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A B S T R A C T   

Although metal-organic framework (MOF) glasses have exhibited high potential to be applied as anode materials 
for lithium-ion batteries (LIBs), their electrochemical performances still need to be greatly improved to match the 
rapid development of green energy technologies. Silicon is a promising candidate for the next generation of LIB 
anode but suffers from vast volume fluctuations upon lithiation/delithiation. Here, we present a strategy to in 
situ grow a kind of MOF, namely, cobalt-ZIF-62 (Co(imidazole)1.75(benzimidazole)0.25) on the surface of Si nano 
particles, and then to transform the thus-derived material into Si@ZIF-glass composite (SiZGC) through melt- 
quenching. The robust hierarchical structure of the SiZGC based anode exhibits the specific capacity of ~650 
mA h g-1, which is about three times that of pure ZIF glass and about six times that of pristine ZIF crystal at 1 A g- 

1 after 500 cycles. The origin of this huge enhancement is revealed by performing structural analyses. The ZIF 
glass phase can not only contribute to lithium storage, but also buffer the volume changes and prevent the 
aggregation of Si nano particles during lithiation/delithiation processes.   

1. Introduction 

Lithium-ion batteries (LIBs) are still the main energy storage devices 
to meet the demand for clean and sustainable energy. The anode ma
terial in commercial LIBs is primarily graphite, which can accommodate 
lithium ions and exhibit a theoretical gravimetric capacity of 372 mA h 
g-1 [1]. However, the capacity of graphite cannot meet the market de
mand for large-scale applications with high energy/power density and 
operation reliability. Therefore, it is vital to develop new anode mate
rials with high capacity, low charging/discharging potential, and low 
production cost. 

Concerning the specific capacity, silicon (Si) is potentially the best 
alternative anode material for LIBs, as it has a theoretical specific ca
pacity of ＞4000 mA h g-1. In addition, Si is non-toxic and is the second 
most abundant element in earth crust, exhibiting low average discharge 
potential vs. Li+/Li. However, pure Si anode exhibits very poor cycling 

stability, i.e., capacity retention is only about 50 mA h g-1 within 100 
cycles [2,3] due to the enormous volumetric expansion (> 300%) upon 
lithiation [4]. Furthermore, the low intrinsic electronic conductivity of 
Si leads to the sluggish electrochemical kinetics and causes severe po
larization, limiting the utilization of Si anodes. To solve the aforemen
tioned critical problems, significant efforts have been devoted to 
modifying Si morphology in nanoscale [5] and compositing Si with 
conducting and/or stress-relief buffer matrix to accommodate volume 
expansion [5–7]. For example, Cui et al. reported a 
silicon-nanolayer-embedded graphite anode for LIBs [8]. Thus, a deli
cate structure design based on Si for anode material is necessary to 
achieve outstanding battery performances. 

Metal-organic frameworks (MOFs), which are three-dimensional 
networks constructed by metal nodes and organic ligands, have been 
receiving much attention owing to their promising applications, e.g., in 
catalyst, drug delivery, energy harvest, conversion and storage. 
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Considering the ultrahigh specific surface area for contacting with col
lector, abundant active sites for Li+ ions storage, as well as the tunable 
pores for migration of the Li+ ions, MOFs are regarded as one of the most 
potential candidates to replace current graphite anode for LIBs [9,10]. 
Crystalline MOF-177, first used as anode materials by Chen et al. shows a 
high irreversible initial capacity of 400 mA h g-1 but low capacity of 100 
mA h g-1 after 2 discharging/charging cycles [10]. To tackle the problem 
of poor electronic conductivity of MOF anodes, MOFs are coated with 
graphene to obtain the MOF/graphene composite anode, and thereby 
deliver a reversible capacity up to ~1075 mA h g-1 at a current density of 
50 mA g-1 [11] and 400 mA h g-1 at the current density of 100 mA g-1 [9]. 
However, their reversible capacities at higher current densities still need 
further improvement to meet the soaring demands from modern elec
tronic devices and electric vehicles. 

As a promising method for improving the performances of anodes, 
vitrification of MOFs provides additional channels for Li+ ion diffusion 
and storage due to the increased distortion and local breakage of the Co- 
N coordination bonds. Note that zeolitic imidazolate frameworks (ZIFs) 
are a subset of MOFs. It was recently reported that the anode based on 
cobalt-ZIF-62 glass exhibits high lithium storage capacity, i.e., 306 mA 
h g-1 after 1000 cycles at 2 A g-1, high cycling stability, and superior rate 
performance compared with both crystalline and amorphous ones 
(prepared by high-energy ball-milling) [12]. It should be mentioned that 
cobalt-ZIF-62 is a type of ZIF with the composition of Co(imidazo
le)1.75(benzimidazole)0.25. However, the ZIF glass anode still faces a 
main challenge, e.g., the limited reversible capacity. This inspired us to 
fabricate composite by combing the advantages of MOF glass and 
high-capacity Si materials to obtain high-performance anodes. 

