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ABSTRACT: Promoters are indispensable for the optimized
performance and lifetime of industrial catalysts. Present-day
systems nevertheless benefit only from a small number of different
promoters, identified and often only locally optimized in laborious
empirical research. Here, we present an accelerated discovery
approach that globally explores a multipromoter design space with
only limited experiments. Cornerstones are an efficient iterative
design-of-experiment (DoE) planning of the measurements and a
throughput maximization through a parallelized testing protocol.
With less than 100 experiments conducted within weeks, we
identify a competitive promoter chemistry for the nonoxidative
propane dehydrogenation to propylene over alumina-supported Pt.
This discovery rests on an achieved deep understanding of the positive and negative actions of multiple promoters on the reaction
yield and deactivation. The iterative DoE strategy successively querying batches of experiments proves to be a powerful general
concept for data-efficient hypothesis validation and insight-based adaptation of design spaces.
KEYWORDS: high-throughput experimentation, automated laboratory, design of experiment, active learning,
non-oxidative propane dehydrogenation, heterogeneous catalysis, promoters

■ INTRODUCTION
Promoters are a prevalent ingredient to industrial catalysis,
enhancing performance, improving selectivity, or mitigating
deactivation.1−4 Various modes of action are known, such as
modifying the electronic structure, facilitating reactant
adsorption, or favoring specific reaction pathways.5−8 These
actions extend over both the active material and the support9,10

and depend sensitively on both type and concentration of the
employed promoter(s). Lacking a full mechanistic under-
standing of these complex actions, the additive selection of
suitable promoters and simultaneous optimization of concen-
trations are, in practice, a time-consuming empirical endeavor.
Rather than systematically exploiting the full combinatorial
multipromoter design space, industrial catalyst systems there-
fore typically feature only one or two promoters, at
concentrations that are only locally optimized. Due to limited
experimental budgets, the optimization is often even carried
out sequentially, i.e., the first promoter concentration is varied
around the optimized unpromoted system, the second
promoter concentration then varied around the thus
“optimized” one-promoter system, and so forth.

The nonoxidative propane dehydrogenation (PDH) to
propylene is a prime example for this common situation. As
one of the most important feedstock chemicals, e.g., polymer
manufacturing, propylene demand is expected to approach 200
megatons by 2030,11 which cannot be met with the existing
cracking processes.12 Industrial scale catalysts for the PDH
reaction usually build on oxidic support materials with ≤1 wt
% Pt or 18−20 wt % CrOx as active metals.

10,13 With the large-
scale application in mind, high surface area alumina (Al2O3) is
a preferred support choice following its thermal and
mechanical stability and comparably high density.13 Unfortu-
nately, the process suffers from side reactions toward lower
alkanes, as well as severe coke formation, which leads to a fast
deactivation of the catalyst under operation conditions.11,14,15

A working process therefore often incorporates regular
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regeneration steps to remove the formed coke and restore the
initial activity of the catalytic system�up to a point, where
irreversible long-term deactivation (due to persistent sintering)
poses a challenge. To improve on this situation, a variety of
promoters have been studied with the goal to maximize
product yields or the overall efficiency of the process.12,13,16 A
now commercially applied process (Oleflex) comprises the
ternary catalyst formulation Pt−Sn−K that emerged from such
studies throughout the last decades.17−19 Indeed, more than 40
(!) years passed from the finding of Pt to be active in the
dehydrogenation of paraffins,20−22 over first investigations on
the promoting effect of Sn,17 to the first industrial application
starting from paraffins (Pacol-process),23 and finally the
development of the Oleflex process.
Even so, not even this process achieves to push the yield

limitations of this system toward an operation at the
thermodynamic limit.12 In order to ultimately achieve this
ambitious goal, the identification of new high-performance
multipromoter combinations and a deeper chemical under-
standing of the promoting effects are considered as key
factors.12,16,24 Ideally, such promoters also suppress the
challenging reversible fast deactivation of the catalysts, leading
to a smart process that relies on fewer regeneration steps or, in
the ideal case, results in a continuous process without
regeneration at all. Here, we address this with an accelerated
discovery approach for complex multipromoted systems. This
approach systematically explores the corresponding high-
dimensional design space spanned by the employed promoter
species and their concentrations. Central pillars are efficient
experiment planning based on an iterative design of experiment
(DoE) approach as well as an experiment setup that holistically
considers the entire workflow from synthesis to catalytic
testing. The prior planning enables systematic promoter space
exploration at a number of samples explicitly to be studied that
is comparable to previous local and sequential optimizations.
The latter experiment setup then maximizes the throughput of
these studies by automating and efficiently parallelizing the
limiting steps in the workflow, e.g., through a dedicated time-
resolved testing protocol for a multireactor setup. At restricted
human intervention, the complete synthesis-to-testing for a
batch of eight samples can thus be achieved every 5 days.
We initially minimize an interfering influence of free support

