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ABSTRACT: Single crystals and polycrystalline samples of a
synthetic analogue of saranchinaite, Na2Cu(SO4)2, have been
prepared by two different methods. The structural analysis
revealed unusual heptahedral CuO7 coordination [4 + 1 + 2] of
Cu2+ cations in its crystal structure. The title compound
crystallizes in the noncentrosymmetric space group P21 and
exhibits the averaged nonlinear coefficient ⟨d⟩ = 1.4[d14(SiO2)] ≈
0.5 pm/V. Electrochemical tests showed a limited electrochemical
performance and low mobility of Na ions in the structure. The
magnetic properties of Na2Cu(SO4)2 reflect its crystal structure
with half of copper cations as mainly paramagnetic and the other
half as strongly engaged in antiferromagnetic dimer interactions.
Analysis of the synthesis methods for preparation of the other Na-containing anhydrous sulfates is reported. Dehydration of the
Na2M(SO4)2(H2O)x (x = 0−6) phases, various structure types, and the structural complexity of Na2M(SO4)2 (M = Mn, Co, Ni,
Cu, Zn, Cd) compounds are also discussed.

■ INTRODUCTION

Mineralogy has always provided an inspiration for finding new
materials with useful properties.1−3 Nowadays, the exper-
imental mineralogy of sulfates is experiencing a renaissance due
to their geochemical abundance in nature on Earth and recent
discoveries of significant amount of sulfates on the surface of
Mars.4,5 Synthetic sulfate compounds are also of special
interest from the viewpoint of exhibiting promising physical
properties. For example, novel polyanionic materials with high
voltage potential of electrodes can be fabricated by substituting
a phosphate anion by a sulfate anion,6−11 thus taking advantage
of the higher electronegativity of SO4 groups.12 Indeed, the
mineral-inspired eldfellite-type NaFe(SO4)2 phase has been
recently considered as a low-cost cathode in a rechargeable Na
ion battery, demonstrating about 80 mAh/g of reversible
capacity with a discharge voltage of 3.0 V vs Na+/Na for a
relatively long life.13−16 However, we should note that most
anhydrous sulfates are unstable under ambient conditions and
are easily hydrated. This fact as well as complicated synthesis
methods make them difficult for investigation. In contrast, the
hydrated sulfates have been shown to be earth-abundant
mineral species and can be relatively easily prepared in a
laboratory. Though several works devoted to the investigation

of electrochemical behavior of the kröhnkite type, Na2Fe-
(SO4)2(H2O)2,

17−20 and blödite type, Na2M(SO4)2(H2O)4 (M
= Mg, Fe, Co, Ni, Zn),21 compositions have been reported so
far, the electrochemical performance (reversible discharge
capacities less than ∼80 mAh/g) is worse than that of
anhydrous sulfates. Taking into account structural linkages
between hydrated and anhydrous sulfates,22 the hydrates can
be used as precursors for syntheses of anhydrous composi-
tions.23,24 Herein, we further explore this avenue and turn our
mind to investigation of crystal growth and crystal chemistry of
anhydrous and hydrated mineral-inspired transition-metal
sulfates. Recent studies have demonstrated that the design of
synthetic analogues of mineral-inspired phases may offer new,
uncommon information and deep insight into aspects of crystal
structure and crystal growth.25−27 On the basis of all these
considerations, we report on the synthesis of the synthetic
analogue of the recently reported exhalative mineral
saranchinaite,28 Na2Cu(SO4)2, discuss its structural, optical,
thermal, electrochemical, and magnetic properties for the first
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time, and review various structure types in a series of
Na2M(SO4)2 (M = Mn, Co, Ni, Cu, Zn, Cd) compositions.

■ EXPERIMENTAL SECTION
Single-Crystal Growth. By analogy with a formation of

saranchinaite as a result of high-temperature exhalative processes
occurring in the fumarole fields of Tolbachik volcano,28 single crystals
of Na2Cu(SO4)2 were grown by slow cooling of a melt containing
equimolar quantities of anhydrous CuSO4 (Prolabo, 98%) and
Na2SO4 (Alfa Aesar, 99%). As reported in our previous works, this
method has appeared to resemble crystal growth processes from
volcanic gases.26,29,30 Precursors were predried at 100 °C for 2 h and
further rapidly mixed and ground in an agate mortar in air for 5 min.
The reaction mixture of precursors was loaded into a quartz ampule
(ca. 15 × 0.9 cm), which was evacuated (10−2 mbar) and further
sealed. The ampule was placed horizontally in a tubular furnace and
heated to 950 °C at a rate of 230 °C/h and further held at this
temperature for 72 h to produce a blue homogeneous melt. Then it
was slowly cooled at a rate of 12.5 °C/h to 650 °C and further held
for 24 h more. Finally, the furnace was slowly cooled to room
temperature at a rate of 13.0 °C/h. The resulting solid products in the
evacuated ampule are shown in Figure 1a.

The as-prepared Na2Cu(SO4)2 is sensitive to air moisture and
starts to transform to the hydrated kröhnkite-type Na2Cu-
(SO4)2(H2O)2 composition after 12 h of exposure to air, which is
accompanied by a color change to a pale blue material. Single crystals
of Na2Cu(SO4)2 in a crystalline matrix of Na2Cu(SO4)2(H2O)2 are
shown in Figure 1b. Note that the observed hydration process is
reversible, and the solids may be easily dehydrated by heating of the
crystalline sample to 300 °C for 2 h.
Polycrystalline Sample Preparation. Powder samples of

Na2Cu(SO4)2 were prepared by a coprecipitation-type synthesis
process. CuSO4·5H2O (Sigma-Aldrich, ≥99.0%) and Na2SO4 (Alfa
Aesar, 99%) were used as starting materials, while distilled water was
used as solvent. The starting precursors taken in a 1.2:1.0 (=CuSO4·
5H2O:Na2SO4) ratio were completely dissolved in water with
vigorous magnetic stirring at room temperature in two steps. The
speed of rotation was maintained at 300 rpm during the reaction.
First, sodium sulfate was dissolved in water for 15 min. Then copper
sulfate pentahydrate was added, and it was dissolved for the same time
period until the solution became a homogeneous bright blue color
(Figure 1c). Afterward, the solution of the reactants was heated to 110
°C for 5 h until evaporation. The resulting powder with a light blue
color contains both saranchiniate-type Na2Cu(SO4)2 and kröhnkite-
type Na2Cu(SO4)2(H2O)2 phases, as identified by powder X-ray
diffraction analysis. Finally, the obtained mixture was heated to 300

°C for 2 h to produce a polycrystalline sample of anhydrous
Na2Cu(SO4)2 (Figure 1d). A high-purity (99%) sample was
confirmed by X-ray powder diffraction analysis. Note, however, that
there were several small peaks of an unidentified impurity, as
illustrated in Figure 2 (inset).

