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1 | INTRODUCTION

| Thomas Rogaume? |

Hussain Najmi? | Marc Poisson?

Summary

Multifunctional or structural electrolytes are characterized by ionic conductivity high
enough to be used in the electrochemical devices and mechanical performance suit-
able for the structural applications. Preliminary insights are provided into the com-
bustion behavior of structural bi-continuous electrolytes based on bisphenol A
diglycidyl ether (DGEBA), synthesized using the techniques of reaction induced phase
separation and emulsion templating. The effect of the composition of the structural
electrolytes and external heat flux on the behavior of the formulations were studied
using a cone calorimeter with gases formed during testing analyzed using FTIR. The
composition of the formulations investigated was changed by varying the type and
amount of the ion conductive part of the bi-continuous electrolyte. Two ionic liquids,
1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide (EMIM-TFSI) and 1-butyl-
3-methylimidazolium tetrafluoroborate (BMIM-BF,), as well as a deep eutectic sol-
vent (DES) based on ethylene glycol and choline chloride, were used. The results
obtained confirm that time to ignition, heat release rate (HRR), total mass loss, as well
as the composition of the gases released during tests depend on the composition of
the formulations. Addition of liquid electrolyte is found to reduce the time to ignition
by up to 10% and the burning time by between 28% and 60% with the added benefit
of reducing the HRR by at least 34%. Gaseous products such as CO,, CO, H,O, CHyg,
C,H,, NbO, NO, and HCN were detected for all formulations with the gases SO,,

NH3, HCI, C,H4, and NH3 found to be for certain formulations only.
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types: batteries, capacitors, and supercapacitors,>* examples for all

main types of energy storage mechanisms. Here, the focus is struc-

Multifunctional energy storage devices can simultaneously perform
two functions: combining a structural role with an electrical storage
capability, which provides volume and weight savings, and makes
them especially attractive for applications in areas such as portable
electronics, aircraft, and electrical or hybrid vehicles.*? Research into

multifunctional energy storage devices is focused on three principal

tural supercapacitors since, apart from exhibiting fast charge-dis-
charge, their architecture resembles that of laminated composite
materials. In addition, both composites and supercapacitors benefit
from the presence of carbon and a polymer: carbon is used as an elec-
trode material in energy storage devices and as a reinforcement in

composites, while a polymer can form part of the electrolyte in
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supercapacitors and a matrix in composites. To date, the majority of
the effort has been directed at improving the performance of individ-
ual components and the overall mechanical and electrochemical per-
formance of structural energy storage devices.>>® However, as the
technological advances in multifunctional energy storage devices in
general and more specifically structural supercapacitors matures, a
focus on mechanical properties and electrochemical performance
alone is insufficient, as additional questions arise which require
answering. One such question concerns the fire safety of these
devices and their constituents.

It is difficult to overestimate the safety issues surrounding energy
storage devices, especially after the number of related fire accidents
that have been reported,” mainly caused by thermal runaway of batte-
ries. Not surprisingly, the latter has led to a significant amount of pub-
lished research concerning batteries, directed at understanding the
mechanism of thermal runaway, batteries' performance when exposed
to fire, the influence of their individual components, and their fire
dynamics.”Y7 Indeed, the majority of work on the fire safety of energy
storage devices has been directed at batteries, most likely as they rep-
resent the main large scale commercially used type of energy storage
device. It has been reported that lithium-ion batteries generate signifi-
cant amounts of heat, with total heat release (THR) values strongly
dependent on the state of the charge of the battery.2%'*17 However,
high temperature and the amount of heat released are not the only
reported danger associated with lithium-ion batteries under fire con-
ditions; the toxic gases emitted during the fire is another key factor
which cannot be overlooked.** Such gases include not only CO, and
H,O but also flammable and toxic ones, that is, CH4, CO, and
HCI,*”-*® where the flammable hydrocarbons being products of the
decomposition of the electrolyte and separator present in the bat-
tery.1® Research into the fire safety of energy storage devices includes
studies of the individual components,*®*8-1? full lithium-ion batteries,
and battery packs.141517

