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ABSTRACT: Lead (Pb)-containing solids ﬁnd widespread commercial use
in batteries, piezoelectrics, and as starting materials for synthesis. Here, we
combine density functional theory (DFT) and thermodynamics in a DFT +
solvent ion model to compare the surface reactivity of Pb oxides and
carbonates, speciﬁcally litharge, massicot, and cerussite, in contact with water.
The information provided by this model is used to delineate structure−
property relationships for surfaces that are able to release Pb as Pb2+. We ﬁnd
that Pb2+ release is dependent on pH and chemical bonding environment and
go on to correlate changes in the surface bonding to key features of the electronic structure through a projected density of states
analysis. Collectively, our analyses link the atomistic structure to i) speciﬁc electronic states and ii) the thermodynamics of surface
transformations, and the results presented here can be used to guide synthetic eﬀorts of Pb2+-containing materials in aqueous media
or be used to better understand the initial steps in solid decomposition.

■

atmosphere or water of varied pH. PbO ﬁnds use as a
component in TiO2-supported photocatalysts14,15 and is an
important component in the recycling of Pb-acid battery pastes
via aqueous collection methods. PbCO3 is sometimes collected
as an insoluble product in this recycling process,16 which is also
capable of multiple conversion/transformation processes. In
desulﬁdization, PbSO4 can be converted in aqueous media to
PbCO3 using Na2CO3. The rate of this reaction is pH2− 17
dependent, inﬂuencing the formation of HCO1−
3 from CO3 .
18
CaCO3 can be converted to PbCO3 in acidic conditions, and
it was reported that the highly polarizable Pb2+ cation has more
acid-stable faces in water than CaCO3 or SrCO3.19 The
transformation properties of PbCO3 also impact human health:
it, and more complex solids such as hydrocerussite
Pb3(OH)2(CO3)2 and plumbonacrite Pb10O(OH)6(CO3)6,20,21 is found in the corrosion scales of water
distribution systems. Adjusting the pH, composition, or
treatment procedure of water in contact with these corrosion
scales can result in Pb2+ release, as exempliﬁed in Washington
D.C. (2001−2004)22−24 and Flint, MI (2014−2017).25−30
Taken altogether, these examples show that understanding the
properties of Pb2+ oxides and carbonate surfaces in contact
with water, and how to control them, is important to industry

INTRODUCTION
The Pb2+ cation is a stereochemically active and polarizable
soft acid.1−3 This allows Pb2+-based materials to form from a
wide variety of ligand building blocks in which the lone
electron pair helps to dictate the overall structure. For example,
Pb2+ can form a variety of noncentrosymmetric materials with
oxygen-containing ligands. Well-known examples that ﬁnd use
as nonlinear optical devices display a diverse range of
compositions such as Pb16(OH)16(NO3)16, Pb9Te2O13(OH)(NO3)3, Pb3SeO5, and (Pb4O)Pb2B6O14.4−7 Beyond oxidebased ligands, Pb2+ halides are ﬁnding increased usage as a
starting material in the synthesis of newly developed twodimensional (2D) hybrid perovskites with tunable optical
properties. Example materials include (CH3 NH3 )PbI 3 ,
(BZA)2PbBr4−xClx, and (CH3)3SPbI3,8−10 where the combination of a lone electron pair on Pb2+ and a variety of organic
ligands can result in multiple steric conﬁgurations. In each of
the cases listed above, the complex ligand set around each Pb2+
cation dictates the overall structure−property relationships by
tuning the chemical bonding environment. This can manifest
as changes in the band gap, optical/dielectric response, and
polarization. Shifting focus to smaller, model materials that
contain Pb2+ and only a single anion, such as the solid oxides
PbO and PbCO3, these are the starting materials for the
commercially important Pb-based functional materials called
piezoelectrics and ferroelectrics (such as PbTiO 3 ,
PbZr1−xTixO3, and related oxides).11−13
While many of the syntheses to form the complex materials
in the preceding paragraph take place in conditions that
employ elevated temperatures or inert atmosphere, the oxides
and carbonates of Pb2+ are crucial to a variety of industrial
applications where they are in contact with a humid
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Table 1. For Each Pb and C Species, Tabulated Here Are the pH Range in Which They Are Stable, Followed by ΔG0f and ΔG2,
Both of Which Are Given in Units of eV
pH

ΔG0f (eV)

Pb
PbOH+1
HPbO−1
2
CO2

2−6
6−11
11−12
2−6.5

−0.253
−2.345
−3.507
−4.000

−2eUSHE
−2eUSHE
−2eUSHE
−4eUSHE

HCO−1
3
CO−2
3

6.5−10.5
10.5−12

−6.081
−5.470

−4eUSHE + 0.0257 ln aHCO−1
3 − 0.295 pH + 1.299
−4eUSHE + 0.0257 ln aCO−2
3 − 0.354 pH + 1.910

