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Abstract:

Iron-nitrogen-carbon (Fe-N-C) single-atom catalysts are promising sustainable alternatives to the costly
and scarce platinum (Pt) to catalyze the oxygen reduction reactions (ORR) at the cathode of proton
exchange membrane fuel cells (PEMFCs). However, Fe-N-C cathodes for PEMFC are made thicker than
Pt/C ones, in order to compensate for the lower intrinsic ORR activity and site density of Fe-N-C
materials. The thick electrodes are bound with mass transport issues that limit their performance at high
current densities, especially in Hp/air PEMFCs. Practical Fe-N-C electrodes must combine high intrinsic
ORR activity, high site density and fast mass transport. Herein, we have achieved an improved
combination of these properties with a Fe-N-C catalyst prepared via a two-step synthesis approach,
constructing first a porous Zn-N-C substrate, followed by transmetallating Zn by Fe via chemical vapor
deposition. A cathode comprising this Fe-N-C catalyst has exhibited a maximum power density of 0.53 W
cm™ in H/air PEMFC at 80 °C. The improved power density is associated with the hierarchical porosity
of the Zn-N-C substrate of this work, which has been achieved by epitaxial growth of ZIF-8 onto g-C3Ny,

leading to a micro-mesoporous substrate.

Keywords: proton exchange membrane fuel cells, oxygen reduction reaction, Fe-N-C, chemical vapour

deposition



1 Introduction

Hydrogen-fed proton exchange membrane fuel cells (PEMFCs) convert chemical energy into electrical
energy with very low or zero-emission, making it a promising decarbonized technology for transportation
applications and portable devices. One of the major challenges for the widespread deployment of
PEMFCs is to disengage from its current dependence on costly and scarce platinum (Pt).! It is thus
appealing to develop sustainable alternatives made of inexpensive and earth-abundant materials to
catalyze the reaction requiring by far the highest Pt loading in PEMFCs, namely the oxygen reduction
reaction (ORR). The state-of-the-art alternatives are catalysts with atomically dispersed nitrogen-
coordinated iron sites (FeN,) covalently integrated into porous carbon matrices (denoted as Fe-N-C).2*
Fe-N-C catalysts have demonstrated encouraging initial ORR activity approaching that of Pt/C in H,/O,
PEMFCs.>% However, the performance of Fe-N-C cathodes in H,/air PEMFCs is much lower than that of
Pt-based ones under the same conditions, especially at high current density regimes, due to low
accessibility of FeN, sites. This is, in turn, a combination of general intrinsic properties of Fe-N-C
materials (high microporosity, low gravimetric active site density) and thicker cathodes as necessary to
reach a sufficient number of active sites per geometric area of the MEA.” Besides durability issues of Fe-
N-C materials, this power performance gap in H/air PEMFCs between Pt/C and Fe-N-C cathode has

hampered the replacement of Pt-based catalysts by Fe-N-C catalysts.

The state-of-the-art Fe-N-C catalysts present high performance at elevated potentials such as 0.9 V in
H,/O, PEM fuel cells (all potentials in this work are given versus a reversible hydrogen electrode). This
has been achieved by utilizing high catalyst loading in the range of 4-7 Mgre.n-c cm™ to increase the
number of active sites per geometric area of the electrode, so as to compensate for the relatively low
turnover frequency (TOF) and low gravimetric site density of FeN, active sites in comparison with those
of Pt-based active sites in Pt/C materials.* *° However, such high Fe-N-C loadings result in thick
electrodes (> 100 pm), slow transport of oxygen and water, as well as low proton conduction through the

catalytic layer. The effect can be particularly deleterious to the performance with Hy/air PEMFCs due to



the dilution of O, with N, at the cathode.® Consequently, the power densities achieved by Fe-N-C
cathodes at the desired PEMFC operating voltage (0.6-0.7 V) are usually low, making them impractical.
To alleviate these issues, Fe-N-C catalysts with various morphologies and porosities have been designed
using hard silica templates or washable salt templates as well as polymers as soft templates.”*" The main
goal of these syntheses was to create hierarchical porous structures combining micro, meso, and/or
macroporosity in order to facilitate mass transport. However, these syntheses involved complicated
template fabrication and harsh template removal procedures.”®*® It is therefore tempting to create
hierarchical porous carbon structures for Fe-N-C catalysts without a template removal process. Typical
template-free approaches to preparing Fe-N-C catalysts generally start by finely mixing carbon, nitrogen,
and iron precursors followed by heat treatment. The convoluted thermal-development of iron, nitrogen,
and carbon species during pyrolysis results however in a low degree of freedom to simultaneously control
active site density, catalyst’s morphology and pore size distribution.” The conditions of the thermal
treatment (atmosphere, duration, temperature, etc.) affect the nature and number of the formed single-
atom FeN, sites, that have been widely acknowledged to be responsible for the superior ORR activity of
Fe-N-C catalysts.” *?>? Meanwhile, the morphology, structure, and chemistry of the carbon matrix of the
Fe-N-C catalysts also depend on the conditions of the thermal treatment. With such an approach where
both the carbon matrix and Fe-based sites are formed simultaneously in the first pyrolysis step, it is
therefore difficult to simultaneously optimize the site density and the catalyst morphology. It would be
appealing to develop a multi-step synthetic approach that deconvolutes the step at which the active site
density is defined from the step at which the catalyst’s morphology is defined. In our previous study, Fe-
N-C catalysts with abundant and gas-accessible FeN, sites were prepared by chemical vapor deposition
(CVD).® The FeN, sites formed via high-temperature transmetalation between gaseous FeCl; and ZnN,
moieties from a Zn-N-C substrate are naturally accessible to the gas phase in the resulting Fe-N-C
materials. In addition, the morphology of the carbon matrix of the Zn-N-C substrate had no observable

changes during the CVD process.



