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Nickel nitride (NizN) is known as one of the promising precatalysts for the electrochemical oxygen
evolution reaction (OER) under alkaline conditions. Due to its relatively low oxidation resistance, NizN is
electrochemically self-oxidized into nickel oxides/oxyhydroxides (electroactive sites) during the OER.
However, we lack a full understanding of the effects of NizN self-oxidation and Fe impurity incorporation
into NizN from electrolyte towards OER activity. Here, we report on our examination of the compositional
and structural transformation of NisN precatalyst layers on Ni foams (NizsN/Ni foam) during extended
periods of OER testing in Fe-purified and unpurified KOH media using both a standard three-electrode
cell and a flow cell, and discuss their electrocatalytic properties. After the OER tests in both KOH media,
the NizN surfaces were converted into amorphous, nano-porous nickel oxide/(oxy)hydroxide surfaces. In
the Fe-purified electrolyte, a decrease in OER activity was confirmed after the OER test because of the
formation of pure NiIOOH with low OER activity and electrical conductivity. Conversely, in the unpurified
electrolyte, a continuous increase in OER activity was observed over the OER testing, which may have
resulted from the Fe incorporation into the self-oxidation-formed NIOOH. Our experimental findings
revealed that Fe impurities play an essential role in obtaining notable OER activity using the NizN
precatalyst. Additionally, our NisN/Ni foam electrode exhibited a low OER overpotential of 262 mV to
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rsc.li/materials-advances reach a geometric current density of 10 mA cmgec,*2 in a flow cell with unpurified electrolyte.

Introduction

Hydrogen production from electrocatalytic overall water splitting,
which consists of the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER), is a promising green technology
for future energy conversion and storage. The sluggish kinetics of
the OER, the result of multiple electron transfers and chemical
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intermediates (i.e., HO*, O*, and HOO¥), acts as a bottleneck for
water splitting and dominates the overall efficiency of this
technology." To speed up the OER and make large-scale water
splitting practical, an earth-abundant, highly efficient, and durable
electrocatalytic material is highly desirable and urgently necessary.
In recent years, transition metal borides, carbides, pnictides, and
chalcogenides, all of which we will refer to here as “TM X-ides”,
have drawn considerable attention as viable oxygen evolution
electrocatalysts.>™® Except for some special cases (e.g., FeP, NizSe,,
and Ni;Te,),">"> most TM X-ides are self-oxidized into their TM
oxide/(oxy)hydroxide counterparts under potentials at which OER
occurs.” ™ As the newly-formed TM oxide/(oxy)hydroxide species
are more favorable electrocatalytic active sites for the OER than the
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initial TM X-ide, these easily oxidizable TM X-ides are sometimes
described as “precatalysts”."” Moreover, the TM oxides/(oxy)hydr-
oxides derived from these TM X-ides are apt to exhibit higher OER
activities than the corresponding, directly synthesized TM oxides/
(oxy)hydroxides.'*'”'82! At present, further improvement of their
OER activities and stabilities as well as elucidation of the primary
origin of the resultant superior OER performance are becoming
the focuses of research in this field.

Metallic nickel nitride (Ni;N), on which we exclusively conducted
experiments in this study, is a TM X-ide OER precatalyst. According
to recent findings,>*” it was found that the Ni;N electrode surface
is transformed into layered nickel (oxy)hydroxide [Ni(OH), and
NiOOH] due to its self-oxidation during OER testing. This newly
formed nickel (oxy)hydroxide surface is primarily responsible for
catalyzing the OER. Incidentally, the contribution of surface oxide/
(oxy)hydroxide species to the OER was also discussed in the reports
of other TM pnictides (e.g:,, CoN,”® FeP,* CoP,>**' Ni,p,>*>*
NisP,,*® Nias,*® etc.). Recently, Trotochaud et al. reported that
the incidental incorporation of trace Fe impurities from KOH
electrolyte can increase the electrical conductivity and change
the electronic structure of NiOOH, resulting in a dramatic increase
in the OER activity of Ni(OH),/NiOOH.*” According to several
reports regarding (Ni,Fe)OOH,***" the Fe concentration in NiOOH
for obtaining the maximum OER activity has been reported to range
from 12-25%. Furthermore, pure NiOOH has also been revealed
to be a poor electrocatalyst for the OER.>” Hence, in the Ni;N
precatalyst, there is a possibility that trace Fe also plays a critical role
in boosting the OER activity of the nickel (oxy)hydroxide formed
during the OER.

However, until now, little attention has been paid to studying
how trace Fe incorporation impacts the OER activity of the NizN
precatalyst to understand the real active species for the OER.
This is because almost all the reported Ni;N-based electrocatalysts
have been tested in unpurified KOH electrolyte that contains trace
quantities of Fe.>*?”*>75¢ As one example, Shalom et al. prepared
the Ni;N/Ni(OH), electrocatalysts and tested them for the OER in
both commercial and Fe-free 1 M KOH aqueous solutions.?” As the
Ni;N/Ni(OH), electrocatalysts demonstrated almost the same OER
activities, they concluded that the influence of Fe impurities on the
OER activity of their samples was minor. However, prior to the OER
activity tests, their NizN samples were oxidized to form Ni(OH), via
500 cyclic voltammetry (CV) cycles in Fe-unpurified 0.1 M KOH.
Accordingly, it is unknown if there was incorporation of trace
quantities of Fe into the Ni;N/Ni(OH), samples during this CV
oxidation process.

