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In the past two decades, micromotors have experienced rapid
development, especially in environmental remediation, the
biomedical field, and in cargo delivery. In this study micro-
motors have been synthesized from a variety of materials.
Different functional layers and catalytic layers are formed
through template electrodeposition (the bottom-up method).
At the same time, the article analyzes the influence of hydrogen
peroxide concentration, surfactant type and concentration on

the speed of the micromotors. Cargo transportation through
tubular micromotors has always been a problem that people
are eager to solve. In this article, we electrodeposit a layer of Ni
in the microtubes, which effectively guides the microtubular
motors to complete the cargo transportation. The potential
applications of micromotors are also being explored. We added
the prepared micromotors to the methylene blue solution to
effectively enhance the degradation.

1. Introduction

Great progress has been made on micromotors in the past two
decades and designing new types of micromotors has become
an important challenge. Multiple efforts are consistently made
in the development of composition and structure of micro-
motors.

After decades of development, currently, the commonly
used methods for preparing micro-nano motors mainly include
template-assisted electrochemical deposition, crimping, metal
chemical vapor deposition, physical vapor deposition, pickering
emulsion.[1] Compared with other methods, the template-
assisted electrochemical deposition method is economical and
convenient, suitable for mass preparation of micro-nano
motors, and has good control over the size and shape of the
motor.[2] At the same time, this method also has the advantage
of sequentially depositing different materials into the template
holes, such as metals,[3] polymers[4] and 2D materials.[5] A tubular
micromotor driven by bubbles can be prepared by electro-
chemical deposition. Compared with electrophoresis
propulsion[6] and self-diffusion propulsion motors, bubble-
propelled[7] tubular micromotors have stronger propulsion

capabilities.[8] Therefore, we prepared a series of different
tubular micromotors for research. Because polyaniline(PANI) has
conductivity[9] and can be used to connect broken electronic
components, gold (Au) and copper (Cu) have the function of
local magnetic field enhancement and Raman scattering
strength,[10] so they are used as the functional layer of the
micromotor. For the catalytic layer, we choose platinum (Pt)
and silver (Ag). Pt has an excellent catalytic effect in the
reaction with H2O2,

[11] but its high cost and easy deactivation
are shortcomings, so we chose silver, which also has catalytic
effect, as a substitute and comparison.

Studies have shown[12] that in the movement of micro-
motors, the concentration of hydrogen peroxide, the type of
surfactant and the concentration of surfactants have an
important influence on it. In this article, we have carried out
research on the influence of these three elements on the
motion speed of the micromotor.

The use of micromotors to accomplish more complex tasks
is highly anticipated. For example, micromotors have great
prospects in the fields of biomedical applications[13] and
environmental remediation.[11b,12b,14] In this article, we success-
fully guided the micromotor to contact the cargo by adding the
magnetic metal Ni to the prepared micro-tubular motor,
completing the transportation of the cargo. In addition, we also
found that adding micromotors to the methylene blue solution
can quickly complete the degradation of the methylene blue
solution. This discovery provides a new way to explore the
degradation of organic matter in the environment in the future.

2. Results and Discussion

Figure 1 describes the template preparation process of the
microtubule engines. The microtubules prepared in this way
look exactly like a miniature rocket. By changing the mode and
rate of electrodeposition, the surface morphology and wall
thickness of the microtubules can be controlled. The inside of
the microtube is designed with a catalytic layer, so that a large
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number of bubbles are generated in the inner wall of the
narrow tube, and the microjet is formed at the end of the
microtubule.[15] Similar to the propulsion of rocket, bubbles in
the walls of the microtubules provide a high level of propulsion
for movement.[16] Therefore, under lower hydrogen peroxide
concentration, the microtubules can also move quickly. The
membrane template assists electrodeposition through the
porous structure of the membrane. Polyelectrolytes, metals,
semiconductors, and carbon micro-nanorods or tubes can be
synthesized by electrodeposition. There are a large number of
monodispersed pore structures on the membrane. Each pore is
equivalent to a separate reaction vessel. In this study, a
polycarbonate membrane plate with a pore diameter of 5 μm
was used. Figure 1 shows the step-by-step process of manufac-
turing microtubes by template electrodeposition (from a to f).
First, a 75 nm Au layer on the surface of the template was
evaporated by thermal evaporation, and then an external
functional layer was deposited in the template. In this study,
Au, Cu, and PANI were used. In order to achieve magnetic field
control, a layer of metallic Ni was deposited continuously in the
tube, along with an internal catalytic layer, so that the template
could interact with the H2O2 solution to generate bubbles and
push the micromotors forward. These processes are shown in
steps b through d. After completing the above steps, the gold
layer was completely removed by manually polishing it with
5 μm of alumina particles, and the film was dissolved in
methylene chloride to release the micromotor. This is shown in
step e. Finally, the movement of the motor in H2O2 aqueous
solution was observed. This is demonstrated in step f.

