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A B S T R A C T   

Tuning the synthesis conditions of polyaniline (PANI) such as aniline monomer’s protonation states and adding 
surfactants into polymerization mixture or even the existence of bacterial cellulose (BC) had a substantial in-
fluence on the final properties. To explore the relationship between components presented in the polymerization 
mixture, simulation tools (molecular dynamics (MD)/Monte Carlo (MC)/Density functional theory (DFT)) can be 
used. Herein, nanocomposite aerogels of BC/PANI were fabricated in the presence of anionic surfactants; sodium 
dodecyl benzene sulfonate (SDBS) or sodium dodecyl sulfonate (SDS) at two different concentrations (0.05 M and 
1 M) of HCl solution. Two types of aniline monomers were considered in the polymerization mixture based on 
HCl solution’s concentrations including neutral and protonated aniline in 0.05 and 1 M, respectively. Various 
morphologies from nanobelts (with a width of 100–500 nm) and polyhedrons (with a thickness of 100–700 nm) 
in 0.05 M of acid solution in the presence of SDBS or SDS, respectively, were detected. Based on DFT compu-
tations it was found that electrostatic interactions and the formation of hydrogen bonds play a vital role in the 
interfacial interaction mechanism between both surfactants (SDBS and SDS) and different protonation forms of 
aniline monomers. Nevertheless, in the case of SDBS and aniline monomers (in both 0.05 and 1 M of HCl so-
lutions), an excess interaction mechanism, namely π-π stacking, was observed, which enhanced the interaction 
between them and confirmed by experimental results. Therefore, the highest conductivity of 0.8 S/cm was ob-
tained for the BC/PANI prepared with SDBS in 1 M of HCl solution. Besides, the smallest energy gap of 2.74 eV 
was predicted from DFT calculations for this sample that further confirmed its high electrical properties and 
smaller band gap at 3 nm, which was also confirmed by MD and MC.   

1. Introduction 

Nowadays, the development of electrical conductive, flexible, 
lightweight, and multifunctional bionanocomposite aerogels have 
drawn significant interests in various ranges of applications such as 
energy storage devices [1], sensors [2,3], and electromagnetic (EM) 
shielding [4-7] instruments and dielectric relaxation [8,9]. They are 
good alternatives for traditional silica-based aerogels, which suffer from 
their brittleness, extremely low mechanical stability, and the absence of 
flexibility. Hence, the development of eco-friendly and versatile nano-
composite aerogels is an active research field. Bacterial cellulose (BC), 
which is biosynthesized using a special kind of bacteria, has drawn more 
attention owing to its large purity, crystallinity, hydrophilicity, and 

flexibility [10,11]. It is known as a biodegradable and biocompatible 
polymer, which is an excellent candidate for such functional aerogels. 
Besides, BC possesses outstanding architecture, for instance, low ther-
mal conductivity, good mechanical stability, excellent flexibility, high 
surface area, and a three-dimensional porous nanofibrous network with 
abundant hydroxyl groups [12]. The latter endows BC as a unique 
template to be decorated with nanomaterials or polymers to fabricate a 
flexible and strong hybrid structure with additional properties. 

Nevertheless, BC suffers from electrical conductivity to use solely. 
Recently, polyaniline (PANI) was integrated into BC to prepare 
conductive composites. There are several BC/PANI composites mem-
branes reported with different conductivities and applications, for 
instance 5.78 × 10− 7 S/cm [13], 0.8 S/cm and as an electrode in 
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supercapacitor [14], 0.055 S/cm [15], to 5.1 S/cm as an electrode in 
supercapacitor [16], 2.5 × 10− 4 S/cm [17] and 0.002 S/cm as an elec-
trode in supercapacitor and soft tissue engineering [18,19]. The main 
parameters that had been studied are including the ratio of aniline 
monomer to the oxidative agent (ammonium persulfate), the effect of 
time and temperature of reaction media, and using different types of 
acids (HCl, H2SO4, H3PO4, toluenesulfonic acid). The highest conduc-
tivity was reported by HCl as the strongest protonic acid [20]. Recently, 
the preparation of BC/PANI in the presence of a cationic surfactant; cetyl 
trimethyl ammonium bromide (CTAB), and a conductivity value of 
0.001 S/cm at 0.5 M of HCl solution has been reported. The density 
functional theory (DFT) calculations confirmed the formation of the 
hydrogen bond between BC and aniline [21]. However, there are other 
parameters regarding the polymerization of PANI and its integration 
onto BC network mixture that have not been considered such as the use 
of high and low molarity of HCl solution, interaction mechanism be-
tween surfactants, and aniline monomers as well as different kinds of 
surfactants. These parameters can influence the final morphology of 
PANI and consequently, the final hidden properties of nanocomposite 
such as diffusion coefficient and electron tunneling or gap distance 
within the conductive network. 

Therefore, despite a series of works on BC/PANI hybrids, nothing has 
been reported regarding the effects of the morphology of PANI within BC 
and its effect on practical properties such as electron tunneling, dielec-
tricity, and rheology. The tuning of PANI’s morphology can be carried 
out by using anionic surfactants such as sodium dodecyl benzene sul-
fonate (SDBS) and sodium dodecyl sulfate (SDS) or variation of the HCl 
molarity (concentration). Recently, SDS and SDBS were used to enhance 
the electrochemical properties of PANI -based [22–24]. In this case, it 
was figured out that the appearances of PANI with various morphologies 
such as nanoribbon, rectangular nanotubes, and dendrite shapes can 
improve the electrochemical properties of final products. 

Another challenge is related to answering this question that what is 
the relationships between these parameters and how do they affect the 
final properties. In this case, it can be carried out by discovering the 
interfacial interaction with the help of simulation tools like molecular 
dynamics (MD) Monte Carlo (MC), and density functional theory (DFT). 
Accordingly, they are known as useful tools to simulate the interaction 
mechanism at an atomic and electron level. Hence, comprehensive in-
sights regarding the nature of interfacial interaction involved in the 
polymerization media between anionic surfactants, aniline monomer 
(with different protonation degree), and BC structure and its influence 
on the final properties will be carried out. 

Concerning these explanations, in this work for the first time, the 
production of BC/PANI in the existence of two different anionic sur-
factants as well as altering the HCl solution’s molarity (0.05 and 1 M) are 
presented in both experimental and theoretical (MD, MC, and DFT). 

