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Abstract

Vibrational resonance is a nonlinear phenomenon in which two external signals, a low-frequency signal (w) and a
high-frequency signal (Q2), interact cooperatively, with Q significantly larger than w. This interaction strengthens the
response of the weaker, low-frequency signal. In this paper, we investigate the application of vibrational resonance
in a surface catalytic reaction model, specifically focusing on the oxidation of Carbon Monoxide (CO) on a platinum
catalyst. By performing numerical simulations, we examine how the introduction of a low-frequency periodic signal
superimposed on a high-frequency signal affects the catalytic reaction dynamics. The results reveal that vibrational
resonance reduces the energy barrier for CO oxidation, which leads to enhanced reaction rates compared to
conditions without resonance. This effect occurs due to the optimal synchronization of the two frequencies, which
facilitates more efficient energy transfer and reaction processes. Ultimately, this research demonstrates that
vibrational resonance can significantly improve catalytic activity in CO oxidation reactions, offering insights into
optimizing catalytic performance.

Keywords: CO-oxidation; platinum catalyst; vibrational resonance; chaotic oscillation; response amplitude;
perturbation.

KOJIMBAJIbHUM PE3OHAHC INIA YAC OKMCHEHHA CO HA ITIOBEPXHI IVIATUHOBOT'O
KATAJII3ATOPA
C. Ciea Cakri [liTyaman?, llleitx Moxamen A6ayn Kagep!, M. Moxamen PomiaH?,

IcpaBes EHToOHI /laHim?, Beepanagpan YiHHaTXamM6il
1Kagpedpa pizuku, Konedx Cadakamxyana Anna, TipyHeavgeni-627 011, Taminnady, IH0is
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AHoTarnia

Bi6pauilinuii pe3oHaHC - HeJliHiliHe ABUIIE, 10 NPOABJISIEThCS SIK KOONEePAaTUBHUM edeKT MiXK JBOMa 30BHIIHIMU
CHTHaJ/IaMH: HU3bK0YacTOTHHUM (w) i BUcokoyacToTHUM (), Ae Q >> w. lle aBuIne nigcu/ioe c1aémmi curHai. Y nin
CTaTTi J0C/IiAP)KEHO KOJIUBaJIbHMU pe30HaHC y MO/ eJli IOBEPXHEeBOi KaTaJJiTUYHOI peakilii 3 0COG/JIMBUM aKLLeHTOM Ha
OKHCHEeHHi MOHOooKcuay ByrJjenio (CO). 3a 4onoMOrom 4ucejJbHOr0 MOJE/JIBAHHA MM CHOCTEPIra€Mo moBeJiHKY
KOJIUBAJIbHOTO pe30HAHCy B MoJeJsli KaTaJiTU4YHOI peaknii, KOJM HHM3bKOYACTOTHUH MNepioguYHUUA CUTHAJ
HaK/JIaJa€TbCd Ha BUCOKOYACTOTHUM CHTHaJ, KEpyl4YHd TaKMM YMHOM cUCTeMOW0. lleli mocuieHNMH KOJIMBAJIbHUHA
pe3oHaHC epeKTUBHO 3HIKYE eHepreTU4YHHUN 6ap'ep A/ peakuid okucHeHHA CO, M0 NpU3BOAUTD A0 3611bIIEeHHS
IWBHUAKOCTI peaKuii NOPiBHAHO 3 Hepe30HAaHCHUMHU yMoBaMM. Ilo cyTi, pe3oHaHCHA AUHAMiKa CTBOPIOE ONTUMAJIBHI
YMOBH AJis1 OKUCHeHHA CO Ha NOBepxHi IVIATMHOBOI0 KaTaldizaTopa, 0 NPUBOAUTE A0 MOKpPaIlleHHA KaTaJiTU4HOI
aKTHBHOCTI.

