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Reduction of O, in the presence of model PtVFe nanocatalysts was studied using the PBE functional with a
plane wave basis set. The model catalysts consisted of trimers and a 0.6-nm particle. The results show that
among three molecular chemisorption configurations, i.e. Pauling, Griffith, and Yeager configurations,
the O, bond is weakened the most in the Yeager configuration, then the Griffth configuration, and then
the Pauling configuration. A new molecular chemisorption configuration, i.e. 5-atom ring configuration,
was also identified. With the 0-0 distance up to 1.4 A, a linear correlation was found between the O,
stretching frequency and the O, bond distance regardless of the metal or adsorption site. However,
the charge transfer and the adsorption energy are highly dependent on the metal and adsorption site.
The alloyed clusters are most effective in transferring electrons to O, species and weakening O, bond
especially when the O atoms are attached to non-Pt atoms. Our results suggest that the superior catalytic
activity of PtVFe nanoparticles in the oxygen reduction is due to the effectiveness in charge transfer and
the presence of direct (spontaneous) dissociation pathway.
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1. Introduction

One of the most significant challenges for proton exchange
membrane (PEM) cell applications is the kinetic limitation of oxy-
gen reduction reaction (ORR) at the cathode at temperatures lower
than 100°C. The traditional catalyst used in the cathode of a PEM
cell is platinum. Studies of O, reduction on a single Pt atom, clus-
ters, or surfaces have been carried out extensively [1-18]. Great
efforts have been made towards developing active, robust, and
low-cost electrocatalysts for ORR including Pt-containing multi-
metallic nanoparticles [19-98]. For instance, the ternary PtVFe
catalysts, prepared by pre-synthesized trimetallic nanoparticles,
have been shown to exhibit superior electrocatalytic activities for
ORR in actual fuel cells [97,98]. Although many exciting reports
can be found on the improved performance of catalysts on ORR,
the reaction mechanism is still not well understood, partially due
to the complex reaction pathways exhibited by ORR [99-103]. For
instance, most recently, Goddard’s group has studied the solvent
effect on the ORR and their results suggested that alternative mech-
anisms must be considered other than the well-known plausible
4-electron or 2-electron mechanisms [101].

Reaction pathways for ORR in the presence of multi-component
nanoparticles are even more complicated than the single-element
nanoparticles. The recent experimental work by Li et al. suggests
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that the ORR catalyzed by Co-N/C catalysts is a mixture of 2- and
4-electron transfer pathways, dominated by a 4-electron transfer
process [104]. Furthermore, as the results have demonstrated in
Goddard’s group, the preferable reaction pathways could be altered
when solvent is considered [101]. On the other hand, the central
theme of the ORR is ultimately the breaking of O-0 bond, either in
a pure O, or an O-OH environment. We, therefore, chose to study
breaking O-0 bond of O, as a representative reaction for the ORR.
Moreover, we chose to use trimers and a 0.6-nm particle as the
model nanocatalysts in the density functional theory (DFT) study.
Molecular chemisorption of O, molecules on Pt catalysts can
take place in three distinguished configurations. The first adsorp-
tion configuration is denoted as the Pauling model where only
one O atom in O, is bonded to a metal atom. The second con-
figuration is denoted as the Griffith model where both O atoms
are bonded to a single metal atom. The third configuration is
denoted as Yeager model where two O atoms are bonded to two
metal atoms. In Fig. 1, these three molecular adsorption configu-
rations are illustrated using a Pt3 trimer as an example. Among
the three molecular chemisorption configurations, the Pauling and
Yeager configurations have been studied more extensively theoret-
ically. Two states denoted as superoxo-like (0, ) and peroxo-like
(0,~2%) species have been identified [3]. It has been proposed that
peroxo-like states are associated with the Yeager configuration
and the superoxo-like states to the Pauling configuration [3]. The
stretching frequency and bond length of the adsorbed O, are also
associated closely with the adsorption configurations. For instance,
in the study of O, adsorption to one Pt atom in the presence of
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Fig. 1. Three molecular chemisorption configurations of an O, to a metal cluster:
the Pauling model (left), the Griffith model (middle), and the Yeager model (right).
Red and blue balls represent O and Pt atoms, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

organic molecules, Cramer et al. have shown that the superoxo-like
species have a bond length of about 1.2-1.3 A while the peroxo-like
species have a bond length of 1.4-1.5 A [8]. The reported frequency
range associated with two different adsorption states, however,
are different. Cramer et al. found the adsorbed O, frequencies
are 1050-1200cm~! and 800-980 cm™! for the superoxo-like and
peroxo-like species, respectively. Siegbahn and Panas calculations
gave the frequency range of 870-1020 cm~! for the superoxo-like
species and 610-660 cm~! for the peroxo-like species [7]. Even ear-
lier studies by Vaska gave the frequency range of 1075-1195cm™!
for the superoxo-like species and 790-932 cm~! for the peroxo-like
species.

