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Abstract: The enhancement of electrode materials’ properties for improving mercantile supercapacitors’
performances is a remarkable research area. Throughout recent years, a significant amount of research
has been devoted to improving the electrochemical performance of supercapacitors via the improvement
of novel electrode materials. The nanocomposite structure provides a greater specific surface area (SSA)
and lower ion/electron diffusion tracks, consequently enhancing supercapacitors’ energy density and
specific capacitance. These significant properties offer a wide range of potential for the electrode
materials to be applied in diverse applications. For instance, their applications are in portable electronic
systems such as all-solid-state supercapacitors, flexible/transparent supercapacitors and hybrid
supercapacitors. The authors of this paper introduced a multi-criteria model to assess the priority of
nanostructured electrode materials (NEMs) for high-performance supercapacitors (HPSCs). This work
combines Analytic Hierarchy Process (AHP) with the Evaluation Based on Distance from Average
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Solution (EDAS) and Grey Relational Analysis (GRA) methods. Herein, the rough concept addresses
the uncertainties resulting from the group decision-making process and the vague values of the
properties of the NEMs. The modified R-AHP method was employed to find the criteria weights based
on the multi-experts’ opinions. The results reveal that specific capacitance (SC) and energy density
(ED) are the most important criteria. R-AHP was integrated with R-EDAS and R-GRA models to
evaluate the fourteen NEMs. The results of the R-EDAS method were compared with those provided
by the R-GRA method. The results of the proposed integrated approach confirmed that it results in
reliable and reputable ranks that will provide a framework for further applications and help physicists
find optimal materials by evaluating various alternatives.

Keywords: high-performance supercapacitors; MCDM; nanostructured electrode materials; rough set

1. Introduction

The conservation of energy and the environment from rapid impairment and the exhaustion of
fossil fuels have become issues of concern in recent times. Hence, all are working to solve these
problems, including developing clean and alternative energy devices and more developed energy
storage/conversion systems. Researchers’ efforts have typically centered on two kinds of
electrochemical sources: batteries and supercapacitors [1]. High-performance supercapacitors (HPSCs)
have attracted much attention in recent years due to their superior power density, long lifecycle,
reversibility and few environmental influences [2,3]. Supercapacitors are extensively utilized in some
consumer electronics, manufacturing power/energy management and hybrid vehicles.

Nevertheless, the difficulties of low energy density and extraordinary manufacturing costs for
electrochemical capacitors (ECs) have been specified as the main challenges in the field of capacitive
storage. Supercapacitors should be improved with superior energy density without losing the power
density and life cycle [1] to meet the energy requests for many applications. Supercapacitors can be
classified into two basic kinds depending on their charge storage method. The electric double-layer
capacitance (EDLC) kind produces capacitance from charge segregation at the electrolyte/electrode
interface, while the pseudocapacitance kind produces capacitance from rapid faradic responses in the
electrode [3-5]. The election of electrode materials and their production plays a critical role in
improving the capacitive properties of supercapacitors. Supercapacitors’ electrodes should afford
thermal stability, corrosion opposition, high electrical conductivity, high SSA, suitable chemical
stability and appropriate surface wettability [6]. They must also be relatively low cost and
environmentally friendly. In reality, the specific capacitance feature is not only influenced by specific
surface area (SSA) but also other essential factors that relate simply to morphology, including pore
form, pore size, pore size dispension, and their availability for the electrolyte [7,8].

Moreover, the appropriate size dispensation can enhance the retention capability, which is
significant for high power density in supercapacitors’ devices. The efficacious dispensation of
micro/nanopores in electrode materials can afford rapid mass and ion transference over a continuous
track, consequently improving the availability of the electrolyte and making the materials suitable
selections for HPSC applications [9]. The quality of supercapacitors relies on the electrode materials
as well as their chemical and physical characteristics. In turn, this leads to the diverse employment
of supercapacitors and makes some supercapacitors better than others for some particular
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applications. Lately, many various supercapacitors have been manufactured in categories relying on
electrode materials such as carbon-based materials, transition metal oxides/hydroxides-based
materials, conducting polymer-based materials and composite-based materials, as well as the diversity
of nanostructured electrode materials (NEMs) for supercapacitors in each category. The variance in
the electrochemical characteristics of each electrode material leads to the variance in their utilizations.
This variance makes some electrode materials better than others for use in supercapacitors.

Evaluation of NEMs for HPSCs has become an urgent issue for stakeholders so that their goals
can be optimally achieved. One of the most well-known tools for assessment and classifying
alternatives is the MCDM approach. Integrating two MCDM methods has recently been the strong
trend to get the best results in uncertain environments. The uncertainty comes from assumptions,
subjective evaluation of the experts, vague data, approximation of the values of the properties, etc.
Hence, rough set theory was used in this work to deal with the uncertainty and make the interval
boundary flexible, giving the DM flexible judgment, minimizing the information lost and achieving
accurate results.

The motivation of this work is that there is no study in the literature addressing the MCDM
approach in the assessment ranking of the NEMs for HPSCs based on the authors’ knowledge.
Additionally, is it possible to select the best NEMs that meet all the criteria and have good properties
under an uncertain environment that allows experts to give flexible judgments?

Moreover, all properties of the NEMs for HPSCs are within ranges, which was a motivation to
use the rough set concept to deal with these ranges. Another reason for using the rough set concept
came from the perspective of the practical application when we collected the data. We know that a
property can be approximated by the lower and upper approximations, which motivated us to use the
rough set concept for dealing with these ranges.

So, we can briefly summarize the contributions of this work as follows:
<+  Describing the importance of criteria properties using the linguistic variables given by a group of

experts.
<+  Improving AHP by rough set theory to determine the weights of the criteria.
<  Evaluating and ranking the NEMs for HPSCs using the integrated R-AHP with R-EDAS and R-

GRA methods.
<  Analysis of the comparison results of both R-EDAS and R-GRA methods.