Karuosi cnosa: oxkucHeHHs CO; MIaTHUHOBUM KaTajizaTop; Bi6paLifHMNM pe30HAHC; XaOTHUYHI KOJIMBaHHS; aMILIiTyJa
BiZITyKY; 30ypeHHs.
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Introduction

Over the past decade, there has been
significant interest in studying the complex
dynamics and chemistry of oscillating reactions
under external perturbations. This exploration
has yielded various outcomes, including period-
doubling bifurcation leading to chaotic motion,
quasi-periodic routes to chaos, coexistence of
multiple attractors, hysteresis, stochastic
resonance, and vibrational resonance [1-3].
Among these, CO-oxidation on platinum (Pt)
catalyst surfaces has emerged as an intriguing
interdisciplinary field within natural sciences.
Since Langmuir’s seminal investigations [4], the
oxidation of CO over platinum has stood out as
a classic example of a heterogeneous catalytic
reaction. Its apparent simplicity in mechanism,
coupled with the richness of spatiotemporal
behavior and practical significance, renders it a
generic model system [5-8]. Resonance, as
observed in reactions on catalytic surfaces
under period forcing of operating variables, is
an intriguing phenomenon. The imposition of
external forces on nonlinear systems can
dramatically alter their time-averagedbehavior.
When a nonlinear system experiences
simultaneous multiple excitations, its response
to slowly varying excitation closely correlates
with the fast-varying excitation. This
phenomenon is termed Vibrational Resonance
(VR), which shares similarities with Stochastic
Resonance (SR) but involves the high-frequency
input force instead of noise [9,10]. Stochastic
resonance phenomena have been extensively
explored in chemical reaction models. For
instance, Yang et al. [11,12] investigated
stochastic resonance in the catalytic reduction
of NO with CO on Pt(100) surfaces and the
surface catalytic oxidation of carbon monoxide.
Gong et al. explored internal noise stochastic
resonance in CO oxidation on nanometer-sized
palladium particles [9]. Ma et al. [13] analyzed
two-parameter coherent resonance behaviorin
the catalytic oxidation of CO on platinum
surfaces.

In this paper, we analyze the occurrence of
vibrational resonance (VR) in the CO-oxidation
reaction over a platinum catalytic surface
model. The VR phenomenon comprises three
basic elements: (i) nonlinear systems, (ii)
slowly varying excitation (characteristic signal),
and (iii) fast varying excitation (auxiliary
signal). Through the interaction of these
elements, VR emerges via a weak, low-
frequency, or slowly varying signal. Therefore,

the development of vibrational theory is crucial
for detecting and amplifying weak signals. VR in
CO-oxidation over Pt catalyst surfaces refers to
a phenomenon in which the vibrational modes
of carbon monoxide (CO) molecules adsorbed
on a platinum (Pt) catalyst surface are excited
and enhanced, leading to more efficient
catalytic oxidation of CO to carbon dioxide(CO>).
The phenomenon of vibrational resonance (VR)
was first reported by Landa and McClintock
[14]. Subsequently, Gitterman [15] analyzed a
bistable system and provided an analytical
explanation for the occurrence of VR. Later,
Blekhman and Landa [16] conducted a more
specific analytical study on VR in overdamped
and underdamped Duffing oscillators. The
occurrence of VR has been analyzed in a diverse
range of model systems, both theoretically,
numerically, and experimentally, spanning
various fields such as neuroscience [17-19],
plasma physics [20-22], laser physics [23-25],
acoustics [26-28], and chemical kinetics [29-31].

The paper is structured as follows: Section 2
furnishes information about the model,
elucidating the various steps entailed in the
kinetic scheme. This section also presents the
mathematical formulation of the kinetic scheme.
In Section 3, we conduct a numerical analysis of
the vibrational resonance phenomenon resulting
from the application of biperiodic forces on the
kinetic scheme. For a specific set of parameter
values in the model, we demonstrate the
occurrence of period-doubling cascades, attractor
coexistence, and chaos. Finally, Section 4
comprises the conclusions drawn from the
present study.

