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ABSTRACT

Metal-Nitrogen-Carbon catalysts have emerged as the most promising platinum group metal-free
catalysts toward oxygen reduction reaction for proton exchange membrane fuel cell (PEMFC)
applications. However, their large-scale implementation in Hy/air PEMFCs is still hindered by
the low density of active sites in such materials, implying the need for thick active layers with
inferior mass-transport properties. In this work, the co-electrospinning of nano-ZIF-8 (a zeolitic
imidazolate framework) and polyacrylonitrile results in anisotropic and microporous FeNC fibers,
offering an effective approach towards active layers with hierarchical micro-, meso- and
macroporosity. X-ray computed tomography performed on the cathode ex situ reveals enhanced
macroporosity of fibrous FeNC layers compared to a non-fibrous one derived from nano-ZIF-8.
Applied in operando in a PEMFC, X-ray tomography showed abundant water-free macroporous
voids in the fibrous FeNC layer, beneficial for the transport of reactants and products toward and
away from the active sites. The combination of the Fe precursor in the electrospun solution and
the high voltage applied during electrospinning is however also shown to enhance the formation
of metallic Fe particles after pyrolysis, which is detrimental to the density of atomically-
dispersed FeNjy active sites. FeNC fibrous morphology with higher density of FeNy active sites,
obtained with a modified electrospinning process or other techniques, holds therefore great

potential to replace Pt/C with MNC cathodes in H,/air PEMFCs.

KEYWORDS: proton exchange membrane fuel cell, oxygen reduction reaction, iron-nitrogen-

carbon catalyst, electrospinning, mass-transport



1. Introduction

The proton exchange membrane fuel cell (PEMFC) is a key technology to provide clean and
sustainable energy conversion with potential applications in portable electronics, electric
vehicles, residential power generation, etc. However, a significant amount of Pt-based catalysts
is required at the cathode side to accelerate the sluggish kinetics of the oxygen reduction reaction
(ORR), a long-standing impediment for their large-scale implementation. Thus, in the past
decades, extensive efforts have been devoted to reducing or eliminating the use of precious
metals at the cathode side.’™ Metal-nitrogen-carbon (MNC) materials with atomically dispersed

MN, active sites are the most promising class of platinum group metal (PGM)-free catalysts.®®

Since the first report on the catalytic activity toward ORR of N-ligated cobalt in 1964,"° FeNC
catalysts prepared with optimized synthesis (leading to mostly or only FeNy sites via the
pyrolysis of appropriate Fe, N, and C precursors at 800-1100 °C) have exhibited high ORR
activity in acidic media, with half-wave potential measured by a rotating disk electrode (RDE)
approaching that of Pt/C.**** Such FeNC materials based on FeN, active sites have also been
shown recently to reach the durability target set by the United States Department of Energy
(activity loss < 25 % after 30,000 load cycles at 80°C in Nj-saturated acid medium).'®> These

recent advancements bring us closer to empowering PGM-free cathodes in PEMFCs.

However, the viability of FeENC catalysts in Hp/air PEMFCs is limited by their inferior mass-
transport properties due to the high catalyst loading (~4 mg-cm, resulting in 70-100 um thick
layer) that is required to reach sufficient electrode activity at elevated potentials.** '* ' The
lower activity per mass of catalyst, or per electrode volume, for FeNC catalysts vs. Pt/C is a

direct consequence of the lower density of FeNy sites (only 1-4 wt.% Fe, even in state-of-the-art



FeNC catalysts).'" ** ' Micropores (defined as pores with diameter < 2 nm) were identified as

hosts of FeNy sites formed during pyrolysis,'” *°

and the use of microporous Zn-based metal
organic frameworks (in particular, ZIF-8) as a dual carbon and nitrogen source was subsequently
shown to result in FeNC materials with superior microporosity.™ * " 22 Thjs leads to
enhanced active site densities and ORR activities in FeNC catalysts. However, the drawback is
that the predominance of narrow pores (micropores and small mesopores, with mesopores
defined as pores with diameter between 2 and 50 nm) in catalysts derived from ZIF-8 or other
metal-organic frameworks results in limited access of reactants to, and products away from, the
active sites.”* The issue of slow mass-transport in microporous FeNC materials is further
exacerbated by the elongated travel distances of reactants caused by the current need for thick
cathode layers, as explained earlier. In addition, water management has been shown to strongly
depend on local wettability, electrode and interfacial morphologies.?® ?° Moreover, the stability
of microporous FeNC catalysts in operating PEMFC is a long-standing challenge that can be
assigned, in whole or in part, to water-flooding issues of cathode layers prepared from
microporous FeNC powders and/or high concentration in micropores of H,O, by-products
formed during ORR.?"* Thus, advancements in both power performance and stability call for a
rational control of the electrode structure with proper micro- and macroporosity (macropores are

defined as pores with diameter > 50 nm).

Electrospinning has been demonstrated as an effective approach to introduce macroporous voids,
leading to enhanced mass-transport properties and/or stability of FeNC cathode layers in
PEMFC.3* The carbon nanofiber (CNF) morphology obtained with this process is the key for
securing macroporosity in catalytic layers. In particular, co-electrospinning ZIF-8 together with a

polymer can result in CNFs with abundant micropores.®* ** The micropores hold great potential



to achieve a high active-site density in FeNC, while the fibrous geometry is beneficial for
enhanced mass-transport properties in catalytic layers. In addition, the macroporous voids
between CNFs can also act as water drains during PEMFC operation, mitigating flooding issues
in micro- and mesopores. Despite promising results, two critical aspects related to the use of
electrospinning have been under-investigated in previous studies on the co-electrospinning of
ZIF-8 and a polymer carrier as a strategy for preparing FeNC catalysts. The first critical aspect
concerns the Fe speciation after pyrolysis, and the lack of a clear view whether the same or
different Fe speciation was obtained compared to the well-established synthesis approaches
involving ZIF-8 powder.*? The second critical aspect relates to tuning the crystal size of ZIF-8
smaller than the polymer fibre diameter for i) improved O, accessibility of active sites in the
ORR-active domains resulting from pyrolyzed Fe-doped ZIF-8, and ii) sufficient mechanical
stability of FeNC microporous fibres derived from ZIF-8/polymer fibre composites. Mechanical
stability of the fibres is, in turn, key for longstanding improved mass-transport properties inside
electrodes. The tuning of ZIF-8 crystal size has been shown to be critical for the ORR activity of
ZIF-8 derived FeNC powder catalysts,*® *" but not applied yet in the context of FeNC layer

preparation via electrospinning.

