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ABSTRACT: We report the enhanced activity and stability of CuPt bimetallic tubular
electrocatalysts through potential cycling in acidic electrolyte. A series of CuPt tubular
electrocatalysts with sequential increased lattice ordering and surface atomic fraction of Pt were
designed and synthesized by thermal annealing to reveal their improved electrocatalytic
properties. These low-Pt-content electrocatalysts with Pt shell are formed through the thermal
annealing and following potential cycling treatment. The catalysts (C1) with a low atomic
fraction of Pt on the surface and low lattice ordering in the bulk are treated in acidic electrolyte,
resulting in the formation of a Pt shell with relatively low activity and stability. However, the
catalysts (C2) with a Ptrich surface and high lattice ordering have a highly enhanced
electrochemical surface area after potential cycling via surface roughing. The rough Pt shell of
the C2 catalysts is achieved by leaching of surface Cu and the concomitant morphology
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restructuring. The C2 Pt surface demonstrated highly improved specific and mass activities of 0.8 mA cmp, >

and 0.232 A mgp, '

at 0.9 V for oxygen reduction reaction (ORR), and after 10 000 cycles, the C2 catalysts display almost no loss of the initial
electrochemical active surface area (ECSA). Meanwhile, the stability of these CuPt catalysts shows regular change. Moreover,
after a long-term stability measurement, the ECSA of C2 catalysts can be restored to the initial value after another potential
cycling treatment, and thus, this kind of electrocatalyst may be developed as next-generation restorable cathode fuel cell catalysts.
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1. INTRODUCTION

The low catalytic activity and poor durability of platinum-
containing catalysts for oxygen reduction reaction (ORR) and
the high cost involved are major barriers for automotive and
portable applications.' ™ A number of strategies have been
proposed to improve the catalytic activity and utilization on a
tiny particle and one-dimensional nanostructure that 1nv01ve
dealloying of Pt to the formation of a Pt- shell surface,
depositing a monolayer of Pt on fine particles,”” forming a Pt-
rich surface by CO-adsorbate-induced segregation in alkaline
electrolyte solution® and obtaining highly active, defect-free,
ultrathin Pt, Pd, and PtPd nanowires by acid-treating and a
surfactantless method,”™™ In a strong acidic and hostile
electrochemical environment, however, the stability of catalysts
has been a serious issue preventing the wide use of this
technology.

The Pt-based nanoparticle catalysts with decreased particle
size to improve the utilization must suffer Ostwald ripening and
particle coalescence caused surface area loss or particle growth
for the primary degradation.'*'®> The nature of the particle
catalyst degradation is that the surface free energy of most
materials tends to the minimum, adaptmg their geometrical and
electronic structure to the environments.'® On the other hand,
leaching of nonnoble metal atoms from bimetallic alloy
catalysts should be another kind of serious degradation in an
acidic electroly‘ce.”‘18 Therefore, incorporation of structure/
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morphology stability and the composition stability (decrease
leaching of the nonnoble metals) into electrode materials, this
kind of catalyst with high activity and stability is very promising.

Because restructuring on metal surfaces is a very common
but particularly important phenomenon, it may be induced by
adsorbates for a decrease in the surface free energy.'” >
Generally, the rough or low coordination number surface with
high surface energy will result in a decrease in the active surface
area in an electrolyte due to morphology restructuring; for
example, metal particle ripening.'® In contrast, adsorbate-
induced restructuring or surface segregatlon may rebuild or
hinder the formation of a rough surface.”® ¢ In electrolyte
conditions, adsorbates such as OH~, OOH™, and O, may
induce surface segregation and restructuring.ls’23’27 Thus, the
surface composition and morphology change under redox
potential cycling should be of importance for understanding the
improvement of activity and stability.

