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ABSTRACT In electrocatalysis, the stability issue between catalyst 

and support still needs great attention. Here, a series of high-  

entropy alloy nanoparticles (HEA-NPs) embedded in carbon cloth 

(CC) were synthesized by using the scalable strategy-microwave 

heating. Among them, PtRhCoNiCu/CC exhibits outstanding hy-

drogen evolution reaction (HER) activity (19 and 170 mV overpo-

tential at 10 and 1000 mA cm-2) and stability (150 h), outperforming 

other recently reported HEAs catalysts. IrRuCoNiCu/CC displays 

superior oxygen evolution reaction (OER) activity (166 and 354 mV 

overpotential at 10 and 1000 mA cm-2) and stability (150 h), and shows a lower overpotential than recently reported HEA catalysts. In water 

splitting, IrRuCoNiCu/CC(+)//PtRhCoNiCu/CC(-) electrolyzer achieves 500 mA cm-2 (1000 mA cm-2) high current density at 1.76 V (1.88 V) and 

exhibits excellent stability, which is one of the best catalysts currently. Therefore, the novel supported HEA catalyst with high stability is ex-

pected to be a promising candidate material for industrialized water splitting. 
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 INTRODUNTION 

High-entropy alloys (HEAs) have attracted extensive attention in 
the fields of energy and catalysis due to their unique "cocktail" 
effect and abundant active sites.[1-8] Although HEAs nanoparti-
cles (NPs) exhibit excellent anti-dissolution properties and good 
stability due to the entropy stabilization effect,[7,9,10], in practical 
applications, the problem of HEA-NPs agglomeration is also an 
urgent concern.[9,11] In the field of electrocatalysis, carbon materials 
are usually selected as supports because of their large specific 
surface area, high electrical conductivity and low cost.[12-15] HEA- 
NPs are usually supported on carbon supports by physical mixing, 
though the problem of particle agglomeration can be improved to 
some extent. However, the interaction between NPs and the car-
bon support is weak.[9,16-18] After long-term operation, the HEA-NPs 
will also agglomerate, causing the loss of active sites and the 
degradation of catalytic performance. To solve this problem, much 
more efforts have been devoted to enhancing the stability of sup-
ports and HEA-NPs. For example, Hu et al. synthesized stable 
multi-elemental alloy NPs on carbon support by introducing metal 
oxides.[9] However, the introduction of oxides may reduce the 
electrical conductivity of the material and affect its catalytic per-
formance in electrocatalysis, also increasing the catalyst cost. 
Therefore, it is crucial to develop new strategies to prepare efficient 
and stable carbon-supported HEA catalysts. 

According to reports, strong metal-support interaction (SMSI) 
exhibits the characteristics of the support components covering 
or encapsulating metal NPs, which can effectively inhibit the 
aggregation and shedding of nanoparticles, thereby improving 

the stability of catalysts.[19-26] Therefore, it can be used as an 
effective strategy to prepare highly stable supported catalysts. 
The HEA-NPs can be confined in carbon support: i) the conduc-
tive carbon support can enhance the charge transfer ability,[27,28] ii) 
the strong interaction between the active components (HEA-NPs) 
and the carbon support can enhance its stability.[29] However, the 
traditional synthesis method of HEAs requires a long time or 
cumbersome operation, and it is difficult to control the metal- 
support interface. Therefore, to improve the performance of 
supported catalysts and make them suitable for practical appli-
cations, it is necessary to develop an economical, efficient, and 
large-scale preparation method. 

Microwave heating as an internal heat source has been widely 
used in the rapid preparation of many nanomaterials (carbon 
materials and carbon supported nanomaterials).[22,30-33] This 
method has a series of advantages, such as high temperature, 
fast heating and cooling speed, uniform heating distribution, 
suitability for various sizes of carbon materials and econom-
ic.[30,34] Herein, we develop a general method for the rapid syn-
thesis of stable HEA-NPs on carbon supports (carbon cloth, CC) 
by rapid microwave heating. The HEA-NPs were directly grown 
and firmly confined on the CC, and the NPs were well dispersed. 
To evaluate the performance of designed catalysts, water split-
ting performance tests were carried out. Among them, PtRhCo- 
NiCu/CC shows excellent HER performance, with a low over- 
potential of 170 mV at 1000 mA cm-2 and a TOF value of 0.49 s-1 
at the 100 mV overpotential. In addition, IrRuCoNiCu/CC exhibits 
outstanding OER performance (354 mV overpotential at 1000 
mA cm-2, and the TOF value reaches 0.28 s-1 at 300 mV 
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overpotential). Importantly, HEAs-NPs/CC catalysts also demon- 
strate excellent stability at high current density. In water splitting, 
IrRuCoNiCu/CC//PtRhCoNiCu/CC has high current density up to 
1000 mA cm-2 at 1.88 V and diaplays excellent stability of 100 h, 
superior to RuO2/CC//Pt/C/CC. 

