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Abstract

Electroplating of flat lithium layers is key for batteries using metallic lithium as the anode. For this, an intriguing
growth mode is a self-assembled, compact, columnar morphology of electrodeposited lithium. Here, we
demonstrate the electrodeposition of columnar lithium from LiTFSI and LiClO4 salts using water as additive,
excluding commonly found explanations of LiF directing growth. We independently investigate the effect of
water during electrochemical formation and growth, showing that it is required continuously. The process is
studied in-situ using a rotating ring-disk-electrode (RRDE). We observe a dynamic passivation process, attributed
to the continuous formation/dissolution of LiOH and Li20 surface layers, accompanied by Hz evolution and likely
LiH formation. Notably, hydrogen is produced in the LiF-based mechanism, suggesting it to be an integral
component for directing growth. This homogenizes our results with literature, providing mechanistic insights on
the role of water for the design of electrodeposited lithium morphologies and surface chemistry.

Control over the morphology of lithium metal during electrodeposition has become a major
topic in battery research’?, with many works focusing on the stability of the lithium metal
anode over repeated electroplating and stripping cycles3®. Cycling and subsequent
observation, typically using scanning electron microscopy (SEM), does not always provide the
full picture however, as illustrated in literature by recent mechanistic insights obtained using
a variety of additional techniques to study lithium metal growth’~13. Furthermore, the wide
range of electrolyte systems makes it difficult to compare results'4, or to disentangle
physical'> and chemical'® effects responsible for uncontrolled lithium growth. Growth of
smooth lithium attributed to electrostatic shielding for example!’, was later found to consist
of a particular self-aligned and compact nanorod morphology?.

Such a columnar morphology is very similar to the results first obtained by Kanamura et al.*®
using an HF additive, and later with trace amounts of water for the in-situ formation of HF
through hydrolysis of a LiPFs electrolyte?°. This growth mode is commonly attributed to a LiF
solid electrolyte interphase (SEl) layer, mainly through X-ray photoelectron spectroscopy
(XPS)?1723, So far, deposition of columnar lithium layers has attracted interest for its smooth
or ‘dendrite-free’ morphology, but has also shown improved results in terms of lifetime?* and
Coulombic efficiency?>. In particular, a unique plating and stripping along the length of the

columns was observed in cycling®2%27 implying reduced local current densities and limited



volumetric change of the lithium metal anode, mitigating well-known causes of ramified
growth and failure in lithium metal batteries.

Recently however, questions have been raised about the role of LiF?8, with similar structures
also being observed in (non-hydrolyzing) LiTFSI?® and LiNOs?° electrolytes. As the bulk of the
aforementioned references advocate formation of a LiF-rich SEI through the electrocatalytic
reduction of HF as the cause for columnar growth, a more complete understanding of the
responsible mechanism is required for further optimization.

In this work we demonstrate the electrodeposition of columnar lithium morphologies
obtained directly with water as additive. We achieve these using both non-hydrolyzing LiTFSI,
and fluorine-free LiClO4 electrolytes, unambiguously proving that a LiF-rich SEI cannot be
considered as the sole determining factor for this growth mode. We investigate the role of
the formation step (i.e. electrochemical reactions occurring at potentials above the lithium
deposition potential) using ex-situ glovebox Atomic Force Microscopy (AFM), and
electrochemical experiments. No templating layer is observed to account for our
experimental results, and the water is shown to have a continuous role during growth. Finally,
we use a rotating ring-disk-electrode (RRDE) to study the growth process in-situ. We observe
a dynamic passivation of the layer during growth. This is attributed to the continuous
formation/dissolution of LiOH and Li,O surface layers, accompanied by H; evolution and likely
LiH formation. Notably, hydrogen is also reported as a product during electrocatalytic
formation of LiF in electrolytes containing HF, suggesting it to be an integral component for
the directed growth. Such an explanation homogenizes our results with existing literature and
provides mechanistic insights for the design and control of lithium metal morphologies and
surface chemistries.

