
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Why Bromine Squares Palladium Off? An Ab Initio Study of

Brominated Palladium and its Nanomorphology

Su-Hyun Yoo,1 Ji-Hwan Lee,1 Bernard Delley,2 and Aloysius Soon1, ∗

1Global E3 Institute and Department of Materials Science and Engineering,

Yonsei University, Seoul 120-749, Korea

2Condensed Matter Theory Group, Paul Scherrer Institut, CH-5232 Villigen, Switzerland

(Dated: July 10, 2014)

Abstract

A first-principles description and prediction of brominated nanoscrystals of Pd is presented.

In particular, we conducted an extensive study of the adsorption behaviour of Br on various Pd

surfaces (including both low and high Miller-index surfaces) as a function of its surface coverage.

Coupling our calculated surface energies with ab initio (electrochemical) thermodynamics and

the Gibbs-Wulff shape model, we find that the relative stability of the Pd surfaces are strongly

modified by Br, allowing high Miller-index surfaces of Pd (namely the (210) surface) to become

competitively favourable at moderate concentrations of Br. We also show that Pd nanoparticles

assume a cube-like crystal shape at high concentrations of Br, exposing mainly the (100) facets

with a Br surface coverage of 0.5 ML. This not only confirms and explains recent solution synthesis

results, but also provides a quantitative atomic picture of the exposed surface facets, which is

crucial in understanding the local surface chemistry of shape-controlled nanoparticles for better

nanocatalyst design.

Keywords: Density-functional theory, Pd nanoparticles, Br adsorption, Morphology control, Ab initio ther-

modynamics, Gibbs-Wulff theorem
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Graphical Abstract for Table-of-Content:

We study the chemisorption of Br on the low and high Miller-index surfaces of Pd

nanoparticles, and provide a quantitative atomic picture of the surface chemistry and

physics of these brominated nanoparticles for a rational and systematic design of more

selective and active Pd shape-sculptured nanocatalysts.
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I. INTRODUCTION

Transition metals and their alloys have been actively investigated for several decades due

to their promising properties, such as surface plasmon, magnetism and applications toward

electrodes and catalysts.1,2 Because transition metals have multiple oxidation state, they

exhibit good catalytic performance towards various chemical reactions, for example, oxygen

reduction reaction (ORR).3,4 With the advancement of nanoscience and nanotechnology in

recent years, nanostructures of transition metals very often give rise to a large enhancement

in catalytic performance, due to the fact that the ratio of surface-to-volume of these nano-

materials is greatly increased. Given that the overall selectivity of the nanocatalyst can be

tuned via controlling its exposed surfaces,5,6 many have now focused not only on gaining

an understanding of how to control the size of the nanoparticles, but also on studying its

explicit crystal shape or nanomorphology to display various unique chemical and physical

properties at the nanoscale.7–9

Very commonly, halides (F, Cl, Br, and I) have been widely used in controlling and

manipulating the shape of transition metal nanoparticles. This is due to the fact that halide

ions tend to interact strongly on the exposed metal facets, explicitly exhibiting a strong

influence on its surface energetics and growth kinetics. For instance, it was shown that Cu

nanoparticles could assume a nanocube shape under a Cl environment,10 while another work

demonstrated that different halides (Cl and I) could potentially show drastically different

polarization effects on Cu surfaces.11 In addition, the assistance of Au nanorod and nanoplate

synthesis by the introduction of Br and I, respectively, have been reported and studied.12

Palladium, being one of the (platinum group) late transition metals, has been used

in a variety of important technological applications, such as electrodes for multilayer ce-

ramic capacitor,13,14 hydrogen storage,15,16 hydrogenation reaction17 and the Suzuki cou-

pling reaction.18,19 For pristine nanoparticles of Pd, it has a naturally truncated octahedron

shape due to its most stable (111) facets. Recently, it was found that Pd(100) shows a good

catalytic performance for a methane oxidation reaction when compared to that of other Pd

surfaces, such as the (111), (211) and (321) surfaces.20 This signals that a cube-shaped Pd

nanoparticle could be a robust catalyst for this type of chemical reactions. Indeed, some re-

cent experiments on the synthesis of cube-shaped Pd nanoparticles have been reported.12,21,22

