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ARTICLE INFO ABSTRACT

Keywords: The flammability and combustion of liquid fuels is very dependent on volatility. Although room temperature
Volatility, Flammability ionic liquids (RTILs) without metastable anions possess high energy density, they are often considered non-
M"‘dUIamm flammable due to their low vapor pressure. We have demonstrated that these thermally stable and seemingly
ﬁ:}‘;ﬁ:ﬁon non-flammable imidazole cation based RTILs without metastable anions can be made flammable by applying a

voltage bias which generates volatile flammable gaseous species. Conversely removing the voltage bias termi-
nates the generation of these gaseous species, rendering the liquid non-flammable again. Utilizing this concept,
we extend our study to investigate the effect of different anions BFy, ClO4, NO3, PFg and CH3COO™, paired with
the same 1-butyl-3-methylimidazolium cation. We find that the rate of gaseous species generation largely de-
pends on the conductivity of the RTILs. RTIL with higher conductivity produces more gaseous species. However,
we also found that despite generating reactive gaseous species, some RTILs can still remain non-flammable. Mass
spectrometric analysis of the gaseous species generated during the electrochemical decomposition shows that if
the species generated from anodic oxidation possess flame inhibition properties, they can interfere with the
combustion of the flammable species generated at the cathode, making them non-flammable. Flammability of

other RTILs that do not have inhibiting species generated at the anode can be modulated electrochemically.

1. Introduction

High energy density liquid hydrocarbon fuels burn in the gas phase,
and thus their flammability is directly related to their vapor pressure.
This can lead to safety concerns regarding unintended ignition and ex-
plosion and may often require specialized storage. Liquid hydrocarbon
fuels combust in the vapor phase and achieve self-sustained combustion
through the heat feedback from the flame, which vaporizes sufficient
liquid fuel required for the steady burning [1-3]. Extinction of the flame
then requires removal of oxidant, which is typically, air.

An alternative approach for flame modulation, that has been gaining
recent interest is electrical control, for example electrically controlled
solid propellants (ECSP) and gel propellants (ECGP), can be manipulated
through electrical means to control ignition, and throttling burn rate
[4]. Several studies on ECSPs have found that to manipulate the com-
bustion velocity, a liquid melt layer must first be created through the
thermal decomposition of the ECSP constituents [4-6]. This is because
ions can move more easily through liquid than solid. Creating this melt
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layer often requires a substantially high voltage, exceeding 100 Vs, to
facilitate the decomposition through ohmic heating [4]. This also sug-
gests that a liquid could be modulated more efficiently since the creation
of a melt layer is not required. Herein we turn our attention to another
class of energetic material, non-flammable room temperature ionic lig-
uids (RTILs), since in our last study we found that the combustion of
RTILs can be switched on/off when desired and their flame can be
extinguished by simple removal of the voltage bias.

Room temperature ionic liquids (RTILs) are defined as salts with
melting points below 100 °C. RTILs are also regarded as a special class of
hydrocarbons with extremely low vapor pressure and superior thermal
stability which reduces the likelihood of generating reactive gaseous
species [7-11]. As a result, they are often considered ‘non-flammable’
[12-15]. However, most room temperature ionic liquids (RTILs)
potentially possess high energy density and are often referred to as
‘energetic ionic liquids’ (EILs) and regarded as a new generation of high
energy density (HED) hypergolic fuels [16]. Such high energy density
fuels have generated interest for propulsion applications [17]. While
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energetic ionic liquids with metastable anions like azides, dinitramides, 2. Experimental section

borohydrides, and azoles can thermally or hypergolically decompose to

reactive flammable species, other RTILs without these reactive anions 2.1. Materials

are quite thermally stable and need other routes to be activated [18-23].

This suggests that the constituent anion has a significant role and is the [BMIM] "[Cl]~ (~98 %) solid powder (m.p. ~70°C) were procured
subject of this paper. In particular, we found that thermally stable RTILs from Sigma Aldrich. Anhydrous NaClOy4 crystals, ACS, 98-102 % were
can be manipulated through an electrochemical approach making a bought from Thermo scientific, potassium acetate, ACS, >99 % was
non-flammable RTIL flammable [24]. We showed that the aromaticity of bought from Sigma Aldrich, crystalline sodium nitrate, NaNOs and
the imidazole ring of the apparent thermally stable and nonflammable solvents such as ethanol and dichloromethane were obtained from
imidazole based ionic liquids can be broken electrochemically resulting Fischer scientific. Two of the ionic liquids [BMIM] T[BF4]~ (>98 %) and
in the volatilization of the RTILs as reactive flammable species which [BMIM] [ PFg] ™ (>97 % HPLC) were bought from Sigma Aldrich, rest of
can be ignited to create a stable flame. In Fig. 1 the proposed mechanism the three were synthesized in the laboratory. Molecular Sieves, 0.3 nm,
of electrochemical decomposition of the imidazole based ionic liquids at were bought from Sigma Aldrich.

the electrodes is presented.

