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H I G H L I G H T S

• Dissolution of Ag from PdAg alloy nanotubes results in the Pd skin on PdAg.

• The PdAg@Pd core-shell structure is confirmed by CV, STEM-EDX and XPS.

• PdAg@Pd is largely roughed and electrochemical surface area is remarkably enhanced.

• The activity towards oxidation of formic acid and methanol is markedly enhanced.

• The enhanced performance of PdAg@Pd is ascribed to the unique core-shell structure.
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A B S T R A C T

The catalytic activity of alloy nanomaterials can be well modulated through the electrochemical dissolution of
the more active component from alloy nanomaterials. In this paper, PdAg alloy nanotubes of diverse Pd to Ag
ratio are prepared by galvanic displacement electrochemical reaction. The Ag-leached PdAg nanotubes are
characterized by cyclic voltammetric scans, high-angle annular dark-field scanning transmission electron
spectroscopy, energy dispersive X-ray elemental mapping and X-ray photoelectron spectroscopy measurements
and demonstrate the formation of PdAg@Pd core-shell nanotubes structure with roughed surface and largely
enhanced electrochemical surface area. The PdAg@Pd core-shell nanotubes show significantly enhanced cata-
lytic activities and durability towards electro-oxidation of formic acid and methanol than the as-prepared PdAg
nanotubes, with the mass activity and specific activity of 1.93 Amg−1 and 2.67 mA cm−2 towards formic acid
respectively, which are 7.8 and 4.8 times that of Pd/C. The increased catalytic performance is ascribed to the
unique surface and electronic structure of PdAg@Pd core-shell nanotubes.

1. Introduction

Direct small organic molecule (methanol, formic acid, etc.) fuel cells
have been attracting extensive attentions owing to their low operating
temperature, high energy density and low environmental pollution,
which can be served as a promising clean energy source for portable
electronic devices and automobiles [1]. As catalyst for anode electro-
chemical oxidation, especially for formic acid and methanol oxidation,
palladium (Pd) is reported to be resistant towards CO poisoning and
outperforms Pt [2–7], thus becoming the heart of the research of the
anode catalyst. Pd catalysts of diverse morphology at the nanoscale,

such as nanoparticles [8], hollow nanospheres [9], nanosheets [10,11],
etc. were prepared, and were found that the morphology of the catalyst
have significant effect on the electro-catalytic performance [11,12].
Another strategy to tune and enhance the catalytic performance of the
catalyst is to forming bimetallic alloy with another metal or core-shell
structure with a second metal as core and Pd as shell. For example,
PdCu [13], PdCo [14,15], PdNi [16,17], PdPt [18], PdAu [19], PdRu
[20], PdAg [21] and PdRh [22], etc. nanomaterials greatly enhanced
the mass activity of palladium catalyst, which was ascribed to ligand
effect, geometric effect and or ensemble effect [23]. Ligand effect refer
to the electronic charge transfer between the two metals atoms, which
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further resulted in tuning of the electronic structure of the metal cat-
alyst [24]. Geometric effects are aroused by the atomic arrangement of
surface atoms that induces compressed and expanded arrangements of
surface atoms (strain) [25] (see Scheme 1).

The catalytic activity of alloyed nanomaterials strongly depend on
the surface structure [26], which can be well modulated through pre-
ferential dissolution of the more electrochemically active component
from alloy nanomaterials by chemical or electrochemical reactions
[23,27–31]. Strasser and co-workers [27] synthesized the CuPt alloy
nanomaterials with Pt-rich surface layers through electrochemical dis-
solution of Cu from CuPt alloy nanomaterials and significantly en-
hanced the catalytic activity of the resulting catalyst toward oxygen
reduction reaction (ORR), which is 4–6 times that of pure Pt. Further
experimental and theoretical studies ascribed such enhanced catalytic
activity to the lattice strain of the Pt shell induced by PtCu alloy core,
which further shifted the d-band center of the catalyst and also the
adsorption energy of the reactants [23].

