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Interconnected hollow carbon nanospheres
for stable lithium metal anodes

Guangyuan Zheng', Seok Woo Lee?, Zheng Liang?, Hyun-Wook Lee?, Kai Yan?, Hongbin Yao?,
Haotian Wang3, Weiyang Li?, Steven Chu* and Yi Cui?>*

For future applications in portable electronics, electric vehicles and grid storage, batteries with higher energy storage
density than existing lithium ion batteries need to be developed. Recent efforts in this direction have focused on high-
capacity electrode materials such as lithium metal, silicon and tin as anodes, and sulphur and oxygen as cathodes. Lithium
metal would be the optimal choice as an anode material, because it has the highest specific capacity (3,860 mAh g™) and
the lowest anode potential of all. However, the lithium anode forms dendritic and mossy metal deposits, leading to serious
safety concerns and low Coulombic efficiency during charge/discharge cycles. Although advanced characterization
techniques have helped shed light on the lithium growth process, effective strategies to improve lithium metal anode
cycling remain elusive. Here, we show that coating the lithium metal anode with a monolayer of interconnected amorphous
hollow carbon nanospheres helps isolate the lithium metal depositions and facilitates the formation of a stable solid
electrolyte interphase. We show that lithium dendrites do not form up to a practical current density of 1 mA cm™. The
Coulombic efficiency improves to ~99% for more than 150 cycles. This is significantly better than the bare unmodified
samples, which usually show rapid Coulombic efficiency decay in fewer than 100 cycles. Our results indicate that

nanoscale interfacial engineering could be a promising strategy to tackle the intrinsic problems of lithium metal anodes.

hen interest in secondary lithium batteries began to
\/\/emerge more than four decades ago' it was clear that,
to make viable Li metal anodes, two fundamental chal-
lenges would need to be resolved: (1) accommodating the large
change in electrode volume during cycling (unlike graphite and
silicon anodes, where lithiation produces volume changes of
~10% and 400%, respectively, Li metal is ‘hostless’ and its relative
volumetric change is virtually infinite); and (2) controlling the reac-
tivity towards the electrolyte (Li is one of the most electropositive
elements)?®. Even today, there is still very little control over the
thickness, grain size, chemical composition and spatial distribution
of the solid electrolyte interphase (SEI), which, together, make the
battery inefficient”. One problem lies in the fact that the SEI
layer cannot withstand mechanical deformation and continuously
breaks and repairs during cycling. As a result, Li metal batteries
have low Coulombic efficiency (80-90% for carbonate solvents
and 90-95% for ether solvents)’ and low cycle life due to the
rapid loss of Li and electrolyte in the continuous formation/dissolu-
tion of the SEI'". A second problem is that Li deposition is not
uniform across the electrode surface and can form large dendrites
that cause short circuiting of the battery!!-!3. Third, reactions
between the Li metal and the electrolytes are exothermic and large
surface areas can pose risks of overheating (thermal runaway)'.
Considerable effort has been directed at addressing these pro-
blems using both solid and liquid electrolytes. As solid electrolytes,
polymers and ceramics have been developed for their perceived
ability to mitigate dendrite nucleation!>'® and block their
growth!7-2%. However, most solid electrolytes have low ionic conduc-
tivity, resulting in low power output. Moreover, Li polymer batteries
need to be operated at elevated temperatures to achieve reasonable

power, at the expense of mechanical stability’*2?. Ceramic

solid electrolytes with a framework structure, such as Li;(GeP,S;,
and garnet type Li;La3Zr,O;,, have been investigated for
their high Li ion conductivity (~1 x 107> to 1x 107* S cm™")1%2324,
but, like their polymer counterparts, interfacial issues remain
largely unresolved?>%.

In the case of liquid electrolytes, a great deal of research has
focused on using additives”’~%° together with chemical passivation
of the Li metal surface to reduce electrolyte decomposition®*3..
However, the thin films formed on the Li metal using these
methods consist mainly of Li compounds, which are brittle and
have limited cohesion with the metal surface’’. Consequently,
upon Li deposition, the film surface usually cracks as a result of
volumetric expansion, exposing fresh Li metal for further reactions
(Fig. 1a). Lithium dissolution then takes place, creating pits and cre-
vices with low impedance®, and Li ions flow at the defects, leading
to rapid growth of metal filaments and dendrites. Stabilizing the
interface between the Li metal and the electrolyte is therefore key
in improving the cycling performance of Li metal batteries.

