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A B S T R A C T

ImidazoleTriflate (ITF)—SiO2 composites xITF-(100-x)SiO2 were prepared by planetary ball-milling method. The
structure of the composites was studied by TG-DTA, XRD and FT-IR methods. The ionic conductivity was assessed
by alternative current (AC) electrochemical impedance measurement. From XRD results, the crystal size of
imidazole triflate became smaller as its loading in xITF-(100-x)SiO2 decreased. With x ¼ 40 weight percent, the
calculated crystal size was about 7.3 nm. FT-IR spectra showed the existence of CF3SO3

- ⋅⋅⋅Hþ ion aggregates and
imidazole—proton bonds. The electrical conductivity of sample x ¼ 50 was about 6.3 � 10�3 Scm�1 at 130 �C
under anhydrous condition and about 30 times higher than that of sample x ¼ 100.
1. Introduction

The development of materials with high protic conductivity under
anhydrous condition is essential for the development of fuel cells oper-
ating at intermediate temperatures. Among the earliest developed sub-
stances, the mechanically synthesized KHSO4–H3PW12O40 (KHS–WPA)
composites exhibited relatively high dried-proton conductivity [1]. The
95KHS⋅5WPA (mol%) composite showed very high conductivity of 1.3 �
10�2 to 2.4 � 10�3 S cm�1 in the temperature range of 160 �C to 80 �C
under dry N2 atmosphere. New chemical interaction via ion-exchange
and hydrogen bonding between HSO4

- and partially K-substituted WPA
were the main causes of the improved conductivity in composites. The
same group then found that the proton conductivity of the MHSO4–H4-
SiW12O40 (M ¼ K, NH4, Cs) composites were about 3-digit of magnitude
higher than that of the starting materials, MHSO4 and H4SiW12O40 [2].
Besides the heteropoly acid, CsH5(PO4)2 is the most efficient inorganic
electrolyte among solid proton conductors, but its usage is suffered from
a low melting temperature, about 150 �C. The formation of P–OH⋅⋅⋅F
hydrogen bonds the in CsH5(PO4)2–LaF3 composite inhibited the rotation
of the phosphate anions in CsH5(PO4)2, and thermomechanical stability
of CsH5(PO4)2 was subsequently improved [3]. The proton conductivity
of CsH5(PO4)2–LaF3 composite reached the value of about 3.0 � 10�2 S
cm�1 at 150 �C under anhydrous condition.

In addition to inorganic composites, inorganic crystals also exhibited
good protonic conductivity in non-humidified environment. The layered
zirconium phosphate, (NH4)2[ZrF2(HPO4)2] (ZrP-1), contained an
extremely dense network of two-dimensional hydrogen-bond [4]. ZrP-1
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exhibited proton conduction behaviors at two different temperature re-
gions. The anhydrous conductivity reached 1.1 � 10�5 S cm�1 at 230 �C.
Ammonium borosulfate, NH4[B(SO4)2], also showed high proton con-
ductivity under non-humidified condition [5]. This solid acid was a co-
ordination polymer and consisted of 1D hydrogen-bonded NH4

þ

⋅⋅⋅1∞[B(SO4)4/2]- chains. The proton conductivity of the polycrystalline
monolithic disc was about 10�4 Scm�1 at 25 �C and 10�2 Scm�1 at 180 �C
in ambient air humidity (about 45% at 25 �C). The proton conductivity of
single crystal (NH4)3H(SO4)2 exhibited the anisotropy of the monoclinic
phase at low temperature and rhombohedral phase at high temperature
[6]. The superionic conductivity, about 10�2 S cm�1 at 140 �C, was found
in the hexagonal (001) plane.

