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A dual heterostructure enables the stabilization of
1T-rich MoSe, for enhanced storage of sodium
ionsT
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Electron injection effectively induces the formation of a 1T-rich phase to address the low conductivity of
MoSe,. Nevertheless, overcoming the inherent metastability of the 1T phase (particularly during the
conversion reactions that entail the decomposition—-reconstruction of MoSe, and volume expansion)
remains a challenge. Guided by DFT results, we designed a composite with bimetal selenides-based
heterostructures anchored on reduced graphene oxide (rGO) nanosheets (G-Cu,Se@MoSe;) to obtain
stabilized 1T-rich MoSe, and enhanced ion transfer. The construction of 1T-rich MoSe, and built-in
electric fields (BIEF) through electron transfer at the heterointerfaces were realized. Moreover, the rGO-
metal selenides heterostructures with in situ-formed interfacial bonds could facilitate the reconstruction
of the 1T-rich MoSe,-involved heterostructure and interfacial BiEF. Such a dual heterostructure endowed

G-Cu,Se@MoSe, with an excellent rate capability with a capacity of 288 mA h g~* at 50 A g* and
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Accepted 28th May 2024 superior cycling stability with a capacity retention ratio of 89.6% (291 mA h g™ after 15000 cycles at

10 A g7 Insights into the functional mechanism and structural evolution of the 1T MoSe,-involved dual

DOI: 10.1039/d4sc02400a heterostructure from this work may provide guidelines for the development of MoSe, and phase-
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1 Introduction

The increasing demand for high-mileage electric vehicles and
large-scale energy-storage systems has raised concerns about
the impact on natural reserves and cost of lithium metal, a key
component in lithium-ion batteries (LIBs). Sodium-ion batteries
(SIBs) have emerged as an alternative to LIBs owing to the
abundance and low cost of sodium, high safety, and impressive
electrochemical performance over a wide temperature range."*
Despite sharing a similar working mechanism with LIBs, SIBs
cannot directly utilize the commercial graphite anode of LIBs.?
The development of sodium-storage anode materials is also
hindered by a low rate of ion diffusion and huge volume
expansion resulting from the inherently larger size of Na* (1.02
A vs. 0.76 A for Li*).** Transition-metal selenides (TMS) are
promising conversion-type anode materials that offer good
electrochemical activity and high capacity.>® Compared with
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engineering strategies for other polymorphistic materials.

transition-metal oxides or transition-metal sulfides, the larger
size of Se atoms and weaker transition metal-Se bonds endow
TMS with higher mobility of electrons, better ion diffusion and
lower rate of volume change.>” Among TMS, two-dimensional
(2D)-layered MoSe, has been attracting extensive attention
due to its high interlayer distance of 0.65 nm, large surface area,
small bandgap of 1.1 eV and high theoretical sodium storage of
422 mA h g~ '.® However, its development is constrained by the
common issues for TMS, such as low conductivity, low rate of
ion diffusion, and large volume changes. These challenges
affect the reaction kinetics and reversibility.

The poor electron transfer of MoSe, can be solved by phase
engineering.” The polymorphism feature enables the trans-
formation from a semiconductive 2H-phase to metallic-like 1T
state for promoting electronic conductivity, rate of ion diffusion
and electrochemical activity.'**> However, the Mo 4d-orbitals of
1T-MoSe, exhibit lower energy levels that are not fully filled, so
the metastable 1T phase is commonly observed. Strategies such
as introducing heteroatoms,® single atoms® and an inter-
calator** have been developed to realize a 1T structure in MoSe,
or the analogous 2D material MoS, for enhanced sodium
storage. All those studies have highlighted the importance and
efficacy of electron injection from a donator species (P, Fe or
PO,*") to Mo atoms to achieve a balanced electron occupation
in Mo 4d orbitals and promote a high content of the 1T phase.
On the other hand, the formation of a composite with a second

© 2024 The Author(s). Published by the Royal Society of Chemistry
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material having different redox potential from MoSe, can
prevent the aggregation of conversion products and alleviate the
mechanical stress derived from volume changes, thus
benefiting the structural stability.>'® Metallic selenides with
various bandgaps can induce spontaneous electron redistribu-
tion at heterointerfaces to generate a built-in electric field (BiEF)
that enhances ion transfer.'**® Analogically, designing a heter-
ostructure involving MoSe, and another selenide could be
promising to overcome aforementioned drawbacks, thereby
achieving stabilized 1T-MoSe, and a BIiEF for promoting the
transfer of electrons and ions. Such a structure has not been
reported for battery materials.

