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ABSTRACT

In this work, rGO-ZnO (reduced graphene oxide–zinc oxide) nanocomposite

was prepared and used for modification of GC (glassy carbon) surface in order

to obtain an electrochemical sensor for tetracycline determination in water and

urine samples by voltammetric technique. The characterization of synthesized

nanocomposite was accomplished by utilizing SEM, EDS, AFM and FTIR

analyses. The electrochemical behaviour of tetracycline on the modified GCE

was studied by cyclic voltammetry and results revealed that modification

enhanced the electro-oxidation of tetracycline with increased current intensity.

Tetracycline provided a well-defined oxidation peak at around ? 1.05 V vs. Ag/

AgCl (3.5 mol/L KCl) in Britton–Robinson buffer (BRB) at pH 8.0. Then, square-

wave voltammetry (SWV) was applied for analytical purposes. The influence of

the supporting electrolyte (type, concentration and pH) and SWV parameters on

the peak current was investigated in order to optimize the experimental and

instrumental conditions for quantitative analysis. Under the optimal conditions,

the prepared sensor exhibits a wide linear range (4–400 lmol/L) with a low

limit of detection (0.38 lmol/L) and good reproducibility of analysis (RSD\
3.40%). In addition, the sensor showed high selectivity towards tetracycline

analysis in comparison to interferences often present in real samples. The

practical analytical usefulness of the presented sensing platform was success-

fully demonstrated in the determination of tetracycline in water and human

urine with good recoveries.
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GRAPHICAL ABSTRACT

Introduction

Due to extensive usage, and daily discharge into the

environment, pharmaceuticals have been recognized

as emerging contaminants worldwide. Among them,

antibiotics are one of the most commonly used

pharmaceutical substances. Tetracyclines (TCs) are a

group of antibiotics derived from Streptomyces with a

broad-spectrum activity against a wide range of

bacteria, including atypical organisms, such as

Chlamydiae, Mycoplasmataceae, and Rickettsiae [1].

Additionally, they were used for protozoan parasites,

prophylactically for the prevention of malaria [1], and

at subtherapeutic levels for treatment of a variety of

non-infectious conditions [2]. Since the introduction

of TCs, these compounds were rapidly gaining

wonder-drug status owing to their low price and the

ability to inhibit the growth of a broad range of

bacteria [1, 3]. Besides antibiotic activity and protein-

synthesis inhibition, there were reports about their

immunosuppressive effects as well [3]. Apart from

wide application in human and animal medicine, TCs

are also used as growth promoters in animal feed,

increasing thus nutrient uptake efficiency and com-

mercial benefit for farmers [1, 4]. TCs family includes

natural products: oxytetracycline, tetracycline and

demeclocycline, and semi-synthetic tetracyclines:

minocycline and doxycycline, which are the most

widely used [3].

Many antibiotics are not completely metabolized

during use, or poor body adsorption occurs, while

the rest is excreted in the environment [5, 6]. Thus,

the excessive use of TCs over the years has led to

contamination of food, environmental water, soils

and sediments having thus deleterious consequences

for human health [7–9]. Some of the negative effects

related to excessive exposure to these substances

include allergic reactions, liver damage, gastroin-

testinal disturbances, teratogenicity, teeth discol-

oration, with an inevitable increase in the pathogens

population resistance to these drugs and a negative

impact on the local biota [7, 8, 10]. Therefore, the

development of rapid and easily applicable analytical

methods suitable for the selective determination of

TCs is of exceptional importance. Different methods

are reported for the determination of tetracycline

(TC), as a representative member of the TCs group, in

real samples. The most conventional methods are

based on chromatography, including high-perfor-

mance liquid chromatography (HPLC) [11–13], and

liquid chromatography (LC) [14, 15]. Capillary elec-

trophoresis [16] and enzyme-linked immunosorbent

assay are established as well [17]. Nevertheless, many

drawbacks are associated with the practical utility of

these methods, such as complicated and time-con-

suming sample preparation procedures, expensive

equipment, and the necessity of well-trained scien-

tific staff. Nowadays, analysts require the develop-

ment of simple and fast methods, easily applicable to

different real samples, without everlasting sample
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preparation procedures. Recently, analytical methods

based on electrochemistry arouse great interest

among scientists, due to their simple operation, rapid

response and low toxic chemicals consumption,

providing thus a promising approach for TC deter-

mination in a complex matrix. The electroanalytical

determination of TC in real samples is reported,

including amperometric [18] and voltammetric

methods [19–26]. The most commonly used strategy

for developed methodologies is based on the use of

differently modified glassy carbon electrodes

[18, 21–24], in order to improve the performance of

the developed methods in relation to bare glassy

carbon electrode (GCE). The applications of the

modified carbon paste electrode [25] and graphite-

polyurethane composite electrode [19, 20] have also

been reported.

Graphene is the most attractive nanomaterial built

of a two-dimensional allotrope of carbon with a pla-

nar honeycomb lattice [27]. Owing to its unique

structure, graphene is distinguished with astonishing

mechanical strength, a high surface to volume ratio,

unique electronic and mechanical properties and

good chemical stability and thermal conductivity

[28], but due to its high cost and lack of manufac-

turing scalability is not readily used as the basis of

electrochemical sensors in a form of clearly pristine

[29]. Consequently, other derivatives of graphene

such as graphene oxide (GO) and reduced graphene

oxide (rGO) are explored and widely utilized. In

electrochemical sensing, GO is difficult to use alone

for modifying electrodes due to the electrically insu-

lating properties [30]. However, rGO possesses

properties closer to those of pristine graphene, with a

minimized number of oxygen groups, and it is usu-

ally fabricated by the process of oxidation, or exfoli-

ation of graphite to GO, and then its reduction can be

performed via chemical, thermal, or electrochemical

routes [29]. Therefore, the use of rGO is reported to

increase the sensor’s performance throughout an

increased area and high electro-conductivity, and it

has been utilized in many electrochemical sensing

applications [28, 31]. rGO has been combined with

different material entities such as metal, metal oxide,

biomolecules and polymers, and the obtained

nanocomposites can combine the individual advan-

tages of each component, thus demonstrating

improved performance [32, 33]. More recently, ZnO

as a material has significantly attracted the attention

of scientists. It is a semiconductor characterized by

the high photoelectric reaction, admirable chemical

and thermal stability and non-toxic nature, enabling

it to be an integral part of highly selective and sen-

sitive sensors and biosensors, as well. In electro-

chemical sensing, it has exhibited potent catalytic

performance for analysis of various analytes.

