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Vapor-liquid—solid growth and properties of one
dimensional PbO and PbO/SnO, nanowires

Nikolaos Kelaidis, (2 *2® Matthew Zervos, {2 *¢ Nektarios N. Lathiotakis, (22
Alexander Chroneos, (2 ¢ Eugenia Tanas&® and Eugeniu Vasile®

PbO nanowires have been obtained via a self-catalysed, vapor—liquid—solid mechanism and the reaction of Pb
with O, between 200 °C and 300 °C at 10 Pa. These had the form of tapes with a thickness of ~20 nm, a
width of ~150 nm, and a length of up to ~100 um with a mixed orthorhombic and tetragonal crystal structure.
The intermediate temperatures between 300 °C and 500 °C resulted in the formation of urchin-like structures
but higher temperatures lead to a suppression of one-dimensional growth. We found that the morphology can
be tuned in a reproducible way by adjusting the pressure, in which case we obtained two-dimensional plates at
1 kPa and spherical particles with diameters of ~1-10 pm at 1 Pa for all temperatures between 100 °C and
500 °C. We did not obtain any PbO, nanowires irrespective of the growth temperature and pressure but PbO
nanowires were grown on SnO, nanowires that were subsequently converted into PbO,/SnO, branched nano-
wires, which are attractive for energy storage and the realization of advanced lead acid batteries. We describe in
detail the properties of the PbO/SnO, heterojunction by density functional theory calculations and show that it

rsc.li/materials-advances

1. Introduction

Metal oxide semiconductors such as SnO,,"™ In,0;>° and Ga,05"®
are n-type semiconductors with direct energy band gaps that vary
between 3.4 and 4.8 eV and have carrier densities that depend on the
density of shallow defects and extrinsic impurities that are incorpo-
rated via doping. In contrast to the above wide band gap metal oxide
semiconductors, PbO, is an n-type semiconductor with a narrow
energy band gap of ~0.5 eV and a higher carrier density of the order
of 10" em™,° which has been used mainly for energy storage and
the realization of lead acid batteries (LABs),'® but also for detectors,"
sensors,'? and photocatalysis.”® In the past, many efforts have been
devoted to the growth of PbO, nanostructures*>" which have been
prepared almost exclusively by templated electrodeposition (ELD).
To the best of our knowledge, only Pan et al.”* obtained PbO, NWs
by physical vapour deposition using PbO at 950 °C and 400 mbar
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has a type Il band line-up, which is also important for energy conversion, e.g. solar cells and photocatalysis.

under an inert gas flow of Ar. The PbO, NWs of Pan et al.>> were
collected on 10 mm x 60 mm AL,O; at lower temperatures but these
were not explicitly specified. Recently, we tried to obtain PbO, NWs
via the vapor-liquid-solid (VLS) mechanism and the reaction of Pb
with O, at 800 °C* using Au as a catalyst but instead we obtained
PbO, which is a semiconductor with an intermediate direct energy
band gap of ~1.8 eV that is n-type when it contains an excess of Pb
and p-type when it is O-rich.>* More specifically, the reaction of Pb
with O, leads to the deposition of PbO layers but we did not obtain
any nanowires. The one dimensional growth was not promoted by
using different catalysts such as Au, Ni or Mo or by reducing the
growth temperature from 800 °C to 700 °C, 600 °C and 500 °C. In all
cases, we obtained layers of PbO with a tetragonal crystal structure.
This was attributed to the fact that (a) Pb readily dissolves Au and
forms PbAu,*>*° and (b) liquid particles of Pb have a small surface
tension at elevated temperatures which prohibits the formation of
well-defined particles that are required for VLS growth. The growth
of the free-standing PbO, NWs by the VLS mechanism is desirable
for the realization of advanced LABs like those of Moncada et al.,”’
who obtained PbO, NWs by ELD inside a template on bulk PbO,,
while recent efforts to obtain high-performance LABs enabled by Pb
and PbO, nanostructured electrodes show that it is an active topic of
investigation.”® Consequently, here we have investigated if it is
possible to grow PbO, NWs by the VLS mechanism and the reaction
of Pb with O, at low temperatures i.e. between 200 °C and 500 °C and
over a wider range of pressures between 1 and 1000 Pa.

