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25 ABSTRACT: It remains a grand challenge to replace platinum group metal (PGM) catalysts with earth abundant materials for the
26 oxygen reduction reaction (ORR) in acidic media, which is crucial for large-scale deployment of proton exchange membrane fuel
27 cells (PEMFCs). Here, we report a high-performance atomic Fe catalyst derived from chemically Fe-doped zeolitic imidazolate
28 frameworks (ZIFs) by directly bonding Fe ions to imidazolate ligands within 3D frameworks. Although the ZIF was identified as a
29 promising precursor, the new synthetic chemistry enables well-dispersed atomic Fe sites embedded into porous carbon without the
30 formation of aggregates. Catalyst particle sizes are tunable through synthesizing Fe-doped ZIF nanocrystal precursors in a wide range
31 from 20 to 1000 nm followed by one-step thermal activation. Similar to Pt nanoparticles, the unique size control without altering
32 chemical properties is able to increase the number of PGM-free active sites. The best ORR activity is measured with the catalyst with
33 a size of 50 nm. Further size reduction to 20 nm leads to significant particle agglomeration thus decreasing the activity. Using the
34 homogeneous atomic Fe model catalysts, we elucidated the active site formation process through correlating measured ORR activity
35 with the chemical bond changes of precursors during thermal activation up to 1100°C. The critical temperature to form active sites is
800°C associated with a new Fe species with reduced oxidation number (from Fe* to Fe?*) likely bonded with pyridinic N (FeN,)
36 embedded into carbon planes. Further increasing temperature leads to continuously enhanced activity, linking to the rise of graphitic
37 N and Fe-N species. The new atomic Fe catalyst has achieved respectful ORR activity in challenging acidic media (0.5 M H,SO4)
38 showing a half-wave potential of 0.85 V vs. RHE, only leaving 30 mV gap with Pt/C (60 pge/cm?). Enhanced stability is attained
39 with the same catalyst only losing 20 mV after 10,000 potential cycles (0.6 to 1.0 V) in O, saturated acid. The high-performance
40 atomic Fe PGM-free catalyst would hold a great promise to replace Pt for future PEMFCs.
41
42
43
44 1. Introduction electronic and geometric structures.® Density functional theory
45 Proton exchange membrane fuel cells (PEMFCs) represent a prom- (DFT) calculation suggested that the co-doping of Fe and N in the
46 ising sustainable energy conversion technology. However, their form of possible FeNs sites could be as active as Pt for the Ozzgg;
47 wide application is hindered by the prohibitive cost. According to sorption and subsequent O=0 bond breaking during the ORR.
a U.S. DOE estimation, platinum group metal (PGM) catalysts in High-performance Fe-N-C catalysts would be designed by arrang-
48 PEMFC systems account for about 50% of the total cost at large ing N and Fe atoms to form optimal FeN. sites uniformly dispersed
49 scale production.® Therefore, during past ten years, significant ef- into porous_cqrbon.24_~25_ However, current Fe-N-C catalysts are still
50 fort has been made on the development of PGM-free oxygen reduc- lack of sufficient activity and long-term durabl_llty and are not yet
51 tion reaction (ORR) cathode catalysts using earth-abundant ele- able to replace Pt catalysts for PEMFC applications.? A key step to
52 ments.21! Due to the commercial availability of proton conducting furth_er enhance performance O_f Fe-N-C catalysts is to increase
53 Nafion® membranes, acidic PEMFCs are more promising applica- density of ORR active FeNs sites within a 3D architecture.”*2®
54 tions relative to alkaline membrane fuel cells. However, the ORR However, previous work has indicated that simply raising the Fe
55 over PGM-free catalysts in acidic media faces greater challenges content in precursors during catalyst synthesis is not effective, as
e because of more sluggish kinetics and corrosive gnvironmgnts.zm this only leads to the formation of inactive metallic iron, oxide, (;g
Compared to other studied materials (oxides, sulfides, carbides),'2 carbide, instead of atomically dispersed active FeNa sites.
57 14 carbon-based catalysts hold greater promise for the ORR in acids Traditional Fe-N-C catalysts are prepared by pyrolyzing a
58 due to good stability, high surface areas, excellent electrical con- composite of physically mixed iron salts, nitrogen-carbon
59 ductivity, and flexible dopants.115-18 Especially, the key to enhanc- precursors, and_ h_|gh-surf_ace area carbon bla(_:k supports, followed
60 ing catalytic activity of carbon is proper doping with heteroatoms by a tedious acidic leaching and second heating treatments.>7:22-

