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Abstract

Graphene, a single-atom-thick layer of sp? hybridized carbon atoms arranged in
a hexagonal lattice, has transformed materials science with its remarkable prop-
erties, including a high surface area, exceptional electron mobility, outstanding
thermal conductivity, and superior mechanical strength. Since its isolation in
2004, graphene has demonstrated unmatched potential in electronics, energy stor-
age, and sensing applications. Monolayer graphene (MG) is the building block of
all graphitic materials, features an extremely high surface area ( 2630 m? g=!),
unparalleled thermal conductivity (up to 5000 W m~'K™!), exceptional electron
mobility (up to 200,000 cm? V~!s7!) and nearly complete optical transparency
(~ 97.7%). Bilayer graphene (BG), with two stacked layers, introduces interlayer
coupling that slightly reduces these properties but still offers high thermal con-
ductivity ( 2500-3000 W m~'K™!), electron mobility ( 15,000 cm? V~!s7!), and
optical transparency m 'K 'ency (~ 95.4%), alongside a tunable electronic band
gap ideal for transistors and photodetectors. Trilayer graphene (TG), composed of
three layers, further transitions toward bulk behavior, with a surface area ( 1017
m? g!), thermal conductivity ( 2000-3000 W m~'K™!) and optical transparency
(~ 92.4%), lower than MG and BG, yet retaining sufficient electron mobility (

10,000 cm? V—!s71) and mechanical strength for flexible electronics and quantum



computing. These forms of graphene demonstrate the critical importance of con-
trolling layer thickness during synthesis, as the remarkable properties observed
in thinner layers, are progressively diminished in thicker graphene, transitioning
toward bulk-like behavior.

The bottom-up approaches, such as Chemical Vapor Deposition (CVD), for
synthesizing MG, BG, and TG involve growing high-quality, precisely controlled
graphene layers from fundamental carbon building blocks using specific catalysts
and carefully regulated operating conditions. However, these methods face limita-
tions such as substrate compatibility, defect introduction during graphene transfer,
high production costs, and complex equipment, making them less viable for large-
scale applications. In contrast, top-down approaches involve exfoliating graphite,
where graphene layers are peeled apart by weakening the Van der Waals forces.
These methods, including chemical, electrochemical, and mechanical techniques,
offer scalable and cost-effective solutions for graphene production but often re-
sult in higher defect density, smaller flake sizes, and variability in the number of
layers (layer polydispersity). Among these, electrochemical exfoliation of graphite
stands out due to its ability to produce graphene with fewer defects and larger flake
sizes. Electrochemical exfoliation of graphite involves intercalating guest species
into graphite layers using an electric potential, followed by subsequent expansion
and exfoliation to release graphene flakes. Furthermore, unlike bottom-up tech-
niques, which are limited by substrate compatibility, electrochemical exfoliation
offers a solution-processable approach that enables direct application of graphene
to substrates.

In this work, electrochemical protocols were established to synthesize single-

stage [-11II graphite bisulfate (GB) compounds with minimal defect density, serv-
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ing as precursors for controlled graphite exfoliation. Stage-I GB was exfoliated
and sonicated to produce MG dispersions with ~ 93.3% yield, an average flake

size of ~ 136 pm?

, and exhibiting optoelectrical properties comparable to those
of CVD-grown MG. Similarly, single-stage II GB was processed to yield BG dis-
persions with ~ 80.5% yield and an average flake size of 93 pm?, while stage-II1
GB produced TG dispersions with a yield of ~ 77.6% and an average flake size of
~ 96 um?, both demonstrating properties akin to their CVD-grown counterparts.
Furthermore, the synthesized MG, BG, and TG demonstrate low defect densities,
reflected by an Ip/Ig ratio below 0.1. The atomic oxygen content is minimal,
measured at 2.8%, 3.2%, and 3.6% for MG, BG, and TG, respectively, which is
only slightly higher than the 2.1% found in pristine HOPG.

MG demonstrated excellent optoelectrical properties with an optical transmit-
tance of ~ 96.86% and conductivity of ~ 2.45 x10° S m~!, while BG exhibited
a slightly lower transmittance of ~ 94.87% and conductivity of ~ 2.39 x10° S
m~!. TG showed an optical transmittance of ~ 92.2% and conductivity of ~ 2.17
x10% S m~!. In terms of electrochemical performance, MG achieved a specific
capacitance of ~ 666 F g=! in 1 M sodium sulfate at 1 A g!, retaining ~ 60%
of its capacity at 8 A g=!. In 5 M sulfuric acid, it delivered an impressive capaci-
tance of ~ 1363 F g~! with ~ 74% capacity retention at 8 A g=!. BG exhibited
specific capacitances of ~ 363 F g=! in 1 M sodium sulfate and ~ 521 F g~! in
5 M sulfuric acid, retaining ~ 63% and ~ 92% of its capacity, respectively, at
8 A g!. Similarly, TG recorded specific capacitances of ~ 259 F g7 in 1 M
sodium sulfate and ~ 453 F g~! in 5 M sulfuric acid, with capacity retention of ~
67% and ~ 94% at 8 F g~ !, respectively. To the best of my knowledge, the spe-

cific capacitance reported for MG, BG, and TG is the highest to date, surpassing
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the values documented in the literature for electrochemically synthesized thicker
graphene and reduced graphene oxide (RGO). Thus, these results underscore the
exceptional potential of MG, BG, and TG for high-performance supercapacitive
energy storage applications.

