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Pd,Ni,/C catalysts with high ethanol oxidation reaction (EOR) activity in alkaline solution
have been prepared through a solution phase-based nanocapsule method. XRD and TEM
show Pd,Niy nanoparticles with a small average diameter (2.4—3.2 nm) and narrow size
distribution (1—6 nm) were homogeneously dispersed on carbon black XC-72 support. The
EOR onset potential on Pd4Nis/C (—801 mV vs. Hg/HgO) was observed shifted 180 mV more
negative than that of Pd/C. Its exchange current density was 33 times higher than that of
Pd/C (41.3 x 1077 A/cm? vs. 1.24 x 1077 A/cm?). After a 10,000-s chronoamperometry test at

Keywords: —0.5 V (us Hg/HgO), the EOR mass activity of Pd,Nis/C survived at 1.71 mA/mg, while that of

Electrocatalyst Pd/C had dropped to 0, indicating Pd,Ni,/C catalysts have a better ’detoxification’ ability for

Nanoparticle EOR than Pd/C. We propose that surface Ni could promote refreshing Pd active sites, thus

Pd—Ni enhancing the overall ethanol oxidation kinetics. The nanocapsule method is able to not

Ethanol oxidation only control over the diameter and size distribution of Pd—Ni particles, but also facilitate

Alkaline the formation of more efficient contacts between Pd and Ni on the catalyst surface, which
Fuel cell is the key to improving the EOR activity.

Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction ethanol fuel production stood at more than 17 billion

US gallons. Blends of gasoline containing 85% denatured

Low Temperature hydrogen fueled proton exchange ethanol (E85) have recently appeared at fueling stations in the

membrane fuel cells (PEMFCs) have recently attracted enor-
mous attention, due to their unique features of high energy
conversion efficiency and zero emission [1]. However, the
production, transport and storage of hydrogen are facing great
technical challenges, and are currently under active research
[2]. Lignocellulosic biomass-derived ethanol is considered one
of the most promising fuel candidates to substitute H, to
supply future energy needs [3—5]. Served as a fuel, ethanol has
the advantage of reducing CO, footprints in the atmosphere
because of the absorption of CO, by living plant matter that is
used as the feedstock to produce it. In 2008, the world bio-
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U.S, mainly in the Midwest [6]. However, the efficiencies of
heating engines are confined by Carnot cycle limitations
(normally < 35%). Direct ethanol fuel cells (DEFCs) are an ideal
electrochemical energy device that can directly convert
chemical energy of ethanol into electricity without Carnot
cycle limitation [2,7—15]. Although DEFCs have a lower theo-
retical potential (1.15 V vs. 1.23 V for Hy-fuel cells at the stan-
dard condition) their thermodynamic efficiency of 97% is
higher than that for Hy-fuel cells (83%). Ethanol has a volume
energy capacity of 6.3 kWh/L, which is higher than hydrogen
(2.6 kWh/L) and methanol (4.8 kWh/L). Extensive researches
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have been carried out to investigate anode catalysts for proton
exchange membrane-based direct ethanol fuel cells (PEM-
DEFCs) [7—14]. It has been reported that PtSn-based catalysts
have higher activity than other Pt-M (M = Ru, Pd, W, etc)
catalysts for ethanol oxidation in acid electrolyte [8—11].
Unfortunately, it was also found that in acid electrolyte, the
kinetics of EOR remains sluggish (low activity) and the majority
product of EOR is acetic acid (CH;COOH) not CO, (low catalyst
selectivity) using PtSn-based catalysts [12,13]. In addition,
expensive Pt-based catalysts are required for a long operation
life-time in acid electrolytes [1]. The high over potential of
oxygen reduction reaction (ORR)—over 200 mV at the most
active Pt surface at the cathode—is another long-standing
scientific issue to overcome in order to achieve wide applica-
tions of PEM-DEFCs [16—19].

Recently, some novel high performance solid anion
exchange membranes (AEMs) have been developed and they
make alkaline fuel cells more attractive and realistic
[15,20—29]. AEMs do not contain mobile metal cations, there-
fore, they alleviated the fatal issue facing conventional alka-
line fuel cells: precipitations of carbonate deteriorating
alkaline electrolytes [15]. Direct ethanol anion exchange
membrane fuel cells use solid AEM and transform chemical
energy stored in ethanol into electrical energy with high effi-
ciency [15,22,28,29]. This is because of: 1) improved kinetics:
Slow kinetics of both ethanol oxidation and oxygen reduction
reactions can be significantly improved in high pH media,
attributed to enhanced ion transport and facile charge trans-
fer [30]; 2) enhanced life-time: non-Pt catalysts can survive in
alkali for a longer time than in acid, due to a less corrosive
base environment [30]; and 3) reduced cost: non-Pt electro-
catalysts have demonstrated high activity to EOR (i.e. Pd, Ni)
[31—37] and oxygen reduction reaction (i.e. Ag) [22,23], attrib-
uted to enhanced ion transport and mobile charge transfer in
alkaline electrolytes [30].

The abundance of Pd on the Earth’s crust is 200 times
higher than Pt (0.6 ppb vs. 0.003 ppb), the comparatively low
price of Pd (only 30%—40% compared to Pt) makes it attractive
for large-scale fuel cell applications [38]. Although Pd is nearly
inert to EOR in acid electrolytes, it has demonstrated
competitive EOR activity [32,37] and slightly better ability to
break C—C bond of ethanol in high pH media, as compared to
Pt-based catalysts [35]. Pd nanoparticles on hollow carbon,
Ce0,/C, and Ni—Zn/C, and PdSn, PdAu, and PdAg alloy nano-
particles have competitive activity as conventional Pt and
PtRu electrocatalysts in alkaline electrolyte, but the major
products are acetate [31,36,39—41]. It was proposed that
adsorbed OH species could facilitate dehydrogenation of
ethanol and enhance the EOR on Pd catalysts in high pH media
[32]. Density functional theory (DFT) were conducted to
calculate the d-band center shift and the segregation energy of
transition metals (which occur when two metals are alloyed),
and predicted that Pd—Ni had high EOR [42].