In this study, we prepared a Ni;N precatalyst layer on nickel foam
(Ni;N/Ni foam) through room-temperature chemical oxidation
and subsequent nitridation and investigated its transformation
(self-oxidation) under the OER process in Fe-purified alkaline
media (referred to here as “purified 1 M KOH”). Analytical
techniques including X-ray diffraction, energy-dispersive X-ray
spectroscopy, scanning electron microscopy, and X-ray photo-
electron spectroscopy were employed to check the compositional
and morphological changes of Ni;N before and after OER CV
testing. The electrochemical changes to the Ni;N with OER CV
testing were tracked using voltammetric techniques. Furthermore,
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to check the impact of Fe impurity incorporation on measured
OER activities, the NizN/Ni foam electrodes were tested for the
OER in Fe-unpurified alkaline media (“unpurified 1 M KOH”) as
well. To more deliberately and evenly introduce trace Fe into the
self-oxidized Ni;N/Ni foam>”*® and evaluate the OER activity in a
condition close to practical conditions, a flow cell was used.
Specifically, we conducted long-term OER chronopotentio-
metric (CP) tests to examine the relationship between the electro-
chemical changes and Fe incorporation over time. Importantly,
the post-OER CV NizN sample in purified 1 M KOH exhibited a
higher OER overpotential (i) of 482 mV at a geometric current
density of 20 mA cmye, > compared to the post-OER CP Ni;N
sample (325 mV at 20 mA cmge, ) as well as the previously
reported Ni;N/Ni foams (365 + 24 mV at 20 mA ey, )21
in unpurified 1 M KOH. Additionally, the OER CV test in purified
1 M KOH showed a decline in measured OER activities [1: 442.5 —
463.2 mV at 15 MA e, | whereas the OER CP test in unpurified
1 M KOH indicated an increase in measured OER activities
[n: 315.7 - 293.3 mV at 15 mA cmg, -]. These experimental
findings evidently imply that the superior OER performance of
the Ni;N precatalyst in unpurified alkaline media mainly originates
from the modified electronic properties of the self-oxidation-formed
NiOOH due to the Fe incorporation.

Experimental

Materials

Nickel foam [ >99.99%, porosity: >95% (80-110 pores per inch,
average hole diameters about 0.25 mm), thickness: 1.6 mm, MTI
Corporation], acetone (>99.5%, Fisher Scientific), ethanol
(Pharmco-Aaper), hydrochloric acid (Fisher Scientific), potassium
peroxydisulfate (99.0%, BeanTown Chemical), potassium hydro-
xide (90%, Sigma Aldrich), and nickel(u) nitrate hexahydrate (99%,
Acros Organics) were used as-received for synthetic and electro-
chemical experiments. Ultra-pure water (18 MQ resistance) was
used for all aqueous solutions. Notably, Fe-purified 1 M KOH
aqueous solution was prepared by using a previously reported
method [details are available in the ESIt],*’ to ignore the OER
activity enhancement due to the incidental Fe incorporation
during the electrochemical tests.

Ni;N/Ni foam electrode preparation

Ni;N/Ni foam was fabricated via the nitridation of the NiO/Ni
foam precursor under a high-temperature NH; atmosphere. Prior
to the fabrication, Ni foam was cleaned to remove impurities on
the surface. Small and large Ni foam pieces [small: 30 x 10 mm
(a part of the small Ni foam piece (i.e., 20 x 10 mm) was pressed
and compressed to minimize the capillary action during the
electrochemical tests); large: 50 x 30 mm] were immersed in
the following solutions (small: 5 mL per 1 piece; large: 300 mL per
12 pieces) while in an ultrasonic bath for 10 min each: (i) pure
acetone, (ii) 3 M HCI aqueous solution, and (iii) deionized water.
For performing the low-temperature chemical oxidation to synthe-
size NiO/Ni foams, one small and five large Ni foam pieces (all as-
cleaned) were immediately immersed in 5 and 300 mL of 0.15 M

© 2021 The Author(s). Published by the Royal Society of Chemistry
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K,S,0s aqueous solutions, respectively, which is a previously
reported procedure,” and kept for 12 h. Subsequently, the
as-treated pieces were carefully rinsed with deionized water and
dried at room temperature overnight.

For Ni;N/NF synthesis, the as-prepared NiO/Ni samples were
subjected to further oxidation in a box-type furnace at 350 °C
for 2 h, with a heating ramp of 10 °C min~"'. Afterwards, the
as-oxidized Ni foam pieces were placed onto a 101 x 67 x 3 mm
quartz plate located in the center of a tube furnace and nitrided
at 450 °C for 6 h at a heating ramp of 10 °C min~" under an NH;
flow (120 mL min~ ") and then cooled naturally to room
temperature.

Characterization

X-ray diffraction (XRD) patterns of the samples were recorded
using a Rigaku Miniflex 600 X-ray diffractometer (Rigaku,
Japan) with Cu Ko radiation (1 = 1.54186 A). The surface
chemical compositions of the samples were investigated using
an X-ray photoelectron spectrometer (XPS) model Axis-Ultra
DLD (Kratos Analytical, USA) equipped with a monochromated
120 W Al Koy X-ray source (hv = 1486.5 eV). The binding
energies of the elements of interest were corrected using the
C 1s major peak of adventitious carbon at 284.8 eV. Casa XPS
software was used for peak analysis. The sample morphologies
were observed by a Quanta 650 environmental scanning electron
microscope (ESEM, FEI, USA) with an energy dispersive X-ray
spectroscopy (EDX) detector (XFlash 6|10, Bruker Nano GmbH,
Germany). The Fe concentration of the unpurified 1 M KOH
electrolyte with an internal standard (Y, 5 ppm) was estimated
using a S2 PICOFOX total reflection X-ray fluorescence (TXRF)
spectrometer (Bruker Nano GmbH, Germany) (Mo K radiation).

Electrochemical measurements

To evaluate OER performance, electrochemical measurements were
conducted in purified 1 M KOH aqueous solution (pH ~ 14) using
a CHI601D electrochemical analyzer (CH Instrument, USA) with a
standard three-electrode system consisting of the as-prepared
small NizN/Ni or Ni foam working electrode (area: 1 cm?), a
platinum plate counter electrode (area: 1 cm?), and a Hg/HgO
(1 M KOH) reference electrode at room temperature (see Fig. S1,
ESIT). Multiple cyclic voltammetry (CV) scans were performed to
examine the transformation of the Ni;N/Ni and Ni foams. All the
measurements were compensated by an 85% iR-drop.