The equimolar amounts of starting precursors resulted in a
preparation of Na2Cu(SO4)2 with a small amount of Na2SO4 as an
admixture. The probable hydration of starting precursors may serve as
an explanation for the observed impurity of sodium sulfate.

The as-prepared powder sample of Na2Cu(SO4)2 is less sensitive to
air moisture in comparison to the crystals grown in an evacuated
ampule. Hence, the powder is stable in air for about 2 days. To
prevent further hydration, the sample should be kept in an oven at
100 °C or in a glovebox.

Single-Crystal X-ray Diffraction. Single crystals of Na2Cu(SO4)2
selected for X-ray diffraction (XRD) data collection were mounted on
thin glass fibers and tested on a Bruker APEX II DUO X-ray
diffractometer with a Mo IμS microfocus X-ray tube (λ = 0.71073 Å)
operated at 50 kV and 0.6 mA. More than a hemisphere of three-
dimensional XRD data was collected with a frame width of 0.5° in ω
and a 35 s count time for each frame. Then the collected data were
integrated and corrected for absorption using a multiscan type model
using Bruker software. Initial atomic coordinates for the crystal
structure of synthetic Na2Cu(SO4)2 were taken from the structure of
the previously reported mineral phase.28 The crystal structure was
further refined in the noncentrosymmetric P21 space group to R1 =
0.020 (wR2 = 0.044) for 6263 reflections with |Fo| ≥ 4σF by using the
SHELXL program implemented in the WinGX program package.31

The main crystallographic information for the synthetic and mineral
phases is summarized in Table 1. Selected interatomic distances and
results of bond valence calculations for Cu2+ are given in Table 2.
Fractional atomic coordinates, atomic displacement parameters, and a
comparison of Na−O bonds in the structures of synthetic and mineral
phases are given in Tables S1−S3 in the Supporting Information.
CCDC-1866049 (CSD, Cambridge) contains the supplementary
crystallographic information for synthetic Na2Cu(SO4)2.

Powder X-ray Diffraction. Routine powder XRD analyses of the
samples were performed at room temperature using a D8 Advance
Bruker diffractometer (Cu Kα radiation, λ = 1.5405 Å), with a step
width of 0.02°. A high-quality XRD pattern used for profile matching
analysis was recorded in the 2θ range of 5−100° with a step size of
0.01° using a Rigaku Smartlab diffractometer equipped with a 9 kW
rotating anode. The profile matching analysis was carried out in the
JANA2006 crystallographic system.32 The background was fitted
using a Chebyshev polynomial function, and the peak shapes were
described by a pseudo-Voigt function. The refined unit-cell
parameters in the space group P21 are a = 8.9655(1) Å, b =
15.5366(1) Å, c = 10.1384(1) Å, β = 107.07(1)°, and V = 1350(1) Å3.
The final observed, calculated, and difference powder XRD patterns
resulting from the profile-matching procedure are plotted in Figure 2.

Figure 1. Evacuated ampule with Na2Cu(SO4)2 (a), single crystal of
Na2Cu(SO4)2 in kröhnkite-based matrix (b), homogeneous aqueous
precursor for Na2Cu(SO4)2 (c), and pure powder sample of
Na2Cu(SO4)2 (d).

Figure 2. Results of the profile-matching analysis of Na2Cu(SO4)2
from the powder XRD data. Impurities are shown by black triangles.
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Infrared Spectroscopy (FTIR). The infrared (IR) spectrum
(Figure 3a) of polycrystalline Na2Cu(SO4)2 was measured using a
PerkinElmer Spectrum Two FTIR spectrometer equipped with a
diamond attenuated total reflectance (ATR) accessory with a
resolution of 4 cm−1 and 16 scans. Absorption bands in the IR
spectrum of Na2Cu(SO4)2 and their assignments are as follows
(cm−1): 1248−955 (ν4 S−O stretching vibrations), 684−605 (ν1 and
ν3 S−O bending vibrations), 520 (ν Cu−O stretching vibrations).
The splitting of all bands in the range 900−1250 cm−1 is due to the
presence of eight symmetrically independent (SO4)

2− anions with a
distorted-tetrahedral geometry. The band assignments were done
according to refs 33−39. Note that after several hours of exposure to

open air, Na2Cu(SO4)2 starts to hydrate with the appearance of an
intense band at 860 cm−1 (Cu···O−H bending vibrations).

Thermal Analysis (DTA). Differential thermal analysis was done
on a TGA 92 SETARAM instrument in an air atmosphere with a
heating rate of 5 °C min−1 from room temperature up to 630 °C and
the reverse (Figure 3b). Thermal evolution of synthetic Na2Cu(SO4)2
occurs in three steps upon heating. The observed thermal phenomena
are consistent with the temperature values of the phase trans-
formations for the natural phase (mineral) determined recently by our
high-temperature powder XRD (HTPXRD) study.28 Thus, the
powder XRD patterns collected for the mineral (Na,K)2Cu(SO4)2
phase (Figure S1) were used for further comparative thermal analysis.
The first small endothermic peak centered at 410 °C is related to the

Table 1. Single-Crystal and Structure Refinement Data for
Synthetic Na2Cu(SO4)2 and Its “Natural” Analogue
Saranchinaite28

Na2Cu(SO4)2 (Na,K)2Cu(SO4)2
28

Crystal Data
space group P21 P21
a (Å) 8.9711(3) 9.0109(5)
b (Å) 15.5482(5) 15.5355(8)
c (Å) 10.1421(3) 10.1507(5)
β (deg) 107.155(1) 107.079(2)
V (Å3) 1351.73(7) 1367.06(12)
Z 2 2
ρcalc (g cm−3) 2.964 2.970
μ (mm−1) 3.987 3.982

