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nanoparticles and their electrocatalytic performance towards methanol oxidation
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Abstract

We report the formation mechanism of FePt nanoparticles (NPs) by high temperature
polyol method using equimolar ratio of Fe and Pt-precursor with different Pt-precursors.
Pt(acac),, PtCl,, PtCl, and H,PtCls.H,O were used as Pt-precursors and Fe(acac)s as the only
Fe-precursor. Different stoichiometric compositions along with variation in size were
obtained by using different precursors of Pt. Nearly, equiatomic FePt having size ~ 2 nm was
formed with Pt(acac),, However, Pt rich phases were formed using all other precursors with
size ranging between 3.6 to 6.4 nm. It is found that atomic percentage of Fe in the FePt NPs
depends on the reaction parameters. The decomposition behaviour of Fe and Pt-precursors
were examined by vibrating sample magnetometer and thermogravimetric measurements. A
possible reaction mechanism for Fe depleted FePt formation is proposed which suggests that
the reduction potential and decomposition behaviour of the organic and inorganic salts of Pt
significantly modify the nucleation behaviour. The electrocatalytic properties of all the four
nanomaterials towards methanol oxidation have been investigated by cyclic voltammetry. It

is found that FejgPtg; with an average size of 6.2 nm shows the highest catalytic response.
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1. Introduction

In recent years, the FePt nanoparticles (NPs) systems have received attention for its
promising applications in the field of magnetic memory,' catalysis® and biomedical
application® because of their tunable magnetic properties, high surface area and Fe leaching
behaviour in mild acidic environments. Several synthesis protocols like thermal
decomposition,* microemulsion,” ultrasonication,’ microwave-assisted,” and virus-templated®
routes are known for the FePt NPs. Among these, thermal decomposition is found to be
efficient one due to its capability to control over size, distribution and composition of FePt
NPs.*® The growth mechanism for such systems is complicated because these binary
compounds are formed through the reduction of metal salts and decomposition of
organometallic precursors. Further, it requires control on various factors such as composition
and concentration of metallic precursors, stabilizer/surfactant, solvents, reducing agents,
reaction temperatures, reaction rates, injection conditions and reaction time etc.’*** Lamer et
al." have suggested that the process of nucleation and growth in solution goes through
several stages. However, the control over nucleation and diffusion during growth of FePt NPs
is difficult in bi-metallic system due to their mismatch in nucleation rate and difference in the
growth process of different metallic precursors. Several articles®"* anticipate the two process
mechanisms for the synthesis of FePt NPs in high temperature polyol methods in which Pt
nucleation occurs in the early stage of reaction (~ 160 °C) followed by decomposition of Fe
precursor (above ~200 °C). The formation of Fe nuclei by thermal decomposition/reduction
of Fe-precursors is assumed to be catalysed by the Pt-nuclei.** Jeyadevan et al.™ reported
that the reduction potential of the polyols as well as the molar ratio of input polyol to Fe or
Pt precursors play crucial role in the nucleation-growth, compositions and the morphology of
the FePt NPs. The disordered fcc-FePt structure was explained as the consequence of fast

kinetics of the reaction during synthesis.’>*® Sebt et al.'” mentioned that it is the ligands
2
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(surfactants) which play a crucial role in the synthesis of FePt NPs. They suggested that
oleylamine helps to increase the number of NPs in the nucleation stage and decrease the size
of the Pt core, whereas the oleic acid controls the shell’s growth of the NPs and helps in
colloidal stability. Oleylamine is also well known as both reducing agent and stabilizer for
synthesis of magnetite NPs.*8*