To study the configuration change of the catalytic surface in
the electrolyte, the metal surface should be clean, and no
surfactants should be used in synthesis.”** A template-directed
method and galvanic displacement synthesis of one-dimen-
sional metallic catalysts have received increasing interest.’* > A
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newly developed one-step nonaqueous solution electrochemical
method was used to synthesize the tubular catalysts on an
anodic aluminum oxide (AAO) template in anhydrous dimethyl
sulfoxide (DMSO) medium without addition of any other
surfactants.>*** The DMSO molecules can be washed away
easily and cannot even be detected by X-ray photoelectron
spectroscopy (XPS), so the synthesized materials are available
for investigation of the surface chemistry.*

Herein, we demonstrate the effective design and synthesis of
highly active and stable bimetallic CuPt electrocatalysts through
potential cycling. To distinguish the different catalysts, the
catalysts with Cu-rich and Pt-rich surfaces are abbreviated as C1
and C2, respectively. The as-treated C2 catalysts have a highly
improved electrochemical active surface area (ECSA), and the
Pt surfaces show a higher structure stability than those of the
C1 catalysts, whereas the C2 catalysts with a Pt-rich surface and
high lattice ordering could withstand the strong acid conditions
and decrease the Cu leaching from the particles. The obtained
rough Pt surfaces show a high activity and long-term durability
for ORR. The specific activity for C2 catalysts is 0.8 mA cm™> at
0.9 V, and it showed 5-fold more active ORR than that of the
C1 catalysts. The C2 catalysts demonstrated a mass activity of
0.232 A mg~' Pt at 0.9 V, which was a 7-fold higher activity
than that of the C1 catalysts. Moreover, after stability
measurement, these kinds of C2 catalysts can be restored
after 250 cycles. This study will explain the origin of the
improved catalytic stability.

2. EXPERIMENTAL SECTION

2.1. Chemicals. NaNO;, CuBr, dimethyl sulfoxide (99% wt
%), C,H;OH (99.7% wt %), HCIO, (70—72 wt %), and NaOH
were commercially available from Shanghai Chemical Reagent
Co. Ltd.; Nafion (wt 5%), from Sigma-Aldrich; and PtCl,, from
J&K Chemical Ltd. All the chemical reagents were analytical
grade and used as received without further purification.

2.2. Electrochemical Synthesis of Unsupported
Porous CuPt Tubes. The commercial AAO template
(Anodisc 47, Whatman Co., UK.) with a channel diameter of
~300 nm measured by scanning electron microscopy (SEM)
was sputtered with a thin Au layer on one side, ~40 nm
thickness, to form an annular base electrode. This thin Au layer
was used as a working electrode in the subsequent electro-
deposition of the desired materials. For CuPt synthesis, the
experiments were performed potentiostatically at —1.2 V versus
Ag/AgCl (3 M) in anhydrous DMSO solvents mixed with 20
mM PtCl,, 30 mM CuBr, and 100 mM NaNOj. After synthesis,
the thin Au layer on one side of the AAO template was erased
completely by alumina particle, washed with doubly deionized
H,O and ethanol several times, and dried for annealing
treatment. The AAO-template-supported CuPt material was
loaded onto the bottom of a rectangular ceramic boat and then
annealed to a maximum temperature of 300—700 °C (S °C/
min heating rate) in a flow tubular furnace (MTI GSL1400X)
under a flowing 5% hydrogen atmosphere (Ar balance), then
the products were exposed by immerging in 1.0 M NaOH
solution for 1 h to completely remove the AAO template,
followed by washing with doubly deionized H,O and ethanol
several times.

2.3. Materials Characterization. The resulting phase of
the as-synthesized CuPt porous tubes was examined by X-ray
diffraction (Cu K radiation, 4 = 0.154 056 nm, 4°/min, range
from 30 to 65°). X-ray photoemission spectrometer was
recorded on an ESCALAB-MK-II using a Mg Ko radiation
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exciting source. Energy-dispersive X-ray spectra (EDX) were
taken with a JEQJ-2010 transmission electron microscope with
an acceleration voltage of 200 kV. SEM images were obtained
with a Zeis Supra 40 high-resolution field emission scanning
electron microscope operating at 5 kV. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
images were obtained using a JEOL-2100F TEM with an
acceleration voltage of 200 kV. Inductively coupled plasma
mass spectrometry (ICP-MS) data were obtained by an Optima
7300 DV.

