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Vibrational spectra of CsHSQO, at high pressure and high temperature
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Raman spectra of cesium hydrogen sulfate (CsHSO,) were measured in the pressure range of up to 5 GPa
and in the temperature range from room temperature to 300 °C. Two high-pressure and high-temperature
phases (HPHT1 and HPHT2) were observed from the spectra, and the phase transition diagram of the com-
pression process was obtained at some temperatures. The transition pressure differed from that of the previous
phase diagram. The hydrogen bond in phase HPHT1 became weaker than that in phase II. On the contrary, the
hydrogen bond strengthened at the HPHT1-HPHT?2 transition as the pressure increased. These behaviors were
the same as those in the II-IV and IV-V phase transitions.
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I. INTRODUCTION

Cesium hydrogen sulfate (CsHSO,) is known as a typical
solid-acid-type proton conductor, which operates in the
middle temperature range from 100 to 200 °C. Hence, the
application of CsHSO, to fuel cells as a solid electrolyte is
expected. Phase transitions among the ambient-pressure
phases of CsHSO, have been studied.'~* Phase III,> which
appears at room temperature, transforms to phase II at
around 60 °C. On cooling, phase II returns to room tempera-
ture without making a transition to phase III. On heating,
phase II transforms to phase I at 141 °C. Phase I shows a
high proton conductivity, the so-called superprotonic phase.*
A two-step mechanism consisting of a reorientation motion
of the HSO,™ ion and a proton transfer between the ions
along the hydrogen bond axis has been suggested for its
proton conduction. Faster reorientation and proton transfer
motions are necessary to increase proton conductivity. How-
ever, excessive heating causes the melting of the CsHSO,
solid at 211 °C.% Pressurization would keep the solid state at
a higher temperature and may cause the high proton conduc-
tive state to appear since the melting temperature increases
with pressure.® For example, the melting of RbHSO,, (Ref. 7)
and (NH,)HSO, (Refs. 8 and 9) were suppressed by pressur-
ization, and the superprotonic phases appeared under high
pressure.

In addition, many high-pressure phases of CsHSO, have
been reported.'®'? A high-pressure phase IV appeared
around 1.0 GPa at room temperature. Phase IV transformed
to phase VI and finally to phase I on heating.!! Pressurization
produces many polymorphs with the same chemical compo-
sition. However, the structures of the high-pressure phases
have not been determined, and even the pressure-temperature
phase diagram and the material properties of the high-
pressure phases have not yet been clarified.

Vibrational spectroscopy is important for examining the
hydrogen bonding states and for confirming the phase
boundaries. In the two-step mechanism for proton conduc-
tion, the reorientation motion of the HSO,  ion has been
reported to be much faster than the proton transfer motion to
a neighboring HSO,™ ion in phases I and IL.!*!* The weak-
ening of the hydrogen bond decreases the binding of the
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reorientation motion and causes its proton conductivity to
increase. The relation between the Raman peak shifts and the
strengthening of the hydrogen bond has been discussed for
the ambient-pressure phases.'~3 The S=O0 bond (an acceptor
of a proton) strengthens and the S—OH bond (a donor of a
proton) weakens as the hydrogen bond weakens. At ambient
pressure, the hydrogen bond of CsHSO, weakens and the
proton conductivity increases as the temperature increases.
The change in peak positions and profiles also shows the
phase transitions. These results suggest that even internal
vibration modes of HSO,™ ion are sensitive to the phase
change of CsHSO,. The spectroscopies would indicate the
phase changes exactly, compared to the change in the con-
ductivity.

Our purposes are to confirm the phase transitions of the
CsHSO, up to 5 GPa and 300 °C and to obtain information
on the hydrogen bonding state of the phases. We measured
the Raman-scattering and infrared-transmission spectra with
an in situ pressure measuring technique and obtained a phase
transition diagram that differs from the previous one.!'%!!

