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Abstract: It is no secret that graphene, a two-dimensional single-layered carbon atom crystal lattice, 
has drawn tremendous attention due to its distinct electronic, surface, mechanical, and optoelectronic 
properties. Graphene also has opened up new possibilities for future systems and devices due to 
its distinct structure and characteristics which has increased its demand in a variety of applications. 
However, scaling up graphene production is still a difficult, daunting, and challenging task. Although 
there is a vast body of literature reported on the synthesis of graphene through conventional and 
eco-friendly methods, viable processes for mass graphene production are still lacking. This review 
focuses on the variety of unwanted waste materials, such as biowastes, coal, and industrial wastes, 
for producing graphene and its potential derivatives. Among the synthetic routes, the main emphasis 
relies on microwave-assisted production of graphene derivatives. In addition, a detailed analysis 
of the characterization of graphene-based materials is presented. This paper also highlights the 
current advances and applications through the recycling of waste-derived graphene materials using 
microwave-assisted technology. In the end, it would alleviate the current challenges and forecast the 
specific direction of waste-derived graphene future prospects and developments.
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1. Introduction

G raph ite  has been  utilized  as the essential raw  m aterial in  the prod u ction  of graphene 
sin ce  its d iscov ery . G ra p h ite  h as an  e x ce p tio n a lly  a n iso tro p ic  co n stru ctio n  w h ich  lead s 
to  its in -p lan e  an d  o u t-o f-p lan e  su rface  p ro p erties  b e in g  v e ry  d ifferen t [1] . G rap h en e  is a 
layer of graphite. It is a so litary  atom  th ick  sheet of sp 2 hybrid ized  carbon  atom s organized 
in  a h e x a g o n a l g rid  stru ctu re  w ith  e x tra o rd in a ry  p ro p e rtie s , su ch  as h ig h  su rface  a re a , 
h ig h  e le ctrica l con d u ctiv ity , an d  e x ce lle n t m e ch an ica l stren g th  [2 ] . D u e  to  its excep tio n a l 
p h y sica l ch a ra c teris tics , su ch  as its u ltra -th in  p ro p e rtie s , s ig n ifica n t n o n lin earity , and  
e le c tr ica l tu n ab ility , g ra p h e n e  is fre q u e n tly  u sed  in  co m b in a tio n  w ith  o th er  m a te ria ls  to  
crea te  tu n a b le  o p tica l an d  o th er e le c tro n ic  d ev ices  [3 ] . S in ce  e ach  ca rb o n  p artic le  h as an  
un h y brid ized  sin gle b on d , grap h en e has h igh  n ative flexibility  and electron ic conductivity . 
R ecen tly , 3 D  stru ctu res  o f g ra p h e n e  h o n ey co m b s h av e  b e e n  stu d ied  th ro u g h  la rg e-sca le  
m olecu lar dynam ics sim u lations for m echanistic u n d erstand ing  and d eform ation  behaviors 
as d isp layed  in F igu re  1 [4 ] .
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Figure 1. A variety of Graphene honeycomb 3D structures (a-h) [4].

G raph ene oxide (GO) is not a conductor. H ow ever, it can  be  red uced  b y  h eat processes 
in to  co n d u ctiv e  red u ced  G O  (eG O ) [5 ]. rG O  is co n v e y ed  b y  d isp o sin g  o f th e  o x y g en ated  
g ro u p s o f G O , w h ere  (GO is a  - a r ia n t  o f g ra p h e n e  a d o rn e d  w ith  fu n ctio n a l g ro u p s [6 ] . 
D esp ite  the fact th at rG O  is a d erivative of gr aphene, the rigorous process of ox id ation  and 
red u ctio n  fam ilio rizes h arm ed  areas w ith  th e  rG O  sh eets. T h ere  ore u n reacted  fu n ctio n al 
g ro u p s attach ed  to  th e  rG O  p lan e  (F igure 2 ) [7 ] .

s i gure 2. The structure of GO and rGO [6].

G ra p h e n e , b o th  sin g le  la y er an d  m u ltila y er, ca n  n o w  b e  m a n u fa ctu re d  in  a v a r ie ty  
o f w ay s. T h e  lay ers  o f g ra p h e n e  u n io n  are  fa b rica ted  th ro u g h  a h iera rch ica l o r  b ase  
m e th p d o lo g p [8 ] . G ra p h ite  is co m p o se d  o f grh p h en e  lay ers . T h e  g ra p h e n e  la y e r t h av e  
tw o  fy p es o f b o n d  stru ctu res. T h e  w e a f  V an  d er W aal in te ra c tio n s  h o ld  tho g rap O tn e  
b on d  layers to g ath er w ith  a d itta n ce  o) around  0.341 nm  b etw aen  th e  rd j'o in ing  gnaphena
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lay ers  [9 ] . T h e  V an  d er W aal in te ractio n s  h av e  a s ig n ifica n t im p a ct o n  th e  fre q u e n cy  o f 
m o d e s w ith  re la tiv e  m o v e m e n t b e tw ee n  th e  lay ers  in  v ib ra tio n a l d isp e rs io n  [10] . So m e 
o f th e  p h e n o m en a  re la ted  to  V an  d er W aal in te ra ctio n s  in c lu d e  fr ic tio n , su rface  te n s io n , 
v iscosity , a d h e sio n , co h e sio n , an d  w e ttin g  [11] . T h e  a ssem b ly  o f ca rb o n  a to m s in to  a 
g rap hene arran gem ent is the bottom -u p m ethod  of synthesis. The tw o m ethod ologies have 
ad v an tag es and d ow n sid es th a t h av e b een  exp lored  in literatu re  [12,13]. In th is study, w e 
a im  to  re v iew  th e  a v a ila b le  lite ra tu re  o n  th e  sy n th esis  o f g ra p h e n e  an d  g rap h e n e -b ased  
m ate ria ls  d eriv ed  fro m  w aste s  in  th e  la s t d ecad e . T h e  fo cu s o f w a ste  is b io w a ste , coal, 
an d  in d u stria l w a ste  as sou rce  m ateria ls . T h e  sp ecific  sy n th esis  m eth o d  is m icro w av e  
sy n th esis . M o reo v er, n u m ero u s ch a ra c teriz a tio n  te ch n iq u es  h av e  b e e n  d iscu sse d  a lo n g  
w ith  th e  em erg in g  fu tu re p ro sp ects  and recom m en d ation s.

2. Synthesis of Waste into Graphene Derivatives
2.1. B iow astes

It has b eco m e ch a llen g in g  in th e  21st cen tu ry  to ob ta in  clean , afford able , and reliable 
energy  sou rces w h ich  are essen tia l from  b o th  a financial and n atu ral ou tlook . B io m ass has 
b e e n  id en tified  as on e  o f th e  m o st fa v o ra b le  su sta in ab le  so u rces o f en erg y  [14] . B io m ass 
is s tan d ard  an d  n o rm al m ateria l d eriv ed  fro m  p lan ts  an d  an im als  (m icro o rg an ism s) an d  
it  co n ta in s  sto red  en erg y  fro m  th e  su n  [15] . S in ce  p lan ts  an d  an im als  are  c lassified  as 
su sta in ab le , th e  w o rd  "re n e w a b le "  is a p p licab le  to  b o th . M o reover, b io m ass is o ften  tim e 
o b ta in ed  fro m  forestry , a g ricu ltu ra l, in d u str ia l, h o u seh o ld , an d  m u n ic ip a l so lid  w astes  
(M SW ) [16, 17] . E v e ry  year, v a r io u s  b io -w a ste  fro m  la rg e-sca le  liv esto ck  o r a g ricu ltu ra l 
so u rces are  d u m p ed  in to  th e  e n v iro n m en t [18] . B io m a ss  is m o stly  co m p rise d  o f  lo n g  
ch a in s  o f  ca rb o n , h y d ro g e n , an d  o x y g e n  co m p o u n d s w ith  a ca rb o n  fix a tio n  as h ig h  as 
55 %  b y  w e ig h t [19] . T h e  ca rb o n  co n te n t o f b io m a ss  sh ou ld  b e  co n cen tra ted  b efo re  it can  
b e  co n v e rte d  co m p le te ly  to  g rap h e n e . T h e  in d u stry  h as u tilize d  th is s tra te g y  to  m ak e  
b ioch ar. B io ch em ica ls , b io fu e ls , an d  ev e n  b io -v e h ic le s  are  created  fro m  b io m ass u tiliz in g  
heat treatm ent m ethod s, such  as gasification , carbonization , liq u efaction , and pyrolysis [2 0 ]. 
C a rb o n iz a tio n  is a  p y ro ly sis  p ro cess th a t co n v erts  b io m ass in to  a carb o n aceo u s, ch arco a l
lik e  m a te ria l [2 1 ] . O n  th e  o th er  h an d , g ra p h itiz a tio n  is a  m eth o d  in  w h ich  a m o rp h o u s 
c a rb o n  is h ea ted  b efo re  b e in g  co n v erted  in to  th ree -lay ere d  g ra p h ite  [22 ] . I t  o u g h t to  be 
n oticed  th at th e  carb o n izatio n  cy cle  h ab itu a lly  b rin g s ab ou t am o rp h ou s carb o n  instead  of 
g rap hite-like  carbon. P yrolyzed  carbon  exists in  tw o form s w h ich  are hard  and soft carbon. 
In  fact, d esp ite  b e in g  h e a te d  to  e x trem ely  h ig h  te m p era tu res, h ard  ca rb o n  g rap h itiza tio n  
is y e t to  b e  ach iev ed  [23 ] . In  th e  m e a n tim e , h e a t tre a tm e n t re ad ily  co n v erts  so ft ca rb o n  
in to  graphite . In sp ite o f the w ay  th at the prop erties of the conv erted  carb on  stru ctu res are 
s im ila r to  g ra p h e n e , th ey  are  n o t u n m o d ifie d  g ra p h e n e  b eca u se  o f th e  p re sen ce  o f ex tra  
carb o n  com p on en ts [ 24] .

