
Platinum−Ruthenium Nanotubes and Platinum−Ruthenium Coated
Copper Nanowires As Efficient Catalysts for Electro-Oxidation of
Methanol
Jie Zheng,† David A. Cullen,‡ Robert V. Forest,† Jarrid A. Wittkopf,† Zhongbin Zhuang,†

Wenchao Sheng,†,§ Jingguang G. Chen,§ and Yushan Yan*,†

†Department of Chemical and Biomolecular Engineering, University of Delaware, 150 Academy Street, Newark, Delaware 19716,
United States
‡Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, Tennessee 37931, United States
§Department of Chemical Engineering, Columbia University, 500 West 120th Street, New York, New York 10027, United States

*S Supporting Information

ABSTRACT: The sluggish kinetics of methanol oxidation reaction (MOR) is a major
barrier to the commercialization of direct methanol fuel cells (DMFCs). In this work,
we report a facile synthesis of platinum−ruthenium nanotubes (PtRuNTs) and
platinum−ruthenium-coated copper nanowires (PtRu/CuNWs) by galvanic displace-
ment reaction using copper nanowires as a template. The PtRu compositional effect on
MOR is investigated; the optimum Pt/Ru bulk atomic ratio is about 4 and surface
atomic ratio about 1 for both PtRuNTs and PtRu/CuNWs. Enhanced specific MOR
activities are observed on both PtRuNTs and PtRu/CuNWs compared with the
benchmark commercial carbon-supported PtRu catalyst (PtRu/C, Hispec 12100). X-
ray photoelectron spectroscopy (XPS) reveals a larger extent of electron transfer from
Ru to Pt on PtRu/CuNWs, which may lead to a modification of the d-band center of
Pt and consequently a weaker bonding of CO (the poisoning intermediate) on Pt and
a higher MOR activity on PtRu/CuNWs.
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■ INTRODUCTION

Direct methanol fuel cells (DMFCs) are an attractive
alternative to hydrogen-fueled proton exchange membrane
fuel cells (PEMFCs) for powering portable devices because of
their high energy density (4.8 kWh/L) and ease of fuel
transportation and storage.1,2 However, in practice, DMFCs
exhibit low energy density and efficiency due to the sluggish
methanol oxidation reaction (MOR) (which leads to a large
overpotential) and the crossover of methanol from anode to
cathode.3 Tremendous efforts have been devoted to the
development of novel MOR catalysts in the past few decades
in order to lower the anode overpotential, and PtRu alloys are
recognized as the most active catalyst so far.4,5 However, even
with the state-of-art PtRu catalysts (carbon-supported PtRu
nanoparticles or PtRu/C), the MOR activity is still not high
enough: an anode overpotential of about 350 mV exists which
needs to be reduced.
One-dimensional (1D) nanostructures with extended

surfaces such as nanowires, nanotubes, and nanorods usually
have a preferential exposure of certain facets which may
enhance their catalytic MOR activities because MOR is well-
known to be structure sensitive.6 Koenigsmann et al. gave a
detailed review on 1D noble metal catalysts as a promising
structure paradigm for both MOR and oxygen reduction

reaction in DMFCs.7 Studies have shown that Pt nanotubes
(PtNTs),8 porous Pt nanotubes (porous-PtNTs),9 and ultra-
thin Pt nanowires (PtNWs)10 all exhibited improved MOR
activity over supported Pt nanoparticles (Pt/C). One-dimen-
sional Pt alloy nanostructures, such as PtNi nanotubes,11 PtNiP
composite nanotubes,12 PtPd nanotubes, and nanorods,13 PtFe
and PtPdFe nanowires,14 PtRu nanowires,15,16 PtPdTe nano-
wires,17 and Au/Pt and Au/PtCu nanowires,18 have also been
demonstrated to be better MOR catalysts, attributed to
bifunctional mechanisms19,20 or electronic effects21 of the Pt
alloy systems. In addition to the improved MOR activity, 1D
nanostructures are believed to have the potential to enhance
mass transport in the electrode during fuel cell operation.15