2. Experimental section 

2.1. Materials 

Aniline (≥99.5%), sodium dodecylbenzene sulfonate (SDBS, CAS no 
25155–30-0), Sodium dodecyl sulfate (SDS, CAS no 151–21-3), ammo-
nium persulfate (APS, ≥98%), hydrochloric acid (HCl, 36%–38%) were 
supplied from Merck (Germany) and utilized as received without puri-
fication. The bacteria of Gluconacetobacter xylinus (PTCC 1734) was 
provided by the Iranian Research Organization for Science and Tech-
nology (IROST) for the biosynthesis of bacterial cellulose (BC) hydro-
gels. The ingredients of culture medium including glucose, yeast extract, 
peptone water, and disodium hydrogen phosphate for preparing BC [3] 
were also acquired from Merck (Germany). 

2.2. Production of various BC/PANI nanocomposite aerogels 

The BC hydrogels were synthesized based on the previously reported 
approach [2,3]. After the preparation of BC hydrogels, they were cut 
into rectangular specimen with an average weight of 5.5 ± 0.3 g, fol-
lowed by immersion into distilled water. The solid content of BC 
hydrogels was ca. 4.1 ± 0.1%. To produce BC/PANI nanocomposite 
hydrogels, an oxidative methodology was applied via two distinct con-
centrations of HCl solution (0.05 and 1 M). First, 0.2 g aniline with 0.1 g 
of the respective surfactant (SDS or SDBS) were dissolved in 90 mL HCl 
solution (with desired molarity of 0.05 or 1 M), followed by gently 
stirring. After that, BC hydrogels were added to the mentioned solution 
(the mass ratio of BC hydrogel to aniline monomer was 1.1) under 
vigorous stirring for 1 h. To further insuring the diffusion of aniline 
monomer within BC hydrogels, the above mixtures were placed in an 
ultrasonic bath for 1 h. Afterward, 10 mL HCl solution (with desired 
molarity) containing 0.1 g ammonium persulfate (APS) was dropped 
into the reaction mixture without stirring. The reaction mixture con-
taining 1 M HCl was placed in the ice-water bath, while those containing 
0.05 M HCl were kept at room temperature [24]. By proceeding with the 
polymerization process, the BC/PANI nanocomposite hydrogels which 
were prepared in 1 M HCl, became dark green. At the same time, the 
yellowish-brown color was observed in the case of prepared BC/PANI 
nanocomposite hydrogels containing 0.05 M HCl solution (Fig. 1). After 
24 h, produced nanocomposite hydrogels were harvested and then 
rinsed extensively with deionized water and ethanol to remove any 
soluble oligomers and non-reacted components. Subsequently, the pre-
pared hydrogels were placed into liquid nitrogen to completely freeze, 
before freeze-drying at − 54 ◦C for 24. The produced BC/PANI nano-
composite aerogels were stored at room temperature (in a desiccator) to 
further analysis and characterization. The prepared BC/PANI samples in 
the attendance of SDS and SDBS, containing 1 M HCl were named as 
BPS-G and BPSB-G, while those of that prepared in the 0.05 M HCl were 

Fig. 1. Photograph images of fabricated samples.  
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designated as BPS-Y and BPSB-Y when the surfactants were SDS and 
SDBS, respectively. Y and G refer to the color of samples; yellow and 
green, respectively. The procedure mentioned above is schematically 
shown in Fig. S1. 

2.3. Characterization of nanocomposites 

The surface morphology of resultant nanocomposite aerogels was 
observed by field emission scanning electron microscopy (FESEM, FEI 
Nova NanoSEM 450, USA). All aerogel samples were mounted on sample 
holders and coated with gold, before imaging analysis. 

The structure of prepared nanocomposite aerogels was evaluated by 
Fourier transformed infrared spectroscopy attenuated total reflectance 
(FTIR-ATR, Perkin Elmer spectrum express version 1.03.00 instrument, 
USA) in the range of 4250 cm− 1-650 cm− 1. 

The crystalline behavior of BC/PANI nanocomposite aerogels was 
examined by Philips Analytical X’Pert X-diffractometer (Netherlands) 

Fig. 3. Photographs and FESEM images of (a) BPSB-Y, (b) BPS-Y, (c) BPSB-G, and (d) BPS-G nanocomposite aerogels.  

Fig. 2. The optimized geometries of SDBS, SDS, and BC (dashed lines depict the 
hydrogen bonds), neutral aniline (N-A at 0.05 M), and protonated aniline (P-A 
at 1 M: a dashed red circle signified protonated part). 
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with Co Ka radiation (λ = 0.1540 nm) in the diffraction angle range of 
5–60◦ (2θ) that was operated at 40 kV and 30 mA at room temperature. 
The crystallinity index (CrI%) and crystallite size were measured via 
Segal’s equation and Scherrer’s method [10]. 

To investigate the pore texture of the resultant nanocomposite aer-
ogels, the Nitrogen adsorption–desorption was employed through 
MicroMeritics, TriStar II 3020 3.02 (USA) apparatus. Before running 
tests, all specimens were degassed at 150 ◦C for 2 h, followed by cooling 
to 25 ◦C. The BET method in the respective pressure range from 0.04 to 
0.15 was utilized to determine specific surface areas of aerogel coun-
terparts. The pore size distribution of BC/PANI aerogels was calculated 
by the Brunauere-Joynere-Hallenda (BJH) approach [25]. 

The rheological behaviors of prepared nanocomposite hydrogels 
were studied via Physica rheometer (MCR 501, Anton Paar, Austria) 
equipped with stress and temperature-controlled with a Peltier system. 

The rheology tests were carried out in the mode of the parallel plate 
and a gap of 1 mm at the temperature of 25 ◦C. At first, a strain sweep 
test from 0.01 to 100% were carried out at a constant frequency of 1 Hz 
to gain the linear viscoelastic regime (LVR). After obtaining the optimal 
strain, frequency sweep measurement is applied at the frequency of 
0.1–100 Hz. 

Direct current (DC) and alternating current conductivity (AC), as 
well as dielectric parameters such as permittivity, loss, loss factor, and 
Impedance spectra, were derived through a broadband dielectric 

spectrometer namely LCR meter (LCR-8101G-GW Instek, Taiwan) at the 
ambient conditions. Before doing these experiments, the surfaces of 
specimens were pasted with silver ink to remove the contact resistance 
sample with that of probes. All experiments were done at least in trip-
licates and mean values were reported. 

3. Computational studies 

To explore the affinity of different forms of aniline monomers in the 
polymerization towards surfactants and bacterial cellulose as well as 
elucidating the interaction mechanisms and their influence on the 
practical properties, atomic and electronic levels computations were 
carried out using MD, MC, and DFT simulations that were described 
precisely in the supplementary information. The optimized geome-
tries in the DFT simulation are shown in Fig. 2. 

