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ABSTRACT: Elucidating chemical interactions between catalyst surfaces and adsorbates is crucial for understanding surface
chemical reactivity. Herein, interactions between O atoms and Pt surfaces and nanoparticles are described as a linear combination of
the properties of pristine surfaces and isolated nanoparticles. The energetics of O chemisorption onto Pt surfaces were described
using only two descriptors related to surface geometrical features. The relatively high coefficient of determination and low mean
absolute error between the density functional theory-calculated and predicted O binding energies indicate good accuracy of the
model. For Pt nanoparticles, O binding is described by the geometrical features and electronic properties of isolated nanoparticles.
Using a linear combination of five descriptors and accounting for nanoparticle size effects and adsorption site types, the O binding
energy was estimated with a higher accuracy than with conventional single-descriptor models. Finally, these five descriptors were
used in a general model that decomposes O binding energetics on Pt surfaces and nanoparticles. Good correlation was achieved
between the calculated and predicted O binding energies, and model validation confirmed its accuracy. This is the first model that
considers the nanoparticle size effect and all possible adsorption sites on Pt nanoparticles and surfaces.

■ INTRODUCTION

In the cathode environment of a polymer electrolyte fuel cell,
O2 is activated by proton and electron transfer to form OOH
before O−O bond dissociation can occur.1 Following OOH
dissociation, the electrocatalyst should bind O and OH with
moderate strength in order for the ensuing H2O formation and
desorption to be rapid; alternatively, the active sites will be
covered by these species and will become inactive for O2
dissociation. The energies of the O atom and OH adsorption
onto various metals exhibit a linear scaling relationship with
the limiting potential.2 Experimental and density functional
theory (DFT) results suggest that a surface capable of binding
the O atom with a stability that is up to 0.4 eV lower than
Pt(111) should exhibit enhanced activity for the oxygen
reduction reaction (ORR) compared to Pt.1,3 Thus, it is
essential to determine the suitable descriptors of the energetics
of adsorbent−adsorbate interactions to predict catalytic
activity trends. In recent years, the DFT method has been

recognized as a useful tool for understanding adsorbate−
adsorbent interactions. Among the theory-based activity
predictors, the Hammer−Nørskov model4 linearly scales the
d-band center and adsorption energy. Although the d-band
center model displays a moderate linear correlation with the
heats of adsorption of small molecules, such as CO, H2, O2,
and CxHy, on various metal surfaces,5 a close linear relationship
for H2, CO, and OH adsorption energies on Pt atoms
supported on strained graphene,6 good linearity for O binding
energy on Rh surfaces,7 and a close linear fit of CO and O
atom binding energies on various metal surfaces,8 only a
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modest fit has been observed between the adsorption energy of
an O atom on Pt and Pt alloy surfaces and their d-band
centers.9 Large deviations have been reported between
adsorption energies and d-band centers for CO and O atoms
adsorbed on Au surfaces and Au12 nanoparticles.

10 It has been
established that the relationship between adsorption energy
and the d-band center does not account for the effect of low
coordinated atoms, such as those located at the vertices and
ridges of nanoparticles, especially in small cluster particles that
do not expose well-defined planes.11−13 Hence, when
considering the variation in particle size and coordination of
the adsorption site, the d-band center would not be suitable as
the sole descriptor of the adsorption energy.11 In search of new
descriptors of adsorption energy, the generalized coordination
number (GCN) has been shown to be more appropriate than
the d-band center for rationalizing O, O2, OOH, H2O, and
H2O2 adsorption on the top site of Pt nanoparticles.14

