
Non-Isothermal Kinetics of Kr Adsorption by Nanoporous
γ‑Mg(BH4)2 from in Situ Synchrotron Powder Diffraction
Iurii Dovgaliuk,* Vadim Dyadkin, Mathieu Vander Donckt, Yaroslav Filinchuk,*
and Dmitry Chernyshov

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 7710−7716 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Crystalline materials with pore dimensions comparable to the kinetic
diameters of the guest molecules are attractive for their potential use in adsorption
and separation applications. The nanoporous γ-Mg(BH4)2 features one-dimensional
channels matching this criterion for Kr uptake, which has been probed using
synchrotron powder diffraction at various pressures and temperatures. It results in
two coexisting crystalline phases with the limiting composition Mg(BH4)2·0.66Kr
expecting the highest Kr content (50.7 wt % in the crystalline phase) reported for
porous materials. Quasi-equilibrium isobars built from Rietveld refinements of Kr
site occupancies were rationalized with a noncooperative lattice gas model, yielding
the values of the thermodynamic parameters. The latter were independently
confirmed from Kr fluorescence. We have also parameterized the pronounced
kinetic hysteresis with a modified mean-field model adopted for the Arrhenius
kinetics.
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■ INTRODUCTION

The efficient sorption and separation of valuable noble gases,
like krypton and xenon, with extremely low concentrations in
air (1.14 and 0.089 ppmv, respectively) are of great interest.
Indeed, their sorption properties are similar due to close
kinetic diameters (3.6 and 4.1 Å, respectively) and equally low
chemical reactivities.1 New methods of selective capturing
carry over to the need for trapping Kr and Xe radioactive
products that are generated from nuclear fission.2,3 The most
common way of noble gases adsorption from air or fission
products requires energy-consuming cryogenic distillation.1

Thus, alternative effective materials and methods are required
for that purpose.
Metal−organic and other porous frameworks have been

intensively studied as perspective materials for numerous
applications in gas storage and separation,4,5 sensing,6

catalysis,7 and drug delivery.8 Recently, several promising
metal−organic frameworks (MOFs) have been also proposed
for Kr and Xe adsorption and separation.9−13 The main criteria
for their practical applications are based on a maximal
gravimetric uptake, an isosteric heat of adsorption, and a Kr/
Xe thermodynamic and kinetic selectivity. It was found that the
optimal pore size of the framework channels defines the
capture capability and kinetic separation of these molecules.
The latter is achievable when the pore size is between one and
two kinetic diameters of the molecules of interest,14−16 as
available in nanoporous (ultramicroporous) frameworks. γ-
Mg(BH4)2 attracted our attention as one of such perspective

nanoporous materials17 due to its small pore size (≈7 Å),
matching this criterion. Its three-dimensional network of non-
intersecting one-dimensional (1D) channels contains small
pores separated by even narrower apertures, and thus it is a
good candidate to probe thermodynamic and diffusion-
controlled separation.
The characterization of volumetric and gravimetric gas

uptake by γ-Mg(BH4)2 in bulk is complicated by the inherent
presence of a dense amorphous phase; its weight fraction varies
from one batch to other.18,19 In situ synchrotron powder
diffraction enables estimation of the capacity, thermodynamics,
and kinetics of Kr adsorption using temperature- and time-
dependent crystallographic occupancies and fluorescence of Kr
atoms exclusively from the crystalline porous γ-Mg(BH4)2,
which is not biased by the presence of the amorphous phase.
The low density of the host γ-Mg(BH4)2 structure in
combination with a high X-ray contrast of heavy Kr atoms
offers a unique opportunity to study its structural response in
great detail. First, good quality data allow a full structural
refinement revealing a microscopic picture of adsorption from
isobaric variable-temperature experiments. Second, the macro-
scopic properties, such as adsorption isobars and heats of
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adsorption, are accessed via refined Kr occupancies or by using
another independent measure, the background signal. The
latter, in our case, is dominated by the fluorescence from Kr,
being proportional to the number of Kr atoms in the irradiated
volume. The thermodynamic parameters can be obtained using
the Clausius−Clapeyron relation applied to equilibrium
isobars17 or by using isobaric equilibrium temperature
dependence using a mean-field lattice gas model.20 These
parameters characterize the equilibrium state of the guest
molecules filling the pores. Here, we show that an in situ
powder diffraction experiment with a fixed temperature ramp
rate may not necessary examine the equilibrium state. Non-
equilibrium adsorption and desorption curves show ramp-
dependent hysteresis that carry information on a non-
isothermal kinetics. We parameterize various apparent
“hysteresis” scenarios with a simple model adopted for the
Arrhenius kinetics.

