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Scalable synthesis of high-quality, reduced
graphene oxide with a large C/O ratio and its

dispersion in a chemically modified polyimide
matrix for electromagnetic interference shielding

applications
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High-purity reduced graphene oxide (RGO or rGO) with appreciable conductivity is a desired conductive

filler for lightweight polymer composites used in coatings, electronics, catalysts, electromagnetic
interference (EMI) shielding, and energy storage devices. However, the intrinsic conductivity and the
uniform dispersion of RGO in relatively polar matrices are challenging, leading to poor overall
conductivity and performance of the composite material. The reported study improved the RGO intrinsic

conductivity by increasing its C/O ratio while also simultaneously enhancing its compatibility with the

polyimide (PI) matrix through ester linkages for better dispersion. A two-step reduction method

drastically increased the number of structural defects and carbon content in the resulting RGO,
corresponding to a maximum Ip/lg and C/O of 1.54 and ~87, respectively. Moreover, the 2D nanosheets
with limited hydroxyl (-OH) groups effectively interacted with anhydride-terminated polyamic acid (AT-

PAA) through chemical linkages to make high-performance RGO/PI nanocomposites. Consequently, the

polymer matrix composites possessed the highest direct current conductivity of 15.27 + 0.61 S cm™* for
20 wt% of the prepared RGO. Additionally, the composite material was highly stiff (3.945 GPa) yet flexible
(easily bent through 180°), lightweight (~0.34 g cm™), and capable of forming thin films (162 + 15 pm).
Unlike most polymer matrix composites, it showcased one of its class's highest thermal stabilities (a
weight loss of only 5% at 638 °C). Ultimately, the composite performed as an effective electromagnetic

interference (EMI) shielding material in the X-Band (8 to 12 GHz), demonstrating outstanding shielding

effectiveness (SE), shielding effectiveness per unit thickness (SE,), specific shielding effectiveness (SSE),
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and absolute shielding effectiveness (SSE) of 46 dB, 2778 dB cm™2, 138 dB cm® g%, and 8358 dB cm?

g~ respectively. As a consequence of this research, the high-purity RGO and its high-performance Pl
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1. Introduction

Due to their high-temperature stability, superior mechanical
properties, strong chemical and radiation resistance, ease of
processibility, light weight, and versatility, polyimides (PIs) are
greatly desirable for applications in cutting-edge aviation,
medical, electronic, and aerospace technologies."”> However, the
poor electrical conductivity of these high-performance engi-
neering polymers substantially limits their use in various
exigent roles. For instance, electromagnetic interference (EMI),
a growing concern for the effective operation of electronic/
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matrix nanocomposites are anticipated to find practical applications in conductive coatings and flexible
substrates demanding high-temperature stability.

communication devices employed by the earlier-mentioned
technologies, can not be prevented by polyimides due to their
insulating character. Since the polymer is widely used in
adhesives, coatings, and enclosures of various components in
these devices,> it is highly demanded to incorporate EMI
shielding capability in these materials.

Electrical conductivity is one of the critical parameters for
improving the EMI shielding performance of polymeric mate-
rials.® Incorporating conducting fillers in insulating polymers
such as polyimides leads to the formation of highly conducting
percolated networks within the host matrices. Consequently,
the electrical conductivity and EMI shielding effectiveness of
the insulating polymers can be effectively enhanced.® For
instance, reduced graphene oxide (RGO), due to its high
intrinsic conductivity, two-dimensional (2D) morphology, and

RSC Adv, 2024, 14, 7641-7654 | 7641


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00329b&domain=pdf&date_stamp=2024-03-04
http://orcid.org/0000-0002-1174-8343
http://orcid.org/0000-0003-4788-2920
http://orcid.org/0000-0002-8061-1500
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00329b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014011

Open Access Article. Published on 04 March 2024. Downloaded on 12/5/2025 6:43:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

high specific surface area, has attained considerable attention
as a conductive filler in developing conductive polymer
composites (CPCs) for EMI shielding applications.” Li et al.*
incorporated 16 wt% of thermally reduced RGO (with C/O ratio
of 5.6) in PI matrix to obtain a lightweight (0.28 g cm ™)
conductive polymer composite with an EMI shielding effec-
tiveness of 17-21 dB/0.8 mm thickness in X-band (8-12 GHz)
demonstrating a promising performance. However, for
commercial applications, shielding effectiveness of >20 dB is
a usual requirement,” and therefore, further study is required to
improve the performance of these high-potential CPCs.

