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Broader context

Fe—N/C catalysts with tunable mesoporous
structures and carbon layer numbers reveal
the role of interlayer O, activationf

Jinwoo Woo,? June Sung Lim,® Taejung Lim,° Du San Baek,” Jae Hyung Kim, (¢
Jong Hoon Lee, Hu Young Jeong,® Chang Hyuck Choi " and
Sang Hoon Joo (1) *°

A class of Fe,N-codoped carbon (Fe—N/C) electrocatalysts has made remarkable advances as highly pro-
mising non-Pt group metal catalysts for the oxygen reduction reaction (ORR). However, the design of
Fe—N/C catalysts whose active site structure and O, activation mode mimic those of an enzymatic ORR
catalyst still remains a challenge. Herein, we report the preparation of mesoporous Fe—N/C catalysts
with tunable tube- or rod-like frameworks and carbon layer numbers via solid-state nanocasting of
mesoporous silica with an iron—phenanthroline complex. The tube-type Fe—N/C exhibited a larger
surface area and active site density than the rod-type Fe—N/C. Unexpectedly, the rod-type Fe—N/C
showed superior ORR activity to the tube-type Fe—N/C, with a smaller overpotential, greater turnover
frequency (TOF), and lower Tafel slope. Temperature-programmed desorption studies revealed a weaker
binding strength of the rod-type Fe—N/C with O,. The rod-type Fe—N/C consisting of multiple carbon
layers is likely to activate O, in the interlayer between the Fe—N,-containing carbon layers, reminiscent
of the enzymatic catalyst, whereas in the tube-type Fe—-N/C with 3-4 carbon layers, O, is mostly
activated at a single Fe center on the external carbon layer. As a result, the TOF of the rod-type Fe—N/C
exceeded those of reported catalysts. We envisage that our work can provide a new insight into the
design of highly active Fe—N/C catalysts.

Fe-N/C catalysts with atomically dispersed Fe-N, active sites have been of tremendous interest as a class of promising non-precious metal catalysts for the

oxygen reduction reaction (ORR). Although great strides have been made in multiple aspects of Fe-N/C catalysts over the past few years, the realization of a

structural analog of the enzymatic ORR catalyst cytochrome ¢ oxidase (CcO), which can cooperatively activate O, molecules using a bimetallic center, has
remained a daunting challenge. In this work, we introduce Fe-N/C catalysts with tunable mesoporous structures and carbon layer numbers, which could serve

as model catalysts for revealing the important role of interlayer oxygen activation in boosting ORR activity. We believe that our work provides fundamental and
useful guidelines for designing Fe-N/C catalysts for the ORR.

1. Introduction
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In light of ever-increasing climate change, the development of a
hydrogen-based energy cycle that can replace the current
hydrocarbon-based energy cycle in a carbon-neutral manner
is imperative. The overall performance of the hydrogen-based

¢ UNIST Central Research Facilities, UNIST, Ulsan, 44919, Republic of Korea energy cycle critically depends on the efficiency of the electro-
¢ Graduate School of Semiconductor Materials and Devices Engineering, UNIST, catalysts used for the interconversions between H,, O,, and

Ulsan, 44919, Republic of Korea

f Department of Chemistry, Pohang University of Science and Technology
(POSTECH), Pohang, 37673, Republic of Korea

H,0."™ For fuel cells that convert chemical energy stored in
fuels (e.g., H,) into electrical energy, the development of highly
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of the oxygen reduction reaction (ORR) at the cathode is crucial.
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Despite decades-long efforts, platinum (Pt) or Pt-based alloys
are still mainstays as ORR catalysts.” " However, they are
expensive, scarce, and unevenly distributed."™ In this regard,
multifaceted efforts have been pursued to develop non-precious
metal catalysts (NPMCs) for the ORR."*>*

Among the classes of NPMCs, M-N/C catalysts comprising
atomically dispersed M-N, active sites are considered to be the
most promising alternatives to Pt-based catalysts, because of
their pronounced ORR activity.”*" In particular, the last few
years have witnessed great strides in the diverse aspects of
M-N/C-based ORR catalysts. Synthetic advances in M-N/C
catalysts that increase the density of accessible M-N, sites have
enabled remarkable enhancement of their ORR activity;**™*
effective suppression of undesirable H,0, formation has
boosted long-term durability;***° molecular-level synthetic
control and precise speciation of M-N, sites have helped to
identify active sites;’°>* the exploration of non-d-block compo-
sitions has uncovered new p- and s-block-element-based M-N/C
catalysts;*>>® and the standardization of active site quantifica-
tion and turnover frequency (TOF) calculations has made the
comparison of catalytic activity data from multiple laboratories
on fair ground.>***

