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Abstract: The corrosion behavior of nanometer-scale solids is important in applications ranging from sensing
to catalysis. Here we present a general thermodynamic analysis of this for the case of elemental metals
and use the analysis to demonstrate the construction of a particle-size-dependent potential—pH diagram
for the case of platinum. We discuss the data set required for the construction of such diagrams in general
and describe how some parameters are accessible via experiment while others can only be reliably
determined from first-principles-based electronic structure calculations. In the case of Pt, our analysis predicts
that particles of diameter less than ~4 nm dissolve via the direct electrochemical dissolution pathway, Pt
— Pt?* 4+ 2e~, while larger particles form an oxide. As an extension of previously published work by our
group, electrochemical scanning tunneling microscopy is used to examine the stability of individual Pt-
black particles with diameters ranging from 1 to 10 nm. Our experimental results confirm the thermodynamic
predictions, suggesting that our analysis provides a general framework for the assessment of the

electrochemical stability of nanoscale elemental metals.

Meta particles, wires, and thin films at nanometer length
scales can have structural and electronic properties that differ
from those of their bulk macroscopic counterparts. Our focus
on the electrochemical stability of nanoparticlesisin the regime
where the crystal structure of the nanoscale solid isidentical to
that of the bulk macroscopic solid. In most cases alower bound
for this corresponds to a particle diameter of order 2 nm. For
close-packed metals (atomic volume ~14 A3) thisis equivalent
to a spherical particle containing ~300 atoms, with 200 atoms
at the surface of the particle. We contend that the predictions
of thermodynamics as applied to the behavior of such nano-
meter-scale electrodes should be valid. At yet smaller length
scales (“molecular clusters’) many physical and chemical
properties are known to display quantum size effects,™? oscil-
latory behaviors,® entropically driven icosohedral < face-
centered-cubic (fcc) phase transformations,” etc., as a function
of the number of molecules defining the cluster size.

There have only been afew reports in the literature aimed at
examining the electrochemical stability of small isolated metallic
clusters or particles. One study examined the stability of
nanometer-size Cu particles on Au (111) surfaces> ’ and
another examined Ag particles on highly oriented pyrolytic
graphite surfaces.® Each of these studies reported an enhanced

stability of the nanoscale particle when compared to the
dissolution behavior of the corresponding bulk electrode, and
these results were qualitatively rationalized in terms of the
possible nonmetallic behavior of these particles resulting from
guantum size effects. In the case of the Cu particle study, other
research groups suggested that mechanical alloying effects may
have been responsible for the observation of enhanced
stability.>~*2 In another study, the stability of 8—43 nm diameter
Ag particle arrays was examined, which showed a decrease in
the dissolution potential with particle size, but the quantitative
behavior of these particle assemblies could not be rationalized.™
Recently we presented results of a combined experimental and
first-principles study for the electrochemical stability of Pt
particles in acid.** Both approaches showed that Pt particles
with diameters in the range of 1.2—3.0 nm dissolved by the
direct electrochemical dissolution path, Pt — Pt?" + 2e~, and
that the dissolution behavior quantitatively followed that
expected on the basis of the Gibbs—Thomson equation. Here
we extend this work by examining the behavior of Pt particles
over a larger size range and present a new thermodynamic
analysiswhich predicts the electrochemical stability of elemental
metal particles as a function of potential and pH. Additionally
we show how the analysis can be used to construct particle-
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size-dependent potential —pH diagrams, which previously have
only been attempted using first-principles-based electronic
structure calculations.***°

