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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 polymer
electrolyte 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 activities and site densities of Fe-N-C
materials. The thick electrodes are bound with mass transport issues that limit their performance at high
current densities, especially in Ho/air PEMFCs. Practical Fe-N-C electrodes must combine high intrinsic
ORR activity, high site density and fast mass transport. Herein, we achieved an improved combination of
these properties with a Fe-N-C catalyst prepared via a two-step synthesis approach, constructing first a
sponge-like 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 Ha/air

PEMFC at 80 °C, and a current density of 0.74 A cm?at 0.6 V.

INTRODUCTION

The low-temperature polymer electrolyte membrane fuel cells (PEMFCs) convert chemical energy into
electrical energy with potentially zero-emission, making it a promising decarbonized technology for
transportation applications and portable devices. One of the major challenges for 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 oxygen reduction reaction (ORR) in PEMFCs. The state-of-the-art alternatives are catalysts
with atomically dispersed nitrogen-coordinated iron sites (FeN4) covalently integrated into porous carbon
matrices (denoted as Fe-N-C).>* Fe-N-C catalysts have demonstrated encouraging initial ORR activity
approaching that of Pt/C in H»/O, PEMFCs.® However, the ORR performance of these Fe-N-C catalysts

in Ho/air PEMFCs is much lower than that of Pt-based catalysts under the same conditions, especially at



high current density regimes, likely due to low accessibility of FeNj sites, that is in turn either intrinsic to
such materials (high microporosity, low gravimetric active site density) or to the Fe-N-C cathode
thickness.” Beside durability issues, this power performance gap in Ho/air PEMFC has hampered the

replacement of Pt-based catalysts by Fe-N-C catalysts in practical PEMFC applications.

The state-of-the-art Fe-N-C catalysts exhibit 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 mg/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 FeNy 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), and high
resistance towards oxygen and water transport through the catalytic layer, especially in Ho/air PEMFCs."
Consequently, the power densities they delivered at the desired PEMFC operating voltage (0.6-0.7 V) are
rather 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
polymerization.'"'® The main goal of these syntheses was to create hierarchical porous structures to
facilitate mass transport. However, these syntheses involved complicated template fabrication and harsh
template removal procedures. Furthermore, the initial ORR activities of these Fe-N-C catalysts were often
reduced in the template removal processes.'”'® It is therefore tempting to create hierarchical porous carbon
structures for Fe-N-C catalysts without a template removal process. Typical approaches to preparing Fe-N-
C catalysts without using a template generally start by finely mixing carbon, nitrogen, and iron precursors
followed by heat treatment. The convoluted thermal evolution of iron, nitrogen, and carbon species during
pyrolysis results however in a low degree of freedom to 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 Fe-Nj 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, it is therefore difficult to simultaneously optimize the site density
and the catalyst morphology that is needed for a proper site accessibility. 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 FeNy sites were prepared by chemical vapor deposition (CVD).?' The FeN,
sites formed via high-temperature transmetalation between gaseous FeCl; and ZnN4 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 upon the CVD process.
The CVD method thus potentially allows for achieving dense Fe-Ny sites and enhanced mass transport by
constructing Zn-N-C substrates with desired morphologies for mass transport, followed by iron CVD for
FeN, site formation. Based on this concept, we designed a Zn-N-C substrate with a multimodal pore size
distribution by growing zeolitic imidazolate frameworks-8 (ZIF-8) nanoparticles on graphitic carbon nitride
(g-C3N4) nanosheets. The resulting hybrid material has the potential to mitigate the agglomeration of ZIF-
8 nanoparticles during pyrolysis. Meanwhile, the gaseous thermal decomposition products of g-Cs3Na
promote the collapse and deformation of ZIF-8 nanoparticles to form a porous nanostructure. The
introduction of g-C3N4 benefits exposure to a high surface area of carbon matrix for hosting FeNjy sites and
facilitating mass transport through the catalyst layer. This catalyst delivers a maximum power density of

