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Abstract. Two-dimensional layered PbFCl and BaFCl have been prepared by solid-state reactions and the crystal
structures were subjected to Rietveld refinement to obtain structural parameters. The compounds characterized by several
methods including X-ray photoelectron spectroscopy, X-ray diffraction, field emission scanning electron microscopy,
transmission electron microscopy, etc. have been subjected to ultrasonic exfoliation in different solvents such as water,
dimethylformamide and N-methyl-2-pyrrolidone. Water is found to yield single layers of both these halides. The
supercapacitor performances of PbFCl, BaFCl and the exfoliated materials have been studied. Exfoliated 1–2 layered
PbFCl exhibits a high-specific capacitance of 158 F g-1 at a scan rate of 10 mV s-1.
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Introduction

Two-dimensional (2D) materials have gained great importance since the discovery of graphene [1–5]. A variety of 2D
materials with interesting properties have been discovered in
recent years, MoS2 being an important one [6–8]. A recent
survey [9] has shown that there are several hundred inorganic
2D materials and most of them are yet to be fully investigated.
Of these several hundred inorganic 2D materials, PbFCl and
BaFCl are the two simple 2D materials with the matlockite
structure. Although their crystal structures are known
[10–12], their properties have not yet been explored. Sieskind
et al [13] have measured the specific heat of the PbFX compounds in the range 1.5–35 K, while Hassan et al [14] have
carried out a comparative study on structural and electronic
properties of MFX compounds using FP-LAPW analysis. Liu
et al [15] have studied the temperature-dependent luminescent properties of PbFCl. Based on theoretical calculations,
they reported a band gap of 3.5 eV for PbFCl. The experimentally obtained band gap is 5.2 eV [16]. Electrochemical
properties of materials such as graphene, carbon nanotubes
and MoS2 have been reported [17–21], however, there is a
report on these properties of PbFCl- and BaFCl-layered
samples. We have prepared single- and few-layered
nanosheets of PbFCl and BaFCl by exfoliation through
ultrasonication and studied properties of the layered sheets.
This article is part of the Topical Collection: SAMat Focus Issue.

We report supercapacitance properties of PbFCl, BaFCl and
their exfoliated samples by means of cyclic voltammetry
(CV) curves, galvanostatic charge–discharge (GCD) curves
and electrochemical impedance spectroscopy (EIS).

2.
2.1

Experimental
Synthesis

PbFCl was prepared from lead chloride (PbCl2) and
ammonium fluoride (NH4F) by solid-state synthesis. In the
synthesis procedure, a 1:2 molar ratio of PbCl2 and NH4F
was taken in an alumina boat and heated under a continuous
flow of nitrogen at 400°C for 5 h, with heating and cooling
rates at 5°C min-1. After the reaction was completed, a
white powder was collected which was further characterized using microscopy and spectroscopy techniques. For the
preparation of BaFCl, a 1:2 molar ratio of BaCl2 and NH4F
was taken and similar experimental conditions which have
been used for PbFCl were used.

2.2

Exfoliation of PbFCl and BaFCl

Mono- and few-layers of PbFCl and BaFCl were prepared by
the liquid exfoliation of PbFCl and BaFCl bulk form in water
(1:1 molar ratio of bulk PbFCl/BaFCl and water) and were
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subjected to probe sonication (750 W and 20 kHz) for 5 h.
Exfoliated nanosheets were separated from the bulk by centrifugation at 5,000 rpm for 5 min. The top 50% supernatant
solution mixture containing few-layers was collected and used
for further characterization. The same procedure was used for
exfoliation in dimethylformamide (DMF) and N-methyl-2pyrrolidone (NMP), with sonication for 10 h.

2.3

Supercapacitors

The measurements of supercapacitor performance were
carried out in a CH Instruments electrochemical workstation with a three-electrode system. We have used a catalyst-coated glass carbon (GC) electrode as a working
electrode (WE) along with platinum foil and Ag/AgCl as
counter and reference electrodes, respectively, using a 1 M
H2SO4 solution as an electrolyte. The WE was prepared by
dispersing 1 mg material in 1 ml ethanol from which 30 ll
was dropcast on a GC electrode. WEs were dried in air at
60°C for 1 h. CV measurements were performed at different scan rates from 10 to 100 mV s-1. GCD measurements were also carried out at a current density of 1
A g-1. EIS measurements were performed using an
alternate current voltage with 10 mV amplitude in the
frequency ranging from 0.1 to 100 kHz. The specific
capacitance (Csp) was calculated from the CV curves with
respect to scan rates using the below formula:
Csp ¼

ðiþ  i Þ
;
m  scan rate

where i? and i- are the maximum values of current in the
positive and negative scans, respectively and m is the mass
of the single electrode.

