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aracterization of nanostructured
graphene-doped selenium

Sachin Kumar Yadav,a Amit Kumar ab and N. Mehta *a

In this work, we explore various properties of elemental selenium glass (g-Se) by doping with graphene

through the facile melt-quench technique. The structural information of the synthesized sample was

found by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy

(SEM), and Raman spectroscopy. The analyses confirm that the graphene-doped g-Se behaves like

a glass-ceramic material. Electrical and dielectric measurements were performed to discover the

consequences of graphene incorporation on the nano-structure of g-Se. The electrical measurements

of the dielectric parameters (i.e., dielectric constant 3′ and loss 3′′) and conductivity (sac) reveal that

graphene incorporation causes a rise in the dielectric constant but simultaneously increases dielectric

loss. The enhancement in 3′ and 3′′ values is thought to be a consequence of the interface effect

between graphene and the host selenium glass. Calorimetric experiments were performed in a standard

differential scanning calorimetry (DSC) unit on the glassy nanocomposite in non-isothermal mode. By

measuring the kinetic temperatures at four heating rates, the kinetics of the crystallization/glass

transition were studied. The results were examined to understand the role of graphene doping on the

well-known phase transitions (i.e., glass transition and crystallization) of g-Se.
1. Introduction

The integration of chalcogen elements with graphene facilitates
the development of new materials (e.g., alloys, composites, and
compounds) that open a gateway to full the growing necessi-
ties of global energy storage.1–3 In recent years, an incredible
response from researchers has been received by composites of
graphene and chalcogenides. The reason behind such huge
attention towards these composites is their exceptional elec-
tronic characteristics4,5 and their promising possible applica-
tions in the areas of energy conversion and storage devices.1–3,6

The use of carbon-based nanomaterials with selenium has
become a continuing topic in nanoscience research7,8 because
of the promising role of selenium in the fabrication of cathodes
in the unique class of sodium/lithium rechargeable batteries.8,9

Various research groups have investigated the properties of
mixed selenium and graphene/reduced graphene oxide (RGO)
under different conditions.10–18 Peng et al.11 reported wrapping
selenium nanoparticles (Se NPs) in reduced graphene oxide.
They used a self-assembly approach to achieve RGO encapsu-
lated Se NPs for use as a potential cathode in Li–Se batteries
with high power and energy. Youn and co-workers12 developed
micro-balls of a fusion of graphene–selenium and investigated
their direct utilization as the cathode in secondary batteries of
iversity, Varanasi 221005, India. E-mail:
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Li–Se. The defect chemistry of Se-doped graphene (SeG) was
thoroughly studied by Meng et al.13 This group also determined
the number and density of defect states in SeG and found that
the catalytic action of SeG is higher than that of pure graphene.
Consequently, when Se is doped in graphene, the ionization
energy is reduced. This causes the transfer of electrons at the
boundary of the electrolyte and electrode. Due to this feature,
SeG has become useful for developing dye-sensitized solar
cells. Yang et al.14 developed unique quantum dots by doping
selenium in graphene and found that these quantum dots
perform reversible uorescent switching. Some groups15,16

established a three-dimensional (3D) hierarchical design of
a free-standing cathode using mesoporous carbon/graphene15

and sandwiched an assembly of carbon nanotubes/selenium
between graphene nanosheets16 to develop Li–Se batteries
with high capacity and durability. Other groups17,18 used
a different approach with the same aim by designing a binder-
free cathode made of graphene oxide-protected 3D selenium17

and a sandwiched assembly of carbon nanotubes/selenium
between graphene nanosheets.18

Selenium is a promising cathode material that has fasci-
nated researchers in the last decade because its volumetric
capacity is equivalent to that of the extensively considered
sulfur cathode. Another reason is its electrical conductivity,
which is considerably higher than that of sulfur. From the above
literature survey,10–18we see that the integration of selenium and
graphene may full the requirements of high capacity and
durability in rechargeable batteries. Several papers from the last
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD spectra of g-Se and g-Se:Gr nanocomposite samples.

