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ABSTRACT: A first-principles density functional theory calculation was carried out
to study the adsorption of acetic acid, methyl amine, methanethiol, and hydrogen
iodide on the (100) surface of PbS. All four ligands are common capping agents used
in colloidal PbS quantum dot-based photovoltaics. Interestingly, among the
considered adsorbates, dissociative adsorption was energetically preferred for
hydrogen iodide, while associative adsorption was favorable for the rest. Associative
adsorption was driven by strong interactions between the electronegative elements
(Y) in the respective ligands and the Pb surface atoms via Pb 6p−Y np bond
hybridization (n represents the valence quantum number of the respective
electronegative elements). Importantly, the adsorption of ligands altered the work
function of PbS, with contrasting trends for associative (decrease in the work
function) versus dissociative (increase in the work function) adsorption. The changes in the work function correlates well with a
corresponding shift in the 5d level of surface Pb atoms. Other important observations include variations in the work function that
linearly change with increasing the surface coverage of adsorbed ligands as well as with the strength of the adsorption of ligands.

■ INTRODUCTION

Lead sulfide (PbS) quantum dots (QDs)1−6 and other
colloidal nanocrystals have been a subject of significant
research over the last three decades. Quantum confinement
in QDs offers synthetic tunability of electronic band gaps and
charge mobility and ensuing control over optoelectronic
properties via tailoring of the particle size and shape.7 In
addition, the surface chemistry characteristics of PbS QDs are
also known to affect both synthesis and their optoelectronic
properties.8−27 In particular, impurities either in precursor,
solvent or preparation can significantly affect the performance
of PbS QDs, by preferentially binding to the QD surfaces,
resulting in trap states that limit the energy conversion
efficiencies of these materials. To mitigate trap states and
control processing, a variety of organic and inorganic ligands
have been deployed, and their effectiveness toward the
reduction of surface trap states can be understood and
interpreted by characterizing the interactions between ligands
and the PbS QDs.
Oleic acid21 is one of the prominent ligands that is

traditionally used to passivate the PbS QDs due to its superior
stability and uniform size distribution. However, the long tail
oleic acid inhibits the conductivity of PbS QDs.5 Therefore,
short-chain organic molecules containing amine, alcohol, or
acid functional groups have been considered as alternatives to
oleic acid.15,22−24 The interactions of ligands (via functional
groups) with PbS QDs, in conjunction with ligand−ligand
interactions, can be expected to influence many fundamental
properties such as, for example, interaction strength, the

electronic density of states, and positions of frontier orbitals,
which in turn affect the performance of PBS QD-based
photovoltaic (PV) devices. For example, it was seen that
ligands containing the −OH functional group act as surface
traps when adsorbed onto the (111) surface of PbS and lead to
detrimental PV performance.22,25

In this regard and to provide fundamental insights into the
chemical interactions between PbS QDs and ligands, we carry
out density functional theory (DFT) calculations, with
particular focus on the adsorption mechanisms of the ligands
that are used in PbS QDs; the considered ligands include acetic
acid, methyl amine, methanethiol, and hydrogen iodide, all of
which contain very short tails. Such a choice ensures that our
focus remains on characterizing the role of the functional
groups. We have used the (100) surface of PbS to examine
ligand adsorption since (100) is among the most stable surface
orientation of PbS. Using DFT calculations, we endeavor to
answer questions on how the different functional groups of
ligands influence the properties of PbS QDs. The insights
obtained from this work will provide pathways to understand
the interplay between the tunability of QD frontier energy
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levels and adsorption strength and work functions as they
relate to ligand identity and coverage.

