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Abstract:  

This study describes a new method of passivizing ZnO nanofiber-based devices with a ZnS 

layer. This one-step process was carried out in H2S gas at room temperature, and resulted in 

the formation of a core/shell ZnO/ZnS nanofibers. The study presents the structural, optical 

and electrical properties of ZnO/ZnS nanofibers formed by a 2 nm ZnS sphalerite crystal shell 

covering a 5 nm ZnO wurtzite crystal core. The passivation process prevented free carriers 

from capture by oxygen molecules and significantly reduced the impact of O2 on 

nanostructures conductivity. The conductivity of the nanofibers was increased by three orders 

of magnitude after the sulfidation, the photoresponse time was reduced from 1500 s to 30 s, 

and the cathodoluminescence intensity increased with the sulfidation time thanks to the 

removal of ZnO surface defects by passivation. The ZnO/ZnS nanofibers were stable in water 

for over 30 days, and in phosphate buffers of acidic, neutral and alkaline pH for over 3 days. 

The by-products of the passivation process did not affect the conductivity of the devices. The 

potential of ZnO/ZnS nanofibers for protein biosensing is demonstrated using biotin and 

streptavidin as a model system. The presented ZnS shell preparation method can facilitate the 

construction of future sensors and protects the ZnO surface from dissolving in biological 

environment. 
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Introduction 

Zinc oxide (ZnO) nanostructures, due to their optical and electrical properties, are ideal 

systems for the construction of devices such as light emitting diodes,1 field emitters,2 

transistors3 or sensors of UV light4 and selected gases.5-7 Recently, as a result of the low 

toxicity of ZnO,8 they have attracted considerable interest in biological and medical 

applications. ZnO nanomaterials have been used in the design of various biodetectors, as well 

as bio-imaging and drug delivery systems.8-10 The fabrication of an effective biosensor based 

on ZnO, a compound known to have low stability in biological liquids,11,12 is a key challenge 

today, one that requires a method of passivizing the surface of organic compounds insoluble 

in water or other low-toxic semiconductor material. 

As zinc sulfide (ZnS) has a high chemical stability in alkaline and weakly acidic 

environments, a layer of ZnS can protect the surface of an object made of ZnO from 

dissolving.13 As it has relatively low toxicity, ZnS has been used to reduce heavy metal 

toxicity, preventing the formation of Cd2+ on the surface of CdSe and the degradation of water 

pollutants.14-17 In recent years, several applications of ZnO/ZnS heterostructure have been 

described, including nanorods,18-21 nanowires,22-25 nanocables26, nanobelts27, nanoribbons28 

and nanoparticles.29,30 These investigations describe the synthesis of ZnO and ZnS 

nanostructures of various morphologies and properties.  

ZnO/ZnS heterostructures are formed generally by the direct synthesis of both nanomaterials 

or by the sulfidation of ZnO nanostructures, which is usually performed in liquids, at high 

temperatures or via microwave irradiation.18,22,29-32 In the ZnO/ZnS heterojunction, the 

advantageous properties of both semiconductor nanomaterials are combined. ZnO 

nanostructures exhibit high intensity photoresponse and high electron mobility. Moreover, 

Klingshrin reports that ZnO demonstrates high thermal conductivity, significant exciton 

binding energy (60 meV) and sensitivity to environmental conditions.33 However, other 

studies note a long response time and low photocurrent stability due to the presence of oxygen 

vacancies and interstitial zinc atoms in the crystal lattice.34,35 ZnS shows a low photocurrent 

intensity and stability, but its response time is relatively fast compared to ZnO.36 ZnO-based 

structures have a wide energy gap of about 3.37eV or 3.29 eV in the wurtzite and zinc blend 

form, respectively37, while ZnS exhibits an energy gap of about 3.77 eV in the wurtzite 

structure and 3.72 eV in its cubic form.27,28 

The combination of these two nanomaterials in the form of a type-II heterostructure can 

