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Abstract: The slow kinetics of oxygen reduction reaction (ORR) limits the performance of low temperature fuel cells. Thus, it
needs to design effective catalysts with low cost. Core-shell clusters (CSNCs) show promising activity because of their size-depen-
dent geometric and electronic effects. The ORR activity trend of Ni,@Pt,Au,...(n = 19, 38, 55, 79; m = 1, 6, 13, 19) was studied
using the GGA-PBE-PAW methods. The adsorption configurations of *O, *OH and *OOH were optimized and the reaction free
energies of four proton electron (H* + &) transfer steps were calculated. Using overpotential as a descriptor for the catalytic activity,
Nis@ Pt,Aus was found to be the most active ORR catalyst. Ni;@Pt,Auy;, Ni@PtAu,, and Nis@PtAus had better activity than
pure Pt clusters and Pt(111). Bader charge and DOS data indicate that the single Pt atom embedded on Ni,@Au,.,, can tune the
electronic property of active site, and thus, significantly improve the activity. The present study showed that the single Pt atom
embedded on Ni,@Au,., is a rational strategy to design effective core-shell ORR catalysts.
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1 Introduction

The performance of low temperature fuel cells is
controlled by the slow kinetics of oxygen reduction
reaction (ORR), which needs to be overcome by de-
signing effective catalysts with low cost™. Pt is the
commonly used electrode material™®. But the consid-
erable overpotential ®®! and high cost preventing its
further commercial development. Thus it needs to de-
sign effective catalysts with low cost®.

The most attractive advantage of core-shell nano-
clusters (CSNCs) is that the core is made up of non-
noble metals and an outer shell generally constituted
precious metals. The electronic and geometric pro-
perties of CSNCs show many differences as com-
pared with those of pure cluster and the bulk, which

can make them become popular among cluster catal-
ysisi®2, Most of the studies of core-shell are focused
on late transition metals such as Fe, Co, Ni®**l, Jang
et al. synthesized Fe@Pt CSNCs, which showed the
surprising enhancement in activity by contrast with
the Pt/C catalysts®. Wang et al. studied the core-shell
Co@Pt nanoparticles (NPs) with different Pt shell
thicknesses, and illustrated that Pt-skin (2 monolayers)
covered NPs exhibited a 10-fold increment in activity
compared to Pt/C catalysts. Chen and co-workers re-
ported that Ni@Pt covered with a monolayer Pt shell
showed a high activity™".

Zhang et al. synthesized Pd@Pt with different Pt
monolayers and found that the ORR activity could be
tuned by changing the number of Pt monolayers ™,

catalyst. J. Electrochem., 2021, 27(4): 357-365.

Citation: Li W J, Tian D X, Du H, Yan X Q. DFT study of Ni,@Pt,Au,...(n =19, 38, 55, 79; m = 1, 6, 13, 19) core-shell ORR

Received: 2021-03-27, Revised: 2021-05-08. *Corresponding author, Tel: (86)13940816371,E-mail: tiandx@dlut.edu.cn, Tel: (86)

18718738074, E-mail: 965664856@qg.com



-358 - W,

2 2021 4

Park et al. found that Pd@Pt with 2 monolayers had
the highest electrocatalytic activity for the ORRM!,
Zhang et al. reported that the ORR activity of alloy
core@Pt could be tuned by varying the alloy core
composition and found that 28% Au/72% Pd alloy@Pt
had the highest activity™. Strasser and co-workers
have synthesized Cu@Pt with different compositions
(CuxPtzs, CusPts, CuzsPts), and concluded that the
Cu-rich CusPt,s NPs was the most active ORR cata-
lyst?l, Zhang and co-worker found that Pt,s@M,, (M
=Pd, Re, Os, Ir, Ru, or Rh) enhanced the catalyst sta-
bility and further improved the ORR activity™.

