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Increasing demands for performance beyond the limit of current lithium ion batteries for higher energy

densities have rejuvenated research using lithium metal as an anode. However, commercial

implementation has still been hampered due to safety issues. Herein, we introduce a lithium

rechargeable battery system with an auxiliary electrode that can detect the potential signs of an internal

short-circuit and simultaneously prevent cell failure by inhibiting further dendritic growth of lithium

metal. Based on this working principle, we provide guidelines for an auxiliary electrode design and

demonstrate that it can act as both a safety sensor and a lithium scavenger. Finally, we show that our in-

house designed cell, using a flexible and self-standing auxiliary electrode, can effectively alert the danger

of a short circuit in real-time without additional dendrite growth. We expect that this finding will open up

unexplored opportunities utilizing various auxiliary electrode chemistries for safe rechargeable lithium

metal batteries.
Introduction

The demand for rechargeable batteries with higher energy
density than lithium ion batteries that are commercially avail-
able has been ever increasing.1,2 Elemental lithium metal has
thus come into the spotlight again as one of the most promising
negative electrode materials owing to its exceptionally high
theoretical capacity (3860 mA h g�1) and the lowest negative
electrochemical potential (�3.040 V vs. a standard hydrogen
electrode).3,4 However, the commercialization of rechargeable
lithium metal batteries (LMBs) has been retarded due to the
catastrophic safety issue arising from lithium dendrite forma-
tion. Even with a small irregularity in lithium metal deposition
during the initial stage of charge, further selective and self-
neering, Research Institute for Advanced

l National University, 1 Gwanak-or,

ea. E-mail: matlgen1@snu.ac.kr

novation for Energy (IN-RIE), Department

University, Muang Khon Kaen, Thailand

te for Basic Science (IBS), Seoul National

151-742, Republic of Korea

nnovation for Energy (IN-RIE), Research

aen University, Muang Khon Kaen, Khon

gram, Department of Physics, Faculty of

Kaen, Thailand

tion (ESI) available. See DOI:

is work.

hemistry 2019
amplifying lithium deposition occurs due to the presence of
favorable deposition sites. The inhomogeneous lithium depo-
sition depending on operating conditions leads to the forma-
tion of dendrites in a variety of morphologies such as
lamentary, mossy or fork-like shapes, which is related to the
possibility of short circuit phenomena.5–7 The needle-like
lithium dendrite can penetrate the polymer separator and
possibly come into contact with the opposite electrode, and
such contact would result in a huge current ow through the
internal circuit, triggering joule heating thermal runaway.8,9

Over the last few decades, tremendous efforts have been
focused on elucidating the dendritic growthmechanism10,11 and
preventing lithium dendrite formation. Although much prog-
ress has been made in understanding the lithium dendritic
growth, the development of reliable techniques for controlling
the surface morphology from heterogeneous reactions still
remains an obstacle. Various attempts such as introduction of
electrolyte additives12–14 to avoid undesirable reactions at the
lithium surface and a three-dimension current collector15,16 to
induce uniform reactions and a physically protective layer have
been explored.17,18 Unfortunately, it has been revealed that the
dendrite formation cannot be completely inhibited and such
approaches are only valid at low current densities and/or with
a low utilization level of lithium metal anodes. Batteries oper-
ating under extreme conditions might still be exposed to the
potential risk of dendrite growth and the internal short-circuit.
Therefore, not only protective techniques for lithium metal, but
also sensing technologies to detect dendritic growth in advance
are needed. Recently, Wu et al. reported an early detection
J. Mater. Chem. A, 2019, 7, 24807–24813 | 24807
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technique, where metallic copper was sputtered on a separator
to detect the electrical shortage caused by lithium metal pene-
tration through the separator.19 The bifunctional separator
could successfully detect the internal short circuit when the
lithium dendrite penetrated into the separator, enabling the
alarming of the cell failure. Nevertheless, it is questionable
whether this early detection would be practically linked to the
prevention of the actual cell failure in consideration of the
typical dendrite growth rate (5.1 mm s�1 at a current density 50
mA cm�2, ESI Fig. S1†). The detection of the shortage means
that the lithium has already substantially grown and is at the
risk of coming into contact with the counter electrode, having
passed through the separator. As the thickness of the conven-
tional separator is <12 mm, the time from the sensing to the
potential safety hazard is only less than a few seconds. More-
over, at higher current rates for fast charging or discharging, the
detection would not simply offer a sufficient time to stop the
catastrophic reaction.

