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Abstract To settle the drawbacks of non-cost-effective and
enhance the electrocatalytic performance of Pt/C, Fe@Pt core-
shell nanoparticles supported by Vulcan XC-72 have been
designed and synthetized successfully. The synthesized mate-
rials were characterized by X-ray diffraction, scanning elec-
tron microscopy, transmission electron microscopy, and X-ray
photoelectron spectroscopy, whereas the electrochemical
analyses were obtained by electrochemical impedance spec-
troscopy, cyclic voltammetry, linear sweep voltammetry, and
chronoamperometry. Results suggest that the onset potential
of oxygen reduction reaction on the Fe@Pt/C is about 0.6 V
(vs. Hg/Hg,Cl,) in O,-saturated 0.5 M H,SOy,4, which shifts
positively more than 30 mV compared with that of Pt/C. The
corresponding electron transfer number is 4, meaning the re-
duction reaction mainly occurred through a 4-electron path-
way. More importantly, the Fe @Pt/C has an excellent stability
and better catalytic performance towards oxygen reduction
reaction activity compared with Pt/C. Thus, Fe@Pt/C could
be utilized as promising cathode catalysts in proton exchange
membrane fuel cells.
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Introduction

Proton exchange membrane fuel cells (PEMFC) based on ox-
ygen reduction reaction (ORR) at the cathode [1] have
emerged as very promising energy conversion devices for
automotive, portable or stationary systems, because of their
low working temperature, high efficiency, and environment
friendliness [2—7]. Unfortunately, the sluggish reaction kinet-
ics of ORR would hinder further developments of PEMFC [8,
9]. To settle this issue, high efficient electrocatalyst towards
ORR is required. According to previous reports, platinum (Pt)
is the predominant choice for its function in promoting the
electron transfer and reducing the overpotential [10].
However, the high costs resulting from the excessive usage
of Pt and the scarcity of Pt are still considered as critical
hurdles for the prevalent commercialization of the PEMFC
technology [11-14].

To enhance the electrocatalytic performance and reduce the
usage of Pt, alloying Pt with less expensive transition metals
(such as Fe, Co, Ni, and Cu) has been actively studied
[11-16]. The enhancement electrocatalytic activity results
from the effect that alloying Pt with less expensive transition
metals can favorably tune the electronic structure of Pt and
leads to a down shift of the Pt d-band center [17-19].
However, the unstability of the Pt-based alloy resulting from
the dissolution of transition metals is another problem. To
enhance the stability of the Pt-based alloy, Pt-based bimetallic
core-shell structured electrocatalysts have obtained consider-
able attentions. Previous reports have proved that the core-
shell architecture of Pt-based materials exhibits superior cata-
lytic properties and stability. At the same time, previous
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reports showed that the iron (Fe) is widely used as a catalyst in
the field of growth of carbon nanotubes and [20] ammonia
decomposition [21]. We have already studied the Fe@Pt ap-
plication in detection of hydrogen peroxide, glucose, and
formaldehyde [22].

Herein, Fe@Pt core-shell nanoparticles are prepared and
can be used as advanced electrocatalysts towards ORR in
acidic media. The results show that the Fe@Pt/C exhibits
better electrocatalytic activity and stability towards ORR than
Pt/C.

Experimental
Preparation of Fe@Pt/C

Without other mentioned, all reagents involved were analyti-
cal grade and available from Sinopharm Chemical Reagent
Co. Ltd. And deionized water was used through the whole
process.

The Fe @Pt nanoparticles were prepared similar to previous
reports [23, 24]. Briefly, Fe(NO3);-9H,O was reduced by
ascorbic acid under vigorous stirring for 1 h. After that,
K,PtCl, solution (pH 2.5) was added dropwise into the above
solution. Then, the black suspension was isolated and washed.
The Fe@Pt nanoparticles were dispersed on carbon particles
(Vulcan XC-72) to obtain Fe@Pt/C. Procedure details have
been reported elsewhere [22].

Physical characterization

The physical phases of electrocatalysts were studied by X-ray
diffraction (XRD) (Bruker D8 Advance). Field emission gun
scanning electron microscopy (FEG-SEM) (JEOL 7001F)
equipped with energy dispersive X-ray spectroscopy was used
to get the morphology image and semi-quantitative informa-
tion. The size and distribution of the electrocatalyst were eval-
uated by means of transmission electron microscopy (TEM)
(JEOL JEM 2011). The binding energy was studied by X-ray
photoelectron spectroscopy (XPS) (ESCALAB 250Xi)
equipped with the monochromatic Al K, source.

