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ABSTRACT: To achieve remote control over the swelling/deswelling transition,
chemically exfoliated MoS2 nanosheets with photothermal properties are successfully
incorporated into poly(N-isopropylacrylamide) (PNIPAM) hydrogel by in situ
polymerization. Different from the conventional thermal-responsive PNIPAM
hydrogel, the MoS2/PNIPAM composite hydrogel here shows a reversible volumetric
change in response to near-infrared (NIR) illumination. Based on this new composite
hydrogel, a microfluidic device actuated remotely by NIR laser is also demonstrated.

■ INTRODUCTION
Responsive hydrogels which show phase transitions under
external stimulus (e.g., temperature, pH, and photons) have
attracted increasing attention due to their potential applications
in drug delivery, microlenses, microdevices, etc.1−7 In
particular, poly(N-isopropylacrylamide) (PNIPAM) hydrogel
has emerged as one of the most popular thermal-responsive
hydrogels since it undergoes a dramatic swelling transition at its
lower critical solution temperature (LCST).8,9 However, the
application of PNIPAM hydrogel is still limited by its simple
thermal responsiveness, which is not desirable for remote
control, especially for the applications in microdevices.
Incorporating photothermal conversion materials into the
PNIPAM hydrogels can endow the composite hydrogel with
near-infrared (NIR)-responsive properties and achieve remote
control by light, a stimulus with tunable intensity and
wavelength.10−13 In particular, actuation has been demon-
strated by a combination of the near-infrared (NIR) absorption
of nanomaterials and the reversible swelling/deswelling
transition in the PNIPAM hydrogel.14−18

Given the exceptional surface-area-to mass ratio, two-
dimensional (2D) materials are promising NIR photothermal
candidates that can be loaded with high cargo concentrations.19

For example, graphene and its derivatives have showed
impressive photothermal properties and potential applications
in many fields.20,21 However, the hydrophobic nature of
graphene (or reduced graphene oxide) makes them difficult
to incorporate with PNIPAM, and the efficacy of the
hydrophilic graphene oxide is still under debate.22−28 For
example, in Robinson’s opinion,29 the high dose/power needed
for photoablation was due to the suboptimal absorption of NIR

light by graphene oxide (GO) in a highly oxidized form. The
photothermal conversion efficiency of GO is relatively low due
to the existence of abundant structural defects. Therefore,
searching for new 2D candidates with excellent photothermal
properties and good compatibility with PNIPAM is still an
urgent task.
As a 2D analogue of graphene, exfoliated MoS2 has showed

promising applications in photothermal therapy.30−32 Consid-
ering the hydrophilic nature of the chemically exfoliated MoS2,
we thought that it might be used as an ideal candidate to
incorporate into the PNIPAM hydrogel. To test this idea, we
successfully prepared the MoS2/PNIPAM composite hydrogel
by a simple in situ polymerization method, and a microfluidic
device actuated remotely by NIR laser was also demonstrated
(Scheme 1).

■ EXPERIMENTAL SECTION

Synthesis of Chemically Exfoliated MoS2. Chemical
exfoliation of MoS2 was adapted from our recent method.33 In a
typical procedure, 1 g of MoS2 powder was immersed in 10 mL
of n-butyllithium (2.5 M in hexane) and sonicated (120 W) in a
50 mL Schlenk flask for 3 h. The intercalated samples were
retrieved by centrifugation and washed three times using
hexane to remove excess lithium and organic residues. The
centrifugation process should be accomplished within 1/2 h.
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Standard air-free techniques were employed by using a Schlenk
line or a glovebox under the protection of inert gas. Then the
intercalated samples were dried with argon blowing, followed
by exfoliation and sonication in distilled water for about 30 min.
The exfoliated samples were purified by centrifugation with
water and collected for further use.
Synthesis of MoS2/PNIPAM Nanocomposite Hydro-

