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Abstract: Hydrogen is a versatile energy carrier but its storing is challenging. For that reason, alternative hydrogen storage 
approaches are being intensively researched. Solid state storing of hydrogen in the form of ammines offers certain advantages, 
such as high storage capacity and relatively low toxicity. Therefore, in this work hexaammine complexes of nickel chloride and 
nickel bromide were prepared and investigated. Ni(NH3)6Cl2 and Ni(NH3)6Br2, were obtained by precipitation synthesis. The 
prepared complexes were characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), 
X-ray powder diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR), thermo-gravimetric analysis (TGA) and 
differential scanning calorimetry (DSC). The prepared particles are polydisperse, agglomerated and show a characteristic 
octahedral morphology. The samples consist solely of pure, well-crystalline, corresponding hexaamine complexes. 
Ni(NH3)6Br2 shows somewhat weaker nitrogen bonds with the central cation and weaker hydrogen bonds with halogen 
compared to Ni(NH3)6Cl2. Thermal analyses have shown that under the experimental conditions used, ammonia is released 
from Ni(NH3)6Cl2 in three stages, while in the case of Ni(NH3)6Br2, decomposition occurs in two stages. This difference is a 
consequence of the kinetic parameters of the desorption process. The maximum of the first stage of desorption occurs for the 
Ni(NH3)6Cl2 sample at a slightly lower temperature than for the Ni(NH3)6Br2 sample, which is attributed to thermodynamic 
factors. 
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1. INTRODUCTION  
 
The greenhouse effect has driven significant development of renewable energy sources. However, renewable 

energy sources such as sun and wind are intermittent by nature and their power generation is unpredictable and 
cannot be directly controlled by power grid operators as traditional power sources. That could impair electro 
energetic system stability by causing supply-demand imbalances and introducing fluctuations in voltage and 
frequency, which can lead to instability and blackouts. This problem has been addressed by development of 
energy storage systems able to capture excess energy when production is high and release it when it is low 
(Müller 2021). In such manner power supply and demand could be balanced, power grid stability ensured and, 
last but not least, greater renewable energy sources utilization enabled. There are several approaches to this 
problem, one of the most notable being energy storage in the form of hydrogen, as hydrogen is characterized by 
a high gravimetric energy density (Klopčić 2023). In this way, energy obtained from renewable sources can be 
used to produce hydrogen via water electrolysis; the resulting hydrogen is stored and, when needed, converted 
back into electrical energy through oxidation in a fuel cell (Sørensen 2005). It sounds simple, but storing 
compressed or liquefied hydrogen comes with numerous technical and safety challenges. Some of the technical 
problems are the need for tanks for compressed hydrogen that can withstand very high pressures or tanks for 
liquified hydrogen operating at very low temperatures. Also, hydrogen atoms diffuse into the metal structure, 
which causes metal embrittlement which could cause failure under tensile stress. On the other hand, main safety 
challenges are risks of explosion and fire. For this reason, materials that enable hydrogen storage in the solid 
state are being intensively researched (Kojima 2020). The synthesis, understanding, and development of these 
materials are crucial for further progress in sustainable systems for energy production, storage, and delivery 
(Mandal 2009). 

Although metal hydrides were initially recognized as suitable materials for hydrogen storage in solid state 
(von Colbe 2019), hydrogen can also be stored in the form of ammonia, which can in this context be produced 
through an electrochemical process (Aziz 2020). Furthermore, ammonia is easier to liquefy, store, and transport; 
it has a higher autoignition temperature than hydrogen and can be relatively easily converted back into hydrogen 
(Kojima 2020), (Freeman 2023), or used directly in suitable fuel cells (Ni 2008). However, ammonia is toxic 
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and produces harmful gases upon oxidation, which is why solid-state storage of ammonia is also being explored 
– primarily in the form of complex metal ammine salts with halogen elements (Reardon 2012). In these complex 
salts, six NH3 ligands coordinate around a metal cation to form an octahedron (Figure 1) (Liu 2004): 

 
MXm+nNH3 →M(NH3)nXm        (1) 

 

 
 

Figure 1. Structural model of the hexaammine complex M(NH3)6
2+ (the metal ion is shown as a purple 

sphere, while the yellow spheres represent NH3 molecules). 
 

