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ABSTRACT Two-dimensional (2D) transition metal dichalcogenide semi-
conductors offer unique electronic and optical properties, which are signifi-
cantly different from their bulk counterparts. It is known that the electronic
structure of 2D MoS,, which is the most popular member of the family, depends
on the number of layers. Its electronic structure alters dramatically at near
atomically thin morphologies, producing strong photoluminescence (PL).
Developing processes for controlling the 2D MoS, PL is essential to efficiently
harness many of its optical capabilities. So far, it has been shown that this PL
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can be electrically or mechanically gated. Here, we introduce an electrochemical approach to actively control the PL of liquid-phase-exfoliated 2D MoS,

nanoflakes by manipulating the amount of intercalated ions including Li*, Na™, and K* into and out of the 2D crystal structure. These ions are selected as

they are crucial components in many bioprocesses. We show that this controlled intercalation allows for large PL modulations. The introduced

electrochemically controlled PL will find significant applications in future chemical and bio-optical sensors as well as optical modulators/switches.
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he 2H MoS, is an indirect band gap
Tsemiconductor with an energy gap of

~1.2 eV in its bulk form."? Owing to
its unique layered structure, 2H MoS, has
traditionally been used for various applica-
tions including photocatalysis, solid-state
lubrication,* hydrogen storage,® and in
lithium ion batteries.® In principle, the bulk
2H MoS, is composed of covalently bonded
S—Mo-S planes, which form 2D layers held
together by van der Waals forces."*” The
van der Waals forces are weak enough to
allow exfoliation to minimum resolvable
monolayers, through externally applied
forces. These monolayers show many inter-
esting properties such as enhanced charge
carrier mobility when placed in the vicinity
of highly permittive boundaries, mechanical
behavior along the plane that is different
from their bulk counterparts and high sur-
face-to-volume ratio for sensing applica-
tions."?#~ "> It has been shown that the
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band gap of relatively large flakes of 2D MoS,
increases with decreasing crystal thickness
below 100 nm and eventually reaches
~1.9 eV for a monolayer.'® Simultaneously,
the band gap also changes from indirect to
direct due to the hybridization between
p, orbitals of S atoms and d orbitals of Mo
atoms.'® Such an indirect-to-direct band
gap transition leads to a strong photolumi-
nescence (PL) effect in monolayer MoS,.
More recently, a new optical phenomenon
has been demonstrated by Stengl and
Henych where 2D MoS;, nanoflakes with
small lateral dimensions produce strong
luminescence under UV light, which has
been associated with the quantum confine-
ment effect across the 2D planes.'”” Due to
such characteristics, 2D MoS, flakes demon-
strate distinguishing features in striking
contrast to their bulk counterpart and are
attractive for developing high-performance
optical devices including optical sensors,
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optical modulators, solar cells, and light-emitting
diodes (LEDs).! The key for developing future applica-
tions of 2D MoS, and other transition metal dichalco-
genides in general is to find different ways of controlling
their physical properties. In particular, the focus of this
paper is to offer a means to electrochemically control
their PL on demand.

Applying changes to the surrounding electric field
distribution has been shown to be an efficient method
to modulate and ultimately gate the 2D MoS, band
structure and hence its luminescent properties. Lumi-
nescence of 2D MoS, can be electrically altered and
gated with large applied voltages.'®'® As a result, by
applying a high electric field, it is possible to adjust and
modulate the PL."® This effect is ascribed to the inter-
action of excitons with charge carriers due to the
phase-space-filling effect. Furthermore, PL in 2D MoS,
can be adjusted by pumping circularly polarized
light2*2' Additionally, it is known that the PL of
stratified MoS, can be tuned by altering the number
of stacked monolayers, hence providing a base for their
active control.'®*? However, it is practically a signifi-
cant challenge to reversibly place the exfoliated mono-
layers in-registry atop each other.

It is recognized that ion intercalation modulation is
an efficient way to change the band structure of bulk
MoS,. The electronic structure of MoS,; can be electro-
chemically tuned, and indeed, there is vast literature on
the electrochemical intercalation of bulk MoS,.5%
There are also recent reports demonstrating the elec-
trochemical transduction modulation in field effect
transistors based on 2D MoS,.2+?