Recent progress in developing Si@MOF composite has dramatically 
enlarged the design space for anode materials [13–16]. Although crys
talline MOFs have been utilized in fabricating the Si@MOF composites, 
the glassy MOF/Si composites have not been reported to the best of our 
knowledge [13,14]. In this work, we first applied a reflux technique (see 
Experimental section) to prepare Si nano particles@cobalt-ZIF-62 
composites. Then we heated them to 450 ◦C, at which cobalt-ZIF-62 
was melted and subsequently quenched to glass state, and thus the 
Si@calbolt-ZIF-62-glass composites (SiZGC) were obtained. This fabri
cation process involves wrapping Si nano particles into ZIF-62 and melt 
quenching treatment. We chose ZIF-62 as the precursor since it can be 
easily melt-quenched to glass state with a disordered open network, 
benefiting to the Li-ion storage and transfer [12,17,18]. Si 
nano-particles increased the yield of ZIF-62 by providing heterogeneous 
nucleation sites for ZIF crystal formation. Thus, a synergistic effect was 
achieved for the composite-based anode, which led to a rather high 
reversible capacity (650 mA h g-1 at 1 A g-1 after 500 cycles). This ca
pacity is about 3 times higher than that of ZIF glass, 6 times that of ZIF 
crystal, and 30 times that of pure Si-based anodes. The strategy used in 
this work not only buffered the volume expansion and the aggregation of 
Si nano particles during cycling, but also made full use of ZIF-62 glass for 
lithium storage. We clarified the structural origin of the enhancement of 
the capacity in the derived composite-based anodes. 

2. Experimental section 

2.1. Synthesis of samples 

Cobalt-ZIF-62 crystal (Z) was synthesized by conventional sol
vothermal method [18–20]. The cobalt-ZIF-62 glass (ZG) was obtained 
by heating the Z at 10 ◦C⋅min-1 in argon to 450 ◦C and calcined at this 
temperature for 5 mins followed by cooling naturally to room temper
ature [12]. Instead of using the solvothermal method, Si@cobalt-ZIF-62 
composite (SiZC) was prepared via a reflux method, which involves: 1) 
heating the chemically reacting solution for a period at a certain tem
perature; 2) condensing the vapor to liquid state via a pipe. In detail, 
imidazole (Im, 11.55 mmol, 785.4 mg), benzimidazole (BIm, 1.66 
mmol, 196 mg), C4H6CoO4•4H2O (4 mmol, 996 mg), and Si 

nanoparticles with different amounts (50, 100, 150 mg, accounting for 
about 5%, 10%, 15 wt% of the final product, respectively), were added 
to 90 mL N,N-dimethylformamide (DMF). Then the solution was heated 
at 130 ◦C for 48 hrs while refluxing and stirring. After cooling naturally 
to room temperature, the SiZC was obtained by centrifugation and 
vacuum drying. The SiZC was melt-quenched using the same procedure 
as that vitrifying the Z to obtain Si@cobalt-ZIF-62-glass composite 
(SiZGC), in which Si remains crystalline. The samples are named ac
cording to the weight percentage of Si in composite. For example, 
5SiZGC refers to the SiZGC containing 5 wt% Si. The detailed prepara
tion procedures are given in Table 1. 

2.2. Materials characterizations 

The phases of the samples were identified on a PANalytical X-ray 
diffractometer with Cu Kα (λ = 1.5406 Å) radiation during the 2θ range 
of 5–70◦ with a step size of 0.013◦. To investigate the characteristic 
temperature of glassy material, i.e., glass-transition temperature, the 
differential scanning calorimeter (DSC) (Jupiter 449 C, Netzsch) mea
surements were conducted at 10 ◦C⋅min-1 in argon to 450 ◦C. The Raman 
spectroscopy measurements were conducted via Renishaw In-Via 
Raman microscopic with an Ar+ laser (λ = 532 nm). Fourier transform 
infrared (FTIR) spectra were recorded on a Bruker TENSOR II FTIR 
spectrometer with Platinum ATR Accessory at room temperature in the 
range of 400–4000 cm-1. To study the chemical environment of Co, Si, C, 
N, O in anodes before and after discharging/charging cycling, X-ray 
photoelectron spectroscopy (XPS) measurements were performed using 
ESCALAB 250Xi spectrometer (ThermoFisher Scientific, USA) with 
nonmonochromatic Al Ka X-ray (1486.6 eV) at pass energy of 50 eV. The 
morphologies and element distributions of samples were analyzed using 
field-emission scanning electron microscopy (FE-SEM) (Supra-55, Zeiss 
Inc.), transmission electron microscopy (TEM) (JEOL Ltd., Japan) and X- 
ray energy dispersive spectroscopy (EDS) (X-Max, OXFORD Instruments 
Inc.). 