Data Collection
F(000) 1176 1181
θ range (deg) 2.1−31.6 2.1−22.7
hkl limits −13 → +13 −9 → +9

−15 → +22 −16 → +16
−14 → +14 −11 → +11

total no. of rflns 16018 10024
no. of unique rflns (Rint) 6585 (0.0238) 3642 (0.0394)
no. of unique rflns, F > 4σF 6263 3236

Refinement
R1 (F > 4σF), wR2 (F > 4σF) 0.0204, 0.0436 0.0295, 0.0580
R1 (all), wR2 (all) 0.0224, 0.0443 0.0381, 0.0610
GOF 1.009 0.965
Δρmax, Δρmin (e Å−3) 0.549, −0.437 0.459, −0.465

Table 2. Cu−O Bond Lengths (in Å) and Bond Valence Sums in Brackets (in Valence Units, vu) in the Structures of Synthetic
Na2Cu(SO4)2 and Its “Natural” Analogue Saranchinaite28 a

atoms Na2Cu(SO4)2 saranchinaite atoms Na2Cu(SO4)2 saranchinaite

Cu1−O14 1.929(2) [0.51] 1.947(7) [0.49] Cu3−O1 1.928(2) [0.51] 1.936(7) [0.50]
Cu1−O19 1.938(2) [0.50] 1.945(7) [0.49] Cu3−O4 1.938(2) [0.50] 1.946(7) [0.49]
Cu1−O5 2.020(2) [0.40] 2.027(8) [0.39] Cu3−O7 1.946(2) [0.49] 1.952(7) [0.48]
Cu1−O15 2.025(2) [0.39] 2.041(7) [0.38] Cu3−O3 1.968(2) [0.46] 1.970(7) [0.46]
Cu1−O23 2.287(2) [0.19] 2.283(8) [0.20] Cu3−O31 2.352(2) [0.16] 2.352(7) [0.16]
Cu1−O29 2.839(3) [0.04] 2.777(9) [0.05] Cu3−O9 2.938(2) [0.03] 2.968(7) [0.03]
Cu1−O32 3.065(3) [0.02] 3.100(9) [0.02] Cu3−O24 3.012(3) [0.03] 3.030(7) [0.03]
av [BVS] 2.173 [2.03] 2.170 [1.98] av [BVS] 2.297 [2.17] 2.308 [2.14]
Cu2−O13 1.947(2) [0.48] 1.943(7) [0.49] Cu4−O30 1.960(2) [0.47] 1.975(7) [0.45]
Cu2−O26 1.950(2) [0.48] 1.954(7) [0.48] Cu4−O16 1.962(2) [0.47] 1.971(7) [0.46]
Cu2−O3 1.951(2) [0.48] 1.959(7) [0.47] Cu4−O18 1.979(2) [0.45] 1.985(7) [0.44]
Cu2−O6 1.961(2) [0.47] 1.963(7) [0.47] Cu4−O12 1.980(2) [0.44] 1.980(7) [0.44]
Cu2−O2 2.264(2) [0.21] 2.264(7) [0.21] Cu4−O9 2.260(2) [0.21] 2.261(7) [0.21]
Cu2−O23 2.882(2) [0.04] 2.921(8) [0.04] Cu4−O31 2.942(2) [0.03] 2.950(7) [0.03]
Cu2−O17 2.954(2) [0.03] 2.747(7) [0.04] Cu4−O10 3.101(2) [0.02] 3.089(7) [0.02]
av [BVS] 2.273 [2.19] 2.250 [2.18] av [BVS] 2.181 [2.06] 2.187 [2.03]

aInteratomic distances with bond valence values <0.03 vu are given in italics.

Figure 3. Infrared (FTIR) spectrum (a) and DTA curves (b) for
Na2Cu(SO4)2.
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formation of an unidentified phase, which disappears at around 500
°C. The second endothermic peak observed at 506 °C indicates the
total disappearance of synthetic Na2Cu(SO4)2 with a formation of
Na2Cu3O(SO4)3 composition (synthetic analogue of puninite40),
which remains stable until ∼530 °C. The third endothermic intense
peak centered at 535 °C can be associated with the final
decomposition of polyanionic Na2Cu3O(SO4)3 into Na2SO4, CuO,
and unidentified phase(s). Exothermic peaks at 523 and 401 °C found
on the reverse DTA curve are related to recrystallization processes.
Optical Properties. The green color of Na2Cu(SO4)2 corre-

sponds well to the optical reflection spectrum with an intense
maximum in the region of 500−550 nm (Figure 4). The optical band

gap Eg can be estimated as ca. 580 nm. The most powerful peak in the
spectrum is precisely the second harmonic radiation at λ2ω = 0.532
μm, which may be excited in a noncentrosymmetric substance under
neodymium laser radiation with λω = 1.064 μm. Such an adverse
match complicates to some degree a neodymium laser application for
determination of the nonlinear optical activity of Na2Cu(SO4)2 in the
usual transmitted light scheme.41

An intense impulse YAG:Nd laser was used as a source of radiation
at wavelength λω = 1.064 μm, while second harmonics (SHs) were
registered in the reflection mode. The green light of SH generated in
the powder sample (λ2ω = 0.532 μm) was selected in the backward
scan using colored glass filters. Then the SH signal was registered with
a photomultiplier and its intensity I2ω measured by a lock-in
integrator. The measured signal from the sample under investigation
was calibrated in relation to a quartz standard. The Na2Cu(SO4)2
powder had nearly the same dispersion as an α-quartz powder used as
a reference. The value Q = I2ω/I2ω(SiO2) = 0.2 was found to present
the SHG activity of Na2Cu(SO4)2 on both heating and cooling
between room temperature and 400 °C. In order to correct this value
for the SH emission in the colored substance, it is necessary to
multiply it by a factor of 10 corresponding to the 1/10 share of light at
λ2ω = 0.532 μm penetrating through Na2Cu(SO4)2 particles. Because
nonlinear coefficients of two materials are related to the square roots
of Q, we estimate the averaged nonlinear coefficient for Na2Cu(SO4)2
to be ⟨d⟩ = 1.4[d14(SiO2)] ≈ 0.5 pm/V. This is very close to the
nonlinearities of earlier investigated sulfates such as LiKSO4 and
Li2SO4·H2O with nonlinear coefficients d33 = 0.71 pm/V and d22 = 0.4
pm/V, respectively.42

