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ABSTRACT: Clay minerals can adsorb large amounts of CO2 and are present in
anthropogenic storage sites for CO2. Nanoscale functionalization of smectite clay
minerals is essential for developing technologies for carbon sequestration based on
these materials and for safe-guarding relevant long-term carbon storage sites. We
investigate the adsorption mechanisms of CO2 in dried and hydrated synthetic Ni-
exchanged fluorohectorite clayusing a combination of powder X-ray diffraction,
Raman spectroscopy, and inelastic neutron scattering. Both dried and hydrated Ni-
exchanged fluorohectorite show crystalline swelling and spectroscopic changes in
response to CO2 exposure. These changes can be attributed to interactions with
[Ni(OH)0.83(H2O)1.17]0.37

1.17+-interlayer species, and swelling occurs solely in the
interlayers where this condensed species is present. The experimental conclusions are
supported by density functional theory simulations. This work demonstrates a
hitherto overlooked important mechanism, where a hydrogenous species present in
the nanospace of a clay mineral creates sorption sites for CO2.

Continuous and increasing release of greenhouse gases, in
particular CO2, to the atmosphere has a detrimental

impact on our environment. In addition to emission reduction,
it is imperative to establish effective ways of capturing these
gases. Clay minerals have become an attractive alternative for
investigating CO2 capture because of their excellent behavior
in adsorption and catalysis.1 This is in addition to their
abundance and stability, which make them potentially scalable
for industrial processes.
Smectite clay minerals, such as hectorite and montmor-

illonite, are known to readily swell in response to water,2−4

CO2
5−10 and organic compounds.11,12 They consist of two-

dimensional nanolayered stacks possessing a negative layer
charge due to nonequivalent substitutions of atoms in the
layers. The negative layer charge is typically counterbalanced
by exchangeable interlayer cations, for example Na+, Ca2+, and
K+.
The sorption of CO2 in smectite clays at various hydration

states as well as under gaseous and supercritical CO2
conditions has been studied by a wide range of techniques,
such as X-ray and neutron diffraction, infrared spectroscopy,
nuclear magnetic resonance, quartz crystal microbalance, and
volumetric/gravimetric gas adsorption.5−7,13−21 The sorption
of CO2 in smectite clays has been shown to largely depend on
the initial hydration, the interlayer cation, and the specific clay
type. For montmorillonite (Mt) and OH-hectorite (Hec),
experiments and simulations at 323 K and 90 bar have shown

that for smaller interlayer cations with a high hydration energy
(e.g. Na+, Ca2+, and Mg2+), a submonolayer of water is
necessary to open up the interlayer to swell in response to
CO2.

8−10 However, for larger interlayer cations with low
hydration energy (e.g. Cs+, K+, and NH4

+), CO2 is intercalated
even in the absence of water.8−10

Natural Hec has a varying composition of F− and OH−

groups, whereas fluorohectorite is a synthetic Hec with only
fluorine groups. Simulations22 have shown that by varying the
F−/(F− + OH−) composition, the CO2/(CO2 +H2O) ratio
increases with increasing F− substitution. It has previously
been demonstrated that a fluorinated Hec exchanged with Na+,
Li+, and Ni2+ swells in response to CO2 exposure

5,6 and that
Ni-Hec showed a much larger adsorption of CO2 than Li-Hec
and Na-Hec.7

Here, we report a hitherto overlooked mechanism for CO2
sorption in Ni-Hec as studied with synchtrotron X-ray
diffraction, Raman spectroscopy, and inelastic neutron
scattering (INS). The intercalation properties of Ni2+ in
smectites have been shown to be substantially different from
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other interlayer cations.6,23 As recently reported in Loch et
al.,24 Ni-Hec forms an ordered interstratification with a
chlorite-like condensed [Ni(OH)0.83(H2O)1.17]0.37

1.17+ species
in one interlayer and a smectite-like structure with hydrated
Ni2+ cations in the adjacent interlayer. By employing powder
X-ray diffraction (PXRD), we investigate the structural changes
in response to CO2. We utilize in situ Raman scattering
combined with PXRD, which allows studying how CO2
adsorption changes the local structure. INS has no selection
rules for the vibrational modes and a large cross section of the
hydrogen atoms, making the signal from the water motions and
other hydrogenous species, such as nickel hydroxide,
prominent.25 INS has previously been successfully employed
to study how layer charge and cations influence the hydration
properties of saponite, montmorillonite, and beidelitte.26,27

By combining PXRD, Raman spectroscopy, and INS, we
elucidate the active mechanisms of CO2 sorption for Ni-Hec in
the dried (at 150 °C under dynamic vacuum) and hydrated
(equilibrated at 43% r.h.) states. To support our experimental
conclusions, we have performed density functional theory
calculations (DFT).