2.3. Cell assembly and electrochemical evaluation 

The electrochemical performances of the obtained samples were 
evaluated by using CR2032 coin cells with lithium foil (diameter of 10.0 
mm) as the counter/reference electrode. A uniform slurry consisting of 
70 wt% active materials (the as-prepared ZIFs or Si@ZIFs), 20 wt% 
acetylene black, and 10 wt% polyvinylidene difluorides (PVDF) were 
prepared in N-methyl-2-pyrrolidone (NMP) and then pasted onto a 
copper foil substrate via a doctor blade and dried at 110 ◦C in a vacuum 
oven for 12 h to obtain working electrodes. The loading amount of active 
materials was 1~2 mg. 1 M LiPF6 in ethylene carbonate (EC)/diethyl 
carbonate (DEC)/dimethyl carbonate (DMC) (1:1:1 vol%) and a Celgard 
2325 membrane (diameter of 19.0 mm) were used as the electrolyte and 
separator, respectively. The cells were assembled in an argon-filled 
glovebox with both the moisture and the oxygen content lower than 
0.1 ppm and then the cells were tested at 25 ◦C. The galvanostatic 
charging/discharging tests of the samples were conducted on a Land 
battery test system (CT2001A) within the voltage range 0.01–3 V. Cyclic 
voltammetry (CV) curves were obtained in the voltage range of 0.01–3 V 

Table 1 
The preparation procedures of the cobalt-ZIF-62 crystal (Z), cobalt-ZIF-62 glass 
(ZG), Si@cobalt-ZIF-62 composite (SiZC), and Si@cobalt-ZIF-62-glass composite 
(SiZGC).  

Sample Names Preparation Procedures 
Solvothermal Reflux 

Melt-Quenching 

Z √ − −

ZG √ − √ 
SiZC − √ −

SiZGC − √ √  

J. Yan et al.                                                                                                                                                                                                                                      



Nano Energy 103 (2022) 107779

3

at the scanning rate of 0.1 mV s-1. EIS spectra were recorded in the 
frequency range of 0.1 Hz–100 kHz on CHI 760e electrochemical 
workstation. All electrochemical measurements were repeated with 
different batches of samples to confirm the reproducibility of their 
performances. 

3. Results and discussion 

Scheme 1 illustrates the fabrication process of the Si@cobalt-ZIF-62- 
glass composite (SiZGC). First, the raw materials including organic 
ligand, metal ions, and Si nano-powder, were dispersed in the DMF, and 
then reflux at 130 ◦C for 2 days to precipitate the Si@ZIF-62 composite 
(SiZC) (see Experimental section). The Si nanoparticles act as hetero- 
nucleation sites for growing ZIF layer. Second, the obtained SiZC was 
heated to 450 ◦C at 10 ◦C⋅min-1 in argon and then cooled down natu
rally, leading to the SiZGC formation. Finally, Si nanoparticles with a 
size distribution of 20~60 nm were encapsulated in ZIF glass matrix, 
resulting in a robust structure that buffers the volume changes of Si 
during lithiation/delithiation processes. 

The morphologies and microstructures of samples 10SiZC and 
10SiZGC were examined using field emission scanning electron micro
scopy (FE-SEM), as shown in Fig. 1. For 10SiZC (Fig. 1a), ZIF particles 
with a size of ~10 µm are observed, in which Si nanoparticles are 
wrapped, as verified by EDS elemental mappings of Co, N, and Si. Thus, 
SiZC was obtained by the facile reflux method. The SEM image of 
10SiZGC (Fig. 1b) reveals that the ZIF cages remain owing to the high 
viscosity of ZIF melt, and hence, the morphologies of 10SiZGC are 
similar to those of 10SiZC. In addition, the enlarged image (Fig. 1b) 
indicates that small Si particles are covered by ZIF-62 glass. 

To obtain the crystallographic information on the studied samples, X- 
ray diffraction (XRD) measurements were conducted (Fig. 2a). In the 
XRD patterns of Z and 10SiZC, sharp diffraction peaks can be seen in the 
range of 10◦~25◦, coinciding with those in the simulated ZIF-62 [12]. 
Moreover, the Bragg diffraction peaks associated with Si were also 
observed in 10SiZC, further confirming the wrapping of nano Si particles 
by crystalline ZIF-62. In contrast, the XRD patterns of sample ZG show 
no diffraction peaks, indicating its amorphous nature. While the 
diffraction peaks for Si crystals also appear in the XRD pattern of 
10SiZGC sample. Thus, ZIF-62 becomes amorphous while Si remains 
crystalline in 10SiZGC upon melt-quenching. That is, the 
melt-quenching method did not affect the crystal structure of Si. 

