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ABSTRACT: Developing highly efficient, low-cost oxygen reduction catalysts,
especially in acidic medium, is of significance toward fuel cell commercialization.
Although pyrolyzed Fe-N-C catalysts have been regarded as alternatives to platinum-
based catalytic materials, further improvement requires precise control of the Fe-N,
structure at the molecular level and a comprehensive understanding of catalytic site
structure and the ORR mechanism on these materials. In this report, we present a
microporous metal—organic-framework-confined strategy toward the preferable
formation of single-atom dispersed catalysts. The onset potential for Fe-N-C is 0.92
V, comparable to that of Pt/C and outperforming most noble-metal-free catalysts ever
reported. A high-spin Fe’*-N, configuration is revealed by the *’Fe Mbssbauer
spectrum and X-ray absorption spectroscopy for Fe L-edge, which will convert to Fe**-
N, at low potential. The in situ reduced Fe**-N, moiety from high-spin O,-Fe**-N, contributes to most of the ORR activity due

to its high turnover frequency (TOF) of ca. 1.71 e s™" sites™".

KEYWORDS: oxygen reduction reaction, single atom, electrocatalyst, active site, X-ray absorption spectroscopy

B INTRODUCTION catalysts.””~*° Significant breakthroughs in ORR performance

Efficient synthesis and implementation of non-platinum-group- using nonmacrocycle precursors to paepare the Fe_N"_%
metal (non-PGM) catalysts toward the oxygen reduction catalysts were reported by Dodelet et al.” and Zelenay et al.
reaction (ORR) is highly desirable but challenging for chemical How?“/er, current progress p'rlrflarl'ly involves R4 olysis
energy conversion and storage.'~* Pyrolyzed metal—nitrogen— conditions and precursor optimization to maximize the

carbon catalysts (M-N,-C, M = Co, Fe) are regarded as the performance.”' 7>° The lack of a precise control strategy for
x . . .
most promising candidates, initiated by using cobalt phthalo- the synthesis of catalyst and ongoing debate on the real active
cyanine as an ORR catalyst in 1964.° Later, researchers site structure have seriously limited further progress. The
recognized that the activity and durability in acidic solution can debate is associated with whether the transition metal

be largely enhanced by heat treatment.°”® In addition to participates in the ORR process.””** Although most of the

metal—nitrogen-coordinated macrocycles, inorganic metal salts,

nitrogen-containing polymers (polyaniline, polypyrrole) or Received: January 11, 2018
small molecules (NH;, melamine), and carbon black were Revised:  February 21, 2018
selected as pyrolysis precursors for the synthesis of the M-N,-C Published: February 21, 2018
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Figure 1. (a) Schematic procedure for the synthesis of Fe-N-C electrocatalysts. (b) XRD curves for ZIF precursors and carbonized samples. (c) XPS
spectra of Fe-N-C-950 (inset: high-resolution N 1s and Fe 2p spectra).

literature claims that the active site is the M-N,-C structure
rather than a metal-free active site (N,-C), the configuration of
the M-N,-C structures, including the coordination number and
the electronic state of M, are still under extensive debate.>*™*°
Moreover, the sintering process also induces the formation of
crystalline metal particles, even at a low metal content, further
complicating the identification of the real active site.
Consequently, precise control of the material structure at an
atomic level and the application of sophisticated structural
analysis techniques, especially in situ spectroscopy, are urgently
required to promote the development of non-PGM catalysts.
The typical procedure for synthesizing Fe-N-C catalysts
consists of precursor mixing and pyrolyzing steps.”*'~*
However, this method is time consuming and inevitably leads
to catalysts with nonuniform structure. Metal—organic frame-
work (MOF) materials with a large Brunauer—Emmett—Teller
(BET) surface and highly porous structure are promising
candidates for synthesizing efficient NPMCs. The abundant
pores in MOF can serve as the host of the Fe precursor, thus
promoting the dispersion and formation of the active Fe-
containing phases. In our study, a microporous MOF-confined
strategy was developed to synthesisize single-atom dispersed
Fe-N-C material as a model catalyst. The Fe-N-C catalyst far
exceeds the N-C species in catalyzing the ORR, although the
latter possessed higher nitrogen content than the former,
demonstrating the dominant role of the Fe-N, active site over
N,-C species. The single-atom dispersion of Fe was confirmed
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by aberration-corrected scanning transmission electron micros-
copy (STEM) observations, *’Fe Mdssbauer spectroscopy, and
extended X-ray absorption fine structure (EXAFS) spectra. The
Fe coordination environment was studied by *’Fe Mdssbauer
spectroscopy, with D1 (low-spin Fe*"-N,) and D2 (medium-
spin Fe’’-N, or high-spin O,-Fe’*-N,) clearly observed. The
discrepancies over the assignment of D2 were addressed by
using X-ray absorption near edge structure (XANES) spectra of
the Fe L-edge, which revealed the high-spin O,-Fe’*-N,
configuration. To further identify the real active site structure,
we conducted in situ XANES spectroscopy studies. The
accompanying dynamic process of O,-Fe’*-N, switching to
HO-*Fe(**)-N, during the ORR was observed, which lowered
the reaction barrier; therefore, higher a TOF value was
obtained for the reduced Fe**-N, species. Our finding is of
significant importance for the rational design of non-PGM
catalysts in the future.

