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ABSTRACT: Conductive organic nanocomposites have been
widely employed to achieve a variety of purposes, particularly for
energy storage applications, making it necessary to investigate
transport properties such as electron and heat transport qualities
based on geometric shapes and component materials. Due to the
solid B—B bonds, unique atomic structure, and energy storage ;
potential, borophene has received significant attention due to its i e I
reported ultrahigh mechanical modulus and metallic conduction.
Herein, we investigated the effect and interaction of content
materials (volume fraction) and geometric parameters such as the
aspect ratio and orientation of borophene nanoplatelet (BNP)
inclusions on the mechanical integrity and transport features
(electrical and thermal conductivities) of a poly(3,4-ethylene
dioxythiophene):poly(4-styrene sulfonate) (PEDOT:PSS) electrode. The boundary condition is crucial in developing the predictive
models for the optimized mechanical and transport properties of the composites. The effective modulus, electrical conductivity, and
thermal conductivity of the BNP-reinforced PEDOT:PSS-based nanocomposite are evaluated using the periodic boundary
condition, the representative volume element-based finite element homogenization, and statistical analysis response surface
techniques. The optimal parameters for the PEDOT:PSS/BNP nanocomposite for energy storage application are predicted based on
the desirability function to have a 13.96% volume fraction of BNPs, having an aspect ratio of 0.04 at 45° inclination. The desirability
value achieved for the material hinges was 0.78 with a predicted Young’s modulus of 6.73 GPa, the electrical conductivity was 633.85
S/cm, and the thermal conductivity was 1.96 W/m K at a generally high predictive performance of <0.03 error. The effective thermal
conductivity of the nanocomposite was determined by considering Kapitsa nanoeffects, which exhibit an interfacial thermal
resistance of 2.42 X 107 m* K/W. Based on these improved findings, the enhanced PEDOT:PSS/BNP nanocomposite electrode
would be a promising material for metal-ion batteries.
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1. INTRODUCTION

The increasing expansion of wearable and portable devices has
raised research interest in flexible energy storage systems with
the best performance.”” In this direction, polymers have a
crucial role in developing efficient, reliable, and environmentally
friendly electrochemical power sources.” Electrically conductive
and thermally stable materials are necessary for the correct
operation of energy storage devices.”” As such, the emphasis of
the ongoing research is on polymeric materials for electro-
chemical power devices that possess good stability and
conductivity and are affordable. Energy conversion and storage
applications for polymer and polymeric composite materials
with customizable characteristics have been investigated.’
Among these materials, conductive polymers, such as poly-

(3,4-ethylene dioxythiophene):poly(4-styrene sulfonate) (PE-

DOT:PSS),”~"? have been widely researched for energy storage
applications for their more extensive range of tunable electrical
conductivity, higher mechanical stability, general accessibility,
less weight in comparison to that of other materials, and ease of
processing.' "> More importantly, PEDOT:PSS-based con-
ductive nanocomposites are suitable materials for a variety of
purposes, specifically for supercapacitor and battery applications
because they have superior electrochemical activities, more
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surface area, and higher electrical conductivity than bulk
polymers."*~'> Varghese and colleagues demonstrated using
Co3;0, nanoparticles coated with a conducting polymer
(PEDOT:PSS) as the anode for applications involving
sodium-ion batteries.'® Meanwhile, to improve the specific
capacitance and rate performance of graphene-based fiber-
shaped supercapacitors, Teng and colleagues developed a
hierarchically porous reduced graphene oxide/PEDOT:PSS
hybrid fiber by the combined confined growth and acid
treatment strategy.17 In recent studies, several nanomaterials
have been experimentally employed with PEDOT:PSS for
energy storage, among which an intriguing nanomaterial is the
2D boron sheet.'®

Due to its anisotropic atomic structure, borophene has
exceptional anisotropic mechanical, electrical, optical, and
thermal capabilities. In addition, borophene exhibits metallic
properties and a buckled shape, which makes it an excellent
material for energy storage devices. It offers an advanced
alternative nanomaterial for flexible nanoelectronics due to its
low mass density, good tensile strength, and intrinsic phonon-
mediated superconductivity. Borophene is a desirable anode
material for ion batteries since it has the largest storage capacity
among 2D materials, which is significantly greater than that of
the graphite electrode.'”™*> According to experimental research,
borophene possesses in-plane elastic moduli of 586.2 and 1372.4
GPa, with matching thicknesses of 0.27—0.31 nm in the zigzag
and armchair directions, respectively.'””’ Meanwhile, the
armchair and zigzag thermal conductivities of borophene are
92.0 and 86.3 W/m K at room temperature, respectively.’®
However, the reported freestanding multilayered borophene, a
p-type semiconductor material, exhibited a very low electrical
conductivity of 1.4 X 1077 S/cm."'® This presents an inherent
challenge in using this wonder material as it is not practical to
scale up its production without impairing its excellent
properties.

As such, conducting experimental studies on nanocomposites
requires careful planning, is costly, and takes a lot of time.
Analytical and computational methods are intriguing to predict
the properties of a composite. Many analytical techniques, such
as the finite element (FE) analysis for calculating the elastic
modulus of a two-phase composite and for computing effective
electrical and thermal conductivities, may be utilized to
understand better the physical behavior of materials at the
atomic and subatomic levels.””~*” It has been demonstrated that
the most popular of these models are in good accord with the
experimental data.’®’' Besides, the additional use of the
response surface approach enables a substantial decrease in
the processing effort while still delivering accurate approx-
imations. To design an approximate numerical homogenization
process for inhomogeneous nonlinear porous materials, Beluch
and Hattas,** for instance, use response surfaces in the numerical
homogenization.”

By creatin§ a statistical response surface and FE computa-
tional model,””** this study aims to analyze the properties of the
borophene nanoplatelet (BNP)-reinforced PEDOT:PSS nano-
composite based on the experimentally reported data. This will
provide the first insight into the type of composites being
proposed, spur research, make practical applications easier for
the development of energy storage electrodes, and offer
guidance for the future design of similar composite materials.
It has been reported that the properties of conductive polymers
depend on the loading of conducting nanoparticles, filler aspect
ratio (AR), and orientation of the dispersed/distributed

nanoparticles in a polymer matrix.”> Therefore, the mechanical
integrity and transport characteristics (electrical and thermal
conductivities) of the BNP-reinforced PEDOT:PSS nano-
composite electrode were examined in this study, as well as
the impact and interaction of the content materials (volume
fraction) and geometric parameters of BNP inclusions, such as
the AR and orientation. Moreover, boundary conditions play a
critical role in creating prediction models for the composites’
optimal mechanical and transport characteristics. Therefore,
using the periodic boundary condition, the representative
volume element (RVE)-based FE homogenization, and
statistical response surface approaches, the effective modulus,
electrical conductivity, and thermal conductivity of the BNP-
reinforced PEDOT:PSS-based nanocomposite are assessed.

