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Broad context

Hydrogen polymer electrolyte fuel cells (PEFCs), as clean energy technology, are capable
of providing high efficiency and high-power for transportation applications with
comparable driving distance to internal combustion engine vehicles. However, large-scale
PEFC applications cannot be realized until high-performance, durable, and low-cost
cathode catalysts for the oxygen reduction reaction (ORR) are available. Compared to state
of the art Pt catalysts, development of platinum group metal (PGM)-free catalysts is highly
desirable for fuel cell technologies to address the cost issue. However, the insufficient
density of active sites and unsatisfied durability of current PGM-free catalysts are major
technical barriers to prevent their viable applications, especially for transportation. In this
work, we dedicate to the development of high-performance PGM-free catalysts through
exploring effective catalyst synthesis methods to significantly increase the density of
highly active FeNjy sites for activity improvement. Through stability studies along with
advanced characterization, the acquired knowledge sheds light on the understanding of
possible catalyst degradation mechanisms, which aims at providing strategies to eventually

overcome the grand stability challenge for PGM-free catalysts.
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High-performance Oxygen Reduction Reaction Fuel Cell Catalysts
Containing Only Atomically Dispersed Iron Active Sites

Hanguang Zhang,® Hoon T. Chung,® David A. Cullen,¢ Stephan Wagner,? Ulrike I. Kramm,? Karren L.
More,® Piotr Zelenay,>* and Gang Wu?*

Abstract: Platinum group metale-free (PGM-free) catalysts for the oxygen reduction reaction (ORR) with atomically
dispersed FeN, sites have emerged as a potential replacement for low-PGM catalysts in acidic polymer electrolyte fuel cells
(PEFCs). In this work, we carefully tuned doped Fe content into zeolitic imidazolate framework (ZIF)-8 precursors and
achieved complete atomic dispersion of FeN, sites, the sole Fe species in the catalyst based on MéRbauer spectroscopy data.
The Fe-N-C catalyst with the highest density of active sites achieved respectable ORR activity in rotating disk electrode (RDE)
testing with a half-wave potential (E;) of 0.88 + 0.01 V vs. the reversible hydrogen electrode (RHE) in 0.5 M H,SO, electrolyte.
Activity degradation was found to be more significant when holding a potential at 0.85 V relative to the standard potential
cycling (0.6-1.0 V). The post-mortem analysis provides insights into possible catalyst degradation mechanisms associated
with Fe-N coordination cleveage and carbon corrosion. High ORR activity was confirmed in fuel cell testing, which also
divulged promising performance of the catalysts at practical PEFC voltages. We conclude that the key factor behind the high
ORR activity of the Fe-N-C catalyst is an optimum Fe content in the ZIF-8 precursor. While too little Fe in precursors results
in insufficient density of FeN, sites, too much of Fe leads to the formation of clusters and ensuing significant loss in catalytic
activity due to the loss of atomically dipsered Fe to the inactive clusters or even nanoparticles. Advanced electron
microscopy was used to obtain insights into the clustering of Fe atoms as a function of the doped Fe content. The Fe content
in the precursor also affects other key catalyst properties such as the particle size, porosity, nitrogen-doping level, and
carbon microstructure. Thanks to using the model catalysts exclusively containing FeN, sites, it was possible to directly
correlate ORR activity with the density of FeN, species in the catalyst.

active sites for the ORR in such catalysts.*® Increasing the
density of FeN,; sites by atomically dispersing Fe in catalyst
precursors appears to be an effective strategy for enhancing

The high cost and less than desirable performance of platinum
group metal (PGM) catalysts for oxygen reduction reaction
(ORR) represent two big challenges facing the acidic polymer
electrolyte fuel cell (PEFC) technology. In this context, PGM-free
catalysts emerge as an appealing alternative, provided they can
fulfill the stringent activity and durability requirements of
practical systems. Among various PGM-free catalysts developed
to date, the iron and nitrogen co-doped carbon catalysts (Fe-N-
C) have shown encouraging activity and stability.l3
Spectroscopic studies and computational simulations suggest
that FeN,, and possibly other similar Fe-N species, are the likely
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catalytic activity.®8 Relative to other precursors, Zn-rich zeolitic
imidazolate frameworks (ZIF-8), with potentially capability to
host FeN, moieties as their key structural element are especially
attractive for achieving high density of FeN, sites in catalysts
obtained using one-step high-temperature thermal activation
approach.? 817 The synthesis of ZIF-8-derived catalysts typically
does not require carbon-black supports and tedious post
leaching and multiple heat
treatments).’-2° Nevertheless, the ORR activity of many ZIF-8-
derived catalysts is often low in acidic media, likely due to
insufficient density of FeN, sites resulting from the loss of Fe to
the ORR-inactive metal-rich aggregates?>> and poor control
over the Fe dispersion in catalysts. While the metal content in
catalysts has been recognized as one of the critical factors
affecting ORR performance of Fe-N-C catalysts,'” 24?7 little is
known about the role of Fe during the active site formation and
chemical forms of Fe involved in the ORR. The lack of well-
defined Fe-N-C catalysts, with homogeneous morphology and
uniform active-site dispersion has made rational design and
fundamental knowledge gaining in this area even more
challenging.

