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Abstract In this study, nano-crystalline lead sulfide (PbS)

and lead oxide (PbO) were synthesized using hassle-free

and cost-effective chemical route. Lead oxalate (PbC2O4)

precursor was thermally decomposed to obtain the nano-

crystalline PbO, while PbS nanoparticles were synthesized

by microwave irradiation on a mixture of PbC2O4 precur-

sor and sodium thiosulfate. Resulting materials were

characterized by X-ray diffraction (XRD), scanning elec-

tron microscopy (SEM), Fourier transform infrared spec-

troscopy, ultraviolet–visible (UV–Vis) spectrophotometry,

differential scanning calorimetry (DSC), and thermo-

gravimetric analysis (TGA). XRD confirmed the tetragonal

structure for PbO and face-centered cubic for PbS with

average crystallite sizes varying from 20 to 30 nm for both

materials. From UV–Vis spectra, direct band gap energies

were calculated to be 2.51 and 2.23 eV for PbO and PbS,

respectively. Various decomposition stages during heat

treatment of PbO and PbS, as revealed by TGA/DSC, are

discussed in detail.

Keywords Lead sulfide � Lead oxide � Nanoparticles �
Thermal decomposition � Thermogravimetric analysis

Introduction

In recent times, semiconducting nanomaterials have

attracted lot of attention due to their commendable physical

and chemical properties which can be tuned by adjusting

their shape, size, and surface morphology (Chan 1998;

Chang et al. 2004; Milliron et al. 2004; Murray et al. 1993).

These properties depend directly on the crystal structure of

the material which can be controlled by manipulating

thermodynamic and kinetic processes involved in the

crystal growth. Therefore, studies relating to the crystal

structure and properties are essential to realize potential

applications these materials have to offer. Lead-based

compounds demonstrate interesting chemical and physical

characteristics and are widely used in many applications

such as FE transistor, photoresistors, diode, lasers, optical

detectors, hybrid organic solar cells, and imaging-labeling

applications (Xiao et al. 2013; Patil et al. 2006; Ikram et al.

2014, 2016; So et al. 2017). Lead oxide, which is one of the

basic lead compounds, exists in different stoichiometric

forms depending on the lead-to-oxygen ratio, e.g., PbO,

PbO2, Pb2O3, Pb3O4, and Pb9O12. Among these, PbO, a

direct band gap semiconductor having two polymorphs a-
PbO and b-PbO with band gap energies of 2.2 and 2.5 eV,

respectively, has attracted a greater focus due its excep-

tional mechanical, electronic, and optical properties (Kar-

ami and Alipour 2009; Lafront et al. 2010; Martos et al.

2001; Xi et al. 2004). Another important lead compound is

PbS. It is a subject of growing attention due to its exclusive

properties associated with size quantization. Bulk PbS has

cubic crystal structure and a small direct band gap of

0.41 eV at 300 K and a large Bohr radius (around 18 nm).

A blend of these extraordinary properties makes PbS a very

promising candidate for electroluminescent devices (Wang

et al. 1987). Recent approaches for the synthesis of PbO
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and PbS nanostructures include sonochemical methods,

thermal decomposition, self-organization (Leontidis 2003),

hydrothermal synthesis (Li et al. 2009), homogeneous

hydrolysis (Li et al. 2007), electro deposition (Sharon et al.

1997), and microwave heating (Ding et al. 2003; Sun et al.

2009). Utilization of PbO and PbS nanostructures for

potential applications is strongly subjected to their thermal

stability in air and inert atmosphere. Structural phase

transitions, oxidation, and recrystallization occur rapidly in

metal sulfides upon small increments of temperature

(Nafees et al. 2011, 2012, 2015; Qadri et al. 2003;

Sadovnikov et al. 2009, 2011; Sadovnikov and Rempel

2009). Therefore, a better understanding of oxidation

temperature/resistance and thermal stability of PbO and

PbS is crucial for realizing potential applications these

materials promise. Still, sufficient literature on these issues

is not available.

In this work, we report the simple and cost-effective

aqueous medium-based chemical method to synthesize

PbO and PbS using a single precursor. Thermal stability

and various transitions/reactions occurring in nanostruc-

tured PbO and PbS during heat treatment in air and inert

atmosphere are also discussed in detail.

