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A B S T R A C T

Many lithium (Li) metal anodes reported so far have been prepared by electrodeposition of Li on current col-
lectors, for which sacrificing cells are needed in the practical applications. In this work, Li foils are compressed
with various carbons such as reduced graphite oxide (rGO), activated microwave exfoliated GO (aMEGO) and
activated carbon (AC) by rolling press, resulting in C/Li composites for Li metal anodes. The electrochemical
evaluations show that all the three composite anodes are cyclable for 1500 h at a current density of 10mA cm�2

for a capacity of 10mA h cm�2. Specifically, the rGO/Li anode shows relatively lower overpotentials and more
stable cycling performance than the other two. Characterizations indicate that the high pore volume and the
moderate pore size of the rGO powder benefit the Li migration and the tolerance to volume change during Li
plating/stripping, demonstrating a more stable electrode-electrolyte interface in the cycling. The study provides a
potentially scalable and cost-effective strategy for the production of high-performance Li metal anodes.
1. Introduction

Conventional graphite anodes for lithium (Li) ion batteries cannot
meet the future high energy-density demand due to the limited theo-
retical capacity. Alternatively, the Li metal is considered as an ideal
candidate for anodes owing to the large theoretical capacity
(3860mA h g�1), low redox potential (�3.04 V vs standard hydrogen
electrode) and low density (0.534 g cm�3) [1]. However, the nearly
infinite relative dimensional change and unstable solid electrolyte
interphase (SEI) result in the formation of Li dendrites and the deterio-
ration of Coulombic efficiency (CE) with cycling, which may cause sig-
nificant issues related to safety and cycling life when the bare Li metal is
directly used as anodes [2]. To solve above problems, strategies have
been recently developed via 1) pre-forming stable SEI films [3–7] or
‘repairing’ the unstable SEI films by adding stabilization agents into
electrolytes [8,9], and 2) accommodating metallic Li into proper hosts to
prevent the random yet continuous growth of Li dendrites and mean-
while to alleviate the volume change [10–16]. In the proceedings
mentioned above, many Li metal anodes reported so far have been
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prepared by the electrodeposition of Li ions on current collectors, for
which sacrificing cells are needed for the preparation of Li composites,
complicating the use of Li metals in practical applications [4]. Finding
methods to pre-store high-fraction Li is essential to develop practical Li
metal anodes compatible to production procedures.

One method has focused on the thermal infusion of molten Li. It has
been reported that, infusing molten Li into “lithiophilic” hosts, such as
reduced graphene oxide (rGO) [10], ZnO-coated polyimide [17],
silicon-coated carbon fiber networks [18] and Ag-coated carbon fibers
[19], would induce uniform Li deposition, leading to the low over-
potentials and small volume changes. For most of materials, however,
their relatively weak binding with Li leads to poor lithiophilicity,
excluding them as candidates for hosting Li [10]; the surface modulation
has also complicated the preparation. In another strategy a
spray-painting has been utilized to coat materials such as rGO on Li as an
artificial SEI [5], but the preparation of the homogeneous painting sus-
pension involved the solvent processing based on volatile N-methyl--
pyrrolidone [5] or tetrahydrofuran [4].

Apart from above techniques, a rolling press has been recently
& Department of Materials Science and Engineering, University of Science and

019

mailto:zhuyanwu@ustc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2019.07.044&domain=pdf
www.sciencedirect.com/science/journal/24058297
www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2019.07.044
https://doi.org/10.1016/j.ensm.2019.07.044
https://doi.org/10.1016/j.ensm.2019.07.044


