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parating H2 from natural gas/H2

mixtures using Mg-based systems†

Mateusz Balcerzak, *abc Robert Urbanczyk, ad Fabian Lange,a

Francis Anne Helm,a Jan Ternieden a and Michael Felderhoff a

The use of light, abundant, and relatively cheap Mg-based systems arouses great interest in hydrogen-

economy-related applications such as hydrogen and heat storage. So far, MgH2, capable of storing large

amounts of H2 (7.6 wt%), has been scarcely evaluated for its H2 separation potential, which may be

crucial for H2 recovery from various H2-containing gas mixtures. Herein, we reveal and discuss the ability

of Mg-based systems to separate H2 from CH4-rich gas mixtures. Mg-Ni and Mg-Fe systems can

separate ∼5.5 wt% of H2 during the hydrogenation process and release pure H2 (at least 99.9%) within

the dehydrogenation process. Pure H2 can, therefore, be obtained in a one-step separation system. In

this study, we discuss the selection of the hydrogenation/dehydrogenation processes catalyst (Ni, Fe) as

well as the optimal separation process temperature. The tested systems show satisfactory performance

stability during cyclic H2 separation from CH4/H2 and natural gas/H2 gas mixtures. We also present the

first investigation of the Mg-based systems (with Ni or Fe catalyst) after the cycled separation processes.

The results of complementary techniques revealed H2 separation-induced chemical and phase

segregation in the studied materials. Moreover, we report the observation of networked MgH2

microstructure formation. This research points out the potential of metal-hydrides in the H2 separation

sector as well as the challenges facing their application – especially those related to the presence of

CO2 impurity in the gas mixture. The unique and detailed description of processes taking place in

a reactor during the separation process will significantly impact the design of future metal-hydrides-

based scaled-up systems for H2 separation.
Introduction

Climate change, environmental pollution, and biodiversity loss
are forcing humankind, the initiator of critical changes on
Earth, to change its current way of life. Since the warnings
contained in the Club of Rome report regarding the negative
impact of CO2 on the Earth's atmosphere, many Climate
Change Conferences focus on putting pressure on countries
worldwide to defossilize their economies. One option that is
perceived as a game changer for the global economy is hydrogen
(H2).
ax-Planck-Institut für Kohlenforschung,

hr 45470, Germany. E-mail: balcerzak@

49 208 306 2344

Carl-Benz-Straße 201, Duisburg 47057,

ering, Poznan University of Technology,

technik, Institut für Umwelt & Energie,

8–60, Duisburg 47229, Germany

(ESI) available: Supporting gures and
data and discussion. See DOI:

, 26280–26292
The transformation to a hydrogen economy and its associ-
ated challenges can be followed by the example of Germany –

a country transitioning to a zero-emission economy.1 Consid-
ering the long-range H2 transport sector in Germany, which
connects the H2 production sites with the end-use destinations,
the total length of pipelines is planned to reach 9700 km by
2032 (Fig. S1†).2 Approximately 60% of the mentioned total H2

pipeline length will operate using currently available natural
gas pipelines.2 For this reason, to fulll the transformation
goals during the energy transition (towards the hydrogen
economy), H2 will be transported together (as a stable blend)
with natural gas (NG). The transfer of NG/H2 gas mixtures from
North Africa to Europe utilizing the existing pipelines is also
under consideration.3 Intermediate solutions are also expected
in many technology sectors, such as gas turbines, which require
further development to enable the full transformation from
operating on NG to pure H2 (Fig. S2, Chapter S1 of the ESI†).

In most cases, the transport of H2 blended in NG must be
combined with its recovery at the end of the pipeline. Therefore,
apart from the key sectors of the hydrogen economy (H2

production, transport, storage, and end use), H2 separation and
purication are exceptionally important technologies that allow
the merging of all the economic sectors. They not only enable
This journal is © The Royal Society of Chemistry 2024

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta05654j&domain=pdf&date_stamp=2024-09-27
http://orcid.org/0000-0001-5412-9078
http://orcid.org/0000-0002-9046-7522
http://orcid.org/0000-0002-5504-2916
http://orcid.org/0000-0001-9526-3943
https://doi.org/10.1039/d4ta05654j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta05654j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012038


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 9

/2
5/

20
25

 2
:4

0:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the efficient H2 production and safe operation of H2-containing
gas mixtures but are also crucial to supplying high-purity H2 to
the sectors and devices where the H2 purity is critical – e.g., fuel
cells.4–6

There are many established H2 separation/purication tech-
niques: pressure swing adsorption (PSA),4,5,7 temperature swing
adsorption (TSA),8–10 vacuum swing adsorption (VSA),8,11 cryo-
genic separation,12 membrane techniques,13–16 and electro-
chemical compressors/separators (EHC/S).17–20 All these methods
have their advantages and disadvantages. For example, the PSA
technique, which separates >99% pure H2 is limited to operating
at relatively high initial H2 concentrations (75–90%).21 Moreover,
PSA, TSA, and VCA operate discontinuously. The cryogenic
methods, whereas, are relatively expensive and deliver H2 of only
<98% purity.12,22 The use of Pd-membranes, which show very
good H2 separation properties, is limited by the high cost of Pd.
Moreover, these membranes suffer from low resistance to
poisoning (by CO and H2S) and high operating temperature
(>300 °C).13,23 Perovskite-based proton-conducting membranes
are characterized by a low H2 ux, are sensitive to gas impurities
(CO2 and H2O), and their performance largely depends on their
production method.22 The H2 separation selectivity of the poly-
meric membranes is limited,24–26 and can only be improved using
a complex two-step system combining polymeric membrane and
PSA.24,27 The EHC/S systems, can operate continuously and
separate H2 of relatively high purity (100–500 ppm CH4 in H2 on
the cathode site). However, their restraint is the low H2 yield
(<90%) when a gas mixture with a low H2 concentration is
supplied at the anode site.20

An alternative to the H2 separation methods discussed above
are metals and alloys that can react with H2, forming hydrides.
The principle of metal hydride operation is based on the
selective absorption of H2 from the gas mixture used. While H2

is chemically stored in the metallic structure, the other gas
components remain unreacted in the initial gas mixture.28

Separation using metal hydride-based systems does not involve
a signicant pressure drop, so no additional energy is needed to
compress the residual gas. The selectivity of the metal hydride
can be tuned by the selection of chemical composition, crystal
structure, and operating temperature.

