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Abstract

Multi-walled carbon nanotube (CNT) supported Pd—Ag—Sn nanocatalysts including Pd/CNT, Pd;Ag,;/CNT, Pd,Sn,/CNT,
Pd;Ag,Sn,/CNT, Pd;Ag,Sn,/CNT and Pd;Ag;Sn,/CNT, have been prepared in a mixture solution of ethylene glycol and
water by NaBH, reduction method. The samples have been characterized by using scanning electron microscopy, transmis-
sion election microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. Compared to the Pd/CNT and Pd;Ag,/
CNT catalysts, metal particles of the ternary Pd;Ag,Sn,/CNT catalyst are more uniformly dispersed on the surface of CNTs
and present the size of ca. 2.4 nm. Both binary Pd—Ag and ternary Pd—Ag—Sn catalysts exhibit the alloying of Pd and Ag.
Electrochemical activities of the prepared catalysts for ethanol oxidation in alkaline media were investigated by cyclic vol-
tammetry (CV), chronoamperometry (CA) and electrochemical impedance spectroscopy. Results show that Pd;Ag,Sn,/CNT
catalyst reveals the highest current density of ethanol oxidation among the prepared catalysts and presents a high steady-state
current density for ethanol oxidation from CA measurement, which is 33 times higher than the commercial Pd/C. Also,
Pd;Ag,Sn,/CNT and Pd;Ag;Sn,/CNT catalysts show a large ethanol oxidation peak current density (against Pd loading) of
2.29 and 2.30 A mg~!, indicating the high usage efficiency of Pd particles for ethanol oxidation.
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1 Introduction

The extensive use of traditional fossil fuels leads to the
serious pollution of the environment, forcing scientists to
research and develop new environment-friendly energy
sources. Direct alcohol fuel cells (DAFC) using alcohols
as fuels have attracted extensive attention due to much
higher energy density of DAFC, easier storage and safer
transportation of liquid alcohol fuels than gaseous fuel cell
such as H,/O, fuel cell [1-3]. Among the various liquid
alcohol fuels, ethanol is preferred as a fuel for direct alco-
hol fuel cells due to its wide range of sources, less toxicity,
easy storage and high energy density [4—6]. In order to
ensure the stable and efficient operation of a direct ethanol
fuel cell (DEFC), effective electrochemical oxidation of
ethanol is one of the most important factors affecting the
performance of the DEFC [7]. Pt and Pt-based catalysts
including Pt/C [8-10], Pt-M (M = Sn, Ni, Cu) [11-15] and
Pt-metal oxide [16—18] were demonstrated to be excellent
catalysts for the oxidation of alcohols in both alkaline and
acidic media. However, taking into account the expensive
price and limited resources of metal Pt, Pt and Pt-based
catalysts are greatly hindered in the application of alcohol
fuel cells. For the sake of reducing the cost of the cata-
lysts, development of Pt-free catalysts has already become
one of the inescapable significant tasks in the study of
direct alcohol fuel cells. Pd has proved to show higher
electroactivity and better steady-state behavior for ethanol
oxidation in alkaline medium than Pt [19-25]. Further-
more, it is well known that the abundance of metal Pd
on earth is at least 50 times larger than that of Pt, so Pd
is a promising alternative electrocatalyst used to catalyze
ethanol oxidation in alkaline media [26, 27]. Liu et al. [2]
prepared manganese dioxide coated graphene nanoribbons
supported palladium nanoparticles, which exhibited the
highest activity and durability towards ethanol oxidation
in alkaline media. In addition, considerable efforts have
been made to improve the electrocatalytic performance
of Pd for ethanol oxidation by adding some other metal
or metal oxide to form Pd-based composite catalysts or
alloys to increase the active sites of Pd [28-30]. A range
of binary and ternary Pd-based catalysts have been syn-
thesized and evaluated, such as binary Pd—Sn [31-33],
Pd-Ni [34-36], Pd—Ag [37-39] and ternary Pd—Sn—Ni [29,
40]. Typically, Mao et al. [41] reported the preparation
of carbon-supported PdASn—SnO, catalyst by an impregna-
tion reduction method and found that the catalyst exhib-
ited higher electrocatalytic activity for ethanol oxidation
in alkaline solution than that of Pd/C. Ethanol oxidation
current density on the PdSn-SnO, was 68.71 mA cm™>
while that on Pd/C was only 28.6 mA c¢m™2, indicating that
the addition of the metal Sn enhanced the electrocatalytic

activity of the Pd catalyst for ethanol oxidation. Dutta
et al. [42] prepared the Pd—Au-Ni catalyst grown on a
carbon support by chemical reduction of the respective
precursors, and the prepared ternary catalyst displayed the
ethanol oxidation current density of 159 mA cm™2, which
was much higher than pure Pd catalyst. Development of
novel Pd-based composite catalysts with stable and effi-
cient electroactivity for ethanol oxidation, therefore, is still
a significant work for the study of DEFC.