represent a base for efficient semiconductor device design. The type-II ZnO/ZnS 

heterostructure band arrangement induces a migration of holes from ZnO to ZnS and electrons 
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from ZnS to ZnO. Moreover, the ZnS passivation layer on the surface of ZnO enhances its 

photoluminescence by the removal of surface defects.23 The oxygen vacancies are filled by 

sulfur in the sulfidation process.19 A ZnS coating enhances photocurrent, with a faster 

response in ZnO photovoltaic devices.25,38 A type-II band alignment of core/shell ZnO/ZnS 

makes it a stable photocatalyst for light-driven hydrogen generation.20,39 The ZnO/ZnS 

heterostructure shows high sensitivity and quantum efficiency and a short response time to 

environmental stimuli. Its potential for sensing applications has been demonstrated several 

times: for example, a high-sensitivity glucose detector has been constructed using enzyme-

immobilized ZnO/ZnS core/sheath nanowires.24 A ZnO/ZnS heterostructure has also been 

used to construct light sensors, especially those working in the range of UV-A radiation (320-

400 nm), the main cause of skin cancer.27 

The present study presents a facile passivation method of whole devices based on ZnO 

nanostructures. A ZnS layer was formed on ZnO nanofibers (NF) by treatment of ZnO with 

hydrogen sulfide (H2S) in gas phase under ambient conditions, with core/shell ZnO/ZnS 

nanofibers being synthesized as a result of the passivation process. It provides a detailed 

physical and chemical characterization of the system, which demonstrated a fast 

photoresponse time, no influence of oxygen molecules on ZnO conductivity and high stability 

in a biological environment. A quasi-one-dimensional architecture, a polycrystalline structure 

and a high surface-to-volume ratio are crucial elements for realizing further applications for 

ceramic electrospun NFs in electronic nanodevices. 

 

Experimental Section 

Fabrication of ZnO NF 

ZnO nanofibers were obtained by electrospinning40-42 and calcination. The starting suspension 

was composed of zinc acetate (C4H6O4Zn×2H2O, CHEMPUR) and an aqueous solution of 

poly(vinyl alcohol) (PVA) (Mw = 72 000, POCH). PVA (10 wt %) was prepared in DI water 

at 60 °C and left for a few days to obtain a homogeneous solution. Following this, 0.25 g of 

zinc acetate was added to 1.25 g PVA suspension and sonicated for 2 h. The electrospinning 

process took place with a 0.1 ml/h flow rate and 8 kV electric potential between the needle 

and the substrate. A metallic frame-shaped collector enabled the production of parallel 

oriented NFs on the substrates for I-V measurements. After the electrospinning process, the 

nanostructures were calcined at 500 °C for 4 h in air to obtain ZnO nanofibers. 
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Construction of I-V measuring devices based on ZnO NF 

Two parallel electrodes made of aluminum (90 nm thick) covered with gold/palladium alloy 

(150 nm thick) were deposited on ZnO NFs collected in a regular sequence. A 0.5 mm space 

between the two electrodes was. To protect ZnO nanofiber-based devices from biological 

environment, their surfaces were coated with a dielectric layer, with only the active sensing 

region remaining uncovered. The ZnO NFs were first protected with 0.3 mm wide copper tape 

before silicon nitride (SiN) was deposited over the entire surface of the devices. The 70 nm 

SiN layer was obtained by reactive magnetron sputtering of a silicon target in an argon and 

nitrogen atmosphere. After this process, the copper tape was removed and an active region 

with the nanofibers was exposed for further analysis. The I-V measurements were performed 

using a Keithley 2636A Sourcemeter.  

 

Preparation and characterization of core/shell ZnO/ZnS NF on I-V measuring devices 

The devices based on ZnO NFs were placed into a 50 ml hermetic chamber in the presence of 

4 ml 20% aqueous solution of (NH4)2S (Merck). The nanofibers were exposed to ammonium 

sulfide decomposition products for periods of 10 to 180 min. The ZnS shell was synthesized 

on the ZnO surface as a result of the sulfidation process.  