In case of (100)-encapsulated nanocubes of Pd, a KBr solution environment with the pre-
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cursor Na2PdCl4 was found to be essential for achieving these Pd nanocubes.21–23 The use of

the KBr solution as inorganic capping agents/ligands in these experiments offers a distinct

advantage over the commonly used organic surfactant bromides (e.g. hexadecyltrimethylam-

monium bromide, CTAB), where the long-chain organic groups that could sterically block

the local catalytic sites.24 In addition, cube-shaped Pt-Pd bimetallic nanoparticles have also

been realized via the use of Br ions.25

Although there have been much success in the experimental approaches to shape-

controlled synthesis of these Pd nanoparticles, much of the focus has been on the overall

macroscopic description of the synthesis process and neither the local (surface) atomic ge-

ometry nor the explicit electronic structure were given enough attention, which is crucial for

chemical catalysis. Notwithstanding, these microscopic details can be studied and probed

via first-principles electronic structure calculations. Thus, in this present work, we examine

the underlying atomic structure and energetics that influence the morphological evolution

of Pd nanoparticles under an inorganic Br capping agent environment from first principles.

II. METHODOLOGY

A. Computational details

In this work, all density-functional theory (DFT) calculations are performed using the all-

electron DMol3 code26,27 and the generalized gradient approximation (GGA) to the exchange-

correlation functional is due to Perdew et al. (PBEsol)28 which has been shown to perform

well for both bulk and surface properties of transition metals.29 The Kohn-Sham DFT or-

bitals are expanded in terms of a double-numerical localized basis set with polarization func-

tions (DNP) where an element-dependent localization cutoff radius is used (i.e. 8.55 Bohr

for Br and 9.98 Bohr for Pd, respectively). Scalar-relativistic corrections have also been

included in all calculations.26,27

For the surface and adsorption models, we use a symmetric supercell slab approach with

25 Å of vacuum region. The low Miller-index Pd(100), (110), and (111) slabs are composed

of 7 atomic layers (AL) with slab depths of 11.7 Å, 8.3 Å, and 13.5 Å, respectively. As for the

high Miller-index surfaces, Pd(210) is modelled using 6 atomic layers parallel to the (110)

terrace with a slab thickness of 15.7 Å (or an equivalent of 19 AL). Pd(211), Pd(311), and
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Pd(331) all are modelled using 6 atomic layers parallel to the (111) surface and are thus

13.5 Å (18 AL), 15.3 Å (14 AL), and 12.5 Å (18 AL) thick, respectively. When relaxing the

atomic geometries of the low Miller-index Pd surfaces, the inner-most 3 atomic layers of

the slab are fixed to their bulk positions while relaxing the other outer-most atomic layers.

Likewise for the high Miller-index surfaces, the inner-most 7 atomic layers of Pd(210) and

Pd(331) and 6 inner-most atomic layers for Pd(211) and Pd(311) are fixed to their bulk

positions. In a similar fashion, the outer-most atomic layers of these high Miller-index

surfaces are fully relaxed. To account for the various surface coverages of Br on these Pd

surfaces, larger surface supercells of Pd have been employed. We have carefully tested the

convergence of required thickness of the low Miller-index surface slab models and extended

that to the high Miller-index surface slab models.