Furthermore, the removal of voltage bias will terminate this elec-
trochemical reaction and consequently halt the generation of volatile
species resulting in flame extinction [24]. This process can be repeated
to undergo ignition — extinction as a tool to control or throttle the
process.

In this study we show that the electrochemical modulation of the
flammability of the room temperature ionic liquids largely depend on
the anions. We demonstrate this with five imidazole based RTILs: 1-
butyl 3-methyl imidazolium perchlorate ([BMIM]*[CIO4]’),1-butyl 3-
methyl imidazolium nitrate ([BMIM] "[NO3] ), 1-butyl 3-methyl imi-
dazolium acetate ([BMIM]*[CH3COO]™) or ([BMIM] "[Ac] "),1-butyl 3-
methyl imidazolium tetrafluoroborate ([BMIM]"[BF4]7), 1-butyl 3-
methyl imidazolium hexafluorophosphate ([BMIM] "[PFg] ™) all of
which have the same organic imidazole cation but different anions. The
most common cations used in applications such as solvent extraction,
synthesis are based on imidazolium or pyridinium ring with one or more
alkyl chain attached to it and typical anions are halogenated or
oxygenated inorganic or organic anions [25,26]. So, we chose a com-
bination of inorganic and organic anions attached to the same alkyl
imidazolium cation in this study. To compare the generation of gaseous
species among five imidazole ionic liquids, we measured the current
produced during their respective electrochemical reactions and corre-
lated it to the surface reaction rate. We initially hypothesized that the
ionic liquid with the highest generation rate would be the most
combustible. However, this study revealed that the nature of the anion is
critical to determining flammability. 2.3. Electrochemical measurements

2.2. RTIL preparation

Five imidazolium based RTILs were used in this study, in which the
cation was kept constant, and the anion was varied. This approach was
predicated on our previously reported result that the imidazole ring
decomposes at the cathode and produces flammable gaseous species.
The type of imidazole ring did not seem to affect the flammability much,
but we believe the anions might as the oxidation products will be
different [24]. The five chosen anions are: BF;, ClO;, NOj3, PFg,
CH3COO™. These were chosen due to ready availability, and a mix of
fluorine and oxygen based anions.1-butyl 3-methyl imidazolium
perchlorate ([BMIM]*[CIO4]’),1—butyl 3-methyl imidazolium nitrate
([BMIM] " [NO3] ),1-butyl 3-methyl imidazolium acetate
([BMIM]*[CH3C0O0] ") or ([BMIM]*[Ac]),which were synthesized by
the hard acid soft base anion exchange method by reacting dissolved
precursors [BMIM]*[Cl]~ and NaClO4 to produce [BMIM][ClO4] ,
[BMIM] "[Cl]~ and NaNOj3 to produce [BMIM]*[NOs]~, [BMIM][Cl]~
and CH3COOK to produce [BMIM][Ac] . More details on the synthesis
of [BMIM] T[ClO4]~ can be found on our previous work and information
about synthesis of [BMIM] [NO3]~ and [BMIM]*[Ac] ™~ can be found in
Section S.1 in the supporting information [24]. All the ionic liquids were
treated with 0.3 nm molecular sieve and kept in vacuum dryer for at
least 24 h for further purification prior to each experiment.

For the electrochemical studies we fabricated a cell with VeroUltra
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Fig. 1. Electrochemical decomposition of imidazole cation based RTILs with different anions.
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WhiteS shown in Fig. 2 with dimensions of 25mmx25mmx3mm. The
cell has through holes for inserting the electrodes and has supports for
attaching the platinum wire electrodes so that they remain fixed. The
platinum electrodes at one side of the cell were connected to the power
source for applying the DC voltage bias. Current was measured with a
Hewlett Packard 34401A digital multimeter, and for the linear sweep
voltammetry measurements we used an AMEL 2553 high voltage
potentiostat-galvanostat.

