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ABSTRACT: Many real-world scenarios involve interfaces, particularly liquid-liquid interfaces, that can fundamentally alter 
the dynamics of colloids. This is poorly understood for chemically active colloids that release chemicals into their environ-
ment. We report here the surprising discovery that micromotors—colloids that convert chemical fuels into self-propul-
sion—move significantly faster at an oil-water interface than on a glass substrate. Typical speed increases ranged from 3-6 
times up to an order of magnitude, and were observed for different types of chemical motors or oils. Such speed increases 
are likely caused by faster chemical reactions at an oil-water interface than a glass-water interface, but the exact mechanism 
remains unknown. Our results provide valuable insights into the complex interactions between chemical micromotors and 
their environments, which are important for applications in the human body or in the removal of organic pollutants from 
water. In addition, this study also suggests that chemical reactions occur faster at an oil-water interface, and that micromo-
tors can serve as a probe for such an effect. 

INTRODUCTION 
Micromotors that can convert external energy into au-

tonomous motion hold great promise as the core platform 
for next-generation autonomous, multifunctional microro-
botics.1-3 Applications range from minimally invasive sur-
gery4 and drug delivery and biosensing5 to environmental 
remediation,6 defense and security,7 and bottom-up mi-
cromachine assembly.8 In these applications exist various 
types of confinement, such as solid-liquid, liquid-liquid, 
and liquid-gas interfaces, that could significantly alter the 
individual and collective dynamics of microrotors.9, 10 Un-
derstanding the dynamics of micromotors in such complex 
environments thus holds applied importance, and could in 
turn reveal intricate details of how micromotors operate, 
as well as the physico-chemical details of an interface. 

Compared with other types of interfaces, micromotors 
moving on liquid-liquid interfaces are less explored and 
understood. These interfaces can be found in environmen-
tal remediatiat and in biological samples. There, the dy-
namics of a micromotor can be changed by the unique in-
terfacial properties such as a sharp change in viscosity and 
in chemical composition, and flows driven by interfacial 
tension gradients. This is especially the case for micromo-
tors powered by chemical reactions, and in particular by 
chemical gradients.11-15 For example, Dietrich et al.16 found 
that when a chemical micromotor was embedded in an oil-
water interface, the reorientation of its Janus face led to 
two peaks in its speed distributions. Simmchen and 

Kretzschmar17 found that an oil-water interface can bring 
the tilt angle of a chemical micromotor close to 90° with 
the interface. Moreover, Simmchen and Sanchez et al.18, 19 
found that an oil-water interface trapped and guided 
chemical micromotors in a way similar to a solid boundary. 

In this article, we report that chemically powered micro-
motors move several times faster than those moving on a 
glass-water interface. Typical speed increases were 3-6 fold, 
but speed increase of one order of magnitude was also fre-
quently observed. The robustness of this observation of 
speed increase is confirmed with multiple types of chemi-
cally powered micromotors, and confirmed with different 
types of oils. We propose that the speed increase reported 
arises primarily from faster chemical reactions rates at an 
oil-water interface, an effect confirmed by a few pieces of 
experimental evidence. 

Our discovery of the fast speeds of chemical micromo-
tors at oil-water interfaces reveals interesting dynamics of 
micromotors in confined environments, where reaction ki-
netics, distributions of physico-chemical fields and flows 
are intricately coupled. Such a speed increase can inspire 
faster micromotor designs of better energy efficiency, 
which is particularly useful for environmental remediation, 
micro-mixing or food processing applications that involve 
oil-water emulsions.  In addition, chemical micromotors 
could serve as a local probe for the reaction rate at an oil-
water interface, providing real-time, visual, and 
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quantifiable monitoring of interfacial reaction kinetics that 
are both important and elusive. 

EXPERIMENTAL SECTION 
Materials and Instruments. Hydrogen peroxide (H2O2, 

30 wt. %) and Ag plating solutions (#44067) were pur-
chased from Alfa Aesar. Rh plating solution (#290255GL) 
were purchased from Technic Inc. Au plating solution was 
self-made. Ethanol (CH3CH2OH, 99.5%), isopropyl alcohol 
(C3H8O, 99.5%), cyclohexane (C6H12, 99.5%), tetrabutyl ti-
tanate (TBT, T104105, 99%), ascorbic acid (C6H8O6, 99%), 
Arabic gum, potassium chloride (KCl, 99.5%), Rhodamine 
B (RB, 99%), Nile Red (95%), D-(+)-Glucose (99.5%), so-
dium tungstate (Na2WO4·2H2O), triethanolamine (TEOA, 
99%), hydroquinone (H2Q, 99%), decane (C10H22), dibutyl 
phthalate, perfluorooctane (C8F18), and silicone oil (PMX-
200) were purchased from Aladin, China. Novec HFE 7100 
was purchased from 3M, USA. PFPE-PEG-PFPE fluorosur-
factant was purchased from Creative PEGWorks. Phenyl-
ated Silicone oil (KF-54) was purchased from Shin-Etsu 
Chemical Co., Ltd. Trichloro (octadecyl) silane (OTS, 
104817, 90%) and silver nitrate (AgNO3, 99%) were pur-
chased from sigma. Lutensol To-7 (9043-30-5, 99%) was 
purchased from Shandong Usolf Chemical Technology Co., 
Ltd of China. Chloroauric acid (HAuCl4 4H2O, 47.8%) was 
purchased from Sinopharm Chemical Reagent Co. Ltd of 
China. The hydrogen peroxide assay kit (Biochemical As-
say Kit, #E-BC-K102-S) was purchased from Elabscience. 
All chemicals were used without further purification. 

Silica (SiO2) microspheres were purchased from Tianjin 
Baseline Chromtech Research Center, China. The polysty-
rene (PS) microspheres were procured from Shanghai 
Huge Biotechnology Co., Ltd of China. Glass cover slips 
were purchased from Deckglaser (#0101050, 22×22 mm, 
No.1), which were made of chemically resistant borosilicate 
glass D 263® M of the first hydrolytic class. Prior to use, the 
glass cover slips were sequentially subjected to a 5-minute 
ultrasonic cleaning in ethanol and isopropanol, followed 
by drying with nitrogen gas (N2). Subsequently, they were 
subjected to a 5-minute ultrasonic cleaning in deionized 
water (18.2 MΩ cm) and dried with N2. The dried glass 
cover slips were then stored in a dry glass container for fu-
ture use. Unless otherwise noted, these cover slips with a 
contact angle of ~ 20°will be used as the “glass substrates” 
in our experiments. 

