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Abstract

The shell structure design has been recognized as a highly efficient strategy to
buffer the severe volume expansion and consecutive pulverization of
conversion-type anodes. Nevertheless, construction of a functional shell with
a stabilized structure that meets the demands of both high electronic
conductivity and feasible pathways for Na* ions has been a challenge so far.
Herein, we design a two-in-one shell configuration for bimetal selenides to
achieve fast sodium storage within broadened voltage windows. The
hybridized shell, which benefits from the combination of titanium dioxide
quantum dots and amorphous carbon, can not only effectively buffer the strain
and maintain structural integrity but also allow facile and reversible transport
of electrons and Na* uptake for electrode materials during sodiation/
desodiation processes, resulting in increased reaction kinetics and diffusion
of sodium ions, conferring many benefits to the functionality of conversion-
type electrode materials. As a representative material, Ni-CoSe, with such
structural engineering shows a reversible capacity of 515mAhg ' at0.1Ag™"
and a stable capacity of 416 mAh g~" even at 6.4 A g”'; more than 80% of the
capacity at 0.1 Ag™" could be preserved, so that this strategy holds great

promise for designing fast-charging conversion-type anodes in the future.
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1 | INTRODUCTION

With the shortage of Li resources, the idea of using novel
energy storage systems (ESSs) with reasonable cost and
performance is becoming popular.’ Recently, the interest
in commercializing new ESSs to meet the increasing
demands has rationally extended to Na-based systems
since the introduction of electronic products that are
powered by sodium-ion batteries (SIBs).”” Nevertheless,
the features of sodium present sluggish reaction kinetics
and lower energy density in electrochemical storage
compared to those of lithium (radius: 0.113 nm/
0.076 nm; mass: 22.99 gmol~'/6.94 gmol™"; potential:
—2.71V/—=3.04V vs. E° corresponding to Na and Li,
respectively).” ® It is, therefore, very important to exploit
high-capacity electrode materials with fast reaction
kinetics to broaden their potential applications.””
Transition-metal selenides are promising anode
materials for SIBs due to their high theoretical capacity
and Na‘* insertion/extraction channels. Compared to
their oxide and sulfide counterparts, transition-metal
selenides not only present narrow band gaps with good
conductivity but also show lower reaction energy
barriers.””'' However, just as most conversion-type
electrodes, transition-metal selenides also have the
disadvantages of irreversible intermediates and side
reactions under low discharge potential, resulting in
rapid capacity decay and poor reversible capacity.
Besides, the potential windows of the majority of
monometallic selenides have to be constrained to
0.5-3.0V to achieve stable cycling and rate capability.
Taking CoSe, as an example, the discharge potential
region below 0.4V will cause pulverization and struc-
tural damage as well as an irreversible topotactic reaction
due to the deep conversion reaction of the CoSe

CARBON ENERGY-WILEY

intermediate and the strong Jahn-Teller effect of the
low-spin electronic structure tzgﬁeg1 of Co 3d elec-
trons.'”"” Thus, the cut-off voltage (0.5-3 V) is generally
increased to avoid the irreversible degradation of
transition-metal selenides, which, however, would
adversely affect their practical capacities.”* To overcome
this problem, Jiang et al."” and Yousaf et al.'® proposed
that the bimetal selenides can partly alleviate the
Jahn-Teller distortion of Co** and broaden the voltage
window, but deep conversion would still cause severe
volume expansion and consecutive pulverization with
subsequent side reactions (electrolyte consumption,
electrode cracks, and formation of compact electrolyte
interphase films), leading to sluggish reactivity and
accelerated capacity fading at high rates. Therefore, it
would be challenging but highly profitable to realize fast
and stable sodium storage of bimetal selenides within
broadened voltage windows.