Herein, we introduce a controlled three-dimensional (3D) architecture of FeNC -catalysts
engineered via the electrospinning of Fe-doped nano-ZIF-8 (ZIF-8(Fe)) with a polymer. As a
reference material, ZIF-8(Fe) was pyrolyzed as such, without resorting to electrospinning. The
presence of iron oxide nanoclusters in ZIF-8(Fe) and their dispersion into atomically-dispersed
FeNj sites during pyrolysis was demonstrated. However, ZIF-8(Fe) electrospun with a carrier
polymer (PAN, polyacrylonitrile) resulted, during pyrolysis, in the transformation of a small

fraction of Fe into FeNy sites and a large fraction into metallic Fe and iron-carbide. Despite a



lower density of FeNy sites, nano-ZIF-8(Fe) electrospun with PAN resulted in higher ORR
activity and enhanced mass-transport properties in a Hp/air PEMFC compared to pyrolyzed nano-
ZIF-8(Fe). This is attributed to the FeNC fibrous morphology obtained with electrospinning,
leading to a higher content of macropores in the cathode layer. Operando X-ray tomography also
revealed the role of macroporous voids in alleviating cathode flooding during PEMFC operation.
This work provides novel insights on the desired 3D architecture for high performance FeNC
electrodes in Hy/air PEMFCs, but also identifies unexpected challenges in the selected processes

to maintain atomic dispersion of the metal as MNj sites after pyrolysis.
2. Results and Discussion
2.1. Structure and Fe coordination in Fe-doped nano-ZIF-8

An optimized amount of Fe was introduced in nano-ZIF-8 (ZIF-8(Fe)) during ZIF-8 synthesis by
mixing iron(ll) and zinc(l1) salt solution with 2-methylimidazole solution in methanol at room
temperature (Figure la, details are described in Methods). An organic base (butylamine) was
added to accelerate the growth of ZIF-8, resulting in nanosized rhombic dodecahedral ZIF-8(Fe)
crystals (~60 nm, Figure 1b). The addition of Fe did not affect the crystalline structure of ZIF-8
as confirmed by X-ray diffraction (XRD) (Figure 2a). Other groups suggested that such one-pot
synthesis of ZIF-8(Fe) leads to the partial replacement of Zn(ll) by Fe(ll) in ZIF-8, incorporating
Fe as tetrahedral FeN,4 coordination truly participating in the crystal structure of the metal-
organic framework.*® However, no evidence supports this hypothesis in the present study, since
the XRD (Figure 2a), Fourier-transform infrared (FT-IR) and FT-far-IR spectra (Figure S1) of
ZIF-8 and ZIF-8(Fe) exhibit identical characteristic peaks. Specifically, one would expect

different vibration frequencies in FT-far-IR for ZnN, and FeN, tetrahedral coordination.



According to N sorption results (Figure 2b and Table S1), Fe-doping reduced the BET surface
area of ZIF-8 from 1638 to 758 m?.g™*. This strongly suggests that iron species were either
adsorbed on the surface of ZIF-8 and/or encapsulated in ZIF-8 cavities, during the synthesis of
ZIF-8(Fe). In contrast, partial replacement of Zn(ll) by Fe(ll) at the nodes of the otherwise
unmodified ZIF-8 crystal structure would not affect the surface area significantly. We also
performed >"Fe Mossbauer spectroscopy to investigate the electronic environment of Fe in ZIF-
8(Fe). Unfortunately, it was Mdssbauer-silent, possibly due to (i) high Zn content absorbing most
of the y-rays, and (ii) high recoil of Fe during y-ray absorption event (weak Fe binding to the
ZIF-8 solid) leading to low Lamb-Mdssbauer factors. We then resorted to X-ray absorption
spectroscopy (XAS). The Fourier transform of the Fe K-edge extended X-ray absorption fine
structure (FT-EXAFS) spectrum of ZIF-8(Fe) (Figure 2c) reveals two major peaks at 1.5 and 2.7
A. Their positions match that of the Fe-O first-shell and Fe-Fe second-shell contributions of a
reference Fe,O3 FT-EXAFS spectrum, respectively. The lower relative intensity of the Fe-Fe
scattering peak in ZIF-8(Fe) can be explained by (sub)-nanostructured clusters, and/or defects of
iron oxide in ZIF-8(Fe). Based on FT-far-IR, BET surface area and EXAFS results, we can thus
infer that Fe atoms in ZIF-8(Fe) predominantly exist as (sub)-nano-sized iron oxide, either
encapsulated in ZIF-8 cavities or adsorbed on the surface of ZIF-8 crystals. However, the
coordination of a small fraction of Fe as tetrahedral Fe-N, sites replacing Zn nodes in the crystal
structure of ZIF-8 cannot be excluded. As will be demonstrated later, (sub)-nano-sized iron oxide
clusters in ZIF-8(Fe) leads to atomically-dispersed FeNy sites after pyrolysis, in the conventional

approach of preparing FeNC catalysts via the pyrolysis of ZIF-8(Fe) powder (no electrospinning).
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Figure 1. Synthesis and morphology. (a) Schematic illustration of the synthetic approach of E-
ZIF-8(Fe)/PAN-Ar. SEM images of ZIF-8(Fe) (b), ZIF-8(Fe)-Ar (c) and E-ZIF-8(Fe)/PAN-Ar

before grinding (d-e).
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Figure 2. Physical characterizations. (a) XRD patterns of ZIF-8(Fe), E-ZIF-8(Fe)/PAN and
commercial Basolite® Z21200. (b) Pore size distributions and N, adsorption/desorption isotherms

(inset) of ZIF-8(Fe) and ZIF-8 (identically synthesized but without Fe-doping). (c) Fe K-edge



FT-EXAFS spectra of ZIF-8(Fe), FeosNC (a reference FeNC catalyst prepared from ZIF-8 and
containing exclusively atomically dispersed FeNy sites, ref. 11), and Fe,O3 (no phase-shift
correction applied). (d) Pore size distributions and N, adsorption/desorption isotherms (inset) of
ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar. (e) Raman spectra of ZIF-8(Fe)-Ar and E-ZIF-

8(Fe)/PAN-Ar. (f) XRD patterns of ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar.

