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ABSTRACT

Present article reports morphology controlled synthesis of lead sulfide (PbS)

thin films using cost-effective chemical method. The structural, morphological,

and electrochemical studies of the samples were carried out. Rock-salt phase

cubic structure formation is affirmed by XRD analysis. SEM micrograph

describes the evolution of an exotic, anisotropic, 3D hierarchical dendritic

architecture into microflowers as a function of reaction time. The optimized

sample shows specific capacitance of 360 F g-1 at a scan rate of 5 mV s-1. The

all-solid-state asymmetric PbS//MnO2 supercapacitor device shows cycling

stability of 71% over 1000 cycles highlights the significance of hierarchical PbS

nanostructures in supercapacitors.

1 Introduction

Supercapacitors have gained considerable attention

in the electrochemical storage field due to their rapid

charge/discharge rates, environmentally friendli-

ness, high power density as well as long life cycle

[1, 2]. Supercapacitive performance is mainly

dependent on high surface area of electrode material

along with the ease of transportation of ions between

electrolyte and electroactive material [3]. Nowadays,

it is highly required to engineer a new-class of elec-

trode materials for supercapacitor application with

higher energy as well as power density [4].

Recently, various metal chalcogenides have been

recognized as a promising candidate for superca-

pacitor electrode material due to their high theoreti-

cal capacities, excellent conductivity, and accessible

oxidation states [5–14]. Among these, Lead sulfide

(PbS) is an important—semiconductor material with

a near-infrared direct low bandgap (0.41 eV at 300 K)

and a high exciton Bohr radius (18 nm), which is

advantageous for electron transport [15–18]. Fur-

thermore, PbS is less difficult to produce [19]. Based

on these benefits PbS has an intriguing possibility for

its use as an electrode material in pseudocapacitors

[20, 21].
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It is observed that morphological control is fre-

quently used in manufacturing the materials to

improve the performance of energy storage devices

particularly in cycle stability and rate capability

[22, 23]. Microstructures increase the mechanical

strength of active materials, preventing aggregation

and structural collapse, which improves cycle stabil-

ity. Nanostructures, on the other hand, enhance the

electroactive regions of the active materials, ensuring

high performance and rate capability. Nonetheless,

hierarchical systems have several problems in precise

control and low-cost preparation [20].

In recent years hierarchical nanostructured lead

chalcogenides are used in many disciplines, such as

nonlinear optical switches [24], energy storage devi-

ces [25], solar cell sensitizers [26, 27], and optoelec-

tronic devices [28]. Particularly, PbS finds use in

sensors, solar cells, infrared radiations, phototran-

sistors, lasers, optoelectronic devices, and thermo-

electric devices due to its unique size and shape-

dependent characteristics [29–35].

In the present work, PbS thin films are prepared

using facile, cost-effective hydrothermal and screen

print method. Various characterization techniques

were used to investigate the structural, morphologi-

cal, and electrochemical characteristics of PbS thin

films. The growth mechanism of hierarchical PbS

microstructures was investigated. The optimized PbS

thin film sample is used to fabricate and analyzed the

performance of all-solid-state asymmetric PbS//

MnO2 supercapacitor device.

2 Experimental details

2.1 Materials

All the analytical grade chemicals were purchased

from Sigma Aldrich and used without further

purification.

2.2 Synthesis of PbS nanostructures

In actual synthesis of PbS thin films, 0.1 M aqueous

solution of lead nitrate in 10 ml of double distilled

water (DDW), added into 0.5 M thiourea in 10 ml of

DDW. After stirring for 10 min, this mixture is

poured into the 25 ml teflon- lined stainless steel

autoclave. This system is then kept into the muffle

furnace at 100 �C for 1 h. Then the system is allowed

to cool down to room temperature. The same reaction

was carried out at 2 and 3 h. The obtained black

precipitate was denoted as PbS: H1, PbS: H2, and

PbS: H3 obtained at the reaction time 1 h, 2 h, and

3 h, respectively. The precipitate was washed several

times with ethanol and DDW and dried in oven at

60 �C for 1 h. Figure 1A shows PbS powder obtained

by hydrothermal method along with synthesis

parameters.

