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Herein, we report the development of a simple and highly sensitive hydroquinone (HQ) chemical sensor based on an 

electrochemically activated iron-doped (Fe-doped) zinc oxide nanorods (ZnO NRs) modified screen-printed electrode (SPE). 

The Fe-doped ZnO NRs were prepared by hydrothermal process and their morphological, crystal, compositional and 

optical properties were characterized in detail. The detailed characterizations showed that the NRs are densely grown, 

well-crystalline and possess wurtzite hexagonal phase. The fabricated HQ electrochemical sensor exhibited high sensitivity 

of 18.60 µA mM-1 cm-2 and a very low experimental detection limit of 0.51 µM. Our results demonstrate that simply 

prepared doped ZnO nanomaterials are promising candidates to fabricate high-sensitive electrochemical sensors. 

Introduction  

Researchers have used extensively screen-printed electrodes 

(SPEs) as an effective electrode system for the fabrication of 

disposable miniaturized electrochemical sensors to detect 

various chemicals and biomolecules. In order to tailor or 

improve the performance, SPEs have been modified using 

various nanomaterials, ions, polymers and others.1-3 It is 

evident from literatures that recent development in 

dimensionality, functionality of nanostructured materials has 

opened opportunities and possibilities for tuning application-

suited properties and material characteristics.4 For example, 

extensive research has been done to tailor the band gap and 

optical properties of metal oxides by doping with various 

metals. A step further, bimetal have also been used for 

synthesizing novel material including perovskite materials. This 

effort has led to develop material suited for particular 

application including biosensors, dye sensitized solar cells, 

pesticide sensors and other toxic element sensors. SPEs have 

made easier to develop electrochemical sensor just by 

printing/depositing film over the working electrode and the 

whole trip can be used as the sensing element offering ease of 

fabrication and low cost device. 

    Therefore, investigations of novel materials for device 

fabrication/development are very important for technological 

advancement.5-10 Metal oxides are known to offer flexibility for 

doping by simple and economic synthesis route to tailor the 

material properties. With the help of solution technique, it 

became easy to convert precursors of single or bi-metallic 

oxides with homogenous size, shape, distribution and phase 

purity simply by controlling the aggregation.  

    Increasing automation with industrial growth end up with 

introducing chemical contaminants into the environment 

besides producing the value added products.  Many of these 

contaminants are toxic having long term adverse impact. 

These being source of great concern, requires continuous 

detection, monitoring, detoxification and environmental 

remediation. HQ is one such contaminant widely used in 

pharmaceutical and industrial products.11 Since it is soluble in 

water, it requires to be detected with sufficient sensitivity 

using suitable sensing electrodes to protect against the threat 

to human health.  Due to its unregulated use as ‘skin lightener’ 

in cosmetics and long term effect on human health, there is a 

debate and controversy on its total ban in many European 

countries, USA, China etc. However, until today it has not been 

classified as carcinogen. Its continuous use or exposure results 

in de-pigmentation of skin, which itself can lead to increased 

possibility of cancer. Therefore, an improvement is needed to 

develop a convenient, simple and rapid analytical 

method/device for the detection of lowest possible levels of 

HQ.11,12 

    The conventional techniques used for detection and 

measurements are chemiluminescence, high performance 

liquid chromatography (HPLC), spectrophotometry and others. 

The electrochemical methods for HQ sensing are fairly new 

and needs to be developed, having numerous advantages such 
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as simplicity, efficiency, reduced costs, selectivity and most 

importantly ease of analysis without elaborated sample 

preparation and pre-procedures.  

