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Abstract: Designing highly efficient electrocatalysts for oxygen
evolution reaction (OER) plays a key role in the development
of various renewable energy storage and conversion devices. In
this work, we developed metallic Co4N porous nanowire arrays
directly grown on flexible substrates as highly active OER
electrocatalysts for the first time. Benefiting from the collab-
orative advantages of metallic character, 1D porous nanowire
arrays, and unique 3D electrode configuration, surface oxida-
tion activated Co4N porous nanowire arrays/carbon cloth
achieved an extremely small overpotential of 257 mV at
a current density of 10 mAcm¢2, and a low Tafel slope of
44 mVdec¢1 in an alkaline medium, which is the best OER
performance among reported Co-based electrocatalysts to date.
Moreover, in-depth mechanistic investigations demonstrate the
active phases are the metallic Co4N core inside with a thin
cobalt oxides/hydroxides shell during the OER process. Our
finding introduces a new concept to explore the design of high-
efficiency OER electrocatalysts.

The continuous depletion of fossil fuels and rising environ-
mental concerns are triggering considerable research interests
in alternative energy storage and conversion systems.[1] The
oxygen evolution reaction (OER), as one of the most
significant processes in water splitting, has stimulated exten-
sive studies in recent years.[2] However, the OER process
usually suffers from multiple steps of proton-coupled electron
transfer, leading to very sluggish kinetic reactions.[3] To date,
the most efficient electrocatalysts for water oxidation reac-
tion are precious metal oxides.[4] However, the high cost and
scarcity of these noble metals severely limit their practical
applications. Therefore, the development of highly efficient
electrode materials with low overpotential and superior
stability for OER is actively being pursued.

Over the past years, cobalt-based material systems[5] have
been widely investigated as promising non-noble catalysts for
water oxidation. However, most of those catalysts usually

require grafting onto glassy carbon by using polymer binder
(nafion or PTFE) in aqueous electrolytes. The whole process
is time-consuming, and the catalytic activity of OER catalysts
is significantly inhibited by the small catalytic surface area
and inefficient mass diffusion of electrons.[6] Also, the stability
of the electrocatalysts is greatly influenced during the whole
OER process because of the continuous evolution of O2

bubbles from the electrodes, resulting in the peeling of the
coated electrocatalysts.[7] Thus, it is highly desirable to
develop alternative electrode configurations with high elec-
trocatalytic activity and superior long-term stability for OER.

Recently, well-defined one-dimensional (1D) nanowire
arrays directly grown on the current collectors represent
a new high-efficiency electrode configuration owing to the
synergetic advantages of the faster electrolyte penetration
and diffusion of ionic species, greater electrical conductivity,
and higher structural stability.[8] Most of the reports on the
utilization of nanowire arrays for OER are focused on
semiconducting cobalt oxide nanowires.[9] Unfortunately, the
intrinsically inferior electrical conductivity of these semi-
conducting Co-based electrocatalysts would significantly
hamper the electron transfer between the nanowires arrays
and the current collector interfaces, limiting their overall
OER efficiency. Thus, it is highly desirable to design metallic
Co-based nanowire arrays directly grown on the current
collector for OER.

Density functional theory suggests that Co4N, as a metallic
Co-based material, could provide an ideal platform for
investigations of the OER catalytic activity of metallic Co-
based compounds.[10] Density functional theory (DFT) calcu-
lation reveals that the density of states (DOS) across the
Fermi level, demonstrating the metallic character of the Co4N
(Figure 1). The typical metallic behavior of Co4N can be
further revealed by the temperature-dependent electrical
resistance curve (Figure 1b), where electrical resistance
increased approximately linearly with elevating temperature,

Figure 1. a) Calculated density of states (DOS) for Co4N product.
Inset: corresponding crystal structure of Co4N product with dominant
Co–Co metallic bonds. b) Temperature-dependent electrical resistance
of Co4N product.
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consistent with a metallic character. In this regard, metallic
Co4N would bring efficient transfer of electrons between the
catalyst surface and the current collector, showing potential
application in the field of OER. Herein, we report the first
metallic porous nanowire arrays grown on carbon cloth
(denoted as Co4N NW/CC). Benefiting from the intrinsic
metallic character to favor the fast charge transport, 1D
porous nanowire arrays for large active surface area, and 3D
configuration structure for strong structure stability, metallic
Co4N NW/CC electrodes activated by surface oxidation not
only show excellent OER catalytic performance with
extremely small overpotential of 257 mV at a current density
of 10 mAcm¢2 and low Tafel slope of 44 mVdec¢1, but also
exhibit excellent stability during a prolonged OER process in
an alkaline medium.