species
+2

and human health, in ﬁelds that range from functional material
design to drinking water treatment.
Prior routes to investigate the properties of Pb-containing
solids in contact with water have primarily been experimental,20,21 and many have relied on speciation relationships
derived from stability constants at equilibrium conditions.31
Pourbaix (speciation) diagrams show that Pb2+ is the soluble
form of Pb at low pH,32,33 whereas PbOH1+ is preferred for
values of pH > 6, but this information does not detail surface
processes that could lead to their release in aqueous solutions.
Thus far, no models of PbO/PbCO3 surface reactivity, to the
best of our knowledge, have incorporated computationally
inexpensive methods such as density functional theory
(DFT)34,35 to investigate the initial surface changes that
could cause solid decomposition via Pb2+ release. DFT
methods are ideal for this type of investigation because they
allow for a more complete understanding of physical
phenomena at the atomistic level. For example, the detailed
atomistic information from changes in the surface structure can
be linked to computable thermodynamics and distinct features
in the electronic structure.
Here, we use DFT to model lead-containing oxides and
carbonates, speciﬁcally litharge, massicot (α-PbO and β-PbO,
respectively), and cerussite (PbCO3). We delineate structure−
property relationships for these solid surfaces in contact with
water and comment on the initial stages of dissolution via
diﬀerent modes of Pb2+ release. Our overall goal is to
understand how the properties of surfaces that contain Pb2+
change across a wide range of pH, to be able to better inform
experiments and applications where Pb2+-based materials are in
contact with water. We take a reductionist approach in
modeling simple lead oxides and lead carbonates to start. We
fully characterize the bulk PbO and PbCO3 and use the bulk
structures to create a wide range of Pb-terminated supercell
surface slabs. We compute the thermodynamics associated
with diﬀerent surface transformations, focused on the pHdependent release mechanisms of Pb2+ from oxides and
carbonate surfaces. For this, we use a DFT + solvent ion
model36−38 that combines quantum mechanically computed
total energies (via DFT calculations) with experimentally
determined values for changes in the free energy of formation
(ΔG0f ) to create new fundamental insights into the atomistic
interactions that dictate surface transformations. Where
possible, we link these insights to changes in the electronic
structure via projected density of states (PDOS) analyses to
better understand the molecular orbital interactions that occur
at the surfaces of Pb-based materials.

ΔG2 (eV)
+
+
+
+

0.0257 ln aPb+2 − 0.253
0.0257 ln aPbOH+1 − 0.059 pH + 0.115
0.0257 ln aHPbO−1
2 − 0.177 pH + 1.413
0.0257 ln aCO2 − 0.236 pH + 0.920

age.39 All atoms are represented using GBRV-type ultrasoft
pseudopotentials40,41 and a plane-wave cutoﬀ of 50 Ry. Bulk
structural relaxations use a 6 × 6 × 6 k-point grid,42 and the
convergence criterion for self-consistent relaxations was 5 ×
10−6 eV. All calculations are performed at the generalized
gradient approximation (GGA) level using the Wu−Cohen
(WC)-modiﬁed PBE-GGA exchange−correlation functional
for solids.43,44 We choose the WC-modiﬁed PBE-GGA because
of its improved agreement with experimental structures for a
wide range of insulators, including oxides,45 and its ability to
well match the properties of known Pb2+-containing oxides
such as PbTiO3.46,47 To demonstrate the improvement in
DFT-computed properties of WC over PBE and other
exchange−correlation functionals, we include in Section S1
of the Supporting Information a brief discussion and
comparison of lattice parameters for select compositions.
To compute the change in free energy of surface
transformations (ΔG) of Pb2+ solids in contact with water, a
DFT + solvent ion method36,48 is employed. This method is
based on Hess’s law, where ΔG is partitioned between the
computed energies of the reactants and products (used in
ΔG1) and experimental data (used in ΔG2). Brieﬂy, ΔG1 is the
DFT-computed term that takes into account making and
breaking bonds by adding or subtracting neutral atoms to/
from the surface. Zero-point energy (ZPE) and TΔS
correction terms are added to the DFT total energies of
supercell surface slabs to obtain ΔG1, as described in refs 37,
38 and in the style of ref 36. DFT methods can provide reliable
trends in the solid state; however, their use in computing the
energetics associated with the aqueous redox reactions and
variable hydration spheres involved with surface adsorption
and release processes is not well deﬁned.49−51 Therefore, we
account for these processes using ΔG2. This is the term that
includes experimentally determined redox and solvation
relative to the standard hydrogen electrode.
In this second model term, ΔG2 = ΔG0SHE − neeUSHE −
2.303nH+kT pH + kT ln a(HxAOy)z−, where ΔG0SHE is the
change in free energy of each species relative to the standard
state, eUSHE is the applied potential, relative to the standard
hydrogen electrode, and aHxAOyz− are the concentrations of the
dissolved constituent ions (assumed to be 1 × 10−6 M). ne and
nH+ are the number of electrons and protons involved in the
chemical reactions required for surface release. Values of ΔG0f ,
used to compute ΔG0SHE, and discussed below, are obtained
from ref 52. At conditions of eUSHE = 0 and a = 1 × 10−6 M,
DFT-calculable Pourbaix diagrams32 show that increasing pH
from 2 to 12 changes the preferred aqueous species of Pb from
Pb+2 to PbOH+1 and ﬁnally HPbO−1
and the preferred
2
aqueous species of carbon (C) from CO2 to HCO−1
3 and ﬁnally
0
CO−2
.
For
this
series,
we
need
to
add
in
1
ΔG
(O),
which is
3
SHE
−2.46 eV, for each oxygen (O) present in the aqueous species
to the ΔG0f values obtained from ref 52, in the style of ref 53.

