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For over a century, lead dioxide (PbO;) has been investigated in lead—acid batteries and extensively uti-
lized in a variety of applications. Identifying the surface properties and equilibrium morphology of B-
PbO, (rutile phase) particles is mandatory for industrial utilization and surface engineering. Using
density-functional calculations within the generalized gradient approximation revised for solids (PBEsol),
we investigate a variety of surface properties of B-PbO,. The surface energies of low-Miller-index
stoichiometric surfaces are firstly determined, and the (110) surface is found to be the most
thermodynamically stable. The relative energetics of these surfaces are represented by a Wulff
construction which shows an acicular shape, mostly dominated by the (110) and (100) surfaces. Besides,
we investigate the surface chemistry of B-PbO, under reduction and oxidation conditions as a function
of oxygen pressure, finding that most surfaces except for (100) and (110) are likely to be oxidized. Under
oxygen pressure at 1 atm and oxygen-rich limit, the (101) surface is the most thermodynamically stable,
dominating the Wulff construction with pyramidal shapes. Our results indicate that the growth
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conditions that cause non-stoichiometry of the surface could modify the equilibrium Wulff shape of
B-PbO,. Our predicted Wulff shapes and dominant facets agree with the experimental results in which
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1. Introduction

Since most metals are easily oxidized in the ambient atmosphere,
it is often the case that metal-oxide surfaces are of interest rather
than the metal itself. The properties of these surfaces have been
the subject of practical investigations due to their utility in a variety
of applications, including photocatalytic degradation," gas
sensing,” catalysis,” coatings,’ optoelectronics,” and photo-
voltaics.® Since the discovery of lead-acid batteries, lead dioxide
(PbO,) has become of great importance due to its utility in various
applications. Electrodes made from B-PbO, have been extensively
investigated owing to their high electrical conductivity, strong
oxidizing ability, facile fabrication feasibility, electrochemical sta-
bility, and low cost of production.”'® These features draw much
interest to PbO, electrodes, and thus, many studies on amending
their performance have been reported. For instance, the effects of
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the pyramidal shape of the B-PbO, grains has often been observed with the (101) preferred orientation.

doping with rare-earth elements, including Co,"* Ce, Er, Gd, and
La, on the properties of PbO, electrodes were investigated.”
Composite electrodes based on B-PbO,, e.g, Co3;0,/B-PbO,/Ti
electrodes, have also been developed to enhance the electrocata-
Iytic performance and coating stability."> Furthermore, applica-
tions of PbO, as electrodes in hybrid supercapacitors have been
studied.”® Besides, B-PbO, has been known to be characterized by
a combination of high electrical conductivity and high transpar-
ency although the band gap is somewhat narrow («3 eV) and is
known as a narrow band gap transparent conducting oxide (NB-
TCO);"** owing to the Moss-Burstein effect a blue-shift of the optical
band gap is observed when NB-TCO is donor doped to high
concentrations.” This widely opens the opportunity to utilize
PbO, in the field of optoelectronics similar to CdO.

In practice, PbO, nanoparticles were synthesized on sub-
strates for utilization as electrodes in particular anodes. In
addition to the crystalline phase, particle size and intrinsic
factors such as defects, crystal morphology, and thereby parti-
cle shapes can highly affect the desirable properties and
performance of PbO,-based electrodes. This is because the
electron or hole transfer, which impacts the electrode effi-
ciency, is very sensitive to the surface atomic structures. The
control of the crystal facet and particle shape is therefore as

Phys. Chem. Chem. Phys., 2023, 25, 2793-2802 | 2793


https://orcid.org/0000-0002-5613-6615
https://orcid.org/0000-0001-5611-9607
https://orcid.org/0000-0001-6527-4537
https://orcid.org/0000-0002-8377-8912
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp04632f&domain=pdf&date_stamp=2022-12-13
https://doi.org/10.1039/d2cp04632f
https://rsc.li/pccp

Paper

important as particle size and defect control.'>'® For this
reason, many investigations in various synthesis processes
including  electrochemical ~ methods'” and electro-
deposition,'®'¥72° which aim to increase the performance of
PbO, electrodes and nanostructures through the control of
crystal morphology and facet, have been carried out. In thermo-
dynamic equilibrium, the crystal shape can be determined
through the Wulff construction using the surface energies of
all facets. The estimation of surface energy is, thus, a key to
optimizing the compositions of the Wulff (crystal) shape.
Density-functional theory (DFT) calculations have become a
well-established tool for the investigation of metal oxide
surfaces.”"*” This has motivated research in theoretical calcu-
lations of surface energies of many functional metal oxides,
including oxides with a rutile crystal structure. The energetics
of rutile TiO, surfaces have been extensively studied, and the
(110) surface has been theoretically identified as the most
stable surface with the lowest surface energy.”*>* The calcu-
lated surface energies of stoichiometric Sn0,° and VO,*” in the
rutile phase were also reported. Using these calculated surface
energies, the Wulff shapes of stoichiometric rutile TiO, and
VO, were proposed and discussed in comparison with the
experiments.””*®* Much attention is paid to the theoretical
investigation of the nature of bulk B-PbO,, including electronic

