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ABSTRACT
Direct methanol fuel cells (DMFCs) are energy carriers with a significant high energy density, easy implementation, a low operating tem-
perature, and a convenient methanol fuel storage, rendering them a reasonable alternative for portable applications. However, there are
several substantial barriers to the widespread use of DMFCs that must be addressed. Noble metal-based catalysts have long been regarded
as outstanding electrocatalysts for fuel cells, but their high cost and low durability have kept them from becoming widely used. Nickel-based
electrocatalysts are possible replacements for expensive noble metal catalysts owing to their low price, high durability, and remarkable sur-
face oxidation properties. Herein, we develop an incredibly active and remarkably stable electrocatalyst for the methanol oxidation reaction
(MOR) via a simple hydrothermal method coupled with nitridation to prepare highly porous Ni3N nanosheets arrays supported by nickel
foam (NF) substrate. The in situ growth of highly porous nanosheets on NF (NSAs/NF) exposes more active sites and allows fast charge/mass
transfer, creating synergistic effects between Ni3N and NF. As a result, the strong interaction between Ni3N and NF prevents leaching and
renders the catalyst highly stable for over 20 h with a 72.58% retention rate, making it among the best retention rates reported recently for
comparable Ni-based catalysts. Based on these findings, nickel nitride appears to be an excellent electrocatalyst for fuel cell applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148124

INTRODUCTION

Methanol is one of the most interesting fuels due to its
high energy density, portability, safety while handling, solubility
in aqueous solutions, accessibility, and potential generation from
renewable energies.1–3 With the rising availability of methanol, the
obstacle will be creating a reliable device to transform methanol
into electricity. Direct-methanol fuel cells (DMFCs), which uti-
lize methanol as a fuel and convert chemical energy into electrical
energy by directly oxidizing with oxygen (O2) from the air to carbon

dioxide (CO2) and water, have drawn considerable research inter-
est owing to their easy mobility and energy density.4 One of the
key components of DMFCs is the electrocatalyst, which improves
the methanol oxidation reaction (MOR) efficiency on the anode.5
Sustainable energy storage and conversion is a key driver for the
development of nanostructured electrocatalysts, but it is crucial to
design catalysts with high activity and durability for MOR. Pt or
Pt-based alloys have been reported to be the most active cat-
alysts for some electrochemical reactions such as biosonsing,6
hydrogen evolution reaction,7,8 oxygen reduction reaction,9 and
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MOR, but CO poisoning and the high cost have limited their
commercialization.10 Therefore, Pt-free electrocatalysts with high
activity, high reliability, and stability are required for practical
applications and the market acceptance of DMFC technologies.

Among non-platinummetal catalysts, nickel-based catalysts are
considered the most promising to replace Pt because of their low
cost, resistance to poisoning, good surface oxidation properties, and
high catalytic activity toward electro-oxidation of alcohols.11 Among
them, the Ni3N catalyst has attracted considerable interest due to
abundant active sites, rapid charge transfer rate, and notable cat-
alytic performance.12,13 Theoretical calculations predict that metal
nitride electrocatalysts possess many advantages over pure met-
als.14 Moreover, the presence of nitrogen strongly influences the
electronic properties of the metal by increasing the density of elec-
trons on the surface. However, Ni3N is vulnerable to passivation
under alkaline environments, and the activity and durability of Ni3N
catalysts in alkaline solutions are substantially lowered.15 Previous
research has exploited activated carbonaceous additives and metal
foil/foam/mesh substrates as the catalyst support that enhanced the
conductivity and stability of the electrode materials.16,17

Notably, catalysts with accessible active surface sites promote
electrocatalytic activity in a single direction.18 Nickel is also recog-
nized as a outstanding flexible support, and researchers have used
Ni foam as a substrate.17 Also, Ni foam (NF) is extraordinarily sta-
ble in alkaline solutions and can be mass-produced with diverse
surface and structural modifications. Herein, we design unique self-
supported nanosheets of Ni3N anchored on a 3D Ni foam skeleton
by using a simple two-step method. This unique in situ growth of
Ni3NNSAs on Ni foam (Ni3NNSAs/NF) is beneficial in many ways;
for example, no additional binder or conducting agent is required to
prepare the electrode, making handling very easy and cheap. With a
large specific and electrochemically accessible surface area, Ni foam
provides abundant catalytic active sites by dispersing the active cen-
ters, resulting in a high loading of Ni3NNSAs. Last but not least, the
stability of the catalyst improves due to the seamless contact between
the nanosheet arrays of Ni3NandNi foam, ensuring tight integration
that prevents leaching and triggers rapid charge transfer. Detailed
catalytic tests show that the Ni3N NSAs/NF not only has enhanced
electrocatalytic properties in MOR but also has an improved sta-
bility for 20 h in methanol oxidation under alkaline conditions.
The exceptional electrochemical activity of the Ni3N NSAs/NF sys-
tem originates from the high conductivity, exposed edges of Ni3N
nanosheets, and synergistic effects betweenNi3NNSAs andNi foam.

