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Abstract

Previous work in our laboratory has shown that the adsorption of self-assembled molecular layers on a polymer electrolyte surface can
make the interface between the electrolyte and a lithium metal electrode more stable and can hinder the growth of the type of passivation
layer that inhibits ion movement between the electrode and electrolyte. This work is concerned with the effect that the molecular
composition of the adsorbed layer has on interface stability. Several compounds of the form R—(CH,CH,0)-H have been found to adsorb
on the surface of the polymer electrolyte and stabilize the interface. It was found that the R group could be a long, straight hydrocarbon tail
capable of forming an ordered self-assembled structure or a branched hydrocarbon or a siloxane with bulky hydrocarbon groups that form a
brush-type structure. Molecules of the form R—-OH and R—COOH, where R was a long, straight-chain hydrocarbon, would adsorb but
appeared to have much disorder in their hydrocarbon chains. It is proposed that this disorder results from a low adsorption density that
results in regions where the lithium metal can come in direct contact with the polymer electrolyte causing reactions that promote interface
destabilization. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lithium metal/polymer electrolyte batteries have several
potential advantages, including high energy density and a
large electrochemical window. One potential problem with
all lithium metal-based batteries is the formation of a non-
stable passivation layer at the lithium/polymer electrolyte
interface which can grow to have a higher resistance than the
bulk electrolyte itself. While solid polymer electrolyte
systems do help to stabilize the lithium metal/electrolyte
interface, this interfacial problem still exists. This problem
must be solved for lithium metal batteries to reach their
potential in commercial utilization. Because of this problem,
the electrochemistry at the electrode/electrolyte interface
has been the object of several studies.

Many of the previous studies on lithium or lithium alloy
anodes in contact with polymer electrolytes have involved
complex impedance spectroscopy or other electrochemical
techniques [1-14]. Fauteux [4] has attributed a low fre-
quency semicircle in Nyquist plots to interfacial resistance
due to a reactive film that forms at the surface of the Li
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electrodes. Bruce and Krok have shown the importance of
interfacial impedance in lithium/polymer electrolyte system.
Their work has shown that with time the non-stable interface
can increase in resistance until it is significantly larger than
the bulk resistance, which would have detrimental effects on
battery performance [3,11]. Sequeira and Hooper [6] and Xu
and Farrington [7] have studied the kinetics of the charge
transfer process at this interface and Thevenin and Muller
[9] and Munichandraiah et al. [10] have examined and
reviewed models based on reactions occurring at the
lithium/polymer electrolyte interface. Because of the impor-
tance of this interface, various studies dealing with the
stabilization of the lithium/electrolyte contact area have
been conducted. Some researchers have approached this
problem by studying and modifying the lithium metal sur-
face [11-15]. However, the polymer electrolyte surface is a
much easier surface with which to work than the extremely
reactive lithium surface. Scrosati and coworkers have shown
that the addition of inert, ceramic fillers, such as Al,O5 and
TiO, will stabilize the interface [16,17]. Recent studies
conducted in our laboratory [18-20] have shown that self-
assembled molecular layers placed on the polymer surface
can offer protection from passivation and stabilize the inter-
face. AC impedance spectroscopy has shown that molecules
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of the form H-(CH,),,—(CH,—CH,-0),—H adsorbed on PEO
electrolyte surfaces and stabilized the lithium/polymer elec-
trolyte interface in lithium symmetric cells stored under an
open-circuit potential [18,19]. It appears that the poly(ethy-
lene oxide)-like portion of these molecules preferentially
orient to adsorb onto the poly(ethylene oxide) electrolyte
film. This leaves the CH, segment of the molecule to self-
assemble into an ordered layer just above the electrolyte
surface. Studies show that this hydrocarbon layer, which
now comes in contact with the lithium instead of the polymer
electrolyte, is not reactive with the metal and therefore sta-
bilizes the interface by forming a new type of solid electro-
lyte interphase (SEI) [19,20]. Movement of ions through this
hydrocarbon layer is only slightly lowered, due most likely
to the ions’ ability to move through defects in the layer [19].

This work is concerned with how changing the chemistry
of the adsorbed molecules affects the ability of the mole-
cules to adsorb and to stabilize the lithium/polymer electro-
Iyte interface.

