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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Transition metal salts react reversibly 
and highly exothermic with ammonia. 

• Highest storage densities are 8.75 GJ 
m− 3 for NiCl2 and 6.38 GJ m− 3 for 
CuSO4. 

• Ammonia uptake and release is fully 
reversible. 

• Transition metal sulphates feature per-
fect cycle stability. 

• Operational temperature window for 
energy storage ranges between 25 and 
350 ◦C.  
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A B S T R A C T   

Materials with high volumetric energy storage capacities are targeted for high-performance thermochemical 
energy storage systems. The reaction of transition metal salts with ammonia, forming reversibly the corre-
sponding ammonia-coordination compounds, is still an under-investigated area for energy storage purposes, 
although, from a theoretical perspective this should be a good fit for application in medium-temperature storage 
solutions between 25 ◦C and 350 ◦C. 

In the present study, the potential of reversible ammoniation of a series of transition metal chlorides and 
sulphates with gaseous ammonia for suitability as thermochemical energy storage system was investigated. 
Among the investigated metal chlorides and sulphates, candidates combining high energy storage densities and 
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cycle stabilities were found. For metal chlorides, during the charging / discharging cycles in the presence of 
ammonia slow degradation and evaporation of the materials was observed. This issue was circumvented by 
reducing the operating temperature and cycling between different degrees of ammoniation, e.g. in the case of 
NiCl2 by cycling between [Ni(NH3)2]Cl2 and [Ni(NH3)6]Cl2. In contrast, sulphates are perfectly stable under all 
investigated conditions. The combination of CuSO4 and NH3 provided the most promising result directing to-
wards applicability, as the high energy storage density of 6.38 GJ m− 3 is combined with full reversibility of the 
storage reaction and no material degradation over cycling. The results of this comparative systematic material 
evaluation encourage for a future consideration of the so far underrepresented transition metal ammoniates as 
versatile thermochemical energy storage materials.   

1. Introduction 

The major challenge to integration of renewable and sustainable 
energy sources into the existing energy supply chain is effective 
compensation for temporal differences in peak energy production and 
demand [1]. This difficulty is especially acute in combination with 
fluctuating energy sources like the sun, for which non-operational times 
at night or during harsh weather conditions often correspond to peak 
demands, amplifying the mismatch between production and consump-
tion [2,3]. Although, with e.g. pumped storage for hydropower already 
green energy storage technologies are available [4,5] and there exist 
other very promising approaches to thermal energy harvesting as e.g. 
thermoelectric [6] and thermomagnetic approaches, [7] storage of 
excess solar heat for use during low-production times demands for novel 
efficient thermal energy storage concepts. [8] Similarly, effective energy 
storage is required for heat recovery systems, designed to utilize (in-
dustrial) waste heat [1,2]. In other words, effective matching of energy 
supply to demand is strongly dependent on the availability and devel-
opment of efficient heat storage technologies. 

Several heat storage strategies have been proposed and investigated 
[3,9]. The most important concepts include sensible, [9] latent [10] and 
thermochemical [11,12] (sorption and reaction) heat storage. The 
storage capacity of these technologies increases in the scheme shown in 
Fig. 1 from left to right, however, their level of technological develop-
ment is reversed. 

Thermal storage systems operated commercially today include sen-
sible [13–16] and, in some rare cases, latent thermal storage systems 
[10]. In a sensible energy storage cycle big volumes of a liquid (water, 
oil, molten salt, …) or solid (sand, concrete,…) storage material are 
heated, afterwards releasing the stored heat for further utilization. For a 
latent heat storage system, the storage material allows for a phase- 
change (solid–liquid, or liquid–gas), those inherent energy uptake or 
release is used to store or release heat. Both storage concepts suffer from 
the necessary thermal insulation to minimize heat losses during storage 
due to radiation [12]. Especially for sensible storage thermochemical 
systems could provide in some cases an attractive alternative, avoiding 
principal drawbacks of sensible systems including corrosiveness of the 
working medium or heat loss combined with potential crystallization of 
the melt in the system [17–20]. 

A very illustrative example of the necessary expenditures for a 

storage capacity of 10 GJ using the various available storage technolo-
gies was given by Luo et al. demonstrating, that 1 m3 of thermochemical 
storage material can replace up to 34 m3 of sensible heat storage me-
dium [21]. 

In thermochemical systems the storage material is charged by a 
reversible chemical decomposition of material A during an endothermic 
decomposition reaction: 

Asolid + heat ↔ Bsolid +Cgas↑ 

The charged material B is stored separately from the reactive gas C 
formed during the decomposition of A. To release the stored energy, B is 
reacted with gas C, reforming the initial storage material A [11,12]. This 
concept allows for the highest possible storage capacities, lossless (long- 
term) storage without thermal insulation and a broad, tuneable range of 
operational temperatures depending on the storage reaction applied 
[22]. The drawbacks currently preventing application include issues of 
cycle stability, reaction rate and material investment costs. Assessment 
of many potentially suitable materials reveals slow decomposition dur-
ing cycling or slow reaction rates for the discharging step, therefore, 
eliminating them from potential thermochemical application. Material 
costs are considerably larger than for sensible storage material such as 
water, however, this factor may be mitigated by larger storage capac-
ities, faster reaction times during charging and discharging and reduced 
overall investment costs due to smaller and mechanically simpler stor-
age systems. In summary, the ideal thermochemical storage material 
would preferably provide high energy storage density at moderate ma-
terial costs, perfect cycle stability without any degradation effects and 
fast charging and discharging reactions. Their potential is highlighted in 
several review articles [9,10], covering specific topics as solar thermal 
storage [8,23,24], or thermochemical energy storage in general [22,25]. 

