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The ion-conducting composites based on the aliphatic and
aromatic epoxy oligomers and the lithium perchlorate salt

L.K. Matkovska'?, M.V, Iurzhenko’, Ye.P. Mamunya’, O.K. Matkovska?, G. Boiteux', E.V. Lebedev *

"Universite de Lyon, Universite Lyon 1, Ingenierie des Materiaux Polymeres
UMR CNRS 5223, 15 Boulevard A. Latarjet, Villeurbanne Cedex, 69 622 France
Institute of Macromolecular Chemistry NAS of Ukraine

48, Kharkivs’ke shose, Kyiv, 02160, Ukraine

The purpose of this study was investigation of the polymer composites based on the aliphatic epoxy
oligomer — diglycidyl ether of polyethylene glycol DEG-1, aromatic diane-epoxy resin DER-331 and
different content of the perchlorate lithium salt. Structure and properties of composites were
characterized by means of the wide angle X-ray scattering (WAXS), the thermogravimetric analysis
(TGA), the differential scanning calorimetry (DSC) and the broadband dielectric spectroscopy (BDS).
The results show that the synthesized composites based on the aliphatic and aromatic oligomers in the
presence of lithium perchlorate salt are amorphous with the ionic conductivity ~ 4’HI10* S/cm at 200
°C. An increase of the glass transition temperature of the synthesized composites has been observed
with increasing of the salt concentration that indicates the influence of lithium perchlorate on the

molecular structure of composites.
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Introduction.

Up to nowadays broad efforts have been devoted to
multifunctional materials [ 1] with a reduced cost, increased
performance and lifetime, which are needed for electric
vehicles and stationary energy storage systems [2]. Solid
state batteries use solid electrolytes to overcome the safety
issues, such as a risk of leakage, volatilization and flam-
mability of liquid electrolytes [3—10]. Furthermore, solid
polymer electrolytes (SPE) show excellent electrochemi-
cal stability and favorable mechanical characteristics, and
can perform over a wide temperature window [11], high
energy density as well as memory effect [12], avoid an
internal shorting [5], and also a reduction of the net weight
and volume of a battery [3, 10]. In addition, flexibility of
SPE provides production of the flexible batteries for emerg-
ing applications, such as wearable electronic devices and
flexible sensors [6]. An electrolyte is a key for the per-
formance of a battery [2] and plays a critical role in pro-
viding high ionic conductivity and transferring mechani-
cal loads [13]. Except the usual research approaches of
polymer matrix, the investigations of the ionic conductiv-
ity and dielectric properties are also used for the develop-
ment of electrolytes [1].

Thermosetting polymers such as epoxy resins are
materials for extensive use in the aerospace industry, au-
tomobile and marine applications, in microelectronics and
food-packaging industries [14—16]. Properties of epoxy
resins depend on specific combination of the used type

of epoxy resins and curing agents [17]. Epoxy resins are
important thermoset materials due to their excellent ther-
momechanical, barrier, chemical and electrical properties,
low shrinkage upon cure and outstanding adhesion to
various substrates [15, 16, 18-20]. They are highly used
as matrix in conducting polymer composites [ 19]. Versatil-
ity is one of the strong features of epoxy polymers [15].

Diane-epoxy resin has been studied and extensively
used in industry, however, it was usually brittle, easy peel-
ing and with poor impact resistance [21]. These charac-
teristics decreased the value and scope of their applica-
tion. Molecular structure of epoxy resin can be easily
modified for various applications considering its versa-
tile properties [22]. There are many approaches to improve
characteristics of diane-epoxy resin, such as modification
by vegetable oils, adding the plasticizers [21], elastomers
[16] etc. Polymer blending technique is a quick and eco-
nomic alternative, which has been widely used for obtain-
ing materials with optimized properties and potentially
can offer easy control of physical properties by composi-
tional change for a wide variety of application prospects
[5, 23]. Adding a more flexible aliphatic epoxy oligomer
while mixing allows changing of thermal and mechanical
properties. Copolymers, which have similar functional
epoxy groups, enable formation a cross-linked network
(even semi-IPN) due to the similar reaction with the di-
amine curing agent [24].
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Table 1. The chemical structure and the ratios (%) of matrix components

