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Measurements of complex impedance and 2HNMR spectra were performed on a layer silicate compound, Na-
RUB-18 (sodium octosilicate, NaSi4Os3(OH)-nH,0), to investigate hydrogen dynamics in crystals. A high proton

conductivity amounting to ca. 107! Sm™!

was observed at room temperature under 100% relative humidity. Activation

energies of the proton conduction were estimated to be 125 and 18kJmol~!' below and above 290K, respectively.
HNMR spectra observed on a deuterated analog revealed 1-D proton conduction through hydrogen-bond networks
formed among silanol groups on the layer surface and water molecules in the interlayer space. This material was dis-
covered to be a new type of solid proton-conductor contributed by very weak acids in contrast to the strong-acid type

ones so far reported.

Recently, much attention has been directed to proton con-
ductors as materials for electrolytes applicable to fuel cells.
Solid-state conductors are especially important for mobile fuel
cells from the view point of convenience and safety, and a
number of solid proton-conducting materials have been stud-
ied so far.! Since perfluoro sulfonic acid polymers such as
Nafion®, well-known as the most popular solid proton-conduc-
tor, have several disadvantages, e.g., high price and limited
working temperature range below 100°C, development of
cheap and thermal-resistant inorganic materials is desirable.

One of the layer silicates, Na-RUB-18 (NaSizsOg(OH)-
nH,0), is a material attracting attention as an inhomogeneous
catalyst and a high-performance ion exchanger. This substance
consists of polysilicate layers, exchangeable Na™ ions in the
interlayer space and water molecules coordinating to the cat-
ions.> 50% of dense silanol groups on the silicate layer exist
as silanolate (SiO7) in Na-RUB-18, and hydrogen-bond net-
works formed between silanol and silanolate keep a stable
layer structure.’

Browski et al. predicted proton conduction in Na-RUB-18
based on MD simulations.* They also described the proton ex-
change between silanol groups and water molecules from the
results of "THMAS NMR measurements. In this paper, we report
a temperature dependence of proton conductivity measured on
Na-RUB-18. The details of hydrogen dynamics in this material
are also discussed from the analysis of 2ZHNMR spectra.

Experimental

Na-RUB-18 was hydrothermally synthesized from a mixture of
silicon dioxide, sodium hydroxide, and water with a molar ratio of
Si0,:NaOH:H,0 = 4:1:25.8.2 The mixture was put in a Teflon-

sealed stainless autoclave and kept at 100°C for two weeks.
The product was washed with an NaOH solution of pH 9.5, and
dried at 40°C for two days. The obtained colorless powder was
identified by the measurement of powder X-ray diffraction with
a Philips X’pert PW3040. Three kinds of samples were prepared
under three different conditions: the first, in desiccators with di-
phosphorus pentaoxide; the second, in air; and the last, in desicca-
tors with pure water, corresponding to relative humidities (RH) of
0, ca. 15, and 100%, respectively.

Thermal analyses were conducted on the synthesized Na-RUB-
18 kept under 0 and 100% RH at room temperature with a heating
rate of SKmin~! to determine the water contents using a Seiko
EXTRA TG/DTA 6300 at the Chemical Analysis Center, Univer-
sity of Tsukuba.

Electrical conductivities (0)) on Na-RUB-18 kept under 15 and
100% RH were determined at room temperature, and the temper-
ature dependence of 0 was measured on the latter sample between
240 and 310 K by measurement of the complex impedance for pel-
let specimens of 2.5 mm in diameter and 0.70 mm thick by apply-
ing the pseudo four-terminal method between 40 and 4 x 10° Hz
by use of an Agilent Technologies 4294A LCR meter. The isotope
effect on o was observed with a Hioki 3532 LCR HiTESTER on
an Na-RUB-18 pellet by flowing N, gas saturated with H,O and
D,O vapor at room temperature.

HNMR spectra were recorded between 140 and 320K on a
Bruker MSL-300 NMR system. A sample sealed in a glass tube
with saturated D,O vapor was used for this measurement after
keeping under vacuum overnight.

