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Modulating electronic and optical properties
of monolayered MoS, by covalent mono- and
bisfunctionalizationt

Kangli Wang, (22* Marco Kapitzke, "2 Lauren Green and Beate Paulus

By employing first-principles simulations, we present theoretical predictions regarding the modification
of structural, electronic and optical properties of 2H- and 1T’-MoS, monolayers by covalent mono- and
bisfunctionalization. Specifically, non-aromatic groups (-F, —NH,, —CH3z, —CH,CH, CN and —-CH,CH,
OH) and aromatic (-Ph, —PhNO, and PhOH) groups are utilized for monofunctionalization, and —F/—
NH,, —NH,/-CHsz and —CHs/-Ph for bisfunctionalization. The stability of functionalized 2H- and 1T’-
MoS, monolayers mainly depends on the bonded groups and their surface coverage. In particular, the
mixed bisfunctionalization with —F/—CHz and —NH,/—CHsz groups enhances the stability of 2H-MoS,
through the formation of intermolecular hydrogen bonds. Both 2H- and 1T’-MoS, can serve not only as
electron donors, but also as electron acceptors, subject to the charge transfer behavior of the attached
groups. Furthermore, mono- and bisfunctionalization are predicted to be efficient approaches to control
the electronic band gaps in 2H- and 1T’-MoS,, where the corresponding values can be tuned by varying
the coverage of the absorbed groups. At the same time, the choice of the chemical groups and their
coverage also effectively determines the optical adsorption range and intensity. Therefore, our work
shows that chemical functionalization of 2D materials with varying coverage can be an important

rsc.li/materials-c

1 Introduction

Monolayered MoS, is one of the most common transition metal
dichalcogenides (TMDCs) and finds a range of promising
applications such as photodetectors,™ advanced catalysts,"”
gas sensors,>” batteries®® and solar cells'>'" due to its unique
features and excellent tunability of the electronic properties.
Depending on the arrangement of S atoms on both sides of Mo
atoms, the MoS, monolayer has one of the three polytypic
structures: the 2H, 1T and 1T’ (distorted 1T) phases."”>** The
Mo atom in the 2H and 1T phases is coordinated by six S atoms
in an octahedral and trigonal prismatic arrangement, respec-
tively. Generally, 1T phase is unstable under free-standing
conditions and can be easily converted into the meta
stable 1T’ phase that consists of zigzag Mo chains. Owing to
the different localization behaviors of the d-band in Mo,'® 2H-
MoS, is a semiconductor with a sizeable band gap and a
photoluminophore, whereas 1T-MoS, exhibits metallic charac-
ter without photoluminescence.">'*'® Interestingly, the 1T
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approach to extend the scope of 2D materials in specific electronic and optoelectronic applications.

and 2H phases can also coexist in the same MoS, monolayer,"”
thereby allowing low contact resistance and holding high catalytic
activity.'®"°

To further improve the applicability of TMDCs in diverse
fields, many methods have been developed to tune their
properties, such as adsorption of gas molecules®*>> and
strain engineering.>*** Among them, covalent functionaliza-
tion offers the most compelling route. Since the basal plane of
1T-MoS, is sensitive to functionalization, chemically exfoliated
MoS, can react with phenyl diazonium salts*>>*® or organoha-
lides (-I or -Br)*”*® to form new S-Mo bonds. Although 2H-
MoS, has a relatively inert basal plane, it is reported to be
covalently functionalized by bonding through sulfur
defects,”*! coordinating to metal complexes,** reacting with
aryl diazonium®® and thiolate salts®® as well as maleimide
derivatives.>> More impressively, a bisfunctionalized MoS,
hybrid structure bearing both alkyl and aryl groups has been
recently demonstrated.®® On the other hand, the coverage of
functional groups achieved after functionalization varies
from 10% to 70%, depending on different methods and
conditions.>>?”?33%37 Given these experimental results, a the-
oretical perspective on how covalent functionalization alters
the electronic and optical properties of 2H- and 1T-MoS,
(or 1T'-MoS,) is desirable. However, previous computational
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Fig. 1 Schematic representation of mono- and bisfunctionalization con-
sidered in this work.

studies mainly focus on the monofunctionalization with small
groups (-H, -O, -SH, -NH,, -CH;),***' while monofunctiona-
lization with large groups as well as bisfunctionalization is far
less explored.***?