The rest of this article is organized like this: Section 2 presents the criteria and the NEMs for
HPSCs. Section 3 introduces the brief of the rough AHP, R-EDAS, R-GRA and the proposed
methodology. Section 4 summarizes the results with analysis. Finally, Section 5 gives the conclusion
and some points for future works.

2. Criteria and the NEMs for HPSCs

For this section, we identified six criteria and fourteen NEMs for HPSCs. These criteria include
the most significant electrochemical characteristics of HPSCs.

2.1. Criteria

The following main criteria were utilized to compare the different NEMs for HPSCs.
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1) Specific capacitance (SC):

A supercapacitor consists of two electrodes and an electrolyte between these two electrodes.
Because the electrodes can be polarized via a voltage, the ions in the electrolyte make electric double
layers of inverse polarity for the electrode’s polarity. This means the negative polarized electrodes
would have a positive layer of ions at the electrolyte/electrode limit joined by a layer of negative
ions in the positive layer to the equilibrium of charges. The opposite is correct for the positively
polarized electrodes. In addition, numerous ions can transfer into the double layer to be absorbing
ions and collaborate with the pseudocapacitance of the supercapacitor, which relies on surface shape
and electrode material. Thus, the specific capacitance (SC) is the amount of charge that can be stored
in an energy storage system per unit mass from the electrode [10]. The SC is a very significant
criterion to evaluate the performance of the electrode materials for energy storage applications
(supercapacitor and battery devices). So, the electrochemical performance is superior when the SC
is great.

2) Potential window (PW):

To improve asymmetric supercapacitors, one can take advantage of the difference between the
voltages on the two electrodes (negative electrode and positive electrode) to enlarge the working
voltage in the electrochemical system. If the electrodes are symmetrical, the electrochemical
performance of the supercapacitor will be developed. Otherwise, the electrochemical performance
of the energy storage system may be reduced, or the energy storage system may be disrupted [1].
Thus, the widening of the PW leads to improving the performance of the energy storage systems
(supercapacitors and batteries).

3) Energy density (ED):

There are two types of energy density: mass-energy density, and volume-energy density. In this
work, we will focus on mass-energy density. The mass-energy density of the energy storage systems
(supercapacitors and batteries) denotes the capacity of the energy storage system to store the energy
for a very long time for its unit mass [11]. So, the ED determines how long the energy storage system
can be employed [6]. The ED is a very significant criterion for evaluating the performance of
electrode materials for energy storage devices (supercapacitors and batteries). Consequently, the
performance of the supercapacitor increases with increasing ED.

4) Power density (PD):

The PD refers to the discharge power volume per unit mass, and it denotes how speedily a device
can transfer an amount of energy [6]. The PD is a very significant criterion for assessing the
performance of energy storage devices (supercapacitors and batteries).

5) Capacitance retention (CR):

Selecting an exemplary lifetime as an essential parameter for the energy storage systems is
extremely related to the kind of device. Choosing favorable materials for electrolytes and electrodes
is important, as it affects the cycle stability. Cycle stability, including CR and cycle number (CN),
can be estimated by galvanostatic charge/discharge procedures by reiterating the cycles constantly
at a fixed current density [12]. The enhancing performance of energy storage devices is determined
by their outstanding cycle stability, including superb CR and high CN. For example, the death factor
of an energy storage system (battery and supercapacitor) for energy applications is known as 80%
of its beginning capacity [13]. The CR for energy storage systems is calculated as the percentage
between the initial SC to the SC that is saved after a certain number of cycles. Cyclic stability is an
important criterion for estimating the electrochemical performance of energy storage devices. Thus,
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the cyclic stability is high when the CR is high.

6) Cycles number (CN):

The CN is defined as the number of full charge-discharge processes before the capacitance of the
energy storage devices decreases to under 80% of the start-of-lifetime value [14,15]. So, when the
cycle number value rises, the performance of the energy storage device is superior.

2.2. Nanostructured electrode materials (NEMs) for high-performance supercapacitors (HPSCs)

The main kinds of NEMs for HPSCs are the following:

Nanostructured carbon-based materials: activated carbon materials (ACs), carbon nanotubes
(CNTs) and graphene.

Transition metal oxides/hydroxides-based materials: ruthenium oxide (RuOz), manganese dioxide
(MnO2), nickel oxide (NiO), nickel hydroxide (Ni(OH)2) and vanadium pentoxide (V205).

Conducting polymer-based material: polyaniline (PANI) and polypyrrole (PPy).

Nanocomposite-based materials: carbon-carbon composites (C-C), carbon- metal oxides
composites (C-MOs), carbon- conducting polymers composites (C-CPs) and metal oxides- conducting
polymers composites (MOs-CPs).

1) Activated carbon materials (ACs)

ACs are the most generally utilized materials for EDLC electrodes with medium cost [10] that
show a complicated porous structure involving micropores (lower than 2 nm), mesopores (between 2
and 50 nm) and macropores greater than 50 nm, leading to possessing a great SSA[11,12]. Moreover,
although their electrical conductivity is less than (1250-2500 Sm™), it is still appropriate for
supercapacitors. These properties indicate that ACs are considered beneficial electrode materials for
supercapacitors [6]. ACs show that many of the physical and chemical characteristics rely on the
carbon precursors utilized and activation procedures that strongly affect the SSA, porous
construction and pore size dispensation [13].

2) Carbon nanotubes (CNTs)

CNT electrode materials have been advanced owing to their individual characteristics, such as
their attainable exterior construction with great SSA and specified interior network of mesopores,
outstanding electrical conductivity, chemical and thermal stability and low mass density. Moreover,
the mechanical flexibility of the CNTs and their open lattice afford their linking to active material,
superior connection and creating a continued dispensation that produces a high SSA [14]. CNTs would
be utilized as electrode materials for supercapacitors in the composite shape over other materials, such
as metal oxides (MOs), graphene and polymer [6].

