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	 In this study, a graphene oxide/poly(amidoamine) (GO/PAMAM) dendrimer composite thin 
film was developed for the potential detection of Hg2+ using surface plasmon resonance (SPR) 
spectroscopy.  Fourier transform infrared spectroscopy (FTIR) analysis proved the presence 
of amino, carboxylic acid, carboxyl, and hydroxyl groups in the GO/PAMAM thin film.  The 
optical properties of the thin film were characterized using UV-Vis absorption spectroscopy.  
The UV-Vis analysis showed that the absorption of the GO/PAMAM thin film was high with 
an optical band gap of 4.01 eV.  The incorporation of the GO/PAMAM thin film with SPR 
spectroscopy produced positive responses towards various Hg2+ concentrations.  Atomic force 
microscopy results indicated that the thin film has an irregular edge and hence proved the 
interaction of mercury ions with the thin film.

1.	 Introduction

	 Graphene oxide (GO) has been under the spotlight in sensing application owing to its 
impressive chemical and physical properties.(1–3)  GO is the powerful oxidation product of 
graphite that contains multifunctional groups such as carboxyl, epoxy, ketone, and hydroxyl 
groups in its basal and edge planes.(4,5)  Furthermore, GO is said to be a “precise and ultrafast” 
transport medium for the selective permeation of ions and molecules in aqueous solutions.(6,7)  
However, the limitation of using GO as a standalone material for sensing application is that it 
lacks absorption selectivity to the target absorbate.  One of the alternative ways to improve the 
absorption selectivity is by combining GO with a dendrimer as a composite material.(8–11)

	 Dendrimers are highly branched globular structures ranging from 2 to 20 in size; they are 
highly reactive because of the presence of a large number of terminal functional groups.(12–14)  
They become favorite synthetic macromolecules in the field of biosensor technology, owing 
to their extraordinary structural properties such as monodispersity, controllable size and 
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structure, modifiable surface functionalities, hydrophilicity, and high mechanical and chemical 
stabilities.(13,15,16)  Poly(amidoamine) (PAMAM) dendrimers are preferable among the 
dendrimers for catalytic applications because of their regular structure and chemical versatility, 
possessing intrinsic amino and amido functionalities.(17)  The importance of using a dendrimer 
is to modify sensors with high stability, good reproducibility and repeatability, and low limit of 
detection.(13)

	 Surface plasmon resonance (SPR) is an optical process in which light satisfying a resonance 
condition excites a charge density wave propagating along the interface between a metal and 
a dielectric material by monochromatic and p-polarized light beams.(18–20)  This phenomenon 
is called surface plasmon resonance where the intensity of the reflected light is reduced at a 
specific incident angle producing a sharp shadow due to the resonance occurring between the 
incident beam and the surface plasmon wave.(21)  Since the last decade, SPR sensing has been 
receiving continuously growing attention from the scientific community owing to its advantages 
of real-time monitoring, label-free form, simple preparation, and remarkable sensitivity.(22–24)  
In addition, SPR is a versatile technique used in sensing applications such as biosensors and 
material sensors.(20,21,23)  Previous research studies mainly focused on modifying gold films, 
which are required for the SPR phenomenon, to increase the sensitivity of the SPR sensor.(25–28)  
However, to the best of our knowledge, SPR is yet to be applied with gold–GO/PAMAM 
composite thin films for heavy metal ion detection.  
	 In this study, the structural and optical properties of a GO/PAMAM composite thin film 
were reported and the potential of thin film integration with SPR spectroscopy for sensing Hg2+ 
was explored.

2.	 Materials and Methods

2.1	 Reagents and materials

	 GO (4 mg/mL) was purchased from Graphenea (Cambridge, MA, USA).  PAMAM 
dendrimer, ethylenediamine generation 4.0 solution was purchased from Aldrich (USA).

2.2	 Preparation of chemical

	 All chemicals used were of analytical grade and all solutions were prepared by using 
deionized water.  A stock of 4 mg/mL GO was diluted with deionized water to decrease the 
concentration to 2 mg/mL.  The PAMAM dendrimer was diluted with deionized water.  Then,  
GO/PAMAM solution was produced by one-step self-assembly.(29)  0.5 mL of PAMAM water 
solution was added dropwise into 5.5 mL of GO solution with stirring for about 30 s to obtain 
the GO/PAMAM solution.  Subsequently, a mercury standard solution with a concentration of 
1000 ppm was diluted using the dilution formula M1V1 = M2V2 to produce Hg2+ solutions with 
concentrations of 0.5, 1, 5, 10, 20, 40, 60, 80, and 100 ppm.(30)
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2.3	 Preparation of thin film

	 Glass cover slips (24 × 24 × 0.1 mm3, Menzel-Glaser, Germany) were cleaned with acetone 
to remove dirt from the glass slide surface before any coating process.  The glass slide was first 
deposited with a thin gold layer using an SC7640 sputter coater.  Then, spin coating (Specialty 
Coating System, P-6708D) was performed to produce a GO/PAMAM thin film layer on top of 
the gold layer.  Approximately 1 ml of the solution was placed on the glass cover slip covering 
the majority of the glass surface.  The glass cover slip was spun at 6000 revolutions per minute (rpm) 
for 30 s to produce the thin film.

