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The intercalated kaolinite with potassium acetate (K-KAc), with ca. 91.9% intercalation ratio, was prepared. Thermogravimetric and
variable-temperature x-ray powder diffraction analyses disclosed that a little amount of water is easily absorbed into the interlayer space
of the K-KAc. The previously reported phase with the 14.2 A interlayer distance is actually the hydrous K-KAc, which has an
approximate formula of Al,Si,05(OH)4 0.5KAc-0.25H,0. The crystal structures of hydrous and anhydrous phases of K-KAc were
simulated in the density functional theory framework, demonstrating that the interactions between the K™ and acetate ions and the inner
surface of kaolinite are significantly strengthened in the anhydrous phase with regard to the hydrous phase. The ionic conductivity of K-
KAc study indicated that the mobility of the interlayer ions is strongly improved by thermal activation and the conductivity increased by

four orders of magnitude from 363 to 423 K.

1. Introduction

In recent years, the growing interest in renewable energy sources
has led to a high demand for better and cheaper energy storage
solutions, like battery systems and supercapacitors where the
electrolyte is widely used.'™ By comparison of organic liquid
electrolyte, the solid electrolyte exhibits certain advantages like
improved safety, and possible higher open circuit voltages,””
whereas obvious disadvantages resembling much lower ionic
conductivity, and such a drawback hinders the actualization of it
in an all-solid-state device.® To develop solid electrolytes with
low cost and high ionic conductivity, the exploration, from more
studies, is desirable.” '

To insert an organic salt into the interlayer of a lamellar
structure material is a facile strategy for designing new type of
ionic conductor, such a approach, recently, has being attracted
growing attention,''"? besides designing and creating the
microporous or open channel materials in which there exist the
ions loosely binding to the framework and easily migrating.'* °

Kaolinite, one of the most abundant clay mineral, is widely
available on earth. It is a 1:1 phyllosilicate, characterized by a
lamellar structure, with the theoretical formula Al,;Si,05(OH),.
The consecutive layers are connected by weak H-bond
interactions and van der Waals forces between the aluminol
groups of the octahedral sheet on one side, and the siloxane
macrorings of the tetrahedral sheets on the other side.'® Thus, the
intercalation, the guest molecules inserted into the inter-lamellar
spaces of kaolinite, is achievable.!! In this context, lots of
studies have focused on the investigations of the structure’* and
thermostability” of the intercalated kaolinites up to date, and a
few of attention is being paid today to other functional properties,
such as, dielectric** and even ferroelectrics.”’*

More recently, special interests have been focused on the ion
conductive behaviors of the layered intercalated material because
the solid-state ion conductors and/or proton conductors are
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widespread used in organic or inorganic nanohybrid electrode
materials and usable to design novel nanoelectronic devices.*®

In this study, we prepared the intercalated kaolinite with
potassium acetate (KAc) and explored its ionic conducting
behavior. We discovered, for the first time, that a little amount of
water inserted into the interlayer space of anhydrous K-KAc
leads to the dgy; value obviously increasing and the previously
reported phase of K-KAc with dgoy = 14.2 A is actually a
hydrous phase.

2. Experimental
2. 1. Materials and chemicals

Raw kaolinite (K) was obtained from Guangdong, China, with
an average size of 1250 mesh, and dried at 60 °C in an airflow
drying oven for 24 hours before used. Chemically pure
dimethylsulfoxide (DMSO) was supplied by Sinopharm
Chemical Reagent Co. Ltd. of China. All other commercially
available chemicals, KAc-0.5H,0O and solvents are of reagent
grade and were used as received without further purification.

2. 2. Sample preparation
Preparation of intercalated kaolinite-DMSO (K-DMSO)

The intercalating precursor, K-DMSO, was synthesized
according to the published procedure:*> DMSO (9.0 mL), H,0
(1.0 mL) and kaolinite (1.0 g) were mixed at ambient temperature.
The mixture was transferred to a 20 mL Teflon-lined reactor, kept
at 95 °C under autogenously pressure for 6 hours, and then cooled
to ambient temperature. The K-DMSO sample was filtered off,
washed with absolute ethanol, and then dried at 60 °C in an
airflow drying oven for 2 hours.