The quality of RGO can be a critical parameter in enhancing
the conductivity and EMI shielding capability of RGO/PI
composites. In this regard, the presence of residual oxygen in
RGO can lead to poor electrical conductivity.'* Therefore,
a substantial decrease in the oxygen functional groups and
restoration of sp> hybridization can improve the quality of RGO
and the subsequent EMI shielding performance of its PI-based
composites. For this purpose, the reduction step in the
commercial synthesis of conductive filler grade RGO is critical
and needs special attention. The single-step reduction utilizing
the commonly used reducing agents such as hydrogen sulfide,
hydrazine, sodium borohydride, hydrohalic acids, metal
iodides, ascorbic acid, and amino acids usually insufficiently
reduces GO into RGO with a carbon-to-oxygen ratio of 2.7 to
10.3."*** Consequently, the product possesses only limited
conductivity. On the other hand, Wei et al.™® found that multi-
step reduction of GO was more effective compared to the single-
step process. For instance, De Silva et al.*® employed a mixture
of hydroiodic acid and trifluoroacetic acid followed by thermal
reduction with ethanol to obtain high-quality RGO of as low as
0.46 kQ sq ' sheet resistance. Nevertheless, the second step
reduction was carried out at an elevated temperature of 800 °C
for 30 minutes, limiting the practicality and scalability of the
method. Therefore, there is a pressing demand for a practical
method to produce high-quality, reduced graphene oxide in
scalable quantities for high-performance CPCs.

Therefore, in the present study, high-quality RGO of a large C/
O ratio is prepared using a facile and scalable approach. The
method employed a two-step reduction, which, unlike the
previous studies, involved a mixture of sodium borohydride and
hydrazine followed by thermal reduction at a moderate temper-
ature of 120 °C for 10 minutes only. Furthermore, for better
dispersion of the filler in the PI matrix, excess anhydride was used
to obtain anhydride-terminated polyamic acid (AT-PAA) in an
attempt to develop strong interfacial bonding between the
hydroxyl (OH) groups on the RGO and ester (COOR) terminals of
the polymer through esterification reaction. Consequently, a high-
performance CPC is developed, exhibiting outstanding EMI
shielding capabilities suitable for high-temperature and light-
weight applications in aviation and other advanced technologies.

2. Experimental
2.1. Materials

The chemicals in the synthesis of graphene analogs were
graphite, sodium peroxidisulphate (Na,S,05, =98%),
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potassium permanganate (KMnO,, =99.0%), sulphuric acid
(H,SO,4, 98%), hydrogen peroxide (H,0,, 36%), hydrazine
(N,H,, 65%), and sodium borohydride (NaBH,, =98.0%).
Similarly, for polyimide synthesis, 4,4’-oxydianiline (ODA, 97%),
pyromellitic dianhydride (PMDA, 97%), and anhydrous
dimethyl acetamide (DMAc, 99.8%) were used. All chemicals
were purchased from Sigma Aldrich and used without further
purification.

2.2. Expansion of graphite

For the synthesis of GO, pristine graphite (PG) was expanded by
mixing it with sulphuric acid (98%) and sodium perox-
idisulphate (Na,S,0g). In a typical experiment, 0.34 mol (~4.0 g)
of PG was mixed with 30 mL of concentrated H,SO, and 0.1 mol
(~24.3 g) of Na,S,05. The mixture was stirred for 2 hours in
a water bath maintained at 50 °C. The resulting mixture was
kept at a standstill for an hour, exhibiting expansion about
three times its original volume. The as-obtained product in each
experiment was filtered, washed with deionized water 3-4
times, dried at 100 °C, and labeled as EG.

2.3. Synthesis of graphene oxide (GO)

Graphene oxide was synthesized by wet chemical oxidation of
the expanded graphite as per our previously reported modified
Hummers' method."” For instance, 4.0 g of EG was mixed with
20 mL of 98% sulphuric acid and stirred for about 20 minutes.
Maintaining the mixture's temperature below 10 °C with an ice
bath, 20.0 g of KMnO, was slowly added with continuous stir-
ring, followed by 10.0 g of Na,S,05 and 60 mL of H,0,. The
reaction mixture was then stirred for 2 hours, and a dark brown
product was centrifuged and dried at 70 °C for further experi-
ments. The obtained product was labeled as GO and dissolved
in water through ultrasonication (Fig. 1a).

2.4. Reduction of the graphene oxide (GO)

The GO synthesized in Section 2.3 was reduced in two steps to
obtain the RGO. The first step involved sodium borohydride and
hydrazine reduction, while the second step employed hydrogen
gas reduction. In a typical reduction experiment, 5.0 g of the GO
was dispersed in 30 mL of 5% w/v NaOH solution through
ultrasonication for about 30 minutes. 10.0 g of NaBH, was then
added to the solution and stirred for 2 hours, followed by 20 mL
of N,H, for 30 minutes. The color of the solution appeared to
change from dark brown to black, along with the appearance of
a flaky solid (Fig. 1b). Finally, the suspension was centrifuged,
washed with ethanol and water, dried, and labelled as RGO-1
(Fig. 1c).

Further reduction of the RGO-1 was carried out in a hydrogen
furnace. A known amount of the dried RGO-1 was taken into the
vessel of the hydrogen furnace, which was subsequently vac-
uumed to about 8.9 x 10~ bar, and then filled with 1.0 bar
hydrogen gas. The temperature of the furnace was then main-
tained at about 120 °C for ten minutes. An expansion of about
10 times (Fig. 1d) was observed for the initial volume of the
RGO-1 following the completion of the process. The expanded
product was finally collected and labeled as RGO-2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Digital photographs of the synthesized GO dispersed in water, (b) RGO-1 formed in the aqueous medium, (

c) dried RGO-1, (

d) RGO-2,

(e) Pristine PI, (f) 4 wt% RGO-2/PI composite, (g) 16 wt% RGO-2/PI composite, and (h) 20 wt% RGO-2/Pl composite.

