Electrochemistry Communications 136 (2022) 107238

ELSEVIER

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/elecom

electrochemistry
communications

Electrochemistry Communications 77

Short Communication

t.)

Check for

Macroscopically uniform and flat lithium thin film formed by | e
electrodeposition using multicomponent additives

Kazuhiro Fukami®, Akihiro Sakurai® Takamitsu Tsujimoto ”, Masaki Yamagami ?,
Atsushi Kitada ?, Kota Morimoto ¢, Kiho Nishioka ¢, Shuji Nakanishi ¢, Yusuke Yoshikane ”,
Toshimitsu Nagao °, Jun-ichi Katayama ”, Kuniaki Murase *

2 Department of Materials Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

b Okuno Chemical Industries Co. Ltd., Osaka 538-0044, Japan

¢ Research Center for Solar Energy Chemistry, Graduate School of Engineering Science, Osaka University, Osaka 560-8531, Japan

ARTICLE INFO ABSTRACT

Keywords:
Lithium
Electrodeposition
Additive
Multicomponent
Dendrite-free

It is well-known that the electrodeposition of lithium usually results in the formation of dendrites on the elec-
trode surface. This limits the utilization of metallic lithium as a material for, for example, the negative electrodes
of rechargeable batteries. In aqueous solutions, similar dendritic growth of metals is often observed during
electrodeposition; however, utilization of multicomponent additives has overcome this shortcoming. Here, we
report that the simultaneous utilization of four different additives greatly suppresses the formation of lithium

dendrites during electrodeposition in a tetraglyme-based solution. The roles of the additives are discussed, based
on the results of electrochemical quartz crystal microbalance measurements and X-ray photoelectron

spectroscopy.

1. Introduction

Metallic lithium is regarded as a promising negative electrode ma-
terial for next-generation rechargeable batteries. Currently, thin films of
lithium metal used in the assembly of such batteries are produced
mainly by flat rolling processes in an Ar-filled atmosphere. Since the
roughness of the lithium surface directly affects the initiation of den-
dritic growth during the subsequent charging of batteries, it is of great
importance to prepare a macroscopically flat and smooth lithium sur-
face, free from unevenness like dendrites [1-10]. Electrodeposition has
been considered as a promising technique to obtain lithium thin films at
a low cost, as in the case of electrolytic copper foil. However, it is widely
accepted that dendritic growth is inevitable during the electrodeposition
of lithium without additives [1]. Such dendritic growth is a fatal issue
not only for the subsequent charging of batteries but also for the mass
production of lithium thin films by electrodeposition.

Dendritic growth during electrodeposition was also a serious issue in
the electrodeposition of metals in aqueous solutions. This problem was
overcome step by step by the development of additives. In electrode-
position from aqueous baths, different types of additives such as levelers
and brighteners are generally used to obtain macroscopically flat and
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smooth metal surfaces [11]. On the other hand, considering the elec-
trodeposition of lithium, the number of additives developed so far is
much fewer than those developed for use in metal electrodeposition
using aqueous baths [12-14]. Furthermore, the number of studies on the
electrodeposition of lithium using multicomponent additives is still
limited [15,16], although electrodeposition in aqueous solutions mostly
involves multicomponent additives. Therefore, it is of great importance
to study possible additives for lithium deposition and to test their
combinations, as well as to understand their mechanisms.

In the present study, we report four newly found additives effective
for the electrodeposition of a macroscopically flat lithium thin film when
they are used simultaneously. The roles of the additives are studied by
electrochemical quartz crystal microbalance (EQCM) measurements and
X-ray photoelectron spectroscopy (XPS).