In this work, multi-walled carbon nanotube (CNT) sup-
ported Pd, binary Pd—Ag and ternary Pd—Ag—Sn nanocata-
lysts with different atomic molar ratios were fabricated and
their electroactivity for ethanol oxidation was evaluated in
alkaline media. The present results involve the analyses on
the morphological texture and surface compositions of the
prepared catalysts by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission election micros-
copy (TEM) and X-ray photoelectron spectroscopic (XPS)
techniques, and the electroactivity measurements by conven-
tional electrochemical techniques.

2 Experimental

The chemicals used in this work included sodium hydroxide,
palladium chloride, silver nitrate, stannous chloride, sodium
borohydride, ethylene—glycol and ethanol. The chemicals
were analytical grade and used as received without further
purification. Water was deionized water subjected to the
double distillation. Multi-walled CNT were purchased from
Aladdin (>90%, OD: 10-20 nm, length: 5-20 um). CNT
particles were pretreated as follows before they were used
to synthesize the catalysts. CNTs were added to a mixture
of concentrated H,SO, and concentrated HNO; (the volume
ratio was 3:1), and the black suspension was then heated
and refluxed at 60 °C for 8 h to obtain the acidified CNTs.
The Pd,Ag,Sn,/CNT catalysts (x:y:z was the mole ratio
of Pd:Ag:Sn) were prepared by the conventional NaBH,
reduction method [29]. A typical synthesis procedure for
the Pd;Ag,Sn,/CNT (the mole ratio is 7:1:2) was presented
in Scheme 1. In detail, 8.9 mg PdCl,, 1.2 mg AgNO;, and
3.2 mg SnCl, were mixed in the mixed solvent of 12 mL eth-
ylene glycol and 4 mL water, followed by ultrasonication for
30 min to make the solids be totally dissolved. To the formed
solution, 30 mg of the acidified CNTs was added and the
mixture was ultrasonicated for 30 min to obtain a uniform
suspension. Then, 3 mL of 5% NaBH, dissolved in ethylene
glycol was added dropwise under stirring. The chemical
reaction was carried out for 5 h and then filtered. The black
solid was washed with water, and finally dried under vacuum
at 40 °C overnight to obtain the catalyst Pd;Ag,Sn,/CNT. In
accordance with the same procedure, PA/CNT (x=28.9 mg,
y=0mg and z=0 mg), Pd;Ag;/CNT (x=8.9 mg, y=3.6 mg
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Scheme 1 Preparation procedure of the nanocatalysts

and z=0 mg), Pd;Sn,/CNT (x=8.9 mg, y=3.2 mg and
z=0 mg), Pd;Ag,Sn,/CNT (x=8.9 mg, y=2.4 mg and
z=3.2 mg) and Pd;Ag;Sn,/CNT (x=8.9 mg, y=3.6 mg
and z=3.2 mg) were synthesized by adjusting the molar
ratio of metal precursors.

Compositions of the prepared catalysts were analyzed by
XRD obtained in a D/MAX2500X diffractometer (Japan),
operating with Cu K alpha radiation generated at 40 kV and
250 mA (1=0.15418 nm). Surface morphological textures
of the samples were characterized by SEM and TEM. SEM
images were obtained with a field emission scanning elec-
tron microscope (Nova NanoSEM?230), and TEM images
were obtained through a JEM-2100F transmission electron
microscopy. Surface electron structures of the prepared cata-
lysts were investigated by XPS analysis obtained with an
ESCALAB 250Xi spectrometer (VG Scientific Ltd., Eng-
land) using Al K, radiation (1486.6 eV). The Pd mass per-
centages in the prepared catalysts with respect to the total
masses of the catalysts were determined by using inductively
coupled plasma (ICP-AES-7510, Shimadzu), and all results
were listed in Table 1.