■ METHODS
Materials. Na-Hec with a stoichiometric composition of

Na(Mg5Li)Si8O20F4 was prepared via melt synthesis according
to a published procedure,2 followed by annealing (6 weeks,
1045 °C) to improve charge homogeneity and phase purity.28

Ni-Hec was prepared by cation exchange of Na-Hec with 0.2
M nickel−acetate solution (>10 fold excess of the CEC, 5
times). The exchanged Ni-Hec was washed 5 times with
Millipore water. The hydration and drying procedures are
described below for each type of experiment.
In Situ Powder X-ray Diffraction and In Situ Raman

Spectroscopy. For Ni-Hec, combined Raman and synchro-
tron X-ray powder diffraction data were collected at the Swiss-
Norwegian Beamlines (SNBL, station BM01B) at ESRF,
Grenoble, France. PXRD data were measured at a wavelength
of 0.77495 Å using a 2D PILATUS2M detector.29 The 2D
diffractograms were integrated using the SNBL Bubble
software to provide rebinned 1D diffraction patterns. The
powdered samples were contained in borosilicate capillaries
mounted in a custom made high-pressure sample cell based on
the design by Jensen et al.30 The temperature of the capillary
was controlled by an Oxford Cryostream 700+ nitrogen
blower. The cell was connected to a gas handling system
providing vacuum (10−6 mbar) from a turbomolecular pump
or pressurized CO2 of quality 99.9995%. The dried Ni-Hec
sample was prepared at 150 °C in the capillary sample cell for
∼2 h and was considered sufficiently dried since the (00l)
Bragg reflections did not change position after reducing the
temperature to 300 K. The hydrated sample was prepared in a
desiccator prior to the measurements corresponding to 2 WL
hydration. Raman spectra were collected on a Renishaw RA
100 Raman analyzer, using a 532 nm (green) excitation
wavelength in backscattering mode. Spectra were recorded in
the range 100−4000 cm−1 with a step size 1.2 cm−1, and 5
scans per spectrum were recorded with an exposure of 60 s.
Included in the Supporting Information are PXRD data on a

dried Na-Hec as a reference.
Inelastic Neutron Scattering. Inelastic neutron spectra

were recorded using the TOSCA spectrometer31−33 at the ISIS
facility, Rutherford Appleton Laboratory, UK. TOSCA is an
indirect geometry time-of-flight spectrometer spanning an

energy-transfer range up to 4000 cm−1 in neutron energy loss
(ET) with a spectral resolution of 1.25% ET.

31 In order to
minimize thermal effects, the spectra were recorded at T < 20
K.
Ni-Hec both in the hydrated and dried state was prepared

for the INS experiment. Hydrated samples were equilibrated
for 5 days at 43% relative humidity in a desiccator with
saturated K2CO3 solution, while dried samples were prepared
by heating the samples to 145 ± 15 °C under high vacuum
(10−6 mbar) for 18 h (Ni-Hec sample). As a reference,
included in the Supporting Information are data on dried Na-
Hec (7 h at 145 ± 15 °C under high vacuum) with the same
experimental procedure as dried Ni-Hec.
The samples were placed in an aluminum foil sachet and

mounted in stainless steel cylinders. The sample holder was
then mounted on a center stick connected to a gas handling
system. Prior to measurements, the cell was leak tested with 50
bar helium which was pumped away in the case of dried
samples and leaked slowly to atmospheric pressure in the case
of the hydrated samples.
Dried Ni-Hec was measured under vacuum, at 5 bar of CO2,

44 bar of CO2, and after releasing CO2 (∼ 24 h under
vacuum). The hydrated sample was measured at ambient
pressure and 44 bar CO2 pressure. Each pressure step was
achieved by heating up the sample holder and center stick to
room temperature, exposing the sample to CO2 grade
99.9995% for 20 min, and subsequently cooling down to T
< 20 K with CO2 still inside the sample holder. Each INS
measurement lasted around 6−8 h, depending on the amount
of hydrogen in the sample.
The data were reduced using the software package Mantid.34

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
the initial spectrum.

DFT Simulations. We performed ab initio investigations
based on density functional theory calculations35,36 considering
the generalized gradient approximation with the state-of-the-
art van der Waals-corrected density functional developed by
Berland and Hyldgaard,37 as implemented in the Siesta
package.38 Norm-conserving pseudopotentials were used with
double-zeta plus polarization and spin-polarized localized
atomic orbital basis sets considering an energy cutoff of 400
Ry. The crystallographic structure reported by Breu et al.39 was
used for the Ni-Hec model with the unit cell containing 39
atoms. For β-Ni(OH)2, we took the structural model from the
Aflowlib repository.40 Adsorbents were allowed to relax during
structural optimization using the conjugate gradient method
under the self-consistent cycles considering a criteria of 0.01
eV/Å for the force minimization. The adsorption energy EAds
was calculated following the equation

E E E EAds Total Crystal Molecule= − − (1)

where ETotal is the total energy for the adsorbed molecule in the
most favorable adhesion site; ECrystal and EMolecule are the total
energies for the isolated systems.

