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Abstract: Tutton salts form an isomorphic crystallographic family that has been intensively investi-
gated in recent decades due to their attractive thermal and optical properties. In this work, we report
four mixed Tutton crystals (obtained by the slow solvent evaporation method) with novel chemical
compositions based on K, Vi_M'x(S04)2(H20)6, where M” represents Co, Ni, Cu, and Zn, aiming at
thermochemical energy storage applications. Their structural and thermal properties were correlated
with theoretical studies. The crystal structures were solved by powder X-ray diffraction using the
Rietveld method with similar compounds. All of the samples crystallized in monoclinic symmetry
with the P2 /a-space group. A detailed study of the intermolecular interactions based on Hirshfeld
surfaces and 2D fingerprint mappings showed that the main interactions arise from hydrogen bonds
(H---O/0-:-H) and dipole—ion (K:--O/O---K). On the other hand, free space percentages in the unit
cells determined by electron density isosurfaces presented low values ranging from 0.53 (V-Ni) to
0.81% (V-Cu). The thermochemical findings from thermogravimetry, a differential thermal analy-
sis, and differential scanning calorimetry indicate that K,V 47Nig 53(SO4)2(HO)¢ salt is the most
promising among mixed salts (Kp V1_xM'x(504)2(H,O)g) for heat storage potential, achieving a low
dehydration temperature (=85 °C), high dehydration enthalpy (=360 kJ/mol), and high energy
storage density (~1.84 GJ/ md).

Keywords: crystal growth; mixed Tutton salts; powder X-ray diffraction; Hirshfeld surfaces; crystal
voids; thermal analysis; thermochemical heat storage

1. Introduction

Currently, society exists in the age of technology, fueled by an increasing demand for
technological devices. This evolution has transformed our interactions with the world,
affecting everything from communication to energy production and utilization [1]. Within
this context, research in materials science has made significant advancements across various
applications, leading to the development of new compounds that are efficient, sustainable,
and adaptable to global requirements [2—4].

In a world constantly seeking sustainable energy solutions through technological
advancements, vanadium compounds have emerged as promising candidates for a more
efficient energy transition [5]. These compounds excel at storing energy in the form of flow
batteries. Moreover, this metal possesses unique properties that make it suitable for diverse
applications, including medicine, catalysts, and anti-corrosion coatings [6-8]. Its wide
range of properties and various oxidation states contribute to its uniqueness in meeting
technological demands [9]. Multiple synthesis routes allow for vanadium to be obtained in
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different oxidation states. This study will explore its composition in the sulfated form and
the oxidation state 2+ (V2*) [10,11].

Metal sulfate hydrates have been extensively investigated due to their potential for
long-term thermochemical energy storage. These compounds offer advantages such as
easy availability, low cost, and diverse applications across various research fields [12].
A study by Donkers et al. explored 563 salt hydrate reactions to assess their theoretical
possibilities and limitations as thermochemical materials for energy storage in domestic
environments [13]. The research established thermodynamic criteria for acceptable system
performance. To evaluate a broader range of hydrates, Kooijman et al. considered specific
criteria: an energy storage density of >1.3 GJ/m?3, a dehydration temperature of <120 °C,
water vapor pressure during dehydration of <12 mbar, and a minimum of 10 rehydration
cycles [14]. Based on these criteria, the Tutton salts class has emerged as a promising
candidate for thermochemical heat storage.

Tutton salts constitute a significant group of inorganic crystals characterized by their
isomorphic hexahydrate structure, described by the general chemical formula
MLMI(XO4),(HpO)g, where M represents a monovalent cation (such as K*, NH;*, Rb*, or
Cs,), MI! denotes a bivalent cation (Mg2+, Co?*, Ni%?*, V2*, Fe?*, or Zn**), and X represents
a site containing elements with a high oxidation state, such as S or Se [15,16]. These hydrate
double salts crystallize in a monoclinic system with the P2;/a-space group [17]. They
exhibit dielectric properties and, in specific cases, demonstrate antiferromagnetic ordering
at low temperatures [18]. Each unit cell contains two formulas (Z = 2). The crystal structure
involves intermolecular interactions between [M’(H,0)4]** octahedral units and [XO4]*~
tetrahedral layers, with the metal complex being situated at a center of inversion and
slightly distorted due to the Jahn-Teller effect [19,20].

