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High-throughput experimentation in catalysis comprises the following components: (i) automated high-throughput synthesis, (ii)
testing in Stage I and Stage II, for which to some extent novel assays are necessary, (iii) data handling and experimental design tools,
and (iv) robotics. This contribution covers these topics, using examples from the research of the authors, but also from the literature,
in order to illustrate the problems and opportunities associated with high-throughput experimentation in catalysis, focusing particularly on heterogeneous catalysis.
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1. Introduction
High-throughput experimentation (HTE) entered
catalysis research approximately three to ﬁve years ago
(see, for instance, the recent reviews on heterogeneous
[1] and homogeneous catalysis [2]); the ﬁrst publication
describing elements of HTE in heterogeneous catalysis
had appeared in 1996 [3], but was based on general
concepts developed earlier [4,5]. From these initial
activities, oxidation catalysis has become one of the
most attractive ﬁelds of catalysis to be studied with HT
procedures. There are several reasons for using this
approach: ﬁrst of all, oxidations probably form one of
the most important classes of industrially used reactions.
Although a high degree of sophistication has already
been achieved in the development of oxidation catalysts,
based on fundamental and mechanistic insight on the
one hand and heuristic knowledge on the other hand,
several extremely important catalytic problems still
remain unsolved and there is no solution in sight. These
problems include the direct epoxidation of alkenes other
than ethene, selective oxyfunctionalization of small
alkanes, low-temperature hydrocarbon oxidation, or
direct synthesis of phenol from benzene and air. In
addition, the parameter space which needs to be investigated is vast, since oxidation catalysts often are very
complex mixtures and a wide range of diﬀerent reaction
conditions is possible. A high-throughput approach thus
seems to be very suitable to study such problems.
However, these incentives for the application of HTE in
this ﬁeld at the same time pose some problems, because
high selectivity is often associated with deﬁned phases
from the phase diagram of complex oxide catalysts.
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Other impurity phases might have a much higher, but
unselective, activity, which could mask the speciﬁc
activity of a desired phase. An example is MoO3 in
molybdate-based partial oxidation catalysts, which has
a very high total oxidation activity. In addition, information solely concerning catalytic activity is insuﬃcient,
since the activity is mostly related to unselective total
oxidation. This is for most reactions worse than a totally
inactive material. Finally, for oxidation reactions, blank
activity of the construction materials is often an
important issue, and the more complicated design of
parallel reactors as compared to single-tube reactors
makes this problem more diﬃcult to solve. Nevertheless,
the great attraction of catalytic oxidations has made this
class of reactions one of the prime targets of industrial
as well as academic groups active in this area.
Diﬀerent levels of throughput are possible, and one
can conveniently discriminate between Stage I and Stage
II approaches [6], often also called ‘‘discovery’’ and
‘‘optimization’’ phases. However, we prefer the ﬁrst
terminology, since substantial discoveries are possible,
and in fact also desired, in Stage II studies. A Stage I
experiment or set of experiments is characterized by,
typically: (i) a very high throughput (some hundred
samples per day); (ii) synthesis-driven library formats,
i.e. often libraries sputtered or deposited by other means
on ﬂat substrates; (iii) amounts of catalyst in the
microgram range; and (iv) a limited depth of analysis,
i.e. typically only qualitative information on the catalysts performance is obtained. A Stage II experiment is,
on the other hand, characterized by: (i) a lower
throughput (some tens of samples per day); (ii) catalyst
synthesis by mimicking unit operations normally used in
catalyst synthesis; (iii) catalyst amounts on the microgram to gram-scale; (iv) realistic testing, i.e. under ﬂowthrough conditions with deﬁned residence time distribution; and (v) detailed product analysis. It has been
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