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We report a novel bimetallic selenide CuzTaSe, anode for sodium-ion
batteries synthesized via a one-step solid-state method. The integration
of Ta—Se motifs into copper selenide forms a cubic grid structure that
prevents copper atom aggregation and mitigates electrode failure.
CuszTaSe, exhibits a high specific capacity of 305 mAh g * at 1 C,
excellent rate performance of 286 mAh g * at 50 C, and superior
cycling stability with 272 mAh g™ after 3500 cycles at 20 C. This work
demonstrates the potential of bimetallic selenides in enhancing
sodium-ion battery performance.

The field of energy storage has seen notable advancements
driven by the quest for sustainable and efficient battery tec-
hnologies."”” Among these, sodium-ion batteries (SIBs) have
emerged as promising candidates due to the abundance and
low cost of sodium resources.** Despite these advantages, the
larger ionic radius of sodium ions poses challenges such as
sluggish kinetics and significant structural changes during
cycling, resulting in inferior electrochemical performance.>®
Consequently, there is an urgent need to explore and develop
electrode materials with sufficient interstitial space to accom-
modate larger Na' ions, capable of delivering superior cycling
stability and rate performance for SIBs.

Transition metal chalcogenides are increasingly recognized
as promising anode materials for SIBs due to their versatile
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synthesis, robust structures, and high theoretical capacities.”
Among them, transition metal selenides (TMSes) like MnSe,
CuSe, CoSe,, and MoSe,, have garnered significant attention for
their superior electronic conductivity and smaller band gaps
compared to transition metal sulfides, leading to better rate
performance.®*° However, TMSes undergo phase transitions
during (de)sodiation, involving bond breaking and crystal
structure rearrangement."”"> This collapse and aggregation
degrade cycling and rate performance, especially at high cur-
rent densities."® Strategies like nanostructure design and car-
bon modification are commonly employed to mitigate the
above issues, however elaborate fabrication and unfavorable
side reaction restrict their practical application.'***

Bimetallic selenides often exhibit superior electrochemical
performance due to enhanced conductivity, enriched redox
reactions, and synergistic effects between components.'®'”
For instance, Wang et al.'® have synthesized the Co,Mo4Ses
nanosheet arrays grown on a carbon skeleton (CMSe/C), show-
ing a reversible capacity of 474 mAh g~ ' at 2 A g™ after
2400 cycles. Although some progress has been made in enhan-
cing the performance of these materials, achieving stable
cycling behavior at elevated current densities remains a persis-
tent challenge. Moreover, the understanding of the function for
each metal unit, as well as the design paradigm for bimetallic
selenides, is not yet clear.

In this study, we report a novel cubic bimetallic selenide
CujTaSe, as a high-performance anode for SIBs, synthesized via
a simple solid-state reaction. By integrating Ta-Se motifs into
copper selenide as anti-aggregation units to form a cubic grid
structure, the aggregation of copper atoms during conversion
reaction can be suppressed by immobile tantalum atoms with
large atomic mass, effectively alleviating the volume expansion
and electrode failure issues during cycling. Furthermore, the
synergy between Cu and Ta bimetals significantly enriches the
electronic reaction process, leading to superior electrochemical
performance. The Cu;TaSe, anode exhibits outstanding perfor-
mance, achieving a high specific capacity of 305 mAh g 'at1C,
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Fig.1 (a) Schematic diagram of the CusTaSe4 structure. (b) Rietveld
refined XRD pattern of CusTaSe,. (c) SEM, (d) EDS mapping, (e) HRTEM,
and (f) SEAD pattern images of CuzTaSey.

superior rate capability with 286 mAh g~ * at 50 C, and exceptional
cycling stability with 94% capacity retention after 3500 cycles at
20 C (Table S1, ESIT). The anti-aggregation-motif design strategy
introduced in this study is anticipated to inspire the development
of anode materials with high-rate capabilities and stable cycling
for SIBs.

