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Without the presence of any precious metal, Fe-N-C materials derived from pyrolysis of polyaniline
(PANI)/carbon/FeCls mixtures are recognized as new catalysts for cathodic oxygen reduction
reaction (ORR) in acidic electrolyte. How these Fe-N-C catalysts would perform in an alkaline
electrolyte remains yet unknown. Reported here are assessments of the ORR performance of two
Fe-N-C catalysts (Fe content: 3.4% and 5.9%) in augeous KOH by rotating disk electrode methods.
Both Fe-N-C catalysts were found much more active than those metal-free N-doped carbon
materials in literature. Moreover, the ORR onset and half-wave potentials over both Fe-N-C catalysts
were respectively within 60 and 40 mV from those delivered by conventional Pt/C catalyst and both
Fe-N-C catalysts even showed much superior catalytic stability in chronoamperometric
measurement. ORR on the present Fe-N-C catalysts proceeded predominantly via a four-electron
transfer mechanism. This work would shed a light on Fe-N-C materials for ORR catalysis in alkaline
fuel cells.

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

Recently, a wide variety of non-precious metal catalysts
(NPMCs) for cathodic oxygen reduction reaction (ORR) have
been developed including metal-macrocycle complexes and
their pyrolyzed derivatives [1-4], metal oxides with or without
being immobilized on supporting carbon materials [5,6], M-N-C
(M = Fe, Co, etc.) composites [7-12], and doped carbon materi-
als [13-19]. Among these NPMCs, the M-N-C composites, gen-
erally prepared by pyrolyzing the mixture composed of a
N-containing organic precursor, a transition metal salt, and a
carbon support, appear to attract an intense attention due to
the great diversity of the N-containing precursors and combi-
nations between the different components, which give oppor-
tunities on performance enhancement and optimization.

While high activity for ORR of the M-N-C catalysts, especially
the Fe-N-C ones, has been broadly studied in acidic electrolyte

[7-12], little attention has been paid to their catalytic perfor-
mance in alkaline electrolyte. Alkaline polymer electrolyte fuel
cells (APEFCs), known as the alkaline counterpart of the proton
exchange membrane fuel cells (PEMFCs), are a subject of
growing academic interest and industrial importance. Besides a
faster ORR kinetics, APEFCs do not suffer from the metal dis-
solution or leach-out problem encountered with PEMFCs,
making it possible to use very diverse NPMCs for electrode
catalysts and to offer long-term catalyst durability [20]. Polyan-
iline-derived Fe-N-C catalysts, prepared by pyrolyzing a mix-
tures of polyaniline (PANI), FeCls, and Ketjenblack, have been
reported to be highly active for ORR in acidic electrolyte [9,10],
nonetheless, the catalytic performance of such Fe-N-C materials
for ORR in alkaline electrolyte has not been investigated to the
best of our knowledge.
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Herein we present the first application of PANI-derived
Fe-N-C materials for ORR in alkaline electrolyte (0.1 mol/L
KOH). Our prepared PANI-derived Fe-N-C catalysts are found to
offer a higher ORR activity than those metal-free doped carbon
materials in alkaline electrolyte, being almost comparable to
that of conventional Pt/C (E-TEK, 20 wt% Pt) catalyst in terms
of onset potential (Eonset), half-wave potential (E1/2), limiting
current density (Ju), and number of transferred electrons (n).
Moreover, these PANI-derived Fe-N-C samples show better
catalytic stability than the Pt/C catalyst. The ORR activity of
these PANI-derived Fe-N-C catalysts is also measured in the
acidic electrolyte for comparison with those in earlier litera-
ture.

