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Using density functional theory (DFT) and thermodynamic considera-
tions we studied the equilibrium shape of Pt nanoparticles (NPs) under
electrochemical conditions. We found that at very high oxygen
coverage, obtained at high electrode potentials, the experimentally-
observed tetrahexahedral (THH) NPs consist of high-index (520) faces.
Since high-index surfaces often show higher (electro-)chemical activity
in comparison to their close-packed counterparts, the THH NPs can be
promising candidates for various (electro-)catalytic applications.

High-surface area nanoparticles (NPs) are widely used as
industrial catalysts for many chemical reactions. Smaller NPs
are often more active toward chemical reactions due to their
larger surface area to volume ratio and higher density of low-
coordinated atoms at edges and corners.' The shape of NPs
also plays a key role in the performance of catalysts:" the NPs
with atomically-open (high-index) surfaces are often more
active than those with close-packed (low-index) surfaces.* The
metal nanoparticles enclosed by high-index faces are, however,
unfavorable due to their high formation energy. Hence, it is
desirable to find a method to synthesize atomically-rough NPs
that remain stable during (electro-)catalytic reactions.

Pt NPs are of great interest for the petrochemical industry,™®
fuel-cell technology,” and automobile exhaust purification.* The Pt
NPs, synthesized in the past, are usually enclosed by close-packed
faces.® However, high-index Pt surfaces possess much higher
catalytic reactivity for (electro-)catalytic reactions: e.g. Pt(210) for
electro-reduction of CO,” and electro-oxidation of formic acid;™®
Pt(410) for catalytic decomposition of NO."" Recently, we prepared
Pt NPs with a tetrahexahedral (THH) shape from Pt nanospheres
under electrochemical conditions using a square-wave potential.®
Transmission electron microscopy (TEM) images have shown that
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they consist of 24 high-index faces. Furthermore, the THH Pt NPs
were found to be stable thermally and chemically and have greater
activity toward electro-oxidation of small organic fuels such as
formic acid and ethanol in comparison to those consisting of
low-index (i.e. Pt(111) and Pt(100)) facets.®

Here, by using DFT and thermodynamics consideration we
study the structure of Pt NPs under electrochemical conditions.
We show that the experimentally-observed THH NPs consist of
(520) faces, which become more stable than low-index faces at high
potentials ( > 1.24 V) due to O-induced reconstruction and surface-
oxide formation.

We first summarize the TEM results reported by Tian et al.:®
Pt NPs were synthesised by electro-deposition of polycrystalline Pt
nanospheres on glassy carbon in a solution of 2 mM K,PtCls +
0.5 M H,SO, followed by treatment with square-wave potential
(10 Hz, upper potential 1.20 V, lower potential between —0.10 and
—0.20 V) in a solution of 0.1 M H,S0, and 30 mM ascorbic acid for
10 to 60 min. TEM images indicate that most of the NPs obtained
by this method have the perfect THH shape as can be seen in
Fig. 1(a). This shape can be bound by (210) or its vicinal surfaces
(eg (520) and (730)). Comparing the measured and calculated
angles between facets demonstrates that (520) or (730) orientations
are dominant. In addition, some of the synthesized Pt NPs show an
irregular THH shape (see Fig. 1(b)), which based on our analysis
can be enclosed by (100) in addition to (520) or (730) faces.

The equilibrium shape of NPs is governed by the minimiza-
tion of the overall Gibbs free energy, which is mainly the sum of
surface, edge, corner, and strain contributions. For large
particles (usually >3-5 nm) the formation energy is dominated
by the surface contributions only and the equilibrium shape
can then be obtained by:

minZyiA,-. (1)

In this so-called Wulff theorem? 7, and 4; are the surface free
energy and the area of the ith face of the particle, respectively.

Previous studies have used the ab initio atomistic thermo-
dynamics approach™™® to calculate the stability of different
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Fig. 1 TEM image of the (a) perfect and (b) irregular THH Pt NP and their
measured interfacial angles [given in deg.] ae, Be, ®e and their corresponding
average values @, fe, @e. Theoretical values of the interfacial angles a, f, ; that
have been obtained by geometrical considerations are listed in the tables.

facets and obtain the equilibrium shape of metal NPs (using
eqn (1)) such as Rh and Pd in contact with an oxygen atmo-
sphere.”” In the present work, the surface free energies of
different Pt facets are evaluated by the extended ab initio
atomistic thermodynamics approach.'®'® This approach allows
calculating the stability of electrode-electrolyte interfaces
(under electrochemical conditions), which depends on temperature
T as well as the activity a; and electrostatic potential ¢; of the
reservoir containing the ith-species (here Pt and O):

W(T{ai} {d:}) = G'"‘“f T {ai}) —ZNW,-(T-, {ai}, {d:i}) |-

2
Here, A is the surface area, G™ is the Gibbs energy of the
interface, and N; is the number of atoms of the ith-species, whose
reservoir is characterised by the chemical potential u{Ta},{$:})-
For a Pt electrode in contact with an aqueous electrolyte we assume
that every oxygen that desorbs from the interface produces water by

reacting with two electrons from the working electrode at the
potential ¢y and two protons from the electrolyte.