B EXPERIMENTAL SECTION

Synthesis of ZIF-8 and Fe-ZIF-8. All syntheses were
conducted at room temperature. Typically, 6.5 g of 2-
methylimidazole (with 0.44 g of Fe(acac); for Fe-ZIF-8) was
dissolved in 80 mL of methanol with stirring. Then 40 mL of
methanol containing 3 g of Zn(NO;),-6H,0 was added with
vigorous stirring for 24 h. The obtained product was
centrifuged with methanol for several times and then dried at
60 °C under vacuum overnight.
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Figure 2. (a—c) TEM images with different magnifications for Fe-N-C-950, (d—g) STEM images and elemental maps of C, N and Fe, and (h—j)
STEM and (k, 1) corresponding magnified images of Fe-N-C-950, where the white dots are Fe or Zn single atoms.

Synthesis of NC-950 and Fe-N-C-X (X = Temperature).
The powder of ZIF-8 or Fe-ZIF-8 was placed into a quartz boat
and then heat-treated at the desired temperature (850—1050
°C, 5 °C min™') for 1 h under Ar/H, (10% H,) gas in a tube
furnace. The pyrolysis products were acid-washed with 1 M
HCI solution at 80 °C overnight and then filtered and washed
with plenty of deionized water. The final catalysts were
obtained by vacuum drying.

Physical Characterization. The dispersion of Fe was
characterized by aberration-corrected scanning transmission
electron microscopy (Cs-STEM) on a JEOL JEM-ARM200F
instrument equipped with a CEOS probe corrector, with a
guaranteed resolution of 0.08 nm. The room-temperature >'Fe
Mossbauer spectra were recorded using a Topologic S00A
spectrometer and a proportional counter. Fe K-edge EXAFS
measurements were performed using the 10-ID beamline
(MRCAT) from Advanced Photon Sources (APS, Argonne
National Laboratory, IL). Fe L-edge and N-edge XANES
spectra were measured by collecting the sample drain current
(vacuum greater than 1077 Pa) in the total electron yield (TEY)
mode on beamline Ul9 from the National Synchrotron
Radiation Laboratory (NSRL, Hefei, People’s Republic of
China). The in situ Fe K-edge XANES spectra were collected in
fluorescence mode at the beamline ISS 8-ID in National
Synchrotron Light Source II (NSLS-II) (Brookhaven National
Laboratory, NY) at potentials from 0.3 V to 0.9 V vs RHE.

Electrochemical Measurements. The ORR performances
were measured in 0.1 M HCIO, at room temperature (~25 °C)
on a 7S0E Bipotentiostat (CH Instruments), and a three-
electrode cell was used. A rotating ring—disk electrode (RRDE)
coated with catalyst was the working electrode. The catalyst
loadings were 0.4 mg cm™> for non-noble-metal catalysts and
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40 pgp, cm > for Pt/C (20 wt % Pt on Vulcan XC-72 carbon
from Johnson Matthey Co.).