The nitridation method has been proven to be an effective
way to prepare specific cobalt nitrides.[11] In our case, metallic
Co4N porous nanowire arrays grown on carbon cloth are first
synthesized by a simple nitridation reaction, with high
temperature treatment of Co(OH)F nanowire arrays precur-
sor under a flowing NH3 atmosphere (Scheme 1; Supporting
Information, Figure S3).[12] The overall reaction equation for

the formation of Co4N can be shown as following: 24 Co-
(OH)F + 40 NH3 = 6Co4N + 24 H2O + 5N2 + 24NH4F. The
structural information of the as-obtained samples were first
investigated by X-ray diffraction (XRD). All diffraction
peaks of the product match well with the pure Co4N phase
with a cubic structure, indicating that the Co(OH)F precur-
sors was successfully converted into Co4N product (Fig-
ure 2a). Meanwhile, the Co3O4 nanowires can also be
prepared by oxidation reaction for further comparison
(Supporting Information, Figures S4,S5). SEM and TEM
images demonstrated that the 3D configuration based on
porous Co4N nanowire arrays had been developed success-
fully (Figure 2b,c; Supporting Information, Figure S6).
Microscopic characterizations were also performed to further

analyze the phases and compositions. The HRTEM image of
Co4N nanowires showed a distinct lattice fringe of 2.07 è,
which is consistent with the (111) lattice plane of Co4N
product (Figure 2d). Moreover, electron energy loss spec-

troscopy (EELS) con-
firmed that the result-
ing product was com-
posed of Co and N,
and EELS mapping
images also confirmed
the homogenous spa-
tial distributions of Co
and N in Co4N prod-
uct (Figure 2e,f).[13]

Therefore, all the
above results clearly
suggested that the
metallic Co4N nano-
wires array was suc-
cessfully obtained
from the nitridation
reaction of Co(OH)F
NW precursor.

To verify whether
metallic Co4N NW/CC
could serve as a highly
efficient OER electro-

catalyst, electrochemical measurements were performed in
1m KOH solution. The Co4N NW/CC electrode was firstly
activated by surface oxidation in O2-saturated alkaline
medium for 20 cycles, and then recorded the twentieth cycle
as the first polarization curves at a sweep rate of 5 mVs¢1

(denoted surface oxidation activated Co4N NW/CC as SOA-
Co4N NW/CC). The SOA-Co4N NW/CC electrode displayed
the smallest overpotential requirement of 257 mV to reach
a current density of 10 mA cm¢2, while the Co(OH)F NW/CC
precursor and Co3O4 NW/CC needed a relatively larger
overpotential requirement of 375 mV and 320 mV, respec-
tively (Figure 3a). This result suggested that the composition
transformation of the Co(OH)F/CC to SOA-Co4N/CC can
significantly improve the catalytic activity. To gain further

Scheme 1. Preparation process of Co(OH)F NW, Co3O4 NW, and Co4N NW grown on carbon cloth.

Figure 2. a) XRD pattern of Co4N NW/CC. b) Low- and c) high-magnifi-
cation SEM images of Co4N NW/CC. d) HRTEM image of Co4N NW/
CC. Inset: TEM image of Co4N NW/CC (scale bar = 200 nm). e) EELS
spectra and f) the typical HAADF-STEM, EELS element mapping
images of obtained Co4N product.
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insight into the SOA-Co4N NW/CC electrode, the Tafel slopes
for all catalysts were investigated. The Tafel slope of the
SOA-Co4N NW/CC electrode was 44 mV/dec, smaller than
that of Co(OH)F NW/CC (153 mV/dec) and Co3O4 NW/CC
(72 mV/dec; Figure 3b, c), indicating more rapid OER rates
can be achieved in practical applications using SOA-Co4N
NW/CC as electrocatalyst (Supporting Information, Fig-
ure S7).

