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Herein, through studying the electronic conductivity of a garnet
electrolyte LiyLa; 75Cag 25211 75Nbg 2501, (LLCZN) at different temper-
atures, a model to describe the electron transfer process within garnet
electrolytes is proposed for the first time. In this model, electronic
conductivity is mainly determined by the barrier height and bias
between the grain boundaries of LLCZN. As the external voltage
polarization increases with ion current densities and finally exceeds
a threshold value, electron conductivity concentration at grain
boundaries increases sharply to the critical point for the combination
between Li-ions and electrons. Lithium metal will consequently
deposit on the grain boundaries and short circuit LLCZN. According to
the results, lowering the voltage polarization across the solid elec-
trolyte and increasing the electron transfer energy barrier at grain
boundaries are two effective approaches to realize practical applica-
tions of garnet electrolytes in solid-state lithium metal batteries.

Introduction

Solid electrolytes (SEs) are considered as a critical roadmap for
Li metal batteries with advantageous energy density. Among
various SSE materials, garnet-type oxides, Li;LazZr,0;, (LLZO)
in particular, are considered promising because of their high
ionic conductivity, good electrochemical stability and high
chemical stability against Li metal. However, the application of
LLZO in Li metal batteries suffers from high LLZO/Li interfacial
resistance and Li dendrite growth in LLZO.' Previous results
have shown that LLZO generally suffers from low critical current
density (CCD), above which Li dendrites form rapidly and
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a short circuit occurs abruptly.” Since Li dendrites tend to
propagate along the grain boundaries and voids in LLZO,> many
factors including relative density,>* lithium ion diffusivity,>*
pre-existing defects in the surface and bulk,” inhomogeneous
lithium plating due to insufficient LLZO/Li interfacial
contact>®*™* and temperature®'* are reported to be related to Li
dendrite growth. Recent studies have shown that the relatively
high electronic conductivity should be responsible for Li
dendrite formation in LLZO.”™ In our previous work, it was
proposed that Li® is formed at the grain boundary of a garnet
electrolyte due to the combination of Li" and electrons.”
Generally speaking, the electronic conductivity of semi-
conductors increases with temperature. Therefore, if the short
circuit process is simply dependent on the electronic conduc-
tivity, a lower CCD is expected at elevated temperature.
However, the experimental results have shown otherwise,’
indicating that more factors should be taken into consider-
ation. To date, a model has yet to be established to describe the
electron conduction and Li dendrite formation in garnet-type
electrolytes.

Herein, a new model is proposed to investigate the short-
circuit mechanism of a garnet-type solid electrolyte Li;La, 75-
Cay 25211 75Nbg 2501, (LLCZN), where Ca®* and Nb>* are doped
into LLZO for achieving a lower sintering temperature, stable
cubic garnet phase and higher ionic conductivity.*®'” In this
model, a high external voltage applied across the solid electro-
Iyte could cause the energy barrier breakdown of the grain
boundaries. As a result, the electronic conductivity of LLCZN
dramatically increases, therefore leading to the short circuit of
the SSE.

Results and discussion

The XRD pattern (Fig. S1at) of LLCZN can be well indexed to the
reference pattern of standard LisLazNb,O;, with a cubic garnet
phase (PDF 80-0457). The cross-section SEM images of LLCZN
pellets are shown in Fig. S1b,T indicating that densely sintered
LLCZN electrolyte was obtained. The ionic conductivity of the
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LLCZN polycrystalline electrolyte is measured and calculated
from the electrochemical impedance spectra (EIS) shown in
Fig. Slc.t As a result, the ionic conductivity of LLCZN (1.2 X
10~* S em ' at 25 °C) is in line with literature values for garnet
electrolytes.'®

Origin of an electronic conductivity surge

First, the electronic conductivity of LLCZN was measured in a Li/
LLCZN/Au cell. As shown in Fig. 1a, by applying a constant
voltage (AE) versus the open circuit potential (OCP), a steady-state
current () can be obtained. Then the electronic conductivity (o)
can be calculated.' At 1.3 V, the electronic conductivity of LLCZN
at 25 °C is calculated to be 2.53 x 10~® § em™'.In addition, the
value of o, increases with temperature, which agrees with the
previous report.”> By plotting I versus AE, it can be seen from
Fig. 1b that at a lower voltage range, the value of I increases
slowly, indicating a constant electronic conductivity. As higher
voltages are applied, the exponential increase of I s eventually
becomes non-linear, which implies increasing electronic
conductivities. The relationship between bias voltage and elec-
tronic current is investigated by simulation as shown in Fig. S2,T
where -V curves can be well fitted using the following equation
where electronic current density of varistors increases exponen-
tially with biased voltage:*

