
 

 

 

 

 

 

 

 

 

 

 

 

  

Key Indicator 3.1 

Resource Mobilization for Research 

 

 

Metric 3.1.1 

Grants received from Government and non-governmental 

agencies for research projects / endowments in the institution 

during the last five years 

Hindustan College of Science and Technology 

 Farah-Mathura  
(AICTE approved & affiliated to AKTU) 

 

 



Hindustan College of Science & Technology
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AICTE Approved . AKTU Affiliated . 5 NBAAccredited Courses

Grants received from Government and non-governmental agencies

for research projects / endowments in the institution during the last
five years (INR in Lakhs)

Agra-Delhi Highway (NH-2),
Farah, Distt. Mathura -28'l 122
U.P. (lndia)
Tel : + 91-565-2763366,

+ 91-565-2763705 / 06
Fax: +91-565-27633U

Department
of Principal
Investigator

Name of the
research project

/ endowment

Elaboration
nanocomposites
coating based on
carbonaceous
materials for
active
components of
gas sensing

Dr. M.S.
Gaur

Department
of Physics

3 Years

Indo-Belarus
Cooperation
in Science
and
Technolory,
Sanctioned
by DST
New Delhi

Govemment

DRDO,
Aeronautics
R&D
Board, New
Delhi

Government

Development of
novel epoxy
resin/graphene
nanocomposite
coating material
for aircraft
structures

Dr. M.S.
Gaur /

Dr. R. K.
Tiwari

Department
ofPhysics

GovemmentDr. M.S.
Gaur

Department
ofPhysics

DST-
Russian
Science
Foundation
(RSF)
sanctioned by
DST New
Delhi

Development of
test methods for
control ofheavy
metals in water
for environmental
monitoring

Regd. office : "sGl Towef, 500 Mtrs. from Bhagwan Talkies towards Agr?:ugllura Highway (NH-2), Agra - 2- 
Phone:0562-2522442,2526758'Fax:0562-2850274

Defhl office : M-11, south Enh. ll, New Delhi - 110 049. Tel.: +91-11-26262992193194,

visit us at: <www.hcst.in> <www.sgei.org>
Agra o Mathura. G. Noida
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. Gav€rnnent af {ndi*
Miniatry of $ciencs *nd To*hnotogy
lep*r*nentaf Sciance & Tecbnology

{tntsrfiati*n*l Siietcr** fcapem$on OMxian}

S$T'INTTS LRJP.,' 3J}OI 6

Teshrlclogy Bhlvrn, s*ew llilehr*l$l| Rosd
l*e*r Dsltt*-tl$tn
a*to: l$"sll.t${8

ORSER

$ubjecf tmplementetion of Inds* $abrus Joint prolect entiiled: "El&rstion nanoccmpssite
coating* bs6d on ffiibonffia$$ materials ior a*ive ccmponerd* o{ gas
monitwirq systsin" cssrdlnst€d W Sr. M.$. Gsur" Deparfnent of Phy*ie*,
flindustan Csllege of $s*ene and Tdlnelogy, M*$una - negalding,

$anc"{ion of the Prrsident i$ trnroby accorded for incuning an expendilure nst
exceeding R*. 11,3{,00*{* {Rupeao *.levelr l*akh and Twenty fixrr Thou*and *nly} {*t
implemanlaticn of ths Ind*. S*lsrus joint project entitte.d "Elabsratlsn nannccmpc*ite I
coeting* based on carbona*eou* mafe**ab fo{ eclive comFone*ts of g* r$*nitoring sf$ern" I
csordinated by Dr. lll"S, Gsur, S*p*r{nmnt *f Fhysirs, l"lindustan Callego cf $*i*noc *nS I
Teehnolqgy, h{athura whh Frof. tor".liilam. A.V" Rector d Francisk $korina. Gorrt$ $t€Se /
LJniver*iiy BelaruE for a total duralion nf Three ynars fronr the date nl issus ef lhe $anction
ftd*r. Th$ dstslled breakup CIf ths grsrlt fsr Senersl as well *s C*pilal $ornponentx are
givtn below:-

General Component
Capital Componen{

: Bs. 11 s.oqq&: Rs. N3.t

2. As per tha te$ns and *ondition*, *greed by both side, und*r thc projest the sending
s+de wijl bear the csst retated io tlu lnternational air trav*l, medical insuranc* snd viea
cfmrgo* whereaE th* receivil*g side shst bnar the cssl sf acctrnmodation, ho$pitality and
lceql tnauels cf tha $isiting scientiat" Th* kwk-{rp af appnved ex@iture is as indicatd
below:

ttem of Fxptnditure A'f,ls$$t

ffi
1. Mcbtlity oi s€isottrts

Tws visitc eaeh slde each yexr

. f or vislt *f lndian scientl$t$ to
Belarus

r for visit of Selarus S{ienfl$ts to lfidia

{ar calculated below in para 3 and 4 bel*w}

!. Conrumables

3. Contingency

1,?4,080

L044,0$0

50,ffi
20,sm

tr.?4,0s0

1,44,$SS

3S,000

:o,0$0

1,74"S00

1,44 000

lG,w
20w

fs{rr $.Ire {*ft 3,S8,SS0 3,6g,S0S 3,5&0ilS

Qlerhead tffi on rnnrumable 5,0$0 3,000 essO

Iot{rl ferr $rfse Cdsf 3,93,000 3.71,ffiS 3,60,&o

Sraad lalsl Rs 1tr,2i1,CIS1-

@r,.:
Llii,:;c..::r

l'{ind rjsij: i;'i- ll is.i:,:,::'i'
S*ii.., i,: i; Tl:r:::;:l:,i:,:', :'

f+ i-.,:.i i (ivr;r'l-l1i i i{AJ
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g. Sfinction sf the Presideflt is hereby accard*d fcr reles** ol '1e' instal$ent amourat**g

e Rs. 3,SB,S0S'- tRupoes Thrse l*skh alld l*lifisty Three Thou*and only) to the grante*

r*utittir*. fiii a*oiini af grant rryill drawn by the Drairing and Disbursing O_fficer, $$T and will

5g disbursed lo Hlnduitan Soll*ge sf Ssienc* and Te*hnolsgy, ||Jlaihurs. Tlte h*nk

d€tails for electronic trsnsfcf *f funds through RTG$ are given below:-

lAscdnt liiliters nanre/ d"sigtriisn
1 i Teqhnqlq$x,.!\{ql?um--- --- " ^* *---;

Name of Bank ?11g}e!*Ngtt-o!]Cl "B 
a nlr _

8ank,&cccunt Nurnber
IFSC Code
E-Mail

Snndition fur ptecing of grant arn$unt:

4. All lrrterest or other aarninge against Grsnfin-aid *r advanne$ {oih*r ina*

rsimbursementi retea$ed ts a*y grantee in*titution should be mandatorily remi*ed to tft*
Cansolidated Fund of lndia lmm*diately after finalizatisn *f the accounts" $uch advanees

should not be atlcnfied t* be adjusted agai*st tuture rsl*ases.

*onditions fcr submie*ion of S€/UC and Progress repcrt:
t {a} the grantee organiuatio*r will furnish tc Sre Separtm*nt of $cience & Technolagy,' . 

finaniial year w.i*e tJtiliaati*n Sertifrcate {UC} in the prcfonna presc$bed *s per SFR

?0'17 and audited stslement nf expenditure {$S} along witlt up tu dat* progfe$$

r*port nt the end of *a*h financiei yonr duly reflecting lhs int*r*st esrned J afcrued
on the granis receiv*{$ und*r thg pr*ject. This is ai** subj**t to the conditlo* *f
silbrnissicn of the fin*l ststsnn*nt af expenditure, *tiliaation certificnt* and proje*t

cornplethn report with*n sns y*er fr*rn the schedr"lled dat* o{ comB}*ti*n *f the
pr0ject.

{b} While submiting Utilisalisn Certificatdstalernenl ci Expendilure, the orgxnisation
has to snsure subrrti*sion of supporting docamentary evidences with r*gard t*
purclrase of equipm*nt/capit*f assets a* per the pravisions of SFfr 301?.
Subsequent release of grants under the project shall be considered only on rec*ipt $f
the said documents"

{e} a transparent prscurement procedr.:re in tine witlt th* Pravislons of Genere} Financial
Rules 2011 will be fpllow*d by tlne Instituta/ Organisati*n under the appropriate rule*
of the grsntee organisali*n while pronuring capiial a$$ets $a*fiiionsd for tle abeve
menlioned project and e certifi*ale t* this effe,ct wlll bc subrnitted by the Srantee
organieation irnmediately nn r*ceipl of the grant;

S. The grantee or$aniaatinn will have to enter & upload tho Utiliration Sedificate in th*
FFIdS pofial beeides sending it in physical lorm ts this CIivision. The subsequenllfinel
instalrnent will be released *nly afier confima{ion sf th* acceplance of the UC by lhe
Division and entry of prevtou* Lltili:alisn Certificats in the FSM$.

7 " In ihe evenl grant has b*er released u*der eapltal head ihrough eeparate sanction
order under the sams projeet fer purchase *f equipm*nt{s}, seperat* SEll..fC has to be
furnished for the released Capital head grant.

*snditisns ol Aseeis {if *ny} :

S,{a} CI$T reserv*s sole righl* *n lhs fl $et$ creHted eut ef gr*nls. As$ets acquired whol{y
or substantially out ol gcvernment grants {except thsse declared as obsolste and
unserviceable or c*ndemned in accordance wilh the procedure laid down in GFR
2017), shall not be dispe**d *f without obtaining the prior approval of D$T.

w
i'\1\":,": : : ::, :,-r: j:,,.
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{b} Th* equipmentiinetrument shsl} have to be purclras*d within.twelve msntl}s frsrfi the

date *i release of the capital grant. Fresh permiscion shall have to be sought fram

nSf, in th€ svsnt, the lnstitr*t* fails to purcha** th* *qr.ripmenfinstrurnent within the

pr*oeribed perlod o{ twelue months frnrn ths dat* of release sf sanctioncd amsunt'

Cosdition* f*r Intsrnatlsnal Vieits :

g. All project retated visits t* be underlaken by the Scientists from either side in

connec.ti*n wiitr the irnplementxtisrr +f the project sha:ll require prior appr*val fr*m thie

[*p*rt**nt separataly on a case to 0a$€ baxi* befcre any expendlture is inruned in this

regard.

10. Aa p*r MoF instructlon$, it has b€*n decidsd that in all cases of sir $ave|, bolh

dom*xtic and international. where the Gsvemmant $f l$dia bears the cost af air passag*, the

officials ccn*erned may travel *nly by A,ir India. For lrav*l to stations nol connected by Air

India, ihe officials miy travel by Air India t* the hublpcint closest to lheir evenlual

destinatipn, beyond whiin tn*y mxy utillee lhe services *f another airline which shauld also

prafernble b* an alliance partner af Air India'

Other Conditions:

1'1" Th* eccounrt of the grant*e *rganisalion shall be opan to intpr*ti*n by lh€

sa1ctioning authority and audii {bclh by g&AS of lndia a*d lnternaf Audit by fhe Frincipal

Accounls Sffi*e of the DST), whenever the organisaticn i* catled upon lo do so, *s lgid down

under Rule f36{1} of Generaf Fin*,rrcial Rules ?017.

12. Fu* acknowledgement of teehnical suppsrt / finnncial assistsnce resuRing from this
prciect gra$'It should rnandatorily b* hlghtightnd by the $r*ntes organiEation in b*l$ lefiers in

all 
"publications I media releasec an wef{ as in ths *pening paragraphs of thelr Annual

R*parts during a*d nfler the cctnpl*li*n *f the prolect.

13. ln case the scheme provls*e for payment of honsrarium ,i rernuneration / f*llnunhip I
scholar*hlp t* the Pl, a para may suitably he incorporated in ihe D$O to the effe*t lhat "Pl is
not drawing any emoluments/ $alsryl fellowship frorn any other project either stlpssrted by
DST or by anv other funding age$*y.

14. Failure io comply wlth the tsrrns snd conditicns of the ssnction order nti*l entail
full refund with interest in terms *:f Rule ?$t t3) of GFR 20'17,

15. The expendlture involved is debitable trs Derncnd No.S'4, CIspartment *f $cience &
Technology fsr lfle year 2017-1$:

3425
80
60,798
't4

: Olh*r $eientific Research {M*inr Head}
: Olhers
: lnternationslCcsperation{MinarFleadi

14,S0.31
Res*arch & Developmsrt
Graftts-in-aid Gener*l for the year 2017-18 {Plani
{Fr*rri*u* : fSS-34t5.6S.?S8. 1 ?.00. 31 }

16. Thi* *anction ordsr bei*g luti*stafrnent for irnpNementalion of this pr*jeei, rc $flUC
is dus fr$ff! lhe grantee institution ag*innt this prqject.

17. This issues with the sofl*urrens* ol IFD vide their concurrence Dv. No. C12097
/lFD 2t117'18 datsd 14.08.?S18"

18, As p*r Rule 234 of GFR ?*1?, this sanclicn has been entered at S No. ./ 5t/.in tn*
reglsier of gr*nts nraintalned in the CIivi i*n.

19. il€* *arpan portal *D. UFl3Sl?ISll63{0

{Raiiv Kumar}
$ci*ntist'E'

Hind**.ltii f cii*gr: of
Sgigl:,:r ."! is';.i,;ip,!';1,31;

li:ii...;:.;,:'..,1j_\.r. lj I, ilLi\)
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To,

I

The Pqy & Acpunb 0 .ffioer,

Deparfnent d $ci{tne€ & T*rfinology,
llsrv Delhi-l10016

Cory to:
l,-' Otrae,of tha PS"ie{ D{fffidf fuSitr AGCR Bldg., lP Esiab,N,crtr O*lhi.if$@l
2. Caslt $acfhn {3 cop{ae}, DST
3. l.F,0lvisiontAmunts:S€el$on,AgT
4. $anctbn FoHers. Fioie.t Fie.
S. Or" lil*S. €a{rr, pepg{fnertt cf Phpics, Hinduglan Cdhge of $ebnw and

Technology, Matrura
T, R6girtrar, Deps*nent of Ptrysire, Flindusbn Colfege of $derce exrd Teeftr-n@y,

Methurq :

g. mnEneo Offifer, Oepartment of phplQs, Hirdustan Co&6 cf $eiotlcp:and
Technotogy, Mathura

tRgite KW||{r}'*ffit'f'

Break up of expenditure on each d*jt of lndian Scientlsts vi$itirg collabora$w lnstitute i€

calculated broedly as below:

a. Internatio,nal Fare Dethl - Gomel and back Rs 70,fi10

Sy excursion econonry class

b. Medical Insurane {Sllwr,S,sE} tu 2,S0
c. VisaFeetespfractuatsl Rs5offi
d. Local Transport Rs.10,S0

Total: R$87,M

4. Sreak up of exper$turf sfl each deit sf Edarug sclenti$ts ard piqigct staff visitiry the

Indlan cdlaborative In$lnrt€ {foran averrge dwation of-two weeks}:

l. Fer dlerfl8 Rs tr5$ f 14&1u Rs 15,000
il. Accommodatbn @ Rs 25m | 14 dap Rs 35,0m
lll. LocalTransport Rs 2,0@

T€&l: Rs 72,90$

{8*iiv Kunrcr}
$clettist'E'

a

@\.:-
Direo:or

Hlndustan College ot

Sclence & Techrclogy
FAftAH (I\'IATHURA)

I

:I
:.
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DST/INT/BLR lP.1312016
Government of India

Ministry of Science and TechnologY

Department of Science & Technology.
(lntemational Bilateral Cooperation Division)

Technology Bhavan. New Mehraulli Road
New Delhi-110016

Date: 16-09-19

ORDER

Subject: Release of 2nd installment

In continuation of orders of even number dated 29-08-18, sanction Of the President is

hereby conveyed tor. 
"airy 

iorward of the ,n"p"ni 0J"1"" oJ T.: 1,99,726t' (Rupees one Lakh

Ninety Three Thour"ni sur.n Hundred'il;;it Six only) from 2018-19 to 2019-20 for

utilization by the grantee institution in connection *itn the impiementation of the Indo-Belarus

ioint research project 
""tltf"J 

i'Elaboration

'crri, ii"J".tin iottege of Science and Technology' Mathura'

2.SanctionofthePresidentisherebyaccordedforre|easeof2ndinstalmentofRs.
1,77,2741-(Rupees One-t-atn Seventy Seven itrousand Two Hundred Seventy Four Only)

to Hindustan cottege oi S.6n"" and lechnoJogy, Mttf'"t' The amount of grant will drawn by

the drawing and disbursing officer. DST and wii'be disbursed to Hindustan college of Science

and Technology, tvlathui""rnu bank details foi electronic transfer of funds through RTGS are

oiven below:

3. The terms ano conditions as communicated earlier vide this Ministry's Sanction order of

even number dated zgoa:i8 shall remain unchanged and shall be applicable in the present

sanction also.

Condition for placing of grant amount :

4. The grantee organisation will maintajn separate audited account for the proiect and the

entire amount of grant'will be kept in an interesi bearing accou.nl For Grants released during

F.y.2oj7-.gand onwards, all interest or other earningJagainst Grant shall be remitted to the

Consolidated runo 
- ot' India (through Non-iax Receipt Portal (NTRP)' i'e

www.bharatkosh.oov.in), immediately afte.rfinalization of the accounts' as it shall not be allowed

to be adjusted agatnsi'future releases of gtant. I certificate to this effect shall have to be

submitted along with itatement of expenJiture / Utilisation Certificate for considering

"uUseqr"nt 
relelse of GranU closure of Proiect accounts'

Conditions for submission of SE/UC and Progress report:

5.(i)Thegranteeorganisationwi||fumishtotheDepartmentofScience&Techno|ogy'
financial V""," *i"J Utilization Certificate (UC) in the proforma prescribed as per GFR

2017 and audited statement of expenditure (S'E) along with up to date progress report at

the end of each financial year duly reflecting the inteiest earned / accrued on the grants

received uno"iin" pi"i""i. ftti" ir atso suui-ect to the condition of submission of the final

statement ot 
"*p"niit,jre, 

utilization certifiiate and project completion rePort within one 
.

year from the scheduled date of completion of the project' tr

-"tffi llffi;

Hindgstanggl|es-9.-o-!S"ip1-c*9andT-e-ghn"9QS""y-.---*,
Punian National Ban! ...... ....-.

184i0-o21oooo19,8a- - *-





{ara)

r'.o\lr)v,

"o+()-|-
.o+

{\r€oo\tol6lt

cil
o.l

6l

G
I

oc\\o]rh-qqf?(\oC
.l

oc\ocil

t\:(\$oiq+o6toNo\<
)

f.l

{c.l
.9q?o\(>G

II
ao

oC
.l

IJ.

{\l\frtt4

E
bh

L'U
E

>
b

.co S
d!t

r.G
'

Q
)l

hi>

E
E

N
o c.i r{
tro\F

-
! 

cn -':
9sP

.
'9": ..
o)E

gs
u)n 

E

- 
(.'.1

vi drt

_G
t

i-- x
9,.
x@0)
o

G
t

ocG
I

PEo)E=oott€!C
)

LLo,gI(u.A3

t)

Uq)liLrIc)

€q)

xrd

{\oF
-q

t6)

€kla

c.l
ot
@qao6lo{c)r!+ao

Iohxt,

A
\

ooc,l
oo
Ooic.l
EoG

t
E\0oc\l
caI

&
l

J>rY
r =

<
=

 
€

2{ 
Hoo

H
d

A
a* 

X
A

d14 
C

.l

E
g

,'.E
 H

E
iY

 
E

 &
\.,C

J 
O

X
:i.go 

E
 rq

g{E
€E

E
E

gE
g

q)

rc'6lozr<c)L()crt
C

A

A

H
 

C
.il C

"l 
S

f \n



EoL;Lh!goLoa,

Ioo

-.E
=

9
v=F

>
O

m

p;co-
,=

G

u-F
a

ooo6
F

0!):
o.v
x^3E

:to<
no>

rq
v,=tr::

;Ov=- ':
.-=

-

.u: r
L- 

C

,l( 
.-

6t 
.tr

F
e 

x
geti3
#rg::

go !:s
rJJtN

:;

i 
"15 

5

{.)

q 
_:\

c( Y
+

r{oao 
oQ

e.d-:
ff

:; 
:

:t'l 
l'

9e;
E

 +
H

 
x

'=
€€

C
E

 
L

9{F
eE

>
z

7
z

z
z ffi

6>o*r!a
o- 

+
sd.{
€e ?n f
d 

*? 
c

{o\
\sc\t\

*lf\oT

**N

z

o\\oo.l
F,^

E
sl 

6

is 
5

E
{ 

E
Iql 

t
=

 
qnl* 

J
q 

*tl
-. 

e}l 
;i

8."&
t 

-H
F

\](JI
r\ 

ll 
-c

[ 
-

tdl r
5.1 

5
6 

..t 
!

c 
0)I 

a.)

.99H
1 E

." ol 
t

t:IEel ;
gt I
gl {€

t.? r

oii
!>

-5+
6!=

li 
!.'!

!e>

€ 61 
5

' 
C

.',
x+
rd>

r)ocacoc'l

{$\oc\

I
t*c\\o

.
orz
G

+
 

" 
i

-* 
* 

6
=

frx 
* 

o
:1O

J K
 

;
\ 

o-; 
a

o-i 
-

d, 
l 

a

ililrs s ;i
z

z
Falol

6l

t-C
.l

N;*
3;1"i5
-.F

4N
F

4a
#trrr I

0! flgiiu'
{\o

+{00o\
ol(\|
co

z

I

svooul

-
i- 

G

llF
) 

-
jl:s 8
:l f,€
;t<

 :a.

oG
I

.itr..

I

C
-l

00

I

ra!fN
oo

ta00r\_q;\or\C
.l

o\
o\ul

q

'hdi:
j$'iF

i

'* l;
'H

 l€
: 

IH
E

 l$i
'H

 ,j liE

s;l!t
2.4 

'l; 
/

-a\ 
^/ li *

:E
.r- lF

 g

zo

t,-a E
S

l "9 a C
a

>
1,^3 r!>

;16 ! e-3
+

z

rn€oco-

\o

00
c.)
.'lF

-
c.l

{c.l

e 
q, l^

{E
E

E
E

o
d!E

€.E
E

<
ia; 

L

{.ifo\

b
S

i9A,;i $
tV

<.c{
&

R

o$N
&

-

IE
€

;U(t)
*6z,'6C

n

oO

>
l

o0)o0
o{)

c)oL()

l,I

F
-

oz!:
a

F
|

ao
.rf

\o





Annexurc-III

FOR THE.FINANCIAL YEAR- (pNDING 3l-' MARCH)

l. Titte of the Project/ Scheme: "Elaboration nanocomposites coatings based on

carbonaceous materials for active components of gas monitoring system"
2. Name of the Institution: Hindustan College of Science & Technology, Farah,

Mathura-28I122.
3. Principat Investigator: Dr. M. S. Gaur, Professor, Department of Physics
4. Department of Science & Technology sanction order No & Date sanctioning the

proj ect: DST/INT/BLWP- I 3/20 I 6 dated 29.08.20 I 8

5. Head of account as given in the original sanction order:

S. No. Budeet IIead Orieinal sanctiou Amount in Rs.

Mobilitv of Scientists Rs.9,54,000/-
2. Consumables Rs. I

3. Continsency Rs.60,0001

4 Overhead Rs. 10.000/-

Total Rs. 11,24,000/-

Amount brought fonvard from the prcvious Financial, year quoting DST letter
no and date in which authority to carry forward the said amount was given :

i. Amount: Rs.1,84,075/-
ii. Letter No :

iii. Date :

Amount received during the financial year (Please give DST letter/order no and
date):

i. Amount : Rs. Nil
ii. LetterNo. :Nil
iii. Date : Nil

8. Interest earned: Rs. 4,546/- ( Deposited in Bharatkoslt)

9. Total amount that was available for expenditure (excluding commitments)' during the financial year (Sr. No. 6+7+8): Rs. 1,84,075i- + Rs. 4,5461- ( Depasitett in
Bharutkosh) = Rs. 1,84,075/-

10, Actual Expenditure (excluding commitments) Incurred during the financial year
(upto 31" March): Rs. I7,106/-

11. Balance amotrnt available at the end of the financial year: Rs. 1,66,9691-
12. Unspent balance refunded, if any (plcase give details of cheqpe no etc.) :

Rs,1,66,969/-
13. Amount to be carried forward to the next financial year (if applicable): NA

i. Amount: Nil
ii. LetterNo. Nil
iii. Date: Nil

6.
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UTILISATION CERTIFICATE

Certified that out of lts. 1,77,2741- of grants-in-aid sanctioned during the year 2019-

2020 in favour of The Director, HCST. Farah. Mathura under this Ministrl,/

Department letter/ order No. DST/INT/BLR/P-1312016 dated 16.09.2019 and Rs.

l9l,7% /- on a:ccount of unspentbalance of the previous year (2018-2019), a sum of

Rs. 1,03783/- has been utilised in 2019-2020 for the purpose of project for which it

was sanctioned. A sum of Rs.2,67,215/- isavailable for FY 2020-?A?1, a sum o[

Rs. 83,140/ has been utilised for the purpose of project for which it was sanctioned.:A

sum of Rs. 1,84,0751- is available for FY 2021.2Q22, a surn of Rs. l7,1A5l- has been

utilised for the purpose of project for which it was sanctioned and balance of

Rs.1,66,969/- is refunded back to DST.

SignaturE of Director

Date l{ , 6-3. l, t L. Date I I . ol. Ls'l {

n
(fo be lilled in by DST)

Cedfy that I have satisfied that the conditions on which the grants-in-aid was sanctioned

have been fulfilled/ are being fulfilled and that I have exercised the following checks to see

that the money was actually utilized for the purpose for which it wai sanctioned:-

Kinds of checks elercised.
l.
2.

3.

4.

5.

Signature:
Designation:
Date:

Accounts Officer of the Instirute

Date I Ho?r*.r'u

Signature of PI
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The polyaniline (PANI) and PANl/carbon nanotubes (CNT)/graphene

oxitte (Go) thin film rvere prepared in indium tin oxide coated glass

plate by spin coating method. The molecular stmcture anclphysical

properties of PANI and its hybrid nanocomposites were characterized

by W-Vis spectra, field emission scanning electron microscope (FE-

SEM) and atomic force microscopy (AFM). UV-Vis spectra show the

agreement with formation of n-tl. electron interaction between PANI

and CNT/GO. This interaction causes the decrease of bandgap due to

confinement of the electrons and holes. The FE-SEM andAFM image of

hybricl nanocomposites is different than PANI due to globular

morphologies in the presence of cNT and Go. The surface free enerry of

PANI anil hybrid nanocomposites thin films was anallzed by measuring

contact angles. The dielectric permittivity and tangential loss (tan 6) of

hybrid nanocomposites with different frequenry were investigated at

room temperature. The incorporation of CNT and GO in PANI matrix

possesses high dielectric constant, low dielectric loss and high energy

density. The excellent C3H(,O gas sensing performance of

PANI/CNT/GO hybrid nanocomposites thin fiIm may be attributedto

more o:ygenvacancies and narrowerbandgap. The response of

PANI/CNT/GO sensor was four times better than PANI sensor with the

recoverytime of 5o6 s.
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Abstract
BaZrOt and BaTiO, nanofillers were incorporated in pristine PVDF and pristine PVC blend matrix separately to prepare
blend nanocomposites using the solution casting technique. The mass ratios of PVDF/pVC/BaTiO, were chosen to be g0/16/4.
The structure morphology of nanocomposites was analyzed by Fourier transform infrared spectroscopy (FTIR), atomic force
microscopy (AFM), and X-ray diffraction, The FTIR, AFM, XRD and pyroelecrric results indicate the strong interaction
between the nanofiller and PVDF/PVC blend matrix. The nanocomposite exhibits a high pyroelectric coefficient Jue to proper
dispersion of nanofillers. The maximum piezoelectric coefficients (dr) were 39, 88,ig.7z, ll2pCN-l for pristine pvc,
pristine PVDF, PVDF/PVC/B aZro, and PVDF/PVC/BaTiO3 blend nanocomposites, respectively. The remnant polarization
of blend nanocomposites is also measured by P-E loop. P-E loop shows that the polariiation of the blend nanocomposites
increases under influence of nanofiller. The pyroelectric coefficient for PVDF/PVC/nanofiller blend nanocomposite is very
sensitive in the temperature range of 30 to 180 "C and greater than pVC (i.e. 351 pC m-2 K-r > 15 FC m-2 6:r;.

Keywords FIIR ' XRD ' AFM ' Piezo-/pyroelectric coefficient . P-E loop . Blend polymer nanocomposite

Introduction

The pyroelectric and piezoelectric properties of ferroelec-
tric materials are depending upon the structure and internal
polarization of the material. These materials are intrinsically
multifunctional and have found a broad range of applica-
tions [1-3]. The fluoro polymers are most suitable candidate
for this purpose [4]. The fluoro polymer like PVDF and its
copolymer offer several benelits in micro- and nanosystem
due to large molecular motion that can be respond with low
hysteresis and high-available energy densities. This class
of polymers possesses unique properties including sensing
ability of different stimuli [5, 6].
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2 Francisk Skorina Gomel State University, Sovetskaya
Str. 104,246019 Gomel, Republic of Belarus
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This new class of nanocomposites material may have
excellent properties as compare to traditional materials such
as polymers, single crystals, and ceramics. PVDF and pVC
have unusual properties and widely used in industrial appli-
cations because they possesses favorable chemical, mechani-
cal and electroactive properties with biocompatibility. The
combination of pyroelectric and piezoelectric properties of
BaZrO, and BaTiO3 nanofiller make it interesting in non-
linear optics, miniaturized organic electronic devices, etc.

This class of polymer (fluoro polymers) distinguish them-
selves with a high bandwidth, high frequency, low-power
requirements, fast response, and high-generative forces.
Therefore, they qualify the properties fbr actuators and sen-
sors applications [7, 8]. Other environmental effects such as

humidity, temperature, and others cannot effect the perfor-
mance of these materials. Several publications in the field
ofnanocomposite nraterial are appeared in recent years [9].
The dispersion of nanoparticle is the big problem with two
polymer matrix. But hybrid system of two or more than
one polymer could be able to bind the nanoparticles in dif-
ferent interfaces by increasing van der Waals interaction.
The application of polyvinylidene fluoride (PVDF) cannor
be applied as a piezoelectric/pyroelectric sensor without

A Springer
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enhancing their respective properties by incorporation of
nanofillers.

PVDF and PVC are one of the most important polymers
fbr various electronics and optoelectronic device applica-
tions [10] because oftheir excellent transparency and thin-
film-forming ability. Owing to these merits, large numbers
of research groups are exploring the chemistry of PVDF/
PVC in order to improve its pyroelectric coefficient. The
pyroelectric properties of PVDF/PVC could be improved by
introducing nanofillers I l]. The addition of PVC into PVDF
can enhance the flexibility and durability of the blend thin
films [12]. In this study, PVC is blended wirh PVDF which
renders the formation of free-standing thin film. BaTiO, and

BaZrOT have some superior properties such as high ion-
exchange and high adsorption capacity. It can absorb large
quantities of vapor, such as DMF, at low partial pressures

[13]. This allows the formation of nanonetwork in polymer
matrix.

BaTiO3 and BaZrO3 nanofillers are the most f'avorable
nanofillers for polymers due to the highly ordered porous
structure with very small size. In the present work, BaZrO.,
and BaTiO3 with different concentrations have been used

as nanofiller for PVDF/PVC matrix. PVDF/PVC/nanofiller
blend nanocomposites were prepared using simple solution
casting technique. The nanocomposites were characterized
using different analytical techniques including FTIR and
piezo-pyroelectric coelfcient. The main purpose of this
study is to compare the pyroelectric response and structural
properti es of PVDF/PV C lB aZrO., and PVDF/PVCiB aTiO.,
blend nanocomposite thin films.

Experimental

Materials and methods

PVDF and PVC of molecular weight (Mw) 64.03 g mol-r
and62.50 g mol-r, respectively, were procured from redox
(India). BaZrO^ and BaTi03 nanoparticles of size < 100 nm
with 98.5% trace metals basis from Sigma-Aldrich have been

used in the present study. The analytical-gradeMerck(99V0
pure) N-N-dimethylformamide (DMF) was used as a solvent
for preparation of blend nanocomposite thin film.

The PVDF and PVC of mass ratio 4:l were taken and dis-
solved in dimethylformamide (DMF).BaZrO3 and BaTiO,
were also dissolved in DMF. The solution of nanopartical
(i.e. BaZrO.,, BaTiOr) was added to the polymer solution
drop by drop. Then the solution was stirred with sonicator
at frequency of 20kHz and power of 100 W for 15 min
before. The mixture was cast to a glass petri dish and kept
in vacuum oven at temperature of 60 'C fbr 2 h. After 2
h, oven was switched off, and samples remained inside the

0 Springer

J-PVC
)a PVDF

BaTiO.

)BaZrO"

After Dolarization

Fig. 1 Schematic diagram for polarization of blend nanocomposites

oven for 24 h. After drying, the samples were peeled from
the petri dishes. The dried samples were subjected to room
temperature in vacuum oven outgassing at l0-s torr for a

further period of 24 h to remove any residual solvent. The
thickness of samples was observed to be in the range of
50-100 pm. The aluminum electrode of diameter 2.5 cm was
prepared in both surface of sample using vacuum coating
unit (Model no, VEQCO Delhi, India) tbr measurement of
pyro- and piezoproperties.

