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a b s t r a c t

Taking the advantage of the inherent chemical activity arisen from the nitrogen incorporation for
nitrogen-doped carbon nanotubes (NCNTs), we have developed a facile strategy for the construction
of binary Pt–Ru/NCNT electrocatalysts. Alloyed Pt–Ru nanoparticles have been directly immobilized
eywords:
irect methanol fuel cell
lectrocatalyst
itrogen-doped carbon nanotubes
t–Ru alloy nanoparticles
ethanol oxidation

onto the outer surface of NCNTs without pre-modification due to the nitrogen participation. The Pt–Ru
nanoparticles have a high dispersion, a narrow size distribution of 2.5–3.5 nm and tunable chemical com-
position. These catalysts have been evaluated for methanol oxidation and show good stability and better
CO tolerance than the monometallic Pt/NCNT catalyst due to the bifunctional and electronic effects. The
Pt5Ru5/NCNT catalyst shows superior electrocatalytic performance to the commercial Pt5Ru5/C catalyst.
The easy fabrication and excellent performance of the NCNT-based Pt–Ru alloy catalysts indicate their
potential application in direct methanol fuel cells.
. Introduction

Carbon-supported Pt–Ru alloy catalysts have received exten-
ive attention due to their high activity for fuel oxidation and
xcellent tolerance toward CO-poisoning in proton exchange mem-
rane fuel cells and direct methanol fuel cells (DMFCs) [1–7]. The
erformances of these catalysts strongly depend on the charac-
eristics of Pt–Ru nanoparticles, the properties of carbon support,
nd the interaction between Pt–Ru and support [2–7]. Great efforts
ave been devoted to optimizing the catalyst by regulating the
t–Ru nanoparticles for uniform size, high dispersion and con-
rollable composition, or/and by exploring new carbon supports
ith large surface area, good stability and high electrical con-
uctivity, e.g., carbon nanotubes (CNTs) [3–5,7–10]. Generally,
ue to the inert surface, CNTs should be chemically modified

y acid oxidation [4,5,10] or noncovalent functionalization [5,11]
efore immobilizing the metal nanoparticles. By acid oxidation
oute, oxygen-containing functional groups are generated in the
keleton of CNTs but a large number of defects are unavoidably
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introduced, hence the CNTs’ electrical conductivity and corro-
sion resistance are deteriorated [5]. Noncovalent functionalization
could preserve the merits of CNTs but additional interlinkers of
organic molecule or polymer may weaken the electron transport
and binding between the catalytic active species and CNTs. To
overcome these disadvantages, a potential strategy is doping CNTs
with heteroatoms to generate chemically active sites in the CNTs,
hereby the latter modification process could be much simplified.
This strategy has been recently demonstrated in our report on
the convenient immobilization of Pt-based nanoparticles onto the
nitrogen-doped CNTs (NCNTs) without pre-modification due to the
nitrogen participation [12,13]. In this study, we have extended
this strategy to the construction of the highly important binary
Pt–Ru alloy catalysts. The Pt–Ru nanoparticles in so-constructed
Pt–Ru/NCNT catalysts have a high dispersion, a narrow size dis-
tribution and tunable chemical composition. The catalysts present
quite good stability and better CO tolerance than the monometal-
lic Pt/NCNT for methanol oxidation (MOR) due to the bifunctional

and electronic effects and the Pt5Ru5/NCNT shows the best elec-
trocatalytic performance superior to the commercial Pt5Ru5/C.
The easy fabrication and excellent performance of the NCNT-
based Pt–Ru alloy catalysts indicate their potential application in
DMFCs.
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. Experimental

.1. Preparation and characterization of Pt–Ru/NCNT
lectrocatalysts

NCNTs with nitrogen content of 3–5% were synthesized at 650 ◦C
y chemical vapor deposition as described in our previous paper
14]. The as-prepared NCNTs were refluxed in 6 M NaOH and 6 M
Cl aqueous solution at 110 ◦C for 4 h in turn to remove the Al2O3

upport and metal catalysts. The purified NCNTs were thoroughly
ashed with distilled water until the pH value of the filtrate

eached 7, and then dried at 70 ◦C overnight for further study.
Alloyed Pt–Ru nanoparticles with Pt:Ru molar ratios from 8:2

o 1:9 were supported onto NCNTs by microwave-polyol method
15]. Briefly, 20 mg NCNTs was placed in 50 mL ethylene glycol (EG)
nd sonicated for 20 min to obtain a liquid suspension. The appro-
riate amount of H2PtCl6/EG and RuCl3/EG solution were added to
he suspension dropwise and magnetically stirred for 3 h, then 2 mL
aOH/EG solution (2 mol L−1) was added into the above mixture.
fter stirring for 10 min, the mixture was put into a microwave oven