2.4. Electrochemical Measurements. 2.4.1. Electro-
chemical System and Rotating Disk Electrode Film
Preparation. The electrochemical measurements were inves-
tigated using a three-electrode system on an IM6ex electro-
chemical workstation (Zahner, Germany). A platinum foil and
Ag/AgCl (3 M) were used as the counter and reference
electrodes, respectively. All electrode potentials were recorded
with respect to the reversible hydrogen electrode (RHE). A
glassy carbon rotating disk electrode (RDE) (PINE, 5 mm
diameter, 0.196 cm?®) was polished to a mirror finish and
thoroughly cleaned. The preparation method of the working
electrode is as follows: In short, ethanol suspensions of 1 mg
catalyst (recorded with metal Pt) per milliliter with Nafion
(diluted from S wt % Nafion, Sigma-Aldrich) were obtained by
ultrasonic mixing for about 20 min. The metal catalyst
suspension was transferred onto the RDE substrate, leading
to a metal Pt loading of 32 ug/cm? for a series of unsupported
CuPt catalysts. Finally, the as-prepared catalyst RDE was dried
at room temperature.

2.4.2. Electrochemical Treatments. The electrochemical
treatment process was conducted in Ar-saturated 0.1 M HCIO,,
solution at a sweep rate of 250 mV/s at room temperature. The
initial three cyclic voltammograms were recorded to monitor
the surface Cu trace, then the catalysts were electrochemically
treated between 0.05 and 1.2 V at a sweep rate of 250 mV/s for
250 cycles. For ECSA measurement, the sweep rate was
changed at 50 mV/s from 0.05 to 1.2 V, and the electric
quantity of H,,q adsorption/desorption region was calculated
by the attached electrochemical analysis software package of the
IM6ex electrochemical workstation.

2.4.3. OH, Induced Electrochemical Treatments. To
confirm the OH_ 4-induced restructuring, the prepared RDE
electrode performed at 250 mV/s from 0.05 to 1.2 V to record
the first scan, and then the specified potential scans between 0.5
and 0.85 V at a sweep rate of 100 mV/s with different circles
were performed. After the specified sweep circles, the potential
was again scanned at 250 mV/s from 0.05 to 1.2 V, and the CV
curves were recorded for comparison.

2.4.4. ORR Polarization. Polarization curves were obtained
by a potential sweep from 0.3 to 1.05 V at a scan rate of 20
mV/s and rotation disk speed of 1600 rpm at room
temperature. The specific and mass activities were studied at
0.9 V vs RHE.

2.4.5. Kinetic Current (ji) calculation. The cyclic voltam-
metry measurements were performed in Ar-saturated or purged
0.1 M HCIO, solutions at a sweep rate of S0 mV/s. The ECSA
was calculated by measuring the areas of H desorption between
0.05 and 0.4 V versus RHE after the deduction of the double-
layer region. By using the charge passed for H-desorption, Qy,
the ECSA of Pt can be calculated using the following equation:

Uy

ECSA = —————
m X 0.21

(1)
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Figure 1. (a) TEM image of a part of a CuPt tube after annealing at 600 °C. (b) TEM image of a part of a CuPt restructured tube obtained after 250
cycles between 0.05 and 12 V vs RHE in Ar-saturated 0.1 M HCIO, solutions. Insets are the ED patterns showing the order—disorder
transformation before and after morphology restructuring. (c) Amplified TEM image shows the highly rough surface. (d) Schematic of surface

evolution after 250 cycles.

where m represents the Pt loading (mg) in the electrode; Qy,
the charge for H-desorption (mC/cm®); and 0.21, the charge
required to oxidize a monolayer of H, on clean Pt.

Instead, for ORR measurements, the electrolyte was replaced
with saturated oxygen, and the experiments were carried out
using a RDE with a rotation rate of 1600 rpm and a sweep rate
of 20 mV/s. The current densities were normalized to the
geometric area of RDE, 0.196 cm?.