2. Experimental

All the experiments were carried out in an Ar-filled glove box
(GBJV080, GloveBox Japan Inc.) with Oz content below 5 ppm and with
a dew point below -75 °C. Tetraethyleneglycol dimethyl ether (Acros
Organics, 99%) was used as the solvent and will be denoted as G4 in this
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paper. Before utilization, the residual water in G4 was removed with
molecular sieve 3A (Nacalai Tesque Co. Ltd.) over 24 h. Note that the
residual water in the solutions is not considered as an additive in the
present study. Lithium bis[(trifluoromethyl)sulfonyl]imide (denoted as
LiTf,N) was used as the lithium precursor. A solution with a molar ratio
of G4:LiTfoN = 4:1 was prepared and used as the bath without additives.
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As additives, 2-butyne-1,4-diol (BASF Japan, 95.0%), 2-naphthol
(Tokyo Chemical Industry, 99.0%), saccharin (FUJIFILM Wako Pure
Chemical Corporation, 98.0%), and diacetone acrylamide (Nihon Kasei,
98.0%) were used at concentrations of 0.2 gL}, 1gL™},1gL ™}, and1 g
L%, respectively. Before adding the additives to G4, they were dried
under vacuum conditions at 60 °C for 24 h followed by drying at 80 °C
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Fig. 1. Twenty-seven additives evaluated in the present study. The additives are categorized according to their conventional uses in aqueous solutions (additives not

for specific metals, for Ni, for Zn, for Cu, and for Sn electrodeposition).
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for 24 h. A nickel (Ni) sheet 10 mm x 50 mm in size was used as the
working electrode (10 mm x ~20 mm was dipped into the solution).
The Ni sheet was polished with 0.3 pm alumina powder before use. For
the EQCM measurements, Ni on a quartz electrode with a diameter of 10
mm (EC Frontier, QA-A9M) was employed. All the electrochemical
measurements were carried out using a three-electrode cell with a
potentio-galvanostat (Biologic Science Instruments, SP-150) and a QCM
system (Seiko EG& G, QCA922). Lithium sheets (purity 99.8%, Honjo
Metal) were used as the counter and reference electrodes. The chemical
states of sample surfaces were characterized by XPS (JEOL, JPS-
9010TRX with Mg-Ka) with 10 kV and 20 mA of emission current. Art
etching was performed at an acceleration voltage of 1 kV. Calibration of
XPS data was carried out using a hydrocarbon peak in C 1 s at 285.0 eV.

3. Results and discussion

Screening of additives known for electrodeposition in aqueous
baths. Our strategy to find effective additives for lithium deposition is to
screen well-known additives used in aqueous baths. Since the number of
additives used for aqueous electrodeposition is huge, there are a number
of know-how and experience to select the additives for an electrode-
position system of interest. With this approach, one can save time until
effective multicomponent additives and their combinations are found.
Fig. 1 summarizes the chemicals which we evaluated for macroscopi-
cally flat lithium deposition. It should be noted that we originally chose
more chemicals than those shown in Fig. 1; however, most of them were
insoluble in G4. Thus, we chose the chemicals in Fig. 1 (all of which
dissolved in G4) for further evaluation. As shown in Fig. 2(a), the elec-
trodeposition of lithium takes place non-uniformly in an additive-free
bath. Note that the applied potential (1.0 V vs. Lit/Li) was selected
so that a large cathodic current density was detected at the potential in
the cyclic voltammogram and the morphology after lithium deposition

Fig. 2. Photographs of the working electrodes after lithium electrodeposition
taken in the glove box. The images (al), (b), (c), (d), (e), and (f) respectively
show the samples deposited without additives, with 2-butyne-1,4-diol, with
saccharin, with 2-naphthol, with diacetone acrylamide, and with the four ad-
ditives. The width of the working electrode was 10 mm. In the case without
additives, an SEM image of the surface of lithium is shown in (a2). Electrode-
position was carried out at a constant potential of —1.0 V vs. Li*/Li for 5 min.
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was highly non-uniform with dendritic deposition under the constant
potential. Fig. 2(b-e) show typical samples deposited using a single
component additive whose surfaces after electrodeposition are rela-
tively good. When 2-butyne-1,4-diol is added to the bath (Fig. 2b), a
gray-colored, relatively uniform film is obtained. The central part of the
substrate is covered almost uniformly; however, there are mossy ag-
gregates at the edge of the substrate. When saccharin is used as an ad-
ditive (Fig. 2c), the number of mossy aggregates increases compared
with the case of 2-butyne-1,4-diol. On the other hand, one can see a flat
surface with a grey-blue color on the flat area after deposition. 2-naph-
thol is also a good candidate as an additive (Fig. 2d). In this case, the
number of mossy deposits decreases, and the surface shows a pale blue
color. Diacetone acrylamide results in a different type of deposit
(Fig. 2e). The nickel substrate is totally covered with lithium, but the
surface appears gray-brown with a non-uniform distribution. It should
be noted that lithium films deposited without using any additives were
mechanically fragile. The mossy deposit tends to be detached from the
substrate during cleaning and drying. Using a single component addi-
tive, the lithium deposited on the surface was still fragile; therefore, the
differences in the macroscopic morphology of the deposited lithium are
hard to find when the surface is cleaned and dried.

