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Holographic research strategy for catalyst library design
Description of a new powerful optimisation method
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Abstract

The principle of a deterministic optimisation algorithm called holographic research strategy (HRS) has been described. It
has been demonstrated that in a multidimensional experimental space having around 63 000 potential experimental points
less than 200 virtual experiments were sufficient to find the global maximum. The benefits of the use of HRS are as follows:
(i) easy application to catalyst library design, (ii) fast method in finding the global optimum, and (iii) good visualisation of a
multidimensional experimental space.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Combinatorial approach and high throughput exper-
imentation (HTE) techniques enable rapid screening
of broad experimental parameter space characteris-
tic for heterogeneous catalysis. In the process of dis-
covery of new catalytic materials the advantage of
HTE approaches over traditional ones has already been
demonstrated by different research groups[1–3].

Traditional methods of catalyst development are
based on rational approaches, i.e., use of literature
data, previous scientific knowledge and methods of
design of experiments (DOEs). Full or fractional fac-
torial designs are frequently used in catalyst develop-
ment to optimise catalyst performance[4]. A relatively
good description of catalytic properties in a multidi-
mensional parameter space can be achieved by using
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methods of DOE[5], however, the number of experi-
ments to be done is relatively large.

In HTE, despite the parallel catalyst screening, due
to the (i) large number of binary, ternary or quater-
nary combinations of possible catalytic elements, (ii)
variety of preparation parameters, a huge number of
experiments should be performed. To overcome this
problem different search algorithms have been devel-
oped, such as (i) the genetic algorithm (GA)[6], and
(ii) the stochastic simulated annealing algorithm[7].
These algorithms are able to find the optimal catalyst
composition or reaction parameter values by perform-
ing only a minor part of the possible number of ex-
periments.

We describe here a new strategy, i.e., holographic
research strategy (HRS) for the design and testing
of catalyst libraries. This approach has been used in
this study for virtual preparation and testing of rela-
tively large number of multi-component catalysts. In
the HRS similarly to other methods, such as the GA,

0920-5861/03/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0920-5861(03)00150-0
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test results of the(n−1)th generation is used to design
thenth generation. Consequently, the new approach is
considered as an iterative process. However, as it will
be shown the new strategy appears to be a determinis-
tic one. From this point of view it resembles methods
of factorial DOE, but contrary to that HRS provides
always the global maximum.

In combinatorial approaches the designed catalysts
are prepared and tested parallel using methods of HTE.
After testing the catalysts are ranked. This rank is usu-
ally called “elite list” which is used to design the next
catalyst generation. In this study multi-component het-
erogeneous catalysts have been virtually “prepared and
tested” by means of an arbitrary objective function.

2. Experimental

A hypothetical multi-component supported metal
catalyst library has been designed and virtually tested
using the newly developed HRS. The number of metal
components (N) was eight and each component has
been adjusted in the 0–5% range having 4–5 concent-
ration levels according toTable 1. Catalysts were crea-
ted in such a way that the total metal content should not
beyond 6%. Accordingly, the total number of combi-
nations of all possible catalyst compositions is 63 528.

The oxidation of CO over hypothetical Pt and Pd
based multi-component catalysts has been chosen as
a virtual reaction. The objective function (1) has been
used to describe the yield of CO2 (YCO2) as a function
of metal content (given in wt.%, seeTable 1).

YCO2 = 4.5Pt+ 0.5Pd+ 0.5Ru+ 0.5PtPd(Pt+ 1)

× (Pd+ 0.1) + PtSn(Pt− 0.8)(Sn+ 0.8)

+ PtPdSn(Pt+ Pd)(Sn+ 1) + RuSn(Sn+ 1)

× (Ru− 0.1) − 0.1(Ge+ In)(Pt+ Pd+ Ru)

(1)

Table 1
Concentration levels of the components of catalysts

Levels Components (wt.%)

Pt Pb Sn In Ga Ge Ru Pd

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.6 0.3 0.6 0.4 0.3 0.4 0.2 0.5
3 1.2 0.6 1.1 0.8 0.6 0.8 0.4 1.0
4 1.7 0.8 1.5 1.1 0.8 1.1 0.5 1.4
5 2.1 – – – – – – –

In a recent study[6] a similar approach, i.e., the use of
an objective function describing the yield as a function
of catalyst composition has been applied to demon-
strate the development of “an evolutionary approach
in the combinatorial selection and optimisation of cat-
alytic materials”.