The reaction kinetics of the formation of FePt NPs is still controversial and remains as
an unresolved issue. The pioneering work of Sun et al.* convincingly assured the synthesis of
high quality FePt NPs and their application in magnetic recording and exchange couple
magnets but the control over composition in FePt systems surfaced as a challenge. Yu and co-
workers?® took this up and investigated the method proposed by Sun et al. involving the
reduction of Pt(acac), and the thermal decomposition of Fe(CO)s and showed a
compositional variation of 21 to 70 at.% Fe from particle to particle. In both the cases
Fe(CO)s was used as the source of Fe which is toxic, volatile and environmentally hazardous.
Recently, we have found that an excess of Fe(CO)s used in the reaction leads to the formation
of FePt-Fe;04 core-shell structure giving interesting structural and magnetic properties.?!
Beck et al.* reported that carbonyl (CO)-spillover process and catalytic activity of Pt nuclei
stimulates the complete reduction of hetero-coagulated iron species over the Pt nuclei. This
gives a better control over compositional distribution of Fe and Pt among the nanoparticles.
Bian et al. showed the formation of iron carbonyl and oleylamine complex during the
reaction has a strong influence on the nucleation rate and growth process and the resulting
shape, size and size distribution of FePt NPs.” Saita et al.”® reported the high temperature
synthesis (~250-297 °C) of FePt NPs by allelocatalytic decomposition of precursors and
showed that it was dominated by nucleation of Pt followed by a slow growth process of Fe
(and Pt) atoms. In order to achieve a good control over the composition and size of NPs,

many organic precursors of Fe and Pt have been used.?*® To obtain equiatomic FePt NPs, a
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higher molar ratio of Fe to Pt precursor is generally used unless a very strong reducing agent
like superhydride (LiBEtsH) is used for complete reduction of metallic precursors.® To
resolve such problems, bimetallic complexes of Fe and Pt with different stoichiometry have
been adopted to control the final compositon.”’

The control over size, its distribution and composition of these FePt systems have
raised an overwhelming research interest as a catalyst in the field of fuel cell technology due
to the direct conversion of chemical energy into electrical energy with high efficiency and
low emission of pollutants.>*® The direct methanol fuel cell (DMFC) has emerged as an
excellent power source due to its low operating temperature, simplicity of handling and
processing of liquid fuels.?® At present, platinum is the only element which shows significant
electrocatalytic activity towards methanol oxidation at relatively lower temperature (90 °C),*
but its high cost and finite availability limits its applicability. On the other hand, reaction
intermediates like carbon monoxide generated during incomplete oxidation of methanol,
adsorbs onto the Pt surfaces and block the active sites thereby deactivation/poisoning the pure
Pt.3! To counter such situations, various intermetallic Pt alloys such as FePt, PtPd, PtRu etc.,
have been investigated and discussed.? However, FePt alloy gains enormous interest due to
better CO tolerant and easy availability of Fe over others. The FePt electrocatalyst have more
platinum active sites with distinctly different nearest neighbor environments in contrast to
pure Pt catalyst.® The catalytic activity of FePt in DMFC strongly depends on atomic
percentage of Fe and Pt.>® Therefore, the basic understanding for reaction mechanism of FePt
NPs is needed to improve the efficiency of DMFC.

In this context, the key issues in the reaction mechanism of FePt systems are: (i)
equimolar ratio of Fe/Pt precursors lead to Fe depleted FePt NPs, (ii) variation in size and
composition from particle to particle and (iiif) inhomogeneous crystal phase formation (FesPt

or FePt or FePt3). Herein, we have investigated the nucleation of Fe and Pt from their
4
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respective precursors and report the possible reaction mechanism for formation of FePt NPs.
The electrochemical activities of as—synthesized FePt NPs towards methanol oxidation have
been investigated by cyclic voltammetry. The catalytic efficiency of FePt NPs towards
methanol oxidation is found to strongly depend on their composition and size (Scheme-1).
2. Materials and Methods
2.1 Reagents and Materials

