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Abstract

Multivalent cation rechargeable batteries, including those based on Ca, Mg, Al, etc., have attracted
considerable interest as candidates for beyond Li-ion. Recent developments have realized promising
electrolyte compositions for rechargeable Ca batteries; however, an in-depth understanding of the Ca
plating and stripping behavior, and the mechanisms by which adverse dendritic growth may occur,
remains underdeveloped. In this work, via in-situ transmission electron microscopy, we have captured
the real-time nucleation, growth, and dissolution of Ca, the formation of dead Ca, and demonstrated the
critical role of current density and the solid-electrolyte interphase layer in controlling the plating

morphology. In particular, the interface was found to influence Ca deposition morphology, and can lead
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to Ca dendrite growth under unexpected conditions. These observations allow us to propose a model

explaining the preferred conditions for reversible and efficient Ca plating.

Multivalent cation batteries based on Mg, Ca, Al, etc. have attracted significant interest as potential
candidates to replace Li-ion batteries in recent years.'” These metallic anodes have much higher natural
metal abundancy, and are reported to be much less prone to dendrite formation compared with metallic

3711 potentially due to their lower self-diffusion barriers."!*!3 The Ca-ion system has

Li anode,
demonstrated significant potential. It has a comparable volumetric capacity to Li, and compared with
other multivalent systems like Mg, it also has the advantages of higher earth abundance, lower reductive
potential and lower charge density.! Despite this, the development of Ca-ion batteries has been slow in
part due to issues with the anode, where most studied electrolytes react with metallic Ca, rapidly
forming surface passivation layers comprised of CaCl,, Ca(OH)2, or CaCOs, that block Ca ion diffusion
and make further plating impossible.!*!” However, recent breakthroughs in electrolyte research have
brought renewed interest in Ca-ion batteries.'® 2! These works have demonstrated promising Ca-based
electrolytes that are capable of continuous plating and stripping with relatively high efficiency at
moderately elevated'” or room-temperatures.*!!*> While most previous studies demonstrated fairly
smooth plating morphology,®!! a recent paper by Davidson et al.?*> showed that dendrites do grow in
Mg-ion electrolyte. This challenges the widely accepted belief that multivalent systems do not form
dendrites easily. Since research into Ca-ion electrolytes is at an early stage, little work has been done to
systematically study their plating and stripping processes. This study explores the electroplating
morphology and mechanism within the Ca-ion system via in situ transmission electron microscopy

(TEM) to evaluate the feasibility of employing metallic Ca anodes, and to provide a deeper

understanding of this system for future optimization.



The electrolyte used in this work is 1 M Ca(BHa), in tetrahydrofuran (THF), as per Wang et al.* (see
methods). Cyclic voltammetry was used to evaluate the electrolyte in a 3-electrode cell, showing high
coulombic efficiency (Supporting Figure S1). To explore the relationship between the plating
morphology and current density, Ca plating at various current densities were studied with in-situ liquid
cell TEM. The liquid cells were constructed as depicted in Supporting Figure S2, where Pt was used for
the working, counter and reference electrodes. TEM imaging was performed at a low electron dose rate
of <0.04 electrons A2 57!, to minimize any beam effect.?* The driven current density is calculated as the
total current applied by the potentiostat, divided by the exposed Pt electrode surface area measured with
scanning electron microscope (SEM) images. Due to the small size of the electrode this current density
could be exaggerated, and the real current density could be smaller due to any electrode roughness and
porosity increasing its effective area.

The plating morphology was first studied at a 100 mA cm current density, revealing the formation of
dendrites. Four galvanostatic cycles were performed. For each cycle, a negative bias was applied for 15
seconds, followed by a positive bias for another 15 seconds. The load curve of the first two cycles
together with the relevant TEM images are shown in Figure 1a and Figure 1b, with all four cycles shown
in Supporting Movie S1. From Figure la i and ii, it can be seen that as soon as the negative potential
was applied, a sharp dendrite nucleated from the tip of the Pt electrode and rapidly grew out of the field
of view within less than a second. This dendritic growth has not been reported in Ca-ion systems,*!° but
is similar to previous studies in Li-ion systems with a similar cell setup.?*** Upon reversing the current,
some Ca dendrites gradually detached from the Pt electrode and drifted away, as indicated by the white
arrows in Figure la iii and iv, which can be seen more clearly in Supporting Movie S1. This corresponds
to the stripping process and formation of ‘dead calcium’.* Just like the ‘dead lithium’ observed in Li-ion