Nanostructured ZnO is widely used for the detection

of various substances, including drugs [34], dyes [35]

and selenium [36]. Moreover, in combination with

graphene oxide, ZnO showed even improved elec-

trocatalytic performance [33, 35, 37]. In view of this,

we have combined these two materials in order to

develop a rGO-ZnO nanocomposite modified glassy

carbon electrode (rGO-ZnO-GCE), as an electro-

chemical sensing platform for selective and sensitive

determination of TC using square wave voltammetry

(SWV) as a detection technique. After optimization

and validation, developed voltammetric methodol-

ogy was successfully employed for the direct deter-

mination of TC in water and urine samples.

Experimental

Reagents and instrumentation

Tetracycline hydrochloride (95%) powder, ZnO

nanopowder and K3[Fe(CN)6], K4[Fe(CN)6] were

purchased from Sigma Aldrich (St. Louis, MO, USA).

A stock solution of TC (2 mmol/L) was prepared by

dissolving the substance in 0.01 mol/L HCl (Merck,

Darmstadt, Germany). As a supporting electrolyte, a

Britton–Robinson buffer (BRB) (0.1 mol/L, pH 8.0)

was used. The buffer was prepared by mixing the

equimolar amount of acetic, boric and phosphoric

acid. The required pH value of the buffer was

adjusted by the addition of sodium hydroxide solu-

tion (5 mol/L). Acids used for the preparation of the

BRB (acetic, boric and phosphoric acid) and sodium

hydroxide were purchased from Lach-Ner (Brno,

Czech Republic). All solutions were prepared using

double distilled water obtained using MonoDest 3000

E system (Brand, Wertheim, Germany).

Voltammetric measurements were conducted

using a PalmSens4 potentiostat (PalmSens BV, GA

Houten, Netherlands) operated by PSTrace software

(version 5.4). A three-electrode assembly cell con-

sisted of bare or modified glassy carbon disc elec-

trode (3 mm, CHI 104, CHI Instruments, Austin,

USA) as a working electrode, platinum wire as a
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counter electrode, and an Ag/AgCl (3.5 mol/L, KCl)

as a reference electrode. For pH adjustments, a pre-

viously two-point calibrated pH meter (HI 9321,

Hanna Instruments, Woonsocket, RI, USA) equipped

with pH electrode (HI1090B/5, Hanna Instruments,

Woonsocket, RI, USA) was used.

Preparation of the rGO-ZnO

GO was prepared by chemical oxidation of 5 g gra-

phite flakes (100 mesh, C 75% min) (Sigma Aldrich,

St. Louis, MO, USA) in a mixture of concentrated

H2SO4 (670 mL) (Penta, Prague, Czech Republic) and

30 g KMnO4 (Sigma Aldrich, St. Louis, MO, USA)

according to the simplified Hummers’ method [38].

The reaction mixture was stirred vigorously. After

10 days, the oxidation of graphite was terminated by

the addition of H2O2 solution (250 mL, 30 wt %)

(Penta, Prague, Czech Republic). Formed GO was

washed 3 times with 1 mol/L HCl (37 wt %) (Penta,

Prague, Czech Republic) and several times with

double distilled water (total volume approximately

10 L) until constant pH value (3–4) was achieved.

The volume of 1 mL of GO dispersion (5 mg/mL)

was added dropwise to the zinc solution (50 mL,

10 mmol/L) Zn(CH3COO)2�2H2O (Sigma Aldrich, St.

Louis, MO, USA) under stirring at 400 rpm. Then,

40 mg of Na[BH4] (Sigma Aldrich, St. Louis, MO,

USA) as a reducing agent was added slowly to the

mixture, and the final mixture was stirred for 24 h to

allow reduction in GO into rGO and simultaneous

formation of ZnO NPs [39]. Namely, at the same time

GO and Zn(CH3COO)2�2H2O are reduced by

Na[BH4] reducing agent. After reduction, remaining

functional groups of rGO bound ZnO NPs. The final

nanocomposite rGO-ZnO was washed three times

with double-distilled water, while the final volume

was adjusted to 10 mL. The rGO was prepared

according to the same procedure but without adding

Zn(CH3COO)2�2H2O.

Working electrode preparation

A glassy carbon electrode (GCE) was polished on a

pad with 1 lm and 0.3 lm alumina suspensions.

Afterwards, it was subjected to sonication in double-

distilled water–ethanol solution (50%, v/v) for 5 min,

rinsed with water, and dried with filter paper. 10 lL

of the prepared rGO-ZnO nanocomposite was sub-

sequently pipetted dropwise on the GCE surface, and

dried by exposing to drier at 50 �C for 15 min. The

proposed sensing platform was denoted as rGO-

ZnO-GCE, and upon washing with water was ready

for use. Furthermore, the same procedure was

applied to fabricate the control electrodes such as

ZnO-GCE and rGO-GCE. Then, the modified elec-

trode was applied for the electrochemical determi-

nation of the TC.

Electrochemical measurements

The three-electrode system was immersed in an

electrochemical cell containing 10 mL of the sup-

porting electrolyte and an appropriate volume of TC

standard solution. Cyclic voltammetry (CV) was uti-

lized in order to investigate the redox behaviour and

was performed in the potential range from ? 0.5 V

to ? 1.2 V by applying step potential of 10 mV, scan

rate range 10–500 mV/s, and equilibrium time of 5 s.

The analytical performance and practical implemen-

tation were assessed using SWV, with prior opti-

mization of instrumental parameters, and were

performed in the anodic potential range from ? 0.6

V to ? 1.3 V.

To characterize and compare the electron transfer

performance of modified and bare GCE electrodes,

CV and electrochemical impedance spectroscopy

(EIS) were used. Measurements were performed in

0.1 mol/L KCl aqueous solution containing 5 mmol/

L K3[Fe(CN)6]/K4[Fe(CN)6]. CV was performed in

the potential range from - 0.4 V to ? 0.9 V under the

scan rate of 0.05 V/s, while electrochemical impe-

dance spectra were recorded in the frequency range

from 0.1 to 10 kHz and with amplitude of 10 mV. The

electrochemically active surface of modified rGO-

ZnO-GCE or bare GCE was estimated from CV

recordings, and the charge transfer properties of

studied electrodes were evaluated by EIS.

