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c The Surface Analysis Laboratory, Faculty of Engineering and Physical Sciences, University of Surrey, 

GU2 7XH, United Kingdom 

Corresponding authors email: suresh.pillai@dit.ie 

Abstract 

Nanocrystalline photocatalysts, prepared under ambient conditions using a microwave assisted 

synthesis, show indoor light photocatalytic activity for the degradation of S. aureus and E. coli. The 

zinc sulfide (ZnS) nanomaterials, prepared by a microwave assisted synthesis, are shown to be cubic 

blende structure with an average crystallite size of 4 – 6 nm. The anti-bacterial activity of these 

nanomaterials is investigated under irradiation from a 60 – watt light bulb and photocatalytic activity 

is revealed to be due to the defects present in the crystal structure. The ZnS shows anti-bacterial 

action as both a bacteriostatic and bacteriocidal (88 % reduction in the amount of bacteria in 5 h) 

material and the methods of bacterial degradation on the ZnS is discussed. The anti-bacterial actions 

of these materials were also compared with commercial ZnS and Evonik-Degussa P-25. A detailed 

mechanism for the light absorption in the visible light region of the microwave prepared ZnS is 

proposed based on the luminescence spectroscopy. 

Key words: Gram positive and gram negative bacteria, decontamination, visible light, XPS, solar, 

anti-microbial, ZnO, MRSA, green and energy efficient synthesis, anti-MRSA coatings, hospital 

acquired infections, photo-activity, emerging pollutants, TiO2, Degussa P-25, Cell wall, disinfection, 

micro-biology, doping, band gap, Escherichia coli, P. aerginosa, methicillin-resistant Staphylococcus 

Aureus (MRSA).  

 

Introduction 

Semiconductor photocatalysis has been shown to be an effective method of removing bacterial 

contamination, including Escherichia coli and Staphylococcus aureus, in hospitals and in the food 

industry.1,2,3,4,5,6,7,8, 9  Zinc sulfide is an important II – VI semiconductor with a band gap of 3.8 eV.10,11 

Zinc sulfide has a great potential as an anti-bacterial semiconductor due to its relatively deeper 

conduction and valence bands compared to other semiconductors including TiO2 and ZnO.3,12 The 

comparatively negative positions of the conduction and valence bands of ZnS versus the NHE are 

located at -2.3 and +1.4 eV respectively. ZnS was one of the first semiconductors discovered and is of 

major interest in biomedical, electronic and photovoltaic devices due to its luminescent and catalytic 

properties.13,14 It has been used as an important component in ultraviolet light emitting diodes,15 
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injection lasers, flat panel displays,16 solar cells,17 and as a photocatalysts in many situations 

including a visible light activated water-splitting agent.18  

ZnS has been synthesised in a number of ways including by precipitation method,19 by spray 

pyrolysis,20 by hydrothermal synthesis,21 in solution,22 using ligands,23 with conjugated polymers,24 

using ultrasonic irradiation,25 and employing microwave heating.26 Microwave heating as a synthetic 

route is of great interest to materials scientists due to the capability of molecular level heating, 

which leads to homogenous and quick thermal reactions.12 Microwave reactions have been used to 

prepare zinc sulfide but mostly these reactions require the use of pressurised containers made of 

quartz or Teflon.26,27,28  

Semiconductor photocatalysts have been established as viable materials for the creation of self-

sterilising environments and for the destruction of bacteria. This self-sterilisation is an important 

part of combating healthcare associated infections, which are a serious problem at every level of 

healthcare systems.29 The incidence of healthcare associated infections, HAIs is growing worldwide, 

especially the number of cases of methicillin-resistant Staphylococcus Aureus (MRSA) in Europe,30 

North America,31  and Australasia.32 ,33  This increase is mainly due to the epidemics of highly 

transmissible clones.34 Studies have shown that prevention techniques such as cleaning and the use 

of barriers, gloves and gowns, can be effective but that behavioural practices limit the effectiveness 

of these methods.29 This creates the need for a material on location which will create a sterile 

environment, and semiconductor photocatalysts are an ideal solution.  