Electrochemical tests

The electrochemical tests were performed using CHI 750E
Electrochemical Workstation (CH Instrument Company,
Shanghai, China), while the rotating disk electrode (RDE,
@ = 5 mm, Pine Instrument Company, USA) served as the
working electrode. The counter electrode was Pt foil, and the
reference electrode was a saturated calomel electrode (SCE);
so all potentials are reported with respect to the SCE through-
out this paper. The Fe@Pt/C (5 mg) was dispersed in 2-
propanol (0.5 mL) by ultrasonic agitation for 60 min to form
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homogeneous suspension and then, 12 pL (0.12 mg catalyst)
of the suspension was dropped onto the polished RDE. After
that, 3 uL Nafion (5%) was dropped onto the surface of the
RDE. For comparison, the commercial Pt/C (BASF), glassy
carbon electrode (GCE), and XC-72 carbon-modified GCE
(C/GCE) were also tested at the same condition.

Results and discussion
Characterization of the Fe@Pt/C

The XRD was carried out to study the physical phase of the
nanoparticles, and the results are shown in Fig. 1a. Obviously,
there are three diffraction peaks for both nanoparticles. And all
peaks are confirmed with the Pt phase (No. 011194). No char-
acteristic diffraction peaks of Fe are observed, suggesting
hardly any Fe atom on the surface of Pt in the Fe@Pt nano-
particles. What is more, these three diffraction peaks of the
Fe@Pt nanoparticles are shifted to higher 26, indicating the
contraction of the lattice due to the presence of the Fe core and
the lattice constant is smaller than that of Pt. Such behavior of
core-shell-nanostructured catalysts has been reported previ-
ously in the literature [24-26]. The absence of any diffraction
peaks of Fe is most likely due to the heavy atom effect from Pt
as a result of the formation of Fe@Pt nanoparticles [27].

Figure 1b shows the FEG-SEM of the Fe@Pt nanoparti-
cles. In general, they look like a hornet’s nest and exhibit a
flufty cotton-like microstructure. The chemical composition
of the obtained nanoparticles was determined using EDX
analysis. The results indicated the presence of both Fe and
Pt, with an atomic ratio of 33:67. The TEM image of Fe@Pt
is shown in Fig. 1c, presenting that Fe @Pt disperses uniform-
ly and has an average size of about 5 nm. The inset is the
associated SAED, which is consistent with that of XRD.

The XPS spectra of the Fe@Pt nanoparticles before and
after the Ar etching were used to further probe the core-shell
structure of the particles. Before the Ar etching, the XPS spec-
tra of Pt 4f in Pt nanoparticles (I) and Fe @Pt nanoparticles (II)
are shown in Fig. 1d. By contrast, the bulk Pt (71.3 eV), the
binding energy of Pt 4f;, in the Fe @Pt nanoparticles, shifts to
70.7 eV. This suggests that the Pt-shell’s electronic structure is
modified by the inner Fe core [28]. Figure 1e shows the XPS
spectra of Fe 2p in the Fe@Pt nanoparticles after Ar etching.
The peaks located at 706.8 and 720.3 eV can be associated
with the peaks of Fe 2p;/, and Fe 2p,», respectively, indicat-
ing the presence of zero-valent Fe in the sample. Meanwhile,
the results show that the Fe/Pt molar ratio is zero before Ar
etching and the Fe/Pt ratio increases with the increase of the
etching time, which indicates that more Pt atoms were etched
than Fe atoms. This result is in accordance with a core-shell
structure including a core mainly made of Fe and a shell
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Fig. 1 a XRD patterns of the
prepared Pt nanoparticles (I) and
Fe@Pt nanoparticles (II). b FEG- L
SEM image of Fe@Pt nanoparti-
cles. ¢ TEM image of Fe@Pt
nanoparticles. /nset indicates se-
lected area electron diffraction of
Fe@Pt nanoparticles. d XPS
spectra of Pt 4f in Pt nanoparticles
(I) and Fe@Pt nanoparticles (II). e
XPS spectra of Fe 2p in Fe@Pt L
nanoparticles
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mainly made of Pt. The atomic ratio of Pt:Fe was determined
to be 33:67, which is very close to the nominal ratio of 1:2.