One of the outstanding issues in heterogeneous M-N/C
catalysts is the realization of a structural analog of the enzymatic
ORR catalyst cytochrome ¢ oxidase (CcO). CcO contains a bime-
tallic center of Fe and Cu and catalyzes the ORR with excellent
efficiency under ambient conditions.®>®° Inspired by the struc-
ture of CcO, exquisitely designed inorganic homogeneous cata-
lysts, including bifacial porphyrins, have been synthesized.®”*®
Enzymatic CcO and its molecular mimics have a bimetallic center
that can cooperatively activate the O, double bond. Considerable
efforts have been made to design heterogeneous M-N/C catalysts
bearing a bimetallic center, with the aim of mimicking the
structural motif of CcO.>**® However, their syntheses involve a
high-temperature pyrolysis step, which makes the realization of
such a structure a daunting challenge.
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In this work, we developed a simple, solid-state route to
Fe-N/C catalysts with tunable mesoporous structures and carbon
layer numbers, which were exploited as model catalysts to reveal
the important role of interlayer oxygen activation between adja-
cent Fe,N-containing carbon layers. Nanocasting ordered meso-
porous silica with a controlled amount of Fe and N precursors in
a dry state, followed by high-temperature pyrolysis and silica
template removal, afforded ordered mesoporous Fe,N-containing
carbons constructed with a tube-type framework of 3-4 con-
centric carbon layers or a rod-type framework of ca. 20 carbon
layers. The tube-type Fe-N/C exhibited a larger specific surface
area and accessible active site density than the rod-type Fe-N/C.
Unexpectedly, the rod-type Fe-N/C showed superior ORR activity
to the tube-type Fe-N/C, with a lower overpotential, much greater
kinetic current density and TOF, and lower Tafel slope. The rod-
type Fe-N/C exhibited excellent ORR activity with half-wave
potentials of 0.92 and 0.80 V in alkaline and acidic electrolytes,
respectively, and its TOF surpassed those of reported Fe-N/C
catalysts. The rod-type Fe-N/C showed a weaker oxygen binding
strength than the tube-type Fe-N/C as revealed by O,
temperature-programmed desorption studies. The weaker O,
binding strength and lower Tafel slope of the rod-type Fe-N/C
suggest that a significant number of O, molecules are likely to be
activated in the interlayer between two adjacent Fe,N-containing
carbon layers in this catalyst. In the tube-type Fe-N/C, O, is
expected to be activated mainly on a single Fe center in the outer
carbon layers.

2. Results and discussion

Fig. 1a illustrates the preparation scheme for Fe-N/C catalysts.
Solid-state nanocasting of hexagonally ordered mesoporous silica
(SBA-15) with iron acetate (FeAc) and 1,10-phenanthroline (Phen)
as the precursors, followed by high-temperature pyrolysis of
the composite and etching of the SBA-15 template, afforded
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(a) Schematic illustration for the preparation of Meso-Fe—N/C_X catalysts. (b) FT-IR spectra for Mixture_X in the wavelength range of 675-775
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Meso-Fe-N/C_X (where X = weight ratio of the Fe and N pre-
cursors to the silica template with the molar ratio of the Fe and N
precursors fixed at 1:3) catalysts (see 4. Materials and methods
for details). The mixing of Fe** ions and Phen in a 1:3 ratio
readily generated the Fe(Phen); complex in a soluble solvent;
however, the complex prepared under wet conditions could
generate inactive Fe clusters upon high-temperature pyrolysis in
the Fe-N/C catalyst synthesis.”® In turn, we attempted to prepare
Fe(Phen); under dry conditions in the presence of a silica
template, which had a high density of hydrophilic silanol groups
on its surface. We hypothesized that silanol groups could facilitate
the complex formation. Indeed, Fourier-transform infrared (FT-IR)
spectra indicated that, even under solvent-less dry conditions, Fe?*
and Phen formed the Fe(Phen); complex in the presence of
mesoporous silica. We compared the FT-IR spectra of the mixtures
of the precursors (FeAc and Phen) and SBA-15 silica with different
mass ratios (denoted Mixture_X) with those of Phen, a mixture of
FeAc and Phen prepared under dry conditions, and the Fe(Phen);
complex prepared in ethanol (Fig. 1b). The FT-IR spectrum of Phen
showed a peak at 738 cm™ ', which originates from the C-H out-of-
plane deformation. It was reported that the position of this peak
shifted to a smaller wavenumber when the nitrogen in Phen
coordinated with metal ions.”* The Fe(Phen), complex generated
in ethanol showed a negatively shifted peak at a wavenumber of
725 cm™, indicating complex formation between Fe** and Phen.
In contrast, the solid-state mixture of FeAc and Phen exhibited no

(b) & (d)
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peak shift in its FT-IR spectrum, indicating that Fe** ions and
Phen did not bind in the absence of a solvent or silica. The FT-IR
spectra of Mixture_X showed that peaks were located between
those of Phen and the Fe(Phen); complex, suggesting the
formation of a complex. A comparison of the FT-IR spectra of
the series of Mixture_X samples revealed that, as the amounts of
Fe”" and Phen increased, the peak position gradually shifted to
a higher wavenumber.

High-temperature pyrolysis and silica etching of Mixture_X
afforded Meso-Fe-N/C_X samples. Scanning electron micro-
scope (SEM) images of the Meso-Fe-N/C_X catalysts (Fig. S1,
ESIT) revealed that they commonly preserved the morphology of
the SBA-15 silica template. Small-angle X-ray diffraction (XRD)
patterns of Meso-Fe-N/C_X (Fig. S2a, ESIT) exhibited diffraction
peaks commensurate with hexagonal p6mm symmetry resulting
from the faithful replication of the SBA-15 template. Interest-
ingly, in the series of Meso-Fe-N/C_X catalysts, as the amount
of Fe and N precursors decreased, the intensity of the major
(100) diffraction peak below 1° gradually decreased, with Meso-
Fe-N/C_1.0 exhibiting the lowest peak intensity. The resulting
small-angle XRD patterns of Meso-Fe-N/C_2.0 and Meso-Fe-N/
C_1.0 are similar to those of CMK-3"> and CMK-5"* mesoporous
carbons, which have solid rod-like and hollow tube-like frame-
works, respectively. Wide-angle XRD patterns of Meso-Fe-N/
C_X (Fig. S2b, ESIf) showed a broad peak for amorphous
carbon (20-30°) along with a peak corresponding to the (002)
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Fig. 2 TEM images of (a) Meso-Fe—-N/C_1.0 and (c) Meso-Fe—N/C_2.0. High resolution TEM images of (b) Meso-Fe—N/C_1.0 and (d) Meso-Fe—-N/
C_2.0. (e) N, adsorption—desorption isotherms of Meso-Fe—N/C_1.0 and Meso-Fe—-N/C_2.0 catalysts. The isotherm of the Meso-Fe—N/C_2.0 catalyst

was offset by 600 cm®g~*

for both catalysts.
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. (f) Pore size distribution curves obtained from the adsorption branches of the corresponding isotherms with structural models
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plane of graphitic carbon (around 26°), without peaks corres-
ponding to the Fe-based crystalline phases. The Meso-Fe-N/
C_X catalysts with larger amounts of Fe and N precursors
showed a more pronounced peak for graphitic carbon.