Organic–inorganic composites also showed high proton conductivity
in anhydrous conditions. Imidazole heterocyclic (ImH, C3H4N2) and its
relative compounds are known for their high protonic conductivity under
anhydrous condition. ImH had high conductivity of about 10�3 Scm�1 in
the liquid state (above 90 �C) [7]. However, the conductivity of solid ImH
dropped to about 10�8 Scm�1. Therefore, many attempts have beenmade
to overcome the temperature-dependence disadvantages, i.e. forming
composites with acids. Formation of an acid-base composite material be-
tween ImiH andvarious organic acids is themost common route due to the
large number of organic acids and the simple synthesis process. Meth-
anesulfonic acid, dicarboxylic acids (succinic acid, glutaric acid), phthalic
acid were used to form proton conduction salts with imidazole [8, 9, 10,
11, 12, 13]. ImH in ImiH—Al(H2PO4)3 composite remained solid up to
130 �Cwithout any sudden drop in conductivity in the region below 90 �C
[14]. The salt formation (ImH2

þ⋅H2PO4
�) in ImiH—Al(H2PO4)3 was the
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Figure 1. TG-DTA curves of the ball-milled ITF and the prepared 60ITF-40SiO2.

Figure 2. XRD patterns of the intrinsic ITF, ball-milled ITF and the prepared
xITF-(100-x)SiO2. The small inset showed ITF's crystal size of the pre-
pared samples.
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cause of the enhanced low-temperature proton conductivity and thermal
stability of ImH in the composite. Loading ImiH into the pore system of
biphenylene-bridged Periodic-Mesoporous-Organosilica (PMO) and its
sulfonated derivatives (s-PMO) improved the ionic conductivity of the
hostmaterials and thermal stability of ImiH; its evaporationonly started at
138 and 158 �C in ImiH@PMO and ImiH@s-PMO, respectively [15].

Silica is a common filler used in fuel cells, mainly for proton exchange
membrane fuel cells, and it has an important role in enhancing fuel cell
performance by improving the membrane properties. The incorporation
of silica into the membrane matrix improved the thermal stability, me-
chanical strength, water retention and proton conductivity [16, 17, 18].
In addition, proton exchangemembranes have poor hygroscopicity under
low humidity conditions, and this causes a severe decline in hydration
dependence proton conductivity [19]. One of the solutions to this
problem is addition of bifunctional (ceramic/hygroscopic) filler into the
membrane. Silica modifier enhanced the proton conductivity of Nafion in
low humidity condition (20–60% RH, 110–120 �C) [20]. Phospho-
tungstic acid supported on silica also improved the proton conductivity of
Nafion at low humidity (20–60% RH) and 110 �C [21].

These successful results prompted us to search for novel composites
that contains ImiH and exhibits high proton conductivity under anhy-
drous conditions. In this study, we report the preparation and charac-
terization of Imidazole Triflate (ITF)-SiO2 composite. The composites
were prepared by planetary ball-milling method and characterized by
TG-DTA, XRD and FT-IR methods. The electrical conductivity of the
pelletized composites was calculated from the AC impedance spectros-
copy results, and the conductivity of 50ITS-50SiO2 (weight percent) was
about thirty times higher than that of the ITS sample.

2. Experimental

Dehydrated Heptane, Silica fumed (SiO2) and Imidazole Triflate
(97%) were purchased from Sigma Aldrich. SiO2 and Imidazole Triflate
were dried at 110 �C for 24 h, stored in Ar-filled glove-box for one week
before the experiments.

Composite samples were prepared by planetary ball-milling method.
A total of 2 g of ITF and SiO2 to form xITF-(100-x)SiO2 (weight percent)
were weighed and placed in a zirconia pot (45 ml) with 45 g of zirconia
balls (4 mm), and 5 ml of heptane. The pots were rotated at 450 rpm for 6
h using a Pulverisette 7 (Fritsch). The resulting slurries was recovered,
dried under reduced pressure at room temperature and 120 �C. The
received powder samples were stored in Ar-filled glove boxes for other
experiments.

The structure of the prepared samples was characterized by ther-
mogravimetry - differential thermal analysis (TG�DTA; EVO II, Rigaku),
X-ray diffraction (XRD; ULTIMA IV, Rigaku), Fourier transform infrared
spectroscopy (FT-IR; FT/IR-6100, JASCO).

The temperature dependence of the sample's ionic conductivity was
investigated using alternating-current impedance spectroscopy (VSP,
Biologic) from 1 MHz to 10 Hz under dry N2 flow. Samples used to
measure ionic conductivity was prepared by uniaxially cold pressing
approximately 250 mg of powder into pellet (diameter of 10.0 mm) at
110 MPa and sandwiching between stainless-steel (SUS) electrodes. The
temperature was gradually increased, from room temperature to 130 �C,
while each temperature was held for 1 h prior to measurement.