Dissociative chemisorption of O, molecules in the presence of
Pt catalysts has been studied as well [6,15,16,105-110]. It was
believed the O, dissociation takes place mostly through a barrier
and the activation energy from the peroxo-like precursor is about
0.29eV [15]. Nolan et al. has shown that direct (spontaneous) path-
ways for O, dissociation on Pt surfaces are negligible [15]. The
dissociation mechanism may be changed by altering the dissoci-
ation energy barrier or by stabilizing the precursor and transition
states [106] as well as the chemisorbed species in the vicinity of the
0O, that is to be dissociated [16].

Platinum has traditionally been the metal of choice, but other
alternatives are being explored due partly to the high cost and
modest activity of platinum with respect to the ORR. Since the late
90s, bimetallic nanoparticles, such as PtAu, [111] PtNi, [10,112,113]
PtCo, [10,112-114] PtCr, [113] PtMn, and PtFe, [114] have been
found not only to provide some further flexibility of tuning catalytic
activities in oxygen reduction reactions but also to have substan-
tially higher activity. In the study of reaction barriers, Anderson
et al. have found that the reaction barriers are not very different
in the presence of pure Pt with respect to PtNi or PtCo alloys [10].
Using the transition state theory, they further attributed the fast O,
reduction reaction using the bimetallic alloys to the large prefactor.

Ternary Pt;;V,Fe, nanoparticles have been shown experimen-
tally to exhibit superior catalytic activities for O, reduction over
the pure Pt or bimetallic PtNi and PtFe nanoparticles [96-98]. The
PtV Fe, nanoparticles were found to be four times as active as
the commercially available Pt catalysts and two times as active as
the PtFe nanoparticles. Except for the high catalytic activities of the
ternary Pt;;V,Fey catalysts, no other characterizations of detailed
mechanistic aspects, such as the adsorption site, the electronic
state of the adsorbed O, species, and the O, stretching frequency,
were available. To better understand the reaction mechanism of the
ternary Pt;V,Fe, nanoparticle and to provide further insight into
searching for more active and sustainable O, reduction reaction
catalysts, it is critical to investigate the ternary Pty V,Fe, nanopar-
ticles both experimentally and theoretically.

Therefore, we chose to study the O, molecular and dissociative
adsorptions on a model Pt;;V,Fe, catalyst and report here the first
results obtained for these systems. In this work, the PtVFe trimer
and a 0.6-nm PtVFe particle were chosen as the model catalysts. For
comparison purposes, the catalytic activities of Pt3 trimer and PtFe,
trimer on the O, adsorption were also studied. To select model
catalysts, we also studied bare metal dimers and trimers with all
possible compositions. Density functional theory calculations were

performed on these model systems. Detailed description of the
computational techniques is given in Section 2. The O, molecular
adsorption was investigated with all three adsorption configura-
tions, i.e. the Pauling, the Griffith, and the Yeager model. Adsorption
energy, charge transfer to the O atoms, and the O, stretching fre-
quency were obtained from the DFT calculations. These results are
given in Section 3 together with discussion and comparisons with
other pure Pt or bimetallic PtFe systems. Finally, the conclusion is
drawn in Section 4.

2. Computational details

The calculations were carried out using spin-polarized DFT
method that is implemented in Vienna Ab-initio Simulation
Package (VASP) [115-117]. The electron-ion interactions were
described by Projector Augmented Waves (PAW) method [118].
The exchange and correlation energies were calculated using the
Perdew-Burke-Ernzerhof (PBE) functional [119]. A plane wave
basis set was used with a cutoff energy of 400 eV. Only the I" pointis
needed for finite systems and therefore was used in this work. Fur-
thermore, the size of the unit cell was chosen such that the nearest
distance between neighboring images was more than 10A. All the
parameters, such as the cutoff energy and the size of unit cell, were
tested for the convergence of results. The above computational
techniques had been used in our previous studies of transition
metal clusters, e.g., in the studies of Pty,, [120] Auy, [121] Moy, [122]
CO adsorption on PtAu clusters, [123] and dehydrogenation of CHy
in the presence of Pt clusters [124].

We studied more than 40 bare binary and ternary PtVFe dimers
and trimers in order to understand the structures of these binary
and ternary clusters and to obtain the most stable model catalyst
structures of PtVFe, PtFe,, and Pt3. In order to simulate the cat-
alysts close to those used in the experiments, we also studied 9
isomers of ~0.6 nm consisting of 13 atoms-4 Pt atoms, 2V atoms,
and 7 Fe atoms. This particular composition was chosen for it is
within the experimental range. Using the most stable structures as
the model catalysts, we investigated both O, molecular and dis-
sociative chemisorptions. Specifically, we studied the interactions
between the metal clusters and the O, molecule for 22 O,-PtVFe
complexes. Three types of calculations were performed for each
system, namely structural relaxation calculation, frequency calcu-
lation, and Bader charge density analysis [125]. In most cases, we
performed calculations without spin restriction. In some cases, we
performed spin-restricted calculations in order to confirm that the
results from the spin unrestricted calculations are indeed the low-
est electronic states or to obtain information on different electronic
states. In all geometry optimization calculations, no constraints
were applied except for the cases mentioned explicitly in Section
3.3. From these calculations, we obtained the total energy of the
system, spin multiplicity, the energy gap between the highest occu-
pied molecular orbital and the lowest unoccupied molecular orbital
(HOMO-LUMO energy gap), frequencies, and charge distributions.
Based on the total energy of the system, we also calculated binding
energy and adsorption energy, which is defined as follows.