3) Graphene

Graphene consists of a one-atom-thick layered 2D construction with sp2-bonded carbon atoms
coordinated in a crystalline honeycomb structure [15,16]. As a distinctive carbon material, graphene has
outstanding properties, including excellent morphological and mechanical characteristics, good electrical
conductivity, high carrier mobility, high chemical stability and high SSA [6]. Moreover, the 2D
construction of graphene reduces the thickness of the electrode, which yields a higher voltage window,
larger flexibility and thermal and chemical stability [16]. So, graphene is a strong candidate for energy
storage systems owing to its features [15]. Consequently, graphene would be employed as electrodes
in the system of HPSCs. Meanwhile, compared with other carbon-based materials that contain carbon
(for instance, ACs and CNTs), graphene-based electrodes do not rely on the regularity of pores in solid
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materials [17].

4) Ruthenium oxide (RuOz)

RuO:z is one of the most studied transition metal oxides (TMOs) for supercapacitor electrodes
owing to its outstanding electrical conductivity, outstanding thermal and chemical stability, wide PW,
long life-cycle, extremely reversible redox reaction, great theoretical capacity and excellent rate
ability [18]. RuO2 materials are costly, which reduces their wide-range applications. For developing
cost-efficient materials, RuO2 hybrids were combined with other materials rich in carbon or
pseudocapacitance to decrease the quantity of RuO2 without affecting the efficiency [19]. For example,
a nanosized RuO2/polyaniline (PANI)/carbon dual-shelled blank spheres nanocomposite was patterned
over electro-polymerization processes [20].

5) Manganese dioxide (MnOz)

MnO: is utilized as electrodes for supercapacitors owing to its outstanding characteristics such as
superior electrochemical performance, low cost and low environmental influence, which make it
beneficial for a wide range of applications, such as in biosensors, molecular absorption, energy storage
devices, ion interchange and catalysis [21]. MnOz has a lower cost and greater obtainability compared
with RuOs-based materials [22]. In addition, other outstanding characteristics, such as a wide-ranging
PW, low toxicity and a great SC, make it a favorable electrode alternative [23].

6) Nickel oxide (NiO)

NiO nanomaterial has attracted the attention of researchers as electrodes for supercapacitors
owing to the reduced diffusion tracks, rapid redox reactions and a great SSA in the solid phase [24,25].
NiO is a favorable pseudocapacitive electrode material for supercapacitors because of its
characteristics, such as great electrochemical capacitance, thermal and chemical stability, simplistic
synthesis, sensible cost, profusion and environmental friendliness [26].

7) Nickel hydroxide (Ni(OH)z2)

Ni(OH):2 has recently drawn researchers’ attention because of its outstanding characteristics, such
as its extraordinary theoretical capacity, good rate ability, ready obtainability, lesser cost,
environmental friendliness and outstanding chemical and thermal stability [27]. Consequently, a-
Ni(OH)2 i1s the most potent energy storage-type material used in supercapacitor applications; it is
utilized as an anode in nickel-based batteries and is also appropriate for HPSCs [28].

8) Vanadium pentoxide (V20s5)

V20s is an inorganic-intercalation compound, and it has drawn the attention of researchers as an
appropriate electrode for pseudocapacitors owing to its natural profusion, extraordinary ED, low cost,
low toxicity, varied oxidation states (+2 to +5), simplicity of preparation and great electrochemical
capacity [29]. V20s offers a high electrochemical capacity and wide-range voltage window related to
the greater oxidation state of V, which works on transporting a high number of electrons [30]. However,
low SSA and the low solubility of V20s decrease the electrochemical capacitance development.
Moreover, V20s is widely suggested as an electrode material for supercapacitors because of its
controllable morphology [6].

9) Polyaniline (PANI)

PANI is a popular conducting polymers composites (CPs) electrode material because of its great
electrical conductivity, low weight, greater electrochemical capacity, simplistic synthesis and low cost.
Moreover, PANI is mechanically elastic and environmentally friendly [31]. Additionally, PANI ofters
a wide range of electrochromic characteristics, such as showing several colors, owing to its numerous
oxidation states and protonation forms. These features make it a fit candidate for the manufacture of
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electrochromic HPSCs [32].

10) Polypyrrole (PPy)

The increasing demand for advanced energy storage systems for electrochemical electrode materials
could be obtained from conductive polymer hydrogels with mechanical elasticity and adaptable
capacitive characteristics. PPy is a conductive polymer that draws the attention of investigators. It has a
greater density and superior elasticity compared with other CPs. It could bear a rapid redox reaction
for the charge storage and shows a great conductivity value in the range of (10—500 S cm™) [33].

11) Carbon-carbon composites (C-C)

The great SC of the carbon materials emerges from the efficient SSA, which can increase the
connection between the electrode and electrolyte. Consequently, enhancing the high SSA of these
composites produces increasingly higher energy and PD in supercapacitors. There are numerous kinds
of carbon materials that could be utilized to construct carbon-based composites [6].

12) Carbon-metal oxides composites (C-MOs)

TMOs possess low SC, low electrical conductivity and poor chemical stability. The
nanocomposites made from mixing TMOs and carbon compounds could enhance the electrochemical
characteristics of supercapacitors. Consequently, in adding the MOs, there are diverse compositions of
MOs and carbon-based composites, which have demonstrated greater SSA than those of pure MOs and
carbon composites [34].

13) Carbon-conducting polymers composites (C-CPs)

There are various carbon composites that are mixed with CPs to create nanocomposites. For
example, the nanocomposite utilizing the CPs as an anode and the carbon as a cathode could afford
greater energy and PD than EDLCs and improved cycling characteristics compared with
pseudocapacitors [35].

14) Metal oxides-conducting polymers composites (MOs-CPs)

The MOs/CPs-based composites are other substitution compositions for electrode materials that
afford improved electrochemical characteristics in supercapacitors resulting from combining the MOs
and CPs [36]. The rate ability, SC and cycling stability could be improved compared with pure MOs
and pure CPs composite for electrode materials by improving the compositions of MOs mixed with
CPs yielding electrode with enhanced electrical conductivity [6].

3. Proposed methodology

This section consists of three subsections, where the first subsection addresses the rough
concept and the AHP method, the second subsection introduces the rough EDAS method, and the
third subsection presents the rough GRA method. Also, the proposed methodology is summarized in
the last section.

