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Ternary Fe-N-C catalysts are regarded as the most promising candidates for low-cost alternatives to the
Pt-based materials for catalyzing the oxygen reduction reaction (ORR). In this paper, the Fe and N co-
doped carbon catalyst (Fe-Py@K-800) with the unique foam-like 3D structure has been fabricated by
using the molecular sieve as a new solid-state template. The results of physical characterization indicate
that Fe atoms are coordinated with nitrogen atoms to form the Fe-N ORR-active structure. In contrast
with the commercial Pt/C catalyst, the Fe-Py@K-800 displays a comparable ORR electrocatalytic
activity with an onset potential of ~1.1 V and a half-wave potential of ~0.88 V (vs. RHE), however, the
long-term stability of Fe-Py@K-800 is obviously better. These results show that iron-organic
coordination in the pyrrole ring will play a role in the generation of nitrogen-rich active sites, which
facilitates the enhancement of ORR activity in alkaline electrolyte.
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1. INTRODUCTION

Oxygen reduction reaction (ORR) at the cathode is undoubtedly the pivot among various fuel
cells and metal-air batteries, but as a kinetically slow process, which is a major limiting factor of energy-
conversion efficiency in these technologies. Although Platinum (Pt)- and its alloys- based materials are
the most frequently investigated catalysts for ORR due to their superior activity, the high cost and low
abundance of the precious metals hinder their large-scale commercial applications[1, 2]. Consequently,
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a series of alternative non-precious metal catalysts (NPMCs) have been developed to facilitate the ORR
on electrodes, including metal free nitrogen-doped carbon [3-5], non-precious metal oxides and carbides
[6,7], transition-metal-coordinating macrocyclic compounds [8, 9], and transition-metal-coordinating
nitrogen-doped carbon catalysts.

Among various alternative NPMCs, the materials transition-metal-coordinating nitrogen-doped
carbon catalysts (M-N/C) have been generally considered to be the most promising substitutes for PMG
catalysts. The M-N/C catalysts as NPMCs have emerged and initiated tremendous research interest as
potential alternative catalysts for ORR since them were discovered the ORR activity of cobalt
phthalocyanine by Jasinski in 1964 [10]. Researchers have put much more effort and made great
progresses in delicate selection of suitable transition metal, nitrogen and carbon precursors and
optimization of the fabrication [11-18]. For example, Yeager proposed a model that electronically
conducting surfaces with nitrogen groups was capable of binding transition metal species to form M-Ny
structure [11].

However, the long-term instability of transition metal macrocycles and the toxicity of metal
dioxides are still highly desired because these properties are the primay function for ORR. Polypyrrole
(PPY) materials show great potential for application in the preparation of electronic conductors and
catalysts in batteries, electronic devices and electrochromic devices [19-22], owing to their reasonable
thermal stability and high conductivity at room temperature. PPY is a chemical compound formed from
a number of connected pyrrole ring structure which can be served as decent source for nitrogen and
carbon in catalyst. Furthermore, the porous structure and high surface area of PPT could be employed
as matrix to incorporate metallic catalysts for the reduction of oxygen [23,24]. These chemical features
enhance their applicability for homogeneous distribution of metal nanoparticles and doping of
heteroatoms simultaneously. In early research, PPy was mainly used as a substrate in the catalysts for
ORR. For instance, Yuasa et al. [25] modified carbon particles with polypyrrole to adsorb on the cobalt
ions as electrocatalytic site for oxygen reduction and found that the Co-modified PPy exhibited high
catalysis towards ORR and displayed electrocatalytic activity for the four-electron reduction of O,. Qin
et al. [26] developed a cobalt polypyrrole carbon (Co-PPY-C) composite, and probed metallo-organic
coordination compounds towards ORR, in which PPy acted as a substrater ather than a catalyst. Lee et
al. [27] developed a carbon-supported cobalt polypyrrole (Co-PPy/C) electrocatalysts, and pointed out
that the cobalt—nitrogen coordination could be the active sites towards ORR.

