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As we know, the benchmark electrocatalysts for OER in alkaline solution are RuO2 and IrO2; however,
the high cost, scarcity and instability of these metal oxides prevent their full utilization in OER processes.
In consequence, developing non-noble-metal electrocatalysts with low-cost and earth-abundant for
efficient and durable oxygen evolution reaction (OER) is highly desirable for sustainable energy
development in the future. In this paper, the flower-like nickel-cobalt aluminum alloy was synthesized
by hydrothermal method using aluminum foam as base material and mixed with cobalt and nickel salts.
At the same time, XRD, XPS, SEM, TEM and electrochemical tests were studied in this paper.
Specifically, in 1 M KOH, we found that Ni-S-CoAl-4:1(Co/Ni=4:1) has the best OER performance,
this electrode requires a low overpotential of 285 mV at 50 mA cm 2and a small Tafel slope of 60 mV
dect. This work provides a promising OER catalyst materials with high efficiency and low cost for
large-scale electrochemical applications.

Keywords: Aluminum (Al) foams; Oxygen evolution reaction; Cobalt and nickel salts;
Electrochemical performance

1. INTRODUCTION

With the development of economy and social progress, the demand for energy is increasing day
by day, resulting in a large amount of energy consumption and serious pollution to the environment,
energy and environmental problems are becoming more and more prominent [1-2]. It is urgent to develop
a clean and sustainable energy [3]. Hydrogen energy is a kind of clean energy with high energy density,
wide source and no pollution, it has been widely considered as one of the promising substitutes for fossil
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fuels to meet the world's growing energy needs in the future, which has attracted wide attention from all
over the world and is known as the ultimate energy in the 21st century [4]. The proposal of China's
carbon neutrality target means that green and low-carbon will become an important indicator of energy
structure transformation. Therefore, lithium ion battery, sodium ion battery, potassium ion battery,
electrolytic water and other new energy technologies for energy storage or conversion have broad
development prospects [5]. Among the available hydrogen energy production methods, water
electrolysis (oxygen evolution reaction/hydrogen evolution reaction) is a green and economical method
by converting electricity into chemical energy [6-8]. Since OER process has slower reaction kinetics and
higher overpotential which is the main limiting factor for water splitting [9-10]. Thus, efficient
electrocatalysts with high catalytic activity are always required to promote the OER process [11-13].

Nowadays, noble metal-based materials such as Ru, Ir and their alloys have been considered the
ideal electrocatalysts for OER processes [14-16]. Nevertheless, their broad-scale applications are greatly
impeded by their high costs and rare abundance in the earth [17-21]. Consequently, as alternative
selections, it is important to explore high-activity, low cost, environmentally benign and earth-abundant
electrocatalysts for OER in place of the aforementioned noble metals [22]. Up to now, a variety of low-
cost alternatives to catalyze OER have been investigated, including metal oxides[23-25],hydroxides[26-
27], chalcogenides [28-29],phosphates [30] and perovskites [31-32]. As optional materials, Non-
precious materials have attracted a lot of attention. In particular, the addition of transition metal such as
Ni, Co, Fe, Mn, which can extremely affect the combined strength and thus affect the OER Performance
[33-35]. In addition, studies have shown that bimetal compounds were tender to bring better
electrochemical performance for OER than single metal compounds. Interestingly, both Ni and Co are
abundant elements and are always present together in the earth.