Although machine learning has been used to describe CO
adsorption on Pt nanoparticles as a linear combination of
various descriptors, only the top site was considered as the
adsorption site.15 To address these limitations, a more robust
and complete model has been proposed using supervised
learning to describe the adsorption energy between NO and
4d- and 5d-transitions metals, considering top, bridge, and
hollow adsorption sites.16 Similarly, supervised learning was
used to describe interactions between O atoms and bimetallic
nanoparticles with a Pt skin configuration using an element-
based GCN.17 In this study, a multidescriptor model
composed of the structural and electronic properties of Pt
nanoparticles and Pt surfaces was implemented to estimate the
O binding energy using multiple regression analysis, a machine
learning algorithm. First, a model describing O binding to Pt
surfaces alone was obtained using a linear combination of two
surface geometrical features. The model exhibited an excellent
linear correlation with the calculated O binding energy. Next,
the O binding energy on Pt nanoparticles alone was predicted
using a linear combination of five structural and electronic
properties of the isolated nanoparticles. Model validation
indicated that the model is robust and accurate for describing
O binding to all the adsorption sites of differently sized Pt
nanoparticles. The proposed descriptors were selected based
on geometrical, electronic, and stability features of the isolated
Pt nanoparticles, which have been reported elsewhere.18

Finally, a model that can accurately decompose and estimate
the O binding energy on Pt surfaces and nanoparticles,
considering, for the first time, the nanoparticle size effect and
the various adsorption sites of Pt nanoparticles and Pt surfaces,
was obtained using the same descriptors as in the case of O
binding to Pt nanoparticles alone. The DFT-calculated and
predicted O binding energies exhibited a significant linear
correlation. Model validation confirmed its accuracy in
predicting the O binding energy on Pt nanoparticles of
different sizes and on Pt surfaces. In all cases, the multi-
descriptor model predicted O binding more accurately than
the conventional single-descriptor models.

■ COMPUTATIONAL DETAILS
All calculations performed in this study were based on the
plane wave DFT method implemented in the Vienna Ab initio
Simulation Package (VASP 5.3.5).19−21 Perdew−Burke−
Ernzerhof parametrization under generalized gradient approx-
imation was employed as the exchange-correlation functional
together with the projector-augmented wave method.22 Spin-

polarized calculations were performed throughout the study
with a plane wave cutoff energy of 400 eV for nanoparticles
and 600 eV for Pt surfaces. The convergence criteria for all
calculations were set as the point at which the difference in the
total energy between the two ionic steps was less than 10−4

eV/atom and 10−5 eV/atom for self-consistent field iterations.
Optimization of the face-centered cubic (FCC) phase of bulk
Pt was performed with 21 × 21 × 21 Monkhorst-Pack k-point
meshes for the Brillouin zone integration, wherein all the
atoms and the entire crystal volume were relaxed. Following
optimization, the calculated lattice parameters of bulk Pt, a =
3.966 Å, correlated well with the experimentally reported value
of 3.916 Å.23 To estimate the O binding energy on Pt surfaces,
Pt(111), Pt(100), and Pt(110) were modeled with six, seven,
and nine atomic Pt layers, respectively. While the optimization
of the Pt(111) and Pt(100) surfaces was performed with a 6 ×
6 × 1 Monkhorst−Pack k-point mesh, a 4 × 6 × 1
Monkhorst−Pack k-point mesh was employed for Brillouin
zone integration during the optimization of Pt(110). The
atoms of the three bottom layers of Pt(111) and Pt(100) and
those of the four bottom layers of Pt(110) were frozen. The Pt
surface models are shown in Figure 1a. Pt nanoparticles of

varying sizes containing 13, 55, 201, and 405 atoms were
modeled and optimized. To avoid interactions between
periodic images, the minimum distance between the cell
boundaries and Pt atoms was set to 6 Å, that is, a minimum of
12 Å between neighboring image Pt nanoparticles. Pt
nanoparticle models are shown in Figure 1b. Nanoparticle
optimization was performed at the Γ point in reciprocal space,
owing to the significant spatial extent of the systems, wherein
all the Pt atoms were allowed to relax. The binding energy
between O and Pt surfaces (EPts) and Pt nanoparticles (EPtn),
Ebind, was calculated as

= − −+E E E EObind Pt Pt Os/n s/n (1)

where EPts/n + O, EPts/n,and EO denote the total energy of the O
atom interaction with the Pt surface or Pt nanoparticle, that of
the pristine Pt surface or isolated Pt nanoparticles, and that of
the O atom, respectively. Using this definition of binding
energy, negative values denote a more stable interaction