Among various alloying elements, Ru is still the best choice in
improving the MOR kinetics. Benefiting from the advantages of
1D structure and the promotional effect of Ru, 1D PtRu
nanostructures are of great interest but work in this area has
been limited. The reported 1D PtRu nanostructures were
synthesized by template-assisted electrodeposition using AAO22

or SBA-1515 as hard template followed by template removal or
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by electrodeposition of PtRu on Au-coated ZnO-NTs.23 Their
MOR activities are similar or slightly higher than that of PtRu/
C. Additionally, these methods usually are only suitable for
small scale synthesis, and the yield is low. Alternatively, galvanic
displacement reactions were widely used for synthesizing noble
metal materials using less noble metal as template, such as
Ag,24−26 Cu,27−30 and Te.17,31,32

Herein we report a simple galvanic displacement method to
generate PtRuNTs and PtRu/CuNWs as efficient MOR
catalysts. CuNWs were used as template and were synthesized
by reduction of copper nitrate with hydrazine and ethylenedi-
amine.33 PtRuNTs and PtRu/CuNWs were prepared by
complete and partial galvanic displacing Cu with Pt and Ru,
respectively. (See the Experimental Section for details.) By
varying the Pt and Ru precursor ratio, PtRuNTs and PtRu/
CuNWs with different Pt/Ru ratios were obtained. PtRuNTs
and PtRu/CuNWs showed higher MOR activities than the
benchmark commercial PtRu/C catalyst (Johnson Matthey
Hispec 12100, 50 wt % Pt, 25 wt % Ru on high surface area
advanced carbon support).

■ EXPERIMENTAL SECTION
Synthesis of CuNWs. CuNWs were synthesized by

reduction of copper nitrate trihydrate (Cu(NO3)2·3H2O,
Sigma-Aldrich) with hydrazine (N2H4, 35 wt. % solution in
water, Aldrich) in an aqueous sodium hydroxide (NaOH,
Fisher Chemical) solution in the presence of ethylenediamine
(EDA, ≥ 99.5%, Fluka). In a typical CuNW synthesis, 200 mg
Cu(NO3)2 in 10 mL of DI H2O was added to 200 mL of 10 M
NaOH in a 500 mL glass bottle. EDA (1.5 mL) and N2H4 (0.25
mL) were subsequently added to the solution. The glass bottle
was capped after the addition of all the components and shaken
vigorously to ensure complete mixing. Then the bottle was
heated in a 65 °C water bath for 1 h. The product was collected
by filtration and washed with DI water until the pH of the
filtrate reached 7. The filter cake was stored in a desiccator,
dried overnight, and collected for future use.
Synthesis of PtRuNTs and PtRu/CuNWs. PtRuNTs and

PtRu/CuNWs were synthesized by complete and partial
galvanic displacement of CuNWs. In a typical synthesis,
CuNWs (20 mg) were dispersed in 400 mL of water and
added into a 1 L three-neck round-bottom flask with a stir bar
inside. Various amounts of chloroplatnic acid (H2PtCl6·xH2O,
Aldrich) and ruthenium chloride (RuCl3·xH2O, Aldrich) in 100
mL of water were prepared in a dropping funnel and added
dropwise in a dropping rate of about 2 s per drop to the
CuNWs suspension after flowing Ar for 15 min. The reaction
continued for 1 h at room temperature to ensure a complete
reaction. After the synthesis, the products were collected by
filtration and washed with copious amounts of DI water. The
products were stored in a desiccator under vacuum, dried
overnight, and collected for characterization. All the PtRuNTs
samples were annealed at 250 °C in a tube furnace for 2 h in Ar,
whereas all the PtRu/CuNWs were not.
Electron Microscopy Characterization. The morphology