Foam metal is a kind of material with rapid development in current material science. It is
composed of metal skeleton and internal holes. A large number of holes in foam metal make it has special
functions different from compact metal and becomes a new material with both structure and function,
which greatly expands the research field and application scope of porous materials. Common foam
metals include aluminum, nickel and their alloys. Aluminum (Al) foam, as one of the classical porous
materials, it has become the most widely used foam metal because of its ultra-light, easy manufacturing
and low cost. It is a new kind of functional material, which is a non-uniform material composed of matrix
metal and pores accounting for more than 70% of the volume. Aluminum foam has excellent physical
properties, chemical properties, mechanical properties and recyclability. With the development of
various performance research, aluminum foam materials as structural materials and functional materials,
are more and more widely used in environmental protection and other application fields. Due to its
excellent conductivity, aluminum foam can be widely used as electrode framework material for new
batteries such as nickel-zinc batteries and double-layer capacitors. At present, aluminum foam has been
tried out by many nickel-zinc battery manufacturers and put into batch use. At the same time, aluminum
foam is expected to be widely used as the electrode collector of double electric layer capacitor. In
addition, aluminum foam as electrode material for electrolytic recovery of aluminum-containing
wastewater, also has a very broad prospect. In many organic chemical reactions, people try to use
aluminum foam with large specific surface area directly instead of punching aluminum plate, used as
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catalyst for the chemical reaction; as a carrier for photocatalytic air purification, aluminum foam has
also been used successfully.

In the current research status of aluminum foam, aluminum foam matrix composites are
lightweight porous materials prepared by adding particles or fibers into the aluminum matrix. The
addition of reinforcing phase is beneficial to improve the comprehensive performance of aluminum
foam. In addition, porous structures have been widely used due to their rich electrochemical activity
edge sites and high surface areas which greatly improve their catalytic activity and stability [36].
Specifically, less stable elements etched by alkaline etching produce porous electrodes on the surface,
which further optimized the electronic structure of the active site and increased the number of
electrocatalytic sites, respectively [37-41]. For example, Liu et al. A 3d metal vacancy solid solution
nanowall array was synthesized by selective alkaline etching and phosphorization strategies on the
surface of aluminum atoms. The electrocatalytic activity of OER is excellent and the stability of the
mesoporous catalytic active site is abundant with a large number of metal defects on the surface of the
structure. Therefore, the method for the preparation of porous structures is a promising method to
improve the catalytic activity of electrocatalysts.

In this study, the main idea was to use Ni and Co salts in combination with aluminum foams to
produce Ni-S-CoAl composites which can effectively electrocatalyze OER in alkaline solution through
hydrothermal applications. The physical properties of Ni-S-CoAl composites were characterized by
Scanning Electronic Microscopy (SEM), Energy Dispersive System (EDS) and X-Ray Diffraction
(XRD), respectively, suggesting that the flower-like nickel-cobalt aluminum alloy is formed with
uniform distribution of Ni and Co. The catalytic performance of its electrocatalytic OER was studied.

2. EXPERIMENTAL SECTION

2.1. Materials

Ni(NO3)2-6H20, Co(NOs),:6H20, CO(NH.)2, NH4F and Na.S were purchased from Aladdin. Al
foam with a thickness of 1 mm was purchased from Kunshan Guangjiayuan New Material Co., LTD and
used as the substrate. Ethanol (C.HsOH) and Potassium hydroxide (KOH) were obtained from
Sinopharm Chemical Reagent Co., Ltd. All the chemicals were analytical grade and used without further
purification. Deionized water was used throughout the experiment.

2.2. Substrate pretreatment

Tailored Al foams (1 cm x2 cm) were cleaned with acetone by ultrasonication for 30 min and
immersed in 0.5 M/L hydrochloric acid for 5minutes. Then, Al foams soaked in HCI were rinsed several
times with deionized water and ethanol solution and saved in ethanol solution.
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2.3. Synthesis of CoAl

C0o(NO3)2-6H20(3.3 mmol), NH4F(13.3 mmol),urea (20.0 mmol) were dissolved in deionized
water (70 mL) by stirring to obtain a transparent solution. Then, the solution was transferred into a 100
mL stainless steel autoclave with several pre-treated Al foams, maintained at 120 °C for 24 h and then
naturally cooled to room temperature. The pink sediment and Al foams were taken out and washed
repeatedly with deionized water and ethanol solution. Thereupon CoAl foams were obtained.

2.4. Synthesis of S-CoAl

The CoAl composites were placed into a 100 mL stainless steel autoclave with a solution
containing 70 mL sodium sulfide (0.51 mM) and kept under the condition of 100 °C for 24 h. After
cooling down to room temperature, the S-CoAl composites were collected and rinsed several times with
deionized water and ethanol solution.