gels. First, 700 mg of N-isopropylacrylamide monomer and 6
mg of N,N′-methylenebis(acrylamide) cross-linker were dis-
solved in 10 mL of 0.5 mg mL−1 or 1 mg mL−1 homogeneous
MoS2 aqueous dispersion in an ice bath with stirring. The
mixture was bubbled with Ar gas for 30 min to remove any
residual oxygen. Then, 10 μL of N,N,N′,N′-tetramethylethyle-
nediamine as a polymerization accelerator and 20 μL of
ammonium peroxodisulfate aqueous initiator solution (20 wt
%) were added successively. The polymerization was completed
in a centrifugal tube for 24 h at room temperature. The
obtained hydrogels were washed by deionized water to remove
the excess monomer and MoS2. The pure PNIPAM hydrogels
were also synthesized in distilled water in the absence of MoS2.
The overall loading (≤1 mg mL−1) is restricted by the intrinsic
dispersibility of MoS2 and interaction of raw materials.
Fabrication of Microvalves. To fabricate the hydrogel

microvalves in the microfluidic channels, a cylindrical fragment
of MoS2/PNIPAM hydrogel was inserted into a quartz tube of
2.5 mm inner diameter. Red rhodamine B solution and distilled
water were respectively introduced to the two sides of the
quartz tube and separated by the hydrogel. When exposed to
the 808 nm laser (0.8 W) for 2 min, the composite hydrogel
shrank to allow for the fluidic flow, and the color of the water
changed.
Characterization. Samples were characterized by atomic

force microscopy (AFM; CSPM 5000), UV−vis−NIR spec-
troscopy (Unico, UV-3802), scanning electron microscopy
(SEM; FEI NOVA NanoSEM430), energy dispersive X-ray
spectroscopy (EDX; FEI NOVA NanoSEM 430), Raman
spectroscopy (Renishaw inVia reflex Raman spectrometer with
532 nm laser excitation), and X-ray photoelectron spectroscopy
(XPS; PerkinElmer, PHI 1600spectrometer).
To determine the swelling ratio (Sr) of hydrogels, all samples

were immersed in water and equilibrated for 2 days at various
temperatures. Sr was calculated via the following equation:

= −S W W W( )/r w d d

where Ww and Wd are the hydrogel masses in the wet state and
dry state, respectively. Differential scanning calorimetry (DSC;
DSC 1/500, Mettler-Toledo, Switzerland) was carried out
under a N2 atmosphere at a heating rate of 1.0 °C/min.

■ RESULTS AND DISCUSSION
The aqueous dispersion of chemically exfoliated MoS2
nanosheets was obtained by our sonication-assisted intercala-
tion method.33 Atomic force microscopy (AFM) confirms that
abundant exfoliated MoS2 nanosheets with lateral sizes of
micrometers are suspended in the dispersion (Figure 1a).

Cross-section analysis reveals these nanosheets have the same
apparent AFM height of ∼1.3 nm, indicating their monolayer
nature. Note that the apparent height here is somewhat larger
than the theoretical thickness of monolayer MoS2, attributed to
the intrinsic out-of-plane deformation of 2D materials and the
possible presence of trapped solvent (H2O).

34,35 Different from
the MoS2 nanosheets directly exfoliated from the bulk MoS2
crystals by ultrasonication or shear mixing,36−39 the chemically
exfoliated MoS2 nanosheets have mainly the 1T phase, which
shows strong and featureless absorbance in the vis−NIR region
(Figure 1b). Actually, the mass extinction coefficient of the
chemically exfoliated MoS2 nanosheets at 800 nm can be
calculated to be 22.4 L g−1 cm−1. This value is comparable to
that of graphene (24.6 L g−1 cm−1) and much larger than that
of GO (3.6 L g−1 cm−1),40 indicating the high efficacy of the
chemically exfoliated MoS2 nanosheets as NIR photothermal
agents.
To prepare the MoS2/PNIPAM composite hydrogels, cross-

linking of the N-isopropylacrylamide monomer (NIPAM) was
carried out in the homogeneous MoS2 aqueous dispersion at
room temperature. Although the final concentration of MoS2 in
the composite hydrogels could reach over 1 mg mL−1, latter
systematic studies showed that the ideal loading of MoS2
should be around 0.5 mg mL−1. As shown in Figure 2a
(inset), the composite hydrogel shows a dramatic color change
(homogeneous black) when compared with the pure PNIPAM
hydrogel (transparent), indicating the good dispersion of MoS2
in the hydrogel matrix. This speculation was supported by
scanning electron microscopy (SEM) and corresponding
elemental mapping. Similar to the pure PNIPAM hydrogel
(Figure S1, Supporting Information), the freeze-dried compo-
site hydrogel (with 0.5 mg mL−1 MoS2) exhibits a macroporous
structure with highly interconnected pores (Figure 2a),
indicating the MoS2 nanosheets do not impact the micro-
structure of hydrogel. Corresponding energy dispersive X-ray