In this work, we aim to give a comprehensive understanding
towards the two-sided covalent functionalization of mono-
layered 2H- and 1T'-MoS,. We do not consider the functiona-
lized T phase as this structure evolves to the T’ phase upon
structural optimization. Non-aromatic groups (-F, -NH,, -CHj,
-CH,CH, CN and -CH,CH, OH) and aromatic groups (-Ph,
-PhNO, and PhOH) are applied to monofunctionalize 2H- and
1T/-MoS,. Furthermore, bisfunctionalization of MoS, is also
considered in this study, including mixed bisfunctionalization
(m-F/-NH,, m-NH,/-CH; and m-CH,/-Ph) where each group is
bonded to both sides of the MoS, monolayer and separate
bisfunctionalization (s-F/-NH,, s-NH,/-CH3; and s-CHj/-Ph)
where each side of the monolayer is uniquely functionalized
by a specie as illustrated in Fig. 1. It is well known that density
functional theory (DFT) alone is ill-equipped to describe the
electronic band structure, especially when predicting the size of
the band gap for semiconductors or insulators. To accurately
model the electronic band structure and optical absorption, we
employ the GW (Green’s function (G) and screened Coulomb
(W) potential) approximation within the framework of many-
body perturbation theory and Bethe-Salpeter equation based
on the DFT method (DFT-GW-BSE).**™*” This method includes
self-energy and excitonic effects, and thus has been successfully
applied to a wide variety of materials.**""

2 Computational details

All of the calculations are performed with the GPAW code.’?
The structure is relaxed until all forces are below 0.01 eV A™*
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional®® with 450 eV plane wave cutoff, and more than
15 A between periodically repeated layers. A 4 x 4 supercell
(contains 32 adsorption sites) is considered to bond with 2,
4,..., 14 groups corresponding to the functionalized coverages
varying from 6.25% to 43.75%; a 2 x 2 supercell with 2 groups
corresponds to a 50% coverage. A I'-centered Monkhorst-Pack
k-grid scheme of 6 x 6 x 1 and 12 x 12 x 1 are used for 4 X
4 and 2 x 2 supercells, respectively. The charge transfer
between the group and the substrate is discussed by means
of Bader analysis.>*

The DFT-GW-BSE calculations are performed according to
following protocol. Firstly, standard Kohn-Sham DFT calcula-
tions are performed to obtain the ground state Kohn-Sham
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orbitals. The same parameters as for the structural relaxation
calculations are adopted. Then, non-self-consistent GoW, is
employed to calculate the quasiparticle (QP) band structures,
which involves the calculation of QP energy using the input
DFT orbitals. To avoid spurious interactions between neighbor-
ing supercells, a 2D Coulomb truncation is applied with 8 A
vacuum ensuring the convergence of the QP band gap. The
dielectric matrix and correlation self-energy is evaluated using a
cutoff of 50 eV on a nonlinear grid with Aw, = 0.25 eV frequency
spacing. At @, = 10 eV, this spacing increases to 2Aw,. Finally,
the BSE spectrum is obtained by applying the Tamm-Dancoff
approximation.>*® The 24 highest valence and 48 lowest con-
duction bands are utilized as a basis for excitonic eigenstates,
which is enough to attain converged optical absorption spec-
trum. A Lorentzian broadening of 0.05 eV is employed for all
the optical calculations. The convergence tests for the DFT-GW-
BSE treatment are in ESIT (see Fig. S1, ESIt).

3 Results and discussion
Average binding energy

We first employ DFT to determine the most favorable adsorp-
tion sites and calculate the thermodynamic stability of the
functionalized MoS, monolayer by computing the average
binding energy per group as a function of the adsorbate
coverages:

AE = (Etot - EMOS2 - nEgroup)/n; (1)

where Ey, is the total energy of functionalized MoS,, Enos, is
the energy of the pristine 2H- or 1T’-MoS, monolayer, Egoyp, iS
the energy of the isolated group and n is the number of groups
that are added. A more negative binding energy indicates a
stronger preference of the structure, while a positive value of
the binding energy implies an unstable structure. The opti-
mized structures for monofunctionalized MoS, at 6.25% cover-
age and bisfunctionalized MoS, at 12.5% coverage are
presented in Fig. 2. The obtained average binding energies as
a function of coverages are plotted in Fig. 3. As depicted in
Fig. 3(a) and (c), at low coverage up to 25%, the average binding
energy of each group on the functionalized 2H-MoS, system
slightly decrease with the increase of coverage for most of the
studied functionalizations. This indicates that the adsorbed
group can act as an anchor, boosting further functionalization
of 2H-MoS,. When the coverage exceeds 25%, the computed
binding energies of all systems become more positive as the
coverage grows, suggesting that high coverage of 2H-MoS, is
unfavorable due to the repulsive interaction between the
adsorbed species. At high coverage, the 2H phase functiona-
lized by -NH, and s-NH3/-CH; tends to release NH; gas and
therefore a stable covalent functionalization of 2H phase is not
possible. However, mixed bisfunctionalization can promote the
formation of intermolecular hydrogen bonds and thereby
improves their stability as the coverage increases, such as m-
F/-CH; and m-NH,/-CHj;. In comparison to other groups, the
average binding energy of -CH,CH, CN and -CH,CH, OH on

