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High-entropy oxides (HEOs) have been tentatively and prospectively applied for chemical catalysis
and energy storage. However, further enhancing their performance is difficult owing to the difficulty
in precisely regulating the physical-chemical properties. In this work, a general in-situ modulation
strategy of solid-phase combustion involving thiourea addition and alkali liquor treatment is de-
veloped to activate metal sites and lattice oxygen species of CuCoNiZnAl HEOs. Consequently, com-
pared with pristine HEOs, the activated HEOs not only display higher CO. hydrogenation and CO
oxidation activities but also significantly enhanced electrocatalytic performance (discharge/charge
capacities of 12049/9901 mAh/g) with excellent cycle stability (2500 h) for Li-O; batteries. The
superior performance of the activated HEOs is attributed to its facile electron transferability. This
simple and effective strategy could be easily applied on a large scale, guiding the development of

Li-O2 battery

highly active heterogeneous HEO catalysts for various functional applications.
© 2023, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

High-entropy materials have attracted extensive interest
from researchers in many fields by virtue of the tunability of
their constituent elements into one specific lattice structure,
superior mechanical/heat stability under harsh conditions, and
simplicity of the preparation process [1-3]. In particular,
high-entropy oxides (HEOs), an emerging category of metal
oxides, have limited yet impressive applications in catalysis and
energy storage [4]. Both single-phase HEOs and mixed-phase
HEOs are collectively regarded as HEOs and have been rapidly

developed [5]. Constituted by at least five metal cations into
one pure or mixed lattice phase, the formation of HEOs is driv-
en by entropy, endowing them with superior thermodynamic
stability, exclusive synergistic effects, multifarious phase
structures, and tunable electronic structures [5]. As a result, the
various preparation methods and potential functional applica-
tions of HEOs have stimulated research interest. Meanwhile,
the structure and characteristics of HEOs have also been stud-
ied in depth, as the five or more metallic elements comprising
HEOs are usually present in equimolar ratios and distributed
randomly in the HEO framework. This leads to unexpectedly
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strong metal-support interactions, excellent redox properties,
stable chemical states, and abundant physical-chemical proper-
ties [6]. As a result, the variable metallic element composition
and crystal structure of HEOs could be amenable to various
applications such as thermocatalysis, electrocatalysis [7,8], and
lithium-ion storage [9]. Taking catalysis as an example, HEOs
could be directly used as pure catalysts [10]. Furthermore,
when combined with different functional materials (e.g, met-
al-organic frameworks, composite oxides) or noble metals (e.g.,
Pt, Pd), the generated composited HEOs could realize excellent
catalytic performance for multifarious functional applications
[411,12].

As mentioned above, the unique structure and abundant
physical-chemical properties have enabled their successful
catalytic application in certain redox reactions (e.g., CO oxida-
tion, CO2 hydrogenation). For example, Zhang et al. [13] devel-
oped highly mesoporous, Cu-based HEOs using a sol-gel meth-
od. The HEOs exhibited impressive CO oxidation performance
at high temperature (> 200 °C). To further improve the
low-temperature catalytic activity of HEOs toward CO oxida-
tion, Chen et al. [14] reported an HEO-based catalyst prepared
by combining HEOs with CuCeOx. As a result, CO could be cata-
lytically converted over the composited MCuCeOx-HEOs at
much lower temperatures (< 50 °C). Meanwhile, higher reac-
tion temperatures could still enhance CO conversion with ex-
cellent stability. Moreover, the combination of noble metals
with HEOs could maximally optimize CO catalytic oxidation
conversion. For example, Chen et al. [15] designed a mechano-
chemistry route to prepare Pt-based HEOs (PtNiMgCuZnCoOx
HEOs), and the addition of Pt species (only 0.3 wt% Pt) over
HEOs could effectively accelerate the conversion of CO (partic-
ularly at low temperature) when compared with NiMgCuZ-
nCoOx HEOs, which was induced by the generation of Pt-O-M
species over PtNiMgCuZnCoOx HEOs. Unexpectedly, the stable
structure of HEOs also endowed the PtNiMgCuZnCoOx HEOs
with superior thermostability. Apart from Pt, multifarious no-
ble species (e.g., Ru, Au, Pd) have also been combined with HE-
Os to further improve CO conversion under complicated condi-
tions [16-18]. Apart from catalytic oxidation, HEOs are also
promising for catalytic reduction reactions. For instance, Zhang
et al. [19] designed cubic HEOs Zros(NiFeCuMnCo)o.sOx using a
solvent-free approach to convert CO2 via catalytic hydrogena-
tion. They found that Zros(NiFeCuMnCo)osOx not only dis-
played better CO2 conversion performance than that of doped
ZrosMosOx (M = Cu, Fe, CuMn, etc.) catalysts at 400 °C but also
exhibited excellent stability (i.e., as long as 500 h - much longer
than that of Zros(MnCu)osOx). Similarly, when combined with
noble metals, the obtained functionalized HEOs also demon-
strated enhanced CO2 hydrogenation performance. As reported
by Chen et al. [20] found that by introducing a noble metal (Ru
or Pt) into (NiMgCuZnCo)O, the as-obtained Ru/Pt-based
(NiMgCuZnCo)O catalysts displayed impressive CO2 conversion
(> 40%) at high temperature (500 °C) with high CO selectivity
(> 95%) in a stable state. This conversion was much higher
than that of pure (NiMgCuZnCo)O. These studies highlighted
the significance of HEOs and their derived catalysts in catalytic
applications, suggesting the importance of developing HEOs for

further applications. However, the reported optimized strate-
gies (such as the introduction of noble metals) are not the most
simple and effective solutions for further improving the prop-
erties and performance of HEOs and thus are not amenable to
their commercial preparation and industrial application.

