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Abstract

The present research explores, through the density functional theory (DFT)

calculations, the viability of graphene-polypyrrole (G/PPy) nanocomposites as

an effective material for energy storage in Zn-ion batteries. To this end, the

CASTEP calculator in the Materials Studio software was employed to examine

the electronic and structural properties of the nanocomposites and their poten-

tial to enhance energy storage capabilities of Zn-ion batteries. Specifically, the

study investigates the interaction of the Zn-adatom with the nanocomposites,

electronic properties, specific capacity, Zn adatom diffusion behavior, struc-

tural, and thermal stability, as well as the mechanisms through which the

nanocomposites store energy. The results show that the adsorption calculation

for PPy onto the graphene nanosheet has an exothermic adsorption energy of

� 1.68 eV and an adsorption height of 3.28 Å. The loading of Zn atoms onto

the Gr/PPy nanocomposite yielded a maximum specific capacity of 510.12

mAh g� 1, resulting into a weak adsorption energy of� 0.078 eV. The nano-

composite exhibited an extremely low Zn diffusion barrier of 12 meV, enabling

a fast Zn diffusion on its surface. These findings suggest that G/PPy nanocom-

posites hold promise as a material to enhance energy storage in Zn-ion batte-

ries. The study, through DFT calculations, offers valuable insights into the

electronic and structural properties of G/PPy nanocomposites and their poten-

tials for improved energy storage in Zn-ion batteries. It thus, contributes signif-

icantly to the current understanding of energy storage materials and provides

a foundation for further research on the development of more effective and

efficient energy storage solutions.

Highlights

• DFT investigations of G/PPy nanocomposites show potential for improved

energy storage in Zn-ions batteries.

• The electronic and structural properties of the nanocomposites offer valu-

able insight into their feasibility.
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• The results show that G/PPy nanocomposites can enhance energy storage in

Zn-ion batteries.

• It contributes to the current understanding of energy storage nanocomposite

materials.

• It provides a framework for developing effective and efficient energy storage

technologies.

K E Y W O R D S

DFT calculations, electrochemical performance, energy storage, nanocomposite, Zn-ion
battery

1 | INTRODUCTION

Energy storage is a vital component of our contemporary
technology, and it is intrinsically associated with the ris-
ing demands for devices that can store energy effectively
and sustainably.1–6 Batteries play a significant role in
energy storage, and the development of better batteries is
a continuous focus of research.7–9 The use of Zn-ion
batteries, have potential to succeed the conventional
lithium-ion batteries on the account of their low cost and
safety.10 Despite the advantages of Zn-ion batteries,
their drawbacks, include low energy density and the
typically unpleasant unstable cycling, which limit their
applicability.11–15 However, the performance of Zn-ion
batteries can be improved by using novel materials, such
as polypyrrole and graphene that are currently being
extensively, researched.16–19 Graphene is a single layer of
carbon atoms that has distinct electronic and mechanical
characteristics,20 while polypyrrole is a conducting poly-
mer with excellent electrochemical properties.21 Zn-ion
batteries are becoming increasingly attractive for energy
storage in various industries, including renewable energy
and electric cars; thanks to these materials' promised
improvements in the stability and capacity of the result-
ing devices made of these materials.22,23

As electrodes for Zn-ion batteries and hybrid superca-
pacitors, the use of graphene and polypyrrole (PPy) com-
posites have recently drawn significant interest from
scientists. Such composites have demonstrated high stor-
age capacities, good cycle stability and excellent energy/
power densities. For example, by using graphene as elec-
trode, Zhang et al., achieved a maximum specific capacity
of 164.3 mAh g� 1 after 600 cycles with a current density
of 1 A g� 1,24 while Shen et al., reported significant power
and energy densities alongside outstanding retention
capacity.25 In addition, researchers have proposed a new
approach, envisaged to enhance the efficiency of zinc-ion
hybrid supercapacitors by using PPy as the electrode
material, with the use of electrochemical graphene oxide

to enhance the energy storage potential of PPy, thus,
resulting in improved cycling stability and capacity
retention.26,27

A hybridized Zn-based storage energy devices
reported by Guangzhi et al.,28 employed graphene-
polypyrrole as electrode materials. These devices dis-
played an outstanding high areal capacitance of 927 mF
cm� 2, decent speed functionality and superior area
energy/power density when subjected to large active
mass-loading. Similarly, a nanostructured PPy composite
aerogels have been developed as the flexible cathode of
an aqueous Zn-ion battery with high-rate capabilities.
These aerogels have a small inner impedance of
1.5� /cm2 and they allow for simple ion diffusion into
the nanostructured PPy. In comparison to other aqueous
batteries and supercapacitors, this flexible Zn-ion battery
produced excellent power and energy densities with out-
standing retention capacity.29 Pattananuwat et al., manu-
factured a zinc-ion hybrid supercapacitors with an
enhance PPy/N-rGO cathode composite, which produced
good power and energy densities with stable retention
capacity.30 Another study found that the Zn-PPy/rGO//
MnO2 battery could produce an excellent initial discharge
capacity of 325 mAh g� 1 at 0.5A/g, while maintaining up
to 50% of its capacity after 300 cycles. These studies show
the potentials of using composites, made of graphene and
polypyrrole as electrode materials for Zn-ion batteries
and hybrid supercapacitors, underscoring the need for
continuous and dedicated study to fully explore their
applications in energy storage.23

Therefore, the combination of graphene and poly-
pyrrole, in the form of nanocomposites, has been found
to exhibit synergistic properties, hence, enhancing
the energy storage capabilities of Zn-ion batteries. Fur-
ther research on new materials and the use of computa-
tional methods, for example, density functional theory
(DFT), will undoubtedly provide more insights and
advancements in the field of energy storage.31,32DFT is a
widely used computational method for investigating the
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electronic and structural properties of anodic materials
including graphene nanosheets.33,34It has been employed
to study polymer nanocomposites for energy storage due
to their potential for high performance and durability.35