2.2. Morphology and pore structure of FeNC catalysts

Then, ZIF-8(Fe) was electrospun together with PAN (denoted as E-ZIF-8(Fe)/PAN hereafter),
followed by a heat-treatment at 1050 °C under Ar (denoted as E-ZIF-8(Fe)/PAN-Ar hereafter)
(Figure 1a). It should be noted here that, for most of the characterizations, the above fibrous web
was manually grinded for 5 minutes, and E-ZIF-8(Fe)/PAN-Ar represents the grinded fibers,
unless otherwise stated. The XRD patterns of E-ZIF-8(Fe)/PAN fibers exhibit the same
characteristic peaks as ZIF-8 (Figure 2a), confirming that the crystalline structure of ZIF-8(Fe)
was retained after the electrospinning process. However, ZIF-8(Fe) crystals were invisible in the
scanning electron microscopy (SEM) images of E-ZIF-8(Fe)/PAN fibers (Figure S2), due
probably to the homogeneous mixing of PAN and ZIF-8(Fe). As a control sample, ZIF-8(Fe)
powder was heat-treated under the same conditions (denoted as ZIF-8(Fe)-Ar hereafter), i.e. this
sample was not mixed with PAN and not subjected to electrospinning. In contrast to the densely
packed carbon powder morphology of ZIF-8(Fe)-Ar (Figure 1c), E-ZIF-8(Fe)/PAN-Ar exhibits
a 3D CNF web morphology with numerous macropores (Figure 1d). The network of carbon
fibers with an evenly distributed diameter around 400 nm is inherited from E-ZIF-8(Fe)/PAN
(Figure S2), while the porous structure inside the CNF observed in the SEM close-look image
(Figure 1le) is derived from ZIF-8(Fe) nanocrystals homogeneously mixed with PAN. The

synthesis of nano-ZIF-8(Fe) with crystal size significantly smaller than the diameter of PAN-
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based fibers plays a critical role in allowing the formation of microporous CNFs during pyrolysis.
Due to the nanostructuration of ZIF-8(Fe), the ratio of ZIF-8(Fe)/PAN used during
electrospinning could be increased to 60/40 (by weight) while maintaining structural integrity of
the fibers after pyrolysis. This is a significant achievement compared to previous studies, where
ZIF-8 crystals with larger size lead to brittle CNFs and/or forced the use of lower ZIF-8/PAN

ratio, thereby reducing the number of active sites in pyrolyzed catalysts.*?

In addition to evidence provided by SEM, the presence of abundant macropores in E-ZIF-
8(Fe)/PAN-Ar was further confirmed with mercury intrusion porosimetry (Figure S3), with a
higher macropore volume of XX cm®.g™* for E-ZIF-8(Fe)/PAN-Ar vs. XY cm®.g™ for ZIF-8(Fe)-
Ar (Table S1). Moreover, micro- and mesopores in both samples were investigated with N,
adsorption. The sorption isotherms of ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar are typical for
pure microporous and micro-meso-porous materials, respectively (Figure 2d). The micropore
volume in ZIF-8(Fe)-Ar is ca. twice larger than in E-ZIF-8(Fe)/PAN-Ar, as assessed from the
sudden rise in N2 volume adsorbed at low P/Pg, and thus twice larger BET area (mostly coming
from micropores) (Table S1, 605 and 322 m?-g™). This can be interpreted by a dilution effect,
only the carbon domains derived from ZIF-8(Fe) contributing to the micropore volume in E-ZIF-
8(Fe)/PAN-Ar, while those derived from PAN are known to form non-porous CNFs with BET
area < 20 m?-.g™.*® The N, sorption isotherm of E-ZIF-8(Fe)/PAN-Ar is also distinct from that of
ZIF-8(Fe)-Ar due to the tilted shape and higher hysteresis, assigned to large and small mesopores,
respectively. The higher amount of such pores may be assigned to the fibrous morphology and
surface roughness of fibres in E-ZIF-8(Fe)/PAN-Ar (Figure 1d-e). The average structure and
graphitization of the carbon phases present in both materials was also investigated with Raman

spectroscopy. E-ZIF-8(Fe)/PAN-Ar exhibits a slightly higher peak intensity of the G band (1590
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cm™) than that of ZIF-8(Fe)-Ar (Figure 2e), indicating a somewhat higher average degree of
graphitization, that can be assigned to the slightly more graphitic carbon phase derived from
PAN compared to that derived from ZIF-8(Fe).*® In summary, E-ZIF-8(Fe)/PAN-Ar has a
hierarchical micro-, meso- and macroporous structure, expected to benefit the power

performance in Ha/air PEMFC operation.*
2.3. Iron speciation in FeNC catalysts

To identify Fe species in the materials, XRD was performed first as a routine technique suited to
identify crystallographically ordered Fe particles. However, only two broad peaks attributed to
the (002) and (101) facets of graphite were observed from the XRD patterns of ZIF-8(Fe)-Ar and
E-ZIF-8(Fe)/PAN-Ar (Figure 2f). This suggests either that there is no or minimal amount of
metallic Fe particles in those two samples, or the metallic particles are hardly ordered and/or
nanometric. Thus, we resorted to XAS and °’Fe Mdsshauer spectroscopy to more accurately

investigate the iron species present in ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar.

The Fe K-edge X-ray absorption near edge spectroscopy (XANES) spectrum of ZIF-8(Fe)-Ar
overlaps with that of FeosNC (Figure 3a). The latter is a reference FeNC catalyst from our
laboratory, prepared by mixing ZIF-8 and ferrous acetate and known to exclusively contain
atomically-dispersed FeN, sites.!* The FT-EXAFS spectrum of ZIF-8(Fe)-Ar is also similar to
that of FegsNC, exhibiting a single peak at ~1.5 A arising from Fe-N first-shell scattering (and
Fe-O, when O is adsorbed on FeNy sites) (Figure 3b). XAS results thus indicate that iron in
ZIF-8(Fe)-Ar is in the same coordination as in FegsNC, i.e. overwhelmingly present as
atomically dispersed FeN, sites. 1" 18 %0 These results agree well with the *’Fe Mossbauer

spectrum of ZIF-8(Fe)-Ar (Figure 3c and Table 1), which was fitted with two doublets D1 and
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D2, representing 97% of the signal and assigned to different FeN, species,**' 1" 184942 and a

