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Abstract: Gold nanoparticles (AuNPs) have attracted wide attention in the field of catalysis because
of their excellent stability and electrical properties. Herein, an accurate vacancy formation energy
model based on nanothermodynamics theory is developed, the intrinsic correlation between vacancy
formation energy and CO oxidation activity is investigated in detail, and the relationship between
vacancy formation energy and activity-influencing factors such as particle size, temperature, and
crystal surface is analyzed. The results show an excellent linear relationship between vacancy
formation energy and CO oxidation activity, with an accuracy of up to 95%. In addition, the vacancy
formation energy also corresponds well to the influencing factors of size, temperature, and crystal
surface, and its correspondence is particularly accurate when the size is below 20 nm and the
temperature is below 500 K. It can serve as a normalized expression of the three influencing factors.
Moreover, the present research reveals that the essence of the vacancy formation energy descriptor
is the chemical bond energy, and gives its correspondence with the coordination number, diffusion
activation energy, and adsorption energy (with a decrease in vacancy formation energy, the adsorption
effect of AuNPs is stronger), further demonstrating the feasibility and accuracy of the vacancy
formation energy as a descriptor. This research not only overcomes the problem that traditional
single-influence descriptors are difficult to apply in complex environments but also has considerable
potential for defect modulation.

Keywords: vacancy formation energy; descriptors; catalysis; gold nanoparticles; nanothermodynamics

1. Introduction

In recent years, noble metal catalysts have captured substantial attention in energy
conversion and environmental remediation [1–3]. In particular, gold nanoparticles (AuNPs)
are considered a potential catalytic material due to their remarkable electrical properties and
stability [4–7]. However, investigators have pointed out that AuNPs have to escape from
the limitations of size, crystal surface, and temperature to exhibit highly efficient catalytic
activity [8–11]. Therefore, it is essential to consider influencing factors to facilitate research
into high-activity catalysts, utilizing practical descriptors and modulation tactics [12].

Two strategies have been proposed to optimize the catalytic activity of AuNPs lately.
One notable approach is structural design involving dimensional modification and crystal
surface engineering. Several studies have suggested that the catalytic activity of AuNPs
is negatively correlated with the particle size, and the preferred particle radius is around
4 nm [13–15]. In addition, the binding energy of 4-nitroaniline is most remarkable on the
Au (110) crystal surface, which is conducive to absorbing this molecule and fulfilling its
catalytic hydrogenation [16]. The other promising method is interaction with the external
environment; specifically, a critical variable for a reaction rate is temperature, and the major-
ity of processes accelerate with increasing temperature [17]. Nevertheless, the relationship
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between particle size, crystal surface, and temperature is poorly clarified, which restricts
the execution of schemes for enhancing the catalytic activity of AuNPs. A tiny particle size
is unfavorable to the thermal stability of AuNPs and also degrades their catalytic activity
due to the particles agglomerating into clusters during the catalytic process [18]. More than
that, the optimal particle size and reaction temperature in triggering catalytic activity vary
with the crystal orientation [19]. For such reasons, it is valuable to identify the intrinsic
mechanisms of interaction between these factors and catalytic properties.

To decipher the code of regulating catalytic activity, scholars have conducted sys-
tematic studies and drawn numerous fruitful conclusions. Sun et al. [20] found that an
elevated temperature weakens the surface energy and vacancy formation energy, thus
improving the catalytic properties of AuNPs. Wang et al. [21] concluded that enhancement
of material activity is attributed to a decrease in particle size, which drives the growth of
low-coordinated atoms on the surface to reduce the binding energy and vacancy formation
energy. Furthermore, Zhang et al. [22] studied the catalytic activities of AuNPs coated with
different index crystal surfaces for the hydrogenation of 4-nitrothiophenol; they revealed
that the catalytic activity is strictly determined by the distribution densities of vacancies on
AuNPs’ surfaces. These results imply that temperature, particle size, and the crystal surface
index of AuNPs may have an influential relationship with binding energy and vacancy
formation energy. However, studying this using traditional density functional theory (DFT)
is generally a time-consuming and labor-intensive process [23]. Meanwhile, the inherent
correlations between temperature, particle size, and crystal surface index are complicated to
verify experimentally [24–26]. It is speculated that the application of nanothermodynamics
to examine the association of vacancy formation energy with activity has potential [27].

In our study, vacancy formation energy descriptors for the catalytic properties of
AuNPs were constructed based on the theory of nanothermodynamics. We explored the
interrelationship between vacancy formation energy and size, temperature, and the crystal
surface in AuNPs and demonstrated that the vacancy formation energy can unify the above
three influencing factors. In addition, the study of 18 kinds of different metal nanoparticles
accurately revealed the nature of the vacancy formation energy as chemical bond energy.
Lastly, we investigated the relationship between vacancy formation energy and adsorption
energy to directly show the effect of vacancy formation energy on catalytic activity. The
presented research strategy of the descriptors is expected to overcome the limitations of
conventional noble metal catalyst research regimes and propose a fresh course for the
design of high-efficiency catalytic systems.