All the computations have been done using
LINUX environment and a personal computer.
The HRS has been included into a software pack-
age (Xhrs for Linux) written for PCs. TheXhrs
for Linux contains the code for the algorithm de-
scribed here and provides user-friendly interfaces.
It is connected to data-acquisition and process con-
trol software (Xmea for Linux). Both softwares have
been developed by the Meditor General Innovation
Bureau.

3. Results and discussion

3.1. The principle of holographic research
strategy (HRS)

The principle of HRS is based on a special, two-
dimensional presentation of a continuous multi-dime-
nsional experimental space. As a primary assumption
it has been accepted that most of the cases the ex-
perimental space related to catalyst library design is
continuous. As a consequence, two proximate exper-
imental points in the given multidimensional space
should have very similar property. Due to the spe-
cial two-dimensional transformation applied in this
approach the continuity of the multidimensional ex-
perimental space is maintained.

Let us demonstrate the continuity in the presen-
tation of hypothetical experimental variablesA and
B. Let us assume that these two variables have three
parameter levels,A1, A2, A3 (A1 < A2 < A3) and
B1, B2, B3 (B1 < B2 < B3), respectively. For these
two variables different experimental designs can
be applied as shown inTable 2a and b. The nine
experiments arranged inTable 2a show a definite
discontinuity, as there is a sudden drop in the level
of variable B after it has reached its highest level.
Contrary to that the arrangement given inTable 2b is
continuous, as the level of variableB increases grad-
ually till it reaches its maximum then it decreases
gradually again. The main consequence is that in
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Table 2
Experimental design

Experiments

1st 2nd 3rd 4th 5th 6th 7th 8th 9th

(a) Traditional order of realisation
Levels of variable,A A1 A1 A1 A2 A2 A2 A3 A3 A3

Levels of variable,B B1 B2 B3 B1 B2 B3 B1 B2 B3

(b) Proposed order of realisation
Levels of variable,A A1 A1 A1 A2 A2 A2 A3 A3 A3

Levels of variable,B B1 B2 B3 B3 B2 B1 B1 B2 B3

experimental design shown inTable 2b two consecu-
tive experimental points differ from each other only in
one parameter level of one of the experimental vari-
ables.

Increasing the number of variables and/or their
levels the size of the experimental space increases
drastically. For this reason the visualisation of a con-
tinuous multidimensional experimental space requires
a special, two-dimensional presentation of experi-
mental points.Fig. 1 shows the presentation of a six
dimensional experimental space in two dimensions. It
has to be emphasised that this example does not refer
to our case study but is only a mean to show how the

Fig. 1. Two-dimensional presentation of a continuous six-dimen-
sional experimental space.

HRS works. Characteristic feature of this mode of
presentation is as follows:

• Three experimental variables are placed optionally
along theX-axis and three along theY-axis (the
experimental variables are designated by different
capital letters and their increasing or decreasing pa-
rameter levels are represented by lines forming full
or partial waves as shown inFig. 1);

• The levels of experimental variables are arranged
in such a way that each component has different
periodicity;

• The level of each variable increases gradually till
it reaches its maximum. Depending on the period-
icity the level of given variable decreases faster or
slower.

Accordingly, moving along any axis from one ex-
perimental point to the next one only one level of
one variable is changed. Due to the last feature the
two-dimensional transformation of the experimental
space is continuous, consequently there are only small
differences in the neighbourhood of each experimen-
tal point. This kind of presentation should result in
continuous changes in the properties of catalysts with
composition. This general mode of visualisation of the
multidimensional experimental space has been men-
tioned first by Tejfalussy[8].

Experimental data generated by a hypothetical func-
tion with six variables were arranged as shown in
Fig. 2a. Hypothetical experimental data are shown by
different shades of grey. The closer the data to the
optimum the darker the colour of the given point.
This mode of presentation of experimental points pro-
vides a good visualisation of the whole experimental
space. This presentation resembles the properties of
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Fig. 2. Influence of “variable position changes” on the holograms.

a hologram. The similarity of our approach with the
holography can be summarised as follows:

(i) the two-dimensional presentation used in HRS
provides information about the whole experimen-
tal space;

(ii) the two-dimensional presentation can be consid-
ered as a continuous transformation of the multi-
dimensional experimental space.

