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Abstract

Dealloying has been an essential technique for developing nanostructured catalysts for the oxygen evolution
reaction (OER). Self-supported active catalysts can be fabricated through an alloying-dealloying process on metal
foil surfaces. This study uses a Ga-assisted alloying-dealloying strategy combined with electrooxidation and
heteroatom doping to fabricate a Fe-doped Ni(OH),/Ni self-supported OER catalyst. We find that the surface
phase compositions and dealloyed structures can be adjusted by controlling the reaction-diffusion temperature and
time. The optimized O-Ni-Fe/200-3 catalyst shows an overpotential of 318 mV to activate a 10 mA cm? current
density with a Tafel slope of 60.60 mV dec”. Ex-situ characterization of the catalyst proves that Fe doping
promotes the formation of active NiOOH, which contributes to the excellent OER activity. This study extends the
Ga-assisted alloying-dealloying strategy and demonstrates the possibility of controlling the microstructure of
dealloyed materials by changing the reaction-diffusion conditions.

Keywords: Dealloying, reaction diffusion, oxygen evolution reaction, Ni(OH),

INTRODUCTION

Hydrogen (H,) is an eco-friendly energy source with a high gravimetric energy density that is vital for a low-
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carbon future. Electrochemical water splitting is a promising and efficient technique to transform electricity
into H,. In the electrochemical water-splitting process, high-efficiency catalysts are necessary to promote the
energy conversion rate of H, production"”. In particular, in the anodic process, the oxygen evolution
reaction (OER) suffers from sluggish kinetics, which results in massive electricity consumption to produce
H,"!. Noble metal catalysts, such as Pt, Ru, Ir, and their compounds, have been commercially utilized to

increase the electrocatalytic efficiency"”.

The search for catalysts from earth-abundant elements, especially those from the first row of 3d transition
metals, has attracted significant attention from researchers. Ni, Co, Fe, and Mn-based materials, e.g.,
alloys"™”, oxides""", (oxy)hydroxides™*'*, and chalcogenides"*'”, are among the most promising
candidates for catalyzing the OER. Among them, NiFe-based (oxy)hydroxides have the potential to be
industrialized due to the abundant reserves of Ni and Fe elements"*. Substantial efforts have been made to
study the catalytic mechanisms and enhance the performance of such NiFe-based (oxy)hydroxides,
especially to investigate the role of Fe doping in Ni-based materials. For instance, Trotochaud et al. found
that via coprecipitation with Fe, the conductivity of Ni (oxy)hydroxides increased distinctly and the Fe
impurities were responsible for the improved activity of aged Ni (oxy)hydroxides"?. Friebel et al. stressed
the importance of the Fe’ cation in the OER performance of y-Ni, ,Fe OOH as they act as the active sites in
y-Ni,,Fe, OOH instead of Ni*'”. Zhang et al. observed the transformation of Fe,O,-Ni(OH), to
NiFe,0,-NiOOH during the OER via in-situ Raman spectroscopy"®. The influence of the Fe content on the
performance of Ni-based materials must also be addressed. Studies have reported that trace Fe impurities
from a KOH solution could significantly improve the OER activity"*”. Klaus et al. found that aging a
Ni(OH), film in the unpurified electrolyte after five weeks can lead to more than 20% Fe incorporation™.

Generally, powdery catalysts are only synthesized for lab-scale studies. Binders and carbon powders are
necessary when preparing the catalyst ink for the OER test, which affects the proper assessment of the
catalytic performance!”. In contrast, a self-supported electrode can avoid such issues. Ni foams or foils have
been extensively used as supporting substrates for oxygen/hydrogen evolution reaction catalysts*. Through
a hydro/solvothermal, chemical vapor deposition, or electrodeposition method, metal (oxy)hydroxides can
be grown on a Ni substrate as self-supported catalysts”>*). In addition, anodization is also a powerful
technique to modify the surface properties of Ni foam or foil. By applying an anodization potential of 50 V
in oxalate acid, C-doped NiO was formed on the Ni foam surface with excellent activity”. Surface
alloying/dealloying offers another opportunity to generate active sites on free-standing Ni. Dealloying is
generally used as a top-down strategy to fabricate nanoporous metals. Though the dealloyed metals are
mostly powdery, self-standing dealloyed materials can be achieved using metallic glasses as precursors*”*.
Recently, our group proposed a liquid metal Ga-assisted alloying/dealloying method to transform the
surface of metal foils, e.g., Ni, Co, Cu, Au, and Ag, into a nanostructured layer®*.. In this method, the
alloying process is controlled by the reaction diffusion between metals, and the compositions and structures
of the dealloyed metals can be adjusted by optimizing the dealloying process and post-treatment.

