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Abstract 

Developing a highly efficient non-precious transition metal-based electrocatalyst 

via a facile approach toward the hydrogen evolution reaction (HER) is critical for 

large-scale hydrogen production but still remains challenging. Herein, a cost-effective 

electrochemical deposition strategy is rationally proposed to construct amorphous 

quaternary FeCoNiCu alloy nanosheets supported on nickel foam (NF) towards this 

challenge. Benefiting from the synergistic effect of multi-metal atoms interaction and 

the high exposure of active sites caused by abundant open voids, the as-synthesized 

FeCoNiCu/NF electrode exhibits high catalytic activity and robustness toward HER in 

alkaline solution, requiring an overpotential of only 35 mV to reach a current density 

of 10 mA cm–2. This study may pave a new avenue to design advanced electrocatalyst 

for energy conversion. 

1. Introduction 

Molecular hydrogen (H2), featured by high energy density and environmental 

friendliness, has been deemed as a clean energy carrier to substitute traditional fossil 

fuels [1,2]. Electrochemical water splitting provides a sustainable way to generate 

hydrogen fuel via the conversion and storage of renewable energy [3–5]. Compared 

with the expensive acid proton-exchange membrane (PEM) water electrolyzers that 



need precious metal-based electrode, alkaline water electrolyzers using earth-

abundant transition metal-based catalysts may be more promising for realizing the 

mass commercialization of hydrogen production [6–9]. However, the sluggish kinetics 

derived from the additional energy barrier of water dissociation still hinder the further 

development of alkaline water splitting. Therefore, exploring highly efficient HER 

electrocatalysts with accelerated kinetics is urgently demanded [10,11]. 

3d transition metals-based materials are one of the most promising candidates 

due to their abundant resources and benign electrocatalytic activity [12,13]. In 

particular, alloying individual metallic elements to form alloys with two or more 

compositions is considered as an effective way to further extensively enhance their 

intrinsic activity. In the past decades, a variety of binary, ternary, quaternary and high-

entropy alloys have been successfully prepared for electrocatalytic HER [14–17]. 

Compared with the individual metal catalyst, the electronic structures of alloy 

catalysts with two or more metal compositions can be intensively modulated towards 

an optimized adsorption energy of intermediates involved in HER, thus exhibiting a 

remarkable catalytic activity. 

Melt-alloying strategy and high-energy ball milling are usually employed to 

prepare transition metal alloys catalyst. For example, Jia et al. demonstrated that high-

entropy intermetallic could be synthesized using melt-spinning technique under a high 

temperature and high-purity argon (Ar) atmosphere [18]. The FeCoNiAlTi alloy 

showed enhanced HER performance with an overpotential of 88.2 mV at a current 

density of 10 mA cm–2. Ma et al. reported a synthesis of self-supported CoCrFeNiAl 

high-entropy alloy electrocatalyst via a ball milling and spark plasma sintering (SPS) 

consolidation process [19]. The electrocatalyst presented a favorable activity with an 

overpotential of 73 mV to reach a current density of 10 mA cm–2. Notwithstanding 



prominent achievements that have been made, the synthesis of transition metal alloy 

electrocatalysts involves a stringent experimental condition such as high temperature 

or pressure and special equipment, which severely impedes their practical applications 

[20–23]. Furthermore, the reported alloy electrocatalysts are generally in a large size 

and aggregated, which may not be favorable to the exposure of active sites and facile 

charge transfer, thus leading to a limited electrocatalytic performance. Therefore, 

exploring alloy electrocatalysts with high density active sites via a low cost and 

convenient method is highly desired but remains challenging. 

In this work, we developed an ultra-thin sheet-like amorphous FeCoNiCu alloy 

supported on nickel foam (denoted as FeCoNiCu/NF) by a one-step electrochemical 

deposition approach as an efficient HER electrocatalyst in alkaline media. Benefiting 

from the advantages of the highly exposure of active sites, the synergistic effect of 

quaternary metals and the amorphous structure, the as-prepared FeCoNiCu/NF 

catalyst shows an exceptional performance with an overpotential of 35 mV at a 

current density of 10 mA cm−2, and excellent electrochemical stability during long-

term test. 