PANI-derived Fe-N-C catalysts with two different Fe con-
tents were prepared according to Refs. [9,10]. Briefly, aniline
(AR, Tianjin YongDa Chemical Reagent Development Center,
China) was dispersed in HClI solution (0.5 mol/L) containing 0.4
g acid-treated Ketjenblack (EC-300], AkzoNobel), followed by
addition of proper amounts of ammonium peroxydisulfate
(APS, AR, Beijing Modern Eastern Finechemical Co., Ltd., China)
and ferric chloride (AR, Beijing Modern Eastern Finechemical
Co., Ltd.,, China) to induce formation of PANI. The mixture was
then vacuum-dried, followed by processing with three steps
comprising of a first heat treatment up to 900 °C (HT1), an acid
leaching (AL), and finally a second heat treatment at 900 °C
(HT2). The samples obtained at the termination of HT2 were
denoted PANI-xFe-C-HT2 (x refers to the final content of Fe in
wt%).

Various techniques were employed to characterize these
PANI-Fe-C-HT2 samples, including low temperature N2 adsorp-
tion-desorption, transmission electron microscopy (TEM)
combined with an energy dispersive X-ray probe (EDX), pow-
der X-ray diffraction (XRD), and superconducting quantum
interference device (SQUID). The final Fe content (x wt%) were
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determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analysis of the solid residues from
temperature-programmed oxidation (TPO) measurements up
to 800 °C. Electrochemical measurements were performed at
room temperature in a three-electrode cell using a potenti-
ostat/galvanostat Model 263A (PAR). A glassy carbon rotating
disk electrode (GC-RDE, 0.19625 cm?) was employed as the
working electrode. Ag/AgCl (in 3.5 mol/L KCl) and a Pt wire
were used as the reference and counter electrodes, respective-
ly. The catalyst ink was prepared by dispersing 3 mg
PANI-Fe-C-HT2 samples in 0.5 mL mixture of Nafion (5 wt%)
and deionized water (1/9, V/V) under sonication. Measure-
ment of the each catalyst was performed after applying and
air-drying 20 pL of the catalyst ink onto the polished electrode
with a loading of 0.61 mg/cm?.

The catalytic ORR performance of the PANI-Fe-C-HT2 cata-
lysts was studied by linear sweep voltammetry (LSV) using a
rotating disk electrode (RDE) in an Oz-saturated alkaline elec-
trolyte (0.1 mol/L KOH), at a scan rate of 10 mV/s and a rota-
tion rate of 1600 r/min. For comparison, the activity of conven-
tional Pt/C catalyst with a Pt loading of 20 pug/cm? at the disk
electrode was also measured under the same conditions. The
polarization curves in Fig. 1(a) show that both PANI-Fe-C-HT2
catalysts exhibit higher ORR activity than the PANI-C-HT2
(without Fe) catalyst in terms of the onset and half-wave po-
tentials, and current density over the whole potential range.
These results suggest that the introduction of Fe species could
form more active FeNy structures or generate a synergy be-
tween the co-existing Fe species and N-doped carbon materials,
to offer a better ORR activity [21-24]. Also listed in Table 1 are
the limiting current density (measured from the plateaus of the
polarization curves in Fig. 1(a)), onset and half-wave potentials
on each individual catalyst. In spite of a higher Fe content, the
PANI-5.9Fe-C-HT2 catalyst shows the same onset and
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Fig. 1. (a) Polarization curves of Pt/C (E-TEK, 20%Pt) and PANI-xFe-C-HT2 (x = 0, 4.3, and 5.9 wt%) catalysts in Oz-saturated KOH (0.1 mol/L) at a
scan rate of 10 mV/s and a rotation rate of 1600 r/min; (b) Polarization curves of the PANI-5.9Fe-C-HT2 catalyst at various rotation rates; the inset
shows the corresponding Koutecky-Levich (K-L) plots (J-! vs w-1/2) at the indicated electrode potentials.
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Table 1

BET surface area and electrocatalytic properties of PANI-Fe-C-HT2 catalysts.
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Number of transferred electrons® (n)