The kinetic current,i,, is expressed by the following equation:

1 1 1

ioi g

i 2)

where i is the measured current and i4 is the diffusion-limited
current. Then, the specific current density, ji, can be calculated

from eq 2 when the measured real surface area, A, was
obtained:
, B dgxi 1
Wi eriebw
real g —1 real (3)

For each catalyst, specific and mass activities were obtained
when the kinetic current was normalized to the ECSA and
loading amount of metal, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structure of Cu—Pt Catalysts. To
study the effects of crystal structure and surface composition on
the electrocatalytic properties, we studied a series of CuPt
bimetallic catalysts with a sequential increase in the surface
atomic fraction of Pt on a mixed Cu—Pt surface and lattice
ordering through different thermal annealing treatments. The
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CuPt nanoparticle tubular catalysts with ~20 atom % Pt were
synthesized by a newly developed electrochemical method.****
After the synthesis, AAO template-supported annealing treat-
ments with temperatures of 300, 500, 600, and 700 °C
(denoted as CP3, CPS, CP6, and CP7, respectively) were
performed under a flowing 5% hydrogen atmosphere to form a
tubular structure.

The TEM image shows the nanoparticle tubular structure in
Figure la. When annealing below 500 °C, the particle size is
difficult to observe because of the unclear crystal boundary
(Supporting Information, Figure S1). Upon annealing treat-
ment, the Pt atoms strongly migrate to the outer surface
because of the heat of segregation and the surface mixing
energy,s’35 so we can use the annealing temperature to control
the atomic fraction of Pt on the surface.

This hypothesis has been easily proved by the cyclic
voltammetry (CV) data in Figure 2a. The higher the
temperature increases, the lower the Cu redox peaks on the
particle surface decrease. The change trend of the initial three
cycles can be examined (Supporting Information, Figure S2).
There are quite weak Cu redox peaks when the temperature
increases to 700 °C, suggesting the formation of Pt-rich
surfaces. On the other hand, the atomic fraction of Pt in the
surface region measured by XPS increases with an increase in
the temperature in Figure 2b. These results indicate the
increase of Pt atoms on the surface. In other words, more Cu
atoms migrate into the core regions upon the annealing. The
decrease in the Cu composition in the surface region reduces
the relative peak intensity of the shakeup satellite of Cu2p,
indicating the modification of the chemical environments and

dx.doi.org/10.1021/cs300058c | ACS Catal. 2012, 2, 916—-924
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Figure 2. Relative composition change between Pt and Cu on topmost
layer and in the surface region. (a) CVs of the catalysts were recorded
with initial first cycle. The continuous decrease of the relative redox
peak current intensities of Cu suggests the decrease in the surface Cu
atomic fraction with an increase in the annealing temperature. (b) The
Pt atomic fraction in the surface region increases with an increase in
the annealing temperature measured by XPS.

electronic structure of Cu atoms (Supporting Information,
Figure S3).

The HRTEM images show the appearance of the Cu;Pt
(100) and Cu,Pt (111) planes and superlattices after thermal
annealing (Supporting Information Figure S4). The results
agree with the CuPt binary alloy phase diagrams.’® The XRD
data show that the CuyPt(111) peaks become narrower,
suggesting a larger particle size after annealing with higher
temperature (Supporting Information Figure SS). Moreover,
the XRD results show that the crystals experience a disorder—
order transformation with an increase in the annealing
temperature.