■ RESULTS AND DISCUSSION
Powder X-ray Diffraction. Dried Ni-Hec. In Figure 1, the

swelling of Ni-Hec at 300 K with increasing CO2 pressure is
shown. After drying the sample in vacuum at 150 °C, an
intense Bragg reflection is observed at 0.551 Å−1, correspond-
ing to a d-value of 11.40 Å, which recently was identified as the
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(002) Bragg reflection of an ordered interstratification of a
nonhydrated, collapsed interlayer and a chlorite-type interlayer
of [Ni(OH)0.83(H2O)1.17]0.37

1.17+.24

With increasing pressure of CO2, transient interstratified
domains are observed in addition to initial and final state
domains, transferring the weight from one state to the other.
Since swelling is an inherent two-dimensional process,
reflections gradually move as the number of swollen interlayers
increases and thus the weighting of the interstratified stacks
becomes larger. For intermediate stages, the intensities are not
proportional to the volumes of swollen and not yet swollen
interlayers because of the weighting differing from the 1:1
ratio. The nonlinear transition of the educt to product
intensities is an artifact that may be attributed to the effect
of interstratification.
At pressures above 10 bar, the educt phase starts to vanish,

while the product basal spacing continues to be shifted to
larger d-spacings until around 12 bar, where the swelling
reaches a plateau. At the final pressure of 40 bar CO2, a
symmetric peak with a maximum intensity centered at 0.511
Å−1 corresponding to a d-value of 12.29 Å is observed. As the
inspected Bragg reflection is (002), a total interlayer expansion
of 1.78 Å is observed. While intermediate reflections, in line
with Mering’s rules, are broadened due to interstratification,
the width of the Bragg reflection is unchanged when
comparing the initial state and the final state, indicating
completion of swelling. The observed swelling is clearly
correlated with the gravimetric adsorption data presented in
the Supporting Information, demonstrating that the swelling is
caused by uptake of CO2. As there is limited change above 20
bar, these results also provide valuable information on what
could occur in a geological storage where the temperature and
pressure can be >40 °C and >90 bar.41

Hydrated Ni-Hec. In Figure 2, the expansion upon CO2
exposure of a Ni-Hec hydrated at 300 K is shown, adopting the

2 WL hydrate state with a (002) Bragg reflection at 14.82 Å,24

which gradually increases to 15.06 Å as the CO2 pressure
increases. Compared to the dried sample, a smaller increase is
observed, that is 0.48 versus 1.78 Å. Again, the width of the
Bragg reflection at the initial state and final CO2 exposed state
is comparable.
Interestingly, upon swelling in response to CO2, the

crystallinity was improved by reducing planar defects as
indicated by cross-reflections in the region of the 11/02 band
gaining significant intensity (Figure 3). While the starting
material shows a λ-shaped band typical for turbostratic
stacking, after CO2 saturation, a 3D ordered stacking is
observed with a refined unit cell of (C2/m, a = 5.2504 Å, b =
9.0780 Å, c = 30.25 Å, β = 96.6280°, α/γ = 90°). Such a
disorder/order transformation has previously been observed at
the transition from 1 WL to 2 WL hydrate of Na-Hec4,28 and
has been attributed to a strengthened interaction of interlayer
species with the surface of the 2:1-silicate layers via hydrogen
bonding. In the present case, this disorder/order trans-
formation was reversible and was lost again as the CO2
pressure was reduced, as shown in Figure S5.

In Situ Raman Spectroscopy. In situ Raman spectra
corresponding to pristine (not yet exposed to CO2) hydrated
Ni-Hec (Figures 2 and 3) and exposed to 40 bar CO2 pressure
are shown in Figure 4. The assignment of the vibrations is
given in Table 1. A very high fluorescent background did not
allow us to record Raman spectra for dried Ni-Hec.
Fluorescence is commonly observed in clay minerals;42

however, in this study, fluorescence also arises from the
electronic structure of the Ni2+ cations, which have a 3d8

valence configuration.43 Local distortion of octahedrally
coordinated chlorite-type [Ni(OH)0.83(H2O)1.17]0.37

1.17+

greatly affects the associated orbitals also contributing to the
observed fluorescence.43

Modes associated to the Hec structure are assigned
according to Rinaudo et al.44 As recently shown in Loch et
a l . , 2 4 N i -He c c o n t a i n s b o t h N i 2 + a n d [N i -
(OH)0.83(H2O)1.17]0.37

1.17+ species segregated into adjacent
interlayers. Thus, the vibrations at 319 cm−1 (#4) and 467
cm−1 (#7) can be associated to Ni−OH vibrations.45 We also
observe a third feature around 506 cm−1 (#8) that can be

Figure 1. Evolution of the (002) Bragg reflection as a function of
pressure at 300 K for dried Ni-Hec. In the top panel, the Bragg
reflection is plotted with colors indicating pressure given by the color
bar. The bottom left panel is the pressure of CO2 applied to the
sample as a function of time. The bottom right panel depicts a
contour plot where the horizontal axis corresponds to d-spacing (d =
2π/q), the vertical axis corresponds to time, and the color represents
the intensity.

