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Transition metal selenides are considered promising electrochemical energy storage materials due to their
excellent rate properties and high capacity based on multi-step conversion reactions. However, its prac-
tical applications are hampered by poor conductivity and large volume variation for Na* storage, which
resulting fast capacity decay. Herein, a facile metal-organic framework (MOF) derived method is explored
to embed Cu, 4Se@C particles into a carbon nanobelts matrix. Such carbon encapsulated nanobelts’ struc-
tural moderate integral electronic conductivity and maintained the structure from collapsing during Na*
insertion/extraction. Furthermore, the porous structure of these nanobelts endows enough void space to
mitigate volume stress and provide more diffusion channels for Na*/electrons transporting. Due to the
unique structure, these Cu,Se@C nanobelts achieved ultra-stable cycling performance (170.7 mAh/g at
1.0 A/g after 1000 cycles) and superior rate capability (94.6 mAh/g at 8 A/g) for sodium-ion batteries.
The kinetic analysis reveals that these Cu,,Se@C nanobelts with considerable pesoudecapactive contri-
bution benefit the rapid sodiation/desodiation. This rational design strategy broadens an avenue for the

development of metal selenide materials for energy storage devices.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The current society witnesses a rapid surge in electronic prod-
ucts aggravating the global energy demand, also bringing great
pressure to the ecological environment [1-7]. There is an urgent
need to develop new types of energy to replace traditional fos-
sil energy. Clean energy, such as wind, solar, and tidal energy
are all intermittent, resulting in a great demand for energy stor-
age and conversion equipment. Lithium-ion batteries (LIBs) have
been poured into our daily lives due to their high output volt-
age and energy density [8-15]. However, its further wide applica-
tion is severely impeded by the limited lithium salt and expensive
cost. Sodium-ion batteries (SIBs) have similar operating principles
to LIBs and have emerged as a promising alternative to partially
replace LIBs. Despite slightly lower energy density, the widely dis-
tributed sodium salts with abundant preserves are cheap, which
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is beneficial for large energy storage systems [16-18]. Nevertheless,
the ionic radius of Na* (1.02 A) is much larger than that of Li*
(0.76 A), causing requires for electrodes more strict can't be in-
herited from LIBs’ materials [19,20]. Especially for anode materials,
Na*t can’t form the intercalated compound with graphite making
them unsuitable for SIBs [21-23].

So, it is still a challenge to design materials with interstitial vol-
umes and open frameworks for the accommodation of Na* inser-
tion/extraction [20,22]. Up to now, various anode materials have
been explored, such as transition metal oxides [24,25], sulfides
[26,27], selenides [28-31], phosphates [32,33], organic compounds
[34,35]. Among them, transition metal selenides (TMSs) have rel-
atively small polarization and relatively higher electrical conduc-
tivity than oxides [25,36]; Metal sulfide has polysulfur ion dis-
solution in the electrochemical cycle, resulting in poor cycle and
multiplier performance, while TMSs can effectively avoid the reac-
tion in the cycle process [27,37]. Meanwhile, selenium atoms with
larger diameters and are more metallic than sulfur atoms, thus
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metal selenide has larger layer spacing and higher conductivity
than metal sulfide [38,39]. However, the conductivity of TMSs still
cannot meet the requirements of high-rate charging/discharging,
and there is still a certain volume change in the process of Na*
insertion/extraction, leading to the structural change of the elec-
trode material and the instability of the solid electrolyte inter-
face (SEI) film, resulting limited electrochemical performance [40-
42]. Therefore, it is still necessary to further modify these TMSs
to achieve superior Na-ion storage. To address the above prob-
lems, many strategies have been explored to improve Na* diffu-
sion kinetic and enhance the interface stability [42-44]. For ex-
ample, Liu et al. fabricated the unique Fe;Seg@C nanotubes via a
facile template-based method and delivered a maintainable capac-
ity of 222 mAh/g over 500 cycles at 2 A/g [45]. Lou et al. con-
structed hierarchical microboxes composed of Cu-doped CoSe, ul-
trathin nanosheets via a template-engaged strategy and obtained a
high capacity retention of 94% over 500 cycles at 1.0 A/g [46]. Song
et al. successfully synthesized a carbon-regulated Cu,Se@C by se-
lenidation of Cu,0 and then carbon coating, this anode achieved
excellent Li™ storage performance with a capacity retention of
83% after 1500 cyles at 5.0 A/g [47]. Apparently, the Na* storage
performance of these selenides has been dramatically improved
through nanostructural designing and surface modification [48-50].
Among these selenides, Cu,_,Se exhibits excellent electrical con-
ductivity due to the Cu ions are in a superionic state, and Se
atoms are in a face-centered cubic position. In addition, the vol-
ume of Cu,_,Se spatial units is much larger than other copper se-
lenides with similar crystal structures and can accommodate more
Na ions for high capacity [51-54]. On account of these points, fab-
ricating Cu,_,Se nanoparticles encapsulated in a carbon framework
will definitely improve its electrochemical performance. Recently,
metal-organic framework (MOF) derived methods have been ver-
ified as a facile strategy to in-situ encapsulate active nanoparti-
cles in carbon matrix by pyrolyzation [55]. These MOF-derived
carbon frameworks will dramatically enhance the electronic con-
ductivity, ensure fast transporting of Na*/electrons, and thus pre-
vent the electrode structure from collapsing during Na® inser-
tion/extraction.