■ RESULTS AND DISCUSSION
The data were collected at Kr pressures of 0.1 and 0.5 bar with
two temperature regimes of a constant ramp rate of 6 K/min
and constant step (ramp 6 K/min to a given temperature
followed by waiting time of 2 min) modes; the initial aim was
to detect non-isothermal kinetics effects, if any.
The powder diffraction isotherm at 298 K shows a

progressive loading of Kr into the pores (Figure S1): as
expected, the uptake of Kr by γ-Mg(BH4)2 strongly affects the
intensities of the diffraction peaks. Such a change occurs due to

a high difference between scattering (form) factors of Kr (at 2θ
= 0, it is equal to the atomic number Z = 36) and light atoms
of the host structure: Mg (Z = 12), B (Z = 4), and H (Z = 1).
That is why Kr atoms can be easily localized close to the center
of the pore by global optimization in a direct space,21 while the
light atoms of B and H contribute little to the total scattering
picture and were fixed in our refinements. Interestingly, the
refined cell parameters decrease upon Kr loading (Figure S1a).
This cell contraction is due to gas adsorption and not due to
the radiation damage, as the latter was reduced to the
minimum by choosing the radiation dose and by doing the
blank tests.
Close inspection of the data revealed diffraction peaks’

asymmetries induced by adsorption. They are hardly visible in
the data collected in the ramp mode but are clearly seen for the
powder patterns at high Kr loadings measured in the step
mode (see Figures S2−S4). The line shape asymmetry is very
similar for all the lines, ruling out hkl-dependent micro-
structural effects. Diffraction profiles can be very well modeled
by two phases, one is similar to the empty framework while the
other has broader lines and smaller cell parameters (see Figure
S3c). No additional reflections or systematic absences have
been observed for the broader diffraction component. We
refined the two-phase model using the Rietveld method22 to all
the step mode data, while a single phase was fitted to the ramp
mode data (see Figures S2−S4 for more details).
Rietveld refinements of the powder patterns were done

sequentially along the isobars, obtaining consistent results and

Figure 1. Rietveld refinement (synchrotron radiation with λ = 0.67522 and 0.78487 Å for step and ramp modes, respectively) and the extracted
structural models for the two phases of Mg(BH4)2·nKr, at their maximal Kr uptakes. The pore fillings are shown in two projections.
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good fits (see Figure 1). The phase with a larger cell parameter
and sharper peaks, denoted as phase 1, is the majority phase at
all temperatures. Its refined adsorption isobar shows a
sigmoidal shape, with the saturation at one Kr atom per pore
(16 atoms per cell or 2/3 Kr per Mg atom) (see Figure S5).
Upon desorption, phase 1 releases Kr with a small hysteresis.
Phase 2 is the minor phase containing smaller amounts of Kr
than phase 1 (at the same conditions) (see its isobar on Figure
S5). The apparent Kr-rich composition of phase 2 corresponds
to ∼0.84 Kr atom per pore (14 atoms per cell or 0.56 Kr per
Mg atom). Surprisingly, the cell volume for Kr-rich phase 1 is
higher than that for Kr-poor phase 2, despite the cell
contraction observed upon Kr loading at 298 K (Figure S1).
This difference may be due to different crystal structures of
phases 1 and 2. Indeed, the Rietveld refinement suggests a
possible disorder of Kr around the center of the pore in phase
1 (32e Wyckoff site), while the guest takes the center of the
pore in phase 2 (16bWyckoff site) (see Figure 1 and Tables S1
and S2 with crystallographic data). In such cases, the shortest
interatomic Kr−B distances will be comparable in both
structures (4.13 and 4.07 Å for phase 1 and 2, respectively),
while potential refinement of the Kr atomic coordinate in
phase 2 is difficult due to its low fractional content (up to 30
wt %) and significant peak overlap. However, the disorder of
guest atoms cannot be the sole reason for the volume
difference at least at high temperatures where the Kr
occupancies are nearly zero. This difference may be also
related to a possible reorientation of the borohydride anions
not detectable by the X-ray powder diffraction. Importantly,
the mixture of the two phases of slightly different compositions
is thermodynamically stable, as phase 2 appears only in the
step mode, where the system is brought closer to equilibrium.
Phase 2 is thus forming slower than phase 1 on loading, and it
transforms back to phase 1 upon Kr unloading, as evidenced by
the evolution of the weight fractions (Figure S5).