Figure 2. X-ray diffraction pattern of the (002) Bragg reflection for
hydrated Ni-Hec at 300 K following the evolution with respect to
pressure for the sample as-prepared at 1 bar up to 40 bar of CO2. The
inset shows the corresponding d-spacing evolution as a function of
pressure.
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assigned either to the presence of structural defects and/or to a
Eg(R) mode for the Ni−OH structure.
In the range of OH-modes between 3000 and 3600 cm−1,

the sharp feature at 3565 cm−1 (#17) is assigned to the A1g O−
H stretch of Ni−OH.45 The remaining modes in this region

are assigned to water present in the clay. These can be divided
into water bonded directly to the interlayer cations, interlayer
water that does not directly interact with the cations, and water
outside the interlayers.46 The latter constitutes a tiny amount
because of the large aspect ratio of the clay particles,28 which
results in a relatively low external surface area. The water not
directly coordinated to the interlayer cations can either be in
the chlorite-like or the smectite-like layers. Given these
possibilities, an unambiguous assignment of the modes in
this region is difficult.
After exposure to 40 bar of CO2 (Figure 4), the intensity of

bands related to CO2 at 1286 cm−1 (#14) and 1388 cm−1

(#15) increases. There is also a clear change in the intensity
associated to OH-groups between 3000 and 3600 cm−1 and an
increase of intensity and sharpening of the vibration associated
to the Mg, LiO6 octahedra, and the asymmetric stretch of SiO4.
Because the density ratio between intercalated and non-

intercalated gaseous CO2 in the probing volume of the Raman
laser is low, the intensity of the CO2 vibrations is most likely to
be dominated by gaseous CO2 in the capillary. The increase
and sharpening of the modes associated to the octahedral and
the tetrahedral sheet of the clay layers can be associated to the
order−disorder transition observed by PXRD (Figures 2 and
3). Indeed, an increased long-range order in clays is known to
enhance the signal to noise-ratio and sharpen the peaks.47 The
shape change in the H2O/OH-region could indicate some local
modification of the water population in the interlayers. In

Figure 3. X-ray diffraction pattern of hydrated Ni-Hec as a function of CO2 pressure at 300 K.

Figure 4. Raman spectra of hydrated Ni-Hec as prepared at 1 bar and exposed to 40 bar of CO2 at 300 K. Numbering indicates the assigned
vibrations, and arrows highlight prominent changes in the spectra. Mode assignment is summarized in Table 1.

Table 1. Raman Vibration Assignment of the Peaks
Presented in Figure 4

feature number position (cm−1) suggested assignment

1 184 Mg,LiO6 octahedra
44

2 222 (small vibration) unassigned
3 280 O−H−O vibrations45

4 319 A1g(T), Eg(T) or Eg(R) Ni-(OH)
45

5 330 bending SiO4
44

6 371 stretch Mg−O50

7 467 A1g/Eu(LO)/A2u(LO) Ni-(OH)
45

8 506 A1g(T) or Eg(T) Ni-(OH)
45

9 696 νs SiO4
44

10 783 vibration SiO4
50

11 1006 vibration SiO4
50

12 1105 νas SiO4
44

13 1265 CO2; hot band
51

14 1286 CO2; 2ν2
51

15 1388 CO2; ν1
51

16 1410 CO2; hot band
51

17 3565 Ni-(OH) A1g O−H45
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addition, there are clear changes for the OH-stretching bands.
The observed changes for the OH-stretching vibrations bear
resemblance to previously observed changes when β-Ni(OH)2
transforms to α-Ni(OH)2,

48 which indicates that CO2 has an
effect on the intercalated [Ni(OH)0.83(H2O)1.17]0.37

1.17+

species. The observed increase of intensity around 1100
cm−1 (#12) can then, in addition to ordering of the clay crystal
structure, be associated with introduced stress in the nickel
hydroxide lattice.48 The increased intensity at 1100 cm−1

(#12) could also be due to carbonate (CO3
2−), which is

known to form a strong symmetric stretch ν1 mode in this
region for Raman spectroscopy.49 The remaining modes for
carbonate, which would be located around 880, 1400, and 680
cm−1, are weaker49 and, in this case, located in regions where
other modes due to the clay and CO2 gas phase are
dominating.
Inelastic Neutron Spectroscopy. INS spectra of pristine

Ni-Hec, both in dried and equilibrated at 43% r.h. states, are
presented in Figure 5.

Dried Ni-Hec before CO2 Exposure. In the spectrum for the
dried Ni-Hec sample (Figure 5), we observe peaks at 70, 109,
165, 215, and 300 cm−1 (#1, #2, #3, #4, and #5), a broad
distribution centered around 400 cm−1 (#6), a broad
distribution centered around 670 cm−1 (#7), and a broad
shoulder centered at 810 cm−1 (#8). Previous INS measure-
ments on β-Ni(OH)2 have shown peaks at 90, 115, 294/313,
358, 394, 421/452, 680, and 880 cm−1.45,52 In agreement with
the findings by Loch et al.,24 where the structure was identified
as [Ni(OH)0.83(H2O)1.17]0.37

1.17+, the sharp peaks at 70 and
215 cm−1 (#1, #4) are correlated with the confined water
coordinated to the nickel hydroxide species.53 One could
question whether the peaks might be related to partial
hydrolysis of Mg3F-moieties giving rise to a structure
Mg3OH. This is, however, unlikely as the Ni-Hec was obtained
by ion exchange of melt-synthesized Na-Hec (Figure S3),
which lacks bands in this region. Modes and tentative
assignment are summarized in Table S1.