Table 1 Average crystallite size, strain, and dislocation density for g-
Se:Gr nanocomposite

Sample
Crystallite Size
(nm)

Strain (3)
[×10−3]

Dislocation density
(d) [×10−3 nm−2]

g-Se:Gr 18 5.5 3.3

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 7
:4

3:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
decade use carbon and selenium as the key elements for
providing better energy storage solutions.19–45

Most of the derivatives of carbon used for this purpose are
carbon bubbles,20 porous carbon nanospheres,21 nanobers26

and aerogels,22 microporous and mesoporous carbon24,25,32,38

and carbide-derived carbon,30 multi-walled carbon nanotubes.28

Only a few reports are available in which graphene is used10–18

with selenium. Moreover, crystalline selenium is used in such
studies10–18 as a dopant while graphene is the host material.
Keeping in mind these experimental facts and ndings, we
selected glassy selenium (g-Se) as the base material and decided
to study the outcomes of graphene doping in g-Se. To the best of
our knowledge, our present studies are the rst attempt to
report fundamental studies on the various physical properties
of graphene-doped glassy selenium composite (g-Se:Gr). These
results form the basis for further advanced studies in the
direction of employing g-Se with graphene as a dopant to
develop energy storage solutions.

2. Experimental

The proper amounts of 5N pure Se element (Sigma Aldrich,
USA) and graphene powder (100 nm) were weighed using an
electronic balance with a sensitivity of 0.1 milligram for the
synthesis of two samples: (i) pure glassy selenium (g-Se) and (ii)
a glassy nanocomposite of Se doped with 1 percent weight of
graphene (i.e., g-Se:Gr). The materials were sealed using a high
vacuum pump unit to achieve a vacuum of 1 micro-torr inside
the quartz tubes. The sealed samples were heated to 950 °C in
a muffle furnace for 12 hours. During this period, rocking of
each sample was performed to homogenize the samples. The
red-hot molten samples were dropped rapidly into chilled water
and, by breaking the quartz tubes, bulk samples were obtained.
The synthesized samples were investigated using various
experimental techniques to perceive the surface morphology
and chemical composition. A digital LCR meter (Wayne Kerr
Electronics, UK, model 43100) was used to measure the capac-
itance and dissipation factor and, in parallel plate capacitor
conguration, to investigate the temperature and AC frequency-
dependent electrical properties. The thermal properties of each
sample were investigated using a DSC thermal analyzer (TA
Instruments, USA; model Auto Q20) with a heating rate of 10 °
C min−1 in a nitrogen atmosphere.

3. Results and discussion

Trigonal selenium (t-Se) is the most thermodynamically stable
phase, in which Se atoms are covalently bonded and arranged in
innite chains, forming an anisotropic crystal mess. The exis-
tence of this phase in the present sample is established using X-
ray powder diffraction, which is the most convenient and
effective approach to investigate the crystal structure and crys-
talline phase of the as-prepared nanocomposite system. The
XRD pattern of the as-prepared g-Se:Gr is shown in Fig. 1. The
XRDs of g-Se and g-Se:Gr nanocomposite show the two most
intense peaks of crystalline t-Se (COD-9008579) at 2q° values of
23.5° and 29.7°, assigned to the crystal planes of (100) and
© 2023 The Author(s). Published by the Royal Society of Chemistry
(101).46 The less intense peaks beyond 40° at 2q° values of 41.2°,
43.6°, 45.6°, 51.7°, 56°, and 61.8° correspond to the (110), (102),
(111), (201), (112), and (202) crystal planes in agreement with
JCPDS card no. 06-0362.47 The observation of signicant peaks
conrms the presence of crystallites in the glass network of Se at
the nano-scale level. Such crystal growth indicates a slow cool-
ing rate during the melt-quenching. The intensities and posi-
tions of the indexed peaks reveal that the structural network of
g-Se does not undergo any structural deterioration aer the
doping of graphene. The development of dislocations as crys-
tallographic abnormalities or aws during the formation of the
glass matrices is primarily responsible for electrical transport
via the hopping of polarons. The nano-crystallites were identi-
ed as short-range order due to the structural alterations.48

Using the XRD pattern of the as-prepared g-Se:Gr sample, we
determined the average nano-crystallite size, the dislocation
density (d), and micro-strain (3)49,50 and their values are listed in
Table 1. However, the appearance of any graphene crystallo-
graphic peak could not be conrmed by the XRD pattern as
a signature of the incorporation of graphene in the host matrix.
We employed Raman characterization of both samples and
succeeded in conrming the appearance of graphene in the
host matrix.

