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Based on a mesoscopic stochastic model, we have studied the effect of particle size in the catalytic oxidation
of CO on nanometer-sized palladium particles, using chemical Langevin equations. The reaction rate oscillations
are of a stochastic nature, because of considerable internal noise in such mesoscopic systems. The performance
of the stochastic oscillations undergoes a maximum with the variation of the particle size at a given CO
partial pressure, which demonstrates the occurrenpaicle size resonanc&uch a phenomenon is robust

to the change of CO pressure, except for some quantitative discrepancies. These results imply that there
exists anoptimal particle sizeor the CO oxidation over nanometer-sized supported palladium particles.

1. Introduction extensive parameter proportional to the size of the reaction space

Particle size effects in the reaction kinetics of heterogeneous(here' itis the number of active adsorption sites on the particle
catalysis on nanometer-sized catalyst particles have attractedPUf@ce). One already knows that a variety of nonlinear dynamic

much attention in the past decadelt is widely accepted that ~ Pehaviors, such as reaction rate oscillations (RROs) and
the atomic structure and electronic properties are the main chemical waves, have been observed on heterogeneous catalytic

reasons for the peculiar kinetics on nanometer-sized particles.'action systems, including the CO oxidation on platinum single-
The influence of particle size on the catalytic activity is the Crystal surfaces and on palladium surfatésTherefore, an
most extensively studied subject. It was observed that particle interesting and_lntngumg question natyrally arises: how would
size may drastically change the catalytic activity (i.e., the the |nternal noises |nflugnce the. nonlinear dynamics on nano-
“turnover rate”), varying in different ways with increasing size, me_tter-_3|zed cata_lyst particles? Slr_1ce th_e strength of the |nterr_1al
depending on the different types of “structure sensitivityt. noise is determined by the particle size, the_ answer of this
was shown experimentaflyand theoretically that essential ~ duestion would also uncover the effect of particle size, from a
differences in the catalytic activity exist between an extended Nonlinear dynamic point of view instead of a quantum mechanics
surface and a nanometer-sized cluster. Studies have found thaP©int of view.
the particle size between a few nanometers a®D nm is Only recently has attention been given to the effect of internal
especially interesting, because, in this case, the nanometer-sizefioise in catalytic reaction over single-crystal surfaces and
metal particles are sufficiently large to have developed the bulk nanometer-sized catalyst particles. It was observed that internal
electronic structure but small enough to exhibit size-related noise can induce transitions between the active and inactive
kinetic effects® Approximately, the peculiar reaction behavior ~branch of the reaction for catalytic CO oxidation on a platinum
on nanometer-sized particles may be classified as three typesfield-emitter tip° Internal noise becomes essential in the
The reaction kinetics is mainly affected by the electronic factor dynamic behavior of CO oxidation when surface cells over low-
for clusters or very small metal crystallites with< 4 nm, and ~ index single-crystal surface are very smialln the study of
by particle structure for crystallites with 4 nmnd < 10 nm in spatiotemporal self-organization in catalytic oxidation of hy-
diameter; ford > 10 nm, because of the possible reactions that drogen on Pt(111), the authors also suggested that a mesoscopic
occur on facets, the kinetics on the facets are expected to bestochastic model that takes internal noise into consideration
the same as those for the corresponding single-crystal surfacesshould be used to explain the experimental observations
although the edges may, of course, be important aséwell. quantitatively*?> Using a stochastic model, Peskov and co-
Despite these successes in the understanding of the depenworkers3~15demonstrated that the large difference between the
dence of catalytic kinetics on the particle size, there is another reaction dynamical behavior observed on 4-nm and 10-nm
important type of particle size effect on such heterogeneous palladium particles was a consequence of the interplay between
catalytic reactions. Namely, for chemical reactions that occur the system’s nonlinear dynamics and the internal noise. These
on the surface of such a small particieternal noisethat is works provide clear information that internal noise might have
due to the stochastic nature of the reaction events may becomea crucial role in the catalytic reactions on nanometer-sized
considerable. It is generally accepted that the strength of theparticles, which also elucidates the crucial effects of particle
internal noise scales asI2, where Q is some type of  Size.
Here, in the present paper, we report the nontrivial effect of
* Authors to whom correspondence should be addressed. E-mail ad- particle size on CO oxidation over nanometer-sized palladium
dresses: hzhlj@ustc.edu.cn, hxin@ustc.edu.cn. R . .
T University of Science and Technology of China. (Pd) particles. We have studied how the RRO observed in such
* Yantai Teachers University. a system is influenced by the internal noise that is inherent in
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TABLE 1: Stochastic Processes and Transition Rates for the existence of considerable internal noise. Basically, one
CO Oxidation over Nanometer-Sized Palladium Particle3 should describe the system’s dynamics by a chemical master
stochastic processes reaction rate equation, which describes the time evolution of the probability

Neo — Neo + 1 a1 = KiPeo(1 — X — y)Ns of having a_given number of molecules/atoni_m;&, No, and _
Neo— Neco — 1 a 1=K 1 expleX)xNs No+). There is no general procedure to solve this master equation
No— No + 2 a = koPo, exp(— a2)(1 — x — y)>Ns analytically; however, it does provide the starting point for
(Nco, No) = (Nco — 1,No — 1) ag = ks exp(= Sw)xyNs numerical simulations. Recently, Gillespie found that, under
(No, No-) = (No = 1,No +1) - & = ks expleax)y(1 — 2Ns certain circumstances, it is also reasonable to approximate the
(No, Nor) =~ (No + 1, Nor = 1) a4 = k-o(1 = ¥)2Ns master equation by a chemical Langevin equation (CEE).

