
YADGAROV ET AL. VOL. 8 ’ NO. 4 ’ 3575–3583 ’ 2014

www.acsnano.org

3575

March 26, 2014

C 2014 American Chemical Society

Dependence of the Absorption and
Optical Surface Plasmon Scattering of
MoS2 Nanoparticles on Aspect Ratio,
Size, and Media
Lena Yadgarov,† Charina L. Choi,‡ Anastasiya Sedova,† Ayala Cohen,§ Rita Rosentsveig,† Omri Bar-Elli,^

Dan Oron,^ Hongjie Dai,‡ and Reshef Tenne†,*

†Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100, Israel, ‡Department of Chemistry, Stanford University, Stanford,
California 94305-5080, United States, §Department of Materials Engineering, Ben Gurion University, Beer Sheva, Israel, and ^Department of Physics of Complex
Systems, Weizmann Institute of Science, Rehovot 76100, Israel

T
he first inorganic compounds to ex-
hibit fullerene-like (denoted IF) struc-
tures and nanotubes (INT) were

the layered metal dichalcogenides MX2
(M Mo/W; X S/Se).1,2 The large-scale synthe-
sis of IF-MS2 nanoparticles (NPs)3,4 and
WS2 nanotubes5 led to a considerable
amount of research related to the struc-
tural, mechanical, optical, and electronic
properties of these nanomaterials. These
studies have demonstrated numerous ap-
plications, most notably their use as solid
lubricants.
A recent surge of interest in layeredmetal

dichalcogenides has provided evidence for
high field-effectmobility6 and luminescence7

in easily exfoliated8 single-layer MoS2. These
remarkable results caused a renewed interest
in inorganic layered nanomaterials, including
INT and IF. For example, unzippingWS2nano-
tubes results in few-layer WS2 flakes with
many active edge sites for hydrogen evolu-
tion catalysis.9

The IF nanostructures consist of 30�40
concentric MS2 shells and have an average
size of 70 to 200 nm (depending on the
synthetic conditions). Transmission and
scanning electron microscopy (TEM and
SEM) analyses reveal that the IF-MoS2 NPs
deviate from a perfect spherical shape and
in fact are somewhat oblate (see Figure 1).
Both MoS2 and WS2 are semiconductors

with an indirect band gap of approximately
1.210 and 1.3 eV,11 respectively. The IF/INT-
MS2 NPs were shown to preserve their bulk
semiconducting behavior.12,13 However,
as a result of intrinsic defects in the MoS2
layers, new energy states appearing within
the band gap of the semiconducting MoS2
may arise.14 These minor defects and dis-
locations in the NP lattice can induce excess
charge carriers which are trapped at theMS2
nanoparticle surface, particularly in suspen-
sions where different redox species may
lead to extra charges residing at these sur-
face sites. The charge carriers on the surface
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ABSTRACT The optical and electronic properties of suspensions of

inorganic fullerene-like nanoparticles of MoS2 are studied through light

absorption and zeta-potential measurements and compared to those of

the corresponding microscopic platelets. The total extinction measure-

ments show that, in addition to excitonic peaks and the indirect band

gap transition, a new peak is observed at 700�800 nm. This spectral

peak has not been reported previously for MoS2. Comparison of the

total extinction and decoupled absorption spectrum indicates that this

peak largely originates from scattering. Furthermore, the dependence

of this peak on nanoparticle size, shape, and surface charge, as well as solvent refractive index, suggests that this transition arises from a plasmon resonance.
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should induce charged colloidal behavior of the MS2
nanoparticles in solutions.
The effect of excess charge carriers on theNP surface

can be analyzed using zeta-potential (ZP) measure-
ments.15 However, it is important to note that ZP
measurements are suitable mostly for round particles.
Thus, in the present work, the ZP measurements are
limited to the IF nanoparticles and they are not com-
pared to a bulk counterpart (i.e., microscopic 2H-MoS2
platelets). Here, 2H stands for a unit cell with hexagonal
symmetry consisting of a repeat unit made of two
MoS2 layers with honeycomb structure.
The shape and size of NPs have a distinct effect on

the resulting optical and electronic properties.16�21

Colloidal solutions of noble metal NPs like silver and
gold exhibit a very intense color, which is not present in
the bulk material or the individual atoms. This intense
color is attributed to absorption and scattering by
surface plasmons, in which collective oscillations of
the free carriers are induced by interactions with an
electromagnetic field.20

