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Herein, we report the first time application of waste plastic derived 3D graphene nanosheets (GNs) for hole

transport material (HTM) free perovskite solar cells (PSCs), where 3D GNs have been employed as an

electrode dopant material in monolithic carbon electrode based mesoscopic PSCs. Waste plastics were

upcycled into high-quality 3D GNs by using two-step pyrolysis processes, where, a nickel (99.99%) metal

mesh was taken as the catalytic and degradation template to get an acid free route for the synthesis of

3D GNs. Raman spectroscopy, HRTEM analysis and XRD analysis show the presence of 1–2 graphene

layers within the 3D GNs. Further, the optical band gap study has also been performed to analyze the

applicability of 3D GNs for PSCs. The optimized device with 3D GNs shows a power conversion

efficiency (PCE) of 12.40%, whereas the carbon-based control device shows a PCE of 11.04%. Further, all

other device parameters such as short circuit current (Jsc), open circuit voltage (Voc) and fill factor (FF)

have been improved with the addition of 3D GNs. The performance enhancement in 3D GN doped HTM

free PSC solar cells is attributed to the enhancement in conductivity and reduced recombination within

the device. Further, the photocurrent study shows that the 3D GN device shows better performance as

compared to the reference device due to the larger diffusion current. Thus, the upcycling of waste

plastics into 3D GNs and their exploitation for application in energy conversion show an effective and

potential way to convert waste into energy.
1. Introduction

Recently, perovskite solar cells (PSCs) are emerging as the most
efficient and cost effective solar cells, which can directly
compete with traditional silicon solar cells.1,2 A perovskite solar
cell consists of a perovskite structured hybrid organic–inorganic
material, most commonly a lead or tin halide-based material as
the light harvesting layer, which acts as an active layer within
the PSC.3,4 The efficiency of PSCs has been raised to 25.5% in
2020 for single-junction architectures, which is very close to the
PCE of silicon based tandem solar cells (29.1%).5 However, still
research has been going on to improve all the device parameters
of PSCs. Device parameters such as the PCE and stability of
Nanotechnology Centre, Department of

iversity, Nainital-263001, Uttarakhand,

arch (AcSIR), Ghaziabad, Uttar Pradesh,

aterial and Devices Metrology Division,

lhi 110012, India

e of Technology Delhi, Hauz Khas, New

al Petroleum University, Gandhinagar

–4738
PSCs degrade with time, which decreases the overall perfor-
mance of PSCs during long-term operation. It has been shown
that this may be due to the interaction between the halide ion
and Ag or Au metal based contact, which lowers the perfor-
mance of PSCs.6–8 Signicantly, carbon based materials have
attracted immense interest as a substitute for charge collectors
in PSCs due to their moisture free and heat resistant proper-
ties.9–12 In this regard, graphene has shown its capability to
improve the device parameters of PSCs as an alternative to
metal based charge collectors. Because of the excellent electrical
conductivity and optical transparency of graphene based
materials, graphene nanosheets (GNs) have been reported as
efficient charge collectors in PSCs.13 Xiaojuan et al. reported the
efficient charge extraction and transportation properties of
graphene in planer PSCs. This group reported an improved ll
factor of 82% in planar PSCs by using interface engineering
with graphene and thereby showed an enhanced PCE of
20.2%.14 Nouri et al. demonstrated a reduced graphene oxide
based titania layer as a hole transport layer and showed an
improved ll factor of 72% with 12% PCE.15 Zang et al. reported
the addition of GO as an additive material for highly efficient
PSCs. Their investigations showed that addition of 1 vol% of GO
over the perovskite ink increases the crystallization process and
thereby showed an enhancement in the device parameters of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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PSCs.16 Although, 2D graphene layers had a tremendous effect
on the improvement of the device parameters of PSCs, the
tendency of 2D layers to get agglomerated rapidly resulted in
a huge loss of the outstanding properties of graphene, hence
showing poor performance in energy conversion and storage
devices.17 Hence, various approaches have been identied to
resolve this problem, among which the construction of 2D
layers into a 3D graphene architecture showed the best prom-
ising way to tackle the problem of stacking of 2D graphene
layers. The 3D architecture of graphene layers not only main-
tained the original properties of graphene, but this form of
graphene can be easily used for application in energy conver-
sion and storage, without the concern of the stacking problem
as found in the case of 2D graphene layers. The 3D graphene
architecture can be dened as the non-graphitic structure of
graphene, which consists of less than 10 layers of graphene and
retains almost all the excellent properties of graphene.18

