
REFERENCES

A n to n io  C a s tro  N e to , F .G . and N u n o  M ig u e l Peres (2006 ) D ra w in g  co n c lu s io n s  

fro m  graphene. P h y s ic s  W o r ld , 19(11 )ะ33—7.

A t ie h , M .A . ,  N a z ir ,  N ., Y u s o f ,  F ., Fe ttouh i, M .,  R a tnam , C .T ., A lh a r th i,  M ., 

A b u - I la iw i,  F .A . ,  M o h a m m ed , K . ,  and A l- A m e r ,  A .  (2010 ) R a d ia t io n  

v u lc a n iz a t io n  o f  natu ra l rubber la tex  loaded  w ith  ca rbon  nanotubes. 

F u lle ren e s , N ano tubes  and C a rb o n  N a n o s tru c tu re s . 18(1), 56-71 .

Bane rjee , p. and M a n d a i, B .M .  (1995) C o n d u c t in g  p o ly a n il in e  n an op a rtic le  b lends 

w ith  e x trem e ly  lo w  p e rco la tio n  th resho lds. M a c ro m o le c u le s . 28(11), 3940 - 

3943.

B e c e r r il,  F I.A ., M a o , J., L iu ,  Z ., S to ltenberg , R .M .,  B ao , z . ,  and C hen , Y .  (2008) 

E v a lu a t io n  o f  so lu t io n -p ro ce ssed  reduced  g raphene o x id e  f i lm s  as 

transparen t conducto rs . A C S  N a n o . 2(3), 463-470 .

B e rge r, c . ,  Song , Z ., L i ,  T ., L i ,  X . ,  O g b a zg h i, A .Y . ,  F eng , R ., D a i, z . ,  M a rch en ko v , 

A .N . ,  C o n ra d , E .H ., F irs t, P .N ., and de H ee r, W .A .  (2004) U ltra th in  

e p ita x ia l g raph ite: 2 D  e le c tron  gas p rope rtie s  and a route  tow a rd  graphene- 

based n anoe le c tron ics . Jou rn a l o f  P h y s ic a l C h e m is t ry  B . 108(52), 19912- 

19916.

C h o d a k , I. and K ru p a , I. (1999) “ P e rco la t io n  e ffe c t”  and m e ch a n ic a l b eh av io r o f  

ca rbon  b la c k  f i l le d  p o lye th y len e . Jou rn a l o f  M a te r ia ls  S c ien ce  L e tte rs . 

18(18), 1457-1459.

C io fa n i,  G ., R a ffa , V . ,  Pensabene, V . , M e n c ia s s i,  A . ,  and D a r io , p. (2008) 

D is p e rs io n  o f  m u lt i-w a lle d  ca rbon  nanotubes in  aqueous p lu ro n ic  F 127 

so lu t io n s  fo r  b io lo g ic a l a p p lica tio n s . F u lle ren e s , N an o tub e s  and C a rb o n  

N a n o s tru c tu re s . 17(1), 11-25.

D e ite rs , J., Bôhnsted t, พ . ,  B oe s le r, J., and Ihm e ls , K .  (2006 ) A  n ew  p o lye th y le n e  

separator fo r h ea vy -du ty  tra c t io n  batteries. Jo u rn a l o f  P o w e r S o u rce s . 

158(2), 1069-1072.

D e lil le ,  R ., U rdane ta , M .,  H s ie h , K ., and Sm e la , E . (2006 ) N o v e l co m p lia n t 

e le ctrodes based on p la t in um  sa lt reduction . Sm art S tru ctu res and M a te r ia ls



66

2006: E le c tro a c t iv e  P o ly m e r  A c tu a to rs  and D e v ic e s  ( E A P A D ) ,  San  D ie g o , 

C A ,  V o lu m e  6168 , 6 1 68 1 Q - 6 1681Q .

F e rn â n d e z -M e r in o , M .J . ,  G u a rd ia , L .,  Paredes, J.I., V i l la r - R o d i l ,  ร . ,  S o lis -F e rn ân d e z , 

p ., M a r t in e z -A lo n s o , A . ,  and Tascôn , J .M .D . (2010 ) V it a m in  c  is  an idea l 

substitu te  fo r  h yd ra z in e  in  the re d u c tio n  o f  g raphene o x id e  suspensions. 

T h e  Jou rn a l o f  P h y s ic a l C h e m is try  c , 114(14), 6426 -6432 .

F isk e , T .J ., G o k tu rk , H .S ., and K a ly o n , D .M . (1997 ) P e rc o la t io n  in  m agnetic  

com pos ite s . Jou rn a l o f  M a te r ia ls  S c ie n c e , 32 (20 ), 5551 -5560 .

G o k tü rk , H .S ., F isk e , T .J ., and K a ly o n , D .M .  (1993) E ffe c ts  o f  p a rt ic le  shape and 

s ize  d is tr ib u t io n s  on the e le c tr ic a l and m agne tic  p rope rtie s  o f  

n ic k e l/p o ly e th y le n e  com pos ite s . Jou rn a l o f  A p p lie d  P o ly m e r  S c ie n c e , 

50(11), 1891-1901.

G ro s s io rd , N ., L o o s , J., R egev , o . ,  and K o n in g , C .E . (2006 ) T o o lb o x  fo r d isp e rs in g  

ca rbon  nanotubes in to  p o lym e rs  to get co n d u c t iv e  nanocom pos ite s . 

C h e m is t ry  o f  M a te r ia ls , 18(5), 1089-1099.

H aque , M .E . ,  D a fade r, N .C . ,  A k h ta r , F ., and A h m a d , M .u .  (1996 ) R a d ia t io n  dose 

requ ired  fo r  the v u lc a n iz a t io n  o f  natu ra l rubber la tex . R a d ia t io n  P h y s ic s  and 

C h e m is t ry , 48(4), 505-510 .

H e rnandez, M .,  B e rn a l, M .d .M .,  V e rd e jo , R ., E zqu e rra , T .A . ,  and L o p e z -M a n ch a d o , 

M .A .  (2012) O v e ra ll p e rfo rm ance  o f  n a tu ra l rubber/graphene 

n anocom pos ite s . C o m p o s ite s  S c ien ce  and T e c h n o lo g y , 73(0), 40-46 .

H u m m ers , พ . ร . ,  and O ffem an , R .E . (1958) P repa ra tion  o f  g ra p h it ic  o x id e . Jou rna l 

o f  the A m e r ic a n  C h e m ic a l S o c ie ty , 80(6), 1339-1339 .

I ij im a , ร .  (1991). H e lic a l m ic ro tu b u le s  o f  g rap h it ic  ca rbon . N a tu re , 354(6348 ), 56- 

58.

J ing , X . ,  Z h ao , พ . ,  and Lan , L .  (2000) T h e  e ffe c t o f  p a rt ic le  s ize  on e le c tr ic  

co n d u c t in g  p e rco la tio n  th re sho ld  in  p o lym e r/co n d u c t in g  p a rt ic le  

com pos ite s . Jou rn a l o f  M a te r ia ls  S c ie n ce  L e tte rs , 19(5), 377-379 .

K a la it z id o u ,  K . ,  F u ku sh im a , H ., and D rza l,  L .T . (2007 ) A  n ew  co m po u nd in g  

m ethod  fo r  e x fo lia te d  g ra p h ite -p o ly p ro p y le n e  n anocom pos ite s  w ith  

enhanced  f le x u ra l p rope rtie s  and lo w e r p e rco la t io n  th resho ld . C om p os ite s  

S c ie n ce  and T e c h n o lo g y , 67(10), 2045 -2051 .



67

K e lle r ,  L ., D e cke r , c., Z a h o u ily , K . ,  B e n fa rh i, ร ., L e  M e in s , J .M . ,  and M ie h e -  

B re n d le , J. (2004) S yn th es is  o f  p o ly m e r n an o com p os ite s  b y  U V - c u r in g  o f  

o rg a n o c la y -a c ry lic  res ins. P o ly m e r , 45(22), 7437 -7447 .

K h am p u t, p ., and Suw ee ro , K .  (2011) P rope rt ie s  o f  m o rta r m ix in g  w ith  m ed ium  

a m m o n ia  concen tra ted  latex . E n e rg y  P ro c e d ia , 9(0), 559-567 .

K im ,  T .A . ,  K im ,  H .S ., Lee , ร . ร . ,  and P a rk , M . (2012 ) S in g le -w a lle d  ca rbon  

n an o tu b e /s ilicon e  rubber com pos ite s  fo r co m p lia n t e lectrodes. C a rb o n , 

50(2), 444-449 .

K o s y n k in , D .V .H . ,  A m a n d a  L . S in it s k ii,  A le x a n d e r, Lo m ed a , Jay  R ., and D im ie v , 

A y ra t  (2009 ) L o n g itu d in a l u n z ip p in g  o f  ca rbon  nanotubes to fo rm  graphene 

n ano ribbon s. N a tu re , 458 (7240 ), 872 - 876.

K r is h n a m o o rth y , K .,  K im ,  G .-S ., and K im ,  S.J. (2013 ) G rap h en e  nanosheets: 

U lt ra so u n d  ass isted  syn thes is  and ch a ra c te r iza tio n . U lt ra so n ic s  

S o n o ch e m is try , 20(2), 644-649 .

K u eseng , P ., S ae -ou i, p ., and Rattanasom , N . (2013 ) M e c h a n ic a l and e le c tr ic a l 

p rope rtie s  o f  natu ra l rubber and n it r ile  rubber b lend s  f i l le d  w ith  m u lt i-w a ll 

ca rbon  nanotube: E f fe c t  o f  p repa ra tion  m ethods. P o ly m e r  T e s t in g , 32(4), 

731-738 .

K u ja w s k i,  M ., Pearse, J .D ., and Sm e la , E . (2010 ) E la s to m e rs  f i l le d  w ith  e x fo lia ted  

g raph ite  as co m p lia n t e lectrodes. C a rb o n , 48(9), 2409 -2417 .

Lee , ร .,  Lee , K . ,  and Z h on g , z .  (2010) W a fe r  sca le  hom ogeneous b ila y e r  graphene 

f i lm s  b y  ch e m ic a l v ap o r d epo s it ion . N a n o  L e tte rs , 10(11), 4702 -4707 .

M a , P .-C ., S id d iq u i, N .A . ,  M a ro m , G ., and K im ,  J .-K . (2010 ) D isp e rs io n  and

fu n c t io n a liz a t io n  o f  ca rbon  nanotubes fo r  p o lym e r-b a se d  nanocom pos ite s: A  

re v iew . C o m p o s ite s  Part A :  A p p lie d  S c ie n ce  and M a n u fa c tu r in g , 41(10), 

1345-1367 .

M a n m o u n , ร . (2013 ) Para  rubber w ith  A se a n  E c o n o m ic s  C o m m u n ity  P a ra  R ub b e r 

(R u b b e r R esea rch  Institu te o f  T h a ila n d ) , 34(1), 1-33.

M a r t in -G a lle g o , M .,  B e rn a l, M .M . ,  H e rnandez, M .,  V e rd e jo , R ., and L o p e z -  

M a n ch a d o , M .A .  (2013 ) C o m p a r is o n  o f  f i l le r  p e rco la t io n  and m echan ica l 

p rope rtie s  in  graphene and ca rbon  nanotubes f i l le d  e p o x y  nanocom pos ite s . 

Eu ro pean  P o ly m e r  Jo u rn a l, 49(6), 1347-1353.



68

M a to s , C .F .,  G a le m b e c k ,  F ., a n d  Z a rb in , A .J .G . ( 2 0 1 2 )  M u l t i f u n c t io n a l  m a te r ia ls  
b a s e d  o n  i r o n / i r o n  o x id e - f i l l e d  c a r b o n  n a n o tu b e s /n a tu r a l  r u b b e r  c o m p o s ite s .  
C a r b o n .  5 0 (1 2 ) ,  4 6 8 5 -4 6 9 5 .

M c A ll i s te r ,  M .J . ,  L i, J .- L . ,  A d a m s o n ,  D .H .,  S c h n ie p p ,  H .C .,  A b d a la ,  A .A .,  L iu , J ., 
F le r re r a -A lo n s o , M ., M i l iu s ,  D .L ., C a r ,  R .,  P r u d 'h o m m e ,  R .K .,  a n d  A k s a y ,
I .A . ( 2 0 0 7 )  S in g le  s h e e t  f u n c t io n a l iz e d  g r a p h e n e  b y  o x id a t io n  a n d  th e rm a l 
e x p a n s io n  o f  g ra p h ite .  C h e m is t r y  o f  M a te r i a l s , 1 9 (1 8 ) , 4 3 9 6 -4 4 0 4 .

M o is a la ,  A ., L i, Q ., K in lo c h , I .A ., a n d  W in d le ,  A .H . ( 2 0 0 6 )  T h e r m a l  a n d  e le c tr ic a l  
c o n d u c t iv i ty  o f  s in g le -  a n d  m u l t i - w a l le d  c a r b o n  n a n o tu b e - e p o x y  
c o m p o s i te s .  C o m p o s i te s  S c ie n c e  a n d  T e c h n o lo g y , 6 6 (1 0 ) ,  1 2 8 5 -1 2 8 8 .

M o n i r u z z a m a n , M ., a n d  W in e y , K .I . (2 0 0 6 )  P o ly m e r  n a n o c o m p o s i te s  c o n ta in in g  
c a r b o n  n a n o tu b e s .  M a c r o m o le c u le s , 3 9 (1 6 ) ,  5 1 9 4 -5 2 0 5 .

M u s ta f a ,  L ., Y e n n y , H ., J , K .P . ,  J , S .R ., V a le r ia ,  N . ,  ร , K .L .,  M , B .F ., S u k a n ta ,  D .E ., 
Z h im in g ,  พ . ,  M c G o v e rn  I, T ., ร , D .G .,  a n d  N , C .J .  ( 2 0 0 9 )  L iq u id  p h a s e  
p r o d u c t io n  o f  g r a p h e n e  b y  e x f o l ia t io n  o f  g r a p h i te  in  s u r f a c ta n t /w a te r  
s o lu t io n s .  J o u rn a l  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie ty ,  1 3 1 (1 0 ) ,  36 1 1  -3 6 2 0 .