T h erm al exfo lia tion  and carb on  grow th  are tw o m eth o d s for the th erm al d egrad ation  
o f b iom ass [2 5 ]. The exfo lia tion  tech n iqu e w ith  grap h itized  b iom ass incorp orates b reaking  
u p  th e  ca rb o n  stru ctu re  b y  o v erco m in g  th e  V an  d er W aals fo rces , re su ltin g  in  g rap h en e  
sh eets  (G Ss). T h is  p ro cess is s im ila r to  th e  co n v e rs io n  o f g rap h ite  in to  g ra p h e n e  w ith  
g rap h itized  b io m ass su b stitu ted  fo r g rap h ite  [26 ,27] . Table 1 sh ow s exam p les o f m eth o d s 
fo r the co n v ersio n  o f b io m ass in to  g rap h en e  d eriv ativ es.
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Table 1. Methods for the conversion of biomass into graphene derivatives.

Waste Sources M ethods Temperature Atmosphere Time
Graphene

Derivatives References

Petals of lotus and 
hibiscus flowers

Chemical vapor 
deposition (CVD)

800-1600 ° C Air 0.5 h graphene [28]

Newspaper Carbonization 450 ° C Air 5 days graphene [29]

Chitosan
Pyrolysis, 

Chemical activation 9 
8

 
O 

O
 

O 
O

o 
o

C
C N2 gas

3 h
2 h

graphene [30]

Camphor leaves Pyrolysis C
o

0021 Nitrogen gas 4 min graphene [31]

Wheat straw
Hydrothermal,

Pyrolysis,
Pyrolysis

150 ° C 
800 ◦  C 

2600 ◦ C

s
s

•jntgtg 
■<C 

(N 
U

Z 
<

6 h
3 h

graphene [26]

Oil palm leaves & 
Palm kernel shell

Pyrolysis 00 O
o C N2 gas 3 h GO [32]

Oil palm fiber CVD & Pyrolysis C
o

0201 Ar and H2 gas 30 min graphene [33]

Rice husks Chemical activation

8
4

O 
O

 
O 

O
o 

o
C

C Air 2 h graphene [34]

Palm oil Pyrolysis 900 ° C Ar gas 10 min GO [35]

Spruce bark
Hydrothermal

Pyrolysis
180 ° C 

1000 ◦ C
Air 

N2 gas
12 h 
2 h

graphene [36]

Mango peel Pyrolysis 5 o o C H2 gas 
Ar gas

15 min graphene [37]

Macademia nut shell
Hydrothermal

Pyrolysis 8
1

 
O 

00
o 

o
o 

o
C

C Air 
Argon gas

12 h 
2 h graphene [38]

Soybeans Pyrolysis 800 ° C Nitrogen gas 2 h graphene [39]

Empty fruit brunch
Pyrolysis

Graphitization
350 ° C 
900 ◦  C N2 gas 2 h graphene [40]

Bengal gram 
bean husk

Pyrolysis
400 ° C 
850 ◦  C

Nitrogen gas 2 h graphene [41]

Populus wood Pyrolysis 950 ° C Nitrogen gas 1 h graphene [42]

Lignin biomass Hydrothermal 1 00 o o C Air 12 h graphene [43]

Walnut shell Pyrolysis 00 o o C Argon gas 4 h graphene [44]

Coconut shells,
250, 300, 350, 400, 

450 ◦  C 
105 ◦ C 

250, 300,

NaOH
NaOH

Air

2 h 
24 h 
2.5 h

Oil palm empty fruit 
bunches (OPEFB), 

Rice husks

Carbonization GO [45]

350 ◦  C

2.2. C oal W aste

C oal is a u n iq u e  carb on  m ateria l th at can  b e  su b d iv id ed  into lign ite , b itu m in o u s coal, 
and anthracite  [4 6 ] . L ign ite  and su b -b itu m in ou s coal are classified  as in ferio r coal becau se 
o f th e ir  h ig h  m o istu re  co n ten t, h ig h  im p u rity , h ig h ly  v o la tile  m a tter su b stan ce , an d  lo w  
qu an titativ e  w o rth  [4 7 ] . C o al is g en era lly  con v erted  in to  fuel th rou gh  v ario u s cycles, such  
as ig n itio n , p y ro ly sis , g a s ifica tio n , an d  liq u e fa c tio n  [4 8 ] . T h e  tra d itio n a l m e th o d s  h av e  
d raw b ack s w h ich  in clu d e  a lack  o f en erg y  effic ien cy  and eco lo g ica l co n tam in atio n  [49 ,5 0 ] . 
Subsequently , a h igh-esteem  and earth -m anageable  techniqu e in using coal is required  [5 1 ]. 
C o a l p artic les , in  co n tra st w ith  n o rm al p ieces o f g rap h ite  an d  o th er  p recu rso rs , co n ta in  a 
n u m ber o f arom atic un its as w ell as sh ort aliphatic and ether b on d s [5 2 ]. It is b elieved  that 
co a l m ig h t b e  a g oo d  o p tio n  fo r c re a tin g  ca rb o n  n a n o m a te ria ls  b eca u se  o f its stag g ered  
n an o a rch itectu re  an d  e x p lic it cap ab ilities . Sav itsk ii e t  al. [5 3 ] u tilized  an th rac ite  co a l an d
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a th e rm o -o x id a tiv e  te ch n iq u e  to  p ro d u ce  co llo id a l G O  n a n o p a rtic le  sca tterin g s in  size 
ran g e  fro m  122 n m  to  190 n m . P a k h ira  e t  a l. [5 4 ] sh o w ed  th a t G O  ca n  b e  sy n th esized  
fro m  lo w -g ra d e  coal. It  w as m o ld ed  fro m  th e  n a tu ra l co a lifica tio n  o f p la n t m etab o lites  
iso la te d  b y  ch e m ica l e x fo lia tio n  o f co ld  H N O 3 . H o w e v e r, su ch  G O  sh eets  a re  b o u n d  to  
b rea k  in to  n eg lig ib le  ro u n d  sh ap es o f n an o m eters. I t  is s trik in g  th a t th ere  is an  exp an sio n  
in the u tilization  o f coal-d eriv ed  n an o m ateria ls  for a v arie ty  o f ind u strial ap p licatio n s [52 ] .