Different kinds of 3D graphene architectures can be classied
as (1) 3D graphene macrostructures (3D graphene monoliths)
having dimensions >100 mm such as 3D graphene foams, 3D
graphene aerogels, 3D graphene sponges, 3D graphene lms,
3D graphene bers, and 3D graphene milispheres,19–23 and (2)
microscopic 3D graphene materials having dimensions <100
mm, which are found in powder form with nanometer or
micrometer-scale 3D structures.24–26 The synthesis of these 3D
graphene architectures generally consists of three main routes
(1) synthesis of 3D reduced graphene oxide (rGO) from gra-
phene oxide (GO) as a precursor material, (2) synthesis of 3D
graphene nanosheets from hydrocarbons and (3) synthesis of
3D graphene from inorganic moieties such as CO, CS2, CO2

etc.18 Because of the ease of synthesis methods of these new
kinds of 3D graphene materials, they are extensively used in
energy conversion and storage applications. 3D graphene
materials are used extensively in PSCs as counter electrodes and
electron-extraction interlayers i.e. these 3D graphene materials
are basically used as conducting units for the faster transport of
charges within interfaces.27–32 Studies showed that these 3D
graphene materials not only provide faster charge trans-
portation within interfaces, but also provide long stability
against moisture and air. Presently, PSCs with the device
conguration of glass/FTO/TiO2/perovskite/ZrO2/carbon
showed the maximum stability up to one year33 However,
because of their limited conductivity, carbon based counter
electrodes showed limited PCE, but high stability. It has been
reported that the limit of PCE in carbon based PSCs mainly
depends on the open circuit voltage (Voc), where the determi-
nation of Voc was given as per the equation

Voc ¼ EFn � EFp (1)

where EFn and EFp are the electron quasi-Fermi level and hole
quasi-Fermi level. The electron quasi Fermi level depends on
the interfacial contact between the ETL and perovskite layer,
while the EFp depends on the interaction between the HTL and
perovskite layer. In the case of HTM free PSCs, the value of EFp
will be determined by the interaction between the perovskite
layer and carbon layer. The predicted range of the Voc of carbon
© 2021 The Author(s). Published by the Royal Society of Chemistry
based PSCs with a HTM free conguration is about 0.8 to 1.0 V,
while it is found to about 1.0 V to 1.2 V for HTM-based PSCs.34–36

Because of the higher Fermi level of �5.0 eV of carbon than the
HOMO of the most of the organic HTMs such as 2,20,7,70-tet-
rakis-(N,N-di-p-methoxyphenylamine)-9,9-spirobiuorene
(spiro-OMeTAD) and poly-triarylamine (PTAA) having a Fermi
level of �5.2 eV and �5.25 eV, respectively, a signicant
reduction in Voc was observed in HTM free PSCs due to the
faster charge recombination. Hence to improve the Voc and
consequently, PCEs of carbon based HTM free PSCs, an efficient
contact between the perovskite layer and carbon electrode must
be established.37–39 In this regard, 3D graphene based materials
showed their candidacy for use as counter electrodematerials to
enhance the device parameters of carbon based PSCs. There-
fore, in the present work, we report a facile and convenient
process for the improvement of the device parameters of PSCs
via the doping of waste plastic derived 3D GNs. The present
work not only shows an efficient way of tackling plastic waste,
but also shows an excellent use of waste plastics for energy
harvesting applications via upcycling into 3D GNs. A signicant
PCE of 12.40% was obtained for 3D GN based PSCs, and was
found to be higher than those of carbon based PSCs (11.04%).
Further all other device parameters such as Jsc, Voc and FF were
also found to be improved with the addition of 3D GNs. Thus
the present work showed a cost effective way to resolve the
problem associated with waste plastics and energy crises for the
sustainable conservation of “EEE” i.e. ecology, economy and
energy.

