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A B S T R A C T

The alkaline earth metal halides (AEMHs), such as strontium chloride (SrCl2), are promising sorbents for 
hydrogen storage in the form of ammonia. However, these sorbents suffer from structural disintegration prob-
lems due to the extraordinary volume expansion during ammonia sorption. This study reports the fabrication of 
3D-printed SrCl2 monoliths scaffolded with bentonite using the direct ink writing technique. The optimized 
monolith with a 60 % SrCl2 loading exhibited an ammonia storage capacity of 488 mg/g, maintaining 
remarkable structural integrity and effectively accommodating volumetric changes during sorption and 
desorption over 20 cycles. The kinetics data revealed that ammonia sorption followed a pseudo-second-order 
model, and intercrystalline diffusion was the rate-controlling step in the 3D-printed SrCl2 structures. High- 
pressure sorption isotherms were explained by the dual-site Langmuir-Freundlich model due to surface hetero-
geneity in terms of energies and binding sites for metal-amine complex formation. Thus, cognitively designed 
AEMHs monoliths present the potential for ammonia storage in various applications by effectively overcoming 
structural challenges.

1. Introduction

Energy dynamics are undergoing rapid transformations, and global 
leaders are committed to achieving the zero-carbon emission target [1]. 
A carbon-free energy model can be established by generating the 
cleanest hydrogen [2,3]. Besides the production of hydrogen, challenges 
associated with hydrogen storage and transportation need to be 
addressed [4,5]. Different methodologies for hydrogen storage can be 
used, including physical storage [6], carrier materials (hydrogen-rich 
chemicals) [7], or solid matrix systems [8]. Physical storage of hydrogen 
as a liquid at cryogenic temperatures (− 252 ◦C) or compressing it up to 
70 MPa demands substantial energy input to maintain the necessary 
pressure and temperature conditions. Alternatively, hydrogen-rich 
chemicals such as ammonia (NH3), methanol, ethanol, and formic acid 
methanol can be considered [6,9]. Among hydrogen-rich chemicals, 
NH3 is the only carbon-free chemical. Therefore, storing hydrogen in the 
form of NH3 could be a promising strategy, which could allow for its 
direct use as a fuel and source of hydrogen [10]. Usually, NH3 is stored in 

a liquid state, which faces several criticalities, including the risk of 
leakage, and requires special containers with a cooling system as well as 
high-pressure provision, leading to an energy-intensive system [11,12]. 
Alternatively, solid sorbents could be a substitute, offering the advan-
tage of higher NH3 packing density at room temperature. The sorbents 
can release NH3 by lowering pressure and heating at a mild temperature 
[13,14]. Additionally, NH3 storage using solid sorbents exhibits lower 
vapor pressure and a reduced risk of toxicity, flammability, and explo-
sion. These merits render the sorption technique an alternative potential 
H2 storage option in the form of NH3 [13].

Several solid sorbents have been explored for NH3 storage, such as 
zeolites [15], activated carbon [16], metal-organic frameworks [17], 
and metal hydride and halides [8,18]. Among these sorbents, AEMHs, 
such as SrCl2, possess an unparalleled NH3 uptake capacity (approxi-
mately 50 mmol/g) due to the chemisorption mechanism, which leads to 
metal amine complex formation [13,14]. The AEMHs, such as SrCl2, can 
store more H2 than NH3 in a given volume due to the higher packing 
density of NH3 in the AEMHs than that of liquid NH3 [19]. For example, 
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1 mol of SrCl2 can store 8 mol of NH3, as shown in equation (1) [13,14]. 
These materials have been used in adsorptive NH3 refrigeration and 
chemical heat pump systems where the AEMHs coating is applied over a 
metallic structure [20]. These materials can be easily regenerated by 
applying a vacuum with a mild temperature. For practical applications, 
the AEMHs need to be structured into appropriate shapes and geome-
tries to ensure efficient mass and heat transport characteristics. There 
have been efforts to fabricate pellets of the AEMHs, but the structure 
disintegrated during the NH3 sorption cycles due to volumetric expan-
sion [21]. The volumetric expansion destroys the fabricated structures, 
affecting the process efficiency and poses a severe safety risk. Therefore, 
various approaches have been considered to manufacture stable struc-
tures that can tolerate the volumetric changes during NH3 sorption. 

