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Abstract The authors report on an efficient method for the
voltammetric sensing of dopamine (DA) by using an electrode
modified with alternating monolayers of graphene oxide (GO)
and Titanium dioxide (TiO2) nanoparticles anchored GO nano-
sheets (NSs)). The as-prepared nanostructures were character-
ized by photoluminescence spectroscopy, powder X-ray diffrac-
tion, Raman spectroscopy, FT-IR spectroscopy, transmission
electron microscopy, scanning electron microscopy, atomic
force microscopy and Energy Dispersive X-ray Analysis
(EDAX) techniques. The GO/TiO2 nanocomposite (NC) was
deposited on a glassy carbon electrode (GCE), where it
displayed an excellent electrocatalytic activity toward the oxida-
tion of DA, owing to its excellent conductivity, high specific
surface area, enhanced interfacial contact andmore negative zeta
potential. Figures of merit include (a) a fast response (5 s), (b) a
wide linear range (between 0.2 and 10 μM of DA) (c) a partic-
ularly low detection limit (27 nM), (d) a working potential as
low as 0.25 V (vs. Ag/AgCl) and (e) a sensitivity of 1.549 μA·
μM−1·cm−2. The GO/TiO2/GCE exhibited excellent selectivity
over the other interferences as revealed by the differential pulse
voltammetric and amperometric studies. The analysis of spiked

urine samples resulted in recoveries in the range of 96 to 106%,
with RSDs between 3.8 and 5.2%.
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Introduction

Dopamine (DA) is an electroactive catecholamine neurotrans-
mitter present in the extracellular fluid of the brain for the
proper neurological functions including emotion, movement,
attention, learning and memory [1, 2]. A low DA level causes
neurological disorder of Parkinson’s disease. The high expo-
sure of DA can lead to abnormally high pressure, pleasurable
feelings and euphoria, which urges the development of sensi-
tive, selective, economical and efficient DA sensors [2].
Currently several conventional methods are available for the
detection of DA including chromatography, fluorimetry, cap-
illary electrophoresis and mass spectrometry [3]. However,
the aforementioned techniques exhibited certain hindrances
including time consumption, laborious, difficult work up and
requirement of large quantity of analyte [3, 4]. Owing to the
superior properties such as cost effectiveness, simplicity, fee-
ble requirement of analyte, high accuracy and fast response,
electrochemical technique has grabbed its intensive applica-
tions in DA detection [4]. However, the prime difficulty of
electrochemical DA sensors is the overlapping oxidation po-
tential of uric acid (UA) and ascorbic acid (AA) and its fouling
effects at electrode surface, which collectively limited its sen-
sitivity and selectivity [4, 5]. Also the development of DA
sensor for the precise and selective measurement of DA at
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the low level characteristic of living system (26–40
nmolL−1) is still under crisis [4–7]. Hence, it is clear that,
the modification of a simple, low cost, ease of processing
and environmentally benign catalytic material is highly
essential.

On the basis of above, number of research efforts has
been achieved on the precious metals and its alloy
nanoparticles (NPs) for the detection of DA. However,
the precious metal NPs usually suffer from scarcity, ag-
gregation and surface poisoning issues. To overcome
these obstacles, numerous research efforts have been
achieved with non-precious metals, metal oxides and
semiconductors including iron oxide (Fe3O4), manga-
nese dioxide (MnO2) and titania (TiO2) based nanostruc-
tures [4–6]. Among the aforementioned nanostructures,
TiO2 has been considered as a highly potent
electroactive material, owing to its unique photovoltaic,
photoconductive and catalytic properties. Furthermore,
the low cost, non-toxicity, simple preparation and bio-
compatibility of TiO2 nanomaterials increased it's com-
petence further. However, TiO2 nanomaterials still intri-
cate with the modest electrical conductivity, inferior me-
chanical stability, low surface area, and limited electro-
catalytic activity [8]. The aforementioned limitations
could be effectively overwhelmed by anchoring the
nanostructures over the active carbon support. Among
the active carbon materials studied, graphene is consid-
ered as an excellent support, owing to its large aspect
ratio, high electrical conductivity, stability and superior
mechanical and optical properties [9–14]. In specific,
graphene oxide (GO) is even more superior and versa-
tile in comparison with graphene in terms of its inter-
action with the its functional materials, owing to the
presence of abundant oxygen labile functional groups
[15]. Also the negatively GO sheets can accelerate
the interaction with the positively charged DA, which
enables the discrimination effects toward AA and UA
[16]. Recently, GO based composites have been ex-
plored in number of applications including sensor [16],
catalysis [17, 18], transparent conducting films [19],
paper-like composite materials [20], energy- related ma-
terials [21] and in biological and medical applications
[22]. In addition, GO has also been employed as an
effectual sensor probe toward the quantification of
DNA [23], glucose [24], DA [25], etc. On the basis of
above, we employed monolayer GO and functionalized
monolayer GO as DA sensor.