The ideal interfacial layer for the Li metal anode needs to be
chemically stable in a highly reducing environment, and also
mechanically strong. High flexibility is desired to accommodate
the volumetric expansion of Li deposition without mechanical
damage. In addition, the ability to control the flow of Li ions with
the SEI inhomogeneities is essential to ensure uniform Li depo-
sition®. Here, we describe a flexible, interconnected, hollow amor-
phous carbon nanosphere coating with the aim of realizing such
an ideal interfacial layer (Fig. 1b). The advantages of our approach
are threefold: (1) amorphous carbon is chemically stable when in
contact with Li metal; (2) the thin amorphous carbon layer does
not increase the impedance to charge transfer, but has a Young’s
modulus® of ~200 GPa, high enough to suppress Li dendrite
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Figure 1| Schematic diagrams of the different Li anode structures. a, A thin film of SEI layer forms quickly on the surface of deposited Li (blue). Volumetric
changes during the Li deposition process can easily break the SEI layer, especially at high current rates. This behaviour leads to ramified growth of Li
dendrites and rapid consumption of the electrolytes. b, Modifying the Cu substrate with a hollow carbon nanosphere layer creates a scaffold for stabilizing
the SEI layer. The volumetric change of the Li deposition process is accommodated by the flexible hollow-carbon-nanosphere coating.
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Figure 2 | Fabrication of hollow carbon nanosphere-coated electrode. a, Fabrication process for the hollow carbon nanosphere-modified Cu electrode. Left
to right: Polystyrene nanoparticles are first deposited onto the Cu substrate; a thin film of amorphous carbon is coated on top of the polystyrene array using
flash-evaporation of carbon cord; thermal decomposition of the polystyrene template results in the formation of interconnected hollow carbon nanospheres.
b,c, SEM images of the carbon-coated polystyrene nanoparticle array at low (b) and high (¢) magnifications. The slight morphology change of the carbon
nanospheres to a hexagonal shape could be due to the elevated temperature during the carbon-coating process. d, Digital camera image of the as-fabricated

hollow carbon nanosphere thin film after removal of the polystyrene template. e, Cross-sectional SEM image of the hollow carbon nanospheres. f, TEM
image of the hollow carbon nanospheres, with wall thickness of ~20 nm. g, SEM image of the hollow carbon nanosphere thin-film peeled off the Cu

substrate. Red dashed line: trace of the curvature of bending.

growth (theoretical calculations have shown that a solid film with
modulus higher than 6 GPa should be sufficient to this end®’);
and (3) a hollow nanosphere layer is weakly bound to the metal
current collector and can move up and down to adjust the avail-
ability of empty space during cycling. The top surface, formed
from the hollow carbon nanospheres, is static and forms a stable,
conformal SEI, while Li metal deposition takes place underneath,
on the metal current collector. The stable SEI on the carbon nano-
sphere surface helps reduce the flow of Li ions towards the regions of
broken SEI on the metal current collector (Supplementary Fig. 1).

