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Abstract: Molecular doping is an excellent instrument to modify the electronic properties of two−dimensional
materials. In our work, the structure and electronic properties of the adsorption systems of g−ZnO
adsorbed by organic molecules (including Tetracyanoethylene (TCNE), Tetracyanoquinodimethane
(TCNQ), and Tetrahydrofulvalene (TTF)) were investigated computationally using Density Functional
Theory (DFT). The results showed that the TCNE and TCNQ, as electron receptors, doped the LUMO
energy level above the valence band maximum (VBM) of the g−ZnO band structure, demonstrating
effective p−type doping. The n−type doping of g−ZnO was obtained that the TTF molecules, as
electron donors, doped the HOMO energy level below the conduction band minimum (CBM) of
the band structure for g−ZnO. In addition, the TCNE, TCNQ, and TTF breathed additional holes
or electrons into the monolayer g−ZnO, creating surface dipole moments between the g−ZnO and
organic molecules, which caused work function to be adjustable, ranging from 3.871 eV to 5.260 eV.
Our results prove that organic molecular doping was instrumental in improving the performance
of g−ZnO−based nano−electronic devices, providing theoretical support for the fabrication of
p−doping or n−doping nano−semiconductor components. The tunable range of field emission
capability of g−ZnO−based electronic devices was also extended.

Keywords: g−ZnO; organic molecules; molecular doping; work function; density functional theory

1. Introduction

Two−dimensional (2D) materials have transverse dimensions of tens to hundreds
of nanometers and even longer [1,2]. However, the thickness is only one or a few atomic
layers. 2D materials have unique electronic [3–5], optoelectronic [6–8], and catalytic [9–11]
properties owing to the surface and quantum confinement effects, which have become a
hot research topic in the recent years. Two−dimensional zinc oxide (2D ZnO) is one of the
semiconductor materials with excellent properties.

ZnO is the II–VI direct bandgap semiconductor material with a fibrillated zincite
structure in stable conditions [12]. Its non−centrosymmetric crystalline fibrous zincate
phase demonstrates intense piezoelectric and thermoelectric properties [13]. Thus, it
has essential applications in manufacturing piezoelectric sensors [14] and temperature
detectors [15]. In addition, ZnO exhibits high electron mobility and exaction binding energy
(60 meV) [16], which has critical applications in the preparation of gas detectors [17] and
high−efficiency UV laser emitters [18].

Theoretical calculations [19] and experimental studies [20] have shown that the fibril-
lated zinc ore structure can be transformed into a graphene−like structure for ZnO when
the thickness is reduced to a few atoms. The graphene−like zinc oxide (g−ZnO) struc-
ture is stable [21,22]. Since then, experimental methods for preparing g−ZnO have been
published successively. For example, Sahoo et al. [23] reported a solution−based method
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for synthesizing g−ZnO, and Ta et al. [24] reported a method for the in situ fabrication of
freestanding monolayer and bilayer ZnO films in graphene pores.

Recently, there has been significant development of research on the modification of
g−ZnO. Guo et al. [25] conducted a theoretical study on the monolayer g−ZnO doped
with non−metal. They found that the non−metal doped g−ZnO has tunable magnetic
and electronic properties. Ren et al. [26] conducted a first−principles study on transition
metal−doped g−ZnO. They found that transition metals doping can alter the electronic and
magnetic properties of g−ZnO. Rahimi et al. [27] used density generalized function theory
calculations to investigate heptazine−g−C3N4/g−ZnO vdW heterostructure and found
that this heterostructure is a potential solar−driven photocatalyst for the water−splitting
reaction. Cui et al. [28] performed first−principles analyses on MoSSe/ZnO vdWs and
found that the formation of heterostructures would change the light absorption properties
of g−ZnO. Rahimi et al. [29] used first−principles calculations based on density functional
theory, proposing the vdW g−ZnO/2H−TiS2 heterostructure for potential optoelectronic
devices adjustable by the electric field and strain. However, g−ZnO suffers from a pro-
duction process that makes it challenging to achieve p−type doping [30]. The molecular
doping approach holds promise to solve this issue.

Organic molecule doping is difficult to achieve in the production process, so an
alternative approach, using organic molecule adsorption to achieve practical doping ef-
fects, is widely used. Cai et al. [31] performed first−principles calculations on organic
molecule−doped MoS2 and defective MoS2. They found that organic molecules can ad-
just the carrier concentration and work function of MoS2. Wang et al. [32] showed that
n−type and p−type doped graphene sheets are realized by adsorbing organic molecules.
Sun et al. [33] calculated the molecular doping of by first−principles calculations. They
found that efficient p−type and n−type doping is achieved by the adsorption of organic
molecules. Cui et al. [34] used first−principles estimates for the adsorption of MoSi2N4
by organic molecules. They reported that efficient p−doping was achieved by organic
molecules. While the studies mentioned above demonstrate the feasibility of this approach,
more in−depth studies are needed for the molecular doping of g−ZnO.

