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S1: Graphene synthesis at high temperature

Different protocols, broadly classified as: bottom-up and top-down approaches have been 

explored for synthesizing graphene.1 The bottom-up approach uses carbon-rich molecules to 

assemble and grow graphene whereas the top down approach uses the abundant source, i.e., 

graphite and breaks them into its smaller entity.1  

In bottom-up synthesis, temperature remains one of the critical parameters in realizing growth 

of graphene. As an example, chemical vapor deposition (CVD) is a straight forward approach 

that works by assembling carbon rich molecules over a pre-determined substrate at a certain 

temperature.2-10 The temperature of the substrate is a primary condition that defines the type of 

reactions that will occur.11 While, the advantage of CVD or epitaxial growth is the superior 

quality of the resulting graphene, the complexity of the process, dependency on substrate 

quality, along with low yield and high cost makes it difficult of mass produce graphene.12-15 

Another approach uses pyrolysis of carbon-rich molecules into graphene sheets using gas phase 

atmospheric plasma.16-30 It involves the impingement of a carbon-containing precursor, into an 

atmospheric pressure (RF, DC or MW) generated plasma. It is a rapid process where carbon 

rich precursors, mainly hydrocarbons are introduced to high temperature (>3000K) plasma 

where they decompose to smaller carbon entities, and assemble to form graphene sheet. It is a 

rapid process and the entire steps are completed within seconds. The major drawback is the 

poor quality of graphene and ultra-low yield.16,17 

However, exfoliating graphite using top-down approach into its smaller entity has made it 

possible to realize the bulk production of graphene to cater ever increasing industrial demands. 

Generally, graphite is composed of millions of graphene sheets held together by weak van der 

Waals forces. Since, no chemical bonds existed between adjacent graphene layers, it became 

the conventional approach for researchers to extract the individual layers from graphite. While, 
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solvent or surfactant assisted sonication exfoliation of graphite is widely studied, this technique 

employs extra agents in the reduction step that frequently introduces selected heteroatoms.33-35 

Most of these solvent possess high boiling point and removal is often very tedious and involves 

multiple cleaning steps. On the other hand, thermal exfoliation of graphite is believed to be a 

cleaner approach to mass cleaner to mass produce graphene. This is because thermal exfoliation 

of graphite doesn’t require any organic solvent media avoiding multi-step cleaning. Moreover, 

this means of exfoliation is rapid and completed within minutes making thermal exfoliation a 

fast process with potential to mass produce graphene. Hence, the exfoliation of expanded 

graphite and intercalated graphite compounds at high temperature has been studied to realise 

graphene synthesis.36-50 This process involves rapid heating functionalized/expanded graphite. 

The functional groups decompose at high temperature and yields gas which build enough 

pressure, enough to overcome the van der Waals attraction causing exfoliation. In past this 

technique has produced graphene with upto 80% single layers and specific surface area (upto 

700–1500m2
/g).33 However, at the same time, graphene produced using this approach is highly 

defective including topological defects. Moreover, this technique introduces unwanted 

functionalization due to the nature involved with the exfoliation.52-55 XPS reveals unwanted 

doping in thermally exfoliated graphene thus forming trade-off in quality.56-57 A pictorial 

representation of the development of high temperature graphene synthesis (bottom-up and top 

down) and product representation with respect to 6 critical elements i.e., (1) defect, (2) yield, 

(3) cost, (4) purity, (5) production rate and (6) layers is provided in Figure S1 for clear 

understanding.
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Figure S1: Timeline for development of high temperature graphene synthesis. Each product 

has been evaluated in terms of 6 critical elements: (1) defect, (2) yield, (3) cost, (4) purity, (5) 

production rate and (6) layers. The inner, middle and outer hexagon indicate low, medium and 

high levels, respectively. The statistics are based on literature data available in literature.

S2: DC plasma spray set-up

A DC atmospheric plasma spray system equipped with a DC torch (9MB, Oerlikon Metco, 

Switzerland) is used for exfoliating graphite. Argon and hydrogen (Purity 99.9%) were used as 

primary and secondary gasses respectively. All gasses were purchased from Praxair Inc., India, 

otherwise stated. Argon was also used as carrier gas, i.e., to carry graphite powder through 

powder feeder (5MPE) to the plasma gun. The graphite is externally fed perpendicular to the 

plasma plume. An inert atmosphere shroud is fitted along with the plasma gun. The shroud 

delivers jet of argon gas along the plasma plume which provides insulation to the graphite 

particles from ambient atmosphere. An In-flight particle diagnostic sensor is placed at a 
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distance of 75 mm from the nozzle, perpendicular to the plasma plume for measuring 

temperature and velocity of sprayed graphite. More details about inert atmosphere shroud and 

in-flight diagnostic sensor is provided in independent section S2a and b. The DC plasma spray 

setup comprising of the gun, inert atmosphere shroud attachment, in-flight particle diagnostic 

sensor and powder collector chamber is shown in Figure S2.

Figure S2: Digital image of the complete plasma spray setup for exfoliation of graphite

The complete plasma spray set-up is illustrated in Figure S2.1 as a schematic. The entire DC 

spray unit (shown Figure S2) is operated inside an Acoustic chamber. The acoustic chamber 

reduces the high noise levels during plasma spraying to an acceptable limit of 70 dBA. The 

chamber also contains dust collector that sucks the fly-away graphite particles, which otherwise 

could be potentially hazardous to the operator or anyone in the vicinity. A heat exchanger 

circulates cold de-ionized water to the plasma gun in-order to prevent it from overheating. The 

9MC ensures accuracy and control of the plasma spray process. An automated single hopper 

9MP powder feeder operating using gravimetric feed methodology provides powder to the 

plasma plume. 
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Figure S2.1: Schematic showing various components of plasma spray unit.

S2(a): Inert gas shroud attachment

The temperature involved in plasma spraying is very high (>10000 K at the core).58 Hence, in 

ambient atmosphere, graphite powder exposed at this temperature will burn and decompose 

immediately. Therefore, preventing direct contact between the graphite powder and outside 

environment becomes necessary during plasma spraying. We therefore tried to cut down the 

contact between injected graphite powder at the plasma plume and outside environment using 

an inert atmosphere shroud (Figure S2.2a). The shroud is attached to the plasma gun/torch 

parallel to the nozzle exit (Figure S2.2b). The shroud shoots jet of inert gas through the 

perforated holes (represented by arrow in Figure S2.2a) that surrounds the plasma plume. This 

replicates an inert atmosphere, similar to the vacuum zone where the graphite powder and 

plasma plume come in contact. In past, the use of an inert shroud has proved to be effective in 

cutting down the powder-oxygen interaction.59-60 Argon gas (Purity: 99.9%) is used as the inert 

shroud gas. 
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Figure S2.2:(a) Digital image of the shroud (b) the shroud attached to the plasma torch parallel 

to the nozzle exit.