Cu,Se is an anode material with excellent sodium storage
kinetics."?" In particular, the B-phase Cu,Se, with a face-centered
cubic structure, possesses liquid-like Cu ions within the crystals.
This feature endows it with good ionic and electronic conduc-
tivity while acting as an electron donor.*** Benefiting from this
unique property, B-Cu,Se was selected to construct a bimetal
selenides-based heterostructure to achieve the construction of
interfacial BiEF and 1T-rich MoSe, in this work. Nevertheless, the
stability of an engineered electron-injection heterostructure faces
challenges due to structural evolution during the conversion
reactions, which involve volume changes and decomposition—
reconstruction processes.”*”®* The migration of the conversion
products must be prevented during volume expansion. From this
perspective, anchoring the metal selenides-based heterostructure
on a suitable substrate may enhance the structural stability
further by strengthening the interfacial bonds and guiding their
reconstruction.>** The 2D material graphene oxide (GO), with
large surface area and abundant surface groups, is an ideal
substrate to load metal selenides and construct interfacial
bonds.*** Considering all these advantages, it is reasonable to
anticipate that a graphene-supported B-Cu,Se@MoSe, hetero-
structure could exhibit superior sodium storage kinetics.

Herein, B-Cu,Se was chosen as the coupling material to
construct a heterostructure with MoSe,. GO with abundant
functional groups was introduced as the substrate. The formed
GO-Cu*"-Mo0,>~ complex in the precursor solution could guide
the growth of bimetallic selenides during the hydrothermal
selenylation process to form heterogenous Cu,Se@MoSe,
anchored on rGO nanosheets. DFT calculations and XPS data
demonstrated the formation of 1T-rich MoSe, with improved
conductivity. The improved adsorption of sodium ions and
construction of BiEF at the Cu,Se@MoSe, interface promoted the
diffusion rate of Na*. We also demonstrated that the rGO-metal
selenides heterointerface played a critical part in facilitating the
cyclic reconstruction of Cu,Se@MoSe, heterostructures. As
a result, an excellent sodium storage kinetic was realized in this
dual-heterostructured G-Cu,Se@MoSe, composite, as reflected
by a high capacity of 288 mA h g at 50 A g~ ! and a high
retention ratio of 89.6% after 15 000 cycles at 10 A g™ ".

2 Results and discussion
2.1 Density functional theory

Density functional theory (DFT) calculations were initially
employed to explore the influence of B-Cu,Se on MoSe, and to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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understand the possible functional mechanism of Cu,-
Se@MoSe, heterostructures. As depicted in Fig. S1,7 the
computation model was optimized using B-Cu,Se with an
exposed (111) facet and MoSe, with an (002) facet. The selection
of these exposed facets was based on previous reports.>***?” The
bandgap near the Fermi level in the electronic density of states
(DOS) revealed the semiconductive nature of MoSe, (Fig. 1a)
and the conductive feature of Cu,Se (Fig. 1b). For Cu,Se@MoSe,
(Fig. 1c), the Mo-d was activated through the interfacial d-p-
d hybridization between Cu, Se and Mo atoms. As a result, the
total DOS of Cu,Se@MoSe, at the Fermi level was much higher
than that of Cu,Se and MoSe,, implying a metallic feature with
excellent mobility of electrons (Fig. 1d)."®* More importantly,
compared with that in Cu,Se and MoSe,, the Cu-d band and Mo-
d band in Cu,Se@MoSe, approached each other and sat closer
to the Fermi energy, revealing that an electronic interaction
between Cu-d to Mo-d. As displayed in the differential charge
density images of Cu,Se@MoSe, (Fig. 1e), depletion of electrons
at interfacial Cu atoms and accumulation of electrons at Mo
atoms were observed. Such interfacial electron transfer should
enable the reorganization of the Mo 4d orbitals of MoSe, to
facilitate the formation of the 1T phase and construction of
BiEF.”® The energy difference between the 2H and 1T phases
decreased to 0.086 eV per atom after constructing hetero-
structures with Cu,Se (Fig. S1t), which is significantly lower
than the reported value for neat MoSe, (0.237 eV per atom).'**

Based on analyses of the Bader charge and difference in
charge density (Fig. 1e), the electron-rich Cu was capable of
offering a partial electron of 0.124 e~ to Mo, resulting in the
phase transition from 2H to 1T. The sodium adsorption energy
was calculated based on the computational models in Fig. 1f,
and was —1.22 eV for MoSe,, —2.56 eV for Cu,Se, and —1.49 eV
for the MoSe, side of the Cu,Se@MoSe, heterostructure along
with —2.89 eV for the Cu,Se side. With regard to Cu,Se@1T-
MoSe,, the sodium adsorption energy was increased further to
—2.09 and —3.18 eV for the 1T-MoSe, side and Cu,Se side,
respectively. Clearly, this bimetal selenides-based hetero-
structures could enhance the ability to capture sodium ions of
Cu,Se and 1T-rich MoSe,. The enhanced adsorption energies,
coupled with the BiEF generated by re-distributed electrons at
the heterointerface, significantly accelerated the transfer
kinetics of Na'.** This theoretical analysis supports the
hypothesis that the Cu,Se@MoSe, heterostructure exhibits
superior electronic conductivity and ion adsorption, indicating
its potential to enhance sodium-storage performance.

