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Abstract :
od. The porous Pt-Ni nanoflakes appeared to be uniform with the thickness of the slices about 10 ~20 nm. The

The Pt-Ni and Pd-Ni films were successfully prepared on Ti substrates by electrodeposition meth-

porous Pd-Ni nanoparticles with a flower shape appeared to be uniform with the diameters of 50 ~ 60 nm. The
XRD patterns also indicated that the Pd-Ni and Pt-Ni nanostructures have the poor crystallinity. The onset poten-
tials of ethanol oxidation were negatively shifted to —0.74 V on Pi-Ni electrodes and —0.71 V on Pd-Ni elec-

trodes , respectively. Addition of Ni could enhance catalytic activities and antitoxic properties of Pt,as well as the

electro-catalytic activities of Pd for ethanol oxidation in alkaline media.
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Nanoparticles (NPs) have been widely studied
in many research areas involving microelectronic de-
vices, photocatalysts, electro-catalysts, and biosensor
design''’. Tt is well known that the template-free elec-
trodeposition is one of the most efficient methods for
the preparation of NPs due to its rapidity and facility ,
allowing easy control of the nucleation and growth of
metal NPs'**'. Our group has done a lot of work in
preparing RE-TM, TM-Bi and Zn-Sb alloy films by
electrodeposition'””’. The electrode surface morpholo-
gy has an important effect on the property of redox ac-
tive species during an electrochemical experiment'®’.
So,the most attention has been paid on the various
shapes of nanoparticles supported on the elec-
trodes' """,
Ethanol has higher energy density and lower tox-

10]

icity compared to methanol "', The ethanol electro-

oxidation can be applied to direct ethanol fuel cells

Received; 2011-11-06,Revised; 2011-12-09

nanostructure ; electrodeposition; porous structure ; ethanol electro-oxidation

Document Code: A

(DAFCs) and ethanol sensors. Much attention has
been focused on searching much cheaper, stronger an-
titoxic and more catalytically active catalysts'"'™"*'. Pt
has been extensively investigated as the electro-cata-

lyst for ethanol electro-oxidation in acid media'"’

al-
though pure Pt has a very low activity. If ethanol elec-
tro-oxidation proceeds in alkaline rather than acidic
media, the kinetics will be significantly improved '’
A lot of work has been done to study the electro-oxi-
dation of ethanol on Pt-based catalysts in alkaline
media. Pd is a better electro-catalyst for ethanol oxi-
dation in alkaline media'”’, too. However, the high
price and limited supply of Pt and Pd have become a
bottleneck restricting the development of DAFCs.
One effective approach to the cost reduction is to
reduce the content of the Pt and Pd catalysts. For dec-
ades, significant progress has been made in the devel-

opment of other metal or metal oxide modified Pt and
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Pd electro-catalysts for ethanol oxidation in alkaline
media' """’ Here ,the porous structural Pt-Ni and Pd-
Ni films supported on Ti substrates were prepared by
electro-deposition method and used as catalysts for

ethanol electro-oxidation in alkaline media.

1 Experimental

All the electrochemical measurements were car-
ried out in a three-electrode cell using CHI 700C elec-
trochemical workstation ( CHI Instrument, Inc., USA)
at 298 K in a temperature-controlled water bath. A
platinum substrate (3.0 ¢m’) and a saturated calo-
mel electrode (SCE,0.241 V vs. RHE) were used as
counter and reference electrodes, respectively. A salt
bridge was used between the cell and the reference e-
lectrode. The films were analyzed by scanning electron
microscope ( SEM,Quanta 400) , energy dispersive X-
ray spectrometer ( EDX, OXFOXD-INCA) and X-ray
diffraction spectrometer (XRD,D/MAX 2200 VPC).
The metal contents in the catalysts were also dissolved
by aqua regia,diluted by using acidific water,and de-
termined by the inductively coupled plasma-atomic e-
mission spectrometry ( ICP-AES, IRIS (HR) ). The
Pt-Ni
mixed solution containing 0.01 mol « L.~ H,PtCl, +
0.007 mol « L™" NiCl, +0. 1 mol + L ™" KC1 +0.5 mol

