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A B S T R A C T

The unique properties of two-dimensional (2D) materials make them highly versatile for a wide range of ap-
plications. Recently, low-dimensional structures obtained from bulk non-van der Waals materials have received 
particular interest. Yttrium carbonate is an example of such materials which hold the potential for creating 2D 
structures, however, its fundamental properties have been investigated only rarely. In this work, we demonstrate 
the possibility of obtaining 2D yttrium carbonate with the tengerite-(Y) structure. The electronic and optical 
properties of both bulk and two-dimensional Y2(CO3)3⋅2H2O are investigated using the PBE and HSE06 func-
tionals. While the bulk material is predicted with a bandgap of 7.06 eV at the HSE06 level, the 2D Y2(CO3)3⋅2H2O 
material possesses a bandgap of, untypically, 0.4 eV narrower than the bulk material due to surface effects and 
different stoichiometry. The optical properties reveal that both the bulk and 2D forms are transparent in the 
visible and near-UV regions positioning them as promising candidates for various optical applications including 
doping-induced luminescent devices.

1. Introduction

In recent years, 2D materials have gained much attention due to their 
unique electronic and optical properties, which are significantly 
different from those of the corresponding bulk materials. This makes it 
possible to apply such materials in optoelectronics, catalysis, energy 
storage and generation and sensors, in order to boost the efficiency of 
devices [1]. Generally, all approaches for the exfoliation of 2D structures 
can be divided into “top-down” and “bottom-up”. The former includes 
the well-known scotch-tape method [2,3], micromechanical cleavage 
and liquid-phase exfoliation. [4], while the latter is typically represented 
by deposition methods such as chemical and physical vapor deposition 
(CVD and PVD) [5,6], wet-chemistry synthesis [7,8] and on-surface 
Ullmann coupling [9,10,11].

A large number of studies on obtaining 2D structures have been 
carried out for layered van der Waals (vdW) materials, i.e. materials 

composed of layers where atoms are interconnected by strong chemical 
bonds while the layers are stacked on each other with van der Waals 
interactions [2]. Therefore, exfoliation of a single layer of such materials 
is feasible in many cases and currently the number of exfoliated mate-
rials has reached over one hundred, while there are more than one 
thousand based on theoretical predictions [12]. Such materials include 
graphite, black phosphorus, transition metal dichalcogenides (TMDs) 
and others [13,14,3]. TMDs, such as molybdenum disulfide (MoS2) and 
tungsten diselenide (WSe2), exhibit direct bandgaps in the visible range, 
making them suitable for optoelectronic devices like photodetectors 
[15,16] and light-emitting diodes (LEDs) [17,18]. Similarly, black 
phosphorus demonstrates tunable bandgaps and high carrier mobility, 
offering potential in photovoltaic and photonic applications [19,20].

The production of two-dimensional structures from bulk materials 
with a covalent bond has recently gained popularity [6,21–23]. Unlike 
layered materials, which retain their elemental composition, and 

* Corresponding author.
E-mail address: artem.kuklin@physics.uu.se (A.V. Kuklin). 

Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

https://doi.org/10.1016/j.commatsci.2024.113329
Received 18 July 2023; Received in revised form 23 April 2024; Accepted 24 August 2024  

Computational Materials Science 245 (2024) 113329 

Available online 28 August 2024 
0927-0256/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:artem.kuklin@physics.uu.se
www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2024.113329
https://doi.org/10.1016/j.commatsci.2024.113329
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2024.113329&domain=pdf
http://creativecommons.org/licenses/by/4.0/


stoichiometric ratios after delamination, the delamination of non-vdW 
materials leads to the formation of two-dimensional materials with a 
large number of dangling bonds and unsaturated coordination centers 
caused by the breaking of chemical bonds between the layers [24]. The 
use of solvents during exfoliation leads to the passivation of the dangling 
bonds by the formation of new bonds with atoms and functional groups, 
and the adsorption of solvent molecules on the cleaved surface [25]. 
This provides an opportunity to modify the surface and obtain functional 
materials with unique properties suitable for catalysis, spintronics and 
other fields [26].