For instance, Oladipo et al., employed DFT to investigate
the interactions between graphene and a polypyrrole
matrix to improve energy storage performance which
exhibited a band gap of 0.56–0.65 eV.17 Algethami
employed the ab initio calculations to investigate the
effect of different nanoparticles on the electronic and
structural properties of the polymer matrix. The findings
from the study, suggest that the introduction of nano-
particles can significantly enhance the ionic conducti-
vity performance of polymer nanocomposites.36 When
using DFT to investigate polymer nanocomposites for
energy storage, it is important to consider the choice of
exchange-correlation functional and the size of the super-
cell used in the calculations. The use of hybrid functions
or dispersion corrections may be a desirable and neces-
sary route to accurately, capture the interactions between
the polymer matrix and the nanoparticles. Additionally,
using large supercells can enhance the accuracy of the
calculations by alleviating the effect of finite size errors.37

In this study, the first Principle calculations were
employed to investigate the electronic properties of the
G/PPy nanocomposites, and then, the analysis of
the mechanisms necessary to enhance energy storage for
Zn-ions were considered. To accurately capture the inter-
actions between the polymer matrix and the graphene
nanosheet, the Tkatchenko–Scheffler (TS) dispersion cor-
rection for the interaction study was used. Similarly, the
same settings were maintained for the Zn-ion intercala-
tion. Analysis was done on the adsorption factors as well
as the electronic characteristics, such as the band struc-
ture and density of state (DOS). For the purpose of asses-
sing the effectiveness of the G/PPy nanocomposite as an
anodic material, the theoretical specific capacitance was
determined. In addition, the nudged elastic band (neb)
computations were employed to study the migration of
Zn ions on the surface of the composite. The findings
of this research, offer valuable information on the poten-
tials of G/PPy nanocomposites as a viable material for
improved energy storage in Zn-ion batteries and the suit-
ability/desirability and utility of DFT calculations in this
field of study.

2 | COMPUTATIONAL METHOD

DFT calculations were performed in Materials Studio
with plane-wave basis sets and ultrasoft pseudo-
potentials to account for the electron-ion interactions in
all structures. By using the Perdew–Burke–Ernzerhof

(PBE)38 functional and the generalized gradient approxi-
mation (GGA),39 the electron exchange-correlation
energy was calculated. The long-range van der Waals
(vdW) interactions were considered using the TS
approach. To achieve good precision, electron self-
contained cycles convergence conditions were set to
10� 6 eV and the minimum allowable energy for plane-
wave expansion was fixed at 400 eV. The structural relax-
ation was carried out using a conjugate gradient method
to lower the Hellmann-Feynman forces operating on the
atoms to less than 10� 3 eV. For all computations, a vac-
uum gap with a thickness of 15 was placed above and
below the surface of the nanocomposite to prevent unfa-
vorable interactions with periodic images.40 Modeling of
graphene by using a 3� 2 � 1 supercell, comprising
of 24 carbon atoms, led to a hexagonal arrangement. The
optimized atoms have a unit-cell that is rectangular with
lattice constants of 7.38 and 8.52 Å. Polypyrrole (PPy)
was adsorbed onto the graphene by using an adsorption
locator in Materials Studio to create the G/PPy nanocom-
posite. Similarly, the intercalation of Zn atoms into the
nanocomposite was absorbed hierarchically by using
the adsorption locator. To examine the Zn storage on the
nanocomposite, the most stable configuration of
the G/PPy nanocomposite was used, and the Zn adsorp-
tion energy on the G/PPy nanosheet was calculated. The
climbing image-nudging elastic band (CI-NEB) approach
in the Material Studio software and the non-covalent
interactions in multiwfn 3.7 package,41,42 were used to
compute the Zn diffusion barrier and the visualize weak
interaction, respectively.43,44 The Muliken analysis and
charge density differences (CDDs) were computed to
investigate the charge transfer and modifications in the
electron density, caused by adsorption. The temperature-
dependent diffusion constant of Zn atom on G/PPy sur-
face was computed by using the Arrhenius equation in
order to determine the molecular transition rate.45,46The
DMol3 module in Materials Studio program was used to
perform the calculations for ab initio molecular dynamics
(AIMD) simulations to enable a glimpse at thermal sta-
bility. And the structure's thermal stability was investi-
gated by using a time-step of 1 fs at 300 K for a time
duration of 5 ps.47

3 | RESULTS AND DISCUSSION

3.1 | Interaction study: Adsorption
energy and non-covalent interaction

To better understand the adsorption behavior of graphene-
polypyrrole (G/PPy) nanocomposites, an investigation was
commenced by examining the interaction of conductive
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polypyrrole (PPy) with graphene. To do this, an adsorption
locator was employed to investigate the most thermody-
namically advantageous adsorption locations after per-
forming the optimization calculations and adsorption
simulations. For a 3� 2 � 1 supercell, it was observed
that the equilibrium lattice parameters of the rectangular
unit cell of G/PPy nanocomposite, were: a= 7.38 Å and
b = 8.52 Å. The adsorption locator was then used to auto-
matically calculate the adsorption of the nanocomposite
by using Equation (1):

� � ¼� G=PPy� � G þ � PPy
� �

ð1Þ

In this instance, � G=PPy denotes the total energy of the
nanocomposite,� G denotes the total energy of the gra-
phene nanosheet, and� PPy. denotes the total energy of
the PPy dimer. Figure1 depicts the nanocomposite's final
(most stable) structure. According to this current investi-
gation, the G/PPy nanocomposite had an exothermic
adsorption energy with a value of � 1.68 eV and an
adsorption height of 3.28 Å. These findings suggest that
the adsorption method is thermodynamically advanta-
geous and that the G/PPy nanocomposite, as previously
described, has the potential to improve the energy storage
capability in Zn-ion batteries. Interestingly, Folorunso
and colleagues17 in a prior study, determined the adsorp-
tion energy of PPy on graphene and it was found to be
� 0.10 eV, which is noticeably different from the present
finding (� 1.68 eV). The variance in these results may be
attributed to the usage of a PPy dimer and the different
calculating techniques in the two approaches.