The CVD method thus potentially allows for sequentially and independently achieving a Zn-N-C
substrate with optimum porous structure and high density of FeN, sites. Based on this concept, we
designed a novel Zn-N-C substrate with a multimodal pore size distribution by growing zeolitic
imidazolate frameworks-8 (ZIF-8) nanocrystals on graphitic carbon nitride (g-CsN,) nanosheets. ZIF-8-
on-g-C;3N, epitaxial heterostructure benefits the creation of a porous carbon matrix to facilitate mass
transport through the resulting Fe-N-C catalyst layer. A cathode comprising this Fe-N-C catalyst has

exhibited a maximum power density of 0.53 W cm™ in H,/air PEMFC at 80 °C.
2 Results and Discussion

Our design principle is to construct a highly porous Zn-N-C substrate with high gas and water
permeability, which can potentially not only form a high density of FeN, sites later via iron CVD but also
possess excellent mass transport features. Based on this principle, ZIF-8 nanocrystals were directly grown
on graphitic carbon nitride to mitigate their aggregation during thermal pyrolysis so as to create and

expose more surface area of Zn-N-C substrate during CVD.

The synthesis procedure is illustrated in Figure 1a while the details are provided in the experimental
section. First, the bulk solids of graphitic carbon nitride (g-C3N,4) were synthesized by calcination of
melamine at 550 °C. To facilitate the crystal growth of ZIF-8 nanocrystals on g-CsN4 nanosheets, the
latter was first ball milled and exfoliated by sonication to nanosheets in methanol containing 2-
methylimidazole. Then, a solution of Zn(NO;)*6H,0 in methanol was added under stirring. After that, the
suspension was collected and washed with fresh methanol before being dried in an oven. Figures (1b), (1c)
and (1d) show that the polyhedron ZIF-8 nanocrystals were grown on the g-CsN,4 nanosheets. X-ray
diffraction (XRD) patterns suggest that the ZIF-8 nanocrystal structure was obtained (Figure 1e). The
composite ZIF-8/g-C3N,4 precursor was then pyrolyzed in flowing argon at 1050 °C to produce a substrate
(labeled as Zn-N-Cg). The latter was then converted to an iron-based catalyst (labeled as Fe-N-Cgy) with

the iron CVD method recently reported by us for the first time.° The porosity of the Zn-N-C4 substrate



was evaluated by N, adsorption/desorption. Types | and IV isotherms (Figure 1f) indicate the co-
existence of micropores and mesopores.”>? In addition, the high gas uptake at the higher relative pressure
(P/Po > 0.9) suggests the presence of abundant macropores. Specifically, the micropore diameter is
centered at 1.78 nm with a total micropore volume of 0.6 cm®.g™. The dominant mesopore diameter is
around 4.0 nm with a total mesopore volume of 0.7 cm®-g™* (Figure 1g). The total surface area of Zn-N-Cq4
is 944 m*.g™, higher than that of the substrate (807 m°g™) synthesized in the absence of g-CsN, (labelled
as Zn-N-C in Figure 1g).° Thus, the introduction of g-C3N, improves the porosity of the substrate,

especially promoting the formation of mesopores (Figure 1g).
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Figure 1. (a) Schematic illustration of the synthesis procedure. (b), (c), and (d) representative TEM
images of ZIF-8/g-C3N, precursor at different magnifications. (e) XRD patterns of the ZIF-8/g-C5N,
precursor, ZIF-8, and g-C3N, reference. (f) N, sorption isotherm curves. (g) pore size distribution
calculated by applying the Non-Local Density Functional method. Zn-N-C data is from our previous
report, with Zn-N-C synthesized in the same conditions as Zn-N-C4 but without g-CsN,.°



The morphology of the Zn-N-C, substrate was further observed by high-resolution microscopy. Figures
2a and 2b show the scanning electron microscopy (SEM) images. As seen, a representative Zn-N-Cg
particle has a three-dimensional interconnected network with abundant pores throughout. The
morphology differs strikingly from the carbonaceous material derived from pyrolyzed ZIF-8 nanocrystals
in the absence of g-C3N,, or with the post-addition of g-C3N,, In those cases the carbonaceous materials
have polyhedral-like nanoparticles.® ** We attribute the difference, mainly, to the epitaxial heterostructure

of the composite ZIF-8/g-C3N, precursor.