29731 the relativistic effect,®® point defects, and their
5,14

structures,
effect on electrical conductivity.
been devoted to investigating the surfaces of B-PbO,.
Regardless of its analogous structure to other rutile oxides, to
our knowledge, only a recent study has reported its stoichio-
metric surface energies.®® Gaining insight into the energetics
and atomic geometries of the free surfaces including the Wulff
shape is an important step to develop B-PbO,-based devices.
This article presents the energetics and relative stability of low
Miller-index surfaces of $-PbO, through DFT calculations within the
Perdew-Burke-Ernzerhof functional revised for solids (PBEsol). Our
investigation starts from the stoichiometric surfaces of B-PbO,.
Using the calculated surface energies, the thermodynamic equili-
brium shape of stoichiometric $-PbO, is predicted through a Wulff
construction which represents the relative energetics of these
surfaces. We further investigate the redox properties of these low
Miller index surfaces and subsequently calculate the surface ener-
gies of possible non-stoichiometric compositions of PbO, as a
function of oxygen chemical potential. Taking the surface redox
properties into account, the thermodynamic equilibrium morphol-
ogies of a PbO, particle are presented through Wulff construction at
various oxygen partial pressures and temperatures. We find that the
(101) plane somewhat dominates the equilibrium Wulff shapes,
under ambient and O-rich conditions. The predicted pyramidal
Waulff shape by our calculations may explain the experimental
observation of the morphology of the -PbO, crystallites.

However, few works have
33-35

2. Computational methods

Our DFT calculations were performed using the generalized-
gradient approximation (GGA) of the Perdew-Burke-Ernzerhof
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revised for solids functional (PBEsol)*® and the projector-
augmented wave (PAW) method®” to describe the interactions
between the core and the valence electrons as implemented in
the VASP code.*® The Pb 6s>5d'°6p> and O 2s*2p* electrons
were treated as valence electrons. The energy cutoff of 400 eV
was used for the planewave expansion, and a 9 X 9 x 9
Monkhorst-Pack mesh®® of the special k-point set was used
for the bulk B-PbO, unit cell calculations. The use of these
parameters was chosen to ensure the convergence of the bulk f-
PbO, total energy. The calculated bulk fundamental properties,
i.e., lattice constant and enthalpy of formation, are in good
agreement with measured values as shown in Table 1. It is
known that local and semi-local functionals such as the local
density approximation (LDA) and the GGA underestimate band
gaps for most metal oxides. We find that the PBEsol predicts p-
PbO, to be a metallic material with an overlap of 0.69 eV of the
valence band maximum and conduction band minimum, simi-
lar to the previously reported value. This contrasts with the
experimental measurement which reported B-PbO, to be a
semiconductor with a fundamental band gap of ~0.6 eV.*
The mixing of exchange in the PBE functional with screened
Hartree-Fock (HF) exchange as proposed by Heyd, Scuseria,
and Ernzerhof in the HSE06 hybrid functional,*" however,
recovers the semiconducting property of f-PbO,. It was found
that the use of 25% of the HF exchange predicts -PbO, to be a
semiconductor with a direct band gap of 0.35 eV.'* To repro-
duce the experimental band gap of ~0.6 eV, based on our
calculations, 31.5% of the HF exchange is required. The HSE06
yields lattice constant in very good agreement with the experi-
mental lattice constant of less than 1% while the PBEsol
slightly overestimates the experimental lattice constants by
~1%. The calculated formation enthalpy within the PBEsol is
very close to the experimental value compared to the HSE06
(Table 1). This indicates that PBEsol can capture most of the
chemical and physical properties related to the Pb—O bonding.
The surface energies, mostly involving the bond-breaking for-
mation energy, are expected to be justified within the PBEsol.
Our test calculations of the stoichiometric surface energies of
B-PbO, show that the difference between the surface energies
calculated using the HSE06 and PBEsol is ~6%. All results
reported in this article are therefore calculated within the
PBEsol. Note that the inclusion of spin-orbit coupling is
unlikely to affect the surface energies and thereby the Wulff
shapes (see ESIt).

Table 1 Calculated structural parameters and formation enthalpies for
B-PbO, and PbO. Experimental values are also listed

Material Property PBEsol HSE06 Experiment
B-PbO, a(d) 5.01 4.96 4.95-4.965
c (A) 3.41 3.35 3.3851
AH; (eV) —2.80 —2.47 —2.84%
B-PbO a(A) 5.92 5.87 5.89%°
b (A) 5.54 5.49 5.49%
c (A) 4.71 4.67 4.75%
AH; (eV) —2.28 —2.68 —2.26%