The theory developed by Mie22 considered the sur-
face plasmon resonance for spherical particles of differ-
ent sizes. Later, it was shown that the surface plasmon
absorption of gold NPs exhibits a red shift with increas-
ing NP size, while the bandwidth increases in the size
range above 20 nm.23�25 For large NPs, the extinction
cross section is reliant on higher-order multiple modes
in the Mie equation.22 Thus, the extinction spectrum is
dominated by quadrupole and octupole absorption as
well as by scattering.23,26,27 Since the higher oscillation
modes depend on the particle shape and size, the
plasmon absorption maximum is red-shifted and the
bandwidth increases with the NP size. The total extinc-
tion is then the superpositionof all contributingmultiple
oscillations peaking atdifferent energies. Recently, there
hasbeenagrowing interest in localized surfaceplasmon
resonance (LSPR) spectroscopy of doped semiconduc-
tor nanocrystals. This is a relatively newly discovered
phenomenon and serves as a clear optical signature
ofmobile charge carriers.28 Unlikemany othermethods,
studying LSPR phenomena allows the design of easy
and accessible setup for measurements of redox chem-
istry29,30 and photoelectrochemistry,31 sensing of crys-
tallographic phases,32 and more.

Quantum size effects of the IF-MoS2 NPs are minor
due to their large size (diameter is 70�200 nm). How-
ever, the optical properties of these NPs are affected
by strain (distortion of the bonds), with a distinct
red shift of the excitonic spectra for NPs relative to
the bulk material.13,33,34 In addition to the excitonic
peaks, we show here that an additional transition at
∼700�800 nm is observed in the total extinction
spectra of IF-MoS2 suspensions. Some of the methods
used to assign the observed peak to LSPR are size
dependence, sensitivity to the medium refractive in-
dex, interparticle coupling, and shape anisotropy ef-
fects (aspect ratio).28 Indeed, the observed non-
excitonic peak exhibits a significant red shift and broad-
ening with increasing NP size, surface charge, and sol-
vent refractive index and can be attributed to Mie
plasmon scattering. This is further supported by ZP
measurements, which confirmed that the IF NPs have
a distinct negative surface charge. In contrast to the IF
NPs, the (2H) MoS2 platelets do not show a distinguish-
able scattering peak, but rather a plateau.

RESULTS AND DISCUSSION

Figure 2a provides a direct comparison between the
UV�vis extinction measurement and the decoupled
light absorption spectrum of both IFs and platelets.
Clearly, the extinction peak at 730 nm (Figure 2a,
curve β) is primarily due to scattering rather than
absorption. In fact, a large scattering cross section
relative to the absorption cross section is expected
for large NPs of this size.29 The apparent scattering
peak at 730 nm is considerably red-shifted when
compared to the A exciton absorption (650 nm).13

The intensity of the A exciton should be lower or equal
to that of the B exciton;35 thus, the high intensity of the
lowest wavelength peak also indicates that it cannot
be assigned to an excitonic peak. The large intensity of
this scattering peak leads to a significant distortion in
the intensity and location of the exciton's peaks. These
observations support the attribution of this peak
(730 nm) to a surface plasmon resonance scattering
process, described by Mie in 1908.22

Originally, Mie developed his scattering theory22 for
metallic NPs with carrier density up to 1022 cm�3.
However, according to Luther et al.,36 a surface

Figure 1. SEM (left) and TEM (right) images of IF-MoS2 NPs.
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plasmon scattering peak in semiconducting NPs will
appear in the infrared region given electron or hole
carrier densities in the range of 1019�1022 cm�3. The
LSPR frequency dependence on free carrier density can
be estimated using equation 123 (note that the Drude
model and oblate shaped NPs are assumed here).