Fig. 2b shows the DSC upscan curves of Z, ZG, 10SiZC and 10SiZGC 
samples obtained at 10 ◦C min-1 in argon. For both Z and 10SiZC, the 
DSC curve of each sample exhibits an endothermic peak at around 
280 ◦C due to the release of solvent, followed by another endothermic 
peak at 420 ◦C associated with the melting event. However, a different 
scenario is observed for both ZG and 10SiZGC samples, i.e., the glass 
transition occurs at ~330 ◦C, implying that the vitrification of ZIF in 

10SiZC is not affected by introducing Si. To evaluate the thermal sta
bility, thermogravimetry (TG) curves of Z, ZG, 10SiZC, and 10SiZGC 
were collected. As shown in Fig. S1, significant mass loss occurs in both Z 
and 10SiZC in the temperature range of 150–300 ◦C owing to the solvent 
(DMF) release, while no mass loss is seen in both ZG and 10SiZGC as the 
solvent was already released during the glass preparation process. 

The FTIR spectra of Z, ZG, 10SiZC and 10SiZGC in Fig. 2c show the 
similar frequencies of intramolecular vibrations, indicating that the 
integrity of organic linkers in ZIFs are preserved during melt-quenching 
[19]. However, structural changes take place during transformation of 
crystal into glass (Fig. 2c). First, the peaks at around 430 and 835 cm-1 

correspond to Co-N bonds and the in-plane bending of aromatic rings, 
respectively [12,21], and both peaks shift to a lower wavenumber after 
vitrification, suggesting that both Co-N bonds and aromatic rings 
become weaker in ZG and 10SiZGC. Second, the intensity ratio between 
the 668 and 1082 cm-1 peaks increases and the two peaks are attributed 
to the ring deformation out-of-plane-bending in the organic ligands and 
the C-H bending vibrations, respectively [12]. This implies an increased 
distortion in glass samples. Third, the peaks at 1383 and 1675 cm-1 

arising from vibrational mode of C-H and the carbonyl groups of solvent 
molecules (DMF) disappear upon vitrification [12,22]. This indicates 
that the DMF molecules have escaped from Z or 10SiZC during 
melt-quenching, agreeing with the DSC results. It is worth noting that 
the Si-Si bonds were not detected in FTIR spectra for 10SiZC and 
10SiZGC since Si is FTIR-inactive. However, the strong peak at 
~517 cm-1 assigned to Si-Si bonds [23] was observed in Raman spectra 
(Fig. 2d) for those two samples, verifying the existence of Si in the target 
composites. 

To evaluate the anode performances of the Si@ZIF composites, the 
cycling experiments of the commercial nano-Si, Z, ZG, 5SiZC, 5SiZGC, 
10SiZC, 10SiZGC, 15SiZC, and 15SiZGC based anodes were performed at 
a current density of 1 A g-1 (Fig. 3a). The specific capacity of almost 
every sample decays distinctly within about 50 cycles and then increases 
dramatically, except for the Si and Z based anodes which deliver rather 
low capacities. Specifically, the Si-doped composite samples exhibit 
remarkably higher capacities than those of the corresponding pure ZIF- 
crystal/glass and Si. This implies that the co-existence of ZIF layer and Si 
leads to a synergistic effect that benefits both Li-ion storage and trans
port. Specifically, the ZIF layer can protect Si from pulverization by 
buffering the volume changes during charging/discharging cycles, while 
Si provides large specific capacity. In addition, the ZIF glass-containing 
composites show higher capacities than the samples with ZIF crystal, 
except for the samples doped with 15 wt% Si. The capacity of 
650 mA h g-1 of 10SiZGC based anode can be reached at 1 A g-1 after 
500 cycles, i.e., it is more than three times that of ZG (210 mA h g-1), six 
times that of pristine ZIF crystal (108 mA h g-1), and 30 times that of 
pure Si (20 mA h g-1). This is a remarkable enhancement, considering 
that the specific capacities are calculated based on the mass of the total 

