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MOF-based composites have aroused widespread concern due to their controllable morphology and pore
characteristics. Nevertheless, the poor conductivity and volume expansion hinder its practical applica-
tion in LIBs. Herein a classical structure HKUST-1, as the precursor, was used to fabricate quasi-Cu-MOF
composite through a facile thermal decomposition strategy. The results showed that quasi-Cu-MOF com-
posite had superior reversible specific capacity (627.5 mAh/g at 100mA/g) and outstanding cycle stability
(514.6 mAh/g at 500 mA/g after 400 cycles) as anodes for LIBs. The results demonstrated that the low-
temperature calcination strategy played a significant role in morphology retaining during cycling and the
derived copper framework play a crucial part in conductivity improvement. This work is helpful to the
design of high-performance electrodes with advanced three-dimensional hierarchical structures.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Existing fossil fuels such as petroleum, coal, and other products
that are in a highly depleted state have limited stocks, and the old
energy supply model is unsustainable imminent [1-3]. In addition,
challenges such as population growth, rapid urbanization and in-
dustrial modernization propel rapid developments of new environ-
mentally friendly energy sources [4-6]. Metal-organic framework
(MOF), namely porous coordination polymer (PCP), is a highly crys-
talline material with a periodic network structure composed of
the junction between metal ions and groups with organic ligands
through coordination bonds [7]. Due to the unique construction,
MOF has many advantages, such as porosity, high specific surface
area (SSA), regular pore size and controllable structure, making it
a universal template or media for preparing other porous materi-
als. Battery research is in full swing, and MOF-based materials with
such advantages attract many researchers’ attention. The synthetic
method and structural design of MOF have been the focus of cur-
rent researchers [8-10]. Nowadays, MOF is widespread used in a
variety of fields [11-15].

However, the three-dimensional (3D) network structure of MOF
always caves during the conversion to active materials or the cy-
cling process in the application process. It is significant to pre-
serve the 3D framework while generating active species for the
comprehensive application of MOF [16]. The controllable structural
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damage caused by MOF annealing can assemble a new genera-
tion of materials with low crystallinity but particular properties
[17,18]. Structural defects may lead to unsaturated coordination
sites around metal ions, which is beneficial to enhancing reactiv-
ity and increasing porosity [19,20]. The reasonable selection of the
suitable decomposition temperature can lead to partial pyrolysis
of the frame structure and ensure that the remaining materials
maintain the original morphology and porosity. Notably, Xu's group
[21] proposed the new concept of quasi-MOF to comprehend both
a strong interaction and a porous structure with a synergetic ef-
fect between the stationary metal nanoparticles and the inorganic
nodes. Quasi-MOF is developed by controlling partial deligandation
of MOF to generate Lewis acid centres, which enhance the accessi-
bility of M-O sites while maintaining structural characteristics [22].
With the formation of hierarchical micropores and mesopores, the
intrinsic specific surface area is preserved or increased upon par-
tial deligandation, facilitating the diffusion of the electrolyte to and
from the active centres of products [23]. Quasi-MOF can repre-
sent an intermediate state between highly crystalline MOF mate-
rials and metal compounds, their properties attracting more and
more attention.

Tsumori et al. [21] used the impregnation method to introduce
Au nanoparticles into Cr-MIL-101, and then thermally induced
deligandation to form quasi-MIL-101 with accessible Cr-O sites for
low-temperature CO oxidation. It not only preserves the frame-
work structure with plenty of functional groups from the original
MOF but also possesses highly active and stable metal/metal
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Fig. 1. (a) Schematic diagram of the growth process and architecture of quasi-Cu-
MOF composite. (b) SEM and (c) TEM images of [Cus(btc),],. Morphology charac-
terization of quasi-Cu-MOF composite. (d) SEM, (e) TEM, (f, g) HRTEM images, (h)
lattice images, (i) HAADF-STEM image and corresponding elemental mapping im-
ages.