Table 1 Composition and properties of the prepared RGO-2/Pl composites

PI matrix RGO-2 filler Sample thickness Sample density
Sr. no Sample ID (Wt%) (Wt%) (nm) (gem™)
1 RGO(0)/PT 100 0 160 £ 12 ~0.33
2 RGO(4)/PI 96 4 165 + 10 ~0.33
3 RGO(8)/PT 92 8 161 + 08 ~0.33
4 RGO(12)/PI 88 12 168 £ 10 ~0.33
5 RGO(16)/PI 84 16 170 £ 10 ~0.34
6 RGO(20)/PI 80 20 162 £ 15 ~0.34
2.5. Synthesis of the anhydride-terminated polyamic acid components. Each solution was then poured into 4-inch-wide
(AT-PAA) Teflon dishes and heated at 70 °C overnight. Finally, the

Anhydride-terminated polyamic acid (AT-PAA) with anhydride
end groups was synthesized using a previously reported
protocol with slight modification.” Under an inert environ-
ment, 3.0 mmol (~0.6193 g) of ODA was mixed with a suitable
amount of DMAc and stirred for about 10 minutes to ensure its
complete dissolution. About 3.1 mmol (~0.6971 g) of precisely
weighed PMDA was then added slowly to the ODA solution
along with continuous mechanical stirring. The reaction was
carried out for 24 hours at about =5 °C with constant stirring,
resulting in the AT-PAA solution of about 12 wt% solid content.

2.6. Preparation of the reduced graphene oxide-polyimide
(RGO/PI) composite

A simple solution casting method was used to fabricate RGO-2/
PI composite films. A known amount of RGO-2 (as per Table 1)
was dispersed in 20 mL of DMAc for about 30 minutes to obtain
a uniform dispersion. Subsequently, a known amount of AT-
PAA (as per Table 1) was added to each sample and stirred
well for about 20 minutes to ensure homogenous mixing of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

resulting solid films (RGO-2/PAA) were thermally treated at 100,
200, and 300 °C for one hour each to obtain RGO-2/PI
composites (Fig. 1e-h).

The synthetic protocol can be visualized, as illustrated in
Fig. 2.

3. Characterization

Scanning electron microscopy (SEM, Mira3 TESCAN FE-SEM)
was employed to characterize the samples’ morphology. To
analyze functional groups present in the materials, Fourier
transform infrared (FTIR) spectrometer (Shimadzu IRAffinity-
1S) was used in attenuated total reflectance (ATR) mode
(frequency range = 4000-500 cm™'). Raman spectra of the
samples were recorded in the 500-2500 cm ™' range using a -
Ramboss Spectrometer (Dongwoo Optron, Co., Ltd). For surface
analysis, X-ray photoelectron spectroscopy (XPS) was performed
using NanoESCA (Scienta-Omicron). X-ray diffractometry (XRD)
was carried out using X'Pert-Pro-MPD (PANalytical Inc.)
employing Ko emissions (wavelength = 1.54056 A) of Cu source.

RSC Adv, 2024, 14, 7641-7654 | 7643


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00329b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 March 2024. Downloaded on 12/5/2025 6:43:53 PM.

(cc)

View Article Online

RSC Advances Paper

oo (0%

PMDA

Below 5°C in anhydrous
DMAc

8

/ N7 : : NMN : :

(o}

\ HOOC

c COOH
(¢]

AT-PAA

Ultrasonication in DMAc

Evapration at 70°C

HOOC
COOH

“°’°DE OO0 ON@[,

Ester Linkage

m O O\NMN@/ ONHJC['
HOOC
HOOC COOH

RGO/AT-PAA

Thermal imidization

o o
Q o}
8 8 /©/ \©\ ©/ \©\ 4 %
HO” N NVVHN N e}
P H \ J
o co el

j@[ OOMHN@OIQ

HoOC L
RGO/PI

Fig. 2 Illustration of the synthetic protocol for preparing the RGO/PI composites.