ω2
sp ¼ L

εm � L(εm � 1)
n 3 e

2

ε0 3m�
e

(1)

L1 ¼ g(r)
2r2

[
π

2
� arctan g(r)]� g2(r)

2
; ð1.2.1Þ

g(r) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � r2

r2
,

r
r2 ¼ 1� c2

a2

L2 ¼ L3 ¼ 1� L1
2

(1.2.2)

Here the frequency (ωsp) is 2.58 � 1015 Hz (730 nm,
Figure 2); the medium dielectric constant εm is set as
1.77 for water, and the effective mass of the free carrier
me

* is 0.45me
37 (me is the effective mass of a free elec-

tron); e is the electron charge, and ε0 is the permittivity
of free space. Assuming oblate shaped NPs, the shape
factors (L1,2) are derived as specified in equation 1.2.1
where a and c are the particle dimensions.38 Using the
measured LSPR frequency, the free carrier concentra-
tion (n) is estimated as ∼1021 cm�3. This estimation of
the carrier concentration is rather high, but one should
bear in mind the fact that the Drude model often
overestimates the carrier density for nanomaterials
and is not suited for accurate calculations.28

The free carrier density of unintentionally doped
INT-WS2

39 is 1019 cm�3. This large free carrier density
is possibly the result of the high-temperature synthesis
(ca. 840 �C) and reflects the higher volatility of the
sulfur atoms (sulfur vacancies). The reaction conditions
for the IF-MoS2 are similar to the above, and hence its
free carrier density is not expected to be lower. Re-
cently, it was shown that the intrinsic defects in the
MoS2 layers may induce new energy states within its

band gap.14 These dislocations and defects in the
lattice can induce excess charge carriers which are
trapped on the NP surface, especially when suspended
in solutions and in contact with redox species, such as
dissolved gases: OH� moieties, organic moieties, such
as HCO2

�, etc. Furthermore, the IF NPs likely havemany
more strain-related defects40 than the INT-WS2. When
all of the above are considered, the carrier density of
the IF is expected to be higher than that of the INT.
Another reason for high free carrier density of the IF
NPs could be the charge buildup which is induced by
the UV�vis light irradiation.28,41�43 It is noteworthy
that very high carrier concentrations have already
been observed in other colloidal systems. For instance,
like for the IF NPs, in ZnO semiconducting NPs, this
charge buildup resulted in an LSPR absorption band in
the NIR region.44 The excess electron concentration
deduced from the LSPR frequency is ∼1020cm�3, well
above the suggested Mott density (6 � 1018cm�3) of
ZnO.44 Thus, the calculated free carrier concentration
of IF NPs (1021 cm�3) is further confirmation that the
observed scattering peak is consistent with the assign-
ment of a surface plasmon.
The spectra presented in Figure 2 and the LSPR

calculation indicate that the Mie scattering mechanism is
also relevant to the IF-MoS2 NPs. The spectrum of the
highly anisotropic 2H platelets does not show a distin-
guishable scatteringpeak, but rather a (scattering) plateau
beyond 683 nm. The broad scattering of the platelet
suspensionmayarise fromvarious factors includinghighly
anisotropic structure, poor dispersion of the particles in
aqueous solution, extremely damaged and oxidized sur-
faces, and rapid agglomeration of the 2H-MoS2 platelets,
all contributing to the large inhomogeneity in the scatter-
ing process. The average size of the platelets inspected
here is about 2 μm. However, it is not improbable that
a more significant scattering effect may take place in
measurement of smaller (200�500 nm) platelets and in
particular in suspensions of exfoliated MoS2 nanoslabs.
The decoupled absorption spectrum (Figure a,