Given the essential roles of Zn and nitrogen species in the formation of FeN, sites, Z-contrast dark-field
scanning transmission electron microscopy (STEM) images were recorded for the Zn-N-C, substrate.
High-intensity Zn sites are visible all over the three-dimensional frameworks of Zn-N-C, particles (Figure
2c¢-g). The energy-dispersive X-ray spectroscopy (EDS) mapping independently indicates Zn and N sites
are uniformly dispersed within the Zn-N-C, substrate (Figure 2e-g). Atomic-resolution aberration-
corrected annular dark-field scanning transmission electron microscope (ADF- STEM) images further
demonstrate the atomic dispersion of Zn atoms in the Zn-N-C substrate (Figure 2h and 2i). Each Zn
atom is primarily surrounded by four nitrogen atoms (noted as ZnN, structure), as indicated by the fit of
the Fourier Transform of the extended X-ray absorption fine structure (FT-EXAFS) spectrum at the Zn K-
edge (Figure 2j). The presence of a small FT-EXAFS peak around 2 A (without phase correction) (Figure

2j) suggests the existence of low contents of metallic zinc, in addition to the Zn-N, moieties.
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Figure 2. Characterization of Zn-N-C,. (a) and (b) SEM images at different magnifications. (c)-(g) Z-
contrast STEM images and energy-dispersive X-ray spectroscopy (EDS) elemental distribution maps of
zinc (e), nitrogen (f), and their overlapping image (g). (h) and (i) aberration-corrected annular dark-field
(ADF) STEM images. (j) ex situ Zn K-edge Fourier-transformed EXAFS spectrum and its fitting. R is
interatomic distance. The indicated radial distance is not corrected for phase shift. y(R) is the Fourier
transform in the R space.

The ORR activity of the Fe-N-C, catalyst was first evaluated in 0.5 M H,SO, using a rotating disc
electrode (RDE). A 0.85 V half-wave potential (E;,) was demonstrated, coupled with a well-defined
diffusion-limited current density of 4.2 mA-cm?—close—to-the-expected-valuefor 4 ORR at 900-rprm
(Figure 3a). Compared with Zn-N-C,, the substantial increase in ORR activity highlights the essential

role of iron in the superior ORR activity of the Fe-N-C catalyst in acid media. The Tafel plot derived from



the ORR polarization curve shows a kinetic current density of 16 mA-cm™ (20 mA per milligram catalyst)

at 0.8 V. This activity compares favorably with the state-of-the-art Fe-N-C catalysts.”

To evaluate the potential application in PEMFCs, the Fe-N-C, catalyst was integrated into the membrane
electrode assembly (MEA) by blade coating an ink comprising the catalyst and Nafion D521 ionomer on
a Nafion 211 membrane (noted as MEAyage nafion Where Nafion in the superscript stands for the ionomer
used in the cathode ink). At 80 °C and 100 % relative humidity (RH), the Fe-N-C, cathode showed much
higher Hy/air performance in the low potential region than achieved previously by us for the same
synthesis but without g-C3sN,4 (noted as FeNC-CVD-750 catalyst) (Figure 3b). Specifically, the maximum
power density of Fe-N-C, is 0.49 W-cm™ in those conditions, higher than 0.37 W-cm™ for the FeNC-
CVD-750 catalyst. Given that the cell performance of both catalysts is comparable at high potential
(similar ORR kinetics), the superior performance of Fe-N-C, in the low potential region in Hy/air
PEMFCs strongly suggests that the introduction of g-CsN, successfully improved the mass transport

properties in Hy/air PEM fuel cells.

To explore the potential application of Fe-N-C, catalyst at low RH, the MEApja¢e_nafion Was also measured
at 50 and 75% RH at a cell temperature of 80 °C. At high potentials (> 0.7 V), the current density was ca.
0.2 A cm?and independent of the RH (Figure 3c). Even at low potential (high current density), the cell
performance decreased only slightly with decreasing RH. For example, the current density at 0.5 V
decreased only from 0.95 A cm?at 100% RH to 0.86 A cm™at 75% RH and to 0.7 A cm™at 50% RH.
This is correlated with increasing high-frequency resistance and cathode sheet resistance with decreased
RH (Figure S2), assigned to proton resistance through the PEM and through the cathode layer,
respectively. For comparison, a commercial Fe-N-C catalyst (~600 m*-g™) synthesized with a silica
template resulted in a much stronger decrease in performance with decreasing RH: the current density at
0.5 V decreased from ~0.32 A cm?at 100% RH to ~0.17 A cm™ at 75% RH when the ionomer content

was 35 wt%.”*?" Similarly, carbon-supported (Ketjenblack) Pt nanoparticles also showed a strong



decrease in performance with decreasing RH. For example, the current density at 0.5 V decreased from
~1.9 A cm?at 100% RH to ~1.5 A cm? at 55% RH.?® The decrease was attributed to low proton
conductivity limiting the utilization of active sites, especially those located in narrow and long pores.”*
It was also reported that at low RH and similar Pt loading as well as the same 1/C ratio, the Ketjenblack-
supported Pt catalyst electrode had higher proton resistance and tortuosity than that of Vulcan XC-72
supported Pt catalyst.** Thus, we hypothesize that the exceptionally low dependence of performance on

RH in the range of 100-50 % observed here for the Fe-N-C4 cathode is due to the high accessibility of

FeN, sites and a short average path between FeN, sites and the ionomeric phase.

