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ABSTRACT: Iron—nitrogen on carbon (Fe—N/C) catalysts Maximizing Fe-N, Active Sites in Fe-N/C Catalysts
have emerged as promising nonprecious metal catalysts

(NPMCs) for oxygen reduction reaction (ORR) in energy , =
conversion and storage devices. It has been widely suggested §i0; coating 3
that an active site structure for Fe—N/C catalysts contains Fe—
N, coordination. However, the preparation of high-perform-
ance Fe—N/C catalysts mostly involves a high-temperature

Preserved Fe-N, active site

pyrolysis step, which generates not only catalytically active ! . after pyrolysis
Fe—N, sites, but also less active large iron-based particles. without SI0, e @ B
Herein, we report a general “silica-protective-layer-assisted” @ g

approach that can preferentially generate the catalytically active

Fe—N, sites in Fe—N/C catalysts while suppressing the

formation of large Fe-based particles. The catalyst preparation consisted of an adsorption of iron porphyrin precursor on carbon
nanotube (CNT), silica layer overcoating, high-temperature pyrolysis, and silica layer etching, which yielded CNTs coated with
thin layer of porphyrinic carbon (CNT/PC) catalysts. Temperature-controlled in situ X-ray absorption spectroscopy during the
preparation of CNT/PC catalyst revealed the coordination of silica layer to stabilize the Fe—N, sites. The CNT/PC catalyst
contained higher density of active Fe—N, sites compared to the CNT/PC prepared without silica coating. The CNT/PC showed
very high ORR activity and excellent stability in alkaline media. Importantly, an alkaline anion exchange membrane fuel cell
(AEMFC) with a CNT/PC-based cathode exhibited record high current and power densities among NPMC-based AEMFCs. In
addition, a CNT/PC-based cathode exhibited a high volumetric current density of 320 A cm™ in acidic proton exchange
membrane fuel cell. We further demonstrated the generality of this synthetic strategy to other carbon supports.

B INTRODUCTION low-cost nonprecious metal catalysts (NPMCs) in alkaline
Polymer electrolyte fuel cells (PEFCs) represent one of the media than in acidic media have prompted the current surge of
most promising energy conversion devices available today, interest in AEMFC as an economically viable energy conversion
because of their high energy conversion efficiency and zero device. In this context, a wide range of NPMCs, including
emission of greenhouse gases.' ® However, the high cost and transition metal and nitrogen codoped carbons (M—N/
scarcity of platinum pose a great challenge to the widespread C),""™*" metal-free heteroatom-doped carbons,””™** and

adoption of PEFC technologies. Particularly for acidic proton metal oxide-carbon composites,” > have been investigated

exchange membrane fuel cells (PEMFCs) where Pt-based f lacine Pt-based catalysts. Among NPMCs, the Fe—N/C
catalysts are primarily used in both the cathode and the anode, or Tepache Asec camayss: Among s the Fe=N/

these catalysts are solely responsible for 40—50% of the total
cost of the PEMFC stack.”® As an alternative type of PEFCs,
anion exchange membrane fuel cells (AEMFCs) incorporating
solid alkaline electrolytes have received increasing attention
during the past few years.”'" In particular, the higher oxygen Received: September 8, 2016
reduction reaction (ORR) activity and enhanced durability of Published: October 18, 2016

catalysts especially have emerged as the most promising ORR
catalysts due to their high ORR activity."' > Despite of recent
progress in Fe—N/C catalysts, their implementation in single
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Figure 2. (a) TEM and (b) AR-TEM images of CNT/PC. (c) HAADF-STEM image and (d) EELS spectrum of CNT/PC taken at red spot of

HAADEF-STEM image.

cells has been predominantly limited to PEMFCs, and has
lagged far behind for AEMFCs.

In parallel with efforts to enhance the ORR activity,
significant advances have been made to decipher the structure
of the active sites of Fe—N/C catalysts. A growing body of
literature based on spectroscopic studies suggests that the active
site of these catalysts involve Fe—N, coordination, thus
providing the scientific basis for designing highly active Fe—
N/C catalyst.>"*® However, a rational design strategy that can
preferentially generate active Fe—N, sites yet to be explored.
Most synthetic approaches to Fe—N/C catalysts involve a high-
temperature pyrolysis step to endow conductivity and stability
to the catalysts. However, this step generates not only
catalytically active Fe—N, sites, but also a significant amount
of less-active large Fe-based particles. Therefore, additional
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synthetic steps including post acid- and heat-treatments are
commonly required to boost the ORR activity.”>**

Herein, we report a generalized “silica-protective-layer-
assisted” strategy that can preferentially produce catalytically
active Fe—N, sites during high-temperature pyrolysis toward
highly efficient Fe—N/C electrocatalysts (Figure 1). The
catalyst synthesis involved an adsorption of porphyrinic
precursor on carbon nanotube (CNT), silica layer overcoating,
high-temperature pyrolysis, and silica layer etching, yielding the
nanocomposite structure of CNT coated with thin layer of
porphyrinic carbon (CNT/PC). We point out that while “silica
coating” strategy has been widely used in catalysis for mitigating
the sintering of catalytic particles under high-temperature and/
or harsh reaction conditions,”””"* in our work this method is
exploited to promote the formation of catalytically active sites
at the molecular level. Temperature-controlled in situ X-ray
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Figure 3. (a) Temperature-dependent Fe K-edge XANES spectra during two-step pyrolysis of CNT/PC; dashed lines indicate the XANES spectra of
Fe'"TMPPCI (bottom) and Fe''Pc (top). (b) Ex situ Fe K-edge XANES spectra of CNT/PC, control samples, and references. (c) XANES spectrum
of CNT/PC and its linear combination fit from XANES spectra of Fe''Pc and Fe foil.