It is imperative to develop convenient and -efficient
synthesis approaches to preparation of Pd-based catalysts with
high activity toward ethanol oxidation reaction. In the prior
research, Pd-based nanoparticle catalysts were predominantly
prepared through aqueous reduction methods, i.e. using NaBH,
as reducing agent [39—41]. However, it is rather difficult to
control the particle size and size distribution of metal

nanoparticles through aqueous reduction routes. An elegant
organic solution phase synthesis approach to self-organized
FePt magnetic nanoparticles with controlled assembly thick-
ness and surface roughness was successfully developed by the
IBM researchers [43,44]. Later, this method has been extended
to prepare carbon supported Pt-M (M = Fe, Co, Ni, Ru, etc),
which have been demonstrated high electrocatalytic activity in
acid electrolyte, such as oxygen reduction, methanol and for-
mic acid oxidation [45—51].

Recently we modified this solution phase-based nano-
capsule method to prepare Pt—Co nanoparticle [52], PtNi@Pt
core—shell nanoparticle [53], PdFe nanorod [54], nanoleaves
[55] and PtFe nanowires [56] electrocatalysts, and obtained
improved electrocatalytic activity to oxygen reduction reac-
tion. In the present article, we modified this method to
prepare carbon supported Pd—Ni nanoparticles with different
Pd—Ni compositions, and characterized them by XRD, TEM,
HR-TEM, TGA, ICP-AES. The characterizations reveal that
these Pd—Ni catalysts have small diameters of ~3 nm and
narrow size distributions. The catalytic activities toward EOR
were measured in 1.0 M NaOH + 1.0 M C,HsOH by cyclic vol-
tammetry, linear scan voltammetry, and chonoameperom-
etry. We found the EOR activity is strongly correlated with
Pd—Ni composition and structure, especially the interaction
and contact between Pd and Ni on the catalyst surface.

2. Experimental section

2.1. Preparation of Pd/C, Pd;Niy,/C, and Pd;Ni,/
C—NaBH, catalysts

The Pd,Ni,/C catalysts (x:y is the atomic ratio of Pd:Ni) were
synthesized through a modified solution phase-based nano-
capsule method [51,52,56]. A typical synthesis procedure for the
Pd;Ni,/C (atomic ratio of Pd:Ni = 1:1) with a Pd loading of ~20 wt
% is presented in Scheme 1. In detail, 76.2 mg Pd(acac),
(0.25 mmol), 73 mg Ni(acac),-2H,0 (0.25 mmol), and 91 mg
Vulcan XC-72R carbon black were mixed in 20 ml benzyl ether
solvent, and heated rapidly up to 100 °C under a N, blanket. As
the temperature increases to 100 °C, 100 pul oleic acid and 100 pl
oleylamine were injected into the system, followed by quick
injection of 1 ml LiBetsH. The temperature was held for 20 min,
and then slowly raised to 180 °C and held for 30 min. The Pd;Ni,/
C was finally obtained after filtration, washing with copious

Pd(acac), + Ni(acac),2H,0 + Vulcan XC-72R + Benzyl ether
0.25 mmol / 76.2mg 0.25 mmol / 73.0 mg 91 mg 20 ml

@100"0, 20 min

Oleic acid (OAc) + Oleylamine (OAm) + LiBet,H (1M)‘
100 pL 100 pL 1mL

180°C refluxing, 30 min
Cool to room
temperature

Filtration Drying at 50°C
Washing overnight

Pd,Ni,/C (20wWt%)

N, blanket

Scheme. 1 — Procedures of nanocapsule synthesis method
for preparing Pd,;Ni,/C catalyst.
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ethanol (>800 mL) and drying at 50 °C overnight in an oven.
Following a similar procedure, Pd/C and other Pd,Niy/C
(including Pd4Ni,/C, Pd,Ni;/C, Pd4Nis/C and Pd,Nis/C) catalysts
with the same Pdloading were prepared by adjusting the ratio of
metal precursors and the amount of reducing agent (LiBEt;H).
Served as a control sample, Pd;Ni;/C catalyst with a Pd
loading of ~20% was also synthesized through a widely used
NaBH, reduction method [57—59], which can be described as
follows. 44 mg Vulcan 72R carbon black, 28.5 mg NiCl,-2H,0,
and 21.3 mg PdCl, were first dispersed in 100 ml deionized (DI)
water under a vigorous stirring. After a homogeneous
suspension was formed, 30 ml aqueous solution of NaBH,
(0.02 M) was added into the system dropwisely. The reaction
was taken place under a N, blanket at room temperature for
24 h. The resulted product was collected by filtration, washing
with hot DI water, and drying at 50 °C in an oven, and was
named Pd;Ni,/C—NaBH,.
2.2. Characterizations
The composition, morphology, and structure of Pd/C and
Pd,Ni,/C catalysts were analyzed by X-ray diffraction (XRD),
transmission election microscopy (TEM), High resolution-TEM
(HR-TEM), energy dispersive X-ray spectroscopy (EDS),
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), and thermogravimetric analysis (TGA). XRD
patterns were collected by a Scintag XDS-2000 6/6 diffrac-
tometer with Cu K, radiation (1 = 1.5406 A), with a tube current
of 35 mA and a tube voltage of 45 kV. TEM was performed by
JEOL 2010 with an operating voltage of 200 kV, and HR-TEM
was performed on a JEOL 2040 with an operating voltage of
300 kV. 5.0 mg Pd,Ni,/C catalyst was dissolved in aqua regia (a
strong acid mixture with HCl: HNO; volume ratio of 3: 1) to
form a Pd—Ni aqueous solution, and ICP-AES was performed
to detect the concentration of Pd and Ni to obtain the bulk
ratio of Pd—Ni and catalyst metal loading. TGA was carried out
on TGA Q500 (TA Instruments). The temperature was first
increased from room temperature (R.T.) to 500 °C in N, at
aramp rate of 20 °C/min. After holding at 500 °C for 10 min, the
carrier gas was switched to air and the temperature was
further increased to 900 °C at the same ramp rate.
2.3. Electrochemical tests

