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ABSTRACT: The two-dimensional transition-metal dichalco-
genide molybdenum disulfide (MoS2) has been intensely
studied in the past several years due to its exceptional
electronic, optical, and chemical properties in a wide range of
applications. The chemical functionalization of MoS2 allows its
properties and interfacial interactions to be tuned and
controlled. Recently, we reported the direct covalent function-
alization of semiconducting MoS2 with aryl diazonium salts,
without the use of harsh initial treatments or phase engineering.
In this paper, we confirm and expand the covalent
functionalization reaction model by performing a detailed
study of the reaction kinetics for monolayer MoS2 function-
alized by 4-nitrobenzene tetrafluoroborate (4-NBD). We find that both the Freundlich and Temkin isotherm models are good
descriptors of the reaction due to the energetically inhomogeneous surface of MoS2 and the indirect adsorbate−adsorbate
interactions from previously attached nitrophenyl groups, respectively. The reaction kinetics was then found to be well
described using a pseudo-second-order model, showing that the order of this reaction is two. This study supports our previous
work and gives us a deeper understanding of the nature of the covalent functionalization of MoS2.

■ INTRODUCTION

Over the past several years, two-dimensional transition-metal
dichalcogenides (TMDCs) have been extensively studied due
to their exceptional chemical, optical, and electronic proper-
ties.1−11 These materials have the general formula MX2, where
M is a transition metal (Mo, W, Nb, Ta, etc.) and X is a
chalcogen (S, Se, Te). Among the TMDCs, MoS2 has been
widely studied as a model system. The most common 2H-
MoS2 phase is semiconducting, with a bandgap that changes
from indirect at 1.3 eV in the bulk to 1.8 eV in its monolayer.1

Chemical conversion using n-butyllithium can also be used to
form the metallic 1T-MoS2 phase.

1,12

There has been increasing interest in using MoS2 nanosheets
in environmental applications as sorbents and ion-exchange
materials for heavy-metal ions13,14 and organic contami-
nants.15−17 However, the 1T phase of MoS2 is susceptible to
corrosion18 and recent studies have shown that the removal
mechanism of pollutants on MoS2 is likely from redox19 or
precipitation20 reactions mediated by the solubilized molyb-
date ions, rather than from adsorption, although covalent
functionalization of the 1T-MoS2 surface can enable high
capacity and multifunctional removal of pollutants.21 Covalent
functionalization of the more stable 2H-MoS2 phase may offer
a route toward using these materials as sorbents through the
attachment of organic functional groups that can selectively
remove pollutants. In general, covalent functionalization is an
important route for tuning the properties of 2D materials,22−26

for engineering their interactions with external environ-
ments,27,28 and for potential applications including transis-
tors,2,27,28 flexible electronics,29,30 and biosensors.31,32

Recently, we reported (see Chu et al.)22 that the basal plane
of unmodified semiconducting 2H-MoS2 can be directly
covalently functionalized using aryl diazonium salts without
any pretreatment and without the conversion to the metallic
1T phase that previous researchers have used.12,33 The reaction
scheme is illustrated in Figure 1a,b. Diazonium chemistry has
previously been used for the functionalization of 2D materials
such as graphene34−36 and black phosphorus.37 From density
functional theory (DFT) calculations in our earlier work,22 we
developed a reaction mechanism where the functionalization
initiates from a single defect or S-vacancy due to the increased
density of states in MoS2 at these locations. The region
immediately surrounding a covalently attached group also has
increased reactivity, so that subsequent covalent attachment
will preferentially occur next to an existing group, resulting in
the covalent functionalization propagating across the surface of
MoS2 in a chain-like formation. Thus, a very low initial
concentration of defects is needed to nucleate the covalent
surface functionalization across the entire MoS2 basal plane.
This spatial propagation of the functionalization is schemati-
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cally illustrated in Figure 1c. However, beyond the reaction
mechanism, the reaction kinetics also plays a crucial role in the
functionalization and needs to be further studied to achieve a
full understanding of the reaction process and to enable more
precise control of the functionalization.
In this paper, we report a detailed study of the reaction

