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Lithium metal electrodes are not widely used in rechargeable batteries as dendritic lithium growth and
electrolyte reactions raise serious stability and safety concerns. In this study, we show that reproducible
two-dimensional lithium deposition can be realized using a lithium salt concentration of 0.020 M, an
added supporting salt, and a short lithium nucleation pulse. This approach, which is common in
electrodeposition of metals, increases the lithium nuclei density on the electrode surface and decreases
the extent of Li+ migration favoring dendritic lithium growth. Contrary to common belief, ascribing
the dendrite problem to heterogeneous lithium nucleation due to an unstable solid electrolyte
interphase layer, we show that the main lithium deposition problem stems from the difﬁculty to obtain
two-dimensional deposition at the low lithium deposition overpotentials encountered in conventional
high-lithium concentration electrolytes. The present results hence clearly demonstrate that twodimensional lithium deposition can be realized in lithium-metal-based batteries.
Keywords: Two-dimensional; Metallic nanocrystals; Renewable energy; Electrocatalysis

Introduction
The prospect of using lithium metal anodes in rechargeable batteries has allured the scientiﬁc community for several decades
even though it was early realized that lithium electrodes are
not sufﬁciently stable during normal battery cycling [1–5]. While
the lithium electrodes have been replaced by more reliable intercalation-based graphite anodes, there is currently a large interest
in lithium electrodes much due to the development of lithium–
sulfur and lithium–oxygen batteries [1–3]. When lithium electrodes are cycled, dendrites and so called mossy lithium are generally formed [1–7] leading to gradual capacity losses or even
internal short circuits. Lithium electrodes also react with organic
solvents to yield solid-electrolyte interphase (SEI) layers [8,9], the
instability of which is often assumed to cause the dendrite problem. As charge is irreversibly consumed in the SEI formation process, low coulombic efﬁciencies are also often obtained,
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particularly when the electrode area increases due to mossy
lithium or dendrite formation.
To minimize the dendrite problem, four main approaches
have so far been explored involving: (1) additions of salts, solvents, and additives to the electrolyte to improve the SEI layer;
(2) solid/polymer electrolytes; (3) electrodes with large surface
areas decreasing the current densities; (4) alkali metal ions (e.g.,
Cs+ and Rb+) preventing Li+ from reaching the dendrites electrostatically. These and some additional approaches, e.g., involving
the use of a signiﬁcant increased lithium ion concentration
[10–12], have been extensively discussed in several recent
reviews [1–7]. An interesting and signiﬁcantly less pursued
approach involves direct electrochemical control of the lithium
nucleation and growth processes [13].
Herein, we focus on the possibility of attaining twodimensional lithium deposition by employing a low lithium
ion concentration, a supporting salt and an initial nucleation
pulse designed to rapidly form a multitude of equally sized
lithium nuclei. Our hypothesis is that the dendrite problem
stems from the low overpotentials and hence low nuclei densi-
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ties typically obtained for lithium electrodes under normal battery cycling conditions. In a 1.0 M lithium salt, the potential of
the lithium electrode typically remains close to its equilibrium
potential due to the high redox buffer capacity [14]. While this
is a commonly exploited advantage when using lithium counter
electrodes, only relatively few lithium nuclei are formed on the
lithium electrodes as the nuclei density depends strongly on
the overpotential [13,15–17]. The low nuclei density increases
the risk of dendrite formation, especially in the presence of signiﬁcant Li+ migration.
To test our hypothesis, we employ a combination of (i) scanning electron microscopy (SEM) analyses of lithium electrodes
cycled in electrolytes containing different concentrations of
lithium hexaﬂuorophosphate (LiPF6) in 1:1 ethyl carbonate (EC):
diethyl carbonate (DEC) in the presence and absence of 1.0 M
tetrabutylammonium hexaﬂuorophosphate (TBAPF6), (ii) studies
of the electrochemical performance of symmetric lithium cells,
and (iii) X-ray photoelectron spectroscopy investigations (XPS) of
the cycled electrodes. The results demonstrate, for the very ﬁrst
time, that high lithium nuclei densities can be obtained using a
10-ms long nucleation pulse and a 0.020 M LiPF6 concentration
and that subsequent two-dimensional lithium deposition can be
obtained under diffusion-controlled conditions in the presence
of a supporting salt taking care of the migration in the electrolyte.

