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Highly Alloyed PtRu Nanoparticles Confined in Porous Carbon
Structure as a Durable Electrocatalyst for Methanol Oxidation
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ABSTRACT: The state-of-the-art carbon-supported PtRu catalysts are widely used as the anode catalysts in polymer electrolyte
fuel cells (PEMFCs) but suffer from instability issues. Severe ruthenium dissolution occurring at potentials higher than 0.5 V vs
NHE would result in a loss of catalytic activity of PtRu hence a worse performance of the fuel cell. In this work, we report an
ultrastable PtRu electrocatalyst for methanol oxidation by confining highly alloyed PtRu nanoparticles in a hierarchical porous
carbon structure. The structural characteristics, e.g., the surface composition and the morphology evolution, of the catalyst during
the accelerated degradation test were characterized by the Cu-stripping voltammetry and the TEM/SEM observations. From the
various characterization results, it is revealed that both the high alloying degree and the pore confinement of PtRu nanoalloys
play significant roles in suppressing the degradation processes, including Ru dissolution and particle agglomeration/migration.
This report provides an opportunity for efficient design and fabrication of highly stable bimetallic or trimetallic electrocatalysts in

a large variety of applications.
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1. INTRODUCTION

Bimetallic catalysts, composed of two metal elements in either
alloy or intermetallic form, have emerged as materials of a new
category with promising catalytic properties for many electro-
catalytic applications."” In particular, Pt-based bimetallic
catalysts supported on high surface area carbon have received
extensive investigations as electrode materials for polymer
electrolyte membrane fuel cells (PEMFCs).>* For example,
alloys with the general formula Pt;X (where X is a 3d transition
metal, such as Nj, Co, Fe, and etc.) give high activity toward
oxygen reduction reaction (ORR).>® However, in the acidic
fuel cell environment, dissolution of the base metal in the
oxidized form from the surface of bimetallic catalysts remains a
major problem of concern in this field.” ™' Both theoretical
predictions and experimental observations have shown that a
strong metal leaching can occur during the fuel cell
operation.ll‘12 Developing a rational strategy to mitigate
metal dissolution is still subject to insightful investigation.
Among the bimetallic materials, PtRu particles supported on
carbon have been developed as a state-of-the-art electrocatalyst
toward methanol oxidation reaction (MOR) based on the
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“bifunctional” mechanism.">'* In a recent review, Antolini
summarized the problems of Ru dissolution from Pt—Ru
catalysts during the fuel cell operation. Moreover, it has been
pointed out that suppressing Ru dissolution is a key challenge
to improve the stability and durability of the anodic PtRu/C
catalysts in an acidic environment.'® Indeed, the presence of the
Ru dissolution from PtRu catalyst lowers not only the catalytic
activity but also the CO tolerability.'>™"* Besides these negative
effects, the leached Ru can penetrate through the polymer
electrolyte membrane and then redeposit at the cathode.”® This
would significantly inhibit the kinetics of oxygen reduction and
largely limit the capability of the cathode on handling the
methanol crossover. In this case, the overall cell voltage could
decrease by an order of 40—200 mV. In addition, the process
involving Ru dissolution from the PtRu surface in the anode
and the deposition on the cathode is irrecoverable.">***" To
solve these problems, several strategies have been proposed,
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Scheme 1. Schematic Illustration of the Structural Features of (a) PtRu@CS with Highly Alloyed PtRu Nanoparticles Uniformly
Distributed and Confined in Nanopores of Carbon Texture and (b) PtRu/CS with PtRu Nanoparticles in a Pt-Rich Core/Ru-
Rich Shell Microstructure Deposited on the External Surface of Carbon Support
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such as the use of suitable supports~>* or the presence of

stabilizing agents24 (e.g, the addition of gold to the PtRu
catalyst®). Despite the considerable effort in this field, however,
the positive effects from these methods on the above-
mentioned problems are limited.

Recent investigations have shown that a high alloying degree
could be crucial for the stabilization of PtRu catalysts with a low
Ru dissolution in acidic media.'®’”**"*" Gancs et al®
investigated the effect of alloying degree of PtRu catalysts on
CO and methanol electrooxidation. Interestingly, it was found
that a high alloying degree of PtRu was beneficial for
maintaining the anodic activity in a prolonged operation time.
Yamada et al.'"” found that Pt-enriched-core/Ru-enriched-shell
structure was instable. The enriched Ru species on the surface
are easily crystallized in a hexagonal close-packed (hcp) phase
and are likely to be dissolved preferentially in the early stage of
a durability test.'® Thus, it is desirable to drive the Ru species
into the Pt phase to reduce the formation of the hcp phase. In
this aspect, the formation of PtRu alloy is considerably related
to the preparation method. Up to now, PtRu/C catalysts have
been obtained by various synthetic strategies, such as the polyol
method,”®*™>* microemulsion method,” ™% spray pyrolysis
method,*® coimpregnation method,””?” and coprecipitation
method,®® etc. In these methods, a Pt-enriched-core/Ru-
enriched-shell structure is typically formed probably due to
the different reduction rates of the two metals in the solution.
As mentioned above, this structure with Ru enriching on the
surface is unfavorable for the catalyst stability.>**’