absorption spectroscopy (XAS) suggested that interaction of
the silica layers with the Fe—N, moieties protects the Fe—N,
sites and prevents the formation of large Fe-based particles. The
final CNT/PC catalyst comprised relatively high density of Fe—
N, sites, as revealed by XAS analysis combined with atomic-
resolution transmission electron microscopy (AR-TEM) and
Maossbauer spectroscopy. The CNT/PC catalysts showed very
high ORR activity in alkaline media with a half-wave potential
of 0.88 V (vs reversible hydrogen electrode, RHE), and they
also demonstrated remarkable stability in alkaline media.
Importantly, the CNT/PC cathode-based alkaline AEMFC
exhibited record high current and power densities among
NPMC-based AEMFCs. In addition, the CN'T/PC cathode also
showed high performance for acidic PEMFCs, with a
volumetric current density of 320 A cm™, which is comparable
to the DOE 2020 target (300 A cm™). Finally, our synthetic
strategy was generalized to other carbon supports such as
reduced graphene oxides and carbon blacks.

B RESULTS AND DISCUSSION

Synthesis and Characterization of CNT/PC Catalysts.
Figure 1 illustrates the overall preparation scheme for the
CNT/PC catalyst. CNTs were mixed with a porphyrin
precursor. The porphyrin-adsorbed CNTs were heated to 400
°C to form CNTs wrapped with porphyrin layers via 7—n
interactions. This composite was overcoated with a silica layer.
Finally, the ternary composite was subjected to high temper-
ature pyrolysis, followed by etching of the silica layer. The
pyrolysis temperature and the ratio of CNT to a porphyrin
precursor were controlled to optimize the synthetic conditions.
The best-performing catalyst was obtained by 2.0 g 5,10,15,20-
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tetrakis(4-methoxyphenyl)-21H,23H-porphine iron(III) chlor-
ide (Fe'TMPPCI) per gram of CNTs at the pyrolysis
temperature of 800 °C (Figure S1).

TEM images of pristine CNTs (Figure S2) and AR-TEM
images of CNT/PC (Figures 2ab and S3) clearly show the
formation of a uniform few-nanometer-thick carbonaceous
layer on an individual CNT. The tracking of each synthetic step
of CNT/PC by high-angle annular dark-field scanning TEM
(HAADF-STEM) combined with elemental mapping images
confirmed the formation of the carbon layer after low-
temperature heat treatment at 400 °C (Figure S4) and the
silica layer after high-temperature pyrolysis at 800 °C (Figure
SS). In the final CNT/PC structure, a uniform porphyrinic
carbon layer containing iron and nitrogen species can be
confirmed (Figure S6). Electron energy loss spectroscopy
(EELS) data (Figure 2d) taken from a very small area (the red
spot in the HAADF-STEM image in Figure 2c) showed the
presence of Fe and N species. The EELS spectrum along with
X-ray diffraction (XRD) pattern (Figure S7) of the CNT/PC
consistently indicates that Fe species could be dispersed in the
carbon layer as subnanometer entities without the formation of
large nanoparticles. The Fe and N contents of the CNT/PC
were determined to be 0.6 at % (2.9 wt %) and 1.6 at % (1.9 wt
%), respectively, by inductively coupled plasma optical emission
spectroscopy and combustion elemental analysis. In the Raman
spectra (Figure S8), broadening of D band was clearly observed
in the CNT/PC compared to the pristine CNTs, indicating the
formation of amorphous porphyrinic carbon layer on the
surface. Carbon 1s X-ray photoelectron spectroscopy data
(Figure S9a) confirmed the relatively amorphous surface of the
CNT/PC to that of the pristine CNTs, evidenced by negatively
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Figure 4. (a) Temperature-dependent RDFs of FT k’-weighted Fe K-edge EXAFS spectra during two-step pyrolysis of CNT/PC. Those of
Fe""TMPPCI (bottom) and Fe"Pc (top) are indicated by the dashed lines. (b) RDFs of FT k*-weighted Fe K-edge EXAFS spectra of CNT/PC and
control samples, and references. (c) Plot for the relation between Fe—Fe coordination number and the number of Fe atoms. The inset of (c) shows

the logarithmic representation. (d) HAADF-STEM image of CNT/PC.

shifted carbon—carbon binding energy. In addition, the broad
m—n* shakeup peak at around 291 eV, which is the
characteristic feature of CNT, disappeared for the CNT/PC.
From the deconvolution of N 1s XPS spectra, the presence of
four types of nitrogen was confirmed (Figure S9b). Raman and
XPS data consistently indicate the formation of amorphous
porphyrinic carbon layers on the CNT in the CNT/PC as
observed in the TEM images.

To clarify the role of silica overcoating step, CNT/PC
without silica layers (CNT/PC_w/o SiO,) was also synthe-
sized. The TEM image of CNT/PC_w/o SiO, (Figure S10a)
shows that porphyrinic carbon layers were not formed
uniformly on the CNTs. Notably, nanoparticles of size up to
a few tens of nanometers were formed, as indicated by the
TEM image as well as XRD pattern of CNT/PC_w/o SiO,
(Figure S7). CNT/PC was prepared without low-temperature
heat-treatment at 400 °C (CNT/PC_w/o LT) as another
control sample. The TEM image of CNT/PC_w/o LT (Figure
S10b) indicates an aggregated morphology with nonuniform
formation of porphyrinic layers. These control experiments
clearly suggest that the silica layer overcoating and the low-
temperature annealing step facilitate the formation of uniform
porphyrinic carbon layers on individual CNTs, suppressing the
formation of large nanoparticles.

