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This work presents key modeling aspects that are central to the manipulation of the decoration of
metallic nanoparticles by a thin shell of a metal of different chemical nature. The concept of
underpotential deposition is generalized to nanoparticles. An all-atom model, taking into account
many-body interactions by means of the embedded atom potential, was used to represent
nanoparticles of different sizes and atomic adsorbates on them. A full set of state-of-the-art
computer simulations are performed for a model system, showing that selective decoration of
facets is possible. The trends observed in the present work are in good qualitative agreement with

experimental data reported very recently.

. INTRODUCTION

The study of nanomaterials has been the subject of
a huge number of researches during the last two decades.
Because of their large surface-to-volume ratio, metal and
semiconducting nanoparticles (NPs) in general have
properties that depend heavily on their sizes and shapes.
The problem of the control of their size and shape has
been the subject of several reviews and books and so far
it is an open issue, being one of the highly topical re-
search fields in the current literature.'™ Thus, it is not
strange that the development of precise in situ synthesis
methods of NPs with different sizes and shapes has
become an area of intensive research.

The growth of NPs from atomic or molecular precursors,
such as inorganic salts, complex species, or organometallic
compounds appears as one of the most promising meth-
odology to produce NPs.'™ Strong reducing agents, like
borohydride, are often used to produce NPs due to their
ability to quickly induce the nucleation stage."®’ However,
the resulting size distribution is widespread, because nucle-
ation and growth take place simultaneously.>>%*

Using wet chemical methods, a proper control over NP
sizes and shapes has been achieved in some experiments
using NPs as seeds.'®?’ This type of growth is an exam-
ple of heterogeneous nucleation. The initial nucleation
stage, that is, the appearance of small clusters in the bulk of
the solution, is practically absent in this methodology. In
a seed-mediated growth experiment, preexisting NPs
(called seeds) are immersed in a growth bath where the
growth process only occurs on the surface of the seed-NPs.
This growth, involving a lower activation barrier than
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homogeneous nucleation, usually uses milder conditions
(i.e. weak reducing agents, like ascorbic acid), thus allow-
ing for a more precise tuning of the final NP size.'*

In the particular case of an electrochemical experiment,
precise potential control has enabled the deposition of a
thin shell of dimensions comparable to those of a mono-
layer, and even of fractions of it on the surface of
NPs.'%?® This is possible through a phenomenon known
as underpotential deposition (upd).?**° In the upd
process, metal ions are deposited on a foreign substrate
at potentials more positive than those predicted by
Nernst equation. This phenomenon is characteristic of
systems (some selected metal couples) where the in-
teraction of the adsorbate with the substrate is stronger
than the interaction of the adsorbate with its bulk
material.>’ Upd on NPs has been recently studied by
Compton et al.**~** with the finding of remarkable size
effects that occur when NP size is reduced below 50 nm,
where the upd phenomenon seems to vanish. Such
a curious transition from upd to overpotential deposi-
tion (opd) depending on nanoparticle size has been
predicted by theoretical calculations, although the
modeling involved some approximations, like ignoring
configurational and vibrational entropy.>>-°

Many experimental routines use the upd phenomena on
seed-NPs as a starting point for subsequent modifications,
the most important being:

(i) Spontaneous galvanic replacement. This was
achieved by the spontaneous galvanic replacement of
an upd deposited layer by a more noble metal. In
this experimental methodology, the stoichiometry of
the replacement reaction enabled precise control of the
amount of material deposited.'® The thickness of the
shell may be controlled by a sequence of replace-
ments and may even generate well-controlled tri-shell
NPs, 1213
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(i1) Blocking of selected facets via the inclusion of
a foreign metal. Jana et al.'* pioneered the use of foreign
metal ions for shape control of nanostructures. In that
work Au nanorods were obtained by addition of Ag ions
to Au-NPs used as seeds. The results were interpreted as
a direct consequence of the effect of Ag™ ions, which
promoted the appearance of more open surface facets on
Au nanorods. This synthesis strategy has been extended
to different Au-NPs morphologies'>™'® and to other
adsorbates, like Cu,”® Pd,*"** and Rh,” which have
recently been used to direct the growth of Au-NPs. More
recently, Personick et al.*® used Ag-upd on selected faces
of seed Au-NPs to block the subsequent growth of Au on
them. Since bulk Ag growth is avoided by proper
potential setting, only growth of Au on naked facets
was allowed, and hence, controlling the final morphology
of the NPs.

We can summarize the current situation in the field by
stating that there has been great progress in the develop-
ment of synthesis strategies to control the size and shape
of NPs using redox reactions, many of them using the
upd phenomenon. However, in spite of the intensive use of
upd in nanosized applications, there is relatively little
theoretical research in this direction.*** The present
manuscript attempts a novel contribution to this area,
using state-of-the-art computer simulations. Thus, the
main goals of the present work are 2-fold: first, to clearly
state the relationship between overpotential 1 and the
chemical potential p of the adsorbed species. Second, to
perform for the first time, realistic computer simulations of
the selective growth of NPs. The first point is relevant for
the second, since the present computer simulations are
made within the Grand canonical ensemble, where L is the
control parameter that determines the number of adsorbed
particles. Furthermore, the present simulations allow for
the first time the introduction of a number of ingredients
absent in the previous modeling®>**: Fluctuations in the
energy, fluctuations in the number of particles and in-
troduction of thermal motion, which also contributes to the
free energy of the system. Thus, vibrational and configu-
rational entropic effects, not previous included in the free
energy calculations, are now implicit in the modeling.