Platinum(ll) acetylacetonate (Pt(acac),, Aldrich, 97%), platinum(ll) chloride (PtCl,,
Aldrich, 98%), platinum(IV) chloride (PtCl,, Aldrich, 98%), chloroplatinic acid hexahydrate
(H2PtCle.6H,0, Aldrich, >37.5% Pt basis), iron (I1l) acetylacetonate (Fe(acac)s, Aldrich,
98%), oleylamine (OAmM, C1gH3sNH,, Aldrich, 70%), oleic acid (OAc, C17H33COOH, Merck,
70%), 1, 2-hexadecanediol (Ci6H340,, Aldrich, 90%), n-hexane (CgHis4, Merck), ethanol
(C2HgO, Chemical China) and diphenyl ether (C12H100, Aldrich, 99%) were used throughout
the reaction for the synthesis of FePt NPs. All chemicals were of analytical grade and were
used as received.
2.2 Synthesis Procedure

FePt NPs were prepared by high temperature polyol method. The synthesis was
carried out in a three-necked 100 ml flask setup under N, atmosphere. In a typical synthesis,
Fe(acac); (0.2 mmol, 0.071 g), Pt(acac), (0.2 mmol, 0.079 g) and 1, 2-hexadecanediol (0.6
mmol, 0.016 g) were dissolved in 20 mL of diphenyl ether. The dissolution was enabled by
continuous magnetic stirring (600 rpm) and heating at 120 °C followed by the addition of
OAc (0.66 mmol, 0.2 mL) and OAm (0.66 mmol, 0.2 mL). The solution temperature was
raised to 200 °C and heated for 2 h. This reaction temperature has been decided by examining
the nucleation behaviour of Fe(acac)s in the above reaction solution through VSM (ESI, Fig-
1). Then, it was refluxed for another 1 h at 265 °C. It was found that initial red colour

solution turned to black precipitate indicating the formation of FePt NPs. The solution was
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allowed to cool to room temperature under N, atmosphere. In the post reaction treatment, the
black precipitate was washed using 30 mL of ethanol as a flocculent followed by
centrifugation (12000 rpm for 10 min) and the reddish supernatant was discarded. The
precipitate was dissolved in 5 mL of hexane and two drops (~ 30 pL) of oleylamine. The NPs
were again precipitated by the addition of 30 mL of ethanol. The procedure was repeated
three times to ensure purification. The black powder was allowed to dry at room temperature
for different physical characterizations. For other FePt samples, only Pt precursor (Pt(acac),)
was replaced by PtCl, (0.2 mmol, 0.053 g), PtCl, (0.2 mmol, 0.067 g) and H,Pt(Cl)s.6H,0
(0.2 mmol, 0.082 g) keeping all other parameters same. The FePt NPs prepared using
Pt(acac),, PtCl,, PtCl,, and H,Pt(Cl)s.6H,O precursor of Pt are labelled as FePt-1, FePt-2,
FePt-3 and FePt-4, respectively.

2.3 Characterization techniques

The identification and purity of the phase were confirmed by X-Ray Diffraction (XRD) using
Philips powder diffractometer PW3040/60 with Cu K, radiation (A = 1.5405 A) and a Ni
filter. The average crystallite size (t) was calculated using the Debye-Scherrer relation.
Fourier Transform Infrared (FTIR) spectra of the samples were recorded (Magna 550, Nicolet
Instruments Corporation, USA) using KBr pellet as reference. Thermal analysis of the
precursors and synthesized samples were carried out in a thermogravimetric-differential
thermal analysis instrument (SDT Q100, TA Instruments, USA). The samples were heated
from room temperature (RT) to 600 °C at a rate of 10°C/min in nitrogen (N,) atmosphere.
Transmission Electron Microscopy (TEM) images were captured by JEOL JEM-2100F
operated at an acceleration voltage of 200 KV. The compositions of the samples were
examined by energy dispersive X-ray spectroscopy (EDX) techniques in Field Emission
Scanning Electron Microscope (FEG-SEM, JEOL JEM-7600F). The alloy formation is

