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Construction of dendritic Janus nanomotors
with H2O2 and NIR light dual-propulsion via a
Pickering emulsion†

Haozheng Lv, Yi Xing, Xin Du, * Tailin Xu * and Xueji Zhang

Artificial micro/nanomotors with a dual-propulsion property have attracted considerable attention

recently due to their attractive performances in complex fluidic environments. In this work, we

successfully constructed Janus nanomotors with H2O2 and NIR light dual-propulsion by employing

dendritic porous silica nanoparticles (DPSNs) as carriers via a Pickering emulsion and electrostatic self-

assembly. The aminopropyl-modified DPSNs (DPSNs-NH2) with positive charge were semiburied in

paraffin wax microparticles in order to achieve electrostatic adsorption of Pt nanoparticles (NPs) with

negative charge on the exposed surface for H2O2 propulsion, followed by electrostatic adsorption of

negatively charged CuS NPs with excellent NIR light absorption on the other exposed surface of the

eluted DPSNs-NH2@Pt for NIR light propulsion. Center-radial large mesopores facilitate the high density

loading of Pt NPs and CuS NPs for efficient propulsion. Compared with the commonly used sputtering

approach, this Pickering emulsion method can realize relatively large-scale fabrication of Janus NPs.

DPSNs-NH2@Pt@CuS Janus nanomotors can be effectively driven not only by self-diffusiophoresis,

which results from the decomposition of H2O2 catalyzed by Pt NPs, but also by self-thermophoresis,

which is generated from thermal gradients caused by the photothermal effect of CuS NPs. Moreover,

the motion speed of the nanomotors can be conveniently modulated by regulating the H2O2

concentration and NIR light intensity. This work provides a novel exploration into the construction of

dual-propulsion nanomotors, which are supposed to have significant potential in biomedical and

intelligent device applications.

1. Introduction

Recently, artificial micro/nanomotors, which are capable of
effectively converting diverse energy sources into autonomous
movement, have attracted tremendous attention in completing
sophisticated tasks including active cargo delivery, cell mani-
pulation, biosensing, environmental remediation, etc.1–9

The micro/nanomotors can be powered by chemical fuel,
light,1–3,10–12 ultrasound,13,14 and magnetic fields.15–17 Tradi-
tionally, a micro/nanomotor can be propelled by only a single
chemical or physical stimulus propulsion mode. Nevertheless,
it might suffer from restrictions in energy resource and environ-
mental factors. For instance, the inherent toxicity and incom-
plete degradation of H2O2 may restrict the applicability of these
micro/nanomotors in the biomedical field, while physical

propulsion modes may have some disadvantages, such as scal-
ability issues and the requirement of intricate driving systems.
The optimal working conditions and potential applications
largely depend on the extraordinarily different nature of the
chemical and physical stimuli.

Dual-propulsion micro/nanomotors integrating two kinds of
different propulsion modes into a single nanoscale device have
been extensively explored, including chemical-magnetic, light-
magnetic, chemical-ultrasound, light-chemical and so on.18–28

This dual-propulsion mode of hybrid artificial micro/nano-
motors increases the versatility and expands the scope of opera-
tion of nanoscale vehicles compared to those based on a single
propulsion mode. Nevertheless, these micro/nanomotors always
employ smooth-faced micro/nanospheres or nanotubes as nano-
platform carriers, which may result in a low loading capacity
for further cargo delivery application. Recently, novel dendritic
porous silica nanoparticles (DPSNs) with highly accessible pore
surfaces have been fabricated.29–33 Compared with conventional
smooth-faced micro/nanospheres, DPSNs have unique three-
dimensional superstructures with many permeable center-
radial large pore channels and high pore volumes for high
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loading capacities,29–33 which should make them an ideal carrier
to build artificial micro/nanomotors.

In recent years, a feasible Pickering emulsion strategy to
fabricate Janus particles by using colloidal particles to stabilize
wax-in-water emulsions has emerged.34–36 The main advantage
is that large-scale Janus silica NPs with controllable diameters
can be fabricated in a simple way. The molten wax in the
emulsions is solidified when it is cooled to room temperature,
leading to the locking of the silica NPs at the surface of the wax
microparticles. When captured by the interface of solid/liquid,
the silica NPs cannot move and their exposed part to the
aqueous phase can be further subjected to chemical modifica-
tion or physical adsorption. However, to the best of our knowl-
edge, there are few reports taking advantage of DPSNs as a
colloidal stabilizer in the Pickering emulsion method.