2. Nanothermodynamic Model

As Cahn pointed out [28], the vacancy model is empirically self-consistent and water-
tight, in that it can interpret a wide range of distinct phenomena. In addition, Gorecki [29]
offered extensive evidence to demonstrate the existence of correlations between the vacancy
formation energy and the bonding energy of metals. The correlation between vacancy
formation energy, vacancy migration energy, and Debye temperature is given as follows:

2.1. The Relationship between the Vacancy Transfer Energy and Debye Temperature

For simplicity, we consider monatomic cubic crystals [30]. A diffusion jump occurs
when (a) a given atom has a large displacement from its equilibrium position in the correct
direction, and (b) the surrounding atoms move so that the atom may pass to the adjacent
(vacant) site. The probability of an atomic displacement P(ua), along axis a, at thermal
equilibrium and in the harmonic approximation, is

P(ua) =
(

2π
〈

u2
a

〉)− 1
2 exp

[
−1

2
u2

a
〈u2

a〉

]
(1)
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According to normal coordinate qj(k) and mean square displacement
〈
u2

a
〉
,

〈
u2

a

〉
=

1
3Nm

1N

∑
k,j

〈
q2

j (k)
〉

(2)

where n is the number of atoms, and M is the mass of atoms. Based on the vibration
frequency ωj(k) and vibration energy Ej(k), Equation (2) can be further rewritten as

〈
q2

j (k)
〉
=

Ej(k)
ω2

j (k)
= }ω f (k)×

[
(exp

}ω f (k)
kT

− 1) +
1
2

]
/ω2

j (k) = kT/ω2
j (k) (3)

where h̄ is the Planck constant, K is the Boltzmann constant, and T is the temperature. If we
introduce the Debye function, then we can get

g(ω) = 9Nω−3
D ω2(ω ≤ ωD) (4)

In that case, 〈
u2

a

〉
=

1
3Nm

∫ E(∞)

ω2 g(ω)dω =

(
}
k

)2 3kT
mΘ2 (5)

Therefore,

P(ua) =

[
6πkT
mΘ2

(
}
k

)2
]− 1

2

exp[−
1
6

(
k
}

)2
mΘ2u2

a

kT
] (6)

When the lattice constant is a, ua = a/2

Ef = a2 1
24

(
k
}

)2
mΘ2 (7)

It can be seen that the vacancy transfer energy Ef is proportional to the square of Debye
temperature Θ at a lower temperature.

2.2. The Relationship between the Vacancy Formation Energy and Debye temperature

According to the number of atoms n, the atomic distance ri, and the potential energy
φ(ri j), the potential V of a solid can be expressed as

V(r1 · · · rN) =
1
2∑

ij
φ(ri − rj) (8)

For symmetry, Equation (8) should be divided by 2. At the same time, the atomic
potential energy can also be expressed in the following form

φ(r) = ε f (r/a) (9)

where ε is the elastic constant, and a is the lattice constant. It is worth noting that the potential
V of a solid can be expanded by the Taylor series under the simple harmonic approximation

V = NV0 +
1
2

3N

∑
i,j=1

(
∂2V

∂µi∂µj

)
0

µiµj = N
ε

2∑
i

f (ri/a) +
ε

2∑
ij

1
a2 f ′′ (rij/a)µiµj (10)

where V0 is the zero potential, and µi is the displacement vector, which deviates from
the equilibrium position. In the Debye model, each solid has the same spectrum, and the
spectrum of different solids is only different with the cut-off value wD

µi = m−(1/2)∑
k

λikqk (11)
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In this way, the maximum cut-off value wD can be expressed as

ω2
D = ∑

ij
λKD i AijλjKD =

ε

2ma2 ∑
ij

λKD i f ′′ (rij/a)λjKD Aij ≡
3N

∑
i,j=1

(
∂2V

∂µi∂µj

)
0

(12)

That is to say,

ε = 2ma2ω2
D

[
∑
ij

λKD i f ′′ (rij/a)λjKD

]−1

(13)

If a vacancy is formed, the volume of the crystal will not shrink

Ev = V0 =
ε

2∑
i

f (ri/a) = ma2ω2
D

[
∑
ij

λKD i f ′′ (rij/a)λjKD

]−1

∑
i

f (ri/a) (14)

According to the definition of Debye temperature ΘD = h̄ωD/k,

Ev =


[
∑
ij

λKD i f ′′ (rij/a)λjKD

]−1

∑
i

f (ri/a)

a2(
k
} )

2
mΘ2 (15)

Obviously, the vacancy formation energy is approximately proportional to the square
of the Debye temperature.

2.3. The Size Effect of the Debye Temperature

According to previous studies considering the effect of vacancy defects on the chemical
activity of nanomaterials, the binding energies and the Debye temperature of nanomaterials
of different sizes can be written as [31–34]

Ev(r, 0)
Ev(b, 0)

=
Θ2(r, 0)
Θ2(b, 0)

=
Em(r, 0)
Em(b, 0)

= 1− CN
4
· r0

R
· ρb

ρn
· 1

η
(16)

where Ev(r,0) is the vacancy formation energy of AuNPs at 0 K, and Ev(b,0) is the vacancy
formation energy of the corresponding Au bulk material at 0 K. Similarly, Θ is the Debye
temperature, and Em is the binding energy. In addition, ρ is the density, CN is the coordina-
tion number, η is the packing coefficient, r0 is the atomic radius, and R is the nanoparticle
radius (for the detailed derivation process and experimental details, see the Supplementary
Materials). The equation applies not only to vacancy formation energy; for any form of
defect, the energy can be calculated in relation to the binding energy method.

To study the temperature effect on the vacancy formation energy of AuNPs, a func-
tional model of vacancy formation energy, binding energy, and temperature can be estab-
lished in constant-pressure specific heat capacity:

Ev(r, T)
Ev(b, 0)

=
Em(r, T)
Em(b, 0)

= 1−
∫ T

0 Cp(T)dT
Um(b, 0)

(17)

where Um(b,0) is the internal energy at 0 K, and Cp is the specific heat capacity at
constant pressure.

