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Boosting hydrogen evolution reaction (HER) performance in alkaline media has been a topic of interest in a world that

continuously strives for cleaner energy conversion systems. The paucity of protons provides a challenge to performing the

HER in an alkaline environment and is a major impediment to decreasing the energy requirement needed to produce

hydrogen. Here, we improve the HER activity of nickel-nitride by electrochemically anodizing the surface which aids water

dissociation in alkaline HER. We experimentally show that by oxidizing the nickel nitride on nickel foam (NisN/NF) surface

using cyclic voltammetry (CV) cycles in Fe-unpurified KOH media, NizN can be converted to a Ni(OH),/NizN composite.

Activation of the NisN/NF with 50 CV cycles resulted in a low HER overpotential of 172 and 207 mV at the current densities

of 50 and 100 mA/cm?, respectively. The 50 CV cycle Ni;N/NF also had the minimum charge transfer resistance at 6 Q

compared to all other prepared samples, and the Tafel slope is 100.87 mV/dec.

Introduction

As carbon emissions increase and the threat of climate change
looms, there is an increasing need to turn to carbon-free energy
conversion and storage devices. One route, electrochemical water-
splitting, holds promise as it enables the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER), which have O, and H,
as the only products. While overall water splitting is a potential green
energy technology, it is limited in its practical application because of
the slow kinetics of the OER and HER. For the OER and HER to
proceed, electrocatalysts are used to overcome their kinetic
limitations. These electrocatalysts are typically either impractical to
mass produce because they require noble metal materials or, if they
are made of more cost-effective materials, they still require
extensive and costly energy input, which makes overall water
splitting impractical. In addition, the OER and HER kinetic limitations
are best suppressed in differing electrolyte systems—alkaline and
acidic media, respectively. The HER has been studied mainly in acidic
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media wherein H* is readily available as the reactant, making it more
favorable for improved HER kinetics.

Given that the OER has been shown to work well under alkaline
conditions, there is a push to perform HER in alkaline media. In
alkaline media, inexpensive metals for electrodes and cell materials
can be used as opposed to those required under acidic conditions.
For these reasons, alkaline electrolyzers are readily available in
industry.»2 However, free H* is not readily available for hydrogen
evolution under alkaline conditions. The protons are still bound to
oxygen, and H, can only evolve once water dissociation has occurred,
resulting in sluggish kinetics in alkaline media as compared to acidic
for the HER. These sluggish kinetics means additional energy input is
needed for the reaction to proceed. This excess energy needed to
drive any electrocatalytic reaction with respect to the equilibrium
potential of certain redox reactions is referred to as the
overpotential. An overpotential
energetically intensive reaction, which in turn increases the energy
cost. To lower the overpotential for the electrochemical HER process,
developing better electrocatalysts is crucial.

Platinum group (e.g., Pt and Ru)-based metals and their
hydroxides have been reported as the best-performing
electrocatalysts for alkaline HER.3-7 However, these precious metals
are both scarce and expensive, making them unattractive for
industrial application.?-1° Non-noble transition metals have recently
gained attention due to their high performance, decent stability in
alkaline media and their low cost. These metals react with carbon,
group 15 and 16 elements to form compounds referred to as
transition metal X-ides. Ni-based X-ide electrocatalysts, such as NisN,
are of particular interest due to their moderate binding energies for
hydrogen. Under alkaline conditions, Ni-based X-ides undergo
surface oxidation Ni(OH), which has been shown by our group and
others to improve the kinetics of water dissociation.113 Just
recently, Sengeni et al., improved the alkaline HER activity of NiS by
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generating Ni-S-OH/Ni in-situ by using anodic cyclic voltammetry
(CV) cycling.** They used NiS as the precursor and suggested that by
applying anodic potentials in incremental CV cycles, an amorphous
hydroxide layer can be generated on the surface of NiS to aid water
dissociation in alkaline media. This is possibly because Ni(OH),
lowers the energy barrier in the water dissociation step by forming a
hydrogen bond with H,0.156 Also, Markovic’s group noted that the
primary factor for this catalytic ability is due to the weak Ni-OH bond
which makes Ni sites in Ni(OH), available for continuous water
dissociation.'” Based on these findings, we proposed observing the
impact of incremental CV cycling and hydroxylation on the
electrochemical HER performance of NisN/NF in alkaline media.