A conventional three-compartment-cell (AFCELL3, Pine
Instrument) with a glassy carbon working electrode (GCE),

a Hg/HgO reference electrode, and a Pt wire counter electrode,
was used for cyclic voltammetry (CV), linear scan voltammetry
(LSV), chronoamperometry (CA) tests of the Pd/C and Pd,Ni,/C
catalysts at room temperature. All potentials in the present
study were given vs. Hg/HgO (1.0 M NaOH) electrode (0.140 V vs.
NHE) unless otherwise mentioned [60]. Before each testing,
1.0 mg of the catalyst was first dispersed in 1.0 ml ethanol and
ultrasonically-treated for 5 min to make a uniform ink. The
working electrode was prepared by dropping 20 pl of the ink on
the pre-polished GCE, which was subsequently covered by
10 pl of 0.05 wt% tris(2,4,6-trimethoxyphenyl) polysulfone-
methylene quaternary phosphonium hydroxide (TPQPOH)
solution [26].

The electrochemical surface areas (ECSAs) of Pd/C and
Pd,Ni,/C catalysts was studied by CV test performed for 20-
cycles from —0.87—0.50 V in 1.0 M NaOH with a scan rate of
50 mV/s, and was calculated based on the PdO reduction peak
instead of the hydrogen desorption peak, according to our
previous publication [55] and Ref [61,62]. The EOR activity was
measured by a 20-cycle-CV test from —0.87—0.20 V with the
same scan rate. A LSV from —0.87—-0.20 V was conducted on
each catalyst with a sweep rate of 1 mV/s. The lower potential
range (—0.55 to —0.35 V) of LSV was used to obtain the Tafel slope
and exchange current density. The onset potential of EOR is
defined as the potential where the inflection is observed on the
quasi-steady state polarization curve. The long-term activity of
EOR was investigated through a chronoamperometry test at an
applied voltage of —0.5 V for 10,000 s. The working electrolyte is
1.0 M NaOH + 1.0 M C,HsOH.

3. Results and discussion

The bulk chemical compositions of Pd/C, PdNi,/C, and
Pd;Ni;/C—NaBH, catalysts were studied by both ICP-AES and
TEM-EDS, as summarized in Table 1. The atomic ratios of
Pd:Ni in all the Pd,Ni,/C catalysts have been determined to be
close to the setting ratios, indicating that both Pd and Ni metal
precursors have been fully reduced in the synthesis system.
The Pd loading of each catalyst has also been calculated
through the Pd concentration that was detected by ICP-AES.
Because of the existence of small amount of surfactant on
the surface of as-prepared catalysts, and the formation of NiO
and Ni(OH), as the sample is exposed to the air [63], the Pd
metal loading of all the catalysts has been found lower than
the setting loading of ~20% for all the samples.

Table 1 — Summary of physical properties of Pd/C, Pd,Niy/C, and, Pd,Ni,/C catalysts.

Atomic ratio  Pd metal loading Diameter Lattice parameter Diameter Atomic ratio
detected detected calculated calculated measured detected

by ICP-AES by ICP-AES from XRD (nm) from XRD (A) by TEM (nm) by TEM-EDS
Pd/C = 18% 2.2 3.9207 2.7 -
Pd,Ni,/C Pd; ,sNi; 17% 2.5 3.9080 2.6 Pds ;Ni;
Pd,Ni,/C Pd; o1Ni; 17% 2.6 3.9078 2.6 Pd, 3Ni;y
Pd,Ni,/C Pd, sNi; 15% 2.4 3.9102 2.4 Pdo gNip
Pd,Nis/C Pd, g¢Nis 16% 2.5 3.8950 3.0 Pds gNis
Pd,Ni,/C Pd, 5sNis 16% 3.0 3.8900 3.2 Pd, gNis
Pd;Ni,/C-NaBH,4 Pd »sNi; 16% 3.9 3.8930 3.8 Pd; 1Ni;
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Fig. 1 shows the TGA curves on Pd/C and Pd;Ni,/C catalysts.
The temperature-time plots on the two catalysts are identical,
as shown in the Fig. 1 inserted. The first two steps were carried
out from R. T. to 500 °C in inert N, gas, and the third step is
from 500 to 700 °C in oxidative air. Due to the oxidation of
metal catalysts at high temperature in the air, the metal
loadings detected by TGA (22% for Pd/C and 30% for Pd;Ni,/C)
have been found higher than that determined by IPC-AES. The
weight loss at around 100—130 °C in the TGA curve of Pd/C
belongs to the evaporation/desorption of water absorbed in
the catalyst. The slow weight loss from thereafter to 500 °C is
assigned to the gradual decomposition of surfactants in N,
the surfactants on the Pd/C surface are around 5 wt%. The
huge weight loss from 500 to 520 °C is the rapid oxidation of
carbon support in air. The presence of Ni(OH), is evidenced by
the TGA curve of Pd;Ni,/C with the weight loss present from
190 to 260 °C, which is attributed to the dehydration of
Ni(OH),, according to the following reaction (1) [64]:

Ni(OH), —NiO + H,0 1)

The XRD patterns of the Pd/C, PdyNiy/C, and Pd;Ni,/
C—NaBH, catalysts are shown in Fig. 2(a) and (b). All of them
displayed a typical face-centered cubic (fcc) pattern. The
peaks at 39.9°, 45.9°, 67.9°, and 81.8° are assigned to the Pd
(111), (200), (220), and (311), respectively, while the peak
around 25.2 ° is referred to the graphite (002) facet of Vulcan
72R. The Pd (222) diffraction peak at ~ 86.6 ° has also been
observed in Pd;Ni;/C-NaBH, (Fig. 2(b)). In our research, no
significant peak shift is observed for the Pd4Ni;/C, Pd,Ni,/C,
and Pd;Ni,/C, and only small shifts have been observed for the
Pd4Nis/C and Pd,Nis/C (Fig. 2(a)), and Pd;Ni;/C-NaBHj, (Fig. 2(b))
catalysts, which suggests that Ni is hard to alloy well with Pd
using the presented low reduction temperature. The lattice
parameter of the Pd,Ni,/C catalyst gets smaller (from 3.9080 A
to 3.8900 A) with Ni amount increasing, as shown in Table 1.
Further, the diffraction peaks of Pd;Ni;/C—NaBH, shift more
positively than that of Pd;Ni,/C (Fig. 2(b)), the Pd;Ni;/C-NaBH,
has a lattice parameter of 3.8930 A, which is smaller than
3.9102 A for Pd;Ni;/C. This indicates that the NaBH,; method

100 ‘|[——Pd/C
.| ——PdNi/C
90 '
80 :
. N, 1 Ar
B NEETTE T8 5
£ 604 600w Pd{Ni¢/C| 2 .
— I m
% O 500 -
& - ?
g 50 E 400 P Doan
5 1 .  Air
® 300 o i -
4048 . :
£ 20 - N :
= ° -2 ;
30 1004 <" : |
0 0":. S .
20 0 10 20 30 40 4 D E——
Time (min) .
—TT 77— T
] 100 200 300 400 500 600 700

Temperature (°C)

Fig. 1 — Thermogravimetric analysis plot and temperature
plot (inserted) of Pd/C and Pd;Ni,/C catalysts.

a
Pd (111)
Graphite
(002)
Pd (200) :
Pd (220
. (220) Pd (311)

S
8
&
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i
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Ni(OH),
(100)

Ni(OH),

(110)  Pd,Ni/C - NaBH,

Intensity (a.u.)

' Pd,Ni/C

Pd/C

20 30 40 50 60 70 80 90
2 Theta degree (°)

Fig. 2 — XRD patterns of (a) Pd/C and Pd,Ni,/C catalysts with
different Pd:Ni compositions prepared by nanocapsule
method; and (b) Pd,Ni,/C catalysts prepared by the
nanocapsule and NaBH, reduction methods.

can facilitate the formation of a better Pd—Ni alloy structure. It
has been reported that the diffraction peaks shifted to higher
20 for Pd—Ni catalysts under thermal-treatment at high
temperature of over 800 °C [65]. The weak-alloying of Pd and
Ni has also been reported for low temperature synthesis of
Pd,Niy/C catalysts when NaBH, was introduced as a reducing
agent [52—55]. Although Ni will be generally oxidized in air, no
diffraction peaks of metallic Ni, Ni oxides and Ni hydroxides
were observed for all catalysts prepared by the nanocapsule
method, indicating that most of the Ni was amorphous in
nature or crystalline only in very small region [63,66]. The XRD
pattern of Pd;Ni,/C—NaBH, shows two additional peaks at
33.4° and 59.2°, which are attributed to Ni(OH), (100) and (110)
facets respectively [57,67,68]. The different XRD patterns in
Fig. 1(b) suggests that the presence of H,O in the NaBH,
reduction process will facilitate the formation of Ni(OH),
phase. The average particle sizes are calculated based on Pd
(220) peak using Debye-Scherrer formula, and are summa-
rized in Table 1. All the Pd/C and Pd,Niy/C prepared by the
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nanocapsule method have a small particle size in the range of
2.2—3.0 nm, while that of Pd;Ni,/C—NaBH, is 3.9 nm. This
strongly suggests the nanocapsule method is more advanta-
geous than traditional NaBH, method in controlling the
particle size.

Fig. 3 shows typical TEM images of the Pd/C, Pd,Ni,/C, and
Pd;Ni;/C—NaBH, catalysts. The average diameters of all the
catalysts are summarized in Table 1. They are 2.7, 2.6, 2.6, 2.4,
3.0, 3.2, and 3.8 nm for Pd/C, Pd,Ni,/C, Pd,Ni,/C, Pd;Ni,/C,
Pd4Nis/C, Pd,Nis/C, and Pd;Ni;/C—NaBH,, respectively. The
particle sizes measured from TEM images are in good agree-
ment with those calculated by XRD. All the catalysts prepared
by the nanocapsule method are spherical and homogeneously
dispersed on Vulcan XC-72R with no remarkable observation of
agglomerations. The particle size histograms measured from
100 random particles in an arbitrarily chosen area present
a narrow distribution of 1-6 nm for all catalysts prepared by
the nanocapsule method. In contrast, the particle size distri-
bution of Pd;Ni;/C—NaBH, is broader (1-9 nm), with some very
large particles in TEM image (as shown in Fig. 3(g)). The HR-TEM
images of Pd;Ni,/C and Pd;Ni,/C—NaBH, are shown in Fig. 4. It
is clearly observed that Pd;Ni;/C has a smaller particle size
than Pd;Ni;/C—NaBHj,. Further, the HR-TEM images show that
both two catalysts have same type of lattice fringe with an
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interplanar spacing of ~0.24 nm, indicating that they are
covered by the Pd (111) plane.