Sample preparation

A sample of the tap water from laboratory was used.

2.00 mL of the tap water sample was transferred into

the electrochemical cell containing 8.00 mL of the

supporting electrolyte. The cell content was stirred

for 10 s, and the SWV was performed. Since no

detectable signals were obtained, the sample was

spiked with TC standard solution (20 lmol/L).

A human urine sample was obtained from a heal-

thy volunteer on the day of the experiment and
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stored in the refrigerator until the moment of the

analysis. 1.67 mL of the urine sample was transferred

into the electrochemical cell filled with 8.33 mL of the

supporting electrolyte, and after stirring the content

was analysed by SWV. No detectable signals were

obtained, and the solution in the cell was enriched

with TC solution forming thus spiked human urine

sample with TC concentration of 100 lmol/L.

Quantification of the antibiotic content in the

spiked water and urine samples was performed by

the standard addition method.

Scanning electron microscopy/energy-
dispersive X-ray spectroscopy (SEM/EDS)
analysis

The dispersion of the sample was applied on a silicon

wafer from Siegert Wafer Company and allowed to

dry at laboratory temperature (20–25 �C). This wafer

was adhered by a carbon conductive tape to the stub

that was inserted into the SEM MAIA 3 equipped with

a FEG (field emission gun) from TESCAN Company

(TESCAN Ltd. Brno, Czech Republic). The best pho-

tographs were obtained using the In-lens SE detector

at a working distance between 4.89 and 5.02 mm and

at 5 kV acceleration voltage. 768 9 858 pixel images

were obtained at 50,000–100,000 fold magnification

covering a sample area of 4.15–5.54 lm. Full frame

capture was performed in UH Resolution mode and

image shift correction was enabled, and it took about

0.5 min with the *0.32 ls/pixel dwell time. The spot

size was set at 2.4 nm.

Elements analysis was performed on MIRA 2 SEM

from TESCAN Company equipped with EDX detector

X-MAX 50 (Oxford instruments plc, Abingdon, UK).

EDX analysis was realized with the same condition as

photographs (high vacuum). Only work distance was

different (15 mm), the accelerating voltage was 15 kV

and Everhart–Thornley scintillation detector was used.

Input energy was set at about 20,000–21,000 cts, out-

put energy was about 15,000–16,000 cts and dead time

fluctuated between 19 and 20%. The time for analysis

was 20 min. The spot size was 120 nm.

Transmission electron microscopy/energy-
dispersive X-ray spectroscopy (TEM/EDS)
analysis

The sample was studied by HRTEM FEI Talos F200X

operated at 200 kV with a maximum beam current of

1.0 nA. The lower amount of beam current was cho-

sen due to graphene oxide in the sample so that it is

not damaged. The microscope is equipped with a

Super-X EDS system with four Silicon drift detectors

(SDDs) enabling element mapping. The sample was

prepared on Au grid-coated holy carbon film. The

measured SAED patterns were evaluated by the

ProcessDiffraction.

Atomic force microscopy (AFM)

AFM imaging of nanostructured surface was carried

out using the Bruker Dimension FastScan microscope

(Bruker Nano Surfaces, Santa Barbara, CA, USA)

operated in PFQNM mode. Triangular silicon nitride

cantilever SCANASYST-AIR (Bruker AFM Probes,

Camarillo, CA, USA) equipped with pyramidal sili-

con tip was used to characterize surface topography.

Cantilever stiffness and sensitivity were calibrated by

analysis of thermal noise spectra and were found to

be 0.38 N/m and 78.5 nm/V, respectively. The fol-

lowing parameters were used to drive the AFM

microscope: scanning speed 0.5 Hz, setpoint force

value 1.25 nN, iGain value 0.75, number of points per

line 1500. The raw recorded AFM data were pro-

cessed in Bruker NanoScope Analysis ver. 2.0 (Bruker

Nano Surfaces), where the 2D and 3D images of the

surface were analysed and final figures were

exported.

Fourier transforms infrared spectra (FTIR)

FTIR spectra were collected using an INVENIO� R

FTIR Spectrometer equipped with a single-reflection

diamond ATR accessory–A225/Q Platinum ATR

module (Bruker Optic Inc., Billerica, MA, USA).

Samples were freeze-dried using a Labconco Free-

Zone� 2.5 Liter Freeze Dry System (Labconco; Kan-

sas City, MO, USA). The fixed load was applied to the

small amount of sample to ensure full contact of solid

with the diamond ATR. Solid samples were directly

analysed in lyophilized form. Before each measure-

ment background spectra were collected. Spectra

were recorded at 25 �C from 4000 to 400 cm-1 at a

resolution of 2 cm-1. Each spectrum was acquired by

merging 128 interferograms. Bruker OPUS 8.1 (Bru-

ker Optic Inc., Billerica, MA, USA) software was used

for IR spectra recording and JDXview v0.2 software

was used for further spectra evaluation.
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Elemental analysis

All CHNS/O measurements were performed using

FLASH 2000 (ThermoFisher Scientific Inc., Waltham,

MA, USA) organic elemental analyser. The standards

used for measurement were purchased from Ther-

moFisher Scientific Inc. For CHNS measurement

1–3 mg of measured sample was placed in a soft tin

container and introduced into a quartz reactor filled

with copper oxide and electrolytic copper. The reac-

tor was heated to 950 �C and a small volume of

oxygen was injected along with the sample. The gases

released by the combustion of the sample were

measured by the machine’s in-built detector. The

relative CHNS content was determined by comparing

the resulting spectra to a BBOT (2,5-Bis(5-tert-butyl-2-

benzo-oxazol-2-yl)) standard. For oxygen measure-

ment the process was analogous. 1–2 mg of the

sample was placed in a soft silver container and

introduced to a quartz reactor filled with Nickel

plated carbon and quartz turnings. The temperature

of the reactor was 1080 �C. The oxygen percentage in

the sample was determined via comparison to a

spectrum of an acetanilide standard.

