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Makonana ontuH HaHo3appauyanapu CO MoJeKyJTapUHUHT OKCHUIAHUII KMMEBUH peaKkLluscura
HHUCOATaH KyWIN KaTATUTUK (haOJUIUTHHUHT BYJIKAH-IIAKI YI9aMra OOFIMKINTH ¢-0aHa Mozeny,
MeTall KJIACTepIAPUHHUHT JKele Monenu Ba (DepMu CATXMHUHI KaTalu3Jard pPoJId acocuia
MyXOKaMa KMJIMHIaH. Peakius Te3MUIHHUHT YiI4aMra HOMOHOTOH OOFJIMKJIUIH peareHTIapHUHT
azcopOLus Ba peakiys MaxCyJlIOTIADUHUHT AeCOPOLMACUHUHT MeTanl Kiacrepiaap depmu catxu
Ba CO, CO, MOJeKyJIaJJapUHUHI MeTaJl 3appavyacd OwiaH KUMEBUN OOFMHUHI aHTHUOOF
MOJICKYJISIp OPOMTAIMHUHT (DapKUHUHT 3KCIIOHEHLUA OOFIUKIUIY Ouinad TymyHtupuirad. CO
MOJICKYJTAJIADUHUHT OJITUH 3appadasapu OwiaH CO oOKcuajaHWII peakuusicura HucOaTaH
(aommAIITHPWITaHU 3apagiap YTUINM Ba SAPOBUI JKapacHNap YpTacUAard OOFIUKJINKIA
acociaHraH KMMEBUI peaKLMsIIAPHUHT BUOPOH Ha3apUsCH a4COCUAA MyXOKaMa KUIMHIaH.

B pabote oOcyxnmaercss ByJIKaHONOJAOOHAs pa3MepHas 3aBHCHMOCTb HEOOBIYHON KaTaJIUTHYECKOM
aKTHBHOCTM HAHOYACTHI[ 30JI0TA MO OTHOMIEHWIO K peakmuu okucieHus CO MoOIeKyl Ha OCHOBE
KOMOWHHPOBAHUSI MOJIEH d-30H, MOJIEIH <OKEJIE)» METAIUIMUECKHX KIAcTepoB M poiH ypoBHsI Pepmu B
KaTaJIUTHIECKOH aKTHBHOCTH. CKOPOCTh peakIMy HEMOHOTOHHO 3aBHCHT OT pa3Mepa HaHOYACTHIl H3-
3a HKCIIOHEHIMANBHBIX 3aBHCUMOCTEH aJcoOpOIMH peareHTOB M JecOpOIHU IPOAYKTOB OT pa3HOCTEH
ypoBHs DepMH METAJUIMYECKOro KilacTepa W COCTOSHHH pa3phIXiittonmx opouraneid monekyn CO u
CO,, obpa3yronmx XUMHUECKHE CBsI3M ¢ HaHouactuiled. [Ipoucxoxaenue aktuBaiuun CO MONEKyI 1Mo
oTHOmeHnIo K peakiuu CO OKHCIEHHS HAHOYACTUIIAMHU 30JI0Ta O0CYXXIAaeTcsi B paMKax BHOPOHHOM
TEOPHH XMMHUYECKHX pEakIHl, OCHOBAaHHOW Ha BHOPOHHON CBS3M MEXIy IEpEeHOCOM 3apsaa M
SIIEPHBIMH CMEIICHUSIMU.

The volcano-type size dependence of the extraordinary catalytic activity of gold nanoparticles in CO
oxidation is discussed on the basis of combination of the d-band model, the jellium model of metal
clusters and the role of Fermi level in catalytic activity. The reaction rate depends non-monotonically
upon the size of nanoparticles, due to exponential dependences of adsorption of reagents and desorption
of products on the differences of the Fermi level of the metal cluster and antibonding states of CO and
CO, molecules forming chemical bonds with the nanoparticle, respectively. The origin of activation of
the CO molecules towards the CO oxidation reaction by gold nanocatalysts is discussed in frame of the
vibronic theory of chemical reactions based on the vibronic connection between charge transfer and
nuclear processes.