Code Oligomer name Oligomer structure Ratio, %

DEG-1 The diglycidyl ether of CY—CH—CHO —fcH—cH—0—FcHc H——CH, 67.5

polyethylene glycol o} o

O oH o]

: o 0. 0 O Q

DER-331 The aromatm-dmne- epoxy < 2.5
resin
n

PEPA Polyethylene polyamine H,N(CH,CH,NH),H 10,0

A great diversity of solid polymer electrolytes has been
developed by different combinations of salts and host
polymer matrixes [1]. Doping with lithium salts is an im-
portant criterion to realize the final application of SPE [5],
owing the specific properties of the lithium ion (e.g., its
small size) in consequence of the easier migration of Li*
[25].

Thus, the aim of the research is investigation of ther-
mal and electrical properties of the cross-linked amor-
phous polymer electrolyte based on the mixture of aliphat-
ic (diglycidyl ether of polyethylene glycol) and aromatic
(diane-epoxy resin DER-331) oligomers in ratio 67,5 % and
22,5 % respectively, which have similar functional epoxy
groups (table 1), in the presence of the lithium perchlo-
rate salt.

Experimental.

The diglycidyl ether of polyethylene glycol DEG-1
(Macromer, Vladimir, Russia, 26,1 % epoxy group), aro-
matic diane-epoxy resin DER-331 (DOW Chemical Com-
pany, Germany, 23,6 % epoxy group) and salt of lithium
perchlorate (LiClO,, Sigma-Aldrich, USA) were used for
synthesis of ion-conductive epoxy polymer composites.
Lithium perchlorate salt and DEG-1 were previously pre-
dried in vacuum at 80 °C during 8 h. After drying, LiClO,
was dissolved in oligomer DEG-1 by heating on a sand
bath and DER-331 was added. Solutions of DEG-1/DER-
331/LiClO, were prepared with salt content from 0 to 30
phr (parts per hundred) on 100 parts of polymer matrix.
Polyethylene polyamine (PEPA, Chimia, Kharkov, Ukraine)
hardener was used as a curing agent. The chemical struc-
ture and the ratios (%) of matrix components (aliphatic
DEG-1, aromatic DER-331 oligomers and PEPA) are shown
in Table 1.

The structural organization and features of macromo-
lecular ordering of the synthesized composites were in-
vestigated by wide-angle X-ray scattering (WAXS) us-
ing the X-ray diffractometer DRON-4.07. The X-ray opti-
cal scheme was performed using Debye-Scherrer method
by passing the primary beam through the polymer sample
using Cu Ka emission (A = 1,54 1&) that was made mono-
chromatic using Ni filter. The X-ray tube BSV27Cu (U= 30
kV, /=30 mA) was used as a source of characteristic X-ray
irradiation. The investigations were carried out by auto-
matic step scanning in the range of scattering angles (28)
from 2,6 to 40,0° and the exposure time was 5 s.

Thermogravimetrical analysis (TGA) was carried out
in order to examine thermal stability of the composites.
TGA was performed using thermogravimetric analyzer TA
Instruments TGA Q50 in the temperature range from +25
to +700 °C with the linear heating rate of 20 °C/min in
helium atmosphere. Research scattering is 0,01%.

The thermal characteristics were studied by differen-
tial scanning calorimetry (DSC) at TA Instruments DSC
Q2000 in the temperature range from “70 to +200 °C with
the heating rate of 10 °C/min.

The dielectric characteristics of the synthesized com-
posites were investigated by the broadband dielectric
analyzer ‘Novocontrol Alpha’ with Novocontrol Quatro
Cryosystem in the frequency range from 10" to 10’ Hz and
the temperature range from -60 to +200 °C. All experiments
were carried out upon heating up to +200 °C and cooling
to -60 °C at 2 C/min under controlled nitrogen flow. The
voltage applied to a sample was equal to 0,5 V. The test
samples had 30 mm in diameter and a thickness of 0,5 mm
and were previously coated by aluminum layer (serving
as electrodes) under vacuum. The obtained data was ana-
lyzed using the software ‘Novocontrol WinDeta 3.8’.
Results and discussion.