The high-specific capacity materials are especially
needed in electrical devices for anodes of zinc-ion

batteries (ZnBs). The quantity of Zn stored in these
anodes, determines their specific capacity, which is influ-
enced by the Zn adsorption energy on the anode's nano-
composite surface. By using the adsorption locator, the
adsorption of Zn adatoms on the G/PPy nanocomposite,
was estimated to determine the Zn adsorption energy.
The energy needed for the Zn-adatom to be adsorbed
onto the surface of the G/PPy nanocomposite, is reflected
in its adsorption energy. The calculation employed, is as
follows:

Eads¼
EZnx G=PPy� EG=PPy� nEZn

� �

n
ð2Þ

In here, EZnx G=PPy denotes to the total energy of the zinc
intercalated G/PPy nanocomposite,� G=PPy is the total
energy of the G/PPy nanocomposite andEZn is the total
energy of the Zn atom. The number of the absorbed Zn
atoms, denoted byn, affects the adsorption energy. In
this case, the Zn atoms were absorbed one at a time,
keeping n constant for all adsorptions. The structural
characteristics and the Zn adsorption energy at various
G/PPy Zn concentrations, are shown in Table1. As antic-
ipated, the PPy molecule alters the structural symmetry
of the graphene nanosheet, causing the Zn atoms to pref-
erentially, adsorb below the nanocomposite's surface. Zn
adatoms were shown to be adsorbed on the graphene sur-
face, at a height of � 3.50 Å, with a remarkably low
adsorption energy of � 0.067 eV for Zn over the pure
G/PPy nanocomposite. This implies the fact that the Zn
adsorption is poor, making it difficult to store significant
amounts of Zn on the anode. Additionally, the second Zn
atom's exothermic adsorption on the nanocomposite

F I G U R E 1 Different views
of the optimized atomic
structure for G/PPy
nanocomposite.
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electrode, had an adsorption energy of� 0.072 eV and an
adsorption height of � 3.50 Å from the surface of the
graphene. Figure2 depicts the various configurations of
the Zn adatoms' most reliable adsorption sites on
the nanocomposite. These findings demonstrate the poor
Zn adsorption on the G/PPy nanocomposite. However, the
adsorption energy rises as the amount of Zn adatoms does.

By using a multifunctional wave-function analyzer,
the non-covalent interactions between the graphene and
the PPy electrode and its interaction with Zn atoms, were
studied. To identify the weak interactions, the analysis
employed the reduced density gradient (RDG) and the
Sign(� 2) *� function. The weak interaction zones were
located by using the RDG iso-surface, which is a function
of electron density and its gradient. The regions of the
weak interaction in the region of low electron density,
were determined and shown by the RDG iso-surfaces
with the modest iso-values.45

RDGs¼
1

2 3� 2ð Þ
1
3

� � rð Þ
�
�

�
�

� rð Þ
4
3

ð3Þ

The iso-surfaces in Figure3, show the regions of the
weak interactions, with various colors denoting the inten-
sity and nature of the interactions. The van der Waals
interaction is demonstrated by the green iso-surface, which
shows that the PPy molecule is drawn to the graphene.
Similarly, the intercalation of the Zn atoms, exhibits the
van der Waals interaction with the graphene nanosheet.
The van der Waals attraction between the Zn atoms and
the nanocomposite, accounts for the typically low adsorp-
tion energy of the Zn adatoms. However, a thorough inves-
tigation, showed that the graphene rings exhibit steric
(repulsive) interaction between the carbon atoms, as seen
by the red iso-surfaces in the graphene nanosheet.

The blue iso-surface indicates the fact that there is
a significant attraction between the four Zn atoms,

T A B L E 1 The Zn adsorption
energy and the structural parameters at
different Zn concentrations in G/PPy.
The Zn distances from the PPy and
from the graphene surface, are denoted
by ‘d’ and ‘h’ .

x

Zn Concentration

1 2 3 4

Znx-G/PPy Ead/eV � 0.067 � 0.072 � 0.077 � 0.078

d/Å 6.75 6.74 6.93 7.20

h/Å 3.50 3.50 3.48 3.42

Zinc potential (OCV) 0.034 0.018 0.013 0.01

Specific capacity (mAh g� 1) 127.53 255.05 382.58 510.12

F I G U R E 2 Top and three-dimensional structural images of the most stable geometries for the Znx-G/PPy nanocomposite at various Zn
concentrations.
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indicating that the Zn atoms favor clustering. This explains
why the adsorption energy increased as the number of the
interacting Zn atoms increased. The weak attraction that
results from the transient variations in the electrode's elec-
tron density when the Zn atoms are absorbed, can be asso-
ciated with the strong attraction between the Zn atoms.

Weak interactions in the G/PPy electrode, especially
those involving the van der Waals contact, were effec-
tively revealed by the RDG and Sign(� 2) *� function.
Different types and intensities of interaction, such as
the steric repulsion and the strong attraction, might be
distinguished by the iso-surfaces. Weak interactions in
the G/PPy electrode are better understood according to
the current study and the results have profound

implications for the design and development of effective
electrode materials for ZnBs applications.

3.2 | Electronic structure

3.2.1 | Charge transfer and charge density
difference

The Muliken analysis was conducted to measure the elec-
tron transfer at the most stable configuration to have a
better understanding of the nature of the interaction
between Zn and carbon atoms in the G/PPy nanocompo-
site. According to the research, a single Zn atom transfers

F I G U R E 3 Visual display of
the weak interactions in:
(A) G/PPy, (B) Zn1-G/PPy &
(C) Zn4-G/PPy.
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a total of 0.16 jej to the G/PPy nanocomposite. The
behavior of the observed charge transfer suggests that
the electrode functions as a cathode. In this role, the
cathode undergoes a reduction reaction by accepting
electrons from the incorporated metal-ion species into its
structure. The observed charge transfer from the adatom
to the nanocomposite during Zn-ion intercalation pro-
vides further evidence supporting the identification of the
electrode as a cathode within the electrochemical system.
Our findings are consistent with the reported utilization
of rGO/PPy and Sulfur-rGO/PPy as a cathode material
for Zn and Li-ion batteries, respectively.27,48

The differential in charge densities between the sub-
strate and the adsorbate was also investigated in order to
acquire further insight into the adsorption process. The

bonding strength between Zn adatoms and G/PPy nano-
composite is therefore, better understood. The electron
density of the G/PPy and Zn atoms were superimposed,
and the difference between them was used to construct
the charge difference distribution49 (Equation 4).