II. EXPERIMENT

A CsHSO, sample with 99% purity was commercially
obtained from Mitsuwa Chemicals Co., Ltd. Since this sub-
stance had high hygroscopicity, it was dried in an oven for
several hours at 107 °C immediately before the sampling
procedure. Therefore, the starting sample was in phase II.
High pressure was generated by using a small diamond-anvil
cell (DAC) with a diameter of 30 mm and a height of
20 mm. The body of the DAC was made of high-speed steel
(SKH), which is suitable for use at temperatures up to
300 °C. The sample was sandwiched between opposing dia-
mond anvils with a culet diameter of 0.6 mm and a thickness
of 1.0 mm. A sample chamber, 0.25 mm in diameter and
0.1 mm in thickness, was made by drilling a hole into a
SUS301 or a rhenium metal plate. The hole in the SUS301
metal gasket deformed easily above 200 °C under high pres-
sure. Therefore, we changed the gasket to a rhenium one for
Raman measurements above 200 °C. This hole deformed on
loading at 300 °C. The sampling procedure in the DAC was
carried out in a stream of nitrogen gas. The sample was put
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into this sample chamber without a pressure medium. The
pressure distribution was checked by measuring the fluores-
cence of ruby chips located at some points in the sample
chamber. The difference in the sample pressures was within
0.3 GPa around room temperature and within 0.2 GPa above
130 °C. A type-K thermocouple probe was fixed on one side
of the anvil using an adhesive (Stycast 2850GT) to monitor
the temperature of the sample. About ten disk-spring washers
were inserted in each clamp screw to maintain the load dur-
ing the temperature changes. The pressure was determined
by the ruby fluorescence method.'> By this method, the pres-
sure shift of the ruby fluorescence at high temperatures was
assumed to be the same as that at room temperature. The
assumption has sometimes been used for high-temperature
experiments using a diamond-anvil cell,'® and the pressure
and temperature dependencies of the fluorescence lines have
been reported to be independent.!”!'® The ruby fluorescence
was measured using a monochromator RbFI-1000 (LASER
ECOBIO Inc.) with a Peltier-cooled charge-coupled device
(CCD) detector. The pressure resolution was 0.1 GPa
(0.035 nm/channel).

Raman spectra were measured by a SPEX270M single
monochromator with a liquid-nitrogen-cooled CCD detector.
The spectral resolution was 2 cm™'. The incident beam was
488 nm of an Ar-ion laser at a power of 1 mW on the
sample. The DAC was heated up to 300 °C with a cartridge
heater (160 W) in the atmosphere. The incident beam was
focused on the sample with a 30 mm working distance
20 X objective  (Mitutoyo). Infrared-transmission spectra
were recorded on a microscope Fourier transform infrared
instrument (Jasco VIR-9500 combined with an infrared mi-
croscope IRT-30) equipped with a mercury cadmium tellu-
ride detector. Four hundred repeated measurements were
taken to obtain a spectrum with a spectral resolution of
4 cm™! for a masked measuring area of 0.08 X 0.08 mm?”. An
infrared measurement of CsHSO, was performed at room
temperature under high pressure with the techniques that
were previously reported by our group.!” The sample was
packed together with the Csl pressure medium in the DAC.

III. RESULTS
A. Raman measurement

Raman spectra were measured in the pressure range of up
to 5 GPa and in the temperature range from room tempera-
ture to 300 °C. Figure 1 shows the representative Raman
spectra for the six phases of CsHSO,, which were obtained
at various pressures and temperatures. Four bands, which
were derived from the motions of the HSO,™ ion, were ob-
served in the wave-number range of 400—1200 cm™'. These
bands were assigned to the SO, bending mode [ »,(SO,)], the
SO, bending mode [v,(SO,4)], the S—OH stretching mode
[¥(S—OH)], and the S=0O stretching mode [¥(S=0)] in
low-frequency order.'-3 The starting sample was confirmed
to be phase II of CsHSO, by the Raman spectrum. A transi-
tion from phase II to a superprotonic phase I was observed
on heating under a pressure of 0.5 GPa. This result is con-
sistent with that in the previous report.'
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FIG. 1. Representative Raman spectra for the six phases of
CsHSO,, which were obtained at various pressures and tempera-
tures. Four bands, which were derived from the motions of the
HSO,™ ion, were assigned to the SO4 bending mode [1,(SO,)], the
SO, bending mode [v4(SO,)], the S—OH stretching mode
[¥(S—OH)], and the S=O stretching mode [¥(S=0)] in low-
frequency order.