We found that the reaction of Pb with O leads to the growth
of PbO (not PbO,) NWs with a thickness of ~20 nm, a width of
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~150 nm and a length of up to ~100 um that have a mixed
orthorhombic and tetragonal crystal structure. PbO NWs are
obtained in a narrow window of growth conditions via a self-
catalyzed, VLS mechanism between 200 °C and 300 °C at 10 Pa.
PbO NWs may be grown on carbon fiber networks (CFNs) and
on SnO, NWs. We describe the electronic properties of the
SnO,/PbO NWs using density functional theory (DFT) calcula-
tions and their potential for energy conversion and storage.

2. Methods

A 1" hot-wall, low-pressure chemical vapour deposition
(LPCVD) reactor was used for the growth of the PbO, NWs as
described in detail elsewhere®. For the growth of the PbO, NWs
we used 0.1 £ 1 mg of Pb (Aldrich, 2-14 Mesh, 99.9%) which
has a relatively low melting point of 327 °C.

Square samples of ~10 mm x 10 mm Si (001) and fused
SiO, (f-Si0,) were cleaned sequentially in trichloroethylene,
methanol and acetone, rinsed in de-ionised water and dried
with nitrogen, after which a thin layer of 1 nm Au was
deposited on the Si(001) and f-SiO,. The elemental Pb was
loaded in a boat and positioned in the middle of the single
heated zone. In contrast, the Si and f-SiO, substrates were
positioned outside of the single heated zone, on the down-
stream side, where the temperatures were 200 °C, 300 °C and
400 °C after reaching a steady state temperature of 800 °C at the
centre of the heated zone.

After loading, the 1” LPCVD reactor was evacuated down to
10~ mbar, and subsequently purged with 100 ml min~" of Ar
for 10 min at 10 Pa. Then, the temperature was ramped up to
800 °C at 30 °C min~ ' under the same flow of Ar. Upon reaching
800 °C at the centre of the heated zone, a small flow of
10 ml min~* O, was added to the 100 ml min~* of Ar for 30 min,
followed by cooling down without O,. In addition to the above, we
have also grown PbO NWs on CFNs and on SnO, NWs.

The morphology, composition and crystal structure of the
PbO NWs were analyzed by scanning electron microscopy
(SEM), energy dispersive X-ray analysis (EDX) and X-ray diffrac-
tion (XRD) in conjunction with high resolution transmission
electron microscopy (HRTEM) using a TECNAI F30 G* S-TWIN
operated at 300 kV equipped with EDX.

Finally, the PbO/SnO, NWs were converted into PbO,/SnO,
NWs in 5 M H,SO, (aq) using Ag/AgCl as a reference electrode
respectively connected to a Digy-Ivy potentiostat which was also
used to measure the open circuit potential (OCP) and perform
cyclic voltammetry (CV).

3. Results and discussion

3.1. Growth and structural properties of PbO nanowires

In the past, the vast majority of PbO nanostructures have been
obtained exclusively from solution.'*' Recently we have tried
to grow PbO, NWs via the VLS mechanism and the reaction of
Pb with O, at 800 °C and 10 Pa which are exactly the same
growth conditions used to obtain SnO, NWs.>* However we did
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not obtain any PbO, NWs due to the fact that PbO, has a low
melting point of 290 °C. Instead, we always obtained PbO layers
as it has a higher melting point of 888 °C. We tried to promote
the growth of PbO NWs by using different catalysts, such as Au,
Ni or Mo or by reducing the temperature from 800 °C down to
700 °C, 600 °C and 500 °C, keeping everything else equal, but
one-dimensional growth did not occur. This was attributed to
the fact that Pb readily dissolves Au and forms PbAu,**>® but
also that the liquid particles of Pb have a small surface tension
at elevated temperatures, which prohibits the formation of well-
defined particles, which are essential for VLS growth. Conse-
quently, here we have tried to promote the growth of PbO NWs
at lower temperatures i.e. 200 °C, 300 °C and 400 °C while
maintaining Pb at 800 °C and 10 Pa in order to provide an
adequate flux of Pb under a flow of Ar and O,.