C urrently , the s trategy  for rep ro cessin g  coal in to  grap h en e is to in itia lly  con v ert huge 
m o le cu le  co a l in to  an  a n te ce d e n t ca rb o n  so u rce  p rio r  to  sy n th e s iz in g  g rap h en e . T h e  
precu rsor carb on  sou rce can  be gaseou s or a particu lar fo rm  [55] . P rim er screen ing  of crude 
coal, d eb asem en t exp u lsio n , p y ro lysis (d ry  refin in g), g asifica tio n , and liq u efactio n  o f coal 
step s in  th e  p re p a ra tio n  o f a  p re cu rso r ca rb o n  so u rce  [5 6 ] . Z h o u  e t al. u tilize d  a re a cta n t 
g ra p h itiz a tio n -h e lp ed  d ie lec tr ic  b a rr ie r  d isch arg e  (D B D ) p lasm a  stra te g y  to  m ak e  Taixi 
an thracite-based  synthetically  inferred  graphene as w ell as m etallic n anop article-enhanced  
g rap h en e  sh eets [5 7 ] . In  th is m eth o d , cru d e coa l w as g rap h itized  at 2400 °C  for 2 h  (u nd er 
A r) d irectly  w ith  Fe2(SO 4)3 as a cata lyst fo llow ed  b y  H u m m ers ' m ethod  oxid ation  in to  the 
co rresp o n d in g  g rap h ite -lik e  carb on  oxid es (T X -N C -G O  and T X -C -G O , sep arate ly ) [5 7 ,5 8 ].

2.3. In du stria l W astes

M a la y sia  is an  e m e rg in g  n a tio n  th a t re lies  o n  m o d e rn  e ffic ie n cy  as o n e  o f its m o n 
e ta ry  d o n o rs. D iffe ren t ty p es  o f  w aste s  a re  p ro d u ced  in  in d u str ia l p ro cesse s, in c lu d in g  
chem ical effluents, indu strial p lants w aste , p aper w aste , m etals, concrete, slu d ge, electronic 
d ev ices w astes, etc. [5 9 ] . A  n u m b er of sig n ifican t m ateria ls  (e.g ., g rap h ite , C u , Fe, and Zn) 
fro m  in d u stria l w aste  can  b e  recu p erated  u tiliz in g  a h y d ro m eta llu rg ica l tech n iq u e  called  
leach in g  [60] . The com m ercia lization  of grap hite-based  prod u cts has im m en sely  im proved  
d u rin g  th e  tw en ty -firs t ce n tu ry  [61 ] . It  is d u e  to  th e ir u n iq u e  p h y sica l an d  m an u factu red  
prop erties, su ch  as h igh  ch em ical resistance, heat capacity, h igh  electrica l conductiv ity , and 
lu bricity . T h e se  u n iq u e  p ro p erties  are  su itab le  fo r v a r io u s  m o d e rn  ap p lica tio n s , su ch  as 
co n trap tio n s, o ils, and m eta llu rg y  [62] .

A  m od ified  H u m m ers m eth o d  w as u tilized  to  p rep are  to G O  from  g rap h ite  obtained  
from  m o d ern  w aste  filtering  [63 ]. C o n cen trated  su lfu ric acid  (H 2SO 4) and g rap h ite  (30 m L 
&  1 g) w ere  m ixed  h o m o g en eo u sly  in an ice b ath  for 30 m in  d u rin g  th e  syn th esis  cycle . A  
total of 5  g o f potassiu m  p erm angan ate (K M nO 4) w as added and m ixed  for another 1 5  m in 
at tem p eratu res b elow  10 °C  [64] . T h e  exten t of K M n O 4 w as su b seq u en tly  increased  from  
1:3 to  1:5 to sp eed  up th e  ox id ation  rate. From  th at p o in t onw ard , 8 m L  o f u ltrap u re  w ater 
w as ad ded  d ropw ise for 15 m in , and the tem p eratu re  of the m ixture w as k ep t u n d er 98 °C  
for around 60 m in. Finally, the oxid ation  reaction  w as obtained  b y  ad ding 60 m L u ltrap ure 
w ater fo llow ed  b y  1 m L  H 2O 2 [65] .

3. Microwave Synthesis of Graphene Nanomaterials from Waste Materials

M icro w a v e  ra d ia tio n  is e le c tro m a g n e tic  ra d ia tio n  w ith  w a v ele n g th s  ra n g in g  fro m  
0.01 to  1 m  an d  freq u en cies ran g in g  fro m  3 0 0  M H z to  300  G H z [66] . M o d ern  m icro w av es 
h a v e  tw o  fre q u e n cies , 91 5  M H z  an d  2 .4 5  G H z, w h ile  th e  co n su m ed  m icro w a v e  o n ly  has 
one frequency, 2 .45 G H z, and a w av elen g th  of 12.25 cm  [6 7 ]. M icrow aves are w id ely  used  
to  h e a t m ate ria ls  th a t ca n  ab so rb  an d  c o n v e rt m icro w a v e  ra d ia tio n  to  h e a t [68] . T h ese  
d ip o lar p artic les  th a t are ch an g ed  ca n  q u ick ly  rearran g e  to w ard  th e  e lectric  field , lead in g  
to  exp an d ed  inw ard  atom ic con tact, and v o lu m etric  w arm in g  of the w h o le  su b stan ce  [69] . 
A s a resu lt, m icrow ave-assisted  tech n olog y  is ab le to p rovid e a q u ick  and efficien t m ethod  
of even ly  heating the m ateria l or system  fro m  w ith in . T he con v en tio n al heating system , on 
th e  o th er h an d , is re lativ ely  slo w  and in effectiv e  [70] .

G raph ite  or G O , is a typ ical w ellspring  of G Ss, w h ich  are m ad e from  a conventional or 
m o d ified  H u m m e r's  m eth o d  [71] . H u m m e rs ' m eth o d  is th e  m o st w id ely  u sed  m eth o d  in  
the synthesis of G O  through a m ixture of concentrated  H 2SO 4 and K M nO 4 [7 2 ]. S ince then, 
nu m erou s m odified  v ersion s have been  d eveloped . H ow ever, the exp erim ental proced ures 
are  m a in ly  v e ry  s im ila r to  th e  o r ig in a l H u m m e rs  m e th o d . O x id a tio n  is ach iev ed  u sin g
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K M n O 4 an d  th e  reactio n  is s tab ilized  b y  ad d in g  h y d ro g e n  p ero x id e  in to  th e  so lu tio n  [73 ]. 
A  few  h azard o u s re d u cin g  agen7s, su ch  ao h y d ra z in e  (N 2H 4) an d  N aB H 4, are  n o rm ally  
u tilize d  in  su b stan ce  m e th o d o lo g y  to  re d u ce  G O . T h e rm a l tre a tm e n t, o n  th e  o th er h an d , 
d o es no7 req u ire  th e  u tiliza tio n  o f h azard o u s reducing; ag en ts m ak in g  it a  m o re  attractiv e  
o p tio n  [74 ] . T h e  m icro w av e-assisted  tech n iq u e  h as  acq u ired  u b iq u ity  as an  a ltern a tiv e  7o 
co n v e o tio n a l g ra p h e n e  p rep ara tio n . It  trea ts  G O  o r n o rm al g ra p h ite  in  a m icro w a v e  or 
m ictow ave p lasm a-assisted  chem ical vap or d ep osition  (M PC V D ) fram ew ork  w h ich  utilizes 
m icrow ove-assisted  so lv o th e rm a l/a q u e o u s  stra teg ies [757 M icro w av e rad iatio n  p rovid es 
a  q u ick  an d  u n ifo rm  h e a tin g  ra[e  th a t lead s to  fa r t  p artic le  n u c le a tio n  an d  g ro w th  w h ich  
m ay  red uce tire reaction tim e th at even tu ally  led to sign ifican t energy  sav in g  [7P]. F igure 3 
p o rtra y s  o n e  p o ten tlo l m icro w a v e -a ss is te d  stra te g y  fo r g ra p h e n e  sy n th esis . M icro w av e  
illu m in a tio n  p ro d u ces  v e ry  h ig h  te m p e ra tu re s  an d  [e n sio n s, an d  e n erg y  is tran sferred  
d irec tly  indo th e  G O  [77 [. F u rth e rm o re i th e  in te ra c tio n  o f polar* so lv en ts  w ith  th e  su tfa ce  
ox id es on G O  sh eets  is the k ey  facto r in d eterm in in g  d ep o sit reg u larity  [77] .