Columnar lithium electrodeposition

Lithium electrodeposition was carried out in a 3-electrode cell using a copper substrate as
working electrode, and metallic lithium as counter-, and quasi-reference electrode (QRE). All
potentials in the remainder of the text are versus the Li QRE. Dried tetraethylene glycol
dimethyl ether (4G) was used as a solvent in which either 1 M LiTFSI or 1 M LiClO4 electrolytes
were prepared with varying amounts of added water. Figure 1 shows scanning electron
microscopy images (SEM) of the lithium deposits for both salts after galvanostatic
electrodeposition at -1 mA/cm? up to -0.74 C/cm? (1 pum lithium at 100% Faradaic efficiency),

with concentrations of water ranging from 7.5 mM to 75 mM (135 ppm to 1350 ppm). The



figure shows that the morphology of the deposit is governed by the water concentration and
that the deposition qualitatively follows the same trend irrespective of the used salt, evolving
from a mossy, to a columnar morphology with increasing water concentration. The essential
role of water, rather than the salt, is also apparent in the color progression of the samples,
which evolves from grey/black, to blue, to yellow in both cases. As discussed later, water is in
fact a prerequisite, since no deposit is obtained for the dried electrolyte. Additional (cross-
sectional) SEM, AFM topography images, and potential transients are provided in Figure S1-
S3.

The results in Figure 1 are in stark contrast with the prevailing explanation of HF-mediated
formation of LiF being responsible for columnar growth, where LiTFSI is often used as a
reference salt resistant to hydrolysis and does not yield columnar structures'®2%2> |t is worth
pointing out that we obtain these results even when using the electrolytes directly after
preparation, as waiting = 48 hours is typically required after H,O addition for the formation
of HF in LiPFs based electrolytes?®?83%, The columnar morphologies obtained here from the
LiTFSI and fluorine-free LiClO4 electrolytes are therefore a key result, as it rules out such a

mechanism being solely responsible for this mode of growth.

LiTFSI |

Figure I: SEM images (45° sample tilt) of samples after galvanostatic electrodeposition at -1 mA/cm? until reaching
-0.74 Clem’® using | M LiTFSI and LiClO; salts and various concentrations of the H,O additive. Insets show digital
photos of the samples. Columnar morphologies are observed for both salts, with the same progression of morphology
and sample color. The scale bars are the same in both rows.



Figure 2 shows that layers up to 30 um (~-21.6 C/cm?) can be grown using LiTFSI with 25 mM
of H20 at a current density of -1 mA/cm?, and we found that columnar morphologies are
obtained over a range of experimental conditions when scaling the additive concentration
with the deposition current density (Figure S4). With LiTFSI, the growth proceeds at high
Coulombic efficiency, where we measured a layer thickness of ~32 um with SEM (error ~7%).
As the efficiency was lower in the LiClO4 electrolyte, typically resulting in black spots that wash

away when rinsing (methods), we focus on LiTFSI in the remainder of this paper.

Figure 2: SEM images of layers deposited galvanostatically from | M LiTFSI + 25 mM H,0 (4G) at -1 mAlcm’ for
a 30 pm layer (from ~-21.6 Clcm”® equivalent charge). Top: 45° sample tilt. Bottom: 90° sample tilt. Insets show
digital photos of the substrates at tilted (top), and perpendicular (bottom) camera angle, displaying an angular
dependence of the reflection.

Formation versus growth.

Having demonstrated that water as additive yields a similar morphology to strategies based
on HF, we investigate potential mechanisms responsible for columnar growth. We
independently look at the formation step (i.e. potentials without lithium deposition, U >0V
vs. Li QRE), and the growth step (U < 0 V vs. Li QRE). In literature, both the formation
step?#?>28 and solution agitation during growth?631:32 (i.e. continuous supply of the additive)
have been cited as factors affecting lithium morphology.