Herein, a Ga-assisted alloying/dealloying method combined with post-electrooxidation is applied to form a
Fe-doped Ni(OH),/Ni foil. The alloying process of Ga and Ni is studied by controlling the heat treatment
temperature and time. Different Ga-Ni phase compositions and alloying depths are obtained by changing
the temperature and time. A Ni columnar array structure is formed after dealloying the Ga-Ni alloy layer in
a 0.2 or 2 M NaOH solution. Further electrooxidation of the dealloyed foils in a Fe**-containing alkaline
electrolyte results in the formation of an Fe-doped Ni(OH), layer on the surface. The as-fabricated catalysts
are self-supporting and have good performance in OER catalysis. The optimized Fe-doped Ni(OH),/Ni foils
deliver an overpotential of 318 mV at 10 mA cm™ and long durability of at least 10 h.
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EXPERIMENTAL

Preparation of nanostructured nickel foil

Ni foils (99.9 wt.%) were cleaned by soaking in a 1 wt.% HCI solution for 30 min, followed by washing with
deionized water and alcohol at least 3 times. A certain amount of Ga ingot (99.99 wt.%) was placed on a
hotplate at 50 °C to maintain the liquid state. A paintbrush was used to brush liquid Ga onto the dried Ni
foil, which was then annealed in a vacuum to form Ga-Ni alloys via reaction diffusion. The amount of
painted Ga was measured as ~8.9 mg cm”. The annealing was controlled at 150, 200, and 250 °C for 3 h to
study the effect of temperature on the reaction-diffusion process. The effect of annealing time was also
investigated by maintaining the annealing at 200 °C for 1, 3, and 6 h. The samples were labeled as Ga-Ni/X-
Y, where X and Y refer to the temperature and time, respectively, e.g., Ga-Ni/200-3 was obtained by
annealing the foil at 200 °C for 3 h. The prepared alloy foil was dealloyed in a 2 M NaOH solution at 80 °C
until no bubbles appeared. The dealloyed Ni foil, labeled as D-Ni/X-Y following the above naming rule, was
washed and dried in a vacuum at room temperature. The D-Ni/200-3 foil was then electrooxidized in a 0.1
M KOH solution using repeated cyclic voltammetry (CV) between 1 and 2 V vs. a reversible hydrogen
electrode (RHE) for 50 cycles at 50 mV s to obtain O-Ni/200-3. The Fe-doped sample (O-Ni-Fe/200-3) was
achieved via electrooxidation of the D-Ni/200-3 foil in a 0.1 M KOH solution containing 0.1 M
Fe(NO,),-9H,0. The above electrooxidation process was conducted using a three-electrode system. A Pt
electrode, a Ag/AgCl electrode, and the D-Ni/200-3 foil were used as the counter, reference, and working
electrodes, respectively.

Characterization of catalysts

The phase compositions of the samples were investigated by X-ray diffraction (XRD, PANalytical X’pert
Pro). A field-emission scanning electron microscope (SEM, Zeiss Sigma 500) and transmission electron
microscope (TEM, FEI Tecnai G2 F20) were used to obtain the microstructures of the samples. Selected area
electron diffraction (SAED), high-resolution transmission electron microscopy (HRTEM), and scanning
transmission electron microscopy-energy dispersive spectroscopy (EDS) mapping were also used to study
the nature of the crystallinity and composition of the samples. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific) was used to characterize the surface element states of the samples using monochromatic
Al Ko radiation.

