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ABSTRACT: We reported a new ternary hybrid anhydrous proton-conducting material based on triazole (Tz), wherein it
interacted with TiO2 and cesium hydrogen sulfate (CHS) constructed based on the acid−base interaction. It exhibited high proton
conductivity derived by the two acid−base interactions: between CHS and Tz and between Tz and TiO2. As a starting point of
discussion, we attempted to theoretically predict the high/low proton conductivity using the push−pull protonated atomic distance
(PAD) law, which makes it possible to predict the proton conductivity in the acid−base part based on density functional theory. The
calculations indicate the possibility of achieving higher proton conductivity in the ternary composites (CHS·Tz−TiO2) involving
two acid−base interactions than in binary hybrids, such as CHS·Tz and TiO2−Tz composites, suggesting the positive effect of two
simultaneous acid−base interactions for achieving high proton conductivity. This result is supported by the experimental result with
respect to synthesized materials obtained using the mechanochemical method. Adding TiO2 to the CHS·Tz system causes a change
in the CHS·Tz interaction and promotes proton dissociation, producing a new and fast proton-conducting layer through the
formation of Tz−TiO2 interaction. Applying CHS·Tz−TiO2 to high-temperature proton exchange membrane fuel cells results in
improved membrane conductivity and power-generation properties at 150 °C under anhydrous conditions.

■ INTRODUCTION
Herein, we report a new ternary hybrid anhydrous high
proton-conducting material constructed based on the acid−
base interaction. The first reported ternary composites based
on triazole (Tz), wherein they interacted with TiO2 and
cesium hydrogen sulfate (CHS), exhibited high proton
conductivity derived by the two simultaneous acid−base
interactions: between CHS and Tz and between Tz and
TiO2. This study was conducted from a starting point of
theoretical calculation using the density functional theory
(DFT), according to our recently reported method “push−pull
protonated atomic distance (PAD) effect” that enables
prediction of the proton conductivity in each moiety of
acid−base interactions. The experimentally synthesized ternary
composites of CHS·Tz−TiO2 exhibited a high proton
conductivity that can support the theoretical calculation result.
Organic materials coordinated using an acid or a base, called

“organic salts”, which are structured based on an acid−base
interaction, have been receiving considerable research
attention owing to their high-temperature anhydrous proton

conductivity.1−5 Organic salt-based proton conductors are
commonly based on the heterocyclic five- or six-membered
ring compounds containing one or more nitrogen atoms.6,7

The base site of them reacts with and anchors the acid in the
system, resulting in stable and high proton conductivity even
under anhydrous conditions.8,9 Phosphoric acid (PA)-modified
polybenzimidazole (PBI), which is characterized by the acid−
base interaction between the imidazolium part of PBI and PA,
is a representative organic salt exhibiting proton conductivity
under high-temperature operations.10−12 Various other organic
salt materials have been investigated as proton conductors.13

Kajita et al. studied H2SO4-swollen poly(4-vinylpyridine)
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(PVP), which exhibited high proton conductivity.14 Lee et al.
studied quaternary ammonium (QA)-biphosphate ion-pair-
coordinated polyphenylene (PA-doped QAPOH) derived
based on high PA affinity and high tolerance of PA leaching,
which shows high proton conductivity that remains stable over
a wide temperature range.15 Furthermore, Martinelli et al.
reported a new proton conductor based on imidazolium that is
hydrated using 12-tungstophosphate through an acid−base
interaction.16 We synthesized azole-based composites mixed
with CsHSO4 (CHS), an inorganic solid acid, using a
mechanochemical method.17,18 Forming acid−base interac-
tions based on the new N−O bonding between azoles and
CHS enables improved proton conductivity under a wide
range of temperatures. CsHSO4-1,2,4-triazole (CHS·Tz)
shows the highest proton conductivity among several types
of evaluated azoles, such as triazole, imidazole, benzoimidazole,
and guanine. CHS·Tz is synthesized via an acid−base reaction,
resulting in high proton conductivity over a wide range of
temperatures by eliminating the superprotonic phase transition
of pure CHS. However, the proton conductivity value achieved
in CHS·Tz needs further improvement (1 × 10−3 S cm−1).
Thus, we hypothesize that Tz, which has two base sites,
enables a reaction with extra protonic acid in addition to the
CHS. We believe that the proton conductivity property of
CHS·Tz can be improved by using different types of acids for
the interaction with the remaining base sites in Tz. In the
previous report, the proton conductivity of CHS-titanium
dioxide (TiO2) composites, as inorganic−inorganic proton
conductors, eliminates phase transition of the proton
conductivity.17,19,20 Similarly, Ponomareva and Lavrova
reported the influence of dispersed TiO2 on the proton
conductivity of CHS, which increased more than 2 orders of
magnitude compared to that of pure CHS at low temperatures
owing to the strong interface interaction between CHS and
TiO2 in the composites.21

