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Abstract

Anhydrous sulfate minerals are abundant in the active fumaroles with highly oxidizing conditions on the scoria cones of
the Tolbachik volcano. The mineral itelmenite, ideally Na,CuMg,(SO,),. containing isomorphous admixture of Zn, was
described in 2018, whereas glikinite, ideally Zn,O(S0,),, was described in 2020. Synthetic analogs of both minerals were
obtained during studies of phase formation in the Na,SO,~CuSO,~MgS80,~(ZnS0,) systems which lead to essentially dif-
ferent results. Solid-state syntheses resulted in formation of several compounds previously known as minerals only. Both
Zn- and Mg-containing analogs of itelmenite were prepared and exhibit slight deviations from the ideal Na,CuM,(50,),
stoichiometry. The Mg compound could be prepared single-phase which allowed the study of its thermal expansion and IR
spectroscopy. Na,CuMgy(SO,), and Na,CuZn,(SO,), were evaluated for Na*-ion diffusion. For the Zn compound, several by-
products were observed which are synthetic analogs of puninite Na,Cu;0(S0,),. as well as hermannjahnite CuZn(SO,), and
glikinite-type (Zn,Cu);0(SO,),. All of them were prepared via solid-state reactions in open systems. The Na,CuMg,(SO,),,
Na,CuZn,(S0,), and (Zn,Cu);O(S0,), were structurally characterized by the single-crystal XRD. In the Zn-bearing system,
the admixture of Cu** likely controls the formation of itelmenite-type and glikinite-type phases. The results of the experi-
ments allowed to deduce possible scenarios of the formation processes of itelmenite and some other endemic fumarolic
minerals. Our study shows that outstanding mineralogical diversity observed in the fumaroles of the Tolbachik scoria cones
is not only due to the formation from the gas enriched by transition metals and involves also intensive exchange with the
host basaltic scoria. Similar processes seem also to be responsible for the recrystallization of many other mineral species
observed in high-temperature fumaroles resulted from the recent eruptions.

Keywords Anhydrous sulfates - Fumarolic mineral assemblages - MgSO, - ZnSO, - Solid-state reactions - Itelmenite -
Glikinite - Hermannjahnite - Puninite - Framework structures - X-ray diffraction

Introduction

Minerals containing sulfate anions constitute one of the
most diverse groups in terrestrial environments. About 400
species bearing SO,>~ group are known to date. Most of
the known sulfates are hydrates. A typical characteristic of
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anhydrous sulfates with alkali (and transition) metals is their
high solubility.

Due to the fast-growing demands in new materials for
various energy storage applications, various sulfate com-
pounds have also been studied as promising electrode mate-
rials exhibiting relatively stable frameworks (their easy
hydration remains a tremendous problem) and higher oper-
ating voltages (Barpanda 2015; Lander et al. 2018). Sulfates
of sodium and some 3d-transition metals are extensively
studied as promising materials for efficient Na-ion batter-
ies. From structural viewpoint, the majority of these are
synthetic analogs of known minerals. For example, sulfate
of sodium and ferric iron, NaFe(50,),, was first discovered
as a mineral eldfellite in 2009 (Bali¢ Zunié et al. 2009) in
a fumarole of Eldfell volcano, Iceland. Later (Singh et al.
2015), electrochemical properties were investigated on a
full synthetic analog. A chemically related alluaudite-type
sulfate of sodium and ferrous iron, Na,Fe,(S0,); (Barpanda
et al. 2014) demonstrates outstanding electrochemical prop-
erties (3.8 V vs. Na*/Na). A known disadvantage of miner-
als is the presence of impurities (due to both isomorphous
substitution and by-phases), which does not allow detailed
(and reproducible) studies of their physical properties.

There are but few geological environments on Earth
where anhydrous alkali-transition metal sulfates can be
found as mineral species: natural coal fires (e.g., Ravat,
Tajikistan (Sharygin et al. 2009; Pautov et al. 2020)) and
high-temperature volcanic fumaroles (Vergasova and Fila-
tov 2012; Siidra et al. 2017). One of the largest numbers of
active volcanoes is located at the Kamchatka Peninsula, Rus-
sia. The most interesting from a mineralogical point of view
and relatively well studied are the fumaroles with highly
oxidizing conditions on the scoria cones of the Tolbachik
volcano (Pekov et al. 2018a). In the last century, eruptions
on Tolbachik occurred in 1975-1976 (Fedotov and Markh-
inin, 1983); the most recently in 2012-2013 (Belousov
et al. 2015). Of many new mineral species discovered in the
past 30 years. the majority has no chemical and structural
analogs reported among synthetic materials (Pekov et al.
2018Db). The mineral itelmenite, ideally Na,CuMg,(SO,),.
containing isomorphous admixture of Zn, was described in
2018 (Nazarchuk et al. 2018); it was found in the fuma-
role on the Naboko scoria cone formed during the recent
2012-2013 eruption. Glikinite, ideally Zn;0(SO,), (Naz-
archuk et al. 2020), was collected from the sulfate zone of
the arsenic-rich (or As-containing) Arsenatnaya fumarole
on the Second scoria cone of the 1975-1976 eruption. Itel-
menite exhibits not only a new structure type, but also a new
stoichiometry for anhydrous sulfates with alkali and transi-
tion metals: AT,M>*3(S0,),. Glikinite has a synthetic struc-
tural analog (Bald and Griihn 1981); however, the mineral
(Nazarchuk et al. 2020) contains essential amount of copper

impurity. Synthetic analogs of both these mineral species
were obtained in our studies of the Na,SO,—CuSO,-MSO,
(M=Mg, Zn) systems aimed at new possible materials for
Na*-based batteries.