Herein, we have fabricated a novel kind of nanostructured non-precious metal ORR catalyst (Fe-
Py@K-800) via one-step carbonization under nitrogen atmosphere, which does not require further to be
activated. Iron modified on polypyrrole to form Fe-N bonding in pyrrole ring as active sites. polypyrrole
not only served as decent source for nitrogen and carbon in catalyst, but also enhanced its reasonable
thermal stability and high conductivity. Cyclic voltammograms (CVs) and rotating ring-disk electrode
(RRDE) revealed the kinetics of electrochemical catalytic ORR at the Fe-Py@K-800 was dominantly
the four-electron reaction pathway. The SEM images, TEM and XPS spectra obviously indicated that
this catalyst containing foam-like 3D nanostructure and Fe-N bonding. These facts should help in
determining the structure of the active sites and in identifying methods to develop a novel approach for
design of oxygen reduction catalyst.
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2. EXPERIMENTAL

In a typical preparation, 0.2 g molecular sieve (KIT-6), 0.2 g ferric chloride and 20 mL of ethanol
were mixed under stirring to form Fe-N with Fe-C at room temperature for 2h.. The mixture was tread
by 0.2 g of pyrrole was added into with stirring for 30 min, and then 1.0 g of ammonium peroxydisulfate
(APS) as an oxidizing agent was subsequently introduced and controlled the condition to PH= 2 by 0.5
M hydrochloric acid (HCI) solution. The polymerization was performed with vigorous stirring for 24 h
at 25°C to promote the formation of polypyrrole on molecular sieve (KIT-6) surface. Then, the mixture
was directly dehydrated under a vacuum at 100°C for 12 h to produce a Fe-modified polypyrrole
precursor. At last, the precursor was heat-treated at different temperatures (700, 800,900, and 950°C) for
2 h under N2 protection to obtain a series of carbon-based catalysts (Fe-Py@K-700, Fe-Py@K-800, Fe-
Py@K-900, and Fe-Py@K-950). The heating rate was kept at 10 °C min'. As a control, we also prepared
Fe-Py-800 and Py-800 catalysts at 800°C on the same conditions of polypyrrole synthesis and heat-
treatment.

High-resolution scanning electron microscopy (SEM) was obtained on a Hitachi UHR S4800
(Japan). Transmission electron microscopy (TEM) tests were performed on a FEI Tecnai-G2 F30
instrument. X-ray photoelectron spectroscopy (XPS) was done on a Kratos XSAMB800 spectrometer.
Raman spectroscopy data was obtained using Horiba HR800 Raman system with laser excitation
wavelength of 514.5 nm.

The CHI760E Bipotentiostatic purchased from Shanghai Chenhua Instruments Co.Ltd., China
was used to the electrochemical tests with a conventional three-electrode device. A glass-carbon rotation
ring-disk electrode (GC-RRDE, ®=5 mm, Pine Instrument Co.) was used as working electrode (WE), a
saturated calomel electrode (SCE) worked as reference electrode (RE) and a graphite rod (® = 0.5 cm)
was done on auxiliary electrode (AE). The fabrication of WE refers to our previous reports [12].
Generally, 10 ul of 10 mg ml™* dispersion was pipetted onto the GC-RRDE surface and naturally dried
in air. The mass loading of carbon-based catalysts and commercial Pt/C catalyst (20 wt.% Pt, Aladdin
Industrial Co. Ltd.) was controlled to be ~600 pg cm™2. In order to sufficiently induce complete peroxide
decomposition produced during the test, the ring potential was set at 0.5 V (vs. SCE) as reported
elsewhere. The HO2> % yield and electron transfer number (n) during the ORR were calculated using the
following equations [28]:

%HO, =1OOXM (1)
l,+(1, /N)

Id
AT @)

where lqg is the Faradaic current at the disk, Ir is the Faradaic current at the ring, and N is the
collection efficiency of ring electrode (0.38). n was calculated from the Koutecky-Levich equation [29]:

1/j, =1/ j +1/ Bw" (3)
B=0.62nFC,D3’v 0" (4)
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where F is the Faraday constant, Co is the O saturation concentration in the electrolyte, Do is
the O diffusion coefficient in the electrolyte, v is the kinetic viscosity of the electrolyte, and ® is the
electrode rotation speed, and 0.62 is a constant when the rotation rate is expressed in rpm.

3. RESULTS AND DISCUSSION
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Figure 1. The SEM (a) and TEM (b,c) images of Fe-Py@K-800; The Raman spectrum of Fe-Py@K-
800 (d).