In this study, we demonstrate that conditioning nickel nitride
electrocatalysts in KOH forms a nickel hydroxide layer with superior
HER performance. In the first section, nickel nitride is synthesized on
a nickel foam substrate (NisN/NF). Subsequently, the
electrochemical HER performance of the NizN/NF is compared to the
NF. In the second section, NisN/NF is transformed into a Ni(OH),-
NiOOH/NisN composite by anodic CV cycling. Incremental CV cycles
were done to evaluate the relationship between the electrochemical
HER performance and the number of CV cycles. The impact of the
increasing number of CV cycles on the intrinsic activity and, double
layer capacitance was also measured. Results show that at 50 CV
cycles, the lowest overpotential decrease of 7.6 and 15 mV at 50 and
100 mA/cm? respectively, was observed. The Tafel slope remained
constant with increasing CV cycles while the double layer
capacitance increased with increasing CV cycling. These results
suggest that anodic CV cycling induces the in-situ formation of a
porous Ni(OH), catalyst layer on the NisN/NF electrocatalyst and that
50 CV cycles is sufficient to improve the electrochemical HER
performance. This porous structure aided the water
adsorption/dissociation as well as mass and charge transfer,
resulting in a lower overpotential, Tafel slope, and charge transfer
resistance.

Experimental
Materials

Nickel foam (NF) with >99.99% purity from MTI [thickness: 1.6 mm,
porosity: 295% (80-110 pores per inch, average hole diameters
about 0.25 mm)], potassium hydroxide (Sigma Aldrich, 90%), ultra-
pure water (18 MQ'cm), ethanol (Pharmco), and nitrogen and
ammonia (Airgas), were used for electrode preparation and
electrochemical experiments.

Electrode preparation

First, NF pieces (1 x 1 cm?) were washed and sonicated (for 10
minutes) with ultra-pure water and ethanol, respectively. After
vacuum drying, the as-cleaned NF pieces were oxidized in air within
aboxfurnace at 350 °Cfor 2 h, at a ramp rate of 10 °C/min to produce
NiO precursor layers on NF pieces. Subsequently, the nitridation of
the as-prepared NiO/NF to form NizN/NF was conducted in a
horizontal tube furnace by flowing NH; gas at a flow rate of 120 sccm.
The holding temperature was set at 450 °C for 4 h, at a ramp rate of
10 °C/min.
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Characterization

A Rigaku Miniflex 600 diffractometer with Cu Ka radiation (A =
1.54186 A) source was used to obtain the X-ray diffraction patterns
(XRD) of the materials. A Quanta 650 environmental scanning
electron microscope (ESEM) and Apreo 2 C LoVac scanning electron
microscope coupled with a Bruker energy dispersive X-ray detector
(EDX) were used to investigate the morphologies and the elemental
compositions of the samples. Surface compositions of the samples
were evaluated using a Kratos X-ray Photoelectron spectrometer
(XPS) with both Al Kol and Mg Kal radiation (hv = 1486.7 and 1253.7
eV, respectively).

Electrochemistry

All the electrochemical experiments were performed on a CHI 660D
potentiostat. The counter electrode used was a graphite rod, the
working electrode is the as-fabricated NizN/NF, while the electrolyte
used is a 1 M KOH aqueous solution (electrolyte volume: 125 mL). All
potentials were measured versus a Hg/HgO reference electrode with
a 1 M KOH internal solution and converted and reported versus the
reversible hydrogen electrode (RHE). Conversion of the potential
value was completed employing the Nernst equation:'8