Figure 1. Models of (a) Pt surfaces and (b) Pt nanoparticles.
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between the O atom and the Pt nanoparticles/surfaces. During
the geometry optimization of the O binding to Pt surfaces and
nanoparticles, the same constraints were set for the Pt atom
motion as in the case of the pristine/isolated surfaces/
nanoparticles; only the atoms of the three bottom layers of
Pt(111) and Pt(100) and those of the four bottom layers of
Pt(110) were frozen, and for the nanoparticles, all atoms were
allowed to relax. Bond order analysis was performed using the
sixth generation density-derived electrostatic and chemical
(DDEC6) method.24 In statistical data analysis, multiple
competing models are often considered. Akaike’s information
criterion (AIC) estimates the accuracy (the relative amount of
information lost) and simplicity of the model by including a
penalty for each descriptor used to estimate a dependent
variable.25 Thus, minimizing the AIC facilitates the selection of
a model that is not overfitted and is close to optimal.26

However, the AIC may become inaccurate for small sample
sizes, especially when the ratio between the data sample and
the number of descriptors is less than 40.27 In such cases, the
corrected AIC (AICC) should be used. In regression models,
the definition of AICC is as follows:28
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where k, n, Ebindi, and Êbind(xi) are the number of descriptors in
the model, the total number of samples, and DFT-calculated
and predicted values of the O binding energy, respectively.

■ RESULTS AND DISCUSSION
O Binding on Pt Surfaces and Pt Nanoparticles. Figure

2 shows the adsorption sites and binding energies of O atoms

on Pt surfaces. The preferred adsorption sites for the O atom
on Pt(100) and Pt(110) surfaces are the bridge sites. A local
minimum was not found for the interaction between the O
atom and the bridge sites of Pt(111); the O atom moved to the
threefold coordinated sites after optimization, which agrees
with experimental observations showing that the most
favorable adsorption site for the O atoms is the FCC.29

From the calorimetric heats of the O adsorption on Pt(111),
the Pt−O bond energy is estimated to be −4.32 eV,30 which is
in good agreement with our calculated values −4.23 and −4.63

eV for the O binding on the hexagonal close-packed (HCP)
and FCC sites, respectively. The experimental value of the Pt−
O distance, 2.01 ± 0.05 Å,31 corresponds well with our
calculated interatomic distance of the O interacting at the FCC
and HCP sites (2.042 Å). For O binding to Pt(100) and
Pt(110), no local minimum was found for the O atom
chemisorption onto the HCP/FCC sites. Thermodynamic
stability of the interaction between O and the top sites of the
Pt surfaces decreased in the following order: Pt(110) >
Pt(100) > Pt(111). When O interacts at the bridge site, the
Pt(110) surface stabilizes the O binding to a greater extent
than Pt(100). For Pt(110), a unique O binding occurs; the O
atom interacts at the bridge position between two Pt atoms on
the surface and on top of one Pt atom in the subsurface. The
binding energy for this configuration is −4.43 eV. The O
adsorption sites and their respective binding energies are
shown in Figure 2. For Pt nanoparticle binding, the strength of
O atom interaction decreases as the nanoparticle size increases.
O binding preferentially occurs at the bridge sites, followed by
threefold coordinated sites (FCC and HCP) and then the top
sites of the Pt nanoparticles. When considering nanoparticles
of the same size, the O atom interaction on a similar
adsorption site is affected by the coordination of the Pt atoms
composing the adsorption site. The O atom interaction with
the Pt atoms in nanoparticles is more stable on under-
coordinated atoms. The coordination number of the Pt atoms
increases in the following order: atoms at the vertices have
fewer coordinated atoms compared with atoms at the ridges,
followed by atoms at the {100} and {111} facets. As shown in
Figure 3, when the O atom is adsorbed on the top sites of
Pt201, the O binding energy decreases in the following order:
top of the {111} facet > top of the {100} facet > top of the
ridge atoms > top of a vertex atom. As the nanoparticle size
increases, new adsorption sites comprising atoms with different
coordination numbers become available; thus, it is difficult to
determine the size effect from the adsorption site effect. The O
binding energies for Pt55 and Pt201 are in good agreement with
the previously reported values.11 To the best of our knowledge,
there are no experimental reports of the Pt−O bond energy for
Pt nanoparticles. It should be noted that our calculations
represent the O binding to isolated nanoparticles in vacuum
and do not consider the effect of support, liquid environment,
external voltage cycling, and so on, to which Pt nanoparticles
are exposed during the fuel cell operation. Thus, a direct
comparison cannot be made. However, the stability trend of
the O interaction as a function of the adsorption site
coordination, that is, more stable Pt−O interaction for the
Pt atoms at vertices, then edges, Pt(111), and Pt(100), is
reproduced for the O2 dissociation on tetrahedral (4.8 ± 0.1
nm), cubic (7.1 ± 0.2 nm), and “near-spherical” (4.9 ± 0.1
nm) Pt nanoparticles32 and is in agreement with Monte Carlo
simulations of the O interaction on Pt489.