Preparation of intercalated kaolinite-potassium acetate (K-
KAc)

The intercalated compound, K-KAc, was prepared utilizing the
reported method:*” In a beaker, KAc (8.00 g) was dissolved in 3
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mL of deionized water to prepare KAc saturated solutions, and
0.20 g of K-DMSO was added to this solution. The suspension
was magnetically stirred at 50 °C for 10 hours, then was
separated by filtration, washed with ethanol for three times and
dried at 80 °C under vacuum for 24 hours to give K-KAc solid.
The efficiency of intercalation are estimated in accordance with
the relative intensities of the (001) reflection originated from
‘unchanged” and ‘expanded’ layers using Eq. (1).”* The
intercalation ratio (I.R.) of K-KAc was estimated to be ca. 91.9%.

w

IR - Int.(001) of intercalated Kaolinite
" Int.(001) of intercalated Kaolinite + Int.(001) of raw Kaolinite (1)

2. 3. Physical measurements

Temperature-dependent Powder X-ray diffraction (PXRD)
measurements were recorded on a SHIMADZU XRD-6100
diffractometer operating with a Cu-Ko radiation source (A =

15 1.5418 A) in the temperature range from 30 to 150 °C (303-423
K). Thermogravimetric analysis (TGA) was carried out using a
simultaneous NETZSCH STA 449F3 Libra between the
temperature ranges of 30 and 800 °C (303-1073 K) at a rate of
10 °C/min under nitrogen atmosphere. The ionic conductivity
was measured by complex impedance spectroscopy in the 1 Hz to
107 Hz frequency range using a Concept 80 system (Novocontrol,
Germany) in the ranges between 90 and 150 °C (363-423 K)
under N, atmosphere. The data were acquired on pellets of 78.5
mm? in the area and 1.74 mm in the thickness for K-KAc versus
314 mm? in the area and 2.4 mm in the thickness for dried raw
kaolinite, with copper electrodes on the opposite surfaces of
pellets. The conductivity was obtained from the resistance value
obtained from the fits of Nyquist plots.
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2. 4. Details for crystal structure optimization

The crystal structure optimizations were performed in the
density functional theory (DFT) framework. The Cambridge
sequential total energy package (CASTEP) module” was
employed in the calculations. The total plane-wave
pseudopotential method forms the basis of the CASTEP
calculations. The exchange-correlation effects were treated within
the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof functional.’’ The plane-wave basis set energy
cutoff was set at 300 eV for K-KAc. The convergence parameters
were set as follows: the SCF tolerance 2X10° eV/atom, the total
energy tolerance 1X10° eV/atom, the maximum force tolerance
0.05 eV/A, the maximum stress component 0.1 GPa and the
displacement of convergence tolerance 0.002 A. The other
calculation parameters were set at the default values in the
CASTEP code.

On basis of TG and variable-temperature PXRD measurements,
it was found that a little amount of water molecules (less than 2%
mass percentage) is easily absorbed into the interlayer space of
the intercalated K-KAc when the dried K-KAc is exposed to air.
It is interesting that the interlayer space of K-KAc was
significantly expended by the inserted water molecules even if
the amount of them is less. Thus, we optimized the crystal
structure of K-KAc using hydrous model and anhydrous model,
respectively. TG analysis revealed that the average species
numbers of KAc and H,O per unit cell are approximate 1 and 0.5,
ss respectively. We supposed the numbers of KAc and H,O per unit
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cell being one in the process of structure optimization for the
hydrous phase. The starting crystal structure of the kaolinite layer
in both hydrous and anhydrous phases of K-KAc was taken from
the X-ray single crystal structure of the raw kaolinite at 1.5 K for
optimization. On basis of the PXRD analysis, the c-axis length
was fixed at ¢ = 14.2006 A for K-KAc-H,0 (hydrous model) and
¢ =11.6045 A for K-KAc (anhydrous model), respectively; the a-
and b-axes lengths as well as the o, B and y angles are optimized.
The optimized unit cell parameters a, b, a, B, and y are listed in
Table 1 for hydrous and anhydrous phases of the intercalated K-
KAc together with the reported unit cell parameters of raw
kaolinite got from x-ray single crystal structure analysis.’'