confirmed by scanning tunneling electron microscopy-EDX (STEM-EDX) mapping.
6
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Magnetic properties of the samples were investigated using magnetic properties measurement
system (MPMS, Quantum Design, USA). The electrochemical properties of the samples were
investigated in a standard three-electrode cell using electrochemical workstation (CHI600D,
Austin, TX) at RT. Pt wire was used as a counter electrode, Ag/AgCI (saturated KCI) as a
reference electrode and glassy carbon (3 mm diameter) coated with FePt NPs as a working
electrode. Prior to the surface coating, the glassy carbon electrode (GCE) was polished using
0.05 mm alumina powders followed by sonication in ethanol and DI water successively (3
times). Further, the electrode was wiped with ethanol and allowed to dry at RT. To fabricate a
working electrode, 2 mg of FePt NPs were dispersed in 2 mL of hexane and sonicated for 10
min to get a homogeneous suspension. Then it is drop casted on GCE and air dried before use
for methanol oxidation. Electrocatalytic oxidation of methanol was measured in electrolyte
containing 0.5 M KOH and 0.5 M CH3OH by cyclic voltammetry in potential window of -0.2
to 0.6 V with different scan rate. Prior to each measurement, all electrolyte solutions were
deaerated by bubbling with N, for 30 min.
3. Results and Discussion
3.1 XRD Study

Fig. 1(i) shows the XRD patterns of as-synthesized FePt NPs from different Pt
precursors. The XRD patterns of the FePt samples show typical face centred cubic (fcc)
structure (JCPDS-29-0717). The observed diffraction planes are indexed with (111), (200),
(220) and (311). No peak is observed below 26 = 40° which arise due to the tetragonal
symmetry in chemically ordered face centred tetragonal (fct) FePt NPs. Generally, extra
peaks for planes (001), (110), (002), (201), (112) etc. are observed for fct-FePt NPs. This
implies that the structures are chemically disordered in nature.”* The average crystallite sizes
estimated from the peak broadening at (111) plane using Scherrer formula are 2.0, 3.4, 4.5

and 4.4 nm for FePt-1, FePt-2, FePt-3 and FePt-4, respectively. The reason behind particle
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size variation may be ascribed to difference in the reactivity of the organic and inorganic
precursors of platinum. XRD of FePt-1 does not give distinguishable diffraction peaks
possibly because of the lower crystallinity and strong surface effects as the size estimated is
only 2 nm. A part of XRD pattern is magnified and the Peak shift in the (111) and (200)
planes are visible from FePt-1 to FePt-4 (Fig. 1(ii)). This is due to the lattice expansion of
FePt NPs with increase in at.% of Pt as the atomic size of Pt (1.39 A) is more than that of Fe
(1.26 A). This follows the Vegard’s Law (Fig.1 (iii)).
3.2 IR Study

Fig. 2 shows the FTIR spectra of oleic acid and oleylamine coated FePt NPs (FePt-1,
FePt-2, FePt-3 and FePt-4). The bands at 2854 and 2922 cm™ are assigned to the symmetric
(veym) and asymmetric (vasym) CHz stretching modes of oleyl group. The band of -C=0
stretching mode in -COOH which is supposed to be observed at 1710 cm™, was not seen.
Instead, a low intense peak is observed at 1696 cm™ and that could be due to monodentate
link with Fe (-COO-Fe) or free oleic acid. Two new bands are observed at 1540 and 1412 cm’
! which are attributed to (-COO").>* This confirms the chemical adsorption of oleic acid on
the surface of FePt NPs. The difference (A = 128 cm™) between Vsym(COO-) and vasym(COO-)
indicates the bridging bidentate type of covalent bonding.*> The peak at 3058 cm™ is due to
the v(=CH-) stretching mode of oleic acid/oleyl amine. In cis-configuration, this peak is
expected at 3006 cm™ and thus this is assigned to trans-configuration.** A broad band
centered at 3440 cm™ is a merge of the asymmetric stretching modes of NH, of oleylamine
and O-H of oleic acid or solvent.**%® It may also be possible that the O-H stretching band
comes from either due to 1,2-hexadecanediol used in the reaction or due to adsorption of
water molecules on the surface of NPs. Absence of 1710 cm™ band (C=0 str.) of carboxylic
acid and 3300 cm™ (NH, str.) of amine group may be due to the formation of acid-base

complex (-COO™ and -NHs"* ions).** The peak at 1651 cm™ is assigned to the v(C=C) stretch
8
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mode of the oleyl group. No peak is observed at 1593 cm™ for bending mode of NH, group.
It may be due to co-ordination bond formation from lone pair electrons of N in NH, to Pt and
thus peak is shifted to higher energy (i.e. after co-ordination bond formation, the bond energy
of NH will increase). Bands below 1500 cm™ arise from complex combinations of the v (C-
C) stretch, v (C-O) stretches, CH, deformations and other lattice vibrations.** These
observations confirm the surface coating of OAc and OAm over FePt NPs.