The findings presented in this work emphasize the effectiveness of electrochemi-
cal exfoliation as a scalable and cost-efficient method for yielding high-quality MG,
BG, and TG with minimal defect densities and exceptional optoelectrical prop-
erties. By tailoring the synthesis protocols to achieve layer-monodispersity and
optimal flake size, this research highlights the potential of graphene-based mate-
rials in advanced supercapacitive energy storage applications. These results pave
the way for future exploration of graphene’s unique properties across various in-
dustrial and technological domains, emphasizing its role as a critical material for

next-generation energy solutions.

Keywords: Monolayer Graphene, Bilayer Graphene, Trilayer Graphene, Elec-
trochemical Exfoliation, Graphite Bisulfate, Optoelectrical properties, Superca-
pacitive energy storage
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NIN

B4, Th YeHIUNT et H AR sp2 YHiRd Bra- IRATU[ST B Ueh Tehol-URHTUL-HIT TR,
30 IIEHI N b A1 gem foq o1 aae e 5, Forad U 9o I 8, SRR Sode i
Tfersfierar, Iy At Araewsdr iR dgar gifids Qfad 2Nfire g1 af 2004 T 307 3IEHTE & &8 9,
YTHH = SATTG, Srolt HSRUT 3R Tag TN H SIS &HdT BT WS a1 §1 Thd WRd
B (Mc) I Awrsies amital o1 FHi d@s 8, 390 T 3dd S 9dg &7 (2630 m2g™),
3ffgaid AU AT (5000 W mK- ), SIRITHIRUT Seiag - TIARIed (200,000 cm? V-is™ da)
3R YT quf 31 ORI (~ 97.7%) B 1 €1 ! URd! & ITY fgURd UTHH (BG) SeRAT TiHA
&1 URET <aT 8 S 3 01 Bl AIST HH HRdl § Ao bR Ul 3= Al Fradhe (2500-3000 W
m-1K?), Saderd TR (15,000 cm? vis?) 3R HPHE IRERIAT mikency (~ 95.4%) UM
FRAT §, 1Y B TifoRer 3R Wie! feeaexl & forg ueh uRad-=id sadei-e o8 7 smexi g1 dF
Rl ¥ T FRaR B (16), a8 & (1017 m? g2, AU ATASHAT (2000-3000 W m2K) 3R
AP URSHRAT (~ 92.4%) & Y, MG 3R 86 ¥ HH g, R ot Tl 3aaeaw iR &icH
FHfeT & fore waf gaaei= nfa=fiedr (10,000 cm? v-ist) 3R Tife fad ST &0 § 1 B
& T Y YTAYU P SR IR B AT B FaHd 7 P eyl Hed &1 Ueiid #d 8, i
Tael TRal B Y O aTd I 07, [ A H JTIRRR 61 gid S &, S Ui oY 3JagR
1 3R TeH AU B B

MG, BG 3R TG & T=aIoUT & ol IMT+ds aTd SfHTd (CVD) S - ¥ IR & aRiop! & Al
IARDI 3R rayrigde fafrafia ufare fRufadt &1 Iuah e Mifes wre- fafed safe! @
I TUTET AT, Tl T J i Ie e Rl o) o Rid w1 I 71 gTaifer, 34 faftrt
g T, U1 RIFTARUT & SR Y &1 URTY, 3= SdTe- ANTd 3R Sfed IuhRur ot
Ward B, S 32 o8 AN WR ot & Ry &1 ouder s 81 39 Imdld, SWA T &
TIb! & YBT3 B fSaT M 8, S|l a9 S T Jdl Bl HHOIR PR UTH I TRl B -
3T ot ST § | e, faggd IMmafAe SiR gifie dab-ie! afed 3 fafial arwiH Sdred &
forg Tholea IR AN JUTdT FHIHH U™ FHRall 6, Al SRR 3 G U, BIC WD SMHR
3R Rl F Wemm A uRad-=iaar &1 uRom & f g1 370 ¥, IwEe &1 faggd INaH®
TRIHITURH S SNl 3R 98 THR & FAd & 1Y B BT IATGT B B (U &HdT B
HRUT 3T 8 | IBISE & FAde I Mo TRTHITIURH H safdes USRI &1 IudN o SHfafy
YT 1 ATIe TRl H Serdbaie BT M 8, THb ale UThIH & T Bl Be- & forg fawR
3R TRIITIRI T ST § | SHd SHATEl, S1eH-30 ddb-idh| & [uRid, S gedee WTadl gRI




