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ABSTRACT: Developing new technologies for carbon sequestra-
tion and long-term carbon storage is important. Clay minerals are
interesting in this context as they are low-cost, naturally abundant,
can adsorb considerable amounts of CO2, and are present in
storage sites for anthropogenic carbon. Here, to better understand
the intercalation mechanisms of CO2 in dehydrated and hydrated
synthetic Na-fluorohectorite clay, we have combined powder X-ray
diffraction, inelastic and quasi-elastic neutron scattering, and
density functional theory calculations. For dehydrated Na-
fluorohectorite, we observe no crystalline swelling or spectroscopic
changes in response to CO2, whereas for the hydrated case,
damping of the librational modes related to the intercalated water
was clearly observed. These findings suggest the formation of a
more disordered water coordination in the interlayer associated with highly confined water molecules. From the simulations, we
conclude that intercalated water molecules decrease the layer−layer cohesion energy and create physical space for CO2 intercalation.
Furthermore, we confirm that interlayer confinement reduces the Na+ hydration number when compared to that in bulk aqueous
water, which may allow for proton transfer and hydroxide formation followed by CO2 adsorption in the form of carbonates. The
experimental results are discussed in the context of previous and present observations on, a similar smectite, Ni-fluorohectorite, for
which it is established that CO2 attaches to the edge of nickel hydroxide islands present in the interlayer.

■ INTRODUCTION
Investigating the dynamics of molecules in nanoconfined
media is essential to understand transport properties in 2D
nanomaterials. The role of water is especially important for
clay minerals because of their significance in soils1,2 and their
use in many different applications, such as construction
materials,3 dye remediation,4 drug delivery,5−8 or as
engineered barriers in radioactive waste management.9,10 For
these applications, it is important to control and monitor their
swelling behavior and, hence, have an understanding of these
materials at a molecular level.
Clay minerals (especially expandable clays such as smectites

or pillared clays) can be a more sustainable alternative to
aqueous amine solutions, synthetic solid sorbents such as
activated carbon, zeolites, and metal−organic frameworks for
carbon capture and storage. This is due to their low cost,
natural abundance, and ability to sorb CO2. Indeed, clay
minerals have been proposed as being useful in cyclic gas
separation processes since the regeneration from their weaker
adsorption sites requires less energy input than that from
stronger adsorption sites in materials such as the benchmark
material zeolite 13X.11 As large quantities of clay minerals are

present in the caprock formation of reservoirs intended for
anthropogenic CO2 capture,12 understanding molecular
interactions between water and CO2 at clay mineral interfaces
is paramount to ensure the long-term stability of such
reservoirs.
Smectites are 2:1 layered clay minerals with layers consisting

of an octahedral sheet sandwiched between two tetrahedral
sheets, where isomorphic substitutions of metal cations in
either the octahedral or tetrahedral sheets produce a net
negative charge in the clay layer which is balanced by interlayer
cations. Smectites are known to swell in response to, and
adsorb, both water13−15 and CO2.

11,16−21,21−25 As a result of its
natural abundance and also the possibility of melt-synthesizing
high-purity samples,26 Na+-intercalated smectites have been by
far the most studied.26−30 For an expandable clay mineral such
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as smectite, water enters the 2D nanoporous interlayer and
expands the clay in discrete steps. It is now widely accepted
that for the case of one water layer (1 WL), the interlayer
cation resides close to the tetrahedral sheet, with a ninefold
coordination with six basal oxygens and three water molecules,
while in the two-water layer (2WL) state, the cation resides at
the center of the interlayer coordinating with six water
molecules.27 For hectorite (Hec) with either/or OH− and F−

anionic substitutions, it has been found that the hydro-
phobicity increases with fluorination, resulting in a reduced
water uptake.14 For CO2 adsorption in Na+-intercalated
smectites, the results in the literature are “scattered”. Dried
fluorinated Na-Hec readily swells in response to CO2

16,17 and
adsorbs a considerable amount,31 whereas for natural
dehydrated Na-smectites, no swelling has been detected in
response to CO2.