■

METHODOLOGY
DFT Modeling. The ground-state calculations described
here employ periodic DFT methods34,35 and are carried out
using Quantum ESPRESSO, an open source software pack1229
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This transforms each ΔG0f into a ΔG0SHE per species, and then
it is modiﬁed further by including terms related to pH,
potential, and concentration. All ΔG2 values in Table 1 are
given relative to O2 and H2 gases, which is discussed further in
Section S3 of the Supporting Information.
Inspection of Table 1 shows that ΔG0f of Pb+2 release is
energetically favorable, so ΔG is ﬁrst computed for the removal
of an isolated Pb atom, then its replacement by hydrogen (H)
atom(s), and ﬁnally for the removal of Pb−OHn and Pb−CO3
units per each surface slab. Example reactions are detailed in
Section S3 of the Supporting Information.
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position 2c and 2 O atoms at Wyckoﬀ position 2a), and 8 total
atoms for massicot (4 Pb atoms and 4 O atoms, each at
diﬀerent Wyckoﬀ positions labeled 4d).
Our DFT-GGA bulk litharge structure was found to have a
band gap of 1.16 eV, and massicot has a band gap of 1.97 eV.
The corrugated nature of massicot increases the band gap, but
Figure 2 shows that both litharge and massicot also have
indirect band gaps. In litharge, the valence band maximum
(VBM) is near the M-point in the Brillouin zone, and the
conduction band minimum (CBM) is found at the Γ-point. In
contrast, massicot has a VBM at the Γ-point and a CBM at the
R-point. Close inspection of the PDOS of both bulk PbO
materials shows similar bonding and antibonding characters.
The PDOS of bulk litharge shows that the highest occupied
molecular orbitals (HOMOs) are composed mostly of O 2p
orbitals mixed with Pb 6s and 6p orbitals, while the lowest
unoccupied molecular orbitals (LUMOs) are composed
primarily of Pb 6p-orbital character. This ordering of molecular
orbitals is also observed in massicot; even though the sheet
morphology is diﬀerent, the tetrahedral bonding environments
are similar. These PDOS are consistent with how one would
describe the bonding in PbO: O2− is anionic and will be more
electronegative, drawing more electron density toward it than
the cationic Pb2+. Therefore, the ﬁlled O 2s and 2p orbitals will
be most of the occupied energy states. The lowest unoccupied
states can be explained by the loss of electron density from
cationic Pb, which would have lost two electrons from the 6p
orbital, and would take less energy to ﬁll than most other
orbitals to regain them. The O 2p and Pb 6p orbitals both
show delocalized character with wide bandwidth in the PDOS.
Our DFT-GGA-computed crystal structures, PDOS, and
electronic band structures of litharge (shown in Figure 2a) are
consistent with ref 57 and refs therein that also use similar
DFT methodology.
Now, we turn our attention from oxide to carbonate. The
crystal structure of bulk cerussite PbCO3 is shown on the lefthand side of Figure 3. Here, each CO3 unit lies almost
horizontally along the z direction, and each Pb is connected to
3 or 4 diﬀerent CO3 via Pb−O bonds. These bonds range from
2.60 to 2.72 Å, and each Pb has formed 6−7 bonds to O. The
crystal structure of cerussite belongs to the Pnma space group
(group 62),58−60 and a comparison to experimentally
determined crystal structures is given in Table 3. All cell
angles are 90°, and the largest deviation in lattice constant is
the overestimation of a by 0.06 Å. In the cerussite structure,
the Pb, C, and O1 are located at Wyckoﬀ positions of
symmetry 4d, while O2 is in the Wyckoﬀ position 8d of space
group Pnma. The PbCO3 primitive unit cell has 20 total atoms,
larger than for litharge (4 total atoms) or massicot (8 total
atoms). Our DFT-computed crystallographic parameters are

■

RESULTS AND DISCUSSION
Bulk Litharge, Massicot, and Cerussite. As shown in
Figure 1, both bulk PbO materials have each Pb bound to 4 O

Figure 1. Two bulk PbO crystal structures: (a) tetragonal litharge and
(b) orthorhombic massicot. Pb is depicted as a dark blue sphere and
O is depicted as a red sphere.

and each O is bound to 4 Pb. In each of these structures, a 2D
layer-like morphology is present. The stereochemically active
lone pair of the Pb repels each other, creating discrete sheets
where Pb2+ atoms decorate the exterior of each layer so that
each PbO is Pb-terminated. In the litharge structure (Figure
1a), the Pb−O layers form ﬂatter sheets than in massicot
(Figure 1b), and we compute that the Pb−O bond lengths in
litharge are all 2.32 Å. The separation between sheets is 2.66 Å
for litharge, which is the vertical distance between Pb atoms.
The massicot structure contains corrugated sheets, and we ﬁnd
that the 4 Pb−O bond lengths are 2.24, 2.27, and 2 × 2.46 Å.
Massicot has two Pb−O bonds that are shorter and two Pb−O
bonds are longer than in litharge. Here, the sheet separation is
3.19 Å, which is 0.5 Å longer than the interplanar separation
than in litharge. Table 2 compares the fully relaxed DFT
litharge and massicot structures to those found in the Inorganic
Crystal Structure Database.54 The largest deviation between
DFT and experiment is the lattice parameter c of massicot,
which is underestimated by 0.74%. The bulk primitive unit cell
of litharge contains 4 total atoms (2 Pb atoms at Wyckoﬀ

Table 2. Comparison of DFT-Relaxed and Experimentally Determined Crystallographic Parameters of Litharge and Massicota
PbO

a

b

DFT
exp

3.989
3.972

3.989
3.972

DFT
exp

5.900
5.895

5.512
5.493

c
Litharge
5.028
5.023
Massicot
4.719
4.754

Pb(x, y, z)

O(x, y, z)

(0.250, 0.250, 0.236)
(0.250, 0.250, 0.235)

(0.750, 0.250, 0.000)
(0.750, 0.250, 0.000)

(0.231, 0.011, 0.250)
(0.230, 0.012, 0.250)

(0.135, 0.408, 0.250)
(0.135, 0.408, 0.250)

a

The Pb and O of the litharge structure are located at Wyckoﬀ positions 2c and 2a, respectively, of space group 129 (P4/nmm symmetry),55 and in
massicot, both are located at 4d positions of space group 57 (Pbcm symmetry).56
1230
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Figure 2. Electronic band structure and PDOS of (a) litharge and (b) massicot phases of PbO.