Size effects or capillarity in fluid/fluid systems are well known
and understood. For example, mechanical equilibrium dictates
that there must be a pressure difference between the interior of
a spherical liquid drop of radius r and the pressure of its vapor
required to keep this drop from evaporating or growing. This
pressure difference, known as the Laplace pressure, is given
by y(2/r), where y is the interfacial free energy of the liquid/
vapor interface. These considerations lead to the well-known
Kelvin equation that describes how the equilibrium vapor
pressure of afluid drop depends on size. Similar considerations
for a finite-size solid immersed in a fluid containing a single
soluble component of the solid are poorly understood, despite
the fact that Gibbs considered thisin some detail and developed
the conditions for this equilibrium.*®* A major source of this
misunderstanding is related to the Laplace pressure for a solid
sphere (assumed isotropic), which is given by f(2/r), wheref is
the surface stress. We note that, in the case of liquids, f = vy,
while for real solids this is rarely the case. This difference in
the Laplace pressure for afinite-size solid and a liquid leads to
Gibbs' sremarkable result that at equilibrium there is a difference
in the chemical potential of the component in the solid and fluid
phases, given by

s — = (f = y)Q(2/r) @

where Q is the molar volume of the solid. Note that, for
equilibrium between a planar solid surface (r — ) and afluid
or for fluid/fluid systems (f = y), the standard equilibrium
condition, us = u, is recovered.

While eq 1 and its consegquences were discussed in detail by
Cahn,*” he did not present a complete derivation. In the
Supporting Information we do so, following a procedure similar
to that used by Cammarata®® Cahn and Cammarata aso
discussed the generalization of this equilibrium condition to
multicomponent solids, and, as Cammarata has pointed out, the
surface free energy has to be interpreted as the open surface
availability.*®

In the case of elemental metal stahility, the electrochemical
and chemical equilibriathat we consider are represented by the
following set of equations:
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(19) For a multicomponent solid/fluid interface y is not well defined since
the dividing surface can be set so as to make the surface excess of
only one component zero. Since the surface excess of the other
components will in genera be non-zero, the chemical potentia of these
components on the surface enter into the definition of y (see eq S2,
Supporting Information). These chemical potentias arein genera non-
uniform and so ill-defined. The concept of surface availability is
associated with the minimum work to create a surface. In analogy
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(A) M™ +ne” =M Evimes = Eer +
(2.303RT/nF) log(M™)
EM/MaOn = El(\)/IlMaOn -

aMm + nH,0 (2.303RT/F) pH
(© MO, +20H"=aM™ + |ogK = —2npH —

nH,0 alog(M™)

(B) M,0,+ 2nH™ + 2ne” =

In these equations K is the equilibrium constant, and the standard
potentials and metal ion concentrations defining equilibrium for
planar surfaces are indicated by the designations E and M.
In what follows we will develop the Gibbs—Thomson relation
for each of these reactions for a spherical nanoparticle assuming
isotropic surface energy and surface stress.

First consider reaction (A), involving the reversible electro-
dissolution or deposition of M. If M™ is the saturation concentra-
tion for a planar surface as defined in (A), the chemica potentia
of the metal cation in the liquid phase at concentration M™
surrounding a finite size partide is w4 = @(M™) + RT In(M™/
M™), and the chemical potential of the metal in the nanoparticle
is us = m(M™) + fuQu(2/r). In these equations (M™) is the
chemica potential of the meta cation in the liquid phase in
equilibrium with the planar solid surface at chemical potentia ig(M)
= m(M™). Applying the equilibrium condition (eq 1), we obtain

RTIN(M™/M™) = y,,Q,,(2/1) @)

The left-hand side of this equation is the Gibbs free energy
difference for the liquid phase surrounding a spherica particle of
radius r and a planar surface (r — o), AG, = G(r) — G Since
AG = —nFE,

= YmS2wm
Evmn (1) — By = — nE (2m) 3

Next consider reaction (C) for a nanoparticle, describing the
chemical equilibrium between the metal oxide and dissolved
metal cationsin the electrolyte. The chemica potential of M0,
in the solid in equilibrium with the liquid is us = (M) +
fum,0/mS2m,0,(2/r) and the chemical potential of M™" in theliquid
phase is u = m(M™) + RT In(M™/M"™). Applying the
equilibrium condition (eq 1), we obtain

RTINM™/M™) = [yy 0 m(@uom fMaOn/M(QMaO" -
(Qu o)1 (@/r)  (4)

In this expression the subscript M,O/M refers to the value of
the parameter for the “oxide-covered” particle (see Supporting
Information). The first term in brackets on the right-hand side
of the equation reflects the fact that, as the oxide dissolves (or
accretes) from the particle surface, thereis work done associated
with an area change, and the second term describes the excess
work done against the surface stress owing to the difference
between the partial molar volume of M O, Qu 0, and the
average molar volume, (©u_o,m), Of the nanoparticle.