The most common thermochemical energy storage materials include 
hydrates and hydroxides [26–29], hydrides [30,31], oxides [32–34], 
and carbonates [35–37]. Salt hydrates and hydroxides, using H2O as a 
reactive medium, operate at temperatures up to a few hundred degrees 
and thus find potential application mainly in civil environments, 
including household heating or heat pumping [38]. Depending on the 
metal used, hydrides can be highly flexible when specifically designed 
for particular applications. Materials having their equilibrium temper-
ature between 25 and 100 ◦C may be used for near ambient (housing) 
applications, whereas hydrides featuring storage temperature well 
above 100 ◦C could be used in concentrating solar power plants [39]. 
State of the art thermal storage systems suitable for combination with 
solar thermal systems have been extensively reviewed. In the case of 
combination with (concentrating) solar thermal systems, reversible 
redox-cycles of metal oxides [40–45], and, to a minor extent, metal 
hydride systems, have been investigated [30,31]. Metal oxides might be 
especially appropriate for higher reaction / storage temperatures, as 
well as attractive energy densities and reaction rates under safe reaction 
conditions [46]. Oxides are superior to carbonates in terms of reactive 
gas, since the discharging reaction may be carried out with ambient air, 
whereas carbonates release CO2 during discharging, which should be 
stored for later use. However, it has recently been shown that carbon-
ation reactions may also be operated at lower temperatures under 
increased CO2 partial pressures, broadening their scope of application 

Fig. 1. Schematic comparison of storage capacity, materials costs, technology 
readiness level (TRL) and necessary storage volume for different thermal energy 
storage concepts. 
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[47]. 
Classifying potential materials for thermochemical energy storage 

according to the involved reactive gas shows, that ammonia was widely 
neglected so far. Efforts including ammonia focused mainly on Haber- 
Bosch type chemistry, forming and decomposing ammonia from and 
to elemental N2 and H2 in solar power plants [48,49]. Theoretical 
studies encompassing calculations of the energetic aspects of such ap-
plications [50–54], as well as first experimental prototypes [55–57] for 
energy storage purposes have been published. 

Less attention was paid to the coordinating ability of the electron 
lone pair of the central nitrogen atom in NH3, which is well known and 
leads to reaction with a wide variety of (transition) metal salts. Such 
reactions of (anhydrous) (transition) metal salts with ammonia result at 
least theoretically in an exothermic reaction, providing exceptionally 
high predicted energy storage densities [58]. However, only a very few 
practical studies of ammonia-compounds for thermochemical energy 
storage have been reported: Pioneering work dates to the 1980s by Ervin 
[43] and Dunlap [59], who describe experiments on alkaline-earth 
ammoniates and transition metal ammoniates, with a focus on CoCl2 
[60,61] and MnCl2 [62]. Interest in alkaline earth chlorides for 
ammonia adsorption has been rekindled in the recent years and Van der 
Pal has published a performance-analysis of the CaCl2 - NH3 system on a 
1 kg scale in an expanded natural graphite matrix to enhance thermal 
conductivity [63]. A coefficient of performance (COP) of 0.35–0.40 was 
found and a reasonable performance for a future scale-up to industrial 
levels is expected. Aristov and co-workers investigated γ-Al2O3 and 
vermiculite as support materials and found COPs between 0.40 and 0.48 
and postulated reasonable potential for application in low-temperature 
driven cooling units [64]. Rosen has also recently reported on SrCl2- 
NH3 for thermochemical storage of solar heat [65]. Further studies on 
alkaline-earth ammoniates have been directed toward ammonia sepa-
ration and storage [66], or for environmentally improved vehicles. A 
recyclable DeNOx-system providing rapid NH3-uptake and efficient 
liberation on demand that can be operated continuously has been 
developed [67,68]. Also for various nickel halides a similar effect was 
reported [69]. With exception of the historical reports [43,59], the 
investigation of MnCl2 [70], and the combination of transition metal 
chlorides with alkaline earth chlorides [71], a systematic approach to 
the investigation of the energetics of transition metal ammoniates had 
yet to be undertaken. 

We report herein the first systematic materials survey on the reaction 
of solid hydrous and anhydrous transition metal chlorides and sulphates 
with gaseous ammonia, aiming for high performing novel thermo-
chemical energy storage materials. Reversibility of the ammoniation 
reaction, cycle stability, as well as determination of the experimental 
energy storage density by differential scanning calorimetry are used to 
verify the suitability of the reaction for thermochemical energy storage 
purpose. 

The results suggest that the best systems examined possess a signif-
icantly higher experimental energy storage density in the temperature 
range from 25 to 350 ◦C than current state-of-the-art systems [72]. 

2. Experimental methodology 

2.1. Material 

All transition metal salts – both hydrated and anhydrous – were 
obtained commercially from Sigma Aldrich Austria in a purity greater 
than 99.9% and used as supplied. Before measurement, the materials 
were ground if necessary. For all samples, a sieved fraction smaller than 
100 µm was used for the measurements. Ammonia (99.98%) was ob-
tained from Messer. 

2.2. Thermal analysis 

For thermal analysis a Netzsch TGA/DSC 449C Jupiter® instrument 

equipped with a water vapour furnace including an air-cooled double 
jacket was used (see Fig. S1). The oven operates between 25 and 
1250 ◦C, regulated by an S-type thermocouple. For determination of the 
energy contents at room-temperature the NH3 gas flow was set to 100 
ml min− 1 allowing for a rapid and complete exchange of the atmosphere 
in the oven. The flow was controlled by Vögtlin Instruments “red-y” 
mass flow controllers. The transition metal salt (10 mg) was placed in an 
open aluminium crucible and reacted after 10 min of stabilization under 
N2-atmosphere with NH3 until the exothermic reaction had ceased. The 
DSC was calibrated according to the procedure suggested by Netzsch, 
using the In, Sn, Bi, Zn, Al and Ag standards provided by the manufac-
turer. Before each experiment a baseline-correction using the measure-
ment software was performed. 

