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Catalysis is a method of accelerating chemical reactions that is
critically important for fundamental research as well as for in-
dustrial applications. It has been recently discovered that catalytic
reactions on metal nanoparticles exhibit cooperative effects. The
mechanism of these observations, however, remains not well
understood. In this work, we present a theoretical investigation
on possible microscopic origin of cooperative communications in
nanocatalysts. In our approach, the main role is played by posi-
tively charged holes on metal surfaces. A corresponding discrete-
state stochastic model for the dynamics of holes is developed and
explicitly solved. It is shown that the observed spatial correlation
lengths are given by the average distances migrated by the holes
before they disappear, while the temporal memory is determined
by their lifetimes. Our theoretical approach is able to explain the
universality of cooperative communications as well as the effect
of external electric fields. Theoretical predictions are in agree-
ment with experimental observations. The proposed theoretical
framework quantitatively clarifies some important aspects of the
microscopic mechanisms of heterogeneous catalysis.
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Catalysis is a set of experimental approaches that are crucial
for fundamental research as well as for multiple technologi-

cal applications (1, 2). In these methods, generally slow chemical
reactions are significantly accelerated by adding small amounts
of specific compounds, called catalysts, that are not consumed
in these processes. Although catalytic phenomena have been
known and intensively studied for a long time, many aspects
of these complex physical–chemical processes are still not well
understood (2–4). It is especially difficult to fully characterize the
heterogeneous catalysis when reactants, products, and catalysts
operate in distinct thermodynamic phases (5).

In recent years, nanoparticles have become important het-
erogeneous catalysts with multiple applications ranging from
synthesis of medically important compounds to energy storage (3,
6, 7). The intrinsic heterogeneity of nanocatalysts, however, com-
plicates understanding the mechanisms of chemical processes
in these systems using ensemble bulk measurements. More mi-
croscopic information can be obtained from single-molecule ex-
perimental approaches (8–14). These studies showed that there
is a wide distribution in the rates of product formations and
dissociations from the nanocatalysts. In addition, there are strong
temporal fluctuations in chemical reaction rates that depend
on the size of the nanoparticles (15, 16). However, the most
surprising observation in nanocatalysts is an apparent commu-
nication between different catalytic sites (17). Artificially simi-
lar phenomena have been observed in enzymes when catalyzed
reactions occurring at different sites communicate cooperatively
over distances of up to a few nanometers (18, 19). It has been
argued that this is a result of allosteric processes due to local
structural modifications near the active site that might prop-
agate along the protein structures. However, in nanocatalysts,
the catalytic communication definitely cannot follow the same

mechanisms because these catalysts are rigid solid bodies with
fixed structures. In addition, communications in nanocatalysts
have been observed at much larger distances reaching hundreds
of nanometers (17, 19).

To understand the microscopic mechanisms of catalytic co-
operativity, single-molecule fluorescence localization microscopy
has been utilized to evaluate the correlations between the subse-
quent time-dependent reactions occurring at different locations
for single Pd- or Au-based nanocatalysts (17). In these experi-
ments, several catalyzed reactions have been monitored in real
time with high temporal and spatial resolutions on nanoparticles
consisting of metal cores covered by mesoporous silica shells.
By dividing the nanocatalysts into segments, the correlations
between reaction times at different active sites have been mea-
sured. Surprisingly, it was found that spatially close active sites
communicate with each other; the reaction that starts at one of
them would have a higher probability to be followed soon by the
same reaction at the neighboring active site. Interestingly, such
correlations extend over distances ∼100 to 600 nm, persisting
for times ∼10 to 100 s. Another striking observation was an
apparent universality of intraparticle catalytic communications;

Significance

Catalysis is an experimental approach to accelerate chemical
reactions. It plays a critical role in modern industries. Recent
experimental studies uncovered striking observations of co-
operative communications for reactions on nanocatalysts. In
these experiments, it was shown that the chemical reactions
observed at specific active sites might effectively stimulate
the same reactions at the neighboring sites. We developed a
theoretical model to investigate the microscopic mechanisms
of these phenomena. Our idea is that the catalytic commu-
nication is the result of the complex dynamics of charged
holes. Explicit calculations are able to quantitatively explain
all experimental observations, clarifying the molecular ori-
gin of cooperative communications. The presented theoretical
framework might be utilized for developing efficient catalytic
systems with better control over chemical reactions.