Experimental work

Materials

Analytical grade pure lead (II) chloride (PbCl2), sodium

thiosulfate Na2S2O3, and oxalic acid (H2C2O4) were pur-

chased from Unichem Laboratories Ltd. Absolute ethanol

and distilled water were used to wash the products. All

chemicals were used without any further purification.

Preparation of lead oxalate precursor

Separate solutions of desired molarity were prepared by

dissolving PbCl2 and H2C2O4 in distilled water under

vigorous stirring at room temperature then these solutions

were mixed dropwise under the same condition. White

precipitate of lead oxalate (PbC2O4) was produced which

was collected and washed with absolute ethanol and dis-

tilled water several times to remove the traces of impuri-

ties. As prepared PbC2O4 was dried by aging for 7 h at

60 �C.

Preparation of lead oxide

Dry PbC2O4 was heated for 3 h at 425 �C in a muffle

furnace with the ramp rate of 20 �C min-1. After cooling

naturally to room temperature (RT), red-colored PbO was

formed and collected for characterization.

Chemical reactions involved in the synthesis are:

H2C2O4 þ PbCl2 ! PbC2O4 þ 2HCl

PbC2O4 ! PbOþ CO2 þ CO:

Preparation of lead sulfide

For the synthesis of PbS nano-crystalline material, solution

of required molarity was prepared by dissolving Na2S2O3

in distilled water before the addition of as prepared PbC2O4

precursor under stirring.

After 2 h of stirring, resulting solution was heated/irra-

diated in microwave oven (2.45 GHz, 1000 W) for 40 min

with 20% power. Upon heating, the black precipitate was

formed then filtered and washed with distilled water and

absolute ethanol before being dried at room temperature.

The reaction between PbC2O4 and Na2S2O3 involves

multiple steps similar to those reported for CuS synthesis

(Nafees et al. 2012, 2015). At first, S2O3
2- ions from

Na2S2O3 react with water molecules to form H2S gas

which, upon reacting with Pb2? ions from PbC2O4, results

in the formation of PbS nanoparticles, further aggregated to

the nano-crystalline material. A simplified reaction

scheme is presented in Fig. 1.

Characterization

Structural and phase information on PbO and PbS

nanoparticles were obtained using PANalytical X’Pert

PRO X-ray diffractometer with Cu Ka radiation

(k = 0.15418 nm). X-ray diffraction (XRD) patterns were

recorded in the 2h range of 20–75 using a step size of

0.05� s-1. Morphology and microstructure of the synthe-

sized materials were probed using field emission scanning

electron microscope (SEM, JOEL JSM-6480). Differential

scanning calorimeter (DSC) and thermogravimetric analy-

sis (TGA) were performed by TGA, SDT Q600 (TA

Instrument) in controlled environment to observe the mass

loss/increment, thermal phase transitions, and thermal

Fig. 1 Reaction scheme for synthesis of lead sulfide PbS
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decomposition/oxidation in PbS nanomaterial. Thermal

analysis was carried out using TA Universal Analysis

2000. Fourier transform infrared (FTIR) spectra were

recorded from 4000 to 400 cm-1 using a PerkinElmer

spectrum two universal attenuated total reflectance Fourier

transform infrared (UATR–FTIR) spectrometer. Ultravio-

let–visible (UV–Vis) spectra were recorded using Genesys

10 s UV–Vis spectrophotometer.

Results and discussion

XRD patterns of nano-crystalline PbO, PbS, and PbC2O4

are represented in Fig. 2. It can be observed that all syn-

thesized products demonstrate high crystallinity and match

well with reported patterns as mentioned in JCPDS card

numbers (PbC2O4, 00-014-0803; PbO, 01-085-1414; PbS,

03-065-2935). XRD pattern of PbO (Fig. 2c) is indexed as

tetragonal, a very small peak present at 30.25 (2h) shows
the presence of orthorhombic phase. Long heating time

required to decompose PbC2O4 precursor results in the

phase change and a corresponding appearance of the

additional peak. PbS crystallizes in face-centered cubic

crystal system with the presence of no other phases.

Average crystallite size for PbO and PbS was found to be

around 20–30 nm as calculated by Scherer’s formula.

