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Abstract 

Cadmium sulfide (CdS) is one of the most commonly used II/VI semiconductor 

materials because of its electron energy band edge positions. CdS nanoparticles (NPs) 

are widely used in applications such as photodegradation of organic molecules, 

photocatalysis of water splitting, and as building blocks of photovoltaic devices. 

Bacterial precipitation of CdS NPs provides an innovative, environmentally friendly 

route for the synthesis of NPs with controllable electronic properties. Our previous 

research shows that CdS NPs can be extracellularly precipitated with tunable CdS 

crystallite sizes ranging from 5 nm to over 15 nm in diameter. In this thesis, I 

investigated the potential application of these bacterially precipitated CdS NPs for 

photodegradation of organic molecules, photocurrent generation, and for 

photoelectrochemical (PEC) hydrogen evolution. The results show that the bacterially 

precipitated CdS NPs and their devices performed competitively when compared with 

their counterparts that were synthesized via chemical bath deposition (CBD). In 

photodegradation experiments, the bacterially precipitated CdS NPs showed a slower 

rate of degradation than CBD CdS. In transient photocurrent response experiments, the 

devices incorporating bacterially precipitated CdS NPs showed a higher current 

response to visible light.  Furthermore, in electrochemical hydrogen generation 

experiments, the bacterially precipitated CdS NP device showed a lower onset potential 
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to trigger the reaction when irradiated with light. Collectively, the preliminary results 

show that biosynthesized CdS NPs have potentially promising applications for the 

photodegradation of organic molecules and for the photoelectrochemical hydrogen 

generation. 
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1. Introduction  

1.1 Nanoparticles for photoelectrochemical applications 

To be considered “nano,” particles must be 2 nm to 100 nm in diameter in three 

dimensions. (1-3) Nanoparticles (NPs) have attracted considerable research attention 

(Figure 1) due to their interesting electromagnetic and photonic properties, which often 

differ widely from their corresponding bulk materials. (4-6) For example, they exhibit 

properties such as high penetration into biological tissues, (1-3, 7, 8) and high catalytic 

activity caused by their high surface-to-volume ratio. (4, 9, 10) Semiconductor NPs such 

as II/VI and III/V group compounds, as well as metal oxide composites are particularly 

interesting. Their photoactive properties as semiconductors and high surface activities as 

NPs, find broad application, for example in controlling surface hydrophilicity, (11-15) 

water or air decontamination, (9, 16-21) photovoltaic power generation, (22-26) and 

oxygen or hydrogen generation via electrochemical hydrolysis, (21, 27-30) and in some 

new areas such as finger print detection and in full color displays. (31, 32) 
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Figure 1:  The applications of NPs and CdS based nanomaterials. (a) Overview 

of NP applications. (6) (b) CdS thin film act as the window layer in solar cells. 

(Adapted with permission from [45(33). Copyright 2010 American Chemical Society.) 
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(c) CdSe/CdS/Pt heterojunction nanorod improves the efficiency for H2 generation. 

(Adapted with permission from (34). Copyright 2010 American Chemical Society.) 

Among all the semiconductors, CdS is one of the most commonly used material 

due to its wide (~2.4 eV) direct bandgap in bulk, and due to its tunable bandgap when 

used as NPs with quantum confinement. (21, 35-39) For example, in planar photovoltaic 

systems, a CdS thin film layer (~50 nm thickness) is usually applied as the window layer, 

which transmits light to the absorption layer and forms a heterojunction with the 

absorption layer (Figure 2(a)). (22, 33, 40-46) The electron energy band edge positions of 

CdS, of which the conductive band edge is higher than the oxidative potential of water 

(H2O), and the valence band is lower than the reductive potential of H2O, (47, 48) 

broaden its potential applications. For example, CdS NPs can be used to catalyze water 

splitting when compounded with stabilizers in the form of NPs, (49, 50) or when 

coupled with other semiconductors to form sensitized heterojunctions in the form of 

NPs or thin films (Figure 2(b)), (34, 51-55) or applied as electrochemical photoanodes in 

the form of thin film devices. (56-59) Another important application of CdS NPs is in the 

photodegradation of organic molecules. (48, 60-63) When irradiated with sun light, CdS 

in aqueous solution can generate oxidative functional groups from H2O, which can 

break large organic molecules into smaller parts, and ultimately convert them into more 

degradable molecules, and inorganic compounds such as H2O and carbon dioxide (CO2). 

(48, 60) 
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1.2 Synthesis of Cadmium sulfide NPs 

There are many methods to synthesis CdS NPs or continuous thin films, 

including chemical bathed deposition (CBD), (64-70) electrodeposition, (71-75) infrared 

pulsed laser deposition, (76-78) and a range of physical depositions to form CdS thin 

film layers, by techniques such as magnetron sputtering. (79-83)  

CBD is currently the simplest and cheapest method to synthesize CdS NPs. (84-

86) The main reaction can be described as (64, 87): 

Cd(NH3)42+ + SC(NH2)2 + 2OH-  CdS + H2NCN + 4NH3 +2H2O 

Due to its simplicity, the deposition mechanism is well studied, (85, 88-90) and 

by controlling the pH value, the reaction temperature, and the reactant concentrations, 

the particle growth rate can be adjusted. (88)  

Magnetron sputtering is a suitable method to produce CdS thin films, and has 

been widely used in the photovoltaic industry. (91-93) Though it can produce highly 

purified films, the need for vacuum conditions increases the energy consumption and 

thus the fabrication cost. (79) 

Biosynthesis of mineral material NPs is a relatively new method. The first report 

of biosynthesized CdS “quantum semiconductor crystals” was published in 1989 by 

Dameron et al. (94), and the first CdS NPs precipitated by Escherichia coli (E. coli) was first 

reported in 2001 by Wang et al. (95). The application of living organisms to reliably 
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produce nanocrystals (or NPs) gives biosynthesis a unique advantage compared with 

other methods. (96, 97) For example, CBD needs a 60 °C to 80 °C precipitation 

temperature, (86, 98) while E. coli can precipitate CdS at a mild temperature of 37 °C. (97, 

99) Compared with CBD, bacterial precipitation generates lower Cd2+ concentrated 

byproducts, reducing the negative impact to the environment; (100-102) and compared 

with magnetron sputtering, biosynthesis needs less energy input to precipitate CdS, 

because the whole process does not require vacuum. With all these advantages, 

biosynthesis of CdS NPs attracts increasing attention, and its precipitation mechanisms 

and precipitation parameters are investigated more closely. (96, 97, 100) However, the 

optical and electrochemical properties of these biosynthesized CdS are not yet explored 

in detail, and understanding these properties is necessary for further development and 

application of biosynthesized transition metal NPs. 