To investigate the electrode surface area change during
the long-term OER CV test, electrochemically active surface
areas (ECSAs) were estimated from the electrochemical double-
layer capacitances (Cgqis). Cyclic voltammograms (CVs) with
different scan rates were obtained in the non-faradaic poten-
tial window (—0.2 to —0.1 Vyge0) to calculate Cqg from the
scan-rate dependence of double-layer charging [Aj/2 = (j, — jo)/2].%°
The potentials applied relative to Hg/HgO were
converted into the reversible hydrogen electrode (RHE) scale
via the Nernst equation [Erpe = Epg/meo + 0.0591 x pH+

Epty 120+ Ertg/1z0(1 M KOH) = ~0.114 V at 25 °C]. Here, Ey, 1,0

was determined by using the saturated calomel electrode (SCE,
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saturated KCl aqueous solution, 0.241 V versus standard hydrogen
electrode).

Computational methods

Spin-polarized density functional theory (DFT) calculations in
this study were carried out with the Vienna ab initio simulation
package (VASP).*"%* Core and valence electrons were respectively
described by the projector augmented-wave method®® and the
Kohn-Sham wave functions expanded in a plane wave basis,**
with a kinetic energy cutoff set as 400 eV. The electronic
exchange and correlation were described by a generalized gra-
dient approximation method with the functional developed by
Perdew, Burke, and Ernzerhof.®® The Brillouin zone was sampled
using a (3 x 3 x 1) k-point mesh with the method developed by
Monkhorst and Pack.®® Structures were considered optimized
after the forces of all atoms fell below 0.05 eV A™*. Based on the
fact that NizN is a Ni-rich material and the N-terminated surfaces
are highly hydrophobic, only the Ni-terminated NizN surfaces
and Ni(111) were considered in our calculations.

Results and discussion

Ni;N/Ni foam electrodes were fabricated through a two-step
approach. First, NiO/Ni foam precursors were prepared via a low-
temperature-oxidation method.”® Subsequently, the as-prepared
NiO/Ni foam precursors were nitrided at a high temperature
(450 °C) under a constant NH; gas flow, resulting in Ni;N/Ni
foam. The resultant Ni;N/Ni foam electrode was subjected to
long-term OER cyclic voltammetric (CV) testing (potential range:
0.25 t0 0.75 Vg0, Scan rate: 50 mv s~ cycle number: 1000) to
investigate its transformation [electrochemical oxidation (self-
oxidation)] to nickel oxide/(oxy)hydroxide in purified 1 M KOH
aqueous solution. To elucidate the compositional and morpholo-
gical transformation of Ni;N during the long-term OER CV test, the
pre- and post-OER Ni;N/Ni foams were thoroughly characterized.
Furthermore, to uniformly incorporate Fe into the self-oxidized
Ni;N/Ni foam®”*® and check the impact of Fe incorporation on its
OER performance under more practical conditions,®” the NizN/Ni
foam was used in a flow cell with reagent grade (unpurified) KOH
aqueous electrolyte.®® Additionally, just as with the NizN/Ni foam,
pristine Ni foams were also investigated to check the difference
between NizN and Ni in the electrochemistry. In this Section, we
discuss the results in the following order: (i) pre- and post-OER
characterization, (ii) long-term OER CV tests in purified 1 M KOH
aqueous solution, and (iii) flow cell tests in reagent grade 1 M KOH
aqueous solution.

Characterization of pre- and post-OER Ni;N/Ni foam

The unmagnified and magnified XRD patterns of the as-prepared
nickel nitride/nickel foam are shown in Fig. 1a and b. The
diffraction peaks can be assigned to hexagonal NizN (ICDD
PDF #70-9599) and cubic Ni (ICDD PDF #04-0850) without any
diffraction peaks corresponding to impurity phases. Incidentally,
the corresponding crystal structures of hexagonal Ni;N and

Mater. Adv,, 2021, 2, 2299-2309 | 2301
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cubic Ni are available in Fig. S2 (ESIt). After the long-term OER
CV testing, the NizN and Ni crystal structures were maintained
(Fig. 1c and d). Moreover, the formation of new crystalline
phases (e.g, self-oxidized species) was not observed. As seen in
Fig. S3 (ESIt), similar XRD results were also observed in the pre-
and post-OER Ni foams. According to previous reports,>>>*>>2¢
both Ni;N and Ni should undergo self-oxidation under oxidizing
potentials. Thus, there is a possibility that on the post-OER Ni;N
and Ni surfaces, amorphous oxide counterparts [ie., nickel
(oxy)hydroxide] might be generated.

Thus, to ascertain the presence of amorphous self-oxidized
species on the post-OER NizN and Ni surfaces, EDX elemental
mapping analyses were conducted on the pre- and post-OER
samples. In the as-prepared NizN/Ni foam, Ni (green) and N
(blue) elements were homogeneously distributed (Fig. 2a).
Weak O (red) signals were also confirmed, which may corre-
spond to the partial oxidation of the as-prepared sample surface
due to exposure to ambient air. After the long-term OER CV test
(Fig. 2b), Ni and N signals remained, while the O signal intensity
increased. In the case of the pristine Ni foam, O signals were not
observed (Fig. S4a, ESIT). However, relatively weak, evenly dis-
tributed O signals appeared after the OER test (Fig. S4b, ESIf).
As just described, for both the Ni;N/Ni and Ni foams, O
incorporation proceeded after the OER testing (Table S1, ESI).
In particular, the O/Ni atomic ratio of the NizN/Ni foam drastically
increased from 0.016 to 0.320 following the OER test. Considering
these facts, amorphous nickel (oxy)hydroxide layers might form
on the post-OER Ni;N and Ni surfaces. More interestingly, the
post-OER NizN/Ni showed a much higher O/Ni atomic ratio
(0.320) than the post-OER Ni (0.013), which implies that Ni may
be more resistant to oxidation than NizN. This point will be
discussed in greater detail later in the paper.

