Published on 19 December 2018. Downloaded on 2/18/2019 1:08:21 PM.

CHEMISTRY

' ROYAL SOCIETY
OF CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2019, 3, 339

Received 30th September 2018,
Accepted 13th December 2018

DOI: 10.1039/c8gm00499d

Chinese Chemical Society

3D hollow reduced graphene oxide foam as
a stable host for high-capacity lithium metal
anodest

Pengcheng Yao, Qiyuan Chen, Yu Mu, Jie Liang, Xiugiang Li, Xin Liu, Yang Wang,
Bin Zhu* and Jia Zhu (= *

Lithium is considered to be a promising anode material for high-energy batteries on account of its high
capacity and low potential. However, both dendritic lithium formation and very large volume changes
during cycling severely restrict its practical applications. Herein, we propose a 3D hollow reduced
graphene oxide foam as a host for prestoring lithium. Aside from the advantages of accommodating
volume change and lowering the local current density, this unique structure also provides a large host
space, one that enables lithium prestorage both outside and inside the reduced graphene oxide, in
which Li occupies ~85 weight percent of the whole composite electrode. The anode showed a
corresponding gravimetric specific capacity as high as 3280 mA h g~*. Moreover, it showed highly stable
cycling with small hysteresis at 1 mA cm™2 in the carbonate electrolyte. When it was assembled into a
full cell with NCM (Li(Nig/3Co1,3Mny/3)O5) as the cathode, the resulting battery showed good cycling
performance, having displayed 92% capacity retention (128.2 mA h g~ and appealing power capacity

rsc.li/frontiers-materials

Introduction

To meet the increasing demand for portable electronics and
electric vehicles," it is urgent to develop lithium (Li) batteries
with higher energy densities since commercial lithium-ion batteries
(LIB) are approaching their capacity limits.>” Recently, much
attention has been focused on the Li metal anode because of its
critical importance for next-generation high-performance energy
storage systems. Its high capacity (3860 mA h g ') and low
potential (—3.04 V vs. standard hydrogen electrode) make Li the
most promising anode material for Li-S and Li-air batteries.®
However, Li dendrite formation and very large volume changes
during cycling severely hinder its applications."'™® Continuous
efforts have been made to figure out the mechanism of Li
deposition and tackle the aforementioned problems.*”° These
previous strategies mainly included (1) exploiting electrolyte
additives or a new electrolyte recipe to stabilize solid electrolyte
interface (SEI) formation,'®*'™>* (2) developing a solid electro-
lyte to prevent Li dendrite penetration,”®>° and (3) engineering
an artificial SEI to inhibit dendrite growth.>*°~** Despite these
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(82 mA h g~! at 5C) after being cycled 200 times at 0.3C.

approaches having to some extent relieved Li dendrite problems,
the infinite volumetric change of Li deposition because of
“hostless” Li plating/stripping remains a severe challenge.* To
address this problem, it is necessary to build a host for prestoring
Li metal. Though electrodepositing Li in some 3D current
collector hosts in advance is an option,'® this approach is always
accompanied by uneven Li deposition and inefficient assembly.
Thermal infusion of Li into host materials is a prominent strategy
to prestore Li. Lin et al. reported that molten Li could be infused
into reduced graphene oxide (rGO), which effectively accommo-
dates the volume change of Li deposition.>® Chi et al. proposed
that Ni foam is a good host for Li infusion, and the obtained Li/Ni
composite anode demonstrated stable electrochemical cycling.*®
These studies with better performances of longer cycling stability
and higher coulombic efficiency have indicated that Li infusion
into a host is a promising method. However, compared with bulk
Li metal anode, the 3D metal host/scaffolds for Li infusion not
only occupy a very great space and weight, lowering the specific
capacity, but also exhibit uneven surfaces towards the separator,
easily leading to short circuits. It still remains a challenge to
rationally search for a stable host for thermal infusion due to the
poor wettability of liquefied Li and the instability of hosts under a
high-temperature environment.