curve R) allows isolation of the excitonic absorption

Figure 2. (a) UV�vis and integrating sphere (Quantaurus-QY) spectra of IF-MoS2 (solid line) and 2H-MoS2 suspensions
(dashed line). The curvemarked asR is the decoupled absorptionmeasuredby the integrating sphereQuantaurus QY; β is the
extinctionmeasured by Cary-5000 UV�vis spectrometer. Excitons A and B of the IF are red-shifted compared to the platelets.
(b) Magnification of the excitonic peaks.Note that absorption spectrum (R) of the platelets (dashed line) in panel a shows some
absorption at∼800 nm. This peak is an artifact which accrues due to the poor distribution of the platelets in aqueous solutions.
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from the scattering peak. A closer view of these spectra
(Figure 2b) reveals that excitonic absorption transitions
appear red-shifted from the UV�vis extinction spectra.
The main reason for that shift is the convolution of
scattering and absorption processes in the UV�vis
extinction measurements. It is important to note that,
although the decoupled absorption measurement
provides the exciton's position quite precisely, there
is nevertheless a few nanometer measurement error,
due to the low contrast of the A exciton absorption
peak, as discussed below.45

In the early extinctionmeasurements of IF-MoS2 thin
films,13 scattering effects were largely diminished. How-
ever, a tailing of the extinction edge to lower energies
was observed and attributed to the large size and shape
distribution of the NPs. At present, with the availability
of more uniform IF samples,4,5 a more precise determi-
nation of the excitonic peaks and decoupling of the
absorption and scattering effects is possible in solutions
of these NPs. The A and B excitons of IF NPs are red-
shifted with respect to the 2H platelets (Table 1). The
red shift can be ascribed to the intralayer structural
strains.13,33,34,46�50 The 12 meV red shift of exciton A
compared to the 33meV shift of the B exciton indicates
that the latter is more sensitive to confinement and is
strongly perturbed by formation of the IF structure.33

It is important to note that, due to the large intensity
of the scattering peak, the estimation of the excitons'
location using the UV�vis spectra of the NP suspen-
sions is highly inaccurate (Figure 1, curve β). Interest-
ingly, when the absorbance spectrum is obtained
without the scattering distortion (Figure 1, curve R),
resolving the excitonic peaks becomes even more
challenging. The phenomenon of the excitonic peak
distortion and quenching is a result of the high free
carrier concentration of the NPs.28,51 For example, for
ZnO NPs discussed above, the excess electron concen-
tration is ∼1020 cm�3. Thus bound electron�hole
excitonic states cannot be sustained due to the high
dielectric screening.28,44 This occurrence clarifies the
excitonic band bleaching in the charged state of ZnO
NPs, a well-known occurrence.41,43 A similar phenom-
enon was recently observed for MoS2 monolayer,
where, due to the high doping density (∼1013 cm�2),
significant suppression of the excitonic peaks occurs.51

Note that this free carrier concentration for a single
MoS2 layer in these case corresponds to a bulk density
of about∼1.5� 1020 cm�3 (1013 cm�2/6.5� 10�8 cm)6

It was revealed that, as the electron doping increases,
the absorbance of the A exciton nearly disappears and
the A� feature is broadened.51 This was accompanied
by a small blue shift of the A exciton absorption peak.
The spin�orbit splitting (Δ) was estimated from the

difference in the peak positions of the A and B excitons
(Table 1) and was found to be Δ = 0.235 and 0.214 eV
for 2H- and IF-MoS2, respectively. This difference indicates
that the band curvature at the K-point is modified by the
structural strain33 in the IF NPs when compared to plate-
lets. Thevalueof the spin�orbit splitting is lower than that
observed in prior reports33,47 by ∼50 meV, which is attri-
buted to structural variations in different batches of
measured MoS2 and dissimilar measurements' setups.
The direct gap (Eg,dir) of MoS2 is split by the A and B

excitons47,48 and can be estimated by equation 2.50

Eg;dir ¼ EA þ ERyd (2)

where EA is the A exciton energy and ERyd = 0.042 eV is
the exciton Rydberg constant.52 The results of these
calculations are presented in Table 1 and are in good
agreement with previous experiments.50,53 The de-
crease of the direct band gap (Eg,dir) of the IF compared
to the 2H platelets is attributed to strain and confine-
ment effects.48

The indirect band gap was calculated as described
by Pankove54 using the absorption measurements
(Figure 2, curve R) and the following equation 3.

