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Abstract

Electroplating of Fe-Mo and Fe—-Mo-Pt alloys has been carried out using suitable plating bath solutions and working conditions. The deposits
were characterized by SEM, XRD, TEM, EDAX, XPS and Polarization techniques. New phases appeared on heat treatment of the coatings. The
composition (Fe—Mo) of the coatings and oxidation states of the alloying elements varied from the surface to the bulk of the material. The coatings
acted as novel electrode materials with good electrocatalytic activities (low overpotentials) and good corrosion resistance for the anodic oxidation
of methanol in H,SO4 at normal working temperature. The good corrosion resistance of the Fe—Mo alloy is accounted for by the existence of an
oxyhydroxide passive film on the surface. The electrocatalytic activity of the Fe-Mo—Pt alloy is considerably higher when compared to the Fe—-Mo

alloy and Fe alone
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In view of the rapid growth of world population and the
depletion of non renewable fossil fuel, the search for new non-
conventional renewable electrical energy has become a subject
of importance in recent years. Among many non-conventional
alternative electrical energy sources, electrochemical energy
conversion through the use of fuel cell has gained importance.
Fuel cells convert the chemical energy of a fuel directly into
electricity and since fuel cells operate without a thermal cycle,
they constitute one of the most promising sources of alternative
electrical energy, by providing high-energy output and in the-
ory emitting no harmful by-products. Fuel cells also require no
emission-control devices as in conventional energy-conversion
[1-3]. There are six types of generic fuel cells among these,
direct methanol fuel cells are promising systems for portable
and residential power applications [4].
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Although a lot of progress has been made in the development
of the direct methanol fuel cell (DMFC), its performance is still
limited by the poor kinetics of the anode reaction [5-7] and the
crossover of methanol from the anode to the cathode side through
the proton exchange membrane [8—10]. Electrocatalysts with
a higher activity for methanol oxidation at room temperature
are critically needed to enhance DMFCs’ performance for com-
mercial applications. Although platinum shows excellent initial
catalytic activity in the electrochemical oxidation of methanol
at low temperatures, it is readily poisoned by chemisorbed CO-
like intermediates generated in the process. Many researchers
indicate that the alloying of Pt with the other transition metals
enhances significantly the electrocatalytic activities and poison
tolerance of Pt on the basis of a bifunctional mechanism, an elec-
tronic effect, or an ensemble effect [11-13]. Currently, a well
known anode catalyst for DMFC is PtRu, because it gives signif-
icant activity for methanol oxidation as well as dehydrogenation
of water which is critical for the removal of the adsorbed CO
species [14—18] but still is not good enough for commercial
applications due to its prohibitively high cost and limited sup-
ply. As aresult, the development and characterization of a better
poison-tolerant catalyst is of tremendous interest to this technol-
ogy [19-22]. By eliminating Pt completely or using it in traces
in the electrodes it is possible to reduce the cost of making a fuel
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cell by 20% [23]. In this direction, attempts have been made to
prepare and characterize novel material with low over potential
and low priced alloys as anode materials for methanol oxida-
tion fuel cell in HySO4 could be based on the use of the use of
two complementary characteristics of electrodeposits namely,
intrinsic catalytic activity and high surface area [24-26].

Mo is a versatile metal and its alloys with iron group met-
als are used as effective cathode materials for water electrolysis
[27,28]. These alloys are obtained from mechanosynthesis [29],
thermal preparation [30] and electrodeposition [31] of which
electrodeposition provides alloys with a wider range of compo-
sitions. The surface activity of these alloys depends on the pH of
the working medium, composition, nature of the surface (crys-
talline/amorphous) and the phases present in the alloy [32,33].
The present communication reports the results of electrochem-
ical preparation and characterization of Fe-Mo and Fe-Mo-Pt
alloys as an anode for methanol oxidation in H;SO4 media.
The anode materials developed are cost effective, the method of
preparation is simple and offers a low overpotential for the oxi-
dation reaction under normal working conditions. The influence
of the surface features and structure of the alloy, and the post
treatment of the alloy on electrocatalytic activity is discussed.