Table 1 Unit cell parameters of kaolinite from single-crystal structure
analysis at 1.5 K*' and K-KAc (hydrous and anhydrous phases) from DFT
calculations

Kaolinite”' Hydrous Anhydrous
alA 5.1535 5.2597 5.2315
b/A 8.9419 9.0844 9.0350
c/A 7.3906 14.2006* 11.6045%*
a/® 91.926 91.248 91.894
pre 105.046 105.125 104.845
y/° 89.797 90.044 89.691
v/A? 328.708 678.521 548.497

*The c-axis length was fixed during the optimization.

3. Results and discussion
3.1. TG analysis

The plots of raw kaolinite, K-DMSO and K-KAc are displayed
in Figure 1. There is only one step of significant mass loss in the
temperature range of 30-800 °C for raw kaolinite, and the onset
temperature of mass loss is near 500 °C, which corresponds to the
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dehydroxylation of kaolinite to form metakaolinite (Al,05.2510,).

Two procedures of mass loss are observed in the TG plot of K-
DMSO, and the mass loss process below 200 °C is due to the
removal of inserted DMSO molecules, which onset temperature
and the percentage of mass loss are consistent with the
observation in literature.”” The second mass loss process near
500 °C is attributed to the dehydroxylation of kaolinite to form
metakaolinite. Two mass loss processes appeared in the
temperature range of 30-800 °C for K-KAc. The mass loss
process (ca. 1.4%) below 110 °C is attributed to the release of
water absorbed in the interlayer space of kaolinite. The
significant mass loss process underwent after the water
completely removed, which onset temperature is ca. 350 °C. This
procedure corresponds to the decomposition of KAc together
with the dehydroxylation of kaolinite. It was noted that the
process of the kaolinite dehydroxylating to form metakaolinite
occurred at the same temperature in both raw kaolinite and K-
DMSO, however, the KAc thermal decomposition leads to the
kaolinite dehydroxylation process occurring in much lower
temperature than the raw kaolinite and K-DMSO. In order to
better understand the mass loss process at ca. 350 °C in K-KAc,
the TG and DSC analyses were investigated for KAc-0.5H,0 and
anhydrous KAc, respectively; the corresponding TG and DSC
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plots are shown in Figure SI, indicating that anhydrous KAc
melts at ca. 298 °C and decomposes at ca. 430 °C to give K,CO;
(theoretically, with the corresponding 70% mass percentage), and
the further decomposition of K,CO; undergoes around 750 °C,
which produced probably K,O (theoretically, with the
corresponding 47% mass percentage). It was found that no
significant mass loss appears until 800 °C in the TG plot of K-
KAc, demonstrating that the decomposition product of KAc in
the interlayer space of kaolinite is different from K,COs;. Since
the decomposition of KAc is coupled to the process of
dehydroxylation of kaolinite, the mass loss at ca. 350 °C probably
gave the product Al,0;.2Si0,xK,0 in K-KAc. Combining the
LR. value with the TG analysis,”” the intercalated compound, K-
KAc, could be represented by an approximate formula of
AlLSi,05(0OH)4-0.5KAc-0.25H,0.
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Figure 1 TG curves of raw kaolinite (K), K-DMSO and K-KAc.

