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Abstract Tapered optical fibers coated with graphene

and graphene oxide (GO) as the active layer for ethanol

sensing were reported. The multimode optical fiber with

125 lm diameter was tapered to 40 lm diameter to en-

hance the sensitivity. Graphene and GO thin films were

characterized using a scanning electron microscopy, Ra-

man spectroscopy and ultraviolet–visible (UV–Vis) spec-

troscopy. The absorbance properties of the developed

sensors increased when exposed to ethanol due to the

change of light in the evanescent field. The sensing results

indicated that the GO-coated sensor showed better perfor-

mance with absorbance change of 80 % towards ethanol

concentration of 5 % when compared to graphene-coated

sensor with 40 % absorbance change towards ethanol with

similar concentrations. The reliable response of the gra-

phene and GO-coated on tapered fibers for detecting

ethanol concentrations was achieved at room temperature.

Keywords Graphene � Optical fiber sensor � Absorbance �
Ethanol sensor � Tapered optical fiber

1 Introduction

In recent times, graphene has attracted much attention in

many fields due to its unique characteristics such as che-

mical stability, flexibility, high mechanical strength and

unique optical properties [1]. The nano-scale structure of

graphene provides immense surface-to-volume ratio. As a

result, it can detect the lowest level of a target gas (single

molecule) [2], making it an attractive candidate for che-

mical sensing applications. As an alternative, GO which is

a graphene precursor, also possesses promising properties

for sensing applications. The structure of GO is described

as a graphene sheet bonded to oxygen in the form of car-

boxyl, hydroxyl or epoxy groups [3], which can sig-

nificantly improve the hydrophilicity of GO and

subsequently enhances its sensitivity. GO has been used to

detect humidity [3], heavy metal [4], and NO2 [5]. There-

fore, graphene based materials are highly potential to be

deployed in optical fiber for ethanol sensing applications.

Optical fibers are playing an increasingly important

transduction platform in the field of sensing. It is unaf-

fected by electromagnetic interference (EMI), making it

possible to be used in any environment with EMI [6].

Recently, fiber optic sensors based on tapered fiber have

received wide attention because of its unique properties [7,

8]. Basically, in a tapered fiber, evanescent fields in the

core-exposed region interact directly with the surrounding

medium and hence increase the sensitivity. In a standard

optical fiber, the intensity of the evanescent wave decays

exponentially to zero at core cladding interface. The ex-

ponential decay is given by [6],

E ¼ E0 exp � x

dp

� �
; ð1Þ

where dp is the penetration depth given by;
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dp ¼
k

2p n21 sin
2 sin2 h� n22

� �1=2 ; ð2Þ

where k is the wavelength of the transmitted light, h is the

incident angle of the light at core/cladding interface, and n1
and n2 are the refractive indexes of core and cladding,

respectively.In a tapered optical fiber coated with an active

layer, interaction occurs within the evanescent field region

of the optical fiber. Therefore, the output of the sensor will

depend on the absorption coefficient of the active material

and the fraction of the total power that is carried in the

evanescent field. In this case, the optical fiber plays a major

role in the sensing mechanism. The characteristic equation

of the tapered optical fiber sensors is given as [9],

I ¼ I0 exp �ralC½ � ð3Þ

where I and I0 are the input and output light of the sensor,

respectively. C is the concentration of the analyte, l is the

length of the tapered fiber and a is the absorption coeffi-

cient. The value, r represents the reduction factor in at-

tenuation with an optical fiber.

In general terms, r can bewritten for an optical fiber as [9],

r ¼ nr

ne
� f ð4Þ

where nr is the refractive index of the analyte, ne is the

effective refractive index of the guided mode and f is the

fraction of the total evanescent wave power that interacts

with analyte. The value of r depends on the quantity of the

evanescent field that interacts with the analyte. It is im-

portant in the design of evanescent wave sensors to max-

imize the value of r.

Tapered optical fibers are used with high efficiency in

evanescent wave and absorption based sensors. Villatoro

et al. [10] reported hydrogen sensing using single mode

tapered optical fiber coated with thin palladium layer. Their

tapered fiber enhances the evanescent waves of the

propagated light that interact with the palladium coating

exposed to hydrogen. This results in fast response of ap-

proximately 10 s towards 3.6 % of hydrogen. Zhang et al.

[7] reported humidity sensor using a sub-wavelength di-

ameter fiber coated with gelatine film. The sensor exhibited

high sensitivity, reversibility and response time of ap-

proximately 70 ms when relative humidity (RH) jumps

from 75 to 88 %. Tapered plastic optical fiber for mea-

surement of uric acid concentrations in deionised water

was recently reported by Harun et al. [8]. The tapered

plastic fiber was coated with single walled carbon nan-

otubes polyethylene oxide composite. The output voltage

of the sensor photodetector increase linearly from 6.13 to

7.35 mV as uric acid concentration increases from 0 to

500 ppm. The sensor shows sensitivity of 0.0023 mV/%

and linearity of more than 97.20 %.