There is also a significant number of reports on the fire properties
of fiber-reinforced composites, from both an experimental and model-
ing perspective.?°?” Interest in studying the behavior of fiber-
reinforced composite materials exposed to the fire is due to their wide
range of applications, from sports equipment and medical prosthetics,
to ships and aircraft, as well as less usual applications such as
unmanned aerial vehicles (UAVs), space launchers, and satellites.?®
Often, composite materials are used to replace metal, since compos-
ites provide a combination of high mechanical performance, light-
weight, and a resistance to corrosion. However, unlike metals and
alloys, when subjected to fire, composite materials can produce vola-
tile gases and vapors, both flammable (CO, CH,, etc) and nonflamma-
ble (CO,, H,0O, etc), together with fumes and smoke.?’ The
production of flammables gases can lead to increased heat, assisting
in the growth and spread of fire, while toxic gases and smoke can
result in reduced visibility and pose a serious hazard to both the envi-
ronment and human health. The literature shows that tests have been
performed under various conditions with the help of number of

instruments, from tubular furnaces to cone calorimeter?*%°

apparatus,
looking at mass loss, the kinetic mechanisms of thermal decomposi-

tion, heat release rate (HRR), and the release gases from the

oxidation.?22*3! |n most cases, the matrix is the main source of vola-
tile products which could reduce the HRR due to the endothermic
nature of the decomposition reactions of the organic materials. How-
ever, the composition of the volatile products emitted during thermal
decomposition depends on the nature of the matrix and the heating
process, as well as the atmosphere. A wide range of matrices are used
in fiber-reinforced composite materials with epoxy being one of the
most widely studied. To improve their fire performance, the effect of
number of factors has been investigated, from the type of curing
agent used®? to the presence and type of fire retardants.®

However, structural electrolyte contains not only epoxy resin but

73438 \ith bicontinuous epoxy-based electro-

also a liquid electrolyte,
lytes containing ionic liquid (IL) and deep eutectic solvent (DES) showing
great potential for application in structural supercapacitors, as they
exhibit a good balance of mechanical performance and ionic conductiv-
ity.”343¢ |Ls are salts with a melting temperature below room tempera-
ture and a unique combination of properties — such as high ionic
conductivity, low vapor pressure, a wide voltage window, as well as
their safety aspects when compared to organic electrolytes. Due to the
potential of the ILs for various applications including energy storage, the
question of their safety has received a lot of attention.3?#? It has been
shown®%%2 that despite ILs being difficult to ignite their associated HRR
can be as high as 8000 kW/m?, with the HRR and toxicity of the emis-
sion produced depending significantly on the composition of the IL.#2

Despite the interest shown in the fire safety of structural energy
storage devices, to the best of our knowledge, there is no information
regarding the fire/combustion properties of their individual components
or of devices as a whole reported in the literature. Moreover, there is
no information available concerning the fire/combustion properties of
epoxy-IL blends. The purpose of the work reported here is to address
this omission in the literature. Here, we present data concerning the
fire properties of structural electrolytes comprising of epoxy resin and
IL/DES, determined using a cone calorimeter and two heat fluxes,
35 and 50 kW/m?. The effect of composition on the ignition time, HRR,
mass loss, and the gases emitted are presented and discussed.

2 | MATERIALS AND METHODS

21 | Materials

Bisphenol A diglycidyl ether (DGEBA), hardener isophorone diamine
(iPDA), choline chloride (ChCl, >98.0%) and ethylene glycol (EG, 99.8%)
were purchased from Sigma Aldrich. ILs: 1-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide (EMIM-TFSI, >99%), 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIM-BF,, 99%) were purchased from lonic Liquid
Technologies. The surfactant Cithrol DPHS-SO-(MV) (Cithrol) was kindly
provided by Croda. All chemicals were used as received.

2.2 | DES preparation

The DES was synthesized by mixing ChCl and EG in 1:3M ratio® at
80°C and constant stirring using a magnetic stirrer for 24 hours. The
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ionic conductivity of synthesized DES was determined to be
7.58 mS/cm which is in agreement with data reported in the

literature.*®

2.3 | Preparation of the structural electrolytes
2.3.1 | Synthesis of structural electrolytes via
reaction induced phase separation

DGEBA was dissolved in the required amount of IL followed by
the addition of the measured amount of iPDA. Next, the mixture
was stirred until a homogeneous solution was obtained
following degassing. Prepared formulations were cured using hor-
izontal silicon moulds to produce plaques with dimensions
100 mm x 100 mm and thickness of 3 to 4 mm. For curing the fol-

lowing cycle was used:

1. dwell at room temperature for 22 hours;
2. ramp to 60°C at 2°/min; dwell at 60°C for 1 hour;
3. ramp to 80°C at 2°/min; dwell at 80°C for 2 hours.

