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Abstract

Potassium metal anode solid-state cells with a K-beta”-alumina ceramic electrolyte are found to have relatively high criti-
cal currents for dendrite penetration on charge of approximately 4.8 mA/cm?, and voiding on discharge of approximately
2.0 mA/cm?, at 20 °C under 2.5 MPa stack-pressure. These values are higher than generally reported in the literature under
comparable conditions for Li and Na metal anode solid-state batteries. The higher values for potassium are attributed to its
lower yield strength and its readiness to creep under relatively low stack-pressures. The high critical currents of potassium
anode solid-state batteries help to confirm the importance of the metal anode mechanical properties in the mechanisms of

dendrite penetration and voiding.

Introduction

Solid-state batteries (SSBs) combining a lithium metal anode
with a ceramic solid electrolyte (SE) promise to deliver a
step change in the energy density of batteries [1, 2]. How-
ever, dendrite penetration into the ceramic electrolyte and
void formation at the Li/SE interface at moderate (practical)
rates of charge and discharge, respectively, limit SSB perfor-
mance [3—12]. Previous studies have identified that there are
two critical currents for metal anode/SE interfaces; a critical
current for plating the metal anode at which dendrites will
penetrate into the SE, and a critical current for stripping at
which voids will nucleate and grow in the lithium metal at the
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anode/SE interface [13]. Whilst the critical current for den-
drite growth has previously received a great deal of attention
as it limits the fast-charge capability of SSBs, the formation
of voids when stripping the metal anode during discharge is
at least as important, perhaps more so, as the critical current
for voiding is often lower, and can also lead to cell failure.
When the critical current for voiding is exceeded, contact loss
between the metal anode and SE will worsen as the battery
is cycled, resulting in high local current densities which will
give rise to dendrite growth on charging [13].

A number of mechanisms have been proposed to explain
how dendrites and voids form at the metal anode/SE inter-
face, and these emphasise the importance of the mechanical
properties of the metal anode in determining critical cur-
rents. Lower yield strength metals that creep more readily are
expected to enable higher critical currents for both dendrite
penetration and voiding, as the metal creep rate to the inter-
face during stripping will be higher for the same pressure and
temperature, whilst the ability of the softer metal to crack the
ceramic on plating is less [14—17]. The observation that Na
metal anode SSBs have in general higher critical currents
than Li metal anode SSBs supports this, with recent reports
that the critical current for dendrite growth is 3—12 mA/cm?
for the Na/Na-beta”-alumina interface and that the critical
current for voiding can be 1.5 mA/cm? under 4 MPa stack
pressure and 2.5 mA/cm? under >9 MPa [16, 18]. An alterna-
tive approach to achieving high critical currents has been to
raise the temperature of the cell, as Li metal yields and creeps
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more readily at higher temperatures. Moderately elevated
temperatures have been found to increase the critical cur-
rents for both dendrite growth and void formation [17], and
semi-solid alkali metal electrodes such as Li-Na—K have been
shown to increase the critical current for Li dendrite growth
to 3.5 mA/cm? [14]. Taken to the extreme, operating cells
at high temperatures with molten metal anodes can enable
current densities in the order of A/cm? [15].

In this context, it is interesting to study K metal anode
SSBs, as K metal has a lower yield strength and creeps
more readily than Li and Na metal [14]. We reveal that K
anode SSBs utilising a K-beta”-alumina solid electrolyte can
achieve a critical current for dendrite growth of approxi-
mately 4.8 mA/cm?, and a critical current for voiding of
approximately 2.0 mA/cm?, under 2.5 MPa stack-pressure at
20 °C, with these results providing further evidence for the
importance of the metal anode mechanical properties in the
failure of SSBs. In addition, an optimised surface prepara-
tion of K-beta”-alumina is described, with surface grinding
followed by heat-treatment at 875 °C in an argon atmosphere
shown to minimise the interfacial resistance between the
K-beta”-alumina and K metal anode by removal of carbonate
impurities from the surface of the ceramic.