kinetics for the direct covalent functionalization of unmodified
semiconducting 2H-MoS2 by the aryl diazonium salt 4-
nitrobenzenediazonium tetrafluoroborate (4-NBD), which
was first shown in our earlier work (see Chu et al.),22 and
which has been used to probe the chemical reactivity of
graphene.34−36 Herein, we chose 4-NBD as a model
compound to investigate the reaction kinetics of the
functionalization by conducting an adsorption isotherm with
varying concentrations of 4-NBD aqueous solution using
different models to fit the data to describe the reaction. In
addition, the reaction kinetics and spatial distribution of the
resulting nitrophenyl (NP) groups covalently attached on the
surface of MoS2 were studied via a series of reactions at
different concentrations and time sequences. We find that the
best models to describe the process are the Temkin and
Freundlich adsorption models and pseudo-second-order
kinetics model in which the adsorbate−adsorbate interaction
is considered. These findings are also consistent with our
previous DFT simulations (see Chu et al.)22 Previous literature
on the kinetics of the diazonium functionalization of graphene
showed a first-order reaction,38 which, we find, does not
adequately describe the scenario for MoS2.

■ EXPERIMENTAL SECTION
Sample Preparation. Si substrates with a 300 nm layer of SiO2

were ultrasonically cleaned in sequential baths of acetone and
isopropyl alcohol and then blown dry with ultrahigh purity nitrogen
gas. MoS2 flakes were prepared by the mechanical exfoliation method
from a bulk crystal (SPI Supplies) using scotch tape and deposited on
the clean substrates. Tape residue was removed by annealing the

samples in vacuum at 300 °C for 3 h. Monolayer and multilayer MoS2
flakes were identified on the substrate by optical microscopy and
Raman spectroscopy.

Functionalization Reaction. MoS2 flakes deposited on SiO2/Si
were immersed in various concentrations of 4-NBD (Sigma-Aldrich)
aqueous solutions at 35 °C with constant stirring at 125 rpm. The
reaction was performed in a parafilm-sealed beaker in the dark. At
specific reaction times, the samples were extracted from the solutions,
rinsed with ultrapure water to remove noncovalently attached
molecules, blown dry with ultrahigh purity nitrogen gas, and then
characterized.

Atomic Force Microscopy. AFM images were taken after each
reaction time using a Multimode V system (Bruker Inc.) in ScanAsyst
mode with ScanAsyst-Air tips (tip diameter: 2 nm).

Image Processing and Calculations. AFM images were
processed using the Gwyddion software package.39 The coverage
calculations were performed using ImageJ.40 The adsorption isotherm
and reaction kinetics curves were fitted using Matlab.

Raman Spectroscopy. Raman spectroscopy and optical micros-
copy were conducted on a WITec alpha300R system confocal Raman
microscope system. Raman spectra were obtained with a 532 nm
excitation laser and 100× objective lens with ∼1 μm laser spot size.
The laser power was kept to 0.3 mW to minimize damage to the
MoS2 samples.

Scanning Tunneling Microscopy. Scanning tunneling micros-
copy (STM) imaging was conducted on an ultrahigh vacuum (UHV)
Scienta Omicron VT system with base pressure around 10−10 mbar
operating at room temperature. The MoS2 sample was freshly cleaved
just before introduction to the UHV chamber, and then degassed
overnight at 200−300 °C. Imaging was conducted using electro-
chemically etched W tips. STM images were processed using the
Gwyddion software package.39

■ RESULTS AND DISCUSSION

Covalent Functionalization of MoS2 by Aryl Diazo-
nium Salts. The covalent functionalization of pristine
semiconducting 2H-MoS2 was previously demonstrated by
our group (see Chu et al.)22 We showed that the pristine MoS2

