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stripped within massive artificial
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High Coulombic efficiency is

achieved for the graphite-Li-metal

hybrid anode
Graphite has long been the most used commercial anode material in Li-ion

batteries. However, it has a limited Li intercalation capacity of 372 mAh g�1, which

cannot meet the increasing energy demand for Li-ion batteries. Here, we propose

massive artificial graphite as a host material for the controlled deposition and

stripping of Li metal within the internal space of the particles and demonstrate the

surprisingly good electrochemical performance of such hybrid graphite-Li-metal

anodes.
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The Bigger Picture

Lithium (Li)-ion battery

technology has touched almost

every aspect of our daily lives.

Exploring new phenomena on

existing electrode materials could

offer many practical avenues for

achieving high-energy-density

Li-ion batteries. Graphite, the

most commonly used

commercial anode material, has a

limited Li intercalation capacity

(372 mAh g�1). In this work, we

show that massive artificial
SUMMARY

The drive to achieve high-energy-density lithium (Li)-ion batteries has attracted

a tremendous amount of effort in the design of new materials. Although new

electrode materials may take years, if not decades, to mature before they can

become compatible with other components of Li-ion battery technology,

exploring new phenomena on the existing electrode materials could offer

many practical avenues for improving the existing technology. In this study,

we report a convenient method of overcoming the capacity limit of conven-

tional graphite anodes by reversibly plating and stripping Li metal within

the internal space of massive artificial graphite particles. With a controlled

specific capacity (744 mAh g�1) twice that of the state-of-art for graphite,

we obtained stable charge-discharge cycling with a high Coulombic efficiency

of �98.4% over more than 50 cycles at 0.2 C (74.4 mA g�1) in a carbonate

electrolyte.
graphite electrodes with internal

space within the particles allow

stable Li-metal plating and

stripping without the formation of

Li dendrites. This entrapment of Li

metal within the particles,

together with the lithiation of

graphite, allows the commercial

anode to have a much higher

specific capacity while

maintaining a high Coulombic

efficiency. Thus, the hybrid Li-

storage mechanism of

intercalation and plating,

combined with a rational structure

design for graphite, could be a

promising strategy for tackling the

intrinsic problem of low specific

capacity in current commercial

anodes.
INTRODUCTION

Graphite has long been the most used commercial anode material in lithium

(Li)-ion batteries as a result of its high stability and low cost. However, because

of a limited Li intercalation capacity (LiC6, 372 mAh g�1), it cannot meet the

steadily increasing energy demand in many emerging applications, such as electric

vehicles.1 In the past 10 years, a lot of effort has gone into the development of

alternative high-capacity anode materials beyond graphite, such as Si2 and

recently re-emerging Li metal.3

With the highest specific capacity (3,860 mAh g�1) and lowest potential, Li metal is

the holy grail of rechargeable batteries and was first studied nearly half a century

ago.4–9 In the mid-1970s, the Li battery was first developed by Exxon using bare Li

metal as the anode and TiS2 as the cathode.4 An Li-MoS2-type battery was manufac-

tured by E-One Moli Energy as the first commercially available rechargeable Li po-

wer source.10,11 However, as a result of its ‘‘hostless’’ nature during electroplating

and stripping and a poorly controlled Li-electrolyte interface, Li metal has the disad-

vantage of the continuous formation of a highly resistive solid electrolyte interphase

(SEI) and the growth of Li dendrites, and hence has inferior electrochemical perfor-

mance and safety issues.12–14 In the past decade, a great deal of research has been

carried out to understand and control the process of Li-metal plating and strip-

ping.15–20 Various strategies, including exploring new electrolytes and electrolyte

additives,21–30 polymer and ceramic solid electrolytes,31–33 nanoscale interfacial en-

gineering on electrodes,34–37 and three-dimensional (3D) current collectors,38–42

have been successfully applied, but all the problems with building a viable Li-metal

anode for practical application have not yet been solved.
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Figure 1. Illustration of Different Types of Graphite with Li-Metal Deposition

(A–D) Schematic illustration of (A) 2D graphite flakes and (B) MAG particles before and after Li-

metal deposition and SEM images of (C) 2D graphite flakes and (D) MAG particles.