T B, Seiac b iHebel TaRIThITRITRIM Ueh JHTHT-UfH T T Ef¥ehIv) UG Rl § Off Fedee W)
YEH & Y SIHANT D) G ST 8|

S B, YATH TN T aral RIS -1l AHTRe qSHehe (GB) AMD] & YA B &
T SAa 1P el Ml d Rfd i e 3, S FAeifd drge teqm e & forg 3rgd & =0
TP B ¢ | Wol-1 GB Y TaIhIferde foba 7 3R WfAdse fvar mar arfes me et &1 Iare
foran o T ORI ~ 93.3% U, ~ 136 um? HT 3 TP HTHR 3R cvd-TH MG & o
foRdfaesma o1 HefRid g1 33t @e, RiTa-Xst 1 6 & W1 fasar a1 a1fds BG Waltd &I
Iare fan o T oW ~ 80.5% UG 3R 93 um? HT 3MGd T 3MHR &Y, el Wol-1il GB
~ 77.6% D1 FUS 3R ~ 96 um? P 3NTd T 3MBR P 1Y TG helTd bl IdTe fobdT, Sl = 3
cvD SdTfed T & THH 0T UefRid [T | 3% SardT, A MG, BG 3R TG & &Y g-d
TGRIT B 8, S 0.1 Y Al SAIEST/SMEON SUTd GRT ST 7T 8 | URATY] SRS A A
8, MG, BG 3R TG & feTd ShH=T: 2.8%, 3.2% 3R 3.6% AU T8 &, S f e waaiidish & ure o=
I 2.1% T NST 8l B B

MG 3 AT 96.86% 3MDHE TUWUT R THT 2.45 x106 S m~ B! ATAHdl & AY IHY
TP afdeda o &1 UeRiH fara, Safd BG A @I 94.87% T UIST HH TUAWUT 3R TRIHT 2.39
x106 S m™! B! ATAHAT UarRid B TG o T 92.2% T DB TN 3R TIHIT 2.17 x106 S
m™! B! AeDdl fETs | faggd-YRmaH® UerH & ded &, MG T 1A g TR 1 M f$ad Getbhe
T 666 F g~* Bt fARR1y 1R SR &1, fS 8 A g2 TR 37U & BT TRTHT 60% SRDPRR
AT | 5 M IergRH TRIS T, TYA8 A g7 WR ~ 74% &TAT UTAURUT b 1Y ~ 1363 F g~ D1 GHTARITe!
YTRAT UM &1 BG 7 1 M TIfSTH Fethe H ~ 363 F g~ 3R 5 M IR TRIS T ~ 521 F g~ &1
faRry enfear vefRia &t SR 8 A g~ TR SHHRT: SUAT & 6T ~ 63% 3R ~ 92% T AT | FIT
WE, TG 1 M ST Tethe H ~ 259 F g1 3R 5 M eI RH TRIS H ~ 453 F g~ 1 Al enfan
3ol B, ORI 8 F ¢! TR SBHRT: ~ 67% 3R ~ 94% &HAT UAYURUT 4TI B STHSGRI & AR, MG,
BG 3R TG & forg Rulé 1 77 fafRry enfarn oot ae ot god 31fieh B, S 3aide hitebell Gxafid
I B 3R HH ATHH RIS (RGO) & forg e H ot Jeu! § e § 1 39 UHR, T uRomy
J U AT JURGURITET SroTl HSRUT SIS o ford Tast, ol 3R ol @t SrmeRor efyar
1 ¥ifhd FRA |

39 BT § UXd epy gadc b itbe TRIhIRITR &) UHTERidd TR SR &4 §, S AdH 3
T 3R SRATYRY SHTPIgafdedmd ol & 1Y 3= UG aTa THoT, dioft 3R ol U & &
o U Whalaet 3R AN uId fafd § | IRA-AMIS RIS 3R 3P Tidh 3MTHR B! U R &




AT TR MElhTd BT dR HRP, T8 MY IAd IRBUNRId ol HSRUT STy § ATH -
e IRt BT &rdT R UhTRT STeran & | 3 uRRumd fafte sheifiie oiik dep-fiep! S & Tl
¥ 3ifeeita TN B UiIST BT Wt BT AR YRR B |, S 3ATe Uit & Holf JHIeT & forg v
AEaYUl IRl & =0 H 39T YHHT R eR 34 3

DIgs: AHICER THH, fSeaR T, fCamR IThH, Sadcib e d TahIuRH, AhEe
forethe, sfoigafdede U, RGO Soif Herur
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