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Abstract: Electrochemical splitting of water to produce hydro-
gen and oxygen is an important process for many energy
storage and conversion devices. Developing efficient, durable,
low-cost, and earth-abundant electrocatalysts for the oxygen
evolution reaction (OER) is of great urgency. To achieve the
rapid synthesis of transition-metal nitride nanostructures and
improve their electrocatalytic performance, a new strategy has
been developed to convert cobalt oxide precursors into cobalt
nitride nanowires through N, radio frequency plasma treat-
ment. This method requires significantly shorter reaction times
(about 1 min) at room temperature compared to conventional
high-temperature NH; annealing which requires a few hours.
The plasma treatment significantly enhances the OER activity,
as evidenced by a low overpotential of 290 mV to reach
a current density of 10 mA cm™~, a small Tafel slope, and long-
term durability in an alkaline electrolyte.

The oxygen evolution reaction (OER) is one of the key
processes for many energy storage and conversion devices,
such as hydrogen production from water splitting, regener-
ative fuel cells, and rechargeable metal-air batteries.! The
intrinsic thermodynamic “up-hill” reaction require extra
potential to drive the water splitting reaction. To increase
the reaction rate and decrease the energy consumption,
efficient catalysts with low over-potentials are required to
boost this process.”! Although an excellent OER performance
has been achieved for noble metal (Ir and Ru) based
materials, the relative scarcity and high cost of these metals
renders their application for this purpose unsustainable.®!
Thus, a key goal has been to search for new OER catalytic
materials with low over-potential, superior stability, and low
cost. Transition-metal nitrides have attracted enormous
attention as a result of their high chemical stability and
electrical conductivity.® It has been confirmed that the
introduction of N atoms strongly affects the electronic
structure of the metal hosts by charge-transfer processes
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and/or concomitant structural modification.** Transition-
metal nitrides show excellent catalytic activities in various
fields as a result of their distinct electronic structure.! For
example, nanostructured Co,N and Ni;N were synthesized by
Wu and co-workers by ammonia gas annealing the metal
precursors, with the compounds exhibiting excellent OER
performances.®®” We fabricated 3D porous nickel molybde-
num nitride exhibiting an excellent hydrogen evolution
reaction (HER) performance.®!

Great progress has been achieved in the fabrication of
metal nitrides.® The commonly applied chemical methods,
such as annealing oxide precursors in ambient ammonia and
using nitro-organic compounds,”” have drawbacks, such as the
use of toxic and environmentally unfriendly nitrogen sources,
high temperatures, and long treatment times. Physical meth-
ods, such as magnetron sputtering, are not able to produce
specific nanostructured materials. It is well accepted that any
efficient catalyst must be composed of tailored nanostructures
with high specific surface areas, large reaction sites, and
sufficient contact area between reactants and catalyst materi-
als."” Thus, a key goal is the development of facile, efficient,
and environmentally friendly synthetic methods to produce
metal nitrides with tailored nanostructures.

Herein, we demonstrate a fast and convenient method
based on N, radio frequency (RF) plasma treatment to
directly convert Co;O, nanowire arrays into cobalt nitride
(CoN). Within just one minute at room temperature, the
nitridation process is complete while the nanoarray structure
is well preserved. The obtained CoN nanowires function as
a highly active and stable non-noble OER electrocatalyst with
a low overpotential of 290 mV to reach 10 mA cm 2 (77,, i.€.
the potential required to reach 10 mAcm?), a small Tafel
slope of 70 mV dec™!, and good stability over 30 hin 1m KOH.
This method is generic and can be employed for the synthesis
of various metal nitrides with tailored nanostructures for
application in a variety of electrochemical processes (for
example, batteries, supercapacitors, electrocatalysis).

First, Co;O, nanowire arrays were prepared as previous
reported."!! Then, the obtained Co,O, nanowires were
treated under N, RF plasma at room temperature for
different time periods, specifically 30s, 1 min, and 3 min,
which are denoted as CoN-30 s, CoN-1 min, and CoN-3 min,
respectively. The phase and composition of these samples at
different synthesis stages were studied by X-ray diffraction
(XRD; Figure la; see also Figure S1 in the Supporting
Information). After the N, plasma treatment, the peaks
indexed to the CoN phase appear and those peaks for the
Co;0, phase become weaker. In the pattern of the CoN-30 s
sample, peaks for Co;O, and CoN coexist. The peak
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Figure 1. The conversion of Co;0, into CoN. a) XRD patterns of Co;0,,
CoN-30's, CoN-1 min, and CoN-3 min. The dashed and solid lines
indicate the peak positions of Co;O, and CoN, respectively. b-d) XPS
spectra: b) Co2p spectra of Co;0, and CoN-1 min, c) O1s spectra of
Co;0, and CoN-1 min, d) N 1s spectrum of CoN-1 min.