33 Although,
elucidating the size effect experimentally is a difficult task
because the activity of catalysts is approximated by the
turnover frequencies, which are quantities averaged over the
different sizes and active sites of the nanoparticles;11 the
general trend for the ORR is that as the size of the nanoparticle
increases, the activity increases due to weaker binding of
oxygenated species.11,34,35 When comparing the O binding
energies on the same adsorption site of the different Pt
nanoparticles in this study, it can be seen that the O interaction
decreases with the increasing nanoparticle size.

Figure 2. Adsorption sites and binding energies (eV) of O atom
interactions on Pt surfaces.
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Multiple Description Analysis of the O Binding
Energy. Figure 4 shows the linear relationships between the
calculated O binding energy and the conventional adsorption
descriptors, namely, the d-band center (Figure 4a) and the
GCN (Figure 4b). An extremely low coefficient of determi-
nation (R2) of 0.040 was observed between the O binding
energies on Pt surfaces and the d-band centers. The degree of
discrepancy between the predicted and observed values is
approximated by the mean absolute error (MAE). The MAE
for the O binding to Pt surfaces and the values predicted by the
d-band center is 0.421 eV. Considering the relationship
between the O binding energy on Pt nanoparticles alone and
the d-band center, an improved linear correlation was
observed, where R2 > 0.500 when each adsorption site (top,
bridge, and FCC/HCP) was considered separately, and when

all the nanoparticle adsorption sites were considered, an R2

value of 0.331 was obtained, and the MAE decreased to 0.317
eV. However, when all the adsorption sites were included (Pt
nanoparticles and Pt surfaces), R2 decreased to 0.254, and the
MAE increased to 0.346 eV, demonstrating that the d-band
center alone could not explain the chemisorption of O atoms
on a combination of Pt nanoparticles and Pt surfaces. Figure
4b shows that the GCN exhibits a better linear relationship
with the O binding energy on Pt surfaces than the d-band
center; however, the R2 value was also low (0.102) and the
MAE large (0.449 eV). When only the Pt nanoparticles were
considered, the R2 value between the O binding energy and the
GCN of the various adsorption sites ranged from 0.666 for the
FCC/HCP sites to 0.719 for the bridge sites and up to 0.879
for the interaction of O atoms with the top sites of Pt

Figure 3. O adsorption sites and binding energies (eV) on (a) Pt13, (b) Pt55, (c) Pt201, and (d) Pt405.
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nanoparticles. Nevertheless, R2 was slightly larger than 0.500
when all nanoparticle adsorption sites were considered. The
magnitude of the dissimilarities between the DFT-calculated
and the GCN-predicted O binding energies is 0.287 eV. The
linear relationship between the O binding energies on Pt
nanoparticles and Pt surfaces with the GCN of each adsorption
site decreased considerably for the bridge and FCC/HCP sites,
providing R2 values that were even lower than the correlation
with the d-band center. When all the Pt nanoparticle and Pt
surface adsorption sites were considered, the R2 value of the
linear relationship between the GCN and O binding energy
was 0.419, with an MAE of 0.314 eV. Thus, the d-band center
and the GCN cannot be considered as the sole descriptor of
the O binding energy on Pt surfaces or Pt nanoparticles alone
or on a combination of the two. To overcome this challenge, in
this study, the O binding energy is described as a linear
combination of several descriptors (before O binding) using
multiple regression analysis. The descriptors associated with
the O binding energy were selected from among 20 descriptors
related to the geometrical features and electronic properties of
the nearest neighbors (NN) and second nearest neighbors
(2nd NN) of the adsorption site. The four geometrical features
considered are the GCN, the average Pt−Pt distance of the