oxide species. Bagheri et al. further confirmed this controllable
de-coordination strategy [24]. Experimental results prove that con-
trolled pyrolysis can generate highly active Lewis acid sites within
quasi-HKUST. Meanwhile, the material’s porosity and framework
structure remain intact, ensuring that reactants can access active
sites and provide space for the diffusion of reagents and products.
Cui et al. [25] fabricated Co/MnOx@quasi-MOF-74 catalyst with a
core-shell structure. The Co® nanoparticles generated from MOF-74
became new active centres during the heat treatment process, and
the uniformly dispersed Co?* unsaturated coordination centres
and Co,C synergized to strengthen the CO insertion process, which
showed impressive performance in the CO hydrogenation process.
Using Ni-BDC as a template, Ni,P@quasi-Ni-BDC composites were
prepared by partial deligandation and phosphorization processes,
which retained their inherent electrochemical activity and exhib-
ited excellent synergistic effects in electrochemical applications
[26]. From the reports above, quasi-MOF composites have been
used in the field of catalysis [27,28] but have not been reported as
anodes for LIBs.

As one of the most intensely studied MOFs, HKUST-1 has shown
remarkable performance which is considered feasible to apply
in actual applications, mainly adsorption and separation, catalyst,
sensor [29]. Herein, we choose it as the precursor and porous
quasi-MOF composite was obtained by low-temperature calcina-
tion strategy using it as a template. In this study, the favourable
morphology and mesoporous structure provided by pristine Cu-
MOF are beneficial for electrolyte diffusion and Li™ ions storage.
The nano-scale copper particles partially occupy part of the orig-
inal MOF cavity in situ through the annealing treatment, and the
formed conductive framework plays a crucial part in improving the
conductivity and alleviating the expansion during cycling. The re-
sults show that quasi-Cu-MOF composite as the LIBs anode has an
impressive reversible capacity (627.5 mAh/g at 100mA/g) and su-
perior cycle stability.

Fig. 1a illustrates the synthesis process of quasi-Cu-MOF com-
posite. Firstly, [Cuz(btc), ], polyhedron was prepared by solvother-
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mal reaction of Cu(NOs3),-3H,0 and 1,3,5-benzenetricarboxylic
acid. Then, a series of derivatives were obtained by one-step cal-
cination with [Cusz(btc),], as the precursor. The low magnifica-
tion SEM image clearly shows that the precursor [Cus(btc);], is
a cuboctahedron with a size of 2-3 pm (Figs. 1b and c). Accord-
ing to the TG curve (Fig. 2a), we selected 250, 300 and 350 °C
as the calcination temperature of this experiment to obtain dif-
ferent MOF derivatives and named M1, M2 and M3. As expected,
the three-dimensional structure remained well after calcination. In
SEM images with higher magnification (Figs. 1d and e, Fig. S1 in
Supporting information), the smooth surface of M2 is rough and
appeared obvious pores, while the morphology of M1 is similar to
that of the precursor, and the exterior of M3 is jumbled coated
with precipitates. As shown in Figs. 1f and g, the copper nanopar-
ticles are well dispersed in the pristine Cu-MOF framework and the
sizes of copper nanoparticles are rather small with a narrow size
distribution (25+5nm). The EDS element mapping results in Fig.
1i verify the even distribution of Cu, C and O elements in the struc-
ture. Interestingly, the lattice fringes with a spacing of 2.09A and
1.81A correspond to the (111) and (200) crystal planes of metal-
lic copper, respectively (Fig. 1h), indicating that copper particles
are closely coupled with MOF structure [30]. The surrounding dis-
ordered regions correspond to amorphous carbon and MOF struc-
tures. The structural shrinkage is due to thermal stress and decom-
position [31]. What’s more, there are amorphous outer layers with
some cracks on the surface of copper particles, which means that
the electrolyte molecules can contact the surface of copper parti-
cles without passing through the carbon layer.

There are two obvious cooling zones in the TG curve (Fig. 2a),
corresponding to the removal of adsorbed solvent molecules in the
channel and the pyrolysis of the organic skeleton. The weight loss
ratios corresponding to two processes above were 29.8% and 31.0%,
respectively. As is shown in Fig. 2b, the characteristic peaks of pris-
tine Cu-MOF synthesized are consistent with the simulated spectra
of Cu-MOF while the characteristic peaks of M1 are also consistent
with that, but the intensity reduced due to the decrease of crys-
tallinity [32]. Combined with the TG curve, it can be preliminar-
ily judged that compared with pristine Cu-MOF, copper and car-
bon components appear in M2. Derived carbon materials can pre-
vent the accumulation of active substances during cycling [33,34].
Furthermore, it is found that metal particles’ precipitation under
the incomplete decomposition of MOF could improve the electrical
conductivity of the material [35,36]. However, it can be seen that
350 °C is the period with the fastest mass loss, the sample is in an
unstable state. The XRD pattern of M3 shows that the structure of
pristine Cu-MOF has changed, and there is a phase transition lead-
ing to the formation of metallic copper. The precursor was com-
pletely reduced to copper when the calcination temperature was
400 °C (Fig. S2 in Supporting information).