When the semiconductor is irradiated by a photon of light, which matches or exceeds the bandgap 

energy, Eg, an electron is promoted from the valence band to the conduction band leaving a positive 

hole. The photo-generated hole in the valence band and the photo-generated electron in the 

conduction band can serve respectively as oxidation and reduction species.35 Titanium dioxide, TiO2, 

is the most widely studied semiconductor photocatalyst has been shown to kill bacteria on its 

surface,36,37 has been incorporated into tiles to create self-cleaning surfaces38 and into medical 

devices such as catheters.39 The major advantage of using photocatalytic self-cleaning surfaces as a 

treatment for HAIs is that they operate in a passive manner, that is, without the need for chemicals 

or electric power, with only light, oxygen and water from the atmosphere required. The 

semiconductor surface is non-toxic and doesn’t produce harmful by-products unlike some of the 

chemical reagents and cleaning products used as anti-bacterial agents.40 

In the current investigation, a novel ambient pressure microwave assisted method of producing zinc 

sulfide nanocrystals, which is a quick and straightforward water based reaction, where the product is 

collected and used as is, is presented. The ZnS were characterized in detail and the anti-bacterial 

photocatalytic activities of these materials were tested against E. coli, and S. aureus and P. 

aeruginosa.  

Experimental 

Preparation of Photocatalysts. 

In a typical synthesis, 200 mL of a 0.2 M zinc acetate dihydrate aqueous solution was added to 200 

mL of a 0.2 M thiourea aqueous solution at room temperature. The beaker containing these 

solutions was placed in a MARS 5 microwave system and was irradiated at 600 W for 30 min under 
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ambient pressure followed by a 5 min cool down period. After this time had elapsed the water had 

completely evaporated and a dry yellow powder was collected and characterized without further 

treatment. Samples prepared in this way are referred to by their irradiation power, e.g. ZnS450W – 

ZnS prepared at 450 W irradiation power.  

Characterisation 

The obtained ZnS was investigated using a combination of characteristic techniques including X-ray 

diffraction using a Siemens D 500 X-ray diffractometer with the diffraction angles scanning from 2θ = 

20 – 80 °, using  a Cu Kα radiation source. The diffuse absorbance spectra of the samples were 

measured by a UV-Vis-NIR Perkin Elmer Lambda 900 spectrometer between 800 and 200 nm with 

samples prepared in a KBr disc with a sample to KBr ratio of 1:10. Luminescence measurements 

were taken, with samples suspended in ethanol, by a Perkin Elmer LS 55 luminescence 

spectrometer. X-ray photoelectron spectrometer measurements were taken with a Thermo VG 

Scientific (East Grinstead, UK) Sigma Probe spectrometer using a monochromated A1 Kα X-ray 

source (hν = 1486.6 eV), which was used at 140 W and the area of analysis was approximately 500 

µm in diameter. Infrared spectra were obtained using a Spectrum GX Infrared Spectrometer. SEM 

images were obtained using a Hitachi SU-70 FE-SEM. Surface area measurements were measured 

using a Quantachrome Nova 2200 with the samples degassed at 300 °C for 2 h. 

Anti-bacterial Testing – Agar Test Method 

Agar plates were prepared using Mueller Hinton agar plate mix. The loading of the powder samples 

in the agar was 1 % w/w. The agar was autoclaved at 120 °C prior to testing. After autoclaving the 

agar was heated to 100 °C and the photocatalyst was added to the molten agar with stirring and 

dispersed with sonication before being poured onto a plate. Each of the agar plates were inoculated 

with 50 µL E. coli, 50 µL of S. aureus and 50 µL of P. aerginosa suspension. Each of these suspensions 

was diluted to approximately 1000 colony forming units/mL (CFU/mL). Each plate was prepared in 

triplicate with one sample irradiated with a 60-watt light bulb (i.e. 3 plates irradiated) and one 

sample kept in the dark (i.e. three plates not irradiated). After irradiating the samples for 3 h with a 

60-watt light bulb, both sets of plates were placed in an incubator at 37 °C for 24 h to allow any 

growth of the bacteria to take place. 

Anti-bacterial Testing – Suspension Test Method 

The suspension test measures the bactericidal effect of the photocatalyst and makes it possible to 

determine a time frame for the reduction in the bacterial colonies. The reference sample for these 

tests contained no catalyst or powder. The reference sample consisted of 4.5 mL multi-recovery 

diluents, MRD, and is inoculated with 500 µL of 106 CFU/mL of bacteria. This gives a theoretical 

concentration of 105 CFU/mL at time zero. The test sample contains 10 mg of photocatalyst 

suspended in 4.5 mL of MRD, which was then inoculated with 500 µL of 106 CFU/mL of bacteria. The 

reference and sample were both exposed to light from a 60-watt light bulb for a total of 5 h. Samples 

from both were taken at 0 min, 30 min, 1 h, 3 h and 5 h.   