Theoretically CSNCs were studied by density
functional theory (DFT) calculations™. Nanocluster
models are very useful in explaining the stability and
ORR activity of these nanoparticles. They can more
effectively imitate the size-derived structure and the
electronic effects, which is more effective than the
periodic plate model. Cheng et al. reported that
Pt;,Mn and Pt,Fe clusters exhibited superior ORR
activity®, 55-atom CSNCs consisting of late transition
metals (Pd, Pt, Cu, Au, Fe, Co, Ni, Ru, etc.) were
studied by Wang et al. and the results showed that
Au, Pd, and Ag have good cooperation with Pt in im-
proving catalytic activity™. Similarly, Shin et al. had
a detailed study of 55-atom clusters, whose core was
made up by late transition metal, which indicated that
3d transition metal cores put on a good performance
in increasing ORR activity™®!. Furthermore, Akhil S.
Nair et al. investigated 79-atoms cuboctahedral clus-
ters and observed that Ti,@Pty is the most optimal
catalyst®’, Theoretical calculations and experimental
results revealed that the main reason of improving
catalytic activity is to weaken or strengthen adsorption
energy of oxygenous species®?!, In order to search
favorite core-shell structure combination, various
metals have been previously studied. Late transition
metals always show superior electrocatalytic perfor-
mance for the ORR compared with early transition
metals®,

Although lots of work was performed, the design
of low-cost, stable, and catalytically active core-shell
materials needs more detailed experimental and com-

putational work. In present work, a series of core-shell
ORR clusters had been investigated by DFT. We
studied the intermediate adsorption and gave a de-
tailed analysis of ORR pathway. Using overpotential
as a descriptor of ORR activity, we found that
Nis@Pt,Au;, showed a superior ORR performance.
And Ni;@ Pt,Auy;, Nig@ Pt,Auy, Nip@ Pt,Aug, and
Niyw@ Pt Aus, also are possible promising electrocata-
lysts, exhibiting higher ORR catalyst activity than Pt
(111). The present study would provide significant
insights into for further searching for low-cost and
high catalytic activity cathode catalysts.

2 Computational Details

The spin polarized DFT calculations were per-
formed by using the Vienna Ab-initio Simulation
Package (VASP)F-, The electronic exchange and cor-
relation effects were described using the generalized
gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) parametrization®. The ion-
electron interactions were described by the projector
augmented wave (PAW) method®™!. Kohn-Sham elec-
tronic wave functions were expanded in a plane wave
basis set with a kinetic energy cut off of 400 eV. The
cuboctahedral clusters are optimized in a 22 x 22 x
22 A3 supercell. The geometries were optimized us-
ing a conjugate-gradient method until the forces act-
ing on each atom were less than 0.02 eV - A1®, The
Brillouin zone is sampled with a Gamma (1 x 1 x 1)
point. The periodic Pt(111) slab with 3 x 3 supercell
and 4 atomic layers with a 20 A vacuum. The model is
sampled using the (5 x 5 x 1) K-point mesh. Grimme’s
D3 semiempirical dispersion correction method was
considered for adsorption states'®®. Bader analysis
proposed by Henkelman was adapted for studying the
charge transfer®,

Previous studies reported that oxygen reduction re-
action takes place via peroxy intermediates on metal
catalyst®*, The oxygen reaction pathway was given
by the elementary steps®®:

0,+4H" +4e +* — *OO0OH + 3H* + 3¢’ Q

*OOH + 3H* +3e" —> *O + H,0 + 2H" + 2¢e" (2)

O*+H,O+2H"+2¢ - *OH+H,0+H" +e (3)

*OH+H,0+H"+e-—>2H,0 +* 4)
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The asterisk (*) represents an adsorption site. The ad-
sorption energy (Eoer) values of intermediates (*O,
*OH and *OOH) are calculated using a water refer-
ence scheme, i.e.

2H,0O +* — *OO0H + 1.5H, 5)
HZO+*—>O*+H2 (6)
H,0 +* — *OH + 0.5H, )

Within the CHE model, we calculate free energies
of the *O, *OH or *OOH intermediates at zero po-
tential as AG = Eur + AZPE - TAS. AZPE is the zero
point energy change, T is the temperature, and AS is
the difference in entropy as can be seen in Table S1.
The parameters about AZPE and TAS are derived from
standard tables for gas phase molecules®. For adsor-
bates, the corresponding data were calculated from
vibrational frequencies within the harmonic approxi-
mation. The vibrational contributions of atoms in the
slab are neglected since they do not change apprecia-
bly during adsorption. Electronic structure, charge
transfer, and binding energy analyses were performed
to understand the activity trend of all the considered
clusterst,

3 Results and Discussion
3.1 Adsorption Properties and ORR Ac-
tivity of Pt(111) and Pt,(n = 19, 38, 55
and 79) Clusters
The geometric and electronic properties of
nano-sized metal clusters are different from those of
the bulk, which can make them attractive for ORR. In
the present work, different-sized octahedron was used
as a catalyst model, including 19-, 38-, 55- and
79-atom clusters (as shown in Figure 1), to understand
the ORR activity trend. The 19-atom cluster consists
of eight (111) faces, and the 38-, 55-, and 79-atom

truncated octahedra are composed of eight (111) faces
and six (100) faces as shown in Figure 1.