Although we tried twenty-seven chemicals including the above four
as an additive, none worked as a single component. In addition to ex-
periments with a single component additive, we carried out experiments
with different combinations of additives. As clearly observed in Fig. 2f,
the film deposited with the simultaneous use of the four selected addi-
tives shows a macroscopically flat surface without the formation of
mossy aggregates. This result suggests that the use of multicomponent
additives is effective for the electrodeposition of lithium.

Roles of the additives evaluated by EQCM. The behavior of lithium
deposition and dissolution in a bath containing the four additives was
examined. QCM measurements were used and the results were
compared with the corresponding electrochemical responses. It is well
known that the change in frequency is directly linked to a mass change
in accordance with the Sauerbrey equation (Eq. (1)):

2 2
— fo Am
AP

where Afy, is the frequency change, fj is the reference frequency, A is
the electrode area, pq and jiq are the density and elastic coefficient of the
quartz crystal, respectively, and Am is the mass change. Since the
following relation (Eq. (2)) is expected, Afy is obtained from the
experimental data Af by subtracting the contribution of Afy, that is
estimated from the simultaneous measurement of the resonant
resistance

Af = Afu+Afy @

The QCM data were corrected in accordance with the method re-
ported by Serizawa et al., and Afy, is used in the following discussion
[17]. Since lithium is the most light-weight metal, such a correction is
essential to estimate Am from Af data.

In the present study, cyclic voltammograms were recorded together
with QCM measurements. To compare the cyclic voltammograms and
QCM responses simultaneously, we calculated the rate of mass change
(vy) and plotted the data against the potential as in the left-hand column
of Fig. 3 (al-el), denoted as v,,~E hereafter. Note that the vertical axis is
inversely determined for ease of comparison with the corresponding
cyclic voltammograms. The simultaneously recorded cyclic voltammo-
gram was plotted as in the middle column of Fig. 3 (a2-e2), so that the
vertical axis was converted from the current density to the v,,-axis. When
the data was converted from current density to v, the current efficiency
for lithium deposition (Li" + e = Li) and dissolution was regarded as
unity (i.e., 100%).

Based on the comparison between the cyclic voltammograms and
QCM data, we analysed the role of each additive. To utilize the results of

Afn = @



K. Fukami et al.

Electrochemistry Communications 136 (2022) 107238

-20 - (a2)
20 -
40 -
L
—
20 ~(b2)
Py AR
20 [~
40 [~
[
1
-20 (- (C2) :
(tn 3 Tw (o)) e 3
g 8e L |
o5 & - o20f 1
40 o 40 —
L L.
—
-20 - (d2)

20 - —
40 —

! . | . | . |

T T T T T T T
20+ (e2) : .

N

20 - : —
i 40 - : —

| . i . | . | | i | . |

0.4 0 0.4 0.8 0.4 0 0.4 0.8

Potential / V vs. Li/Li*

Potential / V vs. Li/Li*

Fig. 3. Cyclic plots of v,, vs. potential. Plots marked in red in column (1) were measured by QCM, while those in column (2) were measured with the potentiostat. The
QCM data were acquired simultaneously with the cyclic voltammograms. The green dotted plots in (1) are the integral of mass rate. The integral of the mass rate at
1.0 V vs. Li"/Li before the negative scan is set at zero. The deposition baths in (a) contained all the four additives, in (b) the three additives without 2-butyne-1,4-diol,
in (c) without 2-naphthol, in (d) without saccharin, and in (e) without diacetone acrylamide. The scan rate was 10 mV s L. Typical SEM images of the lithium surface
obtained with the four additives and with three additives are shown in column (3). The samples were not exposed to the air before observation. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