Experimental

K-beta”-alumina disks was chosen as the SE for this study
as it both highly ionically conductive (~1 mS/cm) and sta-
ble against a K anode meaning that it is possible to assign
changes in cell voltage to mechanical changes at the inter-
face (dendrites and voids), rather than electrochemical
degradation [14, 19, 20]. K-beta”-alumina disks (Ionotec)
were prepared by grinding with successively finer grades of
SiC paper. Disks that were to undergo heat-treatment were
transferred into an argon-filled glovebox where they were
heated in a box furnace (MTI) to the target temperature at a
rate of 4 °C/min, held for 4 h and then cooled at 4 °C/min.
K-beta”-alumina disks were constructed into 2-electrode
cells by affixing 5 mm diameter K foils to each side of the
disks, and 3-electrode cells were made by further addition
of a I-mm-diameter K reference electrode. Electrode areas
were kept constant by using polypropylene masks to con-
trol the K/K-beta”-alumina contact area. Pouch cells with
stainless-steel current collectors were vacuum-sealed and
removed from the glovebox for testing. Stack-pressure was
applied to the cells using sprung clamps, with the pressure
set using a piezoelectric pressure sensor (OMEGA).
Electrochemical testing was carried out using a Gamry
1010E potentiostat. Potentiostatic electrochemical imped-
ance spectroscopy (PEIS) was carried out in a frequency
range of 1 MHz-1 Hz taking 10 points per decade, using
a 10 mV perturbation. Impedance analysis was carried out
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using the ZView software package. Cell cycling was con-
ducted at 20 °C under a 2.5 MPa stack-pressure. 3-Electrode
cycling began by plating the working electrode (and strip-
ping the counter electrode).

Samples were prepared for scanning electron micros-
copy (SEM) in an argon-filled glovebox and transferred to
the SEM (Zeiss Merlin) using an air-tight transfer device
(Gatan). Energy dispersive X-ray spectroscopy (EDS) was
carried out with a probe current of 200 pA and acceleration
voltage of 10 kV using an Oxford Instruments detector and
was analysed using the Aztec software package.

Results and discussion
Surface preparation of K-beta”-alumina

Alkali oxide ceramic electrolytes invariably have impurities
present on their surfaces, such as carbonates and hydroxides
[18, 21, 22]. These impurities are poor ionic conductors and
so it is important to remove them when preparing the SE,
to minimise the impedance to K-ion transport across the
K/K-beta”-alumina interface and to maximise the critical
currents.

A combination of grinding and heat-treatment is the most
common surface preparation method for Li-ion and Na-ion
conducting oxide ceramic electrolytes, and so this method
was used to prepare the surface of K-beta”’-alumina [16,
18, 21]. K-beta”-alumina disks were ground as described
in the Experimental section, before being heat-treated in an
argon atmosphere at a range of temperatures between 200
and 950 °C. To assess the results of these heat-treatments,
the K-beta”-alumina disks were incorporated into symmetric
K/K-beta”-alumina/K cells, and potentiostatic electrochemi-
cal impedance spectroscopy (PEIS) was carried out to deter-
mine the impedance of the cells (Fig. 1a). The total imped-
ance was observed to decrease from the K-beta”-alumina
that was treated at the lowest temperature of 200 °C (red)
to a minimum for the K-beta”-alumina disk heat-treated
at 875 °C (purple), before showing a slight increase again
to the disk heat-treated at 950 °C (grey). A more detailed
analysis was carried out by modelling each Nyquist plot to
an equivalent circuit model consisting of two resistors in
series, each in parallel with a constant phase element, as
has been used to interpret impedance spectra for other metal
anode/oxide solid electrolyte interfaces (Fig. 1b) [18, 21,
23]. Each resistor in parallel with a constant phase element
was used to model a physical processes within the cell which
was assigned according to its characteristic capacitance [24].
These were, from high to low frequency, the impedances of
the K-beta”-alumina electrolyte and the K/K-beta”-alumina
interface. From the fitting of the equivalent circuit to the
impedance, it is clear that the decrease in cell impedance
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with increasing heat-treatment temperature is a result of a
decrease in K/K-beta”-alumina interfacial resistance from
a maximum of approximately 355 Q-cm? after heat-treatment
at 200 °C, to a minimum of 21 Q-cm? when heat-treated at
875 °C (Fig. lc¢).

