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thermal instabilities of liquid electrolytes 
can cause significant drawbacks, particularly 
for safety. Solid-state electrolyte can over-
come these limitations. Typically, solid-state 
electrolytes have five classifications based on 
the material constituents:[1] inorganic elec-
trolytes, polymer electrolytes, hybrid electro-
lytes, gel–polymer electrolytes, and hybrid 
quasisolid electrolytes. Hybrid electrolytes 
are composed of both organic and inorganic 
materials, and gel–polymer electrolytes and 
hybrid quasisolid electrolytes are mixtures 
of organic and inorganic materials with 
liquid electrolytes, respectively.

Next-generation sodium-ion bat-
teries (SIB) have similar working mecha-
nisms and cycling stability as conven-
tional lithium-ion batteries (LIB). They 
also have several significant advantages 
including the natural abundance and 
widespread geological distribution of the 
sodium resource, low cost, and low toxi
city.[2–10] Many studies have attempted to 
develop suitable materials for SIBs and 

have recently focused on improving their reliability and prac-
ticability.[11–18] Currently, the state-of-the-art inorganic solid 
sodium electrolyte is the Na superionic conductor (NASICON) 
with the Na1+3xZr2(P1−xSixO4)3 structure. The ionic conduc-
tivity of NASICON reaches 10−3 S cm−1 at T ≥ 65 °C.[19] How-
ever, NASICON is a rigid and brittle inorganic material and is 
intrinsically limited for the applications in flexible batteries. 
Also, the intrinsically large interfacial impedance between the 
inorganic solid electrolyte and solid electrodes deteriorates its 
electrochemical properties.[5,20,21] Furthermore, the preven-
tion of dendrite evolution is still one of the most challenging 
issues.[22,23] Meanwhile, low mechanical integrity,[24] ionic con-
ductivity, and oxidation resistivity eclipse the other advantages 
of organic polymer electrolytes which include flexibility, light-
weight, good adhesion, and wettability to electrodes. Hybrid, 
gel–polymer, and hybrid quasisolid electrolytes take advantage 
of both components. For hybrid electrolytes, the addition of 
inorganic materials into polymer increases Young’s modulus, 
but it cannot exceed that of pure inorganic components.[24–26] 
For gel–polymer electrolytes, the polymeric network provides 
mechanical stability for the mobile liquid electrolyte.[27] For 
hybrid quasisolid electrolytes, the addition of liquid electrolyte 
improves the ionic conductivity by improving wetting or inter-
facial contact of the inorganic component to the electrodes. 

Solid-state electrolytes can alleviate the safety issues of electrochemical energy 
systems related to chemical and thermal instabilities of liquid electrolytes. 
While a liquid provides seamless ionic transport with almost perfect 
wettability between electrodes, a solid-state electrolyte needs to demonstrate 
at least comparable electrochemical performance to liquid electrolytes as 
well as mechanical robustness and flexibility. Here, the facile preparation 
of montmorillonite (MMT)/dimethyl sulfoxide (DMSO) nanocomposites 
is reported, which show high ionic conductivities, mechanical strengths, 
and thermal stabilities by forming nacre-mimetic “brick-and-mortar” 
structures. The molecularly confined structures of DMSO are confirmed 
by X-ray diffraction peaks with d-spacings of interplanar spacing that are 
slightly larger than MMTs. The MMT/DMSO composites have mechanical 
strengths and toughnesses of 55.3 ± 4.8 MPa and 210.2 ± 32.6 kJ m−2, 
respectively. The ionic conductivity is ≈2 × 10−4 S cm−1 at room temperature, 
and their thermal stability is in the range of −100 to 120 °C. The optical 
translucency, on-demand eco-degradability, and solution processability 
together make the MMT/DMSO composites unique materials with a wide 
range of solid-state electrochemical applications including batteries.
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1. Introduction

Conventional battery industries have primarily relied on liquid 
electrolyte systems because of the excellent wettability and supe-
rior ionic conductivity of liquids. However, the chemical and 
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However, as the path for ion migration becomes more compli-
cated than for pure liquid electrolytes, ion transport is slow.[28]

The important governing parameters to develop high-per-
formance solid-state electrolytes include excellent mechan-
ical integrity and thermal stability, high ionic conductivity 
and selectivity, low cost, intimate integration with electrodes, 
and environmental friendliness.[29–34] For solid-state electro-
lyte membranes, the mechanical properties should be robust 
enough to avoid the risk of dendrite growth. For example, 
dendrite growth can be suppressed with stiffer electrolytes 
than the metal electrode itself, 6 GPa for LIB.[35] In the case 
of solid electrolytes with excellent ionic conductivities, other 
challenges arise such as high interfacial impedances between 
electrodes and electrolyte (as in NASICON) or high operating 
temperatures due to the limitation of the ionic mobility (as with 
poly(ethylene oxide) (PEO)). Therefore, intimate interfacial con-
tact between electrolyte and electrode as well as room tempera-
ture operability are crucial for designing desirable solid-state 
electrolytes. In addition, environmentally friendly materials 
are another merit in terms of replacing toxic organic solvents, 
which may require costly processes.

