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Nanostructured high-entropy materials such as alloys, oxides, etc., are attracting extensive attention
because of their widely tunable surface electronic structure/catalytic activity through mixing different
elements in one system. To further tune the catalytic performance and multifunctionality, the designed
fabrication of multicomponent high-entropy nanocomposites such as high-entropy alloy@high-entropy
oxides (HEA@HEO) should be very promising. In this work, we design a two-step alloying—dealloying
strategy to synthesize ultra-small HEA nanoclusters (~2 nm) loaded on nanoporous HEO nanowires, and
the compositions of both the HEA and HEO can be adjusted separately. To demonstrate this concept,
a seven-component HEA (PtPdAuAgCulrRu) clusters@seven-component HEO (AINiCoFeCrMoTi)zO4 was
prepared, which is highly active for both oxygen evolution and reduction reactions. Our comprehensive
experimental results and first-principles density functional theory (DFT) calculations clearly show that
better oxygen evolution reaction (OER) performance is obtained by optimizing the composition of the
HEO support, and the seven-component HEA nanocluster is much more active for the ORR when

compared with pure Pt due to the modified surface electronic structure. Specifically, the high-entropy
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Accepted 24th August 2022 composite exhibits an OER activity comparable to the best reported value, and the ORR activity

exceeded the performance of commercial Pt/C in alkaline solutions with a record-low bifunctional AE of
DOI: 10.1039/d2sc044619 0.61 V in 0.1 M KOH solution. This work shows an important route to prepare complex HEA@QHEO

rsc.li/chemical-science nanocomposites with tuned catalytic performance for multifunctional catalysis and energy conversion.

less than 2 nm have attracted much attention due to their high
material utilization efficiency, abundant unsaturated active
sites, unique electronic structures, and high catalytic perfor-
mance in many reactions.” Compared with unary or binary
nanoclusters, high-entropy alloy (HEA) nanoclusters composed
of five or more metal elements can further reduce the content of

1. Introduction

Noble metals play an important role in the field of industrial
catalysis and energy conversion."* For example, Pt has
outstanding oxygen reduction reaction (ORR) and hydrogen
evolution reaction (HER) catalytic performance, while Ru and Ir

have excellent oxygen evolution reaction (OER) activity.”® As
their high price and scarce reserves severely hinder their wide-
spread application, researchers have been making great efforts
to reduce noble metal loading and to enhance their catalytic
performance. Recently, noble metal-based clusters with a size of

“School of Materials Science and Engineering, Harbin Institute of Technology,
Shenzhen, 518055, China. E-mail: qiuhuajun@hit.edu.cn; linxi@hit.edu.cn

Frontier Research Center for Materials Structure, School of Materials Science and
Engineering, Shanghai Jiao Tong University, Shanghai, 200240, China. E-mail:
kmreddy@sjtu.edu.cn

‘Mathematical School, Qilu Normal University, Jinan, 250200, China

“Blockchain Development and Research Institute, Harbin Institute of Technology,
Shenzhen 518055, P. R. China

‘State Key Laboratory of Advanced Welding and Joining, Harbin Institute of
Technology, Shenzhen 518055, China
T Electronic supplementary
https://doi.org/10.1039/d2s5c04461g

information (ESI) available. See

12056 | Chem. Sci, 2022, 13, 12056-12064

noble metals because of the incorporation of non-noble ones,
and also have better phase stability due to the high-entropy
effect.*** Moreover, owing to the adjustable electronic struc-
ture through different atom interactions, HEA clusters exhibit
tunable catalytic activity and even synergistic catalytic perfor-
mance."** For example, Yao et al. synthesized PtPARhRuCe and
CoMoFeNiCu nanoparticles (NPs) using a carbothermal shock
method, which exhibited outstanding performance in the
ammonia oxidation reaction.*® Li et al. prepared small size
PtNiFeCoCu NPs (3-4 nm) by a low temperature oil phase
synthesis method and used it for the alkaline hydrogen evolu-
tion reaction and methanol oxidation reaction.*® Wu et al. re-
ported a one-pot polyol process to prepare RuURhPdIrPt NPs,
which exhibited a high HER activity.*®

It is worth noting that the catalytic performance, multi-
functionality and durability of the catalyst system are highly
dependent on suitable supportive nanostructures.’” We noted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that most reported studies on noble metal clusters use nano-
carbon materials as substrates.***° Despite the observed
outstanding catalytic activity, the interface between metal
clusters and carbon substrates is not very stable due to the
relatively weak interfacial binding strength.** When partici-
pating in catalysis under long-term operation or under harsh
conditions, the agglomeration of nanoparticles may occur, and
the activity of the catalyst will gradually weaken or even disap-
pear.’”** On the other hand, the carbon support is usually inert
for most reactions.