(e.g., N, S, P) and transition metals (e.g., Fe o'ra\%o% for optimal

% These approaches often lead to a heterogeneous morphology with
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poor control of local environments for active sites. This also
represents a significant challenge for fundamental understanding of
structure-property relationship of Fe-N-C ctalysts for rational
design.

Metal-organic frameworks (MOFs), which are constructed by
bridging metal atoms and ligands into 3D ordered crystal
frameworks with large volume of micropores and high surface area,
provide a good platform to design Fe-N-C catalysts,1032:36-41
However, current approaches are limited to simply utilizing MOF
particles to replace traditional carbon supports mixing with other
nitrogen/carbon and metal sources by using physical ball-milling
and wetting implements.36:394142 As a result, these MOF composite
precursors themselves were still highly heterogeneous with poor
control in chemistry and structure.?® Due to the heterogeneity,
many N and Fe-related species exist in catalysts, masking the real
active sites. To prepare homogenous catalysts, recently the zinc-
based zeolite imidazole framework (ZIF-8) are studied to
encapsulate guest iron containing molecules including Fe(acac)s*
and ammonium ferric citrate** followed by a pyrolysis at 900°C
under Ar atmosphere. Lai et al., also demonstrated a host-guest
chemistry strategy to construct Fe-mIm nanocluster (guest)@ ZIF-
8 (host) precursors for Fe-N-C catalysts.*® The uniform dispersion
of Fe species in the ZIF-8 precursors leads to homogeneous atomic
Fe sites in catalysts. In addition to the ZIF, hemin-adsorbed bio-
porphyra® and polymer hydrogel*® were also used as 3D
carbon/nitrogen precursors, generating atomic Fe dispersion.
However, these catalysts still exhibited insufficient activity in
acidic media. To increase activity, it is essential to uniformly
disperse atomic FeNs sties with high density into favorable carbon
phases without the formation of inactive metallic aggregates.

Here, we developed a chemical doping approach to
synthesizing Fe-doped ZIF precursors. Within the ZIF hydrocarbon
network, Fe ions partially replace Zn and chemically bond with
imidazolate ligands likely in the form of Fe-N4 complex. This is
different to physical Fe ion adsorption. One-step thermal activation
is able to exclusively yield atomic Fe sites dispersed into porous
carbon particles. The catalyst paricle sizes are tunable in a wide
range from 20 to 1000 nm. The best ORR performance was
achieved on a catalyst of 50 nm with a half-wave potential (E1r2) of
0.85 V vs. RHE and enhanced stability in 0.5 M H2SO4, represent-
ing one of the best PGM-free catalysts in acids. Using the atomic
Fe catalyst as models, active sites formation process was explored
through linking ORR activity and the new chemical bonds associ-
ated with N, C, and Fe as function of heating temperature.

2. Results and Discussion
2.1 Atomic Fe catalysts with tunable particle sizes

ZIFs are ideal 3D precursors providing N and C sources for Fe-N-
C catalysts. We introduce active Fe species during the growth of
ZIF nanocrystals by simultaneously adding Fe and Zn ions with 2-
methylimidazole. In addition to Zn-N4 complex, the tetrahedral Fe-
Na structures likely exist in precursors (Figure 1a), which is in
good agreement with the identical XRD pattern after doping (Fig-
ure S1) along with X-ray absorption spectroscopy. The subsequent
one-step thermal activation is crucial for converting the Fe-N4 com-
plexes into active FeNs sites embedded into carbon. Zn is evapo-
rated (>907°C) and generates porous carbon structures. The hydro-
carbon networks in ZIF crystals were completely carbonized as ev-
idenced by the dominant peaks at 25° and 44° for carbon (002) and
(101) planes, respectively (Figure S1). The presence of iron species
in catalysts was verified by XPS (ca. 0.5 at.%). Unlike previous Fe-
N-C catalysts,” there is no metal aggregates such as metallic Fe or
FesC phases detected in catalysts. Through varying concentrations
of metal salts (i.e., Fe and Zn), the sizes of ZIF dodecahedron crys-

