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ABSTRACT

Although metal-organic frameworks have been heavily tested as the anode materials for lithium-ion batteries (LIBs), the poorer
conductivity, easy collapse of frameworks, and serious volume expansion limit their further application in LIBs. Herein, we report
a facile approach to obtain MXene-encapsulated porous Ni-naphthalene dicarboxylic acid (Ni-NDC) nanosheets by hybridizing
ultrathin Ti;C, MXene and three-dimensional (3D) Ni-NDC nanosheet aggregates. In the structure of Ni-NDC/MXene hybrids, the
interlayer hydrogen-bond interaction between Ni-NDC and MXene can effectively increase the interlayer spacing and further
inhibit the oxidation of pure MXene. Hence, the introduction of MXene (a conductive matrix) could further improve the
conductivity of Ni-NDC, avoid self-agglomeration, and buffer the volume expansion of Ni-NDC nanosheets. Benefiting from the
synergistic effects between Ni-NDC and MXene, Ni-NDC/MXene hybrid electrode exhibits a reversible discharge capacity
(579.8 mA-h-g' at 100 mA-g™" after 100 cycles) and good long-term cycling performance (310 mA-h-g™" at 1 A-.g" after

500 cycles).
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1 Introduction

As a new generation of porous materials with crystal network
structure, metal-organic frameworks (MOFs) have been widely
applied in numerous research fields (drug delivery [1,2], sensors
[3], gas separation/storage [4], catalysis [5-9], supercapacitors
[10-12], batteries [13-15], and other applications [16-18]). Up till
now, some kinds of MOFs, owning higher porosity and larger
specific surface area, have been tested as electrode materials in
lithium-ion batteries (LIBs) [19-21]. On one hand, the inorganic
building units in MOFs, such as metal ions or metal oxides, could
serve as active sites in the electrochemical process [22, 23]. On the
other hand, the porosity of MOFs can provide controllable
channels for movement and customized locations for the
deposition of the guest molecules [24-27].

However, MOF-based anode materials are still faced with the
problems of poor conductivity, easy collapse of frameworks, and
serious volume expansion, which may result in poor stability in
the repeated charge-discharge processes [28]. Therefore, various
reports have been devoted to designing new types of MOF
electrode materials with appropriate morphology to achieve rapid
diffusion of lithium ions by selecting proper central ions and
organic ligands [29,30]. According to the intercalation-
deintercalation mechanism, Li ions are mainly reversibly inserted
into the organic components, especially the carboxylic acid group
[31-33].  Therefore, 14-benzenedicarboxylate and 1,3,5-
benzenedicarboxylate, as the most commonly carboxylic acid

groups, have been applied to obtain MOF-based electrode
materials. In numerous MOFs containing transition metal ions
(N, Co, Fe, Zn, Cu, etc.) as well as carboxylate groups, Ni-MOF,
using 2,6-naphthalene dicarboxylic acid (2,6-NDC) as organic
ligand, stands out because of its stable three-dimensional (3D)
porous structure, larger specific surface area, excellent electrolyte
accessibility, as well as higher diffusion rate of Li* [34, 35]. Hence,
a novel strategy to obtain the hybrids via introducing functional
materials (carbon fibers/tubes, graphene, (reduced) graphene
oxide, conductive polymers (PPy), and MXene) into pure MOFs
[36], which can retain the excellent characteristics (higher
porosity, structural diversity, and larger surface area) of MOFs and
physicochemical properties of these functional materials [37, 38].
Therefore, the composite could exhibit excellent conductivity,
more stable structure, and enhanced lithium storage performance.

In recent year, MXenes have gathered attention in the field of
electrochemical energy storage [39-41], due to the shortened ion-
diffusion pathway, higher surface-area-to-volume ratio, as well as
faster charge transport [42,43]. The formula of common MXene
is M,,,, X, T,, where M stands for transition metals (V, Zr, Ti, and
Ta), X is mainly the element C and/or O, and T, represents
surface terminal groups (-OH, -O, and/or -F) [44, 45]. However,
MXene nanosheets are mainly faced with the problems of
aggregation, self-stacking, and surface oxidation [46]. To settle the
drawbacks of self-accumulation and easy oxidation of MXene,
combining MXene with multi-dimensional materials could realize
excellent lithium-storage performance [47, 48].

