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ABSTRACT

In this study, three different type of graphene sheets such as thermally reduced graphene (TRG);
chemically reduced graphene (CRG) and Polyvinyl-pyyrolidone stabilized silver nanoparticles
based graphene nanohybrid (Ag-PVP-CRG) have been synthesized through thermal exfoliation
and chemical processes respectively. These different graphene sheets have been characterized
and studied for electromagnetic interference (EMI) shielding in microwave region. Further,
TRG, CRG and Ag-PVP-CRG sheets have been dispersed in thermoplastic polyurethane (TPU)
polymeric matrix to create multifunctional nanocomposite films through solution casting route.
The study presents for the first time a comparative evaluation of three different types of graphene
sheets for multifunctional properties in both neat and nanocomposite form. The synthesis and
characterization of Ag-PVP-CRG nanohybrids and its investigation for such an application are
also novel.

Graphite powder was functionalized into graphene oxide (GO). Firstly, GO was
chemically reduced using hydrazine hydrate reduction to form CRG sheets. The oxygenic
functional groups of GO were reduced to restore the graphitic structure in CRG sheets. Secondly,
the GO was thermally reduced, exfoliated and annealed at 800 °C (rate 30 °C/min.) under N,
atmosphere to obtain TRG sheets. Thirdly, Poly-vinyl-pyrrolidone (PVP) stabilized silver
nanoparticles (AgNP) decorated graphene nanohybrid was synthesized from GO through
chemical route synthesis in DMF/H,O medium. The presence of silver nanoparticles onto the
CRG sheets studied through high resolution transmission electron microscopy (HR-TEM).

Morphological studies on CRG, TRG and Ag-PVP-CRG nanohybrid revealed stacked
multiple-layered CRG sheets, highly wrinkled exfoliated TRG nanosheets and PVP-stabilized

AgNPs (15-30 nm) decorated graphene sheets respectively. The three different graphene sheets



were studied and compared for EMI shielding, dielectric and electrical conductivity properties.
EMI shielding effectiveness (SE) attenuation was found to be highest for CRG (-80 dB), due to
the stacked sheet structures, which provide 3D features resulting in highest conductivity (124.9
Sem™) and high dielectric losses. Decrease in stacking observed between nanosheets in TRG,
due to high exfoliation process, lower electrical conductivity (62.74 Scm™) along with moderate
diclectric losses and, therefore, lower EMI SE values (45 dB). The lowest
conductivity value (0.25Scm™) obtained for Ag-PVP-CRG nanohybrid is attributed to the
addition of PVP polymer. Additionally, observation of increased effective dielectric properties
for Ag-PVP-CRG nanohybrid contributes to its EMI SE value of -58 dB. Further, these three
different types of graphene sheets such as CRG, TRG and Ag-PVP-CRG have been used to
prepare TPU based multi-functional nanocomposite films for various performance evaluations.
Initially, the conventional CRG sheets based TPU (TPU/CRG) nanocomposite films have
been characterized and their performance properties such as electrical conductivity, EMI
shielding, dielectric properties, gas barrier etc. have been evaluated. SEM revealed the presence
of dispersed and agglomerated CRG sheets in TPU/CRG nanocomposite films, at higher conc.
These films showed improved EMI shielding, dielectric properties and electrical conductivity. It
was observed that the EMI shielding strongly correlates with the thickness of the films and the
filler concentration loaded in the film. Thus, a large range of filler conc. varying from 1 to 20
wt.% and 2 mm thick films were studied. The poor dispersion and agglomeration of CRG sheets
inside the TPU matrix was reflected in the increment in AC electrical conductivity and dielectric
properties at very high conc. of CRG sheets 20 wt.%. However, DC electrical theoretical
percolation threshold of 3.03 wt.% was observed for TPU/CRG nanocomposites films. The

dielectric constant and tangent losses both increases with CRG conc. in TPU/CRG
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nanocomposites. The prepared 20 wt.% TPU/CRG nanocomposite showed highest EMI SE of -
18 to -20 dB in Ku (12.4 — 18 GHz) band radar frequencies. The gas barrier property of
TPU/CRG nanocomposites films showed 60% reduction in N, gas permeability as compared to
neat TPU film.

