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SUMMARY

Combining catalysts with active colloidal matter could keep catalysts from aggregating, a major prob-
lem in chemical reactions. We report a kind of ensemble of bubble-cross-linked magnetic colloidal
swarming nanomotors (B-MCS) with enhanced catalytic activity because of the local increase of the
nanocatalyst concentration and three-dimensional (3D) fluid convection. Compared with the two-
dimensional swarming collective without bubbles, the integral rotation was boosted because of the
dynamic dewetting and increased slip length caused by the continuously ejected tiny bubbles. The
bubbles cross-link the nanocatalysts and form stack along the vertical axis, generating the 3D
network-like B-MCS ensemble with high dynamic stability and low drag resistance. The generated
B-MCS ensemble exhibits controllable locomotion performance when applying a rotating magnetic
field. Benefiting from locally increased catalyst concentration, good mobility, and 3D fluidic convec-
tion, the B-MCS ensemble offers a promising approach to heterogeneous catalysis.

INTRODUCTION

Noble metal nanocrystals have been extensively investigated for achieving high efficiency and yield among
organic catalysis (Chen et al., 2019; Dhakshinamoorthy et al., 2018; Jing et al., 2018; Stratakis and Garcia,
2012; B. Wang et al., 2018; Q. Wang et al., 2018; Liu et al., 2019). Owing to the high surface energy, the nano-
meter-scale catalysts tend to aggregate during the reaction, resulting in catalyst deactivation and difficulties
for recycling. Therefore, researchers have employed a variety of strategies to maintain the segregation of noble
metal nanoparticles by introducing extra cushion building blocks, such as on the surface of graphene oxide and
metal-organicframeworks (Shang etal., 2014; Jiangetal., 2011; Guetal.,, 2011; Zhang et al., 2014) and locking the
noble metal nanoparticles inside micro-to-nano cavities for avoiding aggregation (Wang et al., 2011; Dhakshina-
moorthy and Garcia, 2012; Wu etal., 2012). Composite nanomaterials with well-designed structures and compo-
nents have attracted enormous attention in recent years to realize either the integrated properties of each
ingredients or synergistically enhanced performances for organic synthesis via noble metal catalysis with
enhanced product yield and cycle life (Deng et al., 2010; Ge et al., 2008; Yue et al., 2017). Although the stability
and the recyclability of the noble nanoparticles have been improved, these kinds of particles systems still rely on
the diffusion of the solutes and therefore reach the bottleneck for further improvement of catalytic efficiency,
such as harvesting high-quality desired product, cost-saving from reduction of the usage amount of the noble
metal, and the recyclability with magnetic collection

Combination of the catalysis and the active colloidal matter offers a new strategy for overcoming the
bottleneck and improving the catalytic performance. Micro-/nanomotors have attracted wide interests
for decades owing to their controlled motion capability generated from the conversion of various kinds
of energy sources into mechanical energy (Chen et al., 2018; Kim et al., 2018; Wang et al., 2015, 2017,
Wang and Pumera, 2015; Zhang et al., 2019). The self-propelled micro-/nanomotors are fuel dependent
that required the chemical energy and biochemical energy derived from the surrounding environment
for autonomous navigation. Although lots of the self-propelled micro-/nanomotors have been developed,
particular attention was paid to the structural design of the micro-/nanomotors with the integration of the
catalysts, such as noble metals and enzymes, in an asymmetric manner, so as to generate directional pro-
pulsion of the micro-/nanomotors (Gallino et al., 2018; Maric et al., 2018; Abdelmohsen et al., 2016; Patifio
etal., 2018). The design and fabrication of self-propelled micro-/nanomotors with powerful and directional
motion have been well demonstrated in previous studies (Sanchez et al., 2011; Solovev et al., 2010a, 2010b;
Mei et al., 2008). Other micro-/nanomotors, which are powered by various external stimuli like magnetic,
electric, light, and ultrasonic fields, possess the main merits of the remote actuation and steering. The
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propulsion and navigation of individual micro-/nanorobots supplied with various kinds of energies have
been extensively investigated during the past two decades. Different from the actuation of the individual
micro-/nanorobots, and the independent propulsion of multi-agents, the swarming motion control of a
cluster of tiny agents can perform integral and reconfigurable transportation of the micro-/nanoagents
with ultra-low agent loss during the motion by many external stimuli (Chen et al., 2017; Yu et al., 2017a,
2017b, 2018a, 2018b; Wang et al., 2018a, 2018b; Ahmed et al., 2017; Ibele et al., 2009; Lin et al., 2017; Man-
jare et al., 2015; Hong et al., 2010; Deng et al., 2018; Solovev et al., 2010a, 2010b; 2013; Mou et al., 2019;
Yigit et al., 2019; Zhou et al., 2018; Wang et al., 2018a, 2018b). Magnetic-field-controlled swarming of
micro-/nanorobots offered an efficient strategy for the directed actuation and steering of a cluster of nano-
agents. In our recent works (Yu et al., 2018a, 2018b; Wang et al., 2018a, 2018b), we developed a novel strat-
egy to integrally transport a cluster of micro-/nanoagents as a 2D collective for the delivery purpose with
remote magnetic field control. However, attributed to the requirement of force balance between the mag-
netic attraction for maintaining the swarming pattern and the fluidic drag effect for the integral translational
motion, the efficiency of the simple magnetic actuation to form the magnetic microswarm and move it as a
2D dynamic collective is very limited. Moreover, with the increasing dose of the nanoagents, the area of the
2D pattern increases and the attraction effect to the outermost nanoagents will be weakened, causing the
unstable of the collective. The drawbacks may hinder the motion and delivery efficiency of the micro-/
nanoagents to the targeted location.