� � ¼� Znx G=PPy� � G=PPy� � Zn ð4Þ

where � Znx G=PPy, � G=PPy, and � Zn are the total electron
densities of the system, nanocomposite electrode and zinc
atom, respectively.

The results, as shown in Figure4, indicate the fact that
electrons are primarily populated around the carbon
atoms of the graphene nanosheet, while their densities are

F I G U R E 4 The top and side views of the charge density difference of the stable configurations of: (A) G/PPy, (B) Zn1-G/PPy, (C) Zn4-G/
PPy. Electron depletions and gains are represented by the blue and yellow zones respectively. The iso-surface values for the: G/PPy, Zn1-G/
PPy, and Zn4-G/PPy, are as follows: 0.001, 0.0005, and 0.0005, respectively.
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largely, reduced around the PPy molecules. These findings
reveal the nature of the charge transfer and the strength of
the bonding in the G/PPy electrode. Furthermore, the
results of the intercalation of Zn atoms in the G/PPy nano-
composite, indicate the fact that the G/PPy electrode
exhibits a fairly strong interaction between the carbon
atoms and the Zn atoms, with electrons primarily populat-
ing around the carbon atoms of the graphene nanosheet,
but their densities are largely reduced around the Zn atom.
This suggests that there is a good interaction between the
carbon atoms and the Zn atoms, which is supported by
the transfer of electrons from Zn to G/PPy, as observed in
the Muliken analysis. In summary, this shows a significant
contribution to the development of novel materials for
conversion and energy storage applications.

3.2.2 | Density of state, density of states

The density of states (DOS) of: (G/PPy), zinc-intercalated
G/PPy (Zn1-G/PPy) and Zn4-G/PPy nanocomposites, is
illustrated in Figure 5A. The high electron density of

states at the Fermi level, indicates the dominant metallic
behavior of the pristine G/PPy nanocomposite sheets.
The intercalation of Zn atoms, during the zincation pro-
cess, alters the electronic structure of the G/PPy nano-
composite sheets, while maintaining their metallic
property without degradation. Thus, the electronic con-
ductivity of the pristine G/PPy nanocomposite sheet, is
sufficient for use as an anode material in Zinc-based bat-
teries (ZnBs).

In addition to the DOS, the partial density of states
(PDOS) of: G/PPy, Zn1-G/PPy, and Zn4-G/PPy nanocom-
posites, was further examined, as shown in Figure5B–D.
The PDOS analysis reveals the fact that thep-orbital
is the dominant orbital responsible for the electron
migration in the nanocomposite electrodes. Moreover, as
the Zn atoms intercalate into the nanocomposite elec-
trode, the d-orbital, contributes to the metallicity of the
electrode.

This study, therefore, suggests that the pristine G/PPy
nanocomposite sheet is a promising material for ZnBs as
an anode material, due to its sufficient electronic conduc-
tivity capability. Moreover, the intercalation of the Zn

F I G U R E 5 (A) Density of states DOS of G/PPy, Zn1-G/PPy, and Zn4-G/PPy. The partial density of states PDOS of (B) G/PPy, (b) Zn1-G/
PPy, and (D) Zn4-G/PPy.
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atoms, enhances the metallicity of the electrode, which
could result in the development of energy storage devices
that are more effective. The PDOS analysis provides an
insight into the dominant orbital responsible for electron
migration, which could be useful for the designing and
optimizing of electrode materials for ZnBs applications.

3.3 | Theoretical specific capacity
and open circuit voltage

To investigate the specific capacity and open circuit volt-
age (OCV) of the G/PPy nanocomposite electrode, several
calculations were performed by using the charge–
discharge mechanism. Specifically, the maximum capac-
ity of the electrode was calculated by gradually increasing
the concentration of zinc and considered the long-range
interactions between the zinc atoms by using the TS
method of DFT dispersion correction.31 The zincation
process is expressed by the following half-cell reaction:

G=PPyþ xZn2þ þ x2e� $ Znx G=PPy:

where x is 4. To obtain a fully-zincated electrode, several
conditions, including the provision of a maximum zinc
concentration, ensuring that the average zinc adsorption
energy is negative, the prevention of any zinc atoms from
being pushed away from the surface and making sure
that the structure does not suffer from permanent defor-
mation, must be met. The results from this study, indi-
cate the fact that the structure with 4 Zn atoms, is the
fully zincated electrode and the fifth insertion was
pushed out of the lattice cell after optimization.50 The
maximum theoretical capacity for the zinc adsorption
can be calculated34,47by using Equation (5):

CM ¼
xnF

MG=PPy

� �
ð5Þ

where x is the quantity of the electrons needed in the
electrochemical reaction, n is the valence state of
the fully ionized zinc atoms from the electrolyte, F is the
Faraday constant (26,801 mA h mol� 1), and MG=PPy is the
mass of the G/PPy unit cell. As the zinc concentration
was increased, the zinc atoms, preferentially adsorb on
the reverse side of the graphene nanosheet, away from
the PPy.

By comparing Zn storage capacity of G/PPy to other
PPy-based composites, it was found that the G/PPy nano-
composite can achieve a SC of 510 mAh g� 1 when
completely zincated (Table1). As a way of comparison,
the MnOx/PPy composite demonstrates an ultra-high

discharge capacity of 0.40 Ah g� 1 at 1 Coulomb rate,51

while the � -MnO2/PPy composite shows a specific dis-
charge capacity (SDC) of 0.36 Ahg� 1 at a current density
of 0.200 Ag� 1.52 The PPy-coated-Fe-doped-� -MnO2 com-
posite achieves a SC of 0.27 Ahg� 1 after 100 repetitions at
0.1 Ag� 1.53 The V2O5@PPy cathode exhibits a speedy
capacity of 68.4 mAhg� 1 at 5 Ag� 1,54 and the PPy-coated
MnO2/Mn 2O3 nanocomposite demonstrates a SC of 0.289
Ahg� 1 at 200 mAg� 1 with an outstanding retention of
97% after thousand cycles at 1 Ag� 1.55 Finally, the
oxygen-deficient hydrate vanadium dioxide with PPy
coating (Od-HVO@PPy) provides a superior cyclic capac-
ity of 337 mAh g� 1 at 0.2 Ag� 1.56 While the G/PPy nano-
composite stands out with its high storage capacity, it is
important to consider other factors such as performance
at different current densities and cyclic stability when
evaluating the suitability of G/PPy composites for specific
applications.