Electrochemical Measurements. Electrochemical tests were
performed in Swagelok-type cells assembled in an argon-filled
glovebox. Electrodes were prepared by ball milling (15 min) in air
of a polycrystalline sample of Na2Cu(SO4)2 with carbon Csp as a
conductive additive (83.3:16.7 wt %). About 8 mg of the as-prepared
composite was studied as a cathode separated from either Na or Li
metal as a negative electrode by two sheets of Whatman GF/D
borosilicate glass fiber soaked in a liquid electrolyte. Solutions of
NaPF6 or LiPF6 (1 M) in EC:DMC (1:1 weight ratio) were used as
the electrolytes. Fluoroethylene carbonate (FEC; 3% mass) was added

to the Na-based electrolyte. Galvanostatic tests were conducted with
an Apple Mac Pile II potentiostat.

Magnetic Measurements. The magnetic characterization of
synthetic Na2Cu(SO4)2 was performed on a polycrystalline sample
using a MPMS SQUID-VSM (Quantum Design) magnetometer in
temperature and field ranges of 1.8−400 K and 0−7 T, respectively.
The temperature dependence of the magnetization was determined
under various magnetic fields after cooling the sample in a field (FC,
field cooling) or in a zero field (ZFC, zero-field cooling).

■ RESULTS AND DISCUSSION

Structure Analysis. Na2Cu(SO4)2 crystallizes in the
noncentrosymmetric monoclinic space group P21. The
structural data for the synthetic phase are in good agreement
with the data reported for natural saranchinaite containing in
addition a small amount of potassium.28 Nevertheless, one
interesting point is worth a special discussion.
The unusual structural feature of its crystal structure is an

atypical coordination environment of O around Cu2+ sites. In
the structure, there are four crystallographically independent
Cu positions. Each Cu site forms four short Cu−Oeq bonds in
its equatorial plane that define regular CuO4 squares (average
⟨Cu−Oeq⟩ = 1.978, 1.952, 1.945, and 1.970 Å for Cu1, Cu2,
Cu3, and Cu4, respectively). Each square is complemented by
one longer apical Cu−Oap bond, thus forming rather regular
CuO5 tetragonal pyramids (⟨Cu−Oap⟩ = 2.287, 2.264, 2.352,
and 2.260 Å for Cu1, Cu2, Cu3, and Cu4, respectively) typical
for copper oxide compounds.
All Cu2+ cations also have additional weaker and longer

(2.8−3.1 Å) contacts with two Oadd atoms each. Bond valence
calculations for Cu−Oadd bonds dictate that they should be
taken into consideration and included in the coordination
sphere of Cu2+ cations. A Cu−O distance of ∼3.03 Å provides
0.03 vu and contributes about 1.5% to the overall bond valence
sum (BVS). Therefore, Cu−O distances with bond valence
≥0.03 vu were considered (see Table 2). Accordingly, the
coordination spheres of the Cu1 and Cu4 sites can be
described as distorted octahedra with one additional sixth O
ligand each (Cu−Osixth = 2.839 Å (0.04 vu) and 2.942 Å (0.03
vu) for Cu1 and Cu4, respectively), which is common for
minerals and synthetic compounds.43 The most remarkable
observation concerns the coordination of the Cu2 and Cu3
sites adopting scarce heptahedral CuO7 coordination (Figure
5) with two additional oxygen atoms O located at distances of
2.882 Å (0.04 vu), 2.954 Å (0.03 vu) and 2.938 Å (0.03 vu),
3.012 Å (0.03 vu) from Cu2 and Cu3 centers, respectively.

Figure 4. Light reflectivity from Na2Cu(SO4)2 powder measured with
a PerkinElmer Lambda 1050 spectrophotometer at room temperature.

Figure 5. Heptahedral coordination of Cu2+ in the structure of
Na2Cu(SO4)2.
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Each pair of these additional O anions is located geometrically
strictly below two O corners of one the diagonals of square
bases of the CuO5 pyramids with Oeq···Oadd distances of 2.39−
2.42 Å for the Cu1−Cu4 sites. The Oadd−Cu−Oadd angles are
in the range between 64 and 74°. This unusual relatively
regular 7-fold coordination of Cu2+ is very rare for inorganic
compounds under ambient conditions.28,44,45 The coordina-
tion of Cu2+ sites in the crystal structure of Na2Cu(SO4)2 is
shown in Figure S2.
The atomic environment of eight Na+ cations in the

structure of synthetic Na2Cu(SO4)2 does not change
significantly from those reported for saranchinaite (Table
S3). Note that the only differences in the coordination of the
Na5 site in both structures (Figure 6) are caused by the partial
substitution of Na+ by K+ in the structure of the mineral phase.

In the crystal structure of Na2Cu(SO4)2, all copper
polyhedra are connected to each other via medium/long
Cu- -Oadd- - -Cu bridges and polymerized into polar chains
running along the c direction as shown in Figure 7. Thus, the
noncentrosymmetric symmetry of the structure is justified by
the “up” only orientation of CuO5 pyramids along [001]. Note

that Cu2 and Cu3 metal centers are located relatively close to
each other (Cu2···Cu3 = 3.36 Å; cf. Cu3···Cu4 = 4.90 Å) and
share a common O corner of their square O bases, forming a
dimer. Such a close arrangement of the two neighboring Cu2
and Cu3 polyhedra may be responsible for overall slight
shortening of the Cu−O contacts, thus favoring unusual
heptahedral Cu2O7 and Cu3O7 coordination polyhedra.
Indeed, the average Cu−O distances to the seven closest O
ligands for Cu2 (2.273 Å) and Cu3 (2.297 Å) are slightly
smaller than those for Cu1 (2.300 Å) and Cu4 (2.312 Å). The
terminal oxygen atoms of every copper polyhedron are bridged
by sulfate SO4 anions to form a complex 3D framework with a
large system of pores and cavities filled by Na+ cations (Figure
8c).

