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mixing CsHSO4 (CHS) and nanometer-scale HZSM-5 zeolite powders. The effects of HZSM-5 on the crys-
tallite structure, proton conductivity, and thermal stability of the CsHSO4 electrolyte are investigated.
Incorporation of HZSM-5 is found to significantly increase the low-temperature proton conductivity of
the CsHSO4 electrolyte, extending its operating temperature down to 100°C. The composite electrolyte
with 40 mol% HZSM-5 shows the highest proton conductivity in the measured temperature range. The
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;_.(Ejé r\;o(;cliz: low-temperature activation energy of the composite with 40 mol% HZSM-5 is lower than that of the
Solid acid CHS-SiO, composite. The improvement of the proton conductivity can be attributed to the enhanced
Electrolyte interfacial interaction between the two phases. And the small HZSM-5 particles lead to a change in the
Proton conductivity bulk properties of the ionic salts. The melting point of the CHS-HZSM-5 composite electrolyte is lower
Zeolite than that of the pure CHS electrolyte. The CHS-HZSM-5 composite electrolyte is suitable for polymer

electrolyte membrane fuel cells operated at 100-200°C.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The development of novel proton-conducting solid electrolytes
working at intermediate temperatures (100-300°C) is currently
considered an alternative way to solve the problems encountered
in the present Nafion®-based low-temperature polymer electrolyte
membrane fuel cells (PEMFCs) [1,2]. Solid acid compounds like
CsHSO4 (CHS) undergoing a superprotonic phase transition at an
intermediate temperature (T =141°C) could be used as the fuel
cell electrolyte in the temperature range of 150-180°C (melting
point: 212 °C) [3]. Although this particular superprotonic solid acid
shows excellent proton transport properties, it has not been consid-
ered for fuel cell applications due to its significant water solubility
and inferior mechanical properties. Recently, since Haile et al. [4]
reported the first examination of CsHSO4 (CHS) as an electrolyte for
PEMFC applications, other significant efforts in the community of
fuel cell researchers have been devoted to studying this material.

As mentioned above, CsHSO, offers the advantages of anhy-
drous proton transport and high-temperature stability, which are
highly desirable for the application of high-temperature PEMFCs
[4]. However, CsHSO,4 shows poor proton conductivity when the
temperature is below 141 °C, and it has been proven that CsHSO4
transforms from a monoclinic to a tetragonal structure at 141°C,
with the proton conductivity steeply increasing by about 2-3 orders

* Corresponding author. Fax: +86 20 87113586 608.
E-mail address: chsjliao@scut.edu.cn (S. Liao).

0378-7753/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2009.04.010

of magnitude during this transition. Therefore, the applicable oper-
ating temperature of the CHS electrolyte is restricted to a narrow
range: from 140°C to its melting temperature of about 210 °C. For
the practical operation of fuel cells, high proton conductivity in a
wide temperature range (100-200°C) is highly desirable for elec-
trolyte membranes [5]. Therefore, increasing the low-temperature
proton conductivity of CsHSO4 is very important from a practical
point of view.

Heterogeneous doping of ionic salts with highly dispersed
oxides has been shown to be an effective way to increase the con-
ductivity at low and intermediate temperatures by transforming
these salts into disordered systems [6,7]. Two-phase composites
obtained by doping consist of an ionic conductor and a highly dis-
persed inert isolator, such as Al,03, SiO,, TiO,, ZrO,, MgO etc.
[8]. New unusual disordered states of ionic salts may form at the
interface due to the strong interaction between the components in
nanocomposites and, the formation of such states depends on the
chemical nature and concentration of the composite components,
as well as the morphological character and the energy change of
the interface interaction [9]. Ponomareva and Lavrova [9] doped the
heterogeneous porous structure materials into CsHSO4 electrolyte
and found that the proton conductivity of composite is signifi-
cantly increased by 1-3.5 orders of magnitude at low temperatures.
The microstructure analyses showed broadened XRD diffraction
peaks as well as obvious shifted, broadened, and even vanished
DTA peaks, indicating that part of the CHS proton-conducting phase
in the composites was present as an amorphous phase in the
composite. It was also found that the conductivity and thermal
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Fig. 1. Two-electrode setup for conductivity measurement.

stability of (1 —x)CsHSO4-xA composites increased in the order of
Al;03 <TiO; <Si0,. Wang et al. [1] prepared CsHSO4-SiO, compos-
ite membranes by heating CHS powder and SiO, membranes at
220-240°C, at which the molten CHS was infiltrated into the SiO,
membranes. The results showed that the nanocomposite with 4-nm
pores in the original SiO, membrane exhibited a greater enhance-
ment in the proton conductivity than that with 29-nm pores in the
low-temperature range. In almost all of the proton or ion conduct-
ing nanocomposites prepared by the powder-mixing method, the
protonic or ionic conducting phase is present in both bulk and inter-
face phases. Therefore, the structure generated by heterogeneous
doping of ionic salts is important in determining the composite
properties.