The structural characterization of ZnO/ZnS NF was performed by Transmission Electron 

Microscopy (TEM) and Energy-Filtered Transmission Electron Microscopy (EFTEM) 

analysis (JEM2000EX and TITAN CUBED 80-300). The chemical composition was 

investigated by Energy Dispersive X-ray Spectroscopy (EDX, TITAN CUBED 80-300). The 

substrates of the samples used for TEM, EFTEM and EDX measurements were in the form of 

square 300-mesh gold grids. The optical properties of ZnO/ZnS nanofibers were probed by 

cathodoluminescence (CL) (Gatan MonoCL-3) with an incident beam current 6.46 nA and 

accelerating voltage of 15 keV at room temperature. The electrospun nanofibers for CL 

analysis were deposited on silicon substrates and then calcined at 500 and 700 °C for 4 h. The 

photoresponses of ZnO and ZnO/ZnS NF were revealed by illuminating the sample with a 

He-Cd laser (325 nm, 200 mW/cm2). The applied bias was 10 V. 

 

Stability studies of the ZnO/ZnS nanofibers in water and buffers 

The samples were synthetized on 10 x 10 mm Si substrate by electrospinning. Then, they 

were calcined at 500 °C for 4 h in air to obtain the ZnO nanofibers. After these processes, 

every sample was catted in half. One piece of the sample was treated by H2S and then both of 
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them was immersed in selected liquids. The ZnO/ZnS and the ZnO (control samples) 

nanofibers were immersed in DI water (0.08 µS) for 30 days. In addition, the nanofibers were 

immersed in 66 mM phosphate buffer (PBS) at different pH values (5.6, 6.8 and 8.0) for 70 

hours. The impact of the biological liquids was studied by Scanning Electron Microscopy 

(SEM, Hitachi SU-70). The NFs were deposited on silicon substrates for SEM analysis. 

 

Preparation of ZnO/ZnS nanofiber-based protein sensor 

The ZnO/ZnS nanofibers were functionalized with a 2,2′-bithiophene and biotin complex. The 

thiophene-biotin conjugate was dissolved in 1,2-dichlorobenzene. The ZnO/ZnS nanofiber 

area between two electrodes was treated with 5 µl of the solution for 15 minutes at room 

temperature. After the incubation process, the sensors were repeatedly rinsed with 1,2-

dichlorobenzene. Streptavidin labeled with horseradish peroxidase (HRP), a biotin-binding 

protein, was selected to analyze the detection processes. A solution of 0.1 mg/ml streptavidin-

HRP conjugate in phosphate buffer at pH 7.0 was tested. The detection process was carried 

out for 5 minutes at ambient conditions. Afterwards, the sensors were also rinsed several 

times with phosphate buffer to remove excess unbound protein. At each stage of the 

experiment, I-V characteristics were measured. 

In addition, the HRP enzyme used to label the protein was used for the colorimetric detect of 

streptavidin via the biotin-tiophene complex. In the presence of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) and hydrogen peroxide (H2O2), HRP converts 

ABTS from a colorless reduced form to colorfed oxidized one. The reaction was performed 

on the sensor with 5 µl of 9 mM ABTS solution in phosphate buffer at pH 5.2 and 0.3 % 

H2O2. The oxidized form of ABTS was detected using colorimetric and spectrophotometric 

analysis. The absorption spectra were collected by a Carry 50 Scan spectrophotometer 

(Varian, USA) at room temperature. 

 

Results and Discussion 

In this investigation, the ZnO nanofibers were synthesized by electrospinning followed by 

calcination in air: a process described in detail in our previous studies.40,41 In the first step, the 

nanofibers were deposited on the substrates to act as a base of the future sensors, which were 

consecutively calcined at 500 °C for 4 h to obtain the ZnO nanostructures (Fig. 1a). 

In the next step, two parallel electrodes separated by 0.5 mm were deposited on the NFs (Fig. 

