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Fluorescence quenching is a valuable tool to study many macromolecular assemblies. It is well-known

that graphitic systems such as the reduced graphene oxide (rGO) can strongly quench the emission

of dye molecules through energy transfer. In this work, the authors demonstrate comparative study

of fluorescence quenching between different graphitic system such as rGO, graphene oxide (GO),

and graphite, which is not reported so far. As compared to graphite and GO sheets, rGO shows more

quenching capability because of more surface area and efficient p-p stacking. The fluorescence

quenching has been performed using Rhodamine B dye. The scanning electron microscopic micro-

graphs revealed that Rhodamine B dye is uniformly absorbed on rGO. The fluorescence quenching

has been done with the fixed concentration of Rhodamine organic dye with all three forms of carbon.

The spectroscopic results exhibit that the chemically exfoliated rGO was almost 16 times better than

graphite and GO. The obtained results suggest that rGO can be used for better quenching capability

in biosensing applications. Published by the AVS. https://doi.org/10.1116/1.5026170

I. INTRODUCTION

Graphene, one atom thick layer of sp2 carbon atoms, has

attracted enormous interests for various applications because

of its outstanding optical, thermal, and electrical proper-

ties.1–4 In some optical sensing applications, graphene, spe-

cially graphene oxide (GO)/reduced graphene oxide (rGO),

can be efficiently used as a basis for biosensors through the

energy transfer mechanism, and because of its transparent

semimetal nature, graphene is recently the most unique inter-

face for the fluorescence energy transfer. Fluorescence

quenching is a key technique to get information about the

dynamic changes of proteins in macromolecular systems.5,6

In this quenching phenomena, the emission of a fluorophore

is disturbed by a quencher molecule through fluorescence (or

Forster) resonance energy transfer. Very interestingly,

although GO and rGO are themselves fluorescent, they can

also quench the fluorescence and this contradictory property

could be the manifestation of the heterogeneous chemical,

atomic, and electronic structures of GO/rGO. Applications

have been seen where GO has been used for its fluorescence

quenching capability.7 Also, graphene has been used as a

substrate for studying fluorescence suppression in Raman

resonance spectroscopy.8 The sp2 carbon domains in GO and

rGO allow it to quench fluorescence of dyes,9,10 quantum

dots,11 and conjugated polymers.12,13 After reduction, the

quenching efficiency of GO increases significantly10 and

pristine graphene can quench the fluorescence of dyes up to

3 orders of magnitude.10 Studies have shown that this fluo-

rescence quenching comes from the fluorescence resonance

energy transfer between the fluorescent species and

GO/rGO.10,11,13

The presence of ionic groups such as O� and COO� in

GO/rGO makes it possible to interact electrostatically with

charged proteins and DNA, and the aromatic scaffold in it

provides a platform for p-p stacking and quenching of dyes.

The importance of the area is directly associated with bio-

sensing applications which is based on fluorescence quench-

ing in rGO. For example, such applications can be realized

in single-stranded DNA sensing through GO.14 Hence, fluo-

rescence quenching has been used as the basis of GO/rGO

optical sensors for sensing DNA and biomolecules.14,15 In

the present study, Rhodamine dye has been taken because of

the easy availability of the Rhodamine B dye, which is used

as calibration dye for photoluminescence (PL) setup. Other

dyes like fluorescein, 4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran, and 2,5-bis(5-tert-butyl-2-

benzoxazolyl)thiophene can also be used in such kinds of

studies.

Various forms of graphene, especially graphene oxide

and exfoliated graphene, have been used for quenching

applications, but the quantitative analysis of quenching effi-

ciency of GO and rGO has not been reported yet. In this

study, chemically exfoliated rGO has been shown a very effi-

cient quencher for fluorescence molecules as compared to

graphite and GO. Also, a novel synthesis method for GO and

further reduction to rGO has been presented.

II. EXPERIMENT

A. Synthesis of graphene oxide

GO was prepared by the oxidation of graphite (500 mesh

powder) using the improved Hummer’s method.16 For this,

3.0 g of graphite powder was added to a 9:1 mixture of conc.

H2SO4/H3PO4 (360/40 ml) and stirred. 18.0 g of KMnO4 was

slowly added to the suspension while stirring. Then, the

resultant mixture was heated at 60 �C and stirred for another

a)Electronic mail: shubhdagaur@gmail.com
b)Electronic mail: bipinbhu@yahoo.com

04G104-1 J. Vac. Sci. Technol. B 36(4), Jul/Aug 2018 2166-2746/2018/36(4)/04G104/4/$30.00 Published by the AVS. 04G104-1

https://doi.org/10.1116/1.5026170
https://doi.org/10.1116/1.5026170
https://doi.org/10.1116/1.5026170
mailto:shubhdagaur@gmail.com
mailto:bipinbhu@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1116/1.5026170&domain=pdf&date_stamp=2018-06-07


12 h. After cooling down to room temperature, 400 ml

deionized water (DI) water was added followed by a gradual

addition of 3 ml H2O2 (30%). The resultant material was

washed with DI water and 35% HCl mixture (2:1) and fil-

tered in a vacuum filtration setup using a G4 polymer filter.