2.2 Synthesis and characterization of G-Cu,Se@MoSe,

The preparation process and structural evolution of heteroge-
neous G-Cu,Se@MoSe, composite are shown in Fig. 2a. In the
precursor solution, the electrostatic attraction between the
negatively charged surface groups on the GO surface, copper
ions, and M00,>~ induced the formation of a GO-Cu**-Mo00,*~
complex, which facilitated the subsequent hydrothermal sele-
nylation process for the formation of dual heterostructures.
Cu,Se@MoSe, heterostructures were directly grown on reduced
graphene oxide (rGO) nanosheets to form in situ-generated
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Fig. 1 Density functional theory (DFT) calculations. The partial density of states (PDOS) of (a) MoSe,, (b) B-Cu,Se and (c) Cu,Se@MoSe,. (d) The
total density of states (TDOS) of MoSe,, Cu,Se and Cu,Se@MoSe,. (e) The 3D isosurface and 2D slice images showing the differential charge
density of Cu,Se@MoSe;. (f) Sodium adsorption energy of the optimized models of MoSe,, Cu,Se, Cu,Se@MoSe, and Cu,Se@1T-MoSe,.

interfacial bonds. In contrast, the Cu,Se/MoSe, sample ob-
tained without the use of GO (Fig. S27) displayed large polyg-
onal Cu,Se nanosheets and small flocculent MoSe, with loose
contact, suggesting less of a heterostructure. This observation
further supported the important role of GO on guiding the
growth of metal selenides to construct a Cu,Se@MoSe, heter-
ostructure by forming a GO-Cu®’-Mo0,> complex in the
precursor solution. The G-MoSe, sample displayed a hierar-
chical morphology with flower-like MoSe, clusters anchored on
the surface of 2D rGO nanosheets (Fig. S3a and bt). As shown in
the SEM images of G-Cu,Se@MoSe, (Fig. 2b and c), the micro-
sized rGO plane was fully covered with hierarchical layers. The
TEM image in Fig. 2d demonstrated the uniform coverage of
MoSe, layers and the existence of polygonal nanosheets.
HRTEM images in Fig. 2e displays two lattice fringes with
a distance of 3.3 nm and 0.67 nm, which match the (111) planes
of Cu,Se and (002) planes of MoSe, nanosheets, respectively.
This result also certified the flatly decorated Cu,Se and vertically
anchored MoSe, nanosheets. Fig. 2f displays the co-existence of
1T-MoSe, and 2H-MoSe,, with their positions supporting the
important role of heterostructures in the formation of the 1T
phase. The uniform distribution of elements C, O, Mo, Cu and
Se (EDS mapping images, Fig. 2g) further evidenced the
homogenous decoration of Cu,Se and MoSe, on the rGO
nanosheets.

M36 | Chem. Sci,, 2024, 15, M34-1144

The distinct peaks of the G-Cu,Se@MoSe, composite in the
XRD pattern (Fig. 3a) matched well with the diffraction peaks of
MoSe, (JCPDS Card No. 29-0914) and B-Cu,Se (JCPDS Card No.
65-2982). The XRD pattern of G-MoSe, in Fig. S3ct also evi-
denced the existence of MoSe,. In the Raman spectra of Cu,Se/
MoSe, and G-MoSe, (Fig. 3b and S3d¥), the main peak centered
at 241 cm™ ' was assigned to the A, peaks of 2H MoSe, and
Cu,Se.** With respect to G-Cu,Se@MoSe,, the representative
peaks of the 1T phase emerged as Ji, J,, E1g, J3, and Eég, thereby
confirming the formation of 1T-rich MoSe,.>** Besides, the
weak peak at around 256 cm ™' could be attributed to the A,
peak of the Cu,Se nanosheets underneath.?® The appearance of
the D band (1342.2 ecm ™ ') and G band (1593.1 cm™ %) in G-Cu,-
Se@MoSe, verified the presence of disordered carbon and
graphite carbon. The higher intensity ratio of the D band to the
G band (Ip/Ig = 1.65) than that for G-MoSe, (1.4) illustrated the
abundance of defects on the rGO planes, possibly resulting
from the formation of more interfacial C-Mo and C-O-M (M:
Cu or Mo) bonds. The BET surface area and distribution of pore
widths were characterized by N, adsorption-desorption
isotherms (Fig. 3c). G-Cu,Se@MoSe, and Cu,Se/MoSe, exhibi-
ted similar type-IV isotherm plots, delivering a comparable
surface area of 45.8 and 50.1 m> g~*, respectively. The slightly
higher surface area of Cu,Se/MoSe, could be attributed to the
presence of flocculent MoSe, with a large exposed surface and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Morphology of the heterogeneous G-Cu,Se@MoSe, composite. (a) Preparation procedures of the G-Cu,Se@MoSe, heterogeneous
composite (schematic). (b and c) SEM images showing surface morphologies. TEM (d) and HRTEM (e and f) images. (g) EDS mapping images