Fig. 1 shows the SEM and TEM images of the Fe-Py@K-800 catalyst. The wave-like
morphology can be observed obviously at the surface of the Fe-Py@K-800 catalyst and foam-like 3D
porous nanostructure carbon has been formed inside. Besides, TEM images of Fe-Py@K-800 (Fig.1b)
further support the results of SEM analysis. The formation of foam-like 3D porous nanostructure is
substantially thanks to the role of the molecular sieve, with high mechanical strength which could be
served as the template and skeleton to protect the carbonized resin structure from aggregation or collapse.
To accommodate iron ions at a coordination site within the PPy layer, the PPy layer was produced at the
surface of the molecular sieve with a high surface-area. When the molecular sieve has been hydrofluoric
acid soaking, foam-like 3D porous nanostructure were obtained. Moreover, the Raman spectra of Fe-
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Py@K-800 catalyst (Fig. 1d) exhibits two board bands, located at ~1345 and ~1590 cm™ for D band
account for the disordered sp3 carbon (and G band attributed to graphitic sp2 carbon, respectively[30].
The intensity ratio D band to G band (Ip/lg) is @ measurement of the disordered and graphitic degrees,
in this case, the Ip/lc rations of Fe-Py@K-800 is about 1.18, indicating that iron-doping efficiency and
more defected structure facilitate to increase the active site density and enhance the ORR electrocatalytic
activity. The disordered and graphitic degrees further support the results of SEM (Figl.c).
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Figure 2. (a) XPS full-scan spectra of Fe-Py@K-800; XPS narrow-scan spectra for Fe 2p(a), O1s(b)
and N 1s (d) regions of Fe-Py@K-800.

The XPS full survey spectrum of Fe-Py@K-800 is shown in Fig.2a. The chemical components
of Fe-Py@K-800 are mainly nitrogen, carbon and oxygen. In addition, the XPS peak of metal Fe can be
slightly found in catalyst. This indicates that the catalyst prepared from this method are doped with Fe
and N. The surface Fe and N contents of Fe-Py@K-800 were 1.08 at.% and 5.0 at.%, respectively.
Moreover, the high-resolution spectrum of Fe 2p XPS of Fe-Py@K-800 clearly shows three peaks at
708.4, 710.1, and 711.4 eV, respectively, which further verifies that the characteristic peak of the Fe
2p%2[31].The satellite peaks with B.E. of 717.1 eV at the high binding energy side of the main peaks
with B.E. of 724.5eV were observed to be characteristic for Fe 2p*?[32]. Thus, The Fe plays a role in
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connecting to the nitrogen in the pyrrole ring to form the metal-organic coordination compound in the
catalyst.

The O 1s XPS spectrum of Fe-Py@K-800 (Fig. 2c¢) shows three peaks at 531.2, 531.9 and 533.0
eV, which can be attributed to C(aliphatic)-O-C(aliphatic), C=0, and metal-bounded oxygen (Fe-O) [33,
34], respectively. The N1s of Fe-Py@K-800 show peaks at 398.2, 399.4, 401.0, and 402.0 eV (Fig. 2d),
corresponding to pyridinic-N, Fe-N compounds, graphitic-N, and oxidized nitrogen compounds [35-38],
with compositions of 18.9, 20.2, 37.9, and 23.6 at.%, respectively. The reason for the improved catalytic
activity of Fe-Py@K-800 can be related to the large number of N atoms in pyrrole ring, polypyrrole can
facilitate the formation of N-C. The graphitic N content were 37.9 at.% in total doped nitrogen and high
Fe-N content of compounds were 20.2 at.%, which further verifies that the presence of Fe-N bond existed
in Fe2p spectrum. All of the above results indicate that Fe atoms are mainly in two forms including Fe-
N and Fe-O in the Fe-Py@K-800.