tals can be tuned in a wide range from 20 nm to 1000 nm. The ho-
mogeneous particle morphology can be retained during thermal ac-
tivation (Figure S1). Thus, particle sizes of catalysts can be contin-
uously adjustable in the same range (Figure 1b and Figure S2).
Similar to Pt nanoparticles,*’ the precise size control provide a new
opportunity to increase the number of PGM-free active sites and
enhance mass transfer in fuel cell electrodes.

More importantly, the Fe-doped ZIF catalysts are rich in atomic
Fe sites embedded into carbon particles, which is clearly identified
by using high angle annular dark field (HAADF)-STEM images
(Figure 1c and 1d). Using EELS coupled with microscopy (the in-
set of Figure 1d), these isolated single atomic sites are identified to
be Fe. Highly porous carbon phases are dominant in each particle
without formation of metallic aggregates (Figure S3). Electron dif-
fraction patterns further verify the absence of crystalline Fe phases
or clusters in the catalyst (Figure S3). The exclusive formation of
atomically dispersed Fe sites in catalysts would increase the density
of active sites for improved catalytic activity and stability.

FeNgin Carbon

{

Atomic Fe sites

Figure 1. (a) Synthesis principles of Fe-doped ZIF-derived catalysts.
(b) Accurately controlled sizes of the Fe-ZIF catalysts from 20 to 1000
nm. (c, and d) HAADF-STEM images of the best performing Fe-doped
ZIF catalyst (50 nm) and EELS analysis (the inset of d).

2.2 Precursor-to-catalyst conversion via thermal activation.

Subtle changes of morphology were carefully studied between Fe-
ZIF nanocrystals and corresponding catalysts after thermal treat-
ments. HR-TEM and STEM images with different magnifications
reveal that Fe-doped ZIF nanocrystals have well-defined rhombic
dodecahedron shape (Figure 2a to 2d). The crystal surface is rela-
tively smooth containing dominant micropore (less than 0.5 nm)
associated with 3D hydrocarbon networks within frameworks. Af-
ter thermal treatment at 1100°C, size and shape of ZIF crystals are
nearly maintained in catalysts. The polyhedron carbon particles are
clearly identified in the catalysts with roughly 10% shrunk in size
(Figure 2e to 2h). The corresponding carbon particles become less
distinct of their facets and more porous containing abundant mi-
cropores (up to 2 nm) at surfaces (Figure S3). It has been speculated
that active sites are likely located inside or around micropores of
carbon phases.®” Therefore, the richness of micropores in the Fe-
ZIF catalyst is favorable for accommodating high density of active
sites. The carbon structures in catalysts have relatively low graphi-
tization degree showing obvious disordered and amorphous struc-
tures. The abundant defects such as dislocations, vacancies, and
edge sites (Figure 2h) would greatly benefit ORR catalysis.
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Figure 2. A comparison of morphology and microstructure between (a-d) Fe-doped ZIF nanocrystal precursors (50 nm) and (e-h) the corresponding
catalyst through one-step thermal activation at 1100°C under N2 atmosphere for one hour.