treatments such as acidic

J. Name., 2013, 00, 1-3 | 1
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In this work, we employed chemical doping to replace a small
fraction of Zn ions in ZIF-8 precursors with Fe ions.'” This
approach allowed for precise control of the Fe content in the
imidazolate precursors to study its effect on catalytic properties
and ORR activity. The ZIFs have been identified as ideal
precursors capable of providing imidazolate ligands to
coordinate Fe sites in FeN; complexes within a 3D ZIF
framework. Thus, chemical doping of Fe into ZIF-8s allows for
better Fe dispersion in the precursor and precise control over
the Fe content. Through subsequent high-temperature
treatment, chemically Fe doped ZIFs are directly converted into
high surface-area carbons, co-doped with Fe and N.17.21,28,29 7
evaporation during the heat treatment benefits the formation
of porous carbon phases making active sites accessible during
the ORR.?2 3031 By carefully tuning the doped Fe content, we
synthesized model Fe-N-C catalysts with atomically dispersed
and nitrogen coordinated FeN, sites uniformly dispersed in
partially graphitized carbon phases, and without any formation
of Fe-rich aggregates. MoRbauer spectroscopy verified the
exclusive presence of Fe in the FeN4 form. The advanced
electron microscopy helped to monitor the Fe clustering
process with an increase of Fe doping content in ZIF-8
precursors. The effect of Fe content on physical and catalytic
properties was systematically studied. Catalysts with the
highest FeN, density achieved a record ORR activity in acidic
electrolytes, significantly minimizing the gap to the start of the
art Pt/C catalysts. The atomically dispersed Fe catalysts were
further studied in fuel cells, which showed promising
performance and improvements to durability at practical
operation voltages.

Results and Discussion
Atomic Fe site dispersion in catalysts

The Fe content in Fe-doped ZIF-8 (Fe-ZIF) was controlled by
replacing part of the original Zn ions with Fe ions during the
solution-phase synthesis of nanocrystalline ZIF-8 precursors in
methanol.3?2 The catalysts were labelled xFe-ZIF, where x
represents the atomic content of Fe3* relative to the total
content of metal ions (Fe3* and Zn?*) in ZIF-8 precursors in the
range from 0.1 to 9.0 at.%. A single-step heat treatment at 1100
°Cunder aninert atmosphere flow was optimized to convert Fe-
doped ZIF precursors directly into xFe-ZIF catalysts without any
additional post-treatments. Detailed synthesis procedures and
extensive characterization methods are described in Electronic
Supplementary Information (ESI). Figure S1 in ESI shows the
synthesis scheme.

High angle annular dark field scanning transmission electron
microscope (HAADF-STEM) images in Figures 1a-b attest to the

2 | J. Name., 2012, 00, 1-3

atomic and uniform dispersion of Fe atoms in the carbon phase.
The two images shown, recorded for the same area in the best
performing 1.5Fe-ZIF catalyst in the bright field and Z-contrast
modes, respectively, are representative of the entire catalyst
sample. The electron energy loss spectroscopy (EELS) revealed
the tendency for the iron and nitrogen atoms to be co-located
in the catalyst, directly suggesting coordination of Fe by N
(Figures 1c-d). With an increase in the doped Fe content in ZIF-8
precursors, the transition from atomically dispersed Fe sites to
Fe clusters was observed (Figures 1e-1h). Clustering appeared
in the catalyst derived from the precursor with 2.5 at% of Fe
and became prevalent in the catalyst generated from the
precursor with 3.0 at% of Fe (see EELS data in the inset in Figure
1h). These ultra-high resolution STEM data confirm the key role
of atomically dispersed Fe sites in the ORR. It also explains the
best activity of the 1.5Fe-ZIF catalyst due to the highest density
of atomic Fe sites without any Fe clustering. A decrease in the
ORR activity with further increase in the Fe content is due to a
gradual loss of atomically dispersed Fe to clusters and,
ultimately, to Fe-rich nanoparticles.

