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Fuel cell vehicles, the only all-electric technology with a demonstrated
>300 miles per fill travel range, use Pt as the electrode catalyst. The
high price of Pt creates a major cost barrier for large-scale implemen-
tation of polymer electrolyte membrane fuel cells. Nonprecious metal
catalysts (NPMCs) represent attractive low-cost alternatives. How-
ever, a significantly lower turnover frequency at the individual cata-
lytic site renders the traditional carbon-supported NPMCs inadequate
in reaching the desired performance afforded by Pt. Unconventional
catalyst design aiming at maximizing the active site density at much
improved mass and charge transports is essential for the next-gener-
ation NPMC. We report here a method of preparing highly efficient,
nanofibrous NPMC for cathodic oxygen reduction reaction by electro-
spinning a polymer solution containing ferrous organometallics and
zeolitic imidazolate framework followed by thermal activation. The
catalyst offers a carbon nanonetwork architecture made of micropo-
rous nanofibers decorated by uniformly distributed high-density ac-
tive sites. In a single-cell test, the membrane electrode containing
such a catalyst delivered unprecedented volumetric activities
of 3.3 A-cem~3 at 0.9 V or 450 A-cm—3 extrapolated at 0.8 V, repre-
senting the highest reported value in the literature. Improved fuel
cell durability was also observed.

nanofibrous | nonprecious metal catalyst | metal-organic framework |
fuel cell | oxygen reduction

Polymer electrolyte membrane fuel cells (PEMFCs) electro-
chemically convert the chemical energy of hydrogen and
oxygen to electricity while producing water as a byproduct. They
have significantly higher power and energy densities than the
competing electrochemical devices, such as Li-ion batteries and
supercapacitors, and represent the only all-electric technology with
a demonstrated cruising range of over 300 miles between refueling
(1). Current PEMFCs use platinum as a catalyst to promote an
oxygen reduction reaction (ORR) at the cathode and a hydrogen
oxidation reaction at the anode. The Pt use at the cathode is
typically three to four times more than that at the anode to
overcome the kinetically more sluggish ORR. Because platinum is
expensive and there are limited worldwide reserves, technologies
that could substantially reduce or replace its use have to be re-
alized before widespread PEMFC commercialization. Nonpre-
cious metal catalysts (NPMCs) represent one such technology.*
Among NPMCs, transition metal (TM) and N-doped carbo-
naceous composites (TM/N/Cs) have demonstrated promising
ORR catalytic activities in both acidic and alkaline media,
whereas TM-free composites (N/Cs) showed activities primarily
in an alkaline medium (2-17). The initial discovery of ORR
catalytic activity by N-ligated cobalt was reported half a century
ago (18). However, it was not until recently that breakthrough
performances were achieved (19-23). New surface property and
synthesis strategies for continuously improving catalytic activity
were also identified. For example, Lefevre and coworkers iden-
tified the importance of micropores as the hosts of the catalytic
sites formed during pyrolysis (24-26) and found that the ORR
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catalytic activity can be significantly enhanced by infiltrating the
N-coordinated iron complex within the micropores (pore di-
ameter <2 nm) of the carbon support (19). More recently, sev-
eral new synthetic approaches were also explored to produce
high catalytic active site density decorated within the micropores
using rationally designed zeolitic imidazolate frameworks (ZIFs)
and porous organic polymers (POPs) (14, 20-22, 27).