3. Results and discussion

Figure 1 showed the TG-DTA curves of ball-milled ITF and 60ITF-
40SiO2 composite. The results demonstrated the high thermal stability
of these samples. Ball-milled ITF and 60ITF-40SiO2 composite showed
decomposition initiation at 338 and 333 �C, respectively. The DTA
curve of ball-milled ITF had four endothermic peaks located at 34 (I),
104 (II), 161 (III), and 192 �C (IV). There was no remarkable weight
loss associated with peak (IV), so it represented the melting point of
ITF. Peaks (I, II, III) could be assigned to the phase transition of ITF.
2

The phase transition was also observed in other organic ionic plastic
crystals (OIPC), i.e. 2-methylimidazolium triflate, 2-methylimidazoli-
nium triflate, imidazolium triflate, and N,N-dimethyl pyrrolidinium
tetrafluoroborate [13, 22, 23]. The melting point of ITS in 60ITF-40-
SiO2 composite was 176 �C (IV*), which was slightly lower than that of
the ball-milled ITF. However, the phase transition almost disappeared
in the DTA curve of the 60ITF-40SiO2 composite. Therefore,
the composite formation with SiO2 suppressed the phase transition of
ITF.

Figure 2 showed the XRD patterns of the intrinsic ITF, ball-milled
ITF and the prepared xITF-(100-x)SiO2. The inset showed the crystal-
line size of ITF in the prepared samples, which were calculated using
Scherrer equation. The structure of ITF belonged to the orthorhombic
space group, Pbca, with cell parameters a ¼ 7.959 Å, b ¼ 11.038 Å, and
c ¼ 16.159 Å [24]. Imidazole methanesulfonate also crystallized in the
orthorhombic space group, Pbca, with cell parameters a ¼ 7.918 Å, b ¼
11.040 Å, and c ¼ 16.086 Å [25]. Therefore, the structure of ITF was
resembled to that of imidazole methanesulfonate. The XRD pattern of
intrinsic ITF obtained in our study was similar to that of imidazole
methanesulfonate measured at 25 �C [8, 26]. The XRD pattern of
ball-milled ITF had all the features of intrinsic ITF with slight shift in the
values of 2θ due to temperature-induced lattice expansion. Temperature
dependence of crystal symmetry was reported for several OIPCs, such as
tetraethyl phosphonium fluorohydrogenate salt, tetrabutylammonium



Figure 3. FT-IR spectra of the intrinsic ITF, SiO2 and the prepared xITF-(100-
x)SiO2.

Figure 4. Conduction properties of the prepared xITF-(100-x)SiO2. a) Temperature d
size (closed triangle), and pre-exponential factor A (closed square) as a function of x;
of x.
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iodide [27, 28]. Peaks of orthorhombic ITF at positions 2θ ¼ 14.1 and
15.0� were no longer observed in XRD patterns of xITF-(100-x)SiO2
composites. In addition, a new peak at position 2θ ¼ 14.6� appeared in
all the diffraction patterns of the composites. Those observation indi-
cated that there was an increase in space group symmetry of ITF in
composites compared to that of intrinsic and ball-milled ITF. The XRD
and TG-DTA results (Figure 1), illustrated that the high temperature
phase of ITF was stabilized to room temperature in xITF-(100-x)SiO2.
The peak at 2θ ¼ 21.1� in the diffraction patterns of x ¼ 60 and 80 was
similar to the peak of the ball-milled ITF. The fitting result (Figure S1)
revealed the existence of a peak at 2θ ¼ 20.7� in the diffraction pattern
of x ¼ 80. Thus, the peaks at 2θ ¼ 20.7 and 21.1� indicated the presence
of unsupported ball-milled ITF in samples x � 60. In addition, results
from the Scherrer equation showed the dependence of ITF crystal size
on its fraction in xITF-(100-x)SiO2 composites, implying that ITF and
SiO2 did not exist separately in the composite, but ITF was attached to
the surface of SiO2 particles.