3.3 TGA Study

Fig. 3 shows the TGA plots of surfactant mixture (OAc and OAm (1:1 vol. %)) and FePt-1.
The surfactant mixture shows nearly 80% of weight loss up to 360 °C with a weak shoulder
near 250 °C. These features are attributed to the decomposition (or evaporation) of surfactants
in the form of CO, and water.*” The TGA of FePt-1 suggests significant weight loss (~ 30%)
up to 350 °C only and confirms the surface coating of FePt NPs with OAc and OAm.*" The
decomposition behaviour of the Fe and Pt precursors has been examined by TGA to
understand their nucleation properties (ESI, Fig. S2 and Scheme S1). This indicates that
metal organic complexes (Fe(acac); and Pt(acac),) start to decompose below 200 °C while the
decomposition behaviour of PtCl,, PtCl, and H,PtClg are complex and found to be in
different steps. The different weight loss profiles of Pt-precursors helps in developing the
reaction mechanism of FePt systems discussed in next section.

3.4 TEM Study

Fig. 4 shows the TEM images of the as-synthesized FePt NPs. The average diameters are
found to be 1.8, 3.6, 6.4 and 6.2 nm for FePt-1, FePt-2, FePt-3 and FePt-4, respectively. The
size distributions are almost uniform in case of Pt(acac), and PtCl, with standard deviation
(o) = 0.23 and 0.37 whereas larger particle size with polydispersity is observed in case of
PtCl, and H,PtCls with 6 = 0.64 and 0.63, respectively (Insets of Fig. 4). The lattice spacing

of 2.2 A is the characteristic of (111) planes (ESI, Fig. S3a). The selected area electron
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diffraction (SAED) patterns of the samples suggest face-centered cubic structure with good
crystallinity except in FePt-1 (ESI, Fig. S3b,c). Here the SAED patterns indicate the
chemically disordered fcc structure due to the absence of superlattice diffracted planes ((001),
(110), (002) etc.) as that obtained in chemically ordered fct-FePt NPs due to its tetragonal
symmetry and superlattice reflections.”> It may be mentioned that in case of FePt-1, poor
diffraction patterns are seen while in all other cases, sharp and similar patterns are obtained.
The diffused SAED patterns might be due to the lower crystallinity in FePt-1 NPs.
3.5 Elemental Analysis

Fig. 5a shows the STEM mapping image of FePt-2 NPs. The corresponding EDX
profiles of Fe and Pt in the scanned area of the sample show the homogeneity of Fe and Pt
throughout the material (Fig.5 b&c). This confirms the formation of alloy NPs. Nearly
equiatomic composition of Fe and Pt i.e. FessPts4 is formed when Fe(acac); and Pt(acac); are
used as the Fe and Pt—precursors. However, the atomic percentage of Pt is more than Fe
suggesting the formation of Fe depleted FePt in other cases. Details of the Fe and Pt
elemental analysis of the FePt NPs are listed in Table I. The SEM-EDX spectra of the
respective NPs are given in Fig. S4 (ESI). Heller et al. reported the formation of Fe;gPtg;
using equimolar concentration of Fe(acac); and PtCl, by hot injection method.*® In our
synthesis method, FesPtss, FexsPt;s and FejgPts; were formed when PtCl,, PtCl, and
H,PtCls.6H,0, respectively were used as Pt-precursors. The above compositions were
obtained by averaging the elemental compositions found by area scanning in SEM-EDX at
three different places of the respective NPs.