3.1. Rough AHP

The analytic hierarchy process (AHP) [37] method is one of the MCDM methods widely used to
solve many complicated decision-making problems. On the other hand, it has become necessary to
deal with vague information. That is why many mathematical concepts were proposed to handle the
imprecise data, like the integrated AHP method with the fuzzy set, gray, rough, Fermatean fuzzy,
neutrosophic, etc. for determining the criteria weights based on the experts’ opinions regarding

Electronic Research Archive Volume 31, Issue 4, 2286—2314.



2293

handling the subjectivity and the vague information.

In this work, the AHP method will be used to calculate the weights of the evaluation criteria with
the help of rough numbers.

A rough set (Pawlak [38]) is one of the mathematical tools that can eliminate the vagueness and
find hidden data using the upper and lower approximation values.

Let us suppose a set of n classes of ideas,
R(xq, %5, ..., %,) Where x; < 2, < -+ < x,,.

Let us take Y as an arbitrary object of U. Then, the lower and upper approximation of x; can
be defined respectively as follows:

Lower approximation Apr(x;) = U{Y € U/R(Y) <x;} and upper approximation

Apr(x;) = U{Y € U/R(Y) = x;}. Also, we can define the boundary region as follows:

Boundary  region BR=UYEeEU/R(Y) #x}=UTYeU/R(Y) <x}UUTY eU/
R(Y) > x}.

Hence, we can represent the x; by a rough number, where the boundary of the interval can be
defined as follows:

Rough number: RN = [(Li_m(xi)),(ﬁ(xi))],

Interval of boundary region JBR = (m(xl)) - (Ll_m(xl))
We can normalize the rough number RN (a;) using Eq (1) as

U_W(xi)—miin{U_Tn(xi)}
miax{m(xi)}—miin{l,i_m(xi)}

W(xi)—miin{u'_m(xi)}

mlgaxm(xi)}—miin{u_m(xi)}

(Uﬂ(xi) =
RN (%) = | (Lim(x), (Lim(x)| = (1)

m(xi) =

Also, Eq (2) is used to calculate the crisp value.
CN{™P = min{Lim(x,)} + B; - |max{Lim (x;)} — min{Lim ()] @)
l l l

where

_ LimCe)(1-Lim(ey) ) +Lim ) Lim ;)

Bi = 3)

1-Lim(x;)+Lim(x;)

Now, the rough set will be combined with the AHP method to be an effective assessment
framework to deal with alternatives based on the related multiple criteria. The main procedures of the
R-AHP are presented as follows:

Step 1: Build the pairwise comparison matrix A¢ for each e'™ expert and test the consistency.

[ [
1 ai, .. Aim
as 1 .. a
Ae=|% o Fam @
e e
Ainy Aoy 1
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Step 2: Test the consistency ratio (CR) using Eq (5), where the acceptable value of CR must be less
than 0.1. In case the CR > 0.1, the experts are recommended to evaluate the decision matrix for
superior consistency.

e7
CR = o (5)
where CJ is given as
Amax—n
e (6)

where n is the number of criteria, A,,,, is the mean of the weighted sum vector on the regarding
criteria, and RJ is a random index given in Table .

Table 1. Random index via Saaty [39].

Matrix size 1 2 3 4 5 6 7 8 9 10
RI 0 0 058 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Step 3: Construct the group decision matrix.

1 ai A1m
A = A1 1 Aam (7)
Am1 dr.nz 1
where d;; = {a%j,afj, ...,afj}
Step 4. Convert the element a;; in group decision matrix A into rough number as follows:
RN (afj) = [a3j  aif @®)
where aif, ajj’ are the lower and upper limits of RN (a; ]-).
We get a rough sequence RN (dl- j) as
RN (@) ={laif aifllaif aif]..[ay aif]} ©)
Calculate the average rough interval by
RN (@) = [af;  ai] (10)

where
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14 24

p a;i+a st

+ta

— Ay T ij
ajy === —1 (1)
1lu 2u U
a;i ta;i +ta;;
w _ ij ij ij
aly = (12)

Step 5: Form the rough group decision matrix M as

[1 1] [“fz a’i'bz] [a’fm a’;tm]
M= [aﬁl.ag‘l] [1‘1] - [aﬁm.a,g‘m] (13)
[afm “#11] [‘lfnz a%z] [1 1]

Step 6. Calculate the rough weight «,; and its normalization «r; of each criterion by Egs (14) and (15),
respectively:

e lm [T%=1 “fja' VIlE-1ai (14)
\ _ w,
wi = max w (15)

Step 7: Obtain the crisp weights using Eqs (1)—(3).
3.2. Rough EDAS method

The evaluation based on distance from average solution (EDAS) (Ghorabaee et al. [40]) is
updated to be able to deal with imprecise data based on the rough concept.

In the previous section, the rough AHP is used to calculate the relative importance of each
criterion. Herein, rough EDAS is introduced to aggregate individual priorities and evaluate design
concept alternatives, and the main steps of the new modified method are as follows:

Step 1: Build the rough group decision matrix M as

[xf1 23] [#f, 28] . [xfn xi‘m]]
M = [[xfl xgbl] [xgz xgz] [xfm x;‘m]} (16)
[xfﬁ x#l] [x£2 x#z] [xrf;m x#m]

Step 2: Find the range of the average AV for all criteria using Eq (23).

n £ n u
_ ? ¢ __ &i=1%ij _ Ai=1%jj
AV = [AV] AV}] AV == AV == (17)

J n

Step 3: Find the positive and negative distances from average (PDA and N'DA) via Eqs (18) and (19),
respectively:
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PDA = [PDA|; PDA| =

max(0(xfj—av ) - max(o(xtj-v 1)) e .

A7 ) AVE if the j*" criterion is beneficial
1 ] (18)
max(o(av j-xfy))  max(o (i) -

v ) AV E if the j*" criterion is non — beneficial

NDA = [NDA {;, NDA| =

R

if the j*" criterion is beneficial

aqvf’ ’ AV

”)) max(o,(dqv j“—xfj‘))]

19)

if the j*" criterion is non — beneficial

max (sh-av()) max{of-7; ))]

cﬂvf’ AV

PDA;; is the positive distance of it " alternative from average solution in terms of j¢" criterion.