In this case, the reaction of Pb and O, readily leads to the
one-dimensional growth of PbO NWs at 200 °C even without the
use of a catalyst. A typical SEM image of the PbO NWs is shown
in Fig. 1(a)—(c). These have the form of tapes with a thickness of
20 nm, a width of 150 nm, and a length of up to 100 um.
However, it is apparent that the width is not uniform along
their length and one may observe a tendency towards branch-
ing leading to the formation of jagged edges. The TEM and
HRTEM images of the PbO NWs are shown in Fig. 1(d) and (e)
from which we find that they consist of mixed orthorhombic
and tetragonal PbO. Moreover, PbO is Pb-rich as determined
from EDX analysis as shown in Fig. 1(f).

Similar PbO nanostructures were obtained at 300 °C as
shown in Fig. 2(a)-(c) which also consist of orthorhombic and
tetragonal PbO as verified by the HRTEM image in Fig. 2(d).
However, we also observed the occurrence of interconnected
rods forming chains as shown in Fig. 2(e) and (f). The for-
mation of these PbO nanostructures with a mixed orthorhom-
bic and tetragonal crystal structure was reproducible as shown
in Fig. 2(g)-(i)-

It should be emphasized that the reaction of Pb with O, did
not lead to the one-dimensional growth of PbO, at 200 °C
despite the fact that PbO, has a melting point of 290 °C. This is

Pb

Counts x 108

5 10 15 20
. AR Energy (keV)
Fig. 1 (a and b) SEM images of PbO obtained at 10~* mbar and 200 °C;
(c and d) high magnification TEM image; (e) HRTEM image showing the
(200) and (002) crystallographic planes of PbO; and (f) typical EDX

spectrum of PbO showing the peaks of Pb.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a—c) SEM images of PbO obtained at 10 Pa and 300 °C; (d) HRTEM
image showing the (200) and (002) crystallographic planes of PbO; (e and
f) SEM images of 1D PbO consisting of stacked nanorods with a length of
200 nm and a diameter of 50 nm; (g and h) SEM images of PbO nanotapes
obtained by repeating the growth at 10 Pa and 300 °C; and (i) HRTEM
image showing various crystallographic planes of PbO.

in contrast to the findings of Pan et al.>> who obtained PbO,
NWs by physical vapor deposition using PbO at 950 °C and
40 kPa under an inert gas flow of Ar. The PbO, NWs of
Pan et al.**> were collected on 10 mm x 60 mm Al,O; at lower
temperatures that were not specified. We tried to grow PbO,
NWs between 200 °C and 400 °C by using PbO and PbO, at
800 °C and 10 Pa but we always obtained PbO.

This is consistent with the fact that PbO, is not a stable
oxide and will be converted into PbO by heating up to 400 °C.

In addition to the above, we observed the formation of
urchin-like structures at 400 °C as shown in Fig. 3(a) and (b).
A close up of these structures is shown in Fig. 3(c) from which
one may readily observe the formation of particles on the ends
of the PbO NWs. The particles were found to consist of Pb and
Au by using EDX and the same kind of nanostructures were
obtained upon repeating the growth as shown in Fig. 3(d)-(f). It
is reasonable then to suggest that the one dimensional growth
occurs at 400 °C via a self-catalysed VLS mechanism as we
observed particles on the ends of the PbO NWs.*®

All of the PbO nanostructures obtained at 200 °C exhibited
clear and well resolved peaks in the XRD as shown in Fig. 4
corresponding to the orthorhombic and tetragonal crystal
structure of PbO consistent with what was observed from the
HRTEM image. The PbO obtained at 300 °C consists mainly of
orthorhombic and tetragonal PbO but one may also observe
some minor peaks belonging to Pb;O, that are stronger at
400 °C, but we did not detect any peaks belonging to PbO,.