In this work, we propose an in-situ strategy to activate par-
tial metal sites and induce lattice oxygen (Ow.w) species in
CuCoNiZnAl HEOs (referred to as CuCoNiZnAl hereafter) by
adding thiourea using a solvent-free method to produce
CuCoNiZnAl-T (where T stands for thiourea). The
CuCoNiZnAl-T activated species were further exposed through
alkali liquor treatment to obtain CuCoNiZnAl-T-NaOH. Subse-
quently, the physical-chemical properties of these HEOs were
analyzed using various characterization techniques. Mean-
while, CO2 hydrogenation, CO oxidation, and the lithium oxygen
(Li-O2) battery were chosen to evaluate and compare the per-
formance of the obtained HEOs. Thiourea addition during the
calcination process was verified to change the HEO microenvi-
ronment, activating the partial metal sites along with the sur-
face Oiar species and promoting the reduction properties of the
HEOs, which were further optimized by the alkali liquor treat-
ment. It was revealed that the electrons could be easily trans-
ferred between the activated Cu, Co, and Ni oxides and surface
Ol species, leading to the enhanced redox properties of the
HEOs and improved catalytic/energy storage performance.
Finally, the relationship between the ameliorative properties
and enhanced application performance is discussed and estab-
lished. To the best of our knowledge, this is the first study re-
porting the activation regulation of HEOs by the simple inclu-
sion of thiourea using a solvent-free method and alkali liquor
treatment for application in the fields of thermal and electro-
chemical catalysis.

2. Experimental
2.1. Catalyst preparation

All Cu-based HEOs catalysts were obtained using mechano-
chemistry methods. For example, CuCoNiZnAl HEOs (abbrevi-
ated as CuCoNiZnAl), equimolar (0.02 mol) Cu(NO3)2:6Hz0,
Co(NOs3)2-6H20, Ni(NOs3)2-6H:z0, Zn(NO03)2-6H20, and
AI(NO3)3-9H20 were weighed and physically mixed in an agate
mortar until a blue powder was formed. Afterwards, the mixed
powders were calcinated in air at 900 °C for 4 h at a heating
rate of 3 °C/min to obtain the desired crystalline oxide phase.
CuCoNiZnAl enhanced with thiourea (CuCoNiZnAl-T) was pre-
pared using the same method as that used to prepare
CuCoNiZnAl, but 0.05 mol thiourea was added during the mix-
ture of the metal complexes. As for the modified CuCoNiZnAl-T
in NaOH solution (labeled CuCoNiZnAl-T-NaOH), the obtained
CuCoNiZnAl-T (1.2 g) was added to NaOH solution (5 mol/L, 30
mL), which was further fixed in a hydrothermal reactor and
treated at 110 °C for 24 h (Fig. S1). It should be noted that the
alkali liquor treatment only slightly reduced the mass of
CuCoNiZnAl-T, that is, no new species were formed, and the
metallic elements dissolved to form CuCoNiZnAl-T-NaOH. Fi-
nally, CuCoNiZnAl-T-NaOH was centrifuged and dried. The
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procedure is described in more detail in the Supporting Infor-
mation.

2.2. Characterizations and performance test

The physical-chemical properties, morphologies, and crystal
structures of the Cu-based HEOs catalysts were elucidated us-
ing various techniques, such as X-ray diffraction (XRD), N> ad-
sorption-desorption isotherms, Raman spectroscopy, electron
paramagnetic resonance spectroscopy (EPR), chemisorption
tests, scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelec-
tron spectroscopy (XPS). A detailed description of these char-
acterizations can be found in the Supporting Information. The
Cu-based HEOs catalysts were evaluated with respect to their
performance in COz hydrogenation, CO oxidation, and an Li-O2
battery test. Detailed descriptions of the pre-treatment and
performance evaluations can also be found in the Supporting
Information.

3. Results and discussion
3.1. Structural properties and morphological characteristics

The XRD patterns of CuCoNiZnAl, CuCoNiZnAl-T, and
CuCoNiZnAl-T-NaOH are presented in Fig. 1(a). The diffraction
peaks at 31.5°, 37.1°, 45.2°, 55.7°, 59.4°, and 65.3° are assigned
to the phase of spinel oxides, while those at 35.6°, 38.8°, 43.1°,
and 62.5° are ascribed to the phase of compound oxides
[21,22]. It is evident from the patterns that the obtained HEOs
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possess a mixed phase. The very similar XRD patterns of
CuCoNiZnAl-T and CuCoNiZnAl-T-NaOH indicate that there is
no new phase generation over the CuCoNiZnAl-T-NaOH after
alkali liquor treatment. Particularly for CuCoNiZnAl-T-NaOH,
no patterns of characteristic of a hydroxide-like phase are ap-
parent. In addition, the peak intensities of the XRD spectra for
CuCoNiZnAl-T and CuCoNiZnAl-T-NaOH are slightly weaker
than those of CuCoNiZnAl, suggesting that the addition of thio-
urea along with alkali liquor treatment slightly impaired the
crystallinity but did not affect the crystal structure. Aside from
the phase structures, the textural parameters were also ana-
lyzed by acquiring the low-temperature Nz adsorp-
tion-desorption isotherms. CuCoNiZnAl exhibits a type IV iso-
therm accompanied with very little N2 adsorption in the rela-
tive pressure (p/po) range of 0-0.9 and manifests very limited
mesoporosity, which is also reflected in the pore-size distribu-
tion (inset of Fig. 1(b)) [23]. In addition, CuCoNiZnAI-T shows a
slightly higher Nz-adsorbing capacity and a more abundant
pore-size distribution than that of CuCoNiZnAl, which was fa-
cilitated by the volatilization of thiourea (as a pore-enlarging
agent) during the calcination process. However, although the
post-alkali treatment still keeps its pore structure, the change
of massive morphology to sheet morphology could bring about
the partial decrease of the inner pore, which will be discussed
in a later section. As a result, the total BET surface area (Sser) of
these HEOs gives an order of CuCoNiZnAl-T (4.8 m?/g) >
CuCoNiZnAl-T-NaOH (3.2 m2/g) > CuCoNiZnAl (1.8 m2/g). It
should be noted that the increased textural parameters of
CuCoNiZnAl-T and CuCoNiZnAl-T-NaOH are benefical to the
exposure of surface metal sites and oxygen species, thereby
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Fig. 1. XRD patterns (a), N2 adsorption-desorption isotherms (inset: pore size distribution profiles) (b), H2-TPR profiles (c), and Raman spectra (d) of

CuCoNiZnAl, CuCoNiZnAI-T, and CuCoNiZnAI-T-NaOH.
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Fig. 2. SEM images of CuCoNiZnAl (a), CuCoNiZnAl-T (b), and CuCoNiZnAl-T-NaOH (c). HRTEM images of CuCoNiZnAl (d), CuCoNiZnAl-T (e), and
CuCoNiZnAl-T-NaOH (f). STEM image (g) and Cu (h), Co (i), Ni (j), Zn (k), and Al (1) elemental distributions in CuCoNiZnAI-T-NaOH examined at na-
nometer scale using STEM-EDS.

affording sufficient space for molecular collisions, initiating a
gas-phase catalytic reaction.