2. Experimental

All polymer electrolyte films were made by using poly-
(ethylene oxide) and lithium triflate (both from Aldrich) with
a 15:1 ratio of ether oxygen to lithium. Films were prepared
in an argon atmosphere and were dried and stored at 50°C in
a vacuum oven. Previous work used semicrystalline waxes
having the general form H-(CH,),,—(CH,—CH,-0),—H as
the molecules for adsorption on the polymer electrolyte surface
[19]. For this work, other molecules that might adsorb on the
polymer surface were used. A long, straight-chain alcohol and
a long, straight-chain carboxylic acid from Petrolite Speci-
alty Polymers, two siloxane surfactants from Dow Corning,
and the surfactant Triton X100 from Acros Chemicals were
studied. Formation of adsorbed layers was accomplished via
adsorption from a hexane solution. The complete procedure
for film preparation and formation of the self-assembled
molecular layers on the film has been described previously
[18,19]. Surface infrared spectra, using the ATR technique,
were collected on a Nicolet 510P fourier transform infrared
spectrometer with a DTGS detector at 1 cm™' spectral
resolution. The average depth of penetration of the infrared
radiation into the surface can be calculated [19] and was
found to be ca. 1.0 um. An HP 4194-A ac impedance/gain
phase analyzer was used to investigate the electrochemistry
of symmetric lithium cells. This was done over a range of
40 MHz to 10 kHz. Test cells for impedance analysis were
assembled in a glove box under argon and ac impedance
tests were done at 50°C under vacuum.

3. Results and discussion

The molecules used in adsorption studies in this
investigation and, for comparison, those used in previous

Table 1
Compounds used in adsorption studies and their ability to stabilize the
lithium/polymer electorlyte interface

Chemical formula Ability to stabilize

lithium/polymer interface

H(CH3)32(CH,CH,0);H Yes*
H(CH3)32(CH,CH,0),0H Yes*
H(CH3)40(CH,CH,0);H Yes®
H(CH3)49(CH,CH,0),3H Yes*
H(CH>)s00OH No

l No
H(CH,);7—C—OH

CHs
i
Ho{cnzcnonSi—o)—QCHZCHzo)-H Yes
12 éHa 15 12

) RS
cu,—&—o—fss—o—)—fsa—o—)cn,
éHS éH:‘ 87 37 Yes

C3HgO—(CH,CH,0)H

WWCH2CH2ORH Yes

where X =9-10

 Previous work [19].

adsorption work, are given in Table 1. The presence of the
adsorbed molecular layers was determined by ATR-FTIR
spectroscopy in the same manner as reported previously
[18,19]. All molecules investigated in this work adsorbed on
the PEO polymer electrolyte surface.

AC impedance data for lithium symmetric cells were
collected at various times to a maximum time of ca.
160 h PEO electrolyte films and PEO electrolyte films with
the molecules listed in Table 1 adsorbed on the surface were
studies. Nyquist plots of these data are shown in Figs. 1 and
2, where the frequency is decreasing from left to right. The
data shown in Fig. 1 are for a poly(ethylene oxide) film with
no adsorbed molecular layer, for a film with the H-(CH,)5o—
OH molecule adsorbed onto its surface and the H-(CH,);7—
COOH adsorbed film. These data show two overlapping
semicircles present in the lithium symmetric cells at open
circuit voltage. The capacitance of these semicircles was
estimated by knowing that the maximum of each semicircle
should obey the relation: @RC = 1. The first semicircle has
a capacitance in the range of picofarads, usually associated
with the bulk response, while the second has a value in the
range of 10~ ® F, indicating the response of a passivating film
at the Li/polymer electrolyte interface [21]. Fig. 2 shows ac
impedance data for the Triton X100 and the two siloxane
surfactants. The molecular layers formed by these three
surfactants appear to prevent the formation of an ever-
increasing second semicircle associated with the passivation
layer due to a non-stable interface.

Before discussing the ability of the adsorbed layers to
stabilize the interface, one interesting trend seen for the
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Fig. 1. Nyquist plots for symmetric lithium cells: plots (a) and (b) are for
the acid and alcohol adsorbed on the PEO electrolyte film. Plot (c) is the PEO
film with no adsorbed molecules. A second semicircle is seen to grow in the
plots indicative of a non-stable interface. Thickness of the polymer electrolyte
films ranged between 60 and 80 um with a surface area of 1.58 cm?.

resistance of the bulk electrolyte (first, high frequency
semicircle) should be discussed. With time the resistance
is seen to increase slightly for the bulk. Previous work has
attributed this behavior to change in the crystalline nature of
the bulk PEO [19].