Natural nacre, in which 2D calcium carbonate aragonite 
platelets are mixed with organic molecules by forming “brick-
and-mortar” structures, exhibits a toughness that is three 
orders of magnitude higher than its constituents. Although 
the fraction of organic molecules is only 5% in nacre, they 
play an important role in hybridizing properties by allowing 
the strain fracture energy dissipation through frictional 
sliding of the platelets against each other.[36–39] Inspired by 
the structures of natural nacre, various preparation strategies 
have been explored to develop nanocomposites with unique 
properties including layer-by-layer (LBL) deposition,[40–42] 
freeze-drying,[36,43] hot-press-assisted slip casting,[44] freeze-
thawing,[45,46] dry casting,[47–49] and warm-pressing.[50] The 
functional nanobuilding blocks of these nacre-inspired com-
posites could be extended to various inorganic 2D nano-
platelets including clay,[39,40,42] boron nitride,[51,52] layered 
double hydroxides (LDH),[53–55] graphene,[47,48,56,57] and 
Al2O3.[36,43,49,58] These inorganic components are combined 
with polymeric mortars such as chitosan,[48,49] polyvinyl alcohol 
(PVA),[42,47,53,55] poly(methylmethacrylate) (PMMA),[36,58,59] 
and poly (diallyldimethyl ammonium chloride) (PDDA).[60,61]

Among the 2D nanoplatelets, montmorillonite (MMT) 
clay is a nanothin crystalline material roughly 1 nm in thick-
ness. MMT is suitable for preparing multifunctional nanocom-
posites with inherently useful features, such as high surface 
area,[62] gas barrier property,[63] flame retardant features,[64] and 
thermal stability.[65] It is also abundant and inexpensive.[66] The 
natural Na+-MMT nanoclay, which has its chemical structure of 
((Na,Ca)0.33–(Al2−y,Mgy)Si4O10(OH)2·nH2O),[67–69] is hydrophilic and 
miscible with polar polymers such as PEO and PVA.[70] For compat-
ibility with most hydrophobic polymers, organically modified clays 
have been employed.[71,72] However, the material properties of the 
isotropic clay composites prepared by the conventional processes 
were limited because of the difficulty in raising the MMT loading.[73] 
On the contrary, nacre-inspired nanocomposites with clay con-
tents up to 80% have shown enhanced thermal and mechanical 
properties.[72,74] While well-exfoliated clay is a necessary compo-
nent for preparing brick-and-mortar structures, small amounts of 

organic binders are also crucial for defining the performances of 
the resulting composites. For micrometer-sized platelets such as alu-
mina or boron nitride, high molecular weight polymers are preferred 
to comprise the nacre structure.[36,49,51,52] However, for nanosized 
MMTs, the long polymer chains inhibit uniform intercalation into 
nanogallery spaces of MMTs even with in situ polymerization.[74,75] 
Moreover, the dispersion between polymer matrix and MMT tends 
to induce phase separation, which decreases transparency.[76]

In this study, we introduce a quasi-solid-state ionic 
conductor composed of MMT and dimethyl sulfoxide (DMSO), 
a common polar aprotic solvent, as organic binders because 
of its relatively compact structure and low toxicity as well as 
its capacity of forming hydrogen bonds.[77] A novel MMT-
DMSO nanocomposite film, in which DMSO molecules are 
structured by oriented confinement, was prepared by a facile 
vacuum-assisted assembly method.[78] The orderly layered 
structures of the MMT/DMSO composites were demonstrated 
by using X-ray diffraction spectroscopy (XRD) and scanning 
electron microscopy (SEM). Also, the thermal properties of 
the MMT/DMSO composites were further investigated by 
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC), which confirmed that the optimally 
designed MMT/DMSO composites could be used up to 120 °C  
without significant thermal degradation. The MMT/DMSO 
composites show pronounced solid-state ionic conductivities 
up to ≈2.06 × 10−4 S  cm−1 in the through-plane direction at 
room temperature. Moreover, the MMT/DMSO composites 
have mechanical robustness as well as flexibility, which cor-
relates with their molecularly ordered structure. With the 
high content of clay and with the stratified nanostructures 
of MMTs, diffusion of both oxygen and flammable volatiles 
were also restricted and thus provided flame retardant prop-
erties even with DMSO. These multifunctional MMT/DMSO 
composites are eco-materials because on-demand degrada-
bility can be achieved readily by feeding them to superworms. 
Overall, the nacre-mimetic MMT/DMSO composites with 
unique combinations of thermal, mechanical, and electro-
chemical performances offer new possibilities for the develop-
ment of eco-friendly solid-state electrolytes.