2. Experimental section 

2.1 Chemicals 

Nickel-(II) chloride (NiCl2, 99%), Iron-(II) chloride (FeCl2, 99%), Cobaltous-(II) 

chloride (CoCl2, 99%), Copper-(II) chloride (CuCl2, 99%), Lithium chloride (LiCl, 

≥99%), Dimethyl sulfoxide (DMSO), Potassium hydroxide (KOH, >99.9%) were 

purchased from Macklin without further purification. Deionized water was used in all 

experiments. 

2.2 Synthetic procedures 

A three-electrode system was used to conduct the electrochemical deposition 



experiments in DMSO-LiCl electrolyte. The nickel foam (NF) with 1.5 cm × 2 cm 

geometric areas was ultrasonic in acetone for 20 minutes to remove the residual 

organic species. After being washed by deionized water, the NF was then cleaned by 

ultrasonic for 20 minutes in 1 M HCl to eliminate the oxides and contamination on the 

surface, washed with water and dried in the oven. The as-prepared NF was used as the 

working electrode. The graphite and saturated calomel electrode (SCE) were used as 

the counter and reference electrode, respectively. NiCl2 (0.002 M), FeCl2 (0.002 M), 

CoCl2 (0.002 M), CuCl2 (0.002 M) and LiCl (0.25 M) were dissolved in DMSO to 

form the electrolyte. FeCoNiCu/NF would be finally obtained after experiencing the 

electrochemical deposition process at −2.3 V (vs. SCE) for 20 min. For comparison, 

Fe/NF, FeCo/NF and FeCoNi/NF were prepared using similar methods except that 

only the corresponding solvents were involved. 

2.3 Characterizations 

The morphologies and microstructures of the as-synthesized catalysts were 

characterized by field-emission scanning electron microscopy (FESEM, Ultra 55) and 

high-resolution transmission electron microscopy (HRTEM, FEI TalosF200x), 

respectively. The thickness of nanosheets was determined by atomic force microscopy 

(AFM, Bruker Dimension Icon). The phase structures were examined by powder X-

ray diffraction (XRD, D8V Advance). The elemental distributions were characterized 

by energy-dispersive X-ray spectroscopy (EDS, FEI TalosF200x, Super-X). The 

chemical states and surface compositions were analyzed by X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific K-Alpha). The element content analysis was 

performed by inductively coupled plasma-optical emission spectrometry (ICP-OES, 

Agilent 5110). 

2.4 Electrocatalytic measurements 



The electrochemical experiments were carried out using a standard three-

electrode system at a CHI 760E electrochemical analyzer (Shanghai, Chenhua Co.). 

The as-prepared samples, a saturated calomel electrode (SCE) and a graphite rod were 

used as the working electrode, reference electrode and counter electrode, respectively. 

All measured potentials were converted to reversible hydrogen electrode (RHE), 

according to the formula of ERHE = ESCE + 0.059 × pH + 0.2412 V [24]. The 

polarization curves were received by performing linear sweep voltammetry (LSV) at 

the scan rate of 5 mV s−1 in N2-saturated 1.0 M KOH. Before sweeping, cyclic 

voltammetry (CV) measurements were conducted at a scan rate of 50 mV s−1 to 

activate the surface. Tafel slopes were derived by plotting the overpotential against 

log (current density) from the linear region of the LSV curves. The values were 

calculated according to the equation: ŋ = b × log j + a, where ŋ is the overpotential, b 

is the value of Tafel slope and j is the current density. Electrochemical impedance 

spectroscopy (EIS) measurements were performed at a potential of −0.1 V (vs. RHE), 

with a frequency range from 0.01 Hz to 100 kHz. The steady-state activity was 

evaluated by chronoamperometry measurements. The specific electrochemical 

double-layer capacitance (Cdl) was performed to evaluate the electrochemical active 

surface area (ECSA). CV scans were performed at a potential range from 0.57 to 0.67 

V (vs. RHE) at different scan rates of 20, 40, 60, 80 and 100 mV s−1. Cdl value was 

calculated by plotting Δj = (jcathodic – janodic)/2 at 0.52 V (vs. RHE) against the scan 

rates. 

