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Cobalt nitrides as a class of metallic
electrocatalysts for the oxygen evolution reactiont

Pengzuo Chen,1? Kun Xu,1? Yun Tong,? Xiuling Li,< Shi Tao,” Zhiwei Fang,?
Wangsheng Chu,® Xiaojun Wu®€ and Changzheng Wu*®

The development of highly-efficient, stable and cost-effective electrocatalysts for the oxygen evolution
reaction (OER) is critical for a range of renewable-energy technologies, including metal-air batteries, fuel
cells and water-splitting reactions. However, most of the well-developed electrocatalysts are semicon-
ductors or insulators with poor conductivity, which has profoundly inhibited their overall OER efficiency.
In this study, metallic cobalt nitrides (Co,N, CoszN and Coy4N) arising from electron delocalization modu-
lation have been investigated for OER electrocatalysts in alkaline solution for the first time. Benefiting
from the synergistical engineering of the electrical conductivity and nitrogen content, the simple metallic
CouN catalyst without modifications exhibits a stable current density of 10 mA cm™ at a small overpoten-
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tial of 330 mV for OER with a Tafel slope as low as 58 mV dec™! in alkaline medium, which is superior to
most of the unmodified metal oxide electrocatalysts reported to date. Our finding introduces new possi-
bilities for the design of highly active electrocatalysts using synergistical electrical conductivity regulation
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Introduction

Oxygen electrochemistry plays a critical role in the develop-
ment of efficient energy conversion and storage devices, such
as rechargeable metal-air batteries, regenerative fuel cells and
water-splitting." The oxygen evolution reaction (OER), as one
of the most important processes for producing molecular
oxygen via the electrochemical oxidation of water, has sparked
intensive research in recent years.” However, the kinetics of
the OER is sluggish and suffers from multistep proton-coupled
electron transfer, which imposes considerable overpotential
requirements.® Although precious-metal oxides such as RuO,
and IrO, exhibit superior OER catalytic activity, their low abun-
dance and high cost render them unsuitable for use in large-
scale commercial applications." Therefore, the development of
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alternative OER electrocatalysts that can expedite the reaction
and reduce the overpotential, thereby enhancing the energy
conversion efficiency, is highly desired.

Over the past few years, numerous alternative OER electro-
catalysts have been exploited, such as 3d-transition-metal
oxides,” hydro(oxy)oxides,® perovskites,” transition-metal sul-
fides,® and phosphates,” along with various molecular cata-
lysts.'® Among these well-developed catalysts, 3d-transition-
metal compounds, especially cobalt-based compounds, have
attracted tremendous attention and have exhibited superior
OER electrocatalytic activity because of their exceptional 3d
electronic configurations."” The modulation of electrical be-
havior is one of the most important methods to promote the
OER catalytic activities of the cobalt-based material system.
For example, gold-supported cobalt oxide has exhibited a
superior OER catalytic performance because of the enhanced
electron transport of the semiconducting cobalt oxide
mediated by the metallic Au support.'> Moreover, an N-doped
graphene/Co;0, hybrid has also been reported to exhibit high
OER activity arising from the synergistic electrical coupling
effects between the wide-bandgap semiconducting Co;0, and
the conductive graphene.'® Most of the cobalt-based electro-
catalysts are semiconductors or insulators with poor intrinsic
conductivity, which has profoundly inhibited their overall
water splitting efficiency. Tremendous progress has been
achieved through doping certain heteroatoms or incorporating
other functional materials.'* However, there is currently a lack
of in-depth research into the intrinsic conductivity of the
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cobalt-based frameworks to further accelerate the electron
transport and to facilitate the transition from the surface low
oxidation state to higher states, thereby enhancing their cata-
lytic performance."