Analysis of crystal structure data in ICSD and CCDC
databases23,24 along with the literature on Kr adsorp-
tion9−14,25,26 allows us to state that the fully loaded crystalline
phase 1, Mg(BH4)2·0.66Kr, has the highest encapsulated Kr
content known to date for porous materials, namely, 50.7 wt %,
as evaluated from the crystallographic Kr occupancy.
A microscopic picture of Kr adsorption, described above,

allows to perfectly fit a relatively simple two-phase model to all
the data collected over different pressures and temperatures,
both on adsorption and desorption, providing adsorption
isobars, (see Figure 2a,b,d) where the Kr content is taken over
the two phases (see the corresponding structure models in the
Supporting Information and CCDC database: phase 1 (300 K,
CCDC(1977686); 200 K, CCDC(1977685); and 114 K,
CCDC (977688)) and phase 2 (300 K, CCDC(1977687); 200
K, CCDC(1977689); and 115 K, CCDC(1977690))).
The Kr content for 0.5 bar isobar shows a hysteresis for the

ramp mode, which is almost suppressed for the step mode
(compare Figure 2a,b). On the other hand, the isobars at 0.1
bar are highly hysteretic for both temperature regimes (see
Figure 2d,e). These observations illustrate that the hysteresis is
determined by the kinetics and not by cooperative effects (it is
shown in ref 20 that γ-Mg(BH4)2 is a rather rigid porous
framework and cooperative effects are expected to be weak, if
any). The data at 0.5 bar in the step mode can therefore be
considered as the closest to the equilibrium, while the ramp
mode data have to be analyzed taking the kinetics of the gas
uptake into account. Indeed, the low saturation limit at 0.1 bar,
well below the maximum of 16 atoms per cell, is the result of
the hindered adsorption kinetics, and the upturn in the
desorption isobar is very indicative for the slowed down
adsorption at low temperatures.27 While similar observations
have been made using volumetric (picnometric) techniques,27

this is the first observation of this kind using powder
diffraction.

Figure 2. Temperature-dependent Kr adsorption isobars by γ-Mg(BH4)2 extracted from powder diffraction data collected in the step and ramp
modes (a and b for p (Kr) = 0.5 bar, d and e for p (Kr) = 0.1 bar) and (c and f) the modeled Kr isobars from the kinetic model (see eq 2). The
contributions from phases 1 and 2 are shown in Figure S5.
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The present in situ diffraction studies provide simulta-
neously the micro- and macroscopic information on the
crystalline phase in question. It is an efficient experimental
approach that allows a phenomenological study of the phase
and site-specific thermodynamics of adsorption in crystalline
porous solids.20 The equilibrium fraction of filled guest sites for
a cooperative adsorption is given in ref 20, and it is based on a
mean-field lattice gas model. For γ-Mg(BH4)2, we can neglect
the cooperative interactions and use a simple van’t Hoff
dependence for the equilibrium fraction of Kr:

γ
γ−

= − Δ + ΔH
RT

S
R

ln
1

i
k
jjjj

y
{
zzzz

(1)

Here, γ is the fraction of the adsorbed guest molecules from
the maximally achievable value at a given gas pressure. Fitting
this equation to the nearly equilibrium 0.5 bar step mode
isobar yields the thermodynamic parameters of adsorption:
ΔH of 21.2(1) and 21.9(4) kJ/mol for cooling and heating
modes (21.6(4) kJ/mol in average) (see Figure 3a). The
thermodynamic parameters extracted separately for phases 1
and 2 are comparable (Figure S7), and they suggest a slightly
higher heat of Kr adsorption via the formation of phase 2. The
values of the adsorption enthalpies are in good agreement with
the previously reported benchmark materials for the Kr/Xe
capture/separation (Qst, kJ/mol): 20.1−21.4 for Noria,25

