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A B S T R A C T

MgCl2 is a highly effective ammonia sorbent due to its strong and reversible interaction with ammonia, making it 
attractive for storage and separation applications. However, its strong tendency to absorb moisture presents a 
major practical challenge, and the effects of water exposure on supported MgCl2 remain poorly understood. This 
work investigates MgCl2 supported on ultra-stable Y zeolite, quantitatively linking material exposure to relative 
humidity with ammonia sorption capacity. FTIR and XPS analyses show that water exposure decreases ammonia 
uptake capacity by forming oxygenated Mg species such as MgO and MgOHCl, which replace active MgCl2 sites. 
Pre-ammoniation does not prevent water uptake, as NH3 displacement by H2O is energetically favourable. DFT 
calculations also reveal that ligand exchange is thermodynamically more favourable than water intercalation, 
providing new mechanistic insight into material degradation. Furthermore, temperature-programmed desorption 
results show that simultaneous exposure to NH3 and H2O alters the coordination environment of the Mg2+ centre, 
reducing the stability of ammonia complexes. Cycling experiments, along with XRD, demonstrate that while 
thermal treatment alone does not alter the MgCl2 structure, repeated ammonia absorption and desorption induce 
irreversible changes. These include the formation of defect-rich crystalline domains, which reduce sorption ca
pacity over time. High-temperature dynamic sorption experiments show that although sorption capacity de
creases at higher temperatures, MgCl2/USY retains a measurable capacity of up to 65 mg/gsorbent at 300 ◦C and 8 
bar. This indicates that the sorbent may still operate under integrated ammonia synthesis-separation conditions. 
This study provides the first quantitative, mechanistic understanding of moisture- and dry NH3 cycling-induced 
degradation of supported MgCl2 sorbents, defining operational conditions for their integration into ammonia 
synthesis-separation process.

1. Introduction

Ammonia is considered one of the key chemicals in our society due to 
its widespread use. In the 20th century, ammonia revolutionised agri
culture by enabling large-scale production of nitrogen-based fertilisers, 
which fuelled rapid population growth [1]. In recent years, it has also 
gained recognition as an energy vector, especially as a means of indirect 
hydrogen storage, owing to its high gravimetric (17.8 wt%) [2] and 
volumetric hydrogen density (11.5 MJ/L) [3]. Today, ammonia plays a 
dual role: it remains a key fertiliser feedstock and also serves as a high 
energy density vector, making it one of the most important processes in 

the chemical industry. However, traditional Haber-Bosch synthesis re
mains highly energy-intensive [4], largely due to the high energy de
mand associated with cooling, condensing, and recycling unreacted 
nitrogen and hydrogen [5,6].

The global drive towards decarbonization has prompted significant 
innovation in green ammonia production [7], with new technologies 
aiming to replace conventional fossil fuel-based methods with renew
able pathways [8]. The concept of small, decentralized plants for on-site 
ammonia production has recently gained significant attention [9], as 
these systems can utilize sustainable feedstocks such as water and air, 
enabling ammonia production without CO2 emissions [10]. Yet, 
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downscaling ammonia synthesis is often economically challenging [11], 
since achieving higher single-pass conversion typically requires high 
pressures and subzero condensation. The process therefore requires 
costly compressors, high-pressure vessels, and refrigeration systems 
[12].

One promising strategy to lower energy and cost penalties is the use 
of ammonia-absorbing materials. Ammonia can be more effectively 
removed by solid sorbents than by condensation [12], shifting the re
action equilibrium, enhancing conversion, and possibly enabling a more 
compact and flexible smaller-scale ammonia plants [13]. This approach 
is particularly attractive given the kinetic limitations in iron and 
ruthenium catalysts for ammonia synthesis, where the equilibrium 
removal of ammonia is one of the most effective routes to improve 
conversion [14,15]. The performance of these sorbents depends on their 
capacity, selectivity, and sorption kinetics [10,16]. Among solid 
ammonia sorbents, metal halides have emerged as leading candidates 
for this role, due to their high sorption capacity, reversibility [17], high 
selectivity over hydrogen and nitrogen [17], and the ability to remove 
ammonia at elevated temperatures [18]. To enhance performance, 
metal halides are often supported on porous materials with high surface 
area, for instance zeolites [18], activated carbon [19], MOFs [20] and 
COFs [21] to improve kinetics and material stability.

Although metal halides such as MgCl2 are at present the most 
promising scalable high temperature ammonia sorption materials used 
for in-situ ammonia removal [13], their strong tendency to absorb 
moisture creates a significant practical hurdle. Even small amounts of 
water can trigger partial hydrolysis upon heating, causing the formation 
of oxide-containing compounds like MgOHCl. The latter further de
grades to HCl and MgO, which irreversibly alters the material's structure 
and reduces the number of available coordination sites for ammonia 
binding [22]. Since completely avoiding humidity is nearly impossible 
in real operating conditions, it is important to mitigate moisture-induced 
deactivation to maintain reliable sorbent performance [23]. This be
comes especially important in applications such as cyclic ammonia 
synthesis-sorption, ammonia heat pumps, and gas purification, where 
contact with humid gas streams is inevitable. In industrial ammonia 
synthesis loops, minor amounts of H2O, CO2, O2, and CO may be present 
and can act as reversible poisons for ammonia synthesis catalysts [24]. 
Among these, H2O is particularly relevant due to its formation during 
the catalyst reduction and the hygroscopic nature of MgCl2. While CO2 
could theoretically react with NH3, its concentration in the synthesis 
loop is typically negligible under standard operating conditions 
[24–26].