In this work, we hypothesize that electrochemical
means, which operate based on the diffusion of inter-
calating ions using applied voltages against a refer-
ence electrode, can be employed to tune the PL in 2D
MoS,. This facile method is used for actively control-
ling/modulating the PL in liquid-phase-exfoliated 2D
MoS, nanoflakes by electrochemical intercalation/
deintercalation of Li*, Na*, and K" ions. These ions
are selected as it is known that they play vital roles in
living cells®® as well as many optical systems.?” We
show how these intercalated ions modify the crystal
phase and electronic band structures of 2D MoS,,
eventually resulting in the loss of the material's semi-
conducting properties due to the emergence of a
metallic phase. In particular, the theoretical calcula-
tions are demonstrated and discussed for the opera-
tion principle of Li* ion intercalation, the changes in
the band structure, and consequently the PL.

RESULTS AND DISCUSSION

Synthesis and Characterization of 2D MoS, Nanoflakes.
Many investigations regarding the optical properties
of 2D MoS, employ mechanical exfoliation techniques,
which can produce high-quality planar MoS, crys-
tals."®'3%2 The low yield is the major disadvantage of
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these mechanical techniques, realistically preventing
their use in large-scale fabrication of a MoS,-based PL
system."2?822 Vapor synthesis techniques have been
proposed to tackle this issue, though they require high
processing temperatures (700—1000 °C) incompatible
with broadly available integrated circuit fabrication
processes.3®3! In addition, the nanostructured MoS,
film matrix necessary to ensure effective interaction
with photons and consequently high intensity mod-
ulation in an optical system is generally not possible
using vapor synthesis techniques.

Liquid-phase exfoliation techniques, however, offer
routes to practical mass synthesis of 2D materials at
relatively low temperatures.®*2~3° Early liquid-phase
exfoliation techniques mainly involved the ion-assisted
exfoliation processes, which are generally time-
consuming, sensitive to environment, hazardous, and
embed impurities."**¢ Coleman et al. proposed the
liquid-phase exfoliation of 2D MoS, flakes in an appro-
priate organic solvent with the aid of sonication.>’ This
method yields large quantities of 2D MoS, flakes made
of several monolayers demonstrated to produce mod-
erate to strong PL.?® It should be considered that the
2D MoS, flakes obtained in liquid-phase intercalation
processes are generally small in lateral dimensions.
Subsequently, their optical properties should be fully
studied to ensure correct data are obtained.

The 2D MoS, nanoflakes used here are prepared
using a grinding-assist liquid-phase exfoliation tech-
nique similar to that reported by Yao et al.3? Details are
presented in the Methods section. In brief, the com-
mercial MoS, powder is mechanically ground with the
N-nethyl-2-pyrrolidone (NMP) solvent and processed
with high-power sonication. The supernatant contain-
ing 2D MoS, nanoflakes is collected after centrifuga-
tion. Atomic force microscopy (AFM) is used for
assessing the lateral dimensions and thicknesses of
these 2D MoS, layers. As can be seen in Figure 1a,b,
a clear step of ~3.6 nm (corresponding to 5—6
monolayers of MoS,) can be observed in a typical 2D
liquid-exfoliated MoS, flake with large lateral size of
~50—100 nm. However, the lateral dimensions of
these 2D nanoflakes are generally found to be less
than 80 nm with the majority in the 10 to 40 nm region.
The lateral distribution of the nanoflakes is shown in
Figure 1c. It is also seen that the 2D nanoflakes have
various thicknesses, but the majority consists of 2 to 7
monolayers (Figure 1d and Supporting Information
Figure S1).

The crystal structure of these 2D nanoflakes is
investigated using the X-ray diffraction (XRD) system,
while the MoS, powder is used as the reference. From
the XRD pattern shown in Figure 1e, it can be observed
that both the 2D MoS, nanoflakes and bulk powder are
identified as 2H MoS; with a dominant peak appearing
at 14.4°, reflecting the (002) plane (ICDD card no.
77-1716). Interestingly, the exfoliated 2D nanoflakes
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Figure 1. Characterization of 2D MoS, nanoflakes. (a) AFM image of a typical 2D MoS, flake. (b) Height profile along the green
line overlaid on the image. (c) Lateral size of the 2D nanoflake distribution. (d) Thickness distribution of the 2D nanoflakes.
(e) XRD patterns of 2D MoS, flakes and bulk powders both drop-casted onto FTO substrates (peaks correspond to [*] 2H MoS,
and [A] FTO). (f) Raman spectra of bulk MoS, powder (black line) and 2D MoS; nanoflakes (red and blue lines), indicating both
E}g and A4 Raman modes. (g) HRTEM image of a sample area of a 2D MoS, nanoflake and (h) its corresponding SAED pattern.

are found to have enhanced planar crystal structure in
comparison to that of bulk counterpart, due to the
relative increase in the peak intensity corresponding to
the (002) plane.