QCM for comparison with the corresponding cyclic voltammograms, it is
important to make the surface of the deposit as smooth as possible to
determine Af;, as precisely as possible. In the additive-free bath, how-
ever, the suppression of dendritic growth is impossible; therefore, we
studied the roles of the additives by removing one of the four additives
from the bath, which makes it possible to obtain a relatively smooth
surface, as observed in the right-hand columns of Fig. 3 (a3-e3),
allowing the determination of Af,, with relatively good accuracy.
First, the multicomponent bath without 2-butyne-1,4-diol is evalu-
ated as shown in Fig. 3(b). The cathodic behavior is different from the
bath with four additives (compare Fig. 3(b2) with Fig. 3(a2)). Without 2-
butyne-1,4-diol, the cathodic current density measured electrochemi-
cally shows a significant linear increase. This means that without 2-
butyne-1,4-diol, intense faradaic decomposition of the electrolyte, the
solvent, the three additives, and/or TfoN~ anions takes place, or the
electrodeposition of lithium is promoted for some reason. Since the
initiation of so-called dead lithium is unlikely in the case of macro-
scopically flat deposition and the charge in the lithium stripping under

subsequent anodic polarization is not significantly different between
case with the four additives (0.30 pg calculated in the anodic wave) and
without 2-butyne-1,4-diol (0.34 pg calculated in the anodic wave), the
increase in the current density during the cathodic polarization is mainly
due to the decomposition of the solvent, additives, or TfN~ which re-
sults in the formation of a solid electrolyte interphase (SEI) layer.
Indeed, the QCM response reaches a higher v,, value than with the four
additives at ~ —0.4 V. This is due to the formation of a SEI layer on the
surface through decomposition. Based on these data, 2-butyne-1,4-diol
is expected to adsorb physically on the surface and suppress the elec-
tron transfer processes, playing a role as a leveler [18].

The role of 2-naphthol is evaluated by removing it from the bath with
the four additives. As shown in Fig. 3(c1), the cathodic response of v,,
obtained by QCM starts to increase at a potential of —-0.35 V. In addition,
the gradient of the increase in vy, is gentle compared with the case of the
four additives (compare (c1) with (al)). On the other hand, the elec-
trochemical responses without 2-naphthol and with the four additives
are quite similar (compare (c2) with (a2)). This behavior suggests that 2-
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naphthol promotes the formation of the SEI to give a steep QCM curve
under cathodic polarization.

The QCM and electrochemical behavior without saccharin are shown
in Fig. 3(d). Despite the pretty similar electrochemical responses of the
bath without saccharin (d2) and with the four additives (a2), the cor-
responding QCM curves are totally different from each other (compare
(d1) with (al)). Without saccharin, the v,~E curve measured by QCM
gives a clear peak at + 0.3 V. This result means that the SEI formed
during cathodic polarization is subject to dissolution during the anodic
polarization. Therefore, the chemical stability of the SEI formed without
saccharin is not high enough and the SEI produced without saccharin is
expected to form but dissolve dynamically. Although the clear mecha-
nism of SEI dissolution is not clear, a possible explanation based on XPS
results can be found in the last part of this paper.

Finally, the electrochemical behavior without diacetone acrylamide
is investigated. When one compares the results in Fig. 3(e) (without
diacetone acrylamide) and Fig. 3(a) (with the four additives), the cyclic
data look similar to each other, except that a further increase in v, is
detected by QCM at potentials below —-0.4 V (Fig. 3(el)). This behavior
suggests that relatively stable chemicals, which are not decomposed on
the SEI at a low cathodic overpotential (such as G4 and Tf;N), are
subject to intense decomposition below -0.4 V without diacetone
acrylamide.

Based on the results given above, the main roles of the four additives
are assumed to be as follows: (1) 2-butyne-1,4-diol adsorbs on the sur-
face and plays a role as a leveler; (2) 2-naphthol is cathodically
decomposed to induce the formation of the SEL (3) saccharin enhances
the stability of the SEIL; (4) diacetone acrylamide prevents the cathodic
decomposition of G4 and/or TfyN.

