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Abstract

The volcano-shaped dependence of the catalytic activity of the magnesia-supported ZnO
nanoparticles on their diameter in CO oxidation was considered in the framework of
Wolkenstein’s electron theory of catalysis on semiconductors. By analyzing the diffuse
reflectance UV-Vis spectra of the ZnO nanoparticles in catalysts, we demonstrate that a
narrow range of particle diameters (4.0-4.6 nm) leads to changes in the Fermi level due to
quantum confinement of free electrons. As the diameter of the ZnO nanoparticles decreases,
the Fermi level rises, resulting in an accelerated acceptor stage and a decelerated donor stage
involving free electrons interacting with atomic oxygen and carbon dioxide on the catalyst
surface, respectively. This opposing change in the rates of the donor and acceptor stages
during the CO oxidation reaction, influenced by the diameter of the ZnO nanoparticles,
gives rise to a volcano-shaped size dependence of the reaction rate. Furthermore, an optimal
catalyst particle diameter is identified, at which the reaction rate reaches its maximum.

Keywords: catalyst; ZnO nanoparticles; CO oxidation; Wolkenstein’s electronic theory;
volcano-shaped size dependence

1. Introduction

A volcano-shaped correlation between the rate of a heterogeneous catalytic reaction
and the energy characteristics of the reagents and the catalyst is a consequence of the
Sabatier principle, the fundamental principle of heterogeneous catalysis. According to this
principle, the optimal interaction, neither too strong nor too weak, of adsorbed molecules
with the catalyst surface is achieved by balancing the heats of adsorption of reagents and
desorption of reaction products [1]. The validity of this approach is confirmed by the
appearance of a volcano-shaped dependence of the reaction rate on the particle size of
the catalyst. This is generally observed for nanocatalysts with an active component size
less than 10 nm, the catalytic activity of which is due to the manifestation of the electronic
factor to a greater extent than the geometric one [2]. Based on kinetic analysis, it was
shown that the Gibbs energy of the formation of an activated complex also depends on
the number of atoms on the faces, edges and corners of a nanoparticle, i.e., on its size,
and thus reflects the relation between the influence of geometric and electronic effects on
catalytic activity [3,4]. The appearance of theoretical interpretations of volcano-shaped plots
using the main energetic quantities in the fields of heterogeneous catalysis is partly due
to the development of the density functional theory (DFT) computations. It is especially
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valuable to use adsorption free energies calculated by DFT for describing the stages of
heterogeneous catalysis [5,6]. The Wolkenstein’s electronic approach based on weak and
strong chemisorption of reaction intermediates was also applied to explain the volcano-
shaped size dependence of reaction rate [7]. According to this approach, the position of the
Fermi level is one of the main factors that determine the chemisorption strength of reagents
on the catalyst surface and, consequently, the rate of the catalytic reaction. Using the
example of oxide semiconductor systems (NiO, WO3, Cr,O3, ZnO), it was shown how the
rate of the catalytic reactions can be controlled by changing the position of the Fermi level
at the crystal surface by introducing modifying impurities into the entire semiconductor
volume [8,9]

One of the reasons for the limited use of Wolkenstein’s theory in heterogeneous
catalysis concerns the complexity in determining the energy levels of the surface states
formed by adsorbates on the catalyst. However, its use is possible for oxides of transition
metals (WO3, TiO,, ZrO,, V205, Nb,Os) that exhibited a relation between the surface Fermi
level of the solid and its activity through the surface acidity [10].

Zinc oxide is an n-type wide-band gap semiconductor that demonstrates the quantum
confinement effect in a range of particle sizes less than 10 nm defined by a blue shift in the
ultraviolet—visual (UV-Vis) absorption spectra [11]. The quantum confinement effect has
been observed in various applications of ZnO nanoparticles, such as photocatalysts, varis-
tors, sensors, solar cells, transparent electrodes, and electroluminescent devices [12-14].