The present work is organized as follows. In Sec. II we
describe the theoretical model. Section III describes the
calculation method used. Section IV is devoted to results
and discussions and Sec. V presents the most relevant
conclusions.

Il. THE MODEL

As shown on the left of Fig. 1, we consider an initial
state consisting of a NP made of a metal S (seed-NP), in
contact with metal ions M*" of different chemical nature
M present at the concentration cy,.+, yielding the activity
ayz+. A redox couple Red/Ox, providing the electrons for
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FIG. 1. Scheme of the decoration of a seed-nanoparticle made of
a metal S with atoms of type M to yield an S/M core/shell structure. A
redox couple is used to control the electrochemical potential of electrons
at the nanoparticle.

the reduction of the M metal ions, is allowed to establish
electronic equilibrium with the seed-NP. As final equilib-
rium state, shown at the right of Fig. 1, we consider a seed-
NP decorated by N,; atoms of type M, at the chemical
potential L, (call this structure core/shell). As we will see
below, depending on the interaction between the metals
(S and M) participating in this reaction, the core/shell
structure may be thermodynamically stable, metastable or
unstable. The existence of a thermodynamically stable or
metastable state will be determined by a dual equilibrium:
on one side, an electronic equilibrium, where the electro-
chemical potential of the electrons in the NP will be equal
to the electrochemical potential of the electrons in the redox
system (Fig. 1). On the other side, an ionic equilibrium,
where the electrochemical potential of the ions deposited on
the NP will be equal to the electrochemical potential of the
metal ions in solution.
Thus, the reactions involved in the process are:

Red=Ox+e M +ze- +SeS/M (1)

where we have assumed for the sake of simplicity a one-
electron transfer in the redox couple. We will also assume
that the concentrations of Red and Ox species are large
enough to undergo a relatively small change upon reaction
with M*" to yield M. Thus, the electric potential at the
surface of the NPs will be determined by the Red/Ox ratio
and will remain relatively unchanged. This is analogous to
potentiostatic control in an electrochemical experiment.
However, we will see that there are subtle differences in
the meaning of overpotential for both systems. According
to this picture, the driving force for deposition of the metal
is two-fold:

(i) Metal deposition (M on S) is enforced by the
electrochemical potential of the electrons in the redox
system, in equilibrium with the electronic system of the
NP.

(i1) Metal deposition (M on §) will also be promoted
by a larger concentration (activity) of the M ions in
solution.
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In the Appendix we show that the chemical potential of
the adatoms on the NP ,, is related to the chemical
potential of the bulk metal atoms pl’{,’;lk according to the
equation:

bulk __
By — By =

—zen ) (2 )
where 1 is the overpotential set by the redox couple with
respect to the bulk deposition potential of metal M.

Let us now discuss on the meaning of Eq. (2) for the
present situation, taking into account that the chemical
potential ,, corresponds to the free energy change for the
insertion of an atom of type M in the seed-NP. If a metal
atom deposited on the seed-NP is more stable than in the
bulk, 1), will be more negative than p4** and we will have
Ly, — pbulk < (), which is compatible with condition 1 > 0.
Thus, the atoms will subsist on the seed-NP at more
positive potentials than the Nernst reversible potential for
bulk M deposition, and we will be in the presence of the
upd phenomenon. The reverse situation will take place
when p,, — p44k > 0, yielding n < 0 or a situation of opd.
This is clearly an unstable situation for a core/shell
geometry, since when n < O the bulk deposit can be
formed, so that the application of an overpotential allow-
ing the decoration of the seed-NP should inevitably drive it
to bulk growth, at least from a thermodynamic viewpoint.
Although a free energy barrier may eventually turn the
core/shell state a metastable one (see below).

From the previous discussion, it appears that when
ty — pbk <0, upd on the seed-NP will take place. How-
ever, there may be many structures satisfying this condition.
The question is: which one will be stable at each 1, or in other
words, which will be the coverage degree of the seed-NP for
a redox couple fixing the overpotential at the value 1 > 0 ?
Let us denote with ®(Ny, Ns) the excess of free energy
required to generate a core/shell structure made of a shell
containing N, type M atoms, starting from the seed-NP made
of Ny atoms and the bulk material M. Thus, ® is given by:

O(Ny, Ns) = (G*M — G¥) — Ny
- (US+M _ US) _ T(SS+M B SS)
_ NMHZ‘;lk 7 (3)

where G° " is the free energy of the core/shell structure,

G® is the free energy of the naked core and p2* is the
chemical potential of the bulk material. U and S denote the
corresponding energy and entropy contributions, and
the volume changes have been neglected.’’ The free
energy change for the electrochemical generation of the
core/shell NP is given by:

AG(M,Ny) = ®(Ny, Ns) + Nyzen . (4)
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The detailed derivation of this equation may be
followed in Refs. 33,38. Figure 2 depicts the qualitative
behavior of AG(n,Ny) as a function of the number of
deposited atoms in the case of seed-NP systems that may
present opd (a) and upd (b). In the case of opd, the
behavior of AG is similar to that of the classical nucleation
and growth phenomena. At zero or positive overpotentials
(n = 0), the curve shows a monotonic growth, indicating
that the generation of the core/shell is not spontaneous. At
negative overpotentials, the curve exhibits a maximum,
corresponding to the critical nucleus size. Smaller core/
shell will dissolve, while larger ones will evolve toward
the bulk state. This type of curves is typically found when
the deposited metal interacts with the seed-NP more
weakly than with itself (M-M). The upd behavior, found
in Fig. 2(b), corresponds to the case where the M-S
interaction is stronger than the M-M one. A relatively
strong M-S interaction may generate a minimum (eventu-
ally several minima) in the AG versus Ny, indicating the
occurrence of thermodynamically stable upd structures.
This can be shown by taking the derivative of Eq. (4)