Vacancy, as one of the important melting criteria, is related to properties such as
surface energy, Young’s modulus, the Debye temperature, and the diffusion activation
energy. Its intrinsic correlation can be expressed by the following equation [35–37]

Ev(r, T)
Ev(b, T)

=
σ(r, T)
σ(b, T)

=
Y(r, T)
Y(b, T)

=
Q(r, T)
Q(b, T)

=
Θ2(r, T)
Θ2(b, T)

(18)
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where Ev(r, T) and Ev(b, T) are the vacancy formation energy of nanoparticles and bulk
materials, respectively; σ(r, T) and σ(b, T) are the surface energy of nanoparticles and
bulk materials, respectively; Y(r, T) and Y(b, T) are Young’s moduli of nanoparticles and
bulk materials, respectively; Q(r, T) and Q(b, T) are the diffusion activation energy of
nanoparticles and bulk materials, respectively; and Θ2(r, T) and Θ2(b, T) are the Debye
temperature of nanoparticles and bulk materials, respectively.

In addition, we also found that the vacancy formation energy has the following
relationship with the coordination number [31,38]

Ev(r)
Ev(b)

=
ZbNc + ∑2

i=1 NiZi/ci

Zb(R3/R3)
(19)

where Zb is the coordination number of the Au bulk material, Nc is the number of interior
atoms (Nc = R3/r3−∑2

i=1 N), and N is the number of atoms. This relationship can be used
to connect vacancy formation energy with the coordination number.

3. Results and Discussion

Vacancy formation energy is a zero-dimensional thermodynamic defect, which not
only shows the change in binding energy and coordination number, but also describes
the influence of size, temperature, and the crystal plane. It provides more comprehensive
structural and energy information than simple reaction descriptors (such as particle size and
the ratio of a specific plane). Therefore, it is reasonable to believe that the vacancy-forming
energy descriptor will show advantages in the design of metal catalysts such as Au.

3.1. Relationship between Vacancy Formation Energy and Catalytic Activity

There have been many studies on the catalytic oxidation of CO by AuNPs, the best
known of which are those of D. Goodman. The researcher has achieved many important
results by studying the catalytic oxidation of CO by AuNPs supported by different car-
riers [39,40]. For example, he investigated MgO-supported AuNP catalysts and found
that the MgO surface F center plays a key role in the activation of Au in Au/MgO cata-
lysts. In addition, Goodman investigated TiO2-supported AuNP catalysts and found the
importance of defect sites in determining the Au cluster shape and electronic properties.
Therefore, we examine in detail the intrinsic relationship between vacancy defects and
AuNPs. Figure 1 shows the relationship between CO oxidation activity and the magnitude
of vacancy formation energy for AuNPs on different carriers. It can be seen from the figure
that the oxidation activity of CO decreases continuously as the vacancy formation energy
increases. In addition, by comparing the data for reducible (TiO2, Fe2O3) and non-reducible
(Al2O3, MgAl2O4, SiO2) carriers, it can be seen from Figure 1 that the oxidation activity of
CO is still linearly related to the vacancy formation energy, despite the different carriers.
Therefore, it is known that although different carriers have an effect on the catalytic activity
of AuNPs, the activity is mainly determined by the vacancy concentration. If we include
only a few different supports, then it is possible that the fact that the AuNPs have roughly
the same activity is a coincidence because the different effects are cancelled out by chance,
but the large number of different supports gathered in Figure 1 should rule this out. As
such, we speculate that the vacancy formation energy is a promising descriptor, reflecting
the activity of AuNPs with excellent accuracy.
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3.2. Vacancy Formation Energy Model

Recently, George [47] and Yu [27] have shown that the size effect of nanomaterials
depends mainly on the number of atoms on the surface and the percentage of atoms in the
bulk phase from the perspective of continuum media theory and statistical thermodynamics,
respectively. Herein, we present how we calculated the atomic number of particles of
different sizes of AuNPs by using the formula N = ηR3/r0

3, for which the result is shown in
Figure 1a. Throughout the calculations, density and lattice distortion were not considered
due to the small variation in size. It is clear from Figure 2a that the number of nanoparticles
increases with increasing particle size. Furthermore, the calculated results are in good
agreement with the molecular dynamics simulations; at 2.21 nm, the maximum difference
ratio is 0.086, whereas at 4.31 nm, the difference ratio is only –0.005, which indicates that
our model is able to accurately characterize the structure of the particles.

Vacancies are the smallest and most fundamental form of defect in crystals, and
many physical properties of solids are closely related to the presence of vacancies [48].
The detailed study of vacancy formation and properties is of great importance for under-
standing the microscopic and macroscopic properties of materials. In conjunction with
Equation (1), we further investigated the effect of particle size on vacancy formation energy
and compared it with the simulation results, as shown in Figure 2b. The results of the
theoretical calculations agree well with the molecular dynamics simulations, indicating that
our thermodynamic model is accurate and reliable and can provide a convenient method
for predicting the formation of size-dependent vacancies. It can be seen from Figure 2b
that the vacancy formation energy of AuNPs reduces with decreasing particle size, which
suggests that vacancies can be formed more easily in nanoparticles than in the bulk material.
In addition, with particle sizes greater than 20 nm, Au nanoparticles have properties similar
to those of solid materials, with vacancies forming in an almost horizontal straight line.
This finding suggests that 20 nm may be the threshold for the size effect of the vacancy
formation energy of Au nanoparticles. Meanwhile, when the particle size is less than
20 nm, the effect of size on vacancy formation energy is a smooth curve. Furthermore, our
previous models developed general relationships between thermodynamic and mechanical
properties of nanomaterials and could well replicate experimental results. Overall, our
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vacancy formation energy model can effectively reflect the pattern of particle size effects on
catalytic performance.
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0.74, r0 is the atomic radius 0.1442, R is the nanoparticle radius, ρb/ρn is density ratio 0.9, and the
relevant data can be found in the Supplementary Materials Tables S1–S5.)