    A number of nano-materials were efficiently deployed as 

electron mediators/matrix for the development of different 

reliable electrochemical sensors.11-15 Among these, ZnO, 

conducting polymers, graphene and carbon has been reported 

for electrochemical detection of HQ. For example, Silva and co-

authors modified carbon paste electrode with 3-n-propyl-4-

picolinium chloride silsesquioxane polymer for detection of HQ 

isomers.16 In an another report, Han and co-worked employed 

electrochemically reduced hybrid material, ER (GO-TT-CNT) 

that was prepared by in-situ polymerization of graphene oxide 

(GO), multi-walled carbon nanotube (CNT), and terthiophene 

(TT) for detection of HQ in a range of pH 4.04 - 9.01.17  

    Very recently, attempts have been made to utilize ZnO 

nanomaterials for variety of applications, as they are 

favourable material due to ease of fabrication, high chemical 

stability, high surface area and high electron transfer 

capability.18-20 Also, various types of dopant could be used to 

enhance the performance of ZnO NRs, which may offer an 

effective method to enhance the optical, electrical and 

electrochemical properties of ZnO NRs for practical 

applications.21 In one of our earlier report, Ce-doped ZnO NRs 

were used as effective electron mediator for HQ detection.22 In 

another report, Zhang and co-authors used modified core-shell 

magnetic nanoparticles supported on carbon paste for such 

sensor the laccase was covalently immobilized on the magnetic 

nanoparticles by glutaraldehyde.23 In a recent research article 

published by Li and co-workers, fabricated novel biosensor on 

a composite of ZnO loaded carbon nanofibers, laccase and 

Nafion that resulted in electrocatalysis of HQ.24 Previously, Fe-

doped ZnO NRs have been extensively used not only for 

sensing applications but also as high performance UV 

photodetectors and for ferromagnetism, catalysis, etc.25 In 

addition to these similarity in ionic radii and Pauling electro- 

negativities with Zn, substitution of Fe-ion can be to the higher 

concentrations resulting in increased ionic/electronic 

conduction as compared to that of undoped ZnO25f. However, 

to the best of our knowledge, there is no report on utilization 

of Fe-doping in ZnO for the fabrication of a highly sensitive HQ 

sensor to a category of VOC sensor. 

    With the above background, a highly sensitive HQ sensor is 

developed using Fe-doped ZnO NRs synthesized through 

solution chemistry. The synthesized material was used as a 

working electrode on SPE and the electrochemical sensing 

characteristics were determined using a potentiostat from 

0.78mM to 5mM of HQ at room temperature. 

Experimental 

Materials. Zinc chloride dihydrate (ZnCl2.2H2O), 

hexamethylenetetramine (HMTA), Iron chloride (FeCl2), 

ammonium hydroxide (NH4OH) and hydroquinone were 

purchased from Sigma-Aldrich and used without further 

purification or distillation. For synthesis and sensing 

experiments, de-ionized (DI) water (resistivity of 18MΩ, 

Millipore) was used as solvent and solution preparation. 

Synthesis of Fe-doped ZnO NRs. The Fe-doped ZnO NRs were 

synthesized by a simple hydrothermal process. In a typical 

experiment, first, 0.1M ZnCl2.2H2O and 0.01M FeCl2 were 

dissolved in DI water and then mixed at room-temperature via 

stirrring for 25 min. After 25 min of contineous stirring, 

aqueous solution of  0.1M HMTA, made in 25 ml DI water, was 

added in the previous solution and the resultant solution was 

again stirred for 30 min. The pH of the solution was adjusted 

to 10 by adding few drops of NH4OH. For crystal growth of ZnO 

NRs using ZnCl2, the ideal pH is ~10, which facilitates the 

creation of these ZnO nanostructures. As, OH- ions are strongly 

attracted to the positively charged zinc ions and surfaces, 

which causes the zinc to form ZnO bonds in a long chain rather 

than into a plate. If pH is too low, there will not be enough OH- 

ions to force the zinc into intermolecular bonds, which will 

cause it to form plates or film. If pH is too high, intermolecular 

bonding can grow out of control and cause bond formation to 

become unselective in preferential orientation, which would 

cause undesired nanostructure growth and decrease in 

uniformity.26 Finally, the above obtained solution was 

vigorously stirred for 30 min then transfered to teflon lined 

autoclave and heated upto 160 ºC for 6 h. After completion of 

reaction, the obtained product was collected and washed with 

DI water and ethanol, sequentially and dried at 50 ºC. The 

mechanism for the synthesis of the Fe-doped ZnO NRs using 

HMT can be summarized in the following equations: 

