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Theoretical study of the adsorption modes of a
process control agent in the growth of PbTe
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H. Cruz Mart́ınez
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The effect of formaldehyde (CH2O) as a surface modifier of PbTe is evaluated. Global descriptors are calculated through density functional
theory to delve into the nature of the interaction between CH2O and the PbTe surface. The CH2O molecule is structurally optimized using
the PBE exchange-correlation functional and ultrasoft pseudopotentials. Subsequently, vertical ionization energies and vertical electron
affinities are calculated to elucidate how the CH2O molecule behaves energetically concerning the electron removal and gain, respectively.
To determine regions with higher and lower charge accumulation, the electrostatic potential on the van der Waals isosurface is mapped. It
is inferred that the theoretical knowledge generated is useful for proposing modes of CH2O adsorption on the PbTe surface, results that
rationalize the faces exposed by PbTe after surface treatment. The optimized structures of the composite systems showed a close correlation
between the change in surface energy (∆γ) and the exposed faces of PbTe. Finally, through Wulff construction, the morphology of PbTe
interacting with CH2O as a process control agent is determined. It was found that formaldehyde helps decrease the surface energy of the
exposed faces of PbTe, leading to decahedra and faceted morphologies.
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1. Introduction

It is well known that the high-energy milling process in-
duces high-energy collisions between the raw material and
the milling medium, leading to severe plastic deformation,
repetitive fracture, and mechanical kneading among the par-
ticles of precursor powders [1,2]. Each of these processes has
a direct effect on the morphology and the properties of the
as-milled products [3]. In this context, it has been reported in
the literature that in ductile-ductile systems, the mechanical
kneading of particles dominates over the fracture process dur-
ing milling [1,4,5]. Consequently, as-milled particles tend to
agglomerate and, in some cases, they adhere severely to the
milling medium and the walls of the vial or container. Con-

sequently, it results, under certain circumstances, in the Ost-
wald ripening effect, which, in turn, leads to an increase in
the size of the as-milled particles [6,7]. For this reason, dur-
ing the milling of ductile-ductile systems, a balance between
mechanical kneading and fracture is not achieved, then the
production of nanomaterials, through mechanochemical syn-
thesis, is suppressed.

According to Paul and Pradhan [8], PbTe is a semicon-
ductor material with the potential for various emerging ap-
plications due to the control of its properties, which are of
special interest. Furthermore, due to its diverse applications,
the structural, physical, and chemical properties, among oth-
ers, of PbTe have been investigated at the atomic level using
density functional theory (DFT) investigations [9]. Although
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experimental results have provided methods and strategies
for synthesizing PbTe with various morphological variants
[10], theoretical and theoretical-experimental studies have
enriched our understanding about the growth mechanisms of
PbTe [11,12].

On the other hand, it is important to highlight the role
of process control agents (PCAs) during milling; these are
primarily organic additives used to regulate the balance be-
tween the fracture process and the mechanical kneading dur-
ing mechanochemical synthesis of nanomaterials [4,13]. Ad-
ditionally, PCAs control the size of the as-milled particles
during milling [14]. It is evident that research opportuni-
ties in the field of PbTe formation remain relevant due to
the need to understand its growth mechanism in the pres-
ence of PCAs. However, theoretical results on how PCAs
interact with different surfaces of PbTe, giving rise to its for-
mation, are still lacking. Therefore, targeted approaches in
this direction present a landscape of challenges as new re-
search directions. To gain more insights into the PbTe growth
mechanism, the aim of this work is to investigate, via DFT,
how the PbTe surfaces interact with the process control agent.
Through DFT calculations, it is expected to determine, step
by step, the sequence of PbTe formation growth. Therefore,
one could infer details about the origin of PbTe formation in
terms of global and local descriptors obtained via DFT.

2. Computational methods

The effect of formaldehyde (CH2O) as a surface modifier of
PbTe is evaluated. To delve into the nature of the CH2O-
PbTe (surface) interaction, global and local descriptors are
calculated using density functional theory. Firstly, the CH2O
molecule is structurally optimized in its isolated form. Sub-
sequently, the vertical ionization energy and vertical electron
affinity of the CH2O molecule are calculated to elucidate how
it behaves energetically in response to electron removal and
gain, respectively. Also, the adsorption of the surface modi-
fied is studied to elucidate the main components of its interac-
tion with the PbTe surfaces. Then, the results obtained from
the electrostatic potential mapped on the van der Waals iso-
surface, are compared to determine regions with higher and
lower charge accumulation. Finally, through Wulff construc-
tion, the morphology of the PbTe interacting with CH2O as
a process control agent is determined. To obtain the equilib-
rium morphology of the PbTe, the surface energy is calcu-
lated according to the following expression:

γ = (Ebar− nEbulk)(2S)−1, (1)

whereEbar is the total energy of the optimized bar to model
the corresponding face,Ebulk is the energy of a PbTe formula
in the optimized bulk structure,n is the number of PbTe for-
mulas contained in the bar, andS is the corresponding sur-
face area. Details of the bar construction are provided in the
following section.