2.3 Size dependent ORR activity

The ORR activity (Figure 3a) and four-electron selectivity (H202
yield) (Figure 3b) were evaluated using rotating ring disk electrode
(RRDE) for both Fe-free ZIF and Fe-ZIF catalysts. Without doping
of Fe, the Zn-based ZIF catalyst showed poor activity in 0.5 M
H2SO04 electrolyte with an onset potential (Eonset) 0f 0.81 V and an
E12 0f 0.59 V vs. RHE. Compared to this well-defined Fe-free ZIF
catalyst, Fe doping is indispensable to boost ORR activity likely
associated with the formation of more active FeNx sites relative to
metal-free CNy sites.?2 However, ORR activity of Fe-ZIF catalysts
is greatly dependent on their particle sizes. With particle sizes de-
creasing from 1000 to 50 nm, the Eu.2 gradually shifts to positive
direction, indicating a continuous increase of active site numbers.
Further reducing particle size to 20 nm leads to decreased ORR ac-
tivity, likely due to significant agglomeration of particles (Figure
1b) with decreased number of active sites. In addition to Eup, cur-
rent densities at kinetic ranges (jk at 0.85 V) also indicate the cata-
lyst with a size around 50 nm exhibited the highest activity. Similar
size dependent activity for Fe-free ZIF catalyst was also determined
(Figure S4). The best Fe-ZIF catalyst (50 nm) achieved an Eu2 of
0.85 V vs. RHE in 0.5 M H2SOa, only 30 mV lower than the Pt/C
catalysts (60 puges/cm?, E12 = 0.88 V in 0.1 M HCIOs solution even
with higher Oz solubility). The respectful activity represents one of
the best PGM-free catalysts for the ORR in acidic media.82446:48-50
The best performing Fe-ZIF catalyst generated negligible H202
yield (less than 1%) during the ORR, indicating a 4e" reduction
pathway.

Catalyst stability was further studied using accelerated stress-
ing tests (ASTSs) by cycling potentials from 0.6 to 1.0 V in Oz satu-
rated 0.5 M H2SOs. The same Fe-ZIF catalyst (50 nm) demon-
strated much enhanced stability with the unchanged Eonset and only
a loss of 20 mV in Euz after 10,000 cycles (Figure 3c). For a com-
parison, the Fe-N-C catalyst derived from polymer (e.g., polyani-
line) loses 80 mV after 5000 cycles under identical AST conditions
(Figure S4).3* The degradation of Pt/C is also significant due to the
dissolution/agglomeration of Pt nanoparticles on supports.5*
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Figure 3. (a) ORR polarization plots for Fe-ZIF-derived catalysts in
0.5 M H2SO and Pt/C catalysts (60 ugev/cm?) in 0.1 M HCIO4 at 25 °C
and 900 rpm (b) Calculated H20: yield for Fe-ZIF catalysts as function
of particle size. (c) Stability AST by using potential cycle (0.6-1.0 V in
O saturated 0.5 M H2SOxs. (d) The correlation between ORR activity
and S, indicating a clear size dependence.

The BET surface areas and pore size distribution of catalysts
were also measured as a function of particle sizes (Figure S5 and
Table S1). While BET surface area is nearly independent of particle
size, meso/macropores become more dominant with a decrease of
sizes. The origin of such meso/macropores is void spaces between
particles that are comparable and even larger than their correspond-
ing particle sizes.5? We found that the density of active sites on cat-
alysts is likely independent of particle sizes. XRD pattern (Figure
S6), Raman (Figure S7 and Table S2), and XPS C1s (Table S3)
suggest identical carbon structures in catalysts with a wide size
range from 20 to 1000 nm. XPS analysis (Figure S8 and Table S4)
and elemental qualification (Table S5) further indicate that N dop-
ing (content and type) and Fe content are nearly the same for all of
the studied catalysts. The dependence of ORR activity on particle
sizes can be explained by using the electrochemically accessible
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surface area (Sa) reflected from double-layer capacitance of cata-
lysts (Figure S9). Considering the similar density of active sites on
various catalysts, Sa is an indication of exposed number of active
sites available for the ORR per unit of mass. Thus, the correlation
between particle size, activity, and Sa is established and shown in
Figure 3d. ORR activity is proportionally increased with a de-
crease of particle size from 1000 to 50 nm, which is associated with
an increase of Sa. When particle size is further reduced to 20 nm,
ORR activity turns to be decreased. This is due to significant ag-
glomeration of small particles (~20 nm) losing their accessible ac-
tive sites, in good agreement with decreased Sa relative to the cata-
lyst with isolated particle morphology (50 nm). Therefore, the size
dependent activity is likely due to the increased number of active
sites at the catalyst surfaces stemming from increased Sa exposing
for the ORR. Unlike Pt nanoparticle catalysts, this unique feature
of improving catalyst activity by controlling size of catalysts has
never been reported before for PGM-free carbon catalysts. This is
because previous catalysts often have highly heterogeneous mor-
phology without accurate controls of catalyst sizes and shapes.