Owing to these circumstances, in this study, we design a new
proton-conducting hybrid formed via an acid−base interaction,
in which two interactions occur: one between CHS and Tz and
another between TiO2 and Tz. Because of the two base sites
(N) of Tz that can react with acids, the CHS·Tz−TiO2 system
requires Tz as the core, and the protons of the sulfate groups
on CHS and the titanol groups (−OH) on the TiO2 surface
must bond through hydrogen bonds (Figure 1). Because of the
two acid−base interactions, a ternary system with TiO2 added
to CHS·Tz is designed that is expected to achieve high proton
conductivity under anhydrous conditions. As the starting point
of design, the proton dissociativity and proton conductivity of

the designed material are predicted through molecular
simulation using a molecular model of the designed material.
Recently, we proposed a method for predicting the proton
conductivity of organic salts, which is called the “push−pull
PAD effect”. We observed that when two or more materials are
combined via hydrogen bonding based on an acid−base
interaction, proton conductivity increases as the interatomic
distance between the acid and base materials decreases.22

Therefore, the model compounds, such as CHS·Tz, Tz−TiO2,
and CHS·Tz−TiO2, are designed herein; the distance between
the base and acid, called PAD, is calculated by using DFT to
validate the proton conductivity of these salts. Experimental
synthesis was then conducted to confirm the corroboration
with the results of the DFT calculations. We synthesized the
ternary hybrid nanoparticles (NPs) which are CHS·Tz−TiO2
via a two-step method involving mechanochemical synthesis
using high-energy planetary ball milling (Figure 1). Finally, the
examined proton conductor is applied to the PA-doped PBI
(PA−PBI),23−26 the most popular electrolyte for high-
temperature proton exchange membrane fuel cells (HT-
PEMFCs) for evaluating HT-PEMFCs performance under
150 °C anhydrous conditions. Unlike the development of
novel polymer membranes, which has been reported in many
recent years, this is a simple method of compositing a proton
conductor into a conventional PBI membrane.27,28

■ EXPERIMENTAL SECTION
Calculations. DFT calculations were performed using the

planewave VASP code29−32 with the Perdew−Burke−Ernzer-
hof functional33 and the D3 dispersion correction34,35 (DFT/
PBE-D3(BJ) level of theory). For the final structural
optimization, the planewave basis cutoff was set to 500 eV.
The geometries of the model systems were relaxed until the
maximum force component vanished below 0.05 eV/Å. The
Pymatgen36 Python library was used for the preparation of
model structures and result analysis, and VESTA37 was used
for visualization.
Materials. Reagent grade CsHSO4 (CHS) (Mitsuwa

Chemical, 99%), 1,2,4-triazole(C2H3N3) (Tz) (FUJIFILM
Wako Pure Chemical), and titanium oxide (TiO2) (Sigma-
Aldrich, P25) were used as starting materials for the synthesis
of xCHS·(100-x)Tz−TiO2 composites.
Synthesis of xCHS·(100-x)Tz and xCHS·(100-x)Tz−

TiO2. The mechanochemical synthesis of xCHS·(100-x)Tz
was conducted for 2 h in a N2 atmosphere using a planetary
ball mill (pulverizette 7, Fritsch), an agate jar (45 mL), and
agate balls (10 balls of ϕ10 mm in diameter); subsequently,

Figure 1. Procedure to develop proton-conducting inorganic−organic hybrids is based on computational models.
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CHS and Tz with specific molar ratios were added. The
rotation speeds of the milling jar and table were set to 720 rpm
with a constant rotation ratio of 1:1. The composite ratio x
(mol %) in xCHS·(100-x)Tz was varied between 0 and 100,
with a fixed total sample weight of 2 g in the jar. After
obtaining xCHS·(100-x)Tz, xCHS·(100-x)Tz−TiO2 was
prepared through wet mechanochemical treatment using
heptane (Sigma-Aldrich) as the solvent in an Ar atmosphere.
Subsequently, 1 g of as-synthesized xCHS·(100-x)Tz and 1 g
of TiO2 were mixed and added to the milling jar to realize a
total weight of 2 g. The rotation speeds of the milling jar and
table were set to 450 rpm with a constant rotation ratio of 1:1
for 1 h and a 10 min break, and then this 70 min process was
repeated 12 times. The same apparatus used for the synthesis
of xCHS·(100-x)Tz was used for the wet mechanochemical
synthesis of xCHS·(100-x)Tz−TiO2. Finally, 5 mL of heptane
was added to the milling jar to realize wet ball milling.
Fabrication of PBI Composite Membranes. Preparation

of the PBI composite membranes were conducted according to
our previous studies.38,39 The designed proton conductors
(xCHS·(100-x)Tz or xCHS·(100-x)Tz−TiO2) were added to

