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Abstract: The chemical dealloying
mechanism of bimetallic Pt—-Co nano-
particles (NPs) and enhancement of
their electrocatalytic activity towards
the oxygen reduction reaction (ORR)
have been investigated on a fundamen-
tal level by the combination of X-ray
absorption spectroscopy (XAS) and
aberration-corrected scanning transmis-
sion electron microscopy (STEM).
Structural parameters, such as coordi-

sive X-ray spectroscopy (EDX) on an
atomic scale, to gain new insights into
the dealloying process of bimetallic Pt—
Co NPs. The XAS results on acid-treat-
ed Pt—Co/C NPs reveal that the Co—-Co
bonding in the bimetallic NPs dissolves
first and the remaining morphology
gradually transforms to a Pt-skin struc-
ture. From cyclic voltammetry and
mass activity measurements, Pt-Co
alloy NPs with a Pt-skin structure sig-

nificantly enhance the catalytic perfor-
mance towards the ORR. Further, it is
observed that such an imperfect Pt-
skin surface feature will collapse due to
the penetration of electrolyte into
layers underneath and cause further
dissolution of Co and the loss of Pt.
The electrocatalytic activity decreases
accordingly, if the dealloying process
lasts for 4h. The findings not only
demonstrate the importance of appro-

nation numbers, alloy extent, and the
unfilled d states of Pt atoms, are de-
rived from the XAS spectra, together
with the compositional variation ana-
lyzed by line-scanning energy-disper-
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Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
developed as an alternative power source for various porta-
ble and stationary applications due to their low emission,
convenient operation at low temperature, and high energy
efficiency.'# At the cathode of a PEMFC, oxygen mole-
cules react with the protons permeating through the mem-
brane to form water on a Pt or Pt alloy catalyst. The electro-
reduction of oxygen on the cathode in acidic solutions is
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priate treatment of bimetallic catalysts,
but also can be referred to other Pt bi-

activity -
Yy metallic alloys with transition metals.

oxygen

always a slow reaction. The overpotential phenomena and
significant power losses™ reduce the overall energy efficien-
cy of PEMFCs. Concerns like reducing the usage of noble
metals have been considered to be major challenges in pro-
moting the technology. To overcome such issues, some stud-
ies have reported that Pt-based alloys with transition metals
(Co Y Ni, Cr,¥ etc.) are helpful to improve the kinetics of
the oxygen reduction reaction (ORR).”!% A number of ex-
planations have been given for the observed improvement
in activity by alloying Pt with a less noble metal. The bene-
fits include a lower oxidation state of the Pt, which can sup-
press the formation of Pt oxide,'"'? a shorter Pt-Pt intera-
tomic distance, a more favorable absorption of O, due to
the geometric effect,'*' increased 5d orbital vacancies
(electronic effect), and the formation of a thin Pt skin on
the surface of the alloy. It was demonstrated that the forma-
tion of Pt-skin alloys is caused by the dissolution of the base
metal from Pt alloy under acidic conditions.[*®*"’l Stamen-
kovic et al.'”?! have shown that the polycrystalline Pt;Co
nanocrystal with a Pt-skin layer is more active than the poly-
crystalline Pt and bimetallic Pt;M surfaces (M=Fe, Ni, V,
and Ti), because of the unusual electronic properties of the
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Pt;Co nanocrystal. Strasser and Koh” have reported that
the catalytic activity of the bimetallic nanoparticles is
strongly influenced by the degree of voltammetric surface
dealloying. Chen etal™ attempted to correlate surface
atomic structures and near-surface chemical compositions
that govern activity. They suggested that by creating a per-
colated structure with Pt-rich and Pt-poor regions within in-
dividual Pt;Co nanoparticles through acid treatment, their
ORR activity could be increased by up to two orders of
magnitude when compared to Pt nanoparticles.

The performance of PEMFCs is also influenced by several
other factors, such as electrochemical reaction conditions,
dissolution of cathode materials, and degradation of electro-
lyte.**2 Watanabe et al.”’! analyzed the ordered and disor-
dered structure of Pt-Co catalysts by a corrosion test in a
phosphoric acid fuel cell (PAFC). A Pt-skin surface feature
would be left behind during the course of corrosion, and the
dealloying process would be more serious for the ordered
structure than the disordered one. It was also found that the
content of platinum did not change after 50 h of corrosion
measured by energy-dispersive X-ray spectroscopy (EDX)
analysis. Gasteiger et al.?® indicated that the surface-area
loss in platinum at high potential was caused by the dissolu-
tion of platinum. In another interesting study, Zignani
et al.” studied the durability of Pt-Co/C and Pt/C catalysts
in PEMFCs. The catalytic activity of the bimetallic com-
pound degraded after repetitive cycling for 30 h in sulfuric
acid. The dissolution of platinum was detected by inductive-
ly coupled plasma-atomic absorption spectroscopy (ICP-
AAS) analysis performed on the freshly degraded solution.
Even though tools such as EDX, electrochemical analysis,
and ICP-AAS could give information on the dissolution of
Pt, the morphological transformation has not yet been ad-
dressed.

