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Tailoring the Structure and Electronic Pr rties of Platinum and Gold-Platinum
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Geometric structure plays a crucial role in enhancing the catalytic activity of a material towards
reactions such as oxygen reduction, methanol oxidation etc. Pt and Pt based bimetallic alloys of
different morphologies such as nanorods, core-shell etc. have been synthesized so far contributing
to varying catalytic activity in fuel cells. However, the electronic factors contributing to enhanced
catalytic activity of a particular structure/shape/morphology are not understood so far. In a first
such computational study, we demonstrate this complex structure-property correlation on model six
atom Pt clusters in the context of Oz activation at cathode material of direct methanol fuel cells.
Since, recent studies have shown that Au-Pt bimetallic alloys exhibit superior catalytic activity
towards oxygen reduction reaction with respect to other bimetallic clusters, we have identified 4
distinct six atom Pt cluster morphologies: viz., triangular planar, distorted octahedral, normal
octahedral and double square planar and doped them sequentially with gold atoms till a ratio of
1:1 is obtained. Thus, clusters with varying conformations/shapes and bimetallic compositions are
considered for potential O activation. The O-O bond stretching frequencies, are calculated to
evaluate the degree of bond activation in Oz molecule. Our study reveals that the Pt and Au,Pt,,
(n+m=6) clusters with a double square planar shape exhibit superior catalytic activity towards
0-O bond activation with respect to other six atom conformations. Analysis of their electronic
properties demonstrates that, the amount of charge transferred by cluster to the O2 molecule and
the effective overlap between the d-orbitals of metal atom and pi molecular orbitals of Oz can be
directly correlated with their catalytic activities. In order to validate these conclusions, we have
further extended such analysis on various Pt,, (m = 3-13) conformations, where, once again the
frontier molecular orbital composition is seen to play a predominant role in oxygen activation. Thus,
the present study unveils the electronic properties determining the catalytic activity of a catalytic
cluster towards O-O bond activation.

Keywords: Catalytic Activity, O2 Activation, Pt Clusters, Au-Pt Bimetallic Clusters, Density

Functional Theory, Red shift in O2 stretch frequency.

I. INTRODUCTION.

Direct Methanol Fuel Cells (DMFC) are growingly at-
tractive on account of their high energy density and
biodegradability.! In spite of being one of the most envi-
ronment friendly cells, the technology of DMF cells has
not taken off due to the disadvantages associated with
commonly used 2-8 nm sized Pt nanoparticles? which
act as electro-catalysts at both cathode and anode. It
is now widely accepted that Pt based electro-catalysts
are not selective towards both methanol oxidation reac-
tion at anode and Oxygen Reduction Reaction (ORR) at
cathode.? To overcome this overwhelming disadvantage,
several research works have been devoted in designing
better catalysts for cathode and anode by alloying Pt
nanoclusters with other d-block elements such as Ni, Pd,
Rh, Ru, Co, Au etc.*? It is generally observed that al-
loying leads to catalysts that are more active for ORR
and simultaneously tolerant to methanol at cathode.

Interestingly, most of the alloys suffer from base dis-
solution or are less efficient as compared to Pt catalysts
with few exceptions such as Au:'° (a) Au being a noble
metal like Pt, stabilizes the alloy, thereby, leading to a
more attractive and efficient catalyst.! ™14 (b) Au having
higher oxidation potential than Pt, alloys of Pt with Au
have shown better ORR activity as compared to that of
pure Pt catalyst.!?16 Tt is also believed that the presence

of Au reduces the CO poisoning of the catalyst.!1:12:17

(¢) Au-Pt nanocatalysts are reported to have greater
methanol tolerance at the cathode in the case of DM-
FCs compared to the pure Pt nanocatalysts, 101820

However, the major hurdle associated in the effective
practical application of Au-Pt or even other nanoalloy
clusters in fuel cells'®19:21:22 i5 the lack of perception on
precise electronic factors contributing to their enhanced
electro-catalytic activity. Factors such as synthesis con-
ditions, support and preparation route,2> 2% contribute
to alloy formation with varying structural effects (core-
shell, random, multishell, ordered, disordered, graded
structures etc.). These structural/morphological effects
in turn play a paramount role in controlling its catalytic
activity.

In spite of availability of many advanced experimen-
tal methodologies (such as selective leaching, multi-step
synthesis etc.) that assist in controlling the surfaces of
nanoparticles, a precise correlation between the struc-
ture/morphology and catalytic activity within bimetallic
clusters in the context of DMFCs is elusive. This has mo-
tivated many theoretical researchers to address structure-
activity-stability correlation in Au-Pt clusters.?**> How-
ever, interestingly, though Au-Pt nanoalloys are known
for their excellent ORR activity, most of the studies on
have been devoted to analyze their catalytic activity by
CO adsorption. Few recent combined experimental and
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surface Au atoms.*%4” In another work, Nazari et al*8
have theoretically investigated the ORR activity of CNT
supported Au-Pt bimetallic nanoclusters. They found
that, the supported Au-Pt clusters show improved cat-
alytic activity towards ORR. However, supported clus-
ters are thermodynamic unstable with respect to their
bare counterparts.*® Thus, theoretical investigations ad-
dressing specifically ORR activity of Au-Pt or even that
of Pt clusters are limited and investigations correlating
structure- electronic property- ORR activity are unavail-
able.

