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Chemically powered colloidal motors propelled by the self-phoretic effect have attracted widespread
attention. However, the low motion efficiency and ion tolerance hinder their application in complex
media. Herein, we report a scalable and simple method to synthesize 2.6 nm Platinum nanoparticles (Pt
NPs) in the nanoporous wall of carbonaceous flasklike colloidal motors in a ligand-free manner. The
obtained Pt NPs-modified flasklike colloidal motors (Pt-FCMs) are propelled by the catalytic decompo-
sition of H,O, fuels. They exhibit ultrafast mobility with an instantaneous velocity of 134 ym s™ at 5%
H,0O,, which is equivalent to 180 bodylengths per second. Particularly, these Pt-FCMs have an enhanced
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ion tolerance, due to the higher catalytic activity of small-sized Pt NPs in the carbonaceous wall.
Furthermore, the direction of motion could be reversed by adding cationic surfactant cetyltrimethyl-
ammonium bromide. Such ultrasmall Pt NPs funtionalized flasklike colloidal motors exhibit a great poten-
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Introduction

Chemically powered colloidal motors are capable of converting
chemical energy into persistent swimming-like locomotion in
fluids. Particularly, the colloidal motors propelled by the self-
phoretic effect have garnered considerable attention since they
can autonomously perceive the concentration gradient and
exhibit chemotaxis and collective behaviours similar to that of
living organisms.”® Due to their remarkable performance,
chemically powered colloidal motors are considered some of
the most promising candidates for artificially intelligent
colloid-scale machines,”® and display great potential in the
fields of biomedicines and environmental science.'®""
However, the majority of chemically powered self-phoretic col-
loidal motors developed to date exhibit low velocity, especially
if the colloidal motors have all the dimensions at the nano-
meter scale and have to overcome strong Brownian motion."
Moreover, the motion of these colloidal motors shows intoler-
ance of high ionic strength in neutral ionic solutions, which
means that these colloidal motors could not move in complex
environments such as biological media."*'* The challenges
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tial utilization in the field of biomedicines and environmental technology.

greatly hinder the applications of the colloidal motors.
Therefore, it is crucial to develop colloidal motors with high
motion efficiency and enhanced ion tolerance.

Some strategies have been employed to improve the ion tol-
erance of colloidal motors, including coating a layer of poly-
electrolytes,"® optimizing the geometry to introduce structural
nanopores,'® and decreasing the characteristic size to nano-
meter scales.”” In addition, some studies have reported that
the ion quenching phenomena of the Pt-polystyrene Janus
motors propelled by the catalytic decomposition of H,O, only
occur in the presence of neutral salt solutions such as NaCl,
KBr, and so on. For an alkaline solution like NaOH, the
quenching effect of ionic strength on the motion velocity is
insignificant,"*'* which may contribute to the alkaline
environment facilitating the catalytic decomposition of H,0,
and compensating for the adverse effect of ionic strength on
motor activity. Remarkably increasing the catalytic activity of
colloidal motors may provide a simple but effective way to
achieve enhanced ion tolerance and high motion velocity sim-
ultaneously without additional chemical modifications. The
catalytic activity of nanoparticle catalyst is strongly dependent
on the particle size and its distribution, with small and
uniform nanoparticles typically resulting in high catalytic
activity.*'® Traditional methods involve the addition of ligands
to control the size and morphology of catalyst particles, result-
ing in small, uniform particles with high catalytic activity.
However, the presence of ligands blocks the catalytic sites,
resulting in the reduction of catalytic activity. The ligand-free
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synthesis can directly produce a nanocatalyst with the surface-
clean property, which can lead to excellent catalytic activity.
Therefore, using the ligand-free synthesis method to prepare
small-size and uniform nanoparticle catalysts should be a
reasonable way to prepare the highly active colloidal motors.
The ligand-free ethylene glycol reduction method has been
employed for the in situ growth of ultrasmall, uniformly sized
platinum nanoparticles (Pt NPs) on carbon black'® and multi-
walled carbon nanotubes*>*! with high catalytic activity.