2.4

Characterization

Powder X-ray diffraction (PXRD) data were collected with
a Bruker diffractometer (Cu Ka (k = 1.5406 Å) X-ray
source). Scanning electron microscopy (SEM) images were
obtained with an FEI Nova Nano SEM 600 microscope.
Optical transmission spectra were recorded on a PerkinElmer UV–Vis spectrometer and Raman spectra with a
Jobin Yvon LabRam HR spectrometer using an Ar laser
(k = 514.5 nm). Transmission electron microscopy (TEM)
images were recorded with an FEI Tecnai microscope,
operating at 200 kV accelerating voltage. The surface
topography was determined by using atomic force microscopy (AFM) in the contact mode using a Bruker Innova.
X-ray photoelectron spectra (XPS) were obtained with an
Omicron spectrometer using Al Ka as the X-ray source
(1486.6 eV).

Figure 1. Rietveld refined XRD patterns of (a) PbFCl and
(b) BaFCl.

3.

Results and discussion

Powder diffraction patterns of PbFCl and BaFCl (figure 1a
and b) show that they crystallize in the tetragonal structures
with the lattice parameters of a = 4.1077(4) Å, c =
7.2282(8) Å and a = 4.3934(13) Å, c = 7.2264(26) Å, with
the space group P4/nmm (no. 129) [10,22,23]. The refined
crystal parameters of PbFCl and BaFCl are shown in
table 1. The refined crystal structures show that Pb/Ba is
coordinated with 3F and 2Cl atoms with the chlorine atoms
occupying the surface in each layer. The bond distances of
Pb–F/Cl are 2.53, 3.089 Å and those of Ba–F/Cl are 1.48,
1.06 Å as measured using diamond software. The structures
of PbFCl and BaFCl layers are shown in figure 2 (see
table 2). XRD patterns of exfoliated PbFCl and BaFCl are
shown in supplementary figure S1.
XPS of PbFCl are shown in figure 3. The spectra are in
accordance with the chemical composition as well as
chemical states of the elements. The signals at 147 and 152
eV (figure 3a) correspond to Pb 4f7/2 and 4f5/2, and the
signal at 696 eV (figure 3c) corresponds to F 1s while the
signals at 206 and 208 eV (figure 3b) are the characteristics
of Cl 2p3/2 and 2p1/2, respectively. The signals at 803 and
818 eV (figure 3d) correspond to Ba 3d5/2 and 3d3/2 of
BaFCl while the signal at 708 eV (figure 3f) corresponds to
F 1s and the signals at 201.7 and 202.9 eV (figure 3e)
correspond to Cl 2p3/2 and 2p1/2, respectively. The elemental ratios of Pb/Ba, F and Cl derived from XPS
[1:0.95:1.05 (±0.05), 1:0.9:1.1 (±0.1)] are close to the
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stoichiometric ratios of PbFCl and BaFCl. Supplementary
figure S2 shows elemental mapping of PbFCl and BaFCl
obtained by using energy dispersive X-ray spectroscopy
which demonstrates the uniform distribution of Pb/Ba, F
and Cl which is supported by XPS.
The Raman spectrum of PbFCl (figure 4a) shows two
strong bands at 131.7 and 163 cm-1 which are due to the Eg
and A1g modes, respectively. We observed a weak band at
around 239 cm-1 which can be due to the Eg mode and a
feeble band at 103.2 cm-1 due to the A1g mode [24]. The
Raman spectrum for BaFCl (figure 4b) shows two bands at
132 and 163 cm-1 which are due to the Eg and A1g modes,
respectively. The other two bands at 212 and 247 cm-1 are
due to the B1g and Eg modes, respectively [24]. The Raman
spectra of exfoliated PbFCl and BaFCl are shown in figure 4b and d which show that intensity of the peaks
decreases, and broadness increases after exfoliation which
is a significant feature of the exfoliation. Thermogravimetric analysis of PbFCl and BaFCl was carried out in the
presence of oxygen (supplementary figure S3). We
observed a weight loss around 900°C for PbFCl (supplementary figure S3a). The weight loss is more than 60% due
to the conversion of PbFCl to PbO in the presence of
Table 1.
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oxygen. This formation of PbO was confirmed by XRD. In
the case of BaFCl, we observed a negligible weight loss,
which show that BaFCl is more stable than PbFCl (supplementary figure S3b).
The exfoliation of PbFCl and BaFCl was carried out in
different solvents (scheme 1). Figure 5a shows a topographic
AFM of the exfoliated PbFCl in water, demonstrating that the
exfoliated material is a monolayer with a thickness of *1.2
nm and their lateral dimensions are of few hundreds of
nanometres (figure 5b). Figure 5c shows the TEM image of
exfoliated PbFCl in water obtained by ultra-sonication
showing the characteristics of the layered structure. We have
carried out exfoliation of BaFCl in water (figure 5d–f). BaFCl
can be exfoliated into 1–2 layers with more than 90% yield
(figure 5d), the corresponding thickness is about *2 nm and
lateral dimension is *1 lm as obtained from the height
profile (figure 5e). Figure 5f shows the TEM image of
exfoliated BaFCl in water which shows the characteristic
feature of the layered structure.
The UV–Vis absorption spectra of bulk as well as exfoliated PbFCl are given in supplementary figure S4a and b. A
strong characteristic absorption band occurs at 267 nm for
PbFCl (supplementary figure S4a) and the corresponding