Besides changing the temperature, we found that the mor-
phology of PbO can be tailored in a reproducible and systematic
fashion by changing the pressure. We obtained well defined,
faceted particles of PbO between 200 °C and 500 °C at 1Pa as
shown in Fig. 5. This occurs due to the higher flux of Pb that

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Fig. 3 (a—c) SEM images of PbO urchin-like structures obtained at 10 Pa
and 400 °C; (d—f) SEM images of PbO after repeating the growth under the
same growth conditions; and (g—i) SEM, TEM and HRTEM images showing
the occurrence of Pb,Ox.
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Fig. 4 XRD of PbO nanostructures obtained at 200 °C, 300 °C and 400 °C
showing peaks corresponding to the tetragonal and orthorhombic crystal
structures of PbO, i.e. a-PbO and B-PbO respectively but also orthorhom-
bic Pb304.

arrives on the surface of Si and f-SiO,. In contrast, we observe
the formation of two-dimensional (2D) PbO between 200 °C and
500 °C at 1 kPa, as shown in Fig. 5. Consequently, it is possible

Mater. Adv, 2022, 3,1695-1702 | 1697
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Fig. 5 (a and b) SEM images of plate like PbO obtained at 10 mbar; (c and
d) spherical particles of PbO with diameters up to 10 um obtained at 1 Pa.

to tune the morphology by changing the growth conditions but
the one-dimensional growth only occurs in a relatively narrow
window of growth conditions, i.e. between 200 and 300 °C at
10" mbar. PbO NWs were also grown on CFNs consisting of
carbon fibers with an average diameter of 8 pm as shown in
Fig. 6.

CFNs have a metallic like conductivity which is particularly
important for the realization of advanced LABs as the overall
resistance of a cell needs to be as small as possible. Further-
more, PbO NWs were grown directly over SnO, NWs as shown
in Fig. 6(h) and (i), thereby increasing the surface area, which is
desired in energy storage. However, before discussing how the
SnO,/PbO NWs may be converted into SnO,/PbO, branched
NWs, which is important for energy storage and the realization
of advanced LABs, it is useful to consider first the properties of
the SnO,/PbO heterojunction by DFT calculations of the elec-
tronic structure and in particular the specific band line up,
which is important for energy conversion i.e. solar cells and the
photocatalytic generation of hydrogen and oxygen.

Fig. 6 (a) SEM image of an ordered CFN; (b and c) SEM images of
spherical PbO obtained at 400 °C; (d—f) one dimensional PbO grown on
CFNs at 200 °C and 10 Pa; (g) SEM image of SnO, NWs; (h and i) SEM
images of branched SnO,/PbO NWs obtained via the growth of PbO over
SnO, NWs at T = 300 °C and 10 Pa.

1698 | Mater. Adv., 2022, 3,1695-1702
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3.2. Electronic properties of the PbO/SnO, heterojunction

In the past, PbO has been deposited on TiO, for the photo-
degradation of CH3(CH,);cCOOH by Bhachu et al."* who con-
firmed theoretical predictions suggesting that PbO on TiO,
behaves as an active visible light photocatalyst through the
formation of new electronic states above the valence band
maximum in TiO, which in turn results in the efficient separa-
tion of electron-hole pairs, holes being localized in the PbO
and electrons in TiO,. Similarly, the visible light absorption and
photocurrent properties of PbO on ZnO NWs have been inves-
tigated by Shi et al®* who suggested that a type II band
alignment exists between PbO and ZnO. More importantly,
Lim et al® investigated the properties of layered SnO and
PbO separately from one another and found that SnO,**> which
is a p-type semiconductor with an indirect energy band gap of
0.7 eV, is better for electron transfer and hydrogen evolution
than PbO. Recently we have carried out a detailed theoretical
investigation into the properties of the SnO/PbO heterojunction
and showed that it has a broken-gap type II band line up which
is very attractive indeed for the photocatalytic dissociation of
water.* On the other hand SnO, has attracted a great deal of
attention as an electron transport layer due to its higher
electron mobility, better stability against exposure to UV, and
better band alignment compared with other oxides such as
Ti0,.*® Before elaborating further, it is useful to mention that
Butler et al** investigated theoretically the properties of an
ultrathin layer of PbO, on SnO, and showed that it may be used
to tune the work function of SnO, and achieve energy levels
commensurate with important technological materials for
energy conversion. To the best of our knowledge, no one has
investigated the properties of the SnO,/PbO heterojunction,
which is interesting not just from a fundamental point of view
but also from a technological point of view.