S2(b): Temperature and velocity In-flight graphite particle 

Temperature and velocity of the in-flight graphite is monitored using Accura Spray™ in-flight 

diagnostic sensor (Tecnar Automation, QC, Canada) (Figure S2.3a and b). This sensor provides 

average of temperature and velocities by collecting information in a measurement volume of 

~75 mm3.

The velocity of the in-flight particle is measured using the general ‘time of flight’ method. Two 

optical fibre senses the time travel of particle and the data is transmitted to a photomultiplier 

which generates electric pulse and calculate the travelling time and distance of the particle in-

flight. 

The temperature of the particle is measured by two colour pyrometry. Spectral energy 

of the in-flight particle in two different wavelength bands (785±20 and 995±20 nm) was 
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measured by two colour pyrometry and the surface temperature of the particle is acquired using 

Planck’s law and Wein’s approximation (below Eq.),61
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Where,1 and 2 are the two wavelengths, and C2 is constant (1.4388 cmK) while ε (λ,T) is the 

spectral emissivity. The lowest velocity and temperature that the sensor can measure is 5 m/s 

and 900°C respectively. The error in the measurement is less than 1.5 m/s for velocity and 15°C 

for temperature at a cross-correlation factor of 0.9.

Figure S2.3: (a) Digital image of the In-flight particle diagnostic sensor; (b) screen showing 

live T and V of in-flight particle during the experiment.

[1
]
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S3: As-received graphite powder

Synthetic graphite powder was procured from Sigma-Aldrich (CAS Number 7782-42-5) 

(Figure S3a-b). Figure S3c shows Raman spectrum of the graphite. The spectrum shows peak 

at 1350 cm-1 (D-peak) corresponding to the breathing mode of sp2 carbon atoms and 1582 cm-1 

(G-peak). The D peak is associated with defects or disorders while the G peak is related to the 

in-phase vibrations of the graphite lattice. The 2D band with an overtone of the D-band 

indicates characteristics of stacked graphite.62

Scanning electron microscopy (SEM) shows that most of the particle size lies between 15-20 

μm (lateral dimension) and are over 2 μm thick (Figure S3d-e). Figure S3f shows the N2 

adsorption isotherm of graphite obtained using a BET analyser (Autosorb iQ, Chemisorption, 

TCD, USA). The surface area of graphite was found to be 0.6 m2/g, consistent with previous 

reports.63 Figure S3g-h is the low magnification TEM image and characteristics SAED pattern 

of stacked graphite. High magnification TEM image of the graphite showing numerous 

graphitic lattice planes stacked one over another with lattice spacing 0.34 nm.
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Figure S3: Image of (a-b) synthetic graphite powder(c) Raman Spectrum of graphite, SEM 

image of graphite flakes (d) top and (e) cross-sectional view, (f) BET isotherm of graphite, 

TEM image of graphite (g) low magnification image (h) SAED pattern and (i) high 

magnification image showing lattice plane of graphite.

S4: Selection of plasma process parameters

Our group has been studying the temperature (T) and velocity (V) profile and properties of in-

flight sprayed particles.64 Various parameters including plasma power, primary gas flow rate, 

powder feed rate, stand-off distance affect the T and V profile of any sprayed powder. Proper 
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control of T and V is necessary for successful exfoliation of graphite into graphene. However, 

powder feed rate and stand-off is of least concern in this study as these parameters play major 

role in controlling the thickness as well as tailoring the microstructure of the coating in any 

plasma spray coatings. Since, the aim of this work is to exfoliate graphite; not to deposit as 

film/coatings, we have eliminated powder feed rate and stand-off from our experiments. Out 

of these 4, plasma power and gas flow rate has the major impact in shaping the final T and V 

of the powder.64 While feeding the graphite powder in plasma plume, the user has direct control 

over the selected parameters, i.e., (1) plasma power (P), (2) primary gas flow rate (G). 

In our previous study, we sprayed graphene nanoplatelets (GNP) at plasma power in a range 

of 10-18 kW and observed successful retention of graphitic structures as well as subsequent 

purification of the sprayed GNP.59 Hence, the lower threshold of plasma power was chosen at 

10 kW. To understand the role of parameters, upper limit of plasma power was set at 40 kW. 

We tried varying the plasma power more than 40 kW too. However, it was observed that light 

weight graphite particles were unable to penetrate into the plasma plume due to turbulent plume 

at higher power (> 40 kW). Additionally, as mentioned above our primary goal is to provide 

an industrial viable solution to produce graphene, higher plasma power could lead to wear of 

nozzle. Hence, operating at higher temperature may need the frequent replacement of nozzle, 

limiting its industrial potential. The lower and upper limit of primary gas flow rate was set 

between 80-140 SCFH. A total of 7 series of plasma power (P1=10, P2=15, P3=20, P4=25, 

P5=30, P6=35 and P7=40 kW) and 4 series of primary gas flow rate (G1=80, G2=100, G3=120 

and G4=140 SCFH) were varied to obtain 28 experimental parameters. The graphite was fed 

at a constant rate (120 g/h). We used a nomenclature to identify the parameters set, for example 

parameters set P2G3 refer to Power 15 kW, and primary gas flow rate of 120 SCFH at feed 

rate 120 g/h.
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S5: Plasma spraying of graphite powder

Plasma spraying of graphite powder was carried out at all the 28 numbers of different process 

parameters and the spraying was performed in an inert gas atmosphere. During the spraying, T 

and V of the particle was continuously monitored using the in-flight particle diagnostic sensor 

for every set of experiments, which has been tabulated in Table S5.

Table S5: Thermal and Kinetic history of in-flight graphite powder particle during the spraying 

process.

Plasma Power (kW)

10 (P1) 15 (P2) 20 (P3) 25 (P4) 30 (P5) 35 (P6) 40 (P7)

T (°C) 2500±50 2900±45 3200±55 3400±45 3550±50 3650±52 3700 ± 5380 

(G1) V (m/s) 205 ± 5.0 218 ± 4.0 232 ± 4.5 248 ± 5.5 263 ± 6.0 280 ± 5.0 295 ± 5.2

T (°C) 2350±50 2700±45 3000 ±55 3220 ±45 3400 ±50 3500 ±52 3550 ±53100 

(G2) V (m/s) 230 ± 4.5 245 ± 3.9 262 ± 5.0 280 ± 4.5 295 ± 4.3 310 ± 4.0 322 ± 3.9

T (°C) 2220 ±42 2580 ±40 2870 ±43 3100 ±45 3280 ±45 3390 ±37 3430 ±42120 

(G3) V (m/s) 260 ± 5.0 277 ± 4.8 292 ± 4.7 308 ± 4.0 323 ± 3.8 338 ± 4.5 350 ± 4.2