This journal is © the Owner Societies 2023
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The unrelaxed surface structures are constructed from the
relaxed bulk primitive cell of B-PbO,. Here, we consider only the
low Miller-index surfaces (110), (010), (001), (011), and (111) as
they tend to be more stable compared to high Miller-index
surfaces. First, the slab models of a surface were stoichiome-
trically built with thicknesses between 9 and 20 A, depending
on the Miller index of the respective surface. The thickness of
the vacuum layer supercells is set to ~15 A. Test calculations
show that the thicknesses of these slabs and vacuum layers are
reasonably sufficient to give a converged surface energy. Both
sides of the slab are geometrically equivalent to avoid the
formation of electrical dipole moments, which can undesirably
affect the surface energies. The cell parameters of the slab
supercells are kept fixed throughout the calculations. Only
atoms near the surfaces of the slab supercells are fully relaxed
until the residual forces <0.02 eV A~*. The atoms in the inner
part of the slab supercell are frozen to mimic the bulk region of
B-PbO,. The surface energy can be calculated by taking the
difference between the total energies of a slab and the equiva-
lent PbO, formula unit of the bulk and dividing by the total
surface area (24) of the slab:

Egab — nEpuik
— —slab 7 Pbulk 1
Y 7 , (1)

where Ey,p, is the total energy of the slab supercell containing n
formula unit of bulk PbO, and E is the total energy per
formula unit of bulk PbO,. For instance, the (110) slab super-
cell, which is composed of 12 atoms of Pb and 24 atoms of O,
contains 36/3 = 12 formula unit cells of bulk PbO, (n = 12).
We further investigate the stability of reduced and oxidized
surfaces by calculating the free surface energy of non-
stoichiometric surfaces. The thermodynamics approach to cal-
culate the surface free energy of the non-stoichiometric surface
was first proposed by Scheffler and Reuter’* and has been
successfully employed in many surface systems,””>*>*3

Eqap — nEouik + 32 Nipy(T', p)
1
24 ’

V(TJ)) = (2)
where N; represents the number of extra or absent atoms of
species i that are taken from or added to a reservoir with energy
u;. To simulate a non-stoichiometric surface, the oxygen atoms
are symmetrically removed or added to both sides of the surface
slab. This is to ensure the similarity of the two surfaces and
avoid spurious effects due to dipole formation. Therefore, the
surface free energy for a non-stoichiometric surface (i = oxygen,
O) can be written as

Egap — nEouik  No

V(Tvp): 24 7#0(T7]7)7 (3)

where Ny is the number of absent (No < 0) or excess (No > 0)
oxygen atoms and (o is the energy of the oxygen reservoir which
is referenced as the total energy per atom of an isolate oxygen

1
molecule, uo(T,p) = jio(T,p) + EEOZ' Following a thermody-

namic approach described in ref. 21, the oxygen chemical
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potential f[io(T,p) is related to a given temperature T and
pressure p by

olTp) =TT, ) + 3 (2). ()

where [io(T,po) is the half of the difference between Gibbs free
energy per an O, molecule between 0 K and T at p, = 1 atm,
indicating the oxygen chemical potential at a given temperature
T and the standard pressure p, = 1 atm. Experimentally, /i can
be varied depending on the growth or annealing processes but
is constrained with bounds. Under thermodynamic equili-
brium, the chemical potentials fip, and fip must satisfy the
stability condition, fip, + 2/io = AH¢(PbO,), where AH¢(PbO,) is
the formation enthalpy of PbO,. For the oxygen-rich limit /i = 0,
the chemical potential of Pb is given by AH{(PbO,). For the
oxygen-poor limit jio and jip, are bound by the formation of
PbO; fipp, + flo < AH{PbO) where AHy(PbO) is the formation
enthalpy of PbO. The formation enthalpies calculated using the
PBEsol functional are AH{PbO,) = —2.80 eV and AH{(PbO) =
—2.28 eV which are in good agreement with the experimental
values of —2.84 eV and —2.26 eV, respectively. The accessible
range of fio given by these conditions is between 0 (O-rich) and
—0.46 eV (O-poor) which can be expressed as a function of
pressure for a certain growth temperature using eqn (4). The
surface free energies of the non-stoichiometric PbO, surface can
then be estimated as a function of oxygen chemical potential and
thereby pressure of gaseous oxygen. The shape of a stoichiometric
crystal in its thermodynamic equilibrium is determined by the
surface energies through the Wulff construction,* which is also
used to model the crystal shape at different growth temperatures
and O, pressures.

3. Results and discussion
A. Stoichiometric surfaces

First, the energetics of stoichiometric low-index surfaces of
B-PbO, are investigated. The calculated surface energies of
stoichiometric (110), (010), (001), (011), and (111) surfaces are
listed in Table 2. The surface energies obtained from unrelaxed
(Vunrelaxea) and relaxed (yreraxea) Slab supercells as well as the
atomic coordination are also presented. We find that our
calculated surface energies (yrelaxea) are much smaller than
recently reported surface energies of B-PbO,.>* Note that this
is the first time the (111) surface energy of B-PbO, is reported.