Unlike in the earlier reported Fe-N-C catalysts having highly
heterogeneous morphology,33 the atomically dispersed catalyst
with an optimum Fe content benefits from the conversion of all
available Fe in the precursor to the FeN, active sites, rather than
to the less active clusters or nanoparticles. The possible reason
for the high Fe utilization in the catalyst is ligation of Fe atoms
in precursors by 2-methylimidazole and their spatial separation
by Zn atoms within the ZIF-8 structure. The ligation of Fe atoms
reduces their mobility and assures uniform distribution
throughout the precursor, also during the follow-up high-
temperature treatment.3* The spatial isolation prevents the
formation of Fe-rich (Fe and/or FesC) aggregates during the
heat treatment. The coordination bonds between Zn?*ions and
2-methylimidazole in precursors are broken at around 500 °C,
with zinc ions undergoing likely reduction to metallic Zn.*? This
leads to the reduction in microporosity and surface area.
Subsequent removal of metallic zinc species above 800 °C via
evaporation gradually recovers catalyst surface areas, though
not to the original level (Figure S2). When Fe content in the
precursor exceeds ca. 1.5 at.%, a fraction of Fe atoms, which can
no longer be accommodated by the ZIF matrix, undergo
agglomeration and ultimately conversion to Fe- and/or FesC-
rich clusters and nanoparticles during the high-temperature
treatment. These forms of Fe do not contribute to the ORR
activity in the acidic solution (at all or to a negligible level); to
the contrary, their formation may cause a decrease in the
content of atomically dispersed Fe sites in the catalyst, probably
due to larger strength of Fe-Fe bonds than Fe-N bonds.3>

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Atomic dispersion of Fe sites in Fe-doped ZIF catalysts. (a) Bright-field STEM image showing partially graphitized carbon fringes in the best

performing 1.5Fe-ZIF catalyst; (b) HAADF-STEM image of the same depicting the single Fe sites (bright dots) dispersed throughout the carbon phase

in the 1.5Fe-ZIF catalyst; (c-d) Fe-N-C structure analyzed by HAADF-STEM and EELS, respectively; (e-h) evolution of atomically dispersed Fe sites to

Fe-rich aggregates with an increase in iron content in ZIF precursors with 0.05Fe-ZIF (e), 1.5Fe-ZIF (f), 2.5Fe-ZIF (g) and 3.0Fe-ZIF (h). (Fe clusters

beginning to form in catalyst derived from Fe-ZIF precursor 2.5 at.% of Fe); EELS confirmation of cluster formation shown in the inset in (h).

Our
spectroscopy (XAS) studies suggest that FeN, is likely the active

previous DFT and experimental X-ray absorption
site in Fe-N-C catalysts.® 3¢ Highly iron-sensitive MéRBbauer
spectroscopy experiments were further carried out with the
most active 1.5Fe-ZIF catalyst for more than 20 days to assure
sufficient Fe signal. The result shown in Figure 2a indicates that
Mo6Rbauer parameters of the doublets D1 and D2 are associated
with Fe species in FeN4 configuration (Figure 2c). D1 is
interpreted in terms of an in-plane FeNjs coordination
integrated in graphene layers. D2 is accounted for by a FeNy,,
coordination with a pseudo-sixfold coordination of Fe by the
four neighboring nitrogen atoms and carbon or nitrogen atoms
in the axial direction from graphene planes above and below (cf.

the crystal structure of FePc).37-3° Our previous DFT calculations

This journal is © The Royal Society of Chemistry 20xx

suggest that the FeN,Cg
activity than the FeN,C;, moiety.3¢ Based on these results and

moiety should have higher intrinsic

previouscorrelation of activity vs. MéBbauer species,* D1 may
act similar to FeN4Cg. It was predicted that the carbon atoms
with dangling bonds adjacent to FeN4 moieties are part of the
ORR active sites, which bind the OOH intermediate to facilitate
the cleavage of O-O bonds during the ORR. The Fe valence is
close to 2+ in the catalysts, which is in good agreement with our
previous XAS analysis suggesting a valence between 3+ and
2+.%% It should be noted that the Fe catalysts were exposed to
air before the analysis, causing possible oxidation. The valance
can be changed depending on applied potentials during the
ORR. The uncertainty in the accurate determination of the Fe
valence at the catalyst surface notwithstanding, MoRbauer

J. Name., 2013, 00, 1-3 | 3
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results confirm the exclusive atomic dispersion of FeNy sites in
the catalyst and the absence of any other Fe crystalline phases,

(b)
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such as metal, oxide, carbide, or nitride.
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Figure 2. (a) M6Rbauer spectroscopy of the best performing atomically dispersed Fe catalyst (1.5Fe-ZIF); (b) XPS N1s spectra of ZIF-8, 1.5Fe-ZIF and

9.0 Fe-ZIF catalysts; (c) The molecule structure of D1 (FeN,Cg) and D2 (FeN,Cyy); (d) elemental composition; (e) fraction of various types of nitrogen

doping for various Fe-ZIF catalysts as function of Fe doping content in ZIF precursors.