For decomposition and cycling experiments, a sample mass of 
approximately 5 mg in an open alumina crucible was used, applying 
heating and cooling rates of 10 ◦C min− 1 under an NH3 atmosphere 
created by a constant 20 ml min− 1 flow of NH3 gas, controlled by Vögtlin 
Instruments “red-y” mass flow controllers. The heating/cooling rate of 
10 ◦C min− 1 was selected in the context of this general materials 
investigation to ensure reasonable measurement times, allowing 
contemporaneously for reasonable accuracy of the results [73]. For 
specific purposes and later on additional measurements heating/cooling 
rates of 5 or 2 ◦C min− 1 could be suitable. Prior to all measurements a 
thermal correction was performed. To determine the decomposition 
(deamination) temperature of the various transition metal complexes, 
the fully ammoniated transition metal salt was heated to 450 ◦C. For the 
cycling experiments, after a 10 min stabilization time under NH3-at-
mosphere at room-temperature the samples were heated slightly over 
the before determined decomposition temperature, ensuring complete 
thermal deamination of the material. Then a cooling phase under NH3 
atmosphere was followed by an isothermal stabilization time of 30 min 
at room-temperature, before the heating/cooling cycle was repeated. 

Evaluation of the TGA and DSC curves was performed with the 
Netzsch Proteus – Thermal Analysis – 6.0.0 software package. Mass- 
losses, residual mass, DSC-values and onset temperatures were calcu-
lated from the respective area of the baseline-corrected measurement 
data by the software algorithms. The mass-loss is given in % and was 
obtained by subtracting the residual mass (in %) determined by the 
software analysis-algorithm from the original mass (100%). Experi-
mental error is given according to the instruments’ specification. 

2.3. X-Ray powder diffraction (P-XRD) 

The powder X-ray diffraction measurements were carried out on a 
PANalytical X’Pert Pro diffractometer in Bragg-Brentano geometry 
using Cu Kα1,2 radiation and an X’Celerator linear detector. 

2.4. Scanning electron microscopy (SEM) 

SEM images were recorded on a Quanta SEM instrument from FEI 
under low-vacuum and in the presence of water vapor to prevent elec-
trostatic charge. The samples were mounted on carbon pellets on top of 
the sample holder and plasma vacuum deposition was used to coat the 
samples with a thin layer of gold to ensure appropriate conductivity. The 
gold coating was performed using an AGAR sputtering system at 10 mA 
for 30 s. 

3. Results and discussion 

The coordination chemistry of transition metal salts with ammonia is 
known since the pioneering work of Alfred Werner at the early begin-
ning of the 20th century. Although the reaction of ammonia, coordi-
nating to transition metal ions as e.g. Cu2+, Co2+ and Ni2+ is well-studied 
and highly exothermic [74], studies of thermochemical energy storage 
systems utilizing transition metal ammoniates are limited. Among other 
reasons, this may be attributed to the rather exotic nature of this 
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combination, and more importantly, eventual reservations about 
working with (pressurized) ammonia at elevated temperatures⋅NH3 as 
generally toxic gas will not be the first choice for e.g. large applications 
in urban environment or households. Nevertheless, NH3 is widely 
applied in closed systems for e.g. industrial cooling systems, carefully 
preventing any release and harm to the environment. Also the issue of its 
corrosiveness becomes less relevant, when preventing the presence of 
moisture. There are sufficient materials at hand, withstanding the 
combination of high temperatures, ammonia and metal salts. Therefore, 
with sufficient and proper safety measures in place, the combination of 
transition metal salts and ammonia as thermochemical energy storage 
material becomes feasible. 

Starting from a systematic analysis of the HSC-chemistry thermo-
chemical database entries it becomes evident, that several so far non- 
investigated combinations between anhydrous (transition) metal salts 
and NH3 as reactive gas could be attractive candidates for thermo-
chemical energy storage (TCES) materials in solid–gas reactions [58]. 
Additional to the list of candidates extracted from the HSC-database 
search, further transition metal salts known for their ammonia- 
complexes (e.g. Mn2+, Fe2+/3+, Co2+, Ni2+, Cu2+, Zn2+) were selected 
for investigation of their reaction with gaseous NH3. As it is known, that 
depending on the coordinating nature of the counter-anion reactivity 
and therefore thermodynamic parameters differ, additional to chloride 
also sulphates – if commercially available to reasonable prices – were 
chosen. 

Differential scanning calorimetry (DSC) under an NH3 atmosphere at 
25 ◦C was used to determine the heat of reaction for the formation of the 
ammoniate-complexes. During the reactions it was observed, that all 
investigated materials feature fast reaction rates, completing the for-
mation of the ammoniate-complexes under the measurement conditions 
(visible by no further heat evolution) within less than 10 min. As several 
of the salts investigated are available in both anhydrous and variously 
hydrated forms, the most common hydrate species were also investi-
gated regarding their reactivity towards NH3. In Fig. 2 the reaction 
enthalpy, thus the energy content, is given for all investigated materials 
– in Fig. 2a for the anhydrous salts, in Fig. 2b for their hydrated forms. 
The materials are ranked by gravimetric energy content (kJ/kg; blue) 
with the molar energy content (kJ/mol; green) adjacently reported for 
completeness and convenience. 