N,N-dimethylacetamide (DMAc) (FUJIFILM Wako Pure
Chemical), and the obtained suspension was homogenized
through sonication for 30 min. A commercial PBI (Sato Light
Industrial, 10 wt % in DMAc) solution was added to the well-
dispersed suspension to realize a diluted PBI (3 wt % in
DMAc) solution containing the proton conductor. The PBI
solution was sonicated for 30 min and stirred at 400 rpm for 1
h at room temperature (RT) to achieve a well-dispersed
solution. This solution was cast onto a Petri dish (ϕ = 97 mm)
and dried in an electric oven by gradually increasing the
temperature from 30 to 120 °C. The thickness of the produced
PBI electrolyte membrane is 50 μm. The proportion ratio of
the prepared proton conductor in the PBI membrane was 2 wt
%.
For evaluating the obtained membrane as a fuel cell,

conducting power-generation tests, and measuring conductiv-
ity, 85% PA (FUJIFILM Wako Pure Chemical) was doped
with a fixed amount (8 mol) according to the PA doping level
(PADL) calculation, by controlling the immersion time in PA
solution, for both pristine PBI and composite membrane. The
formula for calculating PADL can be written as follows

Figure 2. (A) Schematics of DFT-relaxed structures: (a) TiO2 anatase (001) surface slab in vacuum (top left), (b) CHS·Tz compound (top right),
(c) TiO2 with an adsorbed Tz molecule (bottom left), and (d) TiO2 with an adsorbed CHS·Tz compound (bottom right). The TiO6 coordination
polyhedra represent the TiO2 surface, while the ball-and-stick model (oxygen/red, nitrogen/blue, carbon/black, hydrogen/white, sulfur/yellow, and
cesium/teal) represents the surface hydroxyl groups and the adsorbed molecules. (B) Comparison of distances between N+−O−, N−H, and O−H
in three model systems with DFT-relaxed geometries.
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where W0 (g) and W (g) denote the weights of the PBI
membrane before and after PA doping, respectively, MPA is the
molecular weight of PA (98 g/mol), MPBI is the one-unit
molecular weight of PBI (308 g/mol), and 0.85 is the PA ratio
in the PA solution (in H2O).
Structural Characterization. We observed the structural

and morphological properties of the as-synthesized proton
conductor and composite membranes via scanning electron
microscopy (SEM) (S-4800, Hitachi), energy-dispersive X-ray
spectroscopy (EDS) (Oxford UltimMax 40, Oxford Instru-
ments), and optical microscopy (OLYMPUS). Powder X-ray
diffraction (XRD) (Ultima IV, Rigaku, CuKα: 1.5418 Å)
patterns were recorded to analyze the crystalline structure of
the obtained proton conductors at RT. The changes in
chemical structure were investigated using Fourier transform
infrared spectroscopy (FT-IR; V-670 FT-IR, JASCO) with the
attenuated total reflection method. Thermogravimetric-differ-
ential thermal analysis (Thermo Plus TG 8120, Rigaku) was
used to evaluate the thermal stability of the prepared samples
between RT and 800 °C, with a temperature increment rate of
5 °C min−1 using a Pt pan under an air atmosphere.

Impedance Spectroscopy Analysis. Proton conductivity
at various temperatures was determined from AC impedance
spectroscopy and measured with a frequency response analyzer
(SP-300−2CH, BioLogic) from 7 MHz to 10 Hz. Powdered
composites were sandwiched between Teflon-coated carbon
paper (TGP-H-060H; Chemix) with 13 mm diameter and
pressed in a stainless dye at 60 MPa for 10 min to be pelletized.
The pellets were placed in the measurement cell with
electrodes and then in a glass tube under the atmosphere
with nitrogen gas feed at 250 mL min−1. The temperature was
controlled from RT to 150 °C by using a ribbon heater
wrapped around the outer surface of the tube.
Intermediate-Temperature Fuel Cell Evaluation. The

PA-doped PBI composite membrane and the catalyst coating
electrodes (Pt/C:0.5 mg cm−2; EC−10−05−7, ElectroChem)
were sandwiched together by using a cell (JARI, Ex-1N) to
form a membrane electrode assembly (MEA). To activate the
proton conduction between the electrolyte membrane and the
catalyst, we added a small drop of PA during MEA structuring.
The single cells were installed in a fuel cell characterization

system (AutoPEM; TOYO Corp.) operated at 150 °C without
humidification for 24 h. The cell temperature was monitored
by inserting a thermocouple into the graphite block and kept
constant using an attached heater. The anode and cathode