- n>0 T

]
3
(0.0)
(a) Ny
i n>0 T
n=0
o L -
2
N s
{0.0) kssesssmstmablosess | .. S —
'\I:.r \\
- <0 |
(b) Ny

FIG. 2. Qualitative scheme of the excess Gibbs energy AG as a function
of the number of atoms N,, for the electrochemical formation of a core/
shell nanostructure. (a) corresponds to a situation where the interaction
of the deposited atoms with the substrate is weaker than the interaction
with each other, (b) opposite case of (a).
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with respect to Ny, using the condition for an extremum,
along with Eq. (3):

IAG(n, Nu) _ OG*H M bk
ONy ONy M

+zen=0 . (5

Since dG5*M /9Ny, is nothing but the chemical poten-
tial of the M atoms in the seed-NP, p,,, Eq. (5) leads to
Eq. (2). At zero or positive overpotentials (n =0), the
minimum found in the upd systems shown in [Fig. 2(b)] is
a global one, corresponding to a thermodynamically stable
state. However, if this minimum is deep enough it also
may subsist at n < 0, yielding a metastable core/shell
structure. At very negative overpotentials, n << 0, the
system will be able to surmount the free energy barrier and
will grow, evolving toward the bulk structure.

The situation of real seed-NP is more complex than the
schematic representation of Fig. 2, especially in the case
of upd systems. Early results based only on energetic
considerations®> showed a saw-tooth behavior, corre-
sponding to the decoration of the different facets of the
seed-NP, indicating that multiple states occur with very
similar energies. These approximate results were obtained
using a number of simplifications, like local energy
minimization at 0 K, thus excluding vibrational and
configurational entropic effects. The fine analysis that
may be drawn from the previous work lack all the rich
behavior provided by thermal and material equilibriums.

For improving this situation, we present here for the
first time Grand Canonical Monte Carlo (GCMC) simu-
lations of seed-NP decoration, where thermal equilibrium
and particle number fluctuations naturally arise in the
simulation. We also note that this ensemble naturally gives
the sequence of formation of the core/shell under thermo-
dynamic control.

lll. CALCULATION METHOD
Grand canonical Monte Carlo simulations

The standard ensemble to simulate crystal growth is
the Grand Canonical one, where the parameters fixed
during the simulation are the volume of the simulation
box (V), temperature (7)), and the chemical potential (p) of
the atoms being deposited. Thus, we have performed
extensive GCMC simulations to study the decoration of
Au-seeds by Ag, using realistic semiempirical interatomic
potentials. The seeds were shaped as truncated octahedra
(TO) made of Ng atoms, denotes as 7Oys.The interactions
between atoms were calculated according to the embedded
atom method (EAM),*® which is well known for repro-
ducing the main characteristics of the metallic bond, due to
the many-body character of the functional form. The
Metropolis Monte Carlo algorithm®® was used to sample

the configuration space. The importance of sample scheme
in our GCMC procedure, involves the following trial
moves:

1. Atomic vibration

This is attempted within a small region, around the
coordinate of the i atom. The transition between the old
(/) and the new configuration (k) is accepted with the
probability:

Wik = min[],exp(—BAEjk)} )

where AEj is the potential energy change associated with
the motion of the i”* atom. These trial moves mimic the

lattice vibration, as well as the self-diffusion processes.

2. Insertion (deposition) of an atom

An attempt is made to insert an atom at a random
position on the surface of the NP. The new configuration
is accepted with a probability:

WNM—>NM+1 = min [17 Fexp(B{“ - AENM-H,NM})] ’

where T = V,../A*>(Nyy + 1) and V. is an accessible
volume where the particles are created, A is the De Broglie
wave length and AEy, 1 v, the potential energy change
due to the creation of an atom on the system. This trial
moves mimic the deposition process. I" is chosen to satisfy
the so-called detailed balance condition.

3. Elimination (desorption) of an atom

An atom is chosen at random and a removal attempt is
accepted with probability:

Wiy —nNy—1 = min [1, Fexp(—B{p + AENM_LNM})] ,

where now T = A’Ny, /Vaces AEN,,—1 n,, is the potential
energy change due to the elimination of an atom on the
system. This trial moves mimic the dissolution process.
For improving the efficiency of the GCMC algorithm,
V.cc Was not the whole volume of the system but a
restricted portion of it, located in the neighborhood of the
seed-NP. Therefore, V.. is the accessible volume to create/
delete particles, which is defined as V. = 4n,/ 37U’3:
where n, represent the total number of spheres of radius r;
where atoms can be added/deleted for satisfying detailed
balance. Attempts to trial move mimic the adsorption/
dissolution process were only established for the metal M.
We consider here the particular case of the decoration
of Au seed-NPs by Ag atoms. There are three main
reasons for this choice. First, the upd deposition of Ag
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on Au has been thoroughly studied on single crystal faces,
especially the case of Au(100) and Au(ll pH
which are the facets that more often occur in face-centered
cubic (FCC) NPs.** Second, as we mentioned in the
introduction, upd deposition of Ag on Au-NPs are consid-
ered responsible for stabilizing various surface facets that
enclose NPs, thus providing the way to their shape control.
Third, we can contrast the present simulations containing all
contributions to the free energy of the system, with the first
estimations made in our previous work.*® All the results
are reported as a function of the number of deposited Ag
atoms. We made this choice because the definition of the
coverage degree is somewhat arbitrary for nanoparticles.
However the reader may easily refer the coverage to the
number of surface atoms in TO shape by using the
equations and table given in reference.*’