Herein, we present the ethylene glycol reduction method to
synthesize 2.6 nm Pt NPs in situ in the nanoporous wall of
766 nm carbonaceous flasklike nanoparticles (CFNPs) to con-
struct ualtrasmall Pt NPs-modified flasklike colloidal motors
(Pt-FCMs). The Pt NPs with an ultrasmall, uniform size and no
ligand modification are supported by the carbonaceous flask-
like nanoparticles. The Pt-FCMs are propelled by highly
efficient catalytic decomposition of H,0, fuels and exhibit
ultrafast velocity. The instantaneous velocity observed at 5%
H,0, can reach up to about 134 pm s™', equivalent to 180
bodylength per second. The motion performance of Pt-FCMs
is excellent for nanoscale and non-bubble propelled colloidal
motors, surpassing that of the bubble-propelled flasklike col-
loidal motors at the same concentration of H,0,.2*?® In
addition to ultrafast mobility, Pt-FCMs display an enhanced
ion tolerance, due to high catalytic activity of ultrasmall-sized
Pt NPs in the carbonaceous wall. Furthermore, the direction of
motion could be reversed by adding the cationic surfactant
cetyltrimethylammonium bromide (CTAB). The self-propelled
Pt-FCMs demonstrate a powerful, novel strategy towards ultra-
fast, highly ion-tolerant, and adaptable nanoscale colloidal
motors by integrating highly active nanoparticles into the
asymmetrical flasklike structures, which paves a promising
way to realize the applications of chemically powered colloidal
motors in complex media.

Experimental section
Materials and instruments

Sodium oleate (SO), poly(ethylene glycol)-block-poly (propylene
glycol)-block-poly (ethylene glycol) (EO,y-PO;y-EO,,, P123),
p-ribose, H,PtCls, NaCl, sodium dodecyl sulfate (SDS), and
cetyltrimethylammonium bromide (CTAB) were purchased
from Sigma-Aldrich Co., Ltd. Ethylene glycol (EG), NaOH,
hydrogen peroxide (H,O,), fetal bovine serum, and ethanol
were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Deionized water (Millipore) of 18.2 MQ
cm was used for all experiments. These commercial chemicals
were directly used without further purification. The trans-
mission electron microscope (TEM) images were obtained by
Tecnai G2 F30 (FEI). The X-ray diffractometer (XRD) measure-
ments were performed by using D8 ADVANCE (Bruker). The
Zeta potential measurements were performed by a Malvern
Zetasizer Nano-ZS. The movements were observed by Olympus
CKX41 inverted optical microscope equipped with a 100x oil
lens.
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Synthesis of CFNPs

The CFNPs were synthesized according to the method
described in the previous report.>* First is the synthesis of
polymeric flasklike nanoparticles (PFNPs). Briefly, 0.0555 g of
SO and 0.0653 g of P123 were dissolved in 25 mL of deionized
water, while 4.5 g of p-ribose was dissolved in 45 mL of de-
ionized water. The p-ribose solution was then added to the
mixture solution of SO and P123 and stirred at room tempera-
ture for 30 min before being transferred into a 100 mL auto-
clave. The reaction mixture was hydrothermally treated at
160 °C for 12 h. The synthesized PFNPs were harvested via cen-
trifugation and washed with ethanol and deionized water
three times respectively and then dried overnight. The CFNPs
were obtained through temperature-programmed calcinating
of PFNPs under the Ar atmosphere. Initially, the PFNPs under-
went calcination at a rate of 10 °C min™" until reaching 600 °C,
and then remained at this temperature for 1 h before being
further calcined to 900 °C at a rate of 5 °C min™" for another
hour.

Synthesis of Pt-FCMs

The Pt-FCMs were synthesized via in situ growth of Pt NPs on
CFNPs using ethylene glycol reduction. Specifically, 50 mg of
CFNPs were dispersed in a mixed solution of 50 mL of EG and
140 mL deionized water and then mixed with 10 mL of 20 mM
H,PtClg solution under ultrasonic conditions for 30 min to
promote the adsorption of the Pt precursor on the CFNPs. The
pH of the mixture solution was adjusted to 12.5 by adding
NaOH (1 M), followed by refluxing at 130 °C for 3 h to reduce
the Pt precursor. Finally, Pt-FCMs were collected by centrifu-
gation and washing.