Herein, we designed dual-powered DPSNs-NH2@Pt@CuS
Janus nanomotors, which can be propelled by the decomposi-
tion of H2O2 and NIR light irradiation. Such Janus nanomotors
were fabricated based on a Pickering emulsion by employing
the aminopropyl-modified DPSNs (DPSNs-NH2) as the stabili-
zer. On the one hand, the Janus nanomotors can be propelled
by the decomposition of H2O2 that is catalyzed by Pt NPs. On
the other hand, the hemispherical distribution of CuS NPs,
which have a high photothermal conversion efficiency,37–41 can
generate asymmetrical self-thermophoresis under NIR light
irradiation, resulting in NIR light-propulsion. Such a design
provides an alternative strategy to construct advanced dual-
propulsion nanomotors, which may have promising applications.

2. Materials and methods
2.1 Chemicals and characterization methods are listed in
the ESI†
2.2 Synthesis of wax@DPSNs-NH2 particles by the Pickering
emulsion method

DPSNs-NH2 (50 mg), sodium dodecylsulfate (7.1 mg) and water
(10 mL) were first sonicated together for 15 min. Then, the
mixture was stirred at a speed of 600 rpm (75 1C) and paraffin
wax (1.1 g) was slowly added. When the wax was completely
melted, the mixture was rapidly stirred at a speed of 1000 rpm
at 75 1C for another 2 h. Then, the heating and stirring of the
emulsion were stopped and it was allowed to cool to room
temperature, solidifying the wax, after which the solid phase
was filtered and washed in ethanol.

2.3 Synthesis of DPSNs-NH2@Pt Janus NPs

20 mg of the as-prepared wax@DPSNs-NH2 particles and 4 mL
of ethanol were first added into a 20 mL capped vial, followed
by adding an excessive amount of negatively charged Pt NPs
(4 mL, 0.247 mmol L�1) suspension for saturation adsorption of
Pt NPs on the exposed surface of DPSNs-NH2.32,33 After the
mixture was gently agitated for 30 min at room temperature,
wax@DPSNs-NH2@Pt was obtained by centrifugation and washed
with pure water and ethanol several times. Finally, DPSNs-
NH2@Pt Janus NPs were released from wax@DPSNs-NH2@Pt by

dispersion in trichloromethane followed by centrifugation. The
obtained precipitate was stored in ethanol for further use.

2.4 Synthesis of DPSNs-NH2@Pt@CuS Janus NPs

The above-mentioned DPSNs-NH2@Pt Janus NP suspension
was treated with ultrasonication at a power of 300 W for
30 min. Then, 200 mL of DPSNs-NH2@Pt suspension was added
into an excessive amount of negatively charged CuS NP (1 mL,
0.997 mmol L�1) suspension for saturation adsorption of
CuS NPs on the exposed surface of DPSNs-NH2@Pt in a 2.5 mL
centrifuge tube,32,33 followed by stirring for 30 min at room
temperature. The asymmetric DPSNs-NH2@Pt@CuS Janus
NPs were obtained by centrifugation and washed with water
three times.

2.5 Characterization of H2O2 propulsion

Hydrogen peroxide (H2O2) solutions with different mass frac-
tions ranging from 0 to 6% were prepared as chemical fuel.
A small amount of the fabricated DPSNs-NH2@Pt@CuS Janus
NPs was dispersed in deionized water and sonicated for 30 min
at an ultrasonic power of 300 W. Then, the suspension was
diluted to an appropriate concentration that should favour
observation of the motion of DPSNs-NH2@Pt@CuS Janus
NPs. 50 mL of the diluted suspension and 50 mL of the
as-prepared H2O2 solutions were first uniformly mixed in a
2.5 mL centrifuge tube. Subsequently, the mixture was added
into the groove of a quartz glass slide and sealed with a highly-
clean cover glass to avoid gas disturbances. We used a dark
field microscope to observe the motion of particles (resolution:
particle size of over 100 nm), so there is no need for fluorescent
dye labeling on the particle surface. All the imaging experi-
ments were recorded at a rate of 10–12.5 frames per second
using a Nikon upright microscope, which was equipped with a
100 W halogen tungsten lamp, an oil immersion dark field
condenser (NA 1.20–1.43), a 40�/20� plan fluor objective, and a
color charge coupled device camera (DP73, Olympus, Japan).
ImageJ and its plugin (MTrackJ) were conjunctively used to
analyze the motion of the nanomotors. By counting the number
of clear particles in a frame of video, we calculated that the
concentration of nanomotors is about 3.19 � 10�5 mm2.

