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Abstract: Kaolinite, a layered clay mineral, has attracted widely attention due to its versatile advantages including low
cost, environmentally friendly processing and easy modification. By comparison of the wide studies of the intercalation
processes of kaolinite via the replacement of diverse intercalated agents, the multiple functional properties of
intercalated kaolinites are ignored as well as such kind of study is very limited. In this review, we have summarized a
series of intercalated compounds of kaolinites with organic molecules or organic salts by means of a simple intercalation
strategy. Additionally, their multiple functional properties (such as dielectricity, ferroelectricity and ionic conductivity) will

also be mentioned.
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1. INTRODUCTION

The diverse reactions and widespread distribution
of clay minerals have piqued the interest of
investigators since prehistoric times, making them a
common component of the earth's surface layers [1].
These minerals can be classified into categories based
on layer type and interlayer species, including Kaolinite,
Pyrophyllite, Smectite, Mica, and Chlorite [2]. In
addition, clay minerals always adopt lamellar structures
with variable intercalated water molecules and/or other
agents. Hence, due to their high surface area and
ion-exchange characteristics, clay minerals are widely
used in the field of ceramics, paper industries, oil
drilling, catalysts or catalyst supports, pharmaceuticals,
adsorbents and so on [3-5]. Comprehensive reviews of
the classification and utilization of these clay minerals
were provided by Bergaya and Lagaly [6].

Kaolinite (abbr. as K), a clay mineral with the
theoretical formula Al;Si;O5(OH),, is widely abundant
across the globe. It can be found in or near soils,
sediments, and sedimentary rocks. This mineral serves
as a significant raw material in various industries,
particularly as a paper filler and coating pigment [7, 8].
To enhance its performance, kaolinite is often
subjected to physical or chemical treatment to modify
its natural state. Over the years, there has been
continuous interest in the preparation, surface
treatment, modification, structural characterization, and
thermal stability of intercalated kaolinites [9, 10]. Seve-
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ral decades ago, K. Wada made a discovery that
cations and anions can permeate between the silicate
layers of kaolinite group minerals, potentially forming a
unimolecular layer of the ionic complex [11].
Subsequently, the preparation of kaolinite-potassium
acetate intercalated compound was also reported [12].
In the next time, a large kind of intercalated kaolinites
with different intercalated guest molecules were
prepared and then were characterized by means of
FT-IR, Raman, TG/DTA and so on [13-16]. Recent
review provided by Zhang et al. [17] summarized the
typical  synthetic  procedures and conditions,
characterization methods of kaolinites, and the
subsequent reviews presented by Frost ef al
summarized the vibrational spectrum as well as the
thermal behavior of pure/intercalated kaolinites [18, 19].
However, the investigations that focused on multiple
physical properties of intercalated kaolinites, such as
dielectricity even ferroelectric properties, was negligible
for quite a long time. In fact, the pursuit of novel and
high performance functional materials will never
stopped with the progress of human beings’ history,
namely, developing the novel and intriguing
functionalities from old materials are strongly needed
and are still remaining a lot of challenges.

Recently, special efforts have been put into this
important part of intercalated kaolinites, namely, the
multiple functional properties of this material become
more and more attractive. For instance, N. Bizaia and
co-workers [20] reported an efficient catalyst used
porphyrin-kaolinite for oxidation reactions of new
biomimetic catalysis showing high conversion ratio and
complete selectivity for the specific product, and In the
investigation conducted by Kumri¢ et al., a potential
application of modified kaolinite as an economical and
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efficient adsorbent was explored. This adsorbent
showed promising capabilities for achieving highly
efficient removal of divalent heavy metals from
aqueous solutions, making it suitable for the treatment
of heavy-metal contaminated waste waters [21].
Besides, a new luminescent hybrid materials based on
kaolinite covalently grafted by terbium picolinate was
reported by Faria et. al. [22] which showing stronger
characteristic emission than the isolated complex, and
then in an important review by Suzuki, the intercalation
of kaolinite with ortho- and para-nitroanilines, carried
out by Takenawa and co-workers, [23] was
summarized [24]. This intercalation resulted in the
exhibition of second nonlinear optical properties,
attributed to the asymmetric environment of the
interlayer region of kaolinite. In short, intercalated
kaolinites appear as promising materials for many
applications due to their specific properties and the
researches focused on this part are also gradually
began to study till now.

In order to systematically and deeply investigate the
versatile properties of intercalated kaolinites, we chose
several kinds of typical molecules as intercalation
agents and these agents can be attributed to three
categories qualitatively, that is, I) the intercalant that
has been widely studied, such as dimethyl sulfoxide,
urea and potassium acetate, used for comparison with
the common preparation methods and discovering new
functional properties, Il) homologous series or
analogue, including aminopyridine derivatives as well
as ethanolamine and ethanediol, to examine the effects
of small changes of substituent, lll) organic acid
molecules which may mainly focus on the proton
conductivity based on these intercalated kaolinite
compounds since all of these molecules are good

candidates for proton donor/acceptor. What's more, the
novel preparation method we proposed can be tested
and verified if it is applicable and practical via utilizing
categories 11&lll that have been studied rarely and will
be mentioned in the next part.