N'DA;; is the negative distance of it " alternative from average solution in terms of j** criterion.

Step 4: Compute the weighted sums of the PDA and NDA by Egs (20) and (21):

[sP! sPH| = [Ei,w! PDAY;, TTL w PDAY] (20)
[SNVt snv“] = [Eh,wf NDAT;, Tiiwi NDA ] 1)
where w; is the weight of jth criterion.
Step 5: Normalize the weighted sums via Eqgs (22) and (23):
r 1 spf Snt
Ngi = E X max S?if +1- m,axé‘]\fif (22)
1 sPH SN
Ng{u - 2 X (max SPH +1- miaxS]\f-“> (23)

Step 6: Obtain the crisp scores using Eqgs (1)—(3).
3.3. Rough GRA

In 1989, Deng [41] proposed a new MCDM method, grey relational analysis (GRA), where the
relation degree measures the degree of similarity and difference between two sequences. This
subsection combines the rough set with the GRA method to solve the given problem.

Step 1. Build the rough group decision matrix M as in Eq (16).

Step 2: Calculate the weighted normalized relationship matrix in rough number form as
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£

X

! L
xif = ]

maxj l{max[x” l]]}

m
x..

/ i
= J

ij m t L u
maszl{max[x”,xl]]}

Step 3: Calculate the weighted normalized rough relationship matrix as

{ _ 124 174
/Uij = wi Xxij

’U’ _’LU’ Xx

ij

Step 4: Obtain the weighted normalized rough relationship matrix M’ as

[ofy vii] (ol o] . [odn vin]
M = [vi v#] [vd, vg] . [vim vi4]
[ony vis] oz vis] o [ i)

Step 5: Compute the ideal reference and the reference sequence using Eqs (29) and (30):

vO30) = {max}ﬁl(vg)}, i=12,..,n
VO@U) = {v°(1),v°(2), ..., v°(n)}

Step 6: Compute the deviation coefficient d;;:

dfj =v00) — /th,

dl?; =o' —vl i=12,..,nj=12,...m

ij’

Step 7. Build the deviation coefficient matrix D:

[af, a] [df, dB] .. [dim din
[af as] [at, d%] . [dém %]
[déy am] [db, di] o [dim din

Step 8: Compute the grey relational coefficient as

g){, . mini% 1mm] 1 d +r)><maxl lmax] 1 dfj
Y d‘g+nxmaxl Jmaxj, d{)

u

gu mint 1mm —, dl +r)><max lmax] 1 4ij
ij — “

d“+ nxmax’ 1max] 1 4

24)

(25)

(26)

27)

(28)

(29)

(30)

€2))

(32)

(33)

(34)

(35)
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where the distinguishing coefficient 7 is 0 <7 < 1, and for good stability we set n = 0.5 [42].
Step 9: Compute the grey relational degree as

m et
e S (36)
=2 o, n (37)

It is probable that when I} is large, it is closer to the ideal reference value and has a higher
priority.

Step 10: Calculate the crisp scores using Egs (1)—(3).

We can summarize the proposed methodology in the following flowchart:

Assessment of the criteria of NEMs for HPSCs

Step 1: Obtain the linguistic evaluations for the criteria of NEM for HPSC from the multi-
experts.

Step 2: Convert the linguistic evaluations to scores.

Step 3: Calculate the rough assessment.

Determine the range of the criteria weights

Step 4: Use the rough AHP to determine the criteria weights.

NEMs for HPSCs ranking based on rough EDAS and rough GRA methods

Step 5: Use the rough EDAS for ranking the NEMs for HPSCs.

Step 6: Use the rough GRA for ranking the NEMs for HPSCs.

Step 7: Perform a comparative analysis and get the correlation and p-value between the
obtained ranks.

Step 8: Recommend the priority of the criteria and the superior of the NEMs for HPSCs.

Figure 1. The flowchart of the proposed approach.
4. Results and discussion
In this section, the two parts will be presented. In the first part, the rough AHP will be used to
determine the range of the criteria weights to use later. In the second part, R-EDAS and R-GRA
methods will be used to evaluate fourteen NEMs based on the criteria with their weights obtained in
the first part.

4.1. The results of the rough-AHP method

First, the linguistic values with their scores were defined for the relative significance of the criteria
as listed in Table 2.
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Table 2. Linguistic variables in terms of rough set.

Linguistic term Score
Exactly equal 1
Very low important 2
Low important 3
Middle important 4
High important 5
Very High important 6

Table 3 collects the individual preferences of each expert for each criterion with the help of the

linguistic terms and their scores in Table 2.

Table 3. Collecting the multi-experts’ opinions.

i i Stability
Specific Potential Energy Power ;
Three experts . ) ) . Capacitance Cycles
capacitance window density density i
retention number
Specific capacitance - 4,5,6 1,1,1 2,2,2 2,2,3 2,3,2
Potential 1/4, 1/5, 1/3, 1/5, 1/3, 1/4,
i - 1/2,1/2,1/2  1/2,1/2,1/2
window 1/6 1/6 1/5
Energy density 1,1,1 3,5,6 - 2,2,2 2,2,3 2,3,2
) 1/2, 172, 1/2, 172,
Power density 3,4,5 - 2,2,2 2,2,2
172 1/2
Capacitance 1/2, 1/2, 1/3, 1/2, 1/2,1/2,
. 2,2,2 - 1,1,2
L retention 1/3 1/2 1/2
Stability
Cycles 1/2, 1/3, 1/2, 1/3, 1/2, 1721/,
2,2,2 1/2,1,1 -
number 1/2 172 2

The multi-experts’ scores were transformed to the rough interval as presented in Table 4. Let
us take {3,4,5} as an example for showing the converting process to interval number.

3+4+5 _

Lim(3) = 3,and Lim(3) = —

4.