batteries,?® these ‘dead calcium’ are electrically isolated from the electrode, resulting in inactive Ca



deposits that cannot be stripped away, and thus reduced coulombic efficiency. Also of interest are the
features denoted with black arrows at 17 and 26 seconds in Figure 1a v, which are indicative of short-
circuit events. This suggests that the two Pt electrodes, 200 microns apart, had been bridged by the
deposited Ca metal within 17 seconds, suggesting a rapid dendrite growth rate of at least 11.7 pm s™.

In the second cycle (Figure 1b), sharp dendrites nucleated from the gaps unoccupied by the existing
Ca dendrites, as indicated by the yellow arrows in Figure 1b i. After dendrite formation was initiated and
upon further Ca deposition, the initially sharp dendrite tips expanded into a globular structure
(magnified and annotated images Figure 1b vi-xi). This ‘dendrite tip blunting” phenomenon was
observed in all four cycles and will be discussed later. Upon reversing the current, Ca stripping was
observed, indicated by the red circles in Figure 1b ii and iii, as a Ca deposit gradually reduced in size
and finally disappeared. With continued application of the reversed bias, more dendrites formed on top
of the existing Ca deposits, originating from outside the field of view away from the working electrode,
causing another short-circuit (black arrow, Figure 1b v). This suggests that these dendrites were from
plating on the counter electrode, and grew across to the working electrode (Supporting Movie S1). As
more dendrites formed, such short-circuit events became more frequent, demonstrated in the 3 and 4"

cycles (Supporting Figure S3a and S3b).
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Figure 1. Dendritic growth from Ca electrolyte under high current density. In-situ electrochemical TEM of
(a) the first galvanostatic cycle and (b) the second galvanostatic cycle (Supporting Movie S1). (c) SEM image of
the disassembled cell after an in-situ TEM experiment, showing the short circuiting between the two electrodes

from Ca dendritic growth. (d) SEM and EDS mapping of the counter electrode.

After four cycles, the liquid-cell was purged by flowing tetrahydrofuran (THF), disassembled in an
argon glovebox, and the post-mortem Ca deposit examined under SEM via an environmental transfer

unit, screening it from air exposure (Figure 1d). From Figure 1d, it is clear that the deposited dendrites



have bridged between the working and counter Pt electrodes, which further confirmed the origin of the
short-circuit events. (Note: most of the Ca deposit on the working electrode was unavoidably lost during
cell disassembly). In addition, some Ca dendrites were detached from the rest of the deposit and the
electrodes, as indicated by the white arrows. These are likely to be ‘dead calcium’ dendrites, as per our
previous observation under TEM in Figure 1a iii and iv, that stuck to the cell window. The dendrites
formed at the Pt counter electrode were characterized by energy-dispersive x-ray spectroscopy (EDS)
mapping, confirming these dendrites to consist of Ca (Figure le). Higher magnification SEM images of
the dendrites' morphology are shown in Supporting Figure S4, which reveal the characteristic branching
fractal structure, comparable to those reported in other metallic systems.?” 2

We performed further in-situ TEM studies at lower 1 mA cm™ and 10 mA cm™ current densities, to
explore the plating morphology at more representative current densities for a practical cell. The results
are summarized in Figure 2a and b, with the full sequences in Supporting Movies S2 and S3. The
corresponding charging curves are shown in Supporting Figures S5 and S6. Unlike in the 100 mA cm™
case, gradual globular growth occurs with a more uniform coverage of the Pt electrode when plating at
1 mA cm™, with no dendrite formation observed. When an intermediate current density of 10 mA cm™
was applied, the electroplated Ca still exhibited globular growth with larger size than that in the
1 mA cm™ case, with no clear dendrites observed. These observations show that plating morphology is
dependent on current density, and explain the ‘dendrite tip blunting’ phenomenon observed during
plating at 100 mA cm™: Dendrite formation substantially increased the overall plating surface area and
changed the current distribution, effectively lowering the local current density at certain plating sites,
leading to a dendrite-to-globule transition with further Ca deposition at sites where the local current

density reduced over time with plating.



a) Plating at constant current of 1 mA / cm?