Ethanol sensors based on optical fiber transducing

platforms has also been reported previously. Elousa et al.

[11] presented the method of ethanol concentration sensing

based on reflectance principles. Multimode cleaved ended

fiber coated with vapochromic materials was used. To

measure the response, the intensity of the reflected signal

was monitored. In the reflectance based sensors, the power

of the evanescent wave is quite low and the output power

of the reflected signal is also low. This is due to the poor

ambient fiber coupling efficiency of the evanescent waves

[12]. Since the biconical taper structure has overcome these

limitations, it has become the preferred choice in applica-

tion. King et al. [13] reported three point optical fiber

sensor based on U-shaped fiber for ethanol sensing. In their

study, the U-shaped fiber was used to enhance the

evanescent fields for stronger interaction with the analyte.

However, the used U-shaped fiber structure is complex as

compared to biconical taper which is simpler and efficient.

Herein, we report the absorbance response of tapered

optical fiber coated with graphene based nanomaterials

(graphene and GO) towards ethanol in a range of concen-

tration between 5 and 40 % in water. The sensitivity, re-

sponse and recovery time as well reversibility of the

developed sensors were studied and compared.

2 Experimental section

2.1 Preparation of thin film of graphene and GO

The fabrication of the tapered optical fiber is carried out

according to our previous work [14]. The preparation of

graphene was done by electrochemical exfoliation of gra-

phite rod using sodium dodecyl benzene solfonate (SDBS)

[15] and GO was synthesized using the simplified Hum-

mers method [3]. Graphene and GO were deposited on

glass substrate and on tapered optical fiber using drop-

casting technique. Graphene and GO suspended in water

with concentration of 1 mg/ml were separately drop-casted

on glass substrates for micro-characterization purposes.

The solutions were also drop-casted on the tapered area of

the multimode optical fiber for ethanol testing purpose.

Subsequently, the glass substrate and tapered optical fiber

were annealed at 70 �C for 1 h and left overnight to further

enhance the formation of thin film on the surface.

2.2 Materials characterization

Surface morphology of the graphene and GO thin film was

studied using images obtained from Scanning Electron

Microscopy (SEM, S-3400) operated at 15 kV. Raman

spectroscopy was performed at room temperature using

UTHS Raman spectrometer system (WITec alpha 300 M)
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with 532 nm excitation source. Optical absorption prop-

erties of the graphene and GO were assessed using a UV–

Visible spectrophotometer (Thermoscientific Evolution

300).

2.3 Experimental setup

The experimental setup for the absorbance measurement is

shown in Fig. 1. A tungsten-halogen lamp (Ocean Optics

HL2000) with a wavelength range of 360–2400 nm was

used to transmit light into the optical fiber. The tapered

fiber coated with the active layer was fixed in the ethanol

chamber on a holder. A spectrometer (Ocean Optics

USB4000) with a spectral range of 200–1100 nm was used

as the light detector to measure the output light intensity of

the sensor. The spectrometer was connected to the com-

puter via a USB port. The spectra were characterized using

SpectraSuite software.

3 Results and discussion

3.1 Raman analysis

Raman spectroscopy has been widely used to characterize

carbon based materials such as graphene. In our work,

Raman spectroscopy was utilized to prove the presence of

graphene and GO. Figure 2a, b shows the Raman spectrum

of graphene and GO, respectively. The most striking peaks

in the Raman spectra of graphene materials are D and G

band. The Raman spectrum for the graphene and GO shows

intense peak of D and G band. The D peak for both gra-

phene and GO is located at 1348 cm-1 [1]. The D band is

assigned to local defects and disorder of graphene that is

caused by the attachment of hydroxyl and epoxide groups

on the carbon basal plane and edges [16]. The G peak for

the graphene is located at 1580 cm-1 and at 1593 cm-1 for

GO. The G peak corresponds to first order scattering of the

E2g mode [16]. Graphene has lower ID/IG ratio (*0.6)

compared to GO (*1.0) suggesting that graphene has less

defects. Graphene and GO Raman spectra also show a 2D

band around 2678 and 2685 cm-1, respectively. Because

the 2D band is the second order of the D band, it is always

stronger in graphene [17]. The Raman spectrum of the

prepared graphene and GO are in good agreement with the

reports of previous studies [16, 17].

