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ABSTRACT

Transition metal sulfides with homogeneous multi-metallic elements promise high catalytic performance for water electrolysis
owing to the unique structure and highly tailorable electrochemical property. Most existing synthetic routes require high
temperature to ensure the uniform mixing of various elements, making the synthesis highly challenging. Here, for the first-time
novel carbon fiber supported high-entropy Co-Zn-Cd-Cu-Mn sulfide (CoZnCdCuMnS@CF) nanoarrays are fabricated by the mild
cation exchange strategy. Benefiting from the synergistic effect among multiple metals and the strong interfacial bonding
between high-entropy Co-Zn-Cd-Cu-Mn sulfide nanoarrays and the carbon fiber support, CoZnCdCuMnS@CF exhibits superior
catalytic activity and stability toward overall water splitting in alkaline medium. Impressively, CoZnCdCuMnS@CF only needs low
overpotentials of 173 and 220 mV to reach the current density of 10 mAscm=, with excellent durability for over 70 and 113 h for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) respectively. More importantly, the bifunctional
electrode (CoZnCdCuMnS@CF||CoZnCdCuMnS@CF) for overall water splitting can deliver a small cell voltage of 1.63 V to
afford 10 mAscm™ and exhibit outstanding stability of negligible decay after 73 h continuous operation. This work provides a

viable synthesis route toward advanced high-entropy materials with great potential applications.
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1 Introduction

As an ideal energy alternative to traditional fossil fuels, hydrogen
has attracted significant attention due to the high gravimetric
energy density and zero carbon emission. Electrocatalytic water
splitting is recognized as a promising strategy to convert natural
water to hydrogen [1-3]. In general, the cathode hydrogen
evolution reaction (HER) and the anodic oxygen evolution
reaction (OER) constitute the two half-reactions of overall water
splitting [4,5]. To improve the efficiency of water electrolysis,
developing non-precious and effective catalysts to accelerate the
sluggish kinetics caused by HER and OER is highly desirable
[6-8]. To date, transition metal sulfides (TMSs) have attracted
great focus as the promising candidate for catalyzing overall water
splitting due to the good electrical conductivity and favorable
activity [9-11]. Various TMSs have been reported, such as unary,
binary, ternary, and quaternary sulfides with heterogeneous
structures [12-15]. Notably, ternary TMSs possess more advanced
activity than unary and binary TMSs due to the synergistic effect
[16]. Unfortunately, TMSs behave in poor electrochemical stability
of structure and morphology, resulting in the detachment from
substrate under high potential [17,18]. In addition, the most
reported TMSs composed of only a few metal elements lack

extensive compositional adjustability. Therefore, the development
of polymetallic yet stable TMSs for overall water splitting is
particularly necessary.

Recently, high-entropy TMSs featuring homogeneously mixed
multi-metallic elements, high entropy effect, good electrical
conductivity, and single-phase structure have attracted much
attention [19,20]. Benefiting from the synergistic effect among
multiple metals and the high-entropy effect, high-entropy TMSs
are expected to improve catalytic activity, structure stability, and
compositional tunability toward the optimal adsorption of
reaction intermediates, compared with unary, binary, ternary, and
quaternary TMSs [21]. In this regard, it is promising to optimize
the catalytic performance for high-entropy TMSs through
multiple-elemental synergy. However, the previous methods for
the synthesis of high-entropy TMSs require high temperature to
ensure the uniform mixing of various elements with different
atomic radii, valence states, and oxidation potentials [22]. In
addition, carbon supports as the current collector are
indispensable in electrochemical energy conversion [23].
Therefore, rational design and synthesis of carbon-supported high-
entropy TMSs at mild conditions can provide a new platform for
overall water splitting.