We consider the hypothesis from Kasse et al.?® that the physical nanostructure, rather than
chemical composition, of a surface layer formed during the formation step guides growth.

Their hypothesis is based on the similarity of XPS results of samples with-, and without the



additive. To study this surface morphology the electrode was kept at potentials U >0 V vs. Li
QRE, after which the surface was characterized using ex-situ glovebox AFM.

Figure 3a shows linear sweep voltammograms (LSV) above 0.1 V with H,O concentrations
between 0.75 mM and 250 mM. We observed 2 peaks that systematically changed with the
water concentration, i.e. the peak at ~1.3 V, which increases with increasing water
concentration, and the peak at ~1.7 V, which increases and shifts to ~1.95 V. Based on the
reaction order analysis in Figure S5, we consider 7.5 mM to be around the lower limit of our
drying procedure. The behavior of both these peaks is consistent with Aurbach et al.3 upon
cycling, shown in Figure S6 for our system. Based on the LSV, different samples were kept at
0.1,1.2,and 1.7 V vs. Li QRE (dash-dotted lines) in an electrolyte containing 25 mM H,0 until
reaching -10 mC/cm?, approximately the total passed charge before the onset of lithium
nucleation during galvanostatic electrodeposition (Figure S3). Figure 3b shows the AFM

topography images. Little to no features were observed for samples kept at 2.4 V and in the
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Figure 3: (a) LSV at different concentrations of the H,O additive from open circuit potential to 0.1 V vs. Li QRE for
I M LiTFSl in 4G. The scan rate is 5 mV/s. Dashed lines indicate potentials where samples were prepared for ex-situ
AFM (Figure S7 for the black line). (b) ex-situ AFM images of samples held at 0.1 V, 1.2 V, and 1.7 V (green, blue,
red outline, respectively) for | M LiTFSI in 4G with 25 mM H,0, until reaching the charge setpoint of -10 mClcm®.
Scale bars are 2 ym.



dried (reference) electrolyte (Figure S7). At 1.7 V the surface is seeded with particles a few
tens of nm in height and ~50-100 nm in width (larger color axis). At 1.2 V and 0.1 V the most
notable feature are islands of a few micron wide, but only ~3 nm high, that show a remarkable
similarity to so-called ‘micropancakes’, typically associated with trapped gas in a liquid
environment3*3>, In particular, we observed that the density of these islands was higher for
samples kept at 1.2 V in the 25 mM H,0 electrolyte (5-:10%/cm?), by more than an order of
magnitude compared to samples kept at 0.1 V and the dried references (Table S1-S2). While
none of these features can be linked directly to columnar deposition due to their sparsity and
size, these islands appear to originate from the reduction process at 1.3 V in the presence of

water.

As we did not observe a clear nanostructure responsible for columnar lithium with AFM, we
replicated the experiment by Kasse et al.?8 to study during which part of the electrodeposition
the additive plays a role. Here, we started in the electrolyte with 25 mM of H,O additive (wet
electrolyte), which was replaced with the dried electrolyte at different stages during the
process. The cell was rinsed 2 times with the dried electrolyte during solvent exchange. All
experiments were done galvanostatically (-1 mA/cm?), until reaching ~-7.4 C/cm?. Figures 4a-
¢ show the resulting morphologies, with corresponding potential-charge traces in Figure 4d
(log axis). The arrows indicate where the dried electrolyte was introduced. First, in Figure 4a
only the dried electrolyte was used (green trace in Figure 4d). Notably, no adhesion between
lithium and the substrate was obtained, with little material remaining after rinsing (methods).
Next, formation was performed in the wet electrolyte in Figure 4b, where the dried
electrolyte was introduced after the potential reached 0 V in the galvanostatic transient (at -
7.2 mC/cm?, blue trace). This enables adhesion of the deposit to the substrate, but does not
result in columnar growth. Longer formation at 0 V yielded a similar mossy morphology
(Figure S8). The wet formation step is therefore critical for lithium adhesion to the substrate,
likely due to formation of a surface layer, but does not lead to directed growth. Finally, in
Figure 4c the first -3.7 C/cm? was deposited in the wet electrolyte followed by -3.7 C/cm? in
the dried electrolyte (red trace). Note that the V-|Q| traces show no noticeable difference
between formation in the dried and the wet electrolytes. This experiment clearly shows that
the water additive is continuously required for columnar growth, as the columnar morphology

switches to non-directed growth upon solvent exchange.