Fabrication of electrode

We have developed a template synthesis method for fabricating the
hollow carbon nanopheres, using vertical deposition of polystyrene
nanoparticles (Fig. 2a). A colloidal multilayer opal structure is
formed on Cu foil by slowly evaporating a 4% aqueous solution of
carboxylated polystyrene particles. The highly monodisperse poly-
styrene nanoparticles form a close-packed thin film with long-
range order (Fig. 2b)*. The polystyrene nanoparticles are coated
with a thin film of amorphous carbon using flash evaporation of
carbon fibres (Fig. 2c). The slight morphology change of the
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Figure 3 | Li deposition on a Cu substrate with and without carbon nanosphere modification. a, Top-view SEM image of hollow carbon nanospheres after
the initial SEI formation process. Inset: the hollow carbon nanosphere structure is preserved after SEI coating. b, Cross-sectional SEM image showing the
initial deposition of Li metal under carbon nanospheres. ¢, Deposited Li elevates the hollow carbon nanosphere thin film due to weak binding with the Cu
substrate. The carbon nanosphere coating allows more uniform Li flux, and the deposited Li is columnar rather than dendritic. d, Top-view SEM image
showing the smooth surface of the electrode with the carbon nanosphere modification. e, For the electrode without carbon nanosphere modification, ramified
growth of mossy Li/dendrites is clearly observed. f, Corresponding top-view SEM image of the electrode without modification. g, Schematic showing the
configuration of the in situ TEM cell. Hollow carbon nanospheres are grown on a Cu wire, serving as the working electrode. The counter-electrode consists of
a small piece of Li metal coated with Li,O (solid electrolyte) on the tip of a W wire. A voltage bias of about -5 V is applied between the two electrodes to
drive Li deposition. h, TEM images of the Li deposition process on Cu wires decorated with hollow carbon nanospheres taken at different times. Li metal
approaches the carbon nanospheres from the right, and deposition is observed once a voltage bias is applied. See Supplementary Information for full movie.

carbon nanospheres to a hexagonal shape could be due to the elev-
ated temperature during the carbon coating process. The samples
are then heated in a tube furnace to 400 °C under an inert atmos-
phere, forming hollow carbon nanopheres on the Cu substrate
(Fig. 2e). Transmission electron microscope (TEM) characterization
shows that the carbon wall has a thickness of ~20 nm (Fig. 2f). The
hemispherical carbon nanospheres are interconnected to form a
thin film (Supplementary Fig. 2a), which can be peeled off the Cu
surface easily (Supplementary Fig. 2b). Loose attachment of the
carbon film to the Cu electrode is important in that it allows the pro-
tective film to be lifted up, creating space for Li deposition.
Mechanical flexibility is also important in accommodating the volu-
metric change of Li deposition and dissipating the stress exerted on
the Li protection layer during cycling. A digital camera image
(Fig. 2d) and scanning electron microscopy (SEM) image (Fig. 2g)
show that the carbon nanosphere thin film can achieve a bending
radius of ~20 um.

SEM characterization of Li deposition

The top surface of evaporated carbon is highly insulating due to the
large amount of tetrahedral bondings®, while the bulk has a con-
ductivity of ~7.5Sm™", as calculated from four-point-probe
measurements (Supplementary Fig. 3). The low conductivity of
the evaporated carbon is a result of the lack of long-range order
in its structure and can reduce direct Li deposition onto the
carbon®. The graphitic regions would initially be lithiated and
form a stable SEI on top of the carbon nanospheres to prevent pen-
etration of solvent molecules (Supplementary Fig. 4a). Figure 3a
presents a top view of the hollow carbon nanospheres after SEI

formation. The cross-sectional image in the inset to Fig. 3a shows
that the hollow nanosphere structure is preserved after cycling.
The electrochemical performance of the as-fabricated anode struc-
ture was tested using constant current polarization. Figure 3b
shows the hollow-nanosphere-modified electrode at the beginning
of Li deposition. Li metal starts to nucleate within the hollow
carbon nanospheres on the Cu substrate, and, as Li continues to
deposit, granular Li begins to grow, elevating the hollow carbon
nanosphere film (Fig. 3¢, Supplementary Fig. 4e), confirming
our design of depositing Li metal underneath the carbon. The
deposited Li metal has a column-like morphology with a diameter
of ~3.0+ 0.3 um, with no long filaments or dendrites protruding,
as is common when Li is deposited on bare Cu (Fig. 3e). The
drastic change in morphology is a good indication of the lack of
an SEI layer on the deposited Li, allowing the Li to merge. In the
control cell, the deposited Li is immediately passivated by the SEI
layer, which prevents the Li metal from merging, thus significantly
increasing the surface area. As shown in Fig. 3d, after 50 cycles of
charge/discharge at 1 mA cm™2, the top surface of the electrode
is relatively uniform, without an overgrowth of Li dendrites. In con-
trast, direct deposition of Li metal onto a Cu electrode results in a
very uneven growth of mossy Li, with thin Li filaments clearly
visible (Fig. 3f). Another control sample tested involved the
cycling of Li on a flat carbon-coated Cu electrode without nano-
sphere morphology (Supplementary Fig. 6). Similar to a previous
study on an amorphous carbon thin-film-coated electrode®, the
rigid carbon coating tends to crack upon cycling, and the
Coulombic efficiency drops rapidly after about 50 cycles.
Comparison with the flat carbon film therefore highlights the
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Figure 4 | Electrochemical characterization of the electrodes for Li deposition/dissolution. a, Comparison of cycling performances of the hollow carbon
nanosphere-modified electrode (solid symbols) and the control Cu electrode (hollow symbols) at different current rates. The amount of Li deposited in each
cycle is TmAh cm™. b, Voltage profiles of the Li deposition/dissolution process with Li metal as the reference electrode at 0.5 mA cm™2. ¢, Comparison of
the hysteresis of Li deposition/dissolution for the modified electrode and the control electrode with Li metal as the reference/counter-electrode.