Whereas the micropore is critically important in hosting
active site for ORR, the catalyst should also contain a sufficient
amount of macropores (pore size >50 nm) to ensure the effective
mass transfer of both reactant (O,) and product (H,O) to and
from the active sites with minimal resistance throughout the
entire electrode layer. Furthermore, efficient charge transfer of
H* and e™ to the active sites must also be established to fully use
the catalyst in different electrode depths and to reduce the cell
impedance. The improvements of mass and charge transports
directly result in the reduction of the associated overpotentials,
therefore lowering the efficiency penalties. These multifaceted
requirements for catalyst morphology render the conventional
carbon support no longer adequate for the ideal NPMC design.
In a conventional amorphous carbon support, the micropores
reside inside of primary carbon particles with the dimensions of a
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few tenths of a nanometer. These carbon particles agglomerate
together by van der Waals force to a large cluster forming the
mesopores (pore diameter 2~50 nm) in the space between them.
The macropores are generated by the voids through further
stacking of these clusters (Fig. S14). The mesopores, while
serving as the secondary passage between the gas phase to cat-
alytic site in micropores, create additional tortuosity, thus mass-
transfer resistance within each cluster. Mesopores also have
much higher volume-to-surface area ratios than the micropores.
Therefore, they add substantial volume to the catalyst and re-
duce the electrode volumetric current density. Furthermore, the
oxidative corrosion during fuel cell operation could reduce the
primary carbon particle size, causing the loss of electric contact
between the particles and the increase of the overall cell im-
pedance. In an ideal catalyst structure, the active sites should be
densely populated inside of the micropores. The reactant/prod-
uct should transfer directly to and from these active sites through
macropores with minimal transport resistance. The micropores
should also be connected through a continuous conductive ma-
trix robust against the corrosion-induced conductivity loss. In
such a design, the mesopores are no longer necessary.

Herein, we present a rationally designed, interconnected porous
nanonetwork catalyst (Fe/N/CF) prepared by electrospinning a
polymer solution containing Tris-1,10-phenanthroline iron(II) per-
chlorate (TPI) and ZIFs, a subgroup of metal-organic frameworks
(MOFs), followed by posttreatments (Fig. S2). The network struc-
ture facilitates the mass transfers through its macroporous voids
between the interconnected nanofibers. More importantly, each
nanofiber was predominantly microporous, containing uniformly
and densely dispersed catalytic sites throughout the fiber (Fig. S1B).
Such a catalyst delivered an unprecedented volumetric activity
of 450 A-cm™ extrapolated at 0.8 Vjg.fee Or measured volumetric
current densities of 0.25, 3.3, and 60 A-cm™ at 0.95, 0.9, and 0.8
Vir.trees T€Spectively, when tested in a single cell under the standard
test condition established by the US Department of Energy (28).

Results

Conventional approaches of preparing NPMC generally start by
applying the carbon support with the active ingredients such as
N-ligated transition metal compound followed by activation. The
carbon support itself is catalytically inactive. Furthermore, dis-
persing ingredient through wet chemistry has only limited access
to the micropores of the carbon particle and therefore produces
lower active site density (Fig. S3). We classify such approaches as
“type 1.” The newly developed approaches apply the precursors
with porous frameworks built either by forming metal-ligand
coordination such as that found in ZIFs or by cross-linking
metallated monomers such as that found in POPs. These pre-
cursors do not use additional carbon support (“support-free”)
and therefore have the potential to reach the highest catalytic
site density and volumetric activity. We classify these approaches
as “type II.” We compared several high-performance NPMCs of
types I and II from the literature, and their volumetric current
densities (directly measured) and specific activities (extrapo-
lated) at 0.8 V,g.gree are listed in Table S1. The Fe/N/CF catalyst
in this study represents an improved type II system with a pre-
viously unidentified nanonetwork morphology. Not only does it
hold high-density, active site decorated micropores to catalyze a
reaction within individual nanofibers, but it also contains mac-
roporous voids between the nanofibers to effectively transport
the reactant and product to and from the active sites. A
continuous carbon nanofibrous network conducts the electrons,
whereas a thinly coated ionomer shuttles the protons to the ac-
tive sites efficiently (Fig. 14). Such a Fe/N/CF catalyst was
fabricated into the cathode of a membrane electrode assembly
(MEA) and tested under fuel cell operating conditions. The
Tafel plot obtained from the iR-free fuel cell voltage-current
polarization measurement (Fig. 1B) shows the areal current
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densities of 0.75 mA-cm ™ at 0.95 Vi free, 10 mA-cm™ at 0.9Vig rce,
and 182 mA-cm™2 at 0.8V;g.free, Which can be converted to the
volumetric current densities of 0.25, 3.3, and 60 A-cm™ at the
corresponding potentials, respectively. To compare with the
previously published results (19, 20, 29), a volumetric activity was
also obtained by extrapolating the current density from the linear
region (the kinetic control region) and a unprecedented value of
450 A-cm™ was achieved at the intersect of 0.8 Vig_gree.