Mass / %

3.2. PXRD and optimized crystal structures of K-KAc

The PXRD patterns of raw kaolinite, K-DMSO and K-KAc at
ambient temperature are shown in Figure 2. With regard to the
raw kaolinite, the 20 value corresponding to the (001) reflection
shifts towards the smaller angle in the intercalated kaolinite due
to the intercalation leading to the interlayer space expansion
along the c-axis. The d001 value is calculated to be 7.17 A for K,
10.92 A for K-DMSO and 14.20 A for K-KAc (hydrous phase),
respectively. The KAc with a little amount of water inserted into
kaolinite leads to its interlayer space being increased by 7.03A.

(@ (b)

—K
K —_K-DMSO
— K-DMSO | K-KAc
E K-KAc s LI\
ES E: .
£ 2 i
I\
o =" I -
), e T Jk
To 15 20 25 %0 35 40 45 20 5 & 7 & & fo 1 12 13 14 15

20/degree 20/degree

Figure 2 PXRD patterns of raw kaolinite (K), K-DMSO and K-KAc in the
20 angles range of (a) 5-50° and (b) 5-15° at ambient temperature.

Although the as-prepared K-KAc sample was dried at 80 °C
for 24 hours before PXRD measurements, it is hard to avoid that
a little amount of moisture was absorbed by the sample owing to
the PXRD measurements being done in air. To confirm this, the
variable-temperature PXRD measurements were performed for
the dried as-prepared K-KAc, and the temperature dependent
PXRD profiles are shown in Figure 3. The reflection peak
corresponding to the (001) crystallographic plane is almost
unchanged upon heating from 313 to 333 K, while shifts towards
large 20 angle when the temperature is above 343 K (ref. Figure
3b), confirming that these water molecules are really inserted into
the interlayer space of kaolinite. The PXRD pattern is recoverable

when the sample was cooled down to ambient temperature and
stood for over 4 hours in air. By comparison of the hydrous phase

ss of K-KAc, the interlayer space decreases by 2.6 A in the

anhydrous phase of K-KAc. The intercalated compound of
kaolinite with KAc (K-KAc) has been widely studied, and the
phase with the interlayer distance of 14.20 A was constantly
thought to be anhydrous phase. This is the first time to find that

so (1) the intercalated compound, K-KAc, with the interlayer

distance of 14.20 A is actually a hydrous phase; (2) a little
amount of water inserted into the interlayer space affects
significantly the interlayer space of K-KAc.

(@

— 413K ——403K
—383K —373K

353K —— 343K
—323K —— 313K

(b)

—— 413K —— 403K
—383K — 373K

353K —— 343K
—323K —— 313K

Int./a.u.
Int./a.u.

5 10 15 20 25 30 35 40 45 50 8 10 12 14 16
20/ degree 20 / degree

55 Figure 3 Temperature-dependent PXRD profiles of K-KAc with 26 angles

in the range of (a) 5-50° and (b) 6-16° (the PRXD profile at 303 K was
measured when the sample cooled down for over 4 hours).

To gain more insight into the structures of both hydrous and
anhydrous phases of KAc, the crystal structures were optimized

60 using DFT method. By comparison of the reported crystal

structure of kaolinite,’! the optimized unit cell parameters (a, b, a,
B and y) in both hydrous and anhydrous phases of K-KAc are
quite close to the experimental values of the raw kaolinite (see
Table 1), demonstrating that the intercalation almost do not affect

os the atom arrangement in the intra-layer of kaolinite. The bond

lengths and the bond angles of KAc in the optimized structures,
together with the values obtained from the single crystal
structural analyses,34 are summarized in Table 2, indicating that
the optimized bond lengths and the bond angles fall well within

70 the ranges of the values obtained from the single crystal structure

analyses.

