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Abstract:
Atomically dispersed Fe-N-C materials recently hold great interest in costly Pt
substitution for the cathodic oxygen reduction reaction of fuel cells. However, the heat

treatment involved in the material preparation excites Fe aggregating into low activity


mailto:kemshao@ust.hk

of nanosized species rather than high activity of single-atom Fe sites. Herein we
proposed a new “ceria-assisted” strategy to preferentially generate the active single-
atom Fe sites in Fe-N-C materials, which involves oxidative polymerization of pyrrole,
Ce** and Fe* adsorption, and subsequent heat treatment. Owing to its spatial
confinement and strong trapping for Fe atoms, ceria can effectively suppress
agglomeration of isolated Fe atoms and stabilize the Fe atoms by bonding to O in the
lattice during the heat treatment, leading to a high content of atomically dispersed Fe
(4.6 wt.%). Accordingly, the final catalyst showed ultrahigh ORR activity with a half-
wave potential of 0.915 V and kinetic current density of 7.15 mA cm™ at 0.9 V. When
it was as assembled an anion exchange membrane fuel cell, a large maximum power
density of 496 mW cm™ was achieved.

Introduction

Polymer electrolyte membrane fuel cells (PEMFCs), as a class of clean and renewable
energy devices, have been attracted great attention in recent years due to their high
enough output power to drive electric vehicles over long-distance transportation.!” As
the heart of PEMFCs, the cathodic oxygen reduction reaction (ORR) involves high-
energy barriers of O> adsorption, O-O bond breaking and multi-step electron transfer,
leading to prohibitively sluggish kinetics.’ At present, platinum is the best catalyst to
efficiently reduce the ORR barrier, but it suffers from undoubted drawbacks of scarcity
and high cost. Furthermore, nanosized platinum agglomeration and dissolution are
severe under long-term service process, resulting in enormous performance

degradation.’ Consequently, development of inexpensive catalysts with high ORR



activity and durability is the most promising strategy for industrialized promotion of
PEMFCs.” !

Up to now, Fe-N-C materials are the most promising platinum alternatives for the
ORR in PEMFCs owing to the presence of highly active N-coordinated single-atom Fe
sites (Fe-Ny).!!"'* These materials are usually synthesized by pyrolyzing the precursor
containing Fe, N and C sources under a high temperature of above 700 °C.!>"'" In this
case, Fe tends to formation of nanosized counterparts (such as metal, carbide, nitride
and oxide) rather than atomic Fe-Nx moieties, which results in low concentration of Fe-
N active sites in the final Fe-N-C materials and a compromised ORR performance.'®
20 Recently, many strategies have been proposed for preferential preparation of
atomically active Fe-Nx moieties in Fe-N-C catalysts (denoted as single-atom Fe

h?!"22, atomic isolation

catalysts), such as silica-protective-layer-assisted approac
method?’, and space-confined pyrolysis***>. Compared to the corresponding traditional
Fe-N-C materials, the single-atom Fe catalysts show obviously enhanced ORR
performance. However, such these methods usually involve a time- and energy-
consuming process to removal inactive templates and isolation agents in the final
catalysts. Furthermore, owing to weak interaction between accessory ingredients (such
as silica, Zn, alkali salts, and etc.) and Fe atoms to stabilize isolated Fe atoms during
high-temperature heat-treatment, it is still hard to achieve highly single-atom Fe content
(below 2 wt.%) by these methods, which leads to the Fe-N-C performance compromise.

Ceria, as a buffer for releasing and storing oxygen and active support for noble metals,

has demonstrated to be an effective promotor for the ORR due to the existence of



Ce**/Ce*" redox couple.?® Furthermore, ceria plays a significant role in promoting
dispersion of noble metals. Recently, single Pt atoms have been effectively anchored

t>” and high-temperature atom trapping?®.

on ceria via a high-temperature steam treatmen
It was found that Pt atoms transferred to ceria and was trapped. Density functional
calculations demonstrated that atomically dispersed Pt/Pd/Ni could be stable on the
surface rather than diffusing into the ceria bulk.?’ More importantly, ceria can improve
O adsorption and ORR activity. For example, ceria modified carbon materials have
demonstrated to be a kind of highly efficient ORR catalysts followed a complete four-
electron-transfer pathway.>**! Such these unique features of ceria motivate us to utilize
it to stabilize atomically dispersed Fe in carbon materials and have an insight into the
ORR.