To improve the alloying degree of the PtRu catalyst, a post
heat-treatment appears to be attractive since the formation of
the PtRu alloy is easier to proceed, as demonstrated by Antolini
et al.** However, high temperature would inevitably result in
aggregation of metal particles. If the particles can be confined to
migrate at high temperatures, the aggregation can be reduced,
while the alloying degree of PtRu can be improved
simultaneously. In this respect, we recall the pore confinement
effect, which has been used to improve the stability of Pt

particles toward ORR. The confinement of Pt particles inside
the pores can suppress Pt particle migration/agglomeration and
Pt detachment from carbon support.*"** However, uniformly
dispersing well-mixed bimetallic PtRu nanoparticles into the
nanopores is a challenging issue. To our knowledge,
investigation of the nanopore confinement effect toward the
degradation of PtRu catalysts, especially the process of Ru
dissolution, has not yet been reported thus far.

Herein, we demonstrated a surfactant-free synthetic route for
uniformly confining PtRu nanoparticles in the porous carbon
structure. More importantly, due to the postheat-treatment
process, the obtained PtRu nanoparticles are highly alloyed. For
comparison, we also synthesize a carbon-supported PtRu
catalyst using the well-known “polyol” method, following the
process reported in the literature.>"** To achieve a high
catalytic activity, carbon spheres with hollow core—mesoporous
shell (HCMS) structure are employed as carbon support in this
work. The hierarchical HCMS structure with interconnected
bimodal pore system of the carbon support can facilitate the
mass transfer of methanol molecules and other electrolyte ions
during the MOR, and hence the catalytic activity of the
supported PtRu catalysts is expected to be enhanced. Scheme 1
illustrates the structural features of the as-synthesized PtRu
catalysts. Degradation behaviors of the synthesized PtRu
catalysts, as well as a commercially available PtRu catalyst,
were studied by accelerated degradation tests (ADTs) with up
to 8000 repeated potential scans within a potential range of 0—
0.6 V vs NHE in blank H,SO, electrolyte. Cu-stripping
voltammetry was conducted after given cycles of potential scans
to monitor the loss of electrochemically active surface area
(ECSA) and surface Ru concentration. Morphology changes of
the decayed catalysts were studied by TEM. Results of this
work will provide fundamental understandings for the
degradation behaviors of carbon-supported PtRu catalysts
and, to a great extent, facilitate the development of highly
efficient electrocatalysts with applicable stability.

dx.doi.org/10.1021/am504821h | ACS Appl. Mater. Interfaces 2014, 6, 18938—18950



ACS Applied Materials & Interfaces

Research Article

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Exposed PtRu Catalyst by the
“Polyol” Method. PtRu nanoparticles supported on carbon
spheres were synthesized via the “EG” method and denoted as
PtRu/CS. The synthetic process was illustrated by Route A in
Scheme S1 (Supporting Information). Using solid core—
mesoporous shell (SCMS) silica spheres (core diameter, 300
nm; shell thickness, 80 nm, Figures S1 and S2, Supporting
Information) as the hard template, HCMS carbon spheres with
a core diameter of 260 nm and a shell thickness of ca. 50 nm
were prepared (Figure S3, Supporting Information) and then
employed as carbon support. A solution of furfuryl alcohol
(0.28 mL) and oxalic acid as catalyst with a molar ratio of 30:1
was added to SCMS silica spheres (0.6 g) with the incipient-
wetness impregnation method. The composites were heated at
80 °C for 3 h and then at 160 °C for 3 h in air for the
polymerization of furfuryl alcohol. Then the resultants were
annealed in a tube furnace at 700 °C for 3 h under argon
atmosphere for carbonization. SiO, templates were etched from
the silica/carbon composites using a 10 wt. % hydrofluoric acid
(HF) solution. The obtained carbon spheres were cleaned
repeatedly with water and ethanol and then dried in an oven.

The obtained HCMS carbon spheres (78 mg) were added to
an ethylene glycol solution (EG) containing H,PtCls (13.3 mg
of Pt) and RuCl, (6.7 mg of Ru) with a pH value of 13 set with
NaOH in EG (0.5 M). The above mixture was then heated at
210 °C for 4 h. After cooling, the pH was set at 5 by adding
HCI solution (0.1 M). After stirring overnight, the products
were collected by centrifugation and cleaned repeatedly. The
resulting PtRu/CS catalyst was dried at 60 °C in an oven.

