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chemically reduced graphene
oxide for high performance EMI shielding materials

Ramy Sadek, a Mohammad S. Sharawi,b Charles Dubois,a Hesham Tantawy c

and Jamal Chaouki*a

The chemical reduction process of graphene oxide combined with a mild and controllable thermal

treatment under vacuum at 200 �C for 4 hours provided a cost-effective, scalable, and high-yield route

for Reduced Graphene Oxide (RGO) industrial production and became a potential candidate for

producing electromagnetic interference (EMI) shielding. We investigated graphite, and RGO using L-

ascorbic acid and Sodium borohydride before and after thermal treatment by carefully evaluating the

chemical and morphological structures. The thermally treated L-ascorbic Acid reduction route (TCRGOL)

conductivity was 2.14 � 103 S m�1 and total shielding efficiency (SET) based on mass loadings per area of

shielding was 94 dB with about one-tenth less graphite weight and surpassing other graphene reduction

mechanisms in the frequency range of 8.2–12.4 GHz, i.e., X-band, at room temperature while being

tested using the waveguide line technique. The developed treatment represents valuable progress in the

path to chemical reduction using a safe reducing agent and offering superior quality RGO rarely

achieved with the top-down technique, providing a high EMI shielding performance.
1. Introduction

The fast dissemination of portable communication devices,
such as satellite communication, automobile collision preven-
tion radar, accident surveillance of a railroad and millimetre-
wave wireless local area network (mmw LAN), has caused
amassive increase in electromagnetic interference (EMI) and its
negative inuence on living creatures (e.g., symptoms of
insomnia, headaches, heart attack, blood pressure, brain tumor
and joint pain)1,2 and interrupted the regular functioning of
sensitive electronic devices (e.g., medical health recovery
equipment and airplane ight cabin equipment).3,4 Conse-
quently, researchers are trying to nd reliable solutions by
developing electromagnetic interference (EMI) shielding mate-
rials that can attenuate the electromagnetic waves to the highest
degree possible by either reection, absorption, or both, start-
ing with traditional EMI shielding materials (e.g., sheet metals,
metallic screen, and metallic foam) to advanced EMI shielding
materials, such as conductive polymers, carbon nanotubes
(CNTs), and graphene, which had been developed to overcome
the drawbacks of traditional EMI shields by providing light-
weight, exible, corrosion resistant, low cost and durable
shields.5,6
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The shielding effectiveness (SE) of a material is expressed in
decibels (dB) and can be categorized as poor for SE # 10 dB,
acceptable between 10 to 30 dB and high when it exceeds 30 dB
since the adequate range for industrial and commercial appli-
cations is around 20 dB.7

Since its freestanding isolation in 2004 by Geim and Novo-
selov,8 graphene attracted scientists' interest as a shield agent
with the advantage of its high electrical conductivity and
excellent thermal stability. Therefore, many techniques had
been developed to produce single-layer graphene and reduced
graphene oxide (RGO).9 The RGO is an attractive alternative to
single-layer graphene but covalently functionalized with oxygen-
containing groups (e.g., hydroxyl, carbonyl), which may be
regulated via chemical engineering depending on the required
application.10,11 It can be easily prepared with a high yield
through the top-down chemical synthesis technique, starting
with graphite oxidation, then exfoliation, followed by reduction,
which is considered a convenient route for large-scale RGO
production. Remarkably, Marcano et al. reported a valuable
development in Hummers' method for graphene oxide (GO)
preparation known as the improved Hummers' method (IGO).12

The GO has low conductivity due to the oxidation/exfoliation
processes due to the defects in its structure. Therefore,
different reduction protocols, such as chemical (CRGO or RGO),
thermal (TRGO), electrochemical (ERGO), and hydrothermal
(HTRGO), are applied individually or in combination to regulate
the GO structure and produce the reduced graphene oxide.
These techniques enhance the RGO conductive properties and
provide diverse RGO qualities with uncommon results for the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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same application.13–15 This work focuses on the chemical and
thermal reduction protocols with a high yield and scalability
advantage including the ability to ne-tune the amount of
oxygen by regulating the experiment conditions during the
oxidation and reduction process.16,17

The chemical reduction techniques are commonly used for
RGO production by applying several reducing agents, such as
hydrazine,18 sodium borohydride,19,20 L-ascorbic acid.21,22, etc.
Different reductants lead to different RGO structures altering
their properties over several applications.23,24 Hydrazine (N2H4)
was the rst reducing agent used to produce RGO at low
temperature, but its toxicity and potential to cause explosions
have limited its use for mass production,25,26 while sodium
borohydride (NaBH4), the most used effective reducing agent,
was developed by Gao et al. through a simple and effective two-
step reduction process by deoxygenation through NaBH4 fol-
lowed by dehydration with concentrated sulfuric acid.19 Still, the
release of ammable gases and the possibility of spontaneous
ignition, due to the evolution of hydrogen gas during prepara-
tion, require a lot of care and safety awareness during mass
production.9 The L-ascorbic acid, also known as vitamin C,
motivated Zhang et al. to deploy it as a reducing agent to have
the advantage of its antioxidant property, high chemical
stability in solvents, and to avoid using hazardous reductants,
but its mild reductive ability made it less attractive in compar-
ison with other reducing agents for EMI shielding
applications.21,22

Thermal reduction methods are used as an effective alter-
native route, usually to reduce the GO directly to produce the
thermally reduced graphene oxide (TRGO) and its quality
depends on the thermal treatment conditions, which require
high temperatures up to 2000 �C under certain environments
(e.g., argon, hydrogen) that make it critical and sometimes
crucial to the product quality.27,28 Additionally, the GO is
hydrophilic and its separation from the aqueous medium is
a challenging task since any treatment other than freeze-drying
causes uncontrolled partial reduction, which will compromise
the nal quality and the required production repeatability when
applying the thermal reduction.29