However, most of the current work taking advantage of electro-
chemical dissolution are mainly focused on spherical nanoparticles
[23,27,28,32–34] at scale of several nanometers, which have quite
weak interaction with the substrate, tend to aggregate during catalytic
reactions and thus show poor durability. Compared to these spherical
nanoparticles, one dimensional (1D) nanowires and nanotubes exhibit
prominent merits, such as fewer lattice boundaries and surface defect
sites, enhanced electric conductivity and more resistant to dissolution
and aggregation [35–39]. Guo and Huang reported the synthesis of
hierarchical platinum-cobalt nanowires by featured with platinum-rich,
high-index facets, which demonstrated remarkably enhanced catalytic
performance towards ORR. Although extensive work has been devoted
to engineering the nanostructure of Pt based alloy nanowires and na-
notubes to enhance their catalytic activity towards ORR [23,27,40–42],
the strategy of electrochemical dissolution, which has been demon-
strated as a powerful tool to enhance the catalyst of nanospheres, has
been largely ignored to modulate the Pd-based one-dimensional nano-
materials, especially towards electro-oxidation of small organic mole-
cules.

In this work, 1D PdAg alloy nanotubes (NTs) with various Pd to Ag
ratio were prepared by galvanic exchange reaction of Ag nanowires
with Pd salt and further electrochemical dissolution of Ag from PdAg
NTs results in the formation of Pd skin on PdAg core, as evidenced by
CV scans, XRD, XPS and STEM-EDX elemental mapping. The catalytic
performance of these dealloyed PdAg NTs towards both formic acid and
methanol was much enhanced by such electrochemical etching proce-
dure, which is ascribed to the highly roughened surface structure,
markedly enhanced electrochemical surface area and the specific

activity of PdAg NTs. Eventually, the mass activity and specific activity
of the best dealloyed PdAg nanotubes towards formic acid oxidation is
1.93 Amg−1 and 2.67mA cm−2 respectively, which are 7.8 and 4.8
times that of Pd/C.

2. Experimental section

2.1. Chemicals and materials

Silver nitrate (AgNO3, 99%, Energy Chemical), sodium tetra-
chloropalladate (NaPdCl4, 99%, Energy Chemical), poly (vinyl pyrro-
lidone) (PVP, Mw≈ 50000, Energy Chemical), Nafion solution (5 wt%
in 1-propanol and water, Alfa Aesar), Pd/C commercial catalyst (10 wt
%, Alfa Aesar) were purchased and used as received. Ethylene glycol
(EG, 99%), multi-walled carbon nanotubes (MWCNTs,> 97%), formic
acid (HCOOH, 78%) and sodium chloride (NaCl, 99%), sulfuric acid,
perchloric acid were purchased from Sinopharm Chemical Reagent Co.,
Ltd., and used directly. Ultra-pure Water was supplied by a Barnstead
Nanopure water system (18.2 MΩ cm) in this work.

2.2. Synthesis of hollow PdxAg1 NTs (x= 0.65, 0.52 and 0.41)

The silver nanowires were first prepared by following the modified
procedures in prior report [43,44]. Briefly, anhydrate ethylene glycol
(10ml) was poured into a 100-mL flask and heated to 160 °C for an
hour. Mixed solution of 0.085M AgNO3 and 0.13M PVP in 6mL
ethylene glycol solution were simultaneously injected into the above
solution at a rate of approximately 0.15mL/min. The resulting solution
was further vigorously stirred for 40min at 160 °C to obtain the product
of Ag nanowires. The hollow PdxAg1 NTs were synthesized via the
galvanic displacement reaction, where x represents the ratio of Pd to
Ag. A dispersion of silver nanowires in EG (2mL) was poured into
100ml deionized water and refluxed for 8min before addition of
0.5 mM aqueous Na2PdCl4 (188ml, 120ml, 87ml, 53ml, respectively).
The resulting solution was kept stirring at 100 °C for another 30min
and then cooled to room temperature, which was further kept stirring
for 5 h. The white AgCl precipitate were dissolved in saturated aqueous
NaCl and centrifuged for multiple times, the final products were dried
and stored under vacuum. The atomic ratio of Pd to Ag of PdAg NTs was
determined to be 0.65, 0.52 and 0.41 by ICP-Mass (as shown in table
S1) and thus final products were denoted as Pd0.65Ag1 Pd0.52Ag1 and
Pd0.41Ag1.