3.2. Composition after Potential Cycling Treatment.
After annealing, the samples were cyclic voltammetrically
treated in an Ar-saturated 0.1 M HCIO, solution for 250
cycles at room temperature (Figure 3). Potential cycling can
deplete the surface Cu of the catalysts. EDX and inductively
coupled plasma mass spectrometry results indicate that the CP3
composition changed from CugyPt,, to Cus,Pt,q after cycling
(Figure 4). This result is similar to the reported composition
change from Cu,sPt,5 to CuysPts after dealloying in the same
potential region by Strasser et al.>” When the temperature is
increased to 500 °C for CPS, the composition changes from
CugyPtyy to Cu4sPtys, suggesting less Cu was etched into
solution. Notably, when the temperature is further increased to
700 °C for CP7, we can detect only quite weak Cu redox peaks
by the magnified pattern (Supporting Information Figure S2d),
so the atomic fraction of Pt on the surface is highly improved. It
shows that the composition changes only from Cug,Pty, to
Cu; Pty XPS analyses showed that the composition ratio
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between Pt and Cu in the surface region for CP3 suffered a
maximum change, but for CP7, it is nearly unchanged, in
contrast to that before cycling (Figure 4). These results suggest
that the high atomic fraction of Pt on the surface could prevent
the leaching of Cu.

Stamenkovic and co-workers found that the pure Pt
outermost layer could protect the subsurface transition metal
atoms from dissolution.'® Moreover, despite the formation of
the Pt surface, when we continue the cycling, the atomic
fraction of Cu for CP3 and CPS will further decrease. The
possible explanation may be that the Cu atoms in the
subsurface or core region continuously migrate to the outer
surface and dissolve into solution, which is also called surface
segregation by Mayrhofer.'> However, the composition ratios
of CP6 and CP7 did not have an obvious change. This result
was confirmed by ICP data. This issue may be attributed to the
less surface segregation of Cu owing to the difference in bond
energy or bond length between disordered and ordered alloys
in terms of nearest-neighbor pair-bonding.>®*” Therefore, the
Pt-rich surface and high lattice ordering can prevent the
leaching of Cu.

3.3. ECSA after Potential Cycling Treatment. Thermal
annealing will cause the ripening and growth of the CuPt
nanoparticles, and a higher temperature results in a larger
particle size and, thus, decrease in the surface area per mass.
However, in this experiment, after 250 potential cycles, the
ECSAs of the samples increase with an increase in the
temperature. The ECSAs for CP3, CPS, CP6, and CP7 are 19,
28.7, 32.3, and 31.8 m? gpt_l, respectively. The values of this
unsupported CuPt nanoparticle tubular catalysts are even
higher than that of fuel cell grade Pt black (about 19 m®
gp ).** Here, we try to explain the reasons why a Ptrich
surface and ordered structure (even larger particle size) result
in the higher ECSA by comparing C1 and C2 catalysts.

For Cl1 catalysts, such as CP3 and CPS samples annealing at
lower temperature, the first cyclic voltammograms show no
hydrogen adsorption/desorption (H,4) between 0.05 and 0.4V,
but do show high Cu redox peaks in Figure 2, implying a Cu-
rich surface. After the initial several cycles, the surface was
roughly dealloyed, and the Cu redox peaks decreased in
intensity. From the 4th to 250th cycles, the H4 region for CP3
has a minor increase (about 4%) and then decreases (Figure
3a). At the beginning, the increase in the ECSA for CP3 and
CPS5 should be attributed to depletion of the surface Cu and
more exposed Pt surface sites. The Pt rough surface form and
the coordination number of surface Pt is lowered because of the
leaching of surface Cu atoms.”'® Under these conditions, the
surface Pt atoms with low coordination numbers rearrange to
reduce the number of dangling bonds (Figure 3e).>* Moreover,
the low coordination atoms are preferential sites for the
adsorption of oxygenated species, and these sites are more
vulnerable for dissolution, migration, and rearrangement.41
Thus, after depletion of surface Cu atoms, the following
potential cycling will induce the decrease in the ECSA (Figure
4a, b, e). This case is very similar to that of tiny particles with
low coordination number growing into large particles to
decrease the surface energy under potential cycling.'®

