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Modern literature shows a rapidly growing interest to the supported nanocatalysts with dynamic
behaviour under reaction conditions. This new frontier of heterogeneous catalysis is recognized as
one of the most challenging and worthy of consideration from all possible angles. In this context, a
previously suggested lattice model is used to get an insight, by means of kinetic Monte Carlo, into
the influence of the mobility of reaction-induced catalytic sites of a two-dimensional supported
nanoparticle on the system behaviour. The results speak in favour of feasibility of dynamic
nanocatalysts with self-organized structures capable of robust functioning. This approach, from the
macroscopic end, is believed to be a useful complement to ever developing experimental and first
principle approaches.

The art of creating supported nanocatalysts with controlled size, shape, and composition is at the very high level.
Impressive examples are numerous and continue to grow. But along with this there is ever growing evidence that
such a perfect material may be slightly or significantly disturbed or even completely destroyed under reaction
conditions'~'%. Dynamic behaviour of catalysts is fairly diverse: the disintegration of small clusters into separate
atoms, the detachment of single atoms or adsorption complexes from a cluster, segregation of nanoparticles, 3D
to 2D transition, reshaping, etc. Some authors even talk about liquid-like motion®.

Seemingly most logical way to fix the problem is the search for countermeasures that are capable of maintain-
ing stability of the above controlled parameters. But the absolute stability is illusive and actually the question is
about the possible degree of stability and the price for this. Note in this connection two possible meaning of the
term “stability” in the present context: (i) the stable structure of a supported nanocatalyst (the controlled number
of nanoparticles, their size, shape, etc) and (ii) the stable behaviour of a catalytic system (the term “robust” will
be used for this case). Note also that the former is the sufficient but not necessary condition of the latter. The
increase of the atomic efficiency by reducing the size of supported nanoparticles is one of the promising trends.
Recently the single atom catalysis has brought some essentially new results and essentially new challenges'>-%.
But the smaller the cluster the harder to provide its stability under reaction conditions; perimeter atoms are the
most labile and may detach.

Apparently most intriguing issue is the interplay between the lability and activity of catalytic sites. One cannot
exclude that labile (mobile) atoms or small clusters possess higher activity compared to static ones. Even more
than that, catalytic centres may be formed under reaction conditions only. In this case they are especially difficult
to identify and may be overlooked.

All this logically leads to the question about the possibility to overmaster the labile supported nanocatalysts;
first of all to provide their robust functioning. Generally such materials are believed to faster degrade, which has
certain grounds but not obligatory a mandatory feature. Rather, favourable reaction conditions may create and
maintain active sites. Though the above logic is now obvious, related issues belong to the most challenging for
both experimenters and theorists setting new demands to measuring and computational approaches.

Recent years have seen a fundamental progress in computational study of heterogeneous (nano)catalysts
This mainly concerns materials with static active sites situated on rigid substrates. An insight into the nature of
dynamic nanocatalysts with mobile active sites requires significant enhancement of existing approaches. Since
spatio-temporal regularities are concerned, the mean-field approach (well-established and efficient in simpler
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cases) is no longer adequate, and the kinetic Monte Carlo is the method of choice. At the same time, rigorous con-
sistent ab initio KMC for dynamic nanocatalysts seems a tempting far prospect for at least the following reasons.

To trace even a single moving atom on a substrate, either experimentally or computationally, is far from being
a simple task. Its catalytic activity is determined by its electronic structure that depends, in particular, on the
mutual situation of neighbouring atoms. The problem is much more complicated when a concerted movement
of several atoms is concerned. If we want to trace the concerted dynamics of, say, a supported 2D nanoparticle
of 5 x 5 atoms we need the lattice of at least 15 x 15, which is fairly demanding. However, the main stumbling
block is not the system size but numerous close minima on the potential energy surface. This greatly complicates
the identification of all possible types of concerted dynamics. In some cases this dynamics may be determined by
the displacement of few atoms difficult to detect in the big picture of events. Even more problematic is the case
when moving atoms bear adsorbate molecules and the skyhook effect (changing as the adsorption complex move)
needs to be taken into account.

The problem of lateral interactions is well-known in the field. First principle methods provide kinetic parame-
ters only in the zero coverage approximation. Thus, the estimations of lateral interactions are fairly rough even for
two neighbours, not to mention the ensemble of species. The problem is resolved to a degree in relatively simple
static cases. A significant complication in dynamic cases is that big coverages may be of particular interest because
of essential influence on the movements of atoms and adsorption complexes. Also, lateral interactions themselves
vary depending on the mutual situation of moving species.

The shape of nanoparticles is one of effective keys in adjusting the activity and selectivity of supported nano-
catalysts. But in comparison with the stable equilibrium shapes, the labile kinetically specified shapes are much
more difficult to examine since the role of concerted movements of atoms in the formation of nonequilibrium
structures needs to be taken into account. Direct experimental observations are not numerous and illustrates how
involved the actual picture may be even when relatively simple model systems are concerned.

The above reasoning, far from being exhaustive, outline a daunting prospect. Nevertheless, the current state
of the art and the pace of advancements together with continuously increasing computer power leave no doubt
that relevant methods will, in the long run, be elaborated. But still, one inherent issue remains even in the case of
comprehensive solutions to all the above mentioned problems. This is the issue of multiple mechanisms.

Even when the catalyst is considered as absolutely static with equivalent active sites, several elementary event
networks, equally consistent with existing experimental data may be suggested in the case of complex heterogene-
ous reactions. The Fisher-Tropsch reaction may serve as an example®®. This is equally the case for complex homo-
geneous reactions. This is generally inherent in chemical kinetics. That is why the conception of multiple working
hypotheses* is adopted in chemical kinetics as one of reasonable strategies. The first step within this strategy is
to formulate a set of justified hypotheses about a system (networks of elementary events). Then they are subse-
quently verified against chemical common sense, numerical computations, and specially designed experiments.

The generation of possible elementary events networks for one or another catalyst is a somewhat separate
field with its methods and algorithms, various degree of automation and direct intervention of researches**->2 In
thinking about reasonable hypotheses for dynamic nanocatalysts, the boundary between desirable and possible
is determined by several factors, among which the accuracy of available ab initio energetics has considerable
weight. Note that this is a problem as well for static catalytic systems. The high accuracy is reachable for relatively
small and simple systems. But in passing to more realistic extended systems the results move from the category
of quantitative to the category of qualitative (general). Needless to say about more involved dynamic case. This
makes sense to the formulation and examination of hypotheses in the form of minimalistic macroscopic models
with acceptably small analyzable parameter space that are capable of grasping some general features of dynamic
nanocatalysts. An additional argument is that currently fruitful sophisticated ab initio kMC models for static
catalytic systems partly rooted in such minimalistic models.

Such a model was recently suggested to approach the issue of reshaping of supported two-dimensional nan-
oparticle under reaction conditions®. It is rooted mainly in three experimental facts: reshaping of supported
metal nanoparticles with a change in the gas medium; the expressed shape and size dependence of catalytic
characteristics of nanoparticles; the adsorbate-enhanced mobility of metal adatoms (skyhook effect). Chemical
intuition and available knowledge, both experimental and theoretical, suggest that the interplay of these factors
may essentially affects the behaviour of a dynamic catalytic system. The suggested model is simple enough to pro-
vide an insight into this interplay; at the same time it still demonstrates the reversible reshaping under reaction
conditions. In view of the simplification level, it is not intended for the direct experimental verification and is
treated as an essential sub-network of more realistic larger elementary event networks generally comparable with
experimental data.

On the other hand, the available for the present experimental information is also limited. The catalytic activity
of clusters is known to depend not only on atomicity but also on morphology>*. But the fluctionality of subna-
nometer supported clusters is understood to a degree only in the absence of adsorbate®. The information about
the skyhook effect is also quite fragmentary. Hydrogen atoms considerably enhance the diffusivity of separate Pt
atoms on Pt(110)*°. Gold atoms of the Au,, nanoparticles with adsorbed CO molecules move within nanoparti-
cles as Au-CO complexes that may detach”. A broader and deeper understanding of the nature of skyhook effect,
certainly important for catalysis, remains to be gained.

In this context, the use of maximally simplified lattice models is believed to be a useful complement to con-
stantly improving experimental and first principal studies. In the present paper the simple model with complex
behaviour is used for getting an insight into the influence of the mobility of catalytic sites formed under reaction
conditions on the characteristics of the nanocatalyst, first of all on its robustness. Main questions to be answered
are as follows. What is the interplay, if any, between the efficiency of the nanocatalyst and the mobility of the
reaction-induced catalytic sites? What factors are responsible for this interplay? Whether the robust functioning
is generally possible in the case of a dynamic nanocatalyst?
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Figure 1. The total coordination number N and the number of catalytically active sites #, are shown over
1000 Monte Carlo steps selected at random from the run of 10° MCS. Plots (a,b) represents a most stationary
behaviour; both characteristics are practically invariable, the chaotic measure is 0.02. Plots (c,d) represents an
opposite shambolic behaviour when both characteristics significantly dance; the shambolic measures are 0.43
for (c) and 0.45 for (d); p,,=0.1, p1,=0, p,= 1.0, p; = 1.0.

Main Features of the Model

The model was argued and described in detail previously®®. This section underlines its features relevant in the
present context, and also explains characteristics and parameters that are necessary to understand the presented
results.

The main points of the model used are as follows. Reaction A + B — P proceeds according to the
Langmuir-Hinshelwood mechanism and is catalyzed by the supported metal two-dimensional nanoparticle.
Reagents may adsorb and diffuse on both nanoparticle and substrate except diffusion of A from the nanoparticle.
The desorption of the product is instantaneous.

Three main simplifications have been admitted in order to make the model as simple and tractable as possible.
(i) Only singly coordinated metal atoms are catalytically active. They arise due to the reshaping of the initially
compact and catalytically inactive nanoparticle under reaction conditions. (ii) The reaction between reagents
(random event) followed by the instantaneous product desorption (deterministic event) is represented as the ran-
dom desorption of A from catalytic sites. The gain is the possibility to confine the model to five elementary events:
adsorption, desorption and diffusion of A; movements of Me atoms and Me-A complexes. Me—A complexes are
more mobile than Me atoms due to the skyhook effect. (iii) Me atoms and Me-A complexes are not allowed to
detach from the nanoparticle.

Generally, the shape of the supported nanoparticle is labile and depends on its coverage with A. The model
shows various modes of complex behaviour originated in the high mobility of Me atoms and Me-A complexes.

The square L x L lattice is used to represent the substrate with one / x I metal nanoparticle in its centre. In
meaning, the number of boundary sites of the nanoparticle must exceed the number of the internal sites. Square
particles from 3 x 3 to 7 x 7 satisfy this condition. Nanoparticles of various shapes containing from 9 to 50 atoms
are the subject of current experimental and theoretical studies. The middle size 5 x 5 is considered here. The
nanoparticle may reshape but do not move as a whole. The boundaries of the substrate must not prevent the
unfolding of the nanoparticle. Previously®® L = 15 was shown to be sufficient in this respect, and also for statistical
significance of results. This lattice size will be used in the majority of computations.

Four nearest neighbours of a site (i,j) need to be taken into account in formalizing the model. Each site of the
nanoparticle is characterized by the coordination number v which equals the sum of the number of vacant neigh-
bouring Me atoms v, and the number of neighbouring Me-A complexes v,. The total coordination number N of
the nanoparticle equals the sum of coordination numbers of all sites. Note that the description of the periphery
diffusion also includes the diagonal neighbours (next-neighbours).

Five parameters of the model are as follows®: p1 is the probability of the adsorption of A, p, is the probabil-
ity of the movement of Me-A complexes, p; is the probability of the desorption of A, p, is the probability of the
diffusion of A, and ps is the probability of the movement of Me atoms. Throughout this study the diffusion is the
fastest process with p, =1 in all computations. Also, mobilities of Me and Me-A species are interrelated as p; =kp,
(skyhook effect); k=0.5 in the majority of computations. This reduces the number of parameters. But in some
computations the sticking coefficients to the nanoparticle p,, and the substrate p,, are different.

Kinetic Monte Carlo (kMC) is used for exploring the model. All runs start from the adsorbate-free lattice.
The statistical level of computations is as in the previous study®. The time of each run is 10> MCS. The number
of repeated runs for the given set of parameters is N, =25000 with subsequent averaging. This statistical level
seems to be sufficient to grasp main features of the model. In discussing results it is sometimes convenient to
present them in terms of replicas: N, repeated runs for one nanoparticle are treated as a result for N, identical
nanoparticles.

Four discrete functions of time ¢ (MCS) are used to represent the evolution of the system: the total coordi-
nation number (N), the number of catalytically active singly coordinated sites (#,), the number of species A on
the nanoparticle (n,) or the nanoparticle coverage 6, =n,/25, and the number of species A removed from the
nanoparticle (). Two of them are exemplified in Fig. 1. Figure 1a,b show a most stationary behaviour; both the
coordination number and the number of catalytically active sites are almost invariable. An opposite mode is the
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considerable irregular oscillations of these two quantities (Fig. 1c,d). The term “shambolic” seems to adequately
describe such a behaviour. Other modes are generally possible in the system.

A suitable way to quantify the degree of shambolic behaviour of a discrete function f;(MCS) is to count the
number of points in which sign (f, — f;.,) = sign(fi_, — f)), i.e. points in which the increase of the function is
replaced by the decrease and vice versa. This quantity normalized to the total number of points will be termed
the measure of shambolic behaviour or shambolic measure (1). Its minimal value is zero which corresponds to
completely stationary behaviour. In Fig. 1 the corresponding values are 0.02 for (a) and (b), 0.43 for (c) and 0.45
for (d), i.e. measures for stationary and shambolic behaviour differ twenty times.

Poisoning is inevitably accompanying any type of catalysis. The considered nanocatalyst is poisoned when
both nanoparticle and substrate are completely covered with A and there are no singly coordinated (catalytically
active) sites. A peculiarity of the model in this respect is the possibility of the occasional poisoning of the nanocat-
alyst after a considerable time of stationary functioning. Occasional means that some runs may proceed without
poisoning up to the end of the computational time, whereas some others (with the same parameters) may be
terminated at various time points. In some cases time before poisoning may be big enough (10°-10* MCS). With
the decrease of the percentage of surviving nanoparticles the efficiency of the nanocatalyst naturally decreases.
Accordingly, we will be interested here in the domain of the parametric space without poisoning.

Results and Discussion

The efficiency of the nanocatalyst will be characterized by two quantities. The total efficiency ¢ is the number
of A desorbed during 1000 MCS; the specific efficiency ¢, is the total efficiency per one MCS normalized to the
number of catalytic sites (¢, =¢/1000n,). We are interested, first of all, in the dependence of these characteristics
on the mobility of Me atoms and Me-A complexes. Also, the dependence on the supply of A (regulated by the
sticking coeflicients) need to be taken into account for understanding general regularities. To reduce the number
of parameters to a reasonable minimum, we will consider (as is often the case) the diffusion of A the fastest pro-
cess (p,=1). Also, Me-A complexes are more mobile than Me atoms due to the skyhook effects: ps=kp,, k < 1;
k= 0.5 in the majority of computations.

The model demonstrates several different modes. Two limit cases are stationary and shambolic behaviour, the
efficiency of which is to be compared. From general considerations the efficiency increases with the supply. The
maximal supply which still guarantees against poisoning is p; = 0.01 (provided the equality of sticking coefficients
for the nanoparticle and substrate)>. At first glance this value is fairly small. Note in this connection that the
number of adsorbing sites is 225 whereas the number of desorbing sites is 5-7 in the average.

We will start from this part of the parametric space without poisoning. Tables 1 and 2 represents it in detail.
Some important nuances are clearer revealed in the domain of very low catalytic activity and supply presented
in Table 1. This domain illustrates the change of the limiting stage and the pass from the stationary to shambolic
behaviour. When the catalytic activity is relatively low, the desorption is the limiting stage; the registered specific
efficiency ¢, equals to the prescribed catalytic activity p; (i.e. each active centre is used with maximal efficiency);
the efficiency linearly increase with the activity of catalytic sites (modes 1-3 of Table 1).

Mode 1 of Table 1 is the most stationary regime. Both the nanoparticle and the substrate are nearly completely
covered with A. Nevertheless, the nanoparticle is completely unfolded (Fig. 2a). Shambolic measures are small for
all characteristics: there is no sufficient room for movements of Me atoms and Me-A complexes. After the nano-
particle has unfolded, its coordination number infrequently varies between 48 and 50; in Fig. 2a this is shown for
a range of 1000 MCS arbitrarily selected from the computer run of 10° MCS.

Note that shambolic measures for N and 7, are an order of magnitude smaller in the case of bigger supply
(right column of Table 1) though all the characteristics and all other shambolic measures are very close. This
shows the sensitivity of measures to fluctuations. Though the averaged coverages are 0.99 in both cases, the fluc-
tuations of the shape are an order of magnitude smaller in the case of bigger supply.

The increase of the activity of catalytic sites by the order of magnitudes results in the directly proportional
increase of the efficiency (mode 2 of Table 1). All shambolic measures increase also by the order of magnitude
while the characteristics themselves remain practically invariable. This illustrates the key role of fluctuations:
though the averaged coverages are not changed, the increase of the activity results in a more dynamic behaviour
of the system.

Upon further increases of the activity, by the order of magnitude each, coverages of the substrate and nano-
particle start to decrease. The accompanying increase of the coordination number together with the decrease of
the number of active sites indicate a moderate compacting of the nanoparticle. Also, a considerable lag behind
the linear growth is observed for the efficiency; €, < p;. All this indicates that the adsorption becomes the limiting
stage. In the case of the maximal activity and low supply (mode 5 of Table 1, left column) the substrate is prac-
tically free from the adsorbate (6, = 0.06). Still, the behaviour of the nanocatalyst is more shambolic in the case
of bigger supply (right column) due to the bigger coverage of the nanoparticle. This provides an insight into the
subtle interplay between coverages of substrate and nanoparticle in determining the behaviour of the nanocata-
lyst. The latter case is illustrated in Fig. 2b. The shape of the nanoparticle varies frequently in small steps. This is
the most shambolic behaviour in the considered part of the parametric space.

Now turn to the influence of mobility on the behaviour of the nanocatalyst proceeding from the above results.
Table 2 represents the considered domain of the parametric space in this respect. With the increase of mobility by
the order of magnitudes measures £(n,) and £(N) increase fivefold. This means a much more shambolic behav-
iour of the nanoparticle shape. Nevertheless, the averaged number of active sites and the efficiency of the system
remain practically invariable. Thus, the high mobility of catalytic sites has no negative influence on the efficiency
of the system. A distinctive feature of mode 1 is the nearly complete coverage of both nanoparticle and substrate,
which determines relatively small chaotic measures of all characteristics.

SCIENTIFIC REPORTS |

(2020) 10:2882 | https://doi.org/10.1038/s41598-020-59739-0


https://doi.org/10.1038/s41598-020-59739-0

www.nature.com/scientificreports/

Mode | p;: 0.001 0.005
P>=0.0001
€ 0.8 (0.002) 0.7 (0.002)
& 0.0001 0.0001
1 n 6.7 (0.004) 6.2 (0.0005)
N 49.1 (0.004) 50.4 (0.0005)
0,10, 99/98 (0.002/0.008) | 99/99 (0.002/0.003)
P3=0.001
€ 8.0 (0.02) 7.0 (0.02)
& 0.001 0.001
2 ny 6.6 (0.01) 6.2 (0.004)
N 48.9 (0.01) 50.8 (0.004)
0,10, 99795 (0.02/0.03) 99/99 (0.02/0.03)
p>3=0.01
€ 60 (0.17) 70 (0.19)
€ 0.01 0.01
3 n 5.7 (0.06) 6.3 (0.03)
N 48.6 (0.06) 49.4(0.03)
0./0, | 99/66 (0.16/0.21) 99/93 (0.16/0.23)
p;=01
€ 200 (0.44) 500 (0.72)
€ 0.05 0.09
4 n 4.4(0.22) 5.5(0.21)
N 58.3(0.21) 49.8 (0.20)
0,10, 52/07 (0.46/0.44) 90/52 (0.64/0.64)
p;=1.0
€ 200 (0.45) 800 (0.79)
€ 0.07 0.18
5 n, 2.7(0.12) 4.4(0.27)
N 71.2(0.11) 57.9 (0.28)
0.,/0, | 30/06 (0.45/0.44) 53/27 (0.69/0.67)

Table 1. Stationary to shambolic mode transition with the increase of activity p; at relatively low supply p,
and constant mobility p, =0.5. ¢ is the total efficiency (pieces of A per 1000 MCS), ¢, is the specific efficiency
(e,=¢/1000n,), n, is the number of singly coordinated sites, N is the total coordination number of the
nanoparticle (the sum of coordination numbers of all nanoparticle sites); 6, is the nanoparticle coverage
(%); 0, is the substrate coverage (%). Shambolic measures for these characteristics are given in parentheses
(dimensionless quantities).

Note that parameter p, in Table 2 directly determines the mobility of Me-A complexes; the mobility of Me
atoms is twice lower (ps=kp,, k =0.5) that represents the skyhook effect. Table 3 gives an idea how this effect
affects the behaviour of the system. The case of k =1 corresponds to the equal mobilities of Me atoms and Me-A
complexes (no skyhook effect), and also A species. With the decrease of k the skyhook effect is enhanced. This
results in more unfolded nanoparticles with bigger numbers of active cites, lower coverages and less shambolic
movements. The efficiency of the system increases almost linearly with the decrease of k. This gives grounds to
limit further considerations to one value of k; the middle value k= 0.5 seems to be reasonable.

When the activity is increased at constant mobility (top to bottom of Table 2), the efficiency is naturally
increased, but with a considerable lag behind the linear growth. Along with this the behaviour of the nanocat-
alyst becomes more shambolic (Fig. 3), which gives reason to think the shambolic behaviour to be the cause of
the lag. On the other hand, there is no negative influence of the mobility when it is increased at constant activity
(left to right of Table 2). Thus, the cause and effect relationships remain disputable. In this connection one more
correlation attracts attention: the greater the activity the lower the coverages of the nanoparticle and substrate.
The decrease of the coverages first of all means the decrease of the supply of A to active centres. Also, the degree
of unfolding and the number of catalytic sites increase with the nanoparticle coverage. On the other hand, the
lower the substrate coverage the more room is available for movements of active centres, the more shambolic is
the behaviour of the nanocatalyst. It is due to these opposite trends the ratio 6,/6, determines the tendency to
the further unfolding or compacting of the nanoparticle. As to the mobility, it is just promote one or another
tendency: the higher the mobility the more complete is the realization of a tendency due to more pronounced
fluctuations of the shape.

We are interested in the increase of the efficiency. A straightforward way to provide this is to increase the
supply. But in the case of equal sticking coefficients for the nanoparticle and substrate this quickly leads to the poi-
soning; the percentage of poisoned nanoparticles sharply increases with the intensification of supply**. Another
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Mode | py: 0.1 1
p;=0.01
€ 60 (0.17) 70 (0.19)
€ 0.01 0.01
1 n 5.6 (0.01) 6.2 (0.03)
N 53.7 (0.01) 49.8 (0.03)
0,/0, 99/97 (0.14/0.21) 99/96 (0.16/0.22)
p3=0.1
€ 540 (0.74) 510 (0.73)
£ 0.1 0.1
2 n 5.7 (0.04) 5.3(0.22)
N 50.6 (0.04) 49.5(0.21)
0./, 94/73 (0.65/0.65) 94/76 (0.64/0.64)
p;=1.0
£ 1200 (0.81) 1200 (0.81)
& 0.23 0.25
3 n 5.2 (0.08) 4.7 (0.43)
N 53.5(0.08) 55.7 (0.41)
0,10, | 65/44(0.72/0.68) | 62/45 (0.71/0.68)

Table 2. The influence of mobility p, on system behaviour at constant supply p, =0.01 and various activities p;.
Designations see under Table 1.

40
1 1000 1 500 1000
MCs MCS

(a) (b)

Figure 2. Stationary (a) vs shambolic (b) behaviour in the case of very low catalytic activity and supply. Colour
coding: blue is for free nanoparticle sites, yellow is for free substrate sites, brown is for nanoparticle sites with
A, green is for substrate sites with A. Plots show how the coordination number N evolve over 1000 Monte Carlo
steps selected at random from the run of 10° MCS.

chance is to increase the area of substrate. Still, Table 4 shows that this way is of restricted potential. The pro-
nounced increase of the substrate coverage is accompanied with the moderate increase of other characteristics.
Most likely, the peripherals of the substrate have ever diminishing effect on the behaviour of the nanoparticle. The
increase in the efficiency is rapidly wanes and further increase of the substrate area is useless.

One more way is to intensify the supply of the nanoparticle only, without intensifying the supply of the sub-
strate. Table 5 shows that the sticking coefficient for the nanoparticle can be increased without poisoning up to
the maximum (p,, = 1) at maximal catalytic activity provided the sticking coefficient for the substrate is fixed at
P1s=0.01. This results in the nearly fourfold increase of the efficiency. The nanoparticle is completely unfolded
and the fluctuations of the shape are small; N=48.2 is very close to the minimal possible value of 48.0. Note that
generally such a small value of the coordination number does not obligatory mean a frozen unfolded structure;
the shape may considerably dance preserving the coordination number. But in this case the shambolic measure
14(N) =0.03 indicates a considerable stability of the unfolded shape. The number of catalytic sites n, =7.1 also
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Kk =1.00 Kk=0.75

€ 1147 (0.80) 1165 (0.80)

n 4.1(0.52) 4.3(0.48)

N 59.1(0.51) 57.6 (0.47)

0,/6, 64/48 (0.71/0.68) 63/46 (0.71/0.68)
k=0.50 Kk=0.25

€ 1200 (0.81) 1212 (0.81)

n 4.7 (0.43) 5.1(0.32)

N 55.7 (0.41) 52.9(0.30)

0,/6, 62/45(0.71/0.68) 61/44 (0.72/0.68)

Table 3. The influence of the skyhook effect on system behaviour at constant supply p, = 0.01, mobility p,= 1.0,
and activity p; = 1.0; k = ps/p,; k = 1 corresponds to the absence of the skyhook effect (equal mobilities of Me

and Me-A). Designations see under Table 1.

LxL |15x15 21 x 21 31 x 31

€ 1200 (0.81) 1500 (0.81) 1600 (0.81)

n 48(0.3) 5.1(0.3) 5.2(0.3)

N 54.8(0.3) 53.1(0.3) 52.8 (0.3)

0,10, | 63/45(0.72/0.68) | 69/67 (0.73/0.67) | 73/84 (0.73/0.67)

Table 4. The area of the substrate L x L has moderate effect on the behaviour of the system. Supply p, =0.01,
mobility p, = 0.5, activity p; = 1.0. Designations see under Table 1.

65

:=0.01; n=0.03

(@)

1 500
MCS

Figure 3. The increase of the activity p; at constant supply p, =0.01 and mobility p, =1 results in a more
shambolic behaviour: the shambolic measure y of the coordination number N is increased by the order of
magnitude in passing from (a—c). Note that ordinates are equally scaled to make plots comparable. Plots show
the evolution of N over 1000 Monte Carlo steps selected at random from the run of 10° MCS.

very close to the possible maximum. Note that the maximal possible number of singly coordinated sites in a reg-
ular structure is 14. Accordingly, the expected averaged number of singly coordinated sites in a randomly formed
completely unfolded configuration is 7. The fluctuations of this characteristic are also small.
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P | 0.01 0.1 1
5 100 100 100

e 1200 (0.81) 1800 (0.80) 4400 (0.79)

n 47 (0.43) 53(0.43) 7.1(0.03)

N 55.7 (0.41) 51.9(0.41) 482 (0.03)

0,/0, | 62/45(0.71/0.68) | 73/49 (0.73/0.68) | 88/55 (0.78/0.67)

Table 5. The effect of the nanoparticle supply p,,, on the system behaviour. Substrate supply p,;=0.01, mobility
p,=1, activity p;=1. ¢ is the percentage of surviving nanoparticles. Other designations see under Table 1.

Mode | py: 0.1 1
Pin=0.01, p;;=0.01
§ 100 100
€ 1200 (0.81) 1200 (0.81)
1 m 5.2(0.08) 4.7 (0.43)
N 53.5(0.08) 55.7 (0.41)
0./, 65/44 (0.72/0.68) 62/45 (0.71/0.68)
Pin=1p,=0.01
§ 100 100
€ 4200 (0.79) 4400 (0.79)
2 m, 6.7 (0.02) 7.1(0.03)
N 49.0(0.02) 48.2/(0.03)
0./, 88/56 (0.78/0.67) 88/55 (0.78/0.67)
Pin=1p1,=0
§ 100 100
€ 3900 (0.79) 4100 (0.79)
3 n 6.9(0.02) 7.1(0.03)
N 48.5(0.02) 48.2(0.03)
0./, 86/00 (0.77/0.0) 86/00 (0.77/0.0)
Pin=0.1,p,,=0
) 100 100
€ 1200 (0.80) 1100 (0.80)
4 m 6.9 (0.01) 7.0 (0.45)
N 48.9(0.01) 53.1(0.43)
0./, 57/00 (0.71/0.0) 62/00 (0.70/0.0)
pin=1,p;,=0.02
s 98 100
£ 4200 (0.79) 4500 (0.79)
5 m, 6.6 (0.02) 7.0 (0.03)
N 49.4(0.02) 48.3(0.03)
0./, 89/72 (0.78/ 0.67) 88/71 (0.78/0.67)
Pin=1,p; =0.05
§ 71 100
€ 3900 (0.79) 4400 (0.79)
6 o 5.9(0.02) 6.7 (0.03)
N 50.8 (0.02) 48.6(0.03)
0./, 91/88 (0.78/0.67) 89/86 (0.78/0.67)
Pin=1p,,=0.1
5 41 95
€ 3500 (0.79) 4100 (0.79)
7 m 5.3(0.02) 6.2 (0.04)
N 51.9(0.02) 49.0 (0.03)
0./, 91/93 (0.78/0.68) 90/92 (0.78/0.68)
Table 6. System behaviour depending on the nanoparticle supply p,,,, substrate supply p,,, and mobility p,. The

highest efficiency is at highest mobility. Activity p; = 1. ¢ is the percentage of surviving nanoparticles. Other

designations see under Table 1.
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p2=0.1 p2=0.5 p=1.0

(@)

1=0.02 0u=0.03 0u=0.03
1 1000 2000 3000

n1

1 1000 2000 3000
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Figure 4. The increase of the mobility p, may work towards fairly different behaviour of the nanocatalyst
depending on all relevant factors. (a) Maximal supply of the nanoparticle p,, = 1: the number of singly
coordinated sites n; remain stationary in the whole range of mobility, its averaged values slightly increase. (b)
Alternatively, in the case of lower supply, p,, =0.1, the shambolic measure 1 increases dramatically (forty times)
with the increase of mobility; the averaged values of 1, decrease. Plots show the evolution of 7, over 1000 Monte
Carlo steps selected at random from the run of 10° MCS; p;=1, p;,=0.

Table 6 provides an insight into ambiguous and somewhat unexpected role of mobility. The main distinction
between modes 1 and 2 concerns the shambolic measures of the numbers of catalytic sites and coordination
numbers. When the nanoparticle supply is relatively low, they considerably increase with the increase of mobility
(mode 1). But when the nanoparticle supply is maximum, the increase is negligible (mode 2). The efficiency and
the degree of unfolding grow without significant growth of their shambolic measures; the nanocatalyst demon-
strates robustness.

The case when the substrate is completely free from the adsorbate (zero sticking coefficient) clarifies some
details (mode 3, Table 6). The efficiency is lower in comparison with partly covered substrate. This shows the
contribution of the substrate as the reservoir of the adsorbate. All shambolic measures are practically the same
for modes 2 and 3. It follows that the substrate coverage plays no role in this case for the robustness of the system.
Mode 4 represents the case of free substrate and an order of magnitude lower supply of the nanoparticle. Note
that occasionally the numbers of catalytic sites at low mobility is the same in both cases. But in the case of mode
3 it increases with the increase of mobility (unfolding) whereas in the case of mode 4 it decreases (compacting).
A distinctive feature of a low supply is small up to zero values of the coverage that fairly often registered during
computational runs. This is one of the factors determining the tendency for compacting. Shambolic measures are
practically independent of the mobility in the case of mode 3 and significantly dependent in the case of mode 4;
see also Fig. 4.

It follows that the high mobility of the catalytic centres may work towards fairly different modes of the nano-
catalyst behaviour depending on the whole set of factors. In no means the high mobility itself disturb the station-
ary behaviour and may well promote it under favourable conditions. Also important, the highest efficiency is
reached at the highest mobility.

Till now no poisoning has been registered in spite of fairly broad ranges of parameters. This encourages to
increase the substrate supply at maximal nanoparticle supply with the hope to further increase the efficiency.
But even a slight increase of p,, results in the appearance of poisoned nanoparticles, though only at low mobility
(mode 5, Table 6). The medium and high mobilities provides the immortal life for all nanoparticles. Upon further
intensification of the substrate supply the percentage of poisoned nanoparticles increases, but this increase is
minimal in the case of high mobility. This is one more advantage of the high mobility of catalytic sites: the higher
the mobility the lower the percentage of poisoned nanoparticles.

Summary

The previously suggested lattice model of the reversible reshaping of supported metal nanoparticles under reaction
conditions has been used to approach, from the macroscopic end, the issue of the mobility of reaction-induced
catalytic sites, which belongs to most thought-provoking challenges in the field of heterogeneous catalysis.

The main conclusion is that the high mobility of catalytic sites has no negative influence on the efficiency
of the nanocatalyst. It may work towards fairly different modes of behaviour depending on the interplay of all
relevant factors. In no means the high mobility itself disturb the stationary behaviour and may well promote it
under favourable conditions. Also important, the highest efficiency is reached at the highest mobility. One more
advantage, the higher the mobility the lower the percentage of poisoned nanoparticles.
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The following reserve is needed here. When the activity of catalytic sites is increased, the efficiency is also
increased, but with a considerable lag behind the desirable linear growth. Along with this the behaviour of the
nanocatalyst becomes more shambolic, which gives reason to think the shambolic behaviour to be the cause of
the lag. The results presented have shown this is not the case; the lag is determined by the interplay of other fac-
tors, among which the coverages of the nanoparticle and substrate prove to dominate.

The increase of both coverages first of all means more intense reagent supply to active sites. Also, the degree of
unfolding and the number of catalytic sites increase with the nanoparticle coverage. On the other hand, the lower
the substrate coverage the more room is available for movements of active sites, the more shambolic is the behaviour
of the nanocatalyst. It is due to these opposite trends the ratio §,/6, determines to a considerable degree the tendency
to further unfolding or compacting of the nanoparticle. Note that the coverage is the characteristic easy to control.
A considerable difference between the nanoparticle and substrate sticking coefficients is shown to be favourable.

A peculiar feature of the model is the high sensitivity to the fluctuations of main characteristics. Examples are
given when the averaged coverages are the same but the fluctuations of shape differ significantly and the system
behaviour differs in line.

As to the mobility, it is just promote one or another tendency determined by other factors: the higher the
mobility the more complete is the realization of a tendency, in particular due to the above role of fluctuations. The
increase of the mobility not obligatory leads to a more shambolic behaviour.

On what grounds and to what degree these results and considerations may be extended to other catalytic sys-
tems? The model is rooted in experimental and theoretical findings of general character. Only three elementary pro-
cesses, inherent in any catalytic system, are emphasized in the model: adsorption, diffusion, desorption. The model
is strongly simplified and represents a minimalistic elementary event network that generally may be an essential
part of different more realistic networks. Model parameters have been varied in the most broad range. No contra-
dictions incompatible with common sense and available knowledge have been registered in exploring the model.

With this in mind, the results presented in this paper at least speaks in favour of the feasibility of dynamic sup-
ported nanocatalysts with self-organized configurations of catalytic centres capable of efficient and robust func-
tioning. Generally, at the nanoscale the high mobility of catalytic sites may appear to be no less interesting and
promising than high stability. Also, they provide an example of main features of such nanocatalysts and an insight
into their interplay. Hopefully, they may prompt further theoretical and experimental steps in this direction, in
particular in grasping general features of dynamic nanocatalysts within the top-down approach.
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