An Olympus IX73 inverted optical microscope and a 
Point Gray camera (FL3-U3-13E4C-C) were utilized for the 
observation of experimental phenomena and the recording 
of experimental data. A high vacuum sputter machine 
(Leica EM ACE600) was used to coat platinum, gold or sil-
ver onto microspheres. A low vacuum sputter machine (Ky 
Technology; SBC-12) were used to coat platinum oxide 
onto silica microspheres. A field-emission scanning elec-
tron microscope (FESEM; Zeiss SUPRA 55) and a confocal 
laser scanning microscope (Leica SP8 X) were used for im-
aging. UV-Vis spectroscopy was characterized by Shi-
madzu UV-3600. The zeta potential of the oil phase was 
determined by the Zetasizer NanoZS90 through measuring 
the ultrasonically dispersed oil droplets in deionized water. 

The dissolved oxygen content in the water was measured 
using the HQ30d Portable Meter Kit with LDO101 (Hach). 
The conductivity of the KCl solution was measured using 
the S470 conductivity meter from Mettler Toledo. 

Preparation of various Janus microspheres. TiO2 mi-
crospheres were synthesized through a core–shell 
method20 that we reported earlier. Au microspheres were 
chemically synthesized following a previous publication.21 
WO3 microspheres were synthesized based on ref. 22. To 
make Janus microspheres, isotropic microspheres were 
suspended in 20 μL of ethanol and dispersed using ultra-
sound. Subsequently, the suspensions were deposited onto 
a small piece of clean silicon wafer to form monolayers. 
Most of Janus micromotors, including SiO2-Pt, PS-Pt, TiO2-
Pt, WO3-Pt and Au-Pt types, were made by sputtering a 
thin layer of Pt (∼20 nm) onto one side of microsphere 
monolayers in a chamber prefilled with argon, at a vacuum 
level of 6.77 × 10−3 Torr with a high vacuum sputter coater. 
Following ref. 23 5 µm PS-Ni-Pt Janus microspheres were 
made by evaporating a 15 nm Ni layer before the Pt coating. 
SiO2-PtO Janus micromotors were prepared by sputtering 
Pt of ~20 nm on a monolayer of SiO2 spheres in a chamber 
filled with air, at a vacuum level of 3.8× 10−2 Torr with a low 
vacuum sputter coater. Janus SiO2-Ag microspheres were 
fabricated by evaporating a 50 nm layer of Ag onto the 
monolayer of SiO2 microspheres via electron beam evapo-
ration (TF500, HHV). Silver was converted into silver chlo-
ride by immersing the silicon wafer carrying the Janus 
SiO2-Ag microsphere monolayer into FeCl3 solutions (0.01 
mol/L, at room temperature for 20 min), following ref. 24. 
The resulting Janus microspheres of each type were dis-
persed in deionized water after sonication.  

Preparation of hydrophilic or hydrophobic glass 
substrates. Hydrophobic glass substrates were prepared 
by solution deposition of OTS on glass. Prior to deposition, 
the glass coverslips were cleaned using isopropyl alcohol 
and then deionized water. Subsequently, the cleaned glass 
substrates were treated for 3 minutes with air plasma of ra-
dio frequency power of 3.0 MHz and an output power of 
29.6 W. OTS was deposited by immersing a clean glass sub-
strate in a freshly prepared 0.228 mM OTS solution in cy-
clohexane for 12 h in a sealed glass bottle. The silanized 
substrates were sonicated sequentially in cyclohexane, iso-
propyl alcohol and deionized water and then dried in ni-
trogen. Finally, the silanized substrates were stored in petri 
dishes sealed with Parafilm and placed in a desiccator for 
no more than 3 days before use.  

Hydrophilic glass substrates were prepared by treating a 
glass substrate for 200 seconds in a plasma cleaner (MTI 
plasma cleaner, PCE-6). The radio frequency power was 3.0 
MHz and the output power was 29.6 W. The wettability of 
the processed glass substrate was characterized by meas-
uring the contact angles of deionized water using a contact 
angle goniometer (POWEREACH, JC2000D1).  

Construction of oil-water interfaces and glass-water 
interfaces. After retrieving a hydrophobic glass substrate 
from a sealed petri dish, a 2 mm thick 3M silicone gasket 
with a hole of a diameter of 5 mm was attached onto the 
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hydrophobic side of the substrate. Then, 20 µL of oil was 
added into the chamber. Unless otherwise specified, oil-
water interfaces in this work were all constructed with sil-
icone oils of a viscosity of 1000 mPa·s. After the oil phase 
stabilized, 4 µL of deionized water containing motors was 
added into the chamber. After the motors settled com-
pletely near the oil-water interface, 4 µl of fuel or deionized 
water was added to keep the volume of the water phase 
above the oil-water interface at 8 µl. Due to the hydropho-
bicity of the substrate, a stable and continuous oil-water 
interface was formed, with the water phase staying on the 
top and the oil phase on the bottom. The same protocol 
was used for preparing a glass-water interface except that 
an untreated or hydrophilic glass cover slip was used in-
stead of a hydrophobic one. Note that the oil-water inter-
face could partially collapse over time due to the higher 
density of the water phase. This was exploited for the fab-
rication of the oil-water interface in Fig. 2A. 

The thickness of the oil layer can be varied by using dif-
ferent amount of oil. This thickness was estimated by mov-
ing the focal plane from the top surface of the glass sub-
strate (which often contained scratches or stuck particles 
as markers) up to the oil-water interface where particles 
populated. The distance traveled by the focus was read 
from the focus knob. The thickness value obtained this way 
was supported by confocal microscopy shown in Fig. S1, 
and more precisely by a defocusing based algorithm (Fig. 
S2).25 

To visualize the structure of the oil-water interface, 1 wt.% 
Rhodamine B was used to dye the aqueous phase, while 0.1 
wt.% Nile Red was used to dye the silicone oil. The visual-
ization of the overall view and approximate size of the oil-
water interface was achieved through 3D scanning and re-
construction by laser confocal microscopy and Leica LAS X 
software, respectively. Examples are given in Fig. 1C and Fig. 
S1. The relative position of a fluorescent microsphere and 
an oil-water interface was also visualized in the same way, 
shown in Fig. S3.  

A second type of oil-water interface used in Fig. S4 was 
constructed by adapting from ref. 26. First, two strips of 
double-sided adhesive tape with a thickness of 200 μm was 
affixed onto a hydrophobic glass slide. Then, a hydrophilic 
glass slide was placed on top of the adhesive tape. Between 
the two glass slides, 27 μL of oil was injected, followed by 
the careful injection of 3 μL water. This formed an oil-water 
interface, with the oil phase at the bottom and the water 
phase at the top. Upon loading the motors into the water 
phase, gravity caused the motors to settle near the oil-wa-
ter interface. To compare motor speeds at both the oil-wa-
ter interface and the glass substrate, the device was flipped 
so that water was at the bottom and oil at the top. Conse-
quently, the motors settled on the hydrophilic glass sub-
strate. This allowed for a direct comparison of the motor 
speeds between the oil-water interface and the glass sub-
strate within the same experimental setup. 