2.4 Active site formation

The effect of heating temperature (up to 1100°C) on activity (Fig-
ure 4a) and H20: yields (Figure S10) was studied on the Fe-ZIF
catalyst (50 nm). The Fe-ZIF precursor (before pyrolysis) and Fe-
ZIF-500 (treated at 500°C) are unstable in acids, and thus their ac-
tivities cannot be measured. In addition, there is no measurable
steady-state ORR current for both Fe-ZIF-600 and Fe-ZIF-700
samples, indicating no formation of active sites yet. When the tem-
perature was further increased to 800°C, the catalyst started show-
ing significant ORR activity. This suggests that 800°C is the mini-
mum temperature for generating active sites in acidic media for the
ORR. Higher temperature (up to 1100°C) leads to enhanced activ-
ity, which likely facilitates the formation of larger number of active
sites or sites with higher intrinsic activity. Notably, no product was
left after a heat treatment above 1150°C. According to the phase
diagram of carbon and iron, the eutectic point is around 1147°C,
which generates liquid phase. Thus the highest possible tempera-
ture for carbonization the Fe-doped ZIF precursor is 1100°C. To

elucidate new chemical bonds associated with active site formation,
the Fe-ZIF catalysts synthesized at varied temperatures were exten-
sively characterized.

The correlation between ORR activity and overall N doping de-
termined by using XPS was summarized in Figure 4b. The ele-
mental quantification analysis (Figure S11 and Table S6) indicate
that increasing heating temperature results in a decline of total N
content due to the loss of pyridinic N and five-side pyrrolic N. Op-
positely, the content of graphitic N is increased. Fe content is nearly
independent of heating temperatures from 800 to 1100°C. Similar
to previous reports,>3° the continuous decrease of N content does
not lead to declined activity. This suggests that N content in cata-
lysts might be sufficient and the nature of doping N (graphitic N vs.
pyridinic N) in carbon is more important. Pyridinic N provides co-
ordination sites to atomic Fe in the form of FeNx, while graphitic N
affects geometric and electric structures of carbon.

Furthermore, 800°C was found as the critical point for forming
new bonds associated with doped N (Figure 4c). The major N 1s
peak in precursors significantly shifts to high binding energy, indi-
cating a likely transformation of Fe-N4 complex within ZIFs to ac-
tive Fe-Nx sites embedded into carbon. It accompanies with new
bond formation of pyridinic N (398.6 eV) and Fe-N moieties (399.4
eV).192153 However, graphitic N is still insignificant. Up to 900°C,
both graphitic N and Fe-N keep increasing, suggesting increased
number of active sites. However, when temperature increased from
900 to 1100°C, such Fe-N content remained the same, while the
content of relative graphitic N constantly increases. This indicates
that the enhanced activity was possibly contributed by the addi-
tional increased graphitic N up to 1100°C. According to DFT cal-
culation,® doping of graphitic N leads to non-uniform electron dis-
tribution. This may facilitate adsorption of O2 onto adjacent carbon
atoms. Similar effect of graphitic N on the electronic structures of
FeNs sites may generate a synergy to promote the adsorption of O2
and O=0 bond breaking on FeNa sites. Further DFT study is needed
to fully elucidate this.
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Figure 4. Active site formation during the thermal activation (a) ORR activity of Fe-ZIF catalysts prepared at various temperature (600 to 1100°C).
(b) Correlation of ORR activity and new bonding formation associated with doped pyridinic (P) and graphitic (G) nitrogen. Evolution of XPS N 1s
(c) and C 1s (d) spectra of the Fe- ZIF catalyst with increasing heating temperatures up to 1100 °C.
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The degree of carbon graphitization in catalysts is increased with
temperature evidenced by gradually narrowing C-C peaks and re-
duced C-O/C=0 species (Figure 4d and Table S7). XRD patterns
(Figure S12) illuminate that ZIF crystals start to be decomposed at
the temperature of 600°C. Likewise, Raman spectra (Figure S13)
and their fitting results (Table S8) indicate that carbonization of
ZIFs occurs from 700°C, forming graphitized C-C bond. Increasing
temperature from 800 to 1100°C leads to higher degree of graphiti-
zation and reduction of distortion associated with five-side ring and
heteroatom doping. Thus, formation of graphitized carbon is a ne-
cessity to generate ORR activity either by providing electron trans-
fer media and hosting FeNx active sites or even participating as part
of active sites.?> Combined the HR-TEM images (Figure 2), long-
range ordering and local disordered structures may be favorable for
the ORR with enhanced activity and stability.>*