3.2 Characterization of graphene and GO by UV–

Vis spectroscopy

Ultraviolet–visible (UV–Vis) spectroscopy is a charac-

terization technique based on interaction of light in the

ultraviolet and visible region with the material of interest.

Figure 3 shows the UV–Vis absorption spectrum of gra-

phene and GO. It can be seen from the figure that GO

exhibits peak at 227 nm and shoulder around 300 nm. The

peak at 227 nm is assigned to p ? p* transitions of the

aromatic C–C bonds and the shoulder around 300 nm

corresponds to n ? p transitions of C=O bonds [17]. These

observations suggest that GO contains oxygen functional

groups. For the graphene spectrum, peak at 270 nm is

observed and this indicates the restoration of the electronic

conjugation of C–C bonds within the graphene sheet [18].

The absorbance spectra of graphene and GO are low for the

entire visible region, suggesting high transparency in the

visible wavelength range.Fig. 1 Experimental setup for ethanol measurement

Fig. 2 Raman spectroscopy of

a graphene and b GO
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3.3 Morphology and structure

Figure 4a, b shows the SEM picture of non-tapered and

tapered fiber, respectively. The SEM image of the tapered

fiber shows smooth tapers with good diameter uniformity.

In addition, the surface of the tapers exhibited no visible

irregularities. Figure 4c shows the transition region (down

taper) of the tapered fiber. The transition region has suffi-

ciently long length with a linear taper profile and it also

exhibited good surface smoothness. The fabricated taper

has a waist diameter of 40 lm and waist length of 20 mm.

Tapers with uniform waist diameters enhanced the

performance of optical fiber sensor by optimizing the in-

teraction between the evanescent wave and the analyte

[19].

Figure 5a, b shows the SEM images of graphene and

GO films, respectively, prepared on glass substrate. Both,

graphene and GO thin films exhibit corrugated and wrin-

kled structures overlapping at the edges. The structures are

identified in the graphene thin films for providing high

surface area [20, 21]. However, the wrinkled structure and

overlapping edges are more obvious on the GO film. Fig-

ure 5c, d illustrates the SEM image of the tapered optical

fiber coated with graphene and GO, respectively. The im-

ages clearly show that the smooth surface of the uncoated

tapered fiber (Fig. 4b) transformed into a rough surface

upon graphene and GO deposition.

3.4 Ethanol sensing performance

The absorbance response for graphene and GO-coated and

tapered fiber is shown in Fig. 6a, b. The absorbance trend is

observed across the visible wavelength range.

From Fig. 6a, b, it is observed that the sensor’s initial

absorbance in air is high due to the graphene and GO

layers. When exposed to ethanol, the absorbance response

increases with the increase in the ethanol concentrations.

This is possibly due to the high surface area of the gra-

phene and GO layer increases the ethanol molecules in-

teraction with the sensing layer and thus, significantly

changes the evanescent field. It was reported that volatileFig. 3 UV–Vis absorbance spectrum of graphene and GO

Fig. 4 SEM images of a non-

tapered fiber, b 40 lm diameter

fiber, c transition region of

tapered fiber with up/down taper

(2 mm) and waist length

(20 mm)
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organic compounds (VOCs) such as ethanol and acetone

can interact strongly with graphene based surfaces be-

cause graphene films are more sensitive to VOCs with

OH- or carbonyl/carboxyl groups [22]. However, the

magnitude of the response reduces with the increase of

ethanol concentrations. The peak around 660 nm was

identified to be induced by absorption of water [23]. The

peak diminishes as the concentration of ethanol increases

because the surface of the graphene and GO-coated fiber

gradually interacts more with ethanol instead of water.

The GO-coated and tapered fiber exhibited larger ab-

sorbance magnitude changes as compared to that of ta-

pered fiber coated with graphene. The larger absorbance

magnitude changes observed for GO-coated sensor might

be due to higher surface area in the film as compared to

the graphene-coated sensor.

Figure 7a, b exhibits the dynamic responses of the ta-

pered fiber sensor coated with graphene and GO towards

different concentrations of ethanol in water at room tem-

perature. The dynamic response of the sensor coated with

graphene and GO exhibit a reverse absorbance changes.

Both sensors show distinct sensitivity towards different

concentrations of ethanol with stable baseline. This indi-

cates that both graphene and GO layers are sensitive to

aqueous ethanol and have a significant role in the sensing

of ethanol. The change in the magnitude of response re-

duces with the increase of ethanol concentrations. The sign

of saturation in the sensor response upon increasing of the

Fig. 5 SEM images of

a graphene, b GO thin film on

glass substrate, c graphene and

d GO-coated on tapered fiber

Fig. 6 Color absorbance

response for a graphene, b GO-

coated fiber towards ethanol

with different concentrations in

water (color figure online)
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ethanol concentrations is in good agreement with the re-

sponse in Fig. 6a, b. For the GO-coated fiber, a maximum

absorbance decrease of 78 % can be observed when the

developed sensor was exposed to ethanol with 5 % con-

centrations. The graphene-coated fiber shows a maximum

response of 40 % when it was exposed to 5 % ethanol.