11,23,24,32,33 Under such conditions, only a
limited amount of CO2 adsorption occurs on the external
surfaces. From experimental11,19,20,22−24,34 and molecular
simulation24,32−36 studies, it is now assumed that smaller
cations (such as Na+) require a sub-monolayer of water to
“prop open” the interlayer before CO2 adsorption occurs, while
for larger cations (such as Cs+ and NH4

+), CO2 is readily
adsorbed even in the absence of water. Similar observations
have been made for Ni-Hec, which has a corrensite structure,
where under anhydrous conditions, the more open chlorite-like
layers adsorb CO2, and the more closed smectite layers do
not.18,37 Thus, we can argue that adsorption of CO2 in the
interlayer of smectites is not only governed by the cationic
species within but also the clay sheets. By tuning the OH− and
F− anionic substitutions, simulations have shown that the total
intercalation of CO2 and H2O decreases with fluorination,
whereas the mole fraction CO2/(H2O + CO2) increases, and
the maximum uptake is observed at 1 WL.32 By lowering the
surface charge of the clay sheets, increased adsorption and a
lower pressure threshold for adsorption were observed for Ni-
Hec.37 This is a result of the weaker electrostatic forces acting
between the layers and the lower density of interlayer species
allowing for more CO2 within the interlayer. As for the
organization of CO2 within the interlayer, in the 1 WL state,
nuclear magnetic resonance20 and simulations32,38,39 have
demonstrated that CO2 orients itself parallel to the clay surface
in the midplane of the interlayer.
In this work, we carried out inelastic and quasi-elastic

neutron scattering experiments (INS and QENS) and powder
X-ray diffraction (PXRD), to study the influence of water
(swelling) and CO2 (adsorption) on the synthetic smectites
Na- and Ni-fluorohectorite (Hec). Combining structural and
spectroscopic data gives a more complete chemical analysis of
these systems. The unique sensitivity of neutron spectroscopy
to hydrogen,40 lack of selection rules, and high neutron
penetrability through the sample environment41 allow a better
understanding of how the layer charge, interlayer cations, and
geometrical confinement affect the conformation of the water
molecules.42,43 In addition, QENS provides insights into the
self-diffusion processes of the hydrogenous species on the ps to
ns timescale.44 The experimental results are complemented by
density functional theory (DFT) calculations to evaluate the
electrostatic environment involved in the adsorption of CO2 in
the interlayer region. In the present work, we use a similar
approach to investigate Na-Hec as that previously carried out
for Ni-Hec,18 where the sample is prepared in the dried (at 150
°C under dynamic vacuum) and hydrated [equilibrated 43%
relative humidity (r.h.)] states.

■ EXPERIMENTAL SECTION
Materials. Na-Hec with the stoichiometric composition of

Na(Mg5Li)Si8O20F4 was prepared via melt synthesis,45

followed by annealing (6 weeks, 1045 °C) to improve charge
homogeneity and phase purity.26 Ni-Hec was prepared by
cation exchange of Na-Hec with 0.2 M nickel-acetate solution
(>10-fold excess of the cation exchange capacity, 5 times).46

The exchanged Ni-Hec was washed five times with Millipore
water. All the samples in this work had a nominal charge of 0.5
e− per formula unit (pfu).
For the reported experiments, dried Na-Hec used for PXRD

was prepared under vacuum (10−2 mbar) at 150 °C for 2 h,
while due to the larger mass required for the INS and QENS
experiments, Na and Ni-Hec samples were placed under high
vacuum (10−6 mbar) at 145 ± 15 °C for 7 h (INS, Na-Hec
sample) or at 145 ± 15 °C for 13 h (QENS, Ni-Hec) or 17 h
(QENS, Na-Hec). Hydrated Ni-Hec and Na-Hec were
obtained by placing samples for 5 weeks at 43% r.h. in a
desiccator with saturated K2CO3 solution.
In situ Powder X-ray Diffraction. PXRD measurements

were carried out at NTNU (Trondheim, Norway) using an in-
house X-ray scattering instrument, attached to a Xenocs
stationary electron impact source with a copper anode,
producing Kα radiation (1.5406 Å). The scattered intensity
was recorded using a two-dimensional Dectris Pilatus3 R 200
K detector. The samples were mounted in a high-pressure
sample cell based on a designed thin-walled glass capillary-
based cell.47 Temperature control was provided by contact of
the capillary with a temperature-regulated copper plate where
cartridge heaters, Peltier elements, and a circulation bath
controlled the temperature. The sample cell was connected to
a gas handling system providing vacuum from a rotary vane
pump (10−2 mbar) or pressurized CO2 with 99.9992% purity.
Inelastic Neutron Scattering (INS) and Quasi-Elastic

Neutron Scattering (QENS). INS spectra were recorded on
the TOSCA spectrometer48−50 at the ISIS facility, Rutherford
Appleton Laboratory, UK. TOSCA is an indirect geometry
time-of-flight spectrometer spanning an energy-transfer range
of up to 4000 cm−1 in neutron energy loss (ET) with a spectral
resolution of 1.25% ET.