sites and analyze the action of six potential promoters (Fe, Co,
Ga, Mn, K, and Ca; see below) on the PDH at Pt on θ − Al2O3
in the limit of surface-covering promotion. The global view of
this multipromoter design space reached after testing only five
batches reveals a Pareto front between the two central
performance descriptors, propylene yield and fast deactivation.
Subsequent batches designed to specifically assess the separate
actions of the promoters trace this Pareto dilemma down to
the individual promoter level. An improvement in one
performance descriptor brought about by the addition of any
promoter always comes at the cost of a deterioration in the
other descriptor, and there are no significant multipromoter
interactions that would allow to overcome this limitation.
Intriguingly, the six promoters fall into two groups with similar
actions though. While one group improves product yield at
increased fast deactivation, the other group reduces deactiva-
tion at reduced product yield. Naturally, best compromise
performance gains can therefore be obtained at the boundaries
of the design space, where at a reduced number of different
promoters, optimally tuned concentrations of ultimately only
one representative of each promoter group allow to maximally

compensate these opposing actions. Leveraging this deep
understanding, we therefore switch to a lower-dimensional
design space, where we only retain a most promising promoter
of each group and finally explore additional support site effects
by allowing for total concentrations below the surface-coverage
promotion limit. The global view of this bipromoted (Mn and
Ca)-space reached after only two further batches shows that
the intrinsic support activity essentially only shifts the Pareto
front. It does it to such an extent though that a performance
comparable to the established Pt−Sn−K reference can be
reached. With only a very limited number of experiments
performed within a matter of weeks, our accelerated discovery
approach thus rationally leads to a new promoter formulation
that is competitive to the one arrived at over decades of
empirical research.

■ RESULTS
Delineation of the Multipromoter Design Space. In

the selection of the six promoter species investigated in our
approach, we can draw on an ever increasing variety of single-
promoter studies of Pt-based PDH catalysts in literature.12,13

The reported elements with a potentially beneficial effect on
the catalysis are alkali and earth-alkali metals like K or Ca, 3d
transition metals like Mn, Fe, or Co, as well as main group
metals like Al, Ga, or Sn. The increased selectivities observed
upon the addition of alkali or earth-alkali metals are thereby
mainly assigned to their potential to moderate the strong acid
sites of the Al2O3 support.

9,16,25−30 In contrast, the promoting
effect of the metals is more discussed in terms of an improved
Pt dispersion31−34 or the formation of intermetallic or oxidic
compounds.6,7,12,35−41 Aiming to cover all of these suspected
actions, we select two likely reducible (Fe, Co), two hardly
reducible (Ga, Mn), and two moderating elements (K, Ca) as
the promoters spanning the design space for a multipromoter
PDH system. From the two known Oleflex promoters (Sn and
K), the function of Sn is quite well understood in terms of Pt/
Sn nanoalloy or intermetallic formation. We therefore
deliberately excluded it from our study in favor of less well-
known promoters that also might form alloys. The role of K,
on the other hand, is less clear. Reports on its moderation of
the acidity of the alumina support consider only the lowest
concentrations. We therefore deliberately kept K in the study
to see if it has an additional effect if the concentration exceeds
the threshold needed for the moderation of acid sites.
Independent of this selection, we still use a Pt−Sn−K
formulation with concentrations mimicking the Oleflex system
as a benchmark catalyst to put the observed catalytic
performances to scale; see experimental section and the
Supporting Information for more details.
Pt and the promoters are applied to the thermally pretreated

θ − Al2O3 support by incipient wetness impregnation. With
the objective to first analyze the Pt-promoter interactions at
minimized additional interactions with free support sites, we
pursue a surface-covering promotion concept and only
consider catalysts where the total loading of Pt and all
promoters arithmetically equals about one monolayer on the
surface of the support (determined to amount to 6 atoms per
nm2; see Supporting Information). Henceforth, we report the
respective surface concentrations Xi (i = Pt, Fe, Co, Ga, Mn, K,
and Ca) as fractions of this targeted total surface
concentration. We then have ∑iXi = 1.0 and the conversion
to nominal weight loadings is provided in Table S1. For Pt, we
investigate an economically viable range of 0.02 ≤ XPt ≤ 0.06,
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amounting to nominal Pt loadings between 0.10 and 0.29 wt
%. As pre-experiments indicated excessive coke formation and
reactor blocking, the maximum surface fractions of Fe and Co
need to be limited to 0.1, with an additionally imposed
multicomponent constraint XFe + XCo ≤ 4·XPt. At the same
time, we suspect nontrivial performance variations in the limit
of individually vanishing promoter concentrations. To ensure a
sufficient smoothness for the intended DoE-based exploration
of the design space, we therefore also set minimum surface
fractions of 0.02 for Fe and Co and 0.05 for all other
promoters. In consequence, this defines maximum concen-
trations for Ga, Mn, K, and Ca of 0.75.
Experiment Planning. Even though we formally vary the