R ¼ A(hν � Eg)
2

hν
(3)

HereR is the absorption coefficient,A is a constant, and
Eg is the indirect band gap of the semiconductor. As
presented in Table 1, the calculated indirect band gap
of the IF NPs (1.24 eV) is higher than that of 2H platelets
(1.03 eV) but is similar to the one reported for a single
crystal (1.23 eV55). The low Eg value of the platelets can
be attributed to the inhomogeneity of the measured
suspension. This inhomogeneity appears due to the
rapid agglomeration of the platelets in the solution and
may cause low and anisotropic absorption. Also, the
exciting light is incident on the platelets exposing both

TABLE 1. Summary of Band Gaps and Exciton Peak Positions Measured for Various Compounds in This Studya

exciton [eV] band gap [eV]

scattering peak [eV] A B spin�orbit splitting [eV] indirect direct

platelets 2H-MoS2 plateau 1.879b 2.114b 0.235b 1.033b 1.921b

(1.88053) (2.06053) (0.18053) (1.0662)
IF-MoS2 1.698c 1.867b 2.081b 0.214b 1.243b 1.909b

(1.84650) (2.00550) (0.15950) (1.88850)

a Literature values are given in parentheses. Note that all the results from ref 53 are measured at 77 K. b Absorption measured by Quantaurus-QY (integrating sphere).
c Absorption measured by UV�vis spectrophotometer.
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the basal (001) and the prismatic (hk0) surfaces, each
having different optical properties. Consequently, the
absorption cross section is sensitive to the sizes and
shape of the particles and affects the value of the deter-
mined gap. In the case of the IF NPs, aswell as for crystal,
the light is incident only on the basal (001) surface.
Figures 3�5 summarize how the scattering peak of

the IF-MoS2 suspensions is influenced by the solution
refractive index, pH, and the particle size. The extinc-
tion presented in Figure 3c, 4b, and 5b is the super-
position of all contributing multiple oscillations peak-
ing at different energies.23�27

As the size, size distribution, and aspect ratio of the
NPs increase, the scattering peak is broadened and is
red-shifted (Figure 3b,c). These effects can be ascribed
to the increased contributionof higher oscillationmodes,
like quadrupoles, for larger and more asymmetric
nanoparticles.22 The size distribution of the various
samples used is presented in Figure 3a, and the aspect
ratio is presented in Table 2. Note that aspect ratio is
defined here as the relative ratio of themajor optical axis

to the minor one (A/B) and is 1.00 for the spherical NPs.
As expected, the NPwith the lowest aspect ratio and size
(batch i) has the narrowest scattering peaks with the
highest energy. Likewise, the highest aspect ratio and
size (batch iv) resulted in the broadest scattering peaks
with the lowest energy. The NPs of batch ii are bigger
than those of batch i; however, due to the comparable
aspect ratios (2.94 for i and 2.83 for ii), their scattering
peak energies are similar.23,47 The scattering peak of NP
batch iii is much broader when compared to that of
batch ii due to its broad (bimodal) size distribution
(Figure 3a,iii). The scattering peak of the NP of batch iv
is considerably red-shifted and broadened when com-
pared to that of batch i due to its larger size and aspect
ratio. The exciton absorption peaks are also affected by
the size of the NP and consequently by the number of
MoS2 layers. For example, theexcitonpeaksof the largest
NPs are red-shifted when compared to the smallest
NPs by ∼22 meV for A and ∼90 meV for B exciton
peaks (Figure 3c). As the average IF size is larger, their
distribution gets larger and the average number of