attributed to the (311) plane of Co;0, and (the 111) plane of
CoN overlap at 36.5-36.8°. For the CoN-1 min sample, only
peaks indexed to CoN remain (solid line)."?! There is no
difference between the pattern of CoN-3 min and that of
CoN-1 min, implying that pure CoN nanowire arrays were
obtained after just 1 min of N, plasma treatment.

The surface chemical states of Co;0O, and CoN-1 min were
further investigated by X-ray photoelectron spectroscopy
(XPS; Figure 1b-d). For the Co spectra (Figure 1b), the two
dominating peaks, Co 2p;, and Co 2p,;, are in good agree-
ment with those reported for Co;0,." The relatively weak
(negligible) satellite peaks in the XPS spectra of Co;O,
confirms its characteristic spinel structure, with Co™" cations
occupying octahedral lattice sites and Co®" cations in
tetrahedral sites. The emergence of well-defined satellite
peaks (at 787.3 and about 803.2 ¢V) in the CoN-1 min sample
is consistent with the breakdown of the spinel structure after
nitrogen plasma exposure and the presence of Co", which
indicates the presence of cobalt oxide/
hydroxide which is unavoidably formed
upon atmospheric exposure.'* Both peaks
of the CoN-1 min sample show a positive
chemical shift by 0.5eV compared with
that of Co;0,, indicating a modulation of
the surface electronic band bending after
N, plasma. The breakdown of stoichio-
metric Co;0, after N, plasma treatment
can also been seen from the O1s spectra
(Figure 1c¢). As expected, the intensity of
the peak at 531.6 eV, corresponding to
surface hydroxy and/or adsorbed oxygen
species, has no detectable change after N,
plasma treatment. In contrast, the peak at
529.8 eV, derived from O? ions in the
crystal lattice of Co;0, or CoO, decreases
significantly for the CoN-1min sample.
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This corresponds to the stoichiometric breakdown of the
Co;0, phase in the CoN-1min sample along with the
conversion into CoN. The smaller but finite intensity of the
529.8 eV peak is due to CoO formation, as was also noticed
through the appearance of satellite peaks in the Co2p spectra
(see above). For the N1s spectrum in Figure 1d, the broad
peak at 397.7 eV is assigned to the nitrogen in a metal nitride
environment only for the CoN-1 min sample.

The morphologies of the CoN nanowires at different
fabrication stages were examined by using electron micros-
copy (Figure 2; Figure S2). First, the obtained Co;O, nano-
wires have a diameter of around 50-100 nm with a tapered
morphology (Figure 2a). SEM images of the CoN-30 s, CoN-
1 min, and CoN-3 min samples are presented in Figure S2 c—e.
After treatment for 30s, the nanowire morphology was
overall preserved except for a slight twist and granulation of
the tips. Increasing the treatment duration to 1 min causes
more curvature and entanglement of the nanowires and more
evident surface roughness (Figure 2d). After 3 min plasma
treatment, the nanowires are severely etched by nitrogen ions
and the array structure no long exists.

Further insights into particle size and morphology of
Co;0, and the CoN-1min sample were obtained from
transmission electron microscopy (TEM) images. It can be
seen that the Co;0O, nanowire is composed of nanoparticles
and the edge of nanowire is even (Figure 2b). The lattice
fringes of 0.466 and 0.244 nm determined from Figure 2¢ can
be assigned to (111) and (311) planes of the spinel Co;0,,
respectively. After N, plasma treatment, the surface of the
CoN-1 min nanowire became rougher compared with that of
Co;0, (Figure 2¢). The lattice fringes of 0.248 and 0.214 nm
in Figure 2 f can be indexed to (111) and (200) planes of the
cubic CoN, respectively. These results are in good agreement
with the results obtained from XRD measurements.