Subsequently, an H: temperature-programmed reduction
(H2-TPR) experiment was conducted to evaluate the effect of
introduced thiourea and post alkaline liquor treatment on the
reducibility of these HEO catalysts (Fig. 1(c)). The CuCoNiZnAl
catalyst gave rise to two distinct reduction peaks at * 364 and
530 °C, ascribed to the reduction of Co oxides and Ni oxides,
respectively [24,25]. It is noteworthy that no reduction peaks
corresponding to Cu oxides were observed in profile of the
CuCoNiZnAl catalyst, possibly owing to the inhibition of the
reduction of Cu oxides. In the H2-TPR profile of the
CuCoNiZnAl-T catalyst, two obvious reduction peaks at * 380
and 474 °C were also observed. Compared with the profile of
the CuCoNiZnAl catalyst, the position of the Co oxide reduction
peak for the CuCoNiZnAl-T catalyst shifts upwards by 16 °C,
and the position of the Ni oxide reduction peak shifts down-
wards by 56 °C, clearly indicating that the Ni oxides are acti-
vated upon introducing thiourea. Moreover, a tiny reduction
peak at = 220 °C emerged, which is assigned to the evolution of
Cu2+ to Cu oxides [26,27]. It was confirmed that the introduc-
tion of thiourea also slightly activates the Cu oxides over the
CuCoNiZnAl-T catalyst. As for the CuCoNiZnAl-T-NaOH catalyst,
except for the optimized reduction peaks of Co/Ni oxides (re-
duction peak of Co oxides at 350 °C and reduction peak of Ni
oxides at 474 °C), two sharp and strong reduction peaks appear
at 200-250 °C. The new reduction peaks are associated with
the reduction of Cu oxides (i.e., Cu2+ to Cu+ at 206 °C, and Cu* to
Cuf at 232 °C) [26]. Meanwhile, the Co oxide reduction peak

shifts from 380 °C for CuCoNiZnAl-T to 350 °C for
CuCoNiZnAl-T-NaOH with a decrease in peak area. This is pos-
sibly because the generation of the irregular flake morphology
promotes the exposure of Cu species and partially inhibits the
exposure of Co species. As a whole, the reducibility of the
CuCoNiZnAl-T-NaOH catalyst is much better than those of
CuCoNiZnAl-T and CuCoNiZnAl. Meanwhile, it is clear that the
total reduction peak area of the CuCoNiZnAl-T-NaOH catalyst is
larger than that of the other HEOs, which indicates the for-
mation of a greater amount of more easily reduced Cu, Co, and
Ni oxides.

Moreover, Raman spectroscopy was performed to analyze
the chemical character of the Cu, Co, and Ni oxides of the HEOs
(Fig. 1(d)). Four distinct peaks centered at 490, 530, 623, and
716 cm-1 were observed in the spectrum of CuCoNiZnAl, which
are ascribed to the typical Raman-active modes of Cu oxides, Co
oxides and Ni oxides [28,29]. Among them, the bands at 530
and 623 cm-! are associated with the single-phonon scattering
of Ni oxides and Bg vibrational modes of Cu oxides, respectively
[28]. Meanwhile, the two peaks centered at 490 and 716 cm-!
were assigned to the Eg and Aig symmetries of Co oxides, re-
spectively [29]. Interestingly, these peaks intensified, and new
peaks emerged in the spectrum of CuCoNiZnAl-T. In detail, the
peaks centered at 490, 530, 623, and 716 cm-! are stronger
than those of CuCoNiZnAl, particularly the 490 cm-! peak,
which indicates the optimization of the Co oxides. In addition,
one weak peak at 292 cm-1, assigned to the Ag vibrational
modes of the Cu oxides, is apparent [30]. The introduction of
thiourea during the preparation process is believed to improve
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the reducibility and structural properties of the Cu, Co, and Ni
oxides, which agrees well with the Hz2-TPR results. After alka-
line liquor treatment of CuCoNiZnAl-T, all these peaks further
intensify. In summary, the mechanochemical process in this
work confirmed the successful synthesis of CuCoNiZnAl, and
then the in-situ introduction of thiourea and post-alkali liquor
treatment improve the textural parameters and physi-
cal-chemical properties of both CuCoNiZnAl-T and
CuCoNiZnAI-T-NaOH.

The morphology and structure of CuCoNiZnA],
CuCoNiZnAl-T, and CuCoNiZnAl-T-NaOH were further charac-
terized. The SEM image of CuCoNiZnAl shows a relatively uni-
form polyhedron with a major particle size of 70-200 nm (Fig.
2(a)). After introducing thiourea during the synthesis process,
the as-obtained CuCoNiZnAl-T gradually displays a deposit
with an adherent polyhedron morphology (Fig. 2(b)). Some
standalone polyhedra with a major particle size of 70-200 nm
and interwoven heterogeneous blocks co-existed in
CuCoNiZnAl-T. Further modifying CuCoNiZnAl-T with alkaline
liquor, it is estimated that most of the adherent polyhedra dis-
appear, and large, irregular flakes emerge in
CuCoNiZnAl-T-NaOH. This is because the introduction of thio-
urea along with alkaline liquor thermal treatment destroyed
the uniform polyhedral morphology and reunited the adherent
polyhedra into a sheet structure (Fig. 2(c)). Meanwhile, the
presence of nanosheets in CuCoNiZnAl-T-NaOH was also prov-
en using atomic force microscopy (AFM) (Fig. S2). In short, the
CuCoNiZnAl-T-NaOH obtained here possesses a folded and thin
nanosheet structure. Combined with the Sger result (Fig. 1(b)),
it can be concluded that some inner pores are destroyed owing
to the sheet structure generated in CuCoNiZnAl-T-NaOH, ac-
counting for its slightly smaller BET surface area compared
with that of CuCoNiZnAlI-T.