Since the coordination by four nitrogen atoms appears to
stabilize atomically dispersed Fe sites in catalysts, nitrogen
doping may be crucial to ORR activity. N atoms can be doped at
either edge or bulk of the graphene planes as the pyridinic and
graphitic N with different binding energies of ca. 398.6 and
401.1 eV,
dependent on the content of doped Fe. The pyridinic nitrogen
peak at 398.3 eV in the Fe-free ZIF sample is shifted positively
to 398.7 eV in Fe-ZIF catalysts (Figure 2b). This shift is likely
attributed to an increase in the oxidation state of nitrogen due
to the Fe-N bonds formation. The best performing 1.5Fe-ZIF
catalyst has the highest total and pyridinic nitrogen contents of
all studied catalysts (Figures 2d-2e). This is related to the
highest concentration of FeN, sites, most likely involving
pyridinic nitrogen atoms. The ratio of N to Fe in the 1.5Fe-ZIF
catalystis approximately 7:1, which is higher than the expected

respectively. We found that N doping is largely

stoichiometric ratio of 4:1, indicating that a significant fraction
of nitrogen in 1.5Fe-ZIF is not coordinated to Fe at all. Notably,
the N content in catalysts tends to decrease with an increase Fe
content above 1.5 at.%, implying a loss of N atoms lose from
atomic Fe-N,4 sites as a result of Fe clustering at high Fe
content.3>

4 | J. Name., 2012, 00, 1-3

Catalyst morphology and structures

To understand the effect of Fe doping in the precursor on the
structure and morphology of resulting Fe-N-C catalysts, we
performed thorough characterization of the precursors and catalysts
as a function of the Fe content. The XRD patterns for the Fe-ZIF
precursors were found to be independent of the Fe content (Figure
S3a), indicating that Fe doping does not affect the ZIF crystallinity.
After a single heat treatment at 1100 °C, the XRD patterns were
dominated by carbon peaks. The broad peak at 25° implies the
presence of dominant amorphous carbon structures in all studied
samples (Figure S3b). The 9.0Fe-ZIF catalyst contains small amount
of crystalline phases, likely Fe or/and FesC particles.

The effect of the Fe content on the carbon structure was further
There is no
and 1.5Fe-ZIF
catalysts. The similar values of Ip/lg suggest that they have
nearly identical carbon structures. However, an increase in the
Fe content to 9.0 at.% results in a rise in D and G bands, which
have similar intensity (the I/l ratio of 1.0). Although the higher
value of Ip/lg in this case may indicate carbon structure still rich
in disorder phase, the narrowness of the D band and the

studied using Raman spectroscopy (Figure S4).

significant differences between “Fe-free”

This journal is © The Royal Society of Chemistry 20xx
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appearance of 2D band at 2700 cm™ suggest overall
improvement of the carbon crystallinity.*! These results point
to an enhancement in the degree of graphitization in the 9.0Fe-
ZIF catalyst. The subtle changes in the catalyst carbon structures
were also studied using HR-TEM images (Figure S5). The
micrographs are in good agreement with the Raman spectra,
indicating an increase in the graphitization of Fe-ZIF catalysts
with higher Fe content in precursors, linked to iron-catalyzed
formation of graphene shells around the Fe or/and FeC;

nment

ARTICLE

nanoparticles (Figure S5). The surface area and porosity of Fe-
doped precursors are nearly independent of the Fe content
(Figures S6 and S7). All ZIF precursors show similar BET surface
area of around 1100 m?/g. However, the high-temperature
treatment, e.g., at 1100 °C, leads to significant reduction in the
surface area of catalysts to ca. 640 m?/g for 1.5Fe catalyst. This
is mainly due to the loss of microporosity, evidenced by a
decrease in the N, uptake at low pressures.

Figure 3. Comparison of catalyst morphology and carbon microstructure in catalysts obtained from Fe-ZIF precursors with (a-d) optimum (1.5 at.%)

and (e-h) high (9.0 at.%) Fe content.

An Fe contents higher than 1.5 at.% results in a decrease in the
catalyst surface area due to a less porous graphitic carbon
catalyzed by metallic Fe clusters or nanoparticles.??