0.53 W cm™ in Ho/air PEM fuel cells at 80 °C by following US DOE operation protocol.

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 FeNus sites later on 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 given in the experimental section.
To facilitate the crystal growth of ZIF-8 nanocrystals on g-CsNa, the latter was first exfoliated by
sonication to nanosheets. Then, highly dispersed polyhedron ZIF-8 nanocrystals were grown on the g-
CsN4 nanosheets by short synthesis description. (Figure 1b-d). X-ray diffraction (XRD) analysis shows
that the ZIF-8 structure was indeed obtained (Figure 1e). The composite ZIF-8/g-C3N4 precursor was then
pyrolyzed at 1050 °C to produce a substrate labelled as Zn-N-C,. The latter was then converted to an iron-
based catalyst (labeled as FeNC-CVD-gCN) with the iron CVD method recently reported for the first
time by us © . The porosity of the Zn-N-C substrate was evaluated by N2 adsorption/desorption. Types I
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-Cg. is 944 m?/g, higher than that of the Zn-N-C substrate (807 m?g™!)
synthesized in the absence of g-C3Na.® Thus, the introduction of g-C3N4 contributes to the improved
porous structure of the Zn-N-Cg substrate, especially promoting the formation of meso-/macropores that

are desired for mass transport during PEMFC operation.
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Figure 1. (a) Schematic illustration of the synthesis procedure: (1) thermal condensation of melamine, (2)
exfoliation of g-C3;N4 and growth of ZIF-8 nanoparticles on g-C3N4 nanosheets (labeled as ZIF-8/g-C3Ny),
(3) pyrolysis of ZIF-8/g-C3N4 to produce Zn-N-C substrate, (4) a CVD process to obtain Fe-N-C catalyst
(labeled as FeNC-CVD-gCN). (b), (¢), and (d), representative TEM images of ZIF-8/g-C3;Ny4 precursor at
different magnifications. () XRD patterns of the ZIF-8/g-C3;N4 precursor, ZIF-8, and g-C;N4 reference. (f)
N sorption isotherm curves. (g) pore size distribution.

The morphology of the Zn-N-Cg substrate was further explored by high-resolution microscopy. Figure 2a
and 2b show the scanning electron microscopy (SEM) images of the Zn-N-C substrate. As seen, a
representative Zn-N-C particle had a three-dimensional interconnected network with abundant pores
throughout. The morphology differs strikingly from the carbonaceous material derived from ZIF-8
nanocrystals in the absence of g-CsNa, or with the post-addition of g-CsNa. In those cases, the polyhedral
shape of the ZIF-8 nanocrystals was crowded and preserved after pyrolysis.2!:2* We attribute the

difference to the mace-like structure of the ZIF-8/g-C3N4 precursor. The ZIF-8 nanoparticles and g-C3N4

nanosheets have a well-defined interface; the gaseous thermal decomposition products of g-CsNa trigger



the collapse and deformation of ZIF-8 nanoparticles. The hypothesis is supported by the results of
thermogravimetric analysis (TGA) in Fig. S1, which shows a drastic mass loss from both g-CsN4 and ZIF-
8/g-C3N4 in the temperature range 500 - 800 °C. We suspect that the three-dimensional interconnected
network with abundant pores benefits exposure of ZnNjy sites for transmetalation during the CVD process
than the crowded ZIF-8 nanoparticles without adding g-CsN4 prior to pyrolysis.