Thermogravimetric analysis of the samples was performed of 40 ml min~'. EMA 502 Elemental Analyzer CHNS-O (VELP
using TG/DSC1 (Mettler-Toledo). 10-15 mg of the samples were  Scinetifica Inc.) was used to analyze the elemental composition
thermally heated at the rate of 10 K min " under a nitrogen flow  of the synthesized samples. Each material was analyzed in five
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replicates, and the average values were reported. UV-visible
spectral analysis was done by dispersing the samples in water
or DMAc for about 30 minutes and then recording the absorp-
tion spectra using a double-beam Thermo Scientific Evolution
350 UV-Vis spectrophotometer. Direct current (DC) conductivity
of the prepared polymeric films was determined using a four-
probe conductivity meter (Ossila). The thickness of the films
was measured using Mitutoyo 400S Flat Anvil ABSOLUTE
Thickness Gauge. EMI shielding effectiveness (EMI-SE) at room
temperature was measured using a Rhodes & Schwarz ZNA-50
Vector Network Analyzer and a WR-90 rectangular waveguide
in the radio frequency range of 8.2 GHz to 12.4 GHz (X-Band).
The scattering parameters S;; and S,; obtained from the
experiments were used to calculate the shielding effectiveness
values by the following equations:®

SEr = —10log 7 = —10log(|Sx ) (1)
SEg = —10log(l — R) = —101log(1 — |S1*) @)
|Sa1]
SEA =10 10g<_) =-10 10g ( )
_ 11— \Sn\z

SEym = SEr — SEg — SE, (4)

where SEg,SE,, and SEy; are the reflection, absorption, and
multiple reflection components of the total shielding effective-
ness (SEy), respectively. To incorporate the effects of thickness
and density, three related quantities, namely shielding effec-
tiveness per unit thickness (SE,), specific shielding effectiveness
(SSE), and absolute shielding efficiency (SSE,), were also calcu-
lated using the following equations:

SE, = 0T (5)
_ SEr

SSE = >t (6)

sop, - SSE .

where t and D are the thickness (cm) and density (g cm ™) of the
shielding material, respectively. Dynamic mechanical analysis
(DMA) of the composite samples was performed in tension
mode at a frequency of 1 Hz with sinosidal displacement of 15
pm and a heating ramp of 5 °C min~" from 50 °C to 550 °C,
using DMA 2980 TA Instruemnts Inc. USA.

4. Results and discussion

4.1. Characterization of the RGO

The morphology of the precursor and synthesized materials is
illustrated in Fig. 3. The pristine graphite appeared dense flaky
solid representing a stacked morphology (Fig. 3a). After oxida-
tion via the modified Hummers' method, the obtained GO
(Fig. 3b-f) appeared as a loose assembly of wrinkled nanosheets
with 2D lamellar morphology, confirming the graphite's
successful oxidation and exfoliation. The sheet thickness in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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GO sample was about 100 nm, much greater than that of single-
layered graphene, attributed to the presence of oxygen moieties
over the layers." Moreover, the folds or wrinkles at the edges of
the sheets originated from interactions between the oxygen-
containing groups on the GO.>**' On the other hand, RGO-2
(Fig. 3g-i) consisted of a more flat, thin, and closely packed
2D sheets, indicating poor interactions due to lesser number of
oxygen groups present between the layers.”>** Therefore, the
reduction process has effectively converted GO into RGO with
minimal oxygen functionalities. Furthermore, the thickness of
RGO-2 nanosheets was about 5-10 nm, which, compared to the
1.2 nm thick single-layered RGO,> suggested the preparation of
a few layered RGO in the present study.

FTIR studies were carried out to investigate the chemical
changes brought about by the chemical reactions occured
during the synthesis of RGO. As depicted in Fig. 4a, the FTIR
spectrum of pristine graphite exhibited typical peaks at about
3435, 2928, 2838, and 1616 cm™ ", corresponding to O-H, C-H
(sp®), C-H (sp®), and C=C vibrations, respectively.>* Addition-
ally, bending vibrations of O-H and C-O-C bonds were
observed at 1401 and 1016 cm ™, respectively.>® The spectrum
revealed that the graphite structure consisted of C=C bonds
and contained -H, -OH, and -O- functional groups.

Following the oxidation of graphite into GO, all vibrations
associated with oxygen moieties (-OH and -O-) significantly
intensified (Fig. 4a), confirming the successful synthesis of GO.
Moreover, a broad absorption band in the 3550-2450 cm™*
range could also be observed, indicating the presence of
carboxylic acid (-COOH) groups in the GO samples. Moreover,
the vibrational bands due to sp® and sp® hybridized C-H bonds
were also visible in the GO spectrum. Additionally, an IR
absorption peak at 1734 cm ™~ corresponding to carbonyl (C=0)
stretching vibrations appeared for the GO, confirming the
existence of carboxyl groups. The GO structure was, therefore,
characterized to consist of C=C with abundant -H, -OH, -O-,
and -COOH functionalities.

Upon reduction, the resulting RGO-1 retained all the func-
tional groups of the GO; however, their number was reduced, as
suggested by the decreased intensities of the oxygen-containing
moieties (Fig. 4a). Therefore, RGO-1 could be characterized as
partially reduced GO with plenty of oxygen functional groups.
However, the followed-up H, reduction of RGO-1 to RGO-2
drastically modified the IR spectrum similar to that of the
pristine graphite, suggesting the complete reduction of GO. The
peaks associated with the oxygen functional groups signifi-
cantly diminished, with intensities reaching below that of the
pristine graphite. Consequently, RGO-2 could be structurally
similar to the pristine graphite with a C=C network and
a comparable amount of -H, -OH, and -O- functional groups.