Structural engineering is one of the most effective
strategies to improve the sodium storage performance of
electrode materials.'” >’ For example, the design of a
functional carbon shell could lead to good electrochemi-
cal performance by suppressing volume expansion,
enhancing electricity, and preventing dissolution for a
variety of conversion-type electrode materials, such as S,
Co0, Cu,S, Sn, and so forth.”**” As shown in Figure 1A,
this strategy, however, pays little attention to the reaction
kinetics; for example, the pathways of Na* ions in the
disordered structure of amorphous carbon layers are
rarely mentioned, even though the sodiation/desodiation
of Na™ ions might be retarded by them.”® Meanwhile, on
the basis of inducing a high ionic conductive coating
layer, a multishell design integrating the merits of
individual layers has been proposed.”” As shown in
Figure 1B, with increasing layer number, there will be
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FIGURE 1 Schematic of the materials design for (A) a single shell, (B) multishells, and (C) a hybridized shell
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gaps and limited contact area between each shell, which
would not favor the ion diffusion paths, due to the
disordered migration path and electric field.”””’ Ther-
modynamically, the limited contact area may also induce
large polarization of charge transfer according to the
following equation”':

n = kiS/r, 1)

where 7 is the potential of a charge, k is the
electrostatic force constant, i is the current density, S
represents the contact area, and r is the distance
between this charge and the point charge. Then,
reducing S can lead to higher electron-transfer barrier.
Thus, as shown in Figure 1C, creating a hybridized
shell by coupling components with high electronic and
ionic conductivity is strongly believed to be a good way
to accommodate the conversion-type bimetal selenides
for fast and stable sodium storage within broadened
voltage windows.

On proof of this concept, herein, we report a two-
in-one shell configuration of carbon and titanium
dioxide for bimetal selenides to achieve fast and stable
sodium storage within broadened voltage windows.
Titanium dioxide quantum dots with high ionic
conductivity and the “zero-strain” characteristic are
expected to allow fast pass-through and uptake of Na*
without degrading the structure,”” " while the con-
ductive amorphous carbon could construct a fast
electric path.”” Therefore, the structurally engineered
Ni-CoSe, anode, integrating the merits of titanium
dioxide quantum dots/amorphous carbon hybridized
shell (Ni-CoSe,@TQDs/AC), can not only effectively
buffer the strain and maintain the structural integrity
but also allow fast and reversible transport of elec-
trons/ions, resulting in increased reaction kinetics and
high rate of Na storage.

2 | EXPERIMENTAL SECTION

2.1 | Materials synthesis

2.1.1 | Synthesis of ZIF-67

First, cobalt nitrate (0.29 g) was dissolved in 25 mL of
methanol (solution A), and 2-methylimidazole (0.33 g)
was dissolved in 25 mL of methanol (solution B). Then,
solution B was immediately poured into solution A. The
mixed solution was left to stand for 24h at room
temperature. The obtained precursor solution was
washed with methanol three times and dried at 70°C
overnight.

2.1.2 | Synthesis of bimetallic zeolitic
imidazolate frameworks (BM-ZIFs)

40 mg of the obtained ZIF-67 was dispersed in 25 mL of
ethanol by 30min of ultrasonic dispersion. Then,
60 mg of nickel nitrate was added into the above
solution. The mixed solution was stirred for 30 min at
room temperature. The obtained precursor solution
was washed with ethanol three times and dried at 70°C
overnight.

2.1.3 | Synthesis of Ni-CoSe,@TQDs/AC

60 mg of the obtained BM-ZIFs was dispersed in 50 mL
of ethanol with the addition of 0.15 mL of ammonium
hydroxide and 30 mg of hexadecylamine (solution A),
and 30 uL of isopropyl titanate was dissolved in 10 mL
of ethanol (solution B). Then, solution B was dropped
into solution A. The mixed solution was stirred for 1 h
at room temperature. The obtained precursor solution
was washed with methanol and dried at 70°C over-
night. 40mg of the dried product were further
dispersed in 20 mL of ethanol with the addition of
35mg of resorcinol, 40 pL of ammonium hydroxide,
and 60 uL of distilled water. Then, 50 uL of formalin
solution was added to the above solution, which was
stirred for 6h, aged overnight at 35°C, and washed
with ethanol three times. Finally, the obtained precur-
sor was ground with selenium powder (weight ratio
1:1) and then calcined at 600°C for 2.5 h to obtain the
final composite.

2.1.4 | Synthesis of Ni-CoSe,@AC

40 mg of the obtained BM-ZIFs were dispersed in
20mL of ethanol with the addition of 35mg of
resorcinol, 40 uL of ammonium hydroxide, and 60 uL
of distilled water. Then, 50 uL of formalin solution
was added to the above solution, which was stirred for
6 h, aged overnight at 35°C, and washed with ethanol
three times. Finally, the obtained precursor was
ground with selenium powder (weight ratio 1:1) and
then calcined at 600°C for 2.5h to obtain the final
composite.

