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ABSTRACT: Mg-Al layered double hydroxides (Mg-Al LDHs) are crystalline compounds with
layered structures composed of hydroxide layers and interlayer anions such as COs*". The
detailed understanding of the thermal decomposition behaviors is indispensable for materials
design toward promising applications such as CO, adsorbents. Here we report that the thermal
decomposition behavior of a well-crystallized Mg-Al LDH having an Mg/Al atomic ratio of 2,
where all hydroxyl groups experience an identical chemical environment, provides quantitative
evidence for and clear molecular-/atomic-level pictures of the multi-step transformation of the
crystals at elevated temperature. Thermal decomposition is found to occur in multi-steps of 1)
release the interlayer water, 2) dehydroxylation of just one-third of hydroxyl groups
accompanied by formation of coordinatively unsaturated sites followed by coordination of
carbonate to metals, and 3) collapse of the layered structure at higher temperature. The stepwise
structural transformations are not ascribable to different coordination environments of hydroxyl
groups. The reason is possibly that the structure after the partial dehydroxylation of the metal
hydroxide layers is rather stable. Structural optimization by first-principles DFT calculations and
its powder X-ray diffraction simulation supported the interpretations for and the molecular-level
pictures of the structural transformation. These results resolve the various interpretations on the

structural change of the crystals.



INTRODUCTION

Layered double hydroxides (LDHs) are layered compounds that have been known for a long
time! but have recently been attracting much attention owing to their wide variety of advanced
functions. Layered nickel hydroxides and Fe-containing LDHs are promising as electrode
catalysts for water oxidation.>® Solid base catalysis for organic chemical reactions,*¢
photocatalysis for CO, reduction,”® and ion storage materials’ are also important research fields
for green chemistry and sustainable energies. Recently developed techniques have enabled the

10-13 and nanosheets.'* Composite materials

synthesis of LDH nanomaterials such as nanocrystals
containing LDH have been reported to be promising as supercapacitors'> and high gas barrier

coatings.'®
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Figure 1. Illustration of Mg-Al LDH structure.

Mg-Al LDH, with the chemical formula [MgiAlL{(OH)2]*" [A" vx] * m H20, has also
been studied for a long time from the viewpoints of both crystal chemistry and applications. The
metal hydroxide layers are positively charged and the interlayer anions A" neutralize the

charge.! Figure 1 shows a schematic illustration of Mg-Al LDH (here the anions are CO3>"). The



anions form stable hydrogen bonding networks with water molecules in the interlayer spaces.”!’
The “memory effect” seems to be a significant reason why the crystal chemistry of LDH is
attractive and mysterious: the layered crystal structure of Mg-Al LDH decomposes at above
approximately 650 K, with the evolution of gaseous CO; and water vapor, to form a Mg-Al
mixed oxide with a rock salt structure, and the oxide readily reproduces the LDH layered
structure in the presence of water at ambient temperature as if it has memorized the original
layered structure. The mechanism of this “memory effect” remains a controversial topic.'®
Furthermore, the details of the structural transformation of Mg-Al LDH at the lower temperature
range also remain obscure. Many studies have reported the multistep structural transformation of
Mg-Al LDH accompanied by the evolution of water vapor.!*>*> However, the interpretation of
this transformation is ambiguous. For example, water vapor evolution at approximately 473 K
(here we call this the 1st step) is sometimes ascribed to the loss of hydroxide groups associated
with Al (Al-OH), and water evolution at higher temperature (the 2nd step at ca. 580 K) is
assigned to the loss of Mg-OH.?! In other studies, the 2nd step has been ascribed to that of Al-
OH and the 3rd step (above 650 K) is associated with Mg-OH,?? and vice versa.?®> Moreover, the
interlayer distance significantly changes during these steps but its interpretation, from the crystal
structural aspect, has remained unclear for a long time.'®?* Many of these previous studies used
Mg-Al LDH samples with Mg/Al atomic ratio of 3.