The wide-angle X-ray diffraction patterns of pure LiC-
10, and the polymer composite with 30 phr of LiClO, are
shown in Figure 1. The WAXS of LiCIO, (curve /) has a

1, rel. units

0 10 20 30 40
20,°
Fig. 1. Wide-angle X-ray diffraction patterns of LiCIO,
(/) and the composite with 30 phr of LiC1O, (2)
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Table 2. The Bragg distance between the molecular
segments

Sample 20,,, degrees d, A

LiClOy (pure) 20,0 4,44
DEG-1 /DER-331/

LiCl0,(30 phr) 20,6 3,92

maximum at 2@ = 20,0° indicating the high extent of crys-
tallinity of the ionic salt. Whereas, DEG-1/DER-33 1 matrix
with 30 phr of LiCIO, (curve 2) is amorphous in contrast
to the pure salt. Amorphous state of the salt in the com-
posite can be achieved by interactions between the salt
and the matrix. Similar effect was found in polymer system
based on polyacrylonitrile where polymer is active in a
salt solution and, hence, suppresses the precipitation proc-
ess of a salt [26].

The epoxy oligomers DEG-1 and DER-331, which were
cured by PEPA, are characterized by short-range ordering
in a space translation of molecular fragments of their cross-
site links. This is confirmed by the presence of one dif-
fraction peak (calculated from the angular half-width) of
the diffusion type (amorphous halo), in which the angular
position (26 ) is about 20,6°. The average value of the
period (d) of a short-range molecular ordering of DEG-1
and DER-331 internodal molecular segments in a polymer
volume can be calculated using Bragg equation:

d=MN(2sinb )",
where: A is the wavelength of the characteristic X-ray
emission (A = 1,54 A for CuKa emission) and it equals to
3,92E.

This indicates a tendency to decrease the Bragg dis-
tance between the molecular segments (Table 2).

The results of the thermogravimetric analysis are giv-
en in Fig. 2. From these results, it can be see that LiCIO,
slightly influences on the thermal stability of the epoxy
composite doing it less thermostable. A similar trend of
slight shift towards the lower temperature was observed
on the weight loss curve with adding the LiNO, salt to the
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Fig 2. The TGA of pure LiClO, and DEG-1/DER-331
composites with different content of LiClO, (in phr)

PEO/PVP blend [5]. The weight loss of the composites is
negligible up to 200 °C and, probably, it is related to the
loss of moisture, and this, in turn, suggests the suitability
of composites to operate at elevated temperatures.

The DSC thermograms at the second heating are pre-
sented in Fig. 3. In the plot of DEG-1/DER-331 with differ-
ent content of LiClO, a glass transition is only present,
thus the composites are amorphous (Fig. 3a). Salt of lith-
ium perchlorate (Fig. 3b) has endothermic peaks at 79, 95,
133 and 150 °C, which correspond to different melting of
its crystalline structure. The introduction of LiCIO, from 0
to 30 phr content into the DEG-1/DER-331 composites
leads to a significant increase of their glass transition
temperature 7 from 7 to 65 °C. Some polymer electrolytes
reported in literature showed similar trend with adding
the lithium salt [7-9]. At the same time, according to [26],
in the poly(acrylonitrile-co-butyl acrylate) - LiTFSI sys-
tems the 7' is lowered with the increased salt content:

—

b
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Fig 3. The DSC thermograms of DEG-1/DER-331 composites with different content (the numbers near curves, in
phr) of LiClO, (a) and thermogram of perchlorate lithium salt (5)
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Table 3. Dependences of the glass transition
temperatures of the DEG-1/DER-331 composites on LiCIO,
content
Matrix DEG- Content LiClOy, phr

1/DER-331 | 0 5 10 15 20 30

7, °C 6,5 24,5 |37,2 | 46,5 | 544 | 64,7

from +48 °C for pure copolymer to —44 °C for the electro-
lyte containing 95 wt.% of the salt. That can be a result of
different strength of interactions between polymer matri-
ces and salts with no stiffening of chains due to physical
crosslinking that occurs because the solution of salt acts
as a plasticizer.