Figure 1. Covalent functionalization of MoS2 using aryl diazonium salts. (a) Schematic of reaction between 4-NBD molecule and the MoS2 sheet.
(b) After the reaction, the NP group is attached to MoS2 surface with C−S bond and N2 molecules are released. (c) Reaction starts from an S-
vacancy and propagates across the surface in a chain-like formation due to regions of increased reactivity surrounding defects and covalently
attached groups. (d) AFM image of as-exfoliated pristine bilayer MoS2 flake on SiO2/Si substrate. (e) The same flake shown in (d) after 1 min
covalent functionalization. (f) Height profiles along the dashed lines in (d,e).
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surface is chemically inert, but with the addition of a single
defect, such as a sulfur vacancy, we can initiate a chain-like
propagating reaction across the surface for aryl diazonium salts
leading to covalently attached chemical groups on the MoS2
basal plane. The reaction process is illustrated in Figure 1: the
4-NBD diazonium salt approaches the MoS2 surface in
solution (Figure 1a); charge transfer from the surface causes
the formation of an aryl radical and the release of a nitrogen
molecule; the aryl radical forms a covalent C−S bond forms to
produce MoS2 functionalized by NP groups (Figure 1b). The
spatial dependence of the reaction is schematically illustrated
in Figure 1c. The region immediately surrounding an initial
point defect has a higher charge density, which enables more
effective charge transfer to the diazonium molecule, which then
forms a radical that can readily form a covalent C−S bond with
the surface. The region immediately surrounding that newly
attached group also has a higher charge density and acts as a
point of increased reactivity, so that subsequent molecules
attach adjacent to it. Thus, the basal plane gradually becomes
functionalized in a chain-like morphology and only requires a
very low concentration of initial defects as nucleation sites as
illustrated in Figure 1c. In our earlier work, the covalent
functionalization of MoS2 was confirmed by X-ray photo-
electron spectroscopy and Fourier transform infrared spec-
troscopy, and the reaction mechanism was supported by
DFT.22

In the following experiments, the covalent functionalization
of mechanically exfoliated flakes of atomically thin MoS2 with
4-NBD was studied in detail to determine the reaction kinetics,
so that further insights on the reaction can be obtained.
Scanning probe microscopy is used here as a valuable tool to
obtain detailed, spatially resolved data that relates chemical
properties.41 Figure 1d shows an atomic force microscopy
(AFM) image of a bilayer (2L) MoS2 flake exfoliated onto a
300 nm SiO2/Si wafer substrate. This MoS2 flake sample is
atomically thin and very flat. An optical microscope image of
the exfoliated MoS2 is shown in the Supporting Information in
Figure S1. Atomically resolved STM images of a representative
exfoliated MoS2 surface with very few initial defects are shown
in the Supporting Information in Figure S6.

The sample was then covalently functionalized by immersing
it into an aqueous solution of 4-NBD followed by thorough
rinsing by micropure water. After the functionalization
reaction, small protrusions are observed on the MoS2 flake,
as shown by the AFM image in Figure 1e. This is also
confirmed by the height profiles before and after the reaction
as shown in Figure 1f. The height of the protrusions is about
1−2 nm. This result is consistent with and similar to our
previous data (see Chu et al.),22 where we showed that these
protrusions can be interpreted as the covalently attached NP
groups on the MoS2 surface after the 4-NBD reaction.
Representative Raman spectra and photoluminescence (PL)
spectra before and after reaction with 4-NBD are shown in the
Supporting Information in Figure S1. The spectra show that
the covalently functionalized MoS2 maintains its semiconduct-
ing nature and becomes slightly n-doped.22

