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ABSTRACT: A popular principle in designing chemical micro-
machines is to take advantage of asymmetric chemical reactions
such as the catalytic decomposition of H2O2. Contrary to intuition,
we use Janus micromotors half-coated with platinum (Pt) or
catalase as an example to show that this ingredient is not sufficient
in powering a micromotor into self-propulsion. In particular, by
annealing a thin Pt film on a SiO2 microsphere, the resulting
microsphere half-decorated with discrete Pt nanoparticles swims
∼80% more slowly than its unannealed counterpart in H2O2, even
though they both catalytically produce comparable amounts of
oxygen. Similarly, SiO2 microspheres half-functionalized with the
enzyme catalase show negligible self-propulsion despite high
catalytic activity toward decomposing H2O2. In addition to
highlighting how surface morphology of a catalytic cap enables/disables a chemical micromotor, this study offers a refreshed
perspective in understanding how chemistry powers nano- and microscopic objects (or not): our results are consistent with a self-
electrophoresis mechanism that emphasizes the electrochemical decomposition of H2O2 over nonelectrochemical pathways. More
broadly, our finding is a critical piece of the puzzle in understanding and designing nano- and micromachines, in developing capable
model systems of active colloids, and in relating enzymes to active matter.

■ INTRODUCTION
Over the last 2 decades, micromotors that harvest environ-
mental energy and move autonomously, also known as
“synthetic microswimmers” or “active colloids”, have received
mounting interest.1−4 For applications, micromotors demon-
strate promising potentials in drug delivery, biosensing,
environmental monitoring and remediation, and micro-
fabrication.5−8 On a fundamental level, soft matter physicists
use micromotors (or “active colloids”) as a model system to
study active matter.9−11 From either a fundamental or applied
point of view, it is essential to understand how a micromotor
moves, which is sometimes deceptively elusive.
One archetypical micromotor that has enjoyed particular

popularity and success across different fields or research is
made of an inert microsphere half-coated with platinum (Pt),
which catalyzes the decomposition of H2O2 via

12,13

2H O 2H O O2 2
Pt

2 2→ +

The discovery of this Pt-coated micromotor in 200712

inspired numerous designs that are asymmetrically covered/
loaded with catalytically active species, such as MnO2,

14

Ag,15−17 Pt nanoparticles,18−20 enzymes,21−25 or other pre-
cious metals such as Pd and Ir,26,27 which all catalyzes the
decomposition of H2O2 into O2. This list of successful

micromotors leaves the impression that a micromotor can
self-propel as long as H2O2 is asymmetrically decomposed on
the particle surface. Because this idea is simple and intuitive, it
has arguably gained a foothold among many of us who are new
to this research field or those who pay more attention to the
usefulness rather than the exact mechanisms of micromotors.
In this article, we show compelling evidence that fast

asymmetric catalysis does NOT guarantee strong self-
propulsion. Specifically, we present counterintuitive results
that microspheres half-coated with discrete Pt nanoparticles
(instead of a continuous Pt film), or coated with the enzyme
catalase, do not self-propel significantly beyond Brownian
motion, even though both actively and asymmetrically catalyze
the decomposition of H2O2 into water and O2. By careful
measurements and numerical simulations, this observation can
be reconciled with a “self-electrophoresis” mechanism that
highlights the electrochemical pathway of H2O2 decomposi-
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tion. This study provides paradigm-shifting insights in
understanding chemical propulsion at microscopic scales and
in the design of chemical micro- and nanomotors.

■ EXPERIMENTAL SECTION
Materials and Instruments. Hydrogen peroxide (H2O2, 30 wt

%) was purchased from Alfa Aesar. Ethanol (CH3CH2OH) and
isopropyl alcohol (C3H8O) were purchased from Aladin, China. Silica
(SiO2) microspheres were purchased from Tianjin Baseline
Chromtech Research Center, China. 3-Aminopropyltriethoxysiane
(APTES), glutaraldehyde (GA), fluorescein isothiocyanate (FITC),
and catalase from bovine liver (C1345-1G, 2 000−5 000 units/mg
protein) were purchased from Sigma-Aldrich, Germany. A high
vacuum sputter machine (Leica EM ACE600) was used to coat
platinum or gold on silica microspheres and silicon wafers. A field-
emission scanning electron microscope (FESEM; Zeiss SUPRA 55)
and a confocal laser scanning microscope (Nikon A1) were used for
imaging. A high-temperature tube furnace (Kejing, OTF-1200X-S)
was used to anneal samples. A spectrometer (UV-3600 Shimadzu)
was used to measure the adsorption spectra of SiO2-catalase in the
bicinchoninic acid (BCA) protein assay kit. The zeta potential of
SiO2−Pt was characterized by the Zetasizer NanoZS90.
Fabrication of SiO2−Ptfilm and SiO2−Ptnp Janus Micro-