1.3 Extracellular precipitation of CdS from E. coli 

Research in our group has shown that E.coli can extracellularly precipitate CdS 

NPs, by overexpressing thecysteine desulfhydrase gene of Treponema denticola (T. 

denticola) in E. coli. The overexpression of the cysteine desulfhydrase gene generates the 

enzyme that produces hydrogen sulfide (H2S) by breaking down cystein, which is a 

sulfur containing amino acid, and these H2S molecules could react with Cd2+ ions that 

were added into the culture, forming CdS crystals (Figure 3). (95, 103) According to the 
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our preliminary results, the crystal size of these E.coli precipitated CdS could be 

controlled (~5 nm to ~15 nm in diameter) by manipulating the concentration of Cd2+ or 

cysteine precursor added into the culture medium.  

To apply these E.coli precipitated CdS NPs as photodegradation catalysts or for 

anodes for photoelectrochemical hydrogen generation. In this work, the morphological, 

optical, and photoelectrochemical properties of biosynthesized CdS are studied. 

 

Figure 2: The schematic of E. coli precipitating CdS mechanism. By 

overexpressing the cysteine desulfhydrase gene in E. coli, a type of enzyme can be 

generated that break down cysteine and generate H2S. The H2S can react with Cd2+ to 

precipitate CdS NPs. The general reaction can be described as the reaction at the 

bottom. 
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2. Research Goal and Specific Objectives 

Many factors influence the photoelectrochemical (PEC) performance of NP 

devices and the photocatalytic properties of NPs, such as their composition, their 

chemical environment, their grain size and crystal structure, (104) as well as their 

bandgap and light absorption coefficient. (88, 105, 106) The overall goal for this study is 

to characterize several of these properties of bacterially precipitated CdS NPs, and to 

conceptually prove the potential applications of these CdS NPs in organic molecular 

photodegradation, photocurrent generation, and photoelectrochemical hydrogen 

generation. 

2.1 Specific Aim 1: Characterize the elemental composition and 
the morphology of the bacterially precipitated CdS 

SA 1A: Determine the elemental composition of the precipitated CdS NPs using 

scanning electronic microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS). 

SA 1B: Characterize the crystalline structure and the grain size of the precipitated 

CdS nanocrystallites using x-ray diffraction (XRD). 

Rationale: The E.coli precipitated CdS NPs are isolated from a culture medium 

after precipitation, the chemical environment of these nanocrystallites are different from 

those synthesized via traditional inorganic methods. Since the immediate chemical 

environment of the CdS externally affects their PEC performance, we investigated the 
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nanomorphology, the elemental composition, and the purity of the bacterially 

precipitated CdS NPs. Intrinsically, the morphology and size of the CdS nanocrystals 

affects its photonic and photoelectrichemical properties. Thus the crystalline structure 

and the grain size are determined.   

2.2 Specific Aim 2: Characterize the photonic activity of the 
bacterially precipitated CdS 

SA 2A: Determine the bandgap and calculate the crystal size of the precipitated 

CdS by measuring its UV-visible absorption spectra. 

SA 2B: Characterize the performance of the bacterially precipitated CdS NPs for 

the photodegradation of Methyl Orange (MO) and compare it with CBD CdS particles. 

Rationale: As a semiconductor, CdS absorbs light and converts the photon 

energy into electric energy or chemical potential energy. Since the energy conversion 

properties of a semiconductor are mainly determined by the bandgap, the bandgap of 

the E. coli precipitated CdS NPs is investigated. Furthermore, to directly prove the 

photoactivity of these NPs, especially their potential for water decontamination 

applications, photodegradation studies of MO molecules are conducted, and the results 

are compared with CBD CdS. 
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2.3 Specific Aim 3: Characterize the photoelectrochemical 
performance of the precipitated CdS NP devices 

SA 3A: Measure the transient photocurrent response of a prototypical device 

containing precipitated CdS and compare with a device containing CBD CdS. 

SA 3B: Demonstrate the PEC hydrogen generation performance of devices 

containing precipitated CdS, by measuring the cyclic voltammetry (CV). 

Rationale: For PEC hydrogen generation applications of devices containing 

bacterially precipitated CdS NPs, it is important to know the photo-induced chemical 

potential that can be generated when irradiated with light. The photo-induced chemical 

potential can be applied to split H2O into hydrogen (H2) and oxygen (O2). The 

photocurrent generated at positive bias (for generating O2) and negative bias (for 

generating H2) is important to determine the efficiency of a CdS based PEC cell: The 

transient photocurrent reflects the series resistance of the CdS device. A higher current 

density obtained at the same voltage bias indicates a lower internal resistance of the 

device, which means less photo-excited electrons are lost in the material. On the other 

hand, it reflects the recombination rate of the photo-excited electrons and holes, which is 

determined by the defect density in a material. A higher current indicates that less 

recombination occurs inside the material, representing a lower defect density and a 

higher device efficiency.  
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3. Results and Discussion 

E. coli precipitated CdS NPs were prepared in our lab by Kate Marusak. E.coli 

with strain DH10B were used to overexpress the cysteine desulfhydrase gene, which 

resulted in the generation of H2S by the bacteria. The H2S reacted with CdCl2, added to 

the medium, forming CdS NP precipitates. After precipitation, the medium with CdS 

was lysed with P2 buffer solution to break down the bacteria, and then CdS NPs were 

isolated from the bacteria by centrifugation. The details of the precipitation and 

harvesting process can be found in Appendix 1.1. 