In our case, the increase of T , as well as absence of
LiClO, melting peaks on the DSC thermograms of the com-
posites can be explained by the formation of coordination
complexes, which were investigated in detail in our previ-
ous work [27] for the composites DEG-1/PEPA with differ-
ent content of LiClO,. The T . ofthe DEG-1/DER-331 com-
positions depending on LiClO, content have been deter-
mined from the DSC curves (Table 3).

Ionic conductivity of materials depends on the con-
centration of conducting species and their mobility [5]. It
is also known that temperature is one of important factors
for the ion mobility [12]. Fig. 4 shows the isothermal spec-
tra of the real part of the conductivity (0°) for different
concentrations of LiCIO, salt in the synthesized compos-
ites in the temperature range from “60 to 200 °C in order to
study the conducting features of the polymer electrolyte.

As one can see, the conductivity does not vary linear-
ly with the increasing lithium salt concentration, the pla-
teau of conductivity appears in defined frequency region
and can be associated with dc conductivity. The maxi-
mum value observed for the composites with 10 phr of
LiCIO, equals to 4,1:10* S/cm. In [5, 28] the ionic conduc-
tivity of polymer systems increases up to optimal con-
centration, but the further increase of the salt content

107 60 ~60

-9
10 40

20

10 10" 10° 10° 10’
fHz

Table 4. The level of conductivity of the synthesized
composites depending on the LiClO, content

Conductivity odc, Content LiCIO,, phr
S/cm 0 10 30
60 °C 3,410% | 1,6:10° | 1,3-10°
100 °C 7,00107 | 2,5:10° | 2,2:-10°
200 °C 1,8:10° | 4,0-10* | 4,1-10™

leads to decrease of ionic conductivity level. That is be-
cause of a consequence formation of ion pairs and ion
aggregates, which cause constrains to ionic and poly-
meric segmental mobility [5].

Fig. 4 demonstrates the heightened value of the ionic
conductivity with the temperature increasing. This is main-
ly related with the increased ionic mobility and the con-
centration of charge carrier [5]. The higher Li" ion con-
centration and the segmental mobility of the polymer chains
above T, contribute to the high ionic conductivity at the
elevated temperature. The level of conductivity of the
synthesized composites depending on the LiClO, content
is shown in the Table 4.

Conclusions.

The WAXS and DSC methods proved the amorphous
structure of the synthesized composites. The synthesis
of epoxy composites in the presence of lithium perchlo-
rate salt made possible to obtain an ion-conductive poly-
meric material with a level of ionic conductivity ~10* S/cm
at the elevated temperature 200 °C. According to the re-
sults of TGA the weight loss in this temperature range is
negligible.
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IoHnmpoBiAHI KOMIO3UTH HAa OCHOBI aJdipaTHYHOro i apoOMaTHYHOrO
eMOKCUAHUX OJIIrOMEepiB Ta COJIi MepPXJopaTy JITiKo

JLK. Mamxkoscvka'?, M. B. IOpaicenxo?, €.I1. Mamyns?, O.K. Mamxkoscoka®, G. Boiteux', €.B. JIe6eoce’

"Universite de Lyon, Universite Lyon 1, Ingenierie des Materiaux Polymeres
UMR CNRS 5223, 15 Boulevard A. Latarjet, Villeurbanne Cedex, 69 622 France