For a bare Pt;;,V,,Fe, cluster consisting of m Pt atoms, n V atoms,
and k Fe atoms, its binding energy is calculated using

EptVFemeEpthlXEvkaEFe

m+n+k ’ (M

Ebz

where Epeyre, Ept, Ev, and Ege are the total energy of the cluster
Pty VyFe, (m=0-4,n=0-3,and k=0-3, 7), the energy of an isolated
Pt atom, the energy of an isolated V atom, and the energy of an iso-
lated Fe atom, respectively. A positive binding energy indicates a
stable structure compared to their asymptotic states. As shown in
Eq. (1), the calculated binding energies can be used to compare the
relative stability between two clusters.



152 L. Wang et al. / Catalysis Today 165 (2011) 150-159

The O, adsorption energy is defined to measure the strength of
0, adsorption to the Pt;V,Fe; cluster and is calculated as:

Eads = —(Eo,—ptvre — Eptvre — Eo, )s (2)

where Eo,_ptvre, Eptvre, and Eg, are the total energy of the
0,-PtyVpFe, complex, the isolated Pt;,,V,Fe, cluster (m=1, 3, 4,
n=0-2, and k=0-2, 7), and the isolated O, molecule, respectively.
The Bader charge transfer to O species, Aeg, ~, is calculated by:

Aeg,” = e (02-PtyVyFey) — 12, (3)

where e~ (0,-Pt;;V,Fey) represents the number of valence elec-
trons attached to the O, species in the adsorbed O,-Pt;V,Fe;
complex and 12 represent the valence electrons of a O, species
in gas phase.

3. Results and discussion

In order to study O, chemisorptions on model ternary PtV Fe
catalysts, we studied the dimers and trimers with all possible com-
positions so that the most stable bare clusters can be used in
adsorption calculations. In the first part of this section, we present
the DFT results in bare cluster studies followed by presentations of
the results on the O, molecular and dissociative adsorption, respec-
tively. We will also present the results on the O, adsorption on a
PtVFe particle of 0.6 nm to verify the conclusions drawn from the
studies based on trimers.

3.1. Bare metal clusters

Six dimers and thirty-four trimers were studied with respect to
binding energy, HOMO-LUMO energy gap, and cluster geometry.
Six possible configurations of dimers were studied with three X,
and three XY configuration: X, =Pt;, V, Fe, and XY=PtV, PtFe, VFe.
All six bimetallic compositions of trimers were studied: Pt;V, PtVs,
Pty Fe, PtFe,, V,Fe and VFe,. Linear bimetallic trimers with a com-
position of X, Y can be arranged in two distinct configurations XXY
or XYX. Furthermore, single element clusters Pt3, Fe3 and V3, as well
as the smallest trimetallic alloy PtVFe were studied. The results for
the linear and triangular structures are shown in Tables 1 and 2,
respectively.

Among the six dimers shown in Table 1, the stability is
in the order of PtV>PtFe>Pt,>V,>VFe>Fe,. However, there
are no apparent correlation between the stability and the
other quantities, such as spin state or HOMO-LUMO gap.
For linear trimers shown in Table 1, the relative stability is
Pt,V > PtVFe > Pt,Fe > PtV, > Pt3 > PtFe, >V, Fe > VFe, > V3 > Fes.
Examining the linear structures of PtVFe (the last three structures
in Table 1), we see that the structure is most stable when V is
at the center. The second most stable structure places Fe at the
center, and the least stable structure is VPtFe. This is somehow
surprising at first if we make predictions based on the binding
energy of bimetallic dimers. Based on the data of bimetallic dimers
in Table 1, we would expect the stability of PtVFe linear trimers
decreases from VPtFe to PtVFe to PtFeV. However, if we take the
spin into consideration of binding in trimers as well, the current
result seems understandable. Among the bimetallic pairs, V has
the ability of lowering the spin state. This trend, i.e. V prefers to be
in the middle then iron then Pt, holds in the bimetallic trimers as
well. Each bimetallic trimer has two configurations, depending on
the identity of the center atom. Results in Table 1 show that for
every bimetallic trimer that contains vanadium, the most stable
structure is with vanadium at the center. Similarly, for every
bimetallic trimer consisting of iron, the most stable configuration
is with iron in the middle when the other metal is platinum,
otherwise the vanadium is in the middle. The only exception to
this trend is V,Fe, where the most stable configuration is VFeV.

Table 1
Binding energy, E, (eV/atom), bond distances, r (A), spin multiplicity (25+ 1), and
HOMO-LUMO energy gap, AEy-1 (eV), of bare metal dimers and linear trimers.