From compositional and morphological characterization, measurements of 

photonic properties and experiments on photodegradation of organic molecules, as well 

as the PEC characterization and PEC hydrogen generation test, we found that bacterially 

precipitated CdS NPs were photoactive and have potential applications for water 

decontamination and PEC hydrogen generation, although many improvements are still 

needed. Details of the measurements and the interpretations of the data will be shown 

and discussed in this chapter. 

3.1 Compositional and morphological characterization 

The functional performance of the bacterially precipitated CdS NPs is externally 

determined by the physical and chemical environment, such as the residual organic 

matrix, and residual surfactant molecules used during the precipitation process; and 
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internally determined by NP morphology, grain size, and crystalline structure. The 

residual matrix components and surfactant molecules may shield the CdS crystals from 

the irradiation light, isolate the CdS from target reagents, while the intrinsic crystallite 

size can influence the bandgap. 

Bacterially precipitated CdS were investigated by electron microscopy; the 

elemental analysis of the surrounding compounds and the percentage of CdS in this 

matrix was measured via energy dispersive spectroscopy; and the purity of these CdS 

NPs were estimated based on the above data. In addition, the existence of CdS was 

proved by the crystalline structure fingerprint obtained from x-ray diffraction spectra. 

3.1.1 Scanning Electronic Microscopy (SEM) and Energy-dispersive 

X-ray spectroscopy (EDS) 

SA 1A: Determine the elemental composition of the precipitated CdS NPs using 

Scanning electronic microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS). 
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Figure 3： SEM images of a bacterially precipitated CdS NP thin film on Si 

substrate. (a) CdS NPs embedded among organic residues (circled with white circles). 

(b) Higher resolution image of CdS NP clusters (circled in yellow). (c) Cross sectional 

image of the CdS NP thin film on Si substrate. (d) Cross section image of the CdS NP 

thin film, showing the uniformly distributed CdS from top to bottom of the film. 

A drop of the precipitated CdS NP suspension (in deionized water) was 

deposited onto silicon (Si) substrates and dried at room temperature, forming a thin 

layer of CdS NPs. Figure 4 shows a thin film of drop casted and dried CdS NPs on a Si 

substrate. As can be seen, the CdS NPs were embedded into a matrix of organic 
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fragments, which are identified by white circles in Figure 4 (a). The organic matrix is 

dark in the SEM images in agreement with to EDS measurement results. Under a higher 

magnification, CdS NPs can be seen in Figure 4 (b), indicated by smaller yellow circles. 

These particles were brighter than the organic residues, because elements of higher 

atomic number (Cd and S) are brighter than lower ones (C and O) when detecting the 

backscattered electron signals from SEM. (107) In addition, we found that the diameters 

of these CdS particle aggregates were around 100 nm. 

Figures 4 (c) and (d) show the cross section of the CdS NP thin film. The film was 

uniformly coated onto the substrate, with an average thickness of 6.9 µm. To further 

analyze the crossectional elemental composition of the film, we used EDS. 

 

Figure 4: EDS mapping results of bacterially precipitated CdS NP thin film 

cross section. (a) SEM image of the cross section. (b) Cd, S, Si mapping result of the 

cross section. Red, green, and pink dots represent Cd, S, and Si, respectively. (c) C, Si 

mapping results of the cross section. Blue and pink dots represent C and Si 

respectively. 

To determine the spatial distribution of the CdS NPs in the film and to estimate 

the weight fraction of CdS in suspension, we also used EDS. Figure 5 shows the 
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elemental mapping result of the cross section of the CdS NP thin film. Figure 5 (a) is the 

SEM image of the cross section at high magnification (15,000×), and shows the ~7 µm 

thin film. Figure 5 (b) is the EDS elemental mapping resulting of cadmium (Cd), sulfur 

(S), and Si. The yellow area, resulted from the overlap of red (Cd) and green (S) dots, 

represents the concentration distribution of CdS NPs, while the pink area represents Si. 

The mapping result shows that the distribution of CdS NPs is uniform from the bottom 

to the top of the surface. From another perspective, the elemental distribution of carbon 

(C), which was representative for the organic residues, showed no preference of organic 

fragments or CdS NPs sedimentation in Figure 5 (c). These mapping results show that 

by drop casting CdS suspension onto Si substrates, a ~7 µm thick uniform thin film of 

CdS crystallites in an organic residue mixture was obtained. 

To determine the weight fraction of CdS in suspension, we used ten cleaned Si 

chips (1 cm × 1 cm) and recorded their weight (m1); then we deposited 20 µl CdS 

suspension (preparation procedure can be found in Appendix A1.1) on each of the chips. 

Once the suspension had dried we again recorded the weight of the Si chips, now coated 

with a CdS thin film (m2). The difference between m2 and m1, denoted as Δm, is then 

the total mass of the solid thin film. Next we quantified the measured EDS spectrum and 

obtained the weight fraction of every element detected (Table 1). From the data in the 

column “Normalized Concentration [wt. %]” in Table 1, we subtract the weight of Si and 
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normalize the proportion again, the normalized weight proportion of CdS was the CdS 

weight proportion of the solid thin film. By multiplying the normalized weight 

proportion of CdS with Δm, the weight of CdS in 20 µl condensed suspension could be 

calculated. The concentration of CdS was thus estimated as 8.1 ± 3.9 g/L. The relatively 

large error was caused by a wide scatter of Δm. 

Figure 6 shows the elemental spectrum recorded at an arbitrary location on the 

CdS solid thin film surface. This spectrum shows that the dominant elemental 

components in this film were C, O, sodium (Na), Si (substrate), phosphorus (P), S, and 

Cd. The Cd and S peaks were very clear, which suggests a high concentration of Cd and 

S. Table 1 provides a quantitative measurement of the elemental composition of the 

spectrum shown in Figure 6. It is clear, that a large fraction of C is present.  
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Figure 5: EDS spectrum at a random spot of the bacterially precipitated CdS 

NP surface. 