2.1.5 | Synthesis of Ni-CoSe,

40 mg of the obtained BM-ZIFs were ground with
selenium powder (weight ratio 1:1) and then calcined
at 600°C for 2.5h to obtain the final composite.
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2.2 | Materials characterization

X-ray diffraction (XRD) patterns were obtained with Cu
Ka radiation in the 26 range of 10°—70° (PANalytical
diffractometer, A = 1.5406 A, step size of 0.02° s_l). The
morphology was detected using a field emission scanning
electron microscope (FESEM; JEOL JSM-7500FA). A
200kV scanning transmission electron microscope
(STEM; JEM-ARM 200F) was equipped with a double-
aberration corrector to achieve selected area electron
diffraction with a probe-forming, image-forming lens
systems. The angular range of collected electrons for the
high-angle annular dark-field images was around
70-250 mrad, while annular bright-field (ABF)-STEM
images were recorded using an STEM-ABF detector
simultaneously. The energy-dispersive spectroscopy
(EDS) mapping results were obtained via STEM using
NSS software. In situ nanofabrication in this study was
carried out inside a transmission electron microscope
(TEM; FEIT Tecnai F20st) using a TEM-STM holder
(Pico Femto FE02-ST) from Zeptools Co., Ltd. X-ray
photoelectron spectroscopy (XPS) with Al Ka radiation
(hv=1486.6 eV) was used to detect the binding energies
using a SPECSPHOIBOS 100 Analyser installed in a
high-vacuum chamber. The porosity was measured by
nitrogen sorption isotherms at 77 K using a Micromeri-
tics Tristar 3020 analyzer. Raman spectra were collected
using a 10 mW helium/neon laser at 632.8 nm excitation
(which was filtered by a neutral density filter to reduce
the laser intensity) and a charge-coupled detector (CCD).
The thermal decomposition behavior of the products was
monitored using a Mettler Toledo TGA/SDTAS851 ana-
lyzer from 50°C to 800°C in argon at a heating rate of
5°C/min.

2.3 | Electrochemical measurements

The working electrodes for sodium-ion cells were
fabricated by mixing the as-synthesized samples, carbon
black, and carboxymethyl cellulose binder in a weight
ratio of 70:20:10 in water, which were then pasted on
copper foil, followed by drying under vacuum at 80°C
overnight. The test cells were assembled with metallic
sodium as the negative electrode, a glass fiber separator
(Whatman GF/F), and 1M NaClO, in 1:1 (volume/
volume) ethylene carbonate/propylene carbonate with
3wt% fluoroethylene carbonate additives (PC/EC + 3 wt
% FEC) as an electrolyte. The assembly of the test cells
was carried out in an argon-filled glovebox, where water
and oxygen concentrations were kept at less than
0.1 ppm. The electrochemical properties were examined
using a NEWARE test system over a voltage range from
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0.01 to 3V (vs. Na/Na"). Cyclic voltammetry and
impedance testing were performed using a Biologic
VMP-3 electrochemical workstation from 0.01 to 3V.

3 | RESULTS AND DISCUSSION

The synthetic process for the structurally engineered Ni-
CoSe,@TQDs/AC is schematically illustrated in Figure 2.
The introduced Ni** jons will partially replace the original
Co?* ions of zeolitic imidazolate frameworks, and the BM-
ZIF precursor is thereby realized. Afterward, the precursor
is uniformly coated with a hexadecylamine-titania oligo-
mer composite (HDA/TO) and resorcinol/formaldehyde
(RF) resins. The amino groups in the HDA molecules can
interact with the titania oligomers by hydrogen bonding to
build a uniform titania-based hydrophilic surface where
resorcinol/formaldehyde polymerization is favored. During
the carbonization and selenylation process, the HDA/TO
and RF layers gradually evolve into a hybrid TQDs/AC
shell with the HDA molecules evaporated under the high
temperature. Because they are subjected to growth in
confined spaces and molecularly mediated effects, the
titania oligomers tend to grow into quantum dots, mediated
by the HDA molecules and confinement by the RF resins.

