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ABSTRACT: The kinetics of the oxygen evolution reaction (OER) in aqueous
electrolytes is relatively slow, which seriously limits the energy efficiency of
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electricity-to-hydrogen conversion. Herein, a bicontinuous nanoporous FeCoNiMg _— :ﬁ"
alloy is prepared by high heat sintering method based on the nanoscale Kirkendall 9 o DM
@ pyridine N

effect and the surface is codoped with nitrogen and carbon elements by the
nitrocarburizing method (denoted NC-FeCoNiMg). The three-dimensional (3D)
nanoporous NC-FeCoNiMg alloy electrode achieves superior electrocatalytic
performance for the OER in alkaline media, delivering a low Tafel slope (34.6
mV dec™") and small overpotentials (235 and 290 mV at 10 and 100 mA cm?,
respectively). Under consecutive high current densities, the NC-FeCoNiMg
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electrode still exhibits excellent long-term stability, and the OER activity even
increases after testing for 100 h at a high current density of 1000 mA cm

=2,

Comprehensive studies reveal that the N/C codoping of the inner and outer

surfaces dramatically improves the electrocatalytic activity of the NC-FeCoNiMg electrode. This work demonstrates an efficient
nanoarchitectural construction and a surface modulation strategy to increase the electrocatalytic activity and stability of transition-
metal-based electrodes for the OER, holding great promise for fulfilling the requirements for the large-scale production of clean

hydrogen energy.

KEYWORDS: nanoporous alloy electrode, surface codoping, nitrocarburizing, oxygen evolution reaction,

electrocatalytic activity and stability

B INTRODUCTION

Global environment and energy problems call for green and
renewable energy sources as a substitute for fossil fuels." As a
secondary energy source, hydrogen energy has multiple
advantages, such as cleanliness, nontoxicity, sustainability,
high calorific value, and good combustion performance,
making it an ideal alternative energy source.”” Electrochemical
water splitting is suitable for clean H, production, which can be
split into the hydrogen evolution reaction (HER) of the
cathode and oxygen evolution reaction (OER) of the anode.
The OER is a four-electron oxidation process with slow
kinetics.* " Noble metal Ru/Ir and their composite materials
exhibit remarkable merits of high electrocatalytic activity and
long service life for the OER in aqueous media. However, the
rare reserves and high costs of these precious metals hamper
the large-scale application of electrochemical water electrolysis
for clean H, production.””” Therefore, it is imperative to
develop inexpensive, easily synthesized OER electrocatalysts
with an excellent electroactivity and long-term service
performance.

A number of studies have been undertaken to explore
various forms of transition-metal-based compounds (oxides,"’
(oxy)hydroxides,'' sulfides,'” selenides,"> phosphides,'*">
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etc.), especially Ni, Co, and Fe-based materials, as OER
electrocatalyst materials, exhibiting excellent electrochemical
activities. A synergism due to the electronic structure reshaping
of the active sites was discovered in multiple transition-metal-
based compounds.'®™*° Hu and co-workers proved that the
doping of Fe can alter the electronic structure of adjacent Ni
and Co species to achieve a high OER electrocatalytic
activity.”' Wu et al. discovered that the incorporation of Ni/
Fe-based electrode materials with Co can also increase the
conductivity of electrocatalysts for the OER, improving the
charge-transfer resistance and decreasing the overpotential.””
Liu and co-workers successfully synthesized different metal
(Fe, Co, and Ni) phosphide electrocatalysts supported on
carbon nanofiber by a post-phosphorization method, which
proved the synergistic effect for boosting the OER.*’ In
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Figure 1. Schematic fabrication process for preparing the nanoporous NC6-FeCoNiMg alloy electrode.
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Figure 2. (a) XRD patterns of pristine FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, and NCS6-FeCoNiMg. (b) C 1s and (c) N 1s XPS spectra

of NC6-FeCoNiMg before and after electrochemical aging.