EXPERIMENTAL SECTION
Synthesis of Ni(OH)2 NSAs/NF

A simple hydrothermal technique is used to create the Ni(OH)2
NSAs/NF hybrid structure. Typically, 26.25 mmol urea, 10.5 mmol
NH4F, and 3.93 mmol Ni(NO3)2⋅6H2O were mixed in 70 mL H2O
and stirred at room temperature for 1 hour to ensure the homoge-
nousmixing. Themixture was transferred to a 100ml Teflon reactor.
A piece of nickel foam (NF) with a size of 2 × 3 cm2 was cleaned by
soaking in 1M HCl for 30 min, washed with water, and placed ver-
tically in the Teflon reactor containing the mixture. The reactor was
put in an oven at 100 ○C for 8 h to produce the Ni(OH)2 nanosheet
array precursor.

Synthesis of Ni3N nanosheet arrays
and control samples

TheNi(OH)2 NSAs/NF hybrid was placed in a tube furnace and
annealed at 350, 380, 400, 430, and 450 ○C for 3 h under NH3 (50
SCCM), respectively. After reacting for 3 h, the product was col-
lected and denoted as Ni3N–Y (Y = 350, 380, 400, 430, and 450).
To compare, the control catalysts were synthesized using the same
technique with slight changes. NF-400 was prepared by annealing
the NF at 400 ○C. The Ni(OH)2 precursor was annealed at 400 ○C
for 3 h under air in a muffle furnace and under an Ar/H2 (5 Vol %
H2) atmosphere in the tube furnace to obtain nickel oxide (NiO-400)
and metal Ni (Ni-400) nanoparticles, respectively.

Material characterization

Transmission electron microscopy (TEM) was conducted on a
Tecnai G2 F20. The specimens for TEM were prepared by deposit-
ing a drop of a dilute catalyst dispersion onto a mica substrate and
a holey carbon-coated copper grid, respectively. X-ray diffraction
(XRD) was carried out on a Bruker D8 advance x-ray diffractometer.
Scanning electron microscopy (SEM) and EDS were performed on a
Hitachi S4800 field-emission microscope. The surface compositions
of catalysts were determined by x-ray photoelectron spectroscopy
(XPS).

Electrochemical evaluation

All electrochemical tests were performed using a three-
electrode electrochemical system with a prepared Ni3N NSAs/NF
(0.5 × 0.5 cm2 ) as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a Pt wire as the
counter electrodeon on the CHI 760E electrochemical workstation.
Cyclic voltammetry (CV), chronoamperometry (CA), electrochem-
ical active surface area (ECSA), and electrochemical impedance
spectroscopy (EIS) were carried out. All tests were conducted in a
1.0M KOH solution bubbled with N2 in the absence or presence of
methanol.

RESULTS AND DISCUSSION

As shown in Scheme 1, the highly porous Ni3N nanosheet
arrays are fabricated by a facile two-step approach. Firstly, the
Ni(OH)2 NSAs are grown on well-cleaned, highly porous NF as
a conductive template by a hydrothermal process. The Ni(OH)2
NSAs/NF nitride is annealed at 400 ○C under flowing NH3 to
obtain the Ni3N NSAs/NF composite. The Ni3N NSAs/NF elec-
trode is evaluated for MOR. X-ray diffraction (XRD) is employed to
study the crystal phases and structural components. Figure 1(a) dis-
plays the XRD patterns of the as-prepared Ni(OH)2 and Ni3N–Y (Y
= 350, 380, 400, 430, and 450) NSAs/NF samples. By comparing
the XRD patterns of Ni3N NSAs/NF prepared at different temper-
atures, Ni3N-380 and Ni3N-400 NSAs/NF show the formation of
Ni3N, as the peaks at 38.6○, 42.1○, 44.5○, 58.5○, 70.6○, and 78.4○
match the (110), (002), (111), (112), (300), and (113) crystal planes
of the hexagonal Ni3N (PDF#10-0280), respectively. A low temper-
ature (350 ○C) leads to partial Ni(OH)2 un-transformation, while
high temperatures (430 and 450 ○C) reduce Ni(OH)2 to metallic
nickel. The morphology of the as-prepared samples is characterized
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SCHEME 1. Schematic illustration of the
fabrication of the Ni3N NSAs/NF.