Herein, we demonstrated the ability of hollow 3D rGO foam
to serve as a stable host for prestoring Li through the thermal
infusion method. This structural design has several advantages:

Mater. Chem. Front., 2019, 3, 339-343 | 339


http://orcid.org/0000-0002-4022-7491
http://crossmark.crossref.org/dialog/?doi=10.1039/c8qm00499d&domain=pdf&date_stamp=2019-01-04
http://rsc.li/frontiers-materials
http://dx.doi.org/10.1039/c8qm00499d
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003002

Published on 19 December 2018. Downloaded on 2/18/2019 1:08:21 PM.

Research Article

(i) the rGO foam framework offers a stable host for Li plating/
stripping,®”® efficiently diminishing the volumetric change of
Li;* (ii) rGO is a good lithiophilic material for uniform Li
infusion and deposition;*>*® (iii) the formed hollow space
inside rGO caused by etching Ni can also accept infused Li,
increasing the weight percentage of active Li in the whole
electrode, equivalently increasing the specific capacity; and
(iv) the rGO framework without Ni makes the surface relatively
uniform and supple. The formed Li/rGO composite material
serving as an electrode showed stable cycling, even after more than
60 cycles in a symmetric cell at a current density of 1 mA cm ™2, And
when it was assembled into a full cell with NCM as the cathode, it
was observed to afford good cycling performance (128.2 mA h g™*
after 200 cycles) and superb rate performance (82 mA h g~ at 5C).

Fig. S1 (ESIt) shows a schematic diagram of the process used
to fabricate the Li/rGO composite anode. The hollow 3D rGO
foam was prepared by using the GO dispersion coating method
with 3D nickel (Ni) foam as a template. The average thickness
of the Ni foam was 0.5 mm. First, the Ni foam was immersed in
the prepared GO dispersion and dried at 200 °C on a hotplate to
yield uniformly coated GO/Ni foam. Second, the obtained
GO/Ni foam structure was soaked in a mixture of sulphuric
acid (H,SO,) (20 vol%) and hydrogen peroxide (H,0O,) solution
(1 vol%) for 10 min to etch Ni and produce a freestanding and
hollow GO foam that could store more Li metal. Third, the
etched GO/Ni foam was annealed under argon and 3% hydrogen
gas mixture flow to produce 3D rGO foam. Finally, fresh Li metal
was melted at 400 °C on a hotplate, and the rGO foam was then
put in contact with the molten surface. Li started to infuse
through the structure, covering both the inner and outer surfaces
of the rGO foam and finally filled the 3D hollow structure
(Fig. 1f). Fig. 1d-f show the Li infusion process, which can be
controlled by changing the duration of contact of rGO/Ni foam
with molten Li, clearly indicating the lithiophilic property of the
obtained hollow rGO foam (Supplementary video, ESIt). Fig. 1a
shows the 3-D hollow structure of the Ni foam used as a template.
Meanwhile, Fig. 1b shows the uniform coating of GO. The final
structure of the Li/rGO composite anode is shown in Fig. 1c,
and was obtained by infusion of the melted Li into the rGO
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Fig. 1 (a—c) Optical photos of (a) bare Ni foam, (b) hollow 3D rGO foam,
and (c) Li/rGO composite anode. (d—-f) Li infusion process: (d) start of
infusion, (e) partially infused Li/rGO, and (f) fully infused Li/rGO composite
anode.
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foam template. The average weights of Ni foam/rGO before and
after infusion were 18.1 mg and 120.5 mg, respectively. The Li
metal accounted for 85 wt% of the total anode. The high mass
ratio of the Li metal can be attributed to the light weight and
porous structure of rGO and etched Ni foam where the mass of
the framework only took up ~ 15 wt% of the whole electrode. As
far as we know, this low weight value was only a bit higher than
that of pure rGO host (~8 wt%),*® and far below those of other
works. Therefore, this specific choice of the carbon-based host
material offers the possibility of fabricating high-performance
Li anodes with high energy density.