Figure 3. Schematic illustration of the synthesis of graphene and graphene-based composites with 
the assistance of microwave irradiation [77] .

Fu rth erm orre,, th e  re d u ctio n  d eg ree  o f G Ss w as fu rth e r  en h a n ce d , an d  th e  fu n ctio n a l 
g ro u p s o n  th e  ru rfaee  o f G O  are  su ccessfu l ly  lo w ered  [78] 1 T h ere  are  sev era l o b v io u s 
a d v a n ta g e s  to  p ro d u ci n g  g ra p h e n e  u ain g  m icro w a v e  tech n olog y . F irstly , th e  ad v an tag e  
o f m icro w av e-assisted  h e a tin g  o v er trad itio n a l h e a tin g  m eth o d  s i s its u n i.o rm  an d  rap id  
h e a tin g  o f th e  re actio n  m ix tu re  [79] . In  a d d itio n , m icro w a v e -a ss is te d  h e a tin g  ca n  signif3- 
cantly  im prove the tran sfer of energy  d irectly  t o tho reactants, resu lting in  an in stan tan tn u s 
in ternal tem peratu re rise [̂80 ] . F urtherm ore, m icr/w a v e  technology  enables the use of en v i
ron m en ta lly  irien d ly  so lv eo ts , resu ltin g  in g leaner productu th at do nut re .u rre  ad d itional 
p u rifica tio n  steps [8 1 ] . Since; it  in v o lv es o q u ick  w a rm in g  an d  v a ry  fa s ! ra te  o3 cry sta lliza 
tio n  to  oreaoe th e  id e a l n a n o cry sta lh n e  item s, m icro w av o  iliu m in a tio n  h as re ce n tly  b ee n  
p ro p osed  as a v a lu ab le  p ro crd u re  fo r d eliv erin g  carb o n -rela ted  co m p o sites  w iih  uniform- 
sca tte rin g  as w e li as s iz t  an d  m o rp h o lo g y  co n tro l [8 2 ] . Table 2 sh ow s ex am p les  o f  w a  ste 
m ateria ls  in  grap h en e  d eriv a tiv et b y  u sin g  th e  m icro w av e m ethod .

^  Carbon atom f  Hydrogen atom )  Heal 

Oxygen atom *  Spark

1000 W 4-5 s

Conversion towards graphene pattern
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Table 2. Examples of waste materials into graphene derivatives by using microwave method.

Microwave Experimental Parameters
Applications References

Power Time Reagents Frequency
Characterizations

Graphite powder 700 W 60 s XPS, XRD and TEM Fuel cell catalysts [83]

Cellulose 950 W 2 h H2SO4 - XRD Biobased GO 
Quantum dots (GOQD) [84]

Sugarcane bagasse 
(dried) & 

bulk

700 W 
800 W

2 min
10 min

h 2s o 4
Argon gas 2450 MHz

FESEM, XRD, XPS and Raman 
spectroscopy 

SEM, Raman spectroscopy
Li-ion battery (LIB) [85]

[86]

Betalain 
from dragon fruit 100 W 10 min - ANOVA and BBD design matrix Coloring food product [87]

Spent tea waste 100-900W 15-180 min - TEM, XPS and FTIR Graphene quantum 
dots (GQDs) [88]

Waste palm 700 W 5 min -
FESEM, XRD, XPS, TEM and 

Raman spectroscopy Supercapacitor [89]

Poly (Ethylene 
terephthalate) 700 W 300 s Iron nano-particles 2450 MHz XPS, Raman spectroscopy, 

FESEM, SEM, HRTEM and EDX

Bisphenol-A removal 
from contaminated 

water
[90]

Coconut shells 800 W 10, 20, 30, 40 min L-ascorbic acid 2.45 MHz FTIR, SEM, EDAX, XRD, 
LCR-Meters.

Effects of microwave 
irradiation [91]

Sorghum stalk 700 W 3 min - SEM, XRD, XPS, TEM and EDS Supercapacitors [92]

Coconut coir and 
coconut shell 12 h - XRD, XPS, TEM and SEM Electrical transportation 

system [93]

Bovine blood waste 700 W 10 min - XPS and Raman spectroscopy Food industry [94]

Coconut shells 900 W 15 min - XRD and Raman spectroscopy A hybrid gas sensor 
from room temperature [95]

Waste PET bottle 600 W 2 min - EDX, FTIR XRD and SEM. Tetracyclines
removal [96]

Disposable mask - SEM microscopy Composite materials [97]

Grass waste 8 h -
FTIR, TEM, Raman, AFM, XPS, 

UV-Vis and HRTEM
Nonlinear optical 

applications [98]

Styrofoam waste 1100 W 30 min 2.45GHz TEM, Raman, XRD, FTIR and 
SAED

Nonpolar GQDs-based 
hydrophobic coating [99]
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Table 2. Cont.

Microwave Experimental Parameters
Applications

Power Time Reagents Frequency
Characterizations References

Bamboo waste 2000 W 25 min K2CO3 - XRD, TEM, SEM and XPS Biochar containing 
graphene (BCG) [100]

Melamine sponge and 
arjuna bark 700 W 10 min - FTIR, XPS and TEM Cell imaging and H2O2 

sensing [101]

Toner powder waste 350 W 30s -
Raman, FTIR, UV-Vis 

spectrometer and FETEM Color converting film [102]
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4. Characterization Techniques
4.1. X -ray  D iffraction  (X R D ) an d  X -ray  P hotoelectron  S pectroscopy  (X PS)

Firstly, X R D  is a reliable tech n iqu e for the stru ctu ral analysis of G O . T h is analysis can 
be  used  to assess the p a tte rn /sh a p e  and crysta llin ity  of G O  [103]. X R D  also is com p arab le  
to  a fin g e rp rin t th a t is u n iq u e  fo r e a ch  sam p le  o r sp ecies. T h is  is d u e  to  th e  e v a lu a tio n  
o f ach iev ed  d a ta  w h ich  ca n  b e  co m p ared  w ith  th e  d a ta b a se  resu lts  to  id e n tify  th a t m a te 
ria l [104] . In  sp ite  o f th e  fa c t th a t X R D  is ce rta in ly  n o t an  o p tim al d ev ice  fo r re co g n iz in g  
s in g le -la y er  g ra p h e n e , i t  can  b e  u sed  to  re co g n ize  g ra p h ite  an d  g ra p h e n e  tests . In  the 
X R D  d esig n , th e  u n b lem ish e d  g ra p h ite  h as a b a sa l re flectio n  (002) p e a k  a t 2 0  =  26 .6° 
(d sp acin g  =  0 .335  n m ). Later, th e  o x id a tio n  o f g rap h ite  in to  g rap h ite  ox id e  show s m id d le  
b a sa l (002) re flectio n  p e a k  m o v es to  11 .2 ° , co rresp o n d in g  to  a d  sp a c in g  o f  0 .79  n m  [105] . 
T h e  in crease  in  in terlay er sp ace  is d u e  to  w ater a to m s in terca la tin g  b e tw ee n  th e  o x id ized  
g ra p h e n e  lay ers . T h e  p resen ce  o f m eta llic  m ix tu res in  g ra p h e n e  stru ctu res w as an a ly zed  
u tiliz in g  X R D  exam ination . In  ad d ition , an x-beam  con n ection  w ith  a graphitic tran slu cent 
stag e  p ro d u ces  a d iffra ctio n  d es ig n  [106] . N o n -co v a le n t fu n ctio n a liz a tio n  o f rG O  w ith  
tw o p o ly  ionic flu ids (PIL), p o ly  (1-v inylim id azo le) (PV I), and 2 -b rom op ro p io n y l b rom id e 
resu lted  in  th e  d isa p p e a ra n ce  o f a  sh arp  G O  d iffra c tio n  p e a k  a t 2 0  =  11.8° in  P IL -rG O  
d iffracto g ram s [107] . T h is  tren d  is p re d ictab le  w ith  th e  d eta iled  in fo rm a tio n  an d  a slig h t 
e x p a n sio n  in  th e  p o w e r o f  th e  G O  tra d e m a rk  to p  in  20  =  4 4 .5 °  (101) w h ich  re la tes  to  the 
b a sa l re flex in g  p lan e  o f th e  tr i-lay ered  g rap h ite  [108] . F ig u re  4  d isp lay s  th e  X R D  p rofiles 
o f g rap h ite , G O -I, G O -II, and rG O . T h e  fo rm ation  o f G O  w as con firm ed  b y  th e  d iffraction  
peak at 20  =  11.01° at a reflection  p lane (001). A  d iffraction  peak that appeared  at 20 =  26.8° 
a t a  re flectio n  p lan e  (0 0 2 ) a fte r  th e  th e rm o ch e m ica l tre a tm e n t co n firm ed  th e  re d u ctio n  o f 
G O  [109] . T h is d iffracto g ram  d em on strated  th e  d isap p earan ce  o f th e  G O  p eak , p ro v id in g  
ev id en ce  th a t G O  w as co n v erted  in to  rG O . In  a d d itio n , G O  w as p rep ared  u s in g  d ifferen t 
ratios of acids (I and II) as sh ow n  in F igu re  4 [109 ,110] .

