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ABSTRACT

Replacing fossil fuels with fuel cells is a feasible way to reduce global energy shortages and environmental pollution. However,
the oxygen reduction reaction (ORR) at the cathode has sluggish kinetics, which limits the development of fuel cells. It is
significant to develop catalysts with high catalytic activity of ORR. The single-atom catalysts (SACs) of Pt supported on
heteroatom-doped graphene are potential candidates for ORR. Here we studied the SACs of Pt with different heteroatoms
doping and screened out Pt-C, and Pt-C;0; structures with only 0.13 V overpotential for ORR. Meanwhile, it is found that B
atoms doping could weaken the adsorption capacity of Pt, while N or O atoms doping could enhance it. This regularity was
verified on Fe SACs. Through the electronic interaction analysis between Pt and adsorbate, we explained the mechanism of this
regularity and further proposed a new descriptor named corrected d-band center (g4..,r) to describe it. This descriptor is an
appropriate reflection of the number of free electrons of the SACs, which could evaluate its adsorption capacity. Our work
provides a purposeful regulatory strategy for the design of ORR catalysts.
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1 Introduction

Due to the global energy shortage and environmental pollution,
searching for alternatives to fossil fuels has become an urgent task.
As a clean and efficient energy conversion device, fuel cells have
attracted wide attention [1]. However, the electrochemical
performance and energy conversion efficiency of fuel cells is
hindered by the sluggish kinetics of oxygen reduction reaction
(ORR) at the cathode [2, 3]. It is significant to design new cathode
catalysts with high activity of ORR to improve the potential energy
conversion efficiency. At present, Pt and Pt-based alloys are still
the best cathode catalysts with high ORR activity [4-6].
Nonetheless, the high price and scarcity of Pt greatly increase the
overall cost of fuel cells, thus limiting their widespread application
in industry. Fortunately, the emergence of single-atom catalysts
(SACs) provides a possibility for the large-scale application of Pt-
based catalysts [7]. The SACs not only have high atomic
utilization, reducing the amount of precious metal but also have
the advantages of high selectivity, stable structure, and controllable
configuration [8-10].

The properties of the SACs depend greatly on the support
[11-13]. The metal-support interaction could induce the electron
transfer between the metal and the support, regulate the electron
state of the metal, and optimize the adsorption of intermediate
species, which plays a crucial role in the catalytic reaction [14].
Carbon is considered to be one of the best supporting materials in
electrocatalytic reactions, due to its high conductivity, low cost,
and high electrochemical stability [15,16]. Theoretically, the
graphene structure is often used to represent a single layer of

carbon material [17]. Typically, metal atoms could be anchored on
the defects of graphene through tri-coordination, tetrcoordination,
or pentatcoordination [18-20]. Tetrcoordination is the most
common coordination mode, which is stable and highly active
[21-26]. Therefore, the model used in this paper was the SACs
that Pt fixed on graphene by tetrcoordination. In particular, the
performance of SACs supported on graphene could be effectively
regulated by heteroatomic doping [27]. N-doped graphene
catalysts have been widely reported [28-30]. The catalytic activity
of the catalyst could be improved by adjusting the number of N
atoms [31, 32]. In addition, graphene catalysts doped by O and B
atoms have also been reported [33-38]. However, previous studies
have focused on the regulation of metals on a specific support [1,
16, 39, 40]. In this work, we focus on the effect of different doped
atoms on the properties of certain metal SACs.

We designed a series of SACs of Pt supported on graphene with
different heteroatom doping to explore the influence of
heteroatomic doping on its ORR activity. Two models with
excellent catalytic performance of ORR were found. Moreover, we
found that the adsorption capacity could be regulated by different
heteroatomic doping, and we further verified this regulation
regularity on other metal SACs. Besides, the electronic interaction
between the Pt and adsorbates was investigated to explain the
adsorption mechanism. Finally, we proposed a new descriptor
based on the d-band center and valence electron number of doped
atoms, which is a good descriptor of adsorption capacity for SACs.
Our calculation results provided theoretical guidance for the
regulation of catalysts.

