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ABSTRACT

Dissolution is the primary route of Pt nanoparticle degradation in electrochemical devices, e.g., fuel cells. Investigation of potential-dependent
dissolution kinetics of Pt nanoparticles is crucial to optimize the nanoparticle size and operating conditions for better performance. A
mean-field kinetic theory under the steady-state approximation, combined with atomistic thermodynamics and Wulff construction, was
developed to study the interplay between oxygen chemisorption, electrode potential, and particle size on the dissolution of Pt nanoparti-
cles. We found that although oxygen chemisorption from electrode potential-induced water splitting can stabilize Pt nanoparticles through
decreasing the surface energy and increasing the redox potential, the electrode potential plays a more decisive role in facilitating the
dissolution of Pt nanoparticles. In comparison with the minor effect of oxygen chemisorption, an increase in the particle size, though
reducing the dispersion, has a more significant effect on the suppression of the dissolution. These theoretical understandings on the
effects of electrode potential and particle size on the dissolution are crucial for optimizing the nanoparticle size under oxidative operating
conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129631

I. INTRODUCTION The metal NPs electrochemical dissolution and redeposition

kinetics have been studied based on the Lifshitz-Slyozov-Wagner

The highly dispersed metal Pt nanoparticles (NPs) supported
on the conductive support are intensively studied as catalysts in
polymer electrolyte fuel cells and electrolysis cells. Among others,
the degradation of Pt NPs due to mass loss and particle coarsening
restricts seriously its large-scale applications.' > Experimentally, it
was found that the electrode potential, alloying, support, tempera-
ture, and particle size significantly affected the degradation rate of
Pt NPs.””"” Unraveling the degradation mechanisms'’~'® and evalu-
ating their dependence on these involved factors of Pt electrocata-
lysts'" " using, for instance, computational investigation, is impor-
tant to improve their overall performance and particular stability
under the operational condition.”’ *°

(LSW) theory:7 and the Butler-Volmer equation.zw: It was found
that the ratio of the dissolution rate to deposition rate is directly
dependent on the electrode potential, which determines eventually
the overall durability. It has been found that the Pt NPs are gradu-
ally oxidized with an increase in the electrode potential.” ™ With
the adsorption of oxygen from water splitting and even the forma-
tion of Pt oxide covering Pt NPs, the electrochemical dissolution
changed.” Since the corresponding dissolution process toward the
Pt** ions could be slow, the formation of oxide was thought to pas-
sivate the metal surfaces. Nevertheless, it remains unclear how the
electrode potential affects the oxygen adsorption and oxidation as
well as subsequent electrochemical dissolution.
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To investigate the effect of oxygen chemisorption and/or sur-
face oxidation on dissolution of metal NPs, a kinetic theory based
on the Butler-Volmer equation considering the electrode potential
influence was formulated.”””’ The oxygen coverage or Pt activity in
Pt-PtOy solutions formed, representing the percentage of metallic
Pt to dissolve galvanically, was suggest to play an important role,
though oxygen coverage or Pt activity as well as their dependence on
the electrode potential is largely unknown. Alternatively, they were
extracted by fitting the evolution curve of the electrochemical active
area loss,” a fact of that prevents microscopic understanding and
rational design of stable electrocatalysts. It is important to investigate
the relationship of the electrode potential with the chemisorption
of oxygen and formation of oxide. Since the oxygen chemisorption
and/or oxide formation not only change the surface energy of the
metal NPs but also the redox potential of dissolution/deposition,
a kinetic dissolution theory taking into account consistently all
these factors in addition to the particle size is, therefore, highly
desirable.