2.6 Characterization of NIR light propulsion

The above-mentioned diluted suspension was added into the
groove of the quartz glass slide and sealed with a highly-clean
cover glass to avoid gas disturbances. A Laser Beam Expander of
NIR light device (wavelength: 980 nm) was fixed in the same
horizontal plane of the quartz glass slide. After shining the red
indicator light for 10 s, the NIR light switch was turned on to
trigger the motion, and the motion frames were recorded for
another 20 s with different NIR light irradiation power (0, 1, 2
and 3 W). All the imaging experiments were recorded at a rate
of 10–12.5 frames per second using a Nikon upright micro-
scope, which was equipped with a 100 W halogen tungsten
lamp, an oil immersion dark field condenser (NA 1.20–1.43), a 40�/
20� plan fluor objective, and a color charge coupled device camera
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(DP73, Olympus, Japan). ImageJ and its plugin (MTrackJ) were
conjunctively used to analyze the motion of the nanomotors.

3. Results and discussion

As exhibited in the schematic illustration in Fig. 1, the DPSNs-
NH2@Pt@CuS Janus nanomotor was synthesized via a Pickering
emulsion method combined with electrostatic self-assembly.
The fabrication process mainly contains five steps: (1) the syn-
thesis of DPSNs and the post-grafting of aminopropyl groups
on the surface of the center-radial pores of DPSNs to form
aminopropyl-modified DPSNs (DPSNs-NH2) with a positive
charge, (2) the partial embedding of DPSNs-NH2 into wax
microparticles (wax@DPSNs-NH2) via a Pickering emulsion
technique (Fig. S1, ESI†), (3) the electrostatic adsorption of
negatively charged Pt NPs on the exposed surface of DPSNs-NH2

partially embedded into the wax microparticles (wax@DPSNs-
NH2@Pt), (4) the formation of Janus DPSNs-NH2@Pt by wash-
ing wax@DPSNs-NH2@Pt with HCCl3, and (5) the electrostatic
adsorption of negatively charged CuS NPs on the exposed
surface of DPSNs-NH2@Pt to form the DPSNs-NH2@Pt@CuS
Janus nanomotor. Noteworthily, instead of particles with a
smooth surface, for the first time, DPSNs with center-radial
large pores are first employed as a stabilizer in a Pickering
emulsion in order to achieve the high adsorption/loading of Pt
and CuS NPs.

As shown in Fig. 2a–d, SEM and TEM images show that the
fabricated DPSNs possess a uniform particle size (256 � 30 nm,
i.e., ca. 250 nm) and dendritic-like large center-radial pores
(particle surface pore sizes: 25 � 10 nm). The N2 adsorption–
desorption result exhibits a type IV isotherm, suggesting the
existence of mesopores. Brunauer–Emmett–Teller (BET) analysis
shows that the DPSNs have a specific surface area of 281 m2 g�1

and a total pore volume of 0.93 cm3 g�1. After aminopropyl-
modification, the zeta potential varies from �20.7 mV (DPSNs) to
+39.1 mV (DPSNs-NH2) (Fig. S2, ESI†), but the particle morphology
and structure show little change. SEM images in Fig. 2e–h show
the morphology of wax@DPSNs-NH2 obtained from the Pickering
emulsion method. The solid wax microparticles with the parti-
cle size of ca. 100 mm contain a densely packed arrangement
of DPSNs-NH2 partially embedded into their surface after
washing with a suitable amount of ethanol and water. More-
over, the majority of DPSNs-NH2 are locked on the surface of
the wax sphere in the form of a monolayer, which is a basic and
important step for the consequent asymmetric adsorption of
Pt NPs on the exposed surface of the microparticles. However,
when the wax@DPSNs-NH2 sample was washed with excessive
ethanol during the filtration step, it removes some DPSNs-NH2

embedded onto the surface of the solid wax microparticles
(Fig. S3, ESI†). Subsequently, citrate-stabilized Pt NPs with a
particle size of 3.3 � 0.6 nm and a zeta potential of �33.4 mV
were synthesized (Fig. S4a and b, ESI†) and assembled on the
exposed part of DPSNs-NH2. TEM images in Fig. 3a–d show that