Table 2 Calculated unrelaxed (yunretaxed) and relaxed (yrelaxed) SUrface
energies for the low-index surfaces of B-PbO,. The relaxed surface
energies obtained by HSE are also listed in parentheses. Ay = yunrelaxed —

Vrelaxed

Vunrelaxed 7relaxed A/
Surface Pb coordination O coordination (Jm™2) (Jm 2 (Jm ?
110 5,6 2,3 0.93 0.72(0.65) 0.21
100 5 2 0.99 0.83(0.76) 0.16
101 5 2,3 1.27 1.03(0.89) 0.24
001 4 2 1.46 1.33(1.24) 0.13
111 4,5 2 1.79 1.44(1.47) 0.35
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Much higher surface energies reported in ref. 35 than those
reported in the present work are possibly due to the electronic
structure calculation approach, pseudopotentials, or modelling
of slab supercells. We have verified our methodology by calcu-
lating the surface energy of rutile TiO, in the (110) orientation,
yielding a surface energy of 0.53 ] m~? which is in excellent
agreement with the previously reported values, ranging
between 0.48 and 0.53 ] m~2 based on the PBE.*>*® Note that
the use of the DFT-LDA or the HF approach apparently resulted
in sizable surface energies for rutile and anatase TiO,, com-
pared with the PBE functional.>***® Furthermore, our calculated
surface energies are well comparable with those reported for
isostructural rutile TiO,,2* Sn0,,*” and VO,.%”

As summarized in Table 2, the (110) surface is the most
energetically stable for rutile TiO,,** Sn0,,"” and V0,.>” The
next most energetically stable surface is the (100) surface,
followed by (101), (001), and (111) surfaces, respectively; the
surface energies of these orientations are (110) < (100) < (101)
< (001) < (111) as for rutile VO,. This order of the surface
energies can be expected from the coordination of the surface
atoms and noticeably remains unchanged regardless of the
atomic relaxations of the slab models.

As shown in Fig. 1(a), the (110) surface terminates in
bridging-O atoms; an O atom bonds with two Pb atoms along
the [001] direction. An O atom in the lower lying in-plane
O atoms bonds with three Pb atoms which are five- and six-
coordinated to O atoms. The high coordination and the small
number of dangling bonds of the (110) surface thus justify its
low surface energy in B-PbO, as well as in other rutile metal

[100]
[001]

5-fold Pb  Sub-bridging O|

(a) Bridging O [1101T  |(b)
In-plane O l [110]

5-fold Pb
Loy

a

6-fold Pb Bridging O

(©) ot | (d) [001]
[i01] [010]
5-fold Pb -
Bridging O 4-fold Pb
N 2-fold O 1
N

[i1]
[110]

4-fold Pb  5-fold Pb
2-f0ld 0,2-£01d O, |

Fig. 1 Atomic structure of the B-PbO, relaxed (a) (110), (b) (100), (c) (001),
(d) (101), and (e) (111) surfaces. The dashed arrows indicate the relaxing
direction of the notated Pb and O ions. The unrelaxed atomic structure is
also shown as a light-grey shadow.
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oxides.2327:47,48

However, there are other factors, e.g., bond
contractions and surface electronic structure, that can jointly
determine the actual surface energy of metal oxides.*® We find
that the fivefold-coordinated Pb atoms were slightly relaxed
downward while the sixfold-coordinated Pb atoms were slightly
relaxed upward. These relaxations cause ~0.20 A downward
shift of the surface plane with fivefold Pb atoms below the
plane with sixfold Pb atoms, smaller than the reported value of
~0.42 A for rutile VO, and TiO,. This smaller downward shift
coincides with a much larger atomic mass of Pb (207.2)
compared to that of V (50.95) and Ti (47.87). Significant out-
of-plane relaxations of ~ 0.24 A are also observed for the in-
plane O atoms (Fig. 1). The relaxed atomic structure of the
(100), (101), (001), and (111) surfaces is also depicted in
Fig. 1(b)-(e). The difference between unrelaxed and relaxed
surface energies (Ay) presented in Table 2 would reflect the
overall relaxations of the atomic surface in the slab models.

To predict the thermodynamic equilibrium shape of the
stoichiometric B-PbO, particle, the Wulff principles are
employed.” The Wulff shape is constructed by minimizing
the sum of the work of surface formation Ay, where Az
is the total area of the faces parallel to the (hkl) plane of the
crystal. These faces are perpendicular to the vectors from the
crystallization centre with the length (dy) proportional to
the surface energies.”®>%>!

Anr ~ Vit (5)

The facets corresponding to the low energy surface would
comprise the equilibrium shape of the crystal. Fig. 2 shows
the equilibrium shape of stoichiometric B-PbO, constructed
based on the surface energies in Table 2. We find that only
three of the five surfaces investigated here appear in the Wulff
construction. Corresponding to its lowest surface energy, the
(110) surface is the dominant facet in the crystal shape (45% of
the total surface area). This result is analogous to rutile TiO,,
Sn0,, and VO, in which the (110) surface dominates the crystal
shape. The other two facets that appear in the stoichiometric
thermodynamic equilibrium shape are the (101) and (100)
surfaces, consistent with their relatively low surface energies

(a) PBEsol

Fig. 2 Thermodynamic equilibrium shape of stoichiometric B-PbO,
obtained by the Wulff construction using the (a) PBEsol and (b) HSE
functional.
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as shown in Table 2 (see Table 4 for the surface area fraction). It
is, however, not always true that the low energy surfaces would
appear in the equilibrium shape as in the case of VO, where the
(100) surfaces are governed by (110) facets. Mellan et al. sug-
gested that the (100) facet would be present in the Wulff when
Y110

A0~ cos45° (the angle between these two planes is 45°).>” In
7100

our case, the (100) facet appears in the Wulff shape because

ili: 0.87 > c0s45°(0.77). This is analogous to the study in
100

ref. 23 in which the thermodynamic stability of the surface
(h1kyl;) with respect to the surface (h,k,l,) was determined
based on the free-energy change on the formation of facets.