While the hydration and hydrolysis of MgCl2 are well documented 
[27], previous studies have primarily focused on bulk MgCl2 chemistry 
and have not quantitatively linked moisture exposure to ammonia 
sorption performance in supported MgCl2 systems. In this work, we 
investigate USY-supported MgCl2 as an ammonia sorbent, quantifying 
the effect of water on ammonia sorption capacity and identifying the 
structural and chemical changes responsible for performance loss. We 
also investigate the influence of pre-ammoniation of the sorbent on 
material stability and evaluate the cyclic stability of the material under 
dry conditions, revealing the formation of irreversible defect-rich phases 
after repeated cycles. Furthermore, density functional theory (DFT) 
calculations provide insight into competitive NH3 and H2O binding, 
clarifying the mechanisms of ligand exchange. Finally, sorption capac
ities are measured across a range of temperatures and pressures to assess 
sorbent performance under conditions relevant to industrial ammonia 
synthesis. These results provide valuable insight into the design of 
robust, high-performance ammonia sorbents for sustainable ammonia- 
based energy and chemical processes.

2. Methods

2.1. Sources of materials

For BT and NH3-TPD measurements, a gas mixture of 9.88 vol% NH3 
in He (5.0, Messer) was used. Prior to breakthrough analysis, the reactor 
was purged with helium gas (5.0, Messer). Ethanol absolute anhydrous 
(≥ 99.5% purity, CAS No. 64–17-5) from Carlo Erba was used for the 
synthesis. Magnesium chloride anhydrous (≥ 98% purity, CAS No. 7786- 
30-3) was obtained from Sigma Aldrich.

2.2. Material preparation

Prior to synthesis, the supports were pretreated overnight at 400 ◦C, 
while magnesium chloride was used as received. The wet impregnation 
method was used to synthesise the supported metal halide in a round- 
bottom, two-necked flask equipped with a condenser under an inert 
argon atmosphere. A total of 200 mL of anhydrous ethanol was added to 
10 g of magnesium chloride and heated in an oil bath until ethanol 
reached its boiling point. The solution was stirred under total reflux for 
1 h. While maintaining the temperature, 10 g of support (ultra-stable Y 
zeolite – USY) was then added to the flask. The resulting suspension was 
stirred for a further 3 h under the same conditions before the solvent was 
vacuum-evaporated. The impregnated material was then heated to 
400 ◦C in the inert atmosphere and stored under inert conditions.

2.3. Sorbent characterisation

The samples were transferred, ground to powder, and prepared in a 
glovebox for all analyses. For the X-ray diffraction (XRD) analyses, 
samples were placed in the sample holder and covered with Kapton foil. 
The analyses were performed using a PANalytical X'Pert Pro MPD in
strument with a Cu Kα1 radiation source. XRD patterns were obtained 
over a range of 1◦ to 80◦ or 90◦ 2θ, using a measurement increment of 
0.033◦ and a step time of 100 s.

Scanning electron microscopy (SEM) and energy dispersive spec
troscopy (EDS) were performed using a SUPRA35 VP scanning electron 
microscope (Carl Zeiss) equipped with an Inca 400 EDS detector (Oxford 
Instruments). The samples were placed on conductive carbon tape, 
which had been previously secured to a metal support. The samples were 
prepared under an inert atmosphere and vacuumed prior to analysis. 
SEM analysis was carried out at 1 kV (EHT) with an aperture size of 
30.00 μm, and EDS analysis was conducted at three different locations 
on the sample, using 20 kV and an aperture size of 120 μm for 1 min.

N2 physisorption was used to determine the specific surface area by 
the Brunauer-Emmett-Teller (BET) method and pore size distributions 
by the Tarazona NLDFT method, assuming cylindrical geometry, based 
on N2 adsorption data. Measurements were performed on a Belsorp 
(Microtrac) at 77 K after pretreatment at 300 ◦C overnight under 
vacuum.

The metal halide loading was determined using inductively coupled 
plasma optical emission spectrometry (ICP-OES) with a Varian 715 ES 
ICP Optical Emission Spectrometer. The samples were weighed under an 
inert atmosphere before analysis.

Fourier-transform infrared spectroscopy (FTIR) measurements were 
carried out using a Spectrum 3 (Perkin Elmer). Spectra were collected 
over the range 4000–450 cm− 1, with 32 scans averaged for each sample. 
FTIR spectra of MgCl₂, MgCl₂/USY, NH₃-pretreated MgCl₂/USY, and USY 
were recorded after different exposure times to air at 30% relative hu
midity. For the NH₃-treated samples, pretreatment was conducted at 
25 ◦C under a flow of 10% NH₃/He until saturation was reached.

X-ray photoelectron spectroscopy (XPS) was performed using a Versa 
Probe 3 AD (Physical Electronics, Chanhassen, U.S.A.) with focused 
monochromatic Al Kα radiation at 15 kV and 13.3 mA. Sample prepa
ration for XPS measurements was carried out inside an argon-filled 
glovebox (0.1 ppm O2 and H2O). The powdered samples were placed 
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on non-conductive double-sided Scotch tape at the centre of the XPS 
holder. The samples were transferred into the XPS introduction chamber 
using a transfer vessel without air exposure, thus protecting them from 
water contamination. The spectrometer was calibrated using the inter
nal standard Au 4f7/2 at 83.99 eV. The analysis chamber pressure was 
approximately 10− 8 Torr. Spectra were obtained by scanning a 1 × 1 
mm area. High-resolution spectra were measured at 27 eV pass energy 
with a step size of 0.05 eV. Peak analysis was performed by fitting the 
spectra using a linear combination of Gaussian and Lorentzian compo
nent curves after Shirley background subtraction.

2.4. Sorption tests

To determine the amounts of absorbed and desorbed ammonia, 
breakthrough experiments (BT) and ammonia temperature- 
programmed desorption experiments (NH3-TPD) were performed 
using a Belcat II (Microtrac). Powdered samples were placed in a quartz 
reactor, and the gas concentration was monitored with a thermal con
ductivity detector (TCD). Simultaneously, a quadrupole mass spec
trometer (Belmass II) was used to confirm the absence of impurities. An 
ammonia partial pressure of 0.1 bar was used in the experiments. 
Additional details are provided in the Supporting Information (Fig. S1). 
A Constant Climate Chamber (CPR 240 Premium, VWR) was used to 
control temperature and humidity during humidity exposure 
experiments.