In this work, we developed a novel 3D ensemble consisting of a large number of bubble-cross-linked
Fe30,@PDA-Au nanomotors, which showed ultra-high catalytic performance and mobility. The bubbles
generated from the surface gold nanocrystals of the nanocatalysts play an important role in and benefit
both the catalytic performance and the motion. First, the surface bubbles cross-link the building blocks
of the bubble-cross-linked magnetic colloidal swarming nanomotors (B-MCS) and form a stack along the
vertical axis to form a 3D ensemble, and they decrease the density of the B-MCS ensemble and increase
its buoyancy. Second, the surface bubbles of nanocatalysts can significantly decrease the drag during
the rotational and translational actuation of the B-MCS in fluid. Third, the escaped bubbles increase the
fluid convection surrounding the B-MCS. Fourth, the bubbles enhance the interaction among the nanoca-
talysts inside the B-MCS ensemble via the interfacial tension. Fifth, the bubble-assistant collective locomo-
tion enhances the catalytic performance of the nanocatalysts in three dimensions. As the bubble-assistant
propulsion of individual micro-/nanomotors have been extensively explored in the past, this work gives a
novel example of the bubble-accelerated motion of the collective behavior. Moreover, most of the previ-
ous swarm motions are two-dimensional (2D) planar assembly of the micro-/nanoagents with quite limited
delivery dose. This work demonstrated that the micro-/nanoagents can be furtherly stacked along the ver-
tical axis and generate a three-dimensional (3D) ensemble. Furthermore, the excellent mobility and 3D
liquid convection make the B-MCS easily conduct an effective on-the-fly catalysis at the pre-assigned loca-
tion with high spatial-temporal precision. The work is of potential industrial significance to enhance the cat-
alytic efficiency and shorten the catalytic time during organic synthesis.

RESULTS

The multifunctional mesoporous nanocatalysts compose of, from inside to outside, a core of nonporous poly-
dopamine (PDA)-protected magnetite microspheres (diameter = 250 nm) and a layer of dense and active gold
nanoparticles (see Figures S1and S2). Transmission electron microscopy (TEM) images reveal that the PDA layer
shows a thickness of 5 nm, and the as-prepared Au nanocrystals show a uniform size of 4 nm (Figures 1A and S2).
As reported previously, gold nanoparticles with an average size of 3.4 nm exhibit an optimized catalytic activity
(Lin etal., 2013). The Energy Dispersive Spectrometer (EDS) mapping of the magnetic nanocatalysts verified the
uniform elemental distributions of Fe, O, and Au (see Figure S3). X-ray photoelectron spectroscopy (XPS)
spectra in Figure S4 verified the gold, iron, and other ingredients in the nanocatalysts.

The prepared nanocomposites can serve as a typical catalyst for various catalytic reactions. Here we use the
catalytic synthesis of 4-aminophenol (4-AP) from 4-nitrophenol (4-NP) as an example. 4-AP is an important
industrial chemical that is widely used in the drug discovery, as hair dyes, camera developers, and anti-ag-
ing agents in rubbers, with a rapidly increasing demand every year (Ai et al., 2019). The catalytic mechanism
is systematically shown in Figure S5. Under the existence of the nanocatalysts, the sodium borohydride re-
acts with water quickly and generates the reductive BH; and hydrogen gas. Traditional catalytic reactions
generally apply the mechanical stirring process to homogenize the nanocatalysts within the solution to
ensure sufficient contact and rapid diffusion, as schematically shown in Figure 1B. Here our proposed
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Figure 1. Schematics of the Conventional Catalysis and B-MCS Ensemble-Based Catalysis

(A) TEM image of Fe304@PDA-Au nanocatalysts. Inset is the structural model of the nanocatalyst.

(B) Schematic showing the conventional catalysis with violent mechanical stirring.