In our previous works, we developed a first-principles mean-
field kinetic theory based on the LSW framework and steady-
state approximation to provide a generic and atomistic descrip-
tion of Ostwald ripening and disintegration of supported metal
NPs for gas-solid phase reaction.”*’ Here, we extend the kinetic
theory to describe the dissolution of the metal NPs under
electrochemical conditions, where the effects of the electrode
potential, oxygen chemisorption, oxidation, and particle size are
described consistently. In particular, the influence of the oxy-
gen chemisorption and oxide formation on the surface energy
and redox potential of the metal NPs as well as their depen-
dence on the electrode potential was addressed based on ab initio
thermodynamics." ™" The morphology effect of the Pt NPs was
approximated by utilizing the Wulff construction and potential-
dependent surface energies of Pt(111) and Pt(100). The present
study of electrochemical dissolution at a wide range of elec-
trode potentials and particle sizes provides atomistic insights for
the optimization of Pt nanocatalysts with balanced stability and
activity.

Il. THEORETICAL FRAMEWORK
A. Rate equation of deposition and dissolution

The elementary processes under electrochemical conditions
contain the galvanic dissolution and deposition of metal atom/ion
through the electrolyte. The kinetic simulation is based on the con-
servation of metal mass by including both residual NPs and dis-
solved ions. The galvanic deposition rate vq of the half-reaction (ions
+ ne” — metal) is a function of the ion concentration ¢ and elec-
trode potential U, which can be expressed by the Butler-Volmer
equation (partial parameters defined in Table I, kg is the Boltzmann
constant) as

1

(1-pn(U-¢°)
kn T '

Vg = kocexp[—

For reference, the equilibrium ion concentration of bulk metal
Ceq(00) as a function of electrode potential based on the Nernst
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TABLE |. Parameters and constants used in dissolution/deposition equations of metal
Pt without mention otherwise.

Parameters Values Unit
Standard rate constant k° 2x10 M cm/s
Anodic transfer factor f8 0.5 (28)

Electron number n 2

Standard redox potential ¢° 1.188 (28) \%
Temperature T' 353 K
H" concentration cy+ 1 mol/l
Surface energy y 0.155 (61) eV/A?
Atomic molar volume Q 15 (46) A3
Contact angle o 90 (60) deg

equation (c° as the concentration reference of 1 mol/l) is

-]

T @)

Ceq(00) = ¢ exp[

For a given particle with the curvature radius of R and sur-
face free energy y, the corresponding chemical potential shift per
atom with respect to the bulk counterpart, which could be described
approximately by the Gibbs-Thomson equation, Au(R), is written as

290
Au(R) = %.

We note that the surface energy in the above equation could be
morphology **”** and size"** dependent. Through the thermody-
namic analysis of the reaction (ions + ne” — metal) that associates
4 (dependent on R) with the Gibbs free energy change and ¢° (rel-
evant to ceq), the ion concentration in equilibrium for a finite size
metal particle is, therefore, written as

(©)

A#(R)] @

Ceq(R) = ceq(0) exp[kBiT .

Under the steady state, the ion concentration on the surface of a par-
ticle is assumed to be equal to the equilibrium concentration at a
given electrode potential. The net ion deposition rate would depend
on the difference of ion concentration between that on the parti-
cle surface and that in solution as shown in Fig. 1, where the ions
distribute evenly in solution.

Combining Egs. (1), (2), and (4), the electrochemical ion depo-
sition rate of the particle surface as a function of the R could be
written as

(5)

n(U - ¢° Au(R
va(R) = K° epr:ﬁ (kBqu )]exp[ ;:B(T) .
Considering NPs in the form of a spherical segment on a flat sup-
port as shown in Fig. 1, a contact angle « was used. The volume and
area of this segment are 4R, /3 and 4nR%ay, respectively, where
o1 =(2-3cosa+cos® a)/4and ay = (1 — cos a)/2.”
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FIG. 1. Schematic of the distribution of ions on the surface (in red cycle) of metal
NPs and in electrolyte solution.

The net deposition current J of an individual particle could be
written as

J(R) = 4nRax[va(R*) = va(R)], (6)

where the critical radius R* is the radius of a “virtual” particle,
which is in equilibrium with the ion concentration in solution, and
varies during the entire NPs evolution process. We note that R* is
dependent on the overpotential U — ¢°, temperature, and surface
energy, respectively. For a system with rather low ion concentra-
tion, for example, an open system, the corresponding R* would be
considerably large. Since the typical particle size in solution is mod-
est, this means that in this particular case, J(R) would always have
a negative sign and the corresponding net process is a dissolution
process.