1a). The entire ZnO devices were placed in a hermetic chamber (50 ml) in the presence of 

20% aqueous ammonium sulfide solution: (NH4)2S. The NFs were exposed to hydrogen 
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sulfide (H2S), the gaseous decomposition product of (NH4)2S, at room temperature. The 

reaction was carried out for 10, 20, 60 or 180 min. As a result, a thin zinc sulfide layer no 

thicker than 5 nm was observed on the ZnO surface after 180 min of reaction time (Fig. 1b). 

The core/shell ZnO/ZnS nanofibers were obtained according to the following reactions (1, 2): 

 

(NH4)2S + 2H2O → 2NH3×H2O + H2S↑  (1) 

H2S + ZnO → ZnS + H2O    (2) 

 

The structural properties of the NFs were studied by TEM. The electron diffraction pattern for 

a single ZnO/ZnS nanofiber revealed the presence of both hexagonal ZnO (wurtzite) and 

cubic ZnS (sphalerite) crystal structures in nanofibers treated by H2S for at least 20 min. 

Moreover, the Bragg`s spots were revealed in the electron diffraction pattern, which indicated 

that they were polycrystalline (Fig. 2a). Earlier dark-field TEM results40 for samples annealed 

at 500 °C indicated that the mean diameter of the ZnO crystallites amounted to 5 nm. This 

value is confirmed by the TEM images taken as a part of the present study, which also find 

the ZnS crystallites to have a diameter of 2 nm (not apparent in Fig. 2b). The high-resolution 

TEM investigation confirmed the structure of the ZnO crystallite core to be wurtzite and the 

ZnS shell to be sphalerite. The ZnS shell formation process was investigated for different 

sulfidation reaction times. The sphalerite coating was found to be present for all selected 

reaction times, except 10 min: perhaps this time was too short to produce a sufficient 

concentration of H2S vapor for its reaction with ZnO to take place. Alternatively, the as-

formed shell was not uniform over the entire surface of the NFs and thus remained 

undetectable by the TEM technique. However, the 20 min sulfidation period was sufficient to 

form a continuous and homogeneous ZnS coating on the ZnO nanofibers.  

The EFTEM analysis of a single ZnO/ZnS nanofiber also confirmed the presence of the ZnS 

shell (Fig. 3 a-d). Zinc atoms were evenly distributed along the nanofiber, while the amount 

of oxygen decreased at its edges (Fig. 3 a,b), where the highest content of sulfur atoms was 

present (Fig. 3c). The superimposition of EFTEM maps for zinc and sulfur atoms revealed a 

ZnS shell covering the NFs (Fig. 3d). 

The atomic composition of the ZnO/ZnS nanofibers was studied by means of EDX 

(HRTEM). Fig. 4 presents the EDX spectra for the shell and core of the same fiber. The 

significant differences in intensities of the K line related to sulfur and oxygen indicated that 

the sulfur concentration was two times higher in the shell than in the central part of NF. 

However, the signal of oxygen atoms decreased at the edges of the NF. 
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The optical properties of the ZnO/ZnS NFs were studied by CL measurements. CL spectra 

were collected from single fibers of the same diameter. Fig. 5 presents the CL spectra for the 

ZnO nanofibers, annealed at 500 °C for 4h and further treated by H2S for 10, 15, 20, 60 or 

180 minutes. The emission band, centered around 390 nm, is related to band-to-band 

recombination.37 The intensity of the gap-band emission was found to be higher for the 

ZnO/ZnS nanofiber than the ZnO (Fig. 5 inset), with the intensity of the CL increasing with 

the sulfidation process time, indicating the emission mechanisms for NFs coated with ZnS 

layer were enhanced. Consequently, it can be concluded that the ZnS layer passivated non-

radiative defects in ZnO. 