2.4. Linear sweep voltammetry

To determine the voltage window where the ionic liquids remain
stable (i.e. no electrolysis) we used linear sweep voltammetry (LSV). LSV
is an electrochemical technique that involves a single sweep from a
lower potential limit to a higher potential limit at a specified voltage
scan rate [27]. We chose linear sweep voltammetry because we are not
concerned with the reversibility of the system. In two electrodes setup,
the electrodes are connected to a potentiostat and immersed in the
electrolyte (ionic liquid). The potentiostat controls the potential be-
tween the working and counter electrodes and measures the current to
generate an I-V polarization curve [27]. This curve illustrates the
oxidation and reduction responses of the electrolyte. A sharp change in
the polarization curve indicates where oxidation or reduction begins. By
identifying the difference between the onset of these peaks, we can
determine the stable voltage range of the ionic liquid electrolyte.

2.5. Time of flight mass spectrometry of RTILs

To understand the nature of the volatile species generated during the
electrochemical reactions, in-situ electrochemical mass spectrometry
was conducted under vacuum conditions. To do this an approximately
0.05 ml of sample was placed on a glass slide with two ~75 pm diameter
Pt wire electrodes immersed in it. The assembly was connected to the
terminals of the same DC power supply as described in the previous
section and was inserted the into the high vacuum (~10’9 atm) chamber
of a time-of-flight mass spectrometer, between the ion extraction and
repeller plate of the time- of-flight assembly. The gas phase species
generated on electrolysis were ionized at ~70 eV by electron impact.
Spectra were obtained at 10 kHz for a total during of 100ms. More de-
tails about the working principle of the time-of-flight component of this
characterization can be found elsewhere [28,29].
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2.6. Combustion and cyclability of ionic liquids

To demonstrate the combustion behavior under electrochemical
activation, 0.00185 mol of ionic liquid was placed in the cavity of the
electrochemical cell (Fig. 2). When exposed to a butane torch no ignition
or sustained combustion is observed, indicating the RTILs are non-
flammable. However, when the power source is turned on beyond the
stable range of the ionic liquids (determined from linear sweep vol-
tammetry), the ionic liquids begin decomposing as evidenced by
bubbling and gas generation. Now under exposure to an ignition source
(butane torch), a steady flame is generated, as exampled in Fig. 3,
demonstrating electrochemical activation. Upon removal of the voltage,
the flame will extinguish, and this cycle can be repeated. All the com-
bustion events of the ionic liquids were captured with a Phantom Miro
M110 high speed color camera with a Nikon 105 mm f/2.8 AF micro
lens. All videos were recorded at 832x800 pixels with f/2.8. Other
camera settings can be found in the supplementary section.

2.7. Temperature measurement by IR imaging

To measure the spatial surface temperature distribution during
electrolysis a Telops, FAST M3 K IR camera was used. Videos were
recorded with a 50 mm lens with 0.5-inch extension ring using a 10 ps
exposure time, at 100 Hz and a resolution of 105 pm per pixel.

3. Results and discussion
3.1. Electrochemical potential window

For many applications, particularly as electrolytes in batteries and
supercapacitors, RTILs are attractive for their superior electrochemical
and thermal stability, alongside their ability to enhance the mobility of
the solvated ions actively participating in the electrochemical reaction.
In contrast, our major focus is on understanding the role of the ther-
modynamic activation barrier, ionic, and self-diffusivity of pure phase
RTILs, in controlling the rate of generation of flammable species through
their direct electrolysis. The electrochemical potential window (EPW) is
a generic measure of the activation barrier to the electrolysis of different
electrolytes. The EPW is defined as the difference between the oxidation
onset potential and reduction onset potential, which are determined
from the I-V polarization curves obtained through voltammetry. A
characteristic electrochemical I-V curve can be segregated into two
separate zones i) capacitive current zone: below the activation voltage of
the redox reaction, a minor increase in current with voltage is observed

(b)

Fig. 2. (a) Schematic of the customized electrochemical cell (b) snapshot of the electrochemical cell.
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Cycle No. 1

Voltage: On Voltage: On

Voltage: On

Voltage: On

Voltage: Voltage:

Voltage: Voltage:

Fig. 3. Electrochemical activation and deactivation of the combustion of room temperature ionic liquid, [BMIM]*[Ac]™ at 20 V.

due to initial ionic charge accumulation near the electrode ii) Faradaic
current zone: above the activation voltage, current continuously in-
creases non-linearly with increasing voltage as more ions drift towards
the electrodes. For most electrochemical applications, all electrolytes
are used within the first zone, but we are interested in the second zone
for RTIL fuels.