The Raman patterns below 103 °C showed the existence
of two high-pressure phases. High-pressure phases have al-
ready been reported,'®!" but the transition pressures of the
present phases were considerably different from those of the
previous phases. Phase IV, which transformed from phase II
at around 2 GPa, could be distinguished from phase II be-
cause the ¥(S—OH) band split into two peaks in phase IV,
as shown in Fig. 1. Further compression caused the transition
to phase V, as indicated by the changes in the peak profiles of
the v,(SO,4) and v,(SO,) bands. These bands consisted of a
number of peaks and showed the broad and complex peak
profiles in phase V. The transitions are also clear from the
change in the peak frequencies. Figure 2(a) shows the depen-
dence of the Raman frequencies of CsHSO, at 103 °C on
pressure. Although Fig. 1 shows that the splitting of the
1,(S0O,) and v,(SO,) bands appears in phase II at room tem-
perature, the bands, which broaden with increasing tempera-
ture, look like a single peak at 103 °C and all the peaks
shifted to high frequency as the pressure increased. The tran-
sition from phase I to phase IV is indicated by the splitting of
the »(S—OH) band into two peaks at 1.8 GPa. The v,(SO,)
band also splits into two peaks accompanying this transition.
The v(S=0) peak shifted to low frequency as the pressure
increased in phase V, whereas the v(S—OH) peak shifted to
high frequency. These behaviors of the »(S—OH) and
(S=0) bands indicate that the hydrogen bond strengthens
in phase V as well as the ambient-pressure phases that were
previously reported.!> The Raman frequencies of the
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FIG. 2. Pressure dependencies of Raman frequencies of
CsHSOy at (a) 103 °C and (b) 130 °C. Some phase transitions are
indicated by the splitting and/or discontinuous change in peak fre-
quency at both temperatures.

1,(SO,) band in phase V were not plotted in Fig. 2(a) be-
cause the peak shape of the v,(SO,) band became complex,
containing a number of peaks as shown in Fig. 1(a). Two
peaks were observed in the v,(SO,) band after the transition
to phase V. The peak of the high-frequency side gradually
weakened in its intensity as the pressure increased.

Two high-pressure and high-temperature phases, which
differed from phases IV and V, were observed in the loading
process at 130 °C. These phases are denoted as phases
HPHT1 (high-pressure and high-temperature 1) and HPHT?2,
respectively, in this paper. As shown in Figs. 1 and 2(b), the
peak position of »(S=0) shifted to high frequency and that
of (S—OH) to low frequency at the transition from phase
IT to phase HPHTI at 1.4 GPa. The v,(SO,4) and v,(SO,)
bands showed a continuous change from the ones at phase II.
The v4(SO,) shifted slightly to low frequency, and the
1,(SO,) frequency became almost constant in phase HPHT1
with increasing pressure. At the transition from phase
HPHTI1 to HPHT2, the »(S=O) shifted to low frequency
and ¥(S—OH) to high frequency. Peak frequencies of the
1,(SO,) and v4(SO,) bands increased as the pressure in-
creased in phase HPHT2. In addition, v4(SO,) broadened,
and the »,(SO,4) band split into at least two peaks.

Phase I transformed to HPHT2 on compression at above
170 °C. Although phase I melts around 211 °C at ambient
pressure,® the transition from phase I to HPHT2 was ob-
served at around 300 °C at 3 GPa, indicating the suppression
of melting by compression. ¥(S=0) showed a discontinu-
ous change to high frequency and »(S—OH) to low fre-
quency at the transition. Although we could not see the grain
boundary in phase I under a microscope, many grain bound-
aries appeared along with the I-HPHT2 transition. In other
words, the transition could also be detected visually. Phase
HPHT?2 could be quenched to room temperature without a
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FIG. 3. Infrared frequencies plotted against pressure. Phases IV
and V appeared in the same way as the Raman measurement.

transition to phase IV on cooling at a pressure above 2 GPa.