X-ray fluorescence

An elemental analyser SPECTRO XEPOS energy-

dispersive X-ray fluorescence (ED-XRF) spectrometer

(SPECTRO Analytical Instruments GmbH, Kleve,

Germany) equipped with a 10 mm2 Si-Drift Detector

with Peltier cooling and a 7 lm Be side window was

employed. The instrument uses a Pd-target end

window tube at a maximum power of 50 W and a

maximum voltage of 50 kV. Spectral resolution of the

instrument (FWHM) is\ 170 eV for Mn Ka (mea-

sured under input count rate 10,000 pulses). SPEC-

TRO XEPOS was operated and data were evaluated

by means of the software Spectro X-Lab Pro, Version

2.5. For zinc determination Mo secondary target (tube

voltage 44.70 kV, tube current 0.5 mA, measurement

duration 1200 s, impulse rate 3,500–10,000 cps, rela-

tive dead time 2.3–5.7%, peak time 2.1 ls, gain

25.0 eV channel-1, zero peak rate 5,000 cps, Ka, Series

Fit) was used. Solid sample (H3BO3 mixed with 5 mL

of sample, dried, ground and pressed into a pellet)

was measured directly in a sample cup (32 mm in

diameter) on polypropylene X-Ray thin-film TF-240,

4 lm (FluXana, Bedburg-Hau, Germany) in a vac-

uum using the so-called Turboquant method

(fundamental parameters method). In order to

determine the concentration of Zn a calibration curve

was prepared (Fig. S1) using Zinc Standard for AAS

(Sigma-Aldrich, 1000 mg/L). Precise amounts of the

standard (3 mg, 7 mg, 14 mg and 21 mg) were pres-

sed into H3BO3 pellets in triplicate. Utilizing the

count rate of pulses at Ka, Series Fit a calibration

curve was created via linear regression.

Raman spectroscopy

Raman spectra were recorded on dispersive inVia

Reflex Raman microscope (Renishaw, UK) with

integrated Leica microscope DM2700 (Leica, Ger-

many) and controlled by Wire 5.2 software (Ren-

ishaw, UK). Diode laser with an excitation

wavelength of 633 nm and 17 mW power was used.

Spectra were collected over the approximate range of

100–3200 cm-1 using microscope immersion objec-

tive 50 9 and a power setting of 100%. Each spec-

trum was acquired by merging 16 scans.

X-ray powder diffraction (XRPD)–samples
preparation

A thin layer of a corresponding sample was depos-

ited on a surface of a Si zero background sample

holder (ZBH) by evaporating water from the sus-

pension. All the as-prepared samples on ZBH were

then placed into the sample holders for XRPD

analysis.

X-ray powder diffraction—conventional
Bragg–Brentano reflection geometry

Diffraction patterns were collected with the PANa-

lytical X�Pert PRO diffractometer equipped with a

conventional X-ray tube (Cu K radiation, 40 kV,

30 mA) and a linear position sensitive detector PIXcel

with an anti-scatter shield. A programmable diver-

gence slit set to a fixed value of 0.25 deg., Soller slit of

0.04 rad and mask of 15 mm were used in the pri-

mary beam. A programmable anti-scatter slit set to a

fixed value of 0.25 deg., Soller slit of 0.04 rad and Ni

beta-filter were used in the diffracted beam. Data

were collected in the range of 5–90 deg. 2theta with

the step of 0.0131 deg. and 500 s/step producing a

scan of about 3 h 46 min.
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Evaluation of X-ray patterns

Qualitative analysis was performed with the HighS-

corePlus software package (Malvern PANalytical,

The Netherlands, version 4.9.0) together with the

PDF-4 ? database [40]. The line profile analysis was

performed using routines implemented in the

HighScorePlus software [41]. Diffraction lines were

fitted using the Pseudo Voigt profile function with

split width and shape. No background subtraction

was performed. The calculated values of integral

breadths of diffraction lines (Bobs) were then cor-

rected for the instrumental broadening (Bstd). The

net values of integral breadths (Bstruct) and the

positions of diffraction lines were then entered into

the Scherrer formula [42] to get the appropriate

crystallite size in the corresponding direction. K

(crystal shape factor) corresponding to a cubic shape

of particles (K = 1) was used.

The correction for instrumental broadening was

performed with the NIST SRM660a standard (LaB6)

that was analysed with the same geometry and the

Bstd values were determined by the same procedure.

X-ray photoelectron spectroscopy

The surface chemistry has been analysed by the XPS

(X-ray photoelectron spectroscopy) technique. The

high vacuum chamber was equipped with SPECS

X-Ray XR50 source, where Al and Mg cathodes were

used, and with a hemispherical analyser SPECS

PHOIBOS 100 with 5-channels detector. The pressure

before the measurement was about 3 9 10-9 mbar in

the instrument. The elemental composition was cal-

culated from area of selected high-resolution peaks

taken at pass energy of 10 eV and using corre-

sponding relative sensitivity factors used from Casa

XPS library. The samples were inserted to a loading

chamber in pot and dried directly there.

Results and discussion

Characterization of rGO-ZnO
nanocomposite

The morphologies of GO as a starting material and

rGO-ZnO were evaluated by SEM/EDS. The SEM

image (Fig. 1a) confirmed the microstructure of the

prepared GO by modified Hummers’ method. GO

has a typical uniform smooth surface and large size

of the sheet of GO. The size and morphology of ZnO

NPs were confirmed (Fig. 1b). Figure 1c shows the

SEM image of composite rGO-ZnO, where ZnO NPs

(red arrow) can be observed on the surface of rGO

(blue arrow). To observe separate ZnO NPs, TEM

was used and in Fig. S2 uniform ZnO NPs which

cover the surface of rGO can be seen.

SEM image of the site was subjected to elemental

analysis (EDS). The elemental mapping (Fig. 2) con-

firmed the presence of zinc and oxygen, as well as

carbon. Namely, the red colour indicates the carbon

(C) that was measured for the K (alpha) 1 and 2 lines,

the blue colour indicates the oxygen (O) that was

measured for the K (alpha) 1 line, and the yellow

indicates the zinc (Zn), which was measured for the L

(alpha) 1 and line 2.

FTIR spectra were obtained for GO and composite

rGO-ZnO (Fig. S4). The spectra show a broad peak

(2500–3700 cm-1) which corresponds to O-H groups

in both analysed materials. Absorption peaks at 1646

and 1634 cm-1 belong to C=C groups. Vibrations at

1181, 1065, and 1041 cm-1 were assigned to C-O and

from that 1065 and 1041 cm-1 belong to primary

alcohols. The peak located at 1393 cm-1 represents

the C-H group. The peak observed at 1506 cm-1 is

due to aromatic C=C, which is common in this

region. A large amount of remaining functional

groups in rGO-ZnO suggest a mild reduction in the

composite. The reductive capabilities of Na[BH4] are

the most effective against carbonyl groups and low or

moderate effective for carboxylic and epoxy groups

[43].