A conventional three-electrode system was used to study
the electrochemical activity of the prepared catalysts with
AutoLab PGSTAT30/FRA electrochemical workstation (Eco
Chimie, The Netherlands). The glassy carbon (GC) electrode
modified with the prepared catalysts, Ag/AgCl in saturated
KCl solution and Pt foil were used as working, reference and

Table 1 Pd loading of the prepared samples from ICP measurement

counter electrode, respectively. All potentials reported in this
work were referenced against the Ag/AgCl. The working
electrode was fabricated according to the following steps:
A GC electrode (3 mm diameter, from LanLiKe, TianJing,
China) was polished with a 0.3 um alumina suspension to
give a mirror surface. Then, 5 mg of the catalyst sample was
well dispersed in the mixed solution containing 0.94 mL of
ethanol and 60 pL of Nafion solution (5 wt% in water) by
sonication for 1 h to obtain an ink. 15 pL of this ink was
dropped onto the GC surface and dried at room tempera-
ture to obtain the working electrode. For the EIS measure-
ments, the range of frequency was controlled from 40 kHz
to 40 mHz, and the amplitude of modulation potential was
10 mV. For comparison, electrochemical activity of com-
mercial Pd/C (wt% = 10%, Aladdin) for ethanol oxidation
was also investigated. All electrochemical measurements
were performed at room temperature.

3 Results and Discussion

Figure 1la—d reveal SEM images of the Pd/CNT, Pd;Ag,/
CNT, Pd;Sn,/CNT and Pd;Ag,Sn,/CNT catalysts as the
typical samples. It is observed that a large number of nano-
particles are loaded on the staggered arrangement of CNTs
for these catalysts. PdA/CNT, Pd;Ag,;/CNT and Pd,;Sn,/CNT
catalysts exhibit an aggregation between the nanoparticles
as shown in Fig. la—c. It is clearly seen form Fig. 1d that
the catalyst particles of the Pd;Ag,Sn,/CNT sample are well
uniformly dispersed on the surface of CNTs and no obvi-
ous aggregation arises, indicating that the addition of proper
amount of Ag and Sn is helpful to improve the dispersibility
of Pd catalyst particles.

Figure 2a—d show TEM images of the Pd/CNT, Pd;Ag./
CNT, Pd;Sn,/CNT and Pd,;Ag,Sn,/CNT catalysts. Particle
size distribution histograms are presented in corresponding
TEM image. The Pd/CNT and Pd;Ag,Sn,/CNT catalysts
particles are uniformly dispersed on the CNT except for a
small amount of agglomeration in Fig. 2a, d. According to
the distribution histograms as indicated in the insets, the
average particle sizes of PA/CNT and Pd;Ag,Sn,/CNT cata-
lysts are 3.6 and 2.4 nm respectively. It is seen from Fig. 2b,
c that the particles of the Pd;Ag;/CNT and Pd,Sn,/CNT
catalysts present a relatively larger average diameter of 4.7
and 3.7 nm respectively, due to the presence of agglomera-
tion. Results show that the catalyst particles on Pd,;Ag,Sn,/
CNT display a small size and a well uniform dispersion on

Catalysts Pd/CNT Pd;Ag,/CNT

Pd,Sn,/CNT

Pd,Ag,Sn,/CNT Pd,Ag,Sn,/CNT Pd,Ag;Sn,/CNT

Pd loading (wt%) 9.95 8.90 8.27

8.33 7.57 6.95
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Fig. 1 SEM images of the Pd/
CNT (a), Pd;Ag,;/CNT (b),
Pd;Sn,/CNT (c) and Pd;Ag,Sn,/
CNT (d) samples

Fig.2 TEM images and the
corresponding size distributions
of the Pd/CNT (a), Pd,;Ag,/
CNT (b), Pd,;Sn,/CNT(c) and
Pd;Ag,Sn,/CNT (d) samples

Dayerage=4.7 nm
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CNTs, which favors for the formation of large numbers of
catalytic active sites.

The XRD patterns of the prepared samples are shown
in Fig. 3. As can be seen, the diffraction peaks at 25.8°
and 54.5° observed for CNT are referred to the hexagonal
graphite structures (002) and (004) planes respectively [43].
The Pd/CNT catalyst clearly shows four main characteristic
peaks of fcc crystalline Pd at 40.1°, 46.6°, 68.1° and 82.1°,
named the planes (111), (200), (220) and (311), respec-
tively. For the Pd;Ag,/CNT, Pd;Ag,Sn,/CNT, Pd;Ag,Sn,/
CNT and Pd,;Ag;Sn,/CNT catalysts, the angle position of
the Pd diffraction peaks exhibits a bit negative shift com-
pared with pure Pd catalyst (Pd/CNT), however, the Pd,Sn,/
CNT catalyst has no significantly shift. This reveals the alloy
formation between Pd and Ag for Pd,Ag;/CNT and ternary
Pd—Ag—Sn catalysts, which is attributed to the incorporation
of Ag into the Pd fcc structure. No corresponding diffrac-
tion peak of Ag or Sn could be observed in the as-prepared
binary and ternary catalysts due to lower concentration lev-
els of Ag and Sn or the possibly poor crystallinity.

