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A B S T R A C T   

A novel, scalable, single-step and low-synthesis temperature fabrication approach is proposed for real-time 
doping, reduction, and patterning of graphene oxide-based films supported on flexible polyethylene tere
phthalate (PET) substrate using a CO2 Laser system. Laser reduced graphene oxide (LrGO), nitrogen-doped laser 
reduced graphene oxide (N-LrGO), and sulfur-nitrogen co-doped laser reduced graphene oxide (SN-LrGO) planar 
supercapacitors (PSCs) are readily fabricated with the proposed approach. Structural and elemental character
izations prove the successful integration of nitrogen and sulfur atoms into the graphene framework with high 
contents up to 3.71 at% N and 1.82 at% S, and at a low density of structural defects. An areal capacitance as high 
as 13.8 mF cm− 2 at 10 mV s− 1 and a maximum power density of 151.7 mW cm− 3 at an energy density of 0.152 
mWh cm− 3 is achieved by SN-LrGO PSC composed of 10 interdigitated fingers with an excellent retention rate 
after 2000 charging/discharging cycles at 0.125 mA cm− 2. Furthermore, higher operating voltage window and 
current ratings are easily achieved via series and parallel combinations of SN-LrGO PSCs directly on the same 
substrate. This manifests the versatility of the proposed approach for producing flexible and high-performance 
graphene-based electrochemical storage devices.   

1. Introduction 

With the increasing demand on portable and wearable integrated- 
electronics, there has been a growing interest in flexible, high-power, 
and large-capacity energy-storage systems. The potential usage of con
ventional charge storage devices such as batteries in these types of ap
plications is currently limited due to their low-power capabilities, low 
charge/discharge rates, and short cycle-life. Planar supercapacitors 
(PSCs) are promising storage devices that have drawn great attention 
because of their high charge/discharge rate, long-life cycle, low main
tenance, and outstanding power density [1,2]. Supercapacitors have 
several applications in wearable and implantable electronics, portable 
integrated on-chip and electronic devices, memory protection, battery 
enhancement, portable energy sources, and military and aerospace ap
plications [1-4]. 

Unlike the conventional sandwich-structured supercapacitors, PSC is 

a kind of stand-alone power source recently received enormous atten
tion as a complementary unit or even a replacement for micro-batteries. 
Typically, PSC incorporates interdigitated thin-film electrodes stacked 
with each other and finger current collectors, while a solid or a semi- 
solid electrolyte is layered on the surfaces and in the interspaces of 
the electrode. Basically, electrode material plays a decisive role in the 
performance of the PSCs. Various materials have been explored as 
electrode material for interdigitated planar SCs including metals oxides/ 
hydroxides Such as MnO2, NiFe2O4, and Cu(OH)2 [5-7] carbonaceous 
materials such as CNFs and CNTs [8,9], conducting polymers such as 
PEDOT:PSS and polyaniline [10,11], and MXenes [12]. Hybrid electrode 
materials were also developed for interdigitated PSCs. For instance, L. Li 
et.al fabricated a highly-stretchable planar-SC from a hybrid multi
walled carbon nanotubes/polyaniline (MWCNTs/PANI) electrodes that 
attained a large areal capacitance of 44.13 mF cm− 2 and yielded a power 
density of 0.07 mW cm− 2 at an energy density of 0.004 mWh cm− 2 [13]. 
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Recently, Graphene has been extensively investigated as an electrode 
material due to its fascinating properties including high electrical and 
thermal conductivities, excellent mechanical strength, and high specific 
surface area [2,14,15]. Graphene is a two-dimensional carbon sheet that 
can be synthesized using different methods such as chemical vapor 
deposition (CVD), epitaxial growth, liquid-phase exfoliation, and elec
trochemical exfoliation [16-18]. However, these methods are known to 
be of low productivity that are not adequate for the mass production of 
electrical and electrochemical applications. Currently, large-scale pro
duction of graphene is achievable through the reduction of graphene 
oxide (GO) either by chemical or thermal methods [16,19]. Unfortu
nately, due to incomplete reduction or numerous structural defects, the 
quality of the produced graphene is far inferior compared to its coun
terparts from pristine graphene and physically grown graphene 
[18,20,21]. 

Alternatively, and due to the high-energy–density of its focused 
beam, the laser-based reduction is a versatile technique employed suc
cessfully to effectively reduce GO without the use of a reducing chemical 
agent and even without the need for high-temperature post-treatment. 
In the past decade, laser reduction of GO is extensively studied and the 
reduction mechanism was attributed to both the photochemical and the 
photothermal effects [22-26]. Laser reduced GO (LrGO) was first 
introduced in 2010 by Y. Zhang and his coworkers using femtosecond 
laser [27,28]. A breakthrough in laser reduction of GO was made by El- 
Kady et al. [29,30] who employed commercial LightScribe DVD drive 
for in-situ producing and patterning LrGO films via laser direct writing 
on GO/PET flexible substrate. With prolonged reduction time reached 
20 min and multiple laser reduction cycles, El-Kady increased the 
electric conductivity of the LrGO films up to 1738 S m− 1 and used these 
films for fabricating interdigitated PSC devices those achieve a 2.32 mF 
cm− 2 areal specific capacitance at 16.8 mA cm− 3. Later, Guo et al. 
significantly reduced resistivity of LrGO flexible electronic applications 
to be equals to 3.91 × 10-5 Ω m by modulating the oxygen contents in the 
reduced GO region via optimizing the power of the 780 nm femtosecond 
laser [25]. However, till now, the performances and rate-capabilities of 
the LrGO-based PSCs still lack behind its counterparts PSCs fabricated 
from different materials or even hybrid-rGO fabricated and patterned 
with the other fabrication methods [31]. 