2.3. Preparation of dealloyed PdAg NTs

1mg PdxAg1 and 4mg CNTs were ultra-sonically dispersed in 5ml
ethanol for 20min to prepare the catalyst ink. Then 10 μL of the catalyst
ink was then drop cast onto GC and dried in vacuum chamber for ap-
proximately 15min at room temperature to form a homogeneous cat-
alyst film on GC surface. Finally, 0.5 wt % Nafion in ethanol was cast on
top GCE and dried in air naturally. The prepared GC electrode, a pla-
tinum foil and a saturated calomel electrode (SCE) were used as
working, counter and reference electrode for electrochemical mea-
surements. The dealloyed PdxAg1 was prepared by subjecting the
PdxAg1 to repeated potential cycles in nitrogen-saturated 0.5MH2SO4

aqueous solution for 80 cycles with the potential range from
−0.24–0.65 V (vs. SCE), which leach Ag from the PdAg alloy and
rendering the formation of the Pd-rich PdAg alloy NTs [45]. The de-
tailed CV profiles were available in supporting information (SI).

2.4. Materials characterization

Powder X-ray diffraction (XRD) was operated on Bruker D8 Advance
powder X-ray diffractometer (Cu-Κα radiation, λ = 0.154059 nm, 2θ
range of 10–90°, scan rate 10° min). High-resolution TEM (HRTEM)
equipped with Energy Dispersive X-Ray Spectrometer (EDX) was

Scheme 1. Schematic illustration (cross-section view) of the as-prepared and
dealloyed of PdAg catalyst of the PdAg nanotube.
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carried out on FEI Tecnai G2 F30 S-TIWN. The X-ray photoelectron
spectroscopy (XPS) was performed on PHI X-tool instrument (Ulvac-
Phi). The component ratio of Pd to Ag was measured on inductively
coupled plasma atomic emission spectrometry (ICP-MS, Perkin Elmer
Optima-4300DV Spectrometer).

2.5. Electrochemical characterization

All the electrochemical measurements were carried out on a con-
ventional three-electrode system on CHI-650 E electrochemical work-
station at room temperature. The as-prepared and dealloyed PdxAg1
NTs were supported on CNTs and used as working electrode with pla-
tinum foil and SCE as counter and reference electrode respectively (in
acidic solution). In basic solution, Hg\HgO was used as reference
electrode. The electrocatalytic performance of Pd/C and PdAg alloy
nanomaterial towards FAOR and MOR was investigated in 0.5M formic
acid in 0.5 M HClO4 aqueous solution and in 1.0M methanol in 0.5 M
NaOH aqueous solution respectively. Chronoamperometric (CA) mea-
surement for FAOR and MOR were conducted at 0.2 V (vs. SCE) and
−0.1 V (vs. Hg\HgO), respectively.

2.6. Results and discussion

Fig. 1 (A) show the TEM images of Pd0.52Ag1 NTs, where the hollow
NT structure can be clearly observed. The lattice fringes of Pd0.52Ag1
NTs were clearly observed in Fig. 1 (B), from which the lattice distances
(20 d, d refers to the single lattice distance) were estimated to be about
4.9 nm and 4.7 nm, which were attributed to (111) and (200) reflec-
tions of PdAg alloy, respectively. Fig. 1 (C) shows the HAADF-STEM
image and STEM-EDX elemental mapping of Pd-L, Ag-L and the overlap
of the two elements of Pd0.52Ag1 NT. The uniform distribution of Pd and
Ag all over the NT structures indicates the formation of PdAg alloy.
TEM images for Pd0.65Ag1 and Pd0.41Ag1 NTs are available in Fig. S1.
The PdAg alloy structure can be further verified by powder XRD. As
shown in Fig. S2 (A), the diffraction patterns of PdxAg1 (x= 0.65, 0.52,
0.41) are located between that of Pd and Ag. The dominant diffraction
peaks of PdxAg1 (x= 0.65, 0.52, 0.41) at around 38.7°, 45.0°, 65.6° and
78.7° were indexed to (111), (200), (220) and (311) facets of face-
centered cubic (fcc) of PdAg phase respectively. The lattice parameters
of PdxAg1 (x= 0.65, 0.52 and 0.41) (111) reflections were calculated to

be 0.4021, 0.4026 and 0.4035 nm and increased linearly with the de-
crease of Pd content, as detailed in Fig. S2 (B). All these results suggest
the formation of PdAg alloy [46].

