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ABSTRACT: Garnet-type solid electrolytes are regarded as promising electrolytes for oxide-based
solid-state batteries due to their stability against lithium metal. However, lithium metal anodes on
garnet-type solid electrolytes often exhibit dendritic growth, leading to internal short-circuit. This
study reveals that immersion of the solid electrolytes in an aqueous solution of LiOH is a very
simple and effective way to suppress dendritic growth. It removes the contamination layer formed
on the electrolyte surface by exposure to ambient air, and it makes the interface to the lithium
metal anode conductive and the current density homogeneous.
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Garnet-type solid electrolytes are regarded as promising
materials for oxide-based solid-state batteries. Among the

several kinds of solid electrolytes, e.g., NASICON-,1 perov-
skite-,2 and garnet-types,3 having ionic conductivities on the
order of 10−3 S cm−1 at room temperature, garnet-type solid
electrolytes exhibit the highest stability against lithium metal
anodes,4 although recent studies point out that they undergo
slight electrochemical reduction in the vicinity of the lithium
metal interface.5 However, realizing lithium metal anodes in
solid-state batteries is still challenging because they often show
dendritic growth in garnet-type solid electrolytes, readily
leading to internal short-circuit.6,7

The dendritic growth of lithium metal takes place at a high
charging current density, which is called the critical current
density. The critical current density will strongly depend on
the surface chemistry of garnet. For example, exposure of
garnet to ambient air forms a contamination layer of Li2CO3
and LiOH with protonation of the garnet.8,9 Since the
contamination layer is a poor ionic conductor, it impedes
lithium-ion transfer at the interface to the electrode. Therefore,
when a solid-state battery with a lithium metal anode is
assembled with such a garnet electrolyte and charged, the
charging current is concentrated to part of the Li/garnet
interface, where the contamination layer is not formed. In this
situation, the solid-state battery is short-circuited easily
because the local current density at the interface with the
contamination layer is higher than the apparent current density
calculated from the projection area of the interface and tends
to exceed the critical value for short-circuit. Various methods
to remove the contamination layer have been proposed in
order to suppress the internal short-circuit: surface polish-
ing,10,11 heat treatment to react Li2CO3 with protonated
garnet,12 and reacting Li2CO3 with carbon.13 This paper

provides a very simple method to suppress internal short-
circuit effectively.
This study reveals effects of the following treatments on the

electrode properties of lithium metal anodes: surface polishing
using 400 grit sandpaper, annealing at 700 °C for 2 h under O2
flow with a flow rate of 200 mL min−1, and immersion in a
saturated aqueous solution of LiOH. These treatments are
applied to sintered pellets of a garnet-type solid electrolyte one
by one in this order. The garnet-type solid electrolyte used in
this study is Li6.6La3Zr1.6Ta0.4O12. Sintered pellets are 10 mm
square and 0.5 mm thick and supplied by Toshima
Manufacturing Co., Ltd. After these treatments, lithium
metal electrodes with a thickness of 5 μm are formed on
both surfaces of the pellets by thermal evaporation for
assembling Li/garnet/Li symmetric cells. Complex impedance
of the cells is recorded in the frequency range from 1 MHz to
10 mHz with an ac signal of 20 mV at open-circuit voltage.
Effects of the treatments against the internal short-circuit is
evaluated by chronopotentiometry with programmed current,
in which a ramp-up current of 1 or 5 mA cm−2 min−1 is applied
to Li/garnet/Li symmetric cells until the dendritic growth
causes short-circuit. No stacking pressure is applied to the cells
during the electrochemical measurements.
The symmetric cell assembled with the as-supplied sintered

pellet without any treatments gives a depressed semicircle in its
Nyquist plot, as shown in Figure 1a. Since the diameter of the
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semicircle corresponds to the sum of the charge transfer
resistance at two Li/garnet interfaces, interfacial resistance can
be estimated to be 2.5 kΩ cm2. The ramp-up current applied to
the cell causes an abrupt drop of the cell voltage to 0 V at a
current density of 1.4 mA cm−2 due to the internal short-
circuit, as shown in Figure 1b.
If the large interfacial resistance originates from the