Currently, it is well accepted that the incorporation of heteroatoms in 
the graphene framework is able to modify its chemical and electronic 
properties [32,33]. The incorporation of heteroatoms dopant modulates 
the electrical conductivity, surface properties, chemical reactivity, and 
mechanical properties of graphene, which are prerequisites for high- 
performance energy storage applications [15,34]. Although the 
outstanding enhancements in the performance achieved for the con
ventional SCs upon graphene doping, this region of research still not 
fully explored for laser processed interdigitated PSC devices. One of the 
first attempts was conducted by Z. Peng and his co-workers in 2015 for 
the fabrication of interdigitated PSC from boron-doped laser-induced 
graphene LIG (B-LIG) [35]. In their work, the B-doping is achieved by 
coating a condensed layer of boric acid on the polyamide (PI) substrate 
prior to subjecting the substrate to commercial CO2 laser writes. 
Although the novelty of the technique and the high attained areal 
capacitance of 16.5 mF cm− 2 (three times higher than non-doped de
vice), however, the complexity of the fabrication process may hinder the 
potential of this technique for mass production and practical applica
tions. Later in 2017 and in an attempt to simplify the fabrication process, 
A. Lamberti et al. achieved self-doping of LIG films on polyimide with 
nitrogen for planar-SC applications through modulating the 10.6 μm 
CO2 pulsed laser parameter, such as pulse frequency and scan speed 
[36]. However, the performance improvements of this method are 
limited by the very-low nitrogen doping level (<2.5 at%) resulted in the 
inferior electrochemical capacitance of the devices (~268 μF cm− 2). 

In this regard, we present here a scalable low-cost, fast processing, 
and low-temperature novel technique for simultaneous doping, reduc
tion, and patterning of GO films supported on flexible polyethylene 

terephthalate (PET) substrate for interdigitated PSC applications. Laser 
reduced graphene oxide (LrGO), nitrogen-doped LrGO (N-LrGO), and 
sulfur-nitrogen co-doped LrGO (SN-LrGO) films are successfully syn
thesized using laser scribing technique and single doping precursor. 
Thanks to the enormous number of defected sites evolved during the 
laser reduction process, also, the synergy between the S and N, higher 
doping levels (3.71 at% N, and 1.82 at% S) are easily realized. As a 
result, the produced doped films are found to depict higher electrical 
conductivity of 51 Sm− 1 and 176 Sm− 1 for N-LrGO, and SN-LrGO, 
respectively, much overcoming the 28 Sm− 1 measured for the undo
ped LrGO film. Interdigitated PSCs were successfully fabricated using 
the doped electrodes and tested by means of cyclic voltammetry (CV), 
galvanic constant current charge–discharge (GCCD), and electro
chemical impedance spectroscopy (EIS) measurements. The PSC fabri
cated from SN-LrGO recorded an approximately ten-fold increase in 
capacitance compared to PSC from pristine LrGO, where, the capaci
tance increased significantly from 1.15 mF cm− 2 for LrGO to 11.35 mF 
cm− 2 in the case of SN-LrGO at a current density of 0.125 mA cm− 2. All 
fabricated films also showed superior durability and mechanical flexi
bility such that the electric conductivity and the capacitance maintained 
their initial values after multiple bending and charging/discharging 
cycles. Furthermore, the impacts of increasing the number of interdigi
tated electrodes per substrate on the device performance as well as the 
series and parallel connection of multiple devices are also studied and 
found to be far practical. Hence, the proposed technique is proved to be a 
simple yet effective method to productively incorporate S and N atoms 
into graphene sheets with minimum defect density at low synthesis 
temperature for future on-chip flexible electronics. 

2. Experimental 

2.1. Materials 

Graphite powder with 5–20 μm grain size is purchased from Fisher 
Scientific, UK. Urea [CH4N2O, greater than99%] and thiourea [CH4N2S, 
greater than99%] are obtained from Sigma Aldrich, Germany. Phos
phoric acid (H3PO4) and polyvinyl alcohol (PVA, average Mw ¼ 85000 
g/mol) are purchased from Sigma Aldrich, Germany. All other chemicals 
are reagent grade and used as received without any additional purifi
cation. Polyethylene Terephthalate (PET) substrates with 100 μm 
thickness are commercially sourced. 

2.2. Preparation of GO, N-GO, and SN-GO films supported on PET 
substrate 

Graphite oxide was synthesized from graphite using the modified 
Hummer’s method [37,38]. The prepared Graphite oxide was dispersed 
in distilled water with an initial concentration of 3 mg ml− 1 by magnetic 
stirring. The graphite oxide dispersion is exfoliated into graphene oxide 
(GO) through ultrasonication for 1 hr using an ultrasonic bath which is 
followed by a mild ultrasonication for 2 hrs in an ice bath using a probe 
sonication. The doping process was performed by adding 20 wt% of urea 
in the case of N-doping and 20 wt% thiourea in the case of SN-doping to 
the graphene oxide solution right after bath ultrasonication and before 
the probe sonication step. The obtained GO-based solutions were 
centrifuged at 3000 rpm for 20 min to remove the non-exfoliated 
graphite oxide particles. Flexible PET substrates with dimensions 10 
cm × 10 cm, were first cleaned for 20 min by ultrasonication in ethanol 
and then rinsed with water. After drying at room temperature, the 
cleaned substrates were subjected to oxygen plasma treatment at 75 W 
for 10 min in order to enhance the adhesion of GO to the substrate. All 
GO-based solutions were drop-casted onto the pre-cleaned PET sub
strates then they were left to dry naturally at ambient conditions. 
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2.3. Fabrication of LrGO, N-LrGO, and SN-LrGO electrodes 

The simultaneous laser reduction, doping, and electrode patterning 
of the dried GO films are achieved in one step by using a high-powered 
10.6 μm CO2 commercial laser engraving machine (Versa LASER, VLS 
3.50) [26,39]. The optimized laser parameters used for our films pro
cessing are 3.5 W for power, and 18% of maximum laser speed using the 
standard 2-inch lens. The ultrasonication effect together with the 
localized heating induced by laser reduction leads to nitrogen and sul
fur/nitrogen to be incorporated into the reduced graphene oxide lattice 
structure this will be further explained in the materials forming mech
anism. A detailed illustration of the fabrication process of the electrodes 
is schematically depicted in Fig. 1(a). 