Address correspondence to Huan Pang, huanpangchem@hotmail.com; Yizhou Zhang, zhang@nuist.edu.cn

TSINGHUA
N UNIVERSITY PRESS

@ Springer



Nano Res. 2023, 16(2): 25282535

Due to the good conductivity of MXene as well as the high
porosity of MOF, it has been demonstrated that hybridizing MOF
with MXene to obtain porous hybrids with enhanced
electrochemical performance in LIBs is an effective and
convenient method [49]. Herein, we report a simple approach to
obtain MXene-encapsulated porous Ni-NDC nanosheets by
hybridizing ultrathin Ti;C, MXene and 3D Ni-NDC nanosheet
aggregates. In the structure of Ni-NDC/MXene hybrids, the
interlayer hydrogen-bond interaction between Ni-NDC and
MXene could effectively increase interlayer spacing and further
inhibit the oxidation of pure MXene. Hence, the introduction of
MZXene (a conductive matrix) could further improve the
conductivity of Ni-NDC, avoid self-agglomeration, and buffer the
volume expansion of Ni-NDC nanosheets. Benefiting from the
synergistic effects between Ni-NDC and MXene, Ni-NDC/MXene
hybrid electrode exhibits a reversible discharge capacity
(579.8 mAh.g' at the current density of 100 mA-g" after
100 cycles) and good long-term cycling performance
(310 mA-h-g™ at the current density 1 A-g"' even after 500 cycles).
This report can not only overcome the common drawbacks of
poorer cycling stability as well as a shorter battery life of Ni-NDC
materials, but also provide a facile strategy to prepare low-cost as
well as efficient anode materials in LIBs.

2 Results and discussion

The detailed synthesis process of Ni-NDC/MXene hybrids can be
seen in Fig. 1. Flower-like Ni-NDC structures, which were self-
assembled by ultrathin nanosheets, were firstly obtained by a facile
hydrothermal method with nickel nitrate as a nickel source and
2,6-NDC as organic ligand. Hence, the suspension of MXene
nanosheets was synthesized by selectively etching the Al layer with
a mixed solution of HCI, HF, and LiCl and a series of subsequent
operations (centrifugation and ultrasonic dispersion) in Fig. SI in
the Electronic Supplementary Materials (ESM). Then, the
resulting MXene suspension was added dropwise into the aqueous
solution of Ni-NDC particles, which were modified by
poly(diallyldimethylammonium chloride) (PDDA). As shown in
Fig. S2 in the ESM, electrostatic adsorption between Ni-NDC and
MXene is obvious and many grey particles appear at the bottom of
the beaker, which exhibit the successful combination of Ni-NDC
and MXene. At last, 3D MXene-encapsulated porous Ni-NDC
nanosheets were successfully obtained through normal
temperature stirring, centrifugation, and calcination under low
temperatures.

The scanning electron microscopy (SEM) images under
different magnifications of Ni-NDC (Figs. 2(a) and 2(b)) reveal
that each 3D flower-like Ni-NDC structure is composed of various
single small-size nanosheets owning uniform thickness. As shown
in Fig. S3 in the ESM, the thickness decreased with the increase in
synthesis temperature. When the reaction temperature is too high
or too low, the size of the nanosheets becomes uneven and the
degree of self-assembly is poor, resulting in the problem of self-

« 5
3 : o
<

Can®

Hydrothermal

Ni2+

method SYZx PDDA

i
-

Flower-like Ni-MOF

HCI + HF + LiCl

=/

Etching

In situ adsorption .'