Concentration Dependence of Functionalization and
Adsorption Isotherms. To study the covalent functionaliza-
tion process as a function of the initial reactant concentration,
the reaction was carried out using 4-NBD solutions at five
different concentrations acting on five separate mechanically
exfoliated monolayer MoS2 samples supported by SiO2/Si. The
concentrations of the aqueous 4-NBD solutions were 1, 5, 10,
15, and 20 mM, and AFM imaging was conducted after 5 s of
reaction in each of these solutions to observe the concentration
and spatial distribution of covalently attached NP groups at the
initial stage of the reaction. As shown in Figure 2a−e
protrusions formed by these NP groups were observed on
MoS2 flakes for all five concentrations, but different spatial
distributions and shapes appear on each sample. Thus, it is
clear that the concentration of 4-NBD in solution has a
significant influence on the formation of covalent functional-
ization on MoS2 (AFM images of each of the MoS2 samples
before functionalization are shown in the Supporting
Information, Figure S2).
Although the surface coverage of NP groups increases with

increasing 4-NBD concentration, we observe also that when
the concentration is as low as 1 mM in Figure 2a, the NP
groups form much longer chains on the surface of the MoS2
flake. The chain-like features are also quite evident at 5 mM

Figure 2. Concentration dependence of functionalization of MoS2. (a−e) AFM images taken after 5 s reaction in different initial concentrations of
4-NBD solution: 1, 5, 10, 15, and 20 mM. (f) Height profiles along the dashed lines on monolayer regions in (a−e).
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initial 4-NBD concentration. In Chu et al.,22 it was shown via
AFM imaging and DFT simulations that the reaction
preferentially starts from a defect or a sulfur vacancy due to
the higher density of states, and then the newly attached NP
group will encourage additional molecules to be attached
around it (see reaction schematic in Figure 1c). Thus, at the
lower 4-NBD concentration, the initiation and propagation are
more evident due to the molecules preferring to attach
adjacent to existing covalently attached groups. This picture of
the reaction mechanism is also expanded to include the role of
edges as shown in Figure 2a, where there are more attached
molecules along the edges of the MoS2 flake, suggesting that
the charge density is higher there than in the interior of the
flake. Furthermore, the inhomogeneous distribution of chains
in the interior of the flake may be caused by the uneven
distribution of defects or S-vacancies.42 These observations are
consistent with our previous DFT results showing that it is
energetically preferable for new molecules to attach adjacent to
existing defects or molecules on the surface of MoS2.

22

With increasing 4-NBD concentration in the reaction
solution, as shown in Figure 2b−e, when there are enough
4-NBD molecules to saturate all defects in a certain area, the
morphology of the attached molecules will become more and
more uniform. However, when the concentration reaches as
high as 20 mM, the uniformity decreases due to the piling up
of NP groups, perhaps caused by the formation of oligomers
protruding from the surface, which has previously been
observed for 4-NBD functionalization of graphene.43,44 The
change in height profiles in Figure 2a−e are shown in Figure
2f, and the increase in thickness due to the attached NP groups
is around 2 nm.
To further advance our quantitative understanding of the

mechanism of the functionalization, we performed an
adsorption isotherm study by plotting the concentration of
NP groups as a function of initial 4-NBD solution
concentration and fitting them into three empirical adsorption
models that each contain different assumptions. The
Langmuir,45,46 Freundlich,45,46 and Temkin models46,47 are
given in eqs 1−3, respectively

K c
K c1

L

L
θ =

+ (1)

K c n
F

1/θ = (2)

RT
b

Acln( )θ = i
k
jjj

y
{
zzz (3)

In these equations, θ is the coverage of NP groups on the
monolayer MoS2 flake; c is the concentration of 4-NBD in
aqueous solution; KL and KF are the equilibrium constants in
Langmuir and Freundlich models, respectively. In the Temkin
model, R is the gas constant (8.314 J·mol−1·K−1) and T is the
reaction temperature (310 K); and A and b are the fitting
constants. In the Langmuir adsorption model, the surface of
the adsorbent is assumed to be energetically homogenous so
that all adsorption sites are equivalent.45 In contrast, the
Freundlich isotherm model is a better model to describe
multisite adsorption on inhomogeneous surfaces.45 As the
DFT simulations in Chu et al.22 demonstrated the interaction
between NP groups on the MoS2 surface during the
attachment reaction, the Temkin adsorption isotherm was
also chosen to fit the data because the effect of the previously
attached covalent groups is considered in the model.47