In the present work, the oxygen reaction pathway
is given that it occurs via an associative mechanism
through the peroxy intermediates. First, possible sites
for the adsorption intermediates are considered and
shown in Figure S1, and the most favorable adsorp-
tion sites of *O, *OH and *OOH are listed in Table
S2. The four proton electron (H* + €°) transfer steps
of the associative mechanism are given in the compu-
tational details section. According to the BEP (Bell-
Evans-Polanyi) principle, reaction free energy corre-
lates the energy barriers. Thus, reaction free energy is
used to explain the energetic trend of ORR. On the
Pt(111) surface, the reaction free energy of four ele-
mentary steps was calculated to be -1.80, -1.96, -0.96
and -0.20 eV as listed in Table 1. The H,O formation
step was less preferred for efficient oxygen reduction.
The rate-determining step (RDS) was the H,0 forma-
tion step with the calculated overpotential value of
-0.20 eV.

Octahedral cluster consisting of (111) and (100)
facets was used as a catalyst model to investigate the
ORR activity trend. For Pt, the most stable adsorp-
tion position of *O, *OH and *OOH and the adsorp-
tion free energy are listed in Table S2. Compared to
Pt(111), the adsorption strengths of adsorbed peroxy
intermediates on Pt, are stronger. The reaction free
energy of elementary steps and overpotential on Pt,
(n = 19, 38, 55 and 79) clusters were calculated as
shown in Table 1.

The free energy diagrams of elementary steps are
shown in Figure 2. On Pt(111), all the reaction steps
are downhill, implying a strongly exothermic reac-
tion. But on Pt,(n = 19, 38, 55 and 79) clusters, the

Pty Ptzg

Figure 1 Geometry of Pt, (n = 19, 38, 55, 79) (color on line)

Pt55 Pt79
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Table 1 Free energy change of ORR elementary steps for Ptn and Pt(111)
System AG,/eV AG,/leV AG4eV AG,/eV

Pty -3.09 -0.95 -1.89 1.01

Pts -2.47 -1.74 -1.14 0.42

Ptss -2.57 -1.67 -1.17 0.49

Pty -2.23 -1.85 -1.08 0.24

Pt(111) -1.80 -1.96 -0.96 -0.20
6 o - we studied the activity trend of Ni;@Ma, (M = Pt, Pd,
St 2 — Pt Cu, Au, Ag). Favorable adsorption sites of *O, *OH
% 4r - — Pt and *OOH were investigated and the adsorption free
& 3 - — Pt energy was calculated as shown in Table S3. The re-
% 2t A . Pt(111) action free energy of elementary steps was calculated
S o1t ‘ﬁ\‘:\ +oH HO* as shovv_n |n.TabIe 2. The free energy_dlagrams are
of b shown in Figure 3. The H,O formation step was
-1t L found to be the RDS with the calculated overpoten-

Reation coordinate

Figure 2 Free energy diagrams of ORR elementary steps over
Pt, and Pt(111) at U = 0 (color on line)

H,O formation step is uphill, which needs to cross the
energy barrier (overpotential). On Pt;g, Pts, Pty and
Pt;, clusters, the energy barriers were calculated to be
1.01, 0.42,0.49 and 0.24 eV, respectively. Relatively,
they are not rational candidates for ORR, which aris-
es from strong binding energy of *OH.
3.2 ORR Activity Trend of Core-Shell Ni;@
M, Clusters
In order to design effective catalysts with low cost,

tial values from Table 2.