The electrochemical etching of PdxAg1 are carried out in 0.5M
sulfuric acid aqueous solution in the potential window of
−0.24–0.65 V, as shown Fig S3. The cycling potential is slightly lower
than the oxidation potential of Pd, thus avoiding the dissolution of Pd
from the alloy NTs. The current peak intensity from Ag oxidation gra-
dually decreases in the anodic scans as the potential cycles proceed. The
potential cycling is stopped once the current peak of Ag oxidation
disappears, which might suggest the complete dissolution of Ag from
the surface and the formation of Pd skin on PdAg alloy NTs [23]. It can
be seen in Fig. S3 that Pd0.41Ag1 NTs have higher Ag content and thus
more CV cycles are needed to sufficiently dissolute the Ag and form Pd
skin on the PdAg alloy NTs. The CV scans of the as-prepared and
dealloyed Pd0.65Ag1, Pd0.52Ag1 and Pd0.41Ag1 NTs in 0.5 M NaOH (aq.)
are examined and depicted in Fig. 2(A) and (B) and (C) respectively.
Two well-defined cathodic peaks are observed as-prepared PdxAg1 NTs
at around 0.2 V and −0.25 V, which are attributed to the reduction of
the oxides of Ag and Pd [47,48] respectively. The current intensity of
Ag in relative to that of Pd increases with the Ag content in the PdAg
alloy, indicating that larger surface area of Ag on PdAg alloy with
higher Ag content. In contrast, the cathodic peaks from reduction of Ag
oxide are completely gone and that from the palladium oxides are in-
tensively enhanced, further confirming the complete dissolution of Ag
from the surface of PdAg alloy and formation of Pd skin on PdAg alloy.

Fig. 1(D) and (E) show the HRTEM and TEM images of dealloyed
Pd0.52Ag1 supported by CNT, where the NTs structure are remarkably
coarsened and the inter-space of the NTs structure are almost fully filled
with large grains in relative to that of the as-prepared counterpart.
From Fig. 1 (E), lattice fringes of (111) and (200) reflections of deal-
loyed Pd0.52Ag1 (20 d, d refers to the single lattice distance) are cal-
culated to be ca. 4.8 and 4.5 nm, which are apparently narrowed
compared to the as-prepared Pd0.52Ag1 NTs (4.9 and 4.7 nm, respec-
tively, as shown in Fig. 1 (B)). Since the lattice distance of Pd is smaller
than that of Ag, thus the partial dissolution of Ag from PdAg might
result in lattice contraction of PdAg alloy. This is in agreement with our
results. The HAADF STEM image and STEM-EDX element distribution
in Fig. 1 (F) reveal that Pd-L and Ag-L uniformly distribute over the
entire NTs and overlap very well with each other. Most importantly, it

Fig. 1. (A) Low magnification TEM image,
(B) HRTEM image and (C) HAAD-STEM
image and STEM-EDX elemental mapping
for as-prepared Pd0.52Ag1; (D), (E) and (F)
are the counterpart characterization for the
dealloyed Pd0.52Ag1 supported by CNT. (G)
STEM-HAADF line scan of the dealloyed
Pd0.52Ag1 supported by CNT, the testing
region is marked in Fig. S1 (G).
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can be clearly observed that the thickness of the thickness of the Pd
shell for PdAg@Pd core-shell structure is about 2 nm from the STEM-
HAADF line scan test, as shown in Fig. 1 (G) and Fig. S1 (G). Therefore,
it is safe to conclude that the electrochemical dissolution might result in
the formation of Pd-rich surface of PdAg alloy structure.

The Pd-rich PdAg alloy NTs derived from electrochemical dissolu-
tion is further supported by XPS measurements. Fig. 2(D) and (E) show
the high resolution XPS spectra of Pd3d and Ag3d for the as-prepared
and dealloyed Pd0.52Ag1. The atomic ratio of Pd to Ag was remarkably
enhanced for Pd0.52Ag1 NTs, as shown in Fig. 2 (F). This suggests that

Fig. 2. CV curves of as-prepared and dealloyed PdxAg1/CNTs, x= 0.65(A), 0.52(B) and 0.41(C) in 0.5M aqueous NaOH solution with scan rate of 100mV s–1. High-
resolution XPS spectra of Pd3d (D) and Ag3d (E) of the as-prepared and dealloyed Pd0.52Ag1, (F) atomic ratio of Pd to Ag of as-prepared and dealloyed Pd0.52Ag1
determined from (E) and (F).