In this review article, we summarize our recent
results on facile preparations of twelve intercalated
kaolinites compounds with organic molecules or fatty
acid salt as intercalated agents (the detailed
intercalated compounds within the corresponding
intercalated agents are listed in Table 1) and propose a
cost-effective strategy for highly-efficient preparation of
intercalated kaolinite compounds under mild condition.
In addition, the multiple physical properties (e.g.
dielectricity, ferroelectricity and ion conductivity) will
also be discussed to throw out a minnow to catch a
whale.

2, PREPARATION METHODOLOGY OF
INTERCALATED KAOLINITES

Kaolinite, a 1:1 phyllosilicate with a lamellar
structure, possesses consecutive layers that are
connected through weak hydrogen bonding
interactions and van der Waals forces. These
interactions occur between the aluminol groups of the
octahedral sheet on one side and the siloxane rings of
the tetrahedral sheets on the other side [33, 34]. The
siloxane layer consists of SiO, tetrahedral arranged in
a hexagonal pattern. The bases of the tetrahedral are
approximately co-planar, and the apical oxygen atoms
are linked to the second layer containing aluminum
ions and OH groups, forming the gibbsite-type layer
[35]. As a result, intercalation which involves the
insertion of guest molecules into the inter-lamellar

Table 1: Various Intercalated Agents used in Compounds 1-12

Compound Intercalated Agent Abbr. as References

1 Dimethyl sulfoxide K-DMSO

2 Urea K-Urea 2
3 Potassium acetate K-KAc 26
4 Ethanediol K-EG

5 Ethanolamine K-EOA 27
6 2-aminopyridine K-2-APy

7 3-aminopyridine K-3-APy 28
8 4-aminopyridine K-4-APy

9 HCI&4-aminopyridine K-4-APy-HCI 29
10 2-Picolinic acid K-2-Pa 30
11 L-alanine K-Ala 31
12 KH,PO, K-KDP 32
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spaces of kaolinite, can be achieved [36-40]. However,
the intercalation process of kaolinite is more difficult
than those layered clay minerals (e.g. Montmorillonite
[41]), because of the strongly interlayer interactions.

The earlier researches focused on the preparation
of intercalated kaolinite were done by Weiss et. al. [42]
in the nineteen sixties, however, the detailed
intercalation process and mechanism was still obscure
due to the technical limitation at that time. And then,
Frost and co-workers did a great job of explaining and
illustrating the principles through practical examples,
namely, they explored the role of various intercalant as
well as water in the intercalation process, such as
specifying various binding modes in intercalated
kaolinites based on IR spectra, [43] investigated some
key factors in preparation process, such as
concentration of intercalant, reaction temperature, and
then found the best condition for each
easily-intercalated agent [44]. Meanwhile, they
analyzed the vibrational spectroscopy, thermal
behavior of intercalated kaolinite using DRIFT,
Controlled rate thermal analysis (CRTA) techniques
[45]. In short, the basic principles of preparing kaolinite
intercalated compounds was achieved and then large
quantity of new intercalated kaolinites were prepared
using their condition [46].

Generally, some organic compounds (such as
formamide [47], hydrazine [48], potassium acetate [49],
dimethyl sulfoxide (DMSO) [50]), with small molecular
size and large dipole moments (high polarity), can be
intercalated directly into kaolinite by means of either
the liquid phase intercalation (for instance, intercalated
from concentrated aqueous solution) or the melting
process [51]. Besides, other compounds, such as
glycol [52], pyridine-carboxylic acids [53] and fatty acid
salt [54], cannot intercalate directly into kaolinite, but
they can be introduced by displacement of a previously

intercalated compound, via an exchange reaction. It
should be noted that all above intercalation processes
utilized conventional intercalated methodology need a
long time, generally about several days even several
weeks to reach the maximum intercalation rate [55-57],
which means high cost and low efficiency.

We proposed a facile and efficient strategy for the
rapid preparation of intercalated kaolinites with small
organic molecules under mild conditions using an
autoclave, aiming to improve intercalation conditions
and enhance efficiency. As a result, the reaction time
was significantly reduced to just a few hours. As Figure
1c shown, the DMSO molecules inserting into the
interlayers of kaolinite will expand lamellar space.
Actually, the whole intercalation is an entropy and
volume reducing process. Increasing the pressure in a
sealed reactor can reasonably promote the
intercalation reaction. In fact, undertaking the
intercalation reaction of kaolinite with small organic
molecules at much higher pressure using a Parr bomb
results in reaching the maximum intercalation rate in
less time [58]. As summarized in Table 2, we can
obviously judge the advantage of method we proposed
in practical application.