FIG. 1. (a) XRD spectra for Ni, Ni(OH)2, and Ni3N at different temperatures. SEM images of [(b) and (c)] Ni(OH)2 precursors, (d) Ni3N-350, (e) Ni3N-400, and (f) Ni3N-450.
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by SEM and high resolution transmission electron microscopy (HR-
TEM). As shown in Fig. 1(b), the surface of the pure NF is relatively
rough after reacting with the nickel salt aqueous solution, revealing
the successful preparation of Ni(OH)2 nanosheet arrays. Figure 1(c)
shows that the rough surface is mainly because of uniformly verti-
cally aligned, interconnected nanosheets with large interlayer clear-
ance on the nickel foam. As mentioned above, Ni3N NSAs/NF
is derived from the Ni(OH)2 precursor through nitridation under
NH3, and different temperatures are adopted in the nitridation pro-
cess to explore the best conditions. According to the SEM images
[Figs. 1(d)–1(f)], the smooth nanosheet arrays of Ni(OH)2 gradu-
ally change to scaly standing porous nanosheets on the nickel foam.
As the temperature goes up, the surface of the nanosheets becomes
rough and porous, mainly due to the gas release and dehydration
of Ni(OH)2 during the nitridation process.19 As shown in Fig. 1(e),
the SEM image of Ni3N NSAs/NF-400 clearly shows the formation
of highly porous nanosheets with the most suitable size and thick-
ness, which is also in agreement with XRD. This unique porosity and
rough surface produce numerous channels for rapid ion transport
and provide large surface active sites for facilitating electrocataly-
sis. The elemental mapping results in Fig. S1 indicate that Ni and
N are homogeneously distributed in Ni3N NSAs/NF-400, revealing
that the Ni3N nanosheets have a uniform composition.

The TEM image [Fig. 2(a)] shows that the Ni3N-400 nanosheet
is composed of numerous small nanoparticles. The HR-TEM image

of Ni3N-400 in Fig. 2(b) reveals well-resolved lattice fringes with
an interplanar d-spacing of 0.203 and 0.215 nm consistent with the
(111) and (002) crystal planes of hexagonal Ni3N. To identify the
chemical state of the surface elements of the catalyst, x-ray photo-
electron spectroscopy (XPS) is performed. As shown in Figs. 2(c)
and 2(d), the peaks of Ni 2p [Fig. 2(c)] at 852.7, 855.8, and 873.5 eV
arise from Ni-N, and the other peaks can be ascribed to Ni2+
from surface oxidized Ni species.12 The satellite peak at 861.4 eV is
attributed to the shake-up excitation of the high-spin nickel ions.18
Figure 2(d) shows the XPS spectra of N 1s deconvoluted into three
peaks positioned at 397.8, 399.3, and 403.1 eV, which are assigned to
Ni-N in Ni3N, absorbed N-Hx, and oxidized-N, respectively.20 The
intense peak at 397.8 eV confirms the formation of metal nitride by
ammonolysis.21

The electrochemical properties of the as-prepared catalyst
(Ni3N-400) are investigated by CV, but before that, a contrast test
is performed to evaluate the MOR characteristics. It has been shown
that the oxygen evolution reaction (OER) and MOR may take place
under identical potential ranges after the formation of NiOOH
(Ni3+) on the Ni-based catalysts in an alkaline solution.22 Therefore,
to determine the potential range of the catalyst, CV is conducted
in 1.0M KOH with/without the methanol solution in the 1.1–1.8 V
potential window. Figure 3(a) clearly shows theMOR characteristics
of the Ni3N-400 catalyst between 1.5 and 1.7 V after the oxida-
tion peak of Ni2+ appears in the absence of the methanol solution,

