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ABSTRACT: The carbon cycle of carbonate solids (e.g,,
limestone) involves weathering and metamorphic events,
which usually occur over millions of years. Here we show
that carbonate anion intercalated layered double hydroxide
(LDH), a class of hydrotalcite, undergoes an ultrarapid
carbon cycle with uptake of atmospheric CO, under
ambient conditions. The use of "“C-labeling enabled
monitoring by IR spectroscopy of the dynamic exchange
between initially intercalated '*C-labeled carbonate anions
and carbonate anions derived from atmospheric CO,.
Exchange is promoted by conditions of low humidity with
a half-life of exchange of ~24 h. Since hydrotalcite-like clay
minerals exist in Nature, our finding implies that the global
carbon cycle involving exchange between lithosphere and
atmosphere is much more dynamic than previously
thought.

he carbon cycle is the biogeo-chemical process by which

carbon circulates between the atmosphere, oceans and
lithosphere, and includes fossil fuel deposits and the biosphere
of Earth." The lithosphere contains by far the largest quantity of
carbon, more than 60,000,000 gigatons in the form of
sedimentary carbonates, relative to the other carbon pools
(720 gi%atons in the atmosphere, 38,400 gigatons in the
oceans).. The carbon cycle involving geological carbon of the
lithosphere is based on weathering and metamorphic events so
that, despite its extent, its processes are considered to be very
slow, occurring on the time scale of millions of years.”

Here we show that carbonate anions intercalated within
layered double hydroxide (LDH), a class of hydrotalcite,
undergo an unusual dynamic exchange with carbonate anions
derived from atmospheric CO, under ambient conditions
(Figure 1a). "*C-labeled carbonate anions (*CO5*") were used,
enabling differentiation by IR spectroscopy between the
originally intercalated '*C-labeled carbonate anions and
atmospherically-CO,-derived carbonate anions, which are
largely composed of *C.

Layered double hydroxides (LDHs) compose a class of
synthetic clay minerals of general formula
MHl_yMHIy(OH)Z(X”_)y/n~mHzO, where M, M™, and X"~ are
respectively a divalent metal cation, a trivalent metal cation, and
a counteranion, and y is in the range of 0.2—0.33.3 The typical
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Figure 1. (a) Dynamic exchange of carbonate anions of LDH with
atmospheric CO,. (b) IR spectra of *CO;*"—LDH and CO;*”—LDH.
(c) Variation of IR frquency of *CO,*"—LDH upon exposure to air at
different relative humidities. Note that dry N, containing 397 ppm
CO, was used in place of dry air (relative humidity =5 + 2%). Air
bubbled through water was used as wet air (relative humidity = 98 +
2%).

carbonate-type LDH, Mg;Al(OH)(CO;>"),smH,0 (CO5* —
LDH), can be regarded as a two-dimensional (2D) carbonate
salt in that it consists of cationic brucite-like oxide layers
(Mg;AI(OH)y), charge-balancing interlayer carbonate anions
(CO4*)ys and interlayer water (mH,0). LDHs have attracted
interest because of their highly tunable chemical composition,”*
and availability for anion-exchange,® catalysts,® hybrid materi-
als,” etc.

13C-labeled LDH, Mg;Al(OH){(**C0O;*7)y5-mH,0
(*CO4>—LDH), was synthesized by anion-exchange reaction
of chloride-type LDH (Mg;Al(OH)4(Cl™)-mH,0)° with *C-
labeled sodium carbonate in water (see Supporting Information
[SI]). As shown in Figure 1b, conventional CO,*"—LDH
exhibits C—O stretching (str.) vibration” at 1367 cm ™!, whereas
BCO,>—~LDH exhibits C—O (str.) at 1329 cm™.'° This
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isotope shift is in agreement with first-principle theoretical
calculations (Figure S8, SI). Interestingly, the C—O vibration of
3CO,* —LDH is gradually shifted to higher wavenumber if the
sample is left in air (~24 °C, relative humidity = ~50%),
indicating that *CO;*” in LDH exchanges with carbonate
anions derived from atmospheric CO, (Figure lc, Figure S7,
SI). Also, as is shown in Figure lc, the rate of exchange of
carbonate anions is enhanced in dry air (relative humidity = S +
2%) with more than half of *CO;*~ being replaced by *CO;*~
within one day. In contrast, the exchange rate was depressed in
wet air (relative humidity = 98 + 2%) with a corresponding
50% exchange requiring one week. Moreover, when CO;*"—
LDH was dispersed in an aqueous solution of '*C-labeled
sodium carbonate, only a slight exchange of carbonate occurred
during two weeks (Figure S6, SI). These features indicate that
water is a negative factor for exchange of carbonate anions, and
that *CO;*” and CO;*~ do not undergo a direct exchange
process.

