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forces exerted on the micro-/nanomotors, 
two typical propulsion mechanisms of the 
phoresis and bubbles have been proposed, 
where the propulsions are originated from 
the concentration gradients of resultants 
and the recoil force of bubble ejection, 
respectively. Compared to the phoresis-
propelled micro-/nanomotors, those 
propelled by bubbles could show some 
impressive features including a strong 
thrust, ultrafast movement speeds, and 
independence of motion on ionic strength 
in liquid media. [ 3 ]  Particularly, the bubble-
propelled catalytic micromotors (BCMs) 
show the additional advantage of a long 
life span and have thus received much 
attention in the last decade. [ 4 ]  

 To achieve the practical application of 
the BCMs, they should be steered in a 
predesigned way, involving controllable 
motion state, moving speed, and trajec-
tory, etc. [ 2e ,   5 ]  On the basis of this clue, 
various strategies of external stimuli have 
been recently developed in an attempt to 
control the motion of the BCMs, including 
external light, ultrasound, thermal and 

magnetic fi eld, etc. [ 6 ]  Among them, the magnetic fi eld could 
operate magnetic BCMs with a high spatial and temporal 
resolution. [ 5 ]  For example, they may repetitively “stop-and-
go” or “stop-turn-and-go” under a tunable magnetic fi eld. 
However, the so far developed magnetic BCMs are generally 
designed with a complex multilayered tubular or Janus colloid 
structure. [ 6c ,   7 ]  They can be obtained only when a magnetic com-
ponent is inserted between a catalyst layer (Pt, Ag, or catalase) 
and an inert layer (polymer or Ti) by complex and expensive 
processing techniques, including the “rolled-up,” vapor depo-
sition, and template-assisted electrodeposition methods. [ 4a ,   8 ]  
Consequently, their production is only restricted to the labo-
ratories equipped with advanced fabrication facilities and this 
greatly hinders their practical use. Therefore, there are urgent 
demands for the creation of new design strategies to simplify 
the structures of magnetic BCMs as well as the development of 
their facile, large-scale fabrication approaches. 

 In this work, we have developed a novel magnetically modu-
lated micromotor of single-layered MnFe 2 O 4  pot-like hollow 
microparticles with a capability to directly remove contaminant 
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  1.     Introduction 

  Self-propelled micro-/nanomotors are capable of converting 
chemical energy into autonomous motion generally due to the 
asymmetry in chemical compositions and/or morphologies. [ 1 ]  
They may demonstrate fascinating capabilities to pick up, trans-
port, and release various micro-/nanocargoes in liquid media, 
and thus have important potential applications in drug delivery, 
protein and cell separation, microsurgeries, and environmental 
remediation, etc. [ 1,2 ]  According to the attribution of the driving 
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oils from water. The formation mechanism of the asymmetric 
pot-like MnFe 2 O 4  micromotors is proposed to be a growing-
bubble-templated nanoparticle (NP) assembly. For such a simple 
pot-like MnFe 2 O 4  micromotor in H 2 O 2  aqueous solution, the 
catalytically generated O 2  molecules will nucleate and grow into 
bubbles preferentially on the inner concave surface rather than 
on the outer surface, leading to a vital propulsion of the micro-
motor. Attributing to the fi ne magnetic responses, the motion 
of the micromotor can further be adjusted wirelessly by a 
modulated magnetic fi eld. Compared to the reported micromo-
tors for environmental oil remediation, which have a complex 
multilayered structure and need an additional surface modifi ca-
tion with long-chain alkanethiols, [ 9 ]  the as-developed MnFe 2 O 4  
micromotors have a simple single-layered structure and can be 
directly used for environmental oil remediation without any fur-
ther surface modifi cation because of the hydrophobic surface 
endowed by the pre-existed oleic acid long chains. The as-pro-
posed formation mechanism can be applied to construct other 
metal oxide pot-like nanostructures (such as TiO 2  pot-like nano-
structures) used for microreactors, energy storage, and conver-
sion, as well as environment remediation. [ 10 ]  The micromotors 
developed here may inspire novel design strategies for the prac-
tical micromotors due to the low cost, simple structure as well 
as the facile, large-scale fabrication approach.  

  2.     Results and Discussion 

 Our designed simple-structured magnetic micromotors are 
single-layered MnFe 2 O 4  pot-like hollow microparticles. They 
can be easily fabricated in a large scale by moderately warming 

volatile oil droplets consisting of hydrophobic MnFe 2 O 4 @OA 
NPs (Figure S1, Supporting Information) in an aqueous solu-
tion.  Figure    1  A shows that the as-fabricated MnFe 2 O 4  micro-
motors have a typical pot-like structure with a hollow interior 
and a single open hole in the shell. The average diameter ( d ) 
of the micromotors is about 25 µm, and the open holes on its 
surfaces have a diameter of about 10 µm. Close observation 
of a typical broken pot-like microparticle (Figure  1 B) reveals 
that the hollow interior is biased to one side of the micropar-
ticle. Both the inner and outer surfaces are smooth, and the 
wall thicknesses near and away from the open hole are about 
500 nm and 4 µm, respectively. The X-ray diffraction (XRD) 
pattern in Figure  1 C can be indexed to cubic MnFe 2 O 4  (JCPDS 
73–1964). [ 11 ]  The obvious broadening diffraction peaks indi-
cate that the pot-like MnFe 2 O 4  micromotors are composed of 
nanocrystals, whose size can be estimated from the full width 
at half maximum to be about 6 nm according to the Scherrer’s 
formula. The thermogravimetry (TG) and differential scan-
ning calorimetry (DSC) analyses (Figure  1 D) reveal that the as-
obtained pot-like micromotors contain 86.1 wt% MnFe 2 O 4 .  