3. Results and Discussion 

The quaternary alloy supported on nickel foam was prepared through an 

electrochemical deposition route with the corresponding metal salts dissolved in 

DMSO as source, as schematically illustrated in Fig. 1a. Fe/NF, FeCo/NF and 



FeCoNi/NF samples were also prepared as counterparts by a similar synthetic method. 

The morphology of the FeCoNiCu/NF sample was characterized by field-emission 

scanning electron microscopy (FESEM). As displayed in Fig. 1b and 1c, the surface 

of the nickel foam is uniformly covered by vertically aligned and interconnected 

FeCoNiCu porous nanosheets, forming abundant open voids which are benefit to the 

penetration of electrolyte and the bubble release [25]. The thickness of the FeCoNiCu 

nanosheets characterized by the atomic force microscope (AFM) is determined to be 

about 4 nm (Fig. S1, Supporting Information). Similar sheet-like morphologies could 

also be observed on the surface of contrast samples (Fig. S2, Supporting Information), 

suggesting the universality of the potentiostatic deposition method for synthesis of 

nanosheets. X-ray diffraction (XRD) technique was carried out to investigate the 

crystallinity of the as-synthesized samples. As shown in Fig. 1d, only three diffraction 

peaks located at 44.5°, 51.8° and 76.3° that can be assigned to the Ni (JCPDS no. 04-

0850) from nickel foam could be observed in all samples, indicating the formation of 

amorphous structure for the as-prepared nanosheets. Carbon cloth-supported 

FeCoNiCu nanosheets (denoted as FeCoNiCu/CC) were also fabricated to eliminate 

the signal coverage by the nickel foam in XRD characterizations (Fig. S3a, 

Supporting Information). Similarly, only diffraction peaks attribute to carbon cloth 

could be observed in FeCoNiCu/CC (Fig. S3b, Supporting Information), further 

confirming the amorphous feature of the FeCoNiCu alloy. 



 

Fig. 1. (a) Schematic illustration of synthetic process of FeCoNiCu/NF. The WE, RE 

and CE refer to the working, reference, and counter electrode, respectively. (b, c) 

FESEM images of FeCoNiCu/NF at different magnifications. (d) XRD patterns of 

FeCoNiCu/NF, FeCoNi/NF, FeCo/NF and Fe/NF.  

 

The microstructure of FeCoNiCu nanosheets was analyzed by transmission 

electron microscopy (TEM). As shown in Fig. 2a and 2b, the absence of lattice fringes 

as well as the ring-like characteristic of the selected area electron diffraction (SAED) 

pattern (inset in Fig. 2b) further verifies the amorphous phase of the sheet-like 

FeCoNiCu alloy. The scanning transmission electron microscope (STEM) image and 

the corresponding energy-dispersive spectroscopy (EDS) elemental mapping images 

(Fig. 2c) as well as the EDS spectrum (Fig. S4, Supporting Information) reveal the co-

existence and evenly distribution of Fe, Co, Ni and Cu elements throughout the 

nanosheet, demonstrating the formation of a homogeneous phase. The contents of Fe, 

Co, Ni and Cu are determined to be 26.15%, 21.35%, 22.05% and 30.45% from the 

inductively coupled plasma optical emission spectrometer (ICP-OES), respectively, 



which are close to the results from the EDS spectrum listed in Table S1. It could be 

found that the content of Cu is slightly higher than those of other metals, which might 

be attributed to the highest reduction potential of Cu [26].  