In this context, in the present work we have studied
the catalytic activity of Pt and Au-Pt alloy clusters to-
wards Os molecule. For this purpose we have chosen a
six atom Pt cluster. We analyze the catalytic activity
as a function of its various isomers following which, we
extend the studies to six atom Au-Pt clusters with three
different atomic compositions (Au,Pt,,, nnm = 1:5, 2:4,
3:3 ) viz., AuiPt5, AusaPty, and AusPts. Thus, the acti-
vation of O3 molecule on Au-Pt alloy clusters is evaluated
as a function of varying shape and composition. In the
present work, the catalytic activity of a given structure
towards O2 molecule is analyzed in terms of activation of
Os molecule on these six atom clusters.

A number of studies have shown that, ORR on plat-
inum based catalysts proceeds through a direct 4 elec-
tron conversion of oxygen to water.*® This mechanism
involves formation of various intermediates such as OH,
OOH etc.5%°! In connection with this mechanism, O-O
bond breaking is the most critical step. The first step in
the O-O bond breaking mechanism is the activation of the
oxygen molecule which invariably controls the activation
barrier in ORR.?? The extent of activation can be mea-
sured or understood from the increase in O2 bond length,
amount of charge transferred to the oxygen molecule and
most importantly extent of red shift in the stretching fre-
quency of the molecule. Based on these three parameters,
it is theoretically possible to identify the electro-catalytic
ability of a catalyst towards oxygen reduction reaction.

We would like to note that the present study is also
significant to some extent from the experimental point of
view. During the last 3-4 years, there have been serious
attempts to further reduce the size of Pt based nanocata-
lysts below 1 nm due to understandable advantages from
the catalytic and economic point of view. Reduced size
results in an increase of the surface area and thereby
higher catalytic activity. Small sized particles lower con-
siderably the cost of the catalyst in Pt based systems.
Remarkable advances have been made in this area in re-
cent years®® %1 where researchers have succeeded in re-
ducing the nanoparticle size to less than 1 nm. In fact,
due to availability of advanced techniques such as Atomic
Layer Deposition (ALD) single Pt atom catalyst fabrica-
tion on supports has been achieved.®” In several other
cases, the cluster sizes with less than 100 atoms have
been synthesized and applied at catalysts.?? 62 In a more

compared to the icosahedral Pti3 clusters. In short, in
the size range of 2-100 atoms, the shape and bimetallic
composition is likely to play a predominant role in the
oxygen reduction reaction mechanism. Our study clearly
brings out the important and fundamental correlation be-
tween the shape-electronic structure-activation property
of an atomic cluster in this size range.

II. COMPUTATIONAL DETAILS

All calculations are performed in the framework of
Density Functional Theory (DFT), using a linear com-
bination of Gaussian orbitals as implemented in the
Gaussian 095 code. Several conformations are gener-
ated for Ptg clusters and optimized using Perdew-Burke-
Ernzerhof (PBE)% exchange and correlation functional
under default convergence criterion with Berny algo-
rithm. LANL2DZ basis set and the corresponding Los
Alamos relativistic effective core potential (RECP)% is
used to take into account scalar relativistic effects for
platinum atoms. Following the geometry optimization,
harmonic vibrational frequencies are computed for vari-
ous conformations. All the frequencies are found to be
positive thereby, indicating them to be a local minima.
The geometries are compared with the lowest energy con-
formations of Ptg cluster reported in the literature (see
Figure 1).

Five sample conformations among the ten noted struc-
tures are considered for further study of Oy activation.
The basis for choosing these conformations is discussed
in the next section. Os molecule is adsorbed on vari-
ous atomic sites of the chosen clusters. The cluster-Os
complexes are optimized using the same functional as
mentioned above. After optimization, the activation of
the O2 molecule in the complex is analyzed following the
computation of harmonic frequencies of the optimized
complexes. TZVP® basis set is used for oxygen atoms.

Following the analysis of the catalytic activity of model
Ptg conformations, the chosen conformations are sequen-
tially doped Au atoms till the bimetallic ratio reaches 1:1
thereby generating Au,Pt,, (nm = 1:5, 2:4, 3:3) clus-
ters. O, molecule is adsorbed on various atomic sites
of these bimetallic clusters and the complexes are op-
timized. LANL2DZ basis set is used for Au and Pt
atoms during these calculations and O atoms are treated
with DZVP basis set as in earlier cases. Once again
the adsorption energies and activation of Oz molecule
by Au,Pt,, clusters are analyzed.