X-ray Absorption Spectroscopy. Unraveling the local
and electronic structure of catalytically active iron-containing
species is critical in establishing a structure—activity relationship
of Fe—N/C catalysts. Figure 3a shows temperature-dependent
in situ Fe K-edge X-ray absorption near edge structure
(XANES) spectra taken under N, flow, which revealed the
thermally induced structural changes around Fe sites from the
precursor mixture to the final CNT/PC. In the initial heat-
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treatment region (room temperature (RT) to 400 °C), the pre-
edge peak feature (peak A) shown for precursor mixture of
CNT and Fe™"TMPPCI (thick black curve) appeared for all
spectra below 400 °C, which originates from the square
pyramidal symmetry of Fe'TMPPCI precursor (bottom
dashed line). A new pre-edge feature (peak B) for square
planar D, symmetry appeared at ~400 °C, indicative of the
removal of the axial Cl~ ion from the Fe™"TMPPCI (see also
the XANES spectrum of iron(II) phthalocyanine (Fe"Pc)
shown as top dashed line). After the silica layer coating (shown
in thick blue curve), the peak B disappeared, implying the
formation of an additional axial coordination between silica and
the square planar Fe—N, site. This suggests that the interaction
with the silica protective layer stabilizes the Fe—N, site, thereby
suppressing the formation of Fe-based nanoparticles during
high-temperature pyrolysis. During the pyrolysis to 700 °C,
peak A underwent a negative shift to peak A* and peak B
appeared again, which are correlated to effective reduction of
Fe'" to Fe', and the recovery of the square planar Fe—N, site,
respectively.

In addition, the temperature-dependent XANES spectra
show a noticeable change in the intensity for the peaks C
(~7131 eV) and D (~7138 eV). With increased temperature,
the intensity of peak C gradually increased, whereas that of
peak D decreased, resulting in an increase in the relative
intensity ratio of the peak C to peak D. Recently, Mukerjee and
co-workers demonstrated that an increase in the relative
intensity of the peak C to peak D is attributed to the enhanced
distortion of the Fe—N, local structure, which can be correlated
to the enhancement of ORR activity.”” On the other hand,
Dodelet et al. revealed that Fe—N,,, site with axial N (i.e, D3
site), identified using *’Fe Mossbauer spectroscopy, is
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responsible for high ORR activity.”” In the D3 site, the Fe atom
is off-center with respect to the planar Fe—N,,, approaching
the axial N, thus yielding a distorted local structure. On the
basis of these results, we suppose that the Fe—N, site in the
CNT/PC transformed gradually into a structure with higher
degree of distortion that can boost ORR activity during
pyrolysis.

The relative amount of Fe—N, sites to Fe-based particles in
the CNT/PC and CNT/PC_w/o SiO, was compared by the
linear combination fitting (LCF) of the XANES spectra for
these samples, using pure FePc and Fe metal foil as references
(Figures 3b,c). The LCF analysis indicates that the ratio of Fe—
N, sites to metallic phase Fe is higher for the CNT/PC
(73%:27%) than for CNT/PC_w/o SiO, (48%:52%). This
clearly demonstrates the important role of the silica protective
layer in promoting the formation of Fe—N, sites.

The evolution of local structure was further investigated by
extended X-ray absorption fine structure (EXAFS). The radial
distribution functions (RDFs) of the EXAFS spectra (Figure
4a) during the heat-treatments suggest that Fe—N, sites with
axially positioned Cl™ ions (peak Al) and ring carbons (peaks
A2 and A3) in the precursor mixture are transformed into Fe—
N, sites (peak B1) and metallic Fe (peak B2) in the final
CNT/PC catalyst, consistent with the XANES results. The
EXAFS data further confirmed the critical dependence of
metallic cluster growth on the silica coating step. The EXAFS
spectrum of CNT/PC_w/o SiO, shows higher peak intensity
for Fe—Fe bonding at around 2.0 A (Figure 4b) compared to
that for the CNT/PC, confirming the TEM observations. On
the basis of the well-known relationship between coordination
number and particle size (or the number of atoms) in the
EXAFS spectra, the number of Fe atoms present as metallic Fe
in the CNT/PC was estimated to be ~10 corresponding to
few-angstroms in size, whereas the CNT/PC_w/o SiO,
contained on average 1000 Fe atoms in each Fe particles
(Figure 4c). The very small Fe clusters in the CNT/PC could
be directly observed with the HAADF-STEM images (Figures
4d and S6), which show subnanometer particles corresponding
to a few Fe atoms or even to monatomic dispersion of the Fe
site (perhaps Fe—N,).