As characterized by FESEM (Figure 3A-C), the
obtained Ni-CoSe,@TQDs/AC nanocages are highly uni-
form, with an average size of about 650 nm. Both Ni-CoSe,
and Ni-CoSe,@AC were synthesized using similar proce-
dures to that of Ni-CoSe,@TQDs/AC (as detailed in the
Section 2). The corresponding FESEM and STEM images
are shown in Figure S1, which confirm their morphologies.
The TEM images in Figure 3D,E show that the TQDs/AC
coverage maintained its thickness of about 15 nm and some
void spaces inside the nanocages were generated after the
evaporation of organic linkers during the carbonization and
selenylation process. The void space can well buffer the
strain of Ni-CoSe,, while the shell structure can prevent the
escape of active material during charging/discharging. The
high-resolution TEM image in Figure 3F further reveals
that the shell of TiO, quantum dots embedded inside the
amorphous carbon layer is in close contact with the Ni-
CoSe, nanoparticles, which should favor the transport of
electrons and offer abundant active sites for Na* uptake. In
addition, the STEM-EDS mapping of Ni-CoSe,@TQDs/AC
shows the homogeneous distribution of TQDs along with
the AC layer, demonstrating the successful integration of
TQDs and AC in the hybridized shell (Figure 3G).

The XRD pattern of Ni-CoSe, is in good agreement
with that of the standard cubic CoSe, (PDF# 65-3327)
(Figure 4A). The phase purity is also retained for the AC-
and TQDs/AC-coated samples. There are two small
peaks located at 27.4° and 36.1° for Ni-CoSe,@TQDs/
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AC, which can be assigned to the (110) and (101) planes
of rutile TiO, (PDF# 75-1752), respectively. The Raman
analysis clearly confirmed the structural properties of the
Ni-CoSe,, TQDs, and AC (Figure 4B). All the samples
showed five obvious peaks, which were located at
approximately 189, 676, 513, 1344, and 1602 cm™". The
first three peaks correspond to the lattice vibrational
modes of Ag for CoSe,, A;; for CoSe,, and E, for
Co00-Co30,, respectively, due to the minor oxidation of
Co by a slight amount of SeO, in the Se source.”” The
latter two peaks are assigned to the general D and G
bands of the amorphous carbon generated from RF resins
and ZIFs.”>*” A newly observed peak located at 399 cm™*
in Ni-CoSe,@TQDs/AC can be attributed to the By,
mode of TiO,.*® These results confirm that the TQDs/AC
layer and the introduction of moderate Ni do not cause
any changes in the local structure of cubic CoSe,.

The elemental composition and valence bond analysis
of Ni-CoSe,@TQDs/AC were investigated by XPS. The
elements Ni, Co, Se, Ti, N, and C were characterized by
the survey spectrum, and it is worth noting that the N
element can be assigned to the N-doped carbon
generated from the ZIFs (Figure 4C). As shown in
Figure 4D, the high-resolution XPS spectra of Co 2p
contains six fitted peaks for Co 2ps,,, Co 2p;,,, and
satellite peaks of Co 2p. The peaks observed at 778.4 and
793.5 eV are assigned to the Co 2ps,, and Co 2p, ,, peaks of
CoSe,, respectively, and those with binding energies
of 781.0 and 796.50 eV are indexed to the Co-O bands of

the native oxide layers at the surface,”® which is in

accordance with the detected oxides in the Raman
spectrum. The high-resolution XPS spectrum of Ni 2p
equally contains information showing Ni-Se (853.3 and
870.5eV) and Ni-O (855.1 and 873.4 eV) bonding,"’ which
confirms that the Ni was successfully introduced into the
CoSe, local structure (Figure 4E). This is also consistent
with the Se 3d peaks of Ni-CoSe,@TQDs/AC, in which
the Se 3d;,, (55.8eV) and Se 3ds,, (54.6eV) peaks are
consistent with the previously reported binding energies
between Se anions and metal cations (Figure 4F)."" The
weak peak at 59.3 eV was assigned to Se-O/Se-C bonding
structures at the surface. Notably, Figure 4G demonstrates
that the 2p peaks of Ti are located at 458.0 and 463.8 eV,
which can be attributed to Ti**, evidencing the successful
formation of TiO, in the hybridized shell."'