1. INTRODUCTION

One of the unique possibilities of nanotechnologies is the control of properties of
nanoparticles by their size [1], in opposite to the approaches when materials are replaced
by new materials or modified by impurities to achieve desirable properties. It is
remarkable that at the nanometer scale materials can exhibit unique properties completely
different from their bulk counterparts. One of such materials is chemically inert bulk
gold, becoming active catalysts at the nanometer scale with respect to many oxidation and
hydrogenation chemical reactions at more mild conditions than traditional catalysts [2-
18]. CO oxidation is one of the important oxidation reactions catalyzed by gold NPs,
where non-monotonic size effects were observed in the range of 1-5 nm [3-12]. Among
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other factors of the reaction activity of gold NPs established in experiments are supports
[5, 6, 10, 11], low coordinated gold atoms [8-10], defects presented at the interfaces [14,
15], a non-metallic nature of gold clusters [5], photon-induced hot electrons [19, 20]. In
spite of intense research in this field, theoretical foundations of this nanoeffect, including
size effects are much behind those experiments. The mechanism of the reaction has not
been completely established yet although many important aspects of the reaction have
been theoretically investigated [8-10, 14, 15, 21, 22]. In this study, we will show that a
volcano-type size dependence of catalytic activity of gold NPs can be theoretically
obtained by combination of a few approaches, including the d-band model, the jellium
model of metal clusters and the Volkenstein's approach on the role of Fermi level in
chemical reactions catalyzed by semiconductors. The microscopic mechanism of the
reaction can be explained by using the vibronic theory, in which charge transfer processes
play a key role.

Il. THE D-BAND MODEL

The d-band model [23, 24] explains the origin of the chemical bond between a
surface of transition metals and a molecule adsorbed onto this surface. According to the
model, the adsorbate interacts with the transition metal surface, resulting in two different
effects, including a shift and broadening of the adsorbate valence states due the coupling
with the s states of the metal, and formation of bonding and antibonding states with
narrow distributions due to the coupling with the sharp and intense d-states of the metal.
The strength of the bond is determined by the Fermi level of the metal relative to the
energy of the antibonding states of the adsorbate. If the antibonding state is filled by
electron transferred from the above laid Fermi level, then the adsorption of the molecule
does not occur. If the Fermi level is below the antibonding state, then it is empty. The
molecule is adsorbed and forms a strong chemical bond with the surface. The lower it lies
with respect to the antibonding state, the stronger the bond is.

It is well known [1] that the ability to accept or donate charge of metal clusters can
be tuned by their size. According to the spherical jellium theory of metal clusters [25-27],
the ionization potential and the electron affinity depend upon the size of clusters

according to the formulas:
2
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Here W, is the work function of bulk metal, R = r,N' 13 is the radius of the cluster, 7 is
the Wigner-Seitz radius, N is the number of atoms in the cluster, o,  are the parameters,
which are equal to 3/8 u 5/8, accordingly. Quantum effects implied in terms of higher
orders (quadratic and higher) must be accounted for small clusters, N<100 (R<1.5 nm)
[25]. Since the Fermi level of gold varies between its ionization potential of 9.2 eV for a
single atom and the work function of the bulk, 5.3 eV [1, 27], so their chemical properties
can be tuned over a very wide range by variation of the cluster size.

Based on the d-band model, it can be assumed that adsorption and desorption of
molecules can be tuned by size of metal nanoparticles. Here we should note the effect that
the turnover frequency of chemical reactions catalyzed as a function of binding energy of
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the reactants onto the catalyst surface yields a volcano-shaped plot [1, 28]. The effect
supposes that at low binding energies the reactant is weakly absorbed to form the
transition state of the reaction while at high adsorption energies the product does not
desorb. Extending these ideas to the CO oxidation by gold NPs, on the basis of the d-band
model, we can suppose that by decreasing the size of nanoparticles the Fermi level moves
down below the antibonding states of the reagents on the surface and the adsorption of
CO molecules (and O, molecules) takes place (Fig. 1). Until the antibonding states of the
product (CO, molecules) lie below the Fermi level, their desorption from the surface
occurs easily. At further decreasing the size, the number of adsorbed molecules increases
and desorption of the products continues to take place until the energy of the Fermi level
goes below the antibonding states of the product. The further size decreasing leads to the
impairment of desorption of the products. So there is an optimal size range of nano-
particles, when a compromise between adsorption of reagents and desorption of products
is reached. For gold nanoparticles, it is obvious from the experiments that the optimal size
range is between 1-5 nm. The presented scheme of the reaction can be realized by the
assumption that the antibonding states of CO, molecules on the surface of the gold
nanoparticle lie below the antibonding states of the reagents (CO, O,) adsorbed, which
means that the interaction of the products with the surface is weaker than the interaction
between the reagents and the surface, which should be a challenge for experiments and
DFT calculations to determine those energy levels, although for bulk gold it is well
known that the adsorption of CO, molecules is mostly of a physical character [29].