2.2. Synthesis of the Pore-Confined PtRu Catalyst. The
synthetic approach is schematically illustrated in Scheme S1
(Supporting Information) (Route B), and the resulting catalyst
is denoted as PtRu@CS. In general, 0.6 g of the above-
mentioned SCMS silica spheres was suspended in dry CH,Cl,
(80 mL), to which an aqueous solution (0.28 mL) containing
H,PtCl; and RuCl; (8.84 mg of Pt and 4.4 mg of Ru) was
added dropwise under vigorous stirring. Upon filtration, the
powder was collected and dried in vacuum oven at 60 °C. An
amount of 0.28 mL of furfuryl alcohol was impregnated into the
above SCMS silica composite stored in a refrigerator. The as-
synthesized composites were kept at 60 °C in an oven for 24 h
and then carbonized in a tube furnace at 700 °C for 3 h under
argon atmosphere. The silica spheres were etched with a 5 wt %
HF solution. The obtained PtRu catalyst was cleaned with
deionized water and ethanol repeatedly and dried at 60 °C in
an oven.

2.3. Characterization Techniques. Scanning transmission
electron microscopy (STEM, Philips TECNAI 20 with a 200
kV accelerating voltage) and field emission scanning electron
microscopy (SEM, Hitachi S-4800 FEG) were employed to
characterize the morphology and structure of the synthesized
PtRu catalysts. Energy-dispersive X-ray spectroscopy (EDX)
was obtained with STEM equipped with INCAx-sight EDX
detectors (Oxford Instruments) to determine the composition
of the synthesized PtRu catalysts. Powder X-ray diffraction
(XRD) spectra were obtained on a PANalytical X-ray
diffractometer using Cu Ka radiation (4 = 0.1541 nm) at a
sweeping rate of 2 deg/min. Thermogravimetric analysis
(TGA) was performed in air with a PERKIN ELMER TGA-7
Thermogravimetric Analyzer to determine the metal load.
Nitrogen sorption isotherms were obtained with a Micro-

meritics ASAP 2020 analyzer at 77 K to evaluate the surface
area, pore volume, and pore size distribution of the synthesized
samples. The surface area was determined by the Brunauer—
Emmett—Teller (BET) method, and the pore size distribution
was calculated by the Barrett—Joyner—Halenda (BJH) method.

2.4. Electrochemical Measurements. Electrochemical
measurements were performed with a Solatron SI1287
potentiostat. A three-electrode configuration was used with a
Pt plate as the counter electrode, Ag/AgCl as the reference
electrode, and a glassy carbon (GC) electrode (from Pine
Instruments) with an area of 0.196 cm’ as the working
electrode. The GC thin-film electrode was prepared in a three-
step method. Carbon-supported PtRu catalyst (4.0 mg) was
dispersed into a solution containing 2-proponal (900 L) and
Nafion solution (0.5 wt %, 100 uL), followed by ultrasonic
treatment for 20 min, and then the resultant suspension (ca. 20
uL) was pipetted onto the GC electrode and dried at 60 °C for
1h

Cyclic voltammetry was carried out to study the methanol
oxidation reaction (MOR) in an electrolyte containing 0.5 M
H,SO, and 1 M CH;0H between 0.05 and 1.0 V (vs NHE) at
a scan rate of 10 mV s™! at room temperature (24 °C). Prior to
each cyclic voltammetry measurement, the electrolytic solution
was purged with pure N, for 30 min to remove the dissolved
oxygen. All potential values in this work were normalized by the
normal hydrogen electrode (NHE).

The ECSA and the surface composition of the catalysts were
determined by Cu-stripping voltammetry.*>** The test
electrode was immersed in 0.5 M H,SO, solution containing
200 mM CuSO,, and the potential was maintained at 0.3 V for
120 s to form a Cu monolayer on the PtRu surface. Linear
sweep voltammetry was then performed from 0.3 to 0.8 V at 10
mV s~L. As shown in eq 1, the charges associated with the Cu-
stripping process are 420 yC cm™>,

Cu’* + 2¢” — Cuypp = Cu’™ + 2e” (1)

The underpotential deposited Cu was stripped from Ru sites at
a potential region of 0.3—0.5 V vs NHE, lower than the second
Cu oxidation peak from Pt sites (0.5—0.75 V vs NHE). The
Cu-stripping wave was fitted with two Gaussian-like curves and
integrated. The surface Ru composition of the PtRu catalysts
(Og,) was calculated based on the ratio of the integrated Cu-
stripping charge at the Ru site (Qg,) to the total Cu-stripping
charge (Qu) according to eq 2%

Op, = L X 100 (at. %)
total (2)

The durability measurement was performed by repeated
potential cycling in the range of 0—0.6 V with a scan rate of 50
mV s in a 0.5 M H,SO, electrolyte at room temperature (24
°C). Following the durability measurement, the electrode was
removed from the H,SO, solution, rinsed with deionized water,
and characterized by Cu-stripping voltammetry.