Despite the low conductive ability of the itelmenite-type
Na,CuM,(S0,), framework, the results on phase formation
in the Na,50,~CuS0O,~MgSO,—(ZnS0O,) system appeared
interesting with implications to mineralogy and geochem-
istry. Identified phases mimic fumarolic minerals assem-
blages, which allowed to deduce some of the secrets of the
mineral formation in active fumaroles in scoria cones of
Tolbachik volcano.

Synthesis
Na,CuMg,(50,),

Initially. a mixture of Na,SO, (Alfa Aesar, 99%), CuSO,
(Prolabo, 98%) and MgSO, (Alfa Aesar, 99%) reagents were
taken in 1:1:2 ratio and were loaded into a platinum crucible
and kept at 600 °C for 3 h in air and subsequently cooled for
9 h to room temperature. The product consisted of light-gray
crystals and gray powder. Powder XRD analysis revealed the
desired Na,CuMg,(50,), and unreacted MgS0O, Accord-
ing to the starting stoichiometry, other (probably poorly
crystallized) Na-containing products should also coexist.
A single-phase specimen, ideally Na,CuMg,(50,),. was
successfully synthesized only after the single-crystal XRD
and the refinement of the crystal structure reported in detail
below. Taking into account the refined occupancies of each
site, we were able to prepare the pure product starting from
Na,S0,, CuSO, and MgSO, in 1:1.09:1.91 ratio. Taking in
account the mixed occupancies of all M sites, one can expect
a certain homogeneity range which was not investigated.

Thermal analysis (STA 429 CD NETZSCH) was per-
formed to determine the crystallization temperatures of
the Mg and Zn compounds. The powders (ca. 23 mg) were
pressed into pellets (5.05 mm diameter and 0.7-0.8 mm
height) using a steel die (pressure 1 kg/mm?). This tech-
nique, in comparison to using powdered samples, provides
better reproducibility and precision of results. After weigh-
ing with precision of + 10 pg, each pellet was loaded into a
Pt—-Rh crucible and mounted on a holder, after which TGA
study was run at the heating rate of 20 °C /min in a dynamic
atmosphere (air flow at 50 cm3/min) from 40 to 800-900 °C;
cooling was performed down to 200 °C at the same rate. The
gaseous decomposition products were analyzed on a QMS
403 C NETZSCH quadrupole mass spectrometer operating
ina 1-121 m/z range.

Figure 1a represents TG, DSC, and IC (ionic currents
at m/z=18 and 48, which correspond to H,0* and SO*)



registered for a pelletized mixture of Na,SO,, CuSO,, and
MgSQ, taken with the ratio described above upon heating
from 40 to 850 °C and cooling to 720 °C.

The low-temperature part of TG curve exhibits two
kinks due to mass loss: 1.33% at 56-95 °C, and 1.70% at
172-276 °C which are reflected as endothermic effects on
the DSC curve with one maximum at 75 °C for the first
one and two maxima at 214 and 241 °C for the second one,
respectively. These are accompanied by the maxima for
the m/z=18 IC curve. Between the kinks, a monotonous
mass loss of 1.04% is observed. The event at 214 °C may be
related to partial melting of the sample.

These low-temperature effects clearly occur due to the
dehydration processes. We note that the starting material
rapidly absorbs water from humid air, most likely with for-
mation of crystalline hydrates (Siidra et al. 2019), even when
shortly exposed during opening the container and mounting
onto the holder to the TGA apparatus. Note that water is
an essential constituent of fumarolic gases (Chaplygin et al.
2016) therefore the experimental conditions still mimic the
natural ones.

Further heating the sample proceeds eventlessly from
276 to 560 °C, after which a weak exothermic effect is
observed with a maximum at 604 °C. At 617-653 °C, two
endothermic effects are observed with maxima at 628 and
648 °C, which are accompanied by weight losses of 0.22%.
We attribute a complicated series of effects to crystalliza-
tion of Na,CuMg,(SO,),. HT X-ray diffraction study of the
reagent mixture (not represented herein) also confirms the
appearance of itelmenite in this temperature range. Thus, the
crystallization temperature of this compound is in a good
agreement with the temperature of gases (600-620 °C) in
Saranchinaitovaya fumarole where itelmenite was discov-
ered in 2014 (Nazarchuk et al. 2018) yielding a good emula-
tion of natural fumarolic processes.

The rate of mass loss increases essentially above 653 °C:
further heating to 850 °C results in loss of 7.26% accompa-
nied by a strong endothermic effect on the DSC curve (with
a maximum at 767 °C and completion at 799 °C. The IC
for m/z= 48 is observed only above 767 °C when the sam-
ple is almost completely melted. After that, the content of
sulfur oxides in the decomposition products increases; this
indicates that decomposition of sulfates occurs only after
complete melting of the sample. It is reasonable to assume
that the endothermal effect is due to the sample melting
accompanied by the partial decomposition and evolution of
sulfur oxides.

Cooling from 850 to 690 °C results in additional mass
loss of 1.94%: the DSC curve shows a strong peak at 765 °C
due to crystallization, after which evolution of sulfur oxides
had stopped. It is possible that some decomposition products
(e.g., polysulfuric acids) condense below 195 °C and do not
enter the analyzing chamber of the mass spectrometer.