The porous nanowires arrays could provide a larger active
surface area, which can be evaluated approximately by using
the electrochemical double-layer capacitance (Cdl).[14] Porous
SOA-Co4N NW/CC (365.5 mF cm¢2) exhibit a 1.2 and 2.6-
times Cdl than Co3O4 NW/CC (306.3 mFcm¢2) and Co(OH)F
NW/CC (141.2 mF cm¢2), respectively (Figure 3d; Supporting
Information, Figure S8). Generally, the higher effective sur-
face area contributed to the higher electrocatalytic activity of
SOA-Co4N nanowire arrays. However, the activity enhance-
ment is not solely dependent on the increased electrochemical
surface area. For example, the current density of SOA-Co4N
NW/CC electrode (73.5 mAcm¢2) is approximately 7.4 times
higher than that of Co3O4 NW/CC electrode (10 mAcm¢2) at
the overpotential of 320 mV (Figure 3a), which demonstrates
the better charge transfer kinetics on metallic SOA-Co4N
nanowires. The above results clearly illustrate that the better
catalytic performance of SOA-Co4N NW/CC compared with
Co3O4/CC and Co(OH)F/CC mainly originate from the N

atoms incorporation and leads to a unique metallic electronic
structure. Moreover, stability is another key index to evaluate
the property of catalysts. The polarization curve achieved
after 1000 cycles (Figure 3e; Supporting Information, Fig-
ure S9a) and chronoamperometric response (Figure 3 f; Sup-
porting Information, Figure S9 b) all verify the high stability
of SOA-Co4N NW/CC, indicating the apparent advantage of
metallic Co4N porous nanowire arrays as high-performance
OER electrocatalysts.

The superior OER catalytic performance of SOA-Co4N
NW/CC electrodes can be ascribed to the multiple synergistic
effects of metallic character, 1D porous nanowire structure,
and unique 3D electrode configuration. First, the metallic
character of electrode material endows the faster charge
transport capability between the catalyst surface and the
current collector, favoring the high OER activity. Second, the
porous SOA-Co4N nanowire arrays provide a larger active
surface area, which can be confirmed by the corresponding Cdl

and BET surface areas (Supporting Information, Figure S14).
Third, benefiting from the unique 3D electrode configuration,
the reaction kinetics of oxygen evolution reaction can be
significantly promoted. Also, one-dimensional (1D) nanowire
direct grown on carbon cloth provides the straightway path
for electron transport and enhances the structural stability,
whilst well-defined porous nanowire arrays provide a smooth
pathway to facilitate the penetration of electrolyte and
augment the contact degree between reactants and active
sites within Co4N nanowires. Furthermore, 3D nanowire array
structure also enable the facile release of evolved O2 gas
bubbles to further improve the reaction interface. Therefore,
these collaborative advantages enable the porous SOA-Co4N
NW/CC to achieve excellent OER catalytic activity.

To better develop the metallic Co4N as a highly active
electrocatalyst, a deeper understanding of the catalytic
mechanism is also needed. Generally, the possible OER
catalytic mechanism of non-oxide Co-based catalysts has
already been proposed in an alkaline medium.[15]

Coþ 2 OH¢ ! CoðOHÞ2 þ 2 e¢ ð1Þ

3 CoðOHÞ2 þ 2 OH¢ ! Co3O4 þ 4 H2Oþ 2 e¢ ð2Þ

Co3O4 þH2OþOH¢ ! 3 CoOOHþ e¢ ð3Þ

CoOOHþOH¢ ! CoO2 þH2Oþ e¢

Summary OER : 4 OH¢ ! 2 H2OþO2 þ 4 e¢
ð4Þ

In our case, the catalytic mechanism of Co4N is similar to
that of the mechanism proposed above for Co-based catalysts
during the OER process in an alkaline medium. Firstly, the Co
atoms on the surface of Co4N are partially surface oxidized
into CoOOH to form the CoOOH/Co4N as the active sites.
These active sites can expedite the oxidation of absorbed
OH¢ species into molecular oxygen. Then, at higher potential,
the CoOOH/Co4N will be further oxidized to form the CoO2/
Co4N complex species that is a more efficient species for OER
process. Therefore, the active phases actually are metallic
Co4N cores with a thin cobalt oxide/hydroxide shell during
water oxidation process,[16] The metallic Co4N nanowire was
selected mainly for its superior conductivity, which could

Figure 3. a) IR-corrected polarization curves, b) Tafel plots of all cata-
lysts in 1m KOH solution. c) Comparison of potentials required to
reach j = 10 mAcm¢2 and Tafel slopes for all as-obtained catalysts.
d) Current density as a function of the scan rate for all as-obtained
electrodes. e) IR-corrected polarization curves of SOA-Co4N NW/CC
before and after CV testing of 1000 cycles in 1m KOH solution.
f) Time dependence of the current density under a static overpotential
of 320 mV in 1m KOH solution.
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expedite electron transport from conductive support to the
catalyst surface of metallic Co4N porous nanowires much
better than the semiconducting Co-based nanowires, guaran-
teeing a faster OER kinetics process compared with the
semiconducting cores (Co3O4 and Co(OH)F) with very thin
cobalt oxide/hydroxide shells as active sites.

