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ABSTRACT: Li-metal anode attracts great focus owing to its ultra-high specific capacity and the lowest redox potential. 

However, the uncontrolled growth of Li dendrite leads to severe security issues and limited cycle life. Herein, Al2O3 

loading mesoporous carbon (Al2O3@MOF-C) derived from Al-based metal−organic frameworks (Al-MOFs) was 

investigated as the stable host matrix for Li metal, in which, Al2O3 was served as nano seeds for the Li deposition and 

decrease the Li nucleation overpotential. Except that, the high specific surface area and wide pore distribution can also 

buffer the volume changes of Li and fasten electron transfer, hence a dendrite-free morphology was observed even after 

50 cycles at 2 mA cm−2. High Li coulombic efficiency of 97.9% after 100 cycles at 1 mA cm−2, 1 mAh cm−2, and 97.6% 

after 50 cycles at 1 mA cm-2 and 6 mAh cm−2 were performed by Al2O3@MOF-C electrodes. Good performances were 

also obtained for Li−sulfur and LiFePO4 batteries. The performances of Al2O3@MOF-C@Li were compared with Li foil 

and Cu@ Li in full cell configurations. The electrochemical tests of full cells based on Al2O3@MOF-C@Li indicated that 

this Al-based functional host matrix can enhance the Li-utilization and lead to significant enhancement of the cycling 

performance of Li anodes. 
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1. INTRODUCTION 

Due to the ever-increasing energy consumptions, it is urgent 

to increase the power and energy density of the lithium-

based batteries for further applications. Therefore, 

rechargeable Limetal batteries (LMBs), like Li−S/Se and 

Li−air batteries, have attracted extensive attention owing to 

their ultra-high power density.1−6 Li metal has been widely 

believed as the ideal anode for LMBs because of its ultra-

high specific capacity (3860 mAh g−1) and the low redox 

potential (−3.04 V versus standard hydrogen electrode).7 

Unfortunately, the Li-metal anodes suffer from an infinite 

volume changes and thus, an instability of solid electrolyte 

interface (SEI) layer during the Li plating/stripping process. 

The volume changes of electrode materials can increase the 

internal pressure of the cell and cause the modifications at 

electrode/electrolyte interfaces.8 This process is related to 

the formation of uneven Li electrodeposits called Li 

dendrites, which can break the solid electrolyte interface 

(SEI) layer and lead to its reconstitution on the surface of 

new Li electrodeposits. The Li dendrites not only cause 

severe loss of active Li leading to a limited cycling lifespan 

of Li anodes9,10 but also might puncture the separator that can 

result in an internal short circuit of the batteries.11 Therefore, 

addressing the uneven Li deposition and suppression of the 

Li dendrite formation are the most crucial issues for the 

commercialization of the Li-metal anodes. 

To overcome these critical issues, many strategies have 

been adopted to enhance the cycling stability of the Li 

anodes and decrease the formation of Li dendrites. 

Electrolyte, containing additives, plays a considerable role in 

the cycling performances of Li-metal anodes. Surface film-

forming additives like LiF,12 LiPF6,1313 LiNO3, and Li2Sx
14−17 

can induce the formation of desirable SEI layer and stabilize 

the Li anode. Other functional additives, which contain Cs+ 

and Rb+ ions18,19 were also investigated to homogenize the Li 

electrochemical deposition. 

 

 



 

  

 

Besides, surface-coating layers, such as phosphate-

functionalized reduced graphene oxides,20 

lithiophilic−lithiophobic gradient interfacial layer,21 LiPON 

layer,22 agarose film,23 LixSiOy protective layer,24 and 

LiF/Li3N artificial SEI layer25 can serve as the artificial 

protecting SEI layers to alleviate the formation of the Li 

dendrites. In addition, the design of threedimensional current 

collectors, which serves as the hosts of the Li metal arises as 

another effective strategy in this regard.8 On one hand, the 

use of the host matrices can regulate the local effective 

current density toward controlling the lithium nuclei size and 

thus restraining the Li dendrites. On the other hand, the host 

matrices also can significantly accommodate the huge 

volume variations during the Li plating/stripping processes. 