To inspect the morphologies of the NizN/Ni and Ni foams before
and after the long-term OER CV tests, SEM measurements were
performed (Fig. 3 and Fig. S5, S6, ESIt). The low- and high-
resolution SEM images of the as-prepared Ni;N/Ni foam are shown
in Fig. S5a (ESIt) and Fig. 3a. Compared with the pristine Ni foam
(Fig. S6a, ESIT), the as-prepared NizN/Ni foam surface is rougher.
This roughness was likely due to (i) the amorphous NiO nanocluster
growth on the Ni foam surface through low-temperature oxidation

('a) ' Be'fore OER (c) ' ' After OEI'R
2 2
g R ) g
s|® s|@
& &
= =
? NisN @ NioN
g | ICDD PDF #70-9599 5 | ICDD PDF #70-9599
z 1l 1 L z 1l Il .
= i = Ni

| I 1CDD PDF #04-0850 | | 1CDD PDF #04-0850
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Fig. 1 Unmagnified and magnified XRD patterns of NisN/Ni foam electrode
(@ and b) before and (c and d) after 1000 cycles of the OER CV (0.25 to
0.75 Vhgmgo) at a scan rate of 50 mV s71in purified 1 M KOH aqueous
electrolyte. Notably, the diffraction patterns were recorded for the same
sample before and after the OER CV test.
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Fig.2 SEM and EDX elemental mapping images (accelerating voltage:
30 kV) of NizN/Ni foam electrode (a) before and (b) after 1000 cycles of the
OER CV (0.25 to 0.75 Vpghgo) at a scan rate of 50 mV s~1in purified 1 M
KOH aqueous electrolyte. Notably, the images were taken at the same
position before and after the OER CV test.

(Ni — NiO)* and (ii) the subsequent lattice contraction that accom-
panies the replacement of O with N in the amorphous NiO
precursor during the nitridation (NiO — Ni;N).* After the OER
test, the self-oxidized Ni;N/Ni foam macroscopically maintained the
surface morphology of the as-prepared Ni;N/Ni foam (see Fig. S5,
ESIt). However, from a microscopic view (Fig. 3), the relatively
compact Ni;N surface was transformed into a nano-porous surface
(and more available for electrolyte penetration) of its oxide counter-
parts [Ni(OH), and NiOOH*>***>?¢ through the longterm OER
process. By contrast, on the Ni foam, a compact layer (it doesn’t
appear to be nano-porous like the Ni;N material) of its oxide
counterparts formed after the OER test (Fig. S6b, ESIt). This
morphological difference possibly resulted from the different extent
of atomic packing of Ni in the hexagonal NizN and cubic Ni crystal
structures (Fig. S2, ESIt). Specifically, Ni;N has a slightly longer
Ni-Ni interatomic distance (dy;i_n; = 2.6 A) than Ni (dyj_n; = 2.5 A).
Accordingly, the highly porous structure of Ni(OH), and NiOOH
derived from NizN can be realized due to the relatively rough
surface and long Ni-Ni interatomic distance of Ni;N.

—_
D
-~

Before OER

14
|
(o]
ke
<

Fig. 3 High-resolution SEM images of NisN/Ni foam electrode (a) before
and (b) after 1000 cycles of the OER CV (0.25 to 0.75 Vyg/ngo) at a scan
rate of 50 mV st in purified 1 M KOH aqueous electrolyte. Notably, the
images were taken at the same position before and after the OER CV test.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To investigate the surface chemical composition and states
of the Ni;N/Ni and Ni foams before and after the long-term OER
CV tests, XPS measurements were conducted. The Ni 2p3/, and
N 1s XPS spectra of the pre- and post-OER Ni;N/Ni foams are
shown in Fig. 4. In the pre- and post-OER Ni 2p;, spectra
(Fig. 4a and b), the deconvoluted peaks can be assigned to five
components: (i) NizN (852.8 eV),*>?® (ii) NiO (854.5 eV),”°
(iii) Ni(OH), (855.3 eV),” (iv) NiOOH (855.8 eV),”® and (v) satellites
(around 860.6 €V),”*" respectively. The Ni 2ps/, peaks of NiO and
Ni(OH), in the as-prepared Ni;N/Ni foam imply that the product
surface might be partially oxidized by ambient air exposure. After
the OER test, the Ni 2p;/, peak of Ni;N disappeared and NiOOH
and Ni(OH), formation was confirmed. These phenomena indicate
that the surface oxidation of Ni;N into NiOOH and Ni(OH),, which
agrees with previous reports.?>***>2¢ Ag for the Ni foam, similar
surface oxidation was observed after the OER test. The XPS
measurement results of the pre- and post-OER Ni foams are also
available in Fig. S7 (ESIf). The N 1s spectrum of the as-prepared
Ni;N/Ni foam was deconvoluted into two components (Fig. 4c).
The high intensity peak at 398.3 eV is assignable to the lattice
nitrogen species in Ni;N.?* The other peak is likely associated with
surface-adsorbed NH, (400.0 €V).”” After the OER test, the N 1s
signal almost disappeared, suggesting that the nitrogen species do
not directly contribute to the OER process. From the above XRD,
EDX, and XPS results (Fig. 1, 2, and 4), we conclude that a
NizN@NIi(OH),/NiOOH core@shell structure formed after the
OER test. To further support this conclusion, Fig. S8 (ESIT) shows
the electrochemical stability map (Pourbaix diagram and Gibbs
free energy overlay) of Ni;N as theoretical evidence. Niz;N is
unstable across a wide range of pH value and potentials. Thus, it
is easily expected that the NizN surface, which is in contact with
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Fig. 4 Ni2ps/> and N 1s XPS core-level spectra of NizN/Ni foam electrode
(@ and c) before and (b and d) after 1000 cycles of the OER CV (0.25 to
0.75 Vigmgo) at a scan rate of 50 mV s~ in purified 1 M KOH aqueous
electrolyte.
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the electrolyte, can be oxidized under OER conditions and the
NizN-derived nickel (oxy)hydroxide may act as the OER active sites
rather than the initial Ni;N.