2. NUMERICAL HOMOGENIZATION

To predict the effective elastic modulus and electrical and
thermal conductivities of composites with discontinuous
inclusions, the RVE-based FE homogenization approach is
used in this work. An RVE is the smallest volume of the
microstructure that contains all of the general qualities of the
microstructure, including shape, size, volume fraction, and phase
randomization.*® The volume of the RVE is defined as V, given
the RVE o of the composites. If the matrix @, is composed of
the volume of V, and volume fraction of 1, = V_/V and the
inclusion @ is made up of the volume of V; and volume fraction
ofyy =1 —v_ = V;/V), then w,, and @; make up the RVE .
The following average functions inside the RVE w are specified
for any micro-field p.*”

(M) = %'/L:}M(x) dx and <ﬂ>(‘}i = %L,ﬂ(x) dx}
withi = m, f (1)

Subsequently, using Digimat software®® and the design
treatments produced by the RSM custom design, the realistic
stochastic RVE of the PEDOT:PSS/BNP nanocomposite was
developed. It should be big enough to include the essential
microstructural characteristics while being compact enough to
allow for a preliminary assessment of the micro-homogeneity
field across the RVE.” Accordingly, the program automatically
produced an RVE of 375 X 375 X 375 nm® with 565 BNP
inclusions for the optimum composites. A non-conforming
(voxel) meshing type was used to mesh the RVE with automatic
element size definition. As opposed to freestanding borophene
peeled off in isopropyl alcohol, which had a thickness of 4.7 nm
and a surface area of 1791 nm? and borophene stripped in
dimethyl formamide, which had an average thickness of 1.8 nm
and a surface area of 19 827 nm2,*" the average thickness used
for this study is 3 nm with an AR ranging from 0.04 to 0.1. The
volume fraction of the BNP inclusions ranges from 1 to 25%.
Meanwhile, the orientation of the inclusion is investigated across
three factor levels, namely, at 45°, random, and 90°.

The elastic modulus of the nanocomposite was calculated
using transversely isotropic elasticity due to the anisotropic
characteristics of borophene around its axis. Transverse
isotropy, a unique subclass of orthotropy, is defined by a plane
of isotropy at every point in the substance. Transverse isotropy
necessitates that assuming the 1—2 plane to be the plane of
isotropy at every point,
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where p and t stand for “in-plane” and “transverse,” respectively.

As a result, while v, has the Poisson’s ratio physical meaning
that describes the strain caused by stress normal to it in the plane
of isotropy, v, describes the transverse strain induced by stress
in the plane of isotropy in the direction normal to that plane. For
the most part, v, and v, are not equivalent and are connected by
v/ Eg = vpt/ E,. As a result of the stress—strain laws
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where G, = E,/ 2(1 + vp) and there are only five independent

constants in total. The stability relations for orthotropic
elasticity in the transversely isotropic case reduce to

E, E, G, G >0
il < 1
Iyl < (E,/E)'
| < (E/E,)'"
1- vp2 = 2, — 20400, > 0

The electrical conductivity of the nanocomposite was
calculated using isotropic conditions due to the reported
electrical conductivity for borophene and PEDOT:PSS in ref
18. Ohm’s law relates the gradient of potential to a flux, which is
in this case, the electric potential (EPOT) V and the current
density |

J = —Kgrad (V) ©)
with the electrical conductivity matrix, k%, which can be

1 00
K'=klo 1 0

001 ()

In composite materials, the percolation phenomena are
mostly seen during electrical conduction. It has been found
through experimental observation that the electrical conductiv-

ity of a composite reinforced with conductive inclusions
substantially relies on the volume percentage of inclusion. For
low-volume fractions, the conductivity of the matrix dominates
the electrical conductivity of the composite. When the volume
percentage approaches a certain threshold, it is noticed that the
conductivity of the composites increases by many orders of
magnitude for greater volume fractions of inclusions. The
materials and inclusion’s shape affect this limit, known as the
percolation threshold.”> The emergence of “percolating
clusters,” or groupings of inclusions that are in electrical contact
(i.e., touching each other or near enough for an electron to hop
from one inclusion to the next—electron tunneling), is what
causes this significant increase in the conductivity of the
composite.38

Moreover, poor thermal transfer qualities make thermal
management of batteries with high energy densities and charge
rates difficult. The heat resistance of a battery with a low k
increases noticeably as it becomes thicker for increasing
capacity. When there is a lot of heat generation, inefficient
thermal transport prevents effective heat dissipation, increasing
battery temperature, and a wide temperature range within the
cell. The significant temperature differential may result in
various degrees of electrode use and, thus, variable ageing rates,
which ultimately speeds up the ageing of batteries. In a worst
case scenario, the unfavorable temperature increase might result
in thermal runaway and SEI disintegration. The battery thermal
safety issues can be reduced by enhancing the thermal transfer
qualities inside batteries.*> The PEDOT:PSS and BNP thermal
conductivities are transversely isotropic along their axis. The
following heat conduction equation, derived from the first law of
thermodynamics (commonly known as the conservation of
energy), must be valid for every material point x within the RVE
.

oT(x) .