In addition, it is equally important to know the atomic
distribution and alloy extent of participating elements in in-
dividual bimetallic nanoparticles, because these factors also
influence the intrinsic catalytic activity toward the targeted
reaction. Furthermore, a fundamental understanding be-
tween the ORR activity and nanoparticle structure is neces-
sary to develop inexpensive, stable, and catalytically active
materials for the ORR. Although a significant number of
experimental and theoretical research efforts have been fo-
cused on the influence of the surface chemistry and elec-
tronic structure of Pt-alloy single-crystal surfaces, explora-
tion of nanoparticle catalysts requires precise determination
of the structure and development of various characterization
methodologies.

Aberration-corrected scanning transmission electron mi-
croscopy (STEM) in conjunction with the line-scan analysis
of atomic-scale EDX could provide insight into the change
of surface composition, especially on the edge of a particle’s
cross-sectional profile.?*!! The X-ray absorption spectrosco-
py (XAS) technique can provide morphological information
about objects of interest, as well as the distribution of the
different species inside the nanoparticles, for example, core—
surface segregation.” In general, XAS studies can be divid-
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ed into two parts. One is the X-ray absorption near-edge
structure (XANES) region, conventionally from below the
edge up to ~30-50 eV. It provides information about the ox-
idation state and fractional change of d-electron density, as
well as the electronic environment of the absorbing atoms.
The other is the extended X-ray absorption fine structure
(EXAFS) region, extended above the edge up to ~30-
1000 eV. EXAFS allows investigations on the short-range or-
dering and provides geometric information. It gives the
number, type, and distance of the backscattering atom sur-
rounding the central absorbing atom.

Herein, we propose a chemical dealloying mechanism for
Pt—Co bimetallic alloys and establish its relationship with
the catalytic activity toward oxygen reduction through elec-
trochemical analysis. The morphological transformations,
and structural and compositional variations of bimetallic Pt—
Co nanoparticles in the course of the dealloying process
were characterized by the combination of the aforemen-
tioned analytical techniques.

Results and Discussion

The Co K-edge XANES spectra measured at various chemi-
cal dealloying times are shown in Figure 1. The absorption
at 7709 eV corresponds to a 1s to 3d electronic transition of
Co metal™! and the absorption hump at 7725eV corre-
sponds to a 1s to 4d transition of a cobalt foil.l"! The intensi-
ties of the absorption humps from different samples are
higher than those of cobalt foil for various chemical dealloy-
ing times, which might result from the nanosize effect or the
presence of a Co oxide. The Co K-edge Fourier transform
(FT) EXAFS spectra are plotted in Figure 2, in which the
peaks at 2.5 and 2.7 A correspond to the Co-Co and Co-Pt
first shell coordination, respectively. Furthermore, if Co
oxide exists, a peak at 1.9 A should normally appear in the
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Figure 1. Co K-edge XANES spectra of 30 % Pt—Co/C at different chemi-
cal dealloying times (0: initial step (=0 min), o: t=15min, A: t=2h, v:
t=4h, ¢: Co foil).
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Figure 2. FT-EXAFS spectra at the Co K-edge at different chemical deal-
loying times (O initial step (=0 min), o: t=15min, A: t=2h, V: t=4h,
o1 Co foil).

FT-EXAFS spectra. However, the results in Figure 2 clearly
confirm the absence of Co oxide in Pt—Co/C nanoparticles
at various chemical dealloying times.

The Pt Lj;-edge XANES spectra measured at different
chemical dealloying times are shown in Figure 3. The ab-
sorption at 11564 eV corresponds to 2p;, to 5d electronic
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Figure 3. Pt Lj;-edge XANES spectra at different chemical dealloying
times. Inset: the enlarged Pt Lj;-edge XANES spectra (0 initial step (1=
0 min), 0: t=15min, A: t=2h, V: t=4h, ¢: Pt foil).

transition of Pt metal and the magnitude of the absorption
hump is known as the white line,***! which reflects the orbi-
tal occupancy of the 5d electronic state. The intensity of the
white line should increase with decreasing occupancy in the
5d orbital. Figure 3 shows that the white-line intensities for
all samples are lower than that of a Pt foil (see inset). This
could be caused by alloying of Co with Pt leading to a high
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electron density around Pt atoms, and thus the Pt d-band va-
cancy is decreased. The Pt Lj-edge FT-EXAFS spectra at
the various chemical dealloying times are depicted in
Figure 4, in which the peaks corresponding to the first Pt—
Co and Pt-Pt coordination shells appeared at 2.7 A.