The DFT method chosen was based on the exchange-
correlation functional PBE [15,16]. Additionally, ultrasoft

pseudopotentials were used for all atoms, and Grimme’s
“D2” dispersion correction, as previously reported in the lit-
erature [12]. The Brillouin zone was sampled using a4×4×1
k-point grid centered at the gamma point, in the case of su-
percells. On the other hand, the formaldehyde molecule was
treated only at the gamma point. The entire method was em-
ployed as implemented in the Quantum Espresso 6.1 comput-
ing package. Total density-of-states (DOS) as well as pro-
jected density-of-states (PDOS) were computed for all the
composed systems in their ground state structures. Also,
Bader charges were computed for formaldehyde using the
code provided by Henkelman’s group [17].

3. Results and discussion

3.1. Formaldehyde effect

Formaldehyde was used as a surface modifier to control the
morphology of the PbTe and to suppress the Ostwald ripening
effect. Initially, CH2O was structurally optimized, obtaining
the structure shown in Fig. 1a). The interatomic distances C-
H and C-O, calculated at 1.107 and 1.225Å respectively, are
in good agreement with the experimentally determined val-
ues [18]. The electrostatic potential (ESP) map clearly shows
the oxygen atom as the region with the lowest potential, as
shown in Fig. 1b). It is consistent with the charge accumula-
tion on the oxygen atom of formaldehyde due to its high elec-
tronegativity. Additionally, in the optimized molecule, it was
found that the highest occupied molecular orbital (HOMO)
is formed byp orbitals in oxygen and sigma bonds in C-H,
making the oxygen atom of formaldehyde the most notable
site for adsorption on the PbTe surfaces. Besides, the low-
est unnocupied molecular orbital (LUMO) is formed by aσ*
antibonding orbital in the C=O bond. It is important to men-
tion that frontier molecular orbitals exhibit the most feasible
regions of the formaldehyde molecule to react with the lead
telluride surfaces [19]. The above since, at first approxima-
tion, the HOMO reveals the Fukui function for electrophilic
attacks, whereas LUMO is for nucleophilic ones [20]. Thus,
electrons can be donated as well as accepted by the oxygen
atom in formaldehyde.

FIGURE 1. a) Optimized structure of the formaldehyde molecule.
b) Electrostatic potential map with an isosurface of 0.004 a.u. for
the formaldehyde molecule. Relevant bond lengths are indicated.
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FIGURE 2. Frontier molecular orbitals HOMO and LUMO for
formaldehyde molecule. Also, HOMO-LUMO gap is annotated.

FIGURE 3. Optimized models of the (100), (110) and (111)Pb sur-
faces of the PbTe. Relevant bonds are annotated in angstrom units.
Crystallographic directions are indicated as well.

Global properties of the molecule were also calculated,
such as the vertical ionization energy (VIE) and vertical elec-
tron affinity (VEA). The obtained values for VIE and VEA
were 9.936 and−1.283 eV, respectively. As shown in Fig. 2,
another energetic feature was the HOMO-LUMO energy gap,
with a value of 3.499 eV. It is important to note that the gap
value denotes a kinetically stable molecule. In comparison,
a higher energy gap, of about 6.16 eV, was computed at the
B3LYP/6-31G(d,p) DFT level by Dwivedi and Shukla [21].
Similarly, a higher HOMO-LUMO gap, calculated as 5.54
eV, was obtained by using the B3LYP functional with empir-
ical basis sets, utilizingd andp polarization functions [22].

In a second step, models of the (100), (110), and (111)Pb

surfaces of lead telluride (PbTe) were optimized, as shown
in Fig. 3. These plate models were obtained by repeating
the PbTe unit cells3 × 3 × 1 times [23]. The last model
exposes only lead atoms on its surface, resulting in vacuum
separations between plates of approximately 15Å and dis-
tances between periodic repetitions of formaldehyde greater
than 10̊A. The bottom layer of the plate was fixed to repro-
duce the atomic coordinates of the crystalline bulk.