Sample Ager (m?/g) Eonse (V) E122 (V) Ji2(mA/cm?) 072V 062V 047V
PANI-C-HT2 95 0.83 (0.67) 0.67 (0.29) - 2.6 2.6 2.5
PANI-3.4Fe-C-HT2 9% 0.93 (0.85) 0.79 (0.53) 450 (4.51) 4.0 3.7 35
PANI-5.9Fe-C-HT2 148 0.93 (0.84) 0.79 (0.53) 4.58 (4.39) 4.0 3.8 3.6
Pt/C (E-TEK, 20 wt% Pt) - 0.99 0.83 4.49 4.0 4.0 3.9

a All potentials are given with respect to RHE. The Eonset is defined as the potential at which the ORR generates a current density of ~0.02 mA/cm?[25],
and the data in the parentheses refer to those obtained in the acidic electrolyte (0.5 mol/L H2SO4), assuming a complete ionization of H2SO4 (to SO4~

and H*) in the electrolyte.
b Estimated according to the K-L plot.

half-wave potentials (0.93 and 0.79 V, respectively) to the
PANI-3.4Fe-C-HT2 catalyst, which are only 40-60 mV lower
than those on conventional Pt/C catalyst. Furthermore, the
limiting current densities produced on both PANI-Fe-C-HT2
catalysts are also comparable to that on Pt/C catalyst. It should
be noted that the ORR activity data for both the present
PANI-Fe-C-HT2 catalysts (Table 1) are superior to those docu-
mented in literature for metal-free doped carbon materials
[13-19].

Both PANI-Fe-C-HT2 catalysts were further investigated by
LSV with the rotation rate varied from 400 to 2200 r/min; the
LSVs recorded in Oz-saturated KOH (0.1 mol/L) for the
PANI-5.9Fe-C-HT2 sample were presented in Fig. 1(b), as a
representative. These measurements would enable an estima-
tion of the number of transferred electrons (n) per Oz-reduc-
tion in the ORR process, according to the Koutecky-Levich (K-L)
plot [26-28]. The inset depicts the corresponding K-L plots at
various electrode potentials (0.72-0.47 V). These plots show
good linearity and similar slopes, demonstrating a first-order
reaction kinetics of ORR on the present PANI-Fe-C-HT2 cata-
lysts. The slope of each K-L plot at a given potential for
PANI-C-HT2 and both PANI-Fe-C-HT2 catalysts would give the
number n at that specific potential, which is summarized in
Table 1. For comparison, the data for conventional Pt/C catalyst
are also included in this table. The values of n for ORR on the
PANI-C-HT2 with no Fe are ca. 2.6 in the potential range of 0.72
to 0.47 V. In contrast, the values of n on both PANI-Fe-C-HT?2
catalysts appeared sensitive to the potential, which were al-
ready as high as 3.5-3.6 even when the potential was as low as
0.47 V and were close to 4 when the potential became more
positive. On the other hand, the values of n on conventional
Pt/C (n = 3.9-4.0) were hardly affected by the operational po-
tential, which is consistent with previous reports [6,29]. As-
suming a mixed 2- and 4-electron Oz-reduction chemistry, the
numbers n = ca. 2.6 on the PANI-C-HT2 would mean a 70%
contribution from the 2-electron process while those n =
3.6—4.0 on the PANI-5.9Fe-C-HT2 should point to 80%-100%
contribution from the 4-electron process. A 100% 4-electron
ORR process was actually realized when the potential was
more positive than 0.67 V on both PANI-Fe-C-HT2 catalysts.
These results indicate that the incorporation of Fe species
could change the ORR process from a 2-electron to a dominant
4-electron transfer chemistry.

Durability of both PANI-Fe-C-HT2 catalysts with respect to
conventional Pt/C catalyst was assessed through chronoam-

perometric measurement at 0.57 V in Oz-saturated KOH (0.1
mol/L) (Fig. 2). The activity loss for both PANI-Fe-C-HT2 cata-
lysts during the test period (18000 s) was less than 10%
whereas that for the Pt/C went as high as 24%, which clearly
demonstrate that the present PANI-Fe-C-HT2 catalysts are
elecrtochemically much more stable than conventional Pt/C
catalyst.