The binding energy or adsorption energy of Os on dif-
ferent Ptg and Au,Pt,, clusters is calculated using the
following formula :

B.E.=Ec —(EL + En) (1)

where, B.E. is the binding energy of Oy with the metal



Page3of 12 A New Jour f Chemistry

Pts_2 (7.96)
A:0.00
B:0.00

Pt;_GS (0.00)

A: 0.08
B: -0.08

Ptg_1 (4.81)
A: -0.04; B: 0.07; C: -0.08
D: -0.03; E: 0.01

2% B 1T SAA

Pts_7 (16.11)

Pts_5 (13.62) Pts_6 (14.02)

Ptg_3 (12.16)
A: -0.01; B: -0.15;
C: -0.08; D: 0.15

Pts_4 (13.52)

A: -0.03; B: 0.01
C: 0.01

Pts_8 (20.13) Pts_9 (72.75)

A:0.02; B: 0.05 A: 0.02; B: -0.01 A: 0.07 A:0.02; B: -0.10 A: -0.001
C: -0.08 C: -0.01 B: -0.14 C: 0.08 B: 0.001
Fig. 1

Putative models of Ptg clusters. The relative energies (kcal/mol) are given in the parenthesis. Given below the
figures are NPA derived charges (e) on various chemically distinct sites. Red colour represents negatively charged
sites and blue colour represents positively charged sites.

clusters. E¢ is the energy of the relaxed Os-metal cluster
complex and Ej, is the energy of Oy. Ejs is the energy
of metal cluster (Pts and Au,Pt,,). Natural Bonding
Orbital (NBO) analysis is also performed and all the
Frontier Molecular Orbitals (FMOs) are plotted at an
iso-surface value of 0.01.

III. RESULTS AND DISCUSSIONS

A. Putative models of Ptg clusters and their
nomenclature.

Various possible conformations of Ptg are shown in Fig-
ure 1. The relative energy of each conformation is given
in the parenthesis. Chemically different sites in each con-
formation are marked as A, B, C, D, etc. as shown in
Figure 1. Charges on these sites as obtained by natural
population analysis are given below the Figure. Posi-
tively charged centers are represented by blue colour and
negatively charged centers are represented in red colour.
We note that the above conformations may be classified
based on (a) dimensionality (2D/3d), (b) symmetry and
charge distribution. Pts_GS, Pto, Pty, Ptg and Ptg are
symmetric non-planar conformations where all the atoms
are in nearly neutral state. In other words, as understood
from NPA population analysis, there is very little charge
redistribution within the cluster. Ptgg, Pty and Ptg are
planar conformations showing moderate charge redistri-
bution, while rest of the conformations are non-planar
conformations with C1 symmetry. The non-planar con-

formations with C1 symmetry show maximum polarized
distribution of atomic charges within the cluster.

Among the Ptg conformations discussed above, we
choose the following representative conformations for fur-
ther studies: (a) Three planar conformations, viz., Ptgs,
Pt7 and Ptg as planar conformations are well known for
their catalytic activity. (b) One non-symmetric 3D struc-
ture, viz., Pt;. (¢) One symmetric 3D structure (octa-
hedral), viz., Pto. Out of the chosen conformations: (a)
Pt6_GS is the ground state structure, (b) Ptg-1 and Pts_2
are low lying conformations and (c) Pte_7 and Ptg-8 are
high lying conformations.

Before proceeding further to dope these clusters with
Au atoms to generate bimetallic clusters or before ad-
sorbing O2 molecule on these conformations, it is impor-
tant to ensure that these conformations are thermody-
namically stable at room temperatures. Several high en-
ergy conformations convert into another minima at finite
temperatures. Hence, the possibility of the structure re-
taining its shape at finite temperatures is analyzed using
Born-Oppenheimer Molecular Dynamical (BOMD) sim-
ulations. Each of the above discussed conformations is
subjected to BOMD simulations at 350 K. BOMD simu-
lations are performed with deMon2k%” software suit us-
ing DFT for about 50 picoseconds under NVT ensem-
ble. Velocity-verlet algorithm is used to scale time and
Nose-Hoover thermostat®®% is used to maintain the tem-
perature constant. It is interesting to note that all the
five chosen conformations retain their structure at 350 K.
This is demonstrated by plotting the bond length fluc-
tuations within these clusters as a function of time in
Supporting information Figure 1 (supp-fig.1). Following
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Binding Energies (kcal/mol) of Oy molecule with
various Ptg conformations.
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Fig. 3
IR stretching frequencies (cm~! of O-O bond in various
Ptg—0O5 complexes. The dotted line represents the O-O
stretching frequency of gas phase O5 molecule. Different
colored peaks correspond to different adsorption sites
available in a given conformation.