Scheme 1. Schematic illustration of the synthesis process of the Si@cobalt-ZIF-62-glass composite (SiZGC) and the protecting role of ZIF glass matrix, which 
prolongs the cycling life of Si. 
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active material - Si@ZIF composite, and only ~10 wt% of Si exists in the 
active material for 10SiZGC. This means that 10 wt%Si contributes 
around 400 mA h g-1 to the total capacity, which almost reaches the 
theoretical capacity of 10%Si as that of pure Si is ~4000 mA h g-1. In 
addition, 10SiZC and 5SiZGC also show high capacities, reaching 600 
and 550 mA h g-1 after 500 cycles at 1 A g-1, respectively. All these re
sults not only suggest that the Si@ZIF composite exhibits a synergistic 
effect (i.e., a combination of high capacity and high cycling stability) 
compared with pure Si and ZIFs [2,12], but also indicate the important 
role of ZIF glass in protecting Si in the composite. Fig. S2 shows the 
cycling performance of 10SiZGC after 1000 cycles at 1 A g-1. Appar
ently, the capacity of 10SiZGC did not rise all the way but peaked at 
660 mA h g-1 after 570 cycles and then declined to 450 mA h g-1 after 

1000 cycles. This could be attributed to structural evolution of ZIF and 
the pulverization of Si during lithiation/delithiation. 

To probe the electrochemical performances of 5SiZC, 10SiZC, 
15SiZC, 5SiZGC, 10SiZGC, and 15SiZGC samples, we also investigated 
their rate capabilities (Fig. 3b). The results suggest the excellent kinetics 
of the SiZGC-based anodes at different current densities up to 5 A g-1. As 
expected, 15SiZGC, 10SiZGC, and 5SiZGC manifested outstanding high- 
rate capability compared with other samples, delivering the favorable 
average capacities of 666, 516, and 482 mA h g-1 after 10 cycles at 
0.1 A g-1, respectively. This can be explained in terms of the amounts of 
doping Si and the effects of ZIF glass. The glass phase provides more Li- 
ion intercalation sites arising from increased distortion and defects 
compared with crystalline ZIF [12]. With a stepwise increase in the 

Fig. 1. Microscopic characterizations. (a) SEM images of the 10Si@cobalt-ZIF-62 composite (10SiZC) (Inset: EDS elemental mappings of Co, N and Si for SZ), where 
the number, i.e., 10, represents the introduction of 10 wt% Si nanoparticles into ZIF-62; (b) SEM images of the 10Si@cobalt-ZIF-62-glass composite (10SiZGC). 

Fig. 2. Phase, thermal and structure analyses of the ZIF crystal (Z), ZIF glass (ZG), 10Si@ZIF composite (10SiZC), and 10Si@ZIF-glass composite (10SiZGC). (a) XRD 
patterns along with that of simulated ZIF-62. (b) DSC upscan curves which were obtained at 10 ◦C min-1 in argon. (c) FTIR spectra. (d) Raman spectra of 10SiZC 
and 10SiZGC. 
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current density, the average capacity decreases for all the samples, 
among which 5SiZGC exhibits the highest capacity retention after cycles 
at 0.5, 1, 2, and 5 A g-1. In addition, when the current density was set 
back to 0.1 A g-1, the specific capacity of 5SiZGC can recover to 
432 mA h g-1 and remains stable in the following cycles, indicating a 
superior rate performance. In contrast, both 15SiZGC and 10SiZGC are 
sensitive to the current density and show a rapid decline in capacity 
retention rate with an increase of the current density. When the current 
density was switched back to 0.1 A g-1, the capacities of 15SiZGC and 
10SiZGC restore to 540 and 440 mA h g-1, respectively, and decrease 
slowly in the following cycles. This could be explained as follows. 
Although the Si content in 15SiZGC and 10SiZGC is higher than that in 
5SiZGC, not all the Si nanoparticles in the composite contributed to the 
capacity increase within the studied 80 cycles in the test of rate capa
bility. When introducing more Si into the composite, e.g., 10SiZGC, the 
glassy ZIF cages simply cannot accommodate all Si, as shown in Fig. 1a. 
The additional Si particles will aggregate and collapse during lith
iation/delithiation because no ZIF protection layer exists, resulting in a 
capacity decline. 

The cyclic voltammetry (CV) measurements of 10SiZGC at a scan rate 
of 0.1 mV s-1 were carried out to investigate the electrochemical reac
tion, as shown in Fig. 3c. In the first cathodic scan, there are three 

distinct reduction peaks at around 1.48, 0.32, and 0.02 V, which are 
attributed to the storage of Li+ within ZIF, formation of solid electrolyte 
interface film (SEI), and formation of LixSi phase, respectively [24–27]. 
During the anodic reaction, the peaks at around 0.35 and 0.57 V are 
ascribed to dealloying of LixSi to Si, while the peak at ~1.23 V comes 
from the extraction of Li+ from ZIF glass [12,27]. In the subsequent two 
CV curves, the pair of redox peaks (~0.71 versus ~1.24 V) arises from 
reversible insertion or extraction of Li+ into/from ZIF glass, whereas 
both the 0.12 vs 0.57 V pair and the 0.02 vs 0.35 V pair are associated 
with the alloying-dealloying processes of Si/LixSi [28]. Fig. 3d shows the 
typical galvanostatic discharge/charge voltage profiles in the first three 
cycles of 10SiZGC anode at 0.1 A g-1. The observed plateau voltage in 
the profiles is consistent with the peak voltage in the CV curves. The 
initial discharge and charge capacities were 1010 and 627 mA h g-1, 
respectively, giving the first Coulombic efficiency of 62%, and the 
irreversible capacity loss may be due to the formation of the SEI layer 
and other irreversible reactions [29]. 