2. Experimental

All solutions were prepared by using AR Grade chemicals
and double distilled water. Alloys of Fe—Mo and Fe—-Mo-Pt were
coated on copper foils (99% pure, I0 mm x 10 mm x 0.25 mm)
using a suitable bath solution. Prior to deposition, copper foils
were pre-cleaned by the procedures described elsewhere [34].
Polarization on prepared alloy samples were carried out in
CH30H + H,SO4 mixture under galvanostatic condition using
a potentiostat/galvanostat (EG & G PAR 362). A large platinum
foil and saturated calomel electrode were used as auxiliary and
reference electrodes, respectively. A fine-drawn capillary was
used to minimize IR drop.

X-ray diffraction (XRD) patterns of deposited films were
obtained on a Philips, PW 1140/90 diffractometer using Cu
K, radiation and Ni filter. Transmission electron microscopic
(TEM) investigation of the film was carried out in a JEOL 200-
CX transmission electron microscope operated at 200 kV. The
elemental analyses and surface composition of the alloy samples
were obtained by energy dispersive X-ray analysis (EDAX). Few
alloy samples were given heat treatment (623 K) for 5h under
N, atmosphere.

X-ray photoelectron spectra (XPS) of the deposited alloys
were recorded on a vacuum generator ESCA-III Mark 2 spec-
trometer (VG Scientific Ltd., England) using Al K, radiation
with photon energy of 1486.6eV. The binding energies were
calculated with respect to C (1s) peak at 285eV with a pre-
cision of 0.2 eV. For XPS analysis, the samples were placed
into an ultra high vacuum (UHV) chamber at 10~ Torr hous-
ing the analyzer. Prior to mounting, the samples were kept in
the preparation chamber at ultra high vacuum for 5 h in order to
desorb any volatile species present on the surface. Intermittent
sputtering was performed by using defocused Ar* ion beam at
low voltage and current over an area of 0.8 x 2.4 mm?.

Sputtering was carried out to remove successive layer of
few angstroms and composition of the material in the particu-
lar layer. The experimental data were curve fitted with Gaussian
peaks after subtracting a linear background. For Gaussian peaks,
slightly different full width at half maximum (FWHM) was used
for different chemical states. The spin orbit splitting and the
doublet intensities were fixed as given in the literature [35]. The
concentrations of different chemical states were evaluated from
the area of the respective Gaussian peaks.

3. Results and discussion

Experiments were carried out under potentiostatic condi-
tions (—1000 to —1800mV) in a bath solution containing
known concentrations of ferrous ammonium sulphate, ammo-
nium molybdate, TAC, chloroplatinic acid and EDA. Boric acid
and sodium chloride were used as buffering agent and con-
ducting electrolyte, respectively, and also the combination of
them suppress to reduce the rate of codeposition of Hy gas
[36]. Experiments were conducted at different deposition poten-
tials, bath compositions, pH and working temperature. Based on
the experimental observations, the bath composition and work-
ing conditions were optimized (Table 1) to get good quality
Fe—Mo and Fe—-Mo-Pt alloys. The alloy coatings obtained under
different experimental conditions were subjected to surface,
microstructural and electrocatalytic analysis.

3.1. Microstructure and surface characterisation

The coatings obtained under optimum experimental condi-
tions were subjected to EDAX analysis in order to determine
the chemical composition of the coatings and to investigate the
distribution of the elements on the electrode surface, which
confirmed the presence of Fe(78%), Mo(22%) and Pt [in
traces(<1%)] on the deposited surface (Fig. 1). In order to
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Fig. 1. Energy dispersive X-ray analysis of Fe-Mo—Pt alloy (as deposited).
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Table 1
Bath composition and plating conditions for Fe-Mo, Fe—-Mo-Pt alloy coating

Bath composition (M) Fe—-Mo (95-5%)

Fe-Mo (78-22%) Fe—Mo-Pt (78-22%-traces)