This study focuses on the development of the chemical
reduction approach where a stable RGO structure is offered and
easily separated followed by thermal treatment at 200 �C under
vacuum for 4 hours to develop a high quality and repeatable
reduced graphene oxide while clarifying the tolerance of the
treatment based on the different types of employed reductants
(i.e., L-ascorbic acid and NaBH4) depending on their reduction
mechanisms. The chemical and morphological structures were
evaluated via transmission electron microscopy (TEM), scan-
ning electron microscope (SEM), X-ray diffraction (XRD), ther-
mogravimetric analysis (TGA), Fourier transform-infrared
(FTIR) spectra, and RAMAN spectroscopy. In addition, the
electrical conductivity and EMI shielding effectiveness were
assessed through the 4-point probe method and a vector
network analyzer (VNA), respectively. It also provides a step
forward for the future development of top-down methods to
achieve cheap, feasible, high quality, lightweight EMI shielding
© 2022 The Author(s). Published by the Royal Society of Chemistry
materials in several applications, such as coatings, lms,
sheets, and paints.

2. Materials and preparation methods
2.1 Materials

Graphite powders were used as the starting material without
any pre-treatment, sulphuric acid (H2SO4, ACS reagent, 95.0–
98.0%), phosphoric acid solution (H3PO4, 85 wt%), hydrochloric
acid (HCl, ACS reagent, 37%), CS reagent L-ascorbic acid,$99%,
sodium borohydride powder,$98.0%, and ACS reagent sodium
carbonate powder, $99.5% were purchased from Sigma-
Aldrich. Hydrogen peroxide (H2O2, ACS reagent, 30%) and
ACS potassium permanganate (KMnO4) were purchased from
VWR for the GO preparation. Acetone, >99.5%, and ACS grade
reagent alcohol 94.0–96.0% were purchased from Fisher
Scientic and used for washing processes.

2.2 Synthesis of GO

Improved Hummers' method was implemented to synthesize
the graphene oxide from the graphite powder.12 An amount of
2 g graphite was blended in a 500 ml beaker that contains
240 ml sulfuric acid (H2SO4) and 26 ml phosphoric acid
(H3PO4). Then, 12 g potassium permanganate (KMnO4) was
added slowly in portions while stirring to avoid particle coag-
ulation and heat accumulation and to ensure a thorough
dispersion. The mixture was le to cool down and then agitated
for 2–3 days until the formation of a viscous product. The
mixture was added in portions to 3 L of distilled water (DW)
while stirring at 400 rpm with a magnetic stirrer for 1 hour.
Aerward, 10% hydrogen peroxide (H2O2) was prepared and
added drop by drop through a titration funnel until the solution
color turned a yellowish-orange. The mixture was stirred for
20 min. GO particles were washed by decantation 3 times with
15% hydrochloric acid (HCl), to minimize the impurities and
prepare the GO suspension for the chemical reduction process.
The preparation procedure, starting from graphite and going
through oxidation and exfoliation, known as the improved
Hummer's method, passes through some important visual
changes reecting the progress of the reaction, as shown in
Fig. 1 (see caption for the identication of steps).

2.3 Synthesis of RGO

2.3.1 L-Ascorbic acid. L-Ascorbic acid (LAA) solution was
prepared by adding 5.3 g LAA in 300 ml of DW. The solution was
added all at once to the GO solution while it was being stirred
with a magnetic stirrer. The mixture was stirred at 600 rpm and
80 �C for 4 hours. Aer precipitation, RGO was washed with DW
three times and one time with acetone. The RGO was collected
using a Buchner ltration setup then dried in a vacuum desic-
cator. This reduction protocol product was noted as RGOL and
its thermally treated counterpart as TCRGOL. Fig. 2(a) illus-
trates the RGO sample through chemical reduction using L-
ascorbic acid while Fig. 2(b) shows the same sample aer
thermal treatment, which claries the great impact on the
material structure.
RSC Adv., 2022, 12, 22608–22622 | 22609
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Fig. 1 Graphene oxide reaction process: (a) graphite sample, (b) oxidation process, (c) graphene oxide exfoliation, (d) GO.

Fig. 2 Visual inspection of: (a) RGOL and (b) TCRGOL.
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2.3.2 Sodium borohydride. The GO solution's PH was
measured and adjusted to 9 by adding 300 ml of (2.5 M)
sodium carbonate (Na2CO3) solution while it was being mixed
using a magnetic stirrer at 360 rpm. Seven grams of sodium
borohydride (NaBH4) were gradually added to the solution to
avoid a sudden hydrogen evolution. Aer the complete addi-
tion, the mixture was le to agitate at 700 rpm and 95 �C for 2
hours. Aerward, it was washed 3 times using DW then two
times with acetone and ltered to recover the partially reduced
graphene oxide. Once dried, the partially reduced graphene
Fig. 3 Visual inspection of: (a) RGOB and (b) TCRGOB.

22610 | RSC Adv., 2022, 12, 22608–22622
oxide particles were submitted to a nal dehydration step in
100 ml of concentrated sulphuric acid (H2SO4) while being
stirred at 400 rpm at 120 �C for 1 hour. Finally, the mixture was
decanted and washed three times with DW, and acetone fol-
lowed by a Buchner setup to gather the RGO before drying in
a vacuum desiccator. The reduction technique using the
sodium borohydride product was noted as RGOB while its
thermally treated form is TCRGOB. Fig. 3(a) and (b) shows the
same RGO sample using the sodium borohydride (NaBH4)
chemical reduction route as prepared and aer the thermal
treatment, respectively.
3. Characterization methods
3.1 Morphological

3.1.1 Scanning electron microscope (SEM). The
morphology of graphite and RGOs was studied using a scanning
electron microscope/energy-dispersive X-ray (SEM/EDX) Hitachi
TM3030 Plus tabletop microscope operated at 15 kV.