Results and Discussion 

The ZnS materials were prepared with microwave irradiation powers of 300, 450 and 600 watts. In 

each preparation, a solution of zinc precursor and a solution of sulfur precursor were mixed in an 
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open beaker. The solutions were irradiated in the microwave and at the end of the irradiation period 

of dry yellow powder was collected and used for all tests without further washing or synthesis steps. 

The simplicity of this reaction allows for the production of nanomaterials in a cost effective and 

easily scalable reaction scheme.  

The solutions undergo dielectric heating upon irradiation in the microwave and the following 

mechanism is believed to lead to the formation of the zinc sulfide.  

H2NCSNH2 + 2H2O → CO2 + H2S + 2NH3  (1) 

Zn2+ + H2S → ZnS + H2                   (2) 

In equation (1), the thiourea breaks down, at a temperature of 86 °C,41 forming H2S, which is the 

sulfur source. The H2S reacts with the liberated zinc ion from the zinc acetate solution, to form ZnS, 

equation (2). Zhao et al.42 found that using zinc acetate as a precursor can lead to the ZnS 

agglomerating with the presence of the acetate. The acetate molecules interact with the surface of 

the ZnS crystals and cause the agglomeration. The agglomeration was investigated by SEM and 

infrared spectroscopy. The SEM images show agglomerations of ZnS particles, prepared at 450 W, of 

up to 100 nm in size. (Figure 1). 

Figure 1. SEM image of ZnS prepared at 450 W. 

X-ray diffraction was employed to determine the crystal structure of the as-prepared powders. The 

peak pattern show that all the samples prepared in the microwave are crystalline and sphalerite 

(cubic blende) phase zinc sulfide when compared to the International Centre for Diffraction Data 

(ICDD file #05-0566)43,44 with the main peaks occurring at 28°, 47° and 56° corresponding to the 

(111), (220) and (311) planes respectively. (Figure 3) The broadening of these peaks, demonstrate 

that the materials are nanosized, and calculations based on the Scherrer equation show all particles 

to be 4 – 6 nm in size.  
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Figure 2. X-ray diffraction spectra of ZnS samples prepared via microwave irradiation. 

X-ray photoelectron spectroscopy was used to further clarify the identification of the material. The 

XPS spectra of ZnS450W (prepared in the microwave at 450 W irradiation power) is typical of the 

XPS data for the materials prepared (Figure 3). The XPS spectra for the S 2p, Zn2p1/2 and Zn2p3/2 

locates the peaks at 161.9, 1045.1 and 1022.1 eV respectively, which confirm the material as zinc 

sulfide.45,46  It should be noted that the S 2p spectra are composed of 2p3/2 and 2p1/2 peaks due to the 

spin-orbit splitting.  Generally, the S2p3/2 peak at lower binding energy is almost twice the intensity 

or area of the higher binding energy S2p1/2 peak. These peaks are only around1.1 eV apart and 

cannot be resolved from one another. The survey scan and more detailed scans indicate that there is 

no contaminants present on the surface of the material. The XPS spectra for the samples ZnS300W 

and ZnS600W are shown in supplementary information figures 1 and 2 respectively.  
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Figure 3. X-ray photoelectron spectra of the (a) S 2p (b)  Zn2p1/2 (c)   Zn2p3/2 peaks of ZnS450W. 

The electronic properties of the as-prepared ZnS samples were investigated using a UV-Vis 

spectroscopy (Figure 4). The spectra for ZnS300W, ZnS450W and ZnS600W are shown, and it can be 

seen that the absorption edges from 320 to 340 nm which equate to band gaps of 3.8 to 4.0 eV. The 

band gap is greater than that of the bulk ZnS (3.7 eV) due to the quantum confinement effect 

associated with nanosized materials.47 For these samples there is an absorption shoulder which 

extends to 420 nm and along with the yellow colour of the powder shows visible light absorption (λ 

≥ 390 nm). Luminescence spectroscopy offers an insight into the mechanism of the visible light 

absorption. The luminescence spectrum of ZnS450W was obtained upon excitation at 275 nm 

(Figure 5). The peaks at 385, 427 and 489 nm correspond to three point defects within the ZnS 

crystal with the peak at 385 nm related to the interstitial Zn, the peak at 427 nm being from S 

vacancies and the peak at 489 nm relating to Zn vacancies.19,46 These peaks and their related defects 

explain the visible light absorption as the levels of the defects act as donor levels within the band 

gap. Peng et al.19 and others48,49 showed that these defect sites can act as inter-band donor levels 

and reduced the energy required to promote an electron to the conduction band and leave a hole in 

the valence band, thus inducing photocatalysis. The luminescence spectra for the ZnS300W and 