The morphological character of these HEOs was also ana-
lyzed using TEM. As depicted in Fig. S3, CuCoNiZnAl and
CuCoNiZnAl-T have an irregular, massive morphology, whereas
CuCoNiZnAl-T-NaOH possesses a sheet-like morphology. Af-
terwards, HRTEM confirmed the different lattice states in these
HEOs. As revealed in Fig. 2(d), CuCoNiZnAl shows an inter-
planar spacing of = 0.28 nm, assigned to the d(220) spacing of
the spinel phase. Meanwhile, CuCoNiZnAl-T and
CuCoNiZnAl-T-NaOH have interplanar spacings of # 0.49 and =
0.45 nm, respectively, corresponding to the d(111) spacing of
the spinel phase (Figs. 2(e) and (f)) [21]. The different lattice
fringe of CuCoNiZnAl compared with those of CuCoNiZnAl-T
and CuCoNiZnAlI-T-NaOH confirms that the addition of thiourea
along with alkali liquor treatment significantly changes the
exposure of the lattice plane. Moreover, the alkali liquor treat-
ment of CuCoNiZnAl-T could bring about the distorted lattice
fringe of CuCoNiZnAl-T-NaOH (insert of Fig. 2(f)). The distorted
lattice fringe of CuCoNiZnAl-T-NaOH suggests the existence of
abundant surface vacancies, as confirmed by the intensity pro-
file derived from the lattice fringe in the HRTEM images (Figs.
S4-S6). In detail, dark dots (partly labeled by red circles) are
evident in the line profiles of these HEOs, which are induced by
the generated cationic vacancies. It is noted that the peaks in-
dicate the intensities of the cationic sites (Cu, Co, Ni, Zn, or Al),

while the valley represents the signals between lattice fringes.
Among these HEOs, CuCoNiZnAl shows clear, uniform positive
peaks (Fig. S4). By contrast, some uneven peaks were randomly
distributed in the profiles of CuCoNiZnAl-T (Fig. S5) and
CuCoNiZnAl-T-NaOH (Fig. S6), particularly in the case of the
latter. Therefore, a certain amount of cationic vacancies exist in
CuCoNiZnAl-T-NaOH. However, the type of cationic vacancies
could not be determined owing to the complicated structural
characteristics of the HEOs. Although the morphology, phase
structure, and cationic vacancies are mainly affected by the
addition of thiourea along with alkaline liquor thermal treat-
ment (Figs. S5-S7) [31], the different elements in these HEOs
are still uniformly distributed. Figs. 2(j)-(1) and Figs. S8-S13
exhibit the elemental distribution mappings on different scales.
It can be seen that the metallic elements of CuCoNiZnAl and
CuCoNiZnAl-T are well-distributed on both micrometer and
nanometer scales (Figs. S$8-S11). A similar phenomenon exists
for CuCoNiZnAl-T-NaOH (Figs. 2(j)-(1) and Figs. S12 and S13),
suggesting the successful mixture and stable distribution of
metals and oxygen, even after introducing thiourea and carry-
ing out alkaline liquor treatment. The STEM-EDS analysis fur-
ther proves the successful synthesis of the mixed-phase HEOs,
and the uniform distribution of elements in these HEOs is good
for the strong interaction among these different metal species.
Compared with the Cu and Ni species, the Co species appear to
segregate more at the surface. In particular, the generated cat-
ionic vacancies and distorted lattice of CuCoNiZnAI-T-NaOH
may endow it with more unique physical-chemical properties
for various functional applications.

3.2. XPS and He-TPD characterizations

Apart from the surface morphological structure, XPS was
used to evaluate the chemical states of the as-synthesized
CuCoNiZnAl HEOs (Fig. S14 and Fig. 3(a)). Fig. S14(a) shows
the survey XPS spectra of these HEO catalysts, which reveals
the presence of Cu, Co, Ni, Zn, Al and O. Obviously, the surface O
content of the CuCoNiZnAl-T-NaOH catalyst (47.73 at%) is
much higher than those of CuCoNiZnAl-T (41.93 at%) and
CuCoNiZnAl (38.47 at%), indicating that the addition of thiou-
rea and post alkali liquor treatment exposes the surface oxygen
species. In addition, the intensities of the Cu 2p, Co 2p, Ni 2p, Zn
2p, and Al 2p XPS peaks of CuCoNiZnAl-T-NaOH are much
stronger than those of CuCoNiZnAl-T and CuCoNiZnAl (Figs.
S14(b)-(f)), further confirming that the construction of the
sheet structure is highly beneficial to the improvement of the
surface chemical states of metallic elements and Opnw species.
Besides the enhancement of the physical-chemical properties
and morphological structure, the surface oxygen properties of
CuCoNiZnAl-T-NaOH are also affected. As shown in Fig. 3(a),
these HEOs give rise to two obvious O 1s peaks at approxi-
mately 531.3 and 529.7 eV, ascribed to the adsorbed oxygen
(Oads) and Ot close to the surface, respectively [32,33]. In par-
ticular, the O 1s peak intensity at 531.1 eV is clearly weaker
than that of the signal at 529.7 eV, indicating that these HEOs
contain more Ola species. Meanwhile, it was observed that the
binding energy of the Onr peaks of CuCoNiZnAl-T-NaOH and
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CuCoNiZnAl-T (529.9 eV) was higher than that of CuCoNiZnAl
(529.7 eV), suggesting that the Ot of CuCoNiZnAl-T-NaOH and
CuCoNiZnAl-T close to the surface has a higher electron-cloud
density. This implies that the Ot species over the
CuCoNiZnAl-T-NaOH and CuCoNiZnAl-T catalysts are notably
activated and thus easily participate in the catalytic redox reac-
tions.  Moreover, the Onx species content of
CuCoNiZnAl-T-NaOH (81%) is much higher than those of
CuCoNiZnAl-T (73%) and CuCoNiZnAl (65%). According to the
XPS result, CuCoNiZnAl-T-NaOH offers the highest Ot species
in these HEOs owing to the activated Cu, Co, and Ni oxides and
sheet-like structure.