We obtained the I-V curve via linear sweep voltammetry measure-
ments using a two-electrode system (working and counter) rather than
the more traditional three electrodes system. Since the working elec-
trode potential is now no longer defined against a standard electrode
potential, the EPW measured might be different than the literature, as it
depends on factors such as electrode material and electrode configura-
tion [30-32].

The linear sweep voltammetry measurement in Fig. 4 shows that of
the five RTIL’s, [BMIM][PF¢]™ has the widest EPW of ~9.6 V, and
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Fig. 4. Linear sweep voltammetry of the electrochemical stability window
of RTILs.

[BMIM][Ac]™ the smallest, ~6.4 V. The stability is in the order
[BMIM]"[PFs]~ > [BMIM]'[BF4]~ > [BMIM]'[CIO4]~ >
[BMIM]"[NO3]~ > [BMIM] " [Ac] ™ . In the work of Kazemiabnavi et al.,
they have compared the oxidation potential of various anions and anions
with lowest HOMO (Highest occupied molecular orbital) are expected to
have the higher oxidation potential, owing to the higher energy gap
between the low HOMO of the anion and the Fermi level (Ep) of the
electrode. Usually, molecules or ions consisting of electronegative atoms
have low HOMO levels and hence fluorinated species such as PFg and
BF4 need a higher activation potential to overcome the energy gap be-
tween their HOMO level and Er of anode [33]. The oxidation potentials
of the other oxygenated anions in our study vary due to the extent of
charge delocalization between the constituent atoms [34]. From Fig. 4
we can see that despite having the same cation, the reduction potential
of the cation in fact differs from each other, possibly due to differences in
ion-ion interactions [35]. Although the exact voltages measured here
may differ from that seen in other works due to differences in experi-
mental configurations, the order of measured electrochemical stability
aligns with the literature [36].

3.2. Electrochemical decomposition behavior of RTILs

Fig. 1 outlined the proposed mechanism of the electrochemical
decomposition of imidazole ionic liquids to generate volatile reactive
gas species. We now turn to measurement of the generation rate of such
species at specified applied biases of 15 V and 20 V since these voltage
biases are beyond the stability window of RTILs observed in Fig. 4.

In Fig. 5 we show the temporal variation of the reaction rate (elec-
trochemical rate) for the 5 samples at 15 and 20 V biases. The experi-
ment measures current, and with a known surface area of electrode it
can be converted to current density. The relationship between reaction
rate, R and current density J is then:

R= 7 (€]
Where R is the surface reaction rate expressed in moles cm 2572, J is
the current density expressed in amperes (A)-cm ™2 and F is Faraday’s
constant, for one electron transfer process [37].
We observed that among the five ionic liquids, [BMIM] " [BF4]~ has
the highest rate and [BMIM]*[PFg¢]~ the lowest.
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Fig. 5. (a) Reaction rate of RTILs at 15 V (b) reaction rate of RTILs at 20 V.

The measured surface reaction rate is in the order:

[BMIM]"[BF4]~ > [BMIM]'[Ac]~ > [BMIM]T[NOs]~ >
[BMIM] " [ClO4]™ > [BMIM] " [PFe] ™

The factors that affect the electrode surface reaction rate can be
classified in four general categories: external variables (pressure, time),
electrical variables (potential, charge), electrolyte variables (tempera-
ture, conductivity, flow velocity, bulk concentration) and electrode
variables (material, geometry) [38].