contamination layer, a simple way to reduce the resistance is
removing the contamination layer by polishing.10,11 Indeed,
polishing the pellet surface dramatically reduces the interfacial
resistance to 20 Ω cm2, as shown in Figure 1c; however, it
hardly increases the critical current density: the critical current
density is increased only to 1.8 mA cm−2, as can be seen in
Figures 1b. Another method reported to remove the
contamination layer is heat treatment: it was reported that
annealing at 250 °C reacts contaminated Li2CO3 with the
proton-exchanged garnet to recover the garnet surface and
structure and reduce the interfacial resistance.12 However,
annealing at 700 °C in this study does not improve the
performance of the lithium metal electrode: interfacial
resistance increases again to 650 Ω cm2, and critical current
density decreases back to 1.4 mA cm−2, as shown in panels a
and b of Figure 1, respectively.
Remarkable improvements are brought about by immersion

in the LiOH solution, as demonstrated in Figure 1b,c. In this
treatment, the pellet is immersed in a saturated aqueous
solution of LiOH, which is prepared by dissolving an excess
amount of LiOH·H2O in deionized water and should be 5.3 M
in concentration according to the saturation solubility. After
immersion, the pellet is rinsed in a diluted LiOH solution (pH
14) and then the residual solution on the rinsed pellet is blown
off by a N2 stream. The pellet is not rinsed in pure water
because it may cause proton exchange. It decreases the
interfacial resistance to 10 Ω cm2, which is lower than that
reported for the interface treated with carbon.13 In addition,

the cell voltage does not exhibit an abrupt drop up to 5.0 mA
cm−2, and instead, it increases and reaches 5 V at this current
density. The absence of a voltage drop indicates that internal
short-circuit does not happen up to this current density, and
the increase in the cell voltage may originate from the
depletion of lithium metal in the counter electrode; however,
the counter electrode has a sufficient amount of lithium metal
for chronopotentiometry. The areal capacity to the end of the
measurement is 0.21 mAh cm−2, and the thickness of lithium
metal stripped from the counter electrode estimated from the
areal capacity is 1.0 μm, as listed in Table S1 in the Supporting
Information, while the thickness of lithium metal formed on
the pellet by thermal evaporation is 5 μm. Therefore, the
increase in the cell voltage should be attributed to loss of
contact between the garnet pellet and lithium metal; the large
amount of stripped lithium forms many voids at the interface.
Increasing the ramp-up rate will enable us to determine the

critical current density in the higher current region because it
reduces the consumption of lithium metal in the counter
electrode during the measurement. However, even when the
current ramp-up rate is increased to 5 mA cm−2 min−1, internal
short-circuit does not take place up to 10 mA cm−2, at which
the estimated thickness of lithium metal from the counter
electrode approaches 1 μm and the cell voltage reaches 5 V
again, as shown in Table S1 and Figure 1b, respectively. These
results strongly demonstrate that immersion in a LiOH
solution is effective in increasing critical current density.
The differences in the electrode properties will originate

from changes in the pellet surface that form interfaces with
lithium metal electrodes, and the changes can be followed by
grazing incidence X-ray diffraction (GIXRD) at an incident
angle of 0.25° and secondary ion mass spectrometry (SIMS).
The diffraction patterns are taken using Cu-Kα radiation, and
the depth profiles are recorded on a mass spectrometer using a
primary ion beam of Cs+. Li2CO3 and LiOH, which are

Figure 1. Electrochemical behaviors of Li/garnet/Li symmetric cells. (a) Nyquist plots before the i−V measurement and (b) i−V characteristics
observed under the ramp-up current. Parts of the Nyquist plots in (a) are enlarged in (c), and some data points are labeled with the measured
frequencies. The ramp-up current rate in (b) is 1.0 mA cm−2 min−1 unless otherwise indicated, and the cells are operated at 25 °C.
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possible contaminants, are detectable in the SIMS measure-
ment as the signals of 12C and 1H, respectively. On the other
hand, immersion in the aqueous solution of LiOH may induce
Li+/H+ exchange. Therefore, the samples for the SIMS
measurement are immersed in a heavy water solution of
LiOH in order to distinguish 1H in contaminant LiOH from
2D introduced during the immersion.
Since the as-supplied pellet shows large interfacial resistance