Samples were cooled down to the room temperature, removed from

the moulds and post cured using the following cycle:

1. ramp to 120°C at 6°C min™%;
2. hold at 120°C for 2 hours.

Samples were cooled in the oven to a room temperature prior to

their removal from the oven.

2.3.2 | Structural electrolyte using medium internal
phase emulsion approach

Medium internal phase emulsions (MIPEs) were prepared using a
glass reaction vessel equipped with a glass paddle rod connected
to an overhead stirrer. The continuous phase was prepared by dis-
solving surfactant in the hardener and after a solution was formed
the epoxy was added, ensuring the weight ratio of DGEBA to
iPDA was 1:4. The mixture was stirred using the overhead stirrer
until a solution was obtained. Internal phase (DES; 50 vol%) was
added dropwise under continuous stirring at 500 rpm. After all the
internal phase was added, the stirring rate was increased to
2000 rpm for 2 minutes to further homogenize the emulsion. The
prepared emulsions were transferred into the horizontal silicon
mould as above to obtain plaques with the same dimensions. The
MIPEs were polymerized using the curing cycle described in the
previous section.

The structures of the all main compounds and compositions used
for synthesis of the formulations studied are presented in Figure 1

and Table 1, respectively.

24 | Cone calorimeter test

The thermal decomposition and the combustion behavior of the dif-
ferent formulations were studied in a cone calorimeter,** man-
ufactured by Fire Testing Technology Limited, under well-ventilated
conditions. Tests were carried out with a piloted ignition (spark igni-
tion plug) positioned above the sample surface in an air atmosphere

(atmospheric conditions) and were repeated at least three times for
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FIGURE 1 The structures of compounds used
for synthesis of the formulations studied
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TABLE 1 The compositions of the

EMIM-TFSI BMIM-BF, DES formulations studied
Sample DGEBA (g) iPDA (g) vol% (g) vol% (g) vol% (g)
DGEBA 35.50 8.88 - - - - - -
60DGEBAIL1 21.30 5.33 40 24.48 - - - -
65DGEBAIL1 23.08 5.77 35 2142 - - - -
65DGEBAIL2 23.08 5.77 = = 35 16.94 = =
polyMIPE? 10 247 - - - - 50 26.9

Note: The DGEBA:iPDA molar ratio was kept at 2:1 for all formulations.

Abbreviations: BMIM-BF,, 1-butyl-3-methylimidazolium tetrafluoroborate; DES, deep eutectic solvent;

EMIM-TFSI, 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide.
32.18 g of surfactant was also added to this formulation.

Cone calorimeter, Fan
Spark ignition \

|

Temperature and differential
pressure measurements

T L

Cone calorimeter hood < Soot filter
E Gas Analyser
- FTIR (Nicolet 6700)

- Ultramat/Oxymat 6 (Siemens)

Heated sampling line (170°C)

Cone calorimeter, Electrical heater

Weighing ———— Sample holder

device

FIGURE 2 Schematic layout of the ISO 5660 cone calorimeter used

each formulation to ensure experimental reproducibility. Two heat
fluxes 35 and 50 kW/m? were used.

Samples were placed on a standard cone metal holder, orientated
horizontally, on a 4 cm bed of glass wool with a density of 90 kg/m®,
which insulated the back side of the specimen to minimize the heat
loss effects. Furthermore, an aluminum foil was wrapped around the
edges and the back of sample to prevent dripping. All of this conforms
to the 1SO 5660 standard.** During the experiment, mass loss, mass
loss rates (MLR), and piloted ignition time were recorded simulta-
neously. The details of the apparatus, instrumentation, and standard
test procedure for the cone calorimeter can be found in ISO
5660-1:2002.*