N e th r a v a th i ,  c., R a ja m a th i ,  J .T .,  R a v is h a n k a r ,  N., S h iv a k u m a ra ,  c., a n d  R a ja m a th i ,  
M . ( 2 0 0 8 )  G r a p h i te  o x id e - in te r c a la te d  a n io n ic  c la y  a n d  its  d e c o m p o s i t io n  
to  g r a p h e n e - in o r g a n i c  m a te r ia l  n a n o c o m p o s i te s .  L a n g m u i r , 2 4 (1 5 ) ,  8 2 4 0 -  
8 2 4 4 .

N o v o s e lo v ,  K .S . ,  G e im , A .K .,  M o ro z o v , S .V ., J ia n g ,  D ., Z h a n g ,  Y ., D u b o n o s ,  S .V ., 
G r ig o r ie v a ,  I .V ., a n d  F ir s o v , A .A . ( 2 0 0 4 )  E le c t r ic  f ie ld  e f f e c t  in  a to m ic a l ly  
th in  c a r b o n  f i lm s . S c ie n c e , 3 0 6 ( 5 6 9 6 ) ,  6 6 6 - 6 6 9 .

P a n g , FI., C h e n ,  T ., Z h a n g , G ., Z e n g , B .,  a n d  L i, Z .- M . ( 2 0 1 0 )  A n  e le c t r i c a l ly  
c o n d u c t in g  p o ly m e r /g ra p h e n e  c o m p o s i te  w i th  a  v e r y  lo w  p e r c o la t io n  
th re s h o ld .  M a te r ia ls  L e t te r s , 6 4 (2 0 ) ,  2 2 2 6 -2 2 2 9 .

P a ra d is e ,  M . a n d  G o s w a m i,  T . (2 0 0 7 )  C a r b o n  n a n o tu b e s  -  P r o d u c t io n  a n d  in d u s tr ia l  
a p p l ic a t io n s .  M a te r ia ls  &  D e s ig n , 2 8 (5 ) ,  1 4 7 7 -1 4 8 9 .

P e lr in e ,  R ., K o rn b lu h ,  R ., P e i, Q ., a n d  J o s e p h ,  J. ( 2 0 0 0 )  H ig h - S p e e d  e le c t r ic a l ly  
a c tu a te d  e la s to m e rs  w i th  s tr a in  g r e a te r  th a n  1 0 0 % . S c ie n c e . 2 8 7 (5 4 5 4 ) ,  
8 3 6 -8 3 9 .



69

P iy a -a r e e th a m , P ., P r a s a s s a r a k ic h ,  p . ,  a n d  R e m p e l ,  G .L . ( 2 0 1 3 )  O r g a n ic  s o lv e n t-  
f re e  h y d r o g e n a t io n  o f  n a tu r a l  r u b b e r  la te x  a n d  s y n th e t ic  p o ly is o p re n e  
e m u ls io n  c a ta ly z e d  b y  w a te r - s o lu b le  r h o d iu m  c o m p le x e s .  J o u rn a l  o f  
M o le c u la r  C a ta ly s is  A : C h e m ic a l , 3 7 2 (0 ) ,  1 5 1 -1 5 9 .

P r e e th a  N a i r ,  K ., T h o m a s ,  p . ,  a n d  J o s e p h ,  R . ( 2 0 1 2 )  L a te x  s ta g e  b le n d in g  o f  
m u l t iw a l le d  c a r b o n  n a n o tu b e  in  c a r b o x y la te d  a c r y lo n i t r i le  b u ta d ie n e  ru b b e r :  
M e c h a n ic a l  a n d  e le c t r i c a l  p r o p e r t ie s .  M a te r ia ls  &  D e s ig n , 4 1 (0 ) ,  2 3 -3 0 .

R a s to g i ,  R ., K a u s h a l ,  R ., T r ip a th i ,  S .K ., S h a rm a , A .L .,  K a u r ,  I ., a n d  B h a ra d w a j ,  L .M . 
( 2 0 0 8 )  C o m p a r a t iv e  s tu d y  o f  c a r b o n  n a n o tu b e  d i s p e r s io n  u s in g  s u r fa c ta n ts .  
J o u r n a l  o f  C o l lo id  a n d  In te r fa c e  S c ie n c e . 3 2 8 (2 ) ,  4 2 1 - 4 2 8 .

R o s s e t ,  ร . a n d  S h e a , H . ( 2 0 1 3 )  F le x ib le  a n d  s t r e tc h a b le  e le c t r o d e s  fo r  d ie le c t r ic  
e la s to m e r  a c tu a to rs .  A p p l ie d  P h y s ic s  A . 1 1 0 (2 ) , 2 8 1 - 3 0 7 .

S c h la a k , H .F . ,  J u n g m a n n , M ., M a ty s e k , M ., a n d  L o tz , p .  ( 2 0 0 5 ,  M a rc h )  N o v e l  
m u l t i l a y e r  e le c t ro s ta t i c  s o l id  s ta te  a c tu a to r s  w i th  e la s t ic  d ie le c t r ic  ( In v ite d  
P a p e r ) .  P ro g rè s  p r e s e n t  a t  S m a r t  S tr u c tu re s  a n d  M a te r ia ls  2 0 0 6 : 
E le c t r o a c t iv e  P o ly m e r  A c tu a to r s  a n d  D e v ic e s  ( E A P A D ) , S a n  D ie g o , C A .

S e k i ta n i ,  T ., N o g u c h i ,  Y ., P la ta , K ., F u k u s h im a , T ., A id a , T .,  a n d  S o m e y a ,  T . (2 0 0 8 )  
A  r u b b e r l ik e  s t r e tc h a b le  a c t iv e  m a tr ix  u s in g  e la s t ic  c o n d u c to r s .  S c ie n c e , 
3 2 1 ( 5 8 9 5 ) ,  1 4 6 8 -1 4 7 2 .

S e n g u p ta ,  R ., B h a t ta c h a ry a ,  M ., B a n d y o p a d h y a y ,  ร . ,  a n d  B h o w m ic k ,  A .K . (2 0 1 1 )  
A  r e v ie w  o n  th e  m e c h a n ic a l  a n d  e le c t r i c a l  p r o p e r t ie s  o f  g r a p h ite  a n d  
m o d if ie d  g r a p h i te  r e in f o r c e d  p o ly m e r  c o m p o s i te s .  P ro g r e s s  in  P o ly m e r  
S c ie n c e . 3 6 (5 ) ,  6 3 8 -6 7 0 .

S im ie n , D ., F a g a n , J .A .,  L u o , พ . ,  D o u g la s ,  J .F .,  M ig le r ,  K . ,  a n d  O b rz u t ,  J . (2 0 0 8 )  
In f lu e n c e  o f  n a n o tu b e  le n g th  o n  th e  o p t ic a l  a n d  c o n d u c t iv i ty  p r o p e r t ie s  o f  
th in  s in g le - w a l l  c a r b o n  n a n o tu b e  n e tw o rk s .  A C S  N a n o . 2 (9 ) .  1 8 7 9 -1 8 8 4 .

S in c h a r o e n k u l ,  C .R .A .O .T . ( 2 0 1 2 )  " P a ra  r u b b e r  s i t u a t io n  in  2 0 1 3 ."  R e t r ie v e d  
d e c e m b e r ,2 0 1 2 .

S o m e y a , T . a n d  S e k i ta n i ,  T . ( 2 0 0 9 )  P r in te d  s k in - l ik e  l a r g e - a r e a  f le x ib le  s e n s o rs  a n d  
a c tu a to r s .  P r o c e d ia  C h e m is t r y . 1 (1 ). 9 -1 2 .

S o h il ,  A ., T u s h a r ,  G ., a n d  J o h n , M . ( 2 0 0 7 )  D ie le c t r ic  e l a s to m e r  b a s e d  p r o to ty p e  
f ib e r  a c tu a to r s .  S e n s o rs  a n d  A c tu a to r s  A : P h y s ic a l . 1 3 6 (1 ) , 3 2 1 -3 2 8 .



70

S p i ta ls k y , Z ., T a s is ,  D ., P a p a g e l is ,  K ., a n d  G a l io t is ,  c. ( 2 0 1 0 )  C a r b o n  n a n o t u b e -  
p o ly m e r  c o m p o s i te s :  C h e m is tr y ,  p r o c e s s in g ,  m e c h a n ic a l  a n d  e le c t r ic a l  
p r o p e r t ie s .  P ro g r e s s  in  P o ly m e r  S c ie n c e , 3 5 (3 ) ,  3 5 7 - 4 0 1 .

S ta n k o v ic h ,  ร .,  D ik in , D m itr iy  A .D o m m e tt ,  G e o f f r e y  H . B ., K o h lh a a s ,  K e v in  M ,  
Z im n e y ,  E r ic  J .,  a n d  S ta c h , E r ic  A . ( 2 0 0 6 )  G r a p h e n e - b a s e d  c o m p o s i te  
m a te r ia ls .  N a tu r e ,  4 4 2 ( 7 1 0 0 ) ,  2 8 2  - 2 8 6 .

รน, X ., W a n g , G ., L i, พ . ,  B a i, J . ,  a n d  W a n g , H . ( 2 0 1 3 )  A  s im p le  m e th o d  fo r  
p r e p a r in g  g r a p h e n e  n a n o - s h e e ts  a t lo w  te m p e r a tu r e .  A d v a n c e d  P o w d e r  
T e c h n o lo g y , 2 4 (1 ) ,  3 1 7 -3 2 3 .

S z a b o , T ., S z e r i ,  A . ,  a n d  D é k â n y , I. ( 2 0 0 5 )  C o m p o s i te  g r a p h i t i c  n a n o la y e r s  
p r e p a r e d  b y  s e l f - a s s e m b ly  b e tw e e n  f in e ly  d i s p e r s e d  g r a p h i te  o x id e  a n d  a  
c a t io n ic  p o ly m e r . C a r b o n , 4 3 (1 ) ,  8 7 -9 4 .

T k a ly a ,  E .E .,  G h is la n d i ,  M ., d e  W ith , G ., a n d  K o n in g ,  C .E . ( 2 0 1 2 )  T h e  u s e  o f  
s u r f a c ta n t s  fo r  d is p e r s in g  c a r b o n  n a n o tu b e s  a n d  g r a p h e n e  to  m a k e  
c o n d u c t iv e  n a n o c o m p o s i te s .  C u r r e n t  O p in io n  in  C o l lo id  &  In te r fa c e  
S c ie n c e , 1 7 (4 ) , 2 2 5 -2 3 2 .

T s u c h iy a ,  K ., S a k a i ,  A ., N a g a o k a ,  T ., U c h id a ,  K ., F u r u k a w a , T .,  a n d  Y a j im a , H .
( 2 0 1 1 )  H ig h  e le c t r ic a l  p e r f o rm a n c e  o f  c a r b o n  n a n o tu b e s / r u b b e r  c o m p o s i te s  
w i th  lo w  p e r c o la t io n  th r e s h o ld  p r e p a r e d  w i th  a  r o t a t io n - r e v o lu t io n  m ix in g  
te c h n iq u e .  C o m p o s i te s  S c ie n c e  a n d  T e c h n o lo g y , 7 1 (8 ) ,  1 0 9 8 -1 1 0 4 .

W a n g . J .Z .Y . a n d  B o g n e r ,  R .H . ( 1 9 9 5 )  T e c h n iq u e s  to  m o n i to r  th e  u v  c u r in g  o f  
p o te n t ia l  s o lv e n t - f r e e  f i lm -c o a t in g  p o ly m e r s .  I n te r n a t io n a l  J o u rn a l  o f  
P h a r m a c e u t i c s , 1 1 3 (1 ) , 1 1 3 -1 2 2 .

W a n g , X ., Z h i , L ., a n d  M u lle n , K . ( 2 0 0 7 )  t r a n s p a r e n t ,  c o n d u c t iv e  g ra p h e n e  
e le c t ro d e s  f o r  d y e - s e n s i t i z e d  s o la r  c e lls . N a n o  L e t t e r s , 8 (1 ) , 3 2 3 -3 2 7 .

Y ig i t ,  ร . ,  H a c a lo g lu ,  J .,  A k b u lu t ,  บ . ,  a n d  T o p p a r e ,  L . ( 1 9 9 6 )  C o n d u c t in g  p o ly m e r  
c o m p o s i te s  o f  p o ly th io p h e n e  w i th  n a tu ra l  a n d  s y n th e t ic  r u b b e r s .  S y n th e t ic  
M e ta l s . 7 9 (1 ) ,  1 1 -1 6 .

Y u a n , Y . a n d  S h i , พ .  ( 2 0 1 2 )  A  n o v e l  L D H  n a n o f i l l e r  in te r c a la te d  b y  s i l s e s q u io x a n e  
fo r  p r e p a r in g  o r g a n ic / in o rg a n ic  h y b r id  c o m p o s i te s .  A p p l ie d  C la y  S c ie n c e , 
6 7 - 6 8 ( 0 ) ,  8 3 -9 0 .



71

Z h a n g , Q .-H . a n d  C h e n , D .-J . (2 0 0 4 )  P e rc o la t io n  th r e s h o ld  a n d  m o r p h o lo g y  o f  
c o m p o s i te s  o f  c o n d u c t in g  c a r b o n  b l a c k /p o ly p r o p y le n e /E V A . J o u rn a l  o f  
M a te r ia ls  S c ie n c e , 3 9 (5 ) , 1 7 5 1 -1 7 5 7 .

Z h o u , T ., C h e n , F ., T a n g ,  c., B a i, H ., Z h a n g , Q., D e n g , H .,  a n d  F u , Q. ( 2 0 1 1 )  T h e  
p r e p a r a t io n  o f  h ig h  p e r f o rm a n c e  a n d  c o n d u c t iv e  p o ly  (v in y l 
a lc o h o l ) /g r a p h e n e  n a n o c o m p o s i te  v ia  r e d u c in g  g r a p h i te  o x id e  w i th  s o d iu m  
h y d r o s u lf i te .  C o m p o s i te s  S c ie n c e  a n d  T e c h n o lo g y , 7 1 (9 ) ,  1 2 6 6 -1 2 7 0 .