The electronic properties of litharge o-PbO, massicot f-PbO
and SnO, were examined by DFT calculations using the CASTEP
code.**” The structures are shown in Fig. 7(a), 8(a) and 9(a).
The geometrical optimization of the structures was carried out
in the generalized gradient approximation (GGA) using the
Perdew, Burke and Ernzerhof (PBE)*® density functional with
ultrasoft potentials. For the PbO structures, the semi-empirical
dispersion correction scheme Tkatchenko-Scheffler®® was
applied, in order to account for the dispersion forces in the
layered systems of o-PbO and B-PbO. The effect of the spin orbit
coupling has been neglected as it is expected to be minimal.*®
In our calculations, the unit cell was optimized witha 7 x 7 x 7
k-point grid and a cut-off energy of the plane wave basis at
600 eV. The calculated structural properties are listed in Table 1
along with experimental values.”'™** The calculations are close
to the experimental values, with the Tkatchenko-Scheffler
correction describing better the interlayer distances. For the
calculation of the electronic properties and density of states
(DOS) we used the computationally demanding hybrid func-
tional PBE0O***® for better accuracy than the GGA level of
theory. The cut off energy of the plane waves, for the DOS
calculation, was set at 800 eV. The band structures and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) B-PbO (litharge) structure, (b) DFT calculated band structures along the high symmetry points for a-PbO using the PBEO hybrid functional; and

Fig. 9
(DOS) using PBEO.

p-DOS calculations performed for the primitive cells are shown in
Fig. 7-9. The litharge structure of PbO presents an indirect band gap
between the I" and M points calculated using the PBEO functional at
1.9 eV, identical to the reported experimental values.*** The
massicot structure of PbO has an indirect gap of 2.86 eV, in close
agreement with the experimental values of 2.67 and 2.8.*>** Finally,
the SnO, band gap (Fig. 9) is calculated using the PBEO functional at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) SNO, structure, (b) DFT calculations of the band structure using the PBEO hybrid functional; and (c) DFT calculations of the density of states

3.18 eV which is slightly underestimated when compared with the
experimental value of 3.6 eV.*

For the calculation of the work function, we have performed
DOS calculations using supercells of 8 layers (8 x 1 x 1) and a
vacuum of ~20 A. The electrostatic potential was calculated
using the ¢2x tool*” and the vacuum energy level was extracted.
Then, the work function was calculated as: W = Vyae — Epermi-

Mater. Adv., 2022, 3,1695-1702 | 1699
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Table 1 Calculated and experimental structural properties

a(A) b (A) c(A) XC functionals
o-PbO 4.059 4.059 5.579 PBE-GGA
4.066 4.066 5.286 PBE-vdW (TS)
3.976 3.976 5.023 Experiment
p-PbO 4.851 5.746 6.181 PBE-GGA
4.810 5.800 6.007 PBE-vdW (TS)
4.755 5.489 5.891 Experiment
SnO, 4.820 4.820 3.234 PBE-GGA
4.731 4.731 3.189 experiment

The calculations are shown in Table 2. The values are close
to the experimental ones reported. Slight variations are
expected due to limitations of the DFT method such as the
nature of the calculated structure, i.e., no defects are present in
the simulations. According to these calculations, the band
alignment between SnO, and PbO shows a type-II heterostruc-
ture. The alignment of the energy levels is shown in Fig. 10.