singlet assigned to y-Fe representing only 3% of the resonant area. The XAS and *>'Fe Méssbauer
characterizations thus unambiguously demonstrate that the iron oxide (sub)nano-particles present
in ZIF-8(Fe) redispersed almost completely into single-atom FeNy sites during pyrolysis.
Complete atomic dispersion of Fe in a precursor is thus not a necessary condition to obtain
atomic FeNy sites after pyrolysis, in line with recent studies on redispersion of metal

nanoparticles into single-atom MN, moieties upon heating.**
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Figure 3. Iron speciation. (a) Fe K-edge XANES spectra of ZIF-8(Fe)-Ar and E-ZIF-
8(Fe)/PAN-Ar, and (b) their corresponding FT-EXAFS spectra (no phase-shift correction
applied). The spectra of FegsNC (a FeNC catalyst with exclusively atomically dispersed FeNy

sites, Ref. 11), Fe foil and FesC are presented as references for pure compounds. *’Fe Mdssbauer
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spectroscopy of (c) ZIF-8(Fe)-Ar, (d) E-ZIF-8(Fe)/PAN-Ar, (e) ZIF-8(Fe)/PAN-Ar and (f) ZIF-

8(Fe)-stabilized-Ar.

Table 1. Mdssbauer parameters derived from the fittings: relative area (RA), isomer shift (1S),

quadrupole splitting (QS), line width (LW) and magnetic field (H) of each component.

RA IS S LW .

Sample Comp. %  mm.st m%-s‘l mm-s?  Tesla Assignment
Singlet 3 0.05 - 0.30 - y-Fe
ZIF-8(Fe)-Ar Doublet1 69 0.35 0.85 1.14 - FeNy
Doublet 2° 28 0.57 1.91 1.58 - FeNy
Sextet 1 36 0.18 - 0.31 209 FesC
E-ZIF-8(Fe)/PAN- Sextet 2 20 0.01 - 0.27 330 a-Fe
Ar Singlet 1 4 -0.09 - 0.33 - y-Fe
Singlet2 40 0.50 - 3.92 - FeNy
Doublet1 74 0.37 0.97 1.00 - FeNy
ZIF-8(Fe)PAN-AT b blet2* 26 030 343 083 - FeN,
ZIF-8(Fe)- Doublet1 69 0.34 1.05 1.02 - FeNy
stabilized-Ar Doublet 2¢ 31 0.36 3.14 1.03 - FeNy

®There are some differences in the Mdssbauer parameters of D2 compared to those observed in

FeosNC (see Supplementary text).

The Fe speciation in E-ZIF-8(Fe)/PAN-Ar was then investigated. This material exhibits XANES
(Figure 3a), FT-EXAFS (Figure 3b) and >'Fe Mdssbauer (Figure 3d) spectra that are drastically
different from those of ZIF-8(Fe)-Ar. The >’Fe Méssbauer spectrum of E-ZIF-8(Fe)/PAN-Ar
(Figure 3d and Table 1) was fitted with four components, namely sextet 1 assigned to Fe;C
(36%), sextet 2 assigned to a-Fe (20%), singlet 1 assigned to y-Fe (4%) and a broad singlet 2
(40%). The latter can, in general, be assigned to highly disordered FeNy sites or magnetically
relaxing nanoparticles. It should be noted that neither doublet D1 nor D2, widely observed in
FeNC catalysts,™™ 1" 8 40 js present in E-ZIF-8(Fe)/PAN-Ar spectrum. No sextet that can be
assigned to Fe-oxides was detected by Mdssbauer spectroscopy. The Fe K-edge FT-EXAFS

spectrum of E-ZIF-8(Fe)/PAN-Ar exhibits three major peaks at ~1.5, ~2.1 and ~4.3 A (Figure
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3b). The second and third peak at ~2.1 and ~4.3 A in the FT-EXAFS spectrum of E-ZIF-
8(Fe)/PAN-Ar arises from Fe-Fe scattering contributed by the FesC, a- and y-Fe phases, while
the first peak can be attributed to Fe-N/O (from FeNyx moieties) and/or Fe-C (from Fe3C)
scattering paths (Figure 3b). In contrast to the relatively low peak intensity at ~1.5 A vs. that at
2.1 A in the FT-EXAFS of FesC, the strong intensity of the peak at ~1.5 A vs. that at 2.1 A of E-
ZIF-8(Fe)/PAN-ATr can only be explained if all or most of the signal from singlet 2 is assigned to
FeNy sites. The singlet 2 was identified in other FeNC materials comprising numerous Fe species,
and was assigned to FeN, moieties.* *° Such moieties may, in an environment rich in Fe
metallic particles, loose their well-defined doublet spectral signature. In summary, E-ZIF-
8(Fe)/PAN-Ar comprises in the order of relative absorption area in the Mdssbauer spectrum:
FeNyx moieties (40% of the resonance signal in Mdssbauer spectroscopy) > FesC (36%) > a-Fe

(20%) > y-Fe (4%).

There are three possible reasons for the higher amount of inorganic Fe species in E-ZIF-
8(Fe)/PAN-Ar (60% of the Mdssbauer signal) relative to ZIF-8(Fe)-Ar (only 3 % of the relative
signal): 1) the presence of PAN during pyrolysis, 2) the mild thermal treatment at 240 °C in air
performed before electrospinning to stabilize PAN, and 3) the electrospinning process itself. In
order to identify which key factor resulted in the stronger formation of metallic particles in E-
ZIF-8(Fe)/PAN-Ar, °’'Fe Mossbauer spectroscopy was performed on ZIF-8(Fe)/PAN-Ar (ZIF-
8(Fe) mixed with PAN exclusively via ball-milling and then pyrolyzed in Ar, to assess
hypothesis 1) and ZIF-8(Fe)-stabilized-Ar (ZIF-8(Fe) subjected to a thermal treatment in air at
240 °C and then pyrolyzed in Ar, to assess hypothesis 2). The >’Fe Mdossbauer spectra of ZIF-
8(Fe)/PAN-Ar (Figure 3e) and ZIF-8(Fe)-stabilized-Ar (Figure 3f) could be fitted with D1 and

D2 doublet components assigned to FeNy moieties, with relative areas similar to that of ZIF-
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8(Fe)-Ar. This indicates that neither the presence of PAN nor the stabilization at 240 °C in air
induced the formation of inorganic species in E-ZIF-8(Fe)/PAN-Ar. It is understandable that
thermal treatment in air at 240 °C did not alter the Fe speciation after pyrolysis since iron in ZIF-
8(Fe) is already in the form of iron oxide (sub)-nanoclusters, and ZIF-8 is stable in air up to
300 °C.*” Thus, we can infer that it is the high voltage and/or the strong surface tension during
electrospinning (hypothesis No. 3 above) that resulted in the formation of metallic particles
during pyrolysis. This might be explained by the aggregation of iron oxide clusters during the
electrospinning,”® and these larger particles cannot be completely transformed to atomically-

dispersed FeNy sites, but formed the metallic and metal carbide particles during pyrolysis.