of synthesized CuNWs, PtRuNTs and PtRu/CuNWs were
characterized by scanning electron microscopy (SEM, JSM-
7400F) and transmission electron microscopy (TEM, JEM-
2010F). TEM samples were prepared on a lacey carbon copper
grid by adding a drop of sample water suspension on top. The
compositional ratio was studied by electron dispersive X-ray
spectroscopy (EDS) on SEM. The elemental mappings of
PtRuNTs and PtRu/CuNWs were obtained by scanning

transmission electron microscopy (STEM), specimens were
prepared by sonicating the nanowires in methanol, then drop
casting the solution onto lacey carbon-coated Au grids. Energy
dispersive X-ray spectroscopy (EDS) spectrum imaging was
performed in a Hitachi 3300 equipped with a 60 mm2 Bruker
X-flash detector, as well as secondary electron (SE) and high-
angle annular dark-field (HAADF) detectors for image capture.
Higher-resolution STEM images were recorded in an
aberration-corrected JEOL 2200FS.

X-ray Diffraction and X-ray Photoelectron Spectros-
copy. X-ray diffraction (XRD) patterns were recorded on a
Philips X’Pert X-ray diffractometer using Cu Kα radiation. X-
ray photoelectron spectroscopy (XPS) measurements were
performed using a Physical Electronics 5600 series XPS system
equipped with a multichannel hemispherical analyzer and Mg
anode X-ray source. The binding energy scale was calibrated by
comparing the primary photoelectron peaks of Au, Ag, and Cu
reference foils to values published in literature. Sample charging
was corrected by setting the binding energy of the C 1s peak to
284.8 eV.

Electrochemical Measurements. The electrochemical
measurements were conducted using a three-electrode cell
configuration, with silver/silver chloride electrode (Ag/AgCl)
as the reference electrode, Pt wire as the counter electrode, and
a 5 mm diameter glassy carbon electrode (PINE instruments)
as working electrode on a multichannel potentiostat (Princeton
Applied Research). All the potentials used in this work were
referred to that of the reversible hydrogen electrode (RHE).
The thin-film electrodes were prepared by pipetting 20 μL of

catalyst ink (catalyst ultrasonically dispersed in water) onto
glassy carbon electrodes which had been prepolished to a
mirror finish. The final precious metal loading for PtRuNTs is
100 μgPtRu/cm

2
disk, and that for PtRu/CuNWs is about 25−30

μgPtRu/cm
2
disk. Cyclic voltammetry (CV) experiments were

performed in 0.1 M HClO4 solution with 1 M CH3OH at a
scanning rate of 5 mV/s in an Ar atmosphere. A small scanning
rate of 5 mV/s was used in order to minimize the contribution
of current from CV without methanol as well as to give the
system enough time to achieve steady state during the sweeping
of potential. The voltammogram curves were recorded in the
potential region of 0.02 to 0.9 V vs RHE.
CO stripping was used to determine the surface areas as well

as the CO tolerance properties of Pt and PtRu catalysts. In a
CO-stripping test, the electrode potential was held at 0.1 V vs
RHE for 10 min for a fully adsorption of CO on the catalyst
surface followed by flowing Ar for another 10 min to remove
the CO in the electrolyte. The first positive scan shows the
stripping of a monolayer of CO while a second scan will be
used to judge whether the adsorbed CO has been completely
oxidized in the first scan. The oxidation charge of CO stripping
(QCO) was calculated by integrating the area under CO-
stripping curve with subtraction of CV curve in the second
scan, and the electrochemical surface areas (ECSAs) were
calculated using eq 1. The oxidation charge for removing one
monolayer of CO was assumed to be 420 μC/cm2 on PtRu
surfaces.

