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ABSTRACT: Tetraamminecopper(Il) sulfate monohydrate, [Cu(NH3)4]SO4-H20, can be used as a
thermochemical energy storage material. When heated, [Cu(NH3)4]SO4-H20 releases ammonia gas and
water, leaving behind CuSOs. When CuSOzs is cooled and exposed to ammonia, the reverse reaction occurs,
forming [Cu(NH3)4]SO4 and releasing the stored heat. The reaction occurs at medium temperatures, can
store a significant amount of thermal energy, and is highly reversible, allowing repeated cycles of heat
storage and release without significant material degradation. This type of thermochemical energy storage
can be used in various applications, particularly industrial waste heat recovery and solar thermal energy
storage. In this study, tetraamminecopper(Il) sulfate monohydrate was synthesized by chemical
precipitation and thoroughly characterized via various techniques. Phase identification was performed by
powder X-ray diffraction (PXRD) and Fourier transformed infrared spectroscopy (FTIR). The morphology
of the sample was examined by scanning electron microscopy (SEM), and its chemical composition and
elemental distribution were analyzed by energy-dispersive X-ray spectroscopy (EDS). Thermal properties
were investigated via differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). UV-
Vis diffuse reflectance spectroscopy of the solid sample revealed a broad absorption band characteristic of
[Cu(NH3)4]SO4-H20, consistent with its dark blue color. XRD and FTIR analyses confirmed that the
obtained sample is [Cu(NH3)4]SO4-H20. SEM investigation showed that the prepared material consists of
agglomerated particles of varying sizes. The process of thermal decomposition of the examined tetraamine
copper(Il) sulfate monohydrate takes place in three steps below 350 °C, followed by two additional steps
at higher temperatures. Thermochemical energy storage potential of the prepared material is assessed on
the basis of operating temperature range (20-200 °C), water elimination during the initial cycle, and volume
changes in the course of charging/discharging process, yielding volumetric energy storage density
estimation of 382 MJ-m>.
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1. Introduction

Thermal energy storage (TES) is a technology that enables the storage and subsequent release of heat.
TES can be used to balance energy supply and demand by storing energy from renewable sources, since
these sources are intermittent. In this way, TES enhances the reliability and resilience of energy systems,
improves energy efficiency, and reduces energy costs and greenhouse-gas emissions [1]. TES systems are
divided based on the way in which heat is stored and released: The simplest are based on sensible heat
storage, where heat is stored by raising or lowering the temperature of a suitable liquid or solid medium,
such as a molten metal salt or concrete. Slightly more complex systems use latent heat storage, where heat
is stored by changing the phase (aggregate state) of a suitable material, most often by freezing-melting
processes. The materials used in these systems are called phase change materials (PCM), e.g., paraffin wax.
Finally, the most complex method is thermochemical heat storage (TCES), where heat is stored by breaking
or forming chemical bonds in a reversible reaction. The materials used in those systems are called
thermochemical materials (TCM) [2].

When compared to sensible and latent heat storage, TCM can yield the highest heat storage capacity
without thermal losses during the storage period. This allows for long-term storage of large amounts of
energy and is ideal for applications where heat needs to be stored over a long period of time. Ideal
thermochemical materials for energy storage should have: high storage densities, high reaction rates, and
complete cycling reversibility without material degradation, enabling long-term use [3].

Many transition metals can be covalently bonded to one or more ligands in the form of complexes.
Most commonly, transition metals such as nickel, cobalt, copper, manganese, and iron are used and paired
with ligands like ammonia or water [4]. Numerous studies have shown that transition metal ammines are
suitable for TCM. Currently, nickel chloride complex with ammonia, Ni(NH3)sCl2, offers the highest
energy storage density [5]. However, although NiClz has the highest density, it is prone to degradation,
whereas CuSOs is often preferred for long-term cycling because it shows no material degradation after
multiple cycles [6]. The reaction of CuSO4 and NH3, which forms [Cu(NH3)4]SOs4, is highly exothermic,
with a heat release of 1.77 MJ-kg !, which corresponds to an energy storage density of 6.38 GJ-m ™ [7]. In
this case, the cycle consists of an endothermic process of decomposition of [Cu(NH3)4]SO4, driven by
generated excess thermal energy, and an exothermic complexation reaction between CuSO4 and NH3 at
lower temperatures, whereby [Cu(NH3)4]SO4 is formed again [7]. It is a promising material for medium-
temperature thermal energy storage, particularly in applications where reversible reactions and medium-
temperature ranges are needed. Disadvantages that currently prevent the commercial application of this
process include cycle stability issues, low reaction rate, and material investment costs. Using pure sulfate
salt as a storage material during the reaction with NHs results in a significant expansion of the material,
which would require additional free volume in order to avoid significant mechanical stress [7].