2529

accumulation. Moreover, the transmission electron microscopy
(TEM) image of Ni-NDC (Fig. 2(c)) exhibits that the obtained Ni-
NDC nanosheets are almost transparent, representing ultrathin
nanostructures. To further increase the specific surface and
preserve porosity, the low-temperature calcination method was
applied to further activation of Ni-NDC, which can remove the
guest solvent molecules in MOFs and transform from ordered
MOFs into disordered MOFs to enhance the lithium storage
performance of MOFs. The SEM images of Ni-NDC nanosheets
obtained at different calcination temperatures can be seen in Fig.
$4 in the ESM. As shown in Fig. 2(d), MXene shows ultrathin and
almost transparent single-layer flakes, which also has good
crystallinity. The detailed morphological structures of Ni-
NDC/MXene hybrids with different mass ratios of MXene and Ni-
NDC (Figs. 2(e)-2(1)) show that ultrathin Ni-NDC nanosheets are
well-distributed in the MXene framework. Both high-resolution
TEM (HRTEM) images (Figs. 2(m)-2(0)) and selected area
electron diffraction (SAED) pattern (Fig. 2(p)) prove the excellent
crystallinity of MXene nanosheets and the successful combination
of Ni-NDC and MXene. More specifically, the lattice spacing of
fringes is 0.17 nm, which represents the (100) plane of MXene.
High-angle annular dark-field scanning TEM (HAADF-STEM)
and energy dispersive spectroscopy (EDS) mapping images exhibit
that the elements (Ni, C, O, and Ti) are well-distributed in Ni-
NDC/MXene hybrids (Fig. 2(q)). In summary, the above results
confirm that MXene-encapsulated porous Ni-NDC nanosheets
are successfully obtained in this work.

As shown in Fig. 3(a), all the obtained samples (MXene, Ni-
NDC, and Ni-NDC/MXene-2) exhibit good crystallinity, with
sharp and intense peaks in X-ray diffraction (XRD) patterns.
Firstly, the main peaks of Ni-NDC are located at 7.0° 14.18°, and
14.82°. After introducing MXene, a new characteristic peak, which
corresponds to the (002) diffraction peak of MXene, appeared in
the Ni-NDC/MXene-2, confirming the successful synthesis of Ni-
NDC/MXene hybrids. However, the (002) peak in Ni-
NDC/MXene hybrids moved to a lower angle of 6.2° in
comparison with that of MXene. The further increased interlayer
spacing strongly indicates that MXene-encapsulated porous Ni-
NDC nanosheets could effectively overcome the self-accumulation
of Ni-NDC or MXene nanosheets, thus providing convenience for
Li* during electrochemical reaction and ensuring high-rate
capability. Hence, the intensity of the peaks located at 14.18° and
14.82° increases, because the introduction of MXene can further
influence the growth direction of the Ni-NDC crystals. Similarly,
Raman spectra of MXene, Ni-NDC, and Ni-NDC/MXene-2 can
be seen in Fig. 3(b), which confirm that Ni-NDC and MXene have
successfully compounded. Analyzing from Figs. 3(c) and 3(d), the
R space height and corresponding coordination number of Ni-
NDC slightly decreased with the introduction of MXene.

The main elements in Ni-NDC are C, O, and Ni (Fig. S5 in the
ESM), while MXene contains the elements of Ti, C, and O. Firstly,
Fig.S6 in the ESM exhibits X-ray photoelectron spectroscopy
(XPS) full spectrum of Ni-NDC/MXene, where the signals of Ni

3D MXene-encapsulated
porous Ni-NDC nanosheets

P

MXene nanosheets

Figure1 Schematic diagram for the synthesis of 3D MXene-encapsulated porous Ni-NDC nanosheets.
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Figure2 SEM images: (a) and (b) Ni-NDC, (e) and (f) Ni-NDC/MXene-1, and (i) and (j) Ni-DC/MXene-2. TEM images: (c) Ni-NDC, (d) Mxene, (g) and (h) Ni-
NDC/MXene-1, and (k) and (I) Ni-NDC/MXene-2. HRTEM images: (m) Mxene, (n) Ni-NDC/MXene-1, (0) Ni-NDC/MXene-2. (p) SAED pattern of Ni-

NDC/MXene-2. (q) EDS elemental mapping images of Ni-NDC/MXene-2.