Figure 6. Geometrical environment of the Na5 site in the structure of
synthetic Na2Cu(SO4)2. Projections of the O positions in the
structure of saranchinaite are shown in green for comparison.
Distances are given in Å.

Figure 7. Interconnection of CuO5 pyramids and comparison of bond lengths and valence values for long Cu−O distances in the structures of
synthetic (blue) and mineral (orange) phases. Cu−O contacts <0.03 vu are given in italics. Displacement ellipsoids are drawn at the 80%
probability level.

Figure 8. Projections of the crystal structures of Na2M(SO4)2: M =
Mn (a), structure type I; Co (b), structure type II; Cu (c), structure
type III; Zn (d), structure type IV. Sulfate, manganese, cobalt, copper,
and zinc polyhedra are shown in yellow, plum, blue, cyan, and green,
respectively; sodium is denoted by purple balls.
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Crystal Growth of Anhydrous Na-Containing Sul-
fates. The synthesis of anhydrous sulfates is quite a
challenging task. In most cases, the sulfates demonstrate a
relatively low thermal stability accompanied by decomposition
of sulfate groups to SO3 and SO2 + O2.

46 As a consequence, an
inert atmosphere or lower than atmospheric pressure
(vacuum) is used to maintain the stability of sulfate anions
during the chemical reaction. For example, alluaudite-type
Na2.32Co1.84(SO4)3

47 and Na2.5Fe1.75(SO4)3
48 compounds were

synthesized in Ar/N2-regulated furnaces by low-temperature
solid-state reactions at 350 °C. Crystal growth from a melt in
the temperature range of 460−500 °C in an artificial inert-flow
reactor was used for the preparation of V-containing sodium
sulfates NaV(SO4)2,

49 Na3V(SO4)3,
50 Na8(VO)2(SO4)6,

51 and
Na2VO(SO4)2.

52 Similar experiments carried out in sealed Ag
containers or quartz ampules led to crystallization of
Na5(CuO2)(SO4)

53 and Na11(CuO4)(SO4)3
54 or of

Na8(CoO3)(SO4)2
55 and Na4(MoO2)(SO4)3,

56 respectively.
The experimental details of synthesis methods of the
compounds in the Na2M(SO4)2 (M = Mn, Co, Ni, Cu, Zn,

Cd) family are summarized in Table 3 for the reader’s
convenience.
Among the others, it is noteworthy that anhydrous

Na2.74Mn1.86(SO4)3,
24 Na2.76Mn1.78(SO4)3,

24 and Na3Fe-
(SO4)3

57 were prepared by a dehydration of mineral-type
hydrated phases: from the kröhnkite-type Na2Mn-
(SO4)2(H2O)2 and sideronatrite-type Na2Fe(SO4)2(OH)-
(H2O)3 compounds, respectively. Moreover, the synthetic
Na2Cu(SO4)2 compound reported in this work can be also
produced from the kröhnkite mineral itself by a dehydration
process, as described in the Experimental Section. Remarkably,
dehydration processes of the hydrated phases with similar
chemical formulas may lead to different structural architec-
tures, as will be discussed below. These observations in
agreement with similar ideas already reported23,24 suggest that
abundant hydrated sulfate minerals may be considered as low-
cost prospective precursors for the design of novel anhydrous
compounds with various structure types.

Dehydration of the Na2M(SO4)2(H2O)x Compositions.
In the present work we focus on several families of mineral-like

Table 3. Crystallographic Data and Preparation Methods of Anhydrous Na2M(SO4)2 Phases (M
2+ = Transition Metal)

formula
struct type
(IG,total)

a, b, c (Å); β (deg); (V (Å3));
space group preparation method ref

Na2Mn(SO4)2 I (72.211) 10.101, 8.240, 8.730;
114.6 (660.5); C2/c

in situ XRD at 227 °C from Na2Mn1.17(SO4)2S0.33O1.17(H2O)2 78

Na2Co(SO4)2 II (828.523) 23.346, 10.300, 17.412;
98.9 (4137.0); C2/c

solid-state synthesis via an equimolar reaction of CoSO4 ·7H2O and Na2SO4 at 550
°C in Ar

21, 79

Na2Ni(SO4)2 II (828.523) 23.225, 10.262, 17.335;
99.0 (4080.2); C2/c

solid-state synthesis via an equimolar reaction of Na2SO4 and NiSO4·6H2O at 550 °C
in Ar

22, 79

Na2Cu(SO4)2 III
(592.846)

8.971, 15.548, 10.142;
107.2 (1351.7); P21

(a) evaporation from an aqueous solution containing nearly equimolar quantities of
Na2SO4 and CuSO4·5H2O

a

(b) slow cooling of the melt containing equimolar quantities of CuSO4 and Na2SO4
in an evacuated ampule from 950 °C

Na2Zn(SO4)2 IV
(496.846)

8.648, 10.323, 15.103;
90.9 (1348.1); P2/n

slow cooling of the melt containing equimolar quantities of ZnO and Na2S2O7 in an
evacuated ampule from 500 °C

80

α-Na2Cd(SO4)2 I (72.211) 10.059, 8.225, 8.656;
114.6 (651.0); C2/c

evaporation from an aqueous solution containing equimolar quantities of CdSO4 and
Na2SO4

23, 81,
82

β-Na2Cd(SO4)2 V (no str.
data)

15.114, 9.051, 12.779;
126.5 (1405.7); P21/c

fast quenching of the α-Na2Cd(SO4)2-based melt from 570 °C 23

aThis work.

