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ABSTRACT: Oxygen-based electrocatalysis is an integral aspect of a clean
and sustainable energy conversion/storage system. The development of
economic bifunctional electrocatalysts with high activity and durability
during reversible reactions remains a great challenge. The tailored porous
structure and separately presented active sites for oxygen reduction and
oxygen evolution reactions (ORR and OER) without mutual interference are
most crucial for achieving desired bifunctional catalysts. Here, we report a
hybrid composed of sheath−core cobalt oxynitride (CoOx@CoNy) nanorods
grown perpendicularly on N-doped carbon nanofiber (NCNF). The brush-
like CoOx@CoNy nanorods, composed of metallic Co4N cores and oxidized
surfaces, exhibit excellent OER activity (E = 1.69 V at 10 mA cm−2) in an
alkaline medium. Although pristine NCNF or CoOx@CoNy alone had poor
catalytic activity in the ORR, the hybrid showed dramatically enhanced ORR
performance (E = 0.78 V at −3 mA cm−2). The experimental results coupled
with a density functional theory (DFT) simulation confirmed that the broad surface area of the CoOx@CoNy nanorods with an
oxidized skin layer boosts the catalytic OER, while the facile adsorption of ORR intermediates and a rapid interfacial charge
transfer occur at the interface between the CoOx@CoNy nanorods and the electrically conductive NCNF. Furthermore, it was
found that the independent catalytic active sites in the CoOx@CoNy/NCNF catalyst are continuously regenerated and
sustained without mutual interference during the round-trip ORR/OER, affording stable operation of Zn−air batteries.
KEYWORDS: cobalt oxynitrides, carbon nanofibers, bifunctional catalysts, oxygen reduction reaction, oxygen evolution reaction

INTRODUCTION

Oxygen-based electrocatalysis, which drives oxygen reduction
and oxygen evolution reactions (ORR and OER), is an integral
process in many key clean and renewable energy technologies,
including fuel cells, water electrolyzers, and metal−air
batteries.1−4 ORR is a half-reaction at the cathode in fuel cells,
and it is also the major limiting factor with regard to fuel-cell
performance. OER is an anodic half-reaction in water electro-
lyzers, and it occurs in conjunction with the hydrogen evolution
reaction (HER). Metal−air batteries have greater technological
challenges because they require a recharging operation; in these

batteries, ORR occurs during the discharge step, with the reverse

process (OER) taking place at the same electrode when the

battery is charging.
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Traditionally, noble metals (such as Pt and Pt-alloys) and
metal oxides (such as IrO2 and RuO2) have been employed to
increase the reaction kinetics and improve the ORR and OER
performance outcomes, respectively. Unfortunately, most
noble-metal-based catalysts only exhibit catalytic activity for a
single reaction,5 which limits their use as catalysts in metal−air
batteries, and two species are physically mixed to facilitate both
the ORR (in the discharge state) and the OER (in the recharge
state). Additionally, the materials’ high cost, earth-scarcity, and
poor durability during the reactions make them impracticable
for widespread commercialization. This has led to an increased
level of demand for nonprecious and multifunctional electro-
catalysts in a single catalytic unit.6−8

Heteroatom-doped carbons such as nitrogen (N) dopants
and/or transition metals (TMs = Co, Fe, and Mn, etc.)
incorporated into graphene planes to form N−C or TM−N−
C catalysts have been artificially devised to reduce the cost and
enhance the catalytic activities during the ORR and/or
OER.9−14 Considerable efforts have been devoted to improving
ORR/OER performance outcomes, and the chemical inter-
actions between the dopant species and the surrounding carbon
complex are the principal factors to consider when modulating
the binding energies of the reaction intermediates (*OH, *O,
and *OOH)15−17 and attempting to realize outstanding catalytic
activity.18 Unfortunately, a precisely designed active site in a
single catalytic unit is essentially active toward a one-way
reaction. This requires two or more functional sites in the local
atomic structure, but accomplishing that remains a great
technological challenge.19 Importantly, the durability of the
catalysts in metal−air batteries also remains a critical issue, as a
single catalytic active site is highly susceptible to electrochemical
transformation during the dynamic reverse reaction. As far as we
are aware, at present, in-depth research has rarely focused on the
sustainability of active sites along with the regeneration with
prolonged cycles.
Recently, hybrids composed of carbonaceous materials with

TM-based binary or ternary alloys,20 and their oxides,21−23 have
been developed as cost-effective bifunctional catalysts. Follow-
ing the pioneering work of Dai et al., various N-doped carbon-
supported Co3O4 bifunctional electrocatalysts have been
reported.24 Unlike physical mixtures of Co3O4 and N-doped
reduced graphene oxide (rGO), which exhibit little ORR
activity, unexpectedly high activities toward both the ORR and
OER were obtained through a hybridization strategy. Although
the ORR mechanism remains unclear, the results provided an
indispensable clue that the synergistic coupling between active
Co3O4 and an N-doped carbon material is responsible for the
exceptional ORR activity. Nevertheless, little progress has been
made toward enhancing the ORR activity to levels comparable
to those of precious-metal-based catalysts due to the reduced
accessibility of unexposed catalytic active sites when these
materials are hybridized and the inherently low electrical
conductivity of supported inorganic oxide particles. Further-
more, it is likely that the original structure would collapse and
the activities would degrade during the operation of a reversible
metal−air battery. Several requirements should be met
simultaneously to achieve bifunctional ORR/OER activities
and durability, including the formation of individual active sites
for the ORR and OER with high accessibility to the reaction
intermediates, sufficient stability of those structures under
reversible reactions, and definite electrical connections between
hybridized components.

Herein, we present a hybrid consisting of hierarchically
assembled brush-like sheath (CoOx)−core(CoNy) cobalt oxy-
nitride (CoOx@CoNy) nanorods immobilized directly on
electrospun N-doped carbon nanofiber (NCNF) as a high-
performance and durable bifunctional electrocatalyst in alkaline
media. The proposed CoOx@CoNy/NCNF hybrid exhibited
outstanding ORR/OER activity in half-cell measurements and
in various full-cell applications (alkaline membrane fuel cells,
water electrolyzers, and Zn−air batteries). We provide direct
experimental and theoretical evidence of synergistic coupling
effects on the bifunctionality and regenerative efficiency of active
sites. For example, CoOx@CoNy nanorods exhibited high
activity toward OER, which was attributed to the facile charge
transfer at the metallic Co4N core part and the numerous OER
active sites on the oxidized nanorod surfaces.25 Significantly, the
freestanding growth of CoOx@CoNy nanorods on NCNF
provides favorable interfacial adsorption sites for ORR
intermediates as well as highly electrical charge transport
channels. Finally, we demonstrate that high durability of
CoOx@CoNy/NCNF was achieved with the aid of independ-
ently existing and regenerative active sites for the ORR and
OER, without mutual interference, in the hybrid electrocatalyst.