The effect of the crystal surface of AuNPs on catalytic properties has been reported
in some cases, but studies in which the crystal surface and particle size together affect
catalytic properties are rare [38]. It is well-known that crystals with high indices often
have a large number of active sites on their surfaces, which significantly influence catalytic
performance. Here, we calculate in detail the size effect of the vacancy formation energy
on the (111) crystal surfaces of Au, Ag, and Cu nanoparticles (same calculation method
for different crystal surfaces), as shown in Figure 3a–c. As can be seen from the figure, the
vacancy formation energies of the Au, Ag, and Cu nanoparticle (111) crystalline surfaces are
strongly consistent with the molecular dynamics simulations and also have a similar size
effect as in Figure 2b. Furthermore, it can be seen from Figure 3d that the vacancy formation
energy of the (111) surface of the Au, Ag, and Cu nanoparticles is approximately 1/4 of the
overall vacancy formation energy [38]. This is attributed to the fact that the face-centered
cubic (FCC) structure has a coordination number of 12, while the number of atomic bonds
that need to be broken for atoms to break away from the (111) surface is 3. This conclusion
is identical to that described in Equation (4), suggesting that the vacancy formation energy
has a similar descriptive effect to that of the coordination number, and can also describe
the effect of a reduction in coordination number on the catalytic properties [49–51]. In
summary, the common effect of different particle sizes and crystal surfaces on catalytic
properties can be described by the vacancy formation energy.

Temperature is an additional important factor affecting the catalytic properties of
AuNPs, and we further investigate the law of temperature influence on the vacancy for-
mation energy of AuNPs. As can be seen in Figure 4, the energy of vacancy formation
decreases with increasing temperature and shows a linear relationship. In addition, the
calculations of our model fall in-between those of the local harmonic method, the exten-
sions of the local harmonic method, and the quasi-harmonic method, with an accuracy
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comparable to that of Li [24]. Classical thermodynamics state that vacancies are a ther-
modynamic equilibrium defect and that the vacancy formation energy decreases and the
concentration of vacancies increases with increasing temperature. However, the method of
using coordination numbers to describe the catalytic properties at different temperatures
seems less intuitive than the method of vacancy formation energy. Additionally, previous
research by the team led us to point out that the nature of vacancy formation energy is
bond energy, which is linearly related to vacancy migration energy and diffusion activation
energy [31], a conclusion that is consistent with the mathematical description given in
Equation (3).Therefore, the effect of temperature on catalysis can be well-described by the
vacancy formation energy.
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the Supplementary Materials Tables S7–S9.)
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The combined effect of temperature and particle size on the vacancy formation energy of
AuNPs is shown in Figure 5. The effect of particle size is small when the particle size is greater
than 4 nm, while the effect of particle size is significant when the particle size is less than 4 nm.
In addition, when the temperature is too high, the atoms move violently and tend to break
away from their initial positions, creating vacancies and thus leading to drastic changes in
vacancy formation energy. These patterns can be accurately predicted and described using
the mathematical equations of Equations (2) and (3). We compared the calculated results with
the models of Li [24] and Ouyang [43] and found that Equations (2) and (3) are close to the Li
model, with a maximum difference of only 0.01 at 0 K. The report by Li et al. [24] claims that
the accuracy of their calculation method is the highest available; therefore, the use of vacancy
formation energy to describe the effect of temperature and particle size on catalytic properties
is accurate and appropriate.
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3.3. Essence of Vacancy Formation Energy

Figures 2–5 have demonstrated that vacancy formation energy is highly correlated
with particle radius, reaction temperature, and crystal surface orientation and can be used
as a uniform scale for these influences. To clarify the physical essence of this description,
we have studied the relationship between vacancy formation energy and bond energy for
18 common metals, and the results are shown in Figure 6. It can be seen that the vacancy
formation energy of the 18 common metals is proportional to the bond energy, with a
slope of 0.00255. Previous research by the team noted that the removal of one atom from a
crystal would sever the chemical bond attached to that atom, and the surrounding atoms
would undergo contraction (contraction ratio of 1.06), along with a decrease in coordination
number [28]. Hence, the essence of vacancy formation energy is bonding energy, similar to
the mechanism described for the coordination number, but it is able to reflect the combined
effects of particle size, crystal surface, and temperature on catalytic properties at the same
time. Notably, Jiang et al. [52] pointed out that the surface of nanomaterials has a large
number of low-coordinated atoms, which makes the chemical bonds of surface atoms short
and strong, resulting in a series of special physical phenomena. Qi et al. [53] also argued
that the core of nanothermodynamics is bonding energy, which is lower in nanomaterials
than in bulk materials, so physical quantities such as phase transition temperature, Debye
temperature, surface energy, surface stress, vacancy formation energy, diffusion activation
energy, heat capacity, and Young’s modulus are also reduced.
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3.4. Relationships between Vacancy Formation Energy, Diffusion Activation Energy, and
Adsorption Energy