To further explore the element contents in Ni-
CoSe,@TQDs/AC, EDS spectroscopy was used to study
the metallic elements. The atomic weights of Ni, Co, and
Ti, as evaluated by the EDS spectrum, are 3.10%, 13.05%,
and 3.05%, respectively, implying the 1:4 molar ratio of
Ni to Co and that there are 5wt% TQDs in the Ni-
CoSe,@TQDs/AC (Figure S2). The stoichiometry of the
as-synthesized Ni-CoSe, was further determined by
inductively coupled plasma analysis to verify the
composition. As shown in Table S1, the measurement
result shows that the Ni-CoSe, molar ratio is 1:3.96,
which is very close to the EDS result. For the carbon
content, the thermogravimetric analysis of all the
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FIGURE 3 (A-C) Field emission scanning electron microscope image, (D,E) transmission electron microscope image, (F) high-

resolution transmission electron microscope image, and (G) scanning transmission electron microscope-energy-dispersive spectroscope
mapping of the Ni-CoSe,@TQDs/AC nanocages. TQDs/AC, titanium dioxide quantum dots/amorphous carbon hybridized shell

samples showed weight loss of around 70%, which can be
attributed to the carbon from the ZIFs-derived carbon
matrix and AC shell and the conversion from Ni-CoSe,
into Co3;04 and NiO (Figure 4H,I). Thus, the calculated
carbon contents in Ni-CoSe, and Ni-CoSe,@AC based on
Equation (2) are 19 and 29 wt%, respectively, implying
the 10 wt% weight ratio of the AC shell.

obvious capacity decay in the initial cycle can be mainly
attributed to the decomposition of the electrolyte and the
establishment of a solid-electrolyte interphase layer over
the electrode surface.””** In comparison, the shell-free
Ni-CoSe, delivered similar capacity for the first cycle, but
which sharply decreased to 276 mAh g~ in the following
100 cycles. The shell-free Ni-CoSe, electrode also showed

15 X molecular wt of Nij ,Cog g,Se, X final wt of Co;0, and NiO

Carbon content (Wt%) = 1 —

The superior sodium storage performance of the two-
in-one shell-engineered Ni-CoSe, is shown in Figure 5.
For comparison, Ni-CoSe, and Ni-CoSe,@AC were also
tested. Both the Ni-CoSe,@AC and the Ni-CoSe,@TQDs/
AC composites showed highly reversible capacities in the
voltage window of 0.01-3V, which delivered an initial
capacity of about 650 mAh g~' and maintained a stable
capacity of about 453 mAhg™" for the subsequent 100
cycles at a current density of 0.2 Ag™" (Figure 5A). The

3 x molecular wt of NiO + 4 X molecular wt of Co;0, ' (2)

a steep plateau with increasing cycle number and a
relatively larger polarization value of 730mV at the
second cycle, and this value even increased to 988 mV by
the 100th cycle (Figure 5B). On increasing the current
density to 1 A g™, the shell-free sample showed a sharp
capacity decay after 30 cycles, indicating much worse
cycling stability compared to the other two samples
(Figure S3). The improved cycling stability and reduced
polarization of Ni-CoSe,@AC and Ni-CoSe,@TQDs/AC
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are likely attributable to the engineered shell, which is
beneficial to improving the structure integrity and
conductivity of Ni-CoSe, over a wide voltage range. The
capability of TQD-active sites for Na™ uptake has been
evaluated under high-rate testing. Figure 5C shows the
sodium storage performances of the three samples at
different current densities. Excitingly, Ni-CoSe,@TQDs/
AC presented excellent rate performance, delivering
reversible capacities of 515-416mAhg™' at current
densities from 0.1 to 6.4 A g~*, respectively, correspond-
ing to a capacity retention of more than 80% of the
capacity at 0.1 Ag~'. In comparison, on increasing the
current density from 0.1 to 6.4Ag™", the reversible
capacity of Ni-CoSe, and Ni-CoSe,@AC decreased from