(C) Schematic showing the heterogeneous catalysis with the magnetic ensemble of bubble-cross-linked nanocatalysts
(Video S1).

strategy uses the external magnetic field to assemble the nanocatalysts into 3D bubble-cross-linked
ensemble (Figure 1C). The catalytic performance of the nanocatalysts in the two kinds of modes are stud-
ied. Figure 2A shows the experimental setups for performing the mechanical shaking and magnetic collec-
tive motion. While 20 pL of 1 mg/mL nanocatalysts were added into the solutions, the catalytic reactions
were monitored with UV-vis spectrometer. The gradual decrease of the absorption peak of the 4-NP solu-
tion at 400 nm indicates the gradual reduction of 4-NP to 4-AP. After 30 min of catalysis, the peak of the
4-NP for the B-MCS based catalysis nearly disappeared (Figure 2D) and the solution became colorless (Fig-
ure 2B). As for the catalysis process under violent shaking, the peak of the 4-NP shows a slight decrease
(Figure 2C) and the color of the solution remains unchanged (Figure 2B). At this time point (30 min), the
concentration of 4-NP in the solution with the catalytic B-MCS ensemble is only 22% of the concentration
of 4-NP with violent shaking, indicating a much higher conversion ratio of the catalysis caused by B-MCS.
The absorbances at 400 nm were recorded with different nanocatalysts concentrations as the time elapsed
as shown in Figure 2E. The peaks gradually decrease and reach a steady stage finally. The increase of the
nanocatalysts concentrations resulted in smaller steady absorbance. Surprisingly, the steady absorbance
with a nanocatalyst concentration of 100 pg/mL under the violent shaking still showed a higher value
compared with the steady absorbance with a nanocatalysts concentration of 20 pg/mL under the proposed
B-MCS motion of the ensemble (see green curve and blue curve in Figure 2E). To evaluate the catalytic ef-
ficiency quantitatively, the pseudo-first order rate constants (k) at room temperature under the two kinds of
catalytic modes were calculated via the slope of In(C/Co) (C and Cq represent the concentrations of 4-NP at
time t and 0 min) in Figure 2F. The rate constant under the B-MCS ensemble is six times higher than that
under the violent shaking condition with evenly dispersed colloids in solution.

The magnetic field-triggered gathering of the bubbles-infused nanocatalysts is demonstrated in Figure 3.
The magnetic colloidal swarm collective, as the control group in this work, was generated from the gath-
ering of the nanocatalysts using a rotating magnetic field without the addition of sodium borohydride as
schematically illustrated in Figure 3A. The B-MCS ensemble was generated from the gathering of the
nanocatalysts under catalytic bubble reaction using a rotating magnetic field as schematically illustrated
in Figure 3C. The side views of the control group and B-MCS in Figures 3B and 3D suggested that the
configuration without bubbles is a 2D pattern, whereas the configuration of a B-MCS is a 3D pattern.
The bubbles cross-link the nanocatalysts and form a stack along the z axis, generating the 3D B-MCS
ensemble. The vertical axis stacking of the nanoagents significantly minimizes the spreading area than
that of the conventional swarming process (Figures 3B and 3D), making the maximum dose of the swarming
nanoagents larger than that of the conventional colloid swarm. Figure 3E gives the successive snapshots of
the assembly process with both the variation of the nanocatalysts and the bubbles (field strength is 5 mT,
input frequency is 6 Hz). As indicated by the blue dotted line, the nanocatalysts show a relatively uniform
distribution in an elliptical area at the beginning. The inset shows the detail of the dispersed nanocatalysts
with random chain-like structures due to the remanence of the material. After a rotating magnetic field was
applied, the nanocatalysts quickly formed several small ensembles (Figures 3C and inset in 3E). As the time
elapses, these rotating micro-ensembles successively merged with their neighbors and finally formed a
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Figure 2. Comparison of Catalytic Performance under Violent Shaking and Magnetic Field Controlled Collective
Motion

(A) Setups of the two kinds of catalytic modes.

(B) Optical image shows the solution before and after 30 min of catalysis under the two modes.

(C) UV-vis spectra of catalytic reduction of 4-nitrophenol to 4-aminophenol with 20 pg/mL of the nanocomposites as
catalyst under the mechanical violent shaking mode.

(D) UV-vis spectra of catalytic reduction of 4-nitrophenol to 4-aminophenol with 20 ng/mL of the nanocomposites as
catalyst under the collective motion (B-MCS) mode.

(E) The absorbance at 400 nm at different time points with 20, 60, and 100 pg/mL of nanocatalysts under violent shaking
mode and with 20 pg/mL nanocatalysts under the B-MCS mode.