Ep r 25+1 AEy,
Pt 1.88 2.33 3 0.86
Vv, 1.82 1.72 3 1.34
Fe, 1.28 1.98 7 0.24
PtV 2.33 2.12 4 0.43
PtFe 2.00 217 5 0.01
VFe 1.70 1.74 2 0.10
Pts 225 2.36 (2)? 5 2.25
Vs 1.52 1.72(2) 8 0.35
Fes 0.83 1.87(2) 5 0.22
PtVPt 3.14 2.11(2) 2 0.44
PPtV 2.38 2.39,2.09 2 0.01
PtFePt 2.44 2.24(2) 7 2.76
PtPtFe 2.18 2.41,2.19 7 0.29
PtPtFe 2.15 2.40,2.18 5 1.73
VVPt 242 1.64,2.19 3 0.56
VPtV 2.18 227(2) 9 0.01
VPtV 2.08 227(2) 7 0.20
VPtV 1.82 227,239 1 0.10
FeFePt 1.98 2.30,2.19 9 0.72
FePtFe 1.95 227(2) 9 1.50
VFeV 1.78 2.00(2) 7 0.86
VVFe 1.70 2.25,1.75 7 1.26
VVFe 1.64 1.59,2.37 3 0.16
FeVFe 1.68 1.92(2) 4 0.77
FeFeV 1.55 2.31,1.67 4 0.31
PtVFe 2.52 2.15,1.67 2 1.18
PtFeV 2.30 2.19,1.70 2 0.75
VPtFe 1.79 2.16,2.34 2 0.07

2 (2) denotes two of the same bond distance.
b 2.39 is Pt-Pt distance and 2.09 is Pt-V distance.

The results for triangular trimers are provided in Table 2. The
binding energy decreases from top trimer Pt,V to the bottom
trimer, Fe3. Comparing the linear and the corresponding triangular
trimers, datain Tables 1 and 2 show that in all but one case, Pt,V, the
triangular clusters are more stable than the corresponding linear
isomers. We would also like to point out that many nearly degener-
ate electronic states exist in the multi-metallic systems. In Table 1,
we showed two nearly equally stable structures VVFe with differ-
ent spin states. Two different electronic states for the PtPtFe cluster
were also found to be energetically degenerate. These closely lying
states may all play important roles in the O, reduction reaction.

The structure and relative energy of nine Pt4V,Fe; isomers are
presented in Fig. 5. The initial structures of these isomers have the
same bulk-like fcc structure but differ in homogeneity. As shown
in Fig. 5, the relaxed structures are completely different from the
initial fcc structures except for structure 8. The most stable isomer
was found to be structure 3 and used in the subsequent adsorption
calculations.

3.2. 0, molecular chemisorptions

Various molecular adsorption complexes were investigated in
order to understand O, molecular chemisorption on PtVFe, Pts,
and PtFe; clusters. Many different initial orientations of O, with
respect to the trimer were studied and the adsorption complexes
were relaxed to the three adsorption configurations shownin Fig. 1,
i.e. Pauling, Griffith, and Yeager model, but one structure shown
in Table 3 as complex 15. DFT results of sixteen adsorption com-
plexes are presented in Table 3. In the following, we discuss the O,
adsorption on Pt3 then on PtFe, then on PtVFe.

The 0,-Pt3 adsorption complexes are illustrated as structures
1-4 in Table 3. These results reveal several trends in relation to the
adsorption configuration of the M-0 bonds. Pauling configuration
gives smaller adsorption energy and consequently has a higher O,
vibrational frequency. The O, bond distance in a Pauling configu-
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Table 2

Structure, binding energy, E;, (eV/atom), bond distances (A), spin multiplicity (25 +1),
and HOMO-LUMO energy gap, AEy-1 (eV), of bare triangular trimers. Blue, gray, and
purple balls represent Pt, V, and Fe atoms, respectively.

Structure Ep 2S+1 AEy_ L
2.37.2-22
PtV 9 2.89 2 041
.z.w
1789 2.41
PtV, J -9 275 3 0.66
2.41
@ 1,80
PtVFe 264 9 2.63 1 0.77
@224
¥
2.85 2.22
Pt,Fe o 2.50 4 0.71
2.57
@
2.46  2.46
Pts P 241 1 0.09
2.46
¥
2,39 2.39
PtV - 234 6 0.17
2.39
2,10 2,38
PtFe, > 9 231 8 0.48
2.38
1.91 ‘ 1.91
A - 2.05 7 0.35
2.13
1729 221
VsFe 4 @ 2.01 4 0.54
2.45
2.24 2.08
VFe, 9 1.83 5 121
2.11
1.87 1.87
Fes - 1.72 4 022

ration is very close to the gas phase value of 1.241 A. Furthermore,
the charge transfer to O, is less effective. The exception here is
structure 1, where all the atoms are in the same plane. This planar
arrangement may facilitate charge transfer more efficiently. The
Griffith and Yeager configurations, on the other hand, show a better
charge transfer with substantially smaller O, stretching frequency
and longer O, bond length.