Figure 3. Given on the left-hand side is the structure of orthorhombic PbCO3, cerussite, and on the right-hand side are the electronic band
structure and corresponding PDOS. Pb atoms are depicted as dark blue spheres, O atoms as red spheres, and C atoms as black spheres.

states are predominantly composed of O 2p orbitals with
additional mixing from Pb 6p and 6s states, as well as C 2p
orbitals. This indicates a strong bonding network where each
O is bound to multiple cations, and the bonding is more ionic
than in either PbO structure. As observed in bulk litharge and
massicot, the most signiﬁcant contribution to the LUMO is
made by Pb 6p, but appreciable C 2p-orbital character is noted
as a consequence of polar C−O bonds present in the bulk
structure. The presence of this bonding character at ≈−6 eV
acts as a distinct anion ﬁngerprint that could be used to
diﬀerentiate complex mixtures in which both O(H) and
CO3(H) anions are present.
Surface Structures and Transformations of PbO and
PbCO3. Given the close match between our DFT-calculated
bulk structures presented in the last sections, we use each
primitive bulk cell to create supercell repeats, which are cleaved
to create Pb-terminated surfaces, following the general
procedures to create surfaces outlined in refs 37, 62−64. A
detailed description of each surface is presented in Section S3
of the Supporting Information. Each of the Pb-containing
materials is cleaved along the following planes: litharge is
cleaved along the (001) set of planes that intersect with the zaxis, massicot is cleaved along the (100) set of planes that
intersect with the x-axis, and cerussite is cleaved along the

Table 3. Comparison of DFT-Relaxed and Experimentally
Determined Lattice Constants of Cerussite in the Pnma
Space Groupa
PbCO3

a (Å)

b (Å)

c (Å)

DFT
expt

6.073
6.134

5.183
5.180

8.494
8.492

a

All values are given in units of Angstroms.

Pb (0.245, 0.250, 0.583), C (0.089, 0.250, 0.238), O1 (0.099,
0.250, 0.086), and O2 (0.091, 0.034, 0.315); values close to the
experimentally determined crystallographic parameters are Pb
(0.245, 0.250, 0.583), C (0.092, 0.250, 0.246), O1 (0.096,
0.250, 0.093), and O2 (0.090, 0.035, 0.314). Unlike the PbO
materials in the last section, cerussite does not have Pbterminated 2D layers but an extended crystal structure.
Bulk cerussite exhibited an indirect band gap of 3.26 eV with
both the VBM and CBM lying at, or near, the Γ-point of the
Brillouin zone. Our DFT-GGA-computed electronic band
structure of cerussite PbCO3 shown in Figure 3 is consistent
with entries from the material project (ref 61) using similar
methodology. The VBM and CBM are found at or near the
same k-points in the calculated and reference electronic band
structures. Analysis of the PDOS reveals that the occupied
1231
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(001) set of planes that intersect with the z-axis. We then vary
both (i) the size of repeats in the direction of cleavage and (ii)
the in-plane dimensions in an eﬀort to comparatively sample
the thermodynamics of surface transformations. For example,
in our litharge analysis, we investigate surfaces whose
dimensions range from 1 × 1 × 5 (20 atoms) to 2 × 2 × 7
(112 atoms), where the in-plane repeat goes from 1 × 1 to 2 ×
2, and the length of the supercell slab length increases from a
repeat of 5 PbO units to a repeat of 7. Our range of massicot
surfaces is 3 × 1 × 1 (34 atoms) to 5 × 2 × 1 (80 atoms), and
for cerussite, it is 1 × 1 × 4 (30 atoms), 1 × 1 × 6 (50 atoms),
and 2 × 2 × 4 (120 atoms).
The surfaces and compositions investigated here are not
exhaustive but were designed to act as a survey that will be
used to develop more reﬁned and complex models in the
future. The present work, to the best of our knowledge, is the
ﬁrst study detailing the thermodynamics of surface transformations of Pb2+-containing materials using ﬁrst-principles
DFT, speciﬁcally the DFT + solvent ion model.36 We choose
model compositions that are PbO and PbCO3 for simplicity
and investigate the release of Pb from PbO and PbCO3 in two
ways. The ﬁrst is through a nonmonotonic surface exchange of
Pb and H in Pb-terminated surfaces, and the second is through
removal of Pb-anion units, such as Pb−(OH)n and Pb−CO3,
from the hydrated surfaces. These two pathways are illustrated
in Figure 4 for litharge surfaces. We use these two modes of

Article

release to gain an atomistic understanding of the initial stages
of solid dissolution and acknowledge that there could be other
mechanisms in which Pb could be released in aqueous
environments.
We now turn our comparative analysis to the electronic
structure and PDOS of litharge PbO supercell surfaces,
speciﬁcally investigating the diﬀerence between Pb- and Hterminated surfaces, where the H-terminated surfaces are the
result of the surface exchange depicted on top of Figure 4.
When the bulk litharge structure is expanded to create the
Pb-terminated surface, all of the major peaks in the PDOS (in
Figure 5a) remain consistent with the bulk structure. O 2porbital character still dominates the HOMO, and the LUMO is
mostly Pb 6p orbitals, as shown in the bulk structures in Figure
2a. When the terminal Pb of the litharge surface is replaced
with 2H atoms, in these surfaces we create strong O−H surface
bonds, where the Pb and H are found in crystallographically
distinct locations. The exchange of Pb for 2H results in few
changes to the PDOS. On comparing Figure 5a,b, there is a
new O 2p-orbital peak around −7.5 eV, and it lines up with the
peak of the H 1s orbital, so it is likely the energy of the bond
between the O and H atoms. The band gap also increased from
1.31 to 1.42 eV after exchanging the terminal surface atoms,
both of which are larger than the bulk value of 1.16 eV. The
increase in band gap can be explained by the more ionic
interaction that O has with H when compared to that with Pb.
The interaction of H and O is more ionic in character than that
of the Pb−O bond, increasing the overall strength and creating
surface dipoles. The massicot PDOS (Figure S1 in Section S4
of the Supporting Information) showed similar changes to
litharge. An overlapping peak of O 2p, H 1s, and Pb is present
at −7 eV. This peak is analogous to the peak around −7.5 eV
of the H-terminated litharge surface. Additionally, the massicot
electrons became much more localized when the surface is Hterminated with four seemingly distinct peaks when compared
to the Pb-terminated surface with two broad peaks. The PDOS
of diﬀerent PbO surfaces yield telltale signs of how changes in
the chemical environment can manifest as distinct features in
the electronic structure.
After characterizing the electronic structure of the PbO
surfaces and identifying potential bonding and antibonding
interactions that could serve as ﬁngerprint regions for more

Figure 4. Two surface release pathways of Pb studied here include (a)
Pb/H exchange and (b) Pb-anion removal, shown here for litharge as
Pb(OH)n. Color scheme is as in previous ﬁgures, and H atoms are
represented as white spheres.