A P P E N D IC E S

Appendix A Raman Spectra of The Synthesized Graphene

R a m a n  s p e c t r o s c o p y  w a s  u s e d  to  v e r i f y  g r a p h i te  a n d  g r a p h e n e  d u e  to  th e  a b i l i ty  
to  id e n t i fy  a n d  c h a r a c te r iz e  a ll th e  m e m b e r s  o f  th e  c a r b o n  f a m i ly .  T h e  c h a r a c te r iz a t io n s  
w e re  n o n d e s t r u c t iv e ,  f a s t ,  w i th  h ig h  r e s o lu t io n  a n d  g iv e  th e  m a x im u m  s tr u c tu r a l  a n d  
e le c t ro n ic  in fo rm a t io n .  T h e  in d ic a t io n s  o f  g r a p h i te  r a w  m a te r ia l  a n d  s y n th e s iz e d  
g r a p h e n e  w e r e  m e a s u r e d  b y  th e  R a m a n  s p e c t r o s c o p y  ( N T - M D T , N T E G R A  S p e c tra )  
w i th  6 3 2 .8  n m  e x c i ta t io n  la se r , o b je c t iv e  le n s  lO O x a n d  a c c u m u la te  t im e  6 0 s  f ro m  
N a t io n a l  N a n o te c h n o lo g y  C e n te r .

T h e  m a in  f e a tu r e s  in  th e  R a m a n  s p e c t r a  o f  c a r b o n s  a r e  c a l l e d  G  a n d  D  p e a k s , 
w h ic h  lie  a t  a r o u n d  1 5 6 0  a n d  1 3 6 0  c m -1 , r e s p e c t iv e ly ,  f o r  v i s ib le  e x c i ta t io n .  T h e  G  p e a k  
r e p r e s e n ts  th e  b o n d  s t r e tc h in g  o f  a ll p a i r s  o f  s p 2 a to m s  in  b o th  r in g s  a n d  c h a in s . T h e  D  
p e a k  r e fe r s  to  th e  b r e a th in g  m o d e s  o f  s p 2 a to m s  in  th e  r in g s . A n o th e r  p e a k  is 2 D , a t 
2 7 0 0  c m "1, w h ic h  is  th e  s e c o n d  o r d e r  o f  D  p e a k . A  s ig n i f ic a n t  c h a n g e  in  th e  s h a p e  a n d  
in te n s i ty  o f  th e  2 D  p e a k  o f  g r a p h e n e  c o m p a re d  to  b u lk  g r a p h i te  is th a t  th e  2 D  p e a k  in  
b u lk  g r a p h i te  c o n s is ts  o f  tw o  c o m p o n e n ts  (2 D i a n d  2 D 2), w h i le  g r a p h e n e  h a s  o n ly  o n e  
p e a k  (2 D ) . M o r e o v e r ,  g r a p h e n e  h a s  a  s in g le ,  s h a r p  2 D  p e a k ,  r o u g h ly  f o u r  t im e s  m o re  
in te n s e  th a n  th e  G  p e a k  (F e r ra r i ,  2 0 0 7 ) .
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Figure A1 R a m a n  s p e c t ru m  o f  th e  r a w  g ra p h ite .
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Figure A 2  R a m a n  s p e c t ru m  o f  th e  g r a p h e n e  m u l t i la y e r s .
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Appendix B XRD Pattern of The Synthesized Graphene

T h e  w id e  a n g le  X - ra y  d i f f r a c t io n  m ic r o s c o p e  ( X R D )  w a s  u s e d  to  s tu d y  th e  
c r y s ta l  s t r u c tu r e  b e lo w  th e  n a n o m e te r  s c a le . T h e  C u K - a lp h a  r a d ia t io n  s o u rc e  w a s  
o p e ra te d  a t  4 0  k V /3 0  m A . K - b e ta  f i l te r  w a s  u s e d  to  e l im in a te  in te r f e r e n c e  p e a k . 
D iv e r g e n c e  s l i t  a n d  s c a t te r in g  s li t  0 .5  d e g  to g e th e r  w i th  0 .3  m m  o f  r e c e iv in g  s l i t  w e re  s e t 
o n  th e  in s t r u m e n t .  T h e  g r a p h e n e  p o w d e r  w a s  p la c e d  in to  a  s a m p le  h o ld e r  a n d  th e  
m e a s u r e m e n t  w a s  c o n t in u o u s ly  ru n . T h e  e x p e r im e n ts  w e r e  r e c o r d e d  b y  m o n i to r in g  th e  
d i f f r a c t io n  a p p e a r in g  in  th e  d i f f r a c t io n  a n g le  (2 0 )  r a n g e  f ro m  10 to  8 0  w i th  a  s c a n  s p e e d  
5 d e g /m in  a n d  a  s c a n  s te p  0 .0 2  d e g .

0 20 40 60 80 100

2 - T h e t a  ( d e g )

Figure B1 X R D  p a t te r n  o f  th e  r a w  g ra p h ite .
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Figure B 2  X R D  p a t te r n  o f  th e  g r a p h e n e  m u l t i la y e r s .
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Appendix c  FT-IR Spectra of The Synthesized Graphene and Natural Rubber 
(NR)

F o u r ie r  T r a n s f o r m  In f r a r e d  S p e c t r o s c o p y  ( F T - I R )  w a s  u s e d  to  in v e s t ig a te  th e  
c h a r a c te r i s t ic  v ib r a t io n  f r e q u e n c ie s  o f  th e  m o le c u le s  in  o r d e r  to  d e t e r m in e  th e  m o le c u la r  
s t r u c tu r e  o f  th e  s a m p le s .  T h is  te c h n iq u e  e m p lo y e d  th e  a b s o r p t io n  m o d e  w ith  3 2  s c a n s  a  
r e s o lu t io n  o f  ± 4  c m ’1, c o v e r in g  a  w a v e le n g th  r a n g e  o f  4 0 0 - 4 0 0 0  c m ’1, u s in g  d e u te r a te d  
t r ig ly c in e  s u l f a te  a s  a  d e te c to r .  O p t ic a l  g ra d e  K B r  p o w d e r  w a s  u s e d  a s  a  b a c k g ro u n d  
m a te r ia l  to  c h a r a c te r iz e  th e  s y n th e s iz e d  g r a p h e n e  a n d  th e  g r a p h i te  r a w  m a te r ia l .  T h e  
s a m p le  p o w d e r  w a s  g r o u n d  w i th  K B r  a n d  p r e s s e d  to  fo rm  p a l le ts  b e f o r e  te s t in g . In  
a d d i t io n ,  N R  f i lm s  w e r e  c h a r a c te r iz e d  fo r  th e  f u n c t io n a l  g r o u p s  b y  u s in g  th e  A tte n u a te d  
to ta l  r e f le c ta n c e  ( A T R )  m o d e .

1 0 .0 4

10.02 -

<L>«น)
เร ํ่ 10.00 - 1C/3G03

9 .9 8  -

1000 2000 3 0 0 0 4000
W avenumber (cm ’ )

Figure C l F T - I R  s p e c t ru m  o f  th e  r a w  g ra p h ite .
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Figure C 2  F T - I R  s p e c t ru m  o f  th e  s y n th e s iz e d  g r a p h i te  o x id e .
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W a v e n u m b e r  ( c m " 1)

Figure C 3  F T - I R  s p e c t ru m  o f  th e  s y n th e s iz e d  g r a p h e n e  o x id e .

Table C l A s s ig n m e n ts  o f  th e  fu n d a m e n ta l  v ib r a t io n  m o d e s  f o r  g r a p h e n e  o x id e  
( K r i s h n a m o o r th y ,  2 0 1 3 )

A s s ig n m e n t W a v e n u m b e r  ( c m ’1)

O H  s t r e tc h in g 3 2 6 0
c= 0  s t r e tc h in g 1 7 2 8
C - C  v ib r a t io n 1 6 0 0
C - O H  b e n d in g 14 13
C - 0  s t r e tc h in g 1 2 5 0
C - 0  s t r e tc h in g 1 0 5 0
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Figure C 4  F T - I R  s p e c t ru m  o f  p u re  n a tu ra l  ru b b e r .
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Table C2 A s s ig n m e n ts  o f  th e  f u n d a m e n ta l  v ib r a t io n  m o d e s  f o r  p u re  N R  ( G u id e l l i ,
2 0 1 1 )

A s s ig n m e n t W a v e n u m b e r  ( c m '1)

C H 3 s t r e tc h in g 2 9 6 0
C H 2 a s y m m e tr y  s t r e tc h in g 2 9 2 0
C H 2 s y m m e tr y  s t r e tc h in g 2 8 5 5
c= 0  s y m m e tr ic  s t r e tc h in g 1 6 6 7
C H 2 b e n d in g 1 4 4 7
C - H  a s y m m e tr ic  b e n d in g 1 3 7 6
C H 2 w a g g in g 1 1 2 6
C - C H 2 s t r e tc h in g 1 0 8 6
C = C - H  b e n d in g 8 3 8
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Appendix D TGA Themogram of The Natural Rubber Film and Its Composites

A  th e r m o g r a v im e tr ic  a n a ly z e r  ( T h e rm o , T G A  Q  5 0 )  w a s  u s e d  to  d e te r m in e  th e  
th e rm a l  b e h a v io r  o f  th e  N R  f i lm . T h e  th e rm a l  b e h a v io r  w a s  e x a m in e d  b y  w e ig h t in g  
s a m p le  o f  4 -5  m g  a n d  lo a d e d  in to  a  p la t in u m  p a n . T h e  m a s s  c h a n g e  u n d e r  th e  
t e m p e r a tu r e  s c a n  f ro m  3 0  to  5 5 0  °c a t  a  h e a t in g  r a te  o f  10 ° c /m in  a n d  u n d e r  th e  n i t r o g e n  
f lo w  w a s  m o n i to r e d  a n d  r e c o r d e d .

Figure D1 T G A  th e m o g r a m  o f  th e  c r o s s l in k e d  N R  w i th  v a r io u s  c r o s s l in k  t im e s  a n d  a  
f ix e d  c r o s s l in k in g  r a t io  o f  2 .0  % v /v .
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Figure D 2  T G A  th e m o g r a m  o f  th e  c r o s s l in k e d  N R  w i th  v a r io u s  c r o s s l in k in g  
c o n c e n t r a t io n s  a n d  a  f ix e d  c r o s s l in k in g  t im e  o f  7  m in u te .
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Figure D 3  T G A  th e m o g r a m  o f  th e  c r o s s l in k e d  N R  w i th  v a r io u s  c o n c e n t r a t io n s  o f  
c o m m e r c ia l  g r a p h e n e ,  a  f ix e d  c r o s s l in k in g  t im e  o f  7 m in u te  a n d  c r o s s l in k in g  
c o n c e n t r a t io n  o f  5 .0  %  v /v .
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T a b l e  D 1 S u m m a ry  o f  th e  th e rm a l  b e h a v io r  o f  N R  f i lm

S a m p le O n s e t  T e m p e r a tu r e ,  To,
( ๐๑

D e r iv a t iv e  P e a k  
T e m p e r a tu r e ,  Tp,

( ° C )

P u r e  N R 2 2 3 .7 7 3 5 2 .2 9

C r o s s l in k in g  t im e s  
(m in )

0 2 2 9 .1 6 3 5 3 .2 4

7 2 0 8 .9 0 3 5 5 .6 6
15 2 1 0 .4 2 3 6 0 .6 8

C r o s s l in k in g
c o n c e n t r a t io n s

( % v /v )

0.1 2 3 1 .9 5 3 6 3 .2 2

0 .5 2 3 1 .9 5 3 6 3 .4 5

1.0 2 4 0 .5 1 3 6 1 .9 9

3 .0 2 4 3 .4 0 3 6 2 .5 2

5 .0 2 4 9 .6 1 3 5 9 .9 1

G r a p h e n e
c o n c e n t r a t io n s

( % v /v )

0 2 7 3 .5 5 3 7 2 .3 3

0 .01 2 6 5 .0 1 3 6 6 .3 2
0.1 2 6 0 .1 1 3 7 1 .2 6
1.0 2 5 1 .1 7 3 6 8 .0 5
5 .0 2 4 5 .0 7 3 7 0 .6 8

1 0 .0 2 5 5 .1 3 3 7 4 .4 3
2 0 .0 2 5 8 .0 4 3 7 2 .7 3



86

T a b l e  D 2  T h e r m a l  b e h a v io r  a s s ig n a t io n s  f o r  T G A  b e h a v io r  o f  N R  f ilm

B e h a v io r T e m p e r a tu r e  ( ๐C ) R e f e re n c e s

R e m o v a l  o f  a d s o r b e d  w a te r  
o n  th e  s u r fa c e b e lo w  2 0 0 L u  et al., 2 0 0 6

D e c o m p o s i t io n  o f  C -C  
lin k a g e s 2 0 0  - 2 7 0 Y a h y a  et al., 20 11

D e g r a d a t io n  o f  c a r b o n  
b a c k b o n e A b o v e  3 5 0 S h a r i f  et al., 2 0 0 5



87

Appendix E Mole Percent Uptake of Solvent, Weight Loss, and Crosslink Density 
Determined by Swelling Method

D r ie d  r u b b e r  s h e e ts  w e r e  p r e p a r e d  b y  c a s t in g  th e  la te x  o n  g la s s  p la te s  a n d  
c u re d  u n d e r  u v  r a d ia t io n  w i th  v a r io u s  u v  i r r a d ia t io n  t im e s  a n d  c o n c e n t r a t io n  o f  
c ro s s l in k e r .  T h e  th in  f i lm s  w e r e  c u t  in to  s m a ll  p ie c e s  (1 c m 2) a n d  th e n  im m e rs e d  in  
to lu e n e  ( 1 5 0  m L )  u n ti l  th e  s w e l l in g  r e a c h e s  th e  e q u i l ib r iu m  (3  d a y s ) . T h e  m o le  p e rc e n t  
u p ta k e  o f  s o lv e n t ,  w e ig h t  lo s s ,  a n d  c r o s s l in k in g  d e n s i ty  o f  c r o s s l in k e d  N R  w e re  
c a lc u la te d  f ro m  th e  f o l lo w in g  e q u a t io n s ;

พ c-w0
M o le  p e r c e n t  u p t a k e  o f  s o l v e n t  =  — --J2— X 1 0 0  ( E l )Mw

w h e re  W o a n d  w t a re  th e  w e ig h ts  o f  d r ie d  a n d  s w o l le n  s a m p le s ,  r e s p e c t iv e ly .  Mw is  th e  
m o la r  m a s s  o f  to lu e n e  ( 9 2 .1 4  g  m o l" 1).