The cyclic voltammograms of Pd/C, Pd,Ni,/C, and Pd,Ni,/
C—NaBH, catalysts were investigated in 1.0 M NaOH solution
and are shown in Fig. 5(a) and (b). The CV curves clearly show
that both Pd and Ni are present on all Pd,Ni,/C and Pd;Ni,/
C—NaBH, catalysts. On the pure Pd/C polarization curve,
a small peak at ~—0.3 V is ascribed to the water activation on
Pd [66]. However, when combined with Ni, this peak was
suppressed and a broad peak at ~—0.53 V appeared instead,
which can be assigned to the OH™ adsorption on the surface of
the PdyNi,/C catalysts. The presence of both Pd and Ni in the
Pd,Ni,/C and Pd,;Niz/C—NaBH,; catalysts can also been
confirmed by the oxidation peak of Ni(OH), to NiOOH in the
anodic sweep at the region of 0.4—0.5 V, and the reduction of
NiOOH to Ni(OH), in the cathodic sweep at the region of
0.2—0.5 V [66,69,70], and the reduction of PdO to Pd at around
—0.3'V [71,72]. Due to the penetration of hydrogen into the Pd
and Pd-based bimetallic nanostructures, the ECSAs of the Pd,
Pd,Ni,/C, and Pd;Ni,/C—NaBH, catalysts were calculated by
the charge of the reduction region of PdO to Pd, and are
summarized in Table 2. Although Pd,Ni,/C, Pd,Ni;/C, and
Pd;Ni,/C catalysts possesses high ECSAs as the result of their
small particle sizes, a trend of decrease in ECSA has been
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Fig. 3 — TEM images of and particle size histograms (a) Pd/C, (b) Pd,Ni,/C, (c) Pd,Ni;/C, (d) Pd;Ni;/C, (e) Pd4Nis/C, (f) Pd,Nis/C,

and (g) Pd;Ni,/C-NaBH, catalysts.
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Fig. 4 — HR-TEM images of (a) Pd,Ni,/C and (b) Pd;Ni;/G-NaBH,, both showing Pd (111)-rich surface.
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Fig. 5 — Cyclic voltammograms of (a) Pd/C and Pd,Ni,/C

catalysts prepared by the nanocapsule method and (b) Pd/

G, Pd;Ni;/C, and Pd;Ni,/C-NaBH, catalysts in 1.0 M NaOH,

at 50 mV/s, room temperature.

found on the Pd,Ni,/C with a high Ni concentration. Because
Pd and Ni could not alloy well using the nanocapsule method,
this decrease may be a clue that portion of the surface Pd
active sites were covered by excessive Ni or Ni derivatives. The
Ni-rich surface on the nanocapsule-synthesized Pd,Ni,/C
catalysts was more obvious when comparing the CV curves of
Pd;Ni,/C and Pd;Ni;/C—NaBH,. Although the HR-TEM images
clearly show that the two catalysts have same Pd (111) surface
plane, the CV curve of Pd;Ni;/C presents a pair of
Ni(OH),—NiOOH oxidation-reduction peaks, which are much
larger than that of Pd,Ni;/C—NaBH, (as shown in Fig. 5(b)).
This implies that even with the same bulk Pd—Ni atomic ratio,
more Ni is located on the surface of nanocapsule-synthesized
Pd;Ni,/C catalyst. This is consistent with the XRD results.
With a better alloy structure, Pd;Ni;/C—NaBH, has more Ni
inserted into Pd lattice, leading to a relatively less amount of
Ni remaining on the surface. As the benefit of small diameter,
the nanocapsule method synthesized Pd;Ni;/C catalyst has
a larger electrochemical surface area (ECSA) than Pd;Niy/
C—NaBH,, therefore, it has more Pd active sites.

The EOR curves on the Pd/C, PdNi,/C, and Pd;Niy/
C—NaBH, catalysts are presented in Fig. 6(a) and (b), and they
are all characterized by two well-defined peaks, designated as
Peak I, centered at ~—0.08 V in the anodic sweep curve, and
Peak II, centered at ~—0.17 V in the cathodic sweep curve. The
mass activities (MAs) of Pd/C, PdyNi,/C, and Pd;Ni,/C-NaBH,
catalysts at —0.5 V and their corresponding specific activities
(SAs) are summarized in Table 2.

Based on the previous study, the mechanism of EOR on Pd
can be described through the follow Egs. (2)—(5) [73—75]:

Pd + CH;CH,0H < Pd — (CH;CH,OH), . @)

Pd — (CH5CH,0H), 4, +30H —Pd — (CH5CO),,,+3H,0+ 3¢~ (3)

ads ads

rds

Pd — (CH;CO), ,,+Pd — OH,4, > Pd — CH;COOH + Pd )

ads

Pd — CH;COOH + OH™ —Pd + CH;COO~ + H,0 (5)

Reaction (1) and (2) are generally accepted to happen at
a potential region of <—0.7 V in the anodic sweep. The
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Table 2 — Electrochemical surface area (ECSA), EOR mass activity and specific activity on Pd/C, Pd,Ni,/C, and, Pd;Ni,/C

catalysts.