Several metallic systems (mostly from low-temperature, AB5-
type intermetallic compounds) have already been used to
separate H2 from various gas mixtures.29,30 For example,
MmNi5−xAlx (where Mm stands for mishmetal) can effectively
recover high-purity H2 (grade 5.0) from the synthetic ammonia
production plant's pre-treated purge gas (with lower ammonia
and moisture content).31 T. Saitou et al. showed that another
low-temperature system – FeTi0.95Mm0.08 can also separate
highly pure H2 (grade 7.0) from CH4-containing gas mixtures.32

In another work, F. R. Block et al. revealed that LaNi5 and FeTi
could absorb H2 from gas mixtures. However, different gas
impurities such as CO, CO2 and H2S strongly poisoned the
active material.33 Currently, the most serious restraint of the use
of metal hydrides in separation applications is the gaseous
poisoning of the material initiated by gases like O2, CO2, or H2O
vapor, which leads to the partial or complete deactivation of the
material (mostly through its surface passivation).34–36
This journal is © The Royal Society of Chemistry 2024
Compared to low-temperature alloys (for example AB5- and
AB-type systems), high-temperature hydrides exhibit higher
gravimetric H2 storage capacities. The most studied represen-
tative of this group is MgH2, which is considered cheap (3000 $/t
Mg powder),37 abundant, light, and capable of storing 6.0–
7.6 wt% H2.38 Despite the potential of MgH2 in H2 separation
applications being predicted in 1987, research on this topic is
very limited.39 S. Ono proved that Mg (catalyzed by Ni) separates
large amounts of pure H2 (grade 6.0) from H2-containing gas
mixtures.40 In our recent study, we presented that a Mg-based
system is capable of absorbing all of the provided H2 from
a limited volume of CH4/H2 (90 : 10) mixture.41 Although
B. Bogdanović et al. demonstrated the possibility of using Mg to
separate H2 from H2/CH4 gas mixtures, the experiments were
never extended to NG/H2 (especially to gas mixtures rich in
NG).39 In addition, the detailed analysis of the Mg-based
material aer the separation experiments, which is necessary
for the nal materials implementation, has never been
presented.

Herein, we demonstrate and discuss, for the rst time, the
H2 separation from CH4-rich gas mixtures (including NG-based
blends) using Mg catalyzed by different metals (Ni or Fe). To the
best of our knowledge, the effect of Fe catalyst on Mg separation
properties (in any H2-containing blends) has never been
addressed. Ni and Fe proved to be effective catalysts for
hydrogenation/dehydrogenation reactions in Mg-based systems
(when pure H2 is used in the reaction).42 Transition metals
facilitate hydrogenation by accelerating the dissociation of H2

molecules into the H atoms and dehydrogenation promoting H
atoms diffusion between the subsurface and the surface (in the
case of Mg-Ni system) and weakening the Mg-H interaction
strength (in the case of Mg-Fe system).43,44

The inuence of different processing temperatures on the
system performance was also demonstrated. This work contains
a detailed analysis of the metal hydride systems aer cyclic
separation processes (to our knowledge, this has not been re-
ported for any system so far), providing unique insights into the
processes occurring during H2 recovery. Furthermore, since
CH4 does not react with Mg and Mg-based systems, it is crucial
for the feasibility of this hydride-based system to check the
impact of NG pollutants on the durability of the active mate-
rial.40,45 Therefore, in this study, we specically focused on the
inuence of CO2, which, according to the literature, can be
adsorbed on the Mg particles' surface and then be reduced to
CH4, simultaneously causing Mg oxidation.40 The highlighted
advantages and challenges of Mg-based systems will be useful
for the design of metal hydride-based systems for H2 separation
and purication.

Experimental
Materials and gases

Pure Mg (Non-Ferrum GmbH, <45 mm, 99.8% purity), Ni
(Honeywell Riedel-de Haën, <45 mm, 99.8% purity), and Fe
(Sigma Aldrich, <45 mm, 99.5% purity) powders were used in
this study. The morphology of these powders is presented in
Fig. S3.† Depending on the experiment, Mg-Ni or Mg-Fe powder
J. Mater. Chem. A, 2024, 12, 26280–26292 | 26281
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mixtures were used. Ni and Fe were applied as catalysts to
improve the Mg hydrogenation/dehydrogenation kinetics.39 The
weight ratio of Mg to the second element equaled 95 : 5. The
starting powders were mixed for one hour under Ar using SPEX
8000Mmill (without milling balls). Themixing resulted in a ne
blending of the elements and not in an alloy formation or
amorphization of the shaken materials (Fig. S4†). To avoid
oxidation, all the handling with materials before and aer
mixing or any experiments was done in the MBraun glovebox
lled with puried argon atmosphere (O2 and H2O <1 ppm).

High-purity H2, N2, Ar, and CO2 gases were used in all
experiments (Air Liquide, grade 5.0). The CH4 (grade 4.5) and
natural gas – NG (Natural gas H) were purchased from Air Liq-
uide. The composition of NG was evaluated/conrmed by mass
spectrometry (MS) and gas chromatography (GC) – see Table S1,
Fig. S5, and Chapter S2 in the ESI†. The CH4/H2, NG/H2, and H2/
CO2 gas mixtures were prepared on-site.

The CH4/H2 gas composition calibration curves were deter-
mined based on the results of GC performed on the gas
mixtures well-determined in terms of composition (prepared
on-site using the calibrated EL-FLOW Bronkhorst mass ow
meters, with the accuracy of 0.01%) – see Fig. S6 and S7.† The
linear and exponential ts were used for 5–15% and 75–95%
CH4 concentration in the CH4/H2 gas mixtures, respectively.
The H2 or CH4 concentration calculations were based on the
ratios between H2 and CH4 integrals. The calibration curves
were used to evaluate the composition of the prepared on-site
gas mixtures and the CH4 concentration in the desorbed H2.
Separation of H2 from CH4/H2, NG/H2 gas mixtures

The H2 separation experiments were performed using the setup
presented in Fig. S8.† Its detailed description can be found in
Chapter S4 of the ESI†. A 100mL autoclave and 500mL reservoir
were used in the gas separation experiments. The temperature
of the reservoir was kept constant at 30 °C.

Before any experiments, the setup with a loaded autoclave
(with one gram of Mg-Ni or Mg-Fe system) was evacuated several
times under dynamic vacuum and purged with pure Ar at room
temperature. The Mg-Ni and Mg-Fe systems were rstly hydro-
genated (about ten times) under pure H2 (20 bar H2). These
hydrogenation cycles were treated as activation of the material –
to obtain a stable hydrogen storage capacity and good hydro-
genation kinetics (the details are published elsewhere).41 Next,
the systems were used to separate H2 from CH4/H2 and NG/H2

gas mixtures under 100 bar of gas mixture and 20 bar of partial
H2 pressure (the total pressure of the gas mixture was 100 bar to
x the H2 partial pressure at the level of 20 bar of H2 in all the
experiments).

