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Abstract

K Mg, ,Tig_ »0c (1.54 < x < 2) hollandite samples synthesized using a conventional solid-state route were used to investi-
gate the effect of structure, ionic conductivity, and thermodynamic stability as a function of A-site (K) occupancy. The ionic
conductivity, as measured using AC impedance spectroscopy, decreased as the A-site occupancy (and K content) increased.
Titanate hollandite, of the form K Mg, ,Tig_,,»,O,¢ , was measured using high-temperature oxide melt solution calorimetry
in sodium molybdate (3Na,O ¢ 4Mo00O;) solvent at 804 °C. The enthalpies of formation are strongly exothermic indicating
that they are thermodynamically stable relative to their constituent oxides. Previous studies have demonstrated increased
stability with an increase in Cs content at fixed A-site occupancy. This work demonstrated an increase in the stability for the
K-bearing hollandite samples with an increase in K content and tunnel occupancy. The measured enthalpies of formation

(AH;,,) were in good agreement with density functional theory (DFT) predictions.

Introduction

The demand for clean energy has accelerated the develop-
ment and design of new materials for use in energy sys-
tems including materials for nuclear waste immobilization,
which are critical to the development of next-generation
nuclear reactors. Ceramic materials with the hollandite
structure Ba (Mn*"Mn>")O  reported by Bystrom in 1950
[1] have since garnered attention because of the potential
use as one-dimensional ionic conductors [2, 3] and hosts for
immobilization of radioactive cesium [4, 5], owing to their
remarkable radiation resistance, crystal structure, chemical
durability, and high thermodynamic stability [6—10].

The hollandite structure, generally expressed as A,BgOg,
consists of corner sharing (B,Ti)Og octahedra (e.g., B=Mg,
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Al and Ti), which form a framework with one-dimensional
tunnels, along which the A cations (e.g., Na, K, and Cs)
reside [11]. The A BgO,4 unit cell and symmetry allow two
positions for the A cations, but the structure is known to
accommodate partially occupied A-site, i.e., 0 < x < 2. The
symmetry of hollandite can be either tetragonal (I4/m) with
the tunnels along the c-axis or monoclinic (I2/m) with the
tunnels along the b-axis [12].

Ceramic materials based on the hollandite structure have
been studied for the development of crystalline matrices
intended for the incorporation of radioactive cesium. In this
context, several studies have showed thermodynamic stabil-
ity in hollandite systems used for nuclear waste immobili-
zation can be correlated to chemical durability and used to
control (reduce) the release of mobile cations from the hol-
landite material [5, 7, 8, 13, 14]. In other applications such
as solid-state batteries, the objective is not to immobilize
certain elements, but rather the opposite, to increase their
mobility. For example, the hollandite K, 5,Mg, 77Ti; 1306
first reported by Bernasconi et al. [2] and Beyeler et al. [3]
exhibited an ionic conductivity (~ 1072 S cm™"). More recent
research has provided further evidence that the structure of
hollandites, specifically the corner sharing framework units,
is more susceptible to localized distortions, which lower the
energy barrier for conduction of the mobile cations in the
tunnel. The current study explored the effects of varying K*
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concentration and related to the structure, thermodynamic
stability, and ionic conductivity as a function of occupancy
of hollandite materials to gain a better understanding of the
hollandite material properties for various applications.

Experimental methods

The K Mg, Tig_,»,06 (1.54 < x < 2) materials were syn-
thesized using a solid-state reaction route. Reagent-grade
powders of K,COj;, MgO, and TiO, were thoroughly mixed
in stoichiometric proportions in a high-density polyethyl-
ene jar with zirconia grinding media and ethanol as solvent
and ball milled for 24 h. The dried precursors were ground,
pelletized, and calcined at 1000 °C for 5 h. The calcined
powder was cold pressed into pellets and sintered. During
heat treatment processes, alumina crucibles were covered
with lids and sealed with cement to reduce the vaporization
of K at high temperatures. Additional experimental details
are contained in the supplementary information.

Results and discussion

Hollandite materials were synthesized with the general
formula K Mg, »Tig_,»,04 (1.54 < x < 2). Table 1 shows
target and measured chemical composition of the hollan-
dite phase. Differences observed between the target and
measured concentrations are within the expected error and
considered generally insignificant. There did appear to be
measurable potassium loss, which was attributed to the vola-
tility of potassium during calcination and sintering simi-
lar to prior reports [15]. Figure S1 shows XRD patterns of
the sintered hollandite ceramics synthesized via solid-state
route. The powder patterns for K, Mg, ,,O,4 correspond to
ICDD-PDF# 84-0974 with specific (hkl) indices as shown.
Inset image presents the lattice plane shifts for the primary
peak (27.8°) of the samples, which demonstrates unit cell
volume change as a function of the oxide framework. As
observed in Fig. S1, all samples are major hollandite phases,
suggesting the desired hollandite phase was formed. The
20 angle of the most intense diffraction peak progressively

shifts toward higher 20 corresponding to a smaller interpla-
nar spacing. When potassium ions are added into the tunnel,
the attractive electrostatic interaction between the positive
K ions and negatively charged O ions in the crystal lattice
will cause a decrease in the interplanar spacing resulting in
lattice contraction [16]. DFT calculations with the experi-
mental values of composition from this study exhibited the
same contraction of the lattice parameters (a=b) which were
experimentally observed. Additionally, the lattice parameter
c slightly increases with an increase in the potassium (K*)
content in the tunnels.

To gain detained insight into the microstructure of the
hollandite, the characterization of the SK2 sample was con-
ducted using STEM. Figure 1 presents the characteristic of a
typical 2 X 2 tunnel of hollandite along the c-axis of tetrago-
nal hollandite. The K™ ions are situated at the center of the
tunnel columns, while Mg** and Ti** ions form a square
arrangement. The intensity contrast observed using STEM-
HAADF is directly proportional to the average Z number in
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Fig.1 The STEM-HAADF image and the corresponding electron dif-
fraction pattern of the SSR-K?2 along the [001] zone

Table 1 Sample identification, target composition, measured composition, space group, and lattice parameters of the K Mg, Tig_ ,,O 4 hollan-

dite samples

Sample Target composition Measured composition Space group a=b (A) c (A) B(°) Veen (A%
SK154 K, 5sMgy77Ti; 3046 K, 40Mg0.753Ti7 279016 14/m 10.1554(6) 2.97007(4) 90 306.309
SK160 K, 66Mg0.50T17 20016 K 533Mg0 785117241016 14/m 10.1524(6) 2.97091(3) 90 306.214
SK175 K, 7sMgs3Ti7 13046 K, 625M80 g45T17 17016 14/m 10.1478(7) 2.97331(4) 90 306.187
SK2 K,Mg,Ti;0,¢ K, 627M80 991 Ti7 143016 14/m 10.1425(3) 2.97457(6) 90 305.996

Numbers in parentheses are uncertainties in the last significant digit
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the column. Thus, the Mg?" and Ti*" appear as a brighter
feature than K*. Furthermore, the measured lattice param-
eter of SK2 is 0.102 nm and aligns well with those listed in
Table 1 for the structures.

The formation of superstructure in hollandites is often
supported by the existence of satellite reflections in elec-
tron diffraction patterns. Previous studies have shown that
compositional modulation for these superstructures is caused
by tunnel-ion ordering [17]. Figure 1 exhibits a slight lattice
rotation (~4°), accompanied by satellite reflections observed
in the SAED pattern along the [001] zone axis of the sam-
ple. The rotation is attributed to a slight deviation from the
original position of the tunnel site, resulting a positional
disordering of tunnel cations [18].

The enthalpy of drop solution (AH,) of K-Mg-hollandite
samples was measured using high-temperature oxide melt
solution calorimetry (AlexSys 1000) in sodium molybdate
solvent at 804 °C. An appropriate thermochemical cycle
(Table S1) was used to calculate the formation enthalpies
from the oxides (AH; ) at 25 °C using the measured enthal-
pies of drop solution (AH ) for the samples and constituent
binary oxides. The enthalpies of drop solution for the sam-
ples as well as the enthalpies from the oxides are summa-
rized in Table 2. The drop solution enthalpy (AH,) K,CO;4
was measured in this work since it had not been previously
measured at 800 °C but was needed for thermochemical
calculations.

Figure 2 shows the enthalpy of formation of
K Mg, ,Tig_,»,0,4 as a function of potassium content. The
enthalpy of formation from the oxides becomes more nega-
tive with increasing potassium content and as the A-site
becomes more occupied, as has been noted before for Cs-
bearing hollandites [14]. This implies that increased potas-
sium content in the A-site with titanium and magnesium
on the B-site improves thermodynamic stability. For K-Ga
titanate hollandite [19], the enthalpies of formation from the
oxides were less exothermic than K-Mg titanate hollandite.
This can be attributed to the smaller radius of Ga** (0.620
A) than Mg?* (0.720 A) for sixth-fold coordination [19]. The
experimental data are consistent with the density functional
theory (DFT) simulations (see Fig. 2).

Table 2 Mean (AH,) drop solution enthalpies and formation enthalp-
ies from the oxides at 25 °C synthesized via solid-state route

Analyzed sample composi- ~ Mean AH (kJ/mol) AH; , (kJ/mol)

tion

K, 40Mg0753Ti7 279016 591.61 +2.86 —269.93 +2.87
K, 533Mgg 785117241016 598.27 +3.25 —285.59 +3.25
K, 625Mg¢ 345117 17016 600.35 + 3.50 —306.17 + 3.50
K, 627M&0 991 Ti7 143016 597.71 £ 4.03 —30591+5.24

*The errors reported in Table 2 were calculated as two standard devi-
ations of the mean
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Fig.2 Experimental enthalpies of formation from the oxides and
DFT predictions for K Mg, ,Tig_,»,O,¢ hollandite samples versus K
content (x)

The IS spectra were used to determine the conductivity of
K Mg, ,Tig_,»,O,4 hollandite with varying potassium content.
Figure 3 shows the impedance plot for K-hollandite samples
at 600 °C fitted with an equivalent circuit. In these models,
Ry, Ry, and Ry + Ry, signify the grain (bulk), grain boundary,
and sum of bulk and grain boundary resistance, respectively.
Furthermore, R, R, and CPE represent series resistance, elec-
trode resistance, and constant phase element, respectively. The
results obtained from the circuit fitting indicated the resistiv-
ity increased with decreasing potassium content for the series
of hollandite samples. The highest conductivity values were
shown at 800 °C (highest temperature measured). Among all
the samples, the highest conductivity of 1.0x 107 S cm™!
was obtained from the sample with low K ions concentration
(K 46Mg( 753 17 ,790,6) Whereas the sample with the highest
K ion concentration ((K; 47Mgy99;Ti7 143016) of 5.4X% 107 S
cm™! at 800 °C exhibited the lowest conductivity of all the
samples. As the potassium ion content increased, there was
a decrease observed in the conductivity. Arrhenius plots of
the total conductivity of K Mg ,Tig_ ,O0 (1.54x <2) asa
function of temperature are presented in Fig. 3 resulting in
activation energies of 0.37 eV to 0.44 eV. The values obtained
for activation energies are slightly higher than the previous
results [20]. This can potentially be attributed to the change
inx in KMg ,Tig_,,0,4 due to potassium volatility during
processing.
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Fig.3 (left) Complex imped-
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Summary

Hollandite materials of the general formula
K Mg, ,Tig_,»06 (1.54 < x < 2) were obtained using
the conventional solid-state method to study the cor-
relation between varying potassium ion concentration
on the hollandite structure, thermodynamic stability,
and ionic conductivity. The thermodynamic stability of
K Mg, Tiz_,»0,¢ with varying potassium content was
evaluated for the first time using high-temperature oxide
melt solution calorimetry. The calorimetry results sug-
gested that the hollandite composition with higher potas-
sium content showed greater thermodynamic stability.
Further analysis on structure property relations in tunnel
structured systems is expected to enhance the understand-
ing of the links between structure, thermodynamic stabil-
ity, and physical properties such as ionic conductivity and
corrosion/leaching behavior.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-024-00790-8.
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