Owing to its good biocompatibility, high conductivity,
elevated surface area, long term chemical stability and
more negative zeta potential, TiO2 has been widely used
in the fabrication of electrochemical biosensors [26, 27].
Although few reports have been filed for the quantifica-
tion of DA by using GO/TiO2 composite, the obtained

results are not compatible for the practical applications.
Hence, this report is aimed to provide the highly sensi-
tive and selective electrochemical DA sensors by using
the as-prepared GO/TiO2 composite.

Experimental

Materials and characterizations

Graphite powder is purchased from sigma aldrich (www.
sigmaaldrich.com), whereas potassium permanganate
(KMnO4, 99%), sulfuric acid (H2SO4, 98%), de-ionized
water (DI), hydrogen peroxide (H2O2, 30% purified), hy-
drochloric acid (HCL, 37%), titanium di oxide (TiO2) were
purchased from alfa aesar (www.alfa.com). All the raw
materials were of analytical grade and used further.
Further the dopamine (DA) and other analysts such as
ascorbic acid (AA), uric acid (UA), urea (U), glucose
(Glc) and, L-dopa (LD), phenethylamine (PEA) and sodi-
um chloride (NaCl) were purchased from sigma aldrich
(www.sigmaaldrich.com). Potassium permanganate
(KMnO4, 99%), sulfuric acid (H2SO4, 98%), hydrogen
peroxide (H2O2, 30% purified), hydrochloric acid (HCL,
37%), TiO2 were purchased from Alfa Aesar (www.alfa.
com). Graphite powder, DA, AA, UA, urea (U), glucose
(Glu) and, L-dopa (LD), phenethylamine (PEA) and
sodium chloride (NaCl) were purchased from sigma
Aldrich (www.sigmaaldrich.com).

The as-prepared nanomaterials were characterized by
using atomic force microscopy (AFM) (non-contact mode,
A100 SGS, APE Research) (http://www.aperesearch.
com), scanning electron microscopy (SEM) with EDAX
analysis (JEOL (JSM- 5610LV) (http://www.jeolusa.com),
high-resolution transmission electron microscopy
(HRTEM) (TECNAI, model - CM 200), powder x-ray
diff rac t ion (XRD) (Brucker D8 Advance XRay
Diffractometer) (https://www.bruker.com), Raman
(LabRam HR800 micro-Raman) (https://www.horiba.
com), FT-IR (Brukeroptik) (https://www.bruker.com) and
Shimadzu-UV 2450 double beam spectrophotometer
(h t tps : / /www.ss i . sh imadzu .com) , and RF-5301
spectroflurometer (https://www.ssi.shimadzu.com) in the
wavelength range of 300–800 nm respect ively.
Furthermore, the electrochemical studies of the samples
are analyzed via CHI650D electrochemical analyzer (CH
Ins t rument s , Aus t i n , TX, USA) (h t tp s : / /www.
chinstruments.com) in a three electrode system such as
GCE (glassy carbon electrode) as working electrode
(0.07cm2), Pt wire as counter electrode, Ag/AgCl (1 M -
KCl) as reference electrode with a 0.1 M phosphate buffer
electrolyte of pH 7.2 in the presence of analyst DA.
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Synthesis of graphene oxide nanosheets
and graphene oxide/titanium dioxide nanocomposite

GO NSs were synthesized according to Hummers and
Offeman’s [28, 29] method followed by exfoliation. An ap-
propriate amount of GO suspension was concurrently mixed
with 10 wt% of TiO2 NPs suspended in 200 mL of DI water
through sonication for 10 min and the mixed up suspension
was magnetically stirred for 24 h. The above mixture was then
washed with DI water through centrifugation at 5000 rpm for
15 min and the precipitate was collected and dried [30].