Table 1 also presents data as to whether or not the listed
molecular films will prevent passivation, thus stabilizing the
lithium/polymer electrolyte interface. This will be helpful
in discussion of the present work. All molecules having a
—(CH,CH,0)- tail are able to stabilize the interface. Only
the adsorbed alcohol and the carboxylic acid are not able to
perform this function. Since past work was done on ordered
hydrocarbon chains that stabilized the interface [19], an
ATR-FTIR investigation of CH, chain order was done for
the alcohol and the carboxylic acid used in this study. Fig. 3
shows IR data for the CH, stretching region for the alcohol
and acid adsorbed on the surface (top spectrum in Fig. 3a and
b) and for the pure compounds, which are solid, semi-
crystalline, waxy materials (bottom spectra Fig. 3a and
b). The antisymmetric and symmetric CH; stretching modes
in the pure compounds are seen at frequencies of 2915 and
2847 cm ™', respectively. These are indicative of well-
ordered, crystalline hydrocarbon tails [22] and would be
expected in these semi-crystalline solids. In our previous
work [19], vibrational modes of approximately the same
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Fig. 2. Nyquist plots for symmetric lithium cells: plots (a), (b), and (c) are for
the Triton X100, and the two Dow Corning siloxane surfactant, respectively.
No second semicircle is observed indicating a stable interface. Thickness of
the polymer electrolyte films ranged between 60 and 80 pm with a surface
area of 1.58 cm?.
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Fig. 3. ATR-FTIR spectra of CH, stretching region for (a) the acid and (b)
the alcohol. The bottom spectrum in each set is of the pure, semicrystalline
solid wax. The top spectrum is of the respective compounds adsorbed on a
PEO polymer electrolyte surface. The shift to higher frequency for the
adsorbed molecules indicates more disorder.
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frequency have been seen for molecules adsorbed on the
polymer surface. This is indicative of the ordered, self-
assembled hydrocarbon tail that certainly could be one
condition necessary for interface stabilization. However,
the top spectra in Fig. 3a and b for the adsorbed alcohol
and acid show that the antisymmetric and symmetric stretch-
ing modes have increased in frequency from 5to 8 cm™'. An
increase in frequency to this degree has been attributed to
disorder in the hydrocarbon chains due to more gauche
conformations [23].

Knowing that the alcohol and acid are adsorbed on the
surface and that the hydrocarbon tails of such molecules
would tend to self-assemble, a reason for their apparent dis-
order is necessary to understand these systems. A possible
explanation for this lack of order could be in the adsorption
density. It is known from previous work [18,19] and this
current study that molecules with —(CH,CH,0)- tails read-
ily adsorbed and form what seem to be continuous self-
assembled hydrocarbon surfaces. These tails must adsorb to
the surface by intermingling tightly or adsorbing closely
with surface PEO polymer electrolyte molecules. This
results in the hydrocarbon portion of the molecule’s ability
to self-assemble in an ordered layer. Here it seems that the
alcohol and the acid are able to adsorb on the surface, but
perhaps to only certain polar regions where an ether oxygen
is exposed on the polymer electrolyte surface. These adsorp-
tion sites may be too far apart for the hydrocarbon tails to
self-assemble properly, resulting in the disordered chains
shown by the IR spectra. Indeed, areas may exist where the
adsorbed molecules are so far apart that the lithium can
easily “see” the polymer electrolyte surface, resulting in
reactions occurring that are responsible for interface desta-
bilization. Interestingly, it is hard to imagine that the Triton
X100 and the siloxane surfactants would form an ordered
structure on the surface because of the branching and bulky
pendant groups on these molecules. One would expect what
is commonly called a “‘brush’ surface that has little order to
be the surface structure of preference. However, having
the —(CH,CH,O)- tails adsorb densely on the polymer
electrolyte surface results in the brushes being very closely
packed, albeit disordered, presenting a continuous protective
surface that the lithium experiences. These interfaces are
thus also stabilized.

4. Conclusions

Molecules having the general form R—(CH,CH,0),—H
can adsorb on PEO polymer electrolyte surfaces. Adsorption
of these molecules stabilizes the lithium/polymer electrolyte
interface, whether the R group is a long, straight hydro-
carbon tail capable of forming an ordered self-assembled
structure or a branched hydrocarbon or a siloxane with bulky
hydrocarbon groups that form a brush structure. The critical
factor appears to be that the R group forms a continuous
layer that does not allow the lithium to “see” the polymer

electrolyte surface thus preventing reactions from occurring
that can destabilize the interface. While molecules of the
type R-OH and an R—-COOH, where R was a long, straight-
chain hydrocarbon, were found to adsorb on the surface,
they did not stabilize the interface. This was attributed to
a low adsorption density resulting in the inability of the R
groups to form a continuous protective molecular layer. These
adsorbed molecular protective layers placed on “dry”” polymer
electrolytes, as studied here, or on gel polymer electrolyte
systems have the potential to stabilize both the anode and
cathode interfaces. Future work will investigate the use of
this technique for interface stabilization using various anode
materials, such as graphites and different cathode systems.
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