Kinetic model

The oxidation of carbon monoxide on
platinum (Pt) catalyst surfaces stands as one of
the most frequently employed model systems
for investigating nonlinear effects in hetero-
geneous catalysis. Previous studies have
reported multiple steady states and various
types of nonlinear dynamic regimes, including
periodic, quasiperiodic, and chaotic oscillations
in CO oxidation [32-38]. In recent years,
increased attention has been directed towards
studying resonant behaviors in catalytic CO-
oxidation processes. Within a catalytic process,
the reaction unfolds through a sequence of
elementary steps, encompassing adsorption,
surface diffusion, and chemical rearrangement
(involving bond breaking, bond formation, and
molecular rearrangement) of adsorbed
intermediates, followed by product desorption.
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The catalytic oxidation of CO on platinum
typically adheres to the Langmuir-Hinshelwood
mechanism [39,40], wherein both CO and
oxygen must first adsorb onto the catalyst
surfacebefore the conversion to €O, can occur.
The stages involving reversible CO adsorption,
0; adsorption, CO oxidation, and CO; desorption
are considered as follows:

=

1

Pt(s)+CO(g) — Pt-CO(s) 1)
Pt (s) + 20, (g) é 2Pt- 0 (s) 2)

Pt-CO (s) + Pt- 0 (s) = Pt (s) + Pt- 0 - CO(s) (3)
Pt-0-CO(s) m Pt(s) +CO: (g) 4)

The above catalytic reactions may be described
by the following dimensionless form,

)'C=2k122—2k—1 Xz—kg Xy,
y=koz-k-2 y-Kk3 xy, (5)
$=k4 (z-1s).

Where z=1-x-y-s and A = k.4/ks. The
underlying reaction scheme is studied in ref.
[39; 40]. In Eq.(5), x and y represent the
dimensionless concentration of CO and O
absorbed in the surface, respectively, and z
denotes the dimensionless concentration of the
subsurface oxygen. ki, kz, k3 and k4 are the rate
constants. With two external periodic
perturbation, Eg. (5) can be written as

x=2k1z2-2k-1 x2-k3 xy + f sin wt + g sin(lt,
y=k2 z-k-2 y -k3 xy, (6)
$=k4 (z-As).

Where Q >> w. In Eq. (6), fsin wt is the lower
frequency signal component with the amplitude
(f) and frequency (w) and g sin 0t is the high-
frequency component with the amplitude g and

frequency Q. In the following sections we
analyze the occurrence of VR phenomenonin
Eq. (6) by numerical simulation.

Vibrational resonance

The concept of vibrational resonance (VR) in
catalysis has been the subject of extensive study
in recent years. It offers valuable insights into

the fundamental mechanisms underlying
catalytic reactions and presents opportunities
for optimizing catalyst performance.

Understanding and controlling vibrational
resonance processes have the potential to lead
to the development of more efficient and
selective catalysis for various industrial
applications, including automotive catalytic
converters and environmental remediation. In
our numericalstudy, we select the amplitude (g)
of the high-frequency signal as the control
parameter, and the response behavior is
characterized by one of the state parameters,
denoted as x.

Q=+v0Q:+QZ/f,

where Qg = % fgﬁx(t) sin wt

Q. = nZ—T f:Tx(t) cos wt (7)
where T = 2z/w and n is taken as 500.

To numerically analyze Eq. (6), we employ
the fourth-order Runge-Kutta scheme with a
time step size of At = 0.017, where T = 2n/w.
The simulation is conducted over a time interval
Ts = nT, where n (with values such as 1, 2, 3, etc.)
denotes the number of complete oscillations. From
the numerical solution x(t) of Eqg. (6), the response
amplitude Q is computed from the Eq. (7). In our
numerical analysis, we fix the rate constants of the
reaction model (Eqg. 6) as follows: ks = 2.5, k-1 =
1.0, ks =10.0,k 2=0.1, ko =1.5, ks = 2.5, k4= 1.0
and 2 = 0.4. In the numerical calculations, the
initial state variables are fixed as x =0.1,y = 0.8
and s =0.2
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Fig. 1. (a) Variation in the numerically computed Q against the control parameter f with Q = 20w, w =1.0,and g =
0. (b) Variation in the numerically computed Q against the control parameter gwith Q = 20w, w = 1.0, and f= 0.
The values of the rate constants of the reaction model (Eq. 6) are fixed as follows: k1 = 2.5, k-1 = 1.0, k3 =
10.0, k-2 = 0.1, k2 = 1.5, ka = 2.5, k-4 = 1.0, and A = 0.4. In the numerical calculations, the initial state
variables are fixedas x=0.1,y = 0.8, and s = 0.2