To explore the oxygen diffusion property of the Fe-N-C, cathode layer, air was replaced by helox (He:
79%, O,: 21%). As oxygen diffuses around four times more readily through helium than through nitrogen
(Doznz = 0.74 ~1.13 x 10 m?/s against Doy = 0.18 ~0.28 x 10™* m?/s at 25 °C and 1 atmospheric

pressure), 3¢

the switch from air to helox at the cathode can lead to improved cell performance if strong
limitation by O, gas-phase diffusion takes place in the pores of the cathode active layer.**¢ As shown in
Figure 3c, the ORR performance at 80 °C and 100 % RH was slightly lower in H,/helox than that in
H.,/air. Electrochemical impedance spectroscopy measurements were carried out at 0.5 A-cm? and
showed identical high-frequency resistance (Figure S1). This result rules out that the slightly lower cell
performance with helox stems from a different cell resistance. We can thus conclude from the helox test
that O, gas-phase diffusion is not or negligibly limiting the Hy/air cell performance. The small decay in

performance from air to helox is attributed to the slight decrease of Fe-N-C, cathode ORR activity during

the H,/air test preceding the helox test carried out on the same MEA.

Next, we turned our attention to the choice and effect of ionomer inside the cathode layer. It was reported
that high ion exchange capacity (low equivalent weight, EW) ionomers lead to a higher proton
conductivity and water uptake, subsequently yielding a lower proton resistance and local oxygen transport
resistance in the electrode layer.*”° Inspired by these reports, the long-side chain Nafion D521 ionomer
(Nafion, EW 1100 g/mol) was replaced by the short-side chain Aquivion ionomer (Aquivion, EW 720

10



g/mol) in the Fe-N-C, ink, keeping all other parameters the same. The resulting MEA is noted as
MEAyiade_aquivion: The MEAgjage_aquivion WaS measured at the same H./air conditions as the MEAyjage_nafion at
80 °C and 100 % RH. As shown in Figure 3d, the MEApjge aquivion ShOWS a moderately improved
performance at all potentials, reaching a maximum power density of 531 mW-cm™? The constant upshift
of the polarization curve for MEApage aquivion VS. MEApige nafion OF ~ 30 mV indicates that the
improvement is mainly related to the improvement in ORR Kkinetics, not due to an improvement in the
proton conductivity throughout the cathode layer, which would otherwise lead to a current dependency of
the improvement. It is also consistent with the EIS results showing that the presence of the lower EW

Aquivion ionomer in the electrodes of the MEApjade_aquivion did not significantly affect the cathode sheet

resistance (Figure S3).
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Figure 3. Electrochemical characterization of Fe-N-C, catalyst. (a) Steady-state rotating disc electrode
(RDE) polarization curves in O,-saturated 0.5 M H,SO, at room temperature, 900 r.p.m., 0.8 mg cm?
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catalyst loading. Inset: Tafel plot derived from ORR polarization curve of Fe-N-C, catalyst. (b)-(c)-(d).
Beginning of life PEMFC polarization curves. (b) Comparison between Fe-N-C, and FeNC-CVD-750
cathodes. Fe-N-C, cathode electrode of MEAyage nasion: 5.8 mg cm™, 100 % RH and 80 °C, H,: 0.5 L/min,
air 2.0 L/min, 150 kPa absolute at anode and cathode. FeNC-CVD-750 cathode: 6.0 mg cm?, 100 % RH
and 80 °C, H,: 0.5 L/min, air: 2.0 L/min, 150 kPa. Reproduced with permission. 6 Copyright 2021, under
exclusive license to Springer Nature Limited. (c) Effect of RH and cathode feed on the initial
performance for Fe-N-C, cathode of MEAyjage nasion: Cathode loading 5.8 mg cm?, 80 °C, H,: 0.5 L/min,
air or helox: 2.0 L/min, 150 kPa absolute at anode and cathode. (d) Initial performance for Fe-N-C, of
MEAyiade_aquivion: Cathode loading 5.8 mg cm?, 100 % RH and 80 °C, H,: 0.5 L/min, air: 2.0 L/min, 150
kPa absolute at anode and cathode.

The stability of the Fe-N-C, cathode electrode (assembled into a fresh MEA, noted as MEAgpray nafion)
was evaluated with an accelerated stress test involving repeatedly cycling the PEMFC voltage between
0.9 V and 0.6 V in Hyair, at 80 °C and 100 % RH (Figure 4a). The initial polarization curve and
polarization curves after different numbers of voltage cycles between 0.6 V to 0.9 V (from 1 to 30,000
cycles) were collected under the same experimental conditions. The current density at 0.8 V dropped from
0.1 A cm? initially to 0.045 A cm?after 1,000 voltage cycles and further decreased to 0.024 A cm™ after
5,000 voltage cycles and 0.015 A cm™after 10,000 voltage cycles. Changes in the surface chemistry were
also investigated by recording cyclic voltammograms of the cathode in the H,/N, cell configuration
(Figure 4b). The intensity of the redox peak at 0.8 V gradually diminished with increasing cycling number,
while the capacitance did not change significantly (Figure 4b). This suggests that carbon oxidation did not
significantly occur (which would lead to the surge of pseudocapacitance due to oxygen functional groups
and possibly also increased capacitance due to increased carbon area), but the active site density
decreased. While the origin of the redox peak in Fe-N-C catalysts is complex™, experimental evidence
provided by in situ X-ray absorption spectroscopy supports its assignment to Fe(ll)/Fe(lll) redox
transition of FeN, sites, for some catalysts at least *** We therefore relate the presence of the redox peaks
to the presence of electrochemically active FeN, sites in the Fe-N-C, catalyst. Correspondingly, the
disappearance of the redox peaks after 30, 000 cycles is ascribed to demetallation during the voltage
cycling. This assignment is further supported by the result that the prominent redox peaks are present in