Herein, we reported a low-temperature jon-exchange strategy
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for the synthesis of carbon fiber supported high-entropy Co-Zn-
Cd-Cu-Mn sulfide (CoZnCdCuMnS@CF) nanoarrays for the first
time. The ion exchange is emerging as a high-efficient synthetic
pathway for synthesizing a targeted structure, which is driven by
the rapid ion diffusion in nanocrystal solids and exchange of one
or more constituent elements to modify the composition while
preserving the key structural characteristics of the template
[24-26]. In our case, the Co-precursor@CF was synthesized by a
typical hydrothermal reaction first and subsequently sulfided by
Na,S forming Co,Sg@CF. Finally, the high-entropy
CoZnCdCuMnS@CF nanoarrays were obtained by the cation
exchange reaction of Co,S@CF with Zn*, Cd*, Cu*, and Mn™" at
low  temperature. ~ As  expected, the  high-entropy
CoZnCdCuMnS@CF nanoarrays achieve superior catalytic
performance than the binary, ternary, and quaternary sulfides. In
particular, the high-entropy CoZnCdCuMnS@CF nanoarray
achieve the overpotential of 173 and 220 mV at 10 mA-cm™
toward HER and OER, respectively. More importantly, the
outstanding stability of high-entropy CoZnCdCuMnS@CF
nanoarrays is also reflected by the 70 and 113 h tests for HER and
OER. When using high-entropy CoZnCdCuMnS@CF as both the
cathode and anode, it provides a current density of 10 mA-cm™ at
1.63 V with durability for over 73 h. Our low-temperature cation-
exchange strategy may shed light on the construction of other
advanced high-entropy catalysts for electrocatalytic water splitting
and beyond.

2 Experimental

2.1 Synthesis of Co-precursor@CF

The Co-precursor nanowire arrays were fabricated via a simple
hydrothermal strategy. First, the carbon cloth (CC) was washed
with acetone, ethanol, and ultra-pure water under sonication for
20 min, respectively. Then, Co(NO,),6H,0 (5 mmol), urea
(25 mmol), and NH,F (10 mmol) were added into 60 mL ultra-
pure water under stirring. Then the homogeneous solution was
transferred to a 100 mL Teflon-lined stainless steel autoclave
accompanied by a prepared CC (2 cm x 3 cm), and the reaction
system was carried out for 6 h at 120 °C. After cooling, the Co-
precursor nanowire arrays grown on CF were washed with water
and dried for 12 h at 60 °C.

2.2 Synthesis of CoySg@CF

The Co,Sg nanowire arrays were prepared with a typical
hydrothermal method. In this process, the Co-precursor@CF was
immersed in 0.1 M Na,S-9H,0 solution and taken into a 100 mL
Teflon-lined stainless-steel autoclave to be heated at 120 °C for 8 h.
After reacting and cooling, the obtained CoySg nanowire arrays
were rinsed with ultra-pure water and dried at 60 °C.

2.3 Synthesis of CoZnCdCuMnS@CF

The CoZnCdCuMnS@CF sample was synthesized by the
hydrothermal method of cation exchange. Specifically, 0.5 mmol
7Zn(NO;),-6H,0, 0.03 mmol CdClL-2.5H,0, 0.03 mmol
Cu(NO,),:3H,0, 1 mmol MnSO,-H,O were all added into 60 mL
ultra-pure water under stirring, and then the as prepared
CoySs@CF  nanowires arrays was put into the clear and
homogeneous solution. The mixture was transferred to a 100 mL
Teflon-lined stainless-steel autoclave to be heated at 120 °C for 8 h.
After reacting and cooling, the obtained CoZnCdCuMnS@CF
nanowire arrays were washed with ultra-pure water and dried at
60 °C. The sample loading amount was measured by a
microbalance to be 6.7 mg-cm™ For comparison, the mixing
solution was replaced by the individual metal salt solution of

6055

Zn(NO,),6H,0,  CdCL25H,0, and  Cu(NO,),3H,0,
MnSO,H,O, respectively. And finally, the CoZnS@CF,
CoZnCdS@CF, CoZnCdCuS@CF, CoCdS@CF, CoCuS@CF, and
CoMnS@CEF were synthesized at the same condition.