The structural differences in the frameworks of Meso-Fe-N/
C_X, inferred from their small-angle XRD patterns, could be
directly observed in transmission electron microscope (TEM)
images (Fig. 2a-d). The TEM image of Meso-Fe-N/C_1.0
(Fig. 2a) clearly shows a hexagonal array of uniform tube-like
carbon frameworks and dual mesopores generated inside and
between the tubes. The high-resolution TEM (HR-TEM) image
(Fig. 2b) indicates that a single tubular structure consists of
three to four concentric carbon layers. In contrast, the TEM and
HR-TEM images of Meso-Fe-N/C_2.0 (Fig. 2c and d) show that it
is constructed with a hexagonal array of uniform rod-like
carbon frameworks and has a single mesopore generated
between the carbon nanorods. The contrasting pore structures
of Meso-Fe-N/C_1.0 and Meso-Fe-N/C_2.0 were further verified
by nitrogen adsorption analysis (Fig. 2e, f and Table S1, ESIT).
The N, adsorption-desorption isotherm of Meso-Fe-N/C_1.0,
having a tube-like framework (Fig. 2e), showed two distinct
capillary condensation steps and hysteresis loops in the relative
pressure ranges of 0.4-0.65 and 0.65-0.9, respectively, which
are indicative of the generation of dual pores. The corres-
ponding pore size distribution curve in Fig. 2f exhibited two
maxima at 4.5 and 10.0 nm. The highly porous nature of Meso-
Fe-N/C_1.0 gave rise to a large Brunauer-Emmett-Teller (BET)
surface area of 1350 m”> g~ " and pore volume of 1.56 cm® g*
(Table S1, ESIt). Meso-Fe-N/C_2.0 with a rod-type framework
showed a single hysteresis loop, which was translated as a
maximum at 4.5 nm in its pore size distribution curve.

A comparison of the pore size distribution curves of all
Meso-Fe-N/C_X catalysts (Fig. S3 and Table S1, ESIt) revealed
that they commonly had mesopores (4.5 nm) with similar
differential pore volumes, which were generated upon the
removal of the silica template. Interestingly, for the other meso-
pore generated inside the carbon tube, as the amounts of Fe and
N precursors increased, a gradual decrease in the differential
pore volume was observed at a fixed pore size of 10 nm. Hence,
Meso-Fe-N/C_1.0 exhibited a maximum pore size of 10 nm with
the largest differential pore volume, whereas Meso-Fe-N/C_2.0
exhibited virtually no porosity at this size. The changes in pore
size distribution provide critical information on the evolution of
the Fe,N-containing carbon structure within the mesopores of
SBA-15 silica. At the lowest loading of the Fe and N precursors
(Meso-Fe-N/C_1.0), the surface of the silica framework was
coated with a few layers of Fe,N-containing carbon to generate
uniform tube-like structures. The increased loading of Fe and
N precursors resulted in a mix of tubelike and rod-like
structures, with a gradual increase in the proportion of the
latter. Eventually, at the highest Fe and N precursor loading
(Meso-Fe-N/C_2.0), the mesopores of the silica templates were
completely filled with rod-like carbon structures. The overall
changes in the loading-dependent Fe,N-containing carbon struc-
ture formation are presented as structural models in the inset of
Fig. S3b (ESIY).
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We next investigated the formation of atomically dispersed
Fe sites in the Meso-Fe-N/C_X catalysts by a variety of methods.
High-angle annular dark-field scanning TEM (HAADF-STEM)
images of both Meso-Fe-N/C_1.0 and Meso-Fe-N/C_2.0
catalysts (Fig. 3a and b) show bright dots, which correspond
to single atomic Fe species. The electronic and atomic struc-
tures of the atomically dispersed Fe sites were investigated by
X-ray absorption spectroscopy (XAS) analysis (Fig. 3¢ and d).
Fig. 3c shows the X-ray absorption near-edge structure (XANES)
spectra of Meso-Fe-N/C_1.0, Meso-Fe-N/C_2.0, and references.
In the pre-edge region (7110-7120 eV), the reference iron(u)
phthalocyanine (FePc), with a square planar structure, showed
peaks at 7114 (peak A) and 7118 eV (peak B), whereas
5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine
iron(m) chloride (FeTMPPCI), with a square pyramidal struc-
ture, exhibited only peak A. Hence, the presence or absence of
peak B can serve as a fingerprint to distinguish the coordina-
tion structure of central Fe. Both Meso-Fe-N/C_1.0 and Meso-
Fe-N/C_2.0 presented only peak A in the pre-edge region of the
XANES spectra, suggesting that they have fifth axial bonding or
an off-square planar structure. The peaks at 7132 (peak C) and
7140 eV (peak D) in the edge region can suggest the degree of
distortion of the Fe-N, site with Dy, symmetry.”*”> For FePc
and FeTMPPCI, the intensity of peak C was lower than that of
peak D, suggesting a near-planar structure in both the refer-
ences. However, the Meso-Fe-N/C_1.0 and Meso-Fe-N/C_2.0
catalysts that had been subjected to high-temperature pyrolysis
showed a reversed intensity ratio of peaks C and D, indicating
that the Fe atoms were off-centered with distortion. The coordi-
nation structure around the Fe center atom was examined using
extended X-ray absorption fine structure (EXAFS) analyses
(Fig. 3d). The radial distribution function (RDF) of the EXAFS
spectrum of the FePc reference showed a major peak at 1.45 A,
which corresponds to the Fe-N coordination, whereas that of the
Fe foil presented a peak at 2.18 A due to Fe-Fe metallic bonding.
The EXAFS spectra for both Meso-Fe-N/C_1.0 and Meso-Fe-N/
C_2.0 exhibited only a peak near 1.45 A, indicating the exclusive
presence of Fe-N/O bonds. Detailed EXAFS curve fitting results of
the two catalysts (Fig. S4 and Table S2, ESIT) indicated that both
catalysts have Fe-N, active sites with similar Fe-N coordination
numbers and bond lengths. N 1s X-ray photoelectron spectro-
scopy (XPS) spectra also confirmed the presence of Fe-N,
species in Meso-Fe-N/C_1.0, Meso-Fe-N/C_2.0, and other Meso-
Fe-N/C_X catalysts (Fig. S5a, ESIf). Quantitative analysis of
N-containing species (pyridinic N, Fe-N,, pyrrolic N, graphitic
N, and N-O) from the deconvoluted N 1s XPS spectra (Fig. S5a
and Table S3, ESIt) revealed that all catalysts have similar
distributions of the respective species. In addition, all Meso-Fe—
N/C_X catalysts showed similar C 1s (Fig. S5b, ESIt) and O 1s
(Fig. S5¢, ESIT) spectra. Elemental analyses of the Meso-Fe-N/C_X
catalysts by inductively coupled plasma optical emission spectro-
scopy and using an elemental analyzer (Table S4, ESIt) indicated
that all the catalysts had similar contents of Fe and other elements.