SrCl2 +8NH3 ↔ Sr(NH3)8Cl2 (1) 

Recently, efforts have yielded significant positive outcomes in terms 
of stability, mass, and heat transport, resulting in stable and reusable 
sorbents. The NH3 sorption over AEMHs exhibits sluggish kinetics 
attributed to the low ammonia diffusivity in halides, which has report-
edly been improved by incorporating carbon materials such as graphite, 
carbon nanotubes, and graphene. Recently, our group reported the 
structuring of MgCl2 composites reinforced with graphite and graphene 
nanoplatelets, demonstrating good stability and reduced deformation 
problem [21]. Later, our group reported a stable, reusable, and opti-
mized porous structure of SrCl2 scaffolded by graphene fabricated 
through freeze drying. The structured sorbents demonstrated resilience 
against the volume changes with significant improvement in the NH3 
sorption kinetic, particularly the time to reach saturation capacity was 
reduced from 92 min for SrCl2 to 27 min for the designed composite 
[13]. Although suitable for manufacturing simple structures, the 
freeze-drying process is laborious and challenging to design and scale up 
for complex geometries with lower pressure drops and higher mass 
transfer [22]. In this work, we designed and fabricated SrCl2 structures 
using advanced 3D printing technologies, which have the potential to 
produce complex structures that offer better gas diffusion and accom-
modate volume expansion by breathing space in the channels. Besides 
the fabrication technique, the stability and strength of the structure are 
primarily governed by the characteristics of the binder used in the ad-
ditive manufacturing process. Organic binders, such as poly-
vinylpyrrolidone (PVP), which have a relatively low melting point and 
poor thermal stability, may not be suitable for AEMHs sorbents aimed at 
NH3 storage due to the release of large amounts of heat during chemi-
sorption. An alternative option is to use inorganic binders, such as clay, 
silica, and bentonite, which offer high thermal stability and mechanical 
strength. This study reports the fabrication of SrCl2 monolith structures 
using bentonite as a binder via direct ink writing (DIW), an 
extrusion-based 3D printing technique. Different structures were printed 
by varying the loading of SrCl2 and bentonite. The fabricated monoliths 
were characterized using various techniques and evaluated for NH3 
sorption. Additionally, the NH3 sorption kinetics were investigated 
using pseudo-first-order and pseudo-second-order models. 
High-pressure isotherms were recorded and explained by the dual-site 
Langmuir-Freundlich model, indicating surface heterogeneity in terms 
of energies and binding sites for NH3 sorption.

2. Experimental

2.1. Fabrication of 3D-printed SrCl2 monoliths

Strontium chloride (anhydrous, 99.9 % purity, Sigma Aldrich, USA) 
and Na-bentonite (ClearOFF Minerals, UK) were mixed and milled in a 
ball mill (Pulverisette 6, Fritsch, Germany) at varying mass ratios to 
achieve a finely dispersed powder with a particle size below 63 μm. The 
salt tends to form agglomerates when mixed with water due to its high 
hygroscopicity, which can clog the nozzle, hindering the ink’s print-
ability. Therefore, the powder underwent a controlled hydration step in 

a 90 % relative humidity (R.H.) chamber for 72 h prior to ink prepara-
tion. The powder and distilled water were mixed on a high-energy 
planetary mixer (ARE250, The Thinky Corporation, Japan) for 15 min 
at 2000 rpm. Table 1 reports an overview of the composition of the three 
slurries examined. Before loading the ink into the syringe, sonication 
was performed for 15 min to enhance homogeneity. The resulting ink 
was loaded into a syringe (Vieweg GmbH, Germany) and printed with a 
0.41 mm diameter nozzle (Vieweg GmbH, Germany). The scaffolds were 
3D-printed using a Delta Wasp 2040 Turbo printer (WASP, Italy) 
equipped with a pneumatic extruder at a feed rate of 15 mm/s, 2.5 bar, 
and room temperature; PTFE sheets were used as substrate to facilitate 
later removal. Subsequently, the printed samples were placed in a static 
oven set at 40 ◦C for 48 h to ensure thorough drying. The dimensions of 
the printed cylindrical lattices were 9.5 mm in diameter and 4 mm in 
height. Notably, considering the solubility of the hexahydrate salt of 
150 g/L at room temperature, all compositions yielded strongly super-
saturated slurries.