2. Experimental Section

2.1. Materials

The sodium montmorillonite nanoclay (Na+-MMT) (Na-
Cloisite, Nanokor Co.) and dimethyl sulfoxide (DMSO, ≥99.5%, 
Daejeong) were used as received. The chemical structure of the 
montmorillonite clay is (Na,Ca)0.33(Al,Mg)2Si4O10(OH)2·nH2O. 
The Na+-MMTs were used for our study. An MMT/DMSO sus-
pension was vacuum-filtrated by using polytetrafluoroethylene 
(PTFE) membrane (pore size: 0.45 µm, Millipore). Stainless-
steel thumbtacks purchased from a local stationery store were 
used as both working and counter electrodes.

2.2. Exfoliation of MMT Nanoclay Solution

For liquid-phase exfoliation, MMT nanoclay powder was dis-
solved in DI water (0.5 wt%) under agitation for 30 min by 

Adv. Sustainable Syst. 2020, 1900134



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900134  (3 of 11)

www.advsustainsys.com

high shear blending (2400 W). The dispersed solution was cen-
trifuged at 2700 × g for 15 min to precipitate the unexfoliated 
MMT particles, followed by the collection of the supernatant 
by pipette. The supernatant was stable for more than a month 
without noticeable precipitation at room temperature.

2.3. Fabrication of MMT/DMSO Composites

The synthesis of MMT film and MMT/DMSO composites 
started with the gradual addition of a required amount of 
DMSO in a range from 0 to 50% into the 20 mL of MMT dis-
persed solution followed by stirring for 30 min to obtain MMT/
DMSO hybrid suspension. The obtained suspension was sub-
sequently self-assembled into the MMT/DMSO composites via 
vacuum-assisted filtration process. The cakes and membrane 
together were then further dried at 60 °C in a convection oven 
for 6 h to remove water. After drying, the MMT film and all 
MMT/DMSO composites could be readily detached from the 
membrane as freestanding films. The MMT/DMSO composites 
were names as MMT/DMSO-5, MMT/DMSO-10, MMT/DMSO-
20, MMT/DMSO-35, and MMT/DMSO-50 depending on the 
relative input amount of DMSO as a volume percentage to the 
total MMT/DMSO mixture solution before the filtration pro-
cess. The thicknesses of the final MMT film and MMT/DMSO 
composites varied from 40 to 320 µm depending on the amount 
of DMSO (Figure 1; Figure S1, Supporting Information).

2.4. On-Demand Eco-Degradability Test

Each set of MMT/DMSO composites films were used to test 
on-demand degradability by the superworm feeding method. 
At room temperature, 40 superworm larvae were put in a cage 
with a mesh floor to remove feces. MMT films and MMT/
DMSO composites were weighed and placed into the cage 
containing 40 superworms for 4 h at room temperature. The 
cut pieces of residual films were collected after being eaten 
by the worms, and the net weight changes were determined.

2.5. Characterization

The layered structure of nanocomposite was evaluated by 
XRD (X’Pert PRO MRD (Philips)). The XRD profile was 

recorded in a reflection mode in the range of 3°–40° at a 
scan speed of 0.07° s−1. The X-ray was generated by Cu Kα 
radiation (1.548 Å) under a voltage of 40 kV and a current 
of 30 mA. The d-spacing of MMT was calculated from the 
peak position of the XRD patterns using Bragg’s equation 
d = 2π/q, where the wavenumber q is defined as q = (4π/λ) sin 
(θ/2), where λ is the X-ray wavelength and θ is the scattering 
angle. The layered morphology of the films was examined by 
performing SEM measurements on a Hitachi SU8010 with 
an accelerating voltage of 5 kV. The specimens were coated 
with Pt to avoid charging. DSC measurements on the DMSO 
intercalated MMT samples were performed with a DSC200F3 
(Netzsch) under a nitrogen atmosphere. The DSC thermo-
grams were recorded at a scanning rate of 10 °C min−1 from 
−100 to 120 °C. TGA and differential thermal analysis (DTA) 
were tested on a TG 209 F3 (Netzsch) to measure the amount 
of DMSO intercalated into the MMT platelets. The samples 
were heated from room temperature up to 500 °C at a rate 
of 10 °C min−1 in N2 flow. Electrochemical impedance spec-
troscopy (EIS) of the films was performed at 100 mV rms  
of AC voltage from 1 to 100 kHz of the frequency with a 
two-electrode system on a Gamry reference 600 potentio-
stat (Gamry) at room temperature. Stainless-steel electrodes 
were used for electrochemical characterization. The flame-
retardant properties were tested with a torch using butane 
gas as fuel.