Address correspondence to Shaolong Zhang, shaolongzhang@outlook.com; Dong Zhai, zhaidong(@sdu.edu.cn

it % £ 2wt

Tsinghua University Press

@ Springer



Nano Res. 2024, 17(3): 1086-1093

2 Computational methods

First-principles calculations based on density functional theory
(DFT) were performed on the Vienna an initio simulation
package (VASP) [41, 42]. The projector-augmented wave (PAW)
potentials [43,44] were adopted to treat the electron-ion
interaction. And we applied the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernerhof (PBE)
[45] realization to characterize the exchange and correlation
potential [46]. The DFT-D3 method of Grimme [47] was
employed to correct the intermolecular van der Waals (vdW)
interaction. The energy cutoff was set as 500 eV to ensure
precision. The convergence criteria for energy and force were
respectively 10° eV and 0.02 eV/A in structure optimization. For
frequency calculation, a more strict convergence criterion for
energy was used as 10° eV. To evaluate the stability of the
catalysts, ab initio molecular dynamics (AIMD) simulations were
performed in an NVT ensemble and lasted for 10 ps with a time
step of 2 fs at 800 K. The temperature was controlled by the
Nosé-Hoover method [48, 49].

A 4 x 4 x 1 graphene hexagonal supercell with Pt coordinated
structure was constructed. The lattice parameters are a = b =
9.84 A, which is in accordance with available theoretical and
experimental results. A vacuum space of 15 A was built along the z-
axis to avoid artificial interactions between the periodic images
and the sheet. Considering the time-cost and precision, the
Brillouin zone was sampled using 4 x 4 x 1 Monkhorst-Pack [50]
mesh for geometry optimization and 21 x 21 x 1 mesh for
electronic structures.

The formation energy (AEg,,,) was computed by the following
equation

AEform = Egpcs — (Edcl'ccl + Epu / ”) (1)

where Egyco Egereer and Eyy are the total energies of the surface
with the metal atom, the defective surface without the metal atom,
and the bulk of metal, respectively. The # is the number of atoms
in the metal bulk.

The Gibbs free energy change (AG) of each intermediate versus
the initial state under various electrode potentials was calculated as
the following equation

AG = AE+ AE; — TAS + AGy + AG,y, )

where AE is the change in energy calculated by DFT simulation.
The AEgpy is the change in zero-point energy. The zero-point
energy (Eypg) for each system is calculated by

Nr

Ezes = %Ahvf (3)
with the catalyst surface fixed, where Np is the degree of
vibrational freedom; N, is Avogadro’s number; h is Plank’s
constant; and v; is the vibrational frequency. For a free linear
molecule, free non-linear molecule, and surface adsorbed
molecule, Ny is respectively 3N — 5, 3N — 6, and 3N, where N is the
number of atoms in the molecule. The AS is the changes in
entropy and the T is the temperature. Here T was set to 298.15 K.

The AGy is the free energy change caused by the applied potential

AGy = —neU 4)

where # is the electron of such state and U denotes the applied
electrode potential versus the standard hydrogen electrode
potential. AG,y; denotes the effect of pH value on free energy
change.

AG,y; = —2.303k; T x pH (5)
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in which kg and T respectively denote the Boltzmann constant and
the temperature. All the simulations in this article are carried out
at T=298.15Kand pH=0.

3 Results and discussion

3.1 Model design

We constructed a series of SAC that Pt atoms supported on
graphene. As shown in Fig. 1(a), the Pt atom was loaded on the
graphene defect by four coordination bonds. To investigate the
effect of heteroatom doping on the properties of the catalyst,
different numbers of heteroatoms (B, N, and O) were doped to
replace the C atoms coordinated with Pt, named Pt-C,_,Z, (Z = B,
N, and O, x = 0, 1, 2, 3, and 4). When two heteroatoms were
doped, there were three possible configurations. Two heteroatoms
could replace the C atoms at 12, 13, and 14 sites, respectively. For
clarification, the SAC of Pt where C atoms at position 12 sites
replaced by Z atoms was named Pt-C,Z,-12. To evaluate the
stability of various Pt-C,,Z, models, the formation energy
(AEg,,,,) was calculated [51]. The lower the AE,,,, the more stable
the structure. The AEj,,.,, of Pt(111) surface was also calculated as a
reference. The relation between AEj,,, and the number of doped
heteroatoms is shown in Fig. 1(b). Except for Pt-C,0; and Pt-O,,
all Pt-C,_,Z, models are stable. Thus, Pt-C,0; and Pt-O, are not
considered in the following ORR simulation.