Figure 2. Globular Ca plating at lower current densities. Ca plating at (a) -1 mA cm?and (b) -10 mA cm?.
Panels i-iv show the in-situ electrochemical TEM recording, panel v show SEM images of the electrode after

disassembling the liquid-cell.

To construct a comprehensive understanding of this current-density dependent morphology transition,
several in-situ TEM cells plated with the same capacity at different current densities were disassembled
and their post-mortem deposits were studied under SEM. A transition from globular/island to dendritic
growth was seen as the plating current density was increased from 10 to 20, 50 and 100 mA cm™ (Figure
3a i-iv). Each study passed 18 uC total charge, with different amounts of Ca deposition imaged due to
losses during cell disassembly. This current density dependent transition from globular/island to
dendritic growth is consistent with the conventional model used to describe electrodeposition growth
(Figure 3b), and is also consistent with the previous theory proposed for Li-ion battery systems. At
higher current densities, the ion diffusion rate towards the plating interface is not fast enough to
compensate the ion depletion rate due to reduction and deposition, with this loss of equilibrium leading

to dendrite formation.*°



Based on this morphology-current relation, a critical current density limit for ion depletion, and thus
dendrite formation, can be roughly estimated for our in-situ TEM electrochemical cell. With a flow rate
of 80 pL hr!, it takes less than a second to replace all the electrolyte within the enclosed cell, which

allows the ion concentration to be restored to the nominal value of 1 M. Using the diffusion length
equation d = 2/4 - D¢, - t (d is the diffusion length, ¢ is the time allowed for diffusion, D¢, is the Ca ion

diffusion coefficient, which is estimated to be 7.4 x 1077 cm?s™! for this system by Kim, et al.'°), we can
estimate the limiting Ca deposition rate at the surface to be 1.7 x 107 mol cm™ s™!, which corresponds to
a limiting plating current density of 55 mA cm™. (Note: We took into account that the current density at
the edge of the electrode is three times higher than the nominal applied current density.?*) This value is
comparable to some of the reported values in Li-ion battery systems.>*3! It should be noted that this
value is estimated specifically for our system (1 M Ca(BH4)2 in THF within the electrochemical liquid-
cell TEM set-up) and cannot necessarily be directly applied to other systems. The critical current density
is expected to be lower for most other systems, as there is no constant electrolyte replenishment, and the
overall applied current is larger due to their bigger electrode size. Even within our system, this value is
somewhat overestimated since we do see evidence of dendrite formation at 50 mA cm™, as shown in
Figure 3b iii. This is most likely because the diffusion of the Ca ions is limited within the confined sub-
micron space between the encapsulating cell membranes, a phenomenon that has been previous reported

in liquid-cell TEM set-ups.??3
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Figure 3. Current-density dependent plating morphology transition. (a) i-iv: SEM images of the Ca plating
morphology for 10m 20, 50, and 100 mA cm™, showing a change from globular to dendritic deposition with

increased current density. (b) Illustration showing a model for expected electrodeposition growth.

Our presented in-situ TEM studies are consistent with the expected model for the current density
dependence of electroplating morphology, however deviations from it were observed. Figure 4a i shows
the morphology of a further Ca deposit plated under the same conditions as the 10 mA cm™ deposition
in Figure 3a. Despite the overall globular morphology being consistent with our previous results, upon
closer examination of the region highlighted by the red box dendrite formation can be seen (Figure 4a ii).
This is unexpected at such a relatively low current density according to the standard electroplating

model discussed earlier, and which is even lower than the typically reported current density for dendrite



formation in Li-ion systems.>®! This observation suggests an additional factor governing the conditions
for dendrite growth when cycling a Ca electrolyte. We propose that the presence of an irregular solid
electrolyte interface (SEI) layer explains our observations. The irregularity of this SEI leads to the
presence of local current density inhomogeneities during plating,*!° and thus yields local high-current
concentration spots. These ‘hot spots’ could exhibit current densities significantly higher than the
nominal current density, and so dendrites could potentially nucleate from these spots. In addition,
variations in the geometry of the plated deposit will assist dendrite growth, with hollows and recesses
such as those visible in Figure 4a i potentially causing localized electrolyte depletion.

