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Density functional theory (DFT) calculations with local spin density discrimination have been
performed to exam the effect of atomic under-coordination on the catalytic and magnetic
properties of Cuboctahedral (CO) and Marks Decahedral (MD) structured Pt and Rh
nanoclusters. Consistency between theoretical calculations and experimental observations
confirmed the predictions based on the framework of bond-order-length-strength (BOLS)
correlation and nonbonding electron polarization (NEP) notations. The BOLS-NEP notation
suggests that the shorter-and-stronger bonds between under-coordinated atoms induce local
densification and quantum entrapment of core electrons, which then polarize the otherwise
conducting electrons and result in shifts of the binding energy. Such strong localization
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resolves the intriguing catalytic and magnetic attributes of Pt and Rh nanoclusters.

Introduction

Metallic nanoparticles (NPs) have attracted enormous interest
due to their intriguing chemical and physical properties which
cannot be observed in their bulk counterparts.' A key difference
between a nanosolid and its bulk counterpart is the high fraction
of under-coordinated atoms in the skin consisting of a few
atomic layers. As the size of a NP decreases, the volume ratio
of the surface layers to the entire body, referred to as the
surface-to-volume ratio, increases dramatically. For instance, as
the diameter of a spherical dot decreases from 1um to 10nm,
the surface-to-volume ratio increases from 1% to 25%. The
interaction between the under-coordinated atoms at the skin
modifies the electronic structure and distinguishes NPs from
their bulk counterparts in performance because of the bond
contraction and bond energy elevation induced by atomic
under-coordination.! For example, Rh NPs exhibit giant
magnetic moments> * though the bulk Rh is diamagnetic.
Similarly, Pt also transforms from non-magnetic to magnetic as
the size is reduced from bulk to a few nanometers.” * The giant
magnetic moments observed in these metallic NPs make them
potential candidates for nanospintronic applications® and
magnetic data storage.’ Moreover, the catalytic ability of Au, Pt,
Pd, and Rh NPs are greatly enhanced;’ and a phase transition
from conductor to insulator happens at the nanometer scale.®?
At the nanometer scale, the potential trap depth, charge
density, energy density, as well as electronic configurations of
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metallic NPs differ from their bulk counterparts, accompanying
the structure evolution from face-centred-cubic to icosahedral'®
" or decahedral,u’ 13 as well as surface bond contraction. X-ray
photoelectron spectroscopy (XPS) measurements have revealed
positive core-level shifts (CLS) for Pt nanoclusters deposited on
pristine carbon nanotubes (CNTs)'* '> and highly oriented
pyrolytic graphite (HOPG).'® Moreover, the peaks of valence
local-density-of-states (LDOS) of Ag nanoclustc::rs,17 Rh NPs,18
Au atomic chain,19 Au nanowires,20 Cu monatomic chain,21 and
Pt nanoclusters®> are all shifted to upper energies as observed
by scanning tunnelling microscope/spectroscopy (STM/S).
Although atoms forming nanoclusters or located at the edges or
at the chain ends demonstrate so many fascinating properties,
the mechanism behind them remains yet unclear, and thus a
thorough understanding of the under-coordination effects of Pt
and Rh nanoclusters on their properties is highly desirable.

In recent decades, ab initio density functional theory
(DFT) calculation has become an elegant tool to investigate the
properties of various materials. With the simplification of
inserting a vacuum slab into the periodic structure or by
neglecting the edge potentials or edge states, DFT calculations
can be applied to non-periodic system. For instance, DFT
calculations have been applied successfully to study the
enhanced electrocatalytic activity of mushroom-like Pt clusters
on Pd-shell over Au core NPs,23 as well as the isotope shifts in
Pt and Rh NMR spectra.®* Previously, we have successfully
applied this method to study the electronic properties of Au,*
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Ag,*® and Cu?® nanoclusters. Here, we report consistency in

trend between DFT calculations and the experimental
observations on the local bond contraction, charge transfer,
lattice strain, CLS, valence electron polarization, as well as
magnetization of Pt and Rh nanoclusters. This agreement
confirms our expectations based on the framework of the bond-
order-length-strength (BOLS) correlation and nonbonding
electron polarization (NEP) premise, which stressed that the
atomic under-coordination induces the unusual catalytic and

magnetic properties of metal nanoclusters.