Compared with normally used carbon-based supports,
multicomponent non-noble metal-based high-entropy oxides
(HEOs) have some unique properties. For example, HEO
supports are highly designable, composition tunable and cata-
lytically active, which can make the HEA cluster/HEO nano-
composite highly stable and multifunctional.***>** Moreover,
DFT calculations have shown that the electronic interaction
between some non-noble metal oxides such as Fe, Cr, Ni, etc.,
and noble metals would result in a synergistic catalytic effect
and enhanced catalytic activity of the whole system.>**”?”
However, the straightforward and scalable fabrication of an
inherently contacted HEA cluster@HEO nanocomposite with
separately tuned element composition of both HEA and HEO is
still very challenging considering the super complexity of the
nano-system.

In this work, we innovatively developed a simple and effec-
tive two step alloying-dealloying strategy to realize the fabrica-
tion of HEA cluster@HEO. This strategy is also highly
controllable in the compositions of both HEA and HEO
supports and highly scalable without the use of any organic
components. To demonstrate this concept, we designed and
prepared seven-component HEA nanoclusters (PtPdAuAg-
CulrRu) supported on seven-component nanostructured spinel
HEO (AINiCoFeCrMoTi) for the first time. The HEA clusters with

Non-noble metals
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particle sizes of about 1.5-2 nm were uniformly dispersed and
inherently contacted with the HEO support, which results in
high stability of the HEA nanoclusters. In order to achieve
a high bifunctional activity, we optimized the composition of
the HEO support to achieve a high OER activity. Our experi-
mental results show that better OER performance can be ob-
tained by optimizing the structure of the HEO substrate, and
the incorporation of HEA nanoclusters makes the composite
highly ORR active. When using the high-entropy composite as
a bifunctional cathode in an Zn-air battery, it also shows an
excellent charge-discharge reversibility with a record-low AE of
0.61 V, even 20 mV smaller than the reported best 0.63 V in
0.1 M KOH solution.** This study provides a new strategy to
fabricate a multicomponent composite catalyst with multi-
functionality, tunability and high durability due to the tunable
surface electronic structure for both HEA clusters and HEO
supports.

2. Results and discussion

The schematic illustration of the fabrication process of the HEA
cluster@HEO composite is shown in Scheme 1. Energy-
dispersive X-ray spectrometry (EDS) was firstly utilized to
confirm that the 14 elements are successfully integrated into the
nanocomposite based on the designed ratios (Fig. S17). X-ray
diffraction (XRD) was used to study the crystal structure
change of the alloy before and after dealloying. As shown in
Fig. 1a, the precursor alloy shows characteristic peaks at about
38.3°%, 44.7°, 65.1°, 78.2° and 82.5°, corresponding to the pure
aluminum phase in the precursor alloy. Additionally, some
weak peaks at about 43°, 46.3° and 47.5° can be assigned to the
AL;X (X: NiCoFeCrMoTi) phase in the alloy (Fig. 1a). After deal-
loying, all the peaks from pure Al and Al;X phases disappeared,
and a flat diffraction curve appears, indicating the formation of
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Scheme 1 Schematic illustration of the whole process for the preparation of the HEA nanoclusters supported on HEO.
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a nanoscale crystalline material. Several weak peaks at about
36°, 43° and 64° can be assigned to spinel structured oxides
such as CoFe,0,, NiCo,0, and CoCr,0, (Fig. 1b). We found that
a small amount of noble metal incorporation has no obvious
effect on the phase composition of the alloy both before and
after dealloying according to the XRD analysis (Fig. 1b).