Movement observation

The Pt-FCMs were mixed with the substrate solution, which
can be the pure H,0, solution with different concentrations or
H,0, solution containing NaCl or surfactant. The concen-
tration of each component in the substrate was adjusted by
adding volume. Subsequently, 10 pL of the mixture was
dropped on the hydrophilic glass slide. The movement of Pt-
FCMs was observed by using an Olympus CKX41 inverted
optical microscope equipped with a 100x oil lens. The videos
were captured by CCD camera at a frame rate of 40 fps and the
length of the videos was 20 s.

Movement analysis

Motion coordinates were acquired using the Image J software.
The mean squared displacement (MSD) of Pt-FCMs was calcu-
lated from motion coordinates according to the equation

MSD = <i (ri(t+ At) — ri(t))2>

A

where r,(¢) are the coordinates of Pt-FCMs at time ¢. In this
paper, all MSD curves are calculated by using the MATLAB
code.”® To improve the statistical robustness, 30 Pt-FCMs were
counted and only the data in the initial 2 s were used to plot
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the MSD curves. The self-propelled velocity (Vs) was obtained
by fitting the data of the first 10 frames (At = 0.25 s, At < 7R)
with equations MSD = 4D,At + Vs*At®, where 7 is rotational
time, D, is the diffusion coefficient of Brownian motion.
Translational diffusion coefficient D was obtained by fitting
the data of the last 20 frames (1.5 s-2 s, At > 7g) with the
equation MSD = 4DAt to MSD curve. The average velocity (Va)
is calculated as the total distance divided by the time, where
the total distance is the sum of the distances between two
adjacent frames.

Simulation of the concentration gradient field

The chemical concentration gradient field of reactant H,O,
and product O, (generated by Pt NPs on both the outside and
inside surfaces catalyzed H,0, decomposition) around the Pt-
FCMs were simulated based on the Fick’s law F; = —D;dc; (i =
H,0, or O,) with F the species flux, D; the diffusion coefficient,

A
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oc the chemical concentration gradient. Due to the D; of H,0,
and O, in water being almost the same, the self-generated
local concentration field around the Pt-FCMs is at the same
magnitude with opposite direction in terms of the steady-state
V2¢; = 0 and non-convective diffusion approximation.