535/517 to 198/354mAhg™', corresponding to a poor
capacity retention of 37% and 68%, respectively. Their
charge/discharge platforms were clearly shortened, and
the polarization became obvious with increasing current
density, so that Ni-CoSe,@TQDs/AC maintained the best
performance among them, implying an intact structure
and a facile diffusion rate of sodium ions during the high-
rate testing (Figure 5D-F). As shown in Figure 5G, our
material can achieve a capacity of 416 mAhg™" at a
current density of 6.4 Ag™' with capacity retention of
more than 80%, which is much higher than that in
previous studies with discharge capacities of around
300 mAh g'. Besides, the Ni-CoSe,@TQDs/AC anode
maintained a stable capacity of 453 mAhg™" after 100
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cycles at a current density of 0.2 A g™" with a capacity
retention of 90% relative to the second cycle, which is
about a 14% improvement in capacity retention and 22%
enhancement in the specific capacity of the published
metal selenide-based anodes.”'’ To the best of our
knowledge, this rate performance with a conventional
current collector and a carbonate-based electrolyte,
benefitting from the integrated titanium dioxide quan-
tum dots and an amorphous carbon shell, has competi-
tive high-rate cycling stability for SIBs. Furthermore, a
detailed kinetic analysis of Ni-CoSe,@TQDs/AC for
ultrafast sodium storage was conducted using cyclic
voltammograms (CVs) and the galvanostatic intermittent
titration technique (GITT). The CV curves of Ni-
CoSe,@TQDs/AC show similar outlines and well-
preserved redox peaks at different scan rates, indicating
the weak polarization (Figure 5H). There are three
obvious cathodic peaks located at 1.42, 1.01, and 0.49V,
corresponding to the conversion of Na,CoSe,, CoSe, and

Co, respectively, which are in good agreement with the
charge/discharge platforms.” The functional relation-
ship between the peak current (i) and the sweep rate (v)
of the four redox peaks was qualitatively analyzed
according to a power-law equation: i = av®, wherein a
and b are adjustable parameters and calculable by
plotting log(i) versus log().”"*>*° As shown in
Figure S4, the calculated b values of peaks I-IV are
0.67, 0.91, 0.93, and 0.81, respectively, indicating a
sodium storage process that is co-controlled by diffusion
and pseudocapacitive behavior in the Ni-CoSe,@TQDs/
AC electrode. The capacitive proportions are further
quantitatively differentiated as ~71.3% at 0.2mVs " and
finally reached 88% at 1mVs™' (Figure 5I), based on a
power-law equation'®: i = k;v + k,v'/?, where kv and k,v'/?
represent the capacitive and diffusion contributions, respec-
tively, implying a fast Na* sodiation/desodiation process for
enhanced cycling stability and rate capability.** In addition,
the Na* diffusivity (Dyg) of the Ni-CoSe,@TQDs/AC and
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Ni-CoSe,@AC electrodes was investigated by GITT in the
voltage range of 0.01-3V (Figures 5] and S5). The results
show that the Dy, of Ni-CoSe,@TQDs/AC (9.3 x 10! cm®
s™") after the initial cycle is nearly four times higher than
that of Ni-CoSe,@AC (2.4 x 10~ cm?®s™?), further revealing
the facilitated diffusion of Na* ions benefiting from the
abundant TQD sites for Na* uptake.

To further visually evaluate the superiority of the
two-in-one shell configuration, in situ TEM (Figure 6A)
was used to study the structural stability of Ni-
CoSe,@TQDs/AC. Here, the engineered shell, as an
independent protective layer for Ni-CoSe, species,
effectively prevents the generated ultrafine products
from expanding out of the nanocage for three sodia-
tion/desodiation processes (Video S1). The representative
pristine Ni-CoSe,@TQDs/AC shows an original nanoc-
age diameter of 671 nm (Figure 6B) and rapid volume
expansion in the initial few seconds, indicating the fast
Na' intercalation process. After that, the diameter
slightly increases to 734 nm under 4 min of sodiation
due to the conversion reaction in Ni-CoSe,@TQDs/AC,

»
Ni-CoSe,
@TQDs/AC

696 nm

FIGURE 6 (A) Schematic illustration of the in situ transmission electron microscopy (TEM) configuration. In situ TEM observations of

resulting in a slight volume expansion of 9.3%
(Figure 6C). Meanwhile, the particle demonstrates a
volume shrinkage during the desodiation process, in
which the diameter almost recovers to the pristine state
once fully desodiated at 8 min (Figure 6D). During
several sodiation/desodiation processes, the particle
shows mild volume variation with a well-maintained
structure, revealing the excellent structural stability of
the TQDs/AC shell. Notably, the void space in the
original particle becomes less transparent during the
sodiation/desodiation processes, suggesting occupation
by the generated ultrafine transition metals and Na,Se, as
well as the re-formation of Ni-CoSe,, but with particles
smaller in size (Figures 6E.F and S6). It is worth noting
that the diffraction peaks of Co and Ni are not detected in
ex situ XRD, while the existence of metallic Co can be
proven by ex situ TEM images. This can be attributed
to the amorphization and formation of ultrafine nano-
particles upon cycling and the lower content of Ni in the
overall electrode, which is also consistent with other
reported analyses.'””” Therefore, the engineered structure