In addition, the insightful correlation between AEg, and the
number of doped heteroatoms was also investigated at the
electronic level. It could be seen from the electron localization
function (ELF) [52] plots in Fig.S1 in the Electronic

P—0O0—CO-GH-30—00—0

(b) 6] ® PC.oN b
S‘ ® PtC,_0,
QL 44 A PLC.B,
> ——Pt-111
en 24 )
=
2
o 04
(=] [ J
o L J
= b o
£ ] i
o - ] u
=
—64
0 1 2 3 4

Heteroatomic doping number

Figure1 Structure and formation energy (a) top and side views of the
geometry structure of Pt-C, ,Z, (Z =B, N, and O; x = 0, 1, 2, 3, and 4). Color
code: Pt in gold, boron in green, carbon in gray, oxygen in red, and nitrogen in
blue. (b) Variations of the formation energies of Pt-C, ,Z, with the number of
doping heteroatoms.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1088

Supplementary Material (ESM) that the electron density between
Pt and coordinated O atoms in Pt-Oj is significantly lower than
that of other Pt-Z, models. Thus, the electronic interaction
between Pt and doped O atoms is weak. Figure S2 in the ESM
shows the crystal orbital Hamilton population (COHP) [53]
between Pt and the coordinated atom of Pt-Z,. The negative value
of COHP (blue part) indicates bonding interactions between
atoms, while the positive value (red part) indicates antibonding
interaction [54]. Among the four Pt-Z, models, the positive area of
COHP between Pt and O under the Fermi level is the largest.
Thus, the Pt-O bond is unstable. Besides, the molecular orbital
(MO) of the valence band maximum (VBM) of Pt-O, shows that
Pt and O form antibonding orbitals. Therefore, the energy of Pt-
O, is high and unstable.

The structures and electronic properties of the various Pt-
C,_Z, models are listed in Table S1 in the ESM. It could be seen
from Table S1 in the ESM that N atoms doping could increase the
Bader charge of Pt. While, the B atoms doping could significantly
reduce the Bader charge of Pt and even make it negatively
charged. Compared to Pt-C,, some O-doped structures increase
the charge of Pt, while others decrease it. For Pt-C;0,, Pt-C,0,-12,
and Pt-C,0,-14, the Bader charges of Pt are lower than Pt-C,. In
addition, the d-band centers (¢;) of Pt-C;N; and Pt-C,N, are
higher than those of Pt-C,, while the ¢; of Pt-C|N; and Pt-N, are
lower. And, all the ¢, of Pt-C,_,B, are higher than Pt-C,. The ¢ of
Pt-C;0, is close to Pt-C,. Compared with Pt-C,, the ¢4 of Pt-C,0,
is descending. Figure S3 in the ESM shows the density of states
(DOS) [55] of various Pt-C,_,Z, models. According to the d-band
center theory, the increase of ¢; of metal is adverse to bond with
adsorbate while the decrease of & is in favor of adsorbate
adsorption. Therefore, we predicted that Pt-C;N; and Pt-C,N,
have stronger adsorbate adsorption capacity than Pt-C,, while
other Pt-C,_,Z, models have weaker adsorbate adsorption capacity
than Pt-C,.