To study the effect on motor speeds by the chemicals 
that have possibly diffused from the oil to the water phase, 
the oil and water phases were allowed to contact for 12 

hours, after which the water was collected and an appro-
priate amount of colloidal motors was dispersed in the 
"contaminated" water. Then, H2O2 was added to achieve an 
initial concentration of 5%, and the SiO2-PtO motors in the 
contaminated water at the glass-water interface was ob-
served. 

The air-water interface was created by flipping the open 
chamber containing a drop of water on a hydrophilic sub-
strate. Once flipped, the water remained in the chamber 
because of capillary forces, while motors in the water phase 
settled down to the air-water interface. 

To modify the dissolved oxygen content in the water or 
oil phase of an oil-water interface, Ar, N2, and O2 were bub-
bled into deionized water or oil phase contained in serum 
bottles at a flow rate of approximately 3 mL/s for 2 hours. 
The treated water or oil phase was then used to create an 
oil-water interface, followed by the rapid execution of sub-
sequent experiments. A gas-tight chamber was constructed 
by placing a clean cover slip on the top of the chamber, 
which was then sealed with UV-curable resin. 

Motor Experiments. Different motors were activated 
by different energy sources. The fuel for PS-Pt, SiO2-Pt, and 
SiO2-PtO motors was 5% hydrogen peroxide (H2O2), and 
0.5% H2O2 for SiO2-Ag. For TiO2-Pt, the fuel was water, 50 
mM H2Q or 500 μM TEOA. WO3-Pt was fueled by 500 mM 
H2Q, while SiO2-AgCl moved in deionized water. Ultravio-
let (UV) light was used to activate TiO2-Pt, WO3-Pt, and 
SiO2-AgCl motors, with a light-emitting diode (LED) lamp 
(Thorlabs, M365LP1-C1) operating at 365 nm and 563 
mW/cm2. UV lighting was applied from above the micro-
scope through Kohler illumination. 

In a typical experiment, a setup of oil-water interface was 
placed next to a setup of glass-water interface above, both 
on the same sample stage of an inverted microscope. H2O2 
was first added to the setup of oil-water interface, and vid-
eos were recorded typically within 30 s to 3 min afterward. 
Then, the same procedure was repeated in the setup of the 
glass-water interface, and the same amount of wait time 
and recording duration was used to ensure that the motor 
trajectories were obtained under comparable timescales 
for each case. Motor speeds typically decrease over time at 
either interface (Fig. S5).  

Data Collection and Analysis. Videos were captured at 
a rate of 15-30 frames per second (fps). MATLAB was uti-
lized to analyze the videos and extract the x-y coordinates 
of each motor, as well as their instantaneous velocities 
(codes curtesy of Professor Hepeng Zhang from Shanghai 
Jiaotong University). The tilt angle of the Janus motor was 
determined following ref. 27. 

The Mean Squared Displacement (MSD) of each trajec-
tory was calculated by:28, 29 

MSD(𝑛𝜏) = 1

!"#
∑ [(𝑥(%&#)( − 𝑥%()) 	+	(𝑦(%&#)( − 𝑦%())]!"#
%*+                                        

(1) 

where x and y are the centroid position of the particle, 
and nτ represents the time interval for calculating MSD, 
where τ is the acquisition time. To determine the 2D diffu-
sion coefficient (D), the MSD curve was fitted by MSD(nτ) 
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= 4D⋅(nτ). The videos used for MSD calculation were rec-
orded at a frame rate of 30 frames per second. The value of 
τ is 0.033 seconds, and the range of n is 1 to 100. The total 
duration of Brownian motion for each particle that was sta-
tistically analyzed is 33.3 seconds, and the maximum value 
of nτ equals to 10% of the total duration of the entire mo-
tion trajectory. Before calculating MSD, a homemade 
MATLAB code was used to correct drift from the trajecto-
ries of the particles following ref. 30. The general principle 
of this method is to correct the instantaneous motion of 
each particle by subtracting the average of the vector of the 
particle's motion across the entire field of view.  

The 3D trajectories of colloidal motor, particularly their 
instantaneous positions along the z-axis, were determined 
using a defocus-based algorithm (DefocusTracker) out-
lined in reference25.25 This method relies on the fact that 
for a fixed focal plane, a colloidal particle will exhibit dif-
ferent degrees of defocusing at different heights. In prac-
tice, a stack of images with varying degrees of defocusing 
were captured for a reference particle at various heights. 
To achieve this, the focusing knob of the microscope was 
manually adjusted to move the focal plane of the objective 
lens vertically while keeping the sample stage stationary. 
The algorithm then matched each image with its corre-
sponding height. Subsequently, images captured during 
the actual experiment were compared to the reference 
stack to determine the height of 3D trajectories of the par-
ticle. The 3D speed of motors has been corrected for the 
settling speed due to gravity. A schematic of this procedure 
and a stack of reference micrographs are provided as Fig. 
S2. 

Experiments Supporting the Reaction Acceleration at An 
Oil-Water Interface. 

Growing Dendritic Silver Chloride (AgCl). Through slight 
modifications to a previous method,31 dendritic silver chlo-
ride (AgCl) particles were grown by adding 6.7 μL of freshly 
prepared 14.3 mM HAuCl4 and 0.5 μL of freshly prepared 10 
mM AgNO3 solution into an experimental chamber that 
contained either an oil-water interface or a glass-water in-
terface. The growth of dendritic AgCl was observed and 
recorded by an inverted microscope.  

The transformation of SiO2-Ag Janus Particles in H2O2. 
SiO2-Ag Janus particles were added to the experimental 
chamber, followed by the addition of H2O2 to achieve a fi-
nal concentration of 1.5%. The time it took for the dark Ag 
coating to be oxidized by H2O2 was monitored under the 
inverted microscope. 

Measurement of H2O2 consumption. The measurement 
described below follows those given in ref. 32 and the man-
ual from the assay kit vendor. 5 μL of deionized water con-
taining 5 μm PS-Pt or SiO2-Pt Janus motors was added to 
both chambers containing each interface with 2D popula-
tion density (φ) between 3% and 4% (determined by the 
packing fraction of motors on a 2D plane they resided on 
using ImageJ). Then, 5 μL of 10% H2O2 was added to both 
interfaces simultaneously, making the initial concentra-
tion of H2O2 5% and initial reaction volume 10 μL. After 10 
minutes of reaction, the water in each chamber was 

carefully collected by a 20 μL pipette tip. The obtained 
H2O2 aqueous solution was transferred to 1.5 mL centrifuge 
tubes, diluted to 100 μL, and centrifuged twice (2000 rpm, 
1 min) to remove colloidal particles. Then, 75 μL of the su-
pernatant was taken, diluted with deionized water to 100 
μL, and mixed with 1 mL of reagent 1 (buffer solution) and 
1 mL of reagent 2 (ammonium molybdate reagent) from the 
hydrogen peroxide assay kit.  