A Thermo-Nicolet 6700 Fourier Transformed Infrared (FTIR)
spectrometer (mid-infrared spectrum with wave numbers between
750 and 4000 cm~!, apodization = Happ-Genzell, number of
scan = 1 corresponding to one spectrum every; 4 seconds,
resolution = 0.5 cm™~! and data spacing; 0.25 cm~?1) equipped with
an MCT-A detector (cooled by liquid nitrogen) and a measurement
gas cell (T = 165°C, volume = 0.2 L and optical path-length = 2 m)
to allow for the identification and quantification of gaseous spe-
cies concentrations (in many cases, the relative uncertainty was

estimated to be in the range 5%-10%). The gas sampling flow rate,

obtained from an aspiration/suction pump that pulls the gas from
the cone calorimeter sampling ring up to the FTIR spectrometer
(Figure 2), is controlled by a float flowmeter and fixed at 2.0
NL min~1.454¢ Moreover, the sampling pressure was fixed at a
constant value regulated by a control valve at 650 Torrs.*>** The
FTIR analyser was calibrated beforehand using a single pure gas to
N, standards with well-known concentration to quantify 15 gas-
eous combustion products (CO, CO,, NO, NO,, SO,, NH3, HCN,
N,O, CHy, CoH,, CoHy, CoHg, C3Hg, C3Hg, and HCI) and H,O (man-
ual calibration at ambient temperature and pressure) at different
concentrations (ca. 20 for each species except H,O) during the
experiments and to account for any interference between species.

The FTIR analysis technique used has been validated during the
SAFIR project*>**¢ which constituted the basis for fire gases analysis

carried out following the guidelines of the standard ISO 19702.47-53

3 | RESULTS AND DISCUSSION

Four structural electrolytes were chosen for this study based on
their performance, that is, ionic conductivity and mechanical prop-

erties, which were analyzed and discussed in details
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TABLE 2 Properties of the formulations studied
Sample Electrolyte lonic conductivity (mS/cm)
DGEBA (EP) - -
60DGEBAIL_1 EMIM-TFSI 1.81
65DGEBAIL_1 EMIM-TFSI 0.28
65DGEBAIL_2 BMIM-BF, 1.17
polyMIPE DES 1.90

Young's Modulus (GPa) Type of mechanical testing Source
3.03 3 point bending 36
0.29 3 point bending 36
0.80 3 point bending 36
0.50 3 point bending 54
0.21 Compression 35

Abbreviations: BMIM-BF,, 1-butyl-3-methylimidazolium tetrafluoroborate; DES, deep eutectic solvent; EMIM-TFSI, 1-ethyl-3-methylimidazolium

bis(fluorosulfonyl)imide.

TABLE 3 Effect of composition on properties of epoxy based formulations
Time to ignition ® (s) Flame time (s) pHRR (KW/m?) THR (MJ/m?) weight remaining (wt%)

Sample 35 kW/m? 50 kW/m? 35 kW/m? 50 kW/m? 35 kW/m? 50 kW/m? 35 kW/m? 50 kW/m? 35 kW/m? 50 kW/m? Density (g/cm?)
DGEBA 222+11 170+8 504+ 236 316 +134 1327 +60 1603 + 108 108 + 12 113+2 48+3.0 28+1.7 1.040+0.090
60DGEBA_IL1 203 + 6 156 £ 2 219+34 195+21 782+124 1040+81 596 67 2 209+24 189+86 1.270+0.035
65DGEBA_IL1 201 +7 162 +1 249 + 37 222+ 63 822+58 1056+13572+9 69+9 195+7.2 169+9.2 1.270+0.025
65DGEBA_IL2 206 +5 168+5 394+61 336+37 656+12 1037 +43 973 101+4 135+27 85+£37 1.140+0.040
polyMIPE 173 n.t. 414 n.t. 612 n.t. 129 n.t. 2 n.t. n.t.

Abbreviations: n.t., not tested; pHRR, peak HRR; THR, total heat release.

aTime is not normalized for 125 seconds; external flux 35 kW/m?; T = 540°C and external flux 50 kW/m?; T = 668°C.

elsewhere.?53%>4 The properties of the formulations studied are
listed in Table 2.

3.1 | Effect of the composition on time to ignition,
flame time, and mass loss rate

Time to ignition is one of the crucial parameters in the study of mate-
rials and devices as it shows how long a sample can be exposed to
heat before it ignites and initiates a flame. It was observed that among
formulations studied, neat epoxy (DGEBA) was the last to ignite for
both of the heat fluxes considered (35 and 50 kW/m?). However, neat
DGEBA also burned the longest. It can be seen (Table 3) that even
though IL containing structural electrolytes ignite faster, they also
burn faster.