2. Materials and methods
2.1 Synthesis of 3D graphene nanosheets

The synthesis of 3D GNs was performed as per the method re-
ported in previous studies.40,41 However, in the present work, we
modied the method by changing the degradation template for
the conversion process. Nickel (99.99%) was taken as the cata-
lytic and degradation template for the present study to get an
acid free route for the synthesis of 3D GNs. Briey, waste plas-
tics were collected from the local market and categorized into
polypropylene (PP), polyethylene (PE) and polyethylene tere-
phthalate (PET), as these plastics contain themaximum amount
of carbon in comparison to other kinds of plastics. Aer the
categorization, the real world mix plastics (PP, PE and PET) were
shredded into small akes (average size of 10 mm� 5 mm) with
the help of a shredder unit, which were later on washed with
sodium hydroxide and glass washing soap solution (laboratory
grade) to remove all the muddy and oily impurities from the
mixed akes of the plastics. Then the plastic akes were dried
inside a drier chamber connected with a hot air gun. Once the
mixed akes of the plastics were dried, the process of primary
pyrolysis was performed inside an indigenously developed
pyrolysis chamber in an inert atmosphere of N2 with a ow rate
of 10 ml min�1 at the temperature of 400 �C (heating rate
10 �C min�1) for 40 min, where the feeder unit made up of
stainless steel of the pyrolysis system was replaced with a nickel
(99.9%) based feeder unit, which acts as a catalytic and degra-
dation template for the upcycling of the waste plastics. Further,
Nanoscale Adv., 2021, 3, 4726–4738 | 4727
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Fig. 1 Schematic of the synthesis process of 3D GNs from plastics.
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this step of pyrolysis removes all the petroleum products while
leaving back the carbon skeleton in the form of black charred
residue. The black charred residue thus obtained was then
subjected to the secondary stage pyrolysis process. In our
previous work, the synthesis of GNs was performed at the
temperature of 750 �C. However, in the present work, we raise
the temperature by another 100 �C i.e., 850 �C for the reduction
of the GNs to increase the number of sp2 hybridized carbon
atoms within the GNs, so that these GNs can be architectured
into 3D GNs (Fig. 1), which were later on implemented as
a dopant material in carbon based collectors to increase charge
transportation in HTM free PSCs.

Generally, the formation of 3D GNs from 2D GNs can be
achieved by the selective reduction of 2D GNs and the incor-
poration of selective catalytic systems. Depending on the nature
of precursor 2D graphene materials, chemical or thermal
reduction was carried out to get 3D graphene materials.42–49

Additionally, the incorporation of the metal catalyst also played
a signicant role in the formation of 3D GNs.50–52 Hence, the
formation of 3D GNs from waste plastics also depends on the
reduction process and the incorporation of selective metal
catalysts. Here in the present work, we took a nickel (Ni) based
bed reactor, which also acts as a catalytic template for the
conversion of 2D GNs into 3D GNs. The synthesis of 2D GNs
from waste plastics was performed as per our previously re-
ported work.40,41 However, in the present work, the catalytic
system was changed from a nanoclay to nickel based catalytic
template to reduce the decomposition energy for the formation
of 3D GNs. Further, we also raised the temperature by 100 �C to
reduce 2D GNs. In the process, the well washed and shredded
mixed plastics (PP, PE and PET) were allowed to undergo
a primary stage pyrolysis process inside a Ni based catalytic bed
reactor in the temperature range of 400 �C with a heating rate of
4728 | Nanoscale Adv., 2021, 3, 4726–4738
10 �C min�1 to get a ne skeleton of carbon residue as
a building block for the growth of graphene layers, while leaving
behind all kinds of value added fuels and waxy substances. Aer
that this carbon residue was subjected to the secondary stage
pyrolysis process in a secondary Ni based reactor at the
temperature of 850 �C, where the process of graphenization
occurred via carbon radicals which were formed from the
carbon residue due to the presence of the Ni based catalyst
reactor and the effect of temperature. Under the process of
graphenization, the amorphous carbon atoms present within
the carbon residue undergo a rearrangement and nally form
a graphene like framework.53–56 Here, the Ni based bed reactor
also played an important role by dissolving the carbon atoms
from the decomposed plastic skeleton and thus allocated the
atomic carbon atoms into an energetically favorable structure of
graphene.50–52 Basically, during the synthesis of 3D GNs from
plastics, the decomposition of the plastic backbone occurs as
the very rst step of the process, which gave birth to the active
carbon building blocks for the growth of the graphene layers.
Further, the thermal cracking of plastics is temperature
dependent, and hence generally a higher dissociation energy is
needed to break CH4-like molecules, which in turn demands
higher temperature. It is estimated that generally a temperature
of >1000 �C is needed to decompose CH4 molecules due to the
very high activation energy (�4.85 eV) of the C–H bond in
methane.57 Hence, the use of a metal catalyst is always preferred
to reduce the decomposition temperature. Especially, a Ni
based catalyst showed a signicant effect on the temperature
reduction for the decomposition of CH4. The thermal cracking
of CH4 over the Ni based catalyst is endothermic in nature;58