72 4 dina(e)) - QW) = 0 ©
where the material point x’s density and specific heat are
denoted by p(x) and c(x), respectively. The temperature and
heat flux at the material point x are T(x) and q(x), respectively.
The rate at which the material point x generates internal energy
per unit volume is known as Q(x). Fourier’s law*>* may be used
to represent the heat flux q(x) as

q(x) = —k(x)eVT(x) (7)

where k denotes the material’s thermal conductivity at position
x. Considering the ensuing boundary conditions and combining
with eq 8

T(x) = T(x) on 0Q and g(x) = g(x) on 0Q, (8)

p(x)-c(x)-

it is possible to solve the heat flux g(x) and temperature T(x)
of any material point x inside the RVE «x. The temperature and
heat flux fields in the RVE x may be significantly impacted by
boundary conditions as well as internal heat production. The
effective thermal conductivity, however, is a property of the
materials and should not be affected by such outside factors.
Consequently, the steady-state heat transfer with the specified
temperature boundary condition is considered to determine the
RVE’s effective thermal conductivity

div(k-VT) = O with T = T ondQ (9)

The heat flux q(x) and temperature T(x) of any material point
x inside the RVE x are solved by using the FE approach, and the
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Figure 1. FE homogenization—RSM analysis steps.

effective heat flux vector (q) = (q), (9),, (9);" may be
produced by post-processing the results of the FE analysis and
is presented as follows

.
1 . 1
q) = —Z v, Z q,(3)-W(y) [withi = 1,2, and 3
VRVE e I=1

(10)

where 7., and 7, are the corresponding integers for the
integration points in the element e and the whole RVE,
respectively. The integration point weight W(y); is located at an
integration point at y; in element e, whose volume is V. The
effective heat flow vector (q); and the temperature gradient
vector VT, are then used to produce the effective thermal

j
conductivity tensor (k)ij.

(9);

k), = -2
© VT, (11)

where the enforced temperature boundary condition VT,- allows
for the calculation of the temperature gradient vector

VT}:

Bl

(12)

where T and L;, respectively, stand for the enforced temperature
boundary condition and the side length of the RVE @ in the
direction of xj.27’37

3. RESPONSE SURFACE METHODOLOGY

The response surface methodology (RSM) is a suggested way to
lower computing costs. Response surfaces—also referred to as
metamodels, surrogates, emulators, or auxiliary models—are
streamlined versions of actual models. They approach the
suggested input—output function of the underlying simulation
model.** When dealing with issues where a small number of
unrelated input factors significantly affect the response of
interest (performance measure), the RSM is a combination of
mathematical and statistical approaches that might be helpful.

https://doi.org/10.1021/acsomega.2c06716
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Such methods can aid the development, enhancement, and
optimization of processes.*” Since the actual response function is
unknown in most RSM cases, it is crucial to accurately
approximate the response function and regulate specific
parameters describing its quality. Since the RSM delivers
practically immediate output parameters through approximate
evaluation, it is frequently used to reduce the computing effort.
Only a few design points can yield a high precision for the
response function. Numerous metrics are used to regulate the
response surface’s quality. According to the standard method,
the response function (functions) computation begins with a
limited number of points, and the accuracy of the resulting
approximation is checked at a few chosen verification points. If
the quality is inadequate, refinement points are added to change
the response surface.”” The Design Expert program offers three
alternative RSM designs: central composite, Box—Behnken, and
optimal designs. The optimal (custom) design is used in this
study. The run parameters for design are selected algorithmically
to produce improved and optimized material for energy storage
while limiting the number of runs as much as feasible. There are
costs associated with this flexibility. Even if reconstructed with
the same characteristics, a different design will probably be
created. After creating the custom design, all pertinent factors for
the FE and RSM analysis (Figure 1) were input into the models
based on the data reported in Table 1 for this study with the
preprocessing, FE analysis, and post-processing steps carried out
in Digimat and ABAQUS software.

Table 1. Material Properties of the PEDOT:PSS (Matrix) and
BNP (Inclusions)

properties PEDOT:PSS BNP
density (g/cm®) 1.01—1.72°3044 2.53,%° 2.49 (in this
work)
Young’s modulus (GPa) 0.5-2.7% X = 137240,
Y = 586.20°°
shear modulus (GPa) 287.35%°
specific heat capacity 2.37% 102>
(/g K)
thermal conductivity Ay~ 1.0 and 92.0 and 86.3*°
(W/m K) A, ~03%
electrical conductivity 752'% 14 x 107"
(S/cm)
Poisson ratio 0.33%* X = ~0.04Y = ~0.02
particle size (nm) 30°0% 30"

thickness (nm) 0.27-0.31," 1.8, 4.7%°
AR 0.04—0.1*°

volume fraction 1-25% (in this work)

3.1. Analysis of Variance (ANOVA). ANOVA comprises
computations that serve as a foundation for tests of significance
and reveal the amounts of variability within a regression-related
model. The models’ veracity and predictive power are crucial
factors in predictive modeling. The ANOVA is critical for
determining the validity of the model, together with factorial
designs and the resulting prediction equations.”® The
fundamental regression line concept is written as

G-7=0-7+0+5 (13)

where the first term, the second term, and the third term,
respectively, represent the total variance in the response (y), the
mean response variation, and the residual value. The result of

squaring each of these terms and calculating the sum of all n
observations is as follows

2O -7 =20 -7+ X 0+5) (14)

The square of the sample correlation (R?) is calculated as the
ratio of the model sum of squares to the total sum of squares as
follows

A 32
2 X0 -9
> (J§ -y (15)
The percentage of data variability that the regression model
can account for is explained by eq 16. The sample correlation
(R?) scales from 0 to 1, with 1 denoting the ideal correlation.

The sample variance (Syz) is defined as the ratio of the total sum
of squares to the total degrees of freedom.

G2 Yo -y
y n—1 (16)

Since there is just one independent variable in a simple linear
regression model, the following is the mean square model
(MSM)

>G-7)°
1 (17)

The mean square of a simple linear regression model is
MSMg;r, as opposed to the comparable mean square error
(MSEg, ), which is provided by

TG +3)
n—2 (18)

MSMg; =

MSEg p =

4. RESULTS AND DISCUSSION

4.1. Response Surface Methodology. 4.1.1. Model
Development and Confirmation. The use of the RSM in this
work serves a dual purpose. The first reason is to create models
for accurately predicting the mechanical and transport proper-
ties of PEDOT:PSS/BNP nanocomposite (such as effective
elastic modulus, electrical conductivity, and thermal conductiv-
ity), and the second goal is to forecast the ideal factor
combinations for the best electrode performance with the
greatest level of desirability. The parameters for the selected
factors and responses for the response surface design of the
experiment are presented in Tables S1 and S2. As such, two
blocks of data with 38 random treatments were needed for the
optimal custom response surface approach of the FE design.
Table S3 lists the combinations of each component level and the
matching outcomes of response studies. The frequency
distribution of the FE data for elastic modulus and electrical
and thermal conductivities responses of the PEDOT:PSS/BNP
nanocomposite electrode are shown in Figure S1. The models
developed in this work were further validated with an additional
four confirmation runs, as shown in Table S3. The result of the
confirmation runs is presented in Table S4, which shows that the
mean of the confirmation result falls within 95% of the upper and
lower prediction intervals. This means that the models are
adequate for accurately predicting the effective elastic modulus
and electrical and thermal conductivities.

