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Atomic scale crystallographic structures of a quantum crystals depend on substrate, interfacial strain, 
defects, surface functionalities etc., which make it challenging to precisely control. To achieve high 
quality material, UHV conditions are prerequisite, which makes it costly. Naturally occurring 2D materials 
have tremendous significance in this regard. White lead, having weak interlayer coupling and easily 
found in natural ores have never been exfoliated. Keeping the novelty in mind, one needs to explore 
its physical as well as chemical behaviour and look out for appropriate applications. We for the first 
time, therefore, have sonochemically exfoliated white lead, and established its physical and chemical 
behaviour. We have also blended it with graphene oxide and explored its gas sensing applications and 
found the hybrid system to be very selective for  NH3 gas. White lead, a naturally occurring 2D material; 
has been exfoliated for the first time and its hybrid with graphene oxide has been explored for gas 
sensing.

Introduction
Atomically thin crystals, popularly known as two-dimensional 
(2D) materials exhibit quantum character. Graphene was the 
first explored 2D material and due to the least defect level and 
electron cloud over the crystal, electron transport is ballistic 
in graphene and therefore has been employed in ultrafast gas/
light/strain sensors [1–3]. Apart from graphene, 2D materials 
consists of Xenes (phosphorene, borophene, 2D gold etc.), Tran-
sition metal oxides (TMOs), transition metal dichalcogenides 
(TMDCs), Transition metal carbides and nitrides (MXenes) 
and BN [4–15]. While various ways of synthesis of 2D materi-
als have been explored, integration of 2D materials with other 
3D/2D/1D/0D materials have been developed for enhanced 
device functionalities in recent years [16–25]. Scalability, repro-
ducibility, economic cost of production and device integration 
issues are being worked out to excel in functionalities. Since fast 
and high response to stimuli, cyclability and lifetime of devices 
are dependent on electronic mobility, thermal conductivity, 
carrier concentration, structural stability etc., therefore intense 
research is ON to explore new 2D materials and novel function-
alities and applications.

Naturally occurring 2D materials are of intense research 
interest as they are abundantly available in nature in highly 
crystalline form at economic price and therefore synthesis cost 
is curtailed. Among naturally occurring 2D materials, graphite, 
Franckeite [26], Hematene [27] and Ilmenene [28] have already 
been reported and they constitute new class of 2D materials 
(see Fig. 1). White lead, also known as Cerussite is one of the 
naturally occurring layered material [29, 30]. Due to its robust-
ness against thermal as well as pressure conditions, white lead 
as a material has already been utilized in various applications 
including lubricants for gears in automobile and in aviation 
industries, as pigments in white paint and as insulating barriers 
in electronic industries [31, 32]. However, owing to high sur-
face area and due to hydroxyl functionalities, it is also expected 
to be excellent for gas sensing applications. After a careful lit-
erature search, we arrived at a conclusion that white lead itself 
has never been exfoliated and its applications, especially in gas 
sensing applications has not yet been realized. In contrast, func-
tionalized graphene sheet obtained from chemical processing of 
another naturally occuring 2D crystal (i.e., graphite); itself is a 
promising candidate for gas sensing applications [33–40]. How-
ever, at elevated thermal conditions its ionic character degrades 
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and its electronic character shines [41–47]. Thus, apart from 
establishing white lead as a new layered material with potential 
for sensing applications, there is an urgent need for the develop-
ment of magic combinations (hybrids) of graphene oxide with 
thermally stable white lead, which can withstand extreme oper-
ating conditions and improved electronic behaviour of graphene 
oxide at elevated temperature (due to reduction) would help in 
giving sensing signal.

Assessing the urgent need to establish white lead as a new 
2D material and to investigate its applications, we have investi-
gated for the first time sonochemical exfoliation of white lead in 
deionised water solvent at room temperature. The as-synthesized 
material was characterized using a host of microscopic tech-
niques such as optical microscopy, Atomic force microscopy 
(AFM) and transmission electron microscopy (TEM) as well 
as spectroscopic techniques such as Raman, X-ray photoelec-
tron spectroscopy (XPS), Fourier transform infra-red (FTIR), 
UV–Visible and photoluminescence (PL) spectroscopy. To 
exploit attributes of graphene oxide (GO) and white lead (WL) 
together, we synthesized their hybrids by hybridizing chemically 
synthesized graphene oxide via adaptation of modified Hum-
mer’s method with layered sheets of white lead synthesized via 
sonochemical exfoliation. Further, WL-GO hybrid has been 
explored for ammonia sensing.