 To decipher the formation mechanism of the as-obtained 
pot-like MnFe 2 O 4  micromotors, we have investigated in detail 
the time-dependent structural transformation process by an 
optical microscope. After a mixed volatile oil of chloroform 
and  n -hexane (8.8:1.2 in volume) containing MnFe 2 O 4 @OA 
NPs was added into the aqueous solution with 3.0 × 10 −3   M  
cetyltrimethylammonium bromide (CTAB) and magnetically 
stirred for 60 s, a suspension of tiny oil droplets containing 
MnFe 2 O 4 @OA NPs in an aqueous solution with CTAB was 
formed. Video 1 (Supporting Information) and  Figure    2  A show 
that when the suspension is heated at 37 °C, the oil droplets 
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 Figure 1.    A,B) SEM images, C) XRD pattern, and D) TG–DSC analysis of the as-assembled MnFe 2 O 4  micromotors. Panel (B) represents a typical 
cross-section morphology of the as-assembled MnFe 2 O 4  micromotors.
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gradually diminish until the heating time ( t ) is prolonged to 
10.5 s. At the same time, the image contrast between the oil and 
water phases increases, indicating the increase in the concen-
tration of the MnFe 2 O 4 @OA NPs. Both of them are caused by 
the consecutive evaporation of the volatile oil, as evidenced by 
the successive formation-growth-disruption of the gas bubbles. 
At  t  between 18 and 38.2 s, the assembly of the MnFe 2 O 4 @OA 
NPs is observed to occur at the oil/water interface, leading to 
a dense particulate shell formed on the droplet surface with 
an encapsulated gas bubble. When  t  is further extended to 
38.3 s or longer, the dense particulate shell is burst to create 
a single hole in it, revealing the formation of a pot-like hollow 
microparticle. This is assumed to originate from the increased 
pressure of the encapsulated gas bubble. It is clear that after 
experiencing the above three different stages, the tiny oil drop-
lets containing MnFe 2 O 4 @OA NPs are transformed into pot-
like MnFe 2 O 4  hollow microparticles by the NP assembly.  

 Based on above observation, it can be seen that the step when 
the bubble capsule bursts through the particulate shell because 
of the high gas pressure of the encapsulated “growing bubble” 
plays a most vital role in the formation of the pot-like micro-
motors. It is the “growing-bubble”-templated self-assembly of 
hydrophobic NPs in a volatile oil droplet that is responsible 
for the formation of the pot-like micromotors, as described in 
Figure  2 B. Figure  2 B-a shows that the surfactant molecules 
(CTAB) would line up at the oil/water interface to reduce the 
surface tension of the oil droplet in the bulk water phase. The 
MnFe 2 O 4 @OA NPs in the oil droplet can be stably dispersed 
at fi rst due to the steric repulsion between the OA chains of 