4. Results and discussion 

4.1. Morphological studies of BC/PANI nanocomposite aerogels 

Fig. 3(a)-(d) illustrates the FESEM of BC/PANI nanocomposite aer-
ogels. Overall, it was confirmed that BC has composed of a three- 
dimensional nanofibrous network with a porous texture that is 
randomly distributed [26]. As observed, a denser and thicker structure 

Fig. 4. Rheological results of the produced hydrogels (a) strain sweep tests of complex modulus (b) strain sweep tests of G′ and G′ ′, plots of (c) storage and loss 
modulus (G’ and G“), (d) tan δ versus frequency, (e) complex viscosity and (f) logarithmic plot of G′ versus G′ ′. 
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could be seen in the case of resultant nanocomposite aerogels compared 
to pure BC aerogel. 

The nanofibrillar morphology and porous network of BC have been 
preserved during in situ polymerizations of aniline. Besides, in the case 
of BPS-Y and BPSB-Y, large polyhedral and long nanoribbons mor-
phologies were observed for in situ synthesized PANI. This is due to the 
usage of SDS and SDBS plays a vital role in forming PANI with different 
morphologies. As evident from the FESEM image of Fig. 3(b), polyhedral 
PANI possesses rough surfaces with a lot of porosity, which remarkably 
affects the surface area and porosity of resultant aerogels. The di-
mensions of polyhedral PANI were 0.2–2 μm in length and 100–700 nm 
in thickness directions (side face dimension). The as-synthesized long 
nanoribbons had a length in a range of 10–15 μm with a width of 
100–500 nm. The observation of these distinct morphologies could be 
ascribed to the geometry of micelles, the steric impediment, and the 
intermolecular interactions of surfactant molecules [24]. Overall, 
anionic surfactants (SDS and SDBS) fabricate linear micelles on one side, 
leading to the formation of linear nanostructures. The presence of large 
phenyl groups in the structure of the SDBS molecule causes strong steric 
hindrance, which resulting in the formation of independent linear 
structures of PANI macromolecules [24]. In this regard, the polymeri-
zation of PANI preferably takes place along the new freshly formed 
PANI. On the contrary, it has been reported that SDS micelles are more 
soluble than SDBS micelles in HCl solution [22]. When using SDS, the 
lack of phenyl groups and steric hindrance raises the chance of nano-
structures collisions effectively, thereby creating wide polyhedral ob-
jects. However, different morphology has been reported in the case of 
synthesized PANI in the presence of SDS and SDBS (without using any 
template like cellulose), as dendrites and rods of columns, respectively 
[24,27,28]. 

This confirms that the presence of BC nanofibers as a further tem-
plate affects the formation of in situ synthesized PANI macromolecules 
by altering nucleation energy along with hydrogen bonds between PANI 
chains. In this regard, as could be viewed in Fig. 3(c) and Fig. 3(d), the 
BPS-G and BPSB-G showed strongly distinct morphologies compared to 
BPS-Y and BPSB-Y nanocomposite aerogels. Denser structures are 
observed for BPS-G and BPSB-G aerogel counterparts. In the case of 
BPSB-G, a uniform coating of PANI is formed on the BC nanofibers, 
though the partially uniform agglomerated region is obvious about BPS- 
G nanocomposite aerogels. The main reason for observing these mor-
phologies is ascribed to the rise of aniline solubility upon increasing the 
concentration of HCl solution. By increasing the molarity of the HCl 
solution, the number of monomer molecules that are dispersed and 
dissolved in the solution dramatically increased, in comparison with 
locating within surfactant micelles [29]. Therefore, the occurring 
chance of aniline polymerization in the solution (or on the BC nano-
fibers) is higher than those of micelles. It could be concluded that there 
is not any considerable guidance of surfactants, in this case, thus the 
influence of BC as a template becomes more predominant. A similar 
outcome has been reported for synthesized PANI in the presence of cetyl 
trimethyl ammonium bromide (CTAB) [21] and Fe3O4 as a template 
[30]. 

A closer view of the FESEM micrographs of BPSB-G confirms the fact 
that the BC nanofibers are surrounded by a uniform sheath of synthe-
sized PANI, resulting in the appearance of thicker nanofibers. The 
average diameters of BC nanofibers reach a value of 85 nm. The exis-
tence of a white region in both BPSB-G and BPS-G might be related to the 
surface active sites for nucleation. Interestingly, the resultant micro-
structure in BPSB-G is similar to segregated nanocomposites. It means 
that all PANIs are oriented along the BC boundary to construct a 
segregated structure instead of their random distribution within BC 
texture. 

4.2. Rheological properties 

Rheological properties of produced nanocomposite hydrogels are 
exhibited in Fig. 4. Fig. 4(a) shows the rheological strain sweep plots 
(complex modulus) of the pristine BC and BC/PANI hydrogels. 

As can be seen, the strain of 0.1% is placed within the LVR range, 
because the G* shows a constant region over increasing the shear strain 
(%). Therefore, the strain of 0.1% is selected as the strain value at which 
the frequency sweep tests will be carried out. Additionally, in the linear 
viscoelastic region, the steady G’ and G“ must be observed. This is 
perceived for both G’ and G” (Fig. 4(b)). Consequently, the selection of 
the strain value of 0.1% must be appropriate to conduct further rheo-
logical experiments. 

The frequency sweep plots of fabricated hydrogels (G’ and G“) at the 
strain value of 0.1% are displayed in Fig. 4(c). As shown in Fig. 4(c), 
both of G’ and G” increased steadily (with a moderate slope) against 
frequency, exhibiting the stable nanofibrillar network structure of BC in 
a dynamic state, arising from their entanglements. This slight depen-
dence on frequency is a criterion of solid-like as well as viscoelastic gel- 
like behavior [31]. The increasing trend of G’ and G“ is in contrast to 
previous research on pure BC, which showed an independent pattern 
over time [32]. Moreover, the values of G’ are higher than those of G” 
throughout the frequency range, indicates that the predominant rheo-
logical behavior is elastic. This pattern can be further confirmed via 
tanδ < 1 over the frequency range (Fig. 4(d)). Besides, the difference 
between G′ and G′′ is lower than one order of magnitude, which is 
different from strong gels, in which G′ is significantly higher than G′′. 
Resembling viscoelastic patterns are also observed for BC/PANI hydro-
gels. In this regard, G’>G“ is obvious over the whole of the frequency 
range, suggesting elastic structure and 3D network of fabricated 
samples. 