The Pd 3d, Ag 3d and Sn 3d core level XPS data of Pd/
CNT, Pd;Ag;/CNT, Pd;Sn,/CNT and Pd;Ag,Sn,/CNT
catalysts are shown in Fig. 4a—c. The binding energy at
335.7 eV (3d5/2) and 340.4 eV (3d3/2) corresponds to the
peak of the metal Pd in the catalysts as indicated in Fig. 4a,
and the binding energy of the other two peaks at 337.3 and
342.7 eV is indexed to the Pd oxides due to the exposure
of the samples to air, indicating that both metal Pd and Pd
oxide are present in the catalysts. The Ag 3d spectra of the
as-synthesized Pd;Ags/CNT and Pd;Ag,Sn,/CNT samples
shown in Fig. 4b present the two peaks centered at 367.9 and
373.9 eV corresponding to Ag 3d5/2 and Ag 3d3/2 respec-
tively, proving that the Ag ion in the solution is completely
reduced to Ag element. Moreover, Fig. 4c reveals two peaks
located on 487.1 and 495.9 eV contributed to SnO, 3d5/2

arPUCNT  d: Pd,Ag,Sn,/CNT
é\\\ﬂ b: Pd;Ag,/CNT e: Pd,Ag,Sn,/CNT

\ 3
? . ¢: Pd;Sn,/CNT  f: Pd,Ag,Sn,/CNT
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Fig. 3 X-ray diffraction patterns of the prepared samples
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and SnO, 3d3/2 respectively, reflecting that the metal Sn in
the Pd;Ag,Sn,/CNT and Pd;Sn,/CNT catalysts exists in the
form of oxide.

Cyclic voltammetric (CV) data of the prepared cata-
lysts in 1 mol L! NaOH solution are shown in Fig. 5. It
can be seen from Fig. 5 that a cathode reduction peak (r,)
is observed at the potential of —0.42 to —0.33 V for all
the catalysts, which can be attributed to the reduction of Pd
oxides produced during the forward potential scan. It can
be also observed from Fig. 5 that the r, peak current den-
sity of these reduction peaks on the Pd/C, Pd/CNT, Pd;Ag,/
CNT, Pd,;Sn,/CNT, Pd;Ag,Sn,/CNT, Pd,;Ag,Sn,/CNT,
Pd;Ag;Sn,/CNT catalysts is 14.3, 17.0, 20.5, 24.6, 20.2,
31.4 and 24.0 mA cm™2, respectively. The electrochemical
active surface areas (ECSAs) of Pd and Pd-based catalysts
can be calculated by the charge of PdO reduction peak in
each CV. The corresponding equation is given as follows
(1) [44-46]:

ECSA =Q/sx 1 (1)
where Q is the coulombic charge determined by integrat-
ing current peak of PdO reduction, s is the proportionality
constant that related charge with area (405 uC cm™2) and
1 is the electrocatalyst loading (g cm™2) on the GC elec-
trode. According to the Eq. (1), the ECSAs of Pd/C and
the prepared catalysts were evaluated and corresponding
results are listed in Table 2. The results show that the ter-
nary Pd;Ag,Sn,/CNT catalyst possesses the largest ECSA
value among the Pd/C and other Pd-based catalysts, indicat-
ing that the addition of an appropriate amount of Ag and Sn
can improve the electrochemical active surface area of the
Pd catalyst. This is consistent with the results observed from
SEM and TEM images.