2.3 PbS electrode preparation

Electrodes of PbS have been fabricated by depositing

these active materials on flexible stainless steel sub-

strates by screen print method. In typical route, the

working electrodes were prepared by mixing the as-

prepared active material, i.e., PbS powder (80 wt.%),

carbon black (10 wt.%) and polyvinylidene fluoride

(PVDF) (10 wt.%) with small amounts of ethanol to

obtain a uniform black paste. The homogeneous

slurry of PbS has been coated on polished flexible

stainless steel substrate with active area of 1 cm2 and

dried at 80 �C in a vacuum oven for 12 h. The three

electrodes PbS: H1, PbS: H2, and PbS: H3 formed

were used for further characterizations.

2.4 Synthesis of MnO2 thin film

Here, MnO2 thin film was used as cathode. It is

prepared by simple CBD method. The precursor

solution consist of 0.5 M KMnO4 in 50 ml solution.

The solution was stirred for 15 min. at room tem-

perature, subsequently 0.5 M HCl is added into the

solution. A well cleaned flexible stainless steel sub-

strate is dipped into the solution for 6 h at 60 �C to

get uniform thin film of MnO2.

2.5 Preparation of CMC-Na2SO4 gel
electrolyte

In a typical preparation, 2 g carboxymethyl cellulose

(CMC) was dissolved in 30 ml of DDW under con-

stant magnetic stirring. After CMC was completely

dissolved, 2 g Na2SO4 was added into CMC solution

and the resulting mixture was vigorously stirred at

70 �C till the formation of transparent, viscous, and

homogeneous solution. This viscous solution was

used as a gel electrolyte for the fabrication of asym-

metric supercapacitors.
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2.6 Characterization of PbS thin films

The XRD pattern of the films was recorded using

X-ray powder diffractometer (Bruker AXS Analytical

Instruments Pvt. Ltd., Germany, Model: D2 phaser).

Surface morphology was examined using SEM (JEOL

JSM-6360). The deposited mass on the substrate was

calculated by using weight difference method. The

specific surface area of a material was calculated by

Brunauer, Emmett and Teller (BET) model Quan-

tachrome Instruments v45.02. The electrochemical

characterizations were carried out by using automatic

battery cycler unit (WBCS3000) while electrochemical

impedance studies were carried out using AUTOLAB

PGSTAT100 FRA 32 potentiostat.

3 Results and discussion

3.1 X-ray diffraction (XRD)

The XRD pattern for the PbS thin film samples is

shown in Fig. 1B. The appearance of diffraction peaks

at 30.2�, 25.9�, and 43.1� corresponds to the (200),

(111), and (220) hkl planes, respectively, indicating

the predominant growth of crystallites along the [100]

direction. Other weak peaks (311), (222), (400), (331),

(420), and (422) correspond to the rock-salt phase

(FCC) cubic structure of PbS (JCPDS: 77-0244). The

sharp and strong diffraction peaks demonstrate the

product’s excellent crystallization. The XRD pattern

revealed no impurity phases, confirming the excellent

purity of the PbS samples. The crystallite size was

estimated from the basic Scherrer equation [36],

D ¼ Kk
b cos h

; ð1Þ

where D is the average crystallite size, k is the x-ray

wavelength, b is the width of the x-ray peak on the 2h
axis, normally measured as full width at half maxi-

mum (FWHM), h is the Bragg angle, and K is the so-

called Scherrer constant. K depends on the crystallite

shape and the size distribution, indices of the

diffraction line. The average crystallite size calculated

from Scherrer formula, was found to be * 73, 85,

94 nm for PbS: H1, PbS: H2, and PbS: H3 samples,

respectively [37, 38].

3.2 Scanning electron microscopy (SEM)

SEM images of PbS samples are shown in Fig. 2A.

These images depict the formation of hierarchical

nanostructures of lead sulfide. Sample PbS: H1 shows

the fern like structures with * 4 lm arm length and

Fig. 1 A Schematic

representation of PbS powder

formation via hydrothermal

method. B X-ray diffraction

patterns of PbS samples.

Vertical lines show the

standard JCPDS peaks
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each arm has dendrite like structures which are *
800 nm in size. As the deposition time increased

there is formation of micro-flowers along with fern

like structures as seen in sample PbS: H2. The micro-

flowers are made up of micro-petals with size *
1.5 lm, which enhance the specific surface area of

the electrode (Fig. S1). The PbS formed at 3 h has fern

like structures with obelisk shapes at the end of

dendrite, which has a length of * 5 lm and

diameter * 1.2 lm.

3.2.1 Growth mechanism

The reduction in surface energy is thought to be the

major driving mechanism for simple particle devel-

opment during the growth stage. The surface energy

(c) of an FCC structure is thought to be of the order

c{111}\ c{100}\ c{110}\ c{hkl} where hkl denotes a

high index facet [39, 40].