 RESULTS AND DISCUSSION 

A series of HEA-NPs partially embedded in CC were prepared by 
a facile, fast microwave method. As shown in the schematic of 
the synthesis process (Figure 1a), the metal salt mixed solution 
was dropped directly onto the CC and the precursor/CC was 
sealed in a glass bottle for microwave heating (Figure S1). 
Importantly, after a few seconds (about 10 s), the NPs material 
embedded in CC can be obtained. As we know, Pt, Ru, and Rh- 
based catalysts showed excellent HER activity.[35-41] Ir- and 
Ru-based catalysts displayed outstanding OER activity.[42-45] On 
the other hand, transition metal-based (Fe, Co, Ni, Cu, et al.) 
catalysts (metal oxides and hydroxides) also showed certain 
HER and OER activities.[39,46-53] Transition metals are also 

abundant on earth and easily mix with precious metals to form 
alloys.[54-56] Therefore, we prepared a series of HEA-NPs partially 
embedded in CC as catalysts for HER and OER. 

As shown in Figure S2, the surface of CC appears partial 
depression after microwave treatment, which may anchor metal 
NPs to prevent their aggregation and improve their dispersity. 
From Figure 1b and c, the PtRhCoNiCu NPs are evenly distri- 
buted on CC, and the size of NPs is about 9.4 nm (Figure S3). 
High-resolution transmission electron microscopy (HRTEM) 
image shows that HEA-NPs are face-centered cubic (FCC) 
phase, and the spacing of (111) lattice fringes is 0.228 nm 
(Figure 1d). From Figure 1b and d, it can be clearly seen that the 
HEA-NPs are half-encapsulated in the carbon layer, which is 
consistent with the classic SMSI effect characteristics (Metal 
nanoparticles are encapsulated by the carrier to prevent 
migration).[22,57,58] It is preliminarily believed that SMSI may be 
generated between HEA and carbon carrier. In X-ray diffraction 
(XRD) patterns (Figure 1e), the two obvious diffraction peaks 
correspond to the (111) and (200) facets of fcc structure. Com-  

Figure 1. (a) Schematic for the synthesis of HEA-NPs/CC. (b) SEM images, (c) TEM image, (d) HRTEM image, (e) XRD and (f) Elemental mapping of 

PtRhCoNiCu/CC. 
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pared with the diffraction peaks of pure Pt, Rh, Co, Ni and Cu, 
the positions of diffraction peaks of PtRhCoNiCu/CC are shifted, 
which are consistent with those of Cu3Pt alloy, indicating the 
synthesis of single-phase alloy (HEA). The TEM energy- 
dispersive X-ray spectroscopy (TEM-EDX) elemental maps of 
the PtRhCoNiCu NPs show that Pt, Rh, Co, Ni, and Cu are 
uniformly distributed across the NPs (Figure 1f), with the ele-
mental ratio in PtRhCoNiCu/CC to be 32:22:11:15:20 (Table S1). 
The surface element states of HEA-NPs were analyzed by X-ray 
electron spectroscopy (XPS). By taking PtRhCoNiCu HEA-NPs 
sample as an example (Figure 2), Pt and Rh mainly exist in 
metallic state due to their high stability (Figure 2b-c). The Ni and 
Co on the surface of NPs mainly exist in the form of oxidation 
state, with a small amount of metal state (Figure 2d-e). The 
metallic Pt appears at 71.9 eV (Pt 4f7/2) and 75.2 eV (Pt 4f5/2) 
(Figure 2b). Compared with Pt/CC, the peak of Pt0 in the 
PtRhCoNiCu/CC sample showed a negative shift (Figure S4), 
indicating the electron transfer between Pt and other metals. The 
peaks present at 312.5 eV (Rh 3d3/2) and 307.8 eV (Rh 3d5/2) can 
be ascribed to metallic Rh, and those at 314.6 eV (Rh 3d3/2) and 
309.8 eV (Rh 3d5/2) belong to Rh3+ state (Figure 2c).[59] The Co 
2p peaks have three valence states of Co0 (779.8 eV, Co 2p3/2), 
Co2+ (783.3 eV, Co2+ 2p3/2) and Co3+ (781.4 eV, Co3+ 2p3/2) 
(Figure 2d). The Ni 2P spectra showed that it is mainly in the 
form of Ni2+ (855.9 eV, Ni2+ 2p3/2) with a small amount of Ni0 
(852.7 eV, Ni 2p3/2). The Cu 2p spectra also exhibit Cu0 (932.3 eV, 
Cu 2p3/2) and Cu2+ (934.4 eV, Cu2+ 2p3/2) peaks coexisting in the 
sample (Figure 2f). 