Electrochemical measurements

A three-electrode cell was used for the electrochemical measurements on a Bio-Logic SP-240
electrochemical workstation. The as-synthesized Ni foils were used as the working electrode (0.5 x 0.5 cm?).
The counter and reference electrodes were graphite rod and Ag/AgCl (saturated KCl filled), respectively. All
potentials measured were converted to the RHE scale, according to E (vs. RHE) = E (vs. Ag/AgCl) + 0.0591
pH + 0.197.

The linear sweep voltammetry (LSV) curves were carried out in an O,-saturated 1.0 M KOH electrolyte with
a sweep rate of 5 mV s™. All LSV curves were iR-compensated to exclude the influence of the solution
resistance. CV curves were recorded at 0.0-0.6 V vs. Ag/AgCl with various sweep rates to analyze the
number of active sites. Electrochemical impedance spectroscopy (EIS) was conducted on the same
electrolyte from 10° to 0.1 Hz at 0.6 V vs. Ag/AgCl at 1600 rpm with an excitation voltage of 5 mV.

Results and discussion

The Ni foils with a nanostructured layer on the surface were obtained from a facile Ga painting-alloying-
dealloying strategy™, as illustrated in Scheme 1. After painting Ga on the surface of the Ni foil, the
subsequent annealing treatment promoted the reaction diffusion between Ga and Ni. The XRD patterns in
Supplementary Figure 1 display the phase composition before annealing, where the Ga (PDF #05-0601) and
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Scheme 1. Schematic illustration and photographs showing the fabrication process for the dealloyed foil.
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Ni phases (PDF #04-0850) can be observed. The reaction diffusion may generate various Ga-Ni phases by
adjusting the annealing temperature and time. Based on this assumption, we annealed the Ga-painted Ni
foil at 150, 200, and 250 °C for 3 h and at 200 °C for 1, 3, and 6 h to demonstrate the change in phase
compositions. The XRD patterns in Figure 1A exhibit that, after being annealed at 150 °C for 3 h, Ga,Ni
(PDF #37-1095) and Ni (PDF #04-0850) phases are found on the foil, indicating that all the Ga was
transformed into the Ga,Ni alloy.

Increasing the annealing temperature leads to impurity phases, such as Ga,Ni, (PDF #65-7366) at 200 °C
and Ga,Ni, (PDF # 65-9741) at 250 °C for 3 h. The atomic ratio of Ga to Ni is 1.50 for Ga,Ni, and 1.33 for
Ga,Ni,, indicating that less Ga reacted with Ni in the deeper areas of the Ni foil. To probe the effect of
annealing time, we annealed the sample for 1, 3, and 6 h at 200 °C [Figure 1B]. After 1 h of annealing at 200
°C, the Ga phase was still detected on the foil surface, while all Ga was transformed to Ga,Ni after 3 and 6 h.
Supplementary Figure 2A-H, Supplementary Figure 3A-H, and Supplementary Figure 4A-H display the
SEM images and EDS mapping and spectra for Ga-Ni/200-1, Ga-Ni/200-3, and Ga-Ni/200-6, respectively.
With the annealing time extended from 1 to 6 h, the content of Ga on the foil surface decreased, indicating
the gradual diffusion of Ga into the Ni foil.

As previously reported, the Ga-X (X = Co or Ni) alloys could be dealloyed in NaOH solutions"'. Herein,
we applied 2 M NaOH as the dealloying electrolyte. The phase compositions of the as-dealloyed samples are
exhibited in Figure 1C and D. Both the D-Ni/150-3 and D-Ni/200-3 samples were fully dealloyed with only
the Ni phase retained. While for D-Ni/250-3, the Ga,Ni, phase could still be detected after dealloying.
However, the Ga-Ni alloy layer can be dealloyed entirely for the samples annealed at 200 °C for 1, 3, and
even 6 h. The annealing temperature influences the phase compositions, which may further affect the
microstructure after dealloying. As shown in Figure 2A-C, a cubic structure with an edge length of ~2 pm
was obtained for the D-Ni/150-3 sample. D-Ni/200-3 and D-Ni/250-3 show columnar arrays after being
dealloyed in 2 M NaOH. The thickness of the dealloyed layer is measured as ~5.5 pm for D-Ni/200-3
[Figure 2D] and the EDS results prove that there is still ~10.0 at.% Ga retained after dealloying
[Figure 2E and F].