RESULTS/DISCUSSION
Figure 1a illustrates the fabrication processes of CoOx@CoNy/
NCNFs obtained at different nitridation temperatures. First,
one-dimensional (1D) N-doped CNF (NCNF) paper was
synthesized by electrospinning polyacrylonitrile (PAN) dis-
solved in a dimethylformamide (DMF) solution with a
subsequent carbonization process.25 The obtained NCNF
paper was immersed in a dopamine solution at room
temperature to form a uniform polydopamine (PD) coating
layer on the surface. The solution color turned from pale brown
to dark brown after 12 h of the polymerization of dopamine
(Supporting Information Figure S1a). The increases in the O 1s
and N 1s peaks in the X-ray photoelectron spectroscopy (XPS)
survey scan are attributed to the catechol and amide functional
groups of PD, respectively, on NCNF (Figure S1b). The surface
of the PD-treated NCNF has more hydrophilic features than the
initial pristine NCNF,26 facilitating hydrothermal growth on this
surface. Next, the PD-treated NCNF was placed into a 50 mL
autoclave, and certain amounts of cobalt(II) nitrate, urea, and
NH4F were added to the solution. The sealed autoclave was
heated to 120 °C for 6 h, after which rod-like Co(OH)Fs formed
perpendicularly on the NCNF. Finally, the obtained Co(OH)F/
NCNF was thermally annealed at various nitridation temper-
atures (450, 550, and 650 °C) in an Ar-filled tube furnace with
an ammonia (NH3) gas flow. The series of CoOx@CoNy/
NCNFs was designated as CoOx@CoNy/NCNF450, CoOx@
CoNy/NCNF550, and CoOx@CoNy/NCNF650, depending on
the nitridation temperature. The percentage by weight of
CoOx@CoNy nanorods grown on theNCNFwas approximately
79.5 wt %, as confirmed by a thermogravimetric analysis (TGA)
(Figure S2).
The microstructural features of the NCNF, Co(OH)F/

NCNF, and CoOx@CoNy/NCNF series were characterized by
means of scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) analyses. The electrospun
NCNF exhibits a consistently elongated 1D fibrous shape with a
smooth surface and an average diameter of approximately 500
nm (Figure 1b). After the hydrothermal reaction, perpendicu-
larly grown and densely assembled bundles of Co(OH)F
nanorods were observed along the trace of the NCNF (Figure
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1c). As the final products, the phase-transformed CoOx@CoNy/
NCNFs following the nitridation process exhibited crumpled
and crystallized nanorods. We found that brush-like CoOx@
CoNy nanorods with an average diameter close to 50 nm and a
length in the range of 2−5 μm were similarly obtained from the
450 and 550 °C nitridation process (Figures 1d−g). These
brush-like nanorods are self-supported on the NCNF without

any polymeric binders and can therefore provide close electrical
contact and numerous accessible sites for reaction intermediates
during the electrocatalysis process. Compared to CoOx@CoNy/
NCNF450 and CoOx@CoNy/NCNF550, severe grain growth
of nanorods was observed on CoOx@CoNy/NCNF650 (Figure
1h,i), which may reduce the accessible surface area and pores
between the brushes and the NCNFs.

Figure 1. (a) Schematic illustration of the fabrication processes of CoOx@CoNy/NCNFs (I, CoOx@CoNy/NCNF450; II, CoOx@CoNy/
NCNF550; III, CoOx@CoNy/NCNF650). SEM images of (b) NCNF, (c) Co(OH)F/NCNF, (d, e) CoOx@CoNy/NCNF450, (f, g) CoOx@
CoNy/NCNF550, and (h, i) CoOx@CoNy/NCNF650. (j) HAADF-STEM, and EDS elemental mapping images of (k) Co, (l) O, and (m) N
atoms. (n) Line scan profile images of CoOx@CoNy nanorods in CoOx@CoNy/NCNF550.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.0c09905
ACS Nano 2021, 15, 11218−11230

11220

https://pubs.acs.org/doi/10.1021/acsnano.0c09905?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09905?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09905?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09905?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c09905?rel=cite-as&ref=PDF&jav=VoR


The atomic distribution of the synthesized materials was
analyzed by energy dispersive X-ray spectrometry (EDS)
mapping. The CoOx@CoNy nanorod in the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image in Figure 1j shows the internal homogeneous
distribution of Co, O, and N (Figure 1k−m). The EDS line
scanning profile along the line drawn across the nanorod shows
that a high density of O atoms existed at the surficial region of
the nanorods (Figure 1n), indicating that an oxide layer had
formed on the surface of the CoOx@CoNy nanorods after the
nitridation process. It was also noted that the thickness of the
oxide layer decreased with an increase in the nitridation
temperature (Figure S3).
As shown in the TEM images, the nanorods in the CoOx@

CoNy/NCNF series consist of small interconnected polycrystal-
line grains (Figure S4). The main body of the nanorods shows a
lattice spacing between 2.051 and 2.062 Å in the high-resolution
TEM (HRTEM) images, which corresponds to the (111) plane
of a previously reported cobalt nitride (Co4N).

27,28 Interest-
ingly, lattice spacings of 2.133 and 2.430 Å were detected at the

outer part of the nanorods in the CoOx@CoNy/NCNF450 and
CoOx@CoNy/NCNF550 samples (Figure S4c,f), which corre-
spond to the (200) and (111) facets of CoO, respectively.25 This
observation is in good agreement with the aforementioned EDS
mapping results of the CoOx@CoNy nanorods.
Furthermore, ring patterns in the selected-area electron

diffraction (SAED) result of CoOx@CoNy/NCNF550 (Figure
S5) also suggest that the nanorods consisted of composite
crystallites of Co4N, as indicated by the (111), (200), and (220)
planes, and a certain portion of the CoO phase on the surface, as
evidenced by the blurred dots for (111) and (220). These
observations overall reveal that the nanorods have a sheath
(CoOx)−core (Co4N) structure after nitridation, but there were
fewer surficial oxide species and the grain size increased with an
increase in the nitridation temperature. As a control sample, we
also prepared fully oxidized CoOx/NCNF550 via the thermal
oxidation of Co(OH)F/NCNF at 550 °C in air. As shown in
Figure S6, the overall nanorod morphology was well-
maintained, an outcome similar to that with CoOx@CoNy/
NCNFs, but the lattice fringe and SAED patterns indicated that