The hydrogenation was performed under isothermal condi-
tions at 350 °C (for three h), followed by cooling to 215 or 195 °C
(in 30 minutes). The only exception (regarding the hydrogena-
tion time) was the rst hydrogenation, where 24 h absorption
was performed. Fig. S9† shows that the main part of the
hydrogenation process is completed within half an hour.
Nevertheless, to ensure the completion of the reaction, hydro-
genation lasted for at least 3 hours in each hydrogenation/
26282 | J. Mater. Chem. A, 2024, 12, 26280–26292
dehydrogenation cycle. The cooling was carried out by only
heat losses to the environment, and no active cooling system
was used. At each cycle, the hydrogenation was accomplished
with the autoclave opened to the gas bottle for the entire process
– which ensured an unlimited supply of H2 necessary to reach
full hydrogen storage capacity. Carrying out hydrogenation with
the autoclave opened to the gas bottle also reects the constant
hydrogen content that can be expected in H2 separation ow
reactors.

Aer each hydrogenation process (when the autoclave was
cooled to 215 or 195 °C), the gas remaining in the setup was
vented, and the setup was ve times purged using an alternately
dynamic vacuum and 5 bar Ar. The autoclave with the hydro-
genated material was then closed (through the valve), and the
rest of the system was evacuated under a dynamic vacuum for
one hour.

The dehydrogenation was performed in a part of the setup
restricted to the autoclave and reservoir. In this case, the pres-
ence of a reservoir allowed for a signicant increase in the
system's volume during the H2 desorption. It ensures that the
rise of the pressure induced by the desorbed gas will not be too
great, and the nal pressure will not get close to the equilibrium
one (at the dehydrogenation temperature) before dehydroge-
nation is completed. At the same time, the overall volume of the
setup (composed of the autoclave and reservoir) is not too big,
so the pressure change in the system is measurable with good
precision – which allows us to calculate the amount of the
desorbed gas and, therefore, the hydrogen storage capacity. The
dehydrogenation process consisted of heating to 350 °C (in 30
minutes), followed by three hours of isothermal heating at the
nal temperature. The amount of the desorbed H2 was calcu-
lated based on the change of the pressure in the known volume
of the temperature-stabilized setup. Aer nishing the H2

desorption, the dehydrogenated gas was expanded to the empty
gas sampling bag for GC experiments.

Aer each dehydrogenation and before the following
hydrogenation, the entire system was vented and degassed
using a dynamic vacuum. Aer the nal separation experi-
ments, the autoclave was cooled to room temperature, and the
materials in the hydrogenated state were transferred inside the
autoclave to the glovebox to be further analyzed. All the samples
were then studied using X-ray diffractometry (XRD), thermog-
ravimetry (TG), differential scanning calorimetry (DSC), scan-
ning electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDX).
Separation of H2 from H2/CO2 gas mixture

Mg-Ni and Mg-Fe systems (0.3 g) were used to separate H2 from
the H2/CO2 gas mixture (99 : 1). In these experiments, a simpli-
ed setup was used (no gas reservoir; 26 mL autoclave). The
material handling, degassing of the system, and hydrogenation/
dehydrogenation temperatures were the same as described
above. Before the separation experiments, each material was
activated ve times under pure H2. The hydrogenation in the
H2/CO2 gas mixture was performed under 50 bar total pressure
in a closed autoclave (at approx. 0.5 bar CO2 partial pressure).
This journal is © The Royal Society of Chemistry 2024
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Due to the slow kinetics of the process, the hydrogenation las-
ted at least 36 hours until the pressure in the autoclave was
equilibrated. The hydrogenation/dehydrogenation cycles in an
H2/CO2 gas mixture were performed four times for both studied
systems. The gas le aer hydrogenation and the desorbed
gases were tested by GC.
GC

The gas samples collected at different stages of the gas sepa-
ration process (leover gas mixtures aer absorption or des-
orbed gas) were studied with a gas chromatograph Agilent 6850
Network GC System with a thermal conductive detector. The
chromatograph was equipped with a 27 m long PLOT capillary
pillar with a diameter of 0.53 mm made of fused silica. The
carrier and detector gas was N2. To study the gas composition,
the inlet of the GC was heated up to 220 °C, and the carrier inner
gas ow was 1.7 mLmin−1. The average velocity inside the pillar
(at 80 °C) was kept for 5 min at a level of 21 cm s−1. The gas
samples were transported inside the gas sampling bag and
measured immediately aer the sampling. For each gas
mixture, three measurements were done.
XRD

The crystal structures and phase compositions of the starting
materials, as-prepared and hydrogenated Mg-Ni and Mg-Fe
systems, were evaluated using an X-ray powder diffractometer.
The diffraction patterns were detected on an STOE STADI P
transmission diffractometer. In all experiments, Mo radiation
(0.7093 Å) was used. The instrument was equipped with
a primary Ge (111) monochromator (MoKa1) and a position-
sensitive Mythen1K detector. The data were collected between
5 and 70° 2q with a step width of 0.015° 2q. Measuring times per
step was 20 s. For eachmeasurement, eight scans were collected
and summed aer data collection. For the measurements, the
samples were lled into borosilicate glass capillaries (0.3 or
0.5 mm outer diameter, 0.01 mm wall thickness) inside a glo-
vebox and sealed aerwards. Themeasured diffractograms were
compared with simulated data using the crystal structure data
from the ICSD database.46 The Rietveld renement was per-
formed using TOPAS Version 6 (Bruker AXS, Karlsruhe,
Germany).47
DSC/TG/MS

The desorption of H2 from the hydrogenated Mg-Ni and Mg-Fe
systems (aer a series of H2 separation experiments) was
studied using Mettler Toledo TGA/DSC 1 STARe System ther-
mogravimetric differential scanning calorimetry. All experi-
ments were conducted on∼15 mg of material placed inside a 40
mL Al sample crucible and run under 50 mL min−1 Ar gas ow.
The heating was performed at 10 °C min−1 up to 480 °C. In
several cases, the DSC/TG gas outlet was connected to the
ThermoStar GSD 300 T2 mass spectrometer (MS) to record the
gas desorption proles (H2 and CH4) during the heating
process. MS was also used to evaluate the composition of used
NG.
This journal is © The Royal Society of Chemistry 2024
SEM/EDX

The hydrogenated Mg-Ni and Mg-Fe systems were examined by
scanning electron microscopy (SEM) – TM3030 (with an accel-
erating voltage of 15 kV) and Hitachi S-5500 (with an acceler-
ating voltage of 30 kV). The chemical composition of the sample
and distribution of elements were evaluated using Energy
Dispersive X-ray Analysis (EDX) – Xplore Compact 30 (Oxford)
and Thermo Scientic UltraDry (SSD). The samples were placed
on a copper grid with a lacey (carbon) lm or an aluminum stub
with a Leit-Tab (carbon and sulfur). EDX was primarily used to
determine the concentrations and distributions of Mg, Fe, and
Ni, but it also allowed us to detect F, Si, and Ca traces (which
were the impurities coming from the starting materials; not
shown here).
Results and discussion
Separation of H2 from CH4-rich gas mixtures

Mg-Ni and Mg-Fe systems were used to separate H2 from the
CH4/H2 and NG/H2 gas mixtures. In the rst place, the accom-
plishment of the separation was evaluated based on the amount
of desorbed H2.