Herein, a more convenient synthetic strategy was developed
for preparing Cu-BTC nanobelts via continuously stirring the mix-
ture solution of water/ethanol at room temperature, which con-
tains copper nitrate and trimesic acid. The Cu,_4Se@C nanobelts
were obtained via a MOF-derived strategy coupled with a hy-
drothermal selenidation method. The Cu,_,Se nanoparticles encap-
sulated in a carbon matrix not only mitigate volume expansion
but also improve electronic conductivity. As an anode for SIBs,
these Cu,_,Se@C nanobelts achieved ultra-stable cycling perfor-
mance (170.7 mAh/g at 1.0 A/g after 1000 cycles) and superior rate
capability (94.6 mAh/g at 8 A/g) for SIBs.

As illustrated in Fig. 1a, the Cu-BTC nanobelts were prepared
via a facile precipitation reaction by mixing Cu(NOs3)-3H,0 and
trimesic acid in distilled water with continuous stirring. Then, the
Cu-BTC precursor was annealed at 350 °C for 2 h under an Ar at-
mosphere to get Cu@C. Finally, the Cu@C was mixed with Se pow-
der and further selenylated to obtain Cu,_,Se@C nanobelts. Scan-
ning electron microscopy (SEM) was performed to reveal the mor-
phology of Cu-BTC and Cu,_,Se@C (Figs. 1b-g). As displayed in Figs.
1b-d, the Cu-MOF has a smooth and neat nanobelts structure with
a width of ~200 nm and a length of tens of microns. It is evident
that the surface of the nanobelts becomes rough through pyrolyza-
tion and after selenidation (Figs. 1e-g). Fortunately, the final prod-
uct (Figs. 1e-g) preserved the nanobelts’ shape, and all the Cu,Se
nanoparticles were wrapped on nanobelts.

The phase information of intermediate Cu@C and final Cu,Se@C
nanobelts were verified by X-ray diffraction (XRD). Fig. S1a (Sup-
porting information) exhibits the XRD pattern of the Cu@C, which
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Fig. 1. (a) Schematic illustration for the fabrication of Cu,4Se@C nanobelts. (b-d)
SEM images of Cu-MOF nanobelts (e-g) SEM images of Cu,Se@C nanobelts.

clearly shows three main peaks of (111), (200), and (320) well
matched with the standard PDF card (JCPDS card No. 65-7737).
It is proved that the Cu-MOF after pyrolyzation at 350 °C for
2 h obtained Cu@C. The XRD pattern of Cu,,Se@C (Fig. 2a) ex-
hibit diffraction peaks at 26.75°, 31.03°, 44.60°, 52.91°, 64.98°, and
71.59° can be assigned to the (111), (200), (220), (311), (400) and
(331) crystal plane of cubic Cu,_Se (JCPDS card No. 65-2982), re-
spectively. It is demonstrated that the Cu,_4Se nanobelts were suc-
cessfully prepared via a facile MOF-derived strategy folowed by the
hydrothermal selenidation method.

