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ABSTRACT: A simple yet powerful one-pot strategy is developed to prepare
metal—organic framework-coated silicon nanoparticles via in situ mechano-
chemical synthesis. After simple pyrolysis, the thus-obtained composite shows
exceptional electrochemical properties with a lithium storage capacity up to
1050 mA h g7, excellent cycle stability (>99% capacity retention after 500
cycles) and outstanding rate performance. These characteristics, combined
with their high stability and ease of fabrication, make such Si@MOF
nanocomposites ideal alternative candidates as high-energy anode materials in Storage of Li
lithium-ion batteries. 1050 mAh g

/(yrolysis
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With the prosperity of society and economy, exploring anode material in LIBs suffered from the rapid capacity decay

new and clean energy is becoming increasingly urgent. during the cycling because of its up to ~300% volume change.
Lithium-ion battery (LIB) has been developed as one of the Hence, finding ways to protect Si from undesired swelling—
most important devices for electrochemical energy storage.1'2 shrinking and then keeping the close contact of the conductive
The new active electrode materials with high capacity and long species and the electrolyte of Si is of great importance.'* Many
cycle life are highly desired yet the need is largely unmet. research groups have contributed in this field, and some prime
Metal—organic frameworks (MOFs) are porous materials examples include fabrication of different forms of Si
assembled by joining metal ions with preferable organic linkers. nanostructures'® and surface modification of Si by carbon'®
In the past decades, great efforts have been focused on or metal'” coating. However, the exceedingly complicated and
preparing new MOF structures and exploiting their applica- very expensive method is always the limited reason for mass
tions, including gas storage and separation, catalysis, sensing, production.

and drug delivery.® Yet the application on Li storage is
burgeoning. Some pioneering work has been done in using
MOFs for energy storaége, such as supercapacitors,” energy
storage materials,> LIBs,® etc. Particularly, several MOFs, such
as MOF-5,/ MOF-199,° MIL-88,” and ZIF-8,'° have been
utilized as the anode materials in LIBs.'* Coincidentally, we had
recently introduced two distinct approaches to develop active
electrode materials using MOFs: (1) encapsulating sulfur
molecules inside MOF cavities with proper size and
functionalities for Li—S$ batteries'> and (2) pyrolysis of MOFs
to obtain carbon frameworks with monodispersed metal centers
as the anode materials.'® Nevertheless, the limited capacity, low | X '
Coulombic efficiency, or cycle stability of these MOF-based on the surface of nano Si (denoted as Si@ZIF-8) by simply
electrode materials makes them unsatisfactory for industrial

The construction of specific configuration of composites with
homogeneous encapsulation of Si nanostructures into MOF-
derived carbon matrix may have major advantages. First, the
embedded Si nanoparticles can provide high capacity and the
MOFs matrix can effectively mitigate the volume change of Si.
Second, the porous carbon framework with uniformly
distributed metal centers is beneficial for improving con-
ductivity and further enhances the storage capacity. Third, the
inherent open channels in the matrix are favorable for the
transportation of Li* and facilitate rate performance.

Herein, we introduce a one-pot method to assemble MOFs
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grinding the MOF starting materials (metal salts and ligands)
along with silicon nanoparticles with the addition of solvent
initiator. Subsequently, thus-obtained composite is further
carbonized and tested as the active anode materials (Figure
1). Si@ZIF-8 is pyrolyzed at 700 °C for 1 h at nitrogen

2-mim

Pyrolysis

" Si@ZIF-8-700N

cathode

Figure 1. Schematic representation of the preparation of Si@ZIF-8-
700N for anode material in LIBs. Color code: carbon, black; nitrogen,
green; zing, blue; silicon, yellow. After pyrolysis, ZIF-8 converts to
amorphous carbon with monodispersed zinc ions.

atmosphere (denoted as Si@ZIF-8-700N). The capacity of the
material can reach 1050 mA h g~' (calculated by the active
materials Si@ZIF-8-700N) and remain stable for more than
500 charge—discharge cycles; the high initial Coulombic
efficiency benefits from the homogeneous encapsulation of Si.
(Detailed experimental procedures can be found in the
experimental section in the Supporting Information.)