>’Fe Mossbauer Spectroscopy. To gain deeper insight
into the structure of Fe-related species in CNT/PC and CNT/
PC_w/o SiO, catalysts pyrolyzed at 800 °C, *’Fe Mdssbauer
spectroscopy was carried out at 295 K (Figure S). The
Mossbauer spectra were least-squares fitted with subspectra. It
is clear that the Mossbauer spectrum of CNT/PC shows
greater areas for doublet peaks (D1, D2, and D3), which are
assigned to Fe—N, species, compared to that of CNT/PC_w/o
SiO,. In contrast, the CNT/PC_w/o SiO, exhibits a higher
proportion of singlet (Sing) and sextet (Sextl and Sext2) peaks
than the CNT/PC, indicating the formation of larger amount
of less active Fe and Fe;C phases in CNT/PC_w/o SiO,. The
Fe-site assignment, corresponding fitting parameters, and the
relative peak area for the catalysts are summarized in Table S1.

Mossbauer spectroscopy analysis over our catalysts indicates
that the silica coating is effective to preserve Fe—N, species and
to suppress the formation of Fe-based particles. Relative
absorption areas for all doublets of CNT/PC are larger than
that of CNT/PC_w/o SiO, (76% and 49% of Fe—N, species
with and without silica coating, respectively). 24% of Fe and
Fe,C species in CNT/PC are attributed to the presence of
subnanometer-sized Fe clusters, while tens-of-nanometer-sized
Fe and Fe,C nanoparticles (accounting for 51%) are included
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Figure 5. ’Fe Mossbauer spectra for (a) CNT/PC and (b) CNT/
PC_w/o SiO, catalysts pyrolyzed at 800 °C.

in CNT/PC_w/o SiO,. The Mossbauer spectroscopy results
are consistent with XRD, TEM, and XAS analyses.

Half-Cell Rotating Ring Disk Electrode Test. The ORR
activities of the CNT/PC and a Pt/C catalyst (20 wt % Pt,
Johnson-Matthey) were evaluated using rotating ring-disk
electrode (RRDE) measurements in both alkaline and acidic
media (Figure 6a). The linear sweep voltammetry (LSV) curve
of CNT/PC in 0.1 M KOH (Figure 6a) clearly demonstrates
the very high ORR activity of CNT/PC in alkaline electrolyte,
with the half-wave potential at 0.88 V, which compares
favorably to Pt/C. Moreover, the number of transferred
electrons during the ORR was close to four in the entire
potential region, indicating near-four-electron selectivity in
alkaline media (Figure S11 and See Supporting Text). We also
measured the ORR activities of CNT/PC_w/o SiO, and
CNT/PC_w/o LT (Figure 6c), which are less pronounced
compared to that of CNT/PC, as indicated by the lower on-set
and half-wave potentials (Table S2). These results confirm the
critical role of the silica protective layer as well as low-
temperature annealing step for enhancing ORR activity. A
comparison of the alkaline ORR activity of CNT/PC with
previously reported M—N/C catalysts (Table S3) revealed that
CNT/PC is among the best performing ORR catalysts. We
note that, however, differing experimental conditions such as
catalyst loading among different catalysts can potentially
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conducted with the electrode rotation of 1600 rpm.

influence the ORR activity. The long-term durability of the
CNT/PC catalyst, measured by cycling the potential between
0.6 and 1.0 V up to 10 000 times, was remarkably high with a
nearly identical LSV curve after 10000 cycles, whereas Pt/C
underwent a significant decrease in its catalytic activity with a
negative shift of its half-wave potential by 25 mV (Figure 6b).

The CNT/PC also shows high ORR activity in acidic media
(Figure 6a). The LSV curve of CNT/PC for the ORR in 0.1 M
HCIO, reveals a half-wave potential at 0.79 V (Table S4). The
ORR activity of CNT/PC in acidic media was also compared
with reported catalysts. The kinetic parameters of CNT/PC are
higher than most of the catalysts reported in the literature
(Table SS). Its ORR activity in terms of half-wave potential is
comparable to the best M—N/C catalysts to date. The CNT/
PC catalyst also outperformed the control catalysts (CNT/
PC_w/o SiO, and CNT/PC_w/o LT; Figure 6d) in acidic
media. Interestingly, the effectiveness of the silica-protective
strategy appeared to be more prominent in acidic media. The
difference in the activities of CNT/PC and CNT/PC_w/o
SiO, was larger in acidic media. Further investigations into the
possibility of a different ORR mechanism on Fe—N, sites with
the pH of electrolyte are needed.®”®’