Results and discussion

Fig. 1A illustrates the preparation of Pt-FCMs. Firstly, PFNPs
were synthesized via the soft-templating polymerization
method, through the process of formation of nanoemulsion,
the formation of opening, and the formation of necks.
Subsequently, CFNPs which serve as the framework of the col-
loidal motor were obtained by calcining the PFNPs under the
Ar atmosphere. Finally, the Pt NPs are synthesized in situ
within the nanoporous wall of the CFNPs using the improving
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Fig. 1 Synthesis and characterization of Pt-FCMs. (A) Schematic diagram of the synthesis of the Pt-FCMs, which briefly includes the preparation of
PFNPs by soft-templating polymerization, the preparation of CFNPs by carbonization of PFNPs, and in situ growth of Pt NPs on CFNPs. (B) TEM
image of CFNPs. (C) TEM image of Pt-FCMs. (D) Zeta potential analysis of PFNPs, CFNPs, and Pt-FCMs. (E) XRD pattern of Pt-FCMs. (F) EDX elemen-
tal analysis: (a) STEM image of Pt-FCMs, the blue curve is the EDX line scan analysis of Pt element; (b—d) EDX mapping of the C, Pt, and the overlay
of C and Pt. Scale bar is 200 nm. (G) HRTEM images of Pt-FCMs. (H) Size distribution of Pt NPs obtained from HRTEM images.
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ethylene glycol reduction method. The CFNPs were character-
ized by TEM (Fig. 1B) and exhibit a typical flasklike mor-
phology with a cavity that is connected to the outside. Their
average bodylength is 766 + 81 nm, the width of the spherical
bottom is 439 + 16 nm, and the wall thickness of the bottom
of the CFNPs is about 96 + 7 nm (N = 50). It has been proven
that the wall of CFNP has abundant nanopores and high
adsorption capacity.>® The PtCl,>~ are adsorbed in the nano-
porous wall and reduced by EG to form Pt NPs. Notably, no
ligands are needed in the synthesis process. The successful
modification and morphology of Pt NPs were confirmed using
the TEM, zeta potential, XRD, scanning TEM (STEM), and
energy-dispersive X-ray (EDX) analysis. The TEM image in
Fig. 1C shows the flasklike shape of Pt-FCMs. In contrast to
the smooth surface of CFNPs (Fig. 1B), numerous small black
dots that are corresponding to Pt NPs are observed in the
nanoporous wall. Fig. 1D shows the zeta potentials of PFNPs,
CFNPs and Pt-FCMs with negative values. The Pt-FCMs exhibit
a large potential difference with CFNPs, which may be attribu-
ted to the adsorption and reduction of PtCls>”, resulting in a
more negative potential. The XRD pattern of Pt-FCMs is shown
in Fig. 1E, which exhibits diffraction peaks at 22.3°, 39.8°,
46.4°, and 67.9° are assigned to C (002), Pt (111), Pt (200), and
Pt (220),” respectively, further confirming the presence of Pt.
Moreover, the high-angle annular dark-field (HAADF) STEM
image coupled with EDX element analyses in Fig. 1F are used
to characterize the modification of the Pt NPs in the nanopor-
ous wall. These results show that the Pt NPs are uniformly dis-
persed in nanoporous wall, except a few regions which imply-
ing the aggregates of Pt NPs. The bright blue curve in Fig. 1F
(a) represents the EDX line scanning for the Pt element
content at the yellow line position. A high Pt content is
observed on both inner and outer walls of Pt-FCMs, suggesting
the distribution of Pt NPs on both inner and outer surfaces of
CFNPs. The high-resolution TEM (HRTEM) images presented
in Fig. 1G reveal that most of Pt NPs are isolated. The inset of
Fig. 1G shows the interplanar crystal spacing of Pt NPs is
0.22 nm, which can be ascribed to Pt (111). The size distri-
bution of Pt NPs was determined through measuring the dia-
meters of 153 Pt NPs from multiple HRTEM images. The
result as shown in Fig. 1H reveals a narrow size distribution of
Pt NPs with an average diameter of 2.6 + 0.11 nm. The ultra-
small and monodisperse Pt NPs without additional chemical
modifications provide a high catalytic capacity for Pt-FCMs.
The autonomous motion of Pt-FCMs propelled by catalytic
decomposition of H,0, was investigated and two predominant
motion modes of Pt-FCMs were observed as shown in Fig. 2A.
In the absence of H,0,, the Pt-FCMs exhibit typical Brownian
motion, while in the presence of H,0,, the Pt-FCMs display
strong self-propelled motion. The time-lapse images in Fig. 2B
and C and the corresponding videos (Video S1 and Video S2t)
show the quasi-linear trajectory and the quasi-circular trajec-
tory of Pt-FCMs in 5% H,0,, respectively. As can be seen, the
Pt-FCMs moved from the flask bottom to the opening and no
bubbles were observed to form on their surface, indicating
that the colloidal motors are propelled by the self-phoretic

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

effect induced by chemical reaction on both inner and outer
surfaces. Within 3 s, the Pt-FCMs with both motion modes
travel a considerable distance. The Pt-FCMs showing a quasi-
circular motion trajectory in Fig. 2C completed 12 circles of
motion. The quasi-circular motion behaviour can be attributed
to the distribution difference of Pt NPs on the Pt-FCMs.

