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Abstract: We performed ab initio DFT calculations to explore the optical properties of a hexagonal
boron nitride (hBN) monolayer, doped with a Ti or a Pt atom. Ti doping increases the adsorption
capability of the boron nitride surface for capturing CO2. Both doping types increase the optical
absorption and reflectivity of the hBN surface in the infrared and visible regions. For the UV region,
a B vacancy increases the absorption of the hBN sheet. Captured CO2 bears substantial changes in
the optical absorption and reflectivity spectra of the system considered.
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1. Introduction

Hexagonal boron nitride (hBN) is a layered crystal; hBN bulk crystals show a signifi-
cant distance (3.33 Å) between layers interacting via weak Van der Waals forces. Further-
more, epilayers of hBN are three-dimensional (3D) systems too. Notably, hBN crystals can
be obtained by different methods, for example, by precipitation from a nickel-chromium
flux with a boron nitride source [1].

There are several processes to obtain 2D hBN, such as gas phase epitaxy, exfoliation,
chemical vapor deposition, and other methods. The distance of B-N is very similar to the
C-C separation in graphene. Furthermore, it has considerable chemical inertness, mechan-
ical robustness, thermal stability, and oxidation resistance. Furthermore, it has unique
optoelectrical properties, with a wide band gap (around 6 eV). Thus, hBN looks promising
—among other 2D materials—for the most advanced microelectronic technologies [2,3].

The role of 2D materials in removing pollutant molecules from the environment is a
matter of current research as well because of their sizeable specific area for this purpose or
to act as sensors.

In this study, we focus on the optical properties of a hexagonal boron nitride (hBN)
nanosheet doped with a Pt or a Ti atom. The crystallographic structure of bulk hBN
consists of alternating B and N atoms in hexagonal layers, with an AA stacking order.
Conventional X-ray powder diffraction has been used to determine its lattice constants,
which are a = b = 2.50 Å and c = 6.661 Å [4–7]. These values and its structure in general are
quite similar to those of graphite.

However, the electronic structure and conduction properties are different. As is well
known, hBN is a chemically stable material that has attracted great interest as an alternative
for GaN in laser applications, as well as in new optoelectronic applications requiring
high-quality 2D materials [8]. It has a direct band gap in the ultraviolet region. Studies
have shown that a pristine hBN monolayer presents high reflectivity and insignificant
absorption in the visible light spectrum. Additionally, an increased band gap increases the
optical absorption for GaN, BN, and BGaN alloys, particularly in the ultraviolet region.
The absorption of a hBN monolayer has also been theoretically described, showing that
hBN could be adsorbed on quartz and graphite [9–11]. On the other hand, sheets of hBN
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supported on metal substrates (e.g., Au, Cu, Pt) have been theoretically shown to enhance
the hydrogen evolution reactions of the combined systems, such as for energy conversion
and storage applications [12–15]. The optical properties of a Sn–doped hBN monolayer
have also been explored via density functional theory (DFT)–based calculations, showing
that the doping Sn atom helped increase the adsorption coefficient of the hBN surface [16].

In previous works, we found that both Pt and Ti can be adsorbed with ease at a
vacancy of a hBN sheet, but only the Ti–decorated hBN sheet would be a good candidate
for CO2 capture [17]. In contrast to Sn doping, we used Pt and Ti doping because of
the better catalytical properties and resistance to corrosion that these transition metals
have [18]. Our main aim is to add useful knowledge to the development of pollutant
sensors—in this case for CO2—for environmental as well as optoelectronic applications.
A more comprehensive review on the increased interest in hBN use in these fields can be
found in the literature [8,15].

Other theoretical works have considered the stability of different metals—including
Pt and Ti—supported on B-deficient hBN sheets, as well as their effects in hBN oxygen
reduction reactions [19,20]. The relevance and novelty of our study, on the other hand, is to
expand on this by considering both types of vacancies (removal of a B and an N atom). In
our aforementioned previous work, we also included ab initio MD calculations as well as
PDOS plots of the combined systems [17].

However, two questions remain that we investigate in this work: whether the optical
properties of the hBN monolayer would change substantially by the Ti or Pt doping; and
how the CO2 adsorption modifies the optical properties of the system.

2. Materials and Methods

We used Quantum ESPRESSO, an open-source, free software package [21], to per-
form calculations based on DFT [22–24], within the pseudopotential formalism. The code
suite used considers periodic boundary conditions and plane-wave expansions. Martin–
Troulliers norm-conserving pseudopotentials [25] and the Perdew–Burke–Ernzerhof (PBE-
GGA) exchange-correlation functional were considered [26].

