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Impedance measurements were performed on single crystals of (NH4)3H(SO4); in the temperature range of
295-441 K. Anisotropy of protonic conductivity was found in the monoclinic room-temperature phase
(space group C2/c) as well as in the rhombohedral high-temperature phase (space group R3m). Above the
high-temperature phase transition at 413 K, conductivity in the hexagonal (001) plane yields a value of
~1072 S cm™ !, which is typical for superionic conductors. A verification of a sample quality after the imped-
ance measurements, using X-ray powder diffraction, showed minor additional peaks of (NH4),(SO4). This
suggests a beginning of thermal decomposition at high temperature. The possible pathways of proton con-
duction were discussed according to crystal structure analyses by single-crystal neutron diffraction method.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

(NH4)3H(SO4), (TAHS) is well known for its superprotonic con-
ductivity (1072 < 0geo1y < 107" Scm™ ") in the high-temperature
phase above 413 K [1,2]. The charge carrier of conductivity in TAHS
was reported to be entirely protons by coulometric studies [3].
Whereas isolated hydrogen-bonded (SO4)H(SO4) dimers are charac-
teristic of the monoclinic crystal structure (C2/c) of TAHS at room
temperature, two-dimensional pseudo-hexagonal networks of hydro-
gen bonds are formed between the SO4 groups in the rhombohedral
high-temperature phase (R3m). The O1 atom involved in the hydro-
gen bond between SO,4 groups is disordered [4]. It is slightly shifted
from the threefold axis and split in three symmetry-equivalent posi-
tions. This splitting allows a shorter, hence stronger O1-H1-01
hydrogen bond. With respect to hydrogen disorder in the high-
temperature phase of TAHS, a detailed crystal structure analysis was
carried out by single-crystal neutron diffraction [5]. There was a
clear indication of a splitting of H-atom positions in the O-H-0
hydrogen bonds. Hence, a split H-atom model was used in the crystal
structure refinement. For this, the H-atom position was moved from
the 9e Wyckoff position with a site occupancy factor of 1/3 to the
18h Wyckoff position with a site occupancy factor of 1/6. Proton dif-
fusion takes place between these partly occupied split H-atom posi-
tions in two steps. One occurs between the two potential minima of
the split H-atom positions, and the other one between the neighbor-
ing O—H-0 hydrogen bonds. In the latter case, an existing hydrogen
bond is broken and the proton jumps to a neighboring site, forming a
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new hydrogen bond. The corresponding H-H distance between two
adjacent hydrogen bonds observed by single-crystal neutron diffrac-
tion was 2.27 (2) A. Besides, the NH, groups are also disordered in
this high-temperature phase of TAHS. There are two symmetrically
independent NH,4 groups in the unit cell. Protons of these ammonium
groups showed strongly enlarged anisotropic mean-square displace-
ments by the crystal structure refinement. Therefore, a split H-atom
model was also applied for these ammonium groups. Since they are
both located on a special position with a high-site symmetry, alto-
gether 12 and 9 split H-atom positions are formed around the N1
and N2 atoms, respectively. To build a NH, tetrahedron, six different
orientations, in other words, combinations of split H-atom positions
are possible for each ammonium group. Previous single-crystal neu-
tron diffraction studies revealed very well localized N atoms (almost
spherical anisotropic mean-square displacements) and large thermal
ellipsoids of protons attached to it, which explains the librational mo-
tion of these ammonium groups. The role of ammonium groups in
conduction was already reported by Reddy et al. [3], comparing the
results of similar coulometric experiments on a reference system
Na3H(S04),. There was no evolution of gas observed in the system
of Na3H(SO4), and hence, a confirmation was made that the ammoni-
um groups contribute to the conduction in TAHS. Supplementary pro-
ton conduction through the ammonium groups was also suggested by
other groups [6,7]. This idea was also supported by the single-crystal
neutron diffraction studies, in which the proton distribution of the
ammonium group located in the pseudo-hexagonal network of hy-
drogen bonds in the (001) plane was illustrated according to the ob-
served nuclear density maps. A clear correlation between the protons
of the O—H- 0 hydrogen bonds and the ones of this particular ammo-
nium group was observed and moreover, the distance between these
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two protons was 2.26 (1) A, that is almost the same H - H distance be-
tween the adjacent hydrogen bonds mentioned above.

Corresponding to our previous crystal structure analysis using
single-crystal neutron diffraction, we measured the conductivity of
TAHS both in the room- and high-temperature phases in the different
crystallographic directions to study anisotropy of conductivity. The
results of the conductivity measurements in the different crystallo-
graphic directions are discussed with respect to crystal structures.
Moreover, a verification of the sample quality was made to make
sure that the conductivity measured at high temperature corresponds
to the high-temperature phase of TAHS, and not to a phase of a possi-
ble thermal decomposition. Proton conduction is also discussed in
connection with the monoclinic and rhombohedral crystal structure
in each phase of TAHS.