In the following, we compute the response

amplitude Q with a low-frequency force only, a
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high-frequency force only, and with both forces
combined. Figure 1 represents the variation in Q
depending on f for g=0.0 and on g for f=0.0 when

w=1.0. For f=0, Q is obtained as, \/ Q2 + Q2 where
Qsand Q¢ represent the Fourier coefficients of the
output signal at the frequency (2, and Q represents
the amplitude of the response to the same
frequency. Indeed, for 2 =20w with w = 1.0, the
numerical results are shown in Fig. 1(a). From Fig.
1(a), we note that a single resonance peak is
observed at f=1.33 with Qnax=0.2322, while for f =
0.0, we observe double resonance peaks at g =
3.603 with Qmax= 0.0145x10-5 and g = 5.4887 with
Qmax= 0.0378 x10-5, as clearly seen in Fig. 1(b).
Subsequently, we analyze the effect of
biperiodic force in the CO-oxidation on platinum
surface (Eq .6) for the cases of 1 = w and Q # w.
Firstly, we examine the effect of biperiodic force
when (1 = w, and the results obtained are shown
in Fig. 2. Figure 2 shows the variation of
response amplitude Q with g ranging from 0 to
30, with Q = w = 1.0, and the influence of the
parameter f on the VR. From Fig. 2, we observe
that the response amplitude @ gradually
increases as g increases, and no resonances
occur for all values off. However, for the case of
>> w, we observe VR, as presented in Fig. 3. The
response amplitude @ increases with an
increase in g, reaches a maximum, and then
decreases with a further increase in g. The
underlying phenomenon is VR, as the
occurrence is due to the high-frequency
component of the signal. Figure 3 illustrates the
variation in Q with g for four different values of f
(= 0.1, 0.5, 1.0, 2.0 respectively) with 2 = 20w
and o = 1.0. From Fig. 3, we note that single
resonance peaks are observed for all values of f,
and the maximum of the response amplitude Q
decreases as f increases. Additionally, the
positions of peaks are shifted away from the
origin. In the CO oxidation process, this type of
resonance occurs when the frequency of CO
adsorption and desorption matches the
frequency ofvibrational modes of the system.
This resonance enhances the coupling between
the adsorbate and the surface, leading to more
efficient energy transfer and potentially
accelerating the reaction rate.

When g varies from small values, vibrational
resonance (VR) emerges for the case Q >> w. We
observe that the persistence, form, maximum
amplitude, and the value of g at resonance depend
not only on f and w but also on the rate constants
k1, k2, and k3 of the CO-oxidation over Pt surface
scheme considered.
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Fig. 2. Response amplitude Q versus g of the
kinetic model (Eq. 6) for four values of f (=0.1, 0.5,
1.0, 2.0) respectively with Q = w = 1.0. The values of the
rate constants and the initial conditions are fixed as
given in Fig. 1.
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Fig. 3. Response amplitude Q versus g of the
kinetic model (Eq. 6) for four values of f (=0.1,
0.5, 1.0, 2.0) respectively with Q = 20w and w = 1.0. The

values of the rate constants and the initial conditions
are fixed as given in Fig. 1.