Raman spectroscopy is also utilized here to further
investigate the crystal structure and thickness of the 2D
MoS, nanoflakes. From Figure 1f, two distinguished
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Raman peaks can be found at ~384 and ~406 cm ™" for
the MoS; nanoflakes, corresponding to in-plane (E}g)
and vertical plane (A, ) vibrations of Mo—S bonds in 2H
MoS,, respectively.3>8 By normalizing both the Raman
spectra taken from the bulk powder and nanoflakes
with the Ejq mode, it is found that the 2D nanoflakes
have a smaller Raman shift difference between E34 and
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Figure 2. Optical and PL properties of 2D MoS, nanoflakes.
(a) Absorbance spectrum of 2D MoS, nanoflakes (insets are
the optical image of a liquid-exfoliated MoS; suspension in
NMP solvent and its zoomed in region of the same spectrum
showing two absorption peaks at 609 and 668 nm). (b) PL
spectra of 2D MoS, nanoflakes at different excitation wa-
velengths (300, 400, 500, and 600 nm).

A,y modes (A = ~22 cm ™) in comparison with A =
~26 cm ™' from their bulk counterpart. Using informa-
tion provided by Li et al.*® the Raman spectra indicate
that the thicknesses of 2D MoS, nanoflakes are mostly
less than 5 monolayers (<~3.5 nm) based on the
frequency shift of the A;q Raman mode, which is
consistent with the AFM measurements (Figure 1d).

The crystal structure of MoS, is also revealed by
using high-resolution transmission electron micro-
scopy (HRTEM). Figure 1g shows the HRTEM image of
a sample area of a 2D MoS, nanoflake. A lattice fringe
spacing of 0.27 nm is identified in this image, which
corresponds to the (100) lattice plane. The HRTEM
images of the edges of flakes, such as the one pre-
sented in Figure S2, confirms the presence of perfectly
2D structures with the number of layers less than 5—6
monolayers. Figure 1h depicts the selected area elec-
tron diffraction (SAED) pattern of this region, which is
indexed to the near perfect planar 2H MoS,.

Optical Properties of 2D MoS, Nanoflakes. The superna-
tant containing a high concentration of 2D MoS,
nanoflakes appears to be amber in color, as shown in
the inset image in Figure 2a. The detailed optical
properties of the nanoflakes are studied by measur-
ing their UV—vis—NIR absorption spectra (Figure 2a).
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The weak absorption peaks at 609 and 668 nm are
ascribed to B and A excitonic peaks, respectively,
arising from the K point of the Brillouin zone in 2D
MoS, with large lateral dimensions.'® The weak fea-
tures of these peaks are due to the small concentration
of the relatively larger 2D flakes in the suspension (as
evidenced in Figure 1c). In addition to these two weak
peaks, an obvious broad peak centered at ~400 nm is
observed. There is also a less prominent shoulder seen
at 500 nm. It has been suggested that the optical
absorption of low-dimensional or quantum dot MoS,
exhibits a strong blue shift when the lateral dimensions
of the MoS, nanostructures are reduced to <50 nm,
ascribed to the quantum size effect3°*? As the
majority of our 2D flake sizes are within 10—40 nm
range (Figure 1c), their optical absorption peaks should
also be blue-shifted. In addition, the broad absorption
peak below 350 nm can be assigned to blue-shifted
convoluted Z, C, and D excitonic peaks as suggested by
several researchers,*0~*2