The molecular coverage of each MoS2 sample was estimated
by processing AFM images using ImageJ.22,48 In each AFM
image, an area of covalently functionalized monolayer MoS2
was isolated (Figure 3a) and then converted to a black and

white binary image (Figure 3b). The molecular coverage was
then calculated as the percentage of white pixels. We note that
this estimate of coverage only accounts for the covalent surface
functionalization, and does not account for any possible
polymerization of the 4-NBD with molecules already on the
surface that has previously been seen for graphene.43,44 The
effect of polymerization in our experiments is much less
pronounced than the laterally spreading covalent surface
functionalization, as estimated by the increase in height of
the AFM features with reaction time (see the Supporting
Information, Figure S7).
The fitting curves to the three adsorption models, the

Langmuir, Freundlich, and Temkin models in eqs 1−3 are
shown in Figure 3c along with their correlation coefficients (R2

values) of 0.9610, 0.9765, and 0.9954, respectively. These fits
suggest that the Temkin and Freundlich models are better
descriptions of the reaction. In the Langmuir model, the
surface is assumed to be energetically homogeneous. However,
as the adsorption site (i.e., the covalent reaction site) is more
energetically favorable when it is adjacent to either a defect or
S-vacancy or previously attached molecule where there is an
increase in reactivity, the surface energies on the MoS2 surface
must change at these sites. This scenario corresponds better
with the Freundlich model, which is more suitable for an
inhomogeneous surface. In addition, the high correlation
coefficient in the fit for the Temkin model indicates that the
molecules in the solution tend to arrange themselves next to
previously attached molecules because indirect adsorbate−
adsorbate interactions are taken into account in the Temkin
model. In other words, the effect of previously attached NP
groups are crucial to the attachment of new groups from the
aqueous solution, which is consistent with our previous DFT
calculation that shows that the chain-like features will be
formed starting from a single defect. Therefore, both the
Freundlich and Temkin models can describe the reaction
better than the Langmuir model because they have higher R2

values. Finally, we note that the observed equilibrium coverage
is about 50%, which is consistent with our earlier DFT results

Figure 3. Image processing and adsorption isotherms. (a) AFM image
of monolayer MoS2 after functionalization. (b) Black and white image
converted from (a). (c) Fitting curves of Langmuir, Freundlich, and
Temkin isotherm models. The coverages were calculated from the
monolayer regions in Figure 2 after 5 s functionalization.
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showing that saturation occurs at about that level of coverage
due to some desorption of previously attached groups at
saturation.22

Time Dependence of Functionalization and Morphol-
ogy. The time dependence of the 4-NBD functionalization of
the MoS2 surface was studied by using AFM images of a
sample of MoS2 taken at different time points during the
functionalization reaction using a 4-NBD concentration of 1
mM, as shown in Figure 4. We observe that the
functionalization reaction starts from the edges and at some
randomly distributed locations in the basal plane, where there
may be more defect sites. The molecules form long chains as
they grow quickly with increasing reaction time. The reaction
progress is much faster in the first 5 min, but there is still some
increase in coverage with longer reaction time even though it is
slower. In addition, the thin chains form islands of NP groups
that grow larger with increasing reaction time.