TEM and EDX analyses (Fig. 3(a)) of the PANI-5.9Fe-C-HT2
catalyst revealed the presence of Fe entities (40-150 nm) en-
capsulated by graphitic carbon layers, which are in line with
the eralier reports [9,10]. Further information on Fe entities in
the PANI-Fe-C-HT2 catalysts can be extracted from the XRD
and magnetization analyses. The two broad diffractions (26 =
25°and 43.37) in Fig. 3(b) signify the (002) and (101) diffrac-
tions of graphitic carbon, respectively. The presence of Fe1.S
and FeS (x = 0) is signified [30] by the diffractions at 26 = 29.9°,
33.7°, 35.7°, 43.2°, 43.7°, 47.2°, 50.4°, 53.0°, and 70.8°, and of
metallic Fe crystallites at 26 = 44.7°, 65.0°, and 82.3°. These Fe-
characteristic signals increased with the content of Fe in the
samples but diffractions for Fes04 (e.g.,, 20 = 56.2° and 63.2°)
were hardly detected. Fe1xS and metallic Fe appeared therefore
to be the dominant Fe species in both PANI-Fe-C-HT2 samples.
It is also observed in Fig. 3(b) that the ratio of metallic Fe to
Fe1.x S (according to the XRD peak intensity ratio of Fe (110) at
20 =44.7° to FeS (114) at 26 = 43.2°) in PANI-5.9Fe-C-HT2 was
higher than that in PANI-3.4Fe-C-HT2, implying that a higher Fe
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Fig. 2. Chronoamperometric responses at 0.57 V in Oz-saturated KOH
(0.1 mol/L) at a rotation rate of 900 r/min of Pt/C and PANI-Fe-C-HT2
catalysts.
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Fig. 3. (a) Representative TEM images of the PANI-5.9Fe-C-HT2 sample;

(b) XRD patterns of PANI-C-HT2 (1), PANI-3.4Fe-C-HT2 (2), and
PANI-5.9Fe-C-HT2 (3) samples.

content would favor the formation of more metallic Fe. This is
at variance with the PANI-derived Fe-N-C catalyst (12 wt% Fe,
hereafter denoted as PANI-Fe-C-HT2-Ref) reported in Ref. [10],
which showed no XRD signals for metallic Fe. The saturated
magnetization for both PANI-Fe-C-HT2 samples, as measured
by SQUID technique, was 4.55 emu/g for PANI-5.9Fe-C-HT2
and 2.23 emu/g for PANI-3.4Fe-C-HT2. This would be an indi-
cation that more metallic Fe crystallites were present in the
former sample because the ferromagnetic metallic Fe was the
predominant contributor to the magnetization, which is in
agreement with the XRD results (Fig. 3(b)).

For comparison, the performance of the PANI-Fe-C-HT2
samples for ORR was also evaluated in acidic electrolyte (0.5
mol/L H2S04) by cyclic voltammetry (CV) and LSV, as shown in
Fig. 4. A pair of well-developed redox peaks emerged at ca. 0.64
V in the CVs for both PANI-Fe-C-HT2 catalysts in a N2-saturated
H2S04 (0.5 mol/L) (Fig. 4(a)), which would be related to a re-
versible one-electron process involving Fe3+/Fe2+ couple [9,21]
and were also present on the CVs of the PANI-Fe-C-HT2-Ref in
Ref. [10]. These results seem to suggest that the present
PANI-Fe-C-HT2 samples are qualitatively similar in electro-
chemical properties to the PANI-Fe-C-HT2-Ref in the acidic
electrolyte. However, the polarization curves of ORR on both
the present PANI-Fe-C-HT2 catalysts in H2SOs (0.5 mol/L)
(Fig.4(b)) and their derived limiting current densities, onset
and half-wave potentials (see Table 1) failed unfortunately to
match those of the PANI-Fe-C-HT2-Ref. We realized that the Fe