Na,CuZn,(50,),

We used the similar synthetic approach as described above
for the Mg end-member compound: Na,SO, (Alfa Aesar,
99%), CuSO, (Prolabo, 98%) and ZnSO, (Sigma-Aldrich,
99%) reagents were mixed in the “corrected” 1:1.09:1.91
ratio, as explained above. The mixture was loaded into a plat-
inum crucible and kept at 500 °C (in accordance with ther-
mal analysis data described below) for 1 h in air, followed by
cooling for 9 h to room temperature. Visual inspection under
an optical microscope revealed four crystalline phases dif-
ferent in color and morphology (Fig. 1c). Each of them was
identified by the means of the single-crystal X-ray diffrac-
tion and SEM-EDX. Light-green crystalline matrix consist-
ing of the irregularly shaped crystals (Fig. 1c) and formed
on the bottom of the crucible was determined as the target
Na,CuZn,(50,),. Unit-cell parameters of the grass-green
prismatic crystals corresponded to the mineral puninite,
Na,Cu;0(50,); (Siidra et al. 2017). Closer to the crucible
walls and upward, a well-crystallized zone of an orange-
brown color (Fig. 1¢) is observed. Unit-cell parameters of
the two types of crystals in this zone correspond to recently
discovered glikinite and synthetic Zn,0(S0,), (Nazarchuk
et al. 2020; Bald and Griihn 1981) and previously known
synthetic Na,Zn(S0O,), (Berg and Thorup 2005). Different
heating regimes were tried and none of them resulted in the
single-phase sample of the Na,CuZn,(SO,),. Crystal struc-
ture description and chemical compositions are reported
below only for Na,CuZn,(S0,), and (Zn,Cu);0(S0,),.

Figure 1b shows the thermal analysis results for the pel-
letized mixture of Na,SO,, CuSO,, and ZnSO, taken in the
ratio listed above. The sample was heated from 40 to 800 °C
and cooled to 150 °C at the same conditions as the previous
one.

The initial heating stage is also accompanied by several
essential thermal effects which are accompanied by max-
ima of the m/z= 18 ionic current, i.e., they also correspond
to release of absorbed water. Next essential endothermal
effects are observed in the 477-526 °C range (corresponding
maxima at 485 and 505 °C) accompanied by the mass loss
of 0.05%. Crystallization of a multiphase sample (Fig. 1c),
containing the desired Na,CuZn,(SO,),, proceeds at essen-
tially lower temperatures compared to its magnesium-based
analog. This process is reflected by two very strong thermal
effects. The 526570 °C range is featureless, and monoto-
nous mass loss is as low as 0.05%. No IC at m/z=48 was
observed.

An endothermal event starts at 583 °C, reaching its maxi-
mum at 678 °C and completing at 691 °C; the mass loss is
1.40%. This is rather common for decomposition processes,
yet no peaks were observed on the IC curves. Most likely, the
decomposition products had condensed before the analyzing
chamber. Another endothermal process commences between
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«Fig.1 TG-DSC-IC curves for the mixture of Na,SO, CuSO, and
MgS0, in 1:1.09:1.91 ratio (a). TG-DSC-IC curves for the mixture
of Na,S0y, CuSO, and ZnSOy in 1:1.09:1.91 ratio (b). An image of
the crucible bottom and wall covered by the various anhydrous sul-
fates obtained in Na,80,4-CuS0O,-ZnSO, system: grass-green nee-
dles of Na;Cu;0(S50y); (analog of puninite), light-orange needles of
(Zn,Cu)0(50y), (analog of glikinite), light-green polycrystalline
matrix of Na,CuZn,(SO,), (Zn-analog of itelmenite) and light-brown
matrix of Na,Zn(SO,); (c). Two back-scattered electron microscope
images of different colored zones are shown above: an orange-colored
zone (orange arrows point on light prismatic and isometric crystals
of (Zn.Cu);0(80,),: a dark-gray matrix consists of Na,Zn(504),
and marked by brown arrows) and green zone (sheaf-like dark-gray
aggregates of Na,Cuy0(S0,); are marked by light-green arrows and
dark-green arrows point on multiple irregularly shaped crystals of
Na,CuZn,(SO,),). Ideal formulas are given

691 and 718 °C with a maximum of 712 °C and mass loss
of 0.98%. Further heating from 718 to 800 °C resulted in
weight loss of 4.63%. No essential effects are observed on
the DSC curve, while an ionic current at m/z =48 was reg-
istered indicating release of sulfur oxides. It is possible that
the decomposition mostly proceeded on the bottom of the
Pt crucible.

Upon cooling, the DSC curve features two strong exother-
mal effects in the 471-417 °C (the corresponding maxima
at 463 and 438 °C). These effects may indicate first-order
transitions (most likely crystallization of several compounds
formed upon heating). As in the previous case, weight loss
continued upon cooling from 800 to 700 °C (2.23%).

Chemical composition

Two samples containing ideally Na,CuZn,(S0,), and
(Zn,Cu);0(S0,), were mounted in epoxy resin and pol-
ished, to avoid degradation due to atmospheric moisture,
without water and oil using a BUELHER CarbiMet P1000,
MicroCut P2500 and ChemoMet I. The samples have
been studied using a Hitachi S-3400 N scanning electron
microscope equipped with an Oxford Instruments X-Max
20 Energy-Dispersive Spectrometer and INCA Wave 500
wavelength dispersive spectrometer. The conditions for
energy-dispersive analysis were: accelerating voltage 20 kV,
electron beam current 1.0 nA and defocused electron beam

(up to 20 pm). The current was measured using a Faraday
cup. X-ray acquisition time was 30 s and X-ray processing
time ‘5’ for analysis. System calibration was performed on
CoKuo-Kp. X-ray matrix correction was carried-out automati-
cally by the Oxford Instruments AZtecTru-Q including an
exponential and pile-up correction routine.

The Na,CuZn,(80,), compound contains 9.4-10.5
wt.% Na,0, 25.7-29. wt.% Zn0O, 9.2-12.8 wt.% CuO and
50.3-51.8 wt.% SO;. Hence, the average composition of the
phase (13 spot analyses, Table 1), calculated for S=4, cor-
responds to Na, ,sCu, ¢,Zn, ,,(SO,), with variation of Zn
between 2.00 and 2.24 atoms per formula unit (apfu) and
Cu between 0.72 and 1.00 apfu. The general formula can be
written as Na,(Cu,_,Zn,)Zn,(S0,), with x=0-0.24.