Thus, E-ZIF-8(Fe)/PAN-Ar has a lower number of FeNj sites per gram of catalyst compared to
ZIF-8(Fe)-Ar for two reasons: i) dilution of the ORR-active phase derived from ZIF-8(Fe) by the
carbon phase derived from PAN, and ii) parallel formation of FeNy sites and Fe particles due to
the electrospinning process. It is generally believed that Fe metallic species are less active per Fe

atom (TOF-value) than FeN, moieties in acidic medium,” 8 40 4

and, recently demonstrated,
also less stable.”® Thus, although electrospinning leads to a beneficial fibrous morphology of
FeNC, we for the first time reveal it also has negative side effects on Fe speciation. In order to
study the ambivalent effects of electrospinning on the Fe-speciation and morphology of FeNC,

we measured the ORR activity and power performance of E-ZIF-8(Fe)/PAN-Ar and control

samples with RDE and PEMFC.
2.4. ORR performance in RDE and PEMFC

The catalytic activities toward ORR of ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar were first

investigated with RDE (Figure S4a-b). Both catalysts exhibit similar mass activities at 0.85 V vs.
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RHE (~0.125 A-gY), and the same Tafel slope (TS) of 74 mV-dec™ in 0.1 M HCIO, (Figure
S4b), close to values reported previously for FeNC catalysts.® However, a much lower
diffusion-limited current density was observed for ZIF-8(Fe)-Ar as compared with that of E-ZIF-
8(Fe)/PAN-Ar (Figure S4a). This can be explained by the lower electron transfer number of
ZIF-8(Fe)-Ar (~3.5) compared to that of E-ZIF-8(Fe)/PAN-Ar (~4) calculated from a Koutecky-
Levich analysis at different rotation rates (Figure S5). Moreover, E-ZIF-8(Fe)/PAN-Ar exhibited
a thicker envelope compared to ZIF-8(Fe)-Ar as observed from cyclic voltammetry (CV)
measured in Np-saturated electrolyte (Figure S4c), indicating a higher electrochemical surface
area (carbon surface). The lower BET area but higher electrochemical surface area observed for
E-ZIF-8(Fe)/PAN-Ar suggests that the pores in this material are more accessible to the
electrolyte than the pores in ZIF-8(Fe)-Ar. Penetration of liquid electrolyte into micropores can
be influenced by many factors, e.g. the overall pore size distribution (amount of large
meso/macropores and connectivity between micro and large meso/macropores), hydrophilic or
hydrophobic character, pore geometries, etc. Thus, the higher accessibility of micropores in E-
ZIF-8(Fe)/PAN-Ar is attributed to the higher amount of meso- and macropores in between the
fibers of E-ZIF-8(Fe)/PAN-Ar compared to ZIF-8(Fe)-Ar (Figure2d, S3 and Table S1), which is

the key for the better ORR activity of E-ZIF-8(Fe)/PAN-Ar.

The catalytic activities and initial power performance of ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar
were then evaluated with a single-cell PEMFC with a cathode loading of 4 mg-cm™ under both
oxygen (Figure 4a-b) and air (Figure 4c-d) feed at the cathode. It should be noted here that the
self-standing fibrous web of E-ZIF-8(Fe)/PAN-Ar was grinded and well mixed with Nafion
ionomer dispersion to secure proton conductivity in the layer (see Methods). The fibrous

structure of the initial web was retained after grinding by hand, but with shorter fibre length
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(Figure S6a). No change was observed in the Fe K-edge XANES and FT-EXAFS spectra of E-
ZIF-8(Fe)/PAN-Ar before and after grinding (Figure S7). This demonstrates that Fe speciation
remained the same after grinding, as expected for low-energy manual grinding process. Figure
S8 shows the cross section and top view SEM images of the MEA with E-ZIF-8(Fe)/PAN-Ar
and ZIF-8(Fe)-Ar cathodes. The SEM micrographs clearly show the different morphologies of
these two electrodes, clearly a result of the different catalyst morphologies (Figure 1 and S6).
Under O,, ZIF-8(Fe)-Ar and E-ZIF-8(Fe)/PAN-Ar exhibited a current density of 17 and 25
mA-cm? at 0.8 V (iR-free voltage) respectively, comparable to other ZIF-8 derived FeNC
catalysts pyrolyzed in Ar.*! The iR correction was performed according to the average high
frequency resistance measured at low and high current densities (Figure S9). However, superior
mass-transport in the E-ZIF-8(Fe)/PAN-Ar cathode layer started to take effect at potentials
below 0.8 V (Figure 4b). The current density and power density at 0.6 V (iR-free voltage)
increased from ~140 mA-cm™ and ~85 mW-cm™ for ZIF-8(Fe)-Ar to ~390 mA-cm™ and ~230
mW-cm™ for E-ZIF-8(Fe)/PAN-Ar (Figure 4a), due to the beneficial morphology for mass-
transport in the latter. While differences can be seen already with pure O, feed at the cathode, it
has been proposed that the source for mass-transport limitations of FeNC catalysts in PEMFCs is
mainly from O rather than proton.'® Thus, we then evaluated the ORR performance of the E-
ZIF-8(Fe)/PAN-Ar layer in Hjy/air PEMFCs (Figure 4c-d). The E-ZIF-8(Fe)/PAN-Ar layer
exhibited a current density of 20 mA-cm™ at 0.8 V (iR-free voltage), which is almost two times
greater than that given by ZIF-8(Fe)-Ar (11 mA-cm™). Moreover, the current density and power
density at 0.6 V (iR-free voltage) increased from ~105 mA-cm™ and ~65 mW-cm™ for ZIF-
8(Fe)-Ar to ~300 mA-cm™ and ~180 mW-cm™ for E-ZIF-8(Fe)/PAN-Ar. In summary, the