=
μ
Q

ECSA
420 C/cm

CO
2

(1)
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■ RESULTS AND DISCUSSION
CuNWs (Figure S1) with diameters in the range of 80−110 nm
and lengths in the range of 20−40 μm were synthesized and
used as the template to generate PtRuNTs and PtRu/CuNWs.
PtRuNTs and PtRu/CuNWs with different Pt/Ru atomic ratios
were prepared and termed as PtRu(1-1)NTs, PtRu(3-1)NTs,
PtRu(6-1)NTs, PtRu(9-1)NTs, PtRu(1-1)/CuNWs, PtRu(3-
1)/CuNWs, PtRu(4-1)/CuNWs, PtRu(6-1)/CuNWs, and
PtRu(9-1)/CuNWs. (The number in the parentheses indicates
the bulk Pt/Ru atomic ratio measured by EDX in SEM.) Their
SEM images are shown in Figure S2 and S5. The elemental
compositions of all samples were measured by energy
dispersive X-ray spectrospcopy (EDX) (Figure S3 and S6),
and the results were listed in Table S1, where we can see that all
PtRuNTs samples had a residual copper content of about 5−9
wt %, whereas all PtRu/CuNWs samples had a copper content
of about 70−75 wt %.
The SEM and TEM images of PtRu(6-1)NTs (Figure 1a,c)

show clear hollow tube structures which was caused by the so-

called “Kirkendall Effect”.34,35 The diameter of PtRuNTs is
about 120 nm, and the nanotube wall thickness is about 30 nm.
The length of PtRuNTs shrinks to about 6−10 μm due to
cracking during the galvanic displacement reaction. The
PtRu(4-1)/CuNWs have a diameter of about 120 nm and
length of around 10 μm (Figure 1b,d). The weight percentage
of precious metals (Pt and Ru) in all PtRu/CuNWs is 25−30
wt % (Table S1), which is about 1/3 of that in PtRuNTs. The
shell thicknesses of PtRu/CuNWs is estimated to be 10−20 nm
(e.g., Figure S7 for PtRu(4-1)/CuNWs). The high-angle
angular dark-field scanning transmission electron microscopy

(HAADF-STEM) images of a typical PtRu(6-1)NT and
PtRu(4-1)/CuNW and the corresponding elemental spectrum
images are shown in Figure 1e,f. A hollow structure of a
PtRu(6-1)NT can be clearly seen in Figure 1e and also in the
cross-sectional view of a PtRu(6-1)NT (Figure S4a−d). The
line scan along the tube (Figure S4e) clearly demonstrates the
existence of a hollow structure. Figure 1f confirms that PtRu/
CuNWs have a Cu-rich core, PtRu-rich shell structure. This can
also be seen from the cross-sectional view and line scan of a
PtRu(4-1)/CuNW (Figure S7).
The X-ray diffraction (XRD) patterns show that the CuNWs

(Figure 2a) have a face-centered cubic (fcc) structure (SG:

Fm3 ̅m; JCPDS card no. 04-0836) and the PtRuNTs (Figure
2b) also possess a fcc strcuture with characteristic diffraction
peaks of Pt(111), Pt(200), and Pt(220). The Pt peaks shift to
higher 2θ angles than pure Pt, reflecting a lattice contraction
due to the partial substitution of Pt by Ru to form a PtRu alloy.
In the case of PtRu/CuNWs (Figure 2c), the three narrow Cu
peaks at 2θ angles of 43.4°, 50.4°, and 74.1° are due to the
presence of a pure copper core. The broad peak at 42.3° is from
PtRuCu alloys formed on the surface. The formation of surface
alloy during galvanic displacement reaction was also reported in
literature to be essential for maintaining the original template
structures.36 The two peaks at 36.4° and 61.4° can be attributed
to Cu2O(111) and Cu2O(220) largely due to the oxidation of
surface copper during sample handling and storage. Upon
increasing the amount of Pt and Ru precursors, as in the case of
PtRuNTs, the Cu2O peaks disappeared. This phenomenon was
also observed in the synthesis of CuPd and CuPt nanotubes
using galvanic displacement reaction.28 The XRD patterns of
PtRuNTs and PtRu/CuNWs with other Pt/Ru ratios were very
similar to the ones shown here.
Because Ru oxidation occurs at about 0.25 V vs NHE, which

overlaps with the hydrogen oxidation reign (0−0.3 V),37 it is
not suitable to use hydrogen adsorption and desorption peaks
to determine the electrochemical active surface area (ECSA) of