White lead is a crystalline compound having layered struc-
ture [see Fig. 2(b)]. However, its molecular layers have never 
been exfoliated and therefore, behaviour of this material upon 
exfoliation is yet to be established. In order to exfoliate it, we 
employed sonochemical approach [see Fig. 2(a)]. After several 
hours (upto 30 h) of sonication, dispersion of white lead in 
deionised water solvent was centrifuged and supernatant was 
used for characterizations (microscopy as well as spectroscopy). 
Sheets attained have large distribution in thickness as seen in 

atomic force microscopic image [Fig. 2(c)]. While the thinnest 
visible sheets were ~ 2 nm in vertical dimension and correspond-
ing lateral dimension was ~ 100 nm, thicker sheets were ~ 4 nm 
in vertical dimension and ~ 130 nm lateral dimension (see line 
profiles at three locations in AFM image in Fig. 2(c) and Fig. 
S1, Fig. S2 in ESI). White lead, having carbonate and hydroxyl 
groups attached to lead, is expected to have local  sp3 like behav-
iour and strain in the system due to which crumpling is expected 
and indeed we could visualize them in transmission electron 
microscopic image [see Fig.  2(d)]. Moreover, as compared 
to elemental 2D materials where there are no functionalities 
attached, this material is a compound sheet and hence will have 
its sheet relatively thicker. While Raman spectroscopy carried 
out on synthesized individual WL powder sample [optical image 
(inset in Fig. 2(e)] shows white colour coating on  SiO2/Si sub-
strate) exhibits peaks at 1050  cm−1 [see Fig. 2(e)] [48]. As can be 
established from XPS spectrum full scan survey [see Fig. 2(f)] 
and also in C1s [see Fig. 2(g)] and Pb  4p3/2 [see Fig. 2(h)] peaks, 
synthesized sheets predominantly constitutes of lead carbonate 
(validation comes from XPS peak ~ 288.5 eV) along with signa-
ture of hydrocarbon [see Fig. 2(g), the O1s of the WL sheet is 
represented in Fig. S4 in ESI). Photoresponse of WL thin films 
coated on ITO substrate has been obtained in presence of red 
laser and indeed it shows positive photoresponse, which might 
be due to hydroxyl removal owing to localized heating [see 
Fig. 2(i)]. This is being validated by power dependent enhance-
ment in conductivity of the sample.

As both the component materials (GO as well as WL) 
are soluble in water due to available functionalities, to attain 
hybrids of WL with GO; therefore, supernatants of WL and GO 
in deionised water solvent were mixed together and sonicated 
for 30 min [see schematic in Fig. 3(a). Photograph of three bot-
tles [see Fig. 3(b)], first one contains sonicated dispersion just 

Figure 1:  Glossary for family of naturally occurring 2D materials.
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before centrifugation, second one is the supernatant attained 
after the centrifugation and third one is WL-GO hybrid dis-
persed in deionised water. Once they are brought together in a 
sonicator, both WL and GO interact well with water and make 
homogeneous dispersion. TEM image of graphene oxide sheets 
attained by chemical route used for the purpose of hybridization 
is shown in Fig. 3(c) and exhibits folds and wrinkles which are 
characteristics of monolayers. Moreover, GO sheets are electron 
transparent as well. Selected area electron diffraction shows hex-
agonal pattern, diffused though which indicates defects in crys-
tal structure of GO [see inset of Fig. 3(c)]. Raman spectrum of 
WL exhibits peak at 1050  cm−1, while GO exhibits Raman peak 
at 1344  cm−1 (D band), 1595  cm−1 (G band) and 2687  cm−1(2D 
band) [49–53]. WL/GO hybrid exhibits Raman peak at 
1045  cm−1, 1337  cm−1, broad peak ~ 1570–1610  cm−1, and very 
broad 2D peak (2500–3000  cm−1) respectively [see Fig. 3(d)]. 
Raman peak shifts for G and 2D peaks (in WL-GO hybrid as 

