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Abstract The conductivity of the mixture of 1-butyl-3-methylimidazolium chlo-
ride (BMIC) ionic liquid with aluminum chloride (AlCl3) and titanium chloride
(TiCl4) are systematically investigated over a range of temperature (70–110 °C)
using the electrochemical impedance spectroscopy (EIS) method. The molar ratios
of the components are changed to study the effect of molar ratio on the conduc-
tivity. The conductivity data are plotted against temperature to check whether it
obeys the Arrhenius law. The activation energy and the density are calculated. The
conductivity of the solution increases with increasing temperature for every compo-
sition. For varying molar ratio, conductivity increases with increasing TiCl4 content
up to a certain composition then starts to decrease for each temperature. At room
temperature, density of the solution increases with increasing TiCl4 content in the
solution.
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Introduction

Ionic liquids are gaining interest day by day due to their functional physical prop-
erties, for example, low vapor pressure, good electrical conductivity, exceptional
thermal stability, and wide electrochemical window [1–4]. Apart from these prop-
erties, ionic liquids are eco-friendly, which makes them a potential candidate as an
electrolyte in green electrodeposition and energy storage materials. The conduc-
tivity of the electrolyte plays a vital role in the deposition thickness, deposition
morphology, and current efficiency during the electrodeposition process [5]. Conduc-
tivity also represents the existence and concentration of the conducting ions. Several
research works have already been done on measuring the conductivity of various
ionic liquid systems [6–10]. Though many experiments have been done on titanium
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alloy electrodeposition using titanium tetrachloride (TiCl4) and ionic liquid solutions,
there is no report on the conductivity of these electrolyte systems. Electrochemical
impedance spectroscopy (EIS) has been applied widely for characterizing corrosion,
electroplating, and energy storage materials [11, 12]. A sinusoidal signal is passed
through the system, and the resulting Nyquist plot (imaginary versus real impedance)
is obtained. Resistance can be calculated from the following simple mathematical
expression.

ρ = l

RA

A is the effective current collector area, R is the solution resistivity, which can be
calculated from the Nyquist plot, l is the current carrier length, and ρ is the resistivity.
Conductivity (κ) is the reciprocal of this resistivity value. EIS method has been used
tomeasure the solid-state electrolyte [13, 14]. The conductivity of aluminumchloride
(AlCl3) and 1-butyl-3-methylimidazolium (BMIC) solution has been determined as
well by using conductivity meter and EIS. The data from these two sources are
comparable to each other. Lu et al. obtained the conductivity of 2.3 S/m for the
AlCl3 and BMIC solution at 2:1 molar ratio at 70 °C using a conductivity meter.
Whereas, Shinde et al. applied the EIS method to quantify it as 2.36 S/m for the
same temperature and molar ratio [10, 15]. The conductivity for other compositions
of AlCl3 and BMIC solution at different temperatures are also similarly reported.

Reddy et al. have studied the AlCl3-BMIC system extensively as an electrolyte
[16, 17]. This electrolyte shows great prospects in metal deposition. However, Ti-Al
alloys were obtained with relatively higher Ti content than other studies, an energy-
efficient way of pure Ti electrodeposition is still out of reach. The addition of TiCl4
in the AlCl3-BMIC system can be used for the electrowinning study of titanium.
Characterization of the physical and chemical properties of electrolytes displays a
wider view of the electrolysis system. This data can be used to not only resolve
the existing problems, but also for numerical modeling. In this article, we studied
the response of conductivity for variation in the temperature and molar ratio for
BMIC with AlCl3 and (TiCl4) system. The TiCl4 molar ratio in the solution was
varied as 0.08, 0.12, 0.16, and 0.32, whereas the molar ratio of BMIC to AlCl3
is fixed at 1:2. The temperature was varied from 70 to 110 °C at 10 °C intervals.
The activation energy for each solution composition was measured by applying the
Arrhenius equation. Physical properties such as density are the essential factors of the
3-Dmodeling of the electrolysis process as well as calculating the ion concentration.
We also reported the relationship between the density and the molar ratio of the
solution in this paper.
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Experimental Procedure

Materials

The AlCl3 (95%, HPLC), TiCl4 (99%) and BMIC (98%, HPLC) salt were collected
from Alfa Aesar, Beantown Chemical and Sigma-Aldrich respectively. The AlCl3
and BMIC (which were in powder form) were taken into a 50 ml beaker and sealed
with parafilm tape. After this, the solution was heated at a fixed temperature for
40 min. After 40 min, the required amount of liquid TiCl4 was added quickly to the
AlCl3 and BMIC mixture under argon gas. Again, this solution was stirred at a set
temperature by a magnetic stirrer for 20 min for homogenous mixing. In this way,
solutions with different molar ratios were prepared. The molar ratios of the AlCl3:
BMIC: TiCl4 was 2:1:0.08, 2:1:0.12, 2:1:0.16 and 2:1:0.32.