In this research, [Cu(NH3)4]SO4-H20 was prepared by the reaction of CuSO4-5H20 and NH3 in an
aqueous solution. The prepared complex was analyzed by UV-Vis, XRD, FTIR, SEM, and DSC/TGA.
Finally, the thermochemical energy storage potential of the prepared material is assessed. Unlike previous
reports, we considered the implementation of low operating temperatures, along with packing density and
safety margins, thereby obtaining a more realistic estimate of volumetric energy storage density.

2. Materials and Methods
2.1. Synthesis

The following chemicals were used: copper(Il) sulfate pentahydrate (p.a., Centrohem, Stara Pazova,
Serbia), ammonia (25%, p.a., GRAM-MOL, Zagreb, Croatia), and ethanol (96%, MB Impeks d.o.o., Banja
Luka, Bosnia and Herzegovina). Crystalline copper(Il) sulfate was first crushed into a fine powder in a
porcelain mortar. 10 g of powder was then transferred to a glass, and 10 mL of distilled water was added,
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followed by 20 mL of concentrated ammonia solution with constant manual stirring using a glass rod. By
the end of ammonia addition (~1 min), a clear azure-blue solution was obtained. Then, 50 mL of 96%
ethanol was poured into an Erlenmeyer flask, and a glass tube was placed in the flask so that its end reached
the bottom. Using the tube, 10 mL of distilled water was slowly added to the very bottom of the flask. After
that, without moving the flask, the ammonia solution of copper(Il) sulfate was introduced into the flask in
the same way as the water, so that the layers of the blue solution and the colorless ethanol did not mix.
After three days at room temperature, acicular dark blue crystals of tetraammine copper(Il) sulfate
monohydrate precipitated. The crystals were filtered using a Biichner funnel connected to a vacuum pump
and washed first with 10 mL of ethanol to which three drops of ammonia had been added, and then with 20
mL of pure ethanol. The resulting product was dried at room temperature between sheets of filter paper
(Figure 1a) without heating to avoid decomposition, and then stored in a tightly closed container to prevent
the gradual loss of water and ammonia during air exposure.

(a) (b)
Figure 1. Photography of (a) synthesized [Cu(NH3)4]SO4-H,O sample, (b) [Cu(NH3)4]SO4-H,O sample heated to 500 °C.

2.2. Characterization

Diffuse reflectance spectroscopy (DRS) was performed using Ocean Insight QE Pro High-Performance
spectrometer (Ocean Optics, Orlando, FL, USA) equipped with an integrating sphere. Reflectance spectra
were measured in the range of 200-900 nm using BaSOs4 as a white standard.

Phase identification was performed by X-ray powder diffraction (XRD) analysis using a Rigaku
Miniflex 600 diffractometer (Rigaku, Tokyo, Japan) with CuKa radiation. Data were collected in the 20
range of 10° to 70°, with a step size of 0.01° and a scan speed of 10°-min .

FTIR analysis was conducted on a Bruker Vertex 70 spectrometer (Bruker Optics, Karlsruhe, Germany)
in attenuated total reflectance (ATR) mode, using samples pressed onto a diamond crystal. Spectra were
recorded in the range of 400-4000 cm™! with a resolution of 2 cm™!, and the final spectrum represents the
average of 32 scans.