displaying the distribution of C, O, Mo, Cu and Se elements.

fewer heterostructures. In contrast, G-Cu,Se@MoSe, possessed
more covalently bonded interfaces, leading to the formation of
rich heterostructures and a decrease in the exposed surface
area. From this perspective, the comparable specific surface
area exhibited by the heterostructure-rich G-Cu,Se@MoSe,
should be attributed to the rGO nanosheets that prevented
a significant decrease in the specific surface area. The majority
of pores in Cu,Se/MoSe, had a diameter of about 2.57 nm. G-
Cu,Se@MoSe, exhibited three main pores with a diameter of
2.07, 2.57 and 7.61 nm. The hierarchical morphology and dual
heterostructure of G-Cu,Se@MoSe, may lead to the formation
of multiscale pores and channels to facilitate electrolyte pene-
tration and ion transfer.*

These two composites presented similar signals in the XPS
spectra (Fig. S4at). The main signals of Cu, C, Mo and Se were
deconvoluted to analyze their elemental valence and chemical
states. In the high-resolution C 1s spectra of G-Cu,Se@MoSe,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and G-MoSe, (Fig. 3d and S3ef), the peaks at 282.5, 284, 284.8,
286.1, 287.3, and 288.9 eV could be indexed to C~-Mo, C=C, C-
C, C-O-M (M: Cu or Mo), C-O and C=0 bonds, respectively.****
The C=C and C-C arose from rGO basal planes, while the C-O
and C=O0 bonds were attributed to residual functional groups
on the rGO surface. The presence of the C-O-M bond and C-Mo
bond revealed the covalently bridged interfaces between rGO
and metal atoms in selenides, which suggested the formation of
rGO-metal selenides heterostructures. In the Cu 2p spectra
(Fig. 3e), two weak peaks at 934.8 and 955.8 eV belonged to the
Cu 2p4,, and Cu 2p3, of Ccu?", which could be ascribed to the
interfacial C-O-Cu bond derived from the GO-Cu*'-Mo0,*~
structure.*® Two strong peaks centered at 932.7 and 952.6 eV
contributed to the Cu 2p;;, and Cu 2pz, of Cu’ in Cu,Se,
respectively.”® The Mo 3d spectra in Fig. 3f and S3f} showed the
peaks of Mo**, Mo®" and Se 3s. The peaks at 228.8 and 231.7 eV
referred to the Mo*" in the 1T phase, while another two peaks at

Chem. Sci., 2024, 15, 1M34-1144 | 1M37
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Fig. 3 Characterizations of the microstructures in Cu,Se/MoSe, and G-Cu,Se@MoSe, composite. (a) XRD pattern of the G-Cu,Se@MoSe,
composite. Raman spectra (b) and N, adsorption—desorption isotherm plots (c) of Cu,Se/MoSe, and G-Cu,Se@MoSe, composites. The insert in
(c) is the distribution of pore sizes. (d) XPS C 1s of the G-Cu,Se@MoSe, composite. Cu 2p (e) and Mo 3d (f) spectra of Cu,Se/MoSe, and G-

Cu,Se@MoSe, composites.

