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a b s t r a c t 

Lithium (Li) metal with an ultrahigh specific theoretical capacity and the lowest reduction potential 

is strongly considered as a promising anode for high-energy-density batteries. However, uncontrolled 

lithium dendrites and infinite volume change during repeated plating/stripping cycles hinder its practical 

applications immensely. Herein, a house-like Li anode (housed Li) was designed to circumvent the above 

issues. The house matrix was composed of carbon fiber matrix and affords a stable structure to relieve 

the volume change. An artificial solid electrolyte layer was formed on composite Li metal, just like the 

roof of a house, which facilitates uniform Li ions diffusion and serves as a physical barrier against elec- 

trolyte corrosion. With the combination of solid electrolyte layer and matrix in the composite Li metal 

anode, both dendrite growth and volume expansion are remarkably inhibited. The housed Li | LiFePO 4 

batteries exhibited over 95% capacity retention after 500 cycles at 1.0 C in coin cell and 85% capacity 

retention after 80 cycles at 0.5 C in pouch cell. The rationally combination of solid electrolyte layer pro- 

tection and housed framework in one Li metal anode sheds fresh insights on the design principle of a 

safe and long-lifespan Li metal anode for Li metal batteries. 

© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

Energy storage systems with high energy density have been

ursued ceaselessly. The current commercial lithium (Li) ion bat-

eries (LIBs) have achieved impressive advance since released by

ony Corporation in 1991 and dominate a chunk of the portable

lectronic and electric vehicle markets [1] . However, the practical

nergy density of LIBs is approaching their theoretical limits with

urrent intercalation chemistry. In light of the ever-growing de-

ands for even higher energy density storage, Li metal batteries

LMBs) have been revisited [2–4] . While replacing the graphite an-

de of LIBs with Li metal of LMBs, the theoretical energy density

f LMBs can be significantly improved due to its ultrahigh specific

apacity (3860 mAh g −1 ) and the lowest redox potential ( −3.04 V

s. the standard hydrogen electrode) [5] . 
∗ Corresponding author. 
∗∗ Corresponding author. 
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However, LMB is still in its infancy. Uncontrolled lithium den-

rites and infinite volume change are the main issues. Due to

he high reactivity of Li metal, a brittle and uneven solid elec-

rolyte interface (SEI) spontaneously forms on its surface while

eing exposed to electrolyte [6,7] . The SEI is heterogeneous and

nduces Li dendrite growth. The dendrite growth can pierce SEI,

eading to the side reactions between fresh Li and electrolyte.

oreover, drastic volume change induced by host-less deposition

lso causes repeated rupture and regeneration of SEI in the sub-

equent stripping/plating process, which interminably consumes 

lectrolytes and bulk Li and induces low Coulombic efficiency and

oor utilization of Li ( Fig. 1 a) [8] . Therefore, notorious dendrite

ormation, aggravated side reactions, and infinite relative volume

hange significantly plague the implementation of Li metal anode

y causing short cycle life and potential safety hazards. 

Tremendous effort s have been devoted to addressing the above

entioned issues [9–12] , mainly focusing on two aspects: (1)

onstruction of emerging Li matrices. Encapsulating metallic Li

n a porous and robust matrix can overcome the volume change

ssues considerably. Besides, large specific surface area and high

onductivity can effectively reduce local current density and thus

uppress Li dendrite growth [13,14] . Accordingly, carbon materials
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Fig. 1. Schematics of morphology evolution on (a) bare Li and (b) housed Li during stripping/plating cycles. 
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[15–18] , three-dimensional (3D) metal frameworks [19,20] , and

other novel hosts (e.g., metal–organic frameworks) [21,22] , have

been introduced as composite Li metal anode. (2) Construction

of stable lithium metal interfaces. Various electrolyte additives

[23–26] , salts [27] , solvents [28] , highly concentrated electrolytes

[29–31] , solid electrolyte [32] and artificial SEI [33–35] have been

proposed to construct stable SEI on working Li metal anode. Par-

ticularly, solid electrolytes, including sulphides [36] , oxides [37] ,

polymers [38] , and their composites have attracted considerable

interests owing to their outstanding merits in inherent safety

and wide voltage window [39] . Although the lifespan has been

extended by present strategies, yet it is far from the requirement

of a practical battery. Generally, the host is expected to suppress

dendrite growth and volume change, the solid electrolyte layer

can reduce the side reactions and regulate uniform Li deposition

[40,41] . If a stable solid electrolyte layer can be created on a 3D Li

metal anode, the as-obtained composite Li metal will make much

sense for highly safe LMBs. 