Vacancy formation energy is related to bonding energy and the number of ligands
but also the diffusion activation energy and the adsorption energy. While the adsorption
energy has the theoretical advantage of high accuracy as a descriptor, the vacancy formation
energy is also informative in terms of its application to defect modulation. In order to
investigate the intrinsic link between vacancy formation energy and diffusion activation
energy, we calculated the relationship between vacancy formation energy and diffusion
activation energy for different bulk metals, and the results are shown in Figure 7. It can
be seen that the vacancy formation energy is linearly related to the diffusion activation
energy. Additionally, we further investigated the relationship between vacancy formation
energy and diffusion activation energy for AuNPs at 4, 8, and 12 nm and found that the
relationship was also linear, with a slope of 0.3571. This is because AuNPs have a large
number of unsaturated bonds and weak interatomic forces when the vacancy formation
energy is small, so the energy required to overcome the atomic motion is low. This suggests
that vacancy formation energy can respond well to atomic activation on the surface, to
describe catalytic performance.

Adsorption energy is an important indicator of catalytic performance, and under-
standing the relationship between vacancy formation energy and adsorption energy will
contribute to the development of vacancy formation energy descriptors. Figure 8 shows
the vacancy formation energy of the AuNPs’ (111) crystal faces in relation to the O and CO
adsorption energies. It can be seen from the figure that the adsorption energy stabilizes
when the vacancy formation energy is greater than 0.79 eV, due to the low concentration
of vacancies at this point, meaning the properties of the AuNPs are similar to those of
the bulk material. Furthermore, the adsorption energy increases with decreasing vacancy
formation energy when the vacancy formation energy is less than 0.79 eV. This is because
at low vacancy formation energies, a large number of defects tend to form on the surface of
the nanoparticles, enhancing surface adsorption. The finding again suggests that vacancy
formation energy is a good catalytic descriptor.
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4. Conclusions

In summary, a reactivity descriptor for AuNP electrocatalysts, vacancy formation
energy, has been proposed based on nanothermodynamics theory. To begin with, we
investigated the intrinsic correlation between vacancy formation energy and size, crystal
surface, and temperature, and found that there is an accurate correspondence between
vacancy formation energy and these three factors, which can well reflect the influence of
the three on the catalytic activity of AuNPs. In addition, a mechanism has been given for
correlating vacancy formation energy with bond energy, diffusion activation energy, surface
energy, binding energy, and coordination number, revealing that the physical essence of
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vacancy formation energy as a descriptor is bond energy. Ultimately, the relationship
between vacancy formation energy and adsorption energy has been further examined,
demonstrating that vacancy formation energy is a good descriptor. This research not
only provides new insights into the prediction of catalyst properties but also contributes
significantly to defect regulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13020362/s1, Table S1: The molecular dynamics simulation
data and calculation results of Au nanoparticles; Table S2: The simulation data of Au nanoparticles;
Table S3: The simulation data of Au nanoparticles; Table S4: The simulation data of Au nanopar-
ticles; Table S5: The calculation parameter of the vacancy formation energy of Au nanoparticles;
Table S6: The size effect of the vacancy formation energy of Au nanoparticles (111) crystal sur-
face; Table S7: The size effect of the vacancy formation energy of Ag nanoparticles (111) crystal
surface; Table S8: The size effect of the vacancy formation energy of Cu nanoparticles (111) crystal
surface; Table S9: The calculation parameter of the vacancy formation energy of Au, Ag and Cu
nanoparticles (111) crystal surface; Table S10: The constant pressure heat capacity (Cp (J.mol-1K)
simulation data of Au nanoparticles; Table S11 The calculation parameter of the constant pressure
heat capacity (Cp (J.mol-1K) of Au nanoparticles; Table S12: The simulation data from Li’ model of
Au nanoparticles; Table S13: The simulation data from Ouyang’ model of Au nanoparticles in 0 K;
Table S14: The simulation data from Ouyang’ model of Au nanoparticles in 300 K; Table S15: The
Linear relationship between the chemical bond energy and vacancy formation in common metal
materials; Table S16: Linear relationship between vacancy forming energy and diffusion activation
energy in common metal materials.

Author Contributions: Z.Z. participated in theoretical derivation, data collation, data analysis,
graphing, and paper writing; K.M., Y.Z. and X.Y. guided theoretical derivation and data analysis and
critically reviewed articles for intellectual content; P.O. and H.W. provided guidance on the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: The Kunming University of Science and Technology “Double First-Class” Joint Special
Project: 202101BE070001-011 and the General Project in Yunnan Province: 202201AT070192.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Hammer, B.; Norskov, J.K. Why gold is the noblest of all the metals. Nature 1995, 376, 238–240. [CrossRef]
2. Palma, V.; Ruocco, C.; Cortese, M.; Renda, S.; Meloni, E.; Festa, G.; Martino, M. Platinum based catalysts in the water gas shift

reaction: Recent advances. Metals 2020, 10, 866. [CrossRef]
3. Knauss, S.J.; Guevara, L.N.; Atwater, M.A. Enhanced Performance of Bimetallic Co-Pd Catalysts Prepared by Mechanical Alloying.