2.5. Synthesis of Ni-S-CoAl

Ni(NO3)2-6H20(0.4,0.8,1.65,3.3mmol) were dissolved in deionized water (70 mL) respectively
by stirring. The S-CoAl composites were placed into a 100 mL stainless steel autoclave with the solution
prepared above, maintained at 120 °C for 24 h and then naturally cooled to room temperature. The
products were taken out and washed repeatedly with deionized water and ethanol solution.

2.6. Material characterization

The scanning electron microscope (SEM) images and energy dispersive X-ray spectroscopy
(EDS) images of the composite foams were performed by a scanning electron microscopy. X-ray
diffraction (XRD, PW3040/60, PANalytical B.V, and the scanning range of 26 is 5° to 90°) was used to
determine the substance contained in the composite foams. The states of the elements were analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha). The transmission electron
microscopic (TEM) images were obtained by Transmission Electron Microscope (TEM, JEOL JEM
2100).

2.7. Electrochemical measurements

The whole electrochemical measurements including CV, LSV, TAFEL and EIS were measured
by electrochemical workstation (CHI760E, China) using a conventional three-electrode system. The
prepared material was used as working electrode, a platinum gauze electrode and saturated calomel
electrode were used as the counter electrode and the reference electrode respectively. The exposed
geometric area of the working electrode for electrochemical test was about 1x1 cm?2. All the
electrochemical tests were conducted in 1 mol/L KOH aqueous electrolyte. The cyclic voltammetry was
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tested by varying the scan rate from 2 to 7 mV/s. The polarization curves were plotted by linear sweep
voltammetry (LSV) at the scanning rate of 1 mV/s in 1 M KOH aqueous solution. All of the potentials
were converted to reverse hydrogen electrode (RHE) by the equation E (RHE) = E (Hg/HgO) + 0.921 V
and were corrected with 95% iR compensation unless otherwise stated. Tafel data were collected by
galvanostatic method [42-43]. The electrochemical impedance spectroscopy (EIS) measurements were
measured in the range from 100 kHz to 0.01Hz.

3. RESULTS AND DISCUSSION

The morphologies of the samples were characterized by scanning electron microscopy (SEM),
the SEM images of the obtained composites are shown in Fig. 1. As shown in Fig. 1A, with the addition
of cobalt salts, it can be observed that the Co nanoparticles were loaded on Al foams in a flower-like
form with needle-like leaves.

Figure 1. (A) SEM image of CoAl, (B) SEM images of S-CoAl, (C-F) SEM images of Ni-S-CoAl.

The Co nanoparticles were deposited on the surface of reticulated Al foams closely. Fig. 1B show
that the S-CoAl nanosheets become thicker, and it still possesses flower-like morphology. Meanwhile,
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after adding nickel salt and cobalt salt at the same time, the flower-like morphology of the Ni-S-CoAl is
well maintained, moreover, the roughness and thickness of each nanosheet increased (Fig. 1C, D, E, F).