The scanning electron microscopy (SEM) image indicates
that the as-prepared HEA cluster@HEO shows a nanowire
structure with diameters of ~50-100 nm (Fig. 1c). This is due to
the formation of a nanowire structured Al;(NiCoFeCrMoTi)
intermetallic phase mixed with the Al phase during the alloy
preparation process.’*** Transmission electron microscope
(TEM) images further indicated that the diameter of the nano-
wires is about 50 nm to 100 nm (Fig. 1d). A high-resolution TEM
(HRTEM) image verifies the formed nanoscale crystals within
the nanowires (Fig. S31). The diffraction fringe spacing is 2.45 A,
representing the (311) plane of the spinel phase, which is in
agreement with the XRD results. The HRTEM result combined
with selected area electron diffraction (SAED) data (inset in
Fig. 1d) further demonstrates the spinel HEO nanostructures
and their polycrystalline nature. Moreover, the clear color
contrast of the nanowires with an uneven surface from the
HRTEM image indicates the formation of nanopores or holes
during etching of Al (Fig. S47). This explains the detected
ultrafine pore size of less than 5 nm by a N, adsorption/
desorption test (Fig. S2t). Additionally, the STEM image
(Fig. 1e) confirms the uniform distribution of distinguishable
nanoclusters on the HEO nanowires (some are marked by black
arrows). According to the STEM-EDS elemental mapping
(Fig. 1f), all 14 elements are uniformly distributed on the
nanowires (Cu is not shown due to the interference from the
TEM Cu substrate). Due to the low contents of noble elements,
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their mapping contrasts are relatively weak compared with the
non-noble ones. The formation of HEA cluster@HEO materials
during dealloying is mainly due to differences in the metallicity
of these elements in the precursors. Metal elements with stan-
dard redox potentials lower than copper will be oxidized during
etching Al and forming a multicomponent HEO support. These
noble ones would diffuse and form HEA nanoclusters inher-
ently decorated on the HEO.

We then use X-ray photoelectron spectroscopy (XPS) to study
the chemical states of the 14 elements in the HEA cluster@HEO.
Fig. 1g shows the complete XPS spectrum for the HEA clus-
ter@HEO sample in the range of 0-950 eV, revealing the pres-
ence of the 14 constituent elements. When dealloying Al with
alkaline aqueous solutions, these chemically active transition
metals (Ni, Co, Fe, Cr, Ti, and Mo) will be oxidized to form
multicomponent HEOs. Noble metals (Pt, Pd, Au, Ag, etc.) will
retain their metallic state, thus forming the HEA@HEO metal/
oxide composite. Specifically, the spectrum of Al 2p indicates
that the remaining Al is basically in the state of AI** with the
peak located at 74.2 eV (Fig. S5). Ni exists as Ni** with the peaks
located at 855.9 eV and 874.3 eV. For Co 2p, the peaks at ~780.7
and 796.7 eV can be assigned to Co®" 2pz, and Co>" 2py,,
respectively. Fe exists in the states of Fe*" 2p with the peaks
located at 710.3 eV and 723.5 eV. As for Cr 2p, the two main
peaks at 576.5 eV and 586.2 €V can be identified as Cr’* 2ps),
and Cr’" 2p,,, respectively. For Mo 2p, Mo®" is the main
oxidation state with the peaks located at 231.8 eV and 234.8 eV.
Ti mainly exists in the oxidized state of Ti*", with the peaks
located at around 457.8 eV and 463.4 eV. For the noble
elements, the peaks of Pt can be identified as Pt° located at
67.6 eV and 73.5 eV. Metallic Pd's peaks are located at 334.7 eV
and 339.2 eV. Au mainly exists in the form of Au® 4f,, (83.3 eV)
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Fig.1 Characterization of the HEA cluster@HEO. (a) XRD patterns of the precursor alloys and (b) the dealloyed samples. The PDF standard cards
of CoFe,Og4, CoCry,O4, and NiCo,04 are included for comparison. (c) SEM, (d) TEM, and (e) HAADF-STEM images and (f) STEM-EDS mapping of
the HEA cluster@HEO. Cu was not included because of the interference from the Cu grid. (g) XPS spectrum of the HEA cluster@HEO sample.
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and Au’ 4f;, (87.1 eV). The peaks of Ag are assigned to Ag® 3ds),
(367.5 eV) and Ag° 3d;, (340.4 eV). For element Cu 2p,
a distinguishable peak is located at 931.9 eV. Ir exists in the
state of Ir® 4f with the peaks located at 60.8 eV and 67.5 eV. Ru is
assigned to Ru® 3p;,, (457.8 eV) and Ru® 3py,, (463.6 V). These
results further confirm the formation of the HEA cluster@HEO
composite. In our previous work, we found that when etching
an eight-component Al-based precursor alloy (AINiCoR-
uMoFeCrTi), Ru as the only noble element would also be
oxidized due to the inhibited Ru diffusion during the formation
of HEO.* Thus, in this work, we conclude that the presence of
more noble elements such as Pt, Au, Ir, etc., would protect Ru
from oxidization, forming well mixed seven-component HEA
nanoclusters.