FIG. 2. (a) TEM and (b) HR-TEM images of Ni3N-400. XPS spectra of (c) Ni 2p and (d) N 1s.
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FIG. 3. (a) CV curves of Ni3N-400 in 1.0M KOH with/without 1.0M methanol solution at the scanning rate of 50 mV s−1. (b) CV curves of Ni3N at different temperatures and
Ni-400 in 1.0M KOH at the scanning rate of 50 mV s−1. (c) CV curves of Ni3N-400, NF-400, Ni-400, NiO-400, and Ni(OH)2 precursors in 1.0M KOH/1.0M CH3OH at the
scanning rate of 50 mV s−1. (d) CV curves of Ni3N-400 catalyst at different scanning rates in 1.0M KOH.

whereas OER occurs on the catalyst at about 1.75 V vs RHE with
a large overpotential, demonstrating the superior performance of
the catalyst at a lower MOR potential compared to OER. Therefore,
the potential range for evaluating the MOR activity of Ni3N-400 is
determined to be 1.1–1.7 V.

According to the MOR mechanism of the Ni-based catalysts,
the reaction proceeds as follows:23

Ni + 2OH− Ð→ Ni(OH)2 + 2e−, (1)

Ni(OH)2 +OH− Ð→ NiOOH +H2O + e−, (2)

NiOOH + CH3OHÐ→ Ni(OH)2 + products. (3)

As the formation of NiOOH is very imperative to methanol
oxidation, all the samples are subjected to CV tests for 50 cycles at
50 mV s−1 in 1.0M KOH solution [Fig. 3(b)]. The samples are
pretreated to promote the formation of Ni(OH)2/NiOOH on the

surface and thicken the electrocatalytic layers.23,24 As demonstrated
in Fig. 3(b), all the catalysts exhibit two redox peaks corresponding
to the Ni2+/Ni3+ redox reaction. Among them, Ni3N-400 shows the
highest oxidation/reduction peak current density, indicating more
exposed active sites on the catalyst in 1.0M KOH solution.25

To confirm the better performance of Ni3N-400, CV is again
performed to compare to the control catalysts prepared under a dif-
ferent atmosphere at 400 ○C denoted as Ni3N–Y [NF-400, Ni(OH)2,
NiO-400, and Ni-400] [Fig. 3(c), Fig. S2] and under a NH3 atmo-
sphere at different temperatures Ni3N–Y (Y = 350, 380, 400, 430, and
450) (Fig. S3) in 1.0M KOH/1.0M CH3OH. As shown in Fig. 3(c),
Ni3N-400 exhibits the highest current density at 1.6 V, which is
1.6 times that of NF-400, indicating that it has the highest MOR
activity among the catalysts. As the MOR response of the Ni3N-400
catalyst is much faster than the other control catalysts, the surface
coverage is estimated by performing CV at different scanning rates
(10–100 mV s−1) in 1.0M KOH (Γ∗) [Fig. 3(d)]. As the scanning
rates increase from 10 to 100 mV s−1, the current densities increase,
the anodic peak at about 1.45 V shifts to larger potentials, and the
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cathodic peak at 1.35 V shifts to the lower potentials. The peak
potentials show a hysteresis effect due to the sluggish reaction kinet-
ics, as the time is insufficient for the formation of Ni3+ at higher
scanning speeds.22 The shift of the anodic and the cathodic peak
current densities (Ipa and Ipc) with the scanning rate (ν) for the
Ni3N-400 electrode is depicted in Fig. S4, which clearly shows a
linear proportionality between the peak current densities of the
Ni2+/Ni3+ redox and scanning rate. As a result, the surface cover-
age of the Ni2+/Ni3+ redox species in the Ni3N-400 electrode can be
calculated from the following equation:1

Ip = (n2F2/4RT)vAΓ∗, (4)

where Ip, n, R, T, A, ν, and Γ∗ are the peak current density, number
of transferred electrons, general gas constant, temperature, apparent
area of the electrode, potential scanning rate, and surface coverage
of the redox species, respectively. The Γ∗ value of the Ni3N-400 is
found to be 9.15 × 10−7 mol cm−2, revealing large surface coverage
of redox species based on the average of anodic and cathodic results.
Notably, the Ni3N-400 has a larger Γ∗, which is about 1.9, 2.7, 4.4,
and 6.5 times larger than those reported in the literature (Table I).
The electrochemical activities of the Ni3N-400 are investigated by
the Randles–Sevcik equation,1

Ip = 2.69 × 104n3/2AD1/2Cv1/2, (5)

where Ip, n, A, D, C, and v are the anodic peak current, number of
transferred electrons, apparent area of the electrode, proton diffu-
sion coefficient, proton concentration, and potential scanning rate,
respectively.