The impact of external and electrode variables can be neglected as
the same electrode configuration and operating conditions are used for
all compounds. Surprisingly, both the highest and lowest reaction rates
occurred for the fluorinated anions. From Fig. 4, we see that the dif-
ference in the onset oxidation potential between these two is quite small
(<0.4 volt), while Fig. 5 demonstrates that the differences in reaction
rates can vary significantly, by a factor of 4 at 15 V and up to a factor of
30 at 20 V. An electrochemical reaction at the electrode typically in-
volves multiple steps but can be simplified into two major processes:
mass transport associated with drift of ions from the bulk to the elec-
trode surface and electron transfer rate between the electrode and ions
[38,39]. Beyond the electrochemical stability window, the I-V current
resulting from the second process (Faradic current zone) should show a
non-linear Ohmic type behavior resulting from the increase (decrease)
of electrode chemical potential with the applied voltage. As we already
observed a non-linear current voltage relationship (Fig. 4), dominant
effects from the ion to electrode charge transfer can be ruled out [39,40].
Moreover, the similar atomic structure of the two anions (BF; and PFg)
of these two ionic liquids, and their very similar stability window, we
may conjecture that the electrode kinetics may be quite similar, and that
the observed differences in reaction rates for these two RTILs might be
attributed to transport properties [41]. In liquids with an active chem-
ical potential gradient, ion-conductivity should dominate over
self-diffusivity, and is strongly dependent on the charge carrier con-
centration, their mobility, Coulombic and van der Waals intermolecular
interactions [42-44].According to several literature sources
[BMIM]"[BF,]~  exhibits higher specific conductivity than
[BMIM] "[PF¢] ™ over a range of temperatures [45,46].This is consistent
with our observation of electrochemical activity and from available
literature [BMIM]*[BF4]~ should have the highest ionic conductivity
among all the RTILs explored in our work [47,48].

Electrical conductivity of an electrolyte is directly proportional to
the density of charge carriers and their mobility [44]. Since we have
already seen that the surface reaction rate of the different ionic liquids
does not correlate with the redox onset potential and is mostly
controlled by mass transfer, the role of carrier concentration can be
eliminated [49]. Hence, mobility should be the dominant controller of
conductivity which in turn is nominally inversely related to the size of

the ion and viscosity of the medium [44,49].

Both molar volume and anion volume of [BMIM] " [PF¢] ™ are larger
than those of [BMIM][BF4]~ [48,50].Additionally, due to greater
charge delocalization in PFg, [BMIM] "[PF¢] ™ is known to exhibit a
higher viscosity than [BMIM] *[BF4]™ [51]. The combination of a larger
size and a higher viscosity should result in a lower conductivity.
Although NOs3 has lower anion volume than BFj’the corresponding
room temperature imidazole ionic liquid [BMIM] "[NO3]~ exhibits
lower conductivity than [BMIM]*[BF4]~ and we observe a lower reac-
tion rate [47,48,50]. We attribute this to differences in hydrogen
bonding with the anion’s electronegative element (ion-ion interactions).
In particular the H atom on the C2 carbon forms a stronger bond
C—H----O than C—H----F [52-54].This should lead to increased viscosity
and ion localization which ultimately decreases the conductivity.
Although [BMIM]"[Ac]™ has lower conductivity than [BMIM] " [NO3]~
according to the values reported in literature, we observed a slightly
increased reaction rate for [BMIM]'[Ac]™ [47,55]. This could be
because [BMIM] [Ac]~ is more hygroscopic in nature and its conduc-
tivity can increase with enhanced water content as presence of polar
impurity overcomes the solvation enthalpy [56,57].

Increasing the bias voltage to 20 V as shown in Fig. 5b results in an
increase in reaction rate. [BMIM] " [BF4]~ showed the largest effect with
an almost 14x increase relative to that at the 15 V near the end of
electrolysis. However, [BMIM] " [PF¢] ™ only shows a 1.8x increase. The
other ionic liquids, [BMIM] "[Ac] [BMIM]*[NO3] "~ also exhibited small
increases in rate at 20 V compared to 15 V except for [BMIM] "[ClO4]~,
for which we saw a sudden increase in rate at 20 V.

One of the obvious observations in our experiments is the temporal
increase in the electrochemical rate. Ionic Joule heating is a huge
challenge for solid and viscous liquid electrolytes due to high density
and strong intermolecular forces and hence our experiments are not
necessarily isothermal. Indeed, thermal imaging of [BMIM] [BF4]~
with an IR camera as shown in Fig. 6a clearly shows a generally ho-
mogenous increase in temperature.

