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NiFe-based nanomaterials have emerged as highly promising catalysts to replace platinum,
ruthenium and iridium for oxygen evolution reaction (OER), in “green hydrogen”
production process through water splitting. Using iron (2+) sulfate and nickel acetate as the
raw materials, with the molar ratio of Ni acetate to iron (2+) sulfate controlled at 8:5, the
concentration of metal-ion was 0.6 mol/L, and precursor fibers rich in Ni?*, Fe?*, and SO4>~
were prepared using electrospinning technology, with polyvinyl alcohol acting as the
colloid. Subsequently, composite nanorods rich in the elements of Ni, Fe, S, and C were
successfully obtained at a heat treatment temperature of 1000°C in an Ar gas atmosphere.
The results demonstrate that the nanorod samples possessed a surface diameter of ~200 nm,
and the main phases of the nanorods after heat treatment at 1000°C included FeNis alloy,
(Fe,Ni)oSs, NisS3, and amorphous C. Electrochemical performance tests conducted in a 1.0
mol/L KOH solution exhibited excellent oxygen evolution reaction properties of the
catalysts prepared using FeNis/(Fe,Ni)oSg/NisS3/C nanorods as the materials. The
overpotential was about 258.6 mV of the catalyst material at 10 mA-cm™2,
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1. Introduction

The problem about the increasing energy demand by social development and the depletion
of fossil fuel resources is becoming increasingly serious. So, it is very necessary to vigorously
explore renewable energy of solar and hydrogen energy [1]. Among them, hydrogen energy has
emerged as a highly promising green energy solution owing to its zero emissions and high calorific
value [2-4]. The combination of water splitting and renewable energy is considered a zero-carbon
method for hydrogen production because it does not rely on fossil fuels or produce carbon dioxide
emissions and is an environmentally friendly and cost-effective renewable energy production
technology [5-7]. In order to change the dependence on noble metal catalyst in water electrolysis
process [7-12], the exploration of low cost and efficient OER catalysts has become an important
research topic.

Studies have proven that transition metal iron and nickel have excellent catalytic properties,
and Fe—Ni alloy systems are considered the most promising OER catalysts [13-16]. The d-band
theory considered that transition metal alloying can improve the efficiency and density of active
centers while adjusting the oxygen adsorption energy to promote water-splitting catalytic activity
[17-19]. Therefore, the preparation of binary and multiclement alloys, oxides, and hydroxides as
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well as multielement compounds from Fe and Ni transition metals has become the main method for
non-noble metal-based catalysts, such as NiFe [15, 20-22], NiCuFeP [23], FeCoNiCuPd [24],
Ni(OH); [25], Ni/NiO-Pd [11], NisFelOx@C [26], and NiFe-layered double hydroxide (LDH) [20,
27, 28]. Studies also indicate that catalytic activity can be enhanced through the regulation of internal
structures, such as nanoclusters [25], nanoporous structures [29], and nano-three-dimensional
frameworks [30]. Furthermore, the effective doping of nonmetals such as P, N, and S to form
heterojunctions is an even more effective method for improving catalytic activity [21, 23, 31-36].

According to the literature, the catalysts prepared by different processes have a variety of
structural forms, and also exhibit very different OER properties at a level of 10 mA cm ™. The
overpotential of the samples is all in the range of 200-300mV, showing lower OER overpotential
and excellent electrocatalytic performance. The OER properties of some reference samples are
shown in Table 1. The wide application of NiFe-based alloys and their multielement composite
catalysts can be attributed to their remarkable chemical stability, excellent electrical conductivity,
and redox properties. In addition, heterostructure materials possess a high active surface area and
electron effect, which can effectively improve electronic transmission efficiency [33].

Table 1. OER properties of some reference samples.

Serial Sample Overpotential/ | Current density/ References
number mV mA cm?
1 (Ni,Fe)S@MoS; core—shell 270 10 [32]
heterostructure
2 FeNizN—-NizS; 230 10 [33]
3 NiFe LDH nanoplates 210 10 [34]
4 Ni3S,—Co9Ss heterostructure fibers 294 20 [35]
5 Fe(OH)3/NigSg nanoarray 206 10 [36]

In this study, we introduced a new systematic strategy for preparing a composite catalyst
material with a loose porous structure. We extensively investigated the microstructure, element
states, and electrochemical properties and provided a technical reference for low-cost, convenient,
and safe production of NiFe-based catalysts for water decomposition.