Modification of electrodes

GCE (diameter of 3 mm and area 0.07 cm2) was polished
sequentially with 1.0, 0.3 and 0.05 mm sized alumina powder
and sonicated in DI water, after each stage of polishing. The
prepared nanostructures were dispersed in DMF (5 mg mL−1)
and 6 μL of the above suspension was dropped on the surface
of a polished GCE and dried in air. Further 6 μL of 0.5%
Nafion was dropped on the electrode surface and fixed with
the catalyst followed by drying at room temperature. GO and
GO/TiO2 nanocatalysts modified GCE are represented as GO/
GCE and GO/TiO2/GCE respectively.

Electrochemical measurements

A conventional three-electrode electrochemical cell assembly
involving bare/modified GCEs as a working electrode, a Ag/
AgCl as reference electrode and a Pt wire as counter electrode
were used to perform the electrochemical experiment. The
cyclic voltammetry was performed at a scan rate of 20
mVs−1 in 0.1 M phosphate buffer (pH 7.2) under the absence
and presence of 50 μM DA. The amperometric experiments
were carried out in 0.1M phosphate buffer with the successive
addition of different concentrations of DA at an applied
potential of 0.25 V vs. Ag/AgCl. DPV measurements
were carried out at bare GCE and GO/TiO2/GCE in
phosphate buffer containing 20 μM DA, 2 mM AA
and 0.2 mM UA.

Results and discussion

Choice of materials

To overcome the significant problems of overlapping
voltammetric responses of interferences in electrochemical
DA sensors, various precious metal nanoparticles including
Au, Ag, Pt, Pd and Ru and their alloys were employed, owing
to their extraordinary physicochemical properties [1].

However, the surface poisoning and fouling effects exhibited
by the precious metal nanoparticles directed the research di-
mensions toward the environmentally benign and negatively
charged TiO2 nanomaterials. To further enhance the electro-
chemical quantification of TA, the composite formation of
TiO2 with active GO sheets was achieved.

Morphological and structural studies

AFM topographs of GO and GO/TiO2 NC and the line
profile of GO/TiO2 NC are depicted in Fig. 1a, b and c
respectively. All the recorded morphologies depicted the
existence of sheet like features of GO and its NC. The
thickness of GO sheets was found to be 1 nm and it is also
confirmed that the sheets were well exfoliated down to
monolayer sheet of GO (Fig. 1a). Typically, a monolayer
GO NSs with oxygen containing functional groups on both
sides of the basal plane and edges are in the range of 1–
1.3 nm [31]. Figure 1b confirms the presence of TiO2 NPs
as bright dots onto GO NSs of GO/TiO2 NC. The line pro-
file of GO/TiO2 NC (Fig. 1c) suggested that 5–10 nm mean
diameter sized TiO2 NPs were embossed on monolayer of
GO NSs and the root mean square (RMS) roughness value
of GO and GO/TiO2 NC was found to be 0.256 nm and
2.59 nm, respectively. As evidenced from Fig. 1d, GO
NSs appeared to be spread over few micrometers in size,
specifying the high aspect ratio. From Fig. 1e, it is clear that
TiO2 were uniformly distributed on the basal planes of GO
sheets. The TiO2 coverage on the surface of GO sheets
specified that the strong interaction was exerted between
the carbon network of GO and TiO2 NPs.

XRD measurements were carried out to explore the
structural information of GO and GO/TiO2 NC. GO NSs
exhibited an intense diffraction peak at 10.44ο, correspond-
ing to the (001) reflection plane with the basal spacing of
0.846 nm, specifying that that the oxygen containing func-
tional groups were intercalated onto the GO layers (Fig. 2
(i) a). The diffraction pattern of GO/TiO2 exhibited the
characteristic diffraction pattern of GO along with the
few additional peaks at 25 and 45o, corresponding to
(101) and (200) planes, respectively, of the anatase phased
TiO2 NPs (Fig. 2 (i) b). The FT-IR spectrum of GO exhib-
ited the band at 3395 cm−1, which is assigned to the
stretching modes of –OH bonds. The band at 1726 cm−1