SEI characterization by XPS. The chemical states of the SEI formed
during electrodeposition with the four additives are characterized by
XPS. Fig. 4 showsLils,01s,C1s,F1s,N1s,andS 2p spectra of the
sample. Note that samples for XPS were transferred from the Ar-filled
glove box to XPS using a transfer vessel without exposure to the air.
From Li 1 s, LiTfoN (56.5 eV) and LiOH (55.5 eV) are detected before
etching. After 2 nm etching, LiTfyN totally disappears, and LiOH and
LisO (53.7 eV) become the main components. After 40 nm etching,

LiTEN

LiTEN

LiOH
\

L:0 L

Li2COs

Electrochemistry Communications 136 (2022) 107238

metallic lithium is detected together with both a decrease in LiOH and
an increase in LiO. It should be noted that Li;O was detected when a
commercially available metallic lithium foil was characterized by our
XPS apparatus. Thus, the increase in Li;O may originate from the in-
crease in the content of metallic lithium in the deposited film. From the
O 1 s spectrum, LiTfoN (533.0 eV), Li,CO3 (532.3 eV), and LiOH (531.3
eV) are the main components at the surface. After 2 nm etching, LiTf;N
totally disappears as in Li 1 s, and the contribution of Li»O starts to in-
crease. From C 1 s, the disappearance of LiTf,N (293.0 eV) after etching
is confirmed as well. (CH,OCO-Li) is detected at 286.7 eV at the surface
without etching and the intensity becomes almost zero after etching;
therefore (CH,0CO-Li); is less likely to be the major component of the
SEL Li»CO3 (290.0 eV) starts to contribute after 2 nm etching, suggesting
that it is one of the components of the SEI Looking at the spectrum of F
1 s, coverage of the surface with LiTfoN (688.9 eV) is confirmed. After 2
nm etching, LiF (685.2 eV) is clearly detected. In the S 2p spectrum,
LiTf,N (169.4 eV) is indeed detected at the surface. Li,S is detected after
2 nm etching, together with a weak contribution from lithium poly-
sulfide LiyS, (166 eV). Note that the photoionization cross section of Li 1
s is two orders of magnitude smaller than those of O 15, F 1 s, and S 2p
[19]. Therefore, it is quite difficult to clearly detect LiF, LiCO3 and LisS,
in the Li 1 s spectrum, given the accuracy of our XPS apparatus. Based on
these results, the SEI is expected to be a mixture of Li,COs3, LiO, LiF,
Lizs, and Lizsx.

The S 2p spectra give more information on the structure of the SEIL At
the surface without etching, a non-negligible contribution of LisSy is
detected together with the main peak of LiTfoN. After 2 nm etching, the
main contribution changes from LiTf,N to LisSy. A similar trend is also
detected for LiF. On the other hand, Li;CO3 and Li,S are not detectable at
the surface, while they start to contribute after 2 nm etching. These
results suggest that LisS, and LiF tend to cover the inner SEI of Li,CO3
and Li,S. It has been reported that Li»S, compounds are unstable and
tend to dissolve in organic solutions [20,21], while Li,S is stable against
dissolution. The origin of the S content is TfyN™ and/or saccharin. The
dissolution of the SEI without saccharin in Fig. 3(d1) is likely due to the
formation of LiS,; therefore, the role of saccharin is presumed to be that
it helps the effective formation of Li,S, while a non-negligible amount of
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Fig. 4. XPS spectra of a sample prepared by electrodeposition in a bath with the four additives. (a)-(f) Spectraof Lils,O01s,C1s,F1s,N1s,andS 2p, respectively.
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LisS, may be formed by the decomposition of TfoN™.

Finally, the use of the four additives in the cycle test should be
mentioned. For our primitive evaluation, a Li/Li symmetric cell was
used. One of the two electrodes was a lithium film deposited using the
four additives, while the other electrode was a commercially available
lithium foil. Under a small current density such as ~ 0.1 mA cm ™2, the
cycle performance was relatively good (not shown here) using the so-
lution with the four additives. However, the effect of the additives may
be prominent under a large current density; therefore, we will study the
cycle performance in detail in the near future.

4. Conclusions

The present study reports the combination of four additives for the
production of a macroscopically uniform and flat lithium thin film by
electrodeposition. The roles of the additives were studied by EQCM and
XPS. The results suggest that each additive has its own role, and thus
they should be used in combination. Although we have found that the
four additives are effective for the production of macroscopically flat
and smooth lithium film, it has not been clarified well whether they can
be used as additives of a battery electrolyte. We are confident that the
macroscopically uniform and flat lithium thin films produced in this
study would be beneficial in designing metallic lithium-based batteries
with a low cost.
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