The schematic representation of the cubic grid CusTaSe,
structure is depicted in Fig. 1a, illustrating the assembly of
Cu-Se and Ta-Se motifs. Tantalum and copper, each coordi-
nated by four equivalent selenium atoms, form TaSe, and
CuSe, tetrahedra, respectively. The Ta-Se and Cu-Se bonds in
these structures are uniformly 2.4 A in length. The X-ray
diffraction (XRD) pattern of the synthesized sample (Fig. 1b)
matches well with the standard values of cubic CuzTaSe,
(JCPDS 00-059-0158), exhibiting a P43m structure and lattice
constants of @ = b = ¢ = 5.67 A. The refinement reliability factors
are R, = 5.11%, Ryp = 7.05%, and Chi® = 7.21. The primary
characteristic diffraction peaks are observed at 15.62°, 27.23°,
35.39°% and 45.22° corresponding to the (100), (111), (120), and
(202) crystal planes, respectively.

The microstructure and elemental composition of CuzTaSe,
were characterized using a suite of advanced microscopy tech-
niques. Scanning electron microscopy (SEM) imagery (Fig. 1c
and Fig. S1, ESIt) reveals a predominantly quadrilateral shape
of the Cu;TaSe, particles, measuring approximately 2-3 pm in
dimension. Energy dispersive X-ray spectroscopy (EDS) analysis
(Fig. 1d) confirms a homogeneous distribution of Cu, Ta, and
Se across the composite. High-resolution transmission electron
microscopy (HRTEM) images (Fig. 1e) display lattice fringes in
two directions, identifying the (001) and (1-10) crystal facets
with interplanar spacings of 0.566 nm and 0.405 nm, respec-
tively, with an intersection angle of 90°. Selected area electron
diffraction (SAED) patterns (Fig. 1f) from the [110] zone show
clear diffraction spots, which are indexed to the (001), (1-10),
and (1-11) planes of cubic CusTaSe,.

The electrical resistivity of CuzTaSe, exhibits a negative corre-
lation with temperature, demonstrating semiconductor behavior
(Fig. 2a). Additionally, it achieves a relatively high electrical
conductivity of 102.5 mS m™ ' at 300 K (the inset of Fig. 2a).
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Fig. 2 (a) Temperature-dependent resistivity and conductivity (inset) of

CuszTaSey. (b) Raman spectra of CusTaSe,. High-resolution XPS spectra of
(c) Cu 2p, (d) Ta 4f in CusTaSey.

Spectroscopic evidence of the formation of CusTaSe, is con-
firmed by the Raman spectrum recording (Fig. 2b). The cubic
lattice of CusTaSe, is characterized by a predominant peak at
233.9 ecm ™', corresponding to the E* vibrational mode of Cu-
Se.' The weak peak observed at 110.2 cm ™" and the broad peak
at 159.5 cm " are respectively attributed to the two-phonon
structure of Ta-Se.’’ The oxidation state of CuzTaSe, was
analyzed wusing X-ray photoelectron spectroscopy (XPS)
(Fig. S2, ESIt). The Cu 2p XPS spectrum of CuzTaSe,, shown
in Fig. 2c, displays peaks at 932.4 eV and 952.2 €V, corres-
ponding to the binding energies of the Cu’ 2ps, and 2py,,
states, respectively.”! Additionally, shake-up satellite peaks for
Cu 2p are observed at 944.8 eV and 948.4 eV.?*> The Ta 4f XPS
spectrum (Fig. 2d) features peaks at 24.2 eV and 26.1 eV,
indicative of the Ta®" 4f,, and Ta’" 4f;, states, respec-
tively.”>** The Se 3d spectrum reveals two peaks, corresponding
to Se®” 3ds, at 53.9 eV and 3dy, at 54.8 eV (Fig. S3, ESI).>
The initial three galvanostatic charge-discharge (GCD) curves
of the Cus;TaSe, anode at 0.15 A g ' (1C = 300 mA g %), show
initial discharge and charge capacities of 371.7 mAh g ' and
328.7 mAh g™, respectively, with a high initial coulombic efficiency
(ICE) of 88.4% (Fig. 3a). In subsequent cycles, the coulombic
efficiency rapidly increases to above 99%, indicating highly reversible
sodium storage behavior. The Na-CuzTaSe, half-cell exhibits rever-
sible capacities of 291, 305, 295, 313, 326, 332, 328, and 286 mAh g~ *
at 0.2, 1, 5, 10, 20, 30, 40, and 50 C, respectively, indicating that 94%
of the reference capacity measured at 1 C can be reversibly achieved
within 1.5 minutes (Fig. 3b and Fig. S4, ESIt). When the rate
returned to 0.2 C, the CusTaSe, anode rapidly recovers its initial
capacity, demonstrating superior rate performance compared to
Cu,Se (Fig. S5 and S6, ESIt). Additionally, Fig. S7 (ESIt), Fig. 3c
and d illustrate the long-term cycling performance of the Cu;TaSe,
anode at current densities of 1 C, 5 C, and 20 C, following initial low-
current activation cycles. After 200 cycles at 1 C, the specific capacity
remains steady at 416 mAh g~ without any capacity decay (Fig. S7,
ESIT). Similarly, at 5 C, the specific capacity is maintained at
304 mAh g ' after 1500 cycles, with a capacity retention rate
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Fig. 3 (a) GCD curves of CusTaSe, in the initial three cycles. (b) Rate