All the structural electrolytes studied have highly porous structure
(Figure 3) which affects heat transfer through the structure. As the
thermal conductivity of the IL is lower compared to that of
epoxy,”>>® heat transfer from the top epoxy face through the thick-
ness of the bicontinuous structure of the structural electrolyte is
lower compared to a sample of neat epoxy. Hence, the top surface of
the structural electrolyte samples exposed to the cone heater is
heated rapidly and ignites before the neat epoxy sample. The reduc-
tion in burning time with the addition of IL is probably due to the
lower epoxy content in structural electrolytes, the high thermal stabil-

42,59

ity of ILs, and the bicontinuous nature of the structural electro-

lytes microstructure. The reduction in epoxy content also led to the

increase in the remaining sample mass after the test (Table 3,
Figure 4). This further confirms that the primary source of the ignition
and thermal decomposition is the epoxy resin. Note that, it was
impossible to weigh residuals after the test as char from the epoxy
was dispersed in the thermally oxidized IL and spread over the sample
holder (Figure S2).

It can also be seen from Table 3 that the peak heat release rate
(pHRR), for both heat fluxes, is a function of epoxy content in the
samples formulations studied, except for 65DGEBA_IL2 at 35 KW/m?.
The difference in the behavior observed for 65DGEBA_IL2 can be
explained by the possible variations in the thicknesses of the samples
and their microstructural anisotropy. Due to the poor overall perfor-
mance, including fast time to ignition, high mass loss, and high THR, of
the polyMIPE samples at 35 kW/m?, it was decided not to test them
at 50 kW/m?.

In case of structural electrolytes studied, four processes take
place during the test: (a) the emission of combustible gases;
(b) ignition, when the concentration of the combustible gases is high
enough; (c) burning of the structural electrolyte; and (d) extinguishing
of the flames. As structural electrolytes consist of two separate
phases (Figure 3),%¢ the following is of note: when the solid epoxy
phase burned out it released the liquid phase, initially confined in the
pores, some of which seeped through the sample holder and some
getting burned, exposing more of the solid epoxy phase with the cycle
continuing until all epoxy resin is burned. A smaller loss of IL during
the testing was observed for samples containing BMIM-BF, in com-

parison to EMIM-TFSI. The difference in performance of the
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structural electrolytes containing different ILs could be due to the
variation of the thermal stability of individual ILs. According to
the literature, the onset of the decomposition temperature,
determined via TGA, was 399°C and 419°C for BMIM-BF4 and
EMIM-TFSI, respectively.*' Unexpectedly, this difference in
onset decomposition temperature did not affect the ignition time
of the structural electrolytes, as only a slight variation in its value
was observed for 65DGEBAIL_1 and 65DGEBAIL_2 (Table 3).
Note also that the heat capacity of EMIM-TFSI is higher than that
of BMIM-BF,4,%° which suggest that EMIM-TFSI could be respon-
sible for reducing the local temperature, performing the role of a

thermal barrier, and as a result increasing the amount of residual

FIGURE 3 Representative SEM
images for the studied formulations: A,
60DGEBAIL_1; B, 65DGEBAIL_1; C,
65DGEBAIL_2; and D, polyMIPE
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g
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Effect of composition on (A) specific mass loss rate and (B) remaining mass, at an external heat flux of 35 kW/m?

char (Table 3). Another reason for the observed differences in
behavior of the formulations is their physical properties, more
specifically their densities. The density of the neat epoxy was cal-
culated to be roughly 1 g/cm?® (Table 3), whether both ILs had
densities >1 g/cm®, and more specifically, 1.52 and 1.21 g/cm®
for EMIM-TFSI and BMIM-BF,, respectively. As a result the for-
mulations containing EMIM-TFSI had a higher density compared
to neat epoxy and structural electrolyte containing BMIM-BF,
(Table 3). It has been reported®? that the physical properties of
polymers have a significant effect on polymer flammability and
specifically that polymers with lower density will reach the criti-

cal pyrolysis flux before polymers with a higher density. Even
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DGEBA; B, 60DGEBA_IL1; C, 65DGEBA_IL1, and D, 65DGEBA_IL2

though this conclusion was made for the case of solid polymers,
it is reasonable to assume that it is also valid for porous
polymers.6!