We have fitted the impedance spectra to equivalent circuit 
models expressed with the combination of resistances and 
capacitors (Figure S7, Supporting Information). The “good-
ness-of-fit” parameter obtained from the fitting is Chi-squared 
that shows the difference between observed values and those 
expected theoretically. Thus, “goodness of fit” should be zero 
for ideal matching between the calculations and the experi-
ments. Here, as the goodness of fit is Chi-squared, it is the cal-
culated sum of the weighted residuals defined as following
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Figure 1.  Scheme of the fabrication process and the molecular structure of each state.
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3. Results and Discussion

3.1. Nanostructures of MMT/DMSO Composites

MMT nanoplatelets were organized into macroscopic layered 
structures with degrees of DMSO content. The nanostructural fea-
tures as well as physicochemical interaction between MMTs and 
DMSO determine the multifunctional performances. Figure  2 
shows the XRD patterns, corresponding interplanar distance 
between MMT galleries, and the crystalline domain size of MMT/
DMSO composites. These were calculated from a peak position 
and a full width at half-maximum (FWHM) of the first reflection 
peak in the diffraction angle range between 5° and 9°. As shown 
in Figure 2a, the pristine MMT film shows a rather broad reflec-
tion peak indicating irregularly stacked structures compared to the 
sharp and well-defined peaks of MMT/DMSO 
composites upon the addition of DMSO up to 
35%. The interplanar distance, or d-spacing, 
can be obtained from Bragg’s Law. The cor-
responding d-spacing of pristine MMT film is 
expanded from 1.17 up to 1.82 Å by the addi-
tion of DMSO. However, the d-spacing slightly 
decreased when the DMSO content increased 
from 5% to 20%, followed by a further increase 
with excess DMSO. These results suggest that 
the system is further confined with a certain 
amount of organized DMSO molecules that 
exist between the MMT layers. The average 
size of crystal or domain (τ) can be calculated 
by the Scherrer equation

cos
τ λ

β θ
=

K

�
(3)

where K is a dimensionless shape factor, λ is the wavelength 
of X-radiation, and β is FWHM. We set the K as 0.94, which 
corresponds to a combination of the tetrahedral and octahe-
dral structure of MMT crystal.[79] The crystalline domain size 
of MMT/DMSO composites derived from the Scherrer analysis 
expanded steadily from 2.7 to 10.0 nm with increased DMSO 
content. The combination of the increased d-spacing and the 
crystalline domain size upon the addition of DMSO is fur-
ther evidenced by the increment of the total thickness of the 
films (Figure S1, Supporting Information). This structured 
MMT/DMSO film should differ from an immiscible-stacked 
MMT structure on the matrix and a fully exfoliated uniform 
MMT distribution on the matrix. Rather, the intercalated 
DMSO molecules are uniformly ordered on the gallery spaces 
to form a homogeneously layered MMT structure.

The cross-sectional morphology of MMT and MMT/DMSO 
composites films was observed by SEM as represented in 
Figure  3. The images reveal distinct layered structures in the 
MMT/DMSO composites, which are comparable with the brick-
and-mortar structure of natural nacre, with the inorganic MMT 
platelets preferentially stacked horizontally. Starting from the 
densely packed cross-sectional surface of the pristine MMTs, 
the MMT/DMSO-5, MMT/DMSO-10, and MMT/DMSO-20 
samples have longer distances between the MMT platelets and 
have a more roughened cross-sectional surface. For the MMT/
DMSO-35 and MMT/DMSO-50 samples, the MMT platelets 
look like swollen and expanded with excess DMSO. The rough-
ened interlayer surfaces can be attributed to strong interactions 
between layers which evidently affect the mechanical proper-
ties of the composites. Undoubtedly, the ordered DMSO con-
fined by MMT layers plays binding roles in the composites, and 
excess DMSO deteriorates their binding interactions, which 
correlates with the XRD structural analysis.