To better distinguish the order of variation within all BC/PANI 
nanocomposite hydrogels compared to pure BC hydrogel, the corre-
sponding values at the frequency of 1 Hz (Fig. 4(c)) are chosen and 
compared together. BPS-Y and BPSB-Y had the G′ values of 3 × 103 Pa 
and 4 × 103 Pa that was less than that of pure BC at 6.5 × 103 Pa, 
representing the decline of elasticity of these hydrogels. This can be 
probably attributed to the fact that the network structure formed in BPS- 
Y and BPSB-Y is softer than other hydrogels, arising from the destruction 
of the BC nanofibrillar network structure alternatively weak grafting of 
PANI chains on BC nanofibers in the low concentration of HCl. By 
contrast, the values for BPS-G and BPSB-G were 7 × 103 Pa and 2 × 104 

Pa, respectively. As seen, BPSB-G experienced a significant increase by 
1.25 × 104 Pa than that of pure BC, due to the establishment of a denser 
structure along with a strengthened 3D network, and higher stability of 
PANI chains within the BC framework. As a result, it can be claimed that 
a stronger network structure is leading to greater elasticity. Addition-
ally, the lower elasticity value of BPS-G compared with BPSB-G could be 
ascribed to the partial agglomeration of PANI chains within the BC 
matrix (in BPS-G), which disturbs the interpenetration of polymer across 
the PANI-PANI interface, thereby, the elasticity decreases. 

Fig. 4(d) depicts the loss factor (tan δ) of fabricated hydrogels versus 
frequency. As can be observed, the tanδ values are not dramatically 
influenced by the presence of PANI within the BC structure. However, a 
small tanδ value for all hydrogels is a measure of a relatively more solid- 
like behavior [33]. The rheological findings exhibited that the G′ was 
always greater than the Gʹʹ for produced hydrogels. This outcome in-
dicates the dominance of the elastic properties of BC/PANI hydrogels 
over their viscous properties obtained from the dynamic viscoelastic 
behavior. 

The complex viscosity results (Fig. 4(e)) reflect the solid-like visco-
elastic behavior and the formation of a percolated fibrillar network, 
which impedes the long-range mobility of BC chains. All hydrogel 
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samples demonstrated a strong shear thinning behavior, in accordance 
with earlier works about cellulose hydrogels [32,34]. Besides, the 
complex viscosity of all hydrogels decreases remarkably upon increasing 
of frequency, showing the formation of physical bonding of PANI-PANI 
and PANI-BC, besides the BC-BC microfibrillar entanglements. However, 
it can be observed that the dynamic viscoelastic properties of all samples 
were dominated by the pure BC and its microfibrillar structure; thus, the 
influence of PANI on the relaxation of BC is not very noticeable. 
Meanwhile, as can be seen, BPSB-G hydrogel showed the highest com-
plex viscosity (2 × 108 mPa.s). It can be attributed to a noticeable 
grafting, as well as the formation of a denser and more rigid network of 
PANI within BC structure through oxidative polymerization in the 1 M 
HCl. 

On the contrary, the appearance of PANI with polyhedral morphol-
ogies and their agglomerations, which is in line with FESEM micro-
graphs (Fig. 3(b)), may be contributed to the decrease of complex 
viscosity of BPS-Y in comparison to other samples, resulting in its 
weaker gel-like behavior. Another feature from complex viscosity curves 
against angular frequency is related to the appearance of yield stress at 
low angular frequency. The origin of yield stress could be attributed to 
the interconnected microfibrillar network of BC. Accordingly, the 
modified four-parameter Cross model can be utilized for determining 
apparent yield stress (σy) via fitting to the experimental data that are 
presented in the supplementary information. 

The logarithmic plot of G′ versus G′ ′ can present further information 
about the constructed network within resultant nanocomposite hydro-
gels. This plot is known as the Han plot and is shown in Fig. 4(f). It is 
noteworthy that the Han plot is a criterion of homogeneity or hetero-
geneity in the nanocomposite systems. When the slope of the curve is 2, 
there are isotropic and homogeneous patterns in polymer nano-
composites, while any deviation from this value causes the micro- 
heterogeneity [35]. Based on Fig. 4(f), a slope of around 0.003 is ob-
tained for all samples that depict the presence of heterogeneity in the 
resultant hydrogels. These results originate from entanglements of BC 
nanofibers with synthesized PANI macromolecules. 

4.3. DC conductivity and dielectric properties of fabricated BC/PANI 
samples 

BPSB-G exhibited the highest conductivity value (nearly 0.8 S/cm) 
compared to the other samples Fig. 5(a). This outstanding conductivity, 
which is higher than most previously reported materials (cf. Table S5), 
could be related to the constitution of a continuous network of PANI 
throughout the BC framework along with its uniform coating on BC 
nanofibers. Accordingly, 3D conductive networks and the core-sheath 
structure of PANI-BC, which have been prepared in the presence of 
SDBS, are beneficial to the transport of charges throughout the 3D 
network. 

In contrast, BPS-Y and BPSB-Y exhibited a lower conductivity of 
ca.10− 5 S/cm that could be ascribed to the low acid environment as well 
as insufficient doping level. Meanwhile, the lowest conductivity value is 
attained for BPS-Y nanocomposite aerogel (1.6× 10− 5 S/cm), suggest-
ing an unfavorable polyhedral microstructure of synthesized PANI for 
conductivity. 

Fig. 5(b) depicts AC conductivity plots of fabricated samples versus 
frequency. Generally, the appearance of a leveled out trend at low- 
frequency range, followed by steadily rising with frequency, at the 
high-frequency range is a signature of semiconductive substances. The 
latter denotes the presence of a dispersion region. The most important 
measure of non-conducting substances is increasing of conductivity 
linearly against frequency can be explained by a power-law relation 
σ’=ωx. In this context, the exponent of x is equal to 1, which is in 
accordance with the normal diffusion of electrons in insulating materials 
[36]. As can be observed, BPS-Y and BPSB-Y illustrated a relatively 
linear pattern over the whole range of frequency. Simple linear curve 
fitting affords values of 0.8 and 0.64 for BPSB-Y and BPS-Y, indicating a 
poor influence of the PANI network on the conductivity of nano-
composite aerogels. For BPS-G and BPSB-G nanocomposite aerogels, 
there is an independent response to the frequency with weakly depen-
dent at the high-frequency domain. Besides, the conductivity values of 
the latter nanocomposite aerogels grow by 4 orders of magnitude. On 
the other hand, in the case of BPS-G and BPSB-G the power of x in the 

Fig. 5. (a) DC electrical conductivity, and frequency-dependent of (b) AC conductivity, (c) dielectric constant (ε′), and (d) dielectric loss (ε′’) for prepared BC/PANI 
nanocomposite aerogels. 