Quantitative analysis of the C, H, and O elements was carried
out to quantify and compare the chemical composition of the
synthesized and precursor materials, and the average results (in
mass percent) are provided in Table 2. The analysis indicated
that the pristine graphite contained primarily carbon
(95.0 = 1.20 wt%) with only a deficient amount (3.31 £ 0.10
wt%) of oxygen. Upon oxidation, the carbon content decreased
to a significantly smaller value of 52.60 £ 0.10 wt% in the GO.

RSC Adv, 2024, 14, 7641-7654 | 7645
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Fig. 3 SEM micrographs of (a) pristine graphite, (b)-(f) graphene oxide, and (g)-(i) RGO-2.

However, the subsequent two-step reduction process effectively
restored the carbon content in RGO-2 with a value (98.4 =+
1.50 wt%) exceeding that of the pure graphite (95.0 £ 1.20 wt%),
supporting the FTIR deductions.

Among all the samples, RGO-2 was characterized by the
highest carbon-to-oxygen atomic ratio (C/O) of 86.89, which
confirmed its high chemical purity exceeding the reported
values for similar methods?®.

UV-visible spectrophotometric characterization was con-
ducted to confirm the existence of extended conjugation in
graphene and its analogs. The absorption spectra of GO, RGO-1,
and RGO-2 are shown in Fig. 4b, where the GO exhibited an
optimum maximum wavelength (A,.,) of 218 nm, indicating 7
7* transition due to C=C in the material. This was slightly lower
than the previously reported value of A,y suggesting a more

7646 | RSC Adv, 2024, 14, 7641-7654

effective oxidation of the graphite sample. Moreover, a shoulder
peak in 350-450 nm range indicated n-7* transitions attributed
to the presence of carbonyl groups on the GO nanosheets.”®
Successful conversion of the GO into RGO was also confirmed by
comparing the UV-visible spectra, where a redshift from 218 nm
of the GO characteristic peak to 275 nm and 304 nm for the RGO-
1 and RGO-2, respectively, confirmed the restoration of
conjugated system in the RGO samples. Moreover, the disap-
pearance of the shoulder peak in the 350-450 nm region
confirmed the reduction process. Compared to the reported
literature,”* the A;,ax was higher for the RGO-2 prepared in the
current study, indicating a greater extent of 7 conjugated system
that could be highly suitable for higher electrical conductivity.
XRD was carried out to determine the crystal structures and
interlayer spacings of the pristine graphite, GO, RGO-1, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) FTIR spectra of graphite, GO, RGO-1, and RGO-2. (b) UV-visible spectra of GO, RGO-1, and RGO-2.
Table 2 Elemental composition of the various graphitic samples in wt%
Element Graphite GO RGO-1 RGO-2
Carbon (wt%) 95.0 + 1.20 52.6 + 0.10 91.9 + 1.95 98.4 + 1.50
Oxygen (wt%) 3.31 £ 0.10 39.9 & 1.20 7.01 £ 0.20 1.51 £ 0.06
Hydrogen (wt%) 1.73 4 0.06 7.40 + 0.22 1.20 & 0.05 0.100 + 0.004
Total (wt%) 100.04 + 1.36 99.9 £+ 1.52 100.11 + 2.20 100.01 + 1.564

RGO-2; the diffractograms are shown in Fig. 5a. Pristine
graphite depicted a highly crystalline structure with a strong
basal diffraction peak at 26 = 26.6°, indicating an inter-layer d-
spacing of about 0.85 nm between the (002) planes of the
crystal.®® On the other hand, the synthesized GO lacked the
ordered (002) planes of graphite and showed a broad diffraction
peak at 26 = 11.4° indicative of the (001) plane, suggesting
successful exfoliation of the graphite source. Upon reduction by
N,H, and NaBHy,, the (001) diffraction peak disappeared along

with the restoration of (002) planes at 26 = 24.4° and 23.9° in
RGO-1 and RGO-2, confirming the restacking of the exfoliated
layer as evidenced by the SEM. However, compared to the
pristine graphite, the diffraction peak corresponding to the
(002) plane shifted to lower 26 values for RGO-1 and RGO-2,
suggesting a relatively larger interlayer spacing indicative of
a loosely packed lattice. The peak intensities also significantly
decreased, which suggested a few layers of graphene packed
together in an ordered manner. Among the prepared samples,
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(a) X-ray diffractograms and (b) Raman spectra of the pristine graphite, GO, RGO-1, and RGO-2 samples.
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the RGO-2 exhibited the largest interlayer spacing, suggesting
that the hydrogen gas reduction step resulted in expansion and
exfoliation of the RGO-1 layers.