Figure 1. SEM and TEM images of (a,c) PtRu(6-1)NTs and (b,d)
PtRu(4-1)/CuNWs; HAADF-STEM image and corresponding
elemental spectrum images of a (e) PtRu(6-1)NT; and (f) PtRu(4-
1)/CuNW with Pt shown in red, Ru in green, and Cu in blue.

Figure 2. X-ray diffraction patterns of PtRu(4-1)/CuNWs, PtRu(6-
1)NTs, and CuNWs.
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a PtRu sample. Hence, CO-stripping voltammetry38 is adopted
to obtain the ECSA of all PtRu samples in this work. The
ECSAs determined from CO stripping of PtRu(4-1)/CuNWs,
PtRu(6-1)NTs, and PtRu/C (Figure 3) are 29.0 ± 2.4 m2/

gPtRu, 9.4 ± 0.9 m2/gPtRu, and 73.6 ± 5.1 m2/gPtRu, respectively.
PtRu(4-1)/CuNWs have an ECSA about three times that of
PtRu(6-1)NTs. CO-stripping voltammograms also reveal the
relative anti-CO poisoning properties of PtRu/CuNWs,
PtRuNTs and PtRu/C. Although PtRu(4-1)/CuNWs have a
CO-stripping peak potential at about 0.56 V, which is higher
than those of PtRu(6-1)NTs (0.54 V) and PtRu/C (0.54 V),

PtRu(4-1)/CuNWs exhibit a lower onset potential (0.28 V) for
CO monolayer oxidation than PtRu(6-1)NTs (0.30 V) and
PtRu/C (0.32 V). (The onset potentials are determined at the
potential when the specific current is 0.03 μA/cm2

PtRu.) The
higher CO-stripping peak potential of PtRu/CuNWs might be
caused by the presence of surface copper. When we compare
the CO-stripping peak potential of Pt/CuNWs and PtNTs
(Figure S13b), Pt/CuNWs showed a higher peak potential than
PtNTs.
The MOR activities of PtRu(6-1)NTs and PtRu(4-1)/

CuNWs and PtRu/C were investigated. PtRu(6-1)NTs have a
peak MOR specific current density (0.5 mA/cm2

PtRu) 1.7 times
that of PtRu/C (0.29 mA/cm2

PtRu) (Figure 4a). However,
PtRu(6-1)NTs show much smaller mass activity than PtRu/C
(Figure 4b), attributed to their small ECSA. PtRu(4-1)/
CuNWs exhibit much higher specific activity: its peak current
density (1.6 mA/cm2

PtRu) is 3.2 times that of PtRu(6-1)NTs
and 5.5 times that of PtRu/C. As a result of the enhanced
specific activity and increased ECSA, PtRu(4-1)/CuNWs show
a mass activity comparable to PtRu/C in the potential region of
0.4−0.6 V, and 2.5 times that of PtRu/C at peak potential
(Figure 4b). Chronoamperometry curves of PtRu(6-1)NTs,
PtRu(4-1)/CuNWs, and PtRu/C were recorded at 0.6 V vs
RHE for 1800 s to evaluate the stability of the catalysts (Figure
4c). The currents decayed rapidly initially due to the poisoning
of the surface by strongly adsorbed intermediates. For easier
comparison of the stability of the catalysts, the currents in the
chronoamperometry curves were normalized to their initial
current (Figure S10). In the initial 200 s, PtRu(4-1)/CuNWs
showed the lowest decaying rate, followed by PtRu(6-1)NTs
and PtRu/C. Over longer period of time, a relatively higher
current was observed on PtRu(6-1)NTs and PtRu(4-1)/
CuNWs than PtRu/C, indicating their better stability. The