By means of kinetic equations for intermediates of the reaction, those size effects
discussed can be quantified. However, as it was mentioned above, the mechanism of the
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Fig. 1. The scheme of locations of electron energy levels of CO molecules chemically adsorbed on
gold nanoparticles relative to the Fermi level of the metal.
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reaction is unclear yet, whether the reaction occurs through the adsorption of CO and its
reaction with molecules O, from air (or supports) or through the absorption of both
reagents. We should mention here the classical works of Volkenstein [30] on the role of
the Fermi level of semiconducting catalysts in chemical reactions. Through the kinetic
equations of chemical reactions, he showed that the chemical reactions could be promoted
or inhibited by changing the Fermi level of semiconductors realized by adding dopants.
Some chemical reactions can be promoted or inhibited by adding the same dopants but
under different conditions (e.g. temperature, pressure). In our previous study [21], the
expression for the non-monotonic size dependence of the catalytic activity of gold NPs
with respect to CO oxidation was obtained in the frame of kinetic equations for the
mechanism of the reaction, when the adsorption of oxygen molecules occurs through
dissociation. In that model, the jellium model of metal clusters was taken into account but
without consideration of those concepts of the d-band model on the formation of chemical
bonds between the adsorbate and the surface. In this study, we would like to derive the
expression for a volcano-type size dependence of catalytic activity of gold NPs based on
the mechanism of the reaction occurring through adsorption of CO molecules which is
energetically favorable [10] by taking into consideration the d-band model. We also
suppose that such non-monotonic size dependence should take place for other
mechanisms too.

I1l. AVOLCANO-TYPE SIZE DEPENDENCE

We will consider the mechanism of CO oxidation reaction, in the first step of which
adsorption of CO molecules on the surface of gold nanoparticles takes place. They are
activated by electrons, which are transferred from the nanoparticle. In the second step, the
negatively charged CO molecules react with O, molecules from air to form CO,
molecules being in the activated form, and desorption of neutral products occur. The
kinetic equations for those intermediates then take the following forms:

dN, c c
d;o = AcoFro (1 ~ScoNco ) = 0o, Fo, Neo + BOZ Neo,
K )
CO, ~ o
ar oo, Py, Neo =Bo, Neo, =¥NCo,

Here the first term on the right side of the first equation describes adsorption of CO
molecules on the metal surface available, where sco is the effective area of a single
chemisorbed molecule CO. The second term takes into account the reaction of those
molecules with oxygen molecules, and the third term describes desorption of oxygen
molecules. In the second equation, the third term on the right describes desorption of
neutral molecules CO; from the surface.

At the established equilibrium, we have the following equations:

Acofro (1 - ScoNco) =0, Fo, Neo = ﬁochio2

. . (3)
oo £y Neo =Bo, Neo, + YNgo2

o
Assuming o £y Neg >> BOZN(;OZ s Neo =McoNcos Neo :/[ o poz"‘scoj,

Oco Pco Meo
we can obtain the following formula for the reaction rate:
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Here Mg, Meo, and ngoz are the fractions of molecules (CO and CO,) in negatively

charged and neutral states. From the application of the d-band model discussed above, we
can define those fractions from the difference of antibonding states of adsorbed molecules
with respect to the Fermi level of gold nanoparticles E; according to the following
expressions taking into account the formula (1)

N&o 1 1

Mo = Ngo + N2, B L e(Eéo,Au—Ef)/kT B - e(Eéo, pa{W+0e? | R=Ey ) /AT

)

- - A 2 A
Neo, Neo, B e(E/-—ECOT Au)/kT B e(Wme IR=Eqp~Elo, - Au)/kT

Here Ef, ,, and Eé‘oz _au are the antibonding states of CO and CO, on the surface of

the nanoparticle, respectively, Eg,, is the term responsible for the contribution of supports
to the energy of the Fermi level.

