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High Entropy Alloys Enable Durable and Efficient

Lithium-Mediated CO, Redox Reactions

Liang Sun, Jodie A. Yuwono, Shilin Zhang,* Biao Chen, Guanjie Li, Huanyu Jin,
Bernt Johannessen, Jianfeng Mao, Chaofeng Zhang,* Muhammad Zubair,

Nicholas Bedford, and Zaiping Guo*

Designing electrocatalysts with high activity and durability for multistep
reduction and oxidation reactions is challenging. High-entropy alloys (HEAs)
are intriguing due to their tunable geometric and electronic structure through
entropy effects. However, understanding the origin of their exceptional
performance and identifying active centers is hindered by the diverse
microenvironment in HEAs. Herein, NiFeCoCuRu HEAs designed with an
average diameter of 2.17 nm, featuring different adsorption capacities for
various reactants and intermediates in Li-mediated CO, redox reactions, are
introduced. The electronegativity-dependent nature of NiFeCoCuRu HEAs
induces significant charge redistribution, shifting the d-band center closer to
Fermi level and forming highly active clusters of Ru, Co, and Ni for Li-based
compounds adsorptions. This lowers energy barriers and simultaneously
stabilizes *LiCO, and LiCO;+CO intermediates, enhancing the efficiency of
both CO, reduction and Li,CO; decomposition over extended periods. This
work provides insights into specific active site interactions with
intermediates, highlighting the potential of HEAs as promising catalysts for

the global carbon balance.l!l Prevailing CO,
fixation strategies for products like CO,
CH,, C,H,, HCOOH, etc. may require ad-
ditional energy-intensive compression or
liquefaction processes for transportation
and storage.l?] Alternatively, a promising
approach for either CO, fixation to solid
chemicals or energy storage includes Li-
CO, batteries (LCBs), where CO, serves
as an energy carrier, enabling reversible
storage and release of renewable energy
through the following reaction: 4Li*+3CO,
(g)+4e~<2Li,CO; (s)+C (s). However, the
dominant CO, reduction and evolution in-
volve multistep reactions and multielec-
tron transfers with elusive intermediates,
complicating the battery systems. The de-
composition of insulating Li, CO, discharge
product during CO, evolution presents par-

intricate CO, redox reactions.

1. Introduction

The efficient utilization or fixation of CO, into chemical prod-
ucts through electrocatalytic reductions is crucial for maintaining

ticular challenges in the reversibility, cy-
cling, and energy efficiency of LCBs.P!
Therefore, it is imperative to develop elec-
trodes with bidirectional catalysts that fa-
cilitate both the reduction of CO, and the
decomposition of discharge products. To address the chal-
lenges, various catalysts such as carbon-based materials, tran-
sition metals compound catalysts, and noble metals catalysts
have been employed.[* They play crucial roles in facilitating the
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decomposition of Li,CO, and accelerating the CO, reduc-
tion, thereby reducing overpotential and improving the cy-
cling life of the LCBs. However, it is important to note
that many of the reported LCBs still encounter challenges
such as high charged potential plateau and short cycle
performance.[*"]

Noble metals are pivotal in heterogeneous catalysis, influenc-
ing the production of numerous industrial chemicals.l) For ex-
ample, Pt exhibits advantages in de-/hydrogenation, Ag is effi-
cient to catalyze the epoxidation of ethylene, Pd is renowned
for carbon-carbon coupling, and Ru promotes the formation of
carbon-heteroatom (such as N, O, P and S) bonds.[**) This is be-
cause of their excellent capacity to function as electron donors
and acceptors, enabling them to catalyze both reduction and oxi-
dation reactions that include a few proton/electron transfer pro-
cesses. However, mono- or bimetallic-noble catalysts cannot ful-
fill all the requirements for complex reactions, which contain
multiple proton/electron transfer processes involving various re-
actants and intermediate species.[**] The limitation is due to the
most favorable adsorption sites for different species should be
different. Therefore, it is reasonable to assume that designing a
catalyst with a variety of adsorption sites could significantly pro-
mote complex reactions.

High entropy alloys (HEASs), in which at least five principal el-
ements (with each elemental ratio between 5 and 35 at. %) mix
randomly, have emerged as catalysts over the past decade.l’l The
intriguing interactions among multiple principal atoms, includ-
ing factors such as mixing entropy, mixing enthalpy, difference
in atomic size, electronegativity, and valence electron concen-
tration, endow HEAs with unique chemical compositions, elec-
tronic structure and atomic spatial arrangements compared with
conventional dilute alloys.l®] HEAs possess distinctive physic-
ochemical properties that render them promising candidates
for catalytic applications, including the hydrogen evolution reac-
tion, hydrogen oxidation reaction, oxygen reduction reaction, oxy-
gen evolution reaction, and carbon dioxide reduction reaction.°!
With appropriate element numbers, species, and concentrations,
HEAs with multiple adsorption and catalytical sites are expected
to meet the requirements of CO, reduction and evolution reac-
tions (CRR/CER). Exploring HEAs is of great interest for both
the elemental understanding of the origin of outstanding perfor-
mance and the active sites of intermetallic compounds in energy
conversion systems.