compared to GO) attests to the hybridization of orbitals. We 
have observed peak broadening for G-peak. Upon deconvolu-
tion, one can apparently observe G-peak splitting into three 
components. Original peak ~ 1595  cm−1 of GO and softened 
peak ~ 1577  cm−1 (which may arise due to hybridization with 
other materials [54] as well as one hardened peak ~ 1610  cm−1 
(which can be attributed to surface functionalities). Broad 2D 
peak arises due to residual strain in the systems due to hybridi-
zation and due to possible local out-of-plane features in such 
systems. To confirm this FTIR spectroscopy pin-pointedly was 
carried out. FTIR spectra of WL, GO and hybrid of WL/GO 
has been shown in Fig. 3(e). We observed shifts in FTIR peaks 
corresponding to –C–O– from 1000 to 1007  cm−1, –C=C– from 
1620 to 1642  cm−1 has been seen. However, peak corresponding 
to WL at 1363  cm−1 has shifted to 1390  cm−1 in hybrid mate-
rial. FTIR peaks in WL-GO hybrid system are highly reduced 
as compared to that of GO, which confirms partial reduction 

Figure 2:  (a) Schematic diagram of sonochemical exfoliation of WL, (b) crystal structure, (c) AFM image, (d) TEM image, (e) Raman spectra (inset is 
photograph of WL coating on Si/SiO2 substrate), (f ) Full scan XPS spectra, (g) C1s XPS spectra, (h) PB-4p3/2 spectra of WL atomic sheets and (i) I-V 
characteristic of WL sheets with different laser power (0, 5 and 15 mW).
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of GO. Also, FTIR shifts also support Raman results as far as 
hybridization of orbitals is concerned. Hybridized orbitals of 
WL and GO are expected to result in physical and chemical 
behaviour of hybrid in between the individual component mate-
rials. GO exhibits UV–Vis absorption peak ~ 230 nm (π–π*) 
and a shoulder ~ 265  nm (n-π) [55]. Upon excitation with 
250 nm light, we could observe photoluminescence peaks for 
WL at ~ 335 nm and ~ 370 nm (in UV range) and at ~ 410 nm 
and ~ 430 nm (in visible range) [see Fig. 3(f)]. WL material being 
a high bandgap semiconductor (as evidenced by MΩ resistance 

in electrical measurements, discussed later), we expected PL 
peaks in UV range and indeed we attained PL peaks which cor-
respond to ~ 4.7 and ~ 3.7 eV, respectively [see Fig. 3(g)].

Dissolved ammonia is routinely employed by farmers to 
improve nitrogen content of the soil which eventually would 
improve its fertility. However excessive usage can render the 
soil wasteland and endanger health (respiratory system disor-
der, irritation in eyes and even death) of the farmer. Therefore, 
safety standard level is 50 ppm of ammonia as per environ-
mental safety standard [56]. However, detection of ammonia is 

Figure 3:  (a) Schematic diagram for synthesis of WL/GO hybrid, (b) Camera image of WL, GO and WL/GO hybrid sheets inside bottle after centrifugation, 
(c) TEM and SAED image of GO, (d) Raman, (e) FTIR and (f ) UV–Vis spectra of WL, GO and WL/GO hybrid sheets and (g) PL spectra of WL and WL/GO 
hybrid.
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challenging in dissolved form. Lead having variable oxidation 
states namely + 2 and + 4, it would be worth watching how sur-
face electrostatics in WL can be exploited for room temperature 
gas sensing, especially nitrous gases. White lead was therefore 
investigated for sensing of dissolved ammonia at room tempera-
ture. However, white lead itself did not respond to ammonia 
at room temperature which might be attributed to absence of 
sufficient electronegative surface-active sites needed for ammo-
nia sensing. In contrast, GO contains many functional groups 
at its basal plane (surface active sites). Therefore, we employed 
hybrid of WL and GO for the purpose. To understand how the 
hybrid behaves as far as its sensitivity is concerned, we have 
compared its performance with that of GO layer itself. Figure 4 
(a) and (c) represents the schematic diagram of GO and WL/
GO hybrid molecular sheets as ammonia sensor. Figure 4 (b) 
shows the change in resistance (21 MΩ to 4 MΩ) of the GO film 
inside the chamber, when ammonia of different concentration 
(ranging from 26.4 ppm to 105.8 ppm) was exposed to it. At 
each step, recovery of the molecular sheet from ammonia was 
achieved by degassing it (employing vacuum pump) instead of 
heating. This helps in retaining all functional groups attached 
to GO which otherwise would be removed upon heating. The 
sensitivity of GO film has been calculated using  RNH3-R0/R0, 