Scheme 1. Illustration for the MoS2/PNIPAM Hydrogel-
Based Light-Controlled Microvalve

Figure 1. Typical AFM images of chemically exfoliated MoS2
nanosheets (a) and their UV−vis−NIR absorbance spectra with
different concentrations in water (b). Inset: digital photograph of
chemically exfoliated MoS2 dispersion in water.
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spectroscopy (EDS) mapping confirmed that elemental C, N,
O, S, and Mo were homogeneously distributed in the whole
matrix (Figure 2b−f), demonstrating the homogeneous
distribution of MoS2.
Interestingly, the composite hydrogel shows negligible S and

Mo signals in the X-ray photoelectron spectroscopy (XPS)
spectrum (Figure S3, Supporting Information). Considering
the limited penetration depth (several nanometers) of XPS, this
result suggests the successful wrapping of the MoS2 nanosheets

inside the PNIPAM network. Actually, the Raman peaks of the
exfoliated MoS2 can be easily observed in the MoS2/PNIPAM
composite hydrogel (Figure 3a). Similar to the exfoliated MoS2
precursors (black line), the composite hydrogel sample (blue
line) displays the typical in-plane E2g

1 mode and out-of-plane
A1g mode of MoS2,

41 despite their slight blue shift (∼2 cm−1)
caused by the local strain. The additional J1, J2, and J3 peaks
were attributed to the distorted superlattice structure of 1T
MoS2, in line with previous studies.42

To evaluate the responsiveness of the composite hydrogels,
we measured their swelling ratios under different temperatures,
with the pure PNIPAM hydrogel as a control. As shown in
Figure 3b, repeated experiments demonstrated that all of the
samples had similar temperature sensitivity and high swelling
ratios below the LCST. Actually, the introduction of a limited
amount of MoS2 nanosheets (0.5 mg mL−1) can slightly
increase the swelling ratio of the hydrogel, while further
increase of the MoS2 concentration (e.g., 1 mg mL−1) will
result in the decrease of the swelling and deswelling capacity.
This phenomenon may be explained by the increased
interaction between PNIPAM and excessive MoS2 nanosheets,
which may hamper the coil-to-globule transition of the
PNIPAM. The corresponding LCST of the hydrogels was
determined by using differential scanning calorimetry (DSC).
We found that all the endothermic peaks of the hydrogels
appeared around 34.1 °C (Figure 3c), corresponding to the
same LCST.15 This result means the embedding of MoS2

Figure 2. SEM images of freeze-dried MoS2/PNIPAM composite
hydrogel (a) and corresponding quantitative EDS element mapping of
C (b), N (c), O (d), S (e), and Mo (f). Inset: digital photographs of a
pure PNIPAM (left) and the MoS2/PNIPAM composite hydrogel
with 0.5 mg/mL MoS2 (right).

Figure 3. (a) Raman spectra for MoS2 (black) and MoS2/PNIPAM with 0.5 mg mL−1 MoS2 (blue). (b) Swelling ratio dependence on temperature
for pure PNIPAM (black) and MoS2/PNIPAM with 0.5 (red) and 1 mg mL−1 (blue) MoS2. (c) DSC thermograms of pure PNIPAM (black) and
MoS2/PNIPAM with 0.5 (red) and 1 mg mL−1 (blue) MoS2. (d) Temperature of surrounding water (0.5 mL) with pure PNIPAM (black) and
MoS2/PNIPAM prepared with 0.5 (red) and 1 mg mL−1 (blue). (e) Photograph of volume change of MoS2/PNIPAM with and without NIR
irradiation. (f) Temperature changes of MoS2/PNIPAM with 0.5 mg mL−1 MoS2 as a function of heating−cooling cycle.
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nanosheets has virtually no effect on the phase transition
temperature of the PNIPAM network. Different from the other
photothermal nanomaterials,16,43 MoS2 has no oxygen-contain-
ing functional group to form hydrogen bonds with H2O or
PNIPAM chains. Besides, the hydrophilic nature of the
chemical exfoliated MoS2 cannot introduce additional hydro-
phobic forces to PNIPAM. Therefore, there is no obvious
change of LCST and swelling ratio. Similarly, the hysteresis of
the hydrogels is not affected by MoS2 (Figure S5, Supporting
Information). Note that the swelling of the composite hydrogel
as a function of repeated cycles demonstrates that it has good
reusability. Besides, the number of layers of MoS2 is not
changed even after five swell−deswell cycles (Figures S6 and
S7, Supporting Information).
In order to investigate the photothermal properties, 0.5 mL