Figure 3. (a) XRD patterns of Tz, CHS, and TiO2 (P25) as starting materials and of xCHS·(100-x)Tz with variable molar ratio x (x = 20, 50, and
80) synthesized by dry mechanochemical synthesis and xCHS (100-x)Tz−TiO2 with variable molar ratio x (x = 20, 50, and 80) synthesized by wet
mechanochemical synthesis. (b) Enlarged range of 2Θ = 21−24° for 20CHS·80Tz and 20CHS·80Tz−TiO2. (c) FT-IR spectra of Tz, CHS, and
TiO2−P25 as starting materials, xCHS·(100-x)Tz with the variable of molar ratio x (x = 20, 50, and 80) synthesized by dry mechanochemical
synthesis, and xCHS·(100-x)Tz−TiO2 with the variable of molar ratio x (x = 20, 50, and 80) synthesized by wet mechanochemical synthesis. (d)
Enlarged figure of FT-IR spectra at 1450−1520 cm−1 for 20CHS·80Tz and 20CHS·80Tz−TiO2. (e) Enlarged figure of FT-IR spectra at 1120−
1160 cm−1 for 20CHS·80Tz and 20CHS·80Tz−TiO2.
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were supplied with hydrogen (H2) and oxygen (O2),
respectively, at 100 mL min−1.

■ RESULTS AND DISCUSSION
Before the synthesis of ternary hybrid NPs using Tz, CHS, and
TiO2 via ball milling, we designed and simulated the
predictable structures of model salts, including CHS·Tz, Tz−
TiO2, and CHS·Tz−TiO2 salts, based on acid−base inter-
actions to decide the sequence of adding these salts during
mechanical milling to produce high conductivity. Hence, we
performed DFT calculations using the model compound, as
shown in Figure 2.
The TiO2 phase is modeled assuming the presence of an

anatase polymorph, which is more prominent than rutile by a
ratio of 3:1 in the standard TiO2−P25 material used in this
study.40 The dominant presence of anatase polymorphs was
also corroborated via the measured XRD pattern depicted in
Figure 3, which resembles the pure anatase pattern more
closely than the rutile pattern.41 A surface slab was created by
stacking four Ti and O atomic layers along the (001) direction
and replicating the unit cell to obtain a 4 × 4 × 1 supercell.
The slab must be nonpolar and symmetric with a vacuum
width of 20 Å between periodic images to eliminate their
spurious interactions. This approach resulted in a total cell
length of 37.5 Å along the direction perpendicular to the slab.
The prepared surface was fully hydroxylated by decorating
every topmost Ti site with an −OH group.
During the structural relaxation of the slab in a vacuum, the

surface hydroxyl groups each remain oriented in the same
direction, and no surface rearrangement occurs through surface
H2O formation nor otherwise. Upon introduction of the Tz
molecule, a single hydrogen bond is formed with a surface OH
group of TiO2. The adsorption of the Tz molecule results in a
small reorganization of the neighboring OH groups. Notably,
although the Tz molecule is introduced in the 1H-1,2,4
configuration with two hydrogen atoms facing the surface,
neither hydrogen is chemisorbed at the surface.
Examining the decrease in energy with respect to each

system owing to adsorption is displayed next to each schematic
in Figure 2A. This decrease in energy indicates a high level of
surface rearrangement. The binding energy of CHS·Tz is
relatively low (−0.52 eV) compared to the adsorption energies
of Tz (−8.50 eV) and CHS·Tz (−13.31 eV) on TiO2. This
difference is, in large part, due to the formation of H2O by
rearrangement of surface OH groups caused, in the case of the
three-phase hybrid, by excess protons introduced from the Tz
fragment. This is only possible due to the proton hopping from
CHS to the Tz fragment causing a cascade hopping effect of
multiple protons.
In the case of the Tz−CHS fragment, the surface OH groups

undergo significant reorganization. An additional OH group in
the CHS moiety allows for a transformation from the 1H-1,2,4
to the 4H-1,2,4 configuration of triazole, while the two
covalently bonded protons hop to the surface hydroxyl groups.
In the neighborhood of the adsorption site, more rearrange-
ment occurs in a cascade effect originating from the excess
protons introduced by the CHS fragment. Notably, such
rearrangement leaves an unsaturated bond in the CHS moiety,
allowing the N−O bond formation, which has been proven
essential for the excellent proton conductivity of CHS·Tz
compounds.20 To allow for this configuration in a hybrid
system with TiO2, we use the Tz molecule as the essential
component, acting as the proton donor for the TiO2 surface

and the proton acceptor for CHS. Therefore, the formation of
this proton conduction channel must be possible in samples
with a sufficiently high content of the Tz phase.
These resulting structures (presented schematically in Figure