The (Zn,Cu);0(S0O,), phase, which occurs along with
Na,CuZn,(SO,), (Fig. 2), is Na-free and contains 30.3-36.2
wt.% Zn0, 23.6-28.3 wt.% CuO and 39.4-41.4 wt.% SO;. Its
average composition (11 spot analyses, Table 1), calculated
for §=2,is (Zn; Cu, 3,)O(S80,), and general phase formula
can be written as (Zn,,Cu,)O(S0O,),, with x=1.20-1.45.

In addition, the studied samples contain another Zn-
Cu-S phase (ZnO =26.3-27.6 wt.%, CuO=21.3-22.6
wt.% and SO;=49.1-49.7 wt.%, 5 spot analyses (Table 1)

Fig.2 Back-scattered electron image of the sample containing
Na;CuZn,(50y)y (NaCuZn, gray), (Zn,Cu);0(50,), (ZnCu, white),
CuZn(S0,), (CuZn, light-gray) and Na,Zn(80,), (NaZn, dark-gray)

Table 1 Average compositions

(wt. %) of Na,CuZny(SO,)s, Component Na,CuZn,(SO )y (Zn,Cu);0(S0,), CuZn(SO,), Na,Zn(S0y),
(Zn.Cu);0(S0y),, CuZn(S0Oy), Na,0 1001 bld bld 19.07
and NayZn(S04); Zn0 2720 34.20 27.11 21.83

Cu0 11.21 26.11 21.92 5.16

SO, 50.90 40.12 49.37 52.66

Total 99.32 10043 98.40 98.72

bld - below detection limit



with average formula of Zn; ;3Cuy ,(SO,), and a Na-Zn-
Cu sulfate (Na,O=18.5-20.0 wt.%, ZnO=21.0-24.0 wt.%,
Cu0=3.2-5.7 wt.% and SO;=152.4-53.0 wt.%, 6 spot anal-
yses, Table 1) with average formula of Na, o5(Zn; gsCuy o)
(50,),. Both phases were not studied using XRD or single-
crystal analysis; the former probably corresponds to min-
eral hermannjahnite CuZn(S0O,), (Siidra et al. 2018) and the
latter has no analog among known minerals. Na,Zn(SO,),
(Berg and Thorup 2005) is known among synthetic com-
pounds only.

Powder X-ray diffraction of Na,CuMg,(50,),

The X-ray powder diffraction pattern of Na,CuMg,(SO,),
polycrystalline sample, obtained from Na,SO,, CuSO, and
MgS0, in 1:1.09:1.91 ratio, was collected at room tempera-
ture on a laboratory powder diffractometer (Rigaku Ultima
IV, CuKa radiation). Data were collected with a step of 0.02°
20 using a scanning speed of 3 s per step from 7° to 130°
20. The program JANA2006 (Petficek et al. 2014) was used
to refine the crystal structure. The background was fitted
using Chebyshev polynomial function, and the peak shapes
were described by a Pseudo-Voigt function. The refined unit-
cell parameters of Na,CuMg,(S0,), in Pbca space group
are: a=9.5506(1) A, b=8.7643(1) A, c=28.7100(1) A and
V=2403.2(1) 10\3‘ Rp=2.84%. The final observed, calcu-
lated, and difference powder XRD pattern resulting from
the profile-matching procedure is plotted in Figure S1 which
validates a single-phase sample.

Infrared spectroscopy of Na,CuMg,(S0,),

In order to obtain infrared (IR) absorption spectra for the
present study, powdered sample of Na,CuMg,(S50,),.
obtained from Na,SO,, CuSO, and MgSO, in 1:1.09:1.91
ratio, was mixed with dried KBr, pelletized and analyzed
from 4000 to 400 cm ™! using a Bruker Vertex 70 spectrome-
ter (Bruker Optics) with a resolution of 4 cm~! and 64 scans.
The IR spectrum of an analogous pellet of pure KBr was
used as a reference.

The IR spectrum of preliminary heat treated (to avoid
hydration) Na,CuMg,(S0,), contains three groups of strong
bands (in the ranges 464496, 605-674 and 9931277 em™)
(Figure S§2). Most of the observed peaks correspond to opti-
cally active modes of the three symmetrically independent
SO, tetrahedra (Smith and Seshadri 1999). The peaks from
464 to 496 cm™ ! can be tentative ly assigned to Mg-O vibra-
tions. The frequencies of the Cu—O stretching and O—Cu-O
bending modes are out of the investigated region, i.e.,
150-350 cm™! (Secco 1988).

Thermal analysis of Na,CuMg,(50,),

Thermal analysis of Na,CuMg,(80,), was performed using
aTGA 92-1600 SETARAM analyzer from room tempera-
ture to 650 °C (Figure S3). TGA curve demonstrates the
stability up to 650 °C. However, one should note at~ 50 °C
a7-8 weight % loss, assigned to adsorbed H,O, a systematic
drawback dealing with sulfates.

High-temperature X-ray diffraction
of Na,CuMg,(50,),

Thermal expansion of Na,CuMg,(S0O,), was studied in air
by means of a Rigaku Ultima X-ray diffractometer (CoKa
radiation) with a high-temperature camera Rigaku HTA
1600. The sample was prepared from heptane’s suspension
on a Pt-Rh plate. The temperature step was 50 °C in the
range 50—400 °C and 20 °C in the range of 400-680 °C.
Unit-cell parameters at different temperatures were refined
by least-square methods. Main coefficients of the thermal
expansion tensor were determined using ThetaToTensor
program (Firsova et al. 2011).