Figure 3. CO-stripping voltammograms (solid lines) and cyclic
voltammograms (dash lines) of PtRu(4-1)/CuNWs, PtRu(6-1)NTs,
and PtRu/C in 0.1 M HClO4, 20 mV/s, CO was preadsorbed at 0.1 V
vs RHE for 10 min followed by Ar-purging for another 10 min, inset:
close-up image of CO-stripping curves in 0.25−0.5 V vs RHE.
Currents are normalized to true PtRu surface area determined from
CO stripping.

Figure 4. Cyclic voltammogram (forward scan) of PtRu(4-1)/CuNWs, PtRu(6-1)NTs, and PtRu/C in terms of (a) specific activity and (b) mass
activity. Test condition: 0.1 M HClO4, 1 M MeOH, Ar, scanning rate: 5 mV/s. (c) Chronoamperometry of PtRu(4-1)/CuNWs, PtRu(6-1)NTs, and
PtRu/C measured at 0.6 V vs RHE for 1800 s. (d) Plot of specific MOR activities at 0.6 V vs RHE as a function of PtRu atomic ratio on PtRu/
CuNWs, PtRuNTs and PtRu/C. Error bars represents three independent measurements of each sample.
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stability of core Cu is important for the application of PtRu/
CuNWs in fuel cells since dissolution of Cu is detrimental to
the stability of proton exchange membrane (e.g., Nafion). Our
previous study on a similar structure Pt coated CuNWs
annealed at 250 °C (PtCu-250) showed minimal Cu
dissolution after accelerated durability test via cycling between
0.6 to 1.1 V vs RHE at 50 mV/s in 0.1 M HClO4 for 30 000
cycles once the sample was predealloyed,39 indicating that the
core Cu is well protected.
PtRu compositional effect was clearly observed on PtRu/

CuNWs and PtRuNTs. The specific MOR activities at 0.6 V vs
RHE of PtRuNTs and PtRu/CuNWs with various PtRu ratios
were obtained from their cyclic voltammograms (Figure S11)
and were plotted as a function of PtRu atomic ratio measured
from EDX (Figure 4d). Similar trends were obtained on both
PtRuNTs and PtRu/CuNWs: a PtRu atomic ratio of about 4
gave the highest specific activity. The optimum PtRu atomic
ratios for MOR from various studies are summarized in Table
S2. Although the optimum PtRu atomic ratio range from 1 to 3
in bulk composition has been reported (Table S2), the work
from Gasteiger et al. showed that PtRu alloys with a surface
composition of 10 at. % Ru has the highest activity.40The
discrepancy in the optimal PtRu ratio may be attributed to the
difference between the surface PtRu composition and the bulk
composition, as well as the difference in preparation methods of
each catalyst.
X-ray photoemission spectroscopy (XPS) was used to

determine the surface compositions as well as the electronic
states of PtRuNTs, PtRu/CuNWs, and PtRu/C (Figure S14
and S15). The surface compositions of Pt, Ru, and Cu
measured from XPS are listed in Table S1. Smaller PtRu surface
atomic ratio was obtained than PtRu bulk atomic ratio on
PtRu(6-1)NTs and all PtRu/CuNWs, indicating the surface
enrichment of Ru during galvanic displacement reaction.
Because PtCl6

2− has a higher redox potential (0.742 V) than
Ru3+ (0.616 V), the larger driving force between Pt and Cu will
lead to a more preferential displacement of Cu with Pt.
Therefore, CuNWs will be displaced by Pt and Ru in a PtRu
ratio higher than the stoichiometric PtRu ratio in the precursor
initially and lower than the stoichiometric value in the final
stage, resulting in a higher Ru content in the surface. The
enrichment of Ru on the surface can also be validated from the
elemental mapping of Ru in PtRu(6-1)NTs and PtRu(4-1)/
CuNWs (Figure 1e,f and Figure S4, S7).
The optimal surface PtRu atomic ratios of PtRuNTs and