2.4. Assembly of planar interdigitated supercapacitors 

A PSC design having six interdigitated fingers is shown in Fig. 1(b). 
The gap between the fingers of the interdigitated electrode was kept 
constant, 1 mm; which is the maximum resolution that was obtained 
using our CO2 laser system. The width of the fingers was varied, from 
6.75 to 2.1, to bring electrodes with 4, 6, 8, and 10 interdigitated fingers 
as shown in supplementary information Fig. S5. Copper tape was applied 
to the common area of the interdigitated electrodes to make better 
contact with the potentiostat terminals then it was covered with Kapton 
tape to prevent short circuit. Finally, a layer of gel electrolyte was 
painted on the device and is left for 4 – 6 hrs. to completely wet the 
interdigitated electrodes. To prepare the gel electrolyte, 1 gm of poly 
vinyl alcohol (PVA) was dissolved in 10 ml of distilled water with 
vigorous stirring and heating to 85 ◦C until a clear solution is obtained. 
After it cools down, 0.09 mol of phosphoric acid (H3PO4) was added to 
the solution and stirred to form the gel electrolyte [40]. The whole PSC 
cell was wrapped using Kapton tape and became ready for electro
chemical measurements. 

2.5. Material characterization 

The morphology of LrGO-based films was determined using Scanning 
Electron Microscopy “SEM” (JEOL JSM-6010LV), and Transmission 
Electron Microscopy “TEM” (JEOL JEM-2010F). LrGO sheets were re- 

suspended in pure ethanol and the suspension was drop-casted on the 
copper grid for TEM measurements. To explore the structural properties 
and bonding configurations of the LrGO-based films; XRD, FT-IR, XPS 
and Raman spectroscopy measurement techniques were conducted. The 
XRD was performed with (Shimadzu, XRD-6100). The Raman scattering 
spectroscopy was measured with (Bruker, Senterra II) Raman micro
scope unit at an excitation wavelength λL = of 532 nm. The FTIR spectra 
were measured with (Bruker, VERTEX 70v) Spectrometer equipped with 
an ATR unit. XPS was collected on K-ALPHA (ThermoFisher Scientific, 
USA) with monochromatic X-ray Al K-alpha radiation − 10 to 1350 eV 
and spot size 400 μm at pressure 10-9 mbar with full-spectrum pass 
energy 200 eV and at narrow-spectrum 50 eV. 

The electrical conductivity σ (Sm− 1) of the films was measured 
employing a two-probe configuration using Keithley 2400 source meter 
unit and calculated from: 

σ =
L

RAt
(1)  

where; L (m) is the length of the film, R (Ω) is the resistance of the film 
equals to the inverse of the slope of IV curve and At (m2) is the cross- 
sectional area of the film which equals to width of the film multiplied 
by its thickness. A bending test rig was home built to test change in 
conductivity at different bending angles and bending cycles. The test rig 
is presented in supplementary information Fig. S2. 

2.6. Electrochemical measurements 

The electrochemical performances of the assembled supercapacitor 
devices were assessed using cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD), in addition to electrochemical impedance 
spectroscopy (EIS) electrochemical characterization tools using Versa
STAT4 potentiostat. The CV behavior of the electrodes was studied 
within a potential window of (0–1) V at scan rates of (10–100) mV s− 1. 
GCD measurements were carried out at constant current in the range of 
(0.029–0.2) mA cm− 2. The volumetric Cv (F cm− 3) and areal Ca (F cm− 2) 
specific capacitances, the Energy density E (Wh cm− 3) and the power 
density P (W cm− 3) of the tested PSC devices were calculated from GCD 
and EIS analysis results as reported in details in [41,42]. The effective 
area (including those of electrode fingers and gap between fingers) of 

Fig. 1. Schematic illustration shows the steps of the fabrication process of the electrode: drop-casting, laser reduction, and patterning process (a), the dimensions of 
the interdigitated electrode with four fingers (b), assembly of supercapacitor interdigitated PSC cell (c). 
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the PSCs was determined as 2.4 cm2, whereas the thicknesses of the 
active regions, measured using a confocal laser microscope, are 
approximately equal to 76, 64 and 63 μm for LrGO, N-LrGO and SN- 
LrGO electrodes, respectively. 

3. Results and discussions 

3.1. Morphology of LrGO-based films 

The surface morphology of the fabricated films was examined by 
SEM, Fig. 2(a–d). The image of pristine LrGO film, Fig. 2(a), shows 
typical mud-cracked like structure that result from the release of gaseous 
product by the deoxygenation of the GO film with photothermal 
reduction process [26]. Closer inspection, Fig. 2(b), shows that the film 
is made up of unordered 3D stacking of overlapped rGO nanoflakes. No 
change in the surface morphology of LrGO film was observed with N- 
doping and SN-co-doping, Fig. 2(c) and (d). In fact, the 3D structure and 
porous morphology is important for providing more accessible surface 
area for ion diffusion and hence better capacitive performance. To 
demonstrate the reliability of the proposed technique and the laser 
reducing effect, the cross-sections of the films were measured using 
SEM. The results are shown in the supplementary information, Fig. S1. 
Thicknesses obtained from SEM measurements were comparable to 
those measured using confocal laser microscope. The figures show that 
the thicknesses of the films were fully reduced by means of the laser 
scribing technique. Doped films showed lower thickness compared to 
pristine LrGO. This may be due to difference in thermal responses and 
thermal conductivities of the three materials towards laser localized 
heating effect [43]. The reduced thickness necessarily enhances super
capacitor gravimetric figures for example: gravimetric capacitance, en
ergy, and power densities. 