addition, various approaches were developed to adjust the
compositions, morphologies, and properties of Ni—Fe—Co-
based materials by coupling with various carbon materials,
which can further improve the OER activity.”*~** For example,
doping carbon nanostructures with N heteroatoms can adjust
the electronic structure of active sites and optimize the
adsorption energies of key intermediates on the surface, which
has been verified by many experiments and density functional
theory (DFT) calculations for water splitting.””~** Zhou et al.
applied the Fe leaching method to prepare a synergistic Ni—Fe
alloy/NC composite, and the material exhibited a small
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overpotential of 290 mV at a current density of 20 mA cm™

and Tafel slope of 76 mV dec™ owing to the synergistic action
of multiple species.”*

In this work, we carried out preparation of a nanoporous
alloy, nominally Fey;,Coq;Nipss, by a high heat sintering
method in an argon (Ar) atmosphere based on the nanoscale
Kirkendall effect, as shown in Figure 1. Mg was used as the
pore-making agent during the sintering process, and a small
amount of Mg remained in the as-prepared alloy material.
Nanoporous FeCoNiMg alloys (denoted FeCoNiMg) were
further codiffused for 6 min with activated C, N/C, and N/C/
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Figure 3. (a, b) FESEM images of nanoporous NC6-FeCoNiMg with different magnifications. (c) HRTEM and SAED patterns and (d) HAADF-
STEM images of NC6-FeCoNiMg before electrochemical aging. EDX elemental mapping of (e) Ni, (f) Fe, (g) Co, (h) Mg, (i) C, (j) N, and (k) O

in the unaged NC6-FeCoNiMg sample.

S species at the inner and outer surfaces via carburizing,
nitrocarburizing, and sulfonitrocarburizing methods, respec-
tively (denoted C6-FeCoNiMg, NC6-FeCoNiMg, and NCS6-
FeCoNiMg, respectively). The as-prepared NC-FeCoNiMg
alloy electrode exhibits superior electrocatalytic activity and
excellent stability even at high current densities, and it holds
great promise to serve as an advanced electrode material for
the OER in alkaline media toward clean hydrogen production.

B RESULTS AND DISCUSSION

Figure 1 shows the fabrication process of the nanoporous
NC6-FeCoNiMg alloy. The nanoporous FeCoNiMg alloy is
first fabricated by a high heat sintering method on account of
the nanoscale Kirkendall effect in an Ar atmosphere and then
the surface is codoped with N and C species via nitro-
carburizing methods. The X-ray diffraction (XRD) curves of
pristine FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, and
NCS6-FeCoNiMg samples are shown in Figure 2a. Clearly, the
diffraction peaks of pristine FeCoNiMg located at 43.8, 50.0,
and 75.0° correspond to the (111), (200), and (220) facets of

786

a face-centered cubic (fcc) y-Ni solid solution,® and the
diffraction peaks located at 21.9, 44.8, 45.7, 71.7, and 79.4°
correspond to the (101), (202), (107), (0012), and (220)
facets of metallic MgNi, (JCPDS No. 25-1374). Hence,
pristine FeCoNiMg should consist of a y-Ni solid solution
compound and some MgNi,. As shown in Figure 2a, the
diffraction peak intensities of C6-FeCoNiMg, NC6-FeCo-
NiMg, and NCS6-FeCoNiMg samples are obviously different
from those of the pristine sample, which could be ascribed to
the effects of C, N/C, and N/C/S diffusions at the inner and
outer surfaces. Moreover, the XRD peaks located at 37.1, 43.1,
and 62.6° correspond to the (111), (200), and (220) facets of
metallic MgNiO, (JCPDS No. 24-0712), probably owing to
the surface oxidation in the decomposed atmosphere during
carburizing, nitrocarburizing, and sulfonitrocarburizing pro-
cesses, as shown in Figures 2a and S1.