(CH2)6N4 + 6H2O → 6COH2 + 4NH3                                         (1) 

NH3 + H2O → NH4
+ + OH−                                                         (2) 

ZnCl2 . 2H2O → Zn2+ + 2Cl− + 2H2O                                          (3)  

Zn2+ + 2OH− → ZnO + H2O                                                        (4) 

FeCl2 (aq) → Fe2+ (aq) + 2Cl− (aq)                                             (5) 

2Fe2+ + 6OH− → Fe2O3 + 3H2O                                                 (6) 

   Here, HMT plays a very complicated role in the solution 

during the hydrothermal process,27 but it supplies OH- ions to 

the Zn2+ and Fe2+ ions to form Zn-O and Fe-O bonds here, 

respectively. Thereby, Fe2+ ions substitute the Zn lattice sites 

during the growth of ZnO NRs. 

Characterizations of Fe-doped ZnO NRs. The morphology of 

as-synthesized material were characterized by field emission 

scanning electron microscopy (FESEM; JEOL-JSM-7600F) 

attached with energy dispersive spectroscopy (EDS) and 

transmission electron microscopy (TEM, JEOL-JEM-2010) 

equipped with selected area electron diffraction (SAED). 

Crystallinity and crystal phases of the synthesized materials 

were examined by X-ray diffraction (XRD; PAN analytical Xpert 

Pro.), measured with Cu-Kα radiations (λ = 1.54178 Å) in the 

range of 10-80o with the scan speed of 8o/min. The optical 

properties were studied by obtaining UV-Vis spectrum (Perkin 

Elmer Lambda 950) while information about functional bonds 

were obtained by acquiring FTIR spectrum using Perkin Elmer’s 

FTIR spectrometer. 
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Fig. 1 Schematic representation of screen printed electrode (SPE) and HQ chemical 

sensing mechanism using Fe-doped ZnO NRs. 

Fabrication of HQ electrochemical sensor based on Fe-doped 

ZnO NRs. The HQ electrochemical sensor was fabricated on 

screen printed electrode (SPE) containing working, counter 

and reference electrodes fabricated on glass epoxy PCB with 

gold coating. The as-synthesized Fe-doped ZnO NRs were 

casted on screen-printed working electrode (surface area 

12.57 mm2). Prior to the film printing, SPE was degreased and  

ultrasonically cleaned in distilled water. A thick paste of NRs 

was prepared by mixing with butyl carbitol acetate (BCA) and 

then casted on the screen-printed working electrode. The 

scheme of the electrode is shown as Fig. 1. This was allowed to 

settle and dried at 60±5ºC for 4-6 hrs. The different 

concentration of HQ solution was prepared in 0.1 M 

phosphate buffer solution (PBS; pH=7.4). To measure the 

redox reaction of the synthesized material by obtaining cyclic 

voltammogram (CV), the IVIUM’s potentiostat/galvanostat was 

used. The electrochemical response of different HQ 

concentrations (0.78, 1, 2, 3, 4 and 5 mM) prepared in 0. 1 M 

PBS (pH=7.4) were measured at the scan rate of 50 mV/sec in 

the potential range of -1.0 to 1.0 V. The prepared HQ solutions 

were first purged with N2 gas for 30 minutes and then used for 

sensor characterization. To understand the charge transfer 

kinetics, scan rates was varied (10 to 100 mV/S) to obtain the 

CV curves at a particular HQ concentration (1 mM) and the 

characteristics were related with material properties. 