spheres. A monolayer of SiO2 spheres (5 μm in diameter) was
first prepared by a drop-casting method. SiO2 spheres suspension was
mixed with equal volumes of isopropyl alcohol, then the mixture was
dispersed by ultrasound and drop-casted on a piece of wafer that has
been precleaned by O2 plasma (PCE-6 model) for 300 s. SiO2−Ptfilm
Janus spheres with a zeta potential of ∼−22 mV were prepared by
sputtering Pt of 10 nm on a monolayer of SiO2 spheres in a chamber
prefilled with argon, operating at a vacuum level of 6.77 × 10−3 Torr.
To fabricate SiO2−Ptnp Janus spheres, these SiO2−Ptfilm Janus spheres
were annealed at 300, 600, or 900 °C at a heating rate of about 10
°C/min for 2 h in an argon atmosphere (99.999%). Note that the zeta
potential of SiO2−Pt microspheres remained largely unchanged after
annealing (Figure S1).
Fabrication of SiO2-Catalase Janus Microspheres. SiO2−NH2

microspheres were first synthesized by mixing 1 mL of SiO2 (2.5 wt
%, 5 μm in diameter), 1 mL of ethanol, and 10 μL of APTES and were
shaken to mix for 24 h. The prepared SiO2−NH2 microspheres were
then washed with ethanol three times. Then, a suspension of SiO2−
NH2 microspheres was mixed with equal volumes of deionized (DI)
water (18.2 MΩ cm) and drop-casted on a piece of glass that was
precleaned by O2 plasma for 300 s to form a monolayer of SiO2−NH2
microspheres. SiO2−NH2−Au Janus microspheres were prepared by
sputtering ∼5 nm Au on the monolayer of SiO2−NH2 spheres. The
SiO2−NH2−Au Janus microspheres were ultrasonically dispersed into
a mixed solution containing 1 mL of PBS buffer solution (pH = 6.8)
and 50 μL of glutaraldehyde (GA) and reacted for 3 h. GA served as
the link between the amine functional groups on a microsphere and
catalase. After washing with PBS buffer solution, the SiO2−NH2−Au
Janus microspheres were redispersed to a PBS buffer solution
containing 5 mg/mL of catalase, which were allowed to react
overnight to obtain catalase-functionalized Janus SiO2 microspheres
(catalase was only functionalized on the half of the microsphere that
was not covered with gold). Finally, the SiO2-catalase Janus spheres
were washed with DI H2O and stored at 4 °C before use. The
preparation process of the catalase-functionalized glass slide was the
same as SiO2-catalase microspheres, except that the glass slide was
treated with O2 plasma for 600 s before being modified with catalase.
In case fluorescent catalase was needed, 0.5 mg of FITC and 20 mg

of catalase was dissolved in PBS buffer solution (0.1 M, pH = 9.2),
and the solution was allowed to react for 4 h in darkness at room
temperature. Then, the fluorescein-tagged catalase was obtained after
removing unreacted FITC by placing the product in a dialysis bag
(3.5 kDa pore membrane) for 24 h.
Determination of the Amount of Catalase Modified on a

SiO2 Sphere. A BCA protein assay kit was used to determine the
amount of catalase functionalized on a SiO2 sphere.

28 At a basic pH,

the peptide bond of a protein molecule complexes with Cu2+ and
reduces it to Cu+ that specifically bonds with BCA to form a stable
purple-blue complex. Because its light absorption value at 562 nm is
proportional to the protein concentration, a calibration curve (Figure
S2) is made, from which the measured absorption of a protein
solution of an unknown concentration can be obtained. In our
experiment, 20 μL of SiO2 or SiO2-catalase suspension were mixed
with 200 μL of BCA working solution, respectively. Then, the
resulting mixtures were kept in a water bath of 37 °C for 30 min. The
catalase content was finally quantified by UV−vis spectroscopy at 562
nm after they were cooled to room temperature.

Measurement of Oxygen Evolution Rate. A drainage method
from ref 29 was adapted to measure the amount of O2 generated from
Pt-coated substrates in H2O2, and a scheme is shown in Figure S3.
Three types of samples were tested: silicon wafer pieces (2 cm × 2
cm) sputtered with Pt of different thicknesses (5, 10, 20 nm), silicon
wafers pieces (2 cm × 2 cm) sputtered with 10 nm of Pt but annealed
at different temperatures (300, 600, and 900 °C), or a piece catalase-
functionalized glass slide (2 cm × 1.5 cm). In a typical measurement,
the sample was first placed at the bottom of a round-bottom flask, to
which 4 mL of H2O and 2 mL of 30 wt % H2O2 were then added
sequentially. The suspension was then stirred at 500 rpm to promote
the mixing of the solution and the release of oxygen. The generated
O2 was collected via a rubber tube by a graduated cylinder placed
upside down in a water-filled tank. The O2 evolution rate EO2

was

calculated by EO2
= VO2

/VmSΔt, where VO2
is the volume of O2 at a

constant time interval, Δt = 20 s, S is the sputtered area of silicon or
glass, and Vm = 24.5 L/mol is the molar volume of gas at 25 °C, 101
kPa assuming an ideal gas.