IV. RESULTS AND DISCUSSIONS

For the sake of comparison of the present results with
those obtained for planar surfaces, sets of GCMC
simulations were performed for the depositions of Ag
on Au(100) and Au(111). The results for these simula-
tions are shown in Fig. 3. It is found there that Ag
deposition on Au(hkl) presents a very important under-
potential shift, of 260 mV on the (100) face, and a small
underpotential shift on the (111) face, of the order of
10 mV. In both cases the monolayers are filled very rapidly
at room temperature, this reflects the strong attractive
interaction between the metal particles. Comparison with
electrochemical experimental data is not straightforward
due to the existence of expanded phases, probably related
to the interference of anions.*® However, it can be stated
that in the case of the (100) pseudomorphic and quadratic
phases are found below 200 mV, while in the (111) face
the pseudomorphic phase is found at 60 mV, yielding
a reasonable qualitative agreement.

Figure 4 presents the results obtained from a GCMC
simulation for the NPs system. We show therein the
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number of Ag atoms deposited on a TO;,g9 seed-NP as
a function of the number of Monte Carlo steps (MC steps).
Representative snapshots of these simulations, corre-
sponding to the portions of the curves pointed by the
arrows, are presented on the right of the Fig. 4. These
results were obtained by stepping the chemical potential of
Ag atoms, [i4,, starting from a relatively large negative
chemical potential (s, = —3.50 €V), only the Au seed-
NP is observed (curve not shown in the Fig. 4). Decoration
of the (100)-facets starts at p,, ~ —3.03 eV, which is
considerable more negative than the bulk Ag chemical
potential, uﬁ‘é’k (300K) = —2.77 eV. Thus, in the electro-
chemical jargon, this would indicate the existence of upd
on these facets, with an underpotential shift of 250 mV.
Decoration of all (100)-facets is already complete at
Hag = —2.99 eV, which is the first chemical potential
shown in the Fig. 4. Increase of pi4, up to —2.81 eV leads
to the further decoration of one of the (111)-facets, along
with the occurrence of a bilayer on the (100)-facets. At
Ha, = —2.79 eV, the onset of bulk Ag deposition, a num-
ber of steps occur in the N, versus MC step curve, leading
to a situation where only one of the (111)-facets remained
free, while several of the (100)-facets showed a bilayer
decoration. Going beyond the bulk deposition threshold
by the application of pu, > —2.77 eV, leads to full
coverage of all the facets and to multilayer growth, but the
core/shell still subsists in a metastable state. Increase of
4, beyond —2.75 eV triggers Ag bulk deposition.

GCMC simulations similar to the previous ones were
also performed on TO,y; and TOsgs seed-NPs, with the
results shown in Fig. 5, where we plotted the number of
deposited Ag atoms as a function of [i4,. It is found that
full decoration of the seed-NPs takes place at progres-
sively more positive potentials as seed-NP size increases.
This can be understood in terms of the fact that smaller
NPs present smaller terraces, leading to a lower coordina-
tion of the deposited atoms, thus increasing their energy.
Thus, a larger excess of chemical potential is required to
get the same fractional coverage degree.

( b) chemical potential / eV

FIG. 3. Coverage degree (0) of Ag atoms on Au infinite surfaces as a function of the chemical potential, p5, for Ag deposition on (a) Au(100) and

(b) Au(111), according to Grand Canonical Monte Carlo simulations.
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FIG. 4. (a) Number of Ag atoms on a Au(TO,g9) core as a function of the

number of MC steps. (b) Atomic configurations taken at Ly, = —2.99 €V,
(c) —2.81 eV, (d) —2.79 eV and (e) —2.77 eV, respectively.
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FIG. 5. Number of deposited Ag atoms as a function of the chem-
ical potential, pa, for the three Au core structures considered in this
work.
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FIG. 6. Excess energy AU as a function of the number of deposited
Ag atoms for the three Au seed nanoparticles considered in this work.

Comparison of the results in Fig. 5 with those of Fig. 3
shows that the 1289 atoms seed-NP starts to exhibit
features, which can be understood in terms of the planar
surface. In fact, the decoration of the (100)-facets start to
take place at p4, values similar to those of the (100)
infinite surface. However, the decoration of the (111)
facets of the TO;289 NP at i, ~ —2.80 ¢V indicates that
these facets have become covered at lower 14, than those
one would expect from the observation of the (111) infinite
surface in Fig. 3. In fact, it can be observed in this figure
that Ag deposition on the Au(111) infinite surface starts
around i, ~ —2.77 eV. This occurs because the decora-
tion of (111)-facets of TO,g9 is triggered by the presence
of Ag atoms in their neighboring (100) ones. This effect
was not observed in our previous modeling and represents
an important improvement brought by the present com-
puter simulations. These two effects, the shift of the
decoration of the (100) and (111) facets in opposite direc-
tions is a typical “nano” effect, showing that the behavior
of NPs with the present sizes cannot be straightforwardly
predicted from the superposition of that of planar surfaces.