Fig. 1C shows a typical network structure of Fe/N/CF with
0.5~1 pm size voids between the fibers. We found that a signif-
icant fraction of these voids could be retained in the electrode
during the MEA fabrication process (Fig. S4) in which Fe/N/CF
was blended into a catalytic ink with Nafion solution before
being pressed onto the carbon paper as the cathode. Such
electrode has a different architecture from those made from the
traditional carbon supports (Fig. S5). Individual fibers in the
network are on average 100~200 nm in diameter with some
larger “beads” forming on the “string.” These beads have a
chemical composition similar to that of the string and are actu-
ally highly porous, containing tens of nanometers “holes,” en-
abling efficient gas passage within them (Fig. 1C, Inset and Fig.
S64). High-resolution transmission electron microscopy (TEM)
images, as displayed in Fig. 1D and Fig. S6 B-E, show that the
carbon has a homogeneously amorphous texture inside both fi-
bers and beads, which is distinctly different from the conven-
tionally electrospun carbon nanofibers that tend to have a
graphitic lattice and are generally nonporous (30). This unique
disordered carbon structure was likely formed as the result of the
interaction between the polymer matrix and ZIF during car-
bonization. The observation also indicates that ZIF micro-
crystallites were thoroughly blended in the electrospin mixture
and the active sites formed through thermolysis were uniformly
dispersed in both string and beads, generating higher porosity
and catalytic site density than the conventional graphitized car-
bon nanofiber catalyst.

The highly microporous nature of the Fe/N/CF was fur-
ther confirmed by Brunauer-Emmet-Teller (BET) measurement.
BET isotherm derived from nitrogen adsorption at 77 K shows a
total surface area of 809 m*g~" for Fe/N/CF, which is considerably
higher than that of the control sample carbon nanofiber without
ZIF (Fig. S7). Furthermore, the isotherm adsorption and pore size
analysis of Fe/N/CF (Fig. S8) demonstrate the predominant
presence of micropores. For example, among all of the pores with
dimensions less than 50 nm, which include both micropores and
mesopores, the micropores occupy 84% of total pore volume and
99% of total pore surface area, whereas mesopores occupy only
16% pore volume and 1% surface area, respectively (Fig. 1E and
Table S2). Such micropore dominance is strikingly different from
that of Black Pearl (BP) and Ketjenblack (KB), two commonly
used amorphous carbon supports. For instance, the micropores in
BP and KB only occupy 48% and 36% of the total pore volume of
all of the pores with size <50 nm, respectively. However, their
mesopores occupy more than half of the total pore volume while
supplying less than a fifth of the surface areas (Table S2 and Fig.
S8) (19-21). Microporosity has been previously found to directly
correlate to the ORR catalytic activity (24, 31). The high meso-
porosity of the conventional carbons occupies much of the volume
yet contributes little to active site surface, and therefore limits
their potential for achieving high volumetric activity. In contrast,
Fe/N/CF contains predominantly micropores and therefore could
achieve a high volumetric activity. Under the similar total surface
area, the catalyst with higher microporosity has higher catalyst
volumetric density than those with low microporosity. Although it
is difficult to measure the Fe/N/CF fiber density directly, we did
measure the Fe/N/CF catalyst layer in the membrane electrode
and obtained a packing density of 0.66 gcm™ (Fig. S9). This
value is at least 65% higher than that of the conventional car-
bon supports in the electrode, which are typically in the range of
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Fig. 1. The nature of Fe/N/CF catalyst, its volumetric
activity in a PEM fuel cell, and its distinct micropore-
macropore architecture. (A) A schematic drawing of
macropore-micropore morphology and charge/mass
transfers in the nanofibrous network catalyst, Fe/N/
FC, at the fuel cell cathode. (B) Tafel plot for the
kinetic activity of Fe/N/CF obtained from a single
fuel cell test. The volumetric current densities (bot-
tom x axis) at 0.95, 0.9, and 0.8 Vg_tree Were derived
by dividing the measured areal current densities
(top x axis) over the cathode layer thickness, which
was 30 um in this case. The value of the extrapolated
volumetric current density at 0.8 Vigfree Was also
provided. For the fuel cell test, the cathode catalyst
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0.3-0.4 g-cm™ (19, 20). The micropores in Fe/N/CF are generated
mainly by thermal conversion of ZIF during pyrolysis. They are
decorated by the high-density N/C active centers produced from
the pyrolyzed imidazolates, the molecular strut of the ZIF. The
catalyst site distribution inside of Fe/N/CF is perhaps best sche-
matically represented by Fig. 14, which was also experimentally
confirmed by the elemental mapping of iron (Fig. S10). Iron has
been considered as part of the catalytic site and we found that it is
finely and uniformly dispersed throughout the fibers.