H. Hosseini et al.                                                                                                                                                                                                                                



European Polymer Journal 146 (2021) 110251

7

dispersion region, is declined from 0.64 and 0.8 to 0.21 and 0.12, 
respectively. It confirms that the anomalous diffusion of electrons is the 
main conduction mechanism of these samples [36]. 

To further gain insights about the quality of PANI’s conductive 
network within the BC matrix, a real permittivity is a useful tool. 
Overall, real permittivity is known as the ability of conductive speci-
mens for storing the charge and arising from polarization effects of all 
nanocomposites components such as polymer matrix, conductive agent, 
and interface. Nevertheless, each component of nanocomposites pos-
sesses a different contribution to the overall permittivity over the fre-
quency range [37]. Looking more closely at the data in Fig. 5(c), a 
gradual dependency on frequency is observed for in low-frequency 
regime in the case of BPSB-Y, BPS-Y, and BPSB-G. However, the 
dielectric permittivity of BPSB-G (ε′ ca. 4023) is higher than those of 
BPSB-Y (ε′ value of 1088) and BPS-Y (ε′ value of 2142) samples. The 
main justification is may be related to the short gap spacing between two 
the nearest PANI sheath compared to BPSB-Y and BPS-Y. The value of 
dielectric permittivity of BC has been reported 5 [26]. On the other 
hand, a substantial increment of real permittivity is visited for BPS-G, 
particularly at a low-frequency domain. This ascending behavior is 
owing to the emersion of many nanocapacitors where were formed at 
the interfacial layer between BC and PANI, over the percolated of PANI. 
The formation of nanocapacitors and the agglomeration of numerous 
electrons is caused by the large difference between PANI particles and 
BC as insulating part. This phenomenon is known as Maxwell-Wagner- 
Sillars (MWS) polarization. It diminished upon rising of frequency 
values owing to the fall of electron numbers that are existed at the 
mentioned interface layer. With respect to this fact, further tunneling 
behavior of electrons happens, which brings about the decline of MWS 
phenomenon, at higher frequency regime. Fig. 5(d) displays that the 
imaginary permittivity, ε′′, is located at a higher level in the case of BPS- 
G and BPSB-G than those of BPS-Y and BPSB-Y nanocomposite aerogels. 
It should be noted that imaginary permittivity or dielectric loss, ε′′, 
shows the dissipated energy of a material, and the conductive nanofiller 
network strongly influences it. Therefore, the rise of the conductive 
network causes larger charge carriers, resulting in higher ε′′ of BPS-G 
and BPSB-G than those of BPS-Y and BPSB-Y. Another important 
feature in dielectric spectra (Fig. 5(c) and (d)) of fabricated samples is 
related to the drop of both ε′ and ε′′ over the investigated frequency 
range. Accordingly, at the lowest frequency (20 Hz) and the highest 
frequency (106 Hz), the values of the mentioned parameters are sum-
marized in Table 1. 

As can be seen in Table 1, although the drop of ε′ and ε′′ for BPS-G 
was more pronounced in comparison with other nanocomposite aero-
gels, it possessed a relatively larger value at the highest frequency 
(ε′:1593 and ε′′:4157). Besides, the obtained values of fabricated BC/ 
PANI nanocomposite aerogels (at 106 Hz) in the present study was 
higher than that of previously reported for fabricated cellulose nano-
fibers/polyaniline in the absence of surfactants (ε′:50 and ε′′:10). The 
high values of ε′ and ε′′ would guarantee high electromagnetic shielding 
effectiveness [38]. 

To assess the PANI-PANI interparticle distances (gap distance be-
tween two adjacent conductive agents) within the BC framework, the 
Cole-Cole spectra can be utilized, which the Cole-Cole equation along 
with findings was presented in the supplementary information. 

4.4. Modelling results 

4.4.1. DFT results 
The electronic properties (the HOMO, LUMO, and Fukui indices 

(electrophilic/nucleophilic) graphs) of defined geometries in Fig. 2, are 
presented in the supplementary information (Fig. S10). 

To gain an electronic-scale understanding of the interaction between 
surfactants and monomers, a theoretical quantum mechanical approach 
based on DFT-D was performed. Figs. S11-S14 demonstrates the initial 
and refined clusters of SDS/N-A, SDS/P-A, SDBS/N-A, and SDBS/P-A as 
well as interaction energies and calculated intermolecular interaction. 

As seen, the formation of hydrogen bonds (H-bond) plays a vital role 
in the interaction mechanism between either A-N or P-A and surfactants 
(SDS and SDBS). Nevertheless, an excess interaction mechanism called 
π-π interaction existed between SDBS and both aniline forms. Such an 
interaction is due to the presence of the benzene ring in SDBS and ani-
line. This improves the interaction between aniline and SDBS that was 
confirmed by higher calculated interaction energy. 

Besides, the value of interaction energy in all hybrid clusters 
decreased upon protonation of aniline. It is in agreement with 
morphological results. As mentioned previously, the tendency of an 
aniline monomer towards the surfactant substantially decreased upon 
increasing of HCl concentration from 0.05 to 1 M. From a DFT-D 
viewpoint, this discrepancy can be ascribed to the disparity between 
N-A and P-A at the electronic scale. It seems that the presence of proton 
(H+) in P-A hinders the establishment of interfacial interaction between 
the Na atom of SDS and the N atom of the amine group in P-A. 

In contrary to these results, the analysis of DFT-D for interfacial 
interaction between aniline and BC showed that the protonation of an-
iline has a significant effect on the intensifying interfacial interaction 
through the formation of shorter and more H-bonds between BC and P-A 
(Fig. S15). In this regard, the complex of BC/P-A experienced a higher 
negative interaction energy value (-312 kcal/mol) than that of BC/N-A 
(-287 kcal/mol), affirming the effect of protonation on the enhance-
ment of interfacial interaction. Meanwhile, the only interaction mech-
anism involved between BC and aniline is the H-bond. 

To gain insight into the influence of BC on the surfactant/aniline 
interfacial interaction, the optimized geometries with the highest 

Fig. 6. Initial and optimized geometries of (a) BC/SDS/N-A, and (b) BC/SDS/P- 
A complexes. 