To elucidate the mechanism by which the ZnO surface defects were removed, the optical 

properties of ZnO nanofibers calcined at 700 °C were examined before and after the 20-

minute sulfidation process (Fig. 6). Our previous study found the strongest defect emission to 

be present in NFs calcined at 700 °C, as at this temperature, the surface recombination and 

generation of oxygen molecules causes the highest concentration of oxygen vacancies. The 

spectrum for ZnO NF obtained at 700 °C demonstrated two clearly-resolved emission bands 

(Fig. 6 inset). One, a band-to-band emission, was detected around 390 nm and the other one, 

at around 520 nm, was a defect band resulting from oxygen vacancies. The intensities of both 

bands were comparable. After the surface passivation of ZnO by ZnS, the defect band 

completely disappeared, and the intensity of the band-gap emission increased by several 

orders of magnitude, indicating the effective passivation of surface defects in ZnO by the ZnS 

layer. 

Core/shell ZnO/ZnS nanofiber-based devices were constructed in the following way. At first, 

current-voltage sensors based on ZnO nanofibers were prepared and used for various gases 

and UV radiation detection.40 A 70 nm SiN layer was then formed over the entire sidewall 

surface of the devices, with the exception of the active sensing region with the nanofibers. 

This dielectric layer prevented the tested liquid influencing the electrical conductivity of the 

electrodes. Finally, the devices were treated with hydrogen sulfide for 60 min for future 

ZnO/ZnS biosensors formation, this being sufficient time to form a continuous ZnS shell 

without excess by-products which require rinsing in water, as would be necessary after 3-hour 

treatment. The quantity of by-products formed by the process was not significant and did not 

impede the correct functioning of the devices thus produced. 

Fig. 5a shows the current-voltage (I-V) characteristics of the same nanostructures before and 

after sulfidation. The conductivity of ZnO/ZnS nanofibers was found to be 3.5 x 103 times 

higher than ZnO NFs. The electrical conductivity of ZnO nanostructures depends on the 
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adsorption of oxygen molecules on the surface. Due to the capture of O2 by free carriers, the 

depleted area of the surface decreases and the conductivity of the nanostructures is 

reduced.40,42 This mechanism presumably was not active at the ZnO passivated surface due to 

the removal of oxygen surface defects and blockage of the reaction with oxygen molecules, 

indicating that the ZnS layer prevented the free carriers in ZnO from being trapped by oxygen 

molecules (Fig. 5a). 

Test samples of the substrate without nanofibers were prepared and subsequently treated with 

H2S to act as controls for the influence of passivation on the future devices, especially their 

impact on conductivity. The I-V analysis revealed that both passivated and non-passivated 

samples were non-conductive (Fig. 5b), and that neither the sulfidation process nor the 

decomposition products of (NH4)2S affect the conductivity of the nanosystems. 

Additionally, the ZnO and the core/shell ZnO/ZnS nanofibers were exposed to UV 

illumination (325 nm, 200 mW/cm2). The conductivity of the ZnO NFs without the ZnS shell 

increased by three orders of magnitude after 10 s exposure to UV light (Fig. 6a)40. This 

increase in conductivity was related to desorption of oxygen molecules from the ZnO surface. 

The charge carriers (electrons) trapped in the O2
̄ complexes at the surface were released by 

desorption of oxygen molecules from the surface as a consequence of their activation by UV 

light. The abundance of excited carriers led to a dramatic increase in conductivity. The 

photoresponse of the ZnO NFs covered with the ZnS shells was observed to be lower than 

that of the exposed ZnO nanofibers, this difference being a matter of a few tens of nA (Fig. 

6b). However, after switching off the light, the current dropped back to the initial value. The 

decay time was about 1500 s and 30 s for the ZnO and the ZnO/ZnS nanofibers, respectively 

(Fig. 6a,b). This slower time associated with the non-passivated nanostructures was dependent 

on the mechanism associated with the re-adsorption of oxygen molecules on the surface 

which had been previously illuminated by UV light. The relatively fast decay time observed 

for the passivated nanostructures confirmed that the ZnS shell was continuous along the ZnO 

nanofibers and O2 had no effect on the electrical conductivity. 