0.10 0.10
0.08 0.08
0.30 0.30
0.03 0.03
- 10

10 10

20 20

—1400 —1400

1-2h 1-2h
9.0 9.0

Ferrous Ammonium Sulphate 0.14
Ammonium Molybdate 0.015
Tri ammonium Citrate 0.10
Ethylenediammine 0.10
Chloroplatinic acid® -
Sodium chloride® 10
Boric acid® 20
Deposition potential (mV) —1400
Time 1-2h
pH 9.0
Cathode Copper foil
Temperature 303K
Anode Stainless steel
The composition of the element from EDAX analysis are values given in parenthesis.
2 mM.
LIS St

examine the morphology of the electroactive coatings used in
research, a scanning electron microscopy (SEM) technique was
used. The SEM images in Fig. 2 show significant differences in
morphology of the investigated catalytic coatings. As deposited
Fe—Mo alloy coating (Fig. 2A) shows a relatively homogeneous
surface of small roughness. The morphology of the surface is
in accordance with the crystalline structure obtained by the
XRD analysis and the micrograph taken at a higher magnifi-
cation showed polygonal forms characteristics of a crystalline
structure. On the other hand, it can be observed that after heat-
treatment of Fe—Mo (Fig. 2B) and incorporation of Pt (Fig. 2C)
in traces show a spherical (globular) and cauliflower-like pattern,
having a considerably rougher surface than as deposited Fe—Mo
alloy and roughness increases in presence of Pt. This suggests
an increased activity towards DMFC. It can also be observed
on both (Fig. 2B and 2C) that some smaller ellipsoid-shaped
globules appear on top of the larger globules. The borders of
both smaller and bigger globules are circular or quasi-circular,
which is quite different than the as deposited Fe—-Mo alloy. The
EDAX dot mapping of Pt and Mo are shown in Fig. 2D and 2E,
respectively.

Table 2
XRD data of Fe-Mo and Fe-Mo-Pt alloys

The XRD data (Table 2) of the Fe-Mo alloy (JCPDS:
15-0539) indicates the crystalline nature and also the presence
of oxide in the alloy. Heat-treated samples show the existence of
new phases (JCPDS: 22-0629) along with the presence of oxide
phases HoMoOs5 (JCPDS: 41-0359). XRD patterns (graphs are
not shown here) of the deposited Fe-Mo-Pt alloy also showed
similar trend along with small intense peak (trace amount of
Pt) of platinum oxide (JCPDS: 85-0714) leads to the change in
structure of the electrode surface, which is in accordance with
the SEM micrographs. The ring type diffraction pattern of the
Fe—Mo coating is shown in Fig. 3A, which could be indexed as
Fe—Mo alloy supporting the XRD results [37]. The selected area
electron diffraction (SAED) pattern is shown in Fig. 3B show
crystalline nature of the Fe—-Mo alloy.

3.2. X-ray photoelectron spectroscopic studies

XPS of Fe(2p) core level regions of as deposited Fe—Mo alloy
sample as well as the same after 10 and 20 min of sputtering
are shown in Fig. 4. It is observed that Fe is in +3 oxidation
state along with satellite peaks. Fe(2p3/2,1/2) peaks at 711.5 and

As deposited After heat treatment®
Observed 26 Std. ASTMP 26 Phase Observed 20 Std. ASTMP 20 Phase
Fe-Mo Alloy 36.51 36.506 FeMo(311) 15.68 15.67 H;Mo0Os5(101)
41.72 41.72 FeMo(330) 30.89 30.88 FeMoOy4(111)
44.83 44.83 FeMo(411) 36.51 36.506 FeMo(311)
41.72 41.72 FeMo(330)
44.83 44.83 FeMo(411)
Fe-Mo-Pt Alloy 36.51 36.506 FeMo(311) 15.68 15.67 H;Mo0Os5(101)
41.72 41.72 FeMo(330) 30.89 30.88 FeMoOy4(111)
44.83 44.83 FeMo(411) 36.51 36.506 FeMo(311)
46.24 46.24 Pt(200) 41.72 41.72 FeMo(330)
44.83 44.83 FeMo(411) 41.98 41.99 PtO(110)

Target: Cu kg; filter: Ni.
? 623 K under N; atmosphere for 5 h.
b 1999 JCPDS-International Centre for Diffraction Data, PCPDFWIN v. 1.30.
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Fig. 2. SEM microphotographs of (A) as deposited Fe—Mo (22% Mo) alloy (B)
heattreated Fe-Mo alloy (C) heat treated Fe-Mo—Pt alloy (D) dot mapping of
Pt and (E) dot mapping of Mo element.