Table 2 Bond distances (A) and bond angles (°) in KAc

02 o
c2 R
o1
Single Hydrous Anhydrous
crystal’* model model
Bond distances
C1-C2 1.509 1.523 1.497
C2-01 1.270 1.288 1.295
C2-02 1.270 1.276 1.263
Ol1-K 2.570 2.562 2.534
Bond angles
C1-C2-01 117.5 116.8 118.5
C1-C2-02 122.5 117.6 117.4
01-C2-02 125.0 125.6 124.0
C2-01-K 131.0 123.1 125.7

The packing structures are displayed in Figure 4 for the
hydrous and anhydrous phases of K-KAc. In the optimized

75 crystal structure of hydrous phase K-KAc, the K' ion is

coordinated by the O atoms from H,O, one of acetate and

This journal is © The Royal Society of Chemistry [year]
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silicates, and the K-O distances, spanned from 2.636 to 3.201 A,
fall within the range of the K-O bond lengths in the reported
coordination compounds of K* ions.** ** As shown in Figure 5a,
the K-O bond distances between the K' ion and the O atoms of
silicates are much longer than that between the K* ion and O
atoms from H,O or acetate, indicating K* ions are loosely bound
to the surfaces of kaolinite. There exist weakly charge-assisted H-
bond interactions between the O atoms of acetates and the
hydroxyl groups of gibbsite aluminol groups as well as between
the O atoms of acetates and the H atoms of methyl groups. The
H-bond parameters are listed in Table 3. In the optimized crystal
structure of anhydrous phase K-KAc, the interlayer distance
shrinks with the water releasing, this leads to the interaction
between KAc and surface being strengthened, which are reflected
by the H-bond parameters (ref. Figure 4b and Table 3) and the K-
O distances between the K ion and the O atoms of silicates (ref.
Table 2).

Figure 4 Packing structures viewed along the a-axis for (a) hydrous and (b)
anhydrous models of K-KAc, respectively. The dotted lines represent the
interatomic interactions existed in two atoms.

Table 3 Typical interatomic distances (A) in optimized structures of
hydrous and anhydrous phases of K-KAc

Hydrous model Anhydrous References
model
dk.o(inner
layer)
dl 3.018 2.794
d2 3.201 2.826 2.570%-3.3
d3 / 3.015 13%
d4 / 2.860
dk.o(acetate) 2.562 2.534
dx.o(H,0) 2.636 /
don
hl 2.714 1.632
h2 1.641 1.747 3
h3 2.651 2.873 D":)fggion
h4 / 2.043 hydrogen
ZX-H...0* bond*®
TUPA!
2 134.91 167.52 ( 501 1)C’
L 169.70 169.47
43 149.59 150.62
Z4 / 123.89

* X is referred to C or O atom, respectively.

3.3. Ionic conductivity of K-KAc

The temperature-dependent PXRD and TGA measurements
disclosed that a little amount of water being residual within the

interlayer space of K-KAc can be almost completely removed
above 343 K, as a result, we selected the temperature range
between 363 and 423 K (90-150 °C) for investigation of the

30 impedance nature of K-KAc. The Nyquist plots are displayed in

Figure 5a for the K-KAc at selected temperatures. Typically, the
semicircle diameter in a Nyquist plot is directly related to the
resistance of the material. In the relative low temperature region
(below 373 K), the plots are almost as straight lines, indicating

35 infinite semicircle, such a type of plot demonstrates the material

possessing high resistance. The semicircle shape in the Nyquist
diagram is visible and the corresponding semicircle diameter
becomes smaller with increasing temperature, indicating the ionic
conductivity increased at higher temperature, this is due to the

40 thermally assisted ionic motion. Figure 5b shows the Nyquist

diagrams at the selected temperatures of K-KAc at 413, 418 and
423 K, where the clear semicircle occurs at high frequencies,
followed by a very small tail at low frequencies which arises
from the electrode effect, signifying that the conductivity is

4s mainly contributed from alternating current (ac) impedance rather

than direct current (dc).