To further investigate the motility of Pt-FCMs, we examined
the autonomous motion of the Pt-FCMs in H,O, solutions
with different concentrations. Among the two motion modes
of Pt-FCMs, the quasi-circular trajectories cannot produce
effective motion displacement despite having a high average
velocity (V). Therefore, the statistics of motion trajectories,
MSD, and self-propelled velocity (Vs) fitted from MSD in Fig. 3
only involve Pt-FCMs with the quasi-linear trajectories. The
statistics of V, include all sorts of motion trajectories. Fig. 3A
displays the trajectories within 3 s at different concentrations
of H,0,. As the concentration of H,0O, increases, so does the
effective displacements of Pt-FCMs, indicating the improved
directional motion of the colloidal motors. Fig. 3B depicts the
MSD analysis used to quantify the autonomous motion. In the
absence of H,0,, the MSD follows a typical linear curve that
represents Brownian motion. With an increasing concentration
of H,0,, MSD exhibits a typical parabolic curve indicative of
autonomous motion. The slope also gradually increases, indi-
cating the enhancement of the autonomous motion. Fig. 3C
shows the translational diffusion coefficient (D) of the Pt-
FCMs. The diffusion coefficient of Brownian is approximately
0.33 pm?* s~'. At a concentration of 0.01% H,O,, there is a
slight increase in D. At the concentration of 0.1% H,0,, the D
value increases significantly and reaches about 3 times that of
Brownian motion. Particularly, when the concentration of
H,0, rises to 5%, the D reaches approximately 4.99 pm* s, a
diffusion ability 15 times greater than that observed with
Brownian motion. Fig. 3D depicts the Vg of Pt-FCMs at the
various concentrations of H,0,. The Vg gradually increases
with the increasing H,0, concentration, reaching ca. 9 pm s™*
at 5% H,0,. These results demonstrate that the Pt-FCMs with
quasi-linear motion mode exhibit excellent directional moti-
lity. As shown in Fig. 3E, the V, accelerates with an increase in
H,0, concentration. The V, of Pt-FCMs increased from
4.49 pm s~ at 0.01% H,0, to 23.32 ym s~ ' at 5% H,0,. The
inset in Fig. 3E illustrates the distribution of V, for colloidal
motors in 5% H,0,, revealing that most Pt-FCMs exhibit
average velocities within a range of 10-20 pm s™*, followed by
20-30 pm s~ and 30-40 pm s~ It is worth noting that the V,
of the Pt-FCMs in 5% H,0, exhibits significant variation,
which may be attributed to individual differences among col-
loidal motors during the synthesis process. Fig. 3F displays the
instantaneous velocities of a typical colloidal motor with ultra-
fast mobility in quasi-circular mode (corresponding trajectory
in Fig. 2C). The fastest velocity of 134 um s ' was observed,
which is equivalent to 180 bodylength per second. These
results, especially Vs and V,, indicate that the Pt-FCMs possess
strong motion activity. It is worth noting that no bubble
nucleation and rupture was observed on the surface of the Pt-
FCMs in this study. We conducted a comparative analysis of
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Fig. 2 Motion behaviour of Pt-FCMs in H,O, solutions. (A) Schematic diagram of Pt-FCMs propelled by the catalytic decomposition of H,O, and
their quasi-linear trajectories and quasi-circular trajectories. (B) Time-lapse images of quasi-linear motion of Pt-FCMs within 3 s at 5% H,0,. (C)
Time-lapse images of quasi-circular motion of Pt-FCMs within 3 s at 5% H,0,.

the motion performance between Pt-FCMs and other chemi-
cally powered colloidal motors with similar shapes, including
flask,?***?873% tadpole®! and stomatocyte®** types. As shown
in Table S1,f Pt-FCMs exhibit superior motion performance
compared with colloidal motors propelled by self-phoretic
effort,>*>® and even outperform certain bubble-propelled col-
loidal motors at a concentration of 5% H,0,.2*** As men-
tioned later, propulsion based on the release of nanobubbles
should be excluded from contributing to the motion velocity of
Pt-FCMs. The high mobility of Pt-FCMs challengs a widely
accepted opinion that bubble-propulsion provides colloidal
motors with faster velocity than self-phoretic propulsion.
Several similarly shaped (not so similar) and smaller sized col-
loidal motors such as stomatocyte-shaped nanomotors do
have greater velocities than that of Pt-FCMs.*** However, Pt-
FCMs represent a new type of colloidal motors with high mobi-

12562 | Nanoscale, 2023, 15, 12558-12566

lity. The exceptional velocity of Pt-FCMs could be attributed to
the well-dispersed ultrasmall and ligand-free Pt nanoparticles
within the nanoporous carbonaceous wall, which exposes a
greater number of active sites and results in heightened cata-
Iytic ability.