From the anhydrous materials investigated, the largest enthalpy of 
reaction was observed for NiCl2 forming its hexaammine-complex, 
liberating 2464 kJ kg− 1 during ammoniation. Considering the bulk 
density of the anhydrous material (3.55 t m− 3) [75], this results a 
calculated potential maximal storage capacity of 8.75 GJ m− 3 of the 
material. For the investigated sulphates the largest heat of reaction was 

measured for CuSO4, forming the tetraammine-complex reacting with 
NH3 (entry 5, 6.38 GJ m− 3 based on a bulk density of 3.6 t m− 3 [75]). In 
Fig. S2 the entries from Fig. 2 are sorted according to the molar energy 
content, resulting in a shifted weighting towards salts with a higher 
molecular weight, especially in the case of the hydrates. The exact 
values for both energy content in kJ kg− 1 and kJ mol− 1, as well as the 
energy density in GJ m− 3, are given in Table S1 enabling ready com-
parison and assessment of the potential volumetric efficiency of the 
materials studied. 

Based on the theoretical predictions derived from the HSC-chemistry 
database, also Pd2+, Pt2+, Cd2+, Sc3+, and Ce3+ should react highly 
exothermic with NH3 [58]. In contrast, the experimental values shown 
in Fig. 2 evidence, that Pd2+, Pt2+, Cd2+, Sc3+, and Ce3+ are not com-
parable to the investigated first-row transition metals in terms of reac-
tion enthalpy, not matching with the prediction from the database. 
Therefore, as well as based on their price and toxicity in the case of Cd2+, 
they were excluded from further investigations. The reason for this 
contrasting experimental behaviour is found in the case of the rare-earth 
elements (Sc3+ and Ce3+) in their dominating oxophilicity, preferring O- 
donor sets above N-donors as e.g⋅NH3. Additionally, the contribution of 
the lattice enthalpy is in the case of three-valent cations larger than for 
divalent ones, so the enthalpy of reaction with NH3 is no longer large 
enough to result high overall enthalpies of reaction. For the divalent 
cations Pd2+, Pt2+, Cd2+ a suitable explanation is found according to the 
hard and soft acid and base concept (HSAB-concept, Pearson concept) 
[74], favouring pairs of hard acids and hard bases, or weak acids and 
weak bases. Pd2+, Pt2+, Cd2+ are generally classified as weak acids, 
whereas NH3 falls in the category of hard bases, explaining with this 
“mismatch” of a weak acid and hard base the measured low enthalpy of 
reaction. 

For each selected transition metal cation in addition both the counter 
anion and degree of hydration impact on the reaction enthalpy, thus on 
the energy storage capacity of the material. Having this in mind, en-
thalpies of ammoniation were compared for chlorides and sulphates, as 
well as for the most common hydrates of the transition metal salts. 
Transition metal sulphates typically yield reaction enthalpies of 20–100 
kJ mol− 1 lower than the chlorides. This is attributed to the stronger 
electrostatic interactions between divalent cations and divalent anions, 
which tend to prevent saturation of the metal-cation coordination 
sphere with ammonia ligands [76]. Taking Ni2+ or Cu2+ as an example, 
for both chlorides the corresponding hexaammine-complex [M(NH3)6] 
Cl2, M = Ni2+, Cu2+ is formed, whereas for the sulphates only the 
tetraammine-complex [M(NH3)4]Cl2, M = Ni2+, Cu2+ is obtained. 

Also, the initial salt hydration state affects the heat storage capacity 
of transition metal salts. The reasoning for this observation is detailed in 

Fig. 2. Energy of reaction of selected (transition) metal salts with NH3 at 25 ◦C. a) Anhydrous salts b) Most common hydrates. Exemplarily, the TGA/DSC curves for 
CuSO4 + 4 NH3 ↔ [Cu(NH3)4]SO4 is given in the supporting information(see Fig. S3). 
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Fig. 3 as schematic representation of the heats of formation for [Cu 
(NH3)6]Cl2, starting from anhydrous CuCl2 and the dihydrate 
CuCl2⋅2H2O. 

The reaction steps from copper to the final [Cu(NH3)6]Cl2-complex 
are all exothermic. Since the molar heat formation of CuCl2⋅2H2O is 
significantly more negative (− 270.7 kJ/mol) than that of anhydrous 
CuCl2 (− 220.1 kJ/mol), the ligand-exchange reaction of CuCl2⋅2H2O 
with NH3 (see Fig. 2) results in a smaller change in enthalpy than 
observed for anhydrous CuCl2. For both pathways, combining the 
literature values for the ΔHf CuCl2 / CuCl2⋅2H2O [77] with the enthalpy 
of reaction forming [Cu(NH3)6]Cl2 determined in the present work, one 
can find a perfect agreement with the calculated ΔHf = − 516 kJ mol− 1. 

The exothermic reaction between the metal salt and NH3 corre-
sponds to the discharging reaction of a TCES material. Charging the 
material through thermal decomposition of the ammoniate-complex 
results in the anhydrous material, regardless of the hydration state of 
the initial precursor material. Therefore, on repeated operation of the 
TCES-process, the lower energy capacity of hydrated salts accounts only 

in the first cycle, from the second cycle on, the reaction enthalpy is 
equivalent to the one measured when starting from the anhydrous ma-
terial. Once the hydrate water is fully removed after the first charging / 
discharging cycle, the performance and storage capacity of the initial 
anhydrous or hydrous transition metal salt are identical. In Fig. 4 this 
behaviour is exemplified for the case of CuSO4⋅5H2O: Before initiating 
the first discharging / charging cycle, CuSO4⋅5H2O is reacted with 
ammonia at room-temperature (the initial reaction with NH3 is omitted 
in Fig. 4). This hydrated ammoniate-complex, resulting directly from 
CuSO4⋅5H2O, is subsequently cycled under NH3-atmosphere. 