Electrical Conductivity Measurement

The electrical resistance of the solution was carried out using a VersaSTAT 3 (M-
100) potentiostat. Two nickel electrodes of identical dimensions were used in this
experiment. Here, the effective current collector surface area, which we considered
in our calculation, is the area of the working electrode in contact with the electrolyte.
Both the electrodeswere polishedwith 600grit silicon carbide abrasive paper,washed
with water, and then air-dried just before every experiment. These electrodes were
placed in a quartz cuvette. Electrodeswere attached to the oppositewall of the cuvette.
This cell was filled with the ionic liquid solution, and argon gas was purged to get rid
of air from the top surface of the solution. Subsequently, the cell was sealed by Teflon
tape. The whole system was put in an oil bath for uniform heating. The thermometer
was inserted in the oil bath to record the temperature. The cell was connected to
the potentiostat. The schematic representation of the experimental setup is shown in
Fig. 1.

After reaching the desired temperature, the temperature was fine-tuned. The
temperature of the ionic liquid was stabilized for at least 10–15 min. The applied
DC potential and the area of the electrode were fixed at 0.2 V and 144 mm2, respec-
tively. The amplitude of the sinusoidal wave was 10 mA, where the start frequency
was 100,000 Hz, and the end frequency was 1 Hz. The density of the solution was
measured by a labeled bottle. The weight of the dry bottle was recorded, and then
1.5 ml of the solution was poured into the bottle. The weight of the solution and
subsequently, the density of the solution was estimated at room temperature.
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Fig. 1 A schematic of the electrical conductivity measurement setup. (Color figure online)

Results and Discussion

All the conductivity data mentioned in this paper were taken during the heating of
the solution. The temperature of the solution was increased to 70 °C from room
temperature and after measuring the impedance value, the temperature was raised
to the next data point. Electrical conductivity data as a function of temperature (in
Kelvin scale) for the different molar ratios of the solute is given in Table 1.

The variation of electrical conductivity versus temperature for the different molar
ratios of AlCl3: BMIC: TiCl4 solutions are presented in Fig. 2. For comparison,
the conductivity data of AlCl3: BMIC (the molar ratio is 2:1) is also plotted from
literature data [10].

Table 1 Electrical conductivity of AlCl3: BMIC: TiCl4 ionic liquids for various temperatures and
molar ratios

Temperature
(K)

Conductivity (κ) for AlCl3: BMIC: TiCl4 with different molar ratios

2:1:0.0 (S/m)
[10]

2:1:0.08 (S/m) 2:1:0.12 (S/m) 2:1:0.16 (S/m) 2:1:0.32 (S/m)

343 1.96 ± 0.003 2.63 ± 0.002 2.75 ± 0.014 2.72 ± 0.019 2.49 ± 0.007

353 2.36 ± 0.006 2.99 ± 0.011 3.14 ± 0.002 3.01 ± 0.004 2.79 ± 0.011

363 2.73 ± 0.001 3.32 ± 0.007 3.49 ± 0.001 3.4 ± 0.009 3.18 ± 0.015

373 3.11 ± 0.013 3.61 ± 0.005 3.88 ± 0.033 3.76 ± 0.024 3.57 ± 0.083

383 3.34 ± 0.011 4.04 ± 0.012 4.15 ± 0.007 4.1 ± 0.043 3.74 ± 0.000
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Fig. 2 Conductivity versus temperature with varying concentrations of TiCl4 in AlCl3: BMIC:
TiCl4 system. (Color figure online)

With increasing temperature, the charge transfer rate increases and the viscosity
decreases. Viscosity has a direct effect on transport properties [18]. The mobility
of the ions increases with temperature in the liquid solution. Apart from this, high
temperature may be a probable cause of dissociation of molecules. Several reports
also find this behavior [18–20].