(F) The relationship between In(C,/Cy) and the reaction time with fixed nanocatalyst concentration under the two modes.
(The value of the slope reflects the catalytic rate of among an organic synthesis system.)

larger rotating ensemble with significantly increased amount of bubble ejection than the original dispersed
state and the intermediate state with several small ensembles. The merging process of two small ensem-
bles under the magnetic field are recorded in Figure 3F. The two rotating nanocatalyst ensembles assem-
bled and merged with each other to form a larger B-MCS ensemble spontaneously after orbiting each
other for a few laps, which is caused by the attraction of the induced fluidic vortices. From the measurement
of the blue dotted circles in Figure 3E, the final formed ensemble possessed a higher particle density than
that of the original state. It is noted that the bubble ejection after the assembly is much more violent than
the original nanocatalysts with a dispersed state (see Figure S6), demonstrating the faster catalytic reaction
kinetics of the nanocatalysts originated from the collective motion and fluid convection of the gathered
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Figure 3. Dynamic Assembly of the Conventional 2D Colloidal Swarm and 3D B-MCS

(A) Schematic illustration of the assembly process of the nanocatalysts under rotating magnetic field in the 4-NP solution
without addition of NaBHj.

(B) Side view of the 2D collective.

(C) Schematic illustration of the assembly process of the nanocatalysts under rotating magnetic field in the 4-NP solution
with addition of NaBHj.

(D) Side view of the 3D B-MCS ensemble.

(E) Successive snapshots show the assembly process of the B-MCS under rotating magnetic field (5 mT, 6 Hz). The inset
shows the enlarged view of the gradual shrunk pattern (Video S2).

(F) Spontaneous fusion process of the small gathered nanocatalysts.
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nanocomposite pattern. The sodium borohydride is found to readily decompose on the surface of the
nanocatalysts with hydrogen bubbles generated in situ. The gathering effect of nanocatalysts further accel-
erated the generation of the hydrogen gas. Inversely, the hydrogen bubbles not only facilitated the reduc-
tion of the 4-NP, but also improved the mobility of the collective behavior for enhanced planar motion and
the diffusion of the solutes. In addition to the magnetic assembly of the nanocatalysts, the disassembly of
an ensemble of the nanocatalysts into small micro-clusters after catalytic usage can be also realized, as
shown in Figure S7 with a dynamic magnetic field.

Apart from the assembly of the B-MCS ensemble, the rotational and translational motions of the formed
B-MCS were also studied. The rotational velocity (w) of the 2D collective without bubbles is strongly related
to the applied magnetic field frequency, and the increase of the dose of the building blocks will affect the
integral rotating of the collective (Yu et al., 2017a, 2017b). Figure 4A gives the comparison of the rotation of
the control group (without bubbles) and the B-MCS with the same magnetic field parameters (5 mT, 6 Hz).
The B-MCS shows a higher apparent rotational revolution velocity with bubbles escaped from the pattern
(indicated by the blue arrows in Figure 4A). The insets in Figure 4A show the schematics of the building
blocks of the collectives without and with bubbles. As for the B-MCS, the building block contains not
only the nanocatalyst but also the surface dynamic and ceaseless bubbles. Figure 4B gives the quantitative
comparison of the apparent rational velocities of the control group and B-MCS with different magnetic field
frequencies. The rotational velocity of B-MCS shows a positive linear relationship with the magnetic field
frequency. Compared with the velocities in the control group, as plotted by the red curves in Figure 4B,
the rotational velocities of the B-MCS are significantly higher.

The accelerated rotating velocity is attributed to the surface dewetting effect by bubbles. The slip length is
elongated. The generated bubbles, on the one hand, lowered the average volume density of the dynamic
pattern. On the other hand, the generated bubble among the B-MCS ensembles dewet the particles sur-
face to form the Cassie-Baxter wetting state (Wang et al., 2015, 2019a, 2019b; Lee and Kim, 2011; Cassie
and Baxter, 1994; Jin et al., 2018) by converting the solid-liquid-solid interface into the solid-gas-solid inter-
face and thus largely reduced the friction force between the nanocatalysts and the substrate. Likewise, on
the other directions, the interface between the nanocatalysts and the solution was altered from the solid-
liquid interface to solid-air-liquid interface, which also contributed to the spatial drag reduction. Liquid slip
on the solid surface is critical to characterize the drag between the liquid and solid interface. As for the
Newtonian fluid, the linear velocity profile around the solid phase will not vanish at the solid-liquid inter-
face. The extrapolation depth into the solid (6) to get a vanishing of the velocity is called slip length (Cot-
tin-Bizonne et al., 2003). A larger slip length facilitates and promotes the drag reduction ability of the
surface. As for the control group without bubbles, the nanocatalysts are completely wetted and form Wen-
zel state (Wenzel, 1936) as shown in Figure 4C. As for the B-MCS schematically shown in Figure 4D, the
nanocatalysts stay in a dewetting state, which is called Cassie-Baxter state.

For the composite wetting state with both solid-liquid interface and gas-liquid interface, the slip length in
these two states shows the following relationship with the fraction of the gas phase (®g) (Lee et al., 2008).