The Brillouin-zone integrations are performed using Monkhorst-Pack k-point grids of

(12× 12× 12) for bulk Pd, (12× 12× 1) for the p(1× 1) surface unit cells of Pd(001) and

Pd(111), and (12× 8× 1) for that of Pd(110). For the p(1× 1) surface unit cells of high

Miller-index Pd surfaces, we use a k-point grid of (7× 7× 1) for Pd(210) and Pd(311),

(12× 5× 1) for Pd(211), and (5× 5× 1) for Pd(331). These k-point grids are then folded

accordingly for the larger surface supercells used. We have also optimized both the atomic

positions and lattice parameters of bulk palladium dibromide (PdBr2) with a k-point grid

of (8× 12× 1). A thermal broadening of 0.1 eV has been used to improve the k-point

convergence. With this setup, the total energies, forces on atoms and their displacements

are converged to within 10−6 Ha (2.7 × 10−5 eV), 10−4 Ha/Bohr (5.1 × 10−3 eV/Å), and

10−4 Bohr (5.3× 10−5 Å), respectively.

B. Ab initio (electrochemical) thermodynamics

To study the thermodynamic stability of these Br/Pd surface systems in its immediate Br

chemical environment, we employ the well-established ab initio atomistic thermodynamics

(aiAT), starting from DFT total energies. This has been discussed in great details in previous

reports,30–33 thus we will briefly outline this for our system. Firstly, we start by defining the

clean surface energy of Pd, γclean, with

γclean =
1

2A
(Eslab

Pd −N slab
Pd Ebulk

Pd ) , (1)

5
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where A is the surface unit area, Eslab
Pd the total energy of the clean Pd slab, N slab

Pd the

corresponding number of Pd atoms in the slab, and Ebulk
Pd the total energy of the bulk Pd.

Next, we will calculate the average binding energy of the Br adsorbate on Pd, EBr
b as well

as the change in surface Gibbs free energy of adsorption, ∆Gad as function of the change in

the chemical potential of bromine, ∆µBr by following these equations:

EBr
b =

1

NBr

(EBr/Pd −NPdE
slab
Pd −

NBr

2
EBr2) , (2)

∆Gad(∆µBr) '
1

2A
(NBrE

Br
b −∆NPdµPd −NBr∆µBr) , (3)

where EBr/Pd is the total energy of Br/Pd system. Here, ∆µBr is the change in the chemical

potential of Br with respect to the Br2 molecule (in the gaseous state), and likewise, EBr2

and NBr are the total energies of the Br2 molecule and the number of Br atoms in the system,

accordingly. In passing, the term ∆NPdµPd in Eq. 3 is only required when the total number

of Pd atoms on the specific surface is different from that of the pristine clean surface. We

note that vibrational and configurational effects of these systems have been neglected in this

work, whereby the Gibbs free energy has been approximated by the calculated DFT total

energy. This approximation has been successfully applied to predict the relative stability of

surface structures in other adsorbate-substrate systems31,34,35 where such effects are deemed

to be small and thus will not change the overall conclusion in this work.

Given that these transition metal nanocatalysts often operate under an electrochemical

environment (especially in fuel cell applications) as well, it is also interesting to study their

nanomorphology evolution under the influence of an electrode potential, U . Here, we take

after the procedure of Gossenberger et al.36 where, within the aiAT approach, the atomic

chemical potential, µ is reformulated with an electrochemical potential, µ̃ = µ + neU to

mimic and describe the potential change of the adsorbate in solution with respect to the

standard hydrogen potential, ∆USHE in standard state (T = 298 K and p = 1 bar). Here,

e and n are taken as the elementary charge and the charge of the species, respectively.

Through this approach, ∆Gad can be expressed using ∆USHE = U − USHE instead of the

atomic chemical potential, ∆µBr, by the following equation

∆Gad (∆USHE) =
NBr

2A

(
EBr

b −
1

2
EBr2 − e(∆USHE − U0)

)
, (4)

6
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where U0 is the reduction potential of Br for the redox pair Br2/Br− (1.087 V).37

C. DFT-based equilibrium nanocrystal shape prediction

We now describe our approach to model the crystal shapes of the Pd nanoparticles in a

Br chemical environment. From Eq. 1, we include the effect of Br on the clean surface free

energy of Pd, γclean by adding the ∆Gad term from Eq. 3 (or Eq. 4 for an electrochemical

environment) in the following manner:

γBr/Pd (∆µBr,∆USHE) = γclean + ∆Gad (∆µBr,∆USHE) , (5)

where γBr/Pd is now the surface free energy of the Br/Pd surface system which depends on

either the atomic chemical potential ∆µBr or the electrochemical potential ∆USHE. Having

obtained the Br/Pd surface free energies from our DFT calculations from Eq. 5, we can

now use these energies as ab initio input parameters into the Gibbs-Wulff shape model38

to study the evolutionary equilibrium crystal shape (ECS) as a function of its adsorbate

environment31,33,39 – in both a Br chemical and electrochemical environment. Briefly, the

mathematical equation of Gibbs-Wulff theorem is given by:

r(d) = min
hkl

[α · γ(µi)] , (6)

where r(d) represents the radius of crystal in vector direction, d and α is the constant.

γ(µi) is the surface energy value as function of chemical potential of the component i. This

then results in the Gibbs-Wulff polygon – a shape-focused theorem (and not on the size

explicitly). Without the need to explicitly model the “real” nanoparticle (neither its size

nor the number of atoms), one can provide an estimation of the nanoparticle ECS as a

function of its immediate chemical environment.

It is well known that the size of the nanoparticle plays a huge role in its unique physical

and chemical properties. Nonetheless, this is not the main point of this work (albeit also

very important). Here, we want to stress how special additives (e.g. Br) could help in

controlling the shape of the nanoparticles (rather than considering size-effects) and have

explicitly addressed this morphological evolution via first-principles based ECS predictions.

The ECS of the brominated Pd nanoparticle is predicted by considering the adsorption of

7
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Br on all seven low and high Miller-index surfaces of Pd, namely the (100), (110), (111),

(210), (211), (311), and (331) surfaces of Pd, at various surface coverages of Br.

III. RESULTS AND DISCUSSION

A. Bulk Pd, molecule Br2 and clean Pd surfaces

Before studying the adsorption behaviour of Br on Pd, we first investigate the bulk prop-

erties of Pd, as well as some molecular properties of Br2. The PBEsol-DFT calculated

lattice constant (neglecting zero-point corrections) of bulk fcc Pd is 3.90 Å and this agrees

well with reported experimental values of 3.88 Å.40 Our calculated bulk modulus and cohe-

sive energy of Pd are 193 GPa and −4.28 eV, respectively, which are also in fair agreement

with the experimental values (181 GPa and −3.91 eV),40,41 and are in-line with other re-

ported theoretical results (204 GPa and −4.43 eV).40,42 The calculated Br–Br bond length

and binding energy of Br2 are 2.32 Å and −1.32 eV, respectively, and agree closely with

reported experimental values of 2.28 Å and −1.22 eV.41,43

For the clean surfaces of Pd, we specifically consider the low Miller-index surfaces, namely

TABLE I. Calculated surface free energies (in eV/Å2), c.f. Eq. 1, of various low and high Miller-

index surfaces of pristine Pd. The specific nomenclature for the high Miller-index surfaces are also

reported.44

Pd Surface Nomenclature DFT xc-functional γclean
(100) − PBEsola 0.115

PBEb 0.093

(110) − PBEsola 0.122

PBEb 0.097

(111) − PBEsola 0.099

PBEc 0.082

Exp.c 0.125

(210) 2(110)×(100) PBEsola 0.125

(211) 3(111)×(100) PBEsola 0.115

(311) 2(100)×(111) PBEsola 0.118

(331) 3(111)×(111) PBEsola 0.126

a This work
b Reference 45
c Reference 46

8
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FIG. 1. (Color online) (a) Stereographic projection of the various high Miller-index surfaces in

relation to the low Miller-index surfaces for the fcc lattice. The top- and side-views of primitive

surface unit cells (and the unique adsorbate binding sites) of the (b) (100), (c) (110), (d) (111),

(e) (210), (f) (211), (g) (311), and (h) (331) of Pd are shown. The red lines indicate the primitive

surface unit cells with length of edges displayed. With regards to the adsorbate binding sites on

the low Miller-index surfaces, T represents the top site, B the bridge site, BS the short bridge site,