CH4 / C + 2H2; DH (298 K) ¼ 74.52 kJ mol�1 (2)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The Gibbs energy DG� for this reaction with respect to
temperature as per the thermodynamic calculations is given as

DG� (J mol�1) ¼ 89658.88 – 102.27 � T � 0.00428

� T2 � 2499358.99/T (3)

So, fromeqn (2), it is found that above temperature 544 �C,
DG� is found to be below zero and thus cracking of CH4 on the
Ni catalyst will be displaced towards the growth of carbon and
hydrogen. The carbon atoms thus generated tend to undergo
graphenization, while hydrogen atoms have combined to form
H2 gas.58–60 Thus, Ni based catalysts were selectively chosen for
the present study to form 3D GNs. The nal product aer the
secondary stage pyrolysis was then characterized to conrm the
applicability of the thus synthesized 3D GNs for application in
PSCs.
2.2 Characterization

The 3D GNs obtained aer the secondary stage pyrolysis process
were characterized by spectroscopic and imaging techniques.
Raman spectroscopy was performed by using an AIRIX, STR 500
confocal micro Raman spectrometer with an excitation beam
length of 532 nm in order to conrm the synthesis of 3D GNs.
The presence of various functionalities was conrmed by using
FT-IR spectroscopy with an FT-IR spectrometer, PerkinElmer,
Lambda-2. UV-visible spectroscopy was performed to get the
Fig. 2 (a) Raman spectra of 3D GNs; (b) XRD graph of 3D GNs; (c) FT-IR s
of 3D GNs; (f) TGA graph of 3D GNs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
absorption and optical band gap properties of the 3D GNs, Field
emission scanning electron microscopy (FESEM) was per-
formed by using a NOVA FESEM 900. High resolution trans-
mission electron microscopy (HRTEM) was performed by using
a JEOL, JEM 2100 microscope to get the internal morphology. X-
ray diffraction spectroscopy was performed with a Rigaku
Miniex-II by using Cu-Ka radiation of wavelength k¼ 1.5418�A.
Thermal gravimetric spectroscopy was performed by using
a TGA 4000, PerkinElmer to get the thermal behaviour of 3D
GNs. The electronic band gap (Eg) of the 3D GNs was evaluated
by using cyclic-voltammetry.
2.3 Device fabrication

The fabrication of HTM free PSCs was done on carbon mono-
lithic electrodes (Solaronix) with an active carbon area of 12 �
15.5 mm2. Carbon monolithic electrodes were heated at 450 �C
inside a vacuum oven for 30 min and cooled down subsequently
to attain the room temperature. Aer that perovskite ink was
prepared by taking a 1 : 1 molar ratio of PbI2 and methyl
ammonium iodide (MAI) in 1 ml of dimethyl formamide (DMF)
inside a nitrogen glove box. Two PSCs were fabricated in two
congurations. One of the devices (D1) was fabricated by
depositing the perovskite ink via the drop casting method over
carbon monolithic electrodes. Thereaer, it was annealed for
10 min at 70 �C, while the other device (D2) was fabricated by
pectra of 3D GNs; (d) wide scan XPS of 3D GNs; (e) high resolution XPS

Nanoscale Adv., 2021, 3, 4726–4738 | 4729

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00183c


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
1:

57
:2

1 
PM

. 
 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
rst depositing the perovskite ink via the drop casting method
and another drop of the dispersion of waste plastic derived 3D
GNs in chlorobenzene (10 mg in 20 ml) was subsequently
added. The device thus obtained is le for 1 min in order to
achieve uniform spreading of the ink and dispersion of the 3D
GNs and annealed for 10 min at 70 �C in order to get complete
3D GN based perovskite solar cells.
2.4 Device characterization

The J–V measurements of the devices were performed using
a Keithley 2420 source measure unit system. A solar simulator
AM 1.5G (class AAA, Photo Emission Tech) was used for the
illumination purpose.
3. Results and discussion

The 3D GNs thus obtained from waste plastics were character-
ized in order to understand the different properties of the 3D
GNs. The Raman spectrum of the thus synthesized 3D GNs
showed two prominent peaks at 1345.77 cm�1 and
1598.38 cm�1 corresponding to the D and G bands of the 3D
GNs (Fig. 2(a)). The D band showed defects present within the
3D GNs and the presence of the sp3 hybridized carbon atom
within the 3D GNs. These sp3 hybridized carbon atoms within
Fig. 3 (a) FESEM image of 3D GNs at a magnification of 500 nm; (b) hill