850 W) for 90 s irradiation, then filtrated. The solid sample was
ulti-washed with ethanol and finally vacuum-dried at room tem-

erature, denoted as Pt8Ru2/NCNT, Pt7Ru3/NCNT, Pt5Ru5/NCNT,
t3Ru7/NCNT, Pt2Ru8/NCNT and Pt1Ru9/NCNT according to the
olar ratio of the used Pt and Ru precursors. Monometallic cat-

lysts of Pt/NCNT and Ru/NCNT were also prepared by the similar
ethod for comparison. The preset total metal loading for all the

atalysts is 40.0%. The metal composition and loading for each cata-
yst were analyzed by inductively coupled plasma-atomic emission
pectrometry (ICP-AES, JY38S).

The catalysts were characterized by X-ray diffraction (XRD,
hilips X’pert Pro X-ray diffractometer with Cu K� radiation of
.5418 Å), transmission electron microscopy (TEM, JEOL-JEM-1005
t 100 kV), high-resolution TEM (HRTEM, JEM2010 at 200 kV), and
-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250).

.2. Electrochemical analysis for the catalysts

The electrochemical performances of all the catalysts were
valuated in 20 mL electrolyte at 25 ◦C by a three-electrode cell
onnected to a CHI 660C workstation (CH Instrument, Inc.). A
lassy carbon disk with an area of 0.071 cm2 was used as a work-
ng electrode. Ag/AgCl and platinum wire served as reference and
ounter electrodes, respectively. Thin film electrode for each cata-
yst was prepared by the following procedure. Simply, the catalyst
uspension with a concentration of 1.0 mg mL−1 was obtained by
ltrasonic dispersion, and 20 �L suspension was then dropped onto
he glassy carbon disk. After drying thoroughly, 0.5 �L of Nafion
Dupont, 5 wt%) was dropped onto the catalyst to act as binder
nd proton conductor, and the electrode was then dried at room
emperature for 24 h for use [12,13].

CO-stripping experiments were conducted in 0.5 M H2SO4 solu-
ion which was purged with nitrogen for 30 min and then bubbled
ith CO gas (99.99%) for 15 min for CO adsorption on catalysts. The

esidual CO in the solution was subsequently removed by nitro-
en purging for 40 min. The CO-stripping cyclic voltammetry (CV)
urves were recorded within the potential between −0.25 and 1.0 V
t a scan rate of 20 mV s−1. The electrocatalytic activities of the
atalysts for MOR were examined by CV curves in 0.5 M H2SO4
olution containing 1 M methanol in the potential range of 0–1.0 V
t a scan rate of 50 mV s−1. The steady-state chronoamperome-

ry for the catalysts was also tested at the polarizing potential of
.7 V under nitrogen protection. Considering the fuel consumption
uring the chronoamperometry test, 0.5 mL of 1 M CH3OH/0.5 M
2SO4 solution was added into the testing electrolyte after
50–420 s. For comparison, the same electrochemical tests were
Fig. 1. XRD patterns of the catalysts. (a) Pt/NCNT; (b) Pt8Ru2/NCNT; (c)
Pt7Ru3/NCNT; (d) Pt5Ru5/NCNT; (e) Pt3Ru7/NCNT; (f) Pt2Ru8/NCNT; (g)
Pt1Ru9/NCNT and (h) Ru/NCNT.

also conducted for the commercial Pt5Ru5/C catalyst (E-TEK) as
reference.