Microporous HZSM-5 zeolite materials possess high specific sur-
face area and strong acidity, which are beneficial for ionic transfer.
Therefore, better performance of the electrolyte materials can be
possibly obtained by doping the nanometer HZSM-5 zeolite mate-
rials into the CsHSO4 materials. In the present work, we investigated
the crystal structure, proton conductivity, and thermal stability of a
composite electrolyte made of CHS and HZSM-5 powders (includ-
ing different Si/Al ratios). The preliminary experimental results
indicated that the low-temperature conductivity of CHS was sig-
nificantly improved by doping with HZSM-5 materials.

2. Experimental

CsHSO4 powders were prepared from an aqueous solution of
cesium sulfate and sulfuric acid as follows. Cs;SO4 (Shanghai
Jingchun Chemical Reagent Co., Ltd.) was first dissolved in dilute
sulfuric acid (Guangzhou DongHong Chemical Plant) solution with
the molar ratio of Cs3S04:H,S04:H,0 being 1:2:12. After the com-
plete dissolution of Cs;SOy4, ethanol was added into the solution to
induce the precipitation of CsHSO4. The precipitate was then fil-
tered, dried at 100 °C overnight, and stored in a vacuum desiccator
before further characterization [10-12]. For the test, the prepared
CsHSO,4 powders were mixed with nanometer HZSM-5 (Si/Al =35
and 300, Nankai University Catalyst Co., Ltd.) at various molar ratios
and pressed into pellets of 1.5 cm diameter and 1-1.5 mm thickness.
The samples were heated for 30 min at 210°C (close to the melting
point).

The crystal structure of the prepared CHS powders and
CHS-HZSM-5 (Si/Al =35) composite electrolytes was characterized
with X-ray diffraction (XRD) (Shimadzu XD-3A, Japan) using Cu
Ka radiation. Thermogravimetric analysis and differential thermal
analyses (TG-DTA) were characterized with a NETZSCH STA 449C
instrument at a heating rate of 10°Cmin~! from room tempera-
ture to 600 °C. The proton conductivity of (1 — x)CsHSO4-xHZSM-5
(x=0-0.8 for Si/Al=35 and x=0.4 for Si/Al=300) composite elec-
trolytes was measured by ACimpedance spectroscopy with an IM6e
impedance spectroscopy instrument unit across the frequency
range of 1 Hz to 100 kHz at an amplitude of 5 mV. A two-electrode
setup was used to measure the proton conductivity (Fig. 1). The
graphite electrodes were attached to both sides of the electrolyte
pellets by pressing them against the testing cell. The composite
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Fig. 2. XRD patterns of CsHSO,-HZSM-5 composite membranes with different
HZSM-5 contents.

electrolyte membrane was sandwiched between the graphite elec-
trodes, and the copper sheets were placed outside the graphite
electrodes to collect electronic signals for the impedance analyzer.
A working electrode (WE) and sense electrode (SE) were placed on
one side and a counter electrode (CE) and reference electrode (RE)
were placed on the other. The heaters were placed outside of the
copper sheets, and the thermocouple (TC) was placed in a slot in
the graphite electrode, near the copper sheet side. The testing cell
was fixed by bolt. The impedance was measured stepwise from 70
to 180°C in static air.