Surface energies, calculated as detailed in the compu-
tational methods, indicate an order ofγ(100) < γ(110) <
γ(111)Pb. Thus, a Wulff model was proposed, where PbTe

FIGURE 4. Theoretical X-ray diffraction pattern of PbTe.

FIGURE 5. Optimized models of the (100) surface of PbTe inter-
acting with formaldehyde, for structures 1 and 2. Relevant bonds
are annotated in̊A units. Crystallographic directions are indicated
as well.

crystals without a PCA would have a faceted shape. Accord-
ing to the simulated X-ray diffraction pattern (Fig. 4), the
faces of higher area and intensity belong to the{100} fam-
ily. Following this, surfaces with intermediate extent in PbTe
crystals will be (110), followed by (111)Pb surfaces.

The interaction with formaldehyde was modeled by al-
lowing the surface modifier to interact with the PbTe plate
models. Mostly, the interaction occurred between oxygen
and lead atoms. The highest molecule-surface adsorption en-
ergy occurred with the (100) surface, in a range from−0.917
to −0.630 eV. Following this, there is a comparable adsorp-
tion energy between (100) and (111)Pb surfaces, with maxi-
mum values of−0.361 and−0.388 eV, respectively. To ana-
lyze the interactions of CH2O with the surfaces under study.
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FIGURE 6. Optimized models of the (110) surface of PbTe inter-
acting with formaldehyde, for structures 1 and 2. Relevant bonds
are annotated in̊A units. Crystallographic directions are indicated
as well.

FIGURE 7. Optimized models of the (111)Pb surface of PbTe inter-
acting with formaldehyde, for structures 1 and 2. Relevant bonds
are annotated in̊A units. Crystallographic directions are indicated
as well.

Figures 5 to 7 show the optimized structures for the com-
posed systems in their ground states as well as other low-
lying configurations.

Firstly, the (100) surface with formaldehyde was obtained
in two configurations. Whereas the ground state exhibits the
CH2O coordinated with the surface by its oxygen atom, with
3.225Å of bond length and adsorption energy of−0.361 eV,
state number 2 is oriented to its carbon atom. That state is
0.172 eV above the ground state and with a lower molecule-
surface adsorption energy of about−0.178 eV.

In case of (110) surface, the ground state and the fol-
lowing low-lying structure are obtained with 0.288 eV of en-
ergy difference. Once again, the ground state structure is ob-
tained with the (CH2O) attached to the surface by oxygen,
whereas the other is state by carbon. In these case, the short-
est molecule-surface bond lengths are reduced down to 2.671
and 2.867Å respectively. In this case, the adsorption energy
is−0.917 eV.

FIGURE 8. Electrostatic potential mapped on isosurfaces, with 0.02
a.u. of electron density, for (100), (110) and (111)Pb surfaces of the
PbTe interacting with formaldehyde in their ground states. Also,
Bader charges on formaldehyde are annotated as well.

The lead-terminated (111)Pb surface obtained three dif-
ferent feasible structures, all of them oriented to the oxy-
gen atom of CH2O. In addition, the large Pb-O bond lengths,
above 3Å, and the−0.388 eV of adsorption energy suggest
an electrostatic interaction. All the Pb-O bond lengths for
the ground state structures are found ranging from 2.671 to
3.199Å. These values are larger than those obtained in the
case of PbO, of about 2.3̊A.

3.2. Theoretical approach to PbTe morphology

In all cases, the electrostatic potential maps showed that the
interacting formaldehyde molecule, in its ground state, is
directed to the lead atom by its region with low ESP. The
above is consistent with the highest electronegativity of oxy-
gen in comparison to all the constituents for formaldehyde
(Fig. 8). Interactions between the CH2O and the surface are
mostly polar-electrostatic, as charge donations took place.
In addition, the calculation of the total Bader charge on the
surface modifier molecule exhibited that formaldehyde re-
ceived a charge from the lead telluride surface, ranging from
−0.045 to −0.152 e. Although this charge transference is
scarce, the above can be related to the notable coordina-
tion of formaldehyde on the surface, attributed to a mixed
chemysorption-physisorption of the molecule. To state the
relationship between the orbitals of the interacting moieties,
the total density-of-states for all the interacting systems as
well as the projected density-of-states are analyzed below.