Post-mortem cross-sectional SEM imaging of a Au foil working electrode from an electrolytic cell,
potentiostatically plated at -1 V vs. Ca for 5 hrs (corresponding to a current density of 5 to 10 mA cm™),
reveals similar localized dendrite formation at low current densities (Figure 4b, Supporting Figure S7).
This phenomenon is illustrated schematically in Figure 4d. We suggest that this ‘hot-spot’ dendrite
formation can result in failures in standard Ca cells; we observe heavy and irregular Ca plating in an
electrolytic cell operated under relevant current densities (Figure 4c), using a Pt foil working electrode
with 1 cm? surface area and a Ca counter electrode with galvanostatic plating at 5 mA c¢cm™. Dendrite-
like Ca deposits can be seen, concentrating at the Pt foil edge. This indicates that dendrite formation is
not necessarily a consequence of plating within a confined nanoscale space at high current density, but
can also occur in macroscopic spaces under relatively low current density.

X-ray diffraction (XRD) was employed to explore the existence of any crystallized species in the SEI,
using a conventional two-electrode cell cycled at 1 mA ¢cm™ for 10 hours with metallic Ca plates as both
electrodes, each with a surface area of around 20 mm?. Additional peaks appeared on the working
electrode after cycling (blue line), Figure 4e, corresponding to the formation of CaH,, whose reference

XRD pattern is shown for comparison. The formation of the additional chemical component on the foil
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after cycling is likely attributable to the formation of a CaH containing SEI layer, suggested by
previous studies with this electrolyte,* however it is likely that it is accompanied by additional organic
components.

To better understand CaH, formation in the SEI and its relationship with current density and capacity,
differential electrochemical mass spectrometry (DEMS) was used to quantify the plating at different
conditions as shown in Figure 4f-h (see Methods). Figure 4e shows that, when plated at 0.2 mA cm?, the
CaH,/Ca ratio declined with increasing deposition time and stabilized at around 10%. This suggests that
most of the CaH: formed at the beginning of the plating with fresh Ca deposits, and that the presence of
CaH: prevented the newly deposited Ca from undergoing further side reactions with the electrolyte. A
similar trend was observed at 1 mA cm? during plating, as shown in Figure 4f, with 70.9 % of Ca
deposited in 20 mins and 86.2 % deposited in 100 mins. The relatively high CaH> content compared to
previous work could be due to the lower electrolyte concentration and therefore less dissociation of
Ca(BH4). used in this work, suggesting the effect of electrolyte concentration in determining the cell
performance. Figure 4g also shows that, when a reversed current was supplied to strip the plated deposit,
the majority of the CaH> content remained while most of the Ca content disappeared. The remaining
metallic Ca content after stripping is likely the ‘dead calcium’ electrically isolated from the electrode,
consistent with our previous TEM observations. This also suggests that the CaH> SEI does not inhibit
the stripping process of the metallic Ca, unlike passivating SEI layers previously reported in other Ca-
ion systems.'*!7 We further increased the current density and compared the plating process under
different current densities while keeping the total passed charge the same; i.e., plating at 0.2 mA cm™ for
500 minutes, 1 mA cm™ for 100 minutes and 5 mA cm™ for 20 minutes. This is shown in Figure 4h.
Similar amounts of CaHz> were found at relatively low current densities, while a clear increase of the

CaH, content from 10.2 % to 36.9 % was observed at 5 mA cm™. This could be due to the higher
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overpotential applied for plating at 5 mA cm, which could lead to the faster decomposition of THF that
in turn may accelerate the formation of CaHy, as suggested in ref. [4].

The formation of CaH; and the SEI has benefits and drawbacks. The presence of an SEI stops further
reactions between the deposited Ca and the electrolyte, allowing extended plating at room temperature.
However, despite not completely inhibiting the plating or stripping processes, the formation of the SEI
led to slowing/partial blocking of Ca ion transport, which caused local current density inhomogeneity
and unexpected dendrite growth. Therefore, it is important to consider the role of the SEI in Ca
deposition, and its influence in instigating dendritic growth, when studying and developing Ca-ion