(E) A cross-sectional SEM image showing the internal pore space in the MAG particle.
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Here, we propose graphite as a host material for the controlled deposition of Li

metal and demonstrate the surprisingly good electrochemical performance of

such hybrid graphite-Li-metal anodes. Graphite is a known material and would

have a positive impact on battery applications if we are successful. However, there

have been no clear studies on how Li metal deposits on graphite and the electro-

chemical dependence of Li deposition on different types of graphite. Although it

is common knowledge that plating Li metal onto graphite during overcharge, fast,

or low-temperature charging of batteries is a major safety issue, we believe that

re-examining how Li metal is plated onto graphite could offer the opportunity of

making graphite anodes safer and enabling Li-metal anodes.

The following features can make the concept of a graphite-Li-metal hybrid anode

attractive and have a reasonable scientific basis. (1) During battery charging, Li

ions would intercalate between graphene planes up to 372 mAh g�1 at a potential

of 0.01–0.3 V versus Li. Beyond this capacity, Li metal starts to plate outside of

graphite. It is well known that the edge planes of graphite are much more electro-

chemically active than the basal planes.43–45 It was discovered that Li metal plates

preferentially from the edge of graphite (see Figure S1). (2) Over the past decades,

research on Li-ion batteries has created a number of morphologies for graphite, for

example, natural graphite in the formof large two-dimensional (2D) flakes (Figure 1A,

schematic drawing) and synthetic graphite in the form of massive artificial graphite

(MAG), which consists of 3D packing of small 2D graphite flakes into a secondary

particle (Figure 1B, schematic drawing). As shown in a scanning electron microscopy

(SEM) image (Figure 1C), the 2D graphite flakes we investigated showed wide x-y di-

mensions (2–50 mm) parallel to the basal planes and a small z dimension perpendic-

ular to the basal planes. Secondary micrometer-sized particles consisting of 3D

packing of small 2D graphite flakes were observed for the MAG particles (Figure 1D;

see also Figure S2). The small 2D graphite flakes within the MAG particles were

packed with enormous quantities of edge planes (c dimension) (see Figure S2).

The existence of internal pore space among the small 2D graphite flakes was

confirmed by a cross-sectional SEM image of a MAG particle (Figure 1E). When Li

metal was electroplated onto the 2D graphite flakes, it nucleated at the edge planes

and grew outward toward organic electrolyte to directly form filaments and den-

drites (Figure 1A, schematic drawing). However, it would be different for MAG

because the surface of MAG particles is mainly in the basal plane, and the interior

structure has many edge planes and some empty space. Li-metal deposition would
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preferably take place inside individual MAG particles, reducing direct contact with

organic electrolyte (Figure 1B, schematic drawing). This would reduce the chance

of Li-metal dendrite formation as well as the side chemical reaction with electrolyte.

If we control the Li-metal capacity, it may be possible to fit all the deposited Li metal

into the empty space inside individual MAG particles without growing out.
RESULTS

Characterizations of MAG Electrodes upon Li-Metal Deposition

The behavior of electrochemical Li-metal deposition for MAG particles and 2D

graphite flakes was characterized in detail. Figures 2A–2C show the SEM images

of the MAG and 2D graphite-flake electrodes after galvanostatic Li deposition

with twice the specific capacity of conventional intercalation for a graphite anode

(744 mAh g�1), as well as a copper foil with the same amount of Li-metal deposition.

The cross-sectional SEM image of aMAG electrode shows that the graphite particles

closely stack on the copper foil (see Figure S3A). Although a rougher surface was

observed after Li deposition as a result of the formation of SEI, there were no signif-

icant morphological changes before or after Li deposition (Figure 2A; see also Fig-

ures S3A and S3B), suggesting that Li plating happens inside the internal space of

the MAG particles without the formation of Li dendrites on the surface of or inside

the electrodes. We found a pronounced difference between the morphology of

2D graphite-flake electrodes after Li deposition and that of the MAG electrodes.

Li dendrites formed easily on the surface of 2D graphite electrodes with large 2D

graphite flakes without internal Li-storage space (Figure 2B). As controlled samples,

Li deposition on copper-foil and carbon-black electrodes was also carried out. A

large number of Li dendrites were clearly observed on the surface of the copper-

foil and carbon-black electrodes (Figure 2C; see also Figures S3C and S3D).