2.5. High-temperature tests

Ammonia BT experiments were conducted using a Micromeritics 
flow reactor (FR 200). Approximately 300 mg of the powdered sample 
was loaded into the reactor, with quartz wool placed at both ends of the 
column to hold the absorbent material in place. A thermocouple, posi
tioned directly in the sample, was used to monitor the temperature, 
while gas concentrations were measured with a microGC (Inficon). All 
samples were handled under an argon atmosphere to prevent moisture 
contamination. A gas mixture containing 10 vol% NH3 in helium was 
used for the experiments, with a constant flow rate of 30 SCCM. Ex
periments were conducted at three different temperatures (50, 150, 
300 ◦C) and pressures (1, 5, 8 bar), corresponding to NH3 partial pres
sures of 0.1, 0.5, and 0.8 bar. For each temperature, the same sample 
was measured sequentially at 1, 5, and 8 bar. The pretreatment and 
regeneration of the sample were performed at 400 ◦C. A blank test was 
conducted with the reactor filled with inert material (SiC) at 1 bar.

2.6. Computational methods

For theoretical calculations, density functional theory was employed 
using the plane-wave approach, as implemented in VASP 6.3.1 [28–32]. 
The structures were described with a plane-wave basis set, the revised 
PBE (RPBE) [33] exchange-correlation functional, and the projector- 
augmented-wave method. An energy cutoff of 500 eV, Gaussian 

smearing of 0.03 eV, and a spin-restricted description of the wave 
function were used. Dispersion interactions were included using the 
empirical Grimme D3 correction [34]. Dipole corrections were not 
required, as no slab structures were studied. For MgCl2 and MgCl2 ⋅ 2 
H2O, 2 × 2 × 2 supercells were constructed, with the Brillouin zone 
sampled using a 1 × 1 × 3 K-point mesh. The unit cell of MgCl2 ⋅ 6 H2O is 
sufficiently large that a single unit cell, sampled at the Γ point, was 
adequate. Isolated molecules (H2O and NH3) were computed in a large 
(20 Å × 20 Å × 20 Å) unit cell.

Initially, we optimised the canonical, experimentally determined 
unit cells of MgCl2, MgCl2 ⋅ 2 H2O, and MgCl2 ⋅ 6 H2O, as shown in 
Table 1. The DFT-obtained values differ from the experimental values by 
0.6–2.1%. For MgCl2⋅2 H2O and MgCl2⋅6 H2O, where non-ionic in
teractions play an important role, the dispersion correction slightly 
overestimates the values, while for purely ionic MgCl2, the predicted 
unit cell is slightly too large, as expected. The energetics of ammonia and 
water substitution were computed relative to isolated NH3 and H2O.

3. Results and discussion

MgCl2 is an effective ammonia absorbent, but its practical applica
tion requires a porous support that enables high dispersion while 
maintaining structural stability. USY zeolite was selected as a support 
due to its highly porous structure and large pore volume, which enable 
high MgCl2 loading and uniform salt dispersion. Its high thermal and 
chemical stability ensure structural stability during ammonia absorption 
at high temperatures and pressures. The interconnected pore network 
promotes efficient gas diffusion and mass transport. Furthermore, USY 
500 (Si/Al = 500) has a relatively hydrophobic framework, which helps 
limit excessive water uptake by the support. A schematic representation 
of MgCl2/USY synthesis and its reaction with ammonia is given in 
Fig. S3.

The actual loading of MgCl2 on USY support was determined to be 
50.2 wt% by the ICP-OES analysis, which closely aligns with the targeted 
value of 50 wt% from the synthesis process. The XRD pattern of MgCl2/ 
USY in Fig. 1 shows low-intensity diffraction peaks of MgCl2 at 15, 30.2, 
35, and 50.5◦2θ after thermal treatment at 400 ◦C, indicating that MgCl2 
is present as a separate crystalline phase and is highly dispersed within 
the support's porous structure. The presence of distinct MgCl2 and USY 
phases indicates that MgCl2 is stabilized mainly by electrostatic in
teractions and physical confinement. This is consistent with the BET 
analysis, discussed below, which suggests that MgCl2 blocks the sup
port's pores upon impregnation.

N2 physisorption isotherms of zeolite USY and MgCl2/USY are shown 
in Fig. 2. BET surface area and total pore volume of zeolite USY are 850 
m2/g and 0.5 cm3/g, respectively. The BET surface area decreased to 
427 m2/g after zeolite USY was impregnated with MgCl2, while total the 
pore volume also decreased to 0.4 cm3/g. The significant decrease in 
BET surface area after impregnation results from high MgCl2 loading, 
which causes pore blockage and reduces the accessibility of the support 
[35,36]. Similar effects have been reported for salt-confined porous 

Table 1 
Comparison of experimentally determined and computationally optimised unit cell parameters of different MgCl2 structures.

Source a b c α β γ

MgCl2 Exp. (ICDD: 
04–008-7748)

3.6363 3.6363 17.6663 90◦ 90◦ 120◦

MgCl2 Computationally (this work) 3.6587 
(+0.6%)

3.6587 
(+0.6%)

17.7756 
(+0.6%)

90◦ 90◦ 120◦

MgCl2•2 H2O Exp. (ICDD: 
04–009-8931)

8.1810 8.2067 3.7550 90◦ 90◦ 90◦

MgCl2•2 H2O Computationally (this work) 8.1123 
(− 0.9%)

8.1384 
(− 0.9%)

3.7237 
(− 0.9%)

90◦ 90◦ 90◦

MgCl2•6 H2O Exp. (ICDD: 
04–010-3690)

10.1899 10.1899 10.1899 90 90◦ 90◦

MgCl2•6 H2O Computationally (this work) 9.9942 
(− 2.1%)

9.9942 
(− 2.1%)

9.9942 
(− 2.1%)

90 90◦ 90◦
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sorbents, where sorption performance is strongly affected by salt loading 
and its dispersion within the pore network. Previous studies have shown 
that variations in loading can directly affect gas sorption performance in 
metal salt loaded porous supports [37]. Excessive salt loading leads to 

reduced porosity [36]. The pore size distribution shows the large ma
jority of the pores exhibit a size of around 1 nm (Fig. S4).