Figure 5. Compared here are the electronic structure and PDOS of 1 × 1 × 7 litharge supercell surfaces that are terminated with (a) Pb and (b) H,
where each surface Pb was exchanged for 2H.
1232
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Figure 6. Depicted here are plots of ΔG vs pH for (a) 1 × 1 × 5 litharge and (b) 3 × 1 × 1 massicot supercells, respectively. The black trend line is
for removing a Pb atom, the brown trend line for replacing it with 1 H atom, and the blue and green lines are for replacing the Pb with 2H atoms.
In this example, there are two diﬀerent surface conﬁgurations of 2H terminated massicot. The dashed red line is at ΔG = 0 crossover point between
ΔG > 0 (unfavored) and ΔG < 0 (favored). All values of ΔG are given in units of eV.

Table 4. Tabulated Here Are the ΔG1 and ΔG2 Values for
Varied Supercells of the Litharge and Massicot Phases of
PbOa

complex mixtures, we turn to a comparison of the
thermodynamics of surface exchange for the smallest supercells
of PbO. Each step of the surface exchange, pictured in Figure
4, is shown in Figure 6, which depicts how ΔG changes as a
function of pH for (a) litharge and (b) massicot as atoms are
removed or added. The ﬁrst step, removing a terminal Pb atom
by itself, from either the PbO surface has all values of ΔG > 0
for the entire range of pH depicted (black trend lines). The
range of values here is ≈1−1.5 eV for litharge and ≈2−2.5 eV
for massicot and corresponding to 100 and 50% surface Pb
removal, respectively. The ΔG values are twice as large for
massicot because of the additional surface reconstructions that
take place; surface O becomes subsurface O, where the
corrugated nature of the bonds readjusts to accommodate the
underbound surface O. This surface is then partially chargecompensated in the second step when 1 H is added to create a
strong polar OH surface bond (brown trend line). In the ﬁnal
step, the surface is fully charge-compensated when another H
atom is added to generate a fully H-terminated surface (blue/
green trend lines). The overall eﬀect in both PbO structures is
that exchanging 1 Pb for 2H atoms results in the lowest ΔG of
the sets of transformations investigated here, but that does not
mean that the exchange process is favored for the entire range
of pH in Figure 6. For the smallest supercells in our set, the
Pb/2H exchange is predicted to be favorable at pH values
below 2.19 and 4.26 for litharge and massicot, respectively. We
interpret this to mean that if a Pb atom is exposed at the
surface, in either the litharge or massicot geometries, then it
will be a stable surface atom for pH values greater than 5,
barring any external interactions, which may include other
cations (Al, Fe, Mn, etc.)65,66 or anions (chloride (Cl),
phosphate, sulfates, etc.).20,31,67,68 We report the values of ΔG1
and ΔG2 (at 3 diﬀerent pH) used to create Figure 6 in Table 4,
as well as the range of other supercells studied here.
While the DFT + solvent ion method allows us to partition
the errors inherent to DFT from the errors inherent to
thermodynamics experiments, it also allows us to partition the
free energies required to make and break bonds from the free
energies associated with solvation. This aﬀords us a separable
analysis of the components of ΔG. Inspection of Table 4 shows
that (i) the predicted favorability of some reactions depends

litharge

process

1×1×5

r1Pb
r1Pb-a1H
r1Pb-a2H
rPb(OH)2
r1Pb-a2H
rPb(OH)2
r2Pb-a4H
rPb(OH)2
r4Pb-a8H
rPb(OH)2

ΔG1
(eV)

massicot

process

2.15
2.50
0.35
5.81
0.35
5.80
−0.33
7.27
−0.65
7.33
ΔG1
(eV)

3×1×1

r1Pb
r1Pb-a1H
r1Pb-a2H
r2Pb-a4H
rPb(OH)2
r1Pb
r1Pb-a1H
r1Pb-a2H
rPb(OH)2
r4Pb-a8H
rPb(OH)2
rPb(OH)3
rPb2(OH)2

3.30
1.93
0.02
0.20
7.09
13.31
6.89
0.40
8.18
−1.03
7.15
11.52
12.41

1×1×7
2×1×7
2×2×7

5×2×1

3
ΔGpH
2
(eV)

7
ΔGpH
2
(eV)

11
ΔGpH
2
(eV)

−0.61
−0.43
−0.25
−5.17
−0.25
−5.17
−0.51
−5.17
−1.02
−5.17
3
ΔGpH
2
(eV)

−0.65
−0.24
0.17
−4.75
0.17
−4.75
0.34
−4.75
0.69
−4.75
7
ΔGpH
2
(eV)

−0.89
−0.24
0.41
−4.51
0.41
−4.51
0.81
−4.51
1.63
−4.51
11
ΔGpH
2
(eV)

−0.61
−0.43
−0.25
−0.51
−5.17
−0.61
−0.43
−0.25
−5.17
−1.02
−5.17
−7.46
−8.07

−0.65
−0.24
0.17
0.34
−4.75
−0.65
−0.24
−0.17
−4.75
0.69
−4.75
−6.79
−7.45

−0.89
−0.24
0.41
0.81
−4.51
−0.89
−0.24
0.41
−4.51
1.63
−4.51
−6.32
−7.22

Lowercase “r” stands for removal and lowercase “a” stands for
addition. For example, the entry “r1Pb-a1H” means the removal of 1
Pb and addition of 1 H. The ΔG2 values are given for pH 3, pH 7, and
pH 11 to compare the relative change in thermodynamics at acidic,
neutral, and basic pH. All values are reported in units of eV.
a

upon the supercell size (Pb/H surface exchange) while some
processes (ii) will rarely be favorable (removal of surface
Pb(OH)2 units). To illustrate the ﬁrst point, we focus on the
full Pb/H exchange of two diﬀerent litharge supercells.
Summing the ΔG1 of exchanging 1 Pb/2H for the 1 × 1 ×
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Figure 7. DFT-computed structures for each step of the surface exchange of Pb and H for a PbCO3 surface slab, whose ΔG values are plotted in
Figure 9.