The diffractograms of the X-ray diffraction patterns of as-prepared samples were shown in Fig.
2. Fig. 2A shows XRD patterns of Al foam, CoAl and S-CoAl. The diffraction peaks of samples can be
matched with CoAl (JCPDS card no. 51-0045) and AIOOH (JCPDS card no. 99-0044). From Fig. 2B,
the vital diffraction peaks of Ni at 20 values of 44.507 °, 51.846 °, 76.370 ° are indexed to the (111),
(200), (220) planes, respectively. In addition, there are no other impurity phases were detected, indicating
high purity of these samples [44]. Using XPS technology to further analyze the surface chemical
composition and the valence of the element of the Ni-S-CoAl. From the XPS survey spectra in Fig. 3A,
it can be concluded that the material is composed of S, O, Ni, Al and Co. The XPS spectrum of Ni-S-
CoAl for Co 2p is displayed in Fig. 3B, it can be seen that the partial peak spectrum corresponding to
Co 2p includes two main peaks of Co 2ps2 and Co 2P1> and two satellite peaks (Sat.). The peaks with
binding energy of 781.2 and 797.2 eV are characteristic peaks of Co?*. The peaks with binding energies
of 778.7 and 793.5 eV belong to the characteristic peaks of Co®*. In addition, the corresponding satellite
peaks appear at 786.6 and 802.8 eV [45]. The presence of Co®* with oxygen vacancy could effectively
promote the adsorption of H.O and OER intermediates, and hence improve the OER activity [46-47].
Fig.3C shows the partial peak spectra corresponding to Ni 2p. The two main peaks are corresponding to
Ni 2pa2 and Ni 2p12 respectively. For Ni 2psp, it can be divided into two characteristic peaks, Ni?* and
Ni%* are 855eV and 856.1eV respectively. However, the XPS peak at the binding energy of 856.1 eV
was the contribution of Ni®* caused by hydroxylating nickel oxide on the surface. Similarly, the other
peaks were located at two peaks with binding energies of 861.3 eV and 879.2 eV, respectively, which
were the satellite peaks of Ni 2p XPS [48-49]. As observed, Fig.3D shows the peak spectra of O 1S,
which are located at 531.8 eV, 531.3 eV and 530.5 eV respectively.
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Figure 2. XRD patterns of (A) Al foam, CoAl and S-CoAl, (B) Ni-S-CoAl.
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Figure 3. The full survey XPS spectrum of (A) Ni-S-CoAl and (B-D)XPS spectra for Co 2p, Ni 2p and
O 1s of Ni-S-CoAl.

mEnHEm

Figure 4. (A) The EDS spectra of Ni-S-CoAl, (B-C) SEM mapping images of Ni-S-CoAl, (D-H) The
EDS elemental mapping images of the Ni, O, Al, Co and S in the Ni-S-CoAl.
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In order to further determine the existence of O, Ni, Co, Al and S in the Ni-S-CoAl, energy
dispersive spectrometer (EDS) full mapping was completed. As shown in Fig. 4A, the EDS full spectrum
reveals that the composite contains O, Ni, Co, Al and S elements. All elements were derived from the
obtained sample. Fig.4 (B-C) shows the SEM mapping images of Ni-S-CoAl. As shown in Fig. 4(D-H),
it can also confirmed the formation of Ni-S-CoAl, which showed that O, Ni, Co, Al and S elements were
evenly distributed in the whole nanocomposites. Table 1 shows the elements distribution in the Ni-S-
CoAl, O, Ni, Co, Al and S are distributed in the Ni-S-CoAl, and values of 35.00 wt% (O), 26.90 wt%
(Ni), 34.10 wt% (Co), 0.40 wt% (Al) and 3.60 wt% (S) were determined, and the corresponding atomic
ratio are 65.30%, 13.70%, 17.30%, 0.40% and 3.30% respectively.

Table 1. The elements distribution in the Ni-S-CoAl

Element  Weight percent/% Atomic
percent/%
0] 35.00 65.30
Ni 26.90 13.70
Co 34.10 17.30
Al 0.40 0.40
S 3.60 3.30
Amounts 100 100

100 nm

Figure 5. (A-C) High magnification TEM images for Ni-S-CoAl, (D) HRTEM image for Ni-S-CoAl.

The microstructure of Ni-S-CoAl was further investigated by TEM and HRTEM. TEM and
HRTEM images of Ni-S-CoAl are shown in Fig.5. The TEM images further proved the needle-like
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structure of leaves, corresponding to the SEM results. From Fig. 5D, the lattice spacing d=0.2458 nm,

0.2838 nm and 0.4013 nm index to (111), (200) and (220) of spinel type, respectively. Meanwhile, the

results of TEM and HRTEM are consistent with the XRD pattern, as is discussed above in Fig. 2.
Table 2 compares the synthesized electrocatalysts in this paper with similar OER electrocatalysts.