Figure 2. (a) XRD patterns of CoOx@CoNy/NCNF series. (b) Relative atomic ratios between N, O, and Co in CoOx@CoNy series. XPS spectra
in (c) N 1s and (d) Co 2p region for CoOx@CoNy/NCNF series. (e) Co K-edge XANES spectra, (f) simulated EXAFS-FT spectra, and (g)
calculated Co−Co bond length for CoOx@CoNy/NCNF series with Co foil and CoO powder as references. (h) Crystal structures of Co (FCC),
Co (HCP), Co4N (FCC), and CoO (simple cubic) with a simulated Co−Co bond length.
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polycrystalline nanorods are composed of both CoO and Co3O4
phases in CoOx/NCNF550.
The crystalline phases of CoOx@CoNy/NCNF450, CoOx@

CoNy/NCNF550, and CoOx@CoNy/NCNF650 were analyzed
according to the X-ray diffraction (XRD) patterns (Figure 2a).
The broad shoulder that appeared at 20−30° in all samples was
attributed to the (002) planes of turbostratic carbon inNCNF.25

For CoOx@CoNy/NCNF450, relatively weak crystalline peaks
were observed at 36.5, 42.4, and 61.5° and were assigned to the
(111), (200), and (220) planes of CoO (JCPDF No. 43-1004),
respectively. With an increase in the nitridation temperature,
three peaks at around 44.2, 51.5, and 75.8° became dominant,
corresponding to the (111), (200), and (220) planes of face-
centered cubic (FCC) structured metallic Co (JCPDF No. 15-
0806) or cobalt nitrides, as presented in Figure 2g.29−31 Metallic
Co naturally has a hexagonal close-packed (HCP) and FCC
structure, as depicted in Figure 2h. It has been reported that the
N atoms can be incorporated into metallic Co by the
experimental (RF-sputtering or thermal nitridation process)32,33

or computational methods,34 forming various cobalt nitride
phases (e.g., CoN, Co2N, Co3N, and Co4N). When N is doped
into the Co at approximately a 4:1 atomic ratio, i.e., Co4N, the
FCC structure is maintained, with N atoms positioned at the
center of six Co atoms, causing the expansion of the lattice
distance, as depicted in Figure 2h.25,35 The degree of N doping
into the Co lattice can also be deduced by the shift of the peaks
in the XRD pattern. An increase in the nitridation temperature
leads to a negative shift of the diffraction peaks, implying the
lattice expansion of metallic Co caused by addition of N atoms.
This result is in good agreement with our TEM observation
(Figure S4). The peak positions of CoOx@CoNy/NCNF650 at
44.00, 51.22, and 75.36°, respectively, are similar to those of the
(111), (200), and (220) planes for Co4N in earlier
studies.28,29,36

The precise dopant ratio and chemical composition of the
cobalt-based nanorods were deduced from the XPS analysis of
the CoOx@CoNy series without NCNF, which was excluded
because the PAN-driven NCNF inherently includes N and O
atoms in its turbostratic carbon structure (Figure S1). The
samples in the CoOx@CoNy series were synthesized via a
hydrothermal reaction without a NCNF substrate followed by
the same nitridation step (Figure S7). The obtained CoOx@
CoNy series exhibited a similar rod-like structure but also
showed a nondirectional morphology (Figure S8). As shown in
Figure 2b, the amount of nitrogen increased with an increase in
the nitridation temperature and reached 11.42 at. % upon
nitridation at 650 °C. On the basis of the XPS results, we
presumed that the x and y values in CoOx@CoNy/NCNF450,
CoOx@CoNy/NCNF550, andCoOx@CoNy/NCNF650would
be CoO0.85N0.03/NCNF, CoO0.91N0 .12/NCNF, and
CoO0.87N0.24/NCNF, respectively.
To elucidate the surface chemical bonding structures, we

conducted a further XPS analysis of the CoOx@CoNy/NCNF
series, specifically focusing on the N 1s, Co 2p, and C 1s regions;
the quantitative data are summarized in Table S1. For the N 1s
spectra, various N functionalities, i.e., pyridinic N (∼398.15 eV),
pyrrolic (∼400.86 eV), graphitic (∼401.51 eV), and oxidized N
(∼403.73 eV), were observed, which are ascribed to the PAN-
driven NCNF backbone (Figure S9), while the Co−Nx
(∼399.16 eV) peak is related to the CoOx@CoNy nanorods.

25

It has been reported that quaternary N and the surrounding
carbon moiety show catalytic activity toward both the ORR or
OER,37 whereas pyrrolic and pyridinic sites are dominated by

naturally doped N from the decomposed PAN precursor in the
turbostratic carbon structure in pristine NCNF. With an
increase in the synthetic temperature, the deconvoluted areal
ratio of graphitic N increased. This was deduced from the
graphitization of turbostratic carbon in the NCNF backbone.
Similarly, the C 1s region became dominated by C−C/CC
bonds (∼284.68 eV) as the temperature was increased (Figure
S10). As shown in Figure 2d, the Co 2p was deconvoluted into
the Co0, Co3+, andCo2+ and satellite peaks as indicated by i, ii, iii,
and iv, respectively, and all peaks appeared as doublets. Here,
Co2+ corresponds to CoO at the surface of the CoOx@CoNy
nanorods, but the existence of Co3+ indicates that further
oxidized or amorphous cobalt oxide phases are also present. It
should be noted that the proportion of metallic Co0 increased
gradually from 3.06 to 14.54 at. %, whereas the sum of Co2+ and
Co3+ decreased from 80.84 to 66.60 at. % (from CoOx@CoNy/
NCNF450 to CoOx@CoNy/NCNF650), implying a phase
transition from CoOx to metallic Co (actually Co4N), also in
good agreement with the XRD results.
X-ray absorption spectroscopy (XAS) was employed to

investigate the local structure of the samples. Figure 2e presents
the X-ray absorption near-edge structure (XANES) at the Co K-
edge of CoOx@CoNy/NCNF450, CoOx@CoNy/NCNF550,
and CoOx@CoNy/NCNF650 with Co foil and CoO powder as
references. With an increase in the nitridation temperature, a
negative pre-edge shift was observed in the XANES spectra (as
marked by the red arrow). The CoOx@CoNy/NCNF650
spectrum showed edge features that were similar to those of
the metallic Co foil, which underscores the metallic nature of
Co4N.