4730 | Nanoscale Adv., 2021, 3, 4726–4738
the 3D GNs rose during the synthesis of the 3D GNs. However,
the intensity of the D band in the present case was found to be
less intense in comparison to our previously reported 2D GNs at
lower temperature.40 The G band at 1591 cm�1 showed
a precisely sharp peak with the presence of the sp2 hybridized
carbon atoms within the 3D GNs. Further, this band also
showed the 1st order scattering of these sp2 hybridized carbon
atoms due to the presence of E2g vibration mode. The intensity
of the D band showed the information of the domains of sp2

carbons within the 3D GNs, while the average sizes of the
domains of sp2 carbons were depicted by the ID/IG ratio.61–65 The
ID/IG ratio for the 3D GNs was found to be 0.84, thereby showing
that there are more domains of sp2 carbons within the 3D GNs.
Additionally, another bands at 2690.99 cm�1 and 2923.05 cm�1

depicted the presence of 2D and D + G bands due to the process
of double resonance. The presence of the 2D band demon-
strated the presence of few layer graphene sheets within 3D
GNs, which is again conrmed by the I2D/IG ratio, which showed
a value of 0.18, while the presence of the D + G band with high
intensity showed less disorderness within the 3D GNs. Further,
XRD analysis of the 3D GNs was also performed in order to
evaluate the number of graphene layers present within each
stack of the 3D GNs. Fig. 2(b) shows the XRD spectrum of the 3D
GNs, which showed broad diffraction peaks at 2q ¼ 24.87� and
stack plot of 3D GNs; (c) 3D surface morphology of the 3D GNs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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43.91�, corresponding to the characteristic peak and graphitic
peaks of the reduced form of GNs.66

Again, in order to perform the thickness measurement and
measure the number of layers present within the 3D GNs,
Scherrer's equation and Bragg's equation were applied, as re-
ported previously.67–69 Accordingly, the number of layers present
within each stack of 3D GNs can be calculated by dividing the
crystal size (C) with the interlayer distance (d) between the
graphene layers followed by the addition of 0.1 nm corre-
sponding to the thickness of one graphene sheet. Here, in the
present case, the calculated crystal size (C) of the 3D GNs was
found to be 10.33�A corresponding to the diffraction peak of 2q
¼ 24.87�, while the interlayer distance (d) between the graphene
layers was found to be 5.539 �A. Thus, as per the crystal size (C)
and interlayer distance calculated (d) from the XRD data, about
1–2 graphene layers were found within each stack of 3D GNs.
Further, in order to analyze the type of functionalities present
within the 3D GNs, FT-IR analysis was carried out. Fig. 2(c)
shows the FT-IR spectrum of the 3D GNs, and shows the pres-
ence of various oxygen containing functionalities within the 3D
GNs. The FT-IR spectra of 3D GNs showed a strong and broad
peak at 3440 cm�1, weak and sharp peak at 2921 cm�1, weak
peak at 2862 cm�1, medium and sharp peak 1629 cm�1,
medium and broad peak at 1386 cm�1, and medium and broad
peak at 1063 cm�1 corresponding to –OH stretching, –CH
Fig. 4 (a) HRTEM image of 3DGNs, (b) shape index image of 3D GNs from
Hill stack plot of 3D GNs from HRTEM analysis; (e) plot profile diagram
histogram of the 3D GNs showing the directional alignment of the GNs

© 2021 The Author(s). Published by the Royal Society of Chemistry
stretching, –C]C– stretching, –CH bending and –C–O stretch-
ing, respectively. Again to correlate the presence of these oxygen
functionalities within the 3D GNs, X-ray photoelectron spec-
troscopy (XPS) was also performed in order to analyze the
properties of the 3D GNs. The wide scan XPS spectra of 3D GNs
showed the presence of only carbon and oxygen within the 3D
GNs as shown in Fig. 1(d), while the high resolution XPS spectra
showed a sharp peak at 284.7 eV corresponding to the C]C/C–C
and the peaks at 286.4 eV, 287.9 eV, and 289.3 eV correspond to
C–O in hydroxyl and epoxy groups, and O–C]O in carboxyl
groups, respectively, as shown in Fig. 1(e).70–73 Further, thermal
gravimetric analysis (TGA) was performed in order to under-
stand the skeleton and purity of the 3D GNs. The TGA curve of
reduced graphene nanosheets showed three stage weight loss
reduction in the ranges of 30 �C to 100 �C, 100 �C to 550 �C and
from 550 �C to 950 �C. The rst stage weight loss occurred due
to the presence of the moisture content present within the 3D
GNs, while the second and third stage reduction was found to
be mainly due to the elimination of oxygen functionalities and
degradation of the carbon backbone (Fig. 2(e)). Again, the
surface morphology of these 3D GNs was also investigated by
FESEM analysis. Fig. 3(a) shows the FESEM images of the 3D
GNs, which clearly show the clusters of graphene layers with the
occurrence of wrinkles at the surfaces. Further, Fig. 3(b) shows
the Hill plot prole of the 3D GNs, which shows the uneven hills
the HRTEM image (c) 3D surfacemorphology fromHRTEM analysis (d)
showing the average thickness of GNs in 3D GNs; (f) directionality