We have measured the CV curves in N2 versus O2-saturated 0.1 M KOH solution of Fe-Py@K-
800. The onset potential of Fe-Py@K-800 is found to be nearly 1.1 V vs. RHE in Oz-saturated electrolyte.
For comparison, the electrocatalytic activities of the catalysts in N-saturated electrolyte , there is no
visible peak ( Fig. 3a). Above results qualitatively suggest an ORR electrocatalytic activity of Fe-Py@K-
800. To gain insight into the active sites of Fe-Py@K-800, the effect of pyrolysis temperature were
investigated by LSV measurements (Fig. 3b). The Fe-Py@K-800 exhibits the highest ORR performance
and the half-wave potential is found to be ~0.88 V vs. RHE which is about 22 mV higher than that of a
commercial Pt/C catalyst (0.86 V vs. RHE). Therefore, the results suggest that a reaction temperature of
800 °C is the most favorable and it leads to the performance of this novel catalyst being superior to that
of noble metals. As illustrated in Fig. 3c, the pyrolysis temperature affects the ORR peak potential (Ep),
onset potential (Eorr), half-wave potential (E1/2) and limited current density (J) at 0.3 V vs. RHE of the
catalysts, the 800 °C is the most favorable and it leads to the best electrochemical parameters. Tafel
polarization curves of the catalysts (Fe-Py@K-700, 800 , 900 and Pt/C) were compared by E as a
function of log (J) (Fig. 3d), Tafel slopes are 114 (Fe-Py@K-700), 106 (Fe-Py@K-800), 111 (Fe-Py@K-
900), and 79 mV dec? (Pt/C), respectively. Lower Tafel slope values correspond to a large decrease in
over-potential with the current density, which facilitates the enhancement of the ORR electrocatalytic
activity. It is significant that the similarity in the Tafel slope values between Fe-Py@K-800 and
commercial Pt/C catalyst implies the same ORR catalysis mechanism: the protonation of O on the
active sites of catalyst is the main rate-determining step [39].
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Figure 3. (a) CV curves of Fe-Py@K-800 in 0.1 M KOH solution saturated by N versus Oz, (b) LSV
curves at the rotation rate of 1600 rpm for various catalysts, and (c) current density at 0.3 V (vs.
RHE), onset-potential and the half-wave potential of different catalysts obtained from their LSV
curves. (d) Tafel polarization plots of five GD-based catalysts to the ORR; the data obtained from
(b). (A colour version of this figure can be viewed online.)
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To explore the component impact on structure-catalytic activity and intrinsic electrocatalytic
activity, Fig. 4a and 4b indicate the results of CV and LSV measurements for the activity of polypyrrole-
based catalysts in 0.1 M KOH solution saturated by oxygen. PPY-Fe-800 catalyst has the highest ORR
activity among the other two catalysts. The peak potential follows the trend of PPY-Fe-800 (E,= 0.88
V, E12 =0.82 V) > PPy-800 (Ep=0.82 V and E1» = 0.71 V). Additionally, the limited current density of
PPY-Fe-800 at the potential of 0.5 V is nearly two times larger than that of PPy-800. The catalyzed
electrode made with the Fe-Py@K-800 catalyst exhibits the best ORR activity with a onset potential of
1V and a half-wave potential of 0.88 in alkaline medium. We attribute the efficiency to the doping of
Fe atoms in pyrrole ring, thus increasing the ORR catalytic activity. The high catalytic performance may
be attributed to the molecular sieve developing the necessary porous structure and avoiding large weight
loss and nitrogen evaporation during the process of direct pyrolysis, which leads to catalysts have a high
density of active sites. The current density difference is due to the accessible active sites and mass
transport property. Fig. 3c exhibits the LSV curves of Fe-Py@K-800 at rotation rates from 400 to 2500
rpm. The relationship between limiting diffusion current density and the rotation rate due is observed.
This allows us to compute the number of exchanged electrons (n) for the ORR by the Koutecky—Levich
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(K—-L) plots drawn from the LSV curves at different rotating speeds(Fig. 4d). As calculated, the average
electron transfer number of Fe-Py@K-800 during the reaction is 4.2 for a wide potential range from 0.2
V 10 0.6 V (vs. RHE), suggesting a direct 4-electron transfer pathway toward oxygen reduction [40].
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Figure 4. (a) CV and (b) LSV curves of PPy-800, PPY-Fe-8000, Fe-Py@K-800 in O»-saturated 0.1 M
KOH solution,(c) LSV curves of Fe-Py@K-800 in Oz-saturated 0.1 M KOH solution at different
rotation speeds (400-2500 rpm); (d) Koutecky-Levich plots of jo* vs. @ Y2 obtained from (c) at
given potentials.