48 Dried and hydrated Na-Hec samples
were placed in an aluminum foil sachet and mounted in
stainless steel cylinders. The sample holder was then mounted
on a centerstick connected to a gas handling system. Prior to
measurements, the cell was leak-tested to 50 bar helium that
was pumped away in the case of the dried samples and leaked
slowly down to atmospheric pressure in the case of the
hydrated samples (to preserve the initial humidity). Both
samples were measured as is and at 44 bar of CO2 exposure.
Each exposure was achieved by first heating up the sample to
room temperature and exposing the sample to CO2 grade
99.9995% for 20 min. At this point, the sample cell was closed
and sealed off from external CO2 gas pressure. Subsequently, in
order to minimize thermal effects, the sample was cooled
down, and the measurements were recorded at T < 20 K. Each
INS measurement lasted around 6−8 h, that is, until a good
signal to noise ratio was obtained. The data were reduced using
the software package Mantid.51 After subtracting the signal
from the empty cell, the spectra were scaled by the sample
mass. After exposure to CO2, the signal was normalized to have
the same area under the curve as in the initial spectrum.
QENS experiments were conducted on the indirect-

geometry time-of-flight spectrometer IRIS52 also at the ISIS
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facility. The instrument was operated in the offset mode using
the (002) Bragg reflection of pyrolytic graphite analyzers. In
this configuration, the elastic energy resolution of the
instrument was 17.5 μeV achieved by neutrons scattered
with λ = 6.66 Å. This resolution is constant over the entire Q-
range of 0.4−1.96 Å−1 (angular scattering range of 25° ≤ 2Θ ≤
160°). Between 0.67 and 1.22 g of each sample was loaded into
annular cylindrical aluminum sample holders with inner
diameter 21 mm, wall thickness 1.6 mm, and sample space
thickness 0.5 mm. The temperature of the samples was
maintained at 300.0 ± 0.1 K using a closed-cycle refrigerator.
During CO2 exposure, the samples were held at 40−43 bar of
CO2 pressure (grade 99.9995%). Typical counting times were
∼5−15 h for each state depending on the hydrogen content in
the sample. In addition to the samples themselves, spectra of
the empty cell and a vanadium standard were collected in order
to determine the instrument background and instrumental
resolution, respectively. The data were reduced using the
software package Mantid51 and analyzed using either Dave
software53 or the newly developed minimal model approach.54

By using Dave, prior information of the system is essential to
determine the specific number of Lorentzian needed to
analytically describe the system dynamics, which can be
obtained from different experimental techniques,55 while in the
minimal model, the multiscale relaxation measured by QENS is
analyzed using a purely mathematical approach. Bragg
reflections, Figure S1, were eliminated from the data prior to
the analysis.
Density Functional Theory (DFT). DFT calculations

were performed with the Siesta package56 to investigate
molecular conformations and adsorption energies in the Hec
interlayer region. State-of-the-art DFT developed by Berland
and Hyldgaard57 was employed to take into account van der
Waals interactions. A double-zeta polarized basis and
converged 400 Ry mesh cutoff were used. We considered the
crystallographic structure used in our previous study18 with
unit cell dimensions 9.2 × 10.7 × 12.0 Å and 78 atoms, under
fully periodic boundary conditions. The positions of ions and
molecules in the interlayer space were optimized with the
conjugated gradient method until the forces were less than
0.01 eV/Å. During this process, the atoms of the layered
structure were kept fixed. Molecular conformations were
obtained through ab initio molecular dynamics considering a
10 ps simulation, 1 fs time step, and 300 K temperature
controlled with the Nose−́Hoover thermostat.
To evaluate charge rearrangements in the system, we

determined the charge difference as given by

(1)

where ρdoped and ρbulk are the electronic charges for the
phyllosilicate with and without the Li substitutional atom in
the octahedral sheet, respectively.
The molecular adsorption on the Na atom in the confined

space was evaluated by determining the adsorption energy
given using the following equation

(2)

where Etotal is the total energy of the system containing all the
molecules, E1 considers the system with one molecule missing,
and Emol is the energy of that isolated molecule.