Pores are clearly visible on the surface of the characteristic FAU 
morphology of the USY zeolite (Fig. 3). MgCl2 particles are dispersed 
over the surface of the USY support, as observed from SEM analysis, and 
within the pores of the support, as determined by BET analysis. 
Furthermore, a uniform spatial distribution of MgCl2 over the USY 
support was observed from EDS elemental mapping (Fig. S5). Carbon 
was detected because conductive carbon tape was used to attach the 
material to the sample holder.

3.1. Humidity-driven chemical transformation

3.1.1. Influence of humidity on sorption capacity
Moisture sensitivity is an important factor in determining the reli

ability of sorbents in practical environments. To evaluate the effect of 
moisture exposure, sorption tests were performed on the sorbent after 
treatment under an inert atmosphere or exposure to air at controlled 
humidity levels (30, 50, 75% RH) at 25 ◦C. For the latter, samples were 
placed in a constant climate chamber to maintain a constant relative 
humidity. Exposure times were varied (0, 2, and 4 h), after which the 
sorption capacity was measured under the same conditions and 
compared to the unexposed sorbent. Breakthrough experiments were 
conducted at 25 ◦C, while desorption was carried out by heating the 
sample to 400 ◦C. The results (Fig. 4, Tables S1 and S2) reveal a sig
nificant decline in ammonia absorption capacity following moisture 

Fig. 1. XRD patterns of MgCl2, USY and MgCl2/USY.

Fig. 2. N2 adsorption/desorption isotherms of MgCl2/USY and USY.

Fig. 3. SEM images of USY (left), and MgCl2/USY (right) at 50 k magnification.

Fig. 4. Ammonia capacity of MgCl2/USY at different time exposure to moisture 
(30, 50, 75% RH) at 25 ◦C.
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exposure: MgCl2/USY exhibited a decrease in capacity, which became 
more pronounced at higher relative humidity levels. The observed loss 
in ammonia capacity can be attributed to the formation of oxygen- 
containing species.

The extent of oxygen species formation on the surface of MgCl2/USY 
was evaluated using XPS. Recent work by Skaanvik et al. [38] clarifies 
how to reliably distinguish between MgCl2, MgOHCl, Mg(OH)2, and 
MgO species using developed O 1s curve-fitting procedures, even when 
their Mg 2p signals overlap significantly. This confirms that the oxygen 
species detected in our samples accurately reflect their chemical state, 
while acknowledging that XPS is inherently surface-sensitive and does 
not detect species located within the pores of the USY framework. As a 
result, XPS is used here to track qualitative chemical transformations 
induced by moisture exposure, rather than to quantitatively determine 
bulk phase fractions.

The Cl 2p high-resolution XPS spectrum (Fig. 5b) shows that the 
MgCl2/USY sample stored under an inert atmosphere contains only 
MgCl2, confirming the absence of contaminants. Similarly, the O 1s 
orbital (Fig. 5a) shows only oxygen originating from the zeolitic 
framework of USY. In contrast, samples exposed to 30% RH and 75% RH 
for 4 h exhibit a clear MgO contribution. Both samples also show the 
presence of Mg(OH)2 and MgOHCl species, with higher relative peak 
areas observed for the sample exposed to 75% RH (Tables S3 and S4), 
indicating more extensive surface hydrolysis under exposure to higher 
moisture levels. These oxygen-containing phases appear because MgCl2 
is highly hygroscopic and rapidly forms hydrated salts when exposed to 
moisture. The formation of MgOHCl is also confirmed in the Cl 2p 
spectrum (Fig. 5b). When these hydrates (MgCl2•xH2O) are heated, even 
under an inert atmosphere such as N2 or Ar, they do not simply dehy
drate back to anhydrous MgCl2. Instead, a hydrolysis pathway is fav
oured [27]: 

Mg(H2O)Cl2⇌MgOHCl+HCl (1) 

which further proceeds as: 

MgOHCl⇌MgO + HCl (2) 

As reported by Huang et al. [27], R1 occurs up to approximately 
235 ◦C, while R2 proceeds at around 415 ◦C. XPS analyses of moisture- 
exposed samples show the presence of MgOHCl, Mg(OH)2, and MgO 
species, as R2 partially proceeds at 400 ◦C, supporting evidence of a 
moisture-driven hydrolysis pathway. Importantly, the emergence of Mg 
oxygenated species coincides with the experimentally observed decrease 
in ammonia capacity (Fig. 4). These thermodynamically stable residues 
do not form coordination complexes with ammonia, showing a direct 
mechanistic link between surface phase transformation and the loss of 
ammonia uptake. Therefore, any partial decomposition of MgCl2 to MgO 
results in a significant reduction in ammonia capacity.

3.1.2. Pre-ammoniation before exposure to humidity
Given the potential for pre-ammoniation to improve the stability of 

MgCl2 sorbent during handling and storage, additional sorption exper
iments were conducted to compare the moisture stability of non- 
ammoniated and ammoniated sorbents. The objective was to deter
mine whether pre-ammoniated sorbents retain ammonia after exposure 
to a humid environment, assuming that water cannot replace ammonia 
as a ligand. For this purpose, the sample underwent one cycle of 
ammonia absorption, forming Mg(NH3)6Cl2 without subsequent 
desorption, after which it was exposed to a controlled atmosphere at 
75% relative humidity. A second sample underwent the same initial 
absorption cycle, followed by ammonia desorption before exposure to 
humidity. Both materials were exposed to the humid environment for 3 
h and then tested over five additional cycles of ammonia absorption and 

Fig. 5. High-resolution XPS spectra of a) O 1s and b) Cl 2p orbitals of MgCl2/USY sample in the inert atmosphere, sample exposed to 30 and 75% RH, and bulk MgO 
and MgCl2 for comparison.
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desorption. Regeneration during cycling was performed with a 10 ◦C/ 
min ramp up to 400 ◦C, holding this temperature for 20 min, before 
cooling the sample for the next absorption. The measurement is 
explained in detail in Fig. S2, and the ammonia breakthrough curves 
used to calculate sorption capacities are shown in Fig. S7.