Table 1
The ECSA, mass activity and specific activity of as-prepared and dealloyed PdxAg1 (0.65, 0.52 and 0.41) as well as Pd/C towards FAOR. Δ: Percentage of the enhanced
ESCA and catalytic activity by electrochemical dissolution.

samples ECSA (Hupd)m2 g−1 Mass activityA mg−1 (Pd) Specific activitymA cm−2

before after (Δ) before after (Δ) before after (Δ)

Pd/C 56 ± 4.8 0.32 ± 0.07 0.58 ± 0.09
Pd0.65Ag1 63 ± 1.3 80 ± 4.1 (38%) 1.36 ± 0.11 1.78 ± 0.05 (31%) 2.16 ± 0.20 2.23 ± 0.07 (3%)
Pd0.52Ag1 66 ± 2.6 94 ± 6.1 (42%) 1.50 ± 0.05 2.52 ± 0.11 (67%) 2.30 ± 0.17 2.67 ± 0.14 (17%)
Pd0.41Ag1 41 ± 1.7 43 ± 2.7 (1%) 0.72 ± 0.13 0.83 ± 0.08 (15%) 1.76 ± 0.19 1.93 ± 0.08 (10%)

Fig. 3. (A) CV curves and (B) derived ECSA of as-prepared and dealloyed PdxAg1/CNTs (x= 0.65, 0.52, 0.41) in 0.5M HClO4 aqueous solution at a scan rate of
100mV s−1.
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electrochemical dissolution of Ag from PdAg alloy mainly occurs on the
surface, resulting in the formation of Pd-rich surface structure
[23,27,33], in agreement with the electrochemical measurement in
Fig. 2(A) and (B) and (C). Similar results are observed for Pd0.65Ag1and
Pd0.41Ag1, as shown in Fig. S2. Surprisingly, the binding energy of Pd
3 d (as detailed in Table S2)is reduced upon by electrochemical dis-
solution, suggesting more electronic donation from Ag to Pd due to the
higher electronegativity of Pd than Ag [49]. This might be attributed to

the valence electron hybridization and the intra-atomic charge re-dis-
tribution [50,51].

3. Electro-catalysis of formic acid oxidation reaction (FAOR)

Fig. 3 (A) show the CV scans of PdxAg1 in 0.5M HClO4 aqueous
solution at a scan rate of 100mV s−1, from which the electrochemical
surface areas (ESCA) are evaluated by under potential hydrogen

Fig. 4. CV curves of as-prepared and dealloyed PdxAg1/CNTs in 0.5M formic acid and 0.5M HClO4, x= 0.65 (A), 0.52 (B) and 0.41(C); mass activity (D), specific
activity (E) and i-t measurements for as-prepared and dealloyed PdxAg1/CNTs and Pd/C.

Fig. 5. CV scans of as-prepared and dealloyed PdxAg1, x= 0.65 (A), 0.52 (B), 0.41 (C) in 1.0M MeOH in 0.5M NaOH aqueous solution with scan rate of 0.05 mV s−1,
ECSA (D), mass activity(E) and specific activity(F) chart of PdxAg1, compared with Pd/C.
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desorption (Hupd) in −0.2 to 0.12 V [52]. The potential window be-
tween 0.12 V and 0.26 V can be attributed to the double-layer charging
region [53]. The current peak at about 0.4 V in the anodic scan of the
as-prepared PdAg NTs corresponds to the Ag oxidation and vanished
after electrochemical dissolution. The cathodic current peaks at about
0.43 V are associated with the reduction of Pd oxides. The ECSA for Pd/
C, as-prepared and dealloyed PdxAg1 NTs (x= 0.65, 0.52, 0.41) are
shown in Table 1. It can be seen that the ECSA of PdxAg1 NTs is largely
increased by electrochemical dissolution. For instance, the ESCA of
Pd0.52Ag1 is increased by 42%, changed from 66 ± 2.6 to 94 ± 6.1
m2g−1. Such increased ECSA of the dealloyed PdxAg1 NTs might be
attributed to the roughed structure and the formation of Pd skin on
PdxAg1 NTs, consistent with the results of TEM and XPS measurements.