Cobalt nitride, as one of the binary nitride systems of 3d
metals, has been regarded as a metallic interstitial com-
pound.® The nitrogen atoms incorporating into the interstices
of the cobalt-based framework are bonded covalently to the
cobalt atoms combined with the cobalt-cobalt interactions,
giving metal-like properties."”” Currently, metallic metal
nitrides have been exploited as highly efficient catalysts for the
hydrogen evolution reaction, but have rarely been investigated
as OER catalysts.'® In this regard, cobalt nitride will be an
ideal platform for investigations into the OER electrocatalytic
performance of metallic cobalt-based compounds with
superior intrinsic conductivity. Notably, although cobalt
nitrides hold significant promise as OER catalysts, the relative
study has been ignored over the past years. Herein, we report a
category of metallic cobalt-based material systems (Co,N,
Co;N, and CoyN), with tunable electrical conductivity arising
from electron delocalization, representing new metallic OER
electrocatalysts. Metallic Co,N without any modification
brings synergic advantages of ultrahigh electrical conductivity
and modulated nitrogen content, achieving the best OER cata-
lytic activity and excellent stability among the serial cobalt
nitrides in alkaline solution.

Experimental section
Preparation of the a-Co(OH), and -Co(OH), precursors

The a-Co(OH), and p-Co(OH), precursors were prepared using
a modification of the method reported in the literature."® In a
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typical procedure for the preparation of the a-Co(OH), precur-
sor, 4 mmol of CoCl,-6H,0, 5 mmol of NaCl, and 8 mmol of
hexamethylenetetramine (HMT) were added to a solution of
20 ml of ethanol and 180 ml of distilled water under vigorous
stirring. The solution was heated at 90 °C for 1 h and then
allowed to cool to room temperature. The final product was
collected by centrifugation, washed with water and ethanol
several times and then dried under vacuum overnight for
further characterization. For the p-Co(OH), precursor, the syn-
thetic procedure was similar to that for a-Co(OH), with the
adjustment of the concentrations of CoCl,-6H,0 and HMT to
1.5 mmol and 8 mmol, respectively, as the raw materials.

Synthesis of the Co;0, precursor

In a typical procedure, 200 mg of the as-obtained p-Co(OH),
precursor was heated at 400 °C for 3 h in air and then cooled
to room temperature. The final Co;O, precursors were
obtained in black colour.

Synthesis of the metallic Co,N sample

The Co,N sample was obtained from the $-Co(OH), precursor
by a simple nitridation reaction. In a typical procedure, 50 mg
of the p-Co(OH), precursor was placed in a tube furnace. The
furnace was heated to 380 °C at 8 °C min~" under a flowing
NH; atmosphere and was maintained at this temperature for
2 h. The furnace was then allowed to cool to room tempera-
ture, and the final product was collected for further
characterization.

Synthesis of the metallic Co;N sample

The CozN sample was synthesized through a similar nitrida-
tion reaction: 50 mg of the a-Co(OH), precursor was nitrided
with the heating rate of 8 °C min™" at 380 °C for 2 h to
produce the black Co;N sample.

Synthesis of the metallic Co,N sample

The Co,N sample was obtained from the Co;0, precursor via a
similar nitridation reaction: 50 mg of the Co;0, precursor was
heated with the heating rate of 8 °C min™" at 420 °C for 2 h
under a flowing NH; atmosphere and was then allowed to cool
to room temperature.

Structural characterization

X-ray powder diffraction (XRD) was performed using a Philips
X'Pert Pro Super diffractometer with Cu-Ka radiation (4 =
1.54178 A). Transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) were performed on a JEM-2100F
field-emission electron microscope operated at an acceleration
voltage of 200 kV. X-ray photoelectron spectra (XPS) were
obtained on an ESCALAB MK II X-ray photoelectron spectro-
meter with Mg Ka as the excitation source. The binding ener-
gies achieved in the XPS spectral analysis were corrected for
specimen charging by referencing C 1s to 284.5 eV. The scan-
ning transmission electron microscopy (STEM) images were
obtained on a JEM 2100F (field-emission) transmission elec-
tron microscope equipped with an Oxford INCA X-sight EDS
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Si (Li) detector: the microscope was operated at an acceleration
voltage of 200 kV. The electrical transport property measure-
ments were carried out using a Keithley 4200-SCS semiconduc-
tor characterization system and the two-point probe method.