In addition, the intercalation processes of some
large size molecules and/or other indirectly intercalated
agents inserted into kaolinite are very difficult.
Generally, a so-called exfoliation method which utilized
intercalated kaolinite such as methoxy-modified
kaolinite as precursor is employed [63, 64] and/or form
various nanomaterials with multiple functionalities
[65-67], however, it always takes more complicated
routes compared to aforementioned method. Thus,
these agents also can adopt this methodology, namely,
utilized the K-DMSO hybrid compound as a precursor
compound to intercalate, obtaining an efficient result
with high intercalated ratio.

Table 2: Comparison of Required time of Preparing Typical Intercalated Kaolinite Compounds in Different Methods

Compound Name Intercalated Agent Preparation Method Required Time / h Ref.
Solution immersing method 72 59
K-DMSO Dimethyl sulfoxide
Autoclave hydrothermal method 6 25
Aqueous suspension method 192 60
K-Urea Urea
Autoclave hydrothermal method 6 25
Saturated solution shaken method 80 49
K-KAc Potassium acetate
Intercalated with K-DMSO as precursor 10 26
K-N2H4 Hydrazine Solution stirring method 80 48
K-NMF N-methyl formamide Solution stirring method 96 61
K-Aca acetamide melt intercalation method 168 62
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Figure 1: (a) Molecular structure of raw kaolinite and Schematic illustration of (b) the aluminol groups sheet and siloxane sheet
of kaolinite and (c) the intercalated process of kaolinite inserted with DMSO.

3. INTERLAYER SPACE AND INTERCALATED powder XRD characterization. The characteristic (001)
RATIOS reflection in the diffraction profile of raw kaolinite,
o ) o typically represented by the peak at 28 = 12.34°, allows

In contrast to the distinct increase in interlayer ¢, yhe calculation of the interlayer distance between

space observed with various intercalated molecules, silicate and gibbsite sheets (d(001)), which is
the insertion of intercalated agents into the interlayer of determined to be 7.17 A [68]. When various
raw kaolinite generally does not significantly impact the intercalated agents are introduced into the space

layered structure of the host aluminosilicate (see Table between the silicate and gibbsite sheets, this
3). As displayed in Figure 2, the distinct 20 values  aracteristic (001) reflection shifts towards lower
corresponding to the interlayer distance of various angles.

intercalated and raw kaolinites can be reflected via the
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Figure 2: Powder XRD patterns of the samples (a) Raw kaolinte and compounds 1-3, (b) 4 and 5, (c) 6-9 and (d) 10-12 in the 26
range of 5-50°, respectively. (Reproduced from Ref. 25-32 with kind permission of publisher of papers).
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By utilizing Equation (1) [69], the estimation of
intercalation efficiency can be derived from the relative
intensities of the "unchanged" and "expanded" (001)
diffraction peaks. This estimation is based on the mass
fraction of the intercalated material, which can be
determined from the intensity of the (001) diffraction
peak.:

R= Int.(001) of intercalated Kaolinite
" Int(001) of intercalated Kaolinite + Int (001) of raw Kaolinite

(1)

Intercalation ratio (/.R.) of compounds 1-12 are also
listed in Table 3. It should be noted that almost all of
the intercalation ratios are higher than 90%, namely,
the simple approach we proposed is very efficient.

Table 3: The Distinct
Intercalation
Compounds 1-12

Interlayer Distances and
Ratios of Intercalated

Compound | Interlayer Distance (A) | Intercalation Ratio (%)
1 11.14 97
2 10.61 91
3 14.20 92
4 10.85 98
5 10.57 99
6 11.98 92
7 12.10 74
8 12.99 93
9 14.41 86
10 13.50 75
11 10.91 94
12 15.50 90
Note: The interlayer space of raw kaolinite is calculated as 7.17 A
based on PXRD data [57].

4. PROPERTIES

In general, functional properties are very important
for either natural or artificial materials since they
deserve to be utilized practically only if they possess
any kind of properties. And as such, more and more
researches are focused on the properties of materials
whether they are ‘withered’ or new. For the traditional
kaolinite, there are just some sporadic reports on
specific properties till now, so there still remain a lot of
interesting functional properties that need to be
systematically studied and will be discussed in detail in
the next part.

4.1. Dielectric Properties for 1-8

Dielectric material is a kind of important functional
electronic material since it can be applied in the field of

microelectronics, electric power systems, storage and
sensor [70]. Rarely have studies been reported on the
dielectric  properties of intercalated kaolinite
compounds, with most research to date primarily
focusing on other aspects. The initial report on the
dielectric properties of kaolinites intercalated with
various small molecules, such as urea, potassium
acetate, and N-methylformamide, was conducted by K.
Orzechowski and colleagues [71]. They compared the
difference of dielectric constant and loss between
as-prepared and heated conditions in the selected
frequency region for these intercalated kaolinite.
Typically, as Table 4 shown, the dielectric permittivity
of K-Urea and K-NMF is just a little larger than raw
kaolinite, whereas for the K-KAc, it is more than 5 times
than kaolinite. Unlike K-Urea and K-NMF, which bond
with both sheets of kaolinite, it is evident that
potassium acetate molecules interact exclusively with
the gibbsite sheet. This implies that dipolar molecules
have the potential for movement within a relatively
spacious interlayer region. After heating, all the
permittivity considerably decrease due to loss of
interlayer water and those values are much similar to
the value observed in kaolinite.

