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The effects of some film-forming organic additives, fluoroethylene carbdR&E), vinylene carbonat®/C), and ethylene sulfite

(ES), on lithium deposition and dissolution were investigated iM LiClO, dissolved in propylene carbonatBC) as a base
solution. When 5 wt % FEC was added, the cycling efficiency was improved. On the contrary, addition of 5 wt % VC or ES
significantly lowered the cycling efficiency. The surface morphology of lithium deposited in each electrolyte solution was ob-
served byin situ atomic force microscopgAFM). In PC + FEC, the surface was covered with a uniform and closely packed layer
of particle-like deposits of about 100-150 nm diam. The surface film seemed to be more solidinV@C and inhomogeneous

in PC + ES. From ac impedance measurements, it was revealed that the surface film formed iflBC has a lower resistance

than that in the additive-free solution, whereas that formed in+PZC or PC+ ES has a higher resistance. Large volume
changes during lithium deposition and dissolution require that the surface film should be @astiét) and be self-repairable
when being damaged. In addition, a nonuniform current distribution is liable to cause dendrite formation, which requires that the
surface film should be uniform and its resistance should be as low as possiblie.FET gave a surface film that satisfies all
these requirements, and therefore only FEC was effective as an additive for deposition and dissolution of lithium metal.
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Lithium metal is the most attractive material for use as a negativelithium deposition and dissolution. The counter and reference elec-
electrode in rechargeable cells because of its high energy densityrodes were lithium metal. The base electrolyte solution was com-
However, dendritic deposition of lithium metal during repeated mercially available 1 mol da® (M) lithium perchlorate (LiCIQ)
charge/discharge cycles is a serious problem that is responsible fafissolved in propylene carbonateC; Kishida Reagent Chemicals,
low cycling efficiencies and safety issuk@n lithium metal, a pro- lithium-battery grade FEC (Kanto Denka Kogyo), VOAldrich),
tective surface_film, called the solid elec_trolyte interfd&El), is and ES(Aldrich) were added 5 wt % each to the base solution. Each
formed, which is known o have a great influence on the morphol-qtion was dried over 4A molecular sieves for weeks and was used
ogy of deposned I|th|un7r.: To mod|fy and control the mqrpholpgy, for measurements after the water content dropped less than 30 ppm.
a_nd phy5|ca|_ gnd chemical properties of the sur_face film, d'fgere”‘ An electrochemical cell made of polytetrafluoroethyléR& FE)
klnds6 of ad?'“‘.’es have bgen proposed. These |n_cludé 66 ’é was used for cycling tests. The geometric surface area of the work-
All3,” SO, nitromethané, polyethylene glycol dimethyl ether, ing electrode was fixed at 0.8 énusing an O-ring. The current

silicone/polypropylene oxide copolym2getyltrimethylammonium . o - : . _
chloridel® ethyl trifluoroacetaté! and aromatic compounds such density for lithium deposition and dissolution was 0.5 mAémin
as benzen& toluene!? 2-methylfurant? 2-methylthiophené? each cycle, 0.3 C ciif of lithium was deposited and dissolved com-

triazoles®® dipyridyl derivativest etc. pletely until the potential reached 1.5%. Li */Li.

The importance of the protective surface film is a common issue  AFM observation of the surface morphology of deposited lithium
to graphite negative electrodes. It has been recently re?orted thavas carried out with a PicoSPMsystem (Molecular Imaging
some film-forming additives, fluoroethylene carbon@t&C);® vi- equipped with a PicoStat potentiostat(Molecular Imaging. A
nylene carbonatéVC),*® and ethylene sulfitéES)}’ are effective  laboratory-made fluid cell made of PTFE was set on a sample stage.
for graphite negative electrodes. In a previous study ugingitu ~ The geometric surface area of the nickel substrate was fixed at
atomic force microscopyAFM), we reported that all these additives 1 5 cnf using an O-ring. AFM images were obtained in the contact
e_asny decompose and Ie_ave effective _s_urface films on graphite Nedanode using a piezoelectric scanner with scan rangespofiin the
e lectrods o peentals ore osiive 1an 1 0efore e M. an y-aecons, The micrcantiever made of i was

p ’ P V€ scanned at 2km s ! to obtain AFM images. Lithium was depos-

not only for graphite but also for lithium metal, though there has ; 5 ; - . )
been no report for the latter in the literature. In this report, we ited at 0.5mA cm®. During deposition, the microcantilever was