Figure S4c shows the linear relationship between the current
density of the anodic peak and the square root of the scanning rate,
indicating that Ni2+/Ni3+ is a diffusion-controlled process.28 There-
fore, using the above equation, the proton diffusion coefficient (D)
is used to characterize the oxidation behavior of the electrocatalysts.
D is estimated to be 10.73 × 10−7 cm2 s−1 for Ni3N-400. It is impor-
tant to note that thisD value is larger than previously reported values
(Table I), and moreover, the D value of Ni3N-400 is more than two
times higher than those of other samples (Table S1).

To further study the insight into the better MOR characteris-
tics of Ni3N-400, the electrochemical double layer capacitance (Cdl)
is employed to estimate the ECSA of the as-prepared samples. Cdl

is projected by CVs with different scanning rates, as shown in Figs.
S5–S10. The high Cdl value implies a larger ECSA (Fig. S7) due to
enhanced anion exchange ability between the electrolyte and cat-
alytic active sites. As shown in Fig. S7b, the Ni3N-400 electrode has
the largest Cdl of 10.84 mF cm−2 and a larger ECSA (271 cm−2),
which is greater than all the Ni3N-based catalysts prepared at differ-
ent temperatures (Table S1). The larger ECSA of Ni3N-400 signifies
that the rational design of the self-supported, uniformly assembled
nanosheet arrays can effectively increase the accessibility of active
sites.29

The kinetics of the samples are investigated by EIS. The dia-
meter of the semi-circle in the Nyquist plot denotes the charge
transfer resistance (Rct). Ni3N-400 exhibits the smallest semi-circle,
as shown in Fig. S11, compared to Ni-400 and pristine NF. The small
semi-circle relates to the low mass transfer resistance and high elec-
tron transfer rate, contributing to the best MOR kinetics. Therefore,
it can be concluded that the highly electrocatalytic performance of
Ni3N-400 is not only due to increased ECSA but also the formation
of active interface/sites, rapid reaction kinetics, and lower Rct value.
To further evaluate the reaction kinetics of the MOR, Tafel slopes
are calculated. Generally, a small Tafel slope represents fast electro-
chemical kinetics that favor the high catalytic activity. As shown in
Fig. S12, the Ni3N-400 catalyst exhibits a Tafel value of 84 mV dec−1,
which is significantly lower than that of Ni-400 (94.7 mV dec−1),
Ni(OH)2 (113 mV dec−1), NF-400 (126 mV dec−1), and NiO-400
(477 mV dec−1), indicating significantly faster catalytic kinetics.

In order to determine the durability and stability of the
anodic catalyst in DMFC, chronoamperometry (CA) is performed in
1.0M KOH/CH3OH at 0.5 V for 10 000 s (Fig. S13a). The Ni3N-400
catalyst shows the highest current density among the catalysts even
after 10 000 s. To further demonstrate the high stability of Ni3N-400,
the i–t test is continuously repeated for 20 h under the same con-
ditions, while the electrolyte is changed every 5 h [Fig. 4(a)]. After
20 h, the retention rate of Ni3N-400 is still 72.58%, which is the
highest among the other Ni-based catalysts, indicating a greater
tolerance for the intermediates formed during methanol oxidation
(Table I). However, the 27% decrease in stability may stem from that
some of the NiOOH species during MOR are changed to Ni(OH)2
and from the poisoning of the active sites.24,30 This is further
confirmed by the CV results (Fig. S13b) that the peak current
densities of the Ni2+/Ni3+ redox after the 20-h stability test decrease
compared to the initial sample. In addition, the stability of the

TABLE I. Comparison of the MOR properties of Ni3N NSAs/NF-400 with those of recently reported Ni-based catalysts (j: current density, Γ∗: surface coverage, and D: diffusion
coefficient).