H2O2 reacts with ammonium molybdate to yield a stable 
yellow complex. The optical density (OD) of this complex 
at 405 nm is linearly related with the concentration of H2O2 
in the range of 1.5 mM to 150 mM. The OD value was ob-
tained by UV-Vis spectroscopy at 405 nm (scanned be-
tween 300 - 500 nm at a rate of 1.67 nm s-1). A calibration 
curve was provided by the producer of the assay kit, given 
in Fig. S6. The reaction rate constant k at either an oil-wa-
ter interface or a glass-water interface at t=10 min was then 
calculated by k=ln(A0/A10min), where A0 is the OD of the un-
reacted 5% H2O2 solution (after dilution as described 
above), and A10min is that of the collected H2O2 solution af-
ter reaction from that interface. 

Calculation of the enhanced interfacial transport. 
Following ref. 33, the interfacial transport is enhanced by 
1+b/L, where b is the slip length and L is a measure of the 
interfacial thickness. In our experiments, all motors are be-
lieved to operate under a self-generated electric field, so 
that L is comparable to the Debye length,33 estimated to be 
~ 7 nm in 5 wt.% H2O2 of an electrical conductivity of 
1.2×10-6 S/cm.34 This conductivity is close to the conductiv-
ity of a 2 mM KCl solution measured in our laboratory 
(0.93×10-6 S/cm). Assuming these two solutions have the 
same ionic strength, the Debye length λ of 5 wt.% H2O2  is 
determined to be ~7 nm. Using the same b=30 nm as in ref. 
33, the 1+b/L scaling then predicts a speed increase of 
V/V=1+b/L=5.2.  

 
RESULTS  
Micromotor speeds increase at an oil-water inter-

face. In a typical experiment, an oil-water interface was 
constructed by placing 8 µL water droplet containing mi-
cromotors and fuel molecules on a thin film of silicone oil 
spread on a hydrophobic glass slide (Fig. 1C, see Experi-
mental section for details).  This results in an oil-water in-
terface with water above a thin layer of oil of a few µms 
thick (see Experimental details for measurement of thick-
ness). Thicker oil layers up to ~200 µm do not qualitatively 
change the results described below (Fig. S7). Nor does 
whether the chamber is open or sealed from the top. Mi-
cromotors settled from the water phase to the oil-water in-
terface. Below, we will show that they reside slightly above 
the interface, rather than becoming trapped in the inter-
face. Because of gravity, the water droplet formed a lens 
shape that is thicker at the center than its edge (Fig. S1). In 
the absence of chemical fuels, colloids over 30 min to 1 h 
were gradually collected to the center of the bottom of the 
water lens. However, this effect was negligible for chemi-
cally powered motors, so a flat interface is assumed 
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Figure 1. Micromotor moving on glass-water (top) and oil-water (bottom) interfaces. (A, C) schematics of the experimental setup 
for motor experiments on a glass-water interface (A) or an oil-water interface (C). The zoomed-in confocal micrograph of a section 
of the oil-water interface is shown in (C), and Fig. S1 contains a micrograph at a smaller magnification. (B, D) Trajectories over 2 s 
and instantaneous speeds (color coded) of 3 µm polystyrene-platinum (PS-Pt) Janus micromotors in 5 wt.% H2O2 on a glass sub-
strate (B) and on a silicone oil-water interface (D). Results in B and D are taken from Movie S1. 

 
Figure 2. Evidence of the speed increase of micromotors at oil-water interfaces. (A) Schematic (top) and actual trajecto-

ries (bottom) of the acceleration of 5 µm PS-Pt micromotors when moving from the surface of a glass substrate to a silicone 
oil-water interface. A dashed line is hand-drawn to indicate the boundary of the thin oil droplet. Instantaneous motor 
speeds are color-coded. Results are taken from Movie S2. (B) Schematic (top) and instantaneous motor speeds (bottom) of 
5 µm PS-Pt micromotors moving from a silicone oil-water interface to the bulk fluid. It moves upward likely because of a 
heavier Pt cap that oriented toward its bottom, similar to ref. 35. Inset: data in the range of h=0-2 µm. Results are taken 
from Movie S3. The height h is defined in the top schematic, and experimentally determined by a defocusing tracking 
algorithm detailed in Experimental sectiat and adapted from ref. 25. All experiments were performed in 5% H2O2. Data in 
B were acquired from 5 motors tracked in 5 separate experiments.
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Figure 3. The increase of motor speeds at oil-water interfaces for different types of motors (A) and at interfaces made of different 
oils (B). Vo/w and Vglass is the motor speeds at an oil -water interface and on the surface of a glass substrate, respectively. The last 5 
set of data in (B) were acquired from interfaces made with silicon oil of different viscosities and from PS-Pt motors. SiO2-PtO 
motors, however, were used in experiments with oils marked with * because PS dissolves in them. Error bars represent one stand-
ard deviation of over 200 individual micromotors moving for at least 10 s. See the main text for a description of different types of 
motors in (A), and see the Experimental section for their synthesis. 

throughout this article. Experiments below were typi-
cally performed with polystyrene (PS) or silicon dioxide 
(SiO2) microspheres,  of 3 or 5 μm diameter and half-coated 
with 20 nm platinum (Pt) (See Fig. S8 for the scanning elec-
tron micrographs). In hydrogen peroxide (H2O2) aqueous 
solutions of typically 5 wt.%, these PS-Pt or SiO2-Pt Janus 
microspheres moved away from their Pt caps where H2O2 
catalytically decomposed into H2O and O2 (Fig. 1A).36, 37 
These Pt Janus motors are archetypical chemical micromo-
tors widely used as model systems.38 However, other types 
of chemical micromotors and oils were also tested and re-
sults are detailed below.  

Remarkably, these Pt Janus motors moved at an oil-wa-
ter interface significantly faster than those moving on a 
glass-water interface under otherwise identical experi-
mental conditions. For example, Fig. 1B and 1D and Movie 
S1 show that the average speed of 3 µm PS-Pt micromotors 
was 36.0 ± 5.4 µm/s (± refers to one standard deviation) on 
a silicone oil-water interface, versus 7.3 ± 1.5 µm/s on a 
common glass slide. The speed ratio, denoted throughout 
in this article as VO/W/Vglass or simply V/V, is ~5. A speed 
increase of 4-6 fold was also found for PS-Pt motors of sizes 
ranging from 1-10 µm in diameter (Fig. S5). We also confirm 
in Movie S4 that drift at or near the oil-water interface, or 
in the bulk water, was small and did not cause the speed 
increase we report here. 