The PL spectra using fluorescence spectroscopy at
four different excitation wavelengths of 600, 500, 400,
and 300 nm are measured to provide a comprehensive
view of the PL properties of the 2D nanoflakes. While
no obvious emission peak is observed at the excitation
wavelength of 600 nm (inset in Figure 2b), two weak
peaks at ~610 and ~661 nm can be seen (inset in
Figure 2b) when the excitation wavelength is 500 nm.
It is well-known that the observed peaks are mainly
from the direct band gap hot PL from the K point of the
2D MoS, flakes with the large lateral dimensions.'®
However, when the excitation energies are larger (at
lower wavelengths of 400 and 300 nm), a strong broad
peak centered at ~420 nm and a weaker shoulder at
530 nm appear. In this case, the characteristics of these
PL peaks are similar to those of MoS, quantum dots or
liquid-exfoliated 2D MoS, with small lateral dimen-
sions, which are ascribed to the strongly blue-shifted
hot PL from the K point.'”?° Some comparable results
are recently presented by Stengl and Henych, who
carefully studied such a phenomenon.'” Similarly, they
obtained 2D MoS, nanoflakes of various lateral dimen-
sions, with the mean value of ~30 nm, using liquid-
phase exfoliation techniques. They showed that the
increase in the excitation wavelength from 350 to
550 nm red-shifted the luminescent peaks from nearly
440 to 600 nm due to the polydispersity of the nano-
flakes. Interestingly, similar phenomena were observed
in our nanostructured MoS, film consisting of 2D
nanoflakes under the excitation of the light sources
with various wavelengths (Figure S3).

Active Control of the PL in 2D MoS, Nanoflakes and the
Characteristics. The confirmation of the aforementioned
optical characteristics of the 2D MoS, nanoflakes at
multiple excitation wavelengths provides a preliminary
base for understanding the fundamentals of the
PL generated by our 2D MoS, nanoflakes. Here we
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Figure 3. Active control of PL in the 2D MoS, nanoflakes. PL
images of the nanostructured MoS, film at the intercalating
voltages of (a) 0V, (b) -2V, (c) -4V, (d) -6V, () -8V,
(f) =10V, and (g) —12 V. (h) In situ PL intensity change of a
selected area “1” in the MoS, film under different intercalat-
ing/deintercalating voltages of +2, +4, +6, +8, £10, and
+12 V in the 0.1 M LiClO, solution (blue line) at the step
duration of 60 s, while a selected uncoated area “2” within
the substrate area is chosen as the reference (red line).

demonstrate that upon the intercalation/deintercala-
tion of Lit, Na™, and K ions the PL intensities can be
effectively tuned. In order to establish the system for
investigating the interaction with ions, the 2D MoS,
supernatant was drop-casted onto conductive fluorine-
doped tin oxide (FTO) substrates to obtain nanostruc-
tured thin films with the thicknesses of ~1 um.
Epifluorescence microscopy, with the specific area se-
lection specificity, was utilized for in situ measurement
of the PL intensities of the films, while the PL intensity
of the uncovered substrate was used as the reference.
The microscope operated at a blue excitation light
source covering the wavelengths ranging between
400 and 500 nm (the detailed schematic of experimental
setup is shown in Figure S4).

The Li* ion intercalation is presented in detail.
During the intercalation process, an external voltage
is applied across the working cathode (FTO coated with
the 2D MoS, nanoflake film) and the counter electrode
(Pt). It is known that, in bulk MoS,, this leads to the
intercalation of the x quantity (0 < x < 1) of Li” ions and
injection of an equal quantity of electrons (e”) into
MoS,.2® This double intercalation/injection of charges
results in the formation of Li,MoS,, hence leading to
the modification of their original crystal phase (from
trigonal prismatic 2H to octahedral 1T phase) and
electronic band structures.>>** Conversely, when the
polarity of the applied voltages is reversed, Li* ions are
deintercalated, which leads to the restoration of the
initial crystal phase and electronic band structures (this
will be further discussed in a later section).

The intercalation is investigated using voltages
from —2 to —12 V in —2 V steps and duration of 60 s
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(Figure 3a—g). The dynamic response of the PL in a
specific area (annotated as “1") of the MoS, film at
different intercalating/deintercalating voltages is pre-
sented in Figure 3h. It can be seen that there are only
small PL modulations at the applied voltages of —2 and
—4 YV, possibly due to insufficient electric field force for
inserting Li* ions into MoS.. Interestingly, at —6 V, a
significant PL modulation of ~61% at a short response
time of ~4 s is observed (definition of PL modulation,
response and recovery time, as well as reversibility are
presented in Supporting Information). Decreasing the
intercalating voltage further results in a larger PL
modulation, while the response time remains below
20 s. The complete quenching occurs at the intercalat-
ing voltage of —10 V in which the PL intensity of the
nanostructured MoS, film is lower than that of the
reference substrate. For intercalating voltages of <—10V,
the PL modulation does not increase further and
the response time is prolonged to >20 s. This possibly
indicates that a significant amount of the intercalated
Li* ions are trapped in the sites close to the MoS,/
electrolyte interface, instead of being diffused deeper.
In addition, the overall recovery kinetics at different
deintercalating voltages are excellent as their recovery
time are less than 40 s with a reversibility larger
than 0.9. It is noted that there is a sudden drop in the
PL intensity during the application of a deintercalating
voltage of +6 V. Possibly some of the stacked 2D flakes
from the MoS; film are detached in the presence of the
moderate electric field force.