During the first complete discharging / charging cycle residual H2O 
is removed from the system, causing the mass-loss between the initial 
mass and the subsequent maxima. Therefore, as shown in Fig. 4, the first 
cycle shows a slightly different thermal behaviour. In the case of CuSO4 
this is seen in the rather gradual, than clear stepwise NH3 removal or 
uptake, observed during the further cycles. Starting with the second 
cycle, the discharging and charging profiles are highly comparable in all 
subsequent cycles in terms of mass-changes, onset-temperatures, and 
reaction enthalpies. The observed overall mass-change of 28% in each 
cycle is in reasonable agreement with the expected theoretical change of 
29.9% for the reaction [Cu(NH3)4]SO4 ↔ CuSO4 + 4 NH3. 

A TCES material should preferably not only provide a high energy 
storage density, but even more important, allow for fully reversible 
discharging / charging over many cycles, enabling long-term applica-
tion in a system. From all investigated materials NiCl2 revealed the 
highest enthalpy of reaction with NH3 (see Fig. 2a). It was the first 
material being investigated for reproducibility and cycle stability over 
targeted 10 cycles in the TGA/DSC, varying the temperature between 25 
and 400 ◦C. The result is given in Fig. 5a revealing, that already after the 
first cycle 5.4% of the initial NiCl2-mass were lost. The mass-loss 
continued during subsequent cycling and worsened, until after inter-
rupting the cycling test after the seventh repetition, a final loss of 25.2% 
(Fig. 5a) was calculated. 

The reason for this continuous loss of NiCl2 is thought as combina-
tion of transport phenomena and reduction of NiCl2 on heating under 
NH3 atmosphere. After the 7th cycle, the formerly yellow material had 
darkened and traces of NH4Cl were identified in the powder diffraction 
of the material. In addition, on the sample holder of the TGA/DSC sys-
tem a dark layer had deposited around the crucible. The slow decom-
position observed in the case of NiCl2 was also observed during cycling 
experiments with CoCl2 and CuCl2 shown in Figs. S4 and S5, although to 
a markedly lesser degree (CoCl2 2.1%, CuCl2 3.2%). This effect is 

Fig. 3. Schematic comparison of the heats of formation for a) anhydrous CuCl2 
and b) CuCl2⋅2H2O and the further reaction with NH3 to the [Cu(NH3)6]Cl2- 
complex. ΔHf CuCl2 / CuCl2⋅2H2O was taken from the NBS tables of chemical 
thermodynamic properties31; and ΔHf[Cu(NH3)6]Cl2 was determined in this 
work. Ammoniation of anhydrous CuCl2 is shown on the left (Fig. 3a) and 
CuCl2⋅2H2O on the right (Fig. 3b). 

Fig. 4. Cycling experiment with CuSO4⋅5H2O. During the first complete charging / discharging the former hydrate water is removed from the system, resulting a 
stable and reproducible performance from the second cycle on. For comparison, after stability is achieved only the 10th cycle is represented. 
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attributed to decreased thermal stability of the metal chlorides under a 
combination of high temperatures and an atmosphere of ammonia. To 
prevent this gradual decomposition in the case of the chlorides by 
lowering the maximal decomposition temperature in the experiment 
only a partial deamination, stabilizing the storage material by one or 
more residual NH3-ligands, could be beneficial. In this case, the com-
plete storage capacity of the system is sacrificed to enhance cycle sta-
bility. A cycling experiment using an adapted temperature program for 
the NiCl2 case is given in Fig. 5b. If the deamination temperature is 
limited to 180 ◦C, the diammine-complex [Ni(NH3)2]Cl2 rather than 
NiCl2 is obtained as charged species in the process. Cooling under an 
NH3 atmosphere results in reformation of the hexaammine compound 
[Ni(NH3)6]Cl2. This limitation results a fully stable discharging / 
charging cycle, invariant over the 10 cycles shown in Fig. 5b. This 
observation is supported by previous work in which the thermal 
decomposition of [Ni(NH3)6]Cl2 resulting the diammine complex [Ni 
(NH3)2]Cl2, was reported. [78] The reversible process [Ni(NH3)6]Cl2 ↔ 
[Ni(NH3)2]Cl2 + 4NH3 demonstrates, that taking into account the trade- 
off of a lower overall storage density allows also for transition metal 
chlorides a reversible and cycle-stable application. 

The release of NH3 during heating (charging) of the chloride- 
complexes occurs mostly continuous. In contrast, for the sulphates a 
stepwise NH3-release is observed. Missing thermal plateaus, where the 
deammination would stop at a defined species, even careful control of 
the deamination temperature cannot fully prevent slight decomposition 
effects in the case of the chlorides over long-term cycling. This differing 
thermal decomposition behaviour is shown exemplarily for [Cu(NH3)6] 
Cl2 and [Cu(NH3)4]SO4 in Fig. 6. 

In Fig. 6a the highlighted area during the mass loss corresponds to 
the continuous and gradual mass-loss before and after the thermal 
dissociation of the last NH3-ligand in [Cu(NH3)6]Cl2. In contrast, in 
Fig. 6b in the case of [Cu(NH3)4]SO4 there is a slight gradual plateau 
before the steep drop, the latter corresponding to the irreversible 
decomposition of the material. Careful temperature control in this case 
allows for stabilization of the anhydrous CuSO4-phase. Another option 
preventing the degradation of the material could be purging of the 
system with N2 to remove the NH3 liberated during thermal decompo-
sition. However, studies under a static NH3 atmosphere most closely 
emulate the conditions anticipated for industrial application, under 
which the inherent toxicity of NH3 would be mitigated by operating a 
closed system. 