The changes in the graphitic structure were monitored by
Raman spectroscopy. It is evident from the literature that
graphite has a highly ordered carbon structure, resulting in
crystallinity and in-phase vibration of its lattice at about
1584 cm ™' (G band) due to the E,, mode of first-order Raman
scattering. Moreover, another Raman band at about 1344 cm ™"
(D band) suggests defects and disorders in its structure's bond
angles, lengths, and edges.’**” Fig. 5b illustrates the Raman
spectra of the pristine graphite, GO, RGO-1, and RGO-2. It is
evident from the figure that the intensity of the D band in
pristine graphite is the lowest, indicating fewer defects in the
structure of pristine graphite. Upon oxidation into GO, the
intensities of G and D bands significantly changed, indicating
pronounced disorder in the graphite structure. Moreover, the G
band shifted to a slightly higher (+18 cm™") frequency in the
case of GO due to the higher oxygen content and the subsequent
defects at the grain boundaries.*® In the case of RGO-1 and RGO-
2, the D band's intensity was enhanced compared to the G band,
indicating more disordered structures.

The D to G band intensity ratio, In/Is, is a numerical measure
of disorder in graphitic structure. This ratio increased from 0.40
to 1.01, 1.21, and 1.54 for graphite, GO, RGO-1, and RGO-2,
respectively (Fig. 5b), indicating that the oxidation and reduc-
tion processes induced a significant disorder in the structure.
The higher ratio of Ip to Ig indicates that the sp® carbon
domains had been reduced in size due to defects induced
during the reduction process. In summary, the increase in the
Ip/lg ratio and the variation in the Raman shift indicated
disruption of the ordered graphitic structure during the
formation of GO and the subsequent RGO-1 and RGO-2.
Moreover, the I,/I; ratio of 1.54 for RGO-2 indicated
a substantial degree of disorder in its graphitic structure, which
is the highest reported so far to the best of our knowledge. It is
clear from the study that the hydrogen gas treatment caused the
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Fig. 6 TGA thermograms of the pristine graphite, GO, RGO-1, and
RGO-2 taken under an inert atmosphere.
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reduction of RGO-1 and disrupted the graphene structure to
a further extent, resulting in the increased Ip/Ig ratio.

TGA thermograms of the pristine graphite, GO, RGO-1, and
RGO-2 are depicted in Fig. 6. Pure graphite exhibited only about
5% weight loss up to about 800 °C, indicating high thermal
stability. This thermal stability of graphite is due to its compact
layered structure and low oxygen content.* In the case of gra-
phene oxide, an evident two-step weight loss of ~21% and
~57% could be observed up to 100 °C and 300 ©°, respectively.
This weight loss in the first step can be attributed to trapped
moisture in the sample, while the second stage weight loss
happened due to thermal degradation of the oxygen-rich gra-
phene oxide layers.*®

RGO-1 and RGO-2 followed similar degradation profiles with
relatively higher thermal stabilities and lower weight loss. A
progressive decrease in the moisture content suggested by the
first degradation step could be noted for RGO-1 (~5%) and
RGO-2 (~3), indicating increased hydrophobicity due to the
elimination of polar oxygen groups, as evidenced by the FTIR
spectra. The thermal degradation of RGO-1 and RGO-2 also
significantly decreased to ~20% and ~16%, respectively,
compared to ~57% for GO, which confirmed the lowering of
oxygen content in accordance with the CHNS-O analysis.
Furthermore, the increased onset temperature in the case of
RGO confirmed the restoration of thermally stable aromatic sp*
hybridized structure, supporting the UV-visible spectrophoto-
metric results. Although containing lower oxygen content than
the pristine graphite, the RGO-2 resulted in more significant
moisture loss and thermal degradation. This observation could
be related to a probable higher specific surface area and loose
packing of the RGO-2 sheets, as the SEM and XRD suggested,
thereby facilitatingexcellent moisture absorption and easy
oxygen penetration during degradation.

4.2. Characterization and performance evaluation of the
RGO/PI nanocomposites

The FTIR spectra in Fig. 7a and b confirmed the successful
synthesis of AT-PAA, PI, and the RGO/PI nanocomposites. In the
case of AT-PAA, the peaks at 1715, 1667, and 1540 cm ™' corre-
sponded to the carbonyl (C=0) group of the carboxylic acids,
the amide I (CONH) and amide II (CNH), respectively.'® Two
new peaks at 1776 cm ™' and 727 cm ™" corresponding respec-
tively to asymmetric stretching and bending modes of the imide
group confirmed the successful conversion of PAA into PI in the
composite materials.'® Additionally, the peak at 1398 cm ™" in
PAA shifted to 1380 ecm™!, which is attributed to the C-N
stretching in the imide group.

A comparison of the FTIR spectra of the RGO/PI composites
revealed a slight peak blue shift in the vibrational bands with
increased loading of RGO in the PI matrix. For instance, the
peak at 1608 cm ™ in pristine PI drastically reduced and shifted
to a lower wavenumber of 1576 cm™' at 20% loading. More
notably, the peak at 1014 cm ', corresponding to C-O-C,
increased with the percent loading of RGO from 4% to 20%.
These spectral changes, thus, suggested chemical interactions
between the PI matrix and the RGO filler. Particularly, the
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Fig. 7 (a) FTIR spectra of the PAA, PI, and 4% RGO-2/Pl nanocompos

increase in the intensity of the absorption band at 1576 cm™*

indicated the formation of ester bonds between the -COOH of
AT-PAA and the residual -OH groups in RGO-2. Since -OH
groups are present at the edges of RGO, the polyimide chains
could be connected to the RGO sheets without disturbing its
basal structure. Furthermore, these covalent linkages could
enhance the dispersion of the conducting filler in the polymer
matrix to impart a higher electrical conductivity to the
composite.