Many three-dimensional hosts for the Li metal have been 

explored such as Ni@Li2O Co-axial Nanowire,26 TiC/C 

core/ shell nanowire skeleton,27 AlF3 frameworks,28 etc. 

Among them, the carbon-based materials like hollow carbon 

fibers,29 reduced graphene layers,30 N-doped graphitic carbon 

foams,31 straw−brick-like carbon fiber cloth,32 lithium-

graphite hybrid anodes,33 etc. have been proposed as host 

matrixes for the Li metal due to their large surface areas and 

fast electron/Li+ transfer. In addition, introducing some 

lithiophilic sites like MgO,34 CoO,35 ZnO,36 Al2O3,34 Ag 

nanoparticles,37 etc. can significantly decrease the energy 

barrier of Li nucleation, guide the Li deposition behavior 

without the formation of dendrites. Towards the pursuit of 

highly efficient carbon-based host matrix for lithium metal, 

metal−organic frameworks (MOFs) as a relatively new class 

of crystalline porous materials with high specific surface 

area, wide structural diversity, and easy tailorability, have 

also been widely used as anodes for both lithium- and 

sodium-ion batteries, ever since the pioneering work by 

Tarascon et al.38 Afterwards many functional materials 

derived from the MOFs were prepared to explore their 

further application in Li-based batteries. Benefitting from 

large space and integrated carbon matrix, which can buffer 

the volume variations, the MOFs like NiO,39,40 Co3O4,41 

Fe2O3,42 and CuO/Cu2O43 with yolk shell or hollow structure 

can be formed by calcination. These MOFs-based materials 

have been widely investigated for the LIBs. 

In this study, Al2O3 loading mesoporous carbon (Al2O3@ 

MOF-C), which was prepared by pyrolyzing an Al-based 

metal−organic framework with a chemical formula of Al 

(OH)(1,4-NDC) 2H2O (Al-MOFs), was applied as a host 

matrix for the Li metal. The high specific surface area and 

wide distribution of the pore size of this material can buffer 

the volume changes and fasten the electron and ion fluxes. 

Besides, the Al2O3 in the frameworks can serve as nano seeds 

for the Li nucleation and guide the Li deposition without the 

dendrites formation. Here, in this work, the coulombic 

efficiency of Al2O3@MOF-C used as a host for Li, was 

studied by varying the current and capacity. The Li 

predeposited Al2O3@MOF-C (Al2O3@MOF-C@Li) was 

also tested and compared to Li foil and/or Cu@Li with the 

sulfur/carbon black cathodes or LiFePO4 cathodes to 

evaluate the cycling performance in full cells. The 

morphology and chemical constitution of electrodes were 

studied by the means of microscopic (scanniing electron 

microscopy (SEM), transmission electron microscopy 

(TEM)) and spectroscopic techniques (X-ray diffraction 

(XRD) and Xray photoelectron spectroscopy (XPS)). 

 

Figure 1. SEM images of the Al-MOF (a) and Al2O3@MOF-C (b) and the TEM images of the Al2O3@MOF-C (c). XRD patterns of the Al-

MOF (d) and Al2O3@MOF-C (e) and the N2 adsorption/desorption isotherms of Al2O3@MOF-C (f) and corresponding pore distribution 

curves (inserted figure in f). 