In heterogeneous catalysis, zinc oxide is used as a support, an active component, a
promoter, and a model system [15,16]. The high melting point of ZnO (1975 °C) promotes
its application as a structural and textural modifier of multicomponent solid catalysts for
organic synthesis, dehydration of hydrocarbons, and purification of technological and
exhaust gases [17,18]. Zinc and its oxide do not exhibit high catalytic activity in the redox
reactions due to the filled d-shell. The catalytic activity of zinc oxide in the oxidation
reactions is associated with the presence of oxygen vacancies on its surface, which are
centers of oxygen adsorption from the gas phase and at the same time active centers of
reactions. The smaller the particle size, the greater the number of such centers on a catalyst
surface. Using the X-ray photoelectron spectroscopy (XPS) technique, it was shown that the
appearance of additional peaks in the photoelectron spectra of zinc oxide with a decrease
in size of nanoparticles to less than 10 nm is due to the presence of oxygen vacancies on its
surface [19,20]. We observed experimentally such a volcano-shaped size dependence of the
surface-specific activity, i.e., the so-called turnover frequency (TOF), in CO oxidation over
ZnO nanoparticles [21].

In the present study, we apply the Wolkenstein’s electronic theory of catalysis to the
CO oxidation reaction over zinc oxide nanoparticles in a narrow size range (4.0-4.6 nm) and
compare the model with the experimental data on the size dependence of the reaction rate.

2. Results and Discussion

The ZnO/MgO samples with the different average diameters of ZnO nanoparticles in
the narrow range of 4.0-4.6 nm were prepared by varying the conditions of the colloidal
solution synthesis (reagent concentrations, aging temperature, and aging time). To eliminate
the possible effects related to nanoparticle sintering, variations in active site distribution,
and differences in metal loading, all ZnO/MgO samples were prepared with a constant ZnO
content of 1 wt.%. This approach ensures that the total amount of ZnO and, consequently,
the nominal density of active sites per gram of catalyst remain unchanged for all solids.
Moreover, previous studies have shown that the applied preparation procedure does
not induce significant changes in the textural properties of the MgO support, and the
specific surface area remains essentially unaffected [21]. The particle diameter distribution
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for ZnO/MgO solids was calculated assuming that ZnO nanoparticles are spherical and
the optical absorption intensity (A) in diluted system is determined by the number of
nanoparticles with a certain diameter [22]:

dA(d)/dd

n(d) o ROVOLT: (1)
where d is the particle diameter; n(d) is the particle diameter distribution, and n(d) = 0 when
d — oo; A(d) is the optical absorption. The average diameter of ZnO nanoparticles was
calculated as <d> = Xn(d;)d;/Zn(d;), where n(d;) is the number of particles with diameter d;.
Typical UV-Vis DR spectra and the corresponding particle size distributions for
ZnO/MgO solids with the different average diameters of ZnO nanoparticles are shown
in Figure 1. It is worth noting that the ZnO particle size distribution calculated using
Equation (1) is in good agreement with the distribution derived from the TEM analysis, as
demonstrated in Ref. [21]. In contrast to Ref. [21], where the nanoparticle radius was used
as the characteristic size parameter, in the present work, we report and analyze the data in

terms of nanoparticle diameter.
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Figure 1. UV-Vis DR spectra and the particle size distribution for ZnO/MgO solids with the different
average diameters of ZnO nanoparticles <d>: 1—4.1 nm; 2—4.4 nm; 3—4.5 nm. Conditions of the
ZnO colloidal solutions preparation before their deposition over MgO powder: 1—[Zn(CH3COO),]
=4.8 x 1073 M; [NaOH] = 7.7 x 1073 M; temperature for aging is 60 °C; aging time is 10 min;
2—[Zn(CH3CO0),] = 5.7 x 1073 M; [NaOH] = 1.14 x 1072 M; temperature for aging is 60 °C; aging
time is 10 min; 3—[Zn(CH3CO0),] = 5.7 x 1073 M; [NaOH] = 1.14 x 1072 M; temperature for aging
is 60 °C; aging time is 50 min. The ZnO content in the prepared samples amounted to ca. 1 wt.%.

The measurements revealed that essentially all of the quantum size effects of an
increased band gap for ZnO nanoparticles occur by a shift in the conduction band edge
due to the electron confinement. The position of the conduction band is raised when the
particle diameter decreases from 4.6 to 4.0 nm, while the valence band is almost constant
regardless of the particle size.