Herein, we explored a more advanced concept of a safety
sensor, which not only detects an internal electrical short, but
also plays the role of a lithium scavenging agent. In this
concept, an auxiliary electrode signals an internal short-circuit
in real-time, and upon the short-circuiting of the battery, it
scavenges a certain amount of lithium, preventing further
growth of dendrites, allowing enough time to shut down the
circuit without incurring a safety hazard.
Working principle and auxiliary
electrode design

The working principle of an auxiliary electrode in sensing and
scavenging is schematically illustrated in Fig. 1, where an
auxiliary electrode is inserted between the positive and negative
electrodes. In the absence of an auxiliary electrode, the
unwanted dendrite growth from the lithium surface eventually
Fig. 1 Schematic mechanism of an auxiliary electrode sensor for safe rec
initially formed dendritic seeds will grow and create an internal circuit ac
voltage of the battery to drop to 0 V (vs. Li/Li+). (b) With the aid of the
electrode before they make connection with the positive electrode. L
consumes lithium ions. The reaction of the auxiliary electrode with lith
damage to the battery.

24808 | J. Mater. Chem. A, 2019, 7, 24807–24813
reaches the positive electrode, which potentially serves as an
electron pathway with very low resistance. A large amount of
electrons, driven by the potential difference between two elec-
trodes, will pass through this pathway in an uncontrolled
manner within a short time and can possibly cause a thermal
runaway due to the heat generated by the high current. This
phenomenon is indicated by the near ‘0’ voltage in the vol-
tammeter shown in Fig. 1a. In contrast, a real-time detection of
dendrite growth can be achieved by inserting an auxiliary elec-
trode between the separators (Fig. 1b).19 Using this cell cong-
uration, the auxiliary electrode is designed to physically come
into contact with a growing lithium metal dendrite before it
reaches the positive electrode. Upon contact, a voltage change
would be detected between the negative and the auxiliary elec-
trodes (Fig. 1b) and this gives a warning signal to the battery
user in real-time. Moreover, in our design of the bifunctional
auxiliary electrode, it was intended that it should also be
capable of taking up a certain amount of lithium, so that further
development of dendrite growth toward the positive electrode
can be inhibited for some time, achieving a partial self-healing
with safety detection.

For this aim, thematerial for an auxiliary electrode should be
carefully selected and machined to fulll the following
requirements: (i) it should be capable of spontaneously
accepting lithium ions from lithiummetal (mauxiliary electrode < mLi
metal: m refers to the chemical potential of lithium) with
a reasonably fast rate. (ii) The physical contact between the
auxiliary electrode and dendrites should be easily recognizable.
(iii) The capacity of the auxiliary electrode must be reliably
determined, so that the amount of allowable lithium uptake
and the data collection interval in the system can be veried. (iv)
The auxiliary electrode should not undergo a large volume
change upon lithiation and not interfere with the movement of
lithium ions. Taking all these requirements into consideration,
we selected free-standing, exible and thin graphite layers and
hargeable lithium metal batteries. (a) In a conventional battery system,
ross the separator positioned between the two electrodes, causing the
auxiliary electrode, growing lithium dendrites will reach the auxiliary
ithium dendrites will not grow further while the auxiliary electrode
ium ions signals danger before a catastrophic event occurs with no