Table 2. Comparison of oxygen evolution reaction of Ni-S-CoAl in this work with previously reported

studies.
Electrocatalyst Test Tafel slope/  Overpotential/  Current density/  Reference
Solution (mV dec™?) (mV) (mA cm™?)
ES-CoAI-LDH 1 M KOH 63 270 10 [50]
CoNixSy/NCP 0.1 M KOH 71 280 10 [51]
C030;4 1 M KOH 76 311 50 [52]
NiFe 1 M NaOH 126.12 292 10 [53]
Ni-S-CoAl 1M KOH 60 285 50 This work

To better identify the effect of the relative ratio of Co and Ni, Ni-S-CoAl samples with different
mole ratios of Co/Ni (8:1, 4:1, 2:1, 1:1) were synthesized. The OER electrochemical properties of the
catalysts were tested in 1 M KOH solution. When the current density is 50 mA/cm?, the corresponding
overpotentials of CoAl, S-CoAl, Ni-S-CoAl-8:1(Co/Ni=8:1), Ni-S-CoAl-4:1(Co/Ni=4:1), Ni-S-CoAl-
2:1(Co/Ni=2:1) and Ni-S-CoAl-1:1(Co/Ni=1:1) are 400, 370, 352, 285, 325 and 295 mV, respectively.
The results suggest the Ni-S-CoAl-4:1(Co/Ni=4:1) generates numerous active sites, which greatly
improves its OER catalytic activity.

Fig. 6 B shows Tafel curves which reflect the rate of oxygen evolution and can be obtained from
the polarization curves, the value of Tafel indicates the OER Kkinetics of the corresponding
electrocatalyst. Tafel slope of Ni-S-CoAl-4:1 (60 mv/dec) significantly lower than the tafel slopes of
contrast samples, table the electrocatalytic OER reaction rate of Ni-S-CoAl-4:1(Co/Ni=4:1) is faster.

In order to estimate the ECSA of electrocatalytic materials under the water oxidation reaction
processes, the Cdl from cyclic voltammetry curves in non-faraday current area has been measured. As
shown in Fig. 6C, the Cdl value for Ni-S-CoAl-4:1(Co/Ni=4:1) is largest, indicating that Ni-S-CoAl-
4:1(Co/Ni=4:1) possesses larger electro-chemical surface area and thus improving the OER activity [54].
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Figure 6. (A) LSV curves of different catalysts, (B) Corresponding Tafel slopes from the OER LSV
curves, (C) The plots of AJ versus scan rates for different electrocatalysts, (D) The
electrochemical impedance spectroscopy (EIS) Nyquist plots of different catalysts.

In order to further evaluate the charge transfer abilities and electrocatalytic activity of OER, the
electrocatalytic OER process was studied by mean of electrochemical impedance spectroscopy (EIS)
[55]. Electrochemical impedance spectroscopy (EIS) is regarded as one of the important means to
explain the catalytic activity [56]. As shown in Fig. 6D, the charge transfer impedance diagram (Nyquist
diagram) of samples were obtained, obviously, Ni-S-CoAl(4:1) (Co/Ni=4:1) is smaller than other
contrast samples, demonstrating that the faster charge transfer rate of Ni-S-CoAl(4:1) (Co/Ni=4:1)
during the electrochemical OER process, and thus it has better OER catalytic activity, which is consistent
with LSV curves and Tafel slopes.

4. CONCLUSION

In summary, porous aluminum foams as base materials, the samples were successfully prepared
by doping with metal nickel salt and cobalt salt by a simple hydrothermal method. By controlling the
mole ratio of nickel to cobalt, we found that Ni-S-CoAl-4:1(Co/Ni=4:1) has the best OER performance,
overpotential of 285 mV at 50 mA cm™?, Tafel slope of 60 mV dec™?, which is more excellent than other
samples. Compared with the electrochemical properties, Ni-S-CoAl-4:1(Co/Ni=4:1) has a larger
electrochemical active surface area, faster charge transfer rate, so has better OER catalytic activity than
other samples. In this paper, the results are useful for the further synthesis of more efficient non-noble
metal OER Catalyst materials have important guiding significance.
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