The spatial inhomogeneity of the distribution of initial
defects in the MoS2 sample prepared by mechanical
exfoliation42 is also reflected in the differences in morphology
upon functionalization, as illustrated in the two regions marked
by the squares labeled A and B in Figure 4. In Figure 5, which
shows higher resolution AFM images from region A, we
observe many thin, long chains of NP groups that connect with
each other. The density of defects is likely higher at the corner
of the MoS2 flake, and defects at the edges also contribute to
the higher reactivity. The circled chain in Figure 5d,e,
disappears in Figure 5f. This indicates that during the
functionalization, desorption can happen in some areas. A
possible explanation for this observation is that the
functionalization may be a dynamic process so that some
molecules will rearrange themselves on the surface to minimize
the total energy. Before the equilibrium is reached, the
molecules can either move back to the solution or join the

Figure 4. Time dependence of functionalization. (a−f) AFM images of monolayer MoS2 taken after different reaction times in a 4-NBD solution of
1 mM concentration at reaction times of 5 s, 30 s, 1, 5, 10, and 30 min. Further AFM images zooming in on the regions marked by the squares A
and B are shown in Figures 5 and 6, respectively.

Figure 5. Time dependence of functionalization in the region marked by square A from Figure 4. (a−f) AFM images of MoS2 flake shown in Figure
4 from the bilayer region in square A, taken after different reaction times in a 4-NBD solution of 1 mM concentration. The reaction times are 5 s,
30 s, 1, 5, 10, and 30 min. (g) Height profiles along the dashed lines in panels (a−f). (h) Enlarged images from the dashed box in (d−f) to show the
desorption of chains.
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molecules attached in the surrounding area. The desorption of
previously attached molecules from the MoS2 surface was also
observed in our earlier DFT simulations (see Chu et al.)22

These regions are also enlarged in Figure 5h. As shown in the
height profiles in Figure 5g, the thickness of the attached NP
groups eventually increases from 1−2 to 6−8 nm at 30 min
reaction time, which is consistent with the formation of
oligomers that was previously shown for functionalization of
graphene with 4-NBD.43,44

Next, higher resolution AFM images from the region marked
by square B in Figure 4 are shown in Figure 6 and they exhibit
a different morphology of covalently attached NP groups.
Instead of mainly thin chains, the attachment of NP groups
also forms small islands that gradually grow larger. Once again,
we see that some of the chains that are present at 5 min
(Figure 6d) start to disappear at 10 min (Figure 6e) and are
missing at 30 min (Figure 6f) in the region of white circles,
which is consistent with the simultaneous desorption process
noted earlier for region A. These regions are also enlarged in
Figure 6h. The large, long island formed in the center of the
images in Figure 6 (indicated by the arrow) may be due to a
higher density of defects along a grain boundary, crack, or
region of strain along the direction of mechanical exfoliation.
The small islands of increased functionalization are also likely
due to a higher local concentration of defects in those locations
due to the inhomogeneous distribution of defects in
mechanically exfoliated natural MoS2.

42,49 Similar to the results
in Figure 5, here in Figure 6, the height profiles show an
increase from 1−2 to 6−7 nm with the increase of the reaction
time. This also indicates that as the number of the attached NP
groups increases, the adsorbate−adsorbate interaction drives
the free NP groups in solution to attach to the NP groups
instead of the MoS2 surface. We note that the formation of the
different directions of the chains are not related to the rinsing
and drying process of the sample at each reaction time step
because different directions are used for the water and nitrogen
flows that are not consistent with the observed chain
directions. Finally, simultaneously obtained amplitude/peak
force error images corresponding to the images in Figure 6 are
shown in the Supporting Information, Figure S6, where the
topographic changes due to functionalization are also visible.

Reaction Kinetics of Functionalization. The kinetics of
the 4-NBD functionalization of MoS2 was analyzed for three
MoS2 samples functionalized in 4-NBD solutions of three
different concentrations (1, 5, and 10 mM) by taking AFM
images at different reaction times (5 s, 30 s, 1, 5, 10, and 30
min). We fit the time- and concentration-dependent coverage
data to pseudo-first-order and pseudo-second-order kinetic
models, using eqs 4 and 5,46,50,51 respectively

k tln( ) ln( )e e 1θ θ θ− = − (4)

t
k

t
1 1

2 e
2

eθ θ θ
= +

(5)