The physicochemical properties of Tutton salts can be fine-tuned by incorporating
dopants or introducing two similar chemical species into the same structural site [21,22].
When two ions concomitantly occupy these sites, they form a subclass known as mixed Tutton
salts [23]. These materials often exhibit enhanced thermochemical and optical characteristics
compared to individual Tutton salts. For instance, crystals like KyMng 3Nig 97(SO4)2 (H20)e,
KoMny 18Cu0.82(SO4)2(H20)6 [24], K2Znp 60Mgo.40(SO4)2-6H,0 [25], and (NHy4)2Mnyy.,Zny
(SO4)2(H20)6 [17] have demonstrated improved properties. Despite their potential, no study
has reported the synthesis, structure solving, and properties of mixed Tutton salts containing
vanadium as far as we know.

The present study aims to shed light on novel mixed Tutton salts with the composition
KoV1_xM'x(SO4)2(H20)6, where M’ = Co, Ni, Cu, and Zn, and to evaluate their potential as
thermochemical materials. The structures of the mixed Tutton salts were solved by powder
X-ray diffraction (PXRD) using the Rietveld refinement method. The influence of the V*
and M’ species was detailed from a computational study of intermolecular interactions and
unit cell voids by using Hirshfeld surfaces and crystal voids (electron density isosurfaces),
respectively. Thermogravimetry (TG), differential thermal analysis (DTA), and differential
scanning calorimetry (DSC) were used to estimate the thermochemical parameters. The
results show that the Ky V) 47Nig 53(504)2 (HO)g salt is the most promising among the mixed
KoVi_xM'x(S504)2(H20)¢ salts for heat storage potential, achieving a low dehydration
temperature (=85 °C), high dehydration enthalpy (=360 k] /mol), and high energy storage
density (~1.84 GJ/m?).

2. Materials and Methods
2.1. Crystals Growth

Crystals with the composition Ky V1_xM'x(504)2(H20)6 (where M’ = Co, Ni, Cu, and
Zn) were synthesized from aqueous solutions by the isothermal evaporation method. The
precursor compounds (>99%, Sigma Aldrich, Darmstadt, Germany) and their respective
amounts are listed in Table 1. All reagents were solubilized in 50 mL of deionized water at
50 °C under constant magnetic stirring (360 RPM) for 480 min. Subsequently, the solutions
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were filtered, covered with a plastic film containing around 25 randomly distributed holes,
and stored in a drying oven at 35 °C.

Table 1. Details regarding the proportions and quantities of precursor reagents used in crystal synthesis.

K,S0,4 VOSO,4-x(H,O) M’'SO4(H,0)p Sample
[g] [mol/L] I[g] [mol/L] [g] [mol/L] Code
1.045 010  0.2505 0.05 CoSO4(H,0);  0.4216 0.05 KVCoSOH
1.045 0.10 0.2505 0.05 NiSO4(H,O)7 0.4113 0.05 KVNiSOH
1.045 0.10 0.2505 0.05 CuSO4(H,0O)s 0.3745 0.05 KVCuSOH
1.045 010  0.2505 0.05 ZnSO4(H,0);  0.4313 0.05 KVZnSOH

2.2. Structural Determination

The crystal structures were analyzed under room conditions using a PANalytical
powder diffractometer (Empyrean model, Malvern Panalytical, Malvern, UK) with CuK«
radiation (A = 1.5418 A) operating at 40 kV /40 mA. The diffractograms were collected
in the 26 angular range between 10 and 50°, with a step of 0.02° and an acquisition time
of 2 s. Subsequently, the PXRD patterns were indexed using mathematical algorithms
implemented in DASH 4.0 software [26]. The Le Bail method was then applied to PXRD
patterns to extract reflection intensities, determine atomic coordinates, and define cell
parameters [27]. Starting structural parameters were accessed from the crystallographic
information file (.cif), 50582 code of the Inorganic Crystal Structure Database (ICSD).
Additionally, the Rietveld refinement method was used to refine the PXRD data until
parameter optimization was achieved [28]. The final .cif files were validated with the
enClFer 2021.3 software [29] and deposited in the Cambridge Crystallographic Data Center
(CCDC - Union Road, Cambridge CB2 1EZ, UK) under the following codes: 2363950
(KVCoSOH), 2363949 (KVNiSOH), 2363947 (KVCuSOH), and 2363946 (KVZnSOH). Copies
of the structural data can be found, free of charge, via https://www.ccdc.cam.ac.uk/
structures/ (accessed on 30 May 2024).