Electrocatalytic activity of the prepared catalysts in
1 mol L™! NaOH solution containing 0.5 mol L~! ethanol
was examined by cyclic voltammetry as indicated in Fig. 6.
It is clearly seen from Fig. 6 that all catalysts reveal a char-
acteristic anodic peak j; caused by ethanol oxidation during
the forward scan. The j; peak current density on the Pd/C,
Pd/CNT, Pd;Ag,/CNT, Pd,Sn,/CNT, Pd,Ag,Sn,/CNT,
Pd;Ag,Sn,/CNT and Pd,;Ag;Sn,/CNT catalysts is 79.4, 91.4,
137.1,121.1, 123.6, 187.5 and 170.1 mA cm™2, respectively.
Compared with the Pd/C and Pd/CNT catalysts, PdA-Ag/CNT
and Pd—Ag—Sn/CNT catalysts display the higher anodic peak
current density during the forward scan, indicating that both
binary Pd—Ag and ternary Pd—Ag—Sn nanocatalysts have
excellent electrocatalytic activity for ethanol oxidation.
Although all catalysts possess almost the same onset poten-
tial (OP) of ca. —0.65 V for ethanol oxidation, the anodic
current density in the potential range of OP to the peak
(jp) potential varies greatly for different catalysts, e.g., the
current density at —0.35 V on the Pd/C, Pd/CNT, Pd;Ag,/
CNT, Pd,Sn,/CNT, Pd,;Ag,Sn,/CNT, Pd;Ag,Sn,/CNT and
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core levels, ¢ Sn 3d core levels
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Table2 ECSA value, Tafel slope and (an) value of Pd/C and the pre-

pared samples

Catalyst ECSA (m”> g™ Tafel slope on
(mV dec™)

Pd/C 11.13 169 0.37
Pd/CNT 9.73 127 0.28
Pd;Ag,/CNT 8.75 165 0.36
Pd;Sn,/CNT 11.83 138 0.30
Pd;Ag,Sn,/CNT 9.96 153 0.33
Pd;Ag,Sn,/CNT 15.34 161 0.35
Pd;Ag;Sn,/CNT 11.08 191 0.42

Fig.5 Cyclic voltammograms of the samples in 1.0 mol L~! NaOH at

a scan rate of 50 mV s~

Pd;Ag;Sn,/MWCNT catalysts is 44.2, 51.4,79.7, 67.1, 73.3,
110.2 and 92.9 mA cm™, respectively. Results indicate that
the reaction rate of ethanol oxidation at the same potential
on binary and ternary catalysts is much faster than that on
Pd/C and Pd/CNT. This may be related to the synergistic
effect between metals. The mechanism for the oxidation of
ethanol on Pd follows the Egs. (2)—(5) [47]:
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Fig.6 Cyclic voltammograms of the samples in 1.0 mol L™! NaOH in
the presence of 0.5 mol L™! ethanol at a scan rate of 50 mV s

Pd + CH;CH,0H — Pd—(CH,CH,0H) @)

Pd—(CH,;CH,OH) , +30H™ — Pd—(CH,CO),, +3H,0 + 3¢

3)
Pd—(CH;CO),, +Pd—OH,;, — Pd—CH;COOH + Pd (r.d.s)
)
Pd—CH;COOH + OH™ — Pd + CH;COO~ + H,0  (5)

It can be seen from the reactions (2)—(5) that ethanol
oxidation is related to the production of both (CH;CO),4,
and OH_4. Schematic diagram for ethanol oxidation on
the ternary Pd—Ag—Sn catalyst is shown in Fig. 7, which
involves such main three processes as the adsorption of
ethanol molecule on the Pd active sites, the formation of
the adsorbed (CH;CO),, and the production of CH;COO™.
At a potential region of < —0.7 V, Pd—-(CH;CH,0H),,, spe-
cies will be formed on the anodic sweep. The CH;CO,
or other carbonaceous reactive intermediates will strongly
adsorb on the surface of Pd and block the active sites, which
will lead to a decrease in the electrocatalytic activity of the

catalyst for ethanol oxidation. During the backward-going
scan, a well-defined anodic peak (j,,) also arises, caused by
the further oxidation of the intermediates formed during the
forward-going scan. The ratio between the forward anodic
peak current—density (j¢) and the reverse anodic peak cur-
rent—density (j,), i.e., j¢/j,, can be reflected the catalyst toler-
ance to carbonaceous species accumulation to a extent [44,
48, 49]. The higher j//j, ratio indicates outstanding oxidation
of ethanol during the backward scan and less production of
carbonaceous species on the surface of the catalyst. The ratio
calculated from the Fig. 6 is 1.55, 1.04, 1.00, 0.82, 0.94,
1.15, and 1.16 for the Pd/C, Pd/CNT, Pd;Ag,;/CNT, Pd,;Sn,/
CNT, Pd;Ag,Sn,/CNT, Pd;Ag,Sn,/CNT and Pd,;Ag,Sn,/
CNT catalysts, respectively. With regard to Pd;Ag,;/CNT,
Pd;Sn,/CNT and Pd;Ag;Sn,/CNT catalysts, their j/j, ratios
are comparatively lower relative to those of other catalysts,
reflecting the relavively larger accumulation of carbonaceous
intermediates on their surface during ethanol electrooxida-
tion process [30]. Generally, addition of proper amount of
one or even two other metals to Pd nanocatalyst can improve
its electroactivity. According to the so-called bifunctional
mechanism, Pd-Ag bimetallic alloy would be more effective
in removing carbonaceous reactive intermediates and releas-
ing the active sites of Pd, and the adsorption of OH™ on the
Pd—Ag alloy becomes stronger in view of the d-band center
theory, which is propitious to enhance the catalytic activity
of the catalyst for ethanol oxidation [50]. Furthermore, the
metal Sn in the ternary Pd—Ag—Sn catalyst exists in the form
of SnO, by XPS characterization in Fig. 4c. The presence of
SnO, contributes to the adsorption of OH™ on its surface to
promote the removal of CO,4, adsorbed on Pd [41], leading
to accelerate the adsorption and oxidation of ethanol. This
can be shown by the following Egs. (6) and (7) [44]:

SnO, + OH™ — SnO,—-0OH 4, + €~ (6)
Pd—(CH;CO), + Sn0,—-OH,4 — Pd—CH;COOH + SnO,
@)

Addition of Ag and SnO, can therefore, enhance the abil-
ity of removing carbonaceous reactive intermediates pro-
duced during the oxidation of ethanol and timely release

Fig.7 Schematic diagram for
ethanol oxidation on the ternary . e (CH;CH;OH),s  (CH;CO),q,
Pd—Ag-Sn catalyst ® @ =
g e O 4Ag
OH- @ 5o,
© (CH,CH,OH).
OH- (CHSCO)xds . Odes
f\ ¢ (cHco),
; oM, @® CH,COOH
CH,CO0- CH;COOH & onT
CH;COOH
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Pd active sites, making the ethanol molecules to rapidly
decompose and absorb on the surface of the Pd catalyst.
Results show that the ternary Pd—Ag—Sn catalyst can more
effectively catalyze the oxidation of ethanol compared to Pd/
CNT and Pd/C catalysts.

Although the j/j,, ratio can represent the ability of the
catalyst to remove organic intermediate species in a degree,
compositions of the species are complicated and they may
display different adsorption abilities on the catalyst surface.
So, the j/j, ratio cannot totally reflect the electroactivity
of the catalysts [41, 50]. Generally, carbon monoxide (CO)
is used as a typical intermediate substance to measure the
anti-poisoning ability of the catalysts. Figure 8 shows the
CV curves for the oxidation of pre-adsorbed CO on Pd/C,
Pd/CNT, Pd;Ag,/CNT, Pd;Sn,/CNT and Pd;Ag,Sn,/CNT
catalysts in 1 mol L~! NaOH solution at 50 mV s~!. The
onset potential of CO oxidation on Pd/C, Pd/CNT, Pd;Ag,/
CNT, Pd,Sn,/CNT and Pd,;Ag,Sn,/CNT catalysts is —0.211,
—0.290, —0.310, —0.278 and —0.275 V, respectively, indi-
cating that the oxidation of CO occurs at a more negative
potential for the prepared catalysts compared to the Pd/C
catalyst. The adsorption of OH™ species on the surface of
Pd catalysts is favorable for removal of CO [24]. Therefore,
the ability of resistance to CO,,, on the prepared catalysts
is better than the Pd/C catalyst due to the synergetic effect
between Pd and Ag/Sn.

Figure 9a shows the quasi-steady-state polarization curves
of ethanol oxidation at the Pd/C and the prepared catalysts
at 1 mV s~!in 1 mol L~! NaOH solution in the presence
of 0.5 mol L™! ethanol. The peak current density on the
ternary Pd,Ag,Sn,/CNT catalyst is 71.5 mA cm~2, which is
4.1,2.2, 1.4 and 1.5 times larger than those on the Pd/C, Pd/
CNT, Pd;Ag;/CNT and Pd,Sn,/CNT catalysts, respectively.