The effect of Fe content on the size of Fe-doped ZIF precursor
nanocrystals was studied by scanning electron microscopy
(SEM) (Figure S8). Fe doping leads to an increase in the ZIF
crystal sizes from 40 nm, an average value for the “Fe-free” ZIF-
8, to 60 nm and 800 nm for ZIFs doped with of 1.5 at.% and 9.0
at.% of Fe, respectively. In principle, crystal sizes are decided by
the relative rates between seed nucleation and growth. The
formation of larger particles can be explained by the nucleation
rate of seeds becoming slower with an increase in the Fe
content during the ZIF crystal formation, possibly because of the
competition of Fe3 ions with Zn?* ions to coordinate 2-
methylimidazole.**> While the morphology of Fe-doped ZIF
precursors is retained in catalysts, the “Fe-free” ZIF-8 precursor
collapses during the high-temperature treatment, vyielding
particles and disordered carbon

resulting in irregular

morphology with low level of graphitization (Figure S$9).
Consequently, Fe doping appears to be preventing 3D ZIFs from
collapsing.

To elucidate the impact of Fe on the catalyst structure, we
compared two catalysts derived from precursors with the

This journal is © The Royal Society of Chemistry 20xx

optimum (1.5 at.%) and high (9.0 at.% ) Fe content. As shown in
Figures 3 and $10, the catalyst derived from ZIF precursors with
1.5 at.% Fe maintains the polyhedron morphology, free of any
metallic aggregates. The carbon phase in the 1.5Fe-ZIF catalyst
is uniform, dominated by curved carbon fringes, characteristic
of the dominant amorphous carbon. In turn, the dominant
morphological feature in the 9.0Fe-ZIF catalyst is much larger
carbon particles. The carbon polyhedrons are on a ca. 1000 nm
scale and tend to fuse together, a shape contrast with smaller,
isolated polyhedron particles in the 1.5Fe-ZIF catalyst. The
catalyst derived from 9.0 at.% Fe precursor also contains
numerous metallic aggregates, protected by several layers of
highly graphitized carbon shells (Figure S5). This feature is often
observed with the early Fe-N-C catalysts.?? 4% 45 |n general,
highly graphitized Fe-based catalysts are less ORR active in
acidic environments, possibly due to the very low content of
defects needed for hosting the FeN, sites.'”

Catalyst performance

The ORR activity of catalysts derived from Fe-doped ZIF
precursors with Fe content ranging from 0.1 to 9.0 at.% was
evaluated using the rotating ring disk electrode (RRDE) in O;-sa-

J. Name., 2013, 00,1-3 | 5
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Figure 4. (a) RRDE ORR polarization plots and (b) H,0, yield plots for different Fe-ZIF catalysts as a function of Fe content in the precursor (from 0
to 9 at.%). Test conditions: O,-saturated 0.5 M H,SO,, disk rotation rate 900 rpm, catalyst loading 0.8 mg/cm?. Fuel cell performance of the 1.5Fe-
ZIF catalyst: (c) H,-O, and (d) H,-air. Anode: 0.2 mgp,/cm? Pt/C; H, flow rate 200 sccm, 1.0 bar H, partial pressure; cathode: ca. 4.0 mg/cm?, 200
sccm gas flow rate, 1.0 bar total partial pressures of gases flown; membrane: Nafion®211; cell: 80°C, 100% RH, 5.0 cm? MEA electrode area.

-turated 0.5 M H,SO, electrolyte at 900 rpm and 25°C (Figures
4a and S11-S12). The loading of all PGM-free catalysts on the
disk electrode was 0.8 mg/cm2. A typical Pt/C catalyst (TKK,
20wt% Pt on Vulcan support) with a loading of 0.3 mg/cm? (60
ugp/cm?) was studied in 0.1 M HCIO, solution, instead of 0.5 M
H,SO, to avoid bisulfate adsorption. The activity increased
continuously with an increase in Fe content in precursors from
0 to 1.5 at.%. The performance of the “Fe-free” sample was
found to be very poor, as indicated by E,,s: of 0.82 V and E of
0.60 V. An addition of even small amount of Fe (0.05 at.%) to
the precursor resulted in a significant increase in the ORR
activity, with E e and Ey rising to 0.92V and 0.77V,
respectively. Such a dramatic increase in ORR activity highlights