Here we report that by using a well-crystallized Mg-Al LDH sample having an Mg/Al
atomic ratio of 2, we obtain a clear interpretation of the structural transformation steps with
quantitative evidence by means of gas evolution measurements during thermal decomposition,
thermogravimetric analysis (TGA), in situ Fourier transform infrared spectroscopy (FT-IR) and

in situ X-ray powder diffraction (XRD) combined with first-principles calculations. The



advantage of the sample with Mg/Al atomic ratio of 2 is simplicity of the structure. Figure 2
summarizes the strategy we took in this study. As shown in Fig. 2(c), samples with Mg/Al=3
have inevitable structural complexity such as possible different metal ion arrangements in the
layers and coexisting different coordination environments of hydroxide groups. On the other
hand, in the structure of LDH with Mg/Al=2, each hydroxyl group coordinates to two Mg ions

and one Al ion (Fig. 2(b)) (Note that Al ions do not occupy neighboring sites in the layer). That
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Figure 2. Structure of Mg-Al LDH with different Mg/Al atomic ratios. (a) Side view of an
Mgi-+AlL(OH); layer slab in Mg-Al LDH crystal structure. (b) Top view of an
[Mg,Al(OH)s]" layer slab (Mg/Al = 2). (c) Top views of [Mg3Al(OH)s]" layer slabs (Mg/Al =

3) with different metal ion arrangements.



is, all hydroxide ions experience an identical chemical environment and the difference of Mg-OH
and Al-OH is meaningless. This simplicity enables us to obtain clear molecular-/atomic-level
pictures of the structural transformation based on experimental evidence and DFT calculations.
These insights are useful for designing novel and promising adsorbents and catalysts based on

the crystal structure and characteristic behavior of this material.

METHODS

Mg-Al LDH was synthesized by a hydrothermal method according to the report of Okamoto et
al.?* Crystallinity and purity of the sample were high judging from XRD pattern and SEM
images as shown in Figures 3 and S1. The Mg/Al atomic ratio of the LDH was determined with
an inductively coupled plasma (ICP) spectrometer (Thermo Fisher Scientific iCAP 6000).
Evolution rates of gas molecules from the sample upon heating were measured using a gas flow
system equipped with a Q-mass spectrometer. The sample (30 mg) was set in a quartz tube
reactor and heated at a temperature ramp rate of 10 K min! up to 873 K under an Ar flow (100
cm® min!). The gas from the outlet was analyzed with the Q-mass spectrometer. The absolute
value of the CO; evolution rate was calibrated using a standard gas, whereas that of H>O was
expressed by the Q-mass signal intensity because H>O molecules strongly adsorbed on the inner
walls of the apparatus. Separately, TGA was also used to obtain quantitative information about
the desorbed gases during heating of the sample. The composition formula of the LDH sample
was determined by combining the results from ICP, TPD and TG-DTA. The amount of interlayer
COs% was assumed to be half the total of Al atoms considering the charge balance. Ex situ or in
situ X-ray powder diffraction (XRD or in situ XRD) was performed with a D8 Advance

diffractometer (Bruker), using an in situ sample chamber (Anton-Paar TTK-450) if necessary. Cu



Ko radiation was used for the XRD measurements. /n situ Fourier transform infrared absorption
spectroscopy (in situ FT-IR) was performed using an FT-IR 4200 (JASCO) spectrometer
combined with a glass cell connected to a vacuum system. /n situ XRD and in situ FT-IR were
used to collect data at elevated temperatures in a vacuum. Structural optimization of the
structural models was carried out by first-principles DFT calculations (CASTEP 2020). The
shape of the unit cell of the initial model employed in the calculation is hexagonal type and
contains two layers. In order to reproduce the arrangement pattern of Mg and Al ions in the layer
shown in Fig. 2(b), 6 x 6 supercell in the a and b directions were constructed. Thus, the cell
parameters of the initial model was a = 18.276 A, b = 18.276 A, ¢ = 13.500 A, o = 90°, f = 90°,
and y = 120°. In the structural optimization, Monkhorst-Pack grid with 2x2x2 was employed and
the plane wave basis set cut-off was set to 571.4 eV. No symmetry was assumed (space group:
P1), and positions of all atoms (48 Mg, 24Al, 156 O, 12 C and 96 H) and all cell parameters were
finally optimized. OTFG ultrasoft pseudopotentials, GGA, PBESolid fractional and TS method
for DFT-D correction was used as they are implemented in CASTEP 2020. In order to simulate
Infrared spectrum of a carbonate ion, linear response or density functional perturbation
theory?>2¢ implemented in CASTEP 2020 was applied to a COs> ion in the optimized structure
model (Figure S4). In the calculation, Monkhorst-Pack grid with 1x1x1 was employed and the
plane wave basis set cut-off was set to 900.0 eV. Norm conserving pseudopotentials were used.
Simulated powder X-ray diffraction pattern was calculated using Diamond 3.2 software package