Lim(4) = 2= = 3.5,and Lim(4) = % = 45.

3+4+5

= 4, and Lim(5) = 5.

Lim(5) =
This can be expressed in rough numbers:

RN (3) = |(Lim3)), (Lim(3))] == [3,4]

RN(4) = [(Li_m(4)),(m(4))] —=[3.5,4.5]
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RN (5) = |(Lim(5)), (Lim(5))| == [4,5]
Applying Eqs (11) and (12):

RN (%) = [x¢  x%]

¢ _ 3+3.5+4
x = 3 fy

3.5

4+4.5+5
“=t oy

Hence, the rough interval of {3,4,5} is RN (x) = [x" x”] =[3.5 4.5].

Similarly, the others can be calculated.

Table 4. Rough intervals of the experts’ opinions.

. . Stability
Specific Potential Energy Power -
Three experts . . . . Capacitance Cycles
capacitance window density density .
retention number
Specifi it [1, 1] [4.5,5.5] [1, 1] [2, 2] [2.1665, [2.1665,
ecific capacitance .5, 5.
P P : . . : 2.61] 2.61]
Potential [0.1852, [0.194, [0.2283,
_ [1, 1] [0.5,0.5] [0.5,0.5]
window 0.2268] 0.2777] 0.2949]
B densi (1] [3.8888, (0, 1] 2. 2] [2.1665, [2.1665,
nergy densi , ) )
gy density 5.3887] 2.61] 2.61]
Power density [0.5, 0.5] [3.5, 4.5] [0.5, 0.5] [1, 1] [2, 2] [2, 2]
Capacitance [0.39797, [0.39797,
_ [2, 2] [0.5,0.5] [1, 1] [1.1, 1.6]
> retention 0.45355] 0.45355]
Stability
Cycles [0.39797, [0.39797,
[2, 2] [0.5, 0.5] [0.69,0.94] [1, 1]
number 0.45355] 0.45355]

Finally, the steps of the rough-AHP are used to determine the interval weights of the criteria,
as reported in Table 5. Moreover, we can get the crisp values using Eq (2). as also, Figure 2
illustrates the normalizing of the lower and upper interval weights of the criteria.

The obtained results show that the specific capacitance (SC) is the most significant, with a
relative closeness value of (0.265592). This criterion (SC) denotes the amount of charge that could
be stored in the energy storage devices, where the performance of supercapacitors is superb, with
high values of SC. Consequently, this criterion is the most significant one. It is followed by energy
density (ED) with a value of (0.264448). The ED is another significant factor in the electrochemical
characteristics of the electrode materials. This criterion (ED) also is important in any supercapacitor
to decide how long the supercapacitor can be utilized. The power density (PD) comes in the third
rank with a value of (0.229159). This criterion (PD) is significant in determining how speedily an
energy storage device can transfer energy.
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In contrast, the capacitance retention (CR) was in the fourth rank with a value of (0.100845).
The CR denotes cycling stability, which is considered an important factor for the evaluated
performance of supercapacitors. It is followed by the cycle number (CN) with a value of
(0.0.092616), which is strongly based on applying the appropriate energy storage device. Finally,
the last significant criterion was the potential window (PW), with a value of (0.04734).

Table 5. Results of criteria weights using the Rough-AHP method.

Criteria Rough weights CNST™P Rank
Specific capacitance (SC) [0.908896, 1] 0.265592 1
Potential window (PW) [0.173596, 0.198927] 0.04734 6
Energy density (ED) [0.88702, 0.996598] 0.264448 2
Power density (PD) [0.7600112, 0.7625782] 0.229159 3
Capacitance retention (CR) [0.363974, 0.404684] 0.100845 4
Cycles number (CN) [0.336754, 0.370354] 0.092616 5
Criteria weights
0.30
0.26559 0.26445

0-25 0.22916

0.20

0.15

0.10 010085 0.09262

0.04734 I I
0.05
0.00

Figure 2. Results of criteria weights using Rough-AHP method.

Now, fourteen NEMs for HPSCs mentioned in the first column of Table 6 will be evaluated
using rough EDAS and rough GRA methods, considering the rough weights of the criteria reported
in Table 5.

Table 6 lists fourteen NEMs for HPSCs with their properties in the first column.
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Table 6. Key interval properties of NEMs for HPSCs.

Specific Potentia Stability
) Energy Power
capacitanc 1 ) )
) density density Capacitanc  Cycles
NEM e window Ref.
1 (Wh kg™ (W kg™h eretention  number
(Fg) v)
A A A A A A
Activated
carbon 142.4-308. 3000-30,00
100-300 2-2.7 0.7-7.6 70-91.4% [6,43-47]
materials 3 0
Nanostructured (ACs)
carbon-based Carbon
58.5-263. [2,6,48,49
materials nanotubes 104-292 1-3 62.8—155.6 71-91% 1000—5000 |
(CNTs)
1200-10,00
Graphene 120—483 1-1.3 26-28.5 8.1-25.1 89-90% 0 [6-8]
Ruthenium
1000-10,00  [6,9,50,51
oxide 407-720 0.8-14  17.6-30.9 4-14 80-92.7% 0 ]
(Ru0Oy)
Manganese
86.2-98.3
dioxide 220-241 1-1.1 21.1-84.4 0.4-13.3 o 1000-3000  [6,52,53]
(V]
(MnO2)
Transition metal Nickel
) ) ) 1161-201 92.4-99.7
oxides/hydroxides  oxide 0.4-2 22-132.3 0.5-1.65 o 1000—5000 [6,54-59]
-based materials (NiO) °
Nickel
) 1000-10,00
hydroxide  502—-1868  0.5-0.6  35.78-56.5 0.11-0.5 81-97% 0 [6,60—62]
(Ni(OH)2)
Vanadium
5000-10,00
pentoxide 343-1280  0.4—2 60.2-355 0.2-0.35 86.2-91% 0 [6,63—65]
(V205)
Polyaniline
Conducting (PANT) 300 - 950 0.7-1 15-100 0.2-28 60—88% 500—-1000 [6,66,67]
polymer-based
) Polypyrrol 2000-20,00
material 52.5-2223 0.6-1.8 11.8-3.5 0.088-5.5  90-93% [33,68,69]
e (PPy) 0
Carbon—
carbon 1000—10,00
) 201-261 3-3.7 62.8-123 58.5-255 94-129% [48,70]
composites
(C-O)
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Specific Potentia Stability
Energy Power
capacitanc 1 ) )
) density density Capacitanc  Cycles
NEM € window ) Ref.
' (Whkg™h) (Wkg™h eretention  number
(Fgh) V)
A A A A A A
Carbon-
metal
oxides 313-1225 1.4-3 27.3-46.3 0.7-5.26 92.7-94%  2000—4000  [71-73]
composites
(C-MOs)
Carbon-
conducting
1000—10,00
) polymers 432-1665  0.7-1 8.6—25 0.11-0.6 85-94% [74-77]
Nanocomposite- ) 0
composites
based materials
(C-CPs)
Metal
oxides-
conducting
polymers 110-1625  0.7-1.5 1220 0.075-3 83-94% 600—1000 [6,78,79]
composites
(MOs-
CPs)