Electrochemical tests

All of the electrochemical measurements were performed in a
three-electrode system on an electrochemical workstation
(CHI660B). In a typical procedure, 4 mg catalysts (Co,N, CosN
and Co,N) and 40 pl of 5 wt% Nafion solutions (Sigma Aldrich)
were dispersed in 1 ml of water-isopropanol solution with a
volume ratio of 3:1 by sonication for 30 min to form a homo-
geneous ink. Next, 5 pl of the prepared dispersion was loaded
onto a glassy carbon electrode with a diameter of 3 mm
(loading: 0.285 mg cm™?). Linear-sweep voltammetry was con-
ducted at a scan rate of 5 mV s™' in 0.1 M and 1 M KOH solu-
tion (purged with oxygen for 30 min) using a Ag/AgCl
(3.3 M KCl) electrode as the reference electrode, Pt gauze as the
counter electrode, and the glassy carbon electrode with one of
the catalysts. All of the potentials in this study are reported vs.
Ag/AgCl. The polarization curves were obtained by sweeping the
potential from 0 V to 1.0 V at a sweep rate of 5 mV s~ in an
alkaline solution. The stability of the as-obtained catalyst was
carried out in an O,-saturated 0.1 M KOH solution at room
temperature by applying a static overpotential of 437 mV.

Results and discussion

The serial cobalt nitrides were prepared through a series of
simple precursor nitridation reactions. Briefly, the corres-
ponding XRD patterns of the serial cobalt nitrides in Fig. 1
demonstrate that the peaks match well with the standard XRD
profiles and that no impurities are detected. Fig. 1a shows
that the metallic Co,N has an orthorhombic crystal structure
(JCPDS card no. 651458), which belongs to the space group
Pnnm (58). After the nitrogen content was further decreased,
Co;N (space group P63/mmm (182)) with a hexagonal crystal
structure is obtained, which is isostructural to NizN (space
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group Pm3 m (221)). Further nitrogen-depletion led to CouN,
which is packed in an fec arrangement with a smaller nitrogen
atom situated at the centre of the unit cell. Moreover, the
corresponding crystal structures of the serial cobalt nitrides
indicate that the electron cloud overlapping of neighbouring
cobalt elements gradually multiplied from Co,N to Co,N
(Fig. 1d). This observation led us to expect an obvious
enhancement of the electron delocalization and an increase of
the electrical conductivity in Co,N, which contains more metal
Co atoms in each unit cell. In order to further demonstrate the
metallic properties of cobalt nitrides based on experimental
evidence, analysis of the temperature-dependent resistivity of
the cobalt nitrides was carried out. As shown in Fig. 1e, the
corresponding resistivity values of the cobalt nitrides slightly
increase with increasing temperature from 100 K to 320 K,
indicating a typical metal-like character. More importantly, the
electrical conductivity of the cobalt nitrides was obviously
enhanced with decreasing nitrogen content in the Co,N, CosN,
and Co,N samples. In this case, the as-obtained Co,N with the
most nitrogen-depleted crystal structure exhibits an extremely
low resistivity of 6.0 x 107® Q m at room temperature, which is
6.3 times lower than the measured resistivity of CozN and 7.7
times lower than that of Co,N. This result reflects the higher
intrinsic conductivity of the Co,N sample resulting from the
lower N content in the Co-based framework.

Microscopic characterization was also performed to further
analyse the phases of all of the as-obtained products. The high
resolution transmission electron microscopy (HRTEM) images
are shown in Fig. 2a-c, which confirm that lattice fringes of all
serial cobalt nitrides match with their lattice fringes well, veri-
fying the crystalline cobalt nitrides. Moreover, electron energy
loss spectroscopy (EELS) was performed to analyse the Co and
N elements in our obtained cobalt nitrides. The presence of Co
and N in the as-prepared cobalt nitride catalysts was con-
firmed by the EELS analysis of the K-edges of N on the Co,N,
CosN and CouN products, as shown in Fig. S4, S5af and
Fig. 2d. All of the EELS spectra exhibit ionization edges at ca.
398.3 eV, which is consistent with the K-shell of the N
element, and the peak located at 780.2 eV corresponds to the
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Fig. 1 X-ray diffraction (XRD) patterns of (a) CozN, (b) CosN and (c) CosN. (d) Schematic of the electron delocalization for the serial cobalt nitrides
viewed from the c-orientation. (e) Temperature-dependent electrical resistivity of serial cobalt nitrides.
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Fig. 2 HRTEM images of the (a) CozN, (b) CosN and (c) CosN catalysts. (d) Electron energy loss spectroscopy (EELS), (e) EELS line scanning profiles
of the Co4sN sample. (f) The typical HAADF-STEM and EELS element mapping images of the obtained Co4N product.