AFM analysis was performed to investigate the

topography and morphology of the rGO-ZnO. The

height difference in three-dimensional topography

was approximately 50 nm which confirms the size of

particles onto rGO in the nanoscale (Fig. 3). AFM

analysis also enables us to observe the uniform dis-

tribution of nanoparticles on the rGO surface.

By elemental analysis of rGO-ZnO nanocomposite,

it was determined that the sample contained carbon

and oxygen in large amounts probably because of the

chemical composition of rGO which is constituted

from carbon and remaining carbon-rich functional

groups (Table 1, the results are displayed in the mass

ratio w/w). A large amount of oxygen can be detected

also because of the presence of ZnO NPs. An amount

of hydrogen can be present because of hydroxyl,

carbonyl, and carboxyl functional groups onto rGO.
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The trace amount of nitrogen can be possibly present

because of contamination during the sample prepa-

ration. The concentration of zinc was determined

using X-ray fluorescence as 2.24 g/L.

The Raman spectroscopy of rGO-ZnO and GO was

performed (Fig. 4). On the Raman spectrum of rGO-

ZnO the intensity peaks at 1321 cm-1 and 1589 cm-1

correspond to the D and G bands, respectively. The G

peak is responsible for the presence of sp2 carbon,

whereas the D peak refers to the presence of disorder

in the graphene structure [44]. The presence of D and

G peaks in the nanocomposites refers that the struc-

ture of rGO is preserved in the composites. The peaks

at 427 cm-1, 319 cm-1, and 195 cm-1 in the com-

posite are assigned to E2high E2high-E2low, and E2low

modes frequencies, respectively, and confirm the

presence of ZnO in the composite [45, 46]. In the case

of GO (Fig. 4), it is evident that GO has a higher D

band in comparison to rGO-ZnO. This is due to the

disruption of sp2 bonds of the carbon because of GO’s

oxidative functional groups. Namely, if the D peak is

higher, it means that the sp2 bonds are broken and

consequently there are more sp3 bonds. The ratio of

the intensity of D/G peaks relates to sp3/sp2 carbon

ratio and measures the defects present on carbon

nanomaterials structure. The ID/IG ratios of rGO-ZnO

and GO were 0.96 and 1.17, respectively. It indicates

the reduction in GO and recovery sp2 bonded carbon

atoms in the structure.

Figure 5 shows XRD patterns of rGO-ZnO and

rGO. The characteristic diffraction lines of ZnO (PDF-

4 ? # 00–036-1451) were observed in the rGO-ZnO

suggesting the successful formation of ZnO NPs.

Typical diffraction lines belonging to rGO are not

clearly visible in rGO-ZnO. There are two explana-

tions: 1) the intensities of lines belonging to ZnO are

significantly higher and sharper than the semi-

amorphous hill-like lines of the rGO; 2) Additionally,

there are other NPs detected by TEM analysis that

contain Zn, C and O (Fig. S3). These NPs are most

probably hydrozincite (PDF-4 ? # 04–013-7572).

Therefore, two zinc-containing species exist in the

composite material. Although zinc is a moderate

absorber of X-rays, it absorbs significantly more than

carbon. Moreover, hydrozincite and rGO are semi-

amorphous. Therefore, it is very difficult to observe

diffraction lines of rGO in that badly resolved system.

The XRD patterns of rGO (Fig. 5) show the peak

(2h = 10.8�) of the large interlayer distance typical for

GO because of the presence of a large number of

functional groups in the structure of GO almost dis-

appeared. The broad diffraction peak around

(2h = 25.7�) is recognizable for rGO, which indicates

the highly amorphous nature of rGO and the results

suggest that GO has been reduced to rGO using

NaBH4 [47, 48].

The XPS survey spectra of the rGO-ZnO sample

(Fig. 6) show the presence of the expected element C,

O and Zn. The only detected impurity on the surface

is Na. The comparison of the spectra recorded with

different wavelengths shows a high number of Auger

peaks not present in the CasaXPS library.

The surface composition calculated from the high-

resolution spectra C 1s, O 1s and Zn 2p shows the

following concentrations 35.5 at. %, 40.0 at. %, and

24.5 at. %, respectively. The high content of the

Figure 1 SEM images of a GO as an original material, b ZnO NPs and c nanocomposite rGO-ZnO.
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oxygen indicated the presence of O-C bonds in GO

and ZnO NP. To prove this claim, C 1s peak was

deconvoluted in the individual components related

to sp2 at 284.5 eV, sp3 at 285.1 eV, C-O at 287.0 eV,

and C=O-OH at 290.3 eV [49, 50]. The presence of

sp2 and sp3 bonds is confirmed also in Raman

spectra, the ratio sp2/sp3 measured by XPS shows a

bit value therefore is probable the sp3 states are

presented more on the surface, therefore, promoted

in XPS spectra compared to Raman spectra. The rel-

ative number of carbon atoms bonded to oxygen is

about 83% of what is expected for GO and it explains

the high amount of oxygen present in rGO-ZnO

sample. The zinc-related peak Zn 2p is known to be

less sensitive towards chemical changes. However,

the detailed study of the Zn 2p3/2 peak related to NP

Figure 2 SEM–EDS elemental mapping of rGO-ZnO composite.
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in literature [51] suggests that the observed single

peak character of Zn 2p3/2 is ZnO with a size above

10 nm. It is in agreement with SEM observation and

sharp XRD peaks. The chemical bonding state of Zn

can be also studied with the use of the Auger

parameter. The Auger parameter is about 2010 eV

which can be ZnO [52]. The oxygen-related peak O 1s

shows two main components related to O-C in GO at

533.3 eV and O-Zn at 532.0 eV [53]. Therefore, we can

confirm the presence of ZnO with GO in the analysed

material where both sp2 and sp3 states are present.

Electrochemical sensing characterization
of modified electrodes

The electrochemical properties of the rGO-ZnO-GCE

were investigated with the use of CV and EIS (Fig. 7),

and the measurements were performed in a 0.1 mol/

L KCl aqueous solution containing 5 mmol/L K3-

[Fe(CN)6]/K4[Fe(CN)6]. For comparison purposes,

parallel experiments with bare GCE were done as

well. CV is a useful tool to acquire information

regarding electrochemical performance of the modi-

fied electrodes. The results of CVs experiments with

bare GCE and rGO-ZnO-GCE are shown in Fig. 7a.