3. RESULTS AND DISCUSSION

3.1. Characterization of the PtRu Electrocatalysts. The
synthesis of the PtRu@CS catalyst was carefully monitored by
SEM to confirm that all PtRu NPs were uniformly confined in
the mesoporous carbon textures. Figure S4 (Supporting
Information) shows the SEM images of the PtRu/carbon/silica
composites after carbonization and the resulting PtRu@C$S
catalyst after removing the silica template. Isolated carbon
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Figure 1. TEM images and the corresponding particle size distribution histograms of the PtRu catalysts: (a, b, c) for PtRu@CS; (d, e, f) for PtRu/

CS; and (b, i, j) for PtRu/VC from E-TEK.

spheres with hollow cores of ca. 260 nm were observed, with a
few metal particles located on the external carbon surface.
Considering that the PtRu@CS catalyst was thermally treated
at 700 °C for the carbonization of impregnated poly(furfuryl
alcohol), the resulting PtRu nanoparticles were thus confined in
the nanopores of HCMS carbon support, rather than situated at
the external boundary of the carbon shells. Moreover, it is also
expected that a high alloying degree can be obtained due to this
thermal treatment process.

The carbon structure and metal dispersion of the examined
PtRu catalysts were characterized by TEM (Figure 1). Both of
the synthesized PtRu catalysts supported on the carbon spheres
retained the same HCMS hierarchical structure, with macro-
scopic hollow cores of ca. 260 nm in diameter and mesoporous
shells of ca. 50 nm in thickness. However, the metal dispersion
of the two catalysts was rather different. The PtRu@CS
exhibited a uniform dispersion of PtRu particles throughout the

hierarchical carbon texture, with all PtRu nanoparticles
confined inside the mesoporous carbon shells. The correspond-
ing EDX elemental maps of Pt, Ru, and C (Figure 2) further
confirmed that all Pt and Ru atoms were well-mixed and
homogeneously distributed throughout the carbon support. In
contrast, most PtRu particles of the PtRu/CS catalyst were
located on the external surface of carbon support with slight
agglomeration. This is in agreement with the previous study
that the polyol method is not favorable for Pt particles to enter
the porous channels of ordered mesoporous carbons (OMCs).
Instead, the majority of Pt NPs is exposed on the external
surface of carbon particles.** The difference in the metal
particle dispersion between the PtRu@CS and PtRu/CS
catalysts could possibly lead to different electrochemical
performance. The histograms of PtRu particle size distribution
showed that the average particle sizes were 3.7, 3.0, and 3.1 nm
for PtRu@CSs, PtRu/CS, and the E-TEK catalyst, respectively.

dx.doi.org/10.1021/am504821h | ACS Appl. Mater. Interfaces 2014, 6, 18938—18950
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Table 1. Structural Parameters of the Synthesized PtRu Catalysts

samples C%/nm S$/nm metal loadingb/wt %
PtRu@CS 264 + 10 55 +4 234
PtRu/CS 260 + 12 S3+3 21.7
PtRu/VC (E-TEK) - - 20

BET surface area/m> g ! pore volume®/cm® g_1 pore diameter®/nm

994.0 0.71 3.9
871.5 0.62 3.9
154.6 0.24 -

“The diameters of the macrohollow cores (C) and the mesoporous shell thickness (S) of the HCMS carbon spheres were measured based on the
TEM characterization. “PtRu metal load was determined by the TGA analysis. “BET surface area, pore volume, and pore diameter were measured by

N, sorption isotherms.
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Figure 4. (a) XRD patterns of the PtRu catalysts: PtRu@CS, PtRu/CS, and E-TEK PtRu/VC. (b) Curve fitting results for the Pt(220) diffraction

peaks.

Table 2. Peak Position of Pt(220) and Calculated Structural Parameters Based on the XRD Data

samples (220) peak position (deg) lattice parameter (A) bulk Pt:Ru composition (atom)®  xy,  alloying degree (%) particle size (nm)
PtRu@CS 68.69 3.862 1:1 0.43 77 42 +03
PtRu/CS 68.14 3.889 1:0.81 0.21 34 3.1+04
PtRu/VC (E-TEK) 68.52 3.870 1:1.04 0.36 5SS 34 +03

“Bulk Pt:Ru composition was determined by EDX analyses.

The porosity of the HCMS carbon support was examined by
N, adsorption/desorption (Figure 3). The BET surface area,
pore volume, and pore size distribution (by BJH method) of
various samples were derived and summarized in Table 1.
Compared with PtRu/VC (E-TEK), the PtRu catalysts
supported on HCMS carbon spheres exhibited higher surface
areas (>800 m*/g) and larger pore volume, which can enhance
the electrochemical activity of PtRu due to more facile mass
transportation. It is noted that the mesoporosity of PtRu@CS is
higher than that of the PtRu/CS. This can be ascribed to the
existence of abundant nanopores confining PtRu nanoparticles
in the carbon structure. Both PtRu@CS and PtRu/CS showed
similar pore size distribution curves (centered at 3.9 nm),
suggesting that the carbon replica in both the PtRu@CS and
the PtRu/CS catalysts shared a similar mesostructure.

