is likely this result could only
have been observed on a curved crystal. This has important
implications for benchmarking computational predictions of
adsorption energies on surfaces of varying structure.

Nanoparticle Arrays

In the previous sections we described gradients in composi-
tion across alloy surfaces and surface orientation on single
crystal surfaces. These are model surfaces that can often be
characterized in atomic detail. Many catalysts, however, are
based on nanoparticles. It is known that the catalytic activity
of nanoparticles can depend on their size, with CO oxidation
on Au serving as a classic example.46 Given that the catalytic
activity of nanoparticles may depend on the composition, size,
and even the shape of the nanoparticles,47 it is a significant
challenge to map these properties using a traditional synthesis
approach. It is very challenging to make a single particle size,
or composition, and the resulting distribution makes it difficult
to understand how it dictates the properties of interest.

A solution to this problem is to create surfaces with a gradi-
ent of particle size. For example, Hayden and coworkers pre-
pared an array of Pt nanoparticles with a gradient in particle
size across a TiO2 thin film supported on a device they
designed for high-throughput spatially resolved measure-
ments.48–50 The titania film was created by vapor deposition of
Ti in the presence of oxygen. The Pt particles were created by
atomic vapor deposition, and characterized by atomic force
microscopy and ellipsometry. This enabled the formation of a
single sample with a gradient in the thickness of Pt that ranged
from 0.2 to 2 nm in equivalent thickness across the sample.
During subsequent annealing, dewetting of the film from the
substrate resulted in the formation of nanoparticles. The sili-
con substrate contained a 10 3 10 array of electrodes which
could be individually addressed, enabling the properties of the
nanoparticles to be probed with spatial resolution. They used
this method to show that Pt exhibits particle size dependent
oxidation stability, which has implications in electrochemical
oxidation reactions. They found that it is more difficult to elec-
trochemically oxidize CO, i.e., it is slower, on smaller Pt

Figure 5. Left. Photograph of a a Cu(111) S4C single crystals that is polished to a spherical dome shape. The arrows indicate
the crystallographic directions also illustrated on the stereographic projection. The surface orientations along these
directions expose monoatomic step edges separating (111) terraces. The step density increases with distance from
the central (111) pole. Right. Uptake of oxygen on the surface during room temperature exposure to 30 L of O2. The
oxygen uptake increases as a function of distance from the (111) pole but does not depend on step orientation.
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nanoparticles due to the difficulty of forming Pt-OH on the
smaller particles. For the same reason, that makes it more dif-
ficult to reduce oxygen in the oxygen reduction reaction. Thus,
the smallest Pt nanoparticles, while desirable for atom econ-
omy in a fuel cell, are simultaneously poisoned by CO and
poor at oxygen reduction compared to larger nanoparticles.

Another application of nanoparticle size spreads examined
the CO electro-oxidation activity of Au nanoparticles sup-
ported on titania films.51 Gradients in particle size were cre-
ated on a chip with a 10 3 10 array of electrodes. The particle
sizes were characterized by transmission electron microscopy,
and were 1–6 nm in diameter. Hayden et al. observed a maxi-
mum in CO oxidation activity at a particle diameter of about
3 nm. Interestingly, when the Au particles were supported on
carbon films, they were not active at all.

An alternative approach to making gradients in nanostruc-
tures on a surface is the spinodal dewetting of a thin metal
film on a silicon surface.52 For example, a thin film of Pd
evaporated onto a silicon single crystal substrate can be made
to dewet by heating the surface. On dewetting, the Pd can sin-
ter into balls and form a variety of structures depending on the
film thickness and heating/annealing procedures. By deposit-
ing the initial films with a gradient in thickness and/or compo-
sition, it is possible to make gradients in nanostructure
morphology and composition, which can then be studied using
methods with high spatial resolution.

The ability to make controlled gradients in nanoparticle size
and composition in samples where a property can be measured
with high spatial resolution and attributed to local characteris-
tics of the nanoparticles is a significant advance in nanopar-
ticle science. This approach minimizes variations in reaction
conditions between experiments, reduces the effects of particle
size and composition distributions within a measurement, and
provides a data-rich, nearly continuous trend in property-
structure relationships.

Electrocatalysis

As alluded to in the previous section, high-throughput
experimentation in electrocatalysis is comparatively common.
This is in part because chips with individually addressable
electrodes can be readily fabricated, allowing discrete sam-
pling with high spatial resolution. This approach has been
used to identify optimal materials for Li battery anodes,53

electrochromic materials,54 and fuel cell electrocatalysts.55

Composition gradient films have been used in high throughput
studies of ternary alloys for the oxygen reduction reaction,56

and on CuPd alloys for nitrate electroreduction in water treat-
ment.57 Below we discuss two specific examples in electroca-
talysis that highlight the use of composition gradient samples.
This approach is notably different from high-throughput com-
binatorial experiments that use discrete samples (even at dif-
ferent compositions).58–60

The hydrogen evolution reaction (HER) and oxidation reac-
tion (HOR) are two critical reactions in energy storage and
conversion. HER is relevant for water splitting, and HOR is a
potential fuel reaction in fuel cells. Alloys are often used in
these reactions, and as described before, computational identi-
fication of optimal compositions is challenging due to effects
of segregation. A study of the HOR/HER on PdAu alloys
using a composition gradient film on addressable electrodes

revealed interesting results.61 First, there was a maximum in
geometric activity near 70 at% Au for both reactions. This
composition tends to have significant concentrations of Pd
dimer and trimer ensembles. Second, HER persists at higher
Au concentrations at lower activity. The HOR, in contrast,
seems to shut off at �90 at% Au. Both reactions are poisoned
by CO.