for the crystal structure obtained by the DFT calculations.



RESULTS AND DISCUSSION

Figure 3 shows the XRD pattern of the Mg-Al LDH sample. The sample was prepared by a
hydrothermal method.?* Sharp diffraction peaks assigned to the basal planes (003 and 006) were
clearly observed (Fig. 3(a)). Owing to the preferred orientation of the well-developed plate-like
particles (see SEM images of the sample in Fig. S1 in the Supporting Information), the
diffraction peaks other than those from the crystal planes parallel to the layer were rather weak.
The magnified XRD pattern (Fig. 3(b)) shows that the other diffraction peaks were very sharp,
which indicated the LDH sample was highly crystalline. The lattice constants were refined using
the d spacing calculated from the peaks observed in Fig. 3 (a = 3.048(1) A, ¢ =22.74(1) A). The

metal composition (Mg/Al atomic ratio) of the sample was determined to be 1.93 by ICP analysis.
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Figure 3. XRD patterns of the Mg-Al LDH sample.

(a) The whole pattern and (b) magnified pattern.



The Mg-Al LDH with a Mg/Al atomic ratio = 3 is known to readily form when the sample is
prepared by the conventional co-precipitation method.! However, the chemical analysis in the
present study gave a value of Mg/Al = 2. According to the literature,?’ the lattice constant « is a
function of the Mg/Al ratio. That is, because the ionic radius of Mg is larger than that of Al, the
lattice constant a increases as the Mg/Al ratio increases. The value of @ = 3.048 A corresponds to
an Mg/Al of approximately 2 (ref. 27), which is consistent with the chemical analysis result

mentioned earlier.

The profiles of the gas evolution rates during thermal decomposition experiment are shown in
Figure 4(a). The gas evolution rates of H>O and CO; were measured by the Q-mass spectrometer.
The ordinates correspond to the gas evolution rates of HoO and CO» from the sample during

heating at 10 K min~!. One step of CO, desorption at higher temperature and three steps of HO
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Figure 4. (a) CO2 and H>O gas evolution rate profiles from LDH sample as functions of
sample temperature during heating at constant temperature ramp rate. (b) /n situ FT-IR
spectra of LDH in vacuum at elevated temperatures. Left and right panels show the whole and

magnified ranges of wavenumbers, respectively.



desorption were observed, where the CO; desorption took place at the same time as the third step
of H>O desorption. This step corresponds to the collapse of the layered crystal structure.!”! At
lower temperature, there were two steps of H>O evolution at approximately 473 and 573 K.
These steps were clearly resolved and each of them should be ascribable to different chemical
transformations of the layered crystal. A trace amount of CO> evolution was observed at around
473 K. Its origin is unknown, and one possibility is carbonate species adsorbed on outer-surfaces
of LDH crystallites.

Further investigation was carried out regarding the multi-step chemical transformation of the
crystals: in situ FT-IR results are shown in Figure 4(b). In the FT-IR spectrum at room
temperature, a strong peak with a shoulder was observed at 1362 cm™!. According to the
literature,?® this peak was assigned to COs*  anions hydrogen bonded to interlayer water
molecules. At 463 K, the peak at 1362 cm™! disappeared and a new peak emerged at 1539 cm ™.