 



 

  

 

2. RESULTS AND DISCUSSION 
The SEM images of Al-MOFs (Figure 1a) show a stick-like 

morphology with a length of about 5−10 μm. The XRD 

pattern of the Al-MOFs (Figure 1d) confirmed its chemical 

composition as a pure Al(OH)(1,4-NDC)·2H2O material, 

which is in agreement with the work reported before.44 After 

6 h of pyrolysis at 900 °C under the Ar atmosphere, wide 

stripshaped pores can be observed while its stick-like 

morphology is well retained (Figure 1b). From the TEM 

images of Al2O3@ MOF-C, strip-shaped pores with a length 

of ∼130 nm and a width of ∼10 nm can be clearly observed 

(Figures 1c and Figure S1a,b). In the XRD pattern, two broad 

peaks at around 25 and 44°, characteristics of (002) and (101) 

crystalline planes of graphite are observed (Figure 1e).45 

Besides, some peaks of the Al2O3 phase can be found in the 

XRD pattern, whose presence can be explained by the 

formation of Al2O3 during the pyrolysis under the 

atmosphere of Ar flow. The XPS results (Al 2p spectra 

shown in Figure S2a) also confirm the presence of Al2O3. 

Furthermore, the EDS results show that the percentage of Al 

atoms in Al2O3@MOF-C can be 7.98% (Figure S3), and the  

 

uniform distribution of C, O, and Al elements in the 

Al2O3@MOF-C also can be well observed from the energy 

dispersive spectrometer (EDS) mapping (Figure S4). 

According to the literature reported before, the Al2O3 can 

serve as nano seeds to guide the initial nucleation of Li 

metal.34 Additionally, the lattice fringes of the graphite can 

be observed on Al2O3@MOF-C particles (Figure S1c). The 

Raman spectrum (Figure S2b) of the Al2O3@MOF-C 

displays two main peaks at around 1350 and 1600 cm−1, 

which can be separately indexed to the D band and G band 

of the graphitic. The ratio of the D band and G band is 1.042, 

demonstrating the high graphitization degree of the 

Al2O3@MOF-C, indicating remarkable electronic 

conductivity,46 which can fasten the electron transfer during 

the Li plating/stripping process. As depicted in Figure 1f, the 

Al2O3@MOF-C exhibits a specific surface area of 322.0 m2 

g−1 and a wide distribution of pore size ranging from 10 to 80 

 

Figure 2. Top-view SEM images of the Cu@Li (a, b), Al2O3@MOF-C@Li electrodes (d) and the high-resolution image of Al2O3@MOF-

C@Li (inserted figure in d). The side-view SEM images of Cu@Li (c), Al2O3@MOF-C (e), and Al2O3@MOF-C@Li (f) electrodes after 

plating 6 mAh cm−2 of Li at a current density of 1 mA cm−2. 

 

 

 

 

Figure 3. Voltage-capacity curves of the Li deposits on different substrates: (a) planar Cu, (b) MOF-C, and (c) Al2O3@MOF-C. Nucleation 

overpotential on different substrates at 0.2 mA cm−2 (d). XPS of C 1s spectra recorded for: (e) the Cu@Li (0.5 mAh cm−2), (f) pristine Al2O3@ 

MOF-C, and (g) Al2O3@MOF-C after plating 0.5 mAh cm−2 Li. 
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nm (inserted in Figure 1f). These properties can decrease the 

local current density and homogenize the formation of the Li 

nucleus and enable a dendrite-free deposition of the Li metal. 

The morphologies of the different substrates (Cu and 

Al2O3@MOF-C substrates) with different amounts of Li 

plated on them are firstly compared (Figures S5 and S6).  

When 0.5 mAh cm−2 of Li is deposited on the Cu substrate, 

the Li particles with a diameter of about 2−4 μm can be 

observed. Further increasing the Li amount on the Cu 

substrate, the diameter of Li particles grows bigger than 

before (Figure S5a− c). As for the Al2O3@MOF-C substrate, 

the Li can be well dispersed by the Al2O3@MOF-C when the 

Li amount is 0.5 mAh cm−2 (Figure S5d). From the higher 

magnification SEM image, we can see that there are some 

tiny Li particles deposited on the Al2O3@MOF-C particles, 

indicating that the substrate can enable uniform Li nucleation 

(Figure S6a). When the Li capacity increases to 6 mAh cm−2, 

uniform Li distribution also can be observed (Figure S5e) 