The standard potential for the formation of the metal oxide
is obtained by using egs 3 and 4 in a manner analogous to that
using egs (A) and (C) to obtain eq (B):

J. AM. CHEM. SOC. m VOL. 132, NO. 33, 2010 11723



ARTICLES

Tang et al.

_ VMaor/M<QMaor/M> fMaOn/M .
Emom ~ Emom = nF + nE MO,
YmE2um

@uom) — o=@ )

Equations 3 and 5 represent thermodynamic predictions for the
effect of particle size on the shift in the standard equilibrium
potentials of reactions (A) and (B). For small enough metal
nanoparticles the entire particle may be oxidized, and in this
case the surface stress term in egs 4 and 5 will be 0. In
considering the equilibrium of nanometer-scale Pt particles,
Darling and Meyers obtained an equation similar to eq 5, except
that the surface stress term was absent.®

The standard potentials are well defined only if the nanopar-
ticles have the equilibrium shape defined by the Wulff construc-
tion.?! Since real particles rarely take on equilibrium shapes, in
comparing experimental results to these predictions, these
equations should be considered as dissolution and oxidation
potentials rather than formal equilibrium potentials. In the
experiments discussed below, since the nanoparticle shapes were
generaly ellipsoidal, we have chosen to replace the factor of
(2/r) with Ury + Ur, (= 2/ry), where ry and r, correspond to
half the length of the major and minor axes of the ellipsoid-
shaped particle, respectively.?® The values chosen for f and y
reflect the surface orientations that dominate the particle shape.

The quantities that we require in order to develop simple
particle-size-dependent potential —pH diagrams using egs (A)—(C)
include yw, ymoym, and fy oym. Today, these parameters are
most reliably determined by first-principles-based density
functiona calculations. While there are relatively numerous such
calculations for the metals, to our knowledge asimilar situation
does not currently exist for the values of these parameters in
the case of metal oxides. There are few values for the surface
energy of the monolithic metal oxides and yet fewer values for
the surface energy of an oxide covering a metal surface. The
values that are available seem to have been primarily motivated
by applications such as catalysis, for which the oxides of Pt=>~2°
and Ti*® % have received particular attention. After some
careful examination, we do not feel justified in constructing a
particle-size-dependent potential —pH diagram for Ti, owing to
the multitude of lower energy oxides that form on Ti prior to
TiO,. In the discussion that follows we focus on the case of Pt.

In principle, in the case of the surface stress, fy ou, wafer
curvature measurements can be made in order to measure the
change in surface stress, Af, that occurs when the bare metal
forms the oxide, alowing for the determination of this parameter
through fyom = fu + Af. Such a Af measurement may
encompass a variety of adsorption/desorption phenomena that
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Table 1. Parameter Values Used in the Evaluation of Epype+ (EQ
3") and Eport (EQ 5)

parameter value method or measurement

Vet 2.4 Jm? first-principles cal culation®

VPt 0.5 Jm? first-principles calculation®

fpr 5.6 Jm? first-principles calculation®*

foom 3.0 Jm? measurement of Af using wafer
curvature®

Qn 9.09 x 106 m® unit cell

Qro 149 x 105m®  unit cell®

(Qpop) 1.08 x 105 mé mean value for a Pt particle 2.0—5.0 nm
in radius

& See Supporting Information.

occur during oxide formation (e.g., SO,> adsorption during
formation of PtO/Pt in sulfuric acid); however, it seems likely
that such adsorbates are replaced in the process of oxide
formation. Nevertheless, if Af is measured in the same elec-
trolyte as that for which particle stability is examined, the
determination of fy_om Will necessarily include such effects.
In the case of Pt, we used wafer curvature to determine fpopt
in 0.1 M H,SO, (see Supporting Information).
The analogues of egs (A)—(C) for the case of Pt are