To clarify why the capacity of 10SiZGC continuously increases dur
ing 500 cycles, three CV cycling of 10SiZGC after 500 charging/dis
charging cycles were performed (Fig. 3e). Remarkably, compared with 
the redox peaks in the CV profiles of the fresh battery (Fig. 3c), a new 
couple of redox peaks appear, i.e., (1.69 vs 1.91 V), which can be 

Fig. 3. Electrochemical Performances. (a) 
The cycling performance of anodes based on 
the ZIF crystal (Z), ZIF glass (ZG), 5Si@ZIF 
composite (5SiZC), 5Si@ZIF-glass compos
ite (5SiZGC), 10Si@ZIF composite 
(10SiZC), 10Si@ZIF-glass composite 
(10SiZGC), 15Si@ZIF composite (15SiZC), 
15Si@ZIF-glass composite (15SiZGC), 
where the numbers, i.e., 5, 10, 15, represent 
that weight percent of Si nanoparticles 
introduced into ZIF-62, respectively, at 
1 A g-1 for 500 cycles. (b) Rate performance 
of 5SiZC, 5SiZGC, 10SiZC, 10SiZGC, 
15SiZC, and 15SiZGC at current densities of 
0.1, 0.2, 0.5, 1, 2, 5 and 0.1 A g-1. (c) Cyclic 
Voltammetry (CV) curves of pristine 
10SiZGC within the range from 0.01 to 
3.0 V at a scan rate of 0.1 mV s-1. (d) Gal
vanostatic charge-discharge voltage profiles 
of 10SiZGC for three cycles at the current 
density of 0.1 A g-1. (e) Cyclic Voltammetry 
(CV) curves of 10SiZGC after 500 cycles 
within the range from 0.01 to 3.0 V at a 
scan rate of 0.1 mV s-1. (f) Nyquist plots of 
10SiZC and 10SiZGC before and after 
cycling obtained from electrochemical 
impedance spectra within frequency range 
from 0.01 Hz to 100 kHz.   
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ascribed to the reversible insertion/extraction of Li+ into/from ZIF glass 
[30]. This indicates that the ZIF glass is gradually activated for lithium 
storage as a result of the charging/discharging cycling, which contrib
uted to the enhancement of the capacity. Moreover, the redox peaks 
located at ~0.71 and ~1.24 V in Fig. 3c shift to higher voltages, i.e., 
~0.94 and ~1.41 V (Fig. 3e). The peak at 0.12 V in the second cathodic 
curve in Fig. 3c does not appear in Fig. 3e, implying the gradual struc
tural changes in both ZIF glass and Si with cycling. In addition, the 
overlapping of three CV curves in Fig. 3e indicates the reversibility of 
10SiZGC after 500 cycles. 

To understand the origin of the electrochemical performance 
enhancement in 10SiZGC upon cycling, the electrochemical impedance 
spectroscopy (EIS) measurements of 10SiZC and 10SiZGC before and 
after 500 cycles were performed (Fig. 3 f). All the Nyquist plots consist 
of one or two depressed semicircles in the high frequency region and an 
inclined line in the low frequency region. The equivalent circuit for the 
Nyquist plots is given in the inset of Fig. 3 f, where Re, Rs, Rct, CPE and Zw 

represent the ohmic resistance, SEI resistance, charge transfer resis
tance, interface capacitance and diffusion impedance of the half-cell 
systems, respectively [12,29]. The fitted parameters are shown in 
Table S1. It is seen that the charge transfer resistance (Rct) of 10SiZC and 
10SiZGC decreases from 290.4 and 405.3 Ω to 29.7 and 10.8 Ω after 500 
cycles, respectively, indicating the increased electrical conductivity. In 
addition, the depressed semicircle in each EIS curve of 10SiZC and 
10SiZGC splits into two consecutive ones after cycling. The semicircle in 
the higher frequency region arises from the SEI impedance (Rs and CPE1). 
The line inclined at approximately 45◦ in the low frequency region 
corresponds to the Warburg impedance (W), which is associated with 
the diffusion coefficient of Li+ in the electrode material. Warburg factor 
(σ) can be determined from the linear relation between impedance Z′

and the reciprocal square root of the angular frequency ω (Fig. S3). As 
shown in Fig. S3, the σ values of 10SiZC and 10SiZGC before and after 
cycling are 191.78, 320.88, 32.36, and 14.16, respectively. The declined 
σ value after cycles suggests a larger Li+ diffusion coefficient [12,31]. 