To elucidate the shape of the electronic structure of the
systems under study, Fig. 9 shows their DOS/PDOS near the
Fermi level. All the surfaces are obtained with the 2p orbital
of the oxygen atom of formaldehyde with an important over-
lap with those from the Pb, explaining the chemical part of
their interaction. C (2p) orbital of CH2O is also available to
be overlapped with those from surface lead atoms. Although
the DOS/PDOS of the slabs models provide only partial in-
formation for the surfaces under study, it is noticeable that
those for (100) and (110) surfaces qualitatively reproduce the
result of bulk PbTe [24,25]. According to calculations per-
formed by Aguado-Puente and colleagues, at GW method as
well as within DFT with the PBE functional, the PbTe is a
semiconductor with a narrow bandgap of about 0.2 to 0.4 eV
[26] at the L point. The above is in full agreement with the
experimental result of 0.190 eV, measured at 4 K of temper-
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FIGURE 9. Total density-of-states for all the interacting systems
as well as projected density-of-states in case of C (2p) and O (2p)
orbitals on formaldehyde.

ature by absorption luminescence, reported by Zasavistskii
and coworkers [27]. However, the slab models obtained im-
portant deviations, with values ranging from 0.0 to 0.744 eV.

The adsorption of the CH2O molecule also modifies the
surface energy of the PbTe. The greatest change in sur-
face energy was found for the (110) surfaces, calculated at
∆γ = −3.49 meV Å−2. Following this, the increase on the
(110) surfaces is−2.79 meVÅ−2, while for the (100) surface,
is only−1.94 meVÅ−2. Thus, formaldehyde stabilizes the
(110) and (111)Pb facets, making them energetically more
favorable to be expressed on the surface of the PbTe crystals.

Following the Wulff construction, the PbTe crystals can
be obtained with different morphologies. For example, start-
ing from a situation without using a surface modifier (ACP),
with surface energies in the orderγ(100) < γ(110) < γ(111)Pb,
PbTe crystals should mostly exhibit cubic shapes. However,
by adding the surface modifier, the stabilization of the (110)
and (111)Pb faces leads to a situation where the energies
follow the orderγ(100) ≈ γ(110) < γ(111)Pb, resulting in
faceted and rounded PbTe crystals. Another possibility is
that the surface modifier produces an energetic situation in
which γ(100) ≈ γ(110) ≈ γ(111)Pb. Thus, PbTe crystals will
be mostly rounded, displaying all three facets. Finally, as

FIGURE 10. Morphologies obtained by the Wulff method.

shown in Fig. 10, a last possibility is that the most favored
facet is the{111} family, where the coalescence of tetrahe-
dra leads to a decahedral geometry in an energetic situation
γ(111) < γ(110), γ(100).

The aforementioned possibilities are dependent on the
size of the PbTe crystals, without the Wulff model having
sufficient scope to provide a clear relationship between sur-
face energies and geometry based on crystal size. However,
evidence of the existence of the described forms has been re-
ported in the literature [12], indirectly supported by the high-
intensity peaks in the simulated X-ray diffraction pattern in
Fig. 4.

4. Conclusions

Through DFT calculations, it was understood that the growth
of quasi-cubic PbTe relies on geometric and energetic con-
straints. The change in the energetic situation of the ex-
posed facets can be attributed to surface modifiers, such as
formaldehyde in this study. While surface energies follow
the orderγ(100) < γ(110) < γ(111)Pb for the system with-
out a surface modifier, this order can be altered due to the
stabilization produced by the formaldehyde molecule. Addi-
tionally, it was observed that obtaining decahedra and faceted
morphologies of PbTe is possible.

According to the calculations performed within DFT,
these morphologies are due to comparable surface energiesγ,
with Wulff shapes exhibiting the (100) and (111) faces. Fur-
thermore, the modified decahedron Wulff shape results from
the stabilization of the (111) faces, while the faceted Wulff
shape is obtained because the (100), (110), and (111) faces
are energetically competitive. While the Wulff construction
does not predict the shape of particles based on their size, it
does provide insight into the reasons they exhibit the mor-
phologies observed experimentally.
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Acknowledgements

The author appreciates the support provided by the DIM-
PROD group. The authors thank the SNII for the designation.

1. J. M. Borgman, P. P. Conway, and C. Torres-Sanchez, The use
of inorganic process control agents to mill titanium-niobium
powders suitable for the selective laser melting process,Pow-
der Technology407(2022) 117546.

2. H. Rojas-Ch́avezet al., PbTe mechanosynthesis from PbO and
Te,Journal of alloys and compounds483(2009) 275.

3. J. Rioset al., Effect of ball size on the microstructure and mor-
phology of mg powders processed by high-energy ball milling,
Metals11 (2021) 1621.