Then, the solution was ultrasonicated for 8 h in ethanol in

order to obtain GO.

B. Synthesis of reduced graphene oxide

Reduced graphene oxide was obtained from thermal

reduction of GO. The as prepared GO powder was taken in

an alumina boat and kept in a quartz tube fitted to a high

temperature furnace. The GO powder was heated at 800 �C
for 2 h under 85:15 vol. % gas flow of Ar and H2.7 This treat-

ment resulted in a fluffy, very light weight and highly exfoli-

ated rGO.

C. Sample preparation

Rhodamine B with emission at 574 nm was taken as organic

fluorophore for fluorescence quenching study, and 10 ppm

solution was prepared by mixing the Rhodamine B in DI

water. For a comparative study, a fixed amount of 2 mg of

graphite, GO, and rGO was dispersed in 20–20 ml of DI water

by ultrasonication for around 30 min to make a clear disper-

sion. Now, each dispersion was mixed with 15 ml of

Rhodamine B solution and was kept for 5 min before recording

their PL spectra. Figure 3(b) shows the as prepared solutions.

D. Fluorescence quenching study

The excitation spectrum of pure Rhodamine was taken

before performing the quenching study. After this, the photo-

luminescence spectra of all three (graphite, GO, and rGO)

dispersions mixed with Rhodamine solution were recorded.

For the ease of comparison, all the parameters of spectrome-

ter like concentration of dye in all variants of carbon as well

as pure dye in DI water, slit width of excitation and emission

window, temperature, and volume of the solution in all

cases.

III. CHARACTERIZATIONS

Raman studies of the samples were done using Renishaw

inVia Raman spectroscopy, UK, with an excitation laser source

of 514 nm. Field emission scanning electron microscopy was

done using Auriga, Zeiss instrument. Photoluminescence spec-

tra of the samples were recorded using FLSP 900 (Edinburg)

where the xenon flash lamp acts as a source of excitation.

IV. RESULTS AND DISCUSSIONS

Prior to the quenching experiment, the surface morphol-

ogy of graphite, GO, and rGO was investigated using a field

emission scanning electron microscope (FESEM). Figures

1(a)–1(c) show the typical FESEM images of graphite, GO

and rGO, respectively. The high magnification FESEM

image [Fig. 1(d)] clearly showed the few layered rGO sheets.

Raman studies of graphite as well as GO and rGO were done

to ensure the quality.

It is well studied that all graphitic systems15,17,18 can

strongly quench the emission of fluorescent dye molecules

through energy transfer. The PL excitation spectrum of

Rhodamine B at an emission wavelength of 574 nm is illus-

trated in Fig. 2(a), which is the observation for standard

commercially available Rhodamine solution. The PL emis-

sion spectra of pure Rhodamine B, graphiteþRhodamine B,

GOþRhodamine B, and rGOþRhodamine B at the excita-

tion wavelength 558 nm are shown in Fig. 2(b). Figure 2(b)

shows that the PL emission of Rhodamine B solution can be

quenched significantly with all three graphitic systems.

However, rGO shows highest fluorescence quenching capa-

bility as compared to other graphitic systems used. The PL

emission spectrum of Rhodamine B shows a broad emission

band peak at 574 nm. Figure 2(b) reveals that the emission

intensity of Rhodamine B is of the order of 105. When the

PL spectra of the dye with graphite, GO and rGO were

recorded, it was interestingly observed that in the case of

graphite and GO, the PL quenching was of the order of 104,

while in the case of chemically exfoliated rGO, it was almost

completely quenched, as shown in Fig. 2(b). The quenching

capability of rGO is more as compared to GO and graphite

because rGO provides more surface area as compared to

graphite and GO. Further, in comparison between GO and

rGO, GO has more terminal bonds in terms of functional

groups (hydroxyl, epoxy, carbonyl, and carboxyl groups)

which is almost reduced in the case of rGO (hydroxyl and

carboxyl groups). Figure 2(c) shows the PL quenching capa-

bility of all three on a logarithmic scale to better visualize

the quenching behavior. Figure 3(a) illustrates the schematic

of how the dye molecules are attached with the graphene

sheets. Figure 3(b) shows that the quenching effect increases

from graphite to GO and then to rGO with the change in

the dye solution color. Also, it could be visibly evidenced

through naked eye from Figs. 3(b) and 3(c) that the pink

FIG. 1. (Color online) FESEM images of (a) graphite powder, (b) GO sheets,

(c) rGO sheets, and (d) high magnification image of rGO sheets.
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color of Rhodamine dye in rGOþRhodamine mixture has

totally vanished, which confirms the fluorescence quenching

of the dye after adsorption with the rGO sheets through p-p
stacking. This strongly supports our results.