Author contributions: S.C. and A.B.K. designed research; B.P., S.C., and A.B.K. performed
research; B.P., S.C., and A.B.K. analyzed data; and B.P., S.C., and A.B.K. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. T.D. is a guest editor invited by the Editorial
Board.

This article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1S.C. and A.B.K. contributed equally to this work.
2To whom correspondence may be addressed. Email: srabanti@iiserpune.ac.in or
tolya@rice.edu.

This article contains supporting information online at https://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2115135119/-/DCSupplemental.

Published January 12, 2022.

PNAS 2022 Vol. 119 No. 3 e2115135119 https://doi.org/10.1073/pnas.2115135119 1 of 7

D
ow

nl
oa

de
d 

at
 F

O
N

D
R

E
N

 L
IB

R
A

R
Y

 M
S

 2
35

 o
n 

Ja
nu

ar
y 

13
, 2

02
2 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2115135119&domain=pdf&date_stamp=2022-01-11
http://orcid.org/0000-0001-5677-6690
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:srabanti@iiserpune.ac.in
mailto:tolya@rice.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115135119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115135119/-/DCSupplemental
https://doi.org/10.1073/pnas.2115135119


for a given nanocatalyst and chemical reaction, the correlation
lengths and times are independent of segmentation size, laser
intensity, and catalytic activity as well as the reactants concen-
trations. Further experiments uncovered that communications
between different active sites on nanocatalysts involve positively
charged messenger species, most probably charged holes on the
surfaces of the nanoparticles (17). This was proven by applying
the external electric fields in the direction opposing or supporting
the migration flux of these particles along the catalytic nanorods.

Although experiments clearly connected the intraparticle cat-
alytic communications with the motion of positively charged
holes, many fundamental questions on the microscopic mech-
anisms of cooperativity in nanocatalysts remain unanswered.
More specifically, why and how are catalytic communications
accomplished by charged holes? What drives them between the
different active sites? What is the microscopic origin of univer-
sality of the catalytic communications? How do we quantify the
correlation lengths, memory times, and the effect of external
electric fields?

To answer these questions, we present a theoretical framework
to quantitatively describe the catalytic communications phenom-
ena from the microscopic point of view. Our main idea is that
the probability for the given active site to fire up depends on
the local concentration of charged holes, and each catalyzed
chemical reaction produces additional holes at this location. This
creates a gradient of charged holes that drives them into the
neighboring segments, temporarily increasing the local concen-
trations of holes there and stimulating new catalyzed reactions
at closely located active sites. The memory times correspond
to lifetimes of charged holes in the nanocatalysts, while the
communication lengths are determined by the average distances
traveled by the charged holes before they disappear. Using this
hypothesis, we develop a discrete-state stochastic model of the
catalytic cooperativity in nanocatalysts that can be exactly solved,
providing quantitative estimates for correlation lengths, memory
times, and the effect of external electric fields. Our theoretical
predictions fully explain all experimental observations, and they
also allow us to make experimentally testable predictions.

Methods
Let us consider a single nanocatalyst particle at which chemical
reactions of only one type are taking place at active sites as
illustrated in Fig. 1A. These processes are redox reactions that
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Fig. 1. (A) A schematic view of a catalytic nanorod with multiple active sites
(red filled circles). The nanocatalyst is divided into equal-sized segments.
The probability for the reaction to happen at a given site is proportional to
the local concentration of charged holes (blue circles). When the reaction
is taking place (at the red unfilled circle), the holes are created with a
rate k. Charged holes can diffuse along the nanocatalyst with a rate u,
and eventually, they will disappear with a rate r. (B) A corresponding
discrete-state stochastic model of the catalytic cooperativity. Lattice sites
x = 0,±1, ±2, . . . label different segments of the nanorod. The charged
hole appears first at the segment x = 0 at time t = 0. It diffuses along the
lattice with the rate u until it dies with rate r.

involve the transfer of charged species. Since the charged holes
are important for catalytic properties of active sites (1, 4, 20–
23), we hypothesize that the probability for the redox chemical
reaction to fire up at the given site might be a function of the local
concentration of charged holes (23, 24). In addition, it is assumed
that each reaction produces new charged holes with a rate k (Fig.
1A). This leads to the increased local concentration of charged
holes, and they start to diffuse away to other segments with lower
local concentrations. This migration process is taking place with
a diffusion rate u. Due to the presence of charged traps and other
mechanisms (25–28), however, the lifetimes of these charged
messengers are finite, and they disappear with a rate r (Fig. 1A).
The combination of diffusion and death creates a region of the
increased local density of charged holes around the active site
where these messengers were initially produced. This means that
there is an increased probability for the reaction to occur on
the active sites in the spatially close region to the original active
site. We postulate that the size of such region corresponds to the
correlation length, while the mean lifetime of the charged holes
determines the memory time of the catalytic communications.
This is the main idea of our theoretical approach.