■ COMPUTATIONAL METHODS
All calculations have been performed using plane-wave code VASP
(version 5.2)28,29 within the framework of DFT and the generalized
gradient approximation (GGA) functional PBE30 for solids
(PBEsol).31 The projected augmented wave (PAW),28,32 as provided
with the VASP package,33 is used in this calculation. A cutoff energy
of 450 eV was chosen for the plane-wave basis.
While conventional PBE,30 PBE-D3,31,34 and PW9135 functional

were used previously for examining PbS,6,21,26,27,36−38 we have utilized
PBEsol31 due to its ability to accurately reproduce the bulk structural
properties of PbS; we note that PBE, PBE-D3, and PW91
overestimate the lattice parameter of PbS. In addition, the calculated
work function of the (100) surface using the PBEsol functional is 4.18
eV. The experimental work function39 values for PbS are 4.34, 4.41,
and 4.43 eV at 40, 60, and 80 °C temperatures, respectively. Our
calculated work function thus agrees well with the experimental value,
given the fact that all calculated properties are at 0 K.
The (100) surface of PbS was obtained from an optimized bulk

PbS structure. The simulated (100) slab was represented as a (2 × 2)
periodic supercell that was nine atomic layers thick with a vacuum
spacing of 20 Å (see Figure 1) separating the periodic images. The

thickness of the slab corresponded to the critical layer thickness that
resulted in invariance in the variation of the energy/PbS unit. To
check for this invariance, we systematically examined the energy
variation as a function of thickness ranging from 5 to 10 atomic layer
thick slabs. We note that most of the earlier studies6,21,26,27,36,37 used
eight or less atomic layer slabs.
For adsorbed surfaces, the effective vacuum region was at least

14.75 Å. Due diligence was performed to avoid any interactions

between slabs and greater than separations in previous stud-
ies.21,26,27,36

For all adsorption studies, the bottom three layers were kept fixed,
while all other atoms were allowed to move during the energy
minimization routine. The convergence criterion for local energy
minima was met when forces on all atoms were smaller than 0.02 eV/
Å. A fine grid of 5 × 5 × 1 Monkhorst−Pack40 k-points was chosen
for the calculation.

The adsorption energy of each adsorbate was calculated as follows:

E
E n E nE

n
( adsorbate surface) surface adsorbateΔ =

× × − { + }

(1)

where n is the number of adsorbate molecules and E(n × adsorbate ×
surface), Esurface, and Eadsorbate are the total energies of the energy-
minimized adsorbed structure, bare surface, and adsorbate molecule,
respectively. The negative and positive values of ΔE signify the stable
and unstable sticking of the adsorbate on the surface, respectively.

■ RESULTS AND DISCUSSION
In this section, we provide data on the adsorption energies of
the identified adsorbates, namely, acetic acid, methylamine,
methanethiol, and hydrogen iodide. Since it is known that
these molecules can dissociate to some extent when in the
solvent during the synthesis of PbS QDs, we consider both
associative and dissociative adsorption modes.
As a first step toward a thorough characterization of the

adsorption process, we provide essential information on both
adsorption modes for each molecule in Table 1, while the

energetics of adsorption is provided in Table 2. Further, the
respective adsorption geometries are provided in Figure 2,
while Figure 3 provides the dissociative adsorption geometry of
HI. In particular, we note that amongst all adsorbates, both
adsorption modes are energetically favorable only for HI. For
other adsorbates, associative adsorption is favored, while
dissociative adsorption is energetically unfavorable. Further,
in Table 2, we also provide the variations in the adsorption
energies as a function of surface coverage for each species.
Table 2 indicates that, with the exception of HI, the adsorption
energy/molecule increases (i.e., becomes less negative) with
increasing coverage.

Figure 1. Ball and stick representation of the (100) surface of PbS.
The gray and yellow spheres represent Pb and S atoms, respectively.
The vertical lines marked the boundary of the supercell.