Meanwhile, comparing the G/PPy nanocomposite to
other relevant findings, the Zn-based hybrid energy
devices with PPy-3D vertical graphene (PPy@3DVAG-70)
as the cathode electrode demonstrate fascinating results.
These include a remarkable high areal capacitance of
927 mF cm� 2, decent rate of performance with 53% reten-
tion at a current density of 15 mA cm� 2.28 In another
study, the maximum capacity, 145.32 mAhg� 1 at 0.1
Ag� 1, was achieved by the manufactured zinc-ion hybrid
supercapacitors with optimized PPy/N-rGO cathode com-
posites.30 Furthermore, the coin cell battery of Zn-PPy/
rGO//MnO 2 has a good initial discharge capacity of
325 mAhg� 1.23 These comparisons highlight the impres-
sive performance of the computed G/PPy nanocomposite.

The Gibbs-free energy change in the half-cell reaction
was employed for the calculation of the average OCV.
The internal energy, in this case, was roughly simplified
from the Gibbs-free energy and the average OCV can
be calculated34,47 from the adsorption energy (Ead) as
follows:

OCV¼ �
Ead

xn

� �
ð6Þ

Since it reduces the probability of dendritic development,
a large potential is practically essential. Zinc-based batte-
ries are getting closer to commercialization because of
their special capacity to be set-up for both the short- and
long-term operations. Therefore, comparing them to
commercial batteries is a welcoming idea. For zinc, the
average OCV is less than that of the commercial anode
materials, such as graphite, which is 0.11 V,57 Zn-PANI
with 1.15 V,58 and Zn-air batteries with Fe/OES and
Fe/BCS of around 1.5 V.59 However, when compared to
the average voltage of 0.00–1.00 V for a sodium anode,60
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the G/PPy anode is within the acceptable range. Further-
more, the computed cell potential of the G/PPy nano-
composite closely aligns with the experimentally reported
voltage peak of approximately 0.66 V, obtained within a
potential window of 0.005–3 V, as observed in the dis-
charge capacity of the PPy/r-GO composite within Li-ion
energy systems.61 This comparison further supports the
promising potential of the G/PPy nanocomposite as an
electrode material for energy storage applications.

However, when considering a storage capacity of
255 mAh g� 1, the average open circuit voltage (OCV)
value computed for the G/PPy nanocomposite is rela-
tively low, measuring 0.018 V. This value is noticeably
lower compared to the voltage profile observed in the
range of 0.2–0.3 V for the Zn/rGO anode at a storage
capacity of approximately 200–250 mAh g� 1 within
1000 cycles.25 This observation suggests that the presence
of PPy in the graphene-based electrode may decrease the
cell potential and potentially lead to the rapid formation
of an undesired solid electrolyte interface (SEI), posing
challenges such as dendrite formation. Further research
is necessary to understand and address these possible
challenges. Although, the OCV of a battery cell depends

on various factors, including battery chemistry, design,
and state of charge, which can be improved. For example,
Yang et al.22 demonstrated that the utilization of electro-
deposition technique enabled the achievement of an
operating cell votlage range of 0.5–1.5 V for the Zn-PPy/
EGO (1 M ZnCl2) system, using a polypyrrole/
electrochemical graphene oxide (PPy/EGO) composite
cathode.22

Hence, this study reinforces that the G/PPy nanocom-
posite electrode holds promising potential as an electrode
for rechargeable zinc-ion batteries. However, further SEI
engineering is needed to overcome the possible chal-
lenges that may be posed by dendrite formation and an
improvement on the battery's OCV.

3.4 | Diffusion of Zn-ions and structural
stability of G/PPy

For a material to function as an anode in batteries, it
must be able to charge and discharge fast. This is mostly
determined by the mobility of the Zn- ions and electrons
inside the electrode, which is regulated by the electrode's

F I G U R E 6 Energy profiles and 3D structural illustration of the three Zn atom diffusion pathways on the G/PPy structure are displayed
on the left top and left bottom, respectively. The system's energy and temperature changes during a 5 ps molecular dynamic simulation are
shown on the right top and the right bottom, respectively.
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electronic conductivity and metal-ion diffusion barrier.50

For the anodes, a lower diffusion barrier and better
mobility are desired and preferred. Therefore, the equa-
tion: E = E(TS)–E(IS), where E is the diffusion barrier
energy, E(TS) is the energy of the transition state, and
E(IS) is the energy of the starting state, may be used to
compute the diffusion barrier energy.34,62 The three Zn
atoms diffusion paths on the G/PPy structure are illus-
trated structurally, in a 3D situation and with their
energy profiles in Figure6. The diffusion barrier energy
was found to be higher for path A, while paths B and C
recorded lower values of 12 and 14 meV, respectively.
This indicates the fact that the diffusion along path B is
easier and faster than paths A and C. The diffusion bar-
rier of G/PPy, falls within the range of between 0.05 and
0.15 eV of most MXenes and it is lower than the typical
2D materials.50 In some cases, for Zn-ion diffusion, the
energy barriers range from 0.22 to 0.53 eV, depending on
the material and surface studied63–65 This suggests the
fact that G/PPy has the potential to be employed as a Zn-
Bs anode material with extremely high power. However,
comparing the diffusion energy barriers for Li-ion batte-
ries, the G/PPy nanocomposite exhibits lower values
except for bilayer graphene. In contrast, graphene shows
a higher diffusion barrier of 0.19 and 0.25 eV for Li and
Na-ion diffusion, respectively,66,67 while phosphorene
has a diffusion barrier of 0.23 eV for Li atom move-
ment.68 Co-doping of Ba and Ga reduces the energy bar-
rier for Li + diffusion in LiCoO2, and bilayer graphene
demonstrates a low energy barrier of 0.07 eV for Li diffu-
sion.69 These comparisons provide insights into the
diffusion characteristics of Li and Zn-ions in different
materials, including the G/PPy nanocomposite.

Furthermore, the diffusion constant can be estimated
by evaluating the temperature-dependence of the molec-
ular translation rate by using the Arrhenius equation.47

D ¼D0e
� Ea
KBT ð7Þ

where in the diffusion constant,D, the pre-exponential
constant, D0, the diffusion barrier, Ea, the Boltzmann
constant,kB and the temperatureT, respectively.