2.2. Characterization methods

The 3D-printed monoliths were characterized using different 
analytical techniques to evaluate their physical and chemical properties. 
The microstructure of the samples was investigated using scanning 
electron microscopy with energy-dispersive X-ray spectroscopy (SEM, 
JSM-IT300, JEOL, Japan). The crystallinity of the samples was evaluated 
using CuKα radiations on an X-ray diffractometer (PANalytical Empy-
rean Xray diffractometer, Malvern, UK) with a step size of 0.02◦ and scan 
speed of 1.2◦/min operating at current and voltage of 40 mA and 45 kV, 
respectively (samples were dried at 150 ◦C before the XRD analysis). 
Thermal behavior was estimated by thermogravimetric analysis equip-
ped with differential scanning calorimetry (TGA/DSC, SDT 650, TA in-
struments, USA) with a 10 ◦C/min ramping rate under an argon (Ar) gas 
environment. Surface area and pore size were evaluated using a surface 
analyzer (Micromeritics® ASAP 2020 Plus, USA) with nitrogen sorption 
and desorption at a temperature of − 196 ◦C. Before analysis, the sam-
ples were degassed overnight at 150 ◦C under vacuum conditions. BET 
surface area was measured from a linear range by selecting the relative 
pressure (P/P0) of 0.01–0.1. The mechanical properties of the porous 
structures were evaluated under uniaxial compression using a universal 
testing machine (Quasar 25, Galdabini, Italy) with 0.5 mm/min cross-
head speed. For each composition, at least 10 specimens underwent 
testing, generating survival probability curves under uniform compres-
sion conditions according to the Weibull method.

2.3. NH3 sorption-desorption experiments

The NH3 sorption and desorption experiments were conducted using 
the IsoSORP sorption analyzer (High-pressure TGA, TA instrument, New 
Castle, DE, USA), as reported in our previous study [18]. Structured 
samples were directly loaded into the sorption chamber. Before every 
measurement, samples were degassed at 150 ◦C under a vacuum for 3 h. 
A buoyancy measurement was conducted to estimate the mass and 
volume of the sample using helium gas (99.99 % purity) at a pressure of 
10 bar and a temperature of 20 ◦C. After that, NH3 sorption experiments 
were performed at 3 bar and 20 ◦C, and desorption was carried out under 
vacuum at the same temperature. Screening and cycling measurements 
both were carried out under identical conditions. Thermal regeneration 
under vacuum was performed between cycles during cyclic 

Table 1 
Compositions for the SrCl2-bentonite slurries.

SrCl2 (wt.%)-to-Na-bentonite (wt.%) Salt-to-water mass ratio

60–40 1.03
70–30 1.27
80–20 1.37
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measurements.
Sorption and desorption isotherms were recorded starting in the 0–3 

bar range at different temperatures of 20, 30, and 40 ◦C, respectively. 
During the recording of isotherms, the temperature was controlled by 
the oil bath circulation system. Additionally, kinetic experiments were 
conducted using a thermal analyzer (TGA/DSC, SDT 650, TA In-
struments, USA). Samples were degassed for 2 h at 150 ◦C, followed by 
cooling to room temperature using an argon gas environment. After 
cooling, the gas was switched to NH3, and sorption curves were recor-
ded. The duration of the experiment was determined based on changes 
in the sample mass during NH3 sorption, and measurements were 
stopped when no further change in mass occurred over time.

3. Results and discussion

3.1. 3D-printed SrCl2 monoliths

SEM images were acquired to investigate the microstructure of the 
optimized 3D 60 % SrCl2 monoliths before and after ammonia sorption- 
desorption cycles, as shown in Fig. 1. The obtained 3D-printed structures 
consisted of in-layer parallel stripes with a width of ~350 μm and a gap 
width of ~400 μm. Stripes were oriented perpendicular to those of 
adjacent layers to create a sieve-like 3D structure. The designed sieve- 
like structures with channels provided ample free space, which could 
potentially enhance gas transportation and accommodate volumetric 
changes during NH3 sorption. For the zoomed-in SEM images and their 
corresponding EDX mapping, we observed that SrCl2 agglomerates were 
surrounded by bentonite, suggesting that bentonite provided mechani-
cal support for SrCl2 to hold the printed structure. The agglomeration of 
SrCl2 was observed in 3D 70 % SrCl2 and 3D 80 % SrCl2 structures as 
well, as shown in Fig. S1. After cyclic measurements, local disintegration 
was found on the SrCl2 agglomerates, as shown in Fig. 1 (c), which was 
attributed to the volumetric expansion and shrinkage during the NH3 
sorption and desorption [23].