Electrochemical behavior of Ni;N/Ni foam anode in purified
KOH electrolyte

The OER performance of the NizN/Ni foam electrode was
studied through voltammetric measurements using a conven-
tional three-electrode system (see Fig. S1, ESIt). Here, purified
1 M KOH aqueous solution was used as an electrolyte to prevent
incidental Fe incorporation. Additionally, to check the effect of
the substrate material on the electrochemical results, a Ni foam
electrode was tested as well. We first performed continuous
OER CV scans between 0.25 t0 0.75 Vyg/ngo for 1000 cycles at a
scan rate of 50 mV s~ ' on the NizN/Ni and Ni foam electrodes.
Periodically, changes in the OER overpotential (1 at a current
density of 15 mA cmgeofz) and CV-derived Cg4; were measured
and reported as a function of CV cycle number (Fig. 5 and
Fig. S9-S12, ESIt). Here, the CV-derived Cy, values were used to
estimate the ECSAs of the Niz;N/Ni and Ni foams. Furthermore,
the anodic and cathodic peaks, which are mainly attributed to
the oxidation and reduction of Ni species [ie., y-NiOOH,
B-NiOOH, NiO,, o-Ni(OH),, and B-Ni(OH),],*””>"* were con-
firmed, which agree with the XPS results, and monitored over
the CV cycling (Fig. S9, S11, and S13, ESIf). Importantly, the
intensities of these anodic peaks may correspond to the thickness/
quantity of nickel oxide/(oxy)hydroxide shells formed due to the
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self-oxidation of Ni;N and Ni during the OER.*® Herein, the OER
activity trend during the CV test can be explained by two main
parameters: (i) the CV-derived Cy; value and (ii) the peak
intensities for the oxidation of Ni species. In the case of the
NizN/Ni foam (Fig. 5a), the rapid increase of the CV-derived Cy
value observed (63 pF mA cmye, > cycle™!) during the first
50 cycles was due to the self-oxidation of NizN into layered nickel
(oxy)hydroxide,”® which may have resulted in an increase in the
number of OER active sites and thus an increase in OER
activity.'* Afterword, in accordance with increasing the CV cycle
number, the increase of the CV-derived Cq; value became gentler
and the CV-derived Cg values almost leveled off from 500 to 1000
cycles. However, in contradiction to our earlier explanation,
a continuous decline in the OER activity was observed from
50 to 500 cycles. After 500 cycles, the OER activity became steady.
Interestingly, the Ni oxidation peaks are greatly amplified
throughout the course of the CV test (see Fig. S9a-h, ESIt),
suggesting an increase of the thickness/quantity of the nickel
oxide/(oxy)hydroxide shell over NizN. As shown in Fig. S13a
(ESIt), the post-OER NizN/Ni foam exhibited the formation of
NiOOH (i.e., y-NiOOH and B-NiOOH) as a main phase. Also, it is
known that Ni;N is a metallic conductor whereas NiOOH is a
semiconductor [incidentally, Ni(OH), is an insulator].>*>”**
Accordingly, the OER activity decline (50-500 cycles) was probably
caused by a decrease in electrical conductivity due to the
growth of the nickel oxide/(oxy)hydroxide shell. On the other
hand, in the case of the Ni foam (Fig. 5b), the CV-derived Cg
value sharply increased in the early stage (0-50 cycles) without a
concurrent increase in OER activity. Since the degree of increase
in the CV-derived Cg; for Ni (5.2 pF cmye, ~ cycle™!) is much
smaller than that for NisN (63 pF cmg., > cycle '), the OER
activity-enhancing effect derived from the ECSA increase may be
overwhelmed by the OER activity-declining effect from the
electrical conductivity decrease owing to the growth of a nickel
oxide/(oxy)hydroxide shell over the Ni metal (Fig. S11a and b,
ESIT). Thereafter, the Ni foam electrode exhibited an electro-
chemical behavior (in OER activity, ECSA, and self-oxidation)
similar to the NizN/Ni foam (50-1000 cycles).

Similarly to the CV-derived value for Cgj, the surface redox
reaction of transition metal ions at transition metal (oxy)hydroxides
(e.g:, Nip gFe, ,0,H,) can conventionally be a descriptor to estimate
the number of active sites.””” Specifically, the redox active Ni
species can be quantified as OER active sites using the integration
of the main oxidation peaks of Ni**/Ni** (A; and A, in Fig. S13,
ESIt). However, in both the Ni;N/Ni and Ni foams, even though the
CV-derived Cy value changes (Fig. 5 and Fig. S10, S12, ESIY) it did
not follow the changes in the Ni*"/Ni*" oxidation peak intensities
(Fig. S9a-h and S11a-h, ESIt). Importantly, despite the continuous
increase in intensity of the Ni**/Ni*" oxidation peaks during CV
cycling, the CV-derived Cy, values stabilized from 50 to 1000 cycles.
Here, since the Ni**/Ni*" oxidation peak intensity may correlate
with the amount of NiOOH species formed by the self-oxidation of
Ni;N or Ni, we conclude that the amount of surface NiOOH species
continuously increased over the CV cycling.>® Given that this does
not correlate with an increase in OER performance, it instead
implies that not all NiOOH species on the NizN and Ni surfaces
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can participate in the OER. It is well-known that both Ni(OH), and
NiOOH possess layered structures and that the surface Ni**/Ni**
redox reactions involve changes in crystal structure [i.e., Ni(OH), <
NiOOH].”> According to recent studies about transition metal
(oxy)hydroxide nanosheets,”®”® single-layered Ni(OH), nanosheets
were transformed into nanoparticles during electrochemical Ni
redox cycling. This shape transformation likely occurs because of
(i) cracking from mechanical stress [e.g., Ni-Ni interatomic
distance changes (dyini = 3.12 A for Ni(OH), < dnini = 2.86 A
for NiOOH)]*® and (ii) the ripening phenomena.”® Presumably,
in our experiments, a similar cracking and ripening occurred
as the Ni;N and Ni metal-derived nickel (oxy)hydroxide shells
were amorphized during CV cycling. Furthermore, as shown in
Fig. S14 (ESIY), the contraction of nickel (oxy)hydroxide shells
could have proceeded, resulting in the formation of an underlying
layer of compact nickel (oxy)hydroxide. Note that such a compact
nickel (oxy)hydroxides may possess a “cornflake-in-milk”-like struc-
ture [cornflake: NiO,H, nanoflake; milk: electrolyte (see Fig. S14,
ESIt)] and be able to participate in reversible Ni redox reactions
but not the OER. Accordingly, only the outermost surface nickel
(oxy)hydroxides may be able to contribute to the OER process.
This may explain the observed mismatch between the trends of the
CV-derived Cg values and the Ni**/Ni*" oxidation peak intensities.