To quantify our theoretical arguments, we introduce a discrete-
state stochastic model as presented in Fig. 1B. Since most
investigated catalytic particles were nanorods, we adopt a one-
dimensional description. The lattice describes the nanorod
divided into segments, and the distance between neighboring lat-
tice segments, l, corresponds to the size of the segment ∼100 nm
in experimental settings (17). Note that there might be multiple
active sites in each segment. To simplify calculations, we also
adopt a single-particle view of the dynamics in the system. At time
t = 0, the charged hole appears at the given site of the segment n
that we choose as x = 0 in our lattice description with the rate k
(Fig. 1B). This hole can diffuse along the lattice with the diffusion
rate u, and it eventually disappears with the rate r (Fig. 1B). We
assume that the produced hole can explore a large part of the
nanorod before the production of another hole. In addition, the
nanocatalysts are considered as very long (|x | →∞ in Fig. 1B),
although the analysis can also be extended for the finite-sized
nanorods, as shown in detail in SI Appendix. The main goal of
our calculations here is to show that there is a region of increased
local concentration of charged holes around the active site
where they were originally created after the chemical reaction
fired up.

Let us define Pn(t) (n = 0,±1,±2, . . .) as the probability
density function of finding the messenger at the segment n at time
t if at t = 0, it was created at the segment n = 0. This function
is proportional to the local concentration of charged holes. In
addition, we might have a situation when the charged hole is
not produced yet, while the earlier produced messenger already
died. It is described by the probability density function Poff (t).
The temporal evolution of these probability density functions is
governed by a set of master equations:

dPn(t)

dt
= uPn−1(t) + uPn+1(t)− (2u + r)Pn(t);

dP0(t)

dt
= uP−1(t) + uP1(t) + kPoff (t)− (2u + r)P0(t);

dPoff (t)

dt
= r

+∞∑
n=−∞

Pn(t)− kPoff (t). [1]

In addition, we have a normalization condition:

Poff (t) +

+∞∑
n=−∞

Pn(t) = 1. [2]
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Fig. 2. Stationary distribution of probabilities of finding the charged holes
particles near the position where they were produced in the chemical
reaction on site 0. Parameters used in calculations are u = 10 s−1 and r =
k = 1 s−1.

Assuming that the stationary distribution of finding the charged
hole at the lattice sites around the place where it was produced
(n = 0 in Fig. 1B) can be achieved fast, one can calculate these
steady-state probability density functions, as shown in detail in
SI Appendix:

Poff =
r

r + k
=

a

a + b
; [3]

Pn(t) = By |n|, n =±1,±2, . . . ; [4]

P0 =
2By + ab

a+b

(a + 2)
, [5]

where a ≡ r/u and b ≡ k/u , and other parameters are given by

y = 1 + a/2−
√
a2/4 + a [6]

and

B =
b(1− y)

y(a + b)(3 + a − y)
. [7]

The calculated stationary distribution of probabilities to find the
charged hole around the place where it was initially produced
is presented in Fig. 2. One can see that there is an increased
probability to find the messenger at the same place (n = 0), and
the distribution exhibits the exponential decay as the distance
from the origin increases. This defines a specific length scale λ
(in units of the segment size l) associated with the decay:

λ=− 1

ln y
. [8]

The physical meaning of this length is that it corresponds to
the size of the region with the increased local concentration of
charged holes due to the initial production at the active site at

n = 0. This allows us to associate it with the correlation length of
catalytic communications because as we postulated, in the region
[−λ,λ] there will be an increased probability of firing up the
chemical reaction at another active site.

If the lifetime of the charged hole is very short (r � 1, a �
1), we obtain y � 2/a , and the correlation length of the cat-
alytic communication will be very short, λ∼ 1/ ln a . In this case,
the charged holes cannot create a significant region with the
increased local density of messengers, and thus, weak or no
catalytic communication is expected. In a more realistic scenario,
the charged holes are quite stable (r → 0, a → 0), and we have
y � 1−√

a with the correlation length being equal to λ� 1/
√
a .