Our results appear to be in contrast to those from Kasse et al.’®, where a columnar
morphology was obtained when replacing their HF-rich LP30 electrolyte (1 M LiPFg in EC/DMC
+ 100 ppm HF) by the as-received electrolyte without additional HF after galvanostatic cycling
to 0 V. We rationalize this difference by considering that HF formation through in-situ
hydrolysis of LiPFe already results in smooth/columnar morphologies at trace amounts of H,0
down to 25-50 ppm?°. In our experiments we add approximately an order of magnitude more
water (25 mM H,0 = 450 ppm). We therefore believe that our electrolyte system provides
finer control over the process. This is strengthened by the observation that current densities
in Figure 3a are a few factors smaller than those typically found for the electrochemical
reduction of (100 ppm) HF?92830 Furthermore, the morphology shown in Figure 4b is very
similar to the one obtained with the as-received LP30 electrolyte, without additive, in

reference?s.
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Figure 4: (a-c) SEM images dfter galvanostatic deposition of -7.4 Clcm?® at -1 mAlcm?® from the | M LiTFSI in 4G
electrolyte, where the wet electrolyte (+ 25 mM H;0) is replaced by the dried electrolyte (no additive) at different
total passed charge. (a-b) 45°, (c) 90° sample tilt. Insets show digital photos of the substrates. (a) Full process in the
dried electrolyte results in no adhesion of lithium to the substrate. (b) Galvanostatic formation step until 0 V in the
wet electrolyte (passing -7.2 mClcm?) results in mossy growth. (c) First half of the process in the wet electrolyte
(passing -3.7 Clcm’) followed by -3.7 Clcm? in the dried electrolyte results in 5 um of columnar growth, followed by
non-directed growth on top. (d) V-|Q| traces of the different protocols (log x-axis), arrows indicate where the dried
electrolyte was introduced.

Rotating Ring-Disk-Electrode



To further investigate the formation and lithium growth mechanism we used a rotating ring-
disk-electrode (RRDE) with a Cu disk (Adisk = 0.196 cm?) and a Pt ring electrode with a collection
efficiency of No = 0.256, rotated at 100 rpm. The ring potential was fixed at 3.5V (~ 0.5 V vs.
the standard hydrogen electrode), where molecular hydrogen reaching the ring is oxidized3®.
Figure 5a shows the response of the ring current as the disk potential is swept from open
circuit potential (OCP) to 0.1 V at different concentrations of added water. We note that
residual water after drying can be brought to the electrode through rotation (Figure S9). The
disk current shows similar peaks to the stationary electrode in Figure 3a, indicating that these
reactions are limited by either passivation or solid-state diffusion, rather than diffusion from
the bulk (leading to a current plateau at the disk). The ring current concurrently displays peaks
at ~0.5 and 1.3 V, and a smaller peak near 2 V. A LiClO4 electrolyte shows similar behavior
(Figure S10). The disk and the ring current increase with increasing water concentration at 1.3
V, while at 0.5 V the disk and ring peaks are highest for the dried electrolyte. To interpret the

voltammogram, Figure 5b shows the fraction of the disk current resulting in hydrogen