To further confirm the speed increase, motor speeds at 
an oil-water interface were compared in situ with those on 
a glass substrate, by using a setup that contained both an 
oil-water interface and a glass-water interface side by side 
(Fig. 2A, see Experimental section for fabrication details). 
In this setup, 5 µm PS-Pt micromotors moved in 5% H2O2 
at 6.9 ± 1.3 µm/s on a glass substrate, but immediately ac-
celerated to 22.7 ± 1.7 µm/s when they moved on the sur-
face of a thin patch of oil.  

Moreover, the speed increase was limited to the close vi-
cinity of an oil-water interface. For example, Fig. 2B shows 
that the speeds of 5 µm PS-Pt micromotors drastically re-
duced from 30-40 µm/s to ~10 µm/s in 5% H2O2 when they 
moved only 1 µm upward and away from the oil-water in-
terface, and further reduced to ~ 8 µm/s when they reached 
the bulk fluid (obtained by 3D optical tracking, see Exper-
imental section for details). 

The speed increase of micromotors at an oil-water inter-
face is a robust effect found for a variety of chemical mi-
cromotors, powered by pure water or H2O2, and at inter-
faces made with different types of oils. For example, Fig. 3A 
and Movie S5 demonstrate such acceleration of spherical 
micromotors made of PS-Pt, SiO2-Pt, SiO2-PtO, Au-Pt, 
TiO2-Pt, and SiO2-Ag. Among them, PS-Pt, SiO2-Pt and 
SiO2-PtO18 micromotors move by decomposing H2O2 on 
their Pt (or PtO) caps, likely via self-electrophoresis.23, 

39Au-Pt microspheres decomposed H2O2 on both caps,39, 40 
and TiO2-Pt motors moved in water under UV light, both 
via self-electrophoresis.41 SiO2-Ag motors moved in H2O2 
via ionic self-diffusiophoresis.41-44 Despite their differences 
in materials, fuels and propulsion mechanisms, all motors 
tested here were chemically powered and moved in self-
generated electric fields. They all moved faster at an oil-
water interface than on a glass substrate, with speed ratios 
ranging from 5 to 8. Au-Pt microsphere motors showed the 
highest V/V of ~8. In addition, Fig. 3B and Movie S6 show 
that the choice of oil had minimal effect on the speed in-
crease, as Pt motors moved at similar speeds at an oil-water 
interface made of decane, dibutyl phthalate, phenylated 
silicone oil, silicone oils of different viscosities, or fluori-
nated oils, despite their differences in chemical composi-
tion and physical properties (see Table S1 for details). 
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Figure 4. 2D diffusivities of 3 µm PS or PS-Pt microspheres in four scenarios as illustrated in the bottom panels. Deionized water 
of 18.2 MΩ is used in all cases, except for the second scenario, where 10 mM KCl aqueous solution was used to force particles into 
the interface. Silicone oils of a viscosity of 1000 mPa⋅s were used. The diffusivity values were obtained from the mean squared 
displacement (MSD) of the Brownian motion of the microspheres in each scenario (see Fig. S10, S11 and Movie S7 for the original 
data). 

Micromotors are slightly above the oil-water inter-
face. Naively, a micromotor could be hovering above an 
oil-water interface in the water phase, embedded in the in-
terface, or immersed in the oil phase (Fig. 4). However, the 
following pieces of evidence strongly suggest that a micro-
motor is situated slightly above the oil-water interface. 
First, since both the PS or SiO2 particles (zeta potential = -
50.6 ± 0.2 mV and -40.5 ± 2.7 mV, respectively) and oil 
droplets suspended in water (-25.0 ± 0.7 to -36 ± 1.2 mV 
for different oils, see Fig. S9) carried negative charges, a 
motor would be electrostatically repelled by the oil-water 
interface when settling from above. Second, tracer micro-
spheres behave qualitatively the same around a micromo-
tor moving either on a solid substrate or at an oil-water in-
terface (Movie S4). Nor do two micromotors interact with 
each other in qualitatively different way on these two in-
terfaces (MoiveS1). Third, Fig. 4 shows that the 2D diffusiv-
ity of a PS microsphere located at an oil-water interface is 
closest to the one settled to a glass surface, but much 
higher than the diffusivity of a PS microsphere either im-
mersed entirely in oil, or trapped in an oil-water interface 
(see Experimental section for details and Fig. S10 for mean 
squared displacement results). PS-Pt Janus microspheres 
of zeta potential of -61.5 mV behaved qualitatively the same 
(Fig. S11). A previous study45 has used the same measure-
ment of diffusivity to show that negatively charged parti-
cles tended to remain in water above an oil-water interface, 
unless chemicals such as surfactants or alcohols were 
added to overcome the interfacial energy barrier. Last but 
not the least, confocal microscopy provided direct 

visualization of a fluorescent microsphere situated slightly 
above an oil-water interface (Fig. S3).  

Faster chemical reactions power faster micromo-
tors at an oil-water interface. We propose that chemical 
reactions that power a micromotor occur faster at an oil-
water interface, resulting higher motor speeds (Fig. 5A). 
This mechanism is inspired by previous reports that show 
faster reactions on the surface of water droplets,46-50 pre-
sumably because of the charges accumulated at the oil-wa-
ter or air-water interface.47, 48, 51 More relevant to the cur-
rent discussion, an earlier study41 has found that hydropho-
bic micromotors were about twice as fast as their hydro-
philic counterparts in H2O2. This speed increase was spec-
ulated to arise from faster decomposition of H2O2 on the 
hydrophobic surface of a hydrophobic motor than the hy-
drophilic one. It is therefore reasonable to suspect that the 
reactions powering our micromotors occur faster on top of 
hydrophobic oils. 

Two experiments indirectly support this hypothesis that 
faster reactions at an oil-water interface drive micromotors 
faster. First, Fig. S12 shows that AgCl dendrites, formed by 
the reaction of AgNO3 in HAuCl4 aqueous solutions, grew 
substantially larger on a silicone oil -water interface than 
those grown above a glass substrate. Second, Fig. S13 shows 
that the Ag caps of SiO2-Ag Janus microspheres dissolved 
in H2O2 substantially faster on a silicone oil-water interface 
than those on a glass substrate. Although neither chemical 
reaction powers our micromotors, these two results sug-
gest that some chemical reactions indeed occur faster on 
the same oil-water interface as used in our motor experi-
ments.  
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Figure 5. Fast motor propulsion at an oil-water interface due to fast reactions. (A) Schematic showing that a Pt micromotor cata-
lyzes the decomposition of H2O2 faster at an oil-water interface, with a rate constant kO/W>kglass. (B) Plotting kO/W/kglass against 
their speed ratios VO/W/Vglass, obtained from multiple measurements of Pt Janus micromotors moving in H2O2. Red solid line: 
linear fit of all data points through origin, with R2 = 0.94.  (C) Representative data of reaction rate constants k (bar plots, right axis) 
and motor speeds V (circles, left axis) at an oil-water interface and on a glass substrate from three sets of experiments. Note how 
higher k always corresponds to higher V, and how the ratio of k/k and V/V is similar in each set of experiments. All error bars 
represent the standard deviation from over 200 motors. 5 µm Pt Janus micromotors, 5% H2O2 and silicone oil of 1000 mPa⋅s	were	
used.  