Figure 2D shows the potential-composition trace of the initial electrochemical reaction

process for the MAG and 2D graphite-flake electrodes at a constant current density of

0.1 C (37.2 mA g�1) and a controlled specific capacity of 1,116 mAh g�1. Overall, their

charge and discharge curves are very similar. Their entire potential profiles exhibit

several specific features, which can be divided into three different sections during the

initial Li-deposition process: SEI formation, Li intercalation, and plating. A high overpo-

tential is observed for the 2D graphite-flake electrodes at the beginning of Li plating

(inset of Figure 2D), which may relate to the nucleation of Li dendrites. An ex situ

X-ray diffraction (XRD) analysis was carried out to illustrate the Li-storage mechanism

and the structural evolution of the MAG particle after galvanostatic Li intercalation

and plating (Figures 2D–2F). XRD patterns were recorded for the samples at various

stages. The corresponding cutoff capacity is indicated in the potential curve by markers

(Figure 2D). Upon the charge process, a short sloping plateau at �0.7 V was observed

first and associated with the irreversible reactions with the electrolyte and formation of

SEI. Pioneering research has been conducted on the physical chemistry andmechanism

of intercalation in graphite.46–48 There are several potential plateaus between 0.7 and

0.01 V, which can be attributed to the intercalation of Li between the graphene layers.

To provide more insights on Li intercalation into MAG particles, the galvanostatic

charge-discharge cycles for theMAGelectrodes weremeasured at a low current density

of 0.1 C using Li metal as both the counter and reference electrodes. As shown in Fig-

ure S3E, MAG typically showed three distinct potential plateaus (0.20, 0.11, and 0.07 V)

for Li intercalation on its charge curves between 0.20 and 0.01 V. These plateaus corre-

spond to two-phase coexistence regions caused by the stage transformations between

dilute stages 1 and 4, stages 3 and 2, and stages 2 and 1 of Li-graphite intercalation

compounds.48–50 A reasonable capacity of 370 mAh g�1 (95–465mAh g�1 in Figure S1,
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Figure 2. Characterizations of MAG and 2D Flake Electrodes upon Li-Metal Deposition

(A–C) SEM images of (A) MAG, (B) a 2D graphite-flake, and (C) copper-foil electrodes after Li-metal

deposition with twice the capacity of conventional intercalation for a graphite anode.

(D) Electrochemical Li deposition for MAG particles and 2D flakes.

(E and F) XRD patterns of MAG and copper-foil electrodes after Li deposition at various stages. The

dot-dash area in (E) shows the position of the strongest peak (110) of Li metal, which is magnified in

(F). After Li deposition with three times the specific capacity of conventional intercalation, the MAG

electrode exhibited a very weak and broad peak of Li metal. A much stronger and sharper peak for

Li metal was observed for the copper foil after plating the same amount of Li.
corresponding to LiC6) was obtained for MAG at 0.1 C during Li intercalation

into theMAGparticles.When a cell was further charged beyond LiC6 stoichiometry (372

mAh g�1) to Li2C6 (LiC6 + Li: 744mAh g�1) and Li3C6 (LiC6 + 2Li: 1,116mAh g�1), a long

potential plateau at ��0.01 V was observed as a result of the plating of Li metal in the

graphite electrode. Adjusting the plating time could control the total content of depos-

ited Li. Figures 2E and 2F show the ex situ XRD spectra of the electrodes corresponding

to the four stages with different amounts of Li intercalation and plating (x in LixC6): (1) C,

(2) LiC6, (3) Li2C6, and (4) Li3C6. Significant broadening and reduced intensity were

observed for the (110) peak of Li metal in (3) Li2C6 and (4) Li3C6, indicating the nanocrys-

talline nature. The appearance of the Li-metal signature confirms Li-metal plating as the

primary reaction mechanism after intercalation of Li between the graphene layers. In
290 Chem 1, 287–297, August 11, 2016



particular, confined by the small and isolated space within the MAG particles, large Li-

metal crystallites do not grow. For comparison, there was a much stronger signature of

Li metal after the same amount of Li was plated onto a copper foil because of a much

larger crystallite size (Figures 2E and 2F). Moreover, the Li metal in (3) Li2C6 and (4)

Li3C6 could be stripped, and the Li in (2) LiC6, (3) Li2C6, and (4) Li3C6 could also be de-

intercalated reversibly. All the product at various stages could be fully recharged back to

graphite (see Figure S3F).
MAG Electrodes with Different Total Li-Metal Capacity and Current-Density

