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Abstract: Non-precious Fe/N co-modified carbon electrocata-
lysts have attracted great attention due to their high activity and
stability in oxygen reduction reaction (ORR). Compared to
iron-free N-doped carbon electrocatalysts, Fe/N-modified
electrocatalysts show four-electron selectivity with better activ-
ity in acid electrolytes. This is believed relevant to the unique
Fe-N complexes, however, the Fe-N structure remains
unknown. We used o,m,p-phenylenediamine as nitrogen pre-
cursors to tailor the Fe-N structures in heterogeneous electro-
catalysts which contain FeS and Fe;C phases. The electro-
catalysts have been operated for 5000 cycles with a small
39 mV shift in half-wave potential. By combining advanced
electron microscopy and Mossbauer spectroscopy, we have
identified the electrocatalytically active Fe—N4; complexes
(FeNy, [Fe"(porphyrin)(pyridine),]). We expect the under-
standing of the FeNy structure will pave the way towards new
advanced Fe—N based electrocatalysts.

F uel cells, as a clean and efficient power source, have
attracted significant attention during the last decades.!'! The
cathodic oxygen reduction reaction (ORR) is at the heart of
fuel cell performance, and efficient ORR electrocatalysts are
essential for practical applications. It is critical to replace Pt-
based electrocatalysts in order to reduce the manufacturing
cost of proton exchange membrane fuel cells (PEMFCs).
Non-precious metal catalysts (NPMCs) with high ORR
activity and stability have become a major focus of the
PEMFC research.”! At present, NPMCs with high activity and
stability in the acid solution are mainly synthesized through
pyrolysis of precursors comprising transition metals, nitrogen
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and carbon (M/N/C).”! Recent studies on pyrolyzed Fe/N/C
and FeCo/N/C catalysts for ORR have reached a high level in
both activity!"! and stability."! Since Jasinski reported that
a Ny-chelate complex with a non-noble metal core could be
used to electrochemically reduce oxygen in 1964,° various
macrocyclic transition-metal compounds, such as porphyrins,
phthalocyanines, and tetraazaannulenes,® have been inves-
tigated. However, the actual structures of active sites in
pyrolyzed M/N/C electrocatalysts remain elusive. Because the
M/N/C electrocatalysts are inherently highly heterogeneous
and have complex structure, it is very challenging to
characterize the right active sites. The active sites in M/N/C
ORR electrocatalysts have been often assumed to be M-N, in
acid solution despite the lack of convictive structural deter-
mination.”) Here, we aim to determine the structures of active
sites in the Fe/N/C ORR electrocatalysts by using advanced
electron microscopy and Mossbauer spectroscopy, and to
elucidate the structure—performance relationship in the Fe/N/
C electrocatalysts.

We synthesized three Fe/N-containing electrocatalysts by
pyrolyzing polymerized o,m,p-phenylenediamine, ferric chlo-
ride and carbon black. Ammonium peroxydisulfate was
added to facilitate phenylenediamine polymerization; this
introduced sulfur into the final electrocatalysts. The electro-
catalysts are denoted as PoPD-Fe-C, PmPD-Fe-C, and PpPD-
Fe-C. The synthesis details are provided in the Supporting
Information. The activity and stability of the electrocatalysts
were investigated by electrochemical voltammetry in acid
solution. X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), electron microscopy, and Madssbauer
spectroscopy were conducted to study the structure of
active sites in the catalysts. The electrocatalytic characteristics
of the active sites and the synthesis—structure—performance
relationship were systematically investigated.

The electrocatalytic performance of these three electro-
catalysts for ORR in 0.5M H,SO, were investigated by using
linear sweep voltammetry (LSV), as shown in Figure 1a. The
onset potentials for PoPD-Fe-C, PmPD-Fe-C, and PpPD-Fe-
Care 0.681, 0.819, and 0.826 V vs. RHE, respectively. Because
the onset potential for PoPD-Fe-C is far lower than the other
two, we consider the active sites in PmPD-Fe-C and PpPD-
Fe-C may have similar structures which are distinct from that
in PoPD-Fe-C. Note that the kinetic current and the limiting
current for PmPD-Fe-C are smaller than that for PpPD-Fe-C.
This may imply the higher quality and density of the active
sites in the latter. These distinctions are believed relevant to
the diversified microscopic morphologies of the original
polymers which could be resulted from the different poly-
merization chemistry (Figure S1 and S2 in the Supporting
Information). Note that PpPD has the smallest particle size
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0.5- electrocatalysts are studied in detail combining thermogravi-