(A”) Direct electrodissolution

PP + 26 = Pt Epypo- = 1.188 +

0.0295 log(Pt?*)

(B") Oxideformation

PO + 2H" + 26" = Pt + H,0 Epypo = 0.980 — 0.059 pH
(C) Chemical dissolution of the oxide

PtO + 2H" = P** + H,0 log(Pt?") = —7.06 — 2pH

Since the (111) orientation is known to dominate the surface

structure of Pt nanoparticles,® we have used first-principles
values for yp and fp for (111) oriented Pt surfaces. Table 1
shows the parameter values used for the thermodynamic
prediction for the dissolution potentials as a function of particle
size (see Supporting Information). Assuming a Pt>* concentra-
tion in the electrolyte of 107 M, we obtain the following
numerical eguations corresponding to egs 3 and 5:

Epype = 1011 — 113(2/r,) 3)
Epom = 922 — 21(2/r,) (5)

where the voltages are in millivolts (vs norma hydrogen
electrode (NHE)) and rr, isin units of nanometers. These results
allow us to develop a particle-size-dependent potential —pH
diagram taking into consideration only the solids Pt and PtO
and the dissolved species Pt?*. Figure 1 shows this diagram for
particles ranging from 1 to 10 nm in diameter.

Equations 3 and 5 predict that a change in dissolution
mechanism should occur for r, = 2 nm. For smaller particles
dissolution should occur via the direct e ectrodissolution mecha
nism, Pt — Pt>* 4+ 2e, and follow the behavior predicted by eq
3. Larger particles are predicted to form PtO which subsequently
chemicaly dissolve. In an earlier publication, we investigated the
electrochemica stability of individua Pt particles with r, in the
range of 0.6—1.5 nm using electrochemica scanning tunneling
microscopy (ECSTM), and the results were in excellent agreement
with eq 3'.** Here, following similar protocols, we present results
over alarger range of particle size.

(29) Sattler, M. L.; Ross, P. N. Ultramicroscopy 1986, 20, 21-28.
(30) Da Silva, J. L. F.; Stampfl, C.; Scheffler, M. Surf. Sci. 2006, 600,
703-715.
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Figure 1. Particle-size-dependent potential —pH diagram for P/107% M Pt2*,
The separation for forming PtO for a planar surface (black line) and the D
= 1.0 nm diameter particle, Epop(r = 0.5 nm) — Epgjp, IS 42 mV
(exaggerated in this diagram for the purpose of clarity). Reaction labels
correspond to those in the text.

Briefly, the stability of individua Pt-black particles was
examined in aerated 0.1 M H,SO,. The agglomerated Pt-black
particles were characterized using transmission electron mi-
croscopy, energy-dispersive analysis, and X-ray scattering.** In
order to obtain individual particles, these agglomerates were
ultrasonicated in isopropyl acohol and dispersed onto a Ago os-
Aupgs {111} textured thin-film surface. In earlier work we
employed a pure gold { 111} textured thin film and a deposition
protocol in order to avoid the +/3x22 surface reconstruction
that, when lifted at ~0.55 V vs NHE, results in the formation
of variously sized gold islands on the surface, which made
substrate preparation tedious.'* We found that a more convenient
route to avoid the reconstruction was the addition of 5 atom %
Ag to the Au thin film and, in ancillary ECSTM experiments,
determined that this aloy surface was stable in 0.1 M H,SO,
to ~1.2 V vs NHE.