The formation of Fe-depleted FePt nanoparticle formation can be explained as
follows: The reduction potential of Pt** is 1.18 VV (Pt** + 2e” — Pt).” This positive reduction
potential makes it easy to reduce Pt** to Pt°. Due to the lower and positive reduction potential

of Pt, it is easily reduced by mild reducing agents like 1,2-hexadecanediol. But this is not true
10
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always. It depends on the type of precursors of Pt (organic/inorganic). The organic precursor
of e.g. Pt(acac) is very facile to reduce than that of PtCl,/ PtCl,/ H,PtCls.6H,0 as suggested
from the TGA data and follows a simple one step weight loss profile. On the other hand, the
negative reduction potential of Fe (Fe’* + 2e — Fe, V= -0.440V)"* inhibits its ease of
reduction. So, its reduction/decomposition requires high temperature or strong reducing agent
or their combination. This also depends on the type of Fe-precursor and the reaction medium

(agqueous/non-aqueous). Several literature 14

explained that Pt nuclei act as a catalyst for the
decomposition of Fe salt if it forms at the early stage of reaction. We find that Pt(acac);,
decomposes to Pt at around 150-160 °C. We believe that when Fe(acac)s and Pt(acac), are
used as precursors, equiatomic composition is formed in FePt-1 due to catalytic activity of Pt
in the early stage of reaction (~160 °C) which might help in enhancing the decomposition of
Fe(acac); to Fe. However, the decomposition of PtCI,/PtCls/H,PtCls.6H,O to form Pt
occurred at higher temperature (as expected from TGA data) and hence Fe-depleted and Pt
rich FePt NPs are formed.

3.6 Magnetic Study

Fig. 6 shows the M-H curves of as-synthesized samples (FePt-1, FePt-2, FePt-3 and FePt-4)
measured at 300 and 5 K. No hysteresis behaviour is observed at 300K, indicating the
superparamagnetic nature. While M-H plot of FePt-2, FePt-3 and FePt-4 at 300 K show
deviation from linearity and absence of hysteresis indicating the superparamagnetic
behaviour, FePt-1, on the other hand, shows linearity in M versus H indicating a typical
paramagnetic nature. However, at 5K, hysteresis is seen for all the samples. The magnetic
properties appear to depend on particle size. The magnetisation at H,=5T increases with
increase in the size of the NPs irrespective of composition. This can be interpreted due to

reduction in the concentration of surface molecules. Density functional calculations indicate

that surface bonding interactions take place predominately at surface of Fe sites which are the

1l
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primary contributors to the magnetization in FePt.** Further, the superparamagnetic behaviour
has been characterized by zero-field cooled (ZFC) and field cooled (FC) measurements at an
applied field of 500 Oe and in the temperature range of 5 to 330 K (Fig. 7). The blocking
temperatures (Tg) are found to be varying between 9.2 and 40.3 K and it is directly related to
the variation in the particle size of the NPs.*' Ferromagnetic behaviour has been observed in
all FePt NPs at 5 K which is well below Tg. Details of the magnetic data are listed in Table II.
The ferromagnetic behaviour at 5K is due to increase in effective anisotropic energy and
lowering of thermal energy.** The effective magnetic anisotropy constants (K.) are estimated
from the relation K,V~25 kgTg, where V is the volume of the particle, kg is the Boltzmann
constant. The Tg values are taken from table II. The values of K, are found to be 1.3x10°,
3.9x10% 1.3x10* and 1.4x10* J/m® for FeP-1 to FePt-4, respectively.
4. Electrocatalytic activity of FePt towards methanol oxidation