4.1.2. RSM Analysis of the Effective Elastic Modulus of the
PEDOT:PSS/BNP Nanocomposite. We established and imple-
mented a cubic functional model by statistically fitting the
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Figure 2. Diagnostic plots: (a) normal plot of residual, (b) residual vs predicted, (c) predicted vs actual, and (d) residual vs runs plots for the elastic

modulus response of the PEDOT:PSS/BNP nanocomposite electrode.

isolated and interaction impacts of the parameters (factors) such
as the volume content, AR, and orientation on elastic modulus
(response), concluding that no other higher-order model was
suitable. The statistical benchmarks for assessing the importance
of the regression model include the regular coeflicient of
determination (R?), adjusted coefficient of determination (Adj.
R?), predictive coefficient of determination (Pred. R*), and
sufficient precision values. The model’s accuracy was demon-
strated by the higher R* value of 0.9992.** The correlation

between the predicted and measured values or the Adj. R? is used
to represent how well the regression model fits the data. The FE
results were quite compatible with the projected results because
there was never much of a discrepancy between the adjusted R
(0.9986) and the predicted R* (0.9948). The ratio of the
expected value range to the average prediction error is known as
adequate precision (101.0219). The fact that the ratio was more
than 4 demonstrated that the model was adequate for navigating
the design space.”>
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Figure 3. 3D contour plot of the effects of the volume fraction and AR at various orientations (a) 45°, (b) random, and (c) 90° on the elastic modulus

response of the PEDOT:PSS/BNP nanocomposite electrode.

Besides, the plotted residual points nearly followed a straight
line, as shown in Figure 2a, demonstrating that the residuals
from the nonlinear model for elastic modulus were normally
distributed and that there was no association between the errors
at any given position. The residuals are shown against growing
expected response values in Figure 2b. The distribution of
residuals at random inside the graph’s red boundaries indicates
high model prediction.*® The effective elastic modulus values
found by the FE analysis were in agreement with the curve fit to
the prediction function, as shown in Figure 2c. The residual run
order plots in Figure 2d depict the pattern of data composition
by plotting each residual in relation to an index. According to the
sinusoidal distribution of data points along the run order, there is
no discernible model drift inside the composite’s elastic
behavior. In other words, there is no discernible rise or fall in
the model’s anticipated variables.”* The created elastic modulus
model is adequate and adaptable to predict the impacts of the
volume fraction, AR, and orientation, according to these
diagnostic charts.

48453

The findings of the cubic elastic modulus model's ANOVA
analysis are shown in Table SS. Since the cubic model’s p-value
was substantially lower than 0.05, it was clear that the model
successfully captured a statistically significant correlation. The
model provided a good approximation because the p-value of the
lack of fit term was more than 0.1, which is not significant. A, B,
C, AB, AC, BC, A%, B%, ABC, A’B, B*C, and A® all had p-values
under 0.05 among the isolated and interaction components,
showing a statistically significant impact on the effective elastic
modulus value predicted by the cubic model. We applied power
transformation and eliminated the insignificant cubic terms.
This led to the development of a functional connection between

elastic modulus and the variables, as presented in eq 19.
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Figure 4. Diagnostic plots: (a) normal plot of residual, (b) residual vs predicted, (c) predicted vs actual, and (d) residual vs runs plots for the electrical

conductivity of the PEDOT:PSS/BNP nanocomposite electrode.
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Figure 5. 3D contour plot of the effects of the volume fraction and AR at various orientations (a) 45°, (b) random, and (c) 90° on the electrical

conductivity response of the PEDOT:PSS/BNP nanocomposite electrode.

(Elastic modulus)™>*

= +0.0293 — 0.0401A — 0.0021B + 0.0017C[1]
— 0.0040C[2] — 0.0003AB + 0.0001AC[1]
— 0.0040AC[2] 4 0.0007BC[1] + 0.0059BC[2]
+ 0.0410A% + 0.0025B> + 0.0015ABC[1]

— 0.0027ABC[2] — 0.0066A’B — 0.0025B>C[1]
— 0.0016B>C[2] — 0.0073A° (19)

Figure 3 shows the 3D contour plot of the effects of the
volume fraction and AR at various orientations (45°, random,
and 90°) on the elastic modulus response of the BNP/PP
nanocomposite electrode. It can be observed that the impact of
the AR on the elastic modulus of the nanocomposite at the low
volume content of BNPs is negligible for all orientations.
However, when the inclusions are tilted at 45° (Figure 3a), the

48455

modulus increases as the volume fraction increases. This
increment is more noticeable when the AR is low. Meanwhile,
for a high AR, the elastic modulus increases with the increase in
volume fraction from 1% to about 19% and then decreases as the
volume fraction continues to increase from 19 to 25%. The
maximum elastic modulus response for the BNP inclusions
inclined at 45° is obtained when the AR is 0.1 and the volume
fraction is at 25%. Due to the evenly distributed stiffness in two
dimensions by the anisotropic BNP, this relationship can be
underpinned. When the BNP fillers are randomized (Figure 3b),
the modulus increases slightly from 1% volume content to 19%
and then decreases from there to 25%. However, this increase is
more apparent for a low AR than for a high AR at an angle of 90°
(Figure 3c), and the resistance to deformation upon stress
application increases as the volume content of BNP increases for
high AR values of up to 19% before declining. A similar trend is
observed when the AR is low. However, when the AR is about
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Figure 6. Diagnostic plots: (a) normal plot of residual, (b) residual vs predicted, (c) predicted vs actual, and (d) residual vs runs plots for the thermal

conductivity response of the nanocomposite electrode.

0.07, the modulus was slightly lower at the peak of the volume
content. In general, it is shown that across the average effect of
various orientations (Figure S2), the elastic modulus increases
with the BNP inclusion volume fraction.