In the case of the transition metal sulphates, no decomposition 
during cycling was observed (for example, Fig. S6 for 10 charging / 
discharging cycles with CuSO4). Although, the chlorides would provide 
maximal energy storage densities, based on the results of the cycle sta-
bility tests transition metal chlorides are under the conditions investi-
gated unsuitable in a real application as thermochemical energy storage 
material. 

To investigate the discharging / charging behaviour of the various 
materials, all materials included in the systematic study were subjected 
two consecutive charging / discharging cycles under an atmosphere of 
NH3 in the TGA/DSC. The results for each material are detailed in the 
supporting information, Figs. S7–S16. The decomposition and formation 
temperatures of the ammoniate-complexes, as well as the associated 
energies are reported in Table 1. For all materials showing an identical 
first and second cycle, in Table 1 the results for the second cycle are 

Fig. 5. a) Loss of NiCl2 during cycle-stability tests. Within 7 consecutive cycles 25.2% of the initial NiCl2 is lost. b) Loss of NiCl2 during cycle-stability tests if the 
decomposition temperature is lowered to cycle between [Ni(NH3)2]Cl2 and [Ni(NH3)6]Cl2. Under the refined conditions the reaction is cycle-stable. 

Fig. 6. a) Decomposition of [Cu(NH3)6]Cl2 under NH3 atmosphere, continuous gradual mass-loss before and after removal of the last NH3-ligand. b) Decomposition 
of [Cu(NH3)4]SO4 under NH3 atmosphere, plateau-phase during removal of the last NH3-ligand. 
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shown. If the discharging (thus reformation of the ammoniate) was 
incomplete (e.g. for [Cd(NH3)4]Cl2, [Fe(NH3)2]SO4, etc.), the data of the 
first cycle are given. 

To proceed with a more detailed study, the initially investigated 
materials were narrowed down according to three parameters: a) 
reversibility of the ammoniation, b) energy content, c) toxicity and 
price. Although, careful selection of the deammoniation temperature 
and specific optimization of the process (e.g.in the case of NiCl2 [Ni 
(NH3)6]Cl2 ↔ [Ni(NH3)2]Cl2 + 4NH3) could allow also for good cycle 
stability of chlorides, they were excluded from a further investigation 
according to criterium a). Considering criteria b) and c), the initially 19 
materials were narrowed down to CuSO4, CoSO4 and ZnSO4 as the three 
most promising candidates. 

All three materials were found fully cycle-stable over 10 cycles. 
Analysis of the powder X-Ray patterns of the materials before and after 
10 cycles support the full reversibility identified by TGA/DSC, as no 
change in the phase composition (apart for ZnSO4, where the 
ZnSO4⋅H2O was no longer present after 10 cycles of NH3) was observed. 
In Fig. 7 exemplarily the P-XRD patterns for [Cu(NH3)4]SO4 before and 
after 10 cycles is shown, the data for CoSO4 (Fig. S17) and ZnSO4 
(Fig. S19) are given in the supplement. 

For all three compounds a comparison of SEM images before and 
after the 10 cycles of NH3 treatment show a tendency towards smaller 
particle sizes. This effect is explained by the volume work occurring 

Table 1 
Decomposition / formation temperatures and associated energies for the investigated transition metal ammoniates.   

[Ni(NH3)6]Cl2 [Co(NH3)4]Cl2 [Cu(NH3)6]Cl2 

charging discharging charging discharging charging discharging 

T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] 

1st step 176.3 / 802.4 ± 22.5 274.0 / − 133 ± 3.7 140.0 / 743 ± 13.4 56.4 / − 807 ± 10.5 99.8 / 320 ± 5.8 — 
2nd step 309.9 / 374.1 ± 12.0 139.6 / − 1289 ± 23.2 — — 133.5 / 366 ± 6.6 — 
3rd step — — — — 296.6 / 1199 ± 38.4 —  

[Mn(NH3)2]Cl2 [Cu(NH3)4]SO4 [Ni(NH3)4]SO4 

charging discharging charging discharging charging discharging 
T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] 

1st step 87.5 / 846 ± 15.2 60.8 / − 2005 ± 36.1 79 / 180 ± 3.2 66 / − 153 ± 2.8 119.3 / 598 ± 10.8 127.1 / − 378 ± 6.8 
2nd step 249.3 / 581 ± 16.3 — 168 / 444 ± 8.0 138 / − 479 ± 8.6 — — 
3rd step — — 307 / 443 ± 14.2 248 / − 247 ± 6.9 — —  

[Co(NH3)4]SO4 [Cd(NH3)4]Cl2 [Fe(NH3)2]SO4 

charging discharging charging discharging charging discharging 
T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] 

1st step 101.7 / 268 ± 4.8 80.2 / − 1026 ± 18.5 58.5 / 372 ± 6.7 — 79.5 / 441 ± 7.9 — 
2nd step 132.1 / 332 ± 5.0 — 237.9 / 236 ± 6.6 — 231.2 / 198 ± 5.5 — 
3rd step 260.3 / 307.4 ± 5.5 — — — — — 
4th step 293.2 / 258 ± 8.3 — — — — —  

[Cd(NH3)2]SO4 [Zn(NH3)4]SO4 [Zn(NH3)4]Cl2 

charging discharging charging discharging charging discharging 
T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] 