Fig. 6 reveals two different degradation routes: a humidity-driven 
chemical transformation and a dry ammonia sorption-driven route. 
The reduced ammonia capacity between the first and second cycles can 
be attributed to the formation of new oxygen species resulting from 
exposure to humidity, as explained by the XPS analysis (Fig. 5). In Fig. 6, 
it can be seen that the subsequent cycles (when the water is desorbed, 
and the material is cycled under an inert atmosphere), the capacity drop 
in water-exposed materials follows the trend of the unexposed sample. 
This indicates that the MgCl2 structural instability alone is responsible, 
which is further discussed in Section 3.2.1.

Contrary to expectations, the results (Fig. 6, Tables S1 and S2) show 
that the pre-ammoniated sample exhibited a more pronounced decline 
in ammonia sorption capacity than the non-ammoniated sample after 
moisture exposure. This suggests that the presence of coordinated 
ammonia may facilitate interaction with water. In humid air, water has a 
very strong affinity for Mg2+ sites, as thoroughly investigated by Tavani 
et al. [39] Their ambient-pressure soft X-ray absorption spectroscopy 
demonstrated that water binds strongly and selectively to under- 
coordinated Mg2+ surface sites, forming a distinct hydrated species 
that remains stable even at elevated temperatures. The hydration of 
MgCl2 is both energetically favourable and not easily reversed, indi
cating that water can effectively displace pre-coordinated ligands such 
as NH3. These findings show that pre-ammoniation is ineffective for 
mitigating humidity sensitivity under humid conditions and should not 
be relied upon for handling or operation.

Our computational results (vide supra) indicate that in humid air, 
H2O can replace NH3 bound to MgCl2, as the Mg2+–H2O interaction is 
comparably strong to the Mg2+–NH3 interaction, making hydration 
energetically accessible. In humid air, the high relative concentration of 
H2O further promotes ligand exchange. Energetically, ligand exchange 
is more favourable than H2O intercalation. In contrast, pure MgCl2 ex
hibits stronger intrinsic interactions between Mg2+ and Cl− , which could 
slow water coordination relative to ligand exchange in the ammoniated 
phase.

Fig. 7a shows the FTIR spectrum of anhydrous MgCl2 at different 
exposure times to air at 30% relative humidity. The FTIR spectrum 

displays a strong absorption band around 450–500 cm− 1, corresponding 
to the Mg–Cl stretching vibration characteristic of metal halide salts. A 
low-intensity absorption band at 1638 cm− 1 can be attributed to the 
O–H bending of absorbed water [40], and its intensity increases 
significantly over time due to H2O coordination to MgCl2. Similarly, the 
intensity of the broad absorption band around 3200–3500 cm− 1 in
creases over time due to the O–H stretching vibration of water mole
cules and hydrogen bonding among water molecules.

In the initial spectrum of MgCl2/USY (Fig. 7c), there are no broad 
bands attributable to water. Over time, the band intensity at 1638 cm− 1 

increases, which is attributed to the O–H bending of absorbed water. A 
broad absorption band around 2700–3750 cm− 1 is also observed, due to 
the O–H stretching vibration of water molecules, indicating coordina
tion of water molecules to MgCl2. The FTIR spectrum of NH3-pretreated 
zeolite USY (Fig. 7b) shows bands around 1084 cm− 1, attributed to the 
asymmetric stretching vibration of Si–O–Si, while no bands corre
sponding to O–H vibration are observed, indicating that no water is 
absorbed by the zeolite over time. The observed bands in the FTIR 
spectra of MgCl2/USY therefore arise solely from H2O coordination to 
MgCl2.

Compared to unpretreated MgCl2/USY, the NH3-pretreated sample 
(Fig. 7d) shows a band at 1410 cm− 1 corresponding to N–H vibration 
[41], which proves the chemical coordination of ammonia to MgCl2, as 
no such band is observed in NH3-pretreated USY zeolite. During expo
sure to air, the band for water at 1638 cm− 1 increases relative to the 
band corresponding to ammonia. The rate of increase of this band is 
comparable for both non-ammoniated and ammoniated MgCl2/USY, 
suggesting that under the studied conditions, ammoniation does not 
significantly change the kinetics of water contamination. However, even 
after several hours, ammonia remains present in the system, indicating 
that water does not replace it, or only partially replaces it. This suggests 
that water interacts with ammonia through hydrogen bonding. A similar 
effect is observed at 75% RH (Fig. S6).

Temperature-programmed desorption (TPD) measurements show 
that the presence of water significantly affects ammonia absorption and 
desorption behaviour. Simultaneous exposure to NH3 and H2O can lead 
to the formation of mixed hydrates or ammoniates, affecting both the 
structural stability and sorption capacity of the metal halide. As 
observed in Fig. 8b, the MgCl2/USY sample treated under inert condi
tions exhibits three well-defined NH3 desorption peaks, corresponding 
to well-known specific desorption equations: 

Mg(NH3)6Cl2(s)⇌Mg(NH3)2Cl2(s) + 4NH3(g) (3) 

Mg(NH3)2Cl2(s)⇌Mg(NH3)Cl2(s) + NH3(g) (4) 

Mg(NH3)Cl2(s)⇌MgCl2(s) + NH3(g) (5) 

Fig. 8c shows reduced ammonia desorption peak intensities, indi
cating a lower ammonia uptake capacity after the water exposure, 
consistent with the results in Fig. 6. Additionally, a shift in the last two 
desorption peaks is observed. The pre-ammoniated sample exposed to 
75% RH for 3 h (Fig. 8a) shows a noticeable shift in the last two 
desorption peaks. This indicates reduced desorption energy and there
fore weaker ammonia binding. The results suggest that moisture expo
sure alters the coordination environment of MgCl2, reducing the 
stability of the ammonia complexes. This is consistent with the findings 
of Tavani et al., who reported that hydration causes a measurable 
change in Mg K-edge spectral features, indicating the formation of a new 
coordination environment [39].