4.1.3. RSM Analysis of the Effective Electrical Conductivity
of the PEDOT:PSS/BNP Nanocomposite. Similar to the elastic
modulus model, a cubic model, which is the highest-order
irreplaceable model fittable, was developed and adopted to
predict the impact of the volume fraction, AR, and orientation

48456

on the effective electric conductivity response of the
PEDOT:PSS/BNP nanocomposite electrode. The model fits
the data well enough to analyze and predict the effective
electrical conductivity, as indicated by the R? adjusted R’
predicted R%, and adequate precision values of 0.9925, 0.9883,
0.9705, and 48.7543, respectively (Table S6). The adjusted R*
value was less than 0.2 from the expected R? value, showing that
the FE and RSM predicted values of the effective electrical
conductivity of the nanocomposite were quite similar. The
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Figure 7. 3D contour plot of the effects of the volume fraction and AR at various orientations (a) 45°, (b) random, and (c) 90° on the thermal
conductivity response of the PEDOT:PSS/BNP nanocomposite electrode.

significance of the lack of fit is shown by the lack of fit’s F value of
8.35. The probability of noise causing a significant lack of fit is
about 0.07%.

However, upon further investigation of the diagnostic plots,
the plotted residual points almost followed a straight line, as
shown in Figure 4a, demonstrating that the residuals from the
nonlinear model for effective electrical conductivity response
were normally distributed and that there was no association
between the errors at different sites, except for the outlier
observed for run 22. The high model prediction is shown by the
random distribution of residuals inside the red bounds of the
graph in Figure 4b, except for an outlier that corresponds to the
electrical value obtained for run 22. Besides, it can be seen in
Figure 4c that the effective electrical conductivity values
determined by the FE analysis were consistent with the curve

fit to the prediction function. The residual versus run plot in
Figure 4d, which plots each residual with respect to an index
(run), shows the pattern of data composition. The sinusoidal
distribution of data points along the run order indicates that
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there is no appreciable model drift in predicting the effective
electrical conductivity behavior of the composites. The p-values
of A, B, C, AB, AC, BC, A% ABC, and A® among the main and
interaction effects were all less than 0.05, showing their
statistically significant influence on the value of electrical
conductivity predicted by the cubic model. This led to the
development of a functional relationship, shown in eq 20,

between effective electrical conductivity and the different
factors.

Electrical conductivity

= 461022 — 119.16A — 28.09B — 20.92C[1]
— 18.11C[2] — 11.34AB — 15.84A(C[1]
— 16.14AC[2] + 6.92BC[1] + 7.15BC[2] + 51.80A%
+ 6.06ABC[1] — 9.16ABC[2] + 42.32A° (20)
The effects of the volume fraction and AR at different
orientations (45°, random, and 90°) on the electrical
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conductivity response of the BNP/PP nanocomposite electrode
are shown in the 3D contour plots in Figure 5. The electrical
conductivity of the nanocomposite depends significantly on the
AR and volume fraction for different orientations. The electrical
conductivity diminishes as the volume fraction increases when
the inclusions are oriented at a 45° angle (Figure Sa). When the
AR is low, this deterioration is more obvious. The electrical
conductivity increases with the increase in the AR from 0.1 to
about 0.04 at a high volume percent. The poor electrical
conductivity of BNPs in comparison to that of PP is responsible
for this decrement in electrical conductivity with increasing vol
%. Similar trends may be seen when the BNP fillers are
randomized (Figure Sb), although the decline is not as sharp as it
is when the filler is tilted at a 45° angle. This behavior can be
ascribed to the filler being evenly distributed throughout. At an
angle of 90° (Figure Sc), this reduction in electrical conductivity
of the nanocomposite follows a steep decline as the content of
the BNP increases. In general, from the overall effect across all
the different orientations, the electrical conductivity of the
composite dwindles as the volume fraction of the BNP increases
(Figure S3).

4.1.4. RSM Analysis of the Effective Thermal Conductivity
of the PEDOT:PSS/BNP Nanocomposite. To predict the main
and interaction effects of the volume fraction, AR, and
orientation on the effective thermal conductivity response of
the PEDOT:PSS/BNP nanocomposite electrode, the cubic
terms added to the model developed improved the model and
were used. The model fits the data well enough to analyze and
estimate the effective thermal conductivity, with R* = 0.9989,
adjusted R* = 0.9980, predicted R* = 0.9959, and adequate
precision value = 86.0746 (Table S7). The adjusted R* value was
less than 0.2 of the expected R” value, demonstrating that the
effective thermal conductivity of the nanocomposite was
predicted by both the FE and RSM to be relatively comparable.
The model provided a good approximation because the lack of
fit term’s p-value was more than 0.1, which is not statistically
significant.

(Thermal conductivity)™">’
= 4+0.4714 — 0.7307A — 0.0314B + 0.0642C[1]
— 0.0549C[2] — 0.0261AC[1] — 0.0607AC[2]
+ 0.0099BC[1] + 0.1017BC[2] + 0.8671A°
+ 0.0654B> + 0.0346ABC[1] — 0.0448ABC[2]
— 0.1027A°B — 0.0735B*C[1] — 0.0324B>C[2]
— 0.22994° (21)

The residuals from the nonlinear model for effective thermal
conductivity response were normally distributed and essentially
followed a straight line, as shown in Figure 6a, indicating that
there was no correlation between the errors at various locations.
The random distribution of residuals inside the red borders of
the graph in Figure 6b illustrates the high model prediction.
Furthermore, the effective thermal conductivity values calcu-
lated by the FE were in line with the curve fit to the prediction
function, as shown in Figure 6¢. The pattern of data composition
may be seen in the residual against the run plot in Figure 6d,
which plots each residual with an index (run). The sinusoidal
distribution of data points along the run order suggests that the
composites’ actual thermal conductivity behavior is predicted by
the model without experiencing a substantial model drift. The
main and interaction effects’ p-values for A, B, C, AC, BC, A% B,