T (°C) 2100 ±50 2450 ±45 2750 ±55 2970 ±45 3150 ±50 3250 ±52 3300 ± 53

Primary 

Gas 

Flow 

Rate 

(SCFH)

140 

(G4) V (m/s) 305 ± 5.0 322 ± 5.0 335 ± 5.0 348 ± 5.0 363 ± 4.5 377 ± 4.5 390 ± 4.5

S6: Stability of exfoliated graphite in deionized water

The plasma sprayed graphite powder was dispersed in deionized (DI) water and centrifuged at 

1000 rpm for 1h to remove unexfoliated large agglomerates. The unexfoliated graphite settle 

down at the bottom while the lighter exfoliated graphene remains suspended as supernatant and 

can be separated. However, untreated graphene has the tendency to reaggregate and settle very 

quickly in DI water. Therefore, we collected the exfoliated graphene containing supernatant 

immediately (less than 5 min) after centrifuge. We believe that the exfoliated graphene does 
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not aggregate within themselves and settles within this time. In order to see the aggregation 

issue of our exfoliated graphene, we compared the absorbance of the supernatant (obtained 

after centrifuge) with respect to the time to observe the stability of graphene in DI water. We 

observed the stability of dispersion of the exfoliated graphene using an Ultraviolet–Visible 

spectrophotometer (Shimadzu, UV-2600, Japan). Absorbance at 650 nm is normally used to 

compare the stability of graphene in a dispersion study.65 Figure S5 shows that the suspended 

exfoliated graphene doesn’t settle even after 1h. Hence, the exfoliated graphene can be 

collected smoothly by removing the supernatant. 

Figure S6: Stability of the supernatant in deionized water.

S7: Evaluation of sprayed graphite powder by X-ray diffraction technique

To get an insight on the exfoliation efficacy, all 28 samples of sprayed graphite were studied 

using X-Ray Diffractometer (Rigaku-X'Pert PRO, PANalytical, Japan). Intensity of the peak 

were recorded between diffraction angle 2θ= 23° to 30°using Cu/Kα (λ = 1.5418 Å) operating 

at 60 kV. Reduction in intensity of (002) plane is observed in all sprayed graphite (Figure S7), 



15

which indicates the exfoliation of graphite layers.66 The intensity values of all 28 samples for 

each process parameters have been shown in Figure S7 and the results has also been tabulated 

in Table S7. Based on the lowest peak intensity value of the samples, the level of exfoliation 

has been evaluated. Five (5) best parameters have been chosen for Raman spectroscopy 

analysis (next section S8), which showed the lower intensity among all. 

Figure S7: XRD spectra of plasma sprayed graphene. No normalization was done to 

distinguish the level of exfoliation in each samples.

Table S7: Peak intensity of sprayed graphite

Processing Parameters XRD information

SL. No. Nomenclature Power (kW) Gas Flow 

(SCFH)

Intensity (002)

1 As received Graphite powder -- -- 25000

2 P1G1 10 80 13800
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3 P1G2 10 100 6850

4 P1G3 10 120 2400

5 P1G4 10 140 6000

5 P2G1 15 80 12400

6 P2G2 15 100 7500

7 P2G3 15 120 2300

8 P2G4 15 140 3200

9 P3G1 20 80 11200

10 P3G2 20 100 8500

11 P3G3 20 120 3400

12 P3G4 20 140 2800

13 P4G1 25 80 10100

14 P4G2 25 100 7500

15 P4G3 25 120 5900

16 P4G4 25 140 6000

17 P5G1 30 80 13300

18 P5G2 30 100 8800

19 P5G3 30 120 2500

20 P5G4 30 140 3700

21 P6G1 35 80 9900

22 P6G2 35 100 9500

23 P6G3 35 120 6100

24 P6G4 35 140 6800

25 P7G1 40 80 11500
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26 P7G2 40 100 10200

27 P7G3 40 120 2100

28 P7G4 40 140 3800

S8: Evaluation of sprayed graphite powder by Raman Spectroscopy

Samples from the 5 selected parameters were studied using Raman Spectroscopy (WiTec, 

CRM-2000, Germany). Raman spectra were gathered using an excitation laser wavelength of 

514 nm and 50 mW power. For each samples, 15-20 spectra were collected. In past, Raman 

spectroscopy has been used extensively in determining the number of layers in graphene.67-68 

It holds good when the layers of graphene is less than 5-7. The full width at half‐maximum 

(FWHM) of the 2D band has been used as a quantitative guide in determining number of layers 

in graphene. The Raman spectra will be analysed for the 2D band characteristics before 

selecting the best exfoliation parameter.

All samples displayed 2D band characteristics representative of few-layer graphene (Figure 

S8a-b). D-band was witnessed in each case with mean ID/IG ratios ranging between 0.17 and 

0.23. Compared to pure graphite, the plasma spray exfoliated graphene showed high D peak 

(Figure S8b). This could be due to the irregular chirality along the edges of the exfoliated 

graphite.69 Figure S8c is the plot of ID/ID´ for the 5 samples with values lower than sp3 defect, 

basal plane defect and also edge defect level. It clearly indicates that the emergence of ID peak 

might be due to the minor defects along the edge of exfoliated graphene.70
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Figure S8:(a) Raman Spectra of 5 selected samples, (b) magnified Raman spectra showing D, 

G and D’ peak for 5 selected samples and (c) Plot of ID/IDˈ for 5 selected samples showing 

values less than 3.2 indicating no sp3 and basal plane defect.

For investigating an individual graphene flake, the Raman mapping and spectra (at the basal 

plane and edge) was taken in-situ using an AFM integrated Raman Microscope (Alpha 300RA, 

WiTec, Germany). Excitation wavelength at 532 nm was obtained using Argon source. A laser 

beam size of ~ 1 μm with ×100 objective lens was used for measurements.
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S9: SEM images of exfoliated graphene at optimized parameter

The sprayed graphite at parameter P7G3 was chosen based on best exfoliation efficacy. The 

exfoliated graphene was dispersed in ethanol and drop casted over a holey carbon grid. Images 

were captured using a FE-SEM (Carl Zeiss, Sigma-500, USA). Multiple batches were analysed 

to confirm the exfoliation efficacy, of which few images are presented here. Although SEM 

doesn’t confirm the number of layers in the graphene, the transparent nature of the flakes 

(Figure S9a-i) definitely indicates reduction of layers compared to graphite (S3d-e).

Figure S9: (a-i) shows the high magnification SEM images of exfoliated graphene. The 

transparent nature of the flakes indicates exfoliation of graphite to graphene. Also most of the 

flake length lies between 1-3 µm.
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S10: Dynamic Light Scattering of the exfoliated graphene

The hydrodynamic diameter of the exfoliated graphene was measured using a dynamic light 

scattering analyser (Delsa™ Nano particle analyser, Beckman Coulter, USA). A total of 5 

accumulation numbers with 25s duration were used for data acquisition. 