Temporal temperature plots in Fig. 6b for all the RTILs at 15 V clearly
show that all the liquids are heating albeit at different rates.
[BMIM] "[BF4]~ and [BMIM] " [Ac]™ have the highest temperature rise
(~12 °C) over the roughly 100 s of the experiment, while
[BMIM] "[PFg] ™ has a negligible change. In Fig. 6a the spatially homo-
geneous nature of the temperature rise implies it is not related to any
exothermicity at the electrode, but rather should be attributed to dissi-
pative Joule heating and thus related to conductivity. The temperature
was averaged over the region between the electrodes for each RTIL
(Fig. 6b, c). In the temporal temperature plot for RTILs at 20 V (Fig. 6¢),
we observe a sudden temperature rise for [BMIM]"[ClO4]~ which ex-
plains its rise in reaction rate at 20 V.
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Fig. 6. (a) Temporal IR thermograph of [BMIM] "[BF,]~ at 15 V (b) Average temperature of RTILs with time at 15 V (c) Average temperature of RTILs with time at

20 V.

We have already argued that the difference in observed reaction
rates is likely due to transport limitations. We now further explore this
point through an assessment of temperature dependence of conductiv-
ity, in order to explain the temporal rate increases observed, through the
Vogel-Fulcher-Tammann (VFT) correlation:

—-A
o(T) = ooexp T=T,.) (2)

Where is ¢ is the conductivity and 6,, A, T,,, are fitting parameters.

To assess if the temporal increase in reaction rate can simply be
attributable to the increase in conductivity due to Joule heating, we
normalize the experimental reaction rate in Fig. 5, by the estimated
temperature dependent conductivity (Eq. (2)) as shown in Fig. 7a, b. The
fitting parameters used for conductivity estimation is listed in Table S1
in the supplemental. Unfortunately, parameters were only available for
two ionic liquids [BMIM] " [BF4]~ and [BMIM]*[PFs]™ and no reliable
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temperature dependent conductivity parameters for the others could be
found. As a work around we used the average of the fitting parameters
for the remaining ionic liquids. We believe this approach is reasonable
because the reported room temperature conductivity values of these
three ionic liquids in the literature fall within the range of
[BMIM] " [BF4]~ and [BMIM] " [PF¢]” In Fig. 7 we normalize the tem-
poral variation of reaction rate with the temperature dependent con-
ductivity. Fig. 7a shows that at 15 V, the reaction rate R, normalized by
conductivity, 6 remains constant over time for all the ionic liquids, This
indicates the change in reaction rate observed in Fig. 5 is directly
attributable to temperature dependent changes in conductivity which
confirms our initial conjecture that this is a transport limited process.
However, at 20 V (Fig. 7b), this trend appears not to hold, at least for
[BMIM]"[BF4]~, where the normalized reaction rate decreases. Ac-
cording to Fig. 5b, [BMIM][BF,]~ exhibits a substantially higher re-
action rate at 20 V compared to other ionic liquids suggesting significant
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Fig. 7. (a) Normalized reaction rate of RTILs at 15 V (b) normalized reaction rate of RTILs at 20 V.
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electrolyte consumption. By analyzing the area under the curve of the
temporal current response of the ionic liquids at 20 V, we estimated that
approximately 40 % of [BMIM]*[BF4]~ was consumed over 100 s of
electrolysis, whereas for [BMIM] " [PF¢] ™ the consumption was as low as
3 %. This likely explains the decrease in normalized reaction rate for
[BMIM]"[BF4] ™ at 20 V, as the depletion of reactants near the electrode
surface hinders the charge transfer process which higher conductivity
cannot fully compensate for. Given the temporal change in reaction rate
for [BMIM] " [BF4]™ at 20 V (Fig. 7b), an attempted fit to extract a re-
action order of the electrochemical reaction shows an initial first order
rate by assuming the reaction is elementary initially. Details may be
found in supplemental. We also see a decrease in the normalized rate for,
[BMIM]*[Ac]™ at 20 V of about 20 % but given the aforementioned
approximation in conductivity we cannot say much about this change.
Furthermore, we observed a significant difference between the surface
reaction rates between 15 and 20 V for [BMIM] " [BF4] ™~ (Fig. 5a, b), with
up to 14-fold increase in rates. However, in Fig. 7a, b, the difference
between the normalized reaction rates was not as substantial. The
reason behind this is, the up to 110 K difference in temperature between
15 and 20 V cases. Higher temperatures lead to higher conductivity
which increased the reaction rates and that the temperature dependance
of the rate could be corrected by the Vogel-Fulcher-Tammann (VFT)
correlation, implying mass transfer rate control. It also means that the
effective activation energy in the system is dominated by the potential
barrier to ionic hopping due to strong intermolecular forces which we
find to be ~10-11 kJ/mol predicted from the VFT correlation of
conductivity.