The electrocatalytic properties of Fe/N/CF were first mea-
sured by a rotating ring-disk electrode (RRDE) in oxygen satu-
rated 0.5 M H,SO,. The linear sweep voltammetry showed a
high onset potential of 0.93 V (defined as the voltage measured
at the kinetic current of 0.01 mA-cm~2) and half-wave potential
of 0.80 V (Fig. 24). The number of transferred electrons was
above 3.9 in the entire potential range from 0.95 V to 0 V (Fig.
S11), suggesting nearly complete reduction of molecular oxygen
to water by Fe/N/CF. These significant performances could be
attributed to the combination of the high catalytic activity and
efficient mass transfer of Fe/N/CF.

The superior catalytic performance of Fe/N/CF was further
characterized by a fuel cell test. To demonstrate the performance
improvement over the conventional electrode structure, an amor-
phous carbon supported catalyst (Fe/N/KB) was also synthesized
by applying similar amounts of ZIF and TPI over a carbon black
(Ketjenblack, KB-300). The polarization curve of Fe/N/CF shows
the current densities of 0.25 A-cm™2 at 0.8 V and 3.5 A-cm™2 at
0.1V, significantly higher than that of 0.03 A-cm™ and 1.8 A-cm™>
observed for Fe/N/KB at the corresponding potentials (Fig. 2B).
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incremental pore volume as the functions of pore size
in Fe/N/CF.

The current-voltage polarization profile of Fe/N/CF matches
well with that of 20 wt % Pt/C in the potential range >0.6 V.
The associated Tafel plots (indicating the rate of an electrochem-
ical reaction to the overpotential) demonstrate a decay rate of
67 mV-decade™ for Fe/N/CF, which is better than 101 mV-decade™
for 20 wt % Pt/C (Fig. S12). In the higher current (low potential)
region, however, the Fe/N/CF curve falls off faster than that of
20 wt % Pt/C. The cell with Fe/N/CF as cathode also shows ex-
cellent humidity management and maintains a smooth polarization
curve even at the highest current density without any sign of
“flooding,” The peak power density of Fe/N/CF is nearly 0.9 W-cm ™2,
whereas Fe/N/KB reaches only ~0.3 W-cm™ (Fig. 2C).

Optimized catalyst loading was between 2~3 mg-cm ™~ for Fe/
N/CF. We carefully investigated any potential Pt contamination
over the NPMCs cathodes during MEAs preparation and after
testing. No Pt was found in the cathode region.

