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The development of inexpensive and superior electrodes for oxygen evolution reaction (OER) is
critical for producing hydrogen by water electrolysis. In this paper, we compare stainless steel fiber felt
(SSF), nickel foam (NF) and knitted nickel mesh (NM) as substrates of oxygen evolution reaction
(OER) electrodes and use the method of galvanostatic electroplating to prepare a Ni-Fe layer on
different substrates. The obtained Ni Fe @SSF electrode with the uniform alloy layer on the surface
not only exhibits excellent OER activity (over potential of 250 mV at 10 mA-cm), but also possesses
good stability in 1 M KOH. The Ni Fe @SSF electrode shows potential as an efficient OER electrode
in alkaline water electrolysis.

Keywords: Oxygen evolution reaction; Stainless steel fiber felt; Nickel foam; Nickel mesh;
Electroplating.

1. INTRODUCTION

It is known that the large-scale use of nonrenewable fossil energy resources has led to severe
pollution of the environment [1-8]. Therefore, finding and adopting clean and renewable energy
resources have become crucial [9]. Solar energy and wind energy are both important renewable energy,
but they have transient characteristics, which makes it necessary to convert the generated energy into
other media for storage[10]. Hydrogen energy is one of the most ideal energy carriers because of its
clean, efficient and high energy density characteristics [11]. Hence, the production of hydrogen has
become a main focus in the field of energy research [1]. Among the various methods of hydrogen
production, the electrolysis of water has unique advantages, such as convenient utilization of clean and
sustainable solar energy, high purity of production and simple operation [12-15].

However, the wide application of water electrolysis still faces some hurdles, including the
sluggish dynamics of oxygen evolution reaction (OER) on account of the multi-steps electron transfer
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process [16, 17]. In addition, although noble metal oxides such as RuO2 and IrO, show excellent OER
performance, their scarcity and high price restrict their economic competitiveness [18]. In contrast,
transition metals can also catalyze water electrolysis and have the advantages of low cost, easy
availability and good stability [19].

Stainless steel could be an ideal electrode material in water electrolysis because of its main
components, Fe, Cr and Ni, all of which have electrocatalytic activity[20]. Furthermore, stainless steel
has high mechanical strength, corrosion resistance and excellent electrical conductivity [14, 21, 22].
Zhang et al. [14] reported interconnected MoS> nanosheets grown on commercial stainless steel to
improve the HER activity. Lyu et al. [20] demonstrated that stainless steel-based electrodes showed an
excellent water-splitting performance. Moureaux et al. [23] investigated activated 316 L stainless steel
electrodes for OER in KOH electrolyte. Schafer et al. [24, 25] modified the surface of AlISI 304, which
showed excellent performance as an OER electrode. The stainless steel plate was rusted through a
hydrothermal method and directly activated into a robust OER electrode by electrochemical oxidation—
reduction cycle in alkaline electrolyte[26]. Fe Ni LDH@SSF was proved to exhibit remarkable
catalytic activities for both OER and HER[27]. Besides, the study of the HER on different stainless
steel electrodes in alkaline solutions has been reported[28]. N-doped surface-etched stainless steel and
N-P-doped surface-etched stainless steel have been reported to show good electrocatalytic properties
toward HER and OER, respectively[29].

This paper studies SSF, NF and NM as substrates of OER electrodes for water electrolysis and
modifies different substrates through the galvanostatic electroplating method to obtain the Ni Fe @SSF,
the Ni Fe @NF and the Ni Fe @NM, respectively, because of the excellent activity and stability of Ni-
Fe catalyst[30]. The effects of electrode substrates were investigated. The influences of electroplating
conditions on the electrocatalytic performance of electrodes were also studied. The prepared Ni Fe
@SSF electrode exhibits not only outstanding OER performance, but also good stability under alkaline
conditions.