The evolution of the hydrogen storage capacity of the Mg-Ni
system in the cycles (hydrogenation/dehydrogenation) of sepa-
ration from different gas mixtures and at different starting
desorption temperatures is presented in Fig. 1a. The hydrogen
storage capacity measured aer hydrogenation in pure H2 was
determined at the level of 5.41(13) wt%. Further experiments
proved that the Mg-Ni system can separate H2 well from CH4/H2

and NG/H2 gas mixtures, reaching 5.44(17) and 4.86(35) wt%
H2, respectively.

The hydrogen desorption capacity related to the separation
of H2 from the CH4/H2 gas mixture is maintained on the same
level as in experiments with pure H2. It means that the Mg-Ni
system can effectively separate H2 from the gas mixtures
dominated by CH4 (an 80 : 20 gas mixture was used here).
Moreover, surrounding the material with CH4 does not hinder
H2 absorption or cause any side reactions that affect the sepa-
ration capability.

Despite good separation abilities, a slight reduction of H2

storage capacity and capacity deviations were observed for the
experiments employing the NG/H2 gas mixture. There are at
least two plausible reasons for this phenomenon. The rst is the
partial poisoning of the Mg-Ni system by NG contaminations
(CO2 and H2S – see Table S1 and Fig. S5†). The second is related
to the partial instability of the Mg-Ni-based hydride at 215 °C. It
is possible that because of the cycled hydrogenation/
dehydrogenation, the kinetic of H2 desorption was improved,
and part of the stored H2 was removed from the material during
the system's purging (which was always performed aer
hydrogenation). The amount of H2 desorbed fromMg-Ni system
under isothermal conditions is presented in Fig. S10 and dis-
cussed in Chapter S5 of the ESI†.

To check whether the second explanation is at least partially
responsible for the H2 capacity reduction, we performed a series
of dehydrogenation experiments starting at a reduced
J. Mater. Chem. A, 2024, 12, 26280–26292 | 26283
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Fig. 1 H2 storage capacity (measured during the desorption starting at
215 or 195 °C) as a function of hydrogenation/dehydrogenation cycles
performed on (a) Mg-Ni (b) Mg-Fe systems. The hydrogenation has
been performed under 20 bar H2 (labeled as H2), 100 bar of CH4/H2

gas mixture (20 bar of partial H2 pressure, labeled as CH4/H2), and 100
bar of natural gas/H2 gas mixture (20 bar of partial H2 pressure, labeled
as NG/H2). The accuracy of measured capacities is close to 0.05 wt%.
(c and d) results of GC made on the natural gas/H2 gas mixture (20%
H2, labeled as NG/H2), reference CH4/H2 gas mixture (95% H2, labeled
as CH4/H2), gas desorbed from the Mg-Ni and Mg-Fe systems after
hydrogenation under 100 bar of NG/H2 gas mixture (20 bar of partial
H2 pressure, labeled as (Mg-Ni)dehydr and (Mg-Fe)dehydr, respectively).
The dotted lines indicate the position of H2 and CH4 peaks. The blue
area in (c) points out the region of patterns enlarged in (d).
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temperature of 195 °C (Fig. 1a). The results show that by
lowering the starting desorption temperature (and therefore the
purging temperature), the H2 desorption capacity was restored
at the level of 5.57(16) wt% H2 aer hydrogenation in pure H2.
The following separation of H2 from the NG/H2 gas mixture did
not cause a reduction in the storage capacity, which was
recorded over cycling at the level of 5.59(6) wt%. This equals to
∼59 mg H2 desorbed fromMg-Ni system. It proves that purging/
evacuating temperatures, which are directly related to the
transition temperature between hydrogenation and dehydro-
genation, are an essential factor to consider when designing the
overall gas separation process.
26284 | J. Mater. Chem. A, 2024, 12, 26280–26292
Taking advantage of the optimization of the processing
temperature for the Mg-Ni system, the separation properties of
the Mg-Fe system were evaluated at the desorption starting
temperature equaled to 195 °C. Similarly to Mg-Ni, the Mg-Fe
system, exhibited good H2 separation properties (Fig. 1b). The
hydrogen storage capacity was maintained aer switching the
gas from pure H2 to the CH4/H2 gas mixture. The capacities
equaled 5.97(11) and 5.90(12) wt% for H2 and CH4/H2 gas
mixture, respectively. The Mg-Fe system was also able to sepa-
rate 4.86(35) wt% H2 when exposed to NG/H2 gas mixture. This
equals to ∼51 mg H2 desorbed from Mg-Fe system. The
decrease in H2 storage capacity observed aer changing the gas
mixture from CH4/H2 to NG/H2 should be associated with
partial poisoning of the material with NG impurities (as dis-
cussed below).

The purity of separated H2 was assessed using GC, based on
the gas samples dehydrogenated from Mg-Ni and Mg-Fe
systems. Fig. 1c and d presents the GC curves of the above-
mentioned gases compared to the NG/H2 (80 : 20) and stan-
dard CH4/H2 (5 : 95) gas mixtures (which were used as reference
ones). Both gas samples exhibit a high H2 purity of 99.9%
(according to the calibration curves in Fig. S7†). The GC
detected only traces of CH4. To determine if the CH4 molecules
are adsorbed at the metal surface, we performed the same
absorption/desorption experiment (the same temperatures,
pressures, and heating/cooling regimes) under pure CH4. Aer
this experiment, we did not detect any CH4, indicating the
necessity of H2 absorption/desorption processes in capturing
the CH4 traces. In another series of experiments, we tried to
determine at what point, of MgH2 to Mg transition, CH4 is
desorbed (e.g., only at the beginning or at the end of the
process). However, our analysis always showed traces of CH4,
indicating CH4 desorption associated with the release of H2.
The complete removal of CH4 traces was impossible by Ar
purging and degassing under a dynamic vacuum.