HTXRD data (Fig. 3a) are consistent with thermal
analysis data reported above. In general, the pattern does
not undergo significant changes. Na,CuMg,(50,), starts
to decompose at 620 °C and peaks of CuO start to appear.
Using data up to the decomposition we found a volumetric
dilatation coefficient @ = 53 - 107 °C which is rather high,
in accordance with the rather “soft” framework offered by
sulfates. However, this dilation is strongly anisotropic, as
verified plotting the temperature dependence of the cell
parameters (Fig. 3b) of Na,CuMg,(S0,), in the appro-
priate thermal range. They can be expressed by the fol-
lowing functions after fitting, where the temperature T is
expressed in C:

a, = 9.55759(59) +0.1235(14) x 107°T
b, = 8.7675(10) + 0.0717(23) x 10~°T
¢, = 28.7345(86) +0.330(58) x 10737 + 0.885(84) x 107672

V, = 2407.39(49) + 82(3) x 10T +70(5) x 107°T*

It is noteworthy that the most expanding direction is
the c-axis giving the first experimental clue about a rather
anisotropic and complex structural framework, as detailed
below.
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The IR spectrum of preliminary heat treated (to avoid
hydration) Na,CuMg,(S0,), contains three groups of strong
bands (in the ranges 464496, 605-674 and 9931277 em™)
(Figure S§2). Most of the observed peaks correspond to opti-
cally active modes of the three symmetrically independent
SO, tetrahedra (Smith and Seshadri 1999). The peaks from
464 to 496 cm™ ! can be tentative ly assigned to Mg-O vibra-
tions. The frequencies of the Cu—O stretching and O—Cu-O
bending modes are out of the investigated region, i.e.,
150-350 cm™! (Secco 1988).

Thermal analysis of Na,CuMg,(50,),

Thermal analysis of Na,CuMg,(80,), was performed using
aTGA 92-1600 SETARAM analyzer from room tempera-
ture to 650 °C (Figure S3). TGA curve demonstrates the
stability up to 650 °C. However, one should note at~ 50 °C
a7-8 weight % loss, assigned to adsorbed H,O, a systematic
drawback dealing with sulfates.

High-temperature X-ray diffraction
of Na,CuMg,(50,),

Thermal expansion of Na,CuMg,(S0O,), was studied in air
by means of a Rigaku Ultima X-ray diffractometer (CoKa
radiation) with a high-temperature camera Rigaku HTA
1600. The sample was prepared from heptane’s suspension
on a Pt-Rh plate. The temperature step was 50 °C in the
range 50—400 °C and 20 °C in the range of 400-680 °C.
Unit-cell parameters at different temperatures were refined
by least-square methods. Main coefficients of the thermal
expansion tensor were determined using ThetaToTensor
program (Firsova et al. 2011).

HTXRD data (Fig. 3a) are consistent with thermal
analysis data reported above. In general, the pattern does
not undergo significant changes. Na,CuMg,(50,), starts
to decompose at 620 °C and peaks of CuO start to appear.
Using data up to the decomposition we found a volumetric
dilatation coefficient @ = 53 - 107 °C which is rather high,
in accordance with the rather “soft” framework offered by
sulfates. However, this dilation is strongly anisotropic, as
verified plotting the temperature dependence of the cell
parameters (Fig. 3b) of Na,CuMg,(S0,), in the appro-
priate thermal range. They can be expressed by the fol-
lowing functions after fitting, where the temperature T is
expressed in C:

a, = 9.55759(59) +0.1235(14) x 107°T
b, = 8.7675(10) + 0.0717(23) x 10~°T
¢, = 28.7345(86) +0.330(58) x 10737 + 0.885(84) x 107672

V, = 2407.39(49) + 82(3) x 10T +70(5) x 107°T*

It is noteworthy that the most expanding direction is
the c-axis giving the first experimental clue about a rather
anisotropic and complex structural framework, as detailed
below.
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Fig. 3 Three-dimensional perspective plot showing all diffractograms for Na;,CuMg,(SO,), over 10-75° 2@ with increasing temperature (a). The
temperature dependences of the unit-cell parameters and volume for Na;CuMg,(SOy), (b)

Single-crystal X-ray diffraction analysis

Single crystals of Na,CuMg,(S0,),, Na,CuZn,(SO,), and
(Zn,Cu);0(S0,), were mounted on thin glass fibers for X-ray
diffraction analysis using Bruker APEX II DUO X-ray dif-
fractometer with a microfocus X-ray tube operated with MoKa
radiation at 50 kV and 0.6 mA. The data were integrated and
corrected for absorption using a multiscan type model imple-
mented in the Bruker program APEX2 (Bruker-AXS 2014).
More than a hemisphere of X-ray diffraction data were col-
lected for each crystal. Initial atomic coordinates for the crys-
tal structures of Na,CuMg,(50,), and Na,CuZn,(SO,), were
taken from the structure of itelmenite (Nazarchuk et al. 2018).
Both of the crystal structures were further refined in the Pbca
space group to R;=0.036 and R; =0.053 for Na,CuMg,(SO,)4
and Na,CuZn,(80,),. respectively using the SHELXL pro-
gram (Sheldrick 2015). Atomic coordinates reported for
glikinite (Nazarchuk et al. 2020) were refined to R;=0.053 in
the crystal structure of (Zn,Cu);0(S0,),. The main crystallo-
graphic information for all three new synthetic phases is sum-
marized in Table 2. Selected interatomic distances are given
in Tables 3 and 4.