Figures 2b,c and S3 show the X-ray photoelectron
spectroscopy (XPS) spectra of NC6-FeCoNiMg before and
after electrochemical aging for 15000 s at 10 mA cm > in a 1
M KOH solution. All of the XPS spectra are referenced to the
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Figure 4. Electrochemical characterization of pristine FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, NCS6-FeCoNiMg, and IrO,/Ni foam
electrodes in a 1 M KOH medium. (a) iR-uncorrected LSV plots of the electrodes measured with a scan rate of 1 mV s™". (b) Tafel plots of the
electrodes originating from the data in panel (a). (c) Nyquist plots of the electrodes measured in a 1 M KOH medium. The equivalent circuit R,
(QaRy) is inserted in the pattern. (d) Cy values of the electrodes. (e) Galvanostatic tests of the electrodes obtained in a 1 M KOH medium at
different current densities. (f) iRi-uncorrected LSV curves of the NC6-FeCoNiMg electrode with a scan rate of 1 mV s~ before and after

electrochemical aging for 100 h at a current density of 1 A cm™.

main peak of C s at 284.8 eV. The XPS spectra in Figure S2
clearly confirm the presence of Co, Fe, Ni, Mg, N, C, and O
species on the outermost surface of NC6-FeCoNiMg. As
shown in Figure 2b, the C 1s spectrum can be divided into
three peaks at 284.7, 285.9, and 288.7 eV, which are assigned
to C—C, C—N, and C—0, respectively. The peak at 293.1 eV
corresponds to the K 2p band because the electrochemical
aging process is performed in a KOH solution. Before
electrochemical aging, the N 1s spectrum (Figure 2c) has
two weak peaks at 398.2 eV (pyridinic N) and 400.6 eV
(graphitic N).***” Obviously, the profiles of the pyridinic N
(398.7 and 405.2 eV) and graphitic N (400.8 eV) in the aged
sample are more legible than those in the sample before
electrochemical aging test, further confirming the surface
diffusion of N species. Pyridinic N is apt to withdraw electrons,
and graphitic N tends to donate electrons, both having an
intrinsic impact on the electrocatalytic activity of the OER.”**
Moreover, the atomic ratio of N on the surface of the NC6-
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FeCoNiMg sample before and after electrochemical aging
decreases from 0.46 to 0.30% (see Table S1), which should be
ascribed to the dissolution of surface species during the process
of OER. This consequence is also similar to the conclusion of
the literature.'> Two pairs of apparent peaks corresponding to
Fe 2p;/, (706.4 and 719.9 eV) and Fe 2p,,, (710.2 and 724.1
eV) of metallic Fe** and Fe,0,"" are observed in the unaged
sample, as shown in Figure S3a. After electrochemical aging,
the peaks of Fe 2p;,, and Fe 2p,/, located at 711.1 and 724.7
eV, respectively, are assigned to FeOOH,* indicating that
surface structurization occurred during the initial stage of the
OER. Similarly, Figure S3b shows Co 2p spectra. Before
electrochemical aging, the two peaks of Co 2p;,, at 780.2 eV
and Co 2p;,, at 795.4 eV and satellite peaks of Co 2p;,, at
780.2 eV and Co 2p;/, at 795.4 eV can be observed and are
assigned to the Co—O bond of CoO.* After electrochemical
aging, the Co 2p spectrum exhibits the expected doublets of
Co 2p3,, at 781.7 eV and Co 2p,/, at 796.9 eV, which are
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assigned to the Co—OH bond of Co(OH),.** The Ni 2p
spectrum of the unaged sample in Figure S3c shows two peaks
of Ni 2p;/, (853.9 and 871.3 eV) and Ni 2p,/, (857.1 and
874.6 eV), which should correspond to Ni’* and Ni,0;.*
After electrochemical aging, Ni 2p;, and Ni 2p,,, peaks
located at 855.5 and 873.1 eV, respectively, can be attributed
to Ni** signals derived from Ni(OH),.***” In the Mg 2p
spectrum of the unaged sample (Figure S3d), the peaks located
at 49.5 and 50.8 €V correspond to metallic Mg (Mg®*) and
MgO. After electrochemical aging, the Mg 2p spectrum only
exhibits one peak located at 49.5 eV, which corresponds to the
phase of Mg(OH),.”® Figure S3e shows that the O Is
spectrum was obtained before aging, in which the three peaks
(529.4, 530.9, and 532.1 V) correspond to M—O, M—OH,
and adsorbed water molecules.*”° In contrast, the intensities
of M—OH and M—O in the aged sample are higher and lower,
respectively, than those in the unaged sample. It indicates that
an (oxy)hydroxide layer composed of multiple species is
formed on the surface of the aged sample during the OER
process, which is consistent with the previous results.