The electrolytes, dealloying time, and temperature affect the dealloying behavior and structural features of
the dealloyed metals™. To evaluate the influence of the concentration of the dealloying electrolyte, we also
used a 0.2 M NaOH solution as the dealloying electrolyte. Only D-Ni/150-3 can be fully dealloyed in such a
dilute alkaline solution, while the Ga,Ni phase was retained after dealloying the D-Ni/200-3 sample, and
both Ga,\Ni and Ga,Ni, were detected for the D-Ni/250-3 sample [Supplementary Figure 5]. Similar
structures were found from the samples after dealloying in 0.2 M NaOH [Supplementary Figure 6A-C].
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Figure 1. XRD patterns of (A) Ga-Ni alloy foil annealed at 150, 200, and 250 °C for 3 h, (B) Ga-Ni alloy foil annealed at 200 °C for 1, 3,
and 6 h and dealloyed Ga-Ni alloy foil in 2 M NaOH, (C) D-Ni/150-3, D-Ni/200-3 and D-Ni/250-3 and (D) D-Ni/200-1, D-Ni/200-3
and D-Ni/200-6. XRD: X-ray diffraction.
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Figure 2. Surface microstructures of (A) D-Ni/150-3, (B) D-Ni/200-3, and (C) D-Ni/250-3 dealloyed in 2 M NaOH. (D) Cross-section
view of D-Ni/200-3. (E) EDS elemental distribution corresponding to the yellow square area in (B). (F) Elemental ratios obtained from
EDS point scan corresponding to points Tand 2 in (B). EDS: Energy dispersive spectroscopy.

Furthermore, the EDS elemental distribution mapping displays almost only Ni in the D-Ni/150-3 sample
[Supplementary Figure 6G]. Ga and Ni co-exist in the dealloyed zone for the D-Ni/200-3 and D-Ni/250-3
samples [Supplementary Figure 6H and I]. Taking D-Ni/200-3 as an example, the content of Ga increases
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gradually from 17.89 at.% near the surface to 64.36 at.% at the interface [Supplementary Figure 6E].
Moreover, only a ~6 um deep area was dealloyed in 0.2 M NaOH for D-Ni/250-3, as shown in
Supplementary Figure 6F and I. From Supplementary Figure 6D-F, we can also observe the relation between
the diffusion length and the annealing temperature. The Ga-Ni mutual diffusion length (d) increases with
the annealing temperature (T), namely, from ~3.0 to ~5.8 um and finally to ~14 pm for 150, 200, and 250 °C,
respectively. The results may guide the controllable fabrication of alloying layers by changing the annealing
temperature. The above XRD and SEM analysis revealed that both the annealing temperature and time
influenced the phase composition of the Ga-Ni alloying layer, which further affected the dealloying behavior
in the NaOH solutions. The alloying layer can be entirely dealloyed in a 2 M NaOH solution, while some
Ga-Ni phases were reserved using a 0.2 M NaOH solution. In the following discussion, we focus on the
further treatment and application of the dealloyed foils using D-Ni/200-3 as an example.