Results and discussion
As signiﬁcant overpotentials are needed to generate high nuclei
densities [13,15–17], two-dimensional deposition is unlikely
under conventional battery cycling conditions (see Section 2 in
the Supporting Material). This is also supported by literature data
[1–7] clearly demonstrating that mossy lithium and dendrites
typically are obtained in 1.0 M lithium salt electrolytes. The
new idea here is therefore to use of a lower lithium ion concentration, a supporting salt and a nucleation pulse to obtain twodimensional lithium deposition.
Although a lithium salt concentration of 1.0 M commonly is
used in lithium batteries there are no fundamental problems
associated with the use of, e.g., a 0.020 M LiPF6 solution. The
conductivity decrease is small and the amount of lithium ions
needed to carry the current is still more than enough at a current
density of 1.0 mA/cm2 (see Sections 1, 2 and 11 in the Supporting Material) while a correspondingly higher lithium concentration would need to be used for a higher current density. Herein
we compare the lithium electrode morphologies after lithium
deposition (i.e., Li+ + e = Li) and oxidation (Li = Li+ + e )
employing a charge of 1.9 C in 1.0 M LiPF6 (“High [Li+]”) and
0.020 M LiPF6 + 1.0 M TBAPF6 (“Low [Li+]”), respectively. SEM
images of the pristine lithium surface are shown in Fig. S1 in Section 3 in the Supporting Material. Note especially that the micrographs were obtained without exposing the lithium electrodes to
air. TBAPF6 was used as a supporting salt to decrease the inﬂuence of Li+ migration to ensure that the lithium deposition
mainly is diffusion controlled and to increase the conductivity
of the electrolyte (see Section 2 in the Supporting Material). An
electrochemical nucleation pulse ( 6 V vs. Li+/Li, 10 ms) was
included to ensure a rapid formation of a multitude of similarly
sized lithium nuclei prior to either constant or pulsed current
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deposition (see Fig. 1). The generated nuclei were then allowed
to grow under diffusion-controlled conditions. The latter will
be referred to as instantaneous nucleation while a continuous
formation of nuclei during the deposition step will be referred
to as progressive nucleation [13,16,17]. During the nucleation
pulse, the lithium surface concentration decreases signiﬁcantly
predominantly in the Low [Li+] electrolyte and a 100-ms pause
was therefore used to restore the Li+ surface concentration prior
to the deposition step.
With the High [Li+] electrolyte, a surface partially covered
with more than 50-mm large porous lithium islands (often
denoted ‘mossy lithium’) was obtained both with constant current and pulsed current deposition (see Fig. 1a and c). During
the subsequent oxidation step, the morphologies of these porous
lithium islands changed and hemispherical pits with sizes ranging from 50 mm to a few lm in diameter (see Fig. 1b and d) were
formed. This shows that two-dimensional lithium deposition
does not take place in the High [Li+] electrolyte. It is also evident
that the oxidation of the deposited lithium was incomplete as
porous lithium islands were still present after the oxidation step.
These ﬁndings are in very good agreement with the results generally seen for conventional Li+ electrolytes [1–7,18].
With the Low [Li+] electrolyte, the deposition behavior was
different as the electrode surface now was covered by a smooth
planar lithium ﬁlm (see Fig. 1e and g). As there were no signs
of any porous lithium islands, the lithium deposition process
was clearly more two-dimensional in the Low [Li+] than in the
High [Li+] electrolyte. The results also indicated that an even
more planar lithium deposit was obtained when employing
pulsed rather than constant current deposition in good agreement with previous ﬁndings [19,20]. As very few small pits could
be seen after the ﬁrst oxidation (see Fig. 1f and h) it also appeared
as if the deposited lithium could be oxidized to a larger extent in
the Low [Li+] electrolyte. This is very important as an inability to
fully oxidize the deposited lithium leads to the formation of pits,
which then can serve as preferential lithium deposition sites
[18,21–23]. The results therefore indicate that two-dimensional
lithium deposition can be realized using the Low [Li+] electrolyte,
most likely as a much larger number of lithium nuclei is formed
during the nucleation pulse in this electrolyte. As demonstrated
in Sections 5 and 6 in the Supporting Material, the nucleation
pulse approach was, however, not equally successful when the
lithium surface was oxidized prior to the lithium deposition step,
most likely due to preferential deposition in the pits formed during oxidation. When cycling the cells, it thus appears as if it is
essential that no pits are formed during the oxidation steps.
While the use of the Low [Li+] electrolyte clearly lowers the tendency for pit formation, it does not completely eliminate this
problem (see Figs. 1h and 5d ). However, since a smooth planar
lithium ﬁlm clearly was obtained with the Low [Li+] electrolyte,
it is reasonable to assume that a complete elimination of the pits
may in fact not be necessary. This could be a result of the low
degree of Li-ion migration in the Low [Li+] system which should
reduce the risk of 3D growth in and around the formed pits (see
Fig. 5d).
While the inﬂuence of the electrolyte composition on the
morphology of the lithium deposits clearly can be seen in
Fig. 1, the differences between the chronopotentiograms were
1011
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FIGURE 1