studied the effects of these additives on lithium deposition and disMved out of the solution because the current distribution beneath
solution. The results of charge/discharge measurements were corré2€ tip would have been disturbed by its presence. After every
lated with the surface morphologies of deposited lithium observed0.03 C cm? deposition, AFM images were obtained under open-
by in situ AFM, and with the resistances of the surface films esti- circuit conditions. In addition to the constant current deposition,
mated by ac impedance spectroscopy. cyclic voltammetry(CV) was carried out at 5 mV¢ between 2.5
Experimental and 0.05 V, and AFM images after five cycles of CV were obtained
_ ) . in a similar manner.
_Nickel _pIates(Nllaco Co., 20X 20 X 0.3 mm) were polished AC impedance was measured with a frequency analySér
with alumina powder to a mirror finish and used as substrates f0r1255, Solartronoupled with a potentiostdtmodel 273A, EG&G
PAR) and the cell used for the cycling tests. After lithium was de-
posited on the nickel substrate aD.1 V for 300 s, the impedance

* Electrochemical Society Active Member. , was measured under open-circuit conditions over the frequency
¢ Present address: Department of Molecular Science and Technology, Faculty o 1 KH 1 Hz. Th bati litude f |

Engineering, Doshisha University, Kyotanabe, Kyoto 610-0321, Japan. ran_ge 0 OQ _Z to 100 mHz. e perturbation amplitude for alter-
2 E-mail: minaba@mail.doshisha.ac.jp nating polarization was 5 mV.
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Figure 1. Cycling efficiencies for deposition and dissolution of lithium on
nickel substratesni1 M LiCIO, /PC without additive and with 5 wt % FEC,
VC, and ES. The current density was 0.5 mA@nThe amount of lithium
deposition was 0.3 C cnf in each cycle. The cutoff voltage for dissolution
was 1.5 V.

All experiments were carried out at 30°C in an argon-filled glove
box (Miwa Industries with a dew point below—60°C.
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Results and Discussion
Figure 2. AFM images(7 X 7 wm) of the surface morphology on a nickel
Cycling efficiencies for lithium deposition and dissolu- substrate obtaine@) before and aftefb) 0.09,(c) 0.15, and(d) 0.3 C cn12
tion.—Lithium deposition and dissolution were carried out on nickel deposition of lithium metalri 1 M LiCIO,/PC. Lithium was deposited at
substrates in 1 M LiCIQ/PC solutions with and without the addi- 0.5 mA cni2,
tives. The variations of the cycling efficiencies for lithium deposi-
tion and dissolution with cycle number are shown in Fig. 1. In the
additive-free solution, the cycling efficiency was around 80% in the
first cycle. However, it decreased gradually and was leveled off
between 60 and 70% after the 10th cycle. The addition of 5 wt %
FEC obviously improved the efficiency,e., the efficiency was - . o
higher than 80% up to the 30th cycle. The effects of VC and EsWhich lowers the cycling efficiency.
addition were contrary to what we expected. The efficiency de- AFM images obtained in 1 M LiCIQ/PC + 5wt % FEC are
creased rapidly after the 10th cycle and became lower than 10%. [8hown in Fig. 3. Even after 0.09 C cthof lithium was deposited,
should be noted that all these additives are effective for graphitehe whole surface of the nickel substrate was completely covered
negative electrodes as mentioned earlier. However, only the additioMith fine deposits as shown in Fig. 3a. The surface was very smooth
of FEC improved the cycling efficiency for lithium deposition and and the original grooves on the substrate were invisible. Upon fur-
dissolution in the present study. Thus, the properties required for théher deposition, the particle size increased slightly; however, almost
surface film on lithium seem to be different from that on graphite. No clear morphological changes were observed. Figure 3b shows an
] ) o ) image obtained after deposition of 0.3 C ¢ The surface was still
Morphologies of deposited lithium-The surface morphologies  covered with a thick, closely packed layer of fine particles with no
of lithium deposited on nickel substrates were observednbsitu  sjgn of large agglomerate formation. Figure 3c shows a magnified
AFM to clarify the correlation between the surface morphology andjmage of the 1x 1 pm area indicated by a square in Fig. 3b. The
the cycling efficiency. AFM images obtained in the additive-free 1 sjzes of the particles were several tens of nanometers with a uniform
M LiCIO,/PC are shown in Fig. 2. Figure 2a shows an image beforesijze distribution.
lithium deposition. Many grooves, which were made from polishing,  Surface morphologies after the following dissolution to 1.5 V
are seen on the niCkel Surface. After I|th|um depOSition Of and after another 0.3C Cfrﬁ deposition are Shown in F|g 4. Sur-
0.03 C cm, particle-like deposits of about 100 nm diam appeared prisingly, the morphology of the precipitate layer remained almost
sparsely(not shown). The number of the deposits increased, andynchanged during the dissolution and redeposition. Kanaetuah
their sizes grew up with the amount of deposition. After deposition observed the morphology of lithium deposited in L|Q|mc con-
of 0.09 C cm?, the sizes of particle-like deposits were not uniform taining a trace amount of HF by scanning electron microscopy
over the range of 100-200 nm diafkig. 2b). In addition, the  (SEM)* and AFM?! They reported that hemispherical deposits of
grooves on the nickel substrate became indistinct, which means thaghout 300 nm diam were formed on deposition. During the follow-
the surface was covered with a thin film. Some noisy lines are seeling dissolution process, they observed the formation of holes and
running horizontally in the image, which were made by the colli- defects on the deposits accompanied by shrinkage of the deposits
sions of the microcantilever with large bulges on the surface andand concluded that each particle consisted of lithium metal covered
thus indicate that the surface was rough. In Fig. 2c, which shows afwith a surface film. However, this does not seem to be the case for
image obtained after deposition of 0.15 Ccna large deposit ap-  the precipitates in Fig. 3 and 4, which showed no morphological
peared with many noisy lines across the image. After 0.3 C’cm  changes during deposition and dissolution. It is therefore reasonable
the surface became very rough, and many agglomerates appeared tmconsider that the particles in Fig. 3 and 4 were not lithium metal
the surface(Fig. 2d). These morphology changes were similar but decomposition products of the electrolyte solution. This, in turn,
to those obtained in lithium biperfluoroethylsulfonyimide implies that metallic lithium was deposited uniformly underneath
(LIBETI)/PC at room temperature in our previous repdfté° It is the precipitate layer, which suppressed dendritic deposition of