PEMFC polarization curves under air and O, both confirm the superior cathode morphology in
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E-ZIF-8(Fe)/PAN-Ar. E-ZIF-8(Fe)/PAN-Ar exhibited ~30% loss in current density and power
density after holding at 0.6 V for 50 hours (Figure S10), comparable to 36% activity loss
operated at 0.55 V after 50 hours in Hy/air PEMFC recently reported for a ZIF-8 derived FeNC
catalyst.”* State-of-the-art initial ORR activity (but lower stability) is obtained with NHs-
pyrolyzed FeNC materials.*> ¥ % Thus, a second pyrolysis under NH3 (900 °C, 15 min) was
applied to E-ZIF-8(Fe)/PAN-Ar (denoted as E-ZIF-8(Fe)/PAN-ArNHj3 hereafter). The NH3 heat
treatment did not alter the fibrous structure of E-ZIF-8(Fe)/PAN-Ar (Figure S6b). The enhanced
ORR activity was first confirmed with RDE (Figure S4a). Then we evaluated E-ZIF-
8(Fe)/PAN-ArNHjs in a Hp/air PEMFC. The current density at 0.8 V and 0.6 V (iR-free voltages)
reached ~55 and ~460 mA-cm?, respectively. This is 1.7 and 1.5 times higher than the
corresponding values obtained with E-ZIF-8(Fe)/PAN-Ar, i.e. without NHj; treatment.
Comparing to the H,/air PEMFC performances of other FeNC cathodes reported recently
summarized in Table S2, the E-ZIF-8(Fe)/PAN-ArNHj; catalyst exhibits a similar current density
at 0.8 V, and lower current density at 0.6 V. These promising results suggest that the
performance of FeNC catalysts in a practical Hy/air PEMFC can be improved by adopting a

hierarchical design of the cathode layer structure.
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Figure 4. Electrochemical performance in single cell. (a) H,/O, PEMFC polarization curves
and the corresponding power density curves for MEAs with a ZIF-8(Fe)-Ar or E-ZIF-
8(Fe)/PAN-Ar cathode, and (b) the corresponding Tafel plots. (c) H./air PEMFC polarization
curves and the corresponding power density curves for the same two MEAs and for a third MEA
with a ZIF-8(Fe)/PAN-ArNHj; cathode, and (d) the corresponding Tafel plots. For (a) and (c), the

solid curves are iR-corrected while the dashed curves are not. The cathode loading was 4
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Mgrenc-cM™ and the anode loading was 0.5 mge-cm™. The membrane was Nafion NR-211, the

cell temperature was 80 °C, and H, (60 sccm)/O, (60 sccm) or air (200 sccm) were fed with

100% relative humidity. The gauge pressure was 1 bar on each side.

2.5. Operando computed tomography

21



The ex situ X-ray CT of E-ZIF-8(Fe)/PAN-Ar and ZIF-8(Fe)-Ar electrodes revealed the larger
thickness of the former (~70 vs. 50 pm) for a same catalyst loading of 4 mg-cm™ (Figure 5a-c
and Figure Slla-c). This indicates a significantly higher volume of macropores in E-ZIF-
8(Fe)/PAN-Ar layer, imparted by the fibrous structure. Higher porosity in E-ZIF-8(Fe)/PAN-Ar
is visible at both nano- and micro-scale (Figure 5a-c and Figure S11a-c). The porosity of each
electrode can be estimated from the electrode thickness, the FeNC and Nafion loadings (4.0 and
5.7, respectively), and assuming densities of 2.0 and 1.8 g-cm™ for the FeNC and Nafion phases,
respectively.”® The assumed density of FeNC corresponds to that of disordered carbons. With
this, the pore voids are calculated to represent ~28% of the volume of the E-ZIF-8(Fe)/PAN-Ar
electrode, while the pore volume in ZIF-8(Fe)-Ar electrode is negligible. Operando X-ray CT
was then conducted at a constant current density of 100 mA-cm under cold-wet conditions (40-
45 °C cell temperature and overhumidified gas feed), exacerbating flooding due to low water
evaporation rates.> The potential vs. time, polarization curves and OCV vs. time curves recorded
with the cell designed for operando CT are shown in Figure S12a-c. Similar to ex situ images,
operando X-ray CT images showed that E-ZIF-8(Fe)/PAN-Ar electrode is thicker than ZIF-
8(Fe)-Ar (Figure 5d and Figure S11d). Furthermore, the E-ZIF-8(Fe)/PAN-Ar electrode has a
very homogeneous layer structure and good contact with the Nafion membrane (Figure 5d),
whereas ZIF-8(Fe)-Ar has variations in the thickness and imperfect contact with the membrane
that can result in proton-transport limitations at high current-densities (Figure S11d). This
improved contact with Nafion membrane of E-ZIF-8(Fe)/PAN-Ar cathode may be due to a
complex effect of the catalyst morphology (anisotropic fibers) during the ink drying process. At
these cold-wet conditions, liquid water is expected to form within the electrode during PEMFC

operation and, depending on the electrode hydrophilic properties and pore structure, either
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remains there or is moved into larger voids and under the land areas of the flow fields.® From
the X-ray CT images, liquid water was not detected in the larger voids or under the land areas,
indicating that the small pores (meso and micropores) in the electrodes are intrinsically
hydrophilic. This is well-known for pyrolyzed ZIF-8. The abundant water-free macroporous
voids within E-ZIF-8(Fe)/PAN-Ar electrode under working conditions therefore allow the fast
transportation of O, in the gas-phase to the active sites, alleviating performance loss induced by i)
too low volume of macropores in the layer (ZIF-8(Fe)-Ar), and ii) water flooding in the
macropores as a result of high ORR current combined with hydrophobic meso- and micropores
(possible case for other FeNC catalysts). In summary, the operando X-ray CT during fuel cell
operation confirmed the improved porous structure in the E-ZIF-8(Fe)/PAN-Ar active layer, with

higher macroporosity and improved contact with the Nafion membrane.
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Figure 5. Ex situ and Operando X-ray CT of E-ZIF-8(Fe)/PAN-Ar electrode. (a-b) Two
cross-sections from micro-CT and (c) a tomograph from nano-CT, where 3D volume-rendering
is shown too. (d) 2D cross-sections from the 3D data measured in operando that correspond to