Comparable behaviour has also been reported in studies of NH3 ab
sorption in metal-organic frameworks (MOFs) by Tan et al. [42], where 
H2O displaces metal-coordinated ammonia as water concentration in
creases. Computational analysis has attributed this exchange process to 
a reduced kinetic barrier and a favourable energetic state resulting from 
the formation of metal clusters at metal sites and intermolecular 
hydrogen bonding between the metal-coordinated water and displaced 

Fig. 6. Ammonia capacity over 6 cycles for MgCl2/USY unexposed to moisture, 
MgCl2/USY exposed to moisture (75% RH at 25 ◦C for 3 h) after ammonia 
absorption, and MgCl2/USY exposed to moisture after ammonia absorption and 
subsequent desorption.
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ammonia. Specifically, hydrogen bonding between water and coordi
nated ammonia weakens the metal–nitrogen interaction, facilitating 
ammonia displacement by reducing the kinetic barrier. A similar trend is 
observed in our FTIR spectra, where the intensity of the water band 
increases over time while the ammonia band remains present. This in
dicates that water is bound to ammonia through hydrogen bonding 
(Fig. 7d).

3.1.3. Quantum chemical calculations
We first analysed the energetics of the formation of MgCl2 • 2 H2O 

and MgCl2 • 6 H2O, which are shown in Fig. 9. For the reaction 
MgCl2(s)+ 2NH3(g)⇌Mg(NH3)2Cl2(s), the calculated energy change is 
− 185 kJ mol-1 or − 0.96 eV per 1 NH3. For the reaction MgCl2(s)+
6NH3(g)⇌Mg(NH3)6Cl2(s), the calculated energy change is − 461 kJ 
mol-1 or − 0.80 eV per 1 NH3. This is consistent with existing literature 
[43] and our experimental data.

To understand the binding of the ammonia molecule, Bader charge 
analysis was performed. In pure MgCl2, the effective Bader charges are 
+1.66 for Mg2+ and − 0.83 for Cl− . In MgCl2⋅2 H2O and MgCl2⋅6 H2O, 
ammonia ligands donate a small amount of electron density, decreasing 
the charge on Mg2+ to +1.64 and + 1.63, respectively. Substituting one 
NH3 for H2O does not affect the charge on Mg2+. However, when a 
ligand (NH3) is removed, the charge on Mg2+ increases by +0.02. Dif
ferential charge density due to absorption of NH3 is shown in Fig. 10.

We also calculated the energy required to remove one ammonia 
molecule from MgCl2•2 H2O and MgCl2•6 H2O in the limit of low defect 
concentration. This was achieved using large supercells, which con
tained 16 NH3 molecules for MgCl2•2 H2O and 24 NH3 molecules for 
MgCl2•6 H2O⋅In MgCl2•2 H2O, removing one NH3 requires 121.7 kJ 
mol− 1, while adding H2O in its place releases 111.3 kJ mol− 1. Water can 
also intercalate into the structure without displacing NH3, which 

requires 60.2 kJ mol− 1 per water molecule.
In MgCl2•6 H2O, there are two distinct types of ammonia ligands, 

differing by their coordination site: two axial and four equatorial NH3 
per MgCl2 unit. The energy required for their removal is similar, at 95.8 
and 94.8 kJ mol− 1, respectively. Substituting them with a water mole
cule releases 90.3 and 91.7 kJ mol− 1, indicating that, relatively, water 
substitution proceeds more readily than in MgCl2•2 H2O. Interestingly, 
when two ammonia ligands are removed from the same Mg2+, one 
equatorial and one axial NH3 are removed, with a total energy change of 
+180.2 kJ mol− 1 (90.1 kJ mol− 1 per NH3, showing that the second 
removal is slightly more favourable). In contrast, removing either two 
axial or two equatorial ligands requires 228.9 and 227.7 kJ mol− 1, 
respectively, which is less favourable. However, MgCl2 • 6 H2O in
tercalates water molecules more easily than MgCl2 • 2 H2O, with an 
energy change of +18.5 kJ mol− 1.

3.2. Dry ammonia cycling

3.2.1. Cycling stability and MgCl2 structural changes
A key limitation of magnesium chloride-based sorbents is their poor 

cyclic stability at high temperatures, which remains a challenge for 
practical application. The ammonia capacity of MgCl2/USY under dry 
conditions decreases over cycling, as shown in Fig. 6. Different regen
eration conditions were applied to determine whether longer regener
ation times or higher regeneration temperature improve cycling 
stability. The results indicate that extending the regeneration time or 
increasing the regeneration temperature does not prevent the decrease 
in ammonia capacity over cycling (Fig. 11). BT and TPD curves of these 
measurements are presented in Figs. S8 and S9. Furthermore, FTIR and 
SEM-EDS experiments (Figs. S10-S12) conducted after cycling confirm 
the absence of nitrogen in the samples, showing that no ammonia 

Fig. 7. FTIR spectra of a) MgCl2, b) ammoniated USY, c) MgCl2/USY, d) ammoniated MgCl2/USY at different time exposure to air at 30% RH.
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remains in the sample after regeneration. This confirms that the capacity 
drop is not due to residual bound ammonia.

To determine the mechanism of material degradation during cycling 
under dry conditions, XRD patterns were recorded for MgCl2/USY and 
bulk MgCl2 after five cycles of ammonia absorption/desorption, and 
after five temperature ramp cycles in the absence of ammonia. As shown 

in Fig. 12, the NH3-cycled sample exhibits a decrease in the MgCl2 
diffraction peak at 15◦ 2θ. Additionally, new peaks appear at 32–33◦ 2θ. 
The diffraction pattern of the material subjected only to temperature 
ramps remains the same as that of the fresh sample, indicating that no 
structural changes occur during thermal cycling alone. This is consistent 
with the BT analysis, which shows a 5% capacity loss after thermal 
cycling but a nearly 18% decrease after five ammonia absorption/ 
desorption cycles. The diffraction peaks of the USY phase are not 
significantly altered by NH3 sorption cycling.