To further evaluate the effect of the introduced thiourea and
sheet-structure construction on the Ot species, He tempera-
ture-programmed desorption (He-TPD) was performed to
evaluate the surface and bulk oxygen species of these HEOs.
Usually, the desorption peak at high temperature (T > 500 °C)
is derived from the released bulk O species [34,35]. The low-
er desorption temperature of Ol Species means that the Ojar
species is more active. As shown in Fig. 3(b), it is evident that
the CuCoNiZnAl catalyst only exhibits one wide desorption
peak between 700 and 900 °C, which is assigned to bulk Ojatt
species. For CuCoNiZnAl-T, one broad and asymmetric obvious
desorption peak at 687 °C and one weak desorption peak at
818 °C appeared, indicating that some surface Ol species and
more activated bulk Onx species were generated over
CuCoNiZnAl-T. Meanwhile, the decomposition temperature of
bulk Ount oxygen species of CuCoNiZnAl-T-NaOH shifted to
lower temperature, including one obvious broad and asymmet-
ric desorption peak at 596 °C and one weak desorption peak at

731 °C. In particular, based on the He-TPD peak area,
CuCoNiZnAl-T-NaOH possesses much more activated Ot Spe-
cies compared with CuCoNiZnAl-T and CuCoNiZnAl, i.e,
CuCoNiZnAl-T-NaOH > CuCoNiZnAl-T > CuCoNiZnAl. Consider-
ing this, it is demonstrated that the introduction of thiourea
partly affects the chemical state of the metal site in the HEOs
and further releases the Ot species. However, the Ot species
are not obviously increased owing to the limitation of the mas-
sive morphology. Combined with the H2-TPR result, it is specu-
lated that the easily reduced transition metal oxides activated
the bulk Out species, thereby reducing its decomposition tem-
perature. According to the change in physical-chemical proper-
ties and morphology of these HEOs, the evolution process of the
CuCoNiZnAl HEOs after thiourea addition and alkali liquor
treatment was elucidated (Fig. 3(c)). Firstly, the metal species
in CuCoNiZnAl were distributed randomly, which is confirmed
by the XRD and EDS mapping results (Fig. 1(a) and Figs.
S$8-513). When introducing thiourea into the preparation pro-
cess of CuCoNiZnAl-T, its release and decomposition could af-
fect the microenvironment during the calcination process,
thereby changing the reducibility (but not the valence states) of
the Co and Ni species (Fig. 1(c) and Fig. S14) and activating the
Co and Ni species. Meanwhile, the alkali liquor treatment of
CuCoNiZnAl-T adjusted the morphology and further activated
the Cu species of CuCoNiZnAl-T-NaOH (Figs. 1(c) and (d) and
Fig. 3(c)). In summary, for CuCoNiZnAl-T-NaOH, thiourea addi-
tion along with alkaline liquor treatment led to remarkably
active Cu, Co, and Ni sites along with O species; the enhanced
physical-chemical properties strengthened the electron trans-
ferability, thereby potentially improving the redox reaction
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performance.
3.3. Catalytic performance

To evaluate the promotional effect of activated metal oxides
and the sheet morphology construction on the catalytic per-
formance of CuCoNiZnAl and modified CuCoNiZnAl catalysts
for redox reactions, we first used classical COz hydrogenation
as a model reaction. Clearly, the reaction data (Fig. S15) reveals
that all the HEOs exhibit increased CO2z conversion from 200 to
600 °C, indicating high CO selectivity and almost no CO2 con-
version at low temperature (< 300 °C). The incomplete conver-
sion of COz to CO is caused by some methanation owing to the
existence of Co and Ni species in the CuCoNiZnAl and modified
CuCoNiZnAl catalysts under a COz + Hz atmosphere. By con-
trast, CuCoNiZnAl-T and CuCoNiZnAl-T-NaOH achieve much
higher COz conversion than CuCoNiZnAl in the temperature
range of 350-600 °C. The calculated CO2 conversion rate over
CuCoNiZnAl is only 0.00655 and 0.02679 mmol/(gs) at 400
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and 600 °C, respectively, while over CuCoNiZnAl-T, the con-
versation rates at these temperatures are 0.01792 and 0.03571
mmol/(g's), respectively (Fig. 4(a)). Excitingly,
CuCoNiZnAl-T-NaOH displays a COz conversion rate of 0.01837
and 0.03892 mmol/(g's) at 400 and 600 °C, respectively. In
particular, the CO2 conversion of CuCoNiZnAl-T-NaOH is close
to equilibrium conversion at high temperature (> 500 °C), a
superior catalytic performance for COz hydrogenation (Fig.
S15(a)). Furthermore, the apparent activation energy (Ea) of
CO2 hydrogenation over these catalysts (Fig. S16) was calcu-
lated and found to decrease in the following order: CuCoNiZnAl
(994 KkJ/mol) > CuCoNiZnAl-T (87.2 KkJ/mol) >
CuCoNiZnAl-T-NaOH (74.6 k]/mol). It is noteworthy that these
HEOs also have good stability for CO2 hydrogenation. In detail,
the CuCoNiZnAl-T undergoes almost no decline in CO2 conver-
sion with stable, high CO selectivity (= 70%) in a span of 40 h at
280 °C and 2 MPa (Fig. S17); therefore, this catalyst is poten-
tially suitable for application in complicated conditions. Among
these HEO catalysts, CuCoNiZnAl-T-NaOH displays the highest
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Fig. 4. (a) Rates for CO: hydrogenation. (b) CO conversion for CO oxidation. (c) Initial discharge-charge profiles at a current density of 200 mA/g for
an Li-Oz battery using CuCoNiZnAl, CuCoNiZnAl-T, and CuCoNiZnAl-T-NaOH as cathodes. (d) Typical discharge-charge profiles of the
CuCoNiZnAl-T-NaOH cathode under a voltage range of 2.0-4.5 V at 200 mA/g. (e) Cycling performance of CuCoNiZnAl-T-NaOH cathode under a ca-

pacity limit of 500 mA h/g at 200 mA/g.
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catalytic performance towards COz hydrogenation, suggesting
that the addition of thiourea during CuCoNiZnAl synthesis and
alkali treatment after CuCoNiZnAl-T preparation is a reliable
strategy for modifying HEOs to enhance CO2 catalytic conver-
sion.