The carbon content of Cu,,Se@C was measured by thermo-
gravimetric analysis (TGA), which is carried out in the air condition
and the results are displayed in Fig. S2 (Supporting information).
The initial weight loss in the region of 150-500 °C is attributed
to the evaporation of absorbed water. The obvious weight loss of
56.83% that occurred in the region of 150-750 °C is ascribed to the
Cu,«Se@C oxidized to CuO, Se0,, CO,, and the sublimation of SeO,
[54,55]. Based on the final product (CuO) of Cu,,Se@C heating
from 40 °C to 750 °C under air atmosphere, it could be concluded
the Cu,.4Se in these composites is about 60.02 wt%. The results
are well match the energy-dispersive X-ray spectra result (Fig. S3
in Supporting information). The physical adsorption method was
used to explore the specific surface area and pore size distribution
of Cu,_4Se@C nanobelts (Figs. 2b and c). The adsorption-desorption
isotherms of Cu,_4Se@C nanobelts were typical type IV isotherms.
According to the Brunauer-Emmett-Teller (BET) results, the surface
area and average pore size are calculated to be around 190.22 m2/g
and 1.08 nm, respectively. Moreover, the Barrett-Joyner-Halenda re-
sults show that the pore volume Cu,_Se@C is 0.068 cm3/g. The
chemical composition and valence state of Cu,_,Se@C was analyzed
by X-ray photoelectron spectroscopy (XPS). As recorded in Fig. 2d,
the high-resolution Cu 2p spectra of Cu,_,Se@C nanobelts are an-
notated two doublets, corresponding to 2py, at 949.4 eV and 2ps);
at 929.4 eV of Cu* as well as 2pyj, at 9514 eV and 2p3j, at 931.3
eV of Cu2*, respectively [56,57]. The peaks located at 959.9 eV and
939.6 eV are attributed to the satellite peaks of Cu 2p. After ana-
lyzing the spectrum of Se 3d in Fig. 2e, the two peaks located at
514 eV and 52.9 eV are corresponding to Se 3ds, and Se 3ds,, re-
spectively, which are attributed to the Se? in Cu,_,Se@C [54,56,57].
The peak at 53.7 eV and weak peak at 55.9 eV were associated
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Fig. 2. (a) XRD patterns of Cu,Se@C. (b) Nitrogen adsorption-desorption isotherms of Cu, 4Se@C. (c) The corresponding pore size distribution for Cu, ,Se@C. XPS spectra of

the Cu,,Se@C (d) Cu 2p, (e) Se 3d, and (f) C 1s.

Fig. 3. (a-c) TEM images of Cu,,Se@C nanobelts. (d) SAED pattern of Cu,.,Se@C
nanobelts. (e, f) HRTEM images of Cu,4Se@C nanobelts. (g-k) EDS mapping images
of Cu,_4Se@C nanobelts.

with the Se-C and SeOx bond in Cu,_,Se@C nanobelts, respectively.
In the spectrum of C 1s (Fig. 2f), the peaks with binding ener-
gies of 288.73, 285.73, and 284.6 eV belonged to C=0, C=Se, and
C-C bonds, respectively [56,57]. Based on the above analysis, it is
proved that the prepared nanobelts material is Cu, 4Se@C. These
Cu,_4Se@C nanobelts with a high surface area could form good
contact with electrolytes and provide more channels for Na*, thus
promising a superior electrochemical performance for SIBs.