38 Additionally, the decrease in the white-line area (as
indicated by the blue arrow) is also attributed to the well-
ordered FCC coordination of Co−Co bonds with fewer 3d hole
vacancies.39

Further differences in the local structure of the catalysts can be
seen in the extended X-ray absorption fine-structure (EXAFS)
spectra (Figure 2f) and the corresponding K2-weighted EXAFS
spectra (Figure S11). Co−Co bonding at 2.14 Å was evident in
CoOx@CoNy/NCNF450, CoOx@CoNy/NCNF550, and
CoOx@CoNy/NCNF650, with some differences in the peak
intensities. The peak from Co−N bonding was not clearly
distinguished from that of Co−O bonding, but the negative shift
from Co−O bonding at 1.64 Å is presumably due to the
interaction with Co−N/O bonding. The decrease in the Co−
N/O peak intensity may be evidence of the escape of O and N
atoms in CoOx@CoNy/NCNF650, which is clearly supported
by the derived Co−Co radial length, as displayed in Figure 2g.
CoO has a Co−Co bond length of approximately 3.50 Å. As the
nitridation temperature was increased, the bond length of Co−
Co was reduced (to ∼2.62, ∼2.54, and ∼2.50 Å for CoOx@
CoNy/NCNF450, CoOx@CoNy/NCNF550, and CoOx@
CoNy/NCNF650, respectively). This finding implies the
desorption of N and O atoms and the formation of a metallic
Co phase, approaching the value of Co foil with a Co−Co bond
length of 2.49 Å. Compared to the simulated Co−Co length
(2.54 Å) in theCo4N crystalline structure (Figure 2i), the closest
Co−Co length value occurred in CoOx@CoNy/NCNF550.
To evaluate the bifunctional electrocatalytic activities of the

prepared samples, we took half-cell measurements using a three-
electrode system. Catalysts loaded on a glassy carbon electrode
(GCE), Pt wire, and a standard calomel electrode (SCE) were
utilized as the working, counter, and reference electrodes,
respectively. These electrodes were immersed in a 0.1 M KOH
solution as an electrolyte, which was purged by O2 gas for the
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ORR or Ar gas for the OER. First, we compared the ORR and
OER performance outcomes between the prepared CoOx@
CoNy/NCNF series (CoOx@CoNy/NCNF450, CoOx@CoNy/
NCNF550, and CoOx@CoNy/NCNF650) and fully oxidized
CoOx/NCNF550. As shown in Figure S12, CoOx@CoNy/
NCNF550 exhibited the best activities for both the ORR and
OER among the CoOx@CoNy/NCNFs series, while CoOx/
CNF550 showed the worst performance in both the ORR and
OER. These preliminary results indicated that the nitridation
step is essential for enhancing the catalytic function by forming
the CoOx@CoNy hybrid structure in nanorods. Detailed
discussions related to this are included in Figure S12.
To decouple the activities of the CoOx@CoNy nanorods and

NCNF, the ORR and OER performances of pristine CoOx@
CoNy nanorods (CoOx@CoNy550) and NCNF were further
evaluated and compared with that from commercial Pt/C (20%)
or IrO2. The CoOx@CoNy550 was prepared, followed by a
similar hydrothermal method and subsequent nitridation
process with CoOx@CoNy/NCNF550 without the addition of
NCNF. Figure 3a presents linear scan voltammograms (LSVs)
of NCNF, CoOx@CoNy550, CoOx@CoNy/NCNF550, and Pt/

C for the ORR, where the corresponding onset potentials were
0.76, 0.80, 0.95, and 1.00 V versus a reversible hydrogen
electrode (VRHE). Pristine electrospun NCNF showed poor
ORR activity, as reported in previous studies.17,40 Notably,
CoOx@CoNy550 exhibited much lower electrocatalytic activ-
ities than CoOx@CoNy/NCNF550. These results strongly
suggest that CoOx@CoNy and NCNF have a synergistic
influence on the ORR.
The LSV curves at various rotation speeds clearly indicate the

activity of CoOx@CoNy/NCNF550, exhibiting a linear increase
in the ORR activity with an increase in the rotation speed. The
electron-transfer number (n) for the ORR was calculated from
Koutecky−Levich (K−L) plots. As shown in the inset of Figure
3b, there was a linear relationship between Jk−1 andω−1/2, where
Jk and ω correspond to the kinetic current density and the
electrode angular speed, respectively. The calculated n value for
CoOx@CoNy/NCNF550 was 3.84, which was somewhat
comparable to that of state-of-the-art Pt/C catalyst (n = 4.0)
(Figure S13). The n value of CoOx@CoNy/NCNF550 was also
confirmed by means of rotating ring disk electrode (RRDE)
tests. Figure S14 presents the measured disk and ring current

Figure 3. Electrochemical ORR and OER performance and stability results in 0.1 M KOH. (a) ORR polarization curves for NCNF, CoOx@
CoNy550, CoOx@CoNy/NCNF550, and Pt/C. (b)ORR curves at different rotation speeds (inset, K−L plots). (c) RRDE test for CoOx@CoNy/
NCNF550. (d) OER polarization curves for NCNF, CoOx@CoNy550, CoOx@CoNy/NCNF550, and IrO2. (e) Tafel plots of CoOx@CoNy550,
CoOx@CoNy/NCNF550, and IrO2 and (f) LSVs of CoOx@CoNy/NCNF550, IrO2, and Pt/C revealing bifunctional electrocatalytic activity
toward ORR/OER. Chronoamperometric responses of (g) CoOx@CoNy/NCNF550 and commercial Pt/C at 0.63 V of ORR overpotential
upon the introduction of 2 mL of methanol and (h) CoOx@CoNy/NCNF550 and commercial IrO2 at 0.37 V of OER overpotential in O2
saturated 0.1 M KOH at a rotation rate of 1600 rpm.
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densities of CoOx@CoNy/NCNF550, and Figure 3c presents
the calculated n values and the amounts of H2O2 that evolved
(%) at the selective potentials.41 The evolved H2O2 gas
generated via the 2e− transfer during the ORR remained at
less than 6%, and the determined average n value was 3.89,
demonstrating high efficiency and selectivity for the ORR of the
CoOx@CoNy/NCNF550 catalyst.
Figure 3d presents the LSVs of NCNF, CoOx@CoNy550,