Catalyst j (mA cm−2) Γ∗ (10−7 mol cm−2) D (10−7 cm2 s−1)
Durability (i–t)
activity retention Reference

Ni3N-400 186.15 9.15 4.73 72.58% after 20 h at 0.6 V (SCE) This work
NiSn (2:1) ⋅ ⋅ ⋅ 2.10 1.9 × 10−4 ∼96% after 5000 s at 0.7 V (Hg/HgO) 1

Ni0.5Co0.5Sn 64.5 1.42 0.128 ∼76.9% after 1000 s at 0.6 V (Hg/HgO) 3

Ni–C–30 30 0.89 ⋅ ⋅ ⋅ ∼85.7% 1800 s at 0.7 V (Hg/HgO) 26

Ni0.75Cu0.25 84 4.48 0.289 ∼91% after 1200 s at 0.65 V (Ag/AgCl) 2

Cu/NiCu 34.6 0.019 ⋅ ⋅ ⋅ ∼95% after 10 000 s at 1.55 V (vs RHE) 27

Ni97Bi3 199 3.9 2.0 78% after 12 h at 0.55 V (Ag/AgCl) 25
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FIG. 4. (a) The i–t curve of the Ni3N-400 catalyst with electrolyte replacement every 5 h at 0.6 V in the 1.0M KOH/CH3OH solution. (b) SEM and (c) HR-TEM images, and
[(d) and (e)] XPS of Ni3N NSAs/NF-400 after the i–t test for 20 h.

catalyst is studied by continuous CV scanning. As shown in Fig.
S13c, the retention rate of all the samples is 70%, while Ni3N-400
shows a 74.25% retention rate after 1000 cycles. The SEM and TEM
images shown in Fig. 4(b) and 4(c) demonstrate that electrocatalysis
has no discernible effects on the size and morphology of Ni3N-
400 and that no growth or agglomeration occurs. XRD also shows
no changes in the catalyst crystallinity, confirming the outstanding
durability of Ni3N-400 during MOR (Fig. S14). It is noted that an
amorphous layer of about 3 nm is formed at the edges site after
the long-time test [Fig. 4(c)]. This layer is composed of NiOOH
active species,31,32 and XPS confirms that the NiOOH species are
formed on the surface of the sample. Comparing the Ni 2p spectra of

Ni3N-400, the Ni–N peak at 852.7 eV vanishes. In addition, all
the peaks of Ni3N-400 in the N 1s spectrum disappear due to the
absence of Ni3N as it reacts to form new active species of NiOOH.31
These results suggest that Ni3N-400 has a good long-term stability
as an anode electrocatalyst in DMFCs due to the excellent struc-
tural stability of the mesoporous Ni3N and surface-active species
NiOOH.

CONCLUSION

A self-supporting catalyst composed of hierarchical Ni3NNSAs
onNi foam is demonstrated for enhancedMOR via ammonification.
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The Ni3N catalyst delivers the best MOR performance in alkaline
media as manifested by a current density of 186.15 mA cm−2 and
high durability of up to 20 h at a retention rate of 72.58%. The
good characteristics are attributed to the following reasons: (1) the
highly porous nanosheet arrays comprised of small nanoparticles
expose more active sites and facilitate fast charge/mass transfer; (2)
Ni foam acts as a conductive support to provide abundant catalytic
active sites by dispersing the active centers, resulting in a high load-
ing of Ni3N NSAs; and (3) the stability is significantly improved
due to the seamless contact between Ni3N nanosheet arrays and
Ni foam, thus preventing leaching and triggering rapid charge
transfer and producing synergistic effects between Ni3N NSAs and
Ni foam. The findings reveal a significant step forward in the devel-
opment of highly efficient and economically viable electrocatalysts
in the pursuit of efficient DMFCs.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figures S1–S14 and
Table S1.
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Figure S1. (a) SEM image and (b-d) EDS maps of Ni3N-400.  

  



 

 

 

Figure S2. (a) SEM image and (b) XRD pattern of Ni-400 (Ni(OH)2 precursor treated under H2/Ar). 

  



 

 

 

Figure S3. (a) CV curves of Ni3N-Y in 1.0 M KOH/1.0 M methanol at a scanning rate of 50 mV 

s-1. (b) CV curve of commercial Pt/C in 1.0 M KOH/1.0 M methanol at a scanning rate of 50 mV 

s-1.   



 

 

 

 

Figure S4. (a) CV curves of Ni3N-400 at different scanning rates in 1.0 M KOH; (b) Relationship 

between the peak current densities of the anode and cathode and sweeping rates; (c) Relationship 

between the peak current densities of the anode and cathode and square root of the scanning rates. 