Here, guided by theoretical predictions, we present the ra-
tional design of NiFeCoCuRu HEAs with an average diame-
ter of 2.17 nm as bifunctional catalyst for Li-mediated CO, re-
dox reactions (Figure 1a). Combining experimental and theo-
retical results, NiFeCoCuRu HEAs exhibit significant charge re-
distribution, influenced by electronegativity-dependent charac-
teristics of five elements. We observed that NiFeCoCuRu HEAs,
featuring a d-band center closer to Fermi level and active clus-
ters of Ru, Co, and Ni, simultaneously stabilizes *LiCO, and
LiCO;+CO intermediates, enabling a durable CO, redox for over
2900 h with a low overpotential of 0.82 V, as compared with pure
Ru metals with an equiv. metal loading on Ketjen black (KB).
Our work highlights the potential of HEAs as promising cata-
lysts for CO, redox reactions involving multiple steps and pro-
vides fundamental understanding of the origin of outstanding
performance.
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2. Results and Discussion

A survey of previously developed catalysts for LCBs reveals that
transition metals, such as Fe, Co, Ni, Cu, and Mn, are effec-
tive in promoting the CRR, while Ir and Ru are efficient for the
CER.[*410] These elements, positioned in the upper region of the
Ellingham diagram with smaller oxidation potentials, are ben-
eficial for forming HEAs.”?) DFT calculations were performed
to elucidate the correlation between chemical compositions in
HEAs and electrocatalysis performance. Figure Sla (Supporting
Information) shows the binding energy between intermediates
and Mn, Fe, Co, Cu, Ni, Ru, and Ir slab models. Upon comparing
binding energies between selected intermediates (i.e., Li,CO;,
LiCO,, LiCO,, CO,) and the substrates (¥), it is found that the
element with low electronegativity exhibits the strongest bind-
ing energy with the intermediates. At the equilibrium potential
of Li,CO, formation (2.87 V), we observed that the CRR occurs
in elements with relatively low electronegativity, such as Mn,
while the CER is favored in elements with relatively high elec-
tronegativity, such as Ru and Ir (Figure S1b-e, Supporting Infor-
mation). Here, we consider the following simple reaction path
for CRR/CER: * + CO, = *CO, = *LiCO, = *Li,CO, = * +
Li,CO;. This path is evidenced by the energy difference observed
on various metal substrates during the discharge reaction, in-
volving CO, adsorption and *LiCO, reduction into *Li,CO;, as
well as during the charge reaction, involving CO, desorption and
*Li,CO, oxidation into *LiCO,. The d-band center on either Ru or
Ir for four proposed HEAs, Ru, and Ir cluster models indicate that
NiFeCoCuRu has the highest d-band center (—1.69), closest to the
Fermi level, signifying the strong capability for the adsorption of
intermediates compared with other HEAs (Figure S1f, Support-
ing Information).l"!) It is observed that distinct adsorption behav-
iors between pure metals and HEAs highlight introducing HEAs
offers a promising approach for the integration of diverse prop-
erties among different metals.

As a proof-of-concept, we synthesized a series of catalysts
with a consistent metal ratio of 0.075 mmol (equiv. to 5 wt%
loading in theory), including NiFeColrRu, NiFeCoMnRu, NiFe-
CoMnlr, and NiFeCoCuRu HEAs (referred as HEA. /KB), Ru/KB
(Rug/KB, equiv. to 6 wt% loading in theory), Ir/KB (Ir,,/KB,
equiv. to 12 wt% loading in theory). Detailed synthesis methods
are provided in the experimental section. Direct evidence of the
successful preparation of HEA. /KB is provided through powder
X-ray diffraction (XRD), high-angle annular dark-field STEM
(HAADEF-STEM) results, and corresponding energy dispersive
X-ray (EDX) elemental mapping images (Figures S2 and S3,
Supporting Information). Our co-reduction strategy is inno-
vative and important, especially considering previous reports
that indicated challenges in synthesizing similar high-entropy
materials with high loadings.'?l Additionally, a comprehensive
investigation was conducted through a combination of calcu-
lations and experimental results on highly dispersed HEAs
containing Ni, Fe, Co, Cu, and Ru elements in an equal molar
ratio. The theoretical metal loadings range from 5 to 40 wt% on
the KB supportive matrix (HEA, /KB, x = 5, 10, 20, 30, and 40),
however, the actual metal loading is observed to be lower than
the corresponding theoretical values (Figure S4, Supporting
Information). The observed phase segregation in XRD pat-
terns of HEA,/KB (Figure S4a, Supporting Information) and
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Figure 1. Characterization of NiFeCoCuRu HEA;,/KB material. a) Schematic representation of NiFeCoCuRu HEA;,/KB catalyst featuring Ni (yellow), Fe
(cyan), Co (red), Cu (blue), and Ru (black) atoms encompassed by carbon surroundings. b) XRD patterns of NiFeCoCuRu HEA;,/KB obtained at 350 °C
and pure KB. c) Histogram illustrating the size distribution of HEAs NPs within HEA;,/KB. d) Representative HAADF-STEM image of the NiFeCoCuRu
HEA;,/KB. e) Atomically resolved HAADF-STEM image of a selected HEAs particle. f) Simulated crystal structure image of the selected region in (e). g)
HAADF-STEM image of a chosen NiFeCoCuRu HEAs particle, and h) the corresponding EDX elemental mapping images.