CoOx@CoNy/NCNF550, and the commercial IrO2 catalyst in
the OER potential region. The NCNF has mostly negligible
OER activity, while exceptional OER performance was obtained
from the CoOx@CoNy-containing catalyst samples. The
potentials measured at an anodic current density of 10 mA
cm−2 for CoOx@CoNy550, and CoOx@CoNy/NCNF550 is
1.69 V, and that for pristine NCNF exceeded 1.80 V. These
results suggest that the CoOx@CoNy components mainly
contribute to the OER, showing performance comparable to
that of the IrO2 catalyst (E = 1.68 V at 10 mA cm−2). The
excellent reaction kinetics of CoOx@CoNy/NCNF550 is
reflected in the Tafel plot (Figure 3e). CoOx@CoNy/

NCNF550 shows a Tafel slope of ∼85.6 mV decade−1, which
is lower than those of IrO2 (87.4 mV decade−1) and CoOx@
CoNy550 (96.9 mV decade−1). This indicates that CoOx@
CoNy/NCNF550 facilitates rapid OER kinetics by reducing the
activation barrier to the rate-determining step (RDS), while
NCNF offers a facile and efficient reaction pathway during the
OER.
Bifunctional electrocatalytic behavior is generally evaluated

using the potential gap between the ORR current density of −3
mA cm−2 and the OER current density of 10 mA cm−2, as
represented by ΔE(ORR−OER) in Figure 3f.6 A small ΔE value
indicates a well-balanced high-performance bifunctional electro-
catalyst, potentially beneficial for practical applications. The ΔE
value of CoOx@CoNy/NCNF550 was determined to be 0.91 V,
which is comparable to the gap between the ORR current
density of Pt/C and the OER current density of IrO2 (0.85 V).
Both are known to be state-of-the-art ORR and OER active
catalysts. Moreover, such a smallΔE is also comparable to those
of recently reported outstanding Co-based bifunctional electro-
catalysts (Table S2).

Figure 4. Schematic configurations of full-cell devices for oxygen electrocatalysis and their reaction mechanisms: (a) alkaline membrane fuel
cell (AMFC), (b) water electrolyzer (WE), and (c) Zn−air battery (ZAB) with catalyst loaded electrodes. (d) Polarization curves and (e)
chronopotentiometry performance of CoOx@CoNy/NCNF550-coated MEA in AMFC. (f) Polarization curves before and after 50 h stability
test and (g) chronopotentiometry performance of CoOx@CoNy/NCNF550 in WE. (h) Initial discharge and charge curves and (i) discharge/
charge cyclic performances of CoOx@CoNy/NCNF550 and “Pt/C + IrO2” cathodes in ZAB.
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Two important aspects of a bifunctional catalyst are its
outstanding durability and stability.41 As shown in Figure 3g, the
ORR durability of CoOx@CoNy/NCNF550 was compared with
that of Pt/C using chronoamperometry at anORR overpotential
of 0.63 V. The ORR performance of commercial Pt/C dropped
significantly when methanol was injected. This was due to the
methanol poisoning of the active sites for the Pt-based
catalyst.42,43 In contrast, CoOx@CoNy/NCNF550 had excep-
tional retention with almost no reduction in its performance.
Figure 3h illustrates the excellent OER stability of CoOx@
CoNy/NCNF550. CoOx@CoNy/NCNF550 retained more
than 95% of its initial OER performance capability, whereas
commercial IrO2 lost almost 20% of its initial current density
after continuous OER operation for 18,000 s at an overpotential
value of 0.37 V.
Next, we carried out electrochemical full-cell measurements in

various applications, i.e., an alkaline membrane fuel cell

(AMFC), a water electrolyzer (WE), and a zinc−air battery
(ZAB), to verify the practical value of the developed catalyst
(CoOx@CoNy/NCNF550). As depicted in Figure 4a−c, the
CoOx@CoNy/NCNF550 catalysts were utilized in the electrode
materials (marked by pink dots) of the AMFC, WE, and ZAB
systems (details are included in the Experimental Section) for
ORR, for OER, and for both ORR and OER, respectively. The
CoOx@CoNy/NCNF550-catalyst-coated MEA exhibited high
electrochemical ORR performance in AMFC (Figure 4d),41

with a considerable power density (∼80mW cm−2) of 177.2 mA
cm−2. In addition, CoOx@CoNy/NCNF550-coated MEA
delivered stable operating voltage (∼0.6 V) during a
chronopotentiometric test at 100 mA cm−2 for 60 h (Figure 4e).
Furthermore, the CoOx@CoNy/NCNF550-coated MEA

exhibited high activity and stability in WE cells. As shown in
Figure 4f, the OER current occurred with a low overpotential
was achieved and maintained after a 50 h stability test. There

Figure 5. Ex situ XAS analysis and DFT results of CoOx@CoNy/NCNF550 after ORR/OER cycling tests: (a) Potential sweep ranges in ORR,
OER, and ORR + OER for cycling tests, (b) experimental Co K-edge XANES spectra, and (c) EXAFS of K-edge for the initial and after various
cycling states of CoOx@CoNy/NCNF. DFT calculation for finding ORR/OER active sites. (d) Optimized geometrical structures of *OOH, *O,
and *OH on the three different sites (I, CoOx@CoNy top surface; II, CoOx@CoNy and NCNF interface; III, pristine NCNF surface). The blue,
red, gray, dark brown, andwhite spheres represent Co, O, N, C, andH, respectively. (e) ORR/OER free energy diagram at equilibrium potential
(U = 1.23 V) on three different sites and the Pt(111) for comparison. (f) Proposed reaction scheme of CoOx@CoNy/NCNF towardORR/OER.
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were no significant changes in the cell voltage during the
chronopotentiometric stability test conducted here at 100 mA
cm−2 for 50 h (Figure 4g). These results indicate that the ORR
and OER active sites can be sustained under a continuous bias
condition in actual MEA applications.
Finally, a rechargeable aqueous ZAB was assembled to

demonstrate the bifunctional activity of the CoOx@CoNy/
NCNF550 catalyst.17 Figure 4h presents the galvanostatic
discharge and charge curves of CoOx@CoNy/NCNF550 and
“Pt/C + IrO2” mixed cathodes at a current density of 10 mA
cm−2 with a limited capacity of 1.667 mAh cm−2. The initial
overpotential gaps between the discharge and charge are 0.94
and 1.28 V for CoOx@CoNy/NCNF550 and Pt/C + IrO2,
respectively. The small overpotential gap is attributed to the
high ORR and OER catalytic activity levels of CoOx@CoNy/
NCNF550 during discharge and charge states in the ZAB. More
importantly, the CoOx@CoNy/NCNF500 cathode delivered
stable discharge/charge cyclic performance in the ZAB for more
than 50 h (>150 cycles) with lower overpotentials compared to
the mixture (Pt/C + RuO2) reference electrode that became
unstable within 36 h (Figure 4i). This clearly demonstrates that
the ORR and OER active sites are preserved at the repeated bias
potentials.
To assess the local structural changes in CoOx@CoNy/