adjacent NPs. [ 12 ]  Figure  2 B-b,c shows that the oil phase would 
intensively evaporate via a successive formation-growth-
disruption of the gas bubbles due to its low boiling point of 
about 60 °C, [ 13 ]  as evidenced by the fi rst stage of the structural 
transformation shown in Figure  2 A (0–10.5 s). In this step, 
chloroform is dissolved out of the oil droplet through the oil–
water interface into bulk water phase, producing an outward 
diffusion fl ow of chloroform and carrying MnFe 2 O 4 @OA NPs 
in the oil droplet to the oil–water interface, where the hydro-
phobic oleic chains covered on the surface of the MnFe 2 O 4 @
OA NPs compress and attract each other to expel water and oil 
phase into the bulk to minimize the free energy of the system. 
As a result, the aggregation and self-assembly of adjacent NPs 
occur within the oil–water interface through the attractive 
hydrophobic interaction (Figure  2 B-b). [ 12a ,   14 ]  However, the con-
centration of the MnFe 2 O 4 @OA NPs within the oil–water inter-
face is too low at this stage for the assembled MnFe 2 O 4 @OA 
NPs to form a dense particulate shell. Therefore, the continu-
ously growing oil gas bubbles can penetrate the interface, and 
then disrupt when they contact with bulk water phase due to the 
sudden change of the surface tension and the water solubility 
of chloroform (Figure  2 B-c). When most of solvents inside the 
oil droplet are evaporated, the size of the oil droplet is largely 
reduced, leading to the concentration of the NPs inside. Hence, 
more and more MnFe 2 O 4 @OA NPs are self-assembled at the 
oil–water interface due to the strong attractive hydrophobic 
interaction between those NPs, and a dense particulate shell is 
formed. In this case, the evaporated oil gas bubbles start to be 
trapped inside the oil droplet (Figure  2 B-d). They grow slowly 
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 Figure 2.    A) Optical images taken from Video 1 of the Supporting Information, which shows the transformation from an oil droplet of mixed vola-
tile chloroform and  n -hexane (8.8:1.2 in volume) containing MnFe 2 O 4 @OA NPs suspended in an aqueous solution with 3.0 × 10 −3   M  CTAB at 37 °C 
into a pot-like MnFe 2 O 4  micromotor by prolonging the heating time; B) schematic illustration for the formation mechanism of the pot-like MnFe 2 O 4  
micromotors by the growing-bubble-templated self-assembly of hydrophobic MnFe 2 O 4 @OA NPs in a volatile oil droplet: a) The oil droplet con-
taining MnFe 2 O 4 @OA NPs in the bulk water phase would experience intensive evaporation of volatile oil phase during the heating process. b,c) The 
MnFe 2 O 4 @OA NPs are carried to the oil–water interface and assembled there due to the outward diffusion fl ow of chloroform. d) When most of the 
solvents inside the oil droplet are evaporated, the NPs are assembled into a dense shell, which could trap gas bubbles generated by the inside evapo-
rated oils. e) Further evaporating oils enable the encapsulated bubbles to merge into one big bubble, which is biased toward the upper side of the oil 
droplet under the action of buoyancy ( F  B ). f) When the bubble pressure surpasses the interactions between the assembled NPs due to the continuous 
growth of the encapsulated bubble, the upper thin particulate shell is burst, creating a single hole in it to form the pot-like MnFe 2 O 4  micromotor.
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and merge into a big bubble at the interior, forming a bubble 
capsule (Figure  2 B-e), corresponding to the second stage of the 
structural transformation of the oil droplet shown in Figure  2 A 
(18–38.2 s). In this bubble capsule, the oil phase is located 
between the outer assembled MnFe 2 O 4  particulate shell and 
the encapsulated gas bubble. With  t  prolonging, the encapsu-
lated gas bubble grows at the expense of the oil phase, further 
concentrating the MnFe 2 O 4  NPs dispersed in the oil phase and 
leading to the continuous self-assembly of the MnFe 2 O 4  NPs. 
With the ongoing evaporation of the oil solvents, the gas pres-
sure of the encapsulated gas bubble increases because of the 
volume confi ned by the outer rigid MnFe 2 O 4  particulate shell. 
Note that the encapsulated bubble would be biased toward the 
upper side of the oil droplet under the action of buoyancy ( F  B ) 
in the above process. This makes the upper particulate shell of 
the bubble capsule much thinner than the bottom one. When 
the gas pressure surpasses the interactions between the ensem-
bled NPs, the upper thin particulate shell is burst, generating a 
single hole on the surface of the bubble capsule (Figure  2 B–f), 
corresponding to the third stage of the structural transforma-
tion of the oil droplet shown in Figure  2 A (38.3–50 s). The pot-
like MnFe 2 O 4  micromotors are fi nally produced at the complete 
evaporation of the oil solvents. Figure  2 B also implies that the 
NP concentration ( C  NP ) in the oil droplet affects the bursting 
behaviors of the particulate shell and thus the size of the open 
hole due to the changes of the shell thickness and tough-
ness with the  C  NP . This assumption is verifi ed by the data in 
Figure  1 A and Figure S2 (Supporting Information), which indi-
cate that when  C  NP  increases from 20, 40, to 60 mg mL −1 , the 
size of the open hole in the assembled pot-like MnFe 2 O 4  micro-
particles decreases from 15, 10, to 8 µm. At  C  NP  of 20 mg mL −1 , 
the obtained particulate shell is too thin to maintain the spher-
ical morphology of the MnFe 2 O 4  microparticle so that they only 
show a distorted pot-like morphology. 

 According to the above formation mechanism, chloroform 
with a slight water solubility is essential for the formation of 
the bubble capsule and the subsequent pot-like structure. To 
determine this, we have conducted a control experiment, where 
the chloroform/ n -hexane mixture oil is replaced with a pure 
 n -hexane oil phase. In this condition, no outward fl ow occurs 
in the oil phase because of the immiscibility between  n -hexane 
and water so that the concentration of the NPs on the surface of 
the oil droplet is too low to form a dense particulate shell. As a 
result, the oil droplet collapses into an irregular microparticle 
with the evaporation of  n -hexane, as shown in Figure S3 (Sup-
porting Information). On the other hand, the pot-like structures 
do not also form when the pure chloroform is used as the oil 
phase (Figure S4, Supporting Information). In comparison 
of these two contrast experiments shown in Figures S3 and 
S4 (Supporting Information), the outward diffusion fl ow and 
inward condensation of the MnFe 2 O 4 @OA NPs in the evapo-
rating chloroform and  n -hexane droplet, which brings about 
the self-assembly and concentration of the MnFe 2 O 4 @OA 
NPs, are clearly observed respectively. This indicates that in the 
chloroform/ n -hexane mixture oil droplet (Figure  2 ),  n -hexane 
plays an important role to stabilize the spherical oil droplet for 
keeping MnFe 2 O 4 @OA NPs inside, while chloroform is essen-
tial for driving inner MnFe 2 O 4 @OA NPs to the surface of the 
oil droplet due to their different solubility in the bulk water 