6~L/\/1 — &g (Equation 1)

where L is the pitch distance of the surface rough nanostructures. For the complete dewetting by the gas
bubbles, the slip length shows the linear positive relationship with the thickness of the gas layer (b) (Choi
and Kim, 2006).

6=blw/u,—1) (Equation 2)

where u;and p, represent the viscosities of liquid and air, respectively. Equation 1 suggested that the gas
bubble trapped on the nanocatalysts can increase the slip length. If one neglects the gold nanobumps on
the magnetic particle surface, an air film can be obtained. It increases with the increasing bubble volume.
The trapped bubbles volumes will reach a saturated state and the redundant gas will escape from the sur-
face, achieving a dynamic equilibrium. Equation 2 suggested that both the increase of the thickness of the
air film and the viscosity of the liquid phase can cause the increase of the slip length. As indicated in Fig-
ure 4C, the nanocatalysts collective without catalytic bubbles show a large velocity gradient perpendicular
to the nanocomposite surface. The fraction of the gas phase (@g) is zero, which makes the slip length
extremely low according to Equation 1. Although the nanocatalysts cluster continuously ejects bubbles
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Figure 4. Rotational Motion of the B-MCS Ensemble

(A) Microscopic images show the control group and B-MCS (5 mT, 6 Hz). The inset at the bottom shows the schematics of
the building blocks of the control group and B-MCS.

(B) The relationship between the rotational velocity and magnetic field frequency for the B-MCS and control group (field
strength is 10 mT).

(C and D) Schematics of the slip length of the collective locomotion caused by bubble-infused liquid slip mechanism. (C)

As for the control group, the velocity gradient near the nanocatalysts surface is significant with a small slip length. (D) As
for the B-MCS, the velocity gradient near the nanocatalysts surface is quite small because of the dewetting, and the slip
length in this case is large.

(E and F) Simulation results of the flow field of the control group and B-MCS. The higher flow field indicates the higher
liquid convection.

(G and H) Simulation results of the pressure field of the control group and B-MCS. The higher pressure field indicates the
higher disturbance.

outward, it will be wrapped with a dynamic gas film and the &g (0< &g <1) is much larger than the former
case, causing the increase of the slip length and the decrease of the drag. The amount of the dynamic gas
bubbles can also affect the slip length in the form of gas film thickness according to Equation 2. The gas film
will result in a larger slip length and smaller resistance. The drag reduction property of the bubble-cross-
linked nanomotors were furtherly verified by the simulation results of the spatial flow field and pressure
field. As shown in Figures 4E and 4F, the maximum value of liquid flow around the nanocatalysts is about
100 um/s for the control group, whereas the flow reaches about 10,000 um/s for the B-MCS, indicating a
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Figure 5. Translational Locomotion of the B-MCS Ensemble

(A) Schematic of the translational motion of the bubble-free collective and B-MCS ensembles with an applied pitch angle
(Video S3).

(B) The relationship of the translational velocity and pitch angle for the B-MCS and the control group (field strength is
10 mT, input frequency is 15 Hz).

significantly improved fluid convection. Meanwhile, the maximum pressure generated by the B-MCS is
about three orders of magnitudes compared with that of the control group (Figures 4G and 4H). The simu-
lation results suggested that the B-MCS cluster possessed an enhanced mobility and drag reduction prop-
erties and also contributed to the increase of the fluid convection.

The translational velocity of a swarm is mainly determined by the pitch angles, as schematically illustrated in
Figures 5A and S8. The tilt of the swarm plane leads to the translational locomotion, and the direction is
controllable by tuning the direction angle. Figure 5B gives the quantitative investigation of the translational
velocities and pitch angles of the B-MCS and the control group with the same magnetic field parameters
(field strength is 10 mT and frequency is 15 Hz) and dose of the nanocatalysts (8 uL, 1 mg/mL). The trans-
lational velocity of a B-MCS increases rapidly with the increase of the pitch angle, until the velocity reaches
its maximum of about 3 mm/s (Figure 5B). Compared with the control group as plotted by the red curves in
Figure 5B, the translational velocities of the B-MCS are significantly larger with different pitch angles. Video
S3 shows the translational motion of the B-MCS and the control group along a channel under the same field
frequency of 6 Hz. The trajectory of the B-MCS can also be controlled in a programmable fashion as shown
in Figures S9 and S10. More importantly, the 2D swarm pattern without bubbles became unstable while the
pitch angle was larger than 5°, making the reachable translational velocity quite limited and only up to
about 0.1 mm/s as shown in Figure 5B. The reason is that the typical 2D planar pattern formed in the control
group is mainly stabilized by the fluidic trapping force. It cannot adapt the large tilt angle of the swarm
plane and would cause instability of the dynamic patterns, which may cause the collapse of the pattern.
As for the B-MCS with 3D configuration, the pitch angle is unrestricted because the nanocatalysts are
cross-linked by the interfacial tension of microbubbles in both the x-y plane and z axis, making the collec-
tive inclinable and stable. From the comparison in Figure 5B, the reachable translational velocity of B-MCS
is about 30 times larger than that of the control group, indicating its merit in spatial navigation. The simu-
lation results of the control group and B-MCS are specifically illustrated in Figures S11-514, indicating an
enhanced flow field and pressure field generated by the B-MCS locomotion. As a result, the spatially
enhanced catalytic performance was achieved and illustrated in Figure S15.