2p, Ti 2p, O 1s, and C 1s are located at 855, 459, 532, and 288 eV,
which confirms that Ni-NDC/MXene hybrids are composed of
MXene and Ni-NDC [50, 51]. The Ti 2p spectra of the MXene
can be seen in Fig. 3(e), which are resolved into six peaks [52].
Hence, the peak for TiO, can not been seen in the Ti 2p spectra of
Ni-NDC/MXene, which indicates that the strong hydrogen
bonding between MXene and Ni-NDC can slow down the
oxidation rate and further enhance the stability of MXene. Figure
3(f) exhibits that the Ni 2p spectra in Ni-NDC/MXene hybrids
transfer to lower binding energies in comparison with those in Ni-
NDC (Fig.S7 in the ESM), which can be attributed to the
connection between the organic ligand (2,6-NDC) in Ni-NDC
and surface functional groups (-F, -OH, etc.) from MXene. All
XPS spectra exhibit two peaks corresponding to Ni 2p;, as well as
Ni 2p,,, which are determined by the spin-orbit characteristics of
nickel ions. As can be seen in Fig. S8 in the ESM, the peaks for Ni-
NDC are located at 284.3, 285.1, 287.8, and 288.4 eV, which
represent the valence bonds, including C=C, C-C, C=0O, and
O=C-0O, respectively. Additionally, the C 1s spectra of Ni-
NDC/MZXene exhibit another peak corresponding to C-Ti located
at 280.7 eV, which indicate that MXene exists in the obtained
composites. Analyzing from Fig.S9 in the ESM, the thermal
stability of Ni-NDC nanosheets has been successfully enhanced
with the introduction of MXene. The chemical structure of the
obtained Ni-NDC has been further tested by Fourier transform
infrared spectroscopy (FTIR) in Fig. S10 in the ESM. In Fig. S11 in
the ESM, the Brunauer-Emmett-Teller (BET) surface of Ni-
NDC/MXene-2 is 87.753 m*g", much higher than that of pure
MXene (25.232 m*g™) and Ni-NDC (55.672 m*g™).

Analyzing the cyclic voltammetry (CV) of Ni-NDC/MXene-2

(Fig. 4(a)), two peaks are easily observed in the first turn of the CV
curve. More detailly, the first peak (~ 1.12 V) could be attributed
to the formation of the solid—electrolyte interface (SEI) layer as
well as the irreversible lithium process of C-O, while another peak
(~ 7.0 V) corresponds to the reaction of lithium ion with C-C
aromatic rings and trapping of Li* between MXene and Ni-NDC
[53]. Hence, the CV curves of Ni-NDC, MXene, and Ni-
NDC/MZXene-1 anode materials can be seen in Figs. S12, S13(c),
and S14 in the ESM, respectively. According to the reported work,
lithium ion is mostly reversible intercalation/delamination from
organic parts (consisting of benzene rings as well as carboxyl
groups [54]) without the direct participation of nickel ions
[55, 56]. What's more, the third cycle in the CV curve is similar to
that of the second cycle, confirming that the Ni-NDC/MXene
anode shows the advantages of high reversibility and stability in
the electrochemical reaction process.

As shown in Fig. S15 in the ESM, the Ni-NDC nanosheets
obtained at the calcination temperature of 150 °C exhibit an
enhanced cycling performance, in comparison with other two
samples. Although pure Ni-NDC anode exhibits an excellent
initial capacity (2,139.5 mA-g”), the specific discharge capacity
decreases quickly in the first 20 cycles and only remains about
99 mA-g" in Fig. 4(b). The higher initial capacity is because the
porosity of Ni-NDC provides a channel for the transmission of Li*
as well as electrons, while the pure Ni-NDC shows poor cycling
performance as a result from the unstable framework and poor
conductivity. Figures S13(a) and S13(b) in the ESM display the
cycling performance of MXene under different current densities,
which demonstrate that the initial discharge capacity of MXene is
poor. Hence, Fig.S16 in the ESM shows the charge-discharge
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Figure3 (a) XRD patterns of MXene, Ni-NDC, and Ni-NDC/MXene-2. (b) Raman spectra of MXene, Ni-NDC, and Ni-NDC/MXene-2. (c) R spaces of Ni-NDC
and Ni-NDC/MXene-2. (d) Normalized XANES spectra of Ni-NDC and Ni-NDC/MXene-2 at the Ni K-edge with a Ni foil as the reference. (e) Ti 2p spectra and (f)