Because the diffraction peaks of MgCl2 in MgCl2-impregnated USY 
are of low intensity, it is challenging to observe its structural degrada
tion during cycling. To gain mechanistic insight, bulk MgCl2 was ana
lysed under analogous conditions, which allows us to isolate the effects 
of temperature and ammonia. Although bulk MgCl2 is not quantitatively 
equivalent to MgCl2/USY, the observed trends can provide insight into 
the mechanism of structural change. As shown in Fig. 13, bulk MgCl2 
retains its sharp, well-defined peaks after five temperature ramps under 
argon, confirming high crystallinity and thermal stability in the absence 
of reactive gases. In contrast, repeated ammonia absorption and 
desorption cycling induces noticeable changes in peak intensity and 
broadening. Additionally, new weak diffraction peaks appear in the 
cycled sample (32–33, 45◦2θ), which cannot be attributed to ammoni
ated species or oxygen species; this is also consistent with the XRD and 
XPS analysis of the MgCl2/USY sample. These additional peaks most 
likely originate from secondary crystalline domains, due to the forma
tion of defect-rich MgCl2 polytypes or nanocrystalline interfacial phases. 
These observations in bulk MgCl2 suggest that structural and crystal
linity changes originate from lattice expansion and contraction associ
ated with ammine complex formation and decomposition, rather than 
from thermal cycling alone. SEM images of bulk MgCl2 before and after 
ammonia cycling (Fig. S13) show that the overall morphology is largely 
preserved. Minor surface roughening and particle rearrangement are 
observed, consistent with volume expansion and contraction during 
ammonia cycling. Furthermore, EDS analysis (Fig. S14) confirms the 
absence of ammonia after cycling. Similar processes are likely occurring 
in MgCl2/USY, although the magnitude may differ due to the presence of 
the support. Layered MgCl2 is known to accommodate stacking faults 
and polytypic variants, and stacking faults have been documented in 
β-MgCl2, resulting in weak additional diffraction peaks [44].

Fig. 8. TPD cyclic experiments of a) ammoniated MgCl2/USY exposed to 
moisture for 3 h, b) MgCl2/USY unexposed to moisture, c) non-ammoniated 
MgCl2/USY exposed to moisture for 3 h.

Fig. 9. Structures of a) pristine MgCl2 • 6 H2O, b) with one intercalated H2O molecule and c) one NH3 substituted for a H2O molecule. Analogously, d) pristine 
MgCl2•2 H2O, e) with one intercalated H2O, and f) one NH3 substituted for H2O.
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Importantly, the structural defects observed in MgCl2 help define a 
mechanism that likely contributes to the decrease in ammonia sorption 
capacity upon cycling, as also reported in other studies [45]. Under the 
regeneration conditions used in this study, ammonia desorption is 
reversible. However, the MgCl2/USY sorbent is not fully restored to its 
initial active state. Residual deactivated domains are observed in MgCl2/ 
USY after regeneration, consistent with the presence of defect-rich 
MgCl2 phases. These observations suggest that ammonia-induced 
structural changes are only partially reversible.

Structural changes are also closely linked to the kinetics of ammonia 
absorption. Breakthrough measurements show improved kinetics after 
the first ammonia cycle (Fig. S7), which can be attributed to the struc
tural activation of MgCl2. As reported by Aoki et al. [46], this 
enhancement arises from changes in the structural properties of the 
ammine complexes following the formation of a disordered state, such as 
lattice distortion. Cycling introduces structural changes that likely 
enhance the accessibility of Mg2+ coordination sites. This is in accor
dance with the findings of Takasu et al. [47], who demonstrated supe
rior absorption reactivity through activation of MgCl2 with ammonia 
prior to sorption.

3.2.2. High-temperature ammonia absorption
Understanding the performance of ammonia sorbents under realistic 

operating conditions is crucial for their potential industrial application. 
The sorption capacities of the material were measured across a range of 
temperatures and pressures to evaluate ammonia sorption under con
ditions closer to those of ammonia synthesis. Future integration of sor
bents directly into ammonia synthesis reactors would require them to 
remain effective even at elevated temperatures. These measurements 
provide an initial understanding of how pressure influences sorption 
capacity and help identify the pressure-temperature regions in which 
sorbent-based separation may offer benefits.

The results show the expected decrease in sorption capacity with 
increasing temperature and an increase with increasing pressure 
(Table 2), due to the thermodynamic nature of the gas-solid interaction. 
This behaviour is consistent with the exothermic nature of ammonia 
absorption, as higher temperatures shift the equilibrium towards 
desorption. The capacity rapidly diminishes as the absorption temper
ature increases. For example, at 8 bar, the sorbent exhibited an ammonia 
capacity of 239 mg/gsorbent at 50 ◦C, which dropped significantly to 65 
mg/gsorbent at 300 ◦C. Conversely, increasing the ammonia partial 
pressure shifts the equilibrium towards higher ammonia loading. At low 
pressure (Fig. 14), sorption differences between temperatures are more 
pronounced, whereas at higher pressures, the capacity loss due to tem
perature is partially compensated by the increased ammonia partial 
pressure. To assess the potential contribution of the USY support to the 
measured ammonia capacity, the ammonia capacity of pristine USY was 
measured at 1 bar and 25 ◦C. The ammonia uptake was 2 mg/g, which is 
negligible compared to the 180 mg/gsorbent measured for MgCl2/USY 
under identical conditions. Consequently, the contribution of USY does 
not meaningfully influence the calculated coordination number.

Despite the reduction in ammonia capacity at higher temperatures, 
the measurable capacity at 300 ◦C is noteworthy and comparable with 
the existing literature [48]. This result defines an operational window in 
which MgCl2/USY retains relevant ammonia sorption capacity under 
conditions that align with emerging concepts for the integrated 
ammonia synthesis and separation process [13]. This suggests potential 
for implementation in in-situ ammonia separation, where higher ab
sorption temperatures enable ammonia separation and reduce cooling 
requirements.