Metals 2019, 9, 335. [CrossRef]
4. Manolis, S.; Hermenegildo, G. Catalysis by supported gold nanoparticles: Beyond aerobic oxidative processes. Chem. Rev. 2012,

112, 4469–4506.
5. Thompson, D.T. Using gold nanoparticles for catalysis. Nano Today 2007, 2, 40–43. [CrossRef]
6. Haruta, M. When gold is not noble: Catalysis by nanoparticles. Chem. Rec. 2003, 3, 75–87. [CrossRef]
7. Tai, M.C.; Gentle, A.; De Silva, K.S.B.; Arnold, M.D.; Van der Lingen, E.; Cortie, M.B. Thermal stability of nanoporous Raney gold

catalyst. Metals 2015, 5, 1197–1211. [CrossRef]
8. Zhou, X.C.; Xu, W.L.; Liu, G.K.; Panda, D.; Chen, P. Size-dependent catalytic activity and dynamics of gold nanoparticles at the

single-molecule level. J. Am. Chem. Soc. 2010, 132, 138–146. [CrossRef]
9. Lin, C.H.; Compton, R.G. Size effects in nanoparticle catalysis at nanoparticle modified electrodes: The interplay of diffusion and

chemical reactions. J. Phys. Chem. C 2017, 121, 2521–2528. [CrossRef]
10. Guczi, L.; Beck, A.; Pászti, Z. Gold catalysis: Effect of particle size on reactivity towards various substrates. Catal. Today 2012, 181,

26–32. [CrossRef]
11. Zhang, F.Z.; Zhao, X.F.; Feng, C.H.; Li, B.; Chen, T.; Lu, W.; Lei, X.D.; Xu, S.L. Crystal-face-selective supporting of gold

nanoparticles on layered double hydroxide as efficient catalyst for epoxidation of styrene. ACS Catal. 2011, 1, 232–237. [CrossRef]
12. Hvolbæk, B.; Janssens, T.V.W.; Clausen, B.S.; Falsig, H.; Christensen, C.H.; Nørskov, J.K. Catalytic activity of Au nanoparticles.

Nano Today 2007, 2, 14–18. [CrossRef]

https://www.mdpi.com/article/10.3390/met13020362/s1
https://www.mdpi.com/article/10.3390/met13020362/s1
http://doi.org/10.1038/376238a0
http://doi.org/10.3390/met10070866
http://doi.org/10.3390/met9030335
http://doi.org/10.1016/S1748-0132(07)70116-0
http://doi.org/10.1002/tcr.10053
http://doi.org/10.3390/met5031197
http://doi.org/10.1021/ja904307n
http://doi.org/10.1021/acs.jpcc.6b10719
http://doi.org/10.1016/j.cattod.2011.08.037
http://doi.org/10.1021/cs100089v
http://doi.org/10.1016/S1748-0132(07)70113-5


Metals 2023, 13, 362 13 of 14

13. Lin, C.; Tao, K.; Hua, D.Y.; Ma, Z.; Zhou, S.H. Size effect of gold nanoparticles in catalytic reduction of p-nitrophenol with NaBH4.
Molecules 2013, 18, 12609–12620. [CrossRef] [PubMed]

14. Laoufi, I.; Saint-Lager, M.C.; Lazzari, R.; Jupille, J.; Robach, O.; Garaudée, S.; Cabailh, G.; Dolle, P.; Cruguel, H.; Bailly, A. Size
and catalytic activity of supported gold nanoparticles: An in operando study during CO oxidation. J. Phys. Chem. C 2011, 115,
4673–4679. [CrossRef]

15. Valden, M.; Pak, S.; Lai, X.; Goodman, D.W. Structure sensitivity of CO oxidation over model Au/TiO2 catalysts. Catal. Lett. 1998,
56, 7–10. [CrossRef]

16. Chiu, C.Y.; Chung, P.J.; Lao, K.U.; Liao, C.W.; Huang, M.H. Facet-dependent catalytic activity of gold nanocubes, octahedra, and
rhombic dodecahedra toward 4-nitroaniline reduction. J. Phys. Chem. C 2012, 116, 23757–23763. [CrossRef]

17. Lang, S.M.; Bernhardt, T.M.; Barnett, R.N.; Landman, U. Temperature-tunable selective methane catalysis on Au2
+: From

cryogenic partial oxidation yielding formaldehyde to cold ethylene production. J. Phys. Chem. C 2011, 115, 6788–6795. [CrossRef]
18. Sun, J.T.; Metcalfe, I.S.; Sahibzada, M. Deactivation of Cu/ZnO/Al2O3 methanol synthesis catalyst by sintering. Ind. Eng. Chem.

Res. 1999, 38, 3868–3872. [CrossRef]
19. Liu, Y.L.; Yang, Z.; Zhang, X.Y.; He, Y.F.; Feng, J.T.; Li, D.Q. Shape/Crystal Facet of Ceria Induced Well-Dispersed and Stable Au

Nanoparticles for the Selective Hydrogenation of Phenylacetylene. Catal. Lett. 2019, 149, 361–372. [CrossRef]
20. Sun, Y.; Li, Z.H.; Wu, J.X.; Wang, Z.P.; Dong, Y.P.; Wang, H.W.; Brash, J.L.; Yuan, L.; Chen, H. Gold nanoparticle–protein conjugate

dually-responsive to pH and temperature for modulation of enzyme activity. J. Mater. Chem. B 2019, 7, 3260–3267. [CrossRef]
21. Wang, H.W.; Gu, X.K.; Zhu, J.F.; Chen, S. Disentangling the size-dependent geometric and electronic effects of palladium

nanocatalysts beyond selectivity. Sci. Adv. 2019, 5, eaat6413. [CrossRef] [PubMed]
22. Zhang, Q.F.; Wang, H. Facet-dependent catalytic activities of Au nanoparticles enclosed by high-index facets. ACS Catal. 2014, 4,