Given the essential roles of Zn and nitrogen species in the formation of FeNs sites, Z-contrast dark-field
scanning transmission electron microscopy (STEM) images for the Zn-N-C substrate were recorded.
High-intensity visible Zn sites are 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 (Fig. 2h-i). Each Zn atom is
primarily surrounded by four nitrogen atoms (noted as ZnNas 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-N4 moieties.
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Figure 2 (a) and (b) SEM images at different magnifications. (¢)-(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 FeNC-CVD-gCN catalyst was first evaluated in 0.5 M H,SO4 using a rotating disc
electrode (RDE). A 0.85 V half-wave potential (Ei») was demonstrated, coupled with a well-defined
diffusion-limited current density of 4.2 mA-cm™ , close to the expected value for 4 ¢ ORR at 900 rpm
(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 medium. 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 FeNC-CVD-gCN catalyst was integrated into the
membrane electrode assembly (MEA) by blading coated on Nafion 211 membrane with Nafion D521
ionomer (Noted as MEA blade Nafion). The MEA_blade Nafion was measured in a Hy/air-fed single-cell
PEMEFC at 50 %, 75%, and 100 % relative humidity (RH) in sequence at 80 °C. The ORR performance at
0.5 V decreases only from 955 to 864 mA/cm? as the humidity decreases from 100 to 75 % RH, and further
decreases to 717 mA/cm?* as the humidity decreases to 50% RH (Figure 3b). For comparison, the ORR
performance of a commercial Fe-N-C (~600 m?/g) at 0.5 V under 75% RH was only around 50% ( with 35
wt% ionomer loading) or around 75% (with 45% ionomer loading) of that under 100% RH in Hy/air fed-
single PEM fuel cells.”**” The ORR performance of Fe-N-C catalysts in high current densities is limited by
the high O, and H" transport resistances due to the low hydration degree of the ionomer at lower relative
humidities.®®% Thus, the exceptional ORR performance of the FeNC-CVD-gCN electrode at low RH

suggests its excellent mass transport properties.

In order to further examine the mass transport of the FeNC-CVD-gCN cathode, the heliox (He: 79%, Ox:
21%) replaced the air in the cathode.***' Such replacement generally has little effect on the lower current
density, while it has less voltage loss in the higher current density. For example, at 0.5 A/cm?, the electrode
with Hy/heliox showed around 15 mV higher voltage than that with Hy/air condition. The lower voltage loss
is attributed to the higher oxygen and water vapour diffusion coefficients in helium than in nitrogen.** **
However, the ORR performance is almost the same in Hx/heliox and Ha/air conditions for the FeNC-CVD-
gCN cathode (Figure 3b). Electrochemical impedance spectroscope (EIS) measurements were carried out
at 0.5 A/cm? in Ho/heliox and Ho/air conditions, respectively. The impedance spectra in Ho/heliox and Hy/air
conditions are nearly the same (Fig.S2). Generally, at high current density, the features at high frequencies
are related to the membrane and electronic contact resistances; and the features at low frequencies are linked

to catalyst layer resistance and mass transport resistance.*** Thus, the FeNC-CVD-gCN cathode electrode

has a similar mass transport resistance in Ho/heliox and H»/air conditions. It further confirms the improved



mass transport of the FeNC-CVD-gCN electrode.

To explore the potential to further improve ORR performance by reducing the proton resistance across the
cathode electrode , an ionomer with a lower equivalent weight (Aquivion, 720 g/mol) was used in the
preparation of FeNC-CVD-gCN slurry instead of Nafion D521 (Nafion, 1100 g/mol). The comparison was
made at a constant ionomer-to-carbon ratio (1.0). The slurry was blading coated on Nafion 211 membrane
and further assembled into a MEA (labeled as MEA blade Aquivion). The MEA blade Aquivion was
measured at the same practical Ho/air conditions as the MEA blade Nafion. The current density reached
85 mA/cm? at 0.8 V, 450 mA/cm® at 0.675 V and 740 mA/cm® at 0.6 V, much higher than that of
MEA _blade Nafion (35 mA/cm? at 0.8 V, 300 mA/cm? at 0.675 V and 582 mA/cm? at 0.6 V). This
performance is higher than the majority of reported Fe-N-C catalysts. In specific, the performance at 0.675
V is higher than that of forty catalysts (forty-six in total) reported.* In addition, the maximum power density
for the MEA balde Aquivion is 531 mW/cm? (Figure 3c). The MEA blade Aquivion shows better ORR
performance by increasing proton availability across the cathode electrode. It suggests potential
improvements in ORR performance for FeNC-CVD-gCN catalyst by further optimizing electrode

fabrication.