Although this is an indirect method of storage, storing hydrogen in the form of ammines offers certain 
advantages, such as high storage capacity and relatively low toxicity (Klerke 2008). The most thoroughly studied 
compound for this purpose is hexaammine magnesium(II) chloride, Mg(NH3)6Cl2 (Jacobsen 2007). However, the 
literature also reports investigations on hexaammine manganese(II) chloride (Reardon 2012), as well as 
hexaammine nickel(II) chloride, bromide, and iodide (Breternitz, 2016). In addition, solid solutions such as  
Mg1-xMnx(NH3)6Cl2 (Berdyeva 2020) and Ba1-xSrx(NH3)6Cl2 (Bialy 2015) have been studied. Further research has 
been conducted on solid solutions of the type Ca(NH3)6Cl2-xBrx, Sr(NH3)6Cl2-xBrx, and Sr(NH3)6Cl2-xIx. These 
studies have shown the potential for tuning the ammonia sorption process (Liu 2004), (Hodorowicz 1982).  

Key advantages of hexamine nickel(II) halides as hydrogen storage compounds are safe solid-state form, high 
storage density and fast release kinetics. In comparison to some other hexamine metal halides they require lower 
decomposition temperatures, have good air stability and rapid room temperature regeneration cycles, making 
hexamine nickel(II) halides potential candidates for mobile applications. (Straub 2023) The most fruitful research 
on hexamine nickel(II) halides is that of Breternitz et al., (Breternitz 2016) classifying those compounds among 
most promising for ammonia storage. 

Therefore, the aim of this work was to synthesize nickel ammine complexes – hexaammine nickel(II) chloride, 
[Ni(NH3)6]Cl2, and hexaammine nickel(II) bromide, [Ni(NH3)6]Br2 – and to characterize their morphology, phase 
and chemical composition, thermal stability, and decomposition behaviour. 

 
2. MATERIALS AND METHODS 
   
2.1. Synthesis of Hexaammine nickel(II) Chloride, [Ni(NH3)6]Cl 2 

 
The following chemicals were used for the synthesis: nickel(II) chloride hexahydrate, p.a., Centrohem, Stara 

Pazova, Serbia; ammonia, 25% aqueous solution, p.a., GRAM-MOL, Zagreb, Croatia; and acetone, LACH NER, 
Zagreb, Croatia. Nickel(II) chloride hexahydrate was first dissolved in distilled water, and the mixture was heated 
on a hot plate until the crystals were completely dissolved. During this process, dissociation occurs, resulting in 
the formation of the green hexaaquanickel(II) complex and chloride anions: 

 
Ni(H2O)6Cl2 → Ni(H2O)62+ + 2Cl−        (2) 

 
The ammonia solution was added slowly, dropwise and with continuous stirring, to the hot aqueous solution 

of nickel(II) chloride hexahydrate. Slow addition of ammonia is necessary to ensure complete reaction. Since 
ammonia forms a stronger bond with nickel than water does, it displaces the water molecules from the complex, 
resulting in the formation of the purple hexaammine nickel(II) complex: 

 
Ni(H2O)62+ + 6(NH3) → Ni(NH3)6

2+ + 6H2O      (3) 
 

The resulting solution was left at room temperature for approximately 30 minutes with occasional stirring. It 
was then placed in an ice bath prepared from crushed ice and water. After a short period, precipitation of the purple 
hexaammine nickel(II) chloride occurred: 
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Ni(NH3)6

2+ + 2Cl− → [Ni(NH3)6]Cl2 + 6H2O        (4) 
 

The precipitated crystals were filtered using a Büchner funnel connected to a vacuum pump and washed first 
with concentrated ammonia, followed by acetone. The product was then air-dried under reduced pressure. 

 
2.2. Synthesis of Hexaamminenickel(II) Bromide, [Ni(NH3)6]Br 2 

 
The following chemicals were used for the synthesis: nickel(II) sulfate, p.a., Hemos, Belgrade, Serbia; sodium 

hydroxide, p.a., GRAM-MOL, Zagreb, Croatia; ammonia, 25 % aqueous solution, p.a., GRAM-MOL, Zagreb, 
Croatia; and hydrobromic acid, Acros, Geel, Belgium. Nickel(II) sulfate was dissolved in water and precipitated 
with a sodium hydroxide solution, yielding green nickel(II) hydroxide: 

 
NiSO4 + 2NaOH → Ni(OH)2 + Na2SO4       (5) 

 
The precipitate was filtered and washed with water until no sulfate ions were detected (tested with BaCl₂). The 

washed precipitate was then transferred to a porcelain dish and dissolved in concentrated hydrobromic acid, 
resulting in the formation of nickel(II) bromide: 