In addition to the ultrafast velocity, the influence of ionic
strength on the motility of Pt-FCMs was also tested. The
motion behaviour of Pt-FCMs was observed in 5% H,0, with
different concentrations of NaCl. Fig. 4A illustrates the trajec-
tories of Pt-FCMs with a duration of 3 s at 5% H,0, at
different concentrations of NaCl. The displacements of Pt-
FCMs exhibit a negative correlation with increasing NaCl con-
centrations. Fig. 4B displays the MSD curves. At a NaCl concen-
tration of 0.5 mM, the MSD is a typical parabolic curve. With
increasing NaCl concentration to 5 mM, the slope of MSD
curve decreases despite the curve still being a parabolic one.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Motion analysis of Pt-FCMs. (A) Motion trajectories of Pt-FCMs at 0%, 0.01%, 0.1%, 1%, and 5% H,O, within 3 s. (B) Mean square displacement
(MSD) curves of Pt-FCMs at H,O, concentrations of 0%, 0.01%, 0.1%, 1%, and 5%, and (C) the corresponding translational diffusion coefficients (D)
obtained from MSD curves. (D) Self-propelled velocity (Vs) of Pt-FCMs at 0.01%, 0.1%, 1%, and 5% H,O, obtained from MSD. (E) Average velocity (Va)
of Pt-FCMs at 0.01%, 0.1%, 1%, and 5% H,O,. The inset is the average velocity distribution of Pt-FCMs in 5% H,0O,. (F) The instantaneous velocity of
Pt-FCMs in quasi-circular motion mode at 5% H,O,. The scale bar is 5 pm.
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When 25 mM of NaCl solution is applied, the MSD curve
becomes to be linear. When the NaCl concentration increases
to 50 mM and 100 mM, the MSD curves are linear with a
decreasing slope even though the slopes are larger than that of
Brownian motion. This result suggests that the directionality
of the motion of the Pt-FCMs has been weakened with the
enhanced rotational motion when increasing the ionic
strength. Fig. 4C and D show the D and V, of the Pt-FCMs in
the presence of different concentrations of NacCl, respectively.
The El;s, of Pt-FCMs in 5% H,0, is less than 0.5 mM, where
El5, represents the ionic concentration at which the colloidal
motors can move at 50% speed of that without electrolytes.”
With the increase of NaCl concentration, the D and V, decrease
slowly. When the NaCl concentration is 100 mM, the D
remains 1.68 times larger than that of Brownian motion. This
result indicates that the ionic strength exerts a significant
impact on the motion activity, but not fatal enough. Although
their ion tolerance performance is not so good at lower ionic
strength, Pt-FCMs still exhibit a certain degree of mobility at
100 mM NaCl and a diffusion coefficient that exceeds
Brownian motion by a factor of 2 at 25 mM NacCl and by a
factor of 4.7 at 5 mM NaCl. Compared to the fatal effect of
1 mM NaCl on the movement of microscale Pt-polystyrene
motors,'* the performance of ion tolerance of Pt-FCMs is rela-
tively improved. The motility of Pt-FCMs in complex fluids was
further verified, as evidenced by efficient movement (Video
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S3t) observed in 50% fetal bovine serum containing 5% H,0,.
Notably, the V, is 4.12 pm s™*, and the D of Pt-FCMs remains
at 0.85 pm? s™', which is 2.5 times faster than Brownian
motion. There are several possible reasons for the enhanced
ion tolerance. One of the reasons is the nanoscale size of Pt-
FCMs. It has been reported that decreasing the size of colloidal
motors into the nanometer scales can improve ion tolerance.?
Secondly, Pt-FCMs may produce nanobubbles that are invisible
in the present microscopic observation. However, the experi-
mental results show that adding the NaCl solution can signifi-
cantly affect the motion velocity of Pt-FCMs, which is incon-
sistent with the phenomenon that the ionic strength has little
effect on the mobility of bubble-propelled colloidal motors.*?
Therefore, bubble propulsion should have little contribution
to the motion and ion tolerance of Pt-FCMs. Finally, it is
highly probable that the ion tolerance primarily stems from
the high catalytic activity of the ultrasmall ligand-free Pt NPs
on the carbonaceous surface and the flask-shaped structure of
Pt-FCMs, which compensates for the adverse effects of ionic
strength on the motor motion.