the CV of the Fe-N-C, catalyst but absent in the CV of the counterpart Zn-N-C, (Figure S4). Based on

these results we derived that demetallation is one primary reason for the degradation of the Fe-N-C,
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electrode in H,/air PEMFCs. The poor stability of the Fe-N-C catalysts made by CVD observed here and
also previously® can be reasoned by CVD maximizing surface exposure of FeN, sites and the exclusive

presence of poorly stable D1 sites found by Mdssbauer spectroscopy for the FeNC-CVD-750 catalyst.
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Figure 4. Stability measurement of the Fe-N-C catalyst. (a) PEMFC polarization curves for Fe-N-C,
catalyst at initial (labeled as 1) and after different voltage cycling (from 2 to 3 x10* cycles) labeled as 2,
3...3x10%) from 0.9 V10 0.6 V. 5.0 mg cm?, 100 % RH and 80 °C, H,: 0.5 L/min, air: 1.0 L/min. 150
kPa absolute at both anode and cathode, (b) CV curves at 20 mV/s with H, and N, flow in the anode and
cathode, respectively.

To understand the source of its exceptional ORR performance in H,/air PEMFCs, the Fe-N-C, catalyst
was characterized by multiple techniques. The Fe-N-C, catalyst inherited the porous three-dimensional
network features of the Zn-N-C, substrate (Figure 5a, 5b, and 5c). Compared with the Zn-N-C, substrate,
The Fe-N-C, catalyst has a slightly lower microporous volume (0.5 cm®/g vs 0.6 cm®/g for Zn-N-C,) and
a slightly higher mesoporous volume (0.88 cm*/g vs 0.7 cm®/g for Zn-N-C,) (Figure 1f and 1g). The Z-
contrast dark-field STEM images show iron atoms as bright dots throughout the carbon matrix without
visible aggregation (Figures 5d and 5e). Energy-dispersive X-ray spectroscopy (EDX) mapping (Figures
5f, 5g, 5h, and 5i) also signifies that iron and nitrogen sites were uniformly dispersed. To further identify
the iron distribution, atomic-level STEM images were performed (Figure 5j). Plenty of bright dots were

observed, for which the electron energy-loss spectroscopy spectrum shows the proximity of single iron
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and nitrogen atoms (Figure 5k). This suggests the presence of abundant FeN, moieties in the Fe-N-Cg
catalyst. The Fe K-edge X-ray absorption near-edge structure (XANES) spectrum of the Fe-N-C, catalyst
(Figure 51) overlaps that of the Fe''Pc-O, reference compound, which suggests that the average oxidation
state of iron in the Fe-N-C, is close to +3. This precludes the presence of large amounts of metallic Fe°
species, further supported by the absence of prominent FT-EXAFS peaks at ca 2.2 A, characteristic of the
Fe-Fe interaction from metallic species (Figure 5m). The absence of FT-EXAFS signal at 2.5-2.7
angstrom also excludes the presence of significant amounts of ordered ferric oxides, and the iron,
therefore, seems to be present as Fe"'N, sites, in line with the iron speciation found in FeNC-CVD-750
catalyst prepared similarly but in absence of g-C;N,.° The fitting of the FT-EXAFS spectrum implies the
dominant iron sites are O,-FeN,, indicating that the FeN, moieties are mostly gas-accessible. These

results in combination demonstrate that a porous three-dimensional network with abundant gas-accessible

FeN, sites was achieved on the Fe-N-C, catalyst.
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Figure 5. Characterization of Fe-N-C, catalyst. (a), (b) and (c) SEM images at different magnifications.
(d)-(i) Z-contrast STEM images and EDS elemental distribution maps of iron (f), nitrogen (g), oxygen (h),
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and their overlapping image (i). (j) aberration-corrected ADF-STEM images. (K) electron energy-loss
spectroscopy showing the N K edge and Fe L edge acquired from a single atom (the bright dot in the inset
in which an atomic-resolution AC-STEM image is displayed). (I) ex situ XANES spectrum together with
those of Fe (I1)Pc and O,-Fe(ll)Pc reference compounds for comparison. (m) ex situ Fe K-edge Fourier-
transformed EXAFS spectrum and the fitting. R is interatomic distance. The indicated radial distance is
not corrected for phase shift. x(R) is the Fourier transform in the R space.