Ni 2p spectra of MXene, Ni-NDC, and Ni-NDC/MXene-2.

profiles of Ni-NDC, Ni-NDC/MXene-1, and Ni-NDC/MXene-2
for the 1%, 2, 3%, 5% and 10" cycles at 500 mA-h-g". The initial
discharge capacity of pure Ni-NDC nanosheets is high. However,
the discharge capacity in second cycle is obviously reduced to 35%
of the initial discharge capacity, which confirms that Ni-NDC is
also faced with the common problem of poor cycle stability.
Furthermore, the cycle stability of Ni-NDC/MXene anodes is
enhanced with the introduction of MXene, which can keep stable
after the second lap without the loss of capacity. More
importantly, the groups (-F and -O) from MXene could be
bonded to H in ~-COOH from the organic ligand of Ni-NDC to
construct 3D porous Ni-NDC/MXene composites, with the
addition of MXene. Therefore, the specific capacities of Ni-
NDC/MXene composites improved observably compared with
pure Ni-NDC, particularly the specific capacity of Ni-
NDC/MXene-2 could still maintain 579.8 mA-h-g™ at the current
density of 500 mA-g" even after 100 cycles in Fig. 4(b). What’s
more, even under a lower current density of 200 mA-g™ (Fig. S17
in the ESM), Ni-NDC/MXene-2 also exhibits an enhanced
cycling stability. As expected, the Ni-NDC/MXene-2 also
exhibits excellent long-term cycling stability in Fig.4(d). The
obtained electrode shows a specific discharge/charge capacity
(~ 2,081.6/1,0028 mAh-g') in the first cyce, with a
corresponding Coulombic efficiency of 48% and almost 100%
afterwards. Even after 500 cycles, the Ni-NDC/MXene-2 electrode
achieves an excellent discharge capacity of 310 mA-h-g" at the
current density of 1 A.g'. Hence, the rate capacity of Ni-
NDC/MXene-2 composite is much better than those of pure Ni-
NDC and Ni-NDC/MXene-1 (Fig.4(c)). More detailly, the
discharge capacity of Ni-NDC/MXene-2 only decreases from
717.7 to 369.3 mA-h-g", as the current density increases from 0.1
to 1.0 A-g™. Figure S18 in the ESM shows the Nyquist plots of Ni-
NDC, Ni-NDC/MXene-1, and Ni-NDC/MXene-2 before and
after cycling. The Ni-NDC/MXene-2 anode has the smallest
semicircle diameter in the high-medium frequency region. Thus, it
exhibits higher charge-transfer kinetics and excellent electrical

conductivity. To further intuitively reflect the lithium-storage
performance of the obtained Ni-NDC/MXene anode, we have
compared the discharge capacities of other MOFs as anode
materials for LIBs in previous work (Fig. 4(e)) [57-65].

The above results confirm that Ni-NDC/MXene shows
enhanced lithium storage in terms of superior cycling
performance as well as enhanced capacity due to 3D porous
frameworks and coupling effect between MXene and Ni-NDC.
Moreover, the 3D porous frameworks can further settle the
drawbacks of self-accumulation as well as volume expansion of Ni-
NDC and MXene in the process of electrochemical reaction. As
the mass of MXene increases, the interlayer spacing and specific
surface area of the Ni-NDC/MXene hybrids also increase, which
undoubtedly accelerate the diffusion and transmission of lithium
ions.

For further investing the kinetic properties and lithium-ion
mechanism of the Ni-NDC/MXene hybrids, the CV
measurements of Ni-NDC, Ni-NDC/MXene-1, and Ni-
NDC/MXene-2 electrodes were conducted with the scan rate
recorded from 0.2 to 1.0 mV-s™ (Fig. 5(a) and Figs. S19 and S20 in
the ESM). The relation between peak current and sweep rate is
indicated by Eq. (1) [66]

log(i) = a+ blog(v) (1)

In Eq. (1), i represents peak current, v is scan rate, and a and b are
adjustable parameters. For the diffusion- or capacitive-controlled
process, the values of b are equal to 0.5 and 1.0, respectively. When
the value of b is between 0.5 and 1.0, the mixed mechanism can be
found [12, 67]. As can be seen in Fig. 5(b), the slope values in the
linear curves are 0.623 and 0.644, indicating that both
pseudocapacitive- and diffusion-controlled reaction processes
could be found in the lithium storage mechanism. The
contribution of capacitance and diffusion of Ni-NDC/MXene-2
samples to current is calculated by Eq. (2)

i=kyv+kv"? (2)
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where kv represents capacitance, k,v"? represents diffusion, and k;
and k, are constants.