Durability represents a major challenge for NPMC development
at present. We investigated Fe/N/CF catalyst durability using both
rotating disk electrode (RDE) and single fuel cell methods under
the multiple cycling conditions. Fig. 34 shows the linear sweep
voltammetry measurements by RDE at different stages of the cy-
cling test. Only a 7.9-mV loss was detected at the half-wave po-
tential after 35,000 voltage cycles between 0.6~1 V in Ar-saturated
H,SO,. This durability performance is among the best reported in
the literature for the NPMCs measured by the RDE technique in
acidic media (23). Durability in a fuel cell test is more complicated
and could be influenced by other factors beyond the catalyst itself.
For example, Nafion also degrades during the aging test. We first
tested the fuel cell durability at a constant voltage-hold (0.5 V)
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Fig. 2. Electrochemical performance of Fe/N/CF network catalyst. (A) RRDE
test on Fe/N/CF in O, saturated 0.5 M H,50, compared with 20 wt % Pt/C.
(B) Cell voltages and (C) power densities as the functions of the current
density measured in the fuel cell tests with Fe/N/CF, Fe/N/KB or commercial
20 wt % Pt/C as the cathode catalyst. For Fe/N/CF and Fe/N/KB, the catalyst
loadings were 3 mg-cm™2 with I/C = 1.5/1. For Pt/C, the cathode catalyst
loading was 0.3 mg Pt-cm™2. In all three cases, the anode loading was 0.3 mg
Pt-cm~2 prepared with 20 wt % Pt/C. Nafion 211 was used as the membrane.
The absolute pressures of O, and H, were kept at 2 bars under 100% RH and
the gas temperature was maintained at 80 °C.

condition under either oxygen or air using the cathode pre-
pared with different Nafion ionomer-to-catalyst weight ratios
(I/C). Fig. 3B shows change of cell current density as a function of
time for the electrodes with three different I/C ratios. For I/C = 1/1,
the fuel cell with Fe/N/CF shows a good initial current density but
a relatively fast decay with O, as the oxidant. A better current hold
was observed when the oxygen was replaced by air (Fig. S13), sim-
ilar to that observed by others (19, 20). Interestingly, we found that
using a lower level of Nafion (I/C = 1/2 and 1/4) in the cathode
catalyst layer seemed to slow down the cell current degradation
rate, albeit with the lower initial current density. The root cause of
such a change is yet to be fully understood, although it may be
associated with limited proton conductivity at lower ionomer
content at 0.5 V. The ionomer content in the electrode plays an
important role in MEA degradation that requires a thorough
mechanistic understanding through a separate, more comprehen-
sive investigation. The MEA/fuel cell stability can also be studied
using the voltage cycling method. In this experiment, the fuel
cell was subjected to multiple voltage swings from 0.6 to 1.0 V,
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followed by full cell current-voltage polarization measurement.
Fig. 3C shows the current density measured at 0.5 V from the
current-voltage polarization curves obtained after the designated
numbers of voltage cycles (Fig. S14). For comparison, a similar set
of current density values was also measured for a MEA prepared
with commercial Pt/C catalyst. Both MEAs with Fe/N/CF and Pt/C
catalysts degraded after the multicycle, accelerated aging. How-
ever, the fraction of the cell current (at 0.5 V) at the end of the
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Fig. 3. Durability studies of Fe/N/CF catalysts. (A) Linear sweep voltammetry
measurements of Fe/N/CF catalyst by the RDE method in O, saturated 0.5 M
H,S0O, after multiple voltage cycling. Cycling was conducted between
0.6 ~1.0 V at scan speed of 50 mV:s™' in Ar-purged electrolyte at room tem-
perature. (Inset) The shift of the half-wave potential after 10,000, 20,000,
and 35,000 cycles. (B) Single fuel cell current densities as the function of time
under a constant voltage hold of 0.5 V with Fe/N/CF cathodes of different
I/C ratios: 1/1, 1/2, and 1/4. The catalyst loading was ~4 mg-cm™2 and the
membrane used was Nafion 117. Test condition: H,/O, pressure = 2 bars,
temperature = 80 °C, and RH = 100%. (C) The change of current density as
the function of voltage cycles in an accelerated aging study of a single cell
with Fe/N/CF catalyst. For comparison a commercial MEA (BASF, using
40 wt % Pt/C with a loading of 0.5 mg Pt-cm~2) and a ZIF-free Fe/N/CF catalyst
also studied. Membrane: Nafion 211; Ox/H, pressures = 2 bars; 100% RH; cell
temperature = 80 °C. All of the fuel cells were cycled between 0.6~1.0 V at
50 mV-s~! under 100% humidified N, in the cathode and 4 vol % H, in He in
the anode. The current densities at 0.5 V were measured from the fuel cell
polarization curves after the designated number of cycles (Fig. S14).
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multiple cycles with respect to its initial value was actually
higher for the cell with Fe/N/CF than that observed for the Pt/C
cell. Fe/N/CF stability could also be enhanced by increasing the
graphitization degree of the catalyst at the expense of the initial
performance. As is discussed later, the degree of graphitization
can be enhanced by reducing ZIF content in the precursor. In this
case, a Fe/N/CF catalyst with no ZIF in the precursor exhibited
even higher retention of current density versus the initial value
after the cycling. However, the durability improvement for
NPMC:s will only become meaningful if the full catalytic activity
can be realized at both the beginning and the end of the ac-
celerated stress test. Significantly more effort and understanding
are needed.