The powder X-ray diffraction (PXRD) pattern of Si@ZIF-8
resembles those of both ZIF-8 and Si (Figure 2a). After
pyrolysis, all the peaks assigned to ZIF-8 disappeared, whereas
the peaks attributed to the crystalline Si were retained. The
three main diffraction peaks at 28.5, 47.4, and 56.3° in the
diffraction patterns of Si@ZIF-8-700N are ascribed to the
(111), (220), and (331) facets of Si, respectively. It can be
concluded that the skeleton of ZIF-8 after pyrolysis is collapsed
and formed amorphous Zn, N and carbon composites. To
verify this, Si@ZIF-8-700N was characterized by elemental
analysis. The elemental composition of Si@ZIF-8-700N from
inductively coupled plasma atomic emission spectrometer
(ICP) and elemental analysis are summarized in Table S1 in
the Supporting Information. It shows that the weight content of
Zn and Si is 30.7% and 7.3%, respectively. The molar ratio is
1.8:1, which is close to the starting molar ratio 2:1. The total
content of Zn, Si, C, N, and H elements is 99.9%. XPS and
EDX show lower contents of Zn and Si (see Table S1 in the
Supporting Information), because most of the Zn and Si are
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Figure 2. (a) PXRD patterns of Si@ZIF-8 and Si@ZIF-8-700N. (b)

XPS spectra of Zn 2p for Si@ZIF-8-700N. (c, d) Nitrogen sorption

isotherms of (c) Si@ZIF-8 and (d) Si@ZIF-8-700N at 77 K. “700N”

denotes a sample heated at 700 °C under nitrogen atmosphere for 1 h.

located in the inner area of the materials. The XPS spectrum of
Si@ZIF-8-700N (Figure 2b) exhibits two peaks assignable to
Zn 2p5;, (1020.5 eV) and Zn 2p;/, (1043.7 eV), respectively.
The Zn 2p;, line has been shifted by AE;, = 1 eV from the
binding energy position of 1021.5 eV for elemental zinc,'®
suggesting the possible binding of zincs to form Zn—N.'” The
amorphous carbon matrix in Si@ZIF-8-700N (see Figure S1b
in the Supporting Information) is constructed by C—C, C—N,
and C—Si bonds. The XPS of N 1s (see Figure Slc in the
Supporting Information) shows that N is present in the forms
of N—C, N—Zn, N—H, and N—Si. The Si 2p peak is not visible
(see Figure S1d in the Supporting Information), indicating that
Si is fully coated with a thickness exceeding the depth of XPS
analyses (~10 nm).

The nitrogen sorption isotherms and pore size distributions
of Si@ZIF-8 and Si@ZIF-8-700N are shown in Figure 2c, d
and Figure S2a, b in the Supporting Information. Si@ZIF-8 has
a Brunauer—Emmett—Teller (BET) specific surface area of
1070 m* ¢! and a narrow pore size distribution around 1 nm.
The reason for the lower surface area than ZIF-8 is the
encapsulated Si (the nitrogen sorption isotherms and pore size
distributions of pure nano Si are shown in Figure S3 in the
Supporting Information). The pore size distribution of the
composites coincides with the pore size of ZIF-8. These results
together with TEM measurement suggest that MOFs are
covered on the surface of Si rather than that silicon
nanoparticles are embedded in the micropores of ZIF-8. The
average pore size of ZIF-8 is about 1.1 nm. Therefore, Si NP
with the size of 30—100 nm cannot enter the micropores of
ZIF-8. Furthermore, the pore size distribution of Si@ZIF-8 is
similarly as that of ZIF-8 (c.a, 1.1 nm), which confirmed that
the micropores of Si@ZIF-8 are remained and not occupied by
Si NP. The TEM images (Figure S4d in the Supporting
Information) also show that the Si nanoparticles are embedded
in ZIF-8 rather than in the micropores of ZIF-8. After pyrolysis,
the specific surface area dramatically drops to 351 m* g™', and
the mesopores of 2—10 nm are generated in Si@ZIF-8-700N.
The generation of mesopores after pyrolysis is due to the
collapse of the skeletons and partially vaporized sites. It has
been proved that proper surface areas and the formation of