Thermally reduced and annealed graphene based thermoplastic polyurethane (TPU/TRG)
nanocomposites films showed smooth morphology and fine dispersion of exfoliated TRG sheets
inside the TPU matrix, when characterized through SEM, C-AFM, Raman spectroscopy and
XRD. C-AFM studies confirmed the presence of electrically conducting TRG graphene sheets
on the surface, as the current flow through TRG sheets protruding out of the TPU matrix. A low
DC electrical percolation threshold of 1.49 wt.% was obtained, presumably attributed to the
formation of 3D continuous electrical network of TRG nanosheets throughout the polymeric
matrix. AC conductivity was found to be dominated by both charge mobility and frequency
induced dielectric dispersion in TPU/TRG nanocomposite for TRG loading > 4 wt.%. The
dielectric constant and tangent losses both increase with TRG conc. in TPU/TRG
nanocomposites. The fabricated 10 wt.% TPU/TRG nanocomposite showed an excellent EMI SE
of -26 to -32 dB in Ku (12.4-18 GHz) band. Because of large surface area of TRG sheets, the gas
barrier property of TPU/TRG nanocomposite showed 99% reduction in N, gas permeability as
compared to bare TPU matrix.

The TPU nanocomposite films based on Ag-PVP-CRG were characterized and an
extensive assessment of EMI shielding, dielectric properties, electrical conductivity, and gas
barrier property was carried out. The addition of AgNPs along with CRG sheets marginally
improvised the dielectric properties and electrical conductivity of TPU matrix. The low

increment in electrical conductivity and dielectric properties is due to poor dispersion and
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agglomeration of CRG sheets inside the polymer matrix supported by SEM analysis and PVP
coating on AgNPs which further reduced its conductivity. The highest DC conductivity value
was obtained at 20 wt.% of TPU/Ag-PVP-CRG nanocomposites. The dielectric constant
marginally increases but tangent losses were comparatively higher with Ag-PVP-CRG conc. in
TPU/Ag-PVP-CRG nanocomposites. The fabricated 20 wt.% TPU/ Ag-PVP-CRG
nanocomposite showed lowest SE of ~ -10 dB, in Ku (12.4 — 18 GHz) band radar frequencies.
The gas barrier property of TPU/Ag-PVP-CRG was found to be moderate against nitrogen gas.

This study shows that the type of graphene has a significant effect on its exfoliation and
dispersion in TPU matrix which in turn is reflected in property differences between TPU/CRG,
TPU/TRG and TPU/Ag-PVP-CRG nanocomposites in terms of electrical conductivity, dielectric

behavior and finally EMI shielding potential.
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1SIRS

$H 3T H, dlleT 3elaT-37e19T FehR T ATHIT N SN fob Yo AThIeT (TRG); HTAH &7 &
YT ITH (CRG) 3R arelfaaArsd-RRIeNse 2R Al & AaAehull R 3TenRd arhieT
AAe T8 (Ag-PVP-CRG) & a2l UHeT TFahIoR 3R Iarafas Ifsharsit & Aregs o
TR FohaT I § | ATSshid &1 & faegd goaehg g&daid (EMI) & E&T0T o ol & 37erT-
376197 I @ffel ST FAATAT & 3R 3T 3reTa=T foham a1am &1 38 37emaT, TRG, CRG 3iR
Ag-PVP-CRG 2fie &t g#fceniEes drelaydsT (TPU) difoadRe Afeera # fsaad fmar aran
¢ Torad Hogest W%Tﬂﬂ‘résm‘aﬂﬂqgfﬁwlcﬂqo TapIFditoie fhed aIR T 3T T |
3ETTT of ATH 3R AdRIFUIToIC ma‘m’rﬁagmnﬁvyﬁa:ﬁvshﬂaw-aw TehT T
IR LMl A JelellcAh Hedishad & AT ggell IR Y&dd fhar g1 wolt -Nd-CRG
SIS & TLVUT 3R T&T0T JUIA 3R 3H dRE & Ueh 37TAGsT & [olU ST i T 3914
gl

YPIST I38T I AT A8 (GO) H FRATead ThaT I1AT AT| FIH Igel, GO FI CRG
T Tt o ToIT ETSSISieT §183C H AT I ITIRT hich T (oieh ¥ T & TohdT IRT| CRG
Sfreq & FMTither T Sl TAEATTIT St oh T HiTFHSTToTeh IATcHD HEGH I Ha TehaT
IAT| GE, TRG I UTed A o fIT TANT argAsel & g 800 T3l Afcwad (&3 30 f3air
afeaay / [BsT1) & GO & & FaT 7T, TFrgwreiRia 3R 3rifoier forar arar| e, are
A Ner-dRIRENE (PVP) 2R Tod aateruit (AgNps) I ST 1T, Sifivs Adiesiss GO
¥ DMF /H,0 31 ATETH H TarafaAch AR HReIVOT & ATETH I H2ATSd [T 317 AT| CRG
offe X AT Aatpult &t 3UEAfa 3=a Thed HIRUT Sl AT (HRTEM) &
HIETH & eTTT fomar|