Dependence

Investigationswere carriedout to examinehowmuchLimetal candeposit onMAGelec-

trodes and the relationship between different current densities and the formation of Li

dendrites.Themorphologyof theMAGelectrodesaftergalvanostatic Li depositionwith

a controlled capacity of 744, 930, and 1,116 mAh g�1 at 0.2 C (74.4 mA g�1) are

compared in Figures 3A–3C. We did not observe Li-metal growth with a controlled

capacity of 744 mAh g�1 (twice the capacity of graphite intercalation, Figure 3A). To

further investigate the pores within MAG particles before and after Li deposition, we

performeddual-beam focused ionbeam (FIB) analysis andcross-sectional SEMbyusing

an FEI Helios 600i FIB/SEM system. A focused gallium-ion beam was used for vertical

dissection at the desired locations of MAG particles and MAG electrodes before and

after Li deposition. As a result of themelting andmergingof theporesduring themilling

process, only big pores remained, as shown in the images. As observed from the cross-

sectional SEM imageofMAGparticles (Figures1EandS3G), the remainingpore volume

was�25%.After Li deposition, the pores were almost filled (Figure S3H). However, as Li

continued to plate, Li dendrites grew out of the MAG electrode after the deposition of

2.5 times the intercalation capacity (930 mAh g�1 based on the mass of graphite, Fig-

ure 3B). Furthermore, with three times the capacity of graphite intercalation, islands

of Li dendrites formed and interconnected with each other on the surface of the MAG

electrode (Figure 3C), similar to the Li dendrites formedon the surface of a carbon-black

electrode (see Figures S3C and S3D). SEM images of theMAGelectrodes after Li-metal

deposition at 0.4 and 0.6 C with a controlled capacity of 744 mAh g�1 were also exam-

ined (Figures 3D and 3E). When the current density increased to 0.4 C, a number of Li

dendrites were observed on the surface of the MAG electrodes. Because of the limited

rate capability of graphite, the growth of Li dendrites on the surface of the electrodes

was facilitated when the charging current density increased. The growth of Li dendrites

may decay battery performance during cycling andmay cause safety issues. Li metal or

dendrites with an open structure react with the electrolyte continuously during battery

cycling. When Li-metal plating and stripping take place without a host material or

outside a host material, the initially formed SEI cannot withstand mechanical deforma-

tion and continuously breaks and repairs during cycling. This leads to continuous

consumption of electrolyte and thus lowCoulombic efficiencyover cycling anda limited

cycle life of the Li-metal anode. In contrast, when Li metal is confined inside a host

material, the electrolyte is blocked on the outside surface of the host material and

does not come into contact with Li directly. SEI formation happens only on the outside

surfaceof thehostmaterial.After the initial formationcycles, theSEIbecomesstableand

protects the electrolyte from further decomposition. Therefore, for theMAGelectrodes

used here, we limited the rate to 0.2 C and the capacity to 744 mAh g�1.

Electrochemical Measurement of the MAG-Li-Hybrid Anode

The MAG, 2D graphite-flake, and copper-foil electrodes were cycled in a carbonate

electrolyte using Li foil as the counter electrode. A fair comparison of their electro-

chemical performance was carried out with the same mass loading of electrode
Chem 1, 287–297, August 11, 2016 291



Figure 3. MAG Electrodes with Different Total Li-Metal Capacity and Current-Density

Dependence

(A–C) SEM images of a MAG electrode after Li deposition at 0.2 C with (A) 2, (B) 2.5, and (C) 3 times

the capacity of conventional intercalation. After deposition of 2.5 times the Li intercalation

capacity, Li dendrites grew out of the MAG electrode. Islands of Li dendrites formed and tended to

interconnect with each other on the surface of the MAG electrode with three times the capacity of

graphite intercalation.

(DandE) SEM imagesof theMAGelectrodes after Li deposition at (D) 0.4 and (E) 0.6Cwith twice thecapacity

of conventional intercalation.When the current density increased to 0.4C, Li dendriteswere observedon the

surface of MAG electrodes. Thus, at more than twice the Li intercalation capacity, the interior space of MAG

was not enough to hold the Li metal, and the dendrites came out. On the other hand, even with enough

interior space, Li dendrites grewout from theMAGwhen the current increased to 0.4 C. The growth of the Li

dendrites was facilitated by increasing charging current densities. The current rate C was based on the

intercalation specific capacity of graphite (372 mAh g�1).
materials (MAG and 2D graphite flake) and the same amount of electrolytes, as well

as the deposition of the same amount of Li for all the electrodes. Coulombic effi-

ciency is vital for practical electrodes in rechargeable batteries and is calculated

as the extraction versus the intercalation and plating capacity. As a result of the

excess Li in the Li-metal counter electrode, the Coulombic efficiency can be used

for evaluating the active loss of working electrodes. In a conventional graphite-Li-

metal half-cell, Li can be electrochemically intercalated into the layer structure of