After 1000 cycles, the NizN/Ni foam recorded a lower OER over-
potential of 482 mV at 20 cmy, > than the Ni foam (534 mV). This
is mainly because NizN-derived nickel (oxy)hydroxide exhibited
a unique nano-porous structure (see Fig. 3b) with an ECSA
(~246.8 cm®) approximately 10 times higher than that of Ni
metal-derived nickel (oxy)hydroxide (~24.02 cm?). Notably, in
comparison to the previously reported Ni;N/Ni foams in unpur-
ified electrolytes, our post-OER NizN/Ni foam in the purified
electrolyte showed worse OER activity, despite having a higher
CV-derived Cgq values (see Table S2, ESIT).>>***>% The high OER
overpotential can be attributed to the poor OER activity of pure
NiOOH derived from Ni;N in purified electrolyte.”” The incidental
incorporation of Fe impurities from unpurified electrolytes can
increase the NiOOH conductivity and modify the NiOOH electro-
nic structure, resulting in OER activity enhancement.’”*%*! As
almost all the reported NizN/Ni foams were tested in unpurified
electrolytes, Fe impurities were likely incorporated into the
NizN-derived nickel (oxy)hydroxide electrocatalysts, resulting
in the relatively low OER overpotentials (365 + 24 mV at
20 mA cmyge, 2).>>****% Conversely, we used a purified elec-
trolyte which prevented Fe incorporation and thus our Ni;N-
derived nickel (oxy)hydroxides behaved electrochemically like a
pure nickel (oxy)hydroxide with poor OER performance (see
Fig. S13 and corresponding descriptions in the ESIt). Notably,
contrary to previous findings in which samples are tested in
purified KOH but pre-oxidized in unpurified KOH,>* our results
and those of previous reports show that incorporation of trace
Fe from the KOH electrolytes is essential if a NizN OER
precatalyst is to achieve notable OER activity (more details are
available in the descriptions below Fig. S13 in the ESIf).

To examine the intrinsic OER activity of the Ni;N/Ni and Ni
foams after 1000 cycles, the current densities of each calculated
using the ECSA at the overpotential of 450 mV are demonstrated
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in Fig. S15 (ESI}). From the XPS results (Fig. 4 and Fig. S7, ESIT),
both the post-OER Ni;N/Ni and Ni foams possess similar
Ni(OH),/NiOOH surfaces, and thus one would expect that both
the samples might show the same intrinsic OER activity. We
find, however, that the Ni foam exhibited a higher intrinsic
OER activity (—0.21 mA cmgcsa 2) than the NizN/Ni foam
(—0.05 mA cmgcs,2) (Fig. S15, ESIT). This intrinsic OER activity
difference can be accounted for by the difference in the total
electrode conductivity. As displayed in Fig. S13 (ESIf), the Ni
oxidation peak intensities of the Ni;N sample were much larger
than those of the Ni metal sample, indicating a larger yield of
nickel oxide/(oxy)hydroxide for the Ni;N sample. In addition, the
O/Ni atomic ratio of the post-OER NizN/Ni foam (0.320) was
much higher than that of the post-OER Ni foam (0.013) (see
Table S1, ESIt). Therefore, after the long-term OER CV tests, the
as-formed nickel oxide/(oxy)hydroxide shell over NizN was prob-
ably thicker than the shell over the Ni metal, or at least the
amount of the as-formed nickel oxide/(oxy)hydroxide over Ni;N
may be greater than that of the as-formed nickel oxide/(oxy)hydr-
oxide over Ni (see Fig. S14, ESIT). This thick oxide/(oxy)hydroxide
shell over Ni;N may reduce hole access at surface-electroactive sites
(reducing the electrical conductivity), thus lowering the intrinsic
OER activity. Based on these results, we can also predict that
compared to Ni metal, Ni;N may experience a higher extent of
self-oxidation during the OER process.

Next, we performed density functional theory (DFT) calcula-
tions for the reaction on NizN and pure Ni metal surfaces.
Specifically, NizN(100), NizN(110), and Ni(111) were analyzed
with the computational hydrogen electrode (CHE) method with
the OER mechanism proposed by Man et al. (Fig. 6).%* Herein,
using the DFT results, we attempted to explain the oxidation
resistances of Ni;N and Ni metal rather than their intrinsic OER
activities. As demonstrated in Fig. 6a, since the first steps are
exothermic, NizN(100) and (110) can easily be covered with HO*
and O*. Compared to the first and second steps (i.e., formation
of HO* and 0O*), HOO* formation on NizN(100) and (110) is
much more endothermic, resulting in partial oxidation of Niz;N
to Ni-O/Ni-OH during the OER. In the case of Ni(111), as HOO*
formation is much more endothermic than the formation of
HO* and O*, partial oxidation of Ni metal to Ni-O/Ni-OH may
also occur. However, Ni(111) may experience slight difficulty
in the formation of HO* and O* as the first step is more
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Fig. 6 (a) Calculated OER free energy diagram on NizN(100), NizN(110),

and Ni(111) under the potential of 0 V. (b) Optimized configurations of OER
adsorbate on NizN(100), NisN(110), and Ni(111). Green, grey, red, and white
spheres represent Ni, N, O, and H atoms, respectively.
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endothermic compared to that of Ni;N. This is due in part to
the lower coordination number of Ni-sites on Ni;N structures
compared to that on close-packed pure Ni metal surface, result-
ing in stronger binding energies to these oxygen-containing
species. Consequently, Ni;N may have a lower oxidation resis-
tance than Ni metal, in agreement with our experimental
observations.