An electrooxidation method via CV cycling was applied to generate an OER active Ni(OH), layer on the
D-Ni/200-3 foil®***. The electrochemical feature of the first cycle is different from the rest of the cycles,
indicating the irreversible oxidation process, which may create a Ni(OH), layer on the Ni surface
(O-Ni/200-3) [Supplementary Figure 7A and B]. Fe doping has proved to be efficient in enhancing the OER
performance of Ni(OH),-based catalysts"***, so the Fe-doped O-Ni-Fe/200-3 foil was obtained by adding
0.1 M Fe(NO,),-9H,0O in the 0.1 M KOH electrolyte during electrooxidation. The XRD patterns in Figure 3A
of O-Ni/200-3 and O-Ni-Fe/200-3 present diffraction peaks of Ni (PDF # 04-0850) without obvious signals
of Ni(OH),. After Fe doping, a slight negative peak shift is observed, ascribed to the lattice expansion with
Fe incorporation””. We also used Raman spectroscopy to investigate the crystal structure change after Fe
doping, with no noticeable difference observed [Supplementary Figure 8].

The surface chemical states of the catalysts were analyzed through XPS. The full-scan survey reveals the
presence of Ni and O in D-Ni/200-3 and O-Ni/200-3, with Fe also observed in the O-Ni-Fe/200-3 sample
[Figure 3B]. From the XPS survey [Supplementary Table 1], the surface atomic concentration ratio of Fe to
Ni is estimated to be 0.32. If we assume that all Ni exists in Ni(OH),, Fe occupies 15.95 wt.% of the total
weight [Fe dopants and Ni(OH),]. Considering that partial Ni forms NiOOH on the surface, the
concentration of Fe would be less than 15.95 wt.%, lying in the optimal composition for NiFe-based
catalysts"”****. The deconvoluted O 1s peaks at 531.4 eV correspond to OH, indicating the formation of
Ni(OH), on the surface of nanostructured Ni after dealloying. An extra peak at ~529.8 eV is present for the
dealloyed sample, which might be due to the formation of the Ni-O phase after dealloying the Ni-based
alloys in NaOH solutions™”.

After CV cycling, all Ni-O phase was transformed into Ni(OH),, as confirmed by the O 1s spectra of O-
Ni/200-3 in Figure 3C. When Fe ions are present during the CV cycling, the O 1s spectrum again shows the
peak at ~529.7 eV. It has been reported that trace Fe ions favor the formation of g-NiOOH, which might
account for the existence of Ni-O in the O 1s spectrum of O-Ni-Fe/200-3". The Ni 2p spectrum of D-
Ni/200-3 shows binding energies at 873.2 and 855.6 eV, representing Ni 2p,,, and Ni 2p,, from Ni(OH),,

respectively [Figure 3D]". The binding energy at 852.5 eV refers to metallic Ni (Ni°)“”. After CV cycling in
1 M KOH, Ni’ is absent, suggesting the full oxidation of surface Ni. Moreover, Ni 2p,,, from O-Ni/200-3 can
be deconvoluted into Ni** at 855.4 eV and Ni** at 857.3 eV. The concentration of Ni** and Ni** can be
calculated as 76.8 at.% and 23.2 at.%, respectively. After Fe doping, the binding energy of Ni 2p, , shifts
positively from ~855.4 to ~855.7 eV, indicating the Fe incorporation in Ni(OH),"". The concentration of
Ni** also increases to 26.7 at.% in the O-Ni-Fe/200-3 sample, further demonstrating the promotion effect of
Fe on the generation of NiIOOH"®. The Fe 2p,,, envelope can be fitted into Fe** at 711.1 eV and Fe’* at 713.7
eV [Figure 3E]"*.
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Figure 3. (A) XRD patterns of O-Ni/200-3 and O-Ni-Fe/200-3 and the magnified patterns corresponding to the region at 75°-78° (26).
(B) Full-scan XPS spectra and deconvoluted XPS spectra of (C) O 1s, (D) Ni 2p and (E) Fe 2p. XRD: X-ray diffraction; XPS: X-ray
photoelectron spectroscopy.