Motion Experiment. The SiO2−Ptfilm and SiO2−Ptnp Janus
microspheres were scratched off the wafer and dispersed in DI water
before use. Then, 10 μL of 30 wt % H2O2 solution was added into 20
μL of colloidal suspension to yield an aqueous solution of 5% H2O2
(the concentration can be varied by changing the volume of H2O2
added). The colloidal suspension was added to a piece of glass slide
and observed from underneath with an inverted optical microscope
(Olympus IX73). Videos with a typical length of 20 s were taken by a
Point Grey camera (FL3-U3-13E4C-C) mounted on the microscope
at a frame rate of 15 per second, then processed to obtain particles
coordinates by MATLAB codes (courtesy of Prof. Hepeng Zhang
from Shanghai Jiaotong University). Drift correction was performed
by homemade MATLAB codes courtesy of Prof. Himanagamanasa
Kandula from the University of Massachusetts.

Quantifying Motor Dynamics. The dynamics of micromotors
were quantified by their mean squared displacement (MSD) following
existing protocols.12,30−32 To minimize errors, only the data of Δt ≤ 2
s was used to plot the graph of MSD vs Δt, as shown in Figures S4−
S6. The speeds of SiO2−Ptfilm and SiO2−Ptnp motors were extracted
by fitting the MSD vs Δt data with ⟨ΔL2⟩ = 4DΔt + V2Δt2. This
equation is appropriate for the entire range of Δt ≤ 2 s because the
characteristic rotational time for 5 μm SiO2 microspheres is ∼100 s.
As a result, we are well in the ballistic regime for Δt ≤ 2 s. For the
catalase-functionalized Janus SiO2 microspheres, their effective
diffusivity D at different concentrations of H2O2 were obtained by
fitting the MSD vs Δt data with ⟨ΔL2⟩ = 4DΔt because of minimal
self-propulsion.

■ RESULTS
Annealing a SiO2−Pt Micromotor Significantly Re-

duces Its Speed. We begin with a quantitative comparison in
speeds between silicon dioxide (SiO2) microspheres half-
coated with a continuous Pt film (referred to as “SiO2−Ptfilm”
Janus micromotors hereafter) and those with discrete Pt
nanoparticles (“SiO2−Ptnp”). A scheme of their fabrication is
illustrated in Figure 1a, and details are given in the
Experimental Section. Very briefly, Pt films were physically
deposited on a monolayer of SiO2 microspheres. To fabricate
SiO2−Ptnp, SiO2−Ptfilm microspheres were thermally annealed
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in a furnace. The Pt film melted and then solidified into
discrete Pt nanoparticles, which were still located on half of the
SiO2 microspheres (Figure S7).

Our key finding is that SiO2−Ptnp moves surprisingly slowly
in H2O2 (Figure 1b,c and Video S1). For example, trajectories
of SiO2−Ptnp acquired by annealing SiO2−Ptfilm at 600 °C for 2

Figure 1. A Janus microsphere half-coated with platinum nanoparticles (Pt NPs) does not self-propel despite high catalytic activity. (a) Fabrication
scheme via sputtering of a SiO2−Pt Janus microsphere (SiO2−Ptfilm) and its conversion into one with discrete Pt nanoparticles (SiO2−Ptnp) via
annealing. (b) Top: representative trajectories for 20 s of a SiO2−Ptfilm (left) and a SiO2−Ptnp micromotor (right) in 10 wt % H2O2. Bottom:
scanning electron micrographs of the corresponding microspheres, highlighting the presence of nanoparticles on the Pt layer after annealing but not
before. (c) Despite a significant difference in the propulsion speeds (left axis) between a SiO2−Ptfilm (not annealed) and a SiO2−Ptnp micromotor
(annealed at 600 °C), they are similarly active toward decomposing H2O2 into O2 (see the Experimental Section for details).

Figure 2. SiO2−Pt micromotors fabricated by sputtering Pt films of different thickness (a and b, all annealed at 600 °C) or annealed at different
temperatures (c and d, film thickness 10 nm). (a) Scanning electron micrographs of Pt films of different thicknesses after annealing, highlighting the
surface morphologies in the zoomed-in views. (b) Speeds of SiO2−Pt micromotors of different Pt thicknesses and their oxygen evolution rate. (c
and d) Similar data for SiO2−Pt microspheres before annealing and those annealed at 300, 600, and 900 °C.
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h are compared in Figure 1b with those unannealed in 10%
H2O2, a typical concentration used in the literature. Particle
tracking shows that simply melting the continuous Pt film into
discrete Pt nanoparticles drastically reduced its speed by ∼80%
(from ∼4.8 μm/s to ∼1.3 μm/s). Note that throughout this
study, motor speeds were acquired by fitting their mean
squared displacement to minimize the effect of Brownian
motion (see the Experimental Section for details on the
calculation of MSD and fitting).
On the other hand, annealing the Pt film does NOT reduce

its catalytic activity, confirmed in Figure 1c by measuring the
rate of oxygen evolution (see the Experimental Section and
Supporting Information for details) for Pt films both before
and after annealing (Video S2 and Video S3). In fact, the
catalytic activity of Pt nanoparticles was even ∼50% higher
than the Pt film they originated from, possibly because of a
higher surface area associated with nanoparticles or a cleaner
surface after thermal treatment. This enhancement in catalytic
activity makes its poor self-propulsion even more surprising.
Weak Propulsion of a SiO2−Ptnp Particle Is Related to