3.1.2 Transmission electron microscope (TEM). Sample
morphologies were carried out using a TEM, JEOL JEM-2100F
transmission electron microscope operating at 200 kV.
Samples were suspended in a methanol solution, then a drop of
each sample was placed on a copper-coated carbon lm grid
(FCF-150-Cu) to obtain the image of the studied samples.
3.2 Crystallinity: XRD

A Bruker D8 Advance X-ray diffractometer equipped with
a LYNXEYE linear position-sensitive detector (Bruker AXS,
Madison, WI) was employed to record the samples' XRD
patterns. The data collection was from 3 to 60� in a range of 2q
with an increase of 0.02� per step and the scanning rate was 0.2�

s�1. The Cu-Ka source X-ray wavelength (l ¼ 0.15418 nm) was
operated at a tube voltage of 40 kV and a current of 40 mA in the
diffractometer. Powder samples were placed in a thin layer on
a zero-background silicon crystal plate supported on a cup.
3.3 Thermal stability

The thermogravimetric analysis (TGA) of 5 mg was carried out
using TA Instruments Q-50 starting from room temperature to
800 �C with a heat rate of 5� min�1. Nitrogen gas ow was
maintained at 20 ml min�1 in the reaction chamber as well as
a similar ow to purge the balance chamber.30
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.4 Electrical conductivity

The Magnetron m-800 equipment equipped with a Jandel four-
point probe (probe spacing 1 mm and 1013 ohms resistance
between needles at 500 volts) connected to an Agilent B2902A
voltage–current source measuring unit was used to measure the
sample's electrical conductivity as pressed pellets at room
temperature. Circular-shaped pellets with dimensions of
20 mm in diameter and 0.27 � 0.09 mm in thickness were
prepared by pressing 0.142 � 0.037 g samples at 150 MPa for
1 min. Three pellets were produced for each sample for a total of
15 pellets and measured ve times to obtain the mean values of
the conductivity.

Current–voltage (I–V) measurements were carried out via
Agilent B2902A over a voltage range of 0.01 to 0.07 V with 0.01 V
stepwise. The I–V values were collected, then the sheet resis-
tance (Rs) was calculated as in eqn (1). Also, the shape correction
factor (CF) was illustrated in eqn (2) to evaluate the conductivity
(s) in [S m�1] of the studied samples following eqn (3).31,32

Rs ¼ pDV

lnð2ÞI (1)

CF ¼ lnð2Þ

lnð2Þ þ ln

�
d2

s2
þ 3

�
� ln

�
d2

s2
� 3

� (2)

s ¼ 1

Rs � t� CF
(3)

where Rs is the sheet resistance in [ohm per square], CF is the
circular shape unit less the correction factor, d is the circular
sample diameter in [mm], s is the distance between probes in
[mm], s is the conductivity in [S m�1] and t is the sample
thickness in [m].
3.5 Chemical analysis

3.5.1 Fourier-transform infrared spectroscopy (FTIR). The
graphite and reduced graphene oxide samples as dry powders
were characterized for chemical constituencies with the Perki-
nElmer Spectrum 65 FT-IR Spectrometer equipped with an
attenuated total reectance (Miracle ATR) mode. The 64
samples' scan spectra were collected between 4000 cm�1 and
900 cm�1 with 4 cm�1 resolution.

3.5.2 RAMAN. The RAMAN spectrometer is a powerful tool
used to identify the bonds and the structure of graphite and
graphene-related materials with 3main distinct peaks known as
D, G, and 2D bands located at 1360, 1600, and 2730 Raman
shi cm�1, respectively. The G band refers to the relative
vibrational motion of sp2 hybridized carbon atoms. The D band
arises due to the presence of structure disorder, defects, func-
tionalization, and doping while the 2D band is usually observed
as a sharp single peak for single-layer graphene with an I2D/IG
ratio equal to 2. The 2D band broadens at low intensity for
multilayer graphene and reveals valuable data about layer
nonuniformity, the expected number of layers, relative orien-
tations, and different layer stacking through peak deconvolu-
tion using the Lorentzian curve tting.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Raman spectra were performed on dry powder samples using
the WITec RAMAN spectrometer equipped with an alpha300
access microscope with a motorized stage, which moves in
planar (x–y-direction), CCD detector, and 1800 grooves per mm
for optical grating.

The laser source was a 532 nm UHTS300S_GREEN_NIR laser
with 18 mW of power. The sample spectra were obtained at
532.143 nm excitation wavelength with 100X: Zeiss EC Epiplan-
Neouar, WD0.31 mm, NA 0.9 DIC. The integration time was 10
seconds, and the number of accumulations was 20. Measure-
ments were done in 5 different spots for each evaluated sample
considering the most relevant spectrum. It is worth mentioning
that the 2D band can be signicantly different with different
excitation laser frequencies. Accordingly, the same excitation laser
frequency was applied for measurements and characterization.

3.6 Electromagnetic shielding

The Keysight PNA-X Network Analyzer Model N5247B was used
to evaluate the electromagnetic shielding measurements over
the X-band from 8.2 to 12.4 GHz at the Poly-Grames research
center. The scattering S-parameters reection and transmission
parameters (e.g., S11, S12, S21, and S22) were gathered through
two open-ended waveguides (WR-90) connected with a sample
holder lled with samples as shown in Fig. 4(a), where the
dimension of the cross-section of the waveguide and the sample
holder was 22.86 mm � 10.16 mm. For measurement accuracy,
the network analyzer was calibrated by the Thru-Reect-Line
(TRL) calibration.33