N. Shu et al. Energy Storage Materials 24 (2020) 689–693
reported as a simple mechanical method to fabricate Li composites
[20–22]. For example, Yang et al. compressed various layered materials
such as Ti3C2 MXene, graphene and BN with Li foils, among which Ti3C2
MXene demonstrated the ability to restrict the growth of Li dendrites
along the nanoscaled gaps between layers, thus preventing their vertical
growth to pierce the separators [20]. In observation of the high density of
MXene, lighter carbon materials provide low density yet excellent me-
chanical strength under the redox environment in Li metal batteries [10,
23]. Cho et al. investigated the effect of doping on the performance by
rolling press of Li with various graphene materials such as rGO,
phosphate-functionalized rGO (PrGO) and nitrogen-doped rGO (NrGO),
reaching a conclusion that the performance of PrGO is better than NrGO
or rGO, as PrGOmay stabilize the Li migration by the favored interaction
between Li and pyro-/metaphosphates and phosphorus species [21].
Other factors like pore size and surface area of the host affect the per-
formance of Li composite anodes as well [11,24]. For instance, Guo et al.
found that three-dimensional (3D) Cu foam with a pore diameter of
170 μm did not suppress Li dendrites, while that with a pore diameter of
2.1 μm could effectively accommodate Li deposition without demon-
strating uncontrollable growth of Li dendrites [25]. Hence, to use carbons
as media to host Li in rolling press, optimized morphology and micro-
structure of the carbons are desired to achieve high-performance Li-metal
anodes.

Herein, we prepare the carbon/Li composites by using different car-
bons such as rGO, activated microwave exfoliated GO (aMEGO) and
activated carbon (AC) in rolling press (resulting in samples noted rGO/Li,
aMEGO/Li, AC/Li, respectively), to investigate the effect of carbon
structure on the performance of the composite anodes. It is found that all
the three composite anodes are cyclable for 1500 h for a high capacity of
10 mAh cm�2. Among them, the rGO/Li anode shows relatively lower
overpotentials and more stable cycling than the other two. Character-
izations indicate that rGO are able to effectively accommodate Li during
plating but the pores in aMEGO or AC which range between 1 and 4 nm
may be too small to host Li and thus a large fraction of Li deposits on the
surface of these two carbons rather than into the pores.

2. Experimental section

2.1. Preparation of carbon (rGO, aMEGO, AC)/Li electrodes

Commercial rGO, aMEGO (both purchased from The Sixth Element
(Changzhou) Materials Technology Co., Ltd., China) or AC (purchased
from Sinopharm Chemical Reagent Co., Ltd., China), and Li circular
plates (thickness: 460 μm, diameter: 16mm, purchased from Wuhan
Newthree Technology CO., Ltd., China) were used to prepare the carbon/
Li composites. The rolling aperture of the roller (Jingyineng Lithium
Electric Equipment Co., Ltd., China) can be tuned from 10 μm to 2 cm.
Fig. 1. (a) Schematic of the synthesis of carbon (rGO, aMEGO, AC)/Li composite ano
μm. White dots are due to the oxidization of Li exposed to ambience. Top view SEM
AC/Li (5Liþ6AC).
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The rolling preparation was performed in an argon-filled glove box with
O2 content less than 0.1 PPM and H2O content less than 0.1 PPM.

The preparation of carbon (rGO, aMEGO, AC)/Li composites is briefly
illustrated in Fig. 1a. Li plates were firstly weighed and recorded exactly.
Then, ~1.5 mg of carbon powder was manually distributed on the sur-
face of a fresh Li plate, and the carbon coated plate was gently hand-
pressed for binding the carbon with Li, resulting in sample called
1Liþ1C. The same amount of carbon powder was placed on the fresh Li
surface (without carbon) of 1Liþ1C and the plate was gently hand-
pressed again, forming a sample 1Liþ2C. After that, another 1Liþ1C
sample was gently hand-pressed for binding with 1Liþ2C by facing the
fresh Li side of 1Liþ1C to 1Liþ2C. By repeating the process, a stacking of
nLiþ(nþ1)C was obtained. Finally, the nLiþ(nþ1)C stacking was roll-
pressed to the thickness desired. The carbon content of carbon (rGO,
aMEGO, AC)/Li composites was determined by subtracting the mass of Li
from the mass of total electrodes. The electrodes were punched into
cycloidal electrodes, all with a diameter of 10 mm and then assembled in
CR2032 coin cells.
2.2. Characterizations

The morphology of samples was characterized by scanning electron
microscopy (SEM, Hitachi, SU8200, Japan). The composition of samples
was evaluated by Fourier transform infrared spectroscopy (FTIR, Thermo
Nicolet, NICOLET 8700, America),X-ray Diffraction (XRD, Rigaku, D/
max-TTR III, Japan) and the X-ray photoelectron spectroscopy (XPS,
Thermo-VG Scientific, ESCALAB 250, USA). N2 adsorption/desorption
isotherms were measured with a Quantachrome Autosorb-IQ apparatus
(USA).
2.3. Electrochemical measurements