T 0.04 (a) metric analysis, XRD and TEM. As shown in Table S2 and
05 PoPD-Fe-C Figure S3, the Fe contents in PoPD-Fe-C, PmPD-Fe-C, and
'e PpPD-Fe-C are 9.88wt%, 10.92wt%, and 12.08 wt%,
: 09 respectively. The higher iron contents in PmPD-Fe-C and
E 151 PpPD-Fe-C could be ascribed to the smaller particle size of
2207 their polymer precursors which facilitates the iron reaction
2 251 with carbon, nitrogen and sulfur. It is doubtful that the total
a 3.0 PmPD-Fe-C Fe contents can be correlated to the ORR activity, because
E 35| PPPD-Fe-C there may be several forms of Fe other than Fe-N complexes
§ ip . in the heterogeneous catalysts. XRD was used to analyze the

00 02 04 06 08 10 phase composition in the catalysts (Figure 1c). All three
E/V (vs. RHE)—— samples show well-developed crystalline structures, assign-

50 able mainly to FeS and Fe;C. Based on the intensities and
(b)\ s FWHMs of the diffraction peaks, the particle size and

1501 F crystallization of iron species are slightly different. In order
100+ to confirm whether FeS and Fe;C are active sites for ORR,
50 the fine structures of FeS and Fe;C particles were further

investigated.
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WA Figure 2a shows a STEM image of PpPD-Fe-C. It can be
501 : seen that the bright large particles are Fe-containing grains.
-100 - —P PD-Fe-C EDX elemental maps in Figure 2d reveal that the large
150 . anPD-Fe-C particles are mainly FeS. The HRTEM image of FeS particles
—__PoPD-Fe-C shows that the FeS particle is tightly covered with graphitic
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Figure 1. a) RDE voltammograms in O,-saturated 0.5m H,SO,, scan
rate: 5 mVs™', rotation rate: 900 rpm. b) Cyclic voltammetry in N,-
saturated 0.5M H,SO,, scan rate: 10 mVs™'. ¢) XRD patterns of PoPD-
Fe-C, PmPD-Fe-C, and PpPD-Fe-C. (PDF-FeS: 37-0477; PDF-Fe,C: 72-
1110))

(=1 pm), with medium sized PmPD particles (2-3 um) while
PoPD particles are the largest (10-40 pm), which is consistent
with the specific surface area (Table S1). Notably the PpPD
particles are sheet-like and porous, while PmPD particles are
spherical with smooth surface. As the thermal pyrolysis is
a solid state reaction, smaller size and two-dimensional
morphology of N-containing polymer particles may facilitate
the diffusion of iron atoms which is critical for forming ORR
active Fe-N complexes.

It is believed that N-doped active sites are often accom-
panied with iron species.®”! In other words, the location and
structure of iron species in our heterogeneous Fe/N/S/C Figure 2. a) STEM image PpPD-Fe-C. b) HRTEM image of PpPD-Fe-C.
electrocatalysts can indicate the actual active sites. Therefore,  ¢) HRTEM image of PpPD-Fe-C after 5000 cycles. d) HAADF-STEM
the content, distribution and structure of the iron in these = maps of PpPD-Fe-C.
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of HRTEM. Fe;C particles may be at the interface of graphitic
carbon shell and FeS particles, or covered with graphitic
carbon. Otherwise, Fe;C particles should be removed by acid-
leaching because of their poor stability in acid. Figure2c
shows the HRTEM image of FeS particles in PpPD-Fe-C that
undergoes 5000 cycles in N,-saturated acid in the potential
range from 0.6 to 1.0 V. The shell of covered graphitic carbon
is not damaged and is very stable after a long time test, which
indicates that FeS covered with graphitic carbon has no
chance to catalyze the ORR. Therefore, FeS and Fe;C
covered with graphitic carbons could not be active sites.