2A) also show that forming a surface chemically bound with
water is essential for the high proton conductivity of the three-
phase CHS·Tz−TiO2 system. This result is confirmed after the
subsequent fabrication of the samples and measurement of the
proton conductivity (Figure 5a). This theoretically proposed

proton conduction mechanism, corroborated by our previous
study of two-phase CHS·Tz, can limit the temperature range in
three-phase CHS·Tz−TiO2. Such a limit is linked to the
surface stability of water on TiO2. According to thermogravi-
metric studies of titanium oxide powders (including P25),
physiosorbed water is mainly removed up to 120 °C.42 Above
this temperature, the removal of chemisorbed water begins,
deteriorating the presently discussed conduction pathway.
The computational results can also be discussed in terms of

PAD, for which the general theoretical rule follows our recent
report.22 The PAD based on the amino group at the four
positions in the 1,2,4-triazole ring (N3 in Figure 2A) is smaller
on the order of CHS·Tz (2.715 Å) > CHS·Tz−TiO2 (2.573
Å). Thus, TiO2 modification supports the distance shortening
and enables proton conduction with a lower energy barrier. On
the other side of the molecule, sites 1−2 (N1 and N2 in Figure
2A, respectively) interact directly with the TiO2 surface
hydroxyl groups. In the case of Tz−TiO2, N2 has a shorter
ionic distance to a surface oxygen atom (2.652 Å) than that of
CHS·Tz (2.715 Å) and CHS·Tz−TiO2 (2.553 Å), while a
second adsorption site forms at a similar distance (2.638 Å).
This result combined with the aforementioned shortening of
the N3 distance from O in the CHS moiety indicates the
possibility of a high proton-conducting phase. Thus, CHS·Tz−
TiO2 appears as an organic−inorganic salt analogue of CHS·Tz
and Tz−TiO2. However, the PAD values differ due to the
push−pull PAD effect.43 From the PAD results, a donor of
TiO2 by doping or reacting donor or cation molecules
increases the density of electrons of TiO2 NPs.44

Figure 4. TGA of Tz, CHS, and TiO2−P25 as starting materials,
xCHS·(100-x)Tz with variable molar ratio x (x = 20, 50, and 80)
synthesized by dry mechanochemical synthesis, and xCHS·(100-
x)Tz−TiO2 with variable molar ratio x (x = 20, 50, and 80)
synthesized by wet mechanochemical synthesis.
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In summary, based on these results, starting compounds,
such as Tz, CHS, and TiO2, were combined in a two-step ball
milling: first, we carry out the mechanochemical synthesis of
xCHS and (100-x)Tz with different contents (x = 20, 50, and
80) and then prepare the xCHS·(100-x)Tz as the binary
mixtures and TiO2 using the ball milling method (Figure 1).
The X-ray diffractograms of the starting materials and

mechanochemically prepared xCHS·(100-x)Tz and xCHS·
(100-x)Tz−TiO2 with varied compositions are shown in
Figure 3. Changes in the crystal structure of xCHS·(100-x)Tz
using XRD have already been assigned and discussed in our
previous paper.17 As confirmed in a previous report, the
crystalline structure changes by mixing CHS and Tz.21

Generally, CHS shows three different crystalline phases (I,
II, and III) depending on the temperature range.45−49 The new
peaks around 23.5−25° in CHS·Tz are the signals usually

observed in phases II and III of CHS under higher
temperatures. This result indicates that CHS in CHS·Tz
appears in the high-temperature crystalline phase associated
with high proton conductivity even at RT.50 By contrast, the
prepared xCHS·(100-x)Tz−TiO2 shows characteristic peaks
attributed to those observed in xCHS·(100-x)Tz and TiO2.
The peaks at 25.5 and 27.5° corresponding to TiO2

51 overlap
on the diffraction patterns of xCHS·(100-x)Tz. Thus, no
changes occur in the crystalline structure throughout the
mechanical milling mixing between CHS·Tz and TiO2 in the
xCHS·(100-x)Tz and TiO2 system. Meanwhile, in 20CHS·
80Tz, a sample with a large amount of Tz, the most intensive
peak of Tz at 23° shifted to a lower angle (Figure 3b). This
shift was also observed for other peaks, suggesting that adding
TiO2 increases the spacing of the Tz crystal.