The results of calculated O,-PtFe, adsorption complexes are
shown in Table 3 as structures 5-8. It is apparent that the prop-
erties of these complexes are highly dependent upon the metal to
which the O, binds. When the O, binds to Pt site, the same trends as
the 0,-Pt3 complexes can be identified. For instance, the less sta-
ble Pauling structure 5 has a higher O, vibrational frequency, less
amount of charge transfer, and shorter O, bond distance than the
Griffith structure 7. In terms of adsorption at the Fe site versus Pt
site, O, binds more strongly to the Fe site. The adsorption complex
with Fe involved in binding has a lower O, vibrational frequency,
longer O, bond length, and larger charge transfer. These findings
are true for both the Pauling configuration (structures 5 and 6) as
well as the Griffith configuration (structures 7 and 8). It is worth
mentioning that no stable Yeager structures were identified for
0,-PtFe, complexes, as all the initial starting geometries resem-
bled the Yeager configuration yielded O, dissociation.

Comparing the O,-Pt3 and the O,-PtFe, adsorption complexes,
results show that O, adsorption strength decreases from PtFe, to
Pt; if the adsorption is to the Pt site. However, the O-0 distance and
charge transfer increase and the O, stretching frequency decreases.
This indicates that alloying is beneficial in weakening the O-0 bond
at the same time making the adsorbates less strongly attached to
the catalytic sites.

Results on eight O,-PtVFe complexes are provided in Table 3.
Similar to the O,-PtFe, complexes, the O, adsorptions on PtVFe
clusters are highly dependent upon the metal site to which O,
is adsorbed and the adsorption configuration. Within the Pauling
configuration, structures 9-12 in Table 3, the complex with the O,
bound to vanadium site is the most energetically favorable struc-
ture. It is also the most effective in charge transfer. However, it is
not necessarily the most effective at lengthening the O, bond or
decreasing the O, stretching frequency. In particular, structures 11
and 12 are more stable than structures 9 and 10, but have a much
higher O, frequency and shorter O, bond length. No stable struc-
tures of O, bound to Fe in the Pauling configuration were identified,
as all initial structures were relaxed to structure 10 in Table 3.

Within the Griffith configuration, shown as structures 13 and
14 in Table 3, the complex with the O, attached to the V site is
energetically favorable and has either equivalent or more effective
characteristics than that to the Fe site. No stable structures of O,
bound to the Pt site were found in the Griffith structure, as all ini-
tial configurations were relaxed to structure 10 in Table 3. A 5-atom
ring structure, structure 15, was obtained. Although its adsorption
energy is similar to those of structures 9 and 10, it is the most effi-
cient PtVFe complex towards weakening O, bond, i.e. longer bond
distance and lower frequency.

The comparison of results on the O, adsorption on different
clusters, PtVFe, PtFe,, and Pt3, shows alloying favors stretching
0-0 bond when the adsorption site is Pt, though the adsorption
energy decreases. In the Pauling configuration, structures 5, 9, and
10in Table 3 have lower O, vibrational frequencies, longer O, bond
lengths, and larger charge transfers than structure 2. In the study
of O, dissociation in the presence of various metals, Cramer et al.
found an inverse relationship between frequency and bond length
(see the yellow line with diamonds in Fig. 2(a)) [8] (for interpre-
tation of the references to color in this text, the reader is referred
to the web version of the article). Plotting this relationship utiliz-
ing our data yielded a similar relationship, in particular, when the
0, bond length was smaller than 1.4 A, which corresponds to the
Pauling structures (circles in Fig. 2(a)). There was a broadening of
the data around the correlation line when the O-O bond length is
greater than 1.4 A. Using different adsorption configurations, we
can explain this broadening.

Given the fact that the bond distances above the 1.4-A range
correspond mainly to the Griffith and Yeager configurations, it is
feasible that multiple correlations exist depending on the adsorp-
tion configuration. Under this model, the O, bond lengths in
Pauling configuration would be most sensitive to the O, vibra-
tional frequency. Griffith configuration would appear to maintain
a consistent O, vibrational frequency over a wide range of bond
lengths after the bond length stretches beyond 1.4 A (see the red
line with triangles of Fig. 2(a)). Yeager structures would maintain a
consistent bond length over a wide range of vibrational frequencies
(green line with squares in Fig. 2(a)). The lack of strong interaction
between the oxygen atoms when the bond length is greater than
1.4 A can be understood by the fact that the O, molecule is close to
the dissociation threshold.

Interestingly, the amount of charge transfer to the O atoms has
shown different trends, as depicted in Fig. 2(b). Within the Paul-
ing adsorption mode, there are no apparent trends (demonstrated
by the circles in Fig. 2(b)). However, under both Griffith and Yea-
ger modes, the amount of charge transfer increases with the 0-O
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Table 3
Adsorption energy, Engs (eV), O, stretching frequency, vo, (cm!), electron transfer to the O, species, Aeo, -, 0-O distance (A), spin multiplicity, 25+ 1, and HOMO-LUMO
energy gap, AEy-1 (eV), of molecularly adsorbed O, systems. Red, blue, gray, and purple balls represent O, Pt, V, and Fe atoms, respectively.