Rietveld refined crystallographic parameters of PbFCl and BaFCl.
Refined parameters

Name
Formula
Crystal system
Colour
Lattice parameters
Cell volume
Space group
Rwp (%)
Rexp (%)
RB (%)
GoF index
v2

Figure 2.

PbFCl
Tetragonal
White solid
a = 4.1077(4) Å, c = 7.2282(8) Å
121.968 (0.002)
P4/nmm (no. 129)
22.6
6.50
8.63
3.48
12.1

Layered structures of (a) PbFCl and (b) BaFCl.

BaFCl
Tetragonal
White solid
a = 4.3934(13) Å, c = 7.2264(26) Å
139.4867
P4/nmm (no. 129)
24.1
11.7
5.73
2.0
4.16
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Table 2.

PbFCl
BaFCl

Figure 3.
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Comparison of crystallographic parameters of bulk PbFCl and BaFCl with the literature.
Present work

Theoretical calculations

a = 4.1077(4) Å, c = 7.2282(8) Å
a = 4.3934(13) Å, c = 7.2264(26) Å

a = 4.163 Å [14], c = 7.340 Å [14]
a = 4.450 Å [14], c = 7.317 Å [14]

XPS core level spectra of (a, b, c) PbFCl and (d, e, f) BaFCl.

Figure 4. Raman spectra of (a) bulk PbFCl, (b) PbFCl exfoliated
in water, (c) bulk BaFCl and (d) BaFCl exfoliated in water.

band gap calculated using the Kubelka–Munk equation is
4.64 eV. After exfoliation with water as a solvent, the
absorption band is observed at 270 nm (supplementary
figure S4b), corresponding to a band gap of 4.58 eV. We
note that the absorption band of exfoliated PbFCl is close to
that of bulk PbFCl with a small red-shift. The UV–Vis
absorption spectra of BaFCl and exfoliated BaFCl are
shown in supplementary figure S4c and d, which show that
a strong absorption band occurs at 401 nm and their corresponding band gaps are 3.08 and 3.07 eV.
The exfoliation of PbFCl in DMF (supplementary figure S5a) yields 20–30% of sheets with 5–8 layers of 5–9 nm
thickness and a width of *500 nm. The height profile
(supplementary figure S5b) confirms this observation and its
corresponding TEM image is shown in supplementary figure S5c. Supplementary figure S5d shows a topographic
AFM image of PbFCl exfoliated in NMP along with the
height profile (supplementary figure S5e) showing *4–8
layers and a thickness of 5–9 nm. The sheet width is 400
nm. Supplementary figure S5f shows a TEM image of
PbFCl in which the layered structure is observed at the
edges. The exfoliation of BaFCl in DMF and NMP
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Schematic representation of exfoliation of PbFCl and BaFCl with various molecules.

Figure 5. (a, b, c) AFM image, height profile and TEM image of e-PbFCl (exfoliated PbFCl) in H2O and (d, e, f) AFM, height profile
and TEM image of e-BaFCl in H2O.

(supplementary figure S6) yields *30% of sheets of 6–8
layers with a thickness of 7–9 nm and a width of *350 nm.
The corresponding height profile and the TEM image are
shown in supplementary figure S6b and c. Supplementary
figure S6d shows a topographic AFM image of PbFCl
exfoliated in NMP. The corresponding height profile (supplementary figure S6e) shows *4–5 layers, a thickness of
5–7 nm and a sheet width of *400 nm. Supplementary
figure S6f shows the TEM image of BaFCl (NMP) revealing
the layered structure sheets. All the yields mentioned were
measured based on AFM images as a source.