and the Al2O3@MOF-C particles are well covered by the Li 

metal (Figure S6b). Further elevation of the Li capacity on 

the Al2O3@MOF-C substrate to 8 mAh cm−2, a Li layer 

consisted of some Li particles can be formed on the substrate, 

meaning the Li capacity is beyond the tolerance of substrate 

(Figure S5f). The morphologies of 6 mAh cm−2 of Li 

deposited on Al2O3@MOF-C (Al2O3@MOF-C@Li) were 

investigated and compared to the Li deposited at the same 

conditions on the planar Cu foil. As observed in Figure 2a,b, 

the mossy-like Li metal was formed on the Cu foil. This may 

easily lead to the formation of Li dendrites and excessive 

formation of the SEI layer after repeated cycles, resulting in 

poor Li coulombic efficiency and the failure of the cells. The 

cross-section images of the Cu@Li electrode show that the 

thickness of the Li layer deposited on the Cu substrate can 

be about 25 μm (Figure 2c). As we can see from the SEM 

images of the Al2O3@MOF-C electrode, the surface of 

Al2O3@MOF-C is rough and the pore structure of particles 

are still well maintained (Figure S7). After the deposition of 

Li, the Li metal can be well dispersed by the Al2O3@MOF-

C particles and large Li particles cannot be observed (Figure 

2d). Furthermore, as one can observe from the cross-section 

images of the Al2O3@MOF-C before and after plating Li 

metal, the thickness of the host matrix layer increases from 

20 to 42 μm, whereas the electrode structure is well 

maintained (Figure 2e,f). What is more, after stripping the Li 

as deposited on the Al2O3@MOF-C, the host matrixes 

 

Figure 4. Coulombic efficiency of the cells with planar 6 mAh cm−2 predeposited Cu and Al2O3@MOF-C electrodes: (a) 0.5 mA cm−2, 0.5 

mAh cm−2, (b) 1 mA cm−2, 1 mAh cm−2, and (c) 1 mA cm−2, 6 mAh cm−2. The voltage−time profiles of the cells with planar Cu@Li, Li foils, 

and Al2O3@MOF-C@Li electrodes at different current density: (d) 2 mA cm−2, 1 mAh cm−2 and (e) 5 mA cm−2, 1 mAh cm−2. EIS Nyquist 

plots performed at OCP before cycling and after 10 cycles: (f) planar Cu@Li, (g) Li foils, and (h) Al2O3@MOF-C@Li. 
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become porous, which may further provide larger space for 

the following deposition of Li (Figure S8a). And it can be 

observed from the cross-section of the Al2O3@MOF-C host 

matrixes that the host matrixes still integrated without 

exfoliation of active particles (Figure S8b). These results 

indicate that the Al2O3@MOF-C host matrixes can well 

buffer the volume variation during the Li plating/stripping 

processes, which can guarantee the integrality of the Li 

anodes. 