725.6€V are attributed to Fe3* oxidation state [38]. Similarly
with the sputtered film of Fe(2p3/,1/2) peaks are observed at
704.4 and 720.5 eV which are characteristic to Fe? state, respec-
tively, with satellite peaks. Binding energies of Fe** and Fe”
species of as deposited Fe—Mo film are given in Table 3.

The XPS spectra of Mo(3d) exhibits the characteristic 3ds,»
and 3d;» doublet (Fig. 5), associated with spin-orbit coupling for
Mo. As deposited film shows Mo(3ds/2 3/2) broad peaks at 232.2
and 235.8 eV corresponding to Mo®* oxidation state. After sput-
tering for 10 and 20 min, Mo(3ds/,) sharp peak appeared at 227.8
due to metallic Mo whereas Mo(3d3/;) broad peak appeared at
235.4eV corresponding to Mo®* [39].

Fig. 6 represents the XPS spectrum of oxygen 1s level for
the deposited samples and after sputtering. O(1s) spectrum in
deposited film shows intense peak at 531.7eV together with
a weak peak at 530.0eV. The lower binding energy peak at

FeMo(411)
= FeMo(330)
— FeMo(311)

Fig. 3. (A) Ring type electron diffraction pattern; (B) selected area electron
diffraction pattern (SAED) of as deposited Fe—-Mo alloy.

530.0eV is due to O~ species associated with oxides of nickel
and iron. The highly intense peak at 531.7 could be due to
OH™ type of species and a weak peak at 533.7 eV indicates the
presence of H,O, which decreases on sputtering. The binding
energies of O(1s) peaks in deposited sample and after sputtering
are given in Table 3.

Although there is uncertainty in the assignment of the surface
species from the XPS data, Mo®* seems to be the most probable
surface species, which forms the basis for the formation of the

Table 3
Binding energies of Fe(2psz2), Mo(2p3/2) and O(ls) species of deposit and
sputtered Fe—Mo alloy

Chemical state Binding energy (eV)

Fe(2ps3/2)

Fe3* 711.5

agel 704.4
Mo(3ds)2)

Mo®* 232.2

Mo® 227.8

O(1s)

0%~ 530.0 (530.2)
OH~ 531.7 (532.0)
H,0 533.7 (533.5)

2 Values for O?~, OH™ and H,O species after 10 min sputtering.
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Fig. 4. XPS of Fe(2p) core level region of Fe—Mo alloy (A) as deposited (B)
after 10 min sputtering (C) after 20 min sputtering.

hydrous molybdenum oxide (H,MoOQOs) [40]. XRD studies also
revealed that there is formation of oxide in the alloy, the extent of
which increased on heat treatment. It is reported earlier that the
sample under goes transition from hydroxides to oxides after
heat treatment. The change in chemical state of Fe-Mo from
hydroxide to oxide occurs with loss of oxygen and hydrogen
(in the form of water molecules). These results show that the
film is a mixed oxyhydroxides of Fe-Mo, which upon passiva-
tion improves the corrosion resistance of Fe—-Mo alloy. Binding
energies of different Mo species of as deposited Fe—Mo film are
given in Table 3.

The concentration ratio of Fe(2p) to Mo(3d) on the surface
can be evaluated using the relation:

Cre _ IreOMorMoDE(Mo)
CMo IvooreAre Di(Fe)

Where, C, I, o, X and Dg are the concentration, intensity, pho-
toionization cross-section, mean escape depth and geometric
factor, respectively. Integrated intensities of Fe(2p) and Mo(3d)
peaks are taken into account for calculating the concentra-
tions. Photoionization cross-sections and mean escape depths
are obtained from the literature [41,42]. The surface concentra-
tion ratio of Fe to Mo is 6.0 in the deposited film indicating
surface enrichment of Fe. However, this ratio decreased on suc-
cessive sputtering and it was found to be 1.5 and 0.3 after 10 and
20 min of sputtering, respectively.
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Fig. 5. XPS of Mo(3d) core level regions of Fe—Mo alloy (A) as deposited (B)
after 10 min sputtering (C) after 20 min sputtering.