Figure 8. Electronic band structure and corresponding PDOS for (a) Pb- and (b) H-terminated 1 × 1 × 6 PbCO3 surfaces.

5 supercell (the process row labeled “r1Pb-a2H”) and ΔG2 at
pH 3 yields +0.10 eV, which is not predicted to be favorable.
Summing the ΔG1 of exchanging 2 Pb/4H for the 2 × 1 × 7
supercell (the process row labeled “r2Pb-a4H”) and ΔG1 at pH
3 yields −0.84 eV, which is predicted to be favorable. The
more surface exchanges are present, the more likely the process
will occur because it is energetically preferable to release
multiple Pb to solution as Pb2+ and form many strong OH
bonds. Attending to the second point, all ΔG1 values of
removing Pb(OH)2 units from massicot (labeled “rPb(OH)2”
in the bottom half of Table 4) are larger than +7 eV, while
ΔG2 values at acidic pH are ≈−5 eV. The favorable release of
ions into solution is not large enough to compensate for the
number of bonds broken to release a Pb(OH)2 unit, even at
low pH. This means that under the conditions explored here,
only the surface exchange of Pb and H is preferable for litharge
and massicot.
After the PDOS and thermodynamics analysis of litharge
and massicot, we now investigate surfaces that contain the CO3
anion, cerussite phase PbCO3. A depiction of the surface
exchange process for cerussite is shown in Figure 7. One of the
biggest diﬀerences between PbO and PbCO3 is that each Pb is
bound to 6−7 O atoms, spread across multiple carbonate units
in all three Cartesian directions, while in PbO each Pb was
bound to 4 O atoms in a tetrahedral array. In the Pb/H surface
exchange along the (001) direction of PbCO3, the soluble
HCO3 anion is formed, and this changed the orientation of the
CO3 units relative to their bulk and/or Pb-terminated surface
positions. As much as 50% of the HCO3 surface units go from
a completely horizontal orientation to an orientation with a
vertical component where some C−O surface atoms have
displaced as far as ≈0.7−0.9 Å. The diﬀerences in electronic
states between the Pb- and H-terminated PbCO3 surfaces are
depicted in Figure 8.

In the PbCO3 surface PDOS, the Pb-terminated surface
(Figure 8a) retained most of the characteristic peaks found in
both the occupied and unoccupied states of the bulk structure.
The orbital distribution is not signiﬁcantly aﬀected in the bulkto-surface transformation other than the occurrence of charge
localization in both the HOMO and LUMO. Pb 6p-orbital
character remains predominant in the LUMO as does O 2porbital character in the HOMO. Overall, no signiﬁcant changes
in bond or orbital composition were observed in the expansion
of bulk cerussite to the Pb-terminated supercell surface. In the
transformation of the Pb-terminated surface to a H-terminated
surface via Pb/H exchange (Figure 8b), an increase in band
gap from 3.38 to 3.61 eV was measured, suggesting a strong
bonding network and possibly greater ionic bond composition
within the hydrogen-terminated surface. As observed in PbO,
these values are both higher than the bulk band gap computed
for cerussite, 3.26 eV. Augmentation of the occupied states was
mostly limited to the appearance of two additional peaks near
−10 eV, corresponding to mixing of C 2s, C 2p, and O 2p
states with H 1s, as well as notable localization of O 2p states
between −4 and −6 eV. This is most likely the bonding states
of CO3 anion. The bandwidth of the unoccupied states of the
hydrogen-terminated surface increased by 1.5 eV, and a
substantial amount of mixing from H 1s was observed,
suggesting a signiﬁcant amount of O−H bonding with partial
ionic composition. Extensive overlap of H 1s with C 2s was
also present in the LUMO, suggesting the presence of residual
C−H bonding, which is further corroborated by H 1s overlap
with C 2s and 2p in the lower occupied states at −10 eV. The
diﬀerentiation in bonding between CO3 and HCO3 anion units
is a key ﬁngerprint in the electronic structure analysis.
The thermodynamics of each step of the Pb/H surface
exchange for a 1 × 1 × 5 PbCO3 supercell is plotted in Figure
9. We predict similar trends to the stepwise mechanistic
1234
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Given this result, we go on to compute the thermodynamics
of subsequent Pb release from a H-terminated surface. We
obtain ΔG values of releasing HCO3 and PbHCO3 units from
all 3 PbCO3 supercells listed in Table 5. Removing a HCO3
unit has ΔG1 ranges from 10.99 to 11.16 eV, and the smallest
ΔG2 at low pH in our set is −6.64 eV. This means that the
energetically favorable release of HCO3 to the aqueous
solution cannot compensate for the number and types of
bonds that need to be broken by its release; the release is
energetically unfavorable (overall ΔG > 0). Coupling a Pb
atom release to HCO3 increases the range of ΔG1 values to
11.71−12.60 eV, while the gain in releasing Pb to solution only
drives ΔG2 down by ≈0.6 eV. This release is also predicted to
not occur, barring any other interactions with cations and
anions, which were not taken into account here. In brief, only
the exchange of Pb and H atoms at the surface of PbCO3 is
found to be energetically favorable.
Comparison of Surface Transformation Thermodynamics. The trends presented in the previous sections allow
for a comparison of the free-energy changes involved in making
and breaking surface bonds, for a wide variety of chemical
environments, involved in Pb release in aqueous media. Using
the DFT + solvent ion model, we are able to correlate
perturbations and local changes at the atomistic level to the
electronic structure and thermodynamics associated with
surface transformations of Pb oxides and carbonates.
A comparison of the ΔG1 values for diﬀerent processes
yields insights into the energetics of making and breaking
surface bonds in PbO and PbCO3. Tables 4 and 5 show that
removing surface Pb atoms (r1Pb), without creating OH
bonds by exchanging Pb with H, is ≈+2−4 eV, where the freeenergy penalty for Pb atom removal from litharge (2.15 eV) is
less than for massicot (3.30 eV) and cerussite (3.65 eV). This
trend reverses as protonation begins. Compensating the
surfaces where Pb atoms have been removed with 1 H still
costs about ≈1−3 eV, where the overall ΔG1 values are 1.49−
1.59 eV for PbCO3, 1.93 eV for massicot, and 2.50 eV for
litharge. This means that the addition of H atoms to create
HCO3 units at the surface of PbCO3 is energetically more
preferred than creating OH units at the surface of PbO.
When compensating surfaces by exchanging 2H atoms for 1
Pb atom (to create a charge-neutral surface), the ΔG1 values
from Tables 4 and 5 range from ≈−0.5 to 0.5 eV. Our range of
values for a single Pb/2H exchange is −0.54 to −0.37 eV for
cerussite, −0.65−0.35 eV for litharge, and 0.02−0.40 eV for
massicot, where only cerussite has all ΔG1 < 0 for the rPb-a2Htype exchange. Considering instead the full exchange of a
supercell surface, where all Pb atoms are removed and replaced
by 2H atoms, this process varies with the total number of
exchanges. The values of ΔG1 change with increasing number
of atoms, and we ﬁnd that the range of ΔG1 values for cerussite
is −0.54 (r1Pb-a2H) to −1.37 eV (r4Pb-a8H), is 0.20 (r2Pba4H) to −1.03 eV (r4Pb-a8H) for massicot, and is 0.35 (r1Pba2H) to −0.65 eV (r4Pb-a8H) for litharge. It is these values,
when combined with the pH-dependent ΔG2, that are used to
generate the plots in Figure 10. As we vary the dimensions of
the PbO and PbCO3 supercells, the pH at which the ΔG = 0 is
crossed will change, and we interpret this as the pH at which
the exchange process is predicted to occur. Figure 10 shows
that the exposed surface Pb atoms will be replaced by 2H at
pH values as high as 6.89 for litharge, 8.46 for massicot, and
10.29 for cerussite, depending upon the size of the supercell
repeat, and that this is a possible release mechanism for Pb.