Therefore, we calculate the structural and electronic properties of g−ZnO adsorbed by
tetracyanoethylene (TCNE), tetracyanoquinodimethane (TCNQ), and tetrahydrofullvalene
(TTF) using a first nature principle based on density generalization theory. We have
analyzed the structure, differential charge density, Bader charge, work function, and band
structure of the TCNE/g−ZnO, TTF/g−ZnO, and TCNQ/g−ZnO systems. It is concluded
that molecular doping in organic molecular adsorption can induce effective p−doping
of g−ZnO. It is also shown that molecularly doped g−ZnO has better field emission
properties. A theoretical basis is provided for preparing p−doped g−ZnO semiconductors
as well. The application scope of the field emission properties of g−ZnO is broadened.

2. Computational Models and Methods

The Vienna Ad Initio Simulation Package (VASP) package was used to carry out the
first principles [35] based on density functional theory (DFT). The weak dispersion force
was corrected by using DFT−3 of the Grimme. Intermolecular interaction generalizations
were approximated with the generalized gradient approximation (GGA) with Perdew–
Burke–Ernzerhof (PBE) [36] parameterization. The GGA–PBE method correctly reflects the
trend of the energy band structure, although it underestimates the band gap value. The
convergence cut−off energy was 500 eV, and the first Brillouin zone was summarized in
a 3 × 3 × 1 K−point applying a Γ−center scheme. All atoms were relaxed completely
until the Hellmann–Feynman force on each atom was less than 10−2 eV Å−1, and the total
energy changes were below 10−5 eV. Additionally, the VASPKIT code [37] was used for
data export and processing.

The g−ZnO model of organic molecule adsorption adopted an organic molecule
adsorbed onto a 5 × 5 × 1 g−ZnO supercell. All organic molecules were placed parallel
to g−ZnO with a vacuum layer of 20 Å along the Z−direction to isolate the interaction



Crystals 2022, 12, 882 3 of 10

of the periodic adjacent layers. We regarded eight different TCNE adsorption sites and
six different TTF and TCNQ adsorption sites to confirm the most stable conformation, as
shown in Figure 1.
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The pale purple, grey, pale red, dark blue, yellow, and pink balls represent Zn, O, N, C, S, and H
atoms, respectively. The lowest energy configuration is in the orange dashed box, and its energy
difference is zero.

The most stable configuration of the g−ZnO system adsorbed by three organic
molecules was identified from the adsorption energy data, and the adsorption energy
of the system was calculated as follows:

Ead = ETotal − Eg–ZnO − Emolecule (1)

where the Ead represents the adsorption energy, ETotal, Eg−ZnO, and Emolecule are the energy
of the adsorption system, monolayer g−ZnO, and organic molecule, respectively. The
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charge density difference (CDD) was used to reflect the charge transfer between the organic
molecular layer and the monolayer g−ZnO in the organic molecules adsorbed g−ZnO
system. The CDD of the system was calculated as follows:

∆ρ = ρTotal − ρg–ZnO − ρmolecule (2)

where ρTotal, ρg−ZnO, and ρmolecule denote the charge density of the adsorbed g−ZnO
system, g−ZnO monolayer, and organic molecule, respectively. The work function was
derived from the difference between the vacuum energy level and the Fermi energy level,
expressed as:

w = EVac − EF (3)

where EVac and EF are the vacuum level and Fermi level, respectively.

3. Results and Discussion

The relaxed lattice parameters of monolayer g−ZnO were calculated as a = b = 3.289 Å,
and the band structure shows that the monolayer intrinsic g−ZnO is a direct bandgap with
1.651 eV. The valence band maximum (VBM) and conduction band bottom minimum (CBM)
were located at the Γ point. Previously, Xiang et al. [38] used the GGA–PBE method to
calculate the monolayer g−ZnO lattice parameter of 3.290 Å with a direct bandgap value of
1.600 eV at the Γ point. Hu et al. [39] reported that the monolayer g−ZnO lattice parameter
was 3.290 Å and the immediate bandgap value at the Γ point was 1.670 eV for g−ZnO.
Guo et al. [25] obtained an immediate bandgap value of 1.660 eV for monolayer g−ZnO at
the Γ point. The consistency of our results with these previous reports demonstrates the
reliability of our work.