edges of Co-L.*° Moreover, EELS line-scanning profiles and
the mapping images were collected to further analyse the
elemental distribution in our cobalt nitrides. Fig. S4, S5bf and
Fig. 2e confirm that the compositions of the as-prepared pro-
ducts consist of Co and N, with no other obvious contami-
nants detected in the cobalt nitrides. Finally, the EELS
element mapping images of the serial cobalt nitrides in
Fig. S4, S5(c-f)} and Fig. 2f, where the Co (indicated by green)
and N (indicated by red) exhibit homogeneous spatial distri-
butions, indicate that the serial cobalt nitrides were success-
fully prepared. Therefore, these results clearly reveal that the
obtained cobalt nitrides are composed of Co and N. As pre-
viously described, with the incorporation of N into the Co
framework, serial metallic cobalt nitrides with a wide range of
continuously adjustable components were developed. There-
fore, both excellent conductivity and modulated nitrogen
content coexisting in these metallic cobalt nitrides are
expected to bring enhancement of the OER catalytic activity.
To demonstrate the role of the intrinsic conductivity and
the modulated nitrogen content in cobalt nitrides, the OER
catalytic properties of the serial cobalt nitrides were initially
evaluated by linear-sweep voltammetry (LSV) in a 0.1 M KOH
solution. As shown in Fig. 3a, Co,N exhibits a higher current
density than that of other catalysts at the same applied poten-
tial and achieves a smaller overpotential of 370 mV compared
with that of the Co,N (510 mV) and Cos;N (470 mV) catalysts at
a current density of 10 mA ¢cm . This result is comparable to
the commercial RuO, catalyst of the previous reported work
(Table S27). In addition, the corresponding IR-corrected Tafel
plots [ vs. log(j) ] in Fig. 3b exhibit a Tafel slope of 80 mVv
dec™ in the case of the Co,N electrode, which is significantly
smaller than those of Co,N (145 mV dec™") and CosN (130 mV
dec_l). 1t is noted that metallic Co,N has a further decrease in

This journal is © the Partner Organisations 2016

the slope value compared to the other catalysts (Fig. 3b). These
phenomena were related to the resistance discrepancy for
materials and charge transfer on the surface state, both of
which have influence upon their Tafel slopes. Moreover, the
measured currents were further normalized by BET surface
areas to obtain the normalized current density (Fig. S6t). As
shown in Fig. S8,1 the Co4N also exhibits the best OER catalytic
performance among the investigated catalysts, and the varying
pattern of the OER catalytic activities for each catalyst is con-
sistent with the analysis results prior to normalization, thereby
indicating the intrinsic OER catalytic performance of all of the
as-prepared catalysts.

Given the significance of being able to control the electrical
conductivity and the composition in the design of the OER cat-
alysts, the catalytic activities of all of the catalysts were further
investigated in a 1 M KOH solution. As shown in Fig. 3c, the
nitrogen-depleted Co,N exhibited a higher current density of
10 mA cm 2 at a smaller overpotential of 330 mV in the 1 M
solution due to the greater ionic conduction in the higher-con-
centration oxygen-saturated electrolyte. This low overpotential
value is much better than most of the metal oxide electrocata-
lysts without modifications reported to date.”” Meanwhile, the
nitrogen-depleted Co,N also exhibits the lowest Tafel slope of
58 mV dec ' among the serial cobalt nitrides, further confirm-
ing the significance of the intrinsic conductivity and the
modulated nitrogen content in metallic Co,N catalyst (Fig. 3d).
In addition, the varying pattern of the OER electrocatalytic per-
formance for serial cobalt nitrides is in accordance with the
measured results achieved in 0.1 M KOH solution.