NN, the average Pt−Pt distance of the NN + 2nd NN, and the
size of the nanoparticle approximated by n−1/3 (n = number of
atoms in the nanoparticle). From the 16 electronic properties,
8 correspond to the charge, the sum of bond orders, the s-, p-,
and d-band centers, and the s-, p-, and d-bandwidths of the NN
of the adsorption site, and the remaining 8 correspond to the
same properties but for the NN + 2nd NN. To make a direct
comparison, these electronic properties were obtained after a
self-consistent field calculation using the same computational
details as for the geometry optimization. Charge and bond
orders were obtained using the DDEC6 method. The
definitions of NN and NN + 2nd NN of the adsorption site
are shown in Figure 5a. There are new methods for identifying
descriptors for materials’ properties, such as the one
implemented in the sure independence screening and
sparsifying operator algorithm.36 In this study, the model
describing the O binding to surfaces and nanoparticles is
obtained from linear combinations of the pristine/isolated
surfaces/nanoparticles before their interaction with the O
atom. Various combinations of these descriptors were assayed
to estimate the O binding. Two criteria were carefully
considered in constructing our models. The first one is the
absence of multicollinearity; the highly correlated descriptors

Figure 4. O binding energy relationship with (a) d-band center and (b) GCN of Pt surfaces, Pt nanoparticles, and a combination of the two. Linear
regression lines and coefficients of determination are also shown.

Figure 5. (a) Schematics of the NN and 2nd NN of the adsorption site on Pt surfaces and Pt nanoparticles and (b) relationship between the DFT-
calculated and predicted O binding energies on Pt surfaces only, Pt nanoparticles only, and Pt surfaces and nanoparticles combined. Linear
regression lines and coefficients of determination are shown.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01726
ACS Omega 2021, 6, 17424−17432

17428

https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01726?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are not considered in the model. The second one is omitting
the combinations of variables that do not significantly
contribute to the R2 value. Thus, descriptors with p-values
above 0.05 were rejected because they are not statistically
significant.
As a result, the linear combination of two structural

properties of Pt surfaces, average Pt−Pt distance of the NN,
and the GCN of the atoms at the adsorption site led to an
accurate description of the O binding energy on Pt surfaces.
Figure 5b shows the relationship between the calculated and
predicted O binding on Pt surfaces. For the model in (3), the
R2 value is 0.959 and the MAE is 0.087 eV, which is 4.8 and 5.2
times smaller than the MAEs when the d-band center and
GCN are used as sole descriptors, respectively. Hence, the high
R2 and low MAE values are indicative of good model accuracy.
Because the data sample of O atom interaction on Pt surfaces
was limited, no model validation was performed. The predicted
O binding energy, Ebind

pred, on Pt surfaces was estimated using the
following model:

= − − +−E d5.395 0.344 0.271GCNbind
pred

Pt Pt (3)

where dPt − Pt and GCN are the average NN Pt−Pt distance
and GCN of the atoms at the adsorption site, respectively. It is
not surprising that these two properties are good descriptors of
the O binding energy. It has been demonstrated that reactivity
can be tuned by modifying the geometrical effects via the
compression or expansion of the surface atoms. The
adsorption properties of various monometallic surfaces have
been manipulated when the surface atoms were under
compressive and expansive strain.8 Similarly, the effect of
strain on the adsorption of O, OH, OOH, and CO on Pt and
Au surfaces has been captured by a modified GCN.37