24 Characterization

X-ray diffraction (XRD) patterns were performed on Bruker D8
Advance (scan range of 5°-90°). Scanning electron microscopy
(SEM) images were tested from an Ultra 55Zeiss field emission
scanning electron microscope. The transmission electron
microscopy (TEM) images were observed using a FEI Talos F200S
emission scanning electron microscope. Raman spectra were
acquired by LabRAM HR Evo with a 633 nm He-Ne laser. X-ray
photoelectron spectroscopy (XPS) tests were obtained from an
Escalab 250Xi electron spectrometer with Al K« radiation.

2.5 Electrochemical measurements

The HER/OER experiments were performed by a three-electrode
system on CHI 660E electrochemical workstation (1.0 M KOH),
consisting of the Hg/HgO as the reference electrode, catalysts as
the working electrode, and a graphite rod as the counter electrode,
respectively. Linear sweep voltammetry (LSV) measurements were
tested at 2 mV-s™ toward HER and OER, respectively. 6.7 mg of
commercial Pt/C and RuO, were added to the solution of 5%
Nafion solution (50 pL) and ethanol (950 uL), respectively. The
uniform ink was obtained by sonicating for 30 min and then
loaded onto the bare CC (1 cm x 1 cm) to form the Pt/C and
RuO, electrodes. The final potential was calibrated into reversible
hydrogen electrode (RHE): E (vs. RHE) = E (vs. Hg/HgO) +
0.059pH + 0.098 (1.0 M KOH, pH = 14), and all LSV results were
corrected with 85% iR compensation. The Nyquist plots of
electrochemical impedance spectroscopy (EIS) were surveyed with
alternating current (AC) impedance at 0.01-10° Hz for the
frequency range. The electrochemical surface area (ECSA) were
evaluated by cyclic voltammetry (CV) curves at the non-Faraday
region from —0.7 to —0.9 V vs. Hg/HgO with different scan rates at
0.01, 0.02, 0.04, 0.06, 0.08, 0.1, and 0.12 V-s'. The stability
measurements (v—t) were recorded at the constant current density
of 10 mA-cm™.

3 Result and discussion

3.1 Synthesis and characterizations

The fabrication procedure of high-entropy CoZnCdCuMnS@CF
nanoarrays using the facile cation exchange strategy is
schematically illustrated in Fig. 1. In a typical experiment, the Co-
precursor nanowires vertically grew on the carbon fibers via
hydrothermal reaction firstly. Then Co-precursor nanowire array
was converted to CooSg array with a sulfidation reaction at 120 °C
[27]. Subsequently, the high-entropy CoZnCdCuMnS@CF
nanoarray was fabricated by the cation exchange reaction between
the CoySg@CF and Zn*, Cd*, Mn*, Cu* ions. The possible
reactions are proposed as follows in Egs. (1)-(4)

Co,S; + Cu*" = CuS + Co™* (1)
Co,S; + Cd** = CdS + Co™* (2)
Co,S; +7Zn*" = ZnS + Co** (3)
Co,S; +Mn*" = MnS + Co** (4)

Notably, the reaction of CosSg (K, = 2.0 x 10%) with Cu* is
more thermodynamically favorable than those with Cd*, Zn*, and
Mn™ ions, because the value of solubility follows the sequence of
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Sulfidation
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Co-precursor@CF

CoZnCdCuMnS@CF
Figure1 Schematic diagram of the synthesis process of CoZnCdCuMnS@CF.

Water splitting

CuS (K, = 6.3 x 107) < CdS (K, = 8.0 x 107) < ZnS (K,, = 1.6 x
107) < MnS (K, = 2.5 x 107) [28,29]. Herein, upon using a
cation-exchange reaction, a completely homogeneous and single-
phase high-entropy CoZnCdCuMnS@CF nanoarrays were
obtained.