Lithium morphologies after the first cycle. Top-view SEM images of the lithium deposits after the first deposition (a, c, e, g) and oxidation (b, d, f, h) steps in
1.0 M LiPF6 (a–d) and 0.020 M LiPF6 + 1.0 M TBAPF6 (e–h), respectively. The deposition and oxidation charges were 1.9 C and a nucleation pulse ( 6 V vs. Li+/
Li, 10 ms), followed by a 100-ms pause, was used prior to constant current (a and e) or pulsed current (c and g) lithium deposition. The deposition and
oxidation current density was 1.0 mA/cm2 and the pulsed deposition was based on a series of 5-ms long deposition steps followed by a 25-ms long zero
current periods as illustrated in the schematic center figures. The lower SEM images depict magnifications of the regions indicated in the upper SEM images.
SEM analysis was performed with inert atmosphere sample transfer between the glove box and SEM vacuum system.

less striking (see Fig. 2 and Section 4 in the Supporting Material).
This is, however, not unexpected as the chronopotentiometric
responses reﬂect the (average) responses for the entire electrode
surfaces, while morphology details clearly can be seen in the
SEM images. A marked increase in the potential was, however,
seen at the end of the oxidation step for the High [Li+] but not
for the Low [Li+] electrolyte (see Fig. 2a and b). As such potential
increases indicate the formation of pits [18,23], the oxidation of
the deposited lithium was hence more straightforward in the
Low [Li+] electrolyte. This is in good agreement with the general
absence of pits in the Low [Li+] electrolyte SEM images. Furthermore, whereas signs of progressive nucleation (favoring threedimensional growth) were observed for the High [Li+] electrolyte
during the pulsed current deposition, steady-state deposition was
seen for the Low [Li+] electrolyte. These results hence indicate
that the deposition conditions were more constant during the
deposition pulse in the Low [Li+] electrolyte. The behavior seen
for the High [Li+] is in good agreement with the porous mossy
lithium deposits observed in the SEM (see Fig. 1). As the SEM
images provide more detailed information about the deposition
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processes than the chronopotentiograms, the discussions will
mainly be based on SEM images of electrodes cycled under different experimental conditions.
The hypothesis that a low lithium ion concentration favors
two-dimensional lithium deposition on pristine lithium surfaces
is further supported by the results obtained in a 0.010 M LiPF6
electrolyte not containing TBAPF6 (see Section 7 in the Supporting Material). As seen in Fig. S5, a more uniform distribution of
lithium crystals was obtained with a 0.010 M LiPF6 electrolyte
than with 0.1 and 1.0 M LiPF6 electrolytes. The data consequently indicate that mossy lithium and lithium dendrite formation can be suppressed merely by decreasing the LiPF6
concentration. Using a LiPF6 concentration of 0.010 M, the Li+
surface concentration should practically drop to zero during
the 10-ms long nucleation pulse ( 6 V vs. Li+/Li) and the significant concentration overpotential should give rise to a multitude
of similarly sized nuclei. For a high LiPF6 concentration, the overpotential is, on the other hand, small which yields few nuclei
and an increased risk of three-dimensional lithium deposition.
The Low [Li+] electrolyte behavior presented in Fig. 1 most likely
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FIGURE 2