%  W e ig h t  lo s s  =  X 1 0 0  (E 2 )

w h e re  Mj a n d  Md a re  th e  w e ig h t  o f  d r ie d  r u b b e r  b e f o r e  a n d  a f te r  s o a k in g  in  to lu e n e .

„  _  ~ [in (l-Vr)+Vr + XiVr2] /T7-V,
v '  ท ั้( ’

w h e re  v c is  e f f e c t iv e  n u m b e r  o f  c h a in s  in  a re a l  n e tw o rk  p e r  u n it  v o lu m e , v r is v o lu m e  
f ra c t io n  o f  p o ly m e r  in  a  s w o lle n  n e tw o rk  in  e q u i l ib r iu m  w i th  p u re  s o lv e n t  a n d  is 
c a lc u la te d  as:

, 7 _  W eight of dry ru b b er/d en sity  o f dry rubber
*r Weight of dry rubber 1 Weight of solvent absorbed by sample 

Density of dry rubber Density of solvent
(E 4 )
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Xi is p o ly m e r - s o lv e n t  in te r a c t io n  p a r a m e te r  ( 0 .3 9 1 )  a n d  V/ is  m o le c u la r  v o lu m e  o t  
s o lv e n t .

Table E l  S w e l l in g  r e s u l t s  o f  c r o s s l ik e d  N R  f i lm s  a t  v a r io u s  uv  i r r a d ia t io n  t im e s , f ix e d  
c r o s s l in k in g  r a t io  2 .0  % v /v

UV
irradiation 

times (min)
No.

Weight 
before 

swelling (g)

Weight after 
swelling (g)

Dried
weight

(g)

Mole % 
uptake o f  
toluene

Weight loss 
(%)

Crosslink
density

(mole/cm3)
1 0.0396 - - - 100.00 -

0 2 0.0508 - - - 100.00 -
3 0.0494 - - - 100.00 -
1 0.0599 1.2140 0.0329 1.0318 45.08 4.38E-08

3 2 0.0514 1.0042 0.0263 1.0298 48.83 1.62E-07
3 0.0481 0.7913 0.0226 1.0193 53.01 9.14E-07
1 0.0405 0.6020 0.0313 1.0123 22.72 3.15E-07

5 2 0.0355 0.4509 0.0167 0.9999 52.96 1.62E-06
3 0.0442 0.6746 0.0254 1.0142 42.54 3.58E-07
1 0.0298 0.2775 0.0278 0.9688 6.71 1.10E-06

7 2 0.0383 0.3489 0.0345 0.9662 9.92 1.52E-06
3 0.0393 0.3802 0.0346 0.9731 11.96 4.22E-07
1 0.0401 0.2790 0.0371 0.9293 7.48 2.70E-06

10 2 0.0360 0.2607 0.0334 0.9354 7.22 3.17E-06
3 0.0357 0.2610 0.0325 0.9369 8.96 2.39E-06
1 0.0276 0.1685 0.0257 0.9075 6.88 8.74E-06

12 2 0.0287 0.1883 0.0277 0.9199 3.48 2.91E-05
3 0.0267 0.1702 0.0257 0.9150 3.74 2.17E-06
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Table El S w e l l in g  r e s u l t s  o f  c r o s s l ik e d  N R  f i lm s  a t  v a r io u s  u v  i r r a d ia t io n  t im e s , f ix e d  
c o n c e n t r a t io n  o f  c r o s s l in k e r  2 .0  % v /v  ( c o n t in u e  1)

UV
irradiation 

times (min)
No.

Weight 
before 

swelling (g)

Weight after 
swelling (g)

Dried
weight

(g)

Mole % 
uptake o f  
toluene

Weight loss 
(%)

Crosslink
density

(mole/cm3)
1 0.0402 0.6858 0.0246 1.0217 38.81 6.69E-06

15 2 0.0388 0.6236 0.0227 1.0178 41.50 2.37E-07
3 0.0331 0.5281 0.0207 1.0173 37.46 1.57E-06

Table E2 S w e l l in g  r e s u lt s  o f  c r o s s l ik e d  N R  f i lm s  a t  v a r io u s  c o n c e n t r a t io n s  o f  
c r o s s l in k e r ,  f ix e d  u v  i r r a d ia t io n  t im e  7 m in

Concentratio 
ท o f

crosslinker
(%v/v)

No.
Weight 
before 

swelling (g)

Weight after 
swelling (g)

Dried
weight

(g)

Mole up 
take o f  
toluene

(%)

Weight loss 
(%)

Crosslink
density

(mole/cm3)

1 0.0396 - - - 100.00 -
0 2 0.0508 - - - 100.00 -

3 0.0494 - - - 100.00 -
1 0.0393 - - - 100.00 -

0.1 2 0.0322 - - - 100.00 -
3 0.0289 - - - 100.00 -
1 0.0442 1.1931 0.0195 1.0451 55.88 3.00E-04

0.5 2 0.0326 0.8192 0.0183 1.0421 43.86 2.82E-05
3 0.0386 0.9982 0.0171 1.0433 55.70 3.90E-05
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T a b l e  E 2  S w e l l in g  r e s u l t s  o f  c r o s s l ik e d  N R  f i lm s  a t  v a r io u s  c o n c e n t r a t io n s  o f  
c r o s s l in k e r ,  f ix e d  u v  i r r a d ia t io n  t im e  7  m in  ( c o n t in u e  1 )

Concentratio 
ท o f

crosslinker
(%v/v)

NO.
Weight 
before 

swelling (g)

Weight after 
swelling (g)

Dried
weight

(g)

Mole up 
take o f  
toluene

(%)

Weight loss 
(%)

Crosslink
density

(mole/cm3)

1 0.0269 0.6444 0.0145 2.4910 46.09 0.29E-05
1.0 2 0.0280 0.6448 0.0159 2.3900 43.21 0.3 IE-05

3 0.0254 0.3167 0.0080 1.2440 68.50 0.89E-05
1 0.0283 0.3424 0.0241 1.2040 14.84 0.94E-05

2.0 2 0.0311 0.3518 0.0265 1.1190 14.79 1.05E-05
3 0.0284 0.3063 0.0248 1.0610 12.67 1.14E-05
1 0.0255 0.2044 0.0242 0.9499 5.09 1.99E-05

3.0 2 0.0259 0.2006 0.0240 0.9451 7.33 1.94E-05
3 0.0292 0.2247 0.0266 0.9443 8.90 1.00E-04
1 0.0468 0.2470 0.0445 0.8797 4.91 2.00 E-04

5.0 2 0.0322 0.1577 0.0313 0.8637 2.79 9.11E-06
3 0.0419 0.2184 0.0410 0.8771 2.14 2.18E-05
1 0.0273 0.1453 0.0253 0.8814 7.32 7.50E-05

7.0 2 0.0231 0.1135 0.0225 0.8644 2.59 1.00E-04
3 0.0383 0.2614 0.0346 0.9263 9.66 3.37E-05
1 0.0239 0.1092 0.0211 0.8478 11.71 7.53E-06

10.0 2 0.0343 0.1816 0.0313 0.8803 8.74 2.85E-05
3 0.0409 0.2263 0.0381 0.8891 6.84 2.74E-05
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T a b l e  E 2  S w e l l in g  r e s u l t s  o f  c r o s s l ik e d  N R  f i lm s  a t  v a r io u s  c o n c e n t r a t io n s  o f  
c r o s s l in k e r ,  f ix e d  u v  i r r a d ia t io n  t im e  7 m in  ( c o n t in u e  2 )

concentratio 
ท o f

crosslinker
(%v/v)

NO.
Weight 
before 

swelling (g)

Weight after 
swelling (g)

Dried
weight

(g)

Mole up 
take o f  
toluene

(%)

Weight loss 
(%)

Crosslink
density

(mole/cm3)

1 0.0233 0.1085 0.0200 0.8522 14.16 1.00E-04
15.0 2 0.0268 0.0972 0.0237 0.7861 11.57 6.58E-05

3 0.0379 0.1838 0.0306 0.8615 19.26 1.00E-04
1 0.0208 0.0850 0.0175 0.8197 15.87 2.00E-04

20.0 2 0.0583 0.3730 0.0457 0.9157 21.61 1.32E-05
3 0.0331 0.1505 0.0265 0.8466 19.94 6.06E-05
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F ig u r e  E l  M o le  u p ta k e  o f  to lu en en  o f  c ro ss lik e d  N R  film s a t v a rio u s  u v  irrad ia tio n
tim es, a  fix ed  c o n c e n tra tio n  o f  c ro ss lin k e r o f  2 .0  % v /v .
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F ig u r e  E 2 W e ig h t loss o f  c ro ss lik ed  N R  film s at v a rio u s  u v  ir ra d ia tio n  tim es, a fixed
c o n c e n tra tio n  o f  c ro ss lin k e r  o f  2 .0  % v/v .
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F ig u r e  E 3  C ro ss lin k in g  d en s ity  o f  c ro ss lik e d  N R  film s at v a rio u s  u v  irrad ia tio n  tim es,
a  fix ed  c o n c e n tra tio n  o f  c ro ss lin k e r  o f  2 .0  % v/v .



Mo
le 

%
 u

ptk
e 

of
 to

lue
ne

95

F ig u r e  E 4  M o le  u p ta k e  o f  to lu en e  o f  c ro ss lik e d  N R  film s a t v a rio u s  co n cen tra tio n s  o f
c ro ss lin k e r, a  fix ed  c ro ss lin k in g  tim e  o f  7 m in .
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0 5 10 15 20 25
C o n c e n t r a t i o n  o f  c r o s s l i n k e r  ( % v / v )

F ig u r e  E 5  W e ig h t loss o f  c ro ss lik e d  N R  film s at v a rio u s  c o n c e n tra tio n s  o f  c ro ss lin k e r,
a  fix ed  u v  irrad ia tio n  tim e  o f  7 m in .
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Figure E6 Crosslinking density of crossliked NR films at various concentrations of
crosslinker, a fixed u v  irradiation time of 7 min.
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Appendix F Mechanical Properties of Natural Rubber Film

T he  m ech a n ica l p rope rtie s  o f  N R  f i lm  w ere  m easu red  b y  the m e lt rheom eter 

(R h e o m e tr ic  s c ie n t if ic , A re s )  w ith  the ex ten s io na l f ix tu re  at ro om  tem perature. In th is  

e xpe rim en t, the trans ien t m ode  w as a p p lie d  and the stress w as m o n ito re d  d u rin g  

stre tch ing , as a fu n c t io n  o f  stra in , at s tra in  rate 0 .0 1 s '1. F ro m  the resu lts , stress vs. stra in  

w as ob ta ined . A n  e va lu a tio n  o f  the m ech a n ica l p rope rtie s  o f  the f i lm  w as fo cu s  on  the 

m odu lu s , the y ie ld  po in t, and the y ie ld  stra in . T h e  m e ch a n ic a l p rope rtie s  o f  N R  w ere 

s tud ied  in  te rm s o f  U V - ir r a d ia t io n  t im e  and con cen tra tio n  o f  c ro ss lin k e r .

0.01 0.1 1 10 100 1000

S t r a i n  ( % )

Figure FI S tress-s tra in  cu rve  o f  N R  f i lm s  at v a r io u s  u v  ir ra d ia t io n  t im es, a  f ix e d  

co n cen tra tio n  o f  c ro s s lin k e r  o f  2 .0  % v/v, b y  u s ing  the m e lt rheom ete r in  the ten s ion  

m ode w ith  a s tra in  rate 0.01 ร '1 and tem peratu re o f  300  K .
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0 2 4 6 8 10 12 14 16

U Y  ir r a d ia t io n  t im e  (m in )

Figure F2 Modulus of NR films at various u v  irradiation times, a fixed concentration
of crosslinker of 2.0 %v/v, by using the melt rheometer in the tension mode with a strain
rate 0.01 ร"1 and temperature of 300 K.
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Figure F3 Yield strength of NR films at various u v  irradiation times, a fixed
concentration of crosslinker of 2.0 %v/v, by using the melt rheometer in the tension
mode with a strain rate 0.01 ร’1 and temperature of 300 K.
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u v  i r r a d i a t i o n  t i m e  ( m i n )

Figure F4 Yield strain of NR films at various u v  irradiation times, a fixed
concentration of crosslinker of 2.0 %v/v, by using the melt rheometer in the tension
mode with a strain rate 0.01 ร"1 and temperature of 300 K.
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Table FI M e c h a n ic a l p rope rtie s  o f  N R  f i lm s  at v a r io u s  u v  ir ra d ia t io n  tim es, a f ix e d  

co n cen tra tio n  o f  c ro s s lin k e r  o f  2.0 % v/v, by  u s ing  the m e lt rheom ete r in  the tens ion  

m ode w ith  a stra in  rate 0.01 ร '1 and tem perature o f  300 K

C ro s s lin k in g  

t im e  (m in )
Y ie ld  strength  (Pa) Y ie ld  s tra in  (%) M o d u lu s  (Pa)

0 2 .65E+ 5  ± 9 .27E+ 4 53.97  ± 7 .3 9 4 .67E± 3 ± 1.0E±3

7 4 .92E+ 5  ± 1.12E+5 70 .39  ± 7 .2 6 6 .82E± 3 ± 8 .74E± 2

12 8.62E+ 5 ± 1.70E+5 73.61 ± 2 .0 9 1.16E+ 4 ± 1.75E±2

15 3 .23E+ 5 ± 9 .67E+ 3 62.23 ± 4 .28 5 .0 5 E ± 3 ± 5 .0 6 E ± 2



103

f iCZ5

1 e + 7

1e+6 -

1 e + 5  -

1 e + 4

1 e + 3

O 0.1 %v/v Crosslinking ratio
O 0.5%v/v Crosslinking ratio
•  1.0%v/v Crosslinking ratio
•  2.0%v/v Crosslinking ratio
O 3.0%v/v Crosslinking ratio
O 5.0%v/v Crosslinking ratio
O 7.0%v/v Crosslinking ratio
O 10.0%v/v Crosslinking ratio
O 15.0%v/v Crosslinking ratio
•  20.0%v/v Crosslinking ratio