To summarize, we prove that independently of the applied
catalyst (Ni or Fe), Mg-based systems can effectively separate
signicant amounts of highly pure H2 from CH4/H2 or NG/H2

gas mixtures. Moreover, the importance of the processing
temperature was highlighted. To further elucidate the processes
that occurred during the H2 separation, the hydrogenated Mg-
Ni and Mg-Fe systems (aer the last separation of H2 from
NG/H2 gas mixtures) were transferred to the glovebox to pursue
detailed examination.
Mg-Ni system aer separation of H2 from CH4/H2 and NG/H2

gas mixtures

The macroscopic observation of the hydrogenated Mg-Ni
system revealed signicant material inhomogeneity. To facili-
tate further analysis, we determined ve material layers/
samples, which are graphically presented in a simplied
manner in Fig. 2a. The layers' thicknesses shown in Fig. 2a (and
later in Fig. 4a and 5e) do not reect the actual ones. Moreover,
despite the distinct nature of each layer, there were also gradual
transitions between them. The differences in the color of the
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Scheme of the arrangement of the Mg-Ni system material after cycles of hydrogenation/dehydrogenation experiments under 20 bar
H2, 100 bar of CH4/H2 gas mixture (20 bar of partial H2 pressure), and 100 bar of natural gas/H2 gas mixture (20 bar of partial H2 pressure). The
numbers depict the positions of the layer/sample examined by different techniques; (b) BS-SEM image of the sample of 1st layer collected from
the Mg-Ni system after cyclic experiments (at 15 kV). Scale bar: 100 mm; (c) the average concentration of Mg and Ni calculated based on the EDX
results obtained for samples of different layers' collected from the Mg-Ni system after cyclic experiments; (d) hydrogen storage capacity
determined from TG experiments on samples of different layers collected from the Mg-Ni system after cyclic experiments. Purple and blue bars
show the amount of H2 desorbed in the first (up to 305 °C) and jointly second and third steps of H2 desorption (above 305 °C), respectively; (e)
concentrations of different phases identified (via Rietveld refinement) for samples collected from various layers of the Mg-Ni system after cyclic
experiments. The sample numbers in (c), (d), (e) correspond to those presented in scheme (a).
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samples collected from different layers are presented in Fig. S12
and S13.†

Light grey granules formed the rst layer. The granules were
easy to fragment with a spatula. At the same time, they exhibit
an elastic tendency to stay bulk and not disintegrate into a ne
powder (which is typical for brittle metal hydrides). We also
observed dark red spots that were present mainly on the gran-
ules' surface and rarely in their inner parts.

All subsequent layers were in the form of powder. The
second layer had a slightly darker grey color than the rst and
only a few dark red spots were observed therein. The third layer,
which consisted of the largest part of the Mg-Ni system mate-
rial, had a greater share of the dark red spots. We separated
some dark red spots from the third layer and labeled them
fourth sample. The last, the h layer was located on the
bottom of the autoclave and was composed of very dark red
powder. Additionally, we observed very thin and brittle white
akes attached to the autoclave lid (resulted from Mg subli-
mation and condensation in the coolest spot of the autoclave).

The layers described above were further examined using
SEM and EDX. Surprisingly, we discovered that the granules
(rst layer) mostly comprise networked microstructure (Fig. 2b
and S14†). The interconnected rod-like structures were several
This journal is © The Royal Society of Chemistry 2024
mm in diameter and tens of mm in length. The detailed SEM
analysis shows that they were composed of nanosized grains
(Fig. S15†). This networked structure must be responsible for
the aforementioned elastic nature of the granules. The previous
studies demonstrated that Mg-MgH2 system is represented by
many nano and microstructures.48 One of the examples are
nanowhiskers formed during the hydrogen induced dispro-
portionation of Mg24Y5.49

BS-SEM micrographs show the presence of additional,
denser particles (bright part of the micrograph in Fig. 2b) of few
mm in size. EDX analysis revealed that the networked structure
consisted mainly of Mg, while the denser particles consisted of
Mg and Ni (Fig. S16†).

The systematic analysis of SE- and BSE-SEM micrographs
indicates that the share of Mg-Ni particles gradually increases
with the number of subsequent layers to dominate over Mg
particles in the h layer (Fig. S14†). Moreover, the networked
microstructure visible in the rst and second layers is mostly
replaced by irregular Mg-based particles in the following layers.
The change in the chemical composition of the following layers
is clearly visible on EDX maps (Fig. S17†) and was summarized
in Fig. 2c. The Ni concentration increased signicantly from 2 to
27% between the rst and h layers.
J. Mater. Chem. A, 2024, 12, 26280–26292 | 26285
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Fig. 3 SE-SEM (a and c) and BS-SEM (b and d) of the dehydrogenated
(under TG/DSC experiment, 10 °C min−1) 1st layer’ sample (Fig. 2a)
collected from the Mg-Ni system after cyclic separation experiments
(15 kV). Scale bars: 100 mm (a and b), 30 mm (c and d).
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To investigate the inuence of the observed chemical
composition inhomogeneity on the hydrogen storage proper-
ties, the samples from all the layers were dehydrogenated using
the DSC/TG apparatus. The DSC and TG curves show a multi-
step H2 desorption, manifested by endothermic events and
corresponding materials weight loss (Fig. S18†). According to
the literature, the rst event (up to 305 °C) is related to the rst
step of Mg2NiH4 dehydrogenation.50,51 The following, at least
three, overlapping endothermic events (above 305 °C) corre-
spond to further desorption of H2 from Mg2NiH4 phase (the
second and third step of its decomposition) and dehydrogena-
tion of the MgH2 phase.50,52 The initial temperature of the
second and main part of hydrogen desorption corresponds well
to the H2 desorption kinetic curve, which showed the main
dehydrogenation occurs above 285 °C (Fig. S11†). The DSC
curves analysis, revealing the presence of the Mg2NiH4 phase,
which in a lattice distorted (microtwinned) form is character-
ized by an orange-rust color (which turns dark red upon the
surface oxidation), corresponds well with macroscopic and
SEM/EDX observations.50 A decidedly different DSC curve
shape, with a sharp endothermic event was observed for the
sample from the h layer. According to E. Rönnebro et al., this
is related to the transformation of the distorted Mg2NiH4 phase
from the low-temperature to high-temperature form, followed
by rapid H2 desorption (manifested in the DSC curve by the
high-temperature shoulder of the peak).50 The H2 desorption of
the h sample is completed by dehydrogenation of the MgH2

phase (on-set temperature around 375 °C).
The total amount of H2 desorbed during the DSC/TG exper-

iments (4.5–5.93 wt% H2; excluding the h layer, Fig. S18b†)
ts well with the capacities reported in Fig. 1a. Fig. 2d
summarizes the hydrogen desorption capacities of samples of
different layers' in detail. The graph clearly shows that the
overall H2 storage capacity is decreased for the following layers.
Moreover, the amount of H2 desorbed from the material within
the rst endothermic event is increased from the rst to the
fourth sample. This trend is consistent with all previous
observations of chemical separation: The MgH2 phase, capable
of storing up to 7.6 wt% H2, is gradually replaced in the
following layers of the material by less stable Mg2NiH4 phase
capable of storing ∼3.6 wt% H2. This phenomenon ultimately
results in the reduction of the hydrogen storage capacity and
partial destabilization of the hydride. Moreover, the observed
lower temperature stability of the Mg-Ni hydride (caused by the
presence of the Mg2NiH4 phase) supports our conclusion of the
necessity of lowering the starting dehydrogenation/system
purging temperature (Fig. 1a).

As we presented in Fig. 1c and d the desorption of H2 is
accompanied by the desorption of CH4 traces. To determine the
period of CH4 liberation, we analysed the gas desorbed from the
DSC/TG apparatus with MS (Fig. S19†). The obtained curves
show that CH4 is desorbed at the same time as H2, which
conrms our previous observations. The amount of desorbed
CH4 is proportional to desorbed H2.