Figure 2 shows the SEM and energy-dispersive spectroscopy
(EDS) images of several microtube motors manufactured by this
method, including PANI/Ni/Pt, Au/Ni/Ag, Cu/Ni/Pt, Cu/Ni/Ag,
and Au/Ni/Pt motors. The SEM images in Figure 2 clearly reflect
the growth morphology of the microtubes where the smooth
outer surface is clearly observed. The EDS image shows that the
elements are evenly distributed on the micromotor, reflecting
good growth of the elements on the microtubes.

Figure 3 shows the movement speed of the five types of
motors manufactured in different concentrations of H2O2

solution. The five types of micromotors are PANI/Ni/Pt, Au/Ni/
Ag, Cu/Ni/Pt, Cu/Ni/Ag, and Au/Ni/Pt. Au, Cu, and PANI are the
different outer layer materials for the micromotors. Au and Cu
can be used in SERS area. PANI has good electrical conductivity.
The fuel in the inner tube is made of Pt and Ag, as a
comparison. Both metals can react with H2O2 solution very well.
The surfactant added is 1 % Triton X-100. While observing, the
configured H2O2 solution was placed on a glass slide with a
dropper, and a pipette was used to place the dispersed
microtubes into it. Oxygen bubbles were generated at the tail
of the microtube, pushing it forward. A video tracker was used
to calculate the motor speed in this experiment. According to
these experimental results, as the concentration of the H2O2

solution increased, the movement rate of the microtubules

Figure 1. Schematic diagram of the steps of preparing microtubes by
template-assisted electrodeposition. (a) Thermal evaporation to prepare a
layer of gold.(b) Electrodeposition of the outer layer of microtubules.
(c) Electrodeposition of the middle layer of microtubules. (d) Electrodeposi-
ition of the inner layer of microtubules. (e) Released in deionized water.
(f) Observe movement in hydrogen peroxide solution.

Figure 2. SEM and EDS images of prepared microtubules. (a) PANI/Ni/Pt (b) Au/Ni/Ag (c) Cu/Ni/Pt (d) Cu/Ni/Ag (e) Au/Ni/Pt

Figure 3. The movement speed of various types of microtubules at different
concentrations of hydrogen peroxide. (Surfactants are all Triton X-100, the
concentration is 1 %)
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(regardless of type) also increased. Under the same external
conditions, different kinds of microtubules have different
velocities due to the influence of structural morphology,
material and surface roughness.[17] Under the same deposition
conditions, the smooth surface helps to reduce resistance and
enhance the detachment of bubbles from the surface of the
microtubes.[18] Since the electrochemically deposited gold has a
smooth surface,[19,20] under the same catalytic layer, with gold as
the external functional layer, a greater speed can be obtained.
(For the SEM image of the smooth surface of the micromotor
see Figure Figure 1 in the Supporting Information). Therefore,
the movement speed of the micromotor Au/Ni/Ag is greater
than the movement speed of the micromotor Cu/Ni/Ag. The
catalytic performance of platinum is much better than that of
silver.[21] It can be seen from Figure 3 that the micromotor Au/
Ni/Pt has the fastest speed among all types of micromotors.
When the hydrogen peroxide concentration is 5 %, it can reach
37.57 mm=s.