The electrocatalytic activities of FePt-1, FePt-2, FePt-3 and FePt-4 NPs towards
methanol oxidation were characterized by cyclic voltammetry in an electrolyte of 0.5 M KOH
having 2 mL of 0.5M CH3;OH with a scanning rate of 50 mV s (Fig. 8). The peak position
and current intensities were recorded after carrying out 10™ cycle. These peaks are generally
due to methanol oxidation which gives by-product such as formaldehyde, formic acid and
carbon dioxide in the electrolyte solution.”® Weak peak currents are seen for the FePt-1, FePt-
2 and FePt-3 modified GCE electrodes whereas much higher current response is seen for the
FePt-4 modified electrode. The cyclic voltammograms of different FePt NPs modified GCE
electrodes at successive addition of CH3;OH in the 0.5M KOH are also shown (ESI, Fig. S5).
The redox peak currents increases linearly with the successive addition of CH3OH, indicating
that FePt NPs are electroactive towards CH3OH oxidation. Further, the magnitude of forward
anodic peak current (lf) for FePt-4 is almost one order higher than that of FePt-1, FePt-2 and

FePt-3. From the inset of Fig. 8, it is observed that the FePt-1 is slightly more elctroactive
12
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than FePt-2 and FePt-3, though the Pt contained in FePt-1 is lower than the other two.
Further, the electrocatalytic activity of FePt-4 is more than the FePt-3, though the particles
are of similar sizes. These results indicate that the variation in the ratio of the atomic
percentage of Pt to Fe as well as the size of the FePt NPs play important roles in the
electrocatalysis. This may be due to the modification in electronic structures of Pt active sites
by Fe, interaction of the electrode surface with different size of NPs and/or availability of
particles active sites towards the electrolyte. The ratio of forward (If) to the backward anodic
peak current (Ip) was calculated to evaluate the oxidation efficiency of methanol and the
catalyst tolerance to the intermediate carbonaceous species such as CO which has
accumulated on the electrode surface. The ¢/l ratio for FePt-4 was 5.1 whereas this ratio for
FePt-1, FePt-2 and FePt-3 were found to be 7.1, 5.0 and 14.4 respectively. During
electrocatalytic methanol oxidation, the observed peaks in backward scan are associated with
the oxidation of the carbonaceous intermediates generated via incomplete oxidation. Like
forward peaks, the intensities of backward peaks have followed the similar trends. This
indicates that more intermediate carbonaceous defects are created for more electroactive FePt
nanomaterials. These results suggest that FePt-4 is more electroactive towards methanol
oxidation but FePt-3 catalyst has much more tolerance toward carbonaceous intermediate
poisoning during oxidation of methanol to carbon dioxide. The effects of scan rates on the
redox of methanol at the FePt-modified GCE have been shown in Fig. 9. The reverse peak
currents observed in FePt-1, FePt-2 and FePt-3 (Fig. 9) might be related to the reduction of
formaldehyde. In contrast, FePt-4 shows oxidative current even at reverse sweep which might
be due to the fact that it has good electro-oxidative activity toward formaldehyde. In addition,
the redox peak current increases linearly with the scan rate in the range from 10 to 500
mVs *. This indicates that the FePt modified-electrode reaction of methanol is a surface

confined process. More importantly, upon successive increment in voltage scan rate from 10
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to 500 mV/s (50 times), the response in forward peak current does not increase prominently.
The ratio of forward peak currents at 50 and 500 mV/S is merely 1.44. This confirms that
redox process is surface confined and suggests that the active nanomaterials are not fully
utilized at very high scan rates because of the concentration polarization, which slows down
the diffusion rates of electrolyte ions.** More importantly, the slope observed in case of FePt-
4 is lowest as compared to other FePt samples. This indicates that methanol oxidation
processes observed in case of FePt-4 modified GCE does not depend much on scan rates as
compared to other FePt samples. These catalytic activities should not be viewed in terms of
performance, but only as the demonstration that FePt-NPs are also effective electrocatalyst.
5. Conclusions