phase. As a result, the MnFe 2 O 4 @OA NPs tend to assemble at 
the oil–water interface to form a dense particulate shell, which 
is then burst through by the encapsulated growing gas bubble, 
resulting in an asymmetric pot-like structure. This concludes 
that we have developed a simple growing-bubble-templated NP 
assembly approach to fabricate pot-like MnFe 2 O 4  hollow micro-
particles in a large scale. It is worthy of noting that as a simple 
approach to manufacture functional complex nanostructures, 
the NP assembly method has widely employed to fabricate 
ensembled particulate fi lms, superlattices, chains, clusters, cap-
sules, and hollow structures, etc., [ 12b ,   15 ]  but never used to obtain 
the asymmetric pot-like structure before. In fact, the growing-
bubble-templated NP assembly approach developed in this work 
is a versatile method, and it could be extended to fabricate other 
metal oxide pot-like structures used for microreactors, energy 
storage, and conversion, as well as environment remediation. [ 10 ]  
As a demonstration, Figure S5 (Supporting Information) mani-
fests that pot-like TiO 2  hollow microparticles are obtained when 
the MnFe 2 O 4 @OA NPs are replaced by TiO 2 @OA NPs. 

 The as-fabricated pot-like MnFe 2 O 4  micromotors have good 
magnetic properties, which are highly desired for the magneti-
cally modulated motion.  Figure    3  A indicates that the as-obtained 
pot-like MnFe 2 O 4  micromotors have a saturation magnetization 
( M  s ) of 14.8 emu g −1 , as well as a negligible coercive force ( H  c ) 
and remanent magnetization ( M  r ) at 300 K, suggesting a super-
paramagnetic behavior.  M  s  of the pot-like MnFe 2 O 4  micromo-
tors is lower than that of bulk MnFe 2 O 4  (80 emu g −1 ). [ 16 ]  This 
is possibly due to the spin canting and surface spin disorder, [ 17 ]  
which occurred in the nanosubunits (MnFe 2 O 4  NPs, 6 nm) of 
the micromotor, as well as the high mass content of oleic acid 
(13.9 wt%, Figure  1 E). To further probe the superparamagnetic 
behavior of the particles at room temperature, we have meas-
ured the fi eld cooling (FC) and zero fi eld cooling (ZFC) curves 
under a weak external fi eld of 100 Oe. Figure  3 B shows that with 
increasing temperature, the two curves begin to overlap at about 
50 K, indicating a blocking temperature ( T  B ) of around 50 K, 
above which they are superparamagnetic, representing that the 
thermal energy of the particles is greater than the magnetic 
anisotropy energy or the energy barrier for the spin reorienta-
tion. [ 17 ]  The superparamagnetic property of the as-fabricated 
pot-like MnFe 2 O 4  micro motors could be explained by the fact 
that they are composed of self-assembled nanosubunits of 
MnFe 2 O 4  NPs with a small size of about 6 nm. The superpara-
magnetic property cannot induce unfavorable aggregation of the 
MnFe 2 O 4  micromotors, benefi cial for the various applications.  

 Owing to the intensive catalytic decomposition of H 2 O 2  over 
MnFe 2 O 4 , [ 18 ]  the as-obtained MnFe 2 O 4  pot-like micromotors can 
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 Figure 3.    A) The magnetic hysteresis loop and B) ZFC–FC curves of the 
pot-like MnFe 2 O 4  micromotors.
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be self-propelled in the liquid media containing H 2 O 2 . Video 2 
(Supporting Information) and  Figure    4  A show the autonomous 
motion of the pot-like MnFe 2 O 4  micromotors in a 2 wt% H 2 O 2  
aqueous solution with 0.1 wt% CTAB. A long tail of O 2  bubbles 
with radius ( r ) of ≈7.5 µm is ejected from one side of the pot-like 
MnFe 2 O 4  micromotor at a frequency ( f ) of about 30 Hz. This 
engenders a strong momentum that propels the micromotor 
forward with a remarkable speed of 260 µm s −1  (Figure  4 A). 
Magnifi ed microscopic images in Figure S6 (Supporting Infor-
mation) reveal that the O 2  bubbles are formed inside the pot-
like MnFe 2 O 4  micromotor and then ejected from the open 
hole. A curved tail of O 2  bubbles in Figure  4 A indicates that 
the motion of the micromotor follows a spiral ballistic trajec-
tory, suggesting that the bubble releasing direction deviates 
from the symmetry axis of the pot-like MnFe 2 O 4  micromotors, 
which generates a rotational torque besides the translational 
propulsion. [ 3b ]  The micromotor is observed to have a long life 
time due to the high stability of both MnFe 2 O 4  and the catalytic 
H 2 O 2  reaction over its surface.  

 Most of the previously reported bubble-propelled catalytic 
micromotors have complex structures and require tedious 
and expensive fabrication technologies, such as the “rolled-
up,” vapor deposition, and template-assisted electrodeposition 
methods. [ 7,19 ]  They are composed of at least two components 
with an asymmetric Janus structure or multilayered tubular 
structure in which one is a catalytic reactive component and 
the other is an inert substance. [ 2a ,   f  ]  In contrast, the as-obtained 
MnFe 2 O 4  micromotors have a remarkable advantage of a simple 
single-layered structure and could be fabricated by a facile, ver-
satile, and large-scale growing-bubble-templated NP assembly 
fabrication approach. To get the single-layered micromotor 
moving, an asymmetric structure is necessary to generate an 
asymmetric distribution of chemical species and subsequently 
break the symmetry of the pressure distribution, eventually 
resulting in the directional motion of the motor. [ 6g ]  The pot-like 
structure, as a typical asymmetric structure, has different con-
cave and convex shapes in the inner and outer surfaces, respec-
tively. Thus, it may lead to an asymmetric bubble formation. 
For example, Huang and co-workers [ 20 ]  have reported that for 
the Pt/Ag/Au multilayered nanoshell micromotor, the nuclea-
tion of bubbles on a concave surface is much easier than that 

on a convex surface according to the heterogeneous nuclea-
tion energy. However, in the calculation it is assumed that the 
supersaturation of solutes is at a same level near the concave 
and convex surfaces of the micromotor. 