Calculation of Turnover Frequency. Turnover frequen-
cies (TOFs), representing an intrinsic activity per each active
site, of our catalysts were calculated at 0.8 and 0.9 V (vs RHE)
for the ORR in acidic and alkaline media, respectively (See
calculation details in the Supporting Information). For the
calculation of TOF for Fe—N/C catalysts, detailed under-
standing of Fe-containing active sites is important. Mdssbauer
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spectroscopy analysis revealed that the three doublets, D1—-D3,
correspond to three structurally distinctive Fe—N,, sites.*>**”*
D1 is assigned to in-plain low-spin (S = 0) ferrous Fe—N; site.
Koslowski et al.*® revealed that D1 site is responsible for 4-
electron ORR in 0.5 M H,SO,. Since then, the in-plane D1 has
been considered as the active site for the ORR in acidic media.
D2 is crystalline-FePc-like Fe—N, site with pseudo-octahedral
coordination with axial N atoms from the adjacent FePc. This
coordination environment and fully occupied d,, orbital of Fe
center in D2 render the adsorption of O, on this site
unfavorable, suggesting negligible contribution of the site to the
ORR activity.””*””* D3, porphyrin-like Fe—N, site with
intermediate-spin, is proposed to exist through the stabilization
from carbon frameworks.” However, in-depth investigation of
D3 site and its relation to the ORR activity has not been
discussed yet. On the basis of these considerations on each
doublet site, we decided to use the D1 as the active site for the
acidic ORR. In acidic media, the TOF of CNT/PC was
calculated to be 0.22 e site™! s}, which is in the range of similar
activity to previous works.>>**® For the ORR in alkaline
media, there has been no report that clearly reveals which Fe—
N, species is responsible for the ORR. Hence, TOFs were
calculated by considering only D1 site or all doublet sites as the
active center, which yield 2.6 and 1.7 e site™" s/, respectively. It
is noteworthy that the difference in the TOFs between the
CNT/PC and CNT/PC_w/o SiO, is significant; the CNT/PC
shows 300% and 40—50% higher TOF in acidic and alkaline
media, respectively. The higher intrinsic activity of an individual
active site in the sample with silica coating may suggest
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Figure 7. Single cell performances. (a) Alkaline AEMFC performances of MEAs using CNT/PC and Pt/C as cathode catalysts. (b) Comparison of
current density at 0.6 V and peak power density of CNT/PC-based AEMFC with those of previously reported AEMFCs based on NPMC-based
MEAs. The numbers in the brackets denote the reference numbers. (c) Acidic PEMFC performance of CNT/PC-based MEA. (d) Volumetric
current densities of the CNT/PC in the PEMFC. Detailed experimental conditions are presented in the Supporting Information.

implications about the role of the silica in promoting the
activity of Fe—N, sites.

Single-Cell Tests for AEMFC and PEMFC. We exploited
the CNT/PC catalyst as a cathode for an AEMFC. Figure 7a
shows polarization and power density curves of AEMFCs based
on CNT/PC and Pt/C catalysts. The CNT/PC-based
membrane electrode assembly (MEA) exhibited very high
AEMFC performance, which was comparable to a Pt/C-based
MEA. The current density at 0.6 V and peak power density of
the CNT/PC-based MEA are 498 mA cm ™2 and 0.38 W cm ™2,
respectively, which are record high performances among
NPMC-based MEAs for AEMFCs (Figure 7b and Table
S6). 167581 High performance of a CNT/PC-based MEA was
also demonstrated in a PEMFC (Figures 6¢ and 6d). The
CNT/PC-based MEA exhibited a current density at 0.6 V and
peak power density of 5S0 mA cm™> and 0.58 W cm™?
respectively. Significantly, the volumetric current density of the
CNT/PC-based MEA in the PEMFC is 320 A cm™, which
compares favorably with the US Department of Energy 2020
target (300 A cm™>) and exceeds the reported values of the
majority of previous catalysts (Table S7). The excellent single
cell performances indicate that the high ORR activity of the
CNT/PC catalyst significantly enhances the MEA perform-
ances in both alkaline and acidic electrolytes.

Role of the Silica Coating. To more clearly establish the
role of silica coating layer on the composition, coordination
environment, and ORR activity of CNT/PC-based catalysts, a
set of CNT/PC samples with and without silica layer were
prepared at various pyrolysis temperatures from 600 to 1000 °C
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(denoted as CNT/PC-X and CNT/PC-X w/o SiO, X =
temperature). First, combustion elemental analysis was used to
determine nitrogen contents in the samples (Table S8). CNT/
PC has a larger amount of nitrogen than CNT/PC_w/o SiO,
for the samples pyrolyzed at 600 and 700 °C. However, when
the samples were heat-treated at higher than 800 °C, the
nitrogen contents of CNT/PC and CNT/PC_w/o SiO, are
almost similar to each other. These results indicate that the
silica coating does not always make the samples richer in
nitrogen atoms. It is noted that nitrogen species can exist as at
least three forms after pyrolysis and acid washing. (i) Nitrogen
remains coordinated to Fe to form Fe—N, species. (ii)
Nitrogen can be incorporated within graphitic carbon shells
encapsulating Fe (and/or Fe;C) particles produced during
pyrolysis at higher temperature (>800 °C). (iii) Nitrogen
species without Fe-coordination can be generated during the
acid washing step, which can remove Fe from unstable Fe—N,,
species. Hence, the nitrogen contents may not be directly
correlated to the amount of Fe—N, species.

X-ray photoelectron spectroscopy (XPS) was conducted to
gain further insight into nitrogen species in the samples. N 1s
XPS spectra are presented in Figure S12 with four
deconvoluted peaks: 398.1—398.3 eV for pyridinic N (N1),
399.4 eV for pyrrolic N and Fe—N, species (N2), 400.4—400.7
eV for 6g;‘aphitic N (N3), and >402 eV for N—O species
(N4).°°"%* The most notable difference in the XPS spectra is
larger relative peak area of N2 peak (pyrrolic N and Fe—N,) for
the silica-coated samples, regardless of pyrolysis temperature.
This suggests that the silica coating eftectively preserve Fe—N,
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species yielding the Fe—N/C catalyst with a higher density of
Fe—N, sites. Another notable point from XPS analysis is
relatively larger N3 peak area (graphitic N) for CNT/PC_w/o
SiO, samples pyrolyzed at higher temperatures (>800 °C). As
described above, high-temperature pyrolysis of Fe—N—C
precursor usually produces Fe (and/or Fe,C) particles, which
are encapsulated by graphitic carbon shells. The larger N3 peak
area in CNT/PC_w/o SiO, samples suggests that higher
amount of nitrogen could be incorporated within graphitic
shells in these samples than silica coated ones.