2Note: Parameter values &t= 503 K area. = 10,8 = 10,6 = Given the stochastic processes shown in Table 1, the CLE for
2311.2,ky = 250 s1 Torr L, k., = 6 5%, ko = 350 s Torr %, ks = the current model reads as follows:

2000 s, ks = 0.003 s, k-4 = 0.01 s, €1 = 2.5,e4 = 2.5, andPo,

= 160 Torr. See ref 14 and references therein for more details. dx 1

such a small chemical reaction system. Interestingly, we find g — N8 ~ 81~ @) + Vad, — Ja,E — JaEl
that there is an optimal particle size where the oscillation is the S

most regular, demonstrating the occurrencepafticle size dy 1

resonance(PSR). It reveals that appropriate internal noise dt N_S[(az —ag—a,ta) +yak, - Vagk -

associated with appropriate particle size would be a benefit to

the CO oxidation. We also show that this phenomenon is quite \/5454 tyassd
robust to the change of external parameters, such as CO partial dz 1

pressure. doN@madtVas-Vasd @
2. Model

whereéi(t) (i = +1, 2, 3,44) are Gaussian white noises with

The model us_ed i_n the present paper was deve_loped by Pgskogi(t)gz 0 and((H)&(t') = 0;0(t — t'). Note the reaction rates
et al*for the oxidation of CO over a nanometer-sized palladium g, gre proportional td\s, such that the internal noise items in

particle. The reaction proceeds via a Langmirinshelwood  the | E scale as 3/Ng. The kinetics of the system described
(LH) mecha_nlsm, including the_ adsorptions of CO and oxygen, by eqs 2 relates to the particle sizevia Ns and the bulk
the desorption of CO, the reaction of adsorbed CO and adsorbed,iqation degreew). In the following section, we will use the

oxygen, the diffusion of adsorbed oxygen on the surface into ¢ g 1o study the effects of the particle side

the subsurface, and the diffusion of the subsurface oxygen back

to the surface. The dynamic state of a particle can be describeds Results and Discussion

by the number of adsorbed CO moleculdgd), the number ) ) )

of O atoms on the surfacélg), and the number of O atoms on We numerically integrate eq 2 using the standard procedure
the subsurfaceNos). The dynamics of the system is then fOr stochastic differential equations with a time step of 0.0001
described by stochastic birtiueath processes that govern the S’ T0 begin, we keefPco = 5 Torr and set the particle size
change of these numbers. For the present model, the elementar{P P€ @ variable control parameter (other parameter values are
processes and their transition rates are listed in Table 1, whered!Ven in Table 1). Stochastic RROs are observed for eq 2, which
x = Nco/Ns, ¥ = No/Ns, andz = No+/Ns denote the respective 1S distinct from random fluctuations in that there is a peak in
concentrations of the reactanés is the number of Pd atoms their power spectra. Therefore, unlike the deterministic model,
on the particle surfacdys is the total number of Pd atoms in  ON€ cannot get a clear bifurcation diagram of the system

the particle body, and is the fraction of surface sites & described by eq 2 on the paramedehrough stability analysis.
Ng/Np). For simplicity, the particle is supposed to be a regular Instead, one can only decide whether the stochastic oscillations
octahedron, such that one Hds= 6 + 4Ng(Ng — 2) andN, = exist or not through the sharpness of the peak in the power

Nd(2N§ + 1)/3 (hereNq is the number of atoms in the diagonal spectrum. Consequently, stochastic oscillations can only exist

of the particle Ny = (d/a) + 1), d is the diagonal length of the ina certai.n range c.’f particle size (i.e., 2.5 de = 12 nm).
particle, anca is the crystal constant of palladiura & 0.389 If the particle size is<2.5 nm, the internal noise is too large,

nm). The variablav is a parameter that is used to describe the such that it smears any oscillatory information; if particle size

degree of bulk oxidationw = Po,(Po, + dsPco) L, whered = is >12 nm, the internal noise is too weak, such that no stochastic
o(Po, : P g "
k-s'ks). We choosel as the parameter to denote the size of the oscillation can be "triggered”. .
particle. The aforementioned discussion already seems to outline a
In the case oNs — o (d — o), the internal noise can be picture of “resonance”. Namely, it seems that the stochastic

ignored and the time evolution of the reactant concentrations oscillation might show the best performance for an intermediate