3.2. Thermal Behaviors of MMT/DMSO Composites

To understand the interactions of ordered DMSO confined in 
MMT structures, the thermal behaviors of the MMT/DMSO 
composites were investigated by TGA, DTA, and DSC with 
varying DMSO content as shown in Figure 4. The TGA results 
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Figure 2.  a) XRD patterns of MMT film and MMT/DMSO composites. 
b) Interplanar spacings and domain size of the MMT/DMSO composites 
with varying DMSO content.

Figure 3.  Cross-sectional SEM images of MMT/DMSO composites with varying amounts of 
DMSO. a) MMT film, b) MMT/DMSO-5, c) MMT/DMSO-10, d) MMT/DMSO-20, e) MMT/
DMSO-35, and f) MMT/DMSO-50.



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900134  (5 of 11)

www.advsustainsys.com

reveal the amount of intercalated DMSO in MMT/DMSO com-
posites as well as their thermal stabilities. Figure  4a shows 
the weight losses from thermal decomposition of MMT/
DMSO composites as a function of temperature in the range 
between 30 and 500 °C. At 500 °C, ≈98.2 wt% of residues for 
neat MMT film is measured, while ≈96.6, ≈80.4, ≈56.1, 35.9, 
and 31.1 wt% are observed for MMT/DMSO-5, MMT/DMSO-
10, MMT/DMSO-20, MMT/DMSO-35, and MMT/DMSO-50, 
respectively. These results indicate the amount of DMSO inter-
calated between the MMT layers. Furthermore, thermal destruc-
turing of confined DMSO between MMT layers was measured 
by DTA, by the onset and peak temperatures. Weight losses of 
the MMT/DMSO films indicate simple evaporation of DMSO 
caused by destructuring of the confined DMSO structure. The 
onset temperature shifts from ≈220 to ≈130 °C with increasing 
DMSO content from ordered confinement to excess DMSO in 
the composites (Figure 4b). These lowered onset temperatures 
likely originated from the partial evaporation of disordered free 
DMSO. Interestingly, however, the barrier properties of MMT 
platelets prevent radical decomposition under 100 °C. Rather, 
MMT layers could form and retain the ordered DMSO in their 
structures above 130 °C. In DSC measurements, both MMT 
film and MMT/DMSO composites demonstrated superior 
thermal stability without any peak in the temperature range of 
−100 to 120 °C. As can be seen from the TGA results, below 
130–150 °C, the temperature at which major decomposition 
occurs, MMT layers effectively prevent DMSO evaporation 
without any reaction involving heat transfer. Thus, both the 
TGA and DSC results demonstrate the sufficiently wide oper-
ating temperature range of MMT/DMSO composites, which is 
important for its use as a solid-state ionic conductor.

The gradually suppressed DSC curves of MMT/DMSO-5, 
MMT/DMSO-10, and MMT/DMSO-20 suggest the restrained 

mobility of confined DMSO in its crystallized state. This effi-
cient binding action by ordered DMSO might be synergistically 
reinforced by strong hydrogen bonding between the negatively 
charged MMT clay layers containing -OH groups and DMSO in 
addition to ionic bonding and van der Waals interactions. The 
broad vibration of the -OH approximately at 3100–3500 cm−1 
confirms the existence of hydrogen bonding between DMSO 
and MMT platelets (Figure S2, Supporting Information). The 
bounded mobility of confined DMSO is enhanced with excess 
DMSO which broadens the interplanar spacing with its rela-
tively high volume originated from several free molecules.

3.3. Mechanical Properties of MMT/DMSO Composites

Next, we investigated the effect of DMSO on the mechan-
ical properties of MMT/DMSO composites by evaluating 
their strength, modulus, strain to failure, and toughness 
(Figure  5). In general, MMT hybrid nanocomposites with a 
high-volume fraction of inorganic component showed high 
strength, while exhibiting low toughness due to brittleness. 
As can be seen from Figure  5b, the tensile strength of the 
MMT/DMSO composites was significantly enhanced with 
increasing DMSO amount up to 20%. The tensile strength 
of MMT film and MMT/DMSO-5 were similar which are 
23.27 ± 8.87 and 22.63 ± 5.60 MPa, respectively. It increased 
up to 55.32 ± 4.79 MPa for MMT/DMSO-20 and then decreased 
to 2.73 ± 0.09 MPa with the excess of DMSO in the compos-
ites. Similarly, except the brittle MMT film, the trend of Young’s 
modulus change of MMT/DMSO composites correlated with 
the sample’s strength (Figure  5c). The maximum tensile 
strength and Young’s modulus were observed for MMT/DMSO-
20, which seems to be related to both the hydrogen bonding 
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Figure 4.  Thermal behaviors of MMT/DMSO composites presented as a) TGA, b) DTA, and c) DSC thermograms with different DMSO contents.
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between MMT platelets and that between MMT platelets and 
DMSO. This is consistent with the short interplanar distances 
of MMT/DMSO-20 revealed from XRD analysis.