We have synthesized nearly equiatomic FePt NPs using equimolar Fe(acac); and
Pt(acac), precursors by optimising the reaction condition. However, Pt dominated (Fe-
depleted) FePt NPs are formed when PtCl,, PtCl, and H,PtCls.6H,O are used as Pt-
precursors. This may be due to the higher decomposition temperatures of the chloride
precursors of Pt. The reduction/decomposition of Fe(acac); occurs at around 200 °C to form
Fe nuclei in the absence of Pt nuclei. However, the reduction/decomposition process takes
place at an early stage in the presence of Pt nuclei due to its catalytic activity. The size
distribution and composition of the FePt NPs significantly changes over different precursors
even though all other reaction conditions are kept same. The differences in TGA profiles
along with magnetic behaviour give direct information about nucleation and growth. Such
studies are useful for understanding the reaction mechanism and formation of FePt NPs. The
FePt NPs with suitable composition show significant catalytic properties towards methanol
oxidation. The atomic percentage of Pt over Fe as well as the particle size of FePt NPs play

crucial role on the catalytic properties.

14
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This supplementary materials are available at http://.
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Scheme 1 Schematic representation of the formation of FePt NPs from different platinum

precursors and a fixed iron precursor and their electrochemical activity towards methanol

oxidation.
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Fig. 1 XRD patterns of (i) as-synthesized FePt NPs: (a) FePt-1, (b) FePt-2, (c) FePt-3, and (d)
FePt-4. A part of the patterns is magnified and is shown in (ii). The change in lattice

parameter of FePt NPs with the increase in at.% of Fe is shown in (iii).
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Fig. 2 FTIR spectra of as-synthesized FePt NPs: (a) FePt-1, (b) FePt-2, (c) FePt-3, and (d)

FePt-4.
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Fig. 3 TGA plots FePt-1 and surfactant (mixture of oleic acid and oleylamine in 1:1 vol%).
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Fig. 4 TEM images of as-synthesized FePt NPs: (a) FePt-1, (b) FePt-2, (c) FePt-3, and (d)

FePt-4. The particles size distributions are shown in the insets.
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Fig. 5 (a) STEM mapping image of FePt-2 where dotted circle represents the area scan of the

sample and (b, c) corresponding EDX profiles of Fe and Pt along the dotted line drawn over

the sample.
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Table I Details of average elemental compositions found in EDX analysis from SEM and

particle size from TEM.

Sample Fe at.% Ptat.%  Particle size (nm)
FePt-1 45.9 54.1 2.0
FePt-2 315 68.5 3.6
FePt-3 24.6 754 6.4
FePt-4 19.1 80.9 6.2
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Fig. 6 M-H curves of as-synthesized FePt NPs measured at (a) 300 K and (b) 5 K. Applied

field is from -5T to 5T. A part of the Fig. (b) is expanded and shown in the inset.
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Fig. 7 ZFC-FC curves of as-synthesized sample at an applied field of 500 Oe.
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Table 11 Details of the magnetic data of the as-synthesized FePt NPs measured at 300 and 5K
with the applied field from -5T to 5T. M3k and Msk are the magnetization at 300 and 5K,

respectively (Ha=5T), Hcsk is the coercivity at 5K.

Sample Te(K)  Magok (Bmu/g) Msk (emu/g)  Hcsk(Oe)
FePt-1 9.2 0.5 4.3 542
FePt-2 22.3 2.4 104 930
FePt-3 40.3 3.4 12.8 684
FePt-4 40.3 5.9 155 831
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Fig. 8 Cyclic voltammograms of methanol oxidation on different FePt catalysts in solution
containing 0.5 M KOH and 0.5M CH3OH at room temperature, with a scan rate of 50 mV-s™.

A part of CV responses of the materials (encircled area) is magnified and is shown in inset.
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Fig. 9 Cyclic voltammograms of methanol oxidation on different FePt catalysts: (a) FePt-1,
(b) FePt-2, (c) FePt-3 and (d) FePt-4 in solution containing 0.5 M KOH and 0.5M CH3;OH at
room temperature with different scan rates from 10 to 500mVs™. (Insets: dependence of

cathodic and anodic peak currents on square root of potential sweep rate).
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Scheme 1 Schematic representation of the formation of FePt NPs from different platinum

precursors and a fixed iron precursor and their electrochemical activity towards methanol

oxidation.