For C2 catalysts, such as CP6 and CP7 samples annealing at
higher temperature, the particles ripen and grow into a large
size, high lattice ordering, and Pt-rich surface (Figures la, 2a
and b, and Supporting Information Figures S2d and SS). The
first cyclic voltammograms show no hydrogen adsorption/
desorption (H,4) between 0.0S and 0.4 V and low Cu redox

dx.doi.org/10.1021/cs300058c | ACS Catal. 2012, 2, 916—-924
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Figure 3. CVs original data of CuPt catalysts: (a) CP3, (b) CPS, (c) CP6, and (d) CP7. The experiments were performed in Ar-saturated 0.1 M
HCIO, solutions with a fast sweep rate of 250 mV/s and the data were recorded from the fourth to 250th cycles. (e) Schematic of different surface
morphology evolutions between C1 and C2 catalysts. The red arrows show the dangling bonds.

peaks in Figure 2, implying few Pt active sites. Large particles
normally have a small initial ECSA. After several initial cycles,
the ECSA is still quite low (Figure 3c and d). It suggests that
the ECSAs of CP6 and CP7 with a Pt-rich surface could not
increase as the Cu-rich surface because fewer Cu atoms were
leached out from the surface. However, the cycling was
continually performed; the H,4 increased slowly but continu-
ously (Figure 3c and d); and finally, the ECSA exceeded those
of the CP3 and CPS after 250 cycles, suggesting the large
enhancement of the ECSA (Figure Sa and c).

920

As discussed above, after leaching of surface Cu, the Cu
atoms from the subsurface and core region migrate to the top
surface and dissolve. However, the surface segregation process
is a relatively slow process,"> and the fewest Cu atoms are
dissolved from the particles after cycling in Figure 4. It implies
that the enhanced ECSA may not only be attributed to the
leaching of Cu. For these Pt shell particles, during the surface
Cu leaching, the adsorbate-induced rearrangement of the
surface Pt atoms may be present as discussed by Somorjai et
al. in 1989.%*

dx.doi.org/10.1021/cs300058c | ACS Catal. 2012, 2, 916—-924
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Figure 4. The Pt atomic fraction before and after cycling. The Pt
atomic fraction in the surface region before and after cycling was
measured by XPS. The chemical compositions in all were measured by
energy-dispersive X-ray spectroscopy and inductively coupled plasma
mass spectrometry.

As shown in Figure 1b, the TEM image demonstrates the
obvious gullylike contrast difference, in contrast to the surface
before cycling in Figure 1a, indicating the formation of a highly
rough surface (Figure lc). In addition, the TEM images also
show that the particles have been welded together and the
crystal boundaries disappear after cycling. These results indicate
the intensive migration of Pt atoms upon cycling. The electron
diffraction (ED) insets in Figure 1 show the disappearance of
larger spacing facets of Cu,Pt (100) and Cu,Pt (110), revealing
the absence of the ordered lattice, which may be caused by
leaching of Cu at the Cu-rich (100) and (110) surfaces of L,
Cu,Pt** and the relatively stronger surface segregation of
these facets.** The potential cycling may cause a domino effect
on order—disorder structural change and the disruption of near-
surface ordering resulting from the absence of neighboring

atoms.*”** The ED pattern after cycling becomes continuous,
suggesting a morphology change. Compared with the ECSA of
CP3, the ECSA was improved nearly 2 times (Figure Sc).
Moreover, the CVs in Figure 3d indicate that the ECSA of CP7
has been largely improved compared with the initial cleaned
surface area of the same sample. The ECSA for CP6 with an
average particle size of 40 nm is 32.3 m* gy "'; for CP7 with a
particle size ~80 nm, it is 31.8 m* gp ' Pt. These results
indicate that the increase of the ECSA results from the surface
leaching of Cu and morphology restructuring-induced surface
roughness.