RRDE measurements were conducted by linear sweep
voltammetry (LSV) from 1.1 to 0 V (5§ mV s™', 1600 rpm),
and the ring electrode was held at 1.3 V. The H,0, collection
coefficient of the Pt ring was 0.37, on the basis of a
Fe(CN)¢*/3~ redox couple measurement. ORR stability was
evaluated by an accelerated aging test (ADT) (0.6 and 1.2V,
0.1 V s7'). After 10000 cycles, the ORR steady-state
polarization curves were collected in O,-saturated electrolyte.
Chronoamperometric measurement of Fe-N-C-950 and
commercial Pt/C catalysts was also conducted to evaluate the
stability.

The turnover frequency (TOF) at 0.8 V is estimated on the
basis of the equation

J Ne
erCcat‘NA /MFe

where J, represents the kinetic current density (A cm™2), N, is
the electron number per Coulomb 6.24 X 10", wg, is the active
Fe content in Fe-N-C-X, ¢, is the catalyst loading, N, is the
Avogadro constant 6.022 X 10>, and Mg, is the mass per mole
of Fe (55.845 g mol™").

TOF =

B RESULTS AND DISCUSSION

The synthesis of single-atom dispersed Fe-N-C catalysts by a
microporous-framework-assisted strategy is illustrated in Figure
la. Fe(acac);-incorporated ZIF-8 (denoted as Fe-ZIF-8), which
acted as the metal, nitrogen, and carbon sources, was directly
pyrolyzed to yield the final product. The microporous character
and the isolation effect of Zn are beneficial for forming an Fe—
N, active site structure without a crystalline phase. The crystal
structure of final Fe-ZIF-8 and pristine ZIF-8 are compared in
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Figure 3. (a) Room-temperature *’Fe Mossbauer spectrum of Fe-N-C-950. (b) Fourier-transformed K-edge EXAFS of Fe for iron phthalocyanine
(FePc), iron foil, and Fe-N-C-950. XANES spectra for FePc and Fe-N-C-950 at (c) Fe L-edge recorded in TEY mode and (d) N K-edge (the inset

gives an enlarged section).

Figurelb, showing that they share a similar structure. Fourier
transform infrared spectroscopy (FTIR, Figure S1) confirmed
that Fe is present in the Fe-ZIF-8 through adsorption in the
micropores of ZIF-8, rather than partially substituting Zn in the
MOFs. The N, sorption isotherms and pore structure of Fe-
ZIF-8 hardly deviate from those of the pristine ZIF-8 (Figure
S2), as the Fe content is ultralow in Fe-ZIF-8 (only 0.137 wt %
from ICP analysis). The negligible influence of Fe incorpo-
ration in the structure of ZIF-8 can be further observed in their
similar rhombdodecahedral morphologies (Figure S3). These
results demonstrate the success of the micropore confined
strategy toward homogeneously integrating the Fe, N, and C
precursors.

Fe-ZIF-8 and pristine ZIF-8 were then subjected to heat
treatment (950 °C) under an Ar/H, atmosphere for carbon-
ization and Zn removal. From the X-ray diffraction (XRD)
patterns, no distinct differences between these two pyrolyzed
samples were found, while both amorphous and graphitic
carbon characteristic peaks were clearly observed (Figure 1b).
The graphitizing degree of the carbonaceous materials was
further studied by Raman spectra (Figure S4). A lower I/I,
value was obtained on the Fe-N-C samples, and the value
significantly decreased with increase in pyrolytic temperature,
demonstrating that an ordered carbon structure was formed at
higher temperature. Moreover, from the XRD pattern no
crystalline iron species were found, suggesting that either Fe is
present in the amorphous Fe-N,, coordination or its content is
below the detection limit, since the ICP analysis confirmed the
existence of Fe. The surface composition was subsequently
examined by XPS (Figure lc and Figure SS), from which
typical signals for carbon, nitrogen, and oxygen are observed.
The coexistence of three different N species was confirmed by
the high-resolution N spectrum. In addition, the total N
contents are 2.63—4.97% for Fe-N-C samples, while that for the
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N-C sample is 6.87%. These results indicated that the N
content decreased gradually along with an increase in the
pyrolysis temperature (Table S1) due to the different thermal
stabilities of different nitrogen species (graphitic N > pyridinic
N > pyrrolic N) and the promotion effect of Fe on
decomposition of the nitrogen-containing matrix. The non-
positive relationship between ORR performance and N content
(discussed in a later section) suggests that the N,-C species was
not the dominant active site in our Fe-N-C catalysts.
Unfortunately, the XPS signal of iron was so weak that it
cannot be further analyzed precisely due to its low content,
although the Fe 2p XPS spectra confirmed its presence.