1st step 85.6 / 314 ± 5.7 163.5 / − 226 ± 4.1 79.0 / 27 ± 0.5 105 / − 761 ± 13.7 94.8 / 27 ± 0.5 235.0 / − 71 ± 2.0 
2nd step 200.4 / 585 ± 16.4 65.1 / − 490 ± 8.8 108.0 / 202 ± 3.6 — 247.0 / 58 ± 1.6 — 
3rd step — — 174.0 / 243 ± 4.4 — — — 
4th step — — 215.0 / 343 ± 9.6 — — —  

[Cu(NH3)6]Cl2 from CuCl2 2H2O [Fe(NH3)3]Cl2 from FeCl2 4H2O [Cu(NH3)4]SO4 from CuSO4 5H2O 
charging discharging charging discharging charging discharging 
T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] 

1st step 103.0 / 265 ± 4.8 134.1 / − 74 ± 1.3 117.3 / 776 ± 14.0 127.4 / − 1350 ± 24.3 98.4 / 200 ± 3.6 248.0 / − 161 ± 4.5 
2nd step 137.3 / 299 ± 5.4 104.8 / − 310 ± 5.6 283.1 / 178 ± 5.7 — 173.2 / 456 ± 8.2 136.0 / − 629 ± 11.3 
3rd step 291.8 / 369 ± 11.8 — — — 308.4 / 246 ± 8.1 66.5 / − 175 ± 3.2  

[Fe(NH3)2]SO4 from Fe2(SO4)3 9H2O [Mn(NH3)2]Cl2 from MnCl2 2H2O [Cd(NH3)2]SO4 from CdSO4 4H2O 
charging discharging charging discharging charging discharging 
T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1] 

1st step 137.6 / 88 ± 1.6  91.2 / 414 ± 7.5 61.3 / − 949 ± 17.1 83.7 / 399 ± 17.1 160 / − 296 ± 5.3 
2nd step — — — — 206.7 / 258 ± 7.2 64.3 / − 490 ± 8.8 
3rd step — — — — 258.4 / 197 ± 5.5 —  

[Co(NH3)4]SO4 from CoSO4 7H2O      
charging discharging     
T [◦C] / E [kJ kg− 1] T [◦C] / E [kJ kg− 1]     

1st step 111.6 / 678 ± 24.4 93.7 / 1048 ± 18.9     
2nd step 244.1 / 366 ± 10.3 —     
3rd step — —      

Fig. 7. P-XRD of [Cu(NH3)4]SO4 before (black) and after (green) 10 heating / 
cooling cycles under NH3 atmosphere. 
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during NH3 coordination, resulting from significant expansion of the 
crystallographic lattice, and subsequent contraction upon NH3 removal. 
Although, this volume work causes a fragmentation of the particles, the 
reactivity of the material seems unaffected – at least for the 10 cycles 
investigated within this study. In Fig. 8, exemplarily the SEM-images for 
[Cu(NH3)4]SO4 before (Fig. 8a) and after (Fig. 8b) 10 cycles are shown, 
for CoSO4 (Fig. S18) and ZnSO4 (Fig. S20) the data are given in the 
supplement. 

Full reversibility over 10 cycles is so far a very promising result 
within the scope of this systematic material comparison. For a final 
assessment on the long-term performance of the materials, within a 
subsequent study the long-term stability behaviour of the material over 
hundreds of cycles, avoiding a time-consuming TGA/DSC setup, will be 
necessary. 

Comparing the final candidates assessed, CuSO4 shows the best 
performance in the present study, both in terms of reversibility and 
energy content. Over the 10 cycles, as well as in the P–XRD no sign for 
decomposition, or changes of the material was found. With 6.38 GJ m− 3 

also the experimentally determined storage density is the highest after 
the sulphates. Additionally, it combines low toxicity and low prices, 
both relevant aspects for future application. 

Although excluded during this study, a follow-up investigation on 
CoCl2 could be attractive for two reasons: First, it has the second highest 
energy density from the 19 materials investigated and second, it seems 
promising as only slight decomposition during cycling was observed. 
Solutions to this issue could be a storage cycle avoiding an atmosphere 
of NH3 during charging (thermal decomposition), or a careful fine- 
tuning of the thermal decomposition. A similar effort could also be 
applied to CuCl2. To highlight this optimization potential the P-XRD 
data and SEM–images before and after 10 cycles are given for CoCl2 
(Figs. S21 and S22) and CuCl2 (Figs. S23 and S24) in the supporting 
information. Both analyses show also for the chlorides a fragmentation 
of the particles due to the volume work during the NH3 coordination and 
subsequent decomposition. 

Within boundary conditions such as temperature range/equilibrium 
temperatures, as well as risks and costs associated with utilization of 
transition metals and ammonia, two distinct features of CuSO4 and the 
other ammoniates stand-out in terms of applicability: The discussed high 
energy storage density and demonstrated rapid chemical reactions 
involved. Based on these aspects, transition metal ammoniates are the 
ideal match for any application demanding fast heat release/uptake 
and/ or confined space for the storage material. Two explicit examples 
should be given to highlight applicability: Solar thermal and mobile heat 
storage units. 

Solar thermal power plants as e.g. Shams1 in Abu Dhabi include a 

fluid-circuit heated by the sun through reflectors, transferring the 
collected thermal energy through a heat exchanger. A certain minimum 
temperature (especially during night and before ramp-up before solar 
irradiation starts) must be maintained, otherwise the system may incur 
damage. The current setup relies on gas-firing to reach the ramp-up 
temperature in the morning or peaks in the heat-demand during non- 
operational times. As during day-time abundant thermal energy is 
available, a certain percentage could be stored thermochemically by e.g. 
decomposing [Cu(NH3)4]SO4, allowing for fast liberation of the stored 
heat through reaction with NH3 on demand for ramp-up in the morning 
and also for buffering peak demands. This would substitute the gas- 
firing, resulting in a completely sustainable solar thermal power plant. 
The reason for CuSO4 being the ideal storage material for this purpose is 
based in both the fast heat liberation and the achieved high peak 
temperatures. 