NiFeCoCuRu HEA, /KB with varying Ru concentrations
(Figure S5, Supporting Information) respectively emphasize
the importance of maintaining suitable metal loading and an
equiatomic metal composition for the synthesis of HEAs/KB
materials. As a result, NiFeCoCuRu HEA,,/KB with a metal
loading of 30 wt% and equiatomic metal composition of NiFe-
CoCuRu alloys exhibits a desirable and stable solid-solution
structure.

XRD patterns of NiFeCoCuRu HEA, /KB obtained at various
temperatures during calcination (Figure S6, Supporting Infor-
mation) reveal a hexagonal close-packed (hcp) structure, similar
to pure Ru metal (PDF#96-153-9053). Notably, a distinct peak ob-
served at 43.2° in HEA, /KB obtained at 350 °C, in comparison
to that of pure KB, suggests a substantial increase in particle size
(Figure 1b). The HEAs nanoparticles in NiFeCoCuRu HEA,, /KB
are uniformly dispersed on the KB supports, with an average di-
ameter of 2.17 nm (Figure 1c). This is larger than that of NiFe-
CoCuRu HEA( /KB, indicating an increase in particle size with
an increased metal loading, from 5 wt% to 30 wt%, as supported
by HAADF-STEM images (Figure S7, Supporting Information).
However, it is evident that at a high metal loading of 40 wt%,
particles tend to agglomerate, resulting in larger sizes and the
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formation of separated phases, as confirmed by the XRD pattern
(Figure S4a, Supporting Information). Figure 1d and Figure S8
(Supporting Information) illustrate the representative HAADF-
STEM overview image of the NiFeCoCuRu HEA,,/KB loaded on
the carbon support, while Figure S9 shows the microstructures
of Ru,/KB, Ir,,/KB and Ru,,/KB (equiv. to 44 wt% loading in
theory). The high-resolution HAADF-STEM image in Figure le
highlights a well-defined atomic structure of HEAs, where lat-
tice fringes with widths of 2.39 A, 2.12 A, and 2.05A correspond
to the (100), (002), and (101) faces of pure Ru, respectively. The
high-magnification aberration-corrected HAADF-STEM images
further reveal the atomic structure of NiFeCoCuRu HEA,;/KB.
Figure S10 (Supporting Information) indicates a characteris-
tic atomic-resolution image of a single particle along the [002]
zone axis of the NiFeCoCuRu HEA. The corresponding Fourier-
filtered image and simulated crystal structure image (Figure 1f,g)
reveal that the nanoparticle possesses an edge length of only
7-12 atoms. As is highlighted in Figure 1h and Figure S11 (Sup-
porting Information), Ni, Fe, Co, Cu, and Ru elements are ho-
mogeneously distributed without apparent particle aggregation
and oxidations, consistent with our XRD results. As is evidenced
in the thermogravimetric analysis, there were ~25.0 wt% alloys
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in the NiFeCoCuRu HEA, /KB (Figure S12, Supporting Infor-
mation). The elemental composition ratio of Ni/Fe/Co/Cu/Ru
was determined to be 18.8:18.5:20.4:20.1:22.2 (with atomic load-
ing of 0.081:0.080:0.088:0.087:0.096 in molarity, based on weight
analysis using inductively coupled plasma-atomic emission spec-
troscopy, Table S1, Supporting Information). These values are
close to the theoretical molar ratio during the preparation.