To clearly observe the morphology of the samples during the
synthetic processes, SEM was conducted. The Co-precursors and
CoySg vertical needle-like nanowire arrays were completely
covered on the CF, as shown in Fig.S1 in the Electronic
Supplementary Material (ESM), and the Co,Ss@CF manifested a
hollow structure. In this step, the outward diffusion effect during
the sulfidation reaction was responsible for resulting in the hollow
structure  [12,30,31].  After  cation exchange, the
CoZnCdCuMnS@CF still retained the morphology of vertical
needle-like nanowires, as shown in Figs. 2(a)-2(c). Furthermore,
the quaternary CoZnCdCuS@CF was also obtained at the same
reaction condition with CoZnCdCuMnS@CF except for the
absence of Mn*, as displayed in Fig. S2 in the ESM. The TEM and
elemental mappings were conducted to investigate the crystalline
structure and elements distribution in CoZnCdCuMnS@CF. As
shown in Figs. 2(d) and 2(e), the CoZnCdCuMnS@CF nanowires
displayed a needle-like structure and rough surface. Furthermore,
the interplanar distances of 0.574 and 0.352 nm were attributed to
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the (111) and (220) plane of CoZnCdCuMnS@CF in the
crystalline area, as shown in Figs. 2(f) and 2(g), which was similar
to that of pure Co,Sg [12, 32]. Interestingly, there was no lattice of
other metal sulfides, indicating that the Zn, Cd, Mn, Cu were just
incorporated in the lattice of Co,Sg and exchanged the Co out of
CosS;,  forming a  homogeneous  single-phase  in
CoZnCdCuMnS@CF. Furthermore, the elemental mapping of
CoZnCdCuMnS@CF suggested that Co, Zn, Cd, Mn, Cu, and S
were uniformly distributed over the entire architecture (Fig. 2(h)).
Notably, the lower content of Co in CoZnCdCuMnS@CF than
that in Co,Sg@CF (Figs. S3 and S4 in the ESM) reflected Co
leached out of the Co,Ss lattice during the cation exchange
reaction.

To identify the crystalline phases, XRD analysis was performed.
As shown in Fig. 3(a), the major diffraction peaks corresponding
to (311) and (440) planes in CoZnCdCuMnS@CF resemble those
of CooSg (PDF#19-0364), indicating the formation of single-phase
in CoZnCdCuMnS@CF [32]. Raman spectroscopy was employed
to further exclude the impurity phases and the results are
indicated in Fig.3(b). Both the Raman spectra of
CoZnCdCuMnS@CF and Co,Sg@CF showed similar peaks at 194,
338, 465, 509, and 669 cm™, indicating the similar single phase of
CoZnCdCuMnS@CF with CooSg [33,34]. It is noted that the
results of TEM, XRD, and Raman analysis proved the formation
of single-phase high-entropy sulfide in CoZnCdCuMnS@CF.

The electronic interactions and valence states of the catalysts
were evaluated by XPS analysis. Figure 3(c) and Fig. S5(a) in the
ESM exhibited the survey spectra of CoZnCdCuMnS@CF and the
references. It is evidenced that Co,Zn, Cd, Cu, Mn, and S
elements existed in CoZnCdCuMnS@CF. In the spectra of S 2p
(Fig. 3(d)), the fitting peaks at 161.85 and 163.0 eV were indexed
to metal-sulfur bonds, while the peak at 169.75 eV could be
attributed to the satellite peak [35-37]. The deconvoluted spectra
of Co 2p (Fig. 3(e)) (i.e., Co 2p;), peaks at 778.9 and 781.85 eV and
Co 2p,;, peaks at 794 eV and 798.35 eV) suggested that the
presence of Co™ and Co* in CoyS@CF and CoZnCdCuMnS@CF
[30]. In addition to this, the area and intensity of Co* in
CoZnCdCuMnS@CF decreased obviously compared to those of
CoySg@CF, indicating that Co** was exchanged out by Zn*, Cd*,