Discussion

This study identified an approach of preparing an N-containing
carbon-based catalyst with nearly exclusive microporosity in a
highly mass/charge conductive nanofibrous framework. Not only
does this morphology distinguish itself from the traditional car-
bon support, it is also different from the conventionally elec-
trospun nanofiber. The conventional nanofibers from polyacry-
lonitrile (PAN)-based precursor are generally highly graphitic
with very low surface area. We discovered, however, that high
surface area and highly microporous nanofibers can be produced
by simply adding MOFs such as ZIFs in the electrospin precursor
formulation. In our case, ZIF plays a critical role in tuning Fe/N/
CF morphology, microstructure, and N content. To illustrate this
point, Fig. 4 4 and E show the nanofibers made from a similar
electrospin slurry but in the absence of ZIF. Relatively thick
fibers (300~500 nm) full of large cracks were produced. Such
fibers contain mesopores surrounded by the graphitic lattice
with sparsely dispersed catalytic sites (Fig. S15). A low BET sur-
face area (156 m*g~', Table S3) was found. With incremental

addition of ZIF from 14 wt % to 24 wt % in the slurry, the cracks
in the nanofibers disappeared and a “beads-on-string” mor-
phology was formed (Fig. 4 B, C, F, and G), presumably due to
the changes in both viscosity and dielectric property of the
spinning solution (32). BET surface area also jumped from 156
to 809 m?.g~!, with the fraction of micropore surface area [micro/
(micro + meso)] increased from 75 to 99%. Correspondingly,
the mesopore volume ratio [meso/(meso + micro)] decreased
from 60 to 16% (Fig. 4I). Nitrogen contents also increased from
6.85 t0 9.03 wt % (Table S3). Further increase of ZIF content to
39% resulted in a particle-dominated morphology connected by
very thin fibers (Fig. 4 D and H). Its mesopore content also re-
verted back to over 20% (Fig. 41). At 100% ZIF (i.e., in the ab-
sence of polymer) plenty of mesopores would be produced in the
catalyst (Fig. S16) (20). To keep Fe/N/CF highly microporous in
the well-defined network architecture, the ZIF fraction should
be maintained at ~24%.