Polarization process

The both-side-aluminized nanocomposite samples were
thermally poled according to method reported in the lit-
erature [14]. The detailed theoretical model to understand
the polarization of polymer-ceramic nanocomposites is
reported in the literature [5, l6]. According to this modei
the induce piezoelectricity and pyroelectricity within a pol-
ymer-ceramic composite, a strong electric field is applied
to the sample, to orient the dipoles in each phase (i.e. poly-
meric and ceramic phase). However, since the ceramics has

a much larger permittivity than the polymer, the electric field
is greatly reduced in the ceramic phase. The polarization
of polymer-ceramic nanocomposites samples at elevated
temperature causes the accumulation of space charges at
polymer-ceramic interface. Thus, internal field increases in
the ceramics phase and removes the discontinuity of electric
displacement at the interface. The polarization process of
blend nanocomposite is schematically shown in Fig, 1.

Result and discussion

Mechanism of formation of blend nano(omposites

The fluoromethyl group (-CF in PVDF and Clgroup in
PVC differentiated their chemical structure. The chemical
structures of PVDF, PVC, and both nanoparticles are shown
in Fig. 2. In general, PVDF has rhe highest rhermal srabiliry
due to its regular packing of -CF, crystalline unit driven by

*ff



Piezoelectric and pyroelectric properties ofceramic nanoparticles-based nanostructured.

Fig.2 schematic representation of the chain conformation for the
B-phases of blend nanocomposite

the mutual repulsion of adjacent fluorine atoms. pVDF has
high molecular weight and infinite melt viscosity, however,
PVC can be broken down into different scales at different
temperatures. This structure of pVC is not suitable for fer_
roelectric. On the other hand, the bulk group of _CF, in
PVC disturbs crystalline packing to main chain and increases
amorphous fraction. Additionally,-CF, group can be con_
sidered as defects in the crystallites.

PVC and PVDF interact via the formation of a hydro_
gen bond between the carbonyl group of pVC and hydroxyl
group of PVDF. The miscibility between the two polymers
can be attributed to the existence of this hydrogen bonding
in_teraction with nanoparticles (i.e. BaZrO., and BaTiO3).
The amorphiim of PVDF takes place with the 

"ngugr-ment of PVDF and pVC segments along the periphery of

spherules phases in pVDF, as depicted in Fig. 2. This is the
reason for enhancement of pVDF p_phase.

FTIR spectroscopy

FTIR spectra of PVDF/pVC/BaTiO, blend nanocomposires
were carried out by Fourier transform infrared spectropho_
tometer BRUKER (Model VERTEX_70) in rhe wave number
range of500-3500 cm-r in absorbance mode.

Figure 3 shows the FTIR specrra of pVDF, pVC, PVDF/
PVC thin film and pVDF/pVClB aZrO, andpVDF/pVC/
BaTiO, blend nanocomposites thin film. The FTIR spec_
trum of PVC shows various characteristic peaks at g32 and
763 cm-1, which are attributed to skeletal vibration of pVC
[17, l8].

The characteristic bands at 2ggo and l0gg cm-l are
assigned to O-H extending and C_O extending vibrations,
separately. The band at2910 cm-r compares to C_H lop_
sided extending vibration of the alkyl group, and the band
at L72l cm-r is ascribed to the C=Oexi"nOing vibration of
the carbonyl garhering. Additionally, the band at 1500 cm-r
can be due to vibration of an acetyl gathering. The bands
at l38l cm-r and l25l cm-r ur. ur.rib.d to CU, and C_H
swaying vibrations separately. The band at l4Z5 

"m-l 
cor.r_

pares to CH, twisting [ll,l9).
The FTIR spectra of pVDF/pVC thin film (Fig. 3 (c))

show small shifts in the bands as compared to the pristine
PVC. This indicates the considerable interactions between
two polymers.

, 
The characteristic peaks of BaZrO3and BaTiO, have been

observed at 976 cm-t , which is corresponding to stretching
vibration of nanocomposite [20]. A significant change in

X-) ZrorTi

Fig.3 FTIR spectra ofa
pristine PVC, b pristine pVDF,
c PVDF/?VC blend, d PVDF/
PYCIBaZTO, and e PVDF/pVC/
BaTiO3 blends nanocomposite
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Fig.4 XRD spectra of pristine PVC' pristine PVDF PVDF/PVC

LienO. pVpfpVC/BaTiO. and PVDF/PVC lBaZtQ 3 blend nanocom-

posite

the intensity and shifts of bands were observed in the FTIR

spectra. The peak heights at 763 cm-l are assigned to a-form

of PVDF; however, peak appeared at 835 cm-r assigned to

p-form of PVDF. The PVC and BaTiO3 nanofiller enhance

the B phase and reduce cr phase' The B-content Fp of the

;il;;^ calculated bv ihe following relation l2r-231:

Aa (l)FP=T.4rT"+h

where Ao arrd Apcorrespond to the height of absorption

bands at i63 und glZ 
"-t 

t 
, '"'p""tively' 

The l-crystal con-

tents of PvDF/Pvc/nanofillers blend nanocomposite thin

filmareshowninTable3.Thepositionandshapeofthe
p"ut, *. changed, but their relative height is almost the

iame. It is observed that the /-content increases in blend

nanocomposites as compared to PVDF'

X-ray analYsis

Figure 4a-e shows the XRD pattern of pristine PVC' pristine

pr7on, PVDF/PVC and their blends nanocomposites' The

XRD parameters such as interplanar distance (d)' FWHM

(p), aiengecrystallite size (t), interchain separation (R)'

"rtrruttin" 
(%), primitive (P) and miller indices (h k l)' 2P="

corresponding to different peaks are summarized in Table 2'

The method for calculation of these parameters is reported

in the literatu r e 124-'27 l.

40 50

Anglel20"

IntensitY uL dtl R hkl fcc bcc
Table 1 XRD analYsis of
various calculated strucural
parameters for Pristine PVC'

oristine PVDF, PVDF/PVC
Llend and PVDF/PVC blend

nanocomposite

Pristine PVC

1st

2nd

Pristine PVDF

1st

2nd

lst

2nd

3rd

4rd

5rh

6th

09.51 2000

15.40 645

20.00 667

09.51 1846

10.17 244r

20.05 1262

09.56 320r

20.45 1714

09.55 3631

11.14 2451

t5;12 2970

19.7'7 2253

2r.54 2177

28.25 2lll
32.90 1945

09.54 4391

l5.ll 3487

20.21 2915

21.62 2750

26.88 2684

31.38 2517

35.7',7 245r

5.82 45.4r

3.62

2.8r

5.82 43.50

5.45

2.80

5;79 38.66

2.75

5.80 28.6s

4.98

3.55

2.84

2.62

2.03

t.t I

5.80 29.12

3.69

2.78

2.6r

2.12

1.84

t.64

0.87 100

2.24 ll0
3;12 200 4

0.87 100

0.99 100

3;14 200 4

0.88 100

3.88 200 4

0.87 100

1.18 100

2.33 I l0
3.64 200 4

4.29 200 4

/.lJ -

9.39 221300

0.87 100

2.r6 110

3.80 200 4

4.32 210

6.51 2ll
8.63 221,300

10.8 311 1l

Samples

19.03

30.80

40.00

19.03

20.35

40.1 0

22.28

31.44

39,55

43.09

56.51

65,80

30.22

40.42

43.24

53.76

62.16

7r.55

0.80 4.65

0.29 290

0.37 2.25

0.25 4.66

1.63 4.36

0.03 2.24

0.77 4.63

0.03 2.20

t.25 4.64

0.81 3.98

6.34 2.84

0.58 2.27

4.56 2.09

0.66 1.62

0.30 1.41

0.79 4.64

5.62 2.95

0.65 2.22

4.23 2.09

0.30 1.70

3.27 r.47

0.02 1.31

2

4

PVDF/PVC blend 19. l3

lst 40.90

PVDF/PVC/BaTiQ 19.10

4

2

4
A

2
A

6

PVDF/PVC/BaZrO3 19.09

lst
Znd

3nd

4rd

5rh

6th

Note: Peak position (2d), FWHM (/), crystallite size (L), interplanar distance (d)' interchain separation (R)'

crystalline (%), primitive (P), millerindic es (h k l), face-centered c]ubic (fcc) and body-centered cubic (Dcc)
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The XRD peak ar 20=18.480 (020), 38.99o (002), and
41.8' (220) is assigned ro c-phase of pVDF, white 2d peak
at 20.580 (ll0 or 200),35.80 (001), and 36.68o (l0l) is
assigned to /-phase of PVDF. However, 29 peak at 26.5g0
(022) and 44.48" (l l4) confirms rhe y-phase of pVDF [2g,
291. It is further observed that 20 value at 16.'12", 19.5g,,,
23.54n corresponds to (200), (l0l), (210) planes of pristine
PVC, respectively [301.

It is noticed for XRD spectra that no significant variation
is observed by the addition of BaZrO., and BaTiO, PVDF/
PVC blend matrix. It may be due to good dispersion of
nanofillers in polymer matrix [3 I ] . The % of crystallinity is
affected by nanofillers as observed in Table I because nano-
filler in general responsible for amorphous or crystalline
phases in polymer matrix [32]. In the present study decrease
in crystallinity is corresponding to amorphous phase attrib-
uted by BaZrO3 and BaTiOr. It is further responsible for
higher conductivity and affirms the complexation between
nanopafticle (BaZrO3, BaTiO3) and the PVDF/PVC blend.

It is clear that for pristine PVDF, the diffraction peak
observed at20=20.35u, corresponding to the plane (l0l),
is due to crystalline srructure of PVDF p-phase. The dif-
fraction peaks at 20 = 19.03" and 40. I 0n, corresponding to
the planes (100) and (200), are due to crystalline structure
of PVDF u-phases. PVC exhibits amorphous structure with
polar chlorine atoms in the molecular structure. pristine

PVC exhibits a maximum intensity peak at 20=19r,30o
and a relatively less intense peak at 40o, respectively, and
no sharpness in other small peaks.

Atomic force miGroscopy

The surface morphology of pristine and blend polymer nano_
composites were investigated by atomic force microscopy.
The 2D and 3D AFM images of pristine and blend nano_
composites are shown in Figs. 5 and 6, respectively. The
calculated particle size, average grain size and roughness
are presented in Table 2. The higher value of grain size in
blend matrix with BaTiO, could be correlated with uniform
dispersion of the nanofiller within blend matrix t33,34).
This proves the strong connectivity between BaTiOr and
PVDF/PVC blend.

AFM recognizes two phases (i.e. hard and soft phases)
in 3D images. XRD results support that the blend nanocom-
posite is more crystalline as well as hard in comparison with
pristine system and finally exhibits mostly hard phases.

As a result, in 4 mass% loaded nanofiller, both the hard
phases PVC and PVDF together increase surface roughness.
In this case of different nanofillers (i.e., BaTiOq ,BaZrO),
the roughness is a bit lower than that of 4 mass% loading
because in this case PVDF/PVC blend nanocomposites is
distributed over both phases. The height profiles curve right

Fig.6 AFM-3D topographic
images of a pristine PVC, b
pristine PVDF, c PVDF/PVC
blend, d PVDF/PVC/BaTiO.
and e PVDF/PVC/BaZrO., biend
nanocomposlte
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Samples Particle
size/nm

Grain size/nm Roughness

size/nm

Table 2 AFM parameters of pristine PVC, pristine PVDF, PVDF/
PVC blend and PVDF/PVC blend nanocomposite

and PVDF/PVC (1.0 to 1.6 pm) are very close to each other.

AFM study suggests that a large number of interphases are

introduced by incorporation of nanofillers. [35].

Pyroelectric activity

The pyroelectric current was recorded at different heating
rates (i.e., 1,2 and 3 oC min-r) by electrometer (Keithley

6514) as shown in Fig. 7a-e. For pristine PVC and PVDF,

the calculated value of p is 15.62 and 20.461tC m-2 K-l.
With the growth of ceramic powder content, value of p
increases too. The pyroelectric coefficients of PVDF/PVC,

PVDF/PVC/B aZrO t and PVDF/PVC/BaTiO3 have been

calculated to be 88.58, 153.04 and 351.4 uC m-2 K-t,
respectively, as shown in Table 3. The increase in volume
friction in PVDF/PVC matrix in the presence of nanofillers

Pristine PVDF

- 

1 oc min-l
_2.C min-r

*---*-'3'C min-1

"T--.Y--"1..-r..a-*.-----T-.----f*.-.---r_-_-T

60 80 100 120 140 160 180

Pristine PVC

Pristine PVDF

PVDF/?VC blend

PVDF/PVC/BaTi03

PVDF/PVC/BaZrO3

77

85

92

94

88

12.41

14.07

16.55

18.13

16.98

7.12

4.03

4.31

1.45

2.12

side across the red diagonal of 2D height images (Fig. 5a-e)

also supports this argument. The range of height is the

highest in the case of PVDF/PVC/BaTiO. (l to 1.8 pm),

whereas the ranges in PVDF/PVC[BaZrO. (1.0 to 1.7 pm)

Fig. 7 Temperature-dependent

pyroelectric coefificient of a
pristine PVC, b pristine PVDF,
c PVDF/PVC blend, d PVDF/
PVC/BaTiO3 and e PVDF/PVC/
BaZrO 1 blend nanocomposites

at different heatins rates
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Table 3 The comparative
analysis of the present work
with previously reported work
in the literature PVDF/PVC
blend nanocomposite

Samples PIFCm-2K-t
I 'C min-r

drrlpC N-l FlJt7o Refercnces

M2-HSl-ZnO

HAp-60 mass% BaTiO3

P(VDF-TrFE) 50o/oVfM2
(1%)PTCA/PVDF-TRFE

PYDFfZnO(O.25Vo)

P(VDF-CTFE)

(0.7%)P7:ilPVC

PZTIP(VDF-TrFE)

P( VDF-TrFE)-B NT-B KT-B T
Pristine PVC

Pristine PVDF

PVDF/PVC blend

PVDF/PVC/BaTi03

PVDF/PVC/BaZrO3

r6.2

113

295.6

26

3.68

25.7

95

15.62

20.46

88.58

351.64

r53.04

3.89 + 1.48

I

72.8

r40

22

-37
40

23

66

44

236

t27

t47l

t48l

[4e]

t50l

t5ll
t'5? |

t-5 31

ts4l

tl4l
Present work

75

,n.ao

09.94

79."12

88.93

80.01

Note: Pyroelectric coefficient (p), piezoelectric coefficients (e), and p content (F/)

attributed the higher value of pyroelectric coefficient. This
suggests that the presence of nanofiller (i.e. BaZrO, or
BaTiOr) contributes ro rhe pyroelectric activity of the blend
nanocomposites together with the PVDF/PVC polymer [36,
371. The higher magnitude of the p for blend nanocompos-
ites in comparison with PVDF/PVC blend may be due to the
presence of high pore density.

The heating rate-dependent pyroelectric coefficients of
PVDF/PVC blend nanocomposites are shown in Fig. 8. It
is observed that I 'C min-l heating rate plays significant
role to enhance the pyroelectric coefficients of PVDF/PVC
blend nanocomposites samples because of sufficient relaxa-
tion time tbr relaxation of dipoles, atoms or ions.

It is observed that the pyroelectric parameters in the blend
nanocomposites are much greater than individual polymer
and polymer blend (i.e. PVDF+PVC), which could be asso-
ciated with the proper dispersion of nanofiller in polymer
matrix leading to a strong poling of the nanophases.

Piezoelectric activity

The piezoelectric coefificient (drr) for polar PVDF and blend
nanocomposites is shown in Fig. 9. PVDF/PVC/BaTiO3
blend nanocomposites are having d33 coefficient of 1l2pC
N-'. The strong piezoelectric behavior of PVDF depends
on strong B-phase and poling condition. This means that
higher piezoelectricity is subjected to structural morphology
of PVDF. However, the orientation of p- phase dipoles have

much pronounced effect on d' than the amount of p-phase

inside the PVDF-based blend nanocomposites t38, 391.

I Heating rate/ 1 oC min-l

f neatng rate/2 "C min-l

W Heating rate/ 3'C min-l

(i) Pristine PVC

(ii) Pristine PVDF

(iiD PVDF/PVC

(iv) PVDF/PVC/BaTiO.

(v) PVDF/PVC/BaZrO.

Fig.8 Heating rate-dependent pyroelectric coefficienr (p) of (i) pris-
tine PVC, (ii) pristine PVDF, (iii) PVDF/PVC blend, (iv) pVDF/
PVC/BaTiO, and (v) PVDF/PVC/BaZrO3 blend nanocomposites

Further, piezoelectricity could be improved by uniaxial
stretching applied to the PVDF or PVDF blend system at
room temperature. Stretching provides the transformation of
PVDF into B-polymorph. The origin of piezoelectricity in
polymer is diff'erent than inorganic material because change
in dipole moment of polymers is the most complex issue. All
trans bonds (TTIT) in p-phase PVDF possess the highest
net dipole moment among the four different polymorphs,
which displays large piezoelectric and dielectric properties

140,4t).

Y goo.I
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Unstretched

stretched

(i) Pristine PVC

(ii) Pristine PVDF

(iii) PVDF/PVC

(iv) PVDF/PVC/BaTiO.

(v) PVDF/PVC/BaZrO.

Fig.9 Piezoelectric coefficient of (d33) stretched
samples

(v)

and unstretched

PVDF nanocomposites could encourage the interface
charge stockpiling yielding an expanded proficiency of
dipolar polarization and subsequently, better piezoelectricity

l42l.The improvement of l-phase contributed to the elec-

troactive ionic phase stability in PVDF/PVC/BaTiO, blend
nanocomposites. Therefore, this combination of polymer and

nanoflller displays a higher piezoelectric coefficient [43].
The defbrmation of PVDF and its blend nanocomposites

during stretching reduces the structural defects by decreas-

ing thickness, which leads to much improved piezoelectric
performance. The stretching also enhances the breakdown
strength of PVDF and allows it to polarize by higher electric
Iield [44].

The stretched sample induces almost 99Vo of p-phase

PVDF allows the orientation crystallites in the drawing
direction. The poling electric field is perpendicular to the

surface of the stretched PVDF and orient to crystallites in
poling direction. This orientation in stretched samples is
stronger than unstretched samples, leading to enhanced d33

coefficient. In addition, since the stretching of PVDF blend
nanocomposites possesses larger voids size due to nanofill-
ers, the electric field applied to orient the dipoles could also

be strong enough to breakdown the gas in the voids (such as

creating electrets) to some extent and create more dipoles,
which might also contribute to the improved piezoelectricity.

P-E hysteresis loops

The P-E hysteresis loops of pristine PVC, pristine PVDF,
PVDF/PVC, and PVC/PVDF/nanofiller blend nanocompos-

ite are shown in Fig. 10. The f'erroelectric effect in PVDF is

mainly due to the presence of fluorine atom, which is strong

electronegative [45].

A

-o

-8

-200 -100 0 100 200

Electric field/kV cm-]

Fig.10 Electric field-dependent polarization (P-E loop) pristine
PVC, pristine PVDF, PVDF/PVC blend, and PVDF/PVC blend nano-
composite at room temperature

P-E hysteresis loops have been recorded at same elec-
tric field of polarization (i.e. 200 kV/cm) with frequency of
100 Hz at room temperature. All the loops clearly speak the

effect of nanofillers by means of their area.

Pristine PVDF shows polar B-phase-dependent polariza-
tion P. under influence of electric field. PVDF is combina-
tion of polar and nonpolar phases. The strength of polariza-
tion in PVDF depends on the amount of p-phase present
(i.e. polar phase). In this study, pristine PVDF is dominated

by nonpolar c-phase with a small amount of polar f-phase
and hence the PVDF thin film shows a weak Pr vs. E curve
(Fie. l0).

Figure l0 shows the increase in P, value with the addition
of nanofiller in polymer matrix may be due to redistribution
of charges at the interface of polymer dielectric (i.e. PVDF,
PVC, and their blend composites), which facilitates the com-
plex polarization. Higher value of P, indicates the significant
change in ferroelectricity of polymeric system. The addi-
tion of BaTiO, in PVDF/PVC system produces 4.9 pC cm-z
(Fig. 10) value of P, which is higher than that of the pristine
PVC and PVDF (i.e. 1.9 and 3.0 pC cm-2).

In the case of PVDF/PVC and PVDF/PVC/BaZrO. films,
the saturation polarization values are around 3.2 and 4.0 pC

cm-2, respectively, which are higher than that of the pris-
tine PVDF. The decrease in polarization values have been

observed in PVDF/PVC and PVDF/PVClBaZrOrsamples as

compared to the PVDF/PVC/BaTiO, blend nanocomposites.

It may be due to the presence of nanoparticles with high
conductivity in multiferroics is normally attributed to oxy-
gen vacancies created due to the presence of Fe3+ and Fe2+

(polar on mechanism) [46]. The saturation of polarization
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depends on stabilization polarization domain and p-phase.

The remnant polarization and coercive field both increase

with increase in dielectric constant. This confirms that the

presence of dielectric nanofiller like BaZrO, and BaTiO3
significantly influences the polarization response.

Conclusions

It is concluded that enhanced p-phase crystallinity, reduced

crystallite size and oriented structure of blend nanocompos-

ites yielded the highest piezo/pyro response (112 pC N-t,
351.64 pC m-2 K-l for PVDF/PVC/BaTiO3) as compared

to pristine and blend of PVDF and PVC. XRD pattern shows

the structural analysis of blend nanocomposites including
separation between crystalline and noncrystalline phases

in polymer matrix. The interaction between the carbonyl
groups of PVC and the CH2 groups of PVDF causes the

shift of C-O as noticed by FTIR spectra. The numbers of
defects/interfaces are introduced by nanofillers as noticed in
AFM images. Finally, it is concluded that the modification
of B-phase by nanofillers is directly affecting the polariza-

tion capacity, pyroelectricity and piezoelectricity. This novel

blend nanocomposite is a suitable candidate for ferroelectric

device applications,
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Abstract
The polymer nanocomposites samples of the poly (methyl methacrylate) (PMMA)-
poly (vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) with graphene oxide
(GO) were prepared by solution casting method. The impact of GO on electroac-
tive polar /-phase of PMMA+P(VDF-TrFE) was investigated through the Fourier
transform infrared spectroscopy (F-TIR) and atomic force microscopy. The mechani-
cal properties of nanocomposites samples have been investigated by measurement of
microhardness. The value of microhardness and indentation depends on applied load
on samples. The experimental result suggests that mechanical properties of samples
decrease in presence of GO due to decrease in uniaxial orientation or agglomeration
of GO. Surface characteristics such as surface free energy, interfacial free energy
and hydrophobicity were determined by measuring the contact angle.

Keywords Graphene oxide .FTIR'AFM .Contact angles .Microhardness of thin
films

lntroduction

The combination of poly (methyl methacrylate) (PMMA) with poly (vinylidene
fluoride-trifluoroethylene) P(VDF-TrFE) is a standout among the most prom-
ising ferroelectric polymers. The previous studied in these polymers have been
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successfully demonstrated their non-volatile and low cost memory devices appli-
cations lI,2).The PMMA+P(VDF-TrFE) can crystallize in different phases (a
and fi depending on the heating conditions. Among these two phases, the /-phase
is found to have most noteworthy ferroelectric properties. Nonpolar a-phases of
PMMA+P(VDF-TrFE) composite are often reborn into polar/-phase by stretching
or by heat treatment [3]. The interface formed in blend and nanocomposites system
plays an important role to modify electrical and mechanical properties of ferroelec-
tric polymers [4-11].

The ferroelectric polymer P(VDF-TrFE) (vinylidene fluoride-co-trifluoroethyl-
ene) was chosen as the dielectric material for its extremely high permittivity. Linear
PMMA polymer was introduced into P(VDF-TrFE) matrix in order to minimize the
ferroelectric effect of P(VDF-TrFE) and thus increase the reversibility. In addition,
dynamic hysteresis is also associated with the fiiction force between water droplets
and the insulator surface lLz,l3l.

In recent years, micro- and nanoindentation have been established as a
means of detecting a wide variety of mechanical, morphological and nanostruc-
tural changes in amorphous and semicrystalline polymers [14-35], including
hybrids [16], copolymers 120, 361, polymer composites [19] and multilayer sys-
tems [15], however, no report is available in hybrid nanocomposites system of
PMMA+P(VDF-TrFE)+GO. The precise mechanical properties of polymers and
polymer nanocomposites cannot be easily determined because, so far, there is no
comprehensive visco-elasto-plastic theory to account for their micromechanical
properties. However, valuable attempts have been made in the past to explain the
mechanical behavior of materials that do not exhibit fully plastic behavior [37, 38].

The novelty of this work lies in the new properties arising from the combina-
tion of two polymers with GO and different dispersion characteristics, which have
not been reported previously [39,40]. The graphene oxide is important filler in pol-
ymer matrix because nanocomposites have stemmed from their high surface area
and mechanical stability [a1]. Consequently, studying the mechanical properties of
PMMA + P(VDF-TrFE) + GO hybrid nanocomposites brings a great interest as the
researchers are trying to find an answer to the question: how can hybrid nanocom-
posites system change to pave the way for new practical application s 142, 431.

Synthesis of graphene oxide (GO) is achieved by placing graphite in concentrated
acid in the presence of an oxidizing agent. The Tour method demonstrated a less
hazardous and more efficient method for graphite oxidation. This method and its
modified versions are presently the most commonly used methods for the oxidation
of graphite [44,45).

Graphene oxide (GO) is one of those materials-it is a single-atomic layered
material, made by the powerful oxidation of graphite, which is cheap and abundant.
Graphene oxide is an oxidized form of graphene, laced with oxygen-containing
groups [46].

The mechanical properties of several polymers are strongly influenced by GO
because of its good dispersion and good interaction with main chain of many poly-
mers. Nevertheless, very high dispersion of GO is difficult to reach after a certain
amount of loading above which it adversely affects modulus, strength and surface
wettability of polymer nanocomposites. The GO finally affected the pore strucrure,
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surface roughness and surface wettability of the polymer, which in turn is correlated

with the mechanical properties of polymers 147-521'

The various mechanical properties varied with variation in applied load. Gener-

ally, there are two types of load (1) static load and (2) dynamic load' The applied

load is the main parameter fbr testing of mechanical properties. For example, iatigue

toughness is one of the most important properties of materials which can be deter-

mineO by the behavior of the material under applied variable load. Various other

material properties such as tensile strength, fracture toughness, toughness, ductility,

elastic modulus and microhardness are investigated under application of static load

[s3-ss].
In this paper, we report a study on GO-modified microhardness of

PMMA+P(VDF-TrFE) hybrid nanocomposites samples. FIIR, AFM, contact

angle measurement studies have been made to characterize the structural and surface

properties of hybrid nanocomposites.

Experimental details

Materials

p(vDF-TrFE) (Mw -146.06 g mol-l), PMMA (Mw- 100.12 g mol-r) and graphite

powder (Mw- lZ0I.6 g mol-r) were purchased from Sigma-Aldrich. Sulfuric acid

ittrsOo;, sodium nitrate (NaNO3), hydrogen peroxide (HzOt), hydrochloric acid

ifr"CU'and porassium permanganate (KMnOf were procured from Sigma-Aldrich.

Acetone. distilled *ut.t (DW) and N, N-dimethylformamide (DMF) were used as a

solvent for preparation of hybrid nanocomposite thin film.

Fabrication of GO and PMMA + P(VDF-TrFE) hybrid nanocomposites

Graphene oxide (GO) was prepared by modified Hummer's method [56]' In this

method, 0.5 g of graphite powder and 0.5 g NaNO3 were mixed with 25 ml of con-

centrated UrSOo. The mixture was continuously stirred for 30 min at the tempera-

ture range ol O-S "C. Thereafter, 3 g of KMnOo flakes were slowly added to the sus-

f.nrion"und the temperature was maintained below 25'C under stirring, until this

solution becomes light brownish. This solution was added with 45 ml of distilled

water (DW) and 5 rnt of Hrorto reduce the excess of KMnOo. It was then sonicated

for 24 h. The dark suspeniion was then centrifuged to remove ionic contaminants

for 15 min at 10,000 rpm. The whole reaction mixture was washed by 1 M HCI and

ethanol for 3-4 times and filtered to get the gray color of GO separate sheets in oxi-

dized state. The Go was dried in the form of precipitate to stay away from aggrega-

tion. For the preparation of blend sample, different weight % of P(VDF-TrFE) was

added with PMMA. We have optimized the wt% of GO in PMMA+P(VDF-TrFE)

matrix and observed that 2 wt% of GO is the best choice to enhance morphological

and mechanical ProPerties.
we have prepared the 50-pm-thick nanocomposite thin films of

pMMA+p(VDF-T;FE) with GO by using solution casting method' In this method,
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polymer powder of (PMMA+P(vDF-TrFE)) with ratio of g0:20 was added in
50 ml of DMF and kept in stirrer for 2 h at 45 oC. Again we have added dried gra-
phene oxide and stirred magnetically for I h at 45 oC. The solution was subjected to
ultrasonic vibration for 20 min and stirred again for 6 h at 45 "Cfor a homogeneous
distribution of Go. The resultant solution was poured in optically plane glass plate
inside vacuum oven. The samples were kept at 60'C inside vacuum oven for 24hto
remove the effect of all volatile contents before use.

Mechanism

The concentration fluctuation of PMMA and P(vDF-TrFE) around Go will disturb
homogeneous entanglements of hybrid samples. Especially, GO strongly interacts
with polymer due to the largest surface area.

The Go will act as entanglement points in hybrid sample and its density increases
with increasing concentration, finally leading to the enhancement of phase stability
t4el.

The polar C-o-Cand C=O groups of PMMA interact with strong polar fluoride
groups of P(vDF-TrFE) (Fig. l). The pMMA segment in nanocomposite film sup_
presses the free volume (or defect) existing in the normal P(VDF-Tri'E) copolymers
due to decrease in crystallinity and crystal size. The resultant properties^ of poly-
mer GO hybrid nanocomposites depend on the intrinsic characters of GO (i.e., size).
The functional groups, -oH and -cooH, exist on the surface and pores of the Go
which promote the hydrogen bonds between the GO to amine, benzenoid and qui-
noid of the polymer chain [57, 58].

Results and discussion

P(VDF-TrFE) and PMMA are known to polar polymer and having excellent mis-
cibility in common solvent. The addition of PMMA affected the crystallinity of
P(VDF-TrFE), including the dilution and impeding the influence on the overall

Polymer interactions

Polymer PMMA/P(VDF_TrFE)

Fig. 1 Schematic diagram of polymer chain
hybrid nanocomposites

A Springer

Graphene Oxide
PMMA/P(VDF-TrFE)/ GO
nanocomposite

W
interactions with graphene oxide among polar groups of
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crystallization of f'erroelectric phase. The van der Waals forces and dipolar interac-
tions strengthened the interfacial interactions. There are the van der Waals forces
between the layers that can induce particle agglomeration, which will negatively
affect the desirable properties [59]. The nanofiller aggregation means less surface
contact between the polymers and GO consequently the polymer chains are free to
move. The rigidity of PMMA+P(VDF-TrFE) and defects induced by GO agglom-
eration is responsible for measured microhardness. The tensile strength is strongly
influenced by interfacial defects which lead to structure collapses. The GO and poly-
mer have different surface energy; it causes agglomeration of GO in polymer matrix.
This difference in surface energy could be minimized by proper sonication of solu-
tion or by using any inorganic chemical binder.

FTIR spectroscopy

Figure 2 shows the FTIR vibrational spectra of PMMA+P(VDF-TrFE) hybrid sam-
ples from 400 to 3600 cm-r. The position of dilTerent functional groups of pristine
and hybrid nanocomposites samples is given in Table 1.

The characteristic absorption bands of a-phase are observed at 482, 1I75,l27t
and 1725 cffi-I, while characteristic absorption bands of p-phase are observed at

507, 658, 841 and 1436 cm-l for pure P(VDF-TrFE) [60, 6t] as shown in Fig. 2.

The vibrational band at 507 cm-r corresponds to bending vibrations mode of CF,

i
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Fig.2 FTIR spectrum of the a PMMA, b P(VDF-TrFE), c PMMA+P(VDF-TrFE)
PMMA+P(VDF-TrFE) +2wr% GO fbr hybrid nanocomposires
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Table I Characteristic of FTIR absorption for hybrid nanocomposites

Samples Peak
position
("rn-t)

Phase Assignment

PMMA 751

989

rl92
1251

r435

1482

r712

2951

3445

P(VDF-TrFE) qSZ

507

841

875

I 175

t27l
t436

t725
PMMA+P(VDF-TrFE) 658

1387

1679

2761

2697

PMMA+P(VDF-TrFE)+2 wtVo GO 1055

I 586

r728

35 l3

Wagging deformation (-CH.;
Bending (CH3-O)

Skeletal chain

Stretching deformation (C=O)

Stretching (CHr) and stretching,
asymmetric(G{Hr)

Bending asymmetric (CH2)

Stretching (C=O)

vdCH) vibration asymmetric

O-H symmetric, hydroxyl group

CF, bending and wagging

CF, bending

CH, rocking and CF, asymmetric stretching

CF, symmetric stretching

CH, wagging deformation

CF, symmetric stretching

CH, wagging deformation

CF out of plane deformation

CF, bending and wagging

c-H stretching

Stretching vibration peaks of (C=C) groups

C-H stretching symmetric

C-H stretching

C-O stretching bond

C=C stretching

C=O stretching

O-H symmetric, intermolecular bonded

q

p

B

v

c
q

B

0

p

dipoles and characteristic of TT (trans) conformation of the ferroelectric B-phase
of P(VDF-TrFE). The O-CH3 bending.and stretching of PMMA are assigned ro
vibrational bands 

^t987 
and 1483 cm-r. The stretching frequency of C=b band

corresponds to 1679 a\d I27l cm-I. Absorption band at 841 cm-I shows the char-
acteristic frequency of vinylidene compound. Stretching frequency at 1679 cm-l is
shifted to 1725 cm-' which corresponds to c=o band of PMMA, in the hybrids
(i.e', PMMA+P(VDF-TrFE) sample). This shift is due to carbonyl stretching fre-
quencies of hybrids. This is also caused by specific interaction between the carbonyl
groups of PMMA and the CH, groups of P(VDF-TrFE) which indicates the forma-
tion of hybrids. The resulrs are supported by rhe analysis of PMMA + p(vDF-TrFE)
hybrid by Coleman et al. [62]. We have investigated the influence of PMMA chains
on formation of crystalline B-phase of P(VDF-TrFE). We found that the intensity of
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841 cm-r band is the function of PMMA and GO content. For example, intensity of
PMMA+P(VDF-TrFE) hybrid at 841 cm-l band decreases, when 2 wt.% of GO is
added.