Previous research by Wang showed that surfactants have an
important influence on the size and separation of bubbles.[12d]

Next in this study, the concentration of H2O2 was fixed at 2 %
(Here, we take the lowest hydrogen peroxide concentration in
the previous experiment as a fixed value) and the type of
surfactant was changed. We choose Triton X-100, Tween 20 and
Sodium dodecyl sulfate (SDS) as the comparison objects, and
the concentrations are all set from 1 % to 5 %. The critical
micelle concentrations (CMC) of these surfactants are 0.22 wt%
(Triton X-100), 0.01 wt% (Tween 20), 0.24 wt% (SDS).[22] The
experimental results are shown in Figure 4. The movement
speed of the microtubules is affected by the concentration of
surfactant. When the concentration is less than 3 %, the
movement speed of the microtubules increases significantly.
When the concentration exceeds 3 %, the increasing trend of
the movement speed begins to slow down. The three kinds of
surfactants have slight differences in the promotion of micro-
tubule movement speed, from the observation of experimental
results, Triton X-100 has the best effect, followed by SDS, and
then Tween 20, but they all show the same trend of change.
Interfacial tension and fluid viscosity may be responsible for this
phenomenon. Since the interfacial tension is already relatively
constant at the CMC, an increase in the surfactant concentration
does not have a significant effect on the interfacial tension.[23]

However, increasing surfactant concentration will inevitably
increase the viscosity of the solution. According to the Stoke’s
equation, the velocity of microjets decreases with an increase in
viscosity.[12d] Therefore, after the concentration reaches 3 %, the

further increase of surfactant concentration leads to the
decrease of microjet velocity, which slows down the trend of
increasing microtubule velocity. Therefore, blindly increasing
the surfactant concentration is not a reliable method for
increasing micromotors’ speed.

In order to investigate the cargo transportation capacity of
a three-layer tube motor, a single-layer tube made of inert Au
was placed in aqueous H2O2 solution as the cargo needing to
be transported (Gold does not react with hydrogen peroxide
and can act as an immovable target in the solution, which is
beneficial for the microtubes to contact the target under the
guidance of an external magnetic field). Figure 5 demonstrates
in detail the carrying process (the complete delivery process is
recorded in Video S1 in the Supporting Information). When the
motor was placed in the configured solution, it was guided by
an external magnetic field to quickly make contact with the
cargo. The micromotor during transportation shows a good
propelling speed of approximately 6 μm=s. The contact process
is shown in Figure 5 a and b. After a period of transportation,
the cargo was carried by the microtubes to the destination
under magnetic guidance. The transportation process is shown
in Figure 5 c and it is proved that the micromotors manufac-
tured by the template electrodeposition method does have a
good transport capacity.

The application of micromotors in environmental purifica-
tion was also explored. Methylene blue (MB) is a cationic dye
that is harmful to the environment, and H2O2 is a common
oxidant that produces high levels of decomposition. Active
hydroxyl radicals can be used for oxidative degradation of
dyes.[24] As previously reported, micromotors can catalyze the

Figure 4. Curves of the velocity of various types of microtubules with concentration changes under different surfactants (H2O2 concentration is 2 %).
(a) Triton X-100 (b) SDS (c) Tween 20.

Figure 5. Track map of cargo transportation. (a) The microtubule approached
to the target; (b) Contacted with the target (c–e) in transit; (f) Arrived at the
destination (Scale bar: 20 μm).
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decomposition of H2O2 and produce a large number of active
groups, such as HO2

*, *OH.[25] These active groups use Fenton-
like reactions to degrade methylene blue, and make MB
decompose into MB radical material MB(OOH*)[26] (As shown in
Figure 6A). Au and Ag can become active sites for electron
accumulation on motor surfaces and can help to catalyze H2O2

to produce hydroxyl radicals.[27] In addition, the surface
adsorption of bubbles generated by the catalysis of the
micromotor and the micromixing caused by the movement of
the micromotor may help to remove the dye.[28] In this study,
MB was the purification target, and two types of motors (Cu/Ni/
Ag and Au/Ni/Ag) were selected as tools to enhance the
catalytic H2O2 decomposition process.