3.3. Combustion control and electrochemical activity

The extremely low vapor pressure of RTILs is one of the main reasons
for considering them non-flammable as discussed previously. Addi-
tionally, the aromatic imidazole ring of the room temperature imidazole
ionic liquids can remain thermally stable and oxidation resistant, further
contributing to their inflammability [58-60]. Similar to
[BMIM] " [ClO4], studied in our previous work, we observed that the
other four imidazole ionic liquids in this study are also non-flammable
when exposed to an external ignition source [24]. In Fig. S6 in the
supplementary section we demonstrated the nonflammability of
[BMIM] "[NO3] ", as an example when an external ignition source was
applied. Fig. 1 illustrates the proposed mechanism by which the cation is
reduced resulting in a neutral molecule that is then volatile and flam-
mable. We hypothesize that the ionic liquid with higher surface reaction
rate should ignite faster and combust more effectively. Among the five
ionic liquids we investigated at 15 V and 20 V, [BMIM]"[BF4],
exhibited the fastest rate and produced the most current. However,
surprisingly, we couldn’t ignite this ionic liquid upon electrochemical
decomposition using an external ignition source. Table 1 presents the
combustion behavior and cyclability of the five ionic liquids during
electrolysis.

Among the five RTILs, [BMIM]"[BF4]~ and [BMIM] "[PF¢] ™ were
not combustible, while the remaining three were combustible upon
electrochemical decomposition. Their flammability can be modulated
by turning the voltage bias on and off as demonstrated in Fig. 3. Addi-
tionally, the combustion behavior of the [BMIM]T[NOs]~ and

Table 1

Combustion behavior and cyclability of ionic liquids.
Tonic Liquid Inherently Electrochemically Flammability

Flammable? Flammable? cycling?

[BMIM]* [BF4]~ No No N/A
[BMIM]*[CH5CO0]~  No Yes Yes
[BMIM]*[NO3]~ No Yes Yes
[BMIM] " [ClO4] No Yes Yes
[BMIM] " [PFg]~ No No N/A
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[BMIM]*[Ac]~ are shown in the supplementary section in videos SV1
and SV2.

To investigate why [BMIM]"[BF4]~ and [BMIM]*[PFs]~ weren’t
combustible even though they clearly showed electrochemical activity,
we analyzed the gaseous species evolved during the electrochemical
decomposition of the ionic liquids under vacuum using time-of-flight
mass spectrometry. Fig. 8 presents time-of-flight mass spectrometry re-
sults for the five ionic liquids at 20 V. Details of the mass spectrometer
operation can be found in the experimental section. The time-averaged
mass spectra of all five ionic liquids, over 100 ms at a sampling rate of 10
KHz shows characteristic peaks for BMIM " fragments, 1-butyl 3-methyl
imidazole-2-yl radical ([BMIM]e, m/z = 139), 1-methyl imidazole-2-yl
radical, ([MIM]e, m/z = 83), and butene (m/z = 28, 41, 56) at 20 V
[61,62]. In our previous work we discussed the mechanism of genera-
tion of these radicals. In summary, when the [BMIM] ™" is reduced, the
isomer with the methyl group attached to the N* atom of the imidazole
ring forms [BMIM]e while the isomer with the butyl group attached to
the N+ results in the formation of [MIM]e and butene [24]. From Fig. 8,
we observe that gaseous products from oxidation at the anode are also
present in the spectra. For [BMIM][BF4]~ there are two additional
peaks at m/z = 69 BF; and m/z = 49 BF,. In the case of [BMIM] " [Ac] ™ a
prominent peak at m/z = 44 corresponds to CO» from acetate oxidation
and another peak at m/z = 45, which we attribute to COOH [63]. For
[BMIM] "[NO3]~ we see a new peak at m/z = 46 which we believe is
NO, from nitrate oxidation. Lastly for [BMIM] "[PFg]~ we observe PF, at
m/z = 107, PF3 at m/z = 88, PF, at m/z = 69 and PF at m/z = 50. The
possible corresponding anodic reactions are listed in Table 2.