Figure S9: Size distribution curve obtained from dynamic light scattering measurement.

S11: Evidence of single layer graphene from several spots

For sample preparation, the exfoliated graphene was first sonicated in ethanol to remove 

agglomerates. The sonicated graphene was then drop-casted over TEM grid supported by holey 

carbon. The images were captured using a HR-TEM (JEM 2100F, JEOL-200, USA) with 

accelerating potential: 200 kV. Figure S11 shows the higher magnification TEM of some 

graphene flakes. Images captured from the edges of the graphene shows a bright edge without 

noticeable dark line along the edges depicting single layer. Figure S11d-f shows the normal-

incidence electron diffraction pattern of the flake in Figure S11a-c. This pattern shows the 

typical six-fold symmetry. The ratio of intensity for I{1100}/I{2110} is greater than 1, 

indicative of single layer graphene.67
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Figure S11: Evidence of single-layer graphene: (a-c) shows higher magnification HR-TEM 

images of exfoliated graphene and (d-f) corresponding SAED pattern of exfoliated graphene.

S12: Evidence of bi-/tri- layer graphene 

Figure S12a-f shows higher magnification TEM images of some graphene flakes. The high 

magnification HR-TEM image on the edges of graphene showing 2 dark lines (in figure S12a-

c) is indicative of bi-layer graphene, while 3 dark line (in figure S12d-f) is indicative of tri-

layer graphene. The intensity ratio of the I{1100}/I{2110} is lesser than 1 as shown in Figure 

S12g-i, which is indicative of bi-/tri-layer graphene.71
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Figure S12: Evidence of bi-/tri-layer graphene. (a-c) shows higher magnification HR-TEM 

images of bi-layer graphene, (d-f) tri-layer graphene and (g-i) corresponding SAED pattern of 

exfoliated graphene flakes.

S13: AFM images of exfoliated graphene 

The graphene flake images were acquired using a tapping mode Atomic Force Microscope 

(Asylum Research MFP-3D, USA). The exfoliated graphene was first dispersed in ethanol and 

spin-coated over a clean Si wafer. Multiple batches of samples were analysed and few images 

are presented here.
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Fig S13: Tapping-mode AFM images of exfoliated graphene sheets.

S14: FTIR spectra of exfoliated graphene coating

One milligram of exfoliated graphene powder was mixed with 50 ml of ethanol by sonication. 

Further, mixed solution was coated over quartz substrate using spin coating technique. FTIR 

measurements were carried out using Nicolet iS10 spectrometer (Thermo Fisher Scientific, 

USA) in transmittance mode at room temperature. The spectrum was collected in the range of 

1000-3000 cm-1. The transmittance was evaluated over two samples i.e., as prepared and air-

dried graphene coated quartz as shown in Figure S14. The FTIR spectra depict nearly 

featureless spectra indicating that we produced pure graphene rather than some form of 

derivatised functionalized graphene.67
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Figure S14: FTIR spectra of graphene coated quartz substrate (i) as prepared (black) and (ii) 

air dried (red) sample

S15: Elaboration on exfoliation mechanism

At the entry point of particle, the plume presents an abrupt laminar shear at the outer periphery 

of the jet and a few millimeters away from the nozzle, this laminar plasma plume breaks into 

large scale eddies and a fully turbulent zone is formed (as shown in the Figure 4c in main 

manuscript).72-73 Upto the non-swirling (or Laminar region) condition of the plume, plasma arc 

is assumed symmetric and the two-dimensional Basset-Boussinesq-Ossen model equations are 

presented here to obtain the particle motion.74

[2]
𝑑𝑈𝑝

𝑑𝑡 = ―
3
4

𝜌
𝜌𝑝

𝐶𝐷

𝐷𝑃
(𝑈𝑃 ― 𝑈)𝑈𝑅 + ∑𝐹𝑅

Where, subscript p denotes the particle, U represents the axial velocity component of plasma 

plume and ρ, CD, Dp and FR represents the density, drag coefficient, particle diameter and forces 
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affecting the particle motion trajectories, respectively.75 Considering V as the radial velocity 

of plasma plume, the relative velocity of the particle in the plasma jet can be expressed as 

[3]𝑈𝑅 =  (𝑈 ― 𝑈𝑃)2 + (𝑉 ― 𝑉𝑃)2

The equation-2 has two components i.e. Drag force and the all the other forces (FR) affecting 

the particle motion trajectories. The first term on the right hand side of equation 2 gives us the 

net drag force acting on the particles confined in the plasma jet. In the free flowing plasma jet, 

the drag force acting on the plume-particle system nullifies the effect of other minorly acting 

forces (FR) such as gravity or buoyant force. Hence, upon increasing the velocity of the in-

flight graphite particle by increasing the plasma gas flow rate, the drag force acting on the 

thermally shocked and weakened graphite particles also increase. However, at the same time, 

several reports have stated that the viscosity of argon may increase by nearly 8 folds in the high 

temperature of plume,76 as compared to that at room temperature, which may decelerate the 

forward moving weakened graphite particle. Due to this, graphite particle will experience a 

shear force, which may lead to the initial exfoliation of graphite particle.

These weakened sheets further transcend towards downstream (i.e. turbulent region), where 

the main exfoliation takes place, assisted by shear between the layers. The external supply of 

argon gas (by shroud) throughout the periphery of the plume further reduces the enthalpy or 

temperature of the plasma, adding a more value to the quenching rate of the graphite during 

the whole process. A few millimetres away from the nozzle, the laminar plasma plume breaks 

into large scale eddies and a fully turbulent zone is formed.77-80 This shroud argon additionally 

introduces an intense swirl around the whole circumference of the plasma, seeding a boost in 

the shear flow across the flow region and causes turbulence generation. The graphitic layers 

entrapped in this very region experience an intense lateral force on the upper lifted off graphite 

layers, as a cumulative effect of high flow rate of plasma gas and the external shroud gas. 
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Beyond a threshold value, this lateral force induces enough shear between the top layers and 

adjacent layers, causing their slippage over each other. The slippage between the layers lead to 

the exfoliation of the graphite into the plasma plume during whole continuous plasma spray 

process.