 

Fig. 2. (a) TEM image and (b) HRTEM image of the FeCoNiCu nanosheets. (c) 

STEM image and corresponding EDS elemental mapping images of the FeCoNiCu 

nanosheets. The inset in (b) is the SAED pattern. 

According to empirical rules reported by Yang and Zhang [27], multiply-element 

alloy would form a stable phase if δr < 6.6% and Ω = (TmΔSmix)/|ΔHmix| > 1.1, where 

δr is the difference in atomic radius, Tm is the melting temperature, ΔSmix is the mixing 

entropy and ΔHmix is the mixing enthalpy. The calculation results based on Formula 

1–5 (Supporting Information) suggest that the value of δr (3.27%) and Ω (1.87) meet 



the above-mentioned standard, indicating that the as-deposited alloy is theoretically 

considered to be a stable single phase [28,29]. Moreover, the mixing entropy (ΔSmix) 

of FeCoNiCu alloy, FeCoNi alloy and FeCo alloy are calculated via Formula 6–9 

(Supporting Information) with element contents determined by ICP-OES (Table 1–3, 

Supporting Information). ΔSmix of the quaternary FeCoNiCu alloy is calculated to be 

11.44 J K−1 mol−1, which is higher than that of the ternary FeCoNi alloy (9.11 J K−1 

mol−1) and the binary FeCo alloy (5.74 J K−1 mol−1), meaning an enhanced structural 

stability and durability [30–32]. 

To investigate the chemical composition and valence states of surface elements, 

X-ray photoelectron spectroscopy (XPS) was conducted. The XPS survey spectrum 

displayed in Fig. S5 (Supporting Information) indicates the presence of Fe, Co, Ni and 

Cu on the surface of the FeCoNiCu/NF sample, further verifying the successful 

formation of quaternary FeCoNiCu alloy. Fig. 3 shows the deconvoluted high-

resolution Fe 2p, Co 2p, Ni 2p and Cu 2p XPS spectra, demonstrating the existence of 

oxide states in all elements. Specifically, the peaks located at 711.8 eV and 714 eV are 

attributed to metallic Fe0 2p3/2 and Fe2+ 2p3/2, respectively (Fig. 3a). The Co 2p XPS 

spectra in Fig. 3b could be deconvoluted into the characteristic peaks of Co2+ 2p3/2 

(780.8 eV) and Co2+ 2p1/2 (798 eV). Similarly, for Ni 2p (Fig. 3c), the binding 

energies at 855.8 eV and 873.6 eV belong to the 2p3/2 and 2p1/2 of Ni2+, respectively. 

The Cu 2p XPS spectra (Fig. 3d) display the co-existence of Cu0 (932.3 eV) and Cu2+ 

(933.6 eV). Compared with FeCoNi ternary alloy, the 2p peaks of Fe and Co shift to 

lower binding energy while the 2p peaks of Ni shift to higher binding energy, possibly 

be due to the introduction of Cu (Fig. S6, Supporting Information). It is revealed that 

the introduction of Cu may play a significant effect on the electronic structure of the 

alloy. The positive shift of Ni2+ peak and the negative shift of the Co2+ and Fe2+ 



related peaks in FeCoNiCu/NF compared to FeCoNi/NF prove that the synergy of 

quaternary alloy accelerates the charge transfer of the catalytic material and therefore 

facilitates the HER reaction. 

 

Fig. 3. High-resolution XPS spectra of FeCoNiCu/NF: (a) Fe 2p, (b) Co 2p, (c) Ni 2p 

and (d) Cu 2p. 