The size-dependent band gap (Eg, eV) for the spherical ZnO nanoparticles with diam-
eter d (m) was defined from the analysis of the UV-Vis DR spectra using the effective mass
model as a sum of three terms [23]:

(1o 1 1.8¢2
Eo(d)— gk & (L 1y 1.8 ’
5() g top m + my 27eeod’ @

where Eg””‘ is the bulk band gap (about 3.2 eV at room temperature for ZnO); h is the
Planck’s constant (6.626 x 10734 Js); m* and m; are the effective masses for electron and
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hole, respectively; for ZnO, m; = 0.26 m, and m; = 0.59 m,; m, is the free electron mass
(9.11 x 10731 kg); € is the dielectric constant (8.5 for ZnO); g is the vacuum electric permit-
tivity (8.854 x 10712 C2N'm~2); e is the charge of a free electron (1.602 x 10719 C). Ex-
pression (2) shows that the confinement energy increases the band gap, while the Coulomb
interaction lowers the energy. The 1/d?> dependence is predominant in comparison with
the 1/d scale; therefore, the confinement effect defines the size dependence of the band gap.
It causes the band gap shift, when the band gap is larger for small particles.

The catalytic activity of the ZnO/MgO samples with an average particle diameter of
4.0-4.6 nm was evaluated for CO oxidation by O, in the temperature range of 200-500 °C
and estimated as TOF. Figure 2 demonstrates the dependence of the band gap (left scale)
and the CO oxidation rate, expressed as TOF at 320 °C (right scale), on the average diameter
of ZnO nanoparticles in the ZnO/MgO solids. It shows that the band gap widens with
decreasing nanoparticles size. For ZnO nanoparticles with a 4.6 nm diameter, the band
gap difference is less than 0.2 eV compared to bulk ZnO (3.2 eV), and it increases up to
0.4 eV for the smallest particles (4.0 nm). The change in band gap is accompanied by a
manifestation of volcano-shaped dependence of TOF on the average particle diameter of
ZnO nanoparticles in solids. The ZnO/MgO solid containing ZnO nanoparticles of an
average size of about 4.4 nm has maximum activity in CO oxidation. It should be noted that
the catalysts obtained under different conditions but containing ZnO nanoparticles of the
same size exhibit comparable activity in CO oxidation within the experimental error limit.
Therefore, the volcano-shaped dependence of the ZnO/MgO solid activity on the band gap
and average diameter of ZnO nanoparticles in the range of 4.0-4.6 nm may be attributed to
the quantum confinement effect manifested by the electronic transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
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Figure 2. The dependence of the band gap (M, left scale, solid line) and the CO oxidation rate,
expressed as TOF at 320 °C (e, right scale, dashed line), on the average diameter of ZnO nanoparticles
in the ZnO/MgO solids.

In a non-generate semiconductor, the Fermi level is inside the band gap. The ZnO bulk
semiconductor is considered as n-type because of the presence of intrinsic vacancy defects
in the structure [15]. For the n-type ZnO, the Fermi level lies near the conduction band
due to the presence of an excess of electrons that are located at an extra energy level [24].
Thus, we suppose that, by decreasing the size, the Fermi level mostly changes due to the
quantum confinement of electrons:

hZ
Er(d) = B} — o (3)
e
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where EpPk

is the Fermi level of bulk ZnO solid. Because the Fermi level represents the
average work performed to remove an electron from the material (work function), to
calculate the change in Fermi level, we used the value of the work function for bulk ZnO
equal to 5.3 eV [25].

The extension of the band gap in the ZnO/MgO solids is accompanied by a shift in

the Fermi level position calculated by Equation (3) and presented in Figure 3.
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Figure 3. The dependence of the Fermi level position on the average diameter of ZnO nanoparticles
in the ZnO/MgO solids.

The obtained volcano-shaped relation between the catalytic activity of the magnesia-
supported ZnO nanoparticles and their size can be considered in the framework of Wolken-
stein’s electronic theory that establishes a correlation between the catalytic activity and
the electrical conductivity of semiconductors since both are related to the Fermi level [8,9].
The experimentally proven factors influencing the position of the Fermi level and, accord-
ingly, the activity of catalysts were doping, illumination, the external electric field, and
the structural defects of a surface. Wolkenstein foresaw that the dispersion of a material
can also be a factor affecting the position of the Fermi level and the associated adsorption
and catalytic properties. The results of our work show, due to the quantum confinement
effect that occurs in ZnO nanoparticles smaller than 10 nm, size is also a decisive factor
controlling the position of the Fermi level and the activity of the ZnO/MgO catalyst with
respect to the CO oxidation reaction.

According to Wolkenstein’s theory, the heterogeneous catalytic reactions are divided
into two classes based on the position of the Fermi level: reactions accelerated by electrons
and their rate increases with an increase in the Fermi level (n-type acceptor reactions)
and reactions accelerated by holes and their rate increases with a decrease in the Fermi
level (p-type donor reactions). There are reactions whose mechanism includes both donor
and acceptance stages. Wolkenstein considered a possible mechanism for such reactions
using the example of CO oxidation on ZnO whose surface is completely covered with
chemisorbed oxygen [8,9].