CH4 was not adsorbed on the metal-hydride particle surface
as it could be easily removed from it by applying degassing
under a dynamic vacuum and purging with Ar (see the
26286 | J. Mater. Chem. A, 2024, 12, 26280–26292
discussion above). A mechanism based on the “hydride
breathing” phenomenon is more likely. According to it, a small
amount of a gas mixture (mainly CH4) can be trapped in the
pores of the MH particles, which close during hydrogenation
(swelling of the active material) and open during dehydroge-
nation (contraction of the active material), releasing the trapped
gas. Such a release process would strongly correlate to the H2

desorption observed in this study. The change of the metal
hydride porosity induced by the hydrogenation/
dehydrogenation process was suggested by D. O. Dunikov
et al. for La0.9Ce0.1Ni5 alloy.53

The SEM analysis of the dehydrogenated sample (aer DSC/
TG experiments) from the rst layer of theMg-Ni system showed
the complete stability of the Mg networked structure aer the
desorption process. This proves that hydrogen is not essential
for stabilizing this microstructure (Fig. 3).

The further analysis focused on investigating the correlation
of chemical inhomogeneity with the phase composition of
subsequent material layers. It was determined based on the
Rietveld renement of the XRD patterns obtained for each layer's
sample (Fig. 2e and S20†). The results revealed that most of the
Mg-Ni system formed MgH2, two Mg2NiH4 (monoclinic-m and
cubic-c), and Mg2NiH0.3 hydride phases upon hydrogenation
under the gas mixtures. In subsequent layers of the material,
a tendency for MgH2 to be replaced by both Mg2NiH4 phases was
observed. This agrees with the discussion of the SEM/EDX and
DSC/TG results and is consistent with the observed change in the
color of following layers of the material. Chemical and phase
segregation occurring in successive layers of the material result
from differences in phase densities (1.74 and 3.28 g cm−3 for Mg
and Mg2Ni, respectively) and is induced by repeated severe
volume expansion and contraction of the Mg-Ni system during
the hydrogenation/dehydrogenation cycling (∼30%).54 The
material volume change accompanied by gas ows resulted in
particle mobility. This caused the heavier Ni-containing particles
to gradually settle to the bottom of the autoclave.
This journal is © The Royal Society of Chemistry 2024
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Approximately 9 wt%. of MgO was detected in all hydroge-
nated Mg-Ni system layers. The MgO phase is formed due to the
side reaction of Mg with NG impurities (as discussed below), and
its presence negatively affects the system's hydrogen storage
capacity. The Rietveld analysis did not detect any carbon-
containing compounds, which proves that the Mg-Ni system
did not react with CH4 (the main component of NG). The same
conclusion was reached in the past by B. Bogdanovíc et al.39

In summary, the results of the complementary techniques
proved the chemical and phase composition inhomogeneity in
the hydrogenated Mg-Ni system aer H2 separation cycling. The
relatively light, Mg-rich surface layer is gradually enriched in
denser Ni-containing phases while moving to lower material
layers. The described phase and chemical composition gradi-
ents also affect the hydrogen storage capacity of each material
layer. The inhomogeneity and partial material poisoning
(formation of the MgO phase) do not affect the system's ability
to separate pure H2 from gas mixtures.

Mg-Fe system aer separation of H2 from CH4/H2 and NG/H2

gas mixtures

Aer the series of gas separation experiments, the hydrogenated
Mg-Fe system was evaluated in the same way as the Mg-Ni
Fig. 4 (a) Scheme of the arrangement of the Mg-Fe system material afte
H2, 100 bar of CH4/H2 gas mixture (20 bar of partial H2 pressure), and 10
numbers depict the positions of the layer/sample examined by different te
on the EDX results obtained for samples of different layers' collected from
the sample of 3rd layer collected from the Mg-Fe system after cyclic expe
storage capacity determined from TG experiments on samples of differ
Purple and blue bars show the amount of H2 desorbed in the first (up
respectively; (f) concentrations of different phases identified (via Rietve
system after cyclic experiments.

This journal is © The Royal Society of Chemistry 2024
system. The macroscopic observation revealed material inho-
mogeneity and the formation of four material layers, which are
graphically presented in Fig. 4a and S21.† The upper layer
consisted of several light grey and brittle granules, which, did
not exhibit the elastic nature of the granules observed in the
Mg-Ni system. In subsequent layers, the light grey powder
gradually darkened, and rare reddish material spots appeared,
the concentration of which continuously increased. Moreover,
unlike the Mg-Ni system, no brittle ake layer attached to the lid
was observed in the Mg-Fe system.

The EDX and SEM results showed a gradual increase in Fe
concentration in subsequent layers of the material (Fig. 4b, S22,
and S23†). However, the differences in Fe concentration
between the layers are less explicit than in the case of Ni in the
Mg-Ni system. SEM images revealed that the hydrogenated Mg-
Fe system consists of irregular Mg-based particles of tens of mm
in diameter and denser Fe-rich particles of a few mm in diameter
(brighter parts in BS-SEM images) – see Fig. 4c and S23.† The
detailed SEM analysis showed that the Mg-based particles were
intensely fractured aer the cycled separation experiments
(Fig. 4d and S23†). Since no networked Mg-based microstruc-
ture was observed in the Mg-Fe system, its formation must be
associated with the presence of Ni in the Mg-Ni system.
r cycles of hydrogenation/dehydrogenation experiments under 20 bar
0 bar of natural gas/H2 gas mixture (20 bar of partial H2 pressure). The
chniques; (b) the average concentration of Mg and Fe calculated based
theMg-Fe system after cyclic experiments; (c and d) BS-SEM images of
riments (all at 15 kV). Scale bars: 100 mm (c) and 10 mm (d); (e) hydrogen
ent layers collected from the Mg-Fe system after cyclic experiments.
to 350 °C) and in the second step of H2 desorption (above 350 °C),
ld refinement) for different layers' samples collected from the Mg-Fe
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The DSC/TG analysis shows two well-separated endothermic
dehydrogenation events for each sample collected from the
hydrogenated Mg-Fe system (Fig. S24†). The rst event, in the
range of 250–350 °C, corresponds to the desorption of H2 from
Mg2FeH6.55 The second event, with an onset temperature of
approximately 350 °C, manifested by a clearly visible endo-
thermic reaction, is related to the dehydrogenation of the
MgH2. The share of the rst event in the overall dehydrogena-
tion storage capacity is increased for the subsequent layers.
However, the differences in the capacity between layers are not
as pronounced as in the Mg-Ni system, suggesting better
resistance to chemical and phase segregation in the Mg-Fe
system than in the Mg-Ni system (Fig. 4e). The dehydrogena-
tion storage capacities (5.16–6.10 wt% H2, Fig. 4e) corresponds
well to the ones presented in Fig. 1b. The DSC/TG results agree
with SEM/EDX and macroscopic observations which revealed
a higher Fe concentration in subsequent layers and a darkening
of the powder color. Mg2FeH6 particles, which are green, mixed
with light grey MgH2 particles cause a darkening of the powder,
the nal shade of which depends on the proportion of both
hydride phases.