Results and Discussion

Thermal Analyses. Thermogravimetry (TG) and differen-
tial thermal analysis (DTA) measurements on a sample kept
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Fig. 1. Thermogravimetry curve observed in Na-RUB-18

kept under 0 and 100% relative humidity.

under 100% RH showed a small endothermic weight loss be-
tween 20 and 30°C, an endothermic loss of ca. 20% in two
steps in the range 30-150°C, and a broad exothermic loss
above 150°C (Fig. 1). The second endothermic and the third
exothermic events coincide well with reported results>® and
the first endothermic weight-loss is attributable to the desorp-
tion of water molecules on the surface. The TG/DTA curve
measured on a sample kept under 0% RH showed an endother-
mic weight loss of ca. 4% in the range of 80-150°C and an
exothermic loss of ca. 4% above 150°C. A composition of
RUB-18 under 0% RH can be estimated to be NaSi;Og(OH)-
H,O from the present result.

Complex Impedance. Figure 2 shows Cole—Cole plots of
the complex impedance measured on Na-RUB-18 under two
different RH values at room temperature. The observed plot
showed parts of two arcs under all RH. A clear arc between
7' =0 and ca. 1.5 x 107  measured at 15% RH, and a small
increase observed between 1290 and 13202 at 100%. These
data correspond to o values of 8.9 x 107® and 1.1 x 107!
Sm™!, at respective RH, by the estimation from the x-intercept
of the extrapolation of the arcs.

To determine whether the conduction is governed by proton
diffusion or not, we observed the isotope effect of the o value.
Figure 3 shows a time-evolution of relative o values observed
at room temperature under the flow of N, gas saturated with
H,O, then with D,O. o reached a constant value, oy, at ca.
60 min after starting the H,O flow. After the gas was changed
from H,O to D,O at the time (fp) of ca. 130 min after the start,
values almost constant were observed, then they gradually de-
creased, and another equilibrium value was reached 300 min
after the gas exchange, where the equilibrium relative o was
reduced to ca. 0.7 compared with that in the H,O flow. This
value close to 1/4/2 is explainable by the mass-effect on the
proton conduction.! From this result, we can conclude that
the carriers of the conduction in Na-RUB-18 are protons.

An Arrhenius plot of the o observed on Na-RUB-18 under
100% RH is shown in Fig. 4. Activation energies of the proton
conduction were estimated to be 125 + 20 and 18 4 2 kJ mol~!
in the ranges, 230-290 and 290-330 K, respectively, from the
observed slopes of temperature dependences of o7. The acti-
vation energy obtained on the high temperature side agrees
well with the reported value, ca. 20 kJ mol~!, for the proton ex-
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Fig. 2. Cole—Cole plots of complex impedances measured
on Na-RUB-18 under 15 (upper) and 100% (lower) rela-
tive humidity at room temperature. The solid and dashed
lines show the best fitted and an expected arcs.
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Fig. 3. A time development of electrical conductivity esti-
mated on Na-RUB-18 under an N, gas flow saturated with
water vapor. At t = 0, gas saturated with H,O vapor was
started to flow on a pellet of Na-RUB-18 kept in air and
the gas was changed to that saturated with D,O vapor at
t = tp shown by a broken line. Observed conductivities
(o) were normalized by oy (see in text).

change between silanol groups and water molecules in this ma-
terial observed in a similar temperature range.* In case two or
more mechanisms contribute to the conductivity, the conduc-
tion with the higher activation energy should be observed in
the higher temperature region. The observed data showing an
opposite tendency suggests the occurrence of a phase change
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Fig. 4. An Arrhenius plot of the electrical conductivity

estimated for Na-RUB-18. Solid lines represent the best
fitted curves. The slope changed around 290 K.

around 290 K. The dehydration beginning around 300 K shown
by the TG measurement implies this phase change. It is possi-
ble for the water molecules to reside in the interlayer space as
nearly free water under high humidity as often seen in clay
minerals.” This implies that the proton jump occurs among
the oxygen atoms that fixed in crystals, in silanol and/or sila-
nolate and water molecules in the low temperature region, but
it is possible for a part of water molecules to rearrange to more
advantageous positions for the proton jump as in liquid water
in the high temperature region. The ZHNMR results, which
showed the existence of liquid-like deuterons implying free
water molecules above this temperature, described below seem
to support this expectation.