The crystallinity of 3D-printed structures and individual components 
was measured using XRD analysis, as shown in Fig. 2 (a). The prominent 
peaks at 2θ values of 22◦, 36◦, and 43◦ represented the presence of SrCl2. 

Meanwhile, the reference diffractogram of bentonite shows the peaks at 
9, 20o, 27o, and 35o, corresponding to basal planes of sodium bentonite, 
respectively [24]. However, no peak was observed for bentonite in the 
3D-printed structure, possibly due to the intercalation of a higher con-
centration of SrCl2 in the bentonite layers, which may lead to the 
exfoliation of the bentonite layers and, thus, result in a significantly 
broadened d-spacing. Block et al. reported the broadening and dimin-
ished XRD peaks with the loading of peptides over montmorillonite 
(MMT) due to intercalation and exfoliation [25]. Higher loading of 
bentonite could shift the peaks to lower angles, and also, peaks might 
have been shielded by strong peaks of SrCl2 [26]. Similarly, Choudary 
et al. reported that with increased concentration of MMT clay, the 
exfoliated and intercalated MMT showed no peaks in the XRD dif-
fractogram [27].

Fig. 2 (b and c) shows the TGA/DSC curves of 3D-printed structures, 
bentonite, and SrCl2. The TGA curves show the weight loss at different 
temperature regimes. The weight loss below 200 ◦C resulted from the 
removal of surface adsorbed water and other gaseous substances [28]. 
The SrCl2 powder exhibited comparatively lower weight loss than 
bentonite and bentonite-containing samples. Generally, loosely bonded 
water molecules between the bentonite layers are stripped off during 
heating at low temperatures. Unlike bentonite, SrCl2 did not present 
significant amounts of weakly bonded water molecules. Weight loss 
below 200 ◦C could result from the adsorbed water molecules and 
detachment of bounded moisture in the bentonite and SrCl2 [28,29]. The 
bentonite underwent a phase transformation from 500 ◦C to 700 ◦C, as 
indicated by the endothermic peak in the DSC curve in Fig. 2 (c). The 
irreversible dehydroxylation of the bentonite lattice occurs at temper-
atures above 500 ◦C, which may affect the porous scaffolding by 
reducing pore volume and sorption capacity [30]. To avoid phase 
transformation and distortion of the porous structure, the 3D-printed 
samples were not subjected to high-temperature heat treatment.

To analyze the surface area and pore size characteristics, the N2 
sorption isotherms for different samples were recorded, as shown in 
Fig. 2 (d). SrCl2 showed type II isotherm, indicating macroporous or 
nonporous structure according to the classification by the International 
Union of Pure and Applied Chemistry (IUPAC) [31,32]. The reference 

Fig. 1. SEM micrographs of 3D 60 % SrCl2: (a, b) As-printed sample, (c) After NH3 sorption, and (d) EDX elemental mapping of the as-printed sample.
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bentonite sample exhibited a type IV isotherm with a hysteresis loop, as 
shown in Fig. S2, indicating the characteristic behavior of a mesoporous 
material. Hysteresis shown by the bentonite is a type H3, typical of a 
slit-like pore geometry. Furthermore, adsorption at P/P0 < 0.05 indi-
cated the presence of micropores. The surface area of bentonite was 55 
m2/g, substantially greater than SrCl2. The 3D-printed samples exhibi-
ted moderate specific surface area values compared to bentonite and 
SrCl2 with 3, 6, and 7 m2/g corresponding to 60, 70, and 80 % SrCl2 
loading, respectively. In all cases, considering a negligible contribution 
from SrCl2, the values are lower than what is expected from 
rule-of-mixtures calculations, indicating some extent of pore filling or 
occlusion due to the crystallization of the salt. Notably, the sample with 
the lowest fraction of bentonite displays its intrinsic pore structure more 
clearly, as seen from the presence of the hysteresis loop, which is instead 
less evident at 30 % and completely absent in the samples at 40 %; as a 
result, the SSA counterintuitively increases with decreasing fractions of 
bentonite. The reasons for this phenomenon may be related to the 
different concentrations of SrCl2 with respect to water in the three 
slurries, which increases with fractions of SrCl2. As shown in Table 1, the 
slurry used to prepare the 80 % SrCl2 composites presents the highest 
supersaturation, likely resulting in a more viscous liquid phase and 
preventing significant penetration into the mesoporous network of the 
bentonite. This is supported by the low discrepancy between the 
measured (7 m2/g) and expected (≈11 m2/g) values for the 3D 80 % 
SrCl2 sample. In contrast, as the salt/water ratio is lowered, more 
pervasive intrusion of the liquid phase and subsequent crystallization of 
the salt may result in more severe damage to the intrinsic pore network 
of the bentonite, leading to lower SSA values (6 and 3 m2/g for 70 % and 
60 % SrCl2 respectively) and significantly more significant discrepancies 
with expected values (≈16 and ≈ 22 m2/g respectively). Nevertheless, 