In this contribution, a composite Li metal anode by the rational

design of a Li–matrix anode protected by a solid electrolyte layer

was proposed. The composite anode acts similarly as a house to

human beings (Fig. S1, Supporting Information). The upper solid

electrolyte layer with high mechanical strength and rapid and uni-

form Li ions diffusion in the housed Li, serves as the roof of

a house. The bottom matrix with a robust structure serves as

frames of the house, providing rapid electron paths and large in-

terspace for Li deposition ( Fig. 1 b). Therefore, the composite anode

is named housed Li herein. To demonstrate this concept, carbon

fibers (CFs), were selected as matrix materials to encapsulate Li

metal by roll press. A solid electrolyte layer (SE) was obtained by a

facile chemical reaction between copper fluoride (CuF 2 )-contained

electrolyte and Li metal. Under the synergetic function of matrix

and solid electrolyte layer, both Li dendrites and volume expan-

sion were well controlled in housed Li, realizing stable and safe

Li metal anode. The symmetrical cell with housed Li metal an-

ode achieved a prolonged cycle time of 1850 h at 0.5 mA cm 

−2 and

950 h at 1.0 mA cm 

−2 . Coupled with LiFePO 4 cathodes, the housed

Li exhibited over 95% capacity retention after 500 cycles at 1.0 C

in coin cell and 85% capacity retention after 80 cycles at 0.5 C in

pouch cell. 

2. Experimental 

2.1. Fabrication of electrodes 

The CF papers (Shanghai Hesen Electric, void ratio of 75%)

were desiccating by Li foils for 24 h before using. The dried CF

papers and two metallic Li foils (thickness: 50 μm, China Energy

Lithium Co., Ltd) were sandwiched by rollpress lamination, that

was performed in a dry room (relative humidity < 0.4% at room
emperature). The as-prepared CF/Li was then pouched into shapes

nd sizes of anodes (13 mm disks for coin cell and 40 mm × 70 mm

lates for pouch cell). 5.0 wt% LiNO 3 and 1.0 wt% CuF 2 (Alfa Aesar)

dditives were dissolved in dimethoxyethane solvent (DME, Tokyo

hemical Industry Co., Ltd.) to obtain the precursor electrolyte for

n-situ solid electrolyte formation. The in-situ solid electrolyte was

abricated by soaking the anodes into precursor electrolytes for 5 s.

 rapid replacement reaction occurs between Li metal and CuF 2 
CuF 2 + 2Li → 2LiF + Cu). Bare Li with a thickness of 100 μm was

dopted as control. Above operations were performed in an Argon-

lled glovebox with water and oxygen content less than 1.0 ppm. 

The LiFePO 4 cathode was prepared by mixing LiFePO 4 pow-

ers (Shenzhen Kejing Star Technology Co., Ltd.), carbon black, and

oly(vinylidene fluoride) at a weight ratio of 80: 10: 10 to form a

lurry. Then the slurry was cast on the aluminum foil and dried at

0 °C under air drying for 48 h. The typical active material load-

ng was about 9.0 mg cm 

−2 (1.5 mAh cm 

−2 ). The LiFePO 4 cathode

ith an active material loading of 12.0 mg cm 

−2 (2.0 mAh cm 

−2 )

ach side for pouch cell was acquired from SCM Hypnergy Material

ech Co., Ltd. 

.2. Characterizations 

Scanning electron microscopy (SEM) images and corresponding

nergy-dispersive elemental mapping were acquired by JSM 7401F

JEOL, Japan). Prior to the characterizations, the samples obtained

rom disassembled cells were first rinsed three times with DME,

nd then dried in the Ar-filled grove box. X-ray diffraction (XRD)

atterns were obtained on a Bruker D8 Advance with a Cu- K α ra-

iation source and 2 θ in the range of 5 ° to 90 ° at 5 ° min 

−1 . X-ray

hotoelectron Spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher

cientific, USA) was employed to analyze the composition of the

olid electrolyte. 