The sample holders were lled with graphite and different
RGOs as a compressed powder with different known quantities
with thicknesses ranging from 1 to 3 mm using a Carver
hydraulic press under 25 MPa for 1 min. The sample formation
as a compressed powder inside the WR-90 waveguide sample
holder is shown in Fig. 4(b). The average transmission losses
(TL) in decibels (dB) for each sample were evaluated regarding
the concentration per unit area (g cm�2). This representation
has been adopted to provide an explicit model for shielding
efficiency evaluation and the loaded materials, considering the
proportionality between the SE, the shield thickness, and the
density factor per unit area out of the width.34

The reection, absorption, and total shielding efficiencies
(i.e., SER, SEA, and SET) were calculated over the X-band
frequency as expressed in eqn (4)–(9).35

T ¼
�
ET

Ei

�2
¼ S12

2 ¼ S21
2 (4)

R ¼
�
ER

Ei

�2
¼ S11

2 ¼ S22
2 (5)

A ¼ 1� T � R

1� R
(6)

SER ¼ 10 log(1 � R) (7)

SEA ¼ 10 logð1� AÞ ¼ 10 log

�
T

1� R

�
(8)
RSC Adv., 2022, 12, 22608–22622 | 22611
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Fig. 4 EMI waveguide: (a) measurement setup and (b) front and back views of filled sample holders.
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SET ¼ 10 log

�
T

1� R

�
þ 10 logð1� RÞ (9)

where A, R, T are the absorbance, the reectance, and the
transmittance coefficients, respectively, and the S are the scat-
tering parameters. The SET, SER, and SEA are the total, the
reection, and the absorbing shielding efficiencies.
4. Results and discussion
4.1 Morphology

Graphite and different RGO morphologies were studied by SEM
and TEM micrography as illustrated in Fig. 5. Fig. 5(a) is
a typical graphite SEM image where the particles have a coarse
and consistent shape. The image of RGOL in Fig. 5(b) shows
some wrinkles reecting a degree of sheet exfoliation due to the
chemical treatment while aer the thermal treatment the
TCRGOL reaches a higher degree of exfoliation with a smoother
and uffy surface as shown in Fig. 5(c). The RGOB and TCRGOB
both have nearly the same morphological appearance with
a higher degree of exfoliation in comparison to RGOL, which
has a crumpled or wavy silk-like structure elucidated in Fig. 5(d)
and (e), respectively.

Additionally, the TEM provides images where the sample
akes become detectable. The graphite sheets (Fig. 5(f)) show
a coherent particle shape, which becomes a wrinkled ake with
a smooth surface aer the chemical exfoliation for RGOL
22612 | RSC Adv., 2022, 12, 22608–22622
(Fig. 5(g)) and RGOB (Fig. 5(i)), as well the thermally treated
samples of TCRGOL and TCRGOB in Fig. 5(h) and (j), respec-
tively. At the 60k magnication level, the major difference
between the reduced forms of graphene is the transparency of
the sheet surface, which correlates with the thickness of the
particle. So, the TCRGOL sheet wasmore transparent than other
samples suggesting the fewest number of layers.

At the 5 nm scale, the graphene sheets can be observed by
looking for where the graphene sheet folds over itself at the
edges as the planes become parallel to the electron beam
causing the appearance of fringes, which are visible dark lines
forming the sheet thickness marked by the red arrows on
Fig. 5(k)–(o). The lattice fringes (d-spacing or Dd) represent the
interplanar spacing (dhkl). The sum of all fringes represents the
whole layer thickness indicated by the two red lines (d). All
dimensions were measured using the soware ImageJ V1.53k.36

Consequently, it is possible to detect the number of layers (N) by
implementing the correlation between the observed thickness
and the interlayer spacing illustrated by eqn (10).37

N ¼ d ½nm�
Dd ½nm� (10)

Table 1 summarizes the data evaluated from the TEM anal-
ysis. The thickness was recorded by averaging 5 different spots
for each sample and the interlayer spacing was calculated from
Bragg's law using X-ray diffraction (XRD) results for accurate d-
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02678c


Fig. 5 SEM and TEM images of graphite and different RGOs. SEM images [30 mm] (first raw): (a) graphite, (b) RGOL, (c) TCRGOL, (d) RGOB, and (e)
TCRGOB. TEM images [200 nm] (second raw): (f) graphite, (g) RGOL, (h) TCRGOL, (i) RGOB, and (j) TCRGOB. TEM images [5 nm] for layer
thickness identified with red arrows (third raw): (k) graphite, (l) RGOL, (m) TCRGOL, (n) RGOB, and (o) TCRGOB.

Table 1 Summary of TEM data analysis of graphite and different
reduced graphene oxides

Sample
Layer thickness
[nm]

Number of
layers C/O ratio

Graphite 15.5 � 3 >50 0.98
RGOL 9.5 � 0.3 �25 0.76
TCRGOL 2.3 � 0.2 �7 0.88
RGOB 4.9 � 0.1 �14 0.86
TCRGOB 4.5 � 0.2 �13 0.82
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spacing values (Table 2). Also, the carbon to oxygen ratio was
evaluated to detect the restoration of the graphitic structure in
comparison to graphite.38,39 By applying eqn (10), the number of
layers was estimated where the RGOL had 25 layers and RGOB
was 14 layers. A high impact was observed aer the thermal
treatment following the L-ascorbic acid reduction route (i.e.,
TCRGOL) providing 7 layers, while the sodium borohydride
approach (i.e., TCRGOB) was 13 layers. Graphite is known for its
Table 2 The crystallinity index (CI) and interplanar spacing (dhkl) from
XRD data

Sample
Crystallinity
index (%) d-Spacing (nm)

Graphite 81 0.334 @ (002) peak
Graphene
oxide

66 0.873 @ (001) peak

RGOL 50 0.369 @ (002) peak
TCRGOL 30 0.368 @ (002) peak
RGOB 48 0.371 @ (002) peak
TCRGOB 53 0.359 @ (002) peak

© 2022 The Author(s). Published by the Royal Society of Chemistry
high number of stacked layers, which are bonded together by
van der Waals forces and the TEM shows one stack of graphite
particles. The high deviation value of the tested thickness
increases the uncertainty of delivering its number of layers and
makes it difficult to estimate the accurate number of layers. It
has, however, a high number of not less than 50 layers.