This means that the region of cooperativity in the catalysis on
nanorods is solely determined by the balance between the diffu-
sion and death rates of the messenger particles (a = r/u). Note
that it does not depend on the charged hole production rate k.

Results
Catalytic Communications in Metallic Nanorods. Now we can apply
our theoretical approach for clarifying the microscopic mech-
anisms that lead to the catalytic communications phenomena
observed recently on metal nanocatalysts (17). In these experi-
ments, various redox chemical reactions have been catalyzed on
single Pd and Au nanorods. More specifically, the photo-induced
disproportionation of resazurin (Rz) to generate fluorescent re-
sorufin on Pd nanorods, the oxidative deacetylation of the amplex
red (AR) into the fluorescent resorufin by H2O2, and the reduc-
tive deoxygenation of Rz to fluorescent resorufin by NH2OH on
Au nanorods have been comprehensively analyzed (17).

We associate the measured memory time τ as the inverse
death rate for the charged holes, r = 1/τ . For measuring the
correlations in reaction times, the nanorods were divided into
segments of length l � 100 nm, and the diffusion constants D
of the messengers were also measured in these experiments
(17). This allows us to evaluate the effective migration rate in
our discrete-state stochastic model as u = 2D/l2. Finally, the
correlation lengths are calculated explicitly using Eq. 8 with y �
1−√

a . The results of our theoretical calculations for Pd and
Au single nanocatalysts and the comparison with experimental
measurements are presented in Table 1. An excellent agree-
ment between theoretical predictions and experimental values
is observed for all investigated systems, strongly supporting our
theoretical approach.

In experimental studies, the correlation lengths and memory
times in the catalytic communications were specifically obtained
by analyzing a Pearson’s cross-correlation coefficient between
chemical reaction times for different events on different seg-
ments (17). This parameter provides a quantitative measure of
how the catalyzed chemical reactions at different sites and at
different times are correlated with each other. A positive value of
the Pearson coefficient was attributed to a sign of the existence of
cooperative communications in the nanocatalysts. Our discrete-
state stochastic model is also convenient for calculating the Pear-
son’s cross-correlation coefficient, providing an important test
on the validity of the proposed theoretical approach. To make
the comparison between experiments and theory more realistic,

Table 1. Comparison of experimentally determined and theoretically calculated correlation lengths in the catalytic communication

Pd nanorods Au nanorods Au nanorods
(Rz disproportionation) (AR deacetylation) (Rz deoxygenation)

Lifetimes, τ (s), experimental 27.5 ± 2.4 128 ± 32 168 ± 36
Diffusion constants, D (10−15m2 s−1), experimental 0.92 ± 0.08 1.1 ± 0.4 1.2 ± 0.4
Correlation lengths, experimental (nm) 225 ± 20 516 ± 160 624 ± 180
Correlation lengths, theoretical (nm) 225 ± 20 531 ± 164 635 ± 175

Data are taken from ref. 17. The theoretical correlation lengths are calculated using Eq. 8.
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Fig. 3. Experimental (Expt.; black symbols; from ref. 17) and the simulated
(Sim.; red symbols) Pearson’s cross-correlation coefficients vs. average time
separation (�tij) of temporally subsequent reactions at two different seg-
ments on the same Pd nanorod. Parameters used in theoretical calculations
are r = 0.036 s−1, u = 0.184 s−1, k = 0.0145 s−1, and n = 700. Details of the
simulation procedure are given in SI Appendix.

we utilized Monte Carlo computer simulations of the discrete-
state stochastic model as explained in SI Appendix. The results
obtained from simulations are presented in Fig. 3. One can see
that the calculated correlation agrees well with experimentally
obtained values. Importantly, our analysis produces the same
range of amplitudes for the Pearson’s coefficient, and the decay
is also clearly observed. This gives the additional support to our
theoretical model.