Furthermore, the GCN, by definition, considers the differences
between the adsorption sites.
The descriptors selected to decompose O binding on Pt

nanoparticles were based on the structural and electronic
features of isolated Pt nanoparticles. The five selected
descriptors are the average NN Pt−Pt distance, GCN, sum
of NN bond orders and their coordinating atoms, sum of NN
+ 2nd NN bond orders and their coordinating atoms, and the
d-band centers of the atoms at the adsorption site. Several of
these descriptors and combinations thereof may account for
the changes in nanoparticle size and the various adsorption
sites. In general, as the nanoparticle size increases, there is an
expansion of interatomic distances, which is proportional to
the effective nanoparticle radius.38 However, large deviations
from linearity have been observed for the interatomic distance
of the surface atoms of Pt nanoparticles and their size.18 For
the ORR, the activity improves with increasing Pt nanoparticle
size.11,35 Geometrical and ligand effects have been shown to
modify the activity39 and stability of alloyed Pt nanoparticles.40

Similarly, the GCN can account not only for the various
adsorption sites but also for the nanoparticle size effect, as by
definition, the GCN considers information about the
coordination number of the 2nd NN. The GCN has been
shown to be an indispensable descriptor of CO,15 O atom, O2,
OOH, H2O, and H2O2 adsorption on the top site of Pt
nanoparticles.14 Because individual bond orders and the sum of
bond orders are directly related to the interatomic distance,
bond orders can provide valuable information regarding
stability and activity trends. It has been shown that as the Pt
nanoparticle size increases, the average bond order of the
surface atoms also increases.18 In addition, the sum of bond

orders accounts for the interaction of all the atoms in the
coordination sphere of the adsorption site, including those of
the 3rd and 4th NNs. Thus, for the sum of NN and NN + 2nd
NN bond orders, there is an overlapping or overcounting of
the bond order for the same atom(s). It has been shown that as
the Pt nanoparticle size increases, the d-band center of the
entire nanoparticle decreases toward the bulk Pt value.18 A
similar tendency has been observed for the surface atoms of Pt
nanoparticles converging to the d-band center value of
Pt(111), although some deviations were reported for Pt201
and Pt405.

18 Based on these descriptors, the model for
predicting the binding energy of O on Pt nanoparticles is
defined as follows:

ε

= − − +

+ − −
−

+

E d6.681 0.197 0.521GCN

0.226BO 0.058BO 0.427 d

bind
pred

Pt Pt

NN NN 2 NNnd

(4)

where BONN, BONN + 2nd NN, and εd are the sum of NN bond
orders, sum of NN + 2nd NN bond orders, and the average d-
band center of the NN of the adsorption site, respectively.
Figure 5b illustrates the relationship between the DFT-
calculated and predicted O binding energy, accounting for all
the adsorption sites on Pt nanoparticles. The high R2 (0.930)
values indicate an excellent correlation between the predicted
and DFT-calculated O binding energies. The MAE is 0.109 eV,
which is 2.9 and 2.6 times lower than the d-band center and
GCN alone as descriptors, respectively. Model validation was
performed using the holdout method, wherein the data sample
was randomly divided into two sets of data points: the training
and test sets. The size of the training set was 3/4 of the data
points in the sample, and the remaining 1/4 were assigned to
the test set. Multiple regression analysis was performed on the
training set, and the prediction model was used to estimate and
validate the test set values. Ten different training and test sets
were randomly selected. During the validation process, the
descriptors were kept fixed to determine the prediction
accuracy of the O binding energy. The coefficients of
determination and the MAEs for the training and test sets of
the 10 analyzed cases are shown in Table 1. The R2 values for
the test sets ranged from 0.847 to 0.969, and the MAEs ranged
from 0.085 to 0.167 eV, confirming that the model is robust
and appropriate for describing and predicting the O binding
energy on Pt nanoparticles, as it considers the change in
nanoparticle size and all possible adsorption sites. To the best