As shown in Fig. 7a, modification of the GCE surface

by rGO-ZnO leads to an increase in both anodic (IPa)

and cathodic (IPc) peaks currents, due to the activity

of nanocomposite. DEp values were more than the

theoretical of 59 mV and the ratios of IPa/IPc were

close to 1 for all the electrodes, demonstrating quasi-

reversible processes [54]. By using the Randles–Sev-

cik equation [55] the active surface area of the rGO-

ZnO-GCE working electrode available for the elec-

tron transfer to species in the solution was calculated

to be 0.0493 cm2, which is 1.5 larger than that of GCE

(0.0329 cm2). Those results confirmed that rGO-ZnO

nanocomposite improves the electroactive surface

area greatly, and eventually causes the significant

Figure 3 2D a and 3D b AFM image of nanocomposite rGO-ZnO.

Table 1 Elemental analysis

(C, H, N, O, S) of

nanocomposite rGO-ZnO

Nitrogen (%) Carbon (%) Hydrogen (%) Sulphur (%) Oxygen (%)

0.21 ± 0.06 13.09 ± 0.74 1.00 ± 0.07 0.00 ± 0.00 37.75 ± 0.60

The results are displayed in the mass ratio (w/w)

Figure 4 Raman spectra of rGO-ZnO (black line) and GO (red

line).
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Figure 5 X-ray diffraction of

rGO-ZnO (black line) and rGO

(grey line).

Figure 6 XPS spectra of rGO-ZnO a survey spectra, high-resolution spectra of b C 1s, c Zn 2p with Zn LMM inset and d O 1s.
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increase in peak current response and sensitivity of

the produced sensor.

To obtain precious information about the kinetics

of electron transfer at the electrode surface, a pow-

erful EIS technique was used. The electrochemical

impedance spectrums of bare GCE and rGO-ZnO-

GCE are shown in Fig. 7b in the form of the Nyquist

diagrams. The Randles circuit (inset of Fig. 7b) was

applied for data fitting. The diameter of the semicir-

cle of the Nyquist plot is an indication of the charge

transfer resistance (Rct) at the electrode–solution

interface [55]. It is evident from Fig. 7b that the

semicircular diameter of the rGO-ZnO-GCE is smal-

ler in comparison to GCE, which suggests that rGO-

ZnO nanocomposite curtailed electron transfer

resistance, respectively, increased the electrical con-

ductivity and facilitated electron transfer. Addition-

ally, the obtained fitting results for the Rct value were

19.00 kX and 7.16 kX for bare GCE and rGO-ZnO-

GCE, respectively. Those results reflect the conclu-

sions obtained from the CV experiments. Altogether,

the presence of rGO-ZnO nanocomposite promoted

the electron transfer rate significantly and conse-

quently contributed to the improved conductivity

and larger specific surface area of the electrode.

Therefore, rGO-ZnO can be used to fabricate elec-

trochemical sensors.

Electrochemical behaviour of TC

Reduced graphene oxide with 2D structure, large

theoretic surface area, chemical stability, and high

electrical conductivity is suitable material for elec-

trochemical applications [56]. Zinc oxide exhibits

optic, sensing, catalytical, and semiconducting prop-

erties [34–37]. In recent years, the development and

interest of composite nanomaterials from carbona-

ceous nanostructures and metal oxides for electro-

chemical applications have risen [57].

The preliminary study was aimed towards com-

paring the voltammetric behaviour of TC using bare

GCE and modified ZnO-GCE, rGO-GCE and rGO-

ZnO-GCE. The experiments were performed in

0.1 mol/L BRB pH 8.0 using a SWV as a suit-

able voltammetric technique which is more sensitive

than a CV. The electrochemical responses of

200 lmol/L TC using those four comparable working

electrodes by performing SWV are shown in Fig. 8.

At the bare GCE, the oxidation peak corresponding to

TC was relatively broad and weak (IP(GCE)-

= 0.575 lA). The TC oxidation current on rGO-GCE

(IP(rGO-GCE) = 1.115 lA) was enhanced in comparison

to that on GCE. The peak current height of TC on

ZnO-GCE was magnified additionally (IP(ZnO-

Figure 7 a CV responses of GCE and rGO-ZnO-GCE in

5 mmol/L Fe(CN)6
3-/Fe(CN)6

4- in 0.1 mol/L KCl; b EIS

response of GCE and rGO-ZnO-GCE in 5 mmol/L Fe(CN)6
3-/

Fe(CN)6
4- in 0.1 mol/L KCl. Inset of b: the applied equivalent

circuit.

Figure 8 Square-wave voltammograms of 200 lmol/L TC in

0.1 mol/L BRB pH 8.0 at bare GCE, rGO-GCE, ZnO-GCE and

rGO-ZnO-GCE.
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GCE) = 2.063 lA). However, the sharpest voltammet-

ric peak and at least six times higher current response

(IP(rGO-ZnO-GCE) = 3.452 lA) were obtained at rGO-

ZnO-GCE. Moreover, the oxidation potential of TC at

rGO-ZnO-GCE (? 1.04 V) shifted slightly at the

cathodic range when compared to the signals

obtained at ZnO-GCE (? 1.08 V), rGO-GCE

(? 1.09 V) and GCE (? 1.10). The enhancement of the

peak current response may be owed to the synergistic

effect of rGO and ZnO [33, 37]. Namely, the rGO

provides a large electrochemical active surface and

good conductivity [28], while ZnO has potent elec-

trocatalytic performance [35]. Consequently, the use

of rGO-ZnO-GCE as a sensitive electrochemical

sensing platform for TC detection in this study was

reasonable.

Influence of the supporting electrolyte
and pH on the electrochemical detection
of TC

To obtain the maximum sensitivity of rGO-ZnO-GCE

towards TC determination, as the initial experimental

parameter, which mostly influences the analytical

performance of the proposed electrochemical sensor,

was considered to be the composition of the sup-

porting electrolyte, its concentration and pH value.

The effect of the supporting electrolyte on the elec-

trochemical response of the rGO-ZnO-GCE was

studied in several buffer solutions, including BRB,

acetate, citrate and phosphate buffer. For that pur-

pose CV and SWV were performed in the solution

containing increasing concentration of the analyte

(5-50 lmol/L) and the potential was scanned in the

anodic direction from ? 0.60 V to ? 1.20 V. Appar-

ently, the BRB was the most favourable for TC oxi-

dation under the tested conditions (Fig. S5) and thus

it was adopted as an optimal buffer for further

experimental study.