X P S  is o n e  o f th e  m o st co m m o n  te ch n iq u es  u sed  to  stu d y  th e  re la tiv e  a m o u n t o f 
carb o n , o x y g en , an d  fu n ctio n a l g ro u p s p resen t in  G O  an d  e lectro ch em ica lly  rG O  (E rG O ). 
I t  is an  a ccu ra te  tech n iq u e  to  d e term in e  th e  a m o u n t o f ca rb o n  an d  o x y g e n  co m p ared  to  
e le m e n ta l a n a ly sis  b eca u se  it  is d ifficu lt to  fu lly  d eh y d ra te  a G O  sam p le  [111] . T h is  is  a 
q u a n tita tiv e  an d  re liab le  te ch n iq u e  in  re m o v in g  e le ctro n s fro m  th e  C  1 s an d  O  1 s lev els  
o f g rap h en e  u sin g  X -ray s an d  th e  en erg ies o f th e  em itted  electro n s are  d eterm in ed  b y  the 
a to m ic  co m p o sitio n  o f th e  m a te ria l [112] . X P S  ca n  q u a n tify  th e  d iffe ren t ty p es  o f ca rb o n  
fu n ctio n a litie s  p re sen t an d  in d ica te  th e  fo rm a tio n  o f ch e m ica l b o n d s , an d  ev a lu a te  the 
p h y siso rp tio n  o f m o le cu le s  th ro u g h  th e  O / C  ra tio  [113] . T h is  q u a n tifica tio n  is critica l to  
co rrela te  th e  grap h en e-b ased  m ateria ls ' ch em ica l p ro p erties  versu s th e ir p erfo rm an ce , for 
exam p le, in  p erm eability  [114], w ater p u rification  [115], or b io -sen sin g  [116]. Fu rtherm ore, 
the surface chem istry  and b ind ing  sites of b o th  e lectrically  cond u ctin g  and non -cond u cting  
m ateria ls  are also stu d ied  b y  X P S. It is p o ssib le  to  ch aracterize  th e  netw o rk s and b on d s in 
the m aterial sam ple. T he photoelectric effect serves as the basis for the theory. A dditionally , 
X P S  ca n  sh ed  lig h t o n  th e  a to m ic  co m p o s itio n 's  p ercen tag e . F ig u re  5 d isp lay s  th e  G O  
an d  rG O  o f th e  X P S  sp ectra  th a t e x h ib it d is tin c tiv e  p a ttern s  w h ich  rev ea l th e ir  ch em ica l 
co m p o sitio n  [117] .

T he C (1 s) and (O 1 s) peaks, w h ich  are located  at about 285  and 532 eV, respectively, in 
th e  X P S  fu ll scan  sp ectra  o f G O  an d  rG O , are  d isce rn ib le  [118] . T h e  b o n d in g  in v o lv ed  is 
fu rther h igh lighted  b y  the d econvolu tion  o f the core orbitals o f C(1 s) and O (1 s) [119] . Peaks 
for C = O , O =C -O H , C = C  and C -C  bond s are resp ectiv ely  v isib le  in  the C(1 s) d econvolu tion  
for G O  at b in d in g  energ ies o f 287, 289, 284, and 285 eV. The C -O H  and C -O -C  g roups have 
p eaks on th e  O (1 s) d eco n v o lu tio n  cu rv e  fo r G O  at 532 and 533  eV, resp ectiv ely  [120] .
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Figure 4. XRD patterns of graphite (a), GO-I (b), GO-II (c) and rGO (d) [109].
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Figure 5. XPS spectra of (a) GO and (b) rGO). C1s XPS spectra of (c) GO and (d) rGO [117].

Table 3 Isas h ig h lig h te d  th e  G O  an d  rG O b in d in g  e n erg y  values?. In  th e  case  o f rG O ,
th e se  p eak s sh o w  up w ith  lo w  in ten sity , co n firm in g  th e  re d u ctio n  o f G O . A s a result:, the
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p e ak s in  rG O  b eco m e  n a rro w e r w h e n  G O  is red u ced  to  rG O . A d d itio n ally , it  ap p ears  
in ten se  to  restore the n -co n ju g atio n  in th e  rG O  p eak  at 284 eV  w h ich  corresp o n d s to  C = C . 
The d eco n vo lu ted  peaks in rG O  sh ift to  a b in d in g  energy  valu e g reater th an  G O  for O (1 s).

Table 3. Binding energy values of GO and rGO in (eV) from the XPS plot [117,119].

Bond GO rGO

C (1 s) O (1 s) C (1 s) O (1 s)

C=C 284 - Increase in intensity -

C=O 287 - Decrease in intensity -

C-O-H 285 532 Decrease in intensity Narrowing of peaks

C-O-C - 533 - Decrease in intensity

T h e a p p e a ra n ce  o f d is tin c tiv e  p e ak s in  X P S  ca n  b e  u sed  to  v e rify  th a t g ra p h e n e  has 
b een  su ccessfu lly  n on -covalently  functionalized  [121] . A ccord ing  to K han  et al., tw o d istinct 
p eak s a t 729 an d  715 .3  eV  can  b e  u sed  to  id e n tify  th e  p resen ce  o f m ag n etic  n a n o p artic les  
a n ch o red  o n  th e  G O  su rface  [122] . F u rth e rm o re , it  is n o ted  th a t th e  X P S  C 1 sp ectru m  
after F e 3O 4-fu n ctio n aliza tio n  sh ow s p eaks associated  w ith  C = O  (285 eV ), C = C  (286.2 eV ), 
an d  C -O -O  (289  eV ) b o n d s. X P S  ca n  a lso  b e  u sed  to  id e n tify  activ e  sites  an d  fu rth er 
illu m in a te  a sso cia ted  re a c tio n  m e ch a n ism s in  g ra p h e n e -b a sed  ca ta ly tic  m ateria ls . T h is 
is b e s t illu stra ted  b y  th e  d irec t o b serv a tio n  o f a ctiv e  sites d u rin g  th e  o x y g e n  re d u ctio n  
re a c tio n  (O R R ) o v er n itro g e n -d o p ed  g ra p h e n e  (N G ) ca ta ly sts  [123] . E v e n  th o u g h  m an y  
s im u la tio n  resu lts  sh o w ed  v ario u s re actio n  p a th w ay s an d  a d so rp tio n  sites fo r O R R  o v er 
N G , th e  a ctu a l m e ch a n ism  is still in  d isp u te , p rim a rily  b eca u se  th ere  is n o t a n y  d irect 
ev id en ce  of the d etection  of in term ed iate  sp ecies or active  sites [124] .