The Wolkenstein’s mechanism is in good agreement with the Eley—Rideal scheme of
CO oxidation on ZnO in an excess of oxygen [26,27] which is given below:

0,427 = 270° (1)
70 +e= 7O~ )
ZO™ +CO = ZCO; 3)
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ZCO, = ZCOj +& 4)
ZCOY — COy+Z (5)

In the above scheme of CO oxidation mechanism on ZnO, Z is the empty active site of
the catalyst.

According to the proposed scheme, the mechanism of CO oxidation proceeds through
dissociative adsorption of oxygen molecules onto the surface of the catalyst (1). Oxygen
intermediates are activated by accepting electrons from the catalyst (2). In the ion-radical
state, they react with CO molecules from the gas phase, and the ion-radicals of CO,~
molecules are formed (3). CO,~ intermediates are neutralized by donating electron to
the catalyst (4), and then CO, desorbs from the surface (5). Thus, the mechanism of CO
oxidation on ZnO includes two stages: an acceptor stage, when the electron is transferred
from the catalyst to the reactant (O, and CO), and a donor stage, when the electron returns
to the catalyst with the desorption of reaction product (CO,). The extremal dependence
of ZnO activity explains that the ratio of the rates of the acceptor and donor stages of the
CO oxidation reaction depends on the position of the Fermi level on the surface of the
ZnO nanoparticle.

The reaction rate of CO oxidation through the dissociative adsorption of oxygen
molecules and interaction of adsorbed atomic oxygen with gas-phase CO molecules is
defined in the following way after taking into account the dependence of the fractions of
atomic oxygen and CO; as a function of the Fermi level [8]:

ksksPco
Eﬂ

_pd _gd
0~ Fco Er—Eco,

4)

/ 0 "oy P o, S ]
ksPcoso + soks + {So + kzlkT;lZ:| k_sze T + (ksPco+k_3)soe T +ks {So + kzlksz ] e BT

where Ngoz is the concentration of the adsorbed CO; in the neutral state corresponding to
weak chemisorption; Er is the Fermi level; Ef, and Edcoz are the acceptor and donor energy
levels of atomic oxygen and CO; on the catalyst surface, respectively; kg is the Boltzmann
constant; T is the temperature; P is the partial pressure of CO or Oy; sp is the area of the
catalyst surface occupied by one chemisorbed oxygen atom (the effective surface area of
a single active site); k1, k3, and ks are the reaction rate constants of the appropriate stages
(see the scheme above); k_; and k_3 are the reverse rate constants of the appropriate stages.
The substitution of Equation (3) into Equation (4) yields the following expression for the
reaction rate as a function of the nanoparticle diameter (d):

1
R = —5 yil (5)
A+ Be 4 4+ Ced
where
o E?)‘Eéoz
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All four parameters (A, B, C, D) must be available for evaluation of the reaction rate
using Equation (5), which is not always the case. However, Equations (4) and (5) allow
one to make a qualitative analysis of the relation between the reaction rate and the energy
of the Fermi level and the size of nanoparticles of the catalyst (Figure 4). By solving the
differential equation %—5 = 0, we can find the optimal size of ZnO nanoparticle diameter at
which the reaction rate is maximum:

2D
dopt = \| 7=~
opt II‘I(C/B) (6)
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Figure 4. The dependence of the turnover frequency (TOF) in CO oxidation on the average diameter
and the Fermi level of ZnO nanoparticles obtained experimentally (points) and through calculations
(curve) with an indication of the rate-limiting step (RLS) in the corresponding region: A—O, adsorp-
tion; B—CO; desorption. The following parameters of Equation (5) were selected for calculated curve:
A =307 x10"%s,C =246 x 10”5, B=2.77 x 10~ ! 5, D = 400 nm?. Reaction conditions: 2 vol.% CO,
20 vol.% O,, He as a balance gas, flow rate = 100 cm®min~?!, P =1atm, T = 320 °C.