differences in the flexibility of the hollow nanosphere interfacial
layer and its weak bonding to the Cu current collector.

In situ TEM observation of Li deposition

To further understand the Li deposition phenomenon within the
hollow carbon nanospheres, we carried out in situ transmission
electron microscopy (TEM) experiments***® using a specialized
dual-probe biasing TEM holder (Nanofactory Instrument). One
probe was a Cu metal wire decorated with hollow carbon nano-
spheres and the other consisted of a W wire with a small piece of
Li metal attached to the tip (Fig. 3g). Because the Li metal was
exposed to air for a few seconds when transferring the holder into
the TEM, a thin layer of Li,O formed on the Li metal. This thin
oxide layer acts as a solid electrolyte for the nanoscale electrochemi-
cal cell. By manipulating a piezoelectric motor on the TEM holder,
the hollow carbon nanospheres came into contact with the lithium
oxide and a voltage bias was applied to drive the Li ion through the
oxide solid electrolyte towards the carbon nanospheres. Figure 3h
presents a series of bright-field TEM images of the carbon nano-
spheres during the Li deposition process. The experiments show
that Li begins to deposit on the Cu wire underneath the carbon
nanospheres immediately after application of the voltage bias.
After about 25 s of Li deposition, the average thickness of the Li
increased by 26%. Further deposition for another 6 s increased the
Li thickness by another 25%. The morphology change of the depos-
ited Li in lifting up the carbon nanospheres can be seen in the
Supplementary Movie, which confirms, visually, the concept of

depositing Li underneath carbon while maintaining the integrity
of the carbon nanospheres.