Figure 6 graphically presents exfoliation features of
PbFCl/BaFCl in different solvents. Hansen solubility
parameters (HSP) of the solvents are listed in table 3 along
with the nature of exfoliated layers.
Supplementary figure S7 shows the FESEM images of
PbFCl exfoliated in different solvents. Supplementary figure S7a displays flakes of the bulk sample. PbFCl exfoliated
with DMF, NMP and water is shown in supplementary
figure S7b–d, demonstrating the flakes obtained after
exfoliation. Supplementary figure S8 shows the FESEM
images of bulk and exfoliated BaFCl. Supplementary
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Figure 6. Graphical representation of exfoliation of PbFCl/
BaFCl with different molecules.
Table 3.
Solvent
H2O
DMF
NMP

figure S8a shows flakes and cubes of bulk BaFCl. Exfoliated BaFCl with water, DMF and NMP are shown in supplementary figure S8b–d, exhibiting the flakes and cubes
obtained after exfoliation by ultrasonication.
Electrochemical properties of bulk and exfoliated PbFCl
and BaFCl were measured by CV, GCD and EIS in 1 M
H2SO4 aqueous solution. Cyclic voltammograms were measured at scan rates between 10 and 100 mV s-1 for both bulk
and exfoliated PbFCl and BaFCl. The CV curves obtained at a
scan rate of 100 mV s-1 are shown in figure 7a. A maximum
specific capacitance of 158 F g-1 was obtained for exfoliated
PbFCl at a scan rate of 10 mV s-1 compared to the other
obtained materials which is shown in figure 7a. When the
scan rate increases, the current increases and the specific
capacitance decreases as shown in figure 7b, a typical characteristic of supercapacitors. Figure 7c shows the charge–
discharge curves of bulk and exfoliated PbFCl and BaFCl
measured at a current of 1 A g-1 in a potential window of

Hansen solubility parameters (HSP) [25,26] of different molecules used for exfoliation of PbFCl.
Surface tension
(mN m-1) at 20°C

dd
(MPa)1/2

dp
(MPa)1/2

dh
(MPa)1/2

Total
HSP

No. of exfoliated
layers in PbFCl

No. of exfoliated layers
in BaFCl

72.8
37.1
41.2

15.6
17.4
18.0

16.0
13.7
12.3

42.3
11.3
24.9

47.8
24.9
23

1
5–8
4–8

1–2
6–8
4–5

Figure 7. (a) Voltammograms at a scan rate of 100 mV s-1, (b) GCD curves of (i) exfoliated
PbFCl (1–2) layers, (ii) bulk PbFCl, (iii) exfoliated BaFCl (1–2) layers and (iv) bulk BaFCl at a
current density of 1 A g-1, (c) specific capacitance at different scan rates and (d) cyclic stability
tests for exfoliated PbFCl at a current density of 1 A g-1.

Bull Mater Sci (2020)43:312
0.0–0.8 V against Ag/AgCl (2 M KCl). The discharge time of
exfoliated PbFCl was longer than that for other obtained
materials which indicate a significant charge-storing capability. Figure 7d shows the cyclic stability of exfoliated
PbFCl measured by repeating the CV tests between -0.2 and
0.8 V at a scan rate of 100 mV s-1 for 500 cycles. Exfoliated
PbFCl shows a loss of 16.37% from a starting specific
capacitance which indicate that it has good capacitance
retention. The Nyquist plots of bulk and exfoliated PbFCl and
BaFCl are shown in supplementary figure S9. The CV curves
of all the bulk and exfoliated PbFCl and BaFCl measured at
different scan rates are given in supplementary figure S10.
The results show that the specific capacitance of exfoliated
PbFCl is superior to graphene materials [27–29].

Page 7 of 7
[4]

[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

4.

Conclusions

Layered PbFCl and BaFCl have been characterized. They
have been exfoliated into single- and few-layers in polar
and non-polar solvents. Single layers are obtained in water.
The exfoliation features can be understood based on HSPs.
Electrochemical supercapacitor properties of the bulk and
exfoliated PbFCl and BaFCl have been studied. Exfoliated
PbFCl exhibits characteristic feature of a supercapacitor
with a specific capacitance of 158 F g-1 at a scan rate of 10
mV s-1.
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