The morphology and pore structure for these samples were
probed with electron microscopy and N, adsorption—
desorption isotherms, respectively. SEM and TEM results
(Figure 2 and Figures S6—S9) together demonstrated the
rhombododecahedral structure of the unpyrolyzed precursors
was retained. No iron nanoparticles were observed in the Fe-N-
C-950 sample, and elemental mapping verified the uniform
dispersion of Fe atoms on the carbon substrate along with N,
implying that iron species must exist at atomic size that are
invisible by normal TEM techniques. The formation of the Fe
on an atomic scale was confirmed by Cs-STEM measurements.
As expected, a large number of bright dots marked with red
circles were clearly observed nearly without clusters or small
particles. In combination with the ICP result (0.32 wt % Fe and
0.45 wt % Zn detected by ICP), these bright dots were found to
correspond to isolated Fe and Zn single atoms.””>" This result
further verified the success of our micropore-confined strategy
for the preferential formation of a single-atom dispersed Fe-N,
configuration. Additionally, the large amount of Zn in the
precursor can spatially isolate Fe to suppress its sintering,
leading to uniform Fe atomic dispersion. The high surface area
with rich nanoporous structure determined from the N,
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Figure 4. (a) ORR polarization plots in O,-saturated 0.1 M HCIO,, (5 mV s, 1600 rpm). (b) LSV curves of Fe-N-C-950 with various rotation rates
(the inset gives K-L plots). (c) Electron transfer number and H,0O, yield in ORR on Fe-N-C-950 from the RRDE results. (d) Tafel plots of various
catalysts. (e) ORR kinetic current density (J;) on each electrode. (f) ORR polarization plots before and after ADT test.

adsorption—desorption technique (Figure S10) guarantees a
rapid mass transfer for electrochemical reactions. These aspects
all manifest the advantages of our MOF-templated strategy
toward the fabrication of well-dispersed Fe-N-C catalysts.

Due to the fact that the Fe is single-atom dispersed in Fe-N-
C, we subsequently resorted to *’Fe Mdssbauer spectroscopy
and EXAFS analysis to clarify the Fe coordination environment.
The *"Fe Mossbauer spectrum of Fe-N-C-950 was fitted with
three components: D1 and D2 are commonly assigned to low-
and medium-spin states of Fe** in the square-planar Fe?*-N,
coordination structure, respectively.””>*> A singlet near zero
velocity represents r-Fe (Figure 3a). Quantitative analysis from
the *"Fe Mdssbauer spectrum results revealed that the contents
of D1, D2, and crystalline iron species were 30.1%, 64.4%, and
5.4%, respectively (Table S2), confirming that the single-atom
dispersed Fe—N, structure was dominant, which is commonly
recognized as the active site for the ORR.>® Consequently, the
high density of Fe—N, will guarantee excellent ORR catalytic
performance on the Fe-N-C sample. However, some
researchers also assigned D2 to the high-spin O,-Fe**-N,
moiety, as some parameters in the Mossbauer spectra are
similar.”* On the basis of XAS experiments, Zitolo et al.*’
claimed that the O,-Fe-N, configuration is responsible for the
high activity.

To distinguish the medium-spin Fe*"-N, from the high-spin
Fe’*-N, structure, XAS analyses were conducted. Figure 3b
shows the Fourier transformed K-edge EXAFS of Fe for iron
phthalocyanine (FePc), iron foil, and Fe-N-C-950. The peak at
246 A (signal from second-shell carbon atom scattering)
present for FePc cannot be found in Fe-N-C-950, attributable
to incoherent scattering from the disordered carbon. The
distinct peak for Fe-N at 1.44 A was clearly observed in Fe-N-
C-950, certifying the presence of Fe-N,, coordination. The weak
peaks at 2.1 A (Fe-Fe scattering signal) indicate the existence of
a small quantity of crystalline Fe species, which is consistent
with the Modssbauer analysis. According to the fitting
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parameters (Table S3), the coordination number of Fe-N was
4 with a bond distance of 2.0 A, while the coordination number
of Fe-O was 1 with a bond distance of 1.93 A, revealing the
possible five-coordinated O,-Fe-N, structure. The EXAFS
fitting results also confirmed the major presence of Fe-N,
species (~95%) in the as-synthesized catalyst.