Experimental results exhibit relatively low amplitudes of cor-
relations. Our theoretical approach can explain these obser-
vations by noting that the experimentally observed migration
rates are relatively slow (we estimate from experimental data
that u � 0.184 s−1 for Pd nanoparticles and u � 0.23 s−1 for
Au nanoparticles), and the correlations are measured for active
sites located at different segments at relatively long distances
of ∼100 nm. We propose then that the low amplitude of the
reported correlations might be the result of the following factors:
large distances between the active sites where the correlations
are measured, low rates of the charged holes diffusion that lead
to the limited influx to other active sites, and possibly, large
densities of already present charged holes that are only weakly
modified by the incoming migration fluxes of the holes. How-
ever, importantly, these arguments also suggest additional ways
of testing the proposed theoretical model. We predict that the
amplitude of correlations will increase if the correlations are to
be measured for the active sites that are closer to each other and
for increasing the flux of incoming charged holes to new active
sites (via accelerating the diffusion rates or making more holes
during the catalyzed chemical reactions).

The Effect of External Electric Field. To probe the origin of cat-
alytic communications in single nanocatalysts, the correlations
have been also measured under conditions when the external
voltage has been applied (17). It was found that the communi-
cation distance in the downfield direction increased while the
same distance in the opposite direction decreased. In addition,
these correlation lengths showed a cosinusoidal modulation as
a function of the angle between the field and the axis of the
nanorod. Furthermore, these distances exhibited a linear scaling
with the increased applied voltage, at least for the strengths of
external fields utilized in these experiments. These observations
allowed researchers to conclude that the catalytic cooperativity
is due to positively charged messenger species (17). Since several
quantitative results on the effect of external fields have been

obtained, it is important to test if our theoretical model can
explain these observations.

In our approach, under an external electric field, the effective
diffusion rate of the charged holes to move between neighboring
segments will be different depending on the angle between the
nanorod and the applied voltage,

u± = u exp
[
±mΔε cosφ

kBT

]
, [9]

whereφ is the angle, m is the number of holes that pass the border
between segments per unit time, and Δε is the energy needed to
move one charged messenger from one segment to the next one.
It is given by

Δε=
q |V |l
d

, [10]

where q is the charge of a single hole, |V | is the strength of
the applied voltage, d is the distance between electrodes in the
external voltage experiments, and l is the size of the segment.
Thus, in the absence of the external field, the charged holes
exhibit an unbiased diffusion motion, while the introduction of
the applied voltage changes the character of the motion to be
the biased diffusion. This is the main effect of the external field
according to our theoretical picture.

On average, charged holes have a lifetime τ = 1/r before they
disappear. Then, the increase in the communication length in the
direction favored by the external field in comparison with the
opposite direction (in units of the segment length l) is given by

Δx0,EF

l
= (u+ − u−)τ � 2u

r

mΔε cosφ
kBT

. [11]

The last expression is an approximation because at typical exper-
imental conditions |V | ∼ 1 V, l = 100 nm, and d � 1 to 10 mm,
it yields a very small energy cost of moving the single charged
hole between the segments,Δε∼ 0.001 to 0.01 kBT . In addition,
the parameter m (number of charged holes passing the border
between two neighboring segments per unit time) is also expected
to be not very large. This allows for the expansion of the exponent
in Eq. 9, yielding the result in Eq. 11.

Our main quantitative result given in Eq. 11 has three impor-
tant predictions. First, it argues that the catalytic communication
distances in the external electric field, x0,EF = x0 +Δx0,EF with
x0 being the voltage-free correlation length, will exhibit a cosine
dependence in the orientation angle relative to the electric field
direction. It is explicitly illustrated in Fig. 4, and excellent agree-
ment with experimental observations is found. Our theoretical
picture naturally explains the cosine dependence, suggesting that
this is the consequence of the relatively weak external voltages.
For stronger fields or large fluxes between segments (larger m),
we predict that the behavior would have a stronger exponential
dependence on the cosine of the orientation angle (Eq. 9). This
is a prediction that can be tested experimentally.

The second conclusion from Eq. 11 is that the change in the
communication length, Δx0,EF , depends linearly on the applied
voltage as suggested by Eq. 10. In Fig. 5, we compare theoretical
predictions with experimental observations for different voltages.
Again, a linear trend in the dependence ofΔx0,EF as a function of
|V | is clearly observed. These findings give additional support to
our theoretical model, emphasizing the important role of charged
holes and their dynamics.