Table 1: EDS elemental quantitative analysis an arbitrary spot on the 

bacterially precipitated CdS NPs 

Element 
Atomic 

Number 

Normalized 

Concentration 

[wt. %] 

Error  

(1 Sigma) 

[wt. %] 

Atomic 

Concentration 

[at. %] 

C 6 60.44 7.53 72.44 

O 8 27.32 3.74 24.44 

Na 11 0.55 0.07 0.34 

Si 14 0.58 0.05 0.30 

P 15 1.03 0.07 0.48 

S 16 3.52 0.16 1.57 

Cd 48 6.56 0.24 0.84 

Total  100.00  100.00 

  

In summary, from the SEM and EDS results, we found that CdS nanocrystallites 
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were precipitated as aggregates in an organic matrix (with diameters of ~100 nm). When 

drop casted onto a Si substrate, the CdS NPs formed a thin film with a thickness of ~7 

µm. Cross sectional analysis showed that the CdS NPs distributed uniformly throughout 

the thickness of the film. From quantitative EDS analysis, the concentration of CdS NPs 

in the condensed water suspension was estimated to be ~8 g/L, with carbon having the 

largest weight and atomic proportion in the compound thin film. 

3.1.2 X-Ray diffraction measurements 

SA 1B: Characterize the crystalline structure and the grain size of the precipitated 

CdS crystallites using x-ray diffraction (XRD). 

Since the diffraction intensity arising from crystalline Si can overlap with the 

characteristic peaks arising from CdS and cause interference in data interpretation, we 

corrected the measured spectra by subtracting the scattering intensities arising from the 

substrate slide. The resulting XRD spectra were then smoothed. The sample preparation 

process is described in Appendix A1.3, and details of the XRD data treatment procedure 

are provided in Appendix A2.2.  

 



 

19 

 

Figure 6: XRD spectrum (light gray curve) and its fitting curve (red) by the 

Origin Lab. Four peaks 1, 2, 3, and 4 are corresponding to CdS HCP and FCC feature 

signals in this range. Below the average line, the blue lines represent reference HCP 

2θ positions (ref: 01-074-9663), while the yellow lines represent reference FCC 2θ 

positions (ref: 01-075-0581). 

 

Figure 7 shows a typical XRD spectrum obtained from a bacterially precipitated 

CdS NP thin film. We note, however, that after the deposition, the particles were heat 

treated at 450 °C in atmosphere for 10 min to remove some of the organic matrix 

material, so that cleaner CdS signals could be obtained. Although the oxidation 

temperature of CdS is about ~470 °C, (108, 109) i.e., a thin layer of CdSO4 or CdO likely 
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encapsulated the CdS nanocrystallites to prevent further oxidation. (109) The data 

analysis procedure can be found in Appendix A2.2. 

Figure 7 shows four characteristic peaks, denoted as 1, 2, 3, and 4. These four 

peaks match the standard CdS XRD spectrum (ref: 01-075-0581 and ref: 01-074-9663 for 

the Face-center cubic (FCC) and Hexagonal Closed-pacted (HCP) crystal structure, 

respectively. Among these peaks, peak 1, 2, and 4 matched the CdS spectrum with FCC 

structure; peak 3 matched the CdS spectrum with HCP. In fact, peak 1, 2, and 4 can be 

considered as the addition of overlapped signals of FCC and HCP structure, which 

means the CdS nanocrystallites are a mixture of FCC and HCP crystallites. This mixture 

may result from line defects or planar defects in CdS crystals. 
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Figure 7: Low temperature annealed bacterially precipitated CdS NP XRD 

spectrum (light gray curve) and its fitting curve (red) by the Origin Lab. Three blue 

peaks 1, 2, and 3 are corresponding to CdS HCP and FCC feature signals in this range. 

Below the average line, the blue lines represent reference HCP 2θ positions (ref: 03-

065-3414), while the yellow lines represent reference FCC 2θ positions (ref: 01-075-

1546). 

Table 2: Peak position and the FWHM analyzing results from the XRD 

spectrum in Figure 8 
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To estimate the crystalline size, another CdS NP thin film sample was prepared, 

because annealing at 450 °C might convert FCC crystallites into HCP, changing the 

crystalline size. (110) The new CdS thin film sample was dried at 110 °C for 10 min to 

remove the water, and was then subjected to XRD measurement. 

According to the Scherrer Equation [Equation 1]: (111) 

    ,                                               [Equation 1] 

where  represented the mean size of the crystalline domains, K is a constant, and taken 

to be 0.9; (39, 86) λ is the wavelength of the X-ray (1.542 Å  in for Cu K-alpha radiation); β 

is the FWHM of the peak in radians; and θ is the Bragg diffraction angle corresponding 

to the selected peak. Since peak 2 in Figure 8 was contributed by both FCC and HCP 

structured CdS crystallites, it was used to estimate the average crystalline size. Given the 

FWHM of peak 2 was 1.60° (2θ), the estimated crystalline size was ~5.6 nm.  

At last, the XRD measurements show that purity of the bacterially precipitated 

CdS NPs is low, as additional peaks appear in the spectrum. These peaks may come 

from the C, H, O, N, P compounds in the organic matrix (ref: 01-073-1388). In addition, 

the existence of these noise signals reduce the accuracy of the deconvolution of the 

spectrum, causing the positions of the fitted peaks off from the references (ref: 01-075-

1546 and ref: 03-065-3414) by several hundredths of degree in 2θ. 

In summary, the XRD characterization results show that the bacterially 



 

23 

precipitated CdS nanocrystallites were composed a mixture of FCC and HCP structured 

crystallites. In addition, the average crystallite size was estimated as ~5.6 nm. 

3.2 Photonic characterization 

The morphological characterization provided the particle size, concentration, and 

crystalline structure. To prove the photoactivity of the CdS NPs, UV-vis spectrometry 

was used to measure their light absorption, which allows the determination of the 

photonic bandgap. This measurement not only shows the absorbance peak of CdS NPs, 

but also provides evidence of the energy band structure and, indirectly, of CdS 

crystallite size. In addition, we tested their potential for degrading organic molecules 

under simulated sun light irradiation, which is a potential application of CdS NPs, and 

compared it with the performance of CBD CdS NPs.  

3.2.1 UV-vis photo spectroscopy 

SA 2A: Determine the bandgap and calculate the crystal size of the precipitated 

CdS by measuring its UV-visible absorption spectra. 