.3. Electrochemical test 

Coin cell CR2025 was used for cell assembly, with Celgard

400 separator in which an electrolyte amount of 60 μL was

eposed. The electrolyte employed in this paper was 1.0 M lithium

exafluorophosphate (LiPF 6 ) in a ternary solvent of fluoroethy-

ene carbonate (FEC), dimethyl carbonate (DMC), and DME (7:7:6

n volume, Alfa Aesar) with 1.1 wt% LiNO 3 (Shanghai Aladdin

io-Chem Technology Co., LTD.) unless otherwise stated (denoted

s FEC/LiNO 3 electrolyte). Commercial Li-ion battery electrolyte

1.0 M LiPF 6 in ethylene carbonate (EC)/diethyl carbonate (DEC)

1:1 in volume)) was purchased from Beijing Institute of Chemical

eagents. Li | Li symmetric cells were assembled for studying the

orphology evolution and the electrochemical anodic stability.

he cells were tested by a LAND multichannel battery cycler

Wuhan LAND electronics Co., Ltd.). Electrochemical impedance
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Fig. 2. Fabrication process and morphology characterization of housed Li. (a) 

Schematic diagram of the fabrication process of housed Li; (b) SEM images of 

housed Li at the cross-section; (c) Detailed views of solid electrolyte layer and EDS 

spectrograms of the dash area in (b). 
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pectroscopy (EIS) was recorded by a Solartron 1470E electrochem-

cal workstation (Solartron Analytical, UK) in a frequency range

etween 10 5 and 10 −1 Hz with a voltage amplitude of 10 mV. 

The Li | LiFePO 4 coin cells were cycled between 2.5 and 4.0 V

ith charge/discharge rates of 1.0 C (170 mAh g −1 , first acti-

ated cycle is 0.1 C), corresponding to current density of about

.5 mA cm 

−2 . The Li | LiFePO 4 pouch cells incorporated n anode–

eparator–cathode stacks were also cycled between 2.5 to 4.0 V.

hey were firstly cycled at 0.05 C for one cycle and then cycled

t 0.5 C. 

. Results and discussion 

The fabrication of housed Li was realized by a facile method

hown in Fig. 2 (a). In details, (1) two thin Li foils were firstly in-

orporated into CF matrix (Fig. S2, Supporting Information) by roll

ress at room temperature (denoted as CF/Li). (2) The as-prepared

F/Li is processed by a solution of 5.0 wt% LiNO 3 and 1.0 wt% CuF 2 
n DME to generate an artificial solid electrolyte layer. 

The as-obtained housed Li is with a thickness of ca. 110 μm ( Fig.

 b). The upper solid electrolyte layer with a thickness of ca. 5 μm

 Fig. 2 c, top) uniformly covers on the surface of housed Li (Fig. S3,

upporting Information), acting as a physical barrier against elec-

rolyte corrosion. At the bottom layer, Li metal fully fills in the

oids of CF and the interconnected structure of CF is well pre-

erved. The areal capacity of housed Li is about 18.75 mAh cm 

−2 

Fig. S4, Supporting Information). Energy dispersive spectroscopy

EDS) mapping images of housed Li ( Fig. 2 c) further confirm that

he SE identified by Cu element covers on the top as a roof, and CF

dentified by C element acts as a support frame in house. 

To characterize the chemical compositions of housed Li, both

RD and XPS were employed. As exhibited by Fig. 3 (a), the peak

f CF disappears while the peak of LiC 6 arises in the XRD spectra

f CF/Li and housed Li, suggesting that CF can be lithiated to

iC 6 at room temperature. It has been demonstrated that LiC 6 is

ighly electric conductive and compatible with Li metal [42,43] .

hus, a close contact interface between Li and CF can be achieved,

ontributing to rapid electron transfer in the matrix. There are
iF and Cu in the upper solid electrolyte layer ( Fig. 3 b, c), which

onfirms the reactions between Li and CuF 2 . Besides, the inorganic

omponents of LiNO 2 and LiN x O y are also detected due to the

dditive of LiNO 3 in treating solution, which are in accordance

ith previous reports [44–46] . 

To explore morphology evolution of the housed Li during plat-

ng/stripping cycles, symmetrical cells were assembled and gal-

anostatically cycled at a current density of 1.0 mA cm 

−2 and a

apacity of 1.0 mAh cm 

−2 . The bare Li was also investigated as

 control sample in this work. Stocky Li dendrites with inconsis-

ent diameters emerge on the surface of bare Li after the first cy-

le (Fig. S5a, Supporting Information), rendering enormous risk of

 penetrating separator. A pulverized morphology completely dif-

erent from the initial cycle appears on the surface of bare Li after

0 and 50 cycles due to the accumulation of “dead Li” ( Fig. 4 a, c).

 thickness of ca. 7 μm “dead Li” emerges on the anode surface

fter 10 cycles ( Fig. 4 b). After 50 cycles, this layer is completely

eplaced by rugged and loose “dead Li”, increasing to ca. 20 μm

 Fig. 4 d). With prolonged cycles up to 200 times, the thickness of

dead Li” layer increases to ca. 67 μm (Fig. S5c, Supporting Infor-

ation). In contrary, the surface of housed Li is flat and compact

Fig. S5b, Supporting Information; Fig. 4 e, g). The thickness varia-

ion of Li deposition is less than 5 μm after 50 cycles ( Fig. 4 f, h).

ven after 200 cycles, housed Li maintains its integrity and pre-

erves a smooth cross section morphology (Fig. S5d, Supporting In-

ormation). XPS analysis was employed to reveal the component of

he surface of housed Li after cycles (Fig. S6, Supporting Informa-

ion). Compared to initial spectrum ( Fig. 3 ), only few peak evolu-

ions are observed, indicating the solid electrolyte layer can main-

ain stability in the electrochemical environment. Therefore, the

oused Li can remarkably alleviate Li dendrites and confine volume

hange. 