performance of CusTaSe,. Cycling performance of CusTaSe, at current
densities of (c) 5 C and (d) 20 C.

approaching 100% (Fig. 3c). Under high-rate (dis)charge
conditions at 20 C, the specific capacity remains stable at
272 mAh g~ ! after 3500 cycles, with a capacity retention rate
of 94% (Fig. 3d). The initial capacity increase during the first
100 cycles is due to SEI layer formation and electrochemical
milling, which boost electrochemical activity and stabilize the
material. The improved performance of CusTaSe, is attributed
to the lattice synergy between Cu and Ta, which reduces volume
expansion and prevents Cu atom agglomeration, leading to
better capacity and electrode stability.

The charge storage behavior of CusTaSe, was evaluated via
cyclic voltammetry (CV) characterization at scan rates from 0.4
to 1.5 mV s~ ' (Fig. 4a). As the scan rate increased, both anode
and cathode peaks rose similarly. According to the Randles—
Sevcik (R-S) equation, i = a”, where i is the peak current and
v is the scan rate.?® For a diffusion-controlled process, b = 0.5,

0.
a 24 Cu;TaSe, Peak 2 b CusTaSe, N
! 03 b,=0.94 o
< .
1 E °
= 00
% o E 03 ,=0.98
£ §
S, oamver | E08
| oomvst | 8 Peak 1 Peak2
Peak 1 o8mvs ~ 09 Measured
2 i
1.2
0.0 0. 10 15 20 3.0 0.4 0.2 0.0 02
Voltage (V) Log (scan rate) (mV s™")
C [ Diffusion controlled d ” Cu;TaSe, .
[ capacitive 2o R o,
100 B Y %, 2% |
9 933 934 935 94.0 972 il Y Ny, g I
o % Wl
& o
g q&% ova‘*l.gﬂw
_-‘IE_ ‘y}w ) 6@@ AW““U A
£ 40 - M., 2
8 'H\«H 3
2 m“"ﬂ-,, |
M J
00 il
04 06 08 1 15 0 10 20 30 40 50 60
Scan rate (mV s™") Time (h)
Fig. 4 (a) CV curves of CusTaSes at various scan rates from 0.4 to
1.5 mV s (b) The linear relationship between log(scan rate) and

log(peak current) of CusTaSe4. (c) The proportion of pseudocapacitive
contribution in CusTaSey at various scan rates from 0.4 to 1.5 mV s™*. (d)
GITT potential profiles of CusTaSes and Corresponding Na* diffusion
coefficients (Dn,+) during discharge—charge.
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while for a capacitance-controlled process, b = 1.0. The linear
relationship between log (i) and log (v) was derived from peaks
at 1.92 V (peak 1) and 2.05 V (peak 2). The b values for peaks
1 and 2 were 0.94 and 0.98, respectively, indicating that sodium
storage in the CusTaSe, anode is primarily capacitive-controlled
(Fig. 4b). According to the formula, i = kv + k"%, where £, is
the slope and k, is the Y-intercept.”” The pseudocapacitive con-
tributions at scan rates of 0.4, 0.6, 0.8, 1.0, and 1.5 mV s~ ' were
93.3%, 93.4%, 93.5%, 94.0%, and 97.2%, respectively (Fig. 4c and
Fig. S8, ESIf). To investigate the kinetics of Na® migration,
constant current intermittent titration technique (GITT) measure-
ments were performed (Fig. 4d and Fig. S9, ESI{). The Na' ions
diffusion coefficient (Dy,+) of the CuszTaSe, anode ranged from
1.02 x 107" t0 2.57 x 10~ ! ecm? s, consistent with the trends
observed in the CV curves (Fig. 4d).