The enhanced catalytic performance can be interpreted from the two aspects. First, the cross-linking effect

generated by the microbubbles causes the gathering and stacking of the nanocatalysts and forms locally
increased concentration of the nanocatalysts, making the local catalysis effective. Second, B-MCS motion
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Figure 6. Comparison of the Rate Constant with the Current State-of-the-Art Nanocatalysts
The data are retrieved from the references (Jiang et al., 2017; Li et al., 2012; Liu et al., 2015; Shang et al., 2017; Ullah et al.,
2017; Wan et al., 2018; Yan et al., 2018; Yang et al., 2018; Yue et al., 2017).

triggers the enhanced fluid convection in the 3D space. Specifically, the fluid convection at the x-y plane
was promoted by the high-speed rotation of the B-MCS as indicated in Figure 4F. The fluid convection
along the z axis was promoted by the continuous escape of the bubbles from the bottom B-MCS during
the rotation. The combined effect of the increased local catalysts concentration and the promoted 3D fluid
convection triggered the significant increase of the catalytic rate constant and the spatial catalytic perfor-
mance. We furtherly compared the catalytic performance of our result with the current state-of-the-art
works. As shown in Figure 6, the nanocatalysts with B-MCS motion show (highlighted in red) much better
catalytic performances than the current state-of-the-art works using different kinds of catalysts. For the
catalysis under violent shaking, the performance is in the normal range. The results suggested that the pro-
posed strategy may show potential industrial significance by shortening the catalytic time and saving the
usage of the noble metal catalysts during organic synthesis.

DISCUSSION

This work reports an efficient strategy to realize an enhanced catalytic activity than that of the violent stir-
ring-based heterogeneous catalysis in a uniform manner. The improved catalytic performance is achieved
by the magnetically controlled gathering and collective motion of the bubble-cross-linked nanocatalysts.
Compared with the swarming collective without bubbles, the integral rotation was improved because of
the dynamic dewetting and increased slip length caused by the ejected bubbles. The translational locomo-
tion was also strikingly boosted because of the cross-linking ability of the internal bubbles among the nano-
catalysts in z axis, which made the B-MCS three-dimensional and stable even under large pitch angles. The
B-MCS can be navigated with the external magnetic field with programmable trajectory, and easily be actu-
ated to designated location to perform rapid catalysis. Benefitting from the locally increased catalysts con-
centration and 3D promoted fluid convection, the catalytic activity of the B-MCS can achieve a constant rate
of 3.4 min~" under a low nanocatalyst concentration of 20 pg/mL, exceeding the performance on the cur-
rent state-of-the-art 4-NP and 4-AP catalytic systems. The proposed B-MCS shows its potential industrial
impact on the enhanced catalytic efficiency, shortened catalytic time, cost-saving from reduction of the us-
age amount of the noble metal, and recycling property with magnetic collection.
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Limitations of the Study

Although the improved catalytic performance is achieved in laboratory-scale vials, the strategy shows its
limitation in the scale-up toward the real industrial applications. The Helmholtz coils setup generally pos-
sesses very limited working distance. To scale-up the bubbles assistant swarming catalytic system, the
magnetic actuation system may require further improvement to increase the working distance. In addition,
the enhanced collective motion of the B-MSC ensemble is realized in the bubbles participated catalytic sys-
tem; for the catalytic reactions without bubbles, the proposed strategy may not work.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information includes:

Transparent Methods.

Figure S1. TEM images of FesO4 particles, FesO4@PDA particles, and FezOs@PDA-Au
particles.

Figure S2. Adjustment of the amount and size of the Au NPs, and enlarged view shows the
surface PDA layer and the uniform Au NPs.

Figure S3. STEM image of a Fes04s@PDA-Au particle and EDS maps of Fe, O and Au elements
of the boxed region.

Figure S4. Integral and high-resolution XPS spectra.

Figure S5. Schematic illustration catalytic reduction of the 4-NP into 4-AP.

Figure S6. Optical images show the ejected bubbles (dynamic equilibrium state) before and after
gathering of the nanocatalysts using rotational magnetic field.

Figure S7. Disassembly process of a cluster of nanocatalysts into lots of small clusters along
with the increase of the coverage area of the nanocatalysts.

Figure S8. The locomotion of the B-MCS with programed trajectory.