The crystalline structure of the PtRu metal particles was
studied by XRD (Figure 4). A broad peak at 20 = 25° was
observed in all X-ray diffractograms, which resulted from the
graphitic carbon support.** All XRD patterns show three
characteristic diffraction peaks of face-centered cubic structure
of Pt crystal, which can be assigned to the (111), (200), and
(220) planes. Moreover, all the observed XRD peaks slightly
shifted toward higher values of 26 due to the formation of the
PtRu alloy. The diffraction peaks of the PtRu@CS catalyst at 26
= 40° are relatively sharper than that of PtRu/CS, indicating
relatively larger particle sizes of the formed PtRu particles.
Antolini et al. have proposed that the alloying degree of the
PtRu catalyst is defined by the Ru atomic fraction in the PtRu
alloy.***” The Pt(220) profiles from 63° to 75° (20) were fitted

18943

using the Lorentzian function with a linear background. The
lattice parameters were calculated by indexing the (220)
reflections and then used to estimate alloying degree of PtRu
nanoparticles according to the following equations based on
Vegard’s law**~>°

\/EﬂKal

a=
sin @ . 3)
a = ay — 0.124xp, (4)
degree of alloying (%) = i X 100
[(1 - xRu) (Ru/Pt)nom]
©)

where yy, is the Ru atomic fraction in the PtRu alloy and (Ru/
Pt),om is the nominal Ru/Pt atomic ratio measured by EDX.
The calculated alloying degree was 77% for PtRu@CS, 34% for
PtRu/CS, and 55% for the E-TEK catalyst (as summarized in
Table 2). Considering that the average particle size of PtRu was
ca. 3.7 nm estimated from the TEM characterization, the heat
treatment of the PtRu@CS catalyst at 700 °C during the
carbonization step did not cause serious sintering or
aggregation of PtRu nanoparticles. Instead, the alloying degree
of the obtained PtRu catalyst was enhanced. Since there were
no distinct diffraction peaks related to hexagonal close-packed
Ru or tetragonal RuO, phases, the unalloyed Ru is probably in
amorphous states.

Cu-underpotential deposition (UPD) stripping voltammetry
is the preferred method for determining the surface area and

dx.doi.org/10.1021/am504821h | ACS Appl. Mater. Interfaces 2014, 6, 18938—18950
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Figure 6. Ru dissolution process studied by the Cu-stripping voltammograms of the PtRu catalysts during the ADTs: (a) for PtRu@CS, (b) for
PtRu/CS, and (c) for PtRu/VC from E-TEK. (d) Change of surface Ru composition for each PtRu catalyst during the degradation tests. The error

bars reflect the standard deviations involved in the peak fitting.

catalysts can be estimated from the Cu-stripping voltammetry
by deconvoluting the oxidation curve into two peaks. The first
peak is due to stripping of the deposit from surface ruthenium
sites; however, a small contribution may arise from Pt (as seen
from Figure SS, Supporting Information). The second peak
reflects removal from Pt sites only. However, deconvolution of
the Cu-stripping peaks to distinguish Pt and Ru sites may

surface compositions of PtRu electrodes. Because of the
similarity of the atomic radii of the metals (Cu, 0.128 nm;
Pt, 0.138 nm; Ru, 0.134 nm), the ratios of Cu deposited to Pt
and to Ru are estimated to be 1:1. This permits a simple
calculation of the total electrochemically active surface area for
all three electrodes (Pt, Ru, and PtRu). Anthony et al. measured
the surface area of the unsupported PtRu catalyst by the CO,
Cu, and H UPD-stripping method, respectively, and found that introduce additional errors.

the Cu-stripping measurement produced a value much closer to The Cu-stripping method for the durability studies of PtRu
that determined from the BET analysis.**** However, some catalysts was first validated using the Pt/VC (E-TEK) catalyst
caution must be taken since the Cu underpotential deposition as a standard. The ECSAs of Pt after certain numbers of
and subsequent oxidation processes are dependent upon many degradation scans were estimated from both H-desorption
factors of the catalysts. The surface compositions of the PtRu peaks and Cu-stripping voltammetry, as shown in Figure S5

18944 dx.doi.org/10.1021/am504821h | ACS Appl. Mater. Interfaces 2014, 6, 18938—18950
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Table 3. Bulk and Surface Compositions of the PtRu Catalysts before and after ADTs

before ADT's after ADTs
ECSA® surface composition bulk composition ECSA® surface composition bulk composition

catalyst (m* ¢! of PtRu) Pt:Ru” (atom) Pt:Ru® (atom) (m* ¢! of PtRu) Pt:Ru” (atom) Pt:Ru® (atom)
PtRu@ 86 1:~1.10 1:1 80 1:~0.66 1:0.50—-0.74

CS
PtRu/CS 93 1:~1.94 1:0.81 64 1:~0.23 1:0.11-0.27
PtRu/ 67 1:~1.44 1:1.04 44 1:~0.31 1:0.16—0.34

vC

“ECSA of each examined PtRu catalyst was measured by Cu-stripping voltammetry assuming the charges associated with the Cu-stripping process
were 420 uC em™> Surface composition was estimated from the Cu-stripping voltammetry. “Bulk composition was determined by the EDX

analysis.