The rGO foam before melting Li was first characterized by
performing scanning electron microscopy (SEM). As shown in
Fig. 2a, GO sheets were uniformly coated on the surface of the
Ni foam. Also, GO foam was observed to keep its 3D hollow
structure after the etching treatment, and the maintenance of
this structure helped improve both the ionic conductivity and
the capacity to store Li metal. Fig. 2b shows an SEM image for
Li/rGO foam after infusion, with molten Li infused through the
structure, having covered both the inner and outer surfaces of
the rGO foam and having filled the 3D hollow structure. A view
of a cross-section of the Li/rGO foam (Fig. 2c) further revealed
that the 3D hollow structure was filled with Li and the wall
boundaries coated with Li metal. And the foam still retained its
structure after the infusion. It is worth mentioning that after Li
infusion, the Li/rGO composite anode exhibited much better
mechanical strength than did both the Li metal and Ni foam for
the purpose of being handled for cell assembly. To investigate
the effect of the annealing process on the GO/Ni foam, Fourier-
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) tests were conducted. As shown in Fig. 2d
and e, while GO/Ni foam itself yielded three small peaks at
1733 cm ™', 1585 em ' and 1245 cm ™', corresponding to the
vibrations of C—=0, C=—C and C-O, respectively, these three
peaks were not observed for the rGO/Ni foam, indicating that the
GO was indeed chemically reduced. The successful preparation of
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Fig. 2 (a—c) SEMimages of (a) GO-coated Ni foam after etching, (b) Li/rGO
foam after infusion, and (c) view of a cross-section of the Li/rGO foam after
infusion. (d) FTIR spectra of the GO-coated Ni and rGO-coated Ni foams at
4000-1000 cm™. (e) Magnified view of the FTIR spectra of the GO-coated
Ni and rGO-coated Ni foams at 2000-1000 cm™™. (f) XPS spectra of the
GO-coated Ni and rGO-coated Ni foams.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019


http://dx.doi.org/10.1039/c8qm00499d

Published on 19 December 2018. Downloaded on 2/18/2019 1:08:21 PM.

Materials Chemistry Frontiers

rGO was also clearly indicated using XPS (Fig. 2f): the area of the
XPS oxygen (O) peak of the rGO/Ni foam was much smaller than
that of the GO/Ni foam. The ratio of C:0O was calculated to be
2.70: 1 for the rGO/Ni foam and 1.96 : 1 for the GO/Ni foam, again
reflecting the reduction of GO.

To evaluate the electrochemical stability of the Li/rGO composite
anode, Li/rGO|Li/rGO symmetric cells were assembled with Li/Li
cells as control samples. Fig. 3 shows the voltage hysteresis of the
cells for 50 cycles at two different current densities, specifically 0.5
and 1 mA cm ™, but with the same area capacity of 1 mA h cm ™.
As shown in Fig. 3a, under a current density of 0.5 mA cm ™2, the
Li/rGO composite electrode exhibited more stable voltage profiles
with smaller hysteresis than did bare Li foils. The inset figures
show magnified views of the 10th and 50th cycles of the 3-D
Li/rGO symmetric cells. Compared with bare Li electrodes, Li/rGO
maintained a flat voltage platform at both the charging and
discharging process throughout the whole cycling. Also, no
obvious increases in hysteresis were found all along the line.
On the other hand, bare Li foil electrodes showed fluctuating
voltage profiles at the stripping and plating process. According to
previous reports,>* this result was due to the formation of an
unstable SEI on the surface of the Li electrode. Meanwhile, these
fluctuations can cause dendrite formation and result in poor
stability of the electrodes.

The same conclusions were reached from the data collected
when the current density was increased to 1 mA cm > (Fig. 3b)
and 5 mA cm > (Fig. S5, ESIT). That is, this confined rGO foam
framework offers a stable host for Li plating/stripping, efficiently
relieving the volumetric change of Li. The 3-D rGO framework
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Fig. 3 Galvanostatic cycling of a symmetric Li/rGO electrode (red) and
bare Li foil (black) for 200 h at current density values of (a) 0.5 mA cm™2 and
(b) 1 mA cm™~2 with the same area capacity of 1 mA h cm~2. The inset shows
the detailed voltage profiles of the 10th and 50th cycles, respectively.
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also makes the surface relatively uniform and supple, which
suppress dendrite growth. These advantages make Li/rGO a
better electrode than bare Li foil.