The effect of concentration on fluorescence quenching

capability of rGO was studied. For this study, various

amounts of rGO were mixed in a fixed amount of dye and

the PL spectra were recorded. Figure S2 shows a bar chart of

increasing capability of fluorescence quenching with the

increase in the amount of rGO.21 It is seen from Fig. S2 that

after a fixed amount of rGO (0.1 mg) in mixed solution, the

further increase in rGO does not make any major increase in

the quenching capability of rGO.

Further, to visualize the quenching process with rGO, the

FESEM was performed for Rhodamine Bþ rGO sample.

Figure 4(a) shows the FESEM images of Rhodamine

Bþ rGO. The two shades of rGO sheets show the attachment

of dye molecules at some places (dark portions) and the pure

rGO sheets at other places (light portions). Figure 4(b) shows

the high magnification image of rGO sheet in which dye mol-

ecules are attached. The two portions of the sheet surface

have been marked as pure rGO sheets and Rhodamineþ rGO

sheets in Fig. 4(b).

Raman studies of graphite powder, GO, and rGO were

performed to ensure the quality of materials. It is well stud-

ied that Raman spectra of natural graphite has two main

bands, i.e., G band at 1587 cm�1, and 2D band at 2700 cm�1,

and also a third very weak D band at 1353 cm�1. The G band

is an in-plane vibrational mode involving the sp2 hybridized

carbon atoms and D band represents ring breathing mode

from sp2 carbon rings and requires a defect for its activation.

It is also known as a disorder or defect band. The 2D band is

the second order of the D band and sometimes referred to as

an overtone of the D band. It is the result of a two phonon

lattice vibrational process but does not need any defect to be

activated. GO exhibits D band at 1353 cm�1 and G band at

1597 cm�1 with a blue shift in frequency as compared to

graphite and this shift in the frequency of G band could be

because of the decrease in the size of in-plane sp2 domains

during oxidation of graphite.19,20 Raman spectra of graphite,

GO, and rGO are shown in Fig. 5(a). For GO, the G band

was located at �1602 cm�1, while for rGO this band was

shifted to �1587 cm�1. This indicated the reduction of GO

FIG. 2. (Color online) (a) Excitation spectrum of pristine Rhodamine B with 574 nm emission at room temperature, (b) photoluminescence quenching emission

spectra of pristine Rhodamine B, graphiteþRhodamine B, GOþRhodamine B, and rGOþRhodamine B, and (c) photoluminescence quenching emission

spectra of pristine Rhodamine B, graphiteþRhodamine B, GOþRhodamine B, and rGOþRhodamine B on a logarithmic scale.

FIG. 4. (Color online) FESEM images of (a) rGO sheets mixed with

Rhodamine B and (b) high magnification image of rGO sheets mixed with

Rhodamine B with pure rGO sheets and Rhodamineþ rGO portions marked.

FIG. 3. (Color online) (a) Schematic diagram showing dye molecules

attached with graphene. (b) Photograph showing the quenching effects of

graphite, GO, and rGO. (c) Fluorescence quenched mixture solution colors

after 1 h.
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to rGO. The D bands for GO and rGO were located at

�1351 and �1344 cm�1, respectively. The intensity ratio of

these bands (ID/IG) for rGO (0.90) was higher than for GO

(0.88).

To further support our fluorescence quenching results, the

Raman spectroscopy of pure Rhodamine B solution and

mixed solutions of graphite, GO, and rGO with Rhodamine

B was done to investigate the change in the peak positions

and their intensities. Figure 5(b) shows the Raman spectra of

mixed solutions of (graphiteþ Rhodamine B), (GO

þRhodamine B), and (rGO þRhodamine B). It can be eas-

ily seen that for graphite, the fluorescence in mixed solution

is almost the same as that of Rhodamine B. In the case of

GO, fluorescence has been reduced as compared to the pure

Rhodamine B, and with rGO, the fluorescence has been

reduced greatly. The Raman spectra for Rhodamine B are

shown in Fig. S1.21

V. SUMMARY AND CONCLUSIONS

The results presented in this paper show that chemically

exfoliated reduced graphene oxide can efficiently quench the

fluorescence of aromatic fluorescence dyes as compared to

graphite and graphene oxide. A comparative study of

quenching capability of all three, graphite, GO, and rGO,

has been done successfully. All the results follow the trend

of increasing capability of fluorescence quenching from

graphite to GO and to rGO. On the basis of the present study,

it is possible that the synthesized and chemically exfoliated

rGO can be efficiently used in biosensing applications.
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