One basic characterization of a photoactive material is its light absorption 

property, which is essentially determined by the electronic bandgap energy of the 

material. UV-visible photo spectroscopy was used to study the bandgap of the 

bacterially precipitated CdS NPs. The sample preparation method was the same as that 

used for SEM/EDX experiments (Appendix A1.4). After the absorbance spectrum raw 
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data was obtained, the spectrum was treated as follows: subtract the background, 

normalize the intensity, and find the onset of the absorption wavelength via a MATLAB 

code developed in our lab (Appendix A2.3). 

Normalized spectra are shown in Figure 9. To determine the absorbance 

wavelength, two characteristic regions of the spectrum were fitted by straight lines 

(Figure 9(a)), and the wavelength of the absorption onset was defined by determining 

the intersection point of the lines. (112) 

 

Figure 8: UV-vis absorbance result of bacterially precipitated CdS NPs. (a) The 

schematic of the determination method of the absorbance wavelength. (b) The 

average absorbance wavelength of such prepared CdS from multiple tests, and the 

corresponding bandgap calculated from the absorbance wavelength. 

Figure 9(b) shows the average absorbance wavelength of ten scans from five 

samples. The average absorbance wavelength of the CdS NPs was 483.15 ± 1.18 nm. 

From the Planck relation [Equation 2]: 



 

25 

   ,                                 [Equation 2] 

the bandgap of the CdS NPs was calculated as 2.57 ± 0.01 eV. Due to the quantum 

confinement effect of nanocrystallites less than 10 nm, the bandgap of these crystallites 

would be larger than their corresponding bulk material. (106, 113-115)  Compared with 

the bandgap of CdS bulk material (2.42 eV), the bacterially precipitated CdS 

nanocrystallites show some quantum confinement properties.  

Based on the UV-vis test result, it is possible to estimate the size of these 

nanocrystallites with the following equation: (106, 113, 116) 

   ,              [Equation 3] 

where Eg* is the measured bandgap of the nanocrystallites, Egbulk is the bandgap of the 

bulk material (for CdS it is 2.42 eV), me and mh are 0.18 and 0.53, respectively, and ε is 

5.23. (117) Given the average value of the measured bandgap of CdS NPs, the calculated 

average diameter of these particles was ~6.0 nm, in reasonably good agreement with the 

XRD results.This proves that the bacterially precipitated CdS NPs were composed of 

smaller nanocrystallites with diameters in the range of quantum dots (1 nm to 10 nm). 

(106, 113)  This is also consistent with their absorbance behavior, which revealed a 

widened bandgap, typical for a quantum dot.  

In summary, the UV-vis characterization showed that the absorbance wavelength 
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of the bacterially precipitated CdS NPs was ~483.15 nm, which indicated that the 

bandgap of the NPs was 2.57 eV. Compared with the bulk CdS bandgap, the wider 

bandgap likely results from the quantum confinement of nanocrystallites with estimated 

diameters of ~6 nm, in good agreement with the XRD results. 

3.2.2 Photodegradation tests 

SA 2B: Characterize the performance of the bacterially precipitated CdS NPs for 

the photodegradation of Methyl Orange (MO) and compare it with CBD CdS particles. 

As pointed out in the Introduction section, CdS NPs could be applied in water 

and air decontamination. To demonstrate the functionality of the bacterially precipitated 

CdS NPs, their degradation performance for MO in water under sun light irradiation 

was characterized (experimental details: Appendix A1.5 and A2.4). The 

photodegradation experiment shows that the bacterially precipitated CdS NPs are 

photocatalytically active. Figure 10 shows the remaining MO concentration as a function 

of reaction time. The reaction was triggered by irradiation with simulated sun light. The 

blue, dotted-line shows the degradation rate of MO, catalyzed by the bacterially 

precipitated CdS NPs. The red diamond-line shows the degradation rate of MO 

catalyzed by same amount of CBD CdS NPs, and the black square-line, as control, shows 

the degradation rate of MO without any catalyst. It can be seen that i) both the 

bacterially precipitated CdS and CBD CdS have photocatalytic property, and ii) the CBD 
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CdS degraded MO faster than the bacterially precipitated CdS. This may be caused by 

the organic matrix embedding the CdS crystals, thus isolating the CdS NPs from the MO 

molecules and shielding them from the light and MO molecules. Thus one can assume 

by further purifying these NPs, the degrading rate of MO molecules in water solution 

might be improved. 

 

Figure 9: Photocatalytic degradations of MO for CdS NPs. (a) Plot of 

photocatalytic degradation of MO for control group (black squares), E. coli 

precipitated CdS (blue line with round dot), and CBD CdS (red line with diamonds). 

(b)-(d) are corresponding sample pictures of control group (no CdS), bacterially 

precipitated CdS group, and CBD CdS group. 

In summary, the photodegradation characterization proved the photoactivity of 

the bacterially precipitated CdS NPs. Although these particles degraded MO molecules 

slower than the corresponding CBD CdS particles, particle purification may improve 

their catalytic performance. 
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3.3 Photoelectrochemical characterization and hydrogen 

evolution 

The direct wide-bandgap (Eg ≈ 2.42 eV) of CdS makes it a photoactive material. 

(118) When irradiated with visible light, CdS can generate electrons and corresponding 

positively charged holes. When the electrons and holes are separated and accumulated 

at the electrodes before their recombination, a voltage is built up that can drive chemical 

reactions such as water splitting. (119) Here we aim to demonstrate the PEC properties 

of a simple device, containing bacterially precipitated CdS NPs.  

3.3.1  Transient photocurrent responses 

SA 3A: Measure the transient photocurrent response of a prototypical device 

containing precipitated CdS and compare with a device containing CBD CdS. 

The transient photocurrent reflects both the photoactivity of the CdS and the 

internal series resistance of the PEC device. Sample preparation and PEC measurement 

procedure can be found in Appendix A1.6. Briefly, a three electrode system 

schematically show in Figure 11(a) was used. The working electrode was connected to 

the electrochemical workstation via a copper wire, which was isolated from the 

electrolyte by a glass tube and epoxy (not shown). The counter electrode (CE) was a 2.5 

cm platinum wire with 0.5 mm diameter, the reference electrode (RE) was an Ag/AgCl 

reference electrode, and the electrolyte was 0.5 M sodium sulfate (Na2SO4) aqueous 
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solution. A 0.5 V bias voltage (vs. Ag/AgCl) was applied upon repeated exposure and 

shielding of the sample from light. The photocurrent density-time plot is shown in 

Figure 11(b). 

From Figure 11(b), it can be seen that bacterially precipitated CdS NPs reacted 

almost instantly when irradiated or blocked from light. Given the very low photocurrent 

detected from the control ITO sample, we confirmed that the bacterially precipitated 

CdS could generate photocurrent. In addition, referring to the initial dark current 

density of the bacterially precipitated CdS device and the CBD CdS device, the transient 

photocurrent response of bacterially precipitated CdS device was higher than that of the 

CBD CdS. This higher photocurrent response may be attributed to a thinner CdS thin 

film layer caused by a higher affinity of the organic matrix to the substrate surface, 

which reduces the overall series resistance of the device, or the higher light absorbance 

efficiency caused by the porous organic matrix.  
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Figure 10: Experimental set up for Photoelectrochemical tests and the transient 

photocurrent response of bacterially synthesized CdS NPs. (a) The three-electrode 

electrochemistry cell was connected to Electrochemistry working station to detect the 

photoactivity of CdS NPs coated on the ITO glass, and the light went into the cell 

from the front plane quartz window. (b) Transient photocurrent response test. The red 

curve shows the current density as a function of time for a bacterially precipitated 

CdS device when irradiated and when blocked from visible light, the blue curve is 

that of CBD CdS device, while the black curve represents that of the ITO control 

sample.  
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Note that during the test, the photocurrent of the bacterially precipitated CdS 

device did not drop back to the base level. From Figure 11(b), there was an initial fast 

drop when the light was blocked off, and then the drop rate slowed. According to Moore 

et al., at +0.5 V vs. Ag/AgCl bias, photogenerated holes flow to the interface of the CdS-

electrolyte, and the accumulation of holes at the interface causes a slower current density 

drop after light was removed. (120) The band diagram of the CdS-electrolyte interface is 

schematically shown in Figure 12. In Figure 12(a) to (d), the left half area represents the 

CdS, and the right half area represents the electrolyte. Since most CdS materials are n-

doped semiconductor materials, the conduction band (CB), valence band (VB), and the 

Fermi energy level (Ef) bend up at the interface of the electrolyte under equilibrium 

condition, to match the electron energy level in the electrolyte (solid line at right in 

Figure 12(a)). (121) When +0.5 V (vs. Ag/AgCl) bias is added, the bending would be 

increased because a potential difference is generated between the electron energy level 

in the electrolyte and the Ef in CdS, as shown in Figure 12(b). When this system is 

irradiated with light, due to the photogenerated electrons and holes, the charge carrier 

density in CdS increases, leading to a high photocurrent response and triggering some 

oxidative reactions of the organic matrix at the interface (Figure 12(c)). When the light 
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was blocked from the sample, the electrons and holes recombined in CdS, shown as a 

quick current density drop. After a short period of time, due to the accumulation of the 

holes at the CdS-electrolyte interface and some potential remaining oxidative reaction at 

the interface, the local Ef shifted down towards VB, leading to the further upward 

bending of the CB, blocking the injection of the electrons from the electrolyte, which is 

shown in Figure 12(d). This blocking effect slowed the recombination rate in CdS by 

leaving higher probabilities for holes to react, and is reflected as a slower current density 

drop. Many factors may cause the accumulation of holes at the CdS-electrolyte surface, 

such as the blocking effect from the porous, less conductive, organic matrix, the trapping 

effect from some reductive reagents from the organic matrix, or the transfer energy 

barrier caused by grain boundaries due to the small CdS crystalline size. 



 

33 

 

Figure 11: The band diagram of the CdS-electrolyte interface under different 

condition. (a) Under equilibrium condition. (b) Under +0.5 V (vs. Ag/AgCl) bias. (c) 

Under light irradiation with the same bias. (d) After light was turned off with the 

same bias. 

In summary, the transient photocurrent response characterization proved the 

photoactivity of the bacterially precipitated CdS nanoaprticles, and showed a higher 

photocurrent response from the dark current level than that of CBD CdS, which may be 
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attributed to the thinner film thickness due to an improved surface affinity between CdS 

and the ITO substrate or a higher light absorbance efficiency due to the existence of the 

organic matrix. The slower current density drop may indicate a charge carrier 

accumulation effect or remaining oxidative reaction at the CdS-electrolyte interface due 

to the porous surface or the lower conductivity of the organic matrix. 

3.3.2 Photoelectrochemical cyclic voltammetry (CV) tests 

SA 3B: Demonstrate the PEC hydrogen generation performance of devices 

containing precipitated CdS, by measuring the cyclic voltammetry (CV). 

To characterize the performance of a PEC hydrogen generation device, it is 

important to determine the efficiency of photocurrent generation at negative bias. To 

elicit a hydrogen evolution reaction (HER), and then evaluate the performance of this 

device, we conducted cyclic voltammetry (CV) tests on the same sample. Figure 13 

shows the -1.3 V to -1.0V segment of the CV curves obtained by measuring an ITO 

control sample and the bacterially precipitated CdS sample with and without light 

irradiation. Figure 13 shows that the overpotential, which was around -1.15 V vs. 

Ag/AgCl, of bacterially precipitated CdS device was closer to 0 V compared with that of 

the ITO control sample. Beyond this point, the absolute value of the current density of 

the CdS device increased significantly, indicating a potential hydrogen evolution 

reaction. (122) From Figure 13, it is also clear that when irradiated with simulated 
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sunlight ( 150W Xenon lamp with solar spectrum filter), the overpotential of the CdS 

device further decreased, which indicates the CdS device was able to generate extra 

current, and is thus able to reduce the required external bias to trigger the HER. This 

reduction of external bias requirement can be equivalently considered as a generation of 

“voltage.” Ideally, no external bias (vs. standard hydrogen electrode, or -0.2 V vs. 

Ag/AgCl) is needed to generate hydrogen from water because of the position of the 

band edge of CdS. (27, 47, 123) When irradiated with light, CdS should be able to 

generate a high enough voltage to split water and generate H2 and O2 given its 2.42 eV 

bandgap. The -1.15 V external bias needed indicated that the bacterially precipitated 

CdS device was not effective enough to generate such a high voltage. This low efficiency 

could be attributed to the recombination effect that occurs in the organic residues, and 

the CdS nanocrystallites due to high defect density, or the traps along the path of 

electron and hole transportation. In addition, the existence of HER still need to be prove 

by detecting the gas generated from this experiment. 
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Figure 12: Segments of Cyclic Voltammetry (CV) test. The red and blue curves 

represent the E. coli precipitated CdS device in light and dark conditions, 

respectively, while the black and gray curve is for the ITO control sample in light and 

dark conditions, respectively. 

In summary, the HER preliminary data shows a potential for water splitting 

application of the bacterially precipitated CdS although further confirmation is still 

needed. When irradiated with light, the CV segment in the negative voltage range 

“shifted” to the origin point, indicating that the absolute value of the external bias 

needed to generate hydrogen was lower. This result means the bacterially precipitated 

CdS device was generating extra current under irradiation, although not high enough to 

split water without adding bias. The efficiency of the CdS device still needs to be 

improved. 
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4. Conclusion and Future Directions 

In conclusion, the study of bacterially precipitated CdS NP provides a first 

insight into the physical and PEC properties of the bacterially synthesized CdS NPs, and 

also demonstrates the PEC performance for HER application. From the morphological 

results we infer that the diameter of the precipitated NPs is around 100 nm, and that 

these particles were composed of ~6 nm crystallites embedded in an organic matrix. 

According to photonic characterization results, the bandgap of the CdS NPs was 2.57 eV, 

which suggest a quantum confinement effect, and the photodegradation experiments 

show that the bacterially precipitated CdS are photoactive, and can degrade MO 

molecules in aqueous solution under simulated sun light. However, the degradation rate 

is lower than that of CBD CdS likely due to the isolating and shielding effect caused by 

the organic matrix. From the PEC characterization results, it can be inferred that 

bacterially precipitated CdS NPs have higher transient photocurrent response than CBD 

CdS. PEC CV measurements show that a device, containing the bacterially precipitated 

CdS can generate extra current when irradiated with light, which preliminarily suggests 

potential applications for water splitting at the photoanode. However, the device 

efficiency needs to improve significantly to generate higher current. 
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In the future, the optimization for the size and purification of the bacterially 

precipitated CdS NPs system and the application of this unique material will be 

investigated. In the optimization part, a new precipitation system will be tested so that 

the CdS NPs could precipitate separately from the bacteria; heat treatment of the CdS 

NPs should be investigated to further remove the residual organic matrix compound. 

From the application side, we may be able to take advantage of the organic residues, and 

combine these CdS NPs with photoactive and conductive polymers, or to precipitate 

these CdS NPs in Carbon Nano Tube (CNT) forests. Furthermore, the use of these CdS 

NPs as the partner layer in solar cells should be studied.  
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Appendix 

A1 Sample preparation 

A1.1 General preparation protocols of CdS precipitating, lysing and 
condensing. 

For a 500 ml culture (precipitating ~40 mg CdS), an E. coli colony was picked and 

inserted into 5 ml Miller’s LB broth. Together with 1000 fold diluted carbenicillin, these 

E. coli grew for 24 hr with 5 ml medium. After the growth, the 5 ml bacterial suspension 

was mixed with 500 ml modified M9 medium, 500 µ l carbenicillin, 500 µ l K2SO4, 250 µ l 

of IPTG, and 2500 µ l (0.2 M) cysteine. Shake the medium for 24 hr at 37 °C, and at 10th hr, 

250 µl 0.4 M CdCl2 solution was added into the medium. After 24 hr shaking, CdS was 

precipitated. 

To harvest the CdS, the medium with CdS was centrifuged at 2800 rpm for 20 

min to isolate the solid material from the medium. The solid material was then 

suspended into 5 ml P2 buffer and 5 ml deionized (DI) water. The new mixture was 

sonicated for 20 min to ensure a fully reaction between the buffer and the bacteria. Then 

the bacterial debris (solved in the buffer) was removed by centrifuging at 14000 rpm for 

15 min. To further purify the CdS NPs, add DI water and one more centrifuge was 

conducted. Finally the CdS NPs was resuspended into DI water and was stored in a 

plastic tube at 4 °C and covered with foil to avoid light exposure.  
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Before using, the CdS suspension tube would be shaken for 1 min to distribute 

the CdS particles in the DI water uniformly. After shaking, 1000 µl suspension was 

sucked out with a pipette and centrifuged at 13,200 rpm for 8 min. Then remove 900 µ l 

clear liquid at the top and stir the residual suspension to uniformly distribute the CdS 

again. The 10 times condensed CdS suspension was ready to drop cast on substrates. 

A1.2 SEM/EDX samples 

For SEM/EDX sample, 20 µ l of 10 times condensed CdS suspension (condensed 

CdS) was drop casted on a cleaned 1.27 cm × 1.27 cm silicon wafer chip and dried in the 

chemical hood overnight at room temperature (~25 °C) with aluminum foil covered to 

avoid light exposure. After ~8 hr drying in the chemical hood, the CdS sample was 

objected to SEM/EDX characterization. 

A1.3 XRD samples 

50 µ l of the condensed CdS was drop casted on a cleaned 1.27 cm × 2.54 cm glass 

slide and heat treated at 450 °C for 15 mins in the tube furnace with a two open ended 

quartz tube. When doing XRD for crystalline structure proportion calculation, the heat 

treatment was done under 110 °C for 10 min in the tube furnace.  

A1.4 UV-vis samples 

The UV-vis sample preparation process was the same with SEM/EDX sample 

preparation process. Please see section A1.2.  
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A1.5 Photodegradation samples 

CdS sample for photodegradation of organic molecules was condensed CdS in 

suspension. 

A1.6 Photoelectrochemical test samples 

20 µ l condensed CdS (162 µg) was drop casted on cleaned 1.27 cm × 1.27 cm ITO 

(703192 ALDRICH) glass and dried in the chemical hood overnight at room temperature 

(~25 °C) with aluminum foil covered to avoid light exposure. The CdS covered only 2/3 

of the total ITO glass area. After ~8 hr drying in the chemical hood, the CdS/ITO sample 

was taken to make the electrochemical testing electrode. To make a testing electrode, the 

rest 1/3 of the ITO was covered by an InGa (liquid metal) layer, and a flat-end Cu wire 

was connected with the InGa layer. The connection was encapsulated with Epoxy. The 

copper wire was isolated from the electrolyte solution with a glass tube that was also 

connected to the Cu/InGa connection with Epoxy. For the CBD CdS control sample, a 

same amount of CdS (162 µg) was drop casted on a cleaned ITO glass. After dried, the 

testing electrode preparation procedure was same with the bacterially precipitated 

sample. For ITO control sample, we made a testing electrode using the same method 

with a cleaned ITO glass of the same area. 
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A2 Characterization Processes 

A2.1 SEM/EDX characterization 

FEI XL30 SEM-FEG and FEI XL30 ESEM with Bruker XFlash 4010 EDS Detector 

were used to do the SEM/EDX characterization. When taking SEM images, the electron 

beam was of 20 kV, working distance was 15 mm. When doing the elemental 

measurement using EDX, the working distance was 12 mm, with a magnitude of 800×. 

To obtain a representative value of the whole CdS sample surface, three randomly 

chosen points were detected and the CdS percentage were noted. 

A2.2 XRD 

Panalytical X’Pert PRO MRD HR X-Ray Diffraction System was used to do the 

XRD characterization. When scanning the XRD spectrum, 1/2° divergence slit was used, 

step size was set as 0.02°, the time/step was 0.75 s, and the pre-set counts was 10,000. 

Scanning angle was from 20° to 60°. 

Modification of the spectrum raw data: Smooth with “Degree of smoothing”=30; 

subtract background with “Peak base width”=2; Search Peaks with “Peak base 

width”=10, using “Minimum 2nd derivative” method; Search & Match with “allow 

pattern shift”, “auto residue”, “demote unmatched strong”, “multiphase”, “match 

intensity” and “identify” options checked. 
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When analyzing the spectrum with OriginPro 8.5, the raw data was smoothed by 

30 degree, then 7 peaks were fitted based on bare eye estimation. To match peak 1 in 

Figure 8 to the reference, the whole spectrum was shifted up 0.15° along the 2θ axis. 

Then 7 peaks were fitted again automatically by the OriginPro 8.5. 

A2.3 UV-vis Spectra 

Shimadzu UV-3600 UV-Vis-NIR Spectrophotometer with reflectance attachment 

was used to test the absorption performance of the bacterially precipitated CdS. When 

doing the test, medium scan speed was used with 1 nm sampling interval and 0.5 nm slit 

width. 

After the spectrum raw data was obtained, the modification of the data is 

described as follow: Subtract the back ground by finding out the lowest count point, and 

subtract the whole spectrum value by that count number. Normalize the spectrum by 

defining the highest count point as 1 and lowest point as 0. Find the absorbance 

wavelength via MATLAB code: to fit the curves at both side of the absorbance 

wavelength in to straight lines, and find the intersect of these two lines. 

A2.4 Photodegradation 

50 µ l condensed CdS (405 µg), 3 ml MO DI water solution (0.01g/L), and 20 µ l 

Na2S (0.5 M) were mixed in 5ml glass vials. Same amount of CBD CdS (405 µg) was also 

mixed with same MO and Na2S solution. 5 such vials of condensed CdS/MO and CBD 
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CdS/MO mixture were prepared and wrapped with aluminum foil, as well as 2 vials of 

control sample without CdS. Started from 0 hr, the bacterial precipitated CdS/MO 

samples, the CBD CdS/MO samples and the control samples were irradiated with 450 W 

output solar simulator (Sol2A Class ABA), and every 0.5 hr one bacterial precipitated 

CdS/MO and one CBD CdS/MO sample were taken out from the solar simulator from 0 

hr to the end of 2 hr. After irradiation, all the samples were centrifuged at 8,000 rpm for 

5 min to remove the residual sedimentary from the solution. Then the samples were 

objected to UV-vis test. The ratio of the absorbance peak height to the peak height of the 

original MO indicated the percentage of MO remained in the solution. 

A2.5 Photoelectrochemical tests 

Bio Logic SP-200 electrochemistry workstation was used to take the 

photoelectrochemical tests. In these tests, 150 W output Xenon lamp (DRIEL-66001 with 

68805 universal power supply) was used as the light source, with a wavelength filter 

eliminating light under 400 nm. The distance between the plane of the light source and 

the plane of the working electrode surface was around 15cm. In the electrochemical cell, 

Platinum Counter Electrode (23 cm, by BAS Inc., Cat. No. 012961) and Ag/AgCl 

reference electrode (012167 RE-1B Reference Electrode, by ALS Co., Ltd) and the CdS 

testing electrode (or control ITO testing electrode) were assembled as the three-electrode 

testing system. The electrolyte was 0.5 M Na2SO4 ID water solution with pH = 7 at room 
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temperature. Before the test, the electrolyte was purged with N2 for 20 min, while during 

the test, N2 was kept fed into the electrolyte to keep the electrolyte free from O2 

dissolvent.  

A2.5.1 Transient photocurrent responses 

0.5 V vs. Ag/AgCl bias was applied to measure the photocurrent response. 

During the test, the light was blocked and irradiated to the testing electrode surface 

alternatively for every 24 s, while the corresponding current was measured for 3 min. 

After measurement, the electrode working area was calculated with software ImageJ, 

with sample surface area, the current measured was converted into current density. 

Data modification: The transient photocurrent curves were smoothed when 

plotting the diagram by using data analysis software OriginPro 8.5. The number of 

points of window was 20 for each curve. 

A2.5.2 Cyclic voltammetry tests 

Measure range was set as -1.3 V to 1.3 V vs. Ag/AgCl with sweeping rate of 100 

mV/s. The measurement was taken in dark and under irradiation respectively. Same 

with the transient photocurrent response test, the measured current was converted into 

the current density after the experiment. 
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