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Images of a flexible graphite layer with 30% PVDF–HFP and 70% flake graphite composition. (a) Pristine, (b) bending, (c) folding and (d)
unfolding of graphite layer. The pristine graphite layer was not torn and damaged by bending and folding.
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prepared them as described in Fig. 2 and S2.† Graphite is well-
known to be capable of taking up lithium ions at a reasonably
fast rate, with its capacity well-documented.20 Moreover, the
degree of lithiation is clearly observable from 3 V to nearly 0 V
with the well-dened voltage plateau and a color change of
graphite (ESI Fig. S3†).21,22 In this work, the free-standing lm of
graphite was fabricated using poly(vinylidene uoride-co-hexa-
uoropropylene) (PVDF–HFP) with the mass ratio of 3 : 7
(PVDF–HFP : graphite) with 20 mm thickness, considering the
reasonable holding time of lithium growth at various current
rates in a practical cell as presented in ESI Fig. S4.† It should be
also noted that such a thin free-standing auxiliary graphite
electrode still guarantees much higher gravimetric and volu-
metric energy density of the lithium metal anode in spite of the
additional weight of the auxiliary electrodes, as comparatively
demonstrated in ESI Tables S1 and S2.† The electrolyte
permeability of the thin layer was conrmed through a simple
dropping test of the electrolyte. The images in ESI Fig. S5† show
that the fabricated exible graphite layer has better wettability
than the separator.23,24 The effect of the auxiliary electrode on
lithium ion mobility in the cell was quantitatively analyzed
using electrochemical impedance spectroscopy (ESI Fig. S6†).25

The inuence of the auxiliary graphite layer on the ionic
conductivity in the cell was negligible with a decrease of 0.12
mS cm�1.

Experimental

The detailed function of an auxiliary electrode was veried
through in situ observations of dendrite growth in the lithium
metal cell. We prepared a home-made lithium cell to enable
capture of images of dendrite growth while measuring the
auxiliary electrode potential, as illustrated in Fig. 3a. Voltage
proles, V1 (between lithium and copper) and V2 (between
lithium and the auxiliary electrode) were simultaneously
monitored. Initially, the measured voltages, V1 and V2, were 0 V
and�3 V, respectively, presenting an initial potential difference
between the two electrodes. As soon as the current was applied,
it was observed that lithium ions began to deposit on the
copper, and V1 rapidly fell below 0 V (��0.8 V) due to the
overpotential. However, V2 remained almost unchanged from
the initial voltage at nearly 3 V because the graphite layer is
disconnected from the electric circuit. Fig. 3b shows that, with
the continuous current ow in the circuit, the lithium metal
This journal is © The Royal Society of Chemistry 2019
deposits irregularly on the surface of the copper foil and nally
comes into contact with the auxiliary graphite layer aer about
10 minutes. It is evident from Fig. 3c that, at the moment of the
contact between the lithium metal protrusion and the auxiliary
electrode, a sudden voltage drop of V2 can be observed, while
a small voltage change of V1 is detected (this will be discussed
in detail later), which is in contrast to a system without the
auxiliary electrode26 as shown in ESI Fig. S7.† The change of V2
is ascribed to the gradual lithium intercalation into the graphite
auxiliary electrode, which alters the lithium chemical potential
in the auxiliary electrode, thus the potential difference between
the two electrodes. This implies that the lithium gradually
intercalates into the auxiliary electrode. However, it is worth
noting that the lithium intercalation into graphite can take
place from both of the lithium sources once the lithium
protrusions are in electrical contact with the graphite layer: (i)
chemical lithiation from the lithium protrusions and (ii) partial
electrochemical lithiation from the lithium metal electrode
through the electrolyte. Since the graphite layer becomes a part
of the electric circuit, the electrochemical lithiation into
graphite becomes possible, which is thermodynamically pref-
erable than being electroplated as lithium metal on the lithium
metal electrode. These two processes simultaneously contribute
to suppressing the further growth of lithium protrusion. The
chemical lithiation into graphite from the lithium protrusion
scavenges the protrusion itself, and the further lithium depo-
sition on the lithium metal electrode is temporarily halted by
the electrochemical lithiation of the graphite layer.