1e+2 _l___ I__I--1—I..L.L1

0.01 o! 7 ไโ 100 1000
S tra in  (% )

Figure F5 S tress-s tra in  curv e o f  N R  f i lm s  at v a r io u s  con cen tra tio n s  o f  c ro s s lin k e r , a 

f ix e d  u v  ir ra d ia t io n  t im e  o f  7 m in , by  u s in g  the m e lt rheom ete r in  the ten s io n  m ode 

w ith  a s tra in  rate 0.01 ร '1 and  tem peratu re  o f  300  K .
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C o n c e n t r a t i o n  o f  c r o s s l i n k e r  ( % v / v )

Figure F6 Modulus of NR films at various concentrations of crosslinker, a fixed u v
irradiation time of 7 min, by using the melt rheometer in the tension mode with a strain
rate 0.01 ร'1 and temperature of 300 K.
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Figure F7 Yield strength of NR films at various concentrations of crosslinker, a fixed
u v  irradiation time of 7 min, by using the melt rheometer in the tension mode with a
strain rate 0.01 ร'1 and temperature of 300 K.
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Figure F8 Yield strain of NR films at various concentrations of crosslinker, a fixed u v
irradiation time of 7 min, by using the melt rheometer in the tension mode with a strain
rate 0.01 ร'1 and temperature of 300 K.
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T a b l e  F 2  M e c h a n ic a l  p r o p e r t ie s  o f  N R  f i lm s  a t  v a r io u s  c o n c e n t r a t io n s  o f  c r o s s l in k e r ,  a  
f ix e d  u v  i r r a d ia t io n  t im e  o f  7 m in , b y  u s in g  th e  m e l t  r h e o m e te r  in  th e  te n s io n  m o d e  
w i th  a  s tr a in  r a te  0 .0 1  ร '1 a n d  te m p e ra tu re  o f  3 0 0  K

Concentrations of 
crosslinker (%v/v)

Yield strength (Pa) Yield strain (%) Modulus (Pa)

0.1 3.09E+5 ± 9.00E+4 45.02 ±9.17 7.76E±3 ± 7.00E±2
0.5 3.41E+5 ± 6.00E+4 36.76 ±3.37 1,00E±4 ± 1.09E+2
1.0 5.53E+5 ± 5.37E+3 46.80 ±3.20 1.29E±4±9.82E±2
2.0 4.92E+5 ± 1.12E+5 51.57 ± 5.84 1.06E+4 ± 1.36E±3
3.0 5.25E+5 ± 1.40E+5 39.58 ±6.07 1.30E+4 ± 2.20E+3
5.0 7.71E+5 ± 2.04E+5 50.41 ±5.18 1.79E±4± 1.27E±3
7.0 5.08E+5 ± 1.I1E+5 39.18 ± 2.74 1.16E±4±3.93E±2
10.0 6.29E+5 ± 1.22E+5 45.46 ±3.18 1.32E±4± 1,08E±3
15.0 7.44E+5 ± 1.15E+5 50.30 ±4.98 1.54E±4± 1.69E±3
20.0 6.71E+5 ± 5.81E+4 53.66 ±5.82 1.96E±4±3.02E±3
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Appendix G Mechanical properties of natural rubber and graphene composite 
film under the effect of commercial graphene multilayers with u v  irradiation time 
of 7 min. and concentration of crosslinker 5.0 %v/v

T h e  m e c h a n ic a l  p r o p e r t ie s  o f  g r a p h e n e /N R  c o m p o s i te s  w e r e  m e a s u r e d  b y  th e  
m e l t  r h e o m e te r  ( R h e o m e tr ic  s c ie n t i f ic ,  A r e s )  w i th  th e  e x te n s io n a l  f ix tu r e  a t  ro o m  
te m p e r a tu r e .  In  th is  e x p e r im e n t ,  th e  t r a n s i e n t  m o d e  w a s  a p p l ie d  a n d  th e  s tr e s s  w a s  
m o n i to r e d  d u r in g  s t r e tc h in g , a t  s t r a in  r a te  0 .0 1 s '1, a s  a  f u n c t io n  o f  s tra in . F ro m  th e  
r e s u l t s ,  s tr e s s  v s . s t r a in  w a s  o b ta in e d .  A n  e v a lu a t io n  o f  th e  m e c h a n ic a l  p r o p e r t ie s  o f  th e  
f i lm  w a s  f o c u s  o n  th e  m o d u lu s ,  th e  y ie ld  s t r e n g th , a n d  th e  y ie ld  s tra in .

1 e + 7

1e+6

' t f '  1 e + 5£i
น ๆ  1 e + 4  

1 e + 3  

1e+2
0.01 0.1 1 10 100 1000

S t r a i n  ( % )

Figure G1 S tr e s s - s t r a in  c u r v e  o f  g r a p h e n e /N R  c o m p o s i te s  a t  v a r io u s  c o n c e n t r a t io n s  o f  
g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  t e n s io n  m o d e  w i th  a  
s t r a in  r a te  o f  0 .0 1  ร '1 a n d  te m p e r a tu r e  o f  3 0 0  K .

๐

Pure N R
0.01% v/v G raphene/NR  com posite  
0.1% v/v G raphene/NR  com posite  
l% v/v G raphene/NR  com posite  
5%v/v G raphene/NR com posite  
10%v/v G raphene/NR  com posite  
20% v/v G raphene/NR  com posite  
D A N F O S S  com m erc ia l com p lian t electrode

ฯ^
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0 0.01 0.1 1 5 10 20 DANFOSS

G r a p h e n e  c o n c e n t r a t i o n  ( % v / v )

Figure G2 Modulus of graphene/NR composites at various concentrations of graphene
multilayers as measured by the melt rheometer in the tension mode with a strain rate of
0.01 ร"1 and temperature of 300 K.
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G r a p h e n e  c o n c e n t r a t i o n  ( % v / v )

Figure G3 Yield strength of graphene/NR composites at various concentrations of
graphene multilayers as measured by the melt rheometer in the tension mode with a
strain rate of 0.01 ร'1 and temperature of 300 K.
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Figure G4 Y ie ld  s t r a in  o f  g r a p h e n e /N R  c o m p o s i te s  a t  v a r io u s  c o n c e n t r a t io n s  o f  
g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  t e n s io n  m o d e  w ith  a  
s tr a in  r a te  o f  0 .0 1  ร '1 a n d  te m p e r a tu r e  o f  3 0 0  K .
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T a b l e  G 1  M e c h a n ic a l  p r o p e r t ie s  o f  g r a p h e n e /N R  c o m p o s i t e s  a t  v a r io u s  c o n c e n t r a t io n s  
o f  g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  te n s io n  m o d e  w ith  a  
s t r a in  ra te  o f  0 .0 1  ร '1 a n d  te m p e ra tu re  o f  3 0 0  K

G r a p h e n e
c o n c e n t r a t io n

( % v /v )
Y ie ld  s t r e n g th  (P a ) Y ie ld  s t r a in  (% ) M o d u lu s  (P a )

0 .0 7 .7 8 E + 5  ±  3 .8 9 E + 4 7 5 .5 4  ± 3 . 7 7 1 .0 1 E ± 4 ±  5 0 7 .2 5

0 .0 1 8 .2 6 E + 5  ±  1 .2 5 E + 5 7 9 .0 1  ± 6 .5 1 1 .0 3 E ± 4 ±  7 5 7 .4 6

0.1 5 .6 7 E + 5  ±  8 .6 2 E + 4 7 3 .1 6  ±  7 .7 7 7 .5 7 E + 3  ±  5 2 7 .5 0

1.0 1 .1 0 E + 6  ±  5 .7 0 E + 4 7 9 .3 4  ± 6 .6 1 1 .3 8 E ± 4 ±  78 2 .7 1

5 .0 8 .7 0 E + 5  ±  5 .6 1 E + 4 7 3 .2 8  ± 4 . 1 2 1 .1 3 E ± 4 ±  6 2 0 .6 9

1 0 .0 9 .7 0 E + 5  ±  1 .8 4 E + 5 6 4 .4 8  ±  6 .6 4 1 .4 0 E ± 4 ±  1 5 0 7 .4 9

2 0 .0 1 .7 0 E + 6  ±  2 .1 2 E + 5 7 4 .9 7  ± 2 . 2 2 2 .0 7 E ± 4 ±  1 0 6 8 .8 4

D A N F O S S 2 .3 9 E + 6  ±  8 .3 4 E + 3 6 8 .1 0  ±  2 .3 5 3 .4 5 E ± 4 ±  1 4 4 5 .8 4
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Appendix H Mechanical Properties and Electrical Conductivity of Natural 
Rubber and Graphene Composite Film under The Effect of Graphene Multilayers 
with u v  Irradiation Time of 7  min. and Concentration of Crosslinker of 5 .0  %v/v 
with Applied Electric Field of 5  volt

T h e  m e c h a n ic a l  p r o p e r t ie s  o f  g r a p h e n e /N R  c o m p o s i t e s  w e r e  m e a s u r e d  b y  th e  
m e l t  r h e o m e te r  ( R h e o m e t r ic  s c ie n t i f ic ,  A r e s )  w i th  th e  e x te n s io n a l  f ix tu re  a t  ro o m  
te m p e ra tu re .  In  th is  e x p e r im e n t ,  th e  t r a n s ie n t  m o d e  w a s  a p p l ie d  a n d  th e  s tr e s s  w a s  
m o n i to r e d  d u r in g  s t r e tc h in g ,  a t  s t r a in  ra te  0 .0 1 s ’1, a s  a  f u n c t io n  o f  s tra in . F ro m  th e  
r e s u l t s ,  s tr e s s  v e r s u s  s t r a in  w a s  o b ta in e d . A n  e v a lu a t io n  o f  th e  m e c h a n ic a l  p r o p e r t ie s  o f  
th e  f i lm  w a s  f o c u s e d  o n  th e  m o d u lu s ,  th e  y ie ld  s t r e n g th ,  a n d  th e  y ie ld  s tra in .

Table HI P r e p a r t io n  c o n d i t io n s  o f  g r a p h e n e /N R  c o m p o s i te  f i lm s

G r a p h e n e  
c o n te n t  ( % v /v )

T W E E N  8 0  
( s u r f a c ta n t )  (% v /v )

N a tu ra l  r u b b e r  
la te x  (m l)

W a te r
(m l)

T W E E N 8 0 /g r a p h e n e  
v o lu m e  ra tio

0 .0 - 2 0 - -

0 .01 1 2 0 2 0 100

0.1 1 2 0 2 0 10

1.0 1 2 0 2 0 1

5 .0 1 2 0 2 0 0 .2
1 0 .0 2 2 0 2 0 0 .2
2 0 .0 8 2 0 4 0 0 .4

3 0 .0 12 2 0 6 0 0 .4

3 5 .0 14 2 0 7 0 0 .4

4 0 .0 16 2 0 8 0 0 .4
4 5 .0 18 2 0 9 0 0 .4

* C ro s s l in k  u n d e r  u v  i r r a d ia t io n  t im e  o f  7 m in u te  a n d  c r o s s l in k  c o n c e n t r a t io n  o f  5 .0
% v /v
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T h e  e le c t r i c a l  c o n d u c t iv i ty  o f  g r a p h e n e /N R  c o m p o s i t e s  w a s  in v e s t ig a te d  w ith  
th e  s a m e  f ix tu r e  a s  m e c h a n ic a l  te s t in g  a n d  th e n  th e  D C  v o l ta g e  w a s  a p p l ie d  w i th  D C  
p o w e r  s u p p ly  ( In s te k ,  G F G  8 2 1 6 A )  c o n n e c te d  w ith  a  d ig i ta l  m u l t im e te r  (T e k tr o n ix , 
C D M  2 5 0 )  to  m o n i to r  th e  v o l ta g e  in p u t. T h e  e le c t r ic a l  c o n d u c t iv i ty  d u r in g  s t r e tc h in g  
w a s  c a lc u la te d  th ro u g h  th e  f o l lo w in g  e q u a tio n : <H1>
w h e re , a is  th e  e le c t r i c a l  c o n d u c t iv i ty  ( S /c m ) ,  R is  th e  r e s i s t iv i ty  (D  X cm ), /  is  th e  le n g th  
o f  s p e c im e n  ( c m ) ,  A is  th e  c r o s s - s e c t io n  a r e a  o f  s p e c im e n  ( c m 2), 7 is  th e  c u r r e n t  
(A m p e r e ) ,  a n d  V is  th e  a p p l ie d  v o l ta g e  (V o lt) .

In  a d d i t io n ,  th e  le n g th  a n d  a re a  o f  s p e c im e n  d e p e n d  o n  th e  s t r e tc h in g  w h ic h  
w a s  c a lc u la te d  b a s e d  o n  th e  in c o m p r e s s ib le  m a te r ia l  v i a  th e  f o l lo w in g  e q u a t io n s :

y =  — —  =  — — =0.5 (H 2 )£11 £11

tx =  t0( l  -  £ 33) =  t0( 1 +  0.5eu ) (H 3 )

=  w 0 ( l  -  e 33)  =  W0 C1 +  0.56!1) (H 4 )

lx — ^ o ( l  +  G i ) (H 5 )

A! lx- l0 
t i l  -  , -  1เ 0 เ0 (H 6 )

w h e re  y  is  th e  P o s s io n  r a t io  ( fo r  r u b b e r  =  0 .5 ) ,  f 11,22,33 is  th e  s t r a in  in  X ,  y, z  a x is ,  t is  th e  
th ic k n e s s  o f  s p e c im e n  (c m ) , พ is  th e  w id th  o f  s p e c im e n  ( c m ) ,  /  is  th e  le n g th  o f  s p e c im e n  
(c m ) . S u b s c r ip t  X  m e a n s  th e  v a lu e  a t  a n y  s tr a in ,  a n d  s u b s c r ip t  0  m e a n s  a t  s tr a in  =  0.
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S t r a i n  ( % )
o  Pure NR
•  0.01 %v/v Graphene/NR composite
•  0 1 %v/v Graphene/NR composite
O 1,0 %v/v Graphene/NR composite
•  5.0 %v/v Graphene/NR composite
•  10.0 %v/v Graphene/NR composite
® 20.0 %v/v Graphene/NR composite
o  30.0 %v/v Graphene/NR composite
® 35.0 %v/v Graphene/NR composite
o  40.0 %v/v Graphene/NR composite
o  45.0 %v/v Graphene/NR composite
O DANFOSS commercial compliant electrode

t 1 !.. 4. 1 1 i.