We quantified the catalytically accessible Fe-N, sites using
the CO cryo-adsorption method developed by the Strasser
group (Fig. $6, ESIf).””**®! This method evaluates a site
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Fig. 3 HADDF-STEM images of (a) Meso-Fe—N/C_1.0 and (b) Meso-Fe—N/C_2.0. (c) Fe K-edge XANES spectra for Meso-Fe—N/C_1.0 and Meso-Fe—N/
C_2.0, with those of Fe foil (black), FePc (blue), and FeTMPPCL (gray) references. (d) Fourier-transformed EXAFS spectra of Meso-Fe—N/C_1.0 and Meso-

Fe—N/C_2.0, with those of the Fe foil and FePc references.

density under the assumption that one CO molecule adsorbs to
one Fe-N, site at the surface of a catalyst (see 4. Materials and
methods for details). The CO uptake amount of Meso-Fe-N/
C_1.0 calculated from CO cryo-adsorption data was 77.3 nmol
mg ', which is ca. 35% greater than that of Meso-Fe-N/C_2.0
(57.6 nmol mg™'). The chemisorption results are translated
into CO-accessible active surface site densities of 4.7 x 10" and
3.5 x 10" sites g~ for Meso-Fe-N/C_1.0 and Meso-Fe-N/C_2.0,
respectively (Fig. 4a and Table 1 and Table S5, ESIt). The site
densities of both catalysts are similar to those of the
polyaniline-based and ZIF-based Fe-N/C catalysts determined
by CO cryo-adsorption.®*

We next examined the electrocatalytic performances of
Meso-Fe-N/C_X catalysts for the ORR using the rotating ring-
disk electrode (RRDE) technique in both alkaline (0.1 M KOH)
and acidic (0.1 M HClO,) electrolytes (Fig. 4b, ¢ and Fig. S7,
ESIt). The ORR polarization curves of the catalysts in 0.1 M
KOH electrolyte (Fig. 4b and Fig. S7a, ESIT) revealed that Meso-
Fe-N/C_2.0 exhibited a much higher ORR activity than Meso-
Fe-N/C_1.0 with a 70 mV positive shift of the half-wave
potential. This ORR activity trend is an unexpected result, given
that Meso-Fe-N/C_1.0 has larger surface area and site density
than Meso-Fe-N/C_2.0 (vide infra). Both the kinetic current

66 | EES Catal., 2023,1,62-73

density and mass activity of Meso-Fe-N/C_2.0 at 0.90 V (vs.
reversible hydrogen electrode, RHE) are 24 times greater than
those of Meso-Fe-N/C_1.0 (Table 1 and Table S5, ESIt). To
compare the intrinsic activity of the catalysts, we assessed their
TOFs using the number of Fe-N, sites calculated from the CO
cryo-adsorption data (see 4. Materials and methods for details).
The TOF of Meso-Fe-N/C_2.0 at 0.9 V (vs. RHE) was
7.77 electron site”" s~*, which is approximately 31 times higher
than that of Meso-Fe-N/C_1.0 (0.25 electron site ' s~ ) (Fig. 4d
and Table 1 and Table S5, ESIT). The TOF value of Meso-Fe-N/
C_2.0 at 0.9 V (vs. RHE) under alkaline conditions is signifi-
cantly higher than the values reported in previous studies (Table
S6, ESTT).>*%%* The superior ORR activity of Meso-Fe-N/C_2.0
was further verified by its lower Tafel slope (46 mV dec™ ') than
that of Meso-Fe-N/C_1.0 (57 mV dec™ ") (Fig. S7c, ESI¥).
Meso-Fe-N/C_2.0 also exhibited superior ORR activity in
acidic media (Fig. 4c and Fig. S7b, ESIf). Meso-Fe-N/C_2.0
showed a half-wave potential of 0.80 V for the ORR in 0.1 M
HCIO,, which is positively shifted from that of Fe-Phen_1.0
(0.74 V). The superior activity of Meso-Fe-N/C_2.0 was mani-
fested as an approximately 8-fold higher kinetic current density
and mass activity, an ~10 times higher TOF (Table 1 and Table
S7, ESIT), and a lower Tafel slope (Fig. S7d, ESIt) than those of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ey00055e