Principles and approaches

Tight-binding approximation. According to the band theory,
the vth energy level of an isolated atom, E,(0), is determined by
integrating the intra-atomic potential, V.. (7), Varlxﬁi the
eigenfunction of an atom at a specific ith atomic site, . Due
to the involvement of the inter-atomic potential, V,(r), the
core-level binding energy shifts from E,(0) to E(K) by an
amount proportional to the cohesive energy per bond at
equilibrium,”’

2y72
H="Y v, 04V,
2m ’
E, (0)={,i[V,,,,(r)|v.i) (Core level energy)
Jj=z
AE,(K)=E,(K)-E,(0) =(v,i]V,,,(r)|v.i)+ Y (v,i]V,,, ()| v. j)

j=1

=pB+zy < (E,) (Core level shift)
(D
s :<v,i‘Vm (r)‘ v,i> oc <Eb> (Exchange integral)
y =<v,i V. ()|v, j>oc <Eb> (Overlap integral)
(2)

The coordination numbers z = 0 and K represents an isolated
atom and an atom in the bulk, respectively. The sum is over all
z neighbours of the specific ith atom. The exchange and overlap
integrals are relative to the cohesive energy per bond < @) .
Because <v,i v,j> =5U with ¢;; being the Kronig function (if i= j,
0;= 1, otherwise, 6;=0), the term zy/ff <<1. Any perturbation to
the bond energy E, will shift the core level accordingly.

BOLS-NEP correlation: Quantum entrapment, lattice
contraction, and polarization

BOLS correlation. Extended from the “atomic coordination-
atomic radius” correlation premise of Goldschmit® and
Pauling,” the BOLS correlation theory' deals with under-
coordinated systems such as adatoms, defects, surfaces, and
nanoclusters. According to the BOLS theory, the shorter and
stronger bonds between the under-coordinated atoms cause
local densification and quantum entrapment of binding energy
and core electrons, which then polarize of the otherwise
conductive charges and make the nanocrystals nonconductive
and magnetic. The extent of entrapment and polarization
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increases with the reduction of atomic coordination number
(CN). The BOLS correlation can be expressed by:

7z, =4(1-0.75/K);z, = 7, + 2;z, =12 (Effective Coordination)
d,=Cd, =2d,/[1+exp((12—z,)/8z,)] (Bond Contraction Coefficient)
E =C"E, (Bond Energy : Potential Trap)

3

where subscripts i and b denote atoms in the ith atomic layer
counted from the outermost to the centre of a sphere and in the
bulk, respectively; K= R/d is the number of atoms lined along
the radius of a spherical dot or across the thickness of a plate; d;
and E; are the bond length and single bond energy between
under-coordinated atoms, respectively; m is the bond nature
index, correlating the bond energy with the bond length, and is
extracted by fitting experimental data with BOLS premise.'
Eqgn (3) indicates that for the under-coordinated atoms at the ith
shell of NPs, the bond binding energy will increase as the bonds
contract.

According to the energy band theory under tight-binding
(TB) approximation”” and the BOLS correlation,' the
Hamiltonian of a nanocrystal undertakes the perturbation (Ag)
because of the atomic CN deficiency in the skin while the intra-
atomic trapping remains invariable:*

V)=V,

atom

(N+V, (Hl+A,]
where

{Zy, (C"-)=tK"'Y.C(C"-1)=A, K"
AII =

(Nanostructure)

C" -1 (Surface)

G
where y= tC:K ! is the surface-to-volume ratio, i counts from
the outermost layer inwards up to three, and =1, 2, and 3 is the
geometric shape factor for a thin plate, a cylindrical rod, and a
spherical dot, respectively. From the electronic structure point
of view, the surface constitutes at most three atomic layers or
two inter-atomic spacing since only the under-coordinated
atoms in the skin induce perturbation Ay to the overall
Hamiltonian. The Ay (z, K, K'', m, z;, di, E;) includes all the
possible extrinsic contributions from the curvature, shape, size,
as well as the intrinsic contributions from bond nature, length,
order, and energy to the Hamiltonian.

Lattice contraction. Due to the surface bond contraction, the
mean lattice constants of the entire nanosolid will be reduced,
and the mean surface strain can be expressed by:

d=d,[l1+A,]

Ad -1 ' -1

== Dy(C =D =&K"Y C(C,-1)=AK
i<3 i<3

)
It is found that the relative change in the mean lattice constant
of a nanosolid simply depends on its shape, size, as well as the
bond contraction coefficient.
Energy entrapment. By incorporating the BOLS correlation
into the band theory, one can obtain the energy shift of an atom

This journal is © The Royal Society of Chemistry 2012

Page 2 of 11



Page 3 of 11

at a specific vth energy level in the skin relative to an isolated
1
atom:

AE (K)=E, (K)-E,(0)=AE, (0)(1+Ay) =[E, (0) - E,(O)](I+ Ay)
E,(K)-E ) _
E@)-E©O "

©
where E,(0) is the core-level position of an isolated atom,
AE (K) is the atomic under-coordination induced CLS, E (K) is
the XPS peak of the vth band, and E () is the bulk counterpart.
Hence, one is able to determine E,(0) and AE () from XPS
spectra measurements. Generally, the size-induced binding
energy shift of nanostructures is inversely proportional to its
size K, in the form of E (K)=A+CK', where constants A and C
can be extracted from the measured E,(K) vs. size using the
least-root-mean-square linearization method. By equalling the
experimental scaling correlation with the theoretical illustration,
the following expression is obtained from Eqn (6):

E, () +[E, () - E,(0)tA}, K
A+CK™

(BOLS theory)

(Measurement)

N

EV(K)={

By equalling the theoretical formulation to the experimental
measurements, the following expression can be obtained:

A=E, (o)
C =[E, (0)-E, (0)]tA),

@
Therefore, the vth energy level of an isolated atom and its bulk
shift can be expressed by

C
E,(0)=A-
,(0) N

TRy

(Atomic energy level)

AE, () =

(Bulk shift)

'
H

)
DFT calculations. In order to verify the predications based on
the BOLS correlation such as quantum entrapment and the
associated charge polarization, we conducted DFT calculations
on the bond relaxation, charge transfer, valence polarization,

magnetic momentum, and magnetization of Pt and Rh

nanoclusters, and compared the calculated results with
experimental observations including the extended X-ray
absorption fine structure (EXAFS), STM/S, X-ray

photoelectron differential spectroscopy (XPDS), and XPS.
Many theoretical and experimental efforts have been
devoted to determine the structures of Pt and Rh nanoclusters.'>
3134 1t is generally accepted that icosahedral'™ *° or
decahedral'> ' structures are stable structures of transitional
metal NPs such as Pt and Rh NPs. For instance, Marks
Decahedral (MD) structures have been observed experimentally
in Pt NPs prepared by gas evaporation,'® and Rh NPs epitaxial

deposited on NaCl(001).** However, some research groups

This journal is © The Royal Society of Chemistry 2012
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claimed that fcc-like Cuboctahedral (CO) structures are stable
form for Pt nanocrystals prepared by electrocatalytic
hydrogenation®®> and Rh nanocrystals grown on NaCl
substrates.®’ Previous DFT calculations also showed that the
structures of multiply-twinned Pt*” and Rh* clusters are CO.
Hence, we adopted both CO structures (13, 55, and 147 atoms)
and MD structures (13, 49, and 57 atoms) in our calculations of
Pt and Rh nanoclusters (see Fig. 1).

The DFT calculations were carried out using the DMol®
code with a double numeric plus polarization (DNP) basis set.*"
“* During the DFT calculations, the potentials of core electrons
are assumed to be semi-core pseudopotential.*’ The DFT
exchange-correlation potential utilized the local spin density
approximation (LSDA), with the PWC function for geometry
and electronic structures.*” To demonstrate the under-
coordinated effects on the properties of NPs, we considered the
singlet and triplet ground states for Pt nanoclusters and quartet
ground state for Rh nanoclusters. To achieve self-consistent-
field (SCF) convergence, thermal occupation was used instead
of the Fermi for open-shell system with unrestricted
In spin-unrestricted wavefunction, different
orbitals are related to different spins including spin-up (a) and
spin-down (). The self-consistency threshold of total energy
was set at 10" Hartree in the calculations. The tolerance energy,
forces, and displacement in the geometry optimization were
taken as 10° Hartree, 0.002 Hartree/A, and 0.00SA,
respectively.

wavefunction.

MD,,

MD,, MD;5

Fig. 1.The CO and MD geometric structures of Pty and Rhy nanoclusters
consisted of 13-147 atoms. The numbers denote positions of atoms at different
shells.