Electrochemical performance of the Fe@Pt/C towards
ORR

Figure 2a shows the electrochemical impedance spectroscopy
(EIS) of the different modified electrodes in the given exper-
iment condition (0.5 M H,SO4, 0.1 ~ 10° Hz). The semicircu-
lar part shows the electron transfer-limited process, the elec-
tron transfer resistance (R.,) is closely related with the diame-
ter of the semicircular part at higher frequency. A smaller
diameter of the arc indicates a lower R towards the ORR.
For the Pt/C, the R is about 8.17 (), while the R of the

% 78 8 8 8
Binding energy / eV

Binding energy /eV

Fe@Pt/C is about 1.85 (). Therefore, the Fe@Pt/C shows
better electron-conductivity properties than the Pt/C, and
could afford much faster ORR kinetics.

Figure 2b shows cyclic voltammograms (CVs) of GCE (a),
C/GCE (b), Pt/C (c), and Fe@Pt/C (d) in 0.5 M H,SO,. Both
Fe@Pt/C and Pt/C exhibit the signatures of polycrystalline Pt
in the given potential range (—0.20 ~ 0.90 V), which can be
divided into the hydrogen adsorption/desorption peaks, a dou-
ble layer region, and Pt oxide formation/stripping peaks [29].
A common belief is that the PtM alloys will not present these
characteristic hydrogen peaks until the Pt contains more than
50.0 atom% [1, 30]. While the Fe @Pt nanoparticles contained
less than 50.0 atom% (33.0 atom%) Pt, which indicates that it
is the core-shell structure rather than the alloy structure. More
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Fig. 2 a EIS of Fe@Pt/C (I) and 12 10
PY/C (II) catalysts in 0.5 M H,SO, oskb
solution. b CVs of GCE (a), C/ 10} () an 0.6F d
GCE (b), Pt/C (c), and Fe@Pt/C 04l ¢
(d) catalysts in 0.5 M H,SO, so- sl N ’
lution at a scan rate of 20 mV/s. ¢ g 021 b
Mass activity and specific ECSA E6 ; 0.0 a
of Fe@Pt/C and Pt/C ° I g-02F
electrocatalyst. d LSVs of Fe@Pt/ = ~ 04}
C (1) and Pt/C (II) catalysts in N+ o6l a: GCE
0.5 M H,SO, saturated with pure ’ b: C’GCE
O, at a scan rate of | mV/s and at 2t 081 c: PYC
a rotation speed of 1600 rpm. e -10f d: Fe@Pt/C
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importantly, the absence of any characteristic peaks for Fe
dissolution in CVs showed that there is hardly any Fe atom
on the surface of Pt in the Fe@Pt nanoparticles and this also
may improve the stability of the catalyst in an acidic medium.
Actually, the different adsorption properties of supported met-
al monolayers from their parent metals have been shown to be
a general phenomenon due to the modification of electronic
properties of surface atoms by the underneath metal via geo-
metric strain and ligand interactions.

So we can deduce the core-shell structure from the follow-
ing analysis: (1) The results from XRD showed that the
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nanoparticles were not physical mixtures of Fe and Pt, be-
cause they only had diffraction peaks of Pt; (2) CVs showed
Pt nature of the particle surface. Usually, the CVs obtained on
PtM alloys containing less than 50 atom% Pt do not exhibit
these hydrogen peaks, but the nanoparticles contained only
33.0 atom% Pt, which excluded the alloy structure; and (3)
The result from XPS demonstrated a core (Fe)-shell (Pt)
structure.