The number of experimentally realized non-van der Waals 2D 
structures grows from year to year. Their most popular representatives 
include compounds such as hematene [22], ilmenene [27], boron car-
bide [28,29] and CrTe [30]. Two-dimensional structures based on 
ilmenite and hematite were among the first to become synthesized. 2D 
hematite is a semiconductor that exhibits room temperature magnetism 
and with the potential for various applications in photocatalysis [31]. In 
addition, Fe2O3 can serve as a precursor for the synthesis of low- 
dimensional structures such as iron phosphide (FeP) [32]. Among p- 
type semiconductors, low-dimensional B4C is considered to be one of the 
most promising materials due to its potential for creating hybrid struc-
tures with unique properties, as well as its ability to tune the bandgap 
width by varying the stoichiometry of boron and carbon [33].

Carbonates of rare earth elements (REEs) are a class of compounds 
that include carbonate minerals containing a mixture of REEs and syn-
thetic carbonates. The composition of synthetic carbonates of rare earth 
elements either repeats the composition of the mineral or corresponds to 
a single-element carbonate without any impurities [34]. These com-
pounds can be used as precursors for the preparation of REE oxides, 
whose optical, catalytic, and magnetic properties are used in various 
fields [35]. Synthetic tengerite-Y is an yttrium carbonate with the 
structural formula Y2(CO3)3⋅nH2O (n = 2–3). The crystal structure of 
this material is anisotropic and represented by layers linked to each 
other by carbonate groups. The properties of this material have rarely 
been studied and are of interest for future development of carbonates- 
based materials for various prospective applications [34,36].

In this work, we demonstrate the possibility of 2D phase exfoliation 
from bulk Y2(CO3)3⋅2H2O. The electronic and optical properties of bulk 
and 2D Y2(CO3)3 ⋅2H2O is investigated by using density functional 
theory. It is predicted that bulk Y2(CO3)3 ⋅2H2O is a layered non-van der 
Waals tengerite-Y type material demonstrating a band gap of 5.51 and 
7.06 eV at PBE and HSE06 levels of theory, respectively, while 2D 
yttrium carbonate reveals a band gap narrowing by ~0.4 eV. Optical 
absorbance spectra indicate prominent absorption in the ultraviolet 
regions.

The calculations were carried out using the Vienna Ab-initio Simu-
lation Package (VASP) [37,38] applying density functional theory (DFT) 
and Perdew-Burke-Ernzerhof (PBE) functional [39] corrected by the D3 
method proposed by Grimme [40]. To estimate the band gap more 
accurately, the electronic structure of tengerite-Y was also calculated 
using the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional [41]. 
The cutoff energy of the wave function was chosen as 500 eV. The 
reciprocal space in the first Brillouin zone was divided into a grid 
automatically according to the Monkhorst-Pack scheme [42]. The 
number of k-points for the bulk structure calculation was 9 × 6 × 3, and 
for the slab models it was 6 × 4 × 1. The convergence tolerances of the 
force and electronic minimizations were 10–2 eV/Å and 10–4 eV, 
respectively. To visualize the atomic structures, the Visualization for 
Electronic and Structural Analysis (VESTA) software [43] was utilized. 
The optical properties were calculated time-dependently (TDDFT) 
within the Tamm–Dancoff approximation by solving the Casida equa-
tion [44–46].

The unit cell of bulk Y2(CO3)3⋅2H2O contains 80 atoms with the 
structural formula of Y8C12O44H16. The tengerite-Y structure has 
corrugated layers formed by Y polyhedra in ninefold coordination with 
the carbonate groups. The layers are bonded to each other by the CO3 