S16: Evidence of few-layer graphene 

We have already seen the exfoliation of graphite to monolayer with exception of bi and tri layer 

in the powder sprayed at P7G3 process parameter (plasma power: 40 kW and primary gas flow 

rate of 120 SCHF). Temperature and velocity of the powder was recorded as 3430ºC and 350 

m/s respectively at the P7G3 parameters. To confirm our understanding about the role of 

temperature and velocity on the exfoliation, we further analysed the exfoliated graphene 

sprayed at P5G3 process parameters (plasma power: 30 kW and primary gas flow rate of 120 

SCHF) using TEM. Temperature and velocity of the powder was recorded as 3280ºC and 323 

m/s respectively at the P5G3 parameters.) Figure S16a-c shows low magnification HR-TEM 

images of exfoliated graphene and S16d-f illustrate the evidence of few layer graphene. Figure 

S16g-i is the normal-incidence selected-area diffraction (SEAD) patterns demonstrating few 

layer graphene. TEM analysis of the exfoliated graphene showed the presence of few layer 

graphene and we have not observed the presence of monolayer graphene. This definitely 

confirms that right combination of temperature and velocity has strong impact on the layer of 

graphene. With the more rigorous trial, plasma process parameter can be optimized to achieve 

the exact number of graphene layer.
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Figure S16: (a-c) shows low magnification HR-TEM images of exfoliated graphene, (d-f) 

shows evidence of few layer graphene and (g-i) Normal-incidence selected-area diffraction 

patterns (SEAD) pattern demonstrating few layer graphene. Rather than having only 6 spots in 

each ring of the pattern as in the case for single and AB-stacked multi-layer graphene, several 

orders of 6 spots (6, 12, 18 etc.) appear for misoriented layers also appears (Figure S14 h,i). 

This is due to the overlap of graphene sheets at misaligned angle and is known as Turbostratic 

Graphene.81-82

S17: Yield calculation for plasma sprayed exfoliated graphene

For the mass production of graphene, yield approach needs to be improved. While, the bottom-

up production methods can produce pristine single to few layer graphene over a large area, it 

lacks massive scale-up opportunities. On the other hand, exfoliation of graphite to graphite 
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though proved to scale up graphene production suffers from low yield and incomplete 

exfoliation.33,83 Recently, attempts were made and improvements were achieved in increasing 

yield of graphene using top down approaches. However, most of them lacked standardization 

which led to overestimation of yield. For example, most top down approaches calculate yield 

by dividing the product liberated by the total graphene used. Hence, we have determined our 

yield as the product obtained after plasma exfoliation and mild centrifugation, with no extra 

separation steps that reduce the yield.

For calculating our yield, we prepared a total of five batches of graphene. Feed rate of graphite 

was maintained at 120 g/h for the entire set of batches. The plasma sprayed graphite was 

collected in a chamber. The collected powder was centrifuged at mild rpm (~1000 rpm) for 1 

hour in deionized water. Before centrifugation, the powder was well mixed in deionized water 

by shaker for 15 min.  After centrifuge, the supernatant was separated from the heavy particles 

settled at bottom. The final powder was collected and heated overnight at 200°C in hot air oven. 

The dried powder was measured using weighing balance and the yield was calculated with 

respect to initially feed powder. The yields for different batches are listed in Table S16. Our 

method results in yields of upto 40% of 1-3layer graphene with a production rate of upto 48 

g/h.

Table S17: Yield calculation for exfoliated graphene

Batch Feed rate 
(graphite)/min

Powder 
obtained (in 
g/10 min)

Yield (%)
Production rate (g/h)

1 2 8.1 40.5% 48.2
2 2 7.1 35.2% 42.3
3 2 8.0 40.0% 48.1
4 2 7.9 39.8% 47.8
5 2 7.7 38.8% 46.6
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Note that this yield can further be increased if the un-exfoliated graphite is recycled again. In 

order to demonstrate that the unexfoliated graphite can be recycled, we collected and dried it 

before spraying. The graphite is un-exfoliated or partially exfoliated graphite (Figure S17a). 

The powder was then plasma sprayed at similar parameter (Plasma power (P): 40 kW, gas flow 

rate (G): 120 SCFH). The sprayed powder was collected and centrifuged at 1000 rpm. The 

supernatant after centrifugation was analyzed using TEM, Raman spectroscopy and AFM. 

SAED displays distinct hexagonal pattern without any halo suggesting highly crystalline nature 

(S17b-c). Prominent D and G band after exfoliation ensures the structural integrity of the 

exfoliated graphene (Figure S17d). While, AFM proves the flake thickness is 1.2 nm or lower 

(Figure S17e). These indicates that the remaining unexfoliated graphite can again be exfoliated 

and the yield can be increased further.

Figure S17: (a,b) Low and high magnification SEM, (c) SAED (d) intensity of line passing 

through (1–210)–(0–110)–(–1010)–(–2110) in figure S17c, (e) Raman and (e) AFM of 

exfoliated graphene obtained from the recycled graphite. 
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S18: Price calculation of exfoliated graphene

In order to commercialize this synthesized graphene, cost comparison of the same with the 

market-available graphene products becomes vital. During the whole processing and 

fabrication, a total of 20 g graphite (@ 120 g/h) was fed into the hot plasma for obtaining the 

exfoliated graphene. 1 run of the plasma spraying has been carried out for 10 minutes. Plasma 

gases were mainly Argon, as primary gas and Hydrogen, as secondary gas. Argon was also 

used as shroud gas during the whole process. Hence, the main cost obtained were comprised 

of: (a) cost of graphite, (b) cost of gases, (c) electricity costs and (d) manpower.

These various costs incurred during whole conversion process of graphite to graphene are 

provided below:

1) Price of synthetic graphite used (Sigma Aldrich): 94 USD/kg

Amount of graphite used = 120 g/h

Cost of graphite for 10 min (C1) = 0.094×10×2 = 1.88 USD

2) Cost of gases used (Praxair Inc.): 

Three different gases were used for specific purpose during graphene preparation. Argon as 

primary gas as well as shroud gas and hydrogen as secondary gas.

(i) Price of Argon gas cylinder used for primary gas (capacity: 9486.14 litres) = 

66.14 USD

Cost of Argon per litre = 0.0069 USD

(ii) Price of Hydrogen gas cylinder used (capacity: 5533.18 litres) = 238.09 USD

Cost of Hydrogen per litre = 0.043 USD

(iii) Price of Argon gas cylinder used for shroud gas (capacity: 9486.14 litres) = 66.14 

USD

Cost of Argon per litre = 0.0069 USD
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Table S18-1: Total cost calculation for gases:

Gases used Flow rate 

(SCFH)

Time

(min.)

Total Vol.

(Litre)

Cost/L

(USD)

Total Cost

(USD)

Argon 120 10 566.3 0.0069 3.90

Hydrogen 6 10 28.3 0.043 1.21

Argon (Shroud) 15 10 70.8 0.0069 0.48

Total Cost for gases (C2) 5.59

Table S18-2: Cost of Energy consumption:

Cost of power per unit = 0.11 USD

Power

 (kW)

Time 

(hr)

Energy consumption 

(kWh)

Cost/unit

(USD)

Total energy consumption 

cost in USD (C3)

39.7532 0.34 13.51 0.11 1.49

Cost of manpower: $0.041 (calculated tentatively for 1 gram)

Total amount of graphene produced = 8 g

Total cost in USD = C1+C2+C3+C4

     = 1.88 + 5.59 + 1.49+ 0.04

     = 9

Cost of 1g graphene = 9/8 = 1.12 USD

Please note that production cost depends upon the local condition (i.e. plasma gasses, electricity 

charge, labor cost etc.), Hence this estimated production cost may be taken as a reference. The 

cost can also vary based on the raw materials used. Use of natural graphite, which is much 

cheaper than synthetic graphite can lower down the production cost too. Below analysis 

provides the experimental and analytical evidences of exfoliation of natural graphite.