The morphology of the samples was examined using Tescan Vega III Easyprobe scanning electron
microscope (Tescan, Brno, Czech Republic) equipped with a tungsten filament, operating at an accelerating
voltage of 10 kV. Samples were mounted on holders using self-adhesive carbon tape and sputter-coated
with a gold-palladium alloy using Quorum SC 7620 sputter coater (Quorum Technologies, Laughton, UK).
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Thermogravimetric analysis (DTA) was carried out using a NETZSCH STA 409 thermal analyzer
(NETZSCH, Selb, Germany). Approximately 50 mg of the sample was placed in an a-Al203 crucible, which
was also used as the reference material. The sample was heated from room temperature to 650 °C at a rate
of 10 °C-min! under an air flow of 30 cm® min"'.

Differential scanning calorimetry (DSC) was performed on LINSEIS DSC PT 1600 instrument
(LINSEIS, Selb, Germany) under the same conditions: approximately 50 mg of the sample was placed in
an a-AlOs crucible, heated from room temperature to 650 °C at 10 °C-min”" in an air flow. The baseline
was obtained by running an analysis with an empty crucible and was subtracted from the sample curve. To
determine the energy for the process of interest, the peaks were integrated using a linear baseline.

3. Results

In Figure 2a, the UV-Vis spectrum of the synthesized sample is shown. As can be observed, the
prepared complex shows a broad reflection band centered in the blue part of the visible spectrum. In the
[Cu(NH3)4]SO4-H20 complex, the Cu" ion is coordinated by four ammonia molecules, whereas the water
molecule is not directly bound to copper; instead, it is hydrogen-bonded to the sulphate anion. Due to the
dsp? hybridization of the copper(Il) ion, the complex has a square planar geometry. The electrons of the
central metal atom are under the influence of the static electric field of the ligands. This influence is the
strongest on the d electrons, so the d orbitals of copper(Il) are split into different energy levels. The energy
difference between levels is such that the photon can excite an electron from a lower to a higher energy
d orbital within the same d subshell (d-d transition). In this particular case, the d-d transition absorbs
visible light in roughly red region and thus the complex assumes the complementary blue color [8].
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Figure 2. (a) UV-Vis spectrum of the synthesized sample, (b) FTIR spectrum of the synthesized sample.

The FTIR spectrum of the prepared sample is presented in Figure 2b. The absorption bands in the
region 3400-3000 cm ™' are assigned to asymmetric and symmetric NH3 stretching [9—11]. In this region,
bands due to water O—H stretching also appear. Bands at 1635 and 1280 cm™! are assigned to asymmetric
and symmetric H-N-H bending vibrations, respectively, while the band at and 725 cm™' is due to the
rocking vibrations of the NH3 molecule [9,10,12]. The band at 1635 cm™' is also overlapped with the
bending motion of the H2O molecule. The absorption band at 1070 cm™! is attributed to the stretching
vibrations of the SO4>~ anion. Additionally, the bending vibration of the sulfate anion appears at 625 cm™!
[10,11]. Finally, the band at 425 cm™! is due to the Cu—N stretching vibration [10,11].

The micrographs of the prepared sample are shown in Figure 3. As can be seen, the prepared complex
forms irregular particles of various shapes and sizes. The particles are agglomerated, creating secondary
formations. For TCM performance, it is important how efficiently the ligand can move into and out of the
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crystal lattice [13], which is dictated by the surface area and porosity [13]. However, to perform such
measurements, degassing is required; since [Cu(NH3)4]SO4-H20 is unstable, it undergoes decomposition,
as the stability of the complex is governed by a gas—solid equilibrium that is highly sensitive to the partial
pressure of ammonia. This precludes direct measurement of the specific surface area and pore size
distribution. Based on the morphology shown in Figure 3, it could be argued that the relatively small crystals
provide sufficient reaction sites, enabling fast charging/discharging rates and short diffusion paths (i.e., the
distance a gas molecule must travel through the solid product layer). However, the crystal morphology is
likely to change during cycling.

Figure 3. SEM micrographs of the synthesized sample.

The PXRD pattern of the prepared sample is given in Figure 4. The diffraction peaks are consistent
with the ICDD PDF #73-762, so it can be concluded that [Cu(NH3)4]SO4-H20 was successfully prepared.
No other crystal phases were observed. The high intensity and narrow peaks point out to large crystals,
which is in concordance with SEM micrographs (Figure 3).
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Figure 4. PXRD pattern of the synthesized sample.