BL the long bridge site, H the four-fold hollow site, Hhcp the hcp three-fold hollow site, Hfcc the

fcc three-fold hollow site, and psH the pseudo hollow site. In addition to these sites, for the high

Miller-index surfaces, 3H would then represent the three-fold hollow site, 4H the four-fold hollow

site, and the subscript letters of H (namely, a, b, and c) represents the first, second, and third kind

of sites, respectively.

the (100), (110), and (111) surface of Pd, as well as the following high Miller-index surfaces:

(210), (211), (311), and (331) of Pd. These faceted surfaces are known to comprise of a

certain combination of low Miller-index terraces and steps, and their explicit relationship is

shown in Fig. 1a. The primitive surface unit cells of the these Pd surfaces are also indicated

in Figs. 1b to 1h. Upon relaxing the atomic geometries of these surfaces, we report their

DFT surface energies (c.f. Eq. 1) in Tab. I. Here we see that the surface energies of the

low Miller-index Pd surfaces are lower (i.e. more stable) than that of the high Miller-index

9
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FIG. 2. (Color online) (a) Average binding energies of Br on Pd surfaces as a function of Br

surface coverage, Θ, with respect to half the dissociation energy of Br2 (i.e. 1
2EBr2). (b) The

same information in (a) but normalized with respect to the number of Br atoms per area, xBr.

Solid lines with filled circle dots trace the adsorption trend of the low Miller-index surfaces: 100

(red), 110 (yellow), and 111 (blue), while the dashed lines with filled triangle dots illustrate that of

the high Miller-index surfaces: 210 (khaki green), 211 (black), 311 (light green), and 331 (cyan).

Energetically less-favourable Br/Pd structures are shown as pale gray crosses.

surfaces, and these observations are in-line with previously reported values for Pd32, as

well as that found for other fcc transition metals (e.g. Cu).47 This is easily rationalized

by considering the number of metal bonds cut when generating these surfaces, and it will

cost more energy (i.e. cutting more surface bonds) to cleave bulk metal to form these high

Miller-index surfaces than the low Miller-index ones.48,49

B. Thermodynamical stability of Br/Pd surface structures

To date, no systematic studies of Br adsorption on Pd surfaces have been reported, either

experimentally nor theoretically. Nevertheless, to build up such a study of Br adsorption on

the Pd surfaces mentioned above, we have calculated the the average binding energies of Br

on Pd surfaces as a function of their surface coverages, ranging from as low as 0.17 up to 1.00

monolayer (ML) surface coverage, for each unique binding site as illustrated in Figs. 1b to

1h using Eq. 2. To consider the energetic stability of Br on these binding sites as a function

of its surface coverage, we have calculated close to 100 different Br/Pd surface structures.

Given that it becomes to tedious and cumbersome to report all surface structures, we only

10
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highlight the average binding energy of most stable Br/Pd surface structure for each surface

as a function of surface coverage in Fig. 2a. Considering the energetics of all these Br/Pd

structures, we find that the calculated average binding energy of Br on all considered surfaces

of Pd increases with the increasing surface coverage of Br. This trend in average binding

energies is indicative of a repulsive lateral interaction between surface Br atoms which will

be analyzed and described further below in the text.

At low surface coverages of Br, we see that the average binding energies of the most

stable chemisorbed Br on the various Pd surfaces converge to a value near −2 eV, with a

small scattered distribution of ± 0.5 eV. At 0.25 ML surface coverage, we find that Br binds

the strongest at the hollow site (H) on Pd(100) with an average binding energy of −2.33 eV.

It is also interesting to find that Br binds strongly at the pseudo-hollow site (psH) on the

less stable high Miller-index Pd (210) surface, and is almost as stable as Br on hollow sites

for the low Miller-index surfaces of Pd(110) and Pd(111). This is unlike Br on other high

Miller-index surfaces of Pd(311), Pd(331), and Pd(211), where the average binding energies

become less favourable quickly as the surface coverage increases above 0.25 ML.