1 ๓ 0

F i g u r e  H I  S tr e s s - s t r a in  c u r v e  o f  g r a p h e n e /N R  c o m p o s i te s  a t  v a r io u s  c o n c e n t r a t io n s  o f  
th e  g r a p h e n e  m u l t i l a y e r s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  t e n s io n  m o d e  w i th  a  
s t r a in  r a te  o f  0 .0 1 s '1, te m p e r a tu r e  o f  3 0 0  K , a n d  a p p l ie d  e le c t r i c  f ie ld  o f  5 v o lt .



M
od

ul
us

 (
Pa

)

116

0 0.01 0.1 1 5 10 20 30 35 40 45DANFOSS

G r a p h e n e  c o n c e n t r a t i o n  ( % v / v )

Figure H2 Modulus of graphene/NR composites at various concentrations of the
graphene multilayers as measured by the melt rheometer in the tension mode with a
strain rate of 0.01 ร'1, temperature of 300 K, and applied electric field of 5 volt.
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Figure H3 Yield strength of graphene/NR composites at various concentrations of the
graphene multilayers as measured by the melt rheometer in the tension mode with a
strain rate of 0.01 ร'1, temperature of 300 K, and applied electric field of 5 volt.



Figure H4 Yield strain of graphene/NR composites at various concentrations of the
graphene multilayers as measured by the melt rheometer in the tension mode with a
strain rate of 0.01 ร’1, temperature of 300 K, and applied electric field of 5 volt.
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T a b l e  H 2  M e c h a n ic a l  p r o p e r t ie s  o f  g r a p h e n e /N R  c o m p o s i t e s  a t  v a r io u s  c o n c e n t r a t io n s  
o f  th e  g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  te n s io n  m o d e  w ith  
a  s t r a in  r a te  o f  0 .0 1  ร '1, te m p e ra tu re  o f  3 0 0  K , a n d  a p p l ie d  e le c t r i c  f ie ld  o f  5 v o l t

G r a p h e n e
c o n c e n t r a t io n

( % v /v )
Y ie ld  s t r e n g th  (P a ) Y ie ld  s t r a in  (% ) M o d u lu s  (P a )

0 .0 6 .1 4 E + 5  ±  1 .1 8 E + 5 6 3 .6 0  ± 2 . 0 4 4 . 7 5 E ± 4 ±  3 9 9 .4 5

0 .01 6 .2 6 E + 5  ±  3 .2 8 E + 4 7 0 .2 3  ± 2 . 4 2 8 .4 8 E ± 3  ± 4 9 7 .6 5

0.1 4 .0 7 E + 5  ±  1 .0 4 E + 5 5 4 .8 7  ±  1 .88 5 .9 5 E + 3  ± 4 0 1 .5 6

1.0 7 . 1 1 E + 5  ะเะ 2 .7 6 E + 4 6 6 .4 6  ± 2 . 2 9 7 .1 2 E ± 3 ±  3 5 6 .1 0

5 .0 8 .3 6 E + 6  ±  4 .1 8 E + 5 6 9 .8 6  ± 3 . 4 9 1 .1 3 E ± 5 ±  5 6 7 0 .7 1

1 0 .0 9 .1 5 E + 6  ±  4 .5 7 E + 5 5 3 .5 3  ± 2 . 6 7 1 .6 3 E ± 5 ±  8 1 4 8 .3 7

2 0 .0 9 .9 9 E + 6  ±  4 .9 9 E + 5 6 0 .4 2  ± 3 . 0 0 1 .5 4 E ± 5 ±  7 7 0 9 .1 0

3 0 .0 4 .9 5 E + 6  ±  2 .4 7 E + 5 1 6 .7 5  ± 0 . 8 4 2 .6 6 E ± 5 ±  1 3 3 0 .5 4

3 5 .0 4 .3 6 E + 6  ±  2 .1 8 E + 5 1 3 .0 6  ± 0 .6 5 2 .4 6 E ± 5  ±  1 2 3 4 .1 2

4 0 .0 3 .6 5 E + 6  ±  1 .8 2 E + 5 2 .4 6  ± 0 . 1 2 6 .9 9 E ± 5  ±  3 5 0 6 .6 7

4 5 .0 5 .9 4 E + 6  ±  2 .9 7 E + 5 1 .4 4  ± 0 . 0 7 3 .6 5 E ± 6  ±  1 8 3 4 .2 3

D A N F O S S 2 .8 4 E + 6  ±  1 .7 8 E + 4 7 5 .1 2  ± 2 . 6 0 8 .1 5 E ± 3  ±  1 8 9 3 .5 0
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1 e + 1  T ~

1e+0

1 e -1  -  =

1e-2

1 e - 3  - 1

1 e - 4

1 e - 5

, e 4

_____________________________ S t r a i n  ( % )
o  Pure NR
•  0.0I %v/v Grap h en e/NR composite
•  0 .1 %v/v Graphene/NRconposite
o 1.0 %v/v Graphene/NR composite
•  5.0 %v/v Graphene/NR composite
•  10.0 %v/v Graphene/NR composite
•  20.0 %v/v Graphene/NR composite
o 30.0 %v/v Graphene/NR composite
•  35.0 %v/v Graphene/NR composite
o 40.0 %v/v Graphene/NR composite
•  45.0 %v/v Graphene/NR composite
o  DANFOSS commercial compliant electrode

J— I—L 1 go.

1000

F i g u r e  H 5  C o n d u c t iv i ty  o f  g r a p h e n e /N R  c o m p o s i te s  a t  v a r io u s  c o n c e n t r a t io n s  o f  th e  
g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  t e n s io n  m o d e  w i th  a  
s t r a in  r a te  o f  0 .0 1  ร’1, te m p e r a tu r e  o f  3 0 0  K , a n d  a p p l ie d  e le c t r i c  f ie ld  o f  5 v o lt .
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T a b l e  H 3  E le c t r ic a l  c o n d u c t iv i ty  o f  g r a p h e n e /N R  c o m p o s i t e s  a t 
o f  th e  g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  
a  s tr a in  r a te  o f  0 .0 1  ร '1, te m p e r a tu r e  o f  3 0 0  K , a n d  a p p l ie d  e le c t r i c

v a r io u s  c o n c e n t r a t io n s  
th e  t e n s io n  m o d e  w ith  
f ie ld  o f  5 v o lt .

G r a p h e n e  c o n c e n t r a t io n
( % v /v )

C o n d u c t iv i ty  
b e fo re  s t r e tc h in g  (S /c m )

C r i t i c a l  s tr a in *  (% )

0 .0 1 .4 1 E -5  ±  5 .4 7 E -6 >  100

0 .01 3 .5 5 E -5  ±  1 .7 7 E -6 >  100

0.1 4 .0 5 E -5  ±  2 .0 3 E -6 >  100

1.0 3 .8 4 E -4  ±  2 .2 3 E - 4 >  100

5 .0 1 .1 0 E -1  ±  5 .5 0 E -3 2 .0 1  ± 0 .1 1

1 0 .0 1 .5 0 E -1  ±  5 .0 7 E -2 3 .1 1  ± 0 .5 1

2 0 .0 3 .3 6 E -1  ±  1 .9 0 E -2 5 .0 2  ± 0 . 6 7

3 0 .0 6 .0 4 E -1  ±  1 .0 0 E -2 1 2 .7 0  ± 0 .9 2

3 5 .0 6 .1 2 E -1  ±  3 .0 6 E -2 1 2 .7 4  ± 0 . 6 7

4 0 .0 5 .2 2 E -1  ะเะ 2 .6 1 E - 2 3 .3 8  ± 0 . 1 7

4 5 .0 4 .8 6 E -1  ±  2 .4 3 E - 2 1 .3 8  ± 0 . 0 7

D A N F O S S 2 .5 4 E - 2  ±  1 .2 7 E -3 6 .4 5  ± 0 . 3 2

* C r i t ic a l  s tr a in  r e fe r s  to  5 %  c o n d u c t iv i ty  d ro p . B e y o n d  th is  c r i t i c a l  s tr a in  p o in t ,  th e  
m a te r ia l ’s b e h a v io r  is  n o n - l in e a r  a n d  th e  c o n d u c t iv i ty  d e c l in e s .
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Strain (%)

1st S t r e t c h in g  c y c le  

2 ถ(* s t r e t c h in g  c y c le  

3 โ  ̂s t r e t c h in g  c y c le  

4 *k  s t r e t c h in g  c y c le  

s t r e t c h in g  c y c le  

6 ^  s t r e t c h in g  c y c le  

7 1*1 s t r e t c h in g  c y c le  

8 1*1 s t r e t c h in g  c y c le  

9 1*1 s t r e t c h in g  c y c le

I o 1 1̂ s t r e t c h in g  c y c le

I I  s t r e t c h in g  c y c le  

1 2**1 s t r e t c h in g  c y c le  

1 3 1  ̂ s t r e t c h in g  c y c le  

1 4 1  ̂ s t r e t c h in g  c y c le  

15**1 s t r e t c h in g  c y c le  

1 6 th  s t r e t c h in g  c y c le  

17*k  s t r e t c h in g  c y c le  

1 H1*1 s t r e t c h in g  c y c le  

1 s t r e t c h in g  c y c le  

2 0 1*1 s t r e t c h in g  c y c le

Figure H6 Stress-strain curve for 20 stretching cycles of 0.01%v/v graphene/NR
composite as measured by the melt rheometer in the tension mode with a strain rate of
0.0Is’1, temperature of 300 K, and applied electric field of 5 volt.
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3rd stretching cycle 

4th stretching cycle 

5th stretching cycle 

6th stretching cycle 

7th stretching cycle 

8th stretching cycle 

9th stretching cycle 

10th stretching cycle 

11th stretching cycle 

12th stretching cycle 

13th stretching cycle 

14th stretching cycle 

15th stretching cycle 

16th stretching cycle 

17th stretching cycle 

18th stretching cycle 

19th stretching cycle 

20^ stretching cycle

Figure H7 Conductivity for 20 stretching cycles of 0.01%v/v graphene/NR composite
as measured by the melt rheometer in the tension mode with a strain rate of 0.01 ร'1,
temperature of 300 K, and applied electric field of 5 volt.
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Strain (%)

| st S tr e t c h in g  c y c le  

2 ก<* s t r e t c h in g  c y c le  

3 โ  ̂s t r e t c h in g  c y c le  

4 1*1 s t r e t c h in g  c y c le  

5 1*1 s t r e t c h in g  c y c le  

6 1*1 s t r e t c h in g  c y c le  

s t r e t c h in g  c y c le  

8 1  ̂ s t r e t c h in g  c y c le  

9*^ s t r e t c h in g  c y c le  

10 th  s t r e t c h in g  c y c le  

1 I 1*1 s t r e t c h in g  c y c le  

12 1*1 s t r e t c h in g  c y c le  

13**1 s t r e t c h in g  c y c le  

141*1 s t r e t c h in g  c y c le  

1 5 1*1 s t r e t c h in g  c y c le  

161*1 s t r e t c h in g  c y c le  

1 s t r e t c h i n g  c y c le  

1 ร , *1 s t r e t c h in g  c y c le  

1 9 1*1 s t r e t c h in g  c y c le  

2 0 1*1 s t r e t c h in g  c y c le

Figure H8 Stress-strain curve for 20 stretching cycles of 5.0%v/v graphene/NR
composite as measured by the melt rheometer in the tension mode with a strain rate of
0.01s"1, temperature of 300 K, and applied electric field of 5 volt.
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1st s tr e t c h in g  c y c le  

2 n<̂  s t re t c h in g  c y c le  

3 rt* s tr e t c h in g  c y c le  

4 1*1 s tr e t c h in g  c y c le  

s tr e t c h in g  c y c le  

6 th  s t r e t c h in g  c y c le  

7 1*1 s tr e t c h in g  c y c le  

8 1*1 s tr e t c h in g  c y c le  

9 1*1 s tr e t c h in g  c y c le  

10th  s t re t c h in g  c y c le  

1 1th  s tr e t c h in g  c y c le  

121*1 s tr e t c h in g  c y c le  

13*^ s tr e t c h in g  c y c le

I 4 1*1 s tr e t c h in g  c y c le

1* t h  . . ’ 1 
15 s tre tc h m g  c y c le

161*1 s tr e t c h in g  c y c le

171*5 s t re t c h in g  c y c le

181*1 s tr e t c h in g  c y c le

I9**1 s tr e t c h in g  c y c le

2 0 1  ̂ s tr e t c h in g  c y c le

Figure H9 Conductivity for 20 stretching cycles of 5.0%v/v graphene/NR composite as
measured by the melt rheometer in the tension mode with a strain rate of 0.01s'1,
temperature of 300 K, and applied electric field of 5 volt.
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1st Stretching cycle 

2*̂  stretching cycle 

3rt* stretching cycle 

4**1 stretching cycle 

5**1 stretching cycle 

6**1 stretching cycle 

7**1 stretching cycle 

8*1 stretching cycle 

9^ stretching cycle 

lO*̂ 1 stretching cycle 

1l**1 stretching cycle 

12**1 stretching cycle 

13* stretchmg cycle 

14**1 stretchmg cycle 

15* stretchmg cycle 

16th stretchmg cycle 

17**1 stretching cycle 

18**1 stretchmg cycle 

19th stretching cycle 

20**1 stretching cycle

Figure H 1 0  S tre ss -s tra in  cu rv e  fo r 20  s tre tch in g  cy c le s  o f  2 0 .0 % v /v  g ra p h e n e /N R
c o m p o s ite  as  m e a su re d  by  th e  m e lt rh e o m e te r  in  th e  te n s io n  m o d e  w ith  a  s tra in  ra te  o f
0 .0 1 s '1, te m p e ra tu re  o f  300  K , an d  ap p lied  e le c tr ic  fie ld  o f  5 vo lt.
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l St s t r e t c h in g  c y c le  