Five stages of mass loss are clearly discernible on the TG curve (Figure 5). By deriving the TG curve,
it is observed that the first stage consists of at least two processes, bringing the total number of mass loss
stages to six. A similar observation can be made from the DSC curve (Figure 5), showing six large
endothermic peaks, although two additional small endotherms could be observed. The temperatures
corresponding to the peaks of the large endotherms are: 144, 172, 278, 350, 702, and 772 °C. According to
literature, the endothermic peaks at 144 and 172 °C, and the corresponding mass loss could be attributed to
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the loss of two ammonia molecules and one water molecule [14,15]. The mass loss measured from the TG
curve yields 20.97%, which is in fair concordance with the theoretical mass loss of 21.20%. This is followed
by the loss of the two remaining ammonia molecules at 278 and 350 °C [14,15]. Here, the measured mass
loss for both processes yields 14.15%, while the theoretical loss equals 13.86%. Up to the temperature of
500 °C, the crystal color turns pale greenish, while the original complex morphology is retained (Figure
1b), although the crystals become very soft and easily collapse into powder. The mass loss is accompanied
by two peaks at 278 and 350 °C, which, together with a small peak at 248 °C, could be attributed to the loss
of two ammonia molecules. The following endotherms at 702 and 772 °C are due to the decomposition of
CuSOs4 [14,15]. First, tetraamminecopper(Il) sulfate monohydrate is decomposed to transient copper
oxysulfate, CuO-CuSOs, releasing SO2 and 1/2 O2. Then, CuO-CuSOs decomposes to CuO, SOz and 1/2
O2. The combined mass loss due to these two decomposition processes is 32.65%, while the theoretical
mass loss is 32.58%, which could be rated as excellent agreement. The mass fraction of the residual is
32.23%, while the theoretical fraction of CuO is 32.36%, which is again an excellent agreement.
Unfortunately, a small DSC peak at 575 °C, which is not accompanied by mass los, could not be attributed
to a particular process.
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Figure 5. TG, DTG, and DSC curves of the synthesized sample.

4. Discussion

In an attempt to assess the thermochemical energy storage potential of the prepared material, the first
step is to decide on the type of reactor and operating temperature range. The use of a static fixed-bed reactor
is implied due to its simplicity, since there are no moving parts, and good solid-fluid contact is ensured.
The choice of temperature range is primarily influenced by the available heat source. The vast majority of
industrial waste heat output falls below the temperature of 200 °C [16], while flat plate and evacuated tube
solar heat collectors also have thermal output below 200 °C [17]. Additionally, process equipment for
thermochemical energy storage is generally simpler and more cost-effective at low temperatures. An
additional benefit of operating at low temperatures is the prevention of irreversible decomposition of the
sulfate backbone, thus ensuring full reversibility. Since the temperature of heat release and the heat released
depend on the ammonia pressure, employing low pressure in the system can facilitate the discharging of
the material (release of heat by reaction with ammonia and water vapor) at room temperature or slightly
above it. Therefore, it seems reasonable to choose a temperature range between 20 and 200 °C.

According to DSC and TGA curves (Figure 5) and literature [14,15], in this temperature range, the
charging phase consists of [Cu(NH3)4]SO4-H20, endothermic loss of one water and two ammonia
molecules. Integration of two overlapped peaks in the 20 to 200 °C region (Figure 5) gives an energy of
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approximately 156 kJ-mol™'. However, before calculating volumetric energy storage density, one should
consider that although dehydration is an endothermic reaction and thus stores heat, in most cases water is
driven off and removed during the first cycle, so it does not participate in subsequent cycles. Also, if water
is not removed, it can form ammonia hydroxide and cause corrosion, both of which are highly undesirable.
Therefore, since the water molecule does not participate in reversible cycles, the energy used for its removal
is lost, and the storage mechanism will be the reversible reaction between anhydrous copper(Il) sulfate and
ammonia gas.