The diffusion constant for path B is higher than that
for path C, indicating a rapid diffusion protocol along
route B, according to a comparison of the exponential
terms for paths B and C. The structural and thermal
stability of G/PPy were also examined to be certain that
the system is stable during computations.45,46 The study
of the dynamic stability, involved the running of an
AIMD simulation at 300 K for 5 ps. The outcomes dem-
onstrated good energy convergence and structural integ-
rity. In Figure 6, the system's energy, and temperature
changes, during a 5 ps molecular dynamic simulation are

depicted, respectively, on the right top and right bottom.
In general, due to the low diffusion barrier energy, rapid
diffusion along the path B, the strong structural stability
and the thermal stability, the findings clearly imply that
G/PPy is a viable anode material for ZnBs.

4 | CONCLUSIONS

In this work, the potential of graphene-polypyrrole nano-
composites as a material for energy storage in Zn-ion bat-
teries, has been examined by utilizing the Density
Functional Theory (DFT) calculations, performed by using
the CASTEP and DMol3 modules of the Materials Studio
program. The graphene-polypyrrole nanocomposites' elec-
trical and structural characteristics, as well as their abili-
ties to enhance Zn-ion batteries' energy storage capacities,
were well captured and understood via the DFT calcula-
tions. According to the DFT calculations' findings, the
graphene-polypyrrole nanocomposites have favorable
adsorption energy, specific capacity, binding energy, and
diffusion energy of the Zn adatom, structural stability, and
thermal stability. These properties are crucial for the
improvement in the ability of Zn-ion batteries to store
energy. However, the electrode's open circuit voltage is
low, necessitating more research to improve the OCV of
the nanocomposite. In addition, more detailed DFT simu-
lations that consider factors like temperature and pressure
may provide additional insight into the characteristics and
electrochemical processes of G/PPy nanocomposites and
their potential usage as energy storage materials.

AUTHOR CONTRIBUTIONS
Oluwaseye Samson Adedoja: Software, data curation,
conceptualization, methodology, analysis, and drafting;
Rotimi Sadiku and Yskandar Hamam: Supervision, vali-
dation, writing—review and editing.

ACKNOWLEDGMENTS
The authors acknowledged the provision of financial
support by the Tshwane University of Technology and the
accessibility of computing resources provided by the Center
for High-Performance Computing (CHPC), South Africa.

CONFLICT OF INTEREST STATEMENT
The authors have no competing interests.

DATA AVAILABILITY STATEMENT
Not applicable.

ORCID
Oluwaseye Samson Adedojahttps://orcid.org/0000-
0003-3237-1327

3408 ADEDOJA ET AL.



REFERENCES
1. Adedoja OS, Saleh AU, Alesinloye AR, et al. An energy balance

and multicriterial approach for the sizing of a hybrid renewable
energy system with hydrogen storage.e-Prime-Adv Electr Eng
Electr Energy. 2023;4:100146.

2. Adedoja OS, Sadiku ER, Hamam Y. An overview of the emerg-
ing technologies and composite materials for supercapacitors
in energy storage applications.Polymers (Basel). 2023;15(10):
2272.

3. Adedoja OS, Sadiku ER, Hamam Y. Prospects of hybrid conju-
gated polymers loaded graphene in electrochemical energy
storage applications.J Inorg Organomet Polym Mater. 2023;33:
1-20.

4. Faisal M, Hannan MA, Ker PJ, Hussain A, Bin Mansor M,
Blaabjerg F. Review of energy storage system technologies in
microgrid applications: issues and challenges.IEEE Access.
2018;6:35143-35164.

5. Dehghani-Sanij AR, Tharumalingam E, Dusseault MB,
Fraser R. Study of energy storage systems and environmental
challenges of batteries.Renew Sustain Energy Rev. 2019;104:
192-208.

6. Argyrou MC, Christodoulides P, Kalogirou SA. Energy storage
for electricity generation and related processes: technologies
appraisal and grid scale applications.Renew Sustain Energy
Rev. 2018;94:804-821.

7. Guo B, Niu M, Lai X, Chen L. Application research on large-
scale battery energy storage system under global energy inter-
connection framework. Global Energy Interconnection. 2018;
1(1):79-86.

8. Zhang C, Wei Y-L, Cao P-F, Lin M-C. Energy storage system:
current studies on batteries and power condition system.Renew
Sustain Energy Rev. 2018;82:3091-3106.

9. Tran M-K, Panchal S, Khang TD, Panchal K, Fraser R,
Fowler M. Concept review of a cloud-based smart battery man-
agement system for lithium-ion batteries: feasibility, logistics,
and functionality. Batteries. 2022;8(2):19.

10. Cao Q, Gao Y, Pu J, et al. Gradient design of imprinted anode
for stable Zn-ion batteries.Nat Commun. 2023;14(1):641.

11. Zhang Q, Yang Z, Ji H, et al. Issues and rational design of aque-
ous electrolyte for Zn-ion batteries.SusMat. 2021;1(3):432-447.

12. Yang Q, Li X, Chen Z, Huang Z, Zhi C. Cathode engineering
for high energy density aqueous Zn batteries.Acc Mater Res.
2021;3(1):78-88.

13. Zhang K, Tian Y, Wei C, An Y, Feng J. Building stable solid
electrolyte interphases (SEI) for microsized silicon anode and
5V-class cathode with salt engineered nonflammable
phosphate-based lithium-ion battery electrolyte.Appl Surf Sci.
2021;553:149566.

14. Yan M, He P, Chen Y, et al. Water-lubricated intercalation in
V2O5� nH2O for high-capacity and high-rate aqueous recharge-
able zinc batteries.Adv Mater. 2018;30(1):1703725.

15. Blanc LE, Kundu D, Nazar LF. Scientific challenges for the
implementation of Zn-ion batteries.Joule. 2020;4(4):771-799.

16. Guo Z, Fan L, Zhao C, et al. A dynamic and self-adapting inter-
face coating for stable Zn-metal anodes.Adv Mater. 2022;34(2):
2105133.