The particle volume change related to the net deposition cur-
rent is given as

4 (4 ) - aniie &
dt(3 Rocl)—4nR x1 dt —]Q (7)

As a result, combining Eqgs. (6) and (7), the growth rate dR/dt of an
individual particle becomes
dr
dr

22 [va(R*) = va(R)], ®)

1

[0}
and combining Egs. (5) and (8), it could be written as

((111: _ Pexp[Q(U _ (PO)](eXp[A/';cil; ) ] — expl:A]/;(’?) :I)) )

where P = Q(az/a1)ck” and Q = (Bn)/ (ks T).

B. Adsorption-influenced dissolution/deposition

In the electrochemical conditions, the potential-induced water
splitting might happen and dissociated oxygenates adsorb and even
oxidize the metal surfaces. The corresponding Gibbs surface free
energy decreases, and the metal NPs are stabilized. Here, using
adsorbed oxygen atoms on a Pt surface as an example, the effective
surface energy y at a given electrode potential U with the oxygen cov-
erage 0 could be calculated by the density functional theory (DFT)

ARTICLE scitation.org/journalljcp

as (the symbol with the bar represents the variables in the presence
of oxygen)

$(U,0) = y+Ap(U,0) = y + 0AG*(U, 6), (10)

where y is clean surface energy.

Ay is the adsorption free surface energy equal to the product of
the adsorbate coverage 0 and the corresponding average adsorption
Gibbs free energy AGY(U, 0),

6= no/A, (11)
AG*(U,0) = (1/n0) (Eojsiab — Eetab) + Eri, — Erp,0 + Ec = 2U,
(12)

where no is the number of adsorbed oxygen atoms in the super-
cell and A is the surface area of the supercell. Eo/gap and Egyy, are
the total energy of oxygen adsorbed and clean surfaces, respectively.
The correction energy Ec between the total energy and Gibbs free
energy includes the zero-point energy (ZPE), integrated heat capac-
ities (8H), entropy effect (TS), and an empirical shift of 0.35 eV
per adsorbed oxygen atom."” For H, gas and water, ZPE, 8H, and
TS are obtained from the standard thermodynamic table, and for
adsorbed oxygen atoms, the corresponding data are calculated from
vibrational frequencies within the harmonic approximation.

Considering the NPs exposed different facets i with the ratio
of fi over the whole surface area, which is potential-dependent,
the effective surface energy of metal NPs with adsorbates could be
rewritten as

Besides the variation of surface energy of the metal NPs, oxygen
adsorption also changed the thermodynamics of the surface dissolu-
tion and deposition reactions, which is described equivalently here
to the standard redox potential of Pt** + 2¢™ = Pt as

AGPtZ*/Pt = _Z(Pgtl*/Pt' (14)

Due to water splitting induced by the electrode potential, there are
oxygens formed on the Pt surface,

Pt + xH,0 = Pt-xO + 2xH" + 2xe”, (15)

where x is ratio of the number of the oxygen atoms to the surface
Pt atoms. The corresponding reaction Gibbs free energy and the
standard redox potential of Eq. (15) could be written as

AGpi_xo/pt = _ZX(Pgt—xO/Pt- (16)

Once oxidative specie Pt-xO formed, it would dissolve to solution,
rather than that of Pt,

Pt-xO + 2xH" = xH,0 + Pt*" + 2xe”. (17)

The corresponding reaction Gibbs free energy and the standard
redox potential could be written as

AGpei jpr—x0 = _2x¢gtz+/Pt—xO‘ (18)

The standard redox potential of dissolution and deposition of
Pt*"/Pt-xO could be derived via
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0 0
Pper/pt ~ XPpr—x0/pt

1-x (19)