ERruE = Eng/ngo + 0.0591 X pH + E;Ig/HgO
Etg/mgo (1 MKOH) = ~0.114 Vat 25 °C

Linear sweep voltammetry (LSV) was conducted at a scan rate of
10 mV/s using 90% iR compensation’® to measure the HER
performance of the as-prepared electrodes. Note that before
recording the LSV curves, the as-prepared electrodes were
cathodically scanned for ~6-8 times until the HER current signals
were stabilized. Multiple cyclic voltammetry (CV) scans were
conducted to activate (i.e., oxidize) the NizN/NF electrode at a scan
rate of 100 mV/s. Electrochemical surface areas (ECSAs) were
estimated using the CV-based electrochemical double-layer
capacitance (Cy). Specifically, Cy measurements were carried out via
multiple CV scans taken at different scan rates). By performing CV’s
with varying scan rates in the non-faradaic potential window and
taking the slope of the capacitive current vs. potential (/ = vCy), the
Cq values of the electrodes were obtained. Charge transfer (R.) and
solution resistance (Rs~ 2 Q) were determined using electrochemical
impedance spectroscopy (EIS) measurements. Furthermore,
electrochemical  stability testing was performed using
chronopotentiometry (CP) at a constant cathodic current density of -
20 mA/cm? without iR compensation.

Computational details

The density functional theory (DFT) calculations in this study were
performed using the Vienna ab-initio software package. The core and
valence electrons were respectively described by the projector
augmented-wave (PAW)?° method, and Kohn—Sham wave functions
were expanded in a plane wave basis with the energy cut-off set of
400 eV.?! The electronic exchange and correlation were described by
the generalized gradient approximation (GGA) using the Perdew—
Burke—Ernzerhof (PBE) functional.?? All calculations were conducted
with spin polarizations. The Brillouin zone was sampled by a (3 x 3 x

This journal is © The Royal Society of Chemistry 20xx
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1) Monkhorst—Pack k-point mesh.2® Structures were considered
relaxed when all the forces on each atom became lower than 0.05
eV/A. The climbing-image nudged elastic band (CI-NEB) method was
employed to acquire the transition states and activation energies of
water dissociation.?* Since the Ni3N is a Ni-rich material, and the N-
terminated surfaces are highly hydrophobic, only the Ni-terminated
NisN surfaces and Ni(111) were considered in our calculations.

Results and discussion

To characterize the bulk elemental distribution and the crystal
structures of the NisN/NF and NF prepared electrodes, X-ray
diffraction (XRD) was performed. The XRD patterns in Fig. 1 show
that the as-purchased NF has a cubic crystal system as identified by
diffraction peaks corresponding to Ni [International Centre for
Diffraction Data (ICDD) PDF: 004-0850]. For the as-prepared NisN/NF,
diffraction peaks corresponding to both cubic Ni and hexagonal NisN
were identified (see Fig. 1). This result shows that NF was partially
converted into NizN through its oxidation (Ni to NiO) and subsequent
nitridation (NiO to Ni3N). The NiO precursor is amorphous and as a
result, no NiO diffraction peak can be found (see Fig. 1), and only the
diffraction peaks of metallic Ni were present.

Optical images of the electrodes were obtained to show any
macroscopic changes to the NiO electrocatalyst due to nitridation.
The optical images show that NF has a light-grey color and upon
nitridation is transformed to a dark-grey color (Fig. S1). To examine

ARTICLE

Fig. 2 SEM images of pristine NF (a and b) and NizN/NF (c and d).

the morphology of the electrodes, SEM images were obtained. SEM
images shown in Fig. 2a and b show the smooth surface of NF, while
those of NisN/NF (Fig. 2c and d) are rougher after the incorporation
of nitrogen. The surface roughening can be attributed to the drastic
crystal structure change through the oxidation (cubic Ni to
amorphous NiO) and nitridation (amorphous NiO to hexagonal NisN)
that has been reported in other studies.>2>-28 From EDX analysis,
mappings of each element were obtained for NisN/NF and NF to
evaluate the distribution of elements. Fig. 3a-d for NisN/NF show
that Ni and N are homogeneously distributed throughout the

Ni;N/Ni foam

NiO/Ni foam

Ni foam

NISN T T T T T T
ICDD PDF #070-9599

Intensity (a.u.)

10 20 30 40 50 60 70
20 (degree)

Fig. 1 XRD patterns of pristine NF, NiO/NF, and NizN/NF.