In our works, the temperature-dependence and
frequency-dependence dielectric behaviors of the
intercalated kaolinites are fully experimentally
investigated, besides, the dielectric relaxation
processes and detailed relaxation mechanism are also
be very concerned.

4.1.1. Dielectric Constant and Loss

Figure 3 displays the frequency-dependent
dielectric constant and loss for compounds 1 and 2
over the range of 1-10° Hz. In the low-frequency range
(1-‘I03 Hz), the dielectric constant decreases rapidly
with increasing frequency for both compounds,
indicating the presence of a slow dielectric relaxation
process. Notably, the plots of dielectric loss versus
frequency exhibit distinct characteristics between the
two intercalated compounds. Unlike to compound 1,
Compound 2 shows broad maximum peaks, illustrating
the significant influence of the intercalated molecule on
the dielectric properties of the compound. There are
typically four different dielectric relaxation mechanisms,

each associated with a characteristic relaxation
frequency. Electronic transitions or molecular
vibrations contribute to dielectric relaxation at

frequencies above 10" Hz, while dipole motion or ionic
polarization occurs in the frequency range of 10%-10™
Hz. Consequently, the observed dipole motion of
intercalated molecules in the intercalated kaolinites
gives rise to the dielectric relaxation in the
low-frequency region of 1-10° Hz.
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Table 4: Summary of the Dielectric Constant and Loss Obtained in K, K-Urea, K-NMF and K-KAc in Different
Conditions. (Reproduced from Ref. 71 with Kind Permission of the Elsevier, Publisher of Journal of Physics

and Chemistry of Solids)
£'(10 kHz) £" (10 kHz) £'(100 MHz) £" (100 MHz) £'(4 GHz) £"(4 GHz)
K 4.29 1.08 2.14 0.03 2.11 0.13
K
, 3.40 0.52 2.01 0.06 1.91 0.12
(after 400 ()
K-Urea 4.71 1.73 2.44 0.04 2.41 0.17
K-Urea
, 3.22 0.38 2.16 0.05 212 0.17
(after 400 ()
K-NMF 6.08 2.36 3.31 0.06 2.99 0.20
K-NMF
, 3.95 0.54 2.28 0.05 2.34 0.16
(after 400 ()
K-KAc 26.0 79.8 3.06 0.39 2.73 0.25
K-KAc
, 15.7 59.0 2.92 0.11 2.68 0.18
(after 400 ()
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Figure 3: Frequency dependences of €' and tan(d) in the temperature range of 273-423 K for compounds (a, b) 1 and (c, d) 2,
respectively. (Reprinted from Ref. 25 with permission of the Royal Society of Chemistry, Publisher of Journal of Material

Chemistry).

Figure 4 depicts the temperature dependence of the
dielectric constant and loss within the frequency range
of 1-29 Hz. Both of compounds 1 and 2 exhibit a
dielectric anomaly around 300 K, resembling the
behavior of H20. This anomaly likely arises from the
absorption of a small amount of moisture by the
powdered sample pellets from the surrounding moist

air [72]. When comparing the dielectric behavior of
compounds 1 and 2 in the low-frequency region, two
significant differences become apparent:

) Compound 2 displays an additional dielectric
anomaly in its temperature-dependent dielectric
spectroscopy, with a maximum centered around ~402
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Figure 4: Plots of temperature-dependence of ¢'and tan(6) in the frequency range of 1-29 Hz for compounds (a, b) 1 and (c, d) 2,
respectively. (Reprinted from Ref. 25 with permission of the Royal Society of Chemistry, Publisher of Journal of Material

Chemistry).

K. This anomaly is associated with the collective
movement of intercalated urea molecules [71] or a
ferroelectric-to-paraelectric transition. In contrast, for
compound 1, both the dielectric constant and loss
exhibit a monotonic increase as the temperature rises
up to 423 K. It is possible that compound 1 may have a
dielectric anomaly at higher temperature, but we
cannot verify this point as the DMSO molecules
inserted in kaolinite are released above 409 K.

II) The dielectric constant for compound 1 remains
below 40, while compound 2 reaches a value of 10°.