229.4 and 233 eV represented the Mo"" in the 2H state, thereby
confirming the existence of 1T/2H MoSe, in these two
samples.’”*® Based on the integral area of 1T-Mo*" peaks, G-
Cu,Se@MoSe, demonstrated a higher 1T-MoSe, content of
52.9%, compared with 24.7% in Cu,Se/MoSe, and 22.1% in G-
MoSe,. The peak of Mo®" at 232.4 and 235.6 eV could be
ascribed to the partial oxidation of surface Mo atoms.*
Compared with Cu,Se/MoSe,, the Cu’ peaks of G-Cu,Se@MoSe,
shifted to higher binding energies, while the Mo** peaks shifted
to lower binding energies, confirming electronic transfer from
Cu atoms to Mo atoms at the heterointerfaces. This observation
was in good agreement with the DFT results, confirming the
modulation of MoSe, to achieve a higher content of the 1T
phase. C 1s, Cu 2p and Mo 3d spectra also supported
construction of a dual heterostructure in G-Cu,Se@MoSe,.
With regard to Se 3d spectra (Fig. S4b and ct), G-Cu,Se@MoSe,
and Cu,Se/MoSe, displayed two similar peaks of Se 3ds,, and Se
3d3/,, which corresponded to Se®~ in metal selenides.*

2.3 Sodium storage of G-Cu,Se@MoSe,

The sodium-storage performances of G-Cu,Se@MoSe, and
Cu,Se/MoSe, composites were first checked in half cells over
a potential range of 0.1-2.5 V at a scan rate of 0.1 mV s~ ' (Fig. 4a
and S5at). Their first three CV curves displayed three cathodic
peaks and three anodic peaks at similar potential in the first
scan. The peaks at 1.93 V and 1.3 V were derived from the
insertion of Na* into Cu,Se and MoSe, to form Na,Cu,Se and
Na,MoSe,, respectively.* The conversion from Na,Cu,Se to
metal Cu and Na,Se contributed to the peak at ~0.92 V.** The
peak at 0.31 V in the first scan could be assigned as the

M38 | Chem. Sci, 2024, 15, M34-11144

conversion of Na,MoSe, and the formation of a solid electrolyte
interphase (SEI).** It became weaker in subsequent cycles due to
the irreversibility of SEI formation. The peaks at 1.5 V in the
anodic sweeps resulted from the conversion reaction to form
Na,Cu,Se and NaMoSe,.*** Another two peaks at 1.74 and
2.05 V were related to the extraction of Na* to form Cu,Se and
MoSe,, respectively.*” The positions of CV peaks also matched
well with the plateaus in their galvanostatic charge-discharge
(GCD) curves (Fig. S5b and ct). At a current density of 0.1 A g™,
the heterogeneous G-Cu,Se@MoSe, composite delivered
a higher initial discharge capacity of 600 mA h g ' and
a reversible capacity of 417 mA h g™, compared with 556 and
378 mA h g ' for Cu,Se/MoSe,. The loss of initial capacity
resulted mainly from the generation of a SEIL The higher initial
coulombic efficiency for G-Cu,Se@MoSe, (70%) compared with
that of Cu,Se/MoSe, (68%) may have been due to its smaller
surface area, which consumed less Na* to form the SEL It was
also worthy to note that G-Cu,Se@MoSe, possessed a smaller
voltage hysteresis between charge and discharge curves, indic-
ative of its low electrode polarization, which benefits the
reversibility of the reaction.

As displayed in Fig. 4b, the sodium-storage performance was
evaluated at 0.2 A g~ after being activated at 0.1 A g~ for three
cycles. The capacity of G-Cu,Se@MoSe, reached as high as
412 mA h g~" (103.5% compared with the capacity at fourth
cycle) after 250 cycles, which could be ascribed to the activation
of electrodes upon cycling.** In contrast, it was only
295 mA h g7' (93%) for Cu,Se/MoSe,. The capacity decreased
slightly then increased at the initial stage, which could be
attributed to electrode activation. Rate performance was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigated from 0.1 A g~ " to 50 A g~ " (Fig. 4c). Heterogeneous
G-Cu,Se@MoSe, displayed much higher capacities at all
currents, which were 390, 376, 370, 369, 369, 365, 359, 346, and
332 mA h g ' at a current density of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20
and 30 A g ', respectively. Even at a high current density of
50 A ¢, a high capacity of 288 mA h g~ " was obtained, much
higher than that obtained for Cu,Se/MoSe, (188 mA h ¢~') and
for G-MoSe, (93 mA h g~ ') (Fig. S3gt). After revertingto 10A g™,
the G-Cu,Se@MoSe, composite maintained a higher capacity of
358 mA h g~! than the 246 mA h g~ ! for Cu,Se@MoSe,. The
GCD profiles at different current densities of G-Cu,Se@MoSe,
are presented in Fig. S6.1 The gradually weakened plateaus with
an increase in current density revealed the domination of the
capacitive process. The lower voltage hysteresis of G-Cu,-
Se@MoSe, than that of Cu,Se/MoSe, was also displayed at all
current densities, evidencing its excellent rate capability. The
rate performance of G-Cu,Se@MoSe, was compared with that of
other reported Cu,Se- or MoSe,-based anodes (Fig. 4d), which
clearly supported the superiority of G-Cu,Se@MoSe,.***2¢4>-5
Such excellent rate performance could be attributed to the dual
heterostructure, which increased the proportion of 1T-phase
MoSe, and established interfacial BiEF for enhanced electron

© 2024 The Author(s). Published by the Royal Society of Chemistry

mobility, improved sodium adsorption, and promotion of ion
transfer.