A third conclusion from Eq. 11 is that under the external field,
the correlation length depends linearly on the diffusion rate and
the lifetime, in contrast to the field-free case when the correlation
length depends on a square root of the diffusion rate and the
lifetime of the charged holes (our results are given above). It is
important also to note that our theoretical model predicts that
the memory times are independent of the external field because

4 of 7 PNAS
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Fig. 4. Dependence of the catalytic communication distance for tempo-
rally subsequent reactions at two different segments as a function of the
orientation angle φ at the given voltage from the discrete-state stochastic
model. Red symbols with error bars are the experimental data (Expt.)
on Pd nanorods catalyzing the photo-induced disproportionation of the
compound Rz as described in ref. 17. Parameters used for calculations are
r = 0.0364 s−1, u = 0.184 s−1, q = 1.6 × 10−19 C, l = 100 nm, d = 1 mm,
V = 1.2 V, and m = 17.

the death rate does not depend on the applied voltage, again in
agreement with experimental observations (17).

An important parameter in the transport of charged messen-
gers is m, which gives the flux of the charged holes crossing
from one segment to another per unit time. By comparing our
theoretical predictions with experimental observations, we can
explicitly determine this quantity for different systems. It can be
shown that m � 17.1 for Rz disproportionation on Pd nanorods,
m � 4.6 for AR deacetylation on Au nanorods, and m � 3.0 for
Rz deoxygenation on Au nanorods. In all these situations, these
numbers are not large so that the expansion of the exponential
term in Eq. 9 is justified, producing the cosine dependence of the
modulation of the correlation length on the orientation angle. It
is also reasonable that the values of m for Au nanorods are similar
for different reactions (m � 4.6 and m � 3). It will be interesting
to compare these theoretical predictions with real experimental
measurements of these quantities.

It is expected that the number of charged holes on the surface
of the catalytic nanoparticle is probably quite large, and it is
surprising that our analysis identifies only a few holes migrating
between the segments per unit time. There are two possible rea-
sons for such observations. First, it is possible that experiments
could not determine all migrating holes due to the limitations
in their detecting setups. Second, if the number of created holes
after every catalyzed event is not large in comparison with the
already existing number of charged holes at this location, then the
gradient that drives the diffusion of holes will not be significant.
We believe that the second reason is more probable because it is
also supported by the low amplitudes of the correlations reported
from the experiments (Fig. 3).

Discussion
We presented a comprehensive theoretical approach to investi-
gate the microscopic origin of intraparticle catalytic communi-
cations in metallic nanocatalysts. In our method, it is assumed
that the properties of positively charged holes play a main role in
correlating chemical reactions on different active sites of single
catalytic nanoparticles. Our idea is that these reactions depend
on the local concentration of charged holes, and these reactions
also produce them, creating the local gradients that lead to
the diffusive fluxes of these particles to different parts of the

nanocatalyst. Because the probability of the reaction to occur at
the given active site depends on the local concentration of the
charged holes, the temporary increased concentration of charged
holes stimulates the reactions in the spatially close region. Since
the charged holes eventually disappear, the balance between the
diffusion and the death processes defines the effective length
scale of the catalytic communication, while the charged holes life-
times determine the memory times of the catalytic cooperativity.

Using these theoretical arguments, we developed a fully quan-
titative discrete-state stochastic model that explicitly evaluates
the lifetimes of the charged holes and the correlation lengths
of the catalytic communications. It was also shown that our
theoretical method could quantitatively explain the effect of
external applied voltages on the catalytic communication. In our
theoretical picture, the external field modifies differently the
effective diffusive rates in the field direction and against the field.
We found that our theoretical predictions are in excellent agree-
ment with all available experimental observations of catalytic
communications in metal nanocatalysts.

The essence of our theoretical idea is that the nanocatalysts
function via a mechanisms that is similar to branched chemical
reactions (29). These processes have been studied in macroscopic
catalysts, and they can give rise to various interesting phenomena,
such as traveling waves and other nonlinear effects (30). It will be
interesting to probe from this angle the catalytic communications
in nanocatalysts.

While our theoretical approach can quantitatively describe
all features of the catalytic communications, its most important
contribution is the ability to explain the universality of such
nanocatalyst cooperativity effects from the microscopic point
of view (17). It was found experimentally that the intraparticle
catalytic cooperativity is independent of the experimental time
resolutions, the segmentation size, the laser intensity, nanorod’s
catalytic activity, details of the fluorescence measurements, and
the concentrations of reactants in catalyzed chemical reactions.
All these properties of the systems are not influenced by the
diffusion and the death rates of the charged holes that specify
the microscopic picture of the catalytic communications. Thus,
the correlations can be affected only by changing the dynamics
and lifetimes of the charged messengers. For example, using