According to Bashouti and Lifshitz [41], the reac-

tion temperature and time influence the relative

thermodynamic or kinetic growth rate of crystals in

various orientations. In general, the formation of lead

chalcogenide crystals consists of two phases initial

nucleation and subsequent development [42, 43].

Because of their extremely symmetric cubic rock-salt

crystal structures, the seeds form as polyhedra dur-

ing nucleation, exposing six {100} and eight {111}

facets. The surface energy determines the develop-

ment rates on different facets throughout the growth

stage. The variation in relative growth rates of the six

{100} faces and the eight {111} faces of seeds with a

truncated octahedron shape is widely assumed to be

responsible for nanoscale geometries. The quicker

development along the eight\111[directions per-

pendicular to {111} faces leads in the removal of such

faces and the production of {100} faceted cubes

(Fig. 2B). If perpendicular growth to {100} faces is

favored, such faces ultimately vanish, and the resul-

tant morphologies are eight-faced octahedra with

{111} faces. If the latter development is significantly

quicker than that along the\111[directions and

longer growth durations are permitted, six-branched

star-shaped PbS is produced as a result of the growth

of the octahedral structures along the six\100[di-

rections (Fig. 2B). However, if the quicker growth

along the eight\111[directions is maintained,

PbS
Crystal 

seed

PbS crystal with its growth direction(B)

(A)

Fig. 2 A SEM images at 9 10000 magnification of PbS samples

synthesized at 1 h, 2 h, and 3 h by hydrothermal route shows

hierarchical nanostructures. B Growth mechanism shows

formation of hierarchical PbS nanostructures A one arm has

three ridges and B one arm has four ridges
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octapod formations emerge. Hierarchical PbS nanos-

tructures are produced in this manner [44].

3.3 Electrochemical characterization of PbS
thin films

3.3.1 Electrochemical measurements

The electrodes on flexible stainless steel substrate

were cut into 1 cm2 samples and then used as

working electrodes. The electrochemical perfor-

mances were measured in a three electrode system

with 1 M Na2SO4 electrolyte using cyclic voltamme-

try (CV), galvanostatic charge–discharge (GCD), and

EIS measurements. Platinum wire and an Ag/AgCl

electrode were used as the counter and reference

electrodes, respectively. The specific capacitance

(Csp) of the electrodes was calculated from CV and

GCD measurements, using the following equations,

respectively [45, 46]:

Csp ¼
1

mm Vc � Vað Þ

ZVc

Va

IðV)dV; ð2Þ

where, Csp is the value of PbS electrode by CV study,

can be computed by integrating the area under CV

and then dividing by the scan rate (v), the mass of the

deposited material (m) in the electrode and the

potential window (Va - Vc).

Csp ¼
Id � Td

DV �m
; ð3Þ

where, Csp is specific capacitance, Id is discharged cur-

rent, Td is the discharge time, DV is working potential

window, and ‘m’ is the mass of deposited material

which is estimated through the following equation,

m ¼ m2 �m1; ð4Þ

where, m2 is the mass of the flexible stainless steel

substrate with the electroactive material and m1 is the

mass of the flexible stainless steel substrate without

the electroactive material.