Another way to envisage the decreasing decoration of
the NPs with decreasing size is to state that NPs with
smaller curvature radius exhibit a higher energy, a feature
that is described in the literature as curvature energy.*’
For considering this effect, we define an energy excess,
analogous to Eq. (3), as:

AU(Ny) = (US™ — US) —= Ny Uy . (6)

Equation (6) is useful for analyzing the energetic
stability of the deposited atoms with respect to bulk
material. A negative value of AU(N),) indicates that the
M atoms in the shell are more stable than the bulk material;
while the opposite is true if AU(Ny) is positive. Ac-
cording to this, seed-NPs size effects can be followed in
Fig. 6, where we have plotted the AU as a function of the
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FIG. 7. (a) Correlation between average excess energy AU and the
arrests found in GCMC simulations. Left: Excess energy (horizontal
axis) versus the number of deposited Ag atoms (vertical axis). Right:
number of deposited Ag atoms versus number of GCMC steps for the
deposition of Ag atoms on Au TOsgs. Follow the horizontal broken lines
to note how the arrests in the N4, versus MCsteps curves correlate with
the occurrence of minima in the energy excess versus N, curves.
(b) Atomic configurations taken at pa, = —2.880 €V, (c) —2.762 eV
(d) —2.744 eV and (e) —2.725 eV respectively.

number of deposited Ag atoms. It can be seen there how
the Ag deposited atoms are considerably less stable on the
TO,; seed-NP than in the other seed, thus requiring
a larger overpotential for their deposition. Deposition on
the TOsgq seed-NP leads to some particular structures
that appear to be energetically more stable than bulk Ag,
as denoted by the presence of some minima with
AU(Ny) <0 on the AU(Ny) <0 versus N, curve.
Finally, in the case of the TO,g9 seed-NP, practically all
simulated structures show lower energies than that corre-
sponding to the bulk Ag material.

N noa JOURNALS

Although the stability of the different structures is
properly determined by the AG(n,Ny) function defined
in Eq. (4), excess energy curves may be useful to identify
metastable structures, even when they have a transient
existence, as shown in Fig. 7.

Following the horizontal broken lines, we can clearly
see in Fig. 7 how local minima in the AU-Ny, profile
correlate with the occurrence of arrests in the Ny, curve
along the GCMC simulation. We point out this fact,
because some of these structures could be frozen in
a dynamic experiment, leading to an interesting manifold
of decorations.

Figure 7 together with the relations shown in Eq. (4), is
helpful in understanding the rich behavior that may be
found in these systems. The existence of multiple minima
in the excess function ®(N, Ns) leads to the possibility of
allowing the transitions between different structures just
by applying small changes in the overpotential 1. In the
case of the present system, the flatness of ® may make it
difficult to get a single type of structures, although some of
them appear to be quite robust. Among them, a particularly
stable one appears to be the Ag decoration of the (100)-
facets of the Au-seed, since this is the first minimum —for
increasing Nj,—in the excess energy curves, with the
prediction of an underpotential shift as large as 250 mV.
These results support the hypothesis put forward by
Jana'* and Personick®® concerning the stabilization of
more open surface facets by Ag upd, leading to different
Au nanostructures.

V. CONCLUSIONS

We have discussed the decoration of metal nano-
particles acting as a seed, by a foreign metal under
equilibrium conditions using a redox couple. Similarities
and differences with respect to the underpotential de-
position on planar surfaces were analyzed. The main
point to be stressed is that potential control via a redox
couple introduces a change in the inner potential of the
solution. The direct relationship between chemical po-
tential and overpotential remains valid if the overpotential
is measured with respect to a solution where the metal
ions are at the same electrochemical potential (but not at
the same activity). We have presented for the first time
Grand Canonical Monte Carlo simulations describing the
decoration of Au-seed of different sizes by Ag atoms that
may be extended to similar systems. It is found that
depending on seed size, nanoparticle decoration may be
expected to be stable or unstable. This system seems to be
particularly relevant due to its practical application in
nanoparticle shape control. There are two striking fea-
tures of these systems that bear relevance for practical
applications. One of them is that the more open facets are
the first being decorated, from an energetic viewpoint.
Thus, if the electric potential of the system is set to
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a value that is high enough to selectively cover this face
but not the others, selective growth along the other
directions may be achieved. The other is the fact that
the so-called underpotential effect (metal deposition at
higher potentials than the reversible one) becomes pro-
gressively lost for smaller nanoparticles. This effect could
be interpreted in thermodynamic terms of the concept of
line tension. Smaller nanoparticles present an increasing
relative contribution of this positive quantity due to the
increasing relative weight of edges with respect to the
facets. Thus, selective growth may become problematic
for very small particle sizes due to border effects.

ACKNOWLEDGMENT

The authors wish to acknowledge CONICET PIP: 112-
200801-000983, Secyt UNC, Program BID (PICT 2007
N1 00340, PICT 2006 N 946, PICT-BICENTENARIO-
2010-123, and PME: 2006-01581 for financial support.

REFERENCES

1. B. Corain, G. Schmid, and N. Toshima: Metal Nanoclusters in
Catalysis and Materials Science: The Issue of Size Control.
(Elsevier B. V, Amsterdam, Netherlands, 2008).

2. ML.M. Mariscal and S.A. Dassie: Recent Advances in Nanoscience.
(Research Singpost, Trivandrum, India, 2007).

3. D.L. Feldheim and C.A. Foss, Jr: Metal Nanoparticles, Synthesis,
Characterization and Applications. (Marcel Dekker Inc., New
York, NY 2002).

4. T. Sugimoto: Monodispersed Nanoparticles. (Elsevier B.V.,
Amsterdam, Netherlands, 2001).

5. Z. Peng and H. Yang: Designer platinum nanoparticles: Shape,
composition in alloys, nanostructure and electrocatalytic property.
Nano Today 4, 143-164 (2009).