1
H20 = 505+ 2H" + 2eve . (3)

The presence of a reversible counter electrode (e.g reversible
hydrogen electrode) at the potential ¢, would compensate each
proton generated during the splitting of water to produce 0>~ by an
immediate hydrogen evolution reaction:

2H" + 26, = H,. (4)
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The chemical potential of O for reactions (3) and (4) is

1
Ho = Hu,o — 2 |:§MH2 + ed)re:| + 2y
()
= Un,0 — Hu, + 2eA¢.

Here, A¢ is the potential difference between ¢y and ¢... The
chemical potentials of water and hydrogen can be written as

Hy,0 = ﬁHzO(T,aO) + kg Tln(aHﬂ )

(6)
i, = I, (T,p°) + kg Tln <l;H2)
Combining eqn (5) and (6) we have
1 )
Ho = FES!+AGES + o (T, a) + ko Tn(50)
(7)

sz

— iy, (T,p") — kg TIn <p”’> +2eAg,

where AGH’O is the Gibbs energy required to form 1/20, out of
liquid water. In the present work we use experimental values for
AGH© (2.46 ev?°) as well as the standard chemical potentials
ﬂHZO_ and iy, Finally, by combining eqn (2) and (7) we can
evaluate the stability of O/Pt surfaces versus A¢ using

1
v(Tw,A(b)%;[Eiﬁie'f NpEfy — No

1 o _ AaH,0
<2E“+AGH20+;4HZO(T ) + ke Tn( n )

— iy, (T.p°) — kg Tn + 2eAd
sz

(®)

Here, the difference in the Gibbs energies of the interface (slab)
and the bulk phases has been replaced by their corresponding
total energies, which then can be evaluated using DFT.

To study the shape of Pt NPs we took into account the
following surfaces in the Wulff construction: (i) the low-index
(111), (100) and (110) surfaces that are usually expected to
dominate the surface of Pt NPs in contact with an oxygen atmo-
sphere under UHV conditions®" and (ii) the (210), (520) and (730)
surfaces that we propose as possible faces of the THH Pt NPs.

We have shown previously that adsorbate-induced restruc-
turing requires strongly interacting adsorbates.?> As the binding
energy of O is roughly 1.2-1.4 eV stronger>® than that of water or
OH on Pt, the latter adsorbates will not cause the particle shapes
as discussed in our work to form. Moreover, in recent studies we
found that co-adsorbed water and/or OH has a minor effect on
the oxygen binding energy.>* Therefore, in the present work we
concentrate on oxygen only. As surface oxygen is expected to
induce the formation of THH Pt NPs, we performed DFT
calculations®® on the adsorption of oxygen over the Pt surfaces.
To permit surface reconstruction to occur we have used relatively
large unit cells in our calculations: (3 x 3) unit cells for the
(111), (100), and (110) surfaces and (2 x 1) unit cells for the (210),
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Fig. 2 Electrochemical phase diagram for the electro-oxidation of Pt surfaces
showing the surface stability y as a function of the electrode potential A¢ at zero
and room temperature for a0 =1 and pu, =1 atm (see egn (8)). The phase
diagram shows the conditions under which the different phases are thermo-
dynamically stable. The region at which the bulk-oxide (PtO5) is stable is in grey.
The equilibrium shape of Pt nanoparticles at selected low (a and b), medium
(c) and high (d and e) values of A¢ are presented at the bottom of the phase
diagram.

(520) and (730) surfaces. In addition, for (110) we also considered
possible missing-row reconstruction of 1 x n (n = 1,2,3,4).

Fig. 2 is the resulting phase diagram showing surface free
energy versus A¢ for the electro-oxidation of Pt surfaces and
NPs. The overall surface energy has been minimized with
respect to the shape of NPs (see eqn (1)), while the free energy
of each surface with respect to the O coverage, i.e. No/A (see
eqn (8)). As mentioned above, here we assume that each oxygen
comes from the water splitting reaction induced by the applied
electrode potential, which also tunes the amount of oxygen that
adsorbs on the surface.

The phase diagram shows that for each Pt surface below a
critical A¢ where no oxygen is adsorbed on the surface y
remains constant (horizontal lines). Above this critical
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electrode potential, oxygen atoms start binding to the surface
(non-horizontal lines), while the coverage of O on the surface
increases gradually with A¢ (the higher the coverage, the
steeper the slope).

Using the calculated y for different surfaces and coverages,
we then constructed the Wulff shapes of Pt satisfying eqn (1) as
a function of A¢. The coverage of O on the NP (0,) for different
A¢ that is shown in Fig. 2 is the weighted average value given in
ML, where 1 ML corresponds to the saturation oxygen coverage
(08" = 1.2 x 10" atoms per cm?) that can be achieved on the
NP at A¢ = 1.38 V. Fig. 2 indicates that at very low potentials
(< ~0.65 V), where no oxygen adsorbs on Pt surfaces, the most
close-packed Pt(111) face is preferred and thus the NP shape is
mainly enclosed by these faces (Fig. 2(a)). There are also small
contributions from the (100) and (110) faces, which are the
second and third stable surfaces.