0

Ppe+ /Pt—x0 =

In a word, the adsorbate effect on the dissolution and depo-

sition processes is assumed through the reaction of Pt**/Pt-xO. In

addition, considering the equilibrium ion concentration of infinite

NPs with oxygen adsorption also dependent on the H' concentra-
tion in solution, Eq. (2) could be rewritten as

0
Ceq(00) = & (cm+ ) eXPI:n(iBT(p):I' (20)

The transfer electron number changes as
n=2(1-x)p. (21)

Combining Egs. (20), (21), and (9), the rate equation of an individual
Pt particle in the presence of oxygen adsorption can be rewritten as

dR Ap(R* Aa(R

i = Pexp[Q(U - (pgth/h_xo)] (exp[kiT)] - exp[lleg(j)]),
(22)

where P = Q(a2/a1)” (car- /) k° and Q = [2(1 - x)B)/(ks T).

C. Computational details

The energetic data of the surface adsorption on various
structures (details in the supplementary material) were per-
formed with the code Vienna Ab Initio Simulation Package
(VASP.5.4.1),7""" using the projected augmented wave (PAW)
method.”>” Self-consistent total energies are evaluated using the
exchange-correlation functions PBE (Perdew, Burke, Ernzerhof).”*
The clean Pt(111) and Pt(100) surfaces and the corresponding
oxygen-adsorbed structures were all modeled using an eight-layer
(2 x 2) and (3 x 3) slab with the bottom four layers fixed
and at least 15 A of vacuum perpendicular to the slab surface.
A cutoff energy of 400 eV and a k-point grid of (7 x 7 x 1)
and (5 x 5 x 1) were used for the plane wave expansion and Bril-
louin zone integration, respectively. The maximum atomic forces
are smaller than 0.02 eV/A, and a total energy was convergence of
107 eV for the electronic self-consistent field loop. The average
adsorption Gibbs free energy per oxygen atom AG* was calculated
using water and hydrogen as reference.

Ill. RESULTS AND DISCUSSION

A. Phase diagram under different electrode potentials

The Gibbs free energy AG of oxidative dissolution to Pt** and
bulk oxidation of Pt to PtO and PtO, was calculated based on the
standard redox potentials (Table S1 in the supplementary material).
The results are shown in Fig. 2(a) as a function of the electrode
potential U (calculation details in the supplementary material). As
the U increases, the calculated AG decreases accordingly, indicating
that the formation of bulk oxide becomes more and more favorable.
When the potential is larger than 0.98 and 1.04 V, the correspond-
ing AG becomes exothermic and the formation of bulk PtO and

ARTICLE scitation.org/journalljcp
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FIG. 2. Phase diagrams under the pressure of 1 bar and the temperature of 298 K.
(a) Bulk metal and oxides. (b) Clean and oxygen adsorbed Pt(111) surfaces and
the corresponding surface oxides.

PtO; is thermodynamically more stable than that of the Pt metal.
On the other hand, the equilibrium potential of P**/Pt is 1.188 V
at 1 mol/L and would decrease ~30 mV with per order of magni-
tude decrease in the Pt** concentration, according to Eq. (S7) in the
supplementary material. When the P** concentration is as low as
1.5 x 107"° mol/l, the corresponding equilibrium potential becomes
0.75V.