ECSA (m%/g) Mass activity at

Specific activity at

Mass activity at Specific activity at

Peak I at 50 mV/s Peak I at 50 Peak I at 1 mV/s PeakIat1l
(mA/mgpq) mV/s (A/m?) (mA/mgpq) mV/s (A/m?)
Pd/C 58.0 2831.74 48.80 729.62 12.57
Pd4Ni,/C 63.8 2779.80 43.59 906.59 14.22
Pd,Ni,/C 68.0 2956.62 43.50 1197.24 17.61
Pd;Ni,/C 67.3 2368.22 35.18 1247.51 18.53
Pd,Nis/C 48.3 856.79 17.76 444 .88 9.22
Pd,Nis/C 329 544.22 16.56 315.62 9.60
Pd;Ni,/C-NaBH, 58.1 1938.43 33.34 960.37 16.52

CH3CO4q4s or other carbonaceous reactive intermediates will
strongly absorb on the surface of Pd and block the active sites.
Reactions (3) and (4) take place in the region starting from
—0.7V, where Pd begins to adsorb OH™. With the adsorption of
hydroxyl on Pd, the strongly absorbed carbonaceous species
will be quickly stripped away, and result in an increasing

3500
a - - -PdiC
2000 |——Pd,Ni,/C Peak 11 Peak [
| ——Pd,Ni/c
sing = Pd1Nf1/C
| ——PdNijc
2000 4 —— Pd,Ni,/C

1500 —

1000 +

Mass current density (mA/mg)

500

b 3s00

- - -PdIC
1 ——PdNi/c
30009 —pd Ni /C-NaBH,
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1500 —

1000 —

Mass current density (mA/mg)

T T r T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential (V vs Hg/HgO)

Fig. 6 — Cyclic voltammograms of (a) Pd/C and Pd,Niy/C
prepared by the nanocapsule method and (b) Pd/C, Pd;Ni,/
C, and Pd,;Ni,;/C—NaBH, catalysts in 1.0 M NaOH + 1.0 M
C,HsOH, 50 mV/s, room temperature.

current. However, at a higher potential, the formation of PdO
will block further adsorption of reactive species and lead to
a remarkable decrease in current [35,74,76]. In the cathodic
sweep, the previously formed PdO will be reduced to catalytic
active Pd, thus, leading to the recovery of EOR current.
Although peak Il is assigned by some authors to the removal of
carbonaceous species that are not completely oxidized in the
anodic scan [39,77], no solid evidence has ever been reported
to support their proposed mechanism that the intermediates
generated in the forward scan will strongly bond on the
surface of PdO in alkaline solution in high-potential range.
Therefore, it is reasonable to believe these intermediates
should diffuse into the bulk electrolyte. When PdO was
reduced back to Pd, the newly-produced catalytic surface
should be directly exposed to fresh ethanol. The high-poten-
tial and the quick adsorption of OH™ will benefit the genera-
tion of high current density and lead to a sharp anodic peak.

As could be seen in Eq. (3), ethanol oxidation is determined
by the degree of coverage of both CH3CO.qs and OHags.
Therefore, when Ni is involved, the formed Ni(OH), on the
surface of Pd-based catalysts will facilitate the ethanol
oxidation by increasing OH at lower potential range species,
and result in the decrease of onset potential, as shown in
Fig. 5(a). However, it is interesting to observe that as the Ni
amount increases, the specific activity (SA) at Peak I reduces
monotonically from 48.80 A/m? for Pd/C to 16.56 A/m? for
Pd,Nis/C. This degradation may rise from two possible
reasons. First, Ni(OH), formed during the test will increase the
concentration of OH™ and/or OH,q4s. If the concentration is too
high, it will reduce/block the transportation of ethanol to Pd
active sites, leading to the reduction of Pd—CH3CO,q4s. Second,
more Ni was covered on the surface of the nanocapsule-
synthesized Pd,Ni,/C catalysts, if Ni is in excess, it will block
the Pd active sites, thus reducing the overall EOR catalytic
activity.

When compared to traditional NaBH, reduction method,
the present nanocapsule method shows a great advantage in
improving the EOR activity, which can be seen in Fig. 4(b) and
Table 2. The nanocapsule-synthesized Pd;Ni;/C possesses
both a lower onset potential and higher SA. Since the HR-TEM
images in Fig. 4 present that both Pd;Ni;/C and Pd;Niy/
C—NaBH; have the same Pd (111) surface, the geometric
effects can be neglected. The main reason for the EOR
enhancement on Pd;Ni,/C lies in a special Pd—Ni synergistic
effect, which is originated from the better contacts or more
efficient co-operation between Pd and Ni on the catalyst
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surface. Moreover, due to the small particle size and narrow
size distribution, the MA of Pd;Ni;/C can reach 2368.22 mA/
mgpq, Which is 429.79 mA/mgpq higher than the corresponding
NaBH,-reduced catalyst (1938.43 mA/mgpg). It needs to
mention that the MAs of both the Pd;Ni;/C and Pd;Ni,/
C—NaBH, reported in this study are higher than that of
previously reported Pd—Ni/C (1136.13 mA/mgpq) under iden-
tical test conditions [57]. The MAs of our nanocapsule-
synthesized Pd4Ni,/C, Pd,Ni,/C and Pd;Ni,/C catalysts are
also higher than other reported results on Pd-based catalysts
[32,78—81]. Since the Pd;Ni;/C—NaBH, was prepared by
a surfactant-free method, the surface of catalysts is clean.
Thus, this catalyst has very little surfactant effects. Our
results indicate that small amount of surfactants (OAc and
OAm, around 5 wt% determined by TGA) on Pd,Ni,/C will not
apparently affect the EOR activities.