To gain a deeper understanding of the local electronic environ-
ment of HEAs, synchrotron-based X-ray absorption fine structure
measurements were conducted. The related X-ray absorption
near-edge spectroscopy (XANES), extended X-ray absorption fine
structure (EXAFS), and Wavelet transformed (WT) are shown in
Figure 2. In Figure 2a, the Ru K-edge absorption threshold posi-
tion in the NiFeCoCuRu HEA,;/KB sample slightly shifted to a
negative value, accompanied by a reduced intensity of the white
line. The absorption position in NiFeCoCuRu HEA,,/KB is even
lower than that observed in the Ru foil, which indicates an elec-
tron density transfer from neighboring atoms to Ru and a change
in the coordination environmental of Ru species.”d! In contrast,
the Cu, Fe, Co, and Ni K-edges in NiFeCoCuRu HEA,,/KB all ex-
hibit a slight rightward shift compared with the corresponding
metal reference samples (Figure 2d,g,j,m). This shift indicates
electron density redistribution within HEA, which is likely at-
tributed to the different electronegativity of these metals.['*] This
is further confirmed by the Bader charge analysis of NiFeCoCuRu
HEA (Figure S13, Supporting Information) and XPS results of
NiFeCoCuRu HEA,,/KB (Figure S14, Supporting Information).
The observed intensity differences within the pre-edge area and
main features of the XANES spectra at Ru, Cu, Fe, Co, and Ni
K-edges primarily stem from the intrinsic size effect of the ul-
trasmall particles rather than an oxidation effect.'*] Additionally,
XANES features of the pristine fcc Ni K-edge and the Ni and Ru
K-edge in NiFeCoCuRu HEA,, /KB were successfully reproduced
(Figures S15 and S16, Supporting Information). This suggests
that the redistribution of electrons and the fine-tuning of elec-
tronic structures occur in HEA,;/KB, potentially having a pos-
itive impact on the electrocatalytic activity of the catalyst when
compared with pure metals. The observed white lines of Fe, Co,
and Ni in Figure 2g,j,m, respectively, are close to metallic va-
lence state, which are different from corresponding oxide refer-
ence samples. This finding suggests that Fe, Co, and Ni in the
NiFeCoCuRu HEA, /KB are predominantly in metallic states.
The XANES spectra of Ru, along with the first-order derivatives of
the XANES spectra of Cu (Figures S17-S19, Supporting Informa-
tion) indicate that Ru and Cu in NiFeCoCuRu HEA, /KB, NiFe-
CoCuRu HEA, /KB, and NiFeCoCuRu HEA,,/KB exhibit metal-
lic characteristics when compared with the respective metal refer-
ences. This demonstrates that both Ru and Cu elements in these
NiFeCoCuRu HEAs/KBs are in a metallic state, rather than oxi-
dation state. However, it is noted that XANES spectra of metals
in HEA,,/KB is different from those in other HEAs/KB, possibly
indicating elemental segregation in the material.

The EXAFS results were further analyzed by fitting the Fourier
transform (FT) spectra to gain a better understanding of the
coordination structures of five elements in HEA,;/KB. Figure
S20-S22 (Supporting Information) present the experimental k-
weighted EXAFS oscillations along with the corresponding fit-
ting curves for NiFeCoCuRu HEA,, /KB, metal foils, and their
respective oxides at Ru, Cu, Fe, Co, and Ni K-edge. The bond
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structures reveal that no metal-oxygen bonds in any of the FT
curves for HEA, /KB, indicating that the as-synthesized NiFe-
CoCuRu HEA,, /KB is not oxidized (Figure 2b,e,h k,n). In addi-
tion, the metal-metal distances in the first-shell of NiFeCoCuRu
HEA,,/KB are shorter than those of the corresponding metal
foils, particularly in the FT curve for Ru and Cu (Tables S2-S4,
Supporting Information). The fitting results show that the av-
erage coordination numbers of the first-shell are nearly identi-
cal for all probed metals, averaging ~6.7. The interatomic dis-
tances between Fe, Co, Ni, and Cu are consistent, measuring
~2.50 A, while the interatomic distance between Ru and other
metals is ~#2.58 A. This indicates that these five metallic elements
form a solid-solution structure without elemental segregation in
NiFeCoCuRu HEA,;/KB, which is consistent with XRD results.
The reliability of the fitting method is supported by smaller R
factors. Figure S23 (Supporting Information) further shows the
overlap of all these FT curves for the first shell. The distance
and amplitude are identical for the Fe, Co, Ni, and Cu absorbers,
indicating that these 3d transition metals share the same local
atomic structure with a completely random mixing distribution
within NiFeCoCuRu HEA,,/KB. In the case of Ru, the distance is
slightly longer due to the larger atomic radii of Ru compared with
other principal elements. Additionally, the atomic configuration
of NiFeCoCuRu HEA,,/KB was investigated through WT analy-
sis at metal (Ru, Cu, Fe, Co, and Ni) K-edges from EXAFS spectra
(Figure 2¢,f)i,],0). No metal-metal coordination signals were ob-
served for all those metals in HEA,,/KB, further confirming a
solid-solution phase in HEA,,/KB.