Figure 2 shows the FTIR characteristics of PMMA, P(VDF-TrFE),
PMMA+P(VDF-TrFE) and2wt% GO contents samples. The P(VDF-TrFE) sam-
ple presents a-phase absorptions peak at 482,1175 and l27I cm-r. It is clear from
Fig. 2(b) that P(VDF-TrFE) sample exhibits nonpolar cr-phase. FTIR results show
that all absorption bands of the a-phase disappear, while new absorption bands
at 841, l2ll and 1387 cm-l have been observed, implying the transformation of
the nonpolar a-phase to both electroactive p- and y-phases 163,64). However, sev-

eral absorption bands of pure PMMA at 841 and I27l cm-l are nearly according
with these characteristic absorptions at 838, 1145 and l27l cm-t and disturb our
judgment of whether electroactive B- and 7-phases do exist [65, 66]. Considering
FTIR results, it is reasonable to understand that addition of PMMA transforms
nonpolar c-phase to electroactive B- and 7-phases, but introduction of GO into
PMMA+P(VDF-TrFE) hybrid sample gives the further change in FTIR spec-

tra. In the FTIR spectra of P(VDF-TrFE)+PMMA+GO hybrid nanocomposites,
though absorptions at 838 and l27I cm-r still exist, the absorption of the p-phase

at 1278 cm-r is hard to observe, which indicates that GO addition further induces
electroactive y-phase dominant phase structure.

The bands of PMMA+P(VDF-TrFE)+GO at2995 cm-r and 2951 cm-r rep-
resent the asymmetrical and symmetric stretching of CH2, respectively. The pres-

ence of different oxygen functionalities in the graphene oxide was confirmed
at 3513 cm-r 1O-H stretching). The FTIR results confirm with XRD results by
exposing the same phenomenon for electroactive /-phase intensity variation with
the GO concentration and show a linear increasing trend up to 2 wt% GO within
PMMA + P(VDF-TrFE) polymer matrix [67].

Atomic force micros(opy

The grain size, particle size and roughness of the film (-32.21nm, 79.65 nm and

4t.02 nm), respectively, for 2 wt% GO of PMMA+P(VDF-TrFE) hybrid nano-

composite film were estimated by using AFM. The particle distribution and surface

2D topography images are shown in Fig. 3a-d. AFM demonstrates the structural
morphology of PMMA+P(VDF-TrFE)+2 wt% GO. In addition to that, a new
observation is seen, i.e., at the surface of thin films, GO particles are present hav-

ing size less than 2 pm.Roughness and average grain size are found to be increased

for PMMA + P(VDF-TrFE) + GO hybrid nanocomposites. The RMS roughness and

average grain size of GO and its hybrid nanocomposite were fbund to be 41.02 and

32.21 nm, respectively.

The topography AFM images for all samples in the contact mode are

displayed in Fig. 3(a-d) which shows the topography of surface PMMA,
P(VDF-TrFE), PMMA+P(VDF-TrFE) and PMMA+P(VDF-TrFE)+GO
hybrid nanocomposite samples. P(VDF-TrFE) sample of this type of structure
differs from hybrid nanocomposites. The detailed heights along with the yellow
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dotted circle of Fig. 3a-d are shown by the right sided height curve. The rough-

ness of P(VDF-TrFE) and PMMA sample is 44.11 and 48.02 nm' respectively'

The roughness of hybrid sample significantly enhances as shown in Fig' 3c, while

roughness of pMMA+P(VDF-TrFE)+GO hybrid nanocomposites decreases

(i.e- Fig. 3d). Figure 3 shows the several wide and lofty peaks, manifesting the

current aggregation of large grains. The microhardness of material is the function

of grain rii". nf'fuf images are characterized by separate lamellar crystallites have

different grain size, which affects the microhardness'

AFM recognizes two phases (i.e., hard and soft phase) in 3D images. Micro-

hardness results support the hybrid nanocomposites, which are more crystalline

as well as hard in comparison with pristine system and finally exhibit mostly hard

phases as shown in Fig. 4a-b. The PMMA and P(vDF-TrFE) samples have hard

pt ur", with higher value of surface roughness. However, surface roughness of

hybrid sample decreases in presence of GO'

Structural changes in hybrid nanocomposite samples are caused by

change in sizes of lamellar crystal by introducing GO in polymer matrix'

AFM also illustrates the surface morphology of PMMA, P(VDF-TrFE) and

PMMA + P(VDF-TrFE) + GO hybrid nanocomposite samples. The P(VDF-TrFE)

images display small voids in the interconnected morphology' The 2D and 3D

images of AFM represent the reduction in microvoids with 2 wt% of GO, which

corresponds to a riduction in surface roughness as shown in Table 2. The sur-

face roughness is observed to be lower for lower concentration of 2 wtVo GO in

PMMA+P(VDF-TrFE) hybrid nanocomposites. The decrease in void size in

nanocomposite samples represents uniform dispersion of GO. This finally causes

the reduction in particle size and grain size as shown in Table 2. In a nano-

composites ,u*pi", the particle size is macrophenomenon, while grain size is

2.1pm
0.4 Um

1,9 pm

0.8 pm

2.28 pm

1.17 pm

1.2 pm

0.6 pm

oar.}
t'q)

Fi9.4 AFM 3D images of the a PMMA, b P(VDF-TrFE)'
ptr4Un + p(VDF-TrFE) + 2 wtVo GO tbr hybrid nanocomposites

K'u
c PMMA+P(VDF-TrFE) and d

4gooi

*i$lq
oo,

A Springer



Polymer Bulletin

Table 2 AFM parameters of hybrid nanocomposites

Samples Particle size(nm) Average grain Average rough-
size (nm) ness size (nm)

PMMA

P(VDF-TrFE)

PMMA+P(VDF_TTFE)

PMMA + P(VDF-TrFE) + 2 wt% GO

86.52

58.26

90.91

79.65

80.40

53.1 8

26.72

32.21

48.02

44.11

53.17

41.o2

microphenomenon. In the present study, grain size was in the range of 48 nm.
This range of grain size occurs due to the quantum efl'ect t68-701.

Microhardness and tensile strength

The measurement of the microhardness variation at room temperature is subjected
to volume fraction of spherulites during primary crystallization of a number of poly-
mer materials [71-73]. The following equation relates the microhardness param-
eters of polymers:

H = H,n6fr + H^(L - A) (t)

where Hspn and Hu are the microhardness values of the spherulitic and the amor-
phous inter-spherulitic regions in polymer, respectively. In general, microhardness
values during primary crystallization are shown to be directly proportional to the
total emerging crystallinity in the sample [74,75].It arises from the direct propor-
tionality between the microhardness of the spherulites and the fraction of crystalline
material within them (i.e., or) [71 ,76,77f:

Hrph = Hror*Ho(t-or)

Combination of Eqs. (1 and?) yields:

H=Hro+H"(l-a)

It is reported that the microhardness and other mechanical properties of polymers
are enhances with carbonaceous nanofiller, however, it is not necessary for electrical
properties of GO based polymer nanocomposites [78, 79].

The decrease in microhardness of PMMA+P(vDF-TrFE)+GO hybrid nano-
composites is due to less uniaxial orientation of GO or aggregation of GO. The
GO exhibits hydroxyl, carboxyl and carbonyl oxygen-containing functional groups,
which are hydrophilic and highly reactive nano-reinforcements in aqueous system.
The decrease in microhardness of GO nanocomposites sample as compared to pure
PMMA and PMMA+P(VDF-TrFE) hybrid is due to uniaxial orientation of GO
[80,8l].

Microhardness test is developed to measure the microhardness of materials. It
can be used for all materials and has one of the broadest scales among microhard-
ness tests. Microhardness is determined when force is applied by an indenter to
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the surface of samples. In this study, the mechanical characterizations of nano-
composites materials are performed using AFFRI brancl DM-8 motorized digitat
microhardness tester. The microhardness values (H) of different applied loads are
in the range of 49.03-245.2 Nm. This was calculared by using nqs. + and 5 [g2].
F is the load applied in sample surf'ace, A is the micrometer square surf'ace area
and d is the indented edge length.

H _ t4.22F /d2 (5)

The load-dependent microhardness and indentation depth are shown in
Fig. 5a-b. Figure 6a-b shows representative load displacement curves from
nanoindentation measurement performed on PMMA + p(vDF-TrFE) + Go
hybrid nanocomposites. The standard Oliver and Pharr method was used for
the analysis of microhardness (r!I), yield strength (yr), average grain size (Gu),

(4)H=!
A

r Avemge grail size(run)
r.{,r.erage rouc}ness size (nnr)

rNurnber of crystalline per unit area (run',)
mHardess(-\.lPa)

P\{:\,IA

) P(\:DF-frfE)
iii) Piv[\,lA*PG DF-T
iv) PNIIA=P(I DF-TrF
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average roughness (Ra), tensile strength (25) and number of crystalline per unit
area (1f) t83-861. These parameters are presented in Table 3.

The indentation depths of less than 250 mm (245 mN) are observed in load-dis-
placement curve. Figure 5a shows linear elastic (reversible) loading and unloading
behaviour of load-displacement curve. It is due to fact that indentation at lower
value of load did not prove the damage of polymer surface.

Figure 5a reveals that the microhardness is maximum at 100 mN force for all
samples, however, PMMA shows maximum value of microhardness. After 100 mN
fbrce, the microhardness is gradually decreased.

The microhardness of polymer nanocomposites depends on the nature of polymer
nanofiller interface. The microhardness will increase, if nanofiller concentrates on
the interface due to good interface adhesion, however, microhardness decreases due
to poor interface adhesion. The decrease in microhardness in hybrid nanocomposites
samples with GO is probably due to uniaxial orientation of GO or agglomeration
of the GO in polymer matrix [87, 88]. The agglomeration of GO is discarded from
AFM study, therefore, uniaxial orientation of GO is the only reason for decrease in
microhardness.

The indentation depth of P(vDF-TrFE) is the highest as compared to PMMA,
PMMA + P(vDF-TrFE) and PMMA + P(vDF-TrFE) + Go samples. we have
observed that the addition of GO in PMMA+P(VDF-TrFE) composire slightly
decreases the indentation depth in general. It is due to fact that the plastic deforma-
tion of PMMA+P(VDF-TrFE) is conrrolled by GO.

Tensile and yield strengths were computed from the following relation [89, 90]:

T' = -99.8 +3.734H

Y,= -90.7 +2.876H

where Z" tensile strength, { yield strength and H microhardness.
The microhardness parameters of PMMA, P(VDF-TrFE),

PMMA+P(vDF-TrFE) and PMMA+P(vDF-TrFE)+2 wt% Go samples are
shown in Table 3. The addition of Go in PMMA*p(vDF-TrFE) reduces the ?, due
to its uniaxial orientation. The tensile strength values of P(VDF-TrFE) decreases
with combination of PMMA and GO. The P(VDF-TrFE) showed the lowesr yield
strength and its Y. increases with combination of PMMA/GO due to brittle essence
of PMMA [91].

It is seen that tensile and yield strengths are negatively correlated with average
grain size and surface roughness, whereas they are positively correlated with the
number of crystalline or number of particle per unit area (i.e., Table 3).

The P(vDF-TrFE) is a crystalline as well as amorphous polymer. p(vDF-TrFE)
is the copolymers of PVDF that have offered a straight forward approach to obtain-
ing the electroactive phase due to presence of pores. Consequently, it will decrease
the mechanical proper ties [92-9 4].

In the present study, the nanoindentation measurements are also corre-
lated with AFM images (Fig. 2a-d) due to similar surface profile of all sam-
ples after nanoindentation. The GO is harder rhan PMMA + P(VDF-TrFE) in
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nanocomposites samples, hence during indentation run, if indenter falls in the
nanocomposites matrix, where GO is present, the depth of indentation would
reduce significantly and there would be an increase in surface deformation around
the region.

Sensitivity coeffi cient

The several parameters such as force, diameter/thickness of sample and depth are

affecting the microhardness of sample. They are also responsible for uncertainty on

measurement. The uncertainty in measurement is given by following relation [86]:

where Ax ls the input parameter that has been changed (load) and A1l is the change

in microhardness. The sensitivity coefficient represents accuracy of microhard-

ness measurement. The sensitivity coefficients (c) can be analyzed from micro-

hardness measurements. For sensitivity analysis, we observed that the sensi-

tivity of PMMA is more than P(VDF-TrFE) and PMMA + P(VDF-TrFE) and

PMMA+P(VDF-TrFE)+GO samples as shown in Fig. 6a.

Contact angles

The contact angle for PMMA, P(VDF-TrFE), PMMA+P(VDF-TrFE),
PMMA + P(VDF-TrFE) + GO samples with respect to water and glycerin has been

measured by very simple sessile drop method t951.
The surface energy associated with polymer nanocomposites samples with respect

to water and glycerin was determined by measuring contact angle. It is reported in
the literature [96] that PMMA is more hydrophobic than P(VDF-TrFE). The mixing
of P(VDF-TrFE) in PMMA matrix will significantly affect the hydrophobicity of
PMMA. The surface of the PMMA+P(VDF-TrFE)+GO hybrid nanocomposites

contains some of the GO particles and this eventually decreased the hydrophobic

nature. It could be clearly seen in Fig. 7a-d by variation in contact angle.

It is clearly observed that contact angles for PMMA+P(VDF-TrFE)+GO sam-

ples with respect to water and glycerin Ne79.24o, 83.08o, 6230o,81.20' and 69.55o,

81.64o, 61.36",75.27", respectively, as shown in Fig, 8a. The forces acting on surface

of the PMMA + P(VDF-TrFE) and PMMA + P(VDF-TrFE) + GO samples are van-

ished as compared to pristine sample of PMMA and PMMA + P(VDF-TrFE) samples

due to polar nature of water and glycerine. Therefore, surface free energy decreases

at the surface of PMMA+P(VDF-TrFE) and PMMA+P(VDF-TrFE)+CO
samples.

The contact angles were measured in four different places of sample with I pl of
liquid. Owens and Wendt equation [97, 98] was used to calculate the solid surface

energy:

6 Springe.

(8)
AH

L--
Ax
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(a)

Fig.7 contact angle images of the a PMMA, b P(vDF-TrFE), c pMMA+p(vDF-TrFE) and d
PMMA + P(VDF -TrFE) + 2 wt% GO for hybrid nanocomposires

."r, = 

l,
#l 'l+)., (e)

where d is the contact angle, 7" and TL are the solid and liquid surface energy,
respectivelY.f( ana y! are dispersion forces and polar forces of total surface energy

Q -r!+ ro,).

The surface energy with respect to polar liquid in polymer is caused by interac-
tion of polar rnolecules with solid surface that has permanent dipole moment. How-
ever, dispersive part is originated due to random fluctuations in the electron density
when solid and liquid interacted together.
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The measurement of contact angle of polymer nanocomposites with two- kinds of

liquids with known surface energy components, f and f explained by Rohan et' al

teel.
The calculated value of surface energy for PMMA-based nanocomposites sam-

ples is presented in Table 4. The surface.nttgy of PMMA is increased from 26'04to

35.46mJm-'whenP(VDF-TrFE)isadded'However,hydrophilicityofPMMAis
related to the contributions of dipole-dipole and dipole-induced dipole interactions'

Table 4 Contact angle (9) of work of adhesion (Wa) and surface energy (7s) of hybrid nanocomposites

Water GlYcerine Water GlYcerine

40r

io-

5L-

2S-

a]

20.

16,

l2

8

A

0

(iii) PtvMA+ P(vDF'TfE)
(iv) PNfvtA+ P(VDF'TTFEF 2x1'9/o GO

tu

PMMA

P(VDF-TrFE)

PMMA+P(VDF-TrFE)

PMMA + P(VDF-TTFE) + 2 Wt% GO

83.08 81.64

19.24 69.55

62.30 61.36

8l.20 75,21

81.62

86.38

106.65

84.01

72.6r

85.58

93.98

79.35

26.04

27.62

35.46

28.47
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Also, rhe conracr angle and adhesion work fbr PMMA+P(VDF-TrFE) +2wt% Go

hybrid nanocomposi-tes are affected by the water. The surface roughness and molec-

ular interactions are the main reasons for these results shown in Fig' 8(b)'

The weak interaction of -cF2 groups of P(VDF-TrFE) is the reason of its

weak hydrophobicity t951. The FVffyfe and PVDF have almost similar disper-

sion componenr fr.(>,- but addition of P(VDF-TrFE) in PMMA enhances the

polar component (ff) and finally increases the surface energy of nanocompos-

i,", u, presented in"Fig. 8(c). It has been observed that the surface composition

of PMMA+P(VDF-TiFE) +CO sample was highly influenced by GO' which

reflects the variation in surface energy'

Generally, the crystalline nuclei are formed at the end of the polymer chain' and

size of the nuclei is independent on isolated amorphous chains of polymer like

PMMA. Table 3 shows that the crystallinity of PMMA is greater than crystallin-

ity of P(VDF-TrFE), however, PMMA+ P(VDF-TrFE)+GO hybrid nanocompos-

ites have higher crystalline than the P(VDF-TrFE) and less crystalline than PMMA'

It may be due to agglomeration of Go being able to reduce the electrostatic force

between the hybrid polymer matrix and the graphene oxide, which is responsible for

reduction in crystalliniiy of the hybrid nanocomposites (Fig. 6b) [100' 101]'

Thus, hydrophilicity of individual and composite samples is affected the micro-

hardness, surface enrichment and crystallization. Factors affecting the surface

hydrophilicity of polymer nanocomposites are reported in the literature [98]. In gen-

eial, tire hydrophilicity of polymer is the part of (i) crystallization domains contrac-

tion on the sample ,uifu.. and (ii) surface enrichment tendency of polymer' The lit-

erature [102] demonstrates that contact angle measurement provides the information

about level of intercalation between nanofiller and the polymer.

The decrease in contact angle is subjected to increase in nanofiller concentration.

This means that intercalation between nanofiller and polymer enhances. It has been

verified by AFM technique'

Conclusions

FTIR and AFM characterization results confirm the formation of hybrid nanocom-

posite of pMMA with p(VDF-TrFE) and Go. The contact angle measurement con-

hrms the intercalation of GO with polymer matrix and its hydrophobic properties'

In summary, we have emphasized attractive applications of the microindenta-

tion method to the study of the mechanical properties of polymer nanocomposites

surfaces. The isolated microhardness (H) of value up to 107 MPa could be easily

scaled down to develop submicron level uniform small crystal of P(VDF-TrFE)' In

addition, the surface siructural analysis of polymer/hybrid nanocomposites samples

by AFM technique and contact angle measurement supports the results of mechani-

.ul prop.rties by means of uniaxial orientation of Go and its dispersion in polymer

matrix. The improvement in microhardness and yield strength of hybrid nanocom-

posites is found to mainly depend on the concentration of GO in polymer interface

adhesion. It is concluded that our attempt of this study will help to understand the

fundamental concept of "nano" effect in polymer, liquid-solid interaction in hybrid

A Springer
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nanocomposites system by measuring contact angle and pave the way for industrial

applications in several flexible electronic devices'
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In this study, the polymorphism of poly (vinylidene fluoride) (PVDF) was control by gold nanopartictes (AuNps).
Simple one step method was used for synthesis of AuNPs using HAuCla.3H2O, and l.l, N-dimethylformamide
(DMF)' The AuNPs of size 20-30 nm have been prepared by chemical method. DMF was act as reducing agent
and solvent ofPVDF' The circular samples ofdiameter 3.5 cm and thickness lG-25 Bm were prepared. It has been
observed that AuNPs modifu the structural morphology of PVDF. The p-phase of pVDF wagmodified due to
interaction between electric charge at the surface of AuNPs and cF2 dipoles. This is further verified by increase
of remanent polarization in P-E loop. xRD spectra address the crystallographic phase identification of pVDF in
presence ofAuNPs' The AuNPs in PVDF matrix significantly enhances 72.2y0 expansion ofremanent polarization
(P,)' l9'230/o depletion of coercive field (E.) and 7G-1000/o expansion of shifting speed of the ferroelectric po-
larization. Fourier transform infrared spectroscopy (FIIR) and i-ray diffraction lxRo; ofprirtin" -d Nps mixed
PVDF illustrates the structural properties and reason of enhanced ferroelectric propertres,

l. Introduction

Dielectric polymer nanocomposites lead to great interest due to
their several applications in the field of electronics and electrical in-
dustry [1-4]. Poly (vinylidene fluoride) (PVDF) is an semicrystalline
with diverse crystalline phases (o, $, y, 6, and e) depending on the
crystallization conditions. Generally, pVDF mainly iontains active
nonpolar c-phase (TGTG) and polar (3-phase (?7TT). F_phase has all-
trans planner zigzag structure and the dipole moments of the two C_F
and C-H bonds add up in such a way that the monomer get an effective
dipole moment in the direction perpendicular to the carbon backbone.
p-phase PVDF is a prime interest for electronic applications such as
piezoelectric or pyroelectric sensors, microwave transducers as well as
nonvolatile memories[5].

The B-phase of PVDF was enhanced by several methods as reported
in literature [6-13]. However, direct mixing of nanoparticles in pVDF
matrix is new trends of research to enhance tle c and p_phase. Earlier
ceramic nanoparticles are used [14] to enhance p_phase of pVDF,
however, uniform dispersion and bonding of ceramic ,ranoparticles in
PVDF matrix is major challenge. But crosslinking of AuNps with PVDF
is easily possible due to presence of functional group. the effect of gold
nanoparticle on ferroelectric properties of pristine PVDF has been

reported earlier [15,16]. ZnO nanoparticles have shown their potential
to improve the pyroelectric response in pVDF [17]. F_phase crystals in
PVDF are significantly improved by doping of palladium and AuNps
[18-20]. The effect ofAuNps in polymorphism olpVDF for ferroelectric

::vitchilg and energy storage applications have been recently reported
l2O-23J, however, reason ofpolymorphism is still unclear.

The dispersion of nanoparticles in polymer matrix is main concern
of nowdays research. Generally, dissimilar surface energy of organic
and inorganic (i.e. Nps) material causes aggregation ofNps. It also ef-
fect the processability of thin films, defect density and dielectric
properties 124,251. The agglomeration of nanoparticles directly in-
crease the dielectric loss and reduced dielectric breakdown strength of
polymer dielectrics. Therefore, uniform dispersion of nanoparticles in
organic matrix is essential to achieve optimum device performance,

It is well known that PVDF exhibit high energy density, high
breakdown strengtl, high dielectric constana ut .nd having several
industrial applications [26,27J, Metal nanoparticles embedded poly-
mers have created enormous interest for the fabrication of energy sto-
rage devices because nanoscale conductive fillers can increase the
overall dielectric permittivity of composites t2g_3f 1. The direct mixing
of nanoparticles has been attractive due to tle functionalization of the
nanoparticles by the polymer chain. The dielectric and ferroelectric

' Corresponding authors.
E-mail oddressa: mrrohansagar@gmail.com (R. Sagar), msgaur.hcst@sgei.org (M.S. Gaur).
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properties of PVDF-AuNPs nanocomposites are rarely repofted in lit-
erafirre. Therefore, the objective of present work is to synthesis/char-

acterization of AuNPs, preparation of PVDF-AuNPS nanocomposites

samples. Further, dielectric and pyroelectric characteristics were un'

dertakm for energy storage applications. To understand the nature of
enhancing dielectric, pyroelectric and energy storage properties of
PVDF by mixing of AuNPs, Fourier Earsform infrared spectroscoPy

(FTIR), X-ray diffraction (XRD) and P-E loop were recorded. The results

show that PVDF-AuNPS nanocomposites samples display an excellent

charge storage performance as compared to pristine PVDF.

2. Experimental details

AuNPs were synthesized by DMF (N,N-Dimethylformamide) as a

solvent. DMF (N,N-Dimethylformamide) is a best known solvent and

reducing agent for Au3* to Auo [32]. I mM of HAuClr'3Hzo (sigma-

Aldrich,India) powder were added into 100 ml of DMF and were kept in
stirrer at 60'C for 5 h. After 5 h colourless solution were convert in pink

colour. This indicate the formation of AuNPs. Itwas fotnd tlut ilu size

and morphologt of the ArNPs corld be contoiled by keepury drc colloiilal

AuNPs rn vacuum pressure of 10-s Torr at room tenperatrtre, and by

considerhg dnat spherical patticlu were fowtd. in all sanples [n order to

develop the stable AuNPs, the pH of solution was maintained 5. This is

the simple functionaliation process of nanoparticles as reported in lit-
erature [33,34]. The solution of pristine PVDF were poured onto opti-

cally plane circular glass plate of diameter 5 cm. The glass plates were

kept in vacuum oven at 50'C for 2 h and then switch off the oven for

24 h for prepration of pristine PVDF samples. Finally' the dried pristine

PVDF films (thickness - 10-25pm) were lifted off from the glass sub-

strates. In order to Prepare PVDF-AuNPs nanocomposite samples, the 1

and 2mM concentration were added drop by drop in PVDF solution.

AuNPs doped solution of PVDF stirred at 50'C for I h and sonicated for

20 min. The final solution was poured into optically plan glass plate.

The rest of the thin film preparation process is similar to preparation of

pristine PVDF sample. The dried samples were out gassed in air for 24h,

and this was followed by room temperature outgassing at a vacuum

pressure of 10-s torr for further period of 24 h to rernove the residual

solvent..
AuNP" were characterized by UV-Vis spectra (PerkinElmer, Lambda

25 Spectrophotometer). The size of nanoparticles were confimed by

cross-sectional Transmission Electron Microscopy (TEM' JEOL 2100F,

USA). Zeta potential estimation from zetasizer (Malvern Panalytical)

However, pristine PVDF and PVDF-AuNPs nanocomPosites samples are

characterized by Fourier Transform Infrared Spectroscopy (FflR)

BRUKER (Model VERTEX-7o) and XRD spectra to study the structural

morphology. The LCR (Model no, Hioki 3532-50 tCR Hi- TESTE&

India) meter was used to record the dielectric parameters. The alum!
nium electrodes of diameter 2.5cm were prepared by using vacuum

coating unit (Model no, VEQCO Delhi, India). The pyroelectric current

was recorded with heating rate of I "C min-l by electrometer (Keithley

6514). The polarization-electric field (P-E) hysteresis loops were re-

corded at l00Hz using the ferroelectric test system (Marine India)'

3. Results and discussion

3.1, Characterization of ArNPs

The AuNPs were characterized apparently transparent pink colour

of the solution ensures the AuNPs formation primarly. The character-

istic plasmon bond ofAuNPs was observed at 544 nm in UV-Vis spectra

as shown in Fig. 1. The TEM image of AuNPs is illustrated in Fig. 2(a).

The dark-field image confirms the spherical nanoparticles. TEM and

selected-area electron diffraction (SAED) confirm the size (i.e.

20-30nm) and shape (i.e. spherical) ofAuNPs.
SAED pattern was explored for gold nanoparticle, as shown in

Fig. 2(b). This is corresponding to crystalline behavior of AuNPs, that

Vaw166 (2019) 298-306
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Fig. 1. W-Vis spectra of AuNPs.

has spos superimposed on the ring. The SAED pattern of the spherical

nanoparticle showed clear lattice fringes with bright circular rings

corresponding to (111), (2OO), (220), and (31f) phnes. There are four - -
sets of spots that could be identified from this diffraction pattern as

shown in Fig. 2(b). AuNPs also showed strong intensity at (111) plane'

TEM analysis revealed that the synthesized gold nanoparticles are

stable in solution. The zeta potential of AuMs was observed to be - 25

to - 18 mV (Fig. 3). This shows the nanoparticles are stable in collolidal

form.

3.2. TEM of PWF AtNPs nanocoltl.posite

The TEM of pristine PVDF and PVDF-AuNPS nanocomposites were

recorded by TEM (JEOL 2100F, USA). FiS. 4(a) and O) shows re-

presentative images of pristine PVDF and PVDF-AuNPs (2 mM) nano-

composites. The TEM of pristine PVDF possessed a fine morphology

GiS. a(a)). It can also be seen that the AuNPs dispersed uniformly in the

PVDF matrix forming continuous conductive paths (Fig. 4(b)). It could

be observed from Fig. 4(b) that AuNPs are dispersed in PVDF matrix

with minimum Particle agglomeration. The reduction in nanoparticles

agglomeration is caused by steric repulsion between the nanoparticles

and polymer chains [41].

3.3. Mechutism of PWF-AuNPs nwtocomposire formation

Mixing of AuNPs with PVDF Sives strong interaction with PVDF as

shown in Fig, 5. The PVDF vvill stabilize the AuNPs, while AuNPs is

stabilized by binding with fluorine ion (F-). So that the shift of binding

energy of Au (4f7 72 and 4fs1) and increase of fluorine ion (F - ) in PVDF

nanocomposites is expected. An interface is formed due to interaction of
AuNPs with PVDF backbone. The interface plays very important role in

dielectric and polarization properties of PVDF-AuNPs nanocomposites

such as dielectric constant, remanent polarization, coercive field, and

switching speed.

3.4. FTIR

FTIR illustrate compositional, molecular structural and physical

characteristics analysis of PVDF-AuNPs nanocomposites. mR spectra

of pristine PVDF, PVDF-AuNPs (lmM), PVDF-AuMs (2mM)' PVDF-

AuNPs (5 mM) and PVDF-AuNPs (10 mM) are shown in Fi8. 6(a and b).

The o- and y-crystalline phases of pristine PVDF were characterize by
peaks at g78,764,612,538cm-r (a) and 815,1213cm-t (Y), t"-
spectively t3F38l.

The AuNPs mixed PVDF thin films (PVDF-AuNPs (l mM) and PVDF-

AuNPs (2mM)) are having new peak at 1265 and 443cm-1, which
attributes p-phase t37,381. tn this case 1-phase peak at l213cm-r is

't{

2.0
,1-

..;

: l(

.E
o tn

n\

0.0+
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Fig. 2. (a) Transmission electron microscopy CIEM) and (b)

,',.,. ;'J ;",::':""t1]-,,

reduced.
The chain (TTTI) of PVDF confirms both B-phases and 1-phases in

PVDF. The vibrational bands corresponds to these two phases appear
almost at same frequencies in FTIR spectra. Thus peak at g31 and
500cm-r carry a dual signature of tlte 1-phases as well as of the p-
phases [37-39]. AuNps mixed in PVDF can control the crystalline

Selected area electron diffraction (SAED) images ofAuNps.

polymorph and improves tJre content of the polar p-phase.
The similar peaks of polar B-phases also observed at 30SO and

2950 cm- r (i.e. Fig. 6(b)). These peaks are due to u6(CH2) and u.(CH2)
vibrational bands. AuNPs causes the minor shifting towards higher
wavelength corresponding to lower energy states. This is an evidence
for strong interaction of AuNps with pVDF.

The peak at 1407cm-1 (rig. 6(a).) attributes u_(CC) and or(CH2)
modes of vibration because of electronegativity difference of fluorine
atoms in PVDF and surface charge of AuNps, This interaction of pVDF
and AuNPs minimizes potential energy of stereo chemical conformation
and induces p-phases. This particular characteristics have been ob-
served by mR spectra by modification of p-phase peak (i.e, 4-{S, SCO,
831 and 1265 cm-r) with increasing concentration of AuNps in PVDF
matrix.

3. 5. X-ray iliffraction

The XRD patterns of nanocomposite thin films are shown in Fig. Z.
The peaks corresponding to 20 are14.67", 16.ll., 19.4g. and 40,03. for
pure PVDF, First two peaks corresponding to diffraction planes of (100),
(ll0) attributes the nonpolar c-phases formed during crystallization
process [40]. However, the peak at 40.03. is corresponding to (200)
diffraction plane. This peak is due to the S phase present in pVDF.