To explore the effect of the Al2O3@MOF-C host matrixes 

on the initial nucleation stage of Li, the voltage-capacity 

curves of the Li deposits were used (Figure 3). The Li 

nucleation overpotential, defined as a gap between the 

minimum voltage and the voltage of flat plateau, was 

compared for different substrates. The Al2O3@MOF-C 

exhibits the smallest nucleation overpotential of only 9.3 mV 

at a current density of 0.5 mA cm−2 for the Li plating process 

(Figure 3c,d). However, the Cu substrate suffers five times 

higher nucleation overpotential as much as 45.5 mV than that 

of Al2O3@MOF-C (Figure 3a,d). The lowest nucleation 

potential observed for Al2O3@MOF-C can have a significant 

influence on homogenous initial nucleation of Li (Figure 

3c,d). To investigate the function of Al2O3 in the host matrix, 

we removed the Al2O3 in Al2O3@MOF-C by treatment of 2 

M HCl solution to generate an Al2O3-free host matrix (MOF-

C). After etching, the XRD pattern of the MOF-C only shows 

two broad peaks for graphite (Figure S9a). Besides, from the 

XPS survey spectra, the lower intensity of Al 2p can be 

observed for MOF-C than that for Al2O3@MOF-C, which 

also demonstrates that the Al2O3 can be removed by HCl 

solution (Figure S9b). SEM presented in Figure S10 shows 

that the stick-like particles with wide strip-shaped pores 

morphology of MOF-C is not modified by the HCl etching 

and its specific surface area is increased to 335.4 m2 g−1 

(Figure S11). From the deposition curve of Li on MOF-C 

substrate, we can see that the overpotential is 19 mV, which 

is higher than Al2O3@MOFC (Figure 3c,d). Summarizing, 

the lower nucleation overpotential observed for 

Al2O3@MOF-C than that for MOF-C can be related to high 

quantity of Al2O3 phase in the matrixes enables easier and 

more efficient Li nucleation, indicating that the Al2O3 plays 

a crucial role in the Li metal growth. 

Except that, we also performed the XPS to analyze the 

interaction between Al2O3@MOF-C and Li metal. Before 

the XPS characterization, 0.5 mAh cm−2 Li metal was plated 

on the planar Cu and Al2O3@MOF-C substrates. As 

illustrated in Figure 3e, the following C-like species 

C−C/C−H (284.5 eV), C−O (286.5 eV), −CO3 (289.0 eV), 

and −CF3 (293 eV) can be found on the Cu@Li (0.5 mAh 

cm−2) surface. The lower binding energy peaks (at 284.5 eV 

and at 286.5 eV) can be typical C-like surface contaminants, 

and the higher binding energy peaks attributed to −CO3 and 

to −CF3
46−48 can be the components of the SEI layer in 

agreement with the literature.49,50 It cannot be completely 

ruled out that a particularly broad peak at 289.0 eV 

corresponding to −CO3 (observed for Al2O3@MOF-C after 

plating in Figure 3g) could be decomposed to two peaks 

assigned to organic lithium alkyl carbonates (ROCO2Li) and 

lithium carbonates (Li2CO3).51 Compared with the pristine 

Al2O3@MOF-C (Figure 3f), the Al2O3@MOF-C@Li (0.5 

mAh cm−1) (Figure 3g) exhibits the presence of −CF3 group, 

which originates from the electrolyte decomposition, 

particularly the LiTFSI salt.51,52 A new component at a low 

binding energy of around 283.2 eV attributed to lithium 

carbide species (R−Li)53,54 can be detected on Al2O3@MOF-

C@Li (0.5 mAh cm−2) and not on Cu@Li (0.5 mAh cm−2), 

indicating the strong interaction between the carbon matrix 

and Li metal. This interaction might influence a homogenous 

growth of the Li nuclei. 

The Li coulombic efficiency of the Al2O3@MOF-C 

electrode was evaluated by means of galvanostatic 

discharge/ charge profiles, and it was compared against that 

of the planar Cu electrode (Figure 4). A constant capacity of 

1 mAh cm−2 was applied for the Li plating process while 0.5 

V was employed as the upper cut-off voltage for the Li 

stripping, and the Li coulombic efficiency was calculated 

from the lithium ratio between the Li plating and stripping 

process. The Al2O3@MOF-C electrode can deliver a 

coulombic efficiency as high as 99.3% at 0.5 mA cm−2 and 

0.5 mAh cm−2 after 250 cycles (Figure 4a). When the current 

density and Li capacity were elevated to 1 mA cm−2 and 1 

mAh cm−2 for the Li plating process, the coulombic 

efficiency reached 97.9% after 100 cycles, which is 

obviously superior to the Cu-based anode suffering from a 

sudden decrease after 40 cycles under the same conditions 

(Figure 4b). Moreover, when the capacity of Li metal for the 

Li plating process was fixed at 6 mAh cm−2, a high 

coulombicefficiency was obtained for 50 cycles by using 

Al2O3@MOF-C substrate (Figure 4c). The high 

coulombicefficiency demonstrates that the Al2O3@MOF-C 

can significantly obstruct the formation of the dead Li, which 

is beneficial to access an extended cycling life of the Li-metal 

anodes. Moreover, the cycling performances of the planar 

Cu@ Li and Al2O3@MOF-C@Li electrodes were compared 

in cells with the commercial Li foil as the counter electrode. 