Results and discussion

Skin-resolved bond length contraction. The results of DFT
calculations are listed in Table 1. As expected, spontaneous
bond contraction at the surface of Pt and Rh nanoclusters is
observed and the extent of bond contraction depends only on
the atomic CN. For instance, the calculated Pt-Pt distance of Pt
nanoclusters in the outermost shell of COy; is 2.663 A and
2.685 A for singlet and triplet states, respectively, which are
significantly smaller than the bulk value of 2.770 A.** Similar
trends are observed for other CO structures and all the MD
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structures of various sizes. Results obtained here by combing
BOLS correlation and DFT calculations are in good agreement
with the previous results.* ***7 For example, Sang et al.*®
showed by DFT calculations that the Pt-Pt distance is decreased
to 2.400 A and 2.580 A for dimer and trimer, respectively. Up
to 10-15%** and 13%*" bond contraction for Pt dimer are also
and molecular dynamic
calculations, respectively. In addition, the bond contraction of
chains*® is  observed

revealed by DFT calculations

Pt clusters* and monoatomic
experimentally. For Rh nanoclusters, the calculated bond length
of the outmost shell of CO,4; is about 2.685 A, exhibiting a
clear reduction compared to the bulk value of 2.690 A* The
observed trend of bond contraction at the surface is consistent
with the previous report. For instance, bond contraction up to
14%,% 4%,* and 4-8%,* are observed by local-spin-density-
functional model and TB approximation for Rh dimer, Rhy;
clusters, and larger Rh clusters, respectively. In addition,
Villasefior-Gonzélez et al.”® and Barreteau et al.’' reported
about 2 to 9% bond contraction for Rh clusters and 3-5% bond
contraction for Rh clusters with 13, 55, 147, 309, and 561
atoms based on TB approximation.

We note that the bond lengths of the outermost shells, with

smaller curvature-dependent CN shrink more than those of the
interior (see Table 1). For instance, for the singlet states of the
Pt CO,4; nanoclusters, the calculated Pt-Pt distance decreases
from 2.763 A to 2.663 A in the direction from the interior
toward the outermost shells as the effective CN decreases from
12 to 3.14. For nanoclusters with different sizes, the bond
length varies in a similar way except for atoms with comparable
CN. It is important to point out that the DFT calculations tend
to underestimate bond contraction compared with the
expectation based on BOLS correlation. However, the origin
for this quantitative deviation is still unclear and need a
systemic study in the future.
Lattice strain. The lattice strain estimated based on BOLS
correlation (solid line) and the measured size-dependent mean
lattice contraction (scattered data) are plotted in Fig. 2. The
intercepts and slopes in the scaling law were extracted by
linearizing the experimental data with the least-root-mean-
square optimization method. According to Eqn (5), the mean
lattice strain of Pt and Rh NPs is inversely proportional to the
size of Pt and Rh NPs. Our calculations include experimental
results on Pt deposition on NiAl (110) substrate,”> Pt on
Cu(111) surface at 300K,” Pt(422) surface, Pt(111) surface™
It shows consistently that the lattice
contraction is a function of NPs size, and confirms that the
bond-order loss and CNs imperfection affect lattice strain.

and Rh surface.’

4| J. Name., 2012, 00, 1-3
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Fig.2. Consistency in trend between theoretical predictions (solid line) and
various experimental observations (scattered data) of the mean lattice
contraction of Pt and Rh NPs including Pt deposited on NiAl(110) substrate,52 on
Cu (111) at 300K,>® on Pt (422) and Pt (111) at 300K,>* as well as Rh.*® In our
calculations, T = 1 and 3 for a plate and a sphere dot, respectively, z;= 4 and z,=
6, and K is dimensionless.
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Table 1. The effective CN (z;), bond length (d;), bond contraction coefficient (C;), shell index (i), magnetic moment (x), and “charge transfer” of atoms at different

positions of Pty and Rhynanoclusters

Structure Position Zi d; Ci-1 Shell  Magnetic moment “Charge Transfer”
atom A) (%) i ) (e)
Pt Pt Rh Pt Pt Rh Pt Rh Pt Pt Rh
Singlet  Triplet Singlet  Triplet Triplet Singlet  Triplet
COy3 1~2 2.00 2.716 2.715 2.653 -2.13 -2.16 -1.39 1 1.896 2.856 -0.120  -0.120 -0.272
COs;s 1~2 2.80 2.629 2.682 2.637 -5.25 -3.35 -1.98 1 1.638 2472 -1.404  -0.716 -1.705
2~3 4.80 2.789 2.737 2.694 -3.46 -1.38 0.14 2 0.336 0.492 1.150 0.564 1.5:¢
CO147 1~2 3.14 2.663 2.685 2.685 -3.68 -4.05 -0.19 1 1.387 2.067 -0.682  -0.681 -0.227
2~3 5.14 2.756 2.737 2.737 -1.69 -0.69 1.76 2 0477 0.714 0.800 0.815 0.172
3~4 12.00  2.763 2.753 2.753 -0.44 -0.45 2.32 3 0.126 0.201 0.026 0.254 0.066
MDy3 2~4 - 2.696 2.696 2.633 -2.85 -2.85 -2.12 - - - - -
1~3 243 2.793 2.792 2.715 -28.83 -28.84 -28.63 1 1.894 2.852 -0.088 -0.087 -0.2.+
MDyy 2~4 - 2.731 2.729 2.663 -1.58 -1.66 -1.01 - - - - - -
1~3 2.86 2797 2.805 2712 -28.73 -28.52 -28.72 1 1.754 2.670 -0.686  -0.685 -1.204
MD;s 2~4 - 2.695 2.694 2.754 -2.88 -2.93 2.37 - - - - - -
1~3 3.10 2.741 2.734 2.965 -30.15 -30.33 -29.17 1 1.598 2.440 -1.215 -1.241 -2.505
4~5 - 2.763 2.744 2.736 -0.43 -1.13 1.65 - - - - - -
3~5 5.10 2.784 2.798 2.743 -29.05 -28.69 -27.65 2 0.384 0.534 1.084 1.107 2375