Iring

—|, from OCP to 0.1 V. As this representation is
I4isk*0.256

formation (direct or indirect), |

sensitive to noise at low lgisk we consider the positions around the peaks in disk current,
indicated by the arrows. As such, the first (2 V) peak appears as a dip in the fraction of
hydrogen formation, corresponding to ~10% of the total current for 25 mM and 75 mM H;O.
Both the disk and the ring current show that this reaction quickly passivates, likely through
formation of a surface layer. At the second (1.3 V) peak, the hydrogen fraction depends on
the H,0 concentration, rising to approximately 50% at 75 mM. A striking observation is that
the hydrogen fraction forms a plateau, which slowly decreases over time as the scan
progresses past the 1.3 V peak. This indicates that hydrogen formation proceeds at nearly
constant ratio of the disk current during this second passivation process. The absence of ring
current in the reverse trace and subsequent cycles further indicates that these reactions are
passivating (Figure S11). Interestingly, at 0.5 V the ring current displays a peak, while the
hydrogen fraction dips before recovering to the same plateau. We therefore do not attribute
this ring current peak to an additional H,-generating reaction, but rather to a different process
that enables the reaction starting near the 1.3 V peak. As the disk peak at 0.5 V is typically
associated with Li underpotential deposition (UPD)33, this can modify the surface and

temporarily disturb the steady state.



Next, Figure 5¢ shows the electrodeposition during galvanostatic growth of ~1 um of lithium
in the 25 mM H20 electrolyte, at -1 mA/cm? on the disk followed by relaxation at 0 mA/cm?.

This resulted in a blue color, similar to the stationary case (right inset). During the formation
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Figure 5: (a) Cu-disk Pt-ring Rotating-Ring-Disk voltammograms with the Cu disk potential from OCP to 0.1 V and
the Pt ring at 3.5 V in the | M LiTFSI in 4G electrolyte for different concentrations of the H;O additive. The measured
ring current was converted to the partial disk current density, ling /(Ads™No). The scan rate was 5 mV/s. (b) Fraction
of the disk current generating hydrogen, |ling /(l4si*No)|. The arrows indicate the peaks in disk current, taken from the
75 mM trace in (a). (c) Galvanostatic electrodeposition in the electrolyte containing 25 mM H;O (black, left axis) on
the disk at -1 mAlcm?, with the ring at 3.5 V (red, right axis). After electrodeposition of | um Li the disk current
density is switched to 0 mA/cm?, with the ring kept at 3.5 V. The left inset shows a zoom-in of the nucleation (first
30 s). The right inset shows a photo of the RRDE dfter the process.



step (left inset) a small and fast decaying hydrogen signal was seen for potentials U > 1V,
followed by a steep increase with a maximum of 200 pA/cm? (20% of the total current) at the
potential minimum, or nucleation point. During lithium electrodeposition the hydrogen
partial current continuously decays down to ~20 pA/cm?, or 2% of the total current. When
the lithium deposition process is stopped the ring current rapidly decays, but a small ring
current remains, which we attribute to lithium etching by water. Considering 25 mM of H.0,
this etch rate of 1-5 pA/cm? is small and > 1000 times less than the diffusion limit. The peak
in the ring current at the nucleation implies that hydrogen generation is faster at fresh lithium,
but rapidly decays as passivation layers are formed. These passivation layers are expected to
(slowly) dissolve due to the water and are reformed, similar to passivation and dissolution in
metal oxidation and electropolishing. Importantly, these results also indicate that hydrogen
is continuously present at the interface during electrodeposition. Together with these
passivation layers, a dynamic process of formation and dissolution leads to a steady state.

Following our results, a mechanism responsible for the growth of columnar lithium
morphologies should (i) rely on the water additive, independent of the anion, (ii) form an
adhesion layer, and act continuously during growth, (iii) involve passivation and hydrogen

formation reactions. Possible reactions meeting the criteria are3”:38:

2H,0 + 2Li* + 2e~ - 2LiOH + H, Uo =2.09 V vs. Li*/Li (1)
H,0 + 2Li* + 2e~ - Li,0 + H, Uo=1.68V (2)
2LiOH + 2Li* + 2e”~ - 2Li,0 + H, Uo=1.27V (3)