Chronopotentiograms depicting the first cycle lithium deposition and oxidation. Chronopotentiograms for the High [Li+] and Low [Li+] electrolytes depicting
the first cycle of lithium deposition and oxidation (a and b) using a constant current deposition (1.0 mA/cm2) (a) or a pulsed current deposition (5 ms at
1.0 mA/cm2, 25 ms at open circuit) (b). Details of the initial (c) and end (d) parts of the pulsed lithium deposition chronopotentiograms for both electrolyte
systems. The insets show the initial nucleation pulse and the start of the deposition step.

also beneﬁtted from the decreased inﬂuence of Li+ migration due
to the presence of the TBA+ since migration can be expected to
facilitate dendrite growth due to the increased electric ﬁeld
strength in the vicinity of the dendrites (see Section 2 in the Supporting Material). The supporting salt likewise decreased the
resistance of the Low [Li+] electrolyte although this effect was
marginal as the resistances were found to be 5.4 and 6.2 X for
the High [Li+] and Low [Li+] electrolytes, respectively (see Section 11 in the Supporting Material). This incidentally means that
there was no signiﬁcant difference between the conductivities of
the High [Li+] and Low [Li+] electrolytes. At this point it should
be mentioned that while our electrodeposition-based approach
indicates that the attainment of two-dimensional lithium deposition is favored by the use of a low lithium ion concentration,
there are other reports [10–12] (focusing on the stability of the
SEI layer) indicating that the use of Li-ion concentrations higher
than 1.0 M likewise favor dendrite-free Li deposition. This is
interesting as it implies that the Li deposition problem may be
solved either by decreasing or increasing the lithium-ion concentration with respect to the 1.0 M typically employed.
The main purpose of the present approach involving a low
lithium ion concentration, a nucleation pulse and a subsequent
pause is to ensure the formation of a multitude of evenly sized

lithium nuclei and instantaneous lithium nucleation during
the deposition step (see Sections 2 and 10 in the Supporting
Material). As indicated above, the nucleation pulse is, however,
only effective at low lithium ion concentrations. In Fig. 3, the
inﬂuence of the nucleation step on the morphology of the
deposit is demonstrated for the Low [Li+] electrolyte using galvanostatic deposition (1.0 mA/cm2) with (i) no nucleation step;
(ii) potentiostatic nucleation ( 6 V vs. Li+/Li for 10 ms) prior to
the galvanostatic deposition step and (iii) potentiostatic nucleation ( 6 V vs. Li+/Li for 10 ms) followed by a 100-ms pause prior
to the galvanostatic deposition step. In the absence of the nucleation pulse, dendritic lithium clusters covering a large portion of
the substrate were obtained (see Fig. 3a) whereas a lithium ﬁlm
was obtained with the nucleation pulse (see Fig. 3b). Even better
results were obtained with a pause between the nucleation and
the deposition steps (see Fig. 3c and Section 8 in the Supporting
Material). Comparisons with the pristine lithium substrate
images (see Section 3 in the Supporting Material) indicated preferential growth on the ridges of the lithium substrate and a
roughening of the lithium surface (see the inset of Fig. 3c). The
results hence indicate that it is important to employ a nucleation
pulse and to restore the Li+ concentration prior to the deposition
step (see the schematic illustrations in the insets of Fig. 3). In the
1013
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FIGURE 3

Influence of the nucleation pulse. SEM images obtained after constant (1.0 mA/cm2) current lithium deposition in 0.02 M LiPF6 + 1.0 M TBAPF6 without a
nucleation pulse (a) and with a nucleation pulse ( 6 V vs. Li+/Li, 10 ms) in the absence (b) and presence (c) of a subsequent 100 ms long pause. The insets
depict magnifications of the marked regions and schematic Li+ surface concentration profiles prior to the deposition steps, respectively. XPS C1s and N1s
spectra, as well as the carbon, fluorine, oxygen, phosphorous, nitrogen and lithium surface concentrations (d) after constant current (1.0 mA/cm2) lithium
deposition in the 1.0 M LiPF6 (High [Li+]) and 0.020 M LiPF6 + 1 M TBAPF6 (Low [Li+]) electrolytes, respectively.