The catalytic activities of all synthesized materials (Co;0,,
CoN-30's, CoN-1 min, and CoN-3 min) for electrochemical
water oxidation were evaluated in 1M KOH solution using
a standard three-electrode system (Figure 3). Figure 3 a shows
the linear-sweep voltammograms (LSV) at 5mVs™' after
iR correction for all electrodes. It can be seen that the CoN-
1 min sample exhibits the highest catalytic activity (highest

Figure 2. Electron micrographs (SEM and TEM) of pristine Co;O, (a—c) and the CoN-1 min
sample (d-f).
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Figure 3. Comparison of the OER performances of different electrodes.
a) iR-corrected polarization curves (overpotential versus log of the
current density) and b) Tafel plots of Ni foam, Co;0,, CoN-30's, CoN-
1 min, and CoN-3 min. c) Comparison of 1, values (potentials
required to reach 10 mAcm™?) and Tafel slopes for all catalysts.

d) Current density as a function of the scan rate for all prepared
electrodes, used to indicate the electrochemically active surface area.
RHE =reference hydrogen electrode.

levels of current density) across the whole potential window.
An overpotential of only 290 mV is required for the CoN-
1 min sample to reach a current density of 10 mAcm™2 (1,,),
which is lower than those of Co;0, (339 mV), CoN-30s
(304 mV), and CoN-3 min (306 mV). The Ni foam was also
tested for comparison. The poor OER activity of the Ni foam
suggests that the high catalytic activity of these samples
originates from the CoN nanowires. Moreover, the Tafel slope
of the CoN-1 min sample is 70 mV dec™, smaller than that of
Co;0, (82mVdec') and similar to that of CoN-30s
(72mVdec") and CoN-3 min (70 mV dec™'; see Figure 3b).
The Tafel slope versus 7, value for all of the studied catalysts
is plotted in Figure 3 c. This comparison shows clearly that the
composition conversion of Co;0, into CoN can significantly
improve the catalytic activity (larger current density and
faster OER rates). We compared our results with previously
reported results for Co-related catalysts, such as Co,B,™
CoS,™ CoP,,'"" and cobalt oxides/hydroxides.""*¥! Our
CoN nanowire arrays obtained by rapid plasma treatment
outperform most of the samples in terms of OER catalysis
(see Table S1).

The electrochemically active surface areas (EASAs) were
estimated by using the electrochemical double-layer capaci-
tance (Cy; Figure 3d, Figure S3). After N, plasma treatment,
the EASA increased slightly compared with pure Co;0,,
which may be attributed to the rougher surface achieved
during plasma treatment. However, it seems that the EASA
does not obviously change when the plasma treatment
duration increased from 30 s to 3 min. Therefore, the larger
current density of CoN-1 min compared to that of CoN-3 min
at the same potential (in Figure 3a) implies that the structure
and morphology of the catalyst also play a vital role in
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catalytic performance. It is known that the quasi-vertical
alignment of nanowire arrays is generally favorable for the
transport of reactants (H,O) and products (O, and H,).%!
The above analyses leads us to the conclusion that the CoN-
1 min sample is the most efficient electrocatalyst among the
materials investigated herein.

Electrochemical impedance spectroscopy (EIS) was car-
ried out to study the kinetics occurring at the electrode/
electrolyte surface under OER conditions. The Nyquist plots
in Figure 4 a show that the charge-transfer resistance of CoN-
1 min decreased significantly in comparison with Co;0,. This
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Figure 4. OER performance of the CoN-1 min electrode. a) Nyquist
plots of Co;O, and CoN-1 min electrodes (Z" indicates the imaginary
impedance, Z' is the real impedance). b) Comparison of the evolved
oxygen volume with the theoretical oxygen volume calculated based on
the amount of consumed charges over the course of electrolysis.
c) Stability tests (voltage versus time) of the CoN-1 min catalyst at
current densities of 10, 30, and 50 mAcm™2 over 30 h.

result suggests that CoN-1 min has the faster charge-transfer
process. A Faradaic efficiency measurement at a fixed current
density (30 mA cm™?) was carried out to check whether the
current was associated with water oxidation (Figure 4b). The
Faradaic efficiency was determined by comparing the amount
of gas produced experimentally with the theoretically calcu-
lated value (see the experimental section in the Support
Information for details). The coincidence of both values (near
100% Faradaic efficiency) indicates that no side reaction
occurred during electrolysis.