Fig. 2 displays the well-resolved Raman spectra of the as-
prepared g-Se and g-Se:Gr nanocomposite. The Raman band
at 236.0 cm−1 is associated with the Sen vibration frequency of t-
Se51 caused by the vibration of the A1 and E modes which results
RSC Adv., 2023, 13, 13564–13574 | 13565
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Fig. 2 Raman spectra of g-Se and g-Se:Gr nanocomposite samples.
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in the crystalline state of Sen chains. The band peak position at
144.84 cm−1 is assigned to the E1 peak. Another small peak (i.e.,
second peak) at ∼482 cm−1 is attributed to the vibration modes
of resonant t-Se Raman modes. Aer doping graphene in the
host glass matrix, two new bands appear at 1353.8 cm−1 (cor-
responding to unresolved D3, D, and D4 bands) and 1581.6 cm−1

(corresponding to unresolved G and D′ bands), which are
characteristic bands of graphene.52 The central feature of the
graphene-doped g-Se nanocomposite is the appearance of the G
band at 1581.6 cm−1 that corresponds to the degenerate in-
plane E2g optical mode at the center of the Brillouin zone.52 A
less intense peak at 1353.8 cm−1, known as the D band, corre-
sponds to a Raman active mode in defective graphitic
Fig. 3 High-resolution XPS spectra of (a) C 1s and (b) Se 3d for the g-Se

13566 | RSC Adv., 2023, 13, 13564–13574
substances. Defect-induced double resonance scattering events
with a contribution of electronic p–p* transitions are respon-
sible for this band. Such events are associated with anatomical
imperfections due to out-of-plane vibrations. A broadened band
around 2716.1 cm−1 is the second-order harmonic of the D
band, i.e., the 2D band, which is used to determine graphene
layer thickness and shows its disperse nature.49

The XPS survey analysis illustrates the chemical composition
and presence of the functional groups of g-Se:Gr nano-
composite. The deconvoluted C 1s spectrum in Fig. 3a depicts
the presence of the different carbon chemical forms and the
characteristic binding energies of hybridization.53 The decon-
voluted C 1s spectrum shows two peak binding energies of
284.6 eV, assigned to a predominant C–C sp2 graphitic struc-
ture,54 and 296.85 eV, assigned to s* C–C sp3 hybridization.55

Fig. 3b shows the high-resolution core level tted spectrum for
Se 3d with a single peak at a binding energy of 55.35 eV, which
suggests the presence of an C–Se–C polymeric chain.56 The C 1s
and Se 3d core level spectra conrm the presence of carbon in
the synthesized glassy nanocomposite in good agreement with
the XRD and Raman structural analysis.