Here, we proposed a ceria-assisted strategy to preferentially synthesize atomically
dispersed Fe-Ny active sites in Fe-N-C materials during high-temperature pyrolysis.
Ceria in the preparation process could not only spatially confine Fe atoms, but also trap
and stabilize Fe atoms, resulting in the Fe content as high as 4.6 wt.% in the final Fe-
N-C material. More importantly, such high concentration of Fe was in the form of
isolated atoms demonstrated by aberration-corrected transmission electron microscopy
(TEM) and extended X-ray absorption fine structure (EXAFS) techniques. The final
material showed excellent ORR performance with an ORR half-wave potential 0of 0.915
V and a large maximum power density of 496 mW cm™ when it was assembled as an

anion exchange membrane fuel cell (AEMFC).

Results and discussion



The material synthesis involved chemical synthesis of polypyrrole nanowire induced
by oxidized cetyltrimethylammonium bromide template, Ce** and Fe*" adsorption on
the molecular chain of polypyrrole nanowire by virtue of electrostatic interaction with
negative nitrogen, and subsequent heat treatment. The final material was denoted as
Ce/Fe-NCNW. Heat-treatment temperature plays a significant role in the ORR
performance of Ce/Fe-NCNW materials. As shown in Figure S1, the Ce/Fe-NCNW
prepared at 900 °C possess the best ORR performance. Subsequently, we carried out
different ratio of Fe*" and Ce*" and found that the Ce/Fe-NCNW synthesized with
Fe’":Ce**=1:1 showed the highest ORR catalytic activity (Figure S2). The bellow-
mentioned Ce/Fe-NCNW was prepared under the optimized condition.

Figure 1a shows a typical scanning electron microscopy (SEM) image of polypyrrole
nanowire. The diameter is on the order of 110 nm. After a pyrolysis at 900 °C, the final
Ce/Fe-NCNW material holds a smaller diameter of around 70 nm due to thermal
shrinkage (Figure 1b). Furthermore, large numbers of nanosized species appear on the
carbon nanowire. Transmission electron microscopy (TEM) image shows that the size
of nanosized species (dark spots) is about 20 nm (Figure 1c). A high-resolution TEM
observation demonstrates that the nanosized species are embedded in carbon nanowire
(Figure 1d). The corresponding energy-dispersive X-ray spectroscopy (EDS) elemental
mapping images show that the nanosized species can be ceria while Fe and N are
enriched in the vicinity of ceria (Figure 1e). Such feature reveals that ceria indeed traps
and stabilizes Fe atoms, coordinated with N doping. X-ray photoelectron spectroscopy

(XPS) was carried out to evaluate the chemical composition in Ce/Fe-NCNW and the



C, N, O, Fe, and Ce elements were detected (Figure S3). Figure 1f shows that the C, N,
O, Fe, and Ce contents in Ce/Fe-NCNW are 71.5 wt.% (85.8 at.%), 5.8 wt.% (6.0 at.%),
6.5 wt.% (5.8 at.%), 4.6 wt.% (1.2 at.%), and 11.6 wt.% (1.2 at.%). High-resolution
XPS N 1s spectra (Figure 1g) shows that Ce/Fe-NCNW is enriched with pyridinic N or
Fe-Ny configurations according to their binding energies.*** Figure 1h shows the Fe
2p spectra. The Fe is demonstrated in Ce/Fe-NCNW as the form of Fe*" and Fe**. The
Ce 3d spectra integrated with fitting shows eight peaks, in which v2 and 2 are attributed
to Ce*" while the others are due to Ce*".3* Such oxygen vacancies and Ce*"/Ce*" redox

couple can create a charge imbalance, demonstrating as an effective promotor for the

ORR.
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Figure 1. SEM images of (a) pyrrole nanowire and (b) Ce/Fe-NCNW. (c) Low-



magnification TEM image of Ce/Fe-NCNW. (d) High-magnification TEM image of
Ce/Fe-NCNW and (e) the corresponding EDS elemental mapping. (f) Chart showing
the contents of C, N, O, Fe and Ce in Ce/Fe-NCNW measured by XPS. High-resolution

XPS (g) N 1s, (h) Fe 2p and (i) Ce 3d spectra of Ce/Fe-NCNW.