3.3. Conversion of SnO,/PbO into SnO,/PbO, nanowires for
energy storage

Despite the fact that we did not obtain any PbO, NWs by the
VLS mechanism one may easily convert PbO into PbO, NWs in
an electrochemical fashion. A LAB half-cell consisting of a
SnO,/PbO NW anode and a CFN cathode in 5 M H,S0,(aq)
was set-up. The standard reduction potential of the reaction
PbO (s) + 2H" (aq) + 2~ — Pb (s) + H,O (1) is —0.44 V and no
reaction occurs between CFN and 5 M H,SO, (aq). Hence, this
half-cell has a standard total potential of only —0.44 V. A typical
CV curve from the SnO,/PbO core-shell NWs versus a CFN in
5M H,SO, (aq) is shown in Fig. 11(a). We do not observe any
reduction or oxidation. However, the conversion of PbO into
PbO, may be observed in Fig. 11(b) with the appearance of
narrow peaks at ~1.8 Volts. The open circuit potential of the
resultant SnO,/PbO, NWs ie. Vo versus time is shown in
Fig. 10(c) and is equal to 1.6 Volts, which is very close to the
standard reduction potential of PbO,. For completeness, the
reaction that occurs upon discharging is shown in Fig. 10(d). In
short, although we did not obtain any PbO, NWs by the VLS
mechanism, it is evident that PbO NWs can be grown on the
CFNs and SnO, NWs, after which they may be converted into
PbO, for energy storage and the realization of advanced LABs.

Finally, it is useful to point out that PbO/SnO, NWs can be
converted into PbI,/SnO, NWs by exposure to iodine after
which they may be converted into methyl ammonium lead
iodide CH3;NH;PbI;/SnO, NWs via immersion in a solution of
methyl ammonium iodide (MAI), i.e. CH3NH;I. In the past,
PbO has been deposited on TiO,/Sn:In,0; and converted in
this way into CH;NH;Pbl; ie. methyl-ammonium-lead-iodide

Table 2 Band gap and work function calculations

Calculated band gap (eV) Calculated work function (eV)

Sno, 3.18 7.49
@-PbO  1.89 4.58
B-PbO  2.86 4.73
1700 | Mater. Adv., 2022, 3,1695-1702
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Fig. 11 (a) CV from SnO2/PbO NWs on a CFN versus Ag/AgCl by using the

CFN as the CE between —0.5and 1.0 V, (b) CV extended up to 2 V showing
the peak corresponding to the conversion of PbO into PbO, at ~1.8 Volts,
(c) half-cell open circuit potential versus time after the conversion of PbO
to PbO,, and (d) half-cell reaction involving the conversion of PbO, to
PbSO,4 during discharge.

(MAPI).***° The conversion of PbO/SnO, NWs into branched
CH;NH;PbI;/SnO, NWs is therefore attractive for the realiza-
tion of perovskite solar cells where the n-type SnO, NWs act as
one-dimensional pathways for the extraction of the photogen-
erated electrons in the CH;NH,PbI,;.*®

4. Conclusions

We have carried out a detailed investigation into the growth of
PbO NWs via the reaction of Pb with O, between 200 °C and
400 °C at 10 Pa on Si (001) and f-SiO,. The one dimensional
growth occurs only at low temperatures between 200 °C and
300 °C in which case we obtained PbO NWs in the form of tapes
with a thickness of ~20 nm, a width of ~150 nm, and a length
up to ~100 pm. The PbO NWs have a mixed orthorhombic and
tetragonal crystal structure but we did not obtain any PbO,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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irrespective of the growth temperature, pressure, etc. One
dimensional growth occurs via a self-catalyzed VLS mechanism
that was suppressed at temperatures above 500 °C. In addition,
the morphology of the PbO was tuned in a reproducible fashion
by varying the pressure, in which case we obtained two dimen-
sional plates at 1 kPa and well-defined particles with a diameter
of up to 10 pm at 1 Pa. We show that the PbO/SnO, may be
easily converted into SnO,/PbO, NWs for energy storage and
the realization of advanced LABs, but also that PbO/SnO, NWs
have a type II band alignment which is attractive for photo-
catalysis and energy conversion.
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