6. M. Grzelczak, J. Pérez-Juste, P. Mulvaney, and L.M. Marzén:
Shape control in gold nanoparticle synthesis. Chem. Soc. Rev. 37,
1783-1791 (2008).

7. N. Goubert, Y. Ding, M. Brust, Z.L.. Wang, and M-P. Pileni: A way
to control the gold nanocrystals size: Using seeds with different
sizes and subjecting them to mild annealing. ACS Nano 11,
3622-3628 (2009).

8. J. Park, J. Joo, S-G. Kwon, Y . Jang, and T. Hyeon: Synthesis of
monodisperse spherical nanocrystals. Angew. Chem. Int. Ed. 46,
4630 (2007).

9. E.E. Finney and R.G. Finke: Nanocluster nucleation and growth
kinetic and mechanistic studies: A review emphasizing transition-
metal nanoclusters. J. Colloid Interface Sci. 317, 351-374 (2008).

10. S. Park, P. Yang, P. Corredor, and M.J. Weaver: Transition metal
coated nanoparticle films: Vibrational characterization with surface
enhanced raman scattering. J. Am. Chem. Soc. 124(11), 2428-2429
(2002).

11. S. Zou and M.J. Weaver: Surface-enhanced raman scattering on
uniform transition-metal films: Toward a versatile adsorbate vibra-
tional strategy for solid-nonvacuum interfaces? Anal. Chem.
70, 2387-2395 (1998).

12. H. Tang, J.H. Chen, M.Y. Wang, L.H. Nie, Y.F. Kuang, and
S.Z. Yao: Controlled synthesis platinum catalysts Au nanoparticles
their electrocatalytic property methanol oxidation. Appl. Catal. A
275, 43-48 (2004).

13. P. Liu, X. Ge, R. Wang, H. Ma, and Y. Ding: Facile fabrication of
ultrathin Pt overlayers onto nanoporous metal membranes via

17 JOURNALS J. Mater. Res., Vol. 27, No.

http://journals.cambridge.org Downloaded: 11 Jul 2012

14.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

repeated Cu UPD and in situ redox replacement reaction. Langmuir
25, 561-567 (2009).

N.R. Jana, L. Gearheart, and C. Murphy: Seed-mediated growth
approach for shape controlled synthesis of spheroidal and rodlike
gold nanoparticles using a surfactant template. J. Adv. Mater.
13, 1389-1393 (2001).

. D. Seo, J.C. Park, H. Song: Polyhedral gold nanocrystals with Oy,

symmetry: From octahedra to Cubes. J. Am. Chem. Soc. 128,
14863-14870 (20006).

. X. Kou, W. Ni, C.K. Tsung, K. Chan, H.Q. Lin, G.D. Stucky, and

J. Wang: Growth of gold bipyramids with improved yields and their
curvature-directed oxidation. Small 3, 2103-2113 (2007).

D. Seo, C.I. Yoo, J.C. Park, S.M. Park, S. Ryu, and H. Song:
Directed surface overgrowth and morphology control of polyhedral
gold nanocrystals. Angew. Chem. Int. Ed. 47, 763-767 (2008).

T. Ming, W. Feng, Q. Tang, F. Wang, L. Sun, J. Wang, and C. Yan:
Growth of tetrahexahedral gold nanocrystals with high-Index
facets. J. Am. Chem. Soc. 131, 16350-16351 (2009).

. J. Zhang, M.R. Langille, M.L. Personick, K. Zhang, S. Li, and

C.A. Mirkin: Concave cubic gold nanocrystals with high-Index
facets. J. Am. Chem. Soc. 132, 14012-14014 (2010).

J. Sun, M. Guan, T. Shang, C. Gao, Z. Xu, and J. Zhu: Selective
synthesis of gold cuboid and decahedral nanoparticles regulated
and controlled by Cu2+ ions. Cryst. Growth Des. 8, 906-910
(2008).

C.J. DeSantis, A.A. Peverly, D.G. Peters, and S.E. Skrabalak:
Octopods versus concave nanocrystals: Control of morphology by
manipulating the kinetics of seeded growth via co-reduction. Nano
Lett. 11, 2164-2168 (2011).

C-L. Lu, K.S. Prasad, H-L. Wu, J.A . Ho, and M.H. Huang: Au
nanocube-directed fabrication of Au—Pd core—shell nanocrystals
with tetrahexahedral, concave octahedral, and octahedral struc-
tures and their electrocatalytic activity. J. Am. Chem. Soc. 132,
14546-14553 (2010).

H. Zhang, W. Li, M. Jin, J. Zeng, T. Yu, D. Yang, and Y. Xia:
Controlling the morphology of Rhodium nanocrystals by manipu-
lating the growth kinetics with a syringe pump. Nano Lett. 11, 898—
903 (2011).

P.R. Selvakannan, A. Swami, D. Sathyanarayanan, P.S. Shirude,
R. Pasricha, A.B. Mandale, and M. Sastry: Synthesis of aqueous
Au core—Ag shell nanoparticles using tyrosine as a pH-dependent
reducing agent and assembling phase-transferred silver nanopar-
ticles at the air—water interface. Langmuir 20, 7825-7836 (2004).
M.H. Fonticelli, G. Corthey, G.A. Benitez, R.C. Salvarezza,
L.J. Giovanetti, F.G. Requejo, and Y.S. Shon: Preparation of
ultrathin thiolate-covered bimetallic systems: From extended planar
to nanoparticle surfaces. J. Phys. Chem. C 111, 9359-9364 (2007).
M.L. Personick, M.R. Langille, J. Zhang, and C.A. Mirkin: Shape
control of gold nanoparticles by silver underpotential deposition.
Nano Lett. 11, 3394-3398 (2011).