When compared to the response of the graphene-coated

fiber, the GO-coated fiber shows significant improvement

in the sensitivity, by a factor of *2. The GO-coated fiber

shows higher sensitivity to ethanol than the graphene-

coated fiber. This could be attributed not only by the high

GO surface area due to the wrinkles but also the fact that

GO contains polar functional groups (hydroxyl, carboxyl,

and epoxy) which can interact strongly with various VOCs

due to the formation of intermolecular polar interactions

[24].

The response and recovery times for the GO-coated fiber

when exposed to 5 % ethanol concentration was calculated

to be 15 and 18 s, respectively and that for the graphene-

coated fiber was found to be 25 and 12 s, respectively. It

was found that the response time for both GO and gra-

phene-coated fiber is between 15 and 40 s. Both sensors

show almost similar response times. However, there is a

distinctive difference for the recovery time of the sensor.

The GO-coated fiber recovered faster than that of

graphene-coated fiber sensor. The recovery time for the

GO-coated fiber sensor is less than 20 s for all concentra-

tions while the graphene-coated one recovered to the

baseline within 80 s. The excellent response and recovery

times for the GO-coated fiber is attributed to the presence

of larger interlayer space in the GO films, which improves

ethanol–water mixture desorption [3, 25].

The repeatability and reversibility of the graphene and

GO-coated fiber sensor are presented in Fig. 8a, b. The

sensor was immersed to three consecutive cycles in the

presence of 5 % ethanol concentration and air at room

temperature. The stable result implies that both graphene

and GO adhered well onto the surface of the optical fiber.

The fabricated ethanol sensor showed very fast response

and recovery with high stability. The rapid response, re-

covery and high reversibility of the developed optical fiber

sensor made it highly potential for industrial applications.

3.5 Sensitivity of the sensors

Figure 9 shows the calibration curve for the graphene-and

GO-coated sensor. The absorbance for the GO-coated fiber

sensor was observed to be higher than that of graphene-

coated fiber sensor. Both, water and ethanol molecules can

be easily interpolated into the external surface of carbon

Fig. 7 Dynamic response of

a graphene, b GO-coated fiber

towards ethanol with different

concentrations in water

Fig. 8 Repeatability of

a graphene, b GO-coated fiber

towards 5 % ethanol in water
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through the carboxyl groups present at the edge of GO,

leading to the swelling of GO film [25]. The swelling effect

causes higher increase in the light absorption of the GO

layers. The sensitivity of graphene-coated fiber sensor is

0.829/vol % ethanol concentration. The sensitivity of GO-

coated fiber sensor is shown to be higher at 1.330/vol %

ethanol concentration. Therefore, overall, the interactions

of different functional groups in the ethanol with the hy-

drophilic GO film make the sensor a preferred candidate

for aqueous ethanol detection.

3.6 Ethanol sensing mechanism

The ethanol sensing mechanism that involves chemical

interaction between graphene surface and ethanol is pro-

posed in ref [26]. When air interacted with the graphene

layer, oxygen molecules were adsorbed onto the graphene

leading to the transfer of electrons from the molecules into

graphene [27]. When graphene surface was exposed to

ethanol, the ethanol molecules reacted with the oxygen

molecules to form CO2 and H2O. The interaction of ethanol

molecules with oxygen might lead to the transfer of elec-

tron back to graphene [22, 28].

4 Conclusions

A tapered fiber optic absorbance sensor was successfully

developed to detect various concentrations of ethanol in

water. Graphene and GO thin film were coated on the

surface of the optical fiber to enhance the evanescent field

interactions with the analyte. The behavior of the sensor

has been investigated for graphene and GO for various

concentrations of ethanol. As the solution concentration of

ethanol in water varied from 5 to 40 %, the absorbance of

the sensors increased accordingly. The GO-coated sensor

exhibited better sensing performance than the graphene-

coated sensor with sensitivity of 1.330/ %vol ethanol

concentration with fast response and recovery. The higher

sensitivity of GO-coated sensor was due to the presence of

different functional groups and its higher volume to surface

area, which led to faster adsorption of ethanol molecules.

The simplicity of the sensor and its fast operation makes it

a prospect for applications in pharmaceutical, biomedical

and food industries.
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