The cycling stability was investigated by galvanostatic symmet-

ical cells with different anodes. At a current of 0.5 mA cm 

−2 and

 capacity of 0.5 mAh cm 

−2 , the cell with bare Li exhibits con-

inuously increased voltage hysteresis (over 500 mV after 1600 h

ycling), mainly due to the ever-growing dendrites and ever-

hickening “dead Li” layer (Fig. S7a, Supporting Information). In

ontrast, the cell with housed Li displays a lower and more stable

ysteresis of 120 mV for more than 1850 h, suggesting uniform Li

tripping/plating processes and reduced “dead Li”, which is consis-

ent with the morphology observation ( Figs. 4 and S5, Supporting

nformation). 

When the current density is increased to 1.0 mA cm 

−2 and the

apacity to 1.0 mAh cm 

−2 (Fig. S7b, Supporting Information), the

oused Li exhibits a prolonged cycling time of 950 h. Detailed com-

arison of voltage profiles with bare Li, SE/Li, CF/Li and housed Li is

resented in Fig. S7(c) (Supporting Information). The overpotential

f symmetrical cells decreases orderly as bare Li, SE/Li, CF/Li and

oused Li. When the cells were tested at a graded current from

.2, 0.5, 1.0, 2.0, to 4.0 mA cm 

−2 , the symmetric cell with housed

i presents stable voltage profiles with much smaller hysteresis

han that of bare Li (Fig. S7d, Supporting Information). In particu-

ar, housed Li delivers a low overpotential of 0.15 V at 4.0 mA cm 

−2 

hereas the overpotential of the bare Li is ca. 0.30 V. It implies

hat uniform and fast ion/electron channels constructed by solid

lectrolyte layer and CF matrix are achieved on housed Li. 

Electrochemical impedance spectroscopy measurements were 

arried out to gain insight into the interface variation. The inter-

ace resistance can be estimated from the first semi-circle in high-

requency region (Fig. S8, Supporting Information). At the initial

tate, both the bare Li and housed Li exhibit a similar interfacial re-

istance of ca. 50 �. After cycling, the interfacial resistance of bare

i changes from 18 � (1st cycle) to 15 � (10th cycles), while the

nterfacial resistance of housed Li changes from 14 � (1st cycle)

o 8 � (10th cycles). We can infer that the upper solid electrolyte
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Fig. 3. Component characterizations of housed Li. (a) XRD patterns of Li, CF, CF/Li, and housed Li; (b) X-ray photoelectron spectroscopy of solid electrolyte layer; (c) The Cu 

2 p , N 1 s and F 1 s spectra of solid electrolyte layer. 

Fig. 4. Top-view and cross-sectional SEM images of cycled Li in Li | Li symmetric cell at 1.0 mA cm 

−2 and 1.0 mAh cm 

−2 . Bare Li after (a, b) 10 cycles and (c, d) 50 cycles. 

Housed Li after (e, f) 10 cycles and (g, h) 50 cycles. 
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layer in housed Li contributes to rapid charge transfer and elec-

trochemical activation favors the mature of solid electrolyte layer.

Inner CF matrix also plays vigorous role in providing highways for

ion/electron transmission to reduce the resistance. 

The housed Li is further evaluted in full cells. Housed Li |

LiFePO 4 coin cell displays a high reversible capacity of 135 mAh

g −1 with high capacity retention ( > 95%) at 1.0 C for 500 cycles
 Fig. 5 a, b), which is much better than bare Li (100 mAh g −1 af-

er 238 cycles), SE/Li (100 mAh g −1 after 295 cycles), and CF/Li

100 mAh g −1 after 370 cycles). The morphology evolution of an-

des affords a corroborating evidence. Flat surface and integral

ross section are maintained after 100 cycles on house Li, but

roken and uneven morphology is exhibited by bare Li (Fig. S9,

upporting Information). When replacing the FEC/LiNO 3 electrolyte
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Fig. 5. Cycling stability of full cells with different anodes. Maintained capacity, coulombic efficiency and corresponding voltage profiles in (a, b) coin cell (cycling at 1.0 C 

after one cycle at 0.1 C) and (c, d) pouch cell (cycling at 0.5 C after one cycle at 0.05 C). 
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ith a commercial carbonate electrolyte (1.0 M LiPF 6 in EC/DEC),

imilar cycling trend is observed (Fig. S10, Supporting Information).

he cell with housed Li gains a prolonged lifespan of 225 cycles,

hereas the cell with bare Li exhibits a short lifespan of 150 cy-

les at the same capacity retention of 80%. 