The HEAs/KB materials, Ru/KB, and pure KB were used as
cathode catalysts to investigate the impact of the HEAs on the
reaction kinetics of Li*-mediated CRR and CER (Figure 3). CV
tests were initially conducted between 2.2 and 4.5 V under a pure
CO, atmosphere (Figure 3a). The distinctive redox peaks indi-
cate the reduction of CO, and the decomposition of Li,CO; in
the LCBs with NiFeCoCuRu HEA, /KB as a catalyst. Notably, the
HEA,,/KB cathode demonstrates a higher cathodic onset poten-
tial but a lower anodic onset potential, along with larger peak cur-
rents when compared with pure KB and Ru,,/KB cathodes, sug-
gesting a significant enhancement in the kinetics of both CRR
and CER. Additionally, full discharge curves (Figure S24, Sup-
porting Information) were used to evaluate CRR kinetics and the
number of active sites. The NiFeCoCuRu HEA, /KB electrode ex-
hibits a higher discharge voltage plateau of 2.85 V than pure KB
(2.81 V) and Ru,,/KB (2.82 V), indicating excellent CRR kinet-
ics. The HEA,,/KB electrode also exhibits a higher discharge ca-
pacity, signifying a larger number of accessible active sites com-
pared with pure KB and Ru,,/KB.[**! To evaluate the stability of
different catalysts, including NiFeCoCuRu HEA. /KB, Ru,/KB,
Ir;,/KB and pure KB, long-term cycling performance was inves-
tigated at a current density of 0.1 A g™' with a cut-off capacity
of 1000 mA h g (Figure S25, Supporting Information). All cur-
rent densities and capacities were normalized to the mass of the
catalyst. Specifically, NiCoFeCuRu HEA /KB exhibits a better cy-
cling performance compared with Ir;,/KB, Ru,/KB, and other
HEA; /KB with different metal compositions. This result con-
firms that NiCoFeCuRu HEAs is more favorable than any other
HEAs for Li-mediated CRR and CER, as previously discussed
in theoretical calculation results. In contrast, the pure KB cath-
ode exhibits a limited cycling performance of 1000 h with poor
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Figure 2. Atomic structure understanding of NiFeCoCuRu HEA;,/KB material. a,d,g,j,m) X-ray absorption near edge structure (XANES) spectra of the
Ru, Cu, Fe, Co, and Ni K-edge. b,e,h,k,n) Fourier transform (FT) of Ru, Cu, Fe, Co, and Ni K-edge extended X-ray absorption fine structure (EXAFS)
spectra. ¢ f,i,l,0) Wavelet transformed (WT) of the Ru, Cu, Fe, Co, and Ni k3-weighted EXAFS signals.
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Figure 3. a) Cyclic voltammetry (CV) curves at 0.2 mV s~'. b) Long cyclic performance and the corresponding discharge—charge profiles of pure KB,

Ruy, /KB, and HEA;4/KB catalysts at a current density of 100 mA g~ with a capacity of 1000 mA h g~!

. €) Charge and discharge curves for pure KB,

Ruys/KB, and HEA;,/KB with lean electrolyte at a current density of 100 mA g~! with a capacity of 1000 mA h g='. d) Charge and discharge curves for
HEA;,/KB with lean electrolyte at different current densities. ) A summary of the 15! cycle overpotential and corresponding long-term cycling stability
of the as-synthesized catalysts in this work. f) Cycling performance of cathodes versus Ru loading on catalysts reported in recent literatures.['%1°] The
electrolyte dosage for batteries with lean electrolyte is 80 uL, while it is 100 uL for any other batteries.

voltage stability. The HEA,;/KB catalyst further demonstrates
a significantly longer lifespan compared with that of pure KB,
with around two times improvement in cycle life (2940 h) un-
der the same testing conditions. This performance also outper-
forms the battery using Ru,, /KB catalyst, which lasted only 2160
h. Compared with other HEAs with different metal compositions
(Figures S26 and S27, Supporting Information), the excellent
rate and durable cycling performance of NiCoFeCuRu HEA,,/KB
likely result from the strong structural stability, more accessible
active sites, and intrinsic chemical activity, driven by the configu-
rational entropy effect of ultra-small particles. This configuration

Adv. Mater. 2024, 36, 2401288 2401288 (6 of 11)

promotes a high activity in electron transfer on the surface and
minimizes parasitic reactions, enabling ultra-long cycling perfor-
marnce.

Additionally, batteries with lean electrolyte (80 pL) and thinner
separators were designed to explore the correlation between cell
configurations and performance optimization. As is shown in
Figure 3c, the narrow median discharge-charge voltage of NiFe-
CoCuRu HEA, /KB (0.82 V) indicates a low overpotential value
than that of Ru,,/KB (0.84 V), significantly smaller than that of
the pure KB electrode (1.36 V). Rate performances were further
used to evaluate the reaction kinetics. Figure 3d indicates that,
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Figure 4. Electrochemical mechanism characterization of HEA;,/KB catalyst. a) Ex situ Fourier transform infrared (FTIR) spectra during the 15t
charge/discharge curve at a current density of 100 mA g~ with a cut-off capacity of 1000 mA h g~'. b) Ex situ XRD during the 15! cycle. c) C K-edge soft
X-ray adsorption spectroscopy (SXAS) for the cathodes after 5 cycles in KB, Ru,,/KB, and HEA;,/KB cathodes. d) In situ differential electrochemical
mass spectrometry (DEMS) data of the HEA;,/KB. €) and f) Ex situ normalized XANES spectra of HEA;,/KB recorded at different DOD and SOC:

e) discharge and f) charge in fluorescence mode at the Ru K-edge.