content in the present PANI-5.9Fe-C-HT2 catalyst was only a
half of that (12 wt%) in the PANI-Fe-C-HT2-Ref. According to
Refs. [9,10], increasing the heat treatment temperature of
PANI-Fe-C-Ref from 400 to 900 °C would improve its ORR ac-
tivity but decline significantly on further increasing the tem-
perature to 1000 °C. It was also found that metallic Fe was ab-
sent in the samples heat-treated below 900 °C but was present
at 1000 °C. Based on the above discussion, it can be learned
that the presence of metallic Fe and the lower Fe content could
be responsible for the lower activity of our PANI-Fe-C-HT2
samples in H2S04 (0.5 mol/L) though other differences, includ-
ing specific surface area, size and distribution of Fe species,
cannot be completely ruled out at this stage. These results
would hint that the structures of the present PANI-Fe-C-HT2
samples were somehow different from those of the
PANI-Fe-C-HT2-Ref samples in Refs. [9,10] even though their
preparation procedures were similar. Further study is there-
fore needed to uncover factors that would lead to well con-
trolled structure and property of the smaples.

It would be argued that the presence of metallic Fe and the
difference in Fe content might be the major factors responsible
for the activity difference bewteen our PANI-Fe-C-HT2 cata-
lysts and PANI-Fe-C-HT2-Ref in the acidic electrolyte as men-
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Fig. 4. (a) CVs in Nz-saturated H.SO4 (0.5 mol/L) at a scan rate of 50
mV/s; (b) Polarization curves in Oz-saturated H2S04 (0.5 mol/L) at a
scan rate of 10 mV/s and a rotation rate of 1600 r/min of the
PANI-Fe-C-HT2 catalysts. (1) PANI-C-HTZ2; (2) PANI-3.4Fe-C-HT2; (3)
PANI-5.9Fe-C-HT2.
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tioned above. Nevertheless, this does not seem to prevent the
present PANI-Fe-C-HT2 catalysts from featuring the high activ-
ity and dominating 4-electron ORR chemistry in the alkaline
electrolyte (0.1 mol/L KOH) (Fig. 1 and Table 1). These results
also indicate that ORR proceeds more easily in the alkaline
electrolyte than in the acidic electrolyte on the present
PANI-Fe-C-HT2 catalysts. Therefore, prospect for the de-
veloment of APEFCs using Fe-N-C and other NPMCs for cathod-
ic ORR seems very promising.

In summary, our present data specified as onset potential,
half-wave potential, limiting current density, and the number of
transferred electrons, point to that the Fe-N-C materials are
highly active catalysts for ORR in alkaline electrolyte, being
superior to those metal-free carbon-based materials doped
with heteroatoms and almost comparable to conventional Pt/C
catalyst. Moreover, these Fe-N-C catalysts also displayed re-
markable stability under the working conditions. ORR pro-
ceeded on both PANI-Fe-C-HT2 catalysts predominately
through a 4-electron pathway. These findings, along with the
activity comparison between the present PANI-Fe-C-HT2 cata-
lysts and those PANI-Fe-C-HT2-Ref in eralier literature for ORR
in the acidic electrolyte, reveal that finely tuning the chemical
states and relative content of their involved Fe species by opti-
mizing material compositions and complex preparation proce-
dures could still provide a room for further improving the cat-
alytic performance of Fe-N-C materials. This study helps to
enrich the knowledge about the PANI-derived Fe-N-C catalysts,
which would have important implication in making them com-
petitive substitutes to Pt-based catalysts for cathodic ORR in
APEFCs.