As two different electrodes materials are used in

fabrication of asymmetric device, the balancing of

mass ratio from cathode to anode is done by fol-

lowing equation,

mþ

m� ¼ C� � DV�ð Þ
Cþ � DVþð Þ ; ð5Þ

where, m?, m-, C?, C-, DV?, DV- are the mass,

specific capacitance, working potential window of

cathode and anode, respectively. Ragone plot is fur-

ther used to relate energy densities (ED) and power

densities (PD) to examine the performance of elec-

trode. The ED and PD values were calculated by the

following equations,

ED ¼
0.5� Cs � V2

max � V2
min

� �
3.6

; ð6Þ

PD ¼ E� 3600

Td

: ð7Þ

The typical Cyclic Voltammetry (CV) curves mea-

sured at various scan rates in 1 M Na2SO4 electrolyte

for PbS: H1, PbS: H2, PbS: H3 are shown in Fig. 3A, B,

C, respectively. The area under the CV curves grows

with scan rate for all three samples, indicating that

the electrolyte ions use the active electrode material

for all three electrodes. It is noticed that the PbS: H2

sample has a greater area under the curve with

symmetric nature than the other two samples, indi-

cating that it has better electrochemical performance

than other two samples. The graph of specific

capacitance as a function of scan rate for all samples

is shown in Fig. 3D. As the scan rate changes from 5

to 100 mV s-1, the specific capacitance of PbS: H1,

PbS: H2, and PbS: H3 varies from 320 to 40, 360–270,

and 210–40 F g-1, respectively. Specific capacitance

values are greater at low scan rates than at higher

scan rates. This is owing to the fact that at lower scan

rates, the maximal electroactive surface area accessi-

ble for electrochemical reaction is greater. Only the

outside surface area is available for electrochemical

reaction at higher scan rates [25]. At specific scan rate,

specific capacitance of PbS: H2 sample is higher than

other two samples. It is attributed as PbS: H2 sample

has higher geometrical area at electrode surface

which allows more insertion of ions than other two

samples which allow to maximize the efficiency of

electrochemical redox reactions [25].

Charge discharge experiments were carried out at

various current densities to investigate the rate

capabilities of as-prepared PbS thin films

(0.25–1 mA cm-2). Figure 4A–C depicts the charge–

discharge behavior of PbS thin films at different

current densities for three samples. Figure 4 shows

the asymmetric behavior of the charge–discharge

curve, indicating the pseudocapacitive behavior of all

PbS samples [47]. The curve of specific capacitance as

a function of current density is shown in Fig. 4D.

Based on this graph, we can infer that the PbS: H2

10372 J Mater Sci: Mater Electron (2022) 33:10368–10378



sample has a maximum specific capacitance of 360

Fg-1 at scan rate of 5 mV s-1, which is significantly

more than other two samples due to relatively higher

surface area of PbS: H2 sample.

Impedance measurements were taken in order to

study the electrochemical properties of the electrode

and electrolyte in a quantitative manner. The elec-

trochemical impedance of several PbS electrodes

(PbS: H1, PbS: H2, PbS: H3) was measured across a

frequency range of 100 mHz–100 MHz. Figure 5

depicts the Nyquist plots of all PbS electrodes. The

semicircles in the high frequency range are seen in

the Nyquist plots of PbS: H1, PbS: H2, and PbS: H3

thin films. PbS: H2 and PbS: H3 thin films have a

longer tail in the low frequency region than PbS: H1

thin film. Table 1 summarizes the computed values of

Rct and Rs. Based on these results, it is inferred that

the Rct and Rs values for PbS: H2 thin film are lower

than those for other samples. The EIS results were

strongly support to the CV and charge–discharge

study.

3.4 Fabrication of all-solid-state
asymmetric PbS//MnO2 supercapacitor

PbS: H2 sample was utilized as anode in the fabri-

cation of the asymmetric device, whereas MnO2 thin

film was used as cathode. The fundamental design of

an asymmetric device consists of two electrodes and

a separator that prevents direct contact between the

electrodes while allowing ion transport between

them. The Carboxymethyl cellulose (CMC)-Na2SO4 -

gel electrolyte was pasted between two electrodes,

and electrical connections were formed at the elec-

trodes. To avoid direct contact, gel electrolyte pasted

electrodes are wrapped with nonconductive bands.

To eliminate loose packing and air gaps, the

Fig. 3 CV curves of all PbS electrodes at scan rate 100 mV s-1. The CV curves of A PbS: H1, B PbS: H2, C PbS: H3 at different

scanning rates. D Variation of specific capacitance with different scanning rates of different PbS electrodes in 1 M Na2SO4 electrolyte
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manufactured device is put up under 1 ton pressure

for 15 min [48].

3.5 Electrochemical characterization of all-
solid-state asymmetric PbS//MnO2
supercapacitor

The electrochemical properties of an asymmetric

supercapacitor device are investigated across an

operating potential range of 0 – ? 0.65 V. The

capacity to operate at a greater rate is desired for

supercapacitor devices. The device’s rate capability

means that it can sustain electrochemical perfor-

mance at both low and high scan rates or current

densities. As a result, CVs were measured at different

scan speeds ranging from 5 to 100 mV s-1 to get an

understanding of the rate capabilities of an asym-

metric supercapacitor device (Fig. 6A). The device

Fig. 4 Charge–discharge curves all PbS thin films electrodes A PbS: H1, B PbS: H2, C PbS: H3 in 1 M Na2SO4 electrolyte at different

current densities. D Variation of specific capacitance at different current densities of different PbS electrodes in 1 M Na2SO4 electrolyte

Fig. 5 Nyquist plot of all PbS thin film electrodes (PbS: H1, PbS:

H2, PbS: H3 in 1 M Na2SO4 electrolyte
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retains its CV form even at a high scan rate of

100 mV s-1, and the increase in current density with

scan rate suggests that the asymmetric supercapacitor

device has a better capacitive characteristic [48, 49].