3.4. ORR Activity. The electrocatalytic activities of CuPt
porous tubular catalysts toward the ORR were studied. The
ORR activities were conducted in O,-saturated 0.1 M HCIO,
aqueous solutions on a glass carbon rotating disk electrode.
Polarization curves for the ORR of these catalysts are shown in
Figure Sb. The specific activity for CP6 is 0.8 mA cm > at 0.9V,
and it was shown to be 5-fold more active for ORR than that of
the CP3 catalyst (Figure S5d). Here, polycrystalline Pt is
selected as a common reference point for comparison. The
specific activity of polycrystalline Pt is ~1.1 + 0.1 mA cm™
(Supporting Information Figure S6), which is consistent with
the value reported by Mayrhofer et al.** The CP6 catalyst
demonstrated a mass activity of 0.232 A mgp, " at 0.9 V, which
was a 7-fold higher activity than that of the CP3 catalyst (0.03 A
mgp,'). These results indicate that the rearranged Pt surfaces
show a relatively high activity.

According to the relationship between lattice strain and the
adsorbate bond energy reported by Strasser and co-workers,” a
larger atomic fraction of Cu at the core will induce a higher
lattice strain and, thus, reduce the binding energy of
intermediate oxygenated adsorbates. In this study, compared
with the C2 catalysts (CP6 and CP7) after 250 hostile potential
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Figure S. (a) CVs of the CuPt catalysts recorded in an Ar-saturated 0.1 M HCIO, solution with a sweep rate of S0 mV/s. The red arrow shows
regular negative shifts of the peak potentials on the backward sweep. (b) ORR polarization curves for CuPt catalysts after 250 cycles in an O,-
saturated 0.1 M HCIO, solution (20 mV/s, 1600 rpm). (c) ECSAs for CuPt catalysts after 250 cycles. (d) Specific and mass activities of CuPt
catalysts at 0.9 V vs RHE. Specific and mass activities are depicted as kinetic current densities (j;) normalized to the ECSA and loading Pt mass,

respectively.
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cycles, the Cl catalysts (CP3 and CPS) have a lower Cu
content at the core, which limits the ORR activity. Therefore,
the ORR activity increases with an increase in the Cu
composition at the core in Figure 5d. However, after potential
cycling, the CP7 sample has a larger Cu composition in the
core region but shows a stronger binding energy because the
peak potential for the CP7 has a negative shift in comparison
with CP3 on the backward sweep in Figure Sa. This issue can
be explained in that the surface is highly rough, is rich in corner
and edge sites, and has many defect sites, which favor the
adsorption of hydroxyl species.

Recently, Wong and co-workers reported that the specific
activity was highly improved by removing the surface defect
sites via an acid wash protocol.” '""* The high density of
surface defect sites for CP7 induced by morphology
restructuring discourages further improvement of the perform-
ance. The slight decrease in the activity in Figure Sd for CP7
could be the overly high adsorption for hydroxyl species due to
the high density of surface defect sits. Thus, the enhanced
performance for CP6 results from a balance between the higher
Cu content at the core and the high density of the surface
defect sites. Therefore, in addition to the composition, the
surface microstructure should be considered for the adsorbate
bond energy.

3.5. Adsorbate-Induced Restructuring. To clarify
whether hydroxyl species induce morphology restructuring, a
confined potential cycling was studied. Above 0.5 V, the Cl 4 is
displaced by OH,4, and above 0.85 V, Pt—O may form in the
electrolyte.”” To confirm whether the OH,q played a key role in
restructuring, the potential confined cycling within the hydroxyl
adsorption potential region between 0.5 and 0.85 V was
performed at 100 mV/s with different cycles. After different
cycles, the potential was changed to 0.05—1.2 V to record the
CVs in Figure 6. The ECSA increases with increasing the cycle,

—400 cycles
0.8+ —— 100 cycles
——50 cycles
20 cycles
0.4+ 4 cycles
<
£
= 0.0
0.4
00 02 04 06 08 10 12
E/V vs. RHE

Figure 6. OH,g-induced morphology restructuring. The potential-
confined cycling was performed within the OH,4 region between 0.5
and 0.85 V vs RHE in Ar-saturated 0.1 M HCIO, solution at 100 mV/s
with different cycles. After different cycles, the potential was changed
to between 0.0S and 1.2 V to record the CVs (250 mV/s).

which is the direct evidence that OH_4 can be one of the factors
to induce restructuring and surface roughness. It must be
pointed out that the covering of oxygenated species above 0.85
V may also contribute to the restructuring, but here we did not
consider further. These results indicate that the OH,4 rebuild a
highly active surface,*® assisted by potential cycling, and the
OH,4 may be acted as a “surgeon” to improve the active sites
for catalytic reaction.