As shown in Figure 5d, extensional properties were improved 
as evident from the increased strain-to-failure to 8.36 ± 1.22% 
upon the addition of DMSO up to 50%, indicating a significant 
increase of film flexibility, to more than seven times higher than 
pure MMT film (1.17 ± 0.23%). Basically, the molecular prox-
imity of the nanoconfined crystal structure of MMT/DMSO 
composites seems to affect the strain-to-failure by providing 
effective stress-transfer sites. The remarkable increase in the 
strain-to-failure value of MMT/DMSO-50 is further attributed to 
the excess DMSO molecules, which can move around the MMT 

galleries more freely, unlike many other polymers. Further-
more, the bonds between DMSO molecules tend to rearrange 
easily when they were disconnected, thereby contributing to 
the enhanced strain-to-failure values as compared with high 
molecular weight entangled polymer chains. The average tough-
ness first increased from 19.76 ± 16.31 to 210.21 ± 32.55 kJ m−2,  
and then decreased to 21.71 ± 2.53 kJ m−2 with DMSO content 
as plotted in Figure 5e. Evidently, the DMSO content for optimal 
mechanical properties was again found at MMT/DMSO-20, when 
MMT platelets were orderly packed together with extremely thin 
DMSO layers to form MMT/DMSO complex, leading to high 
mechanical properties at the interface. DMSO possesses com-
parable surface tension energy (≈44 mN m−1 in air), which 
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Figure 5.  Mechanical performances of MMT/DMSO composites. a) Stress–strain curve, b) tensile strength, c) Young’s modulus, d) strain to failure, 
and e) toughness of MMT/DMSO composites as a function of DMSO content.
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facilitates strong interfacial interactions and uniform intercala-
tion into MMT. However, mechanical properties deteriorated 
when the amount of input DMSO was larger than 20% because 
excess DMSO failed to form a complex with the MMT as well 
as significantly low mechanical properties of bulk DMSO liquid.

3.4. Electrochemical Performances of MMT/DMSO Composites

We have also investigated the electrochemical impedance of 
DMSO intercalated MMT nanocomposites at room tempera-
ture, 20 °C. From the EIS spectra (Figure 6a), a dramatic dec-
rement of impedance was observed with increasing DMSO in 
MMT/DMSO composites across the whole frequency range. As 
shown in the Bode plot with phase angles, the MMT-only film 
behaves in rather a capacitive way over the whole frequency 
range as an insulator. On the other hand, the MMT/DMSO 
composites tend to behave in a more resistive manner than 
a capacitive way at the high-frequency range with increasing 
DMSO content. This change might be triggered because con-
fined DMSO in the composites provides the local dielectric that 
induces charge polarization subsequently generating effective 
charge carriers through less insulating sites. This ionic trans-
port is unique because the overall impedance spectra of MMT/
DMSO composites are much lower than those of MMT/lactic 
acid composites with a surface energy of ≈70.7 mN m−1 (Figure 
S3, Supporting Information). Moreover, the ionic conductivity 
of MMT/DMSO composites was calculated by considering the 
film thickness, the electrode area, and the impedance of the 
real axis at the inflection point (Figure 6b).

1σ = ×
R

L

S 	
(4)

where R is the resistance calculated from the real axis, L is  
the thickness of the film, and S is the contact area between the 
film and electrodes. The internal resistance composed of the 
electrode–electrolyte interfacial resistance and the electrolyte-
bulk resistance can be calculated from the value of Z′ exists.[80] 
Here, the ionic conductivity of MMT/DMSO increased with 
the amount of DMSO in the film up to 2.06 × 10−4 S cm−1 at 
MMT/DMSO-50. The positive relationship between the content 
of DMSO and the conductivity is consistent with the result of 
XRD analysis that reveals the crystalline domain size of MMT/
DMSO composites.