This journal is © The Royal Society of Chemistry 20xx

the key role of Fe and the intrinsic activity of FeN, sites.*® 47 A
gradual increase in the Fe content in the precursor to 1.5 at.%
Fe gives rise to the £, of 0.88 £ 0.01 V. Given the high sensitivity
of the Ey values to any in homogeneity and variations in the
thickness of catalyst layers on disk electrodes, the RDE
experiments were repeated several times. The error bars for the
polarization data are shown in Figure S11e-f. The dramatically
enhanced ORR activity with an increase in the Fe content in the
precursor up to 1.5 at.% is due to an increase in the density of
FeN, active sites in the 3D carbon derived from ZIF-8 after the
heat treatment. This RDE performance was compared in this
work to other similar published research (Table S1). The E; of
0.88+ 0.01 V represents the ever recorded activity for Fe-N-C

J. Name., 2013, 00, 1-3 | 6
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catalysts. At a high catalyst loading used, the measured Ej
approaches those for Pt/C catalysts at a disk loading of 60
ugp/cm? (i.e., total 0.3 mg/cm? including both carbon and Pt).4®
However, further increase in Fe content in precursors up to 2.5
and 3.0 at.% resulted in obvious drops in the Ej value to
0.85 and 0.82 V, respectively, suggesting reduction in the
density of active sites due to the formation of Fe clusters or/and
FeCs. This downward trend in the activity continued up to the
highest studied Fe content of 9.0 at.%. Since the change in Fe
content in the precursor from 1.5 to 2.5 at.% was found to
significantly affect ORR activity of the resulting Fe-N-C catalysts,
further optimization of the Fe content was performed in a
narrow range between 1.2 to 2.5 at.% (Figure S11d). The
highest ORR activity was measured with catalysts derived from
precursors containing between 1.5-1.8 at.% Fe. This contents
correspond to the top of a volcano curve describing the
dependence of ORR activity on the Fe content in the ZIF-8
precursors. The continuous increase in ORR activity with an
increase in Fe content of ZIF-8 precursors from 0 to 1.5 at.%
attests to the dependence of ORR activity on the number of
FeN, sties. Once the Fe content in precursors reaches a certain
threshold, clustering of single atomic Fe sites occurs during the
heating treatment, which significantly reduces the number of
FeN, active sites. This observation can serve as a guidance for
designing advanced Fe-N-C catalysts targeting an increase
higher content of atomically dispersed Fe for ORR activity
enhancement. The density of FeN,; active sites in the best
performing 1.5Fe-ZIF catalyst was also approximately estimated
using a method developed by Sahraie et al.® The maximum
mass-based site density (MSD,,.,) and TOF values are found to
be 1.3x102° (site/g.,:) and 2.1 (e s'isite?), respectively. They are
one of the highest values of MSD,.x and TOF reported to date
for PGM-free catalysts (Table S2),

The electrochemically accessible surface area (ECSA) was
estimated from the double layer capacitance as determined
using cyclic voltammetry (CV) in N, saturated 0.5 M H,SO,4
electrolyte.*® It should be noted that the ECSA of catalysts are
often lower than the corresponding BET surface areas
measured by N, isothermal absorption/desorption. The
possible reason for the observed difference between ECSA and
BET surface areas is the presence of ultra-small micropores in
catalyst, which are accessible to N, molecules in the gas
adsorption studies, but not to H,0 in an aqueous electrolyte.
Both the ECSAs and BET surface area value difference with an
increase in Fe content (Figure S12 and Table S3). This reduced
surface area of catalysts combined with the loss of FeN, sites
due to clustering likely further accelerate activity decline of
catalysts with high Fe content.

The values of H,0, yield as a function of Fe content in the
precursor were determined in RRDE experiments (Figure 4b).
The highest H,0, yield was measured with the catalyst
synthesized from a Fe-free ZIF precursor (15-20%). Peroxide
yields were significantly lower for catalysts synthesized using
Fe-doped ZIF precursors, reaching values below 1% for the
1.5Fe-ZIF catalyst at a loading of 0.8 mg cm?2 (error bars
provided in Figure S11). This result points to significant
contribution of the four-electron path in the ORR and/or to an

This journal is © The Royal Society of Chemistry 20xx

increase in the rate of the 2e+2e process. However, the
catalysts with higher Fe content, the 9.0Fe-ZIF catalyst in
particular, generated relatively high H,0, yields of 3-4% during
the ORR.