The lowest total energy indicates the most stable structure. The structures of all the
adsorption configurations of g−ZnO adsorbed by the organic molecules are shown in
Figure 1, and the numerical value represents energy differences along with the minimum
energy adsorption system (orange dashed frame). Slight differences in energy were ob-
served between individual adsorption configurations. Hereafter, subsequent research was
based on the lowest energy stable structure.

The TCNE/g−ZnO, TTF/g−ZnO, and TCNQ/g−ZnO systems with the lowest en-
ergy stable structure were screened out and shown in Figure 2a–c, respectively. Their
relevant parameters are listed in Table 1. For the most stable configurations, the organic
molecules were inclined to be arranged vertically, and the adsorption energy was−0.855 eV
(TCNE/ZnO), −1.263 eV (TTF/ZnO), and −1.260 eV (TCNQ/ZnO), respectively. For the
TCNE/g−ZnO and TTF/g−ZnO systems, the optimal adsorption site was the C−C bond
in the center of TCNE and TTF adsorbed on the Zn atom, and the adsorption heights
decreased to 2.671 Å and 2.493 Å, respectively. Among them, the TCNE was tilted relative
to the monolayer g−ZnO plane, yet all cyano groups remained horizontal to the plane of
the TCNE molecule. For the TTF, it was curled against the g−ZnO plane. This phenomenon
was similar to the previous reports on the adsorption of g−GaN [40] or MoSSe [41] by
TCNE or TTF. However, for the TCNQ−ZnO system, the optimal adsorption site was
the central carbon ring center of TCNQ adsorbed on the O atom, which enhanced the
interaction between the delocalized π electrons and the lone pair electrons of the O atom.
The optimal adsorption height became 2.737 Å. The TCNQ molecule remained horizontal
for the g−ZnO plane without deformation. The small adsorption energy values and high
adsorption heights of the three organic molecular adsorption systems indicated the physical
adsorption properties of g−ZnO. In addition, the layered structure of g−ZnO had no large
distortion, which proved that organic molecules had less influence on the band structure of
g−ZnO.
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Figure 2. The optimized ground state atomic structures of the most stable configurations of the
(a) TCNE, (b) TTF, or (c) TCNQ molecules adsorbed g−ZnO systems. The upper is the top view, and
the bottom is the side.

Table 1. Adsorption energy (Ead), doping bandgap (Eg), adsorption height (h), charge transfer (∆Q),
and injected carrier concentration (n) for the most stable configurations of TCNQ, TTF, or TCNQ
molecules adsorbed on g−ZnO.

Configuration Ead (eV) Eg (eV) h (Å) ∆Q (|e|) n (1013 cm−2)

TCNE −0.855 0.085 2.671 0.374 1.600 h
TTF −1.263 0.954 2.493 0.118 0.510 e

TCNQ −1.260 0.089 2.737 0.642 2.740 h

The adsorption of organic molecules effectively induced a charge transfer between
TCNE, TTF, or TCNQ and g−ZnO, which contributed a vital role in modifying the proper-
ties of g−ZnO. The CDD graphs of TCNE, TTF, or TCNQ adsorbed on g−ZnO are shown
in Figure 3a–c, respectively. Purple and blue represent electron aggregation and electron
dissipation, respectively. The fact that the TCNE and TCNQ molecules contain cyano gives
them a high adiabatic electron affinity (2.884 eV for TCNE [42] and 2.80 eV for TCNQ [43])
and means they are more capable of gaining electrons. Therefore, from Figure 3a,c, it can
be observed that the electrons provided by the monolayer g−ZnO were obtained by cyano
and located in the interlayer region between the TCNE or TCNQ molecules and g−ZnO
sheet. From Figure 3b, because the TTF molecule has low ionization potential [44], it acts
as an electron donor. The transferred electrons are mainly gained by the g−ZnO layer.
The more accurate results of the Bader charge calculations are presented in Table 1. For
the TCNE/g−ZnO and TCNQ/g−ZnO systems, 0.374 and 0.642 electrons are transferred
from the g−ZnO layer to TCNE or TCNQ molecules. For the TTF/g−ZnO system, 0.118
electrons are transferred from the TTF molecule to the g−ZnO layer.
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Further, for the TCNE/g−ZnO system, it can be observed from Figure 3a that more
charge was transferred to the TCNE below the left part of the TCNE compared to the
right, which resulted in a more vital interaction between the TCNE and the monolayer
g−ZnO on the left part than the right side. Therefore, the TCNE tilted left relative to the
g−ZnO plane as described above. For the TTF−ZnO system, charge transfer also occurred,
but the difference was that the charge was transferred from the TTF molecule to the Zn
and O atoms adjacent to it, as can be observed in Figure 3b. The transferred charge was
mainly distributed to the g−ZnO layer on the top and bottom side of the TTF, which led to
more significant interaction between the TTF and g−ZnO on the top and bottom side than
in the middle. This caused the TTF molecule to curl up and in line with the description
above. For the TCNQ/g−ZnO system, from Figure 3c, the charge was transferred from the
g−ZnO layer to the TCNE molecule. The difference was that the TCNQ/g−ZnO system
showed symmetry in the interactions and charge transfer, which also verified that the
TCNQ molecule remained horizontal, which did not undergo deformation as described
earlier. Furthermore, it can be observed from Figure 3 that the charge transfer resulted
in the injection of 0.374 hole carriers, 0.118 electron carriers, and 0.642 hole carriers into
the monolayer g−ZnO for TCNE, TTF, and TCNQ, respectively. The concentrations were
1.600 × 1013 h cm−2, 0.510 × 1013 e cm−2, and 2.740 × 1013 h cm−2, respectively.