reasonable to presume that these large agglomerates lead to the for-
mation of dendrites during repeated deposition/dissolution cycles,
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Figure 3. AFM images of the surface morphology on a nickel substrate obtained (aft€:09 and(b, c) 0.3 C cm 2 deposition of lithium metal in 1 M
LiClO,/PC containing 5 wt % FEC. Lithium was deposited at 0.5 mA &na, b)6.5 X 6.5um; (c) 1 X 1 um.

lithium metal and resulted in the improvement in cycling efficiency decomposes on a graphite electrode at a higher potéabalt 1.1
shown in Fig. 1. V) than PC is cointercalated within the graphite and decomposes
The morphologies of the surface film in PE FEC in Fig. 4 and  (about 0.9 V)*8 Thus, it seems that FEC accelerates the rate of the
5 are very similar to those obtained in LIBETI/PC at elevated tem- electrolyte decomposition and provides a surface morphology that
peratures of 60 and 80°C in our previous studfe®at which tem-  can suppress dendrite formation.
peratures the cycling efficiencies were greatly improved. In the pre- Figure 5 shows the morphological changes observed in 1 M
vious studies, we concluded that the dense and uniform structure ofjClO,/PC + 5wt % VC. After deposition of 0.09 C cit (Fig.
the §urface film is given by rapid decomposition of thg electrolyte 53), a small amount of deposits appeared on the surface. The
solution at the elevated temperatures, and such a uniform surfacgrooves on the substrate became indistinct, and the whole surface
morphology is one of the important factors for the suppression ofseemed to be covered with a very thin film of the decomposition
dendrite formation. In addition, we reported that FEC reductively nroqucts. However, the image was very clear and sharp when com-
pared with that in the additive-free soluti¢e.g., Fig. 2b)o that the
film should be solid and hard. After deposition of 0.15 C énfFig.
5b) the size of the deposits increased to 200-500 nm diam, and they
grew up to large agglomerates after deposition of 0.3 C%(Rig.
5c). These particles are most probably lithium metal and become
nuclei for lithium dendrites during repeated deposition/dissolution
cycles, as was the case in the additive-free solution.
AFM images obtained in 1 M LIiCIQ/PC + 5wt % ES are
shown in Fig. 6. After deposition of 0.09 C cth (Fig. 6a), the
. whole surface was covered with a layer of precipitates. This surface
,ﬁ. s &S morphology was similar to that in P€ FEC in Fig. 3a. However,
o 3400 P the precipitate layer became rough and inhomogeneous after depo-
sition of 0.3 C cm? (Fig. 6b). In some parts, large deposits, which
were probably lithium metal, were observed as shown in Fig. 6c.
The poor cycling efficiency in PG- ES is thus attributable to den-
drite formation due to the rough and inhomogeneous structure of the
precipitate layer.