3.6. Stability and ECSA Restorability Test. The
accelerated durability tests have been performed by linear

922

potential sweeps between 0.6 and 1.0 V at 100 mV/s in O,-
saturated 0.1 M HCIO, solutions at room temperature. After
4000 cycles, the results demonstrated a loss of 12.2% for the
initial ECSA for the CP3 and 4.4% for the CP6 and surprisingly
showed a gain of 4.5% for CP7 in Figure 7. After 10 000 cycles,
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Figure 7. Stability and restorability test. The relative ECSA after the
first 250 cycles was taken as 100% for comparison. The loss percentage
of ECSA was obtained after a specified accelerated stability test. The
stability test was performed in an O,-saturated 0.1 M HCIO, solution
between 0.6 and 1.0 V (vs RHE) at 100 mV/s. After 10 000 cycles of
the stability test, the second 250 cycles were performed to measure the
restorability (the marked dashed lines represent how the catalysts
performed for 250 cycles in Ar-saturated 0.1 M HCIO, solution
between 0.05 and 1.2 V with a sweep rate of 250 mV/s).

the CP7 catalyst showed almost no loss of the initial ECSA, and
the stability of these CuPt catalysts displayed regular enhance-
ment. Fuel cell catalysts in hostile electrolyte must suffer the
harsh degradation due to the agglomeration, growth, loss and
migration, and active site contamination of the Pt.* Therefore,
the ECSAs of the particle catalysts are difficult to restore to the
original level because of the degradation after removal of the
surface contaminants. Here, after we replaced O,-saturated with
Ar-saturated 0.1 M HCIO, solutions and performed another
250 cycles, the ECSA for CP6 and CP7 catalysts can be
restored to the original level (Figure 7), but the CP3 cannot be
restored completely. Thus, the highly improved stability and
restorability could be due to the adsorbate-induced restructur-
ing during potential cycling.””

As discussed above, the CuPt catalysts with a Cu-rich surface
cause the leaching of Cu, and the coordination number of Pt on
the surface decreases, and thus, the Pt atoms will rearrange to
decrease the surface dangling bonds (ECSA decrease) in typical
fuel cell application ranges, as demonstrated in Figure 3e. For
CP7, the initial surface is a Pt shell with a high coordination
number. The surface energy of the compressive strain Pt—Pt
atoms on the surface may be high that induce rearrangement
(ECSA increase) to decrease the surface strain by adsorbates in
the electrolyte in Figure 3e. Thus, the rearranged surface should
be more stable according to the energy principle.

4. CONCLUSIONS

This study demonstrated the design and synthesis of highly
active and durable CuPt catalysts formed through potential
cycling in acid electrolyte. When increasing the surface Pt
atomic fraction and lattice ordering, fewer Cu atoms were
leached out and dissolved into solution but a higher ECSA was
obtained after potential cycling, which was explained by
adsorbate-induced morphology restructuring and different
surface configuration evolution. The adsorbate-induced mor-
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phology restructuring can rebuild a highly rough surface,
demonstrated by enhanced specific and mass activities of 0.8
mA cmp, > and 0.232 A mgp, " at 0.9 V for ORR and enhanced
long-term stability. After 10 000 cycles, the C2 catalysts display
almost no loss of the initial ECSA. Meanwhile, the stability of
these CuPt catalysts shows regular change from C1 to C2
catalysts with increased Pt surface content and lattice ordering.
Moreover, after a long-term stability measurement, the ECSA
of the rearranged surface can be restored to its initial value after
250 cycles, and thus, this kind of electrocatalyst may be
developed as a next-generation restorable cathode fuel cell
catalyst. Therefore, this strategy provides new insight and
understanding of catalytic activity enhancement and long-term
stability for a platinum-based alloy system.
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