nanoparticles ~ were  obtained in a

- L.7! citric acid on Ti substrates under 0.1 C + cm 2

charge loading by galvanostatic electrodeposition.
While the Pd-Ni nanoparticles were obtained in solu-
tions containing 0.01 mol + L.™" PdCl, +0. 005 mol -
L™ NiCl, +0.1 mol - L™" KCl1 +0.5/0. 1 mol - L™
citric acid on Ti substrates under 0.1 C + ¢m ~* charge
loading with a current density of 2 mA + cm . The
test solutions contained KOH and CH,CH,OH ( both
analytical reagents) with various concentrations. CVs
were measured at a potential sweep rate of 50 mV -
s~'. Prior to and during the tests, the solutions were
purged with high-purity nitrogen gas (99.999% ).
2 Results and Discussion

Fig. 1 (A, B) shows the SEM images of Pt-Ni
nanoflakes supported on Ti substrates deposited with a

current density of 1.0 mA + ¢cm . The distribution of

nanoflakes appears to be uniform with a porous struc-
ture. The thickness of the nanoflake slice is about 10
~20 nm. Fig. 1 (C,D) show the SEM images of Pt-Ni
films deposited with a larger current density of 2. 0
mA - ¢cm >, The morphologies of Pt-Ni films obtained
with a higher current density exhibit nanocones with a
thickness about 60 nm. The EDX and ICP-AES analy-
sis results confirm that the atomic ratio of Pt and Ni
are 51.4% and 48.6% in the thin films (Fig.2A).
The loadings of Pt and Ni are 0.032 and 0.011 mg -
em ~*, respectively. The XRD pattern of the as-deposi-
ted Pt-Ni nanoflakes is given in Fig. 2B. A broad
peak with a low intensity is observed between 20 and
40 degrees, indicating the poor crystalline properties
of the prepared deposits.

The SEM images of Pd-Ni nanoparticles suppor-
ted on Ti substrates are also shown in Fig. 3. The
porous nanostructures of flower type in Fig. 3( A, B)
were obtained with 0.5 mol + L™" citric acid and con-
sisted of nanoparticles with the diameter of 50 ~ 60
nm. Decreasing concentration of citric acid to 0. 1 mol
- L™", the more compact nanoparticles were formed
as shown in Fig.3(C,D). The results demonstrate

that metal size and morphology can be easily con -

200 nm

Fig. 1 SEM images of the Pt-Ni films prepared by galvanos-
tatic electrodeposition in 0.01 mol + L™" H,PtCl, +
0.005 mol + L™" NiCl, +0. 1 mol - L™" KCI +0.5
mol - L' citric acid under 0. 1 C + em™* charge

loading (A and B1.0 mA - em ;C and D 2.0 mA

-2
° cm



- 164 - B, L F 2012 4
Pt
= 160 + Ti B
£ _120t
< 5
g «
z <
2 w0
k| 3
5
40+
) Pt
Ni .
Ti Ni
'\/\'N Pt O_I 1 1 1 1 1 1 1
0 2 4 6 8 0 12 10 20 30 40 50 60 70 80 90
Energy/keV 20/(9)

Fig.2 EDX (A) and XRD (B) patterns of Pt-Ni nanoflakes prepared in 0. 01 mol - L' H,PtCl, +0.005 mol - L. ™' NiCl, +0. 1
mol + L™" KCI+0.5 mol + L'