The valence electronic states are considered in the same way as in previous stud-
ies of Pt– and Ti–doped hBN [17]: for oxygen: 2s22p4; nitrogen: 2s22p3; boron: 2s22p1;
platinum: 6s15d9; titanium: 3s23p63d24s2; and carbon: 2s22p2. The energy cutoff was 80
Ry (≈1100 eV), and we took a k-point mesh of 40 k points within the Monkhorst–Pack
scheme [27]. The threshold energy for the convergence of the SCF calculations was set to
1.0 × 10–6 eV.

As we were not interested in the magnetic properties of the system, we used non-
relativistic, non-polarized spin calculations, which previous studies show does not affect
the kind of properties considered in this work [28]. The unit cell consists of 50 atoms
forming the hBN monolayer, with cell parameters being a = b = 12.49 Å, and to ensure a
vacuum along the z-axis, c = 26.39 Å. As a reference, Figure 1 shows all the cases considered
in this work. Figure 2 shows the unit cell and a summary of the calculations previously
done on this system, the details of which can be found in [17], of which this work is a
continuation.

The imaginary component dielectric tensor was calculated within the random phase ap-
proximation [29] and using the Kramers–Kronig relations [30]. We obtained, subsequently,
the absorption and reflectivity for each case. We considered a propagation direction of
the electromagnetic wave that was perpendicular to the hBN sheet. The details of the
procedure used to calculate the optical spectra are in [31]. Finally, XCrySDen software was
used for visualization purposes [32].



Crystals 2022, 12, 1773 3 of 8

Crystals 2022, 12, x FOR PEER REVIEW 3 of 8 
 

 

 
Figure 1. Diagram of the cases considered in this work. The interactions refer to FPMD calculations 
performed on [17]. This work builds from there to explore the optical properties of the resultant 
systems. 

 
Figure 2. The main results presented on the previous work [17] from which this work builds. Ti–
doped hBN showed a larger ability to capture CO2, compared to Pt doping. 

The imaginary component dielectric tensor was calculated within the random phase 
approximation [29] and using the Kramers–Kronig relations [30]. We obtained, subse-
quently, the absorption and reflectivity for each case. We considered a propagation direc-
tion of the electromagnetic wave that was perpendicular to the hBN sheet. The details of 
the procedure used to calculate the optical spectra are in [31]. Finally, XCrySDen software 
was used for visualization purposes [32]. 

3. Results 
We calculated the optical absorption spectra in the infrared (see Figure 3), visible (see 

Figure 4), and ultraviolet range (see Figure 5) along the Z-axis. The spectra give the hori-
zontal axis in eV units (equivalent to 8066.666 cm–1). 

Figure 1. Diagram of the cases considered in this work. The interactions refer to FPMD calculations
performed on [17]. This work builds from there to explore the optical properties of the resultant
systems.

Crystals 2022, 12, x FOR PEER REVIEW 3 of 8 
 

 

 
Figure 1. Diagram of the cases considered in this work. The interactions refer to FPMD calculations 
performed on [17]. This work builds from there to explore the optical properties of the resultant 
systems. 

 
Figure 2. The main results presented on the previous work [17] from which this work builds. Ti–
doped hBN showed a larger ability to capture CO2, compared to Pt doping. 

The imaginary component dielectric tensor was calculated within the random phase 
approximation [29] and using the Kramers–Kronig relations [30]. We obtained, subse-
quently, the absorption and reflectivity for each case. We considered a propagation direc-
tion of the electromagnetic wave that was perpendicular to the hBN sheet. The details of 
the procedure used to calculate the optical spectra are in [31]. Finally, XCrySDen software 
was used for visualization purposes [32]. 

3. Results 
We calculated the optical absorption spectra in the infrared (see Figure 3), visible (see 

Figure 4), and ultraviolet range (see Figure 5) along the Z-axis. The spectra give the hori-
zontal axis in eV units (equivalent to 8066.666 cm–1). 

Figure 2. The main results presented on the previous work [17] from which this work builds. Ti–
doped hBN showed a larger ability to capture CO2, compared to Pt doping.

3. Results

We calculated the optical absorption spectra in the infrared (see Figure 3), visible
(see Figure 4), and ultraviolet range (see Figure 5) along the Z-axis. The spectra give the
horizontal axis in eV units (equivalent to 8066.666 cm–1).
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energy of 1.75 eV), and a smaller peak of 0.46 eV for green absorption (at 2.20 eV). 
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B atom removed from the hBN surface, while in (b) we see those with the N atom removed. There is
an acute increase in the absorption when titanium is a dopant. There is also a high response for CO2.
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atom removed from the hBN surface, while in (b) we see those with the N atom removed. The Ti
decoration in place of an N vacancy in the hBN surface significantly increases the optical absorption
in this range. The Pt decoration has a similar, though less noticeable, effect.
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Figure 5. Absorption in the ultraviolet region for the cases considered. In (a) we see the cases with
the B atom removed from the hBN surface, while in (b) we see those with the N atom removed. The
introduction of a B vacancy increases the absorption, but otherwise the response appears unchanged
across cases.