The catalytic performance of Pt-based hybrids can be
compared simply through the electrochemically active
surface area (ECSA), which can be calculated via the
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Fig.3 aLSVs of Fe@PY/C osf a 080F
catalysts in 0.5 M H,SO, ’ 075k
saturated with pure O, at a scan 0.0l
rate of 1 mV/s and at various 0.701
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1225, 1600, 2025, 2500 rpm). b 'E S o0k
Koutecky-Levich plots for the ©-1.0F -
Fe@Pt/C catalysts at different < < 055} . 02V
voltages. ¢ LSVs of Pt/C catalysts 5-1-5 r Eosol . 01V
in 0.5 M H,SO, saturated with ~ - A OV
pure O, at a scan rate of 1 mV/s 2.0F <045} v 0.1V
and at various rotation speeds 0.40 F
(400, 625, 900, 1225, 1600, 2025, 25r ’ L L b . L L L L
2500 rpm). d Koutecky-Levich 0.020 0.025 0.03?1;12035 00{(1 /02.045 0.050 0.055
plots for the Pt/C catalysts at dif- @ '“/ rpm
ferent voltages
0.5
¢ 0.85
0.0 0.80 -
~ 0.75F
o 051 Somr
E_w L I'<E 0.65
g s : 0.60 -
<= 10550
20l 050
045
-2.5 0'2 0'0 0'2 0'4 0l6 0l8 0.020 0.025 0.03020.035 0.040 0.045 0.050
“ 7 Potential /'V ' &'/ rpm

integral of hydrogen adsorption/desorption peaks using
the following equation:

ECSA = 0,,/210 [P{]

where Oy (mC cm ?) is the charge for hydrogen desorption
without including the “double layer” region, [Pt] represents the
loading of Pt on the electrode, and 210 pC cm ? is the charge
required to oxidize a monolayer of H, on the Pt site [31].
According to the CVs of the GCE and C/GCE in 0.5 M H,SO,
(Fig. 2b), the current in the “double layer” region is too low to be
negligible. So as shown in Fig. 2c, the specific ECSA of Fe@Pt/C
is 156 m* g ', while that of Pt/C is 58.1 m” g . It indicates that

Table 1 The meanings, values, and units of involved letters

Letter Meaning Value and unit

J Measured current density mA cm 2

Jx Kinetic current density mA cm 2

Jr Diffusion-limiting current density mA cm 2

w Rotation rate rpm

F Faraday constant 96,485 C mol !

Cy Bulk concentration of O, 1.1 x 10°° mol ecm™

D Diffusion coefficient of O, 14x10° ems™
in 0.5 M H,SO,4

v Viscosity of the electrolyte 0.01 cm?s™!

Fe@Pt/C nanoparticles have more catalytic sites than those of Pt/
C. Inaddition, the reduction potential of Pt oxide on the Fe@Pt/C
shifts positively more than 30 mV compared with that of Pt/C.
This suggests that the Pt oxide formation and stripping process on
the cover of Fe@Pt/C nanoparticles may happen in an easier and
faster way as a result of lower adsorption energy [ 13]. Obviously,
the reduction currents at about 0.5 V (0.75 V vs. RHE) were
dramatically increased in O,-saturated 0.5 M H,SO,. For fuel
cell anode, 0.75 V is a completely senseless potential, but it is
very close to the potential of ORR cathode. Furthermore, the
current density of the reduction peak of Fe@Pt/C is
1.8 mA cm 2, which is bigger than that of Pt/C (1.2 mA cm ).
Meanwhile, the mass activity of Fe@Pt/C (28.25 mA mgfl) is
better than that of Pt/C (15.34 mA mg '), and the mass activity is
also listed in Fig. 2c. All the results suggest that the Fe@Pt/C has
superior electrocatalytic activity than Pt/C.

The ORR activities of Fe@Pt/C and Pt/C were further evalu-
ated by linear sweep voltammetry (LSV), and are presented in
Fig. 2d. The onset potential is defined as the potential at which the
current density is equal to zero. The more positive the onset
potential is, the better electrocatalytic activity towards ORR they
show [32]. Both curves have sharp slopes and quickly reach a
terrace. Meanwhile, the onset potential (0.6 V vs. Hg/Hg,Cl,)
and the diffusion-limited current density of Fe@Pt/C are bigger
than those of Pt/C, which agrees with the result from CVs.
Furthermore, Tafel plots of Fe@Pt/C and Pt/C derived from the
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Fig. 4 a Chronoamperometric response of Fe@Pt/C (/) and Pt/C (I])
catalysts in O,-saturated 0.5 M H,SO,4 at 0.5 V. b LSVs of Fe@Pt/C (/,
I'y and Pt/C (II, II') catalysts in O,-saturated 0.5 M H,SO4 before (Z, 1)
and after (7', II') the chronoamperometric test. ¢ SEM image of Fe@Pt/C

corresponding LSV at 1600 rpm were shown in Fig. 2e. The
linear part of the Tafel plots is fitted to the Tafel equation
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before (c-7) and after (c-2) the chronoamperometric test. d XRD of
Fe@Pt/C before (/) and after (/I) the chronoamperometric test. e XPS of
Fe@Pt/C before (/) and after (/) the chronoamperometric test