Open Access Article. Published on 17 November 2022. Downloaded on 2/24/2026 12:43:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(@)~ 6
o 5 4.7 x 101
2
o 4 3.5 x 1019
=)
T 31
2
2 2
[}
o 1
Q
® 0
Meso- Meso-
Fe-N/C_1.0 Fe-N/C_2.0
(c) 0 1 Meso-Fe-N/C_1.0, 0.74 V

PR Meso-Fe-N/C_2.0, 0.80 V
-2 1
5
£
=4
g

-5 -

sl __0.1MHclo,

0.2 03 04 05 06 0.7 0.8 0.9
E - iR (V vs. RHE)
Fig. 4

curves of the Meso-Fe—N/C_1.0 and Meso-Fe—N/C_2.0 catalysts in (b) 0.1

View Article Online

EES Catalysis

(b) 0 1 Meso-Fe-N/C_1.0, 0.86 V
1 1—— Meso-Fe-N/C_2.0, 0.93 V
T2
(E) ]
£
=41
= -4
5 4
-6: —T T T v T T T T |OI'1IIV,}'<OIH
02030405060.7080910
E - iR (V vs. RHE)
(d) 10 25
— Meso-Fe-N/C_1.0
= 1— Meso-Fe-N/C_2.0 I
» 8 1 - 2.0
’Eg L
‘» 6 1 - 1.5
c ] L
o
85 41 x30 - 1.0
q') < 2
o
w 2 - 0.5
'C_) ] L
0 - 0.0
0.1 M KOH 0.1 M HCIO,

(a) The CO-accessible active site densities of Meso-Fe—N/C_1.0 and Meso-Fe—N/C_2.0 by CO pulse chemisorption at —80 °C. ORR polarization

M KOH and (c) 0.1 M HCIOy,. (d) TOF values at 0.9 V (alkaline) and 0.8 V (acid).

ORR performances of the catalysts from the RRDE test at a rotating speed of 1600 rpm and scan rate of 5 mV s~%. The catalyst loading on the glassy

carbon electrode was 0.6 mg cm™2.

Table 1 Site density, TOF, and O, TPD results of Meso-Fe-N/C_1.0 and
Meso-Fe-N/C_20

TOF in
0.1 M HCIO,®  Tpear”

TOF in
Site density” 0.1 M KOH”

Sample (sitesg™™) (e site's!) (e site's) (°C)
Meso-Fe-N/C_1.0 4.7 x 10*°  0.25 0.18 65.5
Meso-Fe-N/C_2.0 3.5 x 10*°  7.77 1.89 58.6

¢ Active surface site density derived from CO cryo-adsorption data.
b Turnover frequency values were calculated at 0.9 V (vs. RHE). ¢ Turn-
over frequency values were calculated at 0.8 V (vs. RHE). ¢ Peak tem-
perature in O, TPD.

Meso-Fe-N/C_1.0. The acidic TOF value of Meso-Fe-N/C_2.0
was compared at 0.8 V (vs. RHE) with those of previously
reported Fe-N/C catalysts (Fig. 5).%7°13239:35606163 Notaply,
the TOF of Meso-Fe-N/C_2.0 under acidic conditions exceeds
the reported TOFs of Fe-N/C catalysts evaluated by the cryo-CO
adsorption method. Notably, its value is even 1.6 times greater
than that of the PANI-CM catalyst,**>° which is one of the high-
performing Fe-N/C catalysts (Table S8, ESIT).

We also compared the long-term durability of Meso-Fe-N/
C_1.0, Meso-Fe-N/C_2.0, and Pt/C catalysts in 0.1 M KOH
(Fig. S8a, ESIt). Both Meso-Fe-N/C_1.0 and Meso-Fe-N/C_2.0
showed excellent long-term durability with a decrease in half-
wave potential by only 10 mV after 10000 potential cycles
between 0.6 and 1.0 V, whereas Pt/C catalyst underwent a large
decrease in catalytic activity with a negative shift of half-wave

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Benchmarking the active site density and TOF (at 0.8 Vgyg) of
Meso-Fe—N/C_2.0 with reported Fe—N/C catalysts.

potential by 60 mV. We also assessed the ORR durability of
these catalysts in 0.1 M HCIO, (Fig. S8b, ESIt). The Meso-Fe-N/
C_2.0 catalyst showed good long-term durability with a
decrease of half-wave potential by 30 mV, which compared
favorably with that of Pt/C (20 mV). In contrast, the Meso-Fe-N/
C_1.0 catalyst showed a significant decrease in its catalytic
activity with a negative shift of half-wave potential by 80 mV,
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which indicates that thin carbon layers with a high surface area
were rapidly deactivated under acidic conditions.