3.2 ORR simulation

It is reported that ORR has two main reaction pathways, the
dissociative pathway and the associative pathway [56]. Both
pathways were considered. The reaction equations for the two
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routes were set out in the ESM [57]. Figure $4 in the ESM shows
the structure of Pt-C, and the most stable adsorption
configuration of various ORR intermediates on it. To analyze the
ORR activity on different Pt-C, Z, catalysts, the Gibbs free
energies (G) of the adsorbed intermediates were calculated [15,
58]. The relationship between adsorption free energies of
intermediates and AG in ORR is described in ESM. The
adsorption free energies of intermediates and limiting potentials
(Up) for ORR reaction on various Pt-C,Z, catalysts were
calculated and listed in Table S2 in the ESM. U is the maximum
work potential of ORR. Theoretically, the best U; of ORR is 1.23 V
[56]. And the overpotential (1) over a catalyst is defined as

n=123-U, (6)

The smaller the 7, the higher the catalytic activity of the catalyst.

Figure 2 shows the free energy profiles of Pt-C,_,Z, with top
ORR performance. For the dissociative pathway, as shown in Figs.
2(a) and 2(b), both Pt-C, and Pt-C,O, show excellent ORR
activity. The # of these two catalysts both are 0.13 V, which is
lower than most reported ORR catalysts. Therefore, Pt-C, and Pt-
C;0, are potentially high-performance ORR catalysts. Figures 2(c)
and 2(d) show the free energy profiles for the associative route of
ORR. Among all kinds of Pt-C,_,Z, catalysts, Pt-C, shows the best
ORR activity. It exhibits a U of 0.93 V, with 0.3 V overpotential.
The catalytic activity of Pt-C, in the two ORR pathways is higher
than that of most reported catalysts [4, 6, 10]. As a reference, the
ORR on Pt(111) surface was calculated. The n of Pt (111) in both
ORR pathways is 0.46 V, consistent with the reported value [59,
60]. Compared with Pt(111) surface, the catalytic activity of Pt-C,
and Pt-C,0, for ORR is significantly improved. To further prove
the stability of the catalyst, AIMD simulations on the best two
models were screened. Pt-C, and Pt-C;0,, as well as the model
with the highest adsorption energy, Pt-C,0,-13, were performed.
As shown in Fig. S5 in the ESM, energy fluctuations of the three
structures are relatively stable in AIMD simulation. After 10 ps,
the configurations did not break.

3.3 Regularity discussion
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Figure2 The free energy profiles of ORR. (a) The dissociative pathway on different Pt-C,_,Z,, (b) the dissociative pathway on Pt-C, and Pt-C;0, at different electrode
potentials, (c) the associative pathway on different Pt-C, 7, and (d) the dissociative pathway on Pt-C, at different electrode potential.
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The U; of ORR depends on the adsorption energy of its
intermediates. As shown in Fig.S6 in the ESM, the Gibbs free
energies of OH (Goy) and O (G,.) are roughly linearly correlated
with Goop+ But some data deviate from the line. Figure 3(a) is a
contour plot for the Uy in the dissociative path (U;-dis) and the
Gopr and G, intermediates. Figure 3(b) shows the relationship
between the U; in the associative path (U; -ass) and the Gy and
Gop It could be concluded from Fig. 3 that either too high or too
low adsorption free energy would decrease the U;. When the
Gibbs free energies of all ORR intermediates are 1.23 V, the U
could reach its theoretical limit. Therefore, adjusting the
adsorption energy of intermediates is the key to improving the
ORR catalytic activity of the catalyst.

However, the adsorption energy of intermediates in the ORR
reaction is inconsistent with the predicted result according to the d-
band center theory. Figure 4(a) shows the relationship between the
Gibbs free energy of each intermediate and ¢;. In general, the
adsorption free energy increases with the increase of the &4 The
Pearson correlation coefficient between the adsorption Gibbs free
energy of these three intermediates and ¢, is close to 0.7. This
indicates that the d-band center theory is not applicable to the
metal atom of SACs, which has also been reported in other
literature [61]. For metal clusters, the d-orbital electrons move
freely throughout the cluster, so the metal center has enough
vacant orbitals to receive the electrons of the adsorbed molecules.
While for metal atoms in SACs, as shown in Fig. S1 in the ESM,
electrons are localized around the metal. In this case, the
adsorption capacity of the metal is limited by the number of
vacant orbitals. The more electrons in d-orbitals, the fewer vacant
orbitals, and the weaker the adsorption capacity. Thus, there is a
positive correlation between the ¢; and the d-orbital electron
number of the metal atom, The higher the ¢; the weaker the
adsorption capacity.