As shown in Fig. 4(b), these HEO catalysts exhibit catalytic
performances for CO oxidation that are similar to those for CO2
hydrogenation. Firstly, all of them show increased CO conver-
sion with increasing reaction temperature from 120 to 300 °C.
In addition, CuCoNiZnAI-T-NaOH exhibits a higher CO conver-
sion than CuCoNiZnAl and CuCoNiZnAl-T in the whole temper-
ature range (especially between 160 and 220 °C). Over
CuCoNiZnAl, CO conversion is only 2.2% and 28.5% at 160 and
200 °C, respectively, much lower than those of CuCoNiZnAl-T
(6.3% and 55.6%, respectively) and CuCoNiZnAl-T-NaOH
(181% and 91.2%, respectively). Furthermore, the
CuCoNiZnAl-T-NaOH catalyst shows a much lower T50 and T90
(i.e., the temperatures for 50% and 90% CO conversion, re-
spectively) than those of CuCoNiZnAl. Under same reaction
condition, the T50 of CuCoNiZnAI-T-NaOH is 176 °C, which is
lower than that of CuCoNiZnAl-T by 21 °C and that of
CuCoNiZnAl by 36 °C. Apparently, CuCoNiZnAl-T-NaOH offers
the best catalytic performance for CO oxidation, suggesting that
the addition of thiourea in the HEOs along with alkali liquor
treatment can optimize CO oxidation. Combined with the CO:
hydrogenation results, it is reasonably deduced that the modu-
lation of the HEOs produces a positive effect on the enhance-
ment of the thermocatalytic redox reactions. More excitingly,
CuCoNiZnAl-T-NaOH even delivers a much higher performance
than that of CuCoNiZnAl-T in the glucose electrocatalysis oxida-
tion reaction (Fig. S18), thereby demonstrating its applicability
for a variety of catalytic reactions.

In addition, the Li-Oz battery performances of these HEOs
were examined through galvanostatic discharge and charge
tests. Fig. 4(c) exhibits the initial full discharge/charge profiles
of an Li-Oz battery using CuCoNiZnAl, CuCoNiZnAl-T, and
CuCoNiZnAl-T-NaOH as cathodes at 200 mA/g from 2.0 to 4.5V
vs. Li+/Li. Clearly, the Li-Oz battery based on
CuCoNiZnAl-T-NaOH has a lower overpotential (1.68 V) than
those based on CuCoNiZnAl (1.77 V) and CuCoNiZnAI-T (1.73
V). Remarkably, the CuCoNiZnAl-T-NaOH cathode delivers
much higher discharge/charge capacities of 12049/9901
mAh/g than those of CuCoNiZnAl-T (11917/8071 mAh/g) and
CuCoNiZnAl (7260/5224 mAh/g), which is also better than
most reported metal oxide electrode materials for Li-O2 batter-
ies (Table S1). Moreover, the CuCoNiZnAl-T-NaOH cathode
gives the selected discharge/charge profiles under special con-
ditions (Fig. 4(d)). Notably, the specific capacity remains nearly
stable in a span of 100 cycles, much longer than that of
CuCoNiZnAl-T (Fig. S19). By comparing the performances of
the Li-Oz batteries based on CuCoNiZnAl-T-NaOH and
CuCoNiZnAl-T, it is evident that the former cathode demon-
strates a more favorable cycling performance. In detail, the
discharge/charge terminal voltage of the CuCoNiZnAI-T-NaOH
cathode remains stable for as long as 2500 h ( 250 cycles)
(Fig. 4(e)), much longer than that of the CuCoNiZnAl-T cathode
(1600 h, = 160 cycles) (Fig. S20) and most reported electrode

materials (Table S1) [36-39]. Therefore, it is confirmed that
CuCoNiZnAl-T-NaOH also holds huge potential as a promising
electrode material for advanced Li-Oz batteries.

3.4. Reaction mechanism

Based on the above, it is evident that the introduction of
thiourea during the CuCoNiZnAl preparation process and the
post alkali liquor treatment can activate some transition metal
sites and Oute species in the HEOs, further enhancing their per-
formance in catalytic redox reactions and Li-O2 batteries. To
analyze the role of the activated transition metal sites and Ot
species in these HEOs with respect to catalytic performance, we
characterized CuCoNiZnAl and CuCoNiZnAIl-T using near am-
bient-pressure (NAP) XPS during the Hz reduction, COz adsorp-
tion, and hydrogenation. Although the CO2 and H: pressures
used in the characterizations are much lower than that of the
actual reaction condition, they are sufficient to simulate the
reactions over the HEO catalyst surface. Changes in the chemi-
cal states of the HEOs and the reaction intermediates were an-
alyzed using NAP-XPS (Figs. S21-S24 and Fig. 5). After Hz
pre-treatment and COz adsorption, it is clearly observed that
CuCoNiZnAl-T enhances the C 1s band intensity at 293.0 eV,
corresponding to gaseous COz species (Fig. S21(b)) [40], which
is in good agreement with the CO2-TPD result (Fig. S25), indi-
cating that CuCoNiZnAl-T has a stronger CO2 adsorption ability
than CuCoNiZnAl Fig. S22 summarizes the observations of Cu
2p and auger electron spectroscopy in the NAP-XPS experi-
ments. Both the CuCoNiZnAl and CuCoNiZnAl-T catalysts ex-
hibit the core-level features at binding energies of 934 and 954
eV, corresponding to Cu?+ in the HEOs [41]. In addition, they all
show a slight downshift to Cu? after Hz pre-treatment and slight
upshift to Cu* after COz adsorption. Meanwhile, upon CO2z+H2
treatment, the Cu 2p peak shifts slightly over both the
CuCoNiZnAl and CuCoNiZnAl-T catalysts, indicating that the Cu
species provide less electron transportation for COz hydro-
genation. A similar phenomenon was also observed in the Cu
LMM auger electron spectra under the same condition. Mean-
while, the poor electron transport ability over the CuCoNiZnAl
and CuCoNiZnAl-T catalysts for COz hydrogenation was also
observed in the Zn 2p and Al 2p XPS spectra (Figs. S23 and
S24). Therefore, it is deduced that the Zn and Al species mainly
play the role of structure promoter in the CuCoNiZnAl HEO for
COz hydrogenation.

As for the Co 2p and Ni 2p XPS signals, some additional in-
teresting information was obtained during Hz treatment, CO2
adsorption, and reaction with CO2 + Hz over the CuCoNiZnAl
and CuCoNiZnAl-T catalysts. As shown in Fig. 5(a), the peak
centered at 779.6 eV was ascribed to Co 2p3;2 of Co304. The
peak at 779.6 eV was split into two peaks at 780.5 and 778.2
eV, assigned to Co2* and Co?9, respectively [42,43]. It is suggest-
ed that the Co oxides were reduced, and CoO as well as Co co-
existed on the matrix surface under Hz pre-treatment at 400 °C.
Afterwards, Co was oxidized to CoO when introducing CO2.
However, there is only slight upshift of binding energy (0.1 eV)
of Co 2p3,2 over the CuCoNiZnAl catalyst from CO: adsorption
to the CO2z + Hz reaction. As for the Ni 2p spectra acquired for
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Fig. 5. In-situ Co 2p (a), Ni 2p (b), and O 1s (c) XPS spectra of CuCoNiZnAl, and Co 2p (d), Ni 2p (e), and O 1s (f) XPS spectra of CuCoNiZnAlI-T in contact
with 0.1 mbar Hz at 400 °C, 0.1 mbar CO2 at 350 °C, and 0.4 mbar of CO2 (0.1 mbar) + Hz (0.3 mbar) at 350 °C.