In order to facilitate the observation of the color change of
the solution, we have configured 30 ml of the solution in the
same proportion in the glass beaker, take photos at specific
time intervals after degradation has started and the result is
shown in Figure 6B. The solution mixed with micromotors had
obvious fading, and the effect was better than that of the
natural catalytic degradation of pure H2O2. After 2 hours, the
degradation was basically completed. Figure 6C(a–c) shows the
transmission spectra of MB solution in the three groups at
specific time intervals, characterized by the transmission peak
around 665 nm. According to the degradation rate calculation
formula, C ¼ ðT � T0Þ=T(where T=Transmittance after adding
micromotor, and T0 =Transmittance without adding micro-
motors), Table 1 shows the degradation rate of these three time
periods. It can be seen that after 2 hours, the degradation rate
of the micromotor solution added with Au/Ni/Ag reached
85.8 %. the degradation rate of the micromotor solution added

with Au/Ni/Ag reached 84.4 %. Previous studies have shown
that the efficiency of degrading Rhodamine-B[29] is 76.82 %.
Here, our degradation efficiency has been improved to a certain
extent, and both types of micromotors effectively enhance the
degradation of methylene blue solution.

3. Conclusions

This study proved that a variety of metal tubular micromotors
can be manufactured through a bottom-up method and have
good motion rates. It demonstrates the advantages of electro-
chemical template method, which is economical and conven-
ient, and can compound a variety of materials on a micromotor.
Experiments have found that smooth surfaces and good
catalytic materials can bring faster movement speeds under
high hydrogen peroxide concentrations. There is a cut-off point
for the influence of surfactant concentration on the speed of
the micromotor, and the increase in speed beyond this value
will no longer be obvious. This study also proved that the
tubular micromotor has good cargo transportation capabilities.
By adding micromotors to the methylene blue solution, the
degradation is also better enhanced. Compared with previous
studies,[29] the degradation rate has also been improved. These
results will help solve the problems associated with environ-
mental pollution in the future.

Figure 6. A. Schematic diagram of Fenton-like mechanism. B. Pictures of methylene blue degradation taken at a specific time. (a) Initiation stage of
degradation (b) After half an hour of degradation (c) One hour after degradation (d) Two hours after degradation (The number 1 represents mixed solution of
hydrogen peroxide and methylene blue, no microtubules in the solution. The number 2 represents the addition of Cu/Ni/Ag microtubules to the mixed
solution. The number 3 represents the addition of Au/Ni/Ag microtubules to the mixed solution.) C. Transmissibility of three groups of experiments in different
time periods. (a) After half an hour; (b) An hour later; (c) Two hours later; (The red dotted line represents the transmittance at 665 nm).

Table 1. Degradation rate in different time.

Time 0.5 h 1.0 h 2.0 h

Degradation rate of Au/Ni/Ag micromotors 58.1 % 73.7 % 85.8 %
Degradation rate of Cu/Ni/Ag micromotors 50.2 % 70.3 % 84.4 %
Degradation rate of Without micromotors <1 %
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Experimental Section

Materials

Non-ionic surfactants of Triton X-100 and Tween 20, and anionic
surfactants of sodium dodecyl sulfate (SDS), H2PtCl6 · 6H2O, sulfuric
acid (98 % H2SO4), aniline, and sodium hydroxide (NaOH) were
purchased from China Pharmaceutical Group Chemical Reagents
Co., Ltd. Deionized water (18.25 MΩ× cm) was obtained from a
Millipore Milli-Q purification system. The Cyclopore polycarbonate
membranes (Catalog no. 7060-2513), with an average pore diame-
ter of 5 μm, were purchased from Whatman Inc., NY, USA. All of the
chemicals were of reagent grade and used without further treat-
ment.