1 6 mA.cm'2

——PdIC
——Pd/CNT
—— Pd;Ag4/CNT

—— Pd;Sn,/CNT
— Pd;Ag,Sny/CNT

06 05 -04 -03 02 -01 00 0.1
E/V vs Ag/AgCl

Fig.8 CO stripping curves of the samples in 1 mol L~' NaOH at a
scan rate of 50 mV s~}

(a) 80 —
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< 30t
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Fig.9 a A quasi-steady-state curves of the ethanol oxidation on the
samples in 1.0 mol L™! NaOH in the presence of 0.5 mol L™! ethanol
at a scan rate of 1 mV s~. b Tafel plots derived from the curves in (a)

Typically, Tafel plots of ethanol oxidation calculated from
Fig. 9a were depicted in Fig. 9b. Tafel slope values on Pd/C,
Pd/CNT, Pd;Ag,/CNT, Pd;Sn,/CNT, Pd,Ag,Sn,/CNT,
Pd;Ag,Sn,/CNT and Pd;Ag;Sn,/CNT are 169, 127, 165,
138, 153, 161, and 191 mV dec™!, respectively. These simi-
lar Tafel slopes reflect that all prepared catalysts have the
same reaction mechanism for the ethanol oxidation [51-53].
Butler—Volmer equation is applied to calculate an, where o
is the anodic transfer coefficient and n is the number of trans-
ferred electrons. Corresponding results are listed in Table 2.
These low an values imply low a due to infinitesimal change
in n values for ethanol oxidation on different catalysts, indi-
cating that the ethanol oxidation process on the prepared
catalysts is irreversible.

The catalytic stability of the prepared catalysts was also
investigated using chronoamperometric measurement at a
constant potential of —0.35 V in 1 mol L™' NaOH solu-
tion containing 0.5 mol L™! ethanol as indicated in Fig. 10.
Figure 10 reveals that the current density on the Pd/C, Pd/
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Fig. 10 Chronoamperometric responses of the Pd/C, Pd/CNT,
Pd;Ag;/CNT, Pd;Sn,/CNT, Pd;Ag,Sn,/CNT and Pd,;Ag;Sn,/CNT
samples in 1.0 mol L™' NaOH in the presence of 0.5 mol L~! ethanol
at a constant potential of —0.35 V

CNT, Pd,;Ag,;/CNT, Pd;Sn,/CNT, Pd;Ag,Sn,/CNT and
Pd,;Ag;Sn,/CNT catalysts is 0.7, 3.7, 4.2, 7.6, 22.6 and
13.3 mA cm™2 for the oxidation of ethanol after maintaining
3600 s. It is clear that the Pd;Ag,Sn,/CNT catalyst exhibits
the highest steady-state current density, which is 32.3, 6.1,
5.4,2.3 and 1.7 times larger than that observed on the Pd/C,
Pd/CNT, Pd;Ag;/CNT, Pd;Sn,/CNT and Pd;Ag;Sn,/CNT
catalysts, respectively. Result is consistent with the analysis
from the CV data in Fig. 6 and also reveals the excellent
electrocatalytic stability of the ternary Pd;Ag,Sn,/CNT cata-
lyst for the oxidation of ethanol in alkaline solution.
Electrochemical impedance spectroscopic (EIS) measure-
ments of the samples were carried out in 1 mol L™! NaOH
solution in the presence of 0.5 mol L™! ethanol in order
to study the electrochemical reaction resistance of ethanol
oxidation. Nyquist plots of all samples at the potential of
—0.35 V are presented in Fig. 11a. The Nyquist diagrams

of all catalysts show a well semi-circle shape caused by the
oxidation of ethanol within the studied frequency range.
The impedance values for ethanol oxidation on the Pd/C,
Pd/CNT, Pd,Ag;/CNT, Pd;Sn,/CNT, Pd;Ag,Sn,/CNT,
Pd;Ag,Sn,/CNT and Pd;Ag,Sn,/CNT catalysts are 80.3,
75.3,48.1,49.2,61.9, 34.2 and 36.2 ohm, respectively. This
can be seen that the Pd;Ag,Sn,/CNT catalyst presents the
fastest ethanol electro-oxidation rate among the prepared
catalysts. The equivalent electric circuit compatible with the
Nyquist diagram is shown in Fig. 11b. The fit curves pre-
sented in Fig. 11a reveal that the equivalent electric circuit is
well consistent with electrochemical processes. The charge
transfer resistances of the samples on both the imaginary and
real axes follow the order: Pd;Ag,Sn,/CNT <Pd;Ag;Sn,/
CNT <Pd,;Ag;/CNT < Pd;Sn,/CNT < Pd,;Ag,Sn,/CNT < Pd/
CNT < Pd/C, indicating that their electroactivity towards
ethanol oxidation corresponds to the analysis of CA data
in Fig. 10.