Figure 3. (a) Size distribution (diameter) of the IF NPs. The dashed line is the Gauss fit. (b) Influence of the NP size on the
surface plasmonpeak energy. (c) UV�vis spectra of different IF-MoS2 batcheswith various sizes. Notation i to iv in (a�c) refers
to the NP batch. Note that the NPs examined as the function of RI are similar to batch i, and the NPs examined as the function of
pH and for ZP measurements are similar to NP batch ii.
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MoS2 layers in the NPs increases. Hence, the effective
exciton positions in the larger nanoparticles are sof-
tened, and the spin�orbit coupling is reduced.33,50

Information on how the surface plasmon resonance
scattering depends on the surrounding medium can
have practical ramifications since it provides a funda-
mental mechanism for signal detection in applications
such as sensors and local imaging. Hence, it is impor-
tant to understand the dependence of the plasmonic
resonance on the refractive index (RI) of the surround-
ing media. To study the influence of the surrounding
medium on the light scattering, the RI of the solvent
was varied while keeping all other parameters includ-
ing the nanoparticle batch the same.
Figure 4a,b summarizes the shift of the scattering

peak energy with varying RI of surrounding medium.

The red shift, typical of plasmonic scattering bands, is a
clear consequence of eq 1, where the dielectric con-
stant of the surrounding medium appears explicitly.
Moreover, due to an inhomogeneous polarization of
the NP by the electromagnetic field, the plasmon
bandwidth increases as the wavelength of the inter-
acting light becomes comparable to the NP dimen-
sion.24 The broadening and red shift of the plasmon
band is then generally attributed to retardation
effects.20 Notably, for the relatively large NPs in this
study, and particularly considering their high refractive
index, higher multipolar modes are expected to con-
tribute more significantly as the RI of the surrounding
medium is increased.23,26 The RI dependence lends
further evidence that the observed near-IR peak
(730 nm) is due to plasmonic excitation.
The assessment of the pH influence on the surface

scattering plasmon energy reveals that the narrowest
width of the scattering peak is obtained when the pH
of the suspension is in the range of 5�7.5 (Figure 5a,b).
At this range, the position of the scattering peak
remains unchanged (Figure 5a). At extreme pH values
(1.5 and 11.5), the scattering peak is broadened and
red-shifted. The results of ZP measurements (Figure 6)
suggest that, when the pH is above 1.8, the NPs have
negative surface charge. Thus it can be deduced that
the peak broadening at pH = 1.5 is due to the over-
passivation of extra charge on the NP surface by the
protons. This passivation leads to agglomeration of the
nanoparticles, as evidenced by their rapid precipita-
tion. Indeed, the light scattering of the agglomerated

Figure 5. Influence of the surrounding pH on the (a) surface plasmon peak energy and (b) total extinction of the NP.

Figure 4. (a) Influence of the NP surrounding media (solvent refractive index) on the surface plasmon peak energy end (b)
extinction spectra of the NP.

TABLE 2. Average Size, Thickness, and Aspect Ratio of the

NP Batches i�iva

average diameter average thickness

batch number nm fwhm nm fwhm aspect ratio

i 102.83 51.06 35.00 26.24 2.94
ii 164.35 99.50 58.12 43.97 2.83
iii (population 1) 138.45 49.72 42.20 29.68 3.28
iii (population 2) 304.75 156.28 85.00 3.53 3.59
iv 185.25 115.46 47.82 29.70 3.87

a Since the IF NPs have the shape of an oblate spheroid, the average diameter is the
flattened side of the oblate and thickness is its narrowest side. Note that the
average diameter of the NPs is derived from Gauss fit (Figure 3), thus full width at
half-maximum (fwhm) can be addressed as the NP size distribution.
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nanoparticles is reminiscent of the platelet spectra in
this range. When the pH is higher than 11, the Debye
layer shrinks to a distance of a few nanometers,56