1 2 3 4 5 6 7 8
] & @
° ° F ° ®
@ o0 ® _ 0 o? e o ® 00 o e L 9

® e o 9 2 [ 4 9 ]
Epds 1.71 1.83 1.94 1.79 0.87 1.82 1.20 2.87
Vo, 1260 1180 1025 764 1185 1171 1047 987
Aeo, ™ 0.73 0.50 0.57 0.64 0.51 0.59 0.58 0.87
0-0 1.285 1.296 1.405 1.412 1.303 1.311 1.388 1.448
2S+1 1 1 1 3 7 7 9 9
AEy_L 0.18 0.23 0.34 0.57 0.48 0.28 1.14 0.85

9 10 11 12 13 14 15 16

4 P .
9 4

o > 9% > o g ? :JO Y %o

v 9 o9 °? o 9 @ 9
Ends 1.14 117 221 224 2.52 3.81 1.60 3.69
vo, 1102 1052 1203 1192 1006 1008 778 871
Aeo, ™ 0.52 0.56 0.90 0.87 0.86 1.12 0.86 1.07
0-0 1.326 1.361 1.320 1.326 1.432 1471 1422 1.453
2S+1 2 2 4 2 2 2 2 2
AEy_ 0.48 0.72 1.09 0.25 0.37 0.49 0.65 1.01

distance. The same observations can be made on the correlation

1400 ' ! between the adsorption energy and the O-O distance, shown in
1300 - a Fig. 2(c).
5 1200 - .}.(. .
§ 1100 | '\ ] 3.3. 0, dissociative chemisorptions
g 1000 + L—v’—-v—'—_v .
L 900 - . 0, dissociative chemisorptions on Pt catalysts have been stud-
800 ] ied extensively [6,15,16,105-110]. It was established that dioxygen
dissociation occurs through a barrier and the activation energy
700 : ‘ ' ‘ ; :
125 130 135 140 145 150 from the peroxo-like precursor is about 0.29eV [15]. Moreover,
direct (spontaneous) pathways for O, dissociation on Pt surfaces
: : : : are negligible [15]. The dissociation mechanism may be changed
141 b by altering the dissociation energy barrier or by stabilizing the
5121 4 precursor and transition states, [106] as well as by adjusting
2q0f ] the type of chemisorbed species in the vicinity of the adsorbed
o % 0, [16]. For multi-metallic catalysts, we illustrate here that the
=08} — R . - . .
5 e L . 1 mechanism may be affected by the.dlssoaatlon sites of differ-
8 e o °* ent compositions. Indeed, the reaction for O, approaching the
2 04r ] V-Fe site of a PtVFe trimer takes an indirect dissociation path-
02 1 way, different from the direct dissociation pathway via the Pt-V
00 I I I ! site.
125 130 135 140 145 1.50 Five dissociation complexes were obtained from our DFT calcu-
lations and these results are shown in Table 4. The results illustrate
T T T that PtVFe and PtFe, are more effective at transferring charge to
.. 40+ 8 atomic O after dissociation. To explore dissociation pathways, we
g studied two systems starting from O,-Pt3 (structure 4 in Table 3)
& 30" i and from O,-PtVFe (structure 16 in Table 3) to the O, dissocia-
g tion. Since the spin multiplicities of the initial and final structures
'*E 20 L | for PtVFe differed, two separate potential energy curves were cal-
s culated based upon each multiplicity. These results are shown in
2 Figs. 3 and 4. As shown in Fig. 4, the O, dissociation in the presence
1.0 - 7 of PtVFe may involve spin crossing. However, the crossing takes
; ‘ . ! place rather late in the dissociation process, i.e. at very late stage of
125 130 135 140 145 1.50 0-0bond breaking. Therefore, no further investigations were made

O, bond distance here on the spin crossing process, such as the exact crossing point
along the reaction pathway or whether such a crossing is allowed.
Fig. 2. O frequency (cm"') (), the number of electrons transferred to O (b). and - Fyrthermore, the optimization calculations for the data points in
the adsorption energy (eV) (c) as a function of O, bond distance (A) among different Figs 3 and 4 between the initial and final structures were obtained
metal complexes. The circles, triangles, and squares represent the data obtained oo . A .
from the current calculations for the Pauling, the Griffith, and the Yeager structures, by fixing the O-O distance at each point but allowing other degrees
respectively. The diamonds in (a) are the data from Ref. [8]. of freedom to relax.
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Table 4

Adsorption energy, Enqs (eV), 0-M frequency, vo-m (cm~!), electron transfer to the O, species, Aeo, ~, M-O distance (A), spin multiplicity, 25+ 1, and HOMO-LUMO energy
gap, AEy_1 (eV), of dissociative O, systems. Red, blue, gray, and purple balls represent O, Pt, V, and Fe atoms, respectively.