The cyclic voltammetry (CV) curves of PoPD-Fe-C,
PmPD-Fe-C, and PpPD-Fe-C in Figure 1b show a pair of
reversible redox peaks around 0.64 V (the peak separation is
40 mV). We assign this redox reaction to the reduction/
oxidation Fe**/Fe’" in the catalysts (one explanation for the
less than 59 mV peak separation is Fe**/Fe*" exists in the solid
catalysts which may allow smaller electron transfer barrier
compared to aqueous ions). The reversible redox peaks of
Fe*'/Fe*" are always obtained in the CV curve of iron
coordination compounds like [Fe(CN),]*7/[Fe(CN)¢]*~. How-
ever, they are impossible to be observed in the CV curve of
FeS and Fe;C, not to mention FeS and Fe;C covered with
graphitic carbon. Since the peak current represents the
content of Fe*'/Fe*", the Fe*'/Fe’" contents in PpPD-Fe-C
and PmPD-Fe-C are higher than that in PoPD-Fe-C. We
believe the Fe*'/Fe’" content correlates with the ORR
activity of the three catalysts. Therefore, in addition to FeS
and Fe,C, there are Fe*/Fe*" coordination compounds in the
catalysts which should distribute on the electrochemical
accessible surface of the catalysts. It may be concluded that
the iron coordination compounds are real active sites for
ORR. The distribution and fine structure of the iron
coordination compounds in the electrocatalysts are further
investigated. From the STEM image of another area in PpPD-

Figure 3. a) STEM image PpPD-Fe-C. b) Selected area electron diffrac-
tion pattern from the area shown in (a). c) HAADF-STEM maps of
PpPD-Fe-C.
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Fe-C (Figure 3a), some small bright dots are seen (location
marked with red circles). Due to the higher brightness, these
dots should be iron containing. But no diffraction spot is
found in the selected area electron diffraction pattern (Fig-
ure 3b).This indicates that the small particles are not the
nanocrystals of either iron, FeS or Fe;C, but are very fine
clusters containing Fe which are very likely Fe-N complexes.
As shown in Figure 3¢, the distribution of Fe element is
uniform in PpPD-Fe-C sample except for some big particles.
However, the molecular structure of the Fe-N complexes can
hardly be determined by electron microscopy.

Fe-N, coordination was previously proposed for the
electrocatalytic active sites.”] By using XPS, the nitrogen
species in PoPD-Fe-C, PmPD-Fe-C, and PpPD-Fe-C were
analyzed, as shown in Figure 4a. N-Fe peaks at a binding
energy of 398.9 eV are found in these samples.” The semi-
quantitative results of the N group contents are given in
Table S3. The quantity of N—Fe bonds in PoPD-Fe-C is less
than those in PmPD-Fe-C and PpPD-Fe-C. As mentioned
above, the different N-Fe contents can result from the

quatemnary N PpPD-Fe-C
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Figure 4. a) N1s XPS spectra of PoPD-Fe-C, PmPD-Fe-C, and PpPD-Fe-
C. b) Mdssbauer spectra for PoPD-Fe-C, PmPD-Fe-C, and PpPD-Fe-C.
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different polymerization and surface states of the polymer-
ized o,m,p-phenylenediamine isomers. It is understood that
the quantity of N—Fe bonds may affect the reaction current
but does not cause a big difference in the onset potential. It is
thus reasonable to speculate that the N—Fe bonds form
different coordinated structures in the three electrocatalysts
which could be determinant for the activity and onset
potential.

Mossbauer spectroscopy is a technique based on the
recoil-free absorption of y rays by Fe* nuclei, and is used to
investigate the electron structure of the iron coordination
compounds, as shown in Figure 4b. Three kinds of Fe are
found in PoPD-Fe-C, PmPD-Fe-C, and PpPD-Fe-C catalysts
from the peak fitting. The green curves are unambiguously
assigned to FeS. The blue curves with the apparent sextet
correspond to Fe;C.'” FeS and Fe,C are also detected by
XRD. The most species in the Mossbauer spectra correspond
to the red curves with the doublet. From Table S4, the values
of isomer shift (IS) of the doublets in three catalysts are 0.454,
0.372, and 0.374 mms~!, respectively. So the doublets are
assigned to six-coordinate Fe".''l The IS values of PmPD-Fe-
C and PpPD-Fe-C (0.372, 0.374 mms™") are very close, and
are lower than the value of PoPD-Fe-C (0.454 mms™). Since
the value of IS becomes larger with increasing ligand bond
length, we can predict that the Fe—N bond length is in the
order of PpPD-Fe-C < PmPD-Fe-C < PoPD-Fe-C. Taking
into account the order of the ORR activity, it is obvious that
a shorter Fe—N bond gives rise to higher activity. Considering
the poor catalytic activity of PoPD-Fe-C, six-coordinate Fe™
in PmPD-Fe-C and PpPD-Fe-C is analyzed in detail. The
peak-to-peak separations (quadrupole splitting, QS) are 0.91
and 0.90 mms™' for PmPD- Fe-C and PpPD-Fe-C, respec-
tively. The values of IS and QS for these two catalysts should
be assigned to six-coordinate Fe™, [Fe™(porphyrin)-
(pyridine),]  (Scheme 1)."  Therefore ~we propose
[Fe™(porphyrin)(pyridine),] as the active sites in our Fe/N/
S-modified carbon electrocatalysts for ORR. Note that the
six-coordinate FeN, complex with tetrapyrrodic N and two
pyridinic N may be more durable than FeN, in acid solution.