The application of Equations (4) and (5) to the CO oxidation over ZnO nanoparti-
cles indicates that the value of the Fermi level decreases with a decrease in size of ZnO
nanoparticles from 4.6 nm to 4.4 nm while the reaction rate increases, reaching a maximum
value at 4.4 nm (Figure 4, region A). In region A, the donor stage of electron transfer to
the catalyst proceeds easily, but the acceptor stage of electron transfer from the catalyst
is slower. Therefore, the rate-limiting stage is O, adsorption onto the catalyst surface. As
the Fermi level rises with the decrease in size, the adsorption of the oxygen improves; as a
result, the reaction rate increases and reaches its peak. With a further decrease in the ZnO
nanoparticle size to smaller than 4.4 nm, the Fermi level decreases, and the reaction rate
begins to decrease (Figure 4, region B). Thus, in region B, the acceptor stage of electron
transfer from the catalyst is facilitated, but the donor stage is hampered, i.e., the reaction
rate is determined by CO; desorption from the catalyst surface. The observed “volcano”
trend occurs within a narrow particle size window of approximately 0.4 nm, while the
standard deviation of the ZnO particle size is about the same value. Despite this, the peak
in catalytic activity remains well defined, indicating that the sharp increase in TOF is a gen-
uine effect rather than an artifact of size variability or measurement uncertainty. Horizontal
error bars in Figure 4 represent the particle size standard deviation, and vertical bars reflect
the reproducibility of TOF measurements, demonstrating the statistical reliability of the
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observed trend. This confirms that the catalytic activity is highly sensitive to particle size
within this narrow range.

The idea of the relationship between the electron state in a solid and its catalytic
properties was first expressed by L.V. Pisarzhevskii [28]. Later, these ideas were developed
in Wolkenstein’s works, who proposed the principles of a collective approach to explain-
ing the catalytic properties of materials having a semiconductor nature [8,9]. Despite its
popularity, the electronic theory has been criticized for not always finding experimental
evidence. This was evidently due to the experimental possibilities of time, which did not
always allow the accurate measurement of Fermi levels in semiconductors. An important
consequence of the electronic theory is the prediction of the role of size factors on the cat-
alytic properties of semiconductors. In one of his latest works, Wolkenstein noted that the
high dispersity of a semiconductor material can have the same effect as impurities on the
catalytic properties [9]. In particular, it has been shown that, by changing the thickness of
the oxide semiconductor film on the copper surface, it was possible to control the position
of the Fermi level and, accordingly, the adsorption capacity, activity, and selectivity of
copper [8,29]. Wolkenstein did not attribute this result to a manifestation of the quantum
size effect, but pointed out that quantum mechanics gave chemistry physical content and
thus revealed the physical nature of chemical forces [8]. The relationship between the
electronic properties and the thickness of the oxide film in VO, MoOx, WOy, and NbOx
deposited on alumina, zirconia, and magnesia was demonstrated in [30]. For these oxides,
which are two-dimensional film domains, the TOF value in the reactions of ethane and
propane dehydrogenation increased monotonically with a decrease in the edge energy
of the absorption band, which was determined from the blue shift in the electron diffuse
reflectance spectra. Also, the unusually high activity and selectivity of nanosized gold is
associated with the manifestation of quantum size effects [31]. The bell-shaped dependence
of the CO oxidation rate on the size of gold nanoparticles can be explained by a change
in the electronic properties of two-layer gold nanoclusters stabilized on the support sur-
face [32]. The Fermi level shift towards lower values was detected for gold nanoparticles in
the Au/TiO, nanocomposite: 0.02, 0.04, and 0.06 eV for Au nanoparticles with a diameter
of 8, 5, and 3 nm, respectively. This effect was caused by the unusual property of Au
nanoparticles to undergo quantized charging [33]. It was shown that a promising way to
control the catalytic activity of gold nanoparticles is tailoring the Fermi level of support [34].
The correlations of the gold nanoparticles’ catalytic activity with the Fermi level of the
support via electronic metal-support interactions were found in the oxidation reactions of
CO and benzyl alcohol. For 4 mol % Cu/ZnO synthesized by four different methods, the
influence of the preparation method on the position of the Fermi level and the selectivity
of the synthesis gas conversion to higher alcohols was demonstrated. It was shown that
the introduction of isolated Cu®* atoms into the ZnO structure contributes to a decrease
in the Fermi level, an increase in the carbon chain, and the corresponding increase in the
proportion of C,-C¢ alcohols to 69.9% [35].