groups [47]. The initial structure was adopted from X-ray diffraction 
studies by Miyawaki R et al. [48] and then optimized. The minimization 
of energy results in a slight change in lattice constants (a = 6.02 Å, b =
9.15 Å and c = 15.24 Å) which are in fair agreement with the experi-
mental ones (a = 6.08 Å, b = 9.16 Å and c = 15.10 Å). The unit cell of 
Y2(CO3)3⋅2H2O is presented in Fig. 1 (a); the direction of a, b and c 
corresponds to x, y, z axis respectively. The band structure and density of 
states (DOS) calculated using the GGA-PBE functional are shown in 
Fig. 1 (b,c) respectively. The material is found to possess insulating 
properties with a band gap of 5.51 eV. At the same time, DOS calculated 
within the HSE06 hybrid functional (Fig. 1(d)) reveals a band gap of 
7.06 eV. The valence band maximum (VBM) is located at the YГ points. 
However, the FΔ points demonstrate the same energy as the YГ points 
and could therefore also be involved in interband transitions. The con-
duction band minimum (CBM) locates at the YГ point, revealing a direct 
band gap type for Y2(CO3)3⋅2H2O. One can also see a high density of 
states and flat band distribution in the VBM that could refer to heavy 
holes.

The possibility to produce 2D materials by mechanical exfoliation 
can be estimated by the cleavage energies of the carbonate and 
following comparison with the energies of the materials exfoliated 
experimentally such as alpha-Fe2O3 [20] and FeS2 [21]. To calculate the 
cleavage energy of yttrium carbonate, a (001) slab model with a 
thickness of 47 Å (3 unit cells or 6 layers (two layers are demonstrated in 
Fig. 1(a)) with a vacuum gap of ~23 Å along the z direction was con-
structed. The cleavage direction was chosen based on the structural 
anisotropy of the yttrium carbonate crystal and it was assumed that the 
material can be cleaved along the carbonate groups which link layers 
between each other. Cleavage leads to two possible surface terminations 
where the carbonate group can be preserved in the bulk phase or appear 
in the 2D phase. The schematic representation of exfoliation is shown in 
Fig. 2 (a). Two layers of yttrium carbonate were constantly separated 
from the slab at a distance of 1 to 8 Å with a step of 1 Å. We adopted a 2D 
model where the carbonate group is kept with the bulk part of the slab 
and therefore does not appear in the considered 2D phase. Then single- 
point energies were calculated.

Fig. 2(b) shows the dependence of the cleavage energies on the 
distance between layers for Y2(CO3)3⋅2H2O, Fe2O3 и Fe2S. The cleavage 
energy (Ecl) energy was calculated as: 

Ecl = (Ei − E0)/S 

where Ei is the energy of a 2D structure, E0 is the energy of the bulk, and 
S is the surface area.

It can be seen that the cleavage energies for pyrite, which has been 
exfoliated previously, and yttrium carbonate are quite similar to each 
other and equal to 3.83 J/m2. At the same time, the cleavage energy of 
the experimentally realized hematite is higher. This provides some 
promise that the production of 2D structures of yttrium carbonate can be 
carried out by liquid-phase exfoliation similar to what has been 
accomplished for Fe2O3 and FeS2.

We carried out ab-initio molecular dynamic (AIMD) calculations to 
elucidate stability of the 2D carbonate. The results revieal that part of 
water molecules can be evaporated from the surface of the carbonate. 
However, the core structure remains stable.

A bilayer 2D yttrium carbonate (001) with a vacuum gap of ~15 Å 
along the z direction was then optimized (a = 6.00 Å, b = 9.11 Å) − its 
structure is presented in Fig. 3(a). The thickness of the 2D slab was 
15.63 Å. The stoichiometry in the 2D phase (Y8C10O46H28) is different 
from that of the bulk (Y8C12O44H16) because there are 92 atoms per unit 
cell. Transition to the two-layer structure reduces the number of carbon 
atoms, as interlayer carbonate groups remain attached to the bulk phase 
during delamination. However, new bonds are formed with OH groups 
and hydrogen cations at the sites of broken bonds, resulting in an in-
crease in the number of H and O atoms compared to the bulk material. 
This causes a minor difference in the electronic properties of the 
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exfoliated 2D material. Fig. 3(b, c) shows the band structure and DOS of 
2D tengerite-(Y) calculated using GGA-PBE. The found band gap is ~0.4 
eV narrower as compared to the bulk structure and equals 5.10 eV, also 
indicating insulating properties. Both VBM and CBM are located at the 
G-point indicating that the 2D structure of yttrium carbonate, as well as 
the bulk material, is of a direct band gap type. Densities of states 
calculated within the HSE06 hybrid functional (Fig. 3(d)) reveal a band 
gap of 6.75 eV which gives a similar decrease of ~0.4 eV as compared to 
the bulk. We found that the desorption of two water molecules per unit 
cell makes only an insignificant effect on the electronic structure. The 
band distribution is very similar despite the small shift in some energies.