The results on the heating process from room temperature
were as follows. In the heating process of phase II at
1.4 GPa, the transition to phase HPHT1 was observed at al-
most the same temperature and pressure as that of the com-
pression process. In the heating process from phase IV, phase
IV existed to 120 °C at 2.6 GPa and 150 °C at 3.3 GPa, and
further heating caused the transition to phase HPHT2. Phase
V remained on heating up to 174 °C at around 5 GPa. The
results differed from that of the compression process, in
which phase HPHT?2 existed at 120 °C up to 5 GPa.

B. Infrared measurement

The infrared spectra of CsHSO, were measured at room
temperature on loading. Figure 3 shows a plot of infrared
frequencies against pressure. The peaks in the frequency
range of 2400-3000 cm™' were attributed to the O—H
stretching vibration modes. Phase transitions at 1.8 GPa and
around 4 GPa were indicated by the discontinuous change in
frequencies and the splitting of several peaks. The result was
consistent with that of our Raman measurement. The fre-
quencies of the O—H stretching modes reflected the
strength of hydrogen bonds directly. The O—H peaks
shifted to high frequency at the transition from phase II to
phase IV. This indicates that the hydrogen bond between
HSO," ions in phase IV became weaker than that in phase II.
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FIG. 4. A phase transition diagram of CsHSO, during the com-
pression process for some temperature ranges: (a) from room tem-
perature to 103 °C, (b) from 121 to 130 °C, and (c¢) from
170 to 298 °C. The phases are identified by the profiles and fre-
quencies of the Raman peaks. The upper side and the lower side of
each bar indicate the transition pressures at different temperatures.
The slope of the separator line between the phases represents the
slope of the phase boundary.

The change in the strength of the hydrogen bond due to this
transition, which was not clear in the Raman measurement,
was discovered by the infrared measurement. On the other
hand, the strengthening of the hydrogen bond in the transi-
tion from phase IV to V was observed in both types of mea-
surements.

C. Phase transition diagram

Phase transition diagrams of the compression process at
several temperatures are summarized in Fig. 4. In the tem-
perature range below 100 °C, phase II transforms to phase
IV and to phase V, as shown in Fig. 4(a). Phases III and III’
are omitted in this study because the starting samples were
phase II in our measurements. In the temperature range from
121 to 130 °C, both the phase II-HPHTI transition and
HPHT1-HPHT?2 transition showed negative slopes [Fig.
4(b)]. Phase HPHT2 remained up to 5 GPa. Above 170 °C,
phase I transformed directly to phase HPHT2 with the posi-
tive slope for the phase boundary.

IV. DISCUSSION

The Raman frequency of the »(S=O) and »(S—OH)
bands reflects the hydrogen bonding state in each phase. The
discontinuous change of »(S=0) and »(S—OH) frequen-
cies at the transition from phase II to phase HPHT1 at
130 °C shows that the hydrogen bond between HSO,™ ions
in phase HPHT1 becomes weaker than that in phase II. How-
ever, we are not sure whether the proton conductivity in
these phases increases more than that in phase II because the
crystal structures and ion conduction mechanisms in the
high-pressure phase are unclear. As shown in Fig. 2(b), the
hydrogen bond in phase HPHT2 becomes stronger than that
in phase HPHT1 from the discontinuous change of »(S=0)
and »(S—OH) frequencies at the transition. Further, the hy-
drogen bond strengthened as the pressure increased in phase
HPHT?2. The reorientation motion of the HSO,™ ion would
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be suppressed as hydrogen bonding strengthens. Therefore,
the proton conductivity may decrease in phase HPHT?2.
However, phase IV, which would correspond to phase
HPHT?2, has been reported to have high proton conductivity
by an impedance measurement at high pressure.'%!! A further
study of proton conductivity in phase HPHT? is necessary to
clarify this discrepancy.