Long-term cycling stability tests were performed at 10 A g~
after the rate tests (Fig. 4e). The G-Cu,Se@MoSe, composite
displayed excellent stability during the whole test, with a reten-
tion ratio of 89.6% (291 mA h g~') after 15 000 cycles. However,
the Cu,Se/MoSe, anode displayed a faster capacity fading with
a retention ratio of only 66.2%. The large fluctuation in the
coulombic efficiency of Cu,Se/MoSe, also indicated its unstable
conversion reactions. G-MoSe, delivered a capacity of only
194 mA h g™' after 8600 cycles at 10 A g~ ' (Fig. S3ht). The
cycling performance of G-Cu,Se@MoSe, was tested further
using fresh cells (Fig. S77), eliciting a capacity of 331 mAh g~ *
with a retention ratio of 95.1% after 3300 cycles at 1 A g~ " and
323 mA h g~ with a retention ratio of 94.7% after 10 000 cycles
at 10 A g~ '. Based on the ESI in Fig. $8,} the rGO content in G-
Cu,Se@MoSe, was estimated to be 12%, while the capacity of
pure rGO anodes was only 110 mA h g ' at 0.1 A g},
32mAhg 'at50Ag ", and 42 mA h g~ after 15 000 cycles at
10 A g~ *. These findings strongly suggested that the role of the
rGO substrate lay in facilitating rapid reaction kinetics and
mitigating volume changes rather than directly enhancing the

Chem. Sci., 2024, 15, 11134-1M44 | 11139
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Cu,Se/MoSe, composites (inset is an enlarged cycle). (e) Diffusion coefficient of Na* during charge and discharge processes. (f) Nyquist plots of
G-Cu,Se@MoSe;, and G-Cu,Se/MoSe, composites (inset is the model of an equivalent circuit and fitted values of Rs and Ry).

capacity. Unequivocally, the outstanding sodium-storage
performance of the G-Cu,Se@MoSe, composite could be
attributed to the construction of dual heterostructures. The
bimetal selenides-based heterostructure limited the aggrega-
tion of conversion products and accommodated the expansion
stress, while the rGO-metal selenides heterostructure facilitated
the reconstruction of a bimetal selenides-based hetero-
structure, leading to stabilization of 1T-rich MoSe, and BiEF.

To evaluate the practical application of the G-Cu,Se@MoSe,
composite further, full SIB batteries coupled with NazV,(PO,)3
(NVP) cathodes were assembled. NVP cathodes exhibited
a plateau of about 3.35 V in half cells with metal sodium as
counter electrodes (Fig. 4f) and delivered a high specific
capacity of 89.3 mA h g~ " after 100 cycles at 1 A g~ * (Fig. S9at).
With regard to G-Cu,Se@MoSe,//NVP full cells, a voltage
window of 0.5-3.5 V was chosen to perform electrochemical
tests. Based on the weight of active materials (G-Cu,Se@MaoSe,)
in anodes, a high specific capacity of 335,283 and 190 mAhg™*
was obtained at 0.5, 1 and 2 A g~ ', respectively (Fig. S9bt). The
calculated energy density of the full cell could reach as high as
144.7 W h kg™, After 100 cycles (Fig. 4g), the full cell could
deliver a reversible capacity of 306 mAh g~ * (84.5%) at 0.2 Ag ™"
and at 241 mA h g~ (82.2%) at 0.5 A g~ '. The inset image in
Fig. 4g demonstrates a “ZZU” pattern composed by 29 LED
bulbs that had been lit-up by a fully charged G-Cu,Se@MoSe,//
NVP cell, thereby proving its practical potential.

2.4 Reaction kinetics of G-Cu,Se@MoSe,

The electrochemical reaction kinetics of the G-Cu,Se@MoSe,
composite were investigated by analyzing the -capacitive