Experimentally, the crystal structure and morphology of
B-PbO, have been often studied by scanning electron micro-
scopy (SEM) and X-ray diffraction (XRD). The grain shape and
crystallinity of -PbO, can be diverse depending on the growth
techniques and conditions such as anodizing current density
and temperature. However, the crystal grain with an octahedral-
like shape has been often observed in many growth
processes.””*'**? In addition to transmission electron micro-
scopy (TEM) which is frequently used to identify the preferred
orientation of crystal growth, X-ray diffraction is another viable
technique to identify the preferred orientation with a cheaper
cost.”*** Many authors have often reported the scanning elec-
tron microscopy image (SEM) of crystal grains or crystal shapes
without practical identification of the exposed facets. Our
predicted equilibrium crystal shape of the stoichiometric
B-PbO, (Fig. 2) is unlikely to represent the observed
octahedral-like shape of the as-grown B-PbO, crystal. Several
factors can be naturally considered as a cause of this incon-
sistency. For instance, the presence of impurities and defect
formation in the vicinity of the surface can significantly change
the free surface energy of the as-grown crystal as compared to
the defect-free surface of B-Pb0,.>"*”** This may result in the
modification of the equilibrium crystal shape as theoretically
predicted in doped intermetallic compounds®® and hydroge-
nated metal oxides.””®

B. Non-stoichiometric surfaces

Naturally, point defects can form in the bulk during the
growing processes of crystalline materials and, of course, can
migrate or present in the vicinity of the surface of a crystal,
resulting in a non-stoichiometric surface. Here, we investigate
the energetics of the surface containing oxygen defects, ie.,
oxygen vacancy (reduced surface) and extra oxygen atoms
adsorbed on the surface (oxidized surface). Not only the (110)
surface but the other low Miller-index surfaces, i.e., (100), (101),
(001), and (111), are taken into account to ensure that the
energetically favorable surfaces for a certain growth condition
are realized. To simulate the reduced and oxidized surfaces, the
non-stoichiometric slab supercells for the corresponding sur-
faces are created, and the surface free energies defined in
eqn (3) corresponding to the Pb and O composition are then
estimated to determine the relative thermodynamic stability.
To estimate the surface free energy of a reduced/oxidized

This journal is © the Owner Societies 2023
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surface, the energy of an O, molecule is required, and the
correction due to the GGA overbinding of the O, molecule is
reportedly applied to the oxygen chemical potential in eqn (3).
Our calculated O, binding energy in the triplet ground state
based on the PBEsol of —6.66 €V is slightly more negative than
the previously reported value whereas the calculated equili-
brium O, bond length of 1.23 A is identical.’’” Using the
experimental O, binding energies at absolute zero of
—5.12 eV, the overbinding of the O, molecule based on our
DFT-GGA calculations is thus estimated to be ~1.54 eV. Half of
this value (0.77 eV) is then used to correct non-stoichiometric
surface energies defined in eqn (3).°° It is worth noting that our
calculations within the PBEsol yield the formation enthalpies of
rutile tetravalent oxides including PbO,, TiO,, VO,, and TiO,
very close to the experimental values. The difference between
theoretical and experimental values is less than 0.1 eV (Fig. S2
in ESIT). Some authors suggested that because of this very small
shift, the overbinding of the O, molecule by the GGA calcula-
tions could be negligible.>”"** The improvement of formation
enthalpies of the oxides by the PBEsol over the conventional
PBE likely resulted from the improved lattice constant of solids.
However, the molecular atomization (binding) energies are not
accurately given,*® consistent with our calculated O, binding
energy, which is more negative than the ones obtained by the
conventional GGA.””°*®" The surface energies of non-
stoichiometric B-PbO, with respect to both the corrected and
as-received O, energy are included in Fig. 3 for comparison.

For the (110) surface, the 2 x 1 x 1 repetition of the
stoichiometric slab is adopted to investigate the reduction
and oxidation properties. To simulate the reduced (oxidized)
surface, the oxygen atom(s) are symmetrically removed (added)
on each side of the slab supercell, in such a way that the Pb and
O atomic configuration on the surface is equivalent. This is to
ensure that the dipole and spurious effects introduced by the
amended surfaces are minimized. Due to the supercell size,
only five values of N, are allowed, if the adatoms or vacancies
are confined within 1 monolayer (ML) of the supercell slab;
No = —1, —2 correspond to partially and fully reduced surfaces
and No = 1, 2 correspond to partially and fully oxidized surfaces
(number of configurations is analogous to ref. 27 in which the
redox behavior of the (110) surface of VO, was discussed). There
are two possible ways to create an O vacancy on the (110)
surface: removal of (i) the two coordinated bridging O atom or
(ii) the three coordinated in-plane O atom. The formation
energy of oxygen vacancies or adsorbed oxygen atoms on the
surface can be defined as