Moreover, in metal bonds, d-orbital electrons are considered as
free electrons, which can interact with the adsorbate. However, in
SAC:s, as shown in Fig. S1 in the ESM, some electrons are localized
in the Pt-Z bonds. We assume that those electrons do not interact
with the adsorbed molecules. Therefore, for SACs, the d-orbital
electrons of the metal could be divided into two parts:
coordination electrons and free electrons. Coordination electrons
are those coordinated with the support, not participating in the
interaction with the adsorbate. The number of free electrons is
equal to the total number of d-orbital electrons minus the number
of coordination electrons. Only free electrons are involved in the
bonding with the adsorbed molecules. As shown in Fig. S1 in the
ESM, the electron localization density decreases in the order of Pt-
B,, Pt-C,, Pt-N,, and Pt-O,. This indicates that different atomic

U (V)

-1.8

Goy- (eV)
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dopants result in different numbers of coordination electrons.
Compared to Pt-C, B doping increases the number of
coordination electrons, while O and N doping reduces it. Besides,
the heteroatoms coordinate with Pt in different ways. C atom and
Pt each contribute one electron for coordination. And O or N
atoms coordinate with Pt by providing lone pair electrons. While
the electrons in the Pt-B coordination bond come mainly from Pt.
Thus, we use the number of valence electrons of the dopant atoms
to correlate with the number of the coordination electrons of Pt.
Besides, &4 is a unanimously d-orbital electron descriptor. Based
on &4, we have proposed a new descriptor called corrected d-band
center (&4, defined as

Ea.con = € — 1.5(ve —vz)n (7)

where v, and v are respectively the valence electron number of
the doped atom and C atom. 7 is the number of doped atoms. The
€4.corr 18 @ descriptor for the number of free electrons in metal for
SACs.

In addition, the sites of heteroatom doping have a great effect
on the structure and electronic properties. Figure S7 in the ESM
illustrates the configurations of adsorbed O on Pt-C,Z, and their
charge density differences. The charge density differences of other
intermediates on Pt-C,Z, are listed in Fig. S8 in the ESM. There is
a strong electron transfer between the ORR intermediates and the
catalysts. Electrons are transferred from the catalysts to the
intermediates. And, the amount of electron transfer varies with the
heteroatom doping sites. Besides, the coordination environment of
Pt may change after adsorbate adsorption, especially for Pt-C,0,,
which has low formation energy. As shown in Fig. S7(c) in the
ESM, the bond length of both Pt-O bonds in Pt-C,0,-12-O is
2.87 A. And the bond lengths of Pt-O in Pt-C,0,-13-O are 2.20
and 2.63 A, respectively. The coordination number of Pt-C,0,-12
and Pt-C,0,-13 are 2 and 3, respectively. The low coordination
numbers of metal could reduce structural stability [23,24]. Thus,
the adsorption capacity of these two models is strong. In addition,
for Pt-C,;B,-OOH and Pt-C;B,-OH in Fig. S9 in the ESM, the O
atom of adsorbate and doped B form an O-B bond, resulting in a
decrease in energy. Regardless of these special cases, the Gibbs free
energy of each adsorbate and the g, are fitted. As shown in Fig.
4(b), the adsorption free energy of each adsorbate and the €4
are highly linearly correlated. The Pearson correlation coefficient
between the &4 ., and Goopss Gow and Goye is 0.959, 0.934, and
0.927, respectively. Moreover, the regular residuals in Fig. S10 in
the ESM show that the residuals of most data are within 0.5 eV.
Particularly, residuals of Gy« are all within 0.3 eV.