2.3. Computational Studies

The non-covalent bonds of the crystalline systems were evaluated qualitatively and
quantitatively based on calculations of Hirshfeld surfaces and their analogs using the
Crystal Explorer 17.5 software [30]. Three-dimensional mappings were generated as a
function of the normalized distance (dnorm) using a three-color scheme in which the contacts
most distant, similar, and close to the van der Waals radius (ryqw) are represented by the
blue, white, and red, respectively. The percentage of each intermolecular contact was
quantified from 2D fingerprint mappings plotted in terms of the distance from a given
point on the Hirshfeld surface to the nearest off-surface atom (d.) and the distance from a
given point on the Hirshfeld surface to the nearest atom within the surface (d;) [31]. Unit
cell voids were estimated using the crystal void method identified by procrystal electron
density isosurfaces [32].

2.4. Thermoanalytical Studies

Coupled TG-DTA measurements were performed on a Shimadzu thermal analyzer
(model DTG-60, Shimadzu, Tokyo, Japan) in a temperature range between 27 and 900 °C
with a heating rate of 10 °C/min under an inert N, gas atmosphere (100 mL/min). Fine
powders of pulverized crystals were distributed into open alumina crucibles. The dehy-
dration enthalpy was evaluated using DSC thermograms recorded by a DSC-60 thermal
analyzer (Shimadzu, Tokyo, Japan). DSC analyses were conducted under the same experi-
mental conditions as TG-DTA in a temperature range between 27 and 215 °C.

3. Results and Discussion

The KVCoSOH, KVNiSOH, KVCuSOH, and KVZnSOH salts were successfully crys-
tallized using the isothermal evaporation method with deionized water as the solvent.
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The samples grew under acidic conditions (pH =~ 3.0-3.7) for approximately 14 to 21 days,
resulting in dark blue single crystals with a prismatic morphology.

3.1. Structure Solving and Geometric Parameters

The four mixed salts exhibit similar PXRD patterns, as shown in Figure la. According
to Rietveld refinement, all samples crystallize in monoclinic symmetry with the P2;/
a-space group containing two K;V;_,M'x(504)2(H20)e formulas per unit cell. The slight
shifts observed in the peak positions correspond to the random occupation of the different
divalent species (transition metals) on the structure and their respective occupancy factors.
Table 2 summarizes all structural and cell parameters determined for the crystal series.
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Figure 1. (a) PXRD patterns recorded under room conditions for KVCoSOH, KVNiSOH, KVCuSOH,
and KVZnSOH samples; (b) Tutton salt unit cell in monoclinic system with labels along c-axis
presenting intermolecular interactions; (c) 2 x 2 x 2 supercell to K, V| _ M’ (SO4)2(H,O)g salts.

The crystallographic parameters in Table 2 confirm that all crystals belong to the
isomorphic family of mixed Tutton salts. However, despite using an equimolar ratio
between the VOSOy-x(H20) and MSO4(H0),, compounds during synthesis, the nominal
introduction of the divalent species into the crystal lattice was not guaranteed. Several
physicochemical and experimental factors contribute to this, including the lack of control
over the solvent evaporation rate, the formation of interfacial defects during crystallization,
and electronegativity. It is also worth mentioning that the occupancy factors for each
sample were estimated using the GSAS/EXPGUI software during the refinement procedure.
Through several least squares cycles, the factors were reached. The mixed occupancy of the
divalent species was further validated using the enCIFer 2021.3 software.
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Table 2. Crystallographic parameters of KVM’SOH crystals obtained through refined PXRD patterns.

Sample KVCoSOH KVNiSOH KVCuSOH KVZnSOH
Formula H12K2V0.48C005201452  H12KaVoarNio53014S2 Hi12KoViaaCups5601452  H12Ka V49700510145,
Formula weight 43351 433.46 436.41 436.73
[g/mol]
alAl 9.033(4) 8.985(3) 9.094(2) 9.028(7)
bIA] 12.171(8) 12.148(7) 12.144(7) 12.196(5)
c[A] 6.144(7) 6.118(8) 6.164(9) 6.154(7)
a[°] 90.00 90.00 90.00 90.00
B [°] 104.78(7) 104.97(4) 104.41(6) 104.64(9)
v I°] 90.00 90.00 90.00 90.00
Volume [A3] 653.12(6) 645.26(4) 659.42(7) 655.59(7)
Crystalline system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/a P21/a P2, /a P2, /a
Rwp [%] 8.33 9.32 9.59 9.89
Rp [%] 6.28 7.02 7.97 7.35
S 1.11 1.07 1.65 1.10

Additionally, the atomic radius plays a crucial role in accommodating divalent cations
in a Tutton structure. For example, in the KVZnSOH sample, the V/Zn ratio was 0.49/0.51,
probably due to a small difference (0.06 A) between the atomic radii of V (2.07 A) and Zn
(2.01 A). In contrast, for the KVNiSOH and KVniCuSOH samples, the difference between
the V(2.07 A)-Ni(1.97 A) and V(2.07 A)-Cu(1.96 A) atomic radii reached 0.10 A and 0.11 A,
respectively. The results suggest that crystals containing different divalent species with
similar atomic radii tend to exhibit equivalent amounts of cations [24].