To understand the high activity of the Fe-N-C, catalyst, we quantified its electrochemically active site
density by nitrite stripping. This protocol involves the reaction of nitrite anions with FeNy moieties to
form the stable nitrosyl adduct and its subsequent electrochemical reduction in a lower potential region.
The associated stripping charge allows for quantifying the number of active sites.***® After exposure of
Fe-N-C, electrode to a NO3 the solution, the ORR activity was significantly decreased (Figure 6a),
evidencing NO; poisoned the active sites in the Fe-N-C, catalyst. Subsequently, the NO; reductive
stripping in the lower potential region was conducted. The associated stripping area (the grey area in
Figure 6b) was integrated to calculate the stripping charge. After stripping, the ORR performance was
mostly recovered (Figure 6a). Note that the hypothesis on the number of electrons transferred (three or
five electrons) during the reduction of one nitrosyl adduct, which is required to calculate the site density,
is currently under debate.** Assuming three electrons transfer during nitrite stripping with
hydroxylamine as reduction product*, the site density of Fe-N-C, is around 0.8x10% sites per gram of the
catalyst, slightly lower than that (1.92x10?°) of our previous FeNC-CVD-750 catalyst. On the other hand,
assuming five electrons transfer with NH," as the reduction product, the site density of Fe-N-C, is around
4.8x10" sites per gram of the catalyst. Even under this assumption, this value compares favorably to the
reported 0.25 ~1.44 x10" sites per gram of several benchmark Fe-N-C catalysts, derived from nitrite
stripping and assuming five electrons reduction.® ?° The maximum power density of the Fe-N-C, catalyst

(0.53 W cm) is higher than that of the FeNC-CVD-750 catalyst (0.37 W cm™) (Figure 3b) owing to

improved mass transport of the Fe-N-C, electrode, albeit the lower site density.
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Figure 6. Site density measurement of the Fe-N-C, catalyst. (a) The linear scan ORR performance
without (labeled as ‘Unpoisoned’), with NO; poisoning (labeled as ‘Poisoned’) and after NO5 poisoning
stripping (labeled as ‘Recovered’) in oxygen-saturated 0.5 M sodium acetate buffer (pH 5.2) with a 0.27
mg cm™ loading, 10 mV/s of scan rate, and 900 r.p.m. ORR performance is corrected by the CV collected
in the Ar-saturated same electrolyte with 10 mV/s of scan rate and without rotation. (b) NO3 stripping
voltammetry in Ar-saturated same electrolyte with 10 mV/s of scan rate and without rotation. The grey
area is associated with NO3 reductive stripping.

3 Conclusions

In this study, a Fe-N-C catalyst with a porous network structure integrated with high active site density
has been constructed with a self-sacrificial template. RDE measurements showed that the Fe-N-C,
catalyst exhibits a high ORR activity with a half-wave potential of 0.85 V and 16 mA cm? (20 mA per
milligram catalyst) of kinetic current density at 0.8 V. The Fe-N-C cathode demonstrated a peak power
density of 0.53 W cm™ in an H,/air PEMFCs owing to its excellent mass transport property. This result
suggests that self-sacrificing template synthesis followed by the CVD method for the formation of FeN,

active sites is promising to independently optimize site densities as well as mass transport.
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Experimental section

Synthesis of graphitic carbon nitride (g-CsN,). 6 g melamine (Sigma Aldrich) was pyrolyzed at 550 °C
for 4 hours in the air in a muffle furnace. The ramping rate was 5 °C/min. The resultant yellow graphitic
carbon nitride (g-CsN,4) was ball milled for 10 minutes with a ball-to-powder mass ratio of 1 in a 35 ml
grinding vial polypropylene with an attached flip cap with 3/8" (9.5 mm) methacrylate grinding balls

(SPEX SamplePrep, Mixer/Mill 8000M).

Synthesis of zeolitic imidazolate framework-8 /graphitic carbon nitride integrated precursor (ZIF-
8/g-C3Ny). 0.5 g of the ball-milled g-CsN,and 9.852 g of 2-methylimidazole (99%, Sigma-Aldrich) were
dispersed into 500 mL pure methanol solution (Sigma-Aldrich) and sonicated for 10 hours. 8.924 g Zn
(NO3)2-6H,0 (= 99.0%, Sigma-Aldrich) in 100 mL methanol was added all at once to the above solution
under stirring for 1 hour at room temperature. Then let the suspension stand for 4 hours before being
collected by centrifuge (IEC Centra-CL2 Centrifuge) with fresh methanol at 3000 rpm for 1 hour and

repeated three times, and then dried at 60 °C for 12 hours in a vacuum oven.

Synthesis of Zn-N-C, substrate. 1.0 g of ZIF-8/g-C;N, integrated precursor and 0.25 g of 1,10
phenanthroline (Sigma-Aldrich) were dispersed in a 50 mL solution of ethanol/water with a volume ratio
of 2:1. The mixture was magnetically stirred for 2 hours and dried at 80 °C in a vacuum oven for 12
hours. The dry powders were ball-milled for 30 min in a 35 mL grinding vial with a ball-to-powder mass
ratio of 1-to-1. The collected powders were pyrolyzed at 1050 °C in argon (a flow rate of 0.65 L-min’
Ywith a ramping rate of 5 °C /min and held at 1050 °C for 1 hour, followed by cooling down to room
temperature in argon. The powders were collected (denoted as Zn-N-Cy) and were stored in an 80 °C
vacuum oven before electrochemical testing and/or physicochemical characterization to prevent adsorbing

water.