■ RESULTS AND DISCUSSION
In Situ Powder X-ray Diffraction. Figure 1 shows the

evolution of the (001) Bragg reflection for the dried and

hydrated Na-Hec at 43% r.h. upon CO2 exposure. Initially, this
reflection for the dried Na-Hec is found at q = 0.65 Å−1,
corresponding to a basal spacing of 9.6 Å, which indicates
complete collapse to 0 WL.26,27 When exposed to CO2, there is
no appreciable change in the pattern, even after 13 days of
continuous exposure. Absence of swelling for a dehydrated Na-
smectite is in line with other previous observations and
simulations on montmorillonite and Hec.24,32 For Na-Hec
equilibrated at 43% r.h., the (001) Bragg reflection is initially
found at 0.515 Å−1, giving a basal spacing of 12.2 Å,
corresponding to the 1 WL state.26,27 After exposing the
sample to CO2, only a very small and insignificant change in
Bragg spacing swelling of 0.06 Å is observed, which is the
detection limit of the instrument. These results suggest that 0
WL and 1 WL states are stable energy minimas, and CO2 does
not cause further swelling of Na-Hec.
It is interesting to note the striking difference in behavior

after CO2 exposure when comparing the Na-Hec samples to
previously published data on similar Ni-Hec samples; swelling
was clearly observed in the latter, with an increase in d-spacing
from 22.8 to 24.6 Å in the dried case and 29.6−30.1 Å in the
hydrated case.18 This effect was related to the existence of
ordered interstratification of strictly alternating chlorite-like
and smectite-like layers46 in Ni-Hec resulting in inclusion of
CO2 within the chlorite-like layers.18 Furthermore, we also
note that different from the present work, a crystalline swelling
of about 30% in relation to the dried state has been previously
reported in Na-Hec samples of commercial origin.16,17 The
samples synthesized at the University of Bayreuth studied in
the present work have been proven to be of superior quality
compared to other clays.26 We can only speculate how the
difference between the present work and refs 16 and 17 can be
attributed to sample origin, charge, phase purity, and
preparation methods including cation exchange (Li+ to Na+
for the commercial samples), drying procedures, and sample
cells.
Inelastic Neutron Scattering. INS spectra of pristine Na-

Hec both in the dried and equilibrated at 43% r.h. states are
presented in Figure 2. The difference spectrum, obtained by

Figure 1. X-ray diffraction pattern of the (001) Bragg reflection for
(a) dried and (b) hydrated Na-Hec at 300 K for the initial and CO2-
exposed states. The horizontal lines indicate the center of the
reflection. Figure (a) has been reprinted with permission from ref 18.
Copyright 2020 American Chemical Society.
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subtracting the minimal contribution of the clay lattice (dried
sample) from that of the 1 WL hydrated clay, shows only the
contribution from confined interlayer water. A tentative
assignment of the observed modes is given in Table 1. For

the dried sample (heated at 145 °C under dynamic vacuum),
only a very low intensity is observed, where the tiny structures
around 80 cm−1 and between 500 and 1000 cm−1 can be
attributed to a minor amount of residual water left in the
sample. Of more interest is the comparison between the
spectrum of interlayer water in 1 WL Na-Hec and the one
previously reported for 2 WL Ni-Hec,18 where the former
appears to have a less well-defined librational edge. The
difference arises not only because the two samples are in
different hydration states but also because the cations have
different hydration enthalpies, leading to a different interaction
with the water molecules.30 For instance, and in full agreement
with previous observations by QENS for Hec intercalated with
Na+ and Ni2+, the lower Na-Hec librational edge indicates that
water experiences a less constrained environment in this
sample.30,60 Similar observations have been found for
montmorillonite and beidellite,43 where the type of cation
significantly affects the position of the librational modes
leading to a more constrained water environment for divalent
high-hydration enthalpy Mg2+, as opposed to Na+. Further-
more, the less-developed low-energy edge reported for Na+ was
attributed to either different distributions of librational
motions or a modified disordered state with multiple
environments for the interlayer water.43 Since melt-synthesized
Na-Hec is known to form a well-defined 1 WL state,27 the
lower edge observed here can be attributed to the presence of
two water populations in the sample, that is, water directly
coordinated with the cation and free interlayer water. From
thermal gravimetric analysis46 and gravimetric adsorption of
water61 in Na-Hec, it is known that there are approximately 4.2
water molecules per cation present at 1 WL. Moreover, in the 1
WL state, an inner-sphere complex is observed, with Na+ being
in direct contact with basal oxygen atoms on one side, due to
Coulomb attraction, and coordinated by three water molecules
on the other side.27 This suggests that at least 1.2 water
molecules per cation are non-coordinated. This is further
discussed in the next section in conjunction with the QENS
data analysis.
Figure 3 displays the INS spectra of the samples after

exposure to 44 bar of CO2 pressure at room temperature and
being subsequently cooled down to T < 20 K. For dried Na-

Figure 2. INS experimental spectra of the Na-Hec in the dried (145
°C under dynamic vacuum for 7 h) and hydrated state (equilibrated
at 43% r.h.) with the corresponding difference spectrum compared
with the INS spectrum of ice Ih as a standard reference (in orange and
scaled by the right axis). Numbers and arrows are used to highlight
the modes summarized in Table 1. The onset of the librational
features, commonly referred to as the librational edge, was used to
characterize the interlayer cation.43,58,59 The spectra were recorded at
T < 20 K.