To study the impact of the biological environment on the ZnO/ZnS nanofibers, the 

nanostructures were treated with water and various buffers (Fig. 7). Figures 7a and 7b show 

SEM images of the untreated ZnO and ZnO/ZnS nanofibers, respectively. The passivated and 

non-passivated nanofibers were immersed in water for 30 days. At the end of this period, the 

ZnO nanofibers were completely dissolved (Fig. 7c), while ZnO/ZnS nanofibers remained 

whole (Fig. 7d). The ZnO and ZnO/ZnS nanofibers treated with acidic (pH 5.6), neutral (pH 

6.8) or alkaline (pH 8.0) phosphate buffer solution at a concentration of 66 mM, which is 
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several times higher than the physiological concentration, for 70 h. The SEM images of the 

ZnO and ZnO/ZnS nanofibers after immersion in the three different pH solutions are given in 

Figures 7 e-j. Again, the ZnO NFs were dissolved completely for all phosphate buffers (Fig. 7 

e,g,i) while the ZnO/ZnS nanofibers remained whole (Fig. 7 f,h,j). These results coincide with 

Zhou report, in which ZnO 1D nanostructures can remain stable in the fluid only for a few 

hours before degradation into mineral ions.12 ZnO nanowires are etched by water, ammonia or 

NaOH solutions to soluble Zn2
+, Zn(NH3)4

2+ and ZnO2
2- ions, respectively. The ZnO surface 

polarity is the major reason of the reaction with phosphate buffers and the etching process.11 

ZnO nanocrystals show two interpenetrating sublattices of corner-sharing tetrahedra with Zn2+ 

and O2
- ions, which form positively charged Zn terminated (0001) and negatively charged O 

terminated (000-1) faces. Consequently, they can easily interact with both positive and 

negative charges, such as H3O
+ or OH-. Moreover, the etching process is faster for 

nanomaterials with defects and polycrystalline nanostructures in comparison with the bulk.43 

It can be seen that ZnO nanofibers coated with ZnS are insoluble in biological fluids and thus 

constitute a perfect nanomaterial for future biosensors. In contrast to ZnO-based biosensors, 

the core/shell ZnO/ZnS nanofibers, no conductivity change was associated with the 

dissolution. The presence of sulfur can improve the process of further biofunctionalization 

and immobilize molecules with a thiol groups on the ZnS surface via disulfide bonds. 

To prepare and study a selective biosensor based on the ZnO/ZnS nanofibers, 

biofunctionalization and protein detection processes were carried out. Firstly, the nanofibers 

were functionalized with biotin. The ZnO/ZnS-biotin interaction was realized by the 

immobilization of a sulfur-containing complex of thiophene and biotin to the ZnS surface (see 

supplementary information – Fig. 10). The conjugate is attached to the ZnS surface via 

disulfide bonds, which is made possible by the thiol groups of the thiophene, resulting the 

wrapping of the ZnO/ZnS nanofibers by biotin molecules. The nanostructures were 

biofunctionalized by biotin for further detection of streptavidin, which has an extraordinarily 

high affinity (affinity constant > 1015 M-1) for biotin. Hence, the ZnO/ZnS-streptavidin 

interaction was performed in two steps: biotinylation of ZnS surface using a thiophene-biotin 

complex following the covalently attachment of streptavidin to biotin. Biotin-streptavidin 

interaction acted as a model system to allow the working mechanisms of the protein biosensor 

to be studied in detail. 

The sulfuration of ZnO NFs, further biotinylation of the sensor and protein detection resulted 

in changes in electrical conductivity (Fig. 10). The conductivity of the ZnO/ZnS NFs was 

greater than that of the untreated nanostructures (Fig. 10 a,b). The biofunctionalization 
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process decreased the conductivity of the ZnO/ZnS nanofibers (Fig. 10 c), which fell further 

following the streptavidin detection process (Fig. 10 d). The current-voltage changes related 

to the biofunctionalization and detection processes are related to the electrical charge of the 

immobilized biomolecules. The net surface charge depends on the pH of the liquid in which 

the substance is submerged. The molecules in solution at pH values below the isoelectric 

point (pI), i.e. the value of pH at which the number of positive and negative charges is equal, 

and a molecule carries no net electrical charge, gain protons (H+) and become positively 

charged, while those pH above pI become negatively charged. As biotin has an ionic 

equilibrium at pH 4.5,44 the molecule was negatively charged in a phosphate buffer at pH 7. 