ABC, A’B, and B*C were all less than 0.05, indicating their
statistical significance in influencing the effective thermal
conductivity value predicted by the cubic model. As a result, a
functional power transformed the relationship between effective
thermal conductivity and the various factors for better
prediction was created, as given in eq 21 (with 4 = —1.57).
The effects of the volume fraction and AR at different
orientations (45°, random, and 90°) on the thermal conductivity
response of the PEDOT:PSS/BNP nanocomposite electrode
are depicted in Figure 7 as 3D contour plots. It can be seen that
for all orientations, the impacts of the AR and volume fraction on
the thermal conductivity of the nanocomposite are considerable.
As a result, the thermal conductivity increases as the volume
percentage increases from 1 to 25% when the inclusions are
oriented at 45° (Figure 7a). When the AR is 0.07, the increase is
more apparent. This location marks the electrode’s maximal
response point. The thermal conductivity of the nanocomposite
improves slightly from 1 to 19% and then declines from there to
25% when the BNP fillers are randomized (Figure 7b).
However, this increase is more noticeable for a low AR than
for a high AR. The thermal conductivity increases substantially
as the volume content of the BNP increases for both high and
low AR values up to around 19% before receding (Figure 7c) at
an angle of 90°. Comparing the AR at a 19% volume fraction, the
thermal conductivity is slightly lower for the 90° than for the 45°
at 0.07. The thermal conductivity of the electrode increases with
the increasing volume fraction up to 19% before declining across
the average effect of the different orientations (Figure S4).
4.1.5. Optimization/Desirability. The desirability function
analysis, is a widely used technique in the sector for streamlining
numerous response procedures. It is predicated on the notion
that a product or process’s “quality” is wholly unsatisfactory if it
possesses many quality attributes, one of which is outside of
certain desirable boundaries. The approach looks for x
operational parameters that provide the “best desired” response
values. In particular, each response’s estimated value is
converted to individual desirability between 0 and 1 or scale-
free desirability. A value of 1 is entirely desirable, whereas a value
of 0 is entirely undesirable. The geometric mean is then used to
add together all the desirability values, resulting in the overall
desirability D, which is shown as follows®>*® (eq 22).
X

N

p=|[]4

j=1 (22)

where N represents the number of responses, d; denotes the
individual desirability of each response, and r; is the weight of
d.> Different functions d,(Y;) can be used depending on
whether a specific response Yi is to be maximized, reduced, or
given a goal value. Derringer and Suich®” suggested a practical
class of desire functions. Let L;, U;, and T; represent the response
Y/’s intended lower, higher, and goal values, respectively, with
L< T;< U, The individual desirability is defined as follows if a
response is to be maximized instead

0
R P(x) = L) . N
dn(Y;) = [L] iin(x) <L, ifL; < Yl(x)
T - L
1
<T,  ifY(x)>T (23)
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Figure 8. Ramp function graph showing the optimized response values based on the overall desirability of the factor combination.

with T; being considered in this instance as a significant number
for the response.””**

The responses were all assigned equal weight and importance;
this is because they are all important characteristic parameters
for the effective performance of an electrode. The optimum
solution with a desirability of 0.78 was generated using the
models developed for estimating the transport characteristics
and mechanical integrity of the electrode. The optimized
solution had the following factor combinations: volume fraction
= 13.96%, AR = 0.04, and orientation = 45°. These factors
translate to optimized responses of effective elastic modulus =
6.73 GPa, effective electrical conductivity = 633.85 S/cm, and
effective thermal conductivity = 1.96 W/m K (Figure 8). The
overall desirability for the response across orientations of the
inclusion is shown in Figure 9. Figure 9a displays the 3D
desirability plot for the elastic modulus (max), electrical
conductivity (max.), and thermal conductivity (max.) responses
of the BNP/PP nanocomposite electrode at 45° inclination of
the BNP inclusions. The 3D desirability plot for responses of an
electrode with randomized BNP inclusions is shown in Figure
9b. Similarly, the 3D desirability plot for the responses of the
nanocomposite at a 90° angle is shown in Figure 9c. It can be
seen that the volume fraction of the BNP inclusions contribute
significantly to the overall desirability of the responses. The
desirability for maximizing the responses increases as the volume
content of the BNP increases for all orientations. The periodic
RVEs for the optimized PP matrix, the BNP inclusions inclined
at 45°, and their nanocomposite are presented in Figure 10.

4.2. FE Analysis for Optimized Responses. The RSM was
used to optimize the response variables of the transport
characteristics of the nanocomposite based on the findings of
the FE simulation. Thereafter, the effective elastic modulus,
electrical conductivity, and thermal conductivity of optimized
nanocomposites were further examined for an in-depth FE study
in the following section.

4.2.1. FE Analysis for the Elastic Modulus of the
PEDOT:PSS/BNP Nanocomposite. The elastic modulus, poison
ratio, and shear modulus of the improved composites were all
evaluated using FE analysis and the aforementioned material
properties. With an axial elastic modulus of 4.71 GPa and an in-
plane elastic modulus of 10.36 GPa, the composite has an

average effective elastic modulus of 6.57 GPa. Besides, with a 3%
error margin, the effective elastic modulus predicted by the RSM
is close to this result (Table 2). The values of transverse
Poisson’s ratio, vy,, of 0.13, in-plane shear modulus, G,,, of 2.33
GPa, transverse shear moduli, G5 and G,3, of 2.38 GPa and 2.32
GPa, respectively, were all displayed by the electrode. This result
suggests that the nanocomposite can withstand stresses
associated with the metal ion intercalation during charging
and discharge cycles. The linear stress—strain curve of the
optimized PEDOT:PSS/BNP nanocomposite shows that the
electrode is elastic up to 0.14% (Figure 11). This suggests that
the electrode is mechanically stable for volume variations inside
the electrode that originate from metal ion intercalation limited
to 0.14%. Figure 12 displays the maximum principal strain, von
Mises stress, and displacement distribution for the RVE of BNP
inclusions, the PEDOT:PSS matrix, and the PEDOT:PSS/BNP
nanocomposite under general 3D loading. It can be seen that
PEDOT:PSS strains more than the BNP; meanwhile, the
majority of the stress is carried by the BNP inclusion. In Figure
SS, the displacement components U;, U,, and U; for the
inclusion, matrix, and nanocomposite are shown.