0 100 200 300 400 500A

CV coupled with AFM observatior-The decomposition pro-
cesses of the three additives were investigated more closely by CV
coupled within situ AFM observation. Figure 7 shows CVs of
nickel electrodes in 1 M LiCIQ/PC with and without the additives.

All voltammograms showed three peaks at about 1.1, 0.6, and 0.2 V
on the first cathodic sweep, which can be assigned to reductive
E A . decomposition of electrolyte solutions to form surface films as dis-
. o500 600 70 830 o cussed in a previous study using 1 M LIBETI/BEIn the second
PRt an ok Tk cycle in each solution, th_e cathodic current decreased significantly,
and the peak at 1.1 V disappeared. The current further decreased
Figure 4. AFM images of the surface morpho]ogy on a nickel substrate Wlth CyCling number, Wh|Ch indicates tha.t the Surface Of the niCkel
obtained aftela, b) dissolution of lithium to 1.5 V andc, d) the following electrode was passivated by the surface film formed via the decom-
deposition of 0.3 C cr? in 1 M LiCIO,/PC containing 5 wt % FEC. The  position of the electrolyte solution. We reported that the additives,
current density was 0.5 mA cr. (a, ¢)6.5 X 6.5um; (b, d)1 X 1 um. FEC, VC, and ES, reductively decompose at 1.1, 1.3, and 1.0 V,
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Figure 5. AFM images (7X 7 um) of the surface morphology on a nickel substrate obtained &fj€r.09, (b) 0.15, and(c) 0.3 C cm 2 deposition of lithium
metal in 1 M LiCIO, /PC containing 5 wt % VC. Lithium was deposited at 0.5 mA<ém

respectively, on a graphite negative electréti¢dowever, these  Particle-like deposits are also seen in the image, but their shapes are
peaks were not clearly observed on the nickel electrodes in thdess distinct. This implies that the particles are also made of a soft
present study. material. In contrast, a very clear and sharp image was obtained in
After the fifth voltammogram in Fig. 7 was obtained, the surface PC + VC (Fig. 8c). The shapes of particle-like deposits were also
of the nickel electrode was observed inysitu AFM in each elec-  clearly observed. These facts mean that the surface film and the
trolyte solution. The results are shown in Fig. 8. Figure 8a shows arparticle-like deposits formed in P& VC are much more solid than
image obtained in the additive-free 1 M LIiCJCPC. The image those formed in the other solutions. Particle-like deposits were
became indistinct when compared with the original surfa_ce beforehard|y seen in PG- ES; however, the grooves were unclear and
CV (e.g., Fig. 2a). This may be due to the presence of a thin and sofhence a thin film was present on the surface. From these results it
film, which is slightly deformed by the microcantilever during scan- can be concluded that the properties of surface films are rather dif-

ning. It is clear that the surface film was formed by reductive de-ferent depending on the kind of additives, which affects the mor-
composition of the electrolyte solution during the CV measure- phology of deposited lithium.

ments. The grooves made from polishing were still visible; hence,

the amount of deposition was not so large. In addition to the thin AC impedance measurements of deposited lithihithium

layer, particle-like deposits were sparsely observed on the surfacenetal was deposited on nickel substrates at a constant potential of

These particles were not lithium metal but decomposition products—0.1 V for 300 s in 1 M LiCIQ /PC with and without the additives,

of the electrolyte solution, because observation was carried out aand ac impedances were measured to compare the electrochemical

25 V. properties of respective surface films. The results are shown in Fig.
In PC + FEC(Fig. 8b), the image obtained was unclear, and this 9. Figure 9a compares the impedances over the entire frequency

again indicates the presence of a thin and soft film on the surfaceregion. The resistances of the electrolyte solution®@) were