Figure 3a,b shows the field emission scanning electron
microscopy (FESEM) images of NC6-FeCoNiMg, revealing
that the NC6-FeCoNiMg sample has bicontinuous nanopores
and consists of interconnected nanoparticles, which gives rise
to a BET surface area of 1.42 m” g™', an average pore diameter
of 10.66 nm, and abundant active sites for the OER (see Figure
S4 and Table S2). Figure 3c shows the high-resolution
transmission electron microscopy (HRTEM) image of the
unaged NC6-FeCoNiMg sample, which exhibits two inter-
planar spacings of 0.208 and 0.182 nm corresponding to the
(111) and (200) crystal planes of the y-Ni solid solution. The
selected area diffraction pattern (SAED) further confirms the
phase structure, which is also homologous with the XRD
analysis of Figure 2a. Figure 3d—k presents the high-angle
annular dark-field scanning TEM (HAADF-STEM) image and
energy-dispersive X-ray (EDX) elemental mappings of the
unaged NC6-FeCoNiMg sample. Clearly, Ni, Fe, Co, Mg, C,
N, and O are uniformly distributed in this sample, further
indicating the successful C and N codoping at the inner and
outer surfaces by the nitrocarburizing method. Moreover,
pristine FeCoNiMg and NC6-FeCoNiMg samples possess low
water contact angles of 28.7 and 30.1°, respectively, exhibiting
excellent wettability and hydrophilicity (see Figure SS). The
dripping experiment further confirms the excellent wettability
and hydrophilicity, which is favorable for increasing the
electrocatalytic activity for the OER (see Videos S1 and S2).

Figure 4a shows linear sweep voltammetry (LSV) curves of
pristine FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, NCS6-
FeCoNiMg, and IrO,/Ni foam electrodes performed ina 1 M
KOH medium with a scan rate of 1 mV s~'. Compared to the
IrO,/Ni foam electrode, the nanoporous codoped FeCoNiMg
alloy electrodes exhibit higher electrocatalytic activity; in
particular, the NC6-FeCoNiMg electrode has the highest
electrocatalytic activity of the OER. When the current density
runs up to 10 mA cm™?, pristine FeCoNiMg, C6-FeCoNiMg,
NC6-FeCoNiMg, NCS6-FeCoNiMg, and IrO,/Ni foam
electrodes deliver different overpotentials of 259, 256, 235,
277, and 231 mV, respectively. When the OER current density
reaches 100 mA cm™?, pristine FeCoNiMg, C6-FeCoNiMg,
NC6-FeCoNiMg, NCS6-FeCoNiMg, and IrO,/Ni foam
electrodes exhibit higher overpotentials of 378, 310, 290,
343, and 364 mV, respectively. A lower overpotential of 290
mV is achieved by the NC6-FeCoNiMg electrode at 100 mA
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cm™?, indicating its superior electrocatalytic activity and fast
kinetics for the OER. In addition, the NC6-FeCoNiMg
electrode for the OER also exhibits the best electrocatalytic
activity in all of the electrodes (see Figure S6 and Table S3). It
was discovered that the electrocatalytic activity of the NC-
FeCoNiMg alloy diffused by 6 min is higher than that of 3 and
10 min. Clearly, the nitrocarburizing time of 3 min cannot
ensure an adequate codoped amount. However, the nitro-
carburizing time of 10 min is easy to form carbon deposition
that blocks the three-dimensional (3D) interconnected
nanoporous structure, resulting in a rapid decrease of the
electrocatalytic activity (see Figure $6). Undoubtedly, N and C
codoping with a suited diffused time can greatly improve the
OER activity of the NC6-FeCoNiMg electrode in a 1 M KOH
medium. The main reason should be the formation of the
pyridinic N and graphitic N on the alloy surface, improving the
electron transfer and resulting in high conductivity for the
electrode. It is also discovered that the FeCoNiMg alloy
samples have a pre-OER oxidation peak in the potential range
of 1.35—1.45 V (vs RHE), which is mainly derived from the
surface oxidation of metals into a metal (oxy)hydroxide
layer.>' —%