graphite reversibly above 0 V. Thus, a stable Coulombic efficiency above 99% was

obtained (see Figure S4A). Here, a controlled Li specific capacity of 744 mAh g�1

at 0.2 C, which is double the theoretical intercalation capacity of graphite, was
292 Chem 1, 287–297, August 11, 2016



deposited onto theMAG electrode and 2D graphite-flake electrodes. Therefore, be-

sides Li intercalation into the graphite interlayers (372 mAh g�1), another half of Li

deposited on the electrode in the form of Li metal. For the MAG electrode,

Coulombic efficiency starts at 83.4%, quickly rises to 98.4%, and remains stable

for more than 80 cycles, which is very close to the cycling obtained above 0 V (Fig-

ure 4A; see also Figure S4A). For comparison, the 2D graphite electrode exhibited a

lower Coulombic efficiency upon cycling. Its Coulombic efficiency was 91.8% at the

50th cycle, lower than the 97.5% for the MAG electrode, as a result of the formation

of Li dendrites on the surface of the electrode. With regard to the effect of current

when normalized to the actual area for Li deposition, the number of edge planes

of graphite within MAG particles reduces the local current density, which may lead

to uniform deposition of Li metal within the MAG particles and thus improve the

Coulombic efficiency. To eliminate the effect of the loss of Li metal in MAG-Li-metal

half cells, MAG-LiCoO2 cells were assembled with LiCoO2 electrodes as the counter

electrodes and Li sources. Impressively, a high Coulombic efficiency of 98.8% was

achieved even after 100 cycles (see Figure S4B). Although Li metal is known to

have very low Coulombic efficiency in carbonate electrolytes, the high Coulombic

efficiency with very low variation during cycling in MAG suggests the formation of

a stable SEI and the reduction of electrolyte decomposition. In contrast, the cop-

per-foil electrode showed a noticeable drop in Coulombic efficiency from 92.1%

to 59.9% after 50 cycles. The low Coulombic efficiency and its fast degradation

over cycling originate from the continuous reaction between Li dendrites and elec-

trolyte due to unstable SEI. The rapid decay in Coulombic efficiency is in agreement

with the continuously increasing surface area and irreversible reaction between elec-

trolyte and Li dendrites, which is totally different from that of the graphite electrode.

To examine the electrochemical performance of the graphite electrodes, we deposited

the same amount of Li metal as that of the copper foil electrode, corresponding to a

very high specific capacity of 1,116 mAh g�1 for the MAG. Although some Li metal

grew out from the electrodes (Figure 3C), the electrode still exhibited a high Coulombic

efficiency of 96.6% at the tenth cycle and remained at 95.1% after 30 cycles (see

Figure S4C), demonstrating significant improvement over the copper-foil electrode

(Figure 4A). The great improvement in Coulombic efficiency over cycling indicates that

the surface area of Li metal exposed to the electrolyte is significantly reduced and the

irreversible reaction between the Li metal and electrolyte is significantly suppressed.

The effect of the reduction in electrolyte decomposition and the formation of a stable

SEI can be confirmed by the reduction of polarization in the voltage profile of a graphite

electrodeduring cycling (Figure 4B). It was clearly observed that the voltageprofiles over

cycling coincided well at the potentials of Li intercalation and plating and extraction and

stripping after the initial cycle. The voltage for Li plating was only��30 mV in the initial

cycle (Figure 4C), whereas it was��70mV for the copper-foil electrode (Figure 4D). The

voltage for Li stripping was �25 mV in the initial cycle (Figures 4C and 4D). The voltage

hysteresis of the two electrodes over 50 cycles is shown in Figure 4E. For the MAG elec-

trode, voltage hysteresis for Li plating and stripping remained stable and was only

�42 mV after 50 cycles. Compared with the voltage hysteresis of �97 mV for the cop-

per-foil electrode, that for theMAGelectrodewasmuch smaller, indicating the low inter-

nal resistance arising from the preservation of a stable and thin SEI layer on the surface of

the MAG electrode.
DISCUSSION

In this work, we have shown that MAG electrodes with internal space within the

particles allow stable Li-metal plating and stripping without the formation of Li
Chem 1, 287–297, August 11, 2016 293



Figure 4. Electrochemical Performance of MAG-Li-Metal Hybrid Electrodes

(A) Coulombic efficiency of MAG, 2D graphite-flake and copper-foil electrodes over cycling with Li

metal as the reference and counter electrode.