2. EXPERIMENTAL

2.1. Chemical reagents and experimental materials

Sulfuric acid (H2S0O4), anhydrous ethanol (C2HeO), potassium hydroxide (KOH), nickel sulfate
hexahydrate (NiSO4-6H20), ferrous sulfate heptahydrate (FeSO4-7H20), boric acid (HzBO3), sodium
dodecyl sulfate (C12H25SO4Na) and isopropyl alcohol (C3HgO) were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. Iridium powder and Nafion solution (DuPont D520,5%) were bought from
Shanghai Hesen Electric Co., Ltd. 316 L-SSF (BZ50D) (Cr: 16.00~18.00%, Ni: 12.00~15.00%,
Mo:2.00~3.00%, Mn<2.00%, Si<1.00%, P<0.035%, C<0.030%, S<0.030%) was purchased from
Kunshan Yinghuixiong Electronic Technology Co., Ltd. NF (110 ppi) was purchased from Suzhou
Keshenghe Metal Materials Co., Ltd. N6-NM (200 mesh) was purchased from Conway Wire Mesh
Products Co., Ltd. All chemicals were used as received without further purification.
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2.2. Electroplating Ni-Fe on substrates

The SSF, NF and NM were all cut into 1.0x1.0 cm? pieces with a tab, and sonicated in 0.5 M
H>SO4 for 30 min, and then washed with deionized water and anhydrous ethanol. The SSF, NF and
NM were dried at room temperature and then used as cathodes. A Pt sheet was used as anode. The
electroplating solution was composed of nickel sulfate hexahydrate (24 mmol), ferrous sulfate
heptahydrate (6 mmol), boric acid (24 mmol) as the buffer agent, sodium dodecyl sulfate (0.2 mmol)
as the wetting agent and deionized water (60 mL). The Ni Fe @SSF, the Ni Fe @NF and the Ni Fe
@NM were obtained through galvanostatic electroplating for 20 min with the current density of 20
mA-cm=,

2.3. Characterizations

The phase compositions of the as-prepared materials were characterized by X-ray diffraction
(XRD) (D8 Focus, Germany Brock AXS Co., Ltd) with 20 scanned from 10° to 80° at 10°-min™. The
morphologies of the electrodes were characterized through scanning electron microscopy (SEM) (S-
4800, Hitachi of Japan). The element composition of the electrodes was characterized by energy
dispersive spectroscopy (EDS) (EDAX, AMETEK).

2.4. Electrochemical measurements

All electrochemical measurements were carried out using a work station (PARSTAT 2273,
AMETEK) with a three-electrode system in 1 M KOH. Within the system, the as-prepared materials,
Hg/HgO electrode and Pt sheet were used as working electrode, reference electrode and counter

electrode, respectively. All the obtained potentials were converted to the reversible hydrogen electrode

(RHE) on the basis of the equation: E(RHE):E(HQ’HQO>+O'059pH+0'098. Besides, the Ir/SSF

electrode was prepared through the method of immersing 1.0x1.0cm? SSF in catalyst ink (solution
mixed with 400 uL deionized water, 600 pL isopropyl alcohol and 15 pL Nafion solution sonicated
forl h) with a loading of 0.1 mg-cm™. Linear sweep voltammetry (LSV) was carried out with a scan
rate of 5 mV-s?, the result of which was corrected with 90% iR compensation. The size of
electrochemical active surface area (ECSA) can be demonstrated by the obtained double-layer
capacitance (Ca)). The Nyquist plot was obtained with frequencies ranging from 100 kHz to 0.1 Hz.
The chronopotentiometric test was carried out at 10 mA-cm and 100 mA-cm for 200 h, respectively.

3. RESULTS AND DISCUSSION

The XRD results of SSF, NF, NM and the corresponding electroplating Ni-Fe decorating
materials are shown in Figure 1. The XRD results of the Ni Fe @SSF and the Bare-SSF exhibit
similar main peaks located at 43.6°, 50.8° and 74.7° corresponding to the (111), (200) and (220) facets



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220652

4

of austenitic steel , respectively (PDF card no. 33-0397). In contrast, the strength of peaks of the Ni Fe

@SSF is weaker than the Bare-SSF due to the exotic Ni-Fe plating layer on the SSF.
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Figure 1. XRD patterns of the Ni Fe @SSF, the Bare-SSF, the Ni Fe @NF, the Bare-NF, the Ni Fe
@NM and the Bare-NM.
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Figure 2. (a) LSV curves of Bare-SSF, Bare-NF, Bare-NM, Ni Fe @SSF, Ni Fe @NF and Ni Fe
@NM for OER in 1 M KOH (with 90% iR compensation). (b) Ca plots of Bare-SSF, Bare-NF,
Bare-NM, Ni Fe @SSF, Ni Fe @NF and Ni Fe @NM.