Its Surface Morphology. A sharp decrease in motor speeds
after annealing was observed for samples fabricated with a
range of Pt thickness or annealed at different temperatures.
However, Figure 2 reveals that SiO2−Pt particles with a thicker
Pt layer (Figure 2a,b and Video S4) or by annealing the Pt film
at a lower temperature (Figure 2c,d and Video S5) contained
coarsened Pt islands and moved faster than those made
otherwise containing discrete Pt nanoparticles. We again
confirm in Figure 2b,d that the significant differences in
propulsion among various samples cannot be attributed to the
differences in their catalytic activity. Instead, annealed samples
often show better catalytic activity (blue data to the right y

axis) but worse propulsion (red data) than their unannealed
counterparts.

Catalase Does Not Power Micromotors. The poor
propulsion of Janus microspheres described above is not
limited to the material Pt but likely applies more generically to
any system involving the catalytic decomposition of H2O2. To
showcase this generalizability, we next present results of SiO2
microspheres asymmetrically decorated with catalase, an
enzyme that converts H2O2 rapidly into water and O2 at a
turnover rate of ∼105 molecule per second.33,34 Because
catalase is comparable to the most active Pt in its catalytic
performance, one would naively expect a SiO2-catalase Janus
micromotor to self-propel in the same way as a SiO2−Pt
motor.35−39 Indeed, there have been reports of nanospheres
(100−400 nm in diameters from one group21,22 and 700 nm in
another23) half-functionalized with catalase exhibiting en-
hanced diffusion in the presence of H2O2. However, there is
curiously no report of catalase-driven Janus micromotors
showing directional, phoretic motion in the micrometer scale.
(Note that catalase-functionalized motors that are even larger24

or confined in a tube,25 on the other hand, will likely produce
oxygen bubbles and thus move with a different mechanism that
falls outside of the scope of this article. Micromotors powered
by other enzymes, such as urease,23,40 often produce ionic
species and are therefore distinct from the case of catalase.)
This surprising lack of a report of catalase-laden micromotors
has confused us for a long time, and we have convinced
ourselves in the past that enzymes, unlike inorganic catalysts,
are harder to handle and might be in a poor condition in an
experiment.
However, we may now attribute this lack of success to the

intrinsic inability of catalase to propel micrometer-scale
motors, for the same reason that a SiO2−Ptnp motor cannot,

Figure 3. Experiments with catalase-coated Janus microspheres. (a) Fabrication scheme. A SiO2 microsphere of 5 μm in diameter is first uniformly
functionalized with amine functional groups, then half-coated with a thin layer of gold to block the amine groups on one hemisphere. The
unblocked amine groups then bind with catalase, resulting in a SiO2 microsphere half-functionalized with catalase (“SiO2-catalse”). See the
Experimental Section for fabrication details. (b) Confocal micrograph showing the parts on a SiO2 microsphere functionalized with catalase
(fluorescently labeled with FITC). Inset: the entire microspheres under bright field microscopy. (c) Bubble evolution from a cuvette filled with
SiO2-catalse microspheres (a population density of ∼2.5 wt %) suspended in 1 wt % H2O2, after a period of ∼1200 s. (d) Representative tracked
trajectories (after drift correction) over a period of 20 s for a few SiO2-catalse in H2O2 of different concentrations.
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as we have amply described above. This argument is supported
by three pieces of evidence. First, an early study from the
Sanchez lab found the spatial distribution of enzymes (urea to
be specific) on a mesoporous SiO2 microsphere to be
heterogeneous and discrete,41 suggesting that a SiO2-catalase
Janus microsphere is similar to SiO2−Ptnp in surface
morphology (note that self-propulsion is not guaranteed
even if enzymes were a continuous film because of the absence
of electrochemical currents. See below for explanation.).
Second, an early experiment from the Sen and the Mallouk
lab showed that a microrod asymmetrically functionalized with
catalase only showed Brownian motion in H2O2.

42 In fact, they
clearly stated that “the nonelectrochemical decomposition of
H2O2 does not contribute significantly to propulsion”, a
message we also agree but has unfortunately failed to resonate
within the community over the years.
Third and finally, our own experiments confirm that SiO2

microspheres half-functionalized with catalase do not self-
propel in H2O2 up to 10 wt % (corresponding to 2.9 mol/L).
Briefly, SiO2 microspheres were first functionalized with amine
groups on their entire surfaces, followed by physical deposition
of gold to block half of the surface. Catalase was then
functionalized on the unblocked half. See Figure 3a for
fabrication schemes and the Experimental Section for
fabrication details. The dynamics of these SiO2-catalase
microspheres in H2O2 of a range of concentrations are

shown in Video S6 and again presented as tracked trajectories
in Figure 3d. Moreover, their MSD plots and diffusivities are
given in Figures S6 and S8 (all been corrected for possible
drift, see Figure S8), which show a small decrease in diffusivity
after enzyme functionalization, possibly because of the weak
sticking between enzymes and the substrate.
A series of characterization confirm that the poorly motile