Stability is another significant criterion by which to evalu-
ate the catalysts. The stability of the metallic Co,N in the OER
process was evaluated via long-term cycling tests performed in
a 0.1 M KOH solution. After the 1000 cycle test, the Co,N cata-
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Fig. 3 (a) IR-corrected polarization curves for the serial cobalt nitrides.
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(b) The corresponding Tafel plots in 0.1 M KOH solution. (c) IR-corrected

polarization curves for all catalysts. (d) The corresponding Tafel plots in 1 M KOH solution.

lyst maintained the same performance exhibited in the initial
cycle (Fig. 4a), indicating that the metallic Co,N exhibits
superior stability in a long-term electrochemical process.
Moreover, a continuous OER test under a static potential was
performed to further verify the stability of the cobalt nitrides
under alkaline conditions. As shown in Fig. 4b, when an over-
potential of 437 mV was applied, the current density of Co,N
exhibited only a slight degradation (4.5%) after a long period
of 13000 seconds, revealing its excellent stability under the
OER conditions. By contrast, the current densities of the Co,N
and CozN decreased gradually with time (only maintaining
65.9% and 58.5% of their initial current densities after 13 000
seconds, respectively, as shown in Fig. 4b). The amount of
oxygen evolved from water with increasing electrocatalytic time

measured using a fluorescence-based oxygen sensor (Fig. 4c).
The bulk electrolysis tests were performed in a 0.1 M KOH
solution in a gas-tight electrochemical cell under an inert
atmosphere and under an applied continuous overpotential of
437 mV. In general, the theoretical amount of produced O,
molecule was calculated by assuming that all of the charge was
generated from the 4e” oxidation of water. As shown in Fig. 4c,
the amount of oxygen matches the theoretical amount of
oxygen during the process of electrolysis well, corresponding
to a Faradaic efficiency of >98% in 60 min. All the above
results demonstrate that the metallic Co,N could serve as a
highly effective OER electrocatalyst.

Currently, a possible mechanism for Co-based OER electro-

catalysts has already been proposed in an alkaline

and the Faradaic efficiency of the metallic Co,N catalyst were medium."*' For example, in our case, a part of Co atoms on
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Fig. 4 (a) Stability of CosN with an initial polarization curve and after 1000 cycles in a 0.1 M KOH solution. (b) Time dependence of the current
density under a static overpotential of 437 mV in 0.1 M KOH solution. (c) Theoretical (black plot) and experimental (red plot) amounts of O, produced
for the Co4N catalyst measured using a fluorescence-based oxygen sensor.
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the surface of cobalt nitrides are firstly oxidized and trans-
formed into CoOOH to form the CoOOH/Co,N (x = 2, 3, 4)
complex species as the OER catalytically active sites, which
then promote the oxidation of OH™ into O,. The CoOOH is
then further oxidized to CoO, to form the CoO,/Co,N (x = 2, 3,
4) complex, which is a more efficient species for the water oxi-
dation process.”” Therefore, the effective nitrogen content
modulation brings about the enhancement of intrinsic met-
allic characteristics in the CosN sample, enabling its more
facile oxidation reactions to overcome the kinetically sluggish
OER process, and thereby largely enhancing its electrocatalytic
activity. Considering the excellent performance of the simple,
unmodified metallic Co,N as the only catalyst, it is expected
that further improvement of the electrocatalytic activity would
be realized by doping certain heteroatoms, morphology modi-
fication or incorporating other functional materials.

Conclusions

In conclusion, by utilization of electron delocalization modu-
lation, a category of metallic electrocatalyst systems i.e., the
serial cobalt nitrides (Co,N, CozN, and Co,N), with tunable
conductivity and continuously adjustable components, have
been reported for efficient OER electrocatalysts. Due to the
synergic advantages of ultrahigh electrical conductivity and
modulated nitrogen content, metallic Co,N catalyst without
any modification shows the best OER catalytic activity among
the serial cobalt nitrides in alkaline medium. Briefly, this work
not only offers a facile and scalable strategy for fabricating
metallic cobalt nitrides as highly-efficient OER catalysts but
also experimentally demonstrates that the synergistic effects of
the electrical transport and the modulated composition in
cobalt nitrides play a critical role in optimizing water oxi-
dation. This approach therefore holds great promise for
improving the activity of various electrocatalysts.
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