XRD analysis of samples from different layers conrmed that
most of the Mg in the Mg-Fe system formed the MgH2 phase
upon separation experiment (Fig. 4f and S25†). Moreover, the
Rietveld analysis conrmed that Fe only slightly separated
between the layers. The larger amount of Mg2FeH6 (detectable
by XRD) was conrmed only for the third and fourth layers. This
ts well with the larger weight loss associated with the rst
dehydrogenation event (up to 350 detected °C) in the DSC/TG
curves. However, most of the Fe did not react with Mg to form
a hydride phase and remains metallic Fe. The Rietveld rene-
ment also pointed to the relatively high concentration of MgO
(10–20 wt%), which, as in the case of the Mg-Ni system, origi-
nates from poisoning inducted by NG impurities (as discussed
below). The rare reddish spots observedmacroscopically may be
related to the formation of Fe2O3, the presence of which,
however, due to its low concentration, was not conrmed by
XRD analysis.

Although the results of complementary techniques showed
chemical and phase segregation in the Mg-Fe system (aer the
cycled H2 separation experiments), the inhomogeneity was not
as severe as in the case of the Mg-Ni system. Moreover, the
detected inhomogeneity and partial material poisoning did not
affect the ability of the Mg-Fe system to separate pure H2 from
gas mixtures.
The inuence of CO2 impurity on the hydrogen storage
properties

The NG impurities considered harmful to metal hydrides
include O2, CO, CO2, H2O, SO2, and H2S. The impact of these
impurities on low-temperature hydrides (AB5- and AB-type
systems) was addressed by G. D. Sandrock et al.28 Our study
showed that the separation of H2 from NG/H2 leads to
poisoning of Mg-based systems, resulting in partial Mg oxida-
tion and loss of hydrogen storage capacity. Therefore, the
following part of our research focused on understanding the
26288 | J. Mater. Chem. A, 2024, 12, 26280–26292
distinct impact of CO2 impurity (according to Table S1 and
Fig. S5,† the main pollutant of NG used here) on the hydrogen
storage ability of Mg-based systems. For this reason, the acti-
vated Mg-Ni and Mg-Fe systems were hydrogenated four times
in H2/CO2 gas mixture (99 : 1). To emphasize the possible
poisoning phenomenon, a relatively high CO2 concentration
was chosen (two orders of magnitude higher than in used here
NG).

The analysis of the pressure change associated with hydro-
genation of both systems under H2/CO2 gas mixture shows that
the presence of CO2 signicantly slows down the reaction
kinetics (Fig. 5a). The total hydrogenation time was increased
from three (used in experiments with NG/H2 gas mixture) to 30–
60 hours. Moreover, the hydrogenation took place in two steps.
A decrease in hydrogenation kinetics without a change in
hydrogen storage capacity is called retardation and was
observed to be induced, for example, by an NH3-containing gas
mixture.28 Our observation differs from the results reported by
B. Bogdanović et al., who observed no detrimental effect of 1%
CO contamination (which reacts even more active with the
metallic surface than CO2) on the Mg-Ni system hydrogenation/
dehydrogenation kinetics.39

The analysis of the gas leover aer the hydrogenation
process revealed that all CO2 present in the initial gas mixture
was reduced to CH4 (Fig. 5b–d). This reaction was catalyzed by
Ni and Fe catalysts according to the following Sabatier reaction:

CO2 + 4H2 % CH4 + 2H2O (1)

The catalytic activity of Ni and Fe towards themethanation of
CO and CO2 has been studied elsewhere.56

As a result of this reaction, twice as many H2O molecules are
produced than CH4. At the hydrogenation temperature (350 °C)
used herein, the presence of H2O vapor causes the observed
oxidation of Mg. The heterogeneous CO2 reduction reaction
may also be partly responsible for the observed reduced
hydrogenation kinetics. When Ni and Fe are used not only in
the catalysis of the hydrogenation reaction but also in the
reduction of CO2, the hydrogenation rate is decreased. The
following analysis of the gas desorbed from the metal hydride
(Fig. 5b and c aer dehydrogenation) conrmed that highly
pure H2 (with only traces of CH4) is recovered from the material
despite its partial poisoning.

Aer a series of hydrogenation experiments in H2/CO2 gas
mixtures, the hydrogenated Mg-Ni and Mg-Fe systems were
further studied by XRD and DSC/TG techniques. The macro-
scopic observations revealed that both Mg-based systems were
homogeneous light gray powders (Fig. S26–S28). No dark red
spots were observed. For the Mg-Ni system, an additional layer
of light gray akes was observed on the autoclave lid (the akes
were easy to fracture but did not immediately fall apart when
touched).

The XRD analysis proved the assumed oxidation of the Mg in
both systems (Fig. 5f and S29†). The Rietveld renement of the
XRD patterns showed that >60(4) wt% of the systems consist of
the MgO phase, which indicates a severe impact of the
poisoning process. As expected, the formation of stable MgO
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Change of the pressure during hydrogenation of activated Mg-based systems under ∼50 bar of H2/CO2 gas mixture (0.5 bar of partial
CO2 pressure); (b–d) results of GC made on the: H2/CO2 gas mixture (1% CO2, labeled as H2/CO2), leftover gas after the hydrogenation process
(labeled as hydr), gas desorbed from the Mg-based systems after hydrogenation under ∼50 bar of H2/CO2 gas mixture (0.5 bar of partial CO2

pressure, labeled as dehydr). The dotted lines indicate the position of H2, CH4, and CO2 peaks. The blue and purple areas in (b) point out the
regions of patterns enlarged in (c) and (d), respectively; (e) scheme of the arrangement of the materials of Mg-based systems after four cycles of
hydrogenation/dehydrogenation experiments under∼50 bar of H2/CO2 gas mixture (0.5 bar of partial CO2 pressure). * indicates that flakes were
detected only in the case of the Mg-Ni system; (f) XRD pattern and Rietveld refinement plot of the hydrogenated Mg-Ni system powder sample.
The concentrations of the main phases are presented in wt%; (g) DSC and TG curves obtained for the hydrogenated Mg-based system powder
samples (10 °C min−1).
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affected the hydrogen storage capability, resulting in a reduc-
tion in storage capacity that was approximately proportional to
the MgO phase content in the hydrogenated system. The
hydrogenated Mg-Ni and Mg-Fe system samples desorbed 2.51
and 2.76 wt% H2, respectively (Fig. 5g). The decomposition of
metal hydrides (conducted using the DSC method) was similar
to the processes observed for the samples aer H2 separation
experiments (Fig. 5g, S18 and S24†).