In order to characterize these noble metal-based clusters
more clearly, we slightly etched the material to partially remove
surface HEO under acidic conditions. As shown in Fig. 2a, we
can clearly observe HEA clusters evenly distributed on the HEO
support. We measured more than 60 clusters and found that
their size is mainly less than 2 nm and more than 70% of these
clusters are 1.5-2.2 nm (Fig. 2b and c). From the HAADF-STEM
image in Fig. 2d, the distance of 2.27 A between adjacent lattice
fringes can be related to the (111) plane of the face-centered-
cubic HEA clusters and some bright noble metal single atoms
can also be observed. Zoom-in STEM-EDS mapping further
demonstrates the uniform mixing of these noble elements in
the nanoclusters (Fig. 2e). It should be mentioned that the
composition of the HEA clusters is not optimized. We mainly
mix these frequently studied ORR active Pt, Pd, Au, and Ag with
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OER active Ru and Ir. Copper is added to further increase the
complexity and lower the cost of the system.

In order to make the HEO support highly OER active, we first
optimized the composition of the HEO.>**** In our previous
research, we found that the AINiCoFeMo-based HEO is highly
active for the OER.**** We later found that in an eight-
component HEO, the presence of both Cr and Fe would result
in a synergistic catalytic effect for oxygen electrocatalysis.*
Thus, in this work, an AINiCoFeCrMo-based HEO was designed
and exhibited a high OER activity. Adding Ti to form seven-
component AINiCoFeCrMoTi can further enhance the OER
activity, but further addition of V forming eight-component
AINiCoFeCrMoTiV, however, clearly decreased the activity. For
more comparison, we also compared it with other oxides such
as ternary AlNiFe, quaternary AINiCoFe and quinary AINiCo-
FeCr (Fig. S6T). The seven-component sample with the best OER
activity was then adopted in this work.

The seven-component HEO shows even better OER catalytic
performance than commercial IrO, (Fig. 3a), by exhibiting
a smaller overpotential at 10 mA em™>. Interestingly, the OER
performance was further improved by preparing the HEA clus-
ter@HEO probably due to the increased active sites (such as Ru
and Ir sites) and/or the electronic interaction at interfaces.*?
Specifically, the HEA cluster@HEO requires only a small over-
potential of 240 mV to provide a current density of 10 mA cm 2,
while IrO, needs an overpotential of ~295 mV to reach the same
current density. The performance is also outstanding when
compared with most literature results (Table S11). Meanwhile,
the Tafel slope of the HEA cluster@HEO catalyst was 49.3 mV

Fig. 2 TEM ((a) low magnification and (b) high magnification) images and (c) size distributions of the HEA clusters on the HEO support. (d)

HAADF-STEM and (e) STEM-EDS mapping of the sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2022, 13, 12056-12064 | 12059