is assigned to stretching vibrations of C = O and peak at
1620 cm−1 is consigned to the vibrations of unoxidized
graphitic domains, 1225 cm−1 is assigned to the stretching
vibrations of C-OH and band at 1040 cm−1 is assigned to
stretching vibration of C-O, which provides evidence for
the presence of different types of oxygen containing func-
tional groups including –COOH, −C = O, −C-OH and ep-
oxy group on the GO materials (Fig. 2 (ii) a). The FTIR
spectrum of GO/TiO2 NC is shown in Fig. 2 (ii) b. The
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significant band observed at 510 cm−1 represents the Ti–
O–Ti bands confirming the presence of TiO2 on the com-
posite [32]. The Raman spectra of GO NS and GO/TiO2

NC are shown in Fig. 2 (iii). The Raman spectrum of GO
exhibited the prominent peaks at 1326 and 1598 cm−1 cor-
responding to the ‘D’ and ‘G’ bands respectively (Fig. 2,
(iii) a). Along with the D and G bands, GO/TiO2 NC ex-
hibited the charactertsic TiO2 bands of Eg, B1g, A1g, B1g
and Eg modes at 144, 197, 399, 516 and 367 cm-1, respec-
tively., which confirmed the composite formation of TiO2
with GO [33].

Electrochemical characterizations

To elucidate the electron transfer behavior of studied
electrodes toward the electrochemical detection of DA,
the electrochemical responses of bare GCE, GO/GCE
and GO/TiO2/GCE in buffer (pH 7.2) under the absence
and presence of 50 μM DA at 20 mVs−1 were obtained
by using CV and the obtained voltammograms are pro-
vided in Fig. 3a. As the pH value of body fluids is

close to 7, pH -7.2 is chosen as optimum value for
the detection of DA. Under the absence of DA, the
studied electrodes exhibited only the background cur-
rents, in which GO/TiO2/GCE displayed the maximum
background current, owing to the large surface area and
high electrical conductivity, which facilitated the inter-
facial contact between GO/TiO2/GCE and phosphate
buffer.

The cyclic voltammograms obtained for bare GCE,
GO/GCE and GO/TiO2/GCE in the presence of 50 μM
DA in buffer (pH 7.2) at 20 mVs−1 are shown in
Fig. 3b. Under the presence of DA, bare GCE, GO/
GCE and GO/TiO2/GCE exhibited the legible redox cur-
rents, owing to the electroactive analyte DA. The slug-
gish electrokinetics was observed at bare GCE as evi-
denced from the weak redox peak currents, which is
attributed to the limited electrical conductivity of GCE
[4–7, 34]. The oxidation of DA was increased at GO/
GCE as evidenced from the increased oxidation current
(Ipa) of 0.560 μA vs. Ag/AgCl. In comparison with
ba r e GCE, GO/GCE exh ib i t ed t he imp roved
electrooxidation of DA, which is attributed to the

Fig. 1 AFM images of a GO and
b GO/TiO2 nanostructures and c
the base plan of GO/TiO2

nanocomposite and TEM images
of d GO and e GO/TiO2

nanostructures (Inset 1e: TiO2

nanoparticle size distribution
histogram)
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elevated surface area and prompt electrical conductivity
of GO sheets. The electrostatic interaction exerted be-
tween the positively charged DA and negatively charged
GO sheets increased electrooxidation of DA. However,
the DA oxidation process at GO/GCE is limited, owing
to the existence of limited active sites of GO sheets.

The electrooxidation of DA was further enhanced at
GO/TiO2/GCE as observed from the increased Ipa of
0.787 μA vs. Ag/AgCl, which is 1.4 fold higher than
that of GO/GCE respectively. Ti4+ and O2− chemical
states of TiO2 NPs provided the inbuilt oxygen vacan-
cies that facilitated the number of active sites. It has
been reported that TiO2 exhibited a negative zeta poten-
tial and its composite formation with the negatively
charged GO provided more negative charge to the cor-
responding composite, leading to the electrostatic inter-
action of negatively charged GO/TiO2 with the positive-
ly charged DA. The adsorbed hydroxyl groups on the
surface of TiO2 may induce the strong N-H coordination