3.0

FT of magnitude

Figure 4. FI-EXAFS spectra at the Pt Ly-edge at different chemical
dealloying times (0 initial step (=0 min), o: t=15min, A: t=2h, v: =
4 h, o: Pt foil).

The best-fitting parameters of Co absorbing atoms calcu-
lated from the Co K-edge and Pt L;;-edge EXAFS spectra
at various chemical dealloying times are summarized in
Table 1. Before chemical dealloying begins, the coordination
number of the Co-Co is 2.4 and the heterometallic coordi-
nation of the Co-Pt is found to be 7.0. The corresponding
bond lengths are 2.512 and 2.705 A, respectively. From the
Pt L;;-edge EXAFS spectra, the coordination numbers for
Pt—Co and Pt-Pt are calculated to be 2.7 and 8.8, respective-
ly. The corresponding bond lengths are 2.705 and 2.722 A,
respectively. Similarly, the best-fitting parameters of Pt ab-
sorbing atoms obtained from the Co K-edge and Pt Ly-
edge EXAFS spectra at various chemical dealloying times
are listed in Table 2. The total coordination numbers for Co
and Pt absorbing atoms can be obtained from =N, ; (=N¢o
ptt+Ncoco) and ENp; (=Npopi+Npc,) separately. Before
chemical dealloying starts, ZNp,; is larger than =N, ;, which
indicates that the commercial Pt-Co nanoparticles have a
Co-rich shell and Pt-rich core structure, since atoms present
on the surface have fewer neighbors than those in the
core.?

After chemical dealloying for 15 min, the homometallic
coordination number of Co (N¢, ¢,) reduces considerably to
0.4, whereas the heterometallic bonding (Nc,p) increases
slightly to 9.1. The corresponding bond lengths R, ¢, and
Reo p are found to be 2.512 and 2.706 A, respectively. The
decrease in the Co—Co coordination number after chemical
dealloying implies that there are generally fewer Co atoms
neighboring a Co atom. Similarly, the coordination numbers
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Table 1. Best-fit parameters of Co absorbing atoms obtained from the analysis of the Co K-edge and Pt Ly;-

edge EXAFS spectra at different chemical dealloying times.
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pared to the number in the ref-
erence foil can be formulated

Chemical dealloying time ¢ Shell N R [A] 02 (x107) [A?]  AEM [eV] R factor® g Equation (1):
intial step (0 min) Co-Co 2.4 (£0.6) 2512 (£0.025) 60 (+33) _123 0.009
p Co-Pt 7.0 (+07) 2705 (£0.008) 73 (+1.0) 5.1 ; AAos +1.11 Ad,0, n
05 i Co-Co 04 (+02) 2512 (£0.041) 49 (£28) 96 0.019 "= Ao P11l Ayo,
Co-Pt 9.1 (+0.4) 2706 (£0.007) 7.8 (£1.0) 28
2h Co-Pt 93 (+04) 2704 (£0.006) 638 (£0.8) 28 0.010
4h CoPt 52(£03) 2702 (£0.005) 1.7 (£0.6) 35 0.027 After subtracting the plati-

[a] N: coordination number. [b] R;: coordination distance. [¢] o}
tance. [d] AE,: inner potential correction. [e] R factor: residual error.

Table 2. Best-fit parameters of Pt absorbing atoms obtained from the analysis of the Pt Ly-edge and Co K-

edge EXAFS spectra at different chemical dealloying times.

: a mean squared disorder for the bond dis-

num foil data from the catalyst
data, the resulting curves were
then numerically integrated be-
tween —10 and 14 eV for both
the Ly(AA,)- and Ly(AAs)-
edge. The areas are normalized

Chemical dealloying time ¢ Shell ~ N R [A] of (x10)[A”] AEM [eV] Rfactor by multiplying with the X-ray

initial step (0 min) Pt-Co 2.7 (£0.1) 2.705 (£0.003) 7.3 (+0.3) 7.8 0.009 absorption cross section at the
PPt 88 (£02) 2722 (£0.001) 5.7 (£0.1) 31 edge jump (o). Values of 117.1

15 min Pt-Co 2.6 (£0.1) 2.706 (£0.003) 7.8 (+£0.3) 73 0.019 and 542 cm’g~ were used for
PPt 88 (£0.1) 2723 (£0.001) 5.3 (£0.1) 1.0 he ab . .