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04461g

Open Access Article. Published on 24 Augustus 2022. Downloaded on 2025-11-03 7:35:27 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
100 12
a ——HEO b = HEO ¢ T heo
——pPt@HEOC /N | Pt@HEO 10] —@—Pt@HEO
75 HEA Cluster@HEO > o027 :"gA C‘“Stﬁf@*"Eo/' HEA Cluster@HEO
o —1r0 = |ereee r
£ : 5 : 8
Q b= 66.4 mV dec =i S G
< 50 & ~*"52.8 mV dec iy
€ © 0.244 W 5 m\/ dec N a
— . ! Q
- 5] # q‘-’\
254 > ,
o 21 %
____________________ 0.21- ‘99 Q%
1.0 M KOH 2
0 T T T T T T T 0 T T T T
1.2 1.3 1.4 15 16 0.0 03 06 5. 09 10 20_ 30 40
E/Vvs. RHE % log (J / mA cm™) Z'/Q
>d Overpotential Tafel € 30— Pt@HEO f —— Pt@HEO
g400{ — 80 HEA Cluster@HEO 807w after it tests
~ 00 R Ir0, HEA Cluster@HEO
§ [} after i-t tests
e a ' o
2390 This Work! i OO; ‘}‘E 2041 £601——10,
= H [ o '\ O e after i-t tests
® - < \ <
T 200 08 € \ €40
= o ~, F -
9 w 10'\*:‘—-_«\___ — -
8 100 209 e CE N 85.5% 204
o) (0]
3 = a98% 0 b
o i IS 1.0 M KOH _
“ex, ”0 %co,, /90,, /ebo 0t 093/, %@, ° 1 2 30 40 50 0 14
Osp "Wy %‘Wfo G0, Time /h E/Vvs. RHE
a8
9 o hogg_ j 0401
Pt@HEO A B 55.6 mV dec " T F4
HEA Cluster@HEO Saw_ g 035{E-2{, 156‘5 ‘m;\ ;.
N —PtC % 0.96 T o <é: ° 2000 rpm '3
£ -2 e =
o D: 46.7 mV dec 5 !
QE: _______________________ (g 0.93 - M K
‘= >
= w 0901 < 04y n=402
W s HEO 59.6 mV dec™ e 05V Nn,=3.98
_____ PI@HEO 4 06V n,=3.94
0.87 HEA Cluster@HEO v 0.7V n,=3.87
_____ Pt/C 0.15 ¢ 08V n=4.09
-6 A - . - - r . . . .
0.4 08 ° 1.0 1.2 0.9 0.6 -0.3 0.0 0.02 0.03 0.04
i E /' V vs.RHE log (J / mA cm) o"? [ rad? s'?
- M En | ko HEA Cluster@HEO '090_ - S it
‘ 0.95 after stability test w oY ZIF-L-D-Co304/CC RIS
‘ ——PUYC % 4 | :
i
[ T T after stability test - Co-Co,0,/Cc ® CUSNIS,  LThiswork ,
2 [T £ -2 £ 0,871 o
= o659 <‘(" > CoNi@NCNT/NF A
= { A2 g [eemmmEemasecs - -----+ P = FeCo@VINC
: 2
‘ i w\j = : i 0.84] SN-Fe/NIC-CNT
S [ : ! 4
” [ /\ o Co@N-CNTF °
& | D 0.81 . C00.85Se@NC
e 5 !
TR T =
W60 oW‘ A ) 0.4 0.6 0.8 1.0 360 240
Q@7 o oV @q?e e E/Vvs. RHE OER- Overpotentlal@DmA w2/ mV

Fig. 3

(a) OER polarization and (b) Tafel curves of the samples in O,-saturated 1.0 M KOH solution. (c) Electrochemical impedance spectra (EIS)
of HEO, Pt@HEO and HEA cluster@HEO. (d) Comparison of the overpotentials at 10 mAcm™

2 and Tafel slopes with literature data. (e) i—t curves

at 1.48 V. (f) OER polarization curves before and after i—t tests. (g) ORR polarization curves of different electrodes in O,-saturated 0.1 M KOH
solution, (h) Tafel plots, and (i) the Koutecky—Levich plots at different potentials and ORR polarization curves of the HEA cluster@HEO at changed
rotation rates (inset in (i)). (j) Comparison of the noble metal mass activity and half-wave potential with literature data. (k) ORR polarization curves

before and after 10 k CV cycles. () Comparison of OER overpotentials at 10 mA cm™

dec™", which is smaller than that of IrO, (66.4 mV dec ") and
other catalysts (HEO: 52.5 mV dec™ ' and Pt@HEO: 52.8 mV
dec™) (Fig. 3b). It also has the smallest impedance resistance,
indicating the fastest reaction kinetics (Fig. 3c). The detailed
comparison of the overpotential, Tafel slope and other param-
eters with literature data is shown in Fig. 3d and Table S1.1 The
HEA cluster@HEO also shows a high catalytic durability with
93.8% current retention after a 50 h continuous OER test.
Meanwhile, the retention of Pt@HEO and IrO, was 85.9% and
49.6%, respectively (Fig. 3e). After the it test, we further per-
formed the LSV test and found negligible performance decline
for the HEA cluster@HEO (Fig. 3f).