From the EIS, the charge transport mechanism for MMT/
DMSO composites can be divided into two processes: ionic 
hopping at confined MMT/DMSO lattice structure and ionic 
migration along the excess DMSO[81–83] (Figure S5, Supporting 
Information). The ionic conductivity of the confined structure is 
dominantly attributed to ionic hopping processes. Since MMT 
has exchangeable sites for holding cation, the Na+ ions can hop 
into neighboring sites along the MMT lattices by applying local 
charge potential.[81,84] Furthermore, confined DMSO forms 
localized charge potential to drive Na+ hopping by dielectric bar-
riers among MMT lattices. Subsequently, molecularly confined 
DMSO dielectrics along the MMT lattices which accommodate 
a significant amount of the Na+ ions, greatly affect the charge 
transfer efficiency. On the other hand, as increasing DMSO 
content, the amount of Na+ ions in the DMSO phase grows to 
long-range ionic migration while the ionic solubility in DMSO 
is quite limited. In the DMSO phase, Na+ ions migrate along 
the favorable pathways provided by excess DMSO. These syner-
gistic mechanisms of ionic transports contribute to increasing 
overall ionic conductivities as well as to decrease the imped-
ance. Note that the overall charge conductivities at pure DMSO 
were extremely poor. Therefore, the addition of DMSO to the 
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Figure 6.  Electrochemical performances of MMT/DMSO composites. a) Bode plot and b) Nyquist plot with a logarithmic scale, and c) conductivity 
of MMT/DMSO composites as a function of DMSO content.
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MMT/DMSO composites causes both ionic migration and ionic 
hopping mechanisms, resulting in reducing the impedance 
spectra across the entire measured frequency range.

The theoretical number of Na+ ions in MMT lattice is  
0.33 per unit chemical formula, which is a good number of 
mobile ions to be an electrolyte. To be sure, we have measured 
the Na+ concentration in the solution with inductively coupled 
plasma (ICP) analysis. The average concentration of Na+ ions in 
MMT lattice was measured to be 42.72 ± 0.96 µg mm−3 MMT.

To prove that major charge-carrying ions are Na+ in the 
MMT/DMSO composite, we have further tested EIS and cal-
culated bulk conductivity after adding excess Na+ ions in the 
MMT/DMSO (Figure S6, Supporting Information). To add 
excess Na+ ions to the system, NaCl were dissolved in the MMT 
solution during the composite preparation. Even after making 
an MMT/DMSO composite with excess NaCl, there was no 
remarkable change of the conductivity, rather slight decreases 
of ionic conductivities were shown. This example proves that 
our MMT/DMSO films are already saturated with Na+ on MMT 
lattice and very low solubility of Na+ on DMSO because excess 
Na+ could not contribute to increasing the conductivities. The 
reference value of Na+ solubility in DMSO at 20 °C is just 
1.57 µg mm−3 DMSO, which is at least 20 times lower solu-
bility than in MMT lattice. This solubility difference indicates 
that majorities of charge-carrying Na+ ions exist in MMT lat-
tice and, thus Na+ ions transfer among the MMT lattices. The 
role of confined DMSO in the gallery space of MMT is to bring 
localized dielectric potential to drive mobile Na+ ion hopping 
among the MMT lattices. Because the solubility of charged ions 
on DMSO is very low, there is practically no physical space for 
accommodating H+ ions without replacing Na+ on the MMT 
lattice. This vacancy of ions in DMSO solution is evidenced 
by the extremely high impedance spectrum of pure DMSO as 
shown in Figure 6a.

Another proof that the charge conductivity contribution from 
H+ is very limited was suggested by EIS results of MMT/lactic 
acid in Figure S3 (Supporting Information). Even though lactic 
acid is a good source of H+ ions, their impedances were much 
higher than the MMT/DMSO. While hygroscopic behavior of 
the MMT/DMSO composites could bring potential H+ ions in 
the ionic conductivities, we have completely dried the compos-
ites in a drying oven before measuring the EIS. Thus, the con-
tribution to ionic conductivity by H+ is extremely limited even if 
not being completely excluded.

As shown in Figure 5, MMT/DMSO com-
posites which do not contain excess DMSO 
are relatively mechanically stiff compared 
to those containing excess DMSO. This 
may have affected the poor contact between 
the composite and the electrodes, which 
directly induces the high interfacial imped-
ance. For the more accurate fitting, further 
experiments are necessary after sufficiently 
improving their interfacial impedance. 
Thus, we have here only considered MMT/
DMSO-35 and MMT/DMSO-50. The equiva-
lent circuits models were composed of con-
tact resistance (Rc), conduction resistances 
(R1, R2), and inner capacitances (C1, C2). 