I =1y (—qplkgT)[1 — exp(—gAE/pkgT)] (1)

where I, is a temperature-related constant, g is the elementary
charge, ¢ is the grain boundary barrier, kg is the Boltzmann
constant, 7 is the temperature and p is the number of barriers
per unit of length of the polycrystalline. Here, the voltage cor-
responding to the turning point of electronic conductivity is
defined as the threshold voltage (Vy), which gradually decreases
as the temperature increases (2.10 V at 25 °C, 2.03 V at 40 °C,
1.92 Vat 50 °C and 1.85 V at 60 °C). Similar to varistors such as
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Fig. 1 (a) Chronoamperometry results of an Au/LLCZN/Li cell at
different temperatures with an applied voltage of 1.3 V; |-V curves of
the Au/LLCZN/Li cell (b) at different temperatures and (c) using LLCZN
pellets with different thicknesses; (d) impedance spectra of the Au/
LLCZN/Li cell under various external voltages.
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TiO, and SnO,, electric breakdown could occur at grain
boundaries of LLCZN as the external electric field exceeds Vy>***
leading to a sharp increase of electronic conductivity. In addi-
tion, as shown in Fig. 1c, the I-V curves of two LLCZN pellets
with different thicknesses are measured. By normalizing the
thickness (inset), the I-V characteristic curves are almost the
same, indicating that the Vr values are dictated by LLCZN grain
boundaries so that the influence of the electrode/electrolyte
interface can be excluded.”” As presented in Fig. 1d, when AE
= 2.1V, the total impedance of LLCZN becomes significantly
larger compared to that under OCP (shown in Fig. S3t), indi-
cating that the ionic conductivity can be negligible due to the
depletion of Li-ions at the Au working electrode, and the total
impedance only represents electronic resistance. As AE further
increases to 2.5 V, the impedance decreases, indicating a higher
electronic conductivity. The values of total conductivity calcu-
lated from EIS (2.18 x 10°°® S em™ ' at 2.1 V and 3.41 x
107%S em ™! at 2.5 V) are consistent with those calculated from
the potentiostatic results in Fig. 1b (2.08 x 107 °Scm " at 2.1V
and 3.14 x 10" ®Sem ™" at 2.5 V), further confirming that the EIS
only exhibit the electronic resistivity of LLCZN. The impedance
spectra are well fitted using an equivalent circuit with two
overlapping semi-circles: the small one at high frequencies can
be assigned to electron-transfer impedance in the bulk of
LLCZN (R.g, Cep) whereas the large one at low frequencies can
be assigned to that of the grain boundary (Regp, Cegp)->>** It is
worth noting that the impedance in the bulk barely changed
with external voltage while the grain boundary impedance
decreases sharply with voltage, further confirming that it is the
electric breakdown at grain boundaries that causes the elec-
tronic conductivity surge in LLCZN.

Vr vs. short circuit voltage (V)

The CCDs of LLCZN at various temperatures were then invested
by performing galvanostatic cycling for Li/LLCZN/Li symmetric
cells with increasing current density of 0.1 mA cm ™2 per step. It
is noteworthy that in order to exclude the influence of Li/LLCZN
for all measurements, a minimum amount (3 pL) of liquid
electrolyte was added between Li and LLCZN in order to create
a fully wetted Li/LLCZN interface and avoid inhomogeneous
lithium plating.’ From the potential profile of the cell in Fig. 2a,
it can be seen that LLCZN exhibited stable Li plating and
stripping processes at current densities lower than 0.4 mA
cm . At 0.4 mA cm™ 2, an abrupt voltage drop occurs showing
that the cell is short-circuited at this current density. Therefore,
the CCD of LLCZN is determined to be 0.4 mA cm ™2 under these
testing conditions. It is also noteworthy that the value of CCD
represents a narrow range of current densities. As presented in
Fig. S4,T when the current density is 0.35 mA cm 2, the cell can
be cycled for 100 h without a short circuit. However, as the
current density gradually increases from 0.38 mA cm > to 0.41
mA cm 2, the cycling time before the short circuit dramatically
decreases from 30 h to 0.04 h, indicating that the phenomenon
of CCD becomes prominent around 0.4 mA cm™ 2. The CCDs of
LLCZN at 40 °C, 50 °C and 60 °C were measured to be 0.6 mA
ecm 2, 0.7 mA cm > and 0.9 mA cm ™2, respectively (see Fig. 2b-
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Fig. 2 Lithium plating/stripping performance of Li/LLCZN/Li
symmetric cells at various temperatures under step-up current
densities with 0.1 mA cm™2 per step.

d). The highest corresponding voltages obtained before the
short circuit (V) show an opposite tendency. V. is measured to
be 0.26 V, 0.19 V, 0.16 V and 0.12 V at 25 °C, 40 °C, 50 °C and
60 °C, respectively, which has the same tendency of Vr.