Table 1. Mode of the Adsorption of Ligands on the (100)
Surface of PbS

adsorbate
adsorption
modes description

stability (based
on adsorption
energetics)

amine:
CH3NH2

associative NH2 group attaches to a
surface Pb atom

stable

dissociative NH group attaches to a
surface Pb atom and H
attaches to surface S atoms

unfavorable

thiol: CH3SH associative SH group attaches to a surface
Pb atom

stable

dissociative S attaches to a surface Pb atom
and H attaches to a surface S
atom

unfavorable

acid:
CH3COOH

associative −O and −OH attach to
surface Pb and S atoms,
respectively

stable

dissociative COO attaches to two surface
Pb atoms and H to surface S
atoms

unfavorable

iodide: HI associative HI (via I) attaches to a surface
Pb atom

stable

dissociative H and I attach to surface S and
Pb atoms, respectively

stable
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To provide a fundamental understanding of the listed
observations, namely, (i) associative adsorption is energetically
favorable for all adsorbates, whereas dissociative adsorption is
energetically favorable only for HI, and (ii) adsorption
strength/molecule becomes weaker with increasing surface
coverage; with the notable exception of HI, we first focus on
the associative adsorption of the ligands.

As evident from Figure 2 and as noted in Table 1, it is clear
that to saturate the dangling bonds; surface Pb atoms prefer
“association” with the respective electronegative atoms
corresponding to each adsorbate, namely, O (for acetic
acid), S (for methanethiol), N (for methylamine), and I for
(hydrogen iodide). Further, in the case of acetic acid, there are
additional interactions between a surface S atom and the OH
moiety in acetic acid. The electronegativities of O and N are
much higher than those of S and I, and this is reflected in the
fact that the adsorption strength of acetic acid is the highest
followed by methyl amine. Although the electronegativities of
S and I are very similar, the electron-donating group on
CH3SH makes the S atom more electron rich and leads to
strong adsorbate (S)−adsorbent (Pb) interactions as com-
pared to HI. Thus, from a molecular adsorption point of view,
HI demonstrates the weakest associative adsorption strength
amongst all the considered adsorbates. However, with
increasing surface coverage, the fact that the adsorption
strength (i.e., adsorption energy/molecule) decreases for all
adsorbates other than HI can be correlated with steric effects
that come into play; for HI, the increase in the adsorption
strength with increasing surface coverage is attributed to the
lack of significant steric effects due to the “vertical” adsorption
geometry of HI coupled with synergistic hydrogen bonding
effects as more HI molecules adsorb on the surface. We also
note that the reported adsorption energies for CH3NH2 at 1/4
and 1/2 surface coverage are slightly higher than the respective
values reported previously.37 These discrepancies of the
adsorption energy might stem from the fact that slightly
overestimated lattice parameters were used previously, which
would reduce the above-mentioned steric repulsion.
To illustrate the above observations especially for the single

molecule-adsorption, we present the respective electron
density plots for the adsorption geometries of the different
adsorbates in Figure 4. Consistent with our observations, there
is clear evidence of charge transfer between the surface Pb
atoms and the corresponding electronegative atoms of the

Table 2. Adsorption Energy, ΔE in kJ/mol for Each
Molecule of Adsorbate at Different Coverages

adsorbate

associative dissociative

coverage CH3COOH CH3NH2 CH3SH HI

1/8 −58.30 −54.98 −31.77 −9.46 −73.74
1/4 −55.62 −49.39 −30.33 −12.13 −65.64
1/2 −51.64 −42.43 −29.12 −14.46 −45.98
1 −51.53 −36.53 −25.81 −18.60 −45.92

Figure 2. Molecular adsorption of (a) acetic acid, (b) methyl amine,
(c) methanethiol, and (d) hydrogen iodide. A coverage of 1/8 is
represented in each case. The brown, red, silver, white, and purple
spheres represent C, O, N, H, and I atoms, respectively. The other
representation is the same as that of Figure 1.

Figure 3. Dissociative adsorption of HI on the (100) surface of PbS
for coverage of (a) 1/8, (b) 1/4, (c) 1/2, and (d) 1 (full). The
representation is the same as that of Figure 2.