To further reveal the structural evolution of the samples dur-
ing the pyrolysis process, the pristine Cu-MOF and its derivatives
were characterized by FT-IR (Fig. 2c). The alike positions of the
main peaks of the M1 and pristine Cu-MOF indicate that they
have a similar surface chemistry environment. The bands at 1106
cm~! indicate stretching vibrations of C-O-Cu bonds, and the bands
at 761 and 728 cm~! can be ascribed to copper substitution in
phenyl. FT-IR spectra show that there is an extensive decarboxy-
lation process at 250 ~ 350°C. With the increase of temperature,
the infrared peak corresponding to the 0-C=0 functional group at
1300 ~ 1700 cm~! gradually broadened, which confirmed the par-
tial decoupling of the organic ligand skeleton. The aromatic group
characteristic signal of M2 appeared at 1595 and 1440 cm™!, re-
spectively [37]. Meanwhile, the vibration characteristic peak of the
outer ring C=C at 980 cm~! moderately decreases and disappears
[38,39]. At 1670 cm~!, an obvious C=0 vibration band also ap-
peared, which was consistent with TG results, implying that the



J. Wang, X. Guo, Q. Jing et al.

Chinese Chemical Letters 34 (2023) 107675

ato0
b * Cu c il
M3 I * \A I
29.80% A |~ M3 y
80 - —— 3 q
N PO N T = M2 Sl M/ﬁ '
< © o |——M2 |
£ 604
@
g el |V PO =
1
S 8 5
s0d. N = Pristine Cu-MOF | & - oo
LR T S — Pristine Cu-MOF '( " 1 j
—— Simulated \
0 200 400 600 800 20 Y 60 80 4000 3000 2000 1000
Temperature (°C) 2 Theta (degree) Wavenumber (cm™)
d M3 e f Cu2p
M M2 NA* /\. / \'
~—m2 — ~ [M2 A S \
3 3 4 S ¢
L 3 Cu 2p,, Cu2py, a3 \l
S o o
I—— i < CuLMM <
£ — M1 > 01s > Cu2py, Cu2pip
c @ K [
g 5 L Cis ¢, 3 8 \,A\. /‘:\ sat Ny
£ = ! £ AN
Pristine Cu-MOF = | Pristine Cu-MOF \‘i Cu3s | — \u’,/\/\/ \
L Pristine Cu-MOF AN
MMWA'
400 800 1200 1600 2000 1200 1000 800 600 400 200 0 970 960 950 940 930

Raman shift (cm™)

Binding energy (eV)

Binding energy (eV)

Fig. 2. (a) TGA curve of [Cus(btc);]. (b) XRD patterns, (c) FT-IR spectra and (d) Raman spectra of pristine Cu-MOF and its derivatives. (e) XPS survey spectra of pristine

Cu-MOF and M2 and high-resolution (f) Cu 2p.

crosslinking pathway of organic residues is changed under pyroly-
sis conditions.