(n=>blogj + ar, where j is the current density, b is the Tafel slope,
« is the transfer coefficient), and it is calculated that Tafel slopes
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are 119 mV/decade (Fe@Pt/C) and 122 mV/decade (Pt/C), re-
spectively. The lesser the Tafel slope is, the smaller the
overpotential is at the same condition, proving a better electro-
catalytic performance.

The polarization curves of the ORR on the Fe@Pt/C at
different rotating rates are shown in Fig. 3a. The diffusion-
limited current density increases when the rotating rates range
from 400 to 2500 rpm owing to the shortened diffusion dis-
tance at high speeds. The mechanism was additionally exam-
ined with the Koutecky-Levich correlations by using formulas
(1)-(3) [4], as follows:

1 1 1 1 1

T T BRIk
B = 0.2nFCoD*3y71/6 (2)

Jx = nFkC, (3)

The meanings, values, and units of the involved letters are
presented in Table 1. The adopted constant 0.2 is showed in for-
mula (2) when the rotating speed is conveyed by revolutions per
minute. With the help of formulas (1) and (2), the n can be pre-
cisely calculated. As presented in Fig. 3b, the Koutecky-Levich
plots present linear relationships between /' and w ™" with a
similar slope, suggesting first-order reaction kinetics with respect
to the concentration of dissolved oxygen and a similar » value for
ORR at different potentials [33]. As we have known, the ORR in
an acidic solution occurring either via four-electron reduction pro-
cesses where O, is directly reduced to H,O or a two-electron
reduction pathway involving the formation of H,O, as an inter-
mediate [34-36]. Generally, the four-electron reduction pathway
is preferred, because it provides a faster oxygen reductionrate [37,
38]. The electron transfer number (n =~ 4) was calculated from the
slopes of Koutecky-Levich plots, suggesting a four-electron trans-
fer pathway of oxygen reduction on Fe@Pt/C. For comparison,
the polarization curves of the ORR on the Pt/C at different rotation
rates were also conducted (Fig. 3¢), and similar to the Fe@Pt/C,
the current density increased with increasing rotation rate owing to
the shortened diffusion distance at high speeds. It also revealed a
four-electron transfer at 0.2 to —0.1 V (Fig. 3d).

The stability is another important parameter for the practical
application. To investigate the stability of Fe@Pt/C towards
ORR, chronoamperometry was carried out at setting parameters
0.5V, 0.5 M H,SO,, O,-saturated, 20,000 s). We select the
currentat 1000 s as the standard and choose points aftera constant
duration. It also remains about 80% of the initial current for
Fe@Pt/C, while the Pt/C almost only remains 5% (Fig. 4a). It
indicates that the Fe@Pt/C has an excellent stability and better
catalytic performance towards ORR activity compared with Pt/
C. Meanwhile, the stability was also proved by LSV (0.5 M
H,S0,, O,-saturated). Obviously, the Fe @Pt/C exhibits superior

stability than Pt/C, with little decay in limited current density over
20,000 s of continuous test (Fig. 4b). To further verify the stability
of the catalyst, the morphology and chemical composition of the
catalyst retrieved after the chronoamperometric test are shown in
Fig. 4c—d. The Fe@Pt/C sample after the chronoamperometric
test has an interconnected particle-like morphology from its orig-
inal like a hornet’s nest, and no obvious difference. Furthermore,
XRD analysis shows similar diffraction patterns. Remarkably,
after the chronoamperometric test, XPS studies revealed no ob-
vious chemical state change of Fe (Fig. 4¢), suggesting an excel-
lent stability of the Fe@Pt/C catalyst.

Conclusions

The Fe@Pt nanoparticles were synthesized successfully and
the core-shell structure was verified by physical characteriza-
tion. When utilized as electrocatalysts towards ORR in acidic
media, the electrochemical results illuminate that the Fe@Pt
nanoparticles exhibit high electrocatalytic activity through a
four-electron transfer process with an excellent stability.
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