Fig. 4(A) and (B) and (C) display the CVs of the as-prepared and
dealloyed PdxAg1 NTs (x= 0.65, 0.52 and 0.41) in 0.5M HCOOH in
0.5M HClO4 aqueous solution at a scan rate of 0.05 V s−1 respectively
and the CV scan of Pd/C are shown in Fig. S5. All the detailed catalytic
performance is listed in Table 1. It can be seen that the as-prepared and
dealloyed PdxAg1 NTs demonstrate much higher catalytic activity to-
wards formic acid oxidation than Pd/C. Among them, Pd0.52Ag1 NTs
exhibits the highest mass activity and specific activity
(1.50 ± 0.05 Amg−1 and 2.3 ± 0.17mA cm−2), which is 4.7 and 4.0
times that of the commercial Pd/C catalysts (0.32 ± 0.07 Amg−1 and
0.58 ± 0.09mA cm−2). Surprisingly, further increase or decrease of
Ag content in PdxAg1 NTs results in the decrease of both the mass ac-
tivity and specific activity of PdxAg1 alloy NTs, and a volcano-shape
dependence of the catalytic performance of PdxAg1 alloy NTs is ob-
served on the ratio of Pd to Ag, as shown in Fig. 4(D) and (E). This is in
agreement with the volcano-shape dependence of the Bader charge of
both bulk and surface Pd atoms of PdAg alloy on the ratio of Pd to Ag,
signifying the electrochemical catalytic activity of PdxAg1 NTs might
strongly depend on the interatomic charge polarization of Pd and Ag in
the PdAg alloy, which can remarkably modulate the adsorption of
HCOO* on Pd sites [21]. Furthermore, Ag is more chemical active to-
wards oxidation of adsorbed CO than Pd at low potential. Thus the
synergistic effect of Ag may further promote the COad oxidation and
enhance the tolerance Pd active sites towards CO poisoning [32].

The electrochemical dissolution method remarkably enhanced the
catalytic performance of PdxAg1 alloy NTs towards formic acid oxida-
tion. The ESCA for Pd0.65Ag1 and Pd0.52Ag1 is increased by 38% and
42% while that of Pd0.41Ag1 is not changed apparently. The specific
activity of dealloyed Pd0.52Ag1/CNT and Pd0.41Ag1/CNT are
2.67 ± 0.14 and 1.93 ± 0.08mA cm−2 respectively, increased by
17% and 10% while that for Pd0.65Ag1/CNT are quite consistent with
that of the as-prepared. The enhanced specific activity of Pd0.52Ag1/
CNT and Pd0.41Ag1/CNT might be ascribed to the unique structure of
Pd0.52Ag1 and Pd0.41Ag1 with the formation of Pd skin on PdAg alloy.
The enhanced specific activity of PdxAg1 NTs might be contributed to
the electronic, assembly and geometric effect [23,27,32,35]. The
leaching of surface Ag may create favorable and highly ordered surface
Pd atoms arrangements [23,27] and promote the catalytic reaction ki-
netics towards formic acid oxidation [23]. The mass activity of deal-
loyed Pd0.65Ag1, Pd0.52Ag1 and Pd0.41Ag1 are 1.78 ± 0.05,
2.52 ± 0.11 and 0.83 ± 0.08 Amg−1, which are enhanced by 31%,
67% and 15% respectively. Among them, dealloyed Pd0.52Ag1 NTs ex-
hibits both the best mass activity and specific activity, which are 7.9
times and 4.8 times that of Pd/C. The enhanced mass activity of the
dealloyed Pd0.52Ag1 and Pd0.41Ag1 NTs come from both the enhanced
ECSA due to the roughed surface structure of PdxAg1 alloy NTs and also
the enhanced specific activity, while that of Pd0.61Ag1 are mainly as-
cribed to the enlarged ESCA. Fig. 4 (F) shows the i-t curves of the as-
prepared and dealloyed PdxAg1/CNTs (x= 0.65, 0.52 and 0.41) in
0.5 M HClO4 in 0.5M HCOOH (aq.) at 0.2 V. It can be easily found that
dealloyed PdxAg1 exhibit much slower deactivation rate than Pd/C and
the as-prepared PdxAg1 NTs, indicating enhanced stability of the cata-
lyst towards formic acid oxidation by electrochemical dissolution.