The analysis of the expressions (4) and (5) shows that with decreasing the size of
nanoparticles, the rate of the reaction g(R) increases since the corresponding Fermi level
goes down below the antibonding states of CO molecules and adsorption becomes
stronger, which leads to the increase of the fraction of activated CO molecules. If the size
decreases further so the Fermi level passes and goes down below the antibonding states of
CO, molecules, then desorption becomes difficult, and the reaction rate decreases. So we
have two regions in the dependence (Fig. 2). The region A is defined by adsorption of the
reagents, while the region B is conditioned by desorption of the products. The role of
supports is taken into account by the term Eg,,
which implies that reducible supports which
lowers the Fermi level contribute to the adsorption
of molecules while oxidizing supports which raise
W the Fermi level improve the desorption of the

products. This agrees well with the experimental
(k) results on reducible supports [11, 14, 16].

wvacuwm lewvel

Py IV. THE VIBRONIC THEORY

““““““ The microscopic mechanism of activation of
B reagents in CO oxidation reaction can be

explained by using the vibronic theory [22, 31].
Bl According to the theory [31], when the molecule
is activated by a catalyst due to their interaction,
electronic population of its molecular orbitals
changes resulting in electronic redistribution and
decompensation of orbital distorting forces and force constants. For the reaction
occurring along the normal coordinate J, changes in vibronic constants will alter the
potential surface and the activation energy (D):

Fig. 2. A Volcano-shaped size
dependence of the reaction rate.
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AD:FQD+3D(AK/K){1+AK/K+%(AK/K)2] (6)

Here F is the distorting force, Op is the distance between minimum and maximum
points of the potential curve, AK is the change of the force constant. Taking into
consideration two orbitals of the CO molecule, HOMO 5c and LUMO 2, which undergo
major charge changes of Ag; and Ag,, respectively, the distorting force and the force
constants are calculated by the following expressions:

F=fOaq + f?Aq,
AK = kD Ag, + kP Aq,

The coefficients in these expressions, f and k, are constants specific for the CO
molecule [31]. From the expressions (7), it is clearly seen, that the negative force, F,
weakening the bond and decreasing the activation energy and the negative force constant,
AK, making the curvature of the barrier gentler, will have higher values for higher
positive values of Ag; and Ag,. In terms of the catalyst, this means that its influence will
be stronger if its m-donor properties are stronger and its G-acceptor properties are weaker,
which are defined by the Fermi level of the catalyst.

In the previous work [22], we showed that the activation of CO molecules adsorbed
on the surface of the nanoparticle toward the oxidation reaction was conditioned by the
location of the Fermi level of the nanoparticle with respect to the antibonding states of the
adsorbate. If the Fermi level is above the antibonding states, then adsorbtion will not take
place. If the Fermi level is below the antibonding states, then adsorption takes place,
which results to the transfer of the electron from the Fermi level to the bonding state of
the adsorbed molecule. Thus the fraction of charge transferred depends upon the relative
location of the Fermi level with respect to the bonding states of CO molecule rather than
to the antibonding states as we supposed before [22]. The fraction of charge transferring

from the Fermi level of the nanoparticle to the bonding states of 2t LUMO ( EZ,,_,,) of
the CO molecule is defined by the expression

()

1

~(Elopu—Ep VKT

Ag, = @®)
l+e
The fraction of the charge transferring from the HOMO of the CO molecule (Aq;) to
the nanoparticle is almost zero. We can neglect it in the expressions (7) compared to the
second term. We also suppose that on the size range of 1-5 nm, the charge fraction
transfer Ag, is equal to 1, and its size dependence is weak.

V. CONCLUSION

In summary, we analyzed the volcano shaped plot of the dependence of CO
oxidation rate on the size of gold nanocatalysts in the frame of kinetic equations of the
reaction for the mechanism, when the reaction occurs through the adsorption of CO
molecules reacting with free oxygen molecules. The expression for the dependence has
been obtained based on the d-band model of formation of the chemical bond between the
adsorbate and the metal surface by taking into account the jellium model for spherical
metal clusters. According to the model, at the beginning of decreasing the nanoparticle's
size the reaction rate increases due to the enhanced adsorption of the reagents and then
decreases due to the impaired desorption of the products. The reducible and oxidizing
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supports can contribute to the reaction rate by lowering or raising the Fermi level of the
metal clusters, respectively. It is supposed that a volcano-type of size dependence of
reaction rate can be also obtained for other mechanisms of the reaction. The origin of the
activation of adsorbed reagents by catalysts can be explained in the frame of vibronic
theory.

To verify the model results presented, the energy levels of the chemical bond formed
between CO, molecules and gold nanoparticles should be determined experimentally or
by DFT calculations. The presented model has been developed for spherical clusters, but
we suppose that it can be applied for other particles (for example, ellipsoid or hemisphere
particles) with different coefficients in the expression for the ionization potential.
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