Besides, the XRD patterns of the Ni Fe @NF,the Bare-NF, the Ni Fe @NM and the Bare-NM
exhibit similar main peaks located at 44.5°, 51.8° and 76.4° corresponding to the (111), (200) and (220)
facets of nickel, respectively (PDF card no. 04-0850). Compared with the Bare-NF and the Bare-NM,
the main peaks of the Ni Fe @NF and the Ni Fe @NM shift to lower angles on account of the
introduction of the larger iron atom [31].

The LSV curves and Cq curves measured for Bare-SSF, Bare-NF, Bare-NM, Ni Fe @SSF, Ni
Fe @NF and Ni Fe @NM for OER in 1 M KOH are shown in Figure 2 a and b, respectively. What can
be seen from the Figure 2 a is that the electrochemical performances of the Ni-Fe electroplated
electrodes are all better than the pristine samples. At current densities higher than 1500 mA-cm2, the
performance of the Ni Fe @SSF surpasses the Ni Fe @NF. From Figure 2 b, we can see that the Cq of
the Ni Fe @SSF is approximately 12 times as large as the Cq of the Bare-SSF. Whereas the Cqi of the
Ni Fe @NF is not more than twice as large as the Cq of the Bare-NF and the Cq of the Ni Fe@ NM is
approximately 5 times as large as the Cq of the Bare-NM. From what has been discussed above, we
can see that the relationship of Cq values of different samples can explain the relationship of
electrochemical performances shown in LSV curves (i.e., the greater the Cq value, the better the
electrochemical performance). However, compared with the Ni Fe @NF and the Bare-NF, the Ni Fe
@SSF and the Bare-SSF show better electrochemical performances, respectively, although the Ca
values of the Ni Fe @NF and the Bare-NF are greater. The result indicates that compared with NF, the
intrinsic activity of the active site of SSF is better.
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Table 1. The electroplating conditions of different samples

Ni Fe@SSF- | Ni Fe@SSF- | Ni Fe@SSF- | Ni Fe@SSF- | Ni Fe@SSF- | Ni Fe@SSF-
1 2 3 4 5 6

Current 20 20 20 20 10 30

density

Electroplatin | 10 20 30 40 20 20

g time (min)

The influence of the electroplating time and the current density were both investigated. The

electroplating time was set to 10 min, 20 min, 30 min and 40 min, and the current density was set to 10
mA-cm2, 20 mA-cm2and 30 mA-cm. The electroplating conditions of different samples are shown
in Table 1. As shown in Figure 3 a-b and i-j, the electroplating layers on the surface of Ni Fe@SSF-1
and Ni Fe@SSF-5 are uneven. Moreover, cracks can be observed on the electroplating layers in Figure
3 e-h and k-1. In a word, a too short electroplating time and too small current density results in an
uneven distribution of the Ni-Fe electroplated layer, and a too long electroplating time and too large
current density results in the appearance of cracks on the electroplated layers.
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Figure 3. SEM images of (a, b) Ni Fe@SSF-1, (c, d) Ni Fe@SSF-2, (e, f) Ni Fe@SSF-3, (g, h) Ni
Fe@SSF-4, (i, j) Ni Fe@SSF-5, (k, I) Ni Fe@SSF-6

Table 2. The atomic ratios of different samples obtained by EDS

Bare - SSF Ni Fe@SSF-1 NiFe@SSF-2 Ni Fe@SSF-3 Ni Fe@SSF-5 Ni Fe@SSF-6

Mo L (%) 114 0.15 0.09 0.02 0.49 0.20
CrK (%) 18.90 4.92 2.90 2.01 16.77 8.21
Mn K (%) 0.38 0.34 0.24 0.46 0.58 0.31
Fe K (%) 68.98 45.43 41.51 44.82 61.07 55.27
Ni K (%) 10.50 49.17 55.25 52.69 21.09 36.00

Figure 4. (a) SEM image of Ni Fe@SSF-2 and the corresponding elemental color maps of (b) Fe
element and (c) Ni element.