[HCTUTYT XiMil BUCOKOMONEKYsapHuX crioayk HAH Ykpainu

48, XapkiBchke moce, Kuis, 02160, Ykpaina

Hocnioxceno enacmueocmi nOIIMePHUX KOMIO3UMIG HA OCHOBL eNOKCUOHO20 ANamuiHo20 oicomepy
— Queniyudunogoeo egipy noaiemunenenixonto JJEI-1, apomamuunoi dian-enoxcuonoi cmonu J{EP-
331 ma piznozo emicmy coni nepxaopamy aimio. Cmpykmypa i 61acmueocmi KOMNo3umis oyau
oxXapakmepuso08ami 3a 00NOMO2010 UWUPOKOKYMOB020 PO3CII0BANHS PEHMEEHIBCLKUX NPOMEHIE,
mMepMocpagiMemputHo20 ananizy, OuhepeHyitiHol CKany8aIbHOI KAIOpUMempii ma wupoKocmy2080i
dienekmpuynoi cnekmpockonii. Pezynomamu noxaszanu, wo cunme3o6ami KOMNO3UmMu Ha OCHOGI
anigpamuunoeo i apoMAmMuuHO20 OJii2oMepié ma COJi NepXIopamy Jimiio € amMop@HUMU 3 BETUYUHOIO
ionnol nposionocmi ~ 4-10 Cm/cm 3a T=200 °C. 3i 30inbiuenHam Konyenmpayii coni CHocmepieacmscsi
3DOCMAHHS MEMNEPAMYPU CKILYBAHHS CUHIME308AHUX KOMNO3UMIE, WO CEIOYUMb PO 6NIUE NEPXLOPANY

JIMiI0 HA IXHIO MONEKYNAPHY CIPYKMYP)Y.

Koarouogi ciioBa: anidaruuHuii i apoMaTHYHHI OJTIrOMEpH, CiJIb EPXJIopary JIiTilo, CTPyKTypa, HOHHA IIPOBIIHICTS.
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I/IOHOIIpOBO)ISI]_HI/Ie KOMIIO3MTHI Ha OCHOBEC aJII/I(l)aTI/I‘leCKOFO u
APOMATHYECCKOIO 3MOKCUAHBIX OJUTIOMEPOB U COJIM IMEpXJIopaTa JINTUA

JLK. Mamxkosckaa'?, M. B. IOpacenxo’, E.II. Mamyns?, O.K. Mamxkoesckas?, G. Boiteux', E.B. JIeoedes’

"Universite de Lyon, Universite Lyon 1, Ingenierie des Materiaux Polymeres
UMR CNRS 5223, IMP@LYONI, France

MHCTHTYT XUMUH BEICOKOMONEKYISIpHBIX coenunaennit HAH Ykpautst

48, XapbkoBckoe mocce, Kues, 02160, Ykpanna

Hccnedosanvl ceoticmea noaumMepuvix KOMHO3UMOB HA OCHOBE INOKCUOHO2O aAnughamuyueckozo
onuzomMepa — OunuyuoOUuL08020 dupa noausmuneneauxoasn JJ2I-1, apomamuueckoii Ouan-mokcuOHol
emonwt JIOP-331 u pasnuunoeo codepocanus coau nepxiopama aumusi. Cmpykmypa u ceocmed
KOMRO3UMO8 OblIU OXAPAKMEPUZ0BAHDBL C NOMOUBIO WUPOKOY2I060U OUDPAKYUU PEHIMSEHOBCKUX TIVYell,
MepmMocpaguUMempuyecko2o anaiudd, ouggepenyuanrbHol cKkanupyruel Kaiopumempuu u
WUPOKONOLOCHOU OUINEKMPUYECKOU chekmpockonuu. Pezyismamul nokazanu, 4ymo cuHme3upoganHule
KOMNO3UMbl HA OCHOBE ANUPAMULECKO20 U APOMAMUYECKO20 OIUSOMEPOS U CONU NEPXIOPAMA TUTUSL
AGAAIOMCA AMOPPHBIMU € 8eAUUUHOU UOHHOU nposooumocmu ~4-107 Cm/em npu T=200 °C. C
VeenuueHueM KOHYeHmMpayuu Coau Habaooaemcs pocm memnepamypbi CMeK108aHUsS CUHMEZUPOBAHHBIX
KOMRO3UMO8, YMO CEUOEMENbCMBY M O GIUSHUYU NEPXIOPAMA TUMUsL HA UX MOLEKYIAPHYIO CHPYKNYDY.

KawueBslie ciioBa: aJ'II/I(l)aTI/I‘IeCKI/Iﬁ u apOMaTI/I‘IeCKI/Iﬁ OJIMTOMCPBI, COJIb NI€pXJjiopaTa JUTHUA, CTPYKTYpa, HOHHad
MpOBOANUMOCTb.
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