Potential trap depression and ‘‘charge transfer” from
centre to edge. According to the principle of the least energy,
any spontaneous process proceeds toward the direction of
energy reduction. Therefore, the spontaneous process of bond
contraction is associated with the inter-atomic potential well
depression or the bond energy gain, and electrons have a higher
density at the surface than in the core, referred to as “charge
transfer” from the interior shell to the outermost shell.
Energetically, the core-level binding energy will go deeper,
referred to as positive CLS,”® and the extent is determined
uniquely by the overlap and exchange integrals, or the coupling
of the inter-atomic potential and the specific Bloch wave
functions. Therefore, the charges will be localized at the surface
due to the surface potential depression and the core electron

energy level deepening, which in turn polarize the loosely bond

Core electron entrapment. According to BOLS correlation,
the core-level binding energy of under-coordinated atoms shifts
toward deeper energies. Previously, a positive binding energy
shift of about 0.6 eV, 0.5 eV and 0.65 eV has been reported for
Pt NPs on pristine CNTs,'* > and HOPG,'® as well as Rh(110)
surface,®' respectively. Moreover, the deepening of the Pt 4f;,,%
and Rh 3ds,% core-level binding energy is also confirmed by
high energy resolution core level photoelectron spectroscopy
and DFT calculations.

Table 2. BOLS derived E,(0) and AE, () for Pty and Rhy nanoclusters. A
and C are the intercept and slope of the linearization of the measured XPS
data. The effective CN ofz,= 4, 2o= 6, and zv= 12 are considered during the
calculation.

valence electrons.

The “charge transfer” of CO (13, 55, and 147 atoms) and
MD (13, 49, and 75 atoms) structures for Pt and Rh
nanoclusters was estimated using Mulliken population
analysis,”” and the results are listed in Table 1. The negative
and positive signs in Table 1 represent charge gain and charge
loss, respectively. It can be seen that the outermost shells gain
excessive charges whereas the interior shells loss. For example,
the calculated value of “charge transfer” for Pt COj4; (triplet
state) changes from -0.681 e in the outermost shell to 0.254 ¢ in
the interior shell, indicating that the electrons have a higher
density at the surface of the nanoclusters. This is consistent
with the previous work on Au (111) nanoclusters,’® Cu-Ag
clusters,59 Au-Ag clusters,60 Au nanoclusters,25 as well as Ag
and Cu nanoclusters.”® To exam the stability of our calculations,
Mulliken charge transfer is also calculated for CO;; and MD;
structures of Pt and Rh nanoclusters with smaller basis set (e.g
double numerical (DN)*), and the obtained results are in good
agreement with the values listed in Table 1 (see Table S1 and

Figures S6-S9 in supplementary information).

This journal is © The Royal Society of Chemistry 2012

A C E0) AE,(0)
(eV) (eV) (V) (eV)
Pt- Pristine CNTs* 71.26 0.66 67.21 4.05
Pt-HOPG" 71.15 0.58 67.21 3.94
Pt-TiO5(110)-300K® 71.11 0.70 67.21 3.90
Pt-MCNTs-untreated™ 71.11 0.42 67.21 3.90
Pt-MCNTs-Ar™ 71.19 0.88 67.21 3.98
Pt-MCNTs-0," 71.26 0.63 67.21 4.05
Rh-TiOy(110)-(1x1)-well  306.70 0.09 302.16 454
ordered %
Rh-TiO,(110)-(1x1)- 306.70 0.12 302.16 4.54
Slightly-Ar*®
Rh-TiO,(110)-(1x1)- 306.40 0.11 302.16 424
Strongly- Ar*®
Rh-TiO,” 307.50 0.13 302.16 5.34
Rh-TiO,-300K*® 307.30 0.08 302.16 5.14
Rh-TiO,-160K*® 307.40 0.05 302.16 5.24