Optical absorbance and band gap energies for PbO and PbS

are shown in Fig. 3. Both the PbO and PbS absorb in

ultraviolet and visible regions with respective band gap

energies of 2.51 and 2.23.

The optical absorption with band gap energies of PbO

and PbS are shown in Fig. 3a, b, respectively. The PbO

absorption was in UV as well as in visible region while PbS

absorption was maximum around 375 nm (Fig. 3a) and

their corresponding band gap energies were calculated

using a Tauc plot, shows (ahm)2 vs hm for the nanoparticles.
The intersection of the straight line with x-axis indicates

that the calculated band gap energy (Eg) for PbO and PbS

was 2.95 and 2.15 eV, respectively.

Figure 4 shows the energy dispersive X-ray spec-

troscopy (EDX) results of as prepared PbS and PbO. Fig-

ure 4a indicates that PbS sample contains Pb, S, Na, and O;

the presence of Na and O corresponds to Na2S2O3 which

remained unreactive during synthesis. EDX spectrum of

PbO consists of peaks corresponding to Pb and O. Absence

of additional peaks confirms the high purity of the sample.

Surface morphology and microstructure of PbS and PbO

were probed by field emission scanning electron micro-

scopy (FESEM) images of PbO and PbS as shown in

Fig. 5. It is clear that PbS nanoparticles exist in cubic

geometry with significant agglomeration as shown in

Fig. 5a, b. The increase in particle size occurs mainly due

to aggregation of nanoparticles depending on reaction

parameters like reaction time, microwave power, and

Fig. 2 XRD pattern of a C2PbO4, b PbS, and c PbO

Fig. 3 Optical absorption of metal oxide and sulfide (a) and calculation of band gap energies (b)
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Fig. 4 EDX of a PbS nanoparticles and b PbO

Fig. 5 FESEM images of a,
b PbS and c, d PbO
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concentration of precursors. Particle size and shape can be

controlled by tuning these parameters.

Figure 5c, d reveals the presence of very fine PbO

nanoparticles. Amalgamation of these nanoparticles leads

to the formation of porous structures with very narrow pore

size in the 40–100 nm range.

Fourier transform infrared (FTIR) spectra of PbO and

PbS nanoparticles are shown in Fig. 6. The board peak

around 3400 cm-1 corresponds to (O–H) stretching

vibrations originating due to small amount of ethanol used

in washing the samples. A sharp peak at 1705 cm-1, in

both graphs is assigned to vibrations of the carbonyl group

(C=O), while another peak at 1395 cm-1 is recognized as

stretching vibration of carboxyl group (C–O). Peaks lying

in the 300–900 cm-1 are identified as metal–oxygen (M–

O) stretching vibrations. Although the FTIR spectra of PbO

and PbS are identical, a well-defined peak around

600 cm-1 in PbS spectra is assigned to (S–S) stretching

vibrations (Bakshi et al. 2007; Senvaitiene et al. 2007;

Timar and Lucăcel-Ciceo 2008).

Differential scanning calorimetry and thermogravimetric

analysis (DSC/TGA) curves of PbC2O4 precursor recorded

in air are shown in Fig. 7. Sample was heated from room

temperature to 500 �C with the ramp rate of 10 �C min-1.

No significant mass loss was observed up to 325 �C indi-

cating that sample was free from moisture and solvent

molecules. A notable mass loss (26%) occurs between 350

and 400 �C due to decomposition of Pb2C2O4 to PbO with a

corresponding endothermic peak appearing at 390 �C.
For PbO, DSC/TGA curves were recorded from room

temperature (RT) to 1175 �C in air with the ramp rate of

10 �C min-1. A mass loss of almost 2% occurs up to 500 �C
as shown in Fig. 7. This initial mass loss involves multiple

transitions occurring during the heating process (Nafees et al.

2011, 2012). As observed from differential thermogravi-

metric (DTGA) curve, dehydration takes place first resulting

in the removal of water of crystallization around 100 �C
while a hump between 200 and 250 �C corresponds to

Fig. 6 FTIR spectra of a PbO and b PbS nanoparticles

Fig. 7 DSC/TGA curves of as

prepared precursor Pb2C2O4

(above) and PbO (below)

recorded in the air
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endothermic nature of transition confirmed by DSC curve.