We accessed the structure of prepared samples by XRD.
CNT/PC samples prepared with the silica overcoating layer
showed no characteristic XRD peaks for Fe and Fe,C (Figure
S13). In contrast, CNT/PC_w/o SiO, samples pyrolyzed at
700—1000 °C contained Fe and Fe;C nanoparticles. The
formation of the Fe and Fe;C particles were particularly
prominent for CNT/PC-900_w/o SiO, and CNT/PC-
1000_w/o SiO,. We highlight that the silica coating strategy
is efficient in suppressing Fe-based particle formation at high
temperature up to 1000 °C.

Finally, we investigated the electrocatalytic activity of the
prepared catalysts for the ORR in both alkaline and acidic
media. The results indicate that the silica coating is generally
effective to enhance the ORR activity of the samples in both
electrolytes (Figures S14 and S15). In all pyrolysis temperature
range investigated, CNT/PC exhibited 20—60 mV and 50—70
mV positive half-wave potentials than CNT/PC_w/o SiO, in
0.1 M KOH and 0.1 M HCIO,, respectively. Interestingly, the
CNT/PC-600 exhibited about 2—3 times higher ORR activity
than CNT/PC-600_w/o SiO, although both samples do not
have Fe-based large particles. XPS results suggest that the
CNT/PC-600 contains a larger amount of Fe—N, species by
30% than CNT/PC-600 w/o SiO,, which however cannot
explain fully the improvement factor. Kramm et al.** reported
Fe—N/C catalysts based on pyrolyzed Fe" TMPPCI. In that
work, Mdssbauer spectra of Fe'" TMPPCI heat-treated at 600
°C showed that Fe-sites in the catalyst are mostly composed of
Fe—N, site. However, it showed inferior ORR activity to the
catalyst pyrolyzed at 800 °C, which had smaller amount of
active Fe—N,, species. The literature highlights the importance
of the electron density as well as the site density of the Fe—N,
center.”” In our work, we suppose that the silica coating plays a
role not only in preserving active Fe—N, site, but also in
modulating the electronic structure (and/or local structure) of
the Fe—N site via interaction between the silica and Fe—N, in
the precursor. The modulation may be related to the distortion
of Fe—N, site.”

Generalization of the Synthetic Strategy to Other
Carbon Supports. To validate the generality of this approach,
we extended the silica-protected-layer-assisted strategy to other
carbon supports, i.e.,, reduced graphene oxides (rGO), Ketjen
black (KB), acetylene black (AB), Vulcan; the resulting
catalysts were denoted as carbon/PC (carbon: rGO, KB, AB,
Vulcan). The XRD patterns of the rGO/PC and KB/PC
catalysts show only graphitic carbon-like peaks, whereas the
rGO/PC_w/o SiO, and KB/PC w/o SiO, show additional
diffraction peaks, corresponding to Fe;C and metallic Fe,
bolstering the role of silica overcoating layer in suppressing the
formation of Fe-based particles during pyrolysis (Figure 8a).
Relatively higher density of active Fe—N, species in the carbon/
PC catalysts resulted in greater ORR activity (Figure 8b). The
XRD patterns and ORR activity data for AB/PC and Vulcan/
PC catalysts (Figure S16) also demonstrate the advantage of
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Figure 8. (a) XRD patterns for tGO/PC, rtGO/PC_w/o SiO,, KB/
PC, and KB/PC_w/o SiO,. (b) Comparison of ORR activity of rtGO/
PC and rGO/PC_w/o SiO,, and KB/PC and KB/PC_w/o SiO, in
0.1 M KOH at the electrode rotation speed of 1600 rpm.

this strategy to preferentially create Fe—N, sites, resulting in
enhanced ORR activity. Hence, the silica-protective-layer-
assisted synthetic method is extensively applicable to other
carbon supports for developing pyrolyzed M—N/C catalyst
with higher density of active M—N, sites.

Catalytic Role of Fe—N, and Fe-Based Particles in
ORR. In order to identify the catalytic role of the Fe—N, site
and Fe-based particles for the ORR, we performed electro-
chemical in situ Fe K-edge XAS over CNT/PC catalyst. In situ
XAS analysis revealed that the ORR over CNT/PC catalyst
proceeds predominantly via direct participation of the Fe—N,
sites (Figure S17 and See Supporting Text). It should be noted
that, recently, iron and iron carbide particles have also been
suggested as possible active species, along with Fe—N,
sites, ' &19,2731,68 although their roles are still controversial.
Bao et al. reported that Fe nanoparticles encapsulated in CNTs
modify the electronic structure of the carbons, and thus
indirectly participate in the ORR electrocatalysis.'” In addition,
it has been suggested that the ORR activity of Fe—N, sites can
be boosted by adjacent Fe,C particle.”® In our study, the
carbon/PC catalysts with a relatively higher density of Fe—N,
sites showed better ORR activity than carbon/PC_w/o SiO,
catalysts. The abundance of Fe—N, sites is responsible for the
higher ORR activity of the carbon/PC, and therefore they are
regarded as the main active site for the ORR. However, the
four-electron selectivity of the carbon/PC_w/o SiO, catalysts
were slightly, yet consistently, higher than the carbon/PC
catalysts in the diffusion-limited potential region, in spite of
lower ORR activity of the former than the latter (Figure S18).
These results suggest that the Fe-based particles present in the
carbon/PC_w/o SiO, catalysts reduce HO,”, which is the
product of 2-electron ORR, completing the 4-electron
reduction of oxygen.