Table 2 listed the calculated E,(0) and AE, () values for Pt-4f
and Rh-3d based on Eqn (6) using results of XPS measurements
reported in the cited references. Fig. 3 (a) and (b) plotted the

J. Name., 2012, 00, 1-3 | 5
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BOLS reproduction (solid line) of the measured shape- and
size-dependence of the Pt-4f and Rh-3d CLS (scattered data).
The intercepts and slopes in the scaling law are obtained by
linearizing the experimental data with the least-root-mean-
square optimization method. The intercepts may contain the
effect of space charging or the system error in the
measurements, and thus can serve as a calibration to the
measurements. The slopes are the major concern in the current
decoding exercises since it depends on the surface treatment,
particles size, and interaction between particle and substrate for
substantiate particles.®

To elucidate the size effect on the CLS of Pt and Rh
nanoclusters, we firstly calculated the dimensionality 7 and the
bond nature indicator m. The E,(0) and AE, () of the Pt-4f;,
can be obtained by applying Eqn (6) to Pt NPs deposited on
pristine CNTs,** TiO,(110) surface at room temperature,65 and
multiwall carbon nanotubes (MCNTs) without pretreatment15
with m= 1.00. The reason for taking 1, a value holds for
metallic solid, is that there is barely reaction between Pt NPs
and substrates.”® It is found that the atomic trapping energy and
its bulk shift for Pt is about 67.21 eV and 3.28 eV,
respectively.71 According to Eqn. (9), C and E, () can be
extracted by linearization of the measured binding energies of
Pt and Rh nanoclusters with respect to K. Taking the obtained
CLS values to the simulation iteration of the measured size-
dependent E(K) for Pt on HOPG and MCNTs gives m = 2.56,
which adds the contribution from the interfacial reaction
between Pt and substrates to the m= 1.00.'% 13 Similarly, for Rh
NPs deposited on TiO»(110)-(1x1) surface,® Ar*-pretreated
TiO,(110) surface,®” and TiO,(110) surface at 300 K and 160
K.,% it is found that the bond nature indicator m= 1.00 due to
the weak interaction between Rh NPs and substrates. The Rh
3ds,, binding energy of an isolated Rh atom and its bulk shift
equals to 302.163 eV and 4.37 eV, respectively.””> Compared to
their bulk counterparts, the experimental results of Au,73 Cu,74
Pt,62 and Rh’? nanoclusters revealed a positive CLS, which is
mainly due to the shorter and stronger bonds between under-
coordinated atoms. By adjusting the m values, our predications
based on the BOLS correlation are in good agreement in trend
with the experimental observations.

6 | J. Name., 2012, 00, 1-3
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Fig.3.CLS predicted by the BOLS correlation (solid curve) and extracted from XPS
measurements (scattered data) (a) Pt NPs deposited on pristine CNTs,** HOPG,*
TiO,(110) at room 'cemperature,65 as well as Multi-wall CNTs-untreated and
treated by Ar and O, plasma;15 (b) Rh NPs deposited on the well-ordered, slightly
Ar'-pretreated, and strongly Ar'-pretreatedTiO,(110)-(1x1) surfaces,® TiO,(110)
surface at 300K,67 as well as TiO,(110) surface at 300 K and 160 K.8

Valence polarization. According to the BOLS-NEP notation,
the originally conductive s-electrons of Pt and Rh are expected
to be polarized by the densely and tightly entrapped core
charges. The magnitude of polarization increases as the
electrons moves from the inner toward the edge with lower
atomic CNs. This has been observed experimentally for Ag,"”
Au,' and Cu chains,?' as well as for Pt'® and Rh NPs.?

Fig. 4 plots the shell-resolved LDOS for 147-atom and 75-
atom Pt and Rh nanoclusters. It is found that that the valence
electrons in the outermost shell shift toward E;, whereas the
entrapped electrons in the interior core remain at the lower
edge. The maximum LDOS of atoms at the outermost shell are
indeed polarized by the interior electrons. Therefore, the
otherwise conducing electrons of the under-coordinated atoms
become localized and polarized for Pt and Rh nanoclusters. Fig.
5 shows the extracted DOS, and indicates that the polarization
becomes more significant for smaller NPs. The DOS peak shifts

This journal is © The Royal Society of Chemistry 2012
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from -0.59 eV for Rh;4; nanocluster to -0.07 eV for Rh;
nanocluster in CO structures and from -0.78 eV for Pty
nanocluster to -0.34 eV for Pt;; nanocluster in MD structures,
demonstrating that the valence charge polarization is inversely
proportional to the nanocluster size.