Figure 4. Illustration of loss (blue) and gain (yellow) of electron
density during the associative adsorption of (a) acetic acid, (b) HI,
(c) methylamine, and (d) methanethiol. The representation is the
same as that of Figure 2.
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ligands. The respective Bader charges41−43 on the Pb and the
electronegative atoms are provided in Table 3, which is

consistent with the adsorption strength trends. Also, we note
that while a single locus of electron density exchange is
observed for CH3NH2, CH3SH, and HI with the PbS surface,
there are two such exchanges for CH3COOH, corresponding
to (i) O and surface Pb and (ii) OH and surface S.
To provide further insights into the bonding between the

adsorbates and the surface, we analyze the respective electronic
density of states (DOS), as given in Figure 5. In particular,
Figure 5 shows a distinct hybridization between the 6p orbitals
of Pb and the valence p orbitals of the electronegative atoms of
the adsorbate. Further, the hybridization between the Pb 6p
orbitals and 2p orbitals of O (5a)/N (5b), and 3p orbitals of S
(5c) and 5p orbitals of I (5d) atoms manifests as a
corresponding DOS feature between −5 to 0 eV (Figure 5).
In the case of dissociative adsorption, we note that for acetic

acid, methylamine, and methanethiol, dissociative adsorption
was not viable chiefly due to the presence of the methyl group,
which led to energetically unfavorable interactions. However,

in the case of HI, aided by the relatively weaker H−I bond and
favorable bonding between surface Pb and I as well as surface S
with H, dissociative adsorption was energetically much more
stable as compared to associative adsorption. However, with
increasing surface coverage, for the dissociative adsorption
case, we see that adsorption strength/molecule becomes
weaker, which is directly attributed to the respective
adsorption geometries. In particular, for the case of a single
HI molecule, the adsorbed H and I atoms form bonds with the
S and Pb atoms of the surface, with the bond oriented at an
angle to the surface normal. With increasing coverage, due to
geometric effects, the orientation of the bonds becomes
parallel to the surface normal, deviating from the preferred
orientation for the single molecule, leading to a consequent
decrease in the adsorption strength. Nevertheless, it is worth
pointing out that dissociative adsorption is always energetically
preferred for HI for all surface coverages.
Having provided a detailed analysis of the adsorption

energetics and preferred geometries, we turn our attention to
understanding the interplay among adsorption, band structure,
and work function of the adsorbed systems. Importantly, the
band gap of PbS does not change significantly due to the
adsorption of ligands (± 0.06 eV). However, the positions of
frontier orbitals or equivalently the positions of the valence
band and the conduction band move upward (with respect to a
fixed vacuum level), as shown in Figure 6 and in agreement
with a previous report.26 The band edges of the frontier
orbitals shift progressively from the pristine surface to the
different associatively adsorbed systems, namely (and in
order): HI-adsorbed, methanethiol-adsorbed, methyl amine-
adsorbed, and acetic acid-adsorbed surfaces, consistent with
the trends observed in the adsorption energies. For the

Table 3. Bader Charge41−43 on Interacting Surface Pb and
Electronegative Atoms of Ligands for the Adsorption of 1/8
Surface Coverage

Bader charges

ligands Pb O/N/S/I

CH3COOH 1.07+ 1.19−

CH3NH2 0.93+ 1.15−

CH3SH 0.86+ 0.05−

HI 0.95+ 0.01−

Figure 5. Density of states (DOS) for the adsorption of (a) acetic acid, (b) methyl amine, (c) methanethiol, and (d) HI. The average of each
respective band (s, p, px, py, and pz) is represented by a vertical line. The sulfur atoms in the surface and ligand are differentiated by S and Sl,
respectively, in (c).
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dissociated HI case, the shift is downward in direct contrast to
the associated adsorption systems.
The work function is defined as the minimum energy

required to remove an electron from the surface to the vacuum.
Traditionally, the work function is calculated as the energy
difference between the Fermi level and the vacuum level.44

Here, the work function for bulk PbS(100) has been calculated
as 4.18 eV. Yeon et al.39 experimentally determined the work
function of PbS processed at different temperatures with values
of 4.34, 4.41, and 4.43 eV for PbS processed at 40, 60, and 80
°C temperatures, respectively. Thus, the 0 K calculated value of
4.18 eV can be inferred to be in good agreement with the
experiment. The calculated work function for PbS(100) with
surface adsorbates is summarized in Table 4.