We confirm that the catalytic decomposition of H2O2, 
the reaction powering many of our micromotors, indeed 
occurs faster at an oil-water interface than near a glass sub-
strate. To elaborate, we measured the reaction rate of the 
catalytic decomposition of H2O2 by PS-Pt motors on a sili-
cone oil-water interface, and compared it with that on a 
glass substrate. To do so, the H2O2 concentration in the 
water phase (above either an oil layer or a piece of glass) at 
the beginning of the experiment and at t=t was determined 
respectively by colorimetry (see Experimental sectiat and 
Fig. S6 for details) as c0 and ct. The reaction rate constant 
k was determined assuming a first order reaction kinetics 
by ct=c0exp(-kt), where t is the elapsed time. Since experi-
ments on either an oil-water interface or a glass-water in-
terface were performed with the same H2O2 concentration, 
the term “reaction rate” will be used interchangeably below 
with “reaction rate constants” when describing the rate of 
reactions. 

Importantly, the results in Fig. 5B and 5C show that not 
only are the reaction rates at oil-water interfaces consist-
ently larger than those obtained on a glass substrate, their 
ratio (kO/W/kglass) also correlates positively with the ratio of 
the motor speeds (VO/W/Vglass). Three sets of experiments 
of different motor speeds and reaction rates are listed in 
Fig, 5C as examples. Taken together, the observations of 
faster decomposition of H2O2, faster AgCl growth and 

faster Ag dissolution at an oil-water interface collectively 
suggest that chemical reactions proceed faster at an oil-wa-
ter interface, thus powering a micromotor to move faster, 
than on a glass substrate.  

Why do H2O2 decompose faster at an oil-water interface? 
We initially hypothesized that, because both oil and O2 are 
nonpolar, O2 dissolves in oil much more easily than in wa-
ter, thus removing the product of the decomposition of 
H2O2 from water and accelerating the reaction as a result. 
Alternatively, ref. 52 proposed that O2 is transported more 
effectively by a water depletion layer near hydrophobic 
surfaces, increasing the reaction rate of H2O2 decomposi-
tion. Both hypotheses are in seeming agreement with an 
earlier study53 that had proposed that lowering the O2 con-
centration in water significantly caused Au-Pt nanomotors 
to move faster in H2O2. However, our own experiments in 
Fig. S14 showed that PS-Pt motors moved at similar speeds 
in water containing different concentrations of O2, pre-
pared by saturating water with O2, Ar or N2 (in gas-tight 
chambers). Moreover, Fig. S15 shows that motors moved at 
similar speeds above an oil-water interface prepared with 
either untreated silicone oils, O2-saturated silicone oils, or 
fluorinated oils (of high O2 solubility). These results disap-
prove the hypothesis that O2 dissolution in oil accelerates 
the chemical reactions at an oil-water interface.   An alter-
native hypothesis is yet to be found. 
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Figure 6. Tilt angles of a Janus motor on an interface. (A) Schematic showing the hypothesis that a Janus microsphere motor 
moves with a larger tile angle (𝛼, defined in the left panel) at an oil-water interface than on a glass substrate. The Janus particle is 
assumed to move with its heavy Pt hemisphere tilted downward. (B) Speeds and tilt angles of micromotors moving at an oil-water 
interface (orange empty circles) and on a glass substrate (grey empty diamonds). Each circle in (B) represents one micromotor. 
Errors are standard deviation of 200 data points averaged over 10 s. (C and D) Tilt angles (left y axes) and motor instantaneous 
speeds (right y axes) of one representative PS-Ni-Pt motor on a glass substrate (C) or at an oil-water interface (D), respectively. 
The instantaneous tilt angle of the motor was adjusted in situ by a hand-held magnet, and its speeds varied accordingly. Note that 
the highest speeds on a glass substrate are still a few times smaller than the lowest speeds at an oil-water interface. 5 µm PS-Pt 
microspheres, 5% H2O2 and silicone	oil	of	1000 mPa⋅s	were	used	unless	otherwise	specified.

DISCUSSION  
We now discuss a few additional possibilities for the 

speed enhancement of motors at an oil-water interface. We 
then detail tips/caveats for observing an increase in motor 
speeds at oil-water interfaces, which could be important 
for determining its mechanism. Finally, we discuss how 
our results compare with previous reports of chemical mi-
cromotors moving on/near oil-water interfaces. 

Speed enhancement is not caused by larger tilt an-
gles at an oil-water interface. A tilt angle is defined as 
the angle between the plane separating the two caps of a 
Janus motor and the substrate it moves on, through the Pt 
hemisphere (Fig. 6A). For a chemical micromotor near a 
boundary, this angle arises from a complicated interplay 
among the wettability and density distribution of the mo-
tor, the electrostatic properties of both the motor and the 
interface, and localized distributions of chemicals, electric 
fields and fluid flows.54-57 We discovered earlier27 that the 
closer the tilt angle of a motor is to 90°, the faster it moves, 
likely because only a fraction of the propulsive force is 
aligned with the moving direction for a tilt angle other 
than 90°. Here, we found that (Fig. 6B) PS-Pt micromotors 
moved with tilt angles closer to 90°at an oil-water interface 
than those moving on a glass substrate, echoing ref. 17. This 
correlation, however, does not suggest that larger tilt an-
gles caused higher motor speeds at an oil-water interface. 

To elaborate, we have manually changed the tilt angles be-
tween ~30°-90° of magnetic 5 µm PS-Ni-Pt Janus micromo-
tors. Results in Fig. 6C and 6D show that even though mo-
tor speeds can be modulated by magnetically tilting it, a 
motor on a glass substrate never moved as fast as a motor 
at an oil-water interface, and a motor at an oil-water inter-
face never slowed down to the same level as a motor on a 
glass substrate. These results suggest that motors move in-
herently faster at an oil-water interface than on a glass sub-
strate, which could cause a larger tilt angle, but not the 
other way around. 