17. Folorunso O, Hamam Y, Sadiku R, Ray SS, Adekoya GJ. Inves-
tigation of graphene loaded polypyrrole for lithium-ion battery.
Mater Today Proc. 2021;38:635-638.

18. Folorunso O, Hamam Y, Sadiku R, Ray SS, Adekoya GJ. Syn-
thesis methods of borophene, graphene-loaded polypyrrole
nanocomposites and their benefits for energy storage applica-
tions: a brief overview.FlatChem. 2021;26:100211.

19. Folorunso O, Hamam Y, Sadiku R, Ray SS, Adekoya GJ. Elec-
trical resistance control model for polypyrrole-graphene nano-
composite: energy storage applications.Mater Today Commun.
2021;26:101699.

20. Adekoya GJ, Sadiku RE, Ray SS. Nanocomposites of PEDOT:
PSS with graphene and its derivatives for flexible electronic
applications: a review. Macromol Mater Eng. 2021;306(3):
2000716.

21. Adekoya GJ, Adekoya OC, Sadiku RE, Hamam Y, Ray SS.
Applications of MXene-containing Polypyrrole nanocomposites
in electrochemical energy storage and conversion.ACS Omega.
2022;7(44):39498-39519.

22. Yang J, Cao J, Peng Y, Bissett M, Kinloch IA, Dryfe RAW.
Unlocking the energy storage potential of polypyrrole via elec-
trochemical graphene oxide for high performance zinc-ion
hybrid supercapacitors.J Power Sources. 2021;516:230663.

23. Khamsanga S, Uyama H, Nuanwat W, Pattananuwat P. Poly-
pyrrole/reduced graphene oxide composites coated zinc anode
with dendrite suppression feature for boosting performances of
zinc ion battery.Sci Rep. 2022;12(1):8689.

24. Zhang H, Guo R, Li S, et al. Graphene quantum dots enable
dendrite-free zinc ion battery.Nano Energy. 2022;92:106752.

25. Shen C, Li X, Li N, et al. Graphene-boosted, high-performance
aqueous Zn-ion battery.ACS Appl Mater Interfaces. 2018;
10(30):25446-25453.

26. Jiang Y, Yang Z, Liu L, Meng J, Cui F. Zn-Al layered double
hydroxide growing on the substrate of graphene and polypyr-
role composite as anode material for Zn-Ni secondary battery.
Mater Lett. 2019;255:126558.

27. Li S, Shu K, Zhao C, et al. One-step synthesis of
graphene/polypyrrole nanofiber composites as cathode mate-
rial for a biocompatible zinc/polymer battery.ACS Appl Mater
Interfaces. 2014;6(19):16679-16686.

28. Yang G, Zhou J, Zhang Z, et al. Engineering 3D
vertically-aligned lamellar-structured graphene incorporated
with polypyrrole for thickness-independent zinc-ion hybrid
supercapacitor.J Alloys Compd. 2023;938:168447.

29. Li X, Xie X, Lv R, Na B, Wang B, He Y. Nanostructured polypyrrole
composite aerogels for a rechargeable flexible aqueous Zn-ion bat-
tery with high rate capabilities.Energ Technol. 2019;7(5):1801092.

30. Pattananuwat P, Pornprasertsuk R, Qin J, Prasertkaew S. Poly-
pyrrole nanoparticles embedded nitrogen-doped graphene com-
posites as novel cathode for long life cycles and high-power zinc-
ion hybrid supercapacitors.RSC Adv. 2021;11(56):35205-35214.

31. He Q, Yu B, Li Z, Zhao Y. Density functional theory for battery
materials.Energy Environ Mater. 2019;2(4):264-279.

32. Meng YS, Arroyo-de Dompablo ME. First principles computa-
tional materials design for energy storage materials in lithium
ion batteries.Energy Environ Sci. 2009;2(6):589-609.

33. Li H, Wang Z, Zou N, et al. Deep-learning density functional
theory Hamiltonian for efficient ab initio electronic-structure
calculation.Nat Comput Sci. 2022;2(6):367-377.

34. Riyaz M, Garg S, Kaur N, Goel N. Boron doped graphene as
anode material for Mg ion battery: a DFT study.Comput Theor
Chem. 2022;1214:113757.

ADEDOJA ET AL. 3409



35. Ezika AC, Sadiku ER, Ray SS, Hamam Y, Adekoya GJ.
MXene/PPy nanocomposite as an electrode material for high-
capacity Na-ion batteries investigated from first principle calcu-
lation. S Afr J Chem Eng. 2023;44(1):297-301.

36. Algethami N. Structural, optical, electrical, and DFT studies of
chitosan/polyvinyl alcohol composite doped with mixed nano-
particles (GO/TiO2) for flexible energy-storage devices.J Mater
Sci Mater Electron. 2022;33:1-14.

37. Ma Y. Computer simulation of cathode materials for lithium
ion and lithium batteries: a review. Energy Environ Mater.
2018;1(3):148-173.

38. Perdew JP, Burke K, Wang Y. Generalized gradient approxima-
tion for the exchange-correlation hole of a many-electron sys-
tem. Phys Rev B. 1996;54(23):16533-16539.

39. Perdew JP, Burke K, Ernzerhof M. Generalized gradient approx-
imation made simple.Phys Rev Lett. 1996;77(18):3865-3868.

40. Tritsaris GA, Kaxiras E, Meng S, Wang E. Adsorption and dif-
fusion of lithium on layered silicon for Li-ion storage.Nano
Lett. 2013;13(5):2258-2263.

41. Lu T, Chen F. Multiwfn: a multifunctional wavefunction ana-
lyzer. J Comput Chem. 2012;33(5):580-592.

42. Zhang S, Li S, Ning A, Liu L, Zhang X. Iodous acid–a more effi-
cient nucleation precursor than iodic acid.Phys Chem Chem
Phys. 2022;24(22):13651-13660.

43. Henkelman G, J�onsson H. Improved tangent estimate in the
nudged elastic band method for finding minimum energy paths
and saddle points.J Chem Phys. 2000;113(22):9978-9985.

44. Henkelman G, Uberuaga BP, J�onsson H. A climbing image
nudged elastic band method for finding saddle points and mini-
mum energy paths.J Chem Phys. 2000;113(22):9901-9904.