the addition of bentonite overall increased the surface area, pore size, 
and pore volume of the 3D-printed samples compared to pure SrCl2, 
which would be beneficial for the mass transport of NH3 molecules 
through the printed structure.

Despite notable variations observed in the mechanical responses of 
individual scaffolds within each composition, a consistent pattern 
emerged in all compression tests, as shown in Fig. 3. In fact, samples 
displayed a typical sequence. Each test had an initial region character-
ized by a slight increase in stress with rising compressive strain. Sub-
sequently, a region of linear elastic deformation ensued before 
discontinuities appeared above a stress threshold, varying for each 
scaffold. These discontinuities indicated internal subcritical fractures of 
individual struts, which preceded the attainment of peak load and ul-
timate structural collapse. Similar to the behavior of many cellular 
structures, a distinctive plateau region with a constant crushing strength 
was observed after the peak load [33]. The 80 % composition exhibited a 
Weibull modulus (m) of 1.94 and the lowest scale factor (σ) at 0.26 MPa 
among all compositions. This composition demonstrated the lowest 
performance, with compression stresses varying narrowly between 0.1 
and 0.5 MPa. Evaluation of mechanical data was challenging due to 
structures failing at very low stress levels, making fracture indications 
less evident in the stress curves. For the 70 % composition, the specimen 
consistently failed at approximately the same compression stress, 
around 1–1.5 MPa, suggesting a more homogeneous structure of the 
monoliths. This composition exhibited a Weibull modulus (m) of 2.17, 
indicative of enhanced material consistency. A higher Weibull modulus 
implies more evenly distributed defects throughout the entire volume 
and a narrower probability distribution curve for the strength. The 
calculated scale factor was 2.59 MPa. Lastly, for the 60 % composition, 
the Weibull modulus (m) increased to 2.58, accompanied by a scale 

Fig. 2. Characterizations of 3D-printed samples: (a) XRD patterns, (b, c) TGA and DSC thermal stability plots, and (d) N2 adsorption and desorption isotherms.
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factor (σ) of 4.3 MPa. As the tested population increased, a broader 
range of compression stresses, reaching up to 10 MPa, was observed. 
Minimum fracture stresses also rose to approximately 2 MPa, indicating 
a considerable enhancement in mechanical performance with higher 
bentonite content. Overall, the compressive strength of SrCl2-bentonite 
increased with the addition of bentonite by reducing the content of 
SrCl2. Despite not being subjected to any thermal treatment that pro-
motes densification and sintering, bentonite builds up the structural 
skeleton through its many weak bonds. Moreover, its beneficial effect of 
improved slurry rheology results in a more homogeneous cell structure 
with fewer defects that might initiate fractures.

3.2. NH3 sorption-desorption performance

The sorption performance of the obtained specimens was 

characterized by their ammonia uptake capacity and kinetics, as shown 
in Fig. 4 (a). It is evident that the NH3 sorption capacity increased 
proportionally to the loading of SrCl2, with the highest sorption capacity 
of 842 mg/g (49.53 mmol/g) achieved by the pristine SrCl2 powder. The 
sorption capacity of the 3D-printed samples was 488, 572, and 644 mg/ 
g, corresponding to compositions of 60, 70, and 80 % loading, respec-
tively. This indicates that SrCl2 was the primary active component for 
NH3 sorption [34]. Meanwhile, the bentonite exhibited an NH3 uptake 
of 63 mg/g (5 mmol/g), which was approximately ten times lower than 
that of SrCl2 due to physisorption rather than chemisorption.