Hydrodynamic slips cannot explain speed enhance-
ment. Results from an earlier study58 suggested that Pt Ja-
nus motors moved faster on hydrophobic substrates than 
hydrophilic ones in H2O2, possibly because of an enhanced 
interfacial transport by the higher hydrodynamic slips on 
hydrophobic surfaces.33 More quantitatively, ref. 48 pro-
posed that V∝(1+cosθ)-3/2, where V is the motor speed and 
θ is the contact angle of water on the substrate. This scaling 
predicts that motors move on a hydrophobic substrate of θ 
= 140° (a reasonable value of an oil-water interface from ref. 
59) 22.8 times faster than motors moving on glass of  θ = 
20°. Alternatively, ref. 33 proposed that the amplification 
of interfacial transport scales with 1+b/L, where b is the slip 
length and L is a measure of the interfacial thickness. This 
scaling then predicts a 5.2 
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Figure 7.  The effect of interfacial slips on the speeds of chemical motors. (A) Schematic showing that a glass substrate has a 
smaller hydrodynamic slip than that at an oil-water interface, so that a chemical micromotor might move more slowly on the 
former than the latter interface. (B) speeds of motors moving on substrates with various contact angles with water, reported in ref. 
58. Figure adapted with permission under a Creative Commons Attribution 4.0 International license from ref. 58. Copyright Amer-
ican Physical Society 2020. (C) Motor speeds on three glass slides of different water contact angles (inset). (D) Motor speeds on a 
regular glass substrate or on an air-water interface, which was obtained by flipping the setup upside down. PS-Pt microspheres of 
3 (C) or 5 (D) µm in diameters and 5% H2O2 were	used. 

 

fold speed increase for motors moving at an oil-water in-
terface (see Experimental section for calculations). Both 
scaling are qualitatively in agreement with our observed 
speed increase of 4-6 fold. Both scaling also predict that 
motors move at very different speeds on glass substrate of 
θ = 140°, 20°, or 3°, and at an air-water interface that is com-
pletely slippery. However, Fig. 7C shows that chemical mo-
tors moved at similar speeds on these interfaces. Therefore, 
although theoretically plausible, speed enhancement by a 
slippery surface cannot explain the observed speed en-
hancement of motors at oil-water interfaces.  

Speed enhancement is not caused by interfacial 
electroosmosis. Electroosmosis refers to the flow of 
charged fluid layer near a charged surface in a tangential 
electric field. It has been suggested earlier60, 61 that micro-
motors are slowed down near a negatively char61ged solid 
surface because the electroosmotic flow advects the motor 
in the opposite direction to its propulsion. It is possible 
that such an adverse electroosmotic flow is weaker at an 
oil-water interface, because it carries a less negative surface 
charge (~ -30 mV, see Fig. S9) than a typical glass substrate 
(-68.0 mV or -72.9 mV62). As a result, a micromotor would 
move faster (or slowed down less) at an oil-water interface 

than a glass substrate. This line of reasoning predicts that 
a motor moves faster in the bulk solution than one moving 
near either an oil-water interface or a glass substrate, be-
cause electroosmosis, and consequently the reduction in 
motor speed it causes, vanishes in the bulk fluid. This pre-
diction is, however, contradictory to our measurement in 
Fig. 2B, and suggests that the interfacial electroosmosis is 
not a dominant factor in enhancing motor speeds at an oil-
water interface.  

Speed enhancement is not caused by chemicals 
leaching from oils into water. It is also possible that cer-
tain chemicals diffused from oil into water and accelerated 
motors. Without identifying the exact identity or effect of 
such chemical species, we disapprove this hypothesis in Fig. 
8A by showing that motors do not move at an enhanced 
speeds in the “contaminated” water that was in contact 
with an oil. Fig. 3 also shows that the extent of speed in-
crease was similar for an oil-water interface made with 
dibutyl phthalate, which was partially soluble in water, 
with interfaces made of insoluble oils such as n-decane and 
silicone oil. These results collectively suggest that chemi-
cals diffusing from the oil phase into the water phase, if any, 
had a negligible effect on motor speeds.
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Figure 8. Three additional hypotheses (A, C and E) to explain the enhanced motor speeds at oil-water interfaces and key 
evidence (B, D, and F) that disapprove these hypotheses. (A, B) chemicals are suspected to diffuse from the oil phase into 
water, accelerating motors, but their speeds (B) were similar in regular water or in water collected above an oil. (C, D) it is 
suspected that electroosmosis that slows down a motor is weaker at an oil-water interface than on a glass substrate, but 
motors move a few times faster on an oil-water interface than in the bulk water (D, data taken from Fig. 2B), opposite to 
what this hypothesis predicts. (E, F) It is suspected that chemicals resulting from catalysis on the motor surface reduces the 
local surface tension, so that Marangoni flows provide additional propulsion to the motor, but interfaces with various 
amount of surfactant (sodium dodecyl sulfate, SDS) lead to speed enhancements of similar magnitudes (F). 5% H2O2 and 
silicone	oil	of	1000 mPa⋅s	were	used.	Motors	were	5 µm SiO2-Pt microspheres in B, 5 µm PS-Pt in (D), and 3 µm PS-Pt in (F). 

 
Speed enhancement is not caused by a change in in-

terfacial surface tension. Surface tension gradients are 
long known to cause microscopic objects to move on liq-
uid-liquid or liquid-air interfaces, such as the classical ex-
amples of camphor boats.63 This effect could also be pre-
sent in our experiment, as the chemical motors near the 
interface consume and produce chemicals that could cre-
ate gradients in surface tension along the oil-water inter-
face. However, this hypothesis is disapproved by two 
pieces of evidence. First, the interfacial tension and the 
flows caused by interfacial tension gradient is greatly af-
fected by the presence of surfactants,64 yet Fig. 8E shows 
that motors moved at similar speeds at oil-water interfaces 

when different concentrations of surfactants (either ionic 
or non-ionic, Fig. S16) were added in water (note that mo-
tors still remained above the interface after the addition of 
surfactants). Second, objects surfing in surface tension gra-
dients interact strongly with each other in the form of at-
traction, repulsion, self-assembly and even synchroniza-
tion.63 However, Movie S1 shows none of these interactions 
among motors or between a motor and a tracer at oil-water 
interfaces beyond what is typically seen on a regular glass 
substrate. In addition, as described earlier, we do not see 
any significant drift indicating Marangoni flows. Nor do we 
see collective migration of many motors in the same direc-
tion as dictated by drifting. 
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Experiment details for observing the increase in 
motor speeds at oil-water interfaces. To help readers 
reproduce our results, we provide the following technical 
details critical for successfully observing the speed increase 
of micromotors at an oil-water interface. Much of these ex-
perimental caveats remain poorly understood. 