X-ray photoelectron spectroscopy (XPS) was used to relate
the decrease in interfacial resistance with heat-treatment to
the impurities present on the surface of the K-beta”-alumina.
XPS was carried out as described in the Experimental section,
and these data are shown in Fig. 1d, which compares the key
C 1 s region of the spectra for an untreated K-beta”-alumina
surface (Fig. 1di), the surface of a K-beta”-alumina disk that
had been heat-treated at 875 °C (Fig. 1dii) and the bulk of
K-beta”-alumina which was accessed by sputtering off the
K-beta”-alumina surface within the XPS chamber (Fig. 1diii).
For the surface of the untreated K-beta”-alumina disk, fitting
of the XPS spectrum shows the presence of carbonates (green,
289.5 eV) [25]. However, after heat-treatment at 875 °C, no
carbonate remains present on the surface, although a very
small concentration of an impurity containing a C-O bond is

600 800 1000 Binding Energy (eV)

present (pink, 286.6 eV) [26]. Taken together with the results
of the PEIS analysis, it is clear that just as in the cases of
the Li/LLZO and Na/Na-beta”-alumina interfaces, decreas-
ing interfacial resistance with heat-treatment is a result of
a decrease in concentration of carbonate impurities on the
surface of the oxide ceramic [16, 18, 21]. Interestingly, the
K/K-beta”-alumina interfacial resistance was observed to
increase again when heat-treatment was carried out at 950 °C
(Fig. 1c), perhaps due to surface reactivity with minor atmos-
pheric impurities at this high temperature. XPS data for the
corresponding O 1's, Al 2p and K 2p regions of the spectra
are shown in Supplementary Fig. 1 for reference.

Critical currents for plating and stripping

Having optimised the surface treatment of K-beta”-alumina,
cells were tested to determine the critical current densities
of plating and stripping K metal at the K/K-beta”-alumina
interface. Firstly, the critical current for dendrite growth
was determined using a well-established method; cycling
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the symmetric K/K-beta”-alumina/K cell at successively
higher current densities until cell failure (Fig. 2) [27]. This
was carried out at a temperature of 20 °C with the cell under
a constant stack-pressure of 2.5 MPa. Cycling was initiated
at a current density of 0.05 mA/cm?, then raised to 0.1 mA/
cm? for the second cycle, and thereafter increased in steps
of 0.1 mA/cm? until cell failure was observed at 4.8 mA/
cm?. The critical current for dendrite growth of 4.8 mA/cm?
is amongst the highest values reported in the literature for
a solid metal anode/SE interface and demonstrates that the
K/K-beta”-alumina interface is able to sustain high rates
of charge [28-31]. It should be noted that polarisation is
observed for current densities greater than approximately
2 mA/cm?, suggesting that some voiding is occurring when
stripping at these high current rates, leading to a reduced
metal anode/SE contact area. As such, 4.8 mA/cm? may even
be an underestimate of the true areal critical current for den-
drite penetration.

Further to the problem of electrode/SE contact loss at
high currents, the critical current for void formation during
stripping was determined by cycling 3-electrode cells, with
the critical current determined to have been exceeded when
cell polarisation was observed during stripping (Fig. 3)
[13, 16, 17]. At a current density of 1 mA/cm? (Fig. 3a), no
increase in cell polarisation was observed over 25 cycles.
When cycling at 2 mA/cm? (Fig. 3b), only a very slight cell
polarisation was observed, increasing from 43 mV at the end
of the first stripping (red) to 54 mV at the end of the 25th
stripping (green). By contrast, significant polarisation on
stripping was observed when cycling at 3 mA/cm? (Fig. 3c),
increasing from 70 to 120 mV through the course of the first
cycle (red), worsening with cycle number to reach 149 mV
at the end of the 25th cycle (green). It can therefore be con-
cluded that under a stack-pressure of 2.5 MPa and at 20 °C,

the critical current for voiding on stripping is at approxi-
mately 2 mA/cm? and has been exceeded at 3 mA/cm?.

These results are in agreement with SEMs showing the
cross-sections of the stripped K/K-beta”-alumina interface
after 25 cycles. After cycling at 1 mA/cm?, below the criti-
cal current for void formation, the interface between K and
K-beta”-alumina remains highly conformal, with no con-
tact loss observed (Fig. 4a). By contrast, numerous voids
are observed in the K metal anode after cycling at 3 mA/
cm?, above the critical current for voiding (Fig. 4b). What is
more, severe dendrite penetration into the K-beta”-alumina
at areas around the interfacial voids is observed, confirmed
by the K EDS signal (turquoise) within the electrolyte
(Fig. 4bii). The presence of dendrites on cycling at 3 mA/
cm? is not surprising, despite the critical current for dendrite
penetration, reported above, being higher at 4.8 mA/cm?, as
voiding reduces the area of contact between the K electrode
and K-beta”-alumina electrolyte, leading to higher local cur-
rent densities. These local current densities can exceed the
high critical current density for dendrite growth of 4.8 mA/
cm?, despite the nominal areal current density being only
3 mA/cm? [13]. Further magnified micrographs of the K
dendrite morphology within the K-beta”-alumina are shown
in Supplementary Fig. 2.