Electrochemical testing of the modified electrodes

The demonstrated stable interfacial layer of carbon hollow nano-
spheres opens up the opportunity to improve the Coulombic effi-
ciency of Li metal anodes. Coulombic efficiency is an important
parameter for long cycle life and is defined as the ratio of the
amount of Li that is stripped from the working electrode versus
the amount that is plated during each cycle. Because the cycle life
of batteries with Li metal electrodes is related to electrolyte
decomposition?®?, a fair comparison of electrode performance is
to use a controlled amount of electrolytes. To standardize the elec-
trochemical performance, ~30 pl electrolytes was used in each coin
cell test. In the half-cell configuration Li was electrochemically
deposited (at 1 mAh cm™?) from the Li metal counter-electrode
onto the hollow nanosphere-modified working electrode and then
stripped away. Here, the Coulombic efficiency reflects the loss on
the working electrode, because the Li metal counter-electrode has
excess Li. In cycle life testing these batteries fail due to the depletion
of electrolytes as a result of reaction with the Li metal®.
Consequently, the internal resistance increases rapidly in batteries
that have severe electrolyte decomposition. The reduced electrolyte
contact with active material also results in a pronounced increase in
local current density, which subsequently leads to more dendrite
formation*!. The analysis of electrochemical performance shows
that the cycling performance of the Li metal working electrodes
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with the carbon nanosphere coating is significantly improved.
The Coulombic efficiency is maintained at ~99% for more than
150 cycles at 0.25 mA cm 2 and ~98.5% at 0.5 mA cm™> (Fig. 4a).
In comparison, cells without the hollow carbon nanosphere
coating show a gradual decrease in Coulombic efficiency, which
eventually drops to less than 50% after 100 cycles at 0.25 mA cm >
and 0.5 mA cm > In the control sample with Cu foil coated with
flat carbon film only, the performance is also relatively poor, with
the Coulombic efficiency dropping to below 90% after 70 cycles
(Supplementary Fig. 6). When tested at a high current density of
1 mA cm 2, the Coulombic efficiency of the Li metal working
electrode with a carbon nanosphere coating is maintained at
~97.5% for more than 150 cycles, while the control Cu electrode
showed rapid decay after 100 cycles. Using an alternative testing
method proposed by Aurbach and co-workers (Supplementary
Methods)*?, in which 2.5 mA cm™ of Li was initially deposited,
followed by 10 cycles of deposition/dissolution of 0.5 mAh cm >
Li, we were able to achieve a Coulombic efficiency of ~99.5% at
0.5mA cm %, which is higher than the previous results. For
example, Li metal cycling in ether-based electrolyte usually has a
Coulombic efficiency of ~95-98% (refs 8,43). There have also
been attempts to use electrolyte additives?®-*° and other conditions,
such as the application of high pressure®?, to improve Li metal
performance. Those results usually show low Coulombic efficiency
but with large variation during cycling (sometimes reaching more
than 100% for a few cycles)*%. The sporadic high Coulombic effi-
ciency is probably due to the activation of disconnected mossy Li
from previous cycles. However, the Li metal batteries in the
present study show consistently stable, high-Coulombic-efficiency
cycling, which can be attributed to the more uniform Li deposition
under the hollow carbon nanospheres, more stable SEI formation on
top of the spheres, and reduction of electrolyte decomposition.
Impedance spectroscopy revealed that the carbon-nanosphere-
modified electrode has lower interfacial charge transfer resistance
than the control electrode due to the preservation of a stable SEI
layer (Supplementary Fig. 4). The effect of stable SEI formation and
reduction of electrolyte decomposition can also be seen in the
reduction of polarization (hysteresis) in the voltage profile during
Li deposition/dissolution. The Li deposition voltage for the modified
electrode is approximately —-25 mV (versus Li/Li"), whereas that for
the pristine Cu is ~50 mV. The Li dissolution is 25 mV and
50 mV, respectively (Fig. 4b). For the electrode without modification,
the voltage hysteresis in the Li deposition/dissolution increases gradu-
ally as the cycle number increases, with a difference in potential of
~210 mV after 80 cycles (Fig. 4c). With the hollow carbon nano-
sphere modification, the hysteresis is much smaller, only ~50 mV
after 50 cycles. This smaller hysteresis is attributed to the lower
charge transfer and internal resistance resulting from the thinner
SEI layer, which are also evident in the cycling of the different
anodes with LiFePO, cathodes (Supplementary Fig. 5b). The
hollow-carbon-nanosphere thin film can be transferred onto the Li
metal foil to be paired with Li-containing cathode materials such as
LiFePO, for high-energy-density batteries (Supplementary Fig. 5a).

Conclusions

We have shown that an interfacial layer of hollow carbon nano-
spheres allows stable Li metal anode cycling up to a practical
current density of 1 mA cm™> and with an areal capacity of
1 mAh cm ™. The cycling Coulombic efficiency can be highly
stable at ~99% for more than 150 cycles. Future research is
needed to develop the application of this approach to practical bat-
teries (the Coulombic efficiency needs to be improved to >99.9% for
practical batteries, and alternative electrolyte combinations need to
be developed to meet different battery chemistries). A viable route to
this end could be to combine the nanoscale engineering approach
described here with electrolyte additives. Anodes with interfacial

layers on the current collector could be combined with cathodes
with preloaded Li ions, such as the existing Li metal oxides and
Li,S. Our work demonstrates that the interfacial nanoscale engineer-
ing approach can improve Li metal cycling performance. We believe
that the nanoengineering concepts we have described may be a
viable route towards Li metal anode batteries and, more specifically,
to high-energy-density batteries, such as Li-S and Li-O,.