where  RNH3 and  R0 are the resistances of the film after and before 
it was exposed to ammonia respectively. The response time of 
GO film at 26.4 ppm was found to be 7 s and recovery time of 
146 s. While at 52.8 ppm, 79.4 ppm and 105.8 ppm the response 
times is 190 s, 438 s, 383 s respectively and their recovery times 
are 32 s, 109 s and 337 s, respectively [see Fig. 4(b)].

In contrast to GO film, GO-WL hybrid performs far bet-
ter (in terms of response and recovery time) [see Fig. 4(b)]. A 
change in resistance of 21 MΩ to 0.16 MΩ has been recorded for 
GO-WL hybrid film at 26.4 ppm of ammonia, while its response 
and recovery time was found to be 7 s and 23 s, respectively. As 
GO contains various oxygen functional group and therefore is 
hydrophilic in nature, it is highly sensitive to slightest presence 
of moisture in atmosphere. Water molecule upon chemisorp-
tion, would split into  H+ and  OH−.  H+ would attach with oxy-
gen functionality which will reduce the sheet resistance. GO in 
general behaves like an insulator, however when hybridized with 
WL (as evidenced by G- peak shift in Raman spectroscopy), GO 
will turn semiconducting which will enhance electronic char-
acter and hence efficient and prompt response to the analyte. 
While some of the remnant functional groups attached to GO 
will interact and hybridize with WL functionalities, others will 
disappear in the process, rendering GO more electronically 

Figure 4:  Schematic diagram demonstrating interactions of ammonia molecules with (a) GO and (c) WL/GO, (b) response of GO and WL/GO in presence 
of ammonia at different PPM levels (blue graph) and repeatability upto 5 cycles (red graph) and (d) comparison of sensitivity of gas sensing for WL/GO 
hybrid system in comparison to the existing 2D materials in literature.
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conducting which helps charge collection faster. Mean the while; 
presence of WL makes the hybrid thermally robust as well. Car-
bonate group present in hybrid renders the surface electrophilic 
and ammonia is rich in electron. That is why, while GO film is 
sensitive to almost all volatile organic compounds (VOCs) (e.g. 
hydrogen peroxide, acetone, ethanol, iso-propyl alcohol) and 
in contrast to it, WL-GO hybrid is selective only to ammonia. 
Comparisons for ammonia detection limit achieved for WL-GO 
hybrid nanosystems as observed in the present research vis-à-vis 
those of nanomaterials (already reported earlier) are presented 
in Fig. 4(d) [57–61]. Even though GO along with polymers 
exhibit high detection limit, however those combinations are 
not thermally stable. In this aspect therefore, WL-GO hybrid 
emerges as robust magic material combination which has shown 
tremendous promise for gas detection, especially for nitrous 
gases.

As has earlier been evidenced by Raman as well as FTIR 
peak shifts, it has been established that WL hybridizes with GO. 
Essentially, WL and GO atomic sheets come close to each other 
due to van-der Waal interactions and as a result, their  pz orbit-
als overlap with each other. Such orbital overlap can even pull 
the atoms out-of-plane or out-of-plane bonding can occur as 
well. However, such vertical binding will be localized though. As 
soon as ammonia molecule lands on the GO surface (invited by 
oxygen functionalities), electronic exchanges occur at the sur-
face, and it moves from one plane (GO) to other plane (WL) via 
cross-linkages established by orbital hybridization. Such prompt 
electrostatic charge draining gives prompt electronic signal giv-
ing rise to enhanced sensitivity [see Fig. 5(a)]. Fast removal of 
electrostatic surface charges leads to thinning of space charge 
layer at the surface. The band diagram corresponding to inter-
action of the surface with ammonium hydroxide before and 
after (in ambient conditions) are shown in Fig. 5(b). The reason 
of poor sensitivity of GO vis-à-vis WL/GO hybrid can also be 

traced to compromised permeability of water in WL/GO hybrid 
as compared to that for GO layers [see the details in schematic 
diagram in Fig. 6(b) an 6(d)]. In order to validate it, we carried 
out contact angle measurement and we observed that while GO 
is hydrophilic in nature, WL in contrast is hydrophobic [see 
Fig. 6(a) and (c)]. In case of GO, as water molecules would 
impinge at the interface, it would rather weaken the inter-layer 
interactions and thereby increase the inter-layer distance; lead-
ing to poor sensitivity as compared to WL/GO hybrid. A com-
parison of WL/GO sheets with other oxidizing and reducing 
gases has been represented in Fig. S3 in ESI.