18(1) for HKUST-1,26 22 for M3(formate)6 (M = Mn, Co,
Ni, Mg, and Zn),14 and 26 for SBMOF 1.12

The thermodynamics of the gas adsorption can be also
parameterized to another independent observation: Kr
fluorescence measured as a background signal. The latter
originates from the Kr K-edge X-ray adsorption (14.3256 keV
or 0.8655 Å),28 achievable in our experimental conditions with
a higher energy. This information is directly contained in the
experimental images without the need to resort to the
localization of the guest molecules, Rietveld refinements, and
so on. Indeed, the temperature-dependent Kr fluorescence
background behaves similar to the Kr occupancies (see Figures
S8 and S9) and gives ΔH = 22.8(4) kJ/mol (Figure 3b), very
close to the values extracted from the refined Kr occupancies.
This method is a powerful tool to assess the fluorescent probes
and, to our knowledge, is used for the first time to quantify the
thermodynamics of gas adsorption. There is a difference in the
nature of the fluorescent probe: while the refined occupancies
characterize the guest atoms inside the pores of the host lattice,
the fluorescence accumulates both structurally coherent and
noncoherent contributions from the surface, cracks, intergrain

boundaries, and other defects. Since both measures of the Kr
content in the irradiated volume yield very similar results, we
have evidence that the gas uptake is dominated by the Kr
adsorption in the crystal pores.
Having characterized the quasi-equilibrium thermodynam-

ics, we turn our attention to non-equilibrium isobars (Figure
2b,d,e) containing information on adsorption kinetics. We
apply an approach based on a first-order reaction model.29,30

Assuming the Arrhenius kinetics, being a natural choice for an
Ising-like lattice model,31 the temperature dependence of the
apparent fraction of the occupied guest sites reads as:

α γ γ γ
β

= − − −T T T
A

I T T E( ) ( ) ( ( ) )exp ( , , )eq eq 0 0 a
i
k
jjjj

y
{
zzzz

(2)

Here, γ0 is the starting value of the guest occupancy (e.g., 0
on adsorption or a maximal value if we consider the
desorption), A is the Arrhenius prefactor, β is the temperature
ramp rate, and the integral function in the exponent is

∫= −I T T E x( , , ) e d
T

T E Rx
0 a

/

0

a

(3)

where Ea is the Arrhenius activation energy and R is the gas
constant.
Eq 2 models the fraction of the occupied sites as a function

of temperature with finite kinetics characterized by A and Ea.
The temperature is varied with the ramp rate β. The cooling
(adsorption) branch is now below the equilibrium curve; the
difference depends on the energy barrier and the cooling rate.
The cooling may end up with a maximal value of the fraction
α(Tmin) = γeq(Tmin) = 1 that would correspond to the true
limiting capacity, for example, 16 Kr atoms per unit cell. In this
case, the heating (desorption) starts from γ0 = 1, and the entire
desorption branch stays above the equilibrium curve. This is
what has been observed for the step mode regime with p = 0.5
bar (Figure 2b). If the cooling ends up with an incomplete
adsorption, α(Tmin) < 1, this value serves as γ0 for the heating
branch. Depending on the kinetics, the heating may give rise to
a continuous desorption or to an increase in the occupancy,
aiming at the equilibrium values. The latter case has been
observed experimentally for p = 0.1 bar (Figure 2e).
The results of the model calculations for the non-isothermal

kinetics are shown in Figure 2c,f. The model with a handful of
parameters obviously mimics closely the observed scenarios,
indicating that the hysteresis effects indeed may be related to
finite kinetics. However, quantitative estimates of the activation

Figure 3. van’t Hoff plots (p (Kr) = 0.5 bar) obtained (a) from the refined Kr occupancies and (b) from the fluorescence signal.
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energy and the elucidation of the kinetics model require a
dedicated isothermal time-dependent experiment, which is the
subject of our next publication. Eq 2 applied to the non-
equilibrium isobars allows only for an estimate of the activation
energy at 10−20 kJ/mol of Kr and the Arrhenius constant A at
0.09−0.2 min−1, thus expecting the initial adsorption rate of
∼10−20% per min at room temperature. The equilibrium may
therefore be reached within minutes, and a diffraction
experiment aiming to map such kinetics has to be relatively
fast.
Interestingly, the estimated activation barrier for Kr

adsorption is of the same order as the activation energies for
[BH4]

− reorientations, namely, 13.3−26.6 kJ/mol in β- and γ-
Mg(BH4)2 polymorphs.32 This hints at a possible correlation
of Kr diffusion through pore apertures made of six borohydride
groups with reorientational jumps of the [BH4]

− tetrahedra,
similar to Li-ion diffusion in ht-LiBH4 and some other metal
borohydrides.33−38 This hypothesis needs verification by
methods probing dynamics in the solid state.