 
Ni(OH)2 + 2HBr → NiBr2 + 2H2O       (6) 

 
The resulting solution was evaporated on a water bath until dry. The dish containing the dry residue was then 

cooled in a cooling mixture (ice : table salt = 3 : 1) and dissolved in a 25% ammonia solution that had also been 
pre-cooled in the same cooling mixture. After a short period in the cooling mixture, crystallization of hexaammine 
nickel(II) bromide occurred: 

 
NiBr2 + 6NH3 → [Ni(NH3)6]Br2 

 
The purple crystals were separated by filtration, washed with a small amount of diluted ammonia, and dried in 

a vacuum desiccator. 
Both synthesized compounds were stored in well-sealed containers, as exposure to air leads to ammonia loss 

from the complex over time. 
 
2.3. Characterization Methods 
 
The morphology of the samples was examined using Tescan Vega III Easyprobe scanning electron microscope 

(Tescan, Brno, Czech Republic) equipped with a tungsten filament, operated 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). The chemical composition and 
elemental distribution of the synthesized compounds were analyzed by energy-dispersive X-ray spectroscopy 
(EDS) using Bruker Quantax system (Bruker, Billerica, MA, USA).  

Phase identification was performed by X-ray powder diffraction (XRD) analysis using Rigaku Miniflex 600 
diffractometer (Rigaku, Tokyo, Japan) with CuKα radiation. Data were collected in the 2θ range of 10° to 70°, 
with a step size of 0.01° and a scan speed of 10°·min-1. 

In order to compare the chemical bonding in both prepared compounds, FTIR analyses were conducted on 
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-1 with a 
resolution of 2 cm-1, and the final spectrum represents the average of 32 scans. 

Differential thermal analysis (DTA) was performed to gain insight into the course of thermally induced 
decomposition processes of the prepared compounds. DTA was carried out using NETZSCH STA 409 thermal 
analyzer (NETZSCH, Selb, Germany). Approximately 50 mg of the sample were placed in an α-Al ₂O₃ 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-1 under an air flow of 30 cm3·min-1. 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 were put in an α-Al ₂O₃ crucible, heated from room temperature to 650 °C at 10 °C·min-1 in an air 
flow. 

 
3. RESULTS AND DISCUSSION 
 
To gain insight into the morphology of the obtained samples, SEM analysis was performed (Figure 2). Both 

samples are polydisperse, containing particles ranging from submicron sizes and agglomerates up to several 
micrometers in size. Such size distribution is a consequence of multiple nucleation and growth events during the 
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synthesis since uniform conditions are hard to achieve in the course of exothermal process. Octahedral units are 
visible in the micrographs of both samples, which is consistent with the cubic structure of the investigated 
hexaammine halides since the surfaces of the octahedra correspond to (111) planes of hexamine nickel halide cubic 
structures. The presence of octahedral units in the microstructure of hexaammine metal halides has also been 
reported in the literature (Rejitha 2010). 

 

 

 
 

Figure 2. SEM micrographs of the samples: a)-c) [Ni(NH3)6]Cl2 and d)-f) [Ni(NH3)6]Br2 
Elemental distribution mapping of the samples shown in Figure 3 indicates a uniform distribution, consistent 

with the monophasic nature of the material. However, the data for nitrogen are not entirely reliable, as elements 
with lower atomic numbers, such as nitrogen, cannot be accurately quantified using this method. 

 

 

 
 
Figure 3. EDS elemental distribution maps of the samples: a) - d) [Ni(NH3)6]Cl2 and e) - h) [Ni(NH3)6]Br2. 

Where b) and f) show Ni, c) and g) show N, d) shows Cl and h) shows Br distribution in samples. 
 

Comparison of the XRD patterns of the investigated samples shown in Figures 4a and 4b with literature data 
(Breternitz 2016), (Rejitha 2010), (Eßmann et al. 1996), (Müller 1974) confirms that the synthesized samples are 
pure [Ni(NH3)6]Cl2 (ICDD PDF No. 24-803) and [Ni(NH3)6]Br2 (ICDD PDF No. 24-802). The samples are 
isostructural and their crystal structure adopts a space group Fm-3m (Figure 5) with most prominent peaks from 
(110), (200), (222) and (400) planes. Reflections from equivalent planes for [Ni(NH3)6]Br2 appear at slightly lower 
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angles compared to [Ni(NH3)6]Cl2, due to the larger ionic radius of the Br⁻ ion (196 pm) relative to the Cl⁻ ion 
(181 pm). For example, the (110) peak of [Ni(NH3)6]Br2 appears at an angle 0.6 °(2θ) greater than the same peak 
of [Ni(NH3)6]Cl2. The diffraction peaks are relatively sharp, indicating that the crystallites are fairly large, which 
is consistent with the SEM analysis results. 
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Figure 4. XRD patterns of samples: a) [Ni(NH3)6]Cl2 and b) [Ni(NH3)6]Br2 
 