Fig. 1 Schematic illustration of the synthesis process of the DPSNs-
NH2@Pt@CuS Janus nanomotors, which are equipped with asymmetric
distributions of Pt NPs on one side and CuS NPs on the other side of the
DPSNs-NH2 via a Pickering emulsion method combined with electrostatic
adsorption between positively charged DPSNs-NH2 and negatively
charged Pt NPs/CuS NPs.

Fig. 2 (a) SEM and (b–d) TEM images of DPSNs-NH2 with the particle size of ca. 250 nm and center-radial large pores (surface pore size:
ca. 25 � 10 nm). (e–h) SEM images of spherical wax-DPSNs-NH2, which are formed from wax microparticles with a layer of DPSNs-NH2 partially
embedded into them.
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the synthesized DPSNs-NH2@Pt Janus NPs possess the charac-
teristics that Pt NPs were only uniformly loaded on the center-
radial pore surface of the unprotected part of DPSNs-NH2 via
electrostatic adsorption. Moreover, citrate-stabilized CuS NPs
with a particle size of 7.8 � 1.9 nm and a zeta potential of
�28.6 mV were also prepared (Fig. S4c and d, ESI†) and
assembled on the exposed part of DPSNs-NH2@Pt Janus NPs.
TEM images in Fig. 3e–h exhibit the Janus spatial distribution
of Pt NPs and CuS NPs on the surface of DPSNs-NH2, indicating
their successful construction. The UV-vis-NIR adsorption
spectra of DPSNs-NH2@Pt@CuS NPs dispersed in water show
a weak wide peak in the wavelength range of 800–1000 nm and
an absorbance rise at the wavelength of 600 nm (Fig. S5, ESI†),
which are ascribed to the adsorption of Pt and CuS NPs (Fig. S6,
ESI†), respectively. Thus, this also suggests the successful
fabrication of DPSNs-NH2@Pt@CuS NPs. It is worth noting
that the different coverage proportions of Pt NPs or CuS NPs on
DPSNs-NH2 should be attributed to the embedded depth of
DPSNs-NH2 on the wax microparticles, which can be controlled
by precisely tuning the experimental parameters.34–36

The asymmetric distribution of Pt NPs, which is a common
catalyst for the non-electrochemical decomposition of H2O2 into
H2O and oxygen, allows us to explore the self-diffusiophoresis
property of DPSNs-NH2@Pt@CuS NPs. As illustrated in Fig. 4a,
the cause of H2O2-driven propulsion is the concentration gradient
of oxygen molecules that is derived from the decomposition of
H2O2 catalyzed by the asymmetrically loaded Pt NPs on DPSNs-
NH2@Pt@CuS NPs. The length of non-directional trajectory
(Fig. 4b) of DPSNs-NH2@Pt@CuS NPs exhibits a positive correla-
tion with the increase of H2O2 concentration from 0 to 3 wt%
(Video S1, ESI†). The particles in the suspensions are constantly
impacted by the liquid molecules and will not stay in a fixed
position. The particles move constantly and their positions are
different at each moment. The mean square displacement (MSD)