Moreover, the valence LDOS polarization of Pt and Rh
nanoclusters is confirmed experimentally. For instance, Zheng
et al.”” observed the under-coordinated-induced valence
polarization for Rh(111) and Rh adatoms by XPDS. It has been
reported that for the Pt NPs on pristine CNTs synthesized by
oxygen-plasma treatment, the DOS shifted toward Fermi level
with the reduction of cluster size due to SOC effect.5* 7
Bianchettin et al.®” revealed that the LDOS shift of Pt atoms on
Pt(111) depends on the cluster size by high-energy resolution
core level photoelectron spectroscopy and DFT calculations.
The polarization is also observed by STM/S measurements for
Ag clusters and chains on Ag(111),'”” Ag adatoms on
Ag(lll),77 Au-Au atomic chains,' Au nanowire,zo Cu chains
on Cu(111),*' single Cu/Cu(111) adatoms,”® Pt NPs on
TiOx(110) surface,” Pt clusters on HOPG,?> and Rh on
TiOx(110)-(1x2)."* %
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ARTICLE

Fig.4.Shell-resolved LDOS for (a) 147-atom Pt nanoclusters, (b) 75-atom Pt
nanoclusters, (c) 147-atom Rh nanoclusters, and (d) 75-atom Rh nanoclusters.
The outermost shell electrons move towards the upper edge near the Fermi level
(allocated at 0 eV) while the interior shell remain at low energies for 5d-Pt and
4d-Rh.
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Fig.5.Size-resolved DOS of (a, ¢, and e) CO structures and (b, d, and f) MD
structures of Pty and Rhy (N=13-147 atoms) nanoclusters. The Fermi level is
allocated at O eV.

Localized magnetic moment. The difference between the
occupied majority and minority spin band is called magnetic
moment, which is relative to the ferromagnetic exchange
splitting between the bands.” As listed in Table 1, the magnetic
moment of 147-atom CO structure of Rh NPs decreases from
2.067 p in the outermost shell with CN = 3.4 to 0.201 y in the
interior core with CN = 12. Similar trend is observed for MD
structures of Rh nanoclusters, and CO and MD structures of Pt
nanoclusters, i.e., the magnetic moment value of nanoclusters
increases with decreasing CN,®' which are consistent with the
previous results on Fe clusters®® and Rh clusters.* %

Magnetization. Magnetic behaviour comes from spin-up (a-
spin states) and spin-down (f-spin states) states of metal d-
band. The majority and minority spins of d-band is occupied by
the spin-up electrons and unoccupied by the spin-down
electrons that are located below and above of the Fermi energy
level, respectively, depending on the magnetization direction of
the atom. The positive and negative values represent the
majority and minority spins, respectively. The Fermi level is
allocated at O eV. In order to understand the origin of the
magnetic behaviours of Pt and Rh nanoclusters, we calculated
eigenvalue spectra by numerical integration of the DOS for
spin-up and spin-down. To illustrate the mechanism of
magnetization of Pt and Rh nanoclusters with different
structures, Fig. 6 and Fig. 7 plot the spin-resolved DOS and
partial DOS (PDOS) of Pt and Rh NPs consisting of 147 and 75
atoms, respectively. Detailed results on Pt and Rh nanoclusters
of various sizes and structures are given in the supporting
information. It is found that the DOS and PDOS distributions of
spin-up and spin—down states split near Fermi level for triplet
state of Pt NPs and quartet state of Rh NPs whereas no split is
found for singlet state of Pt. Hence, the exchange correlation of
electrons formed the ordered spin arrangement of electrons that
determines the magnetic moment of these materials.
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spin-up and spin-down states in DOS. The spin-up and spin-down configurations
are indicated by the up and down arrows, respectively. The Fermi level is set at O
ev.