 
 

Figure 5. Structural representation of [Ni(NH3)6]Cl2 and [Ni(NH3)6]Br2. The compounds are composed of 
[Ni(NH3)6]2+ octahedra (shown in red, as in Figure 1) and halide anions (represented as green spheres) 

 
Both FTIR spectra shown on Figure 6a and 6b are very similar, with only minor shifts in band positions. The 

band with a maximum at 3348 cm⁻¹ for [Ni(NH3)6]Cl2 and at 3329 cm⁻¹ for [Ni(NH3)6]Br2 results from the overlap 
of the asymmetric (νₐ) and symmetric (νₛ) N–H stretching vibrations (Breternitz 2016), (Eßmann et al. 1996), 
(Müller 1974). The bands with maxima at approximately 1600 and 1170 cm⁻¹ for [Ni(NH3)6]Cl2, and at ~1593 and 
~1184 cm⁻¹ for [Ni(NH3)6]Br2, originate from the asymmetric (δₐ) and symmetric (δₛ) bending vibrations of the 
H–N–H group, respectively. The band observed at 680 cm⁻¹ for [Ni(NH3)6]Cl2 and 670 cm⁻¹ for [Ni(NH3)6]Br2 
can be attributed to the NH3 rocking vibration (ρ) (Breternitz 2016), (Eßmann & Mockenhaupt 1996). 
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Figure 6. FTIR spectra of samples: a) Ni(NH3)6Cl2 and b) Ni(NH3)6Br2 

 
The results indicate that the stretching and rocking vibrations are shifted to lower wavenumbers in 

[Ni(NH3)6]Br2 compared to [Ni(NH3)6]Cl2, whereas the bending vibrations do not show a systematic shift. The 
shift of the rocking vibration toward lower wavenumbers is attributed to the weakening of hydrogen bonding 
interactions with the halide (Kojima 2020), (Yamane 2014), (Fujita 1956).  

Figures 7 and 8 show the TGA, DTG, and DSC curves obtained at a heating rate of 10 °C·min-1 for the samples 
[Ni(NH3)6]Cl2 (Figure 7) and [Ni(NH3)6]Br2 (Figure 8). At this heating rate, both samples exhibit two distinct 
mass loss steps, as indicated by the DTG curves. The onset temperature of the decomposition process is difficult 
to determine precisely; therefore, the temperatures of the DTG peak maxima are reported instead, as they 
approximately correspond to the temperatures at which the rate of mass loss is the highest. 
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Figure 7. TGA, DTG, and DSC curves of the sample [Ni(NH3)6]Cl2 

 
For the [Ni(NH3)6]Cl2 sample, the DTG peak maxima occur at 182 °C and 296 °C. The corresponding 

endothermic peaks observed in the DSC curve align well with the DTG peaks. However, a shoulder is visible on 
the right side of the second DSC peak, with a local maximum at 309 °C. Mass losses calculated from the TGA 
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curve are 28.7 % and 14.4 %, respectively. Theoretically, the loss of four NH3 molecules from [Ni(NH3)6]Cl2 
corresponds to a mass loss of 29.4 %, and the loss of two molecules corresponds to 14.7 %. The experimental 
values match the theoretical ones reasonably well, indicating that the first mass loss step corresponds to the 
desorption of four NH3 molecules. Considering the shoulder on the second DSC peak, it can be concluded that this 
step is followed by two separate desorption events, each involving the release of one NH3 molecule. 
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Figure 8. TGA, DTG, and DSC curves of the sample [Ni(NH3)6]Br2 

 
For the [Ni(NH3)6]Br2 sample, the DTG peaks appear at 197 °C and 294 °C. The endothermic peaks in the DSC 

curve also align closely with the DTG maxima, although no shoulder is observed on the second DSC peak in this 
case. Mass losses calculated from the TGA curve are 20.4 % and 10.3 %, respectively. Theoretical calculations 
show that the loss of four NH3 molecules corresponds to 21.3 %, and the loss of two molecules to 10.6 %. Once 
again, the agreement between experimental and theoretical values is good, supporting the conclusion that the first 
step involves the desorption of four NH3 molecules, and the second step two NH3 molecules from [Ni(NH3)6]Br2. 
Minor discrepancies may be attributed to partial ammonia loss during sample storage or incomplete desorption 
during analysis. 