Hydrated Ni-Hec before CO2 Exposure. For hydrated Ni-
Hec equilibrated at 43% r.h., corresponding to a 2 WL
hydration as in the PXRD/Raman spectroscopy measurements
(Figure 5), which contains both [Ni(H2O6)]

2+ and [Ni-
(OH)0.83(H2O)1.17]0.37

1.17+, we observe a sharp peak on a broad
distribution at 76 cm−1 (#1), in addition to sharp peaks at 109,
215, and 237 cm−1 (#2, #5, and #6), and minor vibrations
centered around 130 and 165 cm−1 (#3 and #4). From 335 to
1000 cm−1, a broad distribution is found, with sharper features
at 430, 480, 575, 650, and 800 cm−1 (#8, #9, #11, #12, and
#13). The hydrated Ni-Hec shows the same modes as the
dried sample associated to the Ni−OH moieties as well as new
modes associated to water (see further discussion below).
Modes and the assignment are summarized in Table S2.
In the difference spectrum in Figure 5, since we have

removed the contribution from the clay and the condensed
[Ni(OH)0.83(H2O)1.17]0.37

1.17+, we are left only with the
contribution from different types of water present in this
sample. Considering that INS is in particular sensitive to
intramolecular water librational modes located between 300
and 1100 cm−1, we can argue that the sharp librational edge at
336 cm−1, previously observed in beidellite and montmor-
illonite26 and shown to have a clear dependence on the
interlayer cation, here originates from water coordinated to
Ni2+. The second onset around 510 cm−1 with a significant
peak at 580 cm−1 suggests the presence of less confined
interlayer water, which is the noncoordinated interlayer water
and responsible for the water loss below 100 °C observed in
the TGA data (Figure S6). The absence of a clear librational
edge similar to ice confirms the absence of a significant amount
of noninterlayer water. The presence of these assigned water
populations is further confirmed by analyzing the low energy
region of the spectra. Free bulk water54 is characterized with an
excitation around 50 cm−1, while confined water molecules are
characterized by a vibrational mode centered at about 80
cm−1.54,55 Thus, the observation of the sharp peak at 76 cm−1

is indicative of interlayer water coordinated to the Ni2+ cation,
while the observation of a broad shoulder toward 50 cm−1, also
observed recently by Larsen et al.,55 is consistent with the
presence of water that is not coordinated with cations.

Dried Ni-Hec after CO2 Exposure. Pronounced changes in
the INS spectra are observed for the dried Ni-Hec (Figure
6a,b) upon CO2 exposure. For the dried sample exposed to 5
bars of CO2 at low energy transfer, a gain of intensity at 50
cm−1, followed by an intensity loss at 72 cm−1, and broad
intensity gain between 80 and 160 cm−1 and at 176 cm−1 are
observed. At 44 bar of CO2, the signal in this region is more
pronounced. Both at 5 and 44 bar, with the broad peaks
centered around 215 and 400 cm−1, a significant intensity loss
was recorded. At 5 bar, there are still visible peaks left
associated to the Ni−OH moieties at 336, 420, and 470 cm−1,
which are quite suppressed at 44 bar. Furthermore, at 5 bar, we
observe an excess in energy at 675 cm−1 that transforms into a
sharp peak at 655 cm−1 when increasing the CO2 pressure to
44 bar.
For dried Ni-Hec after removing CO2 by applying vacuum

(Figure 6c), we observe at low wavenumbers a small increase
of intensity at 50, 70, and 101 cm−1, whereas at higher energy
transfers, the broad peaks centered at 215 and 400 cm−1 have
not reached their full initial prominence. The onset of the peak
centered at 680 cm−1 has a shift to 530 cm−1 from 610 cm−1.
The signal seems to a large degree to return the initial signal,
however, not to full prominence.

Figure 5. INS experimental spectra of Ni-Hec in dried (145 °C under
vacuum) and hydrated states (equilibrated at 43% r.h.). The
difference spectrum below is compared with the INS spectrum of
ice Ih as a standard reference (in orange and scaled by the right axis).
As a result of an ordered H-bond network, amorphous Ih is
characterized by a pronounced librational edge. Numbers and arrows
highlight important modes summarized in Tables S1 and S2. The
spectra were recorded at T < 20 K.
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For dried Ni-Hec, the modes associated to the [Ni-
(OH)0.83(H2O)1.17]0.37

1.17+ interlayer species are severely
attenuated (Figure 6b) and considerable crystalline swelling
due to CO2 exposure is observed (Figure 1). INS, gravimetric
adsorption, and PXRD data on dried Na-Hec are presented in
the Supporting Information, where neither uptake, swelling,
nor spectroscopic changes are observed. As no changes are
found when dried Na-Hec is exposed to CO2 and, in addition,
previous observations on cations with high hydration
enthalpy8,10,22 show no swelling, this suggest that the
smectite-like interlayer does not play a role for the CO2
c a p t u r e i n t h e d r i e d c a s e . Thu s , t h e [N i -
(OH)0.83(H2O)1.17]0.37