to the lithium metal electrode, a contamination layer that
impedes charge transfer at the Li/garnet interface will be
formed on the surface of the pellet. However, it is not observed
even in the surface-sensitive GIXRD pattern displayed in
Figure 2a, and all of the diffractions in the GIXRD pattern are

attributable to the cubic garnet structure. On the other hand,
the depth profile obtained by SIMS clearly reveals the
contamination. Signal intensity for Zr and La decreases and
that for C and H increases at the pellet surface, as shown in
Figure 3, which suggests that the contaminants are LiOH and
Li2CO3, and they are present over a range of 2 μm from the
surface. Because the contaminants are generated by exposure
to ambient air at room temperature, their crystallinity will be
low, which is the reason for the absence of their diffractions in
the GIXRD pattern.
Since the thickness of the contamination layer is 2 μm, it will

be readily removed by polishing. In fact, it significantly reduces
the resistance at the Li/garnet interface from 2.5 kΩ cm−2 to
20 Ω cm−2; however, it hardly increases the critical current
density, which may be due to the polishing damage. Figure 2b
compares the diffraction patterns for the pellets before and
after annealing recorded by normal ω-2θ X-ray diffraction
(XRD) and GIXRD. The annealing increases the diffraction
intensity observed in the XRD pattern to some extent, whereas
the increase in the diffraction intensity is significant in the

GIXRD pattern. Because GIXRD collects diffraction from the
surface of the sample, the remarkable increase in the diffraction
intensity observed in the GIXRD pattern indicates that
crystallinity near the surface is low after polishing; that is,
the surface of the garnet pellet forming the interface to the
metal lithium electrode suffers polishing damage.
Annealing eliminates the polishing damage, which can be

recognized as the increasing diffraction intensity, as shown in
Figure 2b. However, it increases the interfacial resistance and
decreases the critical current density, which is due to
reformation of a contamination layer. Strong signals for C
and H observed in the SIMS depth profiles at the pellet
surface, where signals for Zr and La are weakened, suggest that
LiOH and Li2CO3 exist as the contaminants in the surface
region with 0.1 μm in depth, and a diffraction at 2θ = 20.5°
appearing in the GIXRD pattern is attributable to the 001
reflection from LiOH. That is, the annealing segregates the
residual contaminants inside the pellet after the polishing to
form a contamination layer on the surface again, which
increases the interfacial resistance and decreases the critical
current density.
Immersion in a LiOH solution successfully removes the

contaminant layer without damaging the solid electrolyte. The
depth profiles in Figure 3 indicate that contents of C and H at
the surface decrease significantly by the immersion. Moreover,
immersion does not decrease the diffraction intensity from the
garnet, as shown in Figure 2a. It should be noted that the final
treatment should be done in a LiOH solution. Immersion in
water also removes LiOH and Li2CO3 from the surface to
decrease the interfacial resistance to 10 Ω cm2, as
demonstrated in Figure 1c. However, the immersion exchanges
the lithium ions in the solid electrolyte with protons to
deteriorate Li transfer kinetics in the Li/garnet interface.14 In
fact, the critical current density after immersion in water is 5.7
mA cm−2 under the ramp-up current rate of 1 mA cm−2 min−1,
as shown in Figure 1b. Under the higher ramp-up rate of 5 mA
cm−2 min−1, a voltage drop does not appear at the current

Figure 2. XRD patterns for the garnet pellets. (a) GIXRD patterns for
the pellets before and after the treatments. Reflections in (a) are
indexed on the basis of the cubic garnet structure. (b) Comparison of
GIXRD and XRD patterns for the pellets after polishing and
annealing.