The critical current for void formation in the K metal
anode of ~2 mA/cm? under a 2.5 MPa stack-pressure and
20 °C is higher than typically observed for Li anodes; for
example 0.2 mA/cm? under 3 MPa pressure for the Li/Li4P-
SsClinterface [13], and 0.2 mA/cm?® under 3.2 MPa pressure
for the Li/Li;La;Zr,0,, interface [32]. Together with the
relatively high critical current for plating, the results show
K metal anodes are not only less rate limited during the K
metal plating process during charge but also during the K
metal stripping process on discharge.
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Fig.2 Cycling of a K/K-beta”-alumina/K symmetric cell, showing the
voltage response (blue) when the current density (red) is increased in
steps each cycle until cell failure at a current density of 4.8 mA/cm?.
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Cycling was carried out at 20 °C under a 2.5 MPa stack-pressure,
moving 0.5 mA-h/cm? capacity each half cycle
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Considering the models that have been proposed to
explain dendrite penetration through ceramic electrolytes,
they generally involve the alkali metal filling cracks or
pores in the electrolyte near the anode/electrolyte interface
[33-36]. Fracture of the SE can occur when the rate of metal
plating into a near-surface crack or pore exceeds the rate of
extrusion from the crack or pore into the bulk of the metal
anode. Softer metals that are more ductile and flow more
easily can extrude from the ceramic more readily, meaning
that failure requires higher plating currents such that the rate
of plating exceeds extrusion. Passing down the alkali metal
column in the periodic table, the yield strengths decrease
from approximately 1.74 MPa for Li, to 0.41 MPa for Na and
0.24 MPa for K [14, 37-40]. As such, K metal will yield and
be extruded more readily from surface cracks and flaws than
Li or Na, and therefore, critical currents for dendrite penetra-
tion would be expected to be higher, all else being equal.

Similarly, the critical current for voiding also depends
on the mechanical properties of the metal anode [16, 17,

Capacity (mA-h/cm?)

41, 42]. Voiding occurs when the flux of ions away from
the interface under current load exceeds the transport of
metal atoms to the interface [13, 43, 44]. The mechanisms
by which metal atoms are transported to the interface are by
self-diffusion and, when the cell is under a stack-pressure,
creep [13, 45, 46]. Lower yield strength materials such as
K creep more readily, and the activation energy of mono-
vacancy self-diffusion is lower for K than Li or Na [47].
Therefore, K metal will sustain higher stripping currents
than Li or Na metal anodes before voids form at the inter-
face [16]. The high critical currents for both dendrite pen-
etration and voiding observed in this work help to verify
these models for failure on plating and stripping, confirming
that both failures are strongly dependant on the mechanical
properties of the metal anode, with low yield strength metal
anodes giving higher critical currents. However, whilst the
critical currents for dendrite penetration and voiding are
dependent on the properties of the metal anode, they also
have dependence on other factors; for example, voiding also
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Fig.4 a K/K-beta”-alumina
interface after the 25th stripping
when cycling at 1 mA/cm? and
b K/K-beta”-alumina interface
after the 25th stripping when
cycling at 3 mA/cm?. (i) Scan-
ning electron micrographs and
(ii) Energy Dispersive X-ray
Spectrometry colour map show-
ing K signal (turquoise)

depends on the adhesion of the metal anode to the solid
electrolyte [42], and dendrite growth depends not only on
the properties of the metal anode but also on the properties
of the SE [33-35].

Conclusions

An exploration of dendrite penetration and voiding in solid-
state cells with a potassium anode and potassium ion con-
ducting solid electrolyte, K-beta”-alumina, reveals relatively
high critical currents compared with Li and Na metal anode
SSBs. Failure of a K/K-beta”-alumina/K symmetric cell due
to dendrites, which penetrate the SE when plating K metal,
was observed at a current density of 4.8 mA/cm?. Similarly,
the formation of voids in the K anode at the K/K-beta”-
alumina interface was determined to occur at a stripping
current of 2 mA/cm?. It is concluded that K anode SSBs are
able to sustain relatively high rates of K metal plating and
stripping without failure due to the mechanical properties of
K metal, with its low yield strength and readiness to creep
under relatively low stack-pressures enabling high rates of
charge and discharge.
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