References

[1] JasinskiR ]. Nature, 1964, 201: 1212
[2] Deng XY, Zhang DY, Wang X, Yuan X X, Ma Z F. Chin J Catal (X}i%

B3]

(4]

(6]
[7]
(8]

[9]
[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]
[20]

[21]

[22]

[23]

Xiang-Hui Yan et al. / Chinese Journal of Catalysis 34 (2013) 1992-1997

B, WA, FH, BRI, DR #5ER), 2008, 29: 519

Liu R L, von Malotki C, Arnold L, Koshino N, Higashimura H,
Baumgarten M, Miillen K. ] Am Chem Soc, 2011, 133: 10372

Meng H, Larouche N, Lefévre M, Jaouen F, Stansfield B, Dodelet ] P.
Electrochim Acta, 2010, 55: 6450

Meadowcroft D B. Nature, 1970, 226: 847

Liang YY, Li Y G, Wang H L, Zhou ] G, Wang J, Regier T, Dai H ]. Nat
Mater, 2011, 10: 780

Byon H R, Suntivich ], Shao-Horn Y. Chem Mater, 2011, 23: 3421
Lefévre M, Proietti E, Jaouen F, Dodelet ] P. Science, 2009, 324: 71
Wu G, More K L, Johnston C M, Zelenay P. Science, 2011, 332: 443
Wu G, Johnston C M, Mack N H, Artyushkova K, Ferrandon M,
Nelson M, Lezama-Pacheco ] S, Conradson S D, More K L, Myers D
], Zelenay P. ] Mater Chem, 2011, 21: 11392

Choi] Y, Hsu RS, Chen Z W.] Phys Chem C, 2010, 114: 8048

Li X G, Liu G, Popov B N.J Power Sources, 2010, 195: 6373

Yang S B, Feng X L, Wang X C, Miillen K. Angew Chem Int Ed, 2011,
50: 5339

Zheng Y, Jiao Y, Chen J, Liu J, Liang ], Du A ], Zhang W M, Zhu Z H,
Smith S C, Jaroniec M, Lu G Q, Qiao S Z. ] Am Chem Soc, 2011, 133:
20116

Liu Z W, Peng F, Wang H ], Yu H, Zheng W X, Yang ]. Angew Chem
Int Ed, 2011, 50: 3257

Yang D S, Bhattacharjya D, Inamdar S, Park ], Yu] S.J Am Chem Soc,
2012,134: 16127

Yao Z, Nie H G, Yang Z, Zhou X M, Liu Z, Huang S M. Chem Commun,
2012,48:1027

Sheng Z H, Gao H L, Bao W ], Wang F B, Xia X H. ] Mater Chem,
2012, 22:390

LiQQ, ZhangS,Dai L M, Li L S.J Am Chem Soc, 2012, 134: 18932
Spendelow ] S, Wieckowski A. Phys Chem Chem Phys, 2007, 9:
2654

Lefevre M, Dodelet | P, Bertrand P. J Phys Chem B, 2002, 106:
8705

Jaouen F, Proietti E, Lefévre M, Chenitz R, Dodelet ] P, Wu G, Chung
H T, Johnston C M, Zelenay P. Energy Environ Sci, 2011, 4: 114
Chen Z W, Higgins D, Yu A P, Zhang L, Zhang ] ]. Energy Environ Sci,
2011, 4:3167

Chin. J. Catal., 2013, 34: 1992-1997

Xiang-Hui Yan, Gui-Rong Zhang, Bo-Qing Xu*
Tsinghua University

PANI: | L

i \

L~ =

; rolysis — = =
F Cl3 py-yl +—< ’>F<“

| =N N=

] /\\/

N N Wy
KB : 1 /=N

: OH

KB = Ketjenblack PANI-derived Fe-N-C catalyst

Graphical Abstract
doi: 10.1016/S1872-2067(12)60714-1

Performance of polyaniline-derived Fe-N-C catalysts for oxygen reduction reaction in alkaline electrolyte

The onset and half-wave potentials of PANI-derived Fe-N-C catalysts are found close to conventional Pt/C catalyst for cathodic ORR in
alkaline electrolyte; the Fe-N-C catalysts show even significantly higher stabilities.
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