Natural graphite (NG) obtained from Sigma-Aldrich (Product ID: 808083) (Figure S18-1a). 

Scanning electron microscopy (SEM) shows the size of NG is 40-50 μm and are over 5 μm 
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thick (Figure S18-1b,c). The surface area of NG is 0.35 m2/g (Figure S1S-1d). Raman spectra 

shows both the characteristics D and G band (Figure S18-1e).  Figure S18-1f,g is the low 

magnification TEM image of NG and corresponding SAED pattern. High magnification TEM 

image of the NG shows numerous graphitic lattice planes stacked one over another with lattice 

spacing 0.34 nm (Figure S18-1h).

Figure S18-1: (a) Procured natural graphite powder, (b) SEM image of natural graphite flakes 

(c) cross-sectional view, (d) BET isotherm of natural graphite, (e) Raman Spectra of natural 

graphite, (f) low magnification image TEM image, (g) SAED pattern and (h) high 

magnification image showing lattice plane of natural graphite.

Exfoliation was carried out at parameters, Plasma power = 44 kW and primary gas flow rate = 

120 SCFH. Higher power was needed to exfoliate the synthetic graphite due to the higher 

particle size of the natural graphite. Figure S18-2a shows the digital image of the exfoliated 

graphene dispersed in organic liquids (DMF and NMP). The exfoliated graphite remains 

suspended in these liquids for over 48 hours. The exfoliated graphene displays 93% reduction 

in intensity of X-Ray diffraction (002) peak intensity at 2θ=26.5˚ suggesting high degree of 

exfoliation (Figure S18-2b). Substantial increase in the surface area (634 m2/g) was also 

observed for the exfoliated graphite (Figure S18-2c). The XRD and BET results are similar to 
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that of the synthetic graphene and confirms the successful exfoliation of natural graphite to 

graphene.  

Raman spectra of the exfoliated graphite shows prominent D and G band suggesting structural 

integrity after plasma spraying (Figure S18-2d). The 2D band is sharp and symmetric similar 

to single layer graphene and can be distinguished from that of graphite (Figure S19-2e). The 

XPS results (Figure S18-2f, g) shows that the atomic ratio of carbon and oxygen (C/O) is 

26.6%, which is similar to that of the synthetic graphene. XPS was performed using a X-ray 

photoelectron spectroscopy (PHI 5000 Versa Prob II, FEI Inc., USA). Figure S18-2h shows 

the low magnification TEM image of the exfoliated graphene.  A bright edge without noticeable 

dark line is the characteristics of single layer graphene (Figure S18-2i). The SAED pattern 

shown as inset in Figure S18-2i is representative of highly crystalline nature of the exfoliated 

graphene. Atomic resolution inverse fourier image shows perfect hexagonal pattern for the 

single layer graphene (Figure S18-2j). 

SEM images shows that the lateral dimensions of the flakes are between 2 to 4 μm (Figure S18-

2k). AFM proves that the flakes are 1 nm thick or less, providing evidence of single layer to 

few layers graphene (Figure S18-2l). The dynamic light scattering result shown in Figure S18-

2m supports the previous results indicating that the natural graphite has been exfoliated 

successfully to graphene. 
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Figure S18-2: (a) Stable dispersion of exfoliated NG in DMF (left) and NMP 

(right)(Concentration: 5 mg/mL), (b) XRD, (c), BET and pore size (inset), (d) Raman spectra, 

(e)2D band structure of exfoliated graphene and natural graphite, (f) Survey and (g) core-level 

carbon 1s XPS spectra of graphene, (h) TEM image of single layer graphene, (i) high 

magnification image from edge of the single layer graphene, SAED (inset), (j) IFFT showing 

perfect honeycomb structure, (k) SEM, (l) AFM and height profile and (m) DLS of exfoliated 

graphene.
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S19: Comparison of achieved results with literatures

The fulfilment of four essential factors, i.e., (1) high quality (2) narrow layer distribution (3) 

fast and reproducible technique and (4) high throughput is necessary for synthesizing quality 

graphene for various applications. So far no studies have reported the simultaneous fulfilment 

of these 5 factors. We compiled list of few notable works of graphene synthesis (2007 to 

Present) and compared them with our plasma spray exfoliated graphene. Comparisons were 

made for 7 sectors: Medium used, layer numbers, ID/IG (from Raman), C/O and sp2 % (from 

XPS), production rate and yield %.

Table S19: List of papers describing synthesis of graphene using different routes. Comparisons 

were drawn on various factors including medium used, layer numbers, ID/IG, C/O and sp2 %, 

production rate and yield %.

Sl 

No

Reference Methods Medium 

used

Number 

of 

Graphene 

Layers

ID/IG C/O 

(ratio)

sp2 

(%)

Producti

on Rate 

(g/h)

Yield 

%

1 Current 

Work

Plasma 

spraying

No 

Chemicals 1-3 layer 0 95.5/4.

5

95 48 g/h 40%

2 Loung et 

al. Nat. 84

Flash 

Technique

No solvent Turbostrat

ic 

graphene

~0 65/25 98.6 -- 80-

90%

3 Kwon et.al. 

Adv. Mat.  

Int. 85

Electroche

mical 

Exfoliation

(NH4)2SO4 Few layer 

<10 layer

0.14 16.2 36.0 30.0 --

4 Dominguez 

et.al. Nat. 

prot. 86

Ball 

Milling

Melamine

3-4 layer 0.2-

0.5

91.0/7.

7

-- -- --

5 Ejigu et al. 

Adv. Funct. 

Mater. 87

Electroche

mical 

Exfoliation

CoSO4 and 

Na2SO4

Few layer 

< 5 layer 0.05 36 -- -- --



36

6 Buzaglo et 

al. Adv. 

Mater. 88

Ball 

Milling 

naphthalen

e,

anthracene 

and pyrene

Graphene 

<10 layer

0.15-

0.75 --

55-

75 -- >90%

7 Buzaglo et 

al. Chem. 

Mater. 89

Sonication

Water

Few layer

>5 layer

0.13-

0.50 --

85-

92 -- <14%

8 Voiry et.al. 

Science 90

Microwave 

reduction NA 1-3 layer 0 -- 90 -- --

9 Yang et.al. 

J. Am. 

Chem.  