In the frequency range of 1-10* Hz, compounds 4
and 5 exhibit a rapid decrease in ¢ values with
increasing frequency. This decrease can be attributed
to the inability of dynamical dipole motion to keep pace
with the switching of the applied ac electric field at
higher  frequencies (f > 10* Hz). The
frequency-dependent plots of tan(6) for compounds 4
and 5 exhibit distinct characteristics. For compound 4,
there are two broad maxima observed in the tan(5)-f
plots within the temperature range of -95 to -50 °C.
Similarly, compound 5 displays a broad maximum in
the tan(d)-f plots within the temperature range of -80 to
80 °C (refer to the inset of Figure 5d). Upon heat
treatment, the position of the peak in the tan(d)-f plot
for both compounds 4 and 5 shifts toward higher

frequencies, indicating the typical feature of thermally
assisted dielectric relaxation.

As shown in Figure 6, the dielectric permittivity of
compounds 6-8 exhibits a rapid decrease with
increasing frequency within the range of 1-10* Hz. This
decline indicates that the dynamical motion of dipoles
cannot keep up with the rapid switching of the applied
electric field at frequencies higher than 10* Hz for the
intercalated compounds. When beyond 10% Hz, the
dielectric permittivity remains nearly constant. As the
temperature rises, the intercalated compounds 6-7
show a noticeable dielectric dispersion in the
low-frequency range. This dispersion is attributed to
the increased mobility of the intercalated molecules,
which is further supported by the observation of larger
dielectric loss at higher temperatures. Compound 8
exhibits two peaks in the dielectric loss plot: one below
10* Hz within the temperature range of 20-160 °C, and
another broad peak in the 10* - 10° Hz range below
80 °C. Interestingly, the shape of the curves for
compounds 6-8 closely resembles that of raw kaolinite
when the applied ac field frequency is below 102 Hz.?®
For all three compounds, the position of the peak in the
tan(6) versus frequency plot shifts toward higher
frequencies as the temperature increases,
demonstrating the characteristic behavior of thermally
assisted dielectric relaxation. Similar to compounds 1
and 2, the observed dielectric relaxation in the
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and (e, f) 8 in the range of 20-180 °C. (Reprinted from Ref. 26 with permission of the Royal Society of Chemistry, Publisher of

RSC Advance).

low-frequency region for compounds 4-8 also arises
from the molecular-dipole motion of the intercalating

molecules.
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By comparison of two analogues separately, it is
worth noting that even minor change of intercalated
agent molecule (e.g. position of the substituted group)
will lead to obvious difference of specific properties of
intercalated kaolinites, indicating the importance of
systematical investigation.

4.1.2. Dielectric Relaxation Behaviors

Further analysis is conducted to gain deeper
insights into the dielectric relaxation behaviors of the
aforementioned intercalated compounds. To achieve
this, we utilize the following empirical Arrhenius
relationship to assess the macroscopic relaxation time:

Ea)

T=T,€X
0 p(kBT

(2)

Where 7 = 1/fnax and fnax is the frequency at maximum
of tan(d)-f plot at elevated temperature; 1, is the
characteristic macroscopic relation time, E, refers to
activation energy/potential barrier. The best fitting
results using Eqn. (2) are listed in Table 5.

The behavior of most dielectric materials differs
from the Debye response, necessitating modifications
to the empirical expression that represents the
Cole-Cole plot. One proposed modification, introduced
by Cole and Cole [73], is given by:

o Ey— &,

® . l-a
1+ (iwT) 3)
Here, the static permittivity &y and the permittivity at
theoretically infinitely high frequencies €. are important
parameters in the context of the discussed intercalated
compounds. Additionally, the relaxation time 1 and the
parameter a are associated with the dispersion of
relaxation processes within the range of 0 <a < 1.

As shown in Figure 8, the Cole-Cole plots depict the
relaxation process for these intercalated compounds at
selected temperatures. The plots of £”-¢” were fitted to
obtain the corresponding parameters &, €., and a,
which are summarized in Table 6. It is noteworthy that
the fitted €. parameter closely approximates the
dielectric constant at higher frequencies (f > 10° Hz) for
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Figure 7: Plots of 7 versus T for compounds (a) 4, (b) 5, (c) 6, (d) 7 and (e) 8, respectively. (Reprinted from Ref. 26&28a with
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Table 5: 70 and E, Parameters Obtained from the Best Fits for Compounds 4-8
Compound To1ls To2l' s E.; I kd/mol E., | kdJ/mol
4 6.8(6)x10™® / 62.2(3) /
5 1.5(7)x10 / 57.5(8) /
6 3.6(4)x107 / 31.0(7) /
7 7.6(0)x10° / 19.4(7) /
8 2.0(4)x107 1.6(3)107 28.6(2) 18.1(6)
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Figure 8: Plots of ¢” versus ¢’ at selected temperatures for compounds (a) 4, (b) 5, (c) 6 and (d) 7, (e) and (f) 8, respectively
(Open circles: experimental data; curves: theoretically reproduced using Eqgn. (3)). (Reprinted from Ref. 26&28a with permission

of the Royal Society of Chemistry).