Furthermore, Fe L-edge XANES was employed to analysis
the electronic structure of Fe (Figure 3c), as the valence and
spin states of 3d transition metals significantly affect the L-edge
spectra. The L, edge (706—712 eV) involves transitions from
2p;, to 3d states, while the L, edge, which ranges from 718 to
726 eV, indicates that the states of Fe transit from 2p, /, to 3d.
The signals at 706.8 and 709.3 eV in the L;-edge region can be
assigned to Fe?* and Fe, respectively. It is clearly observed
that Fe’* dominated in the FePc and Fe-N-C catalyst, which is
in accordance with the fact that Fe’* in pristine FePc will be
oxidized to an Fe*"-like high-spin state on exposure to
oxygen.”> Additionally, a previous report showed a relationship
between the area ratios of L;/L, and spin state. The L;/L, ratio
for the high-spin configuration is greater than 2/1, and a
smaller ratio is achieved for the medium-spin moiety.*®
Miedema et al.”” calculated the L,/L, ratio of FePc in O, to
be 3.76, corresponding to 30% Fe®" medium spin + 70% Fe**
high spin. In this work, the L;/L, ratio for FePc is 3, while this
value is 3.61 for Fe-N-C-950, further revealing the primary form
of the Fe®* high-spin state in Fe-N-C-950. The N K-edge was
then studied, in which the intensity of the peak at 395.5 eV
increases, which is ascribed to the changes in the N atoms
surrounding the Fe ion that supply charge to the oxygen
bonding. Considering the major D2 species detected from *’Fe
Massbauer spectroscopy and the dominant Fe®* high-spin state
from XAS analysis, it is reasonable to attribute D2 to the high-
spin O,-Fe*"-N, rather than the commonly regarded medium-
spin Fe?*-N,. Zitolo et al.’® claimed that O,-Fe-N, with two
different oxygen binding configurations (side-on and end-on)
are the active sites instead of low- and medium-spin Fe-N,. In
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addition, the commonly assigned D2 medium-spin Fe*"-N, is
regarded inactive for the ORR, which means that only a small
part of Fe can participate in the ORR. In our catalyst, the D2,
high-spin O,-Fe**-N, was reported active in the ORR;*®
therefore, outstanding ORR performance was expected for our
Fe-N-C catalysts.

The ORR performances of the synthesized catalysts were
characterized by the RRDE method. As previous literature®”*’
revealed that the Nafion content would affect the final ORR
performance, an optimized Nafion content was used (Figure
S11). On the basis of the LSV data in Figure 4a, one can see
that the optimized Fe-N-C catalyst outperformed the N—C
catalyst and most reported Fe-N-C catalysts (Table S4). The
onset and half-wave potentials of Fe-N-C-950 catalyst are 0.92
and 0.78 V, respectively. This promising application of our Fe-
N-C catalyst as an alternative to noble-metal catalysts was
further confirmed by comparing its ORR performance with that
of Pt/C. A four-electron pathway is found to dominate the
ORR using Koutecky—Levich plots at 0.4—0.75 V (Figure 4b
and Figures S12 and S13), which is in accordance with RRDE
results (Figure 4c). In all electrochemical windows, on Fe-N-C-
950, the peroxide yield is less than 1.0% (Figure 4c), much
lower than those of N-C-950, Fe-N-C-850, and Fe-N-C-1050
samples (Figure S14). The low Tafel slope (54.2 mV dec™) of
Fe-N-C-950 further indicates the superb ORR performance, as
shown in Figure 4d, which is even close to that of Pt/C (61.4
mV dec™). The kinetic current densities (J,) were maximized
for Fe-N-C-950 and decreased in the order of Fe-N-C-950 >
Fe-N-C-850 > Fe-N-C-1050, with J, values of 14.8, 10.1, and
9.5 mA cm ™, respectively, at 0.75 V (Figure 4e). At higher
potential (0.8 V), the Fe-N-C-950 catalyst also shows an
impressive J value: e.g.,, 2.7 mA cm™> These data show that Fe-
N-C-950 has the highest ORR performance, offering the most
positive onset/half-wave potential and largest kinetic current
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density. Furthermore, excellent electrocatalytic stability is
achieved on this catalyst, as confirmed by ADT and
chronoamperometric tests. The ADT result revealed that,
after 10000 cycles, a 12 mV negative shift in half-wave potential
was observed (Figure 4f), similar to that of Pt/C catalyst (10
mV, Figure S15). The current attenuation percentage for the
Fe-N-C-950 catalyst within 15000 s is comparable to that of Pt/
C catalyst (Figure S16), further verifying the excellent stability
of Fe-N-C-950.