In addition to Li™ ions, Na™ and K* ions are also
used as for electrochemically controlling the PL of
2D MoS; nanoflakes. As seen from Figure 4a—c and
Figure S5, the PL modulation starts from —4 V for both
Na® and K' ion intercalation similar to the Li" ion
intercalation case. For Na* ions, the optimum intercalat-
ing voltage is found to be at —8 V, where ~65% PL mod-
ulation is achieved with a small response and recovery
time of ~10 and ~20 s, respectively. It is found that the
PL modulation induced by K* ion intercalation is only
up to ~40% at an optimum intercalating voltage
of —10 V, which is only half in comparison to that of
Li™ ions, possibly due to their slow diffusivity owing to
their relatively larger dimension (Figure 4a—c and
Figure S5). Despite the reduction of PL modulation, it
demonstrates relatively short response and recovery
time, which both are under ~10 s when the intercalat-
ing voltages are smaller than —12 V. It is observed that
the recovery time is dramatically increased to ~40 s at
—12V, which is probably due to the deep entrapments
of ions in the MoS, structure at such voltages.

The PL modulations of the 2D MoS, nanoflakes can
be directly ascribed to the ion intercalation into the
MoS, crystal structure. For case of the Li* ions, it is
suggested that the intercalated Li" ions are weakly
bonded to the S atoms of the MoS, layers and placed in
the van der Waal's gap between the MoS, planes when
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Figure 4. Active control of PL in the 2D MoS, nanoflakes
using different ions. Comparison of (a) PL modulations, (b)
response time, and (c) recovery time of the nanostructured
MoS, film after Li*, Na*, and K™ ion intercalation (B-spline is
used for the graphs).

more than one monolayer exists.>>** For such a multi-
ple layer system, this results in the lattice expansion
and a decrease in the overall van der Waals forces
between the planes, as illustrated in the inset of
Figure 5a.2** It has been suggested that high con-
centration of these intercalating Li™ ions eventually
forces the transition of the MoS, crystal from stable
hexagonal semiconducting phase (2H phase) to a
metastable metallic phase (1T phase).?**~*8 Such a
phase transition can be evidenced by X-ray photoelec-
tron spectroscopy (XPS) measurements shown in Fig-
ure 6. According to Figure 6a—c, Mo3ds,,, Mo3ds,,, S2s,
S2p;,5, and S2ps,» peaks can be observed at 232.5,
229.3,226.5, 163.7, and 162.2 eV, respectively, indicat-
ing the dominant 2H MoS; phase in the crystal struc-
ture of pristine 2D MoS, nanoflakes.*® After Li* ion
intercalation at —10V, new peaks at 230.9 and 227.7 eV
for Mo and 162.8 and 161.3 eV for S can be found at
lower binding energies in comparison with those of
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2H phase peaks (Figure 6e,f). These new peaks can be
identified as 1T phase peaks, which suggests that a
large portion of the 2D MoS, flakes undergoes a phase
transition to a metastable phase, where the coordina-
tion of Mo atoms becomes octahedral (1T phase) upon
Li* ion intercalation.*® However, the peaks represent-
ing the 2H phase can still be observed after the inter-
calation process, indicating the coexistence of 1T and
2H phases in the crystal structure of intercalated
material. Such a 2H — 1T phase transition can be one
of the main reasons that contribute to the PL quench-
ing of 2D MoS; nanoflakes, as the 1T phase appears to
be metallic?®*® It is also noticed that a small peak
appears at 236.0 eV (Figure 6e), corresponding to Mo®"
3ds/5, which is a common characteristic for Li™-inter-
calated MoS, possibly due to the oxidation of a very
small portion of MoS,.>° The deintercalation process of
Li* ions results in the near full restoration of the 2H
phase crystal structure in 2D MoS, nanoflakes, with less
than 15% of 1T phase and a very small portion of
residual Li* ions remaining within the overall crystal
structure (Figure 6g—i).