Finally, the integral structure, the electrocatalytic activity
and stability, and the kinetic parameters of PpPD-Fe-C were
studied. As can be seen from Figure S4a and b, both pristine
carbon black and carbon black coated with PpPD polymer
preserve graphitic structure after heat treatment. The graph-
ite structure provides good electrical conductivity so that the
electrons can easily reach the active sites. Figure S5a shows
the LSV curves of Pt/C (Pt wt% =20%, in 0.1m HCIO,),

pyridine

pyridine

Scheme 1. Possible iron complex structure (adapted from Ref. [12]).
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PpPD-C, and PpPD-Fe-C. It is found that PpPD-C without Fe
has no significant limiting current plateau and the onset
potential is only 0.4-0.5 V. There is no doubt that the iron
plays a decisive role in Fe/N/C catalysts for ORR. Comparing
Pt/C (loading of 0.06 mgp,cm~?) and PpPD-Fe-C, the differ-
ences in the half-wave potential (AE,,) and onset potential
are 79 mV and 89 mV, respectively. A stability study of PpPD-
C and PpPD-Fe-C catalysts were carried out in a potential
range from 0.6 to 1.0 V (rotating disk electrode, RDE) in
nitrogen gas at a scan rate of 10 mVs™' (Figure S5b). After
5000 RDE cycles, the changes of the half-wave potential for
PpPD-C and PpPD-Fe-C catalysts are 40 mV and 39 mV,
respectively. The Koutecky-Levich plots (Figure S5c) are
drawn from the ORR curves based on the Koutecky—Levich
equation:

o1y 1 1
I I, 0.62nFAD*3y-10\2C, W

(F=96485 Cmol™!, A=0.19625cm? D=21x10"cm?s™,
Co,=1.13x10° molem >, v=9.5x 10" cm’s™").’l Based on
the slope of the Koutecky-Levich plots, the number of
electrons transferred (the value of # in the overall reaction) is
about 3.8. It suggests that the ORR catalyzed by PpPD-Fe-C
is a four-electron process. From Tafel ORR plot with PpPD-
Fe-C (Figure S5d), Tafel slope and exchange current density
(iy) for the PpPD-Fe-C catalysts are obtained (Table 1). The i,
value for PpPD-Fe-C (1.5x 10™® A cm™?) is lower than for the
Pt/C catalyst (3.2 x 10 Acm™?), and the Tafel slope of ORR
for PpPD-Fe-C (105 mV dec ™) is higher than that of the Pt/C
catalyst (93 mV dec™"). The higher i, value and the lower Tafel
slope can both cause the lower onset overpotential (7). In
other words, creating the same kinetic current density needs
lower overpotential with the higher i, value and the lower
Tafel slope. Although the performance of the PpPD-Fe-C
catalyst falls short of Pt/C in terms of half-wave potential and
onset potential, i, value and Tafel slope of PpPD-Fe-C is quite
competitive.

In conclusion, we synthesized three Fe/N/S-modified
carbon electrocatalysts through heat treatment of polymer-
ized o,m.,p-phenylenediamine, ferric chloride, and carbon
black. By using advanced electron microscopy and Mossbauer
spectroscopy, we confirm that the real active sites for ORR in
the catalysts are FeNg, a Fe'" coordination compound with
six-coordinate [Fe(porphyrin)(pyridine),]. Moreover, we
demonstrate high activity and good durability of PpPD-Fe-
C as a non-precious metal catalyst for ORR. We believe that
the knowledge of the real active site FeNg will lead the way to
target-specific synthesis of highly active and stable Fe/N/C
catalysts for ORR.

Table 1: ORR kinetics data for PpPD-Fe-C catalyst and Pt/C.

Catalyst Onset potential Eyp [Vl Tafel slope o

M [mVdec™] [Acm™?
PpPD-C 0.498 0.327 205 41x107°
PpPD-Fe-C 0.826 0.718 105 1.5%x1078
Pt/C 0.905 0.807 93 3.2x10°8
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