The 3D structure of the fabricated films was further characterized 
using TEM images, Fig. 2(e–h). The images disclosed a laminar 
morphology for all films. A significant reduction in surface corrugation, 
folding, of GO, Fig. 2(e), was noticed after laser reduction, Fig. 2(f). This 
is because most of the oxygen groups have been removed thus releasing 
some strain. Meanwhile, both N-LrGO and SN-LrGO films, Fig. 2(h) 
showed more surface corrugation compared to prisitne LrGO film, 
though more folding is observed in the SN-LrGO nanotructure, Fig. 2(h). 
This is due to the introduction of heteroatom, nitrogen atom and 
nitrogen-sulfur atoms into the graphitic structure which results in 
induced stresses upon exfoliation in the presence of foreign atoms. Due 
to the difference in the atomic size of S compared to C and N, the 
insertion of S into the plane of graphitic carbon is harder than N, and 
hence induces more stresses. It can, therefore, be said that doping with 

heteroatoms, particulary with SN-co-doping, generally disrupts the 
planar structure of the graphene sheets. 

3.2. Structural and compositional characterization of LrGO-based films 

Fig. 3(a) shows the XRD patterns of GO, LrGO, N-LrGO, and SN-LrGO 
films. The pattern for GO is distinguished by a sharp peak at 9.7◦, that 
correspond to the diffraction from the (001) plane. The patterns ac
quired by the LrGO, N-LrGO and SN-LrGO reveal the disappearance of 
the sharp (001) peak of GO along with an appearance of a single broad- 
peak located at 23.7◦, 25.6◦ and 25.7◦, respectively, assigned for the 
(002) plane typical characteristic of rGO. Using Bragg’s equation, the 
value of interlayer spacing (d) for GO is significantly reduced from 0.91 
nm to 0.375, 0.348 and 0.346 nm for LrGO, N-LrGO, and SN-LrGO, 
respectively. These changes indicate the recovery of the graphitic 
structure after successful removal of oxygen-functionalities from GO 
with laser treatment [44,45]. Meanwhile, the slightly lower d values for 
the N-LrGO and the SN-LrGO compared to the LrGO suggests the 
assisted-reduction role of the urea and thiourea for further reducing the 
GO [46]. 

The FTIR spectra collected from GO, LrGO, N-LrGO, and SN-LrGO 
films are shown in Fig. 3(b). The spectrum for the GO film is well 
indexed with the vibrational modes of the oxygen and hydrogen con
taining functional groups commonly attained by the GO [47]. After the 
laser treatment, the absorption bands related to the hydroxyl –OH 
(3448 cm− 1, 2960 cm− 1 and 1420 cm− 1), the carboxyl and the carbonyl 
C––O (1734 cm− 1), the epoxide C–O (1230 cm− 1), and the alkoxy 
C–O–C (1042 cm− 1) in GO are significantly reduced in the spectra of 
all examined films [26]. Meanwhile, a major peak related to the C––C 
stretching mode in the aromatic regions of carbon network is observed 
in all recorded spectra at 1615 cm− 1. This peak becomes more promi
nent with doping, confirming an efficient restoration of sp2-domains (π-π 
conjugation) of the graphitic structure. On the other hand, the spectra 
for the N-LrGO, and SN-LrGO films show minor absorption bands at 
1580 and 1151 cm− 1 assigned to the stretching vibration modes of the 
C––N bonds in the basal plane, and the C–N bonds in the secondary 
amides, respectively [48,49]. The spectrum for SN-doped film shows 
absorption bands at 772 and 604 cm− 1, typical of the thiophene–S 
(C–S–C) bond vibration and a band at 490 cm− 1 typical of sulfoxide 
form (SOX) [50]. No peaks related to direct bonding between N and S are 
detected in the spectrum of SN-LrGO film. These observations demon
strate that the N and S atoms are doped with different covalent bonding 
configurations in the rGO sheets. 

The acquired Raman spectra from the LrGO, N-LrGO, and SN-LrGO 
films are shown in Fig. 3(c), where they display the characteristic 

Fig. 2. SEM images of; LrGO film at low (a) and high (b) magnifications, and N-LrGO (c) and SN-LrGO (d) films at high magnification. High resolution TEM images of 
GO (e), LrGO (f), N-LrGO (g) and SN-LrGO (h) films. 
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disordered D-band, ordered G-band and 2D-band at around 1350, 1585, 
and 2690 cm− 1 for graphitic structures [51-54]. A down shift in the peak 
position and variation in intensity of the 2D band are observed by 
doping. The I2D/IG value gives perceptiveness about conversion of sp3 

carbon (which is a characteristic for unreduced GO) into sp2 carbon 
(that is indicative for graphitization) and number of exfoliated graphene 
layers, as well [55]. I2D/IG for LrGO, N-LrGO and SN-LrGO films ach
ieved values of 0.018, 0.82 and 0.87, respectively, revealing the transfer 
of the pristine LrGO film from multilayer to few-layered structure by 
doping, particularly with SN-doping. While, the ID/IG value is used to 
look into the nature and quantity of defects in the rGO sheets via 
defining the following terms; the average distance between defects 
(L2

D), defect density per cm2 (ƞD) and crystallite size (Lsp2) as per 
equations (2–4) [54,56–58]. Noticeably, the G band for the doped and 
co-doped samples undergoes a decrease in linewidth, which is 
commonly interpreted as a result of doping. Doping shifts fermi level 
away from the Dirac point, decreasing the probability of excited charge 
carrier recombination. The reduced recombination sharpens the G peak 
and decreases its FWHM. [59,60]. 

ηD =
2.4 × 1022

λ4
L

ID

IG
(2)  

L2
D

(
nm2) =

(
2.4 × 10− 9)λL

4
(

ID

IG

)− 1

, (3)  

Lsp2 =
560
E4

L

IG

ID
=

(
2.4 × 10− 10)λL

4
(

ID

IG

)− 1

(4) 

A closer inspection of the results in Table S1 reveals significant drop 
in ƞD along with a remarkable increase in the LD, and Lsp2 values is 
achieved by doping/co-doping. For instance, the LrGO, N-LrGO and SN- 
LrGO exhibited ƞD values of 2.26 × 1011, 1.1 × 1011 and 5.23 × 1010, 
respectively. While the LD values were 15, 22.8, and 32.87 nm and, Lsp2 
values were 25.3, 52.3, and 108.07 nm for LrGO, N-LrGO and SN-LrGO, 
respectively. Accordingly, the SN co-doping provided a best mean for 
modulating the structure of LrGO film towards lower defects density and 
larger size of graphite crystallite and hence more pathways for 
enhancing the electronic properties of graphene sheets at the atomic 
level. 