More careful investigation of the V1 and V2 proles supports
the idea that the auxiliary electrode played the role of a lithium
dendrite scavenger. Fig. 3d depicts the detailed voltage evolu-
tions of V1 and V2 during the initial a few minutes aer the
contact, showing a close correlation between the two, while V2
continues to drop to 0 V for this period of time, slight pertur-
bations appear intermittently for both V1 and V2. And, it is
noteworthy that the peak in the V1 prole coincides with the
step-wise drop of V2. We believe that this is due to the repeated
formation and removal of dendrites, forming and breaking an
electric circuit. Aer the rst contact resulting from the
formation of the dendrite, there is an instantaneous drop in V2
followed by a small peak at 10.7 minutes marked as the black
star in Fig. 3d (i.e. the instantaneous reduction in the over-
potential of V1) for V1. And, at 11.2 and 11.45 minutes marked
as black stars in Fig. 3d, the small peaks in V1 are accompanied
J. Mater. Chem. A, 2019, 7, 24807–24813 | 24809
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Fig. 3 (a) Detailed cell configuration for in situ observations. (b) Images of the auxiliary electrode and positive electrode were taken over
deposition time. Mossy-like lithium was observed on the copper foil that gradually grew over time. (c) The voltage profile of both V1lithium–copper

and V2graphite–lithium during electroplating on copper foil. (d) V1lithium–copper and V2graphite–ithium from 10 to 13 minutes. (e) Images of the area
between the auxiliary electrode and negative electrode after 23 minutes. No trace of lithium deposition was observed, indicating that the mossy-
like lithium did not penetrate the graphite layer.
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by the faster decrease of the V2 voltage. The decrease of the
overpotential in V1 upon the contact is likely to be caused by the
reduction in the effective anode–cathode distance owing to the
electrical contact.27 And, if more dendrites are generated
penetrating into the auxiliary electrode, they provide additional
electronic bridges by which electrons can pass, resulting in
a further decrease of the overpotential in V1 and faster lithium
intercalation into graphite (more rapid reduction in V2 voltage),
as presented with green colors in Fig. 3d.

On the other hand, if the dendrites are consumed by the
chemical lithiation and thus are removed from the auxiliary
electrode, the overpotential in V1 would reappear, as illustrated
with grey regions in Fig. 3d. This scavenger role of the auxiliary
electrode continued until it was completely lithiated, which is
further supported by the additional ex situ and in situ Li–Li
symmetric cell results in ESI Fig. S8 and Video 1.† It should be
noted that, as a result, there was no dendritic lithium pene-
tration to the opposing lithium electrode even aer 23 minutes
of constant discharging (Fig. 3e).
24810 | J. Mater. Chem. A, 2019, 7, 24807–24813
The results above indicate that not only V2 but also V1 is
notably altered, when the dendrite comes in contact with the
auxiliary electrode even though there is no electrical shorting
between the positive electrode and negative electrode. This
implies that in a conventional cell without an additional
apparatus to monitor the V2, it might be simply possible to
detect the dendrite signal from the change in the nominal
voltage (V1) of the cell when the auxiliary electrode begins to
scavenge them. To verify this, we assembled a conventional
coin-type cell without an apparatus monitoring V2 and tested
the cell at a practically high current rate using a lithium metal
negative electrode and a graphite positive electrode, as shown in
Fig. 4a. The graphite was chosen as a model positive electrode
because its characteristic voltage prole is well documented
with a minimum variation of the specic capacity at a given
voltage range, which is benecial for monitoring the distinctive
voltage changes in the cell. We rst discharged the cell at a low
current density of 10 mA g�1, i.e. lithiation of the graphite
positive electrode and stripping of the lithium metal negative
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Schematic of the cell configuration. (b) The first charge voltage profile with a 1000mA g�1 current density and a second charge voltage
profile with a 10 mA g�1 current density. (c) Images of separators and auxiliary electrodes from a disassembled cell.
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electrode, which showed the charateristic lithiation voltage
prole of graphite28 (ESI Fig. S9†). Then, the electrochemical
lithium deposition on the lithium metal negative electrode was
carried out by charging the cell at a high current density of
1000 mA g�1 to trigger the lithium dendrite formation and
growth. Fig. 4b presents the electrochemical prole of charging,
which is followed by discharging. During the charging process,
a sudden voltage drop was detected at �1100 seconds, corre-
sponding to approximately 300 mA h g�1 (denoted by the
asterisk in Fig. 4c), which hints at a dendrite penetration into
the auxiliary electrode as discussed. Interestingly, aer the
perturbed cell voltage, the continued charging of the cell did not
lead to the prolonged uctuations of the prole, which is typi-
cally observed in the conventional cell aer the short-circuit
thus failing in charging the cell and aggravating the cell heat-
ing.29,30 Moreover, when continued with the second discharge at
10 mA g�1, we did not observe any abnormal discharge
behavior.