2 ° ^  s t r e t c h in g  c y c le  

3 โ  ̂s t r e t c h in g  c y c le  

4 1*1 s t r e t c h in g  c y c le  

s t r e t c h in g  c y c le  

s t r e t c h in g  c y c le  

7*^ s t r e t c h in g  c y c le  

8 1  ̂ s t r e t c h in g  c y c le  

9 1*1 s t r e t c h in g  c y c le  

1 0 th  s t r e t c h in g  c y c le  

1 1 ^  s t r e t c h in g  c y c le  

1 s t r e t c h i n g  c y c le  

13**1 s t r e t c h in g  c y c le  

1 4 ^  s t r e t c h in g  c y c le  

1 5**1 s t r e t c h in g  c y c le  

1 6 ^  s t r e t c h in g  c y c le  

17**1 s t r e t c h in g  c y c le  

1 8 ^  s t r e t c h in g  c y c le  

19*^ s t r e t c h in g  c y c le  

2 0 1*1 s t r e t c h in g  c y c le

Figure H ll Conductivity for 20 stretching cycles of 20.0%v/v graphene/NR composite 
as measured by the melt rheometer in the tension mode with a strain rate of 0.01s'1, 
temperature of 300 K, and applied electric field of 5 volt.
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Figure H12 C o n d u c tiv ity  v ersu s  s tre tch in g  cy c les  o f  th e  c o m p o s ite s  a t fix ed  stra in  1%
as m e a su re d  by  th e  m e lt rh e o m e te r in  the  ten s io n  m o d e  w ith  a  s tra in  ra te  o f  0 .0 I s '1,
te m p e ra tu re  o f  3 00  K , an d  ap p lied  e lec tric  fie ld  o f  5 vo lt.
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1e+0

1e-1

1e-2

1 e -3

1 e 4

1 e -5
0 .0  0 .5  1 .0  1 .5  2 .0

Strain (%)

1st stretching cycle, 0.01%v/v Graphene/NR composite 
201*1 stretching cycle, 0 .01 %v/v Graphene/NR composite 

-  1st stretching cycle, 5.0%v/v Graphene/NR composite 
20**1 stretching cycle, 5.0%v/v Graphene/NR composite 

~~ 1st stretching cycle, 20.0%v/v Graphene/NR composite 
20*^ stretching cycle, 20.0%v/v Graphene/NR composite

Figure H13 Conductivity of composites as a function of strain as measured by the melt 
rheometer in the tension mode with a strain rate of 0.01s'1, temperature of 300 K, and 
applied electric field of 5 volt.
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S tr a in  (% )

Figure H14 Conductivity of 5 %v/v graphene/NR composites as a function of strain 
rate as measured by the melt rheometer in the tension mode with a strain rate of 0.01s'1, 
temperature of 300 K, and applied electric field of 5 volt.
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Supplementary data of trial experiment

Composite data with fixed concentration of surfactant 
Table 1 Preparation conditions of graphene/NR composites

Graphene
content
(%v/v)

TWEEN80
(surfactant)

(%v/v)

Natural 
rubber 

latex (ml)
Water
(ml)

TWEEN 80/graphene 
volume ratio Remark

0.0 - 20 - - -
0.01 1 20 20 100 -
0.1 1 20 20 10 -
1.0 1 20 20 1 -
5.0 1 20 20 0.2 -
10.0 1 20 20 0.1 Agglomerate
20.0 1 20 20 0.05 Agglomerate

Crosslink under u v  irradiation time of 7 minute and crosslink concentration of 5.0
%v/v
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1e+1

ip o s ite
0.1 %v/v G raphene/N R  com posite 
1.0%v/v G raphene/N R  com posite 
5.0%v/v G raphene/N R  com posite 
10.0%v/v G raphene/N R  com posite 
20.0%v/v G raphene/N R  com posite 
DANFOSS co m m e rc ia l co m p lia n t e lectrode

0.01 0.1 10 100 1000

S t r a in  ( % )

Figure 1 S tre ss -s tra in  cu rv e  o f  g ra p h e n e /N R  c o m p o s ite s  a t v a rio u s  c o n c e n tra tio n s  o f
th e  g rap h en e  m u ltila y e rs  as  m e a su re d  by  th e  m e lt rh e o m e te r  in  th e  te n s io n  m o d e  w ith  a
s tra in  ra te  o f  0 .0 1 s '1, te m p e ra tu re  o f  3 00  K , an d  a p p lie d  e le c tr ic  f ie ld  o f  5 vo lt.
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0 0.01 0.1 1 5 10 20 DANFOSS

G r a p h e n e  c o n c e n t r a t i o n  ( % v / v )

Figure 2 M o d u lu s  o f  g ra p h e n e /N R  c o m p o site s  a t v a rio u s  co n c e n tra tio n s  o f  the
g rap h en e  m u ltilay e rs  as m easu red  by  th e  m e lt rh e o m e te r  in  th e  te n s io n  m o d e  w ith  a
stra in  ra te  o f  0.01 ร '1, te m p e ra tu re  o f  300  K , an d  a p p lie d  e lec tr ic  fie ld  o f  5 vo lt.
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G r a p h e n e  c o n c e n t r a t i o n  ( % v / v )

Figure 3 Y ie ld  s tren g th  o f  g rap h en e /N R  c o m p o s ite s  at v a rio u s  co n cen tra tio n s  o f  the
g rap h en e  m u ltilay e rs  m easu red  by  the  m e lt rh e o m e te r  in  th e  te n s io n  m o d e  w ith  a s tra in
ra te  o f  0.01 ร '1, te m p e ra tu re  o f  300  K, an d  a p p lie d  e lec tr ic  fie ld  o f  5 vo lt.
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G r a p h e n e  c o n c e n t r a t i o n  ( % v / v )

Figure 4 Y ie ld  s tra in  o f  g ra p h e n e /N R  c o m p o site s  a t v a rio u s  c o n c e n tra tio n s  o f  the
g rap h en e  m u ltila y e rs  as m e asu red  by  the  m elt rh e o m e te r  in th e  te n s io n  m o d e  w ith  a
s tra in  ra te  o f  0.01 ร '1, te m p e ra tu re  o f  3 00  K , an d  a p p lie d  e lec tr ic  fie ld  o f  5 vo lt.
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Table 2 Mechanical properties of graphene/NR composites at various concentrations of 
the graphene multilayers measured by the melt rheometer in the tension mode with a 
strain rate of 0.01 ร'1, temperature of 300 K, and applied electric field of 5 volt

Graphene
concentration

(%v/v)
Yield strength (Pa) Yield strain (%) Modulus (Pa)

0.0 6.14E+5 ะเะ 1.18E+5 63.60 ±2.04 4.75E±4 ± 399.45
0.01 6.26E+5 ± 3.28E+4 70.23 ± 2.42 8.48E+3 ± 497.65
0.1 4.07E+5± 1.04E+5 54.87 ± 1.88 5.95E±3 ±401.56
1.0 7.11E+5 ± 2.76E+4 66.46 ± 2.29 7.12E±3 ± 32.10
5.0 8.36E+6 ± 4.18E+5 69.86 ±3.49 1.13E±5± 5670.71
10.0 9.52E+5 ± 1.29E+4 64.56 ±3.58 6.88E±4± 437.64
20.0 9.88E+5 ะเะ 5.74E+3 58.67 ±2.06 7.77E±4 ± 546.60

DANFOSS 2.84E+6 ± 1.78E+4 75.12 ±2.60 8.15E+3 ± 1893.50
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•  0.01 %v/v Graphene/NR composite
•  0.1%v/v Graphene/NR composite
o  1.0%v/v Graphene/NR composite
•  5.0%v/v Graphene/NR composite
•  10.0%v/v Graphene/NR composite
•  20.0%v/v Graphene/NR composite
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Figure 5 C o n d u c tiv ity  o f  g ra p h e n e /N R  c o m p o s ite s  a t v a rio u s  c o n c e n tra tio n s  o f  th e
g rap h en e  m u ltila y e rs  as  m e a su re d  by  th e  m e lt rh e o m e te r  in  th e  te n s io n  m o d e  w ith  a
s tra in  ra te  o f  0.01 ร ', , te m p e ra tu re  o f  3 0 0  K , an d  ap p lied  e le c tr ic  f ie ld  o f  5 vo lt.
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Table 3 Electrical conductivity of graphene/NR composites at various concentrations 
of the graphene multilayers as measured by the melt rheometer in the tension mode with 
a strain rate of 0.01 ร'1, temperature of 300 K, and applied electric field of 5 volt

Graphene concentration
(%v/v)

Conductivity 
before stretching (S/cm) Critical strain* (%)

0.0 1.41E-5 ± 5.47E-6 > 100
0.01 3.55E-5 ± 1.77E-6 > 100
0.1 4.05E-5 ± 2.03E-6 > 100
1.0 3.84E-4 ± 2.23E-4 > 100
5.0 1.10E-1 ± 5.50E-3 2.01 ±0.11
10.0 7.28E-2 ± 5.07E-2 3.75 ±0.94
20.0 2.34E-2 ± 1.90E-2 6.20 ±0.43

DANFOSS 2.54E-2 ± 1.27E-3 6.45 ±0.32

* Critical strain refers to 5% conductivity drop. Beyond this critical strain point, the 
material’s behavior is non-linear and the conductivity declines.
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Table 4 SEM images of composites at 10.0 %v/v and 20.0 %v/v graphene 
concentration with magnifications of 2 kx and 60 kx

10.0 %v/v 
graphene/NR 

composite

20.0 %v/v 
graphene/NR 

composite

Composites
Magnification

2 kX 60 kX
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Appendix I FE-SEM Images of The Graphene/NR Composite Film

A field-emission scanning electron microscope (FE-SEM, JSM-7001F) was 
used to examine the morphological structure and to determine the dispersion of the 
graphene in the NR matrix. The film was placed on the holder with an adhesive tape and 
coated with a thin layer of gold using an ion sputtering device for 100 sec prior to 
observation under FE-SEM. The scanning electron images were investigated by using an 
acceleration voltage of 20 kv with a magnification in the range of 2k and 60k times.

Table II Summary of FE-SEM images of the graphene/NR composites and DANFOSS 
commercial compliant electrode at magnifications of 2 kx and 60 kx.

Magnification
Composites

0.01 % v/v 
graphene/NR  

com posite

0.1 % v/v 
graphene/NR  

com posite
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Composites

1.0 % v/v 
grapheNne/R  

com posite

5.0% v/v
graphene/NR

com posite

10.0 % v/v 
graphene/NR  

com posite

M a g n i f i c a t io n

2 k x 60 k x
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Composites
2 k x

Magnification
60 k x

20 .0  % v/v 
graphene/NR  

com posite

D A N FO SS
com m ercial
com pliant
electrode
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Appendix J AFMImages of The Graphene/NR Composite Film

The topology of the composite was obtained by using the atomic force 
microscope (AFM, Park System, XE-100) in air under ambient conditions. For the 
conventional AFM, the non-contact mode was operated with the cantilever (NSC36) 
tapping at scan rate of 0.5 Hz and applied Z-servo gain of 10. The micro-scale 
dispersion of graphene in the NR matrix can be observed from the topology.

ntn 
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Figure J1 AFM image of pure natural rubber with scanned area of; (a) 10 pm2; (b) 5 
pm2.
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(b)

F ^ u re  J2  A FM  im age o f  1.0% v/v g raphene/N R  com p o site  w ith  scanned  a rea  of: (a) 10
p m 2; (b) 5 p m 2.
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(b)
Figure J3 A F M  im age o f  5 .0% v/v  g raphene/N R  co m p o site  w ith  scanned  a rea  of: (a) 10
pm 2; (b) 5 p m 2.
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Figure J4  A FM  im age o f  10.0% v/v g raphene/N R  com p o site  w ith  scanned  area  of: (a) 10
p m 2; (b) 5 p m 2.
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Figure J5 A FM  im age o f  2 0 .0 % v /v  g raphene/N R  com p o site  w ith  scanned  a rea  of: (a) 10
pm 2; (b) 5 p m 2.
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Figure J6  A F M  im age o f  D A N F O S S  co m m ercia l co m p lian t e lec tro d e  w ith  scanned  a rea
of: (a) 10 p m 2; (b) 5 p m 2.
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(e)
Figure J7 Distribution in micro-scale of composite in the area of 2 pm2 ะ (a) 1.0%v/v 
graphene/NR composite; (b) 5.0%v/v graphene/NR composite; (c) 10.0%v/v
graphene/NR composite; (d) 20.0%v/v graphene/NR composite; and (e) DANFOSS 
commercial compliant electrode.
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Appendix K Electrical Conductivity Measurement of The Graphene Multilayers

An electrometer (Keithley, 6517A), with a custom-built two-point probe, was 
used to measure the electrical conductivity which is the inversion of specific resistivity 
(p) that indicates the ability of material to transport electrical charge. The meter 
consisted of a probe making contact on the surface of the sample in a disc shape. This 
probe was connected to a power supplier source for a constant source and for reading 
current. The applied voltage was plotted versus the resultant current to determine the 
linear Ohmic regime of each sample based on the Van der Pauw method. The applied 
voltage and the current in the linear Ohmic regime were converted to the electrical 
conductivity of the sample using equation (Kl) as follow:

0 = ) -  =  - i -  =  r - 7 —  =  S-̂Z(K l )p Rs x t  K x V x t K x t

where a  is the specific conductivity (S/cm), p  is the specific resistivity (flcm), R s is the 
sheet resistivity (Q), I  is the resultant current (A), K  is the geometric correction factor, V  
is the applied voltage (V), and t is the thickness of the disc sample (cm).