—=— 423K —o— 418K (a) (b)
00"~ 423K
e 418K aema

500 —=—413 K/ *e
£ /
5 £ 400 ¥ \
‘© e b A
= e 300 k _:._.-.“ '\_\
N :'\|‘ 200 -

A

o]
1200 1500 0

0 300

600 900
Z'/10° ohm

400 800 1200 1600 2000
Z'/10° Ohm

Figure 5 (a) Nyquist plots of K-KAc sample obtained at different

temperature (363423 K). (b) Close-up views of high temperature regions

s0 in the range of 413-423 K.

The ionic conductivity in K-KAc is probably contributed from
two categories: (1) the migration of basic ions within the layers of
kaolinite, which 1is called as intrinsic conduction; (2) the
movement of ions inserted into the interlayer space of kaolinite

ss (K" and acetate in this case), which is known as extrinsic

conduction.”” We further investigated the temperature dependent
impedances of raw kaolinite, which is shown in Figure 6. The -
Z”’ versus Z’ plots show almost straight lines in the temperature
range of 293-433 K, indicating that there is absence of ionic

e conductivity in the selected temperature region for raw kaolinite.

On the basis of above analysis, the ionic conductivity of K-KAc
is attributed to the migration of K" and acetate ions.

() (b)

160 423K 240
—— 13K e
—— 403K @7 200 7
1204 —— 303K i #
£ —— 383K / ~
= Z A £ 160
5 373K i £
B s WK 7 % 120 « — 353K
= 7 2 / - 343K
N ,Z/ K. g — 333K
40 —— 323K

T T T T T 1
40 80 120 160 200 240 ° 50 100 150 200 250

Z'110" Ohm Z'/ 10" Ohm

Figure 6 Nyquist plots of raw kaolinite at different temperature (a) 293

65 =353 K, (b) 363-423 K.

The ionic conductivity of K-KAc was further analyzed by
fitting the Nyquist plots at selected temperatures. As the
examples, the experimental and the fitted -Z’* versus Z’ plots at

4 | Journal Name, [year], [vol], 00—00
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the selected temperatures of 413, 418 and 423 K are shown in
Figure 7a together with the equivalent circuit, where R; and R,
represent the bulk and boundary resistances (actually, two
overlapped semicircles are observed in Figure 7a). The fitted bulk
ionic conductivity was plotted in the form of In(¢7) vs. 1000/T,
which is displayed in Figure 7b. The ionic conductivity rises
drastically in the whole temperature region with increasing
temperature, demonstrating that the mobility of the interlayer ions
is strongly improved by thermal activation. The activation energy,
1 E,, was obtained utilizing the fitting the In(¢7) vs. 1000/T plot
following Arrhenius equation,

o

2

In(cT)=InA4- £,
k,T

B

Where the parameter A is pre-exponential factor and E,
represents the activation energy. The best fit was performed using
Eq. (2) to give E, = 2.39 ¢V and o = 2.8x10 S/m at 423 K for K-
KAc.

01, sk
. . ‘ 94 =
. 418K @ Ry R,
- 413K @

I I ®
200 \ » \

i}

o

InwT) /S ecm” K

240 244

1000/T /K"

] 500 1000 1500 2000 236 248 252
Z' 110" ohm

Figure 7 (a) Nyquist plots with fitted curves (Red lines), inset: Equivalent
circuit diagram (b) plot of In(cT) versus 1000/T for K-KAc (Red line is
20 fitted one).

Conclusions

In summary, the intercalated material, K-KAc, was prepared
and characterized. It is the first time to find that a little amount of
water inserted into the interlayer space of anhydrous K-KAc

25 leads to the dgp, value obviously increasing and the previously
reported phase of K-KAc with dgo;) = 14.2 A is actually a
hydrous phase. The ionic conductivity of K-KAc was
investigated, indicating that the ¢ value increases by four orders
of magnitude from 373 K to 423 K owing to the mobility of ions

5 (K" and acetate ions) located in the interlayer space being
thermally activated. This study provides a strategy to design new
solid electrolytes via insertion of organic salt into the lamella
minerals or the MOFs with pores or channels.
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