In contrast to LDH, the IR spectrum of *C-labeled sodium
carbonate did not vary even after standing open to air for two
weeks. Therefore, dynamic exchange of carbonate in air is a
characteristic of this LDH. Moreover, we have undertaken an
‘accelerated test’, in which '3C-labeled sodium carbonate was
placed under pure CO, (100 kPa) at 150 °C for 3 days (Figure
S15, SI). Nevertheless, the IR spectrum of 13C-labeled sodium
carbonate only varied slightly. This ‘accelerated test’ suggests
that carbonate anions of sodium carbonate at its exterior
surfaces may be slowly exchanging with atmospheric CO,,
while those at the interior cannot.

There have been some reports that calcinated LDHs (so-
called, layered double oxides, LDOs, which have different
structures from those of the pristine LDHs'") can function as
high-temperature CO, adsorbents,'* but it is widely considered
that pristine LDHs (i.e., noncalcinated LDH) do not possess
any CO, capture capabilities."> In contrast to previous reports,
gas adsorption measurements at 25 °C (Figure 2) clearly
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Figure 2. CO, and N, adsorption isotherms of CO,> —LDH at 25 °C.
Before measurement, CO,> —LDH was thoroughly dried under an N,
stream to remove loosely bound interlayer water.

indicate that CO;*”—LDH has a finite capacity (~4 cc/g at
Pcor = S kPa) for reversible and selective adsorption of CO,.
Since Mg—OH- rlch LDH has been reported to promote base-
catalyzed reactions,'* the adsorption site of CO, is probably
Mg—OH, where reversible acid—base interactions can occur.
The specific surface area of CO;> —LDH was estimated to
be 12.3 m?/g by N, adsorption/desorption isotherm at 77.35 K
(Figure S13, SI). This value is close to the external surface area
of LDH calculated on the basis of the size* and density of LDH
(2.03 g/cm’ Figure S14, SI) so that N, cannot enter the
interlayer domains. In addition, the shape of the N, adsorption/
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desorption isotherm can be categorized as being type II,
indicating that LDH is neither microporous nor mesoporous.
Specific surface area analysis reveals that the external surfaces of
LDH crystallites are fully covered by a monolayer of N, at ~5
kPa (indicated by a green arrow in Figure S13b, SI), where
~2.8 cc/g of N, is adsorbed on LDH. In contrast, CO,
adsorption of LDH at 25 °C (Figure 2) shows that LDH can
take up ~4 cc/g of CO,, which is a larger molar quantity than
that of N, adsorption. Moreover, considering that the
molecular cross-sectional area of CO, (0.210 nm” at 273 K)
is larger than that of N, (0.162 nm? at 77 K), it is evident that
LDH takes up CO, not only at the external surfaces of the
crystallites but also at the interlayer nanospace.

Water contents of CO;*”—LDH (Mg;Al(OH)s(CO5*" ),
mH,0), determined using thermogravimetry-differential ther-
mal analysis (TG-DTA), were estimated to be m = 2.4 in dry
air, 2.54 in air, and 2.9 in wet air (Figures S2, S3, SI). With
these water contents m in mind, energy minimized structures of
CO,> —LDH were constructed in the range m = 2—3 by using
density functional theory (DFT) calculations (Figure 3).
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Figure 3. Energy minimized structures of CO;*”—LDH (Mg,Al-
(OH)4(CO5*")-mH,0) containing various quantities of water m
obtained by DFT calculations. Interlayer vacant nanospaces are
indicated by yellow circles. Images are viewed along the ¢ axis, while
the inset in (c) is along the a axis. Black, red, white, and green balls
denote carbon, oxygen, hydrogen, and Mg/Al atoms, respectively.

Interlayer carbonates are hydrogen-bonded to water molecules
and the hydroxide layers leading to formation of a 2D
carbonate—water network. This result is in agreement with
infrared data since the C—O (str.) of *CO;*"—LDH in dry air
is at 1328.5 cm™!, whereas the same vibration in *CO;* —
LDH in wet air is 1326.4 cm™. The shift can be ascribed to
formation of hydrogen bonds between carbonate and water,
which tends to decrease the spring constant of the covalent
bonds involved. In addition, the calculated interlayer distance of
CO,* —LDH (7.77 A for m = 2; 7.78 A for m = 3) corresponds
quite closely with values obtained by XRD (7.81-7.82 A),
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which are hardly influenced by relative humidity (Figure SI,
SI).