First principles calculations are used for assessing
the changes of the spacing between the layers and
alteration of the band structure at various degrees of
ion intercalation. It is important for the readers to
consider that the simulations do not include the
quantum confinement effect. They rather show the
alteration of the layer spacing and electronic structure
in an ideal 2D MoS, system after the intercalation.
Additionally, the incorporation of the quantum con-
finement effect in such calculations is beyond our
current computational capabilities. The calculations
are conducted on both 2H and 1T MoS; bilayer systems
upon Lit ion intercalation as a close representative to
the measurements. As expected, the intercalation of
Li* ions increases the distance between the two 2D
MoS, planar monolayers forming Li,MoS, for both
crystal phases. For the 2H phase, the interlayer distance
(d) rapidly increases from ~3.1 A for pristine MoS,
bilayer to ~3.4 A for Lig 125M0S,, as shown in Figure 5a.
As the concentration of intercalated Li* ions increases,
d keeps increasing but at a much slower rate, and
finally, the spacing reaches ~3.5 A for LigsMoS,. By
taking account of the 2H — 1T crystal phase transition
into the calculation, there is a rapid jump of d from ~3.0
to 3.5 A at the mild Li* ion intercalation level (1T
Lio.12sMo0S,). However, afterward, d is continuously
reduced and eventually reaches ~3.3 A for 1T Ligs.
MoS,. The increases in the interlayer distances in both
2H and 1T cases affect the electronic band structures of
the corresponding intercalated compounds, which will
be discussed later (Figure 5b).

Characterizations are conducted to assess the inter-
calation of ions into 2D MoS,. For brevity, the measure-
ments are limited to Li* ion intercalation. In order to
monitor the effects of Li™ ion intercalation in time into

VOL.7 = NO.11 = 10083-10093 = 2013 ACS\JA

J

WL

N

Na

WWwWW.acsnano.org

10088



N

"N

Energy (eV)
- o

R

%

2

I WARYLY

3
Bilayer MoS /
28 . oray 2 . 4
0 0.1 0.2 03 04 05 T K M T K M T K M r
xin Li MoS,

Figure 5. DFT calculations for a bilayer 2D MoS, nanoflake before and after Li* ion intercalation. (a) Schematic of lattice
structure of layered MoS, upon Li* intercalation in bilayer 2H and 1T MoS, as well as the change in the spacing between the
two planes upon the Li* intercalation at different amounts. (b) Calculated electronic band structures of bilayer (left) pristine
MoS,, (middle) 2H Liy sMoS,, and (right) 1T Liy sMoS,. The Fermi level is set to zero in each case.

Mo3d, ,

o
o
(2]

Mo3d,

Count (a. u.)
Count (a. u.)

Count (a. u.)

60 58 56 54 52 240 237 234 231 228 225 222 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV) Binding energy (eV)

o
(1]

Lils

Count (a. u.)
Count (a. u.)

80 58 56 54 52 240 237 234 231 228 225 222 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV) Binding energy (eV)

«
=

Count (a. u.)
Count (a. u.)
Count (a. u.)

60 58 56 54 52 240 237 234 231 228 225 222 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6. Characterization of 2D MoS, nanoflakes after Li" ion intercalation and deintercalation. XPS spectra of the elements
of (a) Li, (b) Mo, and (c) S in 2D MoS, nanoflakes before Li* ion intercalation. (d—f) Aforementioned elements in 2D MoS,
nanoflakes after Li* ion intercalation, where the blue and green lines represent the 2H and 1T phase, respectively. (g—i) Three
elements in 2D MoS, nanoflakes after Li" ion deintercalation.

the 2D MoS, nanoflakes, in situ Raman spectroscopy is
used. Figure 7a shows that both E}Q and A;4 Raman
modes are observed to shift to the right, indicating an
increase in the vibration frequency, with respect to the
initial Raman spectrum. The shift in A;4 mode, corre-
sponding to vertical plane vibrations of Mo—S bonds, is
observed to be much larger than that of Ejy mode,
which represents the in-plane vibrations. The peak shift

WANG ET AL.

observed in the Raman spectrum can be related to the
strain introduced in the lattice and the effect of
increased van der Waals forces from the intercalating
Li* ions suppressing the vibrations of Mo—S bonds.>°
This also explains the increased stiffening of the ver-
tical vibration modes compared to the in-plane vibra-
tions.”® In addition, there is a significant reduction
in the intensities of both Raman modes for the

ACRTARNTS
VOL.7 = NO.11 = 10083-10093 = 2013 A@L%{k)

WWwWW.acsnano.org

10089



— Before Li*
— After Li*

E;, (384)

A, (406)

Intensity (a. u.)