To further prove the universality of microwave heating method, 
we synthesized a series of HEA (PtRuCoNiCu, PtIrCoNiCu, 
PtFeCoNiCu, IrRuCoNiCu, IrRhCoNiCu, RuRhCoNiCu, RuFeCo- 

NiCu, RhFeCoNiCu, and IrFeCoNiCu) NPs on CC (Figure 
S5-S7), which are uniformly distributed on CC. The elemental 
ratio in HEA-NPs is shown in Table S1. In addition, we also 
characterize the IrRuCoNiCu HEA-NPs to verify the successful 
preparation of the designed materials. From SEM and TEM 
images as well as XRD and EDX elemental maps (Figure S8), 
IrRuCoNiCu NPs with FCC structure are uniformly distributed on 
CC, and Ir, Ru, Co, Ni, and Cu elements are evenly distributed. 
Importantly, the NPs are also semi-encapsulated in the carbon 
layer (Figure S8a and d). Further, the as-prepared HEA-NPs on 
CC were studied as bifunctional electrocatalysts for HER and 
OER in alkaline solutions, and the optimal catalysts were selected 
for overall water splitting. 

The HER performance of different samples in 1.0 M KOH 
solution was investigated. As expected, HER activity of 
HEA-NPs/CC catalysts is significantly increased. For comparison, 
Pt/C catalyst was fixed on CC (Pt/C/CC) to test HER polarization 
curve. Figure 3a and Figure S9a show the HER polarization 
linear sweep voltammetry (LSV) curves of HEA-NPs/CC and 
Pt/C/CC. Among them, PtRhCoNiCu/CC catalyst exhibits 
superior HER activity, only taking low overpotentials of 19 and 
170 mV at 10 and 1000 mA cm-2, which is better than the 
commercial Pt/C (η10 = 30 mV, η1000 = 315 mV). In addition, at 
1000 mA cm -2, the overpotentials of RuRhCoNiCu/CC, 
RhFeCoNiCu/CC, IrRhCoNiCu/CC, PtRuCoNiCu/CC, RuFeCo- 
NiCu/CC, IrRuCoNiCu/CC, PtIrCoNiCu/CC, and PtFeCoNiCu/ 
CC and Pt/C/CC are 187, 208, 217, 219, 237, 244, 250, 297, and 
314 mV, respectively (Figure 3b). Moreover, the mass activity of 
PtRhCoNiCu/CC was significantly increased (Figure 3c). At -0.05 
V vs. RHE, the mass activity of PtRhCoNiCu/CC is 244.9 mA 
mg-1

matal, higher than that of Pt/C/CC and other HEA-NPs/CC

Figure 2. XPS compositional analysis of PtRhCoNiCu/CC sample. (a) XPS survey spectrum. (b) Pt 4f XPS spectrum. (c) Rh 3d XPS spectrum. (d) Co 

2p XPS spectrum. (e) Ni 2p XPS spectrum. (f) Cu 2p XPS spectrum. 
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(Figure 3d and Figure S9). Importantly, the HER performance of 
PtRhCoNiCu/CC is superior to that for other recently reported 
HEAs catalysts in alkaline media (Table S3). These results show 
that HEA-NPs/CC catalyst can meet the requirements of high 
current density catalytic activity in industrial scale.  