Figure 2 shows an ECSTM image of about 35 individual Pt-
black particles in 0.1 M H,SO,4. A voltage of 350 mV was
maintained on the electrode until stable imaging was established.
The potential was then gradually increased to 650 mV and
subsequently pulsed in 50 mV increments and held for a period
of time, as shown in Figure 2A. Finaly the potential was pulsed
back to 650 mV. Analysis involved examining the collected
set of images at higher magnification in order to measure particle
sizes and evaluate particle stability. All of the images shown in
Figure 2B—L correspond to those obtained at the end of the
temporal hold time at the given potential. Figure 2E—H shows
magnified views of frame 5 of Figure 2B, containing four
particles ranging in size (ry,) from 1.9 to 3.5 nm. Generally we
observed that the rate of particle dissolution decreased signifi-
cantly with increasing particle size for particles larger than ~2
nm in radius. Smaller particles virtually always disappeared
within the ~150 srequired to obtain a topographic image, while
larger particles survived for much longer. We suggest this
qualitative difference in dissolution rate implies that different
dissolution mechanisms operate for the large and small particles.
The largest particle in this frame was still present after ~30
min at 1200 mV. Close inspection of the images of the larger
particles also reveals that during dissolution there is a tendency

(31) Needs, R. J; Mansfeld, M. J. Phys.: Condens. Matter 1989, 1, 7555—
7563.

(32) McBride, J. R.; Graham, G. W.; Peters, C. R.; Weber, W. H. J. Appl.
Phys. 1991, 69, 1596-1604.

for particles to develop rather well-defined facets. For example,
Figure 2G shows that particle 3 in frame 5 of Figure 2B develops
(110) edge facets, as might be expected for a fcc particle since
this family of step orientations has the lowest energy and
therefore dissolves owest. Figure 21 —L shows magnified views
of an ECSTM image, frame 6 of Figure 2B, showing three Pt-
black particles ranging in size (ry) from 2.7 to 7.2 nm. The
smaller particles both dissolve at 950 mV, while the large
particle was stable in both size and shape throughout the entire
potentia —time sequence. We have highlighted the shape of the
large particle in panels I, K, and L as a guide to the eye,
demonstrating its stability.

Figure 3 shows the dependence of particle size on potential
together with eqs 3’ and 5'. This figure also includes the data
set from our prior publication.** While it is apparent that the
agreement between experiment and the thermodynamic predic-
tion is good, we discuss potential sources of error in both the
experiment and the thermodynamic analysis.

The major source of experimental error results from our
inability to accurately determine the potential at which some
of the large particles oxidize. Smaller particles amost always
disappeared from the ECSTM image over the time period of a
single scan, and so the dissolution potential was well defined
within the potential step sequence of the experiments. Larger
particles dissolved more slowly, often becoming qualitatively
smaller over many scans either at a single potential or over a
sequence of potentia steps. We tried several different protocols
to assess changes in particle size (e.g., 20—50% reductions in
rm), but for some particles this assessment was complicated by
changes in particle shape which often involved the devel opment
of well-defined (110) facets. Consequently, for anumber of these
particles “dissolution potentials’ could not be determined.
Equation 5" defines an oxidation potential, and we assume in
our data analysis that the potential at which a particle gets
smaller is strongly correlated to this oxidation potential.
Consequently, the potentials defined for the larger particles (blue
pointsin Figure 3) likely represent upper bounds for the particle-
size-dependent reaction: Pt + H,O — PtO + 2H" + 2e™.

There are two potential sources of error in the analysis we
have used in comparing the experimental results to the
thermodynamic prediction. One derives from the accuracy of
the first-principles calculations that we have used for yp,
yror, and fp. [N examining the literature, we have found that
there can be considerable variation in the values of the surface
stress and surface energy calculated for metals, depending on
the nature of the approximation (e.g., LDA or GGA) and its
implementation in density functional theory.® These different
approximations often result in values for surface parameters that
can vary by as much as 15%. Our determination of fpop iS
based on the first-principles value of fp; and the experimentally
measured Af upon forming an oxide on Pt(111). The Af that
we measure is within ~10% of that calculated by Feibelman
for one-fourth of an adsorbed oxygen monolayer on Pt(111)
[i.e., O(2x2)/Pt(111)].> Another source of error relates to our
prediction of Epgjp, Since the exact structure and composition
of the oxide that forms on a planar Pt (111) surface in 0.1 M
H,SO, are not known. We have assumed a stoichiometric PtO
oxide with a crystal structure reflecting that of bulk PtO, but
more than likely the oxide is not stoichiometric. Nevertheless,
the first-principles calculations that do exist have considered
various platinum oxide forms, and many of these have surface