Table 1 
The values of ε′ and ε′′ at 20 Hz and 106 Hz for BC/PANI nanocomposite aerogels.  

Sample BPSB-Y BPS-Y BPSB-G BPS-G 

20 Hz 106 Hz 20 Hz 106 Hz 20 Hz 106 Hz 20 Hz 106 Hz 

ε′ 1088 ± 43 422 ± 11 2142 ± 37 1445 ± 19 4023 ± 41 2240 ± 32 36536 ± 98 1593 ± 13 
ε′′ 2761 ± 51 268 ± 26 7938 ± 81 80 ± 5 23127450 ± 789 2142 ± 21 39810717 ± 936 4157 ± 23  
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stability (the greatest magnitude of interaction energy) in Fig. S11 to 
Fig. S14 were chosen to further quantum chemical computations in 
ternary complexes containing BC/surfactant/aniline monomer. 

The interfacial interaction of BC/SDS/N-A and BC/SDS/P-A com-
plexes based on the DFT-D method at the GGA/PBE level of theory is 
depicted in Fig. 6. 

As seen in Fig. 6a, the presence of BC led to the decline of the stability 
of the SDS/N-A cluster from − 283 (Fig. S11c) to − 265 kcal/mol 
(Fig. 6a). In complex a, there are two electrostatic interactions between 
O atoms of hydroxyl groups in BC and Na atom of functional group in 
SDS. Such an interfacial interaction can be related to the loan pair 
electron offered by O atoms to the vacant orbital of Na atom in SDS. On 
the other hand, there are three H-bonds involved in the H atom of the 
hydroxyl group in BC with N atom of the amine group in N-A, and also 
between N atom of aniline monomer and O atom of SDS’s functional 
group. Nevertheless, it seems that in a low concentration of HCl solution 
(0.05 M) the stability of the ternary complex is lower than both binary 
complexes BC/N-A and SDS/N-A. It can be ascribed to the alteration of 
the tendency between SDS and N-A towards BC. Accordingly, the elec-
trostatic interaction between the Na atom of SDS and N atom of N-A is 
faded and a new one is created between the Na atom of SDS and the O 
atom of the hydroxyl group in BC. By contrast, the N atom of the amine 
group attends to the formation of the H-bond with the hydroxyl group (H 
atom) of BC. The latter is caused by an electron-withdrawing ability of 
hydroxyl groups that are generated by the strong electronegativity of 
oxygen. 

In the case of complex b (Fig. 6b), it can be observed that stability 
increased by incorporating BC into SDS/P-A compared to cluster c in 
Fig. S12c is owing to the formation of shorter and new electrostatic 
interaction (2.4 Å) between O atom of BC and Na atom of SDS. Addi-
tionally, there are three H-bonds, where are formed between O atom of a 
hydroxyl group in BC and H atom of protonated amine, O ligand of SDS’s 
functional group, and H ligand of protonated amine/BC’s hydroxyl 
group. A similar trend of interaction energy regarding the protonated 
and neutral aniline towards BC in the presence of CTAB has been re-
ported. Nevertheless, higher interaction energy values have been re-
ported in the presence of CTAB within the polymerization system of BC/ 
PANI [21]. This can be attributed to the different nature of studied 

surfactants and their influence on the BC/PANI nanocomposites. The 
aniconic surfactants can make a repulsion force against BC with 
numerous hydroxyl groups, while the cationic surfactant can be adsor-
bed by those. 

To obtain more vision into how the SDS and monomer interact with 
BC at the electronic scale, frontier molecular orbitals (HOMO and 
LUMO) and total electron density graphs were subsequently analyzed 
and the results are shown in Fig. 7. As seen, in cluster a (Fig. 7A(a)), the 
HOMO orbitals are mainly localized on the aromatic ring and slightly on 
the hydroxyl group of BC, which is involved in interacting with the Na 
atom of SDS. In contrast, the LUMO is completely distributed around the 
first benzene ring of N-A. The appearance of both HOMO and LUMO 
around the six-membered aromatic ring results from larger EH and EL 
values of N-A compared to BC and SDS (according to Table S6). For 
cluster b (Fig. 7A(b)), the HOMO mostly is localized around the O atom 
of SDS’s functional group and neighboring C-C bond along with slightly 
on the O atom of BC neighboring to Na atom, while the LUMO is entirely 
distributed over the benzene ring of P-A. 

The energies of HOMO and LUMO and their difference were sum-
marized in Table 2 to better exploit the electronic properties of clusters 
quantitatively. The most streaking feature of electronic properties in 
Table 2 is related to the larger energy gap in complex a than that of the 
complex b, affirming its higher stability. Nevertheless, the lower value of 
ΔEg in the complex b corresponds to its greater conductance, which is in 
agreement with experimental conductivity data (DC conductivity and 
dielectric parameters). 

The total electron density (TED) graphs of the mentioned clusters to 
probe electron cloud interactions between SDS, aniline, and BC are 
implied in Fig. 7B. Looking more closely at the complex a, it can be seen 
that an electron cloud of two terminal hydroxyl groups of BC overlapped 
with those of Na atom of SDS’s functional group (as electrostatic inter-
action) and N atom of the amine group in N-A (as H-bond). Besides, an 
overlapping is observed between electron clouds of the terminal hy-
droxyl group of BC and those of Na atom as well as O atom of SDS in the 
cluster b. similar overlapping exists between the electron cloud of the 
amine group and that of neighboring BC’s hydroxyl group. These out-
comes are obviously in agreement with the predicted intermolecular 
interaction mechanism. 

Fig. 7. (A) The HOMO and LUMO graphs and (B) total electron density of (a) 
BC/SDS/N-A (0.05 M) and (b) BC/SDS/P-A (1 M) complexes. Fig. 8. Elementary and optimized geometries of (a) BC/SDBS/N-A, and (b) BC/ 

SDBS/P-A complexes. 

Table 2 
The electronic properties of complexes shown in Fig. 7 were obtained by the 
DFT-D approach.  

Electronic properties Complex a Complex b 

EH (eV) − 5.75 − 4.62 
EL (eV) − 1.70 − 1.40 
ΔEg (eV) 4.05 3.22  
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The corresponding results derived from DFT-D calculations for 
ternary complexes based on SDBS/N-A/BC and SDBS/P-A/BC are dis-
played in Fig. 8. As observed in cluster a, (Fig. 8a), there are two elec-
trostatic interactions between the Na atom of SDS and N atom of the 
amine group in N-A on one hand and between the Na atom of SDBS’s 
head functional group and O atom of BC’s hydroxyl group in other 
hands. 