To further study the EOR mechanism, a conventional linear
scan voltammogram of EOR has been carried out on Pd/C,
Pd,Ni,/C, Pd;Ni,/C—NaBHj, catalysts at a sweep rate of 1 mV/s
in 1.0 M NaOH + 1.0 M C,HsOH, and the results are shown in
Fig. 7. It is reasonable to consider the ethanol oxidation reac-
tion taking place on catalysts in such slow sweep rate to be at
quasi-steady state, therefore, this method minimizes the
mass transfer/diffusion issues. The MA and SA at the peak
current of EOR at quasi-steady state are summarized in Table
2. The data show that the addition of Ni at a certain content
can significantly increase the EOR activity on Pd, while too
much of Ni will cause the drop of EOR activity. The surface
concentration of Ni also significantly affects the onset
potentials. As shown in Table 3, the lowest onset potential of
—801 mV has been achieved on Pd4Nis/C, which is 180 mV
more negative than that of Pd/C. In light of XRD and TEM
analysis, the discrepancies of Pd and Pd,Niy, metal particle size
and distributions on carbon black support were rather small
and contributed little to the enhanced EOR activity. The
changes in catalytic activity and onset potential mainly rely
on the synergistic effect between Pd and Ni. The major
existing Ni species during the test is Ni(OH),, which has
a point of zero charge (PZC) varying from pH = 8.8 ~ 11

1200 Pd,Ni /C

Pd,Ni /C

1000 Pd,Ni /C-NaBH,
800
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0.8 0.6 -0.4 0.2 0.0 0.2
Potential (V vs Hg/HgO)

Fig. 7 — Quasi-steady state linear scan voltammograms of
Pd/C and Pd,Ni,/C and Pd;Ni,/C—NaBH, catalysts 1.0 M
NaOH + 1.0 M G,HsOH, at 1.0 mV/s, room temperature.

Table 3 — Onset potential, Tafel slope and exchange

current density of EOR on the Pd/C, Pd,Ni,/C, and, Pd,Ni,/
C catalysts (at room temperature).

Onset Tafel Exchange current
potential slope density

(mv) (V/dec) (x 1077 A/cm?)
Pd/C —621 0.128 1.24
Pd4Ni,/C —718 0.157 5.87
Pd,Ni,/C —758 0.171 22.4
Pd;Ni,/C —769 0.170 225
Pd4Nis/C —801 0.206 41.3
Pd,Nis/C —750 0.210 39.8
Pd;Ni,/C-NaBH, —669 0.139 2.57

[82—84]. Therefore, Ni(OH), in 1.0 M NaOH solution would
absorb OH™ and increase the OH™ local concentration around
the catalysts nanoparticles. The raise of local OH™ concen-
tration will further lead to the enhancement of OH,4s, Which is
evidenced by the broad peak on Pd,Ni,/C catalysts in Fig. 5 (a),
centered at ~—0.53 V. As mentioned before, the ethanol
oxidation is related with both CH3CO,q4s and OH,4s. The addi-
tion of Ni on surface will increase the coverage of OH,4s and
accelerate the reaction rate to some extent. Since the
adsorption of OH™ on pure Pd in alkaline electrolyte is
generally accepted to from —0.7 V vs Hg/HgO electrode, the
EOR onset potential of —0.621 V on the Pd/C catalyst is a little
above —0.7 V, indicating that a certain amount of OHgags
coverage is essential to generate detectable current density.
The addition of Ni will enhance the generation of OH,g4s at
relatively negative potential, and therefore lower the onset
potential of EOR. On the other hand, Eq. (3) indicates that the
CH3CO,4s 'poison’ or other intermediates can be removed by
increasing the concentration of OH,q4s. Thus, Ni will also serve
to promote refreshing Pd active sites, thus improving the
overall reaction rate. Based on the above discussion, Eq. (4) on
Pd,Ni,/C catalysts can be rewritten as Eq. (6):

(OH),

Pd — (CH,CO),, +OH " 3""Pd — CH,COOH + ¢~ ©)

ads

As discussed in the CV performance in 1.0 M NaOH solution,
Ni species are more likely to be rich at the surface of
nanocapsule-synthesized PdNiy/C catalysts. Too much Ni
will lead to the blockage of Pd active sites. Previous work by
other groups has already demonstrated that Ni itself has no
activity toward ethanol oxidation in alkaline solution in the
potential range we investigated in this study [63]. Too much Ni
will reduce both the onset potential and MA due to the lack of
Pd active sites. At the same time, excessive amount of Ni will
increase the coverage of OH,gs S0 much that the whole reac-
tion is retarded by the insufficient supply of CH3COgg4s. In this
research, the lowest onset potential and the largest MA have
been found on Pd,4Nis/C and Pd;Ni,/C, respectively, indicating
more efficient contacts or interactions between Pd and Ni
species can be created through the present nanocapsule
method.

To the purpose of comparing the kinetic activities of Pd/C,
Pd,Ni,/C, and Pd;Ni,/C—NaBH, catalysts toward EOR, Tafel
polarization analysis of Pd,Ni,/C catalysts was provided and
the results are shown in Table 3. The relationship between the
current density and over potential is described as Eq. (7):
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_ RT, (]
n=2.303_log ()—0) @)

where 7 is the over potential (7 = E-Eweory), @ is the anodic
transfer coefficient, n is the number of electrons transferred in
the reaction, jo is the exchange current density. Egeory is set as
0.10 V vs NHE, which represents the potential of oxidation of
ethanol to carbon dioxide [85, 86]. Taking into the consider-
ation of the pH effect (Eq. (8)) and potential shift between Hg/
HgO and NHE in 1.0 M NaOH solution, which is 0.140 V [60],
Etheory is calculated to be ~—0.87 V vs. Hg/HgO electrode.