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Ball-and-stick model of the optimized structures of the monofunctionalized (6.25% coverage) and bisfunctionalized (12.5% coverage) 2H- and
1T’-MoS; by different groups (side and perspective views). The hydrogen, carbon, nitrogen, oxygen, fluorine, sulfur and molybdenum are in color white,

gray, blue, red, green, yellow and turquoise, respectively.

the basal surface of 2H-MoS, is rather more positive and the
Mo~C bond length is more than 1.91 A. This is attributed to the
stereostructures of -CH,CH, CN and -CH,CH, OH that weaken
the interaction between the chemical adsorbate and 2H-MoS,.

Fig. 3(b) and (d) illustrate the average binding energy of the
functionalized 1T’-MoS, at varying coverage. For the 1T’ phase,
the average binding energy of each system reaches a minimum
at 12.5% coverage, which is smaller than that of 2H-MoS,.
Furthermore, a considerable stability range of the functiona-
lized 1T’ phase can be noticed, exhibiting a negative average
binding energy even at 50% coverage. This suggests the possi-
bility of high functional group coverage of functionalized
1T'-MoS,, which is consistent with previous experimental
observations.?” In addition, the average binding energy of 1T’-
MoS, is much smaller than that of 2H-MoS, for any given
coverage, indicating that the reaction of chemical functionali-
zation of the 1T’ phase is thermodynamically more favorable.
This is attributed to the well-paired electrons in 2H-MoS,,
whereas the electronic states around the Fermi level are only
partially filled in 1T’-MoS,.*°

By comparing the total energy between 2H- and 1T’-MoS,,
we investigate the phase stability (see Fig. S3, ESI}). At low

This journal is © The Royal Society of Chemistry 2022

coverage, the functionalized 2H phase is more energetically
stable regardless of mono- or bisfunctionalization. As the
coverage increases, the energy difference becomes smaller. In
particular, at high coverage, the functionalized 1T’ phase is
more stable than 2H case. This indicates that the selective
tuning of the coverage of covalent functionalization enables the
phase transformation of MoS,.

To gain an insight into the bonding nature of the considered
systems, we further execute the Bader charge analysis to
investigate the charge transfer between the MoS, monolayer
and the attached groups. The corresponding results are dis-
played in Fig. S4 (ESIt). When -F, -NH,, m-F/-CH; and s-F/-
CHj; are bonded to the surface of both 2H- and 1T’-MoS,, the
electron is transferred to the groups from the substrate which
acts as an electron-donor. In contrast, an inverted electron flow
can be recognized for other functional groups, for instance
-CH,, -CH,CH, CN, -CH,CH, OH, -Ph, -PhNO, and -PhOH.
Here the substrate gains electrons despite bare MoS, is an n-
type semiconductor. The direction of charge transfer exhibits a
clear dependence on the electron donating or withdrawing
ability of the adsorbed species. Correlation of the binding
energy with the electron donating or withdrawing properties

J. Mater. Chem. C, 2022,10, 6009-6016 | 6011
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Fig. 3 Average binding energy as a function of the group coverage with respect to the 2H-MoS, and 1T’-MoS, monolayers.

of the functional group shows that when the 2H- or 1T'-MoS,
serves as an electron-donor, the average binding energy
becomes more negative for strongly electron-withdrawing
groups (-F vs. -NH,). It implies that the stronger electron-
withdrawing effect could enhance the stability of the functio-
nalized MoS, monolayer in this case. On the other hand, the
attached groups with a stronger electron donating-ability show
more negative binding energies, advocating that MoS, mono-
layers are more stable under this condition. Examples include
the monofunctionalization with -CH,CH, OH vs. -CH,CH, CN
or -PhOH vs. -PhNO,.