Low [Li+] electrolyte, where the Li+ surface concentration practically drops to zero during the nucleation pulse, additional nuclei
may form during the deposition step in the absence of the pause.
With a pause, the surface concentration is restored and during
the deposition step mainly the nuclei formed during the nucleation step grow. It was also found (see Sections 9 and 10 in the
Supporting Material) that a 6 V nucleation pulse yielded a sufﬁciently high lithium nuclei density and that the nucleation
pulse should be kept as short as possible to decrease the risk of
progressive nucleation. In a real battery, the nucleation pulse
and pause period (which only should be used once as is described
in more detail below) could be included in the pre-cycling routines. Note also that as the charge involved in the nucleation
pulse is very small (e.g., 0.028 mAh/cm2, see Section 7 in the Supporting Material), the approach should be compatible with most
cathode materials.
Using XPS, the SEI layers obtained in the High [Li+] and Low
+
[Li ] electrolytes were found to be very similar and composed of
the expected [5,24,25] species (see Fig. 2d). As is discussed in
more detail in Section 12 in the Supporting Material, the main
differences were that the Low [Li+] electrolyte C1s spectra featured a somewhat higher carbon content, the F1s spectra were
1014

dominated by PF-6 rather than LiF and that TBA peaks could be
seen in the N1s spectra (note, however, that the nitrogen surface
concentration was <1%). This indicates that the different nucleation behaviors seen in the High [Li+] and Low [Li+] electrolytes
were very unlikely to be due to SEI effects.
It is consequently reasonable to assume that the different
deposition behaviors reﬂect the different lithium deposition conditions in the two electrolytes, schematically illustrated in Fig. 4
(see also Sections 1 and 2 in the Supporting Material). In the
High [Li+] electrolyte, a relatively small number of nuclei is
formed (with or without the nucleation pulse) as the lithium
electrode is operating close to its equilibrium potential. The
lithium mass transport is due to both diffusion and migration
as the Li+ transference number is about 0.4 for LiPF6 [26]. Since
the growth of the few nuclei is facilitated by Li+ migration, dendrites and mossy lithium are readily formed. In the Low [Li+]
electrolyte, Li+ migration is essentially absent and when a short
nucleation pulse and a subsequent pause are used, the deposition
should involve diffusion-controlled growth of the many nuclei
formed during the nucleation pulse. Additional nucleation during the deposition step is unlikely due to the large number of
nuclei already present on the electrode surface.
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FIGURE 4

Lithium deposition conditions in the High [Li+] and Low [Li+] electrolytes. Schematic illustrations of the lithium deposition conditions in the High [Li+] (a and
c) and Low [Li+] (b and d) electrolytes. The high [Li+] images represent the conditions during conventional lithium deposition in 1.0 M LiPF6 while a nucleation
pulse and a pause were assumed to be used in the Low [Li+] electrolyte case. The lower figures (c and d) depict magnifications of the regions indicated in the
upper figures. Note the larger number of nuclei and hence the more two-dimensional deposition in the low [Li+] electrolyte.

Another, somewhat unexpected, problem with lithium deposition in the High [Li+] electrolyte is the long time needed to
reach steady-state deposition conditions. As shown by Monroe
and Newman [27], this time is linked to the time needed to
obtain an overlap of the diffusion layers. At steady state, the
lithium ion concentration increases linearly from zero at the
cathode to two times the average electrolyte concentration (i.e.,
2.0 M for a 1.0 M electrolyte) at the anode. For the High [Li+]
and Low [Li+] electrolytes about 390 and 8 s (see Sections 2 and
13 in the Supporting Material) would be needed to reach steady
state assuming a current density of 1.0 mA/cm2 and an interelectrode distance of 80 lm. Given the deposition time of 2000 s in
Fig. 1, it is clear that the deposition conditions would vary during
a signiﬁcantly larger part of the deposition step with the High
[Li+] electrolyte. This increases the risk of progressive nucleation
in the High [Li+] electrolyte even further. It should also be noted
that the steady state Li+ surface concentration would be 2.0 M at
the anode in the High [Li+] electrolyte (see Section 13 in the Supporting Material). Although this could give rise to precipitation
of LiPF6 at the anode, no such indications were found in the present study.
To further evaluate the Low [Li+] approach, the morphologies
of electrodes cycled for 100 cycles in the High [Li+] and Low [Li+]
electrolytes were studied (see Fig. 5 and Section 14 in the Sup-