Researchers pay a lot of attention to carbon-containing
llers, in which carbon black, nanotubes (CNTs) and gra-
phene are generally used, because they have outstanding elec-
trical characteristics and a moderately low amount can raise the
dielectric constant of the host substance.57 It is important to
keep in mind, nevertheless, that these composites' dielectric
loss will rise concurrently. This is mostly related to leakage
current that results from the creation of an electrically
conductive route in composites.58 Dielectric measurements
provide information about the structural/transport properties
of different kinds of dielectric substances (e.g., alloys,
composites, and compounds). The dependence of the A/C
conductivity on frequency and temperature was investigated
:Gr nanocomposite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Frequency dependence of dielectric loss (3′′) at 303 K. The left
and right hand sides correspond to g-Se and g-Se:Gr samples,
respectively.
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for the present novel sample obtained by doping graphene in
the host glassy selenium. Alteration in the electric/dielectric
parameters of non-crystalline chalcogen-rich glassy materials
can be achieved by admixing or doping a conducting dopant.
The dispersion of a conductive ller in a polymer matrix at
which a conducting framework will develop at a denite
concentration is recognized as the percolation threshold.59 The
degree of dispersion of the ller inside the polymer matrix
determines the exceptional properties of percolative polymeric
nanocomposites. We studied the frequency (1 kHz–1 MHz) and
temperature (303–333 K) dependence of the dielectric constant
and loss (Fig. 4 and 5). The results show that orientational
polarization has the dominant contribution while dielectric loss
is related to the conduction losses.60 Fig. 4 shows that the
dielectric constant (3′) decreases for both samples with the
rising frequency as a result of the drop in the space charge
polarization effects.61 The dielectric constant of a dielectric
sample is inuenced by polarisation, which results from the
dipoles' directional alignment. Due to the altered frequency of
the applied electric eld, the orientation of the dipoles is
reversed. Due to the material's resistance and the rate of
Fig. 4 (a) Frequency dependence of dielectric constant (3′) for g-Se:Gr
and (b) frequency-dependent comparative study of dielectric constant
at 303 K for g-Se and g-Se:Gr samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
increasing frequency, the dipoles are unable to align themselves
with changes in the electric eld, leading to the relaxation
phenomenon. The alignment of the dipoles ceases at the
maximum applied frequency, resulting in no contribution to
the permittivity.62,63 At room temperature (303 K), the value of
the dielectric constant of g-Se:Gr nanocomposite rises drasti-
cally compared to that of g-Se and is shown at three different
audio frequencies in Fig. 4b. This gure shows that the dielec-
tric constant rises almost ten to twelve-fold aer the incorpo-
ration of graphene into the host material (i.e., g-Se). The
formation of large electric dipoles per unit volume occurs in g-
Se:Gr as the graphene sheets play the role of llers.64 Conse-
quently, the dielectric constant of g-Se:Gr becomes larger than
that of g-Se.64 Charge carriers are transferred through the bulk
glassy network by the mobility of the polymeric chain and the
mobility of charge carriers is also inuenced by the interfacial
interaction between the polymer matrix and graphene, which
raises the dielectric constant of the present nanocomposite.65,66

The energy attenuation corresponding to dielectric loss (3′′) is
related to lagging with respect to the applied electric eld that is
triggered by the grain boundaries during the dielectric relaxa-
tion process.61 Fig. 5 depicts the plots of the dielectric loss as
a function of the rising frequency at room temperature for the
present samples. The experimental curves demonstrate the fall
in dielectric loss with the rise in applied angular frequency. The
high value of 3′′ at a lower frequency is a consequence of the
high resistivity of grain boundaries, which are more efficient
than the grains. Due to the lack of direct connection between
the graphene sheets in the glass matrix, there is an exfoliated
dispersion of graphene in the glassy network, which can also be
inferred from the SEM micrograph and is probably responsible
for the observed increases in both dielectric parameters.66,67 The
simultaneous achievement of a high dielectric constant and low
dielectric loss is challenging. Therefore, it is important to
control the interaction between the graphene layers and the
glassy environment corresponding to long polymeric selenium
chain matrices to optimize the dielectric constant and loss in
the derived sample for energy storage applications68 in the near
future.

The frequency dependence of AC conductivity (sac) is gov-
erned by the following relation.
RSC Adv., 2023, 13, 13564–13574 | 13567
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Fig. 7 (a) DSC scans of as-prepared g-Se and g-Se:Gr samples at
a heating rate of 10 K min−1 and (b) comparative analysis of crystalli-
zation activation energies for g-Se and g-Se:Gr samples.

Table 2 Transition temperatures of g-Se and g-Se:Gr samples at
a heating rate of 10 K min−1

Sample Tg (K) Tc (K) To (K) Tm (K) TS Hr

g-Se 324.7 386.7 376.4 495.2 1.9 0.4
g-Se:Gr 320.6 373 346.3 495 4.3 0.5
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sac = 303
′′u (1)

Here, 30 is the permittivity of free space, 3′′ is the dielectric loss,
and u is the angular frequency. The comparison of sac for the
present samples at three different frequencies is shown in
Fig. 6. The increase in conductivity with increasing frequency is
attributed to the hopping mechanism that appears when
applying the electric eld.69 Hopping conduction is the domi-
nant mechanism of charge carriers in a disordered graphene-
doped composite when they percolate between the free delo-
calized states. Their hopping between the offered states is
responsible for the corresponding transport properties.70 The
simulations and experimental ndings by various research
groups demonstrate that conductive llers with a larger aspect
ratio lead to a reduced percolation threshold and higher
conductivity. When the ller content reaches the percolation
threshold, a connected conductive network creates a route for
electronic transport and an insulator is turned into
a semiconductor.59,71