E=E"+ gln Qg (8)

The quantity proceeding the logarithm is defined as Tafel
slope b = 2.303RT/anF, the Tafel slope given was derived in the
low potential range of —0.55 to —0.35 V by plotting the over
potential, n, against the logarithm of current density. It is
reported that within such potential range, the adsorption of
CH3CO,4 is independent of the potential (Eq. (2)) and the
kinetics of EOR is determined by the adsorption of OH™ on the
electrode surface [74]. The exchange current density j, was
obtained by extrapolating the linear fitted Tafel line to where
the over potential equals zero. The results summarized in
Table 3 show the exchange current density toward EOR on Pd/
C and PdNi,/C catalysts follows the same trend of onset
potential, with the highest exchange current density achieved
on Pd,Nis/C of 41.3 x 1077 A/cm?, which is 33 times higher
than that of Pd/C (1.24 x 1077 A/cm?). The exchange current
density on Pd;Ni,/C (22.5 x 1077 A/cm?) is 18 times and 9 times
higher than that of Pd/C and Pd;Ni,/C—NaBH,, respectively,
indicating that a more efficient catalyst can be prepared
through the nanocapsule method.

The long-term reactivity of EOR on Pd/C, Pd,Ni,/C, and
Pd;Ni;/C—NaBH, catalysts have been investigated by chro-
noamperometry (CA) in a 1.0 M NaOH + 1.0 M C,HsOH solu-
tion, with an applied potential of —0.5 V (vs Hg/HgO), which is
setin the low potential range of the Tafel study. Different from
other groups which mainly studied the stability in a short
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Fig. 8 — Chronoamperometry curves of Pd/C and Pd,Ni,/C
and Pd;Ni,/C-NaBH, catalysts in 1.0 M NaOH + 1.0 M
C,HsOH, at electrode potential of —0.5 V vs Hg/HgO.

Table 4 — EOR mass activity (MA,) at the end of 10,000-s
chronoamperometry, mass activity (MA,) at —0.5 V in

quasi-steady state LSV (1 mV/s) and survival ratio (MA,/
MA,) of Pd/C, Pd,Niy/C, and Pd;Ni,/C catalysts.

MA; after MA, at —0.5V Survival
10000-s CA in quasi-steady ratio
(mA/mg) state LSV (MA1/MA,)
(mA/mg)

Pd/C ~0 5.17 -
Pd,Niy/C ~0 7.46 -
Pd,Niy/C 0.37 19.27 2%
Pd;Ni,/C 1.33 21.89 6%
Pd,Nis/C 1.29 15.15 9%
Pd,Nis/C 1.71 14.49 12%
Pd;Ni,/C-NaBH, ~0 8.08 =

period of testing (i.e. 1800—3600 s) [59,78], our tests are focused
on a longer term of 10,000 s. The mass activity—time plots are
shown in Fig. 8. The mass activities of all Pd-based catalysts at
the end of CA and their corresponding mass activities at —
0.5 Vin the quasi-steady state linear scan voltammetry curves
are summarized in Table 4. To set up an evaluation criterion,
we defined survival ratio as the MA after 10,000 s CA test to its
corresponding MA (at —0.5 V) in the quasi-steady state linear
scan (at 1 mV/s), and the results are also summarized in Table
4. The survival ratio indicates the ratio of active sites that
remain the catalytic ability toward ethanol oxidation without
being poisoned after the long-term reactivity test. The results
clearly show a strong correlation between Pd—Ni contacts and
long-term EOR reactivity. As shown in Fig. 8, Pd/C and Pd4Ni,/
C catalysts, which have no or little Ni, were poisoned so
heavily that their MAs dropped to ~0 mA/mg at the end of CA
test. On the other hand, the MA of Pd;Ni,/C—NaBH, also
dropped to ~0 mA because its less effective contact between
Pd and Ni could not efficiently remove the 'poisonous inter-
mediates’ at such low applied potential. Therefore, after
a long-term test, all the surface Pd active sites are poisoned.
The survival ratio of all the nanocapsule-synthesized Pd,Ni,/C
catalysts clearly shows a monotonical increase relationship
between the long-term EOR reactivity and Ni concentration,
with a value of 2%, 6%, 9%, and 12% for Pd,Ni,/C, Pd;Ni,/C,
Pd4Nis/C, and Pd,;Nis/C, respectively. However, it is worth
noting that the current density will drop quickly in the first
500 s if the ratio of Pd: Ni is less than 1:1, which is probably
caused by the lack of enough Pd active sites. As mentioned
above, Ni will block the surface Pd active sites if there is an
excessive Ni concentration in the Pd;Ni,/C catalyst. Therefore,
although it could increase its reaction stability, a higher
concentration of Ni will reduce the total active sites and lower
the overall EOR activity.

4, Conclusion

In summary, a solution phase-based nanocapsule method has
been developed to prepare Pd;Ni,/C catalysts with small
average diameters (2.4—3.2 nm), narrow size distributions
(1-6 nm), and large electrochemical surface areas (i.e. 68.0 m%/
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g for Pd,Ni,/C). The Pd,Ni,/C catalysts have demonstrated high
reactivity toward EOR in alkaline electrolyte: i.e. the EOR onset
potential on Pd4Nis/C is 180 mV more negative than that of Pd/
C; the exchange current density of Pd4Nis/C is 33 times higher
than that of Pd/C. After a 10,000-s chronoamperometry test at
—0.5 V (us Hg/HgO), the mass activity of Pd,Nis/C survived at
1.71mA/mg, while that of Pd/C had dropped to 0, which implies
a better 'detoxification’ ability of Pd,Ni,/C catalysts for main-
taining long-term EOR activity. We propose that surface Ni
could promote refreshing Pd active sites, thus enhancing the
overall ethanol oxidation kinetics. The nanocapsule method is
able to not only better control over diameter and size distri-
bution of Pd—Ni particles, but also facilitate the formation of
more efficient contacts between Pd and Ni on the catalyst
surface, which is the key to improving the EOR activity.
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