% New Journal of; gfﬂe%gﬁﬁly of these conformations is also confor

he conformation of their thermodynamic stability,

as some of the conformations undergo structural modifi-
cations after adsorption of supports such as graphene of
carbon nanotubes.*?

B. O: activation on Ptg clusters as a function of
shape.

As already mentioned, the principal aim of this study
is to investigate the Oo activation as a function of the
shape of catalyst. Hence, O5 is adsorbed at chemically
different sites on five Ptg isomers discussed above and the
complexes are optimized under the conditions mentioned
in the computational details section. It is well estab-
lished that, O2 binds to metal clusters in three distinct
ways: (1) Both oxygen atoms bond with one metal atom,
Griffith mode, (2) Terminal O2 binds via a single bond
to metal atom, Pauling mode and (3) Oy forms a bridge
between two metal atoms, (Yeager or bridge mode).*® All
the above mentioned binding modes of Oy are observed
on the metal clusters used in the current study, especially
Pauling and Yeager mode. The binding energy of O with
various Ptg conformations is given in Figure 2. Although
there is no clear trend noted in case of the binding en-
ergy, the binding energy is greater in case of high lying
conformations.

Next we analyze the shift in the IR stretch frequency
of O-O bond in the metal-Oy complexes with respect to
that in bare O9 molecule. We note that the O-O stretch-
ing frequency of isolated Oy molecule is 1512 cm ™! and in
line with previous theoretical studies.”! The changes in
the stretching frequencies upon adsorption on any struc-
ture is a measure of activation of the molecule and this
is a well established case in the literature.”7 It is also
noteworthy to mention here that earlier, Fielicke et al”™
have experimentally investigated the activation of molec-
ular oxygen on anionic gold clusters by using Infrared
Multiple-Photon Dissociation (IR-MPD) spectroscopy as
a probe. They have demonstrated the formation of su-
peroxo species (O27) on gold cluster surfaces with a O-O
stretching frequency around 1060 cm™!.

0-0O stretching frequencies in various Ptg—Og com-
plexes are given in the Figure 3. The corresponding
optimized geometries are highlighted in the same fig-
ure. It is observed that on Ptg-1 (D-site) and Pts-7 (B-
site) conformations oxygen bonds via bridging or Yeager
mode. On the other hand, oxygen shows Pauling and
Griffith type of bonding modes upon adsorption on Ptg-
GS, Ptg-8 and Ptg-2 conformations, respectively. No-
ticeably, the longest O-O bond distances of 1.38 A, 1.37
A and 1.36 A are observed on Ptg_1 (D-site) and Ptg_7
(B-site) and Ptg-2 clusters respectively. On the other
hand, O-O bond is least affected on Pts_GS (1.29 A)
and Pts_8 (1.27 A) conformations. It should be noted
that O-O bond length of gas phase Oy molecule is 1.22
A which is in well agreement with the values reported

rcnfdage 4 of 12
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AUQPt4-GS_3 AHQPt4-1_2 AUQPt4-2_2 AUQPt4-7_2
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A:0.01; B: -0.12; C: -0.20 A: -0.12; B: 0.01; C: -0.21
D: 0.23; E: 0.03; F: 0.05

D: 0.15; E: 0.04; F: 0.11

A: 0.14; B: -0.57
C: 0.13; D: 0.03

A: -0.05; B: -0.24
C: 0.17; D: 0.001

Fig. 4
Putative models of six atom Au,Pt,, (n,m = 1,5; 2,4; 3,3) clusters. The relative energies (kcal/mol) are given in the
parenthesis. Given below the figures are NPA derived charges (e) on chemically distinct sites. Red colour represents
negatively charged sites and blue colour represents positively charged sites.

by earlier groups.” The O-O bond length fluctuations
observed on Ptg conformations as a function of shape
can be corroborated by examining the O-O IR stretch-
ing frequency, which is given in the Figure 3. To our ex-
pectations, maximum red-shifts (of about 700-750 cm 1)
in the O-O stretching frequency with respect to isolated
oxygen molecule is observed for the double square planar
Pts_7 (B-Site) and non-planar Ptg_1 (D-Site) (distorted
octahedral) conformations as compared to the other con-
formations. The next highest fluctuation in O-O bond
stretching frequency (~ 600cm™1!) is observed in the case
of octahedral Ptg_2 conformation. As expected the O-O
bond stretching frequency in case of triangular planar
Pt6-GS and zig-zig Pts_8 conformations is least affected.
The above results have revealed some alluring facts about
the activation of oxygen molecule on the platinum clus-
ters. Noticeably, although O5 molecule is adsorbed on
all the available adsorption sites on different Pt,, con-
formations, only few sites are able to activate Os. For
example, double square planar Ptg_7 have two distinct
adsorption sites A and B (see Figure 1), however O is