Figure 9. ΔG as a function of pH for each step of the Pb/2H surface
exchange of a 1 × 1 × 6 PbCO3 supercell. The blue and green trend
lines are for two diﬀerent conﬁgurations of H additions.

interactions shown in Figure 6 for litharge and massicot.
Removal of a Pb atom from a Pb-terminated surface is highly
unfavored: ΔG > 0 for the entire range of pH values depicted
here. The successive addition of H atoms to the surface creates
HCO3 anions, and this surface exchange of H for Pb is
favorable for a much wider pH range than observed in PbO.
Even varying the distance between the 2H atoms yields similar
values of ΔG, and this is depicted as the blue and green trend
lines in Figure 9.
We interpret this as the exchange of the exposed surface Pb
with 2H is favorable for the entire range of pH investigated
here, and as enumerated in Table 5, it is the case for all Pb/2H
exchanges up to pH 11. The implication of this result is that in
aqueous environments where PbCO3-based structures (such as
cerussite and hydrocerussite) are found, then any exposed Pb
atoms will be released and replaced by H atoms.
Table 5. Tabulated Here Are the ΔG1 and ΔG2 Values for
Varied Supercells of PbCO3a
cerussite

process

ΔG1
(eV)

3
ΔGpH
2
(eV)

7
ΔGpH
2
(eV)

11
ΔGpH
2
(eV)

1×1×6

r1Pb
r1Pb-a1H
r1Pb-a2Ha
r1Pb-a2Hb
rHCO3
rPbHCO3
r1Pb
r1Pb-a1H
r1Pb-a2Ha
r1Pb-a2Hb
r2Pb-a4Hb
rHCO3
rPbHCO3
r1Pb
r1Pb-a1H
r1Pb-a2Ha
r1Pb-a2Hb
r4Pb-a8H
rHCO3
rPbHCO3

3.65
1.59
−0.54
−0.37
10.99
11.71
3.55
1.49
−0.50
−0.39
−0.37
11.16
12.15
3.57
1.45
−0.35
−0.48
−1.37
11.13
12.60

−0.61
−0.43
−0.25
−0.25
−6.64
−7.24
−0.61
−0.43
−0.25
−0.25
−0.51
−6.64
−7.24
−0.61
−0.43
−0.25
−0.25
−1.02
−6.64
−7.24

−0.65
−0.24
0.17
0.17
−6.44
−7.06
−0.65
−0.24
0.17
0.17
0.34
−6.44
−7.06
−0.65
−0.24
0.17
0.17
0.69
−6.44
−7.06

−0.89
−0.24
0.41
0.41
−6.48
−7.06
−0.89
−0.24
0.41
0.41
0.81
−6.48
−7.06
−0.89
−0.24
0.41
0.41
1.62
−6.48
−7.06