It has to be emphasised that in the experimental
hologram (seeFig. 2a) there are only small differences
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in the neighbourhood of each experimental point.
Fig. 2a illustrates only one possible presentation of
the experimental space. As it is shown inFig. 2b–d if
the position of experimental variables aroundX- and
Y-axes is altered the neighbourhood of experimental
points is also changed. The change of the position of
experimental variables alongX- andY-axes is called
“variable position change”. This procedure results in
different presentations of the hologram as it is shown
in Fig. 2b–d. Due to variable position change each
experimental point shall have a new neighbourhood
(see the arrangement of the black framed squares
in these four figures). The comparison ofFig. 2a
and b clearly shows that the initial clusters of ex-
perimental points are broken. This phenomenon is
called “declusterisation”. As a conclusionFig. 2a–d
demonstrate that different order of variables along
X- and Y-axes leads to different arrangement of the
experimental points in the hologram.

It should be emphasised that from the point of
view of the information content each two-dimensional
hologram is equivalent to each other. In other words
all hologram contains identical experimental points
of the given experimental space. Moreover, each
two-dimensional hologram can be considered as a

Fig. 3. Formation and testing of the initial hypothetical catalyst library. (a) Catalysts with different composition are selected along the
symmetry elements; (b) the initial catalyst library after testing.

continuous transformation of the experimental space.
Fig. 2a–d clearly show that in the neighbourhood of
any experimental point only slightly different points
can be found. These transformations, i.e., the chang-
ing of the order of variables in the hologram, have an
essential role in the HRS.

In HRS three approaches can be applied to create
the first catalyst generation: (i) application of accumu-
lated knowledge about the reaction and the catalysts
used, (ii) creating compositions based on symmetry
elements of the hologram, and (iii) using composi-
tions chosen randomly. In this study the symmetry
elements were used. Namely, the initial experimen-
tal points have been fixed as small clusters (i) in the
centre, (ii) along the symmetry axes, and (iii) in the
corners (see black framed squares inFig. 3a). Fig. 3b
shows the initial hypothetical catalyst library after its
testing.

The further steps in the HRS are shown inFig. 4a–d.
In these figures for sake of easier explanation, the hy-
pothetical experimental data are shown by different
colours. Nevertheless, similarly to our previous rou-
tine the closer the data to the optimum the darker the
colour of the given point. Instead of capital letters the
variables are designated by different colours as well.
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Fig. 4. The main steps in HRS. (a) Selection of the best experimental point; (b) catalyst library after “variable position changes”; (c)
formation of an experimental region (brown square in size 5× 5); (d) summary of results after testing the second catalyst generation (the
brown square represents the second generation).

The iteration is started by the selection of the best ex-
perimental point. InFig. 4a it is highlighted by the
small red square. After variable position change the
data points of the initial library are arranged as shown
in Fig. 4b. In order to create the next catalyst gener-
ation an experimental region of size 5× 5 is selected

around the best experimental point (hit) as shown by
the large brown square inFig. 4c. The results of test-
ing of the second generation are shown inFig. 4d and
the resulted new hit is shown by a small red square.

In the formation of new generation of catalysts
the above steps are repeated. Thus, the main steps in
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Fig. 5. Iterations, repeating the main steps of HRS. (a) Summary of results after testing the second catalyst generation followed by “variable
position change” and formation of the new experimental region (brown square in size 5× 5); (b) summary of results after testing the third
catalyst generation (the brown square represents the third generation); (c) summary of results after testing the fourth catalyst generation
(the brown square represents the fourth generation); (d) summary of results after testing the fifth catalyst generation (the brown square
represents the fifth generation).

this iteration procedure are as follows: (i) selection
of the best experimental point (hit), (ii) variable po-
sition change, (iii) formation of a new experimental
region, and (iv) testing. Accordingly, several further

iterations is shown inFig. 5. Fig. 5a shows the results
of testing of the second generation after variable po-
sition change. Please note that the hit (see the small
red square) has a completely new neighbourhood. In
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this new neighbourhood a new experimental region is
created (see the large brown square inFig. 5a) and the
third generation is tested resulting in a new hologram
shown inFig. 5b.