4.2. O th er  C haracterization  M ethods
4.2 .1 . R am an  S p ectro sco p y  and Fou rier-T ran sfo rm  In frared  S p ectro sco p y  (FTIR )

R am an  sp ectro sco p y  d etects  the tran sfo rm atio n  in  en erg y  con n ected  w ith  th e  S to kes 
and anti-Stokes tran sitions b etw een  the scattered  photons. It  is a non -d estru ctive  techniqu e 
th a t p ro vid es in form ation  on  ch em ica l stru ctu re  and m o lecu lar in teractio n s b y  th e  com b i
nation  o f light w ith in  th e  bond  o f m ateria l [125] . M oreover, R am an  sp ectro sco p y  is one of 
th e  m o st u se fu l assets  fo r co n cen tra tin g  o n  th e  co n stru ctio n  an d  n a tu re  o f carb o n -b ased  
m a te ria ls , fo r e x a m p le , g ra p h e n e  [126] . I t  is a  p o w e rfu l, q u ick , d e lica te , an d  lo g ica l te ch 
niqu e for giving su b jective and quantitative in form ation  to graphene-based  m aterials [127]. 
R am an sp ectroscop y is a s ign ificant instru m ent for d ecid ing the quantity  of grap hite  layers 
an d  th e  lev el o f g ra p h itiz a tio n  [128] . G ra p h en e  sh o w s D , G , an d  2 D  b a n d s  fo r th e  m o st 
p arts  in  R a m a n  a n a ly sis  [129] . T h e  D  b an d  is co m m o n ly  situ a ted  aro u n d  1350 c m -1  and  
ad d resse s  th e  lev el o f d efects  in  th e  g rap h ite . T h e  h ig h e r  th e  D  b a n d , th e  m o re  d efects  
in  th e  g rap h ite  are  o b serv ed  [130] . T h e  G  b an d  is lin k ed  to  th e  in -p lan e  v ib ra tio n  o f sp 2 
hyb rid ization  of carbon  atom s w h ich  is located  near 1580 c m - 1 . The 2D  peak, also k now n as 
G ', represents the n u m b er of grap h en e layers and is observed  at 2700 c m -1  [131]. F igu re 6 
d ep icts  th e  R a m a n  sp ectra  o f g rap h en e  red u ced  w ith  v ario u s red u ctio n  co n d itio n s w h ich  
re flec t th e  s ig n ifica n t s tru ctu ra l ch an g e s th a t o ccu r d u rin g  e ach  stag e  o f th e  e lectro  and  
th erm al p ro cessin g  [132] .
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Figure 6. Raman spectra of samples at various stages of processing [132].

P ristin e  g ra p h e n e  is a  ca rb o n  a llo tro p e , an d  n o  sig n al ca n  b e  co lle cte d  u s in g  FT IR . 
G ra p h ite  o x id e  e x fo lia tio n  is o n e  o f th e  p rim a ry  ro u tes fo r p re p a rin g  p ra c tica l g rap h en e  
w h ich  su p p orts catalytic research , and the oxid ation  step  is critical [133]. A s a result, m any 
fu n ctio n a l g ro u p s m ay  re m ain  in  g rap h e n e -b ased  catalyyts e v en  e fte r  b e in g  "co m p le te ly  
re m o v e d " , h a v in g  a s ig n ifica n t im p a ct o n  ca ta lp tic  p e rfo rm a y ce  [134] . T h ere fo re , i t  is 
im p o rta n t to  ev a lu a te  th e  red u ctiy n  lev el. F T IR  is o n e  o f th e  m o st e ffic ie n i an d  sim p le  
m eth o d s for in vestigatin g  resid ual fu nctional groups [135] . O ther th an  that, the m ethod  to 
d eterm in e  th e  b o n d in g  co n fig u ra tio n  o f d ifferen t ty p es  o f o x y g e n  is F T IR  an aly sis . A d d i
tionally , F T IR  is a to o l th a t co m p le m e n tt R am an  sp ectroscopy. T h e  id en tifiab le  fu n ction al 
groups; d o  n o t sh ow  an y  d istin ctiv e  p eaks in  this p ris tin e  g rap h ite  F T IR  sp tc tru m  [136] . It 
on ly  show s tw o peak s at ab ou t 1610 and 450 c m -1  w h ich  are attributed  to the v ib ratio n  of 
ad so rb ed  w a ter  m o lecu les (th e  O -H  stre tch in g ) an d  th e  sk ele ta l v ib ra tio n s fro m  g rap h ite  
d o m a in s , re sp ectiv e ly  (th e  sp 2 a ro m a tic  C = C ) [137] . T h e  o x y g e n a ted  G Ss m ay  e x h ib it a 
variety  of absorption  b a td s  or characteristic p e tk s  ranging  from  900 to 3500 cm 1 fo llow ing 
tteafm en t w ith  oxid izing agents [138] . T hese inclu de the stretching vibrations of epoxy  C-O  
gro u p s i t0 0 0 -1 S a 0  c r r ^ i ) ,  a lk o x y  stre tch in g  v ib ta tio n s  (1 0 4 0 -1 1 7 0  c m - 1 ), O -H  stredching 
v ib ra tio n s  (3 3 0 0 -3 5 0 0  c m - 1 ), O -H  d efo rm a tio n  p eak s (1 3 0 0 -1 4 0 0  c m - 1 ), an d  carb o x y l 
p e ak s (1 7 0 0 -1 7 5 0  c m - 1 ) [139] . N otab ly , b e tw e e n  1600  an d  1650  c m - 1 , th e  a ro m a tic  C = C  
p eak  w as v is ib le . T h is  p eak  is a  resu lt o f th e  sp 2 d o m ain s in  th e  u n o x id ized  reg io n  o f the 
grap h ite , and the v ib ra tio n  th at is pro d u ced  there  is k now n as sk ele ta l v ib ra tio n  [140] .

4.2 .2 . A tom ic Force M icro sco p y  (A FM )

A s a resu lt of the lim its o f scan n in g  tu n n elin g  m icro sco p y  (ST M ), su ch  as the requ ire
m e n t fo r co n d u ctiv e  e xam p les , a to m ic fo rce  m icro sco p y  (A FM ) w as created  in  1985 [141] . 
A FM  is a m u ltifu nctional instru m ent th at can  envision  the top ograp h y of a sam p le, m easure 
its ro u g h n ess , an d  d istin g u ish  th e  v ario u s p eriod s o f a  co m p o site  [142] . It  is w id e ly  u sed  
to  m easu re  th e  a d h e siv e  s tren g th  an d  m e ch a n ica l p ro p erties  o f  m ateria ls . It  re q u ires the 
u tiliz a tio n  o f co n d u ctiv e  tip s th a t a c t as top  term in a ls  as w ell as re la ted  to  p ro g ram m in g . 
F u rth e rm o re , n a n o in d e n ta tio n  ca n  b e  u tilized  to  q u a n tify  m e ch an ica l p ro p e rtie s , su ch  as 
Y o u n g 's  m o d u lu s an d  h a rd n e ss  [143] . A F M  is b ro a d ly  u tilize d  in  m ate ria ls  sc ien ce  [144], 
life  sc ien ce , an d  o th er  d isc ip lin e s  [145] . A s A F M  in n o v a tio n  p ro g re sse s , p e rce p tio n  g oal 
im p ro v e s, an d  a p p lica tio n  sco p e ex ten d s an d  a lso  m o re  q u a n tita tiv e  in v e stig a tio n  o f n o 
ticed  p ictu res has started  [146] . F o r in stan ce, in the field  o f b io m ed icin e , m o st e xp lo rato ry  
ex am in atio n s h av e  zero ed  in  o n  th e  co n n ectio n  b e tw e e n  th e  d esig n  an d  re la ted  e lem en ts 
o f n atu ra l m acro m o lecu les , esp ecia lly  n u cle ic  acid s an d  p ro te in s [147] . A F M  in  m ateria ls
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science can  provide d ata related  to the three-layered  m orp hology  and surface roughness o3 
a  m ateria l su rface, as w ell as th e  d istin ctio n  in  th e  d istr ib u tio n  oS actu a l p ro p erties  o n  the 
m a te ria l su rface , fo r ex am p le , m o rp h o lo g ica l an a ly sis  [a48] an d  d ie lectr ic  co n sta n t [14 9 ] . 
A  m o d ified  L a n g m u ir-S c h a e fe r  d ep o sitio n  m eth o d  w as u sed  to  craate  a th in  m o n o la y er 
film  su itab le  fo r im a g in g  in  th e  sam p les fo r A F M  m easu rem en ts . F ig u re  7 sh ow s a rep re
sen ta tiv e  A F M  im ag e  o f th e  G O  m o n o la y er  d ep o site d  o n  th e  S i su b stra te  as w e ll as  the 
co rresp e n d in g  size  d istsibu tio n  o i  th e  G O  sh eets  3 5 0 ] .