which leads to a strong van der Waals attraction and
precipitation of the agglomerated IF NPs. Alternatively,
the large surface energy of the liquid leads to the
floating of the IF NPs on its surface. Additional explana-
tion for broadening and red shift of the scattering peak
at extreme pH values (1.5 and 11.5) can be the inter-
particle coupling.44 For instance, when spherical silver
or gold NPs are brought into close proximity, the LSPR
exhibits large red shifts due to the electromagnetic
coupling of the plasmon resonances on nearby
NPs.57,58 It is important to note that, in view of all the
above, it is clear that the pH does not influence the
surface scattering peak as long as it is in the range of
5�7.5 (Figure 5a,b).
Measuring the surface potential of the NPs was

somewhat challenging because the laser wavelength
(632 nm) used for the ZPmeasurements coincides with
the exciton A peak. Therefore, the laser light excites
additional free carriers which are drifted or diffuse
to the IF NP surface, modifying thereby the surface
potential of the nanoparticle. This effect deserves a
separate study which is underway. The calculated ZP
values are based on a model which considers colloidal
solutions of spherical nanoparticles. Since the 2H-MoS2
platelets are not spherical and tend to sediment after
1�2 min, their surface potential could not be mea-
sured by the present method. In contrast, the IF NPs
formquite a stable suspension in aqueous solution and
do not precipitate for a few hours. The zeta-potential of
the IF NPs measured as a function of pH is presented in
Figure 6. The isoelectric point (IEP) according to these
measurements appears at pH = 1.84, which is similar to
the IEP of SiO2.

59,60 The ZP of these nanoparticles is
negative and remains almost unchanged between

pH 5 and 11, which indicates the stability of this NP
as a colloidal solution. When the pH is lower than 5, the
ZP rapidly increases with decreasing pH. This behavior
implies that in neutral solution the NPs acquire high
negative surface charge which is probably associated
with adsorbed moieties at the intrinsic defects of the
curved MoS2 layers of the NPs.

CONCLUSIONS

In conclusion, the UV�vis and integrating sphere
measurements demonstrate a distinct Mie scattering
peak in IF-MoS2 suspensions. This scattering peak
(730 nm) is believed to originate from a surface plas-
mon resonance scattering of the NP and is consider-
ably red-shifted relative to the A exciton (650 nm).
Using the measured LSPR frequency, the free carrier
concentration is estimated as ∼1021 cm�3. The origin
of this high estimate can be the incompatibility of the
Drude model for semiconducting nanomaterials.28

Additional reasons for the high free carrier concentra-
tion might be sulfur vacancies in the NP, different
defects in the MoS2 layers14 which are occupied by
redoxmoieties from the supsension (or air), and charge
buildup induced by the UV�vis light irradiation.28 The
spectrum of the anisotropically shaped 2H platelets
shows a plateau in the IR range rather than a scattering
peak. The positions of the A and B excitons of the IF are
red-shifted in comparison to those in the 2H platelets.
Nonetheless, since the bound electron�hole excitonic
states cannot be sustained due to high free carrier
concentration,28,51 the excitonic peaks become highly
distorted and quenched.
The scattering peak is red-shifted with increasing

nanoparticle size, aspect ratio, and broadened with
increase of their size distribution, consistent with the
assignment to a surface plasmon mode. This peak also
broadens and redshifts as the solvent refractive index
increases, likely due to the enlargement of the NP
effective size. At extreme pH, the scattering peak is
shifted due to agglomeration and the inhomogeneous
nature of the colloid suspension. However, as long as
the pH is in the range of 5�7.5, it does not influence the
scattering peak. The ZP measurements revealed that
IF-MoS2 have a high negative surface charge, which
could be attributed to the dangling bonds or moieties
adsorbed at the intrinsic defects of the curved MoS2
layers. The low isoelectric point (pH = 1.84) and the
highly negative ZP values indicate the stability of this
NP as a colloidal solution.