bond. In addition, the π-conjugation emerged between
the aromatic regions of DA and GO of GO/TiO2 com-
posite facilitated the adsorption of DA over the surface
of the resultant composite [22]. The combo of TiO2 and
GO enhanced the electrical conductivity, surface area
and charge transport, which promoted the DA accessi-
bility. It has collectively facilitated the interfacial con-
tact between the electrode and electrolyte, and thereby
the maximum electrooxidation of DA was promoted.
The involved mechanism is put forth as follows: DA
was electrochemically oxidized at GO/TiO2, leading to
the formation of dopamine-o-quinone (DOQ) with the
liberation of H+ and e− in the forward scan. In the
reverse scan, DOQ was electrochemically reduced into
DA with the aid of liberated H+ and e− (Fig. 3c) [4–7,
34].

The electrokinetics involved in DA oxidation at GO/
TiO2/GCE was evaluated in 50 μM DA in buffer
(pH 7.2) as a function of scan rate ranging from10

Fig. 2 (i) XRD patterns (ii) FT-IR spectra and (iii) Raman spectra of a GO and b GO/TiO2 nanocomposite
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to100 mVs−1 (Fig. 4a). From the voltammetric behavior
of GO/TiO2/GCE, it is observed that oxidation and re-
duction peak currents were linearly increased with an
increase in scan rate. It is clear that the redox peak
currents were linearly scaled with the square root of

scan rates (v1/2). The fitted regression equations can be
expressed as follows: Ipa (μA) = − 0.7791 + 0.3367 v
(mVs−1) with a correlation coefficient of (R) = 0.996,
n = 10, and Ipc (μA) = 0.6592–0.2446 v (mVs−1)
(R = 0.995, n = 10) (Fig. 4 b).

Fig. 3 CVs of studied electrodes under the a absence and b presence of 50 μM DA in 0.1 M phosphate buffer (pH 7.2) at a scan rate of 20 mVs−1 c
Plausible mechanism for electrocatalytic oxidation of DA at GO/TiO2/GCE

Fig. 4 a CVs of GO/TiO2/GCE in the presence of 50 μMDA buffer (pH 7.2) at different scan rates ranging from 10 to 100 mVs−1 and b plot of peak
current (Ip) vs. square root of scan rates (ν1/2)
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Amperometry studies

The amperometric current-time response is a well-
established technique for the determination of sensing
characteristics of synthesized catalysts. The amperomet-
ric response at GO/TiO2/GCE toward DA was investigat-
ed with the successive addition of different concentra-
tions of DA into the continuously stirred buffer at a
constant potential of 0.25 V vs. Ag/AgCl and the obtain-
ed amperometric responses are given in Fig. 5a. The
amperometric response of GO/TiO2/GCE toward the ox-
idation of DA was measured as a function of DA con-
centration and the oxidation peak current was gradually
increased with an increase in the DA concentration rang-
ing from 0.2 μM to 10 μM and the fitted regression
equation is calculated to be Ip (μA) = − 0.03185 +
0.1055 C (μM) (R = 0.999, n = 18) (Fig. 5b), implying
the wide linear range for the fabricated sensor. The

fabricated sensor accomplished 95% of the steady state
current at 5 s, indicating that GO/TiO2/GCE displayed
very fast amperometric response behavior toward DA.
GO/TiO2/GCE exhibited the low detection limit of
27 nM with the signal to noise ratio of 3 with the wide
linear range of 0.2–10 μM and the sensitivity of GO/
TiO2/GCE was measured to be 1.549 μA μM−1 cm−2.
The fabricated GO/TiO2/GCE exhibited the excellent cat-
alytic performances toward DA oxidation, owing to the
large surface area, high electrical conductivity, high ab-
sorptivity, and excellent affinity toward DA. To retard
the electron-hole carrier recombination of GO, TiO2

was decorated over the GO sheets and the charge recom-
bination rate was lowered for GO/TiO2 NC from that of
GO sheets, which pronounced the electrocatalytic activity
of GO/TiO2 composite. The facilitated reactivity of GO/
TiO2 NC is also attributed to the inherent oxygen vacan-
cies, which provided the abundant active sites for the DA

Fig. 5 a Amperometry i-t curve of GO/TiO2/GCE in buffer with succes-
sive additions of different concentrations of DA at 0.25 V vs. Ag/AgCl b
the corresponding calibration curves for current vs. concentration of DA

at 0.25 V vs. Ag/AgCl and c Interference studies of GO/TiO2/GCE buffer
with the addition of DA and interfering species at 0.25 V vs. Ag/AgCl
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sensing. The obtained electroanalytical performances of
GO/TiO2 sensor were suitably compared in Table S1
(ESM) with the reported literatures and it is clear that
the fabricated sensors exhibited lower detection limit
and wide linear range toward the DA oxidation than that
of previous reports.