In situ XRD was employed to monitor the structural evolu-
tion of CusTaSe, during successive (de)sodiation processes in
the first cycle, illustrating its working mechanism (Fig. 5a and
Fig. S10, ESIt). Throughout the cycle, the peaks observed at
about 38.9°, 41.5°, and 44.3° are attributed to BeO, while those
at around 46.1°, 51.3°, and 53.2° correspond to Be, associated
with the in situ cell window. The peaks at about 43.5° and 50.7°
are due to the Cu foil used for the anode. In the initial stage, the
peaks at approximately 15.8°, 22.4°, 27.5° 35.6°, 39.1°, 48.4°,
and 53.9° match the diffraction peaks of CusTaSe,. The entire
(dis)charge process involves a series of distinct transforma-
tions. Initially, as the discharge process begins, sodium ions
gradually insert into the CujzTaSe, lattice. This insertion is
indicated by a slight shift in the diffraction peaks of the initial
crystal plane of Cu;TaSe, towards higher angles, resulting in
the formation of Na,Cuj;TaSe,. As the discharge progresses, the
initial diffraction peaks of Cus;TaSe, completely disappear.
Concurrently, characteristic peaks of Na,Se (220) emerge at
approximately 37.3°, followed by the appearance of the Ta (051)
peak at 47.0°. During the charging process, sodium ions
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Fig. 5 (a) In situ XRD contour plot of CusTaSe,. (b) CV curves of CusTaSe4
in the initial three cycles. (c) Nyquist plots of CusTaSe4 anode before and
after cycling.
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gradually deintercalate, resulting in the gradual disappearance
of the characteristic peaks of Na,Se (220) and Ta (051), while
new peaks corresponding to metal selenides become observa-
ble. Upon recharging to 3 V, peaks associated with the Ta,Se;
(001), TaSe; (102), and CusSe, (111) crystal planes are observed.

The CV profiles of Cu;TaSe, at a scan rate of 0.5 mV s '
further reveal electrochemical behavior (Fig. 5b). In the first
cathodic scan, a prominent peak at approximately 0.48 V
indicates the initial sodiation process and solid electrolyte
interface (SEI) layer formation, while a minor peak at 0.05 V
indicating Na" insertion within the carbon matrix.”® During the
subsequent anodic scan, a peak around 0.1 V corresponds to
Na' extraction from the carbon matrix. Peaks observed at
1.52 'V, 1.92 V, and 2.05 V are attributed to the desodiation of
Na,Se and the formation of TaSe, and CuSe,. After the initial
scan, the subsequent curves display highly reproducible pro-
files, indicating excellent reversibility and stable kinetics. The
electrochemical impedance spectra reveal a significant reduc-
tion in charge transfer resistance for the Cus;TaSe, anode after
several cycles (Fig. 5¢). This is due to the anode activation process,
which forms refined nanoparticles and a more uniform SEI film.
Consequently, both electron and ion conductivity are enhanced,
leading to improved electrochemical performance and stability of
the CusTaSe, anode.

In summary, CusTaSe, was successfully synthesized via a
one-step solid-state reaction. The incorporation of Ta-Se motifs
into copper selenide to form a cubic grid structure effectively
mitigates the aggregation of copper atoms during the conver-
sion reaction, thus addressing the issue of structural
degradation-induced electrode failures. The CuzTaSe, anode
demonstrates exceptional sodium storage capabilities, main-
taining a capacity retention of 94% from 0.2 C to 50 C, with
specific capacities of 304 mAh g~ " after 1500 cycles at 5 C and
272 mAh g after 3500 cycles at 20 C in SIBs. The sodium
storage mechanism of the CusTaSe, anode was investigated
using in situ XRD, revealing a stepwise bimetallic reaction. This
anti-aggregation motif design strategy is anticipated to inspire
the development of high-rate and long-lived anode materials
for SIBs.
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