Cyclic voltammograms (CVs) of consecutive 400 cycles
were measured in 1.0 mol L™! NaOH 4 0.5 mol L~! ethanol
at a scan rate of 100 mV s~ to further study the electro-
catalytic stability of the Pd;Ag,Sn,/CNT sample for ethanol
oxidation as indicated in Fig. 12. It is clearly observed that
the anodic peak current density of the sample during the
forward scan decreases with the increase of cyclic sweep-
ing number in the range of the 1st to the 50th cycle, which
is attributed to the consumption of ethanol near the catalyst
surface with the increase of scan time. The anodic peak cur-
rent density on the forward-going scan for the 50th cycle is
89% of that for the 1st cycle. On the other hand, the anodic
current density after the 50th cycle only exhibits a slight
drop with the increase of the cycles, showing that a relatively
steady electro-oxidation of ethanol on the Pd;Ag,Sn,/CNT is
reached. The anodic peak current density for the 400th cycle
keeps 75% of that for the 1st cycle and 97% of that for the
300th cycle. Results show that this catalyst presents higher
electroactivity stability for ethanol oxidation.

Fig. 11 a Electrochemical (a)
impedance spectra of the 30
samples in 1.0 mol L™! NaOH

in the presence of 0.5 mol L™!

ethanol at —0.35 V. Dots and 25¢
corresponding lines present I
the experimental data and

-2
e}
(e

fitting values respectively. b g

. Lo 1)
The equivalent electric circuit <E 15+
compatible with the Nyquist g L
diagrams. Rct charge trans- =10
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resistance, Q constant phase 5 | S
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Fig. 12 400 consecutive sweeps of cyclic voltammograms on the
Pd,Ag,Sn,/CNT sample in 1 mol L™ NaOH containing 0.5 mol L™
ethanol at a scan rate of 50 mV s™!
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Fig. 13 Cyclic voltammograms based on the Pd mass current density
from Fig. 6

In order to further investigate the Pd usage efficiency in
the prepared catalysts for ethanol oxidation, the cyclic vol-
tammograms where the current density is referenced against
the Pd mass loading are presented in Fig. 13 from Fig. 6.
It can be seen that the anodic peak current density dur-
ing the forward-going scan on the Pd/C, Pd/CNT, Pd;Ag,/
CNT, Pd,Sn,/CNT, Pd,;Ag,Sn,/CNT, Pd;Ag,Sn,/CNT and
Pd;Ag;Sn,/CNT catalysts is 0.74, 0.86, 1.44, 1.37, 1.38, 2.29
and 2.30 A mg~!, respectively. Compared to the Pd mass
current density of the reported PACuSn/CNT (0.87 A mg™)
[25] and PdAuNi/C (1.41 A mg™") [42], Pd;Ag,Sn,/CNT
and Pd;Ag;Sn,/CNT catalysts prepared in this work display
much high Pd usage efficiency for ethanol oxidation. In
consideration of the little difference in the electrochemical
active surface areas of the prepared catalysts according to

Fig. 5, it can be reasonably inferred that the high mass cur-
rent density of Pd;Ag,Sn,/CNT and Pd;Ag;Sn,/CNT cata-
lysts for ethanol oxidation would be mainly ascribed to the
synergetic effect between Pd and Ag/Sn.

4 Conclusion

In this work, Pd/CNT, binary Pd—Ag/CNT and ternary
Pd—Ag-Sn/CNT nanocatalysts were prepared by the con-
ventional NaBH, reduction method. SEM images presented
that catalyst particles of the Pd;Ag,Sn,/CNT were uni-
formly dispersed on the surface of CNTs. And this catalyst
was confirmed to have smaller particles average diameter
(2.4 nm) and narrow size distributions (1-6 nm) by the
TEM characterization. Among the catalysts investigated,
ternary Pd,;Ag,Sn,/CNT catalyst exhibits the best electro-
chemical activity towards the oxidation of ethanol. The
current density towards ethanol oxidation can be achieved
187.5 mA cm™2 in alkaline medium and the mass activity is
up to 2.29 A mg~' (Pd), which is much higher than that of
the Pd/C and Pd/CNT. The excellent electrochemical activity
of ternary Pd;Ag,Sn,/CNT catalyst should derive from the
bi-functional mechanism of Pd—Ag alloy and the presence of
Sn0O,, which can not only absorb more OH™ on the surface
of the catalyst but also rapidly remove the carbon reactive
intermediates produced during the oxidation of ethanol and
timely release the active sites of Pd, leading to the enhance-
ment of the overall ethanol oxidation kinetics. Results imply
that ternary Pd—Ag—Sn catalyst may be a very promising
anodic electrocatalyst in the application of direct alkaline
ethanol fuel cells.
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