Additionally, two H-bonds are created between the H atom of the 
amine group and the O atom of a hydroxyl group in BC, and also be-
tween the H atom of a hydroxyl group in BC and the O atom of the head 
functional group in SDBS. In cluster b (Fig. 8b), two H-bonds are 
established between the hydroxyl group of BC and protonated amine of 
P-A, and one H-bond is formed between protonated amine of P-A and O 
atom of SDBS. Additionally, one electrostatic interaction exists between 
the Na atom of SDBS and the N atom of protonated amine. Compared 

with Fig. S13 and Fig. S14, the presence of BC within both SDBS/aniline 
clusters has a negative influence on the interaction energy and led to the 
decrease of the interaction energy. The main reason for observing such 
behavior is due to the alteration of intermolecular distances between 
surfactant and monomers over the integration of BC molecule. 

Compared to cluster a in Fig. 6a, the interaction energy in the cluster 
a in Fig. 8a increased by 13 kcal/mol, which resulted from shorter 
electrostatic interaction distances (with an average of 2.4 Å), whereas 
the relevant average value for cluster a in Fig. 6a was 2.5 Å. Meanwhile, 
a similar trend is observed in both clusters in the case of complex b 
(Fig. 8b) compared with complex b in Fig. 6b. Another justification may 
be ascribed to the π-π interaction between the aromatic ring in SDBS and 
that of an aniline molecule. 

The HOMO and LUMO images, as well as TED graphs for BC/SDBS/ 
aniline, are illustrated in Fig. 9. As seen in Fig. 9A(a), the HOMO of 
complex a completely is distributed around the benzene ring of N-A, due 
to its high value of HOMO energy (based on Table S6), while the LUMO 
is mostly focused on the benzene ring of SDBS along with its O atoms. 

The quantitative parameters at the electronic level derived from 
DFT-D computations are listed in Table 3. 

Compared to Table 2, the complex b in Fig. 8b (or Fig. 9b) (BC/SDBS 
/P-A) had the lowest energy gap at 2.74 eV, suggesting its largest elec-
trical conductivity. It is strongly in agreement with experimental DC and 
AC conductivity, where it experienced the highest conductivity at 0.08 
S/cm (BPSB-G). The predicted low value of the energy gap corroborates 
its short tunneling distance (gap distance: 3 nm), which facilitates 
electron transport throughout the conductive percolated network within 
the BPSB-G network. It confirms the agreement between theoretical and 
experimental findings. Besides, the complex b in Fig. 7b, BC/SDS/P-A, 
showed the smallest energy gap (3.22 eV) after complex b in Fig. 9b, 
which shows BC/SDS /P-A (BPS-G) had the greatest conductivity after 
this sample (BPSB-G). It is in agreement with experimental data, where 
BPS-G saw a conductivity value of 9.2 × 10− 3 S/cm, and also suggesting 
the electrical conductivity and enhancement of mechanical properties 
(storage modulus) enhanced upon increasing of molarity from 0.05 to 1 
M. 

The possible interaction mechanism via overlapping of electron 
clouds between SDBS/aniline (protonated or neutral)/BC was deter-
mined as TED graphs (Fig. 9B). In the case of complex a, the overlapping 
existed on one hand between the hydroxyl group of BC as an electron- 
withdrawing group and amine group of N-A (through the formation of 
interfacial H-bond) and on the other hand between the electron cloud of 
Na atom and both of neighboring N atom of mine fragment and O atom 
of hydroxyl moiety. In this case, the electron was provided by electron 
donor groups to vacant d orbital of cationic ligand [39]. Both N and O 
atoms act as polar and reactive sites for interacting with Na that is 
assigned to the electrostatic interaction. These findings are in agreement 
with intermolecular studies shown in Fig. 7. Similar overlapping can be 
observed in Fig. 9B(b). 

Fig. 10. (a) The density of states of ternary complexes containing BC, surfactants, and monomers, (b) density of states at the Fermi level.  

Fig. 9. (A) The HOMO and LUMO, (B) total electron density of (a) BC/SDBS/N- 
A (0.05 M) and (b) BC/SDBS/P-A (1 M) complexes. 

Table 3 
The electronic properties of the ternary complex shown in Fig. 8 were obtained 
by the DFT-D approach.  

Electronic properties Complex a Complex b 

EH (eV) − 5.45 − 4.58 
EL (eV) − 1.80 − 1.84 
ΔEg (eV) 3.65 2.74  
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To better confirm the experimental electrical conductivity of the 
resultant density of states of complexes shown in Fig. 6 and Fig. 8 were 
determined and the results are shown in Fig. 10. 

The presence of dashed lines in Fig. 10 (a) denotes the density of 
states (DOS) at the Fermi level. Additionally, SDBS-BC-PA reflects higher 
electron states than other complexes in the range of − 5 eV to 5 eV. It 
reveals more possibility of electron transport in this complex compared 
to other clusters. The DOS at the Fermi level, which is depicted by N(E), 
has been implemented to predict the conductivity of nanocomposite 
polymers. Regarding Mott’s variable-range hopping mechanism, the 
conductivity can be calculated as follows: 

σ = e2ν
[

9N(E)
8παkT

]1
2

exp
{

−

[
λα3

kTN(E)

]1
4
}

(1) 

as σ, e, ν, N(E), are the conductivity, electronic charge, hopping 
frequency, and the value of DOS at the Fermi level, respectively. 
Furthermore, α, k, and T represent the inverse rate of the wave function 
decline, the Boltzmann’s constant and thermodynamic temperature 
(298 K), respectively; λ is a constant that equals 18.1. With respect to 
this equation, the value of σ corresponded to N(E). According to Fig. 10 
(b), the complex SDBS-BC-PA (or BPSB-G) had the greatest N(E) value at 
17.2 eV, confirming its higher electrical conductivity value than other 
clusters that confirms the experimental electrical conductivity associ-
ated with calculated energy gaps findings. 

4.4.2. MD and MC results 
The optimized and equilibrated of various periodic cells in binary 

systems containing BC/N-A or BC/P-A and ternary systems containing 
BC/SDS/N-A, BC/SDS/P-A, BC/SDBS/N-A, BC/SDBS/P-A associated 

Fig. 11. Minimized cells of (A) BC/N-A, (B) BC/P-A, (C) BC/N-A/SDS, (D) BC/P-A/SDS, (E) BC/N-A/SDBS, (F) BC/P-A/SDBS.  
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with solvent molecules are illustrated in Fig. 11. 
Fig. 12 shows the MSD curves of A-N and P-A monomers in the binary 

and ternary systems. This was performed to calculate the diffusion co-
efficient in each system. In that case, the log (MSD) versus log (t) curves 
associated with linear fitting are plotted (Fig. S16) and calculated 
diffusion coefficients of monomers in each simulation boxes are tabu-
lated in Table 4. 