 

  



 

 

 

Figure S5. (a) CV curves of Ni3N-350 at different scanning rates in 1.0 M KOH and (b) 

Relationship between the capacitance currents and rates for the estimation of Cdl. 

  



 

 

 

Figure S6. (a) CV curves of Ni3N-380 at different scanning rates in 1.0 M KOH and (b) 

Relationship between the capacitance currents and rates for the estimation of Cdl. 

  



 

 

 

Figure S7. (a) CV curves of Ni3N-400 at different scanning rates in 1.0 M KOH and (b) 

Relationship between the capacitance currents and rates for the estimation of Cdl. 

  



 

 

 

Figure S8. (a) CV curves of Ni3N-430 at different scanning rates in 1.0 M KOH and (b) 

Relationship between the capacitance currents and rates for the estimation of Cdl. 

  



 

 

 

Figure S9. (a) CV curves of Ni3N-450 at different scanning rates in 1.0 M KOH and (b) 

Relationship between the capacitance currents and rates for the estimation of Cdl. 

  



 

 

 

Figure S10. (a) CV curves of Ni-400 at different scanning rates in 1.0 M KOH and (b) Relationship 

between the capacitance currents and rates for the estimation of Cdl. 

  



 

 

Figure S11. Electrochemical impedance diagrams of Ni3N-400, Ni-400, and NF-400 at 0.5 V in 

1.0 M KOH / 1.0 M methanol. 

  



 

 

 

 

Figure S12. Tafel plots of the Ni3N-based electrocatalysts. 

 



 

Figure S13. (a) i-t curves of Ni3N-Y and Ni-400 at 0.6 V; (b) CV curves of Ni3N-400 before and 

after 20 h in 1.0 M KOH/1.0 M methanol solution at a scanning rate of 50 mV s-1; (c) Current 

density retention of Ni3N-Y and Ni-400 after 1,000 CV cycles. 



 

 

 

 

Figure S14. XRD patterns of Ni3N NSAs/NF-400 before and after the i-t test for 20 h. 

  

  



Table S1. Electrochemical parameters of the catalysts. 

Catalyst 
Current 

density 

j (mA cm-2) 

Surface 

coverage 

Γ*(10-7 mol cm-2) 

Diffusion 

coefficient 

D(10-7 cm2 s-1) 

ECSA 

(cm2) 

Ni3N-350 125.12 6.12 4.73 135 

Ni3N-380 146.36 8.08 8.40 175 

Ni3N-400 186.15 9.15 10.73 271 

Ni3N-430 162.23 8.56 9.29 110 

Ni3N-450 135.04 8.07 8.22 50 

Ni/NF 115.25 3.73 1.75 30 
 

The electrochemically active surface area (ECSA) of non-noble Ni-based electrocatalysts is 

generally estimated using the electrochemical double-layer capacitance (Cdl) based on the CV 

curves acquired at different scanning rates in the non-Faradaic potential range. In this potential 

region, the charge transfer reactions are considered to be negligible and the current originates 

solely from electrical double-layer charging and discharging. A non-Faradaic potential range is 

first identified by CV in the quiescent solution. This non-Faradaic region is typically a 0.1 V 

window centered at the open-circuit potential. All the measured currents in this region are assumed 

to stem from double-layer charging.  Based on this assumption, the charging current, ic, is equal to 

the product of electrochemical double layer capacitance Cdl, and scanning rate ν, as shown by Eq. 

(1). 1 

                                                  ic = ν Cdl.                               (1) 

Plotting ic as a function of ν yields a straight line with a slope equal to Cdl.  The electrochemical 

double-layer capacitance is measured from the scanning-rate-dependent CVs for Ni3N-Y. The 

electrochemically active surface area (ECSA) of the catalyst can be calculated by dividing Cdl by 



the specific capacitance of the sample as shown by Eq. (2).  Here, a general specific capacitance 

of 0.04 mF cm-2 based on typical values reported for metal electrodes in aqueous NaOH solution 

is used:1 

ECSA = Cdl/Cs.                          (2) 

 

Reference 

[1] Cui X, Xiao P, Wang J, et al. Highly branched metal alloy networks with superior activities for 

the methanol oxidation reaction[J]. Angewandte Chemie International Edition, 2017, 56(16): 

4488-4493. 

 