We believe the presence of halogenated boron and phosphorous
gaseous products from the oxidation of BF4 and PFg anions respectively,
likely act as flame retardants [70,71].As shown in Fig. 8, both ionic
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Fig. 8. Time of fight mass spectrometry of ionic liquids at 20 V.
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Table 2

Possible reactions of the ionic liquids at the anode.
Ionic Liquid Anode Reaction Refs.
[BMIM] " [BF4]~ BF4 —BF3 + Fags+ € [63]
[BMIM] " [Ac]™ CH3COO™ — CO3 + Hy0 + e~ [64]
[BMIM] " [NO5]~ NO3; — NO + %04 + €~ [65]
[BMIM]*[ClO4]™ ClO4 — ClO3 + Oggs + € [66-68]
[BMIM] " [PFg] ™ PFe — PFs5 +Fuqs + € [69]

liquids contain fluorinated compounds resulting from anion oxidation in
the gas phase. These fluorinated compounds can scavenge radicals (O,
H, OH) necessary to propagate chain reaction processes required for
combustion, thereby acting as inhibitors [72]. In the case of
[BMIM]*[PFC,],’ the gas phase contains both phosphorous and fluorine
and both are known to act as gas phase inhibitors [73,74]. We conclude
that although [BMIM]*[BF4]~ and [BMIM]"[PF¢]™ generate reactive
gaseous species upon reduction at the cathode, they cannot be ignited
due to the flame-retardant properties of the halogenated anodic prod-
ucts. Among the other three electrochemically flammable RTILs,
[BMIM] " [Ac]~ is the most suitable fuel at low voltage due to its higher
rate of gaseous species generation and [BMIM]*[ClO4]™ is the best
choice at high voltage for the same reason.

4. Conclusions

In this study, we explore the role of anions in RTILs that can be
employed to modulate combustion by electrochemical means. In this
way seemingly nonflammable fuels can be activated by application of
voltage bias. Through electrochemical measurement, we estimated the
rate of volatile flammable gaseous species generation of five ionic lig-
uids. Contrary to classical isothermal reactions, where the consumption
of reactants leads to a decrease in rates, we observed an increase in rates
for all five ionic liquids. IR imaging revealed that our system is not
isothermal with each of the five ionic liquids heating up at different
rates. Since conductivity typically defines the transport process for
highly ionic systems, we expected that ionic liquid with higher con-
ductivity would have a higher rate of gaseous species production.
Indeed, we found that [BMIM] " [BF4]~, the ionic liquid with the highest
conductivity, exhibited the highest rate of gaseous species production.
Additionally, we predicted the change in conductivity with temperature
using Vogel-Fulcher-Tammann (VFT) correlation. To support our hy-
pothesis that the increase in temporal rate is due to temperature
dependent conductivity, we normalized the rates for all ionic liquids by
their conductivity at the corresponding temperature. We found that the
rates remained mostly constant, with few exceptions reinforcing our
conjecture that our system is limited by mass transport. While we
initially expected that the combustion behavior would largely depend on
the quantity of gaseous species generated — the more gaseous species,
the better the combustion, our study revealed that, the anion plays a
critical role in determining the flammability of the ionic liquid. Despite
generating the highest amount of reactive gaseous species, an ionic
liquid can remain non-flammable due to the hindrance caused by its
anion. Mass spectrometric analysis demonstrated that the flame-
inhibiting properties of the gaseous species generated from the anion
oxidation at the anode can interfere with the flammability of the gaseous
species generated at the cathode, regardless of the ionic liquid’s ability
to produce reactive species at a high rate. To determine which ionic
liquid has the potential to be used as a ‘safe’ fuel where its flammability
can be controlled by electrochemical means, we need to evaluate the
contribution of the anion of that room temperature imidazole ionic
liquid.

Novelty and significance statement

Room temperature ionic liquids (RTILs) are usually considered non-
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flammable owing to their extremely low vapor pressure and superior
thermal stability. However, most RTILs possess high energy density.
RTILs with metastable anions can decompose thermally and hypergoli-
cally to reactive flammable species but RTILs without these anions need
other ways to produce reactive species. Previous study has shown that
an apparent non-flammable RTIL can be made flammable ‘electro-
chemically’ and its flammability can be controlled by toggling the
applied voltage. However, the effects of anions on the electrochemical
modulation of flammability of RTILs have not been studied. This study
shows that the electrochemical modulation of flammability of RTILs
largely depends on the anions. Despite generating reactive gaseous
species through cathodic reduction, some RTILs can still be non-
flammable if the anodic oxidation products possess flame inhibition
properties. Flammability of the RTILs without such anodic oxidation
products can be modulated electrochemically.
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