Table 6: &g, £, and a Parameters Obtained from the Best Fits for Compounds 4-8, Respectively

Temperature €o €. a
253 K 9.89 6.305 0.59
273K 10.2 6.320 0.58
293 K 10.4 6.348 0.55
188 K 5.414 5.207 0.54
203 K 5.419 5.227 0.47
218 K 5.435 5.249 0.43
293 K 773.8 10.5 0.40
353 K 754.0 121 0.33
383K 866.2 121 0.33
293 K 48.0 6.0 0.41
353 K 48.7 6.2 0.35
393K 52.0 6.2 0.31
293 K 73.6 (262.9)* 5.8 (15.3) 0.51 (0.56)
353 K 83.3 (186.2) 6.6 (17.4) 0.48 (0.51)
393K 120.2 (211.5) 6.6 (16.6) 0.49 (0.44)
*Note: Compound 8 shows two-step relaxation processes and possesses two sets of relaxation parameters.

each intercalated compound. Furthermore, the fitted a
parameters deviate significantly from zero, indicating a
departure of the relaxation process from the Debye

dielectric response for
intercalated compounds.

all

the aforementioned
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4.2. Ferroelectric Properties for 1-2

Figure 9 displays the characteristic ferroelectric
hysteresis loop exhibited by these two intercalated
kaolinite compounds. In contrast, the dried raw
kaolinite demonstrates an almost linear P-E
relationship, accompanied by a very small symmetric
shuttle-shaped loop. It is worth noting that in some
cases, lossy dielectrics can also exhibit a hysteresis
loop during electrical hysteresis measurements. Such
dielectric hysteresis loops are typically associated with
higher leakage currents, as the dielectric loss is directly
proportional to conductivity. During our dielectric
hysteresis loop measurements for compounds 1-2,
remarkably low leakage currents (~‘I0'6 A-cm'z) were
observed, confirming that the observed hysteresis
loops are indeed a result of ferroelectricity. Figure 9d
illustrates the leakage current as a function of the
applied electric field for compound 1. The occurrence
of a ferroelectric hysteresis signifies the reversal or
switching of the macroscopic polarization in the
ferroelectric material. This reversal at the macroscopic
level indicates a corresponding reversal at the local,
microscopic level. The overall polarization in a
dielectric material encompasses four distinct dielectric
mechanisms: electronic, atomic, orientation or dipolar,
and ionic polarization. Electronic polarization arises
when an electric field displaces the nucleus relative to
the surrounding electrons in neutral atoms. Atomic
polarization occurs when neighboring positive and
negative ions experience deformation under the

8

)

(a)‘“.' Compound 1

m

=S
2

P

<

S
2
)

L

Polarization (*102uC-c
FoN

-8 T T T T

-6 -4 -2 0 2 1 6

Electric Field (k\’-cm_l)

15
(C) !\IIA Raw K

-zp(f-cm

=

Polarization (*10
&

6 -4 2 0 2 4 6
Electric Field (kV cm'l)

influence of an applied electric field. Both electronic
and atomic polarizations give rise to induced dipole
moments based on the polarizabilities of the atoms or
molecules. Permanent dipole moments result from an
imbalance in electron sharing among the atoms of a
molecule. lonic polarization involves ionic conductivity
and interfacial or space charge polarization.

In the case of compounds 1 and 2, the microscopic
polarization reversal under the applied electric field is
comprehensible due to several factors. Firstly, there
are weak intermolecular hydrogen bond interactions
and van der Waals forces between the guest molecules
and the inorganic host. Secondly, the average
occupied volume per guest molecule is estimated to be
approximately 141.08 A® for DMSO and 157.71 A® for
urea in their corresponding intercalation compounds.
These volumes are significantly larger than their van
der Waals volumes (118.41 A® for DMSO and 73.4 A®
for urea, respectively). As a result, it is possible that the
guest molecules occupying the interlayer space of the
inorganic host, have sufficient space for relative
molecular displacements, similar to the observations in
the molecular ferroelectric crystal of thiourea or the
flipping of molecules [76]. It should be noted that the
actual alignment pattern of the guest molecules in the
interlayer of kaolinite, as well as available crystal
structure information for the intercalated hybrids, still
requires further investigation through molecular
dynamics simulations, which is currently in progress.
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Figure 9: (a), (b) and (c) P-E hysteresis loops of intercalation compounds 1 and 2 and raw kaolinite under selected electric field
(f=16.7 Hz) at room temperature and (d) the leakage current vs. electric field for 1. (Reprinted from Ref. 25 with permission of

the Royal Society of Chemistry).
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Figure 10: Plots of P v.s. E of K-EG-cg at 16.7 Hz with (a) ambient temperature and (b) different temperature, respectively.
(Reprinted from Ref. 27b with permission of the Royal Society of Chemistry).