can be described by the following deterministic equations: ~ Particle size inside the range. To demonstrate this, we have
plotted the stochastic RRO far= 4, 8, and 12 nm in Figure

dx &y —a,—a& 1. It can be observed that the stochastic oscillation for a particle
ot N—s size ofd = 8 nm is the most “regular”. Correspondingly, the

power spectra are drawn in Figure 2, where it is shown that the

dy B3 +a, peak ford = 8 nm is the sharpest among the three, indicating

ot Ng the existence of an optimal particle size. Note that the power
spectra curves are obtained by nearest averaging over 99 points

dz a4—ag, from the original ones. We have used 16 384 data points, with

dt = N—s ) an average time interval of 0.6 s, to calculate the power

spectrum, and a Welch windowing function is udéd.
However, for a catalyst particle a few nanometers in diameter, To measure the relative performance of the stochastic
such a deterministic description is not strictly valid, because of oscillations quantitatively, we have defined an effective signal-
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Figure 1. Stochastic reaction rate oscillations (RROs) for three typical
particle sizesd = 4, 8, and 12 nm) aPco = 5 Torr.
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Figure 2. Corresponding smoothed power spectra for the time series
shown in Figure 1. The points A, B, and C in the power spectrum
density (PSD) curve fod = 12 nm demonstrate how to calculate the
effective signal-to-noise ratio (SNR), i.e.,= [P(B)/P(A)] x ws/(wc
— ws), Where point C is located by the conditi®(C) = P(B)/e. Note
that arbitrary units are used for the PSD.
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Figure 3. Dependence of effective SNR (left axis) on the particle size
at Pco = 5 Torr. The SNR passes through a maximund at 8 nm.

The dashed line indicates the corresponding peak frequency (right axis).

to-noise ratio (SNR) as the height of the peak in the power
spectrum, normalized by its relative width € R/(Aw/wp)).
Here,wp is the frequency at the peako is the width between
wp and the frequenc; that satisfies the relatiom, > wp,
andP(w1) = P(wp)/e (whereP(f) denotes the power spectrum
density (PSD) for a given frequenéy R = P(wp)/P(w2), where
P(wy) is the smallest PSD value betweR{®) andP(wp). (Also

see the caption of Figure 2 for more details.) The dependence

of 17 on particle size aPco = 5 Torr is plotted in Figure 3. A
clear maximum is present a ~ 8 nm, which evidently
demonstrates the occurrence of RERBr reference, the depen-

dence of the corresponding peak frequency on the particle size

is also displayed.
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Figure 4. Dependence of the SNR on particle size for differBpd
values. The optimal particle size is dependent on the vallRegfand
the maximum SNR value changes remarkably for diffeRetvalues.

Pco values in the range of -39 Torr, the effective SNR
undergoes a maximum with the variation of the particle size.
However, values of the optimal particle size and the maximum
SNR may show apparent discrepancies wiieg changes.
Interestingly, we find that the maximal SNR fBeo ~ 5 Torr

is much larger than that for larger or les&ep values, showing
that the stochastic oscillations show the best performance for
an optimal particle size on one hand, and for an intermediate
partial pressure of CO on the other hand.

We note that the result for RROs presented in this paper
qualitatively agrees with the experimental result that the
evolution of turnover rates goes through a maximum as a
function of nm particle sizé Nevertheless, unlike the previous
mechanism, in which the electronic factors had a key role, the
present effect is caused by theerplay of internal noise and
nonlinearityof the system. The existence of an optimal particle
size demonstrates the important roles of internal noise in such
small-scale dynamical systems. Actually, similar results have
also been obtained in other mesoscopic chemical and biological
systems®-25 |t was reported that ion channel clusters of optimal
sizes can enhance the encoding of a sub-threshold stifftAus.
Shuai and Jung demonstrated that optimal intracellular calcium
signaling appears at a certain size or distribution of the ion
channel clusterd: 23 In recent studies, we have shown that an
optimal system size exists for stochastic oscillations in the
Brusselator system and a circadian clock systeéfAAll these
results suggest that the optimal system size might be the
universalcharacteristic for mesoscopic chemical or biochemical
systems, and they also require that internal noise should be taken
into careful account in the dynamics of such systems.

How can the optimal particle size (or PSR) have implications
for CO oxidation on nanometer-sized palladium particles is still
an open question. However, one point may be addressed. The
existence of the PSR indicates that one should not only take
into account internal noise in dynamics of CO oxidation on
nanometer-sized particles but also carefully consider the effects
of different internal noise strengths subjected to different
nanometer-scale particle sizes. It still indicates that, for any a
given CO partial pressure, the dynamical parameters of the
system might have evolved to appropriate values to adapt to
the particle size where the RRO would exhibit the best
performance. We hope that our study can open more perspec-
tives, especially experimental studies, in future works.

4. Conclusion

To check the robustness of the particle size resonance

behavior, we have also performed similar studies for other values

In summary, we have studied the particle size effect in the

of Pco; the results are shown in Figure 4. One sees that, for CO oxidation over a zeolite-supported nanometer-sized pal-
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