the reactions over the CuCoNiZnAl catalyst, Ni oxides were also
reduced under H: pretreatment, and the resultant Ni species
were further oxidized when introducing CO:. However, the
formed Ni oxides may possibly be coated by the other metal
species and almost do not participate in the CO2 hydrogenation
reaction (Fig. 5(b)). In addition, it is obvious that the oxygen
species could be reduced or oxidized by introducing Hz/CO2+Hz2
or COgz, respectively (Fig. 5(c)). In detail, the Oads sites are pos-
sibly reduced by introduced Hz, which indirectly indicates that
only Ot participate in the CO2 hydrogenation reaction. In rapid
sequence, the O 1s binding energy changes from 530.8 to 530.3
eV when introducing COz and shifts from 530.3 to 530.7 eV in
the presence of CO2 + Hz.

Compared with the evolution of the Co 2p, Ni 2p, and O 1s
XPS spectra over the CuCoNiZnAl catalyst during the simulation
of the CO2 hydrogenation process, the CuCoNiZnAl-T catalyst
undergoes some different phenomena under the same condi-
tion. At first, the existing Co and Ni oxides of the CuCoNiZnAl-T
catalyst are the same as that of CuCoNiZnAl (Figs. 5(d) and (e)).
However, the Co30a4 of the CuCoNiZnAl-T catalyst could be only
reduced to CoO after Hz treatment, and the generated CoO spe-
cies almost does not react with the introduced CO2. Meanwhile,
upon injecting Hz, not only does the binding energy of Co 2p3,2
of CoO shifts upwards from 780.4 to 781.3 eV, but Co is also
formed. This indicates that the enhanced electron transfer,
derived from the changed Co species, performs well over the
CuCoNiZnAl-T catalyst during the CO2 hydrogenation process.
Similarly, active electron transferability was also observed on
the Ni oxides over CuCoNiZnAl-T during the CO2 hydrogenation

process. Compared with CuCoNiZnAl, the CuCoNiZnAI-T cata-
lyst still clearly exhibits Ni oxide peaks in the XPS spectra after
introducing CO2. Also, the peak at 854.9 eV is divided into two
peaks at 855.6 and 853.1 eV upon injecting CO2+Hz, suggesting
that abundant electrons through the change in Ni oxides par-
ticipate in CO2 hydrogenation [43-45]. Affected by the activat-
ed Co and Ni species, the O 1s XPS peak of the CuCoNiZnAl-T
catalyst undergoes a binding energy shift of 0.5 eV upon the
change from COz to CO2+ Hz (0.4 eV for CuCoNiZnAl). It is con-
cluded that the Ow.w species of the CuCoNiZnAl-T catalyst is
more active than that of the CuCoNiZnAl catalyst. Based on the
above, it is believed that the activated Co and Ni species along
with enhanced Ot species could efficiently establish a more
fluent channel of electron transfer over the CuCoNiZnAI-T cat-
alyst than that of CuCoNiZnAl, thus promoting CO2 hydrogena-
tion.

Aside from the physical-chemical properties and catalytic
redox and energy storage performance of the HEO catalysts, we
further investigated the underlying reasons for the enhanced
performance and briefly propose the possible mechanism of
CO2 hydrogenation reaction over the CuCoNiZnAl-T catalyst
(Fig. 6). According to the H2-TPR and Raman results (Figs. 1(c)
and (d)), it is confirmed that the introduction of thiourea dur-
ing the preparation process optimizes the reduction ability of
the Co and Ni oxides. Furthermore, the NAP-XPS results also
prove that the activated Co/Ni oxides and Oiatt Species play key
roles in COz hydrogenation over the CuCoNiZnAl-T catalyst.
From the CO2-TPD and H2-TPD results (Figs. S25 and S26), we
also observed that CuCoNiZnAI-T possesses a stronger adsorp-
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Fig. 6. Mechanism of CO2 hydrogenation over CuCoNiZnAl-T catalyst.

tion ability and more adsorption sites under COz and Hz than
that of the CuCoNiZnAl catalyst, particularly for CO2. During the
COz hydrogenation reaction, the increased number of basic
sites of the CuCoNiZnAl-T catalyst bind with CO2z to generate
adsorbed species (Fig. S21(b)). Meanwhile, the adsorbed CO2
species reacted with Hz at the activated O species from the
activated Co and Ni oxides. Subsequently, the constant chang-
ing of different Co oxides and Ni oxides under COz and Hz built
a passageway for electron transport, consequently promoting
the COz hydrogenation process (Fig. 6). Therefore, the
CuCoNiZnAl-T catalyst exhibits much better catalytic activity
for COz hydrogenation than CuCoNiZnAl (Fig. 4(a) and Fig.
S15). Meanwhile, it was revealed that the crystal structure of
the CuCoNiZnAl-T used catalyst is slightly different from that of
CuCoNiZnAl-T (Fig. S27). In detail, the diffraction peaks of the
MOy phase disappeared, suggesting that it is possibly reduced
by Hz under the reaction process. Combined with the HRTEM
and XRD results, it is deduced that only the spinel phase in the
HEOs plays a key role in the COz hydrogenation catalytic reac-
tion. As for CuCoNiZnAl-T-NaOH, not only the Co and Ni oxides
but also the Cu oxides were released and activated by con-
structing a sheet-like morphology (Figs. 1(c) and (d)). Owing to
the coexistence of activated Cu oxides, Co oxides, and Ni oxides,
as well as Ot species, the CuCoNiZnAl-T-NaOH catalyst shows
the best catalytic performance for both CO2 hydrogenation and
CO oxidation among the three HEOs. In contrast with the CO:
hydrogenation activity results (CuCoNiZnAl-T-NaOH =
CuCoNiZnAl-T > CuCoNiZnAl), the CO oxidation performance
over these HEOs catalysts decreases in the order
CuCoNiZnAl-T-NaOH > CuCoNiZnAl-T > CuCoNiZnAl, which
could be explained by the fact that the Cu species is the most
active for CO oxidation, while the Co and Ni species are more
active for CO2 hydrogenation [43,46-48]. Moreover, the abun-
dant activated Opw species of CuCoNiZnAl-T-NaOH also con-
tribute well to the CO catalytic oxidation conversion [49].
Meanwhile, the superior electron transport ability derived from
the activated Cu, Co, Ni oxides and Ot species also endows

CuCoNiZnAl-T-NaOH with the highest discharge/charge capac-
ity (12049/9901 mAh/g) and excellent stability (2500 h) as a
cathode material for an Li-O2 battery.