Figure 1b illustrates a projection of the primitive unit cell for the vanadium-based
mixed Tutton salts, as the four materials are isostructural. The crystals are composed of
three distinct layers: a slightly distorted [V/M’(H,0)4] hexahydrate complex, two [SO4]
tetrahedra, and two irregular [KOg] polyhedra. These fragments propagate throughout the
crystal lattice, forming a periodically ordered system based on intermolecular interactions,
including hydrogen bonds and dipole-ion, as presented in Figure 1c.

To assess the Jahn-Teller effect on the [V/M’(H,0)4] octahedrons, we analyzed geo-
metric parameters related to bond lengths and angles using the constituent atoms within
the coordination sphere. The summarized data can be found in Tables 3 and 4.

Table 3. The bond lengths determined experimentally from the solved KVM’SOH structures.
KVCoSOH KVNiSOH KVCuSOH KVZnSOH

Bond Length [A] Bond Length [A] Bond Length [A] Bond Length [A]
V/Co-05 2.116(7) V/Ni-O5 2.071(2) V/Cu-05 2.129(3) V/Zn-05 2.122(2)
V/Co-06 2.127(8) V/Ni-O6 2.079(8) V/Cu-06 2.133(4) V/Zn-06 2.129(3)
V/Co-07 2.031(2) V/Ni-O7 2.014(5) V/Cu-07 2.030(1) V/Zn-07 2.029(3)

51-01 1.472(5) S1-01 1.474(2) S1-01 1.470(2) S1-01 1.473(2)

51-02 1.456(3) 51-02 1.463(2) 51-02 1.469(2) 51-02 1.462(2)

51-0O3 1.471(9) S1-03 1.473(1) S1-03 1.485(2) S1-03 1.479(2)

S1-04 1.47(8) $1-04 1.479(2) $1-04 1.481(3) $1-04 1.479(3)

From the data listed in Table 3, a uniaxial contraction can be seen around the V/M’-O5
axial bonds when compared to the V/M'-O6 and V/M’"-O7 equatorial bonds, mainly for
the KVZnSOH salt that presents the most significant difference (=0.10 A). The results then
validate the Jahn-Teller effect, which corresponds to a spontaneous geometry distortion
due to breaking in the d-orbitals degeneracy. Additionally, few differences are detected
for the S-O bonds associated with [SO4] tetrahedrons, which indicates their almost perfect
symmetry. Moreover, as shown in Table 4, the angles formed involving the axial bonds for
all crystals are straight. In contrast, the other angles differ due to the “secondary” divalent
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species (Co?*, Ni?*, Cu?*, and Zn?*) and their respective occupancy factors since the H,O
ligands and the “primary” divalent species (V?*) are equivalent for all mixed Tutton salts.

Table 4. The bond angles determined experimentally from the solved KVM’SOH structures.

Sample Bond Angle [°]

M’ = Co, Ni, Cu, and Zn KVCoSOH KVCoSOH KVCoSOH KVCoSOH
O5-V/M'-05 * 180.0(0) 180.0(0) 180.0(0) 180.0(0)
O5-V/M’-06 * 180.0(0) 180.0(0) 180.0(0) 180.0(0)