Synthesis of Fe-N-Cq catalyst. The mixture of NH,CI (Alfa Aesar) and Fe,O; (Sigma Aldrich) with a

mass ratio of 2-to-1 was ball-milled for 5 mins. 120 mg of the mixture was placed in a ceramic boat,
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located upstream of the Ar flow in a quartz furnace tube. 80 mg of Zn-N-C,4 was uniformly dispersed in a
thin layer (8 cm x 4 cm) and positioned downstream with an interval distance of two centimeters away
from the mixture of NH,CI and Fe,Os. The furnace continuously flowed argon with a flow rate of 0.65
L-min™ in the pyrolysis process. The furnace was successively held at 40 °C and 100 °C for one hour,
respectively, to remove water and impurities. Following this the furnace temperature was increased to 750
°C with a ramping rate of 25 °C min™, and held at 750 °C for 3 hours, followed by cooling down to room
temperature. The downstream powders were collected and subjected to magnetic purification by slowly
moving a small magnet ~ 0.5 cm above the powder layer to remove Fe nanoparticles. The catalyst was
labeled as Fe-N-C, and stored in a vacuum desiccator before electrochemical testing and physicochemical

characterization.

Rotating disk electrode (RDE). A thin-film rotating disk electrode was used to evaluate the ORR
activities of the Zn-N-C, substrate and Fe-N-C, catalyst. Catalyst inks were prepared by dispersing 10 mg
of the catalyst powders in a mixture of Millipore water (36.5 uL, 18.2 MQ cm) and ethanol (300 pL,
Sigma-Aldrich, 99.8%). 5 wt% Nafion solution (108.5 pL, Sigma-Aldrich) was then added into the
solution as a binder phase. The resulting mixture was sonicated for 45 minutes in an ice bath (VWR
MODEL 50), and then an aliquot of 8.8 pL was drop-cast onto a glassy carbon electrode (0.2463 cm?,
Pine instrument) reaching 800 pg-cm™ of catalyst loading. The glassy carbon electrode with the deposited
catalyst layer as a working electrode was used in a three-electrode cell set-up connected to a potentiostat
(Autolab PGstat 30) and rotator (Pine Instruments). A graphite rod and reversible hydrogen electrode
(RHE) were used as counter and reference electrodes, respectively. The ORR activities were measured via
steady-state RDE polarization curves in O,-saturated 0.5 M H,SO, (95-97%, Sigma-Aldrich) solutions
using a rotation rate of 900 rpm, 20-mV potential steps from 0.05 to 0.95 V, and a 25-second potential
hold time at each step at room temperature. The cyclic voltammetry (CV) was carried out between 0.05 to

0.95 V vs. RHE with a scan rate of 10 mV-s? in an Ar-saturated 0.5 M H,SO, solution.

Nitrite stripping. A three-electrode cell was used to conduct nitrite stripping. The working electrode was
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a 0.2463 cm? glassy carbon electrode with 0.27 mg-cm™ loading of Fe-N-C, catalyst. The counter and
reference electrodes were a graphite rod and an Ag/AgClI electrode, respectively. A Pt wire was used to
correct the Ag/AgCI scale to the reversible hydrogen electrode (RHE) scale. A 0.5 M acetate buffer (pH
5.2) was prepared with sodium acetate (Sigma-Aldrich) and glacial acetic acid (Sigma-Aldrich). The
experimental procedures included protocols for cleaning, poisoning, and recovery of the working
electrode, following the previous report by Malko et al..** * In brief, the working electrode was subjected
to potential cycling from 1.05 V to -0.4 V with scan rates of 100 mV/s and 10 mV/s in Ar-saturated
electrolyte (20 cycles). It was repeated until stable CVs were obtained. The ORR polarization curves
(noted as Unpoisoned) (from 1.0 V to 0.3 Vgue) Were collected in O,-saturated electrolyte using a rotation
rate of 900 rpm and a scan rate of 10 mV-s™ followed by the acquisition of a CV in Ar-saturated
electrolyte in the same potential range. The latter was used to correct the ORR polarization curves from
the point of view of the double-layer capacitance. In addition, the CV curves in the range of 0.4 V to -0.3
V were collected with a scan rate of 10 mV/s. For nitride deposition and subsequent stripping, the
working electrode was immersed in 0.125 M NaNO; solution under rotation at 300 rpm for 5 minutes at
open circuit potential (OCP). Subsequently, the working electrode was washed with DI water (1 minute),
and electrolyte (5 minutes) with a final rinse in DI water (1 minute) under rotation at 300 rpm. The ORR
polarization curves and CV curves of the poisoned electrode (noted as Poisoned) as well as its stripping
curves were recorded in sequence with the same parameters used for collecting unpoisoned ORR
polarization curves. This step was repeated to verify the recovery of ORR polarization curves and features

of CV curves (noted as Recovered).
Polymer electrolyte membrane fuel cell tests.