The sorption kinetics plots, with normalized NH3 uptake capacity 
(percentage) corresponding to the saturation capacity of each sorbent, 
are shown in Fig. 4 (b). The equilibrium pressure estimated from the 
Van’t Hoff equation at 20 ◦C was 0.47 bar; thus, the duration of the 
adsorption and desorption period was calculated from this point to 

Fig. 3. (a) Representative mechanical behavior in compression for 3D-printed samples, and (b) corresponding survival probability data. Solid curves in (b) indicate 
calculated survival probability curves obtained through the Weibull approximation.

Fig. 4. (a) NH3 uptake capacity, (b) Sorption kinetics, (c) Desorption kinetics, (d) 20 cycles of NH3 uptake of 3D 60 % SrCl2, with photos of the structure after 1, 10, 
and 20 cycles, (e) Sorption kinetics, and (d) Desorption kinetics of cyclic measurements for 3D 60 % SrCl2 sample.
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saturation for SrCl2 [13]. Bentonite reached 70 % of its saturation ca-
pacity within 30 min at 1.5 bar and showed maximum adsorption at low 
pressure. This confirmed the physical adsorption from bentonite, which 
was faster than the chemisorption reaction between the SrCl2 and NH3. 
Meanwhile, pristine SrCl2 showed an insignificant capacity at pressures 
below 0.47 bar, whereas the 3D-printed samples demonstrated the 
contribution of bentonite at low pressures, making them superior sor-
bents for low-pressure NH3 sorption applications. Although there was a 
contribution from physical adsorption, the primary NH3 uptake origi-
nated from the chemisorption owing to the amine complex (Sr 
(NH3)8Cl2). The time to reach saturation capacity for SrCl2 powder was 
82 min, whereas 3D-printed samples reached saturation capacity in 106, 
96, and 96 min for 60, 70, and 80 % loading, respectively. This shows 
that the sorption kinetics of 3D-printed samples were slower than pris-
tine SrCl2 powder. Since the metal-amine complex formation using SrCl2 
is an exothermic reaction [34], the removal or transfer of heat of the 
reaction plays a crucial role. The bentonite could decelerate the sorption 
kinetics due to its poor thermal transport properties, leading to 
increased local temperatures within the sample, which could decrease 
the rate of the exothermic reaction of metal-amine complex formation. 
As seen in SEM images (Fig. 1), larger agglomerate size could increase 
diffusion length, further slowing the sorption kinetics. Adsorption usu-
ally starts on the surface and then diffuses into the bulk. Therefore, the 
available surface area is crucial in attaching the NH3 molecules to SrCl2. 
This also explains that the 3D 70 % SrCl2 and 3D 80 % SrCl2 presented 
rapid kinetics due to their higher specific surface area (SSA) compared to 
the 3D 60 % SrCl2. Fig. 4 (c) shows the desorption profile of the 
3D-printed samples, where the desorption pattern followed a trend 
similar to that of adsorption regarding the time to regenerate the 
samples.

Cyclic NH3 sorption experiments were conducted for different 3D- 
printed samples. Fig. S3 shows the NH3 sorption of consecutive 10 cy-
cles for sample 3D 70 % SrCl2. The sample remained stable after the first 
cycle, with no visible cracks or loose particles observed within the re-
action chamber. After the 3rd cycle, a crack appeared from the center of 
the monolith, both on the top and bottom sides. The crack propagated 
more with subsequent cycles, and the structure fractured into two parts 
after the 5th cycle. The development of cracks and breakage during 
cyclic measurements shows how expansion and contraction during NH3 
sorption affect the mechanical stability of the structure. Interestingly, 
after the 5th cycle, structured sorbents did not undergo further disin-
tegration up to the 10th cycle. However, there were some loose particles 
in the chamber, indicating the progressive degradation. The sorption 
and desorption kinetics of the 3D 70 % SrCl2 followed almost identical 
pattren, as shown in Fig. S4. Similarly, the 3D 80 % SrCl2 sample was 
evaluated for cyclic adsorption, and the structure fractured after the 
second cycle, indicating that volumetric expansion destroyed the 
structure due to its decreased mechanical performance, as shown in 
Fig. S5. Furthermore, the NH3 uptake of the 3D 60 % SrCl2 sample was 
evaluated over 20 consecutive cycles, as shown in Fig. 4 (d). The sample 
exhibited stable NH3 sorption performance, with no change in sorption 
capacity over time. The structure of the sample remained intact, with no 
apparent cracks or breakage, as shown in the photo in Fig. 4 (d), indi-
cating that there were sufficient free open channels in the structure to 
accommodate the volumetric expansion effectively. This indicates that 
bentonite, as a binder, effectively retained SrCl2 within the structure, 
preventing further disintegration due to volume expansion. Adsorption 
and desorption kinetics for cyclic measurements are plotted in Fig. 4 (e 
and f), and the time for cyclic adsorption and desorption kinetics is 
shown in Table S1. The saturation time for cyclic measurements was 
almost identical, with slight variations. As shown in the SEM image 
(Fig. 1 (c)), pores generation due to NH3 sorption and desorption could 
have slightly improved the kinetics.