activated only when it is adsorbed on B-site. Another
interesting fact about oxygen activation on Ptg clusters
is that, bridging or Yeager mode is the most activated
type of O2 bonding mode (Pts_7, Ptg_1) as compared to
other two bonding modes. This is consistent with the
earlier reports, which states that Os is most activated
in peroxo form then the superoxo form.”® The most in-
teresting understanding emerging out from the present
study is that, oxygen molecule exhibits enhanced acti-
vation on specific Ptg conformations (Ptg_7 and Ptg_1).
It is noteworthy, that earlier experimental reports have
highlighted the fact that catalytic properties” of plat-
inum nano-clusters (with sizes ranging from 3 nm-20 nm)
are shape/morphology dependent.

C. Putative models of six atom Au,-Pt,, (n+m=6)
clusters and their nomenclature.

Out of the five Ptg conformations studied in the ear-
lier section, four most catalytically active ones (Ptgg,



Pty, Pty and Pt7) are used as precursors for gengratin
several Au-Pt bimetallic conformations. V\}élée%g
here that the main aim of the present study is to study
the morphology-catalytic activity correlation in Au,Pt,,
alloy clusters and not to find out the global minimas of
these clusters. Hence, the bimetallic conformations are
generated by doping the above mentioned four precursor
Ptg conformations with 1, 2 and 3 Au atoms at vari-
ous possible sites resulting into three different bimetallic
alloy compositions: viz, Au;Pts, AusPty and AusPts.
Au,Pt,, conformations are named after their precur-
sor Ptg conformations. For example, the conformations
which are generated from Ptg_GS, Pts_1, Ptg-2 and Ptg_7
are named as Au,Pt,,-GS_k, Au,Pt,,-1.k, Au,Pt,,-2_k
and Au,Pt,,-7_k respectively, where k = 1, 2, 3, 4 etc.

Owing to the availability of multiple atomic rearrange-
ments, number of isomers increases with the number of
Au atoms for a Au,,Pt,, bimetallic cluster. For instance,
in case of Au;Pts, Ptg_GS can be doped with single Au
atom in two different ways to give two Au;Pt5-GS con-
formations (triangular planar). Similarly, for the cases
of AusPty and AusgPts3, doping of Ptg_GS with 2 and
3 Au atoms results in three and six AusPts;-GS and
AuzPt3-GS conformations respectively. Similar method
is adopted to generate Au,Pt,, conformations of other
shapes as well (Ptg_1, Ptg_2 and Pts-7). As a result,
there are 8 AuyPts, 12 Aus Pty and 15 AusPts conforma-
tions which makes a total of 35 Au,Pt,, conformations.
It is not possible to show the geometries of all 35 Au,, Pt,,
conformations in one figure therefore, one representative
conformation of each shape (GS, 1, 2 and 7) from all the
three Au,Pt,, compositions are presented in the Figure
4.

Similar to the case of Ptg conformations (see Figure 1)
the energies, NPA derived charges and adsorption sites
are highlighted for different Au,Pt,, conformations in
the Figure 4. The geometries of remaining Au,Pt,, iso-
mers are given in supp-fig.2 of supporting information.
The ground state geometry of Au;Pts; and AugPts is
same as that of Ptg. However, for AusPty binary system,
two degenerate isomers (AusPty-GS_3 and AusPty-1_2)
are available as its possible ground state conformations.

D. O: activation by Au,Pt,, alloy clusters as a
function of shape and composition.

04 molecule is adsorbed on various chemically distinct
adsorption sites (both Pt and Au) of various Au,,Pt,, al-
loy clusters discussed above (see Figure 4) and the geome-
tries are optimized. The final optimized geometries are
given in the supporting information (see supp-fig.3). Oz
molecule bonds via Pauling or Yeager mode with all the
Au,, Pt,, alloy clusters as in case of Ptg conformations.
The binding energies (kcal/mol) of Oz molecule with
Au, Pt,, alloy clusters is plotted as a function of shape
and composition and is given in the supporting informa-
tion (see supp-fig.4). It is observed that, binding ener-
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0-0O vibrational stretching frequencies (cm~!) on
Au, Pt,, clusters as a function of shape and

composition. Green and violet dotted lines in the graph
corresponds to the O-O stretching frequency in isolated
O3 molecule and the lowest O-O stretching frequency
observed in corresponding parent Ptg—Oo complex. Red

squares represent stretch frequencies in Au; Pt5—Oq
complexes. Green spheres represent stretch frequencies

on AuyPt4—Os complexes. Blue triangles represent
stretch frequencies on AuzPt3—Os complexes. Label a is
Auy Pt5-7_2 (C-site, 652 cm™!, b is Auy Pt5-7_1 (E-site,