To evaluate the oxygen evolution kinetics and reveal the
OER mechanism, the Tafel slope and electrochemical
impedance spectroscopy (EIS) data are measured as important
indicators. Figure 4b shows that the iR-corrected Tafel slope
(34.6 mV dec™") of the NC6-FeCoNiMg electrode is lower
than those of pristine FeCoNiMg (45.2 mV dec™'), Cé6-
FeCoNiMg (39.8 mV dec™'), NCS6-FeCoNiMg (35.2 mV
dec™), and IrO,/Ni foam (88.3 mV dec™) electrodes, further
demonstrating the enhancement effect of N and C codoping
induced by the nitrocarburizing process on the OER activity.
The EIS data obtained from 0.01 to 100 kHz at a potential of
1.554 V (vs RHE) is analyzed using the equivalent circuit (R,
(C4R.)), as shown in Figure 4c, where R, Cg, and R, denote
the solution resistance, double-layer capacitance, and charge-
transfer resistance during the OER process, respectively.
Nyquist profiles exhibit a semicircle and provide the electron
transfer rate that represents the OER kinetics of electrode
materials. The NC6-FeCoNiMg electrode has a lowest R
value of ~0.03 Q cm™ compared with those of pristine
FeCoNiMg (0.16 Q cm™), C6-FeCoNiMg (0.06 Q cm™),
NCS6-FeCoNiMg (0.04 Q cm™2), and IrO,/Ni foam (0.18 Q
cm™2) electrodes (see Table S4). This indicates the improve-
ment in the electrocatalytic activity of the NC6-FeCoNiMg
electrode owing to a decrease in the charge-transfer resistance
caused by N and C codoping on the sample surface.’*
Moreover, the NC6-FeCoNiMg electrode can also achieve a
high faradic efficiency of 98.9% in a 1 M KOH medium (see
Figure S7).

The intrinsic activities of the as-prepared electrodes are
further investigated. The specific activity of the electrocatalyst
is the current per unit actual surface area at a given OER
potential (i.e, mA cm™2), mainly depending on the calculation
of the electrochemical active surface area (ECSA). The ECSA
is usually estimated using Cq based on the cyclic voltammetry
curve (CV) data. Figure 4d shows C, curves of pristine
FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, NCS6-FeCo-
NiMg, and IrO,/Ni foam electrodes based on the data in
Figure S8. The specific activity and ECSA can be estimated by
eqs 1 and 2, respectively

https://doi.org/10.1021/acsami.1c18739
ACS Appl. Mater. Interfaces 2022, 14, 784—793


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18739/suppl_file/am1c18739_si_003.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c18739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a)

-~ 50=1.04nm
(111)

7 7210nm

Figure 5. HRTEM images of the NC6-FeCoNiMg electrode (a) before and (b) after electrochemical aging for 300 cycles with a scan rate of 10 mV
s in the overpotential range of 1.054—1.604 V (vs RHE) in a 1 M KOH medium.