4. Electro-catalytic methanol oxidation reaction (MOR)

The electrochemical performance of as-prepared and dealloyed
PdxAg1 NTs towards methanol oxidation reaction was also performed,
as depicted in Fig. 5. Based on the CV scans in alkaline medium in
Fig. 3, the ECSA of PdxAg1/CNTs catalysts are estimated by the equa-
tion:

Table 2
The ECSA, mass activity and specific activity of as-prepared and dealloyed PdxAg1 (0.65, 0.52 and 0.41) in MOR. Δ: Percentage of the enhanced ESCA and catalytic
activity by electrochemical dissolution.

samples ECSA (PdO) m2 g−1 Mass activity A mg−1 (Pd) Specific activity mA cm−2 If/Ib

before after (Δ) before after (Δ) before after (Δ) before after (Δ)

Pd/C 63 ± 5.0 0.71 ± 0.07 1.13 ± 0.09 3.73
Pd0.65Ag1 81 ± 7.3 98 ± 2.1 (22%) 0.99 ± 0.03 1.31 ± 0.14 (31%) 1.27 ± 0.04 1.34 ± 0.14 (6%) 2.2 2.8 (27%)
Pd0.52Ag1 92 ± 3.7 126 ± 8.6 (37%) 1.38 ± 0.10 1.93 ± 0.18 (39%) 1.50 ± 0.15 1.53 ± 0.07 (2%) 2.1 2.6 (24%)
Pd0.41Ag1 57 ± 11.3 59 ± 4.1 (3%) 0.84 ± 0.13 1.05 ± 0.08 (25%) 1.47 ± 0.11 1.78 ± 0.19 (21%) 1.3 1.8 (38%)

Fig. 6. (A) Chronoamperometric test at −0.1 V and (B) the cycling stability in the potential window of −0.9 to 0.6 V at a scan rate of 0.05 V/s for Pd/C, as-prepared
and dealloyed PdxAg1 (x=0.65, 0.52 and 0.41) in 0.5M NaOH and 1.0M MeOH aqueous solution.

L. Huang et al. Journal of Power Sources 398 (2018) 201–208

206



ECSA=QPdO / (0.405mC cm−2×mPd) (1)

where QPdO is calculated from the integral area of the reduction peaks
of Pd oxides divided by the scan rate. The ESCA, mass activity and
specific activity of Pd/C, Pd0.65Ag1/CNTs, Pd0.52Ag1/CNTs and
Pd0.41Ag1/CNTs before and after electrochemical dissolution are listed
in Table 2. The ESCA of dealloyed Pd0.65Ag1 and Pd0.52Ag1 are in-
creased from 81 to 92m2 g−1 to 98 and 126m2 g−1, corresponding to
an enhancement of 22% and 37%, respectively, while dealloyed
Pd0.41Ag1 are the same to that of as-prepared Pd0.41Ag1, quite consistent
with those derived from Hupd in Table 1.

The catalytic activity of the as-prepared and dealloyed PdxAg1 NTs
towards methanol oxidation reaction (MOR) is shown in Fig. 5 and the
activities are listed in Table 2. The mass activity of as-prepared PdxAg1
NTs is 0.99 ± 0.03, 1.38 ± 0.10 and 0.84 ± 0.13 Amg−1 and the
dealloyed PdxAg1 are 1.31 ± 0.14, 1.93 ± 0.18 and
1.05 ± 0.08 Amg−1, increased by 31%, 39% and 25%, respectively.
The as-prepared Pd0.52Ag1 exhibited the highest mass activity
(1.38 Amg−1), which is about 1.94 times that of Pd/C. The dealloyed
Pd0.52Ag1 exhibits the largest mass activity, which is 2.72 times that of
Pd/C. No apparent enhancement of the specific activity of dealloyed
Pd0.65Ag1 and Pd0.52Ag1 are observed in relative to the as-prepared
samples. Thus the enhanced mass activity of Pd0.65Ag1 and Pd0.52Ag1
towards methanol oxidation reaction is mainly due to the enhanced
ESCA. However, the specific activity of Pd0.41Ag1 is enhanced by 21%,
from 1.47 to 1.78mA cm−2. Thus, the enhanced mass activity for
Pd0.41Ag1 is due to both the enhanced ESCA and specific activity.