Figure 2a shows the N> adsorption/desorption isotherm of Ce/Fe-NCNW. The
stronger adsorption and a small hysteresis indicate that Ce/Fe-NCNW possesses a
micropore/mesopore structure, which is also reveal from pore distribution curve (Figure
S4). The Brunauer-Emmett-Teller (BET) surface area of Ce/Fe-NCNW is 326 m? g,
X-ray diffraction (XRD) pattern and X-ray absorption spectrum measurements were
carried out to reveal the Fe and Ce configurations. Ceria characteristic peaks were
detected while iron species was absent (Figure S5a). After NH3 activation, Ce species
became complex (Figure S5b). X-ray absorption near-edge structure spectrum (XANES)
demonstrates the Fe absorption edge of Ce/Fe-NCNW (Figure 2b) locates between
standard FeO and Fe>Os, which indicates that the Fe oxidation state coexists in 2+ and
3+,>3% in good agreement with XPS Fe 2p result. Figure 2¢ shows Fourier-transform
extended X-ray absorption fine structure (EXAFS) curve of Ce/Fe-NCNW. An
impressive peak at ~1.4 A was detected, which is attributed to Fe-N(O) bond. More
importantly, the absence of the Fe-Fe scattering peak at ~2.1 A and any other long-
range order scattering peaks, which demonstrates that Fe exists in Ce/Fe-NCNW as a
form of dispersed and isolated atoms. Furthermore, the average coordination number

of Fe is on the order of 5 according to the structural parameters of EXAFS fitting (Table



S1). Thus, we propose that one oxygen from ceria coordinates with single Fe atom in

perpendicular to Fe-Ny plane.
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Figure 2. (a) N adsorption/desorption isotherm of Ce/Fe-NCNW. (b) Fe K-edge
XANES and (c) Fourier-transform EXAFS spectrums of Ce/Fe-NCNW and reference
samples. (d) Z-contrast image of Ce/Fe-NCNW. (e) Z-contrast image of Ce/Fe-NCNW
showing isolated metal atoms around ceria nanoparticles and (f) the corresponding EDS

elemental mapping at the atomic scale.

In addition, aberration-corrected scanning TEM (STEM) measurements were
employed to directly observe the elemental status and distribution in Ce/Fe-NCNW at
the atomic level. Figure 2d shows a typical Z-contrast image. Except for isolated Fe
atoms anchored on carbon (isolated bright dots), there are abundant atom domains,
possibly constituted by atomically dispersed Fe anchored on ceria nanoclusters. Figure

2¢ shows the Z-contrast image of Ce/Fe-NCNW containing ceria nanoparticles (0.31



nm for crystal indices (110); 0.27 nm for crystal indices (200)). The corresponding
atomic Ce, O, N, and Fe elemental maps (Figure 2f) show that the Fe signal overlaid on
ceria becomes relatively stronger, further demonstrating that ceria can trap and stabilize
Fe atoms on the surface.

The rotating ring-disk electrode (RRDE) measurements in an Oz-saturated 0.1 M
KOH were performed to assess the ORR activity of Ce/Fe-NCNW. Figure 3a shows the
ORR polarization curves recorded from the disk current electrode. Clearly, Ce/Fe-
NCNW shows an excellent ORR activity with a positive half-wave potential of 0.915
V, better than that of commercial Pt/C catalyst (0.866 V). Compared to recently
published decent single-atom Fe catalysts, such as atomically dispersed Fe/N/S
decorated hierarchical carbon/carbon nanotubes (0.85 V) 37, atomically dispersed Fe-
Ny species on porous porphyrinic triazine-based frameworks (0.87 V) 3 and zeolitic
imidazolate framework-derived isolated single-atoms Fe catalyst (0.90 V)!2, Ce/Fe-
NCNW shows the highest ORR activity and represents one of the best noble-metal-free
catalysts. The HO™ yield and electron transfer number were calculated according to
disk and ring currents. As shown in Figure 3b, the HO> yields of Ce/Fe-NCNW at all
the potentials are below 2.5%. Such low HO;" yields reveal that Ce/Fe-NCNW has a
high efficiency for the ORR following a complete four-electron-transfer-pathway.
Figure 3¢ shows Tafel plots of Ce/Fe-NCNW and Pt/C derived from mass transport
correction. Like decent Pt/C, Ce/Fe-NCNW holds a small Tafel slope of 68 mV/decade,
indicating its good ORR kinetics. Furthermore, Ce/Fe-NCNW shows an impressive

kinetic current density of 7.15 mA cm™ at 0.9 V, which is 3.3 times as large as that of