Understanding the interaction between adsorbate and catalyst

(b) U (V)

-1.0

Goy- (eV)

Figure3 Color-filled map of the activity. (a) Color-filled contour plots of the limiting potential in the dissociative pathway (U -dis) as a function of the G- and Goy.
(b) Color-filled contour plots of the limiting potential in the associative pathway (U; -ass) as a function of the Gooy- and Goye. Pt-C,,_ has been omitted for brevity.
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active center at the microscopic level is the basis of regulating the
interaction intensity. Figures S11 and S13 in the ESM show the
MO diagrams of various Pt-C,_,Z,-O configurations. For most Pt-
C,_Z,-0, in the MO of the VBM and conduction band minimum
(CBM), Pt and O interact as antibonds. Thus, the more free
electrons in Pt, the more electrons fill the anti-bonding orbitals,
resulting in weaker adsorption capability. We further calculated
the COHP between Pt and adsorbed O to analyze their
interaction. And the correlation between integrated COHP
(ICOHP) and the Gy was illustrated. COHP is obtained from
DOS weighted by the elements of the Hamiltonian matrix. For
non-bonding electrons, which do not participate in bonding, the
Hamiltonian matrix is 0, resulting in a COHP of 0. Therefore,
ICOHP could reflect the number of electrons involved in bonding,
which corresponds to the free electrons. For the Pt-O bond, after
the bonding orbitals are filled, the free electrons begin to occupy
the anti-bonding orbitals. The more free electrons, the more
electrons there are in the anti-bonding orbitals, leading to a larger
ICOHP and adsorption energy. From the ICOHP in Fig. 5, it can
be observed that the SACs with B doping exhibit a smaller
ICOHP, while those with O and N doping display a larger
ICOHP. Assuming that the number of electrons provided by the
adsorbed O on Pt in different coordination environments is the
same. This suggests that Pt coordinated with B has fewer free
electrons, while Pt coordinated with O or N has more free
electrons.

In summary, the &, that we came up with is a good
descriptor for the number of free electrons of metal SACs. And,
there is a high linear correlation between &4, and adsorption
energy of ORR intermediates. By calculating 4., the adsorption
strength of different catalysts could be easily predicted. Generally,
B doping could reduce free electrons and enhance the adsorption

Nano Res. 2024, 17(3): 1086-1093

capacity of the metal. While, O and N doping could increase free
electrons and reduce the adsorption capacity. Therefore, in the
experiment, the adsorption strength of metals on ORR
intermediates could be controlled purposefully according to this
strategy.

3.4 Rules verification

For Pt-C,_,Z,, we concluded that B doping could enhance its
adsorption capacity, while O or N doping could weaken it. To
verify the applicability of this rule to other metal SAC supported
on carbon materials, another metal SAC was constructed for ORR
simulation. Fe-C,N,-14 is one of the most widely reported ORR
catalysts [62,63]. Moreover, the electronic configurations of Fe
and Pt are quite different. Therefore, we chose Fe for verification.
The # of ORR that we calculated on Fe-C,N,-14 is 0.99 V, which is
close to the 1.05 and 1.00 V reported in Refs. [62,63]. We find
that the reason for the high n on Fe-C,)Nj,-14 is the strong
adsorption energies of ORR intermediates. According to the rules
that we have summarized, N and O atoms were doped to weaken
its adsorption capacity. When the number of doped O was greater
than 2, the catalyst was unstable, so it was not considered. As a
reference, the ORR performance on Fe-C, was also simulated. The
two kinds of ORR paths on the Fe-C, ,Z, are shown in Fig. S14 in
the ESM. It could be seen that the doping of N or O atoms
effectively weakens the adsorption capacity of Fe-C, and improves
its ORR catalytic activity. Among them, the # of ORR on Fe-N,
decreases to 0.68 V, exhibiting a good catalytic activity of ORR. It
is exciting that the rule we proposed applies to Fe. This rule could
be extended to most metal SACs supported on carbon materials. It
provides a mechanism-specific strategy for the regulation of
catalyst performance.