It has been reported that the forward peak current (If) at −0.1 V is
resulted from the oxidation of methanol to CO2, CO and/or other in-
termediates [54,55]while the backward current (Ib) at −0.3 V is as-
cribed to the oxidation of the adsorbed carbonaceous intermediates.
Thus If/Ib is considered to an important indicator to the tolerance of
catalysts to CO poisoning. As listed in Table 2, the If/Ib for the dealloyed
Pd0.65Ag1/CN, Pd0.52Ag1/CN and Pd0.41Ag1/CN are enhanced by 27%,
24% and 38%, much higher than that of the as-prepared PdxAg1, sug-
gesting that the dealloyed PdAg NTs are more resistant to CO poisoning.
The enhanced specific activity of Pd0.41Ag1/CN might be partially
contributed by the reduced CO poisoning of Pd sites.

The durability of Pd/C, the as-prepared and dealloyed PdxAg1/CNTs
for MOR is further confirmed by the chronoamperometric (CA) tests at
−0.1 V and potential cycling from −0.9 to 0.6 V at a scan rate of
0.05 V−1 in 0.5 M NaOH+ 1.0 M MeOH. As shown in Fig. 6 (A), the CA
curves of the dealloyed are much higher than that of Pd/C and the as-
prepared PdxAg1/CNTs. It can be seen in Fig. 6 (B) that Pd/C lost most
of its activity rapidly and 15% of its initial mass activity are retained
after merely 500 cycles while the as-prepared Pd0.65Ag1/CNT,
Pd0.52Ag1/CNT and Pd0.41Ag1/CNT retained more than 31%, 54% and
80% of their initial activity respectively after 500 cycles. In striking
contrast, the dealloyed PdxAg1 NTs exhibit much enhanced cycling
stability, with more than 70%, 86% and 88% of its initial activity re-
tained after 500 cycles.

In summary, PdAg alloy nanotubes of diverse Pd to Ag ratio were
prepared by galvanic displacement reaction of Ag nanowires with Pd
salt and then further subject to electrochemical dissolution of Ag from
PdAg alloy nanotubes in acidic medium. The dealloyed PdAg NTs were
further characterized by CV scans, HRTEM, STEM-EDX and XPS mea-
surements and found that the NTs structure was significantly roughed,
electrochemical active area markedly enhanced and a Pd skin on PdAg
alloy was formed. The catalytic activity of both the as-prepared and
dealloyed PdAg NTs towards formic acid and methanol oxidation were
studied in details. The dealloyed Pd0.52Ag1 NTs exhibits the best cata-
lytic performance, with ESCA, mass activity and specific activity en-
hanced by 42%, 67% and 17%. The mass activity and specific activity of
Pd0.52Ag1 NTs towards formic acid oxidation are 2.52 Amg−1 and of
2.67mA cm−2, 7.8 and 4.8 times that of Pd/C respectively. Pd0.41Ag1
NTs demonstrated the most enhanced specific activity towards

methanol oxidation by electrochemical dissolution, which was en-
hanced by 21%. The enhanced mass activity of PdxAg1 NTs towards
both formic acid and methanol oxidation were be attributed the en-
larged surface area and the improved specific activity, while the en-
hanced specific activity of dealloyed PdAg NTs can be attributed to the
unique surface structure of the Pd skin on PdAg alloy and the sy-
nergistic effect between Pd and Ag. This work may provide a general
strategy to prepare electro-catalysts of high activity and durability.
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Appendix A. Supplementary data

TEM, XRD and XPS characterization of the as-prepared and deal-
loyed PdxAg1 (x= 0.65.0.52 and 0.41), CV profiles of Pd/C and Ag
nanowires towards FAOR and MOR.
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