Ni
ICDD PDF #004-0850
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Fig. 3 EDX elemental mapping images of (a-d) pristine NisN/NF and (e-g) NF
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Fig. 4 (a) Ni 2p, (b) N 1s, and (c) O 1s XPS spectra of pristine NisN/NF.

material. The oxygen signal was also observed in Fig. 3d, which can
be attributed to oxidation by ambient air. EDX spectra indicating the
successful incorporation of nitrogen are also provided in Fig. S2. Fig.
3e-g shows the elemental distribution in NF, and the oxygen signal is
due to ambient oxidation.

The surface composition of the as-prepared NisN/NF was
determined using XPS. Fig. 4 shows high-resolution XPS spectra for
Ni 2p, N 1s, and O 1s. Fig. 4a shows the Ni 2p;/, region with peaks at
852.6 eV,%%30 855.6 eV,2%30 and 861.2 eV3! indicating Ni° Ni%*, and
their satellite peaks, respectively. N 1s spectrum in Fig. 4b is shown
with a peak at 398 eV, supporting the lattice structure.332 The O 1s
spectrum in Fig. 4c with a characteristic peak at 531.65 eV3334 is Ni-
O-H which is due to ambient oxidation of adsorbed hydrides.
Additionally, the precursor NiO/NF was further evaluated using XPS
(see Fig. S17), which confirms the presence of surface NiO species.3*
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Fig. 5 (a) LSV curves, (b) double-layer capacitances (Cy), and (c) ECSA-normalized
HER overpotential values for NisN/NF and NF. (d) 24 h chronopotentiometry of
Ni3N/NF at a constant current density of -20 mA/cm?.
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Fig. 6 (a) Calculated HER free energy pathways on NizN(001), NizN(100), NizN(110),
Ni3N(111), and Ni(111) surfaces in alkaline media. (b) Modelled Ni-terminated
NisN and Ni metal surfaces at two different states [i.e., transition state (TS) and
H*-adsorbed state]. Green, blue, red, and white spheres represent Ni, N, O, and
H, respectively.

HER performance of NisN/NF and NF

All the electrochemical experiments were conducted in a standard
three-electrode system. We evaluated the electrochemical
performance of NisN/NF for the HER. LSV experiments were
conducted with the use of NF as a control. NisN/NF had an
overpotential of 171.9 + 3.8 and 207.3 + 3.1 mV at 50 and 100
mA/cm?, respectively. On the other hand, the overpotentials of NF
are 2219 + 7.5 and 266.9 + 8.5 mV at 50 and 100 mA/cm?,
respectively, were observed indicating that NisN/NF outperforms NF,
as also observed in previous studies.?®323536 Moreover, this result
highlights the significance of d-band theory where nitrogen
incorporation shifts the d-band center of Ni to have a likeness to Pt.37
To further understand the reason for the superior HER activity, we
evaluated the ECSAs of NF and NisN/NF (to be specific, we used the
CV-based Cy values as proxies for the ECSAs). As shown in Fig. 5b that
NisN/NF with the Cyq of 7.8 mF/cm? has a larger surface area
compared to NF (1.7 mF/cm?) which could be an indication of a larger
catalytic surface. This increased Cy is expected given the roughened
surface observed via SEM (see Fig. 2d and b) post NiO/NF nitridation,
which is an indicator of high catalytic activity.333° Intrinsic HER
activity evaluation was performed by comparing overpotentials of NF
and NisN/NF at an ECSA-normalized current density of 50
mA/cm?ecsa. The ECSA used here was obtained from the relation
ECSA = Cy/C; where C; means specific capacitance and the generic C;
of 40 uF/cm? in alkaline media was obtained from literature.*® As
shown in Fig. 5c, NisN/NF has a better intrinsic HER activity at a
confidence interval of 90% marked by a lower overpotential of 68.9
+ 7.0 mV compared to 90.6 + 15.4 mV for NF.

To further understand the electrocatalytic HER activities found in
our experiments DFT calculations were performed to understand the
kinetics and thermodynamics of HER in an alkaline environment (Fig.
6a). Based on the XRD results (Fig. 1), all of the Ni-terminated
surfaces of NisN (001), (100), (110), and (111) and Ni (111) were
modelled with DFT calculations (Fig. 6b). Different from the acidic
HER mechanism, the rate-determining step of alkaline HER could be
the kinetic barrier for water dissociation.*! It can be seen that all of
the studied NizN surfaces have significantly lower energy barriers
than Ni (111), indicating more facile kinetics on NisN surfaces.
Meanwhile, the thermodynamics of the second step - the evolution
of adsorbed hydrogen, are also more facile than that of Ni (111) (Fig.