The slurry of FeNC-CVD-gCN catalyst was also spraying coated on the gas diffusion layer as the cathode
of the membrane electrode assembly (noted as MEA_spray Nafion) and measured in an Ho/air-fed-single-
cell system following the DOE protocol (80 °C 100 % RH, and 150 kpa). It exhibited a maximum power
density of 0.475 W-cm™ in hydrogen/air single-cell PEM fuel cells (Figure 3d). In addition, it reached 0.1
A-cm? at 0.8 V, slightly higher than that of MEA blade Aquivion. However, the FeNC-CVD-gCN

electrode of MEA spray Nafion suffered from a serious water flooding issue at a high current density.

The stability of the FeNC-CVD-gCN electrode of MEA spray Nafion was evaluated via a voltage cycling
(from 0.9 V to 0.6 V) accelerated stress test (Figure 4a). The current density at 0.8 V dropped from 0.1 A

cm™to 0.045 A cm™after 1,000 voltage cycles. Along with 30,000 voltage cycles, the redox peaks gradually

10



diminished, while the capacitance did not change significantly (Figure 5b). Since we strongly believe the
redox peaks arise from the Fe(Il)/Fe(IlI) redox transition of the Fe-Njy sites based on in situ X-ray absorption

spectroscopy data™

, the disappearance of the redox peaks suggests that the demetallation is one primary
reason for the degradation. The poor stability of the Fe-N-C catalysts made by CVD observed here and

previously® can be reasoned by CVD maximizing surface exposure of FeNy sites.
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Figure 3 (a) steady-state rotation disc electrode (RDE) polarization curves in O»-saturated 0.5 M H>SO; at
room temperature, 900 r.p.m., 20 mV potential steps from 0.05 to 0.95 V (all potentials given versus
reversible hydrogen electrode (RHE)) and a 25 s potential hold at each step. 0.8 mg cm™ of catalysts loading.
The inset: the Tafel plot derived from the ORR polarization curve of FeNC-CVD-gCN catalyst. (b)
Polarization and power density curves for MEA_blade Nafion: 5.8 mg cm?, 100 % RH and 80 °C, H»: 0.5
L/min, air or Heliox: 2.0 L/min. 150 absolute kpa. (¢) Polarization and power density curves for
MEA blade Aquivion: 5.8 mg cm™, 100 % RH and 80 °C, H,: 0.5 L/min, air: 2.0 L/min, 150 absolute kpa
at both anode and cathode electrodes. (d) Polarization and power density curves for MEA_spray Nafion:
5.0 mg cm™, 100 % RH and 80 °C, H»: 0.5 L/min, air: 1.0 L/min, 150 absolute kpa.
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Figure 4 (a) The polarization curves for FeNC-CVD-gCN catalyst at initial (labeled as C1) and after
different voltage cycling (labelled as C2, ...C30K) from 0.9 V t0 0.6 V. 5.0 mg cm™, 100 % RH and 80 °C,
H»: 0.5 L/min, air: 1.0 L/min. 150 absolute kpa at both anode and cathode electrodes, (b) CV curves at 20
mV/s.