(Supporting Information). The close values of the ECSAs of Pt
and the similarity of the decaying trend clearly suggest that the
Cu-stripping voltammetry is a reliable method for the
degradation studies of Pt-based electrocatalysts.

The surface compositions of these PtRu catalysts were
determined by the Cu-stripping voltammetry (Figure S). The
Cu-stripping peak derived from the Ru atoms appeared in the
potential region of 0.3—0.5 V, whereas that derived from the Pt
atoms appeared in the region of 0.5-0.75 V.***3! 1t can be
recognized that the Cu oxidation curves contributed from the
Pt and Ru surface are slightly different for the three PtRu
catalysts examined, indicating the presence of difference in their
surface compositions. The surface Pt:Ru atomic ratio was
calculated by deconvoluting the Cu-stripping curve with two
Gaussian-like curves as demonstrated in Figure 6b—6d. The
calculated PtRu atomic ratios are summarized in Table 3. It is
noticed that the nominal Pt to Ru ratio was estimated close to 1
for the PtRu@CS catalyst, which is in good agreement with the
results from the EDX analyses. Since both the bulk and surface
compositions were close to PtsyRus, it is concluded that the Pt
and Ru were well mixed in the nanoalloy. As for the PtRu/CS
sample synthesized via the traditional EG method, the surface
Ru composition was higher than Pt, deviating from its bulk
composition measured by EDX. Therefore, the Pt and Ru
components were not uniformly distributed in the particles
prepared via the EG method, and the catalyst surface was
enriched with Ru species. A microstructure of the Pt-enriched
core/Ru-enriched shell was formed, mainly due to the
reduction of Pt salt at a faster rate than that of the Ru salt in
solutions. This is a major drawback of the polyol synthetic
method as mentioned above. The commercial Vulcan carbon-
supported PtRu catalyst also exhibited a Ru-rich surface as
revealed from the Cu-stripping voltammetry shown in Figure
5d.

The ECSA of each PtRu catalyst was also calculated from the
Cu-stripping voltammograms assuming that a monolayer of Cu
atoms was deposited on the PtRu surface and the charge
involved was 420 uC cm™ The PtRu/CS exhibited an ECSA
of 93 m* g™, higher than that of PtRu@CS (86 m* g!). The
higher ECSA value of the EG sample could be ascribed to the
smaller particle sizes (~3.0 nm) and easy accessibility of the
electrolyte to the fully exposed PtRu nanoparticles. The ECSA
of Vulcan carbon-supported PtRu/VC catalyst was 67 m*> g™,
which was probably due to the agglomeration of metal particles,
as observed from the TEM characterization (Figure 1).

3.2. Accelerating Degradation Tests (ADTs). In order to
investigate the electrochemical stability, ADTs with repeated
potential cycling in the potential range of 0—0.6 V vs NHE up
to 8000 cycles were performed in a 0.5 M H,SO, electrolyte.
The potential sweeping rate was maintained at 50 mV s™". This

accelerated degradation test led to the decay of electro-
catalysts.>>>> Cu-stripping voltammograms were recorded for
each electrode after given numbers of potential cycles. Figures
6a—6¢ show the evolution of Cu-stripping voltammograms of
the examined PtRu catalysts with increasing degradation cycles.
The small loss of Ru together with a slight increase in Pt
portion was observed for the PtRu@CS catalyst. Both the
ECSA and the surface Ru composition were well preserved
during the whole degradation test, suggesting a remarkable
electrochemical stability of the PtRu@CS catalyst. In contrast,
the Cu oxidation curve from Ru sites between 0.3 and 0.5 V
rapidly decreased in both PtRu/CS and PtRu/VC, indicating
that Ru atoms on the PtRu surface were gradually lost upon
potential cycling. For all examined PtRu catalysts, the Cu
oxidation curve from Pt sites in the potential region of 0.5—0.75
V increased during the early stage of the ADTs since more Pt
sites exposed to the electrolyte after Ru atoms dissolved from
the surface of the PtRu particles.

The surface Ru compositions calculated from Cu-stripping
voltammograms recorded before and after the ADTs were
compared for the examined PtRu catalysts. As shown in Figure
6d, the PtRu@CS catalyst demonstrated a suppressed Ru
dissolution process compared to that of PtRu/CS and PtRu/
VC. After 8000 repeated potential scans, the surface Ru atomic
concentration for the PtRu@CS was still maintained at 40 at.
%. Both PtRu/CS and PtRu/VC catalysts experienced serious
surface Ru loss during the long-term ADTs since the surface Ru
compositions dropped from the initial 66 at. % and 59 at. % to
19 at. % and 24 at. %, respectively. Therefore, the pore confined
PtRu@CS catalyst exhibits a remarkably improved electro-
chemical stability against Ru dissolution; the enhanced
electrochemical stability is ascribed to its unique structural
characteristics, including the crystallinity, the high alloying
degree (77%), and the nanopore confinement.