2. Experimental

2.1. Preparation of NiFe catalysts

The process of preparing sample electrode material is shown in Fig. 1. A colorless
transparent sol of polyvinyl alcohol (PVA) was prepared and stand for 24 hours to let all the bubbles
out. Ni(CH3COO),-4H,0 and FeSO4-7H,0 were added into the PVA solution, and a light green sol
was obtained. The total ion concentration of Ni?* + Fe?" was 0.6 mol/L. A spinning solution was
drawn into a syringe and fixed onto the groove of the sampler for electrospinning, with the voltage
was 25 KV. The precursor fibers was dried at 95°C for 12 h, nickel acetate/iron (2+) sulfate/PVA
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composite nanofiber precursors were obtained. The composite nanofiber precursors were heat-
treated in a furnace filled with Ar gas, the temperature was controlled at 400, 600, 800 and 1000°C,
respectively, and held for 40 min. After cooling, a set of carbon-based nanomaterials rich in nickel,
iron, and sulfur were obtained. The working electrodes of the samples were prepared using a general
method, and the OER properties of the sample were tested in a 1.0 mol/L KOH solution.

PVA = Electrospinning Heat Treatment | :
Spinnable
colloid
Fe! 4

Fig. 1. Preparation process of the samples.

2.2. Characterizations

The phase and crystal structures were measured using XRD technology (DX-2700B,
Dandong Haoyuan) with 40 kV and 30 mA. The morphology was examined using SEM method
(Ultra 55, Zeiss). The structural properties of carbon were measured through Raman spectroscopy
(Invia, Renishaw). The surface chemical state was determined by XPS method (Thermo Scientific
K-Alpha). The BET was measured using a specific surface area analyzer (V-Sorb 2800P). The
electrochemical properties were measured using an electrochemical workstation (CS350M, Costa).

3. Results and discussions

3.1. XRD analysis

The XRD patterns of samples are shown as Fig. 2. After the precursor was calcined at 400°C
(S-400) and 600°C (S-600) (Fig. 2), no obvious FeNi; diffraction peak was visible. However, three
main peaks at 44.51°, 51.85°, and 76.37°, which according to the PDF#04-0850 card of Ni metal.
When the precursor was calcined at 800°C (S-800) and 1000°C (S-1000), the spectra of the samples
showed obvious diffraction peaks of FeNi; at 44.28°, 51.53°, and 75.87°, corresponding to the
PDF#38-0419 card. The XRD pattern of S-800 showed faint peaks of sulfide (Fe, Ni)oSs
corresponding to the PDF#08-0090 card; however, no obvious diffraction peaks of NisS; Were
visible. The XRD pattern of S-1000 showed obvious diffraction peaks of (Fe, Ni)oSs at 29.45°,
31.44°, 47.02°, and 72.22°, corresponding to the PDF#08-0090 card. Moreover, S-1000 showed
diffraction peaks of NisS; at 30.14° and 50.17°, corresponding to the PDF#52-1027 card; however,
no obvious diffraction peaks of Ni were visible. From the XRD results we can get a conclusion that
the main components of the samples S-1000 are FeNis, (Fe, Ni)oSs, Ni4Ss, and C.
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Fig. 2. XRD pattern of samples.
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Fig. 3. Raman pattern of samples.

3.2. Raman analysis

The Raman pattern Fig. 3 of samples shows two main peaks at about 1355 and 1590 cm™'.
The peak near 1355 cm™! corresponding to the characteristic peaks of D-band, which is induced by
structural defects. Another peak near 1590 cm™! according to the characteristic peaks of G-band,
which is induced by C sp? hybridization. Usually the Ip/I ratio is used for estimating the situation
of defects in carbon materials [37]. The I/l ratios of the samples as prepared were 0.32 (S-400),
0.56(5-600), 0.81(S-800), and 0.71(S-1000), which show that the higher the heat treatment
temperature, the greater the defect degree of the sample. The metal elements and crystal grains
contributes to an increase in the degree of defects as the temperature increases. The prepared
composite catalyst exhibited satisfactory electrocatalytic performance owing to the large defects in
amorphous C and the interaction between the metal elements and S.

3.3. Morphology and mapping analysis

The morphology characterization of samples as prepared are shown in Fig. 4. As shown in
Fig. 4(a), the sample heat-treated at 400°C exhibits a complete rod-shape with a smooth surface, a
dense internal structure, and some instances of rod adhesion. Fig. 4(b) shows that the sample heat-
treated at 600°C exhibits a complete rod shape, and the surface of the nanorods becomes rougher
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and exhibits a distinct graininess, whereas the internal texture becomes relatively dense. The rods
become loosely dispersed and no longer adhere together. Fig. 4(c) shows that the sample S-800 has
a complete rod shape with a very loose and independent rod-to-rod relation, with the diameter 100—
200 nm, and the surface becomes very rough, with obvious particle formation. The inner texture of
the sample is no longer dense, and small holes are obvious on the surface and cross-section of the
nanorods, which was marked with red circle. Fig. 4(d) shows that the surface of the nanorods heat-
treated at 1000°C is rougher, and the inner part of the nanorods is hollow and becomes a nanotube
shape (marked as A and B) with a diameter about 100-200 nm. Fig. 4(d) also shows that some
nanorod shapes are no longer complete, some have broken into arc-shaped nanosheets (marked with

letter C), or some have disintegrated (marked with letter D).