3. Results and discussion

The metal loading and composition for the as-prepared catalysts
were analyzed by ICP-AES (see Table S1 in supplementary mate-
rial). These two parameters for each catalyst match well with the
corresponding preset value and the Pt–Ru alloy composition could
be regulated in a wide range. XRD patterns for the as-prepared
Pt/NCNT, Pt–Ru/NCNT and Ru/NCNT catalysts are shown in Fig. 1.
The diffraction peaks at 26.1◦ (marked with �) appear for all the
samples, which arise from the (0 0 2) basal plane diffraction in
the graphitic structure of the NCNTs. The Pt/NCNT catalyst (line a)
shows three main diffraction peaks at 2� of 39.8, 46.2 and 67.8◦, cor-
responding to the (1 1 1), (2 0 0) and (2 2 0) plane of face-centered
cubic (fcc) metallic Pt [12,13]. When the Pt metal on NCNTs are
alloyed with Ru, the two main peaks for Pt(1 1 1) and (2 2 0) grad-
ually up-shift with increasing the Ru/Pt ratio from 2/8 to 8/2 (lines
b–f). This is caused by the shrinkage of Pt fcc lattice when Pt atoms
are partially substituted by Ru atoms with smaller atomic radius
[1]. Hence the Pt–Ru alloys in these samples take the Pt fcc-like
structures. In contrast, the Pt–Ru alloy in Pt1Ru9/NCNT takes the
hexagonal close-packed (hcp) structure similar to that of metal Ru
due to the low Pt concentration. The XRD curve for Pt1Ru9/NCNT
(lines g) is similar to that for Ru/NCNT (lines h) which displays four
diffraction peaks at 38.4, 43.9, 57.9 and 69.1◦, corresponding to
(1 0 0), (1 0 1), (1 0 2) and (1 1 0) of hcp-Ru (JCPDS 06-0663). The
evolution of the XRD curves for this series of Pt–Ru/NCNT catalysts
is consistent with that of Pt–Ru bulk alloys [16]. This result indicates
that the Pt and Ru in the Pt–Ru/NCNT catalysts are alloyed.

Fig. 2a–h shows the typical TEM images of the catalysts. For all
the catalysts, the Pt–Ru alloy nanoparticles of 2.5–3.5 nm in sizes
are homogeneously immobilized on the NCNTs with high disper-
sion. The catalysts are further characterized by HRTEM and the
representative images for Pt5Ru5/NCNT catalyst are shown in Fig. 2i
and j. The nanoparticles have spherical morphologies and tightly
anchor on the surface of NCNTs. The lattice distance for ten layers
of (1 1 1) planes is 2.26 nm as marked in Fig. 2j. In other words, the
interplanar distance for Pt5Ru5 nanoparticles (0.226 nm) is slightly
smaller than that of d111 for Pt (0.230 nm), suggesting the lattice
shrinkage, in agreement with the XRD result.
The chemical states of the Pt and Ru species in the catalysts
were analyzed by XPS as shown in Fig. 3 (see Figs. S1–3 in sup-
plementary material). All the binding energies (Eb) are referenced
to C 1s at 284.6 eV. The Pt 4f XPS spectrum for the monometallic
Pt/NCNT catalyst presents two main peaks at about 71.4 and 74.6 eV
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ig. 2. Typical TEM and HRTEM images of the catalysts. (a) Pt/NCNT; (b) Pt8Ru2

t1Ru9/NCNT and (h) Ru/NCNT.

orresponding to the spin–orbit split doublet of Pt 4f7/2 and 4f5/2,
espectively (Fig. 3a). In detail, three chemically different Pt enti-
ies could be identified, i.e. the predominant metallic Pt(0) and a
ittle oxide species of Pt(II) and Pt(IV) (see Fig. S1 in supplemen-
ary material). The Ru 3p3/2 XPS spectrum for the monometallic
u/NCNT catalyst presents one main peak at about 462 eV with a
road shoulder (Fig. 3b). This could also be identified into three
ifferent entities, i.e. the metallic Ru(0), RuO2 and RuOxHy (see
ig. S2 in supplementary material). The chemical state of Pt or
u in the bimetallic Pt–Ru/NCNT catalysts is similar to that of
he monometallic ones, i.e. mainly in metallic state with a lit-
le oxide species (Fig. 3, Fig. S3 in supplementary material). It is
een that, with increasing the Ru/Pt ratio in Pt–Ru/NCNT, the sig-
al intensity of the Pt 4f spectra decreases while that of the Ru 3p

ncreases steadily as expected, indicating the tunable Pt/Ru atomic
atio (Fig. 3). Meanwhile, the Eb of Pt 4f gradually up-shifts by
0.6 eV from the monometallic Pt/NCNT to Pt1Ru9/NCNT alloy cat-
lyst (Fig. 3a), while the E for Ru 3p does not show observable
b 3/2
hift with respect to that for Ru/NCNT. The enhanced Eb of Pt 4f for
t–Ru/NCNT comes from the shift of d-band center towards higher
b, which is caused by the lattice strain and charge transfer due
o the Ru alloying [17–19]. Similar Eb changes for Pt and Ru were

ig. 3. Pt 4f and Ru 3p3/2 XPS spectra for Pt/NCNT, Pt–Ru/NCNT and Ru/NCNT catalysts.
ottom (Pt1Ru9/NCNT). (b) The evolution of Ru 3p3/2 signal with increasing Ru content fro
rrows indicate the coexistence of a little oxide species.
; (c) Pt7Ru3/NCNT; (d, i, j) Pt5Ru5/NCNT; (e) Pt3Ru7/NCNT; (f) Pt2Ru8/NCNT; (g)

observed in Pt–Ru bulk alloys [17]. These results indicate that both
the chemical composition and the electron state in the Pt–Ru/NCNT
catalysts have been controllably regulated.