The evolution of ECSAs for each catalyst during the ADTs
was demonstrated in Figure 7. Interestingly, the ECSA of
PtRu@CS (86 m* ¢! of PtRu) kept increasing even up to 4000
initial potential scans. With further increasing the scanning
cycles, the ECSA began to decrease, but over 90% of the initial
ECSA was maintained after the ADTs. Similar results have been
reported by Chen et al'® in characterizing the PtRu anode
catalysts by methanol-stripping and CO-stripping experiments,
in which the ECSA of their PtRu catalyst reached its maximum
value after 1000 cycles and then began to decrease. It was
speculated that the sudden dissolution of Ru at the beginning of
degradation tests left many small voids, increasing the
roughness and the surface area of the catalyst surface. The
small voids gradually vanished with the continuing potential
scans. The carbon corrosion on the PtRu catalyst surface during
the ADTs gradually released more confined PtRu particles,
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Figure 7. Change of ECSA estimated by Cu-stripping voltammetry for
each PtRu catalyst during the ADTs.

which also contributed to the increase in ECSA at the initial
stage of the ADTs.

3.3. Electrocatalytic Activity of the PtRu Catalysts. The
difference in the nanostructures of the PtRu@CS and PtRu/CS
catalysts is expected to induce different electrochemical
properties. To characterize the variation of the catalytic
properties of these PtRu catalysts toward MOR, we performed
the cyclic voltammetry on the fresh and the degraded PtRu
catalysts in 0.5 M H,SO, solution containing 1.0 M CH;OH
before and after the ADTs. As shown in Figure 8a, the specific
current peak at ca. 0.6—0.7 V in the forward scan is normally
attributed to the catalytic activity for methanol oxidation. Both
of the synthesized PtRu catalysts supported on HCMS carbon
spheres exhibited higher initial catalytic activities than that of
the commercial E-TEK catalyst (PtRu/VC). These improve-
ments of the MOR activity could be attributed to the small
particle size of PtRu nanoparticles and the hierarchical porous
carbon supports which improve the mass transportation
throughout the pores. Compared to the PtRu/CS catalyst,
the PtRu@CS catalyst showed a relatively lower current and a
positively shifted anodic peak in the methanol oxidation. This
may suggest that pore confinement of PtRu nanoparticles
imposed limitations on mass transportation and electrolyte
accessibility to the surface of the metal catalysts.

After ADTs, all degraded PtRu catalysts behave like Pt/C
catalysts, with anodic methanol oxidation peaks shifted
positively for about 0.2 V. This indicates that the loss of Ru
from the PtRu catalysts occurred during the ADTs. The mass-
normalized current density at 0.6 V vs NHE of examined PtRu

catalysts was compared before and after the ADTs: the current
density of the PtRu@CS catalyst was slightly decreased from
56.3 to S1.S mA mg ™' g, after the ADTs, whereas the current
densities of PtRu/CS and PtRu/VC faded from 70.1 to 30.8
mA mg ™ pp, and from 39.6 to 23.1 mA mg ™ pp,, respectively.
These results clearly suggested the superior electrochemical
stability of the PtRu@CS catalyst to the PtRu/CS and the
PtRu/VC.

In order to obtain more insights into the degradation
behaviors of these PtRu bimetallic catalysts on nanoscale, SEM
and TEM characterizations after the ADTs were performed
(Figure 9). For the PtRu@CS catalyst, metal agglomerations
can barely be observed either inside or outside the macroscopic
hollow cores of the HCMS carbon spheres. The corresponding
TEM image further confirmed that most of the metal particles
were still trapped inside the mesoporous carbon shells and
uniformly dispersed throughout the carbon structure. More-
over, the initial particle density distributed in the carbon
textures was still well-maintained after the ADTs. However, the
PtRu/CS and PtRu/VC catalysts underwent more severe
degradations than the PtRu@CS catalyst since severe particle
growth could be easily identified. These observations provide
evidence that the uniform distribution and nanopore confine-
ment of PtRu alloys in the porous structure of carbon support
can significantly suppress the degradation processes such as
metal particle agglomeration and detachment. EDX analysis on
the decayed catalysts (Figure S6, Supporting Information)
further confirmed that these observed agglomerated metal
particles mainly consisted of Pt. This could also result from the
leaching of Ru atoms during the ADTs.

3.4. Degradation Mechanisms of Carbon-Supported
PtRu Catalysts. A variety of degradation mechanisms for
carbon-su%ported Pt catalysts have been proposed in the
literature.”*° It is generally accepted that the degradation of
Pt nanocatalysts at high working potentials (at cathodes)
involves the following four major processes: (i) coalescence via
migration of Pt nanoparticles, (ii) particle growth via Ostwald
ripening, (iii) detachment of Pt nanoparticles from carbon
support, and (iv) dissolution and precipitation in the
membrane.