In the first row, the key properties are mentioned, while in the second row, the type of the criterion
is reported, where A denotes that the higher score is the best, and the criteria are of the benefit type.
The first column in Table 6 denotes the main sections of NEMs, while the second column lists the
fourteen NEMs for supercapacitors. In the third column, the range of the SCs for each nanostructured
electrode material, which is the most significant criterion, is given. As seen, the best-nanostructured
electrode material was the nickel oxide (NiO), with a range of (1161-2018 Fg'), while carbon
nanotubes (CNTs) as electrode materials have the lowest SC, in the range of (104292 Fg'!). Potential
window (PW) is given in the fourth column, where carbon-carbon composites (C-C) as electrode
materials have the best value. The fifth column contains the energy density (ED) of each electrode
material. In this criterion, the activated carbon materials (ACs) as electrodes have the best values, with
the range of (142.4-308.3 Wh kg!), while metal oxides- conducting polymers composites (MOs-CPs)
have the lowest values, in the range of (12-20 Wh kg™!). The power density (PD) is given in the sixth
column, and as seen, the best value was for carbon nanotubes (CNTs) as electrode materials. The
seventh column was about capacitance retention (CR); in this criterion, the carbon-carbon composites
(C-C) as electrode materials have the best value, while the Polyaniline (PANI) electrodes have the
lowest values. The last column was for the cycle number (CN), and as seen, the activated carbon
materials (ACs) have the best values, while metal oxides- conducting polymers composites (MOs-CPs)
have the lowest values.

Electronic Research Archive Volume 31, Issue 4, 2286—2314.



2304

4.2. The results of the rough EDAS method

The rough EDAS method was used to evaluate the NEMs for HPSCs. Table 7 lists the values of
N £f , W& , their crisp values and their ranks. We can see clearly that the carbon—carbon composites
(C-C), carbon nanotubes (CNTs) and activated carbon materials (ACs) have the highest averages of
the IV £f , NE} values. This outcome was logical from the point of view of experts because these
NEMs have outstanding SC, ED and PD, which are considered significant criteria for the evaluation
of electrochemical properties in electrode materials for HPSCs. It can be observed that these NEMs
contain carbon composites. Mostly, carbon materials are employed as electrodes for EDLCs because
of their enhanced characteristics, such as great SSA [6,80]. Moreover, their thermal and
electrochemical stability, great electrical conductivity, symmetrical galvanostatic charge-discharge
profile and excellent rectangular form of cyclic voltammetry (CV) patterns suggest that carbon-based
composites are suitable electrode materials [6,13,14]. The SC of the electrodes considerably depends
on the SSA. Thus, due to the large SSA and the great porosity of the carbon composites, they have
shown improved SC [6].

The four worst NEMs for HPSCs according to this method are metal oxides- conducting polymers
composites (MOs-CPs), manganese dioxide (MnO2), graphene and ruthenium oxide (RuOz2), with
values of 0.120051478, 0.126482134, 0.160093041 and 0.177150806, respectively.

This result is due to these NEMs having low values of SC, ED and PD, which are considered
significant criteria for evaluating the electrochemical properties of HPSCs. Although the metal oxides-
conducting polymers composites (MOs-CPs) have relatively high values of SC, they have the lowest
ED, PD and CN.

Table 7. Results of the NEMs for HPSCs ranking using the rough EDAS method.

NEM NE! NEH Crisp Rank
(ACs) 0.624068175 2.086882518 0.407192078 3
(CNTs) 0.796030073 3.042414414 0.573801877 2
Graphene 0.249227536 0.831835637 0.160093041 12
(RuO2) 0.314617758 0.865008805 0.177150806 11
(MnOz) 0.178543041 0.687774252 0.126482134 13
(NiO) 0.632393205 1.583489681 0.338186113 5
(Ni(OH)2) 0.417485046 1.322311386 0.260790126 6
(V205) 0.54000241 2.159702813 0.401453412 4
(PANT) 0.157371176 1.144262742 0.186473818 10
(PPy) 0.013676219 1.723085911 0.240373347 7
(C-C) 0.894406211 2.961716413 0.58115099 1
(C-MOs) 0.328984826 0.946056009 0.191241006 8
(C-CPs) 0.216115891 1.085094924 0.189322757 9
(MOs-CPs) 0.011612409 0.867781224 0.120051478 14

4.3. The results of the rough GRA method

In this subsection, the ranking of NEMs for HPSCs is reported using the rough GRA method.
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Table 8 presents the values of g)f;, gi; and their crisp values that were obtained by Eq (2), with ranks.

The obtained ranks indicate that the best four nanostructured electrodes are vanadium pentoxide
(V205), nickel oxide (NiO), carbon—carbon composites (C-C) and activated carbon materials (ACs),
with values of 0.899804683, 0.780106205, 0.747478217 and 0.738646302, respectively.