The inorganic compound PbO contains minute quantities of

PbO2; thermal decomposition from PbO2 to PbO occurs in

many steps from 290 to 650 �C accompanied by endother-

mic mass losses in designated temperatures. Decomposition

of PbO2 to PbO proceeds as follows (Greenwood and Earn-

shaw 1997; White and Roy 1964):

12PbO2 ��������!
Above 293 �C

Pb12O19 þ 2:5O2

Pb12O19 ��������!
Above 350 �C

Pb12O17 þ O2

Pb12O17 ��������!
Above 375 �C

4Pb3O4 þ 0:5O2

Pb3O4 ��������!
Above 605 �C

3PbOþ 0:5O2

A sharp endothermic peak observed in DSC curve at

880 �C indicates melting of PbO without the involvement

of any mass loss as supported by TGA and DTGA curves.

Around 1100 �C, another endothermic mass loss was

observed most probably due to partial evaporation of

very small PbO nanoparticles. A small percentage of mass

loss (2.7%) from RT to 1175 �C indicates excellent thermal

stability of PbO nanoparticles.

Figure 8 shows the DSC/TGA analysis of PbS at tem-

perature range 25–1000 �C with the ramp rate of 10 �C
min-1 in argon and air atmosphere. TGA curve indicates

an initial mass loss of about 20% from 50 to 300 �C. This
is confirmed by DTGA curve which reveals three peaks

corresponding to vaporization of water and ethanol con-

tents, removal of water of crystallization and liberation of

sulfur at 140, 215, and 290 �C, respectively. The second

mass loss from 600 to 900 �C is attributed to evaporation

of sulfur and production of metallic lead Pb with associated

endothermic and DTGA peaks appearing at 810 and

880 �C.
Almost identical behavior was observed in air atmo-

sphere from 25 to 280 �C. In DSC curve, a peak around

290 �C corresponds to the exothermic reaction of PbS with

oxygen yielding SO2 and PbO as confirmed by small peak

at 310 �C in DTGA curve. TGA graph shows mass gain

from 450 to 700 �C which is attributed to exothermic

reaction at 460 �C producing PbSO4 and PbO. This is also

confirmed by DSC and TGA curves. Furthermore, PbSO4

Fig. 8 DSC/TGA of PbS in air

(above) and in argon (below)

404 Appl Nanosci (2017) 7:399–406

123



decomposes from 750 to 1000 �C to Pb. This can be rep-

resented in terms of chemical reactions as follows:

PbS � H2O ! PbSþ H2O

2PbSþ 3O2 ! 2PbO + 2SO2

2PbOþ PbS ! 3Pb + SO2

PbSþ 2O2 ! PbSO4

PbSO4 ! Pbþ SO4

PbSþ PbSO4 ! 2Pb + 2SO2:

Conclusions

In this study, cost-effective and low-temperature synthesis

of single Pb2C2O4 precursor was reported, which is used to

synthesize PbO nano-crystalline material by heating

PbC2O4 at 425 �C and PbS nanostructured material was

produced by microwave irradiation (2.45 GHz, 1000 W,

40 min) on aqueous solution prepared with Na2S2O3 and

PbC2O4 precursor. This synthesis process demands effec-

tive and proper washing to remove byproducts.

The formation of PbO and PbS was confirmed by XRD,

which reveals high crystalline nature of both materials with

a crystallite size of 20–30 nm. Optical band gap was found

to be 2.15 and 2.95 eV for PbS and PbO, respectively,

using UV–Vis measurements. EDX data vet the presence

of Pb, S, and O in the synthesized samples. Surface mor-

phology of PbS nanoparticles was found to be cubic with

many particles of sizes less than 100 nm, while PbO fea-

tures highly porous surface with very small pore sizes

varying from 40 to 100 nm. PbS demonstrates excellent

thermal behavior with complete decomposition involving

many steps; by heating PbS in air, system absorbs heat

thereby releasing SO2 with the production of PbO followed

by exothermic conversion to PbSO4 and metallic Pb at

higher temperatures from 700 to 1000 �C, simultaneously

endothermic decomposition of lead sulfate takes place. No

mass increment was detected in argon atmosphere due to

the absence of O2. It was noted that small PbS particles

react at low temperature compared with the large size. The

proposed research can be used for the cost-effective syn-

thesis of PbS, PbO, and related materials.
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