1.17+ species plays the important role in
the adsorption of CO2 by dried Ni-Hec. This then means that
the smectite layers remain unchanged with a d-spacing of
about 10 Å and that the chlorite-like layers swell from about
13−14 to 15−16 Å. This reaction must be reversible since our
PXRD experiments with repeated exposure to CO2, a long
(>24 h) evacuation of the sample or moderate heating (>50
°C) is sufficient to return the Bragg reflection to the same
initial position. This suggests that the observed state by INS
after releasing the CO2 (Figure 6c) is a transient step during
the return to the initial structure and that there is still some
CO2 adsorbed to the structure. However, based on the present
data, we cannot completely rule out the possibility that the
reaction between CO2 and nickel hydroxide contained within
the clay produces permanent structural changes to nickel
hydroxide islands.
Hydrated Ni-Hec after CO2 Exposure. After being exposed

to CO2 at room temperature and cooled down to T < 20 K, for
the hydrated Ni-Hec (Figure 7), the changes are evident in the
difference spectrum, and new modes are observed at 64, 95,
and 117 cm−1. There is also a slight increase of intensity
around 315 cm−1 and a small general loss of intensity between
400 and 900 cm−1. In addition, a new vibration is observed at
655 cm−1.
As various different hydrogenated species (coordinated and

n on - c o o r d i n a t e d i n t e r l a y e r w a t e r , a n d [N i -
(OH)0.83(H2O)1.17]0.37

1.17+) coexist for hydrated Ni-Hec, it is
less obvious whether the changes observed by INS upon CO2
exposure are a consequence of changes in the librational modes
associated to one or more of the water species or by direct

association to the [Ni(OH)0.83(H2O)1.17]0.37
1.17+. The negli-

gible changes along the librational edge agree with a strong
coordination of water with Ni2+, which is not disrupted by CO2
exposure. However, we observe changes in the modes of the
interlayer water by Raman spectroscopy (Figure 4), which
together with the INS observations may be indicative of
influence on the non-coordinated interlayer water by CO2. The
general loss of INS intensity, similar to the dried case, suggests
a similar interaction between CO2 and interlayer [Ni-
(OH)0.83(H2O)1.17]0.37

1.17+ both for dried and hydrated Ni-
Hec. In addition, by Raman spectroscopy, we observe clear
changes in what we identify as the OH-stretching modes of the
intercalated nickel hydroxide, indicating an interaction with
CO2. The smaller crystalline swelling of hydrated Ni-Hec
compared to the dried case (Figure 2) is due to the layers
being more similar to one another for hydrated Ni-Hec. We
can assume that the smectite-like interlayer remains unchanged
at about 15 Å, which is evidenced by the observed stability of
the H-bonding by INS. Then, the chlorite-like layer swells
from about 14−15 Å, and the chlorite-like layer could adopt a
similar structure to what is observed for the dried state. The
observed improved ordering is similar to what has previously

Figure 6. INS experimental spectra of the dried Ni-Hec initial state and that exposed to (a) 5 bar of CO2, (b) 44 bar of CO2 and (c) after cycling
(loading and pumping) with the corresponding difference spectra given below. Loading of CO2 was performed at room temperature, and the
spectra were recorded at T < 20 K. Arrows and asterisk (*) highlight important changes in the spectra.

Figure 7. INS experimental spectra of hydrated Ni-Hec (equilibrated
43% r.h.) in the initial state and exposed to 44 bar of CO2 at room
temperature. Arrows and asterisk (*) highlight important changes in
the spectra. The spectra were recorded at T < 20 K.
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been observed upon hydration of Na-Hec and4 suggests that
the incorporation of CO2 in the interlayer strengthens the
interaction between the interlayer species and 2:1 clay layers.
Further Discussion. For both the dried and the hydrated

sample, a peak is forming at 655 cm−1, (marked by an asterisk
in Figure 6b), accompanied with vibrations at 64, 95, and 117
cm−1. For the vibration at 655 cm−1, we may suggest three
possibilities based on the literature: Librational modes for
water are observed in this region, bending modes for CO2 are
also observed at 640 cm−156 as well as modes associated to
bicarbonates.57 As this peak is not observed in the spectra of
the dried Na-Hec (see Supporting Information), formation of
solid CO2 on the external surfaces of the Hec samples or in the
remaining probing volume of the neutrons in the sample cell is
unlikely. Notably the cross section of CO2 is 20 times lower
than that of hydrogen; thus, the observation of this peak is
unlikely to be due to the bending mode of CO2. It is possible
that these changes also are associated with local changes of the
water population. Following this reasoning, the peak that gains
intensity at 64 cm−1 could suggest a more ordered water
population.54 The sharp vibration at 655 cm−1 could also
originate from a specific librational mode associated to this
ordered water state, possibly through segregation of some
water molecules to monomers and dimers.58 Water confine-
ment in UO2F2 displays a peak at 778 cm−1, that simulations
attribute to a librational phonon mode along the a/b-axis at
712 cm−1, due to confined water within the van der Waals gap
of that material.59 The incorporation of CO2 in the interlayer
may then force some of the H2O associated with the hydroxide
species into a more confined situation. If we consider that the
hydrogen bonds in HCO3