For bisfunctionalized 2H- and 1T’-MoS,, the average binding
energy can be compared to that of the corresponding mono-
functionalized case. In particular, when -F and -CH; are
functionalized separately on both sides of 2H-MoS,, the average
binding energy is more negative than the average between the
two corresponding monofunctionalized 2H-MoS,. This is
because the cooperative effect of electron withdrawing and
donating groups could promote the charge transfer and conse-
quently enhances its stability. Intriguingly, the average binding
energy for the 1T'-MoS, in the case is almost equal to the
monofunctionalized ones. This is attributed to the distorted
octahedral structure and non-equivalent S atoms of 1T’-MoS,,
which attenuates this cooperative effect. Concerning the mixed
bisfunctionalization with -F and —-CHj3, this combined effect is
offset for both 2H- and 1T’-MoS,. As for the bisfunctionaliation

6012 | J Mater. Chem. C, 2022, 10, 6009-6016

of -CH; and -Ph including the separate and mixed functiona-
lization, the average binding energy is also close to average
between the two corresponding monofunctionalized MoS,
because both of these two groups tend to donate electrons to
the substrate. In summary, the investigation of the average
binding energy reveals that the coverage, stereostructure and
electron doping of the groups drive the stability of both
functionalized 2H- and 1T’-MoS, monolayers.

Electronic properties

To provide a benchmark for our computational scheme, we
initially apply the DFT-GW-BSE method to the bare MoS,
monolayer. The calculated electronic band gaps with the DFT
method at PBE level are 1.65 eV and 0.04 eV for 2H- and 1T’-
MoS,, respectively, whereas the self-energy correction consid-
ered in GoW, method opens the band gaps to 2.51 eV and 0.08
eV, respectively. The GoW, results are consistent with reported
experimental values of 2.50 eV and 0.08 eV for 2H-MoS, and
1T’-MoS,, respectively.’”>® Next, we turn our attention to the
functionalized 2H- and 1T’-MoS, monolayers. Fig. 4 depicts the
variation of the electronic band gaps calculated by the G,W,
method with different adsorbates and coverages. The corres-
ponding DFT results are presented in Fig. S5 (ESIt). At 6.25%
coverage, the monofunctionalized and bisfunctionalized 2H-
MoS, display semiconducting characteristics with varying QP
band gaps from 0.99 eV to 2.22 eV for the considered systems.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 QP band gaps as a function of the group coverages with respect to the functionalized 2H-MoS; and 1T’-MoS, monolayers.

The reduced band gap is associated with the donor or acceptor
state inside the gap of bare 2H-MoS, (see Fig. S6, ESIt). The
introduced state primarily originates from the Mo 4d band with
additional contributions from the 3p orbitals of S and the sp
orbitals of the adsorbate. This suggests that the 4d of Mo atoms
will make a main contribution to the electronic transport in all
cases although groups bind directly to the S atoms of MoS,. As
adsorbate coverage increases from 12.5% to 25%, the band gap
tends to decrease. At even higher coverage (31.25-50%), the
band gap fluctuates, except in the case of -NH,/CH; and -F/
CH;. We note that the band gaps of both mono- and bisfunc-
tionaliation are highly sensitive to the adsorption site, which is
also found in other materials.>*®! Therefore, the modification
of the band gap for mixed bisfunctionalization of -NH,/-CH;
and -F/-CHj; differs due to the difference in adsorption sites
which arises from the intermolecular hydrogen bonds. With
respect to the introduced donor or acceptor state around the
Fermi level, the contribution of both S 3 p and adsorbate sp
states increases with the increase of coverage for both mono-
and bisfunctionalization, implying the influence of group
coverage on electronic transport (Fig. S6, ESI).

Compared with the 2H phase, the 1T'-MoS, exhibits differ-
ent behaviors after covalent functionalization. It is obvious
from Fig. 4 that at 6.25% coverage, both mono- and bisfunctio-
nalized 1T'-MoS, exhibit metallic character, in contrast to 2H-
MoS,. As the coverage increases, the QP band gaps first

This journal is © The Royal Society of Chemistry 2022

increase and then oscillate at high coverage. Furthermore, the
variation of QP band gaps of m-NH,/-CH; and m-F/-CH; dis-
plays a similar trend as that of monofunctionalized 1T’-MoS,.
This is caused by the distorted structure of the 1T’ phase, which
inhibits the formation of intermolecular hydrogen bonds and
thereby enables the mixed groups to adsorb at the same or
similar site with that of monofunctionalization. This also
means the interaction between the adsorbate and the substrate
in case of bisfunctionalized 1T’-MoS, is strong. Overall, our
calculations reveal that the variation in the band gaps of both
2H- and 1T'-MoS, provides promising results of the utility of
the chemical mono-/bisfunctionalization and coverages to tune
the electronic properties of 2D materials.