There are some new peaks (i. e 34.Sg., 61.05. and 76.7g,) are

Vactnm 166 (2019) 298-306

i,

9<
E

-45 -40 -35 -30 -2_\ -:0 -15 -10 _5

Fig. 4. TEM image of pristine pVDF and pVDF-AuNps nanocomposites.
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Fig. 5, Synthesis mechanism of PVDF-AuNPs nanocomposites.
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Fig. 6, FttR spectra of pristine PVDF sample, PVDF-AuNPs (l mM), PVDF- AuNPs (2 mM), PVDF- AuNPs (5 mM) and PVDF AUNPs (10 mM) nanocomposits in

different frequency regions; (a) 1600 to 400cm-r and (b) 3200 to 2800cm-r.
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observed in PVDF-AuNPs nanocomposite samples. It can be seen from

Fig. 7 that PVDF-AuNPs nanocomposites samples shows six diffraction
peaks (i.e. 15.96', 19.01', 34.57',39.55', 61.05' and 76.61"). AuNPs

possesses four prominent Bragg reflections at 34.42', 39'71",61,21",
and,76.92" corresponding to (ul), (200)' (220) and (3f 1) diffraction
plane. These peaks are clearly matches with XRD data of gold solution

t4fl. The increase of XRD peak intensity with AuNPs concentration is

an direct evidence for modification of o and p phase [42]. The dif-

fraction planes observed by XRD are same as observed by SAED pattern.

XRD parameters such as averaSe crystallite size (L)' inter planer

distance (d), inter chain separation (R), crystallinity (%)' primitive (P)'

Miller Indices (h k l), Face centered cubic (Fcc) and Body centered cubic
(bcc) are calculated and summarized in Table 1. These parameters are

calculated by method as reported in literature t43461. XRD result

shows that crystal structure of PVDF is significantly modified by AuNPs

mixing.

3.6. Dielectic prqmics

Fig. 8(a) shows the variation of the dielectric permittivity with
frequency over the range of I x 103 Hz to 5 x 106 Hz for nanocomposite

samples with different concentration of AuMs. For AuNPs (1 mM) and

AuNPs (2mM) nanocomposite samples, the dielectric permittivity de-

creases gradually with the increase in frequency.

The permittivity of the PVDF thin film has been observed to be less

2500

2000

1500

r000

500

0
l0 2a 30 40 50 60 73 80 90

Anglel(20)

Fig. 7. xRD spectra of pristine PVDF sample, PVDF-AuNPS (lmM), PVDF-

AuNPs (2mM), PVDF-AuNPs (5mM) and PVDF-AuNPS (l0mM) nanocompo-

sites,

than permittivity of PVDF-AuNPs nanocomposites. It is much higher for

2mM and smM concentration of AuNPs in PVDR however, permit-

tivity decreases with further increase of AuNPs concentration. This is

because ofaglomoration ofAuNPs followed by reduction offree volume

for orientation of dipoles for higher concentration of AuNPs.

-
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Table 1

XRD parameters of pristine PVDF sample and PVDF-AuNPs nanocomposites.

VaM 166 (2O1q 29e-3O6

Smple 29 Intesity uA) d (A) Fcc (F) Bcc 0)

Pristine PVDF

2nd
3rd
4th
AUNPS (1 mM)
2nd,

3rd
4th
5th
6th
AUNPS (2 mM)
2nd
3rd
4th
5th
6th
AUNPS (5trrM)

2nd
3rd
4th
5th
6th
AuNPs (10mM)
2nd
3rd
4th
5th
6th

t4.67
16.11
19.48

40.03
16.11

19.18
34.s8
39.86
61.0s
76.78
16.11

79.32
34.42
39.71

6t.21
76.92
15.96

19.32

34.25
39.55
60.88
76.74
15.96
19.01

34.57
?o q<

61.05
76.61

o.00
3.81

0.98
2.27
4.21

o.72
0.42
1.99
65.55
61.38
4.22
o.72
0.45
2.15
6s.49
62.O3

4.22
o.7l
0.45
2.15
65.48
62.31
4.22
o.72
0.45
2.15
6s.49
62.O3

327
447
7497
331

959
t9a7
817
872
652
615
1797
22St
1098
1797

909
879
1062
2072
970
1043

774
780
773
1988
621
731
511
473

73.37
o.37
1.44

0,59
0.34
1.9s
3.25
0.68
0.01

0.01

o.33
1.95
3.04
0.63
0.01

0.01

0.33
1.98

3.06
0.63
0.02
0.ol
0.34
1.96
3.05
0.63
0.02
0.01

6.03
5.49
4.55
2.25
s.49
4.62
2.59
2.26
1.51

1.24

s.49
4.s9
2.@
2.26
1.51

7.23

5.55
4.59
2.61

2.27
1.52
1.24

5.55
4.66
2.s9
2.27
1.51
1.24

7.54
6.47
5.69
2.81

6.47
5.74
3.24
2.82
1.89
1.55
6.47
5.73
3.2s
2.83
1.89
1.54
6.93
5.73
3.27
2.U
1.90
1.55

6.93
5.83
3.24
2.44
1.89
1.55

44.41

42.19

0.51

o.62
1.91

s.7s
o.62
0.88
2.81

3.69
8.21

17.27
o.62
0.89
2.74
s.67
8.25
11.25
0.61

0.89
2.76
3.U
4.77
11.27
0.61

0.86
2.Al
3.64
9.27
77.26

40.8

48.44
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It is known that the dielectric behavior of polymers could be in-
vestigated by studying the polarization component of polymer. The
polarization components of PVDF are electronic, ionic or orientational
polarization. The electronic polarization occurs due to shifting of
electron cloud under applied electric field [47,48]. Ionic polarization is
caused by variation of distance between the positive and negative ions
in the polymeric dielectric by an applied electric field [47,48]. The
arrangement of dipoles according to direction of electric fieled in di-
electric polymers attributed the orientational polarization. The inter-
facial polarization is occurred in multiphase polymer matrix such as

composite materials. These polarization phenomena are frequency de-
pendent [49], therefore, to determine how much each polarization
changes and affects the dielectric properties by incorporation of AuNPs
in PVDF matrix is important.

In order to study the contribution of each type of polarization, we
have calaculated the ionic (o),electronic (aJ, orinatation (oo) and
interfacial polarizability 147,50-52) and summarized in Table 2. It has

Table 2
Dielectric and polarization pafttmeters of pristine PVDF sample and PVDF-
AUNPS nanocomposites,

Sampla / (1 kHz) or (Fmz) o" (Fmz) a. (Fmz) ch Gm2) q (%)

Pristin€ PVDF a.26
AUNPS (1mM) 73.T2

AUNPS (2mM) 15.88
AUNPS (5 mM) 14.78
AUNPS (10mM) 11.07

O.,f8 7.15 59.4
5.06 7269 68.5
6.15 16.52 72.2
2.s2 13.11 60.8
10.20 12.20 53.4

o.32
2.t7
2.74
1.59
7.U

0.10
3.31

4.79
2.73
9.47

been observed that the role of ionic and electronic polarization is
negligible due to lower value of polarizability, however, orientational
and space charge/interfacial polarization play significant role. It is well
known that [53,54] orientational and space charge polarization (as)are
responsible for dielectric properties ofPVDF. However, incorporation of
AuNPs in PVDF significantly change the nature ofpolarization. It could

(b) -r*PrisinePVDF*{* PVDF-AuNPs (lmM)
P1,'DF-AuNPs (2mlvg

---r- PVDF-AuNPs (JnM)
PVDF-AuNPs (10mM)

1.0l8
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i.l
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ra

t1
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'5o
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O
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4
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--r- PvDF-AuNPs (lruM)

PvDF-Au-l,IPs (trnM)
---+- P\DF-AINPs ( SurM)
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)
0
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Fig. 8' Frequency dependent (a) dielectric permittivity and (b) tangent (tan 6) loss for pristine PVDF sample and pVDF- AuNps nanocomposites.
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be observed from Table 2 that PVDF-AuNPs nanocomposite exhibit the
higher value of ionic, electronic and interfacial polarizability. Infact,
ionic and electronic polarization in polymers occur at very high fre-
quency, but in present case they appear even at lower frequency due to
formation of charge transfer complex between polymer and nanofillers.
During polarization the large numbers of electrons and ions appears due
to presence of highly conductive nanofillers attributed the ionic and
electonic polarization. It has been observed that the value of orienta-
tional polarizability is very small in narocomposites. It means the
motion of dipole is masked by other type of polarizatiuon, The inter-
facial polarization,/space charge between the AuNPs and the pure PVDF
polymer matrix is reported earlier [55].

The interfacial polarization mechanism of the PVDF-AuNP5 nano-
composites with different molecular concentrations of PVDF matrix is
schematically represented in Fig. 5. The yellow circle represents the
cross section of AuNPs, the light blue and brown chains represents the
PVDF surrounding the AuNPs and entangling with one another, the
yellow edge represents the PVDF-AuNPS interface, the green dot refers
to the polar fluorine ion of the PVDF chains, and the other ion re-
presents the hydrogen and carbon ion. The higher value of interfacial
polarizability shows its maximum contribution with other type of po-
larization as shown in Table 2. The calculated value of polarizability is
an evidence that total polarization in PVDF-AuNps matrix is the sum of
ionic, electronic and interfacial polarization,

Fig. 8(b) shows the frequency dependence of the tangent loss and
AuNPs modified PVDF samples at room temperature and atmospheric
pressure. The tangent loss spectra show two relaxation peak, however,
first peak attributed to interfacial polarization or Maxwell-Wagner-
Sillan (MWS) polarization. Usually this polarization occurs in hetero-
geneous materials like nanocomposites, polymer blends, hybrid etc
156,571. At lower frequencies the space charge accumulation and short-
range dipole-dipole interactions at the AuMs-conducting PVDF inter-
faces result in strong interfacial polarization t58,S91.

The interfacial polarization of AuNPs is restricted due to confine-
ment of charge carriers and molecular movement causes the increase of
loss. The Debye like relaxations loss peaks (second peak) are mainly for
large dielectric response. Interesting fact is that with increasing con-
centration of AuNPs, the tangent loss peaks are shifted towards higher
frequencies(S x 106H2) [58,59]. This shifting in relaxation peaks are
attributed to the strong Van der waal type of interaction between
AuNPs and PVDF matrix.

3.7. Pyroelectic re$,onse

The effect of AUNPs on the pyroelectric properties of pristine pVDF
and PVDF-AuNP5 n:rnocomposites were investigated, The pyroelectric
current was recorded as a function of temp€rature with constant
heating rate of I "C min-r (i.e. Fig. 9). The pyroelectric current re-
presents the polarization induced from thermal stress. It was observed
that the behavior of pyroelectric coefficient with AuNps concentration
in PVDF matrix are similar to that of the dielectric permittivity as
shown in Fig. 7(a). These results suggest that the mixing ofAuNps could
enhance dielectric and pyroelectric properties of pVDF and thus mod-
ifying the polarization behavior, The pyroelectric coefficients was cal-
culated using following relation [60,61]:

I=oe{' dt (1)

where p is the pyroelectric coefficient, I is the pyroelectric current, A is
the area of the electrode and (dT,zdt) is the heating rate,

The pyroelectric coefficient reaches its lowest value,
25.22pCm-2K-1, at a temperature of l2O "C, this temperature corre-
sponds to maximum polarization and phase difference. The other phase
transitions are clearly noticeable at 100 "C and 140 "C where the peak
values of the pyroelectric current are 6.99(pA) and 5.22(pA) respec_
tively. Polarization gradually decreases at 30.C-190.C with fi:rther

Vam 166 (2019) 298-3Oo

Pristine
P\DF-ArNPs (lnM)
PVDF-AuNPs (3oM)
PVDF-AuNPs (5nM)
PvDF-AuNPs (l0rrM)

40 60 80 100 120 140 160 r80

Temperatwe/ CC)

Fig. 9. Temperature dependent pyroelectric coefficient for pristine PVDF
sample and PVDF-AuNPS nanocomposites.

increase of temperature, polarization decreases rapidly and finally, a
small phase change occurs at 140'C.

It is clearly observed that the polarization decreases rapidily with
increase of temperature. Fig. 9 shows that the pyroelectric coefficient
increases with increase of temperature. PVDF- AuNPs (2mM) nano-
composites shows the maximum value of pyroelectric coefficietnts as
compare to other nanocomposites.

The incorporation of AUNPs in PVDF matrix directly enhances the p-
phase (TTTT conformance) of PVDF as verified from FTIR spectra. F-
phase causes the strong piezoelectric and pyroelectric response of pVDF

[62] as observed in this study.

3.8, Pyroelectic figre of merit

The pyroelectric figure of merit was calculated by following relation
[63]:

-pIv= --:'--=
(2)l+tano

where e. is the real part of permittivity, tangent loss (tan6) and p is the
pyroelectric coeffi cient,

The figure of merits fuC.m-2 K-1) is varied from 9.5 to 32.5. Figure
of merit was maximum for PVDF-AuNPs (2 mM) nanocomposites due to
maximum pyro response of polymer matrix. This result is well agreed
with maximum value of pyroelectric coefficient with pVDF-AuMs
(2 mM) nanocomposites. The pyroelectric figure of merit in our study is
stronger than other pyroelectric material [6H6]. Therefore, AuNps
significantly enhances the pyroelectric response of pVDF.

3.9. P-E bop

P-E loops at room temperature with applied electric field of
100 kVcm-l for different concentration of AuMs in pVDF nano-
composite samples with frequency of 100 Hz are shown in Fig. 10(a-b).
The P-E loop start expansion at lower value of field and saturated in
higher value of field. The area of P-E loop measure the loss of energy
during polarization and depolarization process [67]. The saturation
polarization (P) value increases from 1.2pCcm-" to 3.1 pCcm-2 for
the applied field of 10 kVcm-r to 100 kVcm-r in pVDF-AuNps na-
nocomposite. This increment denotes the higher energy density as well
as increasing the dielectric strength of the nanocomposite. p-E loop
decreases from 3.5 pCcm-2 to 0.6 UCcm-2, as the concentration of
AuNPs increases from lmM to 2mM. The dielectric material has
electric energy storage properties and can be obtained from the p-E
loop. In the presence of an electric field, pVDF shows polar p-phase
dependent polarization. The strength of polarization in pristine pVDF
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O'5 {n

Hsoo
.P 30
E
-s 20o

9ro
0



M. KwhwaL et ol. Vam 166 (2o1il 29e-3O6

Fig. 1o. Electric field dependent polarization (P-E loop) at IOOHZ (a) Sin waveform and (b) Triangle waveform for pristine PVDF sample and PVDF-AuNPS na-
nocomposites at room temperature.

depends on the amount of B-phase.
PVDF sample is dominated by nonpolar o-phase with a small

amount of polar B-phase and hence the PVDF thin film shows a weak
polarization (p) vs electric field (E) Sin waveform and triangle wave-
form curve (Fig. fO(a-b)). The recoverable electric energy density
(S...o) and the energy density stored per unit (S*J volume of the na-
nocomposites are generally determined the P-E hysteresis loop scanned
between -E,,;n to + E-*, for ferroelectric polymer, the electrical en-
ergy storage density and efficiency can be obtained for P-E hysteresis
loop from following relations [68,69]:

c-

c-

, = !t-r"1g6g' S.to." (5)

where 4 is energy storage efficiency of the nanocomposites. The po-
larization increases from P2 to P,'* along a differmt loop than when the
full loop is scanned. Sin waveform and triangle waveform shows change
in the recoverable (S...o) and efficiency (r10lo) of PVDF and PVDF- AuNps
nanocomposited for 100 kVcm-r applied electric field at room tem-
perature.

The S,..o for PVDF-AuNPS (2mM) is l.3Jcm-3, which is higher
than other nanocompositions (i.e. Fig. 1 1). The calculated efficiency for
pristine PVDF, PVDF-AuNPS (1 mM), PVDF-AuNps (SmM), pVDF-

AUNPs (10mM) are 59, 68,5 and 53.40lo respectively, however, pVDF-

AuNPs (2 mM) exihibits higher effrciency (i,e. 72.2o/o). These results can
be attributed to the growing formation of p-phase in aggregate by the
addition of AUNPS and its synergistic effect.

The area under the curve is caused by internal heterogeneous
charge, which provide the charge storage ability ofmaterial, It is cleary
reflected in P-E loop that incorporation of AuNps causes an increase of
P, The increase in P value of nanocomposite samples can be due to
accumulation of charges at the interface, which facilitates the hetero-
geneous polarization in the systems, which further enhances the fer-
roelectric behavior of the sample.

The remnant polarization and coercive field increase with the ad-
dition of AuNPs. This confirms that the presence of AuNps in PVDF
significantly influences the polarization response of the polymer matrix.

4. Conclusion

We have demonstrated the enhancement of the ferroelectric

+PristineP\'DF
+PvDF-AulfPs(lnIO
--- .,- PVDF-Au\?s(?oM)
-+-PVDF-AuNPs (SruM)

PVDF-AuliPs (l&nl{) jr

50 60 10 80 90 100

E(kV.cm:)

Fig. 11. Energy dmsity for pristine PVDF sample and PVDF-AuNPs nano-
composites.

properties of PVDF by mixing of AuNPs. It is concluded that AuNPs in
PVDF matrix enhances electroactive polar p-phase due to interactions
of AuNPs and CF2 dipoles existing PVDF and increases charge storage.
The size of AuNPs was 24 nm, which is the same order of magnitude as
the crystallite size of p-phase in PVDF. Theerefore, enhancement of
ferroelectric properties especially energy storage effrciencn dielectric
and pyroelectric is due to strong intraction between AuNpS and ferro-
electric crystals of PVDF. Dielectric permiftivity increases with in-
creasing of AUNPS content in PVDF due to its conductive nature. The
increase in permittivity is attributed to the improved interfacial po-
larization due to entrapment of charged particle at the interfaces be-
tween AUNPS surfaces and the PVDF matrix. The pyroelectric resporBe
of the nanocomposite suggest its application in designing of pyro-
electric sensor. Finally, it is concluded that novel nanocomposites ma-
terial is important for fabrication of acutuators, IR-sensors, pyroelectric
sensor and transducers,
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Government of India,
Ministry of Defence,
Aeronautics R&D Board,
DRDO Bhawan, Rajaji Marg,
New Delhi-110 011

,rA * "r.l*"*;-F" Feb 2019

To.
Director,
Hindustan Colleqe of Science and Technologv.
Aqra-Delhi NH#2, Farah,+
Distt- Mathura:Z81122

GRANT-|N-A|D SCHEMEJSF AERONAUTICS R&D BOARD
Under the powers vested in the Aeronautics R&D Board vide Govt. of India, Ministry of

Defence letter No. Aero/4806151A91105/S/D(R&D) dated 12th Feb 1971 and in exercise of power
defegated vide Sl No.3.1 of Gol, MOD letter no DRDO/DFMM1PL|83226/M/01/1174|D(R&D) dated
28 Jun 2018. I am directed to convey the sanction of the Board for the following projectforthe year
2018-2019.

2. TITLE OF THE " P.ROJECT; "Development of novel epoxy resin I graphene
nanocomposite coating material for aircraft structures"

Pl : Dr MS Gaur
Co-Pl : Dr RK Tiwari

SANCTION for the First year funds to be released during the year 2018-19 to the tune of
Rs. 5.26 lakhs is accorded.

Total estimated funds for the project are Rs 9.5Q lakhs. However, the same is subject to revision
based on performance and review. The year-wise break-up is given b,elow:-

Grand Total: Rs 9.50 takhs (Nine Lakhs Fifty Thousand Only)

3. The Deliverables of the project are,
i. The electrochemical impedance, capacitance and corrosion test of nanocomposite

material coated aluminum alloy.
ii. The corrosion of aluminum alloy is expected to reduce by 30% using graphene as

nanofillers in epoxy resin coating nraterial.
iii. Enhanced mechanical strength, weight reduction, improved barrier properties, an6 life

time of aircraft directly.

Diruotor
' --' Htndustan Colloge of

Sclenee & TechnolegY
FAF. ;\i-l i}"4ATl'l U RA^)
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Funds for subsequent year(s) will be released on satisfactory progress and submission of annual
progress report by Pl to the Panel and Sectt. and based on Panel recommendation with due
approval of competent authority. Statement of acg_ounts and utilization certificate duly certified by
the executive financial authority of thg lnstitutio,n and a{dited bv the qomqetent audi! author"ity is

also required to be submitted alo . Excess expenditure, beyond the
yearly sanction, unless authorized by AR&DB in writing, shall be the responsibility of the grantee
institutions.

The duration of the project is 3 Years. The date of receipt of the grant would be reckoned as the
commencement date of the project which has to be intimated to this Sectt. without any ambiguity.

Grantee institute to open a savings bank account for the grant and refund the accrued interest to
AR&DB. ln case of common bank account held by the institute, the institute can reflect the
accrued interest separately and refund the same to AR&DB^

The grantee institution shall incorporate necessary clause to provide reservation for SC & ST or
OBC in posts and services for appointing project stafi under grant-in-aid scheme.

On completion of the project unspent balance if any should be deposited through MRO at your
end against AR&DB sanction project No. "1051902" to the PCDA (R&D), New Delhi Alc No.-
4055000004. Thereafter, a copy of the MRO duly receipted may be sent to PCDA (R&D), West
Block-V, RK Puram New Delhi-110066 under intimation to AR&DB Sett with a copy of MRO for
necessary records.

A list of inventory of equipment purchased out of AR&DB grant shall be intimated year urise along
with its cost and source of procurement to AR&DB Sectt. On completion of the project, the
grantee institution would forward the consolidated list with request, if any, for retention of any
equipment for another project of in-house R&D, with due recommendations of their executive
authority and the concerned panel,

10, The grantee institutions shall not disclose any information under RTI ACT,2005 as DRDO is
placed under second schedule and is exempted from disclosure of information uhder Sec 2a(i)
of the Act except information pertaining to the allegation of corruption and Human Righi
Violation.
(i) In case any application is received by the grantee institution for seeking information pertaining
to DRDO project under RTI Act 2005, it may not be replied to directly and the same shall be
transferred to CPIO, DRDO, l-lQ for necessary action and reply under iec (63) of the RTI Act at
the following addresses:

314'A, 'B' Block, RTI cell, DRDO Bhawan, Rajaji Marg, New Delhi* 110011

1 1. Instruction and Conditions of Ownership of inteilectual properties generated by this project is
available in https:i o.qov.irr/d blru ra nts.htrn . A copy of Govt
letter is attached.

12'On completion of the projects, Closure Report along with copies of technical report for each
Panel mernber and also one soft copy io Sectt. may be subnritted within sixty days of completionof project along with Statement-2 ($tatement of Expenditure) & Statement-3 (Utilisation
Certificate) as per Annexure lll of Grant-in-aids rules duly audited from the Audit Authority of
Institution/organization signed in ink in duplicate.

13' PCDA (R&D)' West Block V, RK Puram, New Delhi-1 10066 will rrake disbursernent of money ascrnnl innrrrl

. Dimr..:or,

.--_Hlndusta n Coltega of
Science & Technology
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i f +,fne expenditure will be debited to Major Head 2080 - Defence Services, R & D, Minor Head

I OO4-Research/Research & Development and Code Head 852102 (AR&DB Grant-in-aid) of

|' Defence Services Estimates.
F

' 
l5.Contingent bill (in triplicate) duly completed and stamped along with ECS mandate (Bank AIC

details) may please be forwarded to us within 30 days for countersignature and onward
transmission to PCDA (R&D), West Block V, RK Puram, New Delhi-110066 for payment.

, 16.This is issued with the concurrence of IFA (R&D) New Delhi vide their UO No: IFA/R&D/Nerry

' lT.Sanction Code is MSRBITM/ARDB/GIA/18-19/0J.05dated.2.). .t?..bw) 7

#
(Dr Maitreyee Nanda)
Secretary, AR&DB

Copy to :-

(1) Principal CDA(R&D), West Block V, RK Puram, New Delhi-110066

(2) IFA (R&D), DRDO Bhawan

(3) Dy. Director of Audit, Defence Services, Southern Command, Pune - 411 001

(4) Principal Director of Audit, Air Force & Navy, 'M' Block, N. Delhi-110 001

(5) Dr. AmolA Gokhale (Convenor TC)
(Former DS & Director,DMRL, Hyderabad)
Professor, Mechanical Engineering Department, llT Bombay
Powai, Mumbai-400076

-4.\ !il4f MS Gaur (Pl), Prof,\t Department of Physics, Hindustan college of science and rechnology,
Ag ra-Delh i N H#2, Fa rah, Distt- Math ura-281 122

(7) Dr Rk Tiwari (Co-Pl), Asso Prof,
Department of Physics, Hindustan College of Science and Technology,
Agra-Delhi NH#2, Farah, Distt- Mathur*281122

(8) Dr. Makarand JoshiSc'G'
. Research & Development Establishment (Engrs)

Alandi Road, Dighi, Pune-411015

Control No: lDf (2018-2019)
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Government of India,
Ministry of Defence,
Aeronautics R&D Board,

9RD9 Bhawan, Rajaji M"rg,
New Delhi-110 011

,,4b Jan 2021To,

Director,
Hindustan.gglgg" of Science and Technology,Agra-Dethi NH#f, e"rrn.'"-'
Distt- Mathura-28r iZ) '

Further to the sanction retter No. ARDB/01/1051 g'zfi\Andated 27rn Feb 201gunder the power vested in the nuionu-uJi.s R&D a""1q1ige Govt. of India,Ministry or Defence retter r'ro. n"r"ago6rsl6g]io#ILr*ro) dated 12h Feb1971 and in exercise of the povier';i?g3r"g vioe si rrrl. g.r of Gor, MoD retrerNo. DRDo/DFMM/pl/B3itdin,iroiii;zorotniiji il& 18 Dec 201e asamended from time torime, iam li"",t^"g^g;i*g, ti!'lrn"tion of the Board forsecond year retease of the ;dj;;il;ect durins Fy 2o2a-zoz1.
Fresh rerease of Rl; 2,18,000 (Two Lakh eighteen thousand onry) for second{:}fJ,Jff, fi:?ff:":' i""o'l"J -to 

HinJistJi" ioi,ls" or science and

Unspent barance oI 201g-20 may be utirized during the year 2o2o-21,
Hindustan cotleoe of science and Technorogy, Mathura to maintain a savingbank account aclount and rurunJrr," accrued'-int"ruri-to AR&DB. In case of::ff".'! f ffi'[,ffi1,,'J j[l[ :f i J,f"X$, 

# Jff ff L L, t h e i n te res t a 
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6, The totat cost of the project is Bs 9.S0 lqkhs.

7' The expenditure-wril be debired to y:jT Head 2080 * o^ejgnp Services, R & D,lfilil,!?if,3f; ,l,ii:lt3#i::uil,HEl,iH:[3i and code H;;, bszoa

' 5':1f,.'ff3ff';,Hfflr?i"ll,.h,",l;#[1', New Derhi-110066 wiil make
9. Contingent bill (in triplicate) duly comot€tort /oi^^^...a nd sta m p"o, u'::g_ 

_yit 
r' e c s-''.iilfiiJ'*f;,',?ffi y '; jJ :n lqo a rso req u i red)rhis orrice 

",. 
*:li*,'g"T,iiHp'eted 

(signature ol

B rock r: R I p ;#,1 :i,""f ;,;n lm y#'l i:.,l,fi ,Sill,l T: $ le *. d ed rd'ru t-L,DA (R&D),,West

1.

2.

?

4.

,1*rttn:

Dit'g"tor ' '

.-- l$lrrdu$ian sb?t*$e ol,' "

$cieil+s S, Ts.chn#!n**
l-?ir' ; ;' lT.i 1'-: ', ,''' . '.' 

'



To,

Email: ardb.hqr@gov.in ARD810111051902/Mn
Govemment of lndia
Ministry of Defenee

Aeronautics R&D Board
DRDO HQ Annexe,

Metacalfe House,
New DelhL110054

3t Oct 20?1

Director,
Hindustan College of Science and Teehnology,
Agra-Delhi Nl'{#2, Farah,
Distt- Mathura*281122

Release of third year grant of Froiect titled
"Fevelopment of nnvel epoxy resin / graphene nanocomposite coating materialfEr aircraft

structures"

Further to the sanction letter No. ARDB/O1/1051902/Mn dated 27 Feb 2019 and 06 Jan 2021

under the powers vested in the Aeronautics R&D Board vide Govt. of lndia, Ministry of Defence

letier No. Aeroi4806/5/69/105/S/D(R&D) dated 12mFeb 1971, and in exercise of power delegated

vide DRDO/DFMMIPL/832261M1CI1|1976/D(R&D) dated 18s Dec 2019 as amended frsm time to
time, I am directed to convey sanciion of release of third year grant, Rs. 1.65904 lakhs (one lakhs

sixty five thousand nine hundred four rupees) for the subject project.

Unspent balance (Rs. 40,096i may be utilized during the year 2021-22.

Hindustan College of Science and Technology, Mathura to maintain a saving bank accsunt and
refund the accrued interest to PCDA. ln case of common account held by institute, the institute can

reflect the inlerest accrued separately and refund the aocrued interest.

$o far (till date) a total sum of Rs 7.44 lakhs has been released to Hindustan College of Science
and Technology, Mathur,a for the subject project.

The total funds sanclioned for the subjoct p''oyect is Rs 9.50 lakhs"

The expenditure will be debited to Major Head 2080 - Defence Services. R & D, Minor Head 004-
Research I Research & Developmeni and Code Head 85AA2 {AR&DB Grant-in-aid) of Defence
Services Estimates.

PCDA (R&D), West Block V, RK Puram, New Delhi-110066 will make disbursement of money as

sanclioned. 
1

$anction Code is MSRS/TM/ARDB/G|A#1-2!/95 dated 29.10.21

2.

?

4.

h

{.

(Rekha Upadhyay)
Member $ecretary, AR&DB

Copy to:

1. Prineipal CDA{R&D), West Block V, RK Puram, New Delhi-110066

2. IFA (R&D), PRDO Bhawan

3. Dy. Director of Audit, Defence $ervices, Southern Command. Pune - 411 001

4. Principal Director of Audit, Air Force & Navy, 'M' Block, N. Delhi-110 001

Dirsotor

. , . Hindustan College of

-sci€nce 
& Technology

FAMH C,\NATHURA)



-

ARD8,O:|/105190?ltUl

5. ,Or. Arnol A Gokhale (Chair,rnen, $ttp€ring Cor,nrhitt$e), Prde35or, Meq&anicf,l Engineedng
' ,Defrytrneht, llT Elornbay, Powal; Mumbai*{00076 !

6. Dir€Sr, ADE, Bangalore-560075

7 " Dr. IiltakErgrut Joshi Se 'G', {Chairntan Slrtdure Panel}

Reaearcfr & Development Establi ghment ( Ergrs)
Alandi Rgad, Oighi, Ptlr€-41 101 5

8. Dr M$ Gasr (Pl), Ftsf,
Oepartmenl of Phyr$cs, Hindu$€n Cqllege sf $elEnee and TEehnobgy"
Agra-Delhi NHdf2, Fgrah, Dist Mathur*281122

g: DrRh Tinari (Co-Fl),.Aseo Prof,
Department of Ptryeice, Hindustan Coll€ge of Scienc€ and Tecfinology,

{,g,raroalhl Ntt#2, Ferah, oistt- lllalhu r*-28 1 1 22

Control No. 95 (2021-22)

@u'-i
Dirgotor

Hlndustan Colfege of
Science & Technology

FA*IAH (MATHUM)

a



" Flt
Irr

"Tr'

{\l I tffi s?{}
nr i.xt6Ni f?$s

fin*l * **li*r&fl*" trt

Tli* ${*wtry-
s{irffi$l*n C* *ilc af S*i*nrs d T;ffiXgl'
A@,+TS|$,il$S, FE*Eh.
g1p1s6!gr*,1i1

Unffi#r{ {l*Hnsf # FY !!Al-$1 $$ltri t$$ bn slf;M ln FY 3ffi3'e$

{. frGiRtr;ie*.r*fifi

*nilg*ft*rl$tl*ffiil#
,l\*nn*lrtlrn, ftt$l e*F# &lmt$el

€tri't- # ltd*& t#{*#|ry tgl S$rrsit
,F.*Eln t'g{hdl t, $td LfrSTTE &ddi-{
AftS$ ${O *ryrrr. hlgcilP* H{qr}*.

6l*l irttl . Eslh;t{ffi$d

lnur[tr*f l€ #* trrrfrsc+ l$.w rrg.tffitr1nffi1W'il*n {hl# !X ${h }Sf q' df '}nfi 
!ilI$' #

$* til{t il{st,;*{hr uirfi Ffiip,?trt **sls* *+ ura *nn*nry*sa nSS Fsss *l*l tim/1" dj Hli* H*}il{r't df

tli*ryw l*$sr m, ,1rr<rqsr*}*sffi'tffi'4Lq4F$Ul g'loo r** Fl& !$1"' rnd n muw*l d l.d'ni&r

rl*+gurd rrcc $r rs,n L'.,rf FF#*ll#'Mff?!-W$ffit&81"1ffs#Hn1sl {t$fld ln* ft** !*i$ g
s-ahilfj F;Jll lrrls l0ld?rr. r*rtr*t*r*nrs6$tiw{ruffi{T#{F.A:lBrPf;icEst#hil unSr'i *rult
trt r* ttn**"-:# fft r*iJil icffi u trnim fitnc' ft' e{lol* lsdlr xr

fir&sllFrqFd

.-l rJ .{gtr }rl Jftt!