This journal is © The Royal Society of Chemistry 20xx
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6a). Notably, the NisN (110) shows the lowest water activation
energy and near-zero energy for hydrogen evolution, suggesting that
this is a highly favorable surface for alkaline HER. Two mechanisms
were identified: on the lower index surfaces of NisN [(001), (100), and
(110)], the dissociated H" is adsorbed at the Ni-sites, while H* prefers
to stay at the N-site of NisN (110) (Fig. 6a). This is similar to a previous
study by You et al. where nitrogen acts as a promoter at a N-doped
Ni (111) surface that “pulls” the hydrogen out from an adsorbed
water.*2 Overall, the NisN surfaces show enhanced alkaline HER
activity as compared to Ni (111), which suggests that NisN improves
the performance and is in agreement with our experiments.?®

The electrocatalytic HER stability of NisN/NF under alkaline
conditions was tested using long-term CP, and then the activity after
the stability test was measured to see if the HER activity was
retained. Fig. 5d shows the 24 h CP that was conducted at a constant
cathodic current density of -20 mA/cm?, and the results show a
potential drop of ~ 95 mV over 24 h, which suggests the HER activity
of NisN/NF was slightly diminished. However, the HER activity (pre
and post LSV) tests appear similar, indicating that the HER activity
remained stable after the long-term HER testing, as observed in the
inset of Fig. 5d. The seemingly diminished activity during the CP test
could be attributed mainly to bubble accumulation on the electrode
surface, which probably lower the number of available surface-active
sites for the HER. XRD patterns were obtained for pre- and post-long-
term testing to see if there were any changes to the bulk structure of
the catalyst. The XRD pattern acquired after the long-term testing
shows that the bulk structure is preserved as the NisN and Ni
diffraction peaks were the only peaks observed, as shown in Fig. S3.
XPS analysis after the 24 h stability test (Fig. S4) shows that for the Ni
2p region, Ni%*/Ni3* species are predominant, indicating the possible
formation of Ni(OH), and NiOOH after the long-term HER testing
under alkaline conditions. Compared to the pristine N 1s spectrum
(Fig. 4b), the lattice Ni-N bond at around 398 eV is significantly
diminished but the adsorption of N-H species at around 400 is
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Fig. 7 (a) HER overpotential, (b) Cy, and Tafel slope values and (c) Nyquist plots
for NisN/NF before and after anodic CV activation. Note that anodic CV cycle
number was changed from 50 to 500 for the activation. (d) 24 h
chronopotentiometry of 50 CV-activated NisN/NF at a constant current density of
-20 mA/cm?2.
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prominent. Also visible is the incorporation of Fe (Fig. S4) into the
catalyst surface to form NiFeO,H, after CP testing, and this has been
observed in studies that have employed CP treatment on Ni-based
electrodes in alkaline media.*?

Effects of anodic CV activation on HER performance of NisN/NF

Both experimental and computational results show that NizN/NF is a
better HER electrocatalyst compared to NF. Next, we used anodic CV
oxidation to create Ni(OH),-NiOOH that are more hydrophilic
surfaces, which can further boost the electrocatalytic HER activity
and stability. We performed anodic CV activation using different
cycling numbers from 0 to 500 cycles, and the corresponding profiles
are provided in Fig. S5. These profiles show that as the CV cycling
number increases, there is an increase in the redox peak areas. These
cathodic and anodic peaks correspond to the reversible reduction
and oxidation of NiOOH and Ni(OH), at ~ 1.15 and ~ 1.5 V vs. RHE, 1236
respectively. By changing the CV cycling number, the oxidation
degree can be controlled. After CV activation, we performed the LSV
(Fig. S6) to evaluate the relationship between the geometric HER
activity and CV cycle number (importantly, the activated electrodes
were cathodically scanned for ~8-10 times until the HER current
signals were stabilized, and subsequently the LSV curves were
collected to check their HER performance). Fig. 7a shows the HER
overpotential at the geometric current density of 50 and 100
mA/cm?2. These results show that the CV-activated NisN/NF samples
have lower HER overpotentials compared to the as-prepared
NisN/NF sample, which suggests that anodic CV oxidation helped
further improve the HER activity of NisN/NF. The results also
highlight that the cycle number of 50 is optimal to effectively
improve the HER activity as indicated by the lowest HER
overpotentials (171.9 + 3.8 and 207.3 * 3.1 mV at 50 and 100
mA/cm?). Compared to other studies that use NizN/NF directly as a
catalyst or a chalcogenide activated through anodic CV cycling for the
HER under alkaline conditions, the impact of anodic CV oxidation on
NisN/NF in this study in lowering the overpotential for alkaline HER
is statistically different (see Table S1 and Table S2).