O5*-V/M’-06 * 180.0(0) 180.0(0) 180.0(0) 180.0(0)
05-V/M’"-06 180.0(0) 180.0(0) 180.0(0) 180.0(0)
05 *-V/M’-06 91.0(3) 91.0(3) 91.0(3) 91.0(3)
O5*-V/M'-07 * 88.4(8) 88.4(8) 88.4(8) 88.4(8)
0O5-V/M'-07 89.3(3) 89.3(3) 89.3(3) 89.3(3)
O5-V/M’-07 * 91.3(4) 91.3(4) 91.3(4) 91.3(4)
05 *-V/M’-07 88.9(7) 88.9(7) 88.9(7) 88.9(7)
06-V/M'-06 * 91.5(2) 91.5(2) 91.5(2) 91.5(2)
06 *-V/M'-07 * 90.6(7) 90.6(7) 90.6(7) 90.6(7)
06-V/M'-07 * 88.6(6) 88.6(6) 88.6(6) 88.6(6)
06 *-V/M’-07 88.9(7) 88.9(7) 88.9(7) 88.9(7)
06-V/M'-07 91.5(2) 91.5(2) 91.5(2) 91.5(2)
01-51-02 90.6(7) 90.6(7) 90.6(7) 90.6(7)
01-51-03 88.6(6) 88.6(6) 88.6(6) 88.6(6)
01-51-04 91.0(3) 91.0(3) 91.0(3) 91.0(3)
02-51-03 88.4(8) 88.4(8) 88.4(8) 88.4(8)
02-51-04 89.3(3) 89.3(3) 89.3(3) 89.3(3)
03-51-04 91.3(4) 91.3(4) 91.3(4) 91.3(4)

*1-x, -y 11—z

3.2. Analysis of Intermolecular Interactions by Hirshfeld Surfaces

To better understand the structural and geometric parameters of vanadium-based Tut-
ton salts, a qualitative computational study on non-covalent bonds using Hirshfeld surfaces
was conducted. From the asymmetric units shown in Figure 2a—d and 3D mappings were
generated based on dy,o,, as depicted in Figure 2e-h. The reddish regions surrounding
the K, O, and H atoms represent intermolecular interactions with distances shorter than
the rygw. Conversely, the white and blue-shaded regions correspond to equivalent and
more distant sites relative to ryqw [33]. The isomorphic nature of the four crystals results in
highly similar Hirshfeld surfaces, indicating that the contacts involved between the frag-
ments [V/M’(Hy0)¢], [SO4], and [KOg] arise from the following interactions: H---O/O---H,
K---0/0--K, and K---H/H---K.

Using Hirshfeld surfaces, 2D fingerprint mappings were taken to quantify the percent-
age of each contact within the crystal lattice. These plots, depicted in Figure 2i-l, represent
cumulative histograms based on the d; and de parameters in the x and y coordinates,
respectively. The colored dots on the surface pattern indicate close (red dots) and distant
(blue dots) contacts [34]. Notably, a similarity is observed across all total histograms. How-
ever, a detailed analysis of these contacts reveals seven non-covalent bonds in all crystals,
although with varying percentages.

Figure 2m-p depict the percentages of each contact in the crystal lattice for the mixed
salts. Although these salts are isostructural, the values of each intermolecular interaction
differ due to the features involved in the different coordination spheres of the hexahydrate
complexes. The most predominant contacts arise from the H---O/O---Hand K:--O/O---Kin-
teractions, accounting for ~66.4, 66.2, 66.1, and 66.0% in KVCoSOH, KVNiSOH, KVCuSOH,
and KVZnSOH crystals, respectively. Notably, the H---O/O---H contact represents the most
intense interaction in these structures. The sharp peaks concentrated in the d; versus de low
value range in Figure 2i-1 characterize such behavior. Usually, in Tutton salts, H---O/O---H
hydrogen bonds play a crucial role in thermo-structural stability, owing to the robust nature
of these intermolecular forces, which is why they tend to present in greater quantities than
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the others [35]. The percentages of non-covalent H---O/O---H and K:--O/O---K bonds
demonstrated here are consistent with those reported in the literature for similar structures,
such as KoMn 03Nig 97(SO4)2(H20)s and KoMny 18Cug 2(SO4)2(H2O)s, where a predomi-
nance of more than 60% of these intermolecular interactions involved in the crystal lattice
was also observed [24].

(e)

\ (i) i
- \,

]
06 10 14 18 22

®

BH-H

00+0

/

. OH-0/0-H

06 10 14 18 22

BK-0/0K

k
S BK-H/H-K

= M--H/H-M

M:+0/0M

g
06 10 14 18 22

[ORCA

F

L]
06 10 14 18 22

Figure 2. Asymmetric unit of (a) KVCoSOH, (b) KVNiSOH, (¢) KVCuSOH, and (d) KVZnSOH.
Hirshfeld surface mapping based on dnorm: (e) KVCoSOH, (f) KVNiSOH, (g) KVCuSOH, and
(h) KVZnSOH. Cumulative 2D fingerprint plots: (i) KVCoSOH, (j) KVNiSOH, (k) KVCuSOH, and
(I) KVZnSOH. Contribution percentage associated with specific contacts calculated from fingerprint
plots: (m) KVCoSOH, (n) KVNiSOH, (o) KVCuSOH, and (p) KVZnSOH.