- are weak, we may assign the present
INS modes to HCO3

- based on the study of Fillaux et al. on
potassium bicarbonate.57 However, there are no observed
bicarbonate modes by Raman spectroscopy (Figure 4).
From the current experiments, it still is unclear what is the

reaction between CO2 and the [Ni(OH)0.83(H2O)1.17]0.37
1.17+

species. A possible mechanism that can be suggested has been
observed on goethite under anhydrous conditions,60 where
CO2 is chemisorbed according to Ni−OH + CO2 → Ni−O-
(HCO2). By this reaction, hydroxide groups are converted into

bicarbonate and this would significantly reduce the intensity
associated to the corresponding modes. The chemisorbed CO2
may then be grafted as a bicarbonate to the condensed nickel
hydroxide species, causing the swelling by adopting a structure
as illustrated in Figure 8. However, as no bicarbonate modes
are unambiguously observed by Raman spectroscopy, this is
not evident from the present data.
Nevertheless, our experimental data show clear evidence that

the intercalated [Ni(OH)0.83(H2O)1.17]0.37
1.17+ species play a

crucial role in the incorporation of CO2 in the interlayers, both
for the dried and hydrated cases. This is corroborated by DFT
simulations (Figure 9), which are consistent with the

experimentally observed d-spacing of the dehydrated system
here and in the study by Loch et al.24 In addition, the
simulations (Figure 9) show that the cohesion energy of the
chlorite-like layers (−0.63 eV) is significantly lower than that
for the smectite-like layers (−1.73 eV). This strengthens our
arguments that the chlorite-like layers are responsible for the
CO2 uptake and swelling in this system. Based on these
calculations, we can argue that CO2 in the chlorite-like layers
may attach to the edge of the nickel hydroxide islands and bind

Figure 8. Hypothesized model for crystalline swelling in Ni-Hec clay in response to CO2 exposure. The CO2 interacts only with and causes swelling
only of chlorite-like layers.

Figure 9. Basal spacing and energy per unit cell cohesive energy
obtained by computational studies based on DFT calculations for the
dehydrated smectite layers with Ni2+ and chlorite-like layers with a
confined β-Ni(OH)2.
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to not fully coordinated nickel atoms forming a strong bond
(EAds), see Supporting Information.

■ CONCLUSIONS

Developing new sorbent materials for CO2 is of key
importance to solve issues related to greenhouse gas emissions.
By PXRD, Raman spectroscopy, and INS, we identified a
hitherto overlooked mechanism for CO2 adsorption in
hectorite clay. With these techniques, we took a new approach,
where we study the mechanism for CO2 adsorption from the
perspective of interlayer hydrogeneous species, that is
hydroxides and water. Phase pure and charge homogeneous
synthetic fluorohectorite provides a unique template for
studying such interactions as it has no structural hydrogen
incorporated in the 2:1 clay layer structure. For Ni-exchanged
hectorite, an ordered interstratification of chlorite-like layers
and smectite-like layers, we found that the intercalated nickel
hydroxide promotes incorporation of CO2 in the clay
interlayers. Our results suggest that the CO2 binds to the
[Ni(OH)0.83(H2O)1.17]0.37

1.17+ species, both in the dried and
the hydrated case, and is responsible for swelling in response to
CO2. No incorporation of CO2 was found in the smectite-like
layers for the dried case. Furthermore, CO2 has limited impact
on the water coordinated to the interlayer cations for the
hydrated case.
In future work, we will perform ion exchange with a variety

of transition metal elements known for their condensation
tendency at slightly elevated pH (>8). As shown in the
literature,61−63 this will produce condensed chlorite-type
interlayers only and therefore should increase the adsorption
capacity for CO2, rendering Ni-exchanged hectorite techno-
logically competitive to other adsorption materials.
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Castañon, J. Recent and future developments on TOSCA at ISIS. J.
Phys.: Conf. Ser. 2014, 554, 012003.
(33) Mitchell, P. C. H. Vibrational Spectroscopy with Neutrons: with
Applications in Chemistry, Biology, Materials Science and Catalysis;
World Scientific, 2005; Vol. 3.
(34) Arnold, O.; Bilheux, J. C.; Borreguero, J. M.; Buts, A.;
Campbell, S. I.; Chapon, L.; Doucet, M.; Draper, N.; Ferraz Leal, R.;
Gigg, M. A.; et al. MantidData analysis and visualization package
for neutron scattering and μ SR experiments. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2014, 764, 156−
166.