To understand the reason for the improvement in the HER
activity after anodic CV cycling, we measured the ECSAs of the CV-
activated samples. The CV experiments in the non-faradaic potential
window (0.707 to 0.757 V vs. RHE) are displayed in Fig. S12. The
results, as shown in Fig. 7b, indicate that there was an initial decrease
(7.01 + 0.16 to 4.55 + 0.14 mF/cm?) in the Cgy before a continuous
increase with CV cycle number. This initial decrease may be caused
by surface compositional changes due to a reconstruction of the Ni-
N structure to Ni-Fe-OH, which leads to a smaller C; value. Previous
studies have shown that Ni metal has a larger C, value (~ 32 pF/cm?)
than NiFeOH (~ 20 uF/cm?) in aqueous media.** Since pristine
NizsN/NF is metallic and CV activation oxidizes its surface with the
incorporation of Fe3* (See Fig. $7),%%¢ resulting in the formation of
NiFeO,H,, a similar C; decrease might occur with the formation of
NiFeO,H, following CV activation of NizN. This suggests that the as-
observed Cy decrease can be due mainly to surface composition
alterations. The subsequent increase (from 50 to 500 cycles) in Cy is
due to an increase in the formation of a thicker NiFeO,H, layer with
increasing CV cycling oxidation of the NisN surface.** Studies have
shown that the NiFeO,H, layer thickness increases during anodic CV

J. Mater. Chem. A, 20xx, 00, 1-8 | 5
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cycling of Ni-based precatalysts, because the cathodic sweep causes
the partial reduction of the anhydrous oxide layer which was initially
formed during the anodic sweep, forming an electrolyte-permeable
disordered structure. This partial reduction results in further
oxidation and hence an increase in the NiFeO,H, layer thickness.*347~
42 Also the change in the conductivity due to surface transformation
could be responsible for the observed drop and subsequent increase
in the value of Cy. Possibly the formation of Ni(OH), which has a
lower conductivity compared to NisN/NF caused the decrease in Cy
and the subsequent increase due to the formation of a more
conductive NiOOH.

We also characterized the NisN/NF surface after 50 CV cycles
(i.e., the best-performing sample) to identify possible electrocatalytic
active species for the HER. The XPS results in Fig. S9 show that
Ni(OH), (855.6 eV),5%5 Ni-N (398 eV),3132 N-H (400 eV),12 and Fe3*
(711 eV)*>4¢ are the active species on the surface. This experimental
evidence points to Ni(OH),-NiOOH as the possible oxidized species
that amplifies electrochemical activity for the HER. Although there is
evidence of Fe incorporation as observed in Fig. S9, it has been
explained by Corrigan et al, that Fe incorporation doesn’t impact on
the HER activity.>2 Moreover, the bulk data from XRD (Fig. S8)
indicates that NisN and Ni metal in the NisN/NF sample were
preserved. The absence of Ni(OH), in the diffraction pattern could be
attributed to a thin layer formation below the detection limit or its
amorphous structure. The structure of Ni(OH), was confirmed with
an SEM image, in Fig. S8b, which shows the formation of a newly
formed thin, porous structure. The porous structure is created due
to electrochemically induced in-situ oxidation in which transition
metal compounds undergo anion exchange; in this case, the
exchange of N3- with O% or OH- coupled with Fe incorporation.*3-53 CP
test for 24 h was done to see if the electrocatalytic HER activity is
sustained after long-term use. The result in Fig. 7d shows an
overpotential increase of 40 mV during the CP test, which again can
be attributed to bubble accumulation during the long-term testing.
Activity results provided before and after the CP test (inset Fig. 7d)
also show that the HER activity improves after long-term use (the
reason for this activity improvement is still unknown and under
investigation). Here, post HER characterization results are also
available in the ESI (see Fig. S15). To further confirm the HER stability
of the 50 CV-activated NisN/NF electrode, a longer HER CP test
[testing time: 200000 s (100000 s X 2) = ~56 h] was also performed
(see Fig. S18). From the inset of Fig. S18, it can be seen that after the
~56 h HER CP test, the 50 CV-activated NisN/NF electrode affords
improved HER performance, which is similar to the 24 h HER CP test
result. Nevertheless, these results suggest that the Ni(OH), formed
after the 50 CV cycle enhances the geometric HER activity with the
Ni2* and 0%/0OH- possibly providing the hydrogen bonding sites that
aid water dissociation'” and improve electrochemical stability for the
long-term HER process.