To estimate the transport properties of yttrium carbonate, we 

determined its electron effective masses in bulk and 2D phases through a 
second-order polynomial fitting method. Notably, the 2D phase dem-
onstrates the electron effective mass (m*) of 3.29 of the electron rest 
mass (m0), which is almost twice better compared to the bulk (7.18 m0).

At the atomic scale, the transition from bulk yttrium carbonate to 2D 
structures involves significant surface effects and structural rearrange-
ments. As the material is exfoliated into thinner layers, the surface-to- 
volume ratio increases, leading to enhanced surface interactions and 
modified electronic structures. These surface effects can alter the ab-
sorption and emission properties of the material by influencing charge 
carrier dynamics, exciton formation, and photon scattering processes. 
The transformation from bulk to 2D also introduces changes in stoichi-
ometry in this case. One can see that these deviations from ideal stoi-
chiometry affect the electronic band structure by narrowing the band 
gap, thereby influencing the material optical properties.

The optical properties presented in Fig. 4 were calculated using the 
TDDFT method. The results indicate that Y2(CO3)3⋅2H2O is transparent 
in the visible and near-ultraviolet range. The bulk material begins to 
absorb light at 170–180 nm corresponding to its band gap. The ab-
sorption reaches a maximum in the UV region of the spectrum at a 
wavelength of λ = 155 nm. The 2D yttrium carbonate possesses similar 
optical properties (Fig. 4b) while its absorption maximum is blue shifted 
with respect to the bulk and is located at λ = 135 nm. A following doping 
strategy, especially with a significant amount of charge carriers, may 
help to vary the band gap and achieve higher conductivity [49].

While theoretical calculations suggest the feasibility of exfoliating 
bulk yttrium tengerite (Y) into 2D layers, experimental verification of 
this process may encounter some challenges. The assumption regarding 
the possibility of exfoliating bulk yttrium tengerite (Y) into 2D layers is 
based on the calculation of the crystal cleavage energy. This charac-
teristic depends on the strength of the interatomic bonds within the 
crystal. However, our model does not account for the interaction of the 
resulting low-dimensional materials with a solvent. This process 
generally affects both the stability of 2D structures and the properties of 
the resulting products, highlighting the importance of selecting an 
appropriate solvent during experimental work [50]. Furthermore, the 
ultrasonic treatment of bulk materials has a significant impact on the 
formation of low-dimensional structures. The processing time and ul-
trasound frequency exert substantial influence on the size of the final 
synthesis products [51].

In conclusion, the electronic and optical properties of bulk and two- 
dimensional (2D) yttrium carbonate were investigated by density 
functional theory. The results indicate that this material has insulating 

Fig. 1. (a) Atomic structure of Y2(CO3)3⋅2H2O and its projections on the Y-Z, X-Y and X-Z planes. (b) Band structure of Y2(CO3)3⋅2H2O calculated at the PBE level. 
The Fermi level is set to 0 eV. (c, d) Density of states of Y2(CO3)3⋅2H2O calculated at the PBE (c) and HSE06 (d) levels. The Fermi level is set to 0 eV in both cases.

Fig. 2. (a) Representation of tengerite-(Y) exfoliation. (b) Calculated cleavage 
energies of Y2(CO3)3⋅2H2O, Fe2O3 (010) и FeS2 (111).
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properties and that the transition from bulk to 2D structure is accom-
panied by a slight decrease in the bandgap of approximately 0.4 eV. An 
optical property analysis showed that both bulk and 2D Y2(CO3)3⋅2H2O 
are transparent in the visible and near-UV regions. Following doping 
strategy may be applied to make them luminescent material. The 
calculated exfoliation energy thus suggests that 2D yttrium carbonate 
has the potential to be obtained using top-down methods, such as liquid 
phase exfoliation.
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