DOI: 10.1021/am5081937
ACS Appl. Mater. Interfaces 2015, 7, 2178—2182


http://dx.doi.org/10.1021/am5081937

ACS Applied Materials & Interfaces

200nm

Figure 3. (a) SEM image of Si@ZIF-8-700N. (b) TEM image of Si@ZIF-8. The round balls embedded in the material are Si (50—100 nm). (c)
TEM image of Si@ZIF-8-700N. After pyrolysis, ZIF-8 converts to amorphous carbon with well-dispersed zinc ions. (d) Elemental mapping of Si@
ZIF-8-700N for Zn and Si by energy-dispersive X-ray spectroscopy (EDS). Si nanoparticles are completely wrapped by ZIF-8-derived composites (e)
HRTEM image of the edge of Si@ZIF-8-700N (black circles). (f) HRTEM image of the center of Si@ZIF-8-700N (red circles).
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Figure 4. (a) Cycling performance of Si@ZIF-8-700N. (b) Voltage profile of Si@ZIF-8-700N. (c) Cyclic voltammetry measurements on Si@ZIF-8-
700N after 4-cycles activating of the cell. The voltage range is 20 mV to 3.0 V at a scan rate of 0.1 mV s". The initial point corresponded to the
open-circuit voltage of the cell. (d) Discharge capacity of SI@ZIF-8-700N at various current densities. The cells were cycled for 10 times at a current
density of 50 mA g~' before the test. The current density varies from 200 to 3200 mA g". (e) Nyquist plots for Si@ZIF-8-700N and nano Si after
four cycles. (f) Long cycle performance of Si@ZIF-8-700N at 200 mA g ™.

mesoporous nanostructures are favorable for lithium anode
materials.”*~>*

The morphology and microstructure of these composites are
examined through scanning electron microscope (SEM) and
high-resolution transmission electron microscopy (HRTEM).
The EM image of Si@ZIF-8 reveals that the sample is consisted
of aggregated nanoparticles with diameters of 250 nm (see
Figure S4b in the Supporting Information). Transformation of

the nanoparticles with smooth surface into agglomerated
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clusters with irregular morphology is noted after the pyrolysis
of primitive Si@ZIF-8 at 700 °C for 1 h (Figure 3a). The
particles that are reunited together have the property of ball-
milled ZIF-8. The size of different single granule is of varying
sizes. The HRTEM images demonstrate that the sphere-shaped
Si with the diameter of 50—100 nm is fully covered by ZIF-8
(Figure 3b) and carbonized ZIF-8 (Figure 3c). Clear crystal
planes with a d-spacing of 023 nm can be found in the
HRTEM image of Si@ZIF-8 (see Figure S4d in the Supporting
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Information), which corresponds to the (220) planes of
crystalline Si. On the other hand, no obvious lattice fringes
are observed in the coating layers around the Si particles, which
are expected because pure ZIF-8 shows no lattice fringes under
the same conditions. After pyrolysis, clear crystal planes with a
d-spacing of 0.30 nm can be found in the HRTEM image of
Si@ZIF-8-700N (Figure 3f), corresponding to the (111) planes
of crystalline Si. At the edge of Si@ZIF-8-700N, layers of
graphitic carbon are formed, which are beneficial for the
promotion of electrical conductivity. Energy-dispersive X-ray
spectroscopy (EDX) is utilized to map Si and Zn. Zn is
uniformly distributed in the material, while Si is located in the
inner areas. This result confirmed that Si nanoparticles are
completely wrapped by ZIF-8-derived composites (Figure 3d).