Figure 5. (a) Proton conductivity of xCHS·(100-x)Tz with variable molar ratio x (x = 20, 50, and 80) synthesized by dry mechanochemical
synthesis and xCHS·(100-x)Tz−TiO2 with variable molar ratio x (x = 20, 50, and 80) synthesized by wet mechanochemical synthesis. (b) Proton
conductivity of Tz−TiO2 (1:1) synthesized by wet mechanochemical synthesis. (c) Proton conductivity of pure/composite PBI membranes: pure
PBI membrane doped with PA (PADL = 8) and PBI composite membrane containing 2 wt % of xCHS·(100-x)Tz−TiO2 with a variable molar
ratio of x (x = 20, 50, and 80) is synthesized via wet mechanochemical synthesis, doped with PA (PADL = 8) and measured for conductivity in the
temperature range of 160−50 °C under a decreasing temperature scale in a dry N2 atmosphere. (d) H2/O2 fuel cell performance with pure/
composite PBI membranes: Pt/C (0.5 mg cm−2), pure PBI membrane doped with PA (PADL = 8) (thickness = 50 μm), and PBI composite
membrane containing 2 wt % of 20CHS·80Tz−TiO2 synthesized via wet mechanochemical synthesis, doped with PA (PADL = 8) (thickness = 50
μm) at 150 °C at a rate of 100 mL min−1 H2/O2 for anode and cathode without operating backpressure.
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FT-IR spectra of the prepared xCHS·(100-x)Tz−TiO2 are
shown in Figure 3c,d. The FT-IR spectrum of CHS·Tz shows a
characteristic peak for N−O in 1524 cm−1, indicating the
interaction between CHS and Tz caused by the mechano-
chemical method.17 This interaction is also supported by the
shift to lower wavenumbers in the signals attributed to OH
modified by SO4, which were identified at 848 and 1180 cm−1.
This finding shows that the acid−base interaction extends the
distance of the OH bond in CHS.52 Other peaks are attributed
to the starting material. The strong absorption bands at 1280,
1180, 850, and 580 cm−1 were assigned to N�N in Tz, OH,
OH in HSO4, and SO4, respectively.

53 The FT-IR spectra of
xCHS·(100-x)Tz−TiO2 can be correlated to the samples
described earlier of xCHS·(100-x)Tz and TiO2, indicating that
chemical structural changes do not occur upon mechanochem-
ical treatment. Meanwhile, Figure 3d,e shows that the C−N
and N−H stretching bands at 1485 and 1145 cm−1 are shifted
to higher wavenumbers, suggesting that OH groups on the
TiO2 surface protonate Tz by adding TiO2.
To evaluate thermal stability before and after TiO2 addition,

we measure thermogravimetric analysis (TGA) for xCHS·
(100-x)Tz and xCHS·(100-x)Tz−TiO2, and the results are
shown in Figure 4. Given that HT-PEMFC operates under
high-temperature conditions above 100 °C (approximately 150
°C), the thermal stability of the electrolyte material requires
evaluation. The weight losses from RT to approximately 100
°C result from adsorbed water on the surface of the complex.54

The CHS weight shows a relatively small loss in this range and
then decreases above 500 °C, indicating the material
decomposition. In Tz, the weight losses appear above 120
°C, which is its melting point, and then it completely
decomposes at 180 °C. By composing xCHS·(100-x)Tz, the
remaining weight at 300 °C decreases as the Tz ratio increases.
At 180 °C, where Tz decomposes completely, all composite
samples show less weight losses than the amount of Tz based
on its weight ratio; this result indicates improved thermal
stability due to the chemical bonding with CHS·Tz (Table S1).
Moreover, the start point of weight losses of Tz increases from
120 °C due to the chemical interaction with CHS.18

Adding TiO2 through mechanical milling also affects the
thermal stability. The TGA results show that xCHS·(100-
x)Tz−TiO2 are stable above 200 °C, while xCHS·(100-x)Tz
begins to decrease in weight. As expected, samples with a high
ratio of CHS show better stability regardless of whether with/
without TiO2. Furthermore, as with xCHS·(100-x)Tz, the
weight loss of the Tz portion at 180 °C is suppressed in xCHS·
(100-x)Tz−TiO2 by complexation (Table S1). These results
suggest that these proton conductors show feasible application
to HT-PEMFC due to their thermal stability at 150 °C.
Figure 5a shows the temperature dependence of the proton

conductivities of xCHS·(100-x)Tz and xCHS·(100-x)Tz−
TiO2 under dry air (N2). Our previous literature shows that
the proton conductivity of xCHS·(100-x)Tz improves as the
value of x increases, showing the highest conductivity of 3 ×
10−3 S cm−1 around 150 °C in 80CHS·20Tz,17 and a similar
value is obtained in this study. The nonlinear characteristics of
the Tz-based compound in the Arrhenius plot are due to the
phase transition behavior of Tz, which is well correlated to the
previous research.55 Several characteristic features are con-
firmed in the case of samples with TiO2 addition. Adding TiO2
improves the proton conductivity temperature dependence of
20CHS·80Tz and 50CHS·50Tz over the entire temperature
range. In particular, 20CHS·80Tz−TiO2 shows a maximum