of the particle at time t can be calculated. MSD = h|r(t) � r(0)|2i.
The plots of MSD in Fig. 4c display an increasing tendency versus
time interval (Dt). The straight lines of the MSD indicate the
non-directional movement. The higher the concentration of H2O2,
the more enhanced the self-propulsion of DPSNs-NH2@Pt@CuS
NPs realized when the statistic time (ca. 0.1 s) is longer than the
rotational diffusion time (ca. 0.01 s for 250 nm particles). DPSNs-
NH2@Pt@CuS Janus nanomotors are effectively propelled by
H2O2, which can be further demonstrated by the fact that the
baseline of instantaneous velocity of DPSNs-NH2@Pt@CuS NPs in
3 wt% H2O2 is about twice that in 0 wt% H2O2 (i.e., the
instantaneous velocity of Brownian motion) (Fig. 4d). It should
be noted that the instantaneous velocities are only used for
comparative purposes, and they should not be mistaken for
virtual velocities because the measure of the velocity of Brownian
motion requires very complex and dedicated experiments. Also,
the H2O2-driven average velocity of DPSNs-NH2@Pt@CuS NPs
gradually increases with the higher concentration of H2O2 to
some extent, as shown in Fig. 4e. The diffusion coefficient (DL)
is the mass or moles of a substance diffused vertically through a
unit area along the diffusion direction under the condition of unit
concentration gradient per unit time. The DL of both DPSNs-
NH2@Pt NPs and DPSNs-NH2@Pt@CuS NPs can be calculated by
the equation DL = MSD/(4�Dt) (Fig. 4f). The DL of the Brownian
motion of DPSNs-NH2@Pt@CuS NPs is measured to be ca.
1.1 mm2 s�1 in water without H2O2 addition, which is lower than
the value 1.72 mm2 s�1 calculated from the Stokes–Einstein
equation for the nanomotor whose size is 250 nm. The reason
for this is that the hydrated particle size is bigger than the real size
measured from TEM images. In addition, the adsorption of both
Pt NPs and CuS NPs to DPSNs can also lead to an increase of
particle diameter, which similarly contributes to the reduction of
actual DL value. Compared with the Brownian movement in the
absence of H2O2, the DL of DPSNs-NH2@Pt@CuS NPs is enhanced

Fig. 3 TEM images (a–d) of DPSNs-NH2@Pt Janus NPs in which positively charged DPSNs-NH2 are partially covered by negatively charged Pt NPs
through electrostatic interaction. (e–h) TEM images of DPSNs-NH2@Pt@CuS Janus NPs, which are fabricated by the electrostatic self-assembly process
between DPSNs-NH2@Pt Janus NPs and CuS NPs.
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to be 1.5 and 2.2 mm2 s�1 for 1.5 and 3 wt% H2O2, respectively.
The DL of DPSNs-NH2@Pt@CuS nanomotors is even enhanced up
to 100% in 3 wt% H2O2 compared to their Brownian motion. Due
to the high rotational diffusion coefficient of the nanoparticles, the
H2O2 propulsion can only enhance Brownian motion. Moreover,
almost the same DL value for DPSNs-NH2@Pt and DPSNs-
NH2@Pt@CuS at different H2O2 concentrations further demon-
strates that only Pt NPs play a decisive role in H2O2-propulsion
(Fig. 4f). It has been found in our previous report that the values of
DL and average velocity of DPSNs-NH2@Pt-50% were higher than

those of smooth silica nanospheres-NH2@Pt-50% at the same
concentration of H2O2, which was ascribed to the loading of more
Pt NPs, thus increasing the catalytic activity.33

Apart from the motion driven by different concentrations of
H2O2, the other excellent property of the DPSNs-NH2@Pt@CuS
NPs is the self-thermophoresis propulsion by the photothermal
effect provided by the CuS NPs. Here, the UV-vis-NIR spectra of
DPSNs-NH2@Pt@CuS NPs revealed a surface plasmon reso-
nance (SPR) peak at about 980 nm, which is consistent
with the characteristic absorption peak of CuS (Fig. S6c, ESI†).

Fig. 4 (a) Schematic illustration of the propulsion mechanism of H2O2-driven DPSNs-NH2@Pt@CuS Janus nanomotors. (b) Trajectories of DPSNs-
NH2@Pt@CuS Janus nanomotors at different H2O2 concentrations (15 s). (c) Fitting plot of MSD of DPSNs-NH2@Pt@CuS versus time interval (t) at
different H2O2 concentrations. (d) Instantaneous velocity of DPSNs-NH2@Pt@CuS Janus nanomotors at different H2O2 concentrations of 0 and 3 wt%
(15 s). (e) Dependence of average velocity of DPSNs-NH2@Pt@CuS on different H2O2 concentrations. (f) Diffusion coefficient of DPSNs-NH2@Pt and
DPSNs-NH2@Pt@CuS at different H2O2 concentrations, respectively.
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The high absorption is very important for photothermal con-
version in the NIR region. Hence, when exposed to a NIR laser,
a localized photothermal effect on the CuS covered part leads to
the formation of thermal gradients across the DPSNs-
NH2@Pt@CuS NPs, thus propelling the DPSNs-NH2@Pt@CuS
nanomotors by self-thermophoresis (Fig. 5a). Compared with
the Brownian motion of DPSNs-NH2@Pt@CuS NPs without the
NIR irradiation, trajectory lengths became more stretched and
prolonged with the increased power of NIR light and they were
recorded over a period of the first 10 s without NIR irradiation
and over the next 20 s under NIR irradiation (Fig. 5b). The
trajectory length of DPSNs-NH2@Pt@CuS Janus nanomotors
enhanced slightly to only 89 mm in 20 s under the irradiation of