■ CONCLUSIONS
We determined a microscopic picture of Kr adsorption in γ-
Mg(BH4)2, featuring 1D channels with apertures comparable
to the kinetic radius of Kr atoms. The fully loaded phase,
Mg(BH4)2·0.66Kr, has a higher crystallographic Kr content
(50.7 wt %) than any other porous material. Synchrotron
diffraction experiments allowed building quasi-equilibrium
adsorption isobars; the latter were rationalized with the
noncooperative lattice gas model, yielding the values of the
thermodynamic parameters for Kr adsorption. The latter can
be independently determined from a Kr fluorescence signal.
This information is directly contained in the experimental
images without the need to resort to the localization of the
guest molecules.
The fast-ramp diffraction data, especially taken at a lower

pressure, uncovers the hysteresis of kinetic origin. The model
of the first-order Arrhenius kinetics with two parameters
mimics closely the observed scenarios, allowing estimation of
the activation energy. Observed adsorption scenarios, in
particular kinetic effects, make γ-Mg(BH4)2 an interesting
candidate for separation of the Kr/Xe mixtures via selective
adsorption.
Many details of the adsorption process in crystalline

materials and its thermodynamic and kinetic characteristics
are only possible to observe with in situ diffraction measure-
ments like those presented in this work. Further investigations
focused on the isothermal kinetic experiments with pure gases
and their mixtures are the necessary next steps to determine
the kinetic mechanisms and potential selectivity. Since
diffraction probes the gas adsorption by the structural response
of the porous crystalline phase only, it is expected to give an
upper limit of the uptake. It would be also interesting to make
a systematic comparison between microscopic structural and
macroscopic bulk probes from gravimetric and volumetric
methods; however, this task is beyond the scope of the present
letter.

■ EXPERIMENTAL METHODS
Detailed description of the experimental setup and structure
refinement is given in the Supporting Information. γ-Mg(BH4)2 was
prepared according to ref 17. The samples of γ-Mg(BH4)2 contain
significant amounts of the amorphous Mg(BH4)2 phase, different
from one sample to another. Therefore, the BET surface areas cannot

be compared to data extracted from diffraction as the latter method is
selective to the crystalline phase. The thermogravimetric analysis−
differential scanning calorimetry data reported in ref 19 are
reproducible on all our samples. The grinded powder was loaded
into 0.5 mm glass capillaries in the argon-filled glovebox. A capillary
filled with γ-Mg(BH4)2 was transported into a closed Ar-filled flask
prior to the diffraction measurements. The capillaries were connected
to a gas-loading manifold with much larger volume, equipped with an
electronic manometer (working range of 0−100 bar with 0.01% full-
scale accuracy). The sample was activated at 350 K under a dynamic
vacuum (turbomolecular pump) right before Kr loading. Kr pressure
was set to 0.1 and 0.5 bar for variable-temperature experiments. The
298 K isotherm was measured between 0.050 and 5.600 bar with 60−
120 min waiting time for each data point. The temperature was
controlled using an Oxford Cryostream 700+. The temperature is
varied from 300 to 115 K upon cooling followed by heating in the
ramp mode (at 6 K/min rate) and in the step mode (waiting for 2
min at each temperature point).

The in situ synchrotron powder diffraction data were collected at a
BM01 (SNBL/ESRF in Grenoble, France) using a PILATUS@SNBL
diffractometer.39 The monochromatic beam (λ = 0.78290 Å for 298 K
isotherm measurement; λ = 0.78487 and 0.69425 Å for 0.5 and 0.1
bar isobars, respectively) was calibrated using LaB6 powder with
PyFAI.40 The obtained calibrations were used in Bubble39 for
azimuthal integration of the two-dimensional images. The positions of
Kr atoms were localized using FOX,21 and the resulting structures
were refined in a sequential mode by the Rietveld method in
Fullprof.22
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