4. Conclusions

In summary, we developed a general effective and environ-
mentally friendly strategy to directly modulate the chemical
states of the Co and Ni sites in CuCoNiZnAl HEOs simply by
adding thiourea in a solvent-free process. Meanwhile, the post
alkaline solution treatment further activated Cu species by
constructing a sheet-like structure of the CuCoNiZnAl-T HEOs.
Subsequently, we utilized Hz-TPR, electron microscopy, and
XPS techniques to directly determine the change in morpho-
logical features and physical-chemical properties of the
CuCoNiZnAl-T and CuCoNiZnAl-T-NaOH HEOs, further estab-
lishing the relationship between the optimized physi-
cal-chemical properties and catalytic redox performance. As a
result, the introduced thiourea and alkaline solution treatment
contribute well to the activation of Cu, Co, and Ni oxides along
with Owt species. By virtue of these optimized characteristics,
the CuCoNiZnAl-T-NaOH HEOs catalyst shows superior catalyt-
ic performance for CO2 hydrogenation, CO oxidation, and use as
a cathode in a Li-O2 battery compared with CuCoNiZnAl and
CuCoNiZnAl-T. Clearly, its excellent performance is mainly at-
tributed to the more facile electron transfer between Cu/Ni/Co
sites and Oure Species in its framework, significantly promoting
its redox properties. In conclusion, this work optimized HEOs
with targeted activated metal sites as highly active heteroge-
neous thermal and electrochemical catalysts for redox reac-
tions and energy storage.
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EUESEECITHRS B AR EEIEEAEMMBER

K4 2%, B2, TEE KBRS T FS E #S, 2, x5k
MR ED, 2 a
CHER R AELEEF R, BAEMEREE LR E, T T A%E116023
PiEAE K IEER, BN E LS ERE ABA LR E, 43100084
P EA R RENFEEF R, FERREER LR E(E), T T AE116023

WE: S EAYIHEOs)VE N —FoB XA R Z BRI TAEE 1) 2 %0, HEsh T s &Rl R sy, sy
SR R AR L W B DL BRYR A A A S . Fedr, HEOsH T35 8 BOVEYEAL sy T i1 B LR T AR
T (1 i R 5 ) R P L AR R 25 A AR - 5 W) S AR M E A A 25 el e 7 i T Rl B S T 5%, 2R, 52 il THEOs I 4544
R R DIOKS A R 2 A T 5, 24 T A 9 2 R B S HEOs il 48 77V IR R S AR AN FEAL S B [ 24K, 76 LHEOs Y
FAR AT A SR, A5 5 4 8 S HEOs 5 G idE A7 4 770 i 2% AR AL S (B e 4 T8, (R8O AN BRAR . Rk, ey
B AENTHEOs BT St FE 38 T+ H A A0 e R A AN w3 e 1 HE O T f# A4 0380 A 8 1Y) B B A%

A Sk F B AH A BE 2 il £ CuCoNiZnAl HEOs, [ £ i 2% 1 A2t B IR f= 38 1 5% Jo A B R EA T P40 2 I 1)
A7 F5 (32 9 CuCoNiZnAL-T), [t J5 3% F 5 ¥ 4 CuCoNiZnAL-T b 38 3¢ S 80 7 30 1 e 28 A4k o i i i — Btk (e
CuCoNiZnAl-T-NaOH). X5 2Ky AHT 5 45 53K 05, BRI I 0B AL HE K 2448 CuCoNiZnAl-T-NaOHF it B 45 4. Fa s &b
F W, CuCoNiZnAIFICuCoNiZnAL-TH) EHLH £ K I RCIR, 1 CuCoNiZnAl-T-NaOHEAG K F 2 50 45 F4 AT BH S () i 1L
. Ak, Ho R 5 FHRIE i XU 20 T RE 1 AT He F5 7 iR M B 45 SR B, CuCoNiZnAL-T-NaOH MY LA 75 5y i Ji (1 4 o
BB EA YRR, T H A v R R R IR I AR A A AR, DR, CuCoNiZnAL-T-NaOHZE & P It v Jg 7 th 34 (1
CO,MEAFCOH AL BE. H - CuCoNiZnAl-T-NaOH7E f# A CO%AL R B, 24 5% 4k 221K B 50% I it 75 36 A0 I8 N
176 °C, LUAH A 2% 1 T~ CuCoNiZnAIFI CuCoNiZnAI-T A A A4 75112 31 [F]FF (1 40 2 A I BT 75 7% 40 iR B2 43 7R3 6 F121 °C. itk
A, *4CuCoNiZnAl-T-NaOH I £ 4 H ity FEL AR A ARH IR 9, i 7= HH A e 149 b AR A6 PR (B0 HL/ 78 FEL 25 9 12049/9901 mAh/g) il
PEFR AR E 1 (2500 h). Bl J5, PACO MM S i Fo Xt G, i — 30 K I 8 R XU 20t /i 7 Be 1% R AT S ML B A0 A, 45 SRR
B, A%} T CuCoNiZnAlTf &, CuCoNiZnAl-T1ECO,MNE & S F 3R T R FHES I B AL P 5 5 AL I s S8 ) B
N5 AT R, R i 1) HL TR S e RN B SR IR COLM B 8 145 R T COMNEUS B AT, HEWTIX Rl B AL S A
T+ R REA F T CORA A S HL il MERE (4R T+, 25 b, A STONHEOs 4K 771 1) 187 ¥it il 2% R A 1 ot e 4R it 17 BOR A
5, G B — P HEEHEOSs I 2o 1] £ A 7E F A A5380 1) Th RE AL S K .
KR mRAEALY; FIAARSE, SRS, ML EAE R, EA I
W s B 1 2022-01-03. #:42 B #: 2022-02-08. - K & 8] 2023-04-20.
*EHIE R AL BT 48 wuzs@dicp.ac.cn (£ £ i), chenjianjun@tsinghua.edu.cn (f§ 2 %).
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