CR2032 coin cells were assembled in an argon-filled glove box using
the carbon (rGO, aMEGO, AC)/Li composites with 460 μm thickness as
the working electrodes, as-purchased Li foils (Wuhan Newthree Tech-
nology CO., Ltd., China) with 460 μm thickness as the counter/reference
electrodes to evaluate the cycling stability. Symmetrical CR2032 coin
cells were separately assembled with the carbon (rGO, aMEGO, AC)/Li
with 100 μm thickness to evaluate the cycling stability. 1 M lithium
bis(trifluoromethanesulfonyl)imide in 1,3-dioxolane (DOL)/1,2-dime-
thoxyethane (DME) (1:1 w/w) with 2wt% lithium nitrate was used as
electrolyte. For the long-time cycling test, the batteries were plated/
stripped at 10mA cm�2 for 1 h.

3. Results and discussion

Taking rGO/Li (5Liþ6rGO) as an example, after carbon coating and
des. (b) Optical image of rGO/Li with size of 6 cm � 12 cm and thickness of 100
images of (c) Li, (d) rGO/Li (5Liþ6rGO), (e) aMEGO/Li (5Liþ6aMEGO), and (f)
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rolling press the originally shiny Li plate was uniformly covered with a
layer of dark rGO powder, as shown in the optical image in Fig. 1b. The
top view SEM image of Li (Fig. 1c) shows that the surface is nonuniform
with steps, while Fig. 1d reveals that carbon flakes are dispersed on the
surface of rGO/Li, and Fig. 1c and d reveal that the surface of Li is coated
with a more compact carbon layer for aMEGO/Li and AC/Li. The cross-
sectional SEM images (Fig. S1, Supporting Information) disclose the
multi-layered distribution of the carbon in the composite foil. The energy
dispersive spectroscopy (EDS) image, taken in the SEM, shows the ho-
mogenous dispersion of C on the surface (Figs. S2, S3, and S4, Supporting
Information). On the other hand, oxygen was detected from EDS, which
could be introduced from the oxidization of Li and/or the carbon re-
sources, as Fourier transform infrared spectroscopy (FTIR) spectra
(Fig. S5, Supporting Information) show that rGO, aMEGO and AC contain
O–H (3400–3600 cm�1) and C–O (1000–1260 cm�1) groups [10]. X-ray
photoelectron spectroscopy (XPS, Fig. S6 in Supporting Information)
shows that the atomic content of O in aMEGO, rGO and AC is 1.83%,
7.08% and 16.05%, respectively. Previous reports mentioned that the O
content in carbon is beneficial to inducing uniform Li deposition [10,20].
The X-ray diffraction (XRD) patterns (Fig. S7, Supporting Information)
indicate the carbon is mostly amorphous and the Li maintains its struc-
ture in the composite.

In order to understand the dependence of carbon content in the
composites on the layer number n in the nLiþ(nþ1)C stacking, rGO/Li
composites with the same thickness of 100 μmbut from different initial Li
layer numbers have been fabricated. As shown in Fig. 2a, the carbon
content gradually decreases from more than 11%–~7% as the layer
number increases till 8. It is worth noting that the rolling press to 100 μm
would be challenging for more Li layers due to the rolling hardening of Li
foils. In order to elaborate the effect of n in nLiþ(nþ1)C in terms of Li
migration, symmetrical cells were assembled using 3Liþ4rGO,
4Liþ5rGO, 5Liþ6rGO, or 6Liþ7rGO all with 100 μm thickness as the
electrode, respectively, and the electrochemical impedance spectroscopy
(EIS) was carried out. As shown in Fig. 2b and Table S1 (Supporting
Information), the interface resistance decreases as the layer number in-
creases, indicating the faster kinetics of Li migration and the better
interface in the composites [26]. Because of higher degree of Li rolling
pressure for the more Li layers but with the same final thickness, the
carbon would be dispersed more uniformly in the composites. Thus, the
Li/C interface could be more stable in the composites frommore initial Li
layers, leading to the lower energy barrier for Li migration. In the
following, 5Liþ6C and 10Liþ11C were chosen for the systematical
studies. But due to the rolling hardening mentioned above, 10Liþ11C
was prepared for the final thickness of 460 μm. The density of 5Liþ6C
and 10Liþ11C has listed in Table S2 (Supporting Information).