A.R. Tao, S. Habas, and P. Yang: Shape control of colloidal metal
nanocrystals. Small 4, 310-325 (2008).

P. Mulvaney: Surface plasmon spectroscopy of nanosized metal
particles. Langmuir 12, 788-800 (1996).

V. Sudha and M.V. Sangaranarayanan: Underpotential deposition
of metals—progress and prospects in Modeling. J. Chem. Sci.
117, 207-218 (2005).

E.P.M. Leiva: Recent developments in the theory of metal UPD.
Electrochim. Acta. 41, 2206, (1996).

E.P.M. Leiva: Thermodynamic derivation and model calculations
of the metal underpotential dependence on electron work function
differences. J. Electroanal. Chem. 350, 1-14 (1993).

F.W. Campbell, Y. Zhou, and R.G. Compton: Thallium under-
potential deposition on silver nanoparticles: size-dependent
adsorption behavior. New J. Chem. 34, 187-189 (2010).

14, Jul 28, 2012
IP address: 190.221.235.97


http://journals.cambridge.org

M.M. Mariscal et al.: On the selective decoration of facets in metallic nanoparticles

33. F.W. Campbell and R.G. Compton: Contrasting underpotential
depositions of lead and Cadmium on silver Macroelectrodes and
silver nanoparticle electrode arrays. Int. J. Electrochem. Sci. 5,
407-413 (2010).

34. Y. Zhou, N.V. Rees, and R.G. Compton: Nanoparticle-electrode
collision processes: The underpotential deposition of thallium on
silver nanoparticles in aqueous solution. ChemPhysChem 12,
2085-2087 (2011).

35. O.A. Oviedo, E.P.M. Leiva, and M.M. Mariscal: Thermodynamic
considerations and computer simulations on the spontaneous
formation of core-shell nanoparticles under electrochemical con-
ditions. Phys. Chem. Chem. Phys. 10, 3561-3568 (2008).

36. O.A. Oviedo, C.F.A. Negre, M.M. Mariscal, C.G. Sanchez, and
E.P.M. Leiva: Underpotential deposition on free nanoparticles:
Its meaning and measurement. Electrochem. Commun. 16, 1-5
(2012).

37. O.A. Oviedo, E.P.M. Leiva, and M.I. Rojas: Energetic and entropic
contributions to the underpotential/overpotential deposition shifts
on single crystal surfaces from lattice dynamics. Electrochim. Acta
51, 3526-3536 (2006).

38. N.B. Luque, L. Reinaudi, P. Serra, and E.P.M. Leiva: Electro-
chemical deposition on surface nanometric defects: Thermodynam-
ics and grand canonical Monte Carlo simulations. Electrochim.
Acta 54, 3011-3019 (2009).

APPENDIX

The duality of the driving force leading to the
decoration of NPs by M adatoms can also be clarified
by writing the chemical potential of the atoms being
deposited, say L, in terms of the electrochemical poten-
tials of ion cores [l,:+ and the electrochemical potential of
electrons [i,, which are the constituents of the system
controlling the adatom coverage:

Y R e (A1)
where I is the energy required to split the M atom into the
ion core M*" and its z electrons.

The physical meaning of Eq. (Al) is straightforward:
the free energy change obtained when bringing an atom
from infinity up to the NP is equal to the free energy
change of the following process:

(i) split the M atom into a core ion M** and z electrons.

(ii) take the core ion from infinity to the NP.

(iii) take the z electrons from infinity to the NP.

Since the metal ions M*" are free to move across the
solution/nanoparticle interface, [i,,.+ is equal to the electro-
chemical potential of the ions in the bulk of the solution. The
second term on the rhs of Eq. (A1) can thus be written as:

llMZJr = M[?%”r + kT In ay+ + ZE(PSOI s (AZ)
where pd,.. is the standard chemical potential of the M*"
ions and @*” is the electrostatic potential in the bulk of the
solution.

On the other hand, if we consider the electrochemical
potential of the electrons in the NP we have:

http://journals.cambridge.org Downloaded: 11 Jul 2012

39. S.M. Foiles, M.I. Baskes, and M.S. Daw: Embedded-atom-method
functions for the fcc metals Cu, Ag, Au, Ni, Pd, Pt, and their alloys.
Phys. Rev. B 33, 7983-7991 (1986).

40. D. Frenkel and B. Smit: Understanding Molecular Simulation:
From Algorithms to Applications. (Academic Press, Amsterdam,
Netherlands, 1996).

41. E. Budevski, G. Staikov, and W.J. Lorenz: Electrochemical Phase
Formation and Growth, An Introduction to the Initial Stages of
Metal Deposition. (VCH, Weinheim, Germany, 1996).

42. J. Lipkowski and P.N. Ross: Imaging of Surface and Interfaces.
(Wiley-VCH, New York, NY, 1999).

43. G. Staikov. Electrocrystallization in Nanotechnology. (Wiley-
VCH, Weinheim, Germany 2007).

44. R. Ferrando, J. Jellinek and R.L. Johnston: Nanoalloys: From
theory to applications of alloy clusters and nanoparticles. Chem.
Rev. 108, 845-910 (2008).