Di;sotor
Hlndustali Collego of

$cien s,? & -f+c lrnology
F?.i'."r i'i ii', i't iii i-t frfi;

$ $s hf |l*t {$|s.| l H{xt| xu.i* * ru $.#ffi* s'tgHgr bFrt* r'd*nw tn Fhdrg|rfl *4s4s* s

rrrrul sfidt T;Kia1l}iifl',,{*affuiu hr lts *ttui# Fffiif

S ftrr$iclrrr'*tl*rq$ 'S Sqig*tt iln.{ ]listfiffi'*iFt Fgoh- ti$fl*\i'{it lil "$srq$f i n;I*{E U#t*

pew**.,{ md *A*rg ** ,n;;;;;";;;- iiic*'** r{.*r*qqnqn il, ,!$*t .!u Frcl{tGti" th{F

d*#f's c8! *{F!er: rsil }n'l&}#: ilfitFl*d s{!Fs.{$ry {'ld rufui|* lfs s6firt*3 nllrad



ilirscttr
Hffidustsn Cslle.$d t! $'ci*ncs *nd Twhn&y"
Ag*e-S*lhi trtf4#*, F fi rsk,
DisH- Msthurs*?$1It*

s#ff F _# +H$T tr{ Ep r$*JHsriq
:Swslsorns{tt,g!,Jtpupl eoo*y f*rtn I flfstr&lsl!4

nannstnrlpElffi,"rqfldn .F.figl frbr *lrcryfilpbu*hiff*,:

5

4

Fu&her r$ h* $&,rlc;ltEn lenxr tlo ARFHI$lJ{S5IFn*Sifl d*led !?s F*b Etl19

under the. SqnNsi c4$tgtJ In S:s Aerensut** *&0 EsArf, Vlde C.ryirt. of .iruis*'
,Lli@tft' ef fi*{nncs lstter l{0. Aersfil8*trff6grts$'stn(n8F},dalao teu' F8b'

t*T* a;'*d in er.erei** ef tne F$$sr del*g*ted' rrilg Sl r$s. S,1 d Sot, h'h$ t#t*f
He. ilRffiAFH[dtrL$: Hr01fi0ISffiiHSF] dabHt ls CIGfi *srg E8

Sfnendsd frant Airne {o Rne. l a*n *.ir**l.Pd t$ ifitl'ds{ tte erndiofi' of Sre &sl*$ hx

sprond yesr raleas* sf th+ sltb$est prairctdr'rdnfr FV 393$!!!'

FrGh rtt€ass of R*. z-tB,o0o {Tro Ldrh els*rtoon uloumnd !{$ fx 5{6oftd

lw o* ilw prq*et rs af€{.Scd ftr Hkrd*r*hn Callqe of Sclslffi il.d
Icchn*logrY, ifitilu.tn"

Unsp€nt balirrlcs of I0 ! $-?0 moy b€ ulilirsd *stxl$ the lBtl ?fi:0'11'

tfl*durtrn CdHogE ef Sgra$co snd Technodofly' fttllthuf'! ll]flItain f, s*t&]S

bentr ss cugrt at{e{rnt and **,iund thE grt[}r*d i:BtssEst lS $F&Bf,' $n s*, n rI
*r*tt* *ifca{lnt tislt$ bf i*s$lu*, tlre inE{r't*la m* ndlecrt Ste lnt€re*t a*enlsd

E#parstel! and lslund ftl{ *ccrueS ntsrssl,

sq fs {.riil. aG?g-e6} i* lutr{ *um sI S8 &lf"*l*}i+==hfl9 hEen rclcs**{ ts

f*f*****" Sqll*fia of S*ilnnuu and Ti*tlnologY" H*thtlr* fef &e absvtl

pfoFGN-

Thc WBI 6sst o{ lhr proiect i'* Fg--E l*kh*

1"rre *xper,dilure wll bc d$hit*d {o htaior ht*fid }eS0 - B{tanGS SqnAee*. R & S,

[#*nm ;i<esl 0g{-F**ea1shlRsssmf61 S' Qgt*shrm**t and Gode HPad 853ru€

iAnlt0S Grurt!-rn-a;dI od n$tsnos Seff{ag H*llfit&l€s.

F$Os {R&Sl, rfifest Fl0qlr 1/, RK it$Fn, H$# Ufttli-t{W will mske

diskidsgrasnt e{ cn*q}Py as mentt*tres abaru'

*ontingnnt bill{*ft triplicals} (fub cctnpleted {*Snst-rr-s d{ F1 F{O& aeo rcEulsedl

a**d *dmpeg, aas{fl ndh ECIS'assr!*e{E twxtifmt* mmy pbas*r h fonrmsd*d tn
lhic o$ftsa far *rurqeruignelura snd orx.serd klu*mission le FCtrA {RE'BJ' r.rC€5t

S*s*ls lJ, KK P*sranz. H*.r bellti-11006S,

s

T











Hindustan College of $cience & Technology

AICTE Approved . AKTU Affitiated

Agra-Delhi Htgtilray (NH-2).
Farah, Dtstt. liilathuii - 281 122
U.P. (lndla)
Tel : + 91.565-2263366.

+ 91-56&2763705/ 06
Fax : +91-S65.2263i64. 5 NBAAccledited Course,s

r{*twc* V*/_,

To,

The Secretary

Aeronautics Research & DevelopmentBoard (AR&DB), 
.

DRDO Bhawan

AR&DB Secrerariat,

Room No' 4004, DRDO HQrs, Ministry of Defence, Rajaji Marg, New Derhi -l r00r rReference: l)roject no. 1902

sub: Subrnission of audited uc/sE, interest deposited receipt,
manpower details, contingent bill, ECR form and project report
Reference: project no. 1902 r---

I am submittirrg herewith the original said documenrs (uc/sE audited for Fy z02uz02r)of above said project. The contingent bit (three g0pies) of III yegr grant is encrosedherewith for your kind perupar. Kindry rerease the III year grant antd obrige.Thanking you

With kind regards

s ,?'to.A Lt

equipment details,

Principal lnvestisator
Professor and Ftead
Departmenr o I' ph 1,sics
Hindustan Collegi of Science and Technology,

Enclosures
(i) uclsE (i'e' three--audit?d c-gnies ) for EY zozo-202r (ii) Interest.deposited receip(one copy) (iii) Equipment detaits ittr"" 

"opirr), t*l il*)rrlnJo a"tuit, ( three copies;,(v) contingerrf bir (tirree cbpieg, (;t;i{f"# i,-ffi#;jand (vii) proJect reporr(three copies) tvti f ) eo""r;Xq ;4; e*)

Farah (MarhurQ U p

R.gd.O{nc.:'sGlrowef,500 MF.FI_gl'rglrantatties t6wards_egry1F[* Hbhway (NH-2), Agra - 2phone : 0562-2522442,2526tfi, Fax : 0S6t-20S0274
DclhlOfflce: M-tl, Soulh Exth. lt, New Delhi - 110 049. Tet.: +91-11-26262992A3/94,

visit us at: <www.hcst.ip <wwusgei.org> Agra o Mathur:a r G. Noida



APPENDIX "F"

UTI LIZATION CERTI FICATE

FOR THE FINANCIAL YEAR 2020-2021 (From 01.04.2020 to 31.8.2A21)

1. Title of the Project / Scheme Development of novel epoxy
resin/Graphene nanocomposites
coating material for aircraft structure"

2. Name of the Institution Hindustan College of Science and
Technologv, Farah, Mathura-U.P.

3. Principal Investigator Dr. M. S. Gaur

4. DRDO Letter No. and date of sanctioning
the project

Date of Start of the Project

ARDB/01/1051902/M/t,
27.02.2019

08.08.2019

5. Head of account as given in the original
sanction letter

Pl. see Enclosure I

6. Amount brought forurard from the previous
financial year quoting DRDO letter No. &
date in which the authority to carry fonrvard
the said amount was given.

ARDB/01/1 OSgOZttiilt OJteO Om-tan
2021

Rs. 3.88215 lakh

7. Amount received during tfre financial-year
(Please give no. arid date df DRDO
sanction letter for the amoi.rnt)

Rs. 2.18 lakh -

8. Total amount that was available for
expenditure (excluding commitments)
during the financial year (SL. No 6 +7)

Rs.6.06215lakh

9. Actual expenditure (excluding
commitments) incurred during the financial
this year

Rs.4.72119 lakh

10. Balance amount available Rs. 1.34096 lakh

11. Unspent balance refunded, if any) Please
give details of Cheque No. etc.) NA

12. Amount allowed to be carried fonrvard to
this financial year

Rs. 1.34096 lakh



@.*; j'
: ffi#r,; f,j,

APPENDIX uF" (contd...)

UTI LIZATION CERTI FICATE

FY 2020-2021(From 01.04.2020 to 31 .03.20211

Certified that sum of Rs. 2.18 lakhs sanctioned during the year 202Q-2021 of
grants-in-aid amount in favour of Director, Hindustan College of Science and
Technology, Farah, Mathura U.P. DRDO letter No ARDB/01/10519021M1|,06.01 .2021
and Rs. 3.88215 lakhs on account of unspent balance of the previous year, a sum of
Rs. +,zzr rq lakhs has been utilized for the purpose for which it was sanctioned and
thatthe balance of Rs. ts4oe6lakhs will be refunded/adjusted toward the grants-in-
aid payable during the 2021-2022.

Principal I nvestigator
Signature of
Accounts/Finance Officer

2. Certified that I have satisfied myself that the conditions on which t"fe grants-

in-aid was sanctioned have been fulfilled/are.being fulfilled and that I have

exercised the following checkd to see that the money was'actually utilized for the

purpose for which it was sanctioned.

Kinds of checks exercised.

1. Sanctioned head

2. Head-wise expenditure and bills of expenditure

3. Bank interest

Dr. R. K. Upadhyay
Director

Diroctor,
Hlndurtan College of

Sclence & lbchnology
FARqH ffiAT}IIJR{)



AICTE Approved

Agra-Delhi Htghway (NH-2),
Ferah, Dlsft. Mathura - Zg1 122
U.P. (lndh)
Tel : + 91€6S2769A60.

+ 9.t,58$2763705 / 06
Fax: +9'l-56$2763364

Hinduslan 0ollegs sf Seiencs & Tr

&n,i.srt'*m{ uc/ rli" 12. l..LoLl

t-

To,
The Secretary

Aeronautics Research & Development Board (AR&DB)'

DRDO Bhawarr

AR&DB Secretariat,

Room No. 4004, DRDO HQrs, Minisffy of Defence, Rajaji V"rg, New Delhi -l l00l I

Reference: Project no. 1902

Sub: Submission of provisional UC/SE, interest deposited receipt and project report for

FY 2021-2022

Reference: Project no. 1902

Sir,

I am submitting herewith the original said documents (UC/SE provisional from 1.04.2021

to 31.08.2021, inrerest deposited receipt and project report) of above said project.

Kindly relcase the III year grant and oblige.

Thanking you

With kind regards

. AKTU Afillated . 5 NBAAccredited Courses

Farah (Mathura) U P

;sffi
Piingipal lnvestigator
Professor and I Iead

Department o{'Physics
Hindustan Cotlege of Science and Technology,

Encf . (i) UC/SE (i.e. three provisional copies) for FY 202A-2021

(ii) Interest deposited receiPt
(iii) Report (three coPies)

Rrgd. ofio :'sGl rounr', 500 Mlrs. fiom_Bhagunn_Talkies ounrds{gra*lathura Hlghway (NH-2), Agra - 2phone : 0562-2522442, 2526758, Fax : 05dI.Z8O0AZ4
Dolhl Ofic. : lt fi, South Exrh. il, New Dethi - i10 049. Tel.: +91-11-262629g2,9tg4,

vislt us et : <wwwhcst.ln> <,rww.sgel.org> Agra o Mathura r G. Noida



APPENDIX "F'

UTI LIZATION CERTI FICATE

FOR THE rirunNClnL YEAR zozfzozlyrom o1.o4.2o21 to 31,08.2021)

I

i

I

I

-t
i

s-- 4b-

1. Title of the Project / Scheme Development * of novel epoxy
resin/Graphene nanocomposites
coating material for aircraft structure"

2. Name of the Institution HindUstan Oollege of Science and
TechnologV,'Firrah, Mathura-U. P.

3. Principal I nvestigator Dr. M. S. Gaur

4. DRDO Letter No. and date of sanctioning
the project

Date of Start of the Project

ARDB/o1/1051902/M/1,
27.02.2019

.08.08.2019.
5. Head of account as given in the original

sanction letter
Pl. see Enclosure 1

6. Amount brought forward from the previous
financial year quoting DRDO letter No. &
date in which the authority to carry forward
the said amount was given.

Rs. 1,34096 lakhs

7. Amount received during the financial year
(Please give no. and 'date of DRDO
sanction letter for the amdunt)

0.00 lakhs

L Total amount that was available for
expenditure (excluding commitments)
during the financialyear (SL. No 6 +7)

Rs. 1.34096 lakhs

L Actual expenditure (excluding
cqmmitments) incurred during the financial
this year

Rs, 0.94lakhs

10. Balance amount available Rs. 0.40096lakhs

11. Unspent balance refunded, if any) Please
give details of Cheque No. etc.) NA

12. Amount allowed to be carried forward to
this financialvear

Rs. 0.40096lakhs



APPENDIX "F" (contd...)

UTI LIZATION CERTIFICATE

Fy 20+202{rom ri,t.ot.z02l ro 3i.08.m2t}

Certified that sum of Rs. 0.00 lakhs sanctioned during the year 2021-2022 st
grants-in-aid amount in favour of Director, Hindustan College of Science and
Technology, Farah, Mathura U.P. DRDO letter No'Nil and Rs. 1.34096 lakhs on
account of unspent balance of the previous year, a sum of Rs. o.gl lakhs has
been utilized for the purpose for which it was sanctioned and that the balance of Rs.
0.40096 lakhs will be refunded/adjusted toward the grants-in-aid payable during the
2021-2022.

Mt+vd-\
Principal Investigator Accou nts/Finanbe Office r

dlfq/. l,'I: La. & cJ
I

2. Certified that I have satisfied myself that the conditiorrs on which the.grants-

in-aid was sanctioned have been fulfilled/ard being fulfilled and that I have

exercised the following checks to'see in.t tn" money was actually utitized for the
purpose for which it was sanctioned.

Kinds of checks exercised.

1. 
. 
Sanctioned head

2. Head-wise expenditure and bills of expenditure

3. tsank interest

@u.
Dr. R. K. Upadhyay

Director
Duefior

Hlndustan Gollqe c
Sclenca & TrclrnotogS

F RAH(t$ATruM)

ev
Signature of



Hindustan
$ffi*l*l$dEg"lgl$its'3G:1i4$BJ+iteffit 

is'na

Al;ta Approved r AKTU Affiliated r 5 NBA Accredited Courses

Principal Investigator
Professor and Head

Delartment of PhYsics

Hindustan College of Science and Technology, Farah (Mathura)

Enclosures

iit UC/SE (i'e. three audited copies ) for FY 2020-2021

iiil Interest dePosited receiPt

U.P. (lndia)
Tel : + 91-56$2763306'

+ 91-565-2763705 I 06

Fax : +91-565-2763364

Of.o\' tsl>3

To,

The SecretarY

Aeronautics Research & Development Board (AR&DB)'

DRDO Bhawan

AR&DB Secretariat,

Room No.4004, DRDO HQrs, Ministry of'Defence' Rajaji Marg, New Delhi -l10011

Reference: Project no' 1902

Sub: subrnission of audited uc/sE and interest deposited receipt report (three copies

each) for FY 2022-2023

Reference: Project no' 1902

Sir,

I am submitting herewith the original said documents (uc/SE airdited for FY 2022'2023)

ofaboveprojectforyourkindperusal.Theprojectcompletiorrfgportissubmittedsoon.

Thanking You

With kind regards

Faithfully Yours

UP

:;';;^: aY (NH-2)' A"qn'2ilffi '"."' ;*1yl; rU*n';:l J#fi ?Xl';*ffi ;,'*T* ".
Derhi orrice 

" {J:,;nf:ffi *:li, 
;:;*:?:l"l;l: +e1'11'26262es2/s3/e4'
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APPENDIX'F"

UTI LIZATION CERTI FICATE

FOR THE F|NANC|AL YEAR 2022-2023 (From 01.04.2022 to 31.03.2023)

1. Title of the Project / Scheme Development of novel ePoxy
resin/Graphdne nanocomposites
coating material for aircraft structure"

2. Name of the Institution Hinqustan Uolege oT uclence ano

TechnoloqV, Farah, Mathura-U.P.

3. Principal Investigator Dr. M. S- Gaur

4. OnOO Gtter No. and date of sanctioning
the project

Date of Start of the Project

ARDB/o1/1051902/M/1,
27.02.2019

08.08.2019

5. fteaO of account as given in the original
sanction letter

Pl. see Enclosure 1

6. Amount brought forward from the previous
financial year quoting DRDO letter No. &
date in which the authority to carry forward
the said amount was given.

Rs. 0.86858 lakhs
Letter no. ARDB/01/1051902/M/1,
dated 29.08.2022

7. Amount received during tlle financial-year
(Please give no. and date df DRDO
sanction letter for the amount)

Rs. 2.4109O lakhs
Letter no: ARDB/O1/1051902/M/1,
dated 29.08.2022

L Total amount that was available for
expenditure (excluding commitments)
during the financial year (SL. No 6 +7)

Rs. 3.27954 lakhs - Rs. 0.31 lakhs(
commitment) : Rs. 2.96954 lakhs

L Aitual expenditure (excluding
commitments) incurred during the financial
this year

Rs.2.79343 lakhs

10. Balance amount available 0.48611 Lakhs

11. Unspent balance refunded, if any) Please
give details of Cheque No. etc.) NA

12. Arnount allowed to be carried forward to
this financial year

0.48611 Lakhs

k-.
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APPENDIX "F'(contd"')

UTI LIZATION CERTI FICATE

FY 2022-2023 (From 01'04'2022 to 31'03'2023)

certified that sum of Rs. 2.41096 rakhs sanctioned during the year 2022-2023 ot

grants-in_aid amount in favour of Director, Hindustan cotege of scibnce and rechnology'

Farah, Mathura u.p. DRD. retter No ARDB to1t1os1902/M/l dated 29'o8'2a22 and

received Rs. 2.410g6 rakh and Rs. 0.g6g5g rakh bn account of unspent barance
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Abstract
The bisphenol A diglycidyl ether-polyaminoamide (epoxy resin)-graphene oxide (Go) nanocomposites have been prepared
by chemical methods' The aim of this study is to produce epoxy -GO coatings on Aluminum Alloy 7075 and stujy the
anticorrosion properties. Thin films have been characterized by scanning electron microscope - Energy Dispersive X-rays
Spectroscopy (EDX) and Raman sPectra. Raman spectra show the succeisful bonding of GO functionri group, with epoxy.
The composition of epoxy and GO is characterized by EDX. The Tafel plots were undertaken for analysis of corrosion of
coating material. Therefore, the reduction of corrosion current of epoxy-GO nanocomposites coated Al alloy 7075 show its
superior corrosion resistance properties. This is further confirmed by electrochemical impedance spectroscopy and po-
tentiodynamic polarization. The very high value of low frequency impedance modulus (i.e. l0to f,) cm2) shows surprising
anticorrosive effect on coatinS' The epoxy-Go spin coating in Al Alloy 7075 is significantly reduces the corrosion current
density (/.o) and corrosion rate due to anticorrosion properties or do.

Keywords
Epoxy-graphene oxide, Nanocomposites, Raman, Corrosion, Scanning electron microscope-Energy Dispersive X-rays
Spectroscopy

Received | | August 2021; accepced ll yay 2022

Introduction

The nanoscale engineering produces nanostructwed material, especially in polymers, the exfiaordinary properties could be
achievable depending on selection of nanotnaterials and its dispersion througtroui ttr. polyme. matr'rxi;i;.'pi.;;;; 

"in 
.,i"*r

groups in polymeric materials can easily adsorb at the surface of metals. This property of polymers makes them efficient corrosion
inhibitors'7 Epoxy resins are very important class of thermosetting polymers that often exhibit high tensile strength and modulus,
good conosion resistance and good dimensional stability. The epoxy resins are the most importanithermosetting materials used in
various industrial applications such as in automobile, aerospace, and defense due to their excellent adhesion and mechanical
properties'8-r0 The main drawback of nanoparticles in epoxy chain is the poor dispenibility, which restricted the potential ap-plication of nanocomposites in several cases.tl Recently, it is reported that hardener cured epoxy with nano or micro structure
enhances adhesion, anti-corrosion, viscoelastic and rheological properties.l2-2'' The metallic nanofilien in epoxy matrix may hinder
crossJinking reaction into epoxy chain reduces the corrosion resistance. Also^metallic nanoparticles in epoxy matrix revealed the
difference in adsorption potential due to change in curing characteristicst-2*, howeve., 

"*bon*"ous 
nanofiller like GO and

Carbon Nano Tube (CNT) in epoxy are most promising candidate to enhance the mechanical properties, electrical properties and
conosion resistance is due to high surface area, high mechanical strength, low density ana hlgh thermal resistance.2e,3o

Chen et al' reported the sandwich-like structures of polydopamine and 8-hydroxyquiniine coated graphene oxide for
excellent corrosion resistance ofepoxy coatings.3r Yankun Xie Chen et al. reported nou.l upprouch to fabricate polyacrylate
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modified graphene oxide for improving the corrosion resistance of epoxy coatings.32 Mohammad et al reported the
development of metal-organic framework (MOF) decorated graphene oxide nano-plateforms for anti-corrorion .po*y
coatings.33 These efforts develop a scientific knowledge to develop anticorrosion material. AIi et al reported that epoxy-
polyamide nanocomposites coating with graphene oxide as cerium nanocontainer generating effective dual active/barrier
corrosion protection.3a The several publications have explored more attempts for the organii coating materials; however,
these methods still have much room for improvement for the complex process steps, chemical modifiers, and therefore
fail to satisfu the requirements of high efficiency, low cost and environment friendliness in industrial production. The
novelty of this work is to present a method to coat uniform thin film of epoxy-GO nanocomposites on Al substrate to
enhance anticorrosion properties as compare to other method. The spin coating method is most suitable for nano-
composites coatings as compare to other method. There are several advantages of spin coating over other methods such as
(i) uniform coating thickness could be maintained, (ii) thickness of coating can be varied by varying the speed of spin
coater, (iii) the solvent can be removed during the spinning process due to evaporation, (iii) strong adhesive coating and
(iv) layer by layer coating. The main target of present work is to develop corrosion resistant novel coating method and
material for aircraft aluminum. This objective could be achieved by applying Electrochemical impedance spectroscopy
(ElS) and potentio-dynamic polarization techniques. Further, structural morphology of epoxy-GO thin film was studied
by SEM and Raman to justify the compatibility of coating.

Experimental details

Moterials

Epoxy resin, graphite flakes, curing agent (hardener) KMnOa, H2SOa, H3POa, HCl, H2O2, acetone, ethanol, and dime-
thylformamide were procured from Sigma Aldrich, India. The commercially available Aluminum Alloy 7075 (99% pure)
sheet were procured from Mallinath Metals, Mumbai (India).

Preparotion of graphene oxide

GO was prepared by modified Hummers method. ln this method, a mixture of graphite powder (2 g), H2SOa (50 mL) and
H1PO4 (5.5 mL) were mixed and stined for 2 h. During stirring, 5.5 g of KMnOa was slowly added into the solution. This
mixture was stired for 6 h until the solution became dark green. The more details of this method is reported in literature.3s To
reduce the excess of KMnOa, 12 nLH2O2 and 80 mL of H2O rvas dropped slowly and stired for 15 min. The physical or
chemical changes are occurred in exothermic reaction, they are generally accompanied by transfer of heat. l0 mL of hy-
drochloric acid (HCl) and 30 mL of deionized water (DlW) was added and centrifuged for 5 min at 4000 rpm for 30 min. The
precipitate was washed with DI water, HCI and ethanol. The final precipitate was dissolved in DI water and sonicated for I h.
The washed GO solution was dried using oven at 90 oC for24hto produce the powder of GO. The 80 mL ofH2O and 12 mL
H2O2 was added to remove other impurity.

Preparotion of eporylgrophene oxide nanocomposites

The graphene oxide/epoxy nanocomposites thin films were prepared by sol gel method. The amounts of epoxy resins and
curing agent were 70 and 30 parts by weight/weight ratio have been taken and stirred at room temperature for 20 min. For
preparation of epoxy -GO solution, the GO of 0.4 wt.Yo were mixed slowly in previous solution and again stirred for the
period of 20 minutes. The uniform viscous solution of epoxy and epoxy -GO have been prepared. The optically plane
glass plates were immersed in epoxy solution and epoxy solution of different GO concentration at room temperature for
about l0 minutes. The glass plates were gradually drawn out from solution and kept in vacuum oven at 50 "C overnight to
remove the residual traces of solvents. The thin films were peeled off from the plates and again kept in vacuum over the
period of 24 h to prevent them from impurity and moisture. Figure I shows the mechanism of chemical interaction/
bonding of GO with epoxy resin. Mostly epoxy-based polymers are cross-structured polymers. The cross-linking of
polymers is significantly affected the mechanical properties. The covalent bond based schematic epoxy network structure
is shown in Figure I (represented by a solid black line in Figure l(c)). The two active sites of epoxy resin are represented
by rhombus E (Figure I (a)) and the pentagon H (Figure I (b)). Figure I (b) shows the five active sites of curing agent. The
formations of covalent bond are based on the sharing of electron between active sites and stabilize their potential energy.
In this process four dots of hardener generates four covalent bond by cross-linking, but when GO was mixed, the last dot
of pentagon connected with GO sheet functional group and make very strong cross-linking or very complex matrix,
which is shown in Figurel (Q. fne mechanical strength of epoxy matrix could be increased in presence of GO. Further, Al
107 5 of dimension I x I cm2 is rotated at high speed in order to spread the coating materiaG by centrifugal force. The
solvent from coating is removed during spinning process due to evaporation and keeping the coated samples at 50 .C in
vacuum oven. The spin coating method is presented in Figure 2.
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Figure l. Mechanism of chemical interaction/bonding of GO with epoxy.

Figure 2. Spin coating of epoxy-GO in Al alloy 7075 sample

Results and discussion

Sconning electron microscop*Energy Dispersive X+oys Spectroscopy onalysis of eporylGO nonocomposites

The microstructure and their compositions of epoxy-GO nanocomposites were characterized by Scanning electron mi-
croscope (SEMfEnergy Dispersive X-rays Spectroscopy (EDX) O4IRA II LMH form TESCAN). Figures 3 and 4 show the
SEM -EDX images of epoxy-GO nanocomposites. lt has been observed that when concentration of GO increases, the
dispersion of GO multilayers also increased, which is shown in Figure 3(b) and (c). It is well known that epoxy exhibits
typically brittle fracture, however, epoxy -GO have gliding fracture. This shows that fault age was rough for the epoxy-GO
nanocomposites. Thus, GO in epoxy matrix increases the toughness of the epoxy by preventing crack propagation. The strong
interfacial bonding of GO with epoxy is due to influence of GO owned oxygen-containing groups. The oxidation potency of
GO is high due to presence of the oxygen-containing (i.e., epoxide, C:O, hydroxyl) groups. The phytochemicals can be
oxidized into quinone fotms and, in this way, eliminate the oxygen-containing grcups of GO.36'37 This is an evidence that
epoxy resin molecules are not only reduced the oxygen-containing groups, but also increase the GO interlayer d-spacing.38
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Figure 3. SEM images of nanocomposires with the varying iunounts of GO (a) Pure ePoxy, (b) epoxy 4.2 wL% GO and (c) epoxy

-0.4 wt.% GO.
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This suggests that strong adhesion exists between the epoxy and GO. At the same time, the orientation movement ofmolecular
chain of polar groups in the epoxy-GO nanocomposites is restricted. EDX spectra of pure epoxy and epoxy -GO nano-
composites are shown in Figure 4. The EDX shows the presence of carbon, oxygen, chlorine, calcium, and palladium. The
change in value of C, O and Cl indicates the occurrence of chemical reaction in pure epoxy and GO. This data athibuted the
successful preparation of nanocomposites. EDX presented the 66Yo carbonand22Yo oxygen because of the fine grain graphite
is oxidized from the surface and propagates gradually to the irurer side. The graphene oxide in porous structure of epoxy
reduces porosity. Thus, epoxy-GO coating in metal inhibited the effects between the protected metal and corrosive media.3e

Romon spectro of epory resin- GO nonocomposites

Raman spectroscopy (Senterra, Bruker) is important technique to evaluate the structural changes in the prepared samples.
Figure 5 shows the Raman spectra of pure epoxy and epoxy-GO (0.2 and 0.4 wt.%). As expected, the spectra of pure efoxy
and epoxy-Go (0.2 & 0.4 wt. %) exhibits some characteristics peaks, which represents the groups present in GO, epoxy and
epoxy -GO (0.2 and 0.4 wt.%) nanocomposites. Figur^e 5 shows the peaks at 7 5,392,606, 804, gg:- ,l}g:- ,1304, 13tg, i 545,
1592,2065,2528,2852,2874,2922, and 3067 cm-r.40'4r The peak at 75 cm-r could be ascribed to the lattice vibration or LA
mode and 392 cm-rdescribing the aliphatic chains (25,0-400 cm-r) group and similarly at 606 cm-r. This is *rr"rfonaing,o
(CC) alicyclic aliphatic chain vibrations (600-1300 clrr;. Otherpeak orband likes 804 cml is indicating C-O-C (g00-970 ci-t;
and997 & 1.097 cm-t represents (CC) aromatic ring chain vibrations and (C-O-C) asymmetric group iespectiurly.ot The peak
at 1304 cm-r and 1408 cm-l is corresponding to.pH3 group andN=N aromatic compounds. The peaks at 1615 and 1656 cm-l is
showing successful functionalization of GO.43 The Raman spectra of pure GO displays two main peaks; the G band at
1592 cm-r and D band at 1378 cm-r, corr.esponding to the vibration of sp2-6qn4ed carbon ato-r u";r;f;;;tr-"f a-ir"rO*.6
ones in the hexagonal graphitic layers.oa'as The intensity ratio of D band against G band (Io/Ic) represents the structural

Figure 5. Raman spectra of nanocomposites with the varying amounts of Go in pure epoxy.

Table l. Analysis of different peaks/bands in Raman specffa,
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disorder degree of carbon material. The peaks at2852,2874,2922 cm-tare indicating C-H group (i.e. ranging from 2800 to
3000 cm-t). However, peak at 3067 cm-r is responsible for =C-H group. It has been observed that the some disturbance in the
actual position of peaks (i. e. Table l) athibuted the presence of GO in epoxy resin composites.

Study of corcosion behavior

The corrosion properties were recorded by using Palmsan3 potentiostat system with microcode version 1.8. The corrosion
resistance and barrier properties of epoxy-GO coatings were demonstrated in a solution of 3.0 wt.% NaCl at pH 5.
The conosion resistance of coating was performed in a salt cabinet. The epoxy/GO coated Al alloy (7015) samples of
dimension I x I cm2 were immersed in sodium chloride solution of 3.5 wt.% for corrosion study. Throughout the test process,

the three-electrode system, Ag/AgCl elechode as a reference, epoxy/epoxy nanocomposites coated Al alloy (7075) as active
electrode and platinum as a counter electrode were used. The open circuit potential is an demonshation of polarization study of
epoxy/GO coated Al alloy samples at pH 5. The OCP values were obtained for Al alloy (1075), pure epoxy coated Al alloy,
epoxy-0.2 wt.% GO and epoxy-0.4 wt.yo GO nanocomposites coatings as shown in Figure 6(a). It has been observed that
epoxy-0.4 wt.% GO nanocomposites are more positive than other coatings. This shows that 0.4 wt.% of GO in epoxy favours
the high corrosion resistance and suitability of material for commercial coating. The positive shift in OCP shows less

corrosion, while negative shift of OCP suggests high corrosion of material.a6 The corrosion cunent density was determined by
the method of Tafel exhapolation or by fitting the Butler-Volmer equation on a linear polarization measurement.

r : r"o,,(eQ.303)(! - E"'-)\ ( (-z't}t)(!_ iy)\
\ ro-)-\" h )

(l)

(2)

where E, E",,,.,. electrode potential, corrosion potential and f o, f 
" 

are the Tafel coefficients. The conosion rates of the samples

can be calculated from equation (2).

Ca: Iron'K '
Ew

dA

where,Eryis equivalent weight in g mol-l, d is the density in grams cm-3, A is the sample area in cm2 of the sample and K is
constant (3272 mm/(amp*cm*year)). The efficiency of coatings can be described as protection efficiency, expressed by
following relation32'47:

P -lrt%:'sf "100 (3)
'cor

where fr,, andlro* are conosion current density values of the Al alloy (7075) electrode samples and coated Al alloy. The Tafel

polarization curves for Al alloy (7075), pure epoxy, epoxy-0.2 wt.% GO and epoxy-0.4 wt.o/o GO coated Al alloys (707 5) are

shown in Figure 6(b). The electrochemical parameters calculated from Tafel plots are presented in Table 2. The corrosion

behavior of the epoxy-GO coatings in Al alloy 7075 was studied by measuring time dependent corrosion current at pH 5.48 It
lras been observed that the corrosion current is much less for epoxy-GO coated Al alloy 7075 (i.e. Figure 6(a) and (b)). This

shows that corrosion resistance is high for epoxy-GO coated Al alloy 7075. Epoxy-GO coated Al alloy 7075 possessed a
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Table 2. Tafel plot data of Al alloy (7075), pure epoxy, epoxy-0.2 wt.% GO and epoxy-O.4 wt% GO coated samples.