Fig. 4. SEM photos of samples: (a) S-400, (b) S-600, (c) S-800, and (d) S-1000.

The element distribution mappings of FeNis/(Fe, Ni)oSs/NisSs/C (S-1000) were shown in
Fig. 5. The mapping obtained via macro-field scanning were shown as Figs. 5(al)-5(a4), The
mapping of the nanorods selected for the element distribution test was shown as Figs. 5(b1)-5(b4).
Fig. 5 Comprehensive analysis shows that Fe, Ni and S are uniformly spread in nanorod.
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Fig. 5. Mappings of the S-1000 sample: (a) Field scan and (b) single rod scan.

Comprehensive analysis of SEM and mapping shows that, with the increases of temperature,
the decomposition of the fiber precursor gradually becomes complete, and the loss of elements and
gas impact make the sample from dense to porous. The surface and interior of the nanorods of sample
S-1000 became porous and Ni, Fe, and S were uniformly distributed in the nanorod body. This can
be attributed to the strengthening of the alloying and vulcanization reactions of NiFe as well as the
intensified carbonization reaction of the fiber body heat-treated at 1000°C. During the formation of
FeNi alloy and sulfide, the structure of fiber body was seriously damaged, resulting in the formation
of multielement mixed-crystal nanorods with a hollow porous structure. Because of its hollow and
porous structure, FeNis/(Fe, Ni)oSs/NisS5/C catalyst has a large specific surface area of 134.6 m> g !,
which increases the number of catalytic activity sites and effectively improves the catalytic

performance.

3.4. XPS analysis

Chemical valence state of FeNis/(Fe, Ni)oSs/NisS;/C catalyst (sample S-1000) were
measured by XPS technology. Fig. 6(a) shows that Ni, Fe, S, and C are the main elements of S-1000
[15, 26, 35]. The elements of S-1000 consist of C (91.32 at%), Ni (2.83 at%), Fe (2.60 at%), and S
(3.26 at%). Fig. 6(b) shows a main peak of sample S-1000 at 284.8 eV corresponds to the
characteristic chemical energy of C—C [15, 28, 38]. Fig. 6(c) shows 2p region of Ni divides into two
main regions at peaks of 856.3 and 874.6 €V respectively, which corresponding to Ni*" 2ps» and
Ni*" 2p1p, indicating that Ni is in the Ni** oxidation state mainly. Furthermore, the satellite peaks
located at 862.5 and 879.7 eV, correspond to the Ni 2p. Fig. 6(c) also shows that there are extra two
peaks located at 853.4 and 871.7 eV, which corresponding to Ni(I)-S bonds [34, 39]. Fig. 6(d)
shows two main peaks at 711.9 and 724.8 eV, corresponding to the Fe** 2ps,, and Fe** 2py regions,
respectively. The spectrum of Fe 2p also shows two peaks at 707.9 and 721.1 eV, indicating the
formation of Fe(I[)—S bonds [34, 39-41]. Fig. 6(¢) shows two peaks at 161.9 and 163.9 eV of S 2p3
and S 2pi., respectively, which are consistent with the signals of the divalent sulfide ion (S*") [35,
36, 39, 40]. Fig. 6(e) shows another two peaks at 162.8 and 164.9 eV, which was the signals of
superimposition of S;*>~ [34]. In addition, Fig. 6(¢) shows the S2p core energy level spectra at 168.6
and 169.6 eV, corresponding to the S2ps» and S2pi1» of SO4* [15, 36, 39].
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3.5. Electrocatalytic properties analysis

The electrocatalytic performance of working electrodes made from samples in water-
splitting process was evaluated on an electrochemical workstation. The LSV (linear cyclic
voltammetry) curves (Fig. 7(a)) indicates that the electrocatalytic activity of the samples gradually
enhances, as the heat treatment temperature increases. Fig. 7(a) also shows that sample S-1000
exhibits considerably better electrocatalytic activity than the other three samples. From Fig. 7(b) we
can see that the overpotentials of the samples as-prepared were 368.6 mV (S-400), 309.4 mV (S-
600), 289.6 mV (S-800), and 258.6 mV (S-1000), with a gradual downward trend, at a current
density of 10 mA cm 2. These results demonstrate that the nanocomposite mixed crystal obtained
via the heat treatment of the precursor at 1000°C exhibits excellent catalytic performance.
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Fig. 6. XPS spectrum of S-1000: (a) full spectrum, (b) C s, (c) Ni 2p, (d) Fe 2p, and (e) S 2p.
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The Tafel slopes dot line chart of catalyst samples was obtained and shown as Fig. 7(c). The
values of Tafel slopes were 127.8 (S-400), 109.6 (S-600), 97.4 (S-800), and 68.5 mV dec™! (S-1000),
and sample S-1000 exhibits a small Tafel slope. Moreover, the working electrode, prepared from the
nanocomposite mixed-crystal sample, after 1000 °C heat treatment demonstrates kinetic advantage
and excellent activity [42]. The results indicate that FeNis/(Fe, Ni)oSs/NisS3/C catalyst sample has
faster rate of multielectron transfer reactions, resulting in a faster oxygen evolution process and
higher electrochemical activity [43, 44]. This enhancement effect is due to the nano porous structure