As discussed above, correlations are expected to exist
between Vr and V. because electronic conductivity is found to
be the main cause for the short circuit of garnet electrolytes.*>**
Although they both decrease with temperature, their values are
significantly different, which might be due to the different cell
configurations: Vrand V. are measured in Au/LLCZN/Li and Li/
LLCZN/Li cells, respectively. However, the estimation of elec-
tronic conductivity is not experimentally applicable in a Li/
LLCZN/Li cell since Li-ions will serve as charge carriers and
the ionic conductivity of SSEs is generally hundreds or thou-
sands of times higher than their electronic conductivity.

The effect of Li* conduction on electronic conductivity

In order to decouple electronic conductivity in Li/LLCZN/Li
cells, an alternative strategy was proposed to indirectly esti-
mate the value of electronic current. The EIS of Li/LLCZN/Li
cells under different external voltages and temperatures are
shown in Fig. S5a-d.{ It can be observed that the total imped-
ance (Ryta) also decreases with higher external voltage.
Assuming that R, consists of electronic impedance (R.) and
ionic impedance (Ry;+), which are connected in parallel, Ryota
can then be expressed using the following equation:

/Ry = /R + 1/Ry;+ @)

Since the applied voltage has very little impact on Ry ;+ (shown
in Fig. S67), its value can be considered as a constant. Therefore,
different values of R, can be calculated by simple math (shown
in Fig. S5e-ht). Then, the electronic current can be calculated
according to the Ohm's law as shown in Fig. 3, where all curves
also exhibit potential barrier breakdown behavior. The values of
Vrunder this circumstance (V;) are listed in Table 1. It is found
that the values of V. match exceptionally well with V. values
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Fig. 3 Calculated /-V curves of the Li/LLCZN/Li cell at various
temperatures.

Table 1 Values of Vi and V4 obtained at different temperatures

T(°C) 25 40 50 60
Vee 0.261 0.195 0.163 0.125
14 0.270 0.186 0.153 0.108

obtained at the same temperatures, indicating a strong corre-
lation between V; and the short circuit of LLCZN: during gal-
vanostatic cycling, if the voltage polarization caused by ion
conduction exceeds the critical point (ie. Vi), the grain
boundary will become highly electron conductive. As a result,
Li-ions will quickly combine with electrons, forming metallic Li
that results in the short-circuit of the solid electrolyte.*
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Scheme 1 Schematic illustration of different electron-transfer energy
barriers at the grain boundary of LLCZN in the (a) Au/LLCZN/Li cell and
(b) Li/LLCZN/Li cell.

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Proposed scheme of electron conduction at grain
boundaries under different external potentials.

The proposed schemes of electron conduction mechanisms
are demonstrated in Scheme 1. On the one hand, as shown in
Scheme 1a, because electrons are the only charge carriers in Au/
LLCZN/Li cells when a positive external voltage is applied on the
Au electrode, the electron-transfer energy barriers at grain
boundaries are relatively high. As a result, a high external voltage
is necessary to overcome Egg, hence a much higher Vr is ob-
tained. On the other hand, in Scheme 1b, by replacing the Au
electrode with Li°, Li-ions become the main charge carriers in Li/
LLCZN/Li cells. Therefore, by applying a relatively small voltage,
one side of the grain boundary will be concentrated with Li'. This
assumption is supported by the slow decay of the residual
polarization of the Li/LLCZN/Li cell after applying an external
voltage of 0.2 V shown in Fig. S7.1 The positively charged grain
boundary forms an electric field which attracts electrons from the
other side and therefore lowers Egg. Consequently, instead of
a high Vr, a much lower V. (Vy) is obtained for Li/LLCZN/Li.

Conclusions

In this work, a new model of electron conduction that leads to the
short circuit of garnet-type SSEs is proposed as shown in Scheme
2. It is revealed that in the presence of an external electric field
(AE) that exceeds a threshold voltage (Vy), the solid electrolyte will
undergo an electric breakdown process by exhibiting an elec-
tronic conductivity surge. Consequently, massive amounts of
electrons will combine with Li-ions at grain boundaries eventu-
ally leading to a short circuit. Therefore, in order to effectively
avoid the short circuit, it is necessary to keep AE < V. To achieve
this goal, methods for either reducing the voltage polarization
(e.g- improving ionic conductivity and facilitating a well contacted
interface) or increasing the energy barrier of electron transfer at
grain boundaries (e.g. a thin coating on SSE particles or doping in
SSEs) are expected to be particularly effective.
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