For comparison, the surface structure and carbon component of
samples were studied by Raman spectra (Fig. 2d). Except pristine
Cu-MOF, typical carbon signals with a wide defect band can be ob-
served in M1, M2 and M3. The peaks at 1378 cm~! and 1588 cm~!
are relevant to the D-band and G-band, respectively. The former
represents defects or amorphous properties, and the latter repre-
sents the ordered graphitized sp? type carbon [40]. Through the
strength ratio (Ip/Ig) and wide defect band characteristics, it can be
judged that the main carbon component in the sample is mainly
amorphous carbon [41]. This result is in good agreement with
the experimental results that neither interlayer spacing nor lat-
tice fringes of carbon are observed in HRTEM. In Fig. S4 (Support-
ing information), the hysteresis loop of P/Py near 0.8 can be seen,
that is, there is a difference between adsorption and desorption
curves. The N, adsorption and desorption curves conform to type
IV physical adsorption isotherm as a whole, indicating that the ma-
terial is mainly the mesoporous structure. The SSA of M2 is as high
as 61.22 m2/g. Through BJH calculation, it is determined that the
pore size of the material is concentrated at 16.29 nm and the to-
tal pore volume is about 0.3187 cm3/g. Given the above results,
the obtained quasi-Cu-MOF composite has a superior SSA and rich
porosity, which contribute to the dispersion and exposure of active
sites, increase the efficiency of Li™ insertion and deintercalation,
supply a convenient diffusion path for Li* ions and provide suffi-
cient voids to effectively alleviate volume changes, leading to large
reversible capacity and robust cycle performance of quasi-Cu-MOF
composite electrode [42].

The composition and chemical bonding state of quasi-Cu-MOF
composite were characterized by X-ray photoelectron spectroscopy
(XPS) techniques. The peaks at 934.9, 531.6 and 286.5eV are as-
cribed to Cu 2p, O 1s and C 1s, respectively (Fig. 2e). From the
Cu 2p spectra of pristine Cu-MOF in Fig. 2f, there are two typi-
cal peaks at 954.4 and 934.9eV corresponding to Cu 2p;p, and Cu
2p3),, respectively, assigned to Cu(ll), which is located at the cen-
tre of the MOF structure. Compare with the pristine Cu-MOF, there
are two more peaks at 932.7 and 952.2eV in M2. What is more,
the difference between the two peaks is 19.7 eV which can be at-
tributed to Cu® particles [43]. The three peaks (284.8, 286.5 and

288.5eV) in C 1s spectra (Fig. S3a in Supporting information) could
correspond to C-C, C-O and O-C=0 of quasi-Cu-MOF, respectively.
In Fig. S3b (Supporting information), the peak of O-Cu (533.78eV)
of pristine Cu-MOF corresponds to the Cu 2p spectra, indicating
the existence of Cu(Il). The O 1s characteristics peak of M2 located
at 531.6eV can be assigned to Cu-O species [44,45]. These charac-
teristic peaks of M2 have a slight shift in comparison with pristine
Cu-MOF spectrum because of the removal of the solvent.

Owning to the fantastic structural characteristics mentioned
above, quasi-MOF composites have great significance and applica-
tion possibility in LIBs. The charge/discharge tests were performed
within the voltage range of 0.01-3.0V vs. Li*/Li, with pristine Cu-
MOF and derivatives as the anode active material and metallic Li as
counter electrode in a half-cell configuration. Cyclic voltammetry
tests of quasi-Cu-MOF composite at 0.1 mV/s for the initial three
cycles were presented in Fig. 3a. In the first cycle, three cathodic
peaks at 0.20, 0.73 and 112V were observed. The two cathodic
peaks at 0.20 and 1.12V almost disappeared in the subsequent cy-
cles, assigned to the formation of the decomposition of the carbon-
ate electrolytes and a solid electrolytic interface (SEI) layer [46].
The board peak at 0.73V can be due to the combined redox be-
haviour of organic ligands and the reduction of Cu* to metallic
Cu® as well as the Li* ions insertion into the framework [47,48].
For the organic moiety, carboxylates which are weakly electron-
withdrawing ligands might act as redox centres [49]. In the second
cycle, this board peak was shifted to 0.51V, possibly correspond-
ing to the multistep insertion of Li* ions to the conjugated organic
moieties [50]. The CV curve of the third cycle almost overlaps with
that of the second cycle, indicating that the electrode has supe-
rior stability. This is also reflected by observation of nearly iden-
tical cyclic voltammograms after 400 cycles (Fig. S9 in Supporting
information).