At the same time, this operating window is subject to significant 
stability constraints. Cyclic sorption and structural analyses reveal that 
repeated exposure to ammonia induces partially irreversible interfacial 
defect-rich domains, which gradually reduce the number of active MgCl2 
sites. These findings highlight that, although high-temperature opera
tion is feasible, long-term performance depends on the extent of 

Fig. 10. Charge density difference of a) pristine MgCl2•6 H2O and b) pristine MgCl2•2 H2O upon absorption of NH3.

Fig. 11. Ammonia absorption capacity of MgCl2/USY over 5 cycles under 
different regeneration conditions.
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degradation during repeated cycling.

3.3. Intrinsic MgCl2 chemistry versus support effects

The degradation pathways investigated in this work reflect both the 
intrinsic MgCl2 chemistry and the effects of support confinement. The 
strong affinity of MgCl2 for H2O, the formation of hydrolysis products 
such as MgO and MgOHCl, and the thermodynamically favourable 
replacement of NH3 by H2O are intrinsic properties of MgCl2. These are 
expected to occur regardless of the support type. Similarly, the 
competitive binding between NH3 and H2O as ligands, observed in the 
DFT calculations, arises from the coordination chemistry of Mg2+. On 
the contrary, the absolute sorption capacities and the extent of irre
versible structural changes during cycling are influenced by the USY 
support, which determines the dispersion of MgCl2 and site accessibility. 
While the degradation mechanisms identified in this study are general to 
MgCl2-based sorbents, the quantitative performance and stability limits 
are linked to the USY-supported material.

4. Conclusion

MgCl2 is an effective ammonia sorbent due to its strong and revers
ible interaction with ammonia, making it a promising candidate for 
separation and storage applications. MgCl2/USY was synthesised, and 
several key aspects of its performance were investigated, including the 
influence of water contamination on ammonia sorption capacity and 
structural properties, the effect of pre-ammoniation on material stabil
ity, and the impact of temperature and ammonia binding on cycling 
performance. High-temperature and high-pressure measurements were 
also conducted to evaluate the material's potential for integrated 
ammonia synthesis-separation processes.

In this study, we highlight the impact of water contamination on the 
ammonia sorption capacity of MgCl2. The results indicate that sorption 
capacity decreases with exposure to moisture, particularly at higher 
relative humidity levels. FTIR analysis confirms that water readily binds 
to MgCl2 even at moderate humidity (30% RH). The observed loss in 
capacity can be attributed to the formation of oxygen-containing species 
in the moisture-exposed samples, such as MgO, MgOHCl, and Mg(OH)2, 
which were identified by XPS analysis. These phases form during hy
drolysis when the sample is heated for dehydration and do not exhibit 
the chemical behaviour required for effective ammonia binding.

Pre-ammoniation of the sample does not mitigate moisture-induced 

Fig. 12. XRD patterns of fresh MgCl2, USY and MgCl2/USY, and MgCl2/USY after 5 temperature cycles up to 400 ◦C, MgCl2/USY after 5 temperature cycles and 1 
cycle of ammonia absorption/desorption, and MgCl2/USY after 5 cycles of NH3 absorption/desorption at 400 ◦C. The symbol (✽) marks the appearance of new peaks 
or change in the intensity.

Fig. 13. XRD patterns of fresh MgCl2, MgCl2 after 5 temperature cycles up to 
400 ◦C, and MgCl2 after 5 cycles of NH3 absorption and desorption at 400 ◦C. 
The symbol (✽) marks the appearance of new peaks.

Table 2 
Ammonia sorption capacity and coordination number of MgCl2-impregnated 
USY under different temperatures and pressures.

Tabs pabs 

[bar]
pparcNH3 

[bar]
Capacity 
[mg/ 
gsorbent]

Capacity 
[mg/gsalt]

Coordination 
numbera [mol/ 
molsalt]

50 1 0.1 158 315 1.76
5 0.5 222 442 2.47
8 0.8 255 507 2.83

150 1 0.1 51 102 0.57
5 0.5 90 179 1.00
8 0.8 105 210 1.17

300 1 0.1 8 15 0.08
5 0.5 57 114 0.64
8 0.8 65 130 0.73

a Coordination number was calculated based on the ICP-OES analysis. The 
coordination numbers include the contribution of the support.
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degradation of MgCl2. Instead, in highly pre-ammoniated MgCl2, sub
stitution of NH3 with H2O is energetically more favourable. Thermo
dynamically, ligand exchange is more favourable than water 
intercalation. Moreover, temperature-programmed desorption results 
indicate that simultaneous exposure to ammonia and moisture alters the 
coordination environment of the Mg2+ centre, reducing the stability of 
ammonia complexes. The results demonstrate that pre-ammoniation is 
ineffective as a protective strategy and that strict moisture control re
mains essential for mitigating the sorbent performance.

The cycling stability of the material under dry conditions was 
investigated, as metal halides are known to degrade with repeated use. 
Using XRD and ammonia sorption capacity measurements on both bulk 
and USY-impregnated MgCl2, we distinguished the effects of tempera
ture and ammonia on the material's structure and sorption behaviour. 
Temperature treatment does not cause detectable structural changes, 
whereas repeated ammonia absorption and desorption induce signifi
cant changes. The decline in capacity during cycling is attributed to the 
formation of secondary crystalline domains associated with defect-rich 
MgCl2 nanocrystalline interfacial phases, generated by repeated lattice 
expansion and contraction. These results also indicate that phase 
transformations induced by ammonia sorption are not fully reversible.

Finally, temperature–pressure measurements show that although 
ammonia sorption capacity decreases significantly at elevated temper
atures, the persistence of measurable uptake of 65 mg/gsorbent at 300 ◦C 
and 8 bar is notable. These findings help define the operating window in 
which sorbent-based separation may be effective and highlight the po
tential for integrating sorbents directly into ammonia synthesis reactors, 
where high-temperature absorption could reduce cooling demands 
while still enabling meaningful ammonia separation performance.
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