2.4	 Instrumental

	 The Fourier transform infrared spectroscopy (FTIR) test was carried out using a Thermo 
Nicolet Nexus 47 FTIR spectrometer with a wavelength range of 400–4000 cm−1.  UV-Vis-
NIR spectroscopy (UV-3600 Shimadzu) was used to determine the absorbance of the samples 
in the range of 200 to 800 nm.  Bruker AFM multimode 8 in the Scan Asyst mode was used to 
investigate the topography and height of the GO/PAMAM thin film in the range of 5 × 5 µm2.

2.5	 Sensing metal ion

	 SPR spectroscopy was performed on the basis of the schematic diagram of the SPR 
instrument setup shown in Fig. 1 to test the capabilities of the thin film for sensing mercury ions.(31)  
The SPR instrument was setup to measure the reflected He-Ne laser beam (632.8 nm, 5 mW) 
as a function of incident angle.  The optical setup consists of a He-Ne laser, an optical stage 
driven by a stepper motor with a resolution of 0.001° (Newport MM 3000), a light attenuator, a 
polarizer, and an optical chopper (SR 540).  The reflected He-Ne beam laser was detected by a 
sensitive photodiode and then processed with a lock-in-amplifier (SR 530).(32–36)

Fig. 1.	 (Color online) Experimental setup for angle scan SPR technique.
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3.	 Results and Discussion

3.1	 FTIR analysis

	 FTIR spectroscopy was carried out to analyze the functional group and interaction between 
GO and PAMAM.  The FTIR spectra of GO, PAMAM, and GO/PAMAM composite thin films 
are shown in Fig. 2.
	 The GO spectrum depicts characteristic absorption bands at 3313.43 and 1432.82 cm−1, 
which are attributed to the O–H group from the carboxyl group.(29,37)  Furthermore, the weaker 
band at 2895.71 cm−1 is attributed to the presence of the carboxylic acid COOH.(38)  Next, the 
bands at 1122.75 and 1661.52 cm−1 correspond to the C–O stretching vibrations of the carbonyl 
and  C=C groups, respectively.(29)  
	 PAMAM exhibits two adsorption bands at 1654.14 and 1466.70 cm−1, which are C=C in the 
presence of the carboxyl group in the polymer chain and the amide stretching group C(O)–
NH, respectively.(29)  The bands at 3329.05 and 1126.67 cm−1 could be assigned to the amine 
stretching group of the polymers, N–H.(29,38)

	 Lastly, all the GO/PAMAM bands have nearly the same characteristic peaks of GO and 
PAMAM.  However, there are small differences observed by closely examining the FTIR band 
of GO/PAMAM.  It was observed that the FTIR bands at 1000 to 1400 cm−1 slightly shifted, 
indicating the interaction of GO and PAMAM.  Moreover, the hydroxyl group O–H was 
eliminated and replaced with N–H at a peak of around 1430 to 1470 cm−1.  This peak shows  
evidence of a successful reaction.(11,8)

3.2	 Optical studies

	 Optical properties were measured by using the absorbance spectrum of the thin film with 
a wavelength range of 220 to 800 nm.  The absorbance curves of GO/PAMAM are shown in 

Fig. 2.	 (Color online) FTIR spectra of GO, PAMAM, and GO/PAMAM composite thin films.
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Fig. 3.  From the graph, the maximum absorption wavelength can be determined to range from 
278 to 285 nm.  The absorption peaks at the shoulder approaching 303 nm can be assigned to 
n–π* transitions of C=O.(39)  The absorbance A of the sample depends on the ratio intensity of 
illumination on the detector in the absence (Io) and presence (It) of the sample.

	 10log o

t

IA
I

= 	 (1)

	 Another quantity that can be measured is the absorbance coefficient, which is a useful 
quantity when comparing samples of  various thicknesses.  The absorbance coefficient is given 
as

	 2.303 A
t

α = ,	 (2)

where t is the thickness of the sample and α is the absorbance coefficient.  To calculate the 
optical band gap energy from absorption spectra, the Tauc relation is used,

	
1

2( )gk hv E
hv

α
−

= .	 (3)

By rearranging the above equation,

	 2( ) ( )ghv k hv Eα = − ,	 (4)

Fig. 3.	 Absorbance curves of GO/PAMAM.
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where hv is the photon energy, h is Plank’s constant, α is the absorption coefficient, Eg is the 

optical energy band gap, and k is a constant; for direct transitions, n = 
1
2

.(40)  When (αhv)2 is 

plotted against hv, the intersection of this straight line on the x-axis gives the optical band gap 
Eg.(41)  The graph of (αhv)2 versus hv for the GO/PAMAM thin film is shown in Fig. 4, which 
gives the energy band gap Eg of 4.01 eV.