Table 4. Hydrated Na2M(SO4)2(H2O)x (M = Transition Metal; x = 2, 4, 6) Compounds: Reported Results of Phase
Transformations upon Heating, Average M−O Bond Lengths, and Distortion Δd

formula/⟨M−O⟩ (Å); 104Δd ref rion(M
2+) (Å) formula (struct type)/⟨M−O⟩ (Å); 104Δd transition temp (°C) ref

Kröhnkite Type
Na2Mn(SO4)2(H2O)2/2.152; 3 24, 58, 61, 83, 84 0.83 →Na2+δMn2−δ/2(SO4)3/2.221; 3 200 24
Na2Fe(SO4)2(H2O)2/2.125; 11 17−20 0.78 →Na2+δMn2−δ/2(SO4)3/2.148; 10 + Na6Fe(SO4)4 300 17, 24
Na2Co(SO4)2(H2O)2/2.141; 4 58, 61 0.75 →Na2Co(SO4)2 (II)/2.109; 37

a 190 61
Na2Cu(SO4)2(H2O)2/2.138; 11 28, 58, 85−87 0.73 →Na2Cu(SO4)2 (III)/2.173; 257

a 200 28
Na2Cd(SO4)2(H2O)2/2.287; 2 23, 83, 84 0.95 →α-Na2Cd(SO4)2 (I)/2.317; 7 550 23

Fairfieldite Type
Na2Ni(SO4)2(H2O)2/2.037; 6 58, 61 0.69 →Na2Ni(SO4)2 (II)/2.077; 14

a 240 61
Blödite Type

Na2Fe(SO4)2(H2O)4/2.129; 2 17, 21, 88 0.78 →Na2Fe(SO4)2 (II)/no struct data 120 21
Na2Co(SO4)2(H2O)4/2.101; 2 21, 89, 90 0.75 →Na2Co(SO4)2 (II)/2.109; 37

a 180 21
Na2Ni(SO4)2(H2O)4/2.065; 1 22, 89, 91 0.69 →Na2Ni(SO4)2 (II)/2.077; 14

a 140 22
Na2Zn(SO4)2(H2O)4/2.101; 2 89, 92−94 0.74 →loss of water/no struct data 138 94
Na2Cd(SO4)2(H2O)4/2.276; 2 23 0.95 no information

Picromerite Type
Na2Co(SO4)2(H2O)6/2.092; 2 95 0.75 →loss of water/no struct data 101 95
Na2Ni(SO4)2(H2O)6/2.056; 1 96 0.69 →loss of water/no struct data 110 96
Na2Cu(SO4)2(H2O)6/2.090; 20 97 0.73 no information

aAverage values for several M2+ sites in the given structure.
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groups of hydrated Na2M(SO4)2(H2O)x transition-metal
sulfates: namely, the picromerite (x = 6, M = Co, Ni, Cu)
group, the blödite (x = 4, M = Fe, Co, Ni, Zn, Cd) group, the
kröhnkite (x = 2, M = Mn, Fe, Co, Cu, Cd) group, and the
only known phase isostructural with fairfieldite (x = 2, M =
Ni). A key structural difference between the monoclinic
kröhnkite-type and triclinic fairfieldite-type structures is the
different hydrogen-bonding network that links the chains of
M(SO4)4(H2O)2 composition.58 All of the phases belonging to
these groups are summarized in Table 4. It is of interest to note
that the analysis of the reported phase transitions of these
phases upon dehydrating reveals intriguing peculiarities. In
most cases, the loss of water molecules led to the formation of
Na2M(SO4)2 anhydrous compositions. However, note that the
phase transitions for the isostructural kröhnkite-type (x = 2)
compounds resulted in a formation of the anhydrous sulfates of
different structure types (Table 4). The observed variations of
the structural transformations cannot be explained by ionic
(high spin) mismatch between the size of transition metals
(Cd > Mn > Fe > Co > Zn > Cu > Ni)59 only but implies a
subtle interplay between several factors simultaneously.
From a structural point of view, the H2O molecules in the

structures of these hydrates can be regarded as a “glue”60

binding the other structural units. Thus, the release of water
upon dehydration may lead to a structural transformation in
accordance with the different preferred stereochemical
coordination of metal cations as well. That is, for example,
the Na2Cu(SO4)2(H2O)2 phase transforms to anhydrous
Na2Cu(SO4)2

28 with a well-pronounced Jahn−Teller dis-
tortion for Cu2+ in its structure, whereas the structure of
Na2Mn(SO4)2(H2O)2 transforms to the alluaudite-type
Na2+δMn2−δ/2(SO4)3 phase.24 In the latter case, we suggest
that the difference in transition-metal ionic radii (Mn2+ (0.83
Å) > Cu2+ (0.73 Å)) is a crucial factor for the structural
transformation. Indeed, a similar kröhnkite → alluaudite
transformation has been observed for the dehydration of
Na2Fe(SO4)2(H2O)2 with a relatively large Fe

2+ cationic radius
(0.78 Å).17,24 In contrast, the Co- and Ni-containing
Na2M(SO4)2(H2O)2 compositions with a smaller size of
cations (0.75 and 0.69 Å, respectively) transform to another
structural type of anhydrous Na2M(SO4)2 exhibiting no
pronounced distortion effects for transition-metal cations.61

In order to get a deeper insight into the dehydration effects
on the crystal structures, the coordinations of M2+ cations in
the structures of the compounds under consideration have
been analyzed. In most of the structures, transition-metal
cations exhibit octahedral environments of different degrees of
distortions except for the Na2Cu(SO4)2 phase discussed in the
present work. To quantify the degree of distortions of MO6
polyhedra, the Δd parameter defined previously for perov-
skites,62 mixed MO6 (M = Cu, Zn) octahedra in Cu, Zn oxysalt
minerals63 and recently the mixed MnOnClm octahedral
coordination environments64 was used. This parameter
concerns the deviation of M−O distances with respect to its
average value for each polyhedron and can be calculated as
follows: Δd = (1/6)∑n=1,6[(dn − ⟨d⟩)/⟨d⟩]2, where ⟨d⟩ is the
average M−O distance in a given octahedron (Table 4).
Several observations for the reported phase transformations

upon dehydration can be made. The average octahedral M−O
distances are increasing upon Na2M(SO4)2(H2O)x →
Na2M(SO4)2 dehydration in most of the structures with the
greatest distance difference revealed for the Na2Mn-
(SO4)2(H2O)2 → Na2+δMn2−δ/2(SO4)3 transformation: from