CRG, TRG 3R Ag-PVP-CRG #=iigsisis W 3HTehid faeie Hath 3reagsit of Al &5
TaRd CRG 2fie, 3icafs teawistes TRG Adased 31X PVP-FE2R AgNP (15-30 nm)
HSITT 31T PYThTeT M FALM: Tehc TohAr| T TTaT-37619T ATHIT M T 3T foham arm 3R
EMI & TRY&TOT, Siehcll §31 3IR faegd dreiehdr O & &Y Jeiat i 15| EMI gRzeror
gaTaRiierar (SE) &furet CRG (-80 dB) & ToiT 3Tad# qTam 31T, TS 2fic TXasI31t o RO,




ST 3D TIAYATT T YT FAT & [T IRUTHTIERY 3T dTelehdT (124.9 cm™Y) 3R 3=
gIehclT E3T &Tfel B1il &1 3T9 Feat 1 Hfshan, foiarel faegd areshar (62.74 cm™) & HRoT
mmmgaﬂaﬁa%mu TRG & a0 9ed & &g AARIT STt arelt T fohar, 31k safaw,
% EMI SE AT (-45 dB) # T Ag-PVP-CRG =ieilgsisis & ToIT WIed sgeica dTelehdl
e (0.25 cm™) PVP sgereh & 3ifaRed & fav frAeR &1 58 3ifaRed, Ag-PVP-CRG
AeiIe RS o ferw THTT TaTdT @Tehel §31T 0T T 3Hdelichst -58 dB & 39eT EMI SE #1eT #
JTETeT &l g1 39 3temar, CRG, TRG 3R Ag-PVP-CRG & I%s eficd & gof ol
3TERT-37eTT YT T 39T fAffietet geeler #parher & faw TPU memid Sg3mam
SRS fhed AR ¥ & faiT fFar s §

YR &, IRIRS CRG e 3menRa TPU (TPU / CRG) sisispraarse fheat &r fadwar g
3R JefehT ereleT 70T S R Fae T arershcl, EMI 9RRETOT, GiehdT §31T 9707, 31 STeiT 311fe;
FHedichel R a1 §1 EMI & 3T H3Melr & TPU / CRG A=ishiAIaTge el 7 5l g5
3R thAIhd CRG efte Y 3uReUfd &1 Gerra fham| 3o heat 7 EMI 9RR&T0T, giohT g3
90T 3R e ATelehall Te@TT a7 &1 g @M I fob EMI T IRRETOT fthed &t #lers &
Y TEAT T T TGAT ¢ 3R fHeaT H 373 §3 TRTIIAT S A ST3TE3 &1 $H TN, 379 conc
I Teh 37 LT 1 | 20 wt.% 3R 2 mm AXET fhed! i 31eaa+T fohar arar| TPU Afgaa o sfiax
CRG 2ficd & @« et 3R &Y THT fostell arelehdr 3R Giehd §34Tgr0ﬁﬁaa’lafrﬁa§3
3T Toldel H ST 1T AT| CRG feH T 20%wt. gTelifeh, TPU/ CRG siailpiA S cH
fhesit & forw DC faegd dgifcs Agifcs gfea 1 TaAT 3.03% 2| giohell g R IR
TANGT FhATA 2l CRG Pl & 1Y 9 ST & TPU / CRG AATRIARISTH H TR 20
wt.% TPU / CRG S=ilhIATATSE of &g # -18 ¥ -20 dB & 3TadH SUA3NS THS (12.4 - 18
GHz) 83 TR 3gfcadl &1 ig@ran| TPU / CRG siellepl#aIfoie theal sl 316 STe s e
o A6 TPU Tthed Y Jofall # N, 38 IRIEI AT H 60% HaT <L |

ATl A IR VAes ATHH IR YHATCTECS TG (TPU / TRG) AdlhARICH
Al & TPU Afeard & 3ieT Sl arell TRG fed i st 3ehfa faeimeT 3 8t thera
fe@mar srar a1, I SEM, C-AFM, T#HeT T9aeIEhdr 3Rk XRD & sikw Rf3a forar s o
H-TTHTA eIl o HAg W TRG AtheT el & faegd &7 & Furferd g @i gise &,



Fifer TPU #Afeard & fenelel arell TRG MeH & ATETH @ HI[eT 96 & &7 H| 1.49 Wt.%
<l Ueh he ST SelTargehel TUehel JHGIeS JTCd T 915, HHA: W UlTel#X Afeerd H TRG =T
M F 3D dd SfFehd Acad & 6T & AT [SFATR 38T AT THY ATl Gl
TSt AT 3R g feet o SanT Fefed 9T a1y AT
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