Figure 3. SIMS depth profiles of the pellets. Signal intensities are
plotted against the depth from the pellet surface, d, in the left panel,
and the profiles in d = 0−0.55 μm are enlarged on the right.
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density of 5.7 mA cm−2, which is because dendrites do not
grow enough to bridge between the working and counter
electrodes. Increasing the ramp-up current rate decreases the
amount of deposited lithium metal when the ramp-up current
reaches the same current density. Even so, internal short-circuit
takes place at 10 mA cm−2. Such proton exchange can be
avoided in the LiOH solution.15

This surface treatment enabled us to assemble a solid-state
battery with a garnet electrolyte. The cathode of this battery is
a mixture of LiCoO2 and the solid electrolyte applied on a
sintered pellet of garnet and heated at 700 °C, and the anode is
a Li foil attached to the other side of the pellet. A 23 nm thick
Ta layer and a 5.7 nm thick In layer are deposited as the
interlayers on the cathode and anode sides, respectively.
Details of the battery assembly will be reported elsewhere.16

Figure 4a shows charge−discharge curves of the battery at

various charge−discharge rates under constant-current con-
ditions. The charge−discharge rates increase from 0.1C to 2C,
which correspond to the current densities from 7.7 to 150 μA
cm−2, and the battery is cycled four times in each C-rate. The
battery does not reach an internal short-circuit during the
cycling.
The surface treatment is also effective in suppressing

dendritic growth in Li-free batteries. The Li-free battery does
not have lithium metal in its anode when assembled, and a
lithium metal anode is formed on the anode current collector
in situ during the first charging.17 The current collector is
generally made of Cu, and thus, effects of the surface treatment
on the dendritic growth at the Li-free anode can be evaluated
in a Li/garnet/Cu asymmetric cell. However, the as-supplied
sintered pellet shows interfacial resistance exceeding 50 kΩ
cm2 to the in situ plated Li anode on the Cu current collector.
Therefore, a Au interlayer with 94 nm in thickness is formed
on the garnet pellet to reduce the resistance18 and perform the
chronopotentiometry. Figure 4b compares the chronopotentio-
grams for the Li/garnet/Au asymmetric cells with the as-

supplied pellet and immersed in the LiOH solution under a
current ramp-up rate of 0.1 mA cm−2 min−1. The cell with the
as-supplied pellet reaches an internal short-circuit at 0.48 mA
cm−2. This value is lower than that observed for the Li/garnet/
Li cell in Figure 1b. The reason is that the internal short-circuit
tends to take place at a higher current density under a higher
current ramp-up rate, as discussed above, and vice versa. When
the current ramp-up rate is set to 1 mA cm−2 min−1, the Li/
garnet/Au cell reached an internal short-circuit at the higher
current density of 1.5 mA cm−2. On the other hand, internal
short-circuit is not observed at least until 7 mA cm−2 for the
cell assembled with the pellet after immersion in the LiOH
solution.
This study demonstrates that immersion in an aqueous

solution of LiOH is a simple and effective way to suppress
internal short-circuit occurring in a solid-state battery with a
lithium metal electrode and a garnet-type solid electrolyte by
removing the contamination layer that forms on the surface of
the solid electrolyte. Because many studies have revealed that
lithium dendrites grow and penetrate through garnet pellets
along the grain boundaries,6,19 influence of the LiOH solution
on grain boundaries should be noted. It is not possible to
consider that the immersion in this study affects the
propagation of lithium metal through the grain boundaries
because the sintered pellets used in this study are dense. The
relative density is around 97%, and there are few voids in the
pellets, as shown in the cross-sectional secondary electron
micrograph in Figure S1 in the Supporting Information.
Therefore, the LiOH solution will not infiltrate into the pellet
during the immersion to affect the grain boundaries.
In addition, this study suggests that only reduction of the

resistance at the Li/garnet interface is not enough to avoid the
short-circuit, as indicated by the critical current densities
observed for the surface-polished solid electrolyte and that
immersed in water. Although the reason for this has not been
fully understood, it may be because these treatments induce
inhomogeneity in the current density. The protonation caused
by immersion in water is reported to lower the transfer kinetics
at the Li/garnet interface, as mentioned above. In addition,
since lowering crystallinity decreases the ionic conductivity,20

polishing damage will also block the ionic diffusion. These
defects scattered at the interface make current density
inhomogeneous, and the local current density can exceed the
critical value for the internal short-circuit.
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