1
E'(D) = E[Eslab(peffeCt) — Egab(D) — NoEo,], (6)

where Eg;, (perfect) is the total energy of the stoichiometric
slab supercell and Eg,,(D) is the total energy of the same
supercell with oxygen vacancies or adsorbed oxygen atoms on
the surface of the slab. Ef(D) is calculated to be 0.49 eV for the
bridging O vacancy and 1.56 eV for the in-plane O vacancy. This
much higher stability (~1 eV) of the bridging O vacancy with
respect to the in-plane O vacancy was also reported for the
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Fig. 3 Surface free energies of nonstoichiometric B-PbO, for (a) (110),
(b) (100), (c) (101), (d) (001), and (e) (111) surfaces. The surface free energies
without the correction due to O, overbinding are also included as dashed
lines.

rutile VO, (110) surface. Removal of another bridging O from
the partially reduced (110) surface with the bridging O vacancy
results in a formation energy of 1.38 eV which is much lower
than the formation energy caused by the removal of the in-
plane O atom of 1.70 eV. It is therefore believed that only the
bridging O vacancies can form in the partially and fully reduced
(110) surface of PbO,. The in-plane O vacancy, however, may
form once all the bridging O are removed.

For the oxidized (110) surface, we first consider the case of
partial oxidation (No = +1). An extra O atom can be added on
the surface in two configurations: (i) vanadyl-like adsorption
and (ii) bridging adsorption. The calculated formation energies
of adsorbed oxygen on the surface are 2.14 eV and 2.35 eV for
bridging and vanadyl-like adsorption, respectively. The positive
formation energies indicate that the adsorption of the O atom
on the (110) surface of PbO, is an endothermic process, unlike
in VO, where O adsorption on the (110) surface is exothermic.
This is likely because the V atom, which is a transition metal
(group V) with unfilled d orbitals, can form more chemical
bonds with O atoms compared to the Pb atom. We also
investigate the possibility of the adsorption of two extra O
atoms on the surface, forming a fully oxidized surface
(No = +2) by considering total vanadyl-like, total bridging,
monoperoxo, and bridging-peroxo configurations. The mono-
peroxo and bridging-peroxo configurations, however, cannot be
stabilized against spontaneous O, formation, not involving in
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the surface vicinity. Hence, only total vanadyl-like and total
bridging configurations are considered for a fully oxidized
surface. The most energetically atomic configurations for each
No of the non-stoichiometric (110) and the other low-index
surfaces, ie., the (100), (101), (001), and (111) surfaces, are
shown in ESI (Fig. S3-S7).

The surface free energies of the possible reduced/oxidized
(110) surface as a function of jiy are shown in Fig. 3(a). The
accessible range of fio is limited by the formation of gaseous
O, (upper bound i, = 0, O-rich) and PbO (lower bound
fdo= —0.53 eV, O-poor). To connect fip with the experimental
access, we convert [io into pressure dependence at a fixed
temperature of 60 °C, a typical temperature for growing PbO,
thin films,®* as depicted at the top x-axis of Fig. 3(a)~(d). For the
surface free energies without the correction due to O, over-
binding, it is shown in Fig. 3(a) that the completely reduced
surface (No = —2) is the most thermodynamically stable surface
for all range of accessible O, partial pressure. By contrast, with
the correction, the perfect (110) surface is rather stable for most
range of accessible O, partial pressure whereas the partially
reduced surface becomes stable for very low O, partial pressure
(107°-107? atm). These results show that the predicted relative
stability of the non-stoichiometric surfaces with respect to the
perfect surface depends on whether the correction is applied.
The totally reduced, partially oxidized, and fully oxidized (110)
surfaces are never energetically stable for the allowed range of
fio regardless of the correction.

For the (100), (001), (101), and (111) surfaces, the procedure
used for the (110) surface was adopted to realize the most
energetically favorable configuration of the oxygen-related
defects on the respective surfaces. The introduction of oxygen
vacancies to create the reduced surfaces was limited by removal
of either the topmost oxygen atoms with low coordination
numbers, ie., the bridging oxygen atoms, or the two-fold
oxygen atoms (Fig. 1). For the oxidized surfaces, additional
oxygen atoms are assumed to initially lie near the surface Pb
atoms mimicking the Pb coordination in the bulk-like region.
The supercell created by 2 x 1 x 1 repetition of the stoichio-
metric slab was employed to investigate the redox properties of
the (100) surface. Like the (110) surface, five values of Ny are
allowed (No = —2, —1, 0, 1 and 2) because of the supercell size.
The free surface energies of the non-stoichiometric (100) sur-
face (Fig. 3(b)) show that the perfect surface is the most stable
with respect to the non-stoichiometric surfaces for the entire
range of allowed [io. The partially (No = —1) and totally reduced
surfaces (No = —2) are unstable for the entire range of allowed
lio; however, the totally reduced surface may form in the very
reducing condition in which PbO begins to precipitate. The
partially and fully oxidized (100) surfaces are also never stable,
indicating that adding O atoms on the fivefold-coordinated Pb
atom is unlikely.