Figure S9. The navigating B-MCS cut the bubbles around their trajectory.

Figure S10-S13. Simulation results of the pressure field and flow field among translational
locomotion.

Figure S14. Spatial enhancement of the catalytic activity.

Video S1. Catalysis with fixed amount of nanocatalysts under two modes: violent shaking and
collective locomotion.

Video S2. Magnetic field triggered gathering of nanocatalysts with increased bubble generation.
Video S3. Comparison of the navigation of the nanocatalysts collectives without bubbles and

with bubbles assistance from addition of catalytic solution.



TRANSPARENT METHODS
Preparation of magnetite microspheres

The preparation of magnetite microspheres was conducted following the method described in the
literature. (Deng et al., 2005) Briefly, 1.35 g of FeCls 6H20 was dissolved in 40 mL of EG by vigorous
stirring to form an orange clear solution. Next, 3.6 g of NaAc and 1.0 g of PEG (MW = 50 000) were
added to the solution with ultrasound treatment for 30 min. Then, the mixture was sealed in a Teflon-
lined stainless-steel autoclave and heated at 200 <C for 10 h, after which the autoclave was allowed to
cool to room temperature. The black products were washed with ethanol and DI water for three times,
respectively. The magnetic particles were finally stored in DI water with a concentration of 20
mg/mLfor further usage.

Synthesis of FesO4@PDA microspheres

100 mL 10 mM aqueous solution of tris(hydroxymethyl)aminomethane was prepared and the pH of the
solution was adjusted to 8.5 to form Tri-HCI buffer. Then, 100 mg of FesO4 microspheres was dispersed
in the buffer and the mixture was suffered with sonication for half an hour. 0.02 g of dopamine was
added into the solution and the self-polymerization was processed for 5 h under continuous ultrasound
treatment with ice-water bath. Afterward, the black product was collected by a magnet and washed with
deionized water and ethanol for three times, respectively. The Fes0s@PDA microspheres were stored in
DI water with a concentration of 5 mg/mL for further usage.

Synthesis of gold nanoparticles

The preparation of gold nanoparticles was conducted following the method described in the literature.

(Jana et al., 2001; Choi et al., 2017) Briefly, 600 uL of 25 mM HAuCls 3H20 solution and 600 pL of 25
mM sodium citrate were added into 58.8 mL DI water under magnetic stirring. After 10 min, 900 pL 0.2
M NaBHjs solution was added into the solution, causing the color change from yellow to wine red. After

another 15 min stirring, the solution was stored in dark and aged for 2h.



Synthesis of FesO4@PDA-Au nanocatalysts

10 mg of Fes04@PDA microspheres was dispersed in 50 mL of citrate buffer with pH = 3 and sonicated
for 10 min to induce a surface positive charge of the microspheres. Then, the above-prepared Au colloid
solution was poured into the FesO4s@PDA microspheres suspension and the mixture was sonicated for 5
min. The product was collected by a magnet and washed with deionized water for three times. The
Fes04@PDA-Au microspheres were stored in DI water with a concentration of 1 mg/mL for further

usage.

Catalytic synthesis of 4-aminophenol (4-AP)

40 pL of 4-NP (0.05 M) aqueous solution, 0.5 mL of fresh prepared NaBH4 aqueous solution (0.1 M),
and 2.5 mL of DI water were homogenized in a glass vessel with shaking. The solution was quickly
subjected to UV-vis characterization and the obtained data was assigned to the reaction at t = 0 min.
Then, certain amount of suspension of nanocatalysts was added into the vessel and the vessel was
subjected with the two mode as specified in the maintext. The UV-vis spectra were taken every 3 min in

the wavelength range of 200 ~ 600 nm to record the successive information of the reaction.

Characterization

TEM and STEM images were performed on a Tecnai F20 system (FEI, USA) and with an X-ray energy
dispersive spectrometer (EDS) attachment for elementary mapping. The chemical composition of the as-
prepared surfaces was investigated using X-ray photoelectron spectroscopy (XPS), which was conducted
on an Escalab 250Xi electron spectrometer (Thermo Scientifi ¢, USA). The C 1s binding energy (284.6

eV) was used as the reference.
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Figure S1. SEM images showing the fabrication process of the samples, Related to Figure 1. (a) TEM images
of Fes0, particles. (b) TEM images of FesO4s@PDA particles. (¢) TEM images of FesO.@PDA-Au particles.
Insets in (a), (b) and (c) are the structural models of FesO4, FesO4s@PDA, and Fe;O.@PDA-AU particles.



Figure S2 Adjustment of the amount of surface Au NPs and size of the Au NPs, Related to Figure 1.
Enlarged view shows the surface PDA layer and the uniform Au NPs.