Table 1. Coefficients of Determination, R2, and Mean
Absolute Error (MAE) of the Training and Test Sets of O
Binding on Pt Nanoparticles

case
R2 training

set
MAE (eV) training

set
R2 test
set

MAE (eV) test
set

1 0.940 0.112 0.847 0.105
2 0.926 0.113 0.879 0.102
3 0.949 0.097 0.898 0.167
4 0.931 0.098 0.925 0.154
5 0.915 0.108 0.942 0.124
6 0.920 0.109 0.947 0.133
7 0.928 0.099 0.957 0.147
8 0.911 0.115 0.962 0.092
9 0.907 0.118 0.964 0.085
10 0.904 0.113 0.969 0.097
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of our knowledge, this is the first model wherein O binding
energy was described, taking into consideration the Pt
nanoparticle size effect and all the possible adsorption sites.
The R2 value between the calculated and predicted O binding
energies on Pt nanoparticles obtained using eq 4 is significantly
larger than the values obtained from the d-band center and
GCN models (0.331 and 0.504, respectively).
When the same five descriptors were used to describe the O

binding energy on Pt surfaces, R2 was larger (0.976) than when
using only two descriptors (0.959). However, not all the
descriptors are statistically representative, and the AICC value
was −0.779, which is much larger than when only two
descriptors were used (−30.200). This is a result of a high
degree of colinearity among some of the descriptors; for

example, dPt − Pt with BONN and BONN + 2nd NN and BONN with

BONN + 2nd NN. Another possible model with statistically
significant descriptors was obtained using a linear combination

of the GCN and BONN + 2nd NN. These two descriptors have not
only a lower R2 value of 0.805 but also a higher AICC value
(−17.715) compared to the linear combination of dPt − Pt and
GCN. Thus, eq 3 is the simplest (lowest AICC) and most
accurate equation for predicting the O binding energy (highest
R2). The differences between the descriptors used for surfaces
and nanoparticles arise from the heterogeneity of the atoms in
the outer Pt nanoparticle shell, which comprises vertex, ridge,
and facet atoms, depending on the nanoparticle size.18 Thus,
the adsorption sites, consisting of these “unique atoms” and
their combination, vary not only with the adsorption site type
but also with increasing nanoparticle size. On the other hand,
for pristine and homogeneous surfaces, the interatomic
distance, coordination number, d-band center, and other
parameters are identical for every surface atom. In addition,
considering the coordination sphere of the adsorption site, the
surface atoms have a coordination number of 7 for Pt(110), 8
for Pt(100), and 9 for Pt(111). In the case of nanoparticles, the
surface atoms have a mixture of coordination numbers ranging
from 5 to 9, which depends on the adsorption site type and
nanoparticle size. Thus, fewer descriptors are required for
characterizing O binding on surfaces than on nanoparticles.
From the absolute values of the standard partial regression

coefficients, β, shown in Table 2, the most representative

properties affecting the description of O atom interactions on
Pt nanoparticles are those containing information about the
NN and 2nd NN, in addition to considering the 3rd and 4th

NN of the adsorption site atoms, that is, BONN + 2nd NN followed
by BONN. Next in importance is the GCN, which contains
information about the NN and 2nd NN of the adsorption site.
Finally, properties related only to the NN atoms, average Pt−
Pt distance, and the d-band center have the least effect. Thus,
to control nanoparticle activity, it is necessary to tune the

properties of not only the adsorption site atoms, but also their
2nd, 3rd, and 4th NNs. This information is crucial for the
design of alloyed nanoparticles, wherein the ligand, ensemble,
and geometrical effects directly affect the stability and
activity.40

The same five descriptors used in eq 4 were selected to
decompose the energetics of the O binding energy, considering
the interaction of O on Pt nanoparticles and surfaces
combined. The model is defined as follows:

ε

= − − +

+ − −
−

+

E d6.870 0.251 0.402GCN

0.196BO 0.046BO 0.654 d

bind
pred

Pt Pt

NN NN 2 NNnd

(5)

Figure 5b depicts the relationship between the predicted and
DFT-calculated O binding energies. The R2 obtained with the
use of eq 5 was 0.900, which is significantly larger than the
values obtained when the d-band center or GCN was used as
the sole descriptor (0.254 and 0.419, respectively). The MAE
was 0.126 eV when eq 5 was employed to predict the O
binding energy. The model was validated using the holdout
method. The coefficients of determination and the MAEs for
the training and test sets of the 10 analyzed cases are listed in
Table 3. The R2 values for the test set ranged from 0.791 to