Towards practical application, a 0.45 Ah housed Li | LiFePO 4 

ouch cell with stacked electrodes was assembled (Fig. S11, Sup-

orting Information) and test at 0.5 C rate. Remarkably, the corre-

ponded current (0.152 A), which is far greater than that in coin

ell, can lead to a worse non-uniform current density distribution

n the electrode. As shown in Fig. 5 (c, d), the cells with housed Li

xhibit a reversible capacity of 143 mAh cm 

−2 and a high capacity

etention of 85% after 80 cycles, demonstrating a superior stability

n practical application. 

A housed Li anode possessing upper solid electrolyte layer and

ottom CF matrix is constructed. Based on aforementioned results,

his housed Li can effectively eliminate Li dendrites and well con-

ne volume change, and thus exhibits superior stability and pro-

onged cycling life in Li | Li symmetrical cell and Li | LiFePO 4 full

ell. 

These impressive electrochemical performances are explained

rom two aspects: (1) Reasonable combination of ion/electron

hannels. When nonuniform Li ion flux reaches the anode, it firstly

asses through a solid electrolyte layer with high ion conductivity

nd outstanding mechanical stability, and thus is accelerated and

omogenized. Subsequently, this uniform ion flux enters into the

orous matrix with superior electron conductivity, rapidly obtain-

ng electrons and depositing without Li dendrite. Conclusively,
mall polarization of 60 mV for housed Li after 1850 h (250 mV

or bare Li after 1600 h at 0.5 mA cm 

−2 ) is displayed. (2) Stable

tructure. The solid electrolyte layer, covering the surface of Li,

ffectively insulates metallic Li from the electrolyte, reducing

nnecessary consumption of active materials and electrolyte. The

nner matrix not only affords enough space for accommodating Li

etal but also guarantees the integral structure from collapsing,

ignificantly confining volume expansion (a dead Li layer with

 μm for housed Li but 20 μm for bare Li after 50 cycles). Thanks

o the protection of upper solid electrolyte layer, matrix suc-

essfully overcomes its inevitable defect, i.e., high active surface

rea causes copious SEI formation/side reaction during cycling. In

eturn, stable structure maintained by matrix gently jacks up the

E without breaking. They both contribute to the high capacity

etention ( > 95% after 500 cycles) in housed Li | LiFePO 4 full

ells. 

Furthermore, the fabrication method developed herein involves

oll press and solution treatment, which are of the potential to

e practically applied. On one hand, this preparation process is

perable and facile at room temperature, while other thermal

nfusion method must operate at high temperature (more than

80 °C) and may induce a potential safety hazard [47–50] . On

he other hand, the fabrication of housed Li is compatible to roll

o roll large-scale and continuous fabrication processing, paving

he way for industrial production. Therefore, based on the facile

abrication and superior role in extending the lifespan of LMBs,

he strategy proposed here can present fresh insights into the

ractical applications of Li metal anode in LMBs. 
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4. Conclusions 

A housed composite Li anode with rapid ion/electron transport

channels and stable structure was designed. The carbon fiber ma-

trix and solid electrolyte layer are integrated into one Li metal an-

ode through the facile roll press and solution-based methods. The

upper solid electrolyte layer protects Li metal from the corrosive

electrolyte and promotes homogeneous Li ion distribution, while

bottom CF matrix with stable structure affords enough voids and

electron highway for Li ion diffusion. As a result, both dendrites

and volume expansion are significantly inhibited. The cells using

housed Li present prolonged lifetime (1850 h at 0.5 mA cm 

−2 and

950 h at 1.0 mA cm 

−2 ) in Li | Li symmetrical cell and high capacity

retention ( > 95% after 500 cycles in coin cell and 85% after 80 cy-

cles in pouch cell) in Li | LiFePO 4 full cell further demonstrates the

superior stability of housed Li. The alliance of solid electrolyte and

matrix is a promising strategy to achieve stable and safe Li metal

anodes for LMBs with high energy density. 
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