SiO2-catalase microspheres catalyze the decomposition of
H2O2 actively and asymmetrically (see Experimental Section
and Supporting Information for details). First, the successful
functionalization of catalase on one side of a SiO2 microsphere
was confirmed by confocal laser scanning microscopy in Figure
3b, which shows that only half of the microsphere is bright
(catalase in this case is labeled with fluorescein isothiocyanate,
or FITC, a fluorescent dye). Moreover, we experimentally
determined the average number of catalase exposed on a Janus
SiO2 microsphere to be ∼2.2 × 106/particle, close to the
theoretical estimate of 1.4 × 106 enzymes per particle assuming
compact coverage (see the Supporting Information for an
estimate).
Second, the catalytic activity of a SiO2-catalase microsphere

was confirmed. This was first qualitatively examined from the
production of oxygen bubbles in a cuvette filled with catalase-
functionalized SiO2 particles suspended in H2O2 (Figure 3c).
More quantitatively, by measuring the oxygen production rate
of a catalase-functionalized glass slide in 10 wt % H2O2, we

Figure 4. Self-electrophoresis of SiO2−Pt microspheres. (a) Tentative scheme of the operation of self-electrophoresis on a SiO2−Ptfilm micromotor
in H2O2, with its pole serving as the cathode and the equator as the anode. A self-generated electric field points from the equator to the pole,
propelling it away from the Pt cap. (b) For a SiO2−Ptnp microsphere, self-electrophoresis could still occur as a result of the tapered shape of each
nanoparticle formed on the surface of the SiO2 sphere. (c) Scanning electron micrographs of the tapered Pt cap from physical deposition, acquired
in our own lab (left, after removing the solid core underneath a Pt coating) and from ref 60 (right, acquired by slicing a Janus microsphere with
focused ion beams. Reprinted with permission from ref 60. Copyright 2018, American Chemical Society). (d) Scanning electron micrographs of Pt
nanoparticles after annealing a Pt film at 600 or 900 °C. (e and f) Numerical simulations of a SiO2−Ptfilm or SiO2−Ptnp. Simulation results of the
electrostatics (electrical potential and electric field lines) are shown on the left and stitched with the results from the fluid dynamics (flow speeds
along the z direction and normalized flow vectors) on the right. The bottom left inset in part f shows the zoomed-in results of the electric potential
near two Pt nanoparticles. The bottom right inset shows the geometric configuration of the model, where a total of 93 Pt nanoparticles of 200 nm
in diameter are arranged in concentric circles on one-half of a SiO2 microsphere. Notably, the simulated speed is ∼5.7 μm/s for a SiO2−Ptfilm and
∼0.1 μm/s for a SiO2−Ptnp with the same simulation parameters, because fluid flows in part f are highly localized. See the Supporting Information
for modeling details.
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obtained a surface flux of O2 of 8.3 mmol m−2 s−1, comparable
to that from a Pt-coated surface reported in Figures 1 and 2
(∼10 mmol m−2·s−1 for Pt of 5 nm). By connecting this
number to the enzyme coverage we determined above, we find
that catalase operates on a Janus SiO2 microsphere at a
turnover rate of 8.9 × 104 s−1, smaller than expected from
catalase (2.1 × 105 s−1).33 This reduced enzyme activity is
reasonable, given our experiments were conducted at room
temperature and in deionized water mixed with a high
concentration of H2O2, rather than the optimal condition for
enzymes at 37 °C in PBS buffers.

■ DISCUSSION
Brief Survey of Operating Mechanisms. The self-

propulsion (or not) of a Pt-coated micromotor is naturally
linked to its operating mechanism. Yet, despite the simplicity
in its design, fabrication, operation, and motion dynamics (see
ref 10 for an overview), the propulsion mechanism of Pt-
coated micromotors remains unsettled.43−47 In the early years,
a mechanism of “neutral self-diffusiophoresis” was proposed
and widely cited (see, e.g., 48), which states that the Janus
particle is driven by a concentration gradient of neutral solutes,
most likely O2, that is generated around the Pt cap as a result
of the decomposition of H2O2. However, the recent discovery
that Pt coated micromotors slow down in solutions of high
ionic strength suggests the dominance of electrokinetics.43−45

As a result, alternative mechanisms have been proposed that
emphasize on charged intermediate species,43,44 an uneven Pt
cap that gives rise to self-electrophoresis,43,44 or more recently
local momentum transfer from chemical reactions49 and ions
released.50 Because Pt Janus micromotors are widely studied as
model systems in numerous scenarios, a lack of clear operating
mechanism greatly hinders our understanding of how they
interact with neighbors or with complex environments51−54 or
how collective behaviors emerge.
Our Results Are Consistent with a Self-Electro-

phoresis Mechanism. One plausible explanation for our
observations that Pt nanoparticles or catalase do not propel a
Janus micromotor, but one with a continuous Pt film does, is
the self-electrophoresis mechanism recently proposed for a Pt-
coated micromotors.43,44 The key idea of this mechanism is
that the decomposition of H2O2 on a catalytic surface goes
through both a nonelectrochemical and an electrochemical
pathway, with the latter split into cathodic and anodic half
reactions. Reference 55 confirmed the coexistence of these two
pathways. A possible origin for the electrochemical pathway is
the heterogeneous morphologies of a Pt film, such as a
variation in its roughness or thickness, that favors the oxidation
or reduction of H2O2 on different spots. The electrochemical
decomposition of H2O2 generates a proton gradient and
consequently an electric field that points from the anode to the
cathode, propelling an electrically charged microswimmer in a
way similar to the classic example of synthetic microswimmers,
a bimetallic microrod moving in H2O2, where the self-
electrophoresis mechanism was first identified.42,55−59