For Nig@Cus, Nig@Auz, and Nig@Ags, clusters,
the overpotential values were calculated to be 0.91,
0.45 and 0.79 eV, respectively, showing a higher
overpotential value than pure Pty cluster. But for
Nis@Pts,, and Nis@Pd, the overpotential values were
calculated to be 0.01 eV, and 0.03 eV, respectively,
which are lower than Pty cluster, highlighting the sig-
nificance of core-shell structure in improving ORR
activity. Taking Nis@Pts;, as an example, the favor-
able adsorption site of Nig@Pts, is different from the
pure Pty clusters. For Nis@Pts, it is the top site of Pt
atom. However, it is the Pt-Pt bridge site over Ptsy.
The adsorption free energy of OH on Nis@Pts, cluster

Table 2 Free energy change of ORR elementary steps for Nis@Ms, and Pt clusters

System AG/eV AG,/leV AG4eV AGJeV
Pty -2.47 -1.74 -1.14 0.42
Ni@Pd;, -1.93 -1.91 -1.11 0.03
Nis@Pts, -2.10 -1.79 -1.02 0.01
Nis@Cus, -2.70 -1.63 -1.50 0.91
Nis@Auz, -1.66 -1.58 -2.13 0.45
Nis@Ags -2.58 -1.17 -1.96 0.79
Pt(111) -1.80 -1.96 -0.96 -0.2
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Figure 3 Free energy diagrams of ORR elementary steps over Ptg, Pt(111) and (A) Nig@Cus,, Nig@Aus, Nis@Ags, and (B) Nis@Ptz,

Nis@Pd, (color on line)

was decreased by 0.41 eV than that on pure Pts,
which leads to the smaller overpotential and higher
ORR activity.

Bader charge was calculated to understand the rea-
son of improved ORR performance. For Nig@Pts,, the
charge transfer from core to shell was 2.160 |e|, and
for Pt the charge transfer from core to shell was cal-
culated to be 1.078 |e|. Pt shell shows a remarkable
electron-rich character, because of the obvious elec-
tronegativity difference between the Ni (1.91) and Pt
(2.28) atoms™*1, Compared to pure Pty cluster, the
charge accumulation on the Pt shell improves the ac-
tivity of ORR by lowering the adsorption free energy
of *OH.

3.3 ORR Activity Trend of Ni, @Pt,Au,,,,
Compared with the Pt (111), Nis@Ma, clusters are
not favorable candidate catalysts for ORR. Ternary
catalysts comprising Ni/NiO, core and Pd shell with
Pt cluster decoration on the surface (namely, Ni@Pd-

Pt) in previous study were verified to have great ORR
activity. Thus, cooperation with the third metal to
tune the electronic properties is a good design strate-
gy for ORR catalystt*,

Taking 38-atom core-shell cluster as an example,
the activity trend of Ni@Pt;Pds, Nis@Pt;Cusy,
Nis@Pt;Aus, and Nis@Pt;Agy; was studied. Favorable
adsorption sites of *O, *OH and *OOH were investi-
gated and the adsorption free energy was calculated
as shown in Table S4. The reaction free energy of
Nis@Pt;Nx(N = Pd, Cu, Au, Ag) are listed in Table 3.

The free energy diagrams can be seen in Figure 4.
For Nis@Pt,Auz, the overpotential value was substan
tially decreased to -0.77 eV, and it was lowered by
1.22 eV compared to Nis@Aus,. From Table 3 we can
see, relative to Nis@Ms, clusters, the overpotential
values of Nig@Pt;Pds, Nis@Pt;,Cus and Nig@Pt,Ags,
were substantially lowered to -0.01, -0.38 and -0.21
eV, respectively. This result indicated that the single

Table 3 Free energy change of ORR elementary steps for Nig@Pt;Ny(N = Pd, Cu, Ag, Au) and Pt clusters

System AG.leV AG,leV AGoeV AGJeV
Pty -2.47 -1.74 -1.14 0.42
Nis@Pt;Pds; -1.81 -1.76 -1.34 -0.01
Nis@Pt;,Cus, -2.05 -2.01 -0.49 -0.38
Nis@Pt,Auz -1.52 -1.01 -1.61 -0.77
Nig@Pt,Ags -2.92 -0.23 -1.56 -0.21
Pt(111) -1.80 -1.96 -0.96 -0.20
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Figure 4 Free energy diagrams of ORR elementary steps over
Pt single atom doped core-shell clusters at U = 0 (color on line)

Figure 5 Schematic diagram of Nig@Pt,Auy, (A) geometry of
Nis@Pt,Aug, (B) cutaway of Nig@Pt,Aus. Yellow represents
Au shell, blue represents Pt and light blue represents Ni core
atom.(color on line)

Pt atom embedded in Au shell of Nig@Aus signifi-
cantly improved the activity of the core-shell material.
The geometry of Nis@Pt,Auy can be seen in Figure 5.