12060 | Chem. Sci, 2022, 13, 12056-12064

2 and ORR half-wave potential with literature data.

For potential bifunctional electrocatalysis, their ORR activity
was then investigated. We found that without noble metals, the
HEO support alone exhibited the lowest ORR activity with an E;,
» 0f 0.78 V (Fig. 3g). The E; ), increased to about 0.85 V when the
HEO support is loaded with Pt clusters (i.e., PPt@HEO), indi-
cating the key role of Pt clusters for the enhanced ORR perfor-
mance. Interestingly, we found that the HEA cluster@HEO
shows further enhanced ORR activity, with a highest E;,, of
~0.89 V, which is even better than that of Pt/C (E;,: 0.86 V).
Note that the loading atomic percentage of all 7 noble metals
(PtPdAuAgCulrRu) was designed to be the same as that of Pt in
Pt@HEA to facilitate the comparison. Besides, HEA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cluster@HEO shows the smallest Tafel slope of 42.3 mV dec ™,
which is smaller than that of Pt/C (55.6 mV dec™ '), HEO
(59.6 mV dec™ ') and Pt@HEO (46.7 mV dec '), revealing the
faster ORR kinetics (Fig. 3h).

The ORR performance of our HEA cluster@HEO catalyst is
also higher than most literature reported results as shown in
Table S2.1 The ORR kinetics on HEA cluster@HEO was then
examined by testing the ORR response at different rotational
speeds (Fig. 3i). The obtained Koutecky-Levich plots show good
linearity, suggesting first-order reaction kinetics toward the
concentration of oxygen (Fig. 3i). The calculated 7 is about 3.98,
revealing an efficient 4e~ route. As shown in Fig. 3j, the HEA
cluster@HEO catalyst exhibits a high noble metal mass activity
(2.8 A MEnoble metal ) at 0.9 V, which far exceeds that of
commercial Pt/C (0.4 A mgp ') and other noble metal-
containing catalysts (Fig. 3j and Table S27).

The double-layer capacitance of HEO, Pt@HEO, and HEA
cluster@HEO was then tested to reveal the corresponding
electrochemical surface areas (Fig. S7t1). Compared with that of
HEO (22.86 mF cm ™), the Pt@HEO (25.61 mF cm™?) and HEA
cluster@HEO (26.48 mF cm ™ *) samples show relatively larger
double-layer capacitance, indicating an enlarged electrochemi-
cally active surface area (ECSA) due to the incorporation of
noble metal-based clusters, which should contribute to better
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catalytic performance. We then tested the ORR stability of the
HEA cluster@HEO and Pt/C by CV cycling. We can see that the
change in half-wave potential was negligible for our HEA clus-
ter@HEO, while the performance of Pt/C was significantly
deteriorated (Fig. 3k). The outstanding durability of the HEA
cluster@HEO may be attributed to both the high-entropy
stabilization effect considering AG = AH — TAS and the
inherent strong interaction between the HEA clusters and HEO
support.

First-principles density functional theory (DFT) calculations
have been performed to gain more insights into the inherent
mechanism underlying the high entropy systems for the
enhanced OER and ORR activity. The DFT computational
details are presented in the ESL{ A computational model
(FeCoNiMoCrTi);0, with a spinel structure (Fig. 4a) is con-
structed by partially substituting Co and Ni atoms with Fe, Mo,
Cr and Ti atoms in NiCo,0,. Our previous studies have shown
that multi-component spinel oxides exhibit much better OER
activity than single-component and minor-component spinel
oxides.*”** Based on e, theory that the OER activity is the highest
when the e, occupancy is close to unity,*” we then compare the
e, occupancy of the active Co sites from the projected density of
states (PDOSs, Fig. 4d), which is calculated through integration
up to the Fermi level, as shown in Fig. 4e. The calculated e,