Based on Table 4, it can be seen that in the binary complexes, the 
diffusivity of aniline monomer slightly decreased upon protonation from 
1.57 × 10− 10 to 1.24 × 10− 10 m2/s, suggesting more polarity in P-A 
monomers that restricts their diffusion into BC chains. In the contrast, 
more H-bonds can be established through interaction between BC and P- 
A, hence stronger adsorption is observed in this case (based on MC re-
sults). Regarding this fact, the diffusion of N-A within BC chains is 
facilitated in the absence of H+. This finding is strongly in agreement 
with morphological results and DFT findings. A similar trend is observed 
in the case of ternary systems. Nevertheless, the addition of surfactants 
makes the system denser, thus diffusion coefficients fell in the ternary 
systems. Additionally, calculated diffusion coefficients are one order of 
magnitude lower than that previously reported in the literature for the 
diffusion of aniline monomer in benzene solvent (nearly 10− 9 m2/s) 
[40]. It is the desired outcome because there are other components such 
as solvent molecules (water and HCl) and BC chains in the simulation 
boxes that dramatically hinder the diffusion of aniline monomers. 

The adsorption of aniline monomers (neutral and protonated) onto 
BC chains in the presence/absence of SDBS and SDS was evaluated via 
the MC method to better clarify the interaction mechanism and inter-
facial properties and the obtained results of different systems are sum-
marized in Table 4. 

All calculated energies have a negative sign, confirming the 
adsorption of both types of aniline monomers onto BC chains. Further-
more, systems containing protonated aniline (P-A) experienced higher 
adsorption energy values than those containing neutral aniline (N-A). 
This suggests the protonation has a positive impact on the adsorption 
intensity of aniline onto BC. Although the protonation enhances the 
affinity of aniline towards BC functional groups through the formation 

of hydrogen bonds, the existence of anionic surfactants declines the 
adsorption of aniline onto BC. It can be attributed to the tendency of 
aniline monomers (P-A and A-N) towards surfactants. In this regard, 
besides interfacial interaction between BC and aniline monomers, some 
anilines interact with SDS or SDBS surfactants within the polymerization 
system. As mentioned, the interaction between SDS (or SDBS) and ani-
line reduced upon protonation of monomer. The net charge of P-A is 
positive; hence a repulsion is created between the protonated part of P-A 
and the Na atom of surfactants. As a result, the ternary systems con-
taining P-A saw lower adsorption energy than other systems. These 
findings are totally in agreement with morphological and DFT results. 

5. Conclusions 

Versatile and multifunctional nanocomposite aerogels of BC/PAN 
were produced in the presence of anionic surfactants. DFT-D computa-
tions underlined interfacial interactions between the two surfactants, 
aniline, and BC. When the HCl was used with 0.05 M, BC/PANI nano-
composite aerogels with several morphologies such as nanobelts and 
polyhedron morphologies were observed for SDBS (BPSB-Y) and SDS 
(BPS-Y), respectively. At 1 M HCl concentration, core-sheath 
morphology and aggregated particles were detected in the BC/APNI 
aerogels in the presence of SDBS and SDS, respectively. 

Higher electrical conductivity (DC) values were observed for BPS-G 
and BPSB-G aerogels (nearly 0.8 S/cm) compared with BPS-Y and 
BPSB-Y (10− 6-10− 5 S/cm). Moreover, outstanding dielectric permit-
tivity and dielectric loss (around 108) at low-frequency ranges, were 
perceived for BPS-G and BPSB-G, indicating the capability of them in 
electromagnetic shielding applications. The tunneling distance of BPS-G 
and BPSB-G aerogels were estimated via the Cole-Cole method to be 4.2 
and 2.9 nm, respectively. In the closed-circuit test, the lightening of the 
LED lamp in the case of BPS-G and BPSB-G aerogels corroborated the 
superior ability of them as flexible and lightweight electronic devices 
compared to BPSB-Y and BPS-Y. The DFT-D findings showed that there 
are two main interfacial interaction mechanisms such as electrostatic 
interaction and hydrogen bonds existed between SDS and both neutral 
and protonated aniline. By contrast, there is an excess interfacial inter-
action between SDBS and aniline (both neutral and protonated), namely 
π-π stacking, which significantly impacts the interaction mechanism and 
final properties. The formation of hydrogen bonds between BC and an-
iline is the only interaction mechanism between them. However, the 
interaction energy between protonated aniline and BC is dramatically 
higher than that of neutral aniline and BC. In ternary complexes, the BC/ 
SDBS/protonated aniline, corresponding to the BPSB-G sample, experi-
enced the lowest gap energy (2.74 eV) that is strongly in agreement with 
experimental data. These findings were further confirmed by MC and 
MD simulations. 

The findings of this research open new windows toward the design 
and fabrication of conductive, flexible, and lightweight nanocomposite 
aerogels based on BC/PANI with controllable morphology, properties 
along with tuning the structure–property relationships at the atomic and 
electronic levels. 

Table 4 
The calculated diffusion coefficients (m2/s) derived from MD and the energetic outputs (in kcal/mol) obtained from MC simulations of neutral and protonated aniline 
monomers in different systems.  

Simulation box BC/P-A BC/N-A BC/SDBS/N-A BC/ SDBS/P-A BC/ SDS/ N-A BC/SDS/P-A 

Diffusion coefficient 1.24 × 10− 10 1.57 × 10− 10 0.7 × 10− 10 1.0 × 10− 10 0.86 × 10− 10 0.77 × 10− 10 

Total energy − 357.51 − 254.42 − 352.73 − 210.18 − 348.28 − 212.2 
Adsorption energy − 294.06 − 288.9 − 289.276 − 244.668 − 284.82 − 246.711 
Rigid adsorption energy − 294.06 − 288.9 − 289.276 − 244.66 − 284.82 − 246.711 
Deformation energy − 3.53 2.58 3.27 − 1.55 2.01 − 1.35 
dEad/dNi − 27.26 − 31.23 − 30.15 − 17.35 − 30.81 − 24.55  

Fig. 12. Mean-square displacement (MSD) of A-N and A-P in various cells 
against simulation time. 
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