Methods

Fabrication of modified electrode. A 100 pl volume of polystyrene nanoparticles
(0.78 um) aqueous suspension (4 wt/wt%, Thermal Scientific) was dropcast onto a
Cu foil disk (7/16 inch) and the solvent allowed to evaporate at room temperature
for ~2 h. The polystyrene nanoparticles then self-assembled into a hexagonally
close-packed structure. The vertical deposition of colloidal crystal was a result of the
small density difference between the polystyrene nanoparticles and the solvents. As a
result, the evaporation velocity of the colloidal solvent exceeded the sedimentation
velocity of the nanoparticles, allowing the nanoparticles to accumulate at the
solvent—air interface. As particle concentration increased, lateral capillary
immersion forces arranged the nanoparticles into hexagonal packing®. To form
carbon nanospheres, the close-packed polystyrene nanoparticles were first coated
with amorphous carbon in a carbon coater (EMS150R ES). Carbon fibres were
used as the evaporation target. The evaporation chamber was pumped down to

5 x 107> mbar before an outgassing current of 30 A was passed through the carbon
fibres. After outgas recovery, a pulse current was passed through the fibre to

allow flash-evaporation of carbon. The pulse current was set to 60 A for 20 s, with a
10 s interval between pulses. To remove the polystyrene templates, the sample

was placed in a tube furnace and heated under Ar at 400 °C for 1.5 h (ramping rate of
5°C min~"). The hollow carbon nanospheres were plasma-treated to facilitate the
formation of a stable SEI (Supplementary Fig. 2c), and the electrode was then coated
with polyvinyldene fluoride (PVDEF) by spin-coating 100 pl of 5% PVDF solution in
N-methyl pyrrolidone (NMP) onto the sample (1,000 r.p.m. for 1 min). NMP
solvent was removed by placing the samples in a vacuum oven for 3 h at 50 °C.
To transfer the hollow-carbon-nanosphere thin film onto the Li metal anode, the Cu
substrate used in the fabrication process was etched away in (NH,),S,0s solution
and the thin film dried in a vacuum oven before being pressed onto the Li

metal anode.

Fabrication of the control electrode. The control electrode was fabricated by first
spin-coating a thin layer of PVDF onto the Cu current collector. After drying, the
electrode was assembled in a coin cell with Li metal as both the reference and
counter-electrode. Pretreatment of the control electrode was carried out as in the
modified electrode by cycling the battery between 0 and 2 V for 10 cycles. The
electrode was then tested by depositing and dissolving a controlled amount of Li at
different current densities.

Electrochemical testing. Galvanostatic experiments were performed using a 96-
channel battery tester (Arbin Instrument). The working electrodes were assembled
in 2032-type coin cells (MTI Corporation) with Li metal (Alfa Aesar) as the
reference electrode and counter-electrode. The electrolyte was 1 M lithium bis
(trifluoromethanesulphonyl)imide (LiTFSI) in 1,3-dioxolane and 1,2-
dimethoxyethane (volume ratio 1:1) with 1% lithium nitrate (LiNO;) and 100 mM
Li,Sg additives. The presence of LiNO3 and Li,Sg helps in the formation of a stable
SEI on the Li metal electrode. For the coloumbic efficiency test, Li metal was used as
both the working and reference electrodes. The Li metal reference electrode was
soaked in a 2% LiNOj solution in DOL/DME overnight before assembling the coin
cells. To standardize the testing, 30 pl electrolytes was used in each coin cell testing.
The batteries were first cycled between 0 V and 2 V to form a stable SEI on the
hollow carbon spheres (Supplementary Fig. 2d). Cycling tests were carried out

by first depositing 1 mAh of Li onto the Cu electrode, followed by Li stripping up to
2'V. To test the modified anode in a full cell, LiFePO4 (MTI Corp) at 1 mAh cm™
was used as the cathode material. Measurements of a.c. impedance were carried out
using a Bio-Logic VMP3 tester with a frequency range between 0.1 Hz and 1 MHz.
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