Both planar Cu and Al2O3@MOF-C electrodes were 

predeposited with 6 mAh cm−2 of Li at a current density of 

0.5 mA cm−2. The voltage−time profiles, which record the 

variation of voltage of the Li plating/stripping processes 

under fixed current density and Li capacity, were applied to 

monitor any instability in the cells. The voltage−time profiles 

of the cells at current densities of 1, 2, and 5 mA cm−2 are 

shown in Figures S12 and 4d,e. The planar Cu@Li electrode 

suffered from a sudden increase in the hysteresis at about 80 

h (40 cycles) at 1 mA cm−2, resulted from an impedence rise 

during the plating/ stripping process, and then the voltage 

dropped sharply at 110 h (55 cycles). Such a huge potential 

drop indicates the short circuit of the cells caused by the 

ever-growth of Li dendrites punctures the separator.51 In 

addition, the planar Cu@Li electrodes delivered only a 
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limited lifespan of 70 h (70 cycles) at 2 mA cm−2 and 1 mAh 

cm−2 and only 15 h (∼38 cycles) at 5 mAh cm−2 and 1 mAh 

cm−2. In comparison, the Al2O3@ MOF-C@Li electrodes 

delivered a much more stable cycling performance. At 1 mA 

cm−2, 1 mAh cm−2, in the first cycle, a lower hysteresis of ∼30 

mV for Al2O3@MOF-C@Li electrodes was observed and 

the hysteresis only increased slightly after 500 h (250 

cycles). Similarly, the Al2O3@MOF-C@Li electrodes 

showed a hysteresis of ∼50 mV at 2 mA cm−2 and 1 mAh 

cm−2 for 250 h (250 cycles). Except that, even at 5 mA cm−2, 

the Al2O3@MOF-C@Li electrode also showed a stable 

cycling performance for 175 cycles (70 h). For the sake of 

comparison, we also performed the Li symmetric cells, by 

using two Li foils as the electrodes. However, the hysteresis 

of the Li symmetric cell at 1 mA cm−2, 1 mAh cm−2 is 

obviously increased at ∼270 h (135 cycles), and becomes 

fluctuant after 150 h (150 cycles) when the current density 

increases to 2 mA cm−2 and 1 mAh cm−2. To further 

investigate the function of Al2O3 in the host matrix, the 

cycling performance of MOF-C@ Li also be carried out. 

After removing Al2O3 form the host matrix, the MOF-C@Li 

exhibits a shorter lifespan of about 170 h (170 cycles), which 

is less than that of Al2O3@MOF-C@Li (over 250 cycles) at 

2 mA cm−2 and 1 mAh cm−2 (Figure S13). To illustrate this 

result, nano Al2O3 was coated on the Cu collectors 

(Al2O3@Cu) to investigate the function of Al2O3 to assist 

better cycling performance. As shown in Figure S14, the 

Al2O3@Cu@Li can maintain stable Li plating/stripping 

processes for over 160 cycles at 2 mA cm−2 and 1 mAh cm−2, 

which is much better than that of planar Cu@Li (70 cycles), 

indicating that the Al2O3 in the host matrix may contribute to 

better cycling stability. 