The detailed circuit parameters and goodness of fit are shown 
in Table S1 (Supporting Information). The contact resistances 
of both MMT/DMSO-35 and MMT/DMSO-50 are lower than 
1.5 kΩ which are negligible compared with the other resist-
ance parameters. All resistance and capacitance parameters of 
MMT/DMSO-50 were calculated to be lower and higher than 
those of MMT/DMSO-35, respectively. The most significant 
difference between MMT/DMSO-20, MMT/DMSO-35, and 
MMT/DMSO-50 was in the amount of excess DMSO. Similar 
to impedance and conductivity changes, in this simulation and 
fitting, it was demonstrated that the excess DMSO plays major 
role in charge conduction.

3.5. Biodegradability Test

The biodegradabilities of MMT film and MMT/DMSO compos-
ites were tested by feeding them to 40 superworms for 4 h at 
room temperature. The weight drop of the films was measured 
4 h after putting both superworms and films together in the 
cage (Figure 7a). The superworms like to eat all of the films, but 
prefer the softer films. One superworm eats about 0.59 mg of 
pure MMT film an hour on average, while they ingest 0.49 mg  
of MMT/DMSO-20 and 0.78 mg of MMT/DMSO-50 which 
were the most rigid and softest one among the MMT/DMSO 
composites, respectively. Figure 7b shows the digital image of 
superworms in the cage and the films after feeding. The worms 
prey on the films by chewing from the edge and egest them 
into the biomass.

3.6. Flame-Retardant Ability and Flexibility of MMT/DMSO 
Composites

The foldability, flexibility, and flame-retardant properties of 
MMT/DMSO composites were studied in detail with the MMT/
DMSO-20 sample which showed superior mechanical prop-
erties over the other MMT/DMSO composites. The MMT/
DMSO-20 was exposed to the flames of a gas torch and began 
to burn, but immediately self-extinguished upon the removal 
of the flame as shown in Figure 8a. Although DMSO itself is 
a highly inflammable organic solvent, we noted that MMT/
DMSO-20 films which contain around 40 wt% of DMSO 

Adv. Sustainable Syst. 2020, 1900134

Figure 7.  a) Weight reduction of films after 4 h of residence time in the cage with 40 super-
worms. b) Digital image of superworms and cut films immediately after placing films into the 
cage (left) and after 4 h (right).
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confirmed by TGA analysis showed self-extinguishing behavior. 
This flame-retardant behavior can be explained by the hierar-
chical structure (macroscopic roughened structure together 
with nanoscopic aligned layered structure) of the MMT/DMSO 
composites, which acts as a heat barrier to interfere with 
advancing and spreading of flames during the burning pro-
cess. Furthermore, MMT/DMSO composites were foldable 
and flexible, as represented in Figure  8b,c. The photographs  
demonstrate that MMT/DMSO composites were able to keep 
their form even when they were completely crumpled. Notably, 
our nacre-like MMT/DMSO composites show pronounced flexi
bility compared with natural nacre.

The obtained MMT/DMSO composites were optically trans-
lucent as presented in Figure S8 (Supporting Information), 
implying flat and uniform alignment of the MMT-DMSO 
platelets. Altogether, the data show that MMT/DMSO compos-
ites are benign fire-retardant materials. A further advantage of 
these biomimetic MMT/DMSO composites over conventional 
flame-retardants is their facile and environmentally friendly 
preparation processes.

4. Conclusion

Nacre-mimetic MMT/DMSO composites with a brick-and-
mortar structure were successfully fabricated through a 
vacuum-assisted filtration process. Reinforcement of MMT/
DMSO composites was affected by interfacial interactions, 
such as hydrogen bonding, ionic bonding, and van der Waals 
interactions between the constituents. The MMT/DMSO 
composites were compactly stacked and regularly aligned 
along the in-plane direction. XRD analysis showed the 
intercalation of DMSO into layered MMT platelets as con-
firmed by a change of the interlayer d-spacing and crystalline 
domain size. This nanoconfinement effect is presented with 

the maximum peak intensity of MMT/
DMSO-20 in the XRD pattern. The mole-
cular structural ordering of the layered 
nanoarchitecture was associated with the 
mechanical enhancement of the compo
sites including tensile strength, Young’s 
modulus, strain-to-failure, and toughness. 
In addition, the ionic conductivity of the 
composite revealed excellent electrochem-
ical properties at room temperature. These 
nanocomposite films were demonstrated 
to be thermally stable over a temperature 
range of −100 to 120 °C by DSC analysis 
and were able to demonstrate on-demand 
degradation when fed to superworms. The 
MMT/DMSO composites were also trans-
lucent, flexible, and flame-retardant. This 
work based on nanoconfinement of DMSO 
molecules highlights a simple and efficient 
approach for further development of bioin-
spired structural materials with multifunc-
tional performance.
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