HNMR Line-Shape. The motional state of hydrogen can
be discussed more in detail from the analysis of the 2HNMR
spectra shown in Fig. 5. The line-shape observed at 140K
was reproduced by a superposition of two Pake-patterns® with
quadrupole coupling constants (¢>Qg/h) and asymmetric pa-
rameters (7)) estimated to be (200 £ 10kHz, 0.2 4+ 0.05) and
(55 £2kHz, 0.640.05), respectively, where ¢*Qq/h and
n were represented by ¢>Qq/h = eQ/h-V.. and § = (Vy, —
Vyy)/ V.., using the principal values of an electric field gradient
(EFG) tensor, V., V,y, and V... The former component is at-
tributable to rigid OH groups in Na-RUB-18, because both
¢>Qq/h and 7 values coincide with those of rigid water mole-
cules in ice.” The latter component implies the occurrence of
some motions of hydrogen in Na-RUB-18.

Browski et al.* showed the proton exchange between water
molecules and silanol groups in this compound by observing
'"THMASNMR spectra, and proposed two kinds of models
(named “Low T” and “High T” networks) of the proton delo-
calization among hydrogen-bond networks by applying the
MD simulation. According to their report, protons delocalize
in a square made by two water molecules, a silanol and a
silanolate group in the Low T model, and a one-dimensional
proton-conduction becomes possible in the High T model by
proton exchanges between adjacent squares in addition to the
Low T delocalization.

From 1 = 0.2 estimated for the broad component attributed

Proton Conduction in Na-RUB-18
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Fig. 5. A temperature dependence of 2HNMR spectra ob-

served in Na-RUB-18. The spectrum observed at 320K

is magnified its intensity 50 times to show the broad com-
ponent.
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to the rigid OD in Na-RUB-18 observed at 140K, a ratio
among EFG principal values, where |V | < |V,,| < |V..], can
be determined to be V:V,,:V,. = —0.4:—0.6:1. According
to this relation, the apparent ¢>Qq/h value of the deuterons
in the delocalization among 4-sites in a plane as assumed in
the Low-T model is expected to keep at least a smallest prin-
cipal value corresponding to V,,, i.e., 40% with respect to the
rigid state. The small ¢>Qqg/h value, 55 kHz (27.5% of the rigid
value), of the second component is unexplainable by the Low-
T model, and thus seems to support the High-T delocalization
model involving a 3-dimensional average of the EFG tensor.

The intensity of the broader component attributed to the
rigid deuterons decreases gradually with the temperature in-
crease. At 280 K, the spectrum is reproducible by the superpo-
sition of a Pake-pattern with (e>?Qq/h, 1) = (50 £ 2kHz, ~0)
and a sharp peak with no-fine structure. The sharp peak implies
the existence of a small amount of free water. With further
heating, the intensity of the sharp component drastically in-
creased and became about half of the total signal in the spec-
trum observed at 320 K, implying the occurrence of dehydra-
tion in Na-RUB-18.
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Conclusion

The proton conduction in Na-RUB-18 between 240 and
310K could be measured for the first time. The proton conduc-
tion showed a marked humidity dependence and a high value
~10~' Sm~! around room temperature under 100% relative
humidity. The activation energies of the proton conduction
were determined to be 125 and 18kJmol~! below and above
290K, respectively. 2ZHNMR spectra support the “High T”
hydrogen-delocalization model proposed by Browski et al.,*
which suggests that the present system shows a 1-D proton de-
localization even at 140 K. From these results, this material,
possessing protons only as silanol and water, which work as
very weak acids, can be concluded to be a different type of
proton conductor compared to the strongly acidic compounds
so far reported as good solid proton-conductors working
around room temperature.'
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