To understand the source of its exceptional ORR performance, the FeENC-CVD-gCN catalyst was
characterized by multiple techniques. The FeNC-CVD-gCN catalyst inherited the porous three-dimensional
network features of the Zn-N-C substrate (Figure Sa-c). Specifically, the FeNC-CVD-gCN catalyst
possesses a 0.5 cm*/g micropore volume with a 1.8 nm dominant pore diameter and a 0.88 cm*/g mesopore
volume with a 4 nm dominant pore diameter (Figure 1g). The abundant mesopores and macropores are
expected to increase active site utilization by improving the ionomer distribution within catalyst layers and
facilitating the mass transport of gas and water within the catalyst layer. Z-contrast dark-field STEM images
show iron atoms as bright dots throughout the carbon matrix without visible aggregation (Figure 5d-e).
Energy-dispersive X-ray spectroscopy (EDX) mapping (Figure 5f-i) 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 and nitrogen atoms (Figure 5k). This suggests the presence of
abundant FeNyx moieties in the FeNC-CVD-gCN catalyst. The Fe K-edge X-ray absorption near-edge

structure (XANES) spectrum of the FeNC-CVD-gCN catalyst (Figure 51) overlaps that of the Fe"'Pc-O
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reference compound, which suggests that the average oxidation state of iron in the FeNC-CVD-gCNiis 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 for 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 FellINXx sites. The fitting of
the FT-EXAFS spectrum with a total coordination number of the first-shell N/O scatters of ~ 5 implies the
dominant iron sites are Fe-N4-O», indicating that the Fe-N4 moieties are mostly gas-accessible. These results
in combination demonstrated that a porous three-dimensional network with abundant gas-accessible FeN4

sites was achieved on the FeNC-CVD-gCN catalyst.
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Figure S (a), (b) and (¢) SEM images at different magnifications. (d)-(i) Z-contrast STEM images and EDS
elemental distribution maps of iron (f), nitrogen (g), oxygen (h), and their overlapping image (i). (j)
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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 (I)Pc and O»-Fe(IIT)Pc reference
compounds for comparison. (m) ex-situ Fe K-edge Fourier-transformed EXAFS spectrum and the fitting,
with the O,-Fe (III)-N4-Cg model presented in the inset, wherein the orange, blue, red, and brown balls
represent Fe, N, O, and C atoms, respectively. R is interatomic distance. The indicated radial distance is not
corrected for phase shift. y(R) is the Fourier transform in the R space.

To understand the high activity of the FeENC-CVD-gCN catalyst, we quantified its electrochemically active
site density by nitrite stripping. This measurement assumes that the nitrite anions react with FeN, moieties
to form the stable nitrosyl adduct and the adduct could be removed by performing reductive stripping in a
lower potential region. The associated stripping charge allows for quantifying the number of active sites.*>
36 After exposure of FeNC-CVD-C3Ny electrode to NO3 the solution, the ORR activity was significantly
decreased (Figure 6a), evidencing NO, poisoning the active sites in the FeNC-CVD-gCN 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 number of electron transfers (three
or five electrons) in nitrite stripping, which is required to calculate the charge, is currently under debate.>*
37 Assuming three electrons transfer during nitrite stripping, the site density of FeNC-CVD-gCN is around
0.8x10% sites per gram of the catalyst, in the same scale of that (1.92x10*) of our previous FeNC-CVD-
750 catalyst but higher than the reported benchmark values.*"?® In good agreement with the site density
quantification, the ORR activity at 0.9 V of the FeNC-CVD-gCN catalyst is lower than that of FeNC-CVD-
750 catalyst. However, despite the lower site density, the maximum power density of the FeNC-CVD-gCN
catalyst is higher than that of the FeNC-CVD-750 catalyst owing to the better performance at the high

current density region. This result further supports the improved mass transport of the FeNC-CVD-gCN

electrode.
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Figure 6 (a) The linear scan ORR performance without (labeled as ‘Unpoisoned’), with NO; poisoning
(labeled as ‘Poisoned’) and after NO; 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) NO; stripping voltammetry in Ar-saturated same electrolyte with 10 mV/s of scan
rate and without rotation. The grey area is associated with NO; reductive stripping.

Conclusion

In this study, a Fe-N-C catalyst with a sponge-like porous network structure has been constructed with a
self-sacrificing template. RDE measurements showed that the Fe-N-C catalyst exhibits high 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 has demonstrated a peak power density of 0.531 W c¢cm™ in a Ha/air PEM fuel
cell owing to its excellent mass transport property. It suggests that self-sacrificing template synthesis in
combination with the CVD method could be implemented to optimize site densities as well as mass

transport.