The work function of g−ZnO can be modified as a result of charge transfer between
the organic molecule TCNE, TTF, or TCNQ and the monolayer g−ZnO, inducing a surface
dipole moment between the organic molecule and g−ZnO. The work function of organic
molecules adsorbed on g−ZnO is shown in Figure 4. The work function of the intrinsic
g−ZnO was 4.985 eV. For the TCNE/g−ZnO and TCNQ/g−ZnO systems, as mentioned
above, TCNE and TCNQ inject hole carriers into the monolayer g−ZnO, which causes the
Fermi energy level of g−ZnO to shift downwards, thus increasing the work function to
5.260 eV and 5.257 eV, respectively. However, for the TTF/g−ZnO system, the TTF injected
electron carriers into the monolayer g−ZnO, which resulted in the Fermi energy level of
g−ZnO shifting upwards, decreasing the work function to 3.871 eV. Thus, the adsorption
of organic molecules allows the work function of g−ZnO to vary from 3.871 eV to 5.260 eV.
The relatively large tuning range indicates the great potential of g−ZnO semiconductors
adsorbed by organic molecules for applications in nano−electronic devices.
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To more intensively interrogate the effect of organic molecular adsorption on the
electronic properties of g−ZnO, the band structure of the adsorption system was inves-
tigated and shown in Figure 5b–d. For comparison, the band structure of the intrinsic
g−ZnO, a 5 × 5 × 1 supercell, was placed in Figure 5a. As mentioned earlier, the organic
molecules had less effect on the main band structure by physically adsorbing the monolayer
g−ZnO. It can be observed in Figure 5b,d that the band structure of the TCNE/g−ZnO and
TCNQ/g−ZnO systems was shifted upwards overall compared to the intrinsic g−ZnO,
which was caused by the injection of hole carriers into the g−ZnO by the TCNE and TCNQ
molecules. For the TTF/g−ZnO system, the band structure was displaced downwards
owing to the TTF molecules inject electron carriers into the g−ZnO. At the same time, we
can observe that for the TCNE/g−ZnO and TCNQ/g−ZnO systems, a new planar band
appeared beyond the g−ZnO VBM, which was the lowest unoccupied molecular orbital
(LUMO) of the organic molecule. For the TTF/g−ZnO system, a new flat band emerged
below the CBM, which was the highest occupied molecular orbital (HOMO) of the organic
molecule. From Figure 6, it can be observed that the impurity energy levels (LUMO and
HOMO) are entirely contributed by organic molecules.
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The doping bandgap was defined as the gap between the LUMO of the p−dopants
and the VBM of the host material, and the gap between the HOMO of the n−dopants and
the CBM of the host material. A doping band gap value of 0.085 eV can be obtained for
the TCNE/g−ZnO system. The smaller impurity band gap allowing the TCNE molecule,
as the acceptor impurity, to have the hole carriers excited into the host material, creating
an effective p−doping semiconductor. Similarly, the TCNQ/g−ZnO had a doping band
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gap value of 0.089 eV. The TCNQ molecule, as the acceptor impurity, whose hole carrier
was excited into the host material, also formed an effective p−doping semiconductor.
However, for the TTF/g−ZnO system, the doping band gap value is larger at 0.954 eV.
The HOMO energy level of the TTF molecule was located 0.514 eV below the Fermi
energy level, providing a deeper impurity level. Although the TTF molecule, as the donor
impurity, injected a relatively small number of electron carriers into g−ZnO, demonstrating
n−doping behavior, it had a larger doping bandgap. Thus, the TTF was not enough to
contribute to an effective n−doping semiconductor. These results were in agreement with
the above CDD and Bader charge calculations.