Sample E *N lrorrlA cm-z B.(Yldec) B"(V/dec) Pvta 66/mm yearl 4%

Ar (707s)

Pure epoxy .

epoxy -0.2 wt.%GO
epoxy -0.4 wt.%GO

4.0 x l0-s
3.5 x | 0-6
0.123 x l0-5
5Jlx 19-rz

0.575

0.il5
0.004

2.03 x l0-7

Note: Corrosion potential (Q.',), Tafel coeflicients (f, A P), corrosion rates (6p), polarization resistance (Rp) and efficiency of coating (1% )

Table 3. comparative scudies of the current corrosion parameters with other work.

Sample E"ouN lro* lA cm'7 B"(/ldec) B.(V/dec) 4(n References

- r.23

-0.486
-0.326
-0.280

0.095

0.430

t.t26
0.520

0.3 t7
0.730

0.360

0.535

| 809

2.4x lo4
9.64 x 105

| .84 x l0ro

9t.25%
99.69%

99.99%

epoxy -0.4 wr.%GO
PANI/GO(4:l)
GO@Z|F-8

MGel/GO-EP

RGO-PHSE-Zn

PDA-BN@f-At203

E/PA-GO

-0.280
-0.299
-0.724
-0.267
-0.637
-0.439
-0.179

5.7f x ;g-tz
3.7 x l0-6
| .66 x l0-7
6.68 x l0-8
3.1 x l0-6
0.23 x l0-6
7.331x l0-6

0.520

0.004

0.070

4.446

0. t51

0.238

0. t40

0.535

0.007

0.t23
5.090

0.074
0.1 86

-0.288

99.99
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79
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Figure 7. (a) and (b) Bode Plots and, (c) Nyquist plots for Al alloy (7075), pure epoxy, epoxy-0.2 wt.% GO and epoxy-g.4 wt.% Go coated
samples in 3.5 wr% NaCl solution at pH 5.

lower conosion cunent as compare to epoxy coated and uncoated sample.4e These result are attributed that epoxy -GO
coating effectively prevent the corrosion of Al alloy 7075 due to increase of conosion resistance. However, epoxy and epoxy-
0.2wt.% GO coated Al alloy 7075 exhibited a slightly higher corrosion cunent density. The corrosion resistance of coated Al
alloy 7075 increases in presence ofgraphene oxide due to high corrosion resistance ofcoating. The barrier properties ofthe
present study were compared with other work and tabulated in Table 3.46's0-s3 These results have potentiai of efficient
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4.9{+9 O

Figure 8. Equivalent circuit diagram of Al alloy (7075), pure epoxy, epoxy-0.Z wt% GO and epoxy-{.4 wL% GO coated samples in 3.5

wt.% NaCl solution at pH 5.

anticorrosion nature of €poxy-Go nanocomposites coating by spin coating method, which can prevent aluminum substrate

from environmental corrosion media.

Elearochemical impedance meosurement

Electrochemical impedance spectroscopy is an effective approach to decide the conosion safety performance of coatings.

Sinusoidal amplitude of 20 mVamong the frequency varies from 0.01 to 50 kHz. The Bode and Nyquist plots for corrosion

study are shown in Figure 7(a) and (b). It has been observed that impedance value of epoxy-0.4 wt.% GO coated sample is

rather high (0.86x 1010 O. cm2) as compare to other coating concentration of GO with epoxy. This indicates the improvement
in low frequency impedance modulus as compare to previously published data.3z The Bode plots are an evidence for
anticonosion performance of epoxy-GO coating in Al Alloy 7075 by spin coating method at the level of lower frequency. The

corrosion cell in surface of metal alloy will stop the corrosion reaction in presence of GO due to good dispersion and proper
alignment in the epoxy matrix. The high aspect ratio and large surface area make longer diffusion pathway for permeation of
conosion agent. It has been observed that the lower concentration (0.2 wt.%) of GO do not block the pores and the defects in
matrix are remains the same. The value of phase angle at higher frequency (0.01 Hz) in Bode Plot (Figure 7) also represents the

comparison of coating material. ln principle, corrosion resistance is high for higher value of phase angle. The pattern of phase

angle plot is similar to Bode plot. It is observed that epoxy coating exhibit small value ofphase angle as compare to epoxy-GO
coating. Its value decreases with time in a particular salt. The barrier properties of epoxy-GO (0.4 wt.%) of coated sample was

canied out in NaCl solution. lt has been observed that barrier properties are maintained without much degradation of coating.
Figure 8 shows the appropriate equivalent circuit for EIS study. The equivalent circuit is well agreed with EIS data.

Conclusions

The structural morphology of epoxy are significantly changed by cross-linking of GO with side groups of epoxy as

demonstrated by Raman spectra. The SEM-EDX demonstrate the influence of GO in epoxy resin and its compositional
analysis. The epoxy-CO coating is also acted as good barrier for the defects and microspores in the coating and provides

excellent barrier property for oxygen, water and other corrosive medium to diffuse into the coating. Tafel results indicates the

lower conosion current density (i.e. 5.72x10-l'A "-t; and higher corrosion protection efficiency (i.e. 99.99%) with
conosion rate of 2.03x10-' mm/year for epoxy-0.4 wt.% GO nanocomposites coating as compare to epoxy and epoxy -0.2
wt.% GO coating. The low frequency impedance modulus of GO in epoxy coating of Al alloy 7075 was 1010 O cm2. The
anticorrosion properties ofepoxy increases due to enhancement ofhydrophobicity and adhesion strength by incorporation of
GO in epoxy matrix. This study provided a new coating material for corrosion prevention of aluminum alloy. Successful
alignment of the composite cover on the aluminum alloy surface has been critical in improving the aluminum structures and
extending its service life in the aviation area and these nanocomposites can be used in other applications.
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Figure 8. Equivalenc circuit diagram of Al alloy (7075), pure epoxy, epoxy-0 .2 wt.% GO and epoxy-O.4 wc% GO coated samples in 3.5
wt.% NaCl solution at oH 5.

anticonosion nature of epoxy-GO nanocomposites coating by spin coating method, which can prevent aluminum substrate
from environmental corosion media.

Eledrochemicol impedonce,neosur ement

Electrochemical impedance spectroscopy is an effective approach to decide the corrosion safety performance of coatings.
Sinusoidal amplitude of 20 mV among the frequency varies from 0.01 to 50 kHz. The Bode and Nyquist plots for corrosion
study are shown in Figure 7(a) and (b). It has been observed that impedance value of epoxy-O.4 wt.% GO coated sample is
rather high (0,86x l0t0 O. cm2) as compare to other coating concentration of GO with epoxy. This indicates the improvement
in low frequency impedance modulus as compare to previously published data.3z The Bode plots are an evidence for
anticorrosion performance of epoxy-GO coating in Al Alloy 7075by spin coating method at the level of lower frequency. The
corrosion cell in surface of metal alloy will stop the corrosion reaction in presence of GO due to good dispersion and proper
alignment in the epoxy matrix. The high aspect ratio and large surface area make longer diffusion pathway for permeation of
corrosion agent. It has been observed that the lower concentration (0.2 wt.%) of GO do not block the pores and the defects in
matrix are remains the satne. The value of phase angle at higher frequency (0.01 Hz) in Bode Plot (Figure 7) also represents the
comparison of coating material. In principle, corrosion resistance is high for higher value of phase angle. The pattem of phase
angle plot is similar to Bode plot. It is observed that epoxy coating exhibit small value of phase angle as compare to epoxy-GO
coating. Its value decreases with time in a particular salt. The banierproperties of epoxy-Go (0.4 wt.%) of coated sample was
canied out in NaCl solution. lt has been observed that banier properties are maintained without much degradation of coating.
Figure 8 shows the appropriate equivalent circuit for EIS study. The equivalent circuit is well agreed with EIS data.

Conclusions

The structural morphology of epoxy are significantly changed by crossJinking of GO with side groups of epoxy as

demonstrated by Raman spectra. The SEM-EDX demonstrate the influence of GO in epoxy resin and its compositional
analysis. The epoxy-GO coating is also acted as good barrier for the defects and microspores in the coating and provides
excellent barrier property for oxygen, water and other corrosive medium to diff,rse into the coating. Tafel results indicates the
lower corrosion current density (i.e.5.72x10-tt A "-2; and higher corrosion protection effficiency (i.e. 99.99%) with
corrosion rate of 2.03x l0-' mm/year for epoxy-O.4 wt.% GO nanocomposites coating as compare to epoxy and epoxy -0.2
wt.% GO coating. The low frequency impedance modulus of GO in epoxy coating of Al alloy 7075 was l0l0 O cm2. The
anticorrosion properties ofepoxy increases due to enhancement ofhydrophobicity and adhesion strength by incorporation of
GO in epoxy matrix. This study provided a new coating material for conosion prevention of aluminum alloy. Successful
alignment of the composite cover on the aluminum alloy surface has been critical in improving the aluminum structures and
extending its service life in the aviation area and these nanocomposites can be used in other applications.

Acknowledgements

Acknowledgements Financial assistance from Aeronautics Research & Development Boar4 DRDO Bhawan, New Delhi-l10011, India (I-etter no.
ARDB/OI 11051902y1\4n), is gratefully acknowledged). We are also thankful to Director IUAC, New Delhi forproviding characterization facilities.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.



ECS Journal of Solid State Science and TechnoloBv,2O22 ff 041007
2162-8'1771202211 l(4y041007/fi/$40.00 @ 2022 The Electrochemical Society ("ECS"). Pub-iishcd on beh:lf of ECS by IOP Publishing Limited

Investigation of Structural and Thermal Properties of Graphene
Oxide Reinforced Epoxy Nanocomposites
M. S. Gaurr' Rajesh Kumar Raghav, Rohan Sagar,rirl and R. K. Tiwari

Department oJ Physics, Hindustan College of Science and Technology, Farah, Mathura, U.P 281 122, India Affiliated to
Dr. A.P.J. Abtlul Kularno Teclnical University, Lucknow, Uttar Pradesh 226031, Irulia

The nanocomposites thin film was prepared by adding exfoliated GO in epoxy-hardner solution in diiferent weight ratio. We
investigate the thermal and surface properties of epoxy-graphene oxide (GO) nanocomposites using differential scanning
calorimetry (DSC), fourier transform infr:ued spectroscopy (FTIR), atomic force microscopy (AFM) and contact angle
measurement method. AIrM and contact angle results are supporting that graphene oxide provides the best reinforcement in
epoxy. AFM is investigated the dispersion of GO and structuml morphology of epoxy nanocomposites. The FTIR results show that
exlbliated CO of two-dimensional (2D) shape favors the hardening process of the epoxy matrix, increasing its reaction rate by
observing an epoxy stretching frequency at 907cm-'. The CO modified with amino group of epoxy lead to the increase of
crosslinking density. FTIR absorption peak in l70G-l500cm 'regions is due to amino group. This attributes the significant
increase of glass transition temperature of epoxyiGO nanocomposites . The contact angle and surface roughness increases with
increase in concentration ofGO in epoxy shows roughness induced hydrophobic surface. The solid surface energy was calculated
by contact angle favors the good dispersion of GO in epoxy matrix.
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Recently, polymer nanocomposites have attracted much attention
of researchers due to their multifunctional properties. The carbonac-
eous nanomaterials (i.e. carbon nanotubes, carbon nanoflbers and
graphene oxides) as a filler in polymer matrix is an developing area of
research. For example carbonaceous nanofiller have shown significant
improvement in optical, mechanical, electrical, ani thermal properties
of polymers as compared to unfillc'd polymers.r-3 Now a day the
polymer nanocomposites materials of lightweight, high toughness,
high stiffness is a requirement of automotive and aerospace industries.

Presently, nano scale materials have wide range of applicarions in
industries due to their extraordinaq' structural properties. However,
currently researchers are looking for dimensional improvement of
the material properties, which is most suitable in the field of
nanoscience and nanotechnology. In this concern, discovery of
graphene played key role for development of nanotechnology.a
Graphene is a two dimensional carbon nanosheet and thinnest
material of universe with unlimited potential of applications. It
exhibits high thermal conductivity, high elerctrical conductivity, and
superior optical and mechanical properties.r'o

The effectiveness of polymer nanocomposites is depends on
chemical and physical interaction of nanofiller with polymer. The

Aqonuniform dispersion is caused by poor adhesive forces between
rranofiller and polymer which causes the formation of defects centre
and agglomeration of nanofiller. The uniform dispersion could be
achieved by increasing adhesion force between nanofiller and
polymer due to surface functionalization of nanofiller. However,
strong bonding between polymer and nanofiller is useful for thermal,
mechanical, coating and many other applications. The uniform
dispersion of nanofiller is the main challenge of preparation of
nanocomposites. In order to minimize this effect, the surface of
carbonaceous nanomaterials must be functionalized bv amino or
carboxyl groups.T'8

Recently, researchers focused on synthesis method of graphene
and processing method of graphene 

^p.olymer nanocomposites to
ensure the modification in properties."''u Currently, other form of
graphene such graphene oxide, reduced graphene oxide and gra-
phene dots in polymer matrix shown outstanding properties.
Previously, a lot of researches were undertaken on incorporation
of nanoparticles in polymer matrix.rr-ra However, in recent year
there are considerable interest on incorporation of graphene and
graphene oxide in polymer matrix is due to high level of dispersion
in polar solvent, better compatibility and dispersibility in various

'E-mail: mulayamgaur@rcdiffmail.com

matrixes as compared to CNTs. The uniform dispersion of nano-
lillers indicates large reinforced surface area. This ultimately affects
the polymer chain and finally properties of polymer.''

The epoxy has highly cross linked matrix with undesirable
brittleness and stiffness lead to spontaneous failure. To maintain
the thermo-mechanical properties of epoxy_ is a challenge, and
therefore this is an area of potential research.'o The existing problem
of epoxy may be solved by formation of nanostructure using novel
nanofiller like graphene oxide.

Atomic force microscopy (AFM) is an important technique to
characterize the structure and surface morphology of polymer
nanocomposites by means._of three-dimensional (3D) topographic
images of high resolution."''o ln present study AFM is applied to
study the distribution of GO in epoxy matrix. This also investigate
the ability of GO to cr-eate self-assembled structures embedded in the
polymer matrix due to interfacial interaction between polymer and
GO. The chemistry of interfacial interaction of GO with epoxy
improve the performance of nanocomposites.le The study of surface
energy, wettability and adhesion of low surface energy materials is
possible by measuring the contact angle using simple method like
sessile drop method instead of expensive method.

The hydrophobicity of nanocomposites with respect to water is
very important parameter for coating application. This property of
nanocomposites is evaluated by measuring contact angle. The
graphene and graphene oxide are hydrophobic due to high density
carbon atoms and large value of roughness.'u''t Epoxy resins are of
particular interest in structural composite applications because they
provide a unique balance between chemical and mechanical proper-
ties. Epoxy has excellent chemical resistance and heat resistance.
Now a day many researchers are working on nanocomposites
because nanocomposites show many applications. Therefore, this
work shows many applications such as glass transition temperature
of epoxy containing GO has been increased and which is responsible
for enhanced chemical, mechanical and thermal properties. The
moisture is the serious issue of several metals for their useful
applications. This could be understood in rerms of hydrophobicity by
measuring contact angle."'" The effect of GO on hydrophobocity of
epoxy needs a lot of research to attain superhydrophobicity. The
thermal properties of epoxy-carbon black composite shows better
thermal stability as compared to pure epoxy matrix.24'2s

Experimental

Materials.-Graphite flakes (Molecular weight 12.01 g mol-l
and particle size <44 micron) powder, epoxy resin (Bisphenol-A
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diglycidyl ether with molecular weight_340.41 g mol-r and density
1.,16 e. rnt .1. curing agenr lpolyairide as a 

"Hardener), 
acetone,

ethanol, and Dimethylformamide (DMF; we.e procured from Merck(Sigma Aldrich). The polyamid" 
"onrirt, 

oi reaction product ofpolyfunctional amine and dimmer.fatty acid. It is also having at leasttwo cyclic rings. Each one_ is having at least two aminle group
separated from each other. These-properties ofpolyamide coniposii
tions favour for use as hardner of-epoxy resin formulation.

.Preparation of graphene 
,oxi.de._The synthesis of graphene

oxide was carried out by oxidative treatment of graphite using the
method developed by Brodie, Hummers and Stauienmu.i.tdJi"'lo
its simplicity and several advantages over the other methods. In this
T"llo1,o_*lTture of graphite powder (2g), HzSOa (50m1) anJ
H3PO4 (5.5 ml) were mixed and stined for Jeve.al ,rrinuter. fu;;
stirring, -5.5 g of KMnOa was slowly added into the solution. Thii
mixture was stired for 6 h until the iolution became dark green. To
reduce the excess of KMnO+, 12 ml H2O2 and g0 ml of iIrO was
dropped slowly and stirred for r5 min. ThJexothermic reaction was
occurred and let it to cool down. l0ml of hydrochloric acid (HCl)
and 30 ml of deionized water (DIW) was added and centrifuged for
5 min at 4000 rpm for 30 min. The precipitare was washed with DI
water, HCI and ethanol. The final precipitate was dissolved in DI
water and sonicated for l h. The washed Go sorution was dried
using oven at 90 .C for 24h to produce the powder of GO. The
80ml of H2 O and I2ml H2 02 was added to remove other
impurities.

^ _ 
Prep^aratio n of epoxylgraphene oxide nanoc omp o siles._Thin

films of pure epoxy and epoxy/GO nanocomposites were prepared
on a glass substrate by spin-coating method oi an aqu"ous-solution
prepared from epoxy resin, hardener and GO. After mixing of epoxy
and hardener in ratio of 70:30, the solution was stiner for 2 tr ani
mixed with GO followed by sonication of 3 h. The epoxy_GO
solution was used for thin film preparation by spin coating rn"ttoO.
First of all spinning time (i.e. 60 s), speed ( 

^i.e. 
1500-rpm) and

te.mperature ( i.e. 30 .C) of spin coater was fixed before casting of
film. The film has been taken for curing and put into oven for 24-h at
NTP.

Characterization methods,-FTlR spectroscopy has been suc_
cessfully used forrqurXnllative determination of funitional groups in
polymer samples.''''n The epoxy and epoxy-GO nanocompoiites
samples were characterized by FIIR (Opus_Bruker Vertex 70) in
the range 500-3000cm-r. In this technique different absorpiion
bands are assigned to different crystalline, chemical bonds, polymer

microstructure, chain conformation and etc., consequently it isuseful in thin film studies. The KBr plates must U" rtoioulnfy
cleaned by ethanol after each run to prevent contamination of fr-iure
samples.

AFM allows accurate and non_destructive measurements of the
topography AFM images for all samples in the contact mode. AFM
::^t:,:.:llt3,: 

the properties of sampie surface ar the level of hi;h
resolurron-- rn arr, liquids or ultrahigh vacuum. The samples weie
characterized by Atomic Force micioscope (Model no, NTMDT,
Solver-PRO) in tapping mode. Atomic Foice Mic.oscopy (AFM) isa high-resolution non-optical imaging technique first demonstrated
Dy nlnnlg, euate and Gerber.,, Since then it has developed into apowerful measurement tool for surface analysis. The knowledge oi
the,surfac^e topography at nanometric resolution made possib'ie toprobe surfaces. The versatility of this technique allows meticulous
observations and evaluationi of the texturai and morphological
characteristics of the sampre, showing better facilitie, ihun o'th..
microscopic methods. AFM scanned the surface in 3D and the
analysis of images allow the determination of the average height of
the particles,.the average roughness and the power spectra densitv
gives the periodicity in the arrangement of particles.3l 

- - --"-"r

. The contact angle formed between the dlid thin film and water/
glycerin was measured by_ sessile drop method32,33.with.respec, i ,^.polar liquid. In this method the angle is determined from tne hngent
made to lhe drop curvature at the-base. Contact edges are ordiniily
indicated in degrees, the test liquid utilized ui u pu.t of th.
estimation_s_must.be expressed, for iis surface pressure will influence
the edge (Young's equations).

'The epoxy-GO nanocomposites samples were cut into small pieces
an! were kept in aluminum-pans. The samples were weighed in a
microbalance. The weight of the free nanocbmposites szunple piece

!py1e epoxy, epoxy-GO (0.2Vo) and epoxy-GO 
'(0.4Vo)) 

used for the
DSC measurements varied from 1.5 to3.g mg. Aiumina was taken as
reference material.3a DSC technique t as ue.,iprou"a to be a vital tool
in producingphase.diagrams for various chemical systems and phase
transition in the various systems and it als-o-has ttre aUitity to deteimine
transition temperatures and enthalpies.3s DSC analysis does not
require large samples, numerous control or extensive method involve-
ment make it more advantageous, DSC was run with heating rate of
10 'C min-r with the accuracy of t2 oC.

o)
i

1

Results and Discussion

FTIR spectra of epoxy-Go nanocomposites._FflR spectra ofptre epoxy. and epoxy-GO (0.2 and 0.4Vo) nanoco*poiit.s are Ashown in Fig. 1. Absorption bands of FTIR spectra were found at

Figure I.-FTIR spectra of nanocomposites with the varying
amounts of CO, pure epoxy, epoxy - O.2VoGO and epoxy _0.4%
LrU nanocomposltes,

x

I

I

i{i i: S

(c)

:i1:.:.:::::::::::;::::::::.irr:::r!,,,e::ii::.

I

il
liil i

;tl. jf !"':':

\v;rr crnUtrtrsar,'(f u - I



ECS Journal of Solid State Science and Technology,2022 ll 041007

1606, l':.21,2931,2961 cm-r, which represents several groups in

epoxy resin. 1606 cm-r could be described to the C:C stretching

mode of unconjugated olefins shows weak absorption peak at 1660-

-1640 cm-r, however. vinyl absorb at 1640 cm-'- The C:C
stretching band of vinyl could be ascribed to the band frequency as

a doublet resulting from absorption of rotational isomers, five-
membered ring lactams appeared near 1750-1700 cm-'. The peaks at

2935 and 3000 cm- I appeared because of the presence of C-H shetch

from methyl or methylene group in this region. A broad moderately

intense band between 3000-2500cm-' and 2931-2961cm-' could

be ascribed due to :C-H stretch for which these sharp bands of weak

to medium intensities are present.

For epoxy-GO(0.2%o) rhin films, the FTIR absorptiop ba'1td1

found at'poiitions of 930, 1243, 1580,:rnd l72l cm-t, which

represent ihe several groups in epoxy resin.36 The first peak 9f epo17

-GO (0.2Vo) is observed at 930 cm-', which is below the 1000 cm-"
therefore, this region is very useful in identifying the type of
substitution on the aromatic rings but here 930 cm ' is near to

970-960cm-t, which indicate the appearance of cis and trans

alkenes. The peak ar l243cm-r could be ascribed for primary

alcohols and l580cm-t represent the appearance of primary and

secondary amides and a few lactams near. (1650-1515 cm-')' The

- last band of this composition at l730cm-r is ascribed to saturated

^k.ton. groups near l7l5 cm-1. For epoxy-CO (0.4Vo) thin films, the

FTIR absorption specffa show the bands at 736, 1243,1580 and

l72l cm-1. These bands are responsible for several groups, which

are present in epoxy-GO nano composites. The first peak sjmilar to

epoxy -GO(0.2o/o), which is below the 1000cm-', therefore, this

region is very useful in identifying the type of substitution on the

ar6matic rings. A strong band at.11.0-730 cm-r shows monosub-

stitution. The band at 1243 cm-' could be ascribed for primary

alcohols and band at 1580 cm-' represent the appearance of primary

and secondary amides and a few lactams near 1650-1515 cm-'. The

last band of this composition l72lcm-r is ascribed to saturated

ketone groups near l7l5 cm-'. These all bands are same to ePoxy

-GO (0.2Vo). Table I represents the presence of different main

functional groups in structure of epoxy resin and epoxy nanocom-

posites. Here we conclude that the absorption bands of GO changed
-due 

to mixing of epoxy resin, which is l72l cm-'. l6l5 cm-', and

1074cm-r as shown in Fig, 1.In epoxy matrix some bands have

been shifted due to presence of GO that indicate dispersion of GO in

epoxy resin.

Atomic force microscopy (AI'M) of epoxy-Go nanocompo-

sites.-The two dimensional AFM surface profile of epoxy and
A.po*y nanocomposites are shown in Fig' 2. The AFM image of pure

epoxy (i.e. Fig. 2a) represent smooth surface as compare to

nanocomposites. Figure 3 show the three dimensional AFM images'

These images shows the hills and valley of micro-scale dimensions

in presence of GO in epoxy matrix. The modified surface structure of
epoxy in presence of GO is owing to some short of agglomeration of
GO. This surface structure is responsible for increase of nanocom-

posites surface roughness (i.e. Table II). The oxygen containing

groups gf GO increases the d-spacing allow to interact with epoxy

matrix."
The pure epoxy shows a poor surface roughness parameter (Rq :

0.?0 nm and R, : 0.52 nm), whereas, for epoxy -GO nanocompo-

sites R,, : 5.6 nm - 14.3 nm ord R., : 3.6 nm to l0'2 nm' It is clear

that the dispersion of GO in epoxy matrix is subjected to interfacial

interaction of epoxy with functional groups of GO. The Rr is the root

mean square average of height deviation taken from the mean image

data plane. The Ro is determined by taking arithmetic average of the

absoiute values of the surface height deviations measured from the

mean plane and shows surface roughness of samples. The higher

surface roughness (R") of epoxy is due to mixing of GO' After

mixing of GO, large quantities of GO is attached to epoxy (Figs. 2

and 3) leads to the highest roughness. The roughness describes the

disordered in surface of nanocomposites. The large value of rough-

ness is good for mechanical interlocking with metal substrate. The

grain size refers to the size of single crystal inside a matrix. The

AFM parameters are summarized in Table II. The entropy of any

system or material represents its regularity. The positive entropy

means material is influenced by increasing disorders, however,

negative entropy means material is ordered as observed in present

case and its value is summarized in Table II. The negative value of
entropy itself represents the epoxy -Go structure gets a regular array
in long range.

Meaurement of contact angle of epoxy-Go nanocomposiles.-
It has been observed that the contact angle of pure epoxy is less than

epoxy-GO nanocomposites. This means that epoxy-GO nanocom-

posites are more hydrophobic in the presence of these liquids.
-onsequently, the wettability decreased in their presence. The

wettability is the tendency of a fluid to spread or adhere to a solid

su.face a. defined by Anderson.3s'-re The wettability of solid surface

relative to liquid depends on the nature of the bonding force. There

are two categories of solid surface wetting (i) physical wetting and

(ii) chemical wetting. The contact angle formed between liquid and

solid is the measurement of physical wetting. Equation I represents

the Young's equation of energy,vhich attributes the contact angle of
the liquid on the solid surface:"'*'

T, = TsL * 7. Cosd tll

where 7 is called the free surface energy and the subscripts "S" and

"L" indicate the solid and liquid, respectively. However, chemical

wetting is caused by chemical substance like surfactant that

increases the spreading and penetrating properties of a liquid by

lowering its surface tension.
The lower value ofcontact angle corresponds to (i.e. < 90") high

wettability, while larger value (>90") of contact angle corresponds

to low wettabilitv."
The wettabilily of thin film is directly related to surface energy'

They are supplementary to each other. The effective surface energy

between liquid and solid is equal to difference of surface energy of
liquid and solid. The tendency of liquid molecules takes a lower
energy state when moves in solid surface because solid exert the

force towards liquid. We have noted that the epoxy -GO environ-

ment with water and glycerin attains the region of low surface

energy as shown in Table III.
We can explain our results on the basis of following phenom-

enons:

i. Surface energy (Table III) attributed by solid and liquid. The

water and glycerin in surface of epoxy/epoxy -GO nanocom-

posites gives the different characteristic. They react differently
when contacted with surface of nanocomposites as compare to

pure epoxy film. lt is well known that epoxy and GO have

highly polar character. This suggests that both the character-

istics are overlapped and justify the adhesion of water or

repulsiveness of water.
ii. The other phenomenon is probably occurring is the roughness

of the sample. In this case, when water exposed to chosen

liquid, the contact angle increases or decreases. lt is depend on

role of roughness. It is depend on type of wetting that can be

homogeneous or heterogeneous. It is reported that homoge-

neous wetting attributed the greater roughness and greater the

wetability, however, heterogeneous wetting offers the lower
roughness and decrease the wetability' This theory also justifies

our results of heterogeneous matrix (i.e. epoxy -GO nano-

composites). When nanocomposites thin film is in contact with
water/glycerin, the behavior is heterogeneous wetting. In this

case entire surface is not wet by liquid. This expels the air

between the liquid and roughness of the surface. This is the

reason of high value of contact angle for epoxy nanocompo-

sites.
iii. The contact angles of the epoxy nanocomposites films mea-

sured the surface energy of the solid films, which can be
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^iguru 2. AFM 2D-images of (a) Pure epoxy, (b) Epoxy{.2o/oGO and (c) Epoxy -L.4VoGO nanocomposite.

calculated by Zisman method. The surface energy of three
samples viz., water and glycerin are 31.36, 14.17 and 12.72, mI
m-'coresponding to contact angles as shown in Fig. 4. The
surface energy is related to force of adhesion, which is directly
related to adhesive bonding and work of adhesion, therefore,
the contact angle increases then surface energy will decrease. If
contact angfe, is more than 90. then it shows hydrophobic
properties,"''* which is good for coatings. In our results, we
have observed hydrophobic properties due to contact angle
value more than 90o. The surface free energy and interfacial
tension for the epoxy nanocomposites are given in Table III.
Hence, the increase of contact angle of epoxy -GO nanocom-
posite concludes the superior anti-corrosive properties.

Dffirential scanning calortmetry (DSC).-Figure 5 represents
the DSC of pure epoxy, epoxy -GO (O.2Vo) and epoxy -GO (O.4Vo) in
exothermic mode with the heating rate of l0 oC min-r under the
nitrogen medium, It has been observed that glass transition
temperature (Ts) rises from73.29 "C to 109.49 "C and 11l.16 for
O.2VoGO and O.4VoCO in epoxy matrix, which is much higher than
the previously reported work.

(b)

lll nm

{7 on

0.13 turr

g,ssw

,r-n,lO

,,' i.

0.66 lnr

0.01 lm

digure 3. AFM 3D-images of (a) Pure epoxy, (b) Epoxy-O.2ZoGO and
.;) Epoxy -}.4okGO nanocomposite.

?,
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Table II. AFM parameters of pure epoxy and epoxy-GO nanocomposites.

Sample Roughness Average(R)/nm Roughness Rn"(\/nm (R"t\)/nm Grain Size/nm Entropy

Pure epoxy
Epoxy -0.2VoGO
Epoxy -0.47oGO

n{t
3.6
t0.2

0,70
5.6
14.3

1.36

1.6

1.40

5.51

96.76
149.8

-17.87
-t4.82
-14.48

Table rll. contact angle (0), work of adhesion (w1) and surface energy (7s) of nanocomposites.

,ys/mJ m 2

Samples Water Glycerine Water Glycerine

W11lmJ m-2

Pure epoxy
Epoxy -0.2VoGO
Epoxy -O.4o/oGO

68

92
96

72
98

l0l

95.29
62.66
94.08

87.15
61.18
58.90

31.36
t4.77
12;t2
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Figure 4. Contact angle images of nanocomposites with the
varying amounts ofGO (a) Pure epoxy, (b) Epoxy-O.27oGO and
(c) Epoxy -0.4%GO nanocomposite.

Figurc 5. DSC of (a) Pure epoxy, (b) Epoxy-0.2%GO and
(c) Epoxy -O.4%CtO nanocomposite.
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The exothermic peak in epoxy - GO nanocomposites is appeared

at higher temperature as shown in Figs. 5b and 5c. This confirm the
steric hindrance effect, which is occurred by addition of GO in

epoxy matrix. The high surface iuea of GO in epoxy matrix could
hinder ttre chain mobility.*' Therefore, CO in epoxy matrix
increases the segmental motion range and consequently increases

:50

'?S ?9 C

twpmnlt



ECS Journal of Solid State Science and Technology,2022 ll 041007

Table IV. DSC results of pure epoxy and epoxy -GO nanocomposites.

Samples TgfC A,H,,/J g'l AHa-ll g L

CplJ kg'I 1g.-t Xlo/o

Pure epoxy
Epoxy4.2%o CO
Epoxy-0.4o/o CO

73.29
109.49

I l 1.16

6.80

5.82
5.26

47.04

49.28

51.52

t62t.5t 53.t2
1643.91 28.50
1775.74 25.90

Q, gf ass transition temperature, aH,,,, heat of fusion, aH,enthalpy of crystallization, Co specific heat capacity and X, mass fraction crystallinitv

the glass transition temperature. It is reported that the graphene
nanofillers have general_ tehdency to increases glass transition
temperature of material.*o It is well known that the properties of
epoxy nanocomposites are depends on dispersion and interfacial
bonding of nanofiller with epoxy matrix. The addition of plasticizers
in polymer matrix is the traditional way to improve the toughness,
however, they deteriorates the thermal properties. Fortunatelt, CNT
and GO are not only improve the toughness but also improve the
thermal properties. As glass transition temperature is an important
property of an adhesive. It shows the mechanical propeniei of an
adhesive, which are affected by the degree of cross-linking during
the curing process. This study present the curing behavior anO gtasi
transition temperature of epoxy based adhesive reinforced with GO.dhe following may be the possible reason for improving e of
-poxy:

i. Ultrahigh surface of GO as well as strong interface with epoxy.
Therefore, interfacing of GO in epoxy matrix hinder the ihain
mobility.

ii. Possibly CO can react with epoxy matrix and form the
chemical cross linking. The effective interaction of GO with
epoxy resulting higher cross linking density. Generally, the
higher value of cross linking density favours to increise of
glass transition temperature of nanocomposites adhesive.aT+e

The above two.reason are responsible for enhancing the glass
transition temperature of epoxy. The high e value of epoxy 

-_GO

nanocomposites suggest high strength of adhesives and trigli stiff_
ness. This property is important for use of material in coatine
applications. The energy releases (i.e. enthalpy) pre and post meltin!
of sample is the measure of AHn, and AIi" respectively. We cai
observe that melting enthatpy (4I1.) increases in presence'of GO and
consequently percentage crystallinity of epoxy-Go nanocomposite
decreases (i.e. Table IV). This shows that the deformation of ipoxy
-Go nanocomposite at or near melting temperature is due to thl

-4\estruction 
of crystalline structure of pure epoxy.