- Pt-Co 25 (£0.1) 2704 (£0.006) 7.8 (£0.7) 8.0 0.010 the absorption cross section at
Pt-Pt 88 (£02) 2724 (£0.002) 5.5 (£0.1) 0.6 the platinum Ly;- and Ly-edges,

b Pt-Co 14 (£0.1) 2.702 (£0.007) 4.0 (£0.6) 8.2 0.027 respectively. If the number of
PPt 103 (£0.3) 2.726 (£0.002) 64 (+£02) 0.8 unfilled d states in the reference

[a] N: coordination number. [b] R;: coordination distance. [c] o;: a mean squared disorder for the bond dis-

tance. [d] AE,: inner potential correction. [e] R factor: residual error.

for Pt-Co and Pt-Pt are found to be 2.6 and 8.8, respective-
ly. When the chemical dealloying continues for 2 h, the coor-
dination number of the Co-Pt is 9.3 and the bond length is
2.704 A, whereas the structural parameters of Co—Co are no
longer detectable. On the other hand, the coordination num-
bers of Pt—Co and Pt-Pt are 2.5 and 8.8, with corresponding
bond lengths of 2.704 and 2.724 A, respectively. The increase
in coordination number of Co-Pt bonding indicates that the
dissolution of the surface Co takes place faster than that of
an underneath Co atom and the Co-Pt bonding is more re-
sistant to the dissolution than the Co-Co bonding. The
number of platinum atoms exposed to the outer surface of
nanoparticles will increase due to the dissolution of the sur-
face Co. Based on the EXAFS spectral analysis, it is ob-
served that Co dissolves gradually thus indicating that Pt—
Co nanoparticles have undergone a structural transforma-
tion. It is supposed that a surface feature such as a Pt skin
might be present during the chemical dealloying process.
When the chemical dealloying continues for 4 h, the coordi-
nation number of Co-Pt drops to 5.2 with a bond length of
2.702 A. This implies that the number of platinum atoms
surrounding a cobalt atom decreases and the Pt skin might
have collapsed. At this stage, the coordination numbers of
Pt-Co and Pt-Pt are 1.4 and 10.3, respectively. The corre-
sponding bond lengths are 2.702 and 2.726 A, respectively.
To quantify differences in the white-line intensity between
the catalyst and a reference platinum foil, a method origi-
nally developed by Mansour et al.”! and later modified by
Reifsnyder et al.””! was adopted. The fractional change in
the total number of unfilled d states (f;) of the sample com-
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material (k) is known, the
number of unfilled dstates in
the sample (hy,) can then be
calculated by Equation (2):

hyy = (1 +fd) Iy (2)

Figure 5 gives the unfilled dstates of Pt in the Pt-Co
nanoparticles calculated at different chemical dealloying
times. The number of unfilled d states relates to factors such
as morphology, particle size,”® and alloy extent. When the
chemical dealloying process starts, the bonding of Co-Co
starts to dissolve (see Table 1). The particle size will de-

155
1.54 4
&£ 1531
1.52 4
1.51 + T T T
0 min 15 min 2h 4h
Dealloying

Figure 5. Calculated unfilled Pt dstates (hy,) of Pt—-Co bimetallic nano-
particles obtained from XANES data at different chemical dealloying
times.
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crease in the course of chemical dealloying (see Table 3),
and the coordination number of Co-Pt bonding increases in
the 2 h of chemical dealloying. Consequently, the number of

Table 3. Bulk composition and particle size of Pt—Co nanoparticles
during the chemical dealloying process.

Chemical dealloying Xeo! Xp, Xp Xco Particle size [nm]
time ¢ (from TEM)
initial step (0 min) 0.39 0.720 0.280 6-7

15 min 0.29 0.774 0.226 6-7

2h 0.27 0.784 0.216 5-6

4h 0.27 0.784 0.216 4-5

unfilled d states of Pt increases due to the smaller particle
size and it becomes a Pt-rich surface. After chemical deal-
loying for 4 h, the number of unfilled d states of the surface
platinum drops and is lower than the value at 2 h. The de-
crease in unfilled dstates of surface Pt at 4h could be
caused by a significant morphological change, such as col-
lapse of the Pt skin.

The molar ratio X./Xp, of the bulk sample can be derived
from the edge jumps of the Co K-edge and Pt Lj;-edge in
the XANES spectra shown in Figure 1 and Figure 3, respec-
tively. When the chemical dealloying begins, the molar ratio
Xco/ Xp, 1s found to be 0.39. After chemical dealloying for
15 min, the molar ratio decreases greatly, as shown in
Table 3. This suggests that cobalt dissolves into the sulfuric
acid solution. When the chemical dealloying continues for
4 h, the molar ratio X,/Xp, remains almost the same as the
value observed at 2h. It is noted that the measurements
only revealed the bulk composition of samples, but the
actual surface composition on the nanoparticles’ surface
might have changed. In the course of corrosion, the size of
the nanoparticles observed by TEM becomes smaller, and
its distribution remains quite uniform from the TEM data at
different chemical dealloying steps. As cobalt dissolves, less
cobalt exists on the surface of the Pt—-Co nanoparticles. The
morphology left behind might be similar to a Pt skin.®5151]