The content and bond configurations of dopants on the surface of 
LrGO sheets were analyzed using XPS and the acquired results are pre
sented in Fig. 4. The wide XPS spectra for the LrGO-based films, Fig. 4 
(a), show two major peaks are located at 285 and 532 eV corresponding 
to the C 1 s and O 1 s binding energies, respectively, and minor two 
peaks allocated at 164 and 400 eV matching the S 2p and N 1 s binding 
energies, respectively. The nitrogen content in N-LrGO and SN-LrGO 
films are found to be 1.98 and 3.71 at. %, respectively. While sulfur 
content in SN-LrGO film is 1.82 at. %. The simultaneous incorporation of 
S and N species in the presence of oxygen significantly modifies the 
surface chemistry of carbon leading to considerably higher doping 
levels. The synergetic effect between N and S occurs through carbon 
atoms in neighboring hexagonal rings in a graphene sheet [44,48,61]. 

The C 1 s high-resolution spectra for LrGO in Fig. 4(b), was decon
voluted and fitted into 4 sub-spectra with peaks located at 284.4, 285.4, 
288.1, and 289.8 eV corresponding to C––C in sp2 domain, C–C in sp3 

domain, C––O and O–C––O. The C1s of N-LrGO Fig. 4(c) was 

Fig. 3. XRD patterns (a), FTIR (b) and Raman spectra (c) for GO, LrGO, N-LrGO, and SN-LrGO films.  
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deconvoluted into 4 peaks corresponding to C––C Sp2 (284.16 eV), C-C 
sp3 (285.2 eV), the peak at 285.7 eV is attributed either to C–O or sp2 
hybridized C–N, and the peak at 287.2 eV corresponds to C––O or sp3 
hybridized C–N bonds that are formed through the C–O–C bonds [62- 
64]. For SN-LrGO Fig. 4(d), the peaks are located at 284.28, 285.28, 
285.6, and 287.8 eV corresponding to sp2 hybridized C––C , sp3 hy
bridized C–C , sp2 hybridized C–N/C–S/C–O, and C––O or sp3 C–N/ 
C–S bonds that are formed through the C–O–C bonds, respectively 
[44,65,66]. The sp3 to sp2 carbon ratio for LrGO sample is decreased 
from 0.96 to 0.15 and 0.08 for N-LrGO and SN-LrGO films, respectively. 
This further confirms the extra recovery of sp2 carbon domains with the 
use of urea/thiourea dopant precursors. 

The N 1 s high-resolution peak of the N-doped samples, 4(e) and (f), 
are deconvoluted into three components at 398.9, 399.9, and 401.8 eV 
corresponding to pyridinic N, pyrrolic N, and graphitic N species, 
respectively [64]. In pyridinic N, the N atom is located in sp2 hybridized 
bonding with two neighbor C atoms, while in graphitic N, the C atom is 
substituted by N atom in the basal plane of graphitic sheets. For the 
pyrrolic N, the N atom is sp3 hybridized in a five-member ring, which 
indicate that the pyrrolic N should locate out-of-plan or at the edges of 
the basal plane of the rGO layer as schematically presented in Fig. 5. The 
fractions of pyrrolic N, pyridinic N, and graphitic N in the N-LrGO 
sample are estimated to be 44.35, 28.68, and 26.96%, respectively, and 
70, 11.6, and 17.9%, respectively, in the SN-LrGO sample. This indicates 

that most of the incorporated nitrogen atoms have the pyrrolic N 
bonding configuration and its fraction is increased when it is co-doped 
with sulfur atoms. 

The high-resolution of S 2p spectrum is shown in Fig. 4(g). The S 2p 
peak is deconvoluted into three peaks, namely, S 2p3/2 (C–S–C) at 
163.5 eV corresponding to the thiophene type bond, S 2p1/2 (S––C) at 
164.9 eV, and (sulfoxide) SOx groups at 168.7 eV [44,66]. Since the 
atomic size of S is quite larger than that of C and N, the insertion of S in 
the plan of carbon graphitic lattice is harder than N, and hence the S- 
configurations are expected to be allocated at the edges of graphene 
sheet, as illustrated in Fig. 5 [67]. 

Summarizing the above results, GO prepared by chemical exfoliation 
approaches can be regarded as O-doped graphene material. The abun
dant oxygen functional groups and defects in GO can act as reactive sites 
for the doping of other heteroatoms. A large number of structural defects 
are produced in the basal plane of rGO sheets with the removal of ox
ygen functional groups via using the photo thermal reduction technique. 
Making use of such defected sites, heteroatoms are effectively intro
duced to the basal plan and active edges of graphitic sheets, Fig. 5. As 
evidenced by the FTIR and XPS analyses, the doped N and S atoms are 
covalently bonded in different bonding configurations to the carbon 
atoms; N (pyrrolic N, graphitic N, and pyridinic N), S (thiophene S, and 
sulphoxides). The N-doped LrGO film exhibits dominating pyrrolic N, 
compared to graphitic N and pyridinic N. Because of the similar bond 

Fig. 4. XPS survey wide spectra for LrGO, N-LrGO and SN-LrGO films (a); High resolution C 1 s spectra from LrGO (b); N-LrGO (c) and SN-rGO (d) films; High 
resolution N 1 s spectra from N-LrGO (e) and SN-LrGO (f) films; High resolution S 2p spectrum from SN-LrGO sample (g). 