 

The electrocatalytic HER performance of the as-synthesized FeCoNiCu/NF was 

evaluated in 1 M KOH solution using a three-electrode system. For comparison, 

FeCoNi/NF, FeCo/NF, Fe/NF, NF and commercial Pt/C samples were also measured 

under the same test condition. All potentials in this work were referenced to reversible 

hydrogen electrode (RHE) for convenience. Fig. 4a shows the liner scanning 

voltammetry (LSV) curves of all the samples measured in N2-saturated 1 M KOH 

electrolyte with a scanning rate of 5 mV s−1 without iR compensation. The 



FeCoNiCu/NF catalyst exhibits a low overpotential (η10) of 35 ± 1 mV to deliver a 

current density of 10 mA cm−2, which is much smaller than those observed in 

FeCoNi/NF (133 ± 2 mV), FeCo/NF (139 ± 2 mV), Fe/NF (148 ± 3 mV), NF (214 ± 2 

mV) and commercial Pt/C (68 ± 1 mV) samples (Fig. 4b and Fig. S7 in Supporting 

Information). It is noteworthy that FeCoNiCu/NF still exhibits better electrocatalytic 

activity than Pt/C at a current density of 100 mA cm−2. In particular, the catalytic 

activity of FeCoNiCu/NF also outperforms those of the recently reported non-

precious transition metal-based electrocatalysts [33–45] (Fig. 4c and Table S4 in 

Supporting Information). Tafel plots (overpotential vs. log [current density]) displayed 

in Fig. 4d were derived to investigate the electrocatalytic kinetics and mechanisms of 

all the electrodes. The Tafel slope of FeCoNiCu/NF is identified to be 57 mV dec−1, 

demonstrating a noticeably faster HER kinetic than those of FeCoNi/NF (108 mV 

dec−1), FeCo/NF (126 mV dec−1), Fe/NF (142 mV dec−1) and NF (156 mV dec−1) 

electrodes. The Tafel value of the FeCoNiCu/NF sample also indicates that the HER 

process might proceed by the Volmer-Heyrovsky mechanism [46]. Electrochemical 

impedance spectroscopy (EIS) was carried out to further examine the electrode 

kinetics of the HER process. The Nyquist plots in Fig. 4e could be well fitted by the 

equivalent circuit given in the inset. Compared with other counterparts, the 

FeCoNiCu/NF electrode exhibits the lowest charge transfer resistance (Rct) value of 

14.6 Ω, revealing the best charge transfer ability. The double-layer capacitance (Cdl) 

was employed to evaluate the active sites by measuring the non-Faradaic capacitive 

current using the cyclic voltammetry (CV) method with scanning rates from 20 to 100 

mV·s−1 (Fig. S8, Supporting Information). As depicted in Fig. 4f, the Cdl value of 

FeCoNiCu/NF (5.58 mF cm−2) surpasses those of FeCoNi/NF (1.81 mF cm−2), 

FeCo/NF (1.60 mF cm−2), Fe/NF (1.06 mF cm−2) and NF (0.98 mF cm−2), implying 



that the amorphous structures coupled with randomly distributed atoms of four 

different elements are conducive to providing more exposed active sites and therefore 

enhancing HER activity. 

 

Fig. 4. Electrocatalytic tests of FeCoNiCu/NF, FeCoNi/NF, FeCo/NF, Fe/NF, pure NF 

and Pt/C for the HER in 1 M KOH solution: (a) LSV curves, (b) overpotentials at a 

current density of 10 mA cm−2, (c) comparison of the overpotential of FeCoNiCu/NF 

at 10 mA cm-2 toward HER with other recently reported alloy catalysts, (d) Tafel 

plots, (e) Nyquist plots, (f) variation of double-layer charging current as a function of 

scanning rate. 

 

Catalytic stability is another key parameter to evaluate the practical application 

potential of the catalyst. The chronoamperometry measurement was firstly conducted 

at a static overpotential when the current density reached 10 mA cm−2. As shown in 

Fig. 5a, the FeCoNiCu/NF electrode exhibits negligible decay of current density 

during the stability test of 48 h, indicating the outstanding electrochemical stability. 