The peak shift to a higher wavenumber was interpreted as a result of a loss of the hydrogen
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Figure S. (a) TG analysis of the Mg-Al LDH samples. The temperature ramp rates are 3 K
min . DTA data showed that all weight-loss steps were endothermic processes. (b) In situ

XRD patterns of Mg-Al LDH.
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bonds. The single peak at 1539 cm™! indicated that the carbonate ions were in a highly
symmetrical chemical environment: almost all hydrogen bonds to interlayer water were broken at
463 K. At 603 K, the spectrum exhibited two separate peaks at 1539 and 1422 cm™'. The split
peaks indicated a lower symmetrical chemical environment, such as carbonates coordinating to
metal ion(s). The peak split is known to significantly depend on the coordination structure of the

2829 in the case of monodentate carbonate species, the split between the two

carbonate species:
peaks is less than 300 cm™' and bidentate species give a split of more than 300 cm™'. The
experimental value of the split was 117 cm™' in the spectrum at 603 K (Fig. 3(b)), which
indicated the carbonate species was monodentate above 603 K, i.e., after the 2nd step of HO
desorption, being consistent with an earlier theoretical calculation.*

These results led to the straightforward insights that the 1st step corresponds to desorption of
interlayer water molecules and the 2nd step is ascribed to partial dehydroxylation of the metal
hydroxide layers to form coordinatively unsaturated sites followed by coordination of the
carbonate species to them.

TGA gives quantitative data of the chemical transformation of the crystals. Especially, the
chemical environment of hydroxyl groups was uniform in the present sample, as mentioned
above, so the information is expected to be powerful for a clear insight into the chemical
reactions. Three steps of weight loss were clearly observed in the TGA results shown in Figure
5(a) and Figure S2. The 1st, 2nd and 3rd steps corresponded to 12.3, 7.2 and 21.7% of the initial
weight, respectively (Fig. 5(a)). Expecting that the stepwise transformations are well resolved,
we used TGA data with a slow temperature ramp rate of 3 K min~'. Actually it was confirmed

that these values were not sensitive to the different temperature ramp rates (3 and 10 K min!), as

shown in Fig. S2. Here, it should be noted that, according to Fig. 4(a), the 1st and 2nd steps of

11



the weight loss were purely ascribed to H,O desorption, while the 3rd step included CO
desorption as well as that of H»O. It should be noted that the sample consists of well-developed
crystallites and BET surface area of this sample is as small as 5.8 m? g"!. From this value and
molecular cross-sectional area of H,O (0.125 nm?) the monolayer adsorption amount of water Vi
is calculated to be 7.7 x 10> mol g !. In prior to the measurements of the gas evolution (Fig.
4(a)) and the TGAs (Fig. 5(a) etc), the sample was exposed to a dry gas flow (Ar or N») in the
apparatus at room temperature for enough time (ca. 1 h) to minimize physisorbed water. That is,
it is not likely that the surfaces of the sample are covered by thick physisorbed water multilayers
in these conditions. Here, the monolayer adsorption amount Vy, is as small as 1.1% of the H>O
observed in the 1st step. Thus, the TG results are assigned to the amount of interlayer water at
the 1st step (Table 1) and the amount of partial dehydroxylation at the 2nd step. The interlayer
water amount (1.61) was close to the value calculated from the occupation of interlayer spaces
(1.5)(ref. 31). The change of the chemical formula (composition) for each step is shown in

Scheme 1.

Table 1. Properties of the LDH sample

Mg/ Al 1.93
Chemical formula Mgi.98Al1.02(OH)s = 0.51 CO3 + 1.61 H,O
Lattice constant a 3.048 (1) A
Lattice constant ¢ 22.74 (1) A
Interlayer distance 7.58 A

12



Scheme 1. Change of composition of the LDH sample in each step

Mgi.98Al1.02(OH)s = 0.51 CO3 * 1.61 H,O

l - H,O (Iststep, up to 503 K)
Mgi.98Al1.02(OH)s + 0.51 CO3

l - H,O (2nd step, up to 603 K)
Mgi.98Al1.02(OH)4.1100.95°0.51 CO3

l - Hy0, - CO, (3rd step, above 643 K)