Results and discussion 

Structural properties of as-synthesized Fe-doped ZnO NRs 

The morphology of the as-synthesized material was observed 

under FESEM and the micrograms are shown in Fig. 2(a-d) at 

different magnification scales. At lower magnification (Fig. 2a) 

large number of rods are seen grown which are densely 

populated. Further magnification shows typical rods with 

chamfered edges (Fig. 2(b) and (c)). The widths of the rods are 

in the range of 150-250 nm (Fig. 2d).  The elemental  

Fig. 2 Typical FESEM images of as-synthesized Fe-doped ZnO NRs. 

composition of as-synthesized Fe-doped ZnO NRs was 

examined by EDS and result is shown in Fig. 1d. The surface of 

the rods seen to have some defects which can be helpful in 

sensing of HQ due to an increase in surface area that also leads 

for increased oxidation at ambient conditions. 

    Crystallinity and crystal phases were determined by 

obtaining XRD spectrum, which is shown as Fig. 3. The typical 

XRD pattern revealed various well-defined diffraction peaks 

corresponding to the lattice planes of ZnO (100), (002), (101), 

(102), (110), (103), (200), (112), (201), (004) and (202) planes. 

The diffraction pattern matched well with that of standard 

wurtzite hexagonal phase of ZnO (JCPDS No. 36-1451). The 

diffraction reflections related to other phase or materials were 

not found in the observed pattern which clearly revealed the 

complete phase formation of the doped material.  

    Further, the elemental analysis was carried out using EDS 

and the corresponding spectrum is shown as Fig. 4a & b, 

where peak related to zinc, oxygen and Fe were only found 

confirming the formation of doped compound. The optical 

properties were studied by obtaining the UV-Vis spectrum, 

shown as Fig. 4c.  An absorption band is observed at 373 nm, 

which is close to the characteristic band value of wurtzite 

hexagonal pure ZnO.  However, the asymmetric band shows 

the effect of Fe-doping. To know the information of the 

 

Fig. 3 Typical XRD pattern of as-synthesized Fe-doped ZnO NRs. 
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Fig. 4 Typical (a) microscopic image; (b) EDS spectrum, (c) UV-Vis. Spectrum and 
(d) FTIR spectrum of as-synthesized Fe-doped ZnO NRs. 

chemical composition and functional bonds, FTIR spectroscopy 

was used and spectrum was acquired in the range of 450-4000 

cm-1 at room-temperature (Fig. 4 (b)). The band observed at 

499 cm-1 is correlated with metal-oxygen (M-O; Zn-O) band 

being in the finger print region of M-O framework. Two very 

small and weak bands appearing at 765 and 851 cm- are due to 

the C-Cl stretching as chlorides were used during synthesis. 

The bands observed at 1381 and 1621 cm-1 are due to O-H and 

C=O vibrations. The broad band around 3249 cm-1 is mainly 

due to the O-H as the synthesis was carried out using water.28 

    All analytical data leads to the conclusion that the NRs 

prepared by our method possess excellent crystal quality. To 

confirm the crystallinity and formation of Fe-doped ZnO NRs, 

we characterized the un-doped and Fe-doped ZnO NRs by 

HRTEM measurements (Fig. 5). HRTEM images of un-doped 

ZnO NRs (a) showed no visible texture on its surfaces; 

however, Fe-doped ZnO NRs showed presence of Fe grains (c). 

Further, SAED pattern also confirms the formation of Fe-doped 

ZnO NRs. Clear diffraction rings of Fe are shown in Fig. 5d (Fe-

doped ZnO NRs). It confirms that the prepared doped samples 

undergo a significant morphological changes induced by the Fe 

dopant into ZnO structure.  

 

Fig. 5 HRTEM micrographs of pure ZnO NRs (a), Fe-containing ZnO NRs (c) and their 

SAED patterns (b) and (d), respectively. 

Fig. 6 Typical cyclic voltammogram sweep curve of the bare-ZnO (blue line), Fe-
doped ZnO NRs modified electrode without (black line) and with 1mM of HQ (red 
line) in 0.1M PBS at scan rate of 50 mV/sec in the potential range of -1.0 to 1.0 V. 