To illustrate the effect of the rate constant ks,
we plotted the response curve for four different
values of ks, as presented in Fig. 4. Figure 4
demonstrates the response curve when g varies
from 0 to 150, with Q = 20w, w = 2, and f= 0.1,
showcasing the influence of the parameter k3 on
VR.
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Fig. 4. Response amplitude Q versus g of the Kinetic
model (Eq. 6) for four values of k3 (= 0.8, 2.0, 5.0,
10.0) respectively with Q = 20w, w = 2.0, and f= 0.1. The
values of the rate constants of the reaction model
(Eq. 6) are fixed as follows: k1 = 2.5, k-1 = 1.0, k-2 =
0.1,k2 = 1.5, ks = 2.5, k-4 = 1.0, and A = 0.4. In the
numerical calculations, the initial state variables are
fixed as x=0.1, y = 0.8, and s = 0.2

From Fig. 4(a), we observe that the maximum



266

Journal of Chemistry and Technologies, 2025, 33(1), 262-270

value of the response amplitude decreases as g
increases for k3 = 0.8 and k3 = 2.0, with no
resonance occurring. However, for k3 = 5.0 and
k3 = 10.0, a single resonance is observed, as
depicted in Fig. 4(b). Numerical simulations
indicate that resonance does not appear for k3 <
5.0, whereas resonance occurs for ks > 5.0.

Moreover, the possibility of inducing
resonance through variations in rate constants
k1 and k;, in cooperation with the concentration
of CO molecules (x), is confirmed by the results
presented in Fig. 5. Fig. 5(a) illustrates the
dependence of rate constant k1 for three values
of w(= 1,2 3),with Q = 30w,g= 10,and f =
0.1. We observe a resonant behavior in which the
concentration of CO molecules increases with
increasing ki, reaching a maximum and then
decreasing with further increase of ki. Similar
behaviors are observed for w = 2.0 and 3.0. The
variation of rate constant k> is shown in Fig. 5(b)
for three values of w (= 1, 2, 3), with Q = 30w, g
=10, and f'= 0.1. Resonant behaviors occur for w
= 1.0 and w = 2.0, while no resonant behavior is
observed at w = 3.0

We proceed by examining the changes in
dynamical behaviors in CO-oxidation over plat
inum surfaces (Eq. 6) for three values of k3, while
setting g = 10, Q = 20w, and w = 2.0. Here, we
designate f as the bifurcation parameter while
keeping g fixed, and the outcomes are depicted in
Fig. 6. In Fig. 6(a) and Fig. 6(b), various types of
bifurcation phenomena are clearly discernible,
encompassing period-doubling, periodic
windows, chaos, intermittency, and sudden
increases and destructions of chaotic attractors.

The enlargement of Fig. 6(b) is illustrated in
Fig. 6(c). Our analysis of Fig. 6 indicates that the
variation in k3 can eradicate chaotic oscillations,
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periodic windows, and intermittent oscillations
when k3 > 1, while maintaining these
phenomena when ks < 1.
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Fig. 5. (a) Variation of the rate constant k1 with kz =
1.5. (b) Variation of the rate constant kzwith k1 = 2.5
with the concentration of CO molecules for three values
of w (=1, 2, 3) respectively. The other parameters are
fixed at Q = 30w, g =10, k3 =10.0, and f=0.1

Periodic oscillations emerge solely when ks
> 1 (Fig. 6d). Subsequently, we investigate the
bifurcation phenomena by selecting the
parameter g as the bifurcation parameter while
keeping f constant. The corresponding
numerical results are depicted in Fig. 7 for four
different values of w, with Q = 20w and f = 0.1.
From this figure, it is evident that no chaotic
oscillations occur when we modulate the high-
frequency force with the low-frequency force.
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Fig. 6. Bifurcation diagrams of CO-oxidation on a platinum catalyst surface model (Eq. 6) for three values of k3
(= 0.4, 0.8, 1.5) respectively with Q = 20w, w =2.0,and g =10.0. Magnification of Fig. 6(b) is shown in Fig. 6(c).
Periodic, chaotic, periodic windows, and intermittent oscillations are clearly visible. The values of the other rate
constants and the initial conditions are fixed as given in Fig. 1
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Fig. 7. Bifurcation diagrams of CO-oxidation on a platinum catalyst surface model (Eq. 6) for w = 1.0, 1.5, 2.0,
3.0 respectively. Periodic oscillations are clearly visible. The values of the rate constants and the initial conditions are
fixed as given in Fig. 1