Nanostructured TMOs, such as V20s and NiO, have been examined for use in energy storage
systems (supercapacitors and lithium-ion batteries) owing to their high SC, ED and PD [81-83]. V20s
has a specific interest owing to layered structures and well-known inserting ions between the layers.
Thus, it can be employed as electrodes in electrochemical applications, such as batteries or
supercapacitors [84]. NiO is particularly attractive due to its high theoretical capacitance of 2573 Fg ™!,
good thermal stability and chemical stability. Because of rapid redox reactions, reduced diffusion
tracks and great SCA in the solid phase, nano/micro-materials have wide applications in
supercapacitors [26]. In addition, the mesoporous NiO exhibited a better rate capability, which is
because the well-ordered mesopores do not limit the movement of the ions within the pores [26].

The four worst NEMs for HPSCs according to this method are polyaniline (PANI), metal oxides-
conducting polymers composites (MOs-CPs), manganese dioxide (MnO2) and ruthenium oxide
(RuO2), with values 0f 0.002363447, 0.056136119, 0.107041622 and 0.126913722, respectively. This
result is due to these NEMs having low SC, ED and PD values, as explained above.

Table 8. Results of the NEMs for HPSCs ranking using the rough GRA method.

NEM g @i Crisp Rank
(AGCs) 0.096066541 0.089486958 0.738646302 4
(CNTs) 0.084254985 0.083437437 0.565028425 5
Graphene 0.066221478 0.059496494 0.13427894 10
(Ru0O») 0.06537249 0.061402026 0.126913722 11
(MnO2) 0.064541698 0.059802633 0.107041622 12
(NiO) 0.101923334 0.089292469 0.780106205 2
(Ni(OH)2) 0.06889424 0.080664301 0.309353299 7
(V205) 0.079427377 0.10261155 0.899804683 1
(PANI) 0.059347887 0.065366471 0.002363447 14
(PPy) 0.064273424 0.096463052 0.470863831 6
(C-O) 0.095099067 0.090490914 0.747478217 3
(C-MOs) 0.071188845 0.067001979 0.249040575 8
(C-CPs) 0.06609203 0.073975384 0.193785124 9
(MOs-CPs) 0.060743217 0.071951396 0.056136119 13

4.4. Comparative analysis

In this subsection, the obtained ranks using the R-EDAS and R-GRA are compared to investigate
the relationship between the obtained ranks of the NEMs for HPSCs. Table 9 lists the obtained ranks
by both methods.

We can readily see from Table 9 that the best five NEMs using both methods are vanadium
pentoxide (V205), nickel oxide (NiO), carbon—carbon composites (C-C) activated carbon materials
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(ACs) and carbon nanotubes (CNTs), with slight differences in ranks due to the different
methodologies of each method.

Similarly, it can be noted that the worst five substances are metal oxides- conducting polymers
composites (MOs-CPs), manganese dioxide (MnQO2), graphene, ruthenium oxide (RuO2) and
polyaniline (PANI).

Table 9. Results of the comparison between R-EDAS and R-GRA methods.

NEM R-EDAS R-GRA
(ACs) 3 4
(CNTs) 2 5
Graphene 12 10
(Ru02) 11 11
(MnOy) 13 12
(NiO) 5 2
(Ni(OH)2) 6 7
(V205) 4 1
(PANI) 10 14
(PPy) 7 6
(C-0) 1 3
(C-MOs) 8 8
(C-CPs) 9 9
(MOs-CPs) 14 13

In addition, Figure 3 illustrates the comparative rankings of the NEMs for HPSCs.

m R-EDAS m R-GRA

14
14

a a
B S
aq
s a
oo
0w
~ ~
© ©
) 0
< <
o o
~ ~ I
|| I I I
~
L S o~ 2
SEL2SCoFESZRTL 9
o = = c : @
s%«mgé-\:Sm&s-oo
—

Figure 3. Graphical illustration of the comparison between R-EDAS and R-GRA methods.
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The Pearson correlation coefficient between the obtained ranks by both methods is equal to 0.877,
emphasizing the positive relationship between the obtained ranks; and the p-value of 0.0000383, which
was a minimal value, confirmed the stability of the positive relationship between the ranks. Figure 4
illustrates the preference ranking using both methods.
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Figure 4. Comparison of preference rankings of the NEMs for HPSCs with R-EDAS and
R-GRA methods.

We can deduce the possibility of employing a rough-MCDM approach in evaluating the NEMs
for HPSCs and get a logical evaluation that is useful to support DM in this kind of problem.

5. Conclusions

This work develops an approach to evaluate and rank NEMs for HPSCs based on the vague
values of the electrochemical properties. To flexibly facilitate the group decision-making, the
proposed approach combines the AHP method and the rough numbers to determine the weight of the
criteria. Similarly, to flexibly manipulate the vagueness values of the electrochemical properties
without pre-assumptions or any extra auxiliary information, the proposed approach integrates the
advantages of the R-AHP method and the advantages of the R-EDAS/R-GRA methods to rank the
NEMs. The results indicate that the most important criteria and electrochemical properties were specific
capacitance, energy density and power density. In addition, the compromise results indicated that
vanadium pentoxide (V20s), nickel oxide (NiO), carbon—carbon composites (C-C), activated carbon
materials (ACs) and carbon nanotubes (CNTs) are the five best NEMs for HPSCs. Meanwhile, the last
five ranks of NEMs are metal oxides- conducting polymers composites (MOs-CPs), manganese dioxide
(MnO2), graphene, ruthenium oxide (RuO:2) and polyaniline (PANI). This work can be extended to
include the different types of uncertainty for future works.
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Appendix
Table Al. Abbreviations and acronyms.
RS Rough set
RN Rough number
DM(s) Decision maker(s)
MCDM Multiple criteria decision making
R-AHP Rough analytic hierarchy process
R-EDAS Rough evaluation based on distance from average solution
SC Specific capacitance
PW Potential window
ED Energy density
PD Power density
CR Capacitance retention
CN Cycles number
SSA Specific surface area
NEMs Nanostructured electrode materials
HPSCs High-performance supercapacitors
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