This does not mean that hydrate should not be used. The use of hydrate complex offers several practical
and economic advantages: First of all, hydrated salts are widely available and affordable in comparison to
anhydrous ones, and their usage as the initial material makes the storage system more cost effective. Due
to less hygroscopicity, hydrates are more stable and easier to handle since because intense absorption of
water leading to clumping is avoided. Once the first cycle is complete and the water is removed, the
material’s energy storage performance, reversibility, and cycle stability are identical to those of a system
that started with anhydrous salt [18].

Thus, the endothermic effect should be corrected for the loss of a water molecule, which contributes
about 56 kJ-mol ! to the total energy effect [19], resulting in a usable endothermic effect of approximately
100 kJ-mol'. Based on the latter, as well as the molar mass of 227.73 g-mol ! and the volumetric density
of 1810 kg-m™ [4], the volumetric energy storage density of [Cu(NH3)4]SO4 in the temperature range
between 20 and 200 °C can be estimated to be approximately 795 MJ-m>. For comparison, paraffin wax,
which is often used as a heat storage material, has volumetric energy storage density, primarily derived
from its latent heat of fusion, between 146 and 210 MJ-m™ [20].

Additionally, when calculating for a fixed-bed reactor, a packing factor of 0.6—0.7 must be applied to
account for the air gaps between the granules [21]. Thus, assuming the packaging factor of 0.6, the
volumetric energy storage density is reduced to approximately 477 MJ-m>. Reactors used are designed to
store the gasses in a separate tank to avoid an extreme rise of pressure during charging [22]. Additionally,
there is no need to consider volume changes since the calculation was done for teraamminecopper(Il)
sulphate, which decomposes during charging to diamminecopper(II) sulfate, accompanied by mass loss and
volume contraction [4]. The changes due to thermal expansion of the material can also be neglected.
However, in the dimensioning of a fixed-bed reactor, the required volume should be multiplied by an
additional safety factor of at least 1.25 to ensure safety and functionality under non-ideal conditions. With
this correction, the volumetric energy storage density is reduced to approximately 382 MJ-m™>, which is
still significantly better than paraffin wax. The volumetric energy storage densities that refer to real
conditions are generally difficult to compare because studies are not standardized. The reactors, operating
temperature range, cycles, porosity, carrier, composites, dopants, etc., differ a lot across studies. For
example, a recent study [23] presents an investigation of sol-gel derived CaO-based composites with Al
and Ce dopants added in order to reduce CaO sintering and enhance carbonation kinetics. A heat storage
density of 1600 kJ-kg™' after 50 cycles, assuming 80% conversion, was calculated. Thus, using the
theoretical density of CaCO3, the volumetric energy storage density is estimated to be 4.336 GJ-m™>.
However, if powder or granules are assumed, this value would be significantly lower. Also, the temperature
range for this process is commonly between 750 and 950 °C.

The Cu(NH3)4SO4/CuSO4 couple is noted for its excellent reversibility, enabling thousands of
ammoniation/deammoniation cycles and fast response [6]. Some shortcomings of this system, like thermal
expansion, gas management, and economics, have been addressed here. Others like high corrosivity of
ammonia and low thermal conductivity could be mitigated by using stainless steel process equipment and
metal foams. The kinetics of this couple is defined by rapid reaction rates, i.e., fast charging and discharging
[4], although constrained by solid-state diffusion at low temperatures [24].



Green Chem. Technol. 2026, 3(3), 10015. doi:10.70322/gct.2026.10015 80of 10

5. Conclusions

Dark-blue solid tetraamminecopper(Il) sulfate monohydrate, [Cu(NH3)4]SO4-H20, was prepared by
chemical precipitation. UV-Vis, PXRD, and FTIR analyses confirmed that the product of synthesis is
[Cu(NH3)4]SO4-H20, while SEM investigation revealed that the prepared material consists of agglomerated
platelets of varying sizes. According to TG analysis, tetraamminecopper(II) sulfate monohydrate undergoes
a series of six endothermic decomposition steps. On the basis of operating temperature range between 20
and 200 °C and volume changes in the course of charging/discharging processes, volumetric energy storage
density of tetraamminecopper(Il) sulfate monohydrate was estimated to be 382 MJ-m™.
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