The best performing 1.5Fe-ZIF catalyst was used for
fabricating membrane electrode assemblies (MEAs) studied in
fuel cells on both O, and air. The purpose of studying fuel cell
performance on O, (1.0 bar partial pressure) was to minimize
mass-transport losses when determining catalyst activity in
MEAs (Figure 4c). An open cell voltage (OCV) measured with an
MEA was 0.98 V, in good agreement with RDE tests in acidic
electrolytes, only ca. 20 mV lower than the value measured with
a Pt/C cathode (0.2 mgp/cm?) under the same conditions.** The
current density generated at a reference fuel cell voltage of 0.80
V was 145 mA/cm?, which is more than double the current
density measured previously with a Fe-N-C catalyst derived
from polyaniline in 2011 (ca. 70 mA/cm?, at a much higher O,
partial pressure of 2.3 bar).** This result shows that the high
ORR activity measured in aqueous electrolytes can be realized
in polymer electrolyte in the fuel cell cathode. An MEA with the
1.5Fe-ZIF catalyst in the cathode was also studied under air at a
total partial pressure of 1.0 bar (O, partial pressure of ca. 0.2
bar). The OCV value decreased by only 30 mV relative to that
measured on O,, from 0.98 to 0.95 V, and the current density at
0.80 V dropped by nearly 50%, from 145 to 75 mA/cm? (Figure
4d), typical for oxygen- and air-operated cathodes. The H,-air
performance in this work is still one of the highest reported to
date for PGM-free catalysts (Table S4)% 44,

Stability of Fe-N-C cathode catalysts in acidic media
represents a major challenge especially at high potentials (> 0.6
V). According to U.S. DOE, dynamic voltage cycling between 0.6
and 1.0 V or voltage hold at constantly are more relevant to real
fuel cell operation. In this work, we employed two stability
testing protocols, including potential cycling and holding
constant potential/voltage to evaluate durability of the
atomically dispersed Fe-N-C catalysts. A 40,000 accelerated
stress test (AST) potential cycles (0.6-1.0 V) in O, saturated 0.5
M H,S0O, electrolyte led to only 30 mV loss in the Ej; value
(Figure 5a), attesting much improved catalyst stability,
compared to that of an earlier Fe-N-C catalyst, which lost 80 mV
after only 5000 cycles.>° The post-mortem microscopy analysis
indicates that atomically dispersed and nitrogen-coordinated Fe
sites are still clearly visible in the 1.5Fe-ZIF catalyst after the AST
test (Figures 5b-c and S13), attesting to very good stability of a
majority of FeN, sites during the dynamic potential cycling test.
The morphology of carbon particles remainsed intact, with
nearly identical sizes and clear edges of polyhedral particles, as
the catalysts before the AST (Figure S14), suggesting
insignificant carbon corrosion.

We also conducted constant-potential testing of the catalyst
by holding potential at a relatively high potential of 0.85 V in O,
saturated 0.5 M H,SO, for 100 hours (Figure 5d). We recorded
ORR polarization plots every 10 hours, finding ORR activity
partially recover every time a polarization plot was recorded in
the range from 0 to 1.0 V. However, the rate of unrecoverable
degradation remained unchanged throughout the test. In the
end, the catalyst suffered from significant decrease in the ORR
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activity, especially in the first 20 hours, when approximately half  corrosion, with catalyst particles becoming rounded and
of the initial ORR activity was lost. At the end of the 100-hour

test, the remaining activity was only 30% of that measured

agglomerated (Figure S15).

initially. The HAADF-STEM images indicate a severe carbon
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Figure 5. (a, d) RDE stability tests of the best performing 1.5Fe-ZIF catalyst in O,-saturated 0.5 M H,SO, electrolyte using different
test protocols. Structural changes by {(b-c) STEM and (e-f) EELS analysis. (a-c) Potential cycling between 0.60 and 1.0 V still showing
significant atomically dispersed Fe sites coordinated by N. (d-f) Holding at a constant potential of 0.85 V for 100 hours, significant
degradation especially at the initial stage accompanying with depicting appearance of Fe clusters and likely Fe-N bond breaking or
weakening. (g) Fuel cell durability tests at a constant potential of 0.70 V and 0.55 V, respectively. {(h) Fuel cell polarization plots
recorded at different times during the 120-hour durability test at 0.70 V. Fuel cell cathode: catalyst loading 4.0 mg/cm?; 100% RH;
air flown at 200 sccm, 1.0 bar total partial pressure of gases. Anode: Pt/C, 0.20 mgp,/cm?, 100% RH; H, flown at 200 sccm, 1.0 bar
partial gas pressure. Membrane: Nafion®212. Temperature: 80 °C. MEA area: 5.0 cm?.