In summary, effective doping can be achieved by adsorption of organic molecules,
which was used to modulate the carrier type of g−ZnO. Furthermore, TCNE/g−ZnO and
TCNQ/g−ZnO can be used as effective p−doping semiconductors.

4. Conclusions

The structural and electronic properties of monolayers of g−ZnO adsorbed by organic
molecules were investigated using DFT calculations. We conducted analysis of the struc-
ture, charge differential density, Bader charge, work function, and band structure of the
intrinsic g−ZnO, TCNE/g−ZnO, TTF/g−ZnO, and TCNQ/g−ZnO systems. The results
indicated that the g−ZnO structures adsorbed by TCNE, TTF, and TCNQ were stable and
had physical adsorption characteristics. It suggested that the adsorption by organic has
less effect on the host material (g−ZnO). The charge density difference revealed that the
transferred charges were mainly distributed in the cyano groups and the g−ZnO layers be-
low the upper and lower sides of the TTF. Bader charge analysis demonstrated the amount
of charge transfer between the organic molecules and the monolayer g−ZnO with the
charge transfer of TCNE/g−ZnO, TCNQ/g−ZnO, and TTF/g−ZnO was 0.374 |e| 0.642 |e|,
0.118 |e|, respectively. Significantly, this phenomenon caused the power function to vary
from 3.871 eV to 5.260 eV, widening the range of regulation of the g−ZnO field emission ca-
pability. Notably, the band structure revealed that TCNE and TCNQ molecules, as acceptor
impurities, induced the LUMO energy levels at 0.085 eV and 0.089 eV (small doping band
gap) above the VBM of g−ZnO with the formation of shallow acceptor states, respectively.
This demonstrated an effective p−doping behavior. By contrast, the TTF molecule, as
the donor impurity, exhibited n−doping behavior by entraining a HOMO energy level at
0.954 eV (a large doping band gap) below the CBM of g−ZnO, which formed a deep donor
state. In addition, the TCNE, TCNQ, and TTF molecules contributed additional carriers
to the g−ZnO layer at concentrations of 1.600 × 1013 h cm−2, 0.510 × 1013 e cm−2, and
2.740 × 1013 h cm−2, respectively. Our study emphasized the critical role of the adsorption
of organic molecules in modifying the electronic properties of g−ZnO. It is simultaneously
demonstrated that the adsorption of monolayer g−ZnO by organic molecules can induce
p− or n−doping, providing theoretical evidence for the fabrication of g−ZnO−based p or
n−type semiconductor devices. In addition, the adsorption of organic molecules extended
the tunable range of field emission capabilities of g−ZnO−based electronic devices.

Author Contributions: Conceptualization, Y.S., Z.C. and E.L.; data curation and formal analysis, Z.Y.;
performed the statistical analysis, D.M.; writing—original draft preparation, Y.S. and Z.Y.; wrote
sections of the manuscript, K.Y., Y.D., F.W. and P.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by Natural Science Basic Research Program of Shaanxi (Pro-
gram No. 2022JM−176), Scientific Research Program Funded by Shaanxi Provincial Education
Department (Program No. 21JK0789), the Opening Project of Shanghai Key Laboratory of Special
Artificial Microstructure Materials and Technology (Program No. ammt2020A−6), College Students’
Innovative Entrepreneurial Training Plan Program (Program No. G202110700010 and Program
No. X202110700213), the National Natural Science Foundation of China (No. 12104362) and China
Postdoctoral Science Foundation (Program No. 2020M683684XB).

Institutional Review Board Statement: Not applicable.



Crystals 2022, 12, 882 9 of 10

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tan, C.; Cao, X.; Wu, X.-J.; He, Q.; Yang, J.; Zhang, X.; Chen, J.; Zhao, W.; Han, S.; Nam, G.-H.; et al. Recent advances in ultrathin

two−dimensional nanomaterials. Chem. Rev. 2017, 117, 6225–6331. [CrossRef] [PubMed]
2. Zhang, H. Ultrathin two−dimensional nanomaterials. ACS Nano 2015, 9, 9451–9469. [CrossRef]
3. Conti, S.; Pimpolari, L.; Calabrese, G.; Worsley, R.; Majee, S.; Polyushkin, D.K.; Paur, M.; Pace, S.; Keum, D.H.; Fabbri, F.; et al.