732 em™1) ¢ is AuzPt3-7-2 (B-site 800 cm~!), d is
Au;Pts-7_2 (E-Site, 825 cm™!), e is Au;Pts-7_1 (D-Site,

853 cm™1).

gies of Oy with Au,,Pt,,-GS_k, Au,Pt,,-1k, Au,Pt,,-7_k
conformations is lower than 40 kcal/mol. It may be re-
called that the corresponding values on Ptg counterpart
conformations is greater than 55 kcal/mol. Exceptions
to this are some of the AusPt3-7_k conformations which
have almost equal binding energies with Oy molecule as
that of Ptg-7 cluster (see area highlighted in red arrow

Page 6 of 12



Page 7 of ’;L)Zand Ptg-1 are the most catalytically ace\ll\gé’vc

in_supp-fig.4). It may be recalled that this cluster

Au, Pt,,-2 k04 (conformations with octahedral shape)
conformations are unstable with positive binding energies
(plot is not shown).

Next, we analyze the activation of Os molecule
on various Au,Pt,, alloy clusters of different shapes
and compositions. Figure 5 gives the Oy stretching
frequency for various Au,Pt,, compositions and shapes.
Most visible point is that there are very few Au-Pt
conformations which activate O molecule better than
its corresponding Pt clusters. Salient observations from
Figure 5 plots are as follows:

(a) Visibly, the Au-Pt conformations derived from
distorted octahedral conformation, (Pte-1, cluster which
shows maximum O-O activation) are less effective in
activating the O-O bond with respect to its Ptg analog
(See second plot in Figure 5).

(b) Same is the case with Au,Pt,,-2 conformations,
structures derived from octahedral Pt clusters. However,
two Au-Pt conformers with nm = 1,5 and 2,4 show
marginal improved activation with respect to their Pt
analog structure (See third plot in Figure 5). However,
the corresponding O adsorbed complexes are unstable
as evidenced from their positive Oy binding energies (see
the discussion in the above paragraph).

(¢) Some of the Au-Pt conformations derived from
Triangular planar geometry show enhanced O bond
activation (signified by lower IR stretch frequency of
0O-O bond in the complex. These are: (i) Au;Pts-GS_1
(D-Site, Figure 4) and (ii) AusPt3-GS-2 (B, D Sites,
see supporting information). The O-O stretching
frequencies in the above three cases are 830 cm™!,
890cm~! and 950 cm™!, respectively (See first plot
in Figure 5). The corresponding O-O bond lengths
for Au;Pt5-GS_1 (D-Site) and AusPt3-GS_2 (B and D
Sites) conformations are 1.37 A, 1.36 A and 1.34 A,
respectively. These O-O stretching frequencies are thus
200-350 cm ™! times lower then that of triangular planar
Ptg-GS conformations. On the other hand, none of the
triangular planar conformations of AusPt; bimetallic
composition are efficient in activating O-O bond.

(d) Figure 5 further reveals that the double square pla-
nar Au;Pts-7_1 (E and D site), AuyyPt5-72 (E and C
sites) and AugPt3-7_2 (B-site) are exceptionally efficient
in activating O-O bond with stretching frequencies of 732
cm™!, 853 cm ™!, 825 cm ™!, 652 cm ™!, and 800 cm ! re-
spectively (for geometries, see supporting information).
The longest O-O bond length is seen in case of Au; Pt5-7—
Oy complex (O-O stretch frequency of 652 cm™1) is 1.50
A. This is higher then the value reported in one of the re-
cent study on Au-Pt alloy, where O-O bond is activated
up to a distance of only 1.42 A.*® On the other hand,
the performance of AugsPty-7_k bimetallic alloys (double

Ptg-
gtl&[i{i] of Chemistry_y s

Au,Ptg
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Fig. 6
Comparison of the charge transferred (e) by Pt,, and
Au,, Pt,, clusters to the adsorbed O5 molecule as a
function of conformation.

square planar towards O molecule activation is poor. It
may be recalled that the Ptg-7 structure (double square
planar) is more efficient in activating O2 molecule with
respect to other conformations.

In short, the above observations indicate that, among
four different shapes of conformations studied in the
present investigation, alloying the double square planar
and triangular (Ptg) conformations with Au atoms re-
sults in enhanced activation of O molecule. On the
other hand, alloying the distorted octahedral conforma-
tion (Ptg-2) conformation does not result in enhanced
05 activation. Such kind of behavior indicates that, the
activation of O molecule by Au,Pt, and Ptg systems is
a highly conformation dependent process. Among three
different Au-Pt bimetallic compositions in six atom clus-
ters, based on of their performance, Au-Pt compositions
can be systematically ordered as: Au;Pts > AugPts >
AugPt4

It may be noted that experimental studies®" "7 demon-
strated varying Au-Pt compositions such as 2:1,308!
AugsPt75%% or even 1:1%% exhibit extraordinary elec-
trocatalytic activity towards ORR. The present study
demonstrates that composition plays a predominant role
in enhancing the catalytic activity of the parent Pt struc-
ture.