Soc. 91

Electroche

mical 

Exfoliation

(NH4)2SO4 Few layer

< 5 layer

<0.1 ~25.3 -- -- 45%

10 Paton et al. 

Nat.  

Mater. 92

Shear 

exfoliation

NMP, NaC 

etc.

Few layer 

<10 layer 0.4 -- -- 5.3 3%

11 Matsumoto 

et al. Nat. 

Chem. 93

Microwave 

irradiation 

oligomeric 

ionic 

liquids

 Mono 

layer

0.14 ~30

-- -- 93%

12 Parvez et 

al. J. Am. 

Chem.  

Soc. 94

Electroche

mical 

Exfoliation

(NH4)2SO4, 

Na2SO4, 

K2SO4 etc.

Few layer

≤ 3 layer 0.42 ~17.2 -- -- >85%

13 Du et al. J. 

Mater. 

Chem. A 95

liquid-

phase 

exfoliation

NMP,DMF 1-5 layer 0.4 -- -- 0.1-2 <95%

14 Leon et al. 

ACS   

Nano 96

Ball milling Aminotriaz

ine

Few layer 

<5 layer 

0.4-

0.8 -- -- -- --

15 Geng et al. 

Sci. Rep. 97

Catalytic

exfoliation

FeCl3 and 

H2O2

Few layer

<5 layer 0.1 -- -- -- --

16 Yang et al. 

Carbon 98

Sonication Water, Py-

1SO3

Few layer 

<7 layer 0.8 ~14% -- -- 70%

17 You et al. 

Carbon 99

Hummer’s 

method

Water, 

alcohol etc. >10 layer 1.1 2.85 ~60 -- >65%
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18 Zhang et al. 

Carbon 100

Thermal 

exfoliation NA 1-10 layer --

9.8-

15.6 -- -- --

19 Liao et al. 

Carbon 101

Sonication

NMP

Few layer

<10 layer 0.5 -- -- -- 15%

20 Lu et al. J. 

Mater. 

Chem. 102

Sonication

chlorosulfo

nic acid

and H2O2

Few layer

>5 layer ~0.1 -- -- 0.25 g/h --

21 Herron et 

al. J. Mater. 

Chem. 103

CVD NA

Few 

Layer <5 

layer

~1.2 -- -- -- --

22 Ang et al. 

ACS   

Nano 104

Hummer’s 

method NA

Monolaye

r

1.2 40-50

-- -- >90%

23 Choi et al. 

Nanotechn

ol. 105

Mild 

sonication 

1-propanol

1-5 layer 0.6 ~80 -- 0.015 

g/h

--

24 Knieke et 

al.    

Carbon 106

Mechanical 

delaminatio

n (wet 

grinding)

anionic 

surfactant 

sodium 

dodecyl 

sulfate

Multilaye

r 

>10 layer

0.6 -- -- 1.5-2.5 

g/h

--

25 Zhu et al. 

ACS Nano 
107

Bath 

Sonication 

Propylene 

Carbonate

Graphene

>10 layer ~1.0 -- -- -- --

26 Gu et al. J. 

Mater. 

Chem. 108

Liquid 

phase 

exfoliation

H2SO4 and 

H2O2 1-3 Layer 0.2 -- -- -- --

27 Hernandez 

et al. Nat. 

Nanotechn

ol. 109

liquid-

phase 

exfoliation

N-methyl-

pyrrolidone 

NMP

1 layer ~0.4 -- -- 1 wt.%

Not in 

g/h

0.83 %
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28 Stankovich 

et al. 

Carbon 110

chemical 

reduction

hydrazine 

hydrate

Few layer

< 5 layer 1.2 -- -- -- --

29 Shang et al. 

Adv. Funct. 

Mater. 111

CVD 

Edge 

termination 

by C(O)OH

Multilaye

r 

Graphene

- - - ~ 1g/h --

30 Allen et al. 

Chem. 

Com. 112

Chemically 

Induced 

folding

Ethanol Few layer

<5 layer 1.0 55 -- 0.9 g/h --

S20: Reproducibility of exfoliated graphene

Now, after the successful large scale fabrication of high quality, defect free single layer 

graphene with ~15% of bi-/tri- layer, it is necessary to ensure the reproducibility of the single 

layer. Hence, keeping the parameters constant i.e., (40 kW, 120 SCFH), five different batches 

were plasma sprayed to obtain graphene (Figure S20-1). About 4 grams of graphene were 

obtained in each batch in 6 minutes.

After preparation of the graphene, we performed the preliminary analysis viz. Raman and AFM 

separately for all batches. It was found that all the batches have almost similar characteristics. 

Raman spectra of all five batches of graphene samples show G and 2D peaks at ~1580 and 

2719 cm-1 respectively. AFM analyses of ~50 flakes revealed that 75-85 % of flakes were single 

layer (Figure S20-2). This result indicates that the results are reproducible for a constant 

parameter. 
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Figure S20-1: The digital images of five different batch (B1-B5) of graphene powder 
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Figure S20-2: (a-e) Raman spectra, (f-j) AFM images and (k-o) layer distribution of the five 

different batches of graphene samples respectively.
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S21: Experimental details on proof-of-concept of exfoliated graphene

S21a: Layer-wise Young’s modulus of exfoliated graphene

We used an AFM force-indention (Model: MFP-3D, Asylum Research, USA) to obtain the 

force vs. deflection traces (curve). The exfoliated graphene was dispersed in ethanol and drop-

casted over a clean ITO surface (Techscience Services Pvt. Ltd., India). Figure S21-1a shows 

the SEM image of a graphene deposited flake over ITO substrate. The valley and ridge like 

feature of the ITO surface provides a situation analogous to graphene suspended over pillars. 

The schematic of the indentation experiment is shown in Figure S21-1b. Firstly, the ITO 

surface was scanned for graphene flakes using AFM in tapping mode. The layers of the 

graphene flakes were measured based on its thickness. At least two AFM scans were carried 

out to endorse that no drift occurred on the graphene during indentation.

The AFM tip was placed directly at the centre of two ridges and load of 10nN was applied. As 

the load was applied the graphene flake moved downward, the linear force versus indentation 

depth/deflection (F-h) was extrapolated (Figure S21-1c). The elastic modulus for a single 

indentation curve was evaluated by applying an extension of the Oliver Pharr model taking into 

account the effect of adhesion. The four-sided pyramid shaped AFM probe tip was modelled 

by a cone geometry (a cone angle around 22°) for elastic modulus determination. The Young's 

modulus distribution was obtained from values calculated for all force curves in a force map 

(20 μm × 20 μm). At least fifty cycles of loading and unloading were performed on the same 

graphene flake. Among them, five of loading and unloading curves were shown in Figure S21-

1c. The extension and retraction curves indicate high elasticity of graphene flakes. The 

distribution of Young’s modulus is presented in the main manuscript and values are comparable 

with the literature.113-118
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Figure S21-1: (a) FESEM images showing suspended graphene flakes over ITO substrate, (b) 

Schematics showing experimental setup of indentation over suspended graphene flakes with 

an AFM tip. (c) Force-deflection curves of 1-3-layer graphene flake at 10 nN loads.