3.3. Kinetic study

The high-pressure NH3 isotherms were recorded at different tem-
peratures (20, 30, and 40 ◦C) for 3D-printed samples to understand the 
adsorption of NH3 molecules, as shown in Fig. 5 (a–c). As expected, there 
was negligible adsorption in the low-pressure region (<0.4 bar) due to 
the limitation of SrCl2, and sorption capacity sharply increased after 
passing the threshold equilibrium pressure [35]. The 3D 60 % SrCl2 
sample at 20 ◦C and 1 bar pressure reaches almost 94 % of the saturation 
capacity. Meanwhile, the sorption capacity was susceptible to temper-
ature changes due to the exothermic nature of the metal-amine complex 
reaction, which is the dominant sorption mechanism in NH3 storage 
using AEMHs. The 3D 60 % SrCl2 sample exhibited only 14 % and 10.5 
% of the saturation capacities at 30 and 40 ◦C, respectively. This shows 
the significant decrease in sorption over SrCl2 with temperature. On the 
other hand, at high pressures, especially >1.5 bar, there was no signif-
icant difference in the sorption capacity with temperature. At 3 bar 
pressure, the difference in sorption capacity between 20 and 30 ◦C was 
approximately 8 %, indicating that the metal amine complex reaction 
proceeds rapidly at high pressure. The decreased sorption capacity can 
be ascribed to the exothermic chemisorption reaction and decrease in 
the forces responsible for the physical attachment of NH3 molecules to 
the surface of 3D-printed structures [36]. There is clear hysteresis due to 
very low desorption at higher-pressure regions, which has been reported 
for AEMHs, indicating that reduction in pressure does not fully facilitate 
the bond cleavage in the metal-amine complex. None of the sorbents was 
fully regenerated under vacuum owing to the strong binding of the 
monoamine phase (SrCl2⋅NH3). Regeneration of the monoamine phase 
needed thermal treatment to fully regenerate the sorbent to the original 
sorption capacity.

As shown in Fig. 5 (d–f), adsorption isotherms data fitted with the 
dual-site Langmuir-Freundlich model following equation (2) [37]: 

Qe=Qmax1

b1Pn1

1 + b1Pn1
+ Qmax2

b2Pn2

1 + b2Pn2
(2) 

where Qmax is the maximum sorbent capacity, b describes the adsorbate- 
adsorbent affinity, and n represents the surface heterogeneity and 
adsorption intensity. A value of n > 1 shows the cooperative adsorption 
over the sorbent [38]. The surface heterogeneity may arise from 
different sorption mechanisms, such as surface sites with physical and 
chemical potential. The structures comprise physical adsorption sites 
due to bentonite and chemical adsorption sites due to SrCl2, as well as 
the energy difference between the heat of formation of the monoamine 
and the octaamine phase for metal-amine complex formation. The 
mono-amine phase is considered the stronger bond compared to the 
octa-amine phase, thus having higher binding energy [39]. It is worth 
noting that adsorption proceeding through metal-amine complex for-
mation strongly depends on the pressure but shows close values at 
higher-pressure regions regardless of temperature [40]. The values of 
the n were 68.39, 4.29, and 2.45, corresponding to 60, 70 and 80 % 
loading of SrCl2 in the 3D-printed structures. Higher values of n indi-
cated a higher surface affinity, resulting in more cooperative adsorption. 
Although model fitting using dual site Langmuir-Freundlich predicted 
the surface heterogeneity and energy distribution, it cannot give exact 
values and capacity of each site.