Fig. 5. Dependence of the amplitude of the catalytic communication
length variation as a function of the applied voltage calculated using our
theoretical model (solid black line). Red symbols with error bars correspond
to the experimental data (Expt.) on Pd nanorods as discussed in ref. 17.
Parameters used for calculations are r = 0.03636 s−1, u = 0.184 s−1, q =

1.6 × 10−19 C, l = 100 nm, m = 17.1, and d = 1 mm.
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our theoretical method, one can argue how the increase in the
temperature might influence the catalytic communications. Since
the death rate will increase with T, this would decrease the
memory time. However, the effect on the correlation length
would depend on what rate, diffusion or death, grows faster
with the temperature. If the diffusion rate increases quicker,
then we expect to have larger communication distances with
the temperature increase. The opposite effect is expected when
the death rate of the charged holes changes faster than the
diffusion rate. It will be interesting to test these theoretical pre-
dictions, as well as others discussed in this work, in experimental
studies.

The proposed microscopic picture of catalytic communica-
tions raises a question on how to improve the efficiency of
heterogeneous catalytic processes. There are significant efforts
in developing new artificial enzyme mimics of catalysts with
controlled chemical properties, and metal nanocatalysts with
cooperative correlations might be a good candidate for such
developments (31). Several specific suggestions to improve the
catalytic efficiency can be made based on our theoretical ar-
guments. It seems reasonable that the most efficient strategy
would be to utilize nanocatalysts where the distances between the
active sites are shorter than the correlation lengths. This would
ensure the increased activity in all the nanocatalyst system. One
could also tune the catalytic efficiency by varying the density of
charged holes and density of traps that kill them (32). There
are multiple experimental techniques to affect the concentra-
tions of charged holes, including various photochemical and
electrochemical methods. Furthermore, one could suggest that
the nanocatalysts with more rough surfaces would have a larger
amount of active sites, leading to more efficient catalysts. It is also
interesting to note that our ideas on importance of charged holes
in catalytic processes are related to recent proposals on the role
of charged holes in organic electrosynthesis and photochemical
water oxidation (33, 34).

It is also important to discuss the limitations of our approach.
The detailed microscopic mechanisms of how charged holes
specifically stimulate the reaction on the active sites and how
the additional charged holes are produced after such reactions
are not discussed in our model (4). This is because more de-
tailed quantum-mechanical and electronic structure information
is needed to clarify these issues, and they are beyond of the scope
of our study. In addition, these details probably will not affect
the dynamics and lifetimes of charged messengers, and thus,
they will not influence the cooperativity observed in the metal

nanocatalysts. However, we still might present the following
semiphenomenological arguments. The experimentally investi-
gated processes are redox chemical reactions that have been
carried out on nanocatalyst particles that consist of metal cores
covered by silica shells (17). It was argued that the metal surfaces
are oxidized, allowing for the existence of localized charged holes
on the surfaces (instead of delocalized holes in bulk metals). Con-
sidering that all the active sites are present on the surface only,
we might assume that a high local concentration of charged holes
is associated with the presence of active sites. This is because
the incoming substrates might donate electrons to the nearby
holes, leading to effective interactions that allow the catalyzed
processes to occur. Moving the charges to the product molecules
can also create more charged holes at this location. Of course,
these arguments are quite speculative, and most probably, more
complex processes are occurring in these systems. However, at
the minimum, our theoretical method provides an effective qua-
siclassical mesoscopic description of catalytic communications
that, due to its quantitative nature, might still provide some useful
insights.

Our theoretical model also considers an effectively one-
dimensional picture, while real catalysts are three-dimensional
objects. In addition, it is assumed that the stationary dynamics
are very quickly reached in the system, but this should be tested
more carefully. Furthermore, the diffusion and death rates of the
charged holes are assumed to be constant in time and uniform
along the nanocatalyst, while it is more realistic to expect these
transition rates to be spatially and temporary heterogeneous. It
remains unclear how this heterogeneity would affect the catalytic
communications effect. However, despite these limitations, our
theoretical method provides a physically consistent microscopic
picture that also allows for a comprehensive quantitative descrip-
tion of the correlations in chemical reactions catalyzed on single
nanoparticles. Thus, our theoretical method clarifies important
aspects of the fundamental mechanisms of the complex processes
that are taking place during the heterogeneous catalysis.

Data Availability. All study data are included in the article and/or
SI Appendix.
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