Figure S3 STEM image of a Fe;0,@PDA-Au particle and EDS maps of Fe, O and Au elements of the boxed
region, Related to Figure 1.
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Figure S4 Integral and high-resolution XPS spectra of C 1s, O 1s, Fe 2p, N 1s and Au 4f of the Fe;O4 (black
curve), FesO,@PDA (red curve), and Fes0,@PDA-Au (blue curve) particles, Related to Figure 1.
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Figure S5 Schematic illustration catalytic reduction of the 4-NP into 4-AP by using the nanocatalysts under
the existence of NaBH., Related to Figure 2.
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Figure S6 Optical images show the ejected bubbles (dynamic equilibrium state) before and after gathering
of the nanocatalysts using rotational magnetic field, Related to Figure 3.
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Figure S7 Disassembly of the gathered nanocatalysts. Related to Figure 3. (a) Schematic illustration of the
disassembly process of a cluster of nanocatalysts into lots of small clusters along with the increase of the coverage
area of the nanocatalysts. (b) Successive images of the disassembly process of a cluster of nanocatalysts.
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Figure S8 Schematic showing the pitch angle and directional angle of Helmholtz coil generated magnetic
field, Related to Figure 5.



Figure S9 Locomotion of the B-MCS with programed trajectory, Related to Figure 5. The round circle with
semitransparent blue color is the programed trajectory and the red line is the real motion trail tracked with the
computer. The real trail matches well with the programmed trajectory, with slight disturbance cause by the

surroundings.



Figure S10 Disturbance of the locomotion trail of the B-MCS by the generated bubbles, Related to Figure
5. The navigating B-MCS cut the bubbles around their trajectory. On the contrary, the bubbles show some
disturbance to the locomotion trail of the B-MCS.
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Figure S11 Simulation results of the pressure field of B-MCS with translational motion, Related to Figure 5.
For the B-MCS, local fluid environment introduces pressure difference around surface of swarm. Analyzing an
elliptical structure, the front sides facing rotating direction (clockwise shown in Figures) generates higher pressure.
Difference of pressure helps create bubbles from catalytic reaction.
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Figure S12 Simulation results of the flow field of B-MCS with translational motion, Related to Figure 5. The
velocity field generated from translational and rotational movement decides interaction among swarms, obstacles
and boundary conditions. The state of flow environment with B-MCS is shown in the figure by calculating the

interaction between fluid and structure and equation pl;—f =F + V- (—pl + u(V¥ + (v¥)T)) (Jietal. 2018). The
stronger velocity and shear stress appear at the long axis of the swarm.
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Figure S13 Simulation results of the pressure field of MCS with translational motion, Related to Figure 5.
Comparing to small particle swarms splited by bubbles, a big pile of particle swarm has low response rate particle
swarms of small fractions rotate along the surface continuously. Therefore, low pressure and velocity field come
out in such condition.
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Figure S14 Simulation results of the flow field of MCS with translational motion, Related to Figure 5. As for
the rotating fractions, their rotating velocity and tangential velocity is approximate the same, otherwise the whole
pile of swarm collapses. Thus the surrounding fluid velocity is about the same, which is signaficantly smaller than
B-MCS case.
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Figure S15. Spatial enhancement of the catalytic activity, Related to Figure 2. (a) Schematic
illustration and successive images of the locomotion of the gathering nanocatalysts passing through a
channel in the solution of 4-NP and NaBH4 under a rotating magnetic field. Therein, al, a2 and a3
represent the original, intermediate and final sites respectively. (b) Schematic illustration of the B-MCS
motion of the nanocatalysts for targeted catalysis and optical image shows the 4-NP and NaBH4 solution
in the channel with two reservoirs. (¢) Optical image shows the 4-NP and NaBHy; solution in the channel
after 30 min of catalysis by the nanocatalysts without swarming motion. The 4-NP in the left channel are
largely catalyzed to a quite low level whereas the concentration of unreacted 4-NP in the right channel
are still high, approximately 3 times of the left channel. (d) Optical image shows the 4-NP and NaBH4

solution in the channel after 30 min of catalysis by the nanocatalysts with B-MCS motion. (e) and (f)



show the UV-vis spectra the catalytic solutions at 30 min by the nanocomposite without and with B-
MCS motion, respectively. The magnetic field strength is 6 mT, the frequency is 6 Hz and the pitch
angle is 2< (g) Optical image shows the 4-NP and NaBH4 solution in the channel with four reservoirs.
(h) Optical image shows the color change of the solution in the channel after 40 min of catalysis by the
nanocatalysts with B-MCS motion to the targeted location indicated by the red line. (i) UV-vis spectra
of the original solution (0 min) and the solutions inside the reservoirs 1-4 at the time-point of 40 min
with B-MCS, the conversions of the 4-NP are calculated to be 78%, 83%, 8% and 25% in the Reservoir

1-4, respectively, denoting the controllable selectively of catalysis in space by the proposed B-MCS.
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