Table 1. Proposed Assignment of the Vibrational Modes
Observed Using Inelastic Neutron Scattering (INS) for
Hydrated Na-Hec with Numbering Given in Figure 2

feature number position (cm−1) suggested assignment

1 73 (broad) H2O; acoustic
2 250 (rise) H2O; librational edge
3 300 (rise) H2O; librational edge
4 446 (rise) H2O; librational edge
5 680 (broad) H2O

Figure 3. INS experimental spectra of (a) dried and (b) hydrated Na-Hec in the initial state and after exposure to 44 bar of CO2 with the
corresponding difference spectra given below. Loading of CO2 was performed at room temperature, and the spectra were recorded at T < 20 K.
Figure (a) has been reprinted with permission from ref 18. Copyright 2020 American Chemical Society.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c03310
J. Phys. Chem. C 2022, 126, 17243−17254

17246

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03310?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Hec, 44 bar CO2 exposure (Figure 3a) induces minor changes
to the spectrum. This is in full agreement with the diffraction
data (Figures 1 and S1), further confirming that under these
experimental conditions, CO2 does not intercalate in dried Na-
Hec. However, for hydrated Na-Hec (Figure 3b), changes are
more evident and better emphasized in the difference
spectrum. An excess of energy is observed at 64 cm−1 and at
95 cm−1, with a broad shoulder centered at 117 cm−1, and
additional intensity losses at 141 and 297 cm−1 and 355 and
490 cm−1. Furthermore, a sharp peak appears at 655 cm−1.
These changes suggest a disruption of the modes of either both
or one of the two water populations, possibly owing to a more
disordered coordination of the interlayer water with the Na+
cation. This is in line with observations for montmorillonite
and Hec at 1 WL, where it has been suggested that CO2 can
intercalate and disrupt the cation and the H2O dynamics
through direct Na−CO2 association.

20,38,39 On the other hand,
since no significant swelling is observed, CO2 would have to
replace H2O in the hydration sphere. This is, however, not
energetically favorable. Thus, we can argue that the interaction
may be with the free interlayer water, that is, the water that is
not coordinated with cations. Additionally, the observed
change in the librational edge for hydrated Na-Hec is more
dramatic than that for hydrated Ni-Hec.18 In fact, in the latter,
no change was observed for hydrated Ni-Hec after CO2
exposure (Figure 7 in ref 18), suggesting that the water
present in the hydrated smectite layers in Ni-Hec is less
disturbed. This is possibly due to the higher hydration
enthalpy of the Ni2+ cation creating a more stable environment
for the interlayer water. Still, the Ni-Hec from the previous
study was in the 2 WL state and showed the presence of other
hydrogenous species in the interlayer, so a direct comparison
of the spectra is not straightforward.
With regard to the mode assignments, the vibrations

observed between 60 and 120 cm−1 and at 655 cm−1 were
also observed for both dried and hydrated Ni-Hec exposed to
CO2 (Figures 6 and 7 ref 18). In that study, it was suggested
that these modes may come either from bicarbonate formation
or by the formation of a new ordered water population in the

clay. As bicarbonates are not commonly observed for clay
minerals exposed to CO2 under similar experimental
conditions,62 it is more likely that this is due to a new
confined water population in the clay. Indeed, similar
observation of water confinement in UO2F2 with a peak at
778 cm−1 was attributed to a librational phonon mode
originated from confined water within the van der Waals gap.63

In the present case and as suggested by simulations,39 it is
possible that CO2 clustering in the interlayer space induces a
different entrapment of the water molecules.
Quasi-Elastic Neutron Scattering: Differences in the