We performed calorimetric experiments using the DSC
technique to measure the characteristic temperatures of
interest (e.g., glass transition temperature Tg and crystallization
temperature Tc) for g-Se and g-Se:Gr; the results are listed in
Table 2. From the single glass transition peaks that appeared in
the DSC scans (Fig. 7), we observe that no phase separation
occurs aer the doping of graphene in the host material. This
conrms the good miscibility of graphene in the glass matrix of
host g-Se aer melt quenching. Further, we observe the shiing
of the glass transition and crystallization peaks to lower
temperature values. Since g-Se consists of polymeric chains of
Se with dangling bonds, the dispersion of graphene in the g-Se
network interferes with the radius of gyration of these polymeric
chains. Consequently, the free volume increases and the glass
network of g-Se:Gr acts like a plasticizer. Due to this, the glass
transition temperature (Tg) decreases aer the addition of gra-
phene in the host g-Se.72 The higher specic heat of graphene
compared to that of g-Se facilitates the g-Se:Gr to crystallize
more rapidly than g-Se. Thus, the To and Tc values of g-Se:Gr
nanocomposite are shied lower, which reduces the cross-
linking density in the polymeric network, resulting in increased
mobility of the structural units in the glassy nanocomposite.73

The two signicant parameters that are directly linked to
optical memory applications74,75 of such phase transition
Fig. 6 Plot showing the comparative frequency dependence and AC
conductivity (sac) at 303 K for g-Se and g-Se:Gr samples.

13568 | RSC Adv., 2023, 13, 13564–13574
materials are thermal stability and glass-forming ability. The
thermal stability (S) is a parameter that reects the resistance to
devitrication aer formation of the glass; it can be calculated
using the following expression.76

S ¼
�
Tc � Tg

�
$ðTc � ToÞ
Tg

(2)

Hruby proposed an empirical relation known as the Hruby
number which is a strong indicator of the glass-forming
tendency and is calculated from the following expression.76

HR ¼
�
Tc � Tg

Tm � Tc

�
(3)

Here, To and Tm are the onset crystallization and melting
temperatures, respectively (Table 2). The values of the S and HR

parameters were deduced and are included in Table 2. The
activation energies Ec and Eg corresponding to the phase tran-
sitions at Tc and Tg were determined using non-isothermal DSC
data by a non-isothermal procedure and are listed in Table 3.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Glass transition activation energy (Eg) and crystallization activation energy (Ec) of g-Se and g-Se:Gr samples

Sample

Eg (kJ mol−1) Ec (kJ mol−1)

Kissinger
method Moynihan method

Kissinger
method

Augis–Bennett
method

Matusita–Sakka
method

g-Se 218.6 224 92.9 96.1 99.4
g-Se:Gr 352.9 358.2 120.5 123.6 126.7
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The presence of graphene in the polymer matrix caused the
uniform distribution of applied thermal energy which could be
attributed to the 2D structure and enhanced the effective
surface area of the nanocomposite.77 The observed increase of
Ec due to the graphene doping (Fig. 7b) in the parent sample
increased the thermal stability of the glassy nanocomposite
because Ec denotes the energy required by the atoms in the
glassy region to go into the crystalline region.78

The SEM micrographs provide surface morphological and
structural information on the graphene-doped g-Se. SEM
images of g-Se and g-Se:Gr are shown in Fig. 8a and b, indi-
cating the non-crystalline nature of g-Se and the formation of
crystallites in signicant amounts in the glass network of g-Se
aer the doping of graphene. From the SEM micrographs, it
can be concluded that the distorted edge conguration of gra-
phene nanosheets embedded in the glassy host matrix of Se,
and it is responsible for the higher charge carrier mobility.79

The cross-linked structural arrangement of nanosheets within
the matrix can provide a path for electronic conduction and
tailor the physical properties of g-Se due to nanoscale structural
entities that can be inferred from the SEM micrograph. In this
way, the structural characterizations reveal the same observa-
tion: that graphene sheets are successfully rooted in the parent
sample (Fig. 9). While the origin of the precise mechanism
responsible for the observed structural miscibility of graphene
into g-Se is not recognized at this point, we hope that it will be
revealed in the near future.