The aberration-corrected high-angle annular dark-field
(HAADF) images recorded using an FEI-TEM 2000 micro-
scope and STEM in conjunction with the line-scan analysis
of atomic-scale EDX revealed the compositional variation
in the course of chemical dealloying. Due to the nature of
EDX, the signal collected from the outermost part of
scanned nanoparticles is less influenced by other neighbor-
ing and inner atoms and is worthy of more attention. The
edges of the particle can be observed from cross-sectional
composition profiles by EDX line scanning.>'! The high-
resolution TEM (HRTEM) image of the Pt-Co system
before the corrosion is given in Figure 6a and the cross-sec-
tional compositional line profiles detected by EDX are
shown in Figure 6b. The circle and square lines represent
smoothed compositional profiles for the Co K-edge and Pt
Li-edge, respectively. The results show that cobalt generally
exhibits a higher intensity than platinum, especially at edges.
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Figure 6. a) HRTEM image of the Pt—Co system at the initial step of
chemical dealloying; b) cross-sectional compositional line profile taken
from the nanoparticle (o: Pt M-edge, m: Pt M-edge (smooth), o: Co K-
edge, @: Co K-edge (smooth)).

This observation indicates that the intrinsic structure of the
Pt—Co nanoparticle has a surface enriched with Co and the
result is consistent with the aforementioned EXAFS spectral
analysis.

The HRTEM image and cross-sectional compositional
profiles of Pt-Co nanoparticles exposed to the chemical
dealloying for 2 h are shown in Figure 7a and b. When deal-
loying continues for 2 h, Pt becomes dominant in the surface
of the specimen, as realized from the EDX measurements
shown in Figure 7b, in which the Pt profile has a much
higher intensity than that of Co. These observations indicate
that the Pt—Co alloy nanoparticles exhibit a Pt-skin structure
at this stage. The HRTEM image and cross-sectional compo-
sitional profiles of Pt-Co nanoparticles exposed to the
chemical dealloying for 4 h are presented in Figure 8a and
b. Interestingly, the intensity of platinum decreases signifi-
cantly after 4 h of dealloying, as shown in Figure 8b. This
finding implies that the Pt-skin surface feature is strongly in-
fluenced by the continuous corrosion and becomes fragile.
Some of the characteristic features are finally destroyed.

XAS appears to be a suitable technique to solve the
three-dimensional structure of both mono- and bimetallic
nanoparticles. Recently, we explored several parameters
from the X-ray absorption data required for the quantitative

Chem. Eur. J. 2010, 16, 4602 -4611
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b)

Intensity of EDX line scan

Figure 7. a) HRTEM image of a Pt—Co nanoparticle taken at 2h of
chemical dealloying; b) cross-sectional compositional line profile taken
from the nanoparticle (0: Pt M-edge, m: Pt M-edge (smooth), o: Co K-
edge, @: Co K-edge (smooth)).

characterization of the structure of bimetallic nanoparti-
cles.P? In general, Py rved (= Npco/=Np.) can be represent-
ed as the ratio of the scattering “Co” atom coordination
number around absorbing “Pt” atoms (Np._c,) to the total
coordination number of absorbing atoms (ENp_;=Np_co+
Npp). The parameter P...q provides quantitative infor-
mation on the probability that a Pt atom bonds with a Co
atom. In other words, it represents the Pt distribution in the
nanoparticles. Similarly, Royservea (=Nco-p/=Nco-) can be rep-
resented as the ratio of the scattering “Pt” atom coordina-
tion number around absorbing “Co” atoms (N¢,p) to the
total coordination number of absorbing atoms (EN¢, ;= N¢,
cotNcop). The parameter R peneq provides quantitative in-
formation on probability that a Co atom bonds with a Pt
atom. In other words, it represents the Co distribution in the
nanoparticles. Once Pyerea aNd Ropeervea are known, the
extent of Pt alloying (Jp;) and Co alloying (J/¢,) in the Pt—Co
bimetallic nanoparticle can be conveniently estimated by
Equations (3) and (4), respectively:

JPl = Pobserved/Prandom X 100% (3)

]Co = Robserved/Rrandom x 100 % (4)
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Intensity of EDX line scan

Figure 8. a) HRTEM image of a Pt—Co nanoparticle taken at 4h of
chemical dealloying; b) cross-sectional compositional line profile taken
from the nanoparticle (o: Pt M-edge, m: Pt M-edge (smooth), o: Co K-
edge, @: Co K-edge (smooth)).