Fig. 4. Structure and phase analyses. (a) FTIR 
spectra of the 10Si@ZIF composite (10SiZC) 
and 10Si@ZIF-glass composite (10SiZGC) after 
cycling, where the number (10) represents that 
100-mg Si nanoparticles were added into ZIF- 
62, accounting for about 10% of the final 
product by weight. (b)~(e) XPS survey spectra 
and high-resolution core level of Co 2p, N 1 s, Si 
2p spectra for 10SiZC and 10SiZGC before and 
after cycling, respectively. (f) XRD patterns of 
10SiZC and 10SiZGC after 500 cycles.   
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The above EIS results indicate that both the electron transfer rate and 
Li+ diffusion coefficient of 10SiZC and 10SiZGC are greatly enhanced by 
cycling. 

To investigate the structural evolutions of 10SiZC and 10SiZGC after 
cycling, FTIR spectra were collected. As shown in Fig. 4a, 10SiZC ex
hibits similar FTIR spectrum to that of 10SiZGC, indicating that both 
samples have similar structural features after cycling. It is known that 
the peaks at around 430, 668, 748 and 835 cm-1 for the pristine 10SiZC 
and 10SiZGC (Fig. 2c) are attributed to the Co-N bonds, the ring 
deformation out-of-plane-bending in the organic ligands, the benzene 
group of imidazole/benzimidazole, and the in-plane-blending of aro
matic ring, respectively [12,21,32]. However, these peaks disappeared 
in the spectra of the two samples after 500 cycles. This suggests the 
breakages of the Co-N bonds and rings in the organic ligand after 
cycling. In addition, the peaks at 471, 860, and 1418 cm-1 are ascribed to 
aromatic C-H bonds, isolated aromatic H vibrations, and ring stretch of 
organic ligands, respectively [21,33–35], while the peaks at 1487 and 
1619 cm-1 are attributed to stretching of C-C in the benzimidazole aro
matic ring (Fig. 4a) [36]. 

The surface elemental analyses of 10SiZC and 10SiZGC before and 
after cycling are carried out by the X-ray photoelectron spectroscopy 
(XPS) survey spectrum (Fig. 4b), and thereby the existence of Co, N, Si, C 
and O elements is confirmed, agreeing with the EDS results (Fig. 1). It is 
seen that the O 1 s signal of the samples after cycling become stronger, 
and this mainly originate from the SEI (products from electrolyte 
decomposition). Fig. 4c exhibits the high-resolution spectrum of Co 2p, 
in which the Co 2p1/2 and Co 2p3/2 peaks of both 10SiZC and 10SiZGc 
samples are located at 796.2 and 781.1 eV with two satellite peaks at 
802.1 and 786.0 eV, suggesting the existence of Co2+ in both samples. 
After cycling, these two peaks (796.2 and 781.1 eV) slightly shift to 
higher binding energy compared with those of pristine samples, 
implying that the chemical environment of cobalt in 10SiZC and 
10SiZGC varies upon insertion/extraction of Li+ and this could be due to 
the distortion and local breakage of the Co-N [12]. In Fig. 4d, the peak of 
N 1 s in the XPS spectrum is deconvoluted into two peaks at 398.7 and 
400.4 eV, which are attributed to C––N-C and C-N-H bonds, respectively 
[12,37]. The fractions of the two bonds are shown in Table S2. 10SiZC 
shares a similar fraction of the C––N-C bonds (i.e., about 94%) with that 
in 10SiZGC before cycling. However, the C––N-C bond fractions in both 
samples dramatically decrease to around 73% after cycling, implying 
the breakage of C––N-C upon insertion/extraction of Li+. This agrees 
well with the FTIR results (Fig. 4a). For the high-resolution XPS spec
trum of C 1 s (Fig. S4), the peaks of pristine 10SiZC and 10SiZGC can be 
deconvoluted into two peaks assigned to C-C/C––C/C-H at 284.8 eV and 
N––C-N at 286 eV, respectively. In contrast, the C 1 s spectra of 10SiZC 
and 10SiZGC vary significantly upon cycling, which can be deconvo
luted into four peaks. Besides the peak at 284.8 eV, three new peaks 
appear at 286.6, 288.5, and 290.1 eV, which are related to C-O/N––C-N, 
O-C––O/C-F, and Li2CO3 or lithium alkyl carbonates, respectively, as 
consequences of both the addition of PVDF as anode binder and the 
formation of SEI during cycling [12,38–40]. Fig. 4e shows the core level 
spectra of Si 2p in 10SiZC and 10SiZGC before and after cycles, which 
exhibit similar characteristics. The peak deconvolution results are 
shown in Table S3. The XPS peak associated with SiO2 can be observed 
in all the composite samples, implying the existence of SiO2. However, 
SiO2 is predominant only in the surface layer (< 5 nm) considering the 
detection depth limit of XPS. The formation of the thin SiO2 layer is due 
to the high tendency of Si to be oxidized when exposed to air, even at 
room temperature [41]. The existence of SiO2 was also verified by the 
FTIR results (Fig. S5). Overall, the fraction of SiO2 in the as-purchased Si 
is still much smaller than that of Si. Fig. 4f shows the XRD patterns of 
10SiZC and 10SiZGC after 500 cycles. A broad peak at 2θ≈ 16◦ appears 
in each pattern, implying the transformation of crystalline ZIF in 10SiZC 
sample and crystalline Si in both samples into amorphous materials 
upon cycling. 