electrolytes, which has been somewhat overlooked by previous studies.
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Figure 4. Characterizing the passivating SEI layer. (a) i: SEM image of a Ca globular plating deposit formed
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at 10 mA cm?. ii: Magnified view of the indicated area reveals that a dendrite has formed, potentially due to
localized high-current density caused by a heterogeneous SEI layer. (b) SEM cross-section image of
potentiostatically plated Ca on a Pt foil working electrode from an electrolytic cell reveals localized dendrites (see
also Supporting Figure S7). (¢) Post-mortem photograph of dendritic deposition after galvanostatic plating at
5 mA cm for 5 hrs. (d) The influence of SEI inhomogeneity on dendrite nucleation (plated Ca blue, SEI layer
black, current red). (¢) XRD showing the formation of CaH, on the metallic Ca plate after cycling for 10 hours.
(f)-(h): DEMS measurements for Ca/CaH> ratio plated onto Pt foils. (f) The mol% CaH, content of the deposit
with respect to plating time at constant plating current of 0.2 mA c¢cm™. (g) Comparison of the Ca/CaH, ratio after
plating at I mA cm for 20 min and 100 min, and after stripping. (h) The Ca/CaH, ratio after plating at different
current densities but with constant total charge; 0.2 mA ¢m for 500 min, 1 mA ¢cm™ for 100 min, 5 mA c¢cm? for

20 min.

A systematic study of Ca plating morphology was performed with a Ca-ion electrolyte that shows
great potential for developing Ca-ion batteries as a next-generation battery system. By using in situ TEM,
we show the real-time Ca plating processes with different current density regimes. A transition from
globular to dendritic growth was observed as we increased the plating current density, in agreement with
the expected behavior of an electroplated metal, and we observed the real-time formation of
electrochemically isolated dead Ca deposits during stripping. Dendrite growth was occasionally
observed under current density conditions that were well below that expected from the standard
electroplating model, which we propose was due to the presence of an irregular SEI layer. The
inhomogeneous nature of the SEI led to the presence of localized high current density regions that
promoted dendritic deposition. Our work highlights that while Ca-ion batteries hold promise, challenges

remain in understanding and managing their chemistry before they can be considered viable.
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Methods

All preparations and experiments were conducted in argon gloveboxes or sealed systems. A Ca-ion
based electrolyte was prepared as 1 M Ca(BHa4)> dissolved in tetrahydrofuran (THF), as per the work of
Wang et al.* The electrolyte was flown into the encapsulated liquid-cell TEM set-up*® using a
Protochips Poseidon 510 holder, as shown in Figure S1. A thin layer of electrolyte was confined
between two Si-SiN chips, with a 120 nm spacer and a flow rate of 80 pl h™! used during TEM imaging.
The galvanostatic electrochemical study was performed by applying constant current between the
working and counter Pt electrodes patterned on the chip via a Gamry Reference 600. After the TEM
imaging experiments, THF was flown into the cell for 2 hours at a rate of 200 ul h'! to wash away all the
unreacted Ca electrolyte before the whole cell was taken into a glovebox and disassembled. The

disassembled chips were examined using a Carl Zeiss Merlin SEM. Three different current densities
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were used for the in-situ TEM study, 1, 10 and 100 mA cm™. 20 and 50 mA cm™ were also performed
within the same set-up but only looked at post-mortem with SEM. The TEM JEOL 3000, operated at
300 kV, was set to use a 50-micron condenser aperture and a spot size 2. Using a Faraday cup the TEM
beam current was measured at these conditions, with the dose determined to be < 0.04 electrons A2 s™!
for the condenser lens value used for our TEM imaging experiments. We minimized the total continuous
imaging time to no more than 150 s, and then beam blanked between experiments to minimize beam
damage and allow electrolyte replenishment.

X-ray diffraction was performed using a Rigaku MiniFlex 600 in a nitrogen environment glovebox.

DEMS was used to quantitatively compare the amount of Ca:CaH, within the deposit. For every
study, galvanostatic plating was performed on a Pt foil as the working electrode and a Ca plate as the
counter electrode. After plating, the Pt foil was washed with THF, dried, sealed in a vial then connected
to the DEMS. 1 ml of 1M D2SO4 in D2O (dideuterosulfuric acid solution) was added into the vial
containing the deposited electrode. The Ca:CaHb> ratio within the deposit can be found from the amount
of D, and DH gas detected using DEMS, according to the following reaction:*

Ca+D2S0O4 — D, +CaS0Oq4

CaH; +D, — 2HD+CaSOq4

15
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