To study the surface processes before or during bulk oxidation,
using the Pt(111) surface as an example, the surface diagram includ-
ing oxygen adsorption and surface oxide™ formation is presented in
Fig. 2(b). The standard redox potential of 0.25 ML oxygen on the
Pt(111) is 0.85 V, which is 0.14 V lower than that of bulk oxida-
tion. The equilibrium potential of 1 ML oxygen adsorption, surface
PtO and PtO; is 1.5 V, 1.3 V, and 1.1 V, respectively, indicating
that surface PtO; oxide would be formed at a relatively lower poten-
tial. From a kinetic point of view, to form PtO,, certain transient
states with lower oxygen coverages and oxidized states, for instance,
the 1 ML oxygen adsorption and surface PtO, are prerequisites. In
this context, larger potentials of 1 ML oxygen and PtO than that of
PtO; indicates an additional kinetic barrier for the formation of bulk
oxide, as found indeed in experiments.’—‘(‘s’_ Considering the kinet-
ics limitation of the formation of bulk and surface oxides, we focus
below the oxygen chemisorption up to 1 ML and the correspond-
ing influence on dissolution for the electrode potential varying from
0.75to 1.15 V.
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To study the effect of oxygen chemisorption on dissolution and
deposition of Pt NPs, we considered oxygen adsorption on both Pt
(111) and (100) surfaces, two dominated facets exposed in Pt NPs.”
Based on the surface phase diagram at 353 K (see Fig. S5 of the
supplementary material), the clean surfaces are more favorable at
a low potential. As the electrode potential increases, the (111) and
(100) surfaces with 1/4 ML and 1/2 ML oxygen adsorption become
more favorable than those of the corresponding clean surfaces at
the potentials 0.80 V and 0.81 V, respectively. These oxygen cover-
ages remain until 1.17 V and 1.29 V for the (111) and (100) surface,
respectively. The favorable oxygen adsorption is accompanied with
decreasing surface energy, depending on the electrode potential as
shown in Fig. 3(a). For example, the surface energy of clean Pt(111)
was calculated to be 93 meV/A? and decreased to 81 meV/A? and
67 meV/A? at the potentials 0.95 V and 1.15 V, respectively. We had
used the calculated surface energies of Pt (111) and (100) surfaces to
construct the morphology of Pt NPs based on the Wulff construction
[see Fig. 3(b)]. As there is a decrease in the surface energy of both
facets by oxygen adsorption, the shape of Pt NPs does not have a sub-
stantial change in the potential range of 0.75 V-1.15 V. Specifically,
the particle is dominantly enclosed by the (111) facet, but the ratio
of the (100) facet increased from 18% at 0.75 V to 34% at 1.15 V (see
Table S5 of the supplementary material). Along with the evolution

0.12- 1/9 ML (a)
0.104

0.08 4

v (eVIAT)

~0.06 - — Pt (100)

=—Pt(111)
0.04 -

002

07 08 09 10 11 12 13 14
U (v)

u=075V u=115Vv
0.10
(C) -0.00
0.09
--0.01
__ 0.08
& --0.02%
3 0074 <
e 003 %
0.06
--0.04
0.05 : . : . :
07 08 08 10 11 12 13
UV)

FIG. 3. (a) Surface energy y as a function of electrode potential U of Pt(111) and
Pt(100) facets. (b) Pt morphology from the Wulff construction based on the surface
energies by DFT calculations under different U. (c) Effective surface energy and
its change as a function of U.
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of surface energies and the ratio of each facet, the effective surface
energies of NPs, which are a weighted average of the surface energy
and the ratio of the facet, decrease from 96 meV/A® to 86 meV/A*
and 69 meV/A? at 0.95 V and 1.15 V [see Fig. 3(c)], respectively.
The decreasing surface energy indicates that the Pt NPs are gradually
stabilized at higher electrode potentials.

In addition to the decrease in the surface energy, adsorption
of oxygen atoms also increases the equilibrium potential of Pt dis-
solution. Based on the surface phase diagram at 298 K (see Fig. S6
of the supplementary material), the redox coupling of deposition
and dissolution reactions changes from Pt**/Pt to Pt**/Pt(111)-p(2
x 2)-10 and Pt**/Pt(100)-c(2 x 2)-20, respectively, at the potential
over ~0.85 V. Considering the standard redox potential of Pt**/Pt
is 1.188 V for both Pt (111) and (100) facets, the standard redox
potentials of Pt*/Pt(111)-p(2 x 2)-10 and Pt**/Pt(100)-c(2 x 2)-
20 were calculated to be 1.314 V and 1.546 V, respectively. The
increasing redox potential of dissolution and deposition reactions
indicates that the equilibrium concentration of NPs decreases at a
given potential and oxygen adsorption tends to prevent the dissolu-
tion. In kinetic simulations below, we will demonstrate that both the
lowered surface energy and especially the increasing redox potential
slow considerably the metal NPs dissolution.