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

https://dx.doi.org/10.1021/acs.jpcc.0c07206
J. Phys. Chem. C 2020, 124, 26222−26231

26230

https://dx.doi.org/10.1016/j.micromeso.2013.07.032
https://dx.doi.org/10.1016/j.micromeso.2013.07.032
https://dx.doi.org/10.1016/j.micromeso.2013.07.032
https://dx.doi.org/10.1039/c2ra20457f
https://dx.doi.org/10.1039/c2ra20457f
https://dx.doi.org/10.1021/la204164q
https://dx.doi.org/10.1021/la204164q
https://dx.doi.org/10.1038/srep08775
https://dx.doi.org/10.1038/srep08775
https://dx.doi.org/10.1038/s41598-018-30283-2
https://dx.doi.org/10.1038/s41598-018-30283-2
https://dx.doi.org/10.1021/acsami.7b10590
https://dx.doi.org/10.1021/acsami.7b10590
https://dx.doi.org/10.1021/acs.jpcc.7b12270
https://dx.doi.org/10.1021/acs.jpcc.7b12270
https://dx.doi.org/10.1021/acs.jpcc.7b12270
https://dx.doi.org/10.1021/acs.jpcc.7b12270
https://dx.doi.org/10.1021/acs.jpcc.8b06602
https://dx.doi.org/10.1021/acs.jpcc.8b06602
https://dx.doi.org/10.1021/acs.jpcc.8b06602
https://dx.doi.org/10.1016/j.clay.2018.09.029
https://dx.doi.org/10.1016/j.clay.2018.09.029
https://dx.doi.org/10.1016/j.clay.2018.09.029
https://dx.doi.org/10.1002/ange.201710717
https://dx.doi.org/10.1002/ange.201710717
https://dx.doi.org/10.1002/ange.201710717
https://dx.doi.org/10.1016/j.ijggc.2011.11.001
https://dx.doi.org/10.1016/j.ijggc.2011.11.001
https://dx.doi.org/10.1016/j.ijggc.2011.11.001
https://dx.doi.org/10.1016/j.gca.2015.03.027
https://dx.doi.org/10.1016/j.gca.2015.03.027
https://dx.doi.org/10.1021/la301136w
https://dx.doi.org/10.1021/la301136w
https://dx.doi.org/10.1021/la500682t
https://dx.doi.org/10.1021/la500682t
https://dx.doi.org/10.1021/la500682t
https://dx.doi.org/10.1016/j.egypro.2013.06.463
https://dx.doi.org/10.1016/j.egypro.2013.06.463
https://dx.doi.org/10.1016/j.ijggc.2012.01.011
https://dx.doi.org/10.1016/j.ijggc.2012.01.011
https://dx.doi.org/10.1016/j.micromeso.2018.06.050
https://dx.doi.org/10.1016/j.micromeso.2018.06.050
https://dx.doi.org/10.1016/j.micromeso.2018.06.050
https://dx.doi.org/10.1021/es301382y
https://dx.doi.org/10.1021/es301382y
https://dx.doi.org/10.1021/jp1043305
https://dx.doi.org/10.1021/jp1043305
https://dx.doi.org/10.1021/acs.jpcc.8b11296
https://dx.doi.org/10.1021/acs.jpcc.8b11296
https://dx.doi.org/10.1021/acs.jpcc.8b11296
https://dx.doi.org/10.1016/j.clay.2016.01.012
https://dx.doi.org/10.1016/j.clay.2016.01.012
https://dx.doi.org/10.1016/j.clay.2020.105831
https://dx.doi.org/10.1016/j.clay.2020.105831
https://dx.doi.org/10.1016/j.clay.2014.05.004
https://dx.doi.org/10.1016/j.clay.2014.05.004
https://dx.doi.org/10.1021/acs.jpcc.5b08838
https://dx.doi.org/10.1021/acs.jpcc.5b08838
https://dx.doi.org/10.1021/acs.jpcc.6b11836
https://dx.doi.org/10.1021/acs.jpcc.6b11836
https://dx.doi.org/10.1021/acs.jpcc.6b11836
https://dx.doi.org/10.1021/acs.jpcc.6b11836
https://dx.doi.org/10.1021/la304453h
https://dx.doi.org/10.1021/la304453h
https://dx.doi.org/10.1107/s1600577516002411
https://dx.doi.org/10.1107/s1600577516002411
https://dx.doi.org/10.1107/s0021889810038148
https://dx.doi.org/10.1107/s0021889810038148
https://dx.doi.org/10.1016/j.nima.2018.04.009
https://dx.doi.org/10.1088/1742-6596/554/1/012003
https://dx.doi.org/10.1016/j.nima.2014.07.029
https://dx.doi.org/10.1016/j.nima.2014.07.029
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07206?ref=pdf


(35) Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys.
Rev. 1964, 136, B864.
(36) Kohn, W.; Sham, L. J. Self-consistent equations including
exchange and correlation effects. Phys. Rev. 1965, 140, A1133.
(37) Berland, K.; Hyldgaard, P. Exchange functional that tests the
robustness of the plasmon description of the van der Waals density
functional. Phys. Rev. B: Condens. Matter Mater. Phys. 2014, 89,
035412.
(38) Soler, J. M.; Artacho, E.; Gale, J. D.; García, A.; Junquera, J.;
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