within the 3D GNs.
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of the graphene layers with varying sheet areas within the 3D
GNs. The Hill plot also showed curly edges with sharp spikes
within the graphene layers of the 3D GNs, which developed
defects within the 3D GNs and thereby showed metallic nature
within these 3D GNs, as reported in our previous study.40

Further, Fig. 3(c) shows the 3D surface morphology of the 3D
GNs in a white spectrum form to show the continuity within the
3D GNs. The 3D surface morphology showed the wrinkled
morphology of the GNs along the x, y and z axis, which showed
the 3D nature of the GNs. Further, the surfaces of the 3D GNs,
where the layers are stacked in a regular morphology, are shown
with blue contrast, while the places where the layers show
random morphology are shown with higher wavelength colours
i.e. yellow and green, which depict the uneven distribution of
the graphene layers within the 3D GNs. However, it is oen
difficult to nd out the exact number of layers by analyzing the
FESEM images, and hence HRTEM analysis was carried out in
order to get the average number of graphene layers present
within each stack of 3D GNs. Fig. 4(a) shows the HRTEM images
of the 3D GNs at the magnication of 50 nm. The HRTEM image
of the 3D GNs shows the presence of corrugated edges, along
with different kinds of grain boundaries, thereby showing
polycrystalline properties within the 3D GNs, which were also
conrmed from the shape index image of the 3D GNs (Fig. 4(b)).
Further, the 3D surface morphology from the HRTEM analysis
showed that each GN perfectly overlapped with each other and
Fig. 5 (a) UV-visible spectra of waste plastic derived 3D GNs, (b) (ahy)2 vs
waste plastic derived 3D GNs.

4732 | Nanoscale Adv., 2021, 3, 4726–4738
thereby maintained the continuity to form the 3D network of
the GNs (Fig. 4(c)), which can also be seen from the Hill stack
plot of the 3D GNs, where each crest of the GNs perfectly linked
with another crest of GNs having unlike dimensions with
respect to their adjacent GNs (Fig. 4(d)). Again the thickness
measurement of the GNs in 3D GNs was performed, which
showed the presence of 1–2 nm thick sheets of GNs (Fig. 4(e)).
Further the directional properties of these GNs also conrmed
the 3D alignment of GNs as seen from the directionality histo-
grams (Fig. 4(f)). The directionally histogram showed that most
of the GNs aligned vertically to make a 3D network of the GNs.
Aer analyzing the various properties of the thus synthesized
3D GNs, the viability of the thus obtained 3D GNs was investi-
gated for application in PSCs. Thus, UV-Visible spectroscopy
was performed to analyze the band gap properties of the 3D GNs
(Fig. 5(a)). The UV-Vis spectrum of the thus synthesized 3D GNs
showed a peak maximum at 263 nm corresponding to the p–p*
transitions of C]C bonds of the extended aromatic system of
the 3D GNs. Based on the absorption maximum of the 3D GNs,
the optical band of the 3D GNs was obtained by plotting the
Tauc plot according to the following relation

(ahy)2 ¼ A(hy � Eopt) (4)

where the absorption coefficient (a) is directly related to the
incident photons and Eopt is known as the optical band gap of
. energy plot of waste plastic derived 3D GNs, and (c) ln a vs. hy plot of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the material. The calculated Eopt of the 3D GNs was found to be
3.9 eV, which is found to be similar to previously reported
optical band gaps for graphene-based materials,74 where these
graphene based materials can be employed as candidates for
electrode materials for various photovoltaic devices (Fig. 5(b)).
Further, Urbach energy (Eu) was also evaluated to estimate the
band gap (Eg) between the HOMO/LUMO of the 3D GNs by using
the following relation