a
d
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8 _ spin down
o |Creg Mo e, Tie,
g 6 4 2 0 2 3 s 6 4 =2 0 2 r 3
16
= g HEA :d~band center at-1.818 eV
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e s O o]
=038 8 O a |
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Fig.4 (a) Computational models of (FeCoNiMoCrTi)sO,4 with a spinel structure, (b) pure Pt (111), and (c) HEA. (d) PDOSs onto the eq orbitals of the
HEO sample. (e) |eq — 1| for metal elements in HEO and literature data. (f) Difference between AE and the optimal value. The optimal value of
AEois 0.2 eV lower than AEg on Pt (111). (g) PDOS onto the Pt d orbitals of HEA and Pt (111). The black dashed lines indicate the d-band centers.
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occupancy of other elements of this HEO (1.22 (Fe), 1.30 (Cr),
1.46(Mo) and 0.77 (Ti)) is also shown. The e, occupancy of the
Co site (1.10) is much closer to unity, suggesting a high OER
activity by forming such HEO. This e, value is comparable with
that of reported quinary AINiCoRuMo-based HEO and smaller
than that of the eight-component AINiCoRuMoCrFeTi HEO.
That is to say, without the addition of noble metal Ru, the Co
site is also positively modified by forming such HEO. For the
ORR, according to the Sabatier volcano plot of measured kinetic
current density as a function of AE, the catalytic activity rea-
ches the maximum at a AE of =0.2 eV weaker than that on Pt
(111).5*°* As shown in Fig. 4f, the O absorption energy on HEA is
much lower than that on Pt (111) and the difference from the
optimal value is less than 0.01 eV. The mechanism of the
enhanced ORR activity is also illustrated by the PDOS onto Pt
d orbitals. As shown in Fig. 4g, the d-band center of Pt (—1.818
eV) in the HEA cluster is much lower than that in pure Pt (111)
(—1.789 eV) due to the electronic interaction of different noble
metals, which should result in a weaker absorption of O and
enhanced ORR active sites. The corresponding Pt (111) and HEA
model structures are shown in Fig. 4b and c, respectively. It
should be mentioned that other active sites and the electronic
interaction between the HEA clusters and the HEO support is
not studied in this work due to the high complexity of the
system.

Fig. 5a shows that the voltage gap (AE) between the ORR half-
wave potential (E;,) and OER potential at 10 mA cm ™ (E;_;,) in
0.1 M KOH solution for the HEA cluster@HEO is only 0.61 V,
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which is smaller than that of Pt@HEO (0.66 V) and Pt/C-IrO,
(0.70 V) and even 20 mV smaller than the best reported AE of
0.63 V (CoNC@LDH).** More comparison with literature re-
ported bifunctional catalysts is shown in Fig. 31 and Table S3.7
The excellent bifunctional activities of the designed high-
entropy composite were then tested in rechargeable metal-air
batteries (Fig. 5b). The open-circuit voltage (OCV) of the HEA
cluster@HEO-based battery is 1.528 V (inset in Fig. 5c). The
tested energy density is 897.6 W h kg™', and the maximum
power density is about 146.4 mW cm >, which outperforms
those of the Pt/C-IrO,-based battery (OCV: 1.462 V, Fig. S9,T
energy density: 812.8 W h kg~' and maximum power density:
103.8 mW cm™ >, Fig. 5¢ and d). The performance is also clearly
better than recently reported literature results as shown in
Table S4.f When discharged at different current densities from
10 mA cm > to 100 mA cm 2, the HEA cluster@HEO battery
exhibits higher discharge voltages than the Pt/C-IrO, battery
(Fig. 5€). From 10 to 100 mA cm >, the discharge voltage
dropped by 32.9% for the HEA cluster@HEO-based battery,
which is much smaller than 45.7% for the Pt/C-IrO,-based
battery (Fig. 5f), demonstrating the much better rate perfor-
mance of the HEA cluster@HEO battery.