concentrations of Pt and all six promoters, the mixture
constraint (∑iXi = 1.0) reduces this to a six-dimensional
design space.42,43 Due to uncertainty in the experimental
synthesis, only variations with a minimum change of surface
fractions will reliably yield a new catalyst. If we loosely use 0.02
(0.05) as this minimum step size for Pt, Fe, and Co (Ga, Mn,
K, and Ca) and account for the above-mentioned multi-
component constraint for XFe + XCo, this leads to a total of
7265 unique catalysts that can in principle be synthesized in
the defined design space. While not excessively large in
absolute numbers, mapping this space exhaustively is
essentially not tractable. Even in the parallel experiment
setup further detailed below with a throughput of eight
samples per 5 days, this would amount to a continuous
experimentation over more than 12 years. We therefore follow
a DoE philosophy to determine the response surface in terms
of propylene yield and deactivation over the design space from
a set of carefully planned measurements.
For an initial exploration that avoids an overly reliance on

assumptions like a smoothly varying response surface or the
absence of significant promoter interactions, we first developed
a problem adapted screening, addressing at the same time
blocking and mixing constraints, that yields a space-filling
distribution of 35 catalyst compositions. This algorithm first
constructs a space-filling mixture design of 27 compositions
with an ensured minimum separation between the two points.
Eight additional compositions are then purpose-selectedly
added after analysis of this initial distribution. Nine randomly
selected compositions from this design are replicated, either
fully resynthesized and tested or retested in a different reactor
tube. Together with 12 reference measurements (blind test,
unpromoted Pt, only promoters, bare support, Pt−Sn−K, also
replicated), this yields a total of 56 samples that are measured
in seven batches. Full details on the design construction are
given in the Supporting Information, and the full design,
replications, and references are reproduced in Tables S4−S7.
Time-Efficient Parallel Catalytic Testing. Catalyst

testing focuses on the reaction yield Ypropylene, as a combination
of the conversion of propane in a continuous flow system and
product selectivity. For the very dynamic PDH reaction, which
shows a fast (reversible) deactivation over time, we specifically
measure the transient behavior of Ypropylene over two PDH
cycles with a time on stream (TOS) of 24 h each and a 2 h
regeneration phase using a stepped oxygen supply in between.
Figure 1 shows a corresponding trace for an unpromoted Pt
reference catalyst with a 0.06 surface fraction (0.29 wt %
loading). The strong transient in particular in the initial
formation phase with high conversion at limited selectivity
challenges an efficient parallel testing. The need to resolve this
transient in short time steps clashes with the intrinsic time

demand of the gas analysis through gas chromatography (GC).
Even a highly optimized GC-measurement with a simple
separation task including C1 to C4 alkanes and olefins still
takes around ∼4 min. Simply alternating these measurements
between the eight tubes in our parallel reactor setup would
then only yield data in ∼32 min steps.
We therefore develop a time-resolved parallel testing

(TRPT) protocol fully described in the Supporting Informa-
tion, in which the testing in the different reactor tubes starts
subsequently, each with a 1 h delay. This way, the first reactor
is heated to reaction temperature and the transient behavior of
the PDH catalyst can be monitored at high resolution, while all
other reactors are still inactive. After 1 h, the second reactor is
heated and this sample is exclusively tested for 1 h. This
procedure is continued until all reactors are at reaction
temperature. From then on, all reactors are monitored with
alternating GC-measurements at a concomitant lower
resolution. However, at these later times, the deactivation,
then primarily through coking and sintering, also proceeds on
longer time scales, which do not need such a high resolution;
cf. Figure 1. The smoothness of Ypropylene at this later TOS also
mitigates the measurement break that necessarily results from
the TRPT, where the first seven reactors are not tested for a
certain period of time after they have already reached the
reaction temperature.
We can therefore robustly fit the TOS data of each cycle

with a simple sum of two exponentially decaying functions, as
motivated by the two deactivation regimes. As illustrated in
Figure 1, integrating this function over each cycle then yields
Y1 and Y2 as a meaningful descriptor for the integral yield in
the main product propylene. In order to also capture the fast
deactivation behavior, we additionally define a second
descriptor D1/2 = Y1/2[17.5h;25h]/Y1/2[10h;17.5h] as the ratio of the
integral yields of the subtraces over the time range from 17.5 to
25 h and 10 to 17.5 h; see Supporting Information for full