Topr
ECSA

specific activity =

(1)

ECSA = Ca
ct (2)

where Igg is the OER current density at a given potential and
C’ is the specific capacitance of the electrode material, which is
usually assumed to be a universal value of 40 uF cm™ for
transition-metal oxide surfaces.”> The Cy values of pristine
FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, NCS6-FeCo-
NiMg, and IrO,/Ni foam electrodes are 27.9 53.3, 37.6, 33.8,
and 108.1 mF cm ™, respectively. Specific activities of all of the
samples are calculated using OER current densities at a given
potential of 1.6 V (vs RHE) in Figure 4a, as shown in Table SS.
The NC6-FeCoNiMg electrode displays the highest specific
activity (0.383 mA cm™?) compared with those of pristine
FeCoNiMg (0.262 mA cm™2), C6-FeCoNiMg (0.243 mA
cm™?), NCS6-FeCoNiMg (0.334 mA cm2), and IrO,/Ni
foam (0.069 mA cm™) electrodes. This consequence should
be ascribed to the N and C codoping on inner and outer
surfaces of NC6-FeCoNiMg and the synergistic effects of
multiple species.**™%

The long-term stability of electrocatalysts for the OER,
especially at large current densities (>1000 mA cm™?), is
another key indicator to evaluate the possibility of large-scale
industrial applications. As shown in Figure 4e, the perform-
ances of pristine FeCoNiMg, C6-FeCoNiMg, NC6-FeCo-
NiMg, NCS6-FeCoNiMg, and IrO,/Ni foam electrodes were
measured during consecutive multicurrent steps from 1 to 200
mA cm™? in a 1 M KOH medium for 50000 s. When the
current density of the OER runs up to 10 mA cm™?, pristine
FeCoNiMg, C6-FeCoNiMg, NC6-FeCoNiMg, NCS6-FeCo-
NiMg, and IrO,/Ni foam electrodes achieve different over-
potentials of 259, 256, 235, 277, and 231 mV, respectively.
When the OER current density reaches 200 mA cm™, the
NC6-FeCoNiMg electrode exhibits an overpotential of 330
mV, which is far lower than those of pristine FeCoNiMg (521
mV), C6-FeCoNiMg (358 mV), NCS6-FeCoNiMg (361 mV),
and IrO,/Ni foam (493 mV) electrodes, indicating its
outstanding OER activity and excellent stability. The excellent
OER performance and stability of the NC6-FeCoNiMg
electrode are further confirmed by comparing with the
previously reported electrocatalysts (see Table S6).
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To further evaluate the OER stability, the electrode should
be subjected to high current density operations for large-scale
practical applications. A two-electrode cell is employed to
assess the OER stability of the NC6-FeCoNiMg electrode at
1000 mA cm™ for 100 h in a 1 M KOH medium (see Figure
S9a). When performing the OER at 1000 mA cm™” for the
OER, the bath voltage of the NC6-FeCoNiMg electrode
rapidly decreases and then remains ~4.1 V over time (see
Figure S9b), proving its excellent stability at large OER current
densities. Figure 4f shows the LSV curves of the NC6-
FeCoNiMg electrode before and after the OER for 100 h at
1000 mA cm ™2, obtained at a scan rate of 1 mVstinal M
KOH aqueous medium. After the OER for 100 h, the OER
activity of the NC6-FeCoNiMg electrode presents a small but
clear increase, further indicating its excellent stability, which is
ascribed to the high structural stability of the metal
(oxy)hydroxide layer formed during the OER process. To
verify this assumption, Figure Sa,b shows the HRTEM images
of the NC6-FeCoNiMg electrode before and after electro-
chemical aging for 300 cycles in a 1 M KOH aqueous medium.
As shown in Figure Sb, the surface structure of the NC6-
FeCoNiMg electrode undergoes obvious rearrangement due to
the formation of a metal (oxy)hydroxide layer of ~5 nm
thickness during the initial OER process, which is consistent
with our previous results.”® The (oxy)hydroxide layer in the
inner and outer surfaces of the NC6-FeCoNiMg electrode also
possesses more unsaturated active sites and defects compared
to the pristine one, promoting the electron transfer of the
OER.°"*” All in all, long-term stability and excellent electro-
catalytic activity of the nanoporous NC6-FeCoNiMg electrode
are competitive with those of the reported electrocatalysts for
the OER in an alkaline medium (see Table S6).