Experimental section

Synthesis of graphitic carbon nitride (g-C3N4). 6 g melamine (Sigma Aldrich) was pyrolyzed at 550 °C
for 4 hours in the air in a muftle furnace. The ramping rate was 5 °C/min. The resultant yellow graphitic
carbon nitride (g-C3N4) was ball milled for 10 minutes with a ball-to-powder mass ratio of 1 in a 35 ml

grinding vial (SPEX SamplePrep, Mixer/Mill 8000M).

Synthesis of zeolitic imidazolate framework-8 /graphitic carbon nitride integrated precursor (ZIF-
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8/g-C3Ny). 0.5 g of the ball-milled g-C3N4 and 9.852 g of 2-methylimidazole (99%, Sigma-Aldrich) were
dispersed into 500 ml 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 to the above solution under stirring
for 1 hour at room temperature. The suspension stood for 4 hours and was collected by centrifuge with fresh

methanol and dried at 60 °C for 12 hours in a vacuum oven.

Synthesis of Zn-N-C substrate. 1.0 g of ZIF-8/g-CsN4 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 a half hour 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 with 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-C) and were stored in an 80 °C vacuum oven before electrochemical testing

and/or physicochemical characterization to prevent adsorbing water.

Synthesis of FeNC-CVD-gCN catalyst. The mixture of NH4Cl (Alfa Aesar) and Fe,Os (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,
located upstream of the Ar flow in a quartz furnace tube. 80 mg of Zn-N-C 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 NH4Cl and Fe,O;. 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 FeNC-
CVD-gCN and stored in a vacuum desiccator before electrochemical testing and physicochemical

characterization.
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Rotating disk electrode (RDE). A thin-film rotating disk electrode was used to evaluate the ORR activities
of the Zn-N-C substrate and FeNC-CVD-gCN catalyst. Catalyst inks were prepared by dispersing 10 mg
of the catalyst powders in a mixture of Millipore water (36.5 puL, 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, and then an aliquot of 8.8
uL 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»SO4 (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
a0.2463 cm? glassy carbon electrode with 0.27 mg-cm™ catalyst. The counter and reference electrodes were
a graphite rod and Ag/AgCl electrode, respectively. A Pt wire was used to correct Ag/AgCl 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 Vrug) 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

17



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.

MEA blade Nafion and MEA blade Aquivion. The FeNC-CVD-gCN 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 or Aquivion D72-
25BS (equivalent weight 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, Albuquerque, 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
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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.

MEA spray Nafion: The slurry of FeNC-CVD-gCN 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 (Ion 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
(Ion 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 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 Ha (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-C3;N4 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 elemental maps were extracted, and overlaying maps were
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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 FeNC-CVD-gCN 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. N, sorption analysis was conducted at liquid nitrogen temperature
(77K) with a Micromeritics ASAP2020 instrument. Before the measurements, the FeNC-CVD-gCN
catalyst and Zn-N-C substrates power were degassed at 200 °C for 2 hours in flowing nitrogen to remove
moisture. The micropore size distribution was calculated by the density functional theory (DFT) model and

meso- and macropore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method.

XAS measurements. The ex situ XAS spectra at the Zn K-edge for the Zn-N-C substrate and Fe K-edge
for the FeNC-CVD-gCN catalysts were collected in transmission mode at the beamline 7-BM of National
Synchrotron Light Source II (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 ¥(R) were modeled using single

scattering paths calculated by FEFF6.*!
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Fig. S1 TGA patterns for ZIF-8 nanoparticles, g-C3Ny, and integrated ZIF-8/g-C3N4 precursor in flowing Ar.
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Fig.S2 EIS measurements for Ha/air and Ha/heliox (80 °C, 100 % RH at 0.5 A/cm?)