To better understand the ORR kinetics behavior of carbon-based catalysts in oxygen reduction,
the yield of peroxide species and the electron transfer number were carefully examined by RRDE tests.
As shown in Fig. 4a, the ring current (ir) is much smaller than the disk current, and the current is only
~0.23 mA after the expansion of 20 times, but the H202 yield shows a typical increase with ring current
(ir). The measured H20: yield relative to the total reduction products for Fe-Py@K-800 is about 4% over
the potential range from 0.2 to 0.6 V vs. RHE. A low yield of H207 is beneficial for the membrane
electrode assemblies and maintaining the cell performance. This process which the yields correspond
to an average electron transfer number of 3.9 follows a four-electron reaction pathway and is similar to
the Pt/C catalyst, We attribute the Fe-doping causes a remarkable synergistic effect, thus increasing the
electrochemical activity for the ORR., which suggests that it is one of the best non-noble metal
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electrocatalysts for the ORR among all the other catalysts. The stability of Fe-Py@K-800 was also
assessed in O-saturated 0.1 M KOH electrolyte by cycling the catalyst between 0.2 V and 1.2 V vs.
RHE at 200 mV s. After 2000 continuous cycles, the Fe-Py@K-800 modified electrode showed a 0.5
mA cm2decline in the limiting current density, but no negative shift in onset potential and half-wave
potential was observed (Fig. 5c¢), however, the onset potential and half-wave potential on Pt/C has
decreased about 20 mV. The results prove that Fe-Py@K-800 exhibits durable operational stability,
which is obviously superior to the Pt/C catalyst. The obtained electrochemical parameters regarding
half-wave potential (E12) and limited current density (J) at 0.3 V vs. RHE before and after AAT test are
indicated in Fig. 5c.

ao4 b 24
< ix 20 - :
& 164 —H,0, yield -3
= I
g =" =
[0)) "2
ie]
X 8- L
o
) L1
o 4_/_\——/
T L} L} L 0 T T ] T T T 0
0.2 04 0.6 0.8 1.0 1.2 02 03 04 05 06 07 08 09
E (vs.RHE)/V E (vs.RHE)/V
C 0 : da 1.0
——Fe-Py@K-800 before AAT , — - T
1] = - -Fe-Py@K-800 after AAT § e - Y. . SR e I
'] —PtC before AAT / 5ol = 0.8 =
— - -PYC after AAT ' s
% 2] E 2
5, = 06 S
r 27 =
T = 8
£ g B 104 @
B T = =]
BT T 24 )
o e £ 0.2 2
D o =
——— 30 0.0
0.2 04 0.6 0.8 1.0 1.2

ART 800 «-800
C c hfer _py@x Py@
E (vs.RHE)/V e Fe ™ P ot AT

Figure 5. (a) Disk and ring currents obtained with LSV on RRDE for Fe-Py@K-800 in O»-saturated 0.1
M KOH solution; (b) The corresponding electron transfer number and H.O> yield from (a); (c)
LSV curves of Fe-Py@K-800 and Pt/C in O»-saturated 0.1 M KOH electrolytes before and after
AAT tests. (d) Current density at 0.3 V (vs. RHE) and the half-wave potential of Pt/C and Fe-
Py@K-800 catalyst obtained from (c).

4. CONCLUSIONS

In summary, we have demonstrated a route to the facile and cost-effective fabrication of the
unique Fe-Py@K-800 nanostructures by a straightforward pyrolysis. Compared with the Pt/C, the Fe-
Py@K-800 nanostructures can immensely reduce the costs while developing non-precious metals for
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use as electrode catalysts. In this catalyst system, the Fe-N structure as an electron donor for ORR to
generate active sites , which is attributed to that Fe atom is linked to nitrogen atom in the pyrrole ring ,
increasing the catalytic properties. The CV results revealed that the Fe-Py@K-800 exhibits superior in
the catalytic activity and the kinetics of ORR beyond the Pt/C, those properties are beneficial for advance
the coulomb efficiency of FCs. As a result, the Fe-Py@K-800 with cost-effective and superior
electrochemical performance will open up a new involving the ORR. Finally, the Fe-Py@K-800 catalyst
in alkaline electrolyte indicates its promising application for alternative cathode material for various
fuel cells.
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