Figure 1. Extraction of catalytic performance descriptors from
measured reaction yield traces. The reaction yield toward propylene
is shown over two PDH cycles of 24 h each with a 2 h regeneration
period in between (to restore the diminished activity after the fast
deactivation in the initial cycle). For clarity, the propylene formation
rate rpropylene [mmol/h] (right y-axis) is normalized to reaction yield Y
in % of the amount of propane dosed per time (left y-axis). Shown are
data for an unpromoted Pt reference catalyst (XPt = 0.06), for a Pt−
Sn−K reference catalyst (XPt = 0.09, XSn = 0.07, XK = 0.52, cf.
Supporting Information for details), and for a here identified Pt−
Mn−Ca catalyst (XPt = 0.04, XMn = 0.25, XCa = 0.25); see text. The
dotted horizontal line marks the thermodynamic limit for the reaction
yield. Integration of the fitted interpolation function (blue line) over
the 24 h TOS of each cycle i yields the integral yield descriptor Yi for
propylene (in % of the total amount of propane dosed over the same
period of time). The descriptor Di for the fast deactivation over each
cycle results from the fraction of the integrated subtraces in the time
windows [17.5 h; 25 h] and [10 h; 17.5 h]. The missing data ranges
result from the parallel testing protocol described in the main text.
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details of the descriptor definitions as well as of a series of
dedicated replication experiments that confirm a replication
accuracy (root-mean-square error) of ±0.5/0.7% in Y1/2 and of
±2.2/2.8% in D1/2. High Y1/2 and high D1/2 values are thus
favorable, encoding catalysts with a high product yield and
slow deactivation. We specifically employ Y2 and D2 of the
second cycle as the DoE response functions, as we expect the
performance over the second PDH cycle to be more
representative for the longer term catalyst function. As
apparent from Figure 1, the Pt−Sn−K reference catalyst
indeed significantly improves over the unpromoted Pt catalyst,
with respect to both descriptors. The reaction yield is much
higher and the rate of deactivation is decreased.
Global Exploration of the Design Space. We already

achieve high-quality fits of the measured response data Y2,j and
D2,j for the j = 1, ..., 35 catalyst compositions of our space-
filling design with Scheffe-́form linear models appropriate for
mixture constraints44

= + + + +

+ +

Y X X X X X

X X

j j j j j j

j j

2, Pt Pt, Fe Fe, Co Co, Ga Ga, Mn Mn,

K K, Ca Ca, (1)

with the fit parameters βPt/Fe/Co/Ga/Mn/K/Ca and an analogue
model for D2,j. These models can be further improved by
adding the most decisive blending terms βxyXx,jXy,j among the
seven considered elements (Pt and six promoters). The latter
is motivated from a chemical perspective, as pairwise
interactions might occur between a few but likely not all of
the incorporated elements. Specifically, we compute the 10
most promising models for each response, when allowing up to
3 blending terms to be added, and finally obtain robust
predictions for Y2 and D2 by averaging over the 10 model
predictions. Full details of the models and the fitting procedure
are given in the Supporting Information. The predictive quality
of the models is reflected in a low root-mean-square error of
0.8 (2.9)% for Y2 (D2).
On the basis of the established model, Figure 2a provides an

overview over the performance descriptors of all 7265 unique
catalysts in the design space. The 35 explicitly measured
compositions are highlighted and distribute over a large part of
the range of achievable descriptors. This confirms the original
space-filling design concept and suggests that the model

predictions are largely based on interpolation. Unfortunately,
the achieved global overview over the possibilities in the
considered multipromoter design space indicates a Pareto front
between reaction yield and deactivation. More active catalysts
(higher Y2) deactivate faster (lower D2). This also holds for the
unpromoted Pt reference catalyst and the empty support, the
data of which are also included in Figure 2a. The empty
support is, of course, less active but barely deactivates over the
cycle. Intriguingly, however, this product yield of the empty
support is nevertheless actually far from being zero; i.e., the
support exhibits a significant intrinsic activity. This contribu-
tion is obviously suppressed in the present limit of surface-
covering promotion, as illustrated by the reduced Y2 perform-
ance descriptor of a representative promotor-only reference
catalyst with nearly full surface coverage also included in
Figure 2a.
According to the model and in the considered range of

concentrations, none of the tested promoter combinations is
thus able to break the yield-deactivation trade-off suspected
from single-promoter studies.13,16,45,46 In order to validate this
important but slightly disappointing insight, we devise a further
batch of experiments to specifically probe the tentative Pareto
front. On the basis of the predicted performance descriptors,
eight compositions are chosen accordingly, cf. Supporting
Information, with Figure 2b displaying their location all along
the Pareto front. Figure 2b also shows their performance
descriptors that are subsequently obtained in the measure-
ments. While there are in part significant deviations between
predicted and measured performance, the overall insight into
the existence of a Pareto front is fully confirmed.
Unfortunately, in the present surface-covering promotion

limit, this Pareto front runs at quite some distance from the
established Pt−Sn−K reference catalyst, cf. Figure 2a. While
the considered promoters can drastically slow down
deactivation, with D2 values equal to or substantially higher
than the one of the Pt−Sn−K catalyst, this comes at the prize
of a strongly reduced yield. Indeed, the largest fraction of all
7265 multipromoted catalysts is in fact predicted to have
substantially higher D2 descriptors than the unpromoted Pt
reference catalyst. Instead, very few are predicted to exhibit
higher yields. Ascribing the latter mostly to the lacking yield
contribution from empty support sites, it is thus imperative to