While a majority of atomically dispersed sites are still present The Fe atoms in those clusters appear no longer coordinated by

after the durability test, some iron clusters become apparent. nitrogen (Figures 5e-f), since Fe and N EELS signals cannot be

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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detected simultaneously at the atomic level. The possible
degradation mechanisms
coordination likely due Fe oxidation and carbon corrosion in the
catalyst. Carbon corrosion may be also responsible for the loss
of Fe-N coordination due to weakening of the Fe-N and N-C
bonds ultimately resulting in decomposition of FeNy sites.>% 32 If
independently confirmed, these degradation mechanisms set a
possible path towards stabilizing Fe-N-C catalysts via making
carbon structure more robust and corrosion-resistant,
especially next to the active site(s).

Finally, the life tests of MEAs were performed in H,-air fuel
cells at constant voltages of 0.55 V and 0.70 V for approximately
100 hours (Figure 5g). While performance degrades at both
voltages, the tests reveal, perhaps for the first time, that
atomically dispersed Fe catalysts can sustain respectable
current densities at practically relevant voltages for prolonged
times. Fuel cell polarization plots recorded at different times
during the life test at 0.70V are shown in Figure 5h. They
indicate similar performance losses across the entire range of
fuel cell voltages. The current density loss at 0.80 V is ca. 30
mA/cm? after the first 23 hours, but much less later on (35
mA/cm? after 42 hours and 46 mA/cm? at the end of the 118-
hour test). Similarly, at a low voltage of 0.40 V, the total loss in
current density during the test is 35%, with most of it happening
in the first 23 hours.

Compared to aqueous acidic electrolytes, performance
degradation in fuel cell MEAs is much more complex with
several mechanisms possible.>® In addition to catalyst
degradation due to demetalation and carbon corrosion,
degradation of three-phase (gas, liquid, solid) interfaces and
water flooding in micropores may lead to severe proton and
mass transfer resistances. It should be noted that, unlike in

involve the cleavage of Fe-N

aqueous electrolytes, the confined H,0, formation within the
fuel cell cathode could be more harmful than an aqueous
electrolyte resulting in the free radicals known to cause active
In this study,
performance degradation of the Fe-N-C catalyst in MEAs was
found to be comparable at 0.55 V and 0.70 V (ca. 45-50%
current loss). However, the causes of performance loss could be
different in these two cases. At a lower voltage of 0.55 V,
catalyst degradation may be due to relatively high amount of
generated H,0,, resulting in a higher than at 0.70 V yields of
hydroperoxyl, known to be highly detrimental to both the
ionomer and carbon. At a higher voltage of 0.70 V, the
performance loss is more likely to be caused by accelerated
carbon corrosion and the ensuing deterioration of the carbon
matrix hosting FeN, sites. Further studies under various
operating conditions are necessary to identify the causes of the
PGM-free cathode degradation and address the stability
challenge before PGM-free catalysts become viable for PEFC
applications.

site degradation and carbon corrosion.>3

Conclusions

FeN, sites have been considered the most likely ORR active sites
in PGM-free catalysts in acidic media. In this work, we
developed a chemical method for precisely controlling the Fe

This journal is © The Royal Society of Chemistry 20xx

content in ZIF-8 precursors (from 0 to 9 at.%). Through fine-
tuning and optimizing Fe content to 1.5 at.%, we obtained a
catalyst with fully atomically dispersed nitrogen-
coordinated FeN, sites, free of any metal-rich clusters and
nanoparticles. This catalyst with the highest density of active
sites yields the best ORR activity. A higher than optimum Fe
content in the precursor results in the formation of clusters and
nanoparticles that “consume” Fe atoms reducing the number of
active sites in the catalyst. The volcano-like dependence
between the ORR activity and Fe content provides an insight
into the role of Fe in Fe-N-C ORR catalysts. Using these model
catalysts with controlled Fe content, we also described the
effect of Fe in precursors on catalyst morphologies and
structures such as particle size, porosity, nitrogen-doping level,
and carbon microstructure. The excess Fe negatively impacts
the catalyst performance. In particular, high Fe content leads to
larger catalyst particles, reduced surface area, and pore volume.
The Fe clusters and nanoparticles also catalyze carbon
graphitization, limiting the number of carbon defects as hosts
for active sites.

The highly dispersed FeN, sites in catalysts appear to be
directly responsible for the record-high ORR activity of PGM-
free catalysts in RDE testing and in the fuel cell cathode. Stability
studies by potential cycling (0.6-1.0 V) and at a constant high
potential of 0.85 V, along with post mortem microscopy, suggest
that the loss of Fe-N coordination and significant carbon
corrosion are responsible for the ORR activity decrease in acidic
aqueous electrolytes. Although the durability of the catalyst
with atomically dispersed FeN, sites at a practically relevant
voltage 0.7 V is encouraging, the stability challenges need to be
overcome before PGM-free catalysts become viable for fuel cell
applications.
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