To verify the catalytic mechanism, ex situ X-ray absorp-
tion fine structure (XAFS) spectroscopy has been performed.
Figure 4a shows the Fourier transformed extended XAFS
(FT-EXAFS) data for the Co4N sample before and after
potential cycling, compared with the standard Co foil and
Co3O4. At first, it can be seen that the FT-EXAFS features,
especially peak I at 1.8 è corresponding to the Co¢N/O bond,
and peak II at 2.5 è corresponding to the Co¢Co bond, of the
sample present a very basic similarity, demonstrating the
elementary structure of the Co4N layer remained stable
during the OER process. The obvious difference of the both
FT-EXAFS spectra is the “crashing decrease” of the FT
intensity of the Co–Co shell and a small intensity increase of
the first shell. The most possible interpret for this phenom-
enon is that the surface Co atoms of the layer have been
oxidated. The Co4N sample has a small alloying property with
twelve Co coordinators, and the Co–Co distance is slightly
longer than that of Co0, but shorter than that of Co3O4,
indicating the surface Co atoms of the layer have been
partially oxidated into cobalt oxide/hydroxide, which is
consistent with the result of XPS spectra (Supporting
Information, Figure S15). However, XRD pattern (Support-
ing Information, Figure S16) still canÏt detect any cobalt
oxides or other hydrated cobalt oxides, indicating a very thin
cobalt oxide/hydroxide shell on the surface of Co4N bulk.
These systematic characterizations confirm that the major
phase was Co4N inside during OER process.

Moreover, the X-ray absorption near-edge spectra
(XANES) of the Co4N sample presents a pre-edge feature
at about 7712 eV (Figure 4 b). This feature became weaker
after the potential cycling, suggesting the sample underwent

a de-alloying process. On the other hand, the rising edge of
the XANES shifts to higher energy gives further evidence for
partial surface oxidation of the Co4N sample. To investigate
whether the active materials (CoOx/Co4N) is changing with
the ongoing catalytic reaction process or not, we performed
a list of ex situ HRTEM tests based on the Co4N porous
nanowires before (marked as pristine) and after cyclic
voltammetry (CV) tests. As shown in Figure 4c, Co-O layer
on pristine Co4N sample could be hardly seen (below 1 nm
owing to surface oxidation exposed to air). After 20 CV tests,
a very thin CoOx layer of 1–2 nm (4–9 CoOx layers) was
observed around the surface of Co4N nanowires (Figure 4d),
suggesting the electroactive species was formed on the Co4N
surface. Notably, the amount of electroactive species (CoOx)
was further increased and gradually reached the steady state
with the prolonged CV tests (Figure 4e–g). This result reveals
that the formation of CoOx layer on the surface of Co4N not
only protects the Co4N core from further oxidation, but also
provides the necessary active sites for OER process. Mean-
while, the mapping images also show homogeneous oxygen
element distribution around the whole Co4N nanowires
(Figure 4 h). Moreover, the corresponding electrochemical
measurements results reveal that the CoOx layer formed on
the surface of Co4N nanowires plays a very important role for
the OER. The catalytic activity of the Co4N electrocatalyst
becomes stable after 20 cycles, and no significant degradation
was observed for the following CV cycles (Supporting
Information. Figure S17). All of the above ex situ results
provide solid evidence that the active phases are metallic
Co4N cores with a thin cobalt oxide/hydroxide shell during the
OER process.

In conclusion, metallic Co4N porous nanowire arrays were
directly grown on a flexible substrate and were successfully
derived by a facile precursor-nitridation reaction. Owing to
their metallic property, 1D nanowire structure, and unique 3D
electrode configuration, metallic Co4N NW/CC electrodes
activated by surface oxidation exhibit extremely high OER

Figure 4. a) FT-EXAFS spectra and b) XANES profiles of standard Co, Co3O4, and Co4N before and after 1000 potential cycles from 0-0.8 V.
c) HRTEM image of pristine Co4N sample (without activated) and HRTEM images after d) 20, e) 100, f) 500 and g) 1000 CV cycles.
h) Corresponding element mapping images of Co4N catalyst after 1000 potential cycling.
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catalytic activity, superior stability, and more favorable
reaction kinetics. Furthermore, the catalytic mechanism of
metallic Co4N porous nanowires was shown to involve active
phases that are metallic cobalt nitride cores with a thin cobalt
oxide/hydroxide shell during the OER process. This work
paves a new avenue to explore the design of advanced
metallic catalysts.
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