Further, we investigate the influence of the
frequencies of the low-frequency force w and
the high-frequency force ), as presented in
Figs. 8 and 9. First, we examine the occurrence
of VR for four different values of the frequency
w of the low-frequency signal. Figure 8
illustrates the variation in the numerically
computed response amplitude Q against the
control parameter (g), the amplitude of the
high-frequency signal, for four fixed values of
w: w = 1.0, 1.5, 2.0, and 3.0, respectively. The
other parametersaresettof=0.1and Q =20w.
From Fig. 8, we observe single resonance for
all the values of w. The maximum response
amplitude Qmax decreases as w increases.

06
05
04-

Qo3i)is

02 ',:"

01F

(=200, f=0.1

Fig. 8. Response amplitude Q versus g of the kinetic
model (Eq. 6) for four values of w (=1.0, 1.5, 2.0, 3.0)
respectively with Q = 20w and f = 0.1. The values of the
rate constants of the reaction model (Eq. 6) are fixed
as follows: k1 = 2.5, k-1 = 1.0, k3 = 10.0, k-2 = 0.1, k2
= 1.5,k4=2.5,k-4=1.0,and A = 0.4. In the numerical
calculations, the initial state variables are fixed as x
=0.1,y = 0.8, and s = 0.2.

Additionally, resonance intervals increase
and the position of the peaks shifts away from

the origin. For example, for w = 1.0, VR occurs at

g=10.61 with Qmax = 0.5167, at g = 15.22 with
Qmax = 0.3976 for w = 1.5, at g = 22.76 with Qmax
=0.3239 for w = 2.0, and at g = 29.67 with Qmax
= 0.2350 for w = 3.0. We also observe that
chemical oscillations become unbounded when
g>54.90 for w = 1.0, g > 98.52 for = 1.5, and
g =129.67 for w = 2.0, respectively.

Next, we examine the effect of the frequency
(Q2) of the high-frequency signal on VR. The
results are presented in Fig. 9, where Q versus g
is plotted for three values of Q with w = 3.0 and
f = 0.1. For all values of , single resonance
occurs at different g values with approximately
the same Qmax values. As ) increases, the
positions of the peaks shift away from the
origin. For € = 15w, motion becomes
unbounded when g > 146.96. From Fig. 9, it is
evident that at resonance values, the reaction
rate increases by facilitating the transfer of CO
molecules from the adsorbed state to the gas
phase.
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Fig. 9. Response amplitude Q versus g of the kinetic

model (Eq. 6) for three values of Q (= 15w, 20w, 30w)

respectively with w =3.0 and f = 0.1. The values of the

rate constants and the initial conditions are fixed as
given in Fig. 1
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Trajectory plots corresponding to the regions II, III,
and IV in Fig. 10(a). The values of the rate constants
and the initial conditions are fixed as given in Fig. 1
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Fig. 11. (a) Response amplitude Q versus g of the
kinetic model (Eq. 6) for Q@ = 20w, w = 1.0, and f =
0.1. (b-d) Phase portraits for three values of g chosen
in Fig. 11(a). The chosen values of g are before, at,
and far after the resonance. The values of the rate
constants and the initial conditions are fixed as given
in Fig. 1.

The response curve for Q = 30w,w = 2, and f
= 0.1 is shown in Fig. 10(a). In Fig. 10(a), the
resonance region is divided into four intervals.
Within these intervals, we study the oscillatory
response of the CO-oxidation process over the
platinum surface through trajectory plots. The
period of the oscillation in the range of g is T =
(2m/w). For g = 30 (region II), the concentration
of CO molecules steadily increases until t <
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