Pt/C (2.15 mA cm™). All the above results demonstrate that the ORR activity of Ce/Fe-
NCNW in alkaline solutions is superior to Pt/C. In addition to the activity, the ORR
durability is another significant factor towards practical applications. Figure 3d shows
the ORR curves of Ce/Fe-NCNW recorded at intial and after 5000 potential cycles at a
potential range of 0.6-1.0 V at 50 mV s, Its ORR catalytic activity underwent a
decrease with a negative half-wave potential shif of 19 mV, less than that of Pt/C (25
mV; Figure S6), which demonstrates its good ORR durability. Nevertheless, in harsh

acidic conditions, the ORR activity of Ce/Fe-NCNW is still poor than that of Pt/C

(Figure S7).
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Figure 3. (a) ORR polarization curves, (b) Peroxide yield and electron transfer number,

and (c) Tafel plots of Ce/Fe-NCNW and Pt/C. (d) ORR polarization curves of Ce/Fe-



NCNW before and after 5000 potential cycles.

The Ce/Fe-NCNW material was finally applied to a real AEMFC. As shown in Figure

4a, Ce/Fe-NCNW shows an impressive peak power density of 372 mW cm?, still

inferior to Pt/C (40 wt% Pt) with the same loading of 1.0 mg cm™. When the air inflow

was increased (Hz from 500 sccm to 1400 sccm; Oz from 300 sccm to 700 sccm), the

peak power density increased to 496 mW cm (Figure 4b). Such AEMFC performance

is much better than most of decent Fe/Co-N-C catalysts (Table S2). Furthermore, the

pressure plays an important role in AEMFC performance. The higher pressure resulted

in the better output performance.
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Figure 4. (a) AEMFC polarization curves recorded by using Ce/Fe-NCNW and Pt/C as



the cathode catalysts (catalyst loading: 1.0 mg cm™). (b) AEMFC polarization curves
of Ce/Fe-NCNW with different pressure. (c) ORR polarization curves of Fe-NCNW,
Ce-NCNW, and Ce/Fe-NCNW. (d) TOFs of Ce/Fe-NCNW and Fe-NCNW according
to atomically dispersed Fe active sites.

To understand the nature of Ce/Fe-NCNW for high-performance ORR, contrast
experiments were performed to prepared Fe-NCNW in the absence of Ce and Ce-
NCNW without addition of Fe. No nanosized Fe species in Fe-NCNW was observed
(Figure S8) while Ce-NCNW was enriched with Ce-based nanoparticles (Figure S9).
The recorded ORR polarization curves in Figure 4c show Ce/Fe-NCNW has a
remarkably positive half-wave potential than that of Ce-NCNW (0.865 V) and Fe-
NCNW (0.882 V). Furthermore, Ce/Fe-NCNW shows much higher catalytic efficiency
(Figure S8). Accordingly, it seems Ce-based species can boost the ORR activity of
single-atom Fe sites. The turnover frequencies (TOFs) of single-atom Fe sites in Fe-
NCNW and Ce/Fe-NCNW were applied to understand the correlation between single-
atom Fe sites and Ce species. Figure 4d shows the TOFs of Fe-NCNW and Ce/Fe-
NCNW derived from kinetic current density (Figure S9) and mass-based Fe site
densities (Figure S10 and Figure 1f).3° The TOF of Ce/Fe-NCNW is 0.30 e s”! site”! at
0.9 V, more than twice that of Fe-NCNW (0.14 ¢ s7! site’!). This result demonstrates
that highly efficient ORR activity of Ce/Fe-NCNW should be attributed to the
synergistic effect between single-atom Fe sites and Ce species.

Conclusion

In conclusion, a new ceria-assisted strategy was proposed to preferentially synthesis



of active single-atom Fe sites in the Ce/Fe-NCNW material, which involves oxidative
polymerization of pyrrole, Ce*" and Fe*" adsorption, and subsequent heat treatment.
Owing to its spatial confinement and strong trapping for Fe atoms, ceria can effectively
suppress agglomeration of isolated Fe atoms and stabilize the Fe atoms by bonding to
O in the lattice during the heat treatment, resulting in a high content of atomically
dispersed Fe (4.6 wt.%) in Ce/Fe-NCNW. The EXAFS data suggested that the single-
atom Fe site was constructed of one oxygen from ceria coordinates in perpendicular to
Fe-N4 plane. The Ce/Fe-NCNW catalyst showed ultrahigh ORR activity with a half-
wave potential of 0.915 V and kinetic current density of 7.15 mA cm™ at 0.9 V. More
importantly, when it was as assembled an anion exchange membrane fuel cell, a large
maximum power density of 496 mW cm™ was achieved. Controllable experiments
demonstrated that the nature of highly efficient ORR performance could be originated
from synergistic effect between single-atom Fe site and Ce species.
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