The different ZIF concentrations affect the surface property,
morphology, and N content, which, in turn, also influences the
fuel cell performance, as is shown by the current-voltage polari-
zation curves in Fig. 4/. Higher ZIF concentration (from 0 to 24 wt
%) leads to higher surface areas and N contents, and therefore
better fuel cell performance. Too much ZIF (39 wt %) disrupts
nanonetwork morphology, leading to a slightly lower fuel cell
performance. Fig. 4K shows the overall cell impedance as the
function of current density for the MEAs with catalysts at dif-
ferent ZIF contents. The increase of impedance at higher ZIF
fraction suggests that ZIF could hinder graphitic lattice growth in
the nanofiber during thermolysis because the amorphous carbon
fiber is less conductive than the graphitic one. Loading too much
ZIF resulted in very thin fibers and high impedance, similar to
that of conventional carbon support. Therefore, an optimal bal-
ance between activity and conductivity has to be reached.
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Fig. 4. Effects of ZIF on Fe/N/CF catalyst morphology, porosity, and fuel cell performances. The morphology change of catalysts with increasing ZIF content in
the precursor excluding the solvent: (A and E) 0 wt %, (B and F) 14 wt %, (C and G) 24 wt %, and (D and H) 39 wt %. (/) Evolutions of BET surface area, the
percentage of micropore area and mesopore volume for pores <50 nm as functions of ZIF contents. (J) Polarization curves and (K) cell resistances of Fe/N/CF
prepared with different ZIF-8 contents. Catalyst loadings were 2 mg-cm~2 on cathodes for all cells. I/C = 1/1. Nafion 211 was used as the membrane. Test

condition: H,/O, pressure = 2 bars, temperature = 80 °C, and RH = 100%.
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Up to this point, the discussion of ZIF used in the study has
been exclusively zinc 2-methylimidazolate framework, Zn(mIm),,
or ZIF-8. To further understand the impact to the Fe/N/CF cat-
alyst performance by the nature of framework material, we also
blended two different MOFs into the electrospin slurry in place
of ZIF-8 at the optimized ratio of 24 wt %. The first one is zinc
2-ethylimidazolate, or Zn(eIm),, which has a lattice symmetry
identical to that of ZIF-8 except without porosity as crystal (33).
Upon thermolysis, however, the pyrolyzed Zn(elm), has BET
surface area and ORR catalytic activity comparable to that of
ZIF-8 (22). Zn(elm),-containing slurry could be readily electro-
spun into the nanonetwork and the single cell testing on the MEA
made with pyrolyzed Zn(elm), nanofibrous cathode catalyst de-
livered a performance comparable to that of ZIF-8 nanofiber (Fig.
S17). The similarity in catalytic activity between the two indicates
that N-containing ligand in ZIF plays a determining role in the
overall catalytic activity. The second MOF we investigated was
MOF-5 [Zn,O(R1-BDC);] (34). Unlike ZIFs, MOF-5 does not
have N-containing organic ligand in its composition. However, it
does have very high porosity and surface area. Therefore, one
would not expect that MOF-5 will contribute significantly to the
total number of active sites other than adding porosity and surface
area in the fiber nanonetwork. The corresponding MEA indeed
showed inferior performance (Fig. S17) compared with that of
ZIF-8 based catalyst (Fig. 47). However, it is still better than the
ZIF-free MEA shown in Fig. 4J.

The concentration of the transition metal complex in the
precursor also plays an important role in controlling the catalyst
activity. We systematically optimized the concentration of TPI
in the electrospin slurry and the results are shown in Fig. S18.
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The optimal TPI concentration was 0.5~0.75 wt % in the pre-
cursor solution. The final Fe content in the optimized Fe/N/CF
catalyst was 0.56 wt %, obtained from an inductively coupled
plasma analysis.

Conclusion

In summary, a method of preparing carbon-based nanofibrous
catalyst was developed with high-density catalytic sites hosted by
micropores and improved mass/charge transports via macropores
over a continuous nanonetwork. The method was applied to ra-
tionally synthesize the Fe- and N-containing nonprecious metal
cathode catalyst with unique electrode architecture for PEM fuel
cell application. The membrane electrode made of this catalyst
achieved a very high volumetric activity with reasonable durability
in the acidic working environments. This catalyst design and syn-
thesis strategy could also be expanded to other carbon-based cat-
alytic applications where easy access to densely populated active
sites through effective mass transfer is essential.

Methods

Details on Fe/N/FC catalyst preparation, ZIF particle size before and after the
ball milling (Fig. S19) and inside of spun fibers (Fig. S20), MEA fabrication,
RRDE and single cell tests, catalyst durability studies, and surface-material
property characterizations are provided in Supporting Information.
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