The ionization of biotin causes the accumulation of positive charges in the conductive channel 

(NFs) as a result of the accumulation of negative charge on the ZnO/ZnS surface, leading to a 

decrease in the conductivity of n-type ZnO NFs. This process is analogical to the basic 

conduction mechanism in the n-channel MOSFET (Metal-Oxide Semiconductor Field-Effect 

Transistor), when the gate is negatively polarized to the source. After protein detection, the 

conductivity decreases again because of the negative charge of the streptavidin-HRP 

conjugate in the experimental solution (pH 7). A theoretical pI value of 6.24 was calculated 

for the streptavidin45 and horseradish peroxidase46 complex using ProtParamsoftware.47 

The biofunctionalization and protein detection processes were verified by colorimetric 

techniques by HRP enzyme labeling. HRP catalyzes the conversion of the colorless form of 

ABTS to green oxidized ABTS in the presence of hydrogen peroxide. After protein binds to 

the NFs, the reaction with ABTS took place on the sensor. The oxidized form of ABTS was 

found to have an absorption peak with a maximum at 405 nm. A 20 µl drop of the reaction 

products from the sensor was transferred with 1 ml of reaction substrates (ABTS with H2O2) 

to cuvettes for UV/VIS measurements. A 5 µl amount of streptavidin and HRP of the same 

concentration used in the reaction on the sensor was used as control. The results are presented 

in Figure 11. The resulting spectra revealed an absorption peak at 405 nm, indicating that the 

oxidized form of ABTS was present in both solutions. The intensity of the ABTS peak was 

significantly reduced after the reaction on the device as the signals originated only from the 

streptavidin-HPR complex bound to the NFs. As the spectra for ABTS and ABTS with H2O2 

solutions did not reveal the presence of the oxidized form, the biofunctionalization and 

detection processes had been performed correctly (Fig. 11 e-g). 

The ABTS/H2O2 solution not treated with HRP remained in reduced form and did not change 

color (Fig. 11e) while the reaction solution changed from colorless to green. The green color 

of the drop taken from the sensor (Fig. 11 g) was less intense than the color obtained in the 
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control reaction (Fig. 11 f), despite the fact that the same concentration of protein conjugate 

and all reactants were applied. This would imply that only part of the proteins was attached to 

the sensor because the reaction was limited by the biotin concentration on the ZnO/ZnS NFs. 

The biotin-streptavidin coupling approach was selected to demonstrate the sensing properties 

of electrospun ceramic nanofibers. The conductivity changes after streptavidin detection and 

control reactions with HRP enzyme indicate that ZnO/ZnS nanofibers are sensitive and 

specific protein detector. 

 

Conclusions 

The surface passivation technique presented in this report was applied to single nanostructures 

commonly used in conventional methods, as well as to whole ZnO devices. The by-products 

of the ZnS coating on ZnO nanofibers do not affect conductivity. The structural 

characterization of the ZnO/ZnS nanofibers revealed a ZnS shell consisting of 2 nm sphalerite 

crystals surrounding a ZnO core of 5 nm wurtzite cystals. The conductivity of the nanofibers 

increases by three orders of magnitude after synthesis of the ZnS shell due to the passivation 

process inhibiting the effect of oxygen molecules, which capture free carriers from the ZnO 

nanostructures. For the same reason, no significant increase in conductivity was observed 

upon UV irradiation and the photoresponse time was reduced from 1500 s to 30 s. The CL 

intensity of band gap emission of ZnO nanofibers increases with the sulfidation time, while 