In conclusion, white lead, one of the naturally occurring 2D 
material has been exfoliated for the first time by sonochemical 
approach and its potential for gas sensing application has been 
explored. Monolayers as well as molecular sheets consisting of 
few monolayers of WL having lateral dimensions in 50 nm to 
1.5 μm range have been evidenced to form. While Raman and 
XPS spectroscopy attested to chemical phase purity, UV–Vis 
and PL spectroscopy hints at WL having bandgap of ~ 4.7 eV. In 
order to explore gas sensing applications, especially for nitrous 
gases (e.g. ammonia); WL has been blended with graphene 
oxide. FTIR spectroscopy carried out on the hybrid material 
hints at eventual reduction of GO, which has been boon in dis-
guise as it has helped in enhancing measurement sensitivity. 
Interestingly, hybridization of orbitals of WL and GO (as has 
been evidenced in Raman and FTIR spectroscopy) makes the 
hybrid nanosystems a unique platform. WL-GO hybrid pos-
sesses the following attributes: (a) presence of the channels for 
electrostatic charge draining, (b) thermal robustness in com-
parison to GO, (c) hydrophobic nature of WL in contrast to 
hydrophilic behaviour of GO. We observed that GO alone is 
not selective and suffers from several limitations, blending it 
with WL makes it uniquely suited for ammonia sensing with 
selectivity and enhanced sensitivity.

Figure 5:  (a) Illustration of orbital overlapping/hybridization in GO and WL heterolayer, with ammonia molecule anchored on GO surface, (b) Band 
diagram of WL/GO on interaction with liquid ammonia.
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Methods
Chemicals

All the chemicals were purchased and used as received without 
any filtration or treatment from Sigma Aldrich and Alfa Aesar. 
Graphite was purchased from Alfa Aesar (purity-99.5%), 
Potassium permanganate  (KMnO4) was purchased from 
Sigma Aldrich (purity-99%), Sulphuric acid  (H2SO4), Ortho-
phosphoric acid  (H3PO4), hydrochloric acid (HCl) were pur-
chased from Sigma Aldrich (purity-98%) and Hydrogen Per-
oxide  (H2O2) was purchased from Central Drug House Pvt. 
Ltd. (CDH, purity-30%). Distilled water was purchased from 
Merck (emplura, SI6SF66810).

Synthesis of white lead

Cerussite obtained as a natural mineral (combination of lead 
hydroxide and lead carbonate) was sonicated for prolonged 
duration (upto 36 h) in deionised water (DI). The result-
ant dispersion was centrifuged at high speed (~ 5000 rpm) 
to remove heavy chunks and impurities. Upon centrifuga-
tion, supernatant was then sonicated and then centrifuged 
at 8000  rpm and the resulting supernatant was further 

characterized. Supernatant was then vacuum dried to attain 
sheets of the layered white lead material.

Synthesis of graphene oxide

Graphene oxide used for making 2D hybrid material has been 
synthesized using adapted improved Hummer’s method. We 
have taken graphite (C) and potassium permanganate  (KMnO4) 
in a ratio of 1:6 and prepared a fine mixture of it in a mortar and 
pestle and cooled below room temperature. Another solution 
of acids, containing sulphuric acid and hydrogen peroxide in a 
ratio of 9:1 was prepared and cooled at 5 °C. The admixture solu-
tion of acids and powder mixture of graphite and the  KMnO4 
powder was mixed and heated at elevated temperature followed 
by stirring. Finally, ice (400 gm) made up of deionized water 
(D.I) water was added to the solution and hydrogen peroxide 
was added. The solution was washed with water, ethanol and 
hydrochloric acid and then degassed for 8 h.