From the above analyses, it can be concluded that a Ni(OH), layer is formed via CV cycling in 0.1 M KOH.
The surface SEM images present a rough layer on both O-Ni/200-3 and O-Ni-Fe/200-3, compared with the
relatively smooth structure before electrooxidation [Figure 4A and B]. The HRTEM image [Figure 4C]
obtained from the boundary area between the dealloyed and un-dealloyed zones (marked in the HAADF
image of Figure 4E) of O-Ni-Fe/200-3 displays the (101) lattice plane of Ni(OH), and the (111) lattice plane
from Ni. The SAED spectrum from the boundary area further proves the existence of Ni(OH), with
diffraction rings from the (101) and (111) lattice planes of Ni(OH), [Figure 4D]. The elemental distribution
suggests Fe incorporation into the surface dealloyed zones [Figure 4E]. Many point defects can be observed
in the dealloyed zone, as marked by the red rectangles in Figure 4C, which might be attributed to the doping
of Fe.

LSV curves were obtained in O,-saturated 1 M KOH to evaluate the OER catalytic performance. The iR-
corrected LSV curves in Figure 5A reveal that O-Ni-Fe/200-3 has the best OER activity, followed by O-
Ni/200-3, D-Ni/200-3, and Ni foil without any treatment. An overpotential of only 318 mV is needed to
activate a current density of 10 mA cm?, lower than 356, 361, and 360 mV for O-Ni/200-3, D-Ni/200-3, and
Ni foil, respectively [Supplementary Figure 9]. At a higher current density of 100 mA cm?, the overpotential
for O-Ni-Fe/200-3 is 385 mV, which is also much lower than for other samples. Kou et al. demonstrated
that a periodic porous 3D electrode could facilitate the bubble release, thereby guaranteeing a high reaction
rate at high current densities””. The dealloying approach in this study could create columnar arrays, which
might also have the potential to be used at a high current density.

The Tafel slopes derived from the LSV curves can be used to analyze the kinetic features of the OER
process. As given in Figure 5B, the Tafel slope of O-Ni-Fe/200-3 is 60.60 mV dec”, slightly lower than for
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Figure 4. Surface SEM images of (A) O-Ni/200-3 and (B) O-Ni-Fe/200-3. (C) HRTEM, (D) SAED and (E) HAADF and corresponding
elemental mapping images of Ni, Fe and O of O-Ni-Fe/200-3. SEM: Scanning electron microscope; HRTEM: high-resolution
transmission electron microscopy; SAED: selected area electron diffraction; HAADF: high-angle annular dark field.

0-Ni/200-3 (66.24 mV dec™). The Tafel slopes of D-Ni/200-3 and Ni foil are 77.72 and 107.07 mV dec’,
respectively, indicating that the Ni(OH), layer on the surface has a better intrinsic catalytic activity. The
Tafel slope is related to the reaction mechanism of a specific system".. In this study, both O-Ni-Fe/200-3
and O-Ni/200-3 have Tafel slopes of ~60 mV dec’, similar to other Ni(OH),-based catalysts*****), With the
formation of Ni(OH), and Fe incorporation, O-Ni-Fe/200-3 is expected to have the most active sites among
the catalysts. The electrochemical active surface area (ECSA) estimates the number of active sites and can be
obtained from the CV curves scanning in the non-Faradaic potential range at different scanning rates.
Figure 5C displays the double-layer capacitance (C,) values (linearly proportional to ECSA) derived from
the CV curves in Supplementary Figure 10A-D. O-Ni-Fe/200-3 has a Cy, of 2.07 mF cm?, higher than the
other three catalysts. The ECSAs are calculated according to ECSA = (C,,, x A/C,), where C,,, is the areal
capacitance, A is the geometric area of the electrode (0.25 cm?®), and C ; is the referential areal capacitance of
the flat Ni(OH),-based electrode (80 pF cm™)"“”. The calculated ECSAs of O-Ni-Fe/200-3, O-Ni/200-3, D-
Ni/200-3, and Ni foil are 6.47, 6.03, 5.62, and 5.06 cm’, respectively, indicating the most active sites for the
O-Ni-Fe/200-3 sample.

area
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Figure 5. OER activities of different catalysts in 1T M KOH. (A) LSV polarization curves. (B) Tafel plots. (C) Plots of difference between
anodic and cathodic current density at 1.188 V vs. RHE as a function of scan rate. (D) Nyquist plots at 1.624 V vs. RHE, where points and
lines represent the experimental and simulated data, respectively. (E) LSV curves obtained at different temperatures. (F) Arrhenius plots
at 1.53 V vs. RHE. OER: Oxygen evolution reaction; LSV: linear sweep voltammetry; RHE: reversible hydrogen electrode.