ZnS600W are shown in supplementary information figures 3 and 4 respectively. Based on these 

luminescence and absorption spectroscopy results, a schematic is proposed for the mechanism of 

visible light absorption. (Figure 6) The donor levels, provided by the Zn and S vacancies, act as 

stepping stones for electrons travelling from the valence band to the conduction band. The donor 

levels energy gaps between the valance band and conduction bands are 2.5 and 2.9 eV respectively, 

which fall inside the region for visible light absorption. The main peak in the luminescence spectra at 

385 nm which dominates the radiative decay lies inside the UV region of the spectrum.  
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Figure 4. Diffuse Absorbance spectra of (A) ZnS300W (B) ZnS450W and (C) ZnS600W. 
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Figure 5. Luminescence spectra of ZnS450W excited at 275 nm. 

 

Figure 6. Schematic energy level diagram of ZnS 

The microwave prepared ZnS was tested for its anti-bacterial activity under irradiation from a visible 

light source. The ZnS (Table 2) sample tested was ZnS300W and three references were used, a blank, 

Degussa P25 TiO2, a commercial photocatalyst standard and Sigma-Aldrich ZnS. Initial testing 

involved using 1% w/w of photocatalyst in agar and it was found that the ZnS produced in the 

microwave had anti-bacterial properties in both light and dark conditions. The reference samples 

didn’t show any anti-bacterial properties as can be seen in Table 2. The agar plates were inoculated 

with both E. coli and S. aureus and it was found that the ZnS produced in the microwave prevented 

the growth of colonies of both of these bacteria. The reason for this is believed to be due to the 

small particle size of the ZnS and the high concentration of the photocatalyst in the agar, affecting 

the growth of the colonies. Figure 7(a) shows agar plates with no photocatalyst, exposed to light and 

(b) the blank agar plate kept in the dark. Both plates show growth of E. coli and S. aureus bacterial 

colonies. Figure 7(c) shows the plate loaded with 1% w/w of the ZnS300W photocatalyst to light and 

(d) the agar loaded with the photocatalyst kept in the dark. Both plates, Figure 7 (c) and (d), show 

that no growth of the bacterial colonies of E. coli or S. aureus occurred. To determine the minimum 

inhibition concentration of ZnS required, to effectively prevent the growth of the bacterial colonies, 

plates containing 0, 0.25, 0.75 % w/w ZnS300W were inoculated with E. coli, S. aureus and P. 
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aerginosa. Each plate was exposed to light from a 60 watt bulb for 3 h with a control plate for each 

concentration kept in the dark for the same time. After the irradiation time, the plates were kept 

overnight in an incubator at 37 °C. The plate containing no catalyst showed growth of all three 

bacteria in both light and dark conditions. At 0.25 % w/w loading, in the dark conditions both the S. 

aureus and E. coli grew colonies, however on the plates exposed to light the growth of S. aureus was 

partially inhibited while the growth of E. coli colonies was fully inhibited. This is an indication of 

photocatalytic action against the bacteria by the microwave synthesized ZnS. At 0.75 % w/w loading 

inhibition of E. coli and S. aureus bacteria was observed in both light and dark conditions, however 

the growth of P. aerginosa, a species resistant to many anti-bacterial agents, was not affected.  

These tests showed that the ZnS acts as a bacteriostatic material preventing the growth of the test 

microbes in both light and dark conditions at concentrations above 0.75 % w/w and that 

photocatalytic action takes place when the samples are exposed to light at concentration at low as 

0.25 % w/w. 

To observe the bactericidal effects of the material a suspension test was designed. The reference 

samples contained no catalyst and comprised of 4.5 mL of multi-recovery dilutent (MRD) and were 

inoculated with 500 µL of 106 CFU/mL of bacteria. The test samples contained 10 mg of ZnS300W 

suspended in 4.5 mL of MRD, which was inoculated with 106 CFU/mL of bacteria. This gave a 

concentration of 105 CFU/mL of bacteria in each sample. The reference and test samples were 

exposed to light from the 60 watt bulb for 5 h with samples taken at 0 min, 30 min, 1 h, 3 h and 5 h 

and the concentration of bacteria was measured at each time point. Table 3 shows the 

concentration of bacteria at each time point for both the reference and test sample and figure 8 

shows a graph of the relative concentrations of bacteria. The test showed that there was an 88 % 

reduction in the amount of bacteria in 5 h and showed the material to be bactericidal.  