1.0
CJExpt. A (a)
=0h /‘

081 200h
8 - 2000 h
c 0.6
i)
=
g
£ 04 /

0.2

D.G* T —

1 2 3 4 5
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FIG. 4. (a) Initial particle size distribution (PSD) from the experiment with the
normal distribution of the average particle diameter of 2.8 nm, and the relative
standard deviation o of 0.2 and subsequent evolution of dissolution at 0.75 V. (b)
Evolution of the normalized surface area, particle number, total mass, and average
diameter of the residual NPs.
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B. Kinetics of electrochemical dissolution

The parameters and their values used in the simulation are pre-
sented in Table I. The initial particle size distribution (PSD) from
the experiment is shown in Fig. 4(a), a normal distribution with
the average diameter of 2.8 nm and a relative standard deviation of
0.2.”” The contact angle indicates the interaction strength between
the Pt nanoparticles and carbon support and could change from
20° to 90° for the various carbon supports, which was assumed to
be 90° in all the following kinetic simulations.”’ For smaller con-
tact angles (stronger metal-support interaction), the supported NPs
are stabilized and the tendency of dissolution is weakened.'' For the
clean Pt surface, the experimental surface energy of 155 meV/A” is
used.”’ The standard rate constant k” of 2x107"" cm/s is an empiri-
cal parameter extracted by fitting the experimental surface area loss
at 0.75 V, a typical potential of the fuel-cell operation as shown in
Fig. 4(b). The changes of surface energy and standard redox poten-
tial due to oxygen adsorption were derived from the above DFT
calculations.

In comparison with the slopes of the normalized quantity evo-
lution curves, the surface area loss is faster than the mass loss,
accompanied by the more sharp decrease in the particle number.
The average diameter of the PSD gradually increases from 2.8 nm to
3.2 nm after 2000 h. The increase in the average diameter is because
of the faster dissolution of smaller NPs than that of the larger ones,

-
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FIG. 5. (a) Surface area loss curves of clean NPs and considering changes in the
surface energy and standard redox potential at 1.15 V. (b) Surface area loss curves
at various electrode potentials. Dashed lines—clean NPs. Solid lines—considering
the total effect of changes in the surface energy and standard redox potential.
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different from the growth of the larger one at the expense of the
smaller one for Ostwald ripening.””"* Indeed, the evolution of the
PSD from 0 to 200 and then to 2000 h [see Fig. 4(a)] shows that
the decrease in the particle number occurs mainly for the smaller
ones, whereas the particle number for the size larger than, in partic-
ular, 3.5 nm hardly decreases. The results indicate that there is a net
dissolution under the experimental condition considered.

As discussed above, the adsorbed oxygen atoms lower the cor-
responding surface energies and increase the standard redox poten-
tials, stabilizing the metal NPs and suppressing the dissolution. We
now quantify this passivation effect on the overall dissolution kinet-
ics at 1.15 V [Fig. 5(a)]. At such a potential, it only takes 0.02 h to
lose 80% of the initial surface area if these effects are not considered,
i.e., using the same parameters as those used in the above simulation
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FIG. 6. Influence of the electrode potential on the evolution of (a) the normalized
mass, (b) the average diameter, and (c) the normalized particle size distribution of
the residual Pt NPs.
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of clean Pt at 0.75 V, whereas the process would be slowed down
by a factor of five (0.1 h to the same loss of 80%) if the change in
surface energies due to oxygen adsorption was included and fur-
ther slowed down by a factor of 30 (3 h) by taking into account of
the increase in standard redox potentials. This result indicates that
the redox potential shift plays a more important role on mitigating
surface area loss than the change in surface energies. Overall, the
chemisorption of oxygen slows down the dissolution of Pt at least
150 times at 1.15 V, in comparison with NPs without considering
the oxygen chemisorption.