3. Results and discussion
3.1. Structure analysis

The X-ray diffraction patterns of pure CHS and
(1 — x)CHS-xHZSM-5 composite electrolytes are shown in Fig. 2(a)
(Si/Al=35 for all the XRD samples, CZ37 means x=0.7 in the
(1 —x)CHS-xHZSM-5 composite, i.e., 0.3CHS-0.7HZSM-5, CZ55
means x=0.5, and likewise). The XRD pattern indicated that
the prepared CHS was of a monoclinic structure and P21/c (14)
space group, which agreed with the previous report [3,8]. The
unit cell parameters were a=7.8147A, b=8.1183A, c=7.6892A,
volume =456.99 A3, and B=110.5°. In comparison, the reflection
peaks of CHS-HZSM-5 composite electrolytes were broadened and
some new weak X-ray reflections appeared. The reason could be
that the extremely small particles in the composites may give rise



Table 1

Crystallographic parameters (A) of (1 — x)CHS-xHZSM-5 (x=0.3, 0.5, and 0.7) in the low-temperature phase.
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Sample a(A) b(A) c(A) B() Volume (A3) Space group Crystal system
CHS 7.8147 8.1183 7.6892 110.5 456.99 P21/c (14) Monoclinic
cz73 7.5441 8.1460 7.4529 108.3 434.87 P21/c (14) Monoclinic
CZ64 7.6490 8.4950 7.2237 109.0 443,61 P21/c (14) Monoclinic
Cz55 7.6390 8.4334 7.3128 108.99 445.48 P21/c (14) Monoclinic
Cz37 7.6711 8.4641 7.2233 108.82 44393 P21/c (14) Monoclinic
to stronger interfacial interaction between the phases, which leads
to a change in the bulk properties of the ionic salts [13]. In this case, 05K —=—CHS
the new phases may be stabilized at the CHS-HZSM-5 interface, 00 L —e— 0.8CHS-0.2HZSM-5
which was similar with CHS-SiO, nanocomposites [8]. From ' —A— 0.6CHS-0.4HZSM-5
Fig. 2(b), it can be observed that the intermediate-temperature 05l Ig:gg:g_g:g:ggm_g
phase of CsHSO,4 (phase II) formed in the CHS-HZSM-5 com- <
posite electrolyte. [14]. An additional reflection at 26 =24.8° also e ol
appeared, which corresponds to the superprotonic phase (phase I) A
[6]. For CHS, phase II and phase III all are of monoclinic structure. E 5k
However, the unit cell parameters of phase Il are smaller than those g
of phase II, i.e., the distance between the nearest HSO4~ groups 20k
is smaller in phase III than in phase II. As a result, the protons in
phase Il do not influence each other and thus vibrate independently 25k
[15-17]. Phase III of CHS usually transforms into phase II at 76°C
[15]. Phase Il and phase I appeared in the CHS-HZSM-5 composite Bobi i o . )

. 2.2 2.3 24 2.5 2.6 27 2.8 29
electrolyte and may be beneficial for proton transfer. y

1000 (T/K™)

The crystallographic parameters of CHS-HZSM-5 composites
are listed in Table 1. All the composites possessed a monoclinic
structure, a P21/c (14) space group, and the cell volumes of all
the composites decreased after doping HZSM-5 particles. The
decreased volumes agreed with the formation of phase Il and phase
I. Compared with the pure CHS, the a-axis and c-axis shortened and
the b-axis increased in the CHS-HZSM-5 composites. For phase III
of CHS, the zigzag chains of hydrogen bonds run along the b-axis
of the crystal-linking SO4 tetrahedra, which is along the a-axis for
phase II and the c-axis for phase I [15]. The longer b-axis may be
beneficial for low-temperature proton transfer.

3.2. Proton conductivity

Solid acid compounds like CsHSO4 undergo a superprotonic
phase transition at an intermediate temperature (T = 141°C). At
this temperature, phase Il of CHS transforms into phase I [18,19].
The crystal structure of phase I is tetragonal, [4;/amd, and in phase
I each SO4 tetrahedra can adopt not one (as in phase III) but four
crystallographically equivalent orientations, which means that the
number of possible positions is larger than the number of pro-
tons, leading to high proton conductivity [15]. The heterogeneous
dopant porous structure of CHS can enhance proton conductivity
at low temperatures (<141°C) [9]. The temperature dependency
of the proton conductivity of (1 — x)CsHSO4-xHZSM-5 (Si/Al=35)
(CHS-HZSM-535) composite electrolytes is shown in Fig. 3. All the
samples showed a superprotonic conductivity transition when the
temperature increased. The doping HZSM-535 (Si/Al =35) powders
in the CHS electrolyte increased the proton conductivity in the low-
temperature range. However, the conductivity at high temperatures
(>140°C) was lower than that of the pure CHS electrolyte, except
for the sample of 0.6CHS-0.4HZSM-535. These results are similar
to those of reported CHS doped with SiO, or TiO, [8,13].