Figure 2. Overview over the multipromoter catalyst design space. (a) Performance descriptors for reaction yield Y2 and deactivation D2 for the
7265 unique catalysts in the design space as predicted by the regression model (blue dots). The descriptors for the 35 explicitly measured
compositions are shown as black crosses. Also shown are the descriptors for the unpromoted Pt catalyst (red cross) and the Pt−Sn−K reference
catalyst (brown cross) already discussed in Figure 1, as well as for the empty support (pink cross) and a support largely covered with promoters
only (green cross, XFe/Co = 0.08, XGa/Mn/K/Ca = 0.2); see text. (b) Same as (a), but including the data for an additional batch of eight experiments to
validate the Pareto front apparent from the model prediction. Orange dots are the model predictions, orange crosses the subsequently measured
corresponding experimental values.
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evaluate the action of the individual promoters and identify
those with the strongest effects per concentration. These
promoters would then be prime candidates for a low surface-
covering promoter formulation, i.e., a formulation that achieves
a slowed down deactivation similar to those in Figure 2a, while
simultaneously blocking only a minimum number of support
sites.
Analyzing Individual Promoter Effects. Figure 3 shows

the variation of the two primary descriptors Y2 and D2 along

Cox component effect directions42,47 for Pt and the six
promoters. In an independent factor experiment, the main
effect of one promoter would be assessed by varying its surface
fraction, while keeping all other components unchanged.
Within a mixture constraint, components cannot be varied
independently of each other though. Cox component effect
directions are then a good approximation of an independent
one-factor variation by making appropriate changes to the
other components that lead to minimum aliasing. Full details
on the construction of the Cox directions around a reference
point S in the center of the design space, as well as an explicit
experimental validation of the deduced effects are given in the
Supporting Information. Note in particular that here and
henceforth we exploit the availability of the eight additional
experimental measurements done to analyze the Pareto front
above and refit the DoE-based predictive model to the
accordingly enlarged experimental database of 43 composi-
tions. The predictive quality of the models is again reflected in
a low root-mean-square error of 1.1 (3.3)% for Y2 (D2).
The main effect of the active metal Pt seen in Figure 3 is as

intuitively expected. More Pt leads to an increase in the
reaction yield at a concomitantly increasing deactivation.
Unfortunately, an analogue yield-deactivation trade-off is
individually observed for all investigated promoters, too. An
improvement in one performance descriptor always comes at
the cost of deterioration in the other. Intriguingly, however, the
promoters are separated into two classes. An increasing
fraction of Ga or Mn leads to an increase in reaction yield,
at a simultaneous decrease of D2. In contrast, the addition of all
other promoters (Fe, Co, Ca, and K) stabilizes the system with
increasing D2, while reducing the reaction yield.

Overall, these different actions are fully consistent with
previous qualitative assignments from single-promoter studies
in literature.27,29,31,35,36,38 However, our present quantitative
analysis in the full multipromoter space reveals quite
pronounced differences in the magnitude of the effects. In
particular, already smallest changes of the Fe or Co fractions
have drastic effects on both Y2 and D2, cf. their steep slopes
shown in Figure 3, whereas all other promoters have a much
weaker effect. Interestingly, the magnitude of the effect on one
performance descriptor can also be quite different from that on
the other one. The moderate beneficial effect of more Ga on
the reaction yield is, for example, accompanied by a dramatic
reduction of D2. In this respect, Mn is a much more promising
promoter. It achieves an even slightly higher increase of Y2 as
Ga, but it worsens the deactivation behavior much less. A
similar case can be observed in the other promoter group that
slows deactivation with increasing D2 at higher fractions. Here,
Ca and K lead to similar D2 increases, but Ca reduces the
reaction yield much less.
Insight-Guided Extension of the Design Space. In

particular the identified opposing actions of the two groups of
promoters underscore the hitherto barely exploited potential of
multipromoter systems, where in an optimum mixture the
unavoidable deteriorating effects of promoter(s) of one group
are maximally compensated by the beneficial action of
promoter(s) of the other group. At the varying strengths of
actions apparent in Figure 3, this compensation could also be
achieved at quite differing concentrations. A small surface
fraction of a strongly acting promoter may then compensate
the effect of a larger surface fraction of a weakly acting
promoter. At the same time, similar actions of the various
promoters within one group identified above question the
minimum concentrations we initially imposed for each
promoter in the mixture constraint. While the latter allowed
to establish a reliable DoE model for a first overview and the
present analysis, precisely this analysis now suggests an
extension of the design space to where individual promoter
concentrations go down to zero. This way, a minimum
presence of promoters whose action is equally achieved by
another promoter is not unnecessarily enforced, while at the
same time, higher maximum surface fractions of other
promoters can be explored under the given mixture constraint.
Seeing the beneficial action, in particular, of Mn on the
reaction yield, one hope is that such higher maximum fractions
in a concomitantly extended design space could particularly
improve the reachable performance descriptors toward Y2 that
are more competitive with the Pt−Sn−K reference catalyst.
We correspondingly set the lowest possible surface fraction

for all promoters to 0.0 and concomitantly increase the
maximum possible fractions of Ga, Mn, K, and Ca to 0.9.
Under the given mixture constraint and the same step widths
in fractions as before, this leads to an increased design space
comprising 19,836 unique catalysts. Figure 4 summarizes the
performance descriptors predicted by the regression model for
this extended space. The range of predicted performance
descriptors in Figure 4 is now significantly increased,
confirming the expectations from the effect analysis, and
extends in particular to much higher reaction yields.
A Pareto front is still visible. However, in particular toward

larger Y2, this front changes slope and less deactivation occurs
upon increased reaction yield. This thus improves upon the
originally deduced Pareto front in the smaller design space and
already reduces the performance gap to the Pt−Sn−K catalyst.