proton conductivity of 1 × 10−2 S cm−1 in the specific
temperature region between 90 and 110 °C. By comparison,
the conductivity of 80CHS·20Tz−TiO2 is lower than that of
the composite without TiO2 (80CHS·20Tz). The conductivity,
especially in the case of a high molar ratio of Tz (x = 20),
indicates the importance of the interaction between triazole
and TiO2. As reported by Martinelli et al., protonation of the
surface of an inorganic material by an organic base material is
considered the mechanism of the transforming proton
transport.16 The decrease in the proton conductivity of
80CHS·20Tz with the addition of TiO2 is due to the
incorporation of a proton insulator. Although the interaction
causes the promotion of the proton conduction under the
existence of free Tz, in this case TiO2 addition contributes to
decreasing the proton conduction when Tz reacts with CHS
with the N−O interaction under a high CHS ratio.
To examine the interaction between Tz and TiO2, we

prepare model samples combined between pure Tz and TiO2
with a mixing weight ratio of 1:1. Figure S1 shows the chemical
structural evaluations using FT-IR. The conductivity of the
fabricated Tz−TiO2 (Figure 5b) shows that the phase
transition temperature of the superprotonic phase observed
in pure Tz18 is shifted to the lower temperature. Interestingly,
the maximum conductivity value in the high-temperature range
(∼110 °C) is not changed after the combination with TiO2. By
contrast, the phase transition that causes the rapid increase in
proton conductivity occurs at relatively lower temperatures in
Tz−TiO2, compared with pristine Tz. This spread of the
superprotonic phase indicates the acid−base interaction
between the TiO2 functional group and Tz.16

By summarizing the result of the proton conductivity
measurements of the prepared samples, we can conclude that
incorporating TiO2 into the previously reported CHS·Tz
contributes to the proton conductivity caused by the acid−
base interaction; when combined, three effects of TiO2
enhance the proton conductivity. First, it promotes proton
dissociation and conduction in the CHS·Tz system by forming
CHS·Tz−TiO2. This finding is confirmed by the result that the
PAD between the CHS and Tz becomes shorter after TiO2
modification. Second, a high proton-conducting phase is
formed by composing a Tz−TiO2 system in the Tz excessive
system, as confirmed by the shortest PAD between them.
Lastly, as shown in the theoretical analysis, the excess
protonation of the surface of TiO2 by introducing the CHS
phase is essential for opening a channel of high proton
conduction, which is associated with the N−O bond formation
in CHS·Tz composites reported earlier. The existence of this
channel explains the abrupt drop (20CHS·80Tz−TiO2) or
stabilization (50CHS·50Tz−TiO2), instead of a further
increase, of proton conductivity between 110 and 130 °C.
Amid this range, the temperature of 120 °C is previously
reported as the onset of the removal of chemisorbed surface
water from titanium oxide powders.42 The high proton
conductivity of the three-phase hybrid CHS·Tz−TiO2 is
achieved via the three effects mentioned above. Hence, CHS·
Tz−TiO2’s higher proton conductivity than CHS·Tz and Tz−
TiO2 supports our conclusion.
Investigation of Composite Electrolyte Membranes

with Composite Additives. Morphological Character-
ization of the PBI Composite Membrane. The SEM−EDS
observed the surface morphology of the proton conductor-
added PBI membrane, the membrane’s cross-sectional view,
and the proton conductor’s dispersibility (Figure S3).
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According to the data, the prepared composites xCHS·(100-
x)Tz and xCHS·(100-x)Tz−TiO2 are homogeneously dis-
persed in the PBI membrane.

Proton Conductivity Evaluation. The proton conductivity
of pure PBI and solid proton conductor-incorporated electro-
lyte membranes is measured at various temperatures, and the
measurement results are shown in Figure 5c.
The PBI membrane comprising the prepared composite

material exhibits high conductivity, as shown in Figure 5c.
Compared with pure PBI membranes, the membranes having
TiO2-containing composites show higher proton conductivity.
The PBI membrane comprising 20CHS·80Tz−TiO2 exhibits
the highest proton conductivity of 1.65 × 10−3 S cm−1 at 160
°C. This high proton conductivity is achieved owing to the
high proton conductivity (>1 × 10−2 S cm−1) of 20CHS·
80Tz−TiO2. Under the same PADL, the proton conductivity
of the PBI membrane increases owing to the enhancement in
protonic concentration as a result of incorporating proton
conductors in the membrane.56 Furthermore, a highly efficient
proton transport channel is formed in the case of 20CHS·
80Tz−TiO2. Although the proton conductivity of 20CHS·
80Tz−TiO2 cannot be measured accurately at temperatures
above 130 °C because of the melting of Tz, the addition of
20CHS·80Tz−TiO2 to the PBI membrane allows the
membrane to operate at temperatures >150 °C.