 Here, we propose that the asymmetric concentration distri-
bution of the solutes on the concave and convex surfaces before 
bubble nucleation plays a much important role in the prefer-
able bubble nucleation and growth on the concave surface since 
a certain level of solute supersaturation is a prerequisite condi-
tion for the bubble nucleation. To confi rm this, we follow Fick’s 
second law of diffusion [ 21 ]  and construct a 2-dimensional model 
by the transient diffusion module of COMSOL multiphysics. 
Figure  4 B illustrates that the O 2  concentration distribution in 
the interior space confi ned by the concave surface and the outer 
space away from the convex surface have completely different 
dependences on the diffusion time. When O 2  molecules are 
generated at a rate ( K ) of 3.1 mmol m −2  s −1  on both the concave 
and convex surfaces of the pot-like MnFe 2 O 4  micromotor (the 
case of Figure  4 A), the ratio of the O 2  concentration on the con-
cave surface ( C  c ) to that on the convex surface ( C  v ) ( R  =  C  c / C  v ), 
which represents the asymmetry of O 2  concentration distribu-
tion between them, reaches a maximum value of 3.6 with a dif-
fusion time of 0.15 s. The O 2  molecules in the confi ned space of 
the micromotor will reach the maximum supersaturation con-
centration for the O 2  bubble nucleation (68 × 10 −3   M  [ 22 ] ) within 
0.15 s due to the accumulative effect of the inner confi ned void, 
while those generated on the outer convex surface continuously 
diffuse away from the surface and cannot effectively accumu-
late to form bubbles. This result indicates that O 2  can easily 
nucleate and grow into bubbles in the confi ned void because 
of the high concentration of the catalytically generated O 2  mol-
ecules, which are then ejected from the open hole to propel the 
micromotor, as the propulsion mechanism shown in Figure  6 A. 

 According to above analysis, the outer convex surface of the 
micromotor is also reactive for the catalytic decomposition of 
H 2 O 2  even though no obvious O 2  bubble is observed on it. 
Instead, the O 2  molecules generated catalytically on the convex 
surface will quickly diffuse away. In order to confi rm this, we 
have carefully observed the size change of an O 2  bubble attached 
on the convex surface of a moving micromotor, as shown in 
Figure S7 (Supporting Information). As expected, the size of 
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 Figure 4.    A) Time-lapse images of the autonomous motion of the MnFe 2 O 4  micromotor in the fuel solution with 2 wt% H 2 O 2  and 0.1 wt% CTAB 
(Video 2, Supporting Information) at different time intervals. B) The concentration of O 2  molecules distributed inside and outside the pot-like MnFe 2 O 4  
micromotor (in gray color) at different catalytic reaction times of 0, 50, 100, and 150 ms, indicating that the catalytically generated O 2  molecules are 
highly concentrated in the hollow interior of the motor, which would facilitate the nucleation and growth of O 2  into bubbles preferentially on the inner 
concave surface rather than on the outer convex surface, resulting in continuous ejection of O 2  bubbles from the open hole to propel the micromotor.
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this bubble continuously increases as long as it still attaches to 
the convex surface of the moving micromotor, indicating the 
continuous generation of O 2  on the convex surface. For the pot-
like micromotors with the open hole in different sizes produce 
different confi ning effects,  R  will also vary. Figure S8 (Sup-
porting Information) shows that  R  at a diffusion time of 0.1 s 
increases from 2.5, 3.3, to 3.6 when the open hole of the micro-
motor decreases from 18, 10, to 4 µm, respectively. This indi-
cates that for the pot-like micromotor, the smaller the size of 
the open hole is, the higher the concentration asymmetry of the 
catalytic resultants within and out of the micromotor is, which 
facilitates the nucleation and growth of O 2  bubbles selectively 
on the inner concave surface. However, it is also imaginable 
that the small open hole (<10 µm in size) may affect the con-
tinuous feeding of the fuel as it could be easily blocked by the 
formed bubbles (10–20 µm in size, Figure  4 A), inhabiting the 
continuous ejection of bubbles and the self-propulsion of the 
pot-like micromotor. When the open hole of the pot-like micro-
motor is too large (close to the diameter of the micromotor), 
the concentration asymmetry of the catalytic resultants within 
and out of the micromotor may be too low to trigger the pref-
erable bubble nucleation on the concave surface. For example, 
the single-component “coconut” Pt micromotor reported very 
recently shows that the O 2  bubbles are generated on the convex 
surface, [ 23 ]  which may be caused by the contamination of inner 
concave surface in the preparation process, as well as the low 
asymmetry of O 2  concentration because of the large open hole. 