PtRu/CuNWs, which are around 1.10 and 1.35, are quite
different from that reported by Gasteiger et al., which is 9.40

Because adsorption of methanol on Pt require three adjacent Pt
sites, according to a model based on bifunctional mechanism, a
surface structure having one Ru atom neighboring three Pt sites
represents optimum geometry, and it was calculated that 10 at.
% Ru maximizes this configuration, supporting Gasteiger’s
report. However, this model fails to capture the electronic effect
on Pt induced by Ru. The presence of Cu in PtRuNTs and
PtRu/CuNWs might also alter the optimum PtRu ratio due to
the electronic effect on Pt induced by Cu. Additionally, the
preparation methods of the catalysts will influence the optimum
PtRu atomic ratio, considering different preparation methods
could lead to catalysts with various degrees of alloying,
morphologies, and so forth. Watanabe et al. reported an
optimal surface PtRu atomic ratio of 1 for PtRu alloy and Ru
decorated Pt disk,19 which is similar to that in our case.

To understand the role of the one-dimensional structure, we
also synthesized PtNTs and Pt/CuNWs using the same
methods as in the synthesis of PtRuNTs and PtRu/CuNWs
without adding Ru precursors. Their MOR activities were
investigated and compared with that of Pt disk and TKK Pt/C
(Figure S13a). PtNTs show a specific MOR activity similar to
Pt disk, but much higher than Pt/C, which agrees with the
results reported by Alia et al.9 From CO-stripping experiments
(Figure S13b), similar CO-stripping peak potentials are
observed for PtNTs and Pt disk at about 0.70 V, whereas Pt/
C exhibited a peak at a much higher potential (about 0.83 V).
Particle size effects on MOR for Pt has been investigated by
various groups,41−45 and the MOR specific activity was found
to decrease as Pt nanoparticle size decreases. With this trend,
we expect that bulk platinum will have the highest MOR
activity, which explains why PtNTs with extended surfaces
show MOR activity similar to the Pt disk and much higher than
Pt nanoparticles. Meanwhile, the CO-stripping peak position is
strongly dependent on surface facets: for low index Pt facets,
the CO-stripping peak occurs at 0.87 V for Pt(111),46 0.7 V for
Pt(110),47 and 0.79 V for Pt(100).48 PtNTs show the same
CO-stripping peak potential as Pt(110), indicating PtNTs
might preferentially expose Pt(110) facet on their surface,
which is known to possess the highest MOR activity among the
three low index facets.6 Although step or defect sites are
beneficial for enhancing MOR activity on Pt,49 their promo-
tional effect may not be as effective as exposing the most active
surface. Analogously, we hypothesize that PtRuNTs achieved a
higher activity than PtRu/C due to their extended surfaces.
Figure 5 represents the Pt 4f and Ru 3p3/2 XPS spectra for

PtRu/C, PtRu(6-1)NTs, and PtRu(4-1)/CuNWs. The Pt 4f

spectra forms doublet peaks Pt 4f7/2 and Pt 4f5/2 due to spin
orbit coupling, and the intensities of 7/2 and 5/2 peaks are 4:3
(Figure 5a, Figures S14 and S15). PtRuNTs have peaks at
binding energy (BE) values of 71.0 and 74.3 eV assigned to
Pt(0) species and peaks with BE values of 73.1 and 76.4 eV
attributed to Pt(II) species (Figure S14a). For PtRu/CuNWs,
there exist Cu 3p3/2 and Cu 3p1/2 peaks in the Pt 4f region,
causing the broadening of the peak at BE of about 74 eV
(Figure 5a and Figure S15).
The Pt 4f binding energy decreased in order of PtRu/C >