1140 | Chem. Sci, 2024, 15, N34-M44

contribution, impedance properties and ion diffusivity. The CV
curves of G-Cu,Se@MoSe, and Cu,Se@MoSe, composites at
various scan rates were collected and are shown in Fig. 5a and
S10a,t respectively. The marked five peaks were selected to
analyze the capacitive contributions on the basis of the power-
law relationship (i = avb) between peak current (i) and scan
rate (v).*” A b value of 1 indicates a surface-capacitive dominated
electrochemical process. A b value of 0.5 denotes a diffusion-
controlled process. By fitting the linear slopes of log (i) versus
log (v) (Fig. 5b), all values of b were determined in the range of
0.77-1, suggesting that the discharge/charge processes of G-
Cu,Se@MoSe, was mainly controlled by surface-capacitive
behavior.** In contrast, the slightly lower b values for Cu,Se/
MoSe, (Fig. S10bt) indicated a lower capacitive contribution.
Then, the contribution of surface-capacitive processes at each
scan rate (v) was calculated through the equation i = kv + k%,
where kv and k,»* are the sections of capacitive and diffusion
processes, respectively.®* Unsurprisingly, G-Cu,Se@MoSe, dis-
played a higher capacitive contribution at all scan rates (Fig. 5¢
and S10ct). For example, the capacitive contribution for G-
Cu,Se@MoSe, and Cu,Se/MoSe, (Fig. S11f) was 92.1% and
89.6% at 0.3 mV s~ ', respectively. The higher contribution of
the capacitive process in G-Cu,Se@MoSe, could enable fast
reaction kinetics and, thus, excellent rate performance.

Ion diffusion coefficients (D) were studied by the galvano-
static intermittent titration technique (GITT) as presented in
Fig. 5d. According to eqn (S17),>* plots of D values during charge
and discharge processes are given in Fig. 5e. Heterogenous G-
Cu,Se@MoSe, possessed a higher diffusion coefficient of Na*
during the entire electrochemical reaction. This excellent Na*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transfer kinetics could have mainly resulted from the enhanced
adsorption energy of Na* and the BiEF at the heterointerfaces of
Cu,Se@MoSe,. The kinetic data of G-MoSe, were also collected
(Fig. S12%) and showed a low contribution of surface capacitive
process at all scans and poor ion diffusivity. These sluggish
reaction kinetics were in good accordance with the poor rate
performance of G-MoSe, (Fig. S3gt), further emphasizing the
crucial role of heterostructures. Nyquist plots, an equivalent
circuit and fitted results of fresh cells are presented in Fig. 5f.
The labels of Ry, R.;, CPE and Wo used in the equivalent circuit
represent contact resistance, charge transfer resistance,
constant phase element and Warburg impedance, respec-
tively.*® The G-Cu,Se@MoSe, composite displayed a smaller
semicircle in the high-frequency region with a lower charge
transfer resistance (R.) of 7.85 Q than that for Cu,Se/MoSe,
(15.92 Q). Conductive rGO nanosheets, 1T-phase rich MoSe,
and interfacial bonds were likely the main reasons. Warburg
factors were acquired by fitting the linear slopes of Z' versus v~
% in Fig. S13a.1 ** According to eqn (S2),} the smaller Warburg
factor (o) for G-Cu,Se@MoSe, indicated a faster diffusion rate
of Na* than that for the control sample. These results confirmed
the exceptional Na' transfer kinetics of G-Cu,Se@MoSe,, which

View Article Online
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could be ascribed to improved sodium adsorption and interfa-
cial BiEF. The impendence property of G-Cu,Se@MoSe, upon
cycling was also investigated (Fig. S13b¥). The R., decreased to
about 4.07 after 20 cycles and retained almost no change at 50
cycles. On the other hand, the Warburg factor decreased to 25.7
at 20 cycles and 18.8 at 50 cycles, indicating the continuous
increase of ion diffusivity along cycling, which could be attrib-
uted to electrode activation creating more ion-diffusion chan-
nels.* This activation process also reconstructed the electrode
structure to increase the amount of ion-accessible active mate-
rials, thereby enhancing the capacity during the initial cycling
stage of fresh G-Cu,Se@MoSe, anodes, as observed in Fig. S7.f