B CONCLUSION

We have demonstrated a universal silica-protective-layer-
assisted strategy to preferentially create catalytically active
Fe—N, sites during the preparation of Fe—N/C catalysts.
Temperature-controlled in situ XAS provided evidence for the
possible role of the silica layer in promoting the formation of

DOI: 10.1021/jacs.6b09470
J. Am. Chem. Soc. 2016, 138, 15046—15056


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09470/suppl_file/ja6b09470_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09470

Journal of the American Chemical Society

Fe—N, sites, while suppressing the formation of Fe-based
particles, as well as for the distortion of the planar Fe—N, site
to more active distorted Fe—N, site. The resulting highly active
nonprecious metal ORR catalyst, CNT/PC, showed very high
ORR activity in both alkaline and acidic media, and
demonstrated excellent fuel cell performances in both an
AEMFC and a PEMEC. Significantly, the AEMFC with a
CNT/PC cathode showed record high current and power
densities among NPMC-based MEAs. We further demon-
strated the general applicability of the synthetic strategy with
respect to other carbon supports including rGO and carbon
blacks. This work indicates that the “silica-protective-layer-
assisted” strategy can be exploited to promote the formation of
active molecular entity (Fe—N, sites) during the catalyst
synthesis, beyond the previous role of preventing the sintering
of nanoparticle catalysts under harsh catalytic reaction
conditions. We believe that our catalyst design can provide
an important guideline for the development of novel M—N/C
catalysts that can be applied to a wide range of energy
conversion and storage devices.

B EXPERIMENTAL METHODS

Synthesis of CNT/PC Catalysts. Fe""TMPPCIl was purchased
from Porphyrin Systems. Tetraethyl orthosilicate (TEOS) and formic
acid were purchased from Aldrich. All chemicals were used as received.
Multiwalled carbon nanotubes (CNTs, < 10 nm in diameter, 5—15
mm in length) were purchased from Carbon Nanomaterial
Technology Co., Ltd. In order to remove metal impurities, the
CNTs were treated with nitric acid (63%) for 12 h at 80 °C and
subsequently with hydrochloric acid (37%) for 12 h at 80 °C.

For the optimized preparation of CNT/PC, CNTs (100 mg) were
mixed with Fe"TMPPCI (200 mg) in an agate mortar for 5 min. The
mixture was heated from room temperature (RT) to 400 °C in a
quartz-tube furnace at a ramping rate of 2 °C min™" and maintained at
that temperature for 3 h under N, gas (99.999%) at a flow rate of 1 L
min~!. The heat-treated CNT/Fe''*TMPPCl composite was mixed
with 0.5 mL of TEOS in a mortar, followed by mixing with 0.5 mL of
formic acid. The CNT-Fe™ TMPPCl-silica composite was placed in an
alumina crucible and dried in a 60 °C oven for 3 h. The composite was
then heated to 800 °C at a ramping rate of 2 °C min™' and maintained
at that temperature for 3 h under N, gas at a flow rate of 1 L min™".
The resulting CNT/PC-silica composite was mixed with 2:1 (v/v) =
ethanol:10% aqueous HF solution and stirred for 30 min to etch the
silica, followed by filtering and washing with ethanol several times. The
HF etching process was repeated in the same manner, and the
resulting sample was dried at 60 °C to afford CNT/PC samples.
CNT/PC_w/o SiO, and CNT/PC_w/o LT were prepared in the
same manner as described above, except the omission of TEOS/formic
acid addition and heat-treatment at 400 °C, respectively.

Physical Characterization. X-ray diffraction (XRD) patterns of
the samples were obtained using an X-ray diffractometer (Rigaku D/
Max 2500 V/PC) equipped with a Cu Ka source operating at 40 kV
and 200 mA. High resolution transmission electron microscopy (HR-
TEM) images were obtained using a JEOL JEM-2100 microscope.
High-angle annular dark-field scanning transmission electron micros-
copy (HAADF STEM) images and the corresponding elemental
mapping images were obtained using a JEOL JEM-2100F microscope
with a probe-forming Cs corrector at 200 kV. Atomic resolution
structures of the samples were observed using an image-side spherical
aberration corrected transmission electron microscope (TEM, Titan3
G2 cube 60—300, FEI Company, Netherlands) under an accelerating
voltage of 80 keV. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on an ESCLAB 250Xi (Thermo Scientific),
equipped with a monochromatic Al Ka X-ray source (1486.6 eV).
Individual chemical components of the N 1s binding energy region
were fitted to the spectra using the mixed (Gaussian 70, Lorentzian
30)-function after a Shirley-type background subtraction. The Raman

spectra were obtained using a WITec alpha300R coupled with a He—
Ne laser of 532 nm at 1.0 mW. Fe contents in the catalysts were
characterized using inductively coupled plasma optical emission
spectrometer (700-ES, Varian). Combustion analysis was conducted
using an elemental analyzer (Flash 2000, ThermoFisher Scientific) to
determine the contents of C, N, H, and O in the catalysts.

X-ray Absorption Spectroscopy. X-ray absorption spectroscopy
(XAS) was performed at the beamline 6D and 10C of the Pohang
Accelerator Laboratory (PAL). The incident X-ray had the electron
beam energy and current of 3.0 GeV and 300 mA, respectively. A Si(1
1 1) double crystal monochromator was used to filter the incident
photon energy, which was detuned by 30% to remove high-order
harmonics. Ex situ Fe K-edge XAS experiments were performed with
pelletized samples in both transmission and fluorescence detection
modes.