We hypothesized that the unexpected catalytic activity trend
between the two catalysts could originate from the difference in
the binding energy of oxygen to each catalyst. We performed O,
temperature-programmed desorption (TPD) experiments (Fig. 6
and Fig. S9, ESIT) to qualitatively assess the binding strength of
chemisorbed O, on the Fe sites.”® The TPD spectra presented two
peaks at low and high temperatures, corresponding to weakly and
strongly adsorbed O,, respectively. Meso-Fe-N/C_2.0 exhibited a
lower peak temperature for strongly adsorbed O, than Meso-Fe-N/
C_1.0 (Fig. 6b), indicating the weaker binding strength of Meso-
Fe-N/C_2.0 with O,. Meso-Fe-N/C_2.0, consisting of ca. 20 con-
centric carbon layers, has a significant portion of Fe-N, sites in the
internal carbon layer, whereas Meso-Fe-N/C_1.0, with 3-4 carbon
layers, has most of the Fe-N, species in the external layer. Hence,
the difference in the O, binding energies of the two catalysts can
be correlated with the relative ratio of the internal or external Fe-
N, sites. Meso-Fe-N/C_2.0, which has a greater number of internal
Fe-N, species, is more likely to activate O, cooperatively between
two adjacent carbon layers embedding Fe-N, sites, similar to the
active centers of CcO and bifacial porphyrins. As such, its O,
binding strength is weaker than that of Meso-Fe-N/C_1.0, which
could be manifested as a lower peak temperature in the O, TPD
spectrum. These results are consistent with the relatively low Tafel
slope of Meso-Fe-N/C_2.0. We point out that our TPD and Tafel
analyses are in line with the recent theoretical work by Rossmeisl
et al., which suggested that the diporphyrin structures would act as
promising ORR active sites by promoting a dissociative mecha-
nism that is accessible even at weak binding sites owing to their
structural advantages.”’

To further verify the preceding claim experimentally, we
synthesized a new catalyst, which was prepared by filling the
internal mesopores of Meso-Fe-N/C_1.0 sequentially with an
undoped carbon layer and an Fe-N, site-embedding carbon
layer. The resulting Meso-Fe-N_C_Fe catalyst had a rod-type
structure, in which the carbon layer was sandwiched between
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Fe-N, site-containing carbon layers (Fig. S10a and b, ESIT). The
Meso-Fe-N_C_Fe catalyst exhibited intermediate ORR activity
between Meso-Fe-N/C_1.0 and Meso-Fe-N/C_2.0, in terms of
kinetic current density and mass activity in both alkaline (Fig.
S10c and d, ESIt) and acidic (Fig. S10e and f, ESIT) media. This
experimental result indicates that the number of Fe-N, site-
containing internal carbon layers plays an important role in
enhancing ORR activity.

3. Conclusions

We prepared ordered mesoporous Fe-N,-containing carbons with
controlled framework structures and carbon layer numbers,
which could serve as a model system for unraveling the critical
role of interlayer O, activation in boosting ORR activity. The solid-
state nanocasting of mesoporous silica with a controlled amount
of Fe**/Phen precursor afforded a tube-like or rod-like frame-
work. Despite the relatively smaller surface area and number of
exposed Fe-N, sites, the rod-type Meso-Fe-N/C_2.0 exhibited
superior ORR activity to the tube-type Meso-Fe-N/C_1.0, with a
smaller overpotential, greater mass activity and TOF, and lower
Tafel slope. Notably, the TOFs in both the alkaline and acidic
electrolytes surpassed the reported values. The Tafel analysis and
TPD-driven O, binding strength results indicate that Meso-Fe-N/
C_2.0 with multiple carbon layers can have more bifacial-like
sites than Meso-Fe-N/C_1.0, which could induce weaker binding
strength with O, and boost the ORR activity. This insight into the
role of the Fe-N, site-embedding carbon layer number in the
ORR activity can provide an important guideline for the design of
highly active Fe-N/C electrocatalysts.

4. Materials and methods

Chemicals

Pluronic P123 (EO,,PO,cEO,, M, = 5800), tetraethyl orthosilicate
(TEOS, 98%), Phen, and potassium hydroxide (KOH, 99.99%) were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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purchased from Sigma-Aldrich. FeAc (95%) was purchased from
Alfa Aesar. Hydrochloric acid (HCl, 35-37%), ethanol (94.5%), and
formic acid (99%) were purchased from Samchun Chemicals.
Hydrofluoric acid (HF, 48-51%) was purchased from J. T. Baker.
The mesophase pitch was obtained from the Mitsubishi Gas
Chemical Company. All chemicals were used as received without
further purification.

Synthesis of Meso-Fe-N/C_X catalysts

The synthesis of Meso-Fe-N/C_X (where X = weight ratio of the
Fe and N precursors to the silica template) was carried out
through dry mixing of FeAc, Phen, and mesoporous silica SBA-
15. Mesoporous silica SBA-15 with hexagonal symmetry was
synthesized following the methods described in previous
reports’®’® with some modifications. To prepare Meso-Fe-N/
C_X, 1 g of SBA-15 mesoporous silica and the desired amounts
of FeAc and Phen (the FeAc to Phen molar ratio was fixed at
1:3) were mixed in an agate mortar for 10 min. For example, for
Meso-Fe-N/C_1.0, a total of 1.0 g of Fe and N precursors
consisting of 0.243 g of FeAc and 0.757 g of Phen was used.
The samples obtained after solid-state impregnation were
denoted as Mixture_X. The mixture was heated from room
temperature (RT) to 800 °C for 6 h and maintained at that
temperature for 3 h under a N, gas flow (1.0 L min™'). To
remove the silica template, the resulting carbon-silica compo-
site was mixed with 1:1 (v/v) EtOH:10% aqueous HF solution,
and the slurry was stirred for 30 min, filtered, and washed
several times with EtOH. The HF etching process was repeated
in the same manner, and the resulting sample was dried at
60 °C to obtain Meso-Fe-N/C_X catalysts.