The LSV curves before and after the i-t test could also verify the fantastic stability 



(Fig. 5b). In particular, the overpotential at 10 mA cm−2 increases by only 21 mV after 

the stability test. Moreover, the amorphous structure and the sheet-like morphology 

could be well maintained after the i-t test (Fig. 5c and 5d), further demonstrating the 

excellent structural robustness. 

 

Fig. 5. (a) i-t curve of FeCoNiCu/NF. (b) LSV curves of FeCoNiCu/NF before and 

after long-term stability test. (c) XRD patterns of FeCoNiCu/NF before and after the 

i-t test. (d) FESEM image of FeCoNiCu/NF after the stability test. 

 

To optimize the HER catalytic activity of as-fabricated electrocatalyst, controlled 

experiments with different electrochemical deposition potentials and durations were 

subsequently conducted. Fig. S9 (Supporting Information) shows the FESEM images 

of FeCoNiCu alloys deposited on the nickel foam at different electrodeposition 

potentials of −2.1 V, −2.3 V, −2.5 V and –2.7 V (vs. saturated calomel electrode 

[SCE]), respectively. It could be clearly observed that when the electrodeposition 



potential was fixed at −2.1 V, only sparse nanosheets with tiny size were deposited on 

the substrate. As the decreasing electrodeposition potentials, vertically aligned 

nanosheets interconnect and become increasingly dense. When the electrodeposition 

potential becomes more negative than −2.5 V (including −2.5 V), a large number of 

metal ions is reduced, nanosheets cohere together and generated thick layers, which 

might be unfavorable to the exposure of catalytically active sites and the penetration 

of electrolyte. The electrochemical tests toward HER activity were subsequently 

carried out. As shown in Fig. S10 (Supporting Information), benefiting from the open 

voids and ultrathin sheet-like structure, the FeCoNiCu/NF obtained at −2.3 V exhibits 

the lowest overpotential of 35 mV at 10 mA cm−2, the smallest Tafel slope of 57 mV 

dec−1 and charge transfer resistance of 14.6 Ω. 

Apart from the deposition potentials, effects of the deposition time on the 

electrochemical performance were also studied with a fixed deposition potential of 

−2.3 V. Fig. S11, S12 and Table S5 (Supporting Information) display the integral 

charge and deposition quantity throughout the deposition processes. Accordingly, the 

quality of deposited alloys is directly proportional to the deposition time. The 

electrochemical HER performances of FeCoNiCu/NF electrodes deposited for 10, 15, 

20 and 25 minutes were displayed in Fig. S13 (Supporting Information). Obviously, 

the electrochemical performances (evaluated by the overpotential, Tafel slope and 

charge transfer resistance) firstly exhibits an improved trend with the prolonged 

deposition process. But when the deposition time reaches 25 min, the electrochemical 

performance becomes worse because of the detrimental effects of excessive deposits 

on interlocking nanoplate structures, which could impede mass transfer channels 

during the HER process and lead to suboptimal catalytic activity. 

4. Conclusion  



In summary, a simple and efficient electrochemical deposition process was 

developed for synthesis of amorphous quaternary FeCoNiCu alloy nanosheets 

supported on the nickel foam. Vertically aligned and interconnected porous 

nanosheets lead to high exposure of active sites and abundant mass transfer channels. 

Along with the regulated electronic structure and optimal adsorption properties of 

intermediates derived from the synergy of multi-metal atoms interaction, the as-

synthesized FeCoNiCu/NF electrode exhibits a low overpotential of 35 mV at a 

current density of 10 mA cm−2 toward HER in alkaline electrolyte and demonstrates 

exceptional stability without any noticeable degradation for up to 48 hours. This study 

may present a straightforward and energy-efficient approach for fabricating novel 

amorphous alloy catalysts that can be applied in HER and other electrochemical 

reactions involved in energy conversion processes. 
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