as the current density increases from 0.1 A g’ to 1 A g™', the
charge voltage of the NiFeCoCuRu HEA,,/KB electrode remains
stable, although the discharge potential polarization gradually
increases, shifting the discharge medium voltage from 2.90 to
2.51 V. In contrast, both pure KB and Ru,,/KB exhibit higher
voltage polarization at each current density (Figure S28a,b, Sup-
porting Information). The main reason for performance degra-
dation at higher rates is likely the physical detachment of dis-
charge products from the electrode, leading to the loss of electri-
cal contact.l'”] Importantly, batteries with lean electrolyte feature
lower charge overpotential compared with those with flooded
electrolytes. This could be attributed to the lower interfacial resis-
tance provided by the thin GF/A separator and rapid mass trans-
fer (Figure S29, Supporting Information). The short lifespan of
batteries with lean electrolytes is possibly due to irreversible side
reactions on the surface of the lithium foil and the insufficient
electrolyte supply caused by unavoidable parasitic side reactions
(Figure S30, Supporting Information). To emphasize the advan-
tages of the NiFeCoCuRu HEA, /KB catalyst, we conducted a
systematic comparison, considering overpotential, cycling per-
formance, and the loading amount of noble metals in other repre-
sentative catalysts from previous studies. As shown in Figure 3e,f
and Table S5 (Supporting Information), NiFeCoCuRu HEA, /KB
demonstrates the longest cycling performance compared with
other selected catalysts, even when considering the relatively
low noble metal content (~8.8 wt%) used in the NiFeCoCuRu
HEA,,/KB catalyst.

Adv. Mater. 2024, 36, 2401288 2401288 (7 of 11)

To understand the underlying mechanisms for the enhanced
performance of both CRR and CER in HEA, /KB, we used a com-
bination of ex situ and in situ techniques, as shown in Figure 4.
The initial charge-discharge profiles of the battery is shown on
the left in Figure 4a. From FTIR spectra, two distinct bands at 863
and 1414 cm™! are observed, corresponding to Li,CO, species.!8]
Following the battery discharged to 2.8 V (point c), the exis-
tence of Li,CO; was confirmed by the corresponding FTIR spec-
tra. Upon charging, the corresponding FTIR spectra indicate a
gradual decrease in the intensity of Li,CO, bands, eventually dis-
appeared when the potential reached 3.6 V. Ex situ XRD patterns
(Figure 4b) further reveal the emergence of the Li,CO, signal,
which was easily observed during discharge. Subsequent to the
charging process, the signal in the HEA,, /KB cathode exhibited
a gradual weakening, ultimately disappearing. This result indi-
cates that the lithium carbonate is the main discharge products,
which aligns with the ex situ FTIR, Raman shifts, and TEM ob-
servations (Figures S31 and S32, Supporting Information). Ad-
ditionally, Figure 4c presents the SXAS spectra at the carbon K-
edge for pure KB, Ru,,/KB, and NiFeCoCuRu HEA,;/KB cath-
odes at the charge status after five cycles. Notably, the distinc-
tive Li,CO; peak at 290.2 eV is only observed in pure KB and
Ru,, /KB, while NiFeCoCuRu HEA,,/KB shows a significantly
lower intensity, indicating the presence of only a trace amount of
Li,CO;. This result further demonstrating the excellent capability
of NiFeCoCuRu HEA,;/KB in Li, CO; decomposition. We further
use the in situ differential electrochemical mass spectrometry
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(DEMS) to reveal the underlying reaction paths of our proposed
NiFeCoCuRu HEA,,/KB catalyst in the battery. In Figure 4d, the
balanced CO, evolution rate for NiFeCoCuRu HEA,, /KB closely
approaches the standard line ascribed with 4e~/3CO, (charge-
to-mass ratio) and no detectable O, was observed during the
charge process. This suggests that most of the electrochemical
reactions proceed along a fully reversible pathway via 2Li,CO;+
C — 4Li+3CO,+4e". Besides, similar gas evolution rates were
observed in the Ru,, /KB cathode (Figure S33, Supporting Infor-
mation). The two results provide strong evidence that our synthe-
sized HEA;,/KB works along the same electrochemical mech-
anism as that of Ru,, /KB catalysts in facilitating the CRR and
CER, rather than bringing in other parasitic reactions contain-
ing electrode degradation and electrolyte decomposition. In com-
parison, the CO, evolution rate for the KB cathode (Figure S33a,
Supporting Information) is significantly lower than the standard
line ascribed to 2e~/CO, and the charge potential reaches ~4.5 V.
It means that the single decomposition of Li,CO; is incomplete
during charging with pure carbon substrates even under such
a high charge overpotential, which highlights the great signifi-
cance of employing active Ru-based components for enhancing
aprotic Li-mediated CO, electrochemistry.