EIS was conducted under the same conditions as the LSV tests to probe the catalytic kinetics of the catalysts.
The Nyquist plots are fitted based on the equivalent circuit shown as the inset of Figure 5D. The solution
resistance (R,) and charge-transfer resistance (R,) are listed in the inset table in Figure 5D. O-Ni-Fe/200-3
has the smallest R, of 1.66 Q, while Ni foil has the largest R, of 10.63 Q due to the lack of Ni(OH), active
sites. Despite the significant difference in the R, the samples have comparable R| values, indicating a similar
charge transport efficiency. The LSV curves were also obtained at different temperatures to estimate the
activation energy (E,) for the OER. Taking O-Ni-Fe/200-3 as an example, the overpotential to activate the
same current density decreases with increasing temperature [Figure sE|. E, is calculated through the

Arrhenius equation *3° = ~3%, where ] is the current density (mA cm™) obtained at an overpotential of 300

mV, Tis the temperature (K), and R is the gas constant (8.314 ] mol*-K™"). The E, value is 56.87 kJ mol"
for O-Ni-Fe/200-3, as displayed in Figure 5F.

The turnover frequency values (TOF) are applied to assess the catalytic activities, which can be calculated by
TOF = (J x A)/(4 x F x n), where ] is the current density (mA cm™) obtained from the LSV tests, A is the
geometric area of the catalysts (0.25 cm® in this study), four refers to the number of electrons consumed for
evolving one O, from water, F is the Faradic constant (96485 C mol™) and # is the mole value of active sites.
The value n can be calculated based on the equation of slope = (m° x F* x n)/(4 x R x T), where m is the
number of electrons transferred for the oxidation, T is the absolute temperature (298 K), and the other
terms are defined as above. The slope can be obtained from the linear relationship between the oxidation
peak current and the scanning rate of the CV curves obtained at various scanning rates. Figure 6A and B
show the CV curves of O-Ni-Fe/200-3 and O-Ni /200-3 at 1.0-1.6 V vs. RHE at different scanning rates. At
~1.4 V vs. RHE, an oxidation peak is found for each scanning rate. The current density corresponding to the
oxidation peak increases obviously with increasing scanning rate. The oxidation peak is generated due to
the transformation of Ni** to Ni*!"“|, Therefore, the number of active surface sites is calculated based on
the linear dependence between the oxidation peak current and scanning rate [Figure 6C]"“”*. Assuming that


ASUS
图章


Page 10 of 14 Wang et al. Energy Mater 2022;2:200019 | https://dx.doi.org/10.20517/energymater.2022.19

60| 0-Nir200-3 B, ] 0-Ni-Fe200-3
] 40 - 20-120 mV s!
" 20-120 mV 5! _
E 20 4 5 201
< <
E £
s 04 = 04
- 5
-20 4 -20
-40 -40
0 L1 12 13 14 15 16 .0 11 12 13 14 15 16
E (V vs. RHE) E (V vs. RHE)
1.5
C = O-Ni-Fe/200-3 D | — o-Ni-Fe/200-3
®  0-Ni/200-3 —— 0O-Ni/200-3
154 o
S 104
$\“Qc :
o
< )
£ 10+ = 0.5
kg =}
= =
0.0
5 e
. r r r r . 0.5 r r "
20 10 60 80 100 120 0.1 0.2 0.3 0.4 0.5
Scan rate (mV s™) Overpotential (V)