Conclusions

We report the effect of GO on structural and thermal properties of
epoxy based composites. The resu'lts provide an evidence for
modification of structure morphology, surface roughness, contact
angle and thermal properties. The presented methods are efficient for
the preparation of high performance epoxy-GO nanocomposites. The
structural alteration of epoxy is caused by local changei at surface
and cross linking of GO with epoxy structure as obseived bv FTIR
and AFM. AFM images describes rhe contrast berween epoiy, GO
and interphases. The intermolecular interaction between components
of epoxy and GO has been demonstrared by detailed analysii of OH
ban-d in nanocomposite samples. The functional group oi CO (i.".,
hydroxyl, epoxide, carbonyl and carboxyl) is aniched with epoxy.
These functional groups are responsible to improve ttre interfacial
bonding berween GO and the epoxy matrix: These groups are
observed by FTIR. This interfacial bonding is responsible for
enhanced conosion resistance and thermal siability. bSC results
demonstrate the exothermic epoxy resin curing reactions and
formation of amino and hydroxyl group by incorporation of GO of
high surface area in epoxy matrix, which increaies the T, of pure
epoxy. Present findings are considered for future study of ap"plication

based system such as anti-corosive, anti-bacterial, antifouling and
mechanical properties of epoxy-GO nanocomposites.
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tn continuation to this Department's sanction order of even number dated 13-0g-rg. sanciion of
the President is also accorded to the release of an amount ;;r. 7.,5o,ootot-lR;;";" seven Lakh Fifty
Thousand onlv) to 

lif.ystan ""u.n" "t 
science ,;;;;;;"fogy-Farah, Marhura for purchase of:Jil:il:ll Jff ; li'.'::ii ffi :;'lilll*,1t ;* ffi ftL," p. 

",,", " 
; ;;; s t h e nrs r y e a r r o r

?^-,,-,This 
is-being a new project to thisearlier grant of the Jforesaid proposar. 

organization; there is no question of getting UC/sE.s for the

l;" ,""1!3rT$lditure 
involved is debitable to Demancr No.86. Depaftment of science & Technorogy for

31ffi:.."""tific 
Research (Major Head)

ii j3i"fri,:;3i"iit"s,Hi;J#?,?jl

iJ'Til:,",["J 3l t;B,|:tff :l.;[T$r i h e c u rre n t ri n a n cia I yea r 20 r e-20

lu"n.li"ffi:llJl|":.1::g,900/- (Rupees seven Lakh Fiftv .

Otlt' ,. ,"*l:J';:,'#f-(t-transre'r ii-ravour uinoi!,;;'dii"l:""T'#$3Jlil.-*:;^:i:il:::#

Technology Bhavan, New Mehraulli Road
New Defhi-110016

ORDER Date; 13-0g.19

open to inspection by sanctioning

%

Dirootor
Hlndustan C,rftq;6 sg
$cienc*.t- fuchnih:gy

FAFx,,-t (wiATHURA)

rs name/ design-tiG

Nat;olelEanE

S1]oomdm,nD
zuNBQTd'4ib'6

Grant-in-aid wiil be utilized for scientific research only.



7. Assets acquired wholly or substantially out of government grants except those declared as
obsolete and unserviceable or condemned in accordance with the procedure laid down in GFR's shall
not be disposed of without obtaining the prior approval of DST.

8. Grant released are proprietary in nature and DST reserves proprietary rights on the assts created
out of grants.

9' As per the Rule of GFR 2017, it is mandatory for the grante e organization to purchase the
equipmentthrough the Government e-Marketpface fcdnli to the extant availablethere as the project
involves government funding.

10' This sanction is subject to submission of utilization certificate (UC) and audited statement ofexpenditure (sE) along with up to date progress report at rhe end of each finan cial yearfor the grantsalready received under the project and seeking specific approval of this Departmen t for carry forward ofunder the project' lt may please be noted trat tne ,g"n.i-r, will have to enter and upload the UCs inPFMS portal besides sending it in physical form as per instructrons attached.

1 1' The grantee organisation will maintain separate audited account for the project and the entireamount of grant will be kept in an interest bearing account. ior orants released during F.y, 2a17-1g andonwards' all interest ot ?t!"j earnings against Giant shallbsremitted to the consolidated Fund of lndia(through Non'Tax Receipt Portal trtrinpl,,i.". ra"w.ui.r"tlorr,.oo".in), immediately after finalization ofthe accounts' as it shall not be allowed to uu .ffiffiffit future rereases of grant. A certificate tothis effect shall have to be submitted along with statJm"n, ot Expenditure / Utirisation certificatefor considering subsequent rerease of Granu crosure or ero.;ect accounts.
12' The grant sanctioned/ released is for the specific proiect sanctioned and portion of the grant,;lfi^li"ti:iffi::lij! iJffij:','j."#rpose 

t 
' 
*n,.i'i''!'i,.rnt is sanctioneo wirr oe recovered arons

13' In the event of the grantee failing to comply with the conditions or committing breach of the
conditions of the bond the authorizeo ,igr'"tor,u. to the bond and alr the n.,u-n..,'"r, of the ExecutiveGommittee shall be jointly and severallv liable to refund to tne president oirn;;,'iiu *no," or a part of
the grant with interest at 100/o p"r .nnrr ihereon or the sum specified in the bond.

;nt n,.J!5;:liJt?T3il5',1?.'r:jpji''"n, ror imprementarion or rhis projecr. no sE/uc is due rrom

li.ot tllli. 
issues with the concurrence of IFD vide their concurrence Dy. No. c/2166/rFD 2019-20 dated

J1"",, ll',?;l#i# il,u?5}:t'7' 
this sanction has been entered ar s, No. .!. D....in the resister or

Cn'
Finaor

Hindus*: l.l C,.:rlfe*e cf
$cierlra & "i+cirnclcgy

FAirii'i [MATtiUR4



To.

,llffi$ii#$*Ht*n**,.
Nr

Copy to:
1. Office 6l rhr o.r--,-,. -. '

i. l$[:ifffr:i!1,::a:i. :r 
Aud*, AG.R Brtrs . rp Esrare. New oerhi.r roo.a'A 4 

"ilg*'ffi.ffiti#ffilt,;it:,,:ti.:ila,ilil::H,"l;r;Farah 
Ma,hura

n si.- 6. Dirr #i[tJ*i5$tt. ninoustan coGe; ;il;.e and rechnorosy-Faran, Marhurag" projecr H|e. 
---

I

I

I

I

t_
rt

t @-A.:
Diootor

Hlndustan Gollcge of
$clence & Techmlogy

FAfTAH ($iATHURA)
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A

l.

J

3.
4.

Anne.rure-III

Title of thc Project/ Schenre: "Development of test ;nethods l'or control ol'heavr
metals in water for environmental monitoring and prevenrion 6f healih ,irt l. 

- ' -- ''
Name of the Institution: Hindustan coilege of Science & Technology, Farah,
Mathura-28t122.
Principal Investigator: Dr. M. s. Gaur, profbssor, Department of physics
Departmcnt of Science & Technology sanction order No & Date sanctioning theproject: DST/INT/RUS/RSF/ p -28/ C dated I 3.08.20 I 9
Head of account as given in the original sanction order:

S. No. Budget Head originatffi
7,s0.000/Equipment

Total 7,50,000/-
--;_:-Amount brought forward from the nreviouJ

no and date in which 3lt]rglity to carry forwarcr the saici amount rvas given :i. Amount: 7,50,000/-
ii. Leuer No : DST/INT/RUS/RSF I p_2BtC
iii. Date : 03.02.?021

7' Amount received during the financialyear (Ptcasc give DST lcttcr/orrter no and
date):

i. Amount :Nil
ii. LetterNo.: Nil
iii. Date : Nil

8. Interest earned: Rs.23,364/- @eposited in Bharatkosh)

9. Total amount that was available for expenditure (cxcluding commitments)
during the financial year (Sr. No. 6+7+g): Rs.7 ,7 

jS64/_

L0' Actual Expenditure (excluding commitments) Incurred during the financial year(upto 3l't March): Rs, Nil
ll- Balahce amount avairabre at the end of the financiar year: Rs. 7, 50,000/-

12. unspent barance refunded, if any (preasegive detairs of chcque no ctc.):Rs.7,50,000/- Deposited in Bharatkoih
13. Amount to be carried forrvard to the next financial year (if appricabre):i. Amount:

ii. Letter No
iii. Date

4=-



I

l.Al|rI'

r\

UTILISATION CE.RTIFICATE

Certified that out of Rs. 7,50,000 /- of gants-in-aid sanctioned during the year 20i9,2020:in
favour of The Director, HcsT, Farah, Mathura under this Ministry/ Department letter/ order
No' DST/INT/RUS/P-28/C dated 13.0s2019 and Rs. Nil on account of unspenr balance of,
the previous year' a sum of Rs.Nil has'been uti,lised for the purpose of project for. whieh it
was sanctioned and that the balanoe of Rs" 7,50,0001. is ,available for Fy ;;g10-Z61l,a.suffl
of fu'Nil has been utilised forthe purpose of pmject for which it was sancrioned and rhat
the balance of Rs' 7,50,000/-remaining will be adjusred rowards the granm.in-aid payable
duringthe FY 2021'2022,asum of Rs.Nil has been utilised tirrrhe purposeol'projecr for
which it was sanctioned and that the balance of Rs. ?,50;000 A is refunded back.

tr: 'ii"'*&trsl*El

&ecistSSn*
Signature of Director Accounts Officer of the lnstitute

Date olld[.6ll_ Date Df " o\,, l_ql L Date oS\r.rl>rt_:_

(To be filtect in by DET)

Certify that I have satisfied that the conditiols ,on which the grants.in_aid sas sancti'n-ctJ
have been fulfilled/ are'being fulfilled and that I have exercised the following checks ro see
that the money was actually utilized for the purpose for whic6 it was sancrioned:_

Kinds of checks exercised.
1.

2.
aJ.
4.
)-

Signature:

A

Date:



Annexure-Ill

u rIL I sArro N cBRrI F I q 4r P 
g 

:c !):P+E:s)
FOR THETifrANCIAL YBAR _ GNDING 3ID' MARCH)

l. Titlc of the Project/ schemc: "f)evelopment of tesl. ;nellrods f'trr control 'rf hcarr

metals in water for envirolmental monitoring and prevetttitltt tll'healtlr risk"

2, Nu*" of the Institution: Hindustan College of Science & 'l'echnology' Farah'

Mathura-281122.
3. fiin"ipat lnvestigator: Dr. M. S. Gaur, Professor, Department of Physics

a. nupuri*ent of Sii"n.c & Technology sanction order No & Date sanctioning the

project: DST/INT/RUS/RSF/ P-28/G dated I 3'08'2019

5. ir.uo ot:rccount as given in the original sanction order:

6.

1

date):
i. Amount : Nil
ii. LetterNo.: Nil
iii. Date : Nil

8. Interest earncd: Rs. 16,664/- (Depo.sited in Bharatkoslt)

S. No. Budget Head Orisinal sanction Amount (in R9l

I Consumable 200000/-

2, Contingency t00000/-
a Exchange visit I 1.s2.800/-

Aa Manpower 8,03,520/-

5 Overhead 1.75.352

Total .24,31,6'12/-

A'"*@mthepreviottsFinancia|yearquotingDST|ettcr
no and date in which authority to carry lbrrvard thc said arllgunl uas glrcn :

i. Amount: 6,48,7261- available fbr FY 2021'27

ii. LetterNo:
iii. Date :

Amount received during the financial year (Please give DST letter/order no and

g. Total amount that rvas available lbr expenditure (cxcluding commitments)- 
Juring the financial year (Sr. No. 6+7+8): Rs. 6,48,726l- +Rs. 16,664 (deposited)

10. Actual Expenditure (excluding commitments) Incurred during the financial year

(upto 31lt March): Rs.5,21,7341'

11. Balance amount available at the end of the financial ycar: tls. 1.26'991l-

12. Unspent balance refunded, if any (please give details of cheque n0 etc') :

1,26,?921 - deposited irr BharatKosh'

13. Amount to be cafried forwarcl to the next finerhcial year (if applicable): NA

i. Amount:
ii. LetterNo
iii. Date
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INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY
https://doi.orgl1 0.1 080/030673 I 9.202'l.l 893706

Taylor & Francis
Taylor&F.anci5 Group

ARTICLE ift";;;'-;;;;l

copper nanoparticles-catalysed reduction of methylene blue
and high-sensitive chemiluminescence detection of mercury
Mamta Kushwah-;:,:", Reetu yadavu, Mulayam Singh Gaur$$"
and Anna Nikolaevna Berlina.,:, b

uDepartment 
o-f Physics, Hindustan college of Science and Technology, Mathura, Up, India; Affiliated to

Department of Biotechnology, APJ Abdul Kalam Technical Universityl lucknow.iJp, India; ;A.N. Bach
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ABSTRACT

Mercury contamination is a significant-public health and environ_
mental problem; thus, detection of Hg2* at sensitive levels is very
important for environmental protectibn. In this study, we report
a noble green synthesis of copper nanoparticles (CuNps) uiinq
Aegle marmelos fruit peel extract, characteriiing their catalytic propl
erties for reduction of methylene blue (MB) aid sensitivechemilu_
minescence (CL) detection of Hg2* ions based on this reaction. ihe
transformation of MB dye in thi presence of sodium b;hylriJ;
(NaBHd was analysed by UV-visible spectroscopy, and t<ineiiis oi
pseudo first order were found. changes of cL wlre ureo ro. oeiei-
mination of Hg2* in the presence of e-thylenedirri". l"i.rtti.oi".the tormation of the ethylenediamine_CuNps_Hgr* compiex
increases the rate of H202-Luminor catarysis and the correspondinq
CL growth. The given effect was appliid to determine t'h; H;rf
concentration in real water. The rinear range of the caribration cuire
was from 0.01 pM to l.O pM of Hg2*,lnd 0.0062 pM;.;l;;
detection limit. The assay selectivity was confirmed'using-oth"i
toxic metallic ions. The proposed approach may be quat-ineA as
cost effective, eco-friendly, sensitive and selective.
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1. Introduction

Mercury (ll), a highly toxic heavy metal released from both natural and anthropogenic
sources, can cause serious damage to environmental safety and human healtfi [t],including serious problems to the central nervous system and abnormal functioning in
the brain, kidneys and bones t2l. The world Health organization (wHo) recommended
that the upper limit of mercury in drinking water should not be more than 6 ppb.
Therefore, researchers aim to develop new more sensitive techniques for the detection
of.Hg2*.Several analytical methods have been established for Hg2l detection, including
colorimetry [3,4], fluorimetry [5], electrochemical sensors It], atomic absorption spectro-
metry [6] and chemiluminescence (CL) t7,gl.
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The synthesis of nanoparticles by chemical and physical methods is expansive,
involves toxic chemicals and is not environmentally friendly. To overcome these pro-
blems, the biosynthesis of nanoparticles is important because it is easy to process, cost-
effective and environmentally friendly. Aegle marmelos is a medicinal plant found in
India that has many therapeutic properties. Different metal nanoparticles have been
synthesised by Aegle marmelos plant extract. Aegle marmelos contains bioactive com-
pounds like phenolics, alkaloids, pectins, flavonoids, tannins, coumarins, carotenoids
and terpenoids. Due to this, Aegle marmelos plant extract can be used as a reducing or
capping agent and as fuel [9-11]. For example, metal hexacyanoferrate nanoparticles
were prepared using Aegle marmelos extract for decomposition of toxic dyes ['l 2]. Green
synthesis of nickel oxide nanoparticles was also realised using Aegle marmelos leaf
extract.

The Aegle marmelos peel extract could be considered a useful reducing and capping
agent for the synthesis of CuNPs. Many articles reported that CuNPs are suitable for
degradation of various organic compounds and in wastewater treatment [13-jS]. Sinha
el al. reported 960/o degradation of methylene blue (MB) by CuNPs synthesised using
Labeorohita [19]. Similarly, Sebia et al. mentioned MB degradation by CuNps synthesised
using Nerium oleander [20].

Chemiluminescence is an advanced, highly sensitive analytical technique. lts advan-
tages include a wide calibration range; no interference from background scattering light;
the use of simple, cheap instruments and versatility for the analysis of a wide variety of
analytes [3,21-231. Xu et al. reported copper nanoclusters for Hg2* detection using the CL
technique; Cu nanoclusters can enhance the CL signal from the luminol-H2O2 system in
an alkaline medium for assays of environmental water samples [24].

Uzu et al. reported high catalytic activity of new copper complex ll for luminol in
chemiluminescence. In the presence of ascorbic acid in an aqueous environment, new
copper complex ll reduced dissolved 02 and oxidised the luminol with H2O2 to produce
efficient cL signals 12s,261. The nanoparticle-based cL method has been used for
mercuric ion detection. For example, Shengcai et al. demonstrated a method with
a limit of detection (LoD) of 50 pM of mercuric ions; in this method, AuNps triggered
lu minol-Ag No3 and thymine-Hg2+-thymine fl--Hg2*-T; coordination bonds that enhance
the CL reaction [27]. Most of the articles for Hg2+ detection are aptamer based. Hence,
they are very sensitive but they are very costly, low selflife and not easy to handle the
experiment.

Herein, we have developed a novel method using copper nanoparticles as
a catalysing agent to amplify the CL signal for the detection of heavy metals. ln this
article, we have used ethylenediamine, luminol, H2o2 and cuNps. Hg2* can bind with
the amino group of ethylenediamine, and free nanoparticles (Nps) enhance the CL
signals [281. Ethylenediamine has the ability to quench cuNps/Hg2*. lt was assumed
that the amino groups of ethylenediamine would capture cuNps. cuNps do not
catalyse the luminol-H2o2; rather, they turn off the cL signals. However, in the presence
of Hg2*' strong CL signals are created by the CuNPs-based catalysis. The schematic
diagram (scheme 1) shows two variants. Firstly, in the absence of Hg2*, CL signals are
quenched by ethylenediamine. secondly, in the presence of Hg2*, cL signals are
recovered and enhanced due to the specific binding of Hg2* to the amino groups of
ethylenediamine.
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Scheme 1. Chemiluminescent detection of Hg2* by CuNPs with ethylenediamine.
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Scheme 2. Mechanism of MB reduction using CuNPs as catalyst.

This paper presents the green synthesis, characterisation, catalytic activity and Hg2*

detection ability of CuNPs.
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2. Materials and methods

2.1. Materials

Ultrapuremili-Q water (1S.2 MO cm-t) was used throughout the study. Copper sulphate,
MB, Hg(NO3)2 and luminol were purchased from Sigma Aldrich. Ethylenediamine, H2O2-,

K2HPO4, KH2PO4 and metal salts including NiCl, LiCl, CaCl2, MgCl2, MnCl2, BaCl2, CoCl2,
FeCl2, FeCl3 and CrCl3were of analytical reagent grade.

Then, 0.01 77 g luminol were dissolved in 10 mL of 0.1 M NaOH for the preparation of
luminol (10-2 M) stock in ice-cold conditions. Ethylenediamine stock solution (1 M) was
prepared in 2 M HCl. A buffer solution of 40 mM K2HPO4-KH2PO+. pH 8.0, was prepared
from stock solutions of salts.

2.2. Extract preparation by hard shell of A. marmelos fruit peel

The peel of the A. mormelos fruit was removed, dried at room temperature, washed by
running water and then by distilled water, cut into small pieces and dried in an incubator
at 37'C for 3-4 weeks. A fine powder was prepared by grinding small pieces of the peel.
10 gm of powder were dissolved in 200 mL of ethanol:water (1:1) and kept at 50'C for
10 min in a magnetic stirrer. The extract was filtered by Whatman filter paper-1 and stored
at 2-8'C for further use.

2.3. Synthesis and choracterisation of CuNPs

The CuNPs were obtained by green synthesis using Aegle marmelos fruit peel extract. The
freshly prepared Aegle mormelos fruit peel extract (100 mL) was mixed with 50 mL of copper
sulphate solution of 0.1 M under continuous stirring at 80"C for t h. A colour change was
observed, indicating synthesis of cuNPs. The 52.4 mg/L of cuNps were calculated.

CuNPs were characterised by UV-Visible spectra ranges from 200 to 800 nm by using
a Varian CARY 300 UV-Vis spectrophotometer. The size, shape and crystallinity of nano-
particles were determined by Transmission Electron Microscopy (Jeol, Japan) and X-ray
diffractometer (PANalyticalX'pert PRO, Netherlands). Stability of CuNPs was determined by
performing zeta potential (ZEECOM ZC-3000, Japan). The FTIR spectra peak shift was used
to determine the functional group of molecules by performing FTIR spectroscopy (Bruker-
Tensor 27, Germany). A digital pH metre (clRoNlx) was used for pH measurements, and cL
registration was recorded by a multifunctional microplate luminometer (Wellkang, UK).

2,4. Catalysis of MB dye using CuNPs

The catalytic activity of CuNPs was studied for the reduction of MB. NaBHa was used as an
electron mediator. Initially, 5 mL of MB (1 mM) were taken into an Erlenmeyer flask. Then
and 2.5 mL of NaBHa (10 mM) and 1 ml of cuNPs (0.'t, 1 .0 and 10 mg/mL) were added to
the obtained solution. The final volume of the solution was maintained at 10 mL by
adding distilled water. Finally, the solution was stirred for 1 min. The UV-Vis spectra were
recorded at each 5 min interval. The kinetic study of MB reduction was analysed during
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experiment 10 mg/ml CUNPs was used and observe the result in respect to the time
dependent manner,change in absorption maxima.

2.5. Hg2* detection by chemiluminescence assay

cL assays were performed for the detection of Hg2* in the presence of cuNps. .100 pL
ethylenediamine (6.9 prM) was mixed with 100 gL of a different concentration of Hg2* and
incubated for 15 min. Conjugation of ethylenediamine to the Hg2* is facilitated during
incubation. Then 1 mL cuNPs (63.8x l0-6 mg/ml)was added, reacting at room tempera-
ture for 5 min. Next, 50 pL of the reaction mixture was transferred to a well in the 96-well
microplate and mixed with 100 pL of 50 pM H2o2. Finally, 100 prl of 5 mM luminolwas
injected into the well. The CL intensity was recorded by the microplate reader at 600 ms
intervals. Each sample was tested three times parallelly.

2.6. Collection and characterisation of real water samples

The Real water samples were collected from Delhi, Agra and Gwalior (local area). Samples
were stored in plastic bottles at 4'C. Before Hg2* detection, they were boiled for l0 min to
remove chlorine and filtered by Whatman filter paper. Samples were then diluted 10 times
and used without any pre-treatment. Three concentrations (1.0, 0.50 and 0.05 pM) of H92*
were used to spike the treated water sample. Each sample was tested three times; relative
standard deviation (RSD) and recovery were calculated.

3. Results and discussion

3.1. Green synthesis of CuNPs ond characterisation

CuNPs were prepared by reduction of CUSO+ salt using Aegle marmelos fruit peel extract.
Copper (ll) sulphate in distilled water will dissociate into copper and sulphate. The copper
ion is responsible for the blue colour of CuSOa. The ion was reduced into copper nuclei by
a reducing agent (i.e. A, marmelos fruit peelextract). Green synthesis of CuNPs increases
the nucleation reaction rate. The growing nuclei were capped and stabilised by a reducing
agent such as phenolic compound, reducing sugar, etc.ln the course of this process the
brown colour of the colloidal CuNPs solution is formed.

The synthesised CuNPs were initially characterised by colour. The brown colour origi-
nated due to the formation of copper ions (Cu*) into copper free radicals (Cu") by the
active component of reducing agents (Figure 1 [a-b]). The excitation of the Surface
Plasmon Resonance (SPR) of CuNPs creates a dark brown colour. Green-synthesised
CuNPs were confirmed by UV-Visible spectra. The UV-Vis peak was observed at 685 nm.
The spectra'formed a band of metallic nanoparticles by SPR. 5PR is generated by excita-
tion of the free electrons of CuNPs by incident light and the absorption of light by
nanoparticles responsible for absorption band formation, The cuNps show
a bathochromic shift (lower energy and lower frequency) in the visible range.

Morphology, size and shape of the synthesised CuNPs were determined by transmis-
sion electron microscopy fl-EM), as shown in Figure 2 (a-b).The cuNps were found to be
spherical, without any aggregation, and the average particle size was 6-8 nm. This is in
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Figure 1. (a)UV-Visible spectra and (b)colour image of green synthesised CuNps.

Figure 2. (a) TEM and (b) particle size distribution graph of CuNps.

agreement with the size calculated from X-Ray Powder Diffraction (XRD) analysis. The
particle distribution is illustrated in Figure 2 (b), which shows that the majority of particles
ranged from 6 to 7 nm, and the mean diameter of the particles was found to be 20 nm.

XRD analysis revealed the 20 position of the diffraction pattern of CuNps (Figure 3).
xRD patterns were obtained at 36.70, 44.60,5s.9o and 73.50, and the hkl indexed were (l
1 0), (1 I I ), (2 1 I ) and (2 2 0), respectively. These hkl index values are very similar to those
reported in JCPDS file no. 04-0836 for CuNps t291. Table 1 summarises the parameters of
XRD. The d-spacing analysis and lattice parameter (a) were calculated using the following
relations:

2d sinO: ni (1)
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Table 1. XRD parameters of CuNPs.

20 position hkld(A) a (nm)

1

2

3

4

36.7

44.6

55.9
73.5

t 8.3

22.3
27.9
36.7

2.315
2.151

1.608
l.3l 1

111
211
220
222

0.891

1.523

1.891

2.081

where tr = 0.15418 nm for Cu Ko, d is the inter planar spacing between atoms, and n is an

integer (in this particular cds€, h = 1).

1 _(h'z)+(k'z)+(I'z)
d2a

The result of XRD analysis confirms that the green-synthesised CuNPs is face centred cubic

(FCC) and crystalline in nature.

FTIR spectra describes the functional group of CuNPs shown in Figure 4. The peak at

3398 cm-l overlaps with O-H stretching and the alcohol group. The sharp absorption

peak at 2959 cm-r is assigned to C-H stretching. The peak at 1624 cm-t overlaps with

N-H bending. The peak at 1372 cm-l overlaps with C-H stretching. The sharp absorption

peak at tOg! cm-i is assigned to C-O stretching, and the peak at 755.8 cm-r (alcohol

group) overlaps with C-Cl strong stretching of alkyl halide. The peaks of CuNPs and

iqu"ou, extract also exhibited at 755.8 and 759.6 cm-1, which overlaps with the C-Cl

strong stretching of alkyl halide. Therefore, the phenolic compounds present in the

extract have high affinity to bind towards CuNPs and help in the stabilisation of CuNPs.

Thus, the phenolic compounds assist in the formation of CuNPs and also prevent possible

aggregation.

ih" r"tu potential determines the stability of CuNPs. Figure 5 shows the histogram of

zeta potential data at pH 7.0. The average value of the zeta potential was -15 mV, which

indicates moderate stability of nanoparticles. The values of the zeta potential showed the

extent of electrostatic repulsion between all the adjacent, like-charged particles in

(2)
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Figure 4. FTIR spectra of CuNPs and Aegle marmelos fruit peel extract.

Figure 5. Zeta potential of CuNPs.

a dispersion medium. In the nanoscale parameter, molecules and particles showed more
negative or more positive values of zeta potential, reflecting their stability.

3.2. Cotalytic properties of CuNps

The reduction of MB in the presence of NPs has been studied by several researchers
[30-32]. Catalytic activity of NPs depends on such parameters as size, shape, monodis-
persity and surface coating [33]. Oxidised MB has a blue colour; after reduction, it is
converted to colourless leucomethylene blue [34,35]. The relative absorbance peaks were
at 664 and 614 nm, as shown in Figure 6(a) . The absorption peak at 664 nm is related to
n-n* transition of electrons. For effective catalysis, CuNPs should be located between
donor and acceptor - NaBHa and MB, respectively. This is due to the electron retay effect,
in which the CuNPs act as a relay of electron mediators between NaBH4 and MB during
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catalysis[36].TheNaBHareleasesHlhydrogen),andtheCuNPsabsorbH(nya,og"n)and

"'"i;:,"iTt[l] 

"i11'l"in#u*oro,"n 

u:ine different concentrations of cuNPs' Here'

effective results *ur" iouno at 10 mg/mr, iunps for a reduction of 1 mM MB dyes in

10 min. This ,"rut, *u, i.uch higher than the other two cuNP concentrations' Here' these

results are also more significant than pr*iouJni,ngt, t,nr,t et al' and sebiea et al' found

MB (1 mM) dye was ;;.; by 10 mg/mL CuNPs arter 135 min and 30 min' respectively

[20,37].

33. Kinetic studY of MB catalYsis

Figure 6 (d) demonstrates the kinetic stu-dy of dye reductiol'.*l.tt" to is initiation time

and t. is the end ti;; the reaction. ft,! i"iol,i"n period indicates the activation of

cuNps for dye '"du.ttn. 
NaBHa had no .'"'," ii" 

'^itiation 
of the reaction; instead' it

enhanced tne reouJon via electron donation and acceptance' and cuNPs initiated the

reaction with the ov". nta", initiation of tr,eleaciion, the absorbance decreased in respect

to the time due to ar," illorourization "r 
ai" tu t"lution' lt is known that absorbance is

directly proportional iothe concentration. The absorbance intensity (A/Ao) decreases as

600
W:rvelcrrgth {nm)

1.0 ng/ml
CuNl's

\Taveleugth {nm}
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the dye concentration (Ct/Co) is reduced during catalysis, The kinetic reaction is described
by a pseudo first-order equation:

(A1/As): -l<t, (3)

where k = rate constant, t = reaction time, and A, and Ao = the absorbance of dye at time
t and time 0, respectively.

The slope of the plot indicates that the rate is constant. This study has explained the
mechanism of dye reduction in the presence of NaBHa and suggested that CuNps are an
efficient catalyst for MB reduction.

3,4, lnhibition effect of ethylenediamine on the luminol-H2c2-cuNps cL reaction

Xu et al [24] reported that CuNPs enhance the CL reaction between luminol and H2
02. The CuNPs may facilitate the formation of OH.+ OH. radicals, which further react
with luminol, converting it to luminol radicals: (L-) and O2'. The radicals will further
react with each other, causing high light emission due to the formation of 3-ami-
nophthalate. Hu et al. reported significant peroxidise-like activity of CuNps interact-
ing with the o-o bond of H2o2 and broken up into [oH]z radicals t3sl,

We speculate that ethylenediamine shows the inhibition effect of CuNps on catalytic
activity due to several factors. Firstly, incubation of the CuNPs with ethylenediamine
resulted in two types of interactions: (i) the amino groups of ethylenediamine interact
with the outer surface of the CuNPs through coordination bonding of the Cu atom (with
N lone pair) [39]; and (ii) the amino groups of ethylenediamine are protonated at g pH,
generating electrostatic interactions between CuNPs and ethylenediamine t401.
According to Xu et al., the CuNPs are responsible for the enhancement of CL signals:
that the luminol radicals and 02 radicals are generated from luminol-H2O2 in the presence
of CuNPs [24]' Figure 7 (a) shows the effect of ethylenediamine on luminol-H2O2-CuNps.
Hence, we assume that ethylenediamine binds with CuNPs, decreasing the concentration
of free CuNPs and inhibiting the luminol-H2O2-CuNPs complex. The result showed the
maximum inhibition effect (96.95o/o) of 6.90 pM ethylenediamine on CuNps, creating
a decrease in CL intensity (see in Scheme 't).

3.5. Hg2+ detection via CL method

It has been reported that Hg2* has a high affinity for ethylenediamine due to strong
interaction with ethylenediamine amino groups [41]. Catalytic activity of CuNps is
enhanced in the presence of Hg2*. The amino groups of ethylenediamine bind with
Hg2*, recovering the catalytic activity of cuNps, and subsequently enhance cL
intensity. In contrast, in the absence of Hg2*, catalytic activity of CuNps is inhibited
(scheme 1), This is confirmed by the experiments shown in Figure 7 (b). These
experiments were based on a luminol-H2O2 system and performed under various
parameters:

(i) HzOz (50 uM) and luminol (5 mM) gives a very weak CL signal (shown in Curve [d] of
Figure 7 [b]).

(ii) When 63.8 x 10-6 mg/ml of the CuNPs were added, we obtained a fast and intense
CL signal- 100o/o in Curve (a) in Figure 7 (b).
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cL^intensity of luminal-H2olcuNPs system' (b) The

kinetic curves of cL intensity under different"conJiiions: a) luminol+ H,o, + cuNPs; b)

tuminol+H202+ cu*ps+eiift"rieneoiamirllgt.j ii tuminot+Hro2+ cuNPs + ethylenedi-amine;

d) tuminol+Hzor; .t rurinoi;''ir"a" ;;:t,O [ti"ti*iro, i o-n,itnediamine+Hs2*; Experiment

conditions: ethytenediamir., o!irtn'tuNPs,63.;; to:6'mg/mi; H202,50 UM; luminol' 5 mM;

Hg2*, 1 pM.