PtRu catalysts are substantially stable at the commonly used
fuel cell anode potentials (0.2—0.3 V vs NHE), which is just
slightly higher than hydrogen potential. However, for different
reasons, the potential can overcome 0.5 V vs NHE. In this case,
PtRu is not stable, and Ru dissolution can proceed. The
degradation mechanisms of PtRu bimetallic catalysts became
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Figure 8. Cyclic voltammograms of the PtRu catalysts measured in 0.5 M H,SO, and 1.0 M CH;OH solution at a scan rate of 10 mV s™" before (a)

and after (b) the ADTs.

18946

dx.doi.org/10.1021/am504821h | ACS Appl. Mater. Interfaces 2014, 6, 18938—18950



ACS Applied Materials & Interfaces

Research Article

2.1mm x120k SE(U)

Figure 9. SEM and TEM images of the decayed PtRu catalysts after the ADTs: (a, b) for PtRu@CS, (¢, d) for PtRu/CS, and (e, f) for PtRu/VC

from E-TEK.

much more complex due to the presence of Ru. The
simultaneous dissolution of Pt and Ru atoms takes place on
the catalyst surface, followed by subsequent redeposition of
dissolved Pt species without Ru.'® In addition to the dealloying
of Ru, other degradation processes, such as particle growth via
agglomeration, also lead to the loss of ECSA and the decrease
in activity. As illustrated in Scheme 1, the PtRu@CS catalyst
enables a high alloying degree and a uniform distribution of
PtRu nanoalloys in carbon texture, whereas the PtRu/CS
catalyst is located on the external surface of the carbon support
with a core—shell microstructure. Such differences in PtRu

crystallinity and particle depositions would significantly affect
their electrochemical stabilities and degradation behaviors.

(). Ru Dissolution. As we mentioned before, a major
challenge for improving the electrochemical stability of PtRu
catalysts is to suppress Ru dissolution from the catalyst
surface.'”'” For the PtRu@CS catalyst, the PtRu nanoalloys
were confined in carbon structures and partially exposed to the
electrolyte. During the long-term ADTs, Ru dissolution only
occurred at the exposed surface, leading to a few layers of the
outmost alloy surface being dealloyed, whereas the rest was still
well protected by the carbon nanopores. The formed Pt skin
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layer also has a role to protect further dealloying of Ru from the
inside. As to the PtRu/CS and PtRu/VC catalysts, Ru
dissolution took place at the Ru-rich surface which was fully
exposed to the electrolyte at a fast rate at the initial stage of
ADTs. Besides, the high alloying degree of the PtRu
nanoparticles (77%) benefitting from the high-temperature
postheat-treatment process also contributes to suppress the Ru
dissolution process.

(ii). Particle Growth and Agglomeration. For the PtRu@
CS catalyst, most of the PtRu alloys were confined in the
carbon nanopores and dispersed throughout the hierarchical
carbon texture. The porous structure of the carbon support
could limit their growth and agglomeration. As observed from
the TEM image of the degraded catalyst, most metal particles in
the PtRu@CS catalyst were still trapped inside the mesoporous
carbon shells after ADTs, whereas significant particle
agglomeration was observed for both PtRu/CS and PtRu/VC
catalysts. The obvious TEM contrasts clearly suggested that
confining PtRu NPs in mesoporous carbon texture limit the
movement of the metal nanoparticles and thereby suppress the
degradation process via the particle agglomeration.

Considering that traditional DMFCs are normally operated
at increased temperature (up to 60 °C) for achieving maximum
power density, the Ru dissolution problem could be more
serious in practical DMFCs than in this study (24 °C). We
therefore believe that the strategy demonstrated here by
employing the particle pore-confinement effect to address the
Ru dissolution problem can be more promising in the practical
applications of DMFCs.

However, it is also worth mentioning that the pore
confinement of PtRu nanoparticles in the porous carbon
structure also has negative aspects, such as poor utilization of
the costly PtRu catalysts and the mass transfer limitations.
These factors may lead to large voltage polarizations at high
current densities and hence affect the power performance of the

fuel cell.

4. CONCLUSIONS

In summary, we have demonstrated a surfactant-free route to
prepare a stable PtRu electrocatalyst for methanol oxidation.
The PtRu particles were highly alloyed and uniformly dispersed
throughout the porous carbon structure. Compared to the
samples prepared from the traditional ways, the newly
developed catalyst exhibited a more stable electrochemical
performance toward MOR and less leaching of Ru species
during the operation. Both of the alloying degree and pore
confinement of PtRu nanoparticles play important roles in
mitigating Ru dissolution from the catalyst surface; moreover,
the pore-confinement effect can effectively prevent particle
agglomeration and migration, resulting in a stable ECSA. We
believe that the synthetic strategy demonstrated here can also
be extended to prepare other carbon-supported mixed-metal
electrocatalysts with durable electrochemical performance.
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