Figure2 (a)-(c) SEM images of CoZnCdCuMnS@CF at various magnifications. (d)-(g) TEM images and the corresponding lattice spacing profiles at selected areas
and (h) HAADF-STEM image with its corresponding elemental mapping images of CoZnCdCuMnS@CF.
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Figure3 (a) XRD patterns and (b) Raman spectra of CoySg@CF and CoZnCdCuMnS@CF. (c) XPS survey spectra, high-resolution XPS spectra for (d) S 2p, (e) Co
2p, (f) Cd 3d, (g) Cu 2p, (h) Zn 2p, and (i) Mn 2p of CoZnCdCuMnS@CF and the references.

Mn*, and Cu™ during the cation exchange process. Furthermore,
the Cd 3d, Cu 2p, Zn 2pand Mn 2p spectra also revealed the
presence of Cd* (405.75 and 412.5 eV), Cu* (932.25 and 952.35
eV), Zn* (1022.6 and 1045.7 V), and Mn* (641.5 and 653.05 eV)
in CoZnCdCuMnS@CF and the corresponding references (Figs.
3(f)-3(1)) [38-41]. The above results illustrated that
CoZnCdCuMnS@CF  successfully formed after the cation-
exchange reaction. Moreover, compared with other control
samples (Figs. 3(f)-3(i) and Fig. S5(b) in the ESM), the shifts of
the binding energy in CoZnCdCuMnS@CF further verified the
existence of strong interactions between the multiple elements in
CoZnCdCuMnS@CF [42-44]. Besides, the XPS spectra of
CoZnCdS@CF and CoZnCdCuS@CF were shown in Figs. S6 and
S7 in the ESM, the results indicated that the valence states of
relating elements were similar to those of CoZnCdCuMnS@CF.

3.2 Oxygen evolution reaction measurement

To evaluate the catalytic performance of CoZnCdCuMnS@CF in
OER, the two-electrode system was performed in 1.0 M KOH. As
shown in Fig. 4(a), the CoZnCdCuMnS@CF exhibited a similar
overpotential to that of RuO, at 10 mA-cm? indicating the
excellent OER  performance of CoZnCdCuMnS@CF.
Furthermore, the CoZnCdCuMnS@CF showed a lower
overpotential of 220 mV at 10 mA-cm™ compared to those of
CoZnS@CF (276 mV), CoZnCdS@CF (267 mV), and
CoZnCdCuS@CF (263 mV). Together with the results in Fig.
S8(a) in the ESM, it is demonstrated that the electrocatalytic
activity of the high-entropy CoZnCdCuMnS@CEF is superior to
those of corresponding unary, binary, ternary, and quaternary
TMSs.

Tafel slope as an important kinetic parameter acquired from the
LSV fitting was used to study the catalytic mechanism [45]. As

depicted in Fig.4(b) and Fig.S8(b) in the ESM, the high-
entropy CoZnCdCuMnS@CF showed a smaller Tafel slope of
69.8 mV-dec' compared to those of binary CoZnS@CF
(96.0 mV-dec'), ternary CoZnCdS@CF (89.0 mV-dec),
quaternary CoZnCdCuS@CF (72.2 mV-dec'), and the related
samples. Thus, the Tafel analysis revealed the faster OER kinetics
and higher catalytic activity of CoZnCdCuMnS@CF than those of
controlled samples [46]. Compared with binary CoZnS@CF (276,
324, 349, and 367 mV), ternary CoZnCdS@CF (273, 319, 342, and
357 mV), quaternary CoZnCdCuS@CF (270, 330, 368, and
399 mV), the high-entropy CoZnCdCuMnS@CF only required
lower overpotentials of 220, 271, 289 and 299 mV to achieve
current densities of 10, 50, 100 and 150 mA-cm™, similar to the
RuO, catalyst (211, 262, 297, and 327 mV) (Fig. 4(c)).