In addition to the interactions mentioned earlier, the Tutton salts exhibit intermediate
non-covalent bonds involving the H---H (dispersive force), M’---O/O---M’ (ionic bond),
and K.--H/H---K (dipole-ion) contacts. Such contacts contribute to the lattice structure
with ~281% for KVCoSOH and 28.4% for KVNiSOH, KVCuSOH, and KVZnSOH crystals.
Less significant contacts (O---O; M’---H/H---M’) were recorded with percentages lower
than 3.1%. It is important to highlight that the differences found here correlate with the
geometric parameters of bond lengths and angles computed by PXRD.

3.3. Crystal Void Study

To further describe the unit cell of mixed salts, an additional computational study
was conducted based on the analysis of crystal voids using electron density isosurfaces
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with 0.02 a.u. (see Figure 3). Estimating the volume of total voids and their respective
percentages, surface area, globularity, and asphericity indices was possible.

K S 0 H VI/Co VINi VICu V/Zn

Figure 3. Calculated crystal voids (viewed along the a-c planes of the unit cells) for the mixed Tutton
salts: (a) KVCoSOH, (b) KVNiSOH, (¢) KVCuSOH, and (d) KVZnSOH.

Figure 3a—d show the mappings of minimum voids in unit cells. The isosurfaces are
equivalent to areas ranging from 21.32 to 28.52 A2. Tt should be noted that the projected
isosurfaces are not entirely close between the free spaces because they are areas where
intermolecular interactions occur between the molecular layers.

The KVCoSOH and KVNiSOH salts present the lowest percentages of free spaces
of the order of less than 1%, being = 0.63% = 4.13 A% and 0.53% = 3.41 A, respectively.
KVCuSOH (0.81% = 5.31 A%) and KVZnSOH (0.76% = 4.98 A%) show slightly higher
values. Since the lowest percentages belong to the KVCoSOH and KVNiSOH salts, these
exhibit a greater interlayer interaction energy and a higher thermo-structural stability when
compared to the KVZnSOH and KVCuSOH salts. In general, the calculated values indicate
that the chemical species of these mixed Tutton salts have high lattice energy and close
specific contacts between the layers.

The slight differences observed are attributed to the physicochemical properties asso-
ciated with the distinct coordination spheres, their corresponding mixed occupancy factors,
and the electronegativity of the transition metals. Additionally, due to the low percentage
of voids, only small impurities can be introduced into these crystals to modulate or tune
properties of interest. Indeed, the void percentage in the unit cell is directly linked to
the physical and chemical properties of a material, mainly the structural, vibrational, and
thermal ones, as observed for the (NH4),Mng 5Zng 5(504)2(H20)¢ crystal [17]. Table 5 lists
the cell voids in volume, percentage, and areal terms in addition to the globularity and as-
phericity indices for the KVM’SOH salts. Both globularity and asphericity are related to the
shape of particles. Globularity evaluates how closely particles resemble an ideal spherical
shape, while asphericity describes how spherical a given object is. These descriptors range
from 0 to 1, with values close to 0 indicating perfectly spherical and globular particles and
values close to 1 characterizing elongated or non-spherical particles [33].
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Table 5. Cell voids, globularity, and asphericity computed for the mixed KVM’SOH Tuttons.
Unit Cell  Voids Voids Voids Surface . ..
Sample [A3] [A%] (%] Area [A2] Globularity  Asphericity
KVCoSOH 653.12 4.13 0.63 24.17 0.51 0.46
KVNiSOH 645.26 3.41 0.53 21.32 0.46 0.47
KVCuSOH 659.42 5.31 0.81 28.52 0.51 0.43
KVZnSOH 655.59 4.98 0.76 27.42 0.47 0.44

3.4. Thermal Characterization

The thermo-structural behavior was evaluated using a TG-DTA (Shimadzu, Tokyo,
Japan). Figure 4 shows the coupled thermograms in a temperature range between 27 and
900 °C. The TG curves indicate that the KVCoSOH (74 °C) and KVNiSOH (85 °C) crystals
are the most thermally stable. On the other hand, KVCuSOH and KVZnSOH show a mass
loss above 55-57 °C. In addition to being related to the effect of random occupation of
transition metals in the divalent sites, the differences in stability are also associated with

TG - Mass change [ % ]

TG - Mass change [ % ]

intermolecular interactions via hydrogen bonds, as discussed in Section 3.2.
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Figure 4. Coupled TG-DTA thermograms of the mixed Tutton salts: (a) KVCoSOH, (b) KVNiSOH,
(c) KVCuSOH, and (d) KVZnSOH.