Electrode intrinsic HER activity

The Tafel slope is a measure of the intrinsic activity of the resultant
electrode for the HER and was obtained after each CV cycle (i.e., CV
activation). The as-obtained Tafel slopes shown in Fig. S7 are
represented with bars in Fig. 7b, indicating that the catalyst after 50
CV cycles has a similarly low Tafel slope as other cycled samples with
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a value of 100.87 mV/dec and hence an improved intrinsic activity
relative to the pristine NisN/NF. Experimental evidence for the stable
Tafel slope after 500 CV cycles can be observed from the XPS spectra
in Fig. S11a. There, the Ni 2p characteristic peak at 855-856 eV shows
a complete oxidation of NisN to Ni(OH), (Ni?*) and NiOOH (Ni3*),
respectively.?®30 Also, there is a notable decline in the N 1s signal in
Fig. S11b, indicating a decrease in the nitrogen content marked by
the diminished Ni-N signal at 398 eV.3%32 Even further, the intrinsic
activity trend correlated with changes in the R. R is confirmed by
EIS measurements where a decrease in the Ry is indicative of
improved reaction kinetics. The Nyquist plot in Fig. 7c and the
corresponding bode plots (Fig. S13) show that the intrinsic activity
improves after 50 CV cycles as marked by the R decrease from ~8 to
~6 Q. Low resistance is commonly associated with the high frequency
region in a Bode/Nyquist plot for a simple Randle’s circuit. This
correlation is possible because at high frequency, the double layer is
quickly lined up with charges and poses little resistance to the flow
of current. The R and frequency shift from the EIS and bode plots
remains relatively constant after 50 CV cycles following the same
trend as the Tafel slope. In Fig. S14, CP following 50 CV cycles also
shows an improvement in the intrinsic activity as the R decreases
from~8to~6.5Q.

Furthermore, after 500 CV cycles, we evaluated the
electrocatalyst for any changes in the bulk and surface compositional
structure and morphology. The XRD pattern in Fig. S10 shows that
the bulk surface was preserved, as indicated by the presence of NisN
and Ni diffraction peaks, while the SEM images show that the
morphology remains relatively the same. XPS results in Fig. S11 show
that surface oxidation has occurred, which is signified by the shift
from 852 eV for Ni° to 856 eV for Ni(OH),,2>3 in the Ni 2p;, region.
The dwindling nitrogen signal in the N 1s spectra also strengthens the

oxidation argument.

Conclusion

We set out to improve the HER performance of NizN/NF in alkaline
media by applying an anodic bias via incremental CV cycles. Overall,
the CV anodization cycle does not impact the bulk structure but
oxidizes the surface of the precatalyst to Ni(OH), and NiOOH, which
aids the alkaline HER activity. These results suggest that the
synergistic effect of the amorphous Ni(OH), on the surface and the
bulk crystalline NisN/NF (Ni(OH), -NisN/NF) interface is necessary for
augmenting the HER performance in alkaline media by aiding the
water dissociation step. The HER improvement is marked by the
overpotential drop, Tafel slope, and R after 50 CV cycles.
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