3.3	 Sensing properties

	 A preliminary SPR test was carried out with deionized water in contact with a gold–GO/
PAMAM layer.  The deionized water was injected into the cell in contact with the gold–GO/
PAMAM layer film.  The SPR reflectivity curve for the gold–GO/PAMAM layer film in 
contact with deionized water is shown in Fig. 5 and the resonance angle obtained is 53.94°.  
Then, the SPR experiment was carried out using a different Hg2+ concentration in an aqueous 
solution that was injected into the cell attached to the composite layer.  The SPR reflectivity 
curves for Hg2+ concentrations ranging from 0.1 to 80 ppm in contact with the gold–GO/
PAMAM layer are shown in Fig. 6.  The resonance angles determined from the SPR curves are 
53.853, 53.881, 53.842, 53.839, 53.824, and 53.809° for 1, 5, 10, 20, 40, and 60 ppm, respectively.  
This may be determined from the slight shift of the resonance angle with increasing Hg2+ 
concentration.  From the results, the resonance angle shifted to the left owing to changes in 
thickness and refractive index.(42)

	 According to our previous reports,(1,6,11,12) we believe that the GO/PAMAM structure plays a 
vital role in adsorbing Hg2+.  GO/PAMAM have high stability constant values with Hg2+ owing 
to a carboxylic group in GO and an amine group in PAMAM.(43)  The schematic diagram of a 
possible connection of Hg2+ to GO/PAMAM is shown in Fig. 7.
	 The shift in resonance angle (Δθ) has been introduced as a parameter to measure the 
sensitivity of a sensor.(44)  It is determined by taking the difference between the resonance 

Fig. 4.	 (Color online) Energy band gap of GO/
PAMAM.

Fig. 5.	 (Color online) SPR curve of gold–GO/ 
PAMAM thin film in contact with deionized water.
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angles of the sample and deionized water as references.  The relationship between Δθ and the 
Hg2+ concentration is shown in Fig. 8.  The linear regression analysis of the optical sensor is 
based on the GO/PAMAM thin film for Hg2+ with a sensitivity of 0.00657° ppm−1 for a lower 
concentration (below 10 ppm) and a sensitivity of 0.00068° ppm−1 for a higher concentration (above 
10 ppm).

3.4	 Surface morphology 

	 The topography of a thin film sample has been determined using AFM, which resolves 
the visualization of a substance that is impossible to see by the naked eye.  The AFM images 
were normally taken at the center of the drop, where the particles are well scattered and 

Fig. 6.	 (Color online) SPR reflectivity curves for Hg2+ concentrations ranging from 0.1 to 80 ppm in contact with 
gold–GO/PAMAM layer.

Fig. 7.	 Possible sensing mechanism of GO/PAMAM with Hg2+.
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detached.  The AFM images show the topography of the thin film shown in Fig. 9(a).  The 
topography can be determined by measuring the root-mean-square (RMS) roughness, which 
represents the relative roughness of a surface and the standard deviation of the surface height.(45)  
GO/PAMAM has an irregular edge with an RMS of 7.79 nm.  After adding Hg2+ with a 
concentration of 40 ppm, the RMS decreases to 5.49 nm as shown in Fig. 9(b).  

4.	 Conclusion

	 In this research, a GO/PAMAM thin film was successfully prepared by spin coating.  
The FTIR result confirmed the interaction between GO and PAMAM, which has a peak at 
around 1430 to 1470 cm−1, and that O–H was eliminated and replaced with N–H.  The UV-
Vis absorption of the GO/PAMAM thin film was low with an optical band gap of 4.01 eV.  The 
incorporation of the GO/PAMAM thin film with surface plasmon resonance spectroscopy 

Fig. 9.	 (Color online) GO/PAMAM thin film (a) before and (b) after adding Hg2+ with a concentration of 40 ppm.

(a) (b)

Fig. 8.	 (Color online) Shift in resonance angle for different concentrations of Hg2+ in contact with gold–GO/
PAMAM.
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produced positive responses towards the Hg2+ ion solutions with a sensitivity of 0.00657° 
ppm−1 for a lower concentration (below 10 ppm) or a sensitivity of 0.00068° ppm−1 for a higher 
concentration (above 10 ppm).  AFM confirmed that the GO/PAMAM thin film has an irregular 
edge and that RMS decreases when Hg2+ is added to the thin film.  
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