The concentration of BRB influences the voltam-

metric determination of TC. Consequently, the effect

of BRB concentration (0.02; 0.04; 0.08; 0.10 and

0.20 mol/L) on TC analytical signal was studied in

the solution containing 50 lmol/L TC (Fig. S6a). The

best results in terms of signal sharpness and height

were obtained in 0.10 mol/L BRB, which was

acquired as optimal in further experiments.

In order to explore the optimal pH for the devel-

opment of analytical procedure in further experi-

ments, voltammograms of TC (20 and 50 lmol/L TC)

were recorded in 0.10 mol/L BRB supporting elec-

trolyte with different pH values from 2.0 to 10.0

(Fig. S6b). Due to the best-shaped peak and the

highest peak current, the supporting electrolyte of

pH value 8.0 was chosen for further examination.

By analysing the dependence of the anodic peak

potential on pH, slight displacements in the peak

potential to less positive values were observed in the

pH range from 2.0 to 6.0. The linear regression

equation was obtained with a slope of 0.048 V/pH,

which is close to the theoretical Nernst value

(0.059 V/pH), indicating that an equal number of

protons and electrons (2H?/2e-) are involved in the

electrochemical oxidation. However, no significant

change in the peak potential was observed with pH

between 7.0 and 10.0. Similar behaviour of some TCs

was found by other authors in the literature [24, 26].

From those results, the electrochemical oxidation of

TC on rGO-ZnO-GCE is anticipated to be compli-

cated. Considering our results and the previously

published data, it can be assumed that the phenolic

moiety in position 10 and/or a dimethylamino sub-

stituent on position 4 are likely sites for electro-

chemical oxidation [19, 24, 26, 58].

Electrochemical behaviour

To obtain additional information regarding the elec-

trochemical behaviour of TC on rGO-ZnO-GCE, CV

using different scan rates was performed. The mea-

surements were carried out in 0.1 mol/L BRB pH 8.0,

as an optimal supporting electrolyte, containing

200 lmol/L of TC (Fig. S7). The results showed that

one oxidation peak at the potential of ? 1.07 V was

observed, while the absence of the reduction peak in

the reverse scan indicates the irreversibility of the

electrode reaction. The effect of the scan rate (m) on

the anodic peak current (Ip) was tested in the scan

rate range from 10 to 500 mV/s. The results of this

study showed that TC oxidation peak current

increases with an increase in the scan rate, while the

linear relationship between Ip and the square root of

the scan rate (m1/2) was obtained (R2 = 0.9985, inset

(a) of Fig. S7). This signifies that the reaction which

takes place on the working electrode is a diffusion-

controlled process. A slope value obtained by plot-

ting the logarithm of peak current (log Ip) vs. the

logarithm of the scan rate (log m) is equal to 0.502

(R2 = 0.9993, inset (b) on Fig. S7), confirming thus the
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diffusion-controlled process on the working

electrode.

Optimization of the voltammetric
parameters

The optimization of the most important SWV

parameters which affect the determination of TC

using rGO-ZnO-GCE was studied, including modu-

lation amplitude (Esw), step potential (DE), frequency

(f) and equilibrium time (teq) (Fig. S8). Experiments

were performed in BRB (0.1 mol/L, pH 8.0) con-

taining 50 lmol/L TC in a potential range from ? 0.6

to ? 1.3 V. During optimization, each parameter was

gradually changed, while others were kept at a con-

stant value. The relation between peak current and

amplitude was studied in the range 10–200 mV. The

peak current increased with increasing the Esw value

and reached a maximum value of 0.70 lA at Esw

value of 50 mV, with subsequent stagnation in the

interval from 50 to 100 mV, and a sudden decrease in

peak current value at amplitude values higher than

100 mV (Fig. S8a). The influence of the frequency was

investigated in the range of 10–100 Hz. With

increasing frequency value, an increase in the height

of the analytical signal was observed (Fig. S8b), but in

the choice of the optimal value of this parameter, the

decisive factor was the appearance of the analytical

signal. In further work, the optimal value of the fre-

quency of 50 Hz was adopted, at which the best

shape of the analytical signal is achieved, and no

distortion of the peak is noticeable. In the next step,

the value of DE was changed in the interval 1–20 mV.

In that range there was an increase in the peak cur-

rent up to 7.5 mV, in the range of 7.5–15 mV the peak

current did not change significantly, with a subse-

quent sharp drop in its value (Fig. S8c). The last tes-

ted parameter—teq, was changed from 0 to 30 s. Up

to 10 s there was no significant change in the signal

height, while with a subsequent increase, the peak

current sharply decreased (Fig. S8d). By summariz-

ing the optimization results, it appeared that the

sensor showed the best performance at the following

SWV instrumental parameters: Esw of 50 mV, f of

50 Hz, DE of 7.5 mV and teq of 10 s.

Analytical features

The voltammetric profiles of different concentrations

of TC were recorded in order to define the linearity

range of the proposed method. The calibration curve

was constructed by plotting peak current responses

(Ip) versus the concentration of TC (CTC), and the

linear regression equation was calculated by the

least-squares method. Figure 9 shows the respective

SW voltammograms using different TC concentra-

tions with corresponding calibration curve (Inset of

Fig. 9). The obtained calibration curve was linear

over a wide concentration range from 4 to 400 lmol/

L, with a correlation coefficient (R2) of 0.9910. The

analytical performance evaluation of the proposed

methodologies is comprehensively summarized in

Table 2. The limit of detection (LOD) and limit of

quantification (LOQ) were calculated as: LOD = 3.3

r/S, and LOQ = 10 r/S, where r stands for the

standard deviation of the intercept, and S is the slope

of the calibration curve [59]. For the proposed

method LOD and LOQ were 0.38 lmol/L and

1.15 lmol/L, respectively.

A comparison of the analytical parameters of the

proposed and other sensors employed for TC quan-

tification in real samples is summarized in Table 3.

The results demonstrated that herein presented

methodologies in a combination of rGO-ZnO-GCE as

a sensor offers enviable sensitivity and application

ability in a wider concentration range, compared to

recently published electroanalytical methodologies.