Figure 3. Individual promoter effects. Main effects of Pt and the six
promoters on (a) reaction yield descriptor Y2 and (b) deactivation
descriptor D2. Within the given mixture constraints, these individual
effects are approximately obtained along Cox directions varying the
surface fraction Xi of the corresponding component around a
reference point Si (XPt = 0.04, XFe/Co = 0.06, XGa/Mn/K/Ca = 0.21) in
the middle of the design space, while making appropriate
compensating changes to the other surface fractions; see text.
Confidence intervals at the 95% level around each predicted mean
effect are provided with a lighter transparent shading.
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We have to recognize though that the model predictions in this
rightmost part of the Pareto front in Figure 4 are likely less
reliable. The corresponding catalyst compositions are at the
outer boundary of the design space, where deviations from the
simple behavior assumed in our DoE model are to be expected.
To assess the corresponding uncertainty in the predicted
position of the Pareto front, we subjected a series of promising
candidate compositions with highest predicted Y2 to
experimental testing. Specifically and using a space-filling
algorithm analogous to the one employed for the initial
exploration of the design space, cf. Supporting Information for
details, we choose a batch of eight candidates from the pool of
100 such highest predicted-yield compositions. This pool, the
selected batch, and the outcome of the measurements are also
displayed in Figure 4. As expected, the actually measured
performance descriptors do vary quite a bit from the
predictions. Notwithstanding, half of the candidates from the
batch indeed exhibit reaction yields that are significantly larger
than the one of the Pt reference catalyst. This confirms the
understanding that higher Y2 values are possible at the
boundaries of the now enlarged design space. In fact, two of
the measured candidates even show yields that are comparable
to the one of the Pt−Sn−K reference catalyst (Y2s of 19.6 and
21.0 vs 19.9%, respectively). Unsurprising from the perspective
of the effect analysis, they contain essentially either only Mn or
Mn and Ca.
Support Site Effects in the (Pt, Mn, and Ca) Space.

The understanding gained so far separates the six promoters
into two groups of similar actions, underscores the necessity to
go up to higher surface concentrations in individual promoters,
and motivates lower surface-covering formulations that then
allow for the additional yield contribution from empty support
sites. In a final step, we implement this understanding by
switching to the low-dimensional (Pt, Mn, and Ca) design
space, in which we give up the mixture constraint and consider
any total concentrations up to full surface coverage. With Mn

and Ca, this retains the most promising promoter from each
group, according to the effect analysis. Relying on the
previously introduced space-filling algorithm, we design two
batches of measurements to determine a polynomial model
with full details provided in the Supporting Information. Figure
5 shows the performance descriptors of these measured

catalysts together with the predictions of the determined
model for the entire design space. The models show a low
root-mean-square error of 1.9 (1.9)% for Y2 (D2). As before, a
Pareto front between the reaction yield and deactivation can
clearly be discerned. However, confirming the expected
support site contribution, this front is now shifted to higher
Y2. As a result, there are multiple promoter formulations with a
predicted performance competitive to that of the equally not
fully surface-covering Pt−Sn−K reference. In fact, when
comparing the explicit reaction yield traces of the first and
second PDH cycle shown in Figure 1 of one of such top-
performing Pt−Mn−Ca catalysts that was part of the
measurement batch, we even observe smaller conditioning
effects. The Y1 and D1 of this catalyst are already almost the
same as its Y2 and D2, whereas quite some reduction in both
performance descriptors is observed between the first and
second cycle for the Pt−Sn−K reference.

■ CONCLUSIONS
With less than a hundred experiments performed within a
matter of weeks, we have identified a promising biopromoted
Pt catalyst for the PDH that shows a performance in terms of
reaction yield and deactivation resistance that is competitive to
a Pt−Sn−K formulation as employed in the industrial Oleflex
process. With a large-scale application in mind, this catalyst
rests on a commercially available alumina support, an
industrially viable Pt loading, and a simple synthesis protocol
employing incipient wetness impregnation. The discovered
Mn−Ca promotion demonstrates that there is nothing unique
about the hitherto established Sn−K chemistry. In fact, while
still showing a slightly inferior absolute performance, the new
Pt−Mn−Ca system actually already exhibits a recovery after

Figure 4. Identification of higher yield catalysts in an extended design
space. Performance descriptors for reaction yield Y2 and deactivation
D2 as predicted by the regression model for 19 836 unique catalysts in
an extended design space that allows individual promoter concen-
trations to go to zero (olive dots), while maintaining the surface-
covering promotion limit; see text. Additionally shown are the 7265
unique catalysts in the original design space summarized already in
Figure 2 (blue dots), the Pareto front deduced from these original
data, as well as the descriptors for the unpromoted Pt catalyst (red
cross) and the Pt−Sn−K reference catalyst (brown cross). Eight
promising compositions are suitably chosen (black dots) from the top
100 candidates (gray dots) with highest Y2 in this extended design
space. Their subsequently measured corresponding experimental
values are shown as black crosses.