Eg ¼ Eopt � Eu (5)

where the urbach tail (Eu) is related to the absorption coefficient
as a ¼ a0exp(hy/Eu) in the low energy tail of the absorption
spectrum.75 Fig. 5(c) shows the ln a–hy plot of 3D GNs,
accordingly, the Eu from this plot can be calculated as the
reciprocal of the inclined slope of the linear tting, which is
found to be 3.3 eV. Thus, from eqn (5), the estimated Eg of the
3D GNs was found to be 0.6 eV, which is found to be very close to
the previous literature reports of graphene based materials.76

Further, cyclic voltammetry analysis was also performed in
order to evaluate the valence band maximum (VBM) level
(HOMO) and conduction band maximum (CBM) level (LUMO)
of the 3D GNs (Fig. 5(a)). The calculation of the VBM and CBM
of the 3D GNs was done by analyzing the onset oxidation
Fig. 6 (a) Cyclic voltammograms of waste plastic derived 3D GNs, (b) H
graphene, and (c) energy level diagram of waste plastic derived 3D GN b

© 2021 The Author(s). Published by the Royal Society of Chemistry
potential (Eoxi) and onset reduction potential (Ered) by using eqn
(4)–(6), as shown below.77

EVBM ¼ [Eoxi � E1/2(ferrocene) + 4.8] eV (6)

ECBM ¼ [Ered � E1/2(ferrocene) + 4.8] eV (7)

Eg ¼ EVBM � ECBM (8)

In the above equations, the value of E1/2 (ferrocene) was
obtained as 0.41 V. Fig. 5(a) shows the cyclic voltammogram of
the thus synthesized 3D GNs. The calculated VBM and CBM
levels for the 3D GNs from eqn (6) and (7) were found to be
�4.6 eV and �4.1 eV, respectively. Further these values of VBM
and CBM of 3D GNs were also very closer to each other and
approach nearer to the Fermi level of the pristine graphene
(Fig. 5(b)). Thus, from eqn (8), the band gap (Eg) of the 3D GNs
was found to be 0.5 eV, which showed a very close proximity to
the evaluated band gap by UV-visible analysis. The obtained
value of Eg for the 3D GNs showed that these 3D GNs are
perfectly suited for application as electrodes in energy
harvesting.

Hence, in order to identify the real time utility of the 3D GNs,
we have fabricated carbon-based PSCs and doped them with
these 3D GNs to enhance the device parameters of PSCs, as
OMO–LUMO positions of waste plastic derived 3D GNs and pristine
ased carbon-PSCs.

Nanoscale Adv., 2021, 3, 4726–4738 | 4733
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Fig. 7 Schematic of the device fabrication of the HTM free PSC with 3D GNs.
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graphene is popularly known for faster charge transportation
and thereby helps to improve the device parameters of the
photovoltaic devices. Fig. 6(c) shows the energy level diagram of
the 3D GN doped carbon-PSCs, which showed that a favourable
HOMO level of the 3D GNs can easily facilitate smoother charge
transportation of the holes, thereby doping these 3D GNs can
signicantly improve the device parameters of carbon-PSCs. So,
one of the PSC devices (D1) was fabricated on the printed
monolithic carbon electrode having the conguration of Glass/
FTO/TiO2/ZrO2/conductive carbon by depositing the perovskite
layer via the drop casting method and subsequently annealed at
70 �C for 10min, while in the PSC device (D2), fabrication on the
same monolithic carbon electrode was done by drop casting of
the same perovskite ink followed by doping of the dispersion of
3D GNs in chlorobenzene and annealing at 70 �C for 10 min
(Fig. 7). In both the devices, the perovskite ink was absorbed by
the subsequent layers of the printed monolithic carbon elec-
trodes through the channelized porous holes of the carbon
layer.

However, in device D2, aer absorbing the perovskite ink,
a dense dispersion of 3D GNs was added subsequently in order
to dope the upper layer of the electrode with 3D GNs (Fig. 8(a)).
Because of the high surface area of 3D GNs, the particles of the
3D GNs do not cross the microchannels of the porous carbon
layer and thereby spread uniformly on the surface of the carbon
layer. Additionally, the dispersion of 3D GNs in chlorobenzene
acts as a dual performer to improve the device performance, as
the chlorobenzene also helps in the adduct formation during
the fabrication of PSCs.78 Once the fabrication of both the
4734 | Nanoscale Adv., 2021, 3, 4726–4738
devices was completed, J–V characteristics of the devices were
measured by using a Keithley 4200 semiconductor and solar
simulator AM 1.5G (class AAA, Photo Emission Tech.) for the
illumination purpose. Fig. 8(b) shows the J–V characteristics of
PSC devices D1 (reference) and D2 (carbon + 3D GNs). The
improvement in various device parameters has been observed
with the 3D GN-doped device (D2) as compared to the reference
device (D1) as shown in Table 1.