Low−voltage 2D materials−based printed field−effect transistors for integrated digital and analog electronics on paper. Nat.
Commun. 2020, 11, 3566. [CrossRef] [PubMed]

4. Zhao, C.; Tan, C.; Lien, D.-H.; Song, X.; Amani, M.; Hettick, M.; Nyein, H.Y.Y.; Yuan, Z.; Li, L.; Scott, M.C.; et al. Evaporated
tellurium thin films for p−type field−effect transistors and circuits. Nat. Nanotechnol. 2019, 15, 53–58. [CrossRef] [PubMed]

5. Zhang, L.; Cui, Z. Electronic, magnetic, and optical performances of non−metals doped silicon carbide. Front. Chem. 2022,
10, 898174. [CrossRef] [PubMed]

6. Cheng, Z.; Cao, R.; Wei, K.; Yao, Y.; Liu, X.; Kang, J.; Dong, J.; Shi, Z.; Zhang, H.; Zhang, X. 2D Materials enabled next-generation
integrated optoelectronics: From fabrication to applications. Adv. Sci. 2021, 8, 2003834. [CrossRef]

7. Chang, C.; Chen, W.; Chen, Y.; Chen, Y.; Chen, Y.; Ding, F.; Fan, C.; Fan, H.J.; Fan, Z.; Gong, C.; et al. Recent progress on
two−dimensional materials. Acta Phys. −Chim. Sin. 2021, 37, 2108017. [CrossRef]

8. Sun, M.; Yan, Y.; Schwingenschlögl, U. Beryllene: A promising anode material for Na− and K−Ion batteries with ultrafast
charge/discharge and high specific capacity. J. Phys. Chem. Lett. 2020, 11, 9051–9056. [CrossRef]

9. Wang, H.; Liu, X.; Niu, P.; Wang, S.L.; Shi, J.; Li, L. Porous two—Dimensional materials for photocatalytic and electrocatalytic
applications. Matter 2020, 2, 1377–1413. [CrossRef]

10. Li, Z.; Zhang, X.; Cheng, H.; Liu, J.; Shao, M.; Wei, M.; Evans, D.G.; Zhang, H.; Duan, X. Confined synthesis of 2D nanostructured
materials toward electrocatalysis. Adv. Energy Mater. 2019, 10, 1900486. [CrossRef]

11. Han, S.; Zhou, K.; Yu, Y.; Tan, C.; Chen, J.; Huang, Y.; Ma, Q.; Chen, Y.; Cheng, H.; Zhou, W.; et al. A general method for the
synthesis of hybrid nanostructures using MoSe2 nanosheet−assembled nanospheres as templates. Research 2019, 2019, 6439734.
[CrossRef] [PubMed]

12. Goktas, S.; Goktas, A. A comparative study on recent progress in efficient ZnO based nanocomposite and heterojunction
photocatalysts: A review. J. Alloy. Compd. 2021, 863, 158734. [CrossRef]

13. Yang, A.; Qiu, Y.; Yang, D.; Lin, K.; Guo, S. Piezoelectric property comparison of two−dimensional ZnO nanostructures for energy
harvesting devices. RSC Adv. 2021, 11, 3363–3370. [CrossRef] [PubMed]

14. Lee, P.-C.; Hsiao, Y.-L.; Dutta, J.; Wang, R.-C.; Tseng, S.-W.; Liu, C.-P. Development of porous ZnO thin films for enhancing
piezoelectric nanogenerators and force sensors. Nano Energy 2020, 82, 105702. [CrossRef]

15. Sirkeli, V.P.; Hartnagel, H.L. ZnO for infrared and terahertz applications. Nanostructured Zinc Oxide 2021, 31, 639–654.
16. Ta, H.Q.; Zhao, L.; Pohl, D.; Pang, J.; Trzebicka, B.; Rellinghaus, B.; Pribat, D.; Gemming, T.; Liu, Z.; Bachmatiuk, A.; et al.