The test results of the fourth and fifth catalyst gen-
eration are shown inFig. 5c and d. As emerges from
these figures after each iteration the ratio of darker
points increases significantly. It means that the pro-
cess of optimisation is moving towards the direction
to the optimum.

It can be added that inFigs. 4 and 5an arbitrary set
of variable position changes has been applied. In the
given arrangement of variables after every four itera-
tions the original position is generated again, i.e., the
initial order of the variables is restored after the fourth
step. Upon comparingFigs. 3b and 5dthe clusters
of the initial catalyst library, highlighted with black
frames, can be recognised.

Summing up the main steps in HRS the importance
of variable position changes has to be emphasised.
The new catalyst generation has to be created in the
new neighbourhood of the hit, consequently, variable
position changes is the main driving force in the route
to find the optimum.

3.2. Virtual catalytic experiments with eight
variables

Let us demonstrate the performance of the HRS in
an eight-dimensional experimental space with about
60 000 potential experimental points. In the hypotheti-

Table 3
Summary of the holographic optimisation with an experimental region of size 4× 4 using the objective function (1)

Steps Number of
experiment

Composition of the best catalysts (wt.%) Conversion (%)

Pt Pb Sn In Ga Ge Ru Pd

1 48 2.1 0.8 0.0. 0.0 0.3 0.0 0.0 0.5 10.67
2 62 2.1 0.8 1.1 0.0 0.3 0.0 0.2 0.5 22.83
3 76 2.1 0.8 1.5 0.0 0.3 0.0 0.2 0.5 25.62
4 88 2.1 0.8 1.5 0.0 0.0 0.0 0.2 0.5 29.28
5 100 2.1 0.8 1.5 0.0 0.0 0.0 0.0 0.5 30.33
6 114 2.1 0.8 1.5 0.0 0.0 0.0 0.0 1.4 44.15
7 128 2.1 0.6 1.5 0.0 0.0 0.0 0.0 1.4 49.39
8 139 2.1 0.3 1.5 0.0 0.0 0.0 0.0 1.4 57.19
9 153 2.1 0.0 1.5 0.0 0.0 0.0 0.0 1.4 64.99

10 167 2.1 0.0 1.5 0.0 0.0 0.0 0.0 1.4 64.99
.
.
.

17 209 2.1 0.0 1.5 0.0 0.0 0.0 0.0 1.4 64.99

cal parameter space upon using the objective function
(1) catalysts were prepared from eight possible metal-
lic components. In the hologram the content of Pt, Pb,
Sn, and In were placed along theX, while that of, Ga,
Ge, Ru, Pd along theY-axis, respectively. Our objec-
tive function (1) describes the relationship between
the composition of catalysts and the conversion in CO
oxidation.

The initial library was created along the symme-
try elements resulting in 48 experimental points in the
first catalyst generation. Upon using HRS each new
generation of catalysts was “prepared” using an exper-
imental region of size 4×4 around the local optimum.
Every experimental point has been tested resulting in
maximum 16 catalyst in each iteration step. The re-
sults of these iteration steps are given inTable 3. The
best catalyst (the lead) obtained after 153 virtual tests
consists of three components: platinum, palladium and
tin. The complete analysis of the experimental space
described byEq. (1) showed that in the 9th iteration
step the global optimum has been found.

In this optimisation procedure each 8th consec-
utive variable position change resulted in the same
order of variables along axes. Accordingly, if after
the 17th(9 + 8) iteration the value of the objective
function remains unchanged it can be concluded that
the global maximum has been found. The results of
these additional iterations are also shown inTable 3
demonstrating that in the present optimisation the
global optimum has been found after 153 hypothetical
experiments.
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It has to be mentioned that the optimum found
above belongs to the given resolution of the ex-
perimental variables. Further improvement in the
“catalytic activity” can only be attained by establish-
ing new intervals for the variables, most practically
around the present optimum. It allows refining the
resolution as well, i.e., reducing the distance between
the discrete values of a variable. Similar approach is
also accepted in the classical factorial DOE method
[4].