4.2.2. FE Analysis for the Electric Conductivity of the
PEDOT:PSS/BNP Nanocomposite. Similar to the mechanical
properties, the effective electrical conductivity for the
PEDOT:PSS/BNP nanocomposite with the BNP inclusion
was calculated with volume fractions of the inclusion ranging
from 1 to 25 vol % and the AR from 0.04 to 0.1. The optimized
nanocomposite predicted by the FE analysis has an average
effective electrical conductivity of 619 S/cm (Table 3). This
result is comparable to the conductivity predicted by the RSM,
which has an error margin of 3%. The nanocomposite can be
compared to conductive metallic electrodes due to the
magnitude of its electron transport. Despite this, it is clear that
this value is lower than the PP’s electrical conductivity, which is
752 S/cm. Considering that the BNP has a poor electrical
conductivity (1.4 X 1077 S/cm), this drop in conductivity is
attributable to it. Figure 13 shows the highest values of the
electrical current density, ECD, and EPOT, for the RVE of the
BNP inclusions, PEDOT:PSS matrix, and their nanocomposite
under uniaxial macroscopic voltage gradient loading in the 1-, 2-,
and 3-directions. The highest current flow across the nano-
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Figure 9. 3D contour plot of the desirability of the volume fraction and AR at various orientations (a) 45°, (b) random, and (c) 90° based on the
optimized elastic modulus (max) and electrical conductivity (max.) and thermal conductivity (max.) responses of the PEDOT:PSS/BNP
nanocomposite electrode.

Figure 10. Periodic RVEs for (a) matrix, (b) BNP inclusions inclined at 45°, and (c) mesh of their nanocomposite.

composite is mostly accounted for by the electron transport of
the conjugated system of the PEDOT:PSS backbone chain, as

48460

seen by the ECD distribution in the nanocomposite flowing
through the interface of the BNP and PEDOT:PSS. Since the
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Table 2. FE Homogenization Technique and RSM Prediction
of the Effective Modulus of the Optimal PEDOT:PSS/BNP

Nanocomposite

effective modulus

FE (GPa)
s/n E, E, E, average RSM (GPa)  error (%)
NI 4.71 10.36 4.65 6.57 6.73 2.43

greatest electrical potentials at each node in the nanocomposite
are almost equal in magnitude, the EPOT, it indicates that the
BNP is evenly distributed. For the inclusion, matrix, and
nanocomposite along the 1-, 2-, and 3-directions, Figures S6—S8
depict the distribution of the magnitude of ECD, electric
potential gradient, and EPOT. Additionally, Figures S9—S11
show the ECD components ECD;, ECD,, and ECDj for the
inclusion, matrix, and nanocomposite along directions 1, 2, and
3.

4.2.3. FE Analysis for the Thermal Conductivity of the
PEDOT:PSS/BNP Nanocomposite. The FE analysis is used to
evaluate the optimized PEDOT:PSS/BNP nanocomposite’s
heat transport capability, that is, its phonon movement. In
comparison to the thermal conductivity predicted by the RSM,
the average effective thermal conductivity is 1.97 W/m K, which
is around a 0.6% error difference. Table 4 shows the effective
thermal conductivities of the optimal PEDOT:PSS/BNP
nanocomposite as predicted by the FE analysis and RSM.
From the FE result, the axial thermal conductivity is 1.91 W/m
K, whereas the in-plane thermal conductivity is 2.73 W/m K.
Since the direction of the inclusion is responsible for much of the
phonon transport, as indicated by the maximum heat flow, this
anisotropic behavior may be explained. Furthermore, because
phonon and electron movements determine the thermal
conductivity in any material, the value of thermal conductivity
is separated into two main parts: k = k. + k;,, where k, is the
thermal conductivity caused by electron movement and k; is the
thermal conductivity induced by phonons transport. According
to the Wiedermann—Franz law (eq 24), the poor electrical
conductivity of the BNP causes a low thermal conductivity
generated by electron movement. As a result, as illustrated in
Figure 14, the temperature gradient is consistently spread over
all point nodes in these composites, with phonon transport

serving as the primary heat carriers, which originated from the
BNP inclusion.

k, = L,oT (24)
where L, is the Lorentz constant (2.44 X 10_8%?), k. is the
thermal conductivity due to electrons, o, is the electrical

conductivity, and T is the temperature.59

Figure 14 displays the maximum magnitude of the nodal point
temperatures, NT11, and the heat flux vector, HFL, for the RVE
of BNP inclusions, the PEDOT:PSS matrix, and their nano-
composite under uniaxial macroscopic temperature gradient
loading in the 1-, 2-, and 3-direction. Meanwhile, Figures S12—
S14 show the distribution of the heat flow vector’s magnitude,
nodal point temperatures, and reaction flux for the inclusions,
matrix, and nanocomposite along directions 1, 2, and 3. Also,
Figures S15—S17 show the components of the heat flow vector,
qi, 922 and gqs3 for the inclusion of the matrix and
nanocomposite along 1-, 2-, and 3-directions. For comparison,
the thermal conductivity of several electrodes for energy storage
is shown in Table S.

According to the literature, the composite’s thermal
conductivity is decreased by the interfacial interactions between
the polymer and nanofiller, which serve as a phonon scattering
medium.’’ To account for the nanoeffects, particularly, interface
thermal resistance (Kapitza resistance), the BNP was coated
with an interphase to generate an effective filler having the same
volume fraction as that of the BNP inclusion (Figure 15). Then,
FE simulation was performed with the same data for the
optimized electrode, and the result is presented in Table 4. After
that, the general Maxwell-Garnett type effective medium
approximation method (eqs 25 and 26) was adopted to
compute the Kapitza effect from the effective thermal
conductivity with the nanoeffect. The equation is said to
compare favorably with experimental data for composites with
low volume fractions, but the accuracy decreases for composites
with higher volume fractions. For instance, as the volume
percentage approaches a value of 30%, their estimated effective
thermal conductivity deviates by nearly 50%.°"

T
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Figure 11. Stress—strain curve of the optimized BNP/PP nanocomposite.
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Figure 12. Maximum principal strain (first row), von Mises stress (second row), and displacement (third row) distribution under general 3D loading
for the RVE of (a,d,g) BNP inclusions, (b,e,h) PEDOT:PSS matrix, and (c,f,i) nanocomposite of PEDOT:PSS/BNP.