Figure 5. Overview over the rationally motivated (Pt, Mn, and Ca)-
design space without surface-covering constraint. Performance
descriptors for reaction yield Y2 and deactivation D2 for 607 unique
catalysts in the design space as predicted by the regression model
(blue dots). The descriptors for the explicitly measured compositions
are shown as black crosses. Also shown are the descriptors for the
unpromoted Pt catalyst (red cross), the Pt−Sn−K reference catalyst
(brown cross), and the tentative Pareto front deduced before for
surface-covering promotion, cf. Figure 2.
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the first regeneration that is clearly better than that of the Pt−
Sn−K reference. These findings constitute breakthroughs at
the discovery stage. As is established practice throughout, this
will now be followed by an optimization stage, where the
compositions are fine-tuned, different synthesis routes leading
to the same composition are explored (e.g., order of
impregnation) and where it then makes sense to assess the
longer-term stability over three and more cycles. There is little
doubt that further performance gains will be achieved in this
optimization stage, but such results might then no longer be
published in the open literature.
However, even more remarkable than this discovery itself is

in our view the way it was achieved. Initially, promoter action
on catalyst performance was globally evaluated in a defined
high-dimensional multipromoter space spanning six mindfully
chosen promoters and suppressing additional support site
effects through surface-covering promotion. This overview
could be reached in a data- and time-efficient manner through
careful experiment planning based on an iterative DoE
approach utilizing space-filling algorithms and the develop-
ment of a testing protocol for a multireactor setup that
maximized the experimental throughput. Catalyst performance
could quantitatively be compared through the definition of
suitable yield and deactivation descriptors as well as stringently
maintained reaction conditions. Following an insight-based
iterative strategy, the obtained results motivated further
analyses, which were supported by additional custom DoE
designs and concomitant measurement batches. The observa-
tion of a Pareto front between yield and deactivation led to an
effect analysis that traced the trade-off down to the individual
promoter level, clearly identifying both positive and negative
actions of the individual species. The resulting classification of
the promoters into two groups with opposing actions on yield
and deactivation led to an extension of the initial design space
that revealed the most promising performance when reducing
the total promoter number to ultimately one representative of
each group. Abandoning the surface-covering promotion to
also benefit from the intrinsic support site activity finally led to
the global exploration of the low-dimensional (Pt, Mn, and
Ca) design space that yielded the competitive formulation.
Most importantly, the identification of this binary promoter
search space was rationally achieved and is the result of the
previous designs unraveling the synergistic action of this hardly
reducible and one moderating element as well as the only
insignificant interactions with the other promoters. Directly
restricting the exploration to only binary promoter spaces
would have implied assuming these insights and would hardly
have reduced the experimental burden (at the present
throughput capacity essentially by about 3 weeks).
This rational and systematic discovery approach stands in

strong contrast to the scattered empirical catalysis literature,
focusing on positive effects of individual promoters. The
provided global understanding of trends, possibilities, and
limitations in the multipromoter space is also much more than
a mere global optimization as often strived for in closed-loop
automated lab approaches.48−54 Apart from enabling the
efficient identification of promising multipromoter formula-
tions, this understanding provides guidance on which systems
would particularly merit deeper subsequent mechanistic
studies and creates leads for insight-based modifications of
the design space.
In contrast to widely known classic DoE, iterative DoE as

pursued here should methodologically rather be seen as a

highly data-efficient active-learning technique such as Bayesian
optimization (BO). Like BO, it can query new experiments to
refine the response model based on various optimality criteria.
Able to robustly handle noise in the data and able to work with
larger data batches, iterative DoE is in fact ideally suited for
accelerated discovery within automated catalysis laboratories at
present throughput capacities. Most importantly, and as
demonstrated here, it can naturally deal with hypothesis- or
insight-based adaptions of the design space between iterations.
As such, it is in our view a far better suited approach to realize
the human-in-the-loop paradigm of process automation. Based
on the hitherto acquired data and knowledge, the involved
human experts can make key decisions to suitably adapt the
(otherwise automated) workflow for the next batch of
experiments, rather than stoically executing an originally
defined optimization in a fixed design space in a closed-loop
setup.