The nature of the active site was investigated by the Ay
technique because it is a surface-sensitive spectral subtraction
methodology. As shown in Figure Sa, the fingerprint of the
square-planar Fe>"-N,, structure at 7117 eV is not perceptible in
the XANES of Fe-N-C-950, thus revealing the nonplanar Fe-N,
configuration. Increasing the potential resulted in a positive
shift in Fe K-edge XANES, indicative of the Fe?*/3* redox
transition. The corresponding Au-XANES spectra exhibited a
sinusoidal shape, obviously confirming the nonplanar metal
center, with the Fe**-N, oxidized to a pentacoordinate O,-Fe**-
N, environment at high potentials. Furthermore, with an
increase in the potential, the amplitude of the primary peak at
7216 €V increased and reached a maximum at 0.9 V, revealing
that the coverage of Fe-N, by the oxygenated species increased
until 0.9 V. Considering the ex situ XAS analysis, D2 in this
work is high-spin O,-Fe**-N,; therefore, the in situ XANES
spectra and Ay spectra revealed that the pristine high-spin O,-
Fe**-N, was reduced to HO-*Fe(**)-N,, which served as an
active site for the ORR, at potentials below the Fe**/Fe** redox
potential, according to the equation

O,-Fe’™-N, + e~ < HO-*Fe(**)-N, (1)

This phenomenon was previously confirmed by using density
functional theory (DFT) calculations. Forming a Fe-O,
structure would gain a free energy of 2.52 eV due to the
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strong adsorption of O, and the formation of OH-Fe**-N,
process could promote the reaction by lowering the activation
barrier by 0.48 eV."' Additionally, Holby et al°' also
demonstrated the spontaneously formed *OH resulting in a
new active site rather than poisoning the site and this new site
theoretically has higher ORR activity. The structural model
used in the simulation of theoretical Au spectra essentially
represents FeN,Cg with an axially bonded oxygen atom (Figure
5d), which will switch to nonplanar Fe?*-N, below the Fe®*/
Fe®* redox potential as an ORR active site. Supposing that D1
and D2 contribute equally to the whole ORR activity, the
average TOF is calculated to be 1.27 e s™* sites™!, much higher
than the already known TOF result for D1 of 0.33 e s~ sites™
as reported by Zitolo et al,*® suggesting the dominant
contribution of D2 to ORR activity. In addition, the estimated
TOF of D2 is approximately 1.71 e s™' sites™, which greatly
exceeds most of the reported NPMCs (Table SS). The much
higher TOF of D2 in comparison with D1 can explain the
enhanced ORR activity on our catalyst, although its Fe content
is rather low (only 0.32 wt %).

B CONCLUSION

In summary, we describe a single-metal dispersed Fe-N-C
electrocatalyst fabricated by a microporous MOF-assisted
strategy and demonstrated its superior ORR activity using the
RRDE method. Further structural analysis revealed that D2,
commonly attributed to medium-spin Fe*"-N,, is assigned to
the high-spin O,-Fe*"-N, moiety from the five-coordinated
feature, high Fe®"/Fe®" ratio, and L,/L, area ratio. In situ
XANES demonstrated the O,-Fe**-N, undergoes an Fe®*/Fe**
transition with a decrease in the potential and the active site
nonplanar HO-*Fe(**)-N,, was formed in situ below the Fe**/
Fe®" redox potential. The in situ freshly reduced HO-*Fe(*")-
N, active site has an ultrahigh TOF of 1.71 e s1 sites™!; thus,
excellent ORR performance was achieved with our pyrolyzed
Fe-N-C catalyst.
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