The phase boundary between phase II and phase HPHT1
shows negative slopes against pressure, d7/dP <0, as shown
in Fig. 4(b). The slope of the phase boundary can be de-
scribed by the Clausius-Clapeyron equation d7T/dP
=AV/AS. We assumed that the entropy change AS must be
positive at the transition from phase II to phase HPHT1 be-
cause of the volume change AV <0 at the pressure-induced
structural phase transition. The hydrogen bond in phase
HPHT1 becomes weaker than that in phase II as described
above. If the increase in entropy is associated with an accel-
eration of the reorientation motion of the HSO,™ ion, the
proton conductivity of phase HPHT1 is expected to be higher
than that of phase II. The phase boundary of the transition
from phase HPHT1 to HPHT2 also shows negative slopes
against pressure. A comparison between phases HPHT1 and
HPHT?2 is of interest because the AS is positive despite the
strengthening of the hydrogen bonding at the transition from
phase HPHT1 to HPHT?2.

The phase that appeared sometimes depended on the path
of compression and heating in the low-temperature range be-
low 150 °C. For example, the region where phase HPHT2
appeared differed between the compression and heating pro-
cesses. We could not judge whether it was a stable or meta-
stable phase at room temperature. The Raman measurement
for a wet CsHSO, sample showed the appearance of phase
IIT at around ambient pressure, phase II at around 0.3 GPa,
and phase HPHT2 above 1.6 GPa at room temperature.
Phase HPHT2 remained up to 3 GPa at room temperature.
This indicates the possibility that phase HPHT?2 is a ther-
mally stable phase at room temperature.

We consider the correspondence between the present and
the previous phases.'®!" As shown in the phase transition
diagram of Fig. 4(c), phase I transformed directly to phase
HPHT?2 above 170 °C. Phase HPHT?2, as we denoted, would
correspond to the previously reported phase VI.!®!! How-
ever, phase HPHT1 did not correspond to any previous
phases. We believe that this phase HPHTT1 is a phase which
was discovered not by electrical measurements'' but by Ra-
man measurements. The transition pressures to phases IV
and V differed from the ones that were previously reported,'!
as shown in Fig. 4(a). In our Raman measurement without a
pressure medium, the pressure distribution was a maximum
of 0.3 GPa. The error of transition pressures would be
smaller than that because we measured the spectra near the
ruby chip, which was used for pressure determination. More-
over, the phase transition pressures were almost the same as
those from the infrared measurement using the CsI pressure
medium. At high temperatures, the pressure gradient de-
creased. Although the details of the pressure measurement
method were not mentioned in the previous report,' a sili-
cone oil was used as a pressure medium, and the pressures
were measured by a manganine sensor in another report.?!
Therefore, we do not think that there were any problems with
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the accuracy of pressure determination for both of our ex-
periments. The difference in the transition pressure may be
caused by an influence of some processing conditions such
as the pressure medium.

V. CONCLUSION

The phase transition diagram of CsHSO, was obtained at
some temperatures. The structural phase transitions were
found directly by vibrational spectroscopies and not by the
change in bulk properties such as volume change and con-
ductivity change. Two high-pressure and high-temperature
phases (HPHT1 and HPHT2) were found by Raman spectra.
Transition pressures among the phases differed considerably
from the previous phase diagram. Vibrational spectra reflect
the hydrogen bonding state in the phases. The hydrogen bond
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in phase HPHT1 became weaker than that in phase II. On the
contrary, the hydrogen bond strengthened at the HPHTI-
HPHT?2 transition as the pressure increased. The strengthen-
ing of the hydrogen bond would be related to the proton
conductivity. The positive entropy change at some of the
transitions, which was suggested by the slope of the phase
boundary, is important in the discussion on the change in
proton conductivity due to the transition. A study to clarify
the relation between the structures and the proton conduction
mechanism in the high-pressure phases should be conducted
in the future.
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