Figure 6B shows GCD curves for asymmetric device

at different current densities at 0.5–1.5 mA cm-2. The

fact that the GCD curves are not fully symmetric

demonstrates pseudocapacitive behavior, which is

consistent with the findings of CV investigations. The

early area of the discharge profile displays a rela-

tively tiny potential drop due to electrode internal

resistance or resistance produced at the electrical

contact [50]. Figure 6C shows graph of specific

capacitance versus scan rate of all-solid-state asym-

metric PbS: H2//MnO2 supercapacitor device. The

maximum specific capacitance of 48 F g-1 is obtained

at scan rate of 5 mV s-1 which is decreased to 22 F

g-1 at scan rate of 100 mV s-1. The specific capaci-

tance of 30 F g-1 is obtained at current density of

0.5 mA cm-2 (Fig. 6D). The specific capacitance

derived from CV and GCD differs because the

specific capacitance measured by CV is at a single

potential, but the specific capacitance obtained from

GCD is an average capacitance across a potential

range of 0.0– ? 0.65 V. Averaging capacitances

across a voltage range yields various specific capac-

itances [48–51]. When it comes to energy storage

devices, the values of energy density and power

density are crucial. These words define the practical

use of an energy storage system. As a result, using

the GCD curves, values of energy density and power

density of an asymmetric device at different current

densities are computed (Fig. 6E). The maximum

energy density of 2.72 Wh kg-1 and power density of

14 kW kg-1 are obtained for all-solid-state asym-

metric PbS: H2//MnO2 supercapacitor.

Another critical aspect of determining the practical

usefulness of an asymmetric device is its electro-

chemical cycle stability. As a result, the electro-

chemical stability was tested by repeating CV

measurements for 1000 cycles at a scan rate of

100 mV s-1. Figure 6F depicts a graph of capacity

retention Vs CV cycle number, demonstrating 71%

capacity retention over 1000 CV cycles. A red light

emitting diode (LED) is blazed to demonstrate the

practical usability of an asymmetric supercapacitor

device. Figure 6G shows two all-solid-state asym-

metric PbS: H2//MnO2 supercapacitor devices

linked in series for 30 s; lights up single LED for up to

1 min demonstrating the commercial viability of the

device.

4 Conclusion

In conclusion, PbS thin films were deposited on

flexible stainless steel substrate using a simple and

cost-effective chemical process, and their superca-

pacitor performance was evaluated. The rock-salt

phase cubic structure of PbS is confirmed by XRD.

The growth of an unusual, anisotropic 3D hierarchi-

cal dendritic architecture into microflowers takes

place as a function of reaction time and it is shown by

SEM images. The growth mechanism of hierarchical

PbS nanostructures is investigated. Because of its

extremely symmetric cubic rock-salt crystal structure,

the seed crystallizes as polyhedra during nucleation

and growth, exposing six {100} and eight {111} facets.

The rapid development along the {111} plane results

in the production of PbS cubes, whereas the slow

growth along the {100} plane results in the progres-

sive transition of the PbS cubes to microcrystals with

branching multiple arms. The enhanced surface area

of hierarchical PbS nanostructures is helpful in

energy storage devices.

At a scan rate of 5 mV s-1, the PbS:H2 sample has a

maximum specific capacitance of 360 F g-1. In addi-

tion, all-solid-state asymmetric PbS//MnO2 super-

capacitor device shows maximum specific

capacitance of 48 F g-1 at a scan rate of 5 mV s-1,

coupled with maximum energy density and power

Table 1 Electrochemical parameters of PbS thin films measured through EIS

Sample

code

Specific capacitance (F g-1) (at scan rate

5 mV s-1) (± 5%)

Rs (X cm-2)

(± 5%)

Rct (X cm-2)

(± 5%)

Q1 (C cm-2)

(± 5%)

Q2 (C cm-2)

(± 5%)

PbS: H1 320 3.68 0.98 0.0598 0.0458

PbS: H2 360 2.52 0.32 0.0128 0.0113

PbS: H3 210 11.98 2.10 0.0987 0.0698
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density of 2.72 Wh kg-1 and 14 kW kg-1, respec-

tively. Furthermore, after 1000 CV cycles, the super-

capacitor device exhibits cycling stability of 71%

concludes that, PbS thin films have the potential to be

used in supercapacitors.
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