2.152 to 2.221 Å. The only exception is the Na2Co-
(SO4)2(H2O)2 → Na2Co(SO4)2 transformation, which results
in a shortening of the ⟨Co−O⟩ distance from 2.141 to 2.109 Å.
Although these variations of average bond lengths cannot be
explained by a simple ionic mismatch, the calculated Δd
parameter of octahedral distortions can provide more useful
i n f o rma t i o n . Fo r t h e h y d r a t e d compo s i t i o n s
Na2M(SO4)2(H2O)2 (M = Cd2+, Mn2+, Fe2+) with octahedra
centered by transition metals with larger ionic radii, the
octahedral coordination environments are quite regular before
(104Δd = 2, 3, 11, respectively) as well as after (104Δd = 7, 3,
10, respectively) dehydration. In contrast, the degree of
octahedral distortions is increasing after transformations for
the phases containing the smaller Co2+, Cu2+, and Ni2+ cations:
from 104Δd = 4, 11, 6, respectively, for hydrated
Na2M(SO4)2(H2O)2 (M = Co2+, Cu2+, Ni2+) compounds up
to 104Δd = 37, 257, 14, respectively, for anhydrous
Na2M(SO4)2 (M = Co2+, Cu2+, Ni2+) phases. Note that this
strong deviation of the geometrical shape of copper polyhedra
from the ideal octahedron in the structure of Na2Cu(SO4)2
results from a well-pronounced Jahn−Teller distortion and also
suggests considering the coordination of Cu2+ in the structure
to be distinct from an octahedron.

Structure Types and Structural Complexity of the
Na2M(SO4)2 Compounds. Since the structural relationships
between the crystal structures of hydrates and anhydrous salts
have been very recently discussed,22 it is also of interest to
compare different structure types corresponding to various
chemical Na2M(SO4)2 (M = Mn, Co, Ni, Cu, Zn, Cd)
compositions (Table 3). There are five different structure
types. Four of them are presented in Figure 8 (the structure
type V has been reported for metastable β-Na2Cd(SO4)2 which
was reported without any structural data except for its unit cell
parameters23).
Two compounds with the largest metal ionic radii (Cd2+ =

0.95 Å; Mn2+ = 0.83 Å) crystallize in the same structure type
denoted herein as I (Figure 8a). Here, the transition-metal
cations form rather regular octahedra with an average ⟨Cd−O⟩
and ⟨Mn−O⟩ bond lengths of 2.317 and 2.301 Å, respectively.
Despite differences in size (Co (0.75 Å) > Ni (0.69 Å)), the

phases containing chemically similar Co2+ and Ni2+ metals
belong to the same structure type II (Figure 8b) with quite
regular octahedra of transition metals (⟨M−O⟩ = 2.094 and
2.077 Å for M = Co2+, Ni2+, respectively).
We did not find reported structural data for the Fe-

containing (Fe2+ = 0.78 Å) compound in the literature. Note,
however, that Reynaud et al. though succeeded in preparing
the iron-based polycrystalline sample with impurities, which
also suggests the structure type II for Na2Fe(SO4)2.

21

Interestingly, in spite of the observed similarities in unit cell
dimensions of the crystal structures of Na2Cu(SO4)2 and
Na2Zn(SO4)2 containing nearly isometric Cu2+ (0.73 Å) and
Zn2+ (0.74 Å) cations, respectively, these structures differ
significantly from each other (Figure 8c,d). Again, this may be
explained by different preferred coordinations of transition-
metal cations. Copper cations have pronounced Jahn−Teller
distorted coordination in synthetic Na2Cu(SO4)2, which is not
typical for Zn2+ usually exhibiting63 a more regular surrounding
of ligands in comparison to Cu2+. Indeed, the only two Zn sites
in the structure of Na2Zn(SO4)2 form relatively regular 5-fold
trigonal bipyramids (⟨Zn−O⟩ = 2.043 Å).
It is of interest also to compare polymorphic variations in

the Na2M(SO4)2 group from the viewpoint of structural
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complexity, which can be estimated as a Shannon information
content per unit cell (IG,total, bits/unit cell (uc)) according to a
recently developed approach.65−67 The IG,total values calculated
by using the ToposPro68 software are given in Table 3. The
obtained results show a correlation among the unit-cell
volumes, revealing that the structures with large cells of
isotypic Na2Co(SO4)2 and Na2Ni(SO4)2 are the most complex
in comparison with the others.
Our results also revealed that the structure of Na2Cu(SO4)2

(IG,total = 592.846 bits/uc) is more complex than that of
Na2Zn(SO4)2 (IG,total = 496.846 bits/uc) with close unit cell
dimensions and both crystallizing in the monoclinic crystal
system. This observation is consistent with the general
expectation that the absence of an inversion center and a
pronounced Jahn−Teller distortion in the structure of
Na2Cu(SO4)2 may lead to an increase in structural complexity.
The estimated IG,total values allow classification of the structure
types I and II−IV as simple and complex, respectively. Simple
and complex structures are 34% and 0.03% of all reported
inorganic compounds.69

Electrochemistry. The Cu2+/Cu3+ redox potential has
been predicted to provide a high operating voltage in
rechargeable battery systems.70 However, this phenomenon
still lacks further studies and an overall understanding. For
example, a recent report revealed a very limited electro-
chemical performance for K2Cu2(SO4)3 and K2Cu3O(SO4)3.

71

Nevertheless, it has been also demonstrated that Li2Cu2O-
(SO4)2 is able to offer a reversible electrochemical activity at
4.7 V vs Li+/Li corresponding to the Cu2+/3+ redox transition
associated with the reversible change of 0.3 Li.70 Hence, as a
further attempt to explore the oxidation of Cu2+ to Cu3+ in the
course of an electrochemical reaction, several tests were
performed using Na2Cu(SO4)2 as a cathode material, providing
a theoretical capacity of ∼89 mAh/g (for 1 e− transfer per Cu
cation).
The electrochemical behavior of Na2Cu(SO4)2 either vs Na

or vs Li was examined using Swagelok-type cells assembled in
an argon-filled glovebox and cycled at room temperature.
Unfortunately, difficulties in Na+ extraction have been
encountered during the electrochemical cycling in Na- and
Li-based types of the cells, and the removal of a significant
amount of Na+ from the structure of Na2Cu(SO4)2 failed. As
seen from Figure S3a, the irreversible extraction is limited to a
value of only 0.04 Na+ per formula unit at ∼4.0 V vs Li+/Li.
The cycling of the Na2Cu(SO4)2-based cathode vs Na reveals
the occurrence of a probable redox process at a higher voltage
of around 4.7 vs Na+/Na (Figure S3b), which is beyond the
voltage stability window of the electrolytes available up to now.
Thus, Na2Cu(SO4)2 is not suitable as a cathode material.
The bond valence energy landscape (BVEL) defined using

the BondStr software (FullProf suite72) also demonstrates that
there are no interconnected pathways for sodium migration in
the structure of Na2Cu(SO4)2 (Figure 9) considering a
percolation energy of 1.6 eV reported for the movement of
Na+ in polyanionic compounds.73,74