Existing DFT calculation suggested that the most likely active
sites are atomically dispersed Fe, bonded with N in the forms of
FeN4.20:255556 Based on XPS analysis, we do detect the likely FeNx
sites with obvious increases of pyridinic N relative to Fe-free ZIF
catalysts. To verify the hypothesis, X-ray absorption spectroscopy
(XAS) were recorded for both Fe-doped ZIF precursor and cata-
lysts treated at various temperatures (Figure 5). Fe K-edge X-ray
absorption near edge structure (XANES) in Figure 5a shows that
the precursor has the highest Fe oxidation state, close to 3*, as com-
pared to Fe2Os reference, which is in good agreement of using Fe®*
ions as precursors for chemical doping into ZIFs. However, upon
high-temperature treatments, the oxidation state of Fe in catalysts
was reduced, as evidenced from the shift of the XANES edge to-
wards lower energy (closer to the edge of FeO reference). This is
consistent with previous XANES measurements, which also
showed that the Fe oxidation state in FeN4 is between 2* and 3* by
comparing the edge slope and its shift with Fe2O3 and FePc stand-
ards.” The broader white line (around 7133 eV) for catalysts at
higher temperature is indicative of less confined electron in Fe local
structure due to the uncertainty principle. All these evidences indi-
cate the formation of possible FeN4 in a well-dispersed local struc-
ture in heat-treated catalysts. Careful examination of Fe pre-edge
region in the inset of Figure 5a shows the increase of peak intensity
for 1100°C treated catalyst. This could be due to lower local struc-
ture symmetry or shorter bond length.58 When checking the Fe L-
edge XANES, as shown in Figure 5b, the standard samples of
FeTiOs and Fe203 show two well-split peaks at ~706 and ~708 eV
(Fe L3), an indication of Fe in octahedral site coordinated with 6
oxygen atoms.>® However, for the Fe-ZIF catalysts annealed at
1100°C with different sizes, the splitting is not very clear and only
a broad Fe L3 peak is identified, which suggests the local coordi-
nation of these Fe atoms is different. Furthermore, simulation of Fe
L3 XAS shows that tetrahedrally coordinated Fe will only have a
broad peak, while any additional octahedrally coordinated Fe will
split the peak into two.5® This strongly suggests that Fe in our cata-
lysts is centered by 4 other atoms. This is also confirmed from the
Fe K-edge extended X-ray absorption fine structure (EXAFS) in
Figure 5c, as a clear shift of the first shell Fe-N/O bond length is
observed in 1100°C treated catalyst compared to that in the precur-
sor. Notable, similar to the chemically-defined FePc,%” the Fe-
doped ZIF precursor likely contains Fe-N4 complex structures. No
Fe-Fe bond is identified in the corresponding catalyst treated at
1100°C from EXAFS, suggesting no formation of metallic iron. To
further determine whether Fe is coordinated with N or O,% we per-
formed EXAFS fitting on the first-shell of these catalysts, as shown
in Figure 5d, and the fitting results are listed in Table S9. Using
FePc structure that has FeN4 unit as the reference, all first shell of
the Fe-ZIF catalysts can be well fitted with ~4 N atoms. Higher
temperature treatment leads to more well dispersed FeN4 structure
as the fitted coordination number is closer to 4, and long range dis-
order becomes more obvious (lower peak amplitude for R > 2A).
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We also used Fe-O scattering paths to fit Fe-ZIF catalysts treated at
1100 °C with Fe20s3 as the reference (Figure S14). The obtained
coordination number is close to 5 (Table S9). Considering the tet-
rahedral structure of Fe-ZIF catalysts suggested from Fe L-edge
XANES, FeNq is a more reasonable structure for the studied atomic
Fe catalysts. Thus, optimal control of the thermal activation is thus
very critical for generating the most active FeNa sites in catalysts.