To measure the change in the impedance during cycling and
reveal the mechanism of the highly reduced polarization and
stable cycling performance of the Li/rGO composite anode,
electrochemical impedance spectroscopy (EIS) analysis was
conducted on symmetric cells before cycling (Fig. 4a) and after
120 cycles (Fig. 4b). In the corresponding Nyquist plots, the
semicircle at the high frequency represents the interfacial
resistance at the SEI and the charge-transfer resistance at the
electrode/electrolyte interface. The Li foils showed a relatively
large interfacial resistance of ~410 Q before cycling. This result
was due to the oxide layer on the Li surface.® After 120 cycles,
the interfacial resistance decreased to a much lower value of
~45 Q, due to the collapse of the SEI layer and the formation of
Li dendrites, which significantly increased the surface area.*®
In contrast, the Li rGO composite anode had a constantly low
interfacial resistance of ~230 Q before cycling and ~25 Q after
120 cycles. This phenomenon revealed that a greater electrode
stability and easier Li stripping/plating kinetics can be achieved
by using 3-D Li rGO than by using a bare Li foil. Also, SEM was
used to characterize the morphological change of the Li/rGO
electrode resulting from cycling (Fig. 4c and d). While irregular
deposition and dendrites were clearly observed on the surface
of the bare Li anode (Fig. S2, ESIt), neither dendrites nor
defects were observed on the surface of Li/rGO electrode,
indicating that the Li/rGO electrode can suppress dendrite
growth and achieve a superior cycling performance.

To further examine the electrochemical performance of the
Li/rGO composite anode, cells a with Li(Ni;;3C04/3 Mny;3)0,
cathode (NCM 111), commercial electrolyte (LiPF¢ in EC) and
Li/rGO composite anode were assembled. The surface density
of the active material of NCM 111 was about 2.4 mg cm™ > and

a 300 b 40
— Lifoil
1— LirGo

— Li foil after 120 cycles
J—Li rGO after 120 cycles

Fig. 4 (a and b) EIS for a Li foil (black) and Li/rGO composite anode (red)
(a) before cycling and (b) after 120 cycles. (c and d) SEM images of (c) a
magnified top view of the Li/rGO foam after 120 cycles at a current density
of 1 mA cm™2 (d) View of a cross-section of the Li/rGO foam after

120 cycles at a current density of 1 mA cm™2.
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Fig. 5 (a) Cycling performance of an NCM 111|Li/rGO cell at 0.3C (1C =
150 mA g~%). (b) Typical charge—-discharge curves of NCM 111|Li/rGO full
cells between 4.2 and 3.0 V at 0.3C. (c) Power capability of such an NCM
111]Li/rGO cell for rates between 0.2C and 5C.

all the battery tests were operated at 25 °C. The cells were cycled
between 4.2 V and 3.0 V at 0.1C for three cycles first, followed by
0.3C for 70 cycles. The discharge capacity was initially 140 mAh g™,
and 128.2 mA h g~ " after 200 cycles (Fig. 5a). The specific capacity
was higher than that using Li metal as the anode, which was
~125 mA h g ' between 3.0 and 4.2 V (Fig. S3, ESIf). Fig. 5b
illustrates the flat voltage profiles of the NCM 111 |Li/rGO full cell at
different cycles, confirming its cycling stability. Fig. 5c presents the
rate performance, where the specific capacity can be seen to reach
150, 125, 115, 103 and 82 mA h g at different current densities of
0.2, 0.5, 1, 2 and 5C, respectively, which indicates the reasonable
power capacities of the Li/rGO composite anode cell.

Conclusions

In summary, we successfully prepared an Li/rGO composite
material as an anode. The rGO foam framework offers a stable
host for Li plating/stripping, efficiently relieving the volumetric
change of Li. The formed hollow space inside rGO caused by
etching Ni was shown to accept infused Li, with Li metal
accounting for 85 wt% of the total composite electrode. The
Li/rGO anode was also shown to exhibit stable cycling in a
symmetric cell at a current density of 1 mA cm™ > When
assembled into a full cell with NCM as the cathode, this anode
was found to afford good cycling performance (128.2 mAh g~ '
after 200 cycles) and superb rate performance (82 mA h g~ * at 5C).
All of these results showed that the Li/rGO composite anodes
have a great potential to satisfy the high energy density and
safety requirements for next-generation lithium batteries.
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