Fig. 2(b) and (c) show that the equilibrium shape does not
change much in the low to medium potential range of 0.7 V <
A¢p < ~1.05V, where the O coverage ranges between 0.2 ML <
Oo < 0.5 ML. This is because the relative stabilities change
only slightly in this range. However, the ratios ys,0/Y111, Y730/Y111
and y10/y111 decrease with A¢ (or Og) for A¢p > ~1.05V (O >
0.5 ML). The surface free energy of (520) finally becomes
smaller than (111) above ~1.24 V (1 ML) and thus (520)
completely dominates the surface of NPs to form the THH
shape that has been observed using TEM (Fig. 2(d)). Above 1.3 V
(1 ML), the (100) surface is also more stable than (111). The
difference between 755, and 7149 is only ~4 meV A2, which is
certainly within the range of errors arising from technical and
computational approximations. The coexistence of (520) and
(100) faces results in the formation of Pt NPs with a truncated
THH shape (Fig. 2(e)), which is very similar to the irregular
THH shape observed in TEM images in Fig. 1(b).

Although, according to our calculations, PtO, bulk oxide
becomes thermodynamically stable above ~1.04 V, there is no
experimental evidence for formation of PtO, NPs. For instance,
modeling the obtained TEM image was only possible with non-
oxide surfaces. Therefore, THH Pt NPs represent metastable
phases possibly stabilized as a result of kinetic limitations in
the formation of PtO,.

Fig. 3 shows the top views of clean and O-covered high-index
Pt(520) and (730) surfaces at low, medium and high potentials.
The (520) surface periodically consists of one (210) microfacet
followed by one (310) microfacet, while (730) consists of two
(210) microfacets followed by one (310) microfacet. Both surfaces
have multiple-height stepped structures.

At a low potential of 0.70 V, O prefers to bind at four-fold
hollow sites on the (210) microfacets of (520) and (730) surfaces
and pulls together the adjacent Pt atoms. This phenomenon
(known as row-pairing), leading to a packing of Pt surface
atoms, has also been observed on low-index surfaces of other
transition metals.”®>®

The O-induced displacements of Pt atoms on high-index
Pt(520) and (730) are expected to be larger than that on the
close-packed surfaces. Consistent with that, upon increasing
A¢ (00), a higher number of surface atoms relocate on (520)

This journal is © the Owner Societies 2013
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Fig. 3 Top views of the most stable structures of (a) Pt(520) and (b) (730)
surfaces at different electrode potentials. The yellow I|nes indicate the surface
unit cells that have been used in the calculations.

and (730) such that an optimum bond orientation and thus
maximum bond strength can be achieved. At 1.24 V (1 ML), due
to the O-induced packing of Pt surface atoms at the topmost
layers (see Fig. 3), the (730) surface becomes as stable as the
low-index (111) surface (see Fig. 2). The displacements of Pt
atoms are much more drastic on (520) and can be viewed as a
surface reconstruction. On this surface, O adatoms form a
square overlayer to reduce the O-O repulsions and the Pt atoms
of the third atomic layer move outward to form oxide-like PtO,
structure together with the first atomic layer atoms.

We find that removing O adatoms from the reconstructed
(520) surface causes this surface to become unstable, relaxing
back to unreconstructed (520). Thus, from the thermodynamic
viewpoint the polyhedron-shape should form upon decreasing
the potential below 0.65 V (see Fig. 2(a)). However, experimental
observations evidence that lowering the potential does not
affect the shape of the THH NPs. The metastability of these
roughened NPs at low potential is certainly due to the low
mobility of the surface Pt atoms after removal of the O
adatoms. This is to be contrasted with Pt atoms of the
O-covered surface at high potential at which they become nearly
oxidized. As a consequence, the barrier for surface atom
mobility is lowered due to the electrochemical annealing® by
O atoms, which explains the surface roughening observed
under these conditions.

The contributions of different edges and corners of the
particles to the overall surface free energy, which is the thermo-
dynamic driving-force that leads to the formation of THH Pt
NPs, are rather small. We expect that atom diffusion and
reorganization barriers as well as O binding energy are slightly
lower at these lower-coordinated sites, that might result in
oxide formation at potentials even lower than 1.24 V and thus
to earlier roughening of Pt nanoparticles.

In summary, we have shown that the atomically-rough Pt
NPs consisting of high-index (520) faces can be synthesized in
an aqueous electrolyte at high electrode potentials. O-induced
formation of atomically-rough (520) faces leads to high (electro-)-
catalytic activity of the THH Pt NPs. Furthermore, we could show
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that by combining DFT calculations and thermodynamic considera-
tions we are able to provide important quantitative information and
physical insight into the morphological changes of the NPs with
electrode potential under electrochemical conditions. Our study
suggests that new interesting shapes of metallic NPs with high
(electro-)catalytic activity can indeed be synthesized by tuning the
electrolyte composition and electrode potential in electrochemical
systems.
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