The parameters P ngom and R qom are the ratios calculat-
ed for perfectly alloyed bimetallic nanoparticles. They can
be derived from the molar ratios of Co and Pt in Pt-Co bi-
metallic nanoparticles, as represented in Table 3.

During the XAS data fit, the following constraint was im-
posed on the heterometallic bonds, in which X, is the molar
ratio of the metal [Eq. (5)]:

Npco = (XCO/XPt) X Neoopy (5)

In addition to total coordination numbers ZNp_; and
3Ncoi, the introduced structural parameters Py neq and
Rpservea @s well as Jp and J, can be deduced accordingly
and are presented in Table 4. In general, the lower the J;
value, the more serious is the segregation of “i” atoms in
nanoparticles (here i means either Pt or Co). In the present
study, the bonding of Co—Co is dissolved first while the co-
ordination number of Co-Pt bonding is increased. After Pt—
Co nanoparticles are exposed to chemical dealloying for 2 h,
the alloy extent of Co (J¢,) increases with increasing Jp, and
this observation indicates well-scattered Pt and Co atoms in
Pt—Co nanoparticles. This ensures a better catalytic perfor-
mance in the ORR. In contrast, inferior ORR performance
can be anticipated if Jp, decreases.
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Table 4. Total coordination numbers and alloy extent for Pt and Co estimated from EXAFS spectra during

the chemical dealloying process.

in Table 4 show that the higher
alloy extent of Pt-Co nanopar-

Chemical dealloying time 1 ZNp, ZNco i Popsa Robsa Je[%] T [%] ticles favors the ORR efficien-

initial step (0 min) 115 (£0.3)  95(£1.3) 024 (£0.01) 074 (£0.07) 85 (£4) 103 (£10) cy. The results from cyclic vol-

15 min 114 (£02) 95 (+0.6) 023 (+001) 096 (+0.04) 101 (+4) 124 (+5) tammograms and mass activity

i (600 000 DnGon) L0 089 19 e it the variaions n e,
and Jp, mentioned in the previ-

Although the measurements and calculations from ==~ Initial step (t= 0 min)

EXAFS and EDX offered some insights into the morpho- 00 H----- t=15 min

logical transformation during the chemical dealloying pro- —=-t=2hr PR

cess, the findings require further evidence about the electro- o t=4hr /,.'f':., a

chemical properties of Pt—Co nanoparticles. To this end, -~ =02 41500 rpm in oxygen, P

. . = Saturated 0.5 m A

cyclic voltammetry of Pt—Co/C catalysts exposed to different = {sutfuric acid. ny

chemical dealloying times in 0.5M sulfuric acid solution was S 044 LV/

conducted at a scan rate of 5mVs ™! (cyclic voltammetry not 3 [

shown here). From the measured cyclic voltammograms, the g 1 f‘;'/' 17.3mv

surface area of Pt can be calculated from the hydrogen de- g 0.6 /",-",'/

sorption peaks. Under the same loading of Pt, different hy- 2 ] i

drogen desorption peaks are observed for various chemical /‘,'-:,"

dealloying times representing different surface areas of —0.8 7 ,r_",'-’

these catalysts, as shown in Table 5. The measured surface -N.;':f;:;;:’

area of Pt decreases significantly from 2 to 4 h and it shows o B -

that the Pt-skin structure might have collapsed due to the 0.70 0.75 0.80 0.85 0.90

effect of chemical dealloying.”” Evs. RHE (V)

Table 5. Surface area calculation from hydrogen desorption peaks of
cyclic voltammetry during the chemical dealloying process.

Chemical dealloying time ¢ Initial step (O min) 15min 2h 4h
surface area [m*g '] 11.05 11.09 1582 12.54

Hydrodynamic voltammograms recorded at 1 mVs™ for
the ORR at different chemical dealloying times are shown
in Figure 9. The ORR under the potential 0.7 V is diffusion-
controlled, and is under a mixed region of diffusion—kinetic
control from 0.7 to 0.85 V. The region higher than 0.85 V is
kinetically controlled. As can be seen in Figure 9, the ORR
activity differs significantly, and the Pt—Co nanoparticles ex-
hibit a better catalytic performance after 2h of chemical
dealloying and a positive shift of 17.3 mV in half-wave po-
tential relative to the initial step. However, after 4 h of
chemical dealloying, the cyclic voltammogram and ORR ac-
tivity show an inferior function of the catalyst.