For higher surface coverages of Br, the Br-Br interaction still remains repulsive and in-

creases more rapidly with increasing surface coverages of Br, with Br binding most favourably

on the more open Pd(110) – more so than on close-packed Pd(111). In particular, for

the Br/Pd(110), at 0.5 ML, Br occupies the hollow site with an average binding energy of

−2.06 eV, and increasing the surface coverage to 0.75 ML, Br then preferentially (but less

strongly) binds to mixed hollow and short-bridge sites, with a binding energy of−1.72 eV. Fi-

nally, at the full 1 ML, this binding energy value becomes even less favourable (i.e. −1.22 eV)

when Br adsorbs on the long-bridge sites.

In addition, to discuss the average binding energy trend as a function of the normalized

surface area for all considered Pd surfaces, we have also plotted this information in Fig. 2b.

Here we find that the tendency in the average binding energy trend (per atom per area)

supports our discussion above, and indeed confirms the lateral Br–Br repulsive behaviour

with increasing surface coverage of Br.

Having obtained these DFT-calculated average binding energies of Br on Pd surfaces, we

now couple these values to the aiAT model as described above. Specifically, the change in

the Gibbs free energy of Br adsorption for each Pd surface, ∆Gad (c.f. Eq. 3) is calculated

and expressed as a function of the Br chemical potential change, ∆µBr, as shown in Fig. 3.

11
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FIG. 3. (Color online) Calculated Gibbs free energy of adsorption of Br, ∆Gad on (a) Pd(100),

(b) Pd(110), (c) Pd(111), and (d) Pd(210) as a function of the Br chemical potential change,

∆µBr. The horizontal dashed line (at ∆Gad = 0) refers to the stable clean (Br-free) Pd surface.

For each surface, the red, blue and yellow lines indicate the first, second, and third stable surface

phase with increasing ∆µBr, respectively. Other less stable surface structures are represented in

gray lines. To guide the eye, the vertical black dashed lines indicate a surface phase change in

stability, while the shaded purple region on the right hand side denotes the region of stability for

bulk palladium dibromide, PdBr2. The top-view of the stable surface structures are shown in (e)

for Br/Pd(100), (f) Br/Pd(110), (g) Br/Pd(111), and (h) Br/Pd(210). The dark brown circles

represent the bromine atoms while the white, light gray, and dark gray circles refer to the first,

second, and third outermost Pd surface layers of the slab, respectively.

In particular, to account for the region of high Br chemical potentials, we consider the

formation of bulk palladium dibromide, PdBr2 and calculate its enthalpy of formation to be

−0.68 eV/Br atom.

In Fig. 3a, at low ∆µBr, the clean Pd(100) surface is the most stable, and with increasing

exposure to Br, the p(2× 2)-BrH (i.e. with Br adsorbed at the hollow site at 0.25 ML) is

formed when ∆µBr = −2.33 eV, followed by the 0.5 ML p(2× 2)-2BrH at ∆µBr = −1.55 eV,

and eventually bulk palladium dibromide (PdBr2) at−0.68 eV. For Pd(110)(in Fig. 3b), upon

Br adsorption, a rather small window of surface stability is seen for the 0.25 ML structure

12
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(p(2× 2)-BrH), followed consecutively by the 0.5 and 0.75 ML structures (i.e. p(2× 2)-2BrH

and p(2× 2)-3BrH, respectively), and finally bulk PdBr2. As seen in Fig. 3c, Br on Pd(111)

shows only one stable surface structure with Br in the hcp hollow site at 0.25 ML (p(2× 2)

- BrHhcp
), before the onset of bulk PdBr2. For comparison, we have also included the ∆Gad

plot for the high Miller-index Br/Pd(210) surface system in Fig. 3d.