We describe below how the three key ingredients in this self-
electrophoresis mechanism, namely a difference in surface
morphology of a Pt film, an electrochemical current flowing
within it, and an electrophoretic mobility, are all found (albeit
with different levels of confidence) for a SiO2−Ptfilm micro-
motor but not for a SiO2−Ptnp.
First, we confirm that a continuous Pt cap on a SiO2

microsphere displays a variation in its thickness (Figure 4a).

A common source of such variation is the physical deposition
process from which a Janus microsphere is made, where metals
are deposited from above and therefore more on the poles of
microspheres and less on their equators. Examples of a tapered
Pt cap as a result of this process have been found in the
literature60 and obtained in our lab, as shown in Figure 4c.
Brown et al. and Ebbens et al. further argued43,44,46 that the

catalytic reactivity of the Pt coating was sensitive to its
thickness. They showed how a thicker Pt film generated more
oxygen than a thinner one44 and speculated that the thicker
region of the Pt film at a pole of a microsphere served as the
cathode while the thinner region at the equator as the anode.
Although there is no obvious reason why a more catalytically
active spot on a Pt film would serve as a cathode, once the
designation of electrodes is set, the oxidation and reduction
half reactions of H2O2 then occurs preferentially on the anode
(equator) and the cathode (pole).46,61 The tapered Pt cap
essentially then operates as a battery in short circuits,
generating an electrochemical current that moves the micro-
motor away from its Pt cap.
We then set out to fill the gap in the above reasoning by

measuring if there is any electrochemical current flowing
between two pieces of Pt films of different thickness in H2O2
and which way it flows toward. Electrochemical measurements
(see Supporting Information and Figure S9 for details) indeed
show currents flowing from the thinner film to the thicker one,
conforming to the designation of the cathode and anode
proposed from the literature and thus to the self-electro-
phoresis mechanism. However, the electrical current values
recorded were on the order of 1 μA/cm2 (Figure S10,
corresponding to a surface flux of H+ on the order of 10−7

mol/(m2 s)), close to a baseline value of 0.2 μA/cm2 and 1
order of magnitude smaller than that required to move a
micromotor at a speed measured experimentally (see the
Supporting Information for an estimate). More efforts are
needed in the future to confidently relate this electrochemical
current to self-propulsion of a micromotor.
Assuming this proposed mechanism of asymmetric, electro-

chemical decomposition of H2O2 on a Pt film, and assuming
that thicker Pt serves as the cathode and the thinner Pt as the
anode, we then performed a simple numerical simulation
(Figure 4e) that indeed shows how a SiO2−Ptfilm microsphere,
with its pole set as the cathode and the equator as the anode, is
capable of moving away from the Pt cap. Specifically, it moves
at a speed of 5.7 μm/s under experimentally relevant
parameters such as a zeta potential of −22 mV and a surface
flux on the order of 10−6 mol/(m2 s) (see the Supporting
Information for simulation details). Although this simulation
does not grant much mechanistic insight beyond what is
hypothesized above, it shows that this self-electrophoresis
mechanism is capable of propelling a micromotor at a speed
comparable with experimental values. This piece of numerical
evidence completes our reasoning of a self-electrophoresis
mechanism.
As another piece of evidence consistent with self-electro-

phoresis for a Pt-coated microswimmer, we have fabricated a
Pt shell by removing the SiO2 microsphere underneath a
sputtered Pt film. Figure 4c and Figure S17b shows how this
shell is thin on its edge and thick at the top, and Video S7
shows that this tapered Pt shell moves toward its opening side
in H2O2. This observation is consistent with a numerical
prediction based on self-electrophoresis (Figure S18), even
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though it can potentially be explained by other mechanisms as
well.
Self-Electrophoresis Breaks down for a SiO2−Ptnp. If a