In these equations, θ is the coverage of NP groups on the
monolayer MoS2 flake, θe is the coverage at equilibrium, t is the
reaction time, and k1 and k2 are the rate constants that are used
as fitting parameters.
The same process for obtaining surface coverage from AFM

images that we used for the isotherms was used here. The
coverage as a function of reaction time for the three 4-NBD
solution concentrations (1, 5, and 10 mM) along with the
pseudo-first-order and pseudo-second-order kinetic fits are
shown in Figure 7. The coverage of molecules on the MoS2
surface increases rapidly in the first 5 min, and then slows
down. With increasing concentration, there is an increase at
the final coverage at 30 min, which is consistent with the
increase of coverage with increasing concentrations that we
first observed from the adsorption isotherm study.
The pseudo-second-order model results in higher correlation

coefficients (R2 values) than the pseudo-first-order model for
all three 4-NBD concentrations, indicating that the order of
this reaction is two. In this model, the 4-NBD molecules in
solution are the reactants in excess, and the molecularity of this
reaction is greater than two. In other words, there is interaction
between 4-NBD molecules during the reaction, which is also
consistent with the fitting of the Temkin adsorption isotherm
model. In our earlier DFT simulation results (see Chu et al.),22

we showed that there is a subtle balance between adsorbate−
adsorbate and adsorbate−surface interactions so that there is a
limit of coverage at ∼50% with some fraction of molecules also
desorbing. However, the observed maximum saturation

Figure 6. Time dependence of functionalization in region marked by square B from Figure 4. (a−f) AFM images of MoS2 flake shown in Figure 4
from the monolayer area marked by the square B, taken after different reaction times in a 4-NBD solution of 1 mM concentration. The reaction
times are 5 s, 30 s, 1, 5, 10, and 30 min. (g) Height profiles along the dashed lines in panels (a−f). (h) Enlarged images from the dashed box in (d−
f) to show the desorption of chains.
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coverage of 10 mM 4-NBD concentration shown in Figure 7 is
higher than 60% (closer to 68%) which may be attributed to a
broadening of features due to the AFM tip radius so that each
molecule may appear larger and thus resulting in a higher
apparent coverage. In addition, the larger clusters appearing at
the bottom right corners in Figure 6e,f tend to blunt the AFM
tip and increase the tip-broadening effect.
Overall, with the increase of 4-NBD solution concentration,

the reaction is accelerated. The process is controlled by both
adsorbate−surface and adsorbate−adsorbate interactions. At
the beginning of the reaction, the adsorbate−surface
interaction is dominant, so that the coverage increases rapidly.
With the number of attached NP groups increasing, the effect
of adsorbate−adsorbate interaction increases and the increase
of the coverage slows down. Eventually the balance between
adsorbate−adsorbate and adsorbate−surface interaction is
achieved, and the coverage is saturated.

■ SUMMARY AND CONCLUSIONS
In conclusion, we have conducted a detailed study of the
reaction kinetics and reaction mechanism for the covalent
functionalization of two-dimensional layers of semiconducting
2H-MoS2 by the aryl diazonium salt 4-NBD. Our findings here
confirm and expand on the reaction model put forth in our

earlier work (see Chu et al.)22 The adsorption study at
different 4-NBD concentrations found that both the
Freundlich and Temkin isotherm models are a better
description of the reaction because the surface of MoS2 is
not energetically homogeneous and indirect adsorbate−
adsorbate interactions from the previously attached NP groups
are taken into consideration. Various morphologies and spatial
distributions of the covalently attached molecules are found
due to the interaction between 4-NBD molecules and the
inhomogeneous distribution of defects in the MoS2 layer. The
reaction kinetics was better described using a pseudo-second
order model, showing that the order of this reaction is two,
thus further confirming the interaction between 4-NBD
molecules. This detailed understanding of the functionalization
of MoS2 may have implications for future applications in
electronics, environmental remediation, sensing, and energy.
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