The preceding results suggest that, due to the intrinsic chemi-
cal activity, NCNT is an efficient support to anchor bimetallic Pt–Ru
nanoparticles with narrow size distribution, high dispersion and
tunable chemical composition. This provides an excellent plat-
form for the exploration and optimization of new electrocatalysts.
First, CO-stripping voltammetry were performed for all the cata-
lysts to determine their electrochemical surface areas (ESAs) and
to probe their capability of CO tolerance. The corresponding CV
curve for each catalyst shows a single peak in the first scan (solid
line) whereas the peak disappears in the second scan (dashed line),
as presented in Fig. 4. This indicates that these peaks arise from
the oxidation of CO adsorbed on the catalysts. After the complete
removal of the adsorbed CO species via the first CV scan, the Pt
sites in the Pt-containing catalysts were refreshed and could elec-
trosorb hydrogen [20]. Hence hydrogen electrodesorption peaks

around −0.2 V appear in the second CV scan curves. ESA for each
catalyst obtained from the CO-stripping [21], together with the
onset potential (Eon) and peak potential (Epk) of the CO oxida-
tion in Fig. 4, are listed in Table 1. It is seen that ESAs increase

(a) The evolution of Pt 4f signal with decreasing Pt content from top (Pt/NCNT) to
m top (Pt8Ru2/NCNT) to bottom (Ru/NCNT). The little broad shoulders marked with
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ig. 4. CV curves of the first (solid line) and second (dashed line) CO-stripping
can in 0.5 M H2SO4 with a scan rate of 20 mV s−1 for the catalysts. (a)
t/NCNT; (b) Pt8Ru2/NCNT; (c) Pt7Ru3/NCNT; (d) Pt5Ru5/NCNT; (e) Pt3Ru7/NCNT;
f) Pt2Ru8/NCNT; (g) Pt1Ru9/NCNT; (h) Ru/NCNT and (i) Pt5Ru5/C.

ith increasing Ru content as anticipated due to the much lower
tomic mass of Ru than Pt [22], and the more CO adsorption on
ach Ru than on each Pt [23]. Along with the change of ESA, the
orresponding Eon and Epk first negatively shift then change little
ith increasing Ru, giving the lowest Eon and Epk for Pt5Ru5/NCNT.
s known, the lower peak potential for CO oxidation means the
igher tolerance of the catalyst to CO-poisoning [21]. Hence the
inary alloyed Pt–Ru/NCNT catalysts, especially for those with the
olar ratio of Ru/Pt over 1, exhibit enhanced tolerance to CO-
oisoning in comparison with the monometallic Pt/NCNT catalyst,
hich could be mainly attributed to the bifunctional and elec-

ronic effects [16,24–26]. Compared with the commercial Pt5Ru5/C
atalyst, the larger ESA and better tolerance to CO-poisoning for

able 1
lectrochemical data obtained from CO-stripping and methanol oxidation for the
s-prepared Pt/NCNT, Pt–Ru/NCNT and Ru/NCNT catalysts.

Samples CO-stripping MOR

Eon (V) Epk (V) ESAs (m2 g−1) If (mA mg−1) If/Ir

Pt/NCNT 0.47 0.63 66.0 159.2 1.1
Pt8Ru2/NCNT 0.36 0.59 93.7 201.1 1.2
Pt7Ru3/NCNT 0.34 0.51 100.5 222.0 1.3
Pt5Ru5/NCNT 0.27 0.41 124.4 290.6 3.2
Pt3Ru7/NCNT 0.27 0.42 139.4 94.7 2.7
Pt2Ru8/NCNT 0.27 0.43 143.1 61.7 2.4
Pt1Ru9/NCNT 0.27 0.50 159.2 53.7 3.8
Ru/NCNT 0.26 0.43 172.6 – –
Pt5Ru5/Ca 0.27 0.51 107.9 193.2 1.6

a Commercial Pt5Ru5/C catalyst with metal loading of 20% (E-TEK) was adopted
o conduct the same electrochemical tests for reference.
Fig. 5. Typical CV curves of MOR for the catalysts in 0.5 M H2SO4 and 1 M
CH3OH at the scan rate of 50 mV s−1. (a) Pt5Ru5/NCNT; (b) Pt5Ru5/C; (c) Pt/NCNT
and (d) Ru/NCNT. The CV curves for the other catalysts are shown in Fig. S4
in supplementary material.