Synthesis of Meso-Fe-N_C_Fe catalyst

The Meso-Fe-N_C_Fe catalyst was prepared by the sequential
formation of an undoped carbon layer and an Fe,N-containing
carbon layer inside the mesopores of the pyrolyzed Mixture_1.0
sample and subsequent etching of the SBA-15 template (see
Fig. S10b, ESL ¥ for the structural model of Meso-Fe-N_C_Fe).
The Mixture_1.0 sample was pyrolyzed at 800 °C to obtain the
Fe-N,@SBA-15 composite, in which a tubular Fe,N-containing
carbon layer was formed on the framework walls of the SBA-15
template. To 0.5 g of the Fe-N,@SBA-15 composite in an agate
mortar, 0.125 g of mesophase pitch and 4 mL of EtOH were
added and mixed using a pestle for 10 min. The black slurry was
then dried at 60 °C for 8 h. The dried powder was heated to
300 °C at a ramping rate of 1.4 °C min~* and maintained at that
temperature for 4 h under 1 L min ' N, flow. The temperature
was subsequently increased to 900 °C at a heating rate of
2.5 °C min~" and maintained for 2 h under N, flow. The resulting
C@Fe-N,@SBA-15 composite was then dry-mixed with FeAc and
Phen to generate an Fe,N-containing carbon layer. The C@Fe-
N,@SBA-15 composite (0.367 g) was mixed with 0.061 g of FeAc
and 0.189 g of Phen in an agate mortar for 10 min. The
subsequent pyrolysis and HF etching steps were carried out in
the same manner as for the Meso-Fe-N/C_X catalysts. The final
product was denoted as Meso-Fe-N_C_Fe.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Characterization methods

FT-IR spectra were measured using a 670-IR spectrometer
(Varian) equipped with a liquid nitrogen-cooled germanium
detector in the range of 4000-400 cm ‘. SEM images were
obtained using an S-4800 scanning electron microscope (Hitachi)
operating at 10 kV. TEM and HR-TEM images were acquired
using a JEM-2100F TEM (JEOL) instrument at accelerating vol-
tages of 200 and 80 kV, respectively. HAADF-STEM images were
obtained using a Titan3 G2 60-300 microscope (FEI) equipped
with a double-sided spherical aberration (Cs) corrector operating
at an accelerating voltage of 200 kV. XRD patterns were obtained
using an Xray diffractometer (D/MAX2500V/PC, Rigaku)
equipped with a Cu Ko radiation source, operated at 40 kV and
200 mA. The XRD patterns of the samples were measured in 2
theta ranges of 0.7-3° and 15-65° at scan rates of 0.5 and
4° min~", respectively. The textural properties of the samples
were analyzed using a nitrogen physisorption analyzer
(BELSORP-Max, MicrotracBEL) operated at —196 °C. All the
samples were pre-evacuated at 150 °C and 10~ Pa for 12 h before
the measurements. The specific surface areas of the samples were
calculated using the BET equation in the relative pressure range
of 0.05-0.2, while their pore size distributions were obtained
from the adsorption branches of the isotherms using the Barrett—
Joyner-Halenda method. XPS measurements were performed
using a K-Alpha spectrometer (Thermo Fisher Scientific)
equipped with a monochromatic Al-Ko X-ray source (1486.6 €V).
The N 1s XPS peak deconvolution was carried out using
XPSPeak41 software. A Gaussian-Lorentzian (70 : 30) mixed func-
tion was used to fit the curve after Shirley-type background
removal. The Fe content of the samples was analyzed using an
inductively coupled plasma optical emission spectrometry analy-
zer (700-ES, Varian), whereas the carbon, hydrogen, nitrogen, and
oxygen contents of the samples were determined using an
elemental analyzer (Flash 2000, Thermo Fisher Scientific).

XAS

Fe K-edge XAS spectra were collected at RT at the 6D, 8C, and
10C beamlines of the Pohang Accelerator Laboratory. The
storage ring was operated at 3.0 GeV with a beam current of
300 mA in decay mode. The beamline was equipped with a
focusing Si(111) double-crystal monochromator that was used
to filter the incident photons. The X-ray monochromator was
detuned by 30% to remove high-order harmonics and cali-
brated using standard Fe foil. X-ray intensities were monitored
using standard N,-filled ion chambers and an Ar-filled detector.
The catalyst powder was pelletized in a sample holder (1 cm wide)
to an adequate thickness to obtain a significant transmission
signal. Background removal and normalization of the collected
XAS data and the Fourier transform of the radial distribution
functions were conducted using the Athena software®® with an
Ry of 1.2 and a Hanning-type window.

CO cryo-adsorption

Prior to each CO cryo-adsorption experiment, 0.03 g of a sample
was heated to 600 °C at a ramp rate of 10 °C min ", followed by
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15 min holding under He flow to remove pre-adsorbed O, or
H,0 molecules.’® Further, CO pulse chemisorption was per-
formed at —80 °C using liquid nitrogen. Ten consecutive 0.5 mL
CO pulses at 600 s intervals were passed over the samples, and
the CO uptake was monitored and quantified using a thermal
conductivity detector. The total amount of adsorbed CO was
quantified as the amount adsorbed in the first three CO pulses
of a total of ten CO pulses. After He purging for 20 min, five
consecutive CO pulse chemisorption experiments were per-
formed to quantify the amount of physisorbed CO. The amount
of chemisorbed CO was obtained by subtracting the amount of
physisorbed CO from the total amount of adsorbed CO. The
active surface site density (SD) was calculated from the CO
chemisorption data using the following eqn (1):

SD (sites g7%) = ico X 107° X Ni (1)

where nco and N, are the amounts of adsorbed CO obtained by
CO cryo-adsorption in units of nmol mg~' and Avogadro’s
constant (6.022 x 10** mol "), respectively.