(33) Feibelman, P. J. Phys. Rev. B 1997, 56, 2175-2182.
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Figure 2. ECSTM topographic height mode images showing Pt-black particles on a AugesAgos {111} surface in 0.1 M H,SO,. These particles were
subjected to 50 mV potential steps for the hold times shown in panel A. (B)—(D) Images of the sample over a scan size of 178 x 178 nm at potentials of
(B) 650, (C) 1050, and (D) 650 mV after the potential step protocol shown in (A). (E)—(H) Magnification of the ECSTM imagesin frame 5 of panel B; scan
size 40 x 40 nm. (E) At 650 mV, the mean radii of the particles present in thisimage are as follow: particle 1, ry, = 2.5 nm; particle 2, r, = 1.90 nm; particle
3, rm = 3.5 nm; particle 4, r,, = 2.2 nm. (F) At 900 mV, particles 2 is dissolving while particles 1, 3, and 4 are stable. (G) At 1050 mV, dl the particles
are undergoing shape change and/or becoming smaller. (H) At 1100 mV, particles 2 and 4 have disappeared while particles 1 and 3 are till present, albeit
smaller in size. At 1200 mV (not shown), particle 1 disappears while a remnant of particle 3 remains. (1)—(L) Magnification of ECSTM images in frame 6
of panel B; scan size 48 x 48 nm. (1) At 650 mV, the mean radii of the particles present in this image are as follow: particle 5, r, = 3.1 nm; particle 6, rp,
= 2.7 nm; particle 7, r, = 7.2 nm. (J) At 950 mV, particle 6 began dissolving at 900 mV (not shown); particle 5 has just started to dissolve while for particle
7 there is no significant change in shape or size. (K) At 1050 mV, particles 5 and 6 have virtually disappeared while particle 3 is stable. (L) At 1200 mV,
particle 7 remained stable in both size and shape throughout the potential —time protocol of the experiment. The shape of this particle is highlighted in panels
I, K, and L as a guide to the eye.

1200 [ I T T Ty We have presented a general thermodynamic analysis for the
effect of particle size on the standard potentials defining elemental
metal/metal ion equilibrium and metal/metal oxide equilibrium and
have use the anadlysis to construct a particle-size-dependent
potential —pH diagram for the case of Pt nanoparticles. Unfortu-
nately, the current database for such calculations requires values
of the surface energy and surface stress for metal oxides, and these
are presently not available for any other system to our knowledge.
Thisis a situation that can be remedied, and we are hopeful that
more first-principles-based calculations for these parameters will
become available in the future which will alow for the devel opment

1100 p2+

g

PR

g

(88 0 A Y 0l

Potential (mV, NHE)

o E Pt of particle-size-dependent potential —pH diagrams for any elemental
metal of interest.
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Figure 3. Influence of the Pt particle size (2/r,) on the dissolution and
oxidation potentials. The red line is eq 3, and the blue lineiseq 5. A Supporting Information Available: Derivation of eq 1,

linear fit to the data (red points) yields Vs = 1051 — 122(2/r,) mV, which ; " :
should be compared to eq 3". These points were selected for the fit as they experimental methods for determination of faoe using wafer

represent those particles that disappeared within a single ECSTM image curvature, discussi on of the average molar vol_ume of the oxide-
scan. The blue points correspond to those particles that formed an oxide covered Pt nanoparticle, and supplemental Figures S1 and S2.
and followed a chemical dissolution route. This material is available free of charge viathe Internet at http:/
energies of 0.5 4 0.2 J m~22® This small range in ypom has pubs.acs.org.

little effect on the predictions expressed by eq 5'. JA104421T
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