Optical properties

Next, we examine the optical properties of the functionalized
2H- and 1T’-MoS,, which are crucial for MoS,-based optoelec-
tronic devices. As a result of the low stability at high coverage,
only low group coverages are considered. The corresponding
optical absorption spectra of 2H phase are presented in Fig. 5.
Compared to bare 2H-MoS,, the optical absorption upon mono-
and bisfunctionalization is red-shifted at 6.25% coverage. The
red-shift is attributed to the interplay of two joint effects: (1) the
reduced electronic band gap upon functionaliation as we dis-
cussed above and (2) the variation of the exciton binding energy
(see Table S1, ESIt). Our calculation shows that at 6.25%

J. Mater. Chem. C, 2022, 10, 6009-6016 | 6013
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Fig. 5 Optical absorption spectra of the functionalized 2H-MoS, monolayer.

coverage, monofunctionalition with each group and bisfunctio-
nalization with -NH,/-CH; lowers the excitonic binding energy
slightly; whereas the bisfunctionaliation with -F/-CH; or
-CH;3/-Ph tends to strengthen the Coulomb interaction
between the electron and hole of an exciton, promoting
the formation of tight excitonic states. As the reduction of the
electronic band gap is dominant upon functionalization, the
optical spectrum is strongly red-shifted and the absorbance is
enhanced in the 0-2 eV regime. It is worth mentioning that the
optical band gap varies significantly from 0.18 eV to 1.49 eV at
6.25% coverage, indicating the high sensitivity of optical prop-
erties of 2H phase towards the different groups. As coverage
increases to 18.75%, the overall optical absorbance for each
functionalization remains red-shifted with a reduced optical
band gap. At the same time, the intensity of the optical
absorption is remarkably enhanced, especially in the spectral
range of 0-1 eV.

In the case of 1T/-MoS,, we observe an obvious blue-shift of
the optical spectrum and an increase in optical absorption as
the coverage increases from 6.25% to 18.75% (see Fig. S7, ESIY),

6014 | U Mater. Chem. C, 2022,10, 6009-6016

which can be explained by the opening of the electronic band
gap of 1T'-MoS, upon functionalization. Our study regarding
the optical properties of the functionalized MoS, offers the
prospect of artificially tuning the optical properties of MoS, by
controlling the type and coverage of the functional groups.

4 Conclusion

In this work, we systemically study the stability, electronic band
gap and optical absorption spectrum of both chemically func-
tionalized 2H- and 1T’-MoS, for various adsorbates by means of
the DFT-GW-BSE method. The chemical groups studied include
-F, -NH,, -CH,, -CH,CH, CN, -CH,CH, OH, -Ph, -PhNO, and
PhOH for monofunctionalization and m-F-CH;, m-NH, -CH3,
m-CHj; -Ph, s-F-CHj3, s-NH, —-CH; and s-CH; -Ph for bisfunc-
tionalization. We find when no intermolecular interaction is
observed, the average binding energy falls at first and rises
again as the coverage is elevated, reaching a minimum at 25%
and 12.5% for 2H and 1T’-MoS,, respectively. The bisfunctio-
nalization of m-F-CH; and m-NH;-CH; on 2H-MoS, can

This journal is © The Royal Society of Chemistry 2022
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promote the formation of intermolecular hydrogen bonds and
thus improve the stability. When -F, -NH,, m-F/-CH; and s-F/-
CH; are attached on the surface, both of 2H- and 1T'-MoS,
serve as electron-donors; in other cases, both of 2H- and 1T'-
MoS, act as electron acceptors. At low coverage, the functiona-
lized 2H-MoS, generally exhibits semiconducting character,
whereas the functionalized 1T'-MoS, is predicted to be metallic;
as the coverage increases, the variation of band gaps of both
2H-and 1T’-MoS, shows an oscillatory behavior. The changes in
the electronic structure as well as the excitonic binding energy
of the functionalized 2H- and 1T'-MoS, lead to strong modula-
tions of their optical response with respect to the bare mono-
layers. In conclusion, our work demonstrates that mono- and
bisfunctionalization of 2H- and 1T’-MoS, are vigorous tools for
tuning the electronic and optical properties.
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