In a high-throughput computational study, Greeley et al.
identified PtBi as a potential electrocatalyst for the HER.12 In
the previous example, the activity of Pd was promoted by
alloying with a more inert metal. Consequently, an investiga-
tion of PdBi alloys was undertaken using a composition gradi-
ent sample with an array of electrodes as previously
described.62 Promotion effects were also observed, although
they were not as strong as those observed in the PdAu work,
and they were attributed to the formation of an aBi2Pd inter-
metallic phase. Depending on the activity measure, the inter-
metallic phase is as active as pure Pd, but Bi is considerably
cheaper than Pd, and the intermetallic phase does not form a
hydride as pure Pd does, so it has some cost and stability
advantages.

Outlook for High-Throughput Methods in
Chemical Engineering

As illustrated, high throughput methods have enormous
potential for impact in chemical engineering and across the
engineering R&D domain, in general. The examples used
above have focused on the problems with which we are most
familiar, those related to processes at surfaces. Nonetheless,
they provide some general sense of the methodology and the
breadth of its potential reach across materials research.

The library containing a large number of samples is core to
the physical implementation of many high throughput meth-
ods. The CSAF library that we use is one of many such libra-
ries. CSAFs already have a long history, having first been
developed in the 1950s as a platform for determining phase
diagrams across continuous ranges of composition space.63

There are a variety of methods for creating films with compo-
sition gradients, some as simple as dip-coating from solution
and others requiring more sophisticated vacuum deposition
tools. Another common implementation of a library is the use
of robotic tools to prepare arrays of materials with discrete
compositions at each point that need not be related to those of
their neighbors, as is the case for CSAFs. The point is that the
capital investment into equipment for library preparation can
vary significantly, but need not be prohibitive.

The second common feature of high throughput methods is
the use of a suite of methods for spatially resolved characteri-
zation of the materials in the library. These can include optical
microscopy, electron microscopy, energy dispersive x-ray
spectroscopy, Raman spectroscopy, photoemission, x-ray dif-
fraction, etc. At a bare minimum it is necessary to determine
local materials composition at points of interest across the
physical extent of the library. To derive maximum value from
a high throughput investigation, the degree and care with
which materials characterization should be performed should
be no less than would be done for any equivalent study using
discrete composition samples. Without such characterization
one cannot hope to model or understand the origins of trends
in the functional properties that are the target of interest.
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Simply knowing how a property depends on materials compo-

sition is a minimum bar.
The third leg of the experimental portion of a high through-

put investigation is the measurement of the functional property

of interest: catalysis, corrosion resistance, mechanical proper-

ties, electronic properties, fluorescence, membrane transport,

etc. and the list could go on. Many of the materials characteri-

zation methods just mentioned are spatially resolved and sim-

ply need some degree of automation. High throughput

measurements of some functional materials properties such as

fluorescence need nothing more than a digital camera for data

collection. However, many functional materials properties

such as catalytic activity are not as readily measured in a par-

allelized mode. Development of methods for high throughput

measurement of properties such as membrane transport,

absorption, adhesion, and others is an area of significant

opportunity for experimental research.
An obvious consequence of a working high throughput

methodology is the generation of vastly greater quantities of

data than can be analyzed by the individual researcher without

the aid of trustworthy computational tools for modeling, data

fitting, parameter estimation, and visualization. These are cer-

tainly areas of opportunity in research, but also for develop-

ment of educational tools to teach practitioners how to extract

the greatest value from the data gusher. While the quality of

data and the amount available will greatly exceed past norms,

their value will not be realized without rigorous analysis. In

the same vein, there is a need to understand appropriate design

of experiments methods to ensure that the data collected spans

the requisite parameter space. In applications of high through-

put methods that are simply aimed at identifying “optimal”

materials, there is a need for screening protocols that will sam-

ple multidimensional materials descriptor spaces as efficiently

as possible. The same efficiency of sampling is just as neces-

sary in studies aimed at developing models or verifying

hypotheses regarding the composition dependence of a given

materials property.
Finally, there is the role of computational materials simula-

tion, which must be used in partnership with experiment to

interpret the observations of high throughput studies at the

atomistic level. Simulation is challenged equally, if not more

so, by multicomponent materials. Simulation must handle the

same continuous multidimensional composition spaces and, at

every composition, the multitude of atomic configurations

accessible. Methods that extend the reach of first-principles

simulations, such as cluster expansions and accurate force

fields will be needed to accomplish this with the accuracy

expected of electronic structure methods. New multiscale sim-

ulation methods will be needed to examine materials proper-

ties that depend on meso and microstructure properties, or

which change over time.
Both experimental and computational high-throughput

methods face the challenge of how to archive the scientific

products that result from their use. Standard publications can

report distilled observations and conclusions, but they struggle

to adequately archive very large datasets. New approaches to

archiving data sets will have to be developed, e.g., using

data repositories. For example, we archived a medium sized

(�1.8 GB) dataset of DFT calculations64 in Zenodo65 in one

publication. Other repositories exist as well, including institu-

tional repositories, Figshare,66 as well as domain specific solu-

tions including the Materials Project.2 These solutions

continue to evolve to solve data archiving and reusability

challenges.
Over the next decade, high throughput methods will enable

the study and solution of scientific and engineering problems

relevant to Chemical Engineering and, in the context of this

perspective, problems related to multicomponent materials.

These methods have been adopted whole-heartedly by many

corporate R&D labs in the business of product development,

to accelerate the screening of product materials and accelerate

the optimization processes for their production. In many cases,

the investments have been large enough that only the R&D

arms of major corporations can afford to make them. How-

ever, for enterprises with smaller research budgets and for aca-

demics these tools need not be prohibitively expensive.

Furthermore, there are still roles to be played by academia in

the development of new experimental methods, tools for data

reduction and methods for computational simulation to aug-

ment high throughput experimentation.
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