As the temperature increased, all mixed salts underwent a dehydration process by
releasing six HO molecules. However, this process occurred at different stages for each
sample. KVCoSOH degradation occurred in three steps between 74 and 220 °C. The first
mass loss corresponded to the release of two HyO molecules, the second to three H,O
molecules, and the third to one HyO molecule. The endothermal peaks at 85, 134, and
187 °C confirm the dehydration process of the hexahydrate phase in several steps. In
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contrast, KVNiSOH exhibited complete dehydration between 85 and 200 °C in a single
stage. The intense endothermal peak around 138 °C (DTA curve) also identified the event.
The KVCuSOH and KNZnSOH crystals showed similar thermal behavior. In the
55-107 °C interval, both released four H,O molecules and, between 107 and 220 °C, lost
the remaining two HyO molecules. Two endothermal DTA peaks accompanied such events.
Table 6 summarizes the thermal events observed for the mixed KVM’SOH Tutton salts.

Table 6. Thermal events observed in TG-DTA curves for mixed KVM’SOH Tutton salts.

TG DTA
Sample AT Weight Loss Weight Loss Molecular Theak Thermal
[°C] [%] [g/mol] Fragment [°Cl] Event
85 dehydration
74-220 24.37 105.6 ~6 H,O 134 dehydration
187 dehydration
KVCoSOH 316 crystallization
220-900 23.65 102.5 ~S0O3 + O 749 transition
765 V/CoSO4 melting
85-200 24.01 104.3 ~6 H,O 138 dehydration
378 crystallization
KVNiSOH >20 -
! 200-900 19.98 73.6 ~S0; 575 transition
635 V/NiSOy4 melting
798 decomposition
N 71 dehydration
KVCuSOH 57-220 24:55 107.1 ~6 H0 141 dehydration
220-900 16.88 73.6 ~S0;3 528 transition
N 85 dehydration
55-220 25.01 109.18 ~6 H,O 130 dehydration
KVZnSOH 499 -
220-900 19.92 86.99 ~S03 515 transition
565 V/ZnSO4 melting

After structural transformation from the hexahydrate phase to the anhydrous form, the
dehydrate salts remained thermally stable (without apparent mass loss) up to ~700-800 °C.
However, endothermal and exothermal DTA events characteristic of phase transitions
via crystallization, symmetry change, or melting were observed, as very well described
in the literature for potassium-based Tutton salts [36-39]. At temperatures higher than
700-800 °C, decomposition of the metal sulfates occurs.

3.5. Thermochemical Parameters via DSC Analysis

Additional thermoanalytical experiments were conducted via DSC to complement
the TG-DTA studies. The dehydration performance was evaluated by targeting thermo-
chemical heat storage applications. For this, the dehydration reaction enthalpy (AH) was
estimated using the TA-60WS software, as shown in the highlighted region in Figure 5a—d.
The DSC curves show the same endothermal events observed in the DTA curves in the
27-215 °C range.
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Figure 5. DSC analyses of mixed Tutton salts: (a) KVCoSOH, (b) KVNiSOH, (¢) KVCuSOH,
and (d) KVZnSOH.

Despite the crystals being isostructural, the heat involved in the dehydration process
varied greatly between samples, as shown in Table 7. The data indicate that the KVCoSOH
(189.50 kJ /mol), KVCuSOH (220.30 kJ /mol), and KVZnSOH (145.85 kJ /mol) salts exhibit
low dehydration enthalpies. In other words, even though the six HyO molecules are
coordinated to the V/Co, V/Cu, and V/Zn metal complexes, low energies in the heat form
can break the metal-ligand bonds. In contrast, further energy is needed to release H,O
from the KVNiSOH crystal (360.09 kJ/mol).

Table 7. Evaluated parameters (via DSC) considered for thermochemical applications.