SEM images of the Pd-Ni films prepared by 2. 0
mA + ¢cm > electrodeposition in 0. 01 mol + L™
PdCl, +0.005 mol + L™" NiCl, +0. 1 mol - L™
KCI under 0.1 C + em ™ charge loading ( A and B
with 0.5 mol « L™" citric acid;C and D with 0. 1

mol « L' citric acid)

trolled through regulating additive concentrations as
demonstrated by Wang et al'"®'. The composition of
Pd-Ni nanoparticles shown in Fig. 3 (A) was also
confirmed by EDX and ICP-AES analysis with the a-
tomic ratio of Pd and Ni elements being 78. 4% and
21.6% in the thin films (Fig. 4A). The loadings of
Pd (0.043 mg + ¢em*) and Ni (0.007 mg + cm ™ *)
could be evaluated from EDX analyses. The XRD pat-
tern in Fig. 4B also indicates the poor crystallinity of
the as-deposited Pd-Ni nanoparticles.

Fig. 5
(CVs) obtained with different electrodes. In the pres-

compares the cyclic voltammograms

citric acid with a current density of 1.0 mA « em ~* under 0.1 C + ¢m > charge loading

ence of alcohol, an oxidation peak can be clearly ob-
served for ethanol (Fig.5B). The electrochemical ac-
tive area (EAA) was calculated with the background
lines. In 1.0 mol - L.”' KOH electrolyte solution ( Fig.
5A), the anodic peaks appearing between —0.9 to
—0.64 V may be originated from desorption of atomic
hydrogen on Pt with an oxidation peak (a) at —0.84
V. Also, the anodic peak ( =0.85 ~ —0.5 V) may be
due to desorption of atomic hydrogen on Pd with an
oxidation peak (a’) at —0.67 V'), Thus,the area of
H-desorption on the CV curves represents the charge
passed for H-desorption (), and can be used to esti-
mate the EAA of the electrode ™.

The EAA can be calculated according to the Eq.
(1)

EAA:kQII/[M] (1)
where [ M ] is the platinum and palladium loadings
(mg + cm™?) of the electrode. The current for meas-
ured hydrogen desorption has deducted the double
layer charging. k represents the charge required to ox-
idize a monolayer of H, on bright Pt or Pd. The values
of k is 0.21 on Pt electrodes'”'! and 0.25 on Pd elec-
trodes' ™! represents the charge required to oxidize a
monolayer of H, on bright Pt. The results in Tab. 1
show that the EAAs of Pt-Ni and Pd-Ni are smaller
than those of Pt and Pd. This indicates that electro-
chemical oxidation of ethanol is more active on Pi-Ni
and Pd-Ni electrodes than on Pt and Pd electrodes
without increasing the EAAs of the electrodes. The
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Fig.4 EDX (A) and XRD (B) patterns of Pd-Ni nanoparticles prepared in 0.01 mol + L.™! PdCl, +0.005 mol + L.~' NiCl,
+0.1mol - L™" KCl +0.5 mol - L™" citric acid with a current density of 2.0 mA + ¢cm > under 0.1 C + ¢cm > charge

loading

-0.8 -0.6 -0.4 -0.2 0.0 0.2
E/V(vs. SCE)

Fig.5 CVs of the ethanol oxidation on Pt (Pt loading 0. 051 mg + ¢cm ™), Pd (Pd loading 0. 055 mg -

T

Ni
-Ni
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em ™), P-Ni( Pt

loading 0.032 and Ni loading 0.011 mg + ¢cm~*) and Pd-Ni(Pd loading 0. 043 and Ni loading 0.007 mg + cm ™) in
a N,-saturated 1.0 mol + L' KOH (A) and 1.0 mol - L™" KOH +1.0 mol + L.™" ethanol (B) solutions at a sweep

rate of 50 mV + s~

Tab.1 The H-desorption Q, and the EAAs of different
electrodes for ethanol oxidation
Electrodes Pt Pd Pt-Ni Pd-Ni

Qu/ mC-cem™ 1.6 1.7 0.9 0.8

EAA/m® - g™' 7 6 6 4

decrease of EAAs by adding Ni can be attributed to
that the places of Pt and Pd atoms are substituted by
Ni atoms.