porting Material). The lithium deposition (1.0 mA/cm2, 1.9 C)
was performed both using constant current and pulsed current,
and a nucleation pulse followed by a pause was used, but only
on the very ﬁrst cycle, in both electrolytes. Note that in this
work, the terms porous and dense lithium are used to denote a
complicated network of interwoven lithium nanowires (i.e., porous lithium) and a dense lithium layer indistinguishable from
the original lithium metal substrate (i.e., dense lithium), respectively. After 100 constant current cycles in the High [Li+] electrolyte, the 100-lm-thick lithium electrode had been converted
into a 135-mm-thick porous mossy lithium layer, partially separated from the remainder of the lithium electrode (see Fig. 5a).
Such porous layers have recently been shown [23] to give rise
to signiﬁcant Li+ mass transport limitations. Moreover, large fractions of porous lithium also delaminated during the post mortem
washing of the electrode. Although pulsed galvanostatic deposition cycling gave rise to a slightly denser lithium electrode, the
surface was still covered by a thick layer of porous mossy lithium
(see Fig. 5b).
With the Low [Li+] electrolyte, no porous layers were found
even after 100 cycles indicating that the densities of the lithium
ﬁlms were higher than for the ﬁlms seen with the High [Li+] electrolyte (see Fig. 5c and d). With constant current deposition, a
three-dimensional landscape with ‘hills’ and ‘valleys’ was
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FIGURE 5

Lithium morphologies after 100 cycles in the High [Li+] and Low [Li+] electrolytes. SEM side- and top-view images depicting the lithium morphologies after 100
cycles of constant current cycling (a and c) and pulsed current deposition with constant current oxidation (b and d) in 1.0 M LiPF6 (a and b) and 0.020 M
LiPF6 + 1.0 M TBAPF6 (c and d), respectively. In both electrolytes, a nucleation pulse ( 6 V vs. Li+/Li, 10 ms) followed by a 100 ms long pause was used but only
on the first deposition cycle. The cell voltage as a function of the cycling time for the constant current (e) and pulsed current (f) experiments (note the different
scales in the two figures). Schematic illustrations of the lithium deposition conditions during the constant current (g) and pulsed current (h) depositions.
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observed with smooth surfaces on the ‘hills’ and sporadic
lithium dendrites in the ‘valleys’. For pulsed galvanostatic deposition, a similar landscape was found but the number of ‘hills’
was now higher and the electrode also appeared denser. In
essence, this indicates that the lithium electrode retained its
dense bulk properties with an average thickness close to the pristine value of 100 mm. A comparison of the plots of the cell voltage as a function of the cycle time (see Fig. 5e and f) also
demonstrated that the cell voltage variations were much smaller
in the Low [Li+] than in the High [Li+] electrolyte case, particularly with pulsed deposition.
Experiments were also carried out with a nucleation pulse on
every cycle (see Section 13 in the Supporting Material). In this
case, porous mossy lithium layers were, however, formed on
the electrode surface even with the Low [Li+] electrolyte. The latter indicates that repeated nucleation facilitates progressive
nucleation in a similar way as observed for long nucleation
pulses (see Section 10 in the Supporting Material).
The higher lithium ﬁlm density obtained with the Low [Li+]
electrolyte can be explained by the larger inﬂuence of twodimensional lithium deposition, whereas the denser lithium
deposits obtained with pulsed deposition can be explained using
the schematic illustrations in Fig. 5g and h. During constant current deposition, the lithium deposition inside the pits and pores
becomes limited by the decreased mass transport rate in these
regions [15,28]. This problem can be decreased with the pulsed
deposition approach in which lithium ions are allowed to diffuse
into the pits and pores prior to each deposition pulse as this
yields a more constant cell voltage and also a lithium deposit
more similar to the pristine lithium electrode. The latter is very
important as this is the key to the attainment of wellfunctioning lithium metal electrodes.

using the described electrochemical procedure even during
extended cycling using a current density of 1 mA/cm2. Due to
the lower surface area of the two-dimensionally deposited
lithium compared to that of the porous lithium typically
obtained, the charge associated with the formation of the SEI
layer can also be expected to be decreased signiﬁcantly. For a real
battery, the latter would be expected to give rise to increased
coulombic efﬁciencies. As the proposed two-dimensional lithium
deposition strategy readily may be adapted for use in a real battery this approach holds signiﬁcant promise regarding the development of stable metallic lithium anodes for rechargeable
batteries.