45. Zhang R, Wu X, Yang J. Blockage of ultrafast and directional
diffusion of Li atoms on phosphorene with intrinsic defects.
Nanoscale. 2016;8(7):4001-4006.

46. Li W, Yang Y, Zhang G, Zhang Y-W. Ultrafast and directional
diffusion of lithium in phosphorene for high-performance
lithium-ion battery. Nano Lett. 2015;15(3):1691-1697.

47. Lv X, Li F, Gong J, Gu J, Lin S, Chen Z. Metallic FeSe mono-
layer as an anode material for Li and non-Li ion batteries: a
DFT study.Phys Chem Chem Phys. 2020;22(16):8902-8912.

48. Zhang Y, Zhao Y, Konarov A, Gosselink D, Soboleski HG,
Chen P. A novel nano-sulfur/polypyrrole/graphene nanocom-
posite cathode with a dual-layered structure for lithium
rechargeable batteries.J Power Sources. 2013;241:517-521.

49. Adekoya GJ, Folorunso O, Adekoya OC, Hamam Y,
Sadiku ER, Ray SS. Adsorption of EDOT on graphene: DFT
and MC studies.AIP Conference Proceedings. AIP Publishing;
2023.

50. Zergani F, Tavangar Z. A thorough study on the F-decoration
of � 3 borophene and enhancement of anodic performance of
Lithium-ion batteries. J Mol Liq. 2020;319:114343.

51. Zang X, Wang X, Liu H, et al. Enhanced ion conduction via
epitaxially polymerized two-dimensional conducting polymer
for high-performance cathode in zinc-ion batteries.ACS Appl
Mater Interfaces. 2020;12(8):9347-9354.

52. Liao X, Pan C, Pan Y, Yin C. Synthesis of three-dimensional
� -MnO2/PPy composite for high-performance cathode in zinc-
ion batteries.J Alloys Compd. 2021;888:161619.

53. Xu J-W, Gao QL, Xia YM, et al. High-performance reversible
aqueous zinc-ion battery based on iron-doped alpha-
manganese dioxide coated by polypyrrole.J Colloid Interface
Sci. 2021;598:419-429.

54. Dong R, Zhang T, Liu J, et al. Mechanistic insight into Polypyr-
role coating on V2O5 cathode for aqueous zinc-ion battery.
ChemElectroChem. 2022;9(2):e202101441.

55. Huang A, Zhou W, Wang A, et al. Self-initiated coating of poly-
pyrrole on MnO2/Mn 2O3 nanocomposite for high-performance
aqueous zinc-ion batteries.Appl Surf Sci. 2021;545:149041.

56. Zhang Z, Xi B, Wang X, et al. Oxygen defects engineering of
VO2�� H2O nanosheets via in situ polypyrrole polymerization
for efficient aqueous zinc ion storage.Adv Funct Mater. 2021;
31(34):2103070.

57. Tarascon J-M, Armand M. Issues and challenges facing
rechargeable lithium batteries.Nature. 2001;414(6861):359-367.

58. Rahmanifar MS, Mousavi MF, Shamsipur M, Heli H. A study on
open circuit voltage reduction as a main drawback of Zn–
polyaniline rechargeable batteries.Synth Met. 2005;155(3):480-484.

59. Hou C-C, Zou L, Sun L, et al. Single-atom iron catalysts on
overhang-eave carbon cages for high-performance oxygen
reduction reaction.Angew Chem. 2020;132(19):7454-7459.

60. Yang E, Ji H, Kim J, Kim H, Jung Y. Exploring the possibilities of
two-dimensional transition metalcarbides as anode materials for
sodium batteries.Phys Chem Chem Phys. 2015;17(7):5000-5005.

61. Yang Y, Wang C, Yue B, Gambhir S, Too CO, Wallace GG.
Electrochemically synthesized polypyrrole/graphene composite
film for lithium batteries. Adv Energy Mater. 2012;2(2):266-272.

62. Ding Y, Deng Q, You C, Xu Y, Li J, Xiao B. Assessing electro-
chemical properties and diffusion dynamics of metal ions
(Na, K, Ca, Mg, Al and Zn) on a C2N monolayer as an anode
material for non-lithium ion batteries. Phys Chem Chem Phys.
2020;22(37):21208-21221.

63. Huang F, Li X, Zhang Y, et al. Surface transformation enables
a dendrite-free zinc-metal anode in nonaqueous electrolyte.
Adv Mater. 2022;34(34):2203710.

64. Lu H-J, Wu H, Zou N, Lu X-G, He Y-L, Morgan D. First-
principles investigation on diffusion mechanism of alloying ele-
ments in dilute Zr alloys.Acta Mater. 2018;154:161-171.

65. Hong L, Wang LY, Wang Y, et al. Toward hydrogen-free and
dendrite-free aqueous zinc batteries: formation of zincophilic
protective layer on Zn anodes.Adv Sci. 2022;9(6):2104866.

66. Guo G-C, Wang D, Wei XL, et al. First-principles study of phos-
phorene and graphene heterostructure as anode materials for
rechargeable Li batteries.J Phys Chem Lett. 2015;6(24):5002-5008.

67. Sun X, Wang Z, Fu YQ. Adsorption and diffusion of sodium on
graphene with grain boundaries.Carbon NY. 2017;116:415-421.

68. Guo G-C, Wei X-L, Wang D, Luo Y, Liu L-M. Pristine and
defect-containing phosphorene as promising anode materials
for rechargeable Li batteries.J Mater Chem A Mater. 2015;
3(21):11246-11252.

69. Mou S, Huang K, Guan M, et al. Reduced energy barrier for Li
+ diffusion in LiCoO2 via dual doping of Ba and Ga.J Power
Sources. 2021;505:230067.

How to cite this article: Adedoja OS, Sadiku ER,
Hamam Y. Density functional theory investigation
of the energy storage potential of
graphene-polypyrrole nanocomposites as
high-performance electrode for Zn-ion batteries.
Polym Eng Sci. 2023;63(10):3398�3410. doi:10.1002/
pen.26454

3410 ADEDOJA ET AL.


	Density functional theory investigation of the energy storage potential of graphene-polypyrrole nanocomposites as high-perf...
	1  INTRODUCTION