We notice that the surface phase transitions start to occur much earlier for surface systems

with an intrinsically less stable clean surface free energy and stronger average binding energy

of Br (e.g. for Pd(100) and Pd(210)). Although instructive, these ∆Gad provide phase

stability information for individual brominated surface structures with reference to their

respective clean surfaces. Thus, to relate and compare the relative stabilities of all the

brominated surfaces of Pd in a more unified way, we now consider the adsorbate-modified

surface free energy, γBr/Pd of these Br/Pd surface systems via the Eq. 5, and plot the variation

of γBr/Pd as a function of ∆µBr and the corresponding electrode potential, ∆USHE in Fig. 4.

For low values of ∆USHE, the Br2 gas phase is thermodynamically more stable than the Br−

ion, while for values of ∆USHE higher than 1.087 V, the Br− ion dominates, pushing the

equation 1
2
Br2 + e− � Br− to the right.

C. Environment-dependent morphology of brominated Pd

Given that ∆Gad is always negative in this case, the adsorbate-modified surface free ener-

gies are lowered (hence, more stable) as compared to γclean. Using these free energy curves,

we then predict and trace the ECS morphological evolution of Br/Pd at the corresponding

∆µBr and ∆USHE as shown in Fig. 5. To highlight and emphasize the importance of consid-

ering high Miller-index surfaces when modelling morphology evolution of nanoparticles, we

have plotted the ECSs with only low Miller-index surfaces (in Figs. 5a and 5c), and those

with both low and high Miller-index surfaces (in Figs. 5b and 5d) separately.

Free of Br, the absorbate-free Pd nanoparticle maximizes the exposure of the (111) facet,

with the next less stable surfaces (mainly the Pd(100) surface) displayed due to geometric

constraints. This is easily rationalized by considering the relative γclean (in both Tab. I and

Fig. 4) where Pd(111) is the most stable clean surface. This results in the so-called (100)-

truncated cuboctahedron shape, which is the most common and natural shape for most fcc

metallic nanoparticles.31
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FIG. 4. (Color online) Calculated surface free energy of brominated Pd surfaces as a function of the

Br chemical potential change, ∆µBr, and the corresponding electrode potential with respect to the

standard hydrogen electrode, ∆USHE. The variation of surface free energy for the low Miller-index

surfaces are traced using solid lines with filled circle dots while those for the high Miller-index

surfaces are shown in dashed lines with filled triangle dots. To guide the eye, the black vertical

dashed line indicates the reduction potential of Br (U0 = 1.09 V), while the shaded purple region

on the right hand side denotes the region of stability for bulk palladium dibromide, PdBr2.

At very low exposures of Br (at ∆µBr = −1.9 eV and ∆USHE = 0.5 V), this (100)-

truncated cuboctahedron is modified slightly by the enlargement of the Br/Pd(100) facet

and the small appearance of the Br/Pd(210) surface at the edges. Again, this corroborates

with our free surface energy curves in Fig. 4 where the (100) surface of Pd is stabilized via

the adsorption of 0.25 ML of Br at the hollow sites.

At higher ∆µBr = −1.3 eV (and ∆USHE = 1.1 V), almost equal amounts of the (100),

(111) and (210) of Br/Pd is formed, as a result of Br shaping and causing the nanoparticle

to become more spherical in shape. This is the result of the large stabilization of both

the (100) and (210) surfaces of Pd upon adsorbing Br at 0.25 and 0.33 ML local surface

coverage, respectively as seen in Fig. 4. We strongly stress and contrast the consequence of

not considering higher Miller-index surfaces by referring to the different ECSs in Figs. 5c

and 5d where this rounding of the nanoparticle would otherwise be overlooked.