For temperature-dependent in situ Fe K-edge XAS, a mixture of
CNT and Fe"TMPPCl and silica-coated CNT/PC after low-
temperature (400 °C) treatment were ground in an agate mortar,
pressed into pellets of 16 mm in diameter, and fixed in a heating
chamber under nitrogen gas flow. For the CNT and Fe™TMPPCI
mixture, the temperature was raised from RT to 400 °C, during which
total eight XAS spectra were obtained. For the silica-coated CNT/PC
after low-temperature treatment, the temperature was rapidly
increased to 400 °C, and gradually raised to 700 °C, during which
eight XAS spectra were taken.

For electrochemical in situ XAS, a CNT/PC catalyst ink (described
in the following section) was deposited onto a piece of carbon paper,
and heat-pressed. The catalyst-coated carbon paper was attached to a
homemade spectroelectrochemical cell, with the catalyst layer in
contact with 0.1 M KOH. Then, Fe K-edge XAS spectra were obtained
without applied potential, and subsequently under potentials of 0.3 V.
and 0.9 V (vs RHE, iR-corrected) in fluorescence detection mode.

Maossbauer Spectroscopy. The Mossbauer spectra were recorded
in transmission mode with a *’Co source in a rhodium matrix. The
Mossbauer spectrometer of the electromechanical type was fixed
absorber and operated source on constant-acceleration mode, which
was calibrated by using an a-Fe foil. Mdssbauer spectra were least-
squares fitted, providing the values of hyperfine field (Hyy), isomer shift
(5“0)8, electric quadrupole splitting (AEg), and relative area of Fe
ions.

Electrochemical Characterization. Electrochemical experiments
were performed with a bipotentiostat (CHI760E, CH Instruments)
and rotator (AFMSRCE, Pine Research Instrumentation) at RT (25
°C) using a three-electrode electrochemical cell. Hg/HgO (CHI1S2,
CH Instruments; 1 M KOH filling solution) and Ag/AgCl (RE-1B,
ALS; saturated KCl filling solution) reference electrodes were used for
measurements in alkaline and acidic media, respectively, and a graphite
rod was used as the counter electrode. A rotating ring-disk electrode
(RRDE, AFE7R9GCPT, Pine Research Instrumentation) was used as
the working electrode. Prior to every measurement, the RRDE was
polished with a 1.0 ym alumina suspension and then with a 0.3 ym
suspension to afford a mirror finish. To prepare the catalyst ink, the
catalyst (30 mg) was mixed with deionized (DI) water (0.1 mL),
ethanol (1.01 mL), and Nafion (0.075 mL, 5 wt % in isopropanol,
Aldrich), and the resulting slurry was ultrasonicated for 30 min. For
the benchmark Pt/C catalyst (20 wt % Pt, HiSPEC-3000, Johnson-
Matthey), a catalyst ink was prepared with the Pt/C catalyst (3.5 mg),
DI water (0.1 mL), ethanol (1.07 mL), and Nafion (0.03 mL). The
catalyst ink (8 uL of for the CNT/PC, 6 uL for Pt/C) was pipetted
with a micropipette onto the glassy carbon disk (0.247 cm?) of the
RRDE, resulting in a catalyst loading of 800 g cm™ (14 pgp, cm ™ for
Pt/C). 0.1 M HCIO, (70% Veritas double distilled, GFS Chemicals)
and 0.1 M KOH (99.99%, Aldrich) were used as the alkaline and acidic
electrolytes, respectively. Before the electrochemical measurements,
the catalyst was cleaned by cycling the potential between 0.05 and 1.2
V (vs RHE) for 50 cycles at a scan rate of 100 mV s™* (500 mV s for
Pt/C) in an N,-saturated electrolyte. Subsequently, cyclic voltammetry
(CV) was performed in the potential range of 0.05 to 1.2 V at a scan
rate of 20 mV s~ (50 mV s~ for Pt/C). Linear sweep voltammetry
(LSV) polarization curves for the oxygen reduction reaction (ORR)
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were obtained by sweeping the potential from 1.2 to 0.2 V (from
—0.01 to 1.1 V for Pt/C) in an O,-saturated electrolyte with O,
purging at a rotating speed of 1600 rpm. In order to correct the non-
Faradaic current (capacitive current) from the LSV curve, the same
measurement was conducted in N,-saturated electrolyte. To measure
solution resistance for iR-compensation, electrochemical impedance
spectra were obtained at 0.68 V with AC potential amplitude of 10 mV
from 10000 to 1 Hz. For CNT/PC and the control samples, ORR
measurements were independently repeated at least three times and
the average data were presented.

Calibration of Electrodes with Respect to the Reversible
Hydrogen Electrode. The Hg/HgO and Ag/AgCl reference
electrodes were calibrated with respect to the reversible hydrogen
electrode (RHE) before use. For this purpose, a two-electrode
electrochemical cell was built in which a Pt coil and the reference
electrode to be calibrated were connected. Ultrapure hydrogen gas was
then sparged into the electrolyte. In this case, H"/H, equilibrium was
established on the Pt coil, which thus acted as a RHE. A stable open
circuit voltage could be observed within several minutes, which was
taken to be the conversion value. The calibration values were E(RHE)
= E(Hg/HgO) + 0.89 V and E(RHE) = E(Ag/AgCl) + 0.26 V in 0.1
M KOH and 0.1 M HCIO,, respectively.
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