With standard potentials calculated from the change in free energy (Table S3). Following
Figure 3 and Figure 5 the surface reactions start around 2.2 V vs. Li QRE, with a hydrogen
fraction of ~10 % followed by inhibition at ~2 V, and at 1.6 V vs. Li QRE, with a hydrogen peak
at 1.3 V (hydrogen fraction > 30%). The generation of hydrogen with the formation of solid
LiOH and Li,O is expected at 2.1 V and 1.7 V vs. Li*/Li, respectively (equations 1 and 2).
Additionally, the hydrogen fraction at the ~2 V reaction corresponds to -1 mC/cm? in the
potential-hold experiments in Figure 2b. Strikingly, the volume of LiOH for this amount of
charge following reaction (1) is ~0.17 um3, whereas the AFM images vyield a similar value of
0.065 um3, The formation of insulating hydroxide and oxide fits with the observed passivation

behavior. The hydrogen formation would then be limited by a dynamic process of hydroxide



and oxide dissolution by water and its reformation through a combination of reactions (1) to
(3). Furthermore, the formation of LiH is expected in the presence of hydrogen, as was directly
observed recently®3? (Table S3).

This hydrogen evolution reaction (HER) through reaction (1) was also argued recently for
water in an ethylene carbonate solvent®® and similarly for HF in LP30%. In fact, reactions (1)

and (2) are remarkably similar to the electrochemical reduction of HF2%30:
2HF + 2Li* + 2e~ - 2LiF + H, Uo=3.22V (4)

Due to the evident similarity of the resulting layers, we further assume (iv) that the
mechanism for columnar growth is the same for our water-based process and HF-rich
electrolytes. As the latter is ascribed to reaction (4), it becomes apparent that H, is a common
denominator, which is continuously generated during growth in our system. Taken together,
this leads us to believe that H; is an integral component for directing columnar lithium
growth*>#2 in addition to the dynamic formation/dissolution of the passivation layer. For HF,
we argue this is a LiH/LiF SEI coating, whereas for water it is a LiH/LiO/LiOH interphase*3.
Briefly, we comment here on the characteristics of the electrodeposited layers. Similar to
other authors'82023.26.27 e find an intriguing stripping behavior, where the columnar (shell)
structure remains intact (Figure S12). This implies that stripping occurs along the length of the
columns, amounting to a greatly enhanced surface area compared to the geometrical
footprint. Reversible plating/stripping in such a manner therefore implies highly reduced local
current densities, and mitigates issues regarding volumetric contraction/expansion of the
layer.

In conclusion, we demonstrate the growth of columnar lithium layers up to 30 um thickness,
by using water as an additive. We deposit this morphology using both non-hydrolyzing (LiTFSI)
and fluorine-free (LiClOa) electrolytes, proving that a LiF SEl derived from HF-rich electrolytes
cannot be considered as the sole structure directing component for this growth mode, as is
often advocated in literature. Furthermore, we test an alternative hypothesis relying on the
formation step (potentials above 0 V vs. Li QRE) and find that this is also not consistent with
our results. Rather, we show that the water additive plays a continuous role in guiding the
electrodeposition. Finally, we investigate the process in-situ using a rotating ring-disk-
electrode. Based on the continuous evolution of hydrogen we propose the dynamic

formation/dissolution of a LiOH, Li,O passivation layer, accompanied by H, generation and



LiH formation. As hydrogen is also reported during electrochemical reduction of HF we
suggest that hydrogen is an integral component for directing columnar growth, which
homogenizes our results with literature on HF-based electrolytes. Considering that LiF is not
the sole structure directing factor, this permits further design and control over the
morphology and surface chemistry of such columnar lithium layers. We envision this to enable
the use of their unique plating/stripping behavior along the length of the columns, which can
potentially mitigate well-known failure mechanisms of high local current densities and large
volumetric changes in lithium metal anodes.

Supporting information

Methods and experimental details, and additional SEM and AFM figures detailing columnar

growth as well as additional electrochemical and RRDE data.
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