Characterization

Scanning electron microscopy (SEM) and energy-dispersive X-ray
analysis were obtained by using a Hitachi S-4800 field-emission
scanning electron microscope.

Preparation of Microtubes

The microtubes were prepared using a common template-directed
electrodeposition protocol. The Cyclopore polycarbonate mem-
branes were utilized as the templates. A 75 nm Au film was first
sputtered on one side of the porous membrane to serve as working
electrode using the DZ300 high vacuum single chamber thermal
evaporation system. The evaporation was performed at room
temperature under vacuum of 1 × 10� 4 Torr. The membrane was
then assembled in a plating cell with aluminum foil serving as a
contact. Electrochemical deposition was carried out using a CHI
660E electrochemical workstation (CH Instruments Inc., Shanghai,
China). A Pt wire was used as a counter electrode, and an Ag/AgCl
with 3 M KCl was used as a reference electrode. PANI microtubes
were electropolymerized at +0.806 V for 1 C from a plating solution
that contained 0.1 M H2SO4, 0.5 M Na2SO4, and 0.1 M aniline; an
intermediate Ni layer (essential for magnetic guidance) was
deposited potentiostatically at � 1.2 V for 3.8 C from the Ni plating
mixture (a nickel solution that contained a mixture of 20 g/L NiCl2 ×
6H2O, 515 g/L Ni(H2NSO3)2 × 4H2O, and 20 g/L H3BO3).

[30] Subse-
quently, the inner Pt tube was deposited galvanostatically at
� 2 mA for 600 sec from a plating solution made of 0.01 M H2PtCl6 ×
6H2O, 0.5 M H2SO4. This resulted in a PANI/Pt micromotor with a Ni
metal layer in the middle. Utilizing the same method, from a plating
solution that contained 0.01 M HAuCl4 × 4H2O and 0.01 M H3BO3, the
Au layer was obtained by depositing at � 2 mA for 300 sec under
constant current. From a plating solution made of 0.02 M AgNO3

and 0.02 M H3BO3, the Ag layer was obtained by depositing at
� 2 mA for 600 sec under constant current. From a plating solution
that contained 160 g/L CuSO4 × 5H2O and 20 g/L H3BO3, while PH
value was controlled at 2.5, the Cu layer was obtained by
depositing at � 2 mA for 600 sec under constant current. The
membrane was then stored for 24 h. The Au layer was completely
removed by hand polishing with 5 μm alumina particles. The
membrane was then dissolved in methylene chloride to release the
micromotors. The micromotors were collected by centrifugation at
6000 rpm for 3 min while they were repeatedly washed with
dichloromethane, ethanol, and ultrapure water three times each. All
the micromotors were stored in ultrapure water at room temper-
ature for further use.

Motion Investigations

An H2O2 droplet with different concentrations containing 1 % Triton
X-100 was placed on a glass slide. The height of the solution was
approximately 3 mm. A vertical metallographic microscope (DYJ-
980BD) was used to observe the spontaneous movement of
micromotors in the solution. Images were then recorded with a
CCD camera (DYS-500, DIANCAM). Video tracker software was used
to analyze the motion trajectory of micromotor.

Degradation of MB

In order to evaluate whether the motor can promote the
decomposition of H2O2 and achieve the purpose of rapid degrada-
tion of MB (MB, C16H18CIN3S × 3H2O), two different types of micro-
motors (Cu/Ni/Ag and Au/Ni/Ag) were used. Measurements of the
solution without micromotors, and the transmittance of the
solution with micromotors, was measured by UV-VIS-NIR spectro-
photometer (SHIMADZU, Japan). For the catalytic degradation
experiments of MB (30 mg/L), one batch of micromotors (�2 mL),
250 μL H2O2 solution (30 %), and 250 μL Triton-X100 solution (1 %)
were configured into a 1 mL mixture. During the degradation, the
reaction mixture was analyzed at specific time intervals after quick
centrifugation to isolate the micromotors. The remaining concen-
tration of MB in solution was calculated by measuring the trans-
mittance at �664 nm.
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