Figure 10 shows the mass activity of Pt-Co catalyst mea-
sured at 0.9 V. The mass activity increases considerably at a
dealloying time of 2 h and it decreases after 4 h. When the
catalyst is corroded in acid, the morphology of the Pt-Co
nanoparticles gradually changes due to the dissolution of
Co. While the corrosion proceeds, Pt remains on the surface
of the bimetallic catalyst and it becomes a “jagged” Pt skin.
This feature enables better utilization of Pt because more Pt
atoms are exposed to the outer surface and the active sur-
face area increases. Accordingly, the electrocatalytic perfor-
mance for ORR increases significantly. The results reported
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Figure 9. Hydrodynamic voltammograms recorded at 1 mVs™' for the
ORR at different chemical dealloying times. RHE: reversible hydrogen
electrode.
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Mass activity (mA(mg Pt)~!

0.32

] I

0 min 15 min 2h 4h
Chemical dealloying time

Figure 10. Mass activity measured at 0.9 V (reversible hydrogen elec-
trode, RHE) at different chemical dealloying times.

ous section. The better ORR performance is retained as
long as the Pt-skin structure is stable; however, once the Pt-
skin structure breaks (after chemical dealloying for 4 h), the
catalytic performance drops accordingly.

By summarizing the results from the XAS spectral analy-
sis, EDX line scanning, and electrochemical analyses, a plau-
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Figure 11. Schematic representation of structural changes of Pt—-Co bimetallic nanoparticles at various times of

the chemical dealloying process.

sible explanation of the chemical dealloying mechanism for
Pt—Co nanoparticles is proposed and is shown in Figure 11.
It shows how the morphology of Pt—Co nanoparticles
evolves from a Pt-rich core/Co-rich shell structure in the
course of the chemical dealloying process. The characteristic
Pt-skin feature exhibits a better catalytic performance and
will also be damaged if chemical dealloying lasts too long.
The existence of vacancies, tunnels, or perhaps voids in the
clusters results in an imperfect skin. We believe that during
the chemical dealloying process electrolyte passes through
the imperfect Pt skin into layers underneath and dissolves
cobalt consequently. This finally causes the collapse of the
imperfect Pt skin. Proper annealing enables the modification
of the imperfect Pt skin, which may improve the catalytic
activity and stability.”>*?) These findings demonstrate the
importance of appropriate treatment and could apply to
other Pt bimetallic alloys associated with transition metals.

Conclusion

The structural transformation of a commercially available
Pt—Co catalyst was studied under chemical dealloying condi-
tions in sulfuric acid for different periods of time. The varia-
tions in morphology, composition, structure, and electro-
chemical activity were characterized by EXAFS, STEM of
the EDX line scans, and electrochemical analyses. In addi-
tion, the unfilled Pt d states of the bimetallic catalyst were
calculated from the XANES data. The Pt-Co nanoparticles
initially exhibit a Co-rich shell and Pt-rich core structure. As
the chemical dealloying proceeds, the Co—Co bonding dis-
solves gradually, which results in smaller nanoparticles
having a rough, imperfect Pt skin with sculpted shapes. Elec-
trochemical measurements show that Pt-Co nanoparticles
have a superior catalytic performance for the ORR and
higher activity after dealloying for 2 h. When the chemical
dealloying continues for 4 h, the electrolyte penetrating into
the imperfect Pt skin dissolves cobalt present in layers un-
derneath, and the surface feature of the nanoparticles finally
collapses. Suitable annealing conditions may improve the
stability and durability of the imperfect Pt skin. A mecha-
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nism of the structural variations
has been proposed and the ex-
perimental results show good
agreement with analytical ones.
The findings not only demon-
strate the importance of appro-
priate treatment of catalysts,
©a® but also can be referred to
... 0% other Pt bimetallic alloys with

® e transition metals. We believe
that by properly employing the
chemical dealloying technique,
it can be further used to create
a Pt skin in other Pt bi- or mul-
timetallic alloys to enhance the
electrocatalytic performance for
the ORR.
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Experimental Section

Sample preparation: A commercial catalyst powder of carbon-supported
30wt% Pt-Co (1:1 a/o) made by BASF/Etek was selected. Pt-Co was
subjected to an acid treatment by immersing the Pt—-Co/C powder (0.4 g)
in 0.5 m sulfuric acid solution and stirring for 15 min, 2 h, or 4 h. The solu-
bility of cobalt sulfate hydrate is 36.2 g per 100 mL at 20°C. Even if
cobalt in the nanoclusters were fully dissolved in electrolyte, Co satura-
tion would not occur during the chemical dealloying process. After that,
samples were cleaned with deionized water to remove any residual sulfu-
ric acid. The sample was then dried and subjected to heat treatment at
300°C under an atmosphere of 10% H, and 90% N, for 1 h to remove
surface oxides if present.

TEM measurements: HRTEM examination was performed on an FEI
Tecnai G 20 microscope that was operated at an accelerating voltage of
200 kV. Specimens were prepared by ultrasonically dispersing a known
amount of catalyst powder in toluene, placing a drop on the copper grid,
and drying in an oven.