The charge and discharge profiles of the quasi-Cu-MOF compos-
ite at 100mA/g for the selected cycles are shown in Fig. 3b. In the
first discharge curve, an approximate plateau at 1.5V followed by
a gentle gradient upon further discharge to 0.01V in keeping with
the initial CV test, indicates the Li* ions insertion process and the
reduction of organic linkers [51]. The initial discharge/charge ca-
pacities of M2 were 1573.5 and 540.2 mAh/g, respectively, corre-
sponding to a coulombic efficiency (CE) of ~34.3%, which is due to
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Fig. 3. (a) Cyclic voltammograms, (b) charge/discharge profiles, (c) cycling performance and (d) rate performance at current densities from 100 mA/g to 5000 mA/g of pristine
Cu-MOF and its derivatives. (e) Long cycling performance at a current density of 500 mA/g of pristine Cu-MOF and M2.

the existence of guest molecules and many cavities. However, the
loss of initial irreversible capacity would be attributed to the for-
mation of SEI film on the electrode surface, the irreversible interca-
lation of Li™ and the decomposition of the electrolyte [52]. Worth
noting is that the voltage curves after the 50th cycle almost over-
lap, indicating that it has superior electrochemical reversibility.

Fig. 3c displays the cycling performance of pristine Cu-MOF, M1,
M2 and M3 at 100 mA/g. Different from the common anode ma-
terials, it is obvious that the discharge capacity of M2 declined
during the first several cycles and then slowly increase and re-
mains stable at above 627.5 mAh/g at 100mA/g after 100 cycles.
There is a conspicuous increase in capacity of 1.5 times observed
in M2 over 50 cycles, which results from the adsorption of a large
number of ions as the electrolyte permeates into the bulk [53].
The increasing specific capacity presented may be in consequence
of the sluggish amorphization and equilibration of the quasi-Cu-
MOF composite electrode [54]. Although the capacity is signifi-
cantly higher than that of pristine Cu-MOF, the decrease of capac-
ity at the beginning of the cycle is a problem worthy of discussion.
If the material is nano-treated [55] or coated with carbon layers
[56], it is expected to improve the initial performance of the ma-
terial as an anode material for LIBs.

Furthermore, the rate-performance of quasi-Cu-MOF composite
was examined at different current densities varied from 100 mA/g
to 5000 mA/g (Fig. 3d). At different high current densities of 100,
200, 500, 1000, 2000, 5000, 100mA/g, quasi-Cu-MOF composite
exhibits high capacities of 436.1, 382.3, 308.3, 249.6, 194.9, 118.2,
703.9 mAh/g, respectively. As depicted in Fig. 3e, M2 also shows
a good long-term cycling performance (514.6 mAh/g at 500 mA/g
after 400 cycles). Under the same conditions, the capacity of pris-
tine Cu-MOF stabilizes at 138.61 mAh/g. The coulombic efficiency
of M2 after 400 cycles achieved is as high as ~99%, which demon-
strates that M2 delivers a stable reversible capacity for long-term
cycling tests. The high SSA and 3D layered network not only fa-
cilitate transmission channels for Li* ions and electrons but also
provide support and relieve the volume expansion during the cycle
[57,58]. In addition, the electronic conduction of M2 is significantly
improved due to the production of copper and carbon [59,60]. The
above results exemplify the superior cycle life and high capacity
of quasi-Cu-MOF composite, which are of importance to explain
the electrochemical behaviour of the electrode material. Some re-
search about similar Cu-based composites for LIBs have been re-
ported previously as shown in Table S1 (Supporting information). It
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diffusion-controlled and capacitive capacities at 0.9 mV/s. (d) Capacitive contribu-
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was interesting that the specific capacity and cycling performance
of quasi-Cu-MOF composite was superior and comparable to the
others.

The capacity contribution of batteries is provided by a combi-
nation of capacitive and diffusion processes. To investigate the ki-
netics of its Li* ions storage behaviour, the CV curves of M2 were
recorded at various scan rates (0.1-0.9mV/s), as shown in Fig. 4a.
The relationship between the peak current (i) and scan rate (v)
obeys Eq. 1, as shown below:

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

where both a and b are constants. For M2, the value of the slope of
the current peak fitting curve is 0.6 (Fig. 4b), implying that the ca-
pacity contribution of batteries is a combination of capacitive and
diffusion process (namely, b=0.5, diffusion process; b=1, capaci-
tive process; 0.5 < b < 1, a mixed mechanism) [61]. To further sep-
arate the contributions of capacitive and diffusion processes, the
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contribution of diffusion and capacitance under particular poten-
tial voltages can be further calculated by Eq. 2 [62]:

i(v) = kv + kv (2)

where both k; and k, are constants. In Eq. 2, kjv and kyv!/2
represent the contributions of the capacitance and diffusion pro-
cesses, respectively. Therefore, the diffusion and capacitance con-
tributions of M2 at different scan rates can be calculated and the
shaded area (Fig. 4c and Fig. S5 in Supporting information) repre-
sents the capacitance contribution. As shown in Fig. 4d, for M2,
with the scanning rate rising, capacitive contribution grows and
the pseudo-capacitance-controlled electrochemical behaviour dom-
inates by degree because the high specific surface area and abun-
dant mesopores provide many sites for Li* ions transfer and stor-
age [63,64].