S -

=p

Absorbance (a. u.)

400 425

Raman shift (cm™)

375

450 550

650 700 750 800

Wavelength (nm)

600 850

Figure 7. Characterization of 2D MoS, nanoflakes after Li* ion intercalation. (a) In situ Raman spectra of 2D MoS, nanoflakes
before and after Li" intercalation at an intercalating voltage of —10 V. (b) In situ absorbance spectra of large 2D MoS,
nanoflakes at the intercalation voltages of 0, —2, —4, —6, —8, —10, and —12 V.

intercalated MoS, Raman spectrum compared to
that of the pristine 2D MoS, nanoflakes, indicating
the crystal transformation from original 2H MoS, into
intercalated Li,MoS, (x < 0.5). Furthermore, the
E;Q mode is significantly broadened in comparison
to the A;y mode after the intercalation of Li"
ions, further confirming the presence of Li,MoS,
(x<0.5).2

While the vibrational properties of the 2D MoS,
crystal structure is confirmed to be altered by the Lit
ion intercalation, the concomitantly injected electrons
during the intercalation process behave as Drude-
model-like free electrons and eventually enter into
the MoS, band structure, producing the additional
electronic states.? Such additional electronic states in
both intercalated 2H and 1T crystal phases are there-
fore believed to be another main reason to cause the
PL quenching of 2D MoS, nanoflakes.

In order to verify the aforementioned hypothesis,
in situ absorbance measurements are conducted. In
these experiments, only MoS, A (~668 nm) and B
(~609 nm) excitonic peaks are investigated by focus-
ing on the behavior of flakes with relatively large lateral
dimensions, as their alterations can be well-described
using the first principles calculations. While the major-
ity of PL generated by our 2D materials is due to the
quantum confinement effect of 2D flakes with small
lateral dimensions, such a measurement and relevant
theoretical discussions are still mostly applicable. This
is due to the fact that the peaks of the smaller flakes are
also the same A and B excitonic peaks, which are blue-
shifted. From Figure 7b, it can be seen that both
absorbance resonance peaks are gradually suppressed
with the increase of the intercalating voltage, and there
is a slight red shift in both peaks when the intercalating
voltage is smaller than —6 V. Both phenomena suggest
that the electronic band structure of 2D MoS, is
modified upon the Li* ion intercalation.?® This manip-
ulation of electronic structure can be, in principal,
observed in the first principle calculations shown
in Figure 5b for the bilayer structure with both
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intercalated 2H and 1T crystal phases. For the case of
the intercalated 2H phase, the calculated structures
demonstrate that Li* ion intercalation causes a down-
shift of the conduction band due to the existence of
additional electronic states. These states are formed by
the concomitantly injected electrons during the inter-
calation process, producing metallic Li,MoS,. For the
1T crystal phase, in addition to the concomitantly
injected electrons similar to the 2H phase case, the
other origin of this phenomenon can be ascribed to
the presence of Mo4d state, forming a band that
hosts the Fermi level.***® Both cases indicate that
the bilayer MoS, exhibits a semiconductor-to-metal
transition upon the Li* ion intercalation, which
represents the key to cause the PL quenching of 2D
MoS, nanoflakes.

CONCLUSION

A facile and reliable approach was introduced to
actively control the PL in the liquid-phase-exfoliated
2D MoS; nanoflakes by electrochemically manipulat-
ing the amount of intercalating Li™, Na*, and K™ ions
into the MoS, crystal structure. This kind of controlling
process was demonstrated to allow for large PL mod-
ulations, short response and recovery times, as well as
excellent reversibility. The intercalations of these ions
led to the lattice expansion in MoS, as well as the
transformation of a significant portion of the crystal
from originally 2H into 1T crystal phase. This conse-
quently resulted in the alternation of the electronic
band structure, exhibiting a semiconducting to metal-
lic state transition, which contributed to the PL
quenching. We also demonstrated that the 2H MoS,
crystal phase was almost restored after the deinterca-
lation of ions.