 Attributing to the promising magnetic property ( M  s  = 
14.8 emu g −1  = 14.8 A m 2  kg −1 ), the as-obtained pot-like 
MnFe 2 O 4  micromotor have a good response to the external 
magnetic fi eld, and their motion of the micromotor could be 
modulated magnetically, as shown in Video 3 (Supporting 
Information) and  Figure    5  . Figure  5 A–C shows that the moving 
micromotor could be stopped when a magnet with a sur-
face magnetic fl ux density of 0.33 Tesla (T), which produces 
a gradient magnetic fi eld ( H  s ) with values depending on its 
distance from the micromotor, is close to it at a distance of 
about 17 mm along the direction opposite to its motion direc-
tion. After the magnetic fi eld is withdrawn, the autonomous 
motion of the micromotor recovers (Figure  5 D), representing 

the magnetically ‘‘stop-and-go’’ operations of the micromotor. 
Figure S9 (Supporting Information) shows the magnetic fl ux 
density ( B ) versus the distance ( x ) between the micromotor 
and magnet, indicating that it decreases exponentially with  x  
according to Equation  ( 1)   in which  B  0 ,  a , and  t  are constants 
with the value of 0.3173, 157.2, and 0.0127, respectively. 

   B B tx
ax= +−e0   (1)    

 In a gradient magnetic fi eld  H  s , the magnetic micromotor is 
subjected to a magnetic force as follows 

   F M HMμ= ⋅∇mag 0   (2)   

 Here,  H  is the magnetic fi eld intensity in T,  µ  0  is the magnetic 
susceptibility of the free space (4π × 10 −7  H m −1 ), and  M  M  is the 
magnetization of the micromotor. Since we are interested in the 
magnetic force opposite to the motion direction of the micro-
motor ( x -direction) only, the magnetic force on it fi nally reduces to 

    
F M V

H

x
M V

B

x
V

x
V

xμ= =d
d

d
d

mag 0

 
 (3)

   

 Here,  M v   represents the volume magnetization of the 
micromotor (3.65 × 10 3  A m −1 ), which is calculated from the 
 M – H  curve in Figure  3 .  V  is the volume of the micromotor 
(5.13 × 10 −15  m 3 ). d B x  /d x  represents the gradient of magnetic 
fl ux density at  x -direction. The force analysis of the micromotor 
under the applied magnetic force is shown in Figure S10 (Sup-
porting Information). 

 The magnetic force exerted ( x  = 17 mm) to stop the micro-
motor (Figure S10A, Supporting Information) can be calcu-
lated from Equation  ( 3)   to be 6.5 × 10 −11  N. This force is close 
to the driving force of the autonomous micromotor ( F  d  = 5.8 × 
10 −11  N), which is calculated as follows 

    F r vπ η= 6d   (4)   

 Here,  r  and  v  are 12.5 µm and 200 µm s −1 , referring the 
radius and speed of the autonomous moving micromotor in 
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 Figure 5.    Time-lapse images of the A,D) autonomous motion, B,C) magnetically controlled stop, and E,F) magnetic guidance of the MnFe 2 O 4  micromotor 
in the fuel solution with 2 wt% H 2 O 2  and 0.1 wt% CTAB (Video 3, Supporting Information) at time intervals of A) 0, B) 1.8, C) 2.5, D) 4, E) 6.5, and F) 12 s.
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Figure  5 .  η  is the dynamic viscosity of the aqueous medium 
(1.23 × 10 −3  Pa s). [ 24 ]  The magnetic force on the magnetic micro-
motor can be considered as the sum of the individual forces 
on each single-domain or single superparamagnetic MnFe 2 O 4  
NP. Due to the asymmetric distribution of the MnFe 2 O 4  NPs 
in the pot-like MnFe 2 O 4  micromotor (Figure  1 B), the exerted 
magnetic force near the open hole is far weaker than that away 
from it due to the small number of the MnFe 2 O 4  NPs. As a 
result, the acting point ( O  M ) of the magnetic force ( F  mag ) is sep-
arated from the geometric center ( O  G ) of the micromotor with 
a distance of  l , as shown in Figure S10B (Supporting Infor-
mation). If a gradient magnetic fi eld is applied at the direc-
tion perpendicular to that of the motion of the micromotor, 
a torque ( M  o  =  F  mag  ×  l ) is generated to turn the autonomous 
micromotor until its moving direction is along with that of 
the magnetic force (Figure S10B, Supporting Information). As 
shown in Figure  5 E, the autonomous micromotor is turned 
with a negligible speed variation to the direction of the applied 
gradient magnetic fi eld ( H  t ) with an  F  mag  of 1.26 × 10 −11  N. 
In addition, the micromotor can be accelerated from 200 to 
390 µm s −1  by applying a gradient magnetic fi eld ( H  a ) at the 
same direction of the motion of the micromotor (Figure  5 F), 
which exerts a magnetic force of 1.17 × 10 −10  N on the micro-
motor (Figure S10C, Supporting Information). Such on-
demand control of the movement of the MnFe 2 O 4  micromotor 
promises their diverse applications such as cargo transporta-
tion and environmental remediation, etc. Compared to the pre-
viously reported magnetic controllable catalytic micromotors 
with complex multilayered structures, [ 5,25 ]  the as-developed 
MnFe 2 O 4  micromotor achieves the self-propulsion as well as 
the magnetic controllable motion with a simple single-layered 
structure due to the combination of the catalytic activity and 
the excellent magnetic response of the MnFe 2 O 4 . Moreover, its 
motion is guided by a gradient magnetic fi eld, which can be 
applied by an electromagnet or permanent magnet, and has a 
promising advantage of easy operation. This is of importance 
for the large-scale environmental applications (e.g., water treat-
ment) of the micromotors. In contrast, for the previous micro-/
nanomotors to keep a constant speed, [ 5,19 ]  the magnetic con-
trol is generally realized by a uniform magnetic fi eld, which 
requires complex 3D Helmholtz coils to generate, and is dif-
fi cult to apply in a long distance. Additionally, for such cata-
lytic bubble-propelled micromotors with simple structures as 
irregular shaped MnO 2  and “coconut” Pt micromotors, [ 3g ,   23 ]  it 
is diffi cult to control the motion as they hardly respond to the 
external stimuli at room temperature. 