XAS measurements: X-ray absorption spectra were recorded at beam
line 17C, National Synchrotron Radiation Research Center, Taiwan. The
electron storage ring was operated at 1.5 GeV with a current of 300 mA.
A Si(111) double-crystal monochromator was employed for energy selec-
tion with a resolution AE/E better than 2x10~* at both the Pt L;-edge
(11564 eV) and the Co K-edge (7709 eV). All experiments on bimetallic
nanoparticles were conducted in a purpose-made cell of stainless steel for
powder XAS study. One hole was made in the cell. After placing the
solid samples, the hole was sealed with a screw to avoid exposure of the
sample to the outer atmosphere. Before performing XAS analysis, the
sample was purged with N, gas for 30 min to eliminate volatile com-
pounds. Subsequently, it was reduced with 10% H, at 300°C for 1h to
remove oxides. An annealing temperature of 300°C was not high enough
to change the solid features dramatically. This was supported by XAS
and TEM measurements, in which no obvious change in coordination
number and particle size was observed, respectively. The total amount of
sample was adjusted to reach the optimum absorption thickness (Apx=
1.0, in which Ap is the absorption edge, x is the thickness of the sample)
so that a proper edge jump step could be achieved during the measure-
ments. All spectra were recorded at room temperature in the transmis-
sion mode. Higher harmonics were eliminated by detuning the double-
crystal Si(111) monochromator. Three gas-filled ionization chambers
were used in series to measure the intensities of the incident beam (/;),
the beam transmitted by the sample (7)), and the beam subsequently
transmitted by the reference foil (). The third ion chamber was used in
conjunction with the reference sample, a Pt foil for the Pt L;;;-edge meas-
urements, and a Co foil for Co K-edge measurements. All measurements
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were compared against those for the reference samples. The control of
parameters for EXAFS measurements, data collection modes, and calcu-
lation of errors were performed following the guidelines of the Interna-
tional XAFS Society Standards and Criteria Committee and processed
by standard procedures.*!!

EXAFS data analysis: The EXAFS function y was obtained by subtract-
ing the post-edge background from the overall absorption and then nor-
malized with respect to the edge jump step. The normalized y (E) was
transformed from energy space to k-space, in which “k” is the photoelec-
tron wave vector. The y(k) data were multiplied by k* to compensate for
the damping of EXAFS oscillations in the high k-space. Subsequently, k>
weighted y(k) data in k-space ranging from 3.53 to 13.95 A~! for the Pt
Ly-edge and from 3.53 to 10.36 A~! for the Co K-edge were transformed
to r-space by Fourier transform to separate the EXAFS contributions
from different coordination shells. A nonlinear least-squares algorithm
was applied to the curve fitting of an EXAFS in the r-space between 1.8
and 3.2 A for both Pt and Co, depending on the bond(s) to be fitted. The
Pt-Co reference file was calculated based on theoretical considerations.
Reference phase and amplitude for the Pt-Pt absorber—scatterer pairs
were obtained from a Pt foil. Likewise, this was applied to a Co foil. All
the computer programs were implemented in the UWXAFS 3.0 pack-
age!” with the backscattering amplitude and the phase shift for the spe-
cific atom pairs calculated by the FEFF7 code.”) From these analyses
structural parameters, such as coordination number (N), bond length (R),
a mean-squared disorder for the bond distance (¢%), and inner potential
shift (AE,), were calculated. The amplitude reduction factor S,* for the
Pt and Co was obtained from Pt and Co foil reference samples by fixing
the coordination number in the FEFFIT input file. The S,* values were
found to be 0.95 and 0.72 for Pt and Co, respectively.

Electrode preparation and electrochemical measurements: Millipore
water (18 MQ) and sulfuric acid (Acros) were used throughout the study.
All the experiments were carried out at an ambient temperature of 25+
1°C. A conventional electrochemical cell with three-electrode setup was
used for cyclic voltammetry measurements, with a high-surface-area Pt
counter electrode and a saturated calomel electrode (SCE) reference,
powered by a Solartron 1480 potentiostat/galvanostat. The working elec-
trode was made of the carbon-supported Pt—-Co catalyst nanoparticles im-
mobilized on a glassy carbon electrode (GCE) surface (0.1964 cm?). The
electrode was prepared by dispersing a known amount of Pt-Co/C in a
Nafion™ solution (0.5 wt %) with an ultrasonic bath. Consequently, the
suspension (7 pL, approximately containing 43.2 pug of Pt) was coated on
the GCE disc. The GCE disc was left to air-dry for about 5 min at room
temperature and then kept in an oven at 80°C to uniformly produce a
thin-film catalyst. A 0.5Mm sulfuric acid solution was used as the support-
ing electrolyte for all the measurements. All potentials are quoted herein
with respect to the RHE.
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