Fuel Cell Power-Generation Test. The composite mem-
brane containing the prepared proton conductors characterized
herein is evaluated as a medium-temperature, nonhumidified
PEMFC to confirm its suitability for this operating condition.
The key indicator to be achieved is to obtain high power
density by the addition of a proton conductor, without
changing the PADL.
Figure 5d shows the results of power-generation tests with

respect to PBI electrolyte membranes containing 2 wt % of
20CHS·80Tz−TiO2, which shows the highest proton con-
ductivity over the entire range of temperatures. By the
incorporation of 20CHS·80Tz−TiO2, the maximum power
density of the PBI membrane reached 335 mW cm−2, which is
higher than that of the pristine PBI membrane. Moreover, the
maximum current density of the PBI membrane is 1.9 A cm−1,
which is higher than that of the PBI membrane. The slope of
the I−V curve is moderated by adding 20CHS·80Tz−TiO2.
The bulk resistance of the fuel cell is calculated as the
resistance of the electrolyte membrane using the slope of the
I−V curve. The value of bulk resistance decreased from 0.36 to
0.31 Ω, indicating that the decreased resistance and increased
proton conductivity of the electrolyte membrane result in the
high power output. Adding 20CHS·80Tz−TiO2 improves the
properties of the fuel cell by increasing the proton conductivity
of the PBI membrane. The electrochemical and fuel cell
evaluations conducted herein confirmed that adding TiO2 into
the CHS·Tz proton conductor enhances its proton con-
ductivity, especially in the case of the mixing molar ratio of x =
20 in xCHS·(100-x)Tz. The high proton conductivity of
20CHS·80Tz enhances the proton conductivity of the PBI
membrane without changing the PADL, contributing to the
enhancement of the fuel cell performance.

■ CONCLUSIONS
Based on the push−pull PAD theory and the previously
determined high proton conduction channel in Tz−CHS, we
predict the high or low proton conductivity of the Tz-based
ternary material synthesized based on acid−base interactions.

According to the push−pull PAD theory, high proton
conductivity is achieved when the PAD is shorter. As
determined by DFT calculations, the PAD between CHS
and Tz decreases when TiO2 is added to CHS·Tz, indicating
the promotion of proton dissociation between CHS and Tz.
Additionally, the presence of Tz−CHS clearly shows the
rearrangement of hydroxyl groups on the surface of TiO2 into
H2O. This leads to the creation of an unsaturated bond in the
CHS moiety via proton hopping and the possibility of N−O
covalent bond formation between Tz and CHS, which is an
important building block in realizing a high proton-conducting
channel. A strong relationship between the DFT simulation
and experimental data is observed in the case of mecha-
nochemically synthesized xCHS·(100-x)Tz−TiO2 having a
variable molar ratio x (x = 20, 50, and 80). Incorporating TiO2
into CHS·Tz changes its proton conductivity, especially in
samples with a large Tz content, which exhibit high proton
conductivity. Among the two- and three-phase samples with
different mixing ratios, 20CHS·80Tz−TiO2 shows the highest
proton conductivity (1 × 10−2 S cm−1). The Tz−TiO2 sample
shows higher conductivity than the Tz sample, experimentally
confirming the theoretically derived interaction between Tz
and TiO2 and confirming the realization of a high proton-
conducting channel. These results indicate that the CHS·Tz−
TiO2 system, wherein CHS·Tz and Tz−TiO2 are mixed, may
promote proton dissociation in CHS·Tz and the formation of
efficient proton-conducting channels. These results show that
the proposed push−pull PAD theory can also be used to
determine the proton conductivity of Tz-based ternary proton-
conducting salts. We demonstrate that PAD is correlated to
conductivity, even in materials synthesized using the
mechanical milling method. Herein, we also evaluate the
performance of the PA-doped PBI membrane. The membrane
containing the prepared 20CHS·80Tz−TiO2 shows improved
proton conductivity and high power density with respect to the
PEMFC performance. For the organic salts, the proton shared
with the acid and base plays an important role in proton
conduction. Thus, organic salts are promising candidates as
proton conductors for application in PEMFCs operating under
anhydrous conditions. Developing electrode ionomers, includ-
ing electrolytes, is still underway to realize the operation of fuel
cells under medium temperatures and anhydrous conditions.
Therefore, the discussion on the proton conductivity of
organic salts based on acid−base interactions and the results of
their fuel cell applications serve as a foundation to accelerate
the future development of proton conductors under medium
temperature and anhydrous conditions.
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