defect emission is inhibited by surface defect passivation. Synthesis of a ZnS shell on a ZnO 

core is an effective method of protecting ZnO nanostructures against the influence of 

biological environment. Core/shell ZnO/ZnS nanofibers are stable in water for over 30 days 

and in high ionic strength phosphate buffers, from acidic to alkaline pH, for over 3 days. This 

method of laying a ZnS shell on a ZnO nanfibers-based device may be useful in the 

construction of various biosensors. The ZnO/ZnS nanofibers were used to construct a protein 

sensor based on as biotin-streptavidin reaction. Our findings indicate that the core/shell 

ZnO/ZnS nanostructure represents a very promising building block for the fabrication of 

effective nanodevices in the near future. 
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Fig. 1. (a) Schematic diagram of the fabrication of electrospun ZnO nanofiber-based devices. (b) Illustration 
of the method ZnS surface passivation of ZnO nanodevices.  
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Fig. 2. Electron diffraction pattern (a) and TEM image (b) of ZnO/ZnS nanofiber. The nanostructure was 
obtained after a sulfidation time of 60 min.  
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Fig. 3. EFTEM maps of Zn-M (a), O-K (b), S-L (c) and superimposed maps of Zn-M and S-L (d) ZnO/ZnS 
nanofiber. The nanostructure was obtained after a sulfidation time of 60 min.  
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Fig. 4. EDX spectra of the core and shell of the ZnO/ZnS nanofiber. Nanostructure was obtained after a 
sulfidation time of 60 min.  
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Fig. 5. CL spectra of ZnO and ZnO/ZnS nanofibers. ZnO/ZnS nanostructures were obtained for different 
sulfidation times, from 10 to 180 minutes. Spectra were collected (with the same magnification) from single 
fibers of the same diameter (AV = 15 KV, I = 6.46 nA). The inset is an enlargement of ZnO and selected 

ZnO/ZnS nanofiber spectra. ZnO/ZnS NF spectrum was obtained for nanostructure after 20 min sulfidation 
time.  
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Fig. 6. CL spectra of (a) ZnO nanofiber calcined at 700 °C untreated and (b) treated with hydrogen sulfide 
for 20 minutes.  
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Fig. 7. (a) I-V characteristics of ZnO and ZnO/ZnS nanofibers in air. (b) I-V characteristics of substrate 
without nanofibers before and after treatment with hydrogen sulfide.  
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Fig. 8. (a) Photoresponse of ZnO nanofibers with UV light. (b) Photoresponse of core/shell ZnO/ZnS 
nanofibers with UV light. The bias between two electrodes was 10 V (c,d).  
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Fig. 9. SEM images of (a),(c),(e),(g) and (i) ZnO and (b),(d),(f),(h) and (j) ZnO/ZnS nanofibers: (a) and (b) 
untreated with water and buffer; (c) and (d) immersed in water for 30 days; (e) and (f) immersed in 66 mM 
phosphate buffer at pH 5.6 for 70 h; (g) and (h) immersed in 66 mM phosphate buffer at pH 6.8 for 70 h, (i) 

and (j) immersed in 66 mM phosphate buffer at pH 8.0 for 70 h.  
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Fig. 10. I-V characteristics of (a) ZnO nanofibers, (b) ZnO nanofibers after sulfidation process - ZnO/ZnS 
nanofibers (c) ZnO/ZnS nanofibers after binding of tiophene-biotin complex and (d) ZnO/ZnS nanofibers 

after detection/binding streptavidin labeled with HRP.  
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Fig. 11. Absorbance spectra of (a) oxidized ABTS from sensor, (b) oxidized ABTS from control reaction 
(positive control), (c) reduced ABTS with H2O2 (negative control) and (d) reduced ABTS without H2O2 
(negative control). The image of three drops of different solutions: (e) ABTS with H2O2, (f) ABTS from 

control reaction and (g) ABTS from device. All solutions were prepared in PBS at 5.2 pH.  
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