(iii)Whenweadded6.gpMofethylenediaminetothelastreactionsolution,we
oUieiueO decreased CL; see Curve (c) in Figure 7 (b)'

(iv)Whenwepre-incubatedtheethylenediaminewithlpMHg2*for15min,We
observeddramatica||yenhancedCL,asshowninCurve(b)inFigureT(b).

CLsigna|recoveryWasupto94,44o/o'Thecontro|waspreparedwithaHg2*and
ethy|enediaminemixture.Theresultofthecontrolexperimentshowsnoenhancement
in cL intensity in curves (e) and (0 in Figure 7 (b)' The blank sample curve is the same as

the control curves (e and fl' The above investigation shows the enhancement effect in the

presence or tuminoi-n2o2-cuNps and ethylenediamine. However, cL intensity was

decreased in the aosen." or Hgr.. According to this investigation, the concentration of

Hg2* in water samples can be determined'

3.6. OPtimisation of the assaY

Hg2*iondetectionviatheCLmethodishighlydependentontheconcentrationof
ethylenediamine,performanceofCuNPs,HzozandIuminol.Thesematerials,concentra-
tionandperformancewereoptimisedsystematically(seeFigureS).

Ethylenediamine has a quenching effect on cL for luminol-Hzoz-cuNPs' But in the

O;;;;"r rnr;, ethflenediamine binds to it and recovers CL intensity. CuNPs concentra-

tion was fixed at Ur.t " 
10-6 mg/ml, and the concentration of ethylenediamine was

increased.The6.gprMethy|enediaminecausedhigherCLintensity(FigureSta]).
ConcentrationsofH2o2rangingfrom0.0-6.0mMwereusedtostudytheeffectofHzoz
ontheCL(Figure8[b]).Concentrationsofmorethan3.0mMdecreasedthecLintensity.
Figure 8 (c) shows iftu eff..t of the luminol concentration' lncreased concentrations of

lumino|enhancedtheCLinthepresenceofH2o2andCuNPs.ThehighestintensityoftheCL
was demonstrated with the use of 5 mM of luminol'

(,.d 6.25 6'5ll
Ettrancdiarline {trM)
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Finally, the effects of CuNPs were investigated in the absence of Hg2* (Figure g [d]) and in
the presence of Hg2* (Figure 7 [b], Curve [al). The CL intensity increases slowly, due to the
saturation concentration of cuNps (lg-20 mg/ml) with ethylenediamine. when we
enhanced the concentration to more than 20 mg/ml, the CL signal reached maximum
intensity (Figure 8 [dl).

3.7. Quantitative analysis of Hg?*

The quantitative assays of Hg2* were realised. Figure 9 (a) shows the calibration plot for Hg2*
concentrations from 0 to 1.20 pM. The calibration curve indicated good linearity between
relative CL intensity and the Hg2* concentration logarithm. The linear range from 0.01 pM to
1.0 pM had a correlation coefficient of 0.9951. The LOD was 0.0062 pM. This method has
higher sensitivity than other methods and materials ftable 2). To evaluate the reproduci-
bility of the method, five repetitive observations of .|.2 pM Hg2* were performed under
optimum conditions. The standard deviation was found to be 1.25%, indicating that the
present method shows good reproducibility.
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Table 2. Comparison of the assay performance with previously developed methods.

Analyte Nanoparticles LOD Linear range Reference

Colorimetric method
Hg t*

FL Hg'*
Hg"

CL Hg t*

Hg t*

Magnetic beads
Durio zibethinus extract AgNPs

CuNPs

Nitrogen-doped carbon dots
Ag nanoclusters

Phenyleneethynylene, nanoporous silver

Level free (aptamer)

Graphene oxide
AuNPs

Hg " cuNPs

5nM
0.1 UM
0.11 UM
0.23 pM
l0 nM

lpM

50 pM
(o.ol ppb)

2nM
0.s4 fM

0.0062 pM

lG-200 nM
0-33 UM
G-75 gM

0-2s [M
10 nM-

5uM
20 nM-

0.5 pM
0.01 to

1000 ng/ml
-GI00 nM
lfMto

rpM
0.01-1.0 pM

l47l
t28l

This work

l42J
t32l
l43l
1441

t4sl

146l

l27l

Table 3. Detection results for Hg2* in real water samples.

Sample Added amount (pM) Found amount (pM) RSD (%) Recovery (%)

Delhi (NCR, India)
i
I

Agra (U.P, India)
1

2

3

Gwalior (M.P., India)

2

'r.00

0.50
0.05

1.00
0.50
0.05

1.00

0.50
0.05

1.050
0.510
0.046

2.5

1.6

1.9

1.7

2.1

1.0

r.9
2.0

2.2

105

101

97

ll0
98
103

95
'103

101

't.091

0.480
0.056

0.982
0.525
0.051

The selectivity of the assay to Hg2* was compared with some other toxic metallic ions,
including Li*, Fe2*, Ni2*, Mn21 Fe3*, Mg2*, Co2*, Cf*, and Ba2+. The concentrations of the
interfering toxic metallic ions were 100 times higher then the concentration of Hg2+ (1.2 pM).

In this experiment, the much higher concentrations of alternate ions showed very
negligible signals, similar to a blank sample. However, Hg2* showed a remarkable signal
(Figure 9 [b]). These results demonstrate the high selectivity of the assay and indicate that
the metallic ions we tested will not interfere with the determination of Hg2+ in real
samples.

3.8. Detection of Hg2+ in areal water sample

Here we tested real water samples. The CL method was used to evaluate Hg2* in real

water samples by applying the standard addition method. Evidently, the recovery per-

centage (0/o) of the sensor measurement showed 95-110%, and the relative standard
deviation percentage (RSD 7o) was obtained in the range of 1.0-2.5o/o 0'able 3). The results
demonstrated that the CL method for Hg2* detection in real water samples are envir-
onmentally friendly and cost effective.
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4. Conclusions

The CuNps were successfully synthesised by the green method using Aegle mormelos fruit

peel extract. The CuNPs were found to be monodisperse, with a spherical shape. The

CuNps exhibited high catalytic activity for MB reduction. The CL intensity enhancement

method for Hg2* detection was realised using luminol-H2O1CuNPs. We conclude that the

CL signal may be attributed to the conjugation of Hg2* with the amino groups of

ethylenediamine, leading to the recovery of the catalytic activity of the CUNPs' The CL

method showed a detection limit of 0.0062 pM for Hg2*. The study of other ions shows

that the assay is highly sensitive to H92* ions. This method can quantitatively detect H92+

ions in drinking water within the acceptable recovery range of 92-113o/o. Overall, the

experimental outcomes suggest that cuNPs are an excellent catalyst for the reduction of

MB and the increase of CL signals. The obtained results indicate the feasibility and

sensitivity of the method, which that may be considered as a tool for testing environ-

mental samples
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Abstract
Heavy metals are an important class of technogenic toxicants that pollute rivers and underground water. Here we pro-

posed the use of electrochemical methods using silver (Ag)-gold (Au) alloy nanoparticle (NP)-aptamer-modified glassy

carbon electrode (GCE) for the detection of lead ions (Pb2+). Alloy Ag-Au NPs were electrodeposited on the electrode

using the potentiostatic double-pulse method. The NPs were characterized by high-resolution transmission electron

micrlscopy, which revealed that the average NP size was 44 nm. The binding of Pb2* induced conformational changes

of the aptamer and corresponding modulaiion of electrochemical signals. As a result, we were able to detect Pb2* with

a straight slope of 0.01-10 Ug/L with limits of detection (LOD) of 0.03 x 10-2 pg/L for CV DPV and 0.04 x 10-2 pg/L for ElS.

The minimum detectable Pb2+ concentration was calculated to be 0.8 pM'
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1 Introduction

The analysis of heavy metals at very low levels in drink-
ing water has become a globally high-priority area of
research [1, 2]. Metal quantification at the microgram
and nanogram level in water was a challenging assign-

ment before the development of such systems as flame-
less atomic absorption spectrophotometry and differen-
tial pulse anodic stripping. These methods can measure

the total metal contents in a sample. Howevet assessing

the bioavailable concentration of heavy metals in a more

convenient way remains a great challenge. The scientific

community has turned its attention towards nanobiosen-

sor research to overcome this challenge.

In general, metal nanoparticles (NPs) exhibit very good

conductivity and catalytic properties. These two features

make them appropriate to improve the electron exchange

between redox-active groups in biomolecules and elec-

trode surfaces. Metal NPs can also act as catalysts, promot-

ing electrochemical reactions. Recently, there have been

some reports on the evaluation of the application of nano-

particles to electrochemical biosensors [3-6].
Recently, alloy, core-shell nanoparticles and biametallic

nanostrucrued material played important role for design

of electrochemical biosensor because of their excellent

optical, magnetic, and catalytic properties'They offer bet-

ter sensing properties as compare to single nanometallic

material t7-9lJhe conjugation of metal particles Pb2+ with

bioreceptors, for example, proteins, antibodies, or nucleic

acids, can increase the selectivity and lower the limit of
detection (LOD) of nanobiosensors [10, 1 1].

The reasons for selecting silver (Ag) and gold (Au) to

develop bimetallic NPs are (i) a metal of a higher valency

can dissolve in one with lower valency (i. e. valency of Ag

and Au are 1 and 3, respectively) tl2l and (ii) the tunabil-

ity of bimetallic NPs means they show potential applica-

tions in biosensors, drug delivery, and cell labeling [13,

141. Recently, several developments were aimed at the

detection of lead ions (Pbz*) in water [1 5-19]. For example,

Shen et al. t201. Constructed an electrochemical biosensor

using an Au NP-oligonucleotide-modified glassy carbon

electrode (GCE) for detection of Pb2* in water. The elec-

trode achieved a low LOD of 1 nM. However, electron flow

prompted direct oxidation of nucleotides, which resulted

in incorrect estimation of Pb2* levels. Currently, biosen-

sors have constraints regarding strength, reaction time,

and precision, so their further development is required.

Different DNAzyme-based biosensors have been pro-

duced for detection of Pb2*, including ones designed

SN Applied Sciences
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detection of Pb2* and including those designed for col-
orimetric electrochemical and fluorescence detection
[21-251. These sensors do not require complicated pre-
treatment, costly delivery of samples to central research
facilities with a long turnaround time, or rather complex
laboratory techniques. However, the LODs of conventional
sensors are not satisfactory. Thus, the development of a

high sensitivity nanobiosensor for Pbz* in water with good
stability and low LOD is still desired.

The novelty of present work is that Ag-Au modified
electrode possesses excellent biocompatibility with a

variety of biomolecules, such as aptamers, antibodies,
enzymes, DNA, cells, and proteins [261.

Aptamers are short, single-stranded oligonucleotides
(DNA or RNA) that bind to targets with high affinity and

specificity by folding into tertiary structures as compare

to traditional nucleic acids. A combinational selection pro-

cess called systematic evolution of ligands by exponential

enrichment (SELEX). The SELEX is process used to select

aptamer from large oligonucleotide library.There are sev-

eraladvantages in using aptamers instead of enymes/anti-

bodies, including having the ability to be modified chemi-

cally, chemical stability, and flexibility for being used in

biosensors [27].
An aptamer contains various groups that can inter-

act with metal particles, such as exocyclic keto, ribose

hydroxyl, ring nitrogen, and negatively charged phos-

phate-based groups [28]. For example, the Nr atoms of
purines can directly bind to bases and indirectly bind

to phosphate groups. These binding sites of aptamers

are responsible for their ability to sense metal ions. A lit-

erature survey revealed that electrochemistry is a useful

technology for studying bimolecular interactions based on

ligand binding interaction-induced changes in electrode

properties.

The many metals are known to be of specific physiologi-

calfunction to life systems [29].These metals show prefer-

ence for certain types of ligands. The most common types

of ligands are the amino acids, especially cysteine and the

porphyrins.The main function of the porphyrins is to bind

metal atoms which act as centres for significant electro-

chemical or biochemical events. Electrochemical reduc-

tion or oxidation occurs at the surface of ligand modified

electrode for detection heavy metals is reported by many

researcher [30].
The nanobiosensor has great potential for on-site

detection of multiple heavy metals. The nanotechnol-

ogy provides the solution of challenges faced by tra-

ditional techniques. The nanobiosensor could able to
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improve the sensitivity, limit of detection' selectivity' and 2'2 Apparatus

reproducibilitv. Nanopartl''"-1:.1'i':*i:::::i::Xln 
A patmsan3 potentiostat system with microcod:^":'^':::

;:;;:;;;;:: t;;t to volume ratio' improved electron A Parmsanr purtr"(rur!ur J'

transfer rate, increased mass-transport rate, ress soru- 1.g *;;;t;i to conduct cv DPV and Els measurements'

tion resistance, and higher signar-to-noiseraiio t31-33r. rrre size ana shape of the synthesized NPs were charac-

The nanoparticre_aptamer modified gturry.urut , "t".- 
*ru"J oy high-resolution transmission erectron micros-

trode significantry reduces the memory effect, foreign -pv tHnietuti using aTechani G230s electron microscope

ions, detection ri.ii "nJsensitivity 
of nanobiosensor (TWIN Company FEI)'

ljri:u",',r"pgj;t'["J:":inilg:3f:il'ilti::: 2.3 svnthesis and characterization orthe bimetailic

As3+ and its sensitiviiy O t 
"tft 

higher than other sensor alloy NPs

r:jilm::l,lt'n'::':';t:i:[f tr#::l*:i sorutions or AsNo, and chroroauric acid at 1:3 vorume

rent resurts for detection of heavy metars using different ,utio *.r" mixJa in a flask and purged with nitrogen gas

bioreceptors due to higher erectroa.ctive surface area. continuous 10 min' To prevent the photochemical reac-

The objective of the present work is a"J"i".i pb'* in ,'on oi ngNOr, the flask was completely covered with

drinking water by cycric vortammetry tiv), differentiar brack croih during the reaction' The solution was stirred

purse vortam.o' iJrui, and electro.r,"ri.ut imped- for 10 min using a magnetic stirrer' Deposition of bimetal-

ance spectroscopy (Ers) using a GcE modified with 
'. 

uriov *pr o,i*," ctE was conducted in 0'1 M NaNo'

Au-As arov Nps and an aptamer. ;;lhnit;:li','ff:t1nllJ:u?i'JlJ?::'ff'il
was selected using sweep rate of 100 m Vs-l for 20 cycles'

2 Materials and methods

2.1 Materials and reagents

Silver nitrats (A9NO3) and chloroauric acid were pur-

chased from sifma-ito'itrt (lndia)' An aqueous solu-

iion or Pb2+ (1 Jll) *ut purchased and used as a stock

solution. (ffriotlCO GGGTGGGTGGGTGG) was obtained

from Sigma-Aldrich' G-quadruplex electrochemical bio-

sensors have received particular attention' since the

electrochemical response is particularly sensitive to.the

DNA structural changes from single-stranded' double-

stranded,orhairpinintoac-quadruplexconfiguration.
i"tift"tt"*, the development of an increased number

of G-quadruplex aptamers that combine the G-quad-

ruplex stiffness and self-assembling versatility with

the aptamer high specificity of binding to a variety of

molecular targets allowed the construction of biosen-

sorswithincreasedselectivityandsensitivity[38l.The
stock solution of aptamer sequence Thiol-C6-GGGTGG

GTGGGTGG t+o tgit-) in phosphate buffered saline (PBS'

pH = 7.4) was kept at - 20 "C' All experiments were per-

formed at room temperature usrng Milli-Q water with

a conductivity of less than 1 gg/L mho and pH of 5'6'

Detection of Pb2* from the real water samples was car-

ried out with the help of CV' DPV and EIS methods' The

optimization experiments are shown in Fig' 1' (a) Opti-

mization) pH value (b) Optimiza^tion of aptamer different

concentration for sensing of Pb2*(c) time on the stability

of (Ag-Au) NP-aptamer-modified GCE'

2.4 Surface modification and characterization

of the modified GCE

The surface modification of the GCE disk working elec-

trod.r*u, polished with 0'05 gm silver powder'The exper-

imentwascarriedoutinaqueousmediainthepotential
range from 0 to + 800 mV using a sweep rate of 1 00 m Vs-1

ior io lv.r"t.The thiolated aptamer (3 pg/L) was pipetted

ona,f,u GCE modified with Au-Ag NPs and then incu-

bated overnight at 25 'C in 100% humidity' After flushing

with 10 mM FgS (pH 7.4), the electrode was washed with

Milti Q water to rinse away nonspecific adsorption sites'

The modified electrode was used for direct detection of

Pb2* in real-life water samPles'

2.5 Electrochemical detection of Pbz*

The interaction of Pb2* with the modified electrode was

measured in terms of oxidation and reduction peak cur-

rents, the peak current in CV and DPV and peak value in

EIS measuiements. All responses were measured until sat-

uration of the sensor signal'The electrochemical reactions

of pb2* in Milli Q water and environmental water tests were

recorded in 0.1 M citrate solution (pH 6)' For each experi-

ment, a fresh electrode was prepared'

2.6 Recovery tests and assay of realwater samples

Rea|watersampleswerecollectedfromtheAgraground
watet Mathura ground watet Chambal river water' Gwalior
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3.5x101

3.0xl0r

2.5xl0t

2.(hl0r

l.5xl0'

t.0xl0r

5.0xl0l

.0.0

water, Delhi Ground waterand Meerut ground water (north

region of lndia). Each sample was collected in plastic tubes

and kept frozen at-20 "C prior to analysis. Before the elec-

trochemical experiments, all the water samples were heated

at 25 "C and centrifuged 15 min at 8500 rpm to remove

denaturated high molecular organic compounds.The super-

natant was filtered through 0.22 pm filter Millex GP by Mil-

lipore,The prepared water samples were tested by Atomic

absorption spectroscopy (AAS) method to estimate Pb2+

concentration. The present value Pb2+ in all water samples

are presented in Table 1.

2'r0' \.. .

3 Results and discussion

3.1 TEM studies of native and modified NPs

HRTEM was used to investigate the structure, morphol-

ogy, and size distribution of the Ag-Au bimetallic NPs

and their binding with the aptamer. Figure 2a shows an

HRTEM image of the spherical NPs, which are homoge-

neously dispersed with an average size of 44 nm.The NPs

were physically conjugated with the aptamer. Figure 2b

shows the diameter of NPs increases when bound with
aptamer and Pb2*.

7110'

j
f trd

$ o'a
o
5
TI

drd

3It0'

lrl0r

4.0x102
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3.Oxl0r
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l.0xl0?

5.0xl0l

0.o
l0

rim{h)

Fig. I a Optimization of pH value b optimization of aptamer different concentration for sensing of Pb2* c time on the stability of (Ag-Au)

NP-aptamer-modifi ed GCE
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,

SN Applied Sciences
A SPRINGtn NAIURt $ii.al



Research Article

SN Applied Sciences tzonz:{I7 lhttpli/hA"'g/10

Table I Determination of Pb2+ in real water samples by CV' DPV' and ElS

RecoverY (o/o) EIS Found (Pg/L) RecoverY (9o)

Recovery (%)

Sample ffi61 1pg/L) Added (Fg/L) CV cYcle

found

DPV
Found
(pg/L)(pg/L)

Milli-Q waterwater 0

Agra water

Mathura water

Chambal water

Gwalior water

Delhi water

Meerut water

167

321

623

0.1

0.5

0.1

0.1

0.5

0.1

0.5

0.1

0.5

0.1

0.5

0.1

nq

0.096

0.49

166.9

too.)

320.8

320.5

622.9

622.5

122.9

122.5

349.9

349.5

230.9

230.5

96

98

93

94

102

97

92

98

94

93

96

92

97

0.093

0.48

I oo.v

166.4

320.9

320.4

622.9

622.5

122.9

122.5

349.9

349.5

230.9

230.4

93

96

99

102

93

106

98

92

95

98

vo

95

92

103

0.107

0.49

166.9

I OO.)

320.9

320.4

622.9

622.5

122.9

122.5

349.8

349.5

230.9

z3v.>

107

98

94

97

99

tu)
95

99

92

99

102

vo

92

94

tz5

231

3.2 Molecular mechanism of the modified electrode

action

A schematic diagram of the interaction of Pb2+ with the

Ag-Au NP-aptamer-modified GCE is shown in Fig' 3'The

el-ectronic configurations of Ag and Au are 4d105s1 and

6s1, respectively, so they both have their valence electron

in sr. The oxidation potentials of Ag and Au are-0'799

and - 1 .50 V vs SHE, respectively' Ag and Au can easily form

alloys because of their similar atomic radii' ln addition' Ag

uniRu both easily lose an electron, resulting in favorable

electrochemical properties and endowing sensors with

high sensitivity and selectivity'The electrostatic attractive

foice between the bimetallic NPs and GCE aided the uni-

form deposition of NPs. More details of the Pbzn-aptamer

interaction can be found elsewhere [40-45]'

Theovera|lreactionanditsstandardcel|potentia|at
25 "C and l atmoshperic pressure for the reaction involving

the galvanic cell in which Pb metal is oxidized to 1 M Pb

ion and a half-cell consisting of an silver electrode in 1 M'

This could be taken relative to standard hydrogen elec-

trode (SHE). The reduction of Pb2* taql to Pbo, is a straight

transfer of two electrons shown in Eq' (3'1):

Fiq.2 a HRTEM image of bimetallic alloy (Ag-Au).NPs without

#i;#r;;i*'it.g"';t Npt with aptamer and bound Pb2*

Differential pulse voltammetry markedly increased

the signal-to-noise ratio for lead deposition and better

attowJd detection of low levels of lead in the solution

and its corresponding binding with modified electrode

Pb2++2e-ePb(s)
(3.t 1
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Fig. 3 Schematic illustration
of the alloy (Ag-Au) NP-
aptamer-modified GCE for Pb2t

detection

t
hffit

Pbr,

ffi|
Stmng rlcctrochcmicrl signals

$j ,rg-t rtloy NPs

lffl ,tp*,'

PS'

Pbl" Induced

conformational

chrngcs

o

$

W#
u 

{ nr-n" auoy\r\

because it successfully minimized the double layer capaci-

tive current [46].
The Ag-Au bimetallic NPs have an electronic polarity

as a result of the 5sl electron of Ag and 6sl electron of Au.

This polarity attracts the charged aptamer and promotes a

loading platform for the attachment of the aptamer on the

surface of the GCE.This process formed a large number of

binding sites for metal ions for electrochemical detection.

These binding sites help to increase the sensitivity and sta-

bility of the electrode and lower its LOD for metal ions.

ln the present case, Pb2* bind negatively charged oxy-

gen atoms of the phosphate backbone and with selected

groups of nucleobases (e.g., N, and Ou of guanine) to form

Pb(oH)+ [47].
In the aptamer, the electrostatic repulsion between the

phosphate groups is responsible for its c-onformation.This

repulsion is alleviated by binding of Pb'*, which leads to

a change of aptamer structure. The binding of Pb2+ with
phosphate groups in the G-quadruplex aptamer showed

different electrochemical responses due to the different
labeling positions and G-quadruplex structures. G-quadru-

plex secondary structures (Gd are formed in nucleic acids

by sequences that are rich in guanine. They are helical

structures containing guanine tetrads that can form from

one, two or four strands.

3.3 Detection of Pb2+ by CV

The modified electrode was used to investigate redox
processes, reaction intermediates, quantitative analyte

determination, and the stability of reaction products.

Three electrode system (i.e. modified GCE as a working

SN Applied Sciences
,i SPRINGERNAIUNE ,:) j ,,d

Wsd
}F
$sF

6fu&fu -"#*#|-ftJtwwlEroF \l'cak dcctrochcmicd rignds

electrode, pt as a counter electrode and Ag/AgCl as a ref-

erence electrode) have been used for detection of Pb?* in

water. The varying potential was applied to the modified

GCE in both forward and reverse directions at 0.05 s.

ln this process, the change in the measured current

upon exposure of the electrode in different concentra-

tions of Pbzn has been monitored.The CV response of the

electrode to different concentrations of Pb2* in Milli Q

water and real water samples is shown in Fig.4a.The peak

current increases gradually as the concentration of Pb2*

increases.The calibration plot in Fig. ab revealed the good

linear relationship between its electrochemical response

(i.e., current) and Pb2* concentrations ranging from 0.10

to 10 prg/l, with a coefficient of determination of 0.97'

The LOD for Pb2+ was found to be 0.03 x 10-2 pg/L by CV.

Good recoveries of Pb2+ from different water samples of

between 100 and 1050/o were obtained (Table 1).

3.4 Detection of Pb2* by DPV

In the DPV method, the potential is scanned with a

series of pulses. The electrochemical current is esti-
mated at two points for each pulse; one is before
the pulse and the other is toward the end of a pulse.

These two points are used to measure the decay of the

charging current. The difference of potential between

these two points was determined and plotted against

the base potential for different concentrations of Pb2*

(Fig. 5a). The DPV calibration plot in Fig' 5b showed a

linear relationship between charging current for differ-

ent Pb2+ concentrations ranging from 0.'10 to 10 pg/L

with a coefficient of determination of 0.97. The scan rate
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was 50 mVs' All experiments were carried out at 25'C'

This result shows that the charging current is functions

of Pb2* concentration and pulse potential' The LOD for

tt;;t"t ar'" modified elecirode in DPV measurements

calculated from the calibration plot in Fig' 5b was

0.03 x 10-2 pg/1. The ,etou"'i"' for this method ranged

from 92 to 1060/o (Table 1)'

3.5 Detection of Pbz+ bY EIS

ElS measurements provided the change in impedance of

the modified "t..t'oo"lii'n"t"" 
ton-ttnt'utions of Pb2+'

il ;"il.|e part of the Cole-Cole plot in Fig' 6a shows

ii. .L.,.n transfer resistance in the higher frequency

,"n,"", *i"teas the linear region corresponds to that of

SN APPlied Sciences
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the diffusion-limited process' The diameter of the semi-

circle part increased with Pb2+ concentration. This result

indicates that the electron transfer resistance increased

because Pb2'hindered the access to the redox probe at

the modified electrode surface, reflecting the change

in the interfacial charge-transfer resistance (R.J of the

aptamer-conjugated bimetall ic Ag-Au N P-modifi ed GCE'

R., is an important parameter to achieve a low LOD for

Pb2*. The calibration plot obtained from the EIS data is

presented in Fig. 6b. We have measure the height of high

peak in Fig. 6a at the scan rate was 50 mV s' The calibra-

tion plot is a straight line that implies that the impedance

increases with the concentration of Pb'* in the water sam-

ples. A proportional relationship was achieved between R.,

and Pb2+ concentration in the range of 0.01-1 pg/L with

a coefficient of determination of 0.97. The LOD was calcu-

lated to be 0.04 ;rgll based on 3 s per slope, where S is the

standard deviation of a blank sample measured ten times.

The recoveries (Table 1) for real-life water samples ranged

from 92to 107o/o, indicating the suitability of the modified

GCE for detection of Pb2+.

3.6 Analytical Parameters

Analytical parameters such as coefficient of determi-

nation, LOD, and LOQ were evaluated from calibration

plot [481. Linear calibration plots were obtained over

the concentration range from 0.01 to 10 gg/L using ten

standard solutions and three replicates per standard' The

linearity of standard curves obtained for CV, DPV and EIS

b

02 0.4 0.6

Comnuatlon 04/L)

-i.r

x -10
oc6
E
B. -tz

E -rno
a06
E

-a\i,
E -ttq€o
A
E

b -to
o
s
c

Fig.6 a Electrochemicar impedance spectroscopy. (ElS) measurements showing Pb2+ detection by the modified electrode and b calibration

olot of El5 measurements showing Pb2*detection by the modified electrode

Table 2 Analytical Parameters
using the peak area in Pb"

CutiOttion ptot and analytical parameters using the peak area in Pb2+

Using the peak area Cyclic voltametrY

-r- l0 pgll
--r-- 5 pelL

-- d I ttg,'l-
--v- 0.5 pg,1l

;, 0.1 pg,'l-
*-< ..- 0.0 I pgrl

010m304050607080

coefficient of determination (12)

LqP Gtg/L)

1-qp 1pg/r)

0.97

0.03 x t 0-2

0.09 x l0-2

0.99

0.03 x 10-2

0.1 xl0-2

0.99

0.002x l0-2

0.006x l0-2

5.N Species Detection method 1691ps/L) Linear range (Pg/L) Refs
Table 3 Limits of detection
(LOD) of different sensor

systems for Pb2* I

2

3

4

5

6

Pb([)

Pb0l)

Pb0t)

Pb(il)

Pb(il)

Pb(il)

Electrochemical

Electro-chemiluminescence

DLS detection

Photoelectrochemical

Photoelectrochemical

Present work

1.05

0.01 1

0.035

0.1

0,05

0.03 x l0-2

0-1 00

0.25-1.0

0.1-1.0

0.5-20

0.1-50

0.1-10

t4sl

[46]

t47l

1+81

[4e]
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measurements was confirmed by their high r2 values' as

shown inTable Z'fnis conuersion is a purely statisticalthat

allows for the Ai'"ct totparison of the results with stand-

ard values.The unit; of a standard deviation are identi-

cal to the Uase unit' oi the data from which the standard

deviation *u, .uttututJ' ruUt" 3 lists the LODs of differ-

ent sensor ry""t' fo' Pb2* and demonstrates competitive

advantages ofthe proposed nanobiosensor as compared

with the existing ones'

3.7 Selectivity and interference studies

The effects of interfering elements ol OOt* detection by

the modified GCf were-evaluated' The,resPonse of the

modified electrode was recorded in Pb'* solutions con-

taining o*ter ions'lnihi' ""p"'i'nent' 
Cd2+' cr3+' Na+' K+'

il';;;'"';, Fe3+, zn2+, and cuin were chosen as interfering

ions to investigate ihe selectivity of the modified elec-

trode. The results demonstrated that the intensities of

signals from these interfering elements were very small

compared witn those for Pb21' However' Cd2* interfered

slightlY with Pb2+ detection'

5 Conclusions

An Ag-Au alloy NPs aptamer-modified GCE with good

;;o;.;" stabitiiy and reproducibitity was developed and

;;;J;"t detection of Pb2+ in realwater samples without

.ff..,, from interfering metal ions'The modified elec-

trode contained numerlus binding sites for Pb2* because

of the bimetallic NPs conjugated with an aptamer on the

GCE surface'The interaction between Pbr+ and aptamer

confirmtheformationofGquadruplexstructuresby

"nt,un."'"ntofe|ectrochemicaIsignaIwithconcentra-tion of pUt..fherefore, Pb2+ diffused around the aptamer

because of the strong electrostatic interactions between

if,.r" *.a"rials and bound to the phosphate backbone'

*ii.rl ,ruuit,zed the aptamer.The use of an aptamer and

f imetallic Nps markedly enhanced the sensitivity of the

GCE to around ten times that of a bimetallic NP-modified

GCE without aptamer' The modified GCE has potential

to contribute to new sensing applications in the field of

nanobiosensor research' The developed nanobiosensor

it tp,O among allthe existing techniques' due to its ease

of use, high sensitivity and responsiveness'
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nanoparticles. This means that structural changes of

rt,.,I"t *n.n Pb2* attached with it' Or coil structure

attain the quadruplex structure with alloy nanoparticles

;il;;;^;i;s of Pb2+ ions' Pb2* induced aptamer con-

i"r*","".f Zr'tungu' from random coilto G-quadruplex

(i+) witl., Ag-Au alloy nanoparticles'

On the surface of moaifiea electrode aptamer was self

.rr"tff "a 
by hybridizing with the 

-G: 
]ltl und forming

.o,lrn"t a"rtt"ft"ti" strJcture' The Pb2*-induced G-rich

DNA aptam", aupf"*'i'i"tt"a by addition of Pb2*'

which is unwinds and forms a stabilizing G-quadruplex'

Overall, Ag-Au alloy and aptamer modified GC electrode

offer good charge transport capacity and,large surface

area which make sensor highly unique and highly sensi-

tive and selective'

3.8 Reproducibility and storage stability

The reproducibility of the response of the modified GCE

was evaluated Oy comparing the anodic behavior in CV

DPV and ElS. Th; current in DPV was 0'069 prA and the

imaginary part of i*p"dance in ElSwas 8'78 for 0'01 Ug/L

Pb2+ solution una"ttft" optimized conditions'The rela-

tive standard deviation (RSD) calculated from the calibra-

tion plot drawn from the electrochemical techniques was

around 0.980/o for the modified electrode' revealing that

the electrode possessed good reproducibility'The stor-

age stability ot ift" toainud electrode was investigated

b-y repeated DPV and EIS measurements of a solution con-

'' ii 
"'l'n 

tu;{The electrode was stored at 4 "c and used

for 20 days consecutively' DPV and EIS measurements

wereconductEdunderthesameexperimentalconditions
each day.The results displayed an RSD of 0'5olo'Therefore'

the modifieO CCE showed good storage stability and

reProducibilitY'

4 DNA conformational changes imBrove- 
;h;i"t"iu.tion between leld (Pbz+)

and aPtamer

Pb2+ induced G-quadruplex (G4) complex have high sen-

,i,iui,y and selectivity (because of its smallest diameter

of Pb2* 130 pm) as compared with other heavy metal

ion, tOnt. Pb2* induced aptamer conformational changes

r,o*,undo'coiltoG-quadrup|ex(G4)withAg-Aualloy
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