Table 2 shows the element compositions of different samples, which manifest that the total
content of Fe element and Ni element clearly increases, estimating the successfully prepared Ni-Fe
layer on the SSF. From Figure 4 a-c, we can see that the distribution of Fe element and Ni element is
uniform on the surface of Ni Fe @SSF. In conclusion, the electrodes which present similar content of
Fe element and Ni element possess a complete and uniform electroplated layer.

As shown in Figure 5 a, the OER performance of the Ni Fe @SSF is better than the Ir/SSF. The
over potential at 10 mA-cmof Ni Fe @SSF-2 is only 250 mV, which is lower than the value of 310
mV of the Ir/SSF. From Figure 5 b, we can see that the Tafel slope of the Ni Fe @SSF is smaller than
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that of the Bare-SSF and the Ir/SSF, which indicates the Ni Fe @SSF has better OER Kinetic activity.
The Nyquist plots are shown in Figure 5 ¢, from which we can see that the Ni Fe @SSF possesses a
lower charge transfer resistance than Bare-SSF.

Compared with similar electrode materials reported in other papers, the performance of the Ni
Fe @SSF electrode is competitive.The comparison of the Ni Fe @SSF electrode with other similar
electrode materials is represented in Table 3. From Table 3, it can be seen that the values of the over
potential and the Tafel slope for the Ni Fe @SSF electrode are both low, which indicates the superior
performance of the Ni Fe @SSF electrode.

Table 3. Comparison of the performance of different electrode materials for oxygen evolution reaction

Electrocatalyst Electrolyte Over potential Tafel slope Ref
(mV) (mV-dec-1)

NiFe-LDH@NiFe-Bi/CC 1 M KOH 294@50 mA-cm 96 [32]

NiFe Oxide@NF 1 M KOH 255@10 mA-cm 55 [33]

Ni/CoFe204 1 M KOH 416@100 mA-cm™ 47 [34]

NiFeCH(Ce) 1 M KOH 252@100 mA-cm™ 59 [35]

NiFe204/NiFe (OH)x 1 M KOH 276@10 mA-cm™ 68 [36]
Ni Fe @SSF 1 M KOH 250@10 mA-cm™ 17 This work
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Figure 5. (a) LSV curves of different Ni Fe @SSF and Ir/SSF. (b) Tafel plots of Bare-SSF, different Ni

Fe @SSF and Ir/SSF. (c) Nyquist plots of Bare-SSF and different Ni Fe @SSF.

To measure the stability of the Ni Fe @SSF electrode, a chronopotentiometric test was
conducted in 1 mol-L* KOH at current densities of 10 mA-cm™ and 100 mA-cm™. The results are
shown in Figure 6. According to Figure 6, the Ni Fe @SSF exhibits good stability at current densities
of 10 mA-cm2and 100 mA-cm. During the 200 h electrolysis process, the potential only increases by
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11 mV and 23 mV at current densities of 10 mA-cm=2and 100 mA-cm, respectively. In a word, the Ni
Fe @SSF can be applied as an OER electrode under alkaline conditions for an extended period of time.
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Figure 6. Chronopotentiometric curves of Ni Fe@SSF-2 at current densities of 10 mA-cm™and 100
mA-cm?2in 1 mol-L™* KOH at room temperature.

4. CONCLUSIONS

In summary, SSF is compared with NF and NM, and the results indicate that SSF shows
potential as the substrate of an OER electrode in alkaline situations due to its lower over potential at
large current densities and large ECSA. The Ni Fe @SSF electrode obtained through the method of
galvanostatic electroplating exhibits superior electrochemical performance. The over potential of the
Ni Fe@SSF-2 is only 250 mV at 10 mA-cm2, which is lower than the Ir/SSF. The Ni-Fe electroplated
layer formed on Ni Fe@SSF-2 is uniform. Besides, the Ni Fe@SSF-2 has a low Tafel slope and a
small charge transfer resistance, suggesting its superior kinetics toward OER. Furthermore, the Ni
Fe@SSF-2 also possesses good stability at 10 mA-cm?2and 100 mA-cm2, with potential increments of
only 11 mV and 23 mV, respectively, observed during a 200 h chronopotentiometric test. In a word,
SSF is a good choice as a substrate, and the electroplating of a Ni-Fe alloy layer onto the substrate
offers a good method to improve the performance of electrodes for OER in alkaline water electrolysis.
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