Figure 4 shows the effect of composition on the specific mass
loss rate (SMLR) and the remaining weight of formulations studied.
The SMLR curves for all of individual formulations studied can be
found in Figure S2. It can be seen (Figure 4) that some of the formula-
tions have a peak at an early stage of the experiment, which is most
likely caused by the evaporation of the water absorbed by the ILs.%? If
present, the early peak is followed by the main peak, which for struc-
tural electrolyte containing BMIM-BF, is less sharp in comparison to
other formulations (Figure 4A). However, the amplitude of the SMLR
curves for all formulations is similar with the main stage of the thermal
decomposition occurring between 200 and 600 seconds. Out of all of
formulations studied, polyMIPE showed the lowest remaining weight
of just 2 wt%, followed by the neat epoxy (4 wt%) and formulations
containing ILs (Figure 4B, Table 3). The behavior observed for poly-
MIPE could be explained by the relatively earlier onset of thermal
decomposition of the DES, which according to the literature is below
250°C.¢3

Changing the external heat flux from 35 to 50 kW/m? resulted in
an increase of the maximum of the SMRL peaks for formulations con-
taining ILs, with a minimal change in the shape of the peak (Figure 5).

An increase in the heat flux also resulted in a reduction of the weight

—
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Specific mass loss rate for individual formulations at external heat fluxes 35 kW/m? (dashed line) and 50 kW/m? (solid line): A,

remaining after the test. For all formulations studied, thermal decom-
position started earlier when the heat flux was increased to 50 kW/
m?2. This suggests that the increased heat flux lowers the thermal
resistance of the formulations, accelerating decomposition and
increasing the release rate of volatile compounds. Structural electro-
lytes containing BMIM-BF, (65DGEBA_IL2) showed (Figure 5) a dif-
ferent decomposition profile compared to the rest of the
formulations.

3.11 | Effect of composition on heat release rate
and total heat release

Heat release rate (HRR) is one of the most important parameters in
helping to characterize the combustion of the materials and to under-
stand and quantify the hazards of unwanted fires®* as it allows the
rate of the fire growth and the amount of toxic gases generated to be
calculated. HRR curves for all of formulations studied, see Figure 6,
are estimated at a heat flux of 35 and 50 kW/m?. It can be seen that
the HRR depends strongly on the composition of the formulations
(Figure 6, Table 3). As mentioned earlier, four processes can be
observed during the testing, and subsequently, the HRR curve can be
divided into four zones. The first is ignition, which is the part of the

curve before the beginning of the peak (at around 200 seconds,
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FIGURE 6 Effect of the composition on the heat release rate

curves at 35 kW/m? (solid line) and 50 kW/m? (dashed line)

Figure 6); the second is fire development, which is represented by the
beginning of the HRR peak; the third is pHRR, that is, the maximum of
the HRR peak; the fourth is an extinction phase, the part of the curve
following the pHRR. For all formulations, the initial delay (zone one)
could be observed because the temperature on the surface did not
reach the decomposition temperature. Depending on the formulation,
the length of the zone 1 varies from 173 seconds for polyMIPE to
222 seconds for neat epoxy. Zone 1 is followed by the zone 2 and
represented by an increase in HRR values as volatiles (mainly low-
molecular-weight hydrocarbons) formed near the polymer/fire inter-
face started to combust. This further suggests that the initial decom-
position is due to the epoxy resin, as it has a lower decomposition
temperature®® in comparison to the ILs.** Moreover, for all formula-
tions studied, zone 1 and 2 overlap with each other, showing that
concentration and type of liquid electrolyte do not impact the initial
decomposition process. It can be seen (Figure 6) that only the neat
epoxy sample has a sharp peak and all other formulations having a
sharp increase followed by the step increase in HRR values, most
likely due to the difference in thermal stabilities of the structural part
of the electrolyte, that is, the epoxy, and liquid electrolyte part, that is,
ILs and DES. The step increase for formulations containing liquid elec-
trolytes can be also explained as follows: after the initial delay stage
and as soon as the concentration of the volatile gases are high
enough, they combusted which results in an increase of the local tem-
perature leading to the production of the more volatile gases. How-
ever, their amount is insufficient for continuous burning to occur, as
the liquid electrolyte in the epoxy formulations could act as a cooling
agent, reducing the temperature and, as a result, reducing the rate of
heat release. As decomposition of the sample progresses and its
amount reduces, the HRR starts to decrease with time until the
decomposition is completed and the HRR value becomes negligible.
The results presented shown that zones 1, 2, and 3 correspond mainly
to the decomposition of the epoxy, which was also confirmed by the
exhaust gas emission and is discussed in the next section; while zone
4 can be attributed to decomposition of the liquid electrolyte. It