and heterojunction, contributing to an electronic effect that enhances catalytic performance [33].
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Fig. 7. Electrochemical properties of samples: (a) LSV curves, (b) overpotentials, (c) Tafel plots, (d) Nyquist
diagram, (e) capacitance current and scanning rate, (f) LSV curves of S-1000 with different quantities, (g)
overpotentials, and (h) Nyquist diagram.

The resistance (Rc) of the working electrodes during electrocatalytic reaction was tested by
measuring the electrochemical impedance. The results in fig. 7(d) indicated that the semi-circular
region of the curve has significant differences of the working electrode Nyquist plots. Among the
four samples, the working electrode made from sample S-1000 exhibited the smallest semicircle,
that is to say, the catalyst sample S-1000 can accelerate the kinetic process and improve the electron
transfer ability effectively, in water-splitting reactions. The reason behind this observation is that
during the heat treatment process, the raw materials decompose to form nickel, iron, sulfur, and
carbon atoms, and mutual diffusion during chemical synthesis accelerates the alloying reaction
between elements. The alloying reaction forms a stable heterostructure layer between grains of
different elements, thereby improving conductivity and electron transfer efficiency. Therefore, the
OER performance of FeNi3/(Fe, Ni) 9S8/Ni4S3/C nanocomposites was enhanced [33, 42].

Fig. 7(e) shows the Ca value of catalysts calculated. The Ca value of FeNis/(Fe,
Ni)Ss/NisSs/C nanocomposite catalyst was about 12.44 mF ¢cm ™2, which is considerably better than
that of S-400 (0.67 mF c¢cm2) and S-600 (1.03 mF c¢cm?), implying a higher electrochemical surface
area of FeNis/(Fe, Ni)oSs/NisS3/C. The Brunauer—-Emmett-Teller result was 134.6 m?/g of FeNis/(Fe,
Ni)oSs/NisS3/C sample, supporting its high active surface area.

The effect of catalyst loading on catalytic behavior is shown in Figure Fig. 7(f)-7(h). Fig.
7(f) demonstrates a gradual increase in catalytic activity with increasing catalyst mass; however, the
increase is small. Fig. 7(g) shows that the overpotential decreases with increasing catalyst mass to
270.1 mV (3 pL), 253.6 mV (7 pL), and 238.7 mV (12 uL), at 10 mA cm 2, however, the extent of
the reduction is small. Similarly, the results of charge transfer resistance R (Fig. 7(h)) show that the
R value increases with increasing catalyst mass; however, the extent of the increase is small.

The overpotential about 258.6 mV of FeNis/(Fe, Ni)oSs/NisS3/C catalyst at 10 mA cm ™ and
which can decrease as concentration increases appropriately, shows an excellent electrocatalytic
OER performance, which is comparable to the overpotential value reported in Refs. [32-36] and
superior to that in Refs. [32, 35].
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4. Conclusion

Herein, a technical proposal was designed for preparing mixed-crystal composite
nanomaterials rich in the elements of Ni, Fe, S, and C, through electrospinning and atmosphere heat
treatment techniques. This one-step process involved alloying, carbonization, and vulcanization of
composite nanomaterials containing multiphase sulfides ((Fe,Ni)oSs and NisS;) and FeNis. Thus,
porous hollow FeNis/(Fe,Ni)9Ss/NisS3/C composite nanorods were successfully prepared. This
approach enabled a simple, reliable, and systematic strategy for developing and employing FeNi—
based catalysts with outstanding OER performance.

The chemical components of FeNis/(Fe,Ni)oSs/NisS3/C composite nanorods were influenced
by the heat treatment temperature. With increasing heat treatment temperature, the alloying reaction
of Ni, Fe, and S in the composite nanorods became more intense, resulting in stronger element
binding, more complete crystal grains, and a more stable heterojunction. As a result, the
electrocatalytic reaction were improved.

FeNis/(Fe, Ni)9Ss/NisS3/C mixed-crystalline composite nanorods prepared at 1000°C in Ar
gas atmosphere, exhibited excellent OER performance in an alkaline solution. The
FeNis/(Fe,Ni)oSs/NigS3/C electrode exhibited excellent OER activity during the water-splitting
process.
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