Conventional reaction characterizations may provide insuffi-
cient information for a comprehensive understanding of catalyst
degradation during electrochemical reactions. To address this is-
sue, we conducted ex situ XAS characterizations at different elec-
trochemical discharging and charging states. The edge position
of XAS spectra, measured at different depth of discharge (DOD)
or status of charge (SOC), were compared with metal foil XAS
spectra as a reference. As shown in Figure 4e.f, the dominant
features, particularly the positions of the white line in Ru K-edge
XANES spectra, remained consistent throughout all DOD and
SOC processes. More specifically, upon discharge, the Ru absorp-
tion edge slightly shifted to lower energy compared with the pris-
tine state, indicating that Ru gained numerous electrons, and a
large number of CO, and discharge intermediates adsorbed on
the surface of Ru sites.”#1°] This is further evidenced by the de-
creased white line intensity during discharging. During charg-
ing, the Ru absorption edge shifted to higher energy compared
with the pristine state, suggesting increased oxidation of the
Ru surface in contact with charge intermediates and discharge
products.l’d The findings are further confirmed by correspond-
ing FT-EXAFS spectra in Figures S34-S36 (Supporting Informa-
tion). Additionally, an incomplete reversal of the Ru K-edge back
to a lower oxidation state at the end of the first charge is likely a
result of the structural reconstruction in HEA,,/KB (Figure 4f).
However, this structural change occurring during the discharg-
ing and charging process is reversible, as further confirmed by
the subsequent discharge-charge process (Figure S37, Support-
ing Information). This observation implies the high stability of
the HEA,,/KB catalyst during the reaction. We assume that the
back-and-forth changes in the interactions play a crucial role
in maintaining the distinctive features of Ru in the HEA,,/KB.
This, in turn, affects the overall stability of the HEAs nanopar-
ticles in both CRR and CER reactions. Notably, the XANES
(Figure S38, Supporting Information) and FT-EXAFS spectra
(Figures S39-41, Supporting Information) of the Cu K-edge fol-
lows the same trend as that of Ru K-edge, which also illustrates
that Cu sites are also active sites in our HEA,, /KB catalyst. The
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above ex situ XAS results show that both Ru and Cu are active
sites, which boost CRR and CER together. The XAS investiga-
tions confirm the remarkable stability of both Ru and Cu during
the electrochemical processes, providing valuable insights into
the factors responsible for the outstanding catalytic activity of the
HEAs.

To gain a deeper insight into the performance enhancement
of the HEA,, /KB catalyst, we conducted additional calculations,
as shown in Figure 5. We calculate the adsorption energies of Li,
C, CO,, Li,CO, and possible intermediates (CO and Li,C,0,) on
the Ru cluster and the NiFeCoCuRu HEAs. It is important to note
that HEAs provide multiple adsorption sites with variations of
energies compared with Ru, as shown in Figure S42 (Supporting
Information), in which Li-based and C-based compounds have
their preferred sites for the adsorption. In addition, compounds
with large structure will have interactions with different atoms
on the surface, in which HEAs with a heterogenous composition
provide unique individual sites. Notably, the comparison of ad-
sorption energies in the most stable sites for different C-based
and Li-based compounds (Figure 5a) reveals that the HEAs can
provide active sites for adsorption with lower E_,, for Li, Li,CO,
and Li,C,0, as well as C and CO. However, the adsorption of
CO, has lower E ;. on Ru with a homogenous composition on
the surface than that on HEAs.