The surface chemical composition of the RGO and RGO/PI
composite was analyzed by X-ray photoelectron spectroscopy
for further insight. Fig. 8 shows the deconvoluted XPS of the C
1s peak. Four sub-peaks at binding energies of 284.79, 285.79,
286.91, and 289.10 eV, corresponding to C=C (sp> hybridized
carbon), C-C (sp® hybridized carbon), C-0/C-O-C (hydroxyl or
epoxy groups), and -O-C=0 (ester or carboxy groups), respec-
tively, can be fitted in the resolved XPS of RGO-2 (Fig. 8a).*** It
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ite. (b) FTIR spectra of the 12, 16, and 20% RGO-2/Pl nanocomposites.

could be noted that the peak at 284.79 eV had the highest
intensity, suggesting the predominant existence of C=C bonds
on the surface of the RGO.

In the case of the composite RGO-2 (20%)/PI, the deconvo-
luted C1s XPS spectrum (Fig. 8b) depicted an additional peak at
288.03 eV in addition to a slight change in the positions of the
peaks at 284.94, 285.34, 286.29, and 289.44 eV corresponding to
C=C (+0.15 eV), C-C (+0.45 eV), C-O/C-O-C (+0.62 eV), and
0O-C=0 (+0.34 eV). These changes could be attributed to an
interaction between the filler and matrix, resulting in the
formation of ester linkage between -OH groups of the RGO-2
sheets and the carboxylic acids of AT-PAA.*® These observa-
tions supported the FTIR results.

Scanning electron microscopy (SEM) of the composite
revealed a solid and compact morphology (Fig. 9a) consisting of
well-dispersed RGO inside the polymer matrix. The protruding
sheets with lateral dimensions of about 5-8 um (Fig. 9b)

(b) | RGO-2/PI (C 1s)
- 284.94 eV
5
8
2
)
c
2
£
28803y 286:29eV
289.44 eV ;
v T " T | B | T T —
291 290 289 288 287 286 285 284 283

Binding Energy (eV)

Fig. 8 Deconvoluted XPS C 1s spectra of (a) RGO-2 and (b) 20% RGO-2/Pl nanocomposites.
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Fig. 9 Cross-sectional view of the RGO-2 (20%)/PI under different
resolutions. The selected region (red circle) shows protuding 2D
sheets of the RGO-2 in the PI matrix.

indicated a higher aspect ratio of the dispersed RGO. Further-
more, the RGO sheets could be seen as well dispersed, forming
a conductive network that can facilitate efficient charge transfer
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within the insulating polymer matrix. Supported by the FTIR
and XPS results, it can, therefore, be suggested that the inter-
facial bonding between the matrix and the filler enhanced the
compatibility between the two components and prevented
agglomeration of the latter.

To further confirm the interfacial bonding and the rein-
forcement effect of RGO on PI, dynamic mechanical analysis
(DMA) was performed as show in Fig. 10a. The pristine polymer
showed an appreciably high storage modulus (E') of 3.610 GPa
at 50 °C which decreased with temperature. The incorporation
of RGO gradually enhanced the stiffness of the polymer to
a maximum value of 3.945 GPa for 20 wt% RGO-2 at 50 °C
(Fig. 10b). This significant increase in the storage modulus of
the PI indicated uniform distribution and strong interfacial
bonding of the RGO that inhibited the movement of the poly-
mer chains under stress.”

Fig. 11a illustrates the thermal degradation behavior of the
RGO-2/PI composites. All the composites showed a single-step
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degradation with varying thermal stabilities. A comparison
drawn at 5% weight loss (Fig. 11b) showed increased thermal
stability with increased loading of RGO-2. The Ts, was noted to
increase from 504 °C of the pristine PI to 638 °C of the 20 wt%
loaded RGO-2/PI nanocomposite, demonstrating higher
thermal stability than the previously reported*®* RGO/PI
composites. The superior thermal stability of these compos-
ites is attributed to enhanced heat dissipation due to the pres-
ence of well distributed conductive RGO-2 and strong interfacial
bonding.** Another critical factor responsible for the very high
thermal stability may be radical scavenging by the RGO-2,
retarding the degradation process.*

Electrical conductivity is an important performance param-
eter of conducting polymer composites. The effect of thermal
imidization and the RGO loading on the DC conductivity of the
composites was explored in detail. For this purpose, RGO-2/AT-
PAA and RGO-2/PI containing 4, 8, 12, 16, and 20 wt% RGO-2
were tested using four probe conductivity measurements, and
the results are compared in Fig. 12. The pure polyimide and PAA
exhibit extremely low electrical conductivity in the range of
107" S em ! and 10° S em ™, respectively, rendering them