The formation of a surface MgO layer on the Mg-based
particles at the beginning of the hydrogenation reaction is
also partly responsible for the hydrogenation retardation. As
observed for the 2LiNH2 + MgH2 system, the presence of
a surface oxide layer prevents diffusion of the atomic hydrogen
into the metallic bulk.42

The overall analysis of the results of experiments using an
H2/CO2 gas mixture shows that 1% CO2 in H2 is fatally
hazardous to the hydrogenation storage properties of the Mg-
based system (affecting the hydrogen storage capacity and
reaction kinetics). The poisoning, however, does not affect the
system's ability to separate pure H2 (even if the amount of
separated H2 is signicantly lowered).
This journal is © The Royal Society of Chemistry 2024
Conclusions and outlook

In conclusion, we demonstrated that Mg-based systems can
effectively separate large quantities of pure H2 from CH4-rich
gas mixtures. The purity of recovered H2 is not affected by
observed material poisoning. Both tested hydrogenation cata-
lysts, Ni and Fe, presented similar performance. We highlighted
also the importance of proper selection of the processing
temperature on the amount of recovered H2 during
dehydrogenation.

Moreover, this research provided unprecedented insights
into processes taking place during H2 separation – undescribed
so far for any metal hydride. The results of complementary
techniques exhibited partial chemical and phase segregation in
the Mg-based system, which was, less prominent in the Mg-Fe
than in the Mg-Ni system. Our study showed that homoge-
nizing the chemical distribution of the active material before
gas separation does not ensure its maintenance during this
process. Nevertheless, no negative impact of observed segrega-
tion on the abilities of the Mg-based systems to separate pure
H2 was observed. The particle mobility during cycled separation
J. Mater. Chem. A, 2024, 12, 26280–26292 | 26289
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experiments can be signicantly reduced by employing
a binding material such as graphite. The addition of graphite
not only immobilizes the metal particles but also increases the
thermal conductivity of thematerial (which translates intomore
dynamic system operation).57 The disadvantage of this solution
is the reduction of the volumetric H2 storage density of the
separation system.

The awareness of the mentioned segregation, which
certainly involves a change in the mass distribution inside the
tested container, may be crucial when designing full-scale
systems based on metal hydrides. This study shows that
detailed post-processing analysis of the materials employed for
H2 separation/purication is crucial, even in systems as simple
as Mg-Ni or Mg-Fe.

Interestingly, we presented the MgH2 networked micro-
structure formation. We proved that this microstructure is
stable aer dehydrogenation.

Finally, we indisputably proved the fatal impact of CO2

impurity on the hydrogen storage properties of the Mg-based
systems. The formation of H2O vapors accompanying the
reduction of CO2 to CH4 causes the deactivation of Mg through
its, at least surface, oxidation.

The use of MHs for the separation of H2 from various gas
mixtures undoubtedly requires solving this major issue. The
origin of the poisoning may be related to a chemical reaction
involving the active material, the catalyst, or both. An example
of an active material-related origin of poisoning was discussed
by F. Sun et al., who reported a decrease in the H2 desorption
capacity and a decline of process kinetics in KF doped (2LiNH2 +
MgH2) material upon hydrogenation in H2/CO (1 mol% CO). In
that case, carbon from CO reacted with Li+, N3−, and K+ to cause
permanent loss of the NH2 groups of the active material and
inactivation of the KF catalyst.58 In contrast, in our study, the
Mg-based system poisoning is caused by the presence of applied
catalysts (Ni, Fe).

Prevention of poisoning in metal hydrides can be achieved
through various approaches, offering potential solutions to this
signicant issue. One such approach is to use a different cata-
lyst that enables the hydrogenation process to be carried out at
a lower temperature and does not catalyze the CO2 reduction
reaction.59 For instance, the CO2 poisoning effect, although
observed, was not severe in the case of AB5-type systems oper-
ating below 100 °C.29,30 The strong dependence of the CO2

reduction reaction rate and its selectivity on the presence or
absence of a catalyst, as well as the reaction parameters
(temperature, time, etc.), was demonstrated by G. Amica et al.
for the Mg-Co system.60 Alternatively, the Mg-based system
could be operated without a catalyst, but this would adversely
affect the hydrogenation kinetics.

A promising approach is to modify the metal hydride surface
with a protective layer that can separate gaseous species based
on their molecular size (for example, employing the uoride
layer and aminosilane functionalization).61,62 The improvement
of the resistivity against CO and CO2 poisoning for Mg-rich alloy
was described by H. Wang et al.63 Such a protective layer could
be, however, ruptured during particle volume expansion and
contraction that accompanies cyclic hydrogenation/
26290 | J. Mater. Chem. A, 2024, 12, 26280–26292
dehydrogenation, resulting in an exposure of fresh, non-
coated surface that could be poisoned.

Another solution involves an additional pre-purication
system that eliminates severe pollutants (CO2, O2, H2O, H2S,
CH3SH) from the gas steam. The so-called natural gas sweet-
ening plants are used as a standard purication unit eliminate
sour compounds of natural gas such as CO2 and H2S.64,65 The
above-described phenomenon of Mg poisoning also requires
looking at it from a different perspective. Because of the high
CO2 reactivity and full conversion of CO2 into the CH4, the Mg-
based systems can be considered as potential candidates for the
CO2 capture and subsequent CH4 conversion units.66

The further development of the Mg-based system should also
lead to achieving an H2 storage capacity close to the MgH2

theoretical one. The robust MH-based system could be employed
not only to separate H2 from CH4-rich gas mixtures but also, for
example, to recover H2 from waste gases from the semiconductor
production,67 from tail gases of NH3 synthesis,68 as well as to
purify H2 produced from NH3 decomposition or biomass hydro-
thermal gasication.69,70 Moreover, some alkaline fuel cells are
considered to operate well when fed with CH4/H2 gas mixtures
transported through NG pipelines.19 The H2 concentration in
such gas mixtures could be adjusted by employing MHs.

Data availability

All the data supporting this article have been included as part of
the ESI.†

Author contributions

M. Balcerzak: conceptualization, data curation, formal analysis,
investigation, methodology, supervision, validation, visualiza-
tion, writing – original dra, writing – review & editing.
R. Urbanczyk: funding acquisition, supervision, writing – review
& editing. F. Lange: data curation, investigation F. A. Helm: data
curation, investigation J. Ternieden: investigation, data cura-
tion, writing – review & editing M. Felderhoff: funding acquisi-
tion, supervision, writing – review & editing. All authors have
approved the nal version of the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This project (IGF Vorhaben 20761 N) was funded by the German
Federal Ministry of Economics and Energy on the basis of
a resolution of the German Bundestag. The authors gratefully
acknowledge the help of Dr. Özgül Agbaba, who provided
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