It can also be seen that doping nanometer HZSM-535 powders
in CHS electrolyte expanded the superprotonic phase transition
range of CHS down to 100 °C. The change in the conductivity curves
of CHS-HZSM-535 composite electrolytes was quite smooth when
the HZSM-535 content increased. The effects of adding HZSM-535
may be related to its strong acidity. The formation of phase II in
CHS-HZSM-5 may contribute to the higher conductivity at a low

Fig. 3. Temperature dependence of the proton conductivity for CHS-HZSM-535
composite membranes with different HZSM-5 contents.

temperature [19]. Furthermore, the increase in the b-axis value of
the CHS-HZSM-5 composite is beneficial for proton transfer in the
low-temperature range because the protons move along the b-axis
in low-temperature phase and a longer b-axis means the distance
between the nearest HSO4~ groups is larger. The protons there-
fore do not influence each other and instead vibrate independently,
which facilitates proton transfer [15]. It has been suggested that the
enhanced conductivity may be due to the formation of an interface
phase between CsHSO4 and HZSM-5 particles, i.e., structural disor-
der of CsHSOQy4 in the interface phase occurs and contributes to the
significant increase in proton conductivity in the low-temperature
region [14,20].

The conductivity of 0.6CHS-0.4HZSM-535 composite electrolyte
was measured stepwise between 70 and 180 °Cin a heating-cooling
cycle (Fig. 4). The high-temperature conductivities were almost
the same in the heating and cooling processes. However, the low-
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Fig.4. Temperature dependence of the proton conductivity of 0.6CHS-0.4HZSM-535
composite membrane in a heating-cooling cycle.
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Fig.5. Temperature dependence of the proton conductivity of 0.6CHS-0.4HZSM-535
and 0.6CHS-0.4HZSM-5300 composite membranes.

temperature conductivity in the cooling process showed a little
higher than that in the heating process. The proton conductivity
rapidly increased or decreased at about 130°C in the heating and
cooling processes, respectively. The results indicated that superpro-
tonic phase transition reversibly occurred at 130°C.

Ponomareva et al. [6] reported that the properties of CHS-SiO,
composites could be defined by a special area, the character of the
heterogeneous dopant porous structure, the pore radius, and so on.
In the present study, we also examined the effect of different Si/Al
ratios (35 and 300) of HZSM-5 on the conductivity of CHS-HZSM-5
composite electrolyte. The results are showed in Fig. 5. A simi-
lar tendency was observed in 0.6CHS-0.4HZSM-5300 (Si/Al=300)
composite electrolyte, which also showed superprotonic phase
transition at about 130°C. The conductivities of HZSM-5300 were
about half an order lower than that of a HZSM-535 system in both
the low- and the high-temperature regions, i.e., the conductivity
decreased when the Al content increased. The results agreed with
Ponomareva’s that the conductivity of Al,03-doped CHS composite
electrolyte was lower than that of SiO,-doped CHS [9].

3.3. Activation energy of the CHS-HZSM-5 composites

For CsHSOy4 solid acid electrolyte, proton transport is thought to
take place through reorientation of the SO4 tetrahedron and trans-
fer between neighboring tetrahedrons along a hydrogen bond [1].
It was also acknowledged that two types of diffusion exist—one is
the fast reorientation of HSO4~ defects and the other is the slow
long-range translational proton diffusion [21]. In the present work,
we have investigated the proton transfer dynamics of CHS-HZSM-5
composite in high- and low-temperature regions.

The activation energies (E, ) of the CHS-HZSM-5 composite elec-
trolyte can be derived from the Arrhenius equation (Eq. (1)):

8 =AoT 'exp(EcK- 1T 1) (1)

where A is the pre-exponential factor, T is the absolute temper-
ature, E, is the activation energy for small polaron hopping, and
K is the Boltzmann constant. The slope of the logT vs. 1000/T
datais the activation energy of the CHS-HZSM-535 composite elec-
trolytes (see Table 2). The E; value of pure CHS was calculated to
be 34.1 kfmol~! in the high-temperature region and 26.4 k] mol~!
in the low-temperature region. These results were similar to the
data reported in the literature, where E;=35+3kJmol-! and
29 k] mol~1 in the high- and low-temperature regions, respectively
[22,23]. The activation energy values of 0.6CHS-0.4HZSM-535 are
given in Table 2. The high-temperature activation energy was

Table 2

Activation energies of proton conduction, E,, in the CSHSO4-HZSM-535 composites.