Figure 6. CVs of (A) O-Ni/200-3 and (B) O-Ni-Fe/200-3 at different scan rates (20, 40, 60, 80, 100, and 120 mV s in 1.0 M KOH at
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all active Ni ions contribute to the OER process, TOFs can be calculated based on the number of active
surface sites"™”. The TOF values as a function of overpotential are displayed in Figure 6D. The TOF value is
0.23 and 0.08 s for O-Ni-Fe/200-3 and O-Ni/200-3, respectively, at an overpotential of 350 mV. These
results indicate that Fe doping strongly promotes the activity of Ni(OH), on the surface of the catalyst. It is
noteworthy that residual Ga (~10 at.% obtained from EDS and XPS) in the dealloyed Ni foil might also
affect the electronic structure of Ni and modify the OER performance, as has been proved in Ga-doped Co
and Pt materials"™>*"),

The stability during long-term operation is essential to assess the application potential of an OER catalyst.
The current density at 1.55 V vs. RHE gradually decreases from 15.8 mA cm” and stabilizes at
~11.9 mA cm? after 7 h (inset of Figure 7A). Before and after the stability test, the CV curves showed
comparable current density at the OER potential range [Figure 7A]. The oxidation peak between 1.4 and 1.5
V vs. RHE shifts positively and the current density increases after the stability test. This indicates that the
formation of NiOOH occurs more readily after long-term operation. The microstructure and phase
composition can be well preserved after the 10 h test [Figure 7B]. A crystal lattice plane distance of 2.139 A
can be observed from the HRTEM image in Figure 7C, corresponding to NiOOH (111). The SAED pattern
displays the diffraction rings from Ni(OH), and NiOOH [Figure 7D]. The Ni 2p spectrum of the tested O-
Ni-Fe/200-3 is displayed in Figure 7E. The Ni 2p,,, can be fitted into Ni** and Ni** and the percentage of Ni**
is 31.8 at.%, higher than 26.7 at.% in the initial O-Ni-Fe/200-3. More Ni** suggests that more NiOOH might
be generated after a long-term test, corresponding to the CV results. The O 1s spectrum further confirms
the existence of OH and Ni-O after the long-term test [Figure 7F]. The above results prove that Fe doping
helps the catalyst to maintain its activity after a long-term test via promoting the formation of NiOOH.
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Figure 7. (A) CV curves of O-Ni-Fe/200-3 before and after i-t test; inset is the i-t curve obtained at 1.55 V vs. RHE. (B) XRD of O-Ni-
Fe/200-3 after the long-term test; inset is the SEM image. (C) HETEM and (D) SAED of the tested O-Ni-Fe/200-3. (E) Ni 2p and (F) O
1s XPS spectra of tested O-Ni-Fe/200-3. RHE: Reversible hydrogen electrode; XRD: X-ray diffraction; SEM: scanning electron
microscope; SAED: selected area electron diffraction; XPS: X-ray photoelectron spectroscopy.

Using the Ga-assisted alloying-dealloying strategy, combined with electrooxidation and Fe doping, a self-
supporting Ni(OH),-based catalyst can be achieved for OER applications. In future research, more
adjustments to the alloying-dealloying process and the precise control of the Fe-doping amount are
expected to enhance the catalytic activity and stability further.

CONCLUSION

This study demonstrates that Ga-assisted alloying-dealloying can be a powerful approach to fabricating self-
supporting Ni(OH),-based OER catalysts. By controlling the annealing temperature and time, different
Ga-Ni phases can be obtained, which further affect the microstructure of the dealloyed materials. Through
further electrooxidation in the Fe**-containing electrolyte, a Fe-doped Ni(OH), layer was generated on
dealloyed Ni foil (O-Ni-Fe/200-3). With an overpotential of 318 mV@10 mA cm™ and a Tafel slope of
60.60 mV dec”, the O-Ni-Fe/200-3 electrode has an excellent performance in OER catalysis. Under a
constant potential, the 10 h i-t test proved its good stability towards the OER in alkaline electrolytes. Fe
doping promotes the formation of highly active NIOOH, which might be attributed to the better OER
performance. This study sheds light on the controllable surface alloying-dealloying-electrooxidation strategy
to fabricate self-supporting Fe-doped Ni(OH), OER catalysts.
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