The study in this paper where the concentration of ZnS is varied and previous studies have shown 

that the anti-bacterial effect of the semiconductor is concentration dependant.1,50 The increase in 

ZnS concentration leads to a decrease in the bacterial concentration, and in this study when the 

concentration was above 0.75 % w/w of the agar, no bacterial colonies of S. aureus or E. coli were 

observed. It has been found that below the concentration threshold for which the ZnS is harmful to 

the bacteria that the number of bacterial colonies actually increases due to the fact that bacteria can 

metabolise Zn2+ at low concentrations.1 A number of factors may play a role in the antibacterial 

effect of ZnS. S. aureus has an efflux mechanism for Zn2+ which suggests that free cations on the 

surface of the material generated by the photo dissociation of ZnS is toxic to the bacteria.51 

Oxidative species such as superoxide anions and singlet oxygen can be generated on the surface of 

the photocatalyst after irradiation with light52 will also assist in the degradation of the cell 

membrane of the bacteria which leads to loss of cellular components and induces cell death.4,53 The 

small size of the nanoparticle as shown by the broadening of the XRD peaks a larger surface area for 

contact with the bacteria also increases the antibacterial activity of the ZnS. 
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Figure 7. (a) Blank agar exposed to light (L+), (b) blank agar kept in the dark (L-), (c) agar plate loaded 

with 1% w/w ZnS exposed to light (L+) and (d) the agar plate loaded with 1% w/w kept in the dark 

(L+). 

 

Figure 8. Bacterial concentration of reference and ZnS300W sample to test the degradation rate of 

the photocatalyst. 

Table 2. Colony growth of S. aureus and E. coli on agar plates loaded with 1 % w/w photocatalyst. 

Photocatalyst Light exposure No Light Exposure 

 S. aureus E. coli S. aureus E. coli 

Blank Growth Growth Growth Growth 
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Degussa-Evonik 

P25 TiO2 

Growth Growth Growth Growth 

Commercial ZnS 

(Sigma-Aldrich) 

Growth Growth Growth Growth 

ZnS300W No Growth No Growth No Growth No Growth 

 

 

Table 3. Concentrations of the bacterial suspension test for the reference and test samples. 

Time 0 h 0.5 h 1 h 3 h 5 h 

Reference  

CFU count 

8.7 x 105 5.8 x 105 6.7 x 105 1.4 x 106 2.2 x 106 

Sample 

CFU count 

5.8 x 105 2.7 x 105 2.2 x 105 1.5 x 105 7.3 x 104 

 

Conclusions 

In summary, a method of synthesizing ZnS nanocrystals which is straight-forward, cost-effective and 

easily scalable has been created. The material produced is nanosized, crystalline and pure zinc 

sulfide with particles that are 4 nm in size. The material shows excellent antibacterial activity under 

irradiation from indoor light, conditions under which commercially available photocatalysts are 

inactive. The material is shown to be both photocatalytically bacteriostatic and bacteriocidal, 

preventing bacteria from growing on the surface and killing bacteria that are present. 88 % reduction 

in the concentration of bacteria was observed within 5 h of visible light irradiation. It was also 

observed that the increase in ZnS nanomaterial concentration leads to a decrease in the bacterial 

colonies and when the concentration was above 0.75 % w/w of the agar, no bacterial colonies of S. 

aureus or E. coli were detected. It is envisaged that the small crystalline size and the high surface 

area of the ZnS nanoparticles are the major reasons for the significantly higher anti-bacterial activity 

compared to the commercial control samples. Luminescence spectroscopy reveals the possible 

mechanism of the indoor light activity with Zn and S vacancy defects acting as donor levels (2.5 and 

2.9 eV) in the band gap allowing light in the visible region, up to 500 nm, to cause electron transfer 

from the valance band to the conduction band.   
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Graphical Abstract 

 

Anti-Bacterial Activity of Indoor Light Activated Photocatalysts 

Damian W. Synnotta,  Michael K. Seery, Steven J. Hinder, Georg Michlits,   and Suresh C. Pillai 

 

Degradation rate of the bacteria in the presence of the photocatalyst. 

*Graphical Abstract (for review)
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Research Highlights 

 Nanocrystalline photocatalysts, prepared under ambient conditions using a microwave 

assisted synthesis 

 These nanomaterials show indoor light photocatalytic activity for the degradation of S. 

aureus and E. coli.  

 A novel energy efficient method (green synthesis) to produce anti-bacterial zinc sulphide.  

 The mechanism for the indoor light antibacterial photocatalysis is proposed.  

*Highlights (for review)
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