3.3. Polarization studies

In order to test the suitability of the deposited Fe—Mo and
Fe—-Mo-Pt alloys for anodic oxidation of methanol, galvano-
static polarization experiments were conducted with coatings
of different compositions (Mo 5-25%) during oxidation of
methanol (1M) in 0.5M H>SO4 in a current density range

Intensity / arb. units

BRI ,_,;.'- ) .""'-' -.- e -..
- ' s 1 l 1 |

524 528 532 536 540

Binding Energy / eV

Fig. 6. XPS of O(1s) core level regions of Fe—Mo alloy.
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Fig. 7. Galvanostatic polarization diagrams for methanol oxidation in 0.5M
H,SO4, on (A) Fe-Mo-Pt and (B) Fe-Mo alloys of as deposited [A; and B3]
and after heat treatment [A; and B].

1-100 mA cm—2 at 303 K. The electrocatalytic activity (n100)
was minimum for 5% Mo in the alloy and the activity increased
with increase in the Mo content in the alloy and was maximum
for 22% of Mo in the alloy. Pt was introduced in trace amount
(<1%) in to the alloy with Mo —22% and the activity was found
to increase sharply. Fig. 7 shows the galvanostatic anodic polar-
ization of the as deposited and heat treated Fe—Mo (22% Mo)
and Fe-Mo—Pt (78-22-traces) coatings in HySO4 medium. The
electrochemical parameters are given in Table 4. The overpoten-
tials observed for methanol-oxidation on Fe-Mo-Pt coatings
in HoSO4 was relatively less than that for Fe-Mo coatings as
the working electrode. This suggests that traces of Pt in a dis-
persed state with Fe—-Mo serves as a better electrocatalyst for the
methanol oxidation than Fe—-Mo.

The Fe-Mo and Fe-Mo-Pt alloys show better corrosion
resistance (Table 4) in H,SO4. The heat treatment resulted in
further improvement in the corrosion resistance. This was evi-
dent from the prolonged electrolysis (up to 100 h) conducted in
0.5M H,S04 containing 1M methanol at 303 K and a current
density of 100mA cm~2. The anode was stable and exhibited

Table 4

Electrochemical parameters for methanol oxidation in 0.5M H;SO4 and 1M
CH30OH on Fe-Mo (95-5%), Fe-Mo (78-22%), Fe-Mo-Pt (78-22-traces)
alloys at 303 K

System b, (mV dec™2) icorr (LA cm™2) n100 (MV)
Fe-Mo (95-5) 48(58) 62(35) 415(310)
Fe-Mo (78-22) 32(34) 55(20) 350(288)
Fe-Mo-Pt (78-22-traces)  48(52) 10(1.25) 152(102)

The values for heat treated (5 h, N> atmosphere at 623 K) samples are given in
the parenthesis.
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Fig. 8. Variation of over potential (n at 100 mA cm~2) 1M CH3OH +0.5M
H,SO4 with time on (A) Fe—-Mo—Pt and (B) Fe-Mo alloys of as deposited [Ax
and B, ] and after heat treatment [A; and B;].

steady overpotential (=10 mV) (Fig. 8), which is a key desirable
characteristics of a high performing anode in a fuel cell.

4. Conclusions

Simple bath solutions and plating conditions were developed
to deposit Fe-Mo and Fe-Mo-Pt alloys as anodes for direct
methanol fuel cells. The deposited Fe-Mo alloy is crystalline in
nature and new phases appeared on heat treatment. The compo-
sition of the alloying elements and their oxidation states varied
from the surface to the bulk of the deposits. The alloys on heat
treatment exhibited good corrosion resistance towards the fuel
cell electrolytes.
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