The percentage of pseudocapacitive-controlled contribution
increased from 483% to 79.9%, when the current density
transforms from 0.2 to 1.0 mV-s”, and the current of the Ni-
NDC/MXene-2 anode is largely dominated by the diffusion-
(B) TSINGHUA

UNIVERSITY PRESS

controlled capacity (Figs. 5(c) and 5(d)). The enhancement of
pseudo-capacitance could be ascribed to abundant mesoporous
channels, the higher specific surface area of Ni-NDC, and high
conductivity of MXene. Moreover, the mixed capacitance
mechanism plays a key role in improving the electrochemical
performance of Ni-NDC/MXene hybrids.

@ Springer | www.editorialmanager.com/nare/default.asp
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Furthermore, to determine the cycling stability of Ni-
NDC/MXene anode, cross-sectional and surface SEM images of
Ni-NDC, Ni-NDC/MXene-1, and Ni-NDC/MXene-2 anodes
before and after the cycling test are prepared. Firstly, the pure Ni-
NDC anode exhibits a large increase in thickness from 12.34 to
49.89 um and the structure is destroyed along with the occurrence
of side reaction (Figs. 5(e)-5(j)). Analyzing from Figs. 5(k)-5(p),
the Ni-NDC/MXene-1 anode exhibits increased thickness from
1298 to 25.68 pum after 100 cycles, which indicates that the
introduction of MXene could effectively decrease the volume
expansion and further improve the cycling stability of pure Ni-
NDC. However, the Ni-NDC/MXene-1 anode is still faced with
the problem of the occurrence of side reactions. More surprisingly,
the Ni-NDC/MXene-2 has a slight thickness increase from 12.18
to 19.39 um, owning a smaller volume expansion and well-
preserved structure in Figs. 5(q)-5(v). The enhanced
electrochemical properties in LIBs of the Ni-NDC/MXene
composites are summarized as follows. On one hand, the
introduction of MXene can reduce the volume variation and
generate a stable SEI layer, which can further prevent material
pulverization and the occurrence of side reactions during
charge-discharge processes. On the other hand, encapsulating
porous Ni-NDC nanosheets with MXene can further reduce the
self-aggregation and improve the conductivity of pure Ni-NDC
nanoplates, lower the resistance, and increase the movement rate
of lithium ions and electrons.

3 Conclusions

In summary, the 3D MXene-encapsulated porous Ni-NDC
nanosheets were successfully obtained and used as the anode
materials in LIBs with enhanced rate capability as well as long-
term cycling properties. The Ni-NDC/MXene anode exhibited a
superior specific capacity (579.8 mA-h-g” at the current density of
100 mA-g" after 100 cycles) and maintained 310 mA-h-g" at the
current of 1 A-g™ after 500 cycles with nearly 100% capacity
retention, which is much better than the previous reported MXene
and MOF-based anode materials. The significant enhancement of
lithium storage performance can be ascribed to the 3D porous
interpenetrating frameworks and coupling effect between Ni-
NDC and MXene, including: (1) The porosity of MOF material
provides a controllable channel for the transmission of lithium
ions and electrons. Hence, MXene can further enhance the
conductivity as well as stability of pure Ni-NDC sample. (2) 3D
porous interpenetrating frameworks can overcome the drawbacks
of self-accumulation as well as volume expansion of Ni-NDC and
MXene in the electrochemical reaction process. (3) With the
increase of the mass of MXene, the specific surface area as well as
interlayer spacing of the Ni-NDC/MXene hybrids also increased,
which undoubtedly accelerate the diffusion and transmission of
lithium ion and further enhance the long-term cycling
performance and rate capability.
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