Water Diffusion. QENS was used to probe how the mobility
of the confined water molecules is disturbed by the adsorbed
CO2 in both dried and hydrated Na- and Ni-Hec. We conclude
that the slight decrease in the elastic signal followed by a
minimal increase in the quasi-elastic broadening after CO2
exposure supports the idea that a new highly confined water
population develops in dried Ni-Hec after CO2 exposure,
Figure S3. On the other hand, no variation in the elastic signal
or quasi-elastic broadening was detected for dried Na-Hec,
Figure S2. Regarding the hydrated samples, a different picture
emerges; the spectra for Ni-Hec before and after exposure are
seemingly unchanged, Figure S4, whereas a small variation in
the quasi-elastic spectra at the lowest Q-value can be observed
for Na-Hec, Figure S5. This can be understood as follows: the
negligible crystalline swelling for hydrated Na-Hec suggests
that the 1 WL state is an energy minimum and that the
interaction with CO2 is not able to change it. Moreover, based
on the observation from INS and QENS, it is safe to say that
the 1 WL state still provides a large enough space to
accommodate the dynamic size of the CO2 molecule,
explaining the changes in the INS data and the QENS data
at 0.69 Å−1. The presence of CO2 in the collapsed 0 WL Na-
Hec is not permitted because the swelling must accommodate
the real size of the CO2 molecule (3.3 Å).64 Thus, for the dried
Na-Hec, the absence of swelling due to CO2 exposure
demonstrates that the interaction with the clay surface or Na
cation alone is not sufficient for crystalline swelling in response

Figure 4. QENS spectra collected at 300 K for hydrated Na-Hec after CO2 exposure (40 bar). (a) Q = 1.03 and (b) Q = 1.34 Å−1, including the
best fits, its QE components (Γ1 describing the more confined cationic water and Γ2 describing the faster interlayer water), and background. The
vanadium data shown (delta) was used in the fitting and provides an experimental measure of the IRIS instrument energy resolution.
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to CO2, and the presence of water is required, in line with
previous observations.24,32,33

Now, we consider the QENS data collected for hydrated Ni-
and Na-Hec at 300 K. Since individual trajectories of all
relaxation processes cannot be distinguished, the systems were
assumed to be dynamically heterogeneous, and the different
types of hydrogen motions were superimposed independently.
Thus, the scattering function, S(Q, ω), can be expressed as

(3)

where DWF is the Debye−Waller factor. A0(Q), defined as the
averaged elastic incoherent structure factor (EISF), describes
the probability that a particle is located in the same spatial
volume after a time interval, t. The term ∑i=1

nLi(Γ,ω) is the
sum of Lorentzians describing the broadened energy
distribution, corresponding to distinct relaxation processes
observed within the resolution of the instrument, R(Q, ω). The
delta function, δ(ω), describes those particles which are
immobile within the timescale of the IRIS spectrometer. B(Q)
is a background function. Here, the data were fitted using two
Lorentzian functions: a narrow one, defined as (Γ1), describing
the slower and more confined cationic water plus a broader
Lorentzian function, named (Γ2), describing the faster
interlayer (free bulk-like) water. The initial value for (Γ1)
and (Γ2) was taken from Larsen et al.30 and Berg et al.55

Representative results from this procedure are shown in
Figures 4 and 5, including the best fits and QE components
(Γ1 and Γ2) plus a linear background.
The self-diffusion coefficient, Dt, average residence time

between jumps, τ0, and the mean jump distance, L, defined as

were obtained from the analysis of the half width at

half-maximum (Γ, HWHM) versus Q2 using the expression for
the random jump diffusion65

(4)

The results are summarized in Table 2, and the fits are
shown in Figures 6 and 7. The areas obtained from the fits
describe amounts of each water population for the Na-Hec and
Ni-Hec samples after CO2 exposure.

Even if changes in the dynamics in the hydrated samples
before and after exposure to CO2 were not detected, a new and
important insight was obtained.

(i) First, the smaller contribution from the residual water in
Na-Hec compared to Ni-Hec indicates that the samples
were not fully dried, explaining the observation of a tiny
signal in the INS spectra of Na-Hec (Figure 3). This
shows that these samples can easily retain surface water,
which, due to the sensitivity of neutron scattering to the
hydrogen atoms, can be readily observed. Surface water
is the water found on the external surfaces or
interparticle surfaces rather than in the interlayer space
on the clay mineral.

(ii) Second, differences in the reduced diffusion coefficient
and residence times observed between Na-Hec and Ni-

Figure 5. QENS spectra collected at 300 K for hydrated Ni-Hec after CO2 exposure (43 bar). (a) Q = 1.03 and (b) Q = 1.34 Å−1, including the
best fits, its QE components (Γ1 describing the more confined cationic water and Γ2 describing the faster interlayer water), and background. The
vanadium data shown (delta) was used in the fitting and provides an experimental measure of the IRIS instrument energy resolution.