Structure description

Na,CuMg,(50,),and Na,CuZn,(50,),

There are three M sites (Fig. 4a), all coordinated by distorted
octahedral arrays of O atoms with average M—O distances in

the range, 2.08-2.17 A (Table 3) in Na,CuMg,(80,),,
Na,CuZn,(50,), and itelmenite Na,CuMg,(50,), (Nazar-
chuk et al., 2018). M10, polyhedron has five M1-O bonds
in the range 1.95-2.16 A and sixth significantly longer M1-O
bond~2.8 A. Similar coordination environments are also
observed for M2 site. Thus, both M1 and M2 can be
described as Jahn-Teller-distorted MOs_ | coordinations. M3
site has symmetrical [60] octahedral coordination with two
slightly elongated apical bonds of 2.15-2.29 A ln general,
substitution of Mg?* (r=0.72 A) by Zn2* (r=0.74 A)
slightly increases M—O bond lengths. MO, polyhedra are
characterized by the different degree of distortion (Table 4).
The following A, bond-length distortion parameter, sug-
gested in Wildner 1992, was used for octahedrally coordi-

nated M sﬁites in both Na,CuMg,(S0,), and Na;CuZn,(SO),:

2
A=ty [(";m—”} where d.= (M-0) bond-length,

d,= <:M—|0>b0nd—length (M=Cu, Mg, Zn). All of the
M-O bonds <3 A were taken into consideration (Table 3).
Dealing with Mg?* alkali earth against Cu”* transition
metal, the A, values correlate rather well with the content
of Cu* cation in M sites due to the Cu®* Jahn-Teller distor-
tion. Cu:Mg ratio in M sites was obtained during the refine-
ment of the crystal structure of Na,CuMg,(S0,), (Table 5).
Cu?* cation dominates in M1 site, whereas only 22.5% of
copper is present in M2. The M3 site is almost completely
occupied by Mg>* cations in Na,CuMg,(SO ), in agreement
with very symmetrical coordination environment.






Table 2 Crystallographic data for Na;CuMg,(SOy)y. Na;CuZn,(SOy), and (Zn,Cu);0(S0y),

Na,CuMg,(50,), Na,CuZn,(50,), (Zn,Cu);0(50,),

Crystal system Orthorhombic Orthorhombic Monoclinic
Space group Pbca Pbea P2\/m
Unit-cell dimensions

a(A) 9.531 (7) 9.458 (5) 7.3156 (6)

b (A) 8.745 (6) 8.811(4) 6.6004 (5)

c(A) 28.71(2) 28.850 (15) 7.8941(7)
£ 117.424 (5)
Unit-cell volume (A%) 2393 (3) 2404 (2) 338.34(3)
Z 4 4 2
Calculated density (geem™) 3.032 3.450 3.968
Absorption coefficient (mm") 2.966 6.581 11.194

Crystal size (mm)
Data collection

0.15x0.15x0.10

Temperature (K) 296(2)
Radiation, wavelength (A) MoKa, 0.71073
@ range (°) 1.418—26.757
h. k. I ranges —-8—12
—11—8
—36—36
Total reflections collected 10.945
Unique reflections (R, ) 2532 (0.06)
Unique reflections F > 46(F) 1857

Structure refinement

Refinement method

Full-matrix least-squares
on F?

0.18x0.18x0.10

0.10x0.10x0.10

296(2) 296(2)

MoKa, 0.71073 MoKa, 0.71073
1.412—27.997 2.907-27.466
—12—=10 —12—10
—11-8 —11—8
—36—38 - 36—138
12.574 848

2894 (0.12) 844(0.02)

1679 783

Full-matrix least-squares

Full-matrix least-squares on F~

on F?
0.048500 0.000200, 11.927700
2894/0/227 844/12/80
0.0533, 0.107 0.054,0.104
0.113,0.133 0.059,0.107
0.958 1.144
1.104, — 0.941 1.747.— 1.698

Weighting coefficients a, b 0.035000
Data/restraints/parameters 2532/0/230

R| [F>4a(F)]. wR, [F > 46(F)] 0.036, 0.074
R, all, wR; all 0.059, 0.083
Gof on F? 1.006

Largest diff. peak and hole (e A 0.538, — 0.487

The question of Cu** and Zn>* cation distribution is
significantly more difficult in Na,CuZn,(SO,),, due to the
very poor Cu/Zn scattering contrast by XRD. It can be only
qualitatively (Table 5) partially answered on the basis of
the different octahedral distortions of the Cu and Zn sites.
Despite similar ionic radii, intuitively the Cu** Jahn-Teller
effect is responsible for strong octahedral distortion. How-
ever, the second order Jahn—Teller effect which occurs for
Zn** with a completely filled 34" shell (Boucher et al. 1994)
can also lead to strong polyhedral distortion, such that Cu>*
for Zn>* substitution in similar sites is possible. The strong-
est distortion is observed for M105_, octahedron in the
crystal structures of both the mineral and its two synthetic
analogs reported herein. The M30, octahedron is obviously
the least distorted preserving its main octahedral shape. Its

A, % 10 value is close to 1 for M30g in itelmenite and
synthetic Na,CuMg,(SO,),. ImportantlyA , is preserved for
M10s, | and M20s_, despite distance changes in the latter
and significantly increased for M30; in Na,CuZn,(SO,),,
where it is expected to be mostly occupied by Zn>**. Accord-
ing to these coordination changes after replacing Zn** for
Mg+, Cu®* cations are expected dominant in M1 site in
Na,CuZn,(S0,),, and in minor amount in M2 and M3.