Table 3. FE Homogenization Technique and RSM Prediction 1+ fIB,(1 = L)(1 + (cos® @)) + B,,(1 — Ly;){cos’ @)]

*
of the Effective Electrical Conductivity of the Optimal s = K 1+ f[B,Ly(1 + (cos’ @)) + B, Lys(cos” @)]
PEDOT:PSS/BNP Nanocomposite (26)
effective electrical conductivity
EELG o) (o’ ) /p(@) cos’ @ sin @ dO
cos =
s/n G, Gy, Gy average RSM (S/cm) error (%) fp(@) sin @ dQ@ (27)
N| 606.29 646.24 605.73 619.42 633.85 2.33

. . For vertically aligned fillers, (cos® @) = 0, whereas for
Ky =Ky, . 2 _ :
LS = L)1+ (o ) + (L — L)1 — (co5’ O] randomly oriented platelets, (cos” @) = 1/3, for platelets aligned

-_— (e} 2 —_ . .
=K, 2+ T L (02 ) + pull = (o O] at 45° (cos” @) = 1/2, and for horizontally aligned fillers,

(25) (cos® @) = 1. Meanwhile, L, is a geometrical factor based on the
shape of the inclusion, therefore, for the platelet.’”
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Figure 13. Histogram chart of the maximum magpnitude of (a) ECD and (b) EPOT, under uniaxial macroscopic voltage gradient loading in the 1-, 2,
and 3-direction for the RVE of BNP inclusions, the PP matrix, and their nanocomposite.
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Table 4. FE Homogenization Technique and RSM Prediction of the Effective Thermal Conductivities of the Optimal PEDOT/

PSS/BNP Nanocomposite

effective thermal conductivity

FE (W/m K)
Ky, K, K average K RSM (W/m K) error (%) average Kapitza resistance (107° m> K/W)
without the nanoeffect 191 2.73 1.28 1.97 1.96 0.6
with the nanoeffect 2.10 422 1.54 2.62
Kapitza resistance 242 2.42 2.42 2.42
(a) 700 (b) 600
— EBNP mPP mBNP/PP mBNP mPP mBNP/PP
600 500 -
500
400
= 400 = g
% w300 :
L= = o
s 300 < ‘
200 ]
200 —
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0 0 e - —
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Figure 14. Histogram chart of the maximum magnitude of (a) nodal point temperatures, NT11 and (b) heat flux vector, HFL, under uniaxial
macroscopic temperature gradient loading in the 1-, 2-, and 3-directions for the RVE of BNP inclusions, the PEDOT:PSS matrix, and their
nanocomposite.

Table S. Thermal Conductivity of Selected Electrodes

BNP ARp =d/t,d>t

1 4 pa.rEicle)size po(ros)ity i) . B = Kij‘ - Ky
electrode pm % K (W/m K refs i c
c 6-75 0.32-0.798 64 Ko + L (I = Ko) (30)
C 0.31+£005 65 K K
NMC 0.14+002 65 i = LK
c 0324003 66 (1 + K—m) (1)
LCO 0.17 + 0.02 66
NMC 030 £005 66 y=(1+2p)a, (32)
LFP 0.13 £ 0.02 66
c ~20 ~50 105 67 @ = RK,,/t (33)
NMC ~10 ~30 0.548 67 where K, and K; are the thermal conductivities of the BNP and
BNP/PP 1.96 in this work PP matrix, respectively, and Kjfj, K35, and K3 are the
5 components of effective thermal conductivities with nanoeffects.
Ly=Ly,= f) _ p = -1 p Meanwhile, f, d, and t are the volume fraction, diameter, and
2(P7—1) 2(1 - P (28) thickness of the BNP inclusion, respectively. @ is the orientation
angle of the platelet, p(@) is the distribution function describing
Ly=1-2Ly, (29) the orientation of the platelets, gy is a dimensionless parameter
(a)
Interphase

Figure 15. Schematic representation of (a) coated BNP (effective inclusion), (b) RVE of the effective BNP inclusion, and (c) RVE of the
PEDOT:PSS/effective BNP nanocomposite.
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describing the interfacial properties between the platelet and
matrix, and Ry is the Kapitza resistance between the BNP
inclusion and the PP matrix.”*~®* To simplify the calculation of
the Kapitza resistance, the coating is assumed to have a constant
thickness; therefore, K, and K are assumed to be isotropic. As
such, the computed interfacial thermal resistance of PP with the
BNP is 2.42 X 10~ m* K/W.

5. CONCLUSIONS

In this study, the properties of the PEDOT:PSS/BNP
nanocomposite electrode were examined for BNP inclusions
in the range of 1-25% volume ratio, 0.04—0.1 AR, and 45°,
random, and 90° orientations. Therefore, based on the FE
simulation results, the response variables of the transport and
mechanical properties of the PEDOT:PSS/BNP nanocompo-
site were optimized using the RSM. First, RSM models were
developed to predict the behavior of the nanocomposite
accurately and confidently with 95% confidence. Then, the
responses of the improved electrode parameters based on the
desirability function were further predicted using the response
surface. The predicted optimized nanocomposite with the
desired properties for energy storage applications has a volume
fraction of BNPs of 13.96%, an AR of 0.04, and an angle of 45°.
The material’'s predicted Young’s modulus is 6.73 GPa, its
electrical conductivity is 633.85 S/cm, and its thermal
conductivity is 1.96 W/m K, yielding a desirability value of
0.78 with a generally high prediction performance of <0.03 error.
The interfacial thermal resistance computed from nanoeffect-
based effective thermal conductivity of the nanocomposite is
242 X 107 m®> K/W. The FE analysis of the optimized
nanocomposite indicates that the BNP is the key factor in the
reinforcement of the composite. At the same time, the electron
transport of the conjugated double bonds along the
PEDOT:PSS backbone chain dominates the electrical con-
ductivity channel. The BNP phonon transport, however, is
substantially responsible for the nanocomposite’s heat flow.
Based on these enhanced results, the optimized PEDOT:PSS/
BNP nanocomposite electrode would serve as a promising
material for the metal-ion battery. Therefore, further inves-
tigation is suggested to understand the storage capacity of the
material for various metal-ion batteries. More importantly, since
the BNP inclusion is a platelet, the electrode may be analyzed for
thermal and electrical percolation studies as spherical,
cylindrical, and sphero-cylindrical inclusions are the only types
of inclusions that can be modeled using Digimat software for
percolation studies. For further research of the mechanical
properties of the electrode, it is suggested that PERMIX, an
open-source software framework for multiscale modeling and
simulation of fracture in solids, be used.®®
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