0 urn 2 4  6  S

r  ----- 1----->---- 1— i-------1------«“—1— *— i------------------■---------------1------------------------1-1— «— r
O 2 A 6  8  10  12 14 1€

H e ig h t  ( n m )

Figure 7. Purified GO: (a) atomic force microscopy (AFM) image, (b) GO size disiribution, and 
(c) AFM sc an height analysas [150].

4 .2 .3 . S can n in g  E lectro n  M icro sco p y -E n erg y  D isp ersiv e  X -ray  Sp ectro sco p y  (SE M -ED S) 

S in ce  it  ca n  ra p id ly  e x a m in e /im a g in e  th e  m o rp h o lo g y  o f a  h u g e  sam p le , e lectro n  
m icro sco p y  is b ro a d ly  u tilize d  in  e v e ry d a y  sch ed u le  e x a m in a tio n s  [151] . A  p o ten tia l d if
fe ren ce  a cce le ra te s  th e rm io n ic  e lectro n s tra n sm itted  b y  a tu n g sten  fib er (ca th o d e) c lose  
to  th e  a n o d e  (1 .0 -3 0 .0  kV ). A  co n d e n ser  an d  o b je ctiv e  e le c tro m a g n e tic  fo ca l p o in ts  are 
u tilize d  to  a d ju st th e  b a r to  th e  ex a m p le  u n d e r v a cu u m  (105  D ad ) [152] . S e co n d a ry  and  
b ack scattered  e lectro n s are tran sm itted  d u rin g  th e  ou tp u t, as w ell as A u g er e lectro n s and 
X -rays, and their in teraction  w ith  electrons w h ich  changes them  com p letely  to  grayscale p ic
tures. P ictu res o f the sam p le  are g iven  b y  seco n d ary  and backscattered  electron  id entifiers, 
w h ile  co m p o sitio n a l d a ta  is g iv e n  b y  th e  X -ra y  sp e ctro m ete r [153] . S e co n d a ry  e lectro n s 
are  fu n d a m e n ta lly  created  b y  th e  o u ter sh e ll 's  in e la s tic  sca tterin g , w h ile  b a ck sca ttered  
e le ctro n s are  d eliv ered  b y  th e  p rim a ry  e lectro n s [154] . To av o id  su rface  an d  u n d e rly in g  
d a m a g e  fro m  th e  ray s, d e lica te  ex am p le s , su ch  as p o ly m e rs , n eed  to  b e  trea ted  carefu lly . 
N oncond u ctive  exam p les require surface p re-treatm en t and the sam ple is norm ally  covered 
w ith  a g o ld  o r ca rb o n  o v er la y e r  [155] . D u e  to  th e  o x y g e n a ted  e p o x y  g ro u p s o f G O , it  
sh o w s m u ltilay ers  w ith  so m e w rin k le s  [156] . S E M  im ag es p ro v id e  3D  v isu a liz a tio n  o f 
n an o p artic les  m orp hology , d isp ersion  in cells , and o th er m atrices. L atera l d im en sion  and 
rap id  a n a ly sis  o f n a n o p a rtic le s  e le m e n t co m p o sitio n  an d  su rface  flaw s, su ch  as crack s , 
etch ing resid ues, d ifferential sw elling , and holes can  also be seen  [157]. F igure 8 show s SEM  
im ag es o f p ro tru d e d  G N P  p ro d u ced  b y  G N P  d eb o n d in g  fro m  th e  p o ly m e r m a trix  u p o n  
failure as ind icated  by  circles w h en  G N P load ing  is increased  to 10%  and 20% , resp ectiv ely  
It has been  observed th at w h ile  G N P load ing  is increased  to  10%  and 20%  (Figure 8c,d), the 
fractu red  su rfaces b eco m e m u ch  co arser [158].
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3 pm 3 pm

Figure 8. SEM images of GNP fracture surfaces in epoxy at loadings of (a) fGNP = 1%, (b) fGNP = 2%, 
(c) fGNP = 10% , and (d) fGNP = 20°% [158 ].

4.2 .4 . T ransm ission  E lectro n  M icro sco p y  (TEM ) and H ig h -R eso lu tio n  Transm ission  
E lectro n  M icro sco p y  (H R TEM )

T E M  is b e s t  k n o w n  fo r  im a g in g  a sp e c im e n 's  m o rp h o lo g y , a  w id e  v a r ie ty  o f o th er 
com bined  techniqu es are also available in TE M  to extract chem ical, e lectrical, and steuctural 
d ata . F o r  in  stan ce , lo ca l d iafraction  p a ttern s  ca n  b e  m e asu red  u s in g  th e  p ara lle l e lec tro n  
b ea m  o f th e  T E M  w h ich  cars o ffer  p recise  m e a su re m e n ts  o f fh e  cry sta l sy stem  an d  p a 
ra m e te rs  [159] . F u rth e rm o re , th e  tra n sp a ren t, co rru g a te d , o r w rin k le d  stru ctu re  o f the 
tw o -d im en sio n a l (2D ) G O  an d  rG O  n a n o sh ee ts  is v is ib le  u n d e r th e  T E M  [160] . I t  is a lso  
desauibed as having the m orp hology  of an u ltrath in  silk: veil w ith  folds and scrolls along its 
ed ges and it is attributed  to  g rap h en e 's  inherent properties [161]. A  h igh ly  effective m ethod 
fo r  ch a ra c teriz in g  th e  stru ctu re  o f  g ra p h e n e  is H R T E M . I t  is a  sp ecia l to o l fo r d escrib in g  
g ra p h e n e 's  a to m ic stru ctu res an d  in terfaces. It  h as b e e n  u sed  to  o b serv e  g ra p h e n e  flakes 
in  a frac tio n  o f a  m icro n  an d  to  rev eal th e  fin e  ch em ica l stru ctu re  o f G O  [162] . B ased  o n  a 
T E M  im ag e o f th e  fo ld s fo rm ed  a t th e  ed ge, H R T E M  a lso  p ro v id es d ata  o n  th e  n u m b e r of 
g ra p h e n e  lay ers . G ra p h e n e 's  e le ctro n  d iffra ctio n  p a ttern  ca n  a lso  b e  u sed  b y  H R T E M  to 
id entify  its crystalline nature [163]. It is notew orth y  that H R TEM  can  reveal the quantity  of 
lay ers p resen t in  v ario u s areas o f th e  sh eets [164] . T h e  m easu red  la ttice  sp acin g  o f s in g le 
la y e r  g ra p h e n e  u sin g  th is  m eth o d  is 0 .236  n m  [165] . F ig u re  9 sh o w s T E M  an d  H R T E M  
im ag es of rG O .

4.2 .5 . F ield  E m issio n  Scan n in g  E lectro n  M icro sco p y  (FE SE M )

T he im age of the m ateria ls ' m icrostructu re is captu red  u sin g  the cu ttin g-ed ge tech n ol
ogy know n as FE SEM . G as m olecules have a tend ency  to d isturb the electron  b eam  and the 
e m itted  seco n d ary  an d  b a ck sca ttered  e lectro n s u se d  fo r im a g in g  an d  F E S E M  is ty p ica lly  
carried  ou t in  a h igh  vacu u m  [166] . The d ifference b etw een  the surface m o rp h olog y  o f G O  
an d  rG O  w as fu rth e r  d em o n stra te d  b y  F E S E M  an a ly sis  [167] . It  h as b e e n  d em o n stra te d  
th at the rG O 's  FE SEM  im age from  Figure 10 has m ore w rin k les than  G O  [168] . The rem oval 
o f o x y g e n a ted  fu n ctio n a l g ro u p s fro m  th e  G O  su rface  d u rin g  th e  re d u ctio n  p ro cess w as 
su p p osed  to b e  the cau se  of th e  corru g ation s on  th e  rG O  su rface  [169] .
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Figure 9. TEM image of bare GO (a) TEM and HRTEM image ofrG O -A u (b) [165].

Figure 10. FESM micrograph of GO (a) and rGO (b) [168].