Pt5Ru5/NCNT catalyst could be attributed to the higher dispersion
and modified chemical state of the Pt species due to the nitrogen
participation [21].

The electrochemical activities of the catalysts were tested by
CV for MOR as the anodic half-cell reaction in DMFCs, and the
corresponding CV curves are displayed in Fig. 5 and Fig. S4 in sup-
plementary material. The maximum stable peak current density
(If) corresponding to the mass activity for each catalyst appears
around 0.72 V in the forward scan curve, which is attributed to
the methanol oxidation. In the reverse scan, another oxidation
peak (the peak current density is denoted as Ir) appears around
0.45 V, which is attributed to the oxidation of CO or CO-like species
[27]. Ru/NCNT catalyst does not show response to MOR, similar to
literature results [1]. Usually the high ratio of If/Ir suggests a better
CO-poisoning tolerance [8,27]. The parameters If and If/Ir for each
catalyst are also listed in Table 1. It is learnt that the catalytic activity
follows the order of Pt5Ru5/NCNT > Pt7Ru3/NCNT > Pt8Ru2/NCNT >
Pt5Ru5/C > Pt/NCNT > Pt3Ru7/NCNT > Pt2Ru8/NCNT > Pt1Ru9/NCNT,
i.e. the Pt5Ru5/NCNT catalyst shows the highest activity. And the
CO-poisoning tolerance follows the order of Pt1Ru9/NCNT > Pt5Ru5/
NCNT > Pt3Ru7/NCNT > Pt2Ru8/NCNT > Pt5Ru5/C > Pt7Ru3/NCNT >
Pt8Ru2/NCNT > Pt/NCNT, which is generally consistent with the
changes of Eon and Epk for CO oxidation. These results indicate
that, alloying Pt with moderate Ru could simultaneously enhance
the catalytic activity and CO-poisoning tolerance of the alloyed
electrocatalysts, but excessive Ru would lead to the deterioration
of the activity though with even better CO-poisoning tolerance.
Hence appropriate amount of Ru is a key factor for optimizing
the bifunctional and electronic effects to achieve the excellent
performance of alloyed Pt–Ru/NCNT catalysts for MOR.

The long-term stabilities of the catalysts were examined
and the steady-state chronoamperometries under a constant
voltage of 0.7 V are shown in Fig. 6. After a transient period,
the current densities for the catalysts follow the order of
Pt5Ru5/NCNT > Pt7Ru3/NCNT ≈ Pt8Ru2/NCNT > Pt5Ru5/C > Pt/NCNT >
Pt3Ru7/NCNT ≈ Pt2Ru8/NCNT ≈ Pt1Ru9/NCNT, and the Ru/NCNT
catalysts shows a negligible signal. This is in agreement with the
order of the catalytic activity obtained from the CV tests mentioned
earlier. It is noticed that the current intensities decrease with scan
proceeding especially for the catalysts with high activity such
as Pt5Ru5/NCNT, Pt7Ru3/NCNT and Pt8Ru2/NCNT. This is mainly

caused by the consumption of methanol as supported by the
recovery test. When 0.5 mL CH3OH/H2SO4 solution was added to
the electrolyte after about 350–420 s testing, the current exhibits
a sudden bounce. Pt5Ru5/NCNT catalyst presents the best recovery
level, showing its highest activity for methanol oxidation. These
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Fig. 6. The steady-state chronoamperometries for the catalysts at a constant volt-
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esults indicate that, in addition to the large ESA and high tolerance
o CO-poisoning, the optimum Pt5Ru5/NCNT catalyst also owns
he competitive long-term stabilities to the commercial Pt5Ru5/C
atalysts, suggesting its potential application in DMFCs.

. Conclusion

A series of bimetallic alloyed Pt–Ru/NCNT electrocatalysts have
een successfully constructed in a quite convenient way by tak-

ng the advantage of the inherent chemical activity of NCNTs. In
ddition to the high dispersion and narrow size distribution of
.5–3.5 nm which are beneficial to electrocatalysis, the supported
t–Ru alloyed nanoparticles could be regulated in a wide range
f chemical composition so that the catalyst properties could be
urther optimized by bifunctional and electronic effects. Systemat-
cal evaluation on the electrocatalytic properties of these catalysts
or methanol oxidation indicates the binary Pt–Ru/NCNT cata-
ysts show quite good stability and better CO tolerance than the

onometallic Pt/NCNT. The optimum Pt5Ru5/NCNT catalyst shows
superior electrocatalytic performance to the commercial Pt5Ru5/C
atalyst. The easy fabrication and excellent performance of the
inary Pt–Ru/NCNT catalysts indicate their potential application in
MFCs.
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