Figure 9 Square-wave voltammograms of TC (0, 4, 5, 7.5, 10,

15, 25, 50, 75, 100, 200 and 400 lmol/L) in 0.1 mol/L BRB,

pH 8.0, using rGO-ZnO-GCE. Inset: Corresponding calibration

curve (mean ± 2SD, n = 5).
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Precision

The precision of the proposed SWV method (intra-

and inter-day) was evaluated by performing five

repetitive analyses of TC (50 lmol/L) freshly pre-

pared solutions on the same day, and five consecu-

tive days by using developed SWV methodology. The

relative standard deviation (RSD) values obtained in

this study were lower than 3.40% (Table 2), indicat-

ing the high precision of TC assays by using the

proposed electrochemical sensor. The reproducibility

study was done by recording SWVs in the solution

containing 50 lmol/L of TC using five different rGO-

ZnO-GCEs prepared in the same way. The observed

RSD value for peak currents was 4.22%, indicating

that the preparation of the modified electrode was

quite reproducible.

Interference study

In order to study the selectivity of rGO-ZnO-GCE

prior to the application on real samples analysis, the

electrochemical measurements were performed in the

presence of some common accompanying substances.

The maximum concentration of the potential inter-

fering agent which causes a relative error of less than

5% for the peak current of TC (20 and 50 lmol/L)

was considered as the tolerance limit. The results

revealed that a 1000-fold excess of Na?, H2PO4
-,

SO4
2-, urea, a 500-fold of Ca2?, a 100-fold excess of

Cl-, K?, and a 10-fold of NH4
? did not interfere with

the determination of TC (Fig. S9). These results

indicated that the proposed sensor possesses good

selectivity towards the determination of TC even in

the presence of potential interferences.

Analytical application

Practical application testing of the proposed method

with rGO-ZnO-GCE for the determination of TC was

done in water and human urine samples. The sam-

ples were diluted, injected into the electrochemical

cell, and analysed directly using an optimized SWV

procedure. No detectable signals were obtained

during voltammetric analysis of diluted real samples.

Spiked samples were analysed using the standard

Table 2 The analytical performance of the developed methods

using the SWV optimized procedure on rGO-ZnO-GCE

Analytical performance evaluation SWV

Peak potential (V vs. Ag/AgCl, KCl 3.5 mol/L) 1.05

Linear concentration range (lmol/L) 4–400

Slope (lA/lmol L) 0.0132

Intercept (lA) 0.0468

Correlation coefficient (R2) 0.9910

Limit of detection (lmol/L) 0.38

Limit of quantification (lmol/L) 1.15

Intra-day precision (n = 5), RSD (%) 1.36

Inter-day precision (n = 5), RSD (%) 3.31

Table 3 Comparison of some validation parameters of the developed and previously reported electrochemical methods for TC

determination

Electrode Technique LOD (lmol/L) Linear range (lmol/L) Practical application Reference

BiFE Amperometry 1.2 500-6000 Pharmaceutical [18]

G-PCE DPV 2.3 3.8-19 Human urine [19]

GPU DPV 2.80 4-40 Water [20]

Pb-PFGE Ads-DPCSV 0.004 0.05-10 Meet, milk, liver, honey [21]

IL-MWCNT-GCE LSV 0.03 0.11-22 Egg, Pharmaceutical [22]

p-Mel@ERGO/GC DPV 5 10-80 Human urine [23]

PtNPs/C/GCE DPV 4.28 9.99-44.01 Human urine [24]

MWCNT-COOH-GO/

CPE

AdSDPV 0.36 20-310 Water, artificial urine, pharmaceutical [25]

rGO-ZnO-GCE SWV 0.38 4–400 Water, human urine This study

BiFE, Bismuth film electrode; G-PCE, Graphite-polyurethane composite electrode; GPU, graphite-polyurethane composite electrode; Pb-

PFGE, Pb-polyaminophenol filmed GCE; IL-MWCNT-GCE, Ionic liquid multi-walled carbon nanotube film-coated GCE; p-

Mel@ERGO/GC, Polymelamine film electrochemically reduced graphene oxide GCE; PtNPs/C/GCE, platinum nanoparticles

supported on carbon-coated GCE; MWCNT-COOH-GO/CPE, Carbon nanotubes with carboxyl groups graphene oxide modified

CPE; rGO-ZnO-GCE, Reduced graphene oxide Zn oxide nanocomposite modified GCE
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addition method. The average results of three repli-

cate measurements are presented in Table 4. Good

recovery values, accompanied by low values of RSD

of less than 4.3%, indicate that the proposed method

is highly accurate, reproducible and precise. As an

illustrative example of successfully performed

voltammetric analysis in real samples, the particular

SW voltammograms obtained in spiked water

(20 lmol/L) and after the standard addition are

presented in Fig. 10. It is evident that the SWV

methodology using rGO-ZnO-GCE as an electro-

chemical sensing platform did not suffer from any

considerable matrix effect. This fact enables the

application of herein presented cheap and easily

produced sensor for routine TC analyses in the

analysis of environmental and clinical samples.

Conclusions

In this work, rGO-ZnO was prepared and used as a

modifier of the GCE surface providing an electro-

chemical sensor for the determination of TC. The

electrochemical behaviour of TC on rGO-ZnO-GCE

was investigated by CV and SWV techniques. In

comparison to GCE, the rGO-ZnO-GCE showed

remarkable enhancement of the electrooxidation of

TC. The rGO-ZnO-GCE sensor exhibits a relatively

wide linear range and a low limit of detection. High

sensitivity, excellent reproducibility and satisfy

selectivity confirmed advantages of the proposed

sensor, while a successful application in real sample

analysis with accurate results validated the practical

applicability of the proposed method. Since sensor is

based on nanocomposite, the proposed method can

be easily transferred to screen printed electrodes in

order to be integrated into portable systems and can

be used as disposable sensors for routine analysis in

laboratory practice.
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Table 4 The results obtained from the analysis of tap water and

human urine sample using proposed SWV with rGO-ZnO-GCE

Sample Added

(lmol/L)

Found

(lmol/L)a
Recovery (%)

Water 0 n.d.b –

20 19.53 ± 1.66 97.64

Urine 0 n.d –

100 97.63 ± 1.84 97.63

aMean ± 2SD, n = 3
bNot detected

Figure 10 Analysis of tap water and spiked tap water samples by

the standard addition method with the optimized SWV using rGO-

ZnO-GCE.
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