Now, at ∆µBr = −0.7 eV (and ∆USHE = 1.7 V), the nanoparticle ECS completely and

drastically transforms into the cubic-like shape with the (100) surface of Pd encapsulating
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FIG. 5. (Color online) Predicted morphology evolution of the Pd nanoparticle under Br (and

K) (electro)chemical environment as functions of ∆µBr (and ∆µK) and ∆USHE. The pristine

morphology is described with considering (a) only low Miller-index surfaces, and (b) both low and

high Miller-index (H.I.) facets, respectively. Changes to the equilibrium crystal shapes are also

shown for the two cases: For Br/Pd with the consideration of (c) only low Miller-index surfaces,

and (d) both low and high Miller-index surfaces, and likewise in (e) and (f) for K/Pd, accordingly.

the whole nanoparticle, with Br/Pd(210) lining the edges and very small (111) facets of

Pd at the corners of the cube. Once again, the Br/Pd(210) surface structures at the edges

would have been omitted if high Miller-index surfaces were excluded in the morphology

modeling (c.f. Figs. 5c and 5d). This drastic transformation to the nanocube shape is

greatly facilitated by the strong Br binding energy modification to the surface free energy of

Pd(100), lowering it much more than that of the other surfaces of Pd. This is achieved by

adsorbing 0.5 ML of Br at the hollow site of Pd(100). We note in passing that if one were to

only consider the average binding energy of Br on Pd as a function of surface coverage (c.f.

Fig. 2) and not include such atomic thermodynamic analysis, one might be easily misled to

think that the 0.25 ML structure (p(2× 2)-BrH) for Pd(100) should be the most stable (and

thus most relevant) structure to proceed for further investigation. It is thus important to

draw attention here that the relevant surfaces/facets to analyze should be the ones exposed

on the nanoparticle (in its appropriate chemical environment).
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As reported in Ref. 21, KBr solution was introduced in the synthesis of Pd nanocubes,

demonstrating that Br anions served as the key inorganic capping agent for the (100) surface

of Pd. Here, we have also investigated the possible role of the K cation which is often ignored.

To understand the stability of various K/Pd surface systems, we adsorb K in the various

symmetry-unique sites on the (100), (110), (111), (210), (211), (311), and (331) surfaces

of Pd, at various surface coverages of K, as outlined above (c.f. Fig. 1). We find that the

average binding energies of K on Pd are less favorable than those of Br (see Supporting

Information, Fig. 1), confirming its role as a spectator ion while Br preferentially binds on

Pd surfaces. Likewise, we use the concept of aiAT with these DFT-derived energetics as

inputs and plot the free energy lines (in Supporting Information, Figs. 3 and 4). For the

K/Pd system, the (111) surface of Pd is found to be the most stable surface for all exposures

of K, and the resultant ECSs are shown in Figs. 5e (without high Miller-index surfaces of Pd

considered) and 5f (with the inclusion of high Miller-index Pd surfaces). Interestingly, as seen

in Fig. 5e, the truncated cuboctahedron nanoshape is preserved when only low Miller-index

surfaces are considered, while the importance of the high Miller-index surfaces of Pd is once

again demonstrated for higher exposures of K, with the K/Pd(210) facets enveloping the

nanoparticle, forming a tetrakishexahedron. In this case, Pd nanocubes are not predicted,

and again lends evidence to the spectator role of K ions in the shape-control synthesis of Pd

nanocubes, as suggested by experiments.21

IV. CONCLUSIONS

In summary, we study the chemisorption of Br (and K) on the low and high Miller-

index surfaces of Pd, such as (100), (110), (111), (210), (211), (311), and (331) through

first-principles DFT calculations. We calculate the surface energies, as a function of the

(electro)chemical potential change, accounting for the equilibrium crystal shape evolution

of Pd nanoparticles in its immediate chemical environment. We clearly demonstrate the

atomic origin of the role of Br in controlling the shape of Pd nanostructures, providing the

detailed atomic structure of Br/Pd(100) exposed facet (i.e. p(2× 2)-2BrH at 0.5 ML surface

coverage), and incontrovertibly showing the important role of high Miller-index surfaces

in nanomorphological modeling. Here, we also allude the spectator role of the K cation.

Given the clear importance and advantages of shape-sculptured nanoarchitectures in many
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modern-day technologies, having a quantitative atomic picture of the surface chemistry and

physics of these nanoparticles will be essential in a rational and systematic design of more

selective and active nanocatalysts.
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