2. Experimental

Large TAHS single crystals of optical quality were grown from
aqueous solution by the cooling method. The platelet-like crystals
had a pseudo-hexagonal habitus. X-ray Laue photographs were
taken from some of the well grown faces to check the precise orienta-
tion of the crystals. The back-scattering method of X-ray Laue mea-
surements allows taking the diffracted reflections on a thin film.
With the help of the analyzing program, OrientExpress Ver. 3.4 [8],
the scanned film could be further interpreted. The program gives in-
formation on how the perpendicular direction of the measured crys-
tal face is oriented, and can also calculate a new orientation of the
crystal face from the orienting matrix, how to reorient the crystal to
have desired orientation. Since the angle is given in real space relating
to the coordinate system of the beam direction, the desired directions
(cutting lines) were marked on the crystal. Thin plates of TAHS single
crystals (~3 mm x 3 mm x 0.5 mm) were then cut perpendicular to
the different crystallographic axes to measure anisotropy of conduc-
tivity. For this, the crystal was fixed on a holder, and was cut through
by a tungsten carbide wire saw using distilled water. After cutting, the
orientation of each crystal was checked again by X-ray Laue measure-
ments. Silver paste was applied to the sample surface and served as
contact for the electrodes. For conductivity measurements an imped-
ance spectrometer Solartron 1174 was used in the temperature range
of 295-441 K and frequencies in between 1 and 500 kHz. Following
the impedance measurements, X-ray powder diffraction was used to
verify the sample quality with respect to possible decomposition effects.

3. Results and discussion
3.1. Impedance measurements

Single-crystal platelets of TAHS were prepared with different ori-
entations (perpendicular to monoclinic a, b, ¢) for the conductivity
measurements. From the experimental Cole-Cole plots of the imped-
ance measurements (see Fig. 1) the real part of the impedance at the
minimum of the impedance curve was taken as an approximation to
the electrolyte resistance, R (1) of the sample. The conductivity, o
is then calculated according to the following equation:

O(Q_]cm_l) =L(cm)/R (Q) x area(cm2)7

where L indicates the distance between two electrodes that is the
thickness of the sample and the area is that of the electrode. The fol-
lowing Arrhenius equation expresses the conductivity as a function of
temperature:

oT = Aexp(—H/kgT)

where A is the pre-exponential factor that corresponds to the y-axis
intercept on the logarithmic Arrhenius plot shown in Fig. 2. H is the
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Fig. 1. Cole-Cole plots of the frequency-dependent impedance measurements along
the different crystallographic axes of TAHS at different temperatures.

activation enthalpy which can be calculated from the slope of the Ar-
rhenius plot and kg is the Boltzmann constant. A few data points that
slightly deviate from the linear behavior were excluded for the calcu-
lation of H and A. The values are given in Table 1 parallel to the differ-
ent crystallographic directions and for the temperature ranges below
and above the high-temperature phase transition at 413 K. The re-
sults show anisotropy of proton conduction in the monoclinic as
well as rhombohedral phases. The geometrical relationship between
the monoclinic and rhombohedral axes (hexagonal setting) is illus-
trated in Fig. 3. Above 413 K, protonic conductivity is high parallel
to the monoclinic b and c-axes, corresponding to the (001) plane of
the high-temperature phase of TAHS, and the activation energy for
these two directions is the same. This indicates that there is a
two-dimensional high proton conduction above 413 K. The conduc-
tivity value in the (001) plane yields ~10~2 S cm™ !, which is typical
for superionic conductors. Along the monoclinic a-axis, that is in-
clined to this (001) plane of high-temperature phase with the mono-
clinic angle, B8 = 101.83 (5)° [9], a lower conduction was observed.
The conductivity measured in the room-temperature phase of TAHS
indicates anisotropy along the different crystallographic directions.
Monoclinic TAHS shows the highest conductivity along the c direction
and the lowest along the a direction. Furthermore, the changes in the
slope of Arrhenius plot in the vicinity of the structural phase transi-
tion at 413 K are observed. This corresponds well to the observation
made by NMR measurements, where the significant change of the dy-
namics related to ammonium groups was observed at ~397 K and the
signal related to the free protons (involved in the O—H- O hydrogen
bonds) of the high-temperature phase firstly appeared at 390 K [10].

In addition, a verification of the sample quality after the imped-
ance measurements was carried out. The main purpose was, first of
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Fig. 2. Temperature-dependent Arrhenius plot of o in different crystallographic direc-

tions. The high-temperature phase transition of TAHS is marked with a vertical dashed
line at 413 K.
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