There are two positions fully occupied by Na in
Na,CuMg,(50,), and Na,CuZn,(SO,),. Nal atom forms
ten Na—O bonds in the range 2.38-3.25 A, whereas Na2 is
coordinated by the eight O atoms in the range 2.38-2.87 A.
In the crystal structure of natural itelmenite (Nazarchuk et al.
2018), admixture of K is concentrated in Nal site with the
larger coordination sphere.
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Fig.4 Coordination of M sites in CuMg;0(SOy); and CuZn;0(SOy),
(distances < 2.5 A are shown by dashed lines) (left) and general pro-
jection of the crystal structure of Na,CuMg,(SO,), along the b axis

Table 4 Selected interatomic distances (in ;\) in glikinite (Nazarchuk et al.
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(weak Cu-O bonds>2.5 A arc omitted for clarity) (a). Pole figures
of the thermal expansion coefficients of Na,CuMg,(SO,), at different
temperatures (b)

2020) and (Zn.Cu);0(S0y),

Glikinite (Zn.Cu);0(S0y),
M1-01 1.878 (5)x2 S1-07 1.361 (15) M1-01 1.878 (4)x2 S1-07 1.406 (18)
M1-02 2.191 (10)x2 S1-06 1.435(18) M1-02 2.206 (9)x2 S1-06 1.41(2)
M1-04 2.230 (10)x2 S1-04 1.465 (13)x2 M1-04 2.233 (10)x2 S1-04 1.473 (10)x2
<M1-O0> 2.100 <S1-0> 1.432 <MI1-0> 2.104 <S1-0> 1.441
M2-06 1.902 (17) S2-03 1.413 (14) M2-06 1.91 (2) S$2-05 1.453 (11)
M2-01 1.939 (12) S$2-05 1.435 (13) M2-03 1.956 (12) S$2-03 1.481 (12)
M2-03 1.967 (14) S2-02 1.480 (12)x2 M2-01 1.982 (13) $2-02 1.465 (10)x2
M2-02 2.153 (13)x2 <S2-0> 1.451 M2-02 2.165 (10)x2 <S2-0> 1.466
<M2-0> 2.023 <M2-0> 2.036

01-M1 1.878 (5)x 2 O1-M1 1.878 (4)x2
M3-07 1.938 (15) 01-M2 1.939 (12) M3-07 1.906 (19) O1-M2 1.982 (13)
M3-05 1.977 (14) 01-M3 1.987 (13) M3-01 1.966 (13) 01-M3 1.966 (13)
M3-01 1.987 (13) <0O1-M> 1.921 M3-05 1.966 (12) <Ol1-M> 1.926
M3-04 2.144 (15)x2 M3-04 2.149 (11)x2
<M3-O> 2.038 <M3-0> 2.027

Four symmetrically independent S®* cations show
very similar S-O bond lengths in itelmenite and
Na,CuMg,(SO,) 4, Na,CuZn,(SO,),. The < S—-O> distances
demonstrate very similar values of ~1.47 A

The structural architecture of Na,CuMg,(SO,), and
Na,CuZn,(SO,), is simple, where each of the vertices of
the SO, tetrahedron is common with one of the vertices of



Table 5 M site populations and
Ay % 107 in the structures of
itelmenite, Na,CuMg,(S0,),

Itelmenite
(Nazarchuk et al. 2018)

and Na,CuZn,(SO,)4 M1

M2
M3

Cuy Mgy geZing
Mgy 55Cug 39Zng g
Mgg 91Zng09

20.62
16.55
1.11

Ay x 107 Na,CuMgy(SOy); A, x 1073 NayCuZny(SOy)y A, x 1077
Cug 05 M2 1505, 19:98 Cu>7Zn 20.92
Mg 7754Cup 2054y 17.64 Zn>Cu 17.48
Mg a493Cup sy 1.38 Zn>Cu 2.18

the MO, octahedron. The resulting system of channels in the
framework is filled by Na* cations (Fig. 4b). Itelmenite-type
structural topology is unknown in synthetic compounds.

High-temperature powder X-ray diffraction studies
(Fig. 3) show that [CuMgQ(SOd)4]2_ framework upon heating
expands anisotropically (Fig. 4b). Note that, at room tem-
perature expansion is almost isotropic. The thermal expan-
sion occurs mostly in the direction of os;.

(Zn,Cu);0(50,),

There are three M sites (Table 5) in the structure of synthetic
analog of glikinite. Refinement of the crystal structure is
complicated by the presence of the significant amount of
Cu?* (see chemical composition above) distributed over M
sites. The M1 site has a slightly distorted octahedral coor-
dination with A, x 1073 = 5.87. Relatively small value
indicates only minor presence of Cu** in M 10, octahedron.
M?2 and M3 sites are 5-coordinated (Fig. 5a). Addison tau-
parameter has been used to describe the distortion around
M?2 and M3 sites. Values of t=0.41 and t=0.35 for M2 and
M3 sites, respectively, were calculated. Thus coordination
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environments of both sites are intermediate from square
pyramidal to trigonal bipyramidal geometry. M205 and
M30; coordinations are more typical for Cu>* rather than
to Zn>*. The question of the distribution of Cu** and Zn?* in
glikinite and its synthetic analog remains a debate.
Average S—O bond lengths show typical values of 1.441
and 1.466 A for the S$10, and S20, tetrahedra, respectively.
The structure of (Zn,Cu);O(S0,), contains seven O™ ani-
ons. The 02-07 are strongly bonded in SO,>~ groups. The
O1 atom is tetrahedrally coordinated by four Zn>*, Cu>*
cations, forming short and strong O-Zn bonds. From the
viewpoint of bond valence theory, these bonds are the
strongest in the structure and thus it makes absolute sense to
consider the O1 atoms as centers of oxocentered O(Zn.Cu),
tetrahedra. The mean O-Zn length in the O1Zn, tetrahedron
is 1.926 ;3\. which is typical for such units (Krivovichev
et al. 2013) taking into account high content of Cu®*. The
O(Zn,Cu), tetrahedra link together via common vertices to
form [(Zn.Cu)30]4+ single chains (Fig. 5b). In this unit, each
tetrahedron shares two of four vertices with adjacent tetra-
hedra. The [(Zn.CuhO]"Jr single chains extend along the b

Fig.5 Coordination of M sites in (Zn.Cu);0(S0,), (a). [1"-‘5"30]1+ chain elongated along the b axis (b). General projection of the crystal structure

of (Zn,Cu):0(804), (¢). [M30]** chains are highlighted by blue



axis. Oxocentered chains are interconnected via SO, groups
into framework projected in Fig. 5c.