To elucidate the underlying reason for the perturbed cell
voltage denoted with an asterisk, we disassembled the cell aer
This journal is © The Royal Society of Chemistry 2019
the second discharge, as shown in Fig. 4c. It revealed that some
dark spots are clearly observable on the separator (anode-facing
separator) between the lithium electrode and auxiliary elec-
trode, which is the signature of the dendrite short-circuit. More
importantly, the auxiliary electrode exhibited yellow domains at
the identical region corresponding to the dark spots on the
anode-facing separator. This evidently demonstrates that the
auxiliary layer was partially lithiated by dendrites, and the
region served as a temporary lithium reservoir. On the other
hand, the separator (cathode-facing separator) between the
graphite positive electrode and auxiliary electrode did not show
any noticeable change, maintaining a clean surface, which
conrms that the positive electrode was well protected against
the risk of short-circuiting. This suggests that without an
apparatus to monitor the V2 of the auxiliary electrode, it is
feasible to detect the signals of the dendrite growth in a full cell
by simply measuring the full cell voltage, carefully probing the
reduction of the overpotential when a high current rate is
applied. And, this process is not accompanied by the internal
short circuit between the positive and negative electrodes even
J. Mater. Chem. A, 2019, 7, 24807–24813 | 24811
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with the extended charging process, because the auxiliary
electrode continuously scavenges the lithium penetration and
serves as an additional lithium reservoir for a certain period of
time. This proposes that the concept of the auxiliary electrode
for sensing can be applied even for the conventional two-
electrode systems, while maintaining its scavenging role, thus
retarding the safety hazards.

Summary

A rechargeable lithium metal battery with reduced safety risk
was demonstrated by employing a bifunctional auxiliary elec-
trode. The auxiliary electrode was capable of not only detecting
signals of a short-circuit hazard, but also hampering further
dendrite growth by scavenging the lithium dendrite in a lithium
metal battery. It was conrmed that the auxiliary electrode has
no detrimental effect on battery performance with a minimal
sacrice in the energy density and is activated only when
batteries are exposed to the risk of short-circuit. Furthermore,
the feasibility of the auxiliary sensor in a full cell was veried,
showing promise in its applicability to practical batteries. This
report provides an interesting new concept of an auxiliary
electrode that is capable of sensing and retarding the lithium
dendrite growth in lithium metal electrodes and opens up
unexplored pathways of using various auxiliary electrode
chemistries toward the development of practical lithium metal
batteries.

Materials

Flake-type graphite powder (APS 7–11 mm, 99%) was purchased
from Alfa-Aesar. A poly (vinylidene uoride-co-hexa-
uoropropylene) binder for the auxiliary electrode and a poly-
vinylidene uoride binder for the positive electrode were
purchased from Sigma-Aldrich. 300 mm thick Li foil and
a battery grade electrolyte (1 M LiPF6 in an ethylene carbonate/
dimethyl carbonate mixture, volume 1 : 1) were used with
a Celgard 2400 separator for cell assembly. Teon donut rings
were inserted to maintain a constant distance between the two
electrodes.

Characterization

The electrochemical performance of the cells was investigated
using a potentio-galvanostat (WonATech, WBCS 3000, Korea).
To measure the ionic conductivity of the electrolyte, electro-
chemical impedance spectroscopy measurements were carried
out over the frequency range of 1.0 GHz to 1.0 Hz (VSP-300, Bio-
Logic Science Instruments, France). The surface morphologies
of the lithium metal and auxiliary electrode were examined
using scanning electron microscopy (SUPRA 55VP, Carl Zeiss,
Germany). In situ optical microscopy was performed using an
in-house designed cell (ECLIPSE LV150N, Nikon, Japan).
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