PtRu(6-1)NTs > PtRu(4-1)/CuNWs (Figure 5a), whereas the
Ru 3p binding energy followed the exact opposite trend (Figure
5b), indicating that Pt obtains more electrons from Ru from
PtRu(4-1)/CuNWs to PtRu(6-1)NTs to PtRu/C. This is
consistent with the fact that Pt has a larger electronegativity

Figure 5. XPS spectra of PtRu/C, PtRu(6-1)NTs, and PtRu(4-1)/
CuNWs: (a) Pt 4f, (b) Ru 3p3/2.
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that Ru (2.28 vs 2.20). Additionally, the surface copper in
PtRuNTs and PtRu/CuNWs could also contribute electrons to
Pt due to its even lower electronegativity (1.90). The core-level
shifts in XPS are usually correlated with changes in the d-band
center. However, while some conclude that an upshift of
binding energy corresponds to a lower d-band center (i.e., with
d-band center further away from the Fermi level),17,50 others
report the opposite correlationthat a downshift of binding
energy is indicative of a lower d-band center.51−53 This
discrepancy is discussed by Poh et al.that the XPS core level
shift is affected by several factors and both correlations are
possible.50 They finally explained the trend of the d-band center
shift based on the existence of charge transfer from metals with
low work function to metals with higher work function, leading
to the rise of Fermi level of the metal with higher work
function, which corresponds to the downshift of d-band center.
In our case, we observed more electron transfer from Ru or Cu
to Pt in PtRu/CuNWs than PtRuNTs and PtRu/C, hence the
d-band center of PtRu/CuNWs will be the lowest among the
three samples. The lower d-band center is usually related with a
weaker binding of the adsorbate to the metal,54 and in this case,
the poisoning intermediate CO to Pt. The early onset of CO
monolayer oxidation in CO-stripping measurements on PtRu/
CuNWs (0.28 V) compared with that of PtRuNTs (0.3 V) and
PtRu/C (0.32 V) (inset of Figure 3), is another strong evidence
of weaker Pt-CO binding in PtRu/CuNWs.

■ CONCLUSION

In conclusion, we have synthesized PtRuNTs and PtRu/
CuNWs via galvanic displacement reaction using CuNWs as
template and presented their efficient catalytic activities of
electro-oxidation of methanol. The compositional effect study
show an optimal PtRu bulkatomic ratio of about 4 and surface
atomic ratio of about 1 for both PtRuNTs and PtRu/CuNWs.
Enhanced specific MOR activities were observed on PtRuNTs
and PtRu/CuNWs compared with the benchmark PtRu/C,
with specific activity in the order of PtRu/CuNWs > PtRuNTs
> PtRu/C. The improvement of specific activity of PtRuNTs
might be partially attributed from the extended surface of their
intrinsic nanotube structure. The XPS measurement of PtRu(4-
1)/CuNWs, PtRu(6-1)NTs and PtRu/C revealed a stronger
electron transfer from Ru to Pt in PtRu(4-1)/CuNWs than
PtRu(6-1)NTs followed by PtRu/C, which corresponds to its
lower d-band center. Meanwhile, the modification of the d-
band center can lead to a weaker bonding of Pt to the
poisoning intermediate CO, resulting in improved specific
MOR activity of PtRu(4-1)/CuNWs. However, a smaller mass
MOR activity was obtained on PtRuNTs compared with PtRu/
C caused by their small ECSA. PtRu(4-1)/CuNWs achieved a
comparable mass activity at lower potential range (<0.6 V vs
RHE) and a much higher mass activity at potential larger than
0.6 V vs RHE, ascribed to their improved specific activity as
well as increased ECSA. We believe that PtRu/CuNWs with
1D morphology will be a promising anode catalyst for DMFCs
due to their good mass activity and their potential benefit in
improving mass transport.
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