To evaluate the cycling performance of the carbon/Li composite an-
odes, the voltage variation was monitored during the Li plating/stripping
Fig. 2. (a) Relationship between carbon content and layer number for 100 μm rGO/L
6, respectively. Inset shows the corresponding equivalent circuit model for fitting.
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in half cells made of the composite anodes. Fig. 3a shows the voltage
profiles of rGO/Li, aMEGO/Li and AC/Li anodes with the thickness of
460 μm.When a high current of 10mA cm�2 is used for a cycling capacity
of 10mA h cm�2 (corresponding to a Li utilization of ~11.2%, 13.2% or
12.9% in rGO/Li, aMEGO/Li or AC/Li, respectively), the rGO/Li anode
exhibits a low overpotential of ~100mV for 1500 h, while the aMEGO/Li
and AC/Li anodes show an overpotential of ~250mV under the same
measurement conditions. In contrast, the bare Li anode shows fluctuant
voltages with a much larger overpotential of > 500mV (Fig. S8, Sup-
porting Information). When the Li utilization is increased to ~54.9% as
in the 100 μm-thick carbon/Li composite anodes, rGO/Li remains stable
with a low overpotential of ~200mV for 1800 h (Fig. 3b). Under the
same conditions, the aMEGO/Li anode with a Li utilization of 58.3%
behaves like a random oscillation while the AC/Li anode with a Li uti-
lization of 63.5% shows a much larger overpotential (~400mV) and
eventually a short circuit after 500 h. The superior electrochemical per-
formances of rGO/Li can also be supported by the electrochemical
impedance spectra. As shown in Fig. 3c and d, the 460 μm rGO/Li ǁ Li cell
displays an interface resistance of 0.41Ω, which is much lower than 5.19,
7.09 and 27.57Ω for the 460 μm aMEGO/Li ǁ Li, 460 μm AC/Li ǁ Li and
460 μm Li ǁ Li cells, respectively (please see Fig. S9 and Table S3, Sup-
porting Information for the fitting and parameters). The 100 μm rGO/Li
symmetrical cell also displays the lowest interface resistance of 70.17Ω,
compared to the 100 μm AC/Li (112.70 Ω) and 100 μm aMEGO/Li
symmetrical cells (106.10 Ω) (Table S3, Supporting Information).

To further understand the mechanisms for the different performances
of carbon/Li composite anodes, N2 adsorption-desorption isotherms of
rGO, aMEGO and AC were compared. As shown in Fig. 4a, the adsorption
and desorption curves of AC are completely overlapped, exhibiting
microporous structures. A sharp rise in the adsorption curves of aMEGO
and AC observed below P/P0¼ 0.05, indicates the existence of a large
number of micropores, and the constant rise of the isotherms in the
relative pressure range of 0.1–0.4 implies the presence of an appreciable
amount of mesopores. The hysteresis loop extending from P/P0¼ 0.5 to
0.95 of rGO and from P/P0¼ 0.4 to 0.6 of aMEGO, suggests the existence
of mesopores [27–29]. Although the specific surface area (SSA) of rGO
(~408m2/g) is much lower than those of aMEGO (~1850m2/g) and of
AC (~1264m2/g), the pore volume of rGO (~2.366 cm3/g) is the largest,
compared to aMEGO (~1.802 cm3/g) and AC (~0.757 cm3/g). It should
be also noted that the pores of rGO are dominated by mesopores (size >

4 nm), while aMEGO and ACmainly consist of micropores andmesopores
ranging between 1 and 4 nm (Fig. 4b). The size distribution of aMEGO is
consistent to previous studies, as the chemical activation is not merely
digesting the carbon but also dramatically restructuring the carbon to a
porous structure [30]. The morphology of rGO/Li (5Liþ6rGO) and
aMEGO/Li (5Liþ6aMEGO) after the 500th cycle of Li plating performed
at 10 mA cm�2 for 10 mAh cm�2 was investigated and the typical
i composite. (b) Nyquist plots of nLiþ(nþ1)C symmetrical cells with n of 3, 4, 5,



Fig. 3. (a) Cycling performance of carbon/Li composite anodes with a final thickness of 460 μm (obtained from 10Liþ11C), measured at a current of 10 mA cm�2 for a
capacity of 10 mAh cm�2. (b) Cycling performance of carbon/Li composite anodes with a final thickness of 100 μm (obtained from 5Liþ6C), measured at a current of
10 mA cm�2 for a capacity of 10 mAh cm�2. Nyquist plots of (c) 460 μm carbon/Li ǁ Li cells, (d) 100 μm carbon/Li symmetrical cells. Insets show the corresponding
equivalent circuit models.