The composition and electro-catalytic perform-
ance for ethanol oxidation of Pt-Ni and Pd-Ni films
supported on Ti substrates are summarized in Tab. 2
and Tab. 3, respectively. The onset potential (£ ) of
ethanol oxidation on Pt was —0.54 V and shifted neg-
atively to —0.74 V on Pt-Ni electrodes (Tab. 2).

Similar phenomena were observed for ethanol oxida-
tion on Pd and Pd-Ni electrodes. The £, was —0.61 V
on Pd,while —0.71 V on Pd-Ni (Tab. 3). Negative
shift of E,( =0.1 V) for anodic reaction is significant
for liquid fuel cells. The changes in E_ indicate an im-
provement in the kinetics caused by the synergistic
effects between Pt/Pd and Ni. The current density of
ethanol oxidation at —0.4 V on Pt-Ni was 33.1 mA -
em?, which is higher than that on Pt (8.8 mA -
em 7)) ,while 39.0 mA + cm ™ on Pd-Ni and 21. 1 mA
- em~? on Pd. The activities of ethanol electro-oxida-
tion on Pt and Pd electrodes were significantly incre-
ased by the addition of Ni .

oxidation on the above electrodes was investigated at a

The stability of ethanol

potentialof — 0.4 V ( Fig. 6 ) . The oxidation current
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Tab.2 The composition and electro-catalytic performance for ethanol oxidation of Pt-Ni films prepared
by electrodeposition using 1 mA + ¢m > to get 0.1 C + ¢m ™ in solutions composed of 0. 1 mol -
L~" KC1,0.5 mol - L™" citric acid,0.01 mol - L.™"H,PtCl and different concentrations of NiCl,
Concentration of Ni (II)/ Atomic ratio Pt/Ni Loading/ E/V jlat —=0.4V)/
mmol + L~ Pv/Ni mg + cm ! mA - cm ™’
0 100/0 0.051/0 -0.54 8.8
5.0 51.4/48.6 0.034/0.010 -0.74 27.1
7.0 47.0/53.0 0.032/0.011 -0.74 33.1
10.0 40.8/59.2 0.029/0.013 -0.64 13.5
Tab.3 The composition and electro-catalytic performance for ethanol oxidation of Pd-Ni films prepared
by electrodeposition using 2 mA + em > to get 0.1 C « ¢cm ~* in solutions composed of 0.01 mol -
L™" PdCl,,0.1 mol - L™" KC1,0.5 mol - L' citric acid and different concentrations of NiCl,
Concentration of Ni(II)/ Atomic ratio Pd/Ni loading/ BV jlat =0.4V)/
mmol + L™ Pd/Ni mg + cm ' mA - cm ™’
0 100/0 0.055/0 -0.61 21.1
2.5 87.7/12.3 0.048/0. 004 -0.65 29.7
3.3 78.4/21.6 0.043/0.007 -0.71 39.0
5.0 59.6/40.4 0.033/0.012 -0.66 32.4
densities were larger on Pt-Ni and Pd-Ni than those 1l .
on Pt and Pd at the end of the tests. This indicates I 2.Pd
12r 3. Pt-Ni
that Ni can enhance the stability and poisoning toler- ol | 4. Pd-Ni
ance of Pt and Pd electro-catalysts for ethanol oxida- b gl ‘
tion. & |
L . . . g 6F
The optimization of the atomic ratios of Ni to Pt = N
4t ~_
or Pd in these electro-catalysts was conducted by I — 4
. . . . 2+ 3 —_—
changing the NiCl, concentration and recording the ! 2> 3 —
onset potential and current densities at —0.4 V dur- oL, P ' '
0 5 10 15 20
ing the ethanol electro-oxidation. The best electrode- t/min
Fig.6  Current density ~ time curves for ethanol oxidation

posited conditions for Pt-Ni films were in a solution of
0.01 mol - L™" H,PtCl, +0.007 mol - L™~" NiCl, +
0.1 mol - L™" KCl +0.5 mol - L'