Electrochemical behavior of Ni;N/Ni foam anode in reagent
grade KOH electrolyte

To investigate the effect of Fe impurities on OER performance, the
Ni;N/Ni and Ni foam electrodes were tested in reagent grade 1 M
KOH aqueous electrolyte. According to the TXRF result, the Fe
concentration of our reagent grade 1 M KOH aqueous electrolyte
was ~1.15 mg L', To ensure the uniform uptake of Fe impurities
on our sample electrodes®”*® and evaluate their OER perfor-
mances in a condition close to practice,”” we used a flow cell
system (Fig. $16, ESIT),*® about which more details are available in
the ESL} As shown in Fig. 7, we performed 20 h chronopotentio-
metry (CP) runs for the NizN/Ni and Ni foam electrodes at a
current density of 10 mA ¢my., . To track changes in (1) the OER
overpotential (i at a current density of 15 mA cmge, °), (2) the
Ni**/Ni*" oxidation peak, and (3) the CV-derived Cy; with electrode
surface self-oxidation and Fe impurity incorporation, the CP tests
were stopped every 4 h (ie., 0, 4, 8, 12, 16, and 20 h) to record
linear sweep voltammograms (LSVs) and CVs. Note that the post-
OER CP XRD and XPS analyses revealed complete transformations
of Ni;N/Ni and Ni foam surfaces into Ni(OH),/NiOOH (see
Fig. S17-519, ESIt), similar to that observed for the postOER CV
Ni;N/Ni and Ni foam surfaces in purified 1 M KOH aqueous electrolyte.
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Fig. 7 Electrochemical testing results of NizN/Ni and Ni foams in reagent
grade 1 M KOH aqueous electrolyte: (a and b) unmagnified and (c and d)
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10 MA cmgeo 2, (e and f) 20 h CP plots, and (g and h) trend of OER
overpotential (blue) and double layer capacitance (red) vs. time.
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Moreover, the presence of Fe in the newly-formed Ni(OH),/NiOOH
layers on Ni;N/Ni and Ni foams was also confirmed by XPS
(Fig. S20, ESIY).

First, we seek to explain the OER CP self-oxidation behaviors
of NizN and Ni metal by using the Ni**/Ni** oxidation peaks of
the samples (Fig. 7a-d). After the 20 h CP tests, the Ni**/Ni**
oxidation peaks of both the NizN/Ni and Ni foams were more or
less the same intensity (Fig. 7c and d), implying that the self-
oxidation degree of Ni;N might be nearly equal to that of Ni
metal (Fig. S21, ESIT). These similar degrees of self-oxidation
are mainly due to the different applied potentials during the
OER CP tests. Specifically, the Ni;N/Ni foam showed a lower
applied potential (~1.47 Vgyg) than the Ni foam (~1.67 Vgyg)
at a constant current density of 10 mA cmgeo’Z, which may
enable similar degrees of self-oxidation for NizN and Ni metal.
More interestingly, both the Niz;N/Ni and Ni foams experienced
slight increases in the intensity of the Ni**/Ni*" oxidation peaks
during the long-term OER tests. However, the degree of
increase observed in the Ni oxidation peaks during the OER
CP tests is much smaller compared with those in the OER CV
tests. These suppressions of the Ni oxidation peak intensity
increases for the OER CP tests can be explained by the following
two reasons: (i) reduction of structural damage in the OER
process by the use of the CP technique and (ii) enhancement of
electrical conductivity due to the Fe impurity incorporation. As
described earlier, the CV-driven OER test involves the crystal
structural changes [i.e., Ni(OH), < NiOOH] of the self-oxidized
Ni;N and Ni surfaces caused by the anodic and cathodic
sweeps, which leads to crack formation.”® The as-formed cracks
likely allow the electrolyte to penetrate the self-oxidation-
derived passivation layer all the way to the un-oxidized initial
material (i.e., NizgN, Ni metal) and induce its further self-
oxidation. In contrast, the CP-driven OER test does not require
the surface Ni*'/Ni*" redox reactions because of the roughly
constant applied potentials. Thereby, the CP technique can
restrain the crystal structural damage, electrolyte penetration,
as well as self-oxidation. Fig. S22 shows the SEM images of the
post-OER CP Ni;N/Ni and Ni foam surfaces. Especially for the
Ni;N/Ni foam, the post-OER CP sample (Fig. S22a, ESIt) seemingly
has a lower porosity than the post-OER CV sample (Fig. 3b), which
represents evidence for the restrained structural damage. Further-
more, the self-oxidation of the precatalyst (i.e., Ni;N, Ni metal)
during the OER may generally occur due to holes accumulated by
the applied bias near the electrode surface. Thus, by increasing
the electrical conductivity of the electrode surface, the holes can
be utilized effectively for the OER and the self-oxidation may be
suppressed. According to the study reported by Trotochaud
et al.,”’ Fe incorporation can increase NiOOH conductivity 30—
60-fold (with 5-25% Fe), which may also lower the degree of self-
oxidation. Incidentally, Trotochaud et al also found that a
NiOOH sample tested in unpurified KOH electrolyte possesses
6 ~ 2.5 mS cm !, whereas a NiOOH sample under Fe-free
conditions has values for ¢ ~ 0.1 to 0.2 mS cm™ %’

To gain a better understanding of the OER activity transition
during the OER CP testing, Fig. 7g and h show the OER
overpotentials and CV-derived Cy; values as a function of time
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for the NizN/Ni and Ni foam electrodes. Unlike the findings in
the purified electrolyte, both samples exhibited continuous
reductions in the OER overpotential in the unpurified electro-
Iyte. This OER activity enhancement is probably achieved by the
continuous increases in intrinsic OER activity and ECSA owing
to gradual Fe impurity incorporation and layered nickel (oxy)-
hydroxide formation, respectively.