NCNF550 during the electrochemical reactions, we carried out
potential sweeps in three different regions covering the ORR
(0.85−0.05 V), OER (1.00−1.80 V), and ORR and the OER
mixed (ORR + OER, 0.05−1.65 V) ranges for 100 cycles in all
cases (Figure 5a). The potential sweep rate was maintained at 20
mV s−1, and O2 gas was purged such that ORR and/or OER
occurred during the cyclic potential sweep. Then, we conducted
an ex situ X-ray absorption spectroscopy analysis of CoOx@
CoNy/NCNF550 in the initial state, after the first cycle, and after
100 cycles in the ORR, OER, and ORR + OER regions in each
case.
Figure 5b presents the Co K-edge X-ray absorption near-edge

structure spectra of CoOx@CoNy/NCNF550 from the initial
state through the aforementioned prolonged potential cycles.
After the first ORR and OER, the pre-edge shift in the positive
direction indicates that partial oxidation occurred in the Co4N
nanorods, despite the fact that they naturally formed a thin oxide
layer. More importantly, an increase in the white-line area was
observed after the cycling tests, implying an increase in the
flexibility in the d-band electron filling caused by the
enhancement of the delocalized electron density.27,44 This
indicates that additional amounts of electrons in the CoOx layer
can more freely participate in the electrochemical reactions.
Figure 5c presents the modulation of the local structure of

CoOx@CoNy/NCNF550 as characterized by the extended X-
ray absorption fine-structure spectra. The overall shapes of the
EXAFS spectra were preserved even when the intensity of the
Co−N/O peaks became lower than it was during the initial
cycles after continuing with the two alternative reactions. The
reversible changes in the atomic bond distances of Co−N/O
and Co−Co are denoted by the black dashed lines; these
changes indicate good structural flexibility of CoOx@CoNy/
NCNF550 during the repeated cycling tests. This is a crucial
factor related to the reversibility of CoOx@CoNy/NCNF550
toward the ORR and OER, as demonstrated by its bifunctional
activity in the ZAB (Figure 4i). It should be noted that the initial
states of the heterogeneous catalytic structure were modulated
after the electrochemical reactions. Furthermore, the preserva-

tion of catalytic sites with some structural flexibility is very
important, especially in bifunctional catalysis.
To clarify the ORR/OER active sites of our catalyst, we

calculated the adsorption energies of ORR/OER intermediates
at different sites. Figure S15 presents the model structure, which
has three clearly distinguishable positions (CoOx@CoNy
surface, CoOx@CoNy/NCNF interface, and pristine NCNF
surface) for adsorption. Consistent with previous studies, we
assumed an associative mechanism that proceeds through
*OOH, *O, and *OH (the asterisk denotes the adsorption
site), and OER in reverse.45,46 Figure S16 presents standard free
energy diagrams of the CoOx@CoNy top surface, CoOx@
CoNy/NCNF interface, and NCNF surface for the ORR/OER.
Figure 5e and Table S3 present representative free energy
diagrams of the equilibrium potential (URHE

0 = 1.23 V) as well as
the calculated free energy barriers and onset potentials for the
ORR/OER.
With regard to the ORR, the large value of ΔG*OOH on the

NCNF surface indicates that the *OOH on NCNF is so
unstable that the reduction from O2 to *OOH is energetically
unfavorable. In contrast, on the CoOx@CoNy surface and the
CoOx@CoNy/NCNF interface, the first step of the O2
reduction to *OOH is exothermic. It has been reported that
the C atoms close to doped N are readily acceptable adsorption
sites for ORR/OER intermediates.47,48 However, in our case
they tended to be preferentially occupied by hydrothermally
grown CoOx@CoNy nanorods.
In the second step of the ORR, all positions except the

CoOx@CoNy/NCNF interface were endothermic. This was due
to the weaker Co−O−C bonding caused by *OOH protonation
at the CoOx@CoNy/NCNF interface as compared to Co−O−
OH bonding. For both the ORR and OER, the ideal
thermodynamic free energy change of the intermediates
(|ΔG*OOH|, |ΔG*O|, and |ΔG*OH|) should be zero, indicating
that no energy would be wasted to activate the reactions.19

The third and fourth steps of the ORR on the CoOx@CoNy/
NCNF interfaces had almost no barrier. Moreover, it is
presumable in the design that the reduction of intermediates
at the rim sites can also be accelerated due to the rapid injection
of charges from the adjacent NCNF. Meanwhile, the adsorption
energies of *Oand *OHon the CoOx@CoNy surface are similar
to that of the (111) plane of the state-of-the-art Pt catalyst.
Despite the fact that CoOx@CoNy is energetically favorable
toward the ORR, the sole use of CoOx@CoNy nanorods led to
an inferior ORR outcome. We suspect that the ORR is highly
susceptible to the charge transfer such that the polycrystalline
nature of the CoOx@CoNy nanorods, several micrometers long,
may limit their ORR activity.
With regard to the OER, a considerable barrier (|ΔG*OOH| =

3.93 V) occurred on the pristine NCNF surfaces. In contrast,
both the CoOx@CoNy surface and the CoOx@CoNy/NCNF
interface had relatively small barriers (|ΔG*OOH| = 0.72 V and
|ΔGO2| = 0.31 V for the CoOx@CoNy surface and CoOx@
CoNy/NCNF interface, respectively), indicating that CoOx@
CoNy/NCNF has numerous active sites for the OER. Overall,
the DFT calculations and experimental results were in good
agreement, suggesting that the bifunctional ORR/OER activity
was successfully enhanced by the synergistic coupling of CoOx@
CoNy and NCNF.
On the basis of the experimental data and computational

deductions, we confirmed that the CoOx@CoNy nanorods and
NCNF were synergistically combined to address both ORR and
OER. As described in Figure 5f, only the NCNF exhibited poor
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ORR activity, undergoing a 2e− transfer. In contrast, the
interfacial rim sites between the CoOx@CoNy and NCNF
facilitated the ORR with moderate adsorption of intermediates
as well as a rapid charge injection. Meanwhile, the oxidized
layers on the Co4N nanorods provided efficient OER active sites
with enhanced d-band vacancies of Co atoms.