Mgi.98Al1.0203.51

Here it should be noted that the amount of dehydroxylation at the 2nd step was very close to
one third of the hydroxyl groups: if all metal ions changed from octahedral to square pyramidal

(that is, the coordination number changes from 6 to 5), just one third of the hydroxyl groups

Figure 6. Top views of [Mg,Al(OH)s]" layer slab (Mg/Al = 2) (a) and idealized partially

dehydroxylated layer [Mg2Al(OH)40]" (b).
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should be lost. One of the ideal structures of the hydroxide layer is shown in of Figure 6(b). Two
Mg ions and one Al ion form one coordinatively unsaturated site, and the number of
coordinatively unsaturated sites is twice that of carbonate ions (i.e. Mg2Al / CO3%™ ~2). Thus each
carbonate ion can form a monodentate species by coordinating to two Mg and one Al ions using
one unsaturated site.

To obtain information about the crystal structure during heating, in situ XRD measurements
were carried out at elevated temperatures in a vacuum. The results are shown in Figure 5(b). At
room temperature, sharp peaks, indexed as 003 and 006, were clearly observed (bottom black
line in Fig. 5(b)). The interlayer distance was 7.60 A. Then the sample was heated to 463 K with
the expectation to observe the structural change induced by the Ist step of H.O desorption at
approximately 473 K, as shown in Fig. 4 (Note that the sample temperature was constant for
each measurements in Figs. 4(b) and 5(b), whereas temperature was continuously elevated in
Figs. 4(a) and 5(a)). As shown by the blue line in the middle of Fig. 5(b), the interlayer distance
decreased only slightly by 0.1 A. Another observation is that the 006 peak was significantly
weakened compared with the pattern obtained at room temperature. Next, the sample was heated
to 603 K. This temperature corresponded to that slightly higher than the 2nd H>O evolution step
at approximately 573 K. The XRD pattern (top red line in Fig. 5(b)) showed that the peak from
the basal plane (003) remained strong, and the interlayer distance drastically decreased by 0.93 A
to 6.57 A. The intensity of the 006 diffraction peak decreased further.

The in situ XRD experiments demonstrated two important things: (1) after the 2nd step, the
layered structure of the crystals is maintained, and (2) the interlayer distance drastically
decreases before and after the 2nd step (i.e. partial dehydroxylation of the layers). The in situ FT-

IR revealed that, after the 2nd step, the carbonate ions formed monodentate species. On the basis

14



of all the information combined, a structural model was constructed and all atomic positions and
cell parameters were optimized by first-principles DFT calculations. Vibrational spectra were
also calculated and compared with the in situ FT-IR results.

The structurally optimized model after the partial dehydroxylation (i.e., after the 2nd step) is
shown in Figures 7 and S3. All carbonate species formed monodentate species by coordinating to
two Mg and one Al ions using half of the coordinatively unsaturated sites generated by the
dehydroxylation of the layers. Calculation of the vibrational spectrum was also performed using
a model in Figure S4, and the result is shown in Figure S5. The carbonate species gave two split
peaks at 1537 and 1373 cm™! in the calculated spectrum. Note that the split width of these two
values was in the range of the monodentate species (<300 cm ').?’ These peak positions
calculated from the model were close to those in the experimental spectrum (1539 and 1422
cm ). Furthermore, the interlayer distance optimized in the first-principles calculation (6.39 A)
was similar to the experimental value (6.57 A in Fig. 5(b)). The evidence obtained in the present
study demonstrated that the stepwise dehydroxylation (i.e. the 2nd and 3rd steps) are not
ascribable to different coordination environments of hydroxyl groups in the initial structure. The
reason is possibly that the structure after the 2nd step (Fig. 7 and Fig. S3) is rather stable.