4027–4033. [CrossRef]
23. Tang, F.W.; Song, X.Y.; Wang, H.B.; Liu, X.M.; Nie, Z.R. The thermal stability of the nanograin structure in a weak solute

segregation system. Phys. Chem. Chem. Phys. 2017, 19, 4307–4316. [CrossRef]
24. Zhang, X.Y.; Li, W.G.; Deng, Y.; Shao, J.X.; Kou, H.B.; Ma, J.Z.; Zhang, X.H.; Li, Y. Theoretical analytical model of vacancy

formation energy with simultaneous dependence on surface orientation, temperature, and material size. J. Phys. D 2018, 51,
075308. [CrossRef]

25. Bedeaux, D.; Kjelstrup, S. Hill’s nano-thermodynamics is equivalent with Gibbs’ thermodynamics for surfaces of constant
curvatures. Chem. Phys. Lett. 2018, 707, 40–43. [CrossRef]

26. Jang, S.; Park, J.; Shin, S.; Yoon, C.; Choi, B.K.; Gong, M.S.; Joo, S.W. Adsorption of 4-biphenylmethanethiolate on different-sized
gold nanoparticle surfaces. Langmuir 2004, 20, 1922–1927. [CrossRef]

27. Tarasevich, Y.G. The dimensional dependence of the thermophysical properties of the nanoscale bodies in Hill’s nanothermody-
namic representation. Prot. Met. Phys. Chem. Surf. 2016, 52, 607–611. [CrossRef]

28. Cahn, R.W. Crystal defects and melting. Nature 1978, 273, 491–492. [CrossRef]
29. Gorecki, T. Vacancies and changes of physical properties of metals at the melting point. Int. J. Mater. Res. 1974, 65, 426–431.

[CrossRef]
30. Glyde, H.R. Relation of vacancy formation and migration energies to the Debye temperature in solids. J. Phys. Chem. Solids 1967,

28, 2061–2065. [CrossRef]
31. Yu, X.H.; Zhan, Z.L.; Rong, J.; Liu, Z.; Li, L.; Liu, J.X. Vacancy formation energy and size effects. Chem. Phys. Lett. 2014, 600, 43–45.

[CrossRef]
32. Yu, X.H.; Zhan, Z.L. The effects of the size of nanocrystalline materials on their thermodynamic and mechanical properties.

Nanoscale Res. Lett. 2014, 3, 516–520. [CrossRef] [PubMed]
33. Yu, X.H.; Rong, J.; Zhan, Z.L.; Liu, Z.; Liu, J.X. Effects of grain size and thermodynamic energy on the lattice parameters of

metallic nanomaterials. Mater. Des. 2015, 83, 159–163. [CrossRef]
34. Hu, Z.T.; Yu, X.H. Controlling the chemical reactivity of nanostructured electrode materials by surface reactive sites. Mater. Res.

Exp. 2019, 6, 095089. [CrossRef]
35. Hu, Z.T.; Rong, J.; Zhan, Z.L.; Yu, X.H. Controlling microstructure and electrochemical performance of TiO2 film by defect

engineering. Ceram. Int. 2020, 46, 5387–5393. [CrossRef]
36. Fan, Y.C.; Kang, Q.; Zhang, K.; Rong, J.; Feng, J.; Yu, X.H. Design criterion based on the cohesive energy and defect patterns of

VO2 thermally induced phase transition materials. Ceram. Int. 2020, 46, 13615–13621. [CrossRef]
37. Yu, X.H.; Rong, J.; Zhan, Z.L.; Wang, Y. Thermodynamics of Nanocrystalline Materials; Science Press: Beijing, China, 2020; 145p.
38. Gladkikh, N.T.; Kryshtal, O.P. On the size dependence of the vacancy formation energy. Funct. Mater. 1999, 6, 823–827.
39. Yan, Z.; Chinta, S.; Mohamed, A.A.; Fackler, J.P., Jr.; Goodman, D.W. The Role of F-Centers in Catalysis by Au Supported on MgO.

J. Am. Chem. Soc. 2005, 127, 1604–1606. [CrossRef]
40. Yan, Z.; Chinta, S.; Mohamed, A.A.; Fackler, J.P., Jr.; Goodman, D.W. CO Oxidation over Au/TiO2. Cat. Lett. 2006, 111, 15–18.

[CrossRef]
41. Haruta, M. Size-and support-dependency in the catalysis of gold. Catal. Today 1997, 36, 153–166. [CrossRef]
42. Schubert, M.M.; Hackenberg, S.; Van Veen, A.C.; Muhler, M.; Plzak, V.; Behm, R.J. CO oxidation over supported gold catalysts—