Sample Tpeak AHexp AHexp MMg,i Psalt AHy
[°C] [kJ/mol] [k]J/H,O mol] [g/mol] [g/ecm3®]  [G)/m3]

KVCoSOH 87,161, and 172 189.50 31.58 433.495 2224 0.972

KVNiSOH 135 360.09 60.02 433.448 2.210 1.836

KVCuSOH 67 and 128 220.30 36.72 436.398 2.163 1.091

KVZnSOH 90 and 126 145.85 2431 436.703 2.248 0.751

The volumetric energy storage density—AHy (amount of energy stored per unit
volume in J/m?3)—was calculated based on the research conducted by N'Tsoukpoe and
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Ousaleh [40,41]. The data required to obtain this parameter were taken from the DSC and
PXRD results. AHy was valued as follows:

where AHeyp (in J/mol) corresponds to the experimental dehydration enthalpy. MMg,
(g/mol) and pgyy; (g/ cm?) are the molar mass and volumetric mass density of the mixed
Tutton salts, respectively. The calculated AHy values are given in Table 7.

According to previously established criteria in the literature [14], potential materials
for thermochemical energy storage devices must present a dehydration temperature of
<120 °C and an energy density of >1.3 GJ/m®. In this scenario, only the KVNiSOH crystal
meets both criteria, with a thermal stability of ~85 °C and an energy storage density
of ~1.84 GJ/m3. When compared with the individual Tutton salt KoNi(SO4),(H2O)s
(1.78 GJ/m3) [14], the value was slightly improved (=0.06 GJ/ m?), supposedly due to
the mixing effect of the V2* and Ni?* ions introduced at the bivalent sites—an effect not
observed for the other mixed crystals based on Co, Cu, and Zn.

In short, comparing the four mixed KVM’SOH salts, V/Ni exhibited suitable de-
hydration behavior, and the high energy storage density required for thermochemical
applications at a domestic level. However, further investigations must be performed to
verify the reversibility of the dehydration/hydration reaction and cycling stability.

4. Conclusions

In this paper, four novel mixed Tutton salts with compositions of K,V .48C00.52(SO4)2
(H20)¢ = KVC0SOH, K3V 47Ni 53(5S04)2(H20)s = KVNiISOH, K3 V.44Cug 56(S04)2(H20)6
= KVCuSOH, and K;V(.49Zng 51 (504)2(H20)¢ = KVZnSOH were successfully grown by
the isothermal evaporation technique. The crystallographic structures were solved by
PXRD and Rietveld refinement, where it was also possible to determine the occupancy
factors between the divalent cations (VZ*, Co?*, Ni?*, Cu?*, and Zn2?*) on the crystal
lattice. Differences in the physicochemical properties of the divalent ions favor geometric
distortions around the coordination spheres, originating from the Jahn—Teller effect. All
mixed salts crystallize in monoclinic symmetry (P21 /a) with two (K V1 _xM'x(504)2(H20)s)
formulas per unit cell. The crystal structures were deposited in the CCDC database under
the codes 2363950 (KVCoSOH), 2363949 (KVNiSOH), 2363947 (KVCuSOH), and 2363946
(KVZnSOH). Structural information can be found in Supplementary Materials 51-54.

Computational investigations using Hirshfeld surfaces and 2D fingerprint plots were
performed to elucidate and quantify the intermolecular interactions between the molecular
layers. It was found that the main contacts that stabilize the crystal lattice of the vanadium-
based Tutton salts are the hydrogen bond (H:--O/O---H) and ion—dipole (K:--O/O---K)
types. Additionally, the free spaces of the primitive unit cells were estimated by electron
density isosurfaces in which a low percentage of voids was determined for all structures,
indicating high lattice energies between the constituent chemical species.

The thermoanalytical experiments showed that the V/Co, V/Ni, V/Cu, and V/Zn
crystals have thermal stability up to around 74, 85, 57, and 55 °C, respectively. Above
these temperatures, the salts exhibited several physicochemical changes associated with
transformation and phase transition processes, such as dehydration and crystallization.
The dehydration reaction enthalpies and energy storage densities were estimated from
the DSC thermograms. The findings indicate that only the KVNiSOH crystal meets the
criteria of an energy storage density of >1.3 GJ/m? and a dehydration temperature of
<120 °C. KVNiSOH showed a thermal stability of ~85 °C and an energy storage density
of ~1.84 GJ/m3.

Supplementary Materials: The information associated with the four solved structures deposited in
the CCDC database can be downloaded at https:/ /www.mdpi.com/article/10.3390/ physchem40300
22/s1 through Supplementary Materials S1-54—Crystallographic parameters obtained for the salts
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KVCoSOH (S1), KVNiISOH (S2), KVCuSOH (S3), and KVZnSOH (S4) from the structures solved via
PXRD and Rietveld refinement.
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