Stability is another important parameter to evaluate an
electrocatalyst. To assess the durability of CoN-1 min nano-
wire arrays for OER in an alkaline electrolyte, electrolysis at
three current densities (10, 30, and 50 mAcm ) was con-
ducted sequentially for over 30 h (Figure 4c). The corre-
sponding overpotential remains stable at around 290, 318, and
325 mV for over 10 h each. The SEM image collected after
the 30 h stability test (Figure S4a) shows that the structure of
the original nanowire arrays is well preserved. In addition, the
C, value was tested again and there was almost no change
after the 30 h electrolysis experiment (Figure S4b,c). These
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results indicate that the CoN nanowire arrays are quite stable
as OER catalysts.

To better understand the superior performance of the
CoN nanowire arrays, the mechanism of catalysis of CoN was
studied by cyclic voltammetry (CV), XPS, and TEM after
electrolysis (Figure 5). It has been reported that the essen-
tially active sites of non-oxide metal-based catalysts (such as
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Figure 5. Characterization of the CoN-1 min catalyst. a) Cyclic voltam-
mogram at a scan rate of 1 mvs™'. The XPS b) Co2p and c) O1s
spectra before and after electrolysis. d) TEM image of the nanowire
surface after OER electrolysis.

metal nitrides, phosphides, and borides) for the electrochem-
ical oxidation of water are the thin layer of oxide/hydroxide
formed on the surface.'! In our case, CoN has a similar
catalytic mechanism to that proposed above for metal-oxide-
based catalysts in alkaline electrolytes. A layer of CoOOH is
expected to form on the surface prior to the OER process,
which will act as the active site. Next, CoOOH/CoN is further
oxidized to form the CoO,/CoN complex species that is
a more efficient species for the OER process. As shown in
Figure 5 a, the redox waves in the cyclic voltammogram can be
attributed to the Co’"/Co*" redox couple. The Co2p spectrum
after electrolysis is similar to that of Co;0,, albeit with
significantly decreased intensities for satellite peaks but
identical binding-energy peak positions, indicating that the
Co atoms have the same chemical environment and are in
similar oxidation states (Figure 5b). The O 1s XPS spectra in
Figure 5c show that the intensity of the peak attributed to
oxygen ions in the crystal lattice increases enormously after
water electrolysis, in accordance with the proposed formation
of cobalt oxide on the surface of CoN nanowire arrays during
the electrolysis. The Raman spectra (Figure S4e) also sug-
gested the formation of cobalt oxide. The TEM images of
CoN (Figure 5d; Figure S4d) after electrolysis confirmed that
a layer of cobalt oxide around 5-10 nm thick formed on the
surface of the CoN nanowires.

Finally, the overall water splitting was conducted in a two-
electrode configuration by employing the CoN nanowire as
the OER electrode and the previously reported porous
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NiMoN arrays as the HER electrode (Figure S5). Porous
NiMoN was synthesized by N, plasma treatment of prede-
posited metal NiMo alloy, and the material was employed as
an efficient HER catalyst, achieving a current density of
10 mA cm 2 at an overpotential as low as 109 mV.®! As shown
in Figure S5, application of the NiMoN || CoN electrolyzer
cell affords a current density of 10 mA cm™ at the operating
potential of 1.63 V, representing a combined overpotential of
400 mV for overall water splitting. This voltage is comparable
to that of previously reported electrocatalysts in alkaline
media (Table S2). More importantly, this combined electro-
lyzer cell exhibited an excellent stability (see Figure S5c¢): the
operating voltage remained stable at around 1.7 V at a fixed
current density of 30mAcm > for 120h of continuous
electrolysis. The photograph in Figure S5a shows the obvious
production of H, and O, gas during water electrolysis
employing this electrochemical cell configuration.

In summary, we have demonstrated a new and efficient
method using N, RF plasma to convert cobalt oxide
precursors into cobalt nitride with perfect preservation of
their nanostructures. This method is environmental friendly,
efficient, and safe. As a result of the better conductivity and
the preserved large EASA, the obtained CoN nanowire
arrays on nickel foam exhibited an outstanding OER
performance with a small overpotential of around 290 mV
to obtain a current density of 10 mAcm ? and with an
outstanding durability at different current densities. The OER
performance of the CoN nanowire arrays confirm that metal
nitrides are a class of promising noble-metal-free catalysts. To
complement the various techniques employed to obtain
a large diversity of nanostructured metal oxides, the new
method presented in this study may be extended for the
fabrication of a wide range of metal nitrides with tailored
nanostructures.
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