“Inert” and “active” support materials and their role for the oxygen supply during reaction. J. Catal. 2001, 197, 113–122.
[CrossRef]

http://doi.org/10.3390/molecules181012609
http://www.ncbi.nlm.nih.gov/pubmed/24126378
http://doi.org/10.1021/jp1110554
http://doi.org/10.1023/A:1019028205985
http://doi.org/10.1021/jp307768h
http://doi.org/10.1021/jp200160r
http://doi.org/10.1021/ie990078s
http://doi.org/10.1007/s10562-018-02648-9
http://doi.org/10.1039/C9TB00325H
http://doi.org/10.1126/sciadv.aat6413
http://www.ncbi.nlm.nih.gov/pubmed/30746440
http://doi.org/10.1021/cs501445h
http://doi.org/10.1039/C6CP08255F
http://doi.org/10.1088/1361-6463/aa9fa7
http://doi.org/10.1016/j.cplett.2018.07.031
http://doi.org/10.1021/la0348665
http://doi.org/10.1134/S2070205116020295
http://doi.org/10.1038/273491b0
http://doi.org/10.1515/ijmr-1974-650604
http://doi.org/10.1016/0022-3697(67)90182-5
http://doi.org/10.1016/j.cplett.2014.03.046
http://doi.org/10.1007/s11671-008-9189-2
http://www.ncbi.nlm.nih.gov/pubmed/20596443
http://doi.org/10.1016/j.matdes.2015.06.019
http://doi.org/10.1088/2053-1591/ab3180
http://doi.org/10.1016/j.ceramint.2019.10.294
http://doi.org/10.1016/j.ceramint.2020.02.147
http://doi.org/10.1021/ja043652m
http://doi.org/10.1007/s10562-006-0124-9
http://doi.org/10.1016/S0920-5861(96)00208-8
http://doi.org/10.1006/jcat.2000.3069


Metals 2023, 13, 362 14 of 14

43. Lee, S.J.; Gavriilidis, A. Supported Au catalysts for low-temperature CO oxidation prepared by impregnation. J. Catal. 2002, 206,
305–313. [CrossRef]

44. Lin, S.D.; Bollinger, M.; Vannice, M.A. Low temperature CO oxidation over Au/TiO2 and Au/SiO2 catalysts. Catal. Lett. 1993, 17,
245–262. [CrossRef]

45. Okumura, M.; Nakamura, S.; Tsubota, S.; Nakamura, T.; Azuma, M.; Haruta, M. Chemical vapor deposition of gold on Al2O3,
SiO2, and TiO2 for the oxidation of CO and of H2. Catal. Lett. 1998, 51, 53–58. [CrossRef]

46. Schimpf, S.; Lucas, M.; Mohr, C.; Rodemerck, U.; Bruckner, A.; Radnik, J.; Hofmeister, H.; Claus, P. Supported gold nanoparticles:
In-depth catalyst characterization and application in hydrogenation and oxidation reactions. Catal. Today 2002, 72, 63–78.
[CrossRef]

47. George, K. On the Size dependence of molar and specific properties of independent nano-phases and those in contact with other
phases. J. Mater. Civ. Eng. 2017, 27, 2018–5023.

48. Sun, C.Q. Size dependence of nanostructures: Impact of bond order deficiency. Prog. Solid State Chem. 2007, 35, 1–159. [CrossRef]
49. Sun, K. Theoretical investigations on CO oxidation reaction catalyzed by gold nanoparticles. Chin. J. Catal. 2016, 37, 1608–1618.

[CrossRef]
50. Wu, D.Y.; Dong, C.K.; Zhan, H.B.; Du, X.W. Bond-energy-integrated descriptor for oxygen electrocatalysis of transition metal

oxides. J. Phys. Chem. Lett. 2018, 9, 3387–3391. [CrossRef]
51. Ouyang, G.; Zhu, W.G.; Yang, G.W.; Zhu, Z.M. Vacancy formation energy in metallic nanoparticles under high temperature and

high pressure. J. Chem. Phys. C 2010, 144, 4929–4933. [CrossRef]
52. Jiang, Q.; Lu, H.M. Size dependent interface energy and its applications. Surf. Sci. Rep. 2008, 63, 427–464. [CrossRef]
53. Qi, W. Nanoscopic thermodynamics. Acc. Chem. Res. 2016, 49, 1587–1595. [CrossRef] [PubMed]
54. Kleis, J.; Greeley, J.; Romero, N.A.; Morozov, V.A.; Falsig, H.; Larsen, A.H.; Lu, J.; Mortensen, J.J.; Dulak, M.; Thygesen, K.S.; et al.

Finite size effects in chemical bonding: From small clusters to solids. Catal. Lett. 2011, 141, 1067–1071. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1006/jcat.2001.3500
http://doi.org/10.1007/BF00766147
http://doi.org/10.1023/A:1019020614336
http://doi.org/10.1016/S0920-5861(01)00479-5
http://doi.org/10.1016/j.progsolidstchem.2006.03.001
http://doi.org/10.1016/S1872-2067(16)62476-2
http://doi.org/10.1021/acs.jpclett.8b01493
http://doi.org/10.1021/jp100583n
http://doi.org/10.1016/j.surfrep.2008.07.001
http://doi.org/10.1021/acs.accounts.6b00205
http://www.ncbi.nlm.nih.gov/pubmed/27355129
http://doi.org/10.1007/s10562-011-0632-0

	Introduction 
	Nanothermodynamic Model 
	The Relationship between the Vacancy Transfer Energy and Debye Temperature 
	The Relationship between the Vacancy Formation Energy and Debye temperature 
	The Size Effect of the Debye Temperature 

	Results and Discussion 
	Relationship between Vacancy Formation Energy and Catalytic Activity 
	Vacancy Formation Energy Model 
	Essence of Vacancy Formation Energy 
	Relationships between Vacancy Formation Energy, Diffusion Activation Energy, and Adsorption Energy 

	Conclusions 
	References