The carbon to oxygen ratio (C/O ratio) was determined by
applying energy-dispersive X-ray spectroscopy (EDS), correlating
the average area under the curve of detected carbon and oxygen
content of the material on a copper grid zone (three different
spots for each sample) to estimate the expected restoration of
graphene layers. It was found that the TCRGOL scores 89.5% of
the starting material graphite surpassing the other reduction
studied protocols. It is obvious that the proposed reduction
protocol had a great inuence on the nal desired RGO struc-
ture, and the excess thermal treatment procedure should be
considered with care as it may alter the nal product based on
the employed reducing agent.
4.2 XRD characterization

Fig. 6(a) conrms the successful transformation of graphite to
GO aer treatment with the improved Hummers' method. The
graphite characteristic diffraction peak (002), located at 2q ¼
26�, is transformed to the graphene oxide peak at 001 with an
angle of 2q ¼ 10�.40

The XRD patterns of both reduced graphene oxide using L-
ascorbic acid RGOL and sodium borohydride RGOB and their
thermally treated equivalents are shown in Fig. 6(b). Aer the
chemical reduction, RGOL and RGOB patterns showed 2q¼ 24�

while the GO characteristic peak at 10� peak remained visible.
The relative intensity of the 2q ¼ 24� peak for the RGOB pattern
reects that the sodium borohydride (NaBH4) is a more effective
reducing agent than the L-ascorbic acid.41 Aer the thermal
RSC Adv., 2022, 12, 22608–22622 | 22613
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Fig. 6 XRD patterns: (a) graphite and graphene oxide (GO) and (b) graphite and different reduced graphene oxides.
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treatment of both reduced forms (i.e., TCRGOL and TCRGOB),
the peak at 2q ¼ 10� disappeared while the 2q ¼ 24� persisted
indicating the transformation to an amorphous structure.42 The
XRD pattern characteristic peak of TCRGOL and TCRGOB at 2q
¼ 24� matched 002 to establish the removal of functional
groups and the expected partial recovery of the graphite-like
structure.43 The crystallinity index (CI) was considered to
detect the crystallinity percentage of the studied samples as
follows:44

CI ¼ Ac

Ac þ Aa

(11)

where Ac corresponds to the area of the crystalline peaks while
Aa is the area of the amorphous peak. Furthermore, Bragg's
relation was applied to calculate the interlayer spacing (d).

nl ¼ 2d sin q (12)

where n is the order of diffraction equal to 1, l is the X-ray
wavelength (l ¼ 0.154 nm), d is the spacing between the
planes of given Miller indices (hkl), and q is the peak position.45

Table 2 shows that the crystallinity structure becomes more
amorphous with the restoration of graphene layers conrming
that the chemical/thermal reduction route based on LAA (i.e.,
TCRGOL) is promising while the d-spacing calculation claries
the typical graphite interspacing value (�0.34 nm) between the
layers, which dramatically increases with the oxidation and exfo-
liation treatment (i.e., improved Hummers' method) due to the
introduction of the functional group expanding the space between
the layers. Aer the reduction process, the spacing decreases
reecting the expected removal of functional groups.46,47
Fig. 7 Thermogravimetric analysis (TGA) for graphite and different
reduced graphene oxides.
4.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was conducted to detect the weight
loss and thermal stability of graphite and different reduced forms
22614 | RSC Adv., 2022, 12, 22608–22622
of GO (i.e., RGOL, RGOB, TCRGOL, and TCRGOB). Fig. 7 indicates
that the RGOL and RGOB, respectively, have 40% and 23%weight
loss at 200 �C. The weight losses are due to water vapor evolution
and the thermal decomposition of unstable oxygen-containing
functional groups, such as hydroxyl, carbonyl, and alkoxy
groups at the RGO's edges to produce CO, CO2, and H2O.48,49 As
the temperature increases, the remaining oxygen-containing
groups (e.g., epoxy) start to evolve releasing more CO and CO2

gases. This process creates distortions in the graphitic layer
structure creating new structural defects in RGO layers.50

In light of this analysis, the chemically reduced graphene
oxides (i.e., RGOL and RGOB) were thermally treated in a furnace
at 200 �C under vacuum (1.5 bar) for 4 hours to obtain a higher
degree of graphene sheet exfoliation depending on the pressure
© 2022 The Author(s). Published by the Royal Society of Chemistry
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produced from the H2O, CO and CO2 evaporation. The produced
samples were noted as TCRGOL and TCRGOB. Aer thermal
treatment, the thermal stability of thermally treated RGO
increases up to 500 �C, which is in agreement with the rule that
the RGO's thermal stability increases with lower defects present
in the layer structure.51 Above 500 �C, all samples start to deteri-
orate resulting in a highly defective layer structure due to the
decomposition and sublimation of the carbon backbone.52,53
Fig. 8 FTIR spectra of graphite and RGOs samples.
4.4 Electrical conductivity characterization

The conductivity (s) of the studied samples at room tempera-
ture is demonstrated in Table 3. Graphite electrical conductivity
was in the order of �104 [S m�1] scoring a value of 2.21 � 104 [S
m�1].54,55 Aer the improved Hummers' process and the
formation of GO, the electrical conductivity decreases dramat-
ically �0.5 [S m�1]. Upon the reduction, the electrical conduc-
tivity will be restored depending on the present amount of
oxygenated functional group attached to the graphene
layers.56,57 The L-ascorbic acid as a reducing agent produces the
RGOL with 1.58 � 103 [S m�1] and increased to 2.14 � 103 [S
m�1] aer the thermal treatment. The sodium borohydride
reduction approach RGOB is 2.04 � 103 [S m�1] while aer the
thermal treatment the electrical conductivity decreases slightly
with the value of 1.99 � 103 [S m�1] due to the graphitic struc-
ture deterioration. Different reduction protocols lead to
different RGO structures depending on their oxidation level
and, hence, change in their electrical conductivity.