4 Conclusions

We designed a series of B, N, and O doped Pt SACs supported on
graphene, named Pt-C,_,Z,. The catalytic activity of each Pt-C, ,Z,
for the two ORR pathways was calculated by the DFT method.
Among them, we screened out Pt-C, and Pt-C;0,, which showed
excellent catalytic performance in dissociative ORR pathways. The
n of the two catalysts are 0.13 V. It exhibits a better catalytic
activity of ORR than most reported catalysts. Besides, the
traditional d-band center theory may not apply to metal SACs.
Given this, we proposed a new descriptor, € o The 4. Was a
suitable descriptor of the number of free electrons for metal SACs.
It has a good linear correlation with the adsorption performance
of the catalyst. And, the internal relationship between the
adsorption capacity and the electronic properties of the catalyst
was investigated. The rationality of 4., as a descriptor for free
electron numbers was revealed. Moreover, we found that
heteroatom has a regular effect on the &4, of Pt-C,_,Z.. The B
atoms doping could reduce the ¢4, and enhance the adsorption
capacity of Pt-C, to the ORR intermediates, while O or N doping
could increase the &, ,, and weaken its adsorption capacity. The
generality of this rule has been verified with Fe-C,_Z,. It provides
a purposeful regulation strategy for improving the performance of
metal SACs supported on carbon materials. Our work provided
guidance for the adjustment of the adsorption properties of SACs.

Acknowledgements

This work was supported by the National Key R&D Program of
China (Nos. 2022YFA1503100 and 2022YFA1503102), the
National Natural Science Foundation of China (No. 22273050),
and the Natural Science Foundation of Shandong Province (Nos.
YDZX2021001 and ZR2022MB098).

ﬁ ?/\ “é itk @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2024, 17(3): 1086-1093

1091

(a) 5P-C.B-O (b) §P-C,B-12-0 (c) 5 PEC,B,13-0 (d)sPt-Csz-M-O (e)s_ Pt-C B,-O (f)5 Pt-B,-0
—_
> (VR U 0
9]
N’
>
an
Yt
=
m -5 -5
-10 ! -10 : - ! - . - | - |
21 0-1-2 2 10-1-2 2 10-1-2 2 10-1-2 2 10-1-2 2 10-1-2
COHP COHP COHP COHP COHP COHP
(@ (PCN-O (h) P-CN,-12-0 (i) P-CN,-13-0 (j) P-CN,-14-0 (k) P-CN-O (1) [Pt-N,-O
—
> od... % ...... [0} > R (] > BN [0} P> R (I, AR [P
o Ey Ex Ey Ey Ex Ey
>
&0
o
=
-5 -5 -5 -5 -5 -5
&3
-10 -10 ' -10 ; -10 ' -10 ' -10 |
2 10-1-2 210 -1- 2 10-1-2 2 10-1-2 2 10-1-2
COHP COHP COHP COHP COHP
(m) ()  Pt-C,0,-12-0 (0) Pt-C,0,-13-0 (P) Pt-C,0,-14-0 (4) P-C.-O
v
V'vv
§ ol = ..... of ==%....... :
2 Ey Ey :
v
2 N
o0 N
= .
g A AN
0 -5 -5 -5 -5 -5 WV
v
Ad
v
-10 ' -10 t -10 ' -10 ' -10 ' 1.0
2 10-1-2 2 10-1-2 2 10-1-2 2 10-1-2 2 10-1-2 -5 -4 -3
COHP COHP COHP COHP COHP ICOHP

Figure5 (a)-(q) COHP between Pt and coordinated atoms of Pt-C, ,Z,-O. (r) The G- as a function of the ICOHP. The red part of the COHP denotes antibonding

contributions, while the blue part denotes bonding contributions.

Electronic Supplementary Material: Supplementary material
(tables, figures, and details for the two ORR pathways, calculation
method and values of adsorption energy, properties of Pt-C,_Z,,
ELF, charge density differences, AIMD simulations, structures,
and molecular orbitals) is available in the online version of this
article at https://doi.org/10.1007/s12274-023-5898-1.
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