1000 2000 3000 4000 5000 nm

100 200 300 400 A 0 100 200 300 400 500A 0 25 50 75 100 125 nm

Figure 6. AFM images (6.5 6.5 wm) of the surface morphology on a nickel substrate obtained &ied.09 and(b, c¢) 0.3 C cm 2 deposition of lithium
metal in 1 M LiCIQ,/PC containing 5 wt % ES. Imag#) and (c) were of different regions. Lithium was deposited at 0.5 mA ém
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Figure 7. CVs on nickel substrates il M LiClIO,/PC (a) without additive,
and with 5 wt % (b)FEC, (c) VC, and(d) ES. The scan rate was 5 mV’s
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Figure 8. AFM images (7X 7 um) of the surface morphologies on nickel
substrates obtained after five cycles of CV in 1 M LIiGIKPC (a) without
additive, and with 5 wt %b) FEC, (c) VC, and(d) ES.
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Figure 9. Cole-Cole plots for lithium deposited on nickel substrates in 1 M
LiClIO,/PC without additive, and with 5 wt % FEC, VC, and ES. Lithium
deposition was carried out at0.1 V for 300 s.

subtracted for clarity. Two arcs are seen in each spectrum. The
smaller arc in the high-frequency region appeared at 1.0 V and has
been already assigned to the impedance of the surface film in a
previous study? The larger arc in the low-frequency region ap-
peared only after deposition of bulk lithium, and disappeared after
dissolution(not shown). The arc in the low-frequency region is thus
attributable to the charge-transfer reaction, though further investiga-
tion is necessary. In the present study, we compared only the arcs in
the high-frequency region to discuss the electrochemical properties
of the surface films. Figure 9b shows magnified spectra in the high-
frequency region. In PG- FEC, the resistance of the surface film
was slightly lower than that in the additive-free solution. The char-
acteristic frequency of the arc was 3.98 kHz, which was equal to the
value in the additive-free solution, which implies that the surface
films formed in these two electrolyte solutions have similar electro-
chemical properties. In contrast, the resistances in the other two
solutions, in particular in PG- VC, were higher than that in the
additive-free solution. The order in the conductivity of the surface
film is thus PC+ FEC> PC> PC+ ES> PC+ VC. This or-
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der is consistent with the order for the cycling efficiency in Fig. 1; fore VC and ES work as effective additives for graphite negative
that is, the lower the resistance of the surface film, the higher theeslectrodes.

cycling efficiency obtained. A high resistance of the surface film is
liable to cause a nonuniform current distribution, which accelerates
the formation of dendritic lithium. Consequently, a low resistance is
one of the important properties required to obtain an effective sur-
face film on lithium metal.

wnN

Conclusions

efficiency for lithium deposition and dissolution were investigated.
Although all the additives were reported to be effective for graphite

negative electrodes, only FEC improved the cycling efficiency for 6.

lithium metal and the other two additives significantly lowered the 7 ' ; ) .
. K. Naoi, M. Mori, M. Inoue, T. Wakabayashi, and K. Yamauchi Electrochem.

efficiency. These results suggested that the properties required fo

the surface film on lithium are different from that on graphite. 9.

In situ AFM observation revealed that deposited lithium was 10.
covered with a uniform, closely packed layer of particle-like depos- 11-
its of 100-150 nm diam in PG FEC. The surface film seemed to 1,
13.

be more solid in PC+ VC and inhomogeneous in P€ ES. Large
volume changes are accompanied by lithium deposition and disso-
lution, which requires that the surface film should be elasticoft)
and be self-repairable when being damaged. In addition, a nonuni-
form current distribution(local current concentratigreasily results

in dendrite formation, which requires that the surface film should be
uniform and its resistance should be as low as possible. When V
was added, the surface film was very thin and solid, and its resis-

tance was high. In PG ES, the surface film was inhomogeneous, 17.

and its resistance was relatively high. RCFEC gave a surface
film that satisfies all the requirements, and therefore only FEC was

effective as an additive on lithium metal. In contrast to lithium 19.
metal, graphite negative electrodes exhibit much smaller volume20-

changes during charging and discharging, and are free from dendritg,

lithium deposition except when being overcharged. Softness and lovg,’

resistivity are not severely required for the surface film, and there-

14.

15.

Kyoto University assisted in meeting the publication costs of this article.
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