The Tafel slope can be used to study the kinetics of HER. 
Small Tafel value indicates that the catalyst can overcome the 
HER kinetic process.[60] From Figure 3e and Figure S9b, we can 
see that the Tafel slope of PtRhCoNiCu/CC is 26.9 mV dev-1, 
which is smaller than that of PtRuCoNiCu/CC (28.9 mV dev-1), 
PtIrCoNiCu/CC (34.7 mV dev-1), RuRhCoNiCu/CC (27.2 mV 
dev-1), IrRhCoNiCu/CC (28.4 mV dev-1), IrRuCoNiCu/CC (30.4 
mV dev-1), PtFeCoNiCu/CC (34.6 mV dev-1), RuFeCoNiCu (32.0 
mV dev-1), RhFeCoNiCu (28.2 mV dev-1), IrFeCoNiCu/CC (37.3 
mV dev-1) and Pt/C/CC (36.9 mV dev-1). The Tafel slopes for 
HEA-NPs/CC are 26-40 mV dec-1, respectively, suggesting the 
Tafel step is the rate-limiting step. As comparison, the Tafel slope 
of PtRhCoNiCu/CC reaches 26.9 mV dec-1, revealing water dis-
sociation kinetics has been substantially boosted. The double- 
layer capacitance (Cdl) obtained by the cyclic voltammetry (CV) 
method and the turnover frequency (TOF) can evaluate the 
intrinsic activity of the catalyst.[60] The HEA-NPs/CC catalysts 
show higher Cdl value than Pt/C/CC (Figure S10-S11), indicating 
that it can expose more active sites, effectively improve the 
intrinsic activity and accelerate the HER process. Among them, 
the PtRhCoNiCu/CC (31.3 mF cm-2) catalyst has the largest Cdl 
value. In addition, the intrinsic activity of catalyst was evaluated 
by TOF. From Figure S12, the TOF value of PtRhCoNiCu/CC 
reaches 0.49 s-1 at 100 mV overpotential for HER, which is 
higher than that of other HEA-NPs/CC catalysts. Obviously, the 
intrinsic catalytic activity of PtRhCoNiCu/CC is superior to that of 
other catalysts for HER. 

In order to study the stability of PtRhCoNiCu/CC catalyst, we 

performed the CP test continuously for 150 h at a current density 
of 1000 mA cm-2 (Figure 3f), and the potential did not change 
significantly, indicating superior stability of the catalyst. Figure 
S13 shows fluctuations in potential curve caused by generation 
and escape of huge amounts of bulbbles at high current densities. 
In addition, comparing the LSV before and after 10,000 cycles 
(Figure S14), the overpotential is negligibly changed at 1000 mA 
cm-2 (170 and 178 mV), demonstrating the extraordinary electro- 
chemical stability. From the SEM (Figure S15a-b) and TEM 
images (Figure S15c), the morphology and sizes (Figure S15d) 
of PtRhCoNiCu/CC do not change significantly. In addition, the 
XPS spectra of PtRhCoNiCu/CC (Figure S16) reveal that its 
elements maintained almost identical chemical states as com- 
pared to the that before stability test. These results confirm that 
PtRhCoNiCu/CC catalyst exhibits excellent stability. The electro- 
catalytic activity and stability of HEA-NPs/CC catalyst were sig-
nificantly improved, which may be attributed to chemical compo-
sition and structural characteristics.[2,61-64] 

Importantly, the interaction between metal and support is often 
used to stabilize metal NPs in order to obtain high stability and 
long life.[65] The carbon cloth support confines the metal NPs and 
prevents their agglomeration through the catalysts with partial 
depressions formed during the microwave process. In order to 
verify the advantages of this structure, we drop PtRhCoNiCu NPs 
on the carbon cloth directly (PtRhCoNiCu-CC, Figure S17a), 
which has the same metal loading with PtRhCoNiCu/CC. From 
Figure S17b-f, PtRhCoNiCu-CC has similar acticity, Tafel slope 
and Cdl with PtRhCoNiCu/CC. However, PtRhCoNiCu/CC has 
higher stability than PtRhCoNiCu-CC, indicating that metal NPs 
embedded on CC ((interaction between metal and support) can 
effectively improve the stability of metal catalyst. 