location under channel (left) and under the land (right).
3. Conclusions

In this work, the electrospinning of nanostructured ZIF-8(Fe) is demonstrated as an effective
approach to engineer the structure of FeNC catalysts, leading to a 3D macroporous CNF web
with abundant intra-fibre micro- and mesopores. The macroporous voids during PEMFC
operation provide a path for gas-phase diffusion of O, to the surface of the water-filled
microporous FeNC fibres, while the micropores host the FeN sites. This rationally engineered
3D architecture of FeNC electrodes via electrospinning provides an up-scalable strategy®* to
further facilitate large-scale implementation of Hy/air PEMFCs with PGM-free cathodes.
However, electrospinning was also found to result, concomitantly, in the formation of metallic
iron and FesC during pyrolysis with present synthesis approach, compromising the high density
of atomically-dispersed FeNy active sites. Further efforts in our group are now devoted to take
advantage of the electrospinning process for fibrous FeNC morphology, while avoiding the

formation of metallic particles in FeNC fibers.
4. Methods

Sample preparation: Nano-sized ZIF-8(Fe) was synthesized by mixing solution A comprising
2.05 g of 2-methylimidazole and 1.83 g of butylamine in ~200 mL methanol, and solution B
comprising 2.97 g of Zn(NO3),-6H,0 (Sigma-Aldrich) and 0.02 g of FeCl,-4H,0O (Sigma-

Aldrich) in ~200 mL methanol. Then the mixed solution was left to stand for 1 hour without
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stirring, followed by centrifugation and washing with methanol at 4,000 rpm for 6 min (3 times).
For characterizing and pyrolyzing ZIF-8(Fe), the obtained paste was then dried at 70 °C
overnight to obtain a pink dry powder of ZIF-8(Fe). The nano-ZIF-8 (iron-free) as a control was
synthesized identically without adding FeCl,-4H,0. For ZIF-8(Fe) to be used in the
electrospinning process, the ZIF-8(Fe)/methanol paste was washed with DMF and centrifuged at
4,000 rpm for 8 min (3 times) before drying. Then ~0.2 g of the obtained ZIF-8(Fe)/DMF paste
was carefully weighed before and after being dried in vacuum oven at 100 °C overnight to
calculate the weight percentage of ZIF-8(Fe) in ZIF-8(Fe)/DMF paste (this dried powder was not
used for the following electrospinning process). The ZIF-8(Fe)/DMF paste and polyacrylonitrile
(PAN, Sigma-Aldrich)/DMF solution (10 wt% PAN in DMF) was well-stirred for at least 24
hours with a magnetic stir bar, with a weight ratio of ZIF-8(Fe)/PAN of 60/40. Then the
homogeneous suspension of ZIF-8(Fe)/PAN in DMF was electrospun at ~14 kV with a needle-
collector distance of 16 cm and a flow rate of ~1.2 mL-min™. The collector was a drum with a
rotating rate set at 400 rpm (Spraybase, Ireland). The obtained ZIF-8(Fe)/PAN fiber matt was
stabilized in air at 150 °C for 120 min, and then at 240 °C for 180 min with a ramp rate of 2
°C-min™. Then the stabilized ZIF-8(Fe)/PAN fiber matt was subjected to a pyrolysis at 1050 °C
for 120 min in flowing Ar with a ramp rate of 4 °C-min™. As a first control sample, ZIF-8(Fe)
dry powder was directly pyrolyzed under the same condition, without stabilization in air (ZIF-
8(Fe)-Ar). For the highest ORR activity, the percentage of Fe in ZIF-8(Fe), and the ratio of ZIF-

8(Fe)/PAN were optimized to be 1 at% and 60/40 by weight, respectively.

A second control sample, ZIF-8(Fe)/PAN-Ar, was synthesized by mixing ZIF-8(Fe) and PAN in

a weight ratio of 60/40 via plenary ball-milling at 400 rpm for 2 hours using zirconium jars and
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100 zirconium balls (5 mm) as grinding media, and then the mixture was pyrolyzed at 1050 °C

for 120 min in flowing Ar with a ramp rate of 4 °C-min™.

A third control sample, ZIF-8(Fe)-stabilized-Ar, was synthesized by stabilizing ZIF-8(Fe) dry
powder in air at 150 °C for 120 min, and then at 240 °C for 180 min with a ramp rate of 2
°C-min™, and then the stabilized ZIF-8(Fe) powder was subjected to a pyrolysis at 1050 °C for

120 min in flowing Ar with a ramp rate of 4 °C-min™.

SEM: Scanning electron microscopy micrographs were obtained with a Hitachi S-4800 apparatus

(Hitachi, Tokyo, Japan).
Mercury intrusion porosimetry:

XRD: X-ray diffraction patterns were recorded using a PANanalytical X Pert Pro powder X-ray

diffractometer with Cu Ka radiation.

N, adsorption/desorption: N, adsorption/desorption was performed at liquid nitrogen
temperature (77 K) with a Micromeritics ASAP 2020 instrument. Prior to the measurements, all
samples were degassed at 200 °C for 5 h in flowing nitrogen to remove guest molecules or
moisture. The pore size distributions were calculated by fitting the full isotherm with the quench
solid density functional theory model with slit pore geometry from NovaWin (Quantachrome

Instruments).

Raman spectroscopy: Raman spectra were collected using a LabRAM ARAMIS Raman

microscope with a 473 nm laser.
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XAS: Fe K-edge X-ray absorption spectra were collected at room temperature in transmission
mode at the SAMBA beamline (Synchrotron SOLEIL). The beamline is equipped with a
sagittally focusing Si 220 monochromator and two Pd-coated mirrors that were used to remove
X-ray harmonics. The catalysts were pelletized as disks of 10 mm diameter with 1 mm thickness
using Teflon powder (1 um particle size) as a binder. Data treatment were performed with the

Athena software.>®

>"Fe Mdsshauer spectroscopy: 120 to 300 mg samples were mounted in a 2 cm? holder. The
Méssbauer spectrometer (Wissel, Germany) was operated in the transmission mode with a >’Co:
Rh source at room temperature. The velocity driver was operated in the constant acceleration
mode with a triangular velocity waveform. The velocity scale was calibrated with the
magnetically split sextet of a high-purity a-Fe foil at room temperature. The spectra were fitted
to appropriate combinations of Lorentzian profiles representing quadrupole doublets, sextets by

least-squares methods. Isomer shifts are given relative to a-Fe at room temperature.