45. O.A. Oviedo, M.M. Mariscal, E.P.M. Leiva, Theoretical studies of
preparation of core—shell nanoparticles by electrochemical metal
deposition. Electrochim. Acta 55, 8244-8251 (2010).

46. C-H Chen, S.M. Vesecky, and A.A. Gewirth: In situ atomic force
microscopy of underpotential deposition of silver on gold (111).
J. Am. Chem. Soc. 114, 451-458 (1992).

47. C. Fiolhais and J.P. Perdew: Energies of curved metallic surfaces
from the stabilized-jellium model. Phys. Rev. B 45, 6207-6215 (1992).

e L A (A3)
where P is the chemical potential of the electrons in the
NP and @™ is the value of the average electrostatic
potential in it. If equilibrium is established between the
electrons in the redox couple and those in the NP, QIEVP will
be equal to the electrochemical potential of the electrons in
the redox system, say [ii”".

Since the initial activity of metal atoms on the NPs is
zero, some of them will be electrodeposited on the NPs,
increasing the coverage degree of M until Eq. (2) is satisfied.
This equation states that the chemical potential of the atoms
on the NP contains the sum of the electrochemical potential
of the M*" ions in the solution plus the electrochemical
potential of the electrons in the redox couple. This process
may yield a core/shell structure as shown on the right of Fig.
1. We write “may yield” because the driving force provided
by the redox couple and the ions in solution may also lead to
a bulk deposit of the metal on the NP.

Replacement of Egs. (A3) and (A2) into (A1) yields:

Wy = Iz + W + 2007 + kT Inay:+ + ze(¢™ — ¢™)

(A4)

This equation now clarifies the dual driving force
addressed to above: the fourth term on the rhs is that
represented by the ion activity, and the fifth term on the rhs
is that produced due to the redox couple. Sometimes it is
useful to refer p,, to the chemical potential of the metal
atoms in the bulk, say uﬁ,}‘lk. With this purpose, let us think
of a piece of bulk metal M immersed in a solution, in
contact and at equilibrium with M*" ions at the same

electrochemical potential as before. Let us denote with

J. Mater. Res., Vol. 27, No. 14, Jul 28, 2012 1785

IP address: 190.221.235.97


http://journals.cambridge.org

M.M. Mariscal et al.: On the selective decoration of facets in metallic nanoparticles

(%! — @®/) the potential difference across the bulk

metal M/solution interface. An experimental arrangement
for potential measurement in this system is shown in
Fig. Al. On the left, we see an inert electrode (/) in contact
with the Red/Ox couple, on the right we find a piece of the
metal M. Both electrodes are connected to a potentiometric
device by two pieces of a metal M’. The membrane
separating both compartments is assumed to be permeable
to the M*™" ions but not to the Red/Ox components. Thus,
the equality of electrochemical potentials of M** ions in
both compartments is granted, so we have:

My + KT Inayer + 2e0™ = W + kT Indjpe. + ze9™
(AS)

We have for chemical potential of the bulk electrode
material M the analogous to Eq. (A4):

H}I:;lk =1, + uj(:/[«f* + Zulgulk + kT In aLz+

1 ze <(Psol’ _ (Pbulk> (A6)

Note that aj,., may be slightly different from a,.- due
to the fact that the inner electrostatic potential of the

¥ ¥R

RedOx ¢\ i
Ps g ’;'F Py
S M

FIG. Al. Scheme of an experimental arrangement for the measurement
of underpotential shifts of free nanoparticles. The nanoparticles are
made of the metal S, being decorated with the metal M. The electrode 1
should allow reversible electronic exchange with the Red/Ox system,
and should not undergo underpotential deposition of M on it.

solution phase may be affected by the presence of the
redox couple.
Thus, subtracting Eq. (A6) from Eq. (AS) we get:

Wy — Hﬁ;lk _ ZP_IEVP — zeq™ — Z(Hiulk _ e(pbulk)
=z(m" — ) (A7)

where to simplify the previous equation, we have used
the equality of chemical potentials of M“" ions pre-
viously stated. While iY* and p2“* cannot be measured
directly, we will now show that their difference can be

measured. The electrons in the NPs on the left are in

“equilibrium with the redox couple, which is in turn in

equilibrium with all the metals on the left, leading to the
equality:

~NP M
He =u, —ze¥r

(A8)
where pM' is the chemical potential of electrons in the
metal M’ and ¥ is the external potential of the electrode
on the left.

For their part, for the electrons on the right electrode it
is equivalent to:

~bulk M
gt =p, —zeWr

(A9)
where W, is the external potential of the electrode on the
right. Thus, replacement of Eqs. (A8) and (A9) for (A7)
yields:

My — by = —ze(WL —¥g)

= —zem (A10)
where we denoted as overpotential the potential measured
in a system where the ions being electrodeposited are at
the same electrochemical potential as those in equilibrium
with the bulk reference material. Eq. (A10) is formally
identical to that derived for metal upd, showing that the
difference of chemical potentials between and adsorbate
and its bulk material may be obtained from a potential
measurement. However, there is a nontrivial subtlety, gen-
erated by the presence of the redox couple: in the case of upd
on planar surfaces, Eq. (A10) is valid if the measurement is
made with the same activity of the M*" ions in both
solutions, namely, upd electrode and bulk solutions. On the
other hand, in the case of NP decoration, where the potential
is determined by a redox system, Eq. (A10) is valid only if
the M*" ions are present at the same electrochemical
potential in both half-cells, a more general condition that
may involve different activities of the M*" ions.
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