Our results provide experimental evidence supporting Wolkenstein’s approaches
to explaining the catalytic properties of semiconductor oxides. Specifically, we obtained
the confirmation of the volcano-shaped dependence of the CO oxidation rate on ZnO, as
predicted by Wolkenstein, based on the position of the Fermi level. Furthermore, we suc-
cessfully demonstrated the validity of Wolkenstein’s prediction regarding the relationship
between the dispersion of semiconductor material ZnO and its electronic characteristics.
Our research revealed that the availability of electron energy states in the catalyst for
participating in redox reactions strongly depends on its size, primarily due to the quantum
confinement effect. Through the measurements of UV-Vis diffuse reflectance spectra, we
examined the size-dependent band gap of ZnO nanoparticles within a narrow range of
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4.0-4.6 nm. Our findings indicated that, as the particle size decreases, the Fermi level
decreases due to the quantum confinement of free electrons, leading to changes in the
conduction band edge. By leveraging the size dependence of the Fermi level and Wolken-
stein’s electronic theory of catalysis, we established the existence of an optimal size for
nanoparticles catalyzing a two-stage chemical reaction (acceptor and donor stages). At this
specific size of ZnO nanoparticles (about 4.4 nm in diameter), we observed that the reaction
rate reaches its maximum value.

3. Experiments
3.1. Synthesis

ZnO/MgO solids with different controllable diameters of ZnO nanoparticles were
prepared by a two-step method including the synthesis of the ZnO nanoparticle colloidal
solutions from zinc acetate and sodium hydroxide in isopropanol followed by their de-
position over MgO powder. The detailed synthesis method was described in [21,36]. The
content of ZnO in prepared samples was determined by titrimetric analysis and amounted
to ca. 1 wt.%.

3.2. Measurements and Characterization

The average size and size distribution of the ZnO nanoparticles in ZnO/MgO samples
were obtained from their UV-Vis diffuse reflectance (DR) spectra using the spectrophotome-
ter “Specord M-40" (Zeiss, Jena, Germany). MgO was used as a reference white standard
for recording UV-Vis DR spectra. The zinc oxide dilution with magnesia minimizes the
distortion of the diffuse reflectance spectra of prepared solids due to a regular (surface)
reflection, which always the observation of even the finest grain sizes of crystallites [37].
As a result of several repeated UV-Vis DR spectra for each sample, the precision between
the calculated values of the ZnO nanoparticle average diameter was £0.02 nm.

The prepared ZnO/MgO samples were tested in the CO oxidation reaction by oxygen
using the flow method with the test gas mixture of 2 vol.% CO, 20 vol.% O,, and He as a
balance gas, at a flow rate of 100 cm®min~! under atmospheric pressure. All experiments
were performed at a temperature of 320 °C. The reaction components and products (CO, Oy,
CO,) were analyzed at the reactor outlet by a gas chromatograph NEOCHROM (Zaporizhia,
Ukraine). Repeating the catalytic experiment several times for each ZnO/MgO solid gave
the reproducibility of a set of measurements, with a precision of £5%.

The CO oxidation rate was calculated in the kinetic reaction mode when CO conversion
of less than 20% occurred for most of the prepared catalysts [38]. Under such conditions,
the CO oxidation rate depends weakly on the concentrations of CO and O, the influence of
reverse reaction is minimized, and the observable rate of CO oxidation is the closest to the
true value. The value of TOF (s~!) in the CO oxidation reaction for prepared catalysts was
calculated as the number of CO molecules reacting per surface-centered ZnO molecules
(active sites) in unit time. The number of active sites was obtained using the average
diameter of the near-spherical ZnO nanoparticle.

4. Conclusions

An important consequence of Wolkenstein’s electron theory of catalysis on semicon-
ductors is the potential to exert control over the adsorption and catalytic properties of
finely dispersed semiconductor materials through the regulation of the Fermi level. Within
the context of the Eley—Rideal’s CO oxidation mechanism on ZnO nanoparticles, we have
demonstrated that an increase in the ZnO nanoparticles diameter in the region below 10 nm
leads to a corresponding elevation in the Fermi level. This elevation, in turn, results in
an accelerated acceptor stage and a decelerated donor stage involving free electrons in
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the interaction with atomic oxygen, carbon monoxide, and carbon dioxide on the catalyst
surface. Such opposite behavior between the donor and acceptor stages generates an
inverted relationship in their rates, leading to a volcano-shaped dependence on the size
of the ZnO nanoparticles. Consequently, an optimal catalyst particle size exists where the
reaction rate reaches its maximum value.
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