The supercell identical to the stoichiometric slab of each
respective surface was employed to investigate the redox prop-
erties of the (101), (001), and (111) surfaces, which allows the
removal of up to two surface O atoms, corresponding to 1ML of
vacancies. For the (101) surface, the removal of oxygen atoms
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costs relatively high energy, resulting in thermodynamic
instability of the reduced surface with respect to the stoichio-
metric surface for most range of allowed jio. Nevertheless, the
totally reduced (101) surface might be stable in very reducing
conditions. On the other hand, our calculations suggest that
the (101) surface can feasibly adsorb up to two extra O atoms
which tend to form the O-O bonds with the surface O atoms
(Fig. S5, ESIt). These O-O bonds would cause very low surface
free energy of the fully oxidized (101) surface which becomes
the most stable termination for the entire range of fio as shown
in Fig. 3(c). For the (001) surface, we find that the partially
reduced surface is lower in energy than the stoichiometric one
for almost the entire range of allowed jio. The totally reduced
surface, however, has very high surface energy and is thus
unstable. On the other hand, the partially oxidized (001) surface
(No = +1), in which an extra O atom is strongly bonded to the
two surface O atoms with an O-O bond length of ~1.47 A, has
very low surface energy, and becomes the most energetically
stable termination for the non-stoichiometric (001) surface
(Fig. S6, ESIt). It is possible to add one more extra O atom on
top of the surface Pb atom, producing a fully oxidized surface
(No = +2); however, its surface energy is higher than that of the
partially oxidized surface (No = +1) likely because of the
remaining O dangling bonds on the surface. The low symmetry
of the (111) termination results in a large slab surface with
many O atoms on the surface, allowing up to three O atoms to
be removed to create vacancies. On the other hand, only up to
two O atoms can be adsorbed to the (111) surface (Fig. S7, ESIT).
It is found that the (111) surface prefers oxidation to reduction.
The surface energies of the oxidized surfaces are much lower
than the stoichiometric one for the whole range of jio. This can
be attributed to the formation of O-O bonds on the surface with
the equilibrium bond lengths of 1.24-1.26 A, comparable to
that of isolated O,. Fig. 3(e) shows that the fully oxidized
surface is the most energetically favorable compared to all
other terminations of the (111) surface. Although the reduced
(111) surfaces have relatively high surface energy, the (111)
surface with 1/3 ML of the vacancies (No = —1) is more
energetically favorable than the stoichiometric surface for the
entire range of allowed f[io and might be stable in the very
reducing condition. The partially oxidized (111) surfaces with
2/3 ML (No = —2) and 1ML (No = —3) of the vacancies have
relatively high surface energies and, thus, are never stable for
the entire range of allowed fio.

It is worth noting that the above discussion is based on the
surface free energy with the correction due to O, overbinding in
the GGA-PBE. Without the correction, the most energetically
favorable termination for each surface must be re-identified
using the dashed lines included in Fig. 3. For instance, the
reduced surfaces will be the most stable for the (110) and
(100) surfaces for the entire range of allowed fi, instead of
the stoichiometric ones. The totally reduced (101) surface
will be the most stable for the growth condition under the
ambient condition instead of the fully oxidized surface. A
similar behavior for the interchange of the most stable termi-
nation is also observed for the (001) and (111) surfaces. The
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interpretation of the calculated results, thus, must be carried
out with care. In what follows, we will adopt surface free
energies with the correction for the prediction of the Wulff
shape and the discussion.

Using the surface free energies in Fig. 3, we now can predict
more realistic equilibrium particle shapes of B-PbO, through
the Wulff construction for the growth conditions of interest.
Assuming a common growth temperature of 60 °C, the thermo-
dynamic equilibrium shapes of non-stoichiometric B-PbO,
under the O-poor, ambient, and O-rich conditions are depicted
in Fig. 4. The surface free energies that are used to construct
the Wulff shapes in Fig. 4 are tabulated in Table 3. It is clearly
seen that considering the redox properties of the surfaces leads
to significant transformation of the equilibrium Wulff shape
with respect to the stoichiometric one (Fig. 2). To elucidate this
transformation, we calculated the area fraction fji; of each
symmetrically distinct facet of the Wulff shape, which is
defined as®®

Apki

> A’

where Ay, is the total surface area of all facets in the symme-
trical equivalent planes {Akl} in the Wulff shape. Consequently,
the weighted surface energy 7 is given by

? = Z ’yh/clfh/;ch (8)

{hkl}

A
f/zkl =

7)

which can be used as a basis to compare with the experimen-
tally determined surface energies for which only one value is
usually reported. Here, the surface anisotropy is given by the
following equation:®®

{]ZH} Ome = 1S
Oy = : — . 9
) 5 9)

This definition can be inferred as a coefficient of distinction of
surface energies that are normalized across a Wulff shape with
different weighted surface energies. For instance, a Wulff shape
that possesses only one surface termination would be perfectly

(b) 1 atm

(¢) O-rich

Fig. 4 Thermodynamic equilibrium shapes of non-stoichiometric
B-PbO, obtained by the Wulff construction for (a) O-poor, (b) 1 atmo-
spheric pressure, and (c) O-rich growth conditions with a growth tem-
perature of 60 °C. The top views corresponding to each shape are shown
in the bottom panel.
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Table 3 Calculated surface energies for low-index surfaces of B-PbO, at
a growth temperature of 60 °C for the O-poor, 1 atmospheric, and O-rich
conditions

y I m™?)
Surface O-poor 1 atm O-rich
110 0.70 0.73 0.73
100 0.83 0.83 0.83
101 0.71 0.49 0.16
001 0.74 0.61 0.40
111 1.18 1.03 0.74

isotropic and o, = 0. From Table 4, it is seen that for the
stoichiometric B-PbO,, the {110} and {101} facets mostly con-
tribute to the Wulff shape with the area fraction of 0.45 and
0.38, respectively, while under the ambient condition, the {101}
facets are instead mostly exposed with an area fraction of 0.81.