should also be noted that the HRR for neat epoxy is in a good

TABLE 4 Thermal conductivity of different elements of studied
formulations

Elements Thermal conductivity (W/m-K) References
Epoxy 0.25 57
EMIM-TFSI (IL1) 0.13-0.161 53
BMIF-BF, (IL2) 0.19 56
DES 0.245 8

Abbreviations: BMIM-BF,, 1-butyl-3-methylimidazolium
tetrafluoroborate; DES, deep eutectic solvent; EMIM-TFSI, 1-ethyl-
3-methylimidazolium bis(fluorosulfonyl)imide.

agreement with data reported in the literature.®®> The pHRR in the
case of 65DGEBA_IL 2 is slightly delayed, while for samples con-
taining IL1, pHRR is observed with no obvious delay despite the varia-
tion in the epoxy resin content. The observed behavior is due to the
difference in the thermal conductivity of the ILs (Table 4). The higher
the thermal conductivity of the IL, the longer the delay in reaching the
pHRR. It is reasonable to suggest that the pHRR value depends on the
epoxy content, while the time to reach it depends on the thermal
properties of the liquid electrolyte. This is the reason why, in the case
of polyMIPE, zone 2 is stretched over a longer period compared to
the other structures even though the epoxy content is the lowest
among the formulations studied. With the heat flux is increased to
50 kW/m?, the first zone showed very small variation for samples
studied independent of their composition (Table 3 and Figure 6),
suggesting that at the high heat flux, the presence of liquid electrolyte
does not have a pronounced effect on the time to ignition.

Furthermore, an increase in the external heat flux from 35 to
50 kW/m? led to a significant rise in the HRR peak values, THR values,
and a reduction of the initial delay stage of the process (Table 3,
Figure 7). According to the literature, TFSl-anions oppose the heat
release more strongly than BF, anions,?® but this was concluded for ILs
with the same cation. It is clear that the size of cation also affects the
fire performance of ILs, and that in this study, the HRR peak for formu-
lations containing BMIM-BF, is significantly lower in comparison to
those with EMIM-TFSI. The effect of the contribution of cation and
anion on the fire performance of IL was not the focus of this research
and, without further investigation, it is difficult to arrive at a definite
conclusion regarding the level of the influence of individual components
in each formulation. The change in the external heat flux did not
affected the general shape of the HRR curves, showing that even
though the rate of the decomposition of the studied formulations
increased, it did not affect the individual stages of the process.

The THR data (Figure 8) also confirm that the epoxy resin is
responsible for the initial decomposition of the formulations studied
containing liquid electrolytes, as the initial decomposition of all the
formulations showed minimum variations irrespective of the IL used.
In the later stage of the decomposition, that is, around 300 seconds
into the beginning of the thermal decomposition (Figure 8), the THR
also increased as the percentage of an ionic liquid (EMIM-TFSI)
increased from 35% to 40%. The average increase in THR for
60DGEBA_IL1 after the point where the two curves (60DGEBA_IL1
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and 65DGEBA_IL1) separate is about 7%, which is close to the differ-
ence in the amount of the IL present in the initial formulations. This
also confirms that the behavior observed for the HRR curves at the
stage of flame extinction conforms with the decomposition of the ILs.
Figure 8 also confirms that the IL2 (BMIM-BF,) contributes more to
the thermal decomposition compared to IL1 (EMIM-TFSI) which
means formulations containing IL1 are more stable compared to those
containing IL2.
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3.2 | Effect of the composition on gases released