MATERIALS AND METHODS
The IF-MoS2 used in the current work were synthesized

following the procedure reported by Rosentsveig et al.4 The
synthesis was carried out at 840 �C using MoO3 as a precursor,
and the resulting NPs were annealed for 20 h at 840 �C to

remove the remaining oxide.4 The XRD pattern of the annealed
sample is presented in ref 4 and shows ∼0.5% remaining oxide
after the annealing process. These nanostructures' average size
(70 to 200 nm) and number of MoS2 shells depend on the
synthetic conditions (see Table 2 and Figure 3a). TEM and SEM

Figure 6. Zeta-potential vs pH for IF-MoS2 nanoparticles.
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analyses reveal that the IF-MoS2 are somewhat oblate (Figure 1).
Bulk 2H-MoS2 powder was purchased from Aldrich and con-
sisted of platelet shaped particles (∼ 2 μm). The solutions for all
the current measurements were prepared using purified water
(Milli-Q RG, Millipore).
UV�vis extinction measurements were carried out on a Cary-

5000 spectrometer (Varian). Samples were prepared by adding
0.6 mg of theMoS2 platelets or IF NPs into 9mL of purifiedwater.
The mixture was shaken by hand and then sonicated twice for
1�3min using anultrasonic bath. All suspensionsweremeasured
using quartz cuvettes. SEM and TEM analyses demonstrate that
the IF NPs remain unaffected by this mild sonication procedure.
The position, width, and intensity of the scattering peak can

be influenced by the solution refractive index, pH, and the
particle size and its shape. To investigate the size dependence
of scattering, three IF batches with varying particle sizes were
examined. These IF batches were arbitrarily denoted as batch
i, ii, and iii. In addition, the UV�vis spectra of the IF in different
solvents were collected in order to understand the influence of
the refractive index on the scattering effect. The solvents used
for this series of measurements were ethanol in water 45% (v/v),
dichloromethane (DCM), and toluene, with refractive indices of
n = 1.33, 1.42, and 1.50, respectively. In order to elucidate the
influence of pH on the optical extinction, the NPs were also
measured in solutions with different pH values (1�12).
SEM was used to determine the average size of each exam-

ined batch of the IF NPs. Note that average size refers to the
diameter of the oblate shaped IF NPs. The diameter here is the
flattened side of the oblate NPs. Several images of each batch
were taken, and ∼500 NPs from each batch were measured
using ImageJ. Considering more than 500 NPs had no signifi-
cant effect on the final results of this statistical analysis.
Decoupled absorption spectra, used to separate out scatter-

ing and absorption processes from the total extinction spectra,
were measured using a Hamamatsu Quantaurus absolute QY
system.45,61 This instrument directly measures the amount of
absorbed light by placing the sample inside an integrating
sphere. The system was calibrated using a sample with known
absorbance to extract the optical absorbance. A calibration for
counting the single-pass absorption photons was performed to
avoid the full extinction, which also includes photons that are
scattered a few times before being detected.
The surface charge of the nanoparticles was determined

through zeta-potential measurements using a ZetaSizer Nano
ZS (Malvern Instruments Inc., UK) with a He�Ne light source
(632 nm). To prepare the samples for these measurements, IFs
(0.6 mg) were deagglomerated in 20 mL of purified water by
sonicating for 5�10 min using an ultrasonic bath. Then 0.2 mL
of the IF suspension was added to 1.5 mL of aqueous solutions
with pH varying from 1 to 12 and sonicated for an extra 5 min.
Before the addition of IF, the pH of each solution was adjusted
using concentrated NaOH or HCl. The final concentration of the
IF was 0.004 mg/mL. The solutions were measured in a folded
capillary cell (DTS1060) made from polycarbonate with gold-
plated beryllium/copper electrodes.
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