The plot of electrical conductivity versus molar ratio of the TiCl4 at different
temperatures is shown in Fig. 3. Conductivity at zero molar ratio of TiCl4 is taken
from the conductivity data of AlCl3: BMIC (2:1), which is equivalent to the AlCl3:
BMIC: TiCl4 system which has the molar ratio of 2:1:0, respectively.

From Fig. 3, the conductivity value increases up to the composition of 2:1:0.12
(AlCl3: BMIC: TiCl4) and decreases as the molar ratio increases for all temperatures.
This is likely due to the decrease in mobility of the ions causing significant decre-
ment in the viscosity [21]. Because of this, conductivity goes to the maximumwhere
the mobility of the charge carriers is maximum. After this threshold level, mobility
decreases and thus conductivity decreases. Tong et al. found that the self-diffusion
coefficient in lithium-ion-based ionic liquid solution increases up to a certain concen-
tration of lithium-ion and then drops [22]. The Arrhenius plot of the conductivity is
shown in Fig. 4.

The activation energy of each systemwas calculated from this plot, which is given
in Table 2.

The activation energy is the lowest energy required to occur a reaction. For elec-
tronic conductivity, it indicates the needed energy to jump an ion to a hole [23].
From the table, it can be found that the activation energy of AlCl3: BMIC: TiCl4
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Fig. 3 Plot of conductivity versus the molar ratios of TiCl4 (x) curves for AlCl3: BMIC: TiCl4
(2:1:x) at varying temperatures from 343 to 383 K. (Color figure online)

Fig. 4 Arrhenius plots of the conductivity for different AlCl3: BMIC: TiCl4 system. (Color figure
online)
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Table 2 Activation energy
for different AlCl3: BMIC:
TiCl4 systems

AlCl3: BMIC: TiCl4
molar ratio

Slope Activation energy
(kJ/mol)

2:1:0 −769.0 ± 54.57 14.725 ± 1.044

2:1:0.08 −595.5 ± 17.15 11.402 ± 0.328

2:1:0.12 −595.2 ± 26.72 11.396 ± 0.511

2:1:0.16 −596.5 ± 12.84 11.421 ± 0.245

2:1:0.32 −606.4 ± 43.18 11.610 ± 0.826

Fig. 5 Plot of density versus
the molar ratio of TiCl4 (x),
for BMIC: AlCl3: TiCl4
(1:2:x) system measured at
room temperature. (Color
figure online)

0.1 0.2 0.3
1.35

1.36

1.37

1.38

1.39

D
en

si
ty

 (g
m

/c
c)

x (molar ratio of TiCl4)

(2:1:0) solution is much higher than the other systems. As a result, the electrical
conductivity of AlCl3: BMIC: TiCl4 (2:1:0) solution is relatively lower. In the other
compositions, activations energies are very close and overlap with each other within
the standard deviation range. The plot of density versus different TiCl4 molar ratios
of the solution is shown in Fig. 5.

The density of 2:1 molar ratio of AlCl3: BMIC solution is 1.347 g/cc [24]. A
density of AlCl3:BMIC system increases with addition of TiCl4, and is higher (1.387
g/cc) for TiCl4 mole ratio of 0.32. So, with increasing the TiCl4 molar ratio in the
AlCl3: BMIC: TiCl4 solution, the density also increases, which agrees with our
findings.

Conclusions

The conductivity responsewith varying temperature andmolar ratio ofAlCl3: BMIC:
TiCl4 solution is reported. The effect of molar ratio on density is also presented.
Conductivity for each molar composition of the solution increased with temperature
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from 70 to 110 °C. However, the conductivity increased up to 2:1:0.12 molar ratio of
AlCl3: BMIC: TiCl4 solution. After this composition molar ratio, the conductivity
decreases with each temperature. Effect of TiCl4 on the electrical conductivity of
the AlCl3: BMIC mixture is remarkably higher compared to the conductivity data
of AlCl3: BMIC solution without TiCl4. There is a little difference between the
activation energy for a different composition. Nevertheless, the addition of TiCl4
reduces the activation energy for electrical conduction. The density of AlCl3: BMIC:
TiCl4 system increased with increasing TiCl4.
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