Table 2. Parameters Obtained from Fitting the HWHMs
Using Equation 3 Describing a Random Jump Diffusion for
Na-Hec and Ni-Hec before and after Exposure to CO2

a

sample D (10−9 m2/s) τ0 (ps) L (Å)

interlayer (bulk-like) water (fixed) 2.49 ± 0.07 1.57 ± 0.12 1.53
Na-Hec hydrated 0.21 ± 0.01 16 ± 2 1.42
Na-Hec hydrated CO2 0.21 ± 0.01 16 ± 2 1.42
Ni-Hec hydrated 0.36 ± 0.02 11 ± 1 1.54
Ni-Hec hydrated CO2 0.36 ± 0.02 11 ± 1 1.54
aInterlayer water is the water that is not directly coordinated with the
cation.
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Hec, 0.21 ± 0.01 × 10−9 m2/s versus 0.36 ± 0.02 × 10−9

m2/s�Table 2, can be attributed not only to the water
molecules attached to the interlayer cation but also to
interstratified nickel hydroxide species.18 Furthermore,
the higher and similar diffusion coefficient reported for
commercial Na- and Ni-Hec at 1WL, namely, 0.44 ±
0.22 × 10−9 m2/s versus 0.47 ± 0.03 ×10−9 m2/s in ref
30, can be explained by the resolution (≈100 μeV) of
the time-of-flight spectrometer, which is unable to
distinguish the contribution from the water molecules
that interact directly with the interlayer cation from
those coordinated with the interstratified nickel
hydroxide species [Ni(OH)0.83(H2O)1.17]0.37. This is a
well-known behavior as previously reported for natural
smectite clay minerals.66

(iii) Third, by comparing the values of the jump distance L
obtained for all samples with those of proton jumps
known for bulk water, we observe that in contrast with
what was reported for Ca-montmorillonite,66 in a similar
hydration state, these values are quite similar. This is in
full agreement with the recent work of Petersen et al.54

who showed that the interlayer water molecules are
more liquid-like for lower net negative surface charge
clay minerals.

(iv) Finally, the hypothesis that CO2 may attach to the edge
of some nickel hydroxide islands forming a strong bond
can clarify the small decrease in the elastic signal and
consequently slight increase in the quasi-elastic broad-
ening after CO2 exposure in dried Ni-Hec. Furthermore,
by comparing the χ2 obtained using the phenomeno-
logical method to that obtained using the minimal model
approach,54 Figure 8, we observe that these values are
higher for hydrated Ni-Hec. This indicates that a more
constrained water population, most likely belonging to
the CO2 attached to the hydroxide species, cannot be
fully captured by the data, and further measurements
using a higher-resolution spectrometer are needed.

Thus, we hypothesize that at the timescale probed using
IRIS, the interstratified species contribute to a greater
restriction of the water mobility, and a new confined water
population in Ni-Hec develops upon CO2 exposure.

Figure 6. Evolution of the HWHM of the quasielastic broadening, Γ1 confined cationic water, as a function of Q2 obtained for the Na-Hec after
CO2 exposure (43 bar) and modeled using the theory developed to describe random jump diffusion.65

Figure 7. Evolution of HWHM of the quasielastic broadening, Γ1 confined cationic water, as a function of Q2 obtained for the Ni-Hec after CO2
exposure (40 bar) and modeled using the theory developed to describe random jump diffusion.65
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DFT Calculations. DFT calculations enabled the evalua-
tion of the electrostatic environment involved in the
adsorption of CO2 in the interlayer region. From the
simulations, we obtain an equilibrium d-spacing of 11.9 Å in
which the CO2 molecule remains linear and parallel to the clay
surface (Figure 9), in line with NMR results20 and
simulations.32,38,39 The equilibrium d-spacing value is close
to the one observed experimentally for 1WL (12.2 Å), which
reveals the important role of water in the clay swelling when

exposed to CO2. In agreement with previous11,18,24,32,33 and
current experimental results, compared to the dried state (d-
spacing equal to 9.1 Å), the water layer decreases the cohesion
energy for the layer expansion and creates the physical space
for the CO2 intercalation.
We also evaluated the hydration features in the confinement

space. As a consequence of the water exposure, the Na
interlayer atom leaves the cavity in the Hec structure to display
an out-of-plane configuration (Figure 10a). Also, the water
molecules may surround the Na atom, so they can form
hydrogen bonds with the exposed clay’s surface oxygen. To
better understand the electrostatic environment of the
interlayer space, we evaluated the charge rearrangements
resulting from the substitutional atom considering eq 1. For
this given atomic arrangement, the clay surface may display
important electronic structure rearrangement. Indeed, the
charge accumulation resulting from the substitutional atom
(Li) mainly affects the nearest clay surface oxygens, favoring
the electrostatic interaction with the water hydrogens (Figure
10b).
Due to the confined environment (Figure 11a), the Na

hydration number is reduced compared to that in a bulk
aqueous solution. The Na atom may interact with up to four
water molecules instead of six, albeit a coordination number of
3 being the most common observed configuration. Additional
water molecules attach to the hydrated compound through
hydrogen bonds (see Figure 11b), in line with previous
experimental results.27,67

Figure 8. Experimental spectra of (a,b) Na-Hec and (c,d) Ni-Hec at different q-values fitted using the minimal model approach. A point to notice
in (a,b) is that the fitted model follows the spectra very well. The reason for this behavior is that a single relaxation can describe the water dynamics
in this sample. On the other hand, contributions originating from different water molecule populations that coexist in the interlayer contribute to
the dynamics observed, which explains the deviation between the model and the experimental data in (c,d).