Despite a significant shift of the exposed surfaces, the sur-
face anisotropies between the stoichiometrically and ambient
grown B-PbO,are only slightly different. For the very reducing
condition (O-poor), the Wulff shape is more isotropic with the
main contribution from {101} followed by {110} planes, and
minimal contributions from {100} and {001}. Interestingly, for
the O-rich condition, the Wulff shape becomes perfectly iso-
tropic; it is only exposed by {101} facets with very low weighted
surface energy.

Based on our calculations, it is apparent that the {101} facets
mostly contribute to the equilibrium Wulff shape in various
growth conditions. This is consistent with several experimental
results in which the substantial diffraction intensity of the (101)
plane was observed in B-PbO, electrodes prepared by various
methods. Recently, Chen et al. proposed a preparation method
to control the crystal facet of the PbO, electrode.® It was found
that employing specific surfactants can promote the formation
of the low-index (101) facet and limit the formation of the high-
index (211) facet. The pyramidal shape of the crystallite was
clearly observed, which is in good agreement with our predicted
Waulff shape for the O-rich condition shown in Fig. 4(c). In such
case, the facet control using surfactants appeared to influence
the facet formation and thereby replicate the O-rich growth
condition. In addition, it was reported that at low plating
temperatures one of the main XRD peaks of the -PbO, samples
is the (101) plane whereas at 30 °C the (110) plane is nearly

Table 4 The surface area fraction of distinct facets of B-PbO, under
thermal equilibrium for the stoichiometric and the O-poor, ambient, and
O-rich conditions at a growth temperature of 60 °C. The weighted surface
energy (7) and surface energy anisotropy («,) are also presented

v

Area fraction

Surface Stoichiometric O-poor 1 atm O-rich
110 0.45 0.37 0.17 —
100 0.17 0.09 0.02

101 0.38 0.51 0.81 1.00
001 — 0.03 —

7 (eV) 0.86 0.72 0.54 0.16
o 0.16 0.05 0.18 0.00
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inhibited.* The octahedral shape, which is virtually similar to
the pyramid, was also observed in many well-formed grains in
the samples of these authors. Besides, pyramidal-shape grains
in various sizes were observed in the B-PbO, electrodes pre-
pared by electrochemical deposition and modified with poly-
vinyl alcohol (PVA).° The XRD patterns showed comparable
diffraction intensities of (110) and (101) planes in some sam-
ples and increased intensity of the (101) plane in the sample
with 2% volume fraction of PVA, indicating the preferred
orientation along these planes. Note that the XRD intensity of
the (211) plane was also dominant in some samples. However,
the high Miller-index surfaces usually have high surface energy
and may not appear in the equilibrium Wulff shape. Last but
not least the dominance of XRD intensity of the (101) plane and
the pyramidal shape of B-PbO, grains prepared by electrodepo-
sition were also reported earlier.” To our knowledge, neither the
experimental surface energy nor anisotropy of the B-PbO,
crystallites has been reported so far.

4. Conclusions

We have theoretically investigated the surface properties of
B-PbO, using density-functional calculations based on the
PBEsol functional. Our calculations show that for stoichio-
metric B-PbO,, the surface energies of the low Miller-index
planes are (110) < (100) < (101) < (001) < (111) consistent
with the coordination numbers of surface atomic Pb and O.
Using the calculated surface energies, we provide the equili-
brium shape of stoichiometric f-PbO, through the Wulff con-
struction. The (110) and (101) surfaces almost equally dominate
the Wulff shape covering up to 83% of the surface area while
the (111) surface does not appear in the shape. Calculations
of the surface energies as a function of oxygen partial pressure
show that most surfaces except for (100) and (110) are likely to
be oxidized. Our results indicate that the growth conditions or
the chemical environment that causes non-stoichiometry of the
surface could modify the equilibrium Wulff shape of f-PbO,.
The oxidized (101) surface has much lower surface energy than
the (110) surface. This results in the dominance of the (110)
surface in the Wulff shape, contributing up to 81% and 100%
under ambient and O-rich conditions, respectively.

Our predicted Wulff shapes and dominant facets are in good
agreement with the experiments in which the pyramidal shape
of the B-PbO, grains has often been observed with the (101)
preferred orientation. Our results reveal that it is important to
include the effects of the surface redox properties in the
prediction of the morphology of a crystal. Controlling the
exposed surface area of some facets could be beneficial for
expanding the capability of PbO, electrodes.
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