Electrochemical characterization-RDE: The catalyst powders were deposited on glassy carbon
electrodes as working electrode. Catalyst ink was prepared by dispersing 10 mg of the catalyst
powder in a mixture of Millipore water (36.5 uL, 18.2 MQ cm) and ethanol (300 uL, Sigma-
Aldrich, 99.8%), into which 5 wt% Nafion solution (108.5 uL, Sigma-Aldrich) was added as a
binder phase. The resulting mixture was sonicated for 60 min, and then an aliquot of 8.8 uL was
drop-cast onto the glassy carbon electrodes (0.247 cm?, Pine instrument), resulting in a loading
of 800 pg-cm™. The working electrode with the deposited catalyst layer was used in a three-
electrode cell set-up connected to a bipotentiostat (Biologic SP 300) and rotator (Pine
Instruments). The graphite rod and reversible hydrogen electrode (RHE) were used as counter

and reference electrodes, respectively. The ORR activity was measured in O,-saturated 0.1 M
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HCIO,4 from 0.05 to 1.05 V vs. RHE with a scan rate of 20 mV-s™ at 1,600 rpm. The CV was
carried out between 0.05 to 1.05 V vs. RHE with a scan rate of 20 mV s in Np-saturated 0.1 M

HCIO,.

Electrochemical characterization-PEMFC: The ORR activities and performance of the catalysts
were also investigated in a single-cell PEMFC. For E-ZIF-8(Fe)/PAN-Ar and E-ZIF-8(Fe)/PAN-
ArNHjs, the fibrous webs were hand-grinded into powders before use. The cathode inks were
prepared by dispersing 20 mg of catalyst powder in a mixture of Millipore water (272 pL,
18.2 MQ cm) and ethanol (326 pL, Sigma-Aldrich, 99.8%), into which 5 wt% Nafion solution
(652 pL, Sigma-Aldrich) was added. The inks were sonicated for 60 min. Then, three aliquots of
405 pL of the catalyst ink were successively drop-cast on the microporous layer of a 4.84 cm?
gas diffusion layer (Sigracet S10-BC) to reach a catalyst loading of 4 mg-cm™. The cathode was
then placed in a vacuum oven at 60 °C to dry for 2 hours. The anode used for all PEMFC tests
performed in this work was 0.5 mge-cm™ on Sigracet $10-BC. Membrane electrode assemblies
(MEAs) were prepared by hot-pressing a 4.84 cm? anode and cathode against either side of a
Nafion NRE-211 membrane at 136 °C for 2 min. PEMFC characterization was performed with a
single-cell fuel cell with serpentine flow field (Fuel Cell Technologies) using an in-house fuel
cell test stand and a Biologic Potentiostat with a 50 A load and EC-Lab software. For the tests,
the fuel cell temperature was 80 °C, the humidifiers were set at 85 °C, and the inlet pressures
were set to 1 bar gauge for both anode and cathode sides. The flow rates for humidified H,/O,
and Hy/air were 60/60 and 60/200 sccm (downstream of the fuel cell), respectively. Polarization
curves were recorded by scanning the cell voltage at 0.5 mV-s™, which is sufficiently low to

neglect any capacitive current.
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Operando computed tomography: Micro X-ray CT imaging was performed at the Advanced
Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL), at Beamline 8.3.2.
Monochromatic X-rays at 25 keV were selected with a double-multilayer monochromator. Pixel
size of 1.3 um was achieved with 5x lenses with a SCMOS PCO Edge camera and 0.5 mm LUAG
scintillator. The achieved horizontal field-of-view (FOV) was 3.3 mm, vertical FOV depends on
energy and is smaller than that. Two FOV were collected per cell with 700 ms per projection and
1040 projections total. Earlier version of operando fuel cell hardware is reported in previous
study.” Here we provide only salient details. The cell active area is 1 cm? (2 cmx0.5 cm), the
MEA is sandwiched between two bipolar plates that have two parallel channels (1 mmx1 mm).
The MEA composition was the same as reported in the above section. The aluminum clamps are
used for compression on the top and bottom of the cell, whereas the 1 cm? of area used for
imaging has only graphite bipolar plates for high X-ray transmission. Hard-stop gaskets are used
to achieve 20 % cell compression. Mass-flow controllers and external humidifiers are used for
humidity control. Nano X-ray CT for ex-situ samples was performed at beamline 32-1D at
Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Monochromatic X-rays
at 8 keV were selected for imaging. Phase-ring was used behind Fresnel zone plate to image
carbon materials. The FOV was 75 x 75 um and resolution 60 nm. 1500 projections were
recorded with 1 s per projection, resulting in approximately 20 min scan. Raw data was
reconstructed using TomoPy software, Gridrec algorithm was used for tomographic
reconstructions. Reconstructions parameters were reported earlier.>® For nano-CT reconstructions
phase retrieval and tomographic reconstructions were performed using TomoPy and ASTRA.>"%
ImageJ was used for image analysis and a combination of Imagel and Avizo for data

visualization.
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Supporting Information.
The following files are available free of charge.

FT-IR (a) and FT-far-IR (b) spectra of ZIF-8(Fe); SEM images of E-ZIF-8(Fe)/PAN fibers
before pyrolysis, E-ZIF-8(Fe)/PAN-Ar and E-ZIF-8(Fe)/PAN-ArNH; after grinding, and their
electrode top-view and MEA cross section view; the pore size distributions of E-ZIF-8(Fe)/PAN-
Ar and ZIF-8(Fe)-Ar measured by mercury intrusion porosimetry; Fe K-edge XANES spectra (a)
and FT-EXAFS spectra (b) of E-ZIF-8(Fe)/PAN-Ar before and after grinding; the
electrochemistry profiles of E-ZIF-8(Fe)/PAN-Ar and E-ZIF-8(Fe)/PAN-ArNHs;, the current
density and power density vs. time of E-ZIF-8(Fe)/PAN-Ar during a 0.6 V potential hold (non-iR
corrected) in Hy/air PEMFC; ex-situ and operando X-ray CT of ZIF-8(Fe)-Ar and the
corresponding electrochemistry profiles; the discussion about parameters of the doublet in >"Fe
Maossbauer spectra; the surface area obtained with N, physisorption analysis; and a table

summarizing the Hy/air PEMFC performance for FeNC cathodes from literature (PDF)
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