The advantages of the present strategy to prepare a Si@ZIF-
8 architecture as the active anode materials in LIBs are evident
from the improved electrochemical performance. With less than
10 wt % silicon loading, the specific capacity of Si@ZIF-8-700N
reaches 1050 mA h ¢! at a current density of SO mA g~!
(Figure 4a) and is maintained at 1020 mA h g™" after SO cycles,
which is much higher than the capacity of ZIF-8 pyrolyzed at
the same temperature (see Figure S6 in the Supporting
Information). This result is also superior to that of pyrolyzed-
ZIF-8 coated by chitosan.'® Compared with the carbonized
sample, the PXRD pattern and the FT-IR spectrum of bare
electrode remain unchanged after galvanostatic cycling. The
results demonstrate that the electrode composition did not
change much under charge and discharge states (see Figure S10
in the Supporting Information). For the subsequent cycle-life
performance, the Coulombic efficiency appears to level off
immediately and remains constant at 99%, indicating that the
SEI layer formed in the first cycle is fairly stable.>*> For the pure
Si nanoparticles, the capacity dramatically decreases from 2200
to 100 mA h g™ after 8 cycles, exhibiting a severe capacity loss
of ~96% (see Figure S6 in the Supporting Information). By
contrast, the cycling stability of Si@ZIF-8-700N is greatly
improved. The long cycling performance is shown in Figure 4f.
A high reversible capacity of 830 mA h g™' at a current density
of 200 mA g~ ' is retained after SO0 cycles. As shown in the
galvanostatic charge/discharge curve (Figure 4b), the discharge
plateau is below 1.0 V, which is effective and significant as the
anode materials for the practical application for larger potential
difference and power density. The stable cycling performance is
further confirmed by the cyclic voltammetry (Figure 4c). Most
of the lithiation potentials are below 1.0 V, consistent with the
capacity-voltage profiles in Figure 4b. The two oxidation peaks
at 0.32 and 0.53 V can be clearly attributed to the delithiation of
Si** and the peaks at 1.2 V could be attributed to the
delithiation of Zn(II). The cyclic voltammetry of the first 3
cycles is shown in Figure S12 in the Supporting Information,
we can find the SEI layer is formed during the first discharge
process. As shown in Figure 3b, both of the plateau and the
discharge capacity (1250 mAh g™') in the first cycle are quite
different from those in the fifth cycle (discharge capacity: 1050
mAh g™!). These differences in the voltage profiles as well as in
the CV profiles can be attributed to the formation of SEI film
on the surfaces of particles in the first discharge process. AC
impedances are shown in Nyquist plots for Si@ZIF-8-700N
and the nano Si powder (Figure 4e). The impedance of Si@
ZIF-8-700N associated with the charge-transfer resistance is
lower than that of the nano Si powder. Nyquist plots for ZIF-8-
700N after four cycles are shown in Figure S9 in the Supporting
Information; the impedance is similar to that of Si@ZIF-8-
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700N. The partially graphitic carbon layer yielded at 700 °C
contributed significantly to the conductivity as a result of the
sufficient thermal treatment of aromatic precursor, as shown in
the HRTEM image (Figure 3e). We also checked the
performance of Si@ZIF-8 nanocomposites. Because of the
nonconducting property of Si@ZIF-8, the capacity could not be
brought out (see Figure S11 in the Supporting Information).

To further examine the cycling stability and rate capacity of
the materials, we performed the discharge and charge of the
batteries at various current densities (Figure 4d). It can be
found that the discharge capacity remains at 870, 800, 700, 520,
and 300 mA h g_1 at a rate of 200, 400, 800, 1600, and 3200
mA g, respectively. Remarkably, after the current density was
switched back to S0 mA g™, the electrode can fully recover its
capacity back to about 1050 mA h g' without any decay. The
slight increase of the discharge capacity may attribute to part of
the lithium ion remaining in the electrodes under larger current
densities. It should be noted that the capacity of Si@ZIF-8-
700N can be contributed to by Zn(Il), Si, amorphous carbon,
and nitrogen, so the voltage window was chosen between 0.02
and 3 V. The uniform distribution of Zn(1l) and N-doped
carbon facilitates the lithiation and delithiation process of Si
particles and prevent volume expansion. ZIF-8-700 can be
considered as aggregates of large amounts of graphene particles
and Zn(Il) analogues, both of which can contribute high
capacity to the anode materials.”*>*® Therefore, although the
content of Si is only 7.3%, the capacity of Si@ZIF-8-700N can
reach as high as 1050 mAh g™'. The double amount of Si added
showed inferior electrochemical performance. The results show
that the capacity drops rapidly during cycling, which
demonstrates that the formation of crystalline framework is
important for enhancing the cycle life (Figure S7 in the
Supporting Information).

In summary, we have demonstrated an effective one-pot
route to synthesize Si@ZIF-8 nanocrystals by in situ coating of
MOF layers on the surface of Si particles. The pyrolyzed
composite shows an improved specific capacity of 1050 mA h
g~!, lower impedance and impressive cycling stability. By virtue
of the general and facile synthetic approach and outstanding
electrochemical performance, this work may shed light on the
future research in preparation of anode materials with enhanced
performance through MOF-coated Si for practical energy
applications. Although a modicum of Si was used in our
materials, the performance of the lithium-ion battery already
shows a remarkable improvement. Further research on
increasing the quantity of Si and the lithium storage capacity
is still in process and the results will be reported soon.
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