 The removal of spilt oil from contaminated water is of con-
siderable importance for minimizing environmental hazards. 
Wang and co-workers [ 9 ]  have very recently demonstrated the 
separation of oil droplets from water by the dodecanethiol-mod-
ifi ed multilayered Au/Ni/poly(3,4-ethylenedioxythiophene)/Pt 
tubular microengines and Mg/Ti/Ni/Au Janus micro motors, 
indicating a promising platform for the effective oil–water 
separation by self-propelled micromotors. However, these 
micromotors suffer from disadvantages of complex structures, 
sophisticated fabrication process, and high cost, which greatly 
hinder their widespread use. In comparison, the as-developed 
MnFe 2 O 4  micromotors have a simple structure, which can be 
easily obtained by a facile NP self-assembly method. Moreover, 

they can be directly used for the environmental oil remediation 
without any further surface modifi cation because of the hydro-
phobility of the pre-existed long oleic acid chains on the sur-
face. As demonstrated in  Figure    6  A, the MnFe 2 O 4  micromotor 
with pre-existed long oleic acid chains could perform “on-the-
fl y” collection of oil droplets through hydrophobic surface–oil 
interaction. Video 4 (Supporting Information) and Figure  6 B 
demonstrate that with the guidance of an external magnetic 
fi eld and its autonomous motion, the MnFe 2 O 4  micromotor 
can approach (Figure  6 B-a–c), capture (Figure  6 B-d,e), and 
transport (Figure  6 B-f) the oil droplets (1-octane) in the liquid 
medium containing 2 wt% H 2 O 2  and 0.5 wt% Triton-X100. 
Once the micromotor contacts an oil droplet (about 20 µm in 
size), it instantaneously captures the oil droplet. Hence, for the 
potential practical application of the MnFe 2 O 4  micromotors 
in the oil removal, the micromotors could capture oil droplets 
in a wide area by using their self-propulsion and collect them 
through magnetic separation. In addition, the micromotors in 
the treated area could be magnetically guided to the untreated 
areas for further capturing oil droplets. Video 4 (Supporting 
Information) indicate that the micromotor can carry up to three 
oil droplets, refl ecting the large drag force. The micromotor 
moves initially at a speed of 112 µm s −1 . As expected, the speed 
of the micromotor decreases linearly from 86 to 23 µm s −1  with 
increasing the number of the carried oil droplets from 1 to 3, 
as shown in Figure S11 (Supporting Information). Figure S12 
(Supporting Information) shows that no oil droplet can be cap-
tured by the micromotor when the ionic surfactant of CTAB 
is used in the liquid medium. It can be ascribed to the CTAB 
adsorbed on the micromotor surface, resulting in the electro-
static repulsion between the positively charged surface of the 
oil droplet and the micromotor. This implies that the type of the 
surfactant in the liquid medium also plays an important role in 
the affi nity of the hydrophobic micromotor with the oil droplet. 
The above results indicate that the as-fabricated MnFe 2 O 4  
micromotors have a promising potential for facile, rapid, and 
highly effi cient collection of oil in the oil-contaminated water.   

  3.     Conclusion 

 In this work, we have developed a novel magnetically modu-
lated self-propelled micromotor using simple pot-like hollow 
microparticles assembled with MnFe 2 O 4  NPs. The as-designed 
micromotors can be easily fabricated in a large scale by a 
growing-bubble-templated NP assembly approach. In this 
approach, the hydrophobic MnFe 2 O 4 @OA NPs in the volatile 
oil droplet of chloroform and  n -hexane are driven to its surface 
(oil/water interface) due to the outward diffusion of chloroform 
and assembled into a dense particulate shell under the surface 
hydrophobic interactions of MnFe 2 O 4 @OA NPs. This dense 
MnFe 2 O 4  particulate shell is then burst due to the growing 
dimension and increased internal pressure of the encapsulated 
gas bubble generated by the continuously vaporized oil phase, 
subsequently creating a single hole in the shell and resulting 
in the asymmetric pot-like MnFe 2 O 4  micromotors. The as-
obtained simple pot-like MnFe 2 O 4  micromotors can effi ciently 
integrate three interesting properties, including the high cata-
lytic activity for H 2 O 2  decomposition, superior magnetic prop-
erty, as well as instinctive surface hydrophobicity. Hence, they 
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can show not only a bubble-propelled motion with strong thrust 
in an aqueous medium but also their motion direction and 
speed can both be wirelessly modulated by an external magnetic 
fi eld. Furthermore, they can be directly used for environmental 
oil remediation without any further surface modifi cation attrib-
uting to the long oleic acid chains pre-existant in the surfaces. 
The mechanism of the self-propulsion of the pot-like single-
component MnFe 2 O 4  micromotor has been proposed based 
on the fact that the catalytically generated O 2  molecules would 
nucleate and grow into bubbles preferentially on the inner con-
cave surface rather than on the outer surface, resulting in con-
tinuous ejection of O 2  bubbles from the open hole to propel the 
micromotor. The micromotor developed here may inspire novel 
practical micromotors due to the low cost, simple structure, as 
well as the facile, large-scale fabrication strategy.  