The geometrical correction factor was taken into account of geometric effects, 
depending on the configuration and probe tip spacing and was determined by using 
standard materials where specific resistivity values were known; we used silicon wafer 
chips (SiC>2). In our case, the sheet resistivity was measured by using the two-point 
probe and then the geometric correction factor was calculated by equation (K2) as 
follow:

K  =  ^  =  =  s l o p e  X R s  (K2)

where K  is the geometric correction factor (2.147E-03), p  is the known resistivity of 
standard silicon wafer (flcm), t  is the film thickness (cm), R  is the film resistance (f2), 
and I  is the resultant current (A).
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Table Kl Summary of the specific conductivities of the raw graphite, and graphene 
multilayers

Sample Specific conductivity (S/cm)
Average SD

Raw graphite 675.59 64.76
Commercial graphene multilayers 
grade c  (XG® science) 283.69 68.49

Table K2 Raw data for determination of specific conductivities of the raw graphite

Sample Thickness (cm) I/V Specific conductivity 
(S/cm)

No.l 0.1479 0.236 743.21
No.2 0.1649 0.237 669.42
No.3 0.1805 0.238 614.14

Table K3 Raw data for determination of specific conductivities of the commercial
graphene multilayers grade c  (XG® science)

Sample Thickness (cm) I/V Specific conductivity 
(S/cm)

No.l 0.2024 0.111 255.44
No.2 0.1960 0.099 235.26
No.3 0.1739 0.124 332.12
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Appendix L Synthesized Graphene 

LI Experimental

Ll.l Preparation of Graphene Filler from Graphite Powder
(Hummers e t a l., 1958, Krishnamoorthy e t a l., 2013, รน e t a l., 2013)

L I. 1.1 P rep a ra tio n  o f  g ra p h ite  ox ide b y  the m o d if ie d  H um m ers m eth o d
2 g of graphite powder was mixed with 35 mL concentrate H2 SO4 

and stirred in an ice bath for 2 hour. KMnCft 6  g was gradually added into the mixture 
within 1 h (to keep the temperature of mixture not exceeding 2 0  ๐C) and the mixture 
was kept stirred for 1 hour. After 30 min, temperature of mixture was heated up to 35°c 
within 30 min and then stirring was kept at 35 °c for 2 h. During heating up of the 
mixture, 90 mL deionize water (DI) was slowly added and external heat was introduced 
to maintain the reaction temperature at 98 °c for 30 min. Termination of the oxidation 
reaction and reduction of residual KMnC>4 and manganese dioxide was carried out by 
adding 150 mL DI water and 10 mL of 30% H2 O2 solution. The mixture was filtered 
while still hot to avoid precipitation of the slightly soluble salt of mellitic acid formed as 
a side reaction. The resultant solid product was repeatedly washed with 5% HC1 solution 
after that wash with DI water until pH ~ 6  and then dried at 80 °c 24 hour.

L I. 1 .2  P rep a ra tio n  o f  G raph en e fro m  G ra p h ite  O xide
0.2 g of graphite oxide was dispersed in DI water 200 ml. 

Sonicate with ultrasonicater for 30 minute to obtain graphene oxide. After that, 0.2 g of 
graphene oxide was dispersed in DI water 200 ml and pH was adjusted to 10 by NaOH 
solution. Adding 2 mL of hydrazine hydrate and the mixture was sonicated for 1 hour. 
Ultrasound irradiation was performed for 2 hour without cooling (temperature ~ 60 ± 5 
๐บ). The obtained Graphene nanosheets was washed thoroughly with distilled water and



1 5 3

centrifuged at 12000 rpm for 10 min in order to remove the residuals and dry in hot air 
oven.

L2 Characterizations

L2.1 Raman Spectrometer fNT-MDT, NTEGRA Spectra)
Raman spectroscopy was used to verify graphite and graphene due to the 

ability to identify and characterize all the members of the carbon family. The 
characterizations were nondestructive, fast, with high resolution and give the maximum 
structural and electronic information. The indications of graphite raw material and 
synthesized graphene were measured by the Raman spectroscopy (NT-MDT, NTEGRA 
Spectra) with 632.8 nm excitation laser, objective lens lOOx and accumulate time 60s 
from National Nanotechnology Center.

Figure LI Raman spectrum of the synthesized graphene.



R a m a n  s h if t  ( c m ' * )

Figure L2 Raman spectra of raw graphite, commercial graphene multilayers and 
synthesized graphene.

Table LI Raman shift position of Raman spectra

sample Raman shift oosition (cm1)
1 St 2nd

Raw graphite 1329.622 1575.529
Commercial graphene multilayers 
grade c  (XG science) 1343.506 1575.529
Synthesized graphene 1329.622 1575.529
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L 2 .2  X -ra y  D iffra c tio n  S p ec tro m e te r, X R D  (R ig a k u , D M A X  2 2 0 0 )
T h e  w id e  an g le  X -ra y  d iffra c tio n  m ic ro sc o p e  (X R D ) w as u sed  to  s tudy  

th e  c ry s ta l s tru c tu re  b e lo w  th e  n an o m e te r scale . T h e  C u K -a lp h a  ra d ia tio n  so u rce  w as 
o p e ra ted  at 40  k V /3 0  m A . K -b e ta  f ilte r  w as u sed  to  e lim in a te  in te rfe ren ce  peak. 
D iv e rg e n c e  s lit an d  sca tte rin g  slit 0 .5  d eg  to g e th e r  w ith  0 .3 m m  o f  re c e iv in g  s lit w ere  se t 
on  th e  in s tru m en t. T h e  g rap h en e  p o w d e r w as p laced  in to  a  sam p le  h o ld e r  an d  the  
m e a su re m e n t w as  c o n tin u o u s ly  run . T h e  ex p e rim e n ts  w ere  re c o rd e d  by  m o n ito rin g  the  
d iffra c tio n  a p p e a rin g  in  the  d iffra c tio n  an g le  (2 0 ) ran g e  fro m  10  to  80 w ith  a  scan  speed  
5 d eg /m in  an d  a scan  s tep  0 .02  deg.

0 20 40 60 80 100
2 - Theta (deg)

Figure L3 X R D  p a tte rn  o f  th e  sy n th es ized  g rap h ite  o x id e .
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2-Theta (deg)

Figure L4 XRD pattern of the synthesized graphene.

Table L2 Strong peak position 20 (deg) of synthesized graphene

sample Peak position 20 (deg)
1 St 2nd 3r̂ 4th

Raw graphite 26.84 54.86 - -
Commercial graphene multilayers 
grade c  (XGR science) 26.44 43.33 54.38 77.29
Synthesized graphite oxide 22.52 43.26 56.46 -
Synthesized graphene 24.48 43.08 54.34 77.76



L 2.3  T w o  - p o i n t  p ro b e  T ech n iq u e
A n  e le c tro m e te r  (K e ith ley , 6 5 1 7 A ), w ith  a  c u s to m -b u ilt  tw o -p o in t p robe, 

w as u sed  to  m e a su re  th e  e lec tr ica l c o n d u c tiv ity  w h ic h  is th e  in v e rs io n  o f  sp ec ific  
re s is tiv ity  (p) th a t in d ic a te s  th e  ab ility  o f  m a te ria l to  tra n sp o r t e le c tr ica l charge . T he  
m e te r  c o n s is te d  o f  a  p ro b e  m ak in g  co n ta c t o n  th e  su rface  o f  th e  sam p le  in  a  d isc  shape. 
T h is  p ro b e  w as co n n e c te d  to  a  p o w e r su p p lie r  so u rce  fo r  a  c o n s ta n t so u rce  and  for 
re ad in g  cu rren t. T h e  ap p lie d  v o ltag e  w as p lo tte d  v e rsu s  th e  re su lta n t cu rren t to 
d e te rm in e  th e  lin e a r O h m ic  reg im e  o f  each  sam p le  b a se d  o n  th e  V a n  d e r P a u w  m eth o d . 
T h e  a p p lie d  v o ltag e  an d  th e  cu rren t in  the  lin e a r O h m ic  re g im e  w ere  co n v e rted  to  th e
e lec tr ica l co n d u c tiv ity  o f  th e  sam p le  u s in g  e q u a tio n  ( L I )  as fo llo w :

_  1 _  1 _  /  _  s l o p e  1 ,
°  ~  p  ~  R s x t  ~  K x V x t  ~  K x t  ^

w h ere  a is th e  sp e c if ic  c o n d u c tiv ity  (S /cm ), p is th e  sp ec if ic  re s is tiv ity  (ท .cm ), Rs is the  
sh ee t re s is tiv ity  (ท ), /  is th e  re su ltan t cu rren t (A ), K is th e  g e o m e tr ic  c o rre c tio n  fac to r, V 
is th e  ap p lied  v o ltag e  (V ), an d  t is th e  th ick n ess  o f  the  d isc  sam p le  (cm ).

Table L3 S u m m ary  o f  th e  sp ec ific  co n d u c tiv itie s  o f  th e  raw  g ra p h ite , G rap h en e  
m u ltila y e rs  an d  sy n th e s iz e d  g rap h en e

S am p le
S p ec ific  c o n d u c tiv ity  (S /cm )

A v erag e SD
R aw  g rap h ite 6 7 5 .5 9 64 .76
C o m m erc ia l g ra p h e n e  m u ltilay e rs  
g rad e  c (X G  sc ien ce ) 2 8 3 .6 9 68 .49

S y n th es ized  g rap h en e 198.38 49 .05
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Table L4 R aw  d a ta  for d e te rm ina tion  o f  specific  co n d u c tiv ities  o f  th e  syn thesized  
g raphene

Sam ple T h ickness (cm ) I/V
S pecific

co n d u c tiv ity  (S /cm )
N o .l 0 .0727 0.033 251.42
N o .2 0.0813 0.033 189.06
N o.3 0 .0783 0 .026 154.66

L 2.4  SE M  Im age
A fie ld -em ission  scann ing  e lec tron  m icroscope  (F E -S E M , JS M -7 0 0 1 F ) 

w as used  to  exam ine  th e  m o rpho log ica l s truc tu re  o f  the  sy n th esized  g raphene . T he 
g raphene  p o w d er w as p laced  on the  h o ld er w ith  an ad hesive  tap e  and  co a ted  w ith  a  th in  
layer o f  gold  u sing  an ion spu ttering  dev ice  fo r 100 sec p rio r to  ob serv a tio n  u n d er FE- 
SEM . T he scann ing  e lec tron  im ages w ere  investiga ted  by  u sing  an acce lera tio n  vo ltage  
o f  20  kV  w ith  a  m agn ifica tion  in th e  range  o f  5k  and  60k  tim es.
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Figure L5 FE -S E M  im ages o f  th e  syn thesized  g raphene  w ith  m ag n ifica tio n s of: a) 5 
kX ; and  (b) 60  k x .

L3 Literature Renews about the Characterizations of Graphene

L3.1 R am an S pectroscopy
R am an spectrum  o f  g raph ite  ex h ib its  a  band at 1580 cm ' 1 n am ed  as G 

band  and o th e r band  a t 1350 cm ' 1 nam ed as D band. T he  fo rm er is d u e  to  th e  first o rder 
sca ttering  o f  E2g m ode and latter associa tes  w ith  the  d efec ts  in the g raph ite  lattice. T he 
R am an spectra  o f  g raph ite , g raphene  o x id e  (G O ) and  g raphene  n an o sh ee ts  a re  p rov ided  
in F igure L6 . T he R am an spectrum  o f  G O  possesses the  G  band a t 1595.89 cm ' 1 and D 
band at 1354 cm "1. T he increase in FW H M  o f  the  G  band  in the  G O  com p ared  w ith  th e  
g raph ite  suggests the  p resence  o f  sp 3 carbon  in G O . T he D band  in G O  is b roadened  
w h ich  w as due to  the  reduction  in s ize  o f  in p lane sp 2 d om ains by the  crea tion  o f  defects, 
vacanc ies and  d is to rtio n s o f  th e  sp2 d om ains a fte r co m ple te  ox id a tio n . In case  o f



graphene, th e  G band  is sh ifted  to w ard s low er w ave n u m b er (1588.41 c m '1) due  to  the  
recovery  o f  hexagonal ne tw o rk  o f  carbon  a tom s w ith  defects.

1000 1200 1400 1600 1800 2000พ avenuเท ber (cm1)
Figure L6  R am an spectra  o f  g raph ite , G O  and  g raphene  nanoshee ts  (K rish n am o o rth y  K. 
et.al., 2013  ).

L 3 .2  X -ray  D iffrac tion  S pectroscopy
G raphene  ox id e  w as syn thesized  from  g rap h ite  flakes by  a  m od ified  

H u m m er’s m ethod . F igure L7 show s the X R D  patte rns o f  g raph ite  and  G O . P ristine  
g raph ite  flakes ex h ib it a  strong  (002) reflection  at 26 .5° w h ich  co rresp o n d s to  an 
in terlayer d is tan ce  (dspacing) o f  0 .34  nm . A fte r ox id a tio n  o f  g rap h ite  to  G O , th e  (002) 
d iffrac tion  peak  sh ifts  to  a  low er 2 0  ang le  ( 10 .8 °), w h ich  co rresp o n d s to  an in terlayer 
d istance  o f  app rox im ate ly  0 .82 nm . T h is ind ica tes th e  G O  sheets are separa ted  due to  the  
co valen tly  bonded  oxygen . H ydrazine  has been w idely  used  to  reduce. G O  to  graphene 
and resto re  th e  con jugated  sp2 ne tw ork . T he deoxygenated  G O  by an  a lka line  
hydro therm al p rocess (hG O ) w as perfo rm ed  at 120 ๐c .  T he in terlayer d is tan ce  o f  the
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hydraz ine  reduced  G O  (rG O ) ob ta ined  from  (002) reflec tion  o f  th e  X R D  patte rn  at 23 .6° 
w as 0 .37 nm . T he d ecrease  in in terlayer spac in g  be tw een  ind iv idual g raphene sheets is 
a ttribu ted  to  th e  van der W aals in terac tion  be tw een  sp2 hybrid ized  carbon  fram e-w ork  
tha t w as resto red  du ring  th e  chem ical reduction . T h e  X R D  pattern  o f  h G O  also  exh ib its  
a (002) reflec tion  at 23 .9° co rresp o n d in g  to  th e  in terlayer spac ing  o f  0 .37  nm . T he b road  
X R D  peak  o f  th e  hG O  suggests th ese  stacked  g raphene sheets are few  layers th ick .

------- Graphite
------- GO

Figure L7 X R D  pattern  o f  th e  syn thesized  g raphene  (S an jaya  D .p . et.al., 2012). 
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