5. Future Prospects

E ven  th o u g h  scientific in terest in grap h en e has increased  for a v arie ty  of ap p lications, 
th ere  a re  still sev era l s ig n ifica n t o b sta c le s  an d  ch a lle n g e s th a t n e ed  to  b e  a d d resse d  and  
overcom e. O ne of the critical issu es is the reprod u cib ility  o f w aste  m aterials in to  grap h en a- 
ceou s m aterials. Im proved  m orp hological p roperties shou ld  be com bined  w ith  proced u res 
th at are b oth  scalable and affordable. Excitedly, there is a sustained  in terest in  the synthesis 
o f m ate ria ls  b ased  o n  g ra p h e n e  an d  th e  e v a lu a tio n  o f th e ir  p ro d u ctio n  an d  fu s io n  w ith  
o th er m ateria ls . A lth o u g h  w a ste  p recu rso rs  h av e  b ee n  th e  su b je ct o f re ce n t s tu d ies, n on e  
o f th em  h av e  y e t b ee n  ab le  to  b e  m ark ed  in to  co m m ercia lly  av a ilab le  p ro d u cts . F ig u re  11 
sh o w s th e  fu tu re  p ro sp ects  in  g ra p h e n e  sy n th e sis  fro m  a v a r ie ty  o f w a ste s . N o tew o rth y  
fu tu re p ro sp ects inclu de;

• O p tim iz a tio n  o f p ro cess v a r ia b le s  an d  te ch n iq u es  to  re g u la te  th e  size , q u ality , and  
m o rp h o lo g y  of g rap h en e-d eriv ed  m ateria ls  from  w aste  m aterials.

• Im p ro v ed  sy n th etic  co n cep ts an d  m eth o d s are  h ig h ly  in sp irin g  an d  n e cessita te  co m 
m ercia l research  in v o lv in g  ren ew ab le  and b io d eg rad ab le  w aste  m ateria ls.

• W ell-o rd ered  o x id a tio n /d e c re a s e  an d  fu n ctio n a liz a tio n  are  e x p e cte d  fo r ca lib ra tin g  
m a te ria l p ro p e rtie s , fo r  e x a m p le , b an d  h o le , e le c trica l con d u ctiv ity , an d  m e ch an ica l 
p ro p erties  [170] .

• C o n tro lled  g ra p h ite , G O , an d  rG O  a d ju stm e n t is in  th is  w a y  b a s ic  fo r w id e n in g  the 
u tiliza tio n s of grap h en e-b ased  m aterials.
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To su rvey  the w ellb eing  risk  related  w ith  graphene and its subsid iaries, the p o ison o u s
n ess an d  b io co m p a tib ility  o f th e se  u n iq u e  ca rb o n  stru ctu res  an d  th e ir  su b o rd in a tes  
shou ld  b e  exam in ed  [171] .
D u e  to  its e x te n s iv e  p ro p erty , g ra p h e n e  p re p a ra tio n  is a  cru cia l a rea  fo r m ateria l 
scien tists. A s a resu lt, th e  scien tific  co m m u n ity  sh ou ld  fo cu s on  ad v an ced  an d  nov el 
m icrow ave instrum ents w h ich  w ould  be a great substitu te of toxic and harsh  chem icals 
To explore m ore v aria tio n s th at in volv in g  nov el synthetic  tech n iqu es, h igh  p u rity  G O  
for its m ass p rod u ction .
T h ere  shou ld  b e  m ore con sid eratio n  to lessen  th e  cost effects o f g rap h en e  d eriv ativ es. 
T here shou ld  be m ore em p h asis on the h igh  yield  and p u rity  of g rap h en e  d eriv ativ es 
u sin g  a v a r ie ty  o f w astes th rou gh  m icrow av e syn th esis.
This m ay also lead tow ard s the excellence of fu nctionalization , such  as ID , 2D , and 3D  
grap h en e  m em b ers, to  fab ricate  w aste  m ateria ls  in to  grap h en e-b ased  stru ctu res w ith  
en h an ced  fu n ction alities  and h ig h  su rface  areas [172] .
Im proving synthetic id eas and m icrow ave approaches are rem arkably  m otivatin g  and 
re q u ires fu rth e r  in v e stig a tio n s b y  re cy c lin g  w a ste  m ate ria ls  fo r  th e  o p tim iz a tio n  o f 
p aram eters, su ch  as tim e, pow er, and frequency.
F u rth er an a ly sis  o f m icro w av e  sy n th esis  an d  a p p lica tio n s sh ou ld  b e  exp lo red  w h ere  
th e  w a ste -b a sed  g ra p h e n e  d er iv a tiv es  ca n  b e  u tilized  an d , th u s , th e  stru ctu res  and
p ro p erties  can  b e  m od ified  as p er th e  in d u stria l d em and s.
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Figure 11. Future prospects in graphene synthesis from a variety of wastes.

6. Conclusions

D u e to  g ra p h e n e 's  in d u stria l s ig n ifican ce , th ere  is  g re a t co n ce rn  a b o u t its sou rces 
an d  sy n th esis  m e th o d s . T h e se  v a r ia b le s  a ffect th e  p rice  o f g ra p h e n e , an d  its in d u stria l 
ap p lica tio n s are  co n stra in ed . T h e  cu rre n t s tu d y  p resen ts an  o v erv iew  o f -various ty p es o f 
w astes fo llew ed  for the sy n th esis of g rap h en e-b ased  m aterials. G rap h en e creates w o n d ers 
w ith  its in tr ig u in g  q u a litie s  an d  g re a t a tte n tio n  fro m  research ers  a ll o v e r  th e  w o rld . G O  
iso lation  has b e e a  estab lish ed  for m ore th an  ten  years. H ow ever, the p rocess is a continu al 
exp loratio n  of v aria tio n s in volv in g  nov el syn th esis tech n iq u es, and h igh ly  pure G O  for its 
m ass  p ro d u ctio n  an d  co m m e rcia liz a tio n . T h e  m a jo r  a tte n tio n  is to  h av e  a p ro cess  th a t is 
co st e ffe ctiv e  an d  e co n o m ica l. T h e  lite ra tu re  is r ich  w ith  im p o rta n t p ro cess p a ram ete rs , 
th e ir  o p tim iz a tio n s , an d  th e  sy n th esis  o f G O  fro m  a v a r ie ty  o f w a ste  w h ich  is u sefu l 
fo r  a  w id e  ran g e  o f a p o lica tio n s . W e h av e  n a rra ted  lite ra tu re  th a t lists th e  sy n th etic
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ro u tes  fo r G O , p a rticu la rly  m icro w a v e  sy n th esis , as w ell as  d iffe ren t ch a ra c teriz a tio n  
m e th o d s. A lth o u g h  w a ste  b io m a ss-in ferred  g ra p h e n e  is o n e  m o re  e n co u ra g in g  m ateria l 
w ith  v a r io u s  a p p lica tio n s , its sy n th esis  m e th o d  is still o p en  to  b e  exp lo red . A cco rd in g ly , 
m o re  ex a m in a tio n  is e x p e cte d  to  e x h ib it th e  b e s t s tra te g y  fo r c re a tin g  g ra p h e n e  w ith  the 
b e s t p ro p erties  an d  o p tim iza tio n . In  ad d itio n , su ccessfu l an d  co st-effectiv e  p la n n in g  m ay  
lead  to the use o f grap hene in  a w id e range of applications from  energy  to the environm ent. 
F u rth erm ore, m ateria l progress a lw ays d em on strates a su p erio r e ffect in an y  field . D u e to 
its d iverse properties, grap hene preparation  is an  im portant area for m aterial scientists. A s a 
resu lt, the scientific com m u nity  w ill alw ays give atten tion  to effective and efficient graphene 
p rep aration . T h e  im p ro v em en t o f g rap h en e  th rou gh  green  co m b in atio n  ad d resses a hu ge 
p ro g re ss io n  in  g ra p h e n e  in n o v a tio n . T h e  co st o f p ro d u cin g  g ra p h e n e  in  larg e  q u an tities  
co u ld  b e  red u ced  in  a lte rn a tiv e  w a y s u s in g  ca rb o n a ce o u s w a ste s  as  raw  m a te ria ls . T h e  
p ro d u ctio n  of grap h en e  fo r in d u stria l ap p lica tio n s sh ou ld  su ccessfu lly  u tilize  a v arie ty  of 
en v iro n m en ta lly  h azard o u s so lid  w aste  p recu rsors. S in ce  w aste -d eriv ed  g rap h en e  m ig h t 
have im purities, ad ditional pu rification  proced u res are needed. Future research  is therefore 
requ ired  to  in crease  g rap h en e  p ro d u ction  w ith  b e tter  y ield  and p ro p erties.
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