The electrochemical impedance spectroscopy (EIS) of pristine
Cu-MOF, M1, M2, and M3 was investigated before cycling, as
shown in Fig. S6 (Supporting information). The fitting equivalent
circuit was simulated (Table S2 in Supporting information), and the
EIS consists of semicircles in the high-frequency region and oblique
lines in the low-frequency zone, respectively reflecting the charge-
transfer resistance (R.t) and the Warburg impedance [65,66]. From
these plots, the Rct value of M2 is 106.9 €2, lower than that of pris-
tine Cu-MOF (266.7 2), M1 (206.0 2) and M3 (151.1 €2), indicating
that M2 is more favourable of charge transfer during the cycling
process. Compared with other samples, M2 has the largest slope in
the low-frequency region, which proves that M2 is the best in ion
diffusion [67]. Combined with the structure of materials, it is spec-
ulated that carbon and copper coating of M2 improves the conduc-
tivity of the cell for charge transfer, facilitating charge transmission
from the lithium ions and electrons in the electrode [68,69]. In ad-
dition, the superior electrochemical performance of quasi-Cu-MOF
composite is attributed to its 3D porous structure, which shortens
the ion diffusion path, and this structure can release stress well
to prevent stress concentration from damaging the material during
charge and discharge.

To further study the stability of quasi-Cu-MOF composite, the
structure and material changes of the active materials were ob-
served by SEM (Fig. 5a) and XPS (Fig. 5¢). Comparing the surface
morphologies of the materials after cycling, it can be inferred that
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the introduction of an appropriate amount of copper (Fig. 5b) can
effectively alleviate the volume expansion during cycling. However,
the excessive copper precipitation is too rigid for the structure, re-
sulting in the crushing of the structure (Fig. S7b in Supporting in-
formation). XPS results also show the characteristic peaks of Cu(Il)
(954.4eV) and Cu® (952.4eV). The Cu 2p signal after cycling is con-
sistent with the characteristic peak positions before cycling (Fig.
5d). However, the intensity of characteristic peaks of Cu(Il) and Cu®
have changed, due to the reduction of the copper crystal phase
in the electrochemical process. In addition, the C 1s spectrum in
Fig. S8a (Supporting information) describes four main peaks cen-
tred at 289.7, 288.4, 285.8 and 284.8eV, corresponding to C=0,
0-C=0, C-0, C-C, respectively. In the O 1s spectrum (Fig. S8b in
Supporting information), there are two peaks located at 532.0 and
531.6eV, indexed to the C=0 and Cu-O in quasi-Cu-MOF, respec-
tively, which also proves the existence of copper particles without
any kind of CuxOy [70,71]. All the data indicated that M2 presents
superior structural integrity during cycling, which is confirmed by
its predominant cycling stability and the characterization of elec-
trode materials.

In this work, the porous quasi-Cu-MOF composite was prepared
by a facile one-step calcination method. The results show that the
incomplete decomposition under low temperatures significantly af-
fects the interaction between the copper nodes and the organic lig-
and in the composite. The quasi-Cu-MOF composite as LIB anodes
showed superior long-term cycling performance (514.6 mAh/g at
500mA/g after 400 cycles). Above superior performance is based
on these aspects: the ultra-small size of copper nanoparticles re-
straining the volume expansion and preserving the structural in-
tegrity during cycling. The original MOF offers an intrinsic 3D
structure for Li* storage performance. In addition, carbon and cop-
per as conductive frameworks improve the conductivity. Further-
more, this work provides new insights for exploring high-efficiency
electrode materials and helps rationally design quasi-MOF-based
composite electrodes for energy storage and conversion.
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