0.934, indicating that good accuracy is to be expected when
using the proposed model to estimate O binding energies on
Pt surfaces and Pt nanoparticles. The range of the MAEs
corresponding to the test sets (0.112−0.185 eV) slightly
increased compared to the case of only nanoparticles but was
much smaller than a single descriptor predicting the O binding
energy. eq 5 represents the first O binding energy model that
takes into consideration nanoparticle size effects and the
various adsorption site types on nanoparticles and Pt surfaces.
Table 4 summarizes the β values of the five descriptors used to
estimate the O binding energy on Pt surfaces and nanoparticles
combined. The absolute values of β given in Table 4 indicate
that the degree of representation by the Pt surface and
nanoparticle properties follow the same trend as in the Pt
nanoparticle case. Although this was expected because of the
5.5:1 ratio of data values for the O binding energy on Pt
nanoparticles vs Pt surfaces, there is a considerable decrease in
the absolute value of β for the descriptors that contain

information encompassing NN atoms, that is, the BONN +2nd NN,
BONN, and GCN. On the other hand, β values for average Pt−

Table 2. Descriptors for O Binding Energy on Pt
Nanoparticles Only and Their Standard Partial Regression
Coefficients, β

descriptor β

dPt − Pt −0.501
GCN 1.423
BONN 1.533
BONN + 2nd NN −1.924
εd −0.177

Table 3. Coefficients of Determination, R2, and Mean
Absolute Error (MAE) for the Training and Test Sets
Corresponding to O Binding on Pt Nanoparticles and
Surfaces Combined

case
R2 training

set
MAE (eV) training

set
R2 test
set

MAE (eV) test
set

1 0.912 0.126 0.791 0.134
2 0.957 0.119 0.839 0.163
3 0.908 0.116 0.840 0.148
4 0.918 0.111 0.853 0.185
5 0.896 0.132 0.879 0.120
6 0.898 0.123 0.900 0.112
7 0.910 0.125 0.904 0.154
8 0.896 0.132 0.912 0.131
9 0.901 0.131 0.916 0.138
10 0.894 0.119 0.934 0.163
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Pt distances and the d-band center of NN atoms increased.
Surface reconstruction phenomena may occur for clean
surfaces and have been of great interest to surface science.
Of particular importance to catalysis are surface reconstruc-
tions induced by adsorbates.41,42 For Pt surfaces, Pt(110)
suffered reconstruction and distortion due to the interaction of
O atoms at high coverages.33,43 DFT calculations showed the
deformation of Pt nanoparticles with 1 ML oxygen coverage.44

In this study, the interaction of a single O atom with Pt
surfaces and nanoparticles is investigated. No major
reconstructions were observed after O chemisorption. One
limitation of our predicting models is that they cannot be used
if significant distortions occur after the O interaction with the
Pt nanoparticles. However, to corroborate this limitation, more
calculations are required.

■ CONCLUSIONS
Detailed analysis of geometrical, electronic, and chemical
properties of Pt nanoparticles and Pt surfaces confirmed that
neither the d-band center nor the GCN can be used as the sole
descriptor to predict the O binding energy on Pt nanoparticles
or Pt surfaces. Multiple regression analysis was performed to
describe the O binding energy on Pt surfaces only, on Pt
nanoparticles only, and on all the possible adsorption sites on
Pt surfaces and Pt nanoparticles; in each case, the proposed
model was more accurate than the conventional models in
predicting the O binding energy. In the case of O binding on
Pt surfaces, interaction energetics were described using two
structural properties of pristine surfaces. The model provided
an excellent correlation with the DFT-calculated adsorption
energies. The proposed model of O binding on Pt nano-
particles employs a linear combination of five descriptors
acquired from the structural and electronic properties of Pt
nanoparticles. Model validation confirmed its accuracy and
robustness in estimating the O binding energy. Finally, an O
binding energy model that considers not only the nanoparticle
size effects, but also all the possible adsorption sites of Pt
surfaces and nanoparticles is proposed for the first time. The
model provides a good linear fit, and its validation confirms
that the model performs well in describing the chemisorption
of O atoms on Pt surfaces and Pt nanoparticles.
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