4. M. Huang et al., Effects of milling process parameters and
PCAs on the synthesis of Al0. 8Co0. 5Cr1. 5CuFeNi high en-
tropy alloy powder by mechanical alloying,Materials & De-
sign217(2022) 110637.

5. H. Rojas-Ch́avez et al., Metallurgical study of mechanical
milling mechanism in eutectic nanopowders: The role of het-
erogeneities,Characterization of Metals and Alloys(2017) 145.

6. H. Rojas-Ch́avez et al., The mechanochemical synthesis of
PbTe nanostructures: Following the Ostwald ripening ef-
fect during milling,Physical Chemistry Chemical Physics20
(2018) 27082.

7. Z. Wu et al., Ostwald ripening of Pb nanocrystalline phase in
mechanically milled Al-Pb alloys and the influence of Cu addi-
tive, Scripta materialia53 (2005) 529.

8. S. Paul and S. K. Pradhan, Defect mediated structural, optical,
electrical and mechanical properties of mechano-synthesized
PbTe nanostructure as a superior thermoelectric material: Cor-
relation among electrical, mechanical and optical properties,
Journal of Alloys and Compounds927(2022) 166833.

9. K. Rajabiet al., First principle analysis of the structural, elec-
trical and thermoelectric properties of YTe (YSi, pb, sn, ge) and
PbX (X= O, S, se, te) nano-layers,Solid State Communications
359(2023) 115023.

10. J. Junget al., Single-crystalline PbTe film growth through re-
orientation,Phys. Rev. Mater.7 (2023) 023401.

11. M. Huanget al., Nanotwin-induced ductile mechanism in ther-
moelectric semiconductor PbTe,Matter 5 (2022) 1839.

12. H. Rojas-Ch́avezet al., Oriented-Attachment-and Defect- De-
pendent PbTe Quantum Dots Growth: Shape Transformations
Supported by Experimental Insights and DFT Calculations,In-
organic Chemistry60 (2021) 7196.

13. P. M. Gandhiet al., Effect of organic liquid process control
agents on properties of ball-milled powders,Advanced Powder
Technology33 (2022) 103332.

14. Y. Panet al., Size controlled synthesis of monodisperse PbTe
quantum dots: using oleylamine as the capping ligand,Journal
of Materials Chemistry22 (2012) 23593.

15. J. P. Perdew, K. Burke, and M. Ernzerhof, General-
ized Gradient Approximation Made Simple,Phys. Rev.
Lett. 77 (1996) 3865, https://doi.org/10.1103/
PhysRevLett.77.3865 .

16. J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple [Phys. Rev. Lett.77 (1996)
3865],Phys. Rev. Lett.78(1997) 1396,https://doi.org/
10.1103/PhysRevLett.78.1396 .

17. G. Henkelman, A. Arnaldsson, and H. Jónsson, A fast and
robust algorithm for Bader decomposition of charge density,
Computational Materials Science36 (2006) 354.

18. L. Gurvich, I. Veyts, and C. Alcock, CALCIUM AND ITS
COMPOUNDS, In Thermodynamic Properties of Individual
Substances (Begell House, 1994).

19. R. Fu, T. Lu, and F.-W. Chen, Comparing methods for predict-
ing the reactive site of electrophilic substitution,Acta Physico-
Chimica Sinica30 (2014) 628.

20. R. G. Parr and W. Yang, Density functional approach to the
frontier-electron theory of chemical reactivity,Journal of the
American Chemical Society106(1984) 4049.

21. N. Dwivedi and R. Shukla, Theoretical study of pure/doped (ni-
trogen and boron) carbon nanotubes for chemical sensing of
formaldehyde,SN Applied Sciences2 (2020) 1.

22. Z. Maaghoul, F. Fazileh, and J. Kakemam, A DFT study of
formaldehyde adsorption on functionalized graphene nanorib-
bons,Physica E: Low-dimensional Systems and Nanostructures
66 (2015) 176.

23. Y. Nodaet al., Temperature dependence of atomic thermal pa-
rameters of lead chalcogenides, PbS, PbSe and PbTe,Acta
Crystallographica Section C: Crystal Structure Communica-
tions43 (1987) 1443.

24. E. A. Albanesiet al., Electronic structure, structural proper-
ties, and dielectric functions of IV-VI semiconductors: PbSe
and PbTe,Physical Review B61 (2000) 16589.

25. J. P. Heremans, B. Wiendlocha, and A. M. Chamoire, Resonant
levels in bulk thermoelectric semiconductors,Energy & Envi-
ronmental Science5 (2012) 5510.

26. P. Aguado-Puente, S. Fahy, and M. GrÃ 1
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