Sensing properties of HQ sensor based on Fe-doped ZnO NRs 

coated SPE 

The HQ sensing properties of Fe-doped ZnO NRs were 

determined using cyclic voltammogram (CV) electrochemical 

characterization technique at a fixed scan rate of 50 mV/S in 

the voltage range of -1.0 to 1.0V. A typical CV curves measured 

in the PBS in absence and presence of 1mM of HQ are shown 

in Fig. 6. In the absence of HQ, CV curves show the envelope 

with peaks at 0.65V and -0.02V. When the sample was tested 

with 1mM of HQ in buffer, a redox peaks are noticed at 

different potential indicating that the material is able to sense 

the presence of HQ in buffer solution. Therefore, the CV curves  

 
Fig. 7 Electrochemical response of the Fe-doped ZnO NRs modified electrode at 

different concentration of HQ ranging from 0.78 mM to 5 mM in 0. 1 M PBS (pH=7.4) at 

scan rate of 50 mV/sec in the potential range of -1.0 to 1.0 V (vs. Au electrode) and (b) 

calibration curve for HQ sensing. 
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Table 1. Comparison summary of the performances of HQ electrochemical sensors fabricated based on the utilization of various materials as electron 

mediators. 

Electrode Materials Sensitivity Detection Limit (M) LDR (M) Ref. 

Graphene modified GCE - 1.5 × 10-8 1.0 × 10-6 to 5.0 × 10-5 15 

Platinum and graphene modified GCE 1.38 μA μM-1 cm-2 1.2×10−5 20×10-6  to 150 ×10-6 30 

Cobalt hydroxide modified GCE - 5×10−7 5.0 ×10-6 to 125 ×10-6 31 

Copper hexacyanoferrate on Silicon electrode  - 2.2×10−6 10×10-6  to 100×10-6 32 

Poly(p-aminobenzoic acid) modified GCE - 4x10-5 1.2×10-6 to 600×10-6 33 

Graphene-chitosan modified GCE - 75x10-4 1×10-6  to 300 ×10-6 34 

MWCNT modified GCE - 75x10-4 1×10-6  to 100 ×10-6 35 

Poly(thionine) modified GCE 1.8 μA μM-1 cm-2 30x10-3 1×10-6  to 120×10-6 36 

Reduced graphene oxide and MWCNT modified GCE  - 2.6 ×10−6 8×10-6  to 391×10-6 37 

Ultrathin CdSe modified GCE             - 11x10-3 0.6×10-6 to 1500×10-6 38 

L-Cys/Au SAMs - 4.0×10-7 2.0×10-6 to 2.0×10-4 39 

Dinuclear copper (II) complex in carbon paste - 3.0×10-7 6.0×10-5 to 2.5×10-3 40 

β‐Cyclodextrin/Poly(N‐Acetylaniline)/CNT Composite 

modified GCE 

- 8×10−7 1×10−6 to 5×10−3 41 

Fe-doped ZnO NRs 18.60 µA mM-1 cm-2 0.51×10−6 0.78 mM - 5 mM This work 
 

were obtained at increasing concentrations of HQ (0.78 to 5 

mM).  Fig. 7 shows the typical CV curves with increasing anodic 

and cathodic peak current at increasing concentrations of HQ. 

In the CV of only PBS, an oxidation peak is seen at 0.62V and 

reduction peak is at -0.02V, which is due to the material itself 

with possible functional bonds and surface defects (as seen 

from the FTIR and FESEM observations). When CV curve was 

obtained with HQ, the effect is seen as shift in redox peak 

potentials at 0.36V and -0.1V. The redox peaks are found 

separated with separation potential (ΔEp) of 0.46V, which is 

less than unity indicating the quasi reversible process of HQ 

interaction with Fe-ZnO. A systematic change in the redox 

peak currents are noticed with increasing HQ concentration. 