(a)1.5 F—FezIF catalyst- 1100 °C (b)n A '
c Fe-ZIF calalyst-800°C © 404 7\ Fe m ]
2 | Fe-2IF catalyst:800°C, > /
a | Fe-ZIF precursor c f — A e
S 1.04 Feo, / A — [SRc T E—y B 1
< o
w
% / 5207 E
= 0.5 / ]
E / g 104 ‘."‘u"ﬂ'\ Fe(I)TIO! E
=z . e i S / S A~
0.0 L it 7iai Z g r " —]
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(c) 5 FEN FéFe (d) 3 i A
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= ,,/\/V\ﬁ\_ =
Fe-ZIF Precursor
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Figure 5. (a) Fe K-edge XANES with zoom-in pre-peak region in the
inset, (b) Fe L-edge XANES, (c) Fe K-edge EXAFS spectra for chem-
ically Fe-doped ZIF before and after a thermal activation, and (d)
EXAFS fitting on the first-shell of catalysts prepared from different
temperatures (800, 900 and 1100°C).

3. Conclusion

In summary, a single atomic Fe catalyst without metallic agglom-
eration was developed via a chemical doping of Fe ions into ZIF
networks followed by one-step thermal activation. The new PGM-
free catalyst achieved ORR activity approaching Pt in challenging
acidic electrolytes along with significantly enhanced stability. The
chemical doping process is the key to the formation of possible Fe-
N4 complex connected into 3D organic framework nanocrystals.
Subsequent thermal activation converts them into ORR active
atomic FeNs sites embedded into porous carbon phases. During the
conversion, the particle sizes and shapes of Fe-doped ZIF polyhe-
dron crystals are retained in the corresponding catalysts. Thus, the
unique synthetic chemistry to control ZIF crystal sizes (20 to 1000
nm) allows us to study the size-dependent ORR activity for PGM-
free catalysts. Similar to Pt nanoparticles, PGM-free carbon cata-
lysts thus can be engineered with improving catalytic activity
through exposing increased number of active sties and generating
more effective porosity for mass transfer in fuel cell electrodes.

More importantly, this work provides a series of homogenous
atomic Fe catalysts, which was further studied as a model system.
The active site formation process during the thermal activation was
thus elucidated. A temperature of 800°C was identified as the criti-
cal point, forming new bonds associated with N, C, and Fe. Further
increasing temperatures yield higher content of graphitic nitrogen
and the possible Fe-Na4 species with a reduction of oxidation num-
ber of Fe between 3+ and 2+. The possible synergistic effect be-
tween graphitic N and FeNas is responsible for enhanced activity
with an increase of heating temperature. XAS characterization fur-
ther provides strong evidence that FeNa is very likely associated
with the atomic Fe sites, which is favorable at higher temperature
(i.e., 1100°C). The chemically Fe-doped MOF approach would be
an effective solution to generate uniform dispersion of atomic FeN4
sites into carbon, capable of significantly narrowing down the per-
formance gap with Pt catalysts in challenging acidic media. For fu-
ture catalyst design, one key consideration is to increase the density
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of atomic Fe sites by preventing their clustering, which could be
realized by strengthening the Fe-N bonding in precursors or using
multiple nitrogen precursors.
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