(B and C) Voltage profiles of a MAG electrode for the 1st, 2nd, 5th, and 25th cycles. The voltage profile

in (B) is expanded in (C) to show �0.1 to 0.3 V.

(D) Voltage profiles for Li plating and stripping on a copper-foil electrode for the initial three cycles.

(E) Voltage hysteresis of MAG and copper-foil electrodes over cycling. The current density was 0.2 C

on the basis of the intercalation specific capacity of graphite (74.4 mA g�1).
dendrites. This entrapment of Li metal within the particles, together with the

lithiation of graphite, allows a commercial anode to have a much higher specific

capacity while maintaining high Coulombic efficiency. With a controlled capacity

of 744 mAh g�1, a MAG electrode exhibited excellent reversibility and high

Coulombic efficiency of �98.4% with stable cycling for 50 cycles. This is signifi-

cantly better than plating and stripping of Li metal onto a copper-foil counterpart,

which exhibits much larger voltage hysteresis and faster decay in Coulombic effi-

ciency as a result of the unstable SEI and the growth of Li dendrites. Because of

the instability of the SEI and the high reactivity of Li metal, Li-metal batteries

have low Coulombic efficiency in both carbonate-based electrolytes (80%–90%)

and ether-based electrolytes (90%–95%).51 Although exciting progress has been

achieved recently in research on Li-metal anodes, their Coulombic efficiency is still

low for practical application, especially in reactive carbonate electrolyte, which is
294 Chem 1, 287–297, August 11, 2016



the most widely used commercial electrolyte in the industry. The Coulombic effi-

ciency achieved here is one of the best results for Li-metal anodes to

date.34,39,52 Another important point to be noted here is that commercial carbon-

ate electrolyte was used directly in our battery testing. Therefore, our work may

have great commercial value for making existing anodes work with much higher

specific capacity far beyond the theoretical limit of traditional understanding.

Overall, the idea of engineering a graphite structure for the entrapment of Li metal

provides a promising strategy for solving the low-energy-density limit of the con-

ventional graphite anode. Further increases in Coulombic efficiency (e.g., >99.5%)

will be achieved in future work with better structure designs for graphite and elec-

trolyte additives.
EXPERIMENTAL PROCEDURES

Materials and Characterization

MAG particles and 2D graphite flakes were used as received. Morphology character-

ization was carried out using FEI XL30 Sirion SEM with a field emission gun. For

observing the electrodes after Li intercalation and plating, the working electrodes

were rinsed in dimethyl carbonate after the coin cells were disassembled in an

argon-filled glove box. These electrodes were sealed before being transferred

into the SEM chamber. XRD patterns were obtained with a PANalytical X’Pert

Diffractometer (Cu Ka radiation, l = 1.5406 Å). The electrodes for XRD measure-

ments were tightly sealed with Kapton tape in an inert atmosphere. The cross-

sectional images of the MAG particles were acquired on an FEI Helios NanoLab

600i DualBeam FIB/SEM system, which combined SEM imaging and FIB milling. A

focused gallium-ion beam was used for vertical dissection at the desired locations

to expose the interior of a MAG particle.
Electrochemical Measurements

Graphite powder, Super P carbon black, and polyvinyldifluoride (PVDF) were mixed

together in a weight ratio of 8:1:1 in N-methyl-pyrrolidone solvent. The slurries

were coated onto a copper-foil current collector by a doctor-blading method and

dried in a vacuum to form the working electrodes. A typical mass loading of the

electrodes was �2 mg/cm2. The control carbon-black electrode was fabricated

by the same procedure. The weight ratio of carbon black and PVDF in the elec-

trodes was 7:3. A copper foil was used directly as another control electrode.

Coin cells (CR2032, MTI Corporation) were assembled in an argon-filled glove

box. A Celgard 2250 membrane was used as the separator, and a Li foil (Alfa Aesar)

was used as the counter electrode and reference electrode. The electrolyte was a

solution of 1 M LiPF6 in 1:1 w/w ethylene carbonate/diethyl carbonate. The galva-

nostatic measurements were measured on a 96-channel battery tester (Arbin Instru-

ments). Galvanostatic Li intercalation and plating were carried out at a desired

capacity and current density (0.2 C based on graphite). The extraction and stripping

of Li were performed at the same current rate with a cutoff voltage of 2.5 V.

Coulombic efficiency was calculated on the basis of the capacity between interca-

lation and plating and extraction and stripping. The average voltage hysteresis was

calculated on the basis of the average value of the corresponding Li plating and

stripping plateaus.
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