A novel ferroelectric compound based on
intercalated kaolinites, namely kaolinite covalently
grafted with ethylene glycol (abbr. as K-EG-cg), has
recently been proposed [27b]. This compound exhibits
inherent ferroelectric properties, characterized by a
spontaneous polarization (PS) of approximately 0.018
HC cm?, a remanent polarization (Pr) of around 0.015
HC cm?, and a coercive field (EC) of approximately
1.045 kV cm™ at room temperature. The presence of
clear ferroelectric hysteresis loops at various
temperatures is illustrated in Figure 10. It is noteworthy
that the P-E measurements indicate the reversibility of
macroscopic  polarization in K-EG-cg, primarily
attributed to the circular motion of the covalently
grafted ethylene glycol (EG) molecules.

4.3. lon Conductivity for 3 and Proton Conductivity
for 9,10, 11 and 12

4.3.1. lon Conductivity

The first report of ion conductivity of intercalated
kaolinites was investigated by S. Letaief and
co-workers [77], they prepared nanostructured hybrid
kaolinite intercalated with a series of imidazolium
derivatives and measured the
temperature-dependence electrical conductivity.

Apart from the dielectric property which has
mentioned above, we additionally investigate the ion
conductivity of compound 3. Figure 11a presents the
Nyquist plots for compound 3 at different temperatures.
Typically, the resistance of a material can be directly
inferred from the diameter of the semicircle in a Nyquist
plot. In the relatively low temperature range (below 373
K), the plots appear as nearly straight lines, suggesting
the presence of an infinite semicircle. This
characteristic indicates a high resistance of the
material. As the temperature increases, the Nyquist
plots exhibit a visible semicircle shape, with the
diameter of the semicircle decreasing. This decrease
signifies an increase in ionic conductivity at higher

temperatures, attributed to thermally assisted ionic
motion. Furthermore, Figure 11b provides close-up
views of the high-temperature regions of the Nyquist
diagrams (413, 418, and 423 K). In these views, a
distinct semicircle appears at high frequencies,
followed by a small tail at low frequencies caused by
the electrode effect. This observation suggests that the
conductivity primarily arises from alternating current
(ac) impedance rather than direct current (dc).

Compound 3 exhibits ionic conductivity, which can
be attributed to two categories of ion movement. The
first category involves the migration of basic ions within
the layers of kaolinite, known as intrinsic conduction.
The second category involves the movement of ions
inserted into the interlayer space of kaolinite, such as
K" and acetate in this case, referred to the extrinsic
conduction. To gain the further insights, we also
investigated the temperature-dependent impedances
of raw kaolinite, as depicted in Figure 11¢. The plots of
-Z" versus Z' exhibit nearly straight lines within the
temperature range from 293K to 433 K, implying that
no ionic conductivity in this temperature region for raw
K. Based on the above analysis, the ionic conductivity
observed in compound 3 is primarily attributed to the
migration of K* and acetate ions, which is supported by
crystal structure simulations [26].

The analysis of compound 3's ionic conductivity
involved fitting the Nyquist plots at selected
temperatures. Figure 11b presents the experimental
and fitted -Z" versus Z' plots at 413, 418, and 423 K,
along with the corresponding equivalent circuit
comprising Ry and Ry, representing bulk and boundary
resistances, respectively. Notably, two overlapping
semicircles are observed in Figure 11b. The fitted bulk
ionic conductivity data were then plotted as In(oT)
versus 1000/T, as shown in Figure 11d. The results
indicate a significant increase in ionic conductivity
across the entire temperature range, indicating
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permission of the Royal Society of Chemistry).

enhanced mobility of interlayer ions (K™ and acetate
ions) due to thermal activation. The activation energy
(E,) was determined by fitting the In(oT) versus 1000/T
plot using Arrhenius equation,

In(oT)=1n A4 - £,
k,T (@)

Here the E, and A are activation energy and
pre-exponential factor, respectively. The fitting was
performed using Eqgn. (4), resulting in an E, value of
2.39 eV.

This research offers a simple approach for
developing solid electrolytes for fuel cells by
incorporating organic salt into lamellar minerals.

4.3.2. Proton Conductivity

Due to its potential applications in fuel cells, proton
conductivity, which involves the conduction of H" ions,
has gained significant attention [79, 80]. Kitagawa et al.
have recently reported a series of proton-conducting
materials, involved two-dimensional coordination
polymers (CPs) or three-dimensional metal-organic
frameworks (MOFs) [81]. For kaolinite, similar to the
two-dimensional  open-framework  structure that

possess large layered porous and capacities and
effective ion exchange ability, it should be a good
candidate for construction of proton conductor with
good performance, however, insights focused on this
area are still very few. In order to explore the real
performance of intercalated kaolinites, we proposed
two approaches to design four new intercalated
kaolinite based proton conductor, the one is so-called
‘post-synthesis’, that is, synthesize the intercalated
kaolinite firstly and then get kaolinite-based proton
conductor after adsorbing volatile acid via acid-base
reaction, another is directly insertion of organic acid
molecules into preintercalated kaolinite (e.g. K-DMSO
or K-KAc).