Evaluation of Na™-ion diffusion
in Na,CuM,(S0,), (M=Mg, Zn)

The BVEL iso-energy surfaces were generated based on
the structural data of the synthetic Na,CuMg,(S50,), phase
using the BondStr program (FullProf Suite (Rodriguez-
Carvajal, 1993)). Figure 6 demonstrates calculated possi-
ble Na* diffusion pathways in Na,CuM,(SO,), considering
all counterions at distances up to 8 A and the polarizabil-
ity of Na*. An energy of 1.6 eV is usually considered as
required percolation energy for the diffusion of Na* in con-
ducting polyanionic compounds (Sun et al. 2015; Boivin
et al. 2016; Kovrugin et al. 2018). In the framework of
Na,CuM,(S0O,),. the iso-energy surface of 1.6 eV represents
a non-interconnected ion diffusion path (Fig. 6a) indicat-
ing a limited Na* diffusion inside the structure. The energy
level leading to an infinitely connected surface for Na* dif-
fusion in Na,CuM,(S0,), corresponds only to 3.0 eV above
the minimum energy level (Fig. 6b), which is a rather high
energy barrier far above the expected BVEL calculations of
L < 1.5 eV for any fast ion conductor (Katcho et al 2019)
and, thus, the Na,CuM,(SO,), framework cannot be consid-
ered as a good Na* conductor. Meanwhile, it should be noted
that a lithiated analog of the structure can probably induce a
higher ionic conductivity (Boivin et al. 2017).

The esimated low conductivity of the Na,CuM,(50,),
framework is not surprising, since there is a number of
works reporting a limited ion diffusion inside sulfate pol-
yanionic structures (Lander et al. 2017; Kovrugin et al.
2019). However, we believe that the sulfate-based cathodes
have a commercial potential in future considering the high

Fig.6 Na'-ion diffusion pathways obtained using bond valence
energy landscapes with an iso-energy surface value of 1.6 eV (a) and
3.0 eV (b) above the minimum energy level. The iso-energy surfaces
of 1.6 and 3.0 eV are shown by cyan and pink. respectively. Legend
for the unit-cell content see in Fig. 4

electronegative nature of sulfur, which may deliver the high-
est redox potential and lead to formation of cathode materi-
als offering high voltage operation and, thus, competitive
energy density overcoming weight penalties and lower
theoretical capacity in comparison with conventional oxide
cathodes.

Discussion

Our experiments indicate that investigation of anhydrous
sulfate systems reproduces many compounds known before
as mineral species only. It appeared possible to obtain the
Zn- and Mg-analogs of itelmenite. Moreover, the latter was
obtained as a pure phase which allowed the study of ther-
mal expansion. The possibility of the formation of synthetic
analogs of puninite Na,Cu;0(S0,), (Siidra et al. 2017), her-
mannjahnite CuZn(SO,), (Siidra et al. 2018) and glikinite
Zn;0(80,), (Nazarchuk et al. 2020) as side products has
been shown. On the other hand, the presence of Na,Zn(S0,),
compound (Berg and Thorup 2005) among the crystallized
phases, unknown to date as a mineral, shows a high prob-
ability of finding such a mineral species in the fumaroles of
the scoria cones of the Tolbachik volcano. Note that all the
compounds synthesized in our work were obtained by the
method of solid-state reactions in open air.

Earlier, in Nazarchuk et al. (2018), we have suggested that
itelmenite may form as a result of the interaction between
gas and basalt scoria. This hypothesis is confirmed by the
syntheses and phase formation described above. Mg and
possibly Na components in the fumarole come from the
scoria, not from the gases. The concentrations of metals in
the Tolbachik gases, during recent 2012-2013 eruption, are
higher than the corresponding concentrations in high-tem-
perature fumaroles worldwide (Zelenski et al. 2014). The
hot Cu, Zn and sulfate bearing fumarolic gases condense on
the surfaces of the scoria, forming a liquid which dissolves
Na and Mg species from the basaltic scoria which then crys-
tallize once the temperature is sufficiently low. Our study
shows that outstanding mineralogical diversity observed in
the fumaroles of scoria cones is not only due to the forma-
tion from the gas enriched by transition metals and involves
also intensive exchange with the host basaltic scoria. The
similar processes seem also to be responsible for the recrys-
tallization of silicates described from deep and hot zones of
Arsenatnaya fumarole (Shchipalkina et al. 2020).

The phase formation in the system with Mg turned out
to be interesting and very different from the system with
Zn. Apparently, such a difference can be explained by much
lower melting point of ZnSO, (680 °C) compared with
MgSO, (1137 °C). In addition, zinc has crystal chemi-
cal affinity for copper, which leads to a greater structural



diversity of the newly formed phases and more complex
phase diagrams not available to date.

Zn;0(S0,), phase was previously described by Bald
and Griihn (1981). Interestingly, the polyhedra of zinc in
the previously described Cu-free synthetic compound and
the polyhedra with a significant admixture of copper in the
(Zn,Cu);0(S0,), described above and glikinite demonstrate
very similar bond lengths and overall geometry. Jahn—Teller
effect of Cu’* in octahedral environment and the second
order Jahn-Teller effect of Zn* result in distortions of simi-
lar magnitude (Halcrow 2013).

In our opinion, a significant amount of copper is impor-
tant for the stabilization of this structure type and the forma-
tion of oxocentered [(Zn,Cu);0]** units. Admixture of Cu>*
also controls the formation of itelmenite-type phases.
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