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ABSTRACT: Catalysis remains one of the most essential methods in chemical research and
industry. Recent experiments have discovered an unusual phenomenon of catalytic
cooperativity, when a reaction at one active site can stimulate reactions at neighboring
sites within single nanoparticles. While theoretical analysis established that the transport of
charged holes is responsible for this phenomenon, it does not account for inhomogeneity in
the structural and dynamic properties of single nanocatalysts. Here, we investigate the effect
of heterogeneity on catalytic communications by extending a discrete-state stochastic
framework to random distributions of the transition rates. Our explicit calculations of spatial
and temporal properties of heterogeneous systems in comparison with homogeneous
systems predict that the strength of cooperativity increases, while the communication
lifetimes and distances decrease. Monte Carlo computer simulations support theoretical
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calculations, and microscopic arguments to explain these observations are also presented.
Our theoretical analysis clarifies some important aspects of molecular mechanisms of catalytic processes.

Rates of chemical reactions are governed by the highest
energetic barriers on the path to breaking old bonds and
creating new ones. Catalysis is a powerful method of
accelerating these chemical reactions by adding certain
compounds that are not consumed in these reactions, called
catalysts, that provide alternative faster free-energy pathways."
From living systems to industrial processes, catalytic
phenomena have been extensively studied over the years, but
the underlying microscopic mechanisms in many systems have
not been fully clarified.”® In particular, there are multiple
questions to understand heterogeneous catalysis where the
reactants, catalysts, and products might exist in distinct
thermodynamic phases.* ™

Recent advances in nanotechnology have led to the
development of various types of nanoparticles as promisin
heterogeneous catalysts with potentially wide applications.”
Nanocatalysts might be synthesized in specific shapes and sizes
that help to rationally tune their catalytic properties, increasing
their efficiency.””"" Another advantage of nanoparticles is that
catalytic processes can now be investigated with high temporal
and spatial resolution, uncovering phenomena that could not
be observed in bulk-solution experiments.'”~"® One of the
most surprising recent observations obtained using single-
molecule fluorescence microscopy is a discovery of catalytic
communications between surface active sites in gold (Au) and
palladium (Pd) nanoparticles."” Analysis of correlations
between successive time-dependent product formation events
occurring at different segments of nanoparticles revealed that
chemical reactions at specific sites effectively stimulate
chemical reactions at the neighboring sites but the effect
weakens with the distance and time. Such correlations might
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exist up to ~10—100 s and the corresponding correlation
lengths are reaching ~200—600 nm.'” These experiments also
indicated that charged holes are most probably responsible for
this phenomenon.

Single-particle experimental measurements found that the
rates of product formation and product dissociation on
nanocatalysts show a wide range of distribution, indicating
the existence of strong temporal fluctuations at the molecular
level. Furthermore, these nanoparticles might undergo
dynamic restructuring, exhibiting different chemical activity
with changes in size.”’"*” Several experiments have also
demonstrated changes in the catalytic efficiency of the
nanocatalysts, depending on their facet shapes.””~>° These
spatiotemporal fluctuations might be also connected with
surface defects on nanoparticles that can disturb the arrange-
ment of active sites on the lattice.””*” As a result, the catalytic
reactivity patterns might differ significantly between apparently
similar nanoparticles.”® These findings indicate that nano-
catalysts are strongly heterogeneous systems, and this should
affect their catalytic properties.

To explain the microscopic mechanisms of catalytic
communications in single nanoparticles, we recently proposed
a novel discrete-state stochastic framework to study catalysis of
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redox chemical reactions.”” Single-molecule microscopy experi-
ments have reported both intraparticle and interparticle
communications in catalytic reactions on Pd- or Au-based
nanocatalysts through redox processes.'” As experimental
evidence suggest that a positively charged species is responsible
for cooperative catalytic communication within single nano-
catalysts by moving along oxide surfaces of nanoparticles, it
was assumed that the probability for a chemical reaction to
occur at the given site depends on the local concentration of
positively charged holes, ' and each chemical reaction also
creates new charged holes. The idea was that the increased
local concentration of charged holes forces them to move into
the areas of the nanoparticle with smaller concentrations, and
this stimulates chemical reactions at neighboring sites due to
incoming charged particles increasing the concentrations of
charged holes around these sites.”® A quantitative model based
on these ideas has been developed, allowing for explicit
estimates of communication lifetimes and distances. Excellent
agreement with all available experimental observations has
been found. Importantly, this theoretical approach was able to
explain not only the characteristic spatial and temporal lengths
scales of catalytic communications and their dependence on
external electric fields but also the universality and robustness
of this phenomenon.”® At the same time, this theoretical
approach neélected a crucial aspect of heterogeneity of
nanoparticles,”*~*”**** raising an important question of how
inhomogeneous microscopic rates that control the dynamics of
charged particles will affect the catalytic communications
phenomenon in single nanoparticles.

In this paper, we present a theoretical investigation of the
role of heterogeneity in catalytic communications within single
nanoparticles. By extending the original homogeneous
stochastic approach to a more realistic heterogeneous
description, we evaluated the cooperativity in catalyzed
chemical reactions on the single nanoparticle, using explicit
calculations and Monte Carlo computer simulations. By
specifically considering several heterogeneous distributions of
transition rates that spatially vary along the nanoparticles,
communication lifetimes, and correlation lengths are evaluated.
Our analytical calculations and computer simulations indicate
that heterogeneity increases the strength of correlations while
catalytic communication distances and lifetimes generally
decrease. Theoretical arguments to explain these observations
are also presented.

Let us analyze catalytic cooperativity processes in a single
nanoparticle, as shown in Figure la. Since experiments were
mostly performed on nanorods, in our analysis, we also
concentrate only on one-dimensional (1D) nanocatalysts.'’
The single nanorod particle can be viewed as a lattice
consisting of multiple segments, and each segment is assumed
to have a length I(in nanometers), similar to what was done in
the analysis of single-molecule fluorescent measurements of
catalyzed chemical reactions.'” The number of active sites in
each segment might vary, reflecting the heterogeneity of the
system (Figure la). It is assumed also that only one type of
redox chemical reaction can take place on any active site of the
nanocatalyst. In addition, since these reactions involve charged
species such as electrons and holes, we postulate that the
probability of a chemical reaction occurring at the specific site
depends on the local concentration of charged holes, and each
reaction creates a new charged hole with a rate k (Figure 1a).
The charged holes can diffuse along the nanorod with equal
probability in both directions, and the migration rate out of
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Figure 1. (a) Schematic description of a heterogeneous single
nanorod where chemical reactions are catalyzed at active sites (red-
filled circles), creating charged holes (blue circles). The nanorod is
divided into multiple segments of equal length. A new charged hole
appears with the rate k at a given active site (empty red circle).
Charged holes can migrate out of segment j to segment j + 1 or back
from segment j + 1 to segment j with the rate u;, and they can also
disappear from segment j with the rate r;. (b) A simplest alternating
heterogeneous discrete-state stochastic model for catalytic communi-
cations in a single nanoparticle. There are two types of segments in
the system. A new hole is produced at n = 0 with a rate k. The forward
rate from the odd-numbered segment to the even-numbered segment
and the backward rate for the same transition are equal to u.
Similarly, the forward rate from the even-numbered segment to the
odd-numbered segment and the backward rate for the same transition
are equal to u,. The death rate of the charged hole from an odd-
numbered (even-numbered) segment is r; (r,).

segment j to segment j + 1, as well as the rate to move from
segment j + 1 to segment j are equal to u;: see Figure la. The
charged holes can also disappear with a death rate r; from
segment j. Different position-dependent transition rates reflect
the fact that due to structural inhomogeneities, each segment
of the nanorod might have a different number of active sites
and defects, leading to different migration rates u; and death
rates 1. Now, a heterogeneous discrete-state stochastic model
for catalytic communications can be easily developed as a
generalization of the original homogeneous approach.”® In this
model, the average time for the created charged hole to stay in
the system corresponds to the communication lifetime, while
the average distance that this charged hole moves after creation
and before disappearing is associated with the communication
length scale.

To better understand the quantitative effects of hetero-
geneity on catalytic communications, let us consider in detail
the simplest heterogeneous model with alternating transition
rates, as illustrated in Figure 1b. It is assumed that a new hole
is produced on the nanorod with rate k at the segment labeled
as state n = 0. From this segment, the hole can diffuse to
adjacent segments (n = +1, #2,..), and it might also
eventually disappear.”® Additionally, it is assumed that the
nanorods are very long. In this approach, the forward transition
rates from the odd-numbered segment to the even-numbered
segment and the backward transition rates from the even-
numbered segment to the odd-numbered segment are given by
u, while the forward transition rates from the even-numbered
segment to the odd-numbered segment and the backward
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transition rates from the odd-numbered segment to the even-
numbered segment are given by u,: see Figure 1b. In addition,
charged holes might disappear from the odd-numbered
segments with the rate r, while the death rate from the
even-numbered segments is r,. Since all charged holes in the
system are independent of each other, in our theoretical
framework, we can monitor the evolution of a single hole, and
this should provide us with a quantitative description of
catalytic communications.

To quantify the catalytic communications in the heteroge-
neous model with alternating transition rates, we define P,(t)
as the probability of finding a charged hole particle in segment
n at time t. Additionally, the function ngf(t) describes the
probability of the state when the hole has already disappeared
and not yet produced on the nanorod. The temporal evolution
of these probabilities is described by a set of forward master
equations,

an o)
it = uB, () + wyB,_,(t) — (u; + uy + r)B(t)
(1)
for odd n, while for even n, we have
dp(t)
it = u,B, () + wB,_,(t) — (u; + u, + r,)B(t)
(2)

At the segment where the charged hole is created (n = 0), the
corresponding expression is
0
dt

= kPg(t) + u,B(t) + w,P_;(t) — (u; + uy + 1,)By(t)

(©)
In addition, for the state of the system when the hole is not
present on the lattice (n = off),

dRg(t)
——= = 1T qaB(t) + T enP(t) — kPge(t

dt 1“~i=0dd 1( ) 2“i=even 1( ) off( ) (4)
Moreover, there is a normalization condition, requiring that

Poff(t) + z:i:oddpi(t) + Zi=evenPi(t) =1 (5)

It is reasonable to assume that the system will quickly reach
the steady state after the charged hole is created at n = 0,”° and
then one can analytically calculate stationary properties of the
system. As explained in detail in the Supporting Information
(SI), the stationary probabilities to find the charged hole at the
segment 7 of the nanorod can be written as

P~ Bylnl, n=0,+1,+2,.. (6)
where
I 2
2uu, 2uu, )
and
z=2uuy + 11 + (u + u,)(n + 1) (8)

The parameters B in eq 6 differ for odd-numbered and even-
numbered segments, and they are explicitly evaluated in the SI.

The results of calculations for stationary probabilities
(obtained analytically and via Monte Carlo computer
simulations) for different heterogeneous situations are listed
in Figure 2. One can see that, although alternating transition
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Figure 2. Stationary probability distributions of finding a charged hole
at different segments on the nanorod after it is initially produced at
segment n = 0. The nanorod is assumed to be divided into segments
of length | = 50 nm. The following parameters have also been used in
calculations: u, = 4u, uy = u/4, r, = r/2, r, = 2r, k = r = 0.03636 s,
and u = 0.736 s™'. Solid curves represent the analytical results
(assuming infinitely long nanorods), while the symbols correspond to
the results from Monte Carlo computer simulations (with the
nanorod having a total length of 2550 nm).

rates clearly influence the stationary probabilities, overall these
quantities can be viewed as effectively decaying with the
distance from the production site at segment n = 0. The spread
of the distribution describes the region across which the hole is
likely to exist before it disappears from the nanorod. Then, the
effective characteristic length of this exponential decay (1 is the
size of each segment),
!

A= ——

Iny )

can be associated with the communication lengths in catalytic
cooperativity.”® This is because this length describes the region
of increased local concentration due to the produced charged
holes, and this increased concentration of charged holes leads
to a higher probability of the reaction occurring for the active
sites within this region. This exactly corresponds to the
correlation length as was measured in experiments.'” The
results of analytical calculations and estimates from Monte
Carlo simulations of communication lengths for different
heterogeneous cases are also presented in Table 1. It is
important to note that this communication length is
independent of the hole creation rate, k and is controlled
only by the balance between the migration and death rates
until it disappears from the lattice. As shown in Figure S1 in
the Supporting Information, the rate k affects the amplitude
(maximum value) of the distribution whereas the decay region
of this distribution remains almost unaltered.

With our theoretical approach, we can estimate the lifetimes
7 of the catalytic communication phenomena. This is the time
after the new charged hole has been created at the given site by
the chemical reaction until it disappears. This leads to

1 _ Zj#off rJI—} _
2isoi B (10)

This expression reflects the fact that the lifetime can be
estimated only when the charged hole is on the nanorod, and it

is given by the inverse flux for the charged holes to be removed
from the lattice. After substituting the expression of P4 from

kP,
C1-Pg

T
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Table 1. Analytically Calculated and Computer Simulation Results of Catalytic Communication Lifetimes (7) and Distances

(a)”

temporal memory, 7 (s)

communication distance, A (nm)

case theory simulations theory simulations
same u and r 27.5 27.50 + 0.27 224.96 223.96 + 2.21
(27.5 + 2.4)° (225 + 20)°
uy, u, and same r 27.5 27.07 £ 0.27 154.32 153.54 + 1.53
same u and 1, 1, 22 21.76 + 0.22 201.21 197.06 + 1.99
Uy ty and ry, 1y 22 2191 + 022 138.03 133.60 + 1.44

“The nanorod is assumed to be divided into segments of length [ = 50 nm. The following parameters have been used in calculations: k = r =

0.03636 s, u =0.736 57,

a, =4, and a, = 2. The simulation procedure is explained in the Supporting Information. The data in brackets are taken

from ref 19 corresponding to the experimentally measured ranges for catalytic communications on Pd nanorods.

eq (S.9¢) of the Supporting Information (SI) in eq 10 in this
work, it is found that 7 = M,/M;,. These constants M; and M,
are defined in eq (S.8) of the SI and they are independent of
the creation rate of the hole k. Thus, the mean lifetime of the
hole is not dependent on its creation rate. At the same time,
because the lifetimes are independent of the creating rate k,
one can propose a simpler two-state model to evaluate this
quantity, as explained in the SI It is shown here that

2ut+n+n

TN — 1z
u(n +r,) + 21 (11)

This is an excellent approximation to the exact expression for
the lifetime, and the reason it is an approximation is that the
symmetry of our original model (with the production at the
specific site) is slightly different from the simplified two-state
model. Also, in the system with the homogeneous death rates,
r, = r, = r, we obtain 7 = 1/r, in agreement with previous
theoretical evaluations of catalytic communications for
homogeneous systems.””

The lifetime of the catalytic cooperativity is an important
factor that affects catalytic processes in the system. If these
lifetimes are very short (fast death rates), which corresponds to
r, and r, being much larger than u; and u,, one can obtain from
eqs 7 and §,

uluz
Y~ [ttty
1y (12)

which leads to the following estimate of the communication
length,

I

ln( /%)
ik (13)
Since 7y, r, 3> u;, and u,, these communication lengths are
too short to support meaningful catalytic cooperativity at long
distances. However, the analysis of experimental measurements
suggests that probably a more realistic situation is when the
diffusion rates are much faster than the death rates (u;, u, >

ry 1,).> In this limit, the properties of catalytic communica-
tions can be described as

Ax

-0

2
T~
ntn (14)
an
A2l e
\/(”1 + 1) (uy + u,) (15)
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Now, considering this realistic case of fast migration rates, it is
convenient to quantify the effect of heterogeneity. To do so, let
us introduce heterogeneity parameters @, and a, via the
corresponding expressions for the migration and death rates:

u r
Uy = —; n=ar, r =
a a

u r

u = aou
1 us (16)
where rates u and r correspond to the purely homogeneous
case. This is a convenient approach, because, by tuning the
dimensionless control parameters &, and a,, the system can be
modified from the homogeneous case (@, = a, = 1) to any
degree of heterogeneity. Please note that this is not a unique
way of quantifying heterogeneity, but it can be shown explicitly
that the main physics will not change for other scenarios of
random distributions of transition rates.
The expressions for the lifetimes and communication
distances can now be written as

-l
ra”+1 (17)
and
21
\/ \/(1+0{)(1+0{) (18)

In Table 1, we calculated these properties of catalytic
cooperativity for alternating heterogeneous models for differ-
ent distributions of transition rates. One can see that temporal
memory (7) depends only on heterogeneity in the death rates
(a,), but not on the inhomogeneity in the migration rates ().
Also, the lifetimes are shorter than those of homogeneous
systems. At the same time, communication lengths (1) depend
on both heterogeneity parameters, and they also decrease for
more inhomogeneous systems, although the effect is stronger
for varying a,,.

To better illustrate the effect of heterogeneity, we introduce
dimensionless parameters

_te) 2a,
R(@) = (o, =1) 1+a (19)
and
Ma,, a,) aq,
R@4) = Ma,=a,=1) \/(1 +a)(1 + a2
(20)

These quantities specify how the properties of catalytic
communications change for heterogeneous systems in
comparison to homogeneous systems. The results for specific
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Figure 3. (a) Relative communication lifetimes R(7) (see eq 18) as a function of the heterogeneity parameter a,; and (b) relative communication

distances R(4) (see eq 19) as a function of heterogeneity parameters «, and a,.
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Figure 4. Pearson’s cross-correlation coefficients (PCCs) as a function of (a) average time separation, At;; and as a function of (b) average

distance separation, Ax,-'i,

for any segments i and j on the single nanorod. A 1200 nm nanorod is utilized in computer simulations, and it is divided

into segments of length [ = 50 nm. The following parameters have been also used in calculations: k = r = 0.03636 s, u = 0.736 s, a, =4 and a, =
2. The detailed procedure to determine PCCs from Monte Carlo computer simulations is presented in the SI.

calculations for these ratios are presented in Figure 3. As one
can see, the longest communication lifetimes and distances can
be achieved only for homogeneous systems, and increasing the
degree of heterogeneity will always lead to shorter
communication lifetimes and distances. Thus, heterogeneity
reduces the range of catalytic cooperativity in both spatial and
temporal domains.

The effect of inhomogeneous transition rates can also be
seen in the stationary probabilities of finding the charged hole
at different segments, as illustrated in Figure 2. Modifying the
originally homogeneous model (u; = u,, r; = r,, black curve) by
adding heterogeneity only to the death rates (u; = u,, r; # 1y,
blue curve) changes the distribution P, only slightly, but one
can already see a narrower distribution for the stationary
probabilities. However, adding heterogeneity to the migration
rates (u; # uy, 1| = 1y, red curve; and u; # u,, r; # 1, green
curve) has a much stronger effect: it increases the probability
in the region near the origin and makes the whole distribution
more narrow further away from the origin (see Figure 2). This
actually means that heterogeneity decreases the catalytic
communication length, because the region of the increased
local concentration of charged holes is now smaller in
comparison with the homogeneous system. Additionally, the
steady-state distributions become asymmetric on introducing
inhomogeneous migration rates. By interchanging the values of
the rates u; and u, (see Figure S2 in the SI), the asymmetry
shifts to the opposite direction and it is concluded that slow
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migration rates from any segment n causes the hole to stay on
that segment longer, which increases its probability P,

There is another way to evaluate the properties of the
catalytic communications. In single-molecule experiments,
these properties have been determined by anflgyzing Pearson’s
cross-correlation coefficient (PCC or pTI ,r/.)' This quantity

exhibited an exponential decay with respect to the average time
separation (Ati,j) between successive product formation events,
as well as the distance separation (Axi,j) of any two segments i
and j on the single nanorod. The respective decay constants
correspond to catalytic communications lifetimes and dis-
tances, respectively. In our theoretical approach, we use Monte
Carlo computer simulations to mimic experimental measure-
ments, allowing us to evaluate the PCC values. The estimates
for the communication lifetimes and distances obtained from
these computer simulations are shown in Figure 4. It is found
that the amplitude of correlations is larger for the systems with
inhomogeneous transition rates in comparison with the
homogeneous situations, in agreement with our previous
findings.

It is important to emphasize that our theoretical analysis of
the role heterogeneity in catalytic communications on single
nanorods has concentrated so far on the simplest model with
alternating migration and death rates (see Figure 1b).
However, it is much more realistic to encounter more random
distributions of transition rates in nanoparticles. This situation
is illustrated in Figure Sa. In addition, our analysis of the
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Figure S. (a) Distinct-state stochastic model of catalytic communications with random transition rates. A new hole is produced at n = 0 with a rate
k and it diffuses on the nanorod with random migration rates u; (i = 1, 2, ...) until it disappears with a death rate r, (i = 1, 2, ...). (b) Monte Carlo
computer simulation results for the steady-state probability distributions of finding a hole at different segments of the nanorod after it is initially
produced at segment # = 0. All transition rates are randomly chosen from respective Gaussian distributions with the average values of death rates r
= 0.03636 s~' and migration rates u = 0.736 s'. The nanorod is assumed to be divided into segments of length I = 50 nm, and the hole is created

with the rate k = 0.03636 s~

alternating model suggests that heterogeneity increases the
strength of catalytic cooperativity while shortening the
communication lengths and lifetimes. But it is unclear if this
is a general result or specific to the alternating rates model. To
test our theoretical predictions, we now consider a model in
which all transition rates are random. More specifically, using
Monte Carlo computer simulations, the catalytic communica-
tion phenomenon is analyzed for the situations when each rate
is taken from different Gaussian distributions. In Figure 5b and
Table 2, we present our simulation results for stationary

Table 2. Catalytic Communications Lifetimes (7) and
Distances (1) Determined from Monte Carlo Computer
Simulations with Random Transition Rates”

temporal memory, 7  communication distance, 4

case (s (nm)
same u and r 27.50 + 0.27 223.96 + 2.21
random u and same r 2747 + 0.27 186.34 + 1.86
same u and random r 18.76 + 0.19 182.46 + 1.87
random u and r 18.87 + 0.20 160.98 + 1.62

“All transition rates are randomly chosen from respective Gaussian
distributions with the average value of death rates r = 0.03636 s'and
migration rates u = 0.736 s™'. Furthermore, the standard deviations
from the mean values are ¢, = 0.05 s™! and 0, = 0.5 s/, respectively.
The creation rate of a hole is considered to be k = 0.03636 s~

probabilities of created charged holes and for corresponding
communication lifetimes and distances. One can again observe
that heterogeneity increases the amplitude of catalytic
cooperativity near the site where the charged holes are
produced. It also leads to decreased communication lifetimes
and distances. These results fully agree with our explicit
calculations for the alternating heterogeneous models.

Our theoretical analysis that explored analytical calculations
and computer simulations indicates that, generally, hetero-
geneity in transition rates influences catalytic communications
by increasing the amplitude of correlations and decreasing the
communication lifetimes and distances, as compared to the
homogeneous distribution of transition rates. The advantage of
our theoretical method is that one can present microscopic
arguments to explain these observations.
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Let us first compare the properties of catalytic communi-
cations for a heterogeneous system with some random
distributions of death rates r; and migration rates u; in
comparison with those of a homogeneous system with uniform
averaged death rates r = (r;) and averaged migration rates u =
(u;). Charged holes can disappear from any segment of the

nanorod, yielding the following death flux:

]death = Z Vij

j (21)

However, this flux is dominated by death events from the
segments with the fastest death rates r,,,. This means that the
corresponding communication lifetime, Tyoere = 1/Jgean & 1/
Tmax i shorter than the corresponding time for the
homogeneous system, 7., = 1/r because r.,,, > r. Thus, we
generally expect to have Tyeiero < Thomo:

For the diffusion of charged holes along the nanorod, it is
expected that they will be found preferentially at the segments
with the smallest migration rates, u,,, out of them. Then, the
average communication distance can be well approximated by

Yoo 28 Byt this should lead to shorter communica-

~
/Ihetero ~ B

tion distances than for the homogeneous system, 4, & \/? )
,

since generally we have u,;; < u. Now, because in the
heterogeneous model the charged holes after the creation at
the given site, on average, will diffuse shorter distances, there
will be an increased local concentration of charged holes,
which is larger than for the corresponding homogeneous case.
This should lead to stronger catalytic cooperativity at these
shorter distances since more charged holes are available to
stimulate chemical reactions at neighboring active sites. The
results of our theoretical calculations and computer simulations
are fully consistent with these more microscopic arguments.
We presented a theoretical investigation of the role of
heterogeneity in catalytic communication phenomena on
single nanoparticles. Because of the variability of structural
properties of nanocatalysts, in our theoretical approach, the
heterogeneity is accounted for by considering random
distributions of transition rates of charged holes that control
catalytic cooperativity. To reflect experimental observations of
catalytic processes on nanorods, an analysis is done for
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effective 1D systems. This allows us to extend the original
homogeneous discrete-state stochastic model to situations with
inhomogeneous diffusion and death rates for charged holes. By
specifically considering a simplified heterogeneous model,
where transition rates alternate between odd and even
segments of the nanorod, we evaluate the properties of
catalytic communications phenomena via exact analytical
calculations supplemented by Monte Carlo simulations. It is
found that heterogeneity generally decreases the catalytic
communication lifetimes and distances, although the effect of
cooperativity becomes stronger. Similar trends have also been
observed for general models with random distributions of
transition rates, supporting the generality of our theoretical
predictions on the nature of heterogeneity in catalytic
communications. Furthermore, microscopic arguments to
explain these observations have also been also presented.
Our theoretical results suggest that specific details of local
structures around the active sites (facet types, roughness,
defects, etc.) might be the leading factors that can be tuned to
control the efficiency of catalytic processes at these sites.

It is important to critically evaluate our theoretical approach.
To model the variability of chemical and structural properties
of single nanocatalysts, a specific “bond” heterogeneity has
been assumed in our theoretical method. In other words, for
the specific bond that connects two neighboring segments of
the nanorod, we assumed the same migration rates, while these
rates are different for other bonds. However, there is another
scenario of how heterogeneity might be implemented, which
we label as a “segment” heterogeneity. In this case, one could
assume the migration rates in any direction from the given
segment to be the same and the corresponding diffusion rates
are different for other segments. We expect that the
quantitative values of the catalytic communication properties
will depend on different heterogeneity scenarios, but the
general trends (increased correlation strength, decreased
communication lifetimes, and distances) will be the same. In
addition, it was assumed that stationary dynamics is quickly
reached in the system, but this might not be the case. Thus, it
will be interesting to investigate transient phenomena in
catalytic communication processes.

Also, in our theoretical method, we postulated that catalyzed
chemical reactions produce charged holes and that the
probability for the active site to operate depends on the local
concentration of holes. These statements, although plausible,
have not been experimentally tested. In addition, although
nanorods are three-dimensional (3D) systems, a minimal 1D
description is sufficient to quantitatively probe catalytic
cooperative communications within single nanorods. However,
this 1D description is valid only for nanorods, and for more
complex nanoparticles (such as nanoplates), a 2D description
may be explored. Furthermore, infinitely long nanorods have
been assumed in our analytical calculations, but the real
nanoparticles are finite, and some finite-size effects might be
present. Finally, although there are currently no experimental
observations, the advantage of our method is that there are
specific predictions, at least for general trends in catalytic
communications, that can be utilized to probe our theoretical
predictions. This should lead to a better understanding of the
fundamental mechanisms of catalytic processes.
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