2×1×6

2×2×4

Article

a
The ΔG2 values are given for pH 3, pH 7, and pH 11 to compare the
relative change in thermodynamics at acidic, neutral, and basic pH. All
ΔG1 and ΔG2 values are reported in units of eV.
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Figure 10. ΔG vs pH for full Pb/H surface exchanges is shown here for (a) litharge, (b) massicot, and (c) cerussite. Each ﬁgure also shows the
range of pH values for which ΔG = 0 is predicted to change as the size of the supercell increases.

addition of O but are rarely enough to compensate for the type
and number of Pb−O bonds that need to be broken for the
species to be released. We ﬁnd this to be true for the range of
Pb vacancy conﬁgurations studied here, from 25 to 100%, for
the representative set of surfaces. This means that in our
evaluation, only the surface exchange of exposed Pb atoms for
multiple H atoms is favorable for speciﬁc ranges of pH and that
this exchange is dependent upon the chemical bonding
environments of the diﬀerent Pb oxides and carbonates. Any
further subsurface release of Pb(OH)n and PbHCO3 from fully
protonated surfaces is predicted to be unfavorable for most
conﬁgurations studied here.

Another route to Pb release could be the release from a
protonated surface. To investigate this, we created a series of
single Pb(OH)n vacancies in litharge (and massicot) and found
that ΔG1 was always more than 5 eV (and always over 7 eV) at
Pb surface vacancy densities of 50% or less. For litharge, our
ΔG1 values were 5.80 (100%), 7.27 (50%), and 7.33 eV (25%),
and for massicot, they were 7.09 (50%) and 7.15 eV (25%),
where the number in parentheses is the fractional density of Pb
atoms released. We also computed the change in free energy of
removing HCO3 and PbHCO3 from a fully protonated surface,
and the ranges of ΔG are 10.99−11.16 and 11.71−12.16 eV,
respectively. Removing PbHCO3 is ≈1 eV more costly than
removing only HCO3: anion-assisted release is more favorable
than releasing the atom on its own but not as favorable as
exchange with 2 protons.
We can take each of the DFT-computed ΔG1 values and
combine them with ΔG2 values (at each pH) to compute the
overall ΔG of each Pb(OH)n and PbHCO3 release cycle. The
favorable change in free energy to release ions to solution,
approximated here as ΔG2, is not enough to compensate for
the change in free energy of breaking bonds at the surface, even
at very low pH, to release Pb in the forms of Pb(OH)n or
PbHCO3. In Tables 4 and 5, the ΔG2 values of species, where
O-containing anions are released, do decrease with successive

■

CONCLUSIONS
Collectively, our preliminary analyses of Pb2+-containing oxides
and carbonates demonstrate that if the exposed surface Pb is
not shielded, then we predict that it will exchange with H and
that this process is dependent upon the chemical environment
of the Pb atom. Our detailed range of structures shows that
this surface exchange can happen at pH values even as high as
10.29 (PbCO3) and that the release of Pb is highly reliant
upon its coordination environment and pH. We have
developed a quantitative guide for linking changes in surface
1236
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structure to calculable thermodynamics and can build upon the
preliminary work here to include more complex Pb materials
such as hydrocerussite Pb3(OH)2(CO3)2 and plumbonacrite
Pb10O(OH)6(CO3)620 and better inform the synthesis of
nonlinear optical materials and ferroelectrics that include Pb2+.
Moreover, the models presented here could be applied to
delineate structure−property trends of Pb-containing 2D
hybrid perovskites in contact with water or a humid
environment to protect them against potential routes of
decomposition.
Our modeling eﬀorts yield atomistic insights into the surface
transformations of Pb-based materials in aquatic conditions
and can be used to better understand how diﬀerent
nanomaterials react across a wide variety of chemical
environments. The reductionist approach taken here complements prior investigations into the reactivity of ZnO, TiO2,
and Ag nanoparticles69−73 and, more recently, complex metal
oxides38,74−76 of varying dimensionality. The PbO structures
here are 2D sheets, and PbCO3 is an extended bonding
network, and we predict that both will release Pb atoms under
diﬀerent pH conditions. The release of surface Pb in exchange
for H atoms tracks inversely with coordination environment:
the fewer, closer Pb−O bonds in litharge require a lower pH to
release surface Pb than in cerussite, with more Pb−O bonds.
We also ﬁnd that the subsequent release of Pb and
corresponding anions (OH vs HCO3) from a surface that
has already undergone Pb/H exchange tracks with the size of
band gap. It is more diﬃcult to release subsurface Pb with a
HCO3 unit than it is an OH unit because more ionic bonds
need to be broken in cerussite than in litharge or massicot.
This implies that one would need solution additives to control
the aqueous reactions of Pb-based materials beyond varying
the pH of solution. For example, enhanced dissolution to
release Pb would require the addition of chelating agents and
the addition of pH buﬀers to modify the rate of formation of
HCO3.
Additional complexities that could extend the studies here,
using the DFT + solvent ion model, could be the inclusion of
Pb4+ oxide surfaces, complex phosphate−surface interactions,77,78 and the addition of corrosive agents like chloride
(Cl).21,79 The addition of corrosive interactions via adsorbates
containing Cl would be of interest in communities where
increased road salt has led to increased pipe pitting and
excessive galvanic corrosion of drinking water distribution
systems.80,81 The methodology and surface release trends
developed here could also be applied to the ﬁeld of
environmental chemistry, where Pb2+ adsorption and release
on hydrated Fe and Al-(hydr)oxides82−85 could be investigated
by varying both the pH and concentration terms in the ΔG2
term, complemented prior research on mineral surface
reactivity.53 Finally, another route to showcase the versatility
of the DFT + solvent ion model that incorporates data
generated here would be a readily computable, detailed
mechanistic understanding of substitution and conversion
reactions, speciﬁcally the formation of PbCO3 from PbSO4 or
from SrCO3, where in each case, either the anion or cation is
exchanged.

■

■
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Exchange−correlation functional comparisons, surface
calculation details, DFT + thermodynamics calculation
details, and assorted PDOS comparisons (PDF)
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