PDOS (1/eV)
o

L
o
o

-200

(a) COPY,

-12 10 -8

6 4 -2 0 2
Energy/eV

150

-
o o
o o

PDOS (1/eV)
o

[ (b) MDP,

5K
wn o (4
o o o

-10 -8 -6 -4 -2 0
Energy/eV

38

S
Dift. PDOS (1/eV)

-

o

o
8

3 8

PDOS (1/eV)
o

-100

-200

| (c) COPt,,,

-12 10 -8 -6 -4 -2 0
Energy/eV

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

VR |
o o o
o © o
s ° 8
iff. PDOS (1/eV)

6543210
EnergvleV

PDOS (1/eV)
[ )

-100
(d) MDPt l
sl IMPPs
10 -8 6 -4 -2 0
Energy/eV
300+
200F
% 100
E 4 z[m';c‘j 0
o 0
S 100}
a
-200 +
-300 {(e) CORh,,, 1

-8 -6 4 -2 0
Energy/eV

-
wn
o

-
[ =]
o o

o

PDOS (1/eV)
o
o

-100

[ (f) MDRh

st
10 8 6 4 2 0

Energy/eV

Fig.7.The spin-polarized PDOS of (a and b) 5d-Pt singlet state, (c and d) 5d-Pt
triplet state, and (e and f) 4d-Rh quartet state. Inset is the difference between
spin-up and spin-down states in PDOS. The spin-up and spin-down configurations
are indicated by the up and down arrows, respectively. The Fermi level is set at O
ev.

The energy gap of Pt and Rh nanoclusters between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of a and f spin states were
calculated by DFT calculations, and the results are listed in
Table3. The anti-bonding and bonding are referred to as
HOMO and LUMO. It is found that the gap between a and
spin states of Pt (triplet state) and Rh (quartet state) increases as
the number of atoms decreases for both CO and MD structures,
whereas no gap is observed for Pt (singlet state). These findings
confirmed that the magnetic properties are enhanced when the
size of clusters decrease for Pt in triple state and Rh in quartet
state because of the reduction of CN and the SOC effect.®> The
magnetic ordering is consistent with the previous theoretical
calculations on Pd, Rh, and Ru nanoclusters,*® Rh monolayers
on Au,*” Rhy and Pdy cluster up to N=13 atoms,*® transition
metal monolayers on noble metal(001) substrates,® Pty (N=2-
55 atoms) clusters,6 Pt,5 clusters in a NaY zeolite,” Tc, Ru, Rh,
and Pd monolayers on Ag(001) surface,”” as well as Rhy
clusters (N= 9, 13, 15, 17, and 19 atoms).44 This is also
confirmed by experimental observations of Pt embedded in a

J. Name., 2012, 00, 1-3 | 9
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polymer prepared by chemical reaction method,”! Pt clusters by
ion exchange of a KL zeolite,”” Pt/Y;FesO;, bilayers by X-ray
magnetic circular dichroism (XMCD),”> Pt nanoparticles
induced by surface chemisorption,” Rhy (N=12-32 atoms)
grown by laser vaporization,” Rh monolayers deposited by

grown layer method on Fe,”

as well as Rh NPs prepared by
reducing cation in solution.> No magnetic behaviour is reported
for Pt clusters with 13-20 atoms in zeolite Y*® and Pt clusters
that

calculation for Pt in singlet state. Consequently, the HOMO-

on graphene®’ are consistent with our theoretical

LUMO gap and the magnetic behaviour of Pt nanoclusters in

triplet state and Rh nanoclusters in quartet state clusters are
related the cluster size.

Table 3.The calculated gaps for spin-up (o) and spin-down (f) of Pt
nanoclusters in singlet and triplet states and Rh nanoclusters in quartet state.
The magnetism behaviour of 4d and 5d clusters occurs in the triplet of Pt and
quartet of Rh.

Gap Up-Spin alpha (eV) Gap Down-Spin Beta (eV)

Pt Pt Rh Pt Pt Rh
Singlet Triplet Singlet Triplet

COy3 1.009 0.058 0.976 1.009 1.005 0.982
COss 0.305 0.252 0.092 0.305 0.253 0.055
COuy 0.274 0.063 0.013 0.274 0.091 0.034
MD;;3 0.417 0.224 0.334 0.417 0416 0.105
MDyy 0.374 0.363 0.068 0.374 0.361 0.022
MD;s 0.236 0.187 0.028 0.236 0.054 0.052
Conclusions

Consistency in trend between DFT calculations and
experimental observations such as EXAFS, STM/S, XPDS, and
XPS measurements confirmed our predications based on
BOLS-NEP correlation that the under-coordination affects the
properties of Pt and Rh nanoclusters including the bond
relaxation, lattice strain, charge transfer, core -electron
entrapment, valence electron polarization, and magnetic
moment. The atomic under-coordination induces local bond
contraction, densification and entrapment of core electrons,
valence charge polarization as well as magnetization, giving
rise to the unusual properties of Pt and Rh nanoclusters in terms
of the size dependence and the emergence of new properties,
which are lack in their parent bulk materials. The results of this
work will contribute to the understanding of the intriguing
properties of Pt and Rh nanoclusters such as catalytic
enhancement and magnetization.
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