Most amino metal halide complexes have stoichiometry less favourable for ammonia or hydrogen storage, i.e. 
contain fewer ammonia molecules, e.g. [Mn(NH3)2]Cl2, [Fe(NH3)3]Cl2 and [Zn(NH3)4]Cl2. [Ni(NH3)6]Cl2 and 
[Ni(NH3)6]Br2 have a much more suitable stoichiometry and thus represent a promising class of materials capable 
of reversibly storing significant amounts of ammonia or hydrogen. 

Literature reports indicate that the thermal decomposition of both [Ni(NH3)6]Cl2 and [Ni(NH3)6]Br2 proceeds 
in three steps (Breternitz 2016), (George 1963). The formation of the monoammine intermediate is more readily 
detected at higher heating rates. This behavior is attributed to kinetic effects: regardless of the heating rate, the 
diamine first decomposes to the monoammine, which then decomposes to the anhydrous halide. However, at lower 
heating rates, the decomposition of the ammine is slower than that of the monoammine, making the monoammine 
decomposition step unobservable by thermal analysis. Only at higher heating rates does the decomposition of the 
ammine proceed at a comparable rate to that of the monoammine, allowing detection of both steps (George 1963).  

The decomposition temperatures correspond well with data given in literature. (Breternitz, 2016) While the 
second decomposition peak occurs at similar temperatures for both samples, the first peak appears approximately 
15 °C lower for [Ni(NH3)6]Cl2 compared to [Ni(NH3)6]Br2. This difference may be related to the binding energy 
of NH3 to surrounding ions, which appears to be slightly higher in [Ni(NH3)6]Br2 (Lysgaard 2012). Alternatively, 
the higher desorption temperature observed for [Ni(NH3)6]Br2 could result from differences in the lattice energy 
of NiCl2 and NiBr2. Given that the ionic radius of Cl- is smaller than that of Br-, according to the Kapustinskii 
equation, the lattice energy of NiCl2 should be higher (i.e., more negative) than that of NiBr 2. Consequently, from 
a thermodynamic perspective, the decomposition of [Ni(NH3)6]Cl2 is slightly more favourable, resulting in its 
decomposition at a lower temperature (Jones 2013). 

It should be stressed that the usage of hexamine nickel(II) halides poses a certain threat to the environment and 
human health. Nickel could harm aquatic life and enter the food chain, while ammonia can cause eutrophication 
and be toxic for life in aquatic systems. Therefore, a careful management of waste and emissions is required 
(Genchi 2020), (Edwards 2024). 
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4. CONCLUSION 
 
Hexaammine complexes of nickel chloride and nickel bromide, [Ni(NH3)6]Cl2 and [Ni(NH3)6]Br2, were 

synthesized from the corresponding nickel halides and ammonia. The prepared particles are polydisperse, 
agglomerated, and exhibit characteristic octahedral morphology. The samples consist exclusively of pure, well-
crystallized hexaammine complexes. Both compounds are isostructural and crystallize in the K2PtCl6-type 
structure with space group Fm-3m. [Ni(NH3)6]Br2 exhibits slightly weaker nitrogen–metal coordination and 
weaker hydrogen bonding with the halide. 

Thermal analysis showed that under the applied experimental conditions, ammonia release from [Ni(NH3)6]Cl2 
occurs in three steps: initially, four NH3 molecules are released, followed by one molecule in each of the 
subsequent two steps. In contrast, the decomposition of [Ni(NH3)6]Br2 proceeds in two steps, involving the loss of 
four and then two NH3 molecules. This difference is attributed to the kinetic parameters of the desorption process. 
The first desorption peak occurs at a slightly lower temperature for the [Ni(NH3)6]Cl2 sample compared to 
[Ni(NH3)6]Br2, which is ascribed to thermodynamic factors. 

Nickel dihalide ammines represent a promising class of materials capable of reversibly storing significant 
amounts of ammonia or hydrogen. They are readily synthesized and exhibit thermal decomposition at moderate 
temperatures. 
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