One of the main causes of the death during accidental fires is the
presence of toxic gases released during combustion processes, in
which CO is the most important toxicant.?>® Evolution curves of
the concentrations of CO, H,O, NO, CHy4, SO,, HCI, HCN, and NO,
are plotted as functions of time for an external heat flux of 35 kW/

m? (Figure 9). For all studied structural electrolytes, an increase in
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heat flux to 50 kW/m? resulted in an increase of pyrolysis rate and

the production of combustible gases (graphs are not pres-

ented here).
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It can be seen that the amount of the gaseous emissions depended

strongly on the composition of the formulations studied. Introduction

of liquid electrolyte leads to a significant reduction in the amount CO
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released during tests (Figure 9), suggesting that the main contributor to
the formation of CO is epoxy resin. This is in a good agreement with
data available in the literature where it has been suggested that CO is a
product of the first step of the pyrolysis reaction of the polymer
(Polymer + O, > CO + H,0 + Other products) £ If enough oxygen is
available, CO would slowly oxidase forming CO, (CO +0.50, — CO,).
However, this process is limited to the amount of oxygen present, and
the initial polymer pyrolysis stage could be faster than the following
oxidation. For all formulations studied, the curves showing the forma-
tion of H,0 follow a similar pattern to CO which is expected.

The thermal decomposition of epoxy for a heat flux of 35 kW/m?
resulted in the production of not only CO and CO, but a number of
other gaseous products, such as CH4, CoH4, NO, and so on. Significant
amounts of CO (with the peak value of 1400-2000 ppm), CoH4
(25-30 ppm), and CH,4 (70-100 ppm) were detected during the HRR
peak. The formulations containing IL1 and IL2 showed a decrease in the
production of these gases compared to the neat epoxy. The gaseous
product profile for polyMIPE differs slightly from the other formulations
studied, since it not only produces CO (12 500 ppm) and CH,4
(650 ppm) (Figure 9) but also some C3Hg (190 ppm) and C3Hg (35 ppm)
(graphs are not presented here) which were not detected for any of the
other formulations. The reduction in the amount of gaseous products
detected, for the structural electrolytes containing ILs, indicates that the
presence of ILs results in a decrease in formation of toxic gases
resulting in a safer material compared to a neat epoxy.

Detailed descriptions of the decomposition phases of the epoxy-
based formulations, reported elsewhere,?*30 indicate that the thermal
decomposition of epoxy resin is characterized by random chain scis-
sion, end chain scission, and chain stripping reactions. The presence
of the nitrogen in the formulations, both in iPDA and ILs, resulted in
formation of NO and HCN. It should be noted that most of the NO
and HCN formed is coming from the epoxy as indicated by a combina-
tion of following factors: the peaks for neat epoxy which were greater
and the weight loss of the neat epoxy was greater than those of struc-
tural electrolytes. It was has also been reported,'® that nitrogen oxide
could be also produced as a reaction product of nitrogen (originating
from air or fuel-bound N,) and oxygen from air within the flame. The
presence of SO, and HCl in emitted gaseous mixture, in the case of
formulations containing IL1, is formed from the decomposition of the
EMIM-TFSI.

4 | CONCLUSION

Potential applications of the multifunctional/structural super-
capacitors range from the portable electronic devices to automotive
and aerospace industry, and for all of them, safety is of the prime con-
cerns. Multifunctional electrolyte is an essential part of the super-
capacitor which plays a major role in combustion properties of the
device as a whole. Initial studies of the fire/combustion properties of
the neat epoxy and structural electrolytes based on epoxy resin have
been performed using a cone calorimeter and applying two external
heat fluxes, 35 and 50 kW/m?. The effect of the composition and

heat flux on the ignition time, mass loss rate, HRR, and THR were
studied. The main gaseous emissions were characterized using an
FTIR spectrometer. It was shown that even though structural electro-
lytes will catch fire faster, the amount of heat produced was over 50%
less and the flame time was almost twice as fast as neat epoxy. The
HRR results suggest the initial decomposition of formulations with IL
is governed by epoxy content in the sample. This phenomenon was
also confirmed by the THR results. The slight advancement in ignition
time for the formulations with ILs was attributed to the lower thermal
conductivity of IL in comparison to epoxy. pHRR values were also
mainly affected by the amount of epoxy in the formulations, while
time to reach them is mainly dependent on the thermal conductivity
of the respective IL. The addition of the IL to the epoxy resin resulted
in a decrease of the flame time and the production of toxic and com-
bustible gases, which in combination with their ionic conductivity and
mechanical performance reveal their great potential in real world
applications. While PolyMIPE also showed great potential in terms of
flame time and pHRR, consideration should be given to use of an
alternative DES as an internal phase. This conclusion was made based
on the fast ignition, high THR value, as well as increased formation of
CO and CH, observed during the testing of the polyMIPE.
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