Fig. 6. The experimental space described by the objective function (1) after testing different number of “virtual catalysts”; a, b, c, and
d—results after 209, 389, 911 and 2898 “virtual” catalytic runs, respectively. Variable are designated as follows: along theX-axis
Pt, Pb, Sn, In; along theY-axis Ga, Ge, Ru, Pd. Colour code of the activity data ranges
are as follows: 0–13%, 13–26%, 26–39%, 39–52%, 52–65%.

In HRS the size of the experimental region has a
great importance, too. Additional experimental regions
can also be selected around the second and the third
best experimental points. Upon using this approach
more and more experimental points can be measured
resulting in more information about the experimental
space as it is shown inFig. 6a–d.Fig. 6a–d shows the
holograms after “measuring” 209, 389, 911, and 2898
experimental points. These holograms were obtained
upon using experimental regions in size 4× 4 around
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the best experimental point; 5× 5 and 4× 4 around
the best two experimental points; 7× 7, 6 × 6, 5 × 5
and 4× 4 around the best four points; 13× 13, 11×
11, 9× 9, 8× 8, 7× 7, 6× 6, 5× 5 and 4× 4 around
the best eight points, respectively. Having measured
about 3000 experimental points it can be seen that the
density of the experimental points in the vicinity of
the global optimum increases.

The holograms shown inFig. 6a–d clearly show the
importance of platinum. With increasing Pt content the
conversion increases. The hologram shows also dif-
ferent periodical changes, which can be related to the
frequency of different components. The broad bands
along theX-axis follow the periodicity of tin. It indi-
cates a synergism between tin and platinum. Similar
synergism between Pt and Pd can also be seen. The
three bands along theY-axis belongs to the minimum
of Ge. Consequently, germanium has a negative effect
on the conversion. As a conclusion,Fig. 6a–d clearly
demonstrates that the geometric arrangement in the
hologram partially reveals the composition–activity
relationship.

Fig. 7represents the whole experimental space. The
total number of catalysts shown is 81 920 but catalysts
with more than 6 wt.% metal content have not been
involved in the optimisation procedure used. Compar-
ing Figs. 6a-d and 7it can be concluded that in the
region far away from the optimum only sporadic mea-
surements were done. This observation indicates that

Fig. 7. The whole experimental space described by the objective
function (1).

the algorithm used avoids experimental points that are
far away from the optimum.

The presentation of the whole experimental space
shows more defined periodicity in the catalytic ac-
tivity. Within this periodicity different local maxima
can also be seen. It has to be emphasised again that
without variable position changes the algorithm would
stop after few iterations finding only one of the local
maxima.

4. Conclusions

Results obtained in this study clearly indicated that

(i) the continuous multidimensional experimental
space can be transformed into a two-dimensional
hologram;

(ii) in the hologram in the neighbourhood of any
experimental point there are points which differ
from each other only slightly in properties;

(iii) the holographic arrangement of experimental
points provides clear visualisation of the whole
experimental space;

(iv) the geometry of the experimental points reveals
qualitatively the composition–activity relation-
ships.

Results obtained so far show that the HRS is a pow-
erful optimisation method. It is a very effective tool in
catalyst library design. In an eight-dimensional space
less than 200 measurements are sufficient to find the
optimum.

Before to start the HRS optimisation the following
parameters have to be fixed:

(i) the number of components of the initial catalyst
library;

(ii) the parameter levels of each components;
(iii) the number of best experimental points (centres)

used in the optimisation procedure;
(iv) the size of the experimental regions around the

best data points;
(v) the way of variable transformations.

These sets determine unequivocally the route of op-
timisation, i.e., the position of measured experimental
points in the given experimental space. In this way the
investigated parameter, obtained either from an arbi-
trary objective function or from a real measurement,
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reaches its optimum passing always through the same
data points. Therefore, HRS is considered as a deter-
ministic and not a statistical, multivariate optimisation
method. This is in contrast to the GA, where using the
same settings (e.g. size of the population, number of
generations, the rate of qualitative and or quantitative
mutation is fixed) different catalysts can be tested in
each simulation[6].
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