A. Hamed et al.                                                                                                                                                                                                                                 



Applied Surface Science 551 (2021) 149457

7

lengths of C–N (1.41 A) and C–C (1.42 A), the sp2 bonded pyridinic N 
and graphitic N configurations exert a marginal strain on the planar 
structure of the basal plane of graphitic sheets. In contrast, the sp3 

bonded pyrrolic N disrupts the planar structure of graphene and leads to 
the visible corrugated morphology shown in Fig. 2(g) and (h). The co- 
doping of N and S atoms create synergistic effects via inducing higher 
level of N-dopant atoms and promoting more contribution from pyrrolic 
N, besides sulfurizing the active edges of graphene sheets. These effects 
seem to release more strain in the basal plane of graphitic sheets and 

hence leads to more corrugated morphology, Fig. 2(h). Finally, it worthy 
to mention that the invasion of N and S dopant atoms the carbon sheets 
was found not only to incorporate into structural defects of sheets but 
also intercalate among them, promoting better reduction and exfolia
tion, and preventing of layer restacking. This produced doped LrGO 
sheets with a fewer number of graphene layers, lower defects (larger 
inter-defect distance and lower defects density) and an extra recovery of 
C––C in sp2 carbon domains. These results indicate the effectiveness of 
our novel approach for the in-situ doping/co-doping in the carbon 

Fig. 5. Schematic representation of in-situ doping with N and SN atoms and laser assisted reduction of the GO-based films.  

Fig. 6. I-V curves (a); change in conductivity versus bending angle (b); conductivity versus bending cycles up to 500 cycles (c) for LrGO, N-LrGO and SN-LrGO films.  
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framework of GO via photothermal reduction method. 

3.3. Electrical conductivity measurements 

The electrical behavior of the reduced films was studied by I-V 
analysis are shown in Fig. 6. The linear behavior of the I-V curves, Fig. 6 
(a), for all films confirms their Ohmic behavior and represents a plat
form to calculate the electrical conductivities (σ). The deduced σ values 
for LrGO, N-LrGO, and SN-LrGO films are 28, 51, and 176 Sm− 1, 
respectively. The increase in σ value from LrGO to N-LrGO and SN-LrGO, 
is attributed to the effect of heteroatoms doping and can be accounted 
for three contributing factors, namely; an increase in carrier concen
tration, decrease in defect density and an increase in interconnectivity, 
and electron mobility between the doped-LrGO sheets. In this regard, the 
pyrrolic-N and thiophene groups allocated at the edges and out of the 
basal plane of graphitic sheets, produce more corrugated surface and 
prevent layer restacking. This results in an increase in interconnectivity, 

conjugation of the LrGO sheets and surface area, consequently 
increasing electron percolation [66,68,69] and hence contribute the 
observed improvement in the conductivity of SN-LrGO film. In addition, 
the higher polarizability of S compared to N due to its larger atomic size 
results in higher tendency of S has to donate electrons, this can be 
related to the ultimate enhanced conductivity of SN-LrGO film [66]. 

To verify the flexibility and durability of the films, the electrical 
conductivity is measured under different bending angles (10◦-90◦) and 
cycles. The measured electrical conductivities for the three films 
impressively remain almost unchanged even at the maximum bending 
angle of 90◦, Fig. 6(b), or after 500 bending cycle at 45◦ bending angle, 
Fig. 6(c), revealing the excellent robustness of the films. 

3.4. Electrochemical performance of LrGO-based films 

To evaluate the impacts of simultaneous reduction, in-situ doping 
and patterning and on the capacitive performance of pristine LrGO, N- 

Fig. 7. Electrochemical performance of LrGO, N-LrGO and SN-LrGO; (a) comparative CV profiles at 50 mV S-1 (a); charge/discharge curves at current density 0.125 
mA.cm− 2 (b); change in volumetric specific capacitance at different scan rates (c); change in areal Specific capacitance different current densities (d); Nyquist plots in 
the frequency range 100 kHz–100 mHz (e); Ragone plot (f); Electrochemical Stability performance at current density of 0.125 mA cm− 2 (g). 
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LrGO and SN-LrGO films, a series of comparative electrochemical 
measurements were conducted on symmetric PSC cells made of these 
films, Fig. 7. Each cell is composed of six interdigitated electrodes and 
covered with PVA-H3PO4 gel electrolyte, as shown in Fig. 1. 

The comparative CV curves for the LrGO, N-LrGO and SN-LrGO cells 
were measured at a scan rate of 50 mV s− 1, Fig. 7(a). The CV for the 
LrGO cell has a rectangular shape typical of EDLC behavior, while those 
for N-LrGO and the SN-LrGO cells show ellipsoid shape that implies the 
contribution of extrinsic pseudocapacitive effect aroused from hetero
atoms dopants. Additionally, the CV curves for the cells made from 
doped LrGO films, particularly SN-LrGO cell, have larger enclosed 
integration areas than that delivered by LrGO cell, demonstrating the 
superiority of doped-LrGO cells as PSCs. This is in an agreement with 
previous reports that indicated doping of graphene with heteroatoms 
beneficially creates an extrinsic pseudocapacitive effect, which en
hances carriers concentrations, electrons transfer, and improves wetta
bility of graphene in an aqueous electrolyte [44,48,70,71]. 

The galvanic charge–discharge (GCD) profiles of the fabricated cells 
were also measured at a current density of 0.125 mAcm− 2, Fig. 7(b). The 
profile for LrGO cell shows a symmetric triangular form, implying the 
dominance of EDLC as the main capacitive mechanism. The profiles for 
the N-LrGO and SN-LrGO cells show a slight curvature, less steepness 
and lower IR drop along with an increase in the discharge time in their 
discharge curves, confirming the Faradic contribution of heteroatoms in 
the capacitive mechanism and reduction of the overall internal cell 
resistance. The variations in extracted specific capacitance volumetric 
(CV) and areal (Ca) versus scan rates and the discharge current densities 
are plotted in Fig. 7(c) and (d), respectively. As seen, capacitance values 
are typically decreased with increasing the current density and scan 
rate. Quantitatively, SN-LrGO PSC manifests the highest value of Ca that 
equals to 11.35 mF cm− 2 (Cv 1.8F cm− 3) at a current density of 0.125 
mA cm− 2, whereas N-LrGO and LrGO recorded 5.87 mF cm− 2 (Cv 0.9 F 
cm− 3) and 1.15 mF cm− 2 (Cv 0.15F cm− 3), respectively. 