Figure 4(d) exhibited the comparison of the OER activity of
CoZnCdCuMnS@CF with those of the reported (Table S1 in the
ESM). The superior catalytic activity of CoZnCdCuMnS@CF is
derived from the synergistic effect of the five metal elements,
which modify the electronic structure toward the optimal
adsorption of the intermediate products [19]. More importantly,
CoZnCdCuMnS@CF also manifested excellent stability for 113 h
test during OER (Figs. 4(e) and 4(f)), and the overpotential and
Tafel slope after long-time operations declared an accepted change
(Fig.S9 in the ESM), which is attributed to the reinforced
interfacial bonding between high-entropy Co-Zn-Cd-Cu-Mn
sulfide nanoarraysand the carbon fiber support. As another
important parameter, ECSA was calculated by the double-layer
capacitances (Cy) via CV (Figs. S10 and S11 in the ESM) method
to evaluate the performance of the electrocatalyst. As shown in
Fig. 4(g) and Fig. S12 in the ESM, CoZnCdCuMnS@CF exhibited
a Cy value of 6.4 mF-cm™, which was much higher than those of
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Figure4 (a) OER polarization curves, (b) Tafel slopes, and (c) overpotentials of CoZnCdCuMnS@CF and the references at different current densities. (d)
Comparison of overpotential (1) required to generate current density of 10 mA-cm? for CoZnCdCuMnS@CF, the references and reported catalysts. (e) Polarization
curves of CoZnCdCuMnS@CF at the initial stage and after 2,000 cycling tests. (f) Long-term durability test of CoZnCdCuMnS@CF conducting at 10 mA-cm™ (inset:
chronopotentiometry curves conducted at various current densities). (g) Cy values and (h) Nyquist plots of CoZnCdCuMnS@CF and the references.

binary CoZnS@CF (523 mF-cm?), ternary CoZnCdS@CF
(5.27 mF cm™), quaternary CoZnCdCuS@CF (5.28 mF-cm™), and
other samples, suggesting exposure of more active sites in high-
entropy CoZnCdCuMnS@CF [47,48]. In addition, EIS
measurement presented that CoZnCdCuMnS@CF possessed a
minimal Nyquist semicircle diameter than the control samples
(Fig.4(h) and Fig.S13 in the ESM), ensuring a rapid charge
transfer between the electrolyte and the electrode [49, 50]

3.3 Hydrogen evolution reaction measurement

The HER performance of the as-synthesized samples was
estimated in 1.0 M KOH. As displayed in Fig. 5(a) and Fig. S14(a)
in the ESM, the high-entropy CoZnCdCuMnS@CF exhibited an
overpotential of 173 mV at 10 mA-cm, which was lower than
those of binary CoZnS@CF (209 mV), ternary CoZnCdS@CF
(204 mV), quaternary CoZnCdCuS@CF (198 mV), and the other
samples. The Tafel slope of the as-synthesized samples was shown
in Fig.5(b) and Fig. S14(b) in the ESM. The high-entropy
CoZnCdCuMnS@CF presented the smallest Tafel slope of
98.5 mV-.dec', compared to those of binary CoZnS@CF
(1086 mV-dec'), ternary CoZnCdS@CF (1053 mV-dec™),
quaternary CoZnCdCuS@CF (1043 mV-dec'), and other
samples. The lower Tafel slope indicated the faster reaction
kinetics, which demonstrated the superior catalytic activity for
high-entropy CoZnCdCuMnS@CF toward HER [51,52]. To
intuitively observe the differences of the overpotentials and Tafel
slopes between high-entropy CoZnCdCuMnS@CF and the
references, a comparison diagram was given in Fig. 5(c).
Moreover,  the = HER  stability = of  high-entropy

CoZnCdCuMnS@CF catalysts was further investigated by
chronopotentiometry, and the results showed that
CoZnCdCuMnS@CF maintained excellent stability for 70 h at
10 mA-cm™ with ignorable potential change (Fig. 5(d)). As shown
in Fig. S15 in the ESM, the overpotential and Tafel slopes of high-
entropy CoZnCdCuMnS@CF showed little change after long-time
operation for 70 h, which further illustrated the extraordinary
HER stability of the high-entropy CoZnCdCuMnS@CF.