It is well-known that the evaluation of RGO's electrical
conductivity as a compressed powder is a challenging task since
they are anisometric particles with a high surface area and,
consequently, a high number of particle contacts affecting the
bulk conductivity and lowering its values beyond the graphite.
The values are therefore incomparable with graphite yet it
remains practical for the sake of comparison with different
RGO's when developing a new reduction synthesis protocol for
carbon-based materials.58

The TCRGOL reduction protocol developed in this study
provides the highest electrical conductivity value (2.14 � 103 [S
m�1]) over the other studied reduction approaches reecting its
high quality which enhances its performance with high expec-
tations for a novel lightweight EMI shielding material.
4.5 Fourier transform infrared (FTIR) spectroscopy analysis

FTIR spectra of the graphite and RGO samples prepared with
different reduction mechanisms are presented in Fig. 8 where
Table 3 The electrical conductivity with a standard deviation of
reduced graphene oxides using different reduction protocols

Sample
Conductivity
(S m�1)

RGOL 1575 � 30
TCRGOL 2142 � 23
RGOB 2036 � 26
TCRGOB 1989 � 20

© 2022 The Author(s). Published by the Royal Society of Chemistry
the red line claries the vibrational stretching of C]C (v C]C),
which represents the RGO structure quality. First, the graphite
peaks appear at 1570 cm�1 and 1220 cm�1 assigned for the
vibrational stretching of C]C (v C]C) and vibrational
stretching of C–O (v C–O) epoxy groups, respectively. The pres-
ence of the epoxy group claries that the starting material is
a defected graphite.59

The L-ascorbic acid as a reducing agent provides the RGO
structure with (–OH) groups located at 3560 cm�1, the vibra-
tional stretching of C]O (v C]O) at 1720 cm�1, the vibrational
stretching of C]C (v C]C) at 1570 cm�1, the bending vibration
of C–OH (d C–OH) at 1400 cm�1, and nally two vibrational
stretching C–O (v C–O) groups of epoxy and alkoxy at 1220 and
1040 cm�1, respectively. Aer the thermal treatment for RGOL
samples, the structure was enhanced by restoring the vibra-
tional stretching of C]C (v C]C) at 1570 cm�1 while the
vibrational stretching of C]O (v C]O) at 1720 cm�1, the
vibrational stretching of C]C (v C]C) at 1570 cm�1, and the
vibrational stretching C–O (v C–O) epoxy groups at 1220 cm�1

are still present. This reects the idea that the thermal treat-
ment for RGO prepared by L-ascorbic acid is still able to exfoliate
where the (–OH) groups, (d C–OH) and the alkoxy groups have
evolved in the form of gaseous products (e.g., CO, CO2, and
H2O), providing sufficient pressure for more exfoliation to the
graphene layers. Under these treatment conditions the RGOwas
able to restore the graphene structure and the quality was
enhanced.

The sodium borohydride, which presents a different reduc-
tion mechanism, offers RGO with (–OH) groups, the vibrational
stretching of C]O (v C]O), the vibrational stretching of C]C
(v C]C), the bending vibration of C–OH (d C–OH) and the
vibrational stretching of C–O (v C–O) epoxy and alkoxy groups at
3560 cm�1, 1720 cm�1, 1570 cm�1, 1400 cm�1, 1220 and
1040 cm�1, respectively. From these results there is no doubt
RSC Adv., 2022, 12, 22608–22622 | 22615
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Table 4 The oxygenated functional groups of graphite and RGO
samples

Sample
Wavenumber
(cm�1)

Transmittance
(%)

Functional
groups

Graphite 1237 96.9 (v C–O) epoxy
1517 98.9 (v C]C)

RGOL 1043 87.8 (v C–O) alkoxy
1221 88.3 (v C–O) epoxy
1406 95.5 (d C–OH)
1571 93.7 (v C]C)
1724 94.8 (v C]O)
3566 94.4 (–OH)

TCRGOL 1204 84.2 (v C–O) epoxy
1568 86.3 (v C]C)
1728 94.8 (v C]O)

RGOB 1044 92.9 (v C–O) alkoxy
1220 94 (v C–O) epoxy
1423 95.4 (d C–OH)
1573 95.3 (v C]C)
1721 94.2 (v C]O)
3527 97.5 (–OH)

TCRGOB 1236 96.3 (v C–O) epoxy
1572 97 (v C]C)
1728 94.6 (v C]O)

Fig. 9 RAMAN spectra of graphite and RGOs.
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that the sodium borohydride is more efficient and favoured as
a reducing agent in comparison with L-ascorbic acid. On the
contrary, the tailored thermal treatment for RGOB increased the
defective structure by evolving the CO and CO2 gases and
deteriorating the graphene layer structure. Table 4 summarizes
the FTIR analysis data for the studied samples.