To more deeply probe the intrinsic OER activity for each
sample, we calculated the ECSA-based current densities at the
overpotential of 450 mV. As seen in Fig. S15 and S23 (ESIY), the
Ni;N/Ni and Ni foams in unpurified electrolyte reached much
higher intrinsic OER activities (Ni;N/Ni foam: —0.76 mA cmgcsy
Ni foam: —3.1 mA cmgcgs” 2) compared with the foams in the
purified electrolyte (NizgN/Ni foam: —0.05 mMA cmgcsa
Ni foam: —0.21 mA cmECSA’Z). These OER activity improve-
ments can be caused by the Fe impurities from unpurified
electrolytes and enhanced mass transfer due to the use of the flow
cell.>”*%%8 Curiously, although both samples have the same
surface chemical compositions (see Fig. S19, ESIt) and similar
amounts of self-oxidized species [Ni(OH),/NiOOH], the Ni foam
demonstrated a higher intrinsic OER activity in comparison with
the NizN/Ni foam after the OER CP tests in the unpurified
electrolyte. This difference in intrinsic OER activity might be
because of the different Fe incorporation level per ECSA for each
sample. Klaus et al. reported that the Fe incorporation level
increases logarithmically with respect to aging time for which a
Ni(OH), electrode is immersed in unpurified 1 M KOH aqueous
solution (in the absence of applied potential).>® In this work,
since we immersed the NizN/Ni and Ni foams in unpurified
electrolyte for almost same time (at least 20 h) during the OER
CP tests, it is likely the total Fe uptake within both foams will be
almost the same. However, because of the higher ECSA of the
Ni;N/Ni foam, the Ni foam probably reaches a higher Fe incor-
poration level per ECSA than the NizN foam, resulting in the
higher intrinsic OER activity of the Ni foam. To support this
possibility, we show the magnified LSVs (Fig. 7c and d). In
general, it is well-known that an anodic shift of the Ni**/Ni**
oxidation peaks and an increase in OER activity happen with
increasing the Fe incorporation level within nickel oxyhydroxide
(or increasing x in Ni;_,Fe,O0H).*”**#85 During the long-term
OER CP tests in unpurified electrolyte, both the Ni;N/Ni and Ni
foams showed the Ni**/Ni** oxidation peak shifting and OER
activity enhancement, which is evidence for the Fe uptake within
our electrodes. However, compared with the Ni;N/Ni foam, the
Ni foam exhibited larger anodic shifts of the Ni**/Ni*" oxida-
tion peak during the OER test, indicating a higher x value in
Ni; _,Fe,OOH (or a higher Fe incorporation level per ECSA). For
this reason, the Ni foam obtained a higher intrinsic OER activity
than the Ni;N/Ni foam after the OER CP testing. It is worth
noting that Ni, _,Fe,OOH species act as OER electroactive sites
for the NizN and Ni metal precatalysts in unpurified electrolyte.

Here, we also discuss a possible mechanism for Fe incor-
poration into the self-oxidized Ni;N/Ni and Ni foam electrodes.
According to a previous report,®® initially, Fe impurity in
unpurified electrolyte is incorporated at the edges/defects of
the Ni;N- and Ni-derived NiO,H, nanoflakes. Subsequently, the
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Fe impurity is further incorporated into the bulk of the NiO,H,,
nanoflakes while Fe also remains at their edge/defect sites.
Importantly, the Fe impurity is incorporated throughout the
electrolyte-permeable regions of the Ni;N/Ni and Ni foam
electrodes (self-oxidized part: NiO,H,, layer).*

Finally, we further discuss the geometric OER activity of the
foam-type electrodes in unpurified electrolyte. After the long-term
OER CP tests, the Ni;N/Ni foam showed a higher geometric OER
activity than the Ni foam despite its lower intrinsic OER activity
(Table S2, ESIt). This higher geometric OER activity of the post-
OER CP Ni;N/Ni foam may result from its higher ECSA. Further-
more, as listed in Table S2 (ESIT), the geometric OER activity of
our Ni;N/Ni foam (in a flow cell) compares favorably with those of
other reported foam-type Ni;N samples (in a standard three-
electrode cell). This may be the result of the improved mass
transfer due to the use of a flow cell.’””*® From the comparisons to
literature values, the use of a flow cell is effective for further
enhancing the geometric OER activity. This strategy can also be
adapted to other foam-type electrocatalysts.

This study investigated Fe impurity incorporation effects on
the OER activity of a Ni;N precatalyst. It is noteworthy that
geometric OER activity degradation was observed after the OER
CV test in the purified electrolyte whereas the geometric OER
activity continuously increased during the OER CP test in the
unpurified electrolyte. These different behaviors are likely caused
by the presence or absence of Fe impurities in the electrolyte. From
our findings, we would expect other Ni-based OER precatalyst
performances to also be affected for the better by Fe impurities
from the electrolyte, for which further investigation is necessary in
the future.

Conclusions

In summary, a NizN precatalyst was successfully fabricated on
nickel foam via low-temperature chemical oxidation and sub-
sequent nitridation. Then, the as-prepared Ni;N/Ni and
as-purchased Ni foams were subjected to the OER CV and CP
tests in purified and unpurified 1 M KOH aqueous electrolytes
in standard three-electrode and flow cells, respectively. In both
electrolytes, the partial self-oxidation of solid NizN surfaces
results in amorphous, nano-porous nickel oxide/(oxy)hydroxide
layers. Meanwhile, Ni metal surfaces were partially self-oxidized into
amorphous, compact nickel oxide/(oxy)hydroxide. Interestingly, our
theoretical and experimental results indicate that Ni;N has a
lower oxidation resistance than Ni metal. In the purified electro-
Iyte, the Niz;N/Ni and Ni foams demonstrated decreases in
measured geometric OER activities during continuous CV tests.
This is mainly because of the relatively low electrical conductivity
and OER activity of pure NiOOH. In contrast, when testing in
unpurified electrolyte the geometric OER activities of the NizN/
Ni and Ni foams increased along with the NiOOH formation and
continuous Fe impurity incorporation since trace Fe can improve
the electronic properties of NIOOH. This Fe incorporation would
also be expected to happen in other Ni-based OER precatalysts,
which future works need to examine. In addition, regardless of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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whether trace Fe impurities exist, the Ni;N/Ni foams exhibited lower
OER overpotentials than the Ni foams due to the higher ECSAs of
post-OER Ni;N samples. Most notably, the post-OER CP NizN/Ni
foam in a flow cell achieved a significantly higher geometric OER
activity (: 262 mV at a current density of 10 mA cmy, ) than
previously reported foam-type Ni;N electrocatalysts in unpurified
electrolytes, which may result from the improved mass transfer.
This flow cell strategy can also be applicable to any other
electrodes with high surface areas, such as foam-type electrodes,
and be useful for developing rational electrode design in more
practical conditions.
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