of water with 0.4 cm3 of the as-prepared hydrogels was exposed
to an 808 nm NIR laser at a power of 0.8 W. For the
surrounding water with MoS2/PNIPAM hydrogels, the fast
temperature rise tendency on increasing MoS2 loading and
irradiation time (0−7 min) is shown in Figure 3d. In contrast,
water with pure PNIPAM hydrogel (black line) exhibits no
obvious temperature change under the same conditions,
confirming that the MoS2 is the main light-absorbing agent.
In line with previous studies with other photothermal
agents,22,44 we found that the concentration of MoS2 in the
composite hydrogels could be used to control the increase of
the NIR-induced temperature. However, considering the
negative effects of excessive MoS2 on the swelling and
deswelling capacity of the composite hydrogels as discussed
above, a MoS2 loading of 0.5 mg mL−1 should be preferred for
the volume transition in the light-controlled microvalve.
As illustrated in Figure 3e, the MoS2/PNIPAM composite

hydrogel shows significant volume reduction under NIR
irradiation, attributed to the transition from a hydrophilic
swollen state to a hydrophobic collapsed state of the
PNIPAM.45,46 When the laser was turned off, however, the
nanocomposite hydrogel could return to its initial size by
reabsorbing water. The stability and reusability of the
composite hydrogels were also tested. During repeated laser
exposure and nonexposure cycles, the temperature changes of
the composite hydrogel were completely reversible (Figure 3f).
Moreover, the surrounding water could reach the LCST (34.1
°C) in 2 min, and the temperature inside the composite
hydrogel should be higher. It should be noted that the phase of
the MoS2 nanosheets in the composite hydrogel remains
unchanged, even after prolonged irradiation for 1 h (Figure S3,
Supporting Information). These results suggest that the MoS2/
PNIPAM composite hydrogels can be remotely controlled by
NIR and have promising applications in many fields.
For example, based on the excellent photothermal properties

of the composite hydrogels, a liquid microvalve was fabricated
to control the flow in a microfluidic channel by NIR irradiation.
For illustration purposes, rhodamine B solution (red) and
distilled water were separated by the hydrogels inside the quartz
tubes. As shown in Figure 4a, for its “OFF” state, the composite
hydrogel microvalve completely blocked the flow in the
microfluidic channel. The effectiveness of the microvalves has
been also tested, and we confirm that the hydrogel could block
the fluid for at least 15 days (Figure S8, Supporting
Information). When the NIR laser was turned on (the “ON”
state), the composite hydrogel contracted to allow fluid flow,
resulting in the color change shown in Figure 4b. Despite the
difficulty of comparison, the microvalve here can be efficiently

controlled by NIR irradiation with much lower intensity, when
compared with previous study on the GO/PNIPAM system.22

Note that the hydrogel microvalve could return to ambient
temperature and recovered its initial size as the NIR light was
turned off, and thereby blocked the fluid flow again. As a
contrast, the pure PNIPAM hydrogel continued to block the
flow even after irradiation (Figure 4c,d).

■ CONCLUSIONS
In summary, we developed a facile in situ method for
embedding chemically exfoliated MoS2 nanosheets into the
PNIPAM network. The obtained MoS2/PNIPAM composite
hydrogel exhibits NIR-responsive properties with a superior
photothermal efficacy. Its swelling/deswelling process not only
can be remotely controlled by NIR irradiation, but also is
completely reversible. To explore its applications, we fabricated
a liquid microvalve with this new composite hydrogel and
illustrated the successful activation by NIR laser. This novel
light-activated PNIPAM−MoS2 system may also find promising
applications in drug delivery, sensors, smart catalytics, etc.
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Figure 4. Liquid microvalve fabricated by the MoS2/PNIPAM
composite hydrogel (a, b) and pure PNIPAM hydrogel (c, d). The
photographs show the microvalve before (a, c) and after (b, d)
exposure to NIR irradiation (808 nm, 0.8 W) for 2 min. The solutions
encapsulated in the left and right sides are a red rhodamine solution
and water, respectively.
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