Such a passivation effect also depends on electrode potentials.
While 80% surface area loss of clean NPs takes approximately 0.6 h,
15 h, and 400 h at 1.05 V, 0.95 V, and 0.85 V, respectively, with-
out considering the passivation effect [see Fig. 5(b)], it increases to
approximately 16 h, 100 h, and 700 h, respectively, by considering
the passivation effect from the oxygen chemisorption. Its influence
on the overall dissolution kinetics decreases from a factor of about
27 and 7-2 with a decrease in the electrode potential from 1.05 V
and 0.95 V-0.85 V, respectively. Specifically, the suppression effect
from the oxygen chemisorption on the kinetics is more significant
for faster dissolution at higher potentials.

Figure 6 shows the evolution of the total mass (normalized),
the average diameter, and the PSD of NPs with the same initial PSD
as above but at different electrode potentials of 0.75 V, 0.95 V, and
1.15 V. It can be found that the normalized mass decreases faster
with a gradual increase in the electrode potential from 0.75 V to
1.15 V. Quantitatively, the corresponding half-life time of the mass
loss decreases dramatically from 2700, 24 to 0.8 h. Although the
passivation effect from the oxygen chemisorption considered here
increases with the electrode potential, a rapid increase in the disso-
lution rate reveals clearly an overwhelming effect of the electrode

potential on facilitating the dissolution. Similar results are found
for the evolution of the average diameter and the PSD plotted in
Figs. 6(b) and 6(c).

The above discussions are based on NPs with an average size
of 2.8 nm. To study the size effect, Fig. 7(a) shows the mass loss of
NPs with an average diameter of 2.8 nm, 4.8 nm, and 6.8 nm with
the same relative standard deviation of 0.2 at 0.85 V. The half-life
time of the mass loss is 2.1 x 10° h, 2.3 x 10* h, and 1.9 x 10* h
for 6.8 nm, 4.8 nm, and 2.8 nm NPs, respectively. It can be found
that the change in half-life time from 4.8 nm to 2.8 nm is more
significant than that from 6.8 nm to 4.8. Assuming that the electro-
chemical catalytic reaction is structurally insensitive, the loss of the
mass specific activity would be proportional to the specific surface
area plotted in Fig. 7(b). Although the PSD with an initial average
size of 2.8 nm having the highest specific surface area among three
PSDs is considered, the specific surface area would decrease rapidly
by 80% within 900 h. In contrast, the corresponding specific surface
area for NPs with an initial average diameter of 4.8 nm and 6.8 nm
decreases only by less than 5% and 0.5% at the same period, respec-
tively. Unless the electrochemical catalytic reaction is structurally
highly sensitive and has an exceptionally high intrinsic activity at
a small size, a careful balance between the high specific surface area
and the overall durability of the metal NPs is essential for realistic
applications.

In Fig. 7(c), it can be found that the average diameter increases
at a wide range of time periods before the steep decrease at a very
late stage of dissolution, irrespective of the initial size considered.
Nevertheless, the increase in the average size is limited and less
than 1 nm in maximum. This is very different from Ostwald ripen-
ing, increasing the larger ones at the expense of the smaller ones.
Indeed, our previous ripening investigation showed that the increase

FIG. 7. Influence of the initial average

particle size on the evolution of (a) the
normalized mass, (b) the ratio of sur-
face area to initial total mass of NPs,
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in the average size is much pronounced, and most importantly,
there is no decrease in the average size at all even until the end of
ripening.”’

IV. CONCLUSION

A kinetic theory for the electrochemical dissolution and depo-
sition of the metal nanoparticles was developed. We analyzed the
influence of oxygen chemisorption, electrode potential, and particle
size on the dissolution of the Pt nanoparticles. We found that while
the adsorbed oxygen atoms can stabilize metal NPs and suppress
the dissolution by reducing the surface energy and increasing the
standard redox potential of dissolution/deposition, the dissolution
is dominated and promoted dramatically by the electrode potential.
We further found that the dissolution can be offset by increasing the
particle size. Thus, a balance of the electrode potential and particle
size is crucial for both activity and stability for practical applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the structures used in the
DEFT calculation and the corresponding surface adsorption phase
diagrams of three Pt facets.
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