Figure 3 illustrated the IR spectra of SiO2, ball-milled ITF and xITF-
(100-x)SiO2 composites. SiO2 showed absorption bands at 469 and 1103
ependence ionic conductivity; b) Activation energy (closed circle), ITF's crystal
c) Ionic conductivity at different temperatures and ITF's crystal size as a function
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cm�1 that were attributed to the vibration of O–Si–O [29]. These bands
became smaller in 40ITF-60SiO2, 50ITF-50SiO2 and disappeared in
samples x � 60, indicating the formation of core-shell structure. The
absorption bands at 638, 1168, and 1284 cm�1 could be assigned to
asymmetric bending, stretching, and symmetric stretching of SO3

� of ITF
[30, 31, 32]. The bands observed at 1058 and 1228 cm�1 were attributed
to symmetric stretching of CF3- [30, 31, 33]. The bands at 515, 1030, and
1256 cm�1 corresponded to the CF3SO3

�⋅⋅⋅Hþ ion aggregates [32, 33].
The band at 1588 cm�1 was attributable to stretching of protonated
imidazole ring [34]. Thus, the FT-IR results illustrated the presence of
two types of ion aggregates, CF3SO3

- ⋅⋅⋅Hþ and ImiH⋅⋅⋅Hþ, in the prepared
samples.

Figure 4a showed the temperature dependence of the ionic conduc-
tivity of xITF-(100-x)SiO2 composites. The resistivity of ball-milled ITF (x
¼ 100) at room temperature was too large and became small enough to
be measured at 50 �C. Sample x ¼ 80 had a similar conductivity to x ¼
100. Samples 40 � x � 70 had their resistivity small enough to be
measured at room temperature. The proton conductivity of the 40 � x �
70 samples was about 20–30 times higher than that of x ¼ 100 and 80 in
the temperature range of 50–130 �C. The temperature dependence of the
ionic conductivity of all samples followed the Arrhenius equation;
therefore, the activation energy and pre-exponential factor were calcu-
lated and plotted in Figure 4b. The activation energy Ea of all samples
ranged from 18 to 22 kCal mol�1. The high values of Ea illustrated the
strong temperature dependent of the conductivity of all samples.
Figure 4b showed the correlation between ITF crystal size in samples 40
� x � 70 and activation energy, pre-exponential values. Better proton
conductivity of samples 40 � x � 70 could be attributed to high proton
mobility, which were the result of composite formation. Samples x ¼ 80
and 100 contained un-supported ITS, as shown in Figure 2, and had
similar conductivity, activation energy, and pre-exponential values.
Figure 4c showed the dependence of proton conductivity and ITS crystal
size on the composite composition. The proton conductivity of sample x
¼ 80 was nearly the same as that of sample x ¼ 100 although the ITF
crystal sizes in the two samples were 28.76 and 49.63 nm, respectively.
Besides, the XRD analysis results indicated the existence of free ITF in
sample x ¼ 80. Thus, the low ionic conductivity of the free ITF was the
cause that made the ionic conductivity of sample x ¼ 80 close to that of
sample x ¼ 100. In general, the activation energy and pre-exponential
value were proportional to the change in ITF crystal size in the range
of 40 � x � 70; but the change of ionic conductivity was inversely pro-
portional to the change of ITF crystal size when 40� x� 80. Thus, proton
movement at the crystalline interface might be the main cause of the
increase conductivity.

4. Conclusion

In summary, xITF-(100-x)SiO2 composites were successfully fabri-
cated by planetary ball-milling method. The TG-DTA and XRD results
revealed the presence of a high temperature phase of ITF in the com-
posites at room temperature. CF3SO3

¡⋅⋅⋅Hþ and ImiH⋅⋅⋅Hþ were the
proton-containing bonds in the samples. The proton conductivity of 40�
x � 70 was about 20–30 times higher than those of x ¼ 80 and 100. The
change of ionic conductivity was inversely proportional to the change of
ITF crystal size when 40 � x � 80, which implied that proton movement
at the crystalline interface might be the main cause of the increase
conductivity.
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