In Figure 3¢ (where m = 2.50 corresponding to CO;*"—LDH
in dry air) there exist some vacancies in the interlayer H-
bonded network (indicated by yellow circles). However, the
situation where m = 3.00 (corresponding to CO;*"—LDH in
wet air) shown in Figure 3e has all potential H-bonding sites in
the interlayer space occupied by water molecules or anions. We
believe that this interlayer nanospace is crucial for incorporating
CO, from air. When the interlayer nanospace is fully occupied
by water, atmospheric CO, cannot interact with an appropriate
adsorption site (such as Mg—OH), so that the rate of carbonate
anion exchange is depressed. Thus, the proposed mechanism of
the exchange reaction between interlayer carbonate and
atmospheric CO, is given as follows: (i) atmospheric CO, is
incorporated into interlayer vacancies contained in the H-
bonded interlayer network; (ii) CO, reacts with interlayer
water to form 2H* and CO;>7; (iii) interlayer *CO,* reacts
with 2H" to release *CO, and water. Deintercalation of CO;*~
mediated by H" has already been reported in our previous
papers.*™® (iv) CO;>~ remains as a charge balancing interlayer
anion.

To investigate this phenomenon further, *CO,*"—LDH was
analyzed using solid-state NMR spectroscopy. *C cross-
polarization magic-angle-spinning (CP/MAS) NMR spectra
of *CO;*"—LDH (Figure 4a) contain two signals at 170 ppm
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Figure 4. (a) C CP/MAS NMR spectra of *CO,>"—LDH. MAS
speed was 10 kHz. Contact time and pulse delay were S ms and 15 s,
respectively. (b) '*C DD/MAS NMR spectra of *CO;*"—LDH was
used. MAS speed was 10 kHz. Pulse width and pulse delay were 3 us
and 600 s, respectively. Accumulation was 256 times.

and 167 ppm due to CO;*~ and HCO;", respectively,'® or
CO;*™ coordinated with brucite-like oxide layers in a different
manner. Carbonate anions do not contain 'H atoms which
amplify 13C NMR signals in CP mode, so that observation of
CP NMR signals indicates that carbonate anions are interacting
closely with slow-moving protons contained in water of
crystallization and/or hydroxide groups of the brucite-like
oxide layers. For quantitative analysis, *C dipolar decoupled
magic-angle-spinning (DD/MAS) NMR of *CO;*"—LDH was
also undertaken (Figure 4b). Resonance at 167 ppm increased
in intensity when the sample was packed under wet conditions,
indicating that the population of the two different states of
carbonate anion in LDH is influenced by the quantity of
interlayer water. Also, variable-temperature (VT) *C CP/MAS
NMR indicates that the two NMR signals at 170 ppm and 167
ppm are chemically exchangeable (Figure S10, SI).

The T; relaxation time of carbonate anions (170 ppm) was
around 160 s, which is ~12.5 times shorter than that of *C-
labeled sodium carbonate (~2000 s) measured under identical
conditions (Figure S11, SI) clearly indicating that carbonate
anions of LDH are more dynamic and energetically active than

those of conventional carbonate salts.'® It can be considered
that mobility of carbonate anions in sodium carbonate is
restricted due to its 3D lattice structure. Thus, dynamic
exchange of carbonate is characteristic of this LDH. This NMR
result is in agreement with a synchrotron-radiation XRD study
by Sasai et al. which reported that chloride anions incorporated
in LDH exhibit abnormally large thermal vibration."”

In conclusion, we have demonstrated that carbonate anions
within the interlayers of LDH undergo dynamic exchange with
carbonate derived from atmospheric CO, even under ambient
conditions. Rate of exchange is promoted by low relative
humidity levels due to the formation of interlayer nanospace
vacancies which act as initial points for CO, uptake from air.
Dynamic exchange of CO, arises from the presence of initial
points for CO, uptake from air and the high activity of
interlayer carbonate anions, so that this phenomenon is a
characteristic of the structure and chemical properties of LDH.
To clarify the initial binding site of CO, from air, further study
will be needed of the Mg/Al ratio or other metal cations in
LDH. Because various hydrotalcite-like clay minerals exist in
Nature,'® the global carbon cycle involving lithosphere and
atmosphere could be more dynamic than previously thought.
These findings have connotations for studies on CO,
circulation, global warming, and radiocarbon dating. Finally,
the unique interaction between LDH and CO, under ambient
conditions may be applicable for energy-eflicient separations
and catalytic conversion of CO,.
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