d1 d2 d3 d4 ds
L]
? - 2
9 9 a9
9 Y 0 . o @ o
9 ° 9 o aafid o @
Ends 324 4,50 424 475 7.69
Vo_m 861 684 976 817 1037
843 585 829 769 758
585 357 479
Aeo,~ 1.29 1.23 1.47 1.87 1.85
M-0 1.76 1.79 (Pt) 1.60 1.73 (V) 1.63 (V)
1.76 1.80 (Fe) 1.62 1.81 (Pt) 1.78 (V)
1.80 (Fe) 2.00 (Fe) 1.83 (Fe)
25+1 3 9 7 4 4
AEyt 0.58 0.26 0.14 1.07 1.32
1 T I T I T I T I T T The rate constant, k, was calculated using the harmonic transi-
tion state theory expressed as, [126,127].
k= 1 e~ AE/ksT (4)
I1v”
0 L | 1
g where v; and vf are the frequencies of reactant and transition
ot J state, respectively. The reaction barrier height, AE, is 0.26eV for
E the PtVFe trimer and 0.29eV for the Pt; with the reaction path-
[} ways depicted in Fig. 3. kg and T are the Boltzmann constant and
- n temperature, respectively. The frequencies for the transition states
were obtained the same way as those for the reactants.
t 4 Table 5 shows the rate constant as a function of temperature
obtained using Eq. (4) for O, dissociation on the model catalysts,
4 . | ; | : | : | : , PtVFe and Pt3 trimers. Despite complications involving changes of
) 1.0 15 20 25 3.0 35 4.0 spin states in the reaction (see Fig. 4), the harmonic transition state

0-0 distance (Angstrom)

Fig.3. Acomparison of energy profiles for two reaction pathways for O, dissociation
on PtVFe (solid line with triangles) and Pt; (dash line with circles).

The activation energy for the O, dissociation on PtVFe, forming
the final product shown as structure d5 in Table 4,is 0.26 eV and that
on Pt3, forming structure d1, is 0.29 eV. The slight difference in acti-
vation energy between these model catalysts (~0.03 eV) indicates
that the ratio of dissociation rates does not depend significantly on
temperature.

1 T T T T T T T T T

R

2

°T ‘ff’ N )
® LR i

1 e L L 1 1 ,1 1 i

1.0 1.5 20 2.5 3.0 3.5
0-0 distance (Angstrom)

Energy (eV)

4

Fig. 4. Two O, dissociation pathways on the PtVFe trimer in different spin states:
doublet (solid line with triangles) and quintet (dashed line with squares).

theory calculations reveal that O, dissociation on the PtVFe trimer,
in the indirect dissociation route, is about four times as fast as that
on Pt3 for this particular reaction pathway. The difference in rate
constants between the two pathways is due to the combined effect
of barrier height and width (reflected by frequencies). We mention
that DFT tends to underestimate the barrier height but can gen-
erally give a better accuracy in the relative energy. Therefore, we
expect that the rate constant ratio should be more reliable than the
absolute rate constants.

The DFT calculations presented so far were for O, adsorp-
tion on metal trimers. On the other hands, our experiments were
performed typically on particles of ~2 nm. Therefore, the ques-
tion is whether the conclusions drawn based on trimers can be
extended to the observations made experimentally. As the first step
to address this issue, we performed calculations for O, adsorption
on a 0.6-nm PtVFe particle (Fig. 5). The DFT studies of O, adsorp-
tion on a 13-atom Pt4V,Fe; cluster were carried out. Six of the
adsorption complexes are illustrated in Fig. 6. Complex (a) in Fig. 6
is similar structure wise to the complexes d2 and d4 in Table 4 but
different in bonding atoms. In complex (a), one O atom bonds to V
and the other bonds to PtFe. In contrast, in d2 and d4, one O atom

Table 5
The O, dissociation rate constant as a function of temperature for the reactions
shown in Fig. 3.

T(°C) ki (PtVFe) (s 1) ko (Pts) (s°1) kaJks
25 429 x 10° 9.71 x 108 44
50 9.39 x 10 2.32 % 10° 40
75 1.84 x 1010 491 x 10° 3.7

100 3.28 x 1010 9.39 x 10° 35

125 5.45 x 1010 1.65 x 1010 33
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S7 (E=0.30 eV)

S8 (E=0.69 eV)

S9 (E=0.26 eV)

Fig. 5. Initial and final structures of Pt,V,Fe; isomers.

bonds to Pt and the other bonds to FeFe or PtFe, respectively. Com-
plex (b) in Fig. 6 resembles 15 in Table 3. As the O, molecule bonds
to Fe and Pt in both complexes, the adsorption energies of these
complexes are, as expected, similar. Complexes (c) and (f) in Fig. 6
can be compared to 16 in Table 3, though the metal atoms attached
to the O atoms are different. Complex (d) in Fig. 6 resembles com-
plexes 9 and 10 in Table 3 in adsorption modes and energy. The

similar adsorption energy between these complexes is due to the
same immediate interacting metal atom, Pt, in all cases. Complex
(e) in Fig. 6 is compared to d5 in Table 4. The adsorption energies
in these complexes are also similar. In summary, despite the dif-
ferences between the trimer and Pt4V,Fe7, there are similarities in
the results as described above in the O, adsorption and dissociation.
Furthermore, the magnitude of the reaction barrier height obtained
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d 1.27eV

c 217 eV

e 7.33 eV

f 3.41eV

Fig. 6. Structures and adsorption energies of O, adsorption on the same bare Pt;V,Fe; cluster (pictured as S3 in Fig. 5) at various adsorption sites.