In addition, we also prepared the Pt/CC and PtRh/CC by same 
method (Figure S18). Compared with the Pt/CC and PtRh/CC 

Figure 3. Electrocatalytic performance of HER in 1.0 M KOH. (a) LSV curves, (b) comparisons of HER overpotentials, (c) mass activity of LSV curves, (d) the 

mass activities at the potential of -0.05 V vs. RHE, and (e) Tafel curves for Pt/C/CC and HEA-NPs/CC. (f) CP curve of PtRhCoNiCu/CC at -1000 mA cm−2. 
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catalysts, the HER activity of PtRhCoNiCu/CC was significantly 
improved (Figure S19a-c). The Tafel slope of PtRhCoNiCu/CC 
(26.9 mV dev-1) is smaller than that of Pt/CC (31.4 mV dev-1) and 
PtRh/CC (27.6 mV dev-1) (Figure S19b). The results indicate that 
most HEA-NPs/CC catalysts can better overcome the HER ki-
netic process. Among them, the PtRhCoNiCu/CC (31.3 mF cm-2) 
catalyst has the largest Cdl value (Figure S19d-f), and the 
enhanced activity of PtRhCoNiCu/CC may be attributed to the 
exposed more active sites. 

From Figure S20 and Table S2, the Nyquist plots comprise one 
semicircle in the high frequency region, which is attributed to the 
charge-transfer resistance (Rct) resulting from the redox reac- 
tion on the electrocatalyst electrode. Rs is for the uncompen- 
sated solution resistance, which is about 5 Ω, indicating a similar 
electrolysis configuration. The PtRhCoNiCu/CC catalyst has a 
small semicircular diameter, indicating the small impedance and 
fast electron transport capability, which is beneficial to the 
improvement of HER performance. 

The excellent HER performance of PtRhCoNiCu/CC catalyst 
can be attributed to chemical composition and structural cha- 
racteristics. The existence of multi-active sites and synergistic 
effects in HEAs can facilitate electron transfer and intermediate 
transformation, and optimize the surface electronic structure and 
activity.[6,66,67] In PtRhCoNiCu/CC catalyst for HER, Pt and Rh are 
the main active sites of the catalyst, Ni and Co show good 
adsorption on H* and H2O, and Cu could effectively promote the 
charge transfer within the catalyst.[41,53,64,68,69] In addition, the 
growth of nanomaterials on the supports is also important. CC 
support can also improve the accessibility of active sites of HEAs, 
further improve catalytic activity and contribute to high current 
density. In addition, directly preparing NPs on supports and 
confining them in CC can prevent their agglomeration, which can 
effectively improve the stability of catalysts. 

Furthermore, we also evaluated the OER catalytic perfor- 
mance of the prepared catalysts in 1.0 M KOH solution. From 
Figure 4a-d and Figure S21, IrRuCoNiCu/CC catalyst displays 
the best performance, with only 166 and 354 mV overpotential at 
10 and 1000 mA cm-2. Its performance is better than that of other 
HEA-NPs/CC catalysts (IrRuCoNiCu/CC (η1000 = 354 mV) < 
RuRhCoNiCu/CC (η1000 = 374 mV) < IrRhCoNiCu/CC (η1000 = 
378 mV) < IrFeCoNiCu/CC (η1000 = 409 mV) < RhFeCoNiCu/CC 
(η1000 = 417 mV) < RuFeCoNiCu/CC (η1000 = 418 mV) < 
PtRuCoNiCu/CC (η1000 = 438 mV) < PtIrCoNiCu/CC (η1000 = 460 
mV) < PtFeCoNiCu/CC (η1000 = 465 mV) < PtRhCoNiCu/CC 
(η1000 = 490 mV)) and RuO2/CC (η1000 = 428 mV). And the mass 
activity of IrRuCoNiCu/CC is up to 1089.2 mA mg-1 matal at 300 
mV overpotential, higher than that of other catalysts (Figure 4d 
and Figure S21d). Tafel slope was used to assess the dynamics 
of OER. Specifically, the Tafel slope is as follows: 
IrRuCoNiCu/CC (69.1 mV dev-1) < RuO2/CC (70.6 mV dev-1) < 
IrRhCoNiCu/CC (71.5 mV dev-1) < IrFeCoNiCu/CC (75.9 mV 
dev-1) < RhFeCoNiCu/CC (78.6 mV dev-1) < RuRhCoNiCu/CC 
(85.8 mV dev-1) < PtFeCoNiCu/CC (88.9 mV dev-1) < PtIrCoNi- 
Cu/CC (98.9 mV dev-1) < RuFeCoNiCu/CC (102.1 mV dev-1) < 
PtRuCoNiCu/CC (107.2 mV dev-1) < PtRhCoNiCu/CC (125.9 mV 
dev-1) (Figure 4e and Figure S21b). Due to the multicomponent 
properties, which reduced the amount of precious metals and 
increased activity, the IrRuCoNiCu/CC catalyst shows a lower 
overpotential than recently reported HEAs catalysts (Table S4). 
The Tafel slope of IrRuCoNiCu/CC catalyst is 69.1 mV dec-1, 
which is also lower than the Tafel value of RuO2 (70.6 mV dev-1), 
indicating the best OER kinetics. From the value of Cdl (Figure 
S10-S11) and TOF (Figure S22), the IrRuCoNiCu/CC (32.0 mF 
cm-2) catalyst has the largest Cdl value, and the TOF value 
reaches 0.28 s-1 at 300 mV overpotential. These results indicate 
that the IrRuCoNiCu/CC catalyst has high intrinsic activity, which