B CONCLUSIONS

In summary, nanoporous FeCoNiMg alloys were successfully
diffused with N, C, and S species on the inner and outer
surfaces via facile and conventional carburizing, nitrocarburiz-
ing, and sulfonitrocarburizing methods, respectively. When
serving as an electrode material for the OER, the nanoporous
N/C-codoped FeCoNiMg alloy shows a low overpotential of
235 mV for 10 mA cm ™ and a small Tafel slope of 34.6 mV
dec™!. The NC6-FeCoNiMg electrode exhibits excellent
stability without compromising on the electrocatalytic activity
even at high current densities. The excellent OER activity and
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stability of the NC6-FeCoNiMg electrode can be ascribed to
the high structural stability, large ECSA, excellent wettability,
and N/C codoping on the inner and outer surfaces. This study
provides a convenient strategy for the nanostructure
construction and surface modulation of transition-metal alloy
electrodes, which shows great potential for applications in the
large-scale production of clean hydrogen energy.

B EXPERIMENTAL SECTION

Electrode Preparation. Iron (12.7 pm, >99.5%), cobalt (13.7
pm, >99.5%), nickel (17.2 ym, >99.7%), and magnesium (75 um,
>99.9%) powders were bought from Aladdin Chemistry Corp.
(Shanghai, China). Urea, methanol, Na,$,0;-SH,0, and formamide
were purchased from Xilong Scientific Industries, Co., Ltd. The IrO,/
Ni foam electrode as a control sample was prepared by the method of
thermal decomposition described in our previous study.*®

Preparation of the Nanoporous FeCoNiMg Alloy. Briefly, Co,
Fe, and Ni powders were mixed in a mole ratio of 1:3:S, and spherical
Mg powder (75 pm, 10 wt % total mass) was used as the pore-making
agent. The preparation process of the nanoporous FeCoNiMg alloy is
illustrated in Figure 1. First, a planetary ball mill (QM-3SP4, Nanjing
University Instrument Plant) was employed to mix Fe, Co, Ni, and
Mg powders at 250 rpm for 6 h. Then, the blended powders were
cold-pressed to obtain green compacts in a mould (® 12 mm X 6
mm) under a uniaxial pressure of 580 MPa for 1 min. Afterward, the
green compacts were placed in a tube furnace (OTF-1200X, Hefei
Kejing Materials Technology Corp.) in an alumina crucible. Before
sintering, highly pure argon (>99.999%) was added into the furnace
tube for 20 min at a rate of 50 mL min~" to eliminate the air. Finally,
the FeCoNiMg alloy sample was sintered at 900 °C for 30 min and
naturally cooled to room temperature in an Ar atmosphere.

Surface Diffusion. The as-prepared FeCoNiMg samples were cut
into slices with a 1 mm thickness to dope the inner and outer surfaces
with C, N/C, and N/C/S species via carburizing, nitrocarburizing,
and sulfonitrocarburizing methods, respectively, as detailed below.