There are a few characteristic features that emerge from the
work function calculations: (a) work function for associatively
adsorbed surface is lower than that of the pure surface, (b) the
work function decreases with increasing surface coverage, (3)
the work function of the dissociated adsorption surface (using
HI as reference) is higher than that of the pure surface, and (4)
the work function decreases as the adsorption energy
decreases.
The lowering of the work function (ΔΦ) upon adsorption

can be explained in terms of the change in the dipole moment
of the PbS(100) surface (Δμ) upon adsorption of molecules
as45

e
A0

μΔΦ = Δ
ϵ (2)

where A is the adsorbate surface area and Δμ is the change in
the dipole moment upon adsorption normal to the surface. In
particular, for associative adsorption, the electronegative atoms
of the adsorbate point inwards (toward the surface) while the
surface dipole points away from the surface, leading to
countering the dipole moment of the surface (see Figure 7).

The Δμ values of the adsorption is thus negative, resulting in
the lowering of the work function of the adsorbed surface with
respect to the pristine surface, with this effect further
accentuated with increasing surface coverage.
On the other hand, during the dissociative adsorption of HI,

the stronger bond dipole for Pb−I is aligned with the surface
dipole, whereas the weaker S−H dipole is antialigned. As a
result, there is a net increase in the total dipole of this system
(i.e., HI dissociative adsorption on the PbS(100) surface). Our
calculated results on the work function and their relation to the
dipole moments are consistent with the previously reported
observations.44

To further discuss the electronic structure, the surface core-
level shift of the Pb 5d orbital has been calculated. The energy
that is required to remove a core electron from an atom is
called a core-level binding energy. The electrons are excited by
X-ray photons experimentally, and usually the binding energies
are specified relative to the Fermi energy. Due the different
local environment at the surface, the core-level binding energy
of surface atoms shifts from bulk. This shift of the core-level
binding energy for the surface atoms is called surface core-level
shift (ESCLS).

46 Using the initial state approximation, the ESCLS
for the surface Pb 5d level has been calculated and is shown in
Table 5.
The calculated ESCLS values for all adsorbates follow: (a) the

ESCLS increases with increasing coverage for molecular
adsorption and (b) the ESCLS decreases with increasing
coverage for dissociated adsorption. The calculated trends for

Figure 6. Position of the band edges of the valence band (lower
panel) and the conduction band (upper panel) for the PbS(100)
surface and PbS(100) with adsorbates such as hydrogen iodide (HI),
methane thiol (CH3SH), methyl amine (CH3NH2), and acetic acid
(CH3COOH). For the PbS(100) surface, the band positions are
determined by Es − Ef (Es and Ef are the band and Fermi energy,
respectively, in PbS(100)). To highlight the band shift in adsorbed
systems with respect to that of surface, the band positions are
normalized by Ea − Ef (Ea is the band energy in the adsorbate) in the
adsorbed systems.

Table 4. Work Function in eV for the Adsorbate-Covered
PbS(100) Surfacea

adsorption

associative dissociative

coverage CH3COOH CH3NH2 CH3SH HI

1/8 3.82 3.95 3.97 4.02 4.53
1/4 3.72 3.80 3.83 4.01 4.79
1/2 3.43 3.60 3.65 3.92 5.14
1 3.27 3.37 3.46 3.68 5.16

aThe work function of the pristine PbS(100) surface is 4.18, which is
close to the experimental values of 4.34 at 40 °C.39

Figure 7. Dipole direction of the ligand, bond, and surface. HI is a
representative example: (a) associative adsorption and (b) dis-
sociative adsorption of HI. The representation is the same as that of
Figure 2.