0, TPD

TPD profiles were collected using a BELCAT II instrument
(MicrotracBEL) equipped with a thermal conductivity detector.
Prior to each O, TPD experiment, 0.05 g of sample was degassed
at 350 °C for 1 h (ramping rate: 10 °C min~") under a He flow to
remove pre-adsorbed O, or H,O molecules.”® After degassing,
the sample was cooled to —50 °C and O, adsorption was carried
out for 1 h under 10% O,/He gas conditions, followed by He
purging for 2 h at —50 °C to remove weakly adsorbed O,. Then,
the TPD experiment was performed while heating the sample to
500 °C (ramping rate: 10 °C min~ ') under a He flow.

Electrochemical measurements

Electrochemical experiments were performed with a bipotentio-
stat (CHI760E, CH Instruments) and a rotator (AFMSRCE, Pine
Research Instrumentation) at RT using a three-electrode elec-
trochemical cell. A Hg/HgO (CHI152, CH Instruments; 1 M KOH
filling solution) electrode and a graphite rod were used as the
reference and counter electrodes, respectively. The Hg/HgO
reference electrode was calibrated with respect to the reversible
hydrogen electrode (RHE) scale before use. The RHE calibration
was performed in a H,-saturated 0.1 M KOH solution, with a
platinum coil as the working electrode and Hg/HgO as the
reference electrode. With continuous H, bubbling, a stable open
circuit voltage was obtained within 20 min, which corresponds
to the RHE conversion value. A rotating ring-disk electrode
(RRDE, AFE7R9GCPT, Pine Research Instrumentation) coated
with catalyst ink was used as the working electrode. Prior to
every measurement, the RRDE was polished with a 1.0 pm-thick
alumina suspension followed by a 0.3 pm-thick suspension to
yield a mirror finish. The catalyst ink was prepared by mixing 15
mg of the catalyst powder with 50 pL of H,0, 505 pL of ethanol,
and 37.6 pL of Nafion (5 wt%). For the Pt/C catalyst (20 wt% Pt,
HiSPEC-3000, Johnson-Matthey), a catalyst ink was prepared by
mixing 3.5 mg of Pt/C catalyst with 100 pL of H,0, 1070 pL of
ethanol, and 30 pL of Nafion. The prepared ink solution was
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ultrasonicated until the catalyst was well-dispersed. Addition-
ally, 6 puL of the catalyst ink was pipetted using a micro-pipette
onto the glassy carbon disk (0.247 cm?) of the RRDE, resulting
in a catalyst loading of 600 ug cm 2 (70 ug cm 2 for Pt/C).
A 0.1 M KOH electrolyte was prepared by dissolving high-purity
KOH in 18.2 MQ cm of Millipore water. Before performing linear
sweep voltammetry (LSV), the catalyst was cleaned by cycling the
potential between 0.05 and 1.2 V (vs. RHE) for 20 cycles at a scan
rate of 100 mV s~ * (50 cycles at a scan rate of 500 mV s~ for Pt/
C) in a Nj-saturated electrolyte. Subsequently, cyclic voltamme-
try (CV) was performed in the potential range from 0.05 to 1.2 V
for three cycles at a scan rate of 20 mV s~ (50 mV s~ * for Pt/C).
To measure the solution resistance for iR-compensation, elec-
trochemical impedance spectra were obtained at 0.68 V with an
AC potential amplitude of 10 mV from 100 kHz to 1 Hz with a
rotation speed of 1600 rpm. The LSV polarization curves for the
ORR were obtained by sweeping the potential from 1.2 to
0.2 V (from —0.01 V to 1.1 V for Pt/C) at a scan rate of
5mV s ' (20 mV s~ ! for Pt/C) in an O,-saturated electrolyte at
a rotating speed of 1600 rpm. To correct the non-faradaic
current (capacitive current) from the LSV curve, the same
measurement was performed in a N,-saturated electrolyte.
During the potential sweep, the applied potential of the Pt ring
was held at 1.3 V (vs. RHE) to measure the 4-electron selectivity.
The electron transfer number (n) was calculated using the
following eqn (2):
no— 4 @)

Ir
1
+N><id

where N, ig, and i, represent the collection efficiency (0.37,
provided by the manufacturer), the disk current, and the ring
current, respectively. The measurements were independently
repeated at least three times, and the average data were obtained.
The kinetic current density (ji) was obtained using eqn (3):

1 1 1

=< (3)

Joe J N
where j and j are the measured current density and diffusion-
limited current density at a potential of 0.4 V (vs. RHE). The
ORR mass activity (MA) was calculated using eqn (4):

Jjk(mA cm™2)

MA(Ag ') = 4
( & ) masscatulyst(mgcmiz) ()

where masscacalys: 1S the catalyst loading on the glassy carbon
disc (mg cm™?). To compare the intrinsic activity of the catalyst,
the TOF value, which represents the reaction rate per active site,
was calculated using eqn (5):

MA (A g )

ool 1y
TOF (electron sites ™ s )—m

(5)
where MA, SD, and e denote the ORR mass activity, site density
obtained from the molar amount of chemisorbed CO, and
elementary charge (1.60217 x 10~ coulombs electron "),
respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ORR accelerated durability tests of the catalysts were con-
ducted in a N,-saturated 0.1 M KOH solution in the potential

range of 0.6-1.0 V (vs. RHE) at a scan rate of 50 mV s~ .
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