Finally, we simulated the powder X-ray diffraction pattern based on the crystal structure in Fig.
7, and compared the result to the experimental diffraction pattern. Figure 8 compares the
simulated and experimentally obtained diffraction patterns. The experimental pattern in Fig. 8
(bottom panel) is identical with in situ data at 603 K in Fig. 5(b). Because of the strong preferred
orientation of the sample, the diffraction peaks other than those from the crystal planes parallel to

the layer are rather weak in the experimental data (the bottom panel in Fig. 8). As mentioned

above (Fig. 5(b)), significant decrease of 006 diffraction intensity was observed when the sample

15



was heated at 603 K (see the very weak diffraction peak at 26=27.2° in Fig. 5(b) and the bottom

panel in Fig. 8), while the sample before heating (i.e. room temperature) gave a strong 006
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Figure 7. Structurally optimized crystal model of partially dehydroxylated LDH
Mg, Al(OH)sO - 0.5 COs. This structure corresponds to the crystal after the partial

dehydroxylation of the layers (after the “2nd step” of water vapor evolution).

Al: blue, Mg: green, O: red, C: grey, H: white.
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diffraction peak at around 26=23.4° (the bottom black pattern in Fig. 5(b)). Here the crystal
structure shown in Fig. 7 was used to simulate the powder X-ray diffraction. The simulation
successfully reproduced the significant decrease of the 006 peak observed in the experiments: the
intensity ratio loos / loos in the experimental data decreased to as low as 0.02 upon heating at 603
K (Fig. 5(b) and the bottom panel of Fig. 8), and the simulation gave the corresponding intensity
ratio loos / loo2 to be 0.03 accordingly. Here, note that the interlayer distance corresponds to 003
diffraction in the experimental data (bottom panel in Fig. 8), whereas that corresponds to 002 in
the simulated data (top panel in Fig. 8). The difference is due to the different sizes of unitcells

assumed. The good agreements of the model in Fig. 7 obtained by purely first-principles

100
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Figure 8. Comparison of powder X-ray diffraction patterns based on simulation using the
crystal structure obtained by the first-principles DFT calculations (top panel) and

experimental in situ measurement at 603 K (bottom panel).
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calculation with experimental data (d spacing and change in the X-ray diffraction intensity)
strongly support the present interpretations for and the molecular-level pictures of the structural
transformation of LDHs.

Furthermore, the simulation result of powder X-ray diffraction supports the following
interpretation regarding the change of the diffraction intensity ratio loos / loos in Fig. 5(b): The
LDH sample in the ambient temperature contains a large amount of water molecules and
carbonate ions in the interlayer spaces. These molecules and ions bring about a large electron
density at the center of the interlayer spaces. Since X-ray diffraction pattern is a kind of Fourier
transform of electron density in the real space, the high electron density at the center of interlayer
spaces result in a strong diffraction intensity corresponding to the periodicity of half interlayer
distance. On the other hand, in the structure shown in Fig. 7 after the 2nd step of the structural
transformation, interplanar water molecules are removed and the carbonate ions move to deviate
their positions from the center of interlayer spaces. Thus, the electron density at the center of the
interlayer spaces decreases and this change in electron density brings about the decrease of 006
diffraction intensity whereas the layered structure is remained as is demonstrated by the strong

003 diffraction.

CONCLUSIONS

In conclusion, quantitative investigation of a well-crystallized Mg-Al LDH sample having an
Mg/Al atomic ratio of 2, molecular-/atomic-level pictures of the structural transformation at
elevated temperature were successfully obtained: chemical transformations such as dehydration,
dehydroxylation, formation of coordinatively unsaturated sites, and coordination of carbonate to

metals interplay in the crystal. The stepwise structural transformation are not ascribable to

18



different coordination environments of hydroxyl groups in the initial structure. The reason is
possibly that the structure after the partial dehydroxylation of the metal hydroxide layers is rather
stable. These interpretations were supported by structural full optimization of the partially
dehydroxylated layered structural model by the first-principles DFT calculations as well as a
simulation of powder X-ray diffraction based on the structural model. These results provide
important information on crystal chemistry of LDH, as well as useful insights for designing
novel and promising adsorbents and/or catalysts on the basis of the crystal structure and
characteristic behavior of this material. We expect that this work stimulate further studies on the

materials from both sides of experiments and theoretical calculations.
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