Graphene−Like ZnO: A Mini Review. Crystals 2016, 6, 100. [CrossRef]
17. Baruwati, B.; Kumar, D.K.; Manorama, S.V. Hydrothermal synthesis of highly crystalline ZnO nanoparticles: A competitive

sensor for LPG and EtOH. Sens. Actuators B Chem. 2006, 119, 676–682. [CrossRef]
18. Wang, Z.L. Zinc oxide nanostructures: Growth, properties and applications. J. Phys. Condens. Matter. 2004, 16, R829. [CrossRef]
19. Claeyssens, F.; Freeman, C.L.; Allan, N.L.; Sun, Y.; Ashfold, M.N.R.; Harding, J.H. Growth of ZnO thin films—experiment and

theory. J. Mater. Chem. 2004, 15, 139–148. [CrossRef]
20. Tusche, C.; Meyerheim, H.L.; Kirschner, J. Observation of depolarized ZnO(0001) monolayers: Formation of unreconstructed

planar sheets. Phys. Rev. Lett. 2007, 99, 026102. [CrossRef]
21. Shishiyanu, S.T.; Shishiyanu, T.S.; Lupan, O. Sensing characteristics of tin−doped ZnO thin films as NO2 gas sensor. Sens.

Actuators B Chem. 2005, 107, 379–386. [CrossRef]
22. Tu, Z.C.; Hu, X. Elasticity and piezoelectricity of zinc oxide crystals, single layers, and possible single−walled nanotubes. Phys.

Rev. B 2006, 74, 035434. [CrossRef]
23. Sahoo, T.; Nayak, S.K.; Chelliah, P.; Rath, M.K.; Parida, B. Observations of two−dimensional monolayer zinc oxide. Mater. Res.

Bull. 2016, 75, 134–138. [CrossRef]
24. Quang, H.T.; Bachmatiuk, A.; Dianat, A.; Ortmann, F.; Zhao, J.; Warner, J.H.; Eckert, Jr.; Cunniberti, G.; Rümmeli, M.H. In situ

observations of free−standing graphene−like mono−and bilayer ZnO membranes. ACS Nano 2015, 9, 11408–11413. [CrossRef]
25. Guo, H.; Zhao, Y.; Lu, N.; Kan, E.; Zeng, X.C.; Wu, X.; Yang, J. Tunable Magnetism in a Nonmetal−Substituted ZnO Monolayer: A

First−Principles Study. J. Phys. Chem. C 2012, 116, 11336–11342. [CrossRef]
26. Ren, J.; Zhang, H.; Cheng, X. Electronic and magnetic properties of all 3d transition-metal-doped ZnO monolayers. Int. J. Quantum

Chem. 2013, 113, 2243–2250. [CrossRef]

http://doi.org/10.1021/acs.chemrev.6b00558
http://www.ncbi.nlm.nih.gov/pubmed/28306244
http://doi.org/10.1021/acsnano.5b05040
http://doi.org/10.1038/s41467-020-17297-z
http://www.ncbi.nlm.nih.gov/pubmed/32678084
http://doi.org/10.1038/s41565-019-0585-9
http://www.ncbi.nlm.nih.gov/pubmed/31844286
http://doi.org/10.3389/fchem.2022.898174
http://www.ncbi.nlm.nih.gov/pubmed/35518716
http://doi.org/10.1002/advs.202003834
http://doi.org/10.3866/PKU.WHXB202108017
http://doi.org/10.1021/acs.jpclett.0c02426
http://doi.org/10.1016/j.matt.2020.04.002
http://doi.org/10.1002/aenm.201900486
http://doi.org/10.34133/2019/6439734
http://www.ncbi.nlm.nih.gov/pubmed/31912040
http://doi.org/10.1016/j.jallcom.2021.158734
http://doi.org/10.1039/D0RA10371C
http://www.ncbi.nlm.nih.gov/pubmed/35424317
http://doi.org/10.1016/j.nanoen.2020.105702
http://doi.org/10.3390/cryst6080100
http://doi.org/10.1016/j.snb.2006.01.028
http://doi.org/10.1088/0953-8984/16/25/R01
http://doi.org/10.1039/B414111C
http://doi.org/10.1103/PhysRevLett.99.026102
http://doi.org/10.1016/j.snb.2004.10.030
http://doi.org/10.1103/PhysRevB.74.035434
http://doi.org/10.1016/j.materresbull.2015.11.043
http://doi.org/10.1021/acsnano.5b05481
http://doi.org/10.1021/jp2125069
http://doi.org/10.1002/qua.24442


Crystals 2022, 12, 882 10 of 10

27. Rahimi, K.; Moshfegh, A.Z. Band alignment tuning of heptazine−gC3N4/g−ZnO vdW heterostructure as a promising
water−splitting photocatalyst. Phys. Chem. Chem. Phys. 2021, 23, 20675–20685. [CrossRef]

28. Cui, Z.; Bai, K.; Ding, Y.; Wang, X.; Li, E.; Zheng, J.; Wang, S. Electronic and optical properties of janus MoSSe and ZnO vdWs
heterostructures. Superlattices Microstruct. 2020, 140, 106445. [CrossRef]