1 W. However, under 3 W of NIR light irradiation, the trajectory
of DPSNs-NH2@Pt@CuS NPs was even increased to 134 mm in
20 s. The movement directionality of DPSNs-NH2@Pt@CuS
nanomotors is due to the directionality of NIR light laser.
Due to the strong SPR absorption of the CuS NPs in the NIR
region, thermophoretic force along DPSNs-NH2@Pt@CuS
produces a net resultant force, which can overcome strong
Brownian forces and thus induce rapid motion of the nano-
motors. MSD curves in Fig. 5c fit the equation MSD = 4D�Dt +
v2�Dt2 very well. The propulsive velocity of DPSNs-NH2@Pt@CuS
NPs increases to 4.07 mm s�1 under 3 W of NIR light irradiation,
much higher than that (1.46 mm s�1) under 1 W. The diffusion
coefficient of DPSNs-NH2@Pt@CuS NPs under NIR irradiation

Fig. 5 (a) Schematic illustration of light-driven DPSNs-NH2@Pt@CuS Janus nanomotors under NIR laser irradiation. (b) Trajectories of DPSNs-
NH2@Pt@CuS Janus nanomotors with light of different power in 30 s, the signed part of the trajectory by black wireframe indicates the Brownian
motion in the first 10 s without NIR irradiation. (c) Fitting plot of MSD of DPSNs-NH2@Pt@CuS versus time interval (t) under NIR irradiation with different
power. (d) Diffusion coefficient of DPSNs-NH2@Pt@CuS under NIR irradiation with different power. (e) Trajectories of DPSNs-NH2 and DPSNs-
NH2@Pt@CuS Janus nanomotors with the NIR light irradiation of 2 W in 30 s, the signed part of the trajectory by a black wireframe indicates the Brownian
motion in the first 10 s without NIR irradiation.
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with different power is shown in Fig. 5d and it improved with the
increase of NIR power density. Compared with the Brownian
motion in the absence of NIR light, the diffusion coefficient
of DPSNs-NH2@Pt@CuS NPs is significantly increased to
7.2 mm2 s�1 under 3 W of NIR light irradiation, indicating that
the enhanced propulsion was achieved by the thermophoretic
mechanism under NIR light irradiation. Furthermore, we also
studied the propulsion situation of both bare DPSNs-NH2 and
DPSNs-NH2@Pt@CuS NPs under the same NIR light irradiation
of 2 W as a control experiment. As recorded in Fig. 5e, the
trajectories of DPSNs-NH2@Pt@CuS NPs were prolonged a lot
compared to that of DPSNs-NH2, which demonstrates that the
NIR irradiation can effectively activate the diffusion of Janus
nanomotors due to the photothermal effect (Video S2, ESI†).

4. Conclusion

In conclusion, we successfully fabricated DPSNs-NH2@Pt@CuS
Janus nanomotors with H2O2 and NIR light dual-propulsion via
a Pickering emulsion combined with electrostatic self-assembly
method. The motion speed of Janus nanomotors can be
enhanced not only by self-diffusiophoresis due to the decom-
position of H2O2 catalyzed by Pt NPs, but also by self-
thermophoresis owing to thermal gradients caused by the
photothermal effect of CuS NPs. Furthermore, we can conve-
niently modulate the motion speed of Janus nanomotors by
controlling H2O2 concentration and NIR light power. This work
provides a new approach to construct dual-propulsion nano-
motors by the asymmetric adsorption of various functional
NPs. It is expected that this kind of Janus nanomotors will
act as intelligent nanorobots for various biomedical applica-
tions in the near future.
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