On the other hand, the N-LrGO and the SN-LrGO cells show, sup
plementary information Fig. S3, wider current densities measuring 
range from 0.029 mA cm− 2 up to 0.2 mA cm− 2 higher than that for the 
LrGO cell (0.029 mA cm− 2 up to 0.125 mA cm− 2). This indicates the 
higher rate capabilities and improved columbic efficiencies of the 
doped-LrGO cells, particularly the SN-LrGO cell, such that they can 
effectively charging and discharging at low current density as well as 
high current density.The higher capacitive performance for the doped 
samples correlates to the pseudocapacitance effect resulting from pyr
rolic N and the reversible redox reactions of the sulfur dopant species 
(sulfone and sulfoxides) in addition to their effect on the improved 
wettability of graphene [44,48,61]. 

On the other hand, The EIS measurement was also used to better 
understand the electronic and ionic conductivities of the fabricated PSC 
cells. Nyquist plots of the three cells acquired in the frequency range 
100 kHz–100 mHz are shown in Fig. 7(e). The Nyquist plots are con
sisting of a high-frequency region semicircle and a low-frequency linear 
part with approximately 45◦ declination angle for the Warburg imped
ance (ZW), which is the typical plot for porous electrode used in energy 
storage application [41,42]. The intersection of the high-frequency part 
of the plot with real impedance x-axis represents the equivalent series 
resistance (RESR) which is accounted for the ionic resistance of the 
electrolyte, the intrinsic resistance of the active material, and the con
tact resistance at the interface between the active material and the 
current collector. The diameter of the semicircle is corresponding to the 
charge transfer resistance (Rct) caused by the charge transfer process at 
the electrode/electrolyte interface. The estimated RESR values for the 
cells with LrGO, N-LrGO, and SN-LrGO electrodes are 301, 262, and 114 
Ω, respectively. Meanwhile, the deduced Rct values for the LrGO, N- 
LrGO and SN-LrGO cells are 31, 20 and 7 Ω respectively. This confirms 
the easier charge and electron transfer across doped-LrGO/electrolyte 
interfaces than at pristine LrGO/electrolyte interfaces. These results 
are in full agreement with our findings from XPS where the larger 

content of pyrrolic N in the doped and co-doped films contributes to the 
improved wettability of graphene [44]. 

Ragone plot is a relation between the volumetric energy (Ev) and the 
volumetric power (Pv) densities that examined over a wide range of 
charge/discharge current densities, Fig. 7(f). Obviously, the energy 
storage of the SN-LrGO cell is located at the top right of the Ragone plot, 
outperforming those of the N-LrGO and LrGO cells. For instance, at 
0.125 mA cm− 2 a maximum energy density of 0.4 mWh cm− 3 vs a power 
density 3.95 mW cm− 3 is obtained for the SN-LrGO cell, which is higher 
than 0.144 mWh cm− 3 vs 3.26 mW cm− 3 and 0.0125 mWh cm− 3 vs 3.76 
mW cm− 3 for the N-LrGO and LrGO cells, respectively. 

The overall performance of the fabricated cells was further investi
gated by measuring their electrochemical stability. Fig. 7(g) presents the 
cycle stability test of PSCs cells through frequent charging and dis
charging up to 2000 cycles at current density of 0.125 mAcm− 2. The 
insets of Fig. 7(g) display the last 6 charging and discharging cycles of 
each cell. After 2000 cycles, the SN-LrGO, N-LrGO, and LrGO cells 
retained 99.2, 97.0 and 94% of their initial capacitances, respectively, 
with no apparent distortion in shape of the last tested charge/discharge 
cycles. 

In brief, the enhancements in the electrochemical capacitances of 
LrGO film by N doping and SN co-doping are attributed to the synergism 
between the EDLC and pseudo-capacitance mechanisms [49]. The 
contribution of the EDLC comes from the increase in the electrical as
pects of the unique graphene framework, while the contribution of the 
pseudo-capacitance is stemming from the Faradaic redox reaction be
tween non graphitic bonding configurations (pyrrolic-N, and sulfoxides 
species) of dopants and the ions of the electrolyte [34,44,67]. Moreover, 
the outstanding electrochemical stability indicates that the novel laser 
assisted doping method of the LrGO film presented here enhances not 
only the electrical and the electrochemical properties of the LrGO-based 
devices, but also promotes the durability and reversibility of the fabri
cated cells. A summary for the electrochemical testing results of the 
three cells is summarized in Table 1, where it reveals that the SN-LrGO 
cell exhibits the best performance. Furthermore, SN-LrGO cell was able 
to maintain similar capacitive performance after severe and continual 
bending, supplementary information Fig. S4. 

To put these results in perspective with current research, we have 
compared our results to previously reported results of micro- 
supercapacitors and the results are summarized in Table S2. Interest
ingly, the outstanding results achieved from our developed devices 
especially the areal capacitance Ca are superior to the reported values in 
literature for EDLC micro-PSC, with values in the range of 0.4–2 mFcm− 2 

[30,72,73]. For instance, the Ca attained by the SN-LrGO PSC is superior 
to values previously reported for EDLC, pseudo-, and hybrid micro 
supercapacitors: 1.7 mF/cm2 for carbon onions [74], Laser scribed 
graphene PSC (2.32 mF cm− 2) [30], oxygen plasma (3 mF cm− 2 for 
Holey-PANI/exfoliated graphene) [75], 2.16–5.1 mF/cm2 graphe
ne–CNT [76,77], 4.76 mF/cm2 for vanadium disulfide nanosheets [78], 
and 8 mF/cm2 for molybdenum disulfide [79] and even comparable to 
that laser-induced graphene (16.5 mF cm− 2 for B-LIG) [35] fabricated in 
the micro-scale and with a much thinner thickness ~ 25 μm. Although, 
and due to resolution limitations of the commercial CO2 laser engraving 
machine, we couldn’t obtain an interspacing of interdigitated electrodes 

Table 1 
Summary of electrochemical parameters for the fabricated cells. The specific 
capacitance, energy density and maximum power density were calculated with 
6-interdigitated electrodes at 0.125 mA cm− 2.  