34 Overall water splitting measurement

Additionally, due to the prominent activities for both OER and
HER, the electrochemical overall water splitting performance of
CoZnCdCuMnS@CF was also tested in 1.0 M KOH electrolytes.
Figure 6(a) displayed the catalytic activity of overall water splitting
in a two-electrode system with the CoZnCdCuMnS@CF
electrocatalysts as both the cathode and anode (denoted as
CoZnCdCuMnS@CF||CoZnCdCuMnS@CF). This electrolyzer
afforded a current density of 10 mA-cm™ at 1.63 V, which was
comparable to that of Pt/C||RuO,. As displayed in Fig. 6(b), the
CoZnCdCuMnS@CF||CoZnCdCuMnS@CF electrolytic cell can
achieve current densities of 10, 20, and 40 mA-cm? with
corresponding voltages of 1.63, 1.72, and 1.78 V. Furthermore, a
negligible change was observed for the CoZnCdCuMnS@CF
electrolyzer in the 73 h chronopotentiometry test, illustrating the
superior stability of the CoZnCdCuMnS@CF (Fig. 6(c)).
Additionally, the OER stability of the CoZnCdCuMnS@CF was
further understood, and the detailed results were shown in Figs.
6(d) and 6(e). After the OER test, the morphology of
CoZnCdCuMnS@CF was still well maintained (Fig. 6(d)), and the
energy-dispersive X-ray spectroscopy (EDX) element mapping
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images also identified the evenly distributed elements over the
entire substrate (Fig.6(e) and Fig. S16 in the ESM). Besides, the
valence states of CoZnCdCuMnS@CF were well maintained after
a 113 h stability test at 10 mA-cm” for OER, which were
corroborated by XPS (Fig. S17 in the ESM). Moreover, the XRD
and Raman (Figs. S18 and S19 in the ESM) confirmed that the
structure of CoZnCdCuMnS@CF did not change after the HER
and OER tests. All the above results proved that
CoZnCdCuMnS@CF displayed excellent catalytic activity and
durability during the overall water splitting process, which derived
from the synergistic effect among multiple metals and the strong
interfacial bonding between high-entropy Co-Zn-Cd-Cu-Mn
sulfide nanoarrays and the carbon fiber support.

4 Conclusion

In summary, we synthesized homogeneously mixed high-entropy

metal sulfides nanoarray supported on carbon fiber
(CoZnCdCuMnS@CF) through a low-temperature cation
exchange strategy. The facile cation exchange reactions enable
partial Co* ions to leach out from the lattice of Co,Sg. In the
meantime, Zn*, Cd*, Cu* and Mn* ions were introduced and
occupied the positions of leached Co atoms, forming
homogeneously mixed and entropy-stabilized
CoZnCdCuMnS@CF. The as-prepared CoZnCdCuMnS@CF
performed excellent catalytic activity and durability toward HER
and OER, benefitting by the synergy electronic regulation among
the five metallic elements and the reinforced interfacial bonding
between high-entropy Co-Zn-Cd-Cu-Mn sulfide nanoarrays and
the carbon fiber support. Impressively, the catalyst exhibited
overpotentials of 220 and 173 mV at 10 mA-cm™ with excellent
durability for over 113 and 70 h for OER and HER in alkaline
medium. More importantly, CoZnCdCuMnS@CF required a
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voltage of 1.63 V to afford 10 mA-cm™ for overall water splitting.
Overall, this work opens a new avenue for fabricating high-
efficiency high-entropy materials for energy storage and
conversion.
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