The microstructure features of Cu,_,Se@C were further revealed
by transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM). As displayed in Figs. 3a-c, Cu,_,Se@C demonstrates
a clear nanobelt shape and the size is well according to the SEM
results. It can be observed that the tiny Cu,_,Se nanoparticles are
fully embedded in the carbon nanobelts. The insert select area
electron diffraction (SAED) in Fig. 3c exhibits three obvious diffrac-
tion rings are belong to (111), (220), and (331) planes of cubic
Cu,_,Se, respectively. The HRTEM image (Figs. 3d-f) reveals the
nanoparticle with an interplanar crystal length of 0.330 nm, which
can be indexed to the (111) crystal plane of Cu,_Se. The HRTEM
image in Fig. 3e exhibits the Cu,_,Se@C with a size of ~30 nm
well encapsulated by amorphous carbon. From the TEM results, can

be concluded that the size of Cu,_,Se nanoparticles is from tens
to hundreds of nanometers. Furthermore, the corresponding ele-
mental mapping signals were also collected (Figs. 3g-k), evidently
revealing a uniform distribution of Cu, Se, and C elements. The
signals of Cu and Se elements are well overlapped and confined
in the C element signal, emerging as a nanobelts-shape. The TEM
results indicating the final products inherit the nanobelts shape
of Cu-MOF and the rational design strategy is feasible to obtain
Cu,_,Se@C nanobelts.

To evaluate the Na* storage performance of these Cu,,Se@C
nanobelts, coin-type (CR2025) Cu,_,Se@C//Na half cells were as-
sembled, and galvanostatic discharge/charge and cyclic voltamme-
try were carried out. Unveiled from Fig. 4a, a distinct peak located
at 0.88 V in the initial cathodic scan and vanishes in the following
cycles, which indicates that the Cu,Se@C anode experiences mul-
tiple electrochemical reactions and irreversible formation of solid
electrolyte interphase (SEI) layer [54,55]. The current peaks at 1.95
V and 1.62 V correspond to intercalation of Nat into Cu,Se form
NaxCuSe, and further sodiation to NaCuSe phases at 1.28 V [44,45].
Furthermore, the cathodic peak at 0.68 V is associated with a con-
version reaction from NaCuSe to metallic Cu and Na,Se. During
the anodic scan, the peak of about 1.52 V is related to the re-
versible conversion reaction of Na,Se and Cu to NaCuSe, and an-
other weakened one at 2.04 V results from the formation of Cu,Se
phase [57,58]. The subsequent CV profiles of Cu,Se@C nearly over-
lap with the second cycle, demonstrating its high reversibility with
Na and outstanding cycling stability. Fig. 4b delineates the galvano-
static discharge/charge curves of Cu,,Se@C nanobelts, where the
first discharge/charge capacities are 274.1 and 215.4 mAh/g, respec-
tively. The corresponding initial Coulombic efficiency (ICE) is about
79.26%, which is associated with the irreversible formation of the
SEI layer. Furthermore, the discharge/charge curves exhibit a sim-
ilar potential platform from 10 cycles to 200 cycles, demonstrat-
ing the great cycling stability of Cu,_4Se@C nanobelts. To further
evaluate the Na™ ion storage performance of Cu,_,Se@C nanobelts,
voltage-capacity profiles at various current densities were carried
out and depicted in Fig. 4c. There is almost no polarization be-
low 2.0 A/g suggesting this porous nanobelts structure endows
Cu,_4Se@C superior diffusion ability of Na*/electrons. As depicted
in Fig. 4d, Cu,_4Se@C anode achieved average capacities of 253.2,
235.2, 213.6, 198.8, 1814, 1473 and 94.6 mAh/g at 0.1, 0.2, 0.5,
1.0, 2.0, 4.0, and 8.0 A/g, respectively. With the current density
returned to 0.1 A/g, Cu,,Se@C nanobelts can regain a reversible
capacity of 264.0 mAh/g, demonstrating its impressive rate per-
formance. Except for the fascinating rate capacities, Cu,_4Se@C
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Fig. 4. (a) CV curves of Cu, 4Se@C with a scan rate of 0.2 mV/s. (b) The selected cycled discharge-charge curves of Cu,,Se@C. (c) GCD profiles of Cu,Se@C electrodes. (d)
Rate capability at various current densities from 0.1 A/g to 8.0 A/g. (e) Cycle stability at 0.1 A/g. (g) Long-cycling performance of Cu; ,Se@C at 1 A/g.

nanobelts also exhibit outstanding cycling stability. It can be ob-
served that the Cu,_,Se@C electrode exhibits a stable capacity of
278.6 mAh/g at 0.1 A/g after 200 cycles (Fig. 4e). Even cycled at a
high current density of 1.0 A/g (Fig. 4f), this Cu,_,Se@C nanobelts
can still attain 170.7 mAh/g over 1000 cycles with CE of ~100.0%.