2.5 Structural evolution and reaction mechanism

The stability of dual heterostructure and 1T-rich MoSe, during
cycling tests were critical for the cycling performance of G-
Cu,Se@MoSe,. To investigate the structural evolution, cycled
cells were disassembled to examine the active materials by TEM
and XPS. HRTEM images of G-Cu,Se@MoSe, with the corre-
sponding selected area electron diffraction (SAED) pattens at
0.1V and 2.5 V are presented in Fig. 6a and b, respectively. The
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assembled at 0.01V (a) and 2.5 V (b). HRTEM images of cycled G-Cu,Se@MoSe, showing the presence of 1T/2H MoSe,. Cu 2p (d) and Mo 3d (e)
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lattices observed at 0.1 V were the (311) and (200) planes of
Na,Se. They matched well with the SAED patterns, indicating
completion of the conversion reaction. At 2.5 V, the lattice
distance of 0.215 and 0.24 nm belonged to the 006 and 103
planes of MoSe,, respectively. Another crystal lattice with a d-
spacing of 0.33 nm was the (111) plane of Cu,Se. They were also
in good agreement with SAED patterns, demonstrating good
recovery of metal selenides after desodiation. EDS mapping
images in Fig. S14t1 confirmed the uniform distribution of Cu,
Mo and Se elements in the cycled G-Cu,Se@MoSe, composite,
evidencing the reconstruction of the Cu,Se@MoSe, hetero-
structure. In addition, HRTEM images in Fig. 6¢ demonstrated
the co-existence of 1T-MoSe, and 2H MoSe,. The Raman spec-
trum in Fig. S157 also displays the representative peaks of 1T
MoSe,, revealing the well-preserved 1T phase in the cycled G-
Cu,Se@MoSe, anode. The Cu 2p spectra in Fig. 6d and Mo 3d
patterns in Fig. 6e were similar to their initial states. The
shifting of Mo"*" peaks to lower energies and Cu* to higher
energies could be detected in the G-Cu,Se@MoSe, composite,
illustrating the preservation of 1T-rich MoSe,. Interestingly, the
portion of 1T-MoSe, in G-Cu,Se@MoSe, was increased slightly
to 62.5%, while the control sample remained unchanged.
Moreover, the presence of C-O-M (M: Cu or Mo) and C-Mo
bonds in the C 1s spectra of G-Cu,Se@MoSe, at 0.1 Vand 2.5V
(Fig. 6f) confirmed their stability during the conversion reac-
tion, which facilitated the reconstruction of heterostructures.
This finding could also explain the absence of Cu and Mo in the
TEM image of G-Cu,Se@MoSe, at 0.1 V. The generated Cu and
Mo should be fixed on the surface of rGO and coverage by
Na,Se. This result, combined with TEM data, could strongly
support that the dual heterostructure ensured the excellent
stability of the Cu,Se@MoSe, heterostructure to facilitate the
reconstruction of 1T-MoSe, upon cycling.

The reaction mechanism and structural evolution of dual
heterostructures in G-Cu,Se@MoSe, is summarized and illus-
trated in Fig. 6g. The electron transfer generated at the heter-
ointerfaces contributes to the formation of BiEF and a high
content of 1T phase in MoSe,. Crucially, the stability of inter-
facial C-O-M (M: Cu or Mo) and C-Mo bonds at the rGO-metal
selenides heterointerfaces is essential during the conversion
process. This stability can effectively hinder the unrestrained
growth and migration of the formed metal agglomerations,
thereby promoting the subsequent reconstruction of Cu,-
Se@MoSe, heterostructures throughout the charging process.
This action further stabilizes the cyclic formation of interfacial
BiEF and 1T-rich MoSe,. In contrast, the un-bonded Cu,-
Se@MoSe, heterostructures experience unrestricted growth of
conversion products, ultimately leading to the degradation of
heterostructures and a decreased content of 1T phased
MoSe,.**” Consequently, it can be inferred that the interfacial
bonds between rGO and metal selenides have a pivotal role in
facilitating the transfer of electrons and ions during long-term
charging/discharging cycles. This functional mechanism high-
lights the crucial interactions between the dual heterostructures
in the G-Cu,Se@MoSe, composite, which holds pivotal impor-
tance for the prospective design and development of bimetal
selenides-based heterostructures.
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3 Conclusions

To summarize, a dual-heterostructured G-Cu,Se@MoSe,
composite was developed through a facile hydrothermal
process by leveraging the GO-Cu**-MoO,>~ complexes in the
precursor. Electron transfer at the Cu,Se@MoSe, interface,
confirmed by DFT and XPS, induces the formation of the 1T
phase in MoSe,, improving conductivity and creating a built-in
electric field to enhance ion transfer. Moreover, the stable
interfacial bonds between rGO and metal selenides immobilize
the conversion products, thereby facilitating the reconstruction
of heterostructures during cyclic conversion reactions. Conse-
quently, the 1T-rich MoSe, and BiEF are maintained, enabling
the continuous enhancement of electron and ion transfer
during long-term cycling processes. As a result, the G-Cu,-
Se@MoSe, composite delivered excellent electrochemical
performance, such as a high capacity of 390 mA h g at
0.1 A g, excellent rate performance of 288 mA h g ' at
50 A g ', and long-term cycling stability with a capacity reten-
tion ratio of 89.6% after 15000 cycles at 10 A g~". We also
revealed the working mechanism of the 1T MoSe,-involved
heterostructure and the structural evolution during conversion
reactions. The insights from this work may offer valuable
guidelines for the development of conversion materials for
sodium ion batteries.
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