SiO2−Ptfilm motor with a continuous Pt film moves well via
self-electrophoresis, how does it fail for a motor with discrete
Pt nanoparticles? We offer two possible scenarios why this
might occur (simulation results in Figure 4f). In the first
possibility, as illustrated in Figure 4b, we assume that each
discrete Pt nanoparticle is also tapered in a way similar to a
much larger Pt cap. This shape could originate from how the
Pt film partially melts upon annealing, forming tapered
nanoislands when solidified (e.g., Figure 4d, left). For the
same reason as a large tapered Pt cap, each of these tapered Pt
nanoislands generate their own electric and flow fields but only
canceling each other locally, leaving weak global flows around
the entire microsphere. Simulation in Figure 4f shows flow
speeds and an electric field strength 1 order of magnitude
smaller than those generated by a SiO2−Ptfilm motor of a
continuous Pt cap (Figure 4e) and a speed of 0.1 μm/s for a
SiO2−Ptnp versus that of ∼5.7 μm/s for a SiO2−Ptfilm, despite a
similar turnover rate in both cases.
The second possibility that links self-electrophoresis with the

poor propulsion of a SiO2−Ptnp motor is the scenario where
the Pt film completely melts into Pt droplets that do not wet
the SiO2 surface. As a result, Pt nanospheres of little taper are
formed when cooled. Because the self-electrophoresis mech-
anism described above requires a separation of the cathode and
anode, and thus regions of different thickness, a Pt nanosphere
of little taper generates little electrochemical current and
consequently minimum speed for the SiO2−Ptnp micromotors.
This scenario of nonwetting Pt is perhaps most relevant to
samples annealed at high temperatures (e.g., Figure 4d, right),
where Pt nanoparticles clearly show a spherical shape (see
Figures S11 and S12 for quantification). Similar structures with
spherical Pt nanoparticles after annealing have been reported
in ref 18.
To use this self-electrophoresis mechanism to justify the

results described in Figure 2 (varying Pt thickness and
annealing temperatures), we postulate that annealing Pt films
at different temperatures, or depositing Pt of different
thickness, creates a Pt film with morphologies of varying
thickness, degree of tapering, and degree of connectiveness.
These morphological factors are intricately related to a surface
reactivity, which leads to various degrees of separation of
cathode and anode and ultimately different speeds.
Self-electrophoresis could fail for catalase for two reasons.

First, it is not clear whether catalase at different spots on a SiO2
microsphere could exhibit different activity or how this
difference could split the decomposition of H2O2 into anodic
and cathodic half-reactions. Second, even if these half-reactions
do occur, there is no conductive pathway that shuttles
electrons across two electrodes because catalase, unlike Pt, is
poorly electrically conductive.
To close this section, we note that the consistency between

our observations and the self-electrophoresis mechanism
should not be boldly interpreted as a proof that self-
electrophoresis is the dominant mechanism for a Pt-coated
microswimmer, because of a lack of direct evidence such as the
electrochemical currents on a Pt cap of a Janus microsphere
(rather than that between two pieces of Pt films) and the
measurement of the proton distributions near a SiO2−Ptfilm or
a SiO2−Ptnp motor. These measurements are technically
challenging at this moment.

Possible Contributions from Other Propulsion Mech-
anisms. Our observations also offer insight into other
potential propulsion mechanisms that may or may not
contribute. For example, a popular mechanism for this
particular type of microswimmer is self-diffusiophoresis, the
self-propulsion from self-generated solute (neutral or ionic)
gradient.2,56,57,62−66 In particular, neutral self-diffusiophoresis
could arise from the concentration gradient of O2 that is higher
or of H2O2 that is lower near the Pt side as it catalyzes the
decomposition of H2O2. However, recent theoretical studies of
neutral self-diffusiophoresis have suggested that it is a very
weak effect,44,61 and its operation has further been questioned
by the quenched mobility in solutions of high salt
concentrations,43−45 as we confirm in our own experiment in
Figure S13. (We have noticed the recent experimental study
from the Kraft lab,67 which suggested the possibility of the
operation of neutral self-diffusiophoresis despite a salt-
dependent speed. However, we remain doubtful over this
possibility because of a lack of direct experimental evidence.)
It is also possible for a Pt micromotor to be powered by

ionic self-diffusiophoresis,43,45 arising from charged intermedi-
ates, such as OOH− or radicals, that could be generated by the
chemical decomposition of H2O2. Phenomelogically, ionic self-
diffusiophoresis is challenging to be ruled out, since a motor
powered by either it or self-electrophoresis is visually
indistinguishable from the other. More importantly, because
both self-electrophoresis or ionic self-diffusiophoresis involve
charged species and produce a self-generated electric field, a
SiO2−Ptfilm motor powered by either mechanism would slow
down in salt in the same way.
To examine the possible contribution of ionic self-

diffusiophoresis in powering either a SiO2−Ptfilm or a SiO2−
Ptnp micromotor, we have conducted numerical simulations
that show in Figure S16 similar speeds between these two
motors if ionic self-diffusiophoresis were the propulsion
mechanism, contrary to our experiments. In the Supporting
Information, we offer an expanded discussion of why this
mechanism does not break down for SiO2−Ptnp, despite a clear
change in surface morphology and material asymmetry.
However, a more accurate assessment would require a better
theoretical understanding of how diffusiophoresis is affected by
the surface morphologies of a colloidal particle, an important
topic that has been rarely explored so far.
We further argue that data in Figure 2b,d quantitatively

reveal the minor contributions of diffusiophoresis in powering
micromotors, as the Pt film is broken into smaller pieces so
that the electrophoretic propulsion diminishes. For example,
the results in Figure 2d superficially suggest that ∼80% of the
overall speed of a SiO2−Pt motor comes from self-electro-
phoresis, with the remaining 20% from self-diffusiophoresis
(ionic or neutral).
One could also argue for bubble propulsion,68 a possibility