E. Charge transfer and molecular orbital
composition: Correlation to the O activation ability.

The present investigation has put forward several in-
teresting facts about the oxygen activation by Ptg and
Au,Pt,, (n+m=6) clusters. As we have already seen,
properties such as the shape or morphology, the chem-
ical composition of the catalyst (Pts and Au,Pt,,) are
playing a decisive role in the activation of oxygen. To
decipher, how these properties are influencing the O5 ac-
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Pts-GS Ptg-7 Pte-1
Fig. 7

Highest Occupied Molecular Orbitals (HOMOs) of Ptg clusters and Os—Ptg complexes.
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tivation, a thorough analysis of their electronic structure elongation.

is mandatory. For this purpose, first we have evaluated
the net amount of charge (NPA) transfer occurring be-
tween the adsorbed oxygen molecule and the cluster (Pt,,
and Au,Pt,,) as a function of shape. The plot of charge
transferred to Oz molecule as a function of shape for
Pt,, and Au,Pt,, clusters is presented in the Figure 6.
As already seen, in case of Ptg clusters, the Ptg-1 confor-
mations with distorted octahedral shape show maximum
activity towards O-O bond activation, whereas triangular
planar Ptg-GS conformations are performing poor. On
the other hand, in case of Au,Pt,, alloy clusters, the dou-
ble square planar Au; Pt5-7_k conformations are are more
active, whereas, Au,Pt,,-1 conformations (distorted oc-
tahedral) are performing poor towards O-O bond activa-
tion. This can be correlated with the amount of charge
transferred by these clusters to the adsorbed oxygen.
From Figure 6, it is clear that a significant amount of
charge (0.47e, 0.46¢) is transferred by the most active
Au,Pt5-72 and Ptg-1 clusters to the adsorbed oxygen
molecule. In contrast, least active Au,,Pt,,-1_k and Ptg-
GS conformations show a lower amount of charge trans-
fer (0.21-0.32¢). It should be noted that, the amount of
charge transferred by the cluster to the adsorbed oxy-
gen results in excess electron density in the Oy 27* anti-
bonding molecular orbital. As a consequence, O-O bond
length increases. This is in well agreement with the
earlier reports which states that, the charge transfer to
the O2 molecule plays a predominant role in O-O bond

Moreover, in general it is observed that the clusters
with double square planar conformation (7_n) are able to
facilitate more charge transfer to adsorbed Og molecule
as compared to clusters of other conformations (GS_n,
1m). As a result, former is performing better towards
O, activation as compared to later. The performance of
Au,,Pt,, clusters with different conformations increases
in the order 1_n (distorted octahedral) < GS_n (triangu-
lar planar) < 7_n (double square planar).

To understand the underlying electronic factors con-
tributing to the enhanced activation of Oz by double
square planar conformations, Highest Occupied Molec-
ular Orbitals (HOMOs) of Ptg-GS, Pts-7 and Ptg-1 con-
formations are presented in the Figure 7. The HOMO
of Ptg-GS shows that, its triangular planar conforma-
tion is not efficient to facilitate an easy overlap between
the metal d-orbital of the cluster and m-orbitals of Og
molecule. As a result, there is a negligible amount of
charge transfer between the adsorbed O, molecule and
the cluster and hence O-O bond remains unaffected. In
contrast to it, the Ptg-7 (double square planar) and
Pte-1 (distorted octahedral) are facilitating an easy and
strong overlap between the metal d-orbitals and the Oq
m-orbitals. In particular, HOMO of conformation with
double square planar structure shows presence of con-
tinuous distribution of electron density around the clus-
ter. Consequently, the adsorbed Oz molecule abstracts
significant amount of charge from the cluster and gets
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nanocatalysts should be designed in such a way that their
conformation allows an easy and strong overlap between
metal d-orbitals and Os m-orbitals.

To validate the above observations, we have further
carried out calculations on Pt,, (m=3-13) clusters of dif-
ferent conformations and sizes. Different conformations
of Pt3, Pty4, Pts, Ptr, Ptg, Ptg, Ptis and Ptz clus-
ters are generated. The HOMOs of these conformations
are presented in the supporting information (supp-figh).
From these results it is observed that among different
Pty clusters (m = 3-13), only Pt3, Ptg and Pt;2 con-
formations have a de-localized HOMO. These conforma-
tions show consistently longer O-O bond lengths when Oq
molecules are adsorbed on these three clusters as com-
pared to rest of the clusters. For example, in case of
Pt3 clusters, conformation with linear conformation has
a de-localized HOMO, while the triangular Pts confor-
mation has a localized HOMO. O-O bond length when
complexes with linear Pts cluster is 1.44A. On the other
hand while when O molecule complexes with triangular
cluster its corresponding bond length is 1.36 A. Another
notable comparison is between Ptis and Pti3 clusters:
The HOMO of Pt15 cluster is more de-localized as com-
pared to that of icosahedron conformation Pti3 cluster.
This is consistent with the results reported in one of the
recent experimental study where Pty cluster is observed
to be electrochemically more active then the icosahedral
Pt15 cluster.5! Above results indicates that, our theoret-
ical findings are not specific to six atom clusters and are
valid for other larger sized clusters as well.

IV. CONCLUSIONS

The present work brings out the structure dependent
catalytic activity of Pt and Au-Pt clusters. Earlier works
have brought out the size sensitivity. However, a clear
correlation of structure dependent catalytic behavior of
atomic clusters in the context of ORR was missing in the
literature so far. In the first computational study of its
kind, we have investigated the Oy molecule activation as
a function of conformation and composition of Pt,, and
Au,Pt,, clusters. A confluence of structure-morphology
and electronic factors contribute to the catalytic activity
of Pt,, and Au,Pt,, clusters concerning Os activation.
The reasons contributing towards exceptionally high
activity of a nanocluster towards Os activation can be
corroborated from their electronic properties:

(i) The amount of charge transferred from cluster to
the adsorbed oxygen molecule is playing a dominant
role in O-O bond weakening. Maximum charge transfer
(0.47¢) between cluster and oxygen is observed in case of
Pt,, and Au,Pt,, double square planar clusters.

(ii) Among the three possible O2 bonding modes viz.
Griffith, Pauling and Yeager mode, the later two modes

far(ﬁsmostl&h observed on Pt,, and Au,Pt,, clusters.
l@ éUé?,t e O-O bond is most activated when Og is
bonded to cluster in Yeager or bridge mode.

(iii) For the first time, a detailed and systematic anal-
ysis of electronic properties of clusters and its influence
in determining its catalytic activity is discussed. The
clusters with more de-localized HOMO orbitals exhibit
better oxygen activation as compared to the ones ex-
hibiting localized HOMO density. FMO analysis shows
that, clusters with double square planar structures have
de-localized HOMO density around itself. Consequently,
they are capable of allowing a stress and strain-free ef-
fective overlap between metal d-orbitals and pi orbitals
of oxygen molecule. As a result more amount of charge
can be transferred from cluster to the oxygen, which in
turn leads to the enhanced catalytic activity of Pt,, and
Au,Pt,, clusters (Double Square planar shape) towards
0-0 bond activation. Such kind of electronic effect is also
observed in Pt,, cluster of different sizes. Pts3, Ptg, Pt12
conformations of a particular shape are also observed to
have a de-localized HOMO density, which is indicative
that our findings are not specific to six atom cluster and
are consistent among clusters of larger sizes as well.

(iv) Significantly, earlier works have reported that only
Pt adsorption sites in a bimetallic clusters such as Au-Pt,
Ru-Pt participate in the oxygen reduction mechanism. In
the above present study, we have explored both Au and
Pt adsorption sites for ORR. While the study shows that
05 molecule preferable adsorbs on Pt atoms, the study
further reveals that Au sites can participate in an active
way during the activation of the oxygen molecule. For
example, in case of AuyPt5-7_1 (D-Site) and AuyPt5-7-2
(E-Site) (see Supporting information Figure 3), oxygen
molecule is bridged (Yeager mode) between one Au and
one Pt adsorption site.

(v) The study reveals that doping by Au atoms does
not always lead to enhanced Os activation. Activation
can be enhanced for only particular shapes and sizes and
Au:Pt compositions. In case of a six atom cluster, the
relative activity of different Au,Pt,, compositions can
be arranged in the following order: Au;Pts >> AusPts
>> AusPty

In short, our study demonstrates that, the catalytic
activity of an electro-catalyst towards Oz activation is
intrinsically coupled to the extent of localization/de-
localization within its frontier molecular orbitals. This
activation can be further enhanced by tuning the elec-
tronic properties as a function of shape, doping and ex-
tent of doping. As already mentioned, higher activation
of Os molecule is indicative of a lower activation bar-
rier towards the formation of stable intermediates such
as OH, OOH etc. during oxygen reduction reaction. This
criterion can be used theoretically to effectively identify
or choose an electro-catalyst for performing ORR partic-
ularly for clusters with atoms below 100 atoms. Above
the this size range, surface/morphology/shape sensitive



electronic properties (frontier molecular orﬁtal 1P{r(r)@)er—
ties) are likely to converge to single crystal li RYHS
number of atoms in the cluster are greater than 147.52
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Structural design of precious metal molecular catalyst by doping is proved to significantly enhance
its activity.