using Pt3 is essentially the same as that measured on Pt single crys-
tal by Nolan et al. [15] It is also in line with the work of Anderson
etal. who found that the activation energies for pure Pt and Pt alloys
on unsupported polycrystalline electrodes are similar [10]. These
seem to indicate that the trimer model catalysts have captured the
essence of the underlying mechanism of O, dissociation.

We mention that the calculations of O, adsorption on the PtFe,
trimers illustrate that O, can also undergo a direct (spontaneous)
dissociation. The dissociative structures are shown in Table 4 (d2
and d3). In all cases studied here, the electron transfer to the O
species is the largest in PtVFe trimer with respect to PtFe, or Pts,
as shown by the data in Table 4. In addition to the electron trans-
fer, the other contributors that make the PtVFe works better than
pure Pt on ORR may include reducing the lattice distance, provid-
ing sites for the formation of metal-oxygen bonds and adsorption
of OH™, and changing the d-band center [96]. While the bimetal-
lic PtFe nanoparticles seem to be good catalysts on account of the
possibility of direct reaction pathways, the significance of the pres-
ence of V element in PtVFe nanoparticles is to enhance the electron
transfer, which effectively facilitates the subsequent steps in the
ORR process. However, the adsorption energy of 7.69 eV (structure
d5 in Table 4) is indicative of a very strong interaction and the for-
mation of oxide species. As such, these active sites are blocked upon
the initial adsorption and cannot contribute to the catalytic activ-
ities. This analysis reveals that the presence of too much V in the
PtVFe nanoparticles results in poisoning of the catalyst. The com-
bination of the significant electron transfer due to the presence of
V, the direct pathway at the Pt-V site, and the poisoning owing
to the presence of excess V implies that there must be an optimal
composition of V.

Furthermore, the catalytic activity for oxygen reduction is deter-
mined not only by the ability of a nanoparticle to dissociate O,, but
also by the subsequent binding of the dissociated products. From
the data, it has been shown that a strong oxide product seems to
be forming. Formation of oxides would block the active site of the
catalyst. However, our experiments have shown that the catalytic
activities are consistent. This indicates that the adsorbed atomic

O may subsequently form a different species thus can leave the
active site promptly. Further DFT calculations by considering coad-
sorption of other species is in progress.

4. Conclusions

DFT studies of O, molecular and dissociative chemisorptions on
the model ternary PtVFe catalysts, PtVFe, Pts, PtFe;, and Pt4V,Fe;
were carried out. In order to choose model catalysts and to inves-
tigate the homogeneity of surface composition of alloy catalysts,
more than 40 bare alloy dimers and trimers with all possible com-
positions were studied.

Sixteen O, -Pt;;, V,Fe, molecular chemisorption complexes were
studied with four adsorption configurations. Among the three con-
figurations being studied, Pauling, Griffith, and Yeager model, the
0O, bond is weakened the most in the Yeager configuration, to a
less extend in the Griffth configuration, and the least in the Paul-
ing configuration. A 5-atom ring configuration was also found to
be stable. A linear correlation can be found among the adsorption
complexes between the frequency and the O, bond distance up to
1.4 A. However, within the same O-0 distance range, the amount of
charge being transferred to the O atoms and the adsorption energy
are highly dependent on the metal and adsorption site. The alloyed
clusters are most effective in transferring electrons to O, species
and in weakening O, bond.

Based on the study of the five O,-Pt,V,Fe, dissociative
adsorption complexes were studied here: 0,-PtVFe, O,-Pt3, and
0,-PtFe,, our results suggest that the catalytic activity of the
PtV Fe, nanoparticles in the oxygen reduction is mainly due to
efficient charge transfer to the oxygen species and spontaneous
dissociation pathways.

Finally, we point out that the method developed in this study
can be applied to the study of other O,-ternary nanoparticle sys-
tems. One of such studies under investigation is the O,-PtNiFe
system, which was demonstrated experimentally to be a promis-
ing catalyst for ORR [128]. We also note that the model catalysts
chosen in this study are not exactly the same as the catalysts used
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in our experiments, where the size of the nanocatalysts was in the
range of ~1.5 nm and the catalysts were supported by carbon black
[96-98]. The similarities shown between the results on trimers
and the 0.6-nm particle indicate that the conclusions drawn on the
model catalysts are applicable to the catalytic activities exhibited
by real catalysts. However, our calculations also show that there
are more possible adsorption configurations in the O,-Pt4V,Fe;
systems than in the O,-PtVFe systems. This suggests that further
studies on bigger PtVFe nanoparticles are necessary in order to have
acomplete picture and understanding of our experimental catalysts
for the ORR.
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