Carburizing. Liquid methanol was used as the carbon source and
was dripped into the gas carburizing furnace with a power rating of 25
kW (RQ, Changxing Kaixiang Electric Furnace Technology Co., Ltd.)
(see Figure S10) at ~4 mL min~" and a temperature of 580 °C. The
carburizing process times of C-FeCoNiMg were 3, 6, and 10 min
(denoted C3-FeCoNiMg, C6-FeCoNiMg, and C10-FeCoNiMg,
respectively). At 580 °C, liquid methanol in the gas carburizing
furnace was decomposed according to the following reaction

2CH,0H — CO, + [C] + 4H, (3)

Thus, the decomposed [C] was diffused into the nanoporous
FeCoNiMg alloy surface during the carburizing process.
Nitrocarburizing. Briefly, urea (56 g) was added to 500 mL of
formamide, treated by gentle agitation at SO °C for 30 min. The
mixture was used as the source for N/C codoping by dripping into the
gas carburizing furnace at ~4 mL min~" and a temperature of $80 °C.
The nitrocarburizing process times were 3, 6, and 10 min (denoted
NC3-FeCoNiMg, NC6-FeCoNiMg, and NC10-FeCoNiMg, respec-
tively). At 580 °C, the urea/formamide mixture in the gas carburizing
furnace was decomposed according to the following reactions

4HCONH, — 4[N] + 2[C] + 4H, + 2CO + 2H,0 (4)

()

Thus, the decomposed [C] and [N] were diffused into the
FeCoNiMg alloy surface during the nitrocarburizing process.
Sulfonitrocarburizing. Na,$,0;-SH,0 (4.7 g) and urea (56 g)
were added to S00 mL of formamide and treated by gentle agitation at
50 °C for 30 min. The mixture was used as the source for N/C/S
codoping by dripping into the gas carburizing furnace at ~4 mL min™"
and a temperature of 580 °C. The sulfonitrocarburizing process times
were 3, 6, and 10 min (denoted NCS3-FeCoNiMg, NCS6-
FeCoNiMg, and NCS10-FeCoNiMg, respectively). At 580 °C, the

2(NH,),CO — 4[N] + [C] + CO, + 4H,
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mixture in the gas carburizing furnace was decomposed according to
eqs 44—6

2Na,$,0; + 30, 2Na,S0, + 250, (6)

Thus, the decomposed [C], [N], and [S] were diffused into the
FeCoNiMg alloy surface during the sulfonitrocarburizing process.

Material Characterization Methods. The phases of the samples
were identified by XRD (Bruker D8 ADVANCE) with Cu Ka as the
radiation source. Surface morphologies, microstructures, and
compositions of the samples were determined by FESEM (Nova
Nano SEM 450), transmission electron microscopy (TEM, FEI Talos
F200S A-TWIN), and energy-dispersive X-ray spectroscopy (EDS,
Oxford Instruments). To identify the chemical compositions and
electronic states, XPS (XPSINCA 250 X-max 50) was performed. The
contact angles with Milli-Q water were measured by the sessile drop
method using a KRUSS GmbH Germany (DO4010) goniometer; N,
adsorption—desorption isotherms (Micromeritics ASAP 2460) were
collected to measure the BET surface areas and average pore
diameters.

Electrochemical Measurements. Electrochemical performances
of the samples were evaluated on an electrochemical workstation
(CHI-660C, Shanghai CHI Instruments, Inc.) using a standard three-
electrode system in a 1.0 M KOH medium at 25 °C and ambient
pressure. The as-prepared samples (1 cm?®), graphite rod, and
saturated calomel electrode (SCE) were employed as the working,
counter, and reference electrodes, respectively. A reversible hydrogen
electrode (RHE) was used to calibrate the measured voltages (see
Figure S11). LSV measurements were conducted with a scan rate of 1
mV s™'. The Tafel slopes with an iR correction were achieved from
the LSV curves, where R, is the solution resistance obtained by EIS.
The Nyquist plots were obtained by EIS with a S mV amplitude in the
frequency range from 0.01 to 100 kHz. The ECSA was obtained by
CV measurements of the capacitance of the Cy at a non-faradic
potential and different scan rates from 10 to 100 mV s™'. The
electrocatalytic stability of the as-prepared electrodes during the OER
was performed at the OER current densities (i.e., 1, 10, 50, 100, and
200 mA cm™2).
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