CONCLUSIONS
In summary, we prepared CoOx@CoNy nanorod-anchored
NCNF as a bifunctional hybrid catalyst and carried out various
electrochemical measurements to determine their ORR and
OER properties and durability in an alkaline solution. The
outstandingORR andOER activity and exceptional durability of
the CoOx@CoNy/NCNF hybrid were confirmed by various
half-cell measurements and full-cell applications (AMFC, WE,
and ZAB). In addition to ex situ characterization and DFT
calculations, we established that (i) the hierarchically assembled
CoOx@CoNy/NCNF hybrid provides numerous accessible
reaction sites especially for the OER; (ii) the synergistic
coupling of the CoOx@CoNy/NCNF generates new ORR
active rim sites and efficient charge transport channels, activating
all of the catalytic sites; and (iii) the separate ORR and OER
active sites were continuously activated and effectively sustained
without mutual interference during prolonged reversible cycle
tests. We believe that our findings can facilitate the design of
highly efficient and durable heterogeneous bifunctional
catalysts.

EXPERIMENTAL SECTION
Synthesis of Carbon Nanofiber. To synthesize the electrospun

carbon nanofiber, 1 g of polyacrylonitrile (PAN, MW = 150,000 g
mol−1, Sigma-Aldrich) was dissolved in 6 g of N,N-dimethylformamide
(DMF, Sigma-Aldrich) under vigorous stirring at 80 °C for 6 h. The
PAN/DMF solution was transferred into the syringe, and a 25-gauge
needle was capped on the syringe tip. A high voltage of 12.5 kV was
applied between the needle and the stainless steel collector, which were
separated by a distance of 15 cm. Then the elongated PAN was
continuously fed from the needle to the collector at a feed rate of 15 μL
min−1. The electrospun PAN fiber was stabilized first at 250 °C for 2 h
in the air followed by carbonization at 900 °C for 2 h in an Ar-filled tube
furnace. The resultant sample was designated NCNF.
Preparation of CoOx@CoNy/NCNFs, CoOx/NCNF550, and

CoOx@CoNy550. The CoOx@CoNy/NCNF series were prepared
using a simple hydrothermal method and subsequent nitridation
process as reported in an earlier work.25 In order to give the NCNF
hydrophilic features, a piece of NCNF was placed in a dopamine
solution using methanol (2 mgmL−1 of dopamine hydrochloride (98%,
Sigma-Aldrich) and a 0.1 M Tris buffer solution (pH 8.5) as cosolvents
(CH3OH:buffer = 1:1 (v/v)) to self-polymerize the dopamine on the
surface of NCNF overnight.26 After polymerization, the dopamine
solution changed from pale to dark brown, indicating that self-
polymerization of dopamine had occurred. After removing the residual
solvent and floating polydopamine (PD) particles, the PD-treated
NCNF was washed with DI water several times and then dried in a
convection oven at 50 °C. Next, 0.291 g of cobalt(II) nitrate
hexahydrate (Co(NO3)2·6H2O, Sigma-Aldrich), 0.093 g of ammonium
fluoride (NH4F, Sigma-Aldrich), and 0.3 g of urea (CO(NH2)2, Sigma-
Aldrich) were dissolved in 20 mL of DI water, and then the cleaned
NCNF was soaked in the mixed solution with stirring at 100 rpm for
over 2 h. The mixed solution and NCNF were transferred to a 100 mL
Teflon-lined autoclave and kept at 120 °C for 6 h (5 °C min−1). After
cooling to room temperature, the cobalt fluoride hydroxide coated
NCNF (Co(OH)F/NCNF) was taken out and rinsed with DI water
and EtOH several times and dried in a convection oven at 50 °C.
Finally, the Co(OH)F/NCNF was calcined at 550 °C for 2 h (5 °C
min−1) in an Ar-filled tube furnace with ammonia gas (NH3) at a flow

rate of 100 sccm. After cooling, the obtained product was collected and
designated CoOx@CoNy/NCNF550. As comparative samples,
CoOx@CoNy/NCNF450 and CoOx@CoNy/NCNF650 were similarly
prepared with nitridation temperatures of 450 and 650 °C for 2 h,
respectively. The CoNx/NCNF550 was prepared by calcination at 550
°C for 2 h in air instead of nitridation. For CoOx@CoNy550 without
NCNF, the Co(OH)F was grown on a piece of silicon wafer instead of
NCNF during the hydrothermal reaction, and subsequently peeled off
the Si wafer. The obtained Co(OH)F powders were then calcined at
550 °C with an Ar purged furnace with NH3 gas.

Material Characterization. The microstructures of the prepared
samples were observed using a scanning electron microscope (SEM,
Philips, USA) and Tecnai TF30 S-Twin transmission electron
microscope (TEM, FEI Co., USA). The crystalline structure of the
samples was analyzed by powder X-ray diffractometer (XRD, D/MAX-
2500, RIGAKU Co., Japan), and the surface chemical state was
investigated by X-ray photoelectron spectroscopy (XPS, Thermo VG
Scientific Co., U.K.). Thermogravimetric analysis (TGA) data were
collected on a TA Instruments Q50, which was heated from 25 to 900
°C at a heating rate of 10 °C min−1 in N2/O2 (7:3 (v/v)) atmosphere.
To analyze local atomic structure and relative bond lengths with respect
to absorbing atoms, EXAFS measurements were performed at the hard
X-ray 1D XAS KIST-PAL beamline,49 Pohang accelerator laboratory,
operating at 3.0 GeV with a maximum storage current of 360 mA.
EXAFS data were processed using ATHENA and simulated by
ARTEMIS.50

Electrochemical Half-Cell Test. All electrochemical measure-
ments were performed using a conventional three-electrode rotating
ring disk system using an AutoLab PGSTAT 302N potentiostat. The
catalysts loaded glassy carbon electrode (GCE; geometric area, 0.196
cm2) was used as a working electrode, and a saturated calomel electrode
(SCE) and Pt wire were used as the reference electrode and counter
electrode, respectively. For electrochemical three-electrode tests, all
freestanding catalyst samples were thoroughly ground and then treated
sonication with solvents. For the working electrodes, 15 mg of CoOx@
CoNy/NCNF samples were mixed into 50 μL of Nafion solution (5 wt
%, Sigma-Aldrich) added to a 500 μL isopropyl alcohol (IPA) solution.
After vigorous mixing with ultrasonication, 15 μL of the homogeneous
catalyst ink was transferred onto the GCE (loading amount of catalysts
was 2.087 mg cm−2) and dried at 50 °C for the measurements. The
dried electrode was then transferred to the rotating disk electrode
(RDE) setup, and O2 saturated 0.1 M KOH aqueous solution was used
as the electrolyte for both the ORR and OER measurements. All
polarization curves were obtained at a scan rate of 5 mV s−1 for 1600
rpm, and the measured potentials were calibrated to a reversible
hydrogen electrode (RHE) potential using Nernst equation: ERHE =
ESCE + E0SCE + 0.059pH (E0

SCE = 0.244 V). To examine the electron-
transfer kinetics and H2O2 selectivity, rotating ring disk electrode
(RRDE; geometric area of ring and disk electrodes is 0.247 cm2)
voltammetry was performed using an AFMSRCE advanced electro-
chemical system (Pine Instrument Co., USA).