For compounds 9, 10, 11 and 12, the proton
conductive property under anhydrous and hydrous
conditions were investigated. For instance, the
impedance spectra (Nyquist plots) of compounds 9 and
10 are shown in Figure 12. The reduction in semicircle
diameter with increasing temperature indicates an
increase in proton conductivity at elevated
temperatures, attributed to the thermally assisted
motion of protons. In contrast to compound 9, we also
examined the temperature-dependent impedances of
compound 8. Figure 12a shows nearly straight lines
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Table 7: The Highest Proton Conductivity (o) at Different Conditions and Activation Energy (E.) Obtained from the
Best Fits for Compounds 9, 10, 11 and 12, Respectively

Compound Oanhydrous (S/cm) Oru (S/cm) E, (eV)
9 3.38x10° (373 K) / 1.159
10 1.70x10™° (353 K) 1.56x107 (353 K, 80% RH?) 1.93 (0.91%)
11 8.31x10® (308 K) 2.10x10° (318 K, 99% RH) 0.99°
12 7.20x10° (358 K) 2.19x10™ (293K, 100% RH) 0.618 (0.44°)

Notes: °RH is respect to relative humidity, °The value is referred to an activation energy under 80% relative humidity at 353 K.

within the temperature range of 293-373 K, signifying
the absence of ionic conductivity in this temperature
region. This observation suggests that this easy
diffusive preparation strategy is very efficient for
designing new intercalated compounds of kaolinite with
ionic intercalants, enabling the cost-effective
production of mineral-based proton conductors.

The o value typically exhibits an increase of
approximately three to four orders of magnitude when
transitioning from an anhydrous state to a high relative
humidity environment. This significant increase
suggests that water molecules present in the interlayer
spaces of kaolinite play a crucial role in the proton

conduction process, as supported by previous
theoretical simulations [31b]. Furthermore, when
comparing the highest o value obtained, it is

comparable to those reported for ion/proton conducting

materials based on MOFs or COFs [82-84], indicating
the potential of intercalated kaolinite as a proton
conductor.

4.4. Pollutant Adsorption for 11

Adsorption of pollutant (such as contaminants,
noxious substance and exhaust gas) are also very
important due to their toxicity to animals, plants and
human beings [85, 86]. Due to its high abundance,
local availability, non-toxicity, and chemical and
mechanical stability, low costs, friendly to environment
and high interlayer exchange capacity. kaolinite is a
promising candidate for adsorbing such pollutants.
Most recently, our investigation revealed the unique
characteristic of rapid formaldehyde (HCHO)
adsorption in compound 11, which attributed to a
chemical adsorption mechanism involving the rapid
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formation of a Schiff base between the Alanine and
HCHO within the interlayer spaces of kaolinite.

5. CONCLUSIONS & PERSPECTIVES

In summary, we have illustrated the facile strategy
for controllable preparation of a series of intercalated
kaolinites with small organic molecules or organic salts
with high efficiency and low cost. Promoted by applied
pressure in a reactor, the intercalation reaction is a
process that can reduce entropy and volume for
chemical reaction. The intercalated compounds show
relative high intercalation ratio and are thermally stable
around 100-200 °C. Additionally, all of the intercalated
compounds show very abundant and intriguing
physical properties, namely, compounds 1-5, 7 and 8
exhibit dielectric properties with one-step or two-step
dielectric relaxation behaviors, especially 1 and 2 show
ferroelectricity and compounds 6, 9, 10, 11 and 12
show thermal-activated ion conductivity or proton
conductivity as well as compound 11 exhibits fast
adsorption of HCHO. For the purpose of fabricating
various devices, there has been considerable interest
in a hybrid system exhibiting technologically important
physical properties. The novel functionalities of
dielectric properties, particularly ferroelectric properties
and ion conductivity (including proton conductivity), in
traditional clay mineral-kaolinite, as revealed by our
results, offer unique possibilities compared to
conventional applications. These findings illuminate the
design and preparation of technologically important
multi-functional materials based on the traditional
layered clay mineral, potentially rejuvenating its use in
various fields.

Additionally, the unknown real alignments of guest
molecules in the interlayer space pose remaining
challenges since experimental crystal structures for
these intercalated hybrids have not been obtained. So,
seeking the powerful method to classify the actual
situation of basal space of intercalated kaolinites and
the origin of the multiple properties is strongly needed.
Actually, theoretical simulations such as DFT
calculations and/or molecular dynamics (MD) as well
as the high-throughput calculations and Al-assisted
methodology (such as machine
learning , deep-learning potential, etc.) can be utilized
as a suitable and powerful approach [87, 88].

In the pursuit of this research direction, an
additional promising avenue for intercalated kaolinites
involves the exploration of new intercalated agents that
can displace existing ones. This exploration aims to
establish a correlation between the structural
characteristics and the diverse functional properties,
expanding beyond the investigation of the rich and
technologically important physical properties exhibited

by these intercalated kaolinite compounds. These
efforts should be done by relying on a more abundant
experimental database and will be studied further in
future.
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