From FTIR results, we can indicate that the developed
thermal treatment for the L-ascorbic acid reduction route
samples enhanced its quality with few defects while it was not
effective for the other reduction mechanism under similar
treatment conditions. So, the L-ascorbic acid reduction mech-
anism's type or any other similar mechanism is preferred to be
thermally treated aer the chemical reduction.
4.6 RAMAN spectroscopy analysis

RAMAN spectra were collected for graphite and reduced gra-
phene oxide samples to detect detailed information about the
graphitic structure and evaluate the reduction process.60

RAMAN data are presented in Fig. 9. All samples have D, G, and
2D bands located at �1350, �1600, and �2700 cm�1, respec-
tively. The G band represents the relative vibrational motion of
the sp2 hybridized carbon atom's graphitic structure. The D
band intensity increases with the disorder in the sp2 hybridized
carbon and defects present in the structure and reects the
strongly applied chemical treatment to the graphite. The ratio
between the D and G bands (ID/IG) indicates the graphitization
level of the carbonaceous samples and the highly intense peaks
allow the implementation of a peak-to-peak height ratio. The
low ratio conrms the successful reduction in restoring the
graphitic structure, which provides better electrical conductivity
and a higher shielding performance.61,62 The 2D band is always
presented with graphitic samples and there is no need for
22616 | RSC Adv., 2022, 12, 22608–22622
defects to activate, like in the D band. It originated from the
double-resonance impact, including a two-phonon scattering
procedure, and represents the non-uniformity, number of
layers, relative orientation, and different stacking. In contrast to
the single graphene layer, the chemically reduced graphene
oxides are distinguished with a broad 2D peak that covers from
2400 to 3100 cm�1 and usually consists of four components,
2D1B, 2D1A, 2D2A, and 2D2B. The broadness is due to the pres-
ence of a lattice disorder and layer defects.63,64

Graphite (e.g., the starting material) had an intense sharp G
peak at 1585 cm�1 with the presence of D peak at 1351 cm�1,
and with ID/IG equal to 0.34, which conrms it is defective
graphite. It has a typical 2D peak at 2725 cm�1 and consists
of two components, 2D1 and 2D2, with an I2D/IG ratio equal
to 0.25.

The RGOL had a G peak detected at 1598 cm�1, and a D peak
at 1357 cm�1, with an ID/IG ratio of 0.87. This increase was
related to the presence of functional groups. While it has
a broad 2D band characterized by 3 noticeable peaks located at
2719, 2928, and 3181 cm�1 with an I2D/IG ratio of 0.15, the
broadness and low intensity of the 2D peak mean that we have
a multilayer graphene structure. On the other hand, the RGOB
peaks (G and D) were found at 1595 and 1357 cm�1, respectively,
and the ID/IG ratio was 0.99, which reects the presence of
a highly defective structure and doping due to its reduction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 G and 2D peaks FWHM values of graphite and RGOL,
TCRGOL, RGOB and TCRGOB

Sample
FWHM (G)
peak

FWHM (2D)
peak

Graphite 19.9 77.1
RGOL 81.7 463.9
TCRGOL 67.8 539.5
RGOB 77.7 486.9
TCRGOB 75.2 514.1
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mechanism,9 even though it had a broad 2D band with two
visible peaks at 2719, and 2922 cm�1 and an I2D/IG ratio of 0.1.

The thermal treatment of these RGO samples behaves
differently. The TCRGOL RAMAN spectrum reveals an
enhancement to the graphene structure with a G peak at 1600
and a D peak at 1359 cm�1, and an ID/IG ratio of 0.84. Also, its 2D
peak broadness slightly changed as we detected two peaks at
2710 and 2926 cm�1, and the I2D/IG ratio was 0.16. The TCRGOL
RAMAN results clarify that the thermal treatment done in this
study did not increase the defects and enhanced its exfoliation
providing a better graphene structure. Whereas the TCRGOB ID/
IG ratio was 1.12 with G and D peaks at 1600 and 1356 cm�1,
respectively, its barely remarkable broad 2D band at 2731 and
Fig. 10 Raman curve fitting (a) Lorentzian curve fitting of graphite and R

© 2022 The Author(s). Published by the Royal Society of Chemistry
2924 cm�1 with a 0.05 I2D/IG ratio reects that the thermal
treatment causes a massive defect in the structure following the
sodium borohydride reduction protocol. Moreover, the spectra
GOs, (b) 2D band curve fitting.

RSC Adv., 2022, 12, 22608–22622 | 22617
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were tted using the Lorentzian curve tting and full width at
high maximum (FWHM) were retrieved to conrm the
results.63,64

Fig. 10(a) illustrates the Lorentzian curve tting for graphite,
RGOL, TCRGOL, RGOB, and TCRGOB with 4, 5, 6, 7, and 5 tted
peaks, respectively. However, the 2D peak curve tting is
magnied and demonstrated in Fig. 10(b) where the graphite
had a typical 2D band consisting of two peaks. In this study, the
2D band constituents for RGOL, TCRGOL, RGOB, and TCRGOB
will be focused on the two major intense peaks known as 2D1A
at 2700 cm�1 and 2D2A at 2920 cm�1, where the rst reects an
indication about the number of layers and relative orientations
while the later indicates the layer defects and its different
stacking.65–67

The RGOL has a higher intense 2D2A peak than 2D1A (the
ratio ¼ 1.8) suggesting the presence of layer defects or different
stacking due to the presence of functional groups in the lattice.
The TCRGOL exhibits a more exfoliated structure with a nearly
relative peak ratio between 2D1A and 2D2A and equal to 1.1
while the RGOB is 1, providing evidence for the enhancement of
the graphene structure. At this point, we should consider the 2D
band height intensity that provides an advantage to the
TCRGOL samples. The TCRGOB presents one peak at
2723 cm�1 with a very low intensity (I2D/IG ¼ 0.05) reecting the
truth about the criticality of the thermal treatment that starts to
cause deterioration in the required graphitic structure. Finally,
Table 5 summarizes the full width at height maximum (FWHM)
for G and 2D peaks. According to the literature, the FWHM of
the G peak increases when the disorder and defects increase,
while the FWHM of the 2D peak increases with a decrease in the
number of layers.68,69

The TCRGOL sample displays the lowest FWHM G peak and
highest FWHM 2D peak values indicating that the thermal
treatment for RGO samples reduced by L-ascorbic acid has
relatively few defects and fewer layers than all the studied
samples. These results conrm the advancement of the tailored
reduction protocol based on the L-ascorbic acid, with
Fig. 11 Graphite and RGOs transmission losses with linear relation ident

22618 | RSC Adv., 2022, 12, 22608–22622
expectations of high performance in many applications, espe-
cially for EMI shielding materials.