In addition, gas adsorption in a solid can be limited due to mass 
transfer resistance, primarily the diffusion of the sorbate within the 
sorbent, which could be intercrystalline or intracrystalline, depending 
on the material characteristics and the sorption mechanism. The model 
fitting was performed to evaluate the diffusion parameters and estimate 
the rate-controlling factors. Intercrystalline and intracrystalline diffu-
sion models were validated using random walk model equation (3) [41]: 

ln
(

1 −
m

m∞

)

= ln
(

6
R

)

−
π2Dt
R2 (3) 
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where R is half of the diagonal distance of the salt crystal, D represents 
the diffusion coefficient, and t is the time. The values of m

m∞ 
< 0.5 were 

used for the intracrystalline diffusion and m
m∞ 

> 0.75 was used for the 

intercrystalline diffusion [41,42]. As shown in Fig. 6 (a–c), the inter-
crystalline diffusion model provided a good fit for the 3D-printed sam-
ples. As salts are either macroporous or nonporous materials without 
micropores, the primary controlling factor may be the diffusion of NH3 

Fig. 5. (a, b, c) NH3 sorption isotherms and (d, e, f) dual site Langmuir-Freundlich model fitting for 3D-printed samples.

Fig. 6. (a, b, c) Diffusion models fitting, and (d, e, f) reaction kinetic models fitting for 3D-printed samples.
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molecules through the macropores between particles. The intracrystal-
line diffusion model exhibited relatively poor fitting, as illustrated in 
Fig. S6 (a-c), suggesting the absence of micropores diffusion dynamics. 
Estimated values of diffusion coefficient are 0.01, 0.02, and 0.03, cor-
responding to the 3D 80 % SrCl2 > 3D 70 % SrCl2 > 3D 60 % SrCl2, 
respectively. This trend correlates with the surface area of the 
3D-printed samples, suggesting that the surface area of the samples may 
play a critical role in controlling the mass transport of the sorbate.

In addition, reaction kinetics were estimated using pseudo-first and 
second-order reaction kinetics using equations (4) and (5) [39,43]: 

qt = qe(1 − exp(k1t)) (4) 

qt =
k2q2

e t
1 + k2qet

(5) 

where qt is the adsorbent capacity at time t, qe is the equilibrium ca-
pacity, and k is the rate constant. According to the values of regression 
coefficients, R2, and Fig. 6 (d–f), sorption kinetics follows the pseudo- 
second-order kinetics, indicating that sorption is proportional to the 
square of partial pressure of NH3. These results are in line with the 
sorption dependency on the partial pressure of NH3 revealed by the 
high-pressure isotherms, where the rate of sorption increased expo-
nentially rather than linearly above the threshold partial pressure of 
NH3. It also shows that increasing the partial pressure would be essen-
tially beneficial for NH3 sorption over the 3D-printed structure. In 
addition, the value of the rate constant was higher for 3D 80 % SrCl2, 
which supports the sorption and desorption results observed in Fig. 4 (e 
and f), where the time to reach saturation was lower for the 80 % SrCl2 
loading. The kinetics of NH3 chemisorption on AEMHs, through metal- 
amine complex formation, follow a pseudo-second-order model [39]. 
It is worth mentioning that pseudo-first or second-order kinetics models 
are not representative of either chemisorption or physisorption. These 
kinetic models only show the dependency of the reaction relative to the 
partial pressure of reactants. Inferring physical or chemical mechanisms 
could lead to discrepancies.

4. Conclusions

In summary, we designed and printed various SrCl2 and bentonite 
structures with different salt loading using the direct ink writing method 
(DIW). The optimized sample, 3D 60 % SrCl2, demonstrated excellent 
performance and stability over 20 consecutive cycles, effectively ac-
commodating volumetric changes during NH3 sorption cycles while 
maintaining structural integrity. The kinetics were explained by the 
pseudo-second-order model, which elucidated the rapid increase in NH3 
sorption after the threshold pressure. The high-pressure isotherm data 
fitted well with the dual-site Langmuir-Freundlich model, explaining the 
surface heterogeneity in terms of physical and chemical sorption origi-
nating from SrCl2 and bentonite. The random walk model fitting verified 
that intercrystalline gas particle movement was the diffusion-controlling 
factor due to the non-porous nature of the salt. The robust and efficient 
3D-printed SrCl2 structures demonstrated significant potential for use as 
an ammonia carrier in various hydrogen storage applications.
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