Conclusions

Appendix A. Supplementary data

It has been demonstrated that dendrite-free lithium battery
cycling can be obtained merely by using a decreased lithium salt
concentration and a nucleation pulse thus generating a large
number of lithium nuclei. The two-dimensional growth of the
formed lithium nuclei is also favored by pulsed galvanostatic
deposition. Although the deposition approach (which together
with a real battery could be included in the pre-cycling process)
is based on a low lithium concentration in combination with a
nucleation pulse and a supporting electrolyte, it is clear that
the use of a low lithium concentration is the most important
parameter. The low lithium concentration provides the possibility to obtain a large overpotential during the nucleation pulse,
which enables the formation of a large number of similarly sized
nuclei while also enabling the elimination of the migration of
the lithium ions via the introduction of the supporting electrolyte. The results also show that dendrite-free lithium batteries
are unlikely to be realized using conventional experimental conditions (i.e., an LP40 electrolyte). Based on fundamental electrochemical theory, this can be explained by the fact that only a
limited amount of lithium nuclei would be expected to form
under such conditions due to the high redox buffer capacity of
a lithium electrode in a 1.0 M LiPF6 electrolyte. Reproducible
two-dimensional lithium deposition can, however, be obtained

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.mattod.2018.08.
003.

Acknowledgments
The authors would like to acknowledge Professor Kristina
Edström for funding the SEM transfer device and Gustav Nyholm
for valuable discussions. Financial support from The Swedish
Research Council [VR. 2015-04421], The Ångström Advanced
Battery Center (ÅABC) and STandUP for Energy is also gratefully
acknowledged.

Conﬂict of interest
D. R. and L. N. are the inventors on a patent application entitled
“An electrochemical device and method for charging the electrochemical device”. The authors declare no other ﬁnancial interest
in this work.

Data availability
The raw/processed data required to reproduce these ﬁndings cannot be shared at this time as the data also form part of an ongoing study.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

Y. Gou et al., Adv. Mater. 29 (2017) 1400007.
D. Lin et al., Nat. Nanotechnol. 12 (2017) 194.
W. Xu et al., Energy Environ. Sci. 7 (2014) 513.
K. Zhang et al., Adv. Energy Mater. 6 (2016) 1600811.
X.-B. Cheng et al., Adv. Sci. 3 (2016) 1500213.
Z. Li et al., J. Power Sources 254 (2014) 168.
J.-G. Zhang, et al., Lithium metal anodes and rechargeable lithium metal
batteries.
E. Peled, J. Electrochem. Soc. 126 (1979) 2047.
D. Aurbach, Y. Gofer, J. Electrochem. Soc. 136 (1989) 3198.
D. Aurbach, A. Zaban, J. Electroanal. Chem. 348 (1993) 155.
L. Suo et al., Nat. Commun. 4 (2013) 1481.
J. Qian et al., Nat. Commun. 6 (2015) 6362.
A. Pei et al., Nano Lett. 17 (2017) 1132.
C. Heubner et al., J. Electroanal. Chem. 759 (2015) 91.
G. Oltean et al., Electrochim. Acta 56 (2011) 3203.
R. Greef et al., Instrumental Methods in Electrochemistry, Ellis Horwood
Limited, 1990.
M. Paunovic, M. Schlesinger, Fundamentals of Electrochemical Deposition,
John Wiley & Sons Inc., 1998.
K.N. Wood et al., ACS Cent. Sci. 2 (2016) 790.
Q. Li et al., Sci. Adv. 3 (2017) e1701246.
G. García et al., J. Mater. Chem. A 6 (2017) 4746.

1017

RESEARCH: Short Communication

Materials Today

RESEARCH

[21]
[22]
[23]
[24]

L. Gireaud et al., Electrochem. Commun. 8 (2006) 1639.
F. Sun et al., ACS Nano 10 (2016) 7990.
K.-H. Chen et al., J. Mater. Chem. A 5 (2017) 11671.
R. Younesi et al., J. Power Sources 225 (2013) 40.

RESEARCH: Short Communication
1018

Materials Today

[25]
[26]
[27]
[28]

d

Volume 21, Number 10

d

December 2018

D. Aurbach, J. Power Sources 89 (2000) 206.
L.O. Valoen, J.N. Reimers, J. Electrochem. Soc. 152 (2005) A882.
C. Monroe, J. Newman, J. Electrochem. Soc. 150 (2003) A1377.
D. Rehnlund et al., Nanoscale 7 (2015) 13591.