When ionic surfactants are added to the fuel solution, it is
found that Pt-FCMs exhibit interesting motion behaviours.
Fig. 5A and B show the trajectories of Pt-FCMs in 3 s in the
presence of 0.9 mM CTAB and 8 mM SDS at 5% H,0,, respect-
ively. Fig. 5C shows the V, of Pt-FCMs when adding different
surfactants. These results indicate that the V, of Pt-FCMs

C1o

1s { o
6.

: I

2.

0

24

V, (Hmis)

3s

L -4 1
N l
8
B

S -10

CTAB sDs

Fig. 5 Motion behaviour of Pt-FCMs in the presence of ionic surfactants. (A) Time-lapse images of locomotive Pt-FCMs in the presence of CTAB,
the motion direction is the opening backward. Scale bar is 3 pm. (B) Time-lapse images of locomotive Pt-FCMs in the presence of SDS, the motion
direction is the opening forward. Scale bar is 3 pm. (C) The average velocity (Va) of Pt-FCMs in the presence of ionic surfactant. (D) Simulated chemi-
cal concentration gradients of (a) reactant H,O, and (b) product O,, generated by the catalyzed reaction occurring on both the outside and inside
surface of Pt-FCMs.
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decreases in both surfactant solutions due to the increase of
ionic strength caused by the addition of ionic surfactants.
Interestingly, the motion direction of Pt-FCMs was reversed in
the presence of cationic surfactant CTAB. As shown in Fig. 5A
and Video S3,f Pt-FCMs move with the orientation from the
flask opening to the flask bottom (the corresponding velocity
is defined as a negative value). Conversely, in the presence of
SDS, the motion direction of Pt-FCMs is still oriented from the
bottom to the opening (Fig. 5B and Video S4f). Previous
studies have demonstrated that the change in the surface wett-
ability of the colloidal motors can reverse the motion direc-
tion.”® The reason for the reversal of the direction of the Pt-
FCMs in the presence of CTAB may be that the positively
charged hydrophilic group of CTAB adsorbs with the negatively
charged Pt-FCMs due to electrostatic interaction. The hydro-
phobic group of CTAB is outward, which makes the surface of
the motor more hydrophobic. For the anionic surfactant SDS,
the hydrophobic group is preferentially adsorbed onto the
surface of the negatively charged colloidal motors compared to
its negatively charged hydrophilic group. The outward-facing
hydrophilic group does not induce a remarkable change in
surface wettability and thus the motion direction remains
unaffected in the presence of SDS. The Pt-FCMs propelled by
the catalytic decomposition of H,O, generate O, and H,O,
concentration gradients, as depicted by the simulation results
in Fig. 5D. These concentration gradients have the same order
of magnitude but are opposite in directions. When the surface
wettability of the Pt-FCMs changes, the interaction between O,
and H,0, molecules and the surface of the colloidal motor is
affected, which results in the change of the concentration gra-
dient field that plays a dominant role in determining the direc-
tion of motion, and finally leads to the direction reversal.

Conclusions

In conclusion, we employed the ethylene glycol reduction
method to synthesize well-dispersed Pt NPs with the ultrasmall
and uniform diameter of 2.6 nm in the nanoporous wall of car-
bonaceous flasklike nanoparticles for constructing the chemi-
cally powered Pt-FCMs. The Pt-FCMs achieve ultrafast velocity
propelled by the self-phoretic effect. At 5% H,0,, the velocity
can reach up to about 134 um s~' (180 bodylength per s). The
motion activity of Pt-FCMs even exceeds that of bubble-pro-
pelled flasklike colloidal motors, challenging the previous cog-
nition that bubble-propulsion has high motion activity. In
addition to exhibiting high mobility, Pt-FCMs also show
enhanced ion tolerance even when adding 100 mM NacCl, and
an adaptive direction reversal in the presence of CTAB. As
demonstrated by Pt-FCMs, compared with the methods such
as the sputter coating of metal and the loading of ligand-modi-
fied nanocatalysts, the strategy of integrating ultrasmall
ligand-free nanocatalysts with a high density of catalytically
active sites could pave a promising way to access ultrafast,
highly ion-tolerant, and adaptable colloidal motors for the
applications in various complex scenarios.
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