    Fig. 7b shows the increase in the anodic peak current with    

different HQ concentrations, where peak currents increased 

 

Fig. 8 (a) Cyclic voltammograms obtained at various scan rates of 10-100 mV/s for Fe-

doped ZnO NRs modified electrode in 0.1 M PBS (pH=7.4), containing 3 mM HQ. (b) Plot 

for the anodic and cathodic peak current versus the square root of the scan rates (ν1/2) 

in same solution; (c) Plot for the anodic and cathodic peak current versus the scan rates 

(ν) in same solution and (d) Plot for the anodic and cathodic peak current versus the 

natural Log of scan rates (Lnν) in same solution. 

linearly with increasing HQ concentration. The estimated 

sensitivity from this curve is 18.60 µA/mM-cm2 with linearity 

over 96%. From Fig. 7, it is realized that the oxidation and 

reduction of HQ to benzohydroquinone takes place at the 

electrode surface, as shown in Fig. 1 and as reported 

elsewhere.26 This clearly confirms that the Fe-doped ZnO NRs 

coated on SPE acts as an efficient electron mediator. 

   To determine the limit of detection (LOD), the standard 

deviation value obtained from the calibration curve shown in 

Fig. 7b was multiplied, 3 times i.e 3.93 µA*3=11.79 µA and 

then to this value to the peak current without HQ (i.e. offset 

value = 5.5 µA) i.e. 5.5µA + 11.79 µA = 17.29 µA. This value 

was projected back to X-axis by the interpolation of the line 

that connects the offset with the first measured point 

(0.78mM) corresponding to 6.6 µA. The intercept on X-axis 

was then taken as LOD value, which is 0.51 µM. List of 

reported sensor parameters using different material is listed in 

Table 1 for comparison of the performance of the fabricated 

HQ chemical sensor. It is clear that the fabricated sensor has 

superior performance than reported sensors in the 

literature.15,27-38 

     For understanding the charge transfer characteristics of the 

Fe-doped ZnO NRs, scan rate study was carried out and CV 

curves were obtained at various scan rates (10, 20, 30, 40, 50, 

60, 70, 80, 90 and 100 mV/s) in 1 mM HQ solution. A 

systematic change in CV envelop, the oxidation/reduction peak 

currents is noticed with increasing scan rate which are shown 

as Fig. 8a, which shows a linear variation with the scan rate 

indicating the redox reaction at the working electrode, which 

is a surface-controlled process since the adsorption-controlled 

current contributes majorly to the peak current. To 

understand the diffusion controlled process, the 

anodic/cathodic peak currents were plotted as square root of 

the scan rate (v1/2), which exhibited a linear response 

indicating a diffusion-controlled process due to fast electron 

transfer mechanism, as can be seen in Fig. 8(b) and (c). 

Further, the variation in the anodic/cathodic peak currents 
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with natural Log of scan rates (Lnν), Fig. 8d, shows a linear 

relationship of peak currents with scan rate (Lnν) with a 

linearity of 95%, indicating the diffusion-controlled reaction 

occurring on the electrode. Also the slope of the curve is close 

to the theoretical value, further confirming that the electrode 

reaction was a diffusion-controlled process.13 

Conclusions 

In conclusion, we synthesized well-crystalline Fe-doped ZnO 

NRs by hydrothermal process at low temperature and 

characterized in detail, which confirmed the high-density 

growth, and wurtzite hexagonal phase with good optical and 

functional properties. The Fe-ZnO NRs were used to modify 

the SPE as efficient electron mediators for HQ electrochemical 

sensing and tested upto the safe limit of HQ i.e. 5mM. The 

fabricated sensor exhibited sensitivity of 18.60 µA mM-1 cm-2 

and very low experimental detection limit of 0.51 µM. From 

this study it can be concluded that such materials can be used 

for developing various types of electrochemical sensors. 
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