I sE(T) =
B SERR)
I SE(A)

40 4

EMI SE (dB)
S

4 8 12 16 20
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(a) EMI SE of the various RGO-2/PI composites. (b) Graph depicting reflective and absorption contribution to the total EMI SE. (c) Specific

SE, absolute SSE, and absolute SE of the RGO-2/PI composites. (d) 20% RGO-2/PI composite demonstrating high flexibility.
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insulating.' However, a substantial increase in their conduc-
tivity was noticed by incorporating the RGO-2 and increasing its
mass percentage in the composite films. This transition from
insulator to conductor can be attributed to the formation of
a highly conductive network of RGO plates inside the polymer
matrix (Fig. 9). Comparing the increase in conductivity of PAA
and PI, the same amount of 4 wt% RGO increased the
conductivity by about 10°> and 10" times, respectively. It is,
therefore, suggested that the thermal imidization process also
contributed to the enhancement of conductivity, probably due
to further reduction and annealing of the RGO during the
thermal treatment.’” Consequently, the RGO-2 20%)/PI
possessed the highest conductivity of 15.27 + 0.61 S ecm ™},
much higher than the previously reported* PI foam-based RGO-
containing composites. This superior conductivity is attributed
to the intrinsic quality of the prepared RGO-2, the ester link-
ages, and a uniform distribution in the polymer matrix.

Higher electrical conductivity is one of the important
requirements for EMI shielding materials.*** According to the
literature® the reflection component of the total shielding
effectiveness is highly sensitive to the conductivity of the
material among other properties. It was, therefore, anticipated
that the prepared conductive composites could result in
enhanced EMI shielding due to their superior conductivity. This
was confirmed by carrying out EMI shielding studies on the
samples containing 4, 8, 12, 16, and 20 wt% RGO-2 in the X-
Band of EM radiations (Fig. 13a).

The results confirmed that the total shielding effectiveness
increased from 17 dB to 30 dB, 37 dB, 42 dB and 46 dB for the
samples containing 4, 8, 12, 16, and 20 wt% of RGO-2, respec-
tively. Moreover, the increased RGO loading significantly
enhanced the reflection component (Fig. 13b) of the shielding
phenomenon, indicating that the conductivity of the composite
films was the major reason for EMI shielding due to the
impedance mismatch. The maximum EMI shielding of 46 dB at
avery low density and thickness of only ~0.34 g cm ™ and 162 +
15 um, respectively, was superior to most of the reported>>*
materials in the literature.

A comparison of Table 1 and Fig. 12 reveals that increasing
RGO content in the PI matrix increased the conductivity, yet the
density of the material remained intact. Consequently, the
results in Fig. 13c indicated appreciably high SSE values up to
138 dB ecm® g™, which is attractive for applications requiring
lightweight shielding materials. Moreover, the composite
materials had superior film-forming abilities with thicknesses
as small as a few tens of micrometers (Table 1). Resultantly, the
SE; and SSE; yielded significantly high values up to 2778 dB
cm 2 and 8358 dB cm”® g ' respectively, for the RGO-2 20%/PI
composite making it highly suitable for EMI shielding protec-
tive coatings. These high SE; and SSE, values could be attributed
to the high-performance RGO-2 as an effective conductive filler
and its uniform dispersion, forming a highly conductive
network inside the polymer matrix.

To demonstrate the practical utility of the composite film as
an EMI shielding material, it was manually twisted by 180°
(Fig. 13d) without any damage or fracture, indicating its high
flexibility and suitability for flexible electronics.
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5. Conclusion

High-quality reduced graphene oxide (RGO) with a high C/O
ratio and a substantially large number of defects was chemi-
cally synthesized by reducing graphene oxide (GO) in a two-step
process. Compared to the typical single-step reduction, the two-
step reduction employing hydrogen gas almost entirely reduced
GO, with the resulting product containing only a tiny fraction of
oxygen-containing functional groups and loosely packed
multilayered graphene nanosheets. The resulting RGO also
possessed a chemical structure and 7 conjugation similar to
that of pure graphite, suggesting high intrinsic conductivity.
This high-purity RGO is anticipated to find applications in high-
performance electronics and composite materials for applica-
tions in cutting-edge technologies. For instance, hydroxyl (-OH)
functional groups at the edges of the RGO successfully reacted
with anhydride-terminated polyamic acid to form high-
performance, lightweight, mechanically flexible, electrically
conductive, and thermally stable polyimide-based nano-
composites. The superior properties of the nanocomposites
resulted from the better interfacial bonding between the poly-
mer and the conducting filler. Consequently, the RGO formed
a uniform conductive network in the PI matrix, imparting
a higher electrical conductivity and effectively shielding elec-
tromagnetic interference in the X-band of electromagnetic
radiation. This high-performance CPC is suitable for applica-
tions in high-temperature coatings and flexible substrates in
electronics and engineering devices.
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