From Figure 3, the pristine hBN monolayer shows no absorption in the IR region.
Creating a B vacancy in the hBN surface increases its absorption at the IR level by a small
amount (less than 0.10 eV), while the N vacancy has a negligible effect on it. However, the
substitutionally absorbed Ti atom causes a larger increase in the adsorption, reaching up
to 0.85 eV at the near-IR region (1.50 eV) for the B vacancy case. The chemisorbed CO2
reduces this peak by four.

For the N vacancy case—which shows no IR absorption—the effect of the Pt doping is
relatively small, showing an absorption peak of around 0.08 eV in the near-IR region, but
the Ti doping shows a larger increase, reaching a height of 0.16 eV. The chemisorbed and
dissociated CO2 molecule adds the most significant growth among the N vacancy cases,
reaching a peak of 0.40 eV.

For the visible region (Figure 4), creating a B vacancy allows the hBN layer to absorb in
all this range; but the effect of the Pt and Ti doping is particularly large. For the B vacancy
hBN monolayer (Figure 4a), the Pt doping has a more significant effect than the Ti doping
alone in terms of the absorption increase for this region. The Pt doping case shows an
absorption peak of 1.10 eV for violet (corresponding to an energy of 3.00 eV), while the Ti
doping results in two smaller maxima of around 0.21 eV for red (at an energy of 1.60 eV)
and orange (2.00 eV) absorption. However, the hBN+Ti+CO2 system also shows a large
increase in the absorption at this region, with a peak of 0.88 eV for red absorption (at an
energy of 1.75 eV), and a smaller peak of 0.46 eV for green absorption (at 2.20 eV).

For the N vacancy (Figure 4b), the Ti–doping results in the most significant increase,
showing an absorption peak of 2.75 eV corresponding to blue absorption (2.30 eV) and a
second, smaller absorption peak of 0.90 eV at 2.75 eV (cyan). After that case, the second
and third largest maxima are reached for the hBN+Ti+CO2 case (labeled “02-01-01” in
Figure 1). These two peaks are at the absorption of 1.97 eV for red absorption (at an energy
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of 1.75 eV) and 1.58 eV for blue (at 2.60 eV). The Pt doping results in a minor increase, with
an absorption peak of 1 eV for red absorption (at an energy of 1.8 eV).

The UV region shows relatively small changes across the cases considered, although
the B vacancy case (Figure 5) stands out, as the creation of the vacancy brings a significant
absorption increase of +4.2 eV compared to the second largest. For both vacancies, the
system hBN+Ti+CO2 (labeled as “01-01-01” and “02-01-01” in Figure 1) increases absorption
for the near, deep, and vacuum UV regions, corresponding to energies from 4.00 to 9.60 eV.

Finally, the pristine hBN reflectivity shows three peaks: the first at an energy of 10.2 eV,
the second at 11.1 eV, and the third at 13.9 eV. Creating a B vacancy (Figure 6a) increases
the third peak by around 50%, while the Pt doping and Ti–doping reduce the first peak by
the same amount approximately. However, for both Pt and Ti–doping, additional peaks are
observed. The chemisorbed CO2 molecule (case “01-01-01” in Figure 1) results in a shift of
the peaks introduced by the Ti doping but no relevant change in its absorption magnitude.
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Figure 6. Reflectivity spectra. In (a) we see the cases with the B atom removed from the hBN surface,
while in (b) we see those with the N atom removed. The effect of the Pt and Ti doping and the CO2

interaction is particularly evident for the N vacancy hBN case.

The N vacancy (Figure 6b) results in a slight decrease in reflectivity, particularly in
the first and third peaks of the pristine hBN. The Pt and Ti doping effect is similar to that
for the B vacancy hBN, with a reduction of around 50% of the three original peaks, but
new maxima appear in the energy region from 0.00 to 5.00 eV. These peaks are almost four
times larger than those for the B vacancy hBN. The hBN+Ti+CO2 system (case “02-01-01”
in Figure 1) increases the reflectivity peak introduced by the Ti doping alone by around
25%, shifting it from an energy of 2.70 eV to 1.70 eV.

4. Discussion

We explored the optical properties of an hBN monolayer. There is a substantial change
in the optical absorption of the hBN monolayer in the infrared and visible regions with Pt
or Ti doping. The reflectivity increases in the same ranges, particularly for the N vacancy
hBN with Ti doping and CO2 absorption. The changes in the optical properties we found
indicate that the systems explored could be good candidates for CO2 sensing. At the same
time, Pt or Ti doping could benefit optoelectronic applications.
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