Figure 4. Electrocatalytic performance of OER in 1.0 M KOH. (a) LSV curves, (b) comparisons of OER overpotentials, (c) mass activity of LSV curves, (d) 

the mass activities at the 300 mV overpotential, and (e) Tafel curves for RuO2/CC and HEA-NPs/CC. (f) CP curve of PtRhCoNiCu/CC at 1000 mA cm-2. 
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may be attributed to that Ir is the main active site, and the elec-
tronegativity of Fe, Co and Ni is lower than that of Ir and Ru, 
leading to redistribution of electron density and enhancement of 
Ir activity, while promoting the conversion of *OOH and the gene- 
ration of O2.[70] The excellent performance of IrRuCoNiCu/CC 
catalyst makes HEAs materials have broad application prospect 
in OER field. 

The stability of IrRuCoNiCu/CC catalyst was studied by CP 
test. As shown in Figure 4f, the IrRuCoNiCu/CC catalyst exhibits 
excellent stability when tested at 1000 mA cm-2 for 150 h. In 
addition, comparing the LSV curves before and after 10,000 
cycles (Figure S23), a negligible change is found. After stability 
testing, IrRuCoNiCu/CC catalyst remained its original mor- 
phology (Figure S24), indicating excellent stability. From XPS 
spectrum (Figure S25-S26), the catalyst surface was slightly 
oxidized during OER process. This may be due to the interaction 
between CC and NPs, which protects the active sites from over- 
oxidation during OER process, thereby improving the stability 
and activity of the catalyst. 

For OER, we also prepared the Ru/CC and IrRu/CC (Figure 
S27). From Figure S28a and c, the OER activity of IrRu-
CoNiCu/CC catalyst was significantly higher than that of Ru/CC 
and IrRu/CC. Compared with Ru/CC (92.3 mV dev-1) and 
IrRu/CC (78.2 mV dev-1), Tafel slope value of IrRuCoNiCu/CC is 
smaller (69.1 mV dev-1, Figure S28b), indicating the fast reaction 
dynamics of IrRuCoNiCu/CC. In addition, the Cdl of IrRuCoNiCu/ 
CC, 32.0 mF cm-2, is larger than that of Ru/CC (19.8 mF cm-2) 
and IrRu/CC (23.9 mF cm-2) (Figure S28d-f), indicating more 
active sites for IrRuCoNiCu/CC. The IrRuCoNiCu/CC shows a 
smaller semicircle diameter than Ru/CC and IrRu/CC (Figure 

S29), suggesting a faster electron transportation capacity. 
Carbon-based materials have limited stability against oxidation 

at very oxidative potentials as those needed for OER.[71,72] To 
investigate the effect of these alloy NPs embedded in CC on 
catalytic activity and durability, alloy NPs were removed by acid 
leaching. OER activity decreased significantly due to the removal 
of alloy NPs during acid treatment (Figure S30). These results 
indicate that these alloy NPs have a certain contribution to OER. 
Metal alloy in alkaline medium is beneficial to improve the 
stability of catalyst. It is suggested that the intrinsic OER activity 
and stability of metal alloys may reduce the corrosion of carbon 
during OER by reducing the anodic polarization directly acting on 
the carbon itself.[71] 