Figure 9. Energy curve as a function of the Hec layer separation,
considering a single CO2 molecule in the interlayer space. The well
depth may be interpreted as the cohesion energy per unit cell, while
the minimum energy point position is the equilibrium d-spacing for
the molecular configuration depicted in the inset panel.
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Similarly, we also evaluated the adsorption of CO2 molecules
with the interlayer Na atom. In this case, Na may accept up to
three CO2 molecules (Figure 11c), with an adsorption energy
of −0.58 ± 0.05 eV determined using eq 2. This is lower than
that for the water adsorption case where it was determined to
be −1.23 ± 0.3 eV.
Finally, we considered the scenario with both CO2 and H2O

in the interlayer space to evaluate the adsorption features with
this mixture (Figure 11d). The Na atom may accept CO2
molecules if their hydration number is up to 3 (Figure 11d, I).
Indeed, CO2 attachment to the Na atom is possible if it is
partially hydrated since the H2O/CO2 exchange is not
energetically favorable. Also, the interaction between CO2
and the hydrated compound occurs via the water hydrogens
(Figure 11d, II). Interestingly, the dynamics of proton transfer
through hydrogen bonds (previously observed by NMR67)
may result in the formation of a hydroxide, and the CO2
molecules may adsorb there (Figure 11d, III). The molecular

bending features (deformation angle larger than 120) and the
proximity to OH suggest that carbonate formation may occur.

■ CONCLUSIONS
Using X-ray powder diffraction, neutron spectroscopy, and
DFT simulations, we have studied CO2 exposure of a clay
mineral from the perspective of the interlayer water. The
investigations highlight the molecular interactions between
CO2 and water within the 2D interlayer of synthetic hectorite.
Study of high-purity synthetic samples brings out important
aspects that also apply to their natural counterparts without the
interference of impurities and defects. As opposed to Ni-Hec
where a swelling was observed for both the hydrated and
dehydrated state exposed to CO2, no swelling was observed for
Na-Hec in the 0 WL and 1 WL state. This confirms previous
observations that fully collapsed clay interlayers do not accept
CO2 in their interlayers. For Na-Hec hydrated at 1 WL, we
observe damping of the librational modes associated with the
intercalated water, suggesting that the interaction with CO2
disrupts the H-bonding network of intercalated water. This, in
turn, results in a modified confined water population, which is
observed for both Ni-Hec and Na-Hec. For Ni-Hec, previous
results demonstrating that CO2 attaches to the edge of nickel
hydroxide islands in the interlayer were confirmed by a small
decrease in the elastic signal and consequently a slight increase
in the quasi-elastic broadening after CO2 exposure. Finally, the
DFT calculations agree with previous and current experimental
results in that intercalated water decreases the layer−layer
cohesion energy and creates physical space for CO2
intercalation. The DFT calculations further confirmed that
interlayer confinement reduces the Na+ hydration number
compared to bulk aqueous water. This may allow for proton
transfer and associated hydroxide formation that could adsorb
CO2 in the form of carbonates. The latter is corroborated by
the present experimental results.

Figure 10. (a) Hydrated compound confined in Hec interlayer space. This figure highlights the out-of-plane configuration resulting from the Na
hydration and the formation of hydrogen bonds between the water molecules and the clay’s surface oxygen atoms. (b) Charge rearrangement as a
consequence of substitutional atom (Li). The isosurfaces (±0.005 e/Å3) were determined following eq 1. The oxygen atoms are the ones most
affected, which may contribute to the polar character responsible for the H-bonds.

Figure 11. Snapshots are taken from the ab initio molecular dynamics
simulations for confined fluids in the Na-Hec interlayer space (d-
spacing 12.2 Å). (a) illustrates the side view, and (b−d) are top views
of representative molecular conformations for H2O, CO2, and their
mixture, respectively. Gray regions highlight the sodium first
coordination shell. (d) signals three possible molecular conformations
for CO2: I-directly adsorbed on Na, II-interacting with water
molecules, and III-interacting with a hydroxide.
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