To better understand the catalytic activity of multicomponent
HEAs in comparison to Ru, we further conducted calculations
to determine the free energies of intermediates. We consider all
the possible intermediates during CER/CRR, such as the forma-
tion of Li,CO; and Li,C,0,. The unit cell of the HEAs cluster
comprised 84 atoms, with Ni, Fe, Co, Cu, and Ru elements in
equal proportions. To align with the experimental composition,
we adopted a Ni/Fe/Co/Cu/Ru ratio of 1:1:1:1:1 for simulations
and optimized configurations using the multi-cell Monte Carlo of
(MC)? code. The free energies of intermediates involved in three
reaction paths on both HEAs and Ru were performed under two
sets of conditions: one with U = 0 V and another at the theoreti-
cal equilibrium potential of Li, CO, formation (U = U, = 2.87 V).
The CRR process can be assigned into two stages: first, the for-
mation of *Li,CO; and *CO (representing the catalytic surface)
intermediates, and second, the formation of *Li, CO, and *C. The
results are illustrated in Figure 5b and Figure S43-S46 (Support-
ing Information), and the corresponding free energy changes for
each reaction step are summarized in Table S6 (Supporting In-
formation). From all the possible sites considered in this study,
as shown in Figure S42 (Supporting Information), it is revealed
that active sites containing high concentration of Ru and Ni gives
higher preference for Li adsorption (sites 17, 12, 18), also with
the combination of Co, Cu, Fe and Ni (site 2) gives a compara-
ble Li adsorption energy. Whereas, the C adsorption prefers to
occur in the active sites containing high concentration of Co and
Fe (sites 15, 10, 2), also with the combination of Ru and Ni (site
8) gives a thermodynamically stable C adsorption. This reveals
the complexity to fully understand the effect of surface compo-
sition on the adsorption process, since sub-surface composition
is also another critical factor for determining the electrochemi-
cal response of HEA surface.[?% It is important to note that the
intermediates are made of molecules and not just a single atom.
As shown in Figure S44 (Supporting Information), it is evident
that Ru is not the only element binding the intermediates on the
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Figure 5. a) The adsorption energies for C, Li, CO,, CO, Li,CO;, and Li,C,0, species. Statistical studies for C & Li adsorption, then only pick the
most stable adsorption for derived compounds, such as CO,, CO, Li,CO;, and Li,C,0,. b) A free energy diagram of Ru-cluster and HEAs-cluster under
the equilibrium potentials of Li*|Li,CO;. c) Optimized ground state geometries and adsorption energies, energies of the Highest Occupied Molecular
Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) of Ru-cluster and HEAs-cluster. The elemental delineations in this figure are
distinguished by the following colors: C in magenta, O in purple, Li in grey, Ni in yellow, Fe in cyan, Co in pink, Cu in orange, and Ru in green.

surface, as other elements including Co and Ni also exhibit some
interaction with the intermediates. This becomes further com-
plex with the adsorption of large intermediates (e.g., LiCO, and
Li,CO,) and/or the co-adsorption of intermediates (e.g., LiCO,
+ CO). Herein, we found that these intermediates may adsorb
favorably in a cluster of active sites containing Ru, Co, and Ni.
The HEA surface consists of variety of elements with different
affinity toward different intermediates — a behavior that cannot
be replicated only by using monometallic alloys. During the dis-
charge process (Figure 5b), Path 1 exhibits a lower energy barrier,
making it the preferred pathway on both the basal planes of Ru
and HEAs for Li,CO; nucleation. However, HEAs exhibit a lower
energy barrier of 1.49 eV than that of Ru (1.79 eV) for Li,CO; nu-
cleation, indicating that the HEAs attains the lowest Gibbs free
energy changes for the controlling step and Li, CO, nucleations.
In the charging process, both Ru and HEAs favor Path 3 for
Li,CO, decomposition, while CO, desorption is the rate-limiting
step and involves a notable energy barrier, with HEAs display-
ing a lower barrier of 0.22 eV compared with that of Ru (0.46
eV). These results further confirm that HEAs exhibits a lower

Adv. Mater. 2024, 36, 2401288 2401288 (9 of 11)

energy barrier for both Li,CO; formation (CRR) and its subse-
quent decomposition into CO, (CER) compared with Ru. Thus,
HEAs sites demonstrate superior CRR/CER activity in compari-
son to Ru sites. We also calculated the energies of the Highest Oc-
cupied Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO) for the optimized structures to under-
stand electrical conductivity (Figure 5c). The energy gap between
these frontier molecular orbitals, denoted as AE,, |, was found to
be 0.029 eV for Ru clusters and 0.018 eV for HEAs clusters. This
difference indicates that the HEAs system exhibits a lower AE; |
value compared with the Ru cluster, suggesting an enhancement
in electrical conductivity. The enhanced electrical conductivity is
beneficial for the rate capability in the Li-mediated CO, redox re-
actions.

3. Conclusion

We have demonstrated the use of a HEAs-containing material as
an exceptional catalyst for Li-mediated CO, redox reaction with
excellent catalytic activity and durability. The use of an ultrafast
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chemical co-reduction method results in the synthesis of HEAs
nanoparticles with uniform distribution, small particle size, and
high loading. X-Ray-based techniques, microscopies, and compu-
tational analysis provide insights of the atomic and electron struc-
tures as well as the microenvironment change of these HEAs.
When applied as an electrocatalyst for Li-mediated CO, redox re-
actions, the NiFeCoCuRu HEA, /KB catalyst exhibits a signifi-
cantly lower overpotential of 0.82 V and excellent stability, en-
during over 2900 h, outperforming as-synthesized Ru-based cat-
alysts. Through extensive experiments and theoretical calcula-
tions, we identify the true active sites, the fine-tuning of elec-
tronic structure, and a synergistic effect among the five elements,
all of which contribute to the remarkable CO, redox activity of
HEA,,/KB. Our research introduces a novel material system for
enhancing the electrochemical performance of Li-mediated CO,
redox reactions by the efficient utilization of noble-metal-based
catalysts.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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