29. Rahimi, K. Electric−field−and strain−induced adjustability of vdW heterostructure of g−ZnO/2H−TiS2 for optoelectronic
applications. Mater. Lett. 2021, 282, 128680. [CrossRef]

30. Yang, F.; Wang, F.; Jia, R. Application research and progress of 0D, 1D and 2D ZnO nanomaterials. J. Mater. Eng. 2018, 46, 20–29.
31. Cai, Y.; Zhou, H.; Zhang, G.; Zhang, Y.-W. Modulating carrier density and transport properties of MoS2 by organic molecular

doping and defect engineering. Chem. Mater. 2016, 28, 8611–8621. [CrossRef]
32. Wang, X.; Xu, J.-B.; Xie, W.; Du, J. Quantitative analysis of graphene doping by organic molecular charge transfer. J. Phys. Chem. C

2011, 115, 7596–7602. [CrossRef]
33. Sun, M.; Chou, J.-P.; Gao, J.; Cheng, Y.; Hu, A.; Tang, W.; Zhang, G. Exceptional optical absorption of buckled arsenene covering a

broad spectral range by molecular doping. ACS Omega 2018, 3, 8514–8520. [CrossRef] [PubMed]
34. Cui, Z.; Luo, Y.; Yu, J.; Xu, Y. Tuning the electronic properties of MoSi2N4 by molecular doping: A first principles investigation.

Phys. E Low−Dimens. Syst. Nanostruct. 2021, 134, 114873. [CrossRef]
35. Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented−wave method. Phys. Rev. B 1999,

59, 1758–1775. [CrossRef]
36. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
37. Wang, V.; Xu, N.; Liu, J.-C.; Tang, G.; Geng, W.-T. VASPKIT: A user−friendly interface facilitating high−throughput computing

and analysis using VASP code. Comput. Phys. Commun. 2021, 267, 108033. [CrossRef]
38. Hui, X.; Hui, Q.; Yiyuan, H.; Weiqian, Z.; Bo, X.; Jiang, Y. Piezoelectricity of graphene−like monolayer ZnO and GaN. J. Inorg.

Mater. 2021, 36, 492.
39. Hu, W.; Li, Z.; Yang, J. Electronic and optical properties of graphene and graphitic ZnO nanocomposite structures. J. Chem. Phys.

2013, 138, 124706. [CrossRef]
40. Shen, P.; Li, E.; Zhao, H.; Cui, Z.; Shen, Y.; Zhang, L.; Ma, D. Study on electronic properties and charge transfer doping of organic

molecules adsorbed g−GaN monolayer. Semicond. Sci. Technol. 2021, 36, 125020. [CrossRef]
41. Cui, Z.; Lyu, N.; Ding, Y.; Bai, K. Noncovalently functionalization of Janus MoSSe monolayer with organic molecules. Phys. E

Low−Dimens. Syst. Nanostruct. 2020, 127, 114503. [CrossRef]
42. Farragher, A.L.; Page, F.M. Experimental determination of electron affinities. Part 11.—Electron capture by some cyanocarbons

and related compounds. Trans. Faraday Soc. 1967, 63, 2369–2378. [CrossRef]
43. Klots, C.E.; Compton, R.N.; Raaen, V.F. Electronic and ionic properties of molecular TTF and TCNQ. J. Chem. Phys. 1974,

60, 1177–1178. [CrossRef]
44. Gleiter, R.; Schmidt, E.; Cowan, D.O.; Ferraris, J.P. The electronic structure of tetrathiofulvalene. J. Electron. Spectrosc. Relat.

Phenom. 1973, 2, 207–210. [CrossRef]

http://doi.org/10.1039/D1CP02911H
http://doi.org/10.1016/j.spmi.2020.106445
http://doi.org/10.1016/j.matlet.2020.128680
http://doi.org/10.1021/acs.chemmater.6b03539
http://doi.org/10.1021/jp200386z
http://doi.org/10.1021/acsomega.8b01192
http://www.ncbi.nlm.nih.gov/pubmed/31458980
http://doi.org/10.1016/j.physe.2021.114873
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1016/j.cpc.2021.108033
http://doi.org/10.1063/1.4796602
http://doi.org/10.1088/1361-6641/ac2963
http://doi.org/10.1016/j.physe.2020.114503
http://doi.org/10.1039/TF9676302369
http://doi.org/10.1063/1.1681130
http://doi.org/10.1016/0368-2048(73)80012-X

	Introduction 
	Computational Models and Methods 
	Results and Discussion 
	Conclusions 
	References