PSC LrGO N-LrGO SN-LrGO 

Cv (mF cm− 3) 152 916 1801 
Ca (mF cm− 2) 1.15 5.87 11.35 
RESR (Ω) 301 262 114 
Rct (Ω) 7 20 31 
EV (mWh cm− 3) 7.5 × 10-3 0.074 0.18 
PV (mW cm− 3) 7.23 24.5 48.6  
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below 1 mm, but we were able to obtain remarkable high values for the 
capacitance, and retention rates with our developed materials. Howev
er, we believe that the simple approach presented in this study for the 
simultaneous doping and reduction of GO supported on flexible sub
strates opens a way for large scale production of efficient graphene- 
based flexible storage devices. The rate capability and the power den
sity for such devices suggested to be greatly improved if an interspacing 
in micrometer scale can be reached using high-resolution laser systems 
as well as the employment of ionic liquid electrolytes [30]. 

To realize a miniaturized cell of SN-LrGO PSC and to obtain good 
control over the voltage and current output, the effects of changing the 
number of the interdigitated electrodes per unit area along with series 
and parallel combinations of PSCs were investigated. The impact of 
changing the number of the interdigitated electrodes per unit area on the 
capacitive performance of the SN-LrGO cell was investigated. Four 
interdigitated architectures composed of 4, 6, 8 and 10 electrodes were 
studied. The interspacing between these fingers was fixed at 1 mm, 
while the width of the fingers varied accordingly, supplementary in
formation Fig. S5 and S6. According to previous reports, increasing the 
number of electrodes per footprint area typically enables a larger access 
area for the electrolyte along with a reduction in the average migration 
distance for the ions and an increase in the electron transfer dynamics 
[30,39]. SN-LrGO PSC composed of 10 fingers achieved an areal 
capacitance (Ca) equals to 13.8 mF cm− 2 calculated at 10 mV S-1, which 
translates to Cv value of 2195 mF cm− 3. These values are significantly 
higher than those of the 4 fingers cell with Ca equals to 8.3mF cm− 2 and 
Cv is1320 mF cm− 3. 

In order to obtain good control over the voltage and current output 
and to meet the desired requirements by different applications, series 
and parallel combinations of PSCs are usually suited to increase the 
operating voltage window, stored energy, and the discharge time [80]. 
For this regard, we employed our novel technique to fabricate a flexible 
and lightweight power bank array composed of series (S) and parallel 
(P) combinations of SN-LrGO cells, with 6 interdigitated electrodes, 
seeking higher voltage ratings. Using the CO2 laser reduction technique, 
an array based on SN-LrGO and composed of nine cells (3 cells con
nected in series × 3 cells in parallel) was directly fabricated in a single 
step as schematically presented in Fig. 8(a). The CV curves of single cell, 

3 cells connected in series (3S), 3 cells connected in parallel (3P), and 
the whole nine cells array (3Sx 3P), Fig. 8(b), were traced at 100 mV s− 1 

and the corresponding GCD profiles are shown in Fig. 8(c). As seen, the 
operating voltage window was extended to 3 V for 3S cells and the (3S ×
3P) bank compared to 1 V for the single cell. Also, the parallel combi
nations enhance the capacitance behavior such that the enclosed area 
within CV curve was increased significantly for the 3P and the (3Sx3P) 
bank. Additionally, the discharge time was increased to ~ 4 times that of 
a single cell, whereas the IR drop was decreased significantly upon the 
parallel combination of the SN-LrGO cells. In Fig. 8(d), 4S cells were 
used to light a Red LED. Thus, the attained results firmly confirm the 
flexibility and the controllability of our novel method for the fast pro
duction of flexible and highly-performance supercapacitor arrays for 
span of different applications. 

4. Conclusions 

In conclusion, we have developed a single-step and low-cost fabri
cation approach for the real-time doping, reduction, and patterning of 
flexible GO/PET under ambient conditions for planar supercapacitors 
(PSCs). The method negates the need for high synthesis temperature and 
aggressive chemicals associated with current existing doping methods. 
The doped (N-LrGO) and co-doped (SN-LrGO) electrodes can be scalably 
produced and exhibited high N atoms and SN atoms contents, respec
tively, and lower structural defects which result in outstanding en
hancements in the electrical and electrochemical performances 
compared to the pristine LrGO electrode. The electrochemical results 
showed that the areal specific capacitance and the volumetric energy 
density of the SN-LrGO-based PSC at different power density signifi
cantly outperforming those of N-LrGO and LrGO at different current and 
power densities. A maximum performance of an areal specific capaci
tance of 13.8 mF cm− 2 and a high-power density of 151.7mW cm− 3 at an 
energy density of 0.152 mWh cm− 3 are achieved with PSC comprises 10 
interdigitated electrodes at 1 mm interspacing. Besides, the stability and 
bending tests showed outstanding flexibility and capacitance retention 
for the SN-LrGO device which showed no apparent change in its intrinsic 
electrical conductivity and sustained more than 99% of initial capaci
tance after 2000 cycling test. Furthermore, the versatility of our novel 

Fig. 8. Fabrication process for an array of 9 cells connected in series (S),parallel (P) and (3P × 3 Ss) combinations (a); CV curves measured at 100 mVs− 1(b), GCD 
profiles (c), for a single cell, 3 cells connected in series (3S), 3 cells connected in parallel (3P), and 3Sx3P array, a Red LED is lightened by a 4S array (d). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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developed technique was successfully tested in the fast fabrication of a 
complete array encompass nine PSC device. In principle, the devised 
technique is considered promising for mass production of flexible het
eroatom doped-LrGO films with tailored properties having great appli
cation prospects. 
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