Based on the excellent performance of PtRhCoNiCu/CC (HER) 
and IrRuCoNiCu/CC (OER), a two-electrode system was used to 
evaluate the performance of water splitting (Figure 5a). As shown 
in Figure 5b, water splitting performance of IrRuCoNiCu/CC// 
PtRhCoNiCu/CC is superior to that of IrRuCoNiCu/CC, PtRhCo- 
NiCu/CC and RuO2/CC//Pt/C/CC. IrRuCoNiCu/CC//PtRhCoNiCu/ 
CC shows excellent water splitting performance, reaching 1000 
mA cm-2 at a low potential of 1.88 V. In addition, at 100 mA cm-2, 
the potential of the IrRuCoNiCu/CC//PtRhCoNiCu/CC couple 
(1.61 V) is lower than the values for IrRuCoNiCu/CC couple (1.64 
V), PtRhCoNiCu/CC couple (1.69 V) and RuO2/CC//Pt/ C/CC 
couple (1.73 V). Impressively, the overall water splitting activity of 
the IrRuCoNiCu/CC//PtRhCoNiCu/CC electrolyzer is higher than 
that of most recently reported electrocatalysts (Table S5). From 
Figure 5c, the IrRuCoNiCu/CC//PtRhCoNiCu/CC can operate 
stably with slight fluctuations at 500 mA cm-2 high current densi-
ties for 100 h. However, a deactivation is observed from 50 h at 

Figure 5. (a) Using IrRuCoNiCu/CC(+)//PtRhCoNiCu/CC(-) as the anode and cathode for water electrolysis. (b) LSV curves of water splitting for the 

investigated samples. (c) CP curves of IrRuCoNiCu/CC(+)//PtRhCoNiCu/CC(-) at 500 and 1000 mA cm-2. 
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1000 mA cm-2, which may be the formation of a large number of 
bubbles that cannot be removed in time during the reaction pro-
cess, and the peeling of some of the catalytic active species from 
the carbon cloth substrate. These results indicate that the 
catalyst can be used as a candidate material for hydrogen 
production by industrial water splitting. In addition, the quantities 
of H2 and O2 are obtained at 0, 200, 400, 600, 800 and 1000 s by 
water drainage method at 50.0 mA. As shown in Figure S31, the 
volume ratio of H2 and O2 is about 2:1. With the increase of con-
stant-current electrolysis time, H2 (O2) production changes linear- 
ly with time, and the amount of H2 (O2) production is close to the 
theoretical yield, indicating that the Faraday efficiency of water 
splitting is close to 100%. 

 CONCLUSION 

In conclusion, we demonstrated the generation of a series of high 
entropy alloy nanoparticles embedded in carbon cloth by micro- 
wave heating. The generated HEA-NPs/CC were eventually used 
as electrocatalysts for HER, OER and water splitting, with 
significantly enhanced activity and stability due to the multiple 
active sites of HEA-NPs and the embedding of HEA-NPs into 
carbon support. Among them, PtRhCoNiCu/CC (HER:TOF = 0.49 
s-1 at 100 mV overpotential, η10 = 19 mV and η1000 = 170 mV) and 
IrRuCoNiCu/CC (OER:TOF = 0.28 s-1 at 300 mV overpotential, η10 
= 166 mV and η1000 = 354 mV) showed extraordinary HER and 
OER activities. And the two electrodes prepared by the catalyst 
were tested for water splitting. IrRuCoNiCu/CC(+)//PtRhCoNiCu/ 
CC(-) can reach 1000 mA cm-2 high current density at 1.88 V, and 
exhibit excellent long-term stability. Microwave heating method 
has great potential in rapid preparation of multicomponent mate-
rials and can be developed to achieve large-scale production. In 
terms of expanding the scale of material preparation in the future, 
continuous processes can be developed to handle more rea-
sonable yields and improve reproducibility; In situ characteriza-
tion and measurement techniques are still to be improved, and 
the corresponding reaction mechanism is systematically studied, 
so as to provide guidance for industrial synthesis of nanomateri-
als; In chemical reaction process, how to accurately measure the 
internal temperature of microwave heating materials is still a 
challenge. It is necessary to establish an accurate microwave 
heating mechanism, more detailed theoretical analysis should be 
carried out, including modeling and simulation of microwave 
heating characteristics. In the future, microwave heating tech-
nology will meet the needs of high throughput synthesis in the 
fields of efficient energy storage and catalysis. 
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