To detect the morphologies of 10SiZGC and 10SiZC after 500 cycles 

at 1 A g-1, SEM and HRTEM measurements were conducted (Fig. 5 and 
Fig. S6). The overall skeleton of ZIF in 10SiZGC after cycling is preserved 
and Si particles are still wrapped within ZIF glass, and this is confirmed 
by the upper right inset, TEM image and EDS mappings in Fig. 5a. The 
HRTEM image and the selected area electron diffraction (SAED) patterns 
demonstrate the existence of a large amount of amorphous phase and 
few crystals with a size of 10~20 nm in 10SiZGC after cycling, as shown 
in Fig. 5b. The lattice fringes with an interatomic spacing of ~0.31 nm is 
attributed to Si, implying that the insertion/extraction of Li+ ions results 
in the majority of Si in 10SiZGC converting to an amorphous state after 
500 cycles. In addition, Fig. S6 shows that the cycled 10SiZC exhibits a 
similar scenario as 10SiZGC, i.e., a large amount of amorphous phase 
and few Si crystals, suggesting that not only Si crystals, but also ZIF 
crystals in 10SiZC transform into amorphous phases upon cycling. 

The above results clearly demonstrate the enhanced capacity and 
rate performance of SiZGC as an anode material for lithium storage [9, 
12], and this is achieved by designing and fabricating the Si@ZIF-62 
glass composite, in which nano Si is wrapped and protected by porous 
ZIF glass phase. First, cobalt-ZIF-62 glass possesses an open disordered 
network structure, which provides more active sites and channels for 
both storage and transport of Li+ compared to their crystalline coun
terparts. Second, the ZIF glass encapsulates Si nano particles to buffer 
the volume fluctuations of Si during the charging/discharging cycling, 
thereby realizing excellent cycling performances. In detail, the ZIF glass 
layer not only stores Li+ ions, but also suppresses the alloying of Li+ with 
wrapped Si to some extent, and also reduces volume change of Si via 
confinement, and thereby lowers the degree of pulverization of Si in the 
composite. Even if the wrapped Si nanoparticles are pulverized after 
cycling (as shown in Scheme 1), a substantial amount of Si is still 
attached to the inner surface of ZIF glass, and thus the composite 
structure can remain in a good electrical contact with the copper current 
collector. Such good contact can facilitate the electron transfer to ensure 
the alloying process between Li+ and Si. Third, the insertion/extraction 
of Li+ could result in the distortion or breakage of Co-N, and aromatic 
rings in ZIF, leading to an increase in structural defects and diffusion 
channels for the transport and storage of Li+ [12,42]. Moreover, the 
increased channels lead to more Li+ ions going into ZIF and reacting 
with Si, thereby highly enhancing the reversible capacity and rate 
capability. 

4. Conclusions 

We designed and fabricated the Si@ZIF-glass composite compro
mising interior high-capacity Si nano particles and exterior ZIF glass 
phase for lithium storage, which yields a strong synergistic effect. Such a 
unique architecture in ZIF glass buffers the volume changes of Si and 
thus prevents its pulverization, and hence promotes the transport ki
netics for both electrons and lithium ions. In addition, ZIF glass itself 
also enhanced the electrochemical performance of Si@ZIF-glass based 
anode owing to its open network structure that facilitates the Li+ ion 
diffusion and storage. As a consequence, 10SiZGC based anode exhibits 
the capacity of 650 mA h g-1, which is about three times and six times as 
high as that of ZIF glass and ZIF crystal at the current density of 1 A g-1 

after 500 cycles, respectively. Our findings paved a new avenue for 
developing anode material for the next generation of high-performance 
LIBs. Moreover, our approach to construct hierarchical Si@ZIF-glass 
composite could be further extended to other types of ZIF glasses to 
combine with highly active materials like Sn and SnO2 for application in 
electrochemical energy storage. 
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