Magnetism. The magnetic properties of Na2Cu(SO4)2
reflect well its crystal structure in the sense that, according
to the orientation of the dx2−y2 magnetic orbitals (Cu2+, d9, S =
1/2) roughly assigned to the CuO4 square planes, no magnetic
overlap is achieved apart from the dimers formed by Cu2 and
Cu3. Here, the Cu2−O3−Cu3 angle is 118.3°, which suggests
significant superexchange contribution. Accordingly, we
considered half of copper atoms as mainly paramagnetic and

the other half as strongly engaged in antiferromagnetic dimer
interactions. The Curie−Weiss fit shown in Figure 10a gives
μeff = 1.85 μB/Cu and ΘCW = −17.2 K, which validate

Figure 9. Two cross sections at 1/2 translation along the a axis
demonstrating sodium diffusion pathways shown in pink inside the
structure of Na2Cu(SO4)2 defined from BVEL with a percolation
energy of 1.6 eV. Displacement ellipsoids are drawn at the 80%
probability level.

Figure 10. Thermal evolution of the magnetic susceptibility (a) and
temperature dependence of χT (b) for Na2Cu(SO4)2.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.8b01658
Cryst. Growth Des. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01658/suppl_file/cg8b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01658/suppl_file/cg8b01658_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.8b01658


predominant antiferromagnetic exchanges. The accident
observed below ca. 50 K mainly occurred due to the intradimer
interactions, as detailed below. It was fitted using an χT(T) plot
(Figure 10b) through the susceptibility equation

χ ρ
β

ρ
β

χ=
+

+ −
− Θ

+−
Ng

kT
Ng

k T(3 e )
(1 )

4 ( )J kTCu

2 2

/

2 2
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where the first term represents the intradimer susceptibility of
the Cu fraction ρ following the Bleaney−Bowers equation,75
while the second term is the complementary Cu2+ para-
magnetism with interaction quantified by Θ, N, g, β, k, and χdia
having their usual meanings.
The fit was first constrained to ρ = 50% but then greatly

improved on relaxing g = 2.237(3), J/k = 138.7(7) K (96.4
cm−1), Θ = −0.95(1) K, χdia = −21 × 10−6 emu/mol, and ρ =
45.8(2)%. The g value is in good agreement with the effective
moment greater than the “spin-only” value (μeff = 1.74 μB),
while Θ and J/k confirm a strong AFM dimer in a nearly
paramagnetic matrix. The ratio ρ suggests a few percent of
extra intrinsic and/or extrinsic paramagnetic impurities, not
revealed by XRD.

■ CONCLUSION
The novel anhydrous sulfate Na2Cu(SO4)2 has been
synthesized by two different methods for the first time and
structurally characterized. A unusual structural feature of the
new synthetic Na2Cu(SO4)2 phase is the presence of
heptahedral CuO7 polyhedra with two additional long and
weak Cu−O distances, which are interconnected through
common O corners in polar chains.
Electrochemical, magnetic, thermal, and optical behaviors of

Na2Cu(SO4)2 have been also determined. The title compound
demonstrates a very limited electrochemical activity and highly
stable Na sublattice (that is, low mobility of Na ions) in its
crystal structure. The magnetic behavior of Na2Cu(SO4)2
reflects its crystal structure with half of the copper cations as
mainly paramagnetic and the other half as strongly engaged in
antiferromagnetic dimer interactions.
Analysis of the synthesis methods reported for the

preparation of other Na-containing anhydrous sulfates and
our studies of the structural polymorphism in the group of
Na2M(SO4)2 (M = Mn, Co, Ni, Cu, Zn, Cd) compositions
suggest that abundant hydrated sulfate minerals may be
considered as low-cost prospective precursors for the design of
novel compounds of various structure types.
We believe that the preparation of synthetic analogues of

known minerals is able to serve fundamental science well.76 It
can help to solve complex crystal structures (e.g., synthetic
nyerereite25) or to make a model system for an investigation of
various physical properties in the laboratory, when it is difficult
to obtain samples with a good crystallinity and sufficient
amount in nature (e.g., zeolites77). Hence, minerals and
mineral-like synthetic compounds can serve as sources of
inspiration for elaboration of new materials in many research
areas the solid-state chemistry.
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Reǵional (FEDER), the CNRS, the Reǵion Nord Pas-de-
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(Sulfato)Iron(II). Acta Crystallogr., Sect. E: Struct. Rep. Online 2008,
E64, i10−i10.
(89) Stoilova, D.; Wildner, M. Blödite-Type Compounds Na2Me-
(SO4)2·4H2O (Me = Mg, Co, Ni, Zn): Crystal Structures and
Hydrogen Bonding Systems. J. Mol. Struct. 2004, 706, 57−63.
(90) Bukin, V. I.; Nozik, Y. Z. Neutron Diffraction Study of the
Crystal Structure of Cobalt Astrakhanite Na2Co(SO4)2·4H2O. Sov.
Phys. Crystallogr. 1975, 20, 180−182.
(91) Díaz de Vivar, M. E.; Baggio, S.; Garland, M. T.; Baggio, R.
Disodium Nickel Bis(Sulfate) Tetrahydrate: A Nickel Astrakanite.
Acta Crystallogr., Sect. E: Struct. Rep. Online 2006, E62, i196−i198.
(92) Díaz de Vivar, M. E.; Baggio, S.; Ibañ́ez, A.; Baggio, R.
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