Fig. 4. (a) N2 adsorption/desorption isotherms of rGO, aMEGO and AC powders. (b) Pore size distribution of rGO, aMEGO and AC powders calculated by density
functional theory model. SEM images of (c) 100 μm-thick rGO/Li anode and (d) 100 μm-thick aMEGO/Li anode after the 500th cycle of plating performed at
10mA cm�2 for 10 mAh cm�2. (e) Top view of EDS C and O elemental mapping of rGO/Li after the 500th stripping.
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cross-sectional SEM images are shown in Fig. 4c and d. From Fig. 4c we
can see that after the 500th plating, the thickness of rGO/Li anode has
slightly increased to ~105 μm from original ~100 μm, while the thick-
ness of aMEGO/Li anode significantly increased to ~150 μm (Fig. 4d). As
also can be seen from Fig. 4d, cylindric Li with a thickness of ~61 μm is
observed on the upper region of the electrode while the lower part seems
less compact compared to the upper part. These results suggest that the>
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4 nm pores in rGO are able to effectively accommodate Li during
repeated plating but the pores in aMEGO may be too small to host Li and
thus quite much fraction of Li has been deposited on the surface of
aMEGO rather than into the pores. The SEM images in Fig. S10 (Sup-
porting Information) show that AC has pores with a size of ~2 μm, which
may also benefit to effectively accommodating Li deposition and explains
why AC/Li shows more stable overpotentials than aMEGO/Li for the
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situations with the high Li utilization in Fig. 3b [25]. Besides, ‘lith-
iophilic’ layered rGO with nanoscaled gaps might also help to stabilize
the Li plating by the spacing limitation effect [10]. Fig. 4e and Fig. S11
(Supporting Information) show that, after 500 cycles the carbon distri-
bution remains uniform on Li surface, indicating that the top-coated rGO,
AC or aMEGO layer provides an electrochemically and mechanically
stable artificial interface that plays a role in stabilizing the as-formed SEI
[3,5,10,20]. Generally, rGO acts as both host and artificial interface to
stabilize Li, while AC and aMEGO can not efficiently host Li in plating.

Finally, full coin cells have been assembled with LiNi0⋅5Co0⋅2Mn0⋅3O2
(NCM 523) as cathode, and 100 μm rGO/Li (5Liþ6C) or 100 μm Li as
anodes to demonstrate the feasibility of the composite anodes for ap-
plications. As shown in Fig. S12 (Supporting Information), the full cell of
100 μm rGO/Li ǁ NCM 523 retains a specific capacity of 99.6 mA h/g
(67.2% of the first cycle) with a Coulombic efficiency of 99.2% after 100
cycles at 0.5C. Under the same conditions, the cell assembled with 100
μm Li foil as the anode delivers a specific capacity of 64.8 mA h/g (44.3%
of the first cycle) with a Coulombic efficiency of 96.7% after 100 cycles.
Although the full cells need further optimization, the preliminary com-
parison confirms that the rGO/Li (5Liþ6rGO) electrode performs better
than the bare Li with the same thickness when being used with NCM 523
in terms of capacity retention and rate capacity.

4. Conclusion

In summary, we have fabricated carbon-modified Li metal anodes by
rolling press, which can be considered as a facile and effective way to pre-
store Li for scalable production. The composite anodes demonstrate high
areal capacity of 10 mAh cm�2 cyclable at high current density of
10mA cm�2 for 1500 h. Among the carbons investigated, the rGO/Li
anode shows the lower overpotentials and the more stable cycling per-
formance than the other two. The superior electrochemical performance
of rGO/Li anode is attributed to the high pore volume and moderate
pores size of rGO, which could accommodate the volume change. The
rational design of Li-metal anodes by rolling press may promote the
realization of scalable production of high-performance Li metal batteries.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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