To investigate the detailed kinetic behaviors of the as-prepared
Cu,_,Se@C nanobelts, CV profiles were recorded under various scan
rates (from 0.1 mV/s to 1.5 mV/s). As displayed in Fig. 5a, with
the increase in scan rate, the corresponding current response in-
creased. These CV curves keep similar shapes illustrating the im-
pressive rate capability of Cu,Se@C nanobelts.

The cathodic and anodic peaks with a little shift originate from
the enhanced current polarization. Specifically, the relationship of
peak current (i) versus scan rate (v) abides by the following Dunn’s
empirical formula [59,60]:

i=a’

(1)

in which a and b are empirical parameters and the value can cal-
culated through linear fitting of log(i) versus log(v). As is well-
known, b value nearing 0.5 or 1.0 indicates a diffusion-controlled
and capacitance-controlled process, respectively. As for Cu,Se@C
nanobelts, the calculated b-values of peak C1, C2, D1, D2 and D3
are 0.74, 0.87, 0.83, 0.88 and 0.86, respectively, demonstrating the
Na* insertion/extraction process is occupied by pseudocapacitive
behavior (Fig. 5b). These results might be attributed to the porous
nanobelts structure, which endows more channels for Na*t ions dif-
fusion. Furthermore, the pseudocapacitive contribution of Cu,Se@C
nanobelts can be quantitatively distinguished. At specific poten-
tials, the pseudocapacitive fraction (k,v) and diffusion-controlled
part (k;v!/2) abiding following equation [61,62]:

i(V) = kyv + kyv'/? (2)
Eq. 2 can be reformulated as:
i(V)/v1? = ky + kyv'/? (3)

(a)&B C1 2 (b) 0.0
b 0.4
‘é 0.4 A am
E 0.0 = > =08
o { . —o01| o
= D1 02| S . —— C1=0.74
3'“" / ol 212 —o—C2=0.87
Unit: mVis =
i —0.8 —o—D1=0.83
Ras i —10 -1.6 —o—D2=0.88
12 D3 —15 o= D3=0.86
1.0 15 20 . 25 -1.0 -0.8 -06 -04 0.2 0.0 0.2
Voltage (V vs. Na'/Na) Log v (mv/s)
0.8 1.4
(c) (d) [ Diffusion controlled
1mvis ° 1.2 I Capacitive
&\0'4 ‘s 1.0 61.74% 67.12%82.21% 88.09% 89.95%95.63%
g
E—o.n §os
@ os
3'0'4 I Diffusion Eo04
iti S
08 [ Capacitive 802
0.0
05 1.0 15 20 _25 3.0 0.1 10 15

Voltage (V vs. Na'/Na)

o w G v
2 v o v o

bd
o

Voltage (V vs. Na'/Na) ©

100

150 200

Time (h)