Synthesis of white lead/graphene oxide hybrid

White Lead (WL) and graphene oxide (GO) was synthesized 
through sonochemical synthesis and chemical exfoliation 

Figure 6:  Sessile drop and confined contact angle measurement of (a) GO and (c) white lead drop casted on a sodium silicate substrate, schematic (3D 
view) depicting interlayer distance of (b) GO and (d) WL/GO before and after liquid ammonia (ammonium hydroxide) intercalation.
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using an adaption over improved Hummer’s method respec-
tively. 200 mg of cerussite was dispersed in a bottle containing 
100 ml solution DI water. The bottles were kept in ultrasonic 
bath and allowed to ultrasonicate for upto 36 h. After sonica-
tion the resulting fluids were centrifuged at 6000 rpm for 5 min 
and the supernatant were mixed with GO in a ratio 1:0.2 (wt%) 
and sonicated for 30 min and then characterized by transmis-
sion electron microscopy. It was observed that the supernatant 
contains less than 5 layers in each case.

Characterization

Optical Microscopy and Spectroscopy: Bright and Transmis-
sion electron microscopy (TEM) from JEOL (JEM 2100) was 
used to obtain TEM, HRTEM and SAED of white lead and 
graphene oxide samples. Atomic force microscopy (AFM) 
(Agilent Model No.5500) was used in non-contact mode to 
estimate thickness of the synthesized sheets of white lead trans-
ferred on Si/SiO2 substrate. X-ray Photoelectron spectroscopy 
(XPS) from ESCA + Omicron Nano Technology GmbH was 
employed in ultra high vacuum (UHV) conditions to char-
acterize white lead sheets. Raman spectroscopy of white lead, 
graphene oxide and their hybrids sheets attained in aqueous 
solvent (DI Water) were carried out in the wave number range 
of 130–3500  cm−1 in the back scattering geometry using confo-
cal Micro-Raman Spectrometer (Seki Technotron Corporation, 
Japan) with 633 nm Helium neon LASER as excitation source by 
STR Raman Spectrograph. A 100X microscope from Olympus 
was used to focus the LASER beam and collect the light. The 
optical imaging of white lead sheets were done on an Olympus 
microscope integrated to confocal Micro-Raman Spectrometer. 
Functional groups attached to white lead, graphene oxide and 
their hybrids sheets were characterized in Fourier transform 
infrared spectroscopy (Shimadzu IrAfinity-1). The bandgap of 
white lead, graphene oxide and their hybrids sheets and their 
hybrids were calculated using UV–VIS spectroscopy (Perkin 
Elmer Lambda-35).

Gas sensing

Free standing white lead sheets, graphene oxide sheets and 
their hybrids were dispersed in DI water and spin coated at 
800 rpm on the sodium silicate substrate. The contacts on 
the films were made using silver wire and silver paint. The 
substrate (sodium silicate) used was cleaned by piranha clean-
ing before film deposition by spin coater followed by wash-
ing through DI water, ethanol, and acetone. The deposited 
films were kept under a sealed desiccator and were degassed at 
 10–3 torr using rotary pump. Gas sensing measurements were 
performed on a laboratory customized chamber that has elec-
trical feed through connections for electrical measurements 

inside vacuum chamber. All the electrical measurement was 
done inside the vacuum chamber. Kiethley 2420 source meter 
instrument installed in Solar cell tester PET Cell Tester Model 
CT50AAA was used to measure change in resistance at room 
temperature (30 °C). Liquid ammonia (conc. 30%) analyte 
was inserted inside the desiccators using calibrated syringe 
through rubber cork. The concentration of analyte was con-
verted into PPM using equation

where C is defined as the concentration of gaseous ammonia 
(parts per million, ppm), T is the testing temperature or oper-
ating temperature (K), ρ is the density of liquid ammonia (g 
 mL−1),  Vs is the volume of ammonia (µL), M is the molecular 
weight of ammonia (g  mol−1) and v is the volume of the chamber 
(L). Change in current of the film was observed while different 
analyte concentration ranging from 26.8 ppm to 105.8 ppm was 
inserted and degassed. The response of the film was calculated 
using equation

where I0 and Iammonia are the initial and final current value of the 
film on exposure to liquid ammonia.
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