Table 5. Shift of the 5d Level of Surface Pb in eV for the
Adsorbate-Covered PbS(100) Surface

adsorbate

associative dissociative

coverage CH3COOH CH3NH2 CH3SH HI

1/8 0.42 0.34 0.26 0.14 −0.22
1/4 0.51 0.46 0.43 0.17 −0.47
1/2 0.78 0.65 0.57 0.22 −0.66
1 0.94 0.83 0.67 0.33 −0.75
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ESCLS nicely complement the work function data presented
above. As the core electrons bind tightly (higher ESCLS), the
valence electrons are easier to remove (smaller work
functions).
The correlation of the work function and the ESCLS can be

further investigated by calculating the depression of the work
function due to adsorption. The depression of work function
(Φd) due to adsorption is calculated as follows:

d surf adsΦ = Φ − Φ (3)

where Φsurf and Φads are the work functions for the pristine
surface and adsorbed systems, respectively. Figure 8 shows the

variation of Φd and ESCLS with surface coverage. For each
ligand, the ESCLS and Φd are correlated with each other. The
slight deviation of ESCLS from Φd is due to the local charge
distribution. The dissociated adsorption of HI, although works
opposite to associative adsorption, follows the same correlation
between ESCLS and Φd.

■ CONCLUSIONS
Four short tail common ligands, acetic acid, methyl amine,
methanethiol, and hydrogen iodide, are used to study how
strongly they bind to the (100) surface of PbS, the most stable
surface for PbS QDs. Although the associative adsorption of all
four ligands are thermodynamically favorable, the dissociative
adsorption of only HI is thermodynamically favorable. The
adsorption energy of the dissociative adsorption of HI is much
stronger than that of associative adsorption. The mode of
adsorption (associative or dissociative) of ligands depends on
the bond polarity of the linking atoms of the ligand. In the
adsorption process, the 6p orbitals of the surface Pb atom
hybridize with the valence p orbitals of the electronegative
atoms of the ligand. The adsorption of ligands on the
PbS(100) surface modifies the electronic properties of the
adsorbent. While the band gap is essentially similar for both
the pristine and adsorbed surface, the band edges of the
frontier orbitals progressively shift upward with adsorption
strength. The work function decreases for the associative
adsorption, whereas the work function increases for
dissociative adsorption. The work function of adsorbed
surfaces changes linearly with surface coverage. The deviation
of the dipole moment of the adsorbed surface from the
pristine-unadsorbed system determines the change in the work

function. The surface core-level shift of Pb 5d levels correlates
well with the observed shifts in work functions and serves as a
complementary measure to confirm the work function vs
adsorption trends. The electronegativity of the linking atoms of
ligands ultimately controls the properties of PbS: the higher
the electronegativity, the stronger the interaction with the
surface; the stronger the interaction, the lower the work
function; the higher the surface coverage, the lower the work
function; and the stronger the interaction, the higher the shift
of frontier orbitals.
Although PV devices based on PbS QDs are very promising,

solution-processed PV devices have a few limitations including
surface trap states, which limit the energy conversion efficiency
and the stability of devices in air. The capping of QDs by
ligands limits the surface trap states and thereby improves the
energy conversion efficiency. Similarly, the ligands work
against the oxidation and thereby improve the air stability of
devices. Further, the stability also directly correlates with the
number of capping agents. Band edge shifts due to ligand
capping can be used to harvest energy in the wider range of the
solar spectrum for single and multijunction solar cells. This
study thus provides valuable guidance to the experimentalist to
choose the right type and number of ligands for designing PbS-
based PV that can harvest at multiple wavelengths with
improved device stability as design criteria.
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