The current–voltage (I–V) characteristics of the g-Se:Gr
sample were studied in different electric elds (∼104 V cm−1).
Fig. 10 shows the I–V characteristics for the as-prepared samples
of elemental selenium glass and g-Se:Gr which reveal an abrupt
change (i.e., 3.93 × 10−6 ampere to 2.1 × 10−2 ampere) in the
Fig. 8 SEM micro-images of as-prepared g-Se and g-Se:Gr samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
electric current near the threshold switching voltage of 42.5
volts for the g-Se:Gr nanocomposite. The drop in threshold
voltage Vth aer the doping of graphene in g-Se is probably
related to the connection between Vth and crystal growth
velocity vcg.80 The shiing of the crystallization peak towards
a lower Tc value in g-Se:Gr compared to g-Se indicates that vcg is
increased aer the incorporation of graphene in the amorphous
matrix of g-Se. This causes a rapid reduction in the amorphous
regions of g-Se:Gr and so the current enters the non-ohmic
region at a lower threshold voltage Vth. This indicates that the
material has switched from a high resistance state (HRS) to
a low resistance state (LRS) aer the doping of graphene in the
polymeric glass network under the inuence of an appropriate
external electric eld.81 The DC conductivity of the g-Se:Gr
nanocomposite was investigated as a function of reciprocal
temperature. The variation of ln sdc vs. 1000/T follows a straight
line, indicating a thermally activated mechanism. From Fig. 11,
it is clear that the sdc increases linearly with the decreasing
reciprocal of absolute temperature. The thermal activation
energy and DC conductivity were calculated using the Arrhenius
relation.

sdc ¼ s0exp

�
� DE

kBT

�
(4)

Here, s0 and DE indicate the pre-exponential factor and acti-
vation energy, respectively. It was found that the conductivity
increases with the admixing of graphene. The electrical
parameters for the present samples are tabulated in Table 4.
The incorporation of graphene in g-Se causes a rise in the
hopping of the charge carriers between the neighbouring sites.
The magnitude of DE also depends on the number of p-elec-
trons existing in the semiconducting material and possesses
RSC Adv., 2023, 13, 13564–13574 | 13569
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Fig. 9 Schematic illustration of plausible structural rearrangement after the doping of graphene in glassy selenium.

Fig. 10 Switching characteristics of (a) g-Se sample and (b) g-Se:Gr
sample under high field (∼104 V cm−1).

Fig. 11 Arrhenius plots of electrical conductivity sdc showing the
temperature dependence for (a) g-Se and (b) g-Se:Gr samples. The
room temperature values of sdc are shown below the linear curves.
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a temperature dependence on DC conductivity according to the
Arrhenius relation. The value of DE decreases with a rise in the
number of p-bonds. The further reduction in the value of DE
13570 | RSC Adv., 2023, 13, 13564–13574 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Electrical parameters for g-Se and g-Se:Gr samples (303 K, 100 kHz)

Sample sac (U cm)−1 (303 K, 100 kHz) sdc (U cm)−1 (303 K) DEdc (eV)

g-Se 2.9 × 10−8 4.1 × 10−8 0.26
g-Se:Gr 5.7 × 10−4 3.0 × 10−2 0.04
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aer the doping of graphene suggests that there are some
partial double bonds between carbon and selenium (possibly
due to p-back donations). The augmentation in electrical
conductivity compared to g-Se could be attributed to the
extended p-electron system in the hexagonal structural units
contributing to high conductivity and increased mobility, which
creates a percolation path in g-Se:Gr where the electrons in the
graphene surface have long mean free paths without disrupting
electron–electron interactions and surface disorder.82 The
incorporated a-Se in the form of cyclic Se8 molecules in the
pores of carbon was converted into chain-like Sen molecules
when selenium was mixed with graphene, ensuring improved
electronic transport.83,84 Using rst principles calculations, the
bonding of a selenium atom to the surface edge defect sites of
Fig. 12 Photographs of micro-indentation impressions on the surfaces