a. Successful hydrophobic modification of the glass sub-
strate is important to ensure the stability of the oil-water 
interface. Otherwise, the interface could collapse within 
minutes or seconds and motors (with the water phase) fall 
to the surface of underlying glass substrate, where they re-
sume their “typical” speeds. 

b. Equally important is the “freshness” of the motors, as 
they often exhibited the highest speed increase when 
tested immediately after they were fabricated. For example, 
the speed ratio of VO/W/Vglass decreased from 4.7 to 2.2 
when 3 µm PS-Pt motors were shelved for 1 month. We rec-
ommend storing the sample (after physical deposition but 
before being released from the substrate) in a sealed bag 
under vacuum. 

c. The speed increase of a chemical micromotor at an oil-
water interface is a common but not universal effect. Spe-
cifically, speed increase was more consistently found for 
PS-Pt and SiO2-PtO motors than SiO2-Pt motors. Moreover, 
data in Fig. 3A show that the speed increase is significantly 
more pronounced for Au-Pt microspheres (V/V=8) and 
PtO Janus microspheres (V/V=6.1), both moving in H2O2, 
than the other types of motors we have tested. Further-
more, the speed increase of photochemical TiO2-Pt motors 
is significantly stronger in water (V/V=5.0) than in hydro-
quinone (V/V=1.7) or triethylamine (V/V=2.5), despite that 
the latter two are both effective fuels that power motors in 
high speeds on a glass substrate.65, 66 Nor do WO3-Pt mo-
tors17 in hydroquinone move significantly faster at an oil-
water interface (V/V=1.6). SiO2-AgCl motors24 in water 
even moved more slowly at an oil-water interface, with a 
V/V =0.9. These results of weak (or no) speed increase are 
shown in Fig. S17 and Movie S8. We do not understand the 
differences in the degree of speed increase among different 
types of motors or fuels. We also suspect (from empirical 
evidence) that a trace amount of Au during the deposition 
of Pt could significantly increase the motor speeds moving 
on both interfaces, and lead to a large speed enhancement. 

d. We have consistently observed higher speed increase 
when the oil-water interface was constructed in the 
method reported above instead of the method used in ref. 
26, where the water and oil layer is sandwiched between a 
top hydrophilic and a bottom hydrophobic glass substrate 
(see Fig. S4 for schematics and Fig. S18 for motor speeds). 

e. Although an increase in motor speed at an oil-water 
interface is a qualitatively robust observation, the exact 
magnitude of the increase, or the absolute speeds, varies 
from one experiment to another, even under identical ex-
perimental conditions with the same samples. This incon-
sistency, seen as large error bars in all the speed ratios re-
ported in this study, possibly reflects the complexity asso-
ciated with this phenomenon. To improve consistency, the 
experiment at an oil-water interface was performed 

immediately after the experiment on a glass substrate, and 
a new sample of motors were taken from the same vial for 
each experiment. 

Note that motors prepared in different batches or tested 
in different conditions often move in significantly different 
speeds. Therefore, speed ratios (V/V) are used throughout 
this article, because it is often the speed ratio, rather than 
the absolute speeds (given in Fig. S19), that carries the sig-
nificance this study. 

Comparison between our results with previous re-
ports of micromotors at oil-water interfaces. Two pre-
vious studies have reported the speeds of chemical micro-
motors (Pt Janus motors as used here) moving on/near oil-
water interfaces. Specifically, SiO2-Pt motors in ref. 18 
moved consistently more slowly along a vertical oil-water 
interface near an oil droplet than those moving on a glass 
substrate. However, the configuration of this oil-water in-
terface is significantly different from the flat interface used 
in our study, so that motor speeds are not only affected by 
the oil-water interface but also by the glass substrate un-
derneath. In addition, the motor in ref. 67 is trapped in a 
wedge, which could significantly affect its speed in its own 
way (e.g. confinement68). To summarize, a motor moving 
next to oil droplets as in ref. 18 could be affected by phys-
ico-chemical mechanisms beyond those dominating on a 
flat oil-water interface. 

On the other hand, ref. 19 reported that motors on the 
surface of an oil patch moved at similar speeds to those on 
a glass substrate. This experimental setup is very similar to 
ours in Fig. 2A, and in principle should result in significant 
enhancement in motor speeds. We repeated the experi-
ments from ref. 19 with experimental conditions as close to 
ref. 19 as possible, so that motors moved in a sealed cham-
ber, on fluorinated oil, and in the presence of 0.0025 wt% 
specialized fluorosurfactant. However, unlike ref. 19, we 
saw ~3-fold speed enhancement of motor speeds moving 
on such oil patches (36.3 ± 11.1 µm/s vs 12.3 ± 4.5 µm/s). To 
explain the difference, we speculate that the samples used 
in ref. 19 were in a different condition than ours, as we em-
phasized above, so that speed enhancement was not signif-
icant (in fact, a slight speed increasement can be inferred 
from the data in ref. 19, but not as much as ours). 

CONCLUSION 
In conclusion, we have reported that chemical micromo-

tors move significantly faster at an oil-water interface than 
those moving on a glass substrate. The speed increase was 
typically 3-6 fold, but could be more than 10 fold in some 
cases. This significant increase in motor speeds occurs only 
in the close vicinity to an oil-water interface, and was ob-
served for a variety of chemically powered micromotors, in 
pure water or H2O2, and at interfaces made with different 
types of oils. Evidences strongly suggest that micromotors 
are situated slightly above the interface in the water phase. 
There, chemical reactions occur faster than they would be 
on a glass substrate, which could power micromotors into 
faster propulsion. Other factors, such as tilt angles, hydro-
dynamic slops, interfacial permeability, electroosmosis, 
and surface tension gradients, were found to play small or 
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no roles in the observed speed increase. Open questions 
remain, such as the exact mechanism for fast chemical re-
actions at an oil-water interface, or how motor types of 
conditions affect their speed enhancement. 

Our observation of the significant speed increase of 
chemical motors at oil-water interfaces provides valuable 
insights into the complex interactions between micromo-
tors and their environments. Looking forward, this discov-
ery could have important practical implications for appli-
cations of micromotors involving liquid-liquid or air-liquid 
interfaces, such as human bodies, oil recovery, food 

processing, etc., and for designing micromotors of high 
performance and energy efficiency.12, 43, 61, 69-71 In addition, 
the speed increase effect is extremely sensitive to how far a 
motor is away from an interface (see Fig. 2B), and this fea-
ture can be potentially leveraged to design microsensors of 
an oil-water interface of exceptional sensitivity. Finally, the 
possibility that motors are powered by chemical reactions 
that are faster at an oil-water interface suggests that chem-
ical micromotors could be used as a visible probe for real-
time and quantitative measurements of the reaction rates 
at an oil-water interface.
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