The recorded short circuit current (Jsc) for D1 is found to be
18.93 mA cm�2, whereas the 3D GN-doped device showed an
enhanced Jsc up to 20.34 mA cm�2. An improvement in open
circuit voltage (Voc) and ll factor (FF) has also been observed.
The Voc has been increased by 0.02 V and FF by 1.31%. As seen
from the energy level diagram, the VBM of 3D GNsmatched well
with the VBM of PSCs, which allowed smoother and effective
transportation of holes from the perovskite layer towards the 3D
GNs/carbon electrode. Thus, the introduction of 3D GNs within
the carbon electrode effectively retards the process of recom-
bination, which can be seen from the enhanced value of Voc
(Fig. 6(c)). Hence, the overall PCE has been increased from
11.04% to 12.40%. The performance enhancement in the 3D
GN-doped solar cell is attributed to the enhancement in
conductivity and reduced recombination within the device.
Further, the photocurrent (Jph) has been estimated to under-
stand the enhancement in device performance by subtracting
the dark current from the light current (Jph ¼ JL � JD) and
plotted against the effective applied bias Veff (V0 � V) on the
logarithmic scale for both devices D1 and D2 (Fig. 8(c)). The
effective bias has been evaluated by the subtraction of applied
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Device geometry of the 3D GN-doped PSC (b) J–V characteristics of PSC devices D1 (reference) and D2 (carbon + 3D GNs), and (c)
photocurrents for PSC devices D1 (reference) and D2 (carbon + 3D GNs).

Table 1 Different device parameters for both the devices D1 and D2

Device Jsc (mA cm�2) Voc (V) FF (%) h (%)

D1 18.93 0. 82 64.00 11.04
D2 20.34 0.84 65.31 12.40
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bias voltage from the compensation voltage (V0) where the
compensation voltage is the voltage at which the light current is
equal to the dark current, i.e., JL ¼ JD. The effective applied bias
implies the strength of the overall internal electric eld of
devices.79 Generally, such a plot has two prominent sections i.e.
diffusion and dri corresponding to the low and high electric
eld. For D1 the effective bias (V0 � V < 0.23 V) indicates that
a small electric eld exists within the device for which the
photocurrent increases almost linearly with the effective bias
and it tends to saturate aer 0.23 V which is governed by the
external eld and temperature dependent e–h pairs. For D2 the
inection point from linear to saturation occurs at 0.27 V which
is slightly higher than that of the reference device that refers to
the larger diffusion current within the 3D GN device leading to
better performance as compared to the reference device.

Thus, the overall study showed that the synthesis of 3D GNs
not only signicantly reduces the carbon footprint and envi-
ronmental pollution from waste plastics, but it also showed
© 2021 The Author(s). Published by the Royal Society of Chemistry
a potential solution by the process of upcycling to tackle the
problem of economy and energy crises in a very cost effective
manner.
4. Conclusion

In conclusion, we have successfully demonstrated the utility of
the process of upcycling for plastic waste management by con-
verting them into high quality 3D GNs for application in PSCs.
Raman spectroscopy, HRTEM analysis and XRD analysis
showed the presence of 1–2 layers of GNs within 3D GNs. The
3D GNs thus obtained are found to be conductive, and are
perfectly suited as an electrode material for PSCs. The band gap
obtained for 3D GNs showed that they could be perfectly used as
an electrode material for photovoltaic applications. A signi-
cant PCE of 12.40% was obtained for 3D GN-based PSCs, which
is found to be higher than those of carbon based PSCs having
a PCE of 11.04%. Further, all other device parameters such as
Jsc, Voc and FF were also found to be improved with the addition
of 3D GNs. The performance enhancement in the 3D GN-doped
solar cell is attributed to the enhancement in conductivity and
reduced recombination within the device. Further, the photo-
current study showed that the 3D GN device leads to better
performance as compared to the reference device due to the
larger diffusion current. Thus, the upcycling of waste plastics
Nanoscale Adv., 2021, 3, 4726–4738 | 4735
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into reduced graphene nanosheets and their exploitation for
application in energy conversion showed an effective and
potential way of tackling the problem of plastic waste in the
environment.
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