Except that, the performances of different Li anodes also 

are estimated in the carbonate-based electrolyte (1 M LiPF6 

in ethylene carbonate/dimethyl carbonate (EC/DMC) (1/1 

v/v) with 5% FEC). As we can see from Figure S15, the 

Al2O3@ MOF-C@Li can deliver a voltage hysteresis of 

about 70 mV and stable performance can be maintained for 

over 200 h (125 cycles) at 1 mA cm−2, 1 mAh cm−2. On the 

contrary, the Cu@ Li and Li foil exhibit higher hysteresis of 

70 and 90 mV, respectively. And only after 35 cycles, a 

significant drop in voltage occurs in the cell with Cu@Li, 

indicating the internal short circuit of the cell. Similarly, the 

Li foil also has a limited lifespan of only 90 cycles. These 

results indicate that a longer lifespan and a stable cycling 

performance of Li-metal anode can be achieved by using 

Al2O3@MOF-C as the host matrix. 

Electrochemical impedance was also carried out to 

investigate the interfacial stability of cells with different 

electrodes. As one can observe from Figure 4f, the total 

impedance is about 60 Ω and drops to 15 Ω after 10 cycles. 

This could be related to the gradual increase of 

Lispecificsurface area due to the growth of Li dendrites.55 For 

the Li foils (Figure 4g), a similar impedance as observed for 

the planar Cu@Li electrode can be observed before cycling. 

After 10 cycles, the drop of the impedance also indicates the 

formation of Li dendrites (Figure 4g). However, the Al2O3@ 

MOF-C (Figure 4h) reveals a smaller impedance of only 43 

Ω before cycling, due to the large specific surface area and 

fast electron and ion transfer. Only a slight impedance 

increase can be observed after 10 cycles (Figure 4h). These 

results demonstrate that the Al2O3@MOF-C can decrease the 

electrolyte decomposition and enhance interfacial stability. 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16363/suppl_file/am9b16363_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16363/suppl_file/am9b16363_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16363/suppl_file/am9b16363_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16363/suppl_file/am9b16363_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16363/suppl_file/am9b16363_si_001.pdf


 

  

 

The morphology of the planar Cu@Li, Li foils, and 

Al2O3@ MOF-C@Li cycled at 2 mA cm−2 was characterized 

by SEM. The planar Cu@Li shows a rough surface with 

some Li metal detachment after 20 cycles (Figure 5a), 

however, after 50 cycles (Figure 5d), more significant 

modifications and dendrite-like Li metal can be clearly 

observed. Similar morphology of Li anode with uneven 

growth of mossy lithium can be observed after 20 cycles 

(Figure 5b) and the severe growth of Li dendrites after 50 

cycles (Figure 5e). However, the Al2O3@MOF-C@Li 

electrodes exhibit a smooth and flat morphology after 20 

cycles (Figure 5c) and after 50 cycles (Figure 5f), dendritic 

Li still cannot be observed. The sideview SEM images of 

planar Cu@Li, Li foils, and Al2O3@MOFC@Li electrodes 

after 50 cycles (Figure 5g−i) also demonstrate the even and 

dendrite-free morphology on the Al2O3@MOF-C@Li 

electrode. The smoother Li surface on the Al2O3@MOF-C 

substrates after cycles can be attributed to the 

multifunctional effects of the Al2O3@MOF-C substrates. In 

which, Al2O3 nano seeds help homogenize the initial Li 

nucleation, and porous structure with high surface area and 

wide pore distribution provides enough space and decrease 

the efficient current density for Li deposition. 

To evaluate the further application of these Li anodes in 

Li− S and Li-ion batteries, the additional tests were 

performed in full cell configurations (Figure 6). To do so, the 

Al2O3@MOFC@Li anodes were used and compared with Li 

foils and additionally for Li-ion full cell the comparison was 

also done with Li deposited on the planar Cu substrate. For 

the cathode material of the lithium−sulfur batteries, the 

acetylene black was used as the sulfur host matrix. The sulfur 

loading rate was 70% and 1675 mA g−1 was defined as 1C. 