Pristine

nanocrystalline Co
and Na,Se

the (B) pristine electrode, and (C) sodiation and (D) desodiation processes for Ni-CoSe,@TQDs/AC. (E) Ex situ TEM images and
(F) corresponding selected area electron diffraction patterns of Ni-CoSe,@TQDs/AC. TQDs/AC, titanium dioxide quantum dots/amorphous

carbon hybridized shell

85LB01 7 SUOLULLOD A0 3{cedl|dde 8Ly Aq peusenob a.1e Sajofe YO 9sN JO SaInJ 10} Ar1q1T 8UIIUO AB[IM UO (SUONIPUOD-PUB-SWB)LI0O" A8 1M ARe.q 1 |BulUO//STIY) SUORIPUOD pue SIS | 8L} 38S " [2202/2T/20] U0 ARiqi8uliuO A8]IM B1feSIsSNY UeIy0D [euoeN DU INHN Ad 26T 2A80/200T 0T/I0p/W0d A8 | AReiqjpuljuo//:sdny wouy pepeojumod ‘ ‘2202 ‘89E6.£92



YAN ET AL.

595

can not only prevent the aggregation and dissolution of
ultrafine products but can also well accommodate the
volume variation of the active materials during repeated
charging/discharging, thus ensuring a stable cycle life. In
comparison, the morphology of Ni-CoSe, is torn apart,
and the ultrafine intermediates visibly spill out of the
particle during the sodiation process (Video S2 and
Figure S7). To better understand the failure of the
electrode, electrochemical impedance spectroscopy mea-
surements were then carried out. The Nyquist plots in
Figure S8 show a semicircle in the high- and medium-
frequency regions for all samples, corresponding to the
combination of the solid—electrolyte interface film imped-
ance and the charge-transfer impedance.””** The initial
resistance of Ni-CoSe,@TQDs/AC is lower than that of
the shell-free sample, confirming its higher conductivity.
Notably, the charge-transfer resistance (R.) of Ni-
CoSe,@TQDs/AC decreased to 45.7Q after 30 cycles,
while the value for the shell-free sample increased
to 286.6 Q. When the cells were disassembled, the
separator of the shell-free Ni-CoSe, had become very dark
(Figure S9). Thus, the heavy structural damage and
spilling of active materials in the shell-free sample
impeded Na't diffusion and electron transfer, which
ultimately resulted in increased cell resistance and poor
cycle life.

4 | CONCLUSION

The engineered Ni-CoSe,@TQDs/AC that favors the
transport of electrons and feasible Na* uptake by
integrating the advantages of titanium dioxide quantum
dots and amorphous carbon has been successfully
fabricated. Under the broadened voltage range of
0.01-3V, the Ni-CoSe,@TQDs/AC electrode shows ex-
cellent rate capability and stable cyclability compared
with Ni-CoSe, and Ni-CoSe,@AC electrodes, clearly
demonstrating that the two-in-one shell can offer
abundant TQD-active sites for sodium uptake and
facilitate the diffusion of Na* ions and transport of
electrons. In addition, in situ and ex situ TEM visually
confirmed that the structural stability of Ni-
CoSe,@TQDs/AC is mainly attributable to the TQDs/
AC shell. The Ni-CoSe, and ultrafine reaction products
can be well confined in the shell; pulverization and
structural collapse of the nanocage are prevented; and
the strain of volume expansion is effectively buffered,
resulting in good reversible conversion between Ni-CoSe,
and Na,Se/Ni/Co. Overall, our present work provides a
hybridized shell by coupling contents with high electro-
nic and ionic conductivity to accommodate bimetal
selenides for ultrafast sodium storage within broadened

CARBON ENERGY-WILEY

voltage windows, which would be of huge interest for
other conversion-type electrodes since they commonly
suffer from volume expansion, pulverization, and escape
of active material.
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