2

citric acid on Ti
with 1 mA + em ™", while for Pd-Ni films in a solution
of 0.01 mol - L™" PdCl, +0.005 mol + L' NiCl, +
0.1 mol - L™' KCI+0.5 mol « L™

-2
mA - cm .

citric acid with 1

The alcohol electro-oxidation on Pt-Ru catalyst
supported on C substrates is explained as a bi - func -
tional mechanism'®’. It is possible that Ni functions

as Ru does in Pt - Ni and Pd - Ni catalysts . Some re -

at —0.4 Von Pt (0.051 mg - em~*) ,Pd (0.055
mg + cm ), Pe-Ni(Pt 0.032 and Ni 0.011 mg -
em™?) and Pd-Ni (Pd 0.043 and Ni 0. 007 mg -

em?) electrodes in 1. 0 mol + L' KOH solution

! ethanol

containing 1.0 mol - L
searchers have found that Pt-Ni nanoparticles show a
shift in the Pt 4f peak in a Pt-Ni based alloy struc-
ture ,so called the electronic effect' . Enhanced ac-
tivity of alcohol electro-oxidation such as lower onset
potential and improved stability may be responsible

for the change in the electronic properties of Pt and
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Pd in Pt-Ni and Pd-Ni. On the other hand, hydrous
Ru0, is a more active catalyst for alcohol oxidation
than Ru’ being a part of bimetallic Pt-Ru alloy'*’.
The presence of hydrous RuO, (Ru0,;(OH);) could
play an important role being a donor of the oxygen-
containing species that promote the CO to CO, oxida-
tion. Non-noble oxides were shown to be active sites
for the formation of oxygen-containing species as
Ru'®'. The Ni is easily oxidized in air and alkaline
solution. The Ni and Ni oxide may co-exist in the pre-
pared Pt-Ni and Pd-Ni films. The interactions of metal
particles with oxide supports can radically enhance
the performance of supported catalysts. Vayssilov et al
explored Pt-Ce0O, catalysts, and suggested that there
are two types of oxidative metal-oxide interaction: 1)
electron transfer from the Pt nanoparticle to the sup-
port; 2) oxygen transfer from ceria to Pt'”’**. For Pt-
Ni and Pi-Pd electrocatalysts, the addition of Ni and
formation of Ni oxides can significantly increase the

activity for alcohol electro-oxidation.

3 Conclusions
The porous nanostructured Pt-Ni and Pd-Ni films
supported on Ti substrates were successfully prepared
by electrochemical deposition method. The porous Pt-
Ni nanoflakes appeared to be uniformly distributed
with the thickness of slice about 10 ~20 nm. The por-
ous Pd-Ni nanoparticles with a flower shape appeared
to be uniformly distributed with the diameter of 50 ~
60 nm. The activity of the catalysts for ethanol electro-
oxidation was significantly increased by the addition
of Ni. The optimized condisitons for electro-deposi-
tions of Pt-Ni films were in a solution of 0.01 mol -
L~" H,PiCl, +0.007 mol + L™" NiCl, +0. 1 mol -
L' KCl+0.5 mol - L™
- ¢cm ", while for those of Pd-Ni films in a solution of
0.01 mol - L™" PdCl, +0. 05 mol - L™" NiCl, +0.1
mol - L™" KCl +0.5 mol + L™ citric acid with 1 mA

« ecm 2. The activities for ethanol electrochemical ox-

citric acid on Ti with 1 mA

idation on Pt-Ni and Pd-Ni electrodes were higher
than those on Pt and Pd electrodes without increasing
the EAAs. The change of the onset potential shows an

improvement in the kinetics caused by the synergistic

effects between Pt/Pd and Ni.
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