As shown in Figure 6a, the cell with Li foil can deliver an 

initial capacity of 875.6 mAh g−1 at 1C and suffers a severe 

capacity loss after cycles with a specific capacity of only 

556.4 mAh g−1 after 200 cycles. The cell with Al2O3@MOF-

C@Li shows a gradual increase in the inceptive cycles and 

reaches the highest capacity (820.2 mAh g−1) at 20th cycle. 

After 200 cycles at 1C, the cell with Al2O3@ MOF-C@Li 

anode can still perform a capacity as high as 665.6 mAh g−1, 

associated to a capacity retention of 81.1%, which is notably 

higher than that with Li foil (63.5%). 

 

Figure 5. Top-view SEM images of the planar Cu@Li (a, b), Li foils (d, e), Al2O3@MOF-C@Li (g, h), and the high-resolution image of 

Al2O3@ MOF-C@Li (inserted figure in h) at a current density of 2 mA cm−2: (a, d, g) 20 cycles and (b, e, h) 50 cycles. And the side-view 

SEM images of planar Cu@Li (c), Li foils (f), Al2O3@MOF-C@Li (i) and the high-resolution image of Al2O3@MOF-C@Li (inserted figure 

in i) at current density of 2 mA cm−2 for 50 cycles. 

 

Figure 6. Cycling performances of the (a) Li−S and (b) Li/LiFePO4 cells using different Li-metal anodes. 

 



 

  

 

For the cathode material in Li-ion full cell, the commercial 

LiFePO4 cathode was employed to evaluate the contribution 

of the Al2O3@MOF-C host matrix in elevating the 

performance of Li anodes (Figure 6b). A similar specific 

capacity of approximately 145 mAh g−1 at 0.2C (1C = 170 

mAh g−1) was observed when using different Li anodes, and 

decrease to about 138 mAh g−1 when charging/discharging 

rate increased to 1C. Nevertheless, the LiFePO4 full cells 

with Cu@Li and Li foils suffer a serious decay after 

following cycles with capacity retention of 74.8 and 54.2% 

after 200 cycles at 1C, respectively. On the contrary, the 

LiFePO4 full cell with Al2O3@MOF-C@Li delivers an initial 

capacity of 138.8 mAh g−1 and only slightly fades to 126.5 

mAh g−1 after 200 cycles, corresponding to capacity retention 

as high as 91.1%. Thus, it can be concluded that the 

Al2O3@MOF-C@Li anodes can be considered as promising 

anodes for the Li-metal batteries with a prolonged cycling 

lifespan. 

3. CONCLUSIONS 

The Al2O3@MOF-C with a high surface area and wide pore 

distribution was investigated as the stable host for Li-metal 

anode in this study. The Al2O3 nano seeds and 

wellconductivity carbon frameworks can guide the Li 

deposition and decrease the local current density of Li 

deposition and dissolution, hence a dendrite-free surface can 

be observed even after 50 Li plating/stripping cycles. 

Besides, the Al2O3@MOFC electrodes can deliver a high Li 

coulombic efficiency of 97.9% after 100 cycles at a current 

density of 1 mA cm−2 and a fixed Li capacity of 1 mAh cm−2. 

A high Li coulombic efficiency of 97.6% still can be 

achieved after 50 cycles even at increased Li capacity to 6 

mAh cm−2, indicating a significant suppression of the dead 

Li. Except that, the excellent cycling life of Al2O3@MOF-

C@Li electrodes (250 cycles at 2 mA cm−2, 175 cycles at 5 

mA cm−2) confirms high Li utilization during cycling. 

Furthermore, the enhanced electrochemical performance of 

the Li−S and Li/ LiFePO4 batteries also demonstrate a 

potential interesting application of the Al2O3@ MOF-C@Li 

anodes. It can be concluded that the Al2O3@ MOF-C@Li 

can greatly enhance the cycling performance of Li-metal 

anodes and promote the development of nextgeneration 

rechargeable Li-metal batteries. 
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