MEAyiade_Nafion AN MEApjade_aquivion: The Fe-N-C4 catalyst/ionomer slurry was prepared with a solvent-to-
ionomer mass ratio of 60. The solvent mixture was prepared with a 1:4 ratio (by mass) of isopropanol and
deionized water (18.2 mQ-cm). After the solvent was added to the catalyst, the mixture was sonicated for

10 min. Then, the required amount of ionomer (Nafion D521 (EW 1100 g/mol) or Aquivion D72-25BS
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(EW 720 g/mol)) solution was added to the mixture. The ionomer-to-carbon ratio was 1. The mixture was
sonicated for 2 hours in a bath sonicator, and the temperature of the bath was maintained below 30°C.
The slurry was blading coated on the Nafion NR211 membrane. 20 wt% Pt/C (TEC10V20E) was used in
the anode electrode with an ionomer-to-carbon ratio of 0.5 (20 wt% Nafion solution (D2020)). The EIS
measurements were measured at 0.5 A/cm” with the same parameters as for polarization curves in H/air

conditions.

A commercially available fuel cell hardware (Fuel Cell Technologies, Albuguerque, NM, USA) with a
custom flowfield was used for each test. Fabricated MEAs were assembled with a 2.5 cm?® active area
using SGL 29BC gas diffusion layers on both the anode and cathode. Fuel cells were tested using a
commercial test station (850e, Scribner Associates Inc., Southern Pines, NC). First, the cell was heated to
80°C with 0.5 L/min of N, at 100% RH flowing over the anode and cathode for 2 h to hydrate the
membrane and ionomer. Polarization curves were measured under differential conditions with 0.5 L/min
of H, and 2.0 L/min of air on the anode and cathode respectively. Pressure at the anode and cathode was

150 kPa absolute.

MEApray nation: The slurry of Fe-N-C, catalyst was dispersed into the mixture of water and 1-propanol
aqueous (the volume ratio of water to 1-propanol is 4.5). Nafion D521 dispersion (lon power, 5.0 wt %)
was added with the ionomer-to-carbon ratio of 1. The ink was sonicated for an hour and a half in an ice
bath before spray-coating on the H23C6 gas diffusion layer (Freudenberg). A thin Nafion overspray layer
with a loading of 0.5 mg cm™ was applied to the surface of the cathode electrode to reduce the contact
resistance. The anode Pt electrode (47.7 wt% Pt/C (TKK)) was fabricated by spray coating ink on the
SGL 29-BC gas diffusion layer (Sigracet) with an ionomer-to-carbon ratio of 0.85 and a loading of 0.2
mg cm? For membrane electrode assembly (MEA), the anode electrode was first hot-pressed onto
NR211 membrane (lon Power) at 145 °C for 4 minutes, and subsequently, the cathode was hot-pressed
onto another side of the Nafion film at 145 °C for 3 minutes. The MEA was integrated into a single cell

with single-serpentine flow channels at a compression ratio of around 75%. The single cell was then
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connected to a fuel cell test station (100 W, Scribner 850e, Scribner Associates). The cells were
conditioned under an N, environment at 80 °C with 100% relative humidity for 2 hours. Air flowing at
1000 ml-min™* and H, (purity 99.999%) flowing at 500 ml-min~* were used for the cathode and anode
electrodes, respectively. The total absolute pressure applied to the MEA was 1.5 bar. Fuel cell

polarization curves were recorded in a voltage control mode.

Physical characterization

TEM. Transmission electron microscope (TEM) imaging of the ZIF-8/g-C3N, precursor was conducted

on a JEOL 2010 field emission gun (FEG).

STEM-EDS. EDS elemental maps were recorded at STEM mode with Thermo-Fisher Talos F200X at an
accelerating voltage of 200 kV. Fe L and N K edges elemental maps were extracted, and overlaying maps
were generated. High-angle annular dark-field (HAADF) STEM images were collected using a Hitachi

HD2700C with the Cs probe corrector operated at 200 kV.

SEM. Scanning electron microscopy (SEM) micrographs of the Fe-N-C, catalyst and Zn-N-C, substrate

were obtained with a Hitachi S-4800 apparatus (Hitachi, Tokyo, Japan).

XRD. X-ray diffraction (XRD) patterns were collected by using a PANanalytical X’Pert Pro powder X-

ray diffractometer with Cu K, radiation.

N, adsorption/desorption analysis. Surface areas were measured by the Brunauer-Emmett-Teller (BET)
method using N, adsorption/desorption on an Autosorb-1 analyzer (Quantachrome Instruments). N,
sorption analysis was conducted at liquid nitrogen temperature (77K). Before the measurements, the Fe-
N-C, catalyst and Zn-N-C, substrates power were degassed at 200 °C for 2 hours in flowing nitrogen to

remove moisture. The pore size distribution was calculated by the density functional theory (DFT) model.

XAS measurements. The ex situ XAS spectra at the Zn K-edge for the Zn-N-C, substrate and Fe K-edge
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for the Fe-N-C, catalysts were collected in transmission mode at the beamline 7-BM of National
Synchrotron Light Source 1l (NSLS-II) of Brookhaven National Laboratory. The XAS data were
processed and fitted using the Ifeffit—based Athena and Artemis programs.*® Scans were calibrated,
aligned, and normalized with the background removed using the IFEFFIT suite.*” The y(R) were modeled

using single scattering paths calculated by FEFF6.*
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