S21b: Tribological test on exfoliated graphene coated substrate

Ethanol solution containing exfoliated graphene (1mg/mL) was spread on the highly polished 

surfaces of the Si wafer (Techscience Services Pvt. Ltd., India) using spin coating. Prior to spin 

coating, the flat samples of Si substrates were cleaned by sonication in de-ionized water and 

acetone to remove any surface contaminations. The graphene coated substrate was evaporated 

in a dry environment for better adherence of the flakes. Tribological studies of the coated 

samples were performed against a 3 mm diameter steel ball using a ball on disc tribometer 

(Ducom Pvt. Ltd, India). The schematic of the experimental setup is shown in Figure S21-2a. 

All tests were performed at room temperature. Normal load of 1, 2 and 3 N was used during 

the tests. Sliding speed of 60 rpm was maintained throughout the tests. All tests were run for 
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1800 cycles. The tribo test result (COF) obtained using 2N and 3N is shown in Figure S21-2b 

and S21-2c respectively, while the value obtained using 1N is shown in the main manuscript. 

All the tests show COF lower than 0.03 representing very low value, for graphene-steel 

interaction, comparable to the literature.119-121

Figure S21-2: (a) Schematic of the experimental setup, COF curves obtained using load (b) 

2N and (c) 3N. 

S21c: Electrical conductivity of exfoliated graphene

All the electrical conductivity measurements were done using a conductive Atomic Force 

Microscope (C-AFM) (Asylum/Oxford Instruments, MFP3D Origin, USA). Firstly, the 

exfoliated graphene was deposited over a conductive substrate (ITO) using spin-coating. 

Before measuring the conductivity of graphene flakes, height profiles were grabbed to identify 

the graphene layers (based on thickness) in non-contact mode as shown in Figure 22-3a-c.
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Figure S21-3: Identification of 1 layer, 2 layers, and 3 layers graphene sheets by AFM.

Then the sample surface was scanned for conductivity measurement in contact-mode. To 

measure the local conductance of the graphene film, sample was biased with different voltages. 

All the measurements were performed under room temperature conditions. The schematics of 

the experimental setup is shown in figure S21-4a. Figure S21-4b-d shows the optical 

microscope image of the graphene flakes deposited over the ITO substrate, whereas the marked 

area in Figure S21-4e-g is the cantilever tip approaching the flakes. All AFM measurements 

were performed at 512 × 512 resolution and a scanning area of a 2 × 2 μm2. A cross filter was 

placed to lessen the background noise in the data. The conductivity measurements were done 

on ~50 points at the centre of the graphene flake profile and were averaged for the analysis.122
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Figure S21-4: (a) schematic of the experimental setup for C-AFM and (b,c,d) shows the optical 

microscope image of the graphene flakes deposited over substrate, whereas the marked area in 

(e,f,g) is the cantilever tip approaching the flakes. 

S21d: Transmittance test on exfoliated graphene coated substrate

The optical measurement of exfoliated graphene film was done using a UV-Visible/NIR 

spectrophotometer (Jasco V-770). The exfoliated graphene flakes were uniformly dispersed in 

Dimethylformamide (DMF) and then spin coated over a quartz substrate. The sample was dried 

at 120°C for over-night in hot air oven. For understanding the dependencies of transmittance 

of the graphene film, the percentage of transmittance was studied. 

The thickness of the graphene film was measured to be ~50 nm (Figure S21-5a)

Figure S21-5a: (a) AFM of the graphene film depicting film thickness, (b) line profile along 

the dotted line in figure S21-5a

The graphene film was also uniform over a large area. In order to demonstrate the uniformity 

of the coating, AFM was done over the surface of the film. Figure S21-5b-a is the AFM image 

of scanned area (500 μm2). The corresponding line profile along the surface (depicted by green 
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dotted line) gives roughness of only ±5 nm, proving uniformity of the graphene film (Figure 

S21-5b-b). 

Figure S21-5b: (a) AFM over graphene film, (b) line profile for the green dotted area in 

previous figure.

S21e: Electrochemical test of exfoliated graphene

For electrochemical measurements 4 mg of active material was dispersed in 2 ml of NMP and 

slurry was deposited on glassy carbon electrode. The mass loading of active material on the 

electrode was 20 μg. The electrode was dried at room temperature before electrochemical tests. 

Cyclic voltammetry (CV) measurements were performed by the Potentiostat/Galvanostat/FRA 

(Interface 1000, Gamry, USA) in a three electrode configuration with Ag/AgCl as the reference 

electrodein 0.5 M Na2SO4 aqueous electrolyte. Platinum (Pt) electrode was used as the counter 

electrode. Data analysis of the curves was done using the Electro Chem software supplied along 

with the equipment.

Cyclic voltammetry (CV) experiment were performed for eight different scan rates (5, 10, 20, 

50, 100, 200, 300 and 500 mV s−1) in the potential window from 0 to +1 V. The CV 

characteristics at different scan rate for exfoliated graphene is shown in main manuscript while 

the curves obtained for graphite is shown here (Figure S21-6a). The specific capacitance was 

calculated from CV curves according to the following equation.123,124
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[4]𝐶𝑠𝑝 =
∫𝐼𝑑𝜗

∆𝑉 × 𝑚 × 𝑠

Where,  (F/g) is the specific capacitance,  is the integrated area under the CV 𝐶𝑠𝑝  ∫𝐼𝑑𝜗

curve, m (g) is the mass of active material deposited on electrode surface, ΔV (V) is the 

difference in potential, and s is the potential scan rate. The specific capacitance at scan rate 5, 

10, 20, 50, 100, 200, 300 and 500 mV s−1 are 375, 347, 335, 311, 294, 287, 268 and 249 F/g 

respectively. The maximum specific capacitance was 375 F/g at scan rate 5 mV s−1. 

Figure S21-6: Comparison of CV characteristics of graphite at different scan rate.

Galvanostatic charge–discharge experiments were also used to calculate the specific 

capacitance using the following equation, 125,126

[5]𝐶𝑠𝑝 =
𝐼

𝑚 ×
𝑑𝑡
𝑑𝜗

where  (F/g)is the specific capacitance, I (A), is the constant current, dt is the discharging 𝐶𝑠𝑝

time (s), m is the mass of active material deposited on electrode surface (g) and  is the 𝑑𝜗

voltage change in charge–discharge process. The specific capacitance obtained from 

galvanostatic charge/discharge curves are 348, 284, 211, 203 and 124 F/g for current density 

0.75, 1.0, 1.5, 2.0, 5.0 A/g. 
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