  4.     Experimental Section 
  Synthesis of MnFe 2 O 4 @OA NPs : MnFe 2 O 4 @OA NPs were synthesized 

by a modifi ed solvothermal method. [ 26 ]  At fi rst, 3.39 g oleic acid, 2 mmol 
of ferric nitrate, and 1 mmol of manganous acetate were dissolved in 
10 mL ethanol. Then 2 mL of 5 × 10 −3   M  NaOH aqueous solution was 
added into the above solution. After that, the prepared solution was 

transported to a 100 mL autoclave. The autoclave was sealed and placed 
in an oven at 180 °C for 16 h, and then naturally cooled down at room 
temperature. The obtained NPs were washed by the mixture solution 
containing  n -hexane and ethanol four times, volume ratio of which is 
1:3, and subsequently isolated by centrifugation at 8000 rpm for 2 min. 
Finally, the collected NPs were dried in an oven at 60 °C for 8 h. 

  Preparation of MnFe 2 O 4  Micromotors : The pot-like MnFe 2 O 4  
micromotors are fabricated by a growing-bubble-templated assembly of 
hydrophobic MnFe 2 O 4 @OA NPs in a suspension of volatile oil droplets 
suspended in an aqueous solution (Figure  3 B). At fi rst, an oil phase was 
prepared by dispersing the MnFe 2 O 4  NPs (40 mg mL −1 ) in a mixture 
solvent containing chloroform and  n -hexane (8.8:1.2 in volume). Then, 
0.2 mL of the oil phase were added into 300 mL water containing 
3.0 × 10 −3   M  CTAB (water phase) with magnetic stirring for 60 s to obtain 
an aqueous suspension of oil emulsion droplets. Then, the resulted 
suspension was heated at 37 °C for 160 s with a water bath, and then 
stood under static conditions at room temperature for 90 min. Finally, 
the resulting brown precipitates were isolated by magnetic separation, 
washed once with water at 60 °C, and then dried in vacuum to obtain the 
pot-like MnFe 2 O 4  micromotors. 

 Pot-like TiO 2  hollow microparticles were also prepared by the 
growing-bubble-templated assembly of hydrophobic TiO 2 @OA NPs, 
which were prepared by a modifi ed solvothermal method [ 27 ]  with a 
titanium butoxide/OA ratio of 1:5. 

  Sample Characterization : Scanning electron microscopy (SEM) was 
obtained using a Hitachi S-4800 Field-emission SEM (Japan). The XRD 
patterns of the samples were recorded using a Rigaku D/Max-2000 

Adv. Funct. Mater. 2015, 25, 6173–6181

www.afm-journal.de
www.MaterialsViews.com

 Figure 6.    A) Schematic demonstration of the bubble propulsion and of the pot-like MnFe 2 O 4  micromotor attributing to selective nucleation and growth 
of O 2  bubbles on its inner concave surface, as well as the removal of oil droplets by the micromotor due to their hydrophobic outer surfaces. B) Time-
lapse images taken from Video 4 in the Supporting Information, indicating that an MnFe 2 O 4  micromotor is approaching under the a,b) magnetic 
guidance and c) autonomous motion, d,e) capturing and f) transporting the oil droplets (1 and 2) at a) 0, b) 1, c) 2, d) 3.5, e) 5 and f) 7 s, respectively.
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diffractometer equipped with a Cu K radiation source ( λ  = 0.15418 nm). 
TG–DSC analysis was carried out on a NETZSEC STA-449C thermal 
analyzer (Germany). The magnetic properties of the samples were 
investigated using a physical property measurement system (Model 
PPMS-9, Quantum Design, USA). 

  Preparation of the Fuel Solutions : The 2 wt% H 2 O 2  aqueous solutions 
containing 0.1 wt% CTAB or 0.5 wt% Triton-X100 were freshly prepared 
before the microscopy observation. 

  Recording Microscopy Videos and Analysis : 10 µL aqueous suspension 
containing MnFe 2 O 4  micromotors was added into 320 µL of the fuel 
solution with 2 wt% H 2 O 2  and 0.1 wt% CTAB. The motion of MnFe 2 O 4  
micromotors were observed and recorded at room temperature through 
an optical microscope (Leica DMI 3000M). The 1-octane oil droplets were 
prepared by dispersing 1-octane in water (1:100 in volume) with 0.5 wt% 
Triton-X100. The approaching, capturing, and transporting of the 1-octane 
oil droplets by the micromotors in the fuel solution with 2 wt% H 2 O 2  and 
0.5 wt% Triton-X100 were also recorded. All videos of the micromotors’ 
movement were analyzed using Video Spot Tracker V08.01 software.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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