We then tested the cycling stability of the battery at both 2
and 10 mA cm 2. The HEA cluster@HEO-based battery exhibits
smaller charge-discharge voltage differences and can be stably
cycled at these different current densities (Fig. 5¢ and h). In
comparison, the performance of the Pt/C-IrO,-based battery
deteriorated significantly as the cycle number increased. We
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Fig. 5

discharge voltage/capacity curves at 20 mA cm ™2

(a) ORR/OER bifunctional LSV curves, both evaluated in 0.1 M KOH solution. (b) The configuration of a Zn—-air battery. (c) Galvanostatic
, inset in (c) shows the open-circuit voltage of the HEA cluster@HEO-based battery, and (d)

power density comparison between HEA cluster@HEO and Pt/C-IrO,. (e) Discharge curves at different current densities and (f) the corre-

sponding voltage change ratio. (g) The long-term cycling curves at 2 mA cm™

2 (1 hour per cycle). (h) Long-term cycling performance at 10 mA

cm~2 (1 hour per cycle). Inset in (h) shows the amplified charge/discharge curve. (i) Charge/discharge curves of the two batteries at different
current densities. (j) Two HEA cluster@HEO-based batteries to power an LED indicator. Inset in (j) shows the LED indicator before lighting up.
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also tested the cycle stability under different current densities.
As shown in Fig. 5i, under different currents (2, 5, 10 and 20 mA
cm?), the HEA cluster@HEO-based battery displays a clearly
smaller charge/discharge voltage difference (0.67 V, 0.73 V,
0.78 V and 0.87 V, respectively) than the Pt/C-IrO,-based battery
(0.73 v, 0.79 V, 0.86 V, and 0.99 V). Accelerated performance
deterioration of the Pt/C-IrO,-based battery is also observed
under identical testing conditions (Fig. 5i). Fig. 5j shows a photo
of a 2.8 V LED light powered by two HEA cluster@HEO-based
batteries in series.

After charge-discharge cycling at 10 mA cm ™2 for more than
150 hours, the HEA cluster@HEO catalyst was again investi-
gated by TEM and XPS. From the TEM analysis (Fig. S8a and b¥),
we can see that the noble metal-based HEA clusters are still
evenly decorated on the HEO support after cycling without
particle coarsening and all 14 elements are still uniformly
distributed (Fig. S8ct). From the surface-sensitive XPS analysis,
we found slight peak shifts for both noble (such as Au, Ir, Pd,
etc.) and non-noble (such as Mo) elements. Probably due to the
high potential applied during charging, these characteristic
peaks all shifted slightly to higher binding energy states. This
result indicates the surface microstructure change during the
electrochemical oxidation/reduction process. However, based
on the durability test, it is safe to conclude that the changed
microstructure still delivers high performance for both the OER
and the ORR.

3. Conclusion

In summary, through a facile two-step synthetic strategy, we
realized the loading of ultra-small HEA clusters (PtPdAuAg-
CulrRu) inherently on nanoporous spinel HEO nanowires
(AINiCoFeCrMoTi). Both the loading amount of HEA clusters
and the compositions of HEA and HEO can be precisely tuned.
The seven-component HEO is highly active for the OER, while
the noble metal-based HEA clusters are responsible for the high
ORR activity, resulting in a record-small AE of 0.61 V. It is worth
mentioning that the loading of a small amount of noble metal
also remarkably improves the OER performance, probably due
to the strong metal/support synergistic electronic interaction
and the increased active OER sites. Moreover, compared with
Pt@HEO, the HEA cluster@HEO has greatly improved ORR
activity with much less Pt. This work provides a wide designing
space for multi-functional catalysts using high-entropy nano-
composite systems.

The ORR kinetics of N-MG-800 was examined by RDE
measurements at varied rotation speeds (Fig. 4b). The Kou-
tecky-Levich plots in the inset of Fig. 4b show excellent line-
arity, indicating first-order reaction kinetics toward the
concentration of dissolved oxygen in the electrolyte. The near
parallelism of the fitting lines suggests a similar electron
transfer number (n) for the ORR at different potentials. The
value of n is calculated to be = 3.94 from the slopes of Koutecky-
Levich plots and demonstrates a near four-electron oxygen
reduction process for N-MG-800, analogous to the Pt/C catalyst
with n = 4.0.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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