Fig. 13 Bar graphs showing the comparative values of (a) Vickers hardn
elasticity E for g-Se and g-Se:Gr samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the graphene nanosheets leads to the enhancement of electrical
conductivity due to p-type doping.85 Sharma et al. suggested
that, since selenium has more valence electrons than do carbon
atoms and these interfacial Se electrons adsorb on the graphene
surface, occupying high-energy states of hybridization with the
graphene sheet and leading to a positive shi of the Dirac point
(where the valence band (VB) and conduction band (CB) inter-
sect with minimum conductivity), this is an indication of an n-
type conducting material and hence shows improved electrical
conductivity due to surface charge doping.86 The incorporation
of graphene in g-Se causes a rise in the density of defect states in
the valence band which is responsible for the shiing of the
band edge towards lower energy. Consequently, the localization
of additional density of states in g-Se:Gr near the bandgap
of (a) g-Se sample and (b) g-Se:Gr nanocomposite sample.

ess number (VHN), (b) volume of micro-voids Vh, and (c) modulus of
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reduces the mobility gap. This improves the thermally activated
hopping and leads to enhanced conductivity.

The most striking features of graphene are its enormously
high hardness and pliability. Therefore, we measured the
micro-hardness of g-Se and g-Se:Gr to understand the effect of
graphene doping on the mechanical strength of g-Se. Hardness
is a physical attribute of a material dened as the resistance to
indentation and is determined by measuring the permanent
depth of an indentation. The values of Vickers hardness
number (VHN), modulus of elasticity, and micro-voids volume
were determined through a micro-indentation experiment.87

Fig. 12 presents a photograph of the micro-indentation
impressions on the surfaces of the samples. A close inspec-
tion of both impressions reveals that the indentation size is
more symmetric for g-Se:Gr. The structural rigidity of the glass
matrix of g-Se is increased aer the incorporation of gra-
phene.88,89 This results in exactly equal diagonals of the indent
marks for g-Se:Gr compared to the almost equal diagonals of
the indent marks for g-Se. The values of microhardness,
modulus of elasticity, and micro-void volume are shown in
Fig. 13 for both samples. In this gure, we observe the rise in the
modulus of elasticity and VHN of g-Se aer the graphene
doping. The increased values of both parameters are probably
related to the immense strength of the carbon–carbon bonds,
with a fundamental rupture strength of 130 GPa and a Young
modulus of 1 TPa.90 During the melt quenching aer heat
treatment, the doping of graphene facilitates grain rening and
activates dislocation between the graphene nanoplatelets
within the glass matrix of g-Se.89 Consequently, the direct
strengthening occurs due to load transfer from the soer and
weaker polymeric selenium chains to the stiff and strong gra-
phene nanoplatelets. This is probably the reason behind the
higher values of the Vickers hardness and modulus of elasticity
and the lower value of micro-void volume in the case of g-Se:Gr.

4. Conclusions

In this work, we successfully achieved the nano-structuring of g-
Se by doping one weight percent graphene. Due to the inherent
high electrical conductivity and mechanical strength of the
graphene layers, the physical properties of the host glass of
selenium are improved drastically. The lack of phase separation
is conrmed by calorimetric results that signify the homoge-
neity of the g-Se:Gr sample. There is a signicant rise in glass
transition and crystallization activation energies aer the
inclusion of graphene in elemental selenium glass. Similarly,
there is a noticeable rise in the dielectric parameters and DC/AC
conductivities. The I–V characteristic plots show a rapid growth
in the current with a slight increase in the voltage aer the
doping of graphene in host g-Se. Resistive-switching is observed
aer a certain voltage (i.e., threshold voltage Vth) in both
samples. A remarkable drop in the Vth value is noticed aer the
graphene doping in g-Se. The structural analyses of SEM and
Raman experiments conrm the nano-structuring of g-Se with
the help of graphene as a dopant and the noticeable change in
various physical properties of the derived material g-Se:Gr. The
current ndings can serve as a foundation for more in-depth
13572 | RSC Adv., 2023, 13, 13564–13574
research to develop this new material for application in
optical memory and energy storage technologies.
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