Accordingly, the activity trend of 19-, 55- and
79-atom clusters was further studied. Most favorable

—OH-pup

: A
8 OH - p down ;
~ (—Au-dup
% il Au- d dpw
8 :
g :
2 0 3
o) :
a :
A :
4
. . i
-4 2 0 9
E-E JeV

adsorption sites and adsorption free energies of ORR
intermediates on 19-, 55- and 79-atom clusters are
listed in Table S5. Reaction free energy of ORR ele-
mentary steps and the overpotential values are shown
in Table S6, Figure S4. Ni;@Pt;Auy;, Nig@PtAug,
Ni@Pt,Au, and Ni,@PtAug are thought to be the
favorable catalysts with the relatively lower overpo-
tential values.

The Bader charge analysis of Ni,@Pt;Au,.., and
Ni,@Au,,, (n =19, 38, 55, 79; m = 1, 6, 13, 19) was
performed to understand the reason of improved
performance and the results are summarized in Table
S7. It can be seen that the single Pt atom in
cooperation with Au shell of Ni,@Au,..(n = 19, 38,
55, 79; m = 1, 6, 13, 19) can tune the electronic
property of active site. Ni,@Pt,Au,.; shows a
remarkable electron-rich character and results in a
weaker binding strength. The partial density of states
(PDOS) plots of OH adsorbed on Nis@Pt,Aus and
Nis@Pts, are shown in Figure 6. The d-state density
near Fermi level is a significant decisive factor to
influence the adsorption energy. Compared with
Nis@Aus, the Fermi level is more highly populated
for adsorption site on Nis@Pt;Aus, leading to weaker
adsorption strength and higher activity for ORR
(Figure 5). PDOS data of 19-atom, 55-atom and
79atom are also given in Figure S5.

3.4 Stability Analysis of Clusters

The stability is an important factor to influence the

ORR catalyst performance. In order to estimate the

—OH-pup B
8'—OH-pdown
~ — Pt-dup
> — Pt-d down
o 4}
8
S
2
- ’
2 |

-4 2 0 2
E-E eV

Figure 6 Partial density of states (PDOS) plots of OH on adsorption site of (A) Ni@Aus, and (B) Nig@Pt,Aus, (color on line)
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stability of the catalyst, we calculated the average
formation energy of different core-shell clusters 7.
Average formation energy (k) of the clusters is calcu-
lated by using the following equation:

E:=[(E(Ni,@M,.,) - m X Ey + (n - m)x Ey)]/n
(n represents the number of cluster atoms, m repre-
sents the number of shell atoms, M = Pt, Au; m =1,
6, 13, 19; n = 19, 38, 55, 79). Smaller value of E; in-
dicates that the cluster is more stable.

From Figure 7, the introduction of Ni cores im-
proved the stability compared with the pure Pt clus-
ter, which is in agreement with the previous work ™.,
For the 19, 55 79-atom clusters, the single Pt atom
embedded in Au shell of Ni,@Au,., slightly im-
proved the stability of clusters.

4 Conclusions

In summary, octahedron cluster was used as a cata-
lyst model to study the activity trend of different-sized
Ni,@Pt,Au,...(n = 19, 38, 55, 79; m = 1, 6, 13, 19)
catalysts by GGA-PBE-PAW methods. The adsorption
configurations of *O, *OH and *OOH were optimized
and the reaction free energies were calculated. Using
overpotential as a descriptor for the catalytic activity,
the activity trend was found to be determined by the
adsorption strength of *OH. Nis@Pt,Au, is the most
favorite catalyst for ORR. Ni;@Pt;Au;;, Nip@Pt,Auy,
and Ni;s@Pt,Aus, have better ORR activities than pure
Pt clusters and Pt(111). It was shown that a Pt atom
embedded on Ni,@Au,., to form the Ni,@PtAu,.., is

—=—19-atom core-shell
—e— 38-atom core-shell
—— 55-atom core-shell
—v— 79-atom core-shell

04r

Pt, Ni @Pt_~Ni @Au,_ Ni @PtAu

m n-m-1

Figure 7 Average formation energy (E;) of CSNCs(color on
line)

a rational strategy to design core-shell ORR catalysts.
Bader charge and DOS data indicate that the single Pt
atom embedded on Ni,@Au,., can tune the electronic
property of active site, and significantly improve the
activity. To some degree, Ni,@PtAu,.., fulfills the
challenges of durability, activity and cost. The
present study will provide significant insights into for
further searching for low-cost and high ORR catalytic
activity.
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