Interference studies

To evaluate the selectivity performances of fabricated
sensors, the interference studies were achieved at GO/
TiO2/GCE by the successive addition of DA with inter-
fering species such as ascorbic acid (AA), acetamino-
phen (AP), uric acid (UA), Urea (U), citric acid
(CA),Glucose (Glc), sodium chloride (NaCl), L-dopa
(LD) and phenethylamine (PEA) buffer (pH 7) solution
at an applied potential of 0.25 V vs. Ag/AgCl (Fig. 5c).
It is clearly observed that GO/TiO2/GCE has not exhib-
ited any significant amperometric responses toward the
interferences including AA, UA, U, AP, CA and Glc.
However, GO/TiO2/GCE has exhibited an obvious am-
perometric oxidation current toward DA (1 μM and
1.4 μM) (Fig. 5c).The as-fabricated GO/TiO2/GCE has
not exhibited any obvious current reponse to the amine
functionalized LD and PEA, owing to their oxidation
potentials of 0.42 and -0.17 V vs. Ag/AgCl, respective-
ly. PEA [35, 36]. The observations suggested that the
synthesized GO/TiO2 demonstrated a good specificity
toward the DA detection and the obtained high selectiv-
ity is attributed to the electrostatic interaction, N-H co-
ordination and π-conjugation between the DA and GO/
TiO2.

Reproducibility and long-term stability
of the dopamine sensor

The reproducibility and operational stability of GO/
TiO2/GCE were evaluated toward DA oxidation through
the amperometric response of the electrode in 50 μM
DA solution in buffer. The oxidation current response of
GO/TiO2/GCE exhibited a relative standard deviation
(RSD) of 3.5%, which displays the good reproducibility
of the system. Furthermore, the long-term stability of
GO/TiO2 was investigated through the amperometric re-
sponse for every 2 days and the fabricated sensor is
found to retain 95% of initial response after a month
of storage. From the obtained results it is clear that the
TiO2 NPs in GO NSs are retained even after several

experiments, ensuring the long-term operational stability
of the proposed system.

Real sample analysis

To evaluate the applicability of as-fabricated sensor in clinical
field, the detection of DA in human urine sample was evalu-
ated at GO/TiO2/GCE. Human urine samples were collected
from two healthy men. The samples were diluted with buffer
(pH 7.2) with the ratio of 1:100 (v/v) and the analyzed urine
sample was found to be free of DA in the experimental results.
The recoveries and relative standard deviation (RSD) of DA
for the real sample was assessed at two different spiked con-
centration levels (5 and 10 μM) under the similar experimen-
tal conditions by using the standard addition method and the
results are listed in Table 1. The sensor exhibited the recover-
ies in the range of 96 to 106% with the RSD of 3.8–5.2%.
These experimental results obviously confirmed that the re-
coveries and RSD of the DA sensor in the spiked human urine
samples were considerably acceptable and thus proven the
practicability of constructed sensor toward real sample
analysis.

Conclusions

In summary, TiO2 nanoparticles were effectively anchored
over the GO sheets without any surfactants and the as-pre-
pared composite was well characterized by using number of
analytical techniques. The as-prepared NC was effectively
exploited as an electrochemical DA sensor probe in neutral
conditions. The as-fabricated DA sensor exhibited the excel-
lent electrochemical performances including fast response
time, low detection limit, high sensitivity, good stability, re-
producibility and high selectivity, that holds great opportuni-
ties for the next generation DA sensors in clinical purposes

Table 1 Determination of DA in human urine samples at GO/TiO2/
GCE

Sample
used

DA added
(μM)

DA found
(M)

RSDa

(%)
Recovery
(%)

1 5 4.8 4.8 96

10 10.4 4.2 104

2 5 5.3 5.2 106

10 9.8 3.8 98

a Relative standard deviation (RSD) of five independent measurements
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