The second use-case for thermochemical energy storage systems 
based on ammoniates comes ironically from the oil and gas industry. The 
authors were approached by an important player of the international oil 
and gas industry, asking for a mobile solution of a heat storage system 
featuring fast heat-release with peak temperatures above 200 ◦C and the 
smallest possible dimensions/weight. In this case the main selling point 
would be the high energy storage density of e.g. 6.38 GJ m− 3 for CuSO4, 
then in combination with fast heat release and high peak temperature. 

Although, no commercial application of thermochemical energy 
storage systems is currently on the market, the authors sense an 
increasing interest in this technology and are confident that within the 
next few years commercial applications will appear. 

Compared to other state of the art salt thermochemical storage ma-
terials reported in literature (e.g. SrBr2⋅6H2O), the candidates for ther-
mochemical energy storage systems based on the reversible 
ammoniation of transition metal salts identified herein feature broader 
operational temperature profiles and higher experimental energy stor-
age densities. A direct comparison of the storage efficiency is not 
possible, because the storage efficiency is defined as ratio of energy 
released from the storage system to the used and energy needed to 
charge the storage system [79], measured on a specific prototype-setup 
[80]. This accounts both for losses during the storage and the charge/ 
discharge cycle. Those data are so far not available for the herein re-
ported systems, as in a fundamental study no prototype setup has been 
operated with the investigated materials. However, to allow for a rough 
estimation of potential efficiency, accounting for losses during the 
charge/ discharge cycle, for the most promising candidates identified 
during this study in Table 2 charging/discharging efficiencies calculated 
from the DSC-measurements during cycling are shown. 

Considering the results of this first evaluation on storage efficiency 

Fig. 8. SEM image of [Cu(NH3)4]SO4 before (a) and after (b) 10 heating / cooling cycles under NH3 atmosphere.  
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the selection of most promising candidates is narrowed further, as only 
CuSO4, CoSO4 and CoCl2 feature efficiencies on cycling greater than 
90%. All further evaluation and subsequent comparison to the storage 
efficiency of other salt storage materials will be done in the prototyping 
phase. 

4. Conclusion 

Various transition metal salts are known to react readily and 
exothermic with ammonia. The herein presented systematic study on 
solid–gas reactions between transition metal chlorides and sulphates 
with ammonia sheds light on their applicability as thermochemical en-
ergy storage material. Starting point of the study was a short list of 17 
transition metal chlorides and sulphates, as well as ScCl3 and CeCl3. This 
selection was based on thermodynamic data of the HSC-database, sug-
gesting a good suitability for the targeted purpose and on coordination 
chemistry ‘textbook-knowledge’. 

The key-findings of this study can be summarized as follows: 

1) All investigated metal salts react with ammonia, forming the corre-
sponding NH3-complexes  

2) The reaction enthalpy is strongly dependent to the anion, oxidation 
state and ‘hardness’ of the metal ion according to the HSAB-concept. 
Chlorides provide generally higher enthalpies of reaction than sul-
phates. The highest energy density for the chlorides is found for NiCl2 
with 8.75 GJ m− 3, the highest for the sulphates for CuSO4 with 6.38 
GJ m− 3  

3) The anion influences the cycle stability, as for the chlorides a higher 
tendency to decomposition or volatility during the thermal decom-
position of the ammoniates under NH3 atmosphere is observed. The 
sulphates show good cycle-stability over 10 cycles without in-
dications of decomposition or changes of the material. For the 
chlorides it was demonstrated at the example of NiCl2, that specific 
adaptation of the thermal decomposition, avoiding complete 
decomposition of the ammine-complex to an intermediate ammo-
niate ([Ni(NH3)6]Cl2 ↔ [Ni(NH3)2]Cl2 + 4NH3) results in a cycle 
stabile process 

4) Based on the present results CuSO4 is identified as the most prom-
ising candidate, followed by CoSO4 and ZnSO4. A more detailed 
investigation / fine tuning of the thermal decomposition could also 
enable the application of CoCl2 and CuCl2  

5) Hydrated transition metal salts can be used as economic starting 
material, as within the first ammoniation / deammoniation cycle the 
H2O is removed and from the second cycle on the performance is 
identical to those of the initially anhydrous metal salts 

6) A first comparison with other thermochemical energy storage ma-
terials operating in the same temperature window as the ammoniates 
shows, that they have a notable potential due to high storage den-
sities, the discharging taking place starting already at room- 
temperature and their fast reactivity with NH3  

7) Within a next step, the long-term stability of the materials needs 
verification before subsequently considering scale-up in a prototype. 
Aspects needing an in-depth investigation after this initial material 
investigation include a detailed study on (eventual) degradation 
processes, the identification of a suitable reactor material tolerant to 
the combination of high temperatures, ammonia and potentially 

corrosive metal salts, as well as a long-term study on the cycle sta-
bility of the materials in the order of a few hundred to 1000 cycles. 
Last but not least, a detailed investigation of the volume-work of the 
materials on a larger scale is also necessary, as during reaction with 
NH3 the material is expected to undergo significant expansion 

Concluding the herein reported results we suggest, that transition 
metal ammoniates – and especially the reaction couple CuSO4/ [Cu 
(NH3)4]SO4 – should be considered for development of high- 
performance thermochemical energy storage processes, especially 
when merging small scales and high storage densities. 
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