This reversible controlling approach will provide a
viable solution to develop a high performance and
practical nanostructured PL system based on 2D MoS,
with active controllability. The demonstrated phenom-
enon can also play an important role in developing
highly sensitive photoelectrochemical sensors as well

VOL.7 = NO.11 = 10083-10093 = 2013 ACS\JA

J

WL

N

Na

WWwWW.acsnano.org

10090



as high-performance optical modulators and solar
cells. Additionally, this controlled PL will also offer great

METHODS

Two-Dimensional MoS, Nanoflake Preparation and Characterization.
One gram of MoS, powders (99% purity, Sigma Aldrich) was
added to 0.5 mL of NMP (99% anhydrous, Sigma Aldrich) in a
mortar and ground for 30 min. The mixture was placed in a
vacuum oven to dry overnight at room temperature, then was
collected and redispersed into a 10 mL NMP solvent. The
solution was probe-sonicated (Ultrasonic Processor GEX500)
for 90 min at the power of 125 W, and the supernatant contain-
ing 2D MoS,; nanoflakes was collected after being centrifuged
for 45 min at the speed of 4000 rpm. Lateral dimensions and
thickness of these 2D nanoflakes were measured using AFM
(Bruker Multimode 8 with PF TUNA). Their crystal structure was
characterized using XRD (Bruker D8 DISCOVER), HRTEM (JEOL
2100F), and Raman microscopy (Horiba TRIAX 320 spectrometer
fiber coupled to an Olympus BX41 confocal microscope with
532 nm 90 uW excitation). XPS measurements were performed
on a VG-310F instrument using Al non-monochromated X-rays
(20 kV, 15 mA) with the hemispherical energy analyzer set at a
pass energy of 20 eV for the peak scans. The absorbance spectra
of the 2D nanoflakes were examined using a spectrophoto-
metric system consisting of a Micropack DH-2000 UV—vis—NIR
light source and an Ocean Optics HR4000 spectrophotometer.
The PL spectra of the 2D nanoflakes were obtained from a
Perkin—Elmer LS 55 luminescence spectrometer at multiple
excitation wavelengths of 300, 400, 500, and 600 nm.

Active Control of PL in 2D MoS, Nanoflakes. One hundred micro-
liters of the MoS, supernatant was drop-casted onto a con-
ductive FTO substrate with the exposed area of ~0.5 cm? at
~60 °C. Various voltages ranged from +2 to 12 V were applied
across a two-electrode configuration via a DC power supply
where the cathode was connected to the drop-casted nanos-
tructured MoS, film on FTO and the anode was a Pt wire. The
electrolytes were 0.1 M LiClIO,4 (98% purity, Sigma Aldrich), 0.1 M
NaClO,4 (98% purity, Sigma Aldrich), or 0.1 M KPF¢ (98% purity,
Sigma Aldrich) in polypropylene carbonate (97% anhydrous,
Sigma Aldrich). The PL intensities of the 2D nanoflakes were
measured using a Nikon epifluorescence microscope with a
blue excitation light source covering the wavelengths between
400 and 500 nm.

Computational Methods. The first principles calculations were
performed within the framework of density functional theory
(DFT) using the Vienna Ab initio Simulation Package.®
The generalized gradient approximation of Perdew—Burke—
Ernzerhof form was used to describe the exchange-correlation
functional.®' The core and valence electronic interactions were
modeled through projector-augmented wave potentials.>* The
electrons in 15%2s’, 4p®5s'4d°, and 2523p” states were treated as
valence electrons for Li, Mo, and S, respectively. The kinetic
energy cutoff of 600 eV and a 21 x 21 x 1 I'-centered mesh for
sampling Brillouin zone of the bilayer MoS, unit cell were used
to ensure the variation in total energy is less than 1 meV/atom.
Optimized lattice parameters were obtained by allowing cell
vectors and ionic positions to fully relax until the Hellmann—
Feynman forces were less than 0.01 eV/A. For accurate band
structure calculations, a 45 x 45 x 1 I'-centered mesh was used
for sampling the Brillouin zone. Finally, since the standard
generalized gradient approximation does not include weak
dispersion interactions,®® Grimme's DFT-D2 energy correction
method was employed to correctly describe interlayer van der
Waals interactions.>*>> With this correction, the obtained inter-
layer distance in pure bilayer MoS, was 3.08 A, in close agree-
ment with experimentally measured value of 2.985 A.> To study
the effect of Li* ion intercalation, a 2 x 2 bilayer supercell was
considered for both 2H and 1T MoS, polytypes. Li* ions
were sequentially introduced in the low-energy octahedral
binding sites, and the intercalated bilayer structure was again
optimized.

opportunities for the development of optical displays
and switches at relevant wavelengths.
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