that arises from the fast generation of O2 as H2O2 decomposes
on highly active catalyst such as Pt or catalase. Although large
amounts of O2 bubbles have indeed been observed in our
measurements of O2 evolution, we note that in a typical motor
experiment of ours these bubbles nucleated and grew
exclusively on the surface of a container, rather than on a
microsphere (a scenario more likely for larger motors, see ref
48). Thus, the presence of bubbles did not affect the dynamics
of a Pt- or catalase-functionalized microsphere in our
experiments. In addition, any drift caused by the growth or
burst of bubbles has been corrected.
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Finally, we comment on the relevance (or irrelevance) of
two recently proposed propulsion mechanisms in under-
standing our observations. The first mechanism proposed by
Corato et al. highlights the importance of the surface flux of
ions of different diffusivity.50 Given that this mechanism
“originates entirely from the surface flux of ions, which couples
transport of species and the balance of charges”, it is likely to
be insensitive to the surface morphology as long as the same
amount of ions are produced, which is the case between a
SiO2−Ptfilm and a SiO2−Ptnp. (Note that this ion flux
mechanism is likely consistent with the immobility of
catalase-coated microspheres because of a lack of apparent
ions from its reaction.) A second mechanism, proposed by
Eloul et al.,49 considers the momentum transfer between
solvent and colloid and “excludes self-phoretic transport by
design”. Because this mechanism ultimately comes down to the
energy released from the surface catalysis that is powering the
momentum transfer, it is likely to be insensitive to the surface
morphology as long as the same amount of energy is released.
To summarize, although these two mechanisms must involve
microscopic details that are sensitive to surface morphology,
this is not explicit in either model, and we doubt it explains the
80% drop of speed we see after annealing a thin Pt film into
discrete nanoparticles.
Reconciliation with Existing Literature. Our observa-

tion that discrete Pt nanoparticles cannot propel micromotors
is in seeming disagreement with a number of experimental
reports in the literature that show how this can be done.
However, this inconsistency can be reconciled by the possible
existence of nanobubbles or self-electrophoresis. For example,
the Daniela lab has reported that stomatocyte-shaped polymer
vesicles loaded with Pt nanoparticles self-propel in H2O2,

19,20

while mentioning the possibility of oxygen nanobubbles as a
result of Pt-catalyzed decomposition of H2O2 within the
polymer cavity. In addition, the Ozin lab reported the self-
propulsion in H2O2 of a sphere dimer consisting of a silica
microsphere and one Pt nanoparticle 300−500 nm in
diameter,18 yet no mechanism was explicitly given. We suspect
the possible role of nanobubbles in the same spirit as in the
case of stomatocytes as well as possible self-electrophoresis as a
result of the imperfect shape (and therefore possible
differences in activity) of the formed Pt nanoparticles, as the
authors noted. In summary, we do not see any literature report
of the same SiO2−Ptnp microspheres as those described in the
current study that can self-propel in H2O2. Nor did we find any
evidence that self-diffusiophoresis is unambiguously the
dominant mechanism for a Pt-coated nano- or microswimmer.
When comparing our results with the existing literature, one

cannot help but wonder if the motor size is an important factor
in selecting its propulsion mechanism. For example, as we
listed in an earlier section, there have been a few early studies
showing enhanced diffusion of catalase-functionalized nano-
motors, even though our experiments show their micrometer-
counterparts do not self-propel. Similarly, the examples of
motors we discussed in the last paragraph are all in the
nanometer scale and therefore suggest a difference in the
effectiveness of certain propulsion mechanisms operating at
different scales (see ref 48 for how two mechanisms crossover
as motor sizes increase). In the current case, it is an open
possibility that, at the nanometer scale, self-diffusiophoresis,
reactive momentum transfer, or ion fluxes become a
completely viable mechanism while self-electrophoresis fails
because of an inefficient separation of the cathode and anode.

Understanding this crossover is an exciting research topic for
the future.

■ CONCLUSION
To conclude, the main message of this study is that, contrary to
intuition, the nonelectrochemical decomposition of H2O2, one
that does not involve a spatial separation of cathodic and
anodic half reactions, does NOT lead to effective self-
propulsion at the micrometer scale, even if it occurs strongly
and asymmetrically on the particle. This argument is supported
by evidence in both nonbiological and biological systems: both
Pt nanoparticles and catalase rapidly decompose H2O2 into
water and O2, but neither propels the corresponding Janus
microspheres significantly beyond Brownian motion. A typical
result is that annealing the Pt film half-coated on a SiO2
microsphere reduces its propulsion speed by ∼80%, despite a
mild increase in the catalytic reactivity.
These experimental results are aligned with a self-electro-

phoresis mechanism, possibly arising from the electrochemical
decomposition of H2O2 on a Pt cap of varied thickness. This
mechanism is supported by examining the morphology of a Pt
cap, by measuring the electrochemical current flowing between
Pt films of different thickness, and by numerical simulations
that yield speeds comparable to experimental values. Annealing
the Pt film, however, breaks the film into small circuