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Abstract

Bismuthinite (Bi2S3) nanostructures have garnered significant interest due to their 

appealing photoresponsivity which positioned them as an attractive choice for energy 

conversion application. However, to utilize their full potential, a simple and economically 

viable method of preparation is highly desirable. Herein, we present the synthesis and 

characterization including structural elucidation of new air and moisture stable bismuth-

pyrimidylthiolate complex. This complex serves as an efficient single source molecular 

precursor for the facile preparation of phase pure Bi2S3 nanostructures. Powder X-ray 

diffraction (PXRD), Raman spectroscopy, electron dispersive spectroscopy (EDS) and 

electron microscopic techniques were used to assess the crystal structure, phase purity, 

elemental composition and morphology of the as-prepared nanostructures. The study also 

revealed the profound effect of temperature and growth duration on the crystallinity, phase 

formation and morphology of nanostructures. The optical band gap of the nanostructures 

was tuned within the range of 1.9 – 2.3 eV, which is blue shifted with respect to bulk 

bandgap and suitable for photovoltaic applications. Liquid junction photo-electrochemical 

cell fabricated from the as-prepared Bi2S3 nanostructure exhibit efficient photoresponsivity 
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and good photo-stability, which project them as promising candidates for alternative low-

cost photon absorber materials.    

Introduction

Ever growing global energy crisis and pressing need of environmental governance 

have intensified the quest for sustainable and efficient solar energy conversion 

technologies. Photovoltaic cells play a pivotal role in this direction.1 Developing efficient 

solar absorber materials which constitute the heart of solar cells is currently an important 

research area. In this context, metal chalcogenides offered a fertile chemical space for 

exploration.2 While commercialized materials like Cu2(In, Ga)Se2 and CdTe have shown 

promise, challenges such as scarcity, toxicity, and structural complexities necessitate the 

exploration of alternative chalcogenides.3 Recently, group-V metal chalcogenides (V-VI 

materials), particularly bismuthinite (Bi2S3) have emerged as a promising photon absorber 

material due to their exciting electrical and optical properties. Bismuthinite possess several 

key attributes such as narrow band gap, high absorption coefficient of the order 105 cm-1 

and good carrier mobility, which make it an intriguing material for energy conversion 

applications.4 Bi2S3 is stibinite structured and crystallizes in the orthorhombic Pnma space 

group and can be described as a layered structure which offers opportunity of exfoliation 

down to monolayer.5 With a band gap ranging from 1.4 to 1.7 eV, Bi2S3 holds potential for 

generating high open circuit voltage, making it an attractive light absorber material for top 

cells in tandem solar cells. Furthermore, being restriction of hazardous substances 

complaint and benefited from non-toxic and earth-abundant constituent elements, Bi2S3 

pose as a promising candidate for sustainable solar cells.6

To fully exploit the potential of Bi2S3 in solar cell application, cost effective and 

scalable synthetic protocol for nanometric Bi2S3 is highly desirable. Various solution assisted 

and solventless synthetic routes including solvothermal,7 hydrothermal,8 sonochemical,9 

microwave assisted,10 green synthesis,11 etc. have been explored for the synthesis of Bi2S3 

nanostructures. It is observed that most of these methods employ dual precursor route 

wherein a bismuth source (Bi(NO3)3.5H2O, BiI3, etc.) combines with a suitable sulfur source 

(elemental S, H2S, Na2S, thiourea, hexamethyldisilathiane, etc.) to produce Bi2S3. However, 

dual precursor route often employ precursors which are either sensitive (BiI3, Na2S, 

hexamethyldisilathiane) or toxic (H2S) which severely limits the wide scale utility of the final 
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material.12 In light of the limitations associated with dual precursor route, single source 

precursor (SSP) has gained significant attraction. SSP route involves a precursor molecule 

that contains all the desired constituent elements having preformed bond between them. 

This approach ensures low decomposition temperature, phase purity of final product and 

high reproducibility of experimental results.12 Moreover, molecular precursor offer several 

distinct advantages over dual precursor route in terms of lower defect concentration and 

better control over their morphology and electronic properties.13 These appealing features 

of SSP coupled with promising applications of Bi2S3 have ignited extensive research for the 

development of SSP for Bi2S3. However, only few suitable precursors have been identified 

and that too mainly derived from xanthates, dithiocarbamates and dithiophosphates.13-22 In 

recent times, coordination polymers have gained significant attention as versatile SSPs, 

enabling the synthesis of advanced materials with unique morphologies that are hard to 

realize in conventional synthetic method.23,24 The coordination polymer allows control 

release of the constituent element during thermal decomposition which provides access to 

nanomaterials of uniform size and morphology. As a result of this, when thermolyzed under 

appropriate conditions, they convert into materials with unusual morphology and chemical 

compositions. Moreover, due to the porous nature of the coordination polymers, they 

sometimes retain the structural exoskeleton after decomposition, which lead to porous 

nanomaterials with distinctive properties in several cases.23 The most distinctive feature of 

coordination polymers is the possibility of tuning their thermal stability by the choice of 

metal ions/ clusters and linkers. Consequently, various functional nanomaterials/composites 

and heterostructures can be obtained depending upon the nature of precursor and 

decomposition conditions.23 Depending on the countless number and type of coordination 

polymers, decomposition routes, reaction time, media etc., a plethora of different 

nanomaterial/composites/heterostructures can be isolated.24 Thus, this field offer limitless 

potential for synthesizing assorted functional nanomaterials for energy and environmental 

application. However, surprisingly coordination polymer driven synthesis of Bi2S3 largely 

remains elusive. 

Considering the importance of SSP for Bi2S3 and continuing our ongoing endeavour 

towards developing novel precursors for functional metal chalcogenides nanostructures,25-28 

in this report we present a 1D bismuth-pyrimidylthiolate coordination polymer, which 

served as an efficient precursor for the synthesis of Bi2S3 nanorods. For the preparation of 
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coordination polymer, we employed internally functionalized hemilabile 4,6-

dimethylpyrimidyl-2-thiolate ligand. Steric congestion exerted by the two-hanging methyl 

group compels the pyrimidyl thiolate rings to adopt different coordination behaviour viz. 

chelating as well as bridging. This intriguing structural feature assists the growth of ID-

polymeric chain of the complex. Further, the thermal transformation of this complex into 

nanostructures and variation of their crystallinity, morphology and bandgap as a function of 

reaction time and temperature have been investigated. In this work, it has also been 

demonstrated that utilization of this precursor presents a robust synthetic pathway for the 

formation of highly photoresponsive Bi2S3 nanostructures. The results of this work are 

described herein. 

Results and Discussion

Synthesis and X-ray crystallography

Treatment of Bi(NO3)3∙5H2O with the thiolate ligand 4,6-Me2pymS– in 1:3 molar ratio 

resulted into the title complex 1 (Scheme 1). The crystalline complex was characterized by 

PXRD analysis at room temperature to understand it’s phase purity (Fig. 1). The reflections 

match exactly with the simulated PXRD pattern of the complex as generated from single 

crystal data. Diffraction quality single crystals of title complex were obtained by slow 

evaporation of solvent from the reaction mixture. The molecular structure of complex 

[Bi(4,6-Me2pymS)3]n (1) with the atomic numbering scheme is shown in Fig. 1a. 

Crystallographic and structural determination data along with the refinement parameters 

are given in Table 1 and the selected inter-atomic parameters of are summarized in 

Supplementary Information Table 1.
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Scheme 1. Schematic diagram for the synthesis of [Bi(4,6-Me2pymS)3]n (1).

Fig. 1. (a) simulated XRD pattern of [Bi(4,6-Me2pymS)3]n (1) generated from single crystal 

data and (b) X-ray powder diffraction (PXRD) pattern of [Bi(4,6-Me2pymS)3]n (1).

The title complex 1 crystallizes in toluene-methanol mixture with orthorhombic 

crystal system having space group P 21 21 21. The asymmetric unit consists of one Bi(III) and 

three ligand units and the unit cell contains four such molecules (Z = 4). The solid-state 

structure of 1 revealed it to be a 1D coordination polymer, construction of which is realized 

by the assembly of the asymmetric unit [Bi(4,6-Me2pymS)3] (Fig. 2a). The structure 

comprises of one-dimensional polymeric wavy chains of the repeating unit [Bi(4,6-

Me2pymS)3] propagating through crystallographic b-axis (Fig. 2b). Interestingly the 

coordination behaviour of the three ligand moieties to the Bi centre is different. While one 

of the pyrimidine rings is attached to Bi in a chelated fashion through exocyclic sulfur S(1A) 

and nitrogen N(2A) atoms in -N,S fashion, forming one four-membered metallacyclic ring, 

another ligand coordinates the central metal ion through sulfur atom only (S1B), i.e., in a 

non-chelating manner. The third ligand exhibits a peculiar bridging behaviour, where it binds 

with one Bi centre through it’s sulfur donor site (S1C) and whereas the nitrogen N(2C) atom 

of ligand is coordinated to Bi atom of another asymmetric unit. This differential bonding 

fashion of the three ligands leads to a 1D [Bi(-S,N-pymS)(pymS)(-S,N-pymS)]n polymeric 

chain. These 1D chain assemblies are held in the 3D structure through a complex network of 
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short contacts as presented in Fig. 2c. The central metal ion adopts distorted square 

pyramidal geometry where the coordination core is defined through “S3N” donor atoms. 

One of the reasons for the distortion in the geometry is the presence of stereochemically 

active lone pair on bismuth. The sulfur atom S1A resides at the axial position whereas the 

equatorial position is occupied by the two non-chelating ligands through sulfur (S1B, S1C) 

and nitrogen atoms N(2A), N(2C). The bond angles S(1A)-Bi-S(1B) = 79.46(15), S(1B)-Bi-S(1C) 

= 87.758(15), S(1C)-Bi-S(1A) = 87.168(16), N(2A)-Bi-S(1A) = 58.98(3) are deviated from ideal 

value of 90° which can be considered as an important factor of having distortion from ideal 

geometry. Another important reason for distortion is the steric effect rendered by the 

presence of two methyl groups in each pyrimidyl ring. This type of tris-pyridyl/pyrimidyl 

chalcogenolate complexes of bismuth, viz., Bi(Sepy)3 and Bi{Sepy(Me-3)}3 have previously 

been reported.29 However, due to no or negligible steric interference, these complexes 

adopt monomeric structure. In the present case, it would be harmless to assume that the 

bulky nature of the ligands compels the third ligand to connect to two neighbouring Bi 

centres to finally yield a 1D coordination polymer. Similar type of polymeric Bi(III) 

chalcogenolate complex containing pyridyl moiety; [Bi(2-S,N-pyS)2(µ-S,N-pyS)] can also be 

found in literature.30

The axial Bi–S bond distances Bi–S(1A) = 2.5837 Å is comparable with reported 

values, whereas the equatorial Bi–S(1B) and Bi–S(1C) are elongated as compared to axial 

ones. This kind of feature can be observed in other complexes as well.26,29,31 The Bi–N(2A) 

bond distance 2.7526(17) Å are significantly longer than those reported in literature i.e., 

2.5815(5) Å in [Bi(1-MMTZ)2{(PYM)(PYM(H))2}].32 In the complex 1, the Bi–N(2B) and Bi–

N(1C) bond distances 2.952 and 2.962 Å can be considered as a weak interaction since their 

values are less than sum of the Van der Waals radii (3.62 Å).29 All three S(1A)–C(1A), S(1B)–

C(1B) and S(1C)–C(1C) bond distances (1.75 Å) are well anticipated in the literatures which 

reflect the existence of single bond character hence, confirms the predominance of thiol 

form over the thione form.32
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Fig. 2. (a) Molecular structure, (b) 1D polymeric chain and (c) packing diagram of [Bi(4,6-

Me2pymS)3]n (1)

Table 1. Crystallographic and structural determination data for [Bi(4,6-Me2pymS)3]n (1)

Complex [Bi(4,6-Me2pymS)3]n

Chemical formula C18H21N6S3Bi
Formula weight 626.57
Crystal size (mm3) 0.1 × 0.05 × 0.025
Temperature/K 100(2)
Wavelength (Å) 0.41328
Crystal system orthorhombic
Space group P 21 21 21

Unit cell dimensions
a(Å) 10.9192(3) 
b(Å) 10.9751(3) 
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c(Å) 18.2572(5) 
α(ᵒ) 90
β(ᵒ) 90
γ(ᵒ) 90
Volume (Å3) 2187.93 (10)
ρcalcd. (Mg/m3) 1.902
Z 4
µ (mm-1)/ F(000) 2.086/ 1208

-19 ≤ h ≤ 19
-15 ≤ k ≤ 15

Limiting indices

Θ for data collection (ᵒ)
-32 ≤ l ≤ 32

1.530-22.831
No. of reflections collected 70,021
No. of independent reflections (Rint) 11,465(0.0510)
Data/restraints/parameters 11465/0/260
Final R1, wR2 indices [I>2σI] 0.0157, 0.0352
R1, wR2 (all data) 0.0159, 0.0352
Goodness of fit on F2 1.044

Thermal Studies

Analysis of the thermal behavior of any coordination complex is of utmost 

importance, especially when the latter is intended to be utilized a single source molecular 

precursor. The experiment was performed on crystalline sample in the temperature range 

50–800 ᵒC under N2 atmosphere with a heating rate of 10 ᵒC min-1. From the TG profile of 1 

(Fig. 3), it can be inferred that the complex is stable up to ~ 310 ᵒC, after which the complex 

collapse via two step decomposition. The first step prompt decomposition (observed ~ 

18.1%) corresponds to the formation of Bi2S3 (calculated ~ 18.2%). A gradual weight loss 

upto 800 ᵒC was observed and the final weight loss (observed ~ 48%) does not corresponds 

to any composition of bismuth sulfide. It is well reported in literature that due the volatile 

nature and possibility of sublimation at an elevated temperature in group V metal sulfides 

(V-VI materials) restrict the exact determination of the nature of residue on the basis of 

weight loss percentage calculations.26 Another plausible reason behind this type of gradual 

weight loss is the polymeric nature of the complex, which is quite commonly observed for 

coordination polymers and MOFs as given in literature.33
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Fig. 3. Thermogravimetric analysis (TGA) curve for [Bi(4,6-Me2pymS)3]n (1).

Preparation and characterization of bismuth sulfide nanostructures

The thermal analysis of 1 has proved that the complex can be utilized as a suitable 

single source precursor for the preparation of bismuth sulfide materials. To further validate 

this claim, thermolysis of the complex was performed by heat-up method in oleylamine 

(OAm). The selection of solvent was done based on the fact that OAm have a high boiling 

point (350 ᵒC) and acts as strong capping agent. Moreover, OAm being liquid at room 

temperature makes the purification procedure of the final product hassle-free. OAm is also 

known to facilitate the decomposition of the precursor by catalysing the process, thereby 

bringing down the decomposition temperature also, as compared to the TGA process.34 Well 

separated nucleation and growth step are promoted in OAm which leads to the formation 

of monodispersed nanoparticles.35 Revaprasadu et al. have reported the synthesis of 

antimony selenide nanorods in OAm at relatively lower temperature.36 For temperature 

optimization, the complex was first heated in OAm in a heat-up fashion to point out the 

minimum decomposition temperature. It was found that the complex decomposes at very 

low temperature of 130 ᵒC. The reaction was continued for 10 minutes. The PXRD pattern of 

the material isolated (Fig. 4b) was closely matching with phase pure orthorhombic Bi2S3 

(bismuthinite) (ICSD Coll. Code 30775, Space group: Pbnm). The PXRD pattern, however, 

reveals the predominant formation of only (211) and (150) plane of the materials at 2θ = 

26.0 and 46.6ᵒ respectively with highly amorphous nature (BS1). Thus, it was considered 

worthwhile to increase the reaction duration with the same temperature in order to 
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investigate the effect of time on the crystallinity of Bi2S3. Accordingly, decomposition at 130 

ᵒC was performed with 30 minutes reaction time (BS2). The PXRD pattern as shown in Fig. 

4c show similar amorphous nature as observed in BS1. Thus, the increase in reaction 

duration do not seem to have drastic effect on the crystallinity of the material, a minute 

improvement, however was evident with a recognizable (231) plane in the latter case at 2θ 

= 52.8ᵒ. In the third set of reaction, the reaction temperature was increased to 160 ᵒC and 

duration of 10 minutes was considered (BS3). The reflections originated from the PXRD 

pattern of BS3 can be exactly matched with the same originating from the (002), (012), 

(022), (011), (111), (210), (211), (122), (130), (131), (024), (123), (104), (114), (002), (150), 

(231) and (242) planes of orthorhombic Bi2S3 material (Fig. 4d). The strong and sharp PXRD 

peaks in case of BS3 indicates high crystallinity of Bi2S3. In all the cases, PXRD pattern does 

not contain any other reflections from any other phase of bismuth sulfide which confirm the 

phase purity of the nanostructures in all the three cases, while the broadening of the peaks 

are indicative of nano-sized particle formation. The average crystallite size calculated from 

the Scherrer equation37 was found to be ~9, 11.3 and 26 nm for BS1, BS2 and BS3 

respectively. It is important to mention that the Scherrer equation is often used to estimate 

the average crystallite size by correlating the scattering domain size and the FWHM (peak 

broadening) in the PXRD pattern. However, other factors like crystal distortion and defect 

formation are not considered in the equation.

2D elemental mapping is a quality tool to understand the distribution of constituent 

elements in any material. The 2D presented in Supplementary information Fig. S1 shows 

that Bi and S are distributed uniformly within the nanostructures. To gain better insight into 

the composition of the as prepared bismuth sulfide nanomaterials, EDS analysis was carried 

out (Supplementary information Fig. S2). The EDS spectra revealed that the atomic ratio of 

Bi and S is 39.8:60.2 (2:3.02), 38:62 (2:3.2) and 59.9:40.1 (3:2) for BS1, BS2 and BS3 

respectively confirming the formation of Bi2S3 in each case.
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Fig. 4. (a) Simulated X-ray powder pattern (PXRD) of orthorhombic Bi2S3 (ICSD Coll. Code 

30775). PXRD patterns of Bi2S3 synthesized at (b) 130 ᵒC, 10 min (BS1), (c) 130 ᵒC, 30 min 

(BS2) and (d) 150 ᵒC, 10 min (BS3).

Raman spectroscopy is an ideal technique to investigate the phase purity along with 

the local site symmetry of any nanostructures. Moreover, Raman spectroscopy provides 

direct insight about the vibrational properties of any crystalline material. Thus, Raman 

spectroscopy was employed to characterize the Bi2S3 nanostructures. The Raman spectra 

reveals single vibrational mode peak at 235.8, 236.1 and 235.9 cm−1 for BS1, BS2 and BS3 

respectively, (Fig. 5) which matches perfectly with the characteristic of Ag phonon mode for 

Bi2S3  material as reported in literature.38 From the spectrum, it is also seen that there are 

slight shift in the Raman peak positions among the Bi2S3 nanostructures, which is the 

manifestation of the nano-size effects.39 Furthermore, as the particle size of the Bi2S3 

nanostructures increases from BS1, to BS3, a consistent increase in peak broadening 

(FWHM) is evident which is often observed for materials in nano-regime and happens due 

to lattice expansion, confinement of phonon and enhanced phonon-phonon interactions as 

reported in literature.40
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Fig. 5. Raman spectrum of Bi2S3 synthesized at (a) 130 ᵒC for 10 min (BS1), (b) 130 ᵒC for 30 

min (BS2) and (c) 150 ᵒC, 10 min (BS3) respectively.

The morphology of the as prepared Bi2S3 nanostructures was investigated by 

electron microscopic techniques. The Fig. 6a represents the SEM images for BS1. When 

corroborated with the TEM images (Fig. 6d for BS1), depicts the formation of flocculants 

with ill-defined morphology. From the SEM and TEM images of BS2 (Fig. 6b and e), which 

was synthesized at the same temperature but at longer duration, it is clearly seen that the 

material comprise of irregular nanoflakes. In both these scenarios, the HRTEM image 

represented in Fig. 6g and h for BS1 and BS2 respectively, shows the presence of lattice 

fringes with clear d-spacing of 3.04 Å, which can be indexed to the (150) plane of 

orthorhombic Bi2S3. Finally, the SEM micrograph of the bismuth sulfide synthesized at 

higher temperature (BS3) divulges the presence of uniformly distributed small “rice grain” 

shaped nanorods (Fig. 6c). The TEM image (Fig. 6f) further confirms the nanorod 

morphology. The corresponding HRTEM reveals a d-spacing of 2.93 Å, which is indexed to 

(111) plane (Fig. 6i). For the above discussion, interestingly, it can be realized that in the 

utilization of the precursor under study, size and morphology modulation in bismuth sulfide 

nanostructures can be effortlessly achieved with subtle variation in thermolysis conditions. 
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Fig. 6. (a,b,c) SEM micrographs, (d,e,f) TEM images and (g,h,i) HRTEM images of Bi2S3 

synthesized at 130 ᵒC for 10 min (BS1), 130 ᵒC for 30 min (BS2) and 150 ᵒC, 10 min (BS3) 

respectively.

Furthermore, the HRTEM images and the corresponding d-spacing values also 

support the growth of differently shaped bismuth sulfides. Xu et al., In a recent article, 

demonstrated that the preferential growth of bismuth sulfide material along (015) direction 

favours the formation of 2-dimensional morphology (nanoflakes in case of BS2).41 A similar 

investigation by Sharma et al. have also led them to the same conclusion.42 On the contrary, 

several studies, including a recent one from Onwudiwe’s group43 have proved that the 

formation of 1D nanostructure (nanorods in case of BS3) are evident when the growth is 
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directed along either (111) or (211) plane. The growth of 1-dimensional nanorods can be 

understood on the basis of orientation of Bi and S in the lattice. The lamellar arrangement of 

Bi3+ and S2- in the infinite chains structure joined together by weak Bi-S bonds, imparts 

anisotropic nature in the structure. The crystal structure of Bi2S3 is composed of such infinite 

one-dimensional long chains which are interconnected by weak Van der Waals forces of 

attraction as shown in Fig. 7.44 These weak interactions disappears at higher temperature (in 

present case 150C) leading to the separation of chains which facilitate the formation of 1D 

nanostructures.26

Fig. 7. Perspective view of crystal structure of orthorhombic Bi2S3 (ICSD Coll. Code 30775).

Optical Properties

Bismuth sulfide is a non-toxic crystalline n-type compound semiconductor belonging 

to V-VI semiconductor material family. Bulk Bi2S3 features a narrow band gap of 1.4 eV.45 

This feature of Bi2S3, when combined with its high absorption coefficient (10-4 to 10-6 cm-1)46 

project is as a fine candidate for optoelectronics, photovoltaics and good photocatalyst that 

is able to perform in the visible range of the solar spectrum. Keeping in mind the importance 

of optical band-gap in nanoelectronics, the optical properties of Bi2S3 nanostructures were 

investigated by diffuse reflectance spectroscopy (DRS) and the optical band gaps of these 

materials were determined by plotting the Kubelka–Munk function, F(R) as given in the 

following equation:
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[F(R)hν]n = A(hν  Eg)

Where hν is photon energy, A is a constant, Eg denotes the band gap, and n depends on the 

nature of the optical transition. The direct band gap of the materials was calculated using 

Tauc’s model (n = 2).

From the diffuse reflectance spectra given in Fig. 8, it is observed that the direct 

optical band gaps of Bi2S3 nanostructures are 2.15, 2.00 and 1.93 eV for BS1, BS2 and BS3 

respectively. These values are clearly blue shifted with respect to bulk band gap. The 

tunability in the band gap value in the as prepared nanostructures is a function of the 

increasing average crystallite size as we move from BS1 to BS3 since it is well known fact 

that with increasing size, optical band gap decreases.47 The probable reason for the blue 

shift of the band gaps may be lattice distortions or surface lattice defects or quantum 

confinement or surface effect of the carriers.48

Fig. 8. Plots of [F(R)hν]2 vs. energy generated by Kubelka–Munk transformation of solid-

state diffuse reflectance data ofBi2S3 synthesized at (a) 130 ᵒC for 10 min (BS1), (b) 130 ᵒC 

for 30 min (BS2) and (c) 150 ᵒC, 10 min (BS3) respectively.

Considering the fact that Bi2S3 has a large excitonic Bohr radius (rB) ~24 nm,49 and 

that the average crystallite size of BS1 and BS2 are lower than the above value, it would be 

harmless to consider the presence of quantum confinement effect in BS1 and BS2.However, 

in case of BS3, due to its large average size, the presence of quantum confinement can be 
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ruled out and the observed blue shift in optical band gap may be attributed to lattice 

distortion or surface lattice defect. Nevertheless, the correlation between the size and 

optical band gap observed in the current study are in agreement with literature reports. For 

instance, Xiao et al. have reported a band gap of 1.9 eV for Bi3S3 nanorods having average 

diameter of ~15 nm.50 In a separate study, Gao et al. have fabricated morphology controlled 

Bi3S3 nanostructures with band gap tunability. They have isolated hexagonal plates, 

mesocrystalline sheet and nanowires of Bi3S3 having optical band gap of 1.54, 1.73 and 1.96 

eV respectively.51

Furthermore, the density of states and band structure of Bi3S3 was calculated considering 

conventional unit cell containing 20 atoms (8 Bi, 12 S) (Supplementary information Fig. S3). 

Fig. 9a presents the calculated projected density of states (PDOS) and band structure and of 

Bi2S3. The calculated band gap is found to be around 1.25 eV which is quite close to the 

experimentally observed value of Bulk Bi2S3 (~ 1.4 eV).45 The valance band maxima (VBM) 

and conduction band minima (CBM) are located along -Y/ -X directions (Fig. 9b).  The 

PDOS near valance band maxima is consist of majorly S-3p orbitals along with minor 

contributions from Bi-6s, Bi-6p states. In contrast, the conduction band minima have major 

contributions from mixed states of Bi-6p, S-3s and S-3p orbitals. Overall, S-state dominates 

the VBM while Bi-states dominate in the CBM. Thus, optical transition from valance to 

conduction band is expected to originate from S-state and finish in Bi-states, which is 

consistent with the fact that each Bi is surrounded by seven S atoms withing the 3.4 Å 

separation.  
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Fig. 9. (a) Projected density of states and (b) band structure of Bi2S3.

Photo-response and photo-switching study of Si/Bi2S3 liquid junction photoelectrochemical 

cells

Bi2S3 is one of the earliest materials known to exhibit photo conducting properties.6 

The Photo-response and photo-switching behaviour of the as-prepared Bi2S3 has been 

evaluated by fabricating prototype photoelectrochemical (PEC) cells with a three-electrode 

system. The working electrode was fabricated by spin coating a colloidal suspension of Bi2S3 

nanomaterials in toluene over a Si substrate followed by evaporation of the solvent to give a 

thin film of the material. Experimental details are provided in supporting information.

In the present work, since phase pure Bi2S3 have been isolated in all the three 

reactions, BS3 was selected as a representative material keeping in mind the good 

crystallinity and band gap, and Photo-response and photo-switching of this material was 

investigated. The current-voltage (I–V) measurement for Si/Bi2S3 cell shows a nonlinear 

characteristic when irradiated in the presence of Na2S and Na2SO3 as electrolyte (Fig. 10a). 

On illuminating with light source (200 W cm-2), the energy from the light excites the 

electrons in the semiconductor Bi2S3 from the valence band into the conduction band.  This 

increase in availability of electrons results in increased photoconductivity (Fig. 10b) shows 

the photo response as a function of time when the lamp was switched on and off. The cell 

shows no further change in current on exposing to light after considerable amount of time 

which indicates saturation process. When the light was turned off, the “carrier generation 

process” abruptly stops while the “carrier loss process” carries on, resulting in a sudden 

decrease in the conductivity.52 Thus, the cell made from Bi2S3 nanomaterial, under dark and 

light condition shows good photo switching and photostability between low and high 

conductivity. Guo et al. reported earlier that resistive switching in Bi2S3 occurs due to its 

specific intrinsic doping with sulfur vacancies and hence exhibits great potential for 

application in resistive memory devices.53 Here on applying bias voltage of -1.5 V, the 

photocurrent (Ipc = Ilight - Idark) found to be ~5 µA while in an earlier report, Bi2S3 nanowire 

synthesized by Bao et al. using hydrothermal method shows photocurrent of ~60 nA and 

~20 nA when illuminated by green laser and the quartz lamp as light sources, respectively 

and bias voltage of 3 V.54 Later, Xiao et al.50 reported Bi2S3 hierarchical architectures which 
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exhibited improved photocurrent ~28 A on applying bial volatage of 5V, which is 

significantly higher compared to bias voltage used in present study. Photoresponsivity is the 

photocurrent generation efficiency of any material and can be expressed by the ratio of 

generated photocurrent and incident optical power (R = Ipc/PS)55 (P = 200 W cm-2 and the 

effective area of the cell; S = 0.785 cm2 in the present case). In this study, the 

photoresponsivity was calculated to be 31 mAW-1. From the repeated cycles, the middle 

cycle has been chosen to calculate the rise time (the time required for the current to 

increase from 10% to 90% of the peak value) and fall time in each case. The rise and fall 

times for BS3 are 2 s indicating fast response (Fig. 10c). It is to be noted that the rise and fall 

time are the same in this case, which indicates involvement of less trap states or defects in 

the switching process.56 The fast switching characteristics along with good photoresponsivity 

obtained in the present study for Bi2S3 nanorods proves their candidature for low-cost 

alternative photon absorber material for solar cell as well as efficient material for 

photodetectors and optical switches.

Fig. 10. (a) I-V characteristics, (b) reversible switching behaviour under alternating light and 

dark conditions and (c) expanded view of the middle cycle of the pristine Bi2S3 nanorods 

synthesized at 150 ᵒC, 10 min (BS3).

Conclusion

This account describes the successful room temperature synthesis and structural 

characterization of stable bismuth-dimethylpyrimidylthiolate molecular precursor for Bi2S3 

nanostructures. Notably, the three dimethylpyrimidylthiolate ligand attached to bismuth 

centre exhibit different kind of coordination behavior which leads to the isolation of 1D 

[Bi(-S,N-pymS)(pymS)(-S,N-pymS)]n polymeric chain. The complex underwent facile 

thermal transformation to afford phase pure Bi2S3 nanostructure at low temperatures in 
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OAm. Interestingly, the reaction temperature was significantly lower than the 

decomposition temperature of the complex as determined by TGA. This clearly reflects that 

OAm not only serves as capping agent for the nanostructures but also catalyze the 

decomposition of the precursor. Additionally, the investigation also highlighted the 

significant influence of the reaction temperature on the phase formation, morphology and 

bandgap of nanostructures. The estimated bandgaps of nanostructures were blue shifted 

with respect to the bulk bandgap and are in the range suitable for solar cell application. 

Furthermore, the prototype photo-electrochemical cell fabricated from the pristine Bi2S3 

nanostructures exhibited remarkable photoresponsivity and photostability under 

alternating light and dark conditions. Overall, this report presents a facile and scalable route 

to Bi2S3 nanostructures at relatively low temperature with the liberty of tuning morphology 

and bandgap. Similar approach can be explored for other metals to develop efficient 

precursors in future for the preparation of high quality metal chalcogenide nanostructures.
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