Sample High-temperature Low-temperature References
region (k] mol-1) region (k] mol-1)

Pure CsHSO4 34.1 26.4

0.6CHS-0.4HZSM-535 45.8 51.2

CHS-Si0; (R70) - 57.8 [5,8]

CHS-Si0; (R170) - 91.5 [5,8]

Phase I in CHS 35 - [21]

Phase Il in CHS - 29 [21]

45.8 k] mol~1, which was higher than that of the pure CHS elec-
trolyte. This may be due to that the incorporation of HZSM-5 partly
blocked the proton transfer path, making it more difficult for the
proton transfer. The low-temperature E; was 51.2 k] mol~!, about
two times higher than that of pure CHS. However, the conduc-
tivity of CHS-HZSM-535 composite was higher than that of pure
CHS, indicating that the proton transfer mechanism of CHS-HZSM-
535 composite was different from that of the pure CHS at low
temperatures. The amorphous phase in the composite electrolyte
may contribute to the faster proton diffusion. For the heteroge-
neous doping composite electrolytes, the low-temperature E, of the
CHS-SiO, composite was 57.8 + 4.8 kjmol~! when the pore radius
was 70 A (R70) and 91.5 k] mol~! for the sample with a pore radius
of 170 A (R170) [6,9]. The result indicates that the proton diffusion
in the CHS-HZSM-535 composite can occur more easily than in
CHS-SiO, composite [6,9].

3.4. Thermal analysis

The differential scanning calorimetry (DSC) curves for
(1 —x)CsHSO4-xHZSM-5 (Si/Al=35) composite electrolytes with
different HZSM-5 contents are presented in Fig. 6. Pure CHS
and CHS-HZSM-5 composite electrolytes exhibited two intense
endothermic peaks from 300 to 600K, which correspond to
the phase transition (about 414K) and melting process (about
450-480K), respectively. The two CHS peaks agreed with the lit-
erature data [3]. The first peak (T=414K) corresponds to the phase
transition from phase II to phase I, and the second one (T=485K)
corresponds to the transition from phase I to liquid phase (melt-
ing process). The intensity of the phase transition peaks of the
CHS-HZSM-5 composites decreases as HZSM-5 content increased.
The melting peaks were broadened significantly, and the melting
points of the CHS-HZSM-5 composites decreased with increas-
ing the HZSM-5 content. This trend is similar to Ponomareva’s

I 0.2CsHSO,-0.8HZM-5

[ 0.4CsHSO,-0.6HZM-5

| 0.6CsHSO,-0.4HZM-5

AH

i

- 0.8CSHSO,-0.2HZM-5

F CsHSO,

i

I 1
300 400 500 600

Temperature (K)

Fig. 6. DSC curves of (1 —x)CsHSO4-xHZSM-5 composites with different HZSM-5
contents.
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results [6,8]. The phenomenon can be explained by considering the
presence of the amorphous CHS in the CHS-HZSM-5 composites [6].

4. Conclusions

In this work, we prepared CsHSO4-HZSM-5 composite elec-
trolyte membranes for intermediate-temperature PEMFCs. The
incorporation of the nanometer HZSM-5 powders into CsHSO4
yielded significant effects on the crystalline structure, proton con-
ductivity and thermal properties of the CsHSO4 electrolyte. The
proton conductivity was significantly increased at low tempera-
tures in the composites. This improvement can be attributed to
the change in the crystalline structure and the enhanced interfa-
cial interaction between the two phases, which was conferred by
compositing the extremely small HZSM-5 particles into CHS. The
low-temperature activation energy of the composite with 40 mol%
HZSM-5 was lower than that of the reported CHS-SiO, composite.
This indicates that proton diffusion in CHS-HZSM-535 composite
canoccur more easily than that in the CHS-SiO, composite. Further-
more, thermal analysis results suggested that the melting point of
the CHS-HZSM-5 composite electrolyte was lower than that of the
pure CHS electrolyte. The CsHSO4-HZSM-5 composite electrolyte
is promising for application in PEMFCs operated at 100-200°C.

In the future work, we will prepare the membrane electrode
assembly using the prepared composite membrane, as well as
investigate its performance in a single fuel cell and its long-term
stability at high operating temperatures.
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