Fabrication ofMEA and Electrochemical AlkalineMembrane
Fuel-Cell Test. A membrane electrode assembly (MEA) for use in a
fuel-cell setup was prepared by a catalyst-coated membrane method
using a commercial anion exchange membrane (Tokuyama, A-201).
For the electrodes, a commercial Pt/C catalyst (46.5 wt %, Tanaka Co.)
with 0.2 mg cm−2 Pt loading was applied at the anode, and CoOx@
CoNy/NCNF catalysts with 1.26 mg cm−2 were applied at the cathode.
Each catalyst was dispersed in a mixture of isopropyl alcohol and
ionomer (AS-4, Tokuyama, 5 wt %) with a loading 30 wt % of catalysts
to prepare the homogeneous ink. The resulting MEA was loaded into a
1 cm2 cell assembly. Carbon paper (39BC) was used as a gas diffusion
layer (GDL) at the anode and cathode. The performance of theMEA in
a fuel-cell device was examined using a test system at 60 °Cwith H2 and
O2.

Fabrication of Electrode and Water Electrolysis Tests. The 1
cm2 MEA for the single-cell electrolysis test was prepared by a catalyst-
coated on membrane (CCM) method with A201 (Tokuyama)
membrane. Titanium paper (Toray, 250 μm, anode) and carbon
paper (39BC, cathode) were used as a gas diffusion layer (GDL) at the
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anode and cathode, respectively. The catalyst ink slurry, consisting of
catalysts, the ionomer (AS-4, Tokuyama, 5 wt %), isopropyl alcohol and
DI water, was homogenized in an ultrasonic bath for 1 h. Each electrode
was fabricated by spray-coating 8 mg cm−2 of the synthesized CoOx@
CoNy/NCNF catalysts on the membrane for the anode and 3 mg cm−2

Pt/C (Pt 46.5 wt %, Tanaka Co.) for the cathode. A 0.5 M KOH
solution was fed at 15 mL min−1 on the anode side during the test. The
IV curves were obtained by cyclic voltammetry from 1.4 to 2.2 V at the
20 mV s−1 scan rate with a high-current potentiostat (HCP-803, Bio-
Logic). The stability test of the CoOx@CoNy/NCNF catalysts was run
at a constant current density of 100 mA cm−2 for 60 h under the same
conditions.
Zn−Air Battery Test. The electrochemical performance of Zn−air

battery (ZAB) cells were evaluated using a home-built two-electrode
cell.17 Pure Zn foil (Alfa Aesar, 0.62 mm in thickness, 1 × 3 cm2 area,
99.9%, USA) was used as a counter electrode. The freestanding CoOx@
CoNy/NCNF paper was directly used as a bifunctional ZAB cathode.
An aqueous liquid electrolyte (6 M KOH solution with 0.2 M zinc
acetate) was employed to let ions pass through. The reference electrode
in the ZAB was composed of commercial Pt/C (20 wt % Pt) and RuO2
(1:1 (w/w)) with a total mass loading 1 mg ± 0.1 cm−2. Ni mesh was
utilized as an electrically conductive current collector. A poly-
(tetrafluoroethylene) (PTFE) membrane at the cathode side
functioned as a gas diffusion layer as well as a selective membrane for
O2 gas from ambient air.
Computational Details. The calculations reported herein were

performed on the basis of spin-polarized density functional theory
(DFT) within the Perdew−Burke−Ernzerhof (PBE) as implemented
in the Vienna ab initio simulation package (VASP).51,52 The projector
augmented wave (PAW) method using a plane wave basis set was
implemented to describe the interaction between core and valence
electrons. An energy cutoff of 400 eV was used for the plane wave
expansion of the electronic eigenfunctions.53 For the Brillouin zone
integration, we accepted (12 × 12 × 12), (16 × 16 × 16), (8 × 8 × 1),
and (2 × 2 × 1) Monkhorst−Pack mesh of k-points to determine the
equilibrium geometries and total energies of bulk CoO (Fm3m), Co4N
(Pm3m), pristine graphene (P63/mmc), and CoOx@CoNy/NCNF,
respectively.54 The calculated equilibrium lattice constants for the bulk
CoO and Co4N were and 4.20 and 3.71 Å, which were similar to the
experimental results of 4.26 and 3.74 Å, respectively.55 We adopted the
“DFT + U” method to partially circumvent the well-known self-
interaction error, which affects the electronic structure of semi-
conducting oxides calculated with GGA.56−58 In this work, we
empirically set this parameter to 3.3 for Co, which ensures a good
qualitative description of the structure and electronic properties of the
cobalt oxides. In the CoOx@CoNy/NCNF model, a Co4N nanocluster
was surrounded by rocksalt-structuredCoO except for the−z direction,
to form a sheath−core geometry of Co4N−CoO. We designed the
geometry of the turbostratic NCNF to follow our previous research,
which includes vacancies, and doped N and O atoms to match the
experimental results.17 On the basis of the experimental results, the
CoOx@CoNy and NCNF models were combined at the vacant sites of
the NCNF at a distance of 3 Å in the z direction. This CoOx@CoNy/
NCNF model was fully relaxed using the conjugate gradient method
until the residual forces on all of the constituent atoms became smaller
than 0.05 eV/Å. The adsorption energies (ΔEads) of the ORR/OER
intermediates were calculated using the following equation;

E E E E(X) ( )ads X XΔ = * − + *
where EX*, EX, and E* are the total energies of the X-adsorbed slab,
isolated X species, and the clean surface, respectively. X denotes O, OH,
and OOH. To calculate the Gibbs free energy of the electrocatalytic
ORR, we followed Nørskov’s procedures.58
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