250 300
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(d) Capacitive contribution at different scan rates. (e) GITT profiles for Cu,.4Se@C
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Accordingly, the ky-value can be simply obtained by linear fit-
ting i(V)/v!/2 vs. v12, and the pseudocapacitive part (k,v) can be
easily determined. As depicted in Fig. 5c, the pseudocapacitive
contribution of Cu;_,Se@C nanobelts is as high as 89.95% at 1.0
mV/s. Apparently, the Cu,_,Se@C nanobelts anode possesses dis-
tinct pseudocapacitive contribution ratios of 61.74%, 67.12%, 82.21%,
88.09%, 89.95% and 95.63% at 0.1, 0.2, 0.6, 0.8, 1.0 mV/s to 1.5
mV/s (Fig. 5d). These results illustrating that the Na-ions storage
in this Cu,_ ,Se@C anode is overwhelmed by superficial and inter-
facial storage behaviors. The carbon played as a protective shell
and porous structure are capable of alleviating the volume change,
thus achieving excellent Na-ions storage performance. As shown in
Fig. 5e, the calculated Na* diffusion coefficient has a magnitude
of approximately 10~12 S/cm?. The relatively smaller diffusion co-
efficient at the voltage platform could be ascribed to the electro-
chemical reaction-controlled step. The large Na* diffusion coeffi-
cient and robust carbon-encapsulated nanotube structure can ef-
fectively mitigate the large volume variation and keep the struc-
ture integrity of the Cu,_,Se@C anode during the Na™ insert/extract
processes. On account of this, the morphology information after
120 cycles at 2.0 A/g was carried out by SEM measurement (Fig.
S4 in Supporting information). The EIS results of Cu,_,Se@C nan-
otubes (Fig. S5 in Supporting information) after cycles also con-
firm this rational design will promote the Na*/ions transporting.
As displayed in these images, the nanobelt structure is basically
preserved, revealing that this porous framework could well protect
the structure integrity from destroying during the electrochemical
process.

To further investigate the electrochemical performance
of Cuy,Se@C nanobelts, the full cell was carried out with
Na3V,(PO4); as the cathode. Fig. 6a shows the schematic illustra-
tion of Na3V,(PO4);//Cuy4Se@C nanobelts full cell. As exhibited
in Fig. S6 (Supporting information), Na3V,(PO4); cathode exhibits
a long charging/discharging voltage platform at 3.41 V/3.33 V,
respectively. Fig. 6b depicts the first four capacity-voltage curves
of Na3V,(POy4)3//Cuy_4Se@C full cell with obvious discharge/charge
platforms, whose locations are well consistent with the dis-
charge/charge platforms of Na3V,(PO4); cathode and Cu,_,Se@C
anode. Substantially, Na3V,(PO4)3//Cu,4Se@C displays a capacity
of 160 mAh/g (based on Cu,,Se@C anode) after 27 cycles at
0.2 A/g in the voltage region of 0.7~3.2V, yielding an initial
coulombic efficiency of 51.2% (Fig. 6¢). Furthermore, compare with
previous reported Cu-based chalcogenides (Table S1 in Support-
ing information), this Cu, ,Se@C nanobelts anode also shown
some advantages on the specific capacity and long cycle stability.
These results also reflected that the MOF-derived strategy in situ
formed a conductive framework encapsulated the active Cu,_,Se
nanoparticles, which not only improved the electronic conductivity
but also preserved the integral structure from collapsing, thus
achieving superior Na* storage performance.

In summary, Cu,,Se@C nanobelts were successfully synthe-
sized via a facile MOF-derived strategy combined with a hydrther-
mal selenidation method. As an anode for SIBs, these Cu,_4Se@C

nanobelts achieved 278.6 mAh/g at 0.1 A/g after 200 cycles and
170.7 mAh/g at 1.0 A/g after 1000 cycles. Cycled at 0.1, 0.2, 0.5,
1.0, 2.0, 4.0, and 8.0 A/g, the Cu,_,Se@C nanobelts attained 253.2,
235.2, 213.6, 198.8, 181.4, 147.3 and 94.6 mAh/g, respectively. The
ultra-stable cycling performance and superior rate capability can
be attributed to carbon encapsulated nanobelts’ structural en-
hanced integral electronic conductivity and preserved the struc-
ture from collapsing during Na* insertion/extraction. Furthermore,
the porous structure of these nanobelts endows enough void space
to mitigate volume stress and provide more diffusion channels for
Na*/electrons transporting. The kinetic analysis reveals that these
Cu,_4Se@C nanobelts with considerable pesoudecapactive contribu-
tion benefit the rapid charge transfer. This synthesis strategy sheds
light on the designing of metal selenide materials for alkali-ion
batteries.
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