4.7 Electromagnetic measurements

The application of graphite and RGO's samples for EMI
shielding production will be investigated as a compressed
powder under appropriate forming conditions to evaluate the
materials' shielding efficiency (SE) over the X-band (8.2–12.4
GHz) by a VNA line transmission waveguide method. The
samples' SE behavior will be expressed in correlation to the
employed amount per unit area (mass per area) known as areal
density or area density (rA). Furthermore, the samples will be
investigated as a ller in some commercial matrices, such as
silicon rubber and epoxy resins to conrm its SE behavior in
composites.

Fig. 11 elucidates the transmission losses (TL) in decibels
(dB) for the studied samples as a compressed powder in
a waveguide sample holder in terms of area density. Each
sample was evaluated and linearly tted with three different
quantities. The TCRGOL exhibits a �94 dB average (TL) value
over the X-band with 0.08 g cm�2 while the highest (TL) value
was �98 dB scored with 0.6 g cm�2 of graphite. So, the TCRGOL
exhibits the highest TL over all the other reduced graphene
forms even surpassing the RGOB transmission losses by 175%
applying the same areal density. The TCRGOL is a step forward
for the nal weight of the shielding products by providing the
same total shielding efficiency (SET) with 13% of required
graphite amounts as demonstrated in Fig. 11(a).

The SET is based on the ability of the materials to absorb the
incident electromagnetic waves rather than reection. Fig. 12(b)
illustrates the absorption shielding efficiency (SEA) of the
evaluated samples.

The SET and SEA behavior of the highest load capacity of
each sample over the X-band are presented in Fig. 13(a) and (b),
respectively. The TCRGOL's total shielding efficiency perfor-
mance is steady and stable over the X-band and equal to 94 dB
with a 1 dB deviation. The detailed data of all studied
compressed samples are shown in Table 6.
ification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Averaged shielding effectiveness (SE) over the X-band from 8.2 to 12.4 GHz: (a) total (SET), (b) absorbance (SEA), the error bars represent
standard deviations.

Fig. 13 Shielding effectiveness (SE) over the X-band from 8.2 to 12.4 GHz: (a) total (SET), (b) absorbance (SEA).

Table 6 Summary of averaged shielding effectiveness (SE) values of
graphite and RGOs over the X-band

Sample
Area density
(g cm�2) SER (dB) SEA (dB) SET (dB)

Graphite 0.2 13 � 2 26 � 1 39 � 2
0.4 12 � 2 62 � 5 74 � 4
0.6 14 � 1 84 � 6 98 � 6

RGOL 0.2 6 � 1 7 � 1 13 � 1
0.4 4 � 1 12 � 1 16 � 1
0.6 4 � 1 27 � 1 31 � 1

TCRGOL 0.04 7 � 1 52 � 2 59 � 2
0.06 7 � 1 70 � 3 77 � 3
0.08 11 � 2 83 � 2 94 � 1

RGOB 0.04 11 � 1 22 � 1 33 � 1
0.06 12 � 1 34 � 1 46 � 1
0.08 12 � 1 42 � 2 54 � 1

TCRGOB 0.06 3 � 1 21 � 1 24 � 1
0.08 5 � 1 31 � 3 36 � 2
0.1 13 � 1 40 � 1 53 � 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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From the above results, a high-quality reduced graphene
oxide (i.e., 7 layers) was achieved for the rst time based on the
top-down synthesis technique, through the chemical reduction
of graphene oxide using L-ascorbic acid as the reducing agent,
followed by a simple and effective thermal treatment offering
a superior performance as a shielding agent over other studied
shielding samples for various civilian and military applications.
5. Conclusions

The top-down synthesis method through the chemical reduction
of graphene oxide is the most promising route for large-scale
production at the current stage of graphene research. This
approach suffers from poor RGOquality withmany defects due to
the severe chemical treatment during the production process
compared with other graphene preparation techniques, such as
the chemical vapor deposition (CVD), and is still less effective
than the thermal reduction methods. Also, the safety issues with
RSC Adv., 2022, 12, 22608–22622 | 22619
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some types of reducing agents that may involve toxic or am-
mable gases during the production make a great case to look for
a safe, non-toxic reducing agent, such as L-ascorbic acid.

This work presents the development and characterization of
high-quality reduced graphene oxide (TCRGOL) based on L-
ascorbic acid as the reductant using an easy, scalable, high
yield, and reliable two-stage protocol by applying the chemical
reduction to GO followed by a thermal treatment under mild
conditions, which surpasses other studied reduction routes
(RGOL, RGOB, and TCRGOB). In addition, the study highlights
the tolerance concerning the thermal treatment as a second
step clarifying its criticality on the reduction mechanism used
in the chemical process.

Furthermore, the study correlates the dependence of EMI
shielding efficiency (SE) over the X-band with the different RGO
preparation protocols. The tailored TCRGOL exhibits high
shielding efficiency with very low amounts in comparison with
the reference material graphite and the other reduction
approaches achieving 94 dB of total shielding efficiency with
0.08 g cm�2 load capacity over the X-band from 8.2 to 12.4 GHz.
The high-performance leads to a reliable and affordable light-
weight EMI shielding material for several shielding applica-
tions, such as foams, paints, exible sheets, etc., and paves the
way for future hybrid composites investigation.

The developed two-step protocol presented in this work
provides a scalable, affordable, and safe technique of RGO
production, and overcomes the traditional chemical and
thermal reduction approach drawbacks by enhancing the RGO
quality, avoiding harm-reducing agents, the evolution of toxic or
ammable gases, and the high temperature with ambient
atmosphere restrictions. It exploits the advantage of the mild
reduction property of L-ascorbic acid to put it in the foreground
for diverse civilian and military applications, especially, EMI
shielding carbon-based materials.
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