■ METHODS
Synthesis. The catalysts were prepared in a home-built half

automated setup by incipient wetness impregnation. Commer-
cially available γ − alumina (BASF SE) with a particle size
fraction of 300−500 μm was used as a support. Before
impregnation, the support was thermally treated at 1000 °C for
12 h employing a heating rate of 5 °C min−1 and effectively
achieving a phase transition to θ − Al2O3. In a first step, 2 mL
of different combinations of 2 M stock solutions of the metal
precursors was then impregnated on 4 g of support using a
dosing rate of 0.2 mL min−1. The support was contained in a
glass vessel, placed on a multisampling orbital shaker
(Heidolph Instruments GmbH). The impregnated support
was homogenized for 30 min at 1600 rpm. Using a multistage
syringe pump (model Fusion 200-X, Chemyx Inc.), eight
impregnations were performed in parallel. After that, the
supported metal promoters were dried (2 h, 70 °C) and
calcined (4 h, 500 °C, 10 °C min−1) in a horizontal tubular
furnace using 1 L min−1 of a mixture of 20% O2 in He. In a
second step, the catalysts were impregnated with an aqueous
85 mM solution of Pt(NH ) (NO )3 4 3 2 following the same
procedure as described above. Finally, the catalysts were again
dried (2 h, 70 °C) and calcined (2 h, 300 °C, 5 °C min−1).
After the thermal treatment, the furnace cooled down
na t u r a l l y . A l l r e a g en t s ( ·Fe(NO ) 9H O3 3 2 99 . 9% ,

·Co(NO ) 6H O3 2 2 9 9 . 9 % , ·Ca(NO ) 4H O3 2 2 9 9 . 0 % ,
·Ga(NO ) 8H O3 3 2 98.0%, K(NO3) 99.0%, ·Mn(NO ) 4H O3 2 2

97.0%, and Pt(NH ) (NO ) 50.03 4 3 2 % Pt) were obtained from
Sigma-Aldrich and used as received without further purifica-
tion. H2O HPLC grade (Honeywell Riedel-de-Haen̈, Ger-
many) was employed for the preparation of the metallic
solutions.55 As described in the main text, all catalyst
preparations aim to achieve full total surface coverage. Based
on results for Al56 and extrapolating to the larger elements
employed here, we estimate a surface concentration of 6
atoms/nm2 to build a closed monolayer, cf. Supporting
Information.
Catalytic Testing. The generation of catalytic performance

data was conducted using an eight-fold parallel test setup
equipped with gas dosing, reactor heating, and gas analysis
units. Each of the prepared samples (500 mg, with the exact
weight documented) was filled in a quartz tube reactor (dinner =
3.8 mm) with a fixed bed embedded into a filling of steatite as
the inert material. Above and below the catalytic bed, quartz
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wool was used to fix the bed heights within the reactor and
ensure an isothermic temperature. The reactor temperatures
were individually controlled and continuously monitored. The
PDH reaction was run at 600 °C with a reactant gas flow
comprising 10 mL min−1 propane, 5 mL min−1 hydrogen, and
2 mL min−1 nitrogen per reactor (WHSV = 2.4 kgPropane/h/
kgCat, GHSV = 720 LPropane/h/LCat or GHSV = 1224 Lfeed/h/
LCat).
Two PDH cycles were studied with a TOS of 24 h each.

Prior to both reaction cycles, a reduction step was used as
pretreatment of the catalyst at 600 °C for 1 h using 5 mL
min−1 of hydrogen in 50 mL min−1. Afterward, the reactors
were cooled to 225 °C, which was determined as temperature
with no observable catalytic activity. In between the two PDH
cycles, a regeneration step was conducted using a stepped
oxygen supply at a fixed temperature of 500 °C (5% O2 and
20% O2 using synthetic air diluted with nitrogen for 1 h each,
heat-up with ΔT ≈ 17 K min−1 in regeneration stream). Before
and after the catalytic test, as well as in between changing feed
conditions, the samples were flushed with nitrogen. The
analysis of the outlet gas stream was conducted using an online
GC (GC 7890 A, Agilent) equipped with a flame ionization
and a thermal conductivity detector for the identification and
quantification of the reactants and reaction products like n-
butane, 1-butene, propylene, ethane, ethylene, and methane.
Besides, nitrogen was used as internal standard in the
calculation of the gas compositions, in order to consider the
gas expansion. In addition, the reactant gas composition was
monitored continuously throughout the DoE using a bypass
reactor. The test procedure was fully automated using the
commercial software hte control; raw data evaluation was
performed using the software tool myhte. The reproducibility
of the catalytic test including the proof of independence of the
sample placement throughout the eight reactors was given by
performing reproduction experiments; see Figure S2 in the
Supporting Information.
From the outlet concentrations (ci), the propane conversion

Xpropane and the selectivity Si toward the quantified reaction
products (i = propylene, ethane, ethylene, methane, butane,
and butene) were calculated using a product based approach
following eqs 2 and 3, with the number of carbon atoms
represented by NC.
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From this, the yield Ypropylene toward the desired product
propylene is derived, combining the relative conversion of the
hydrocarbon reactant and the selectivity to the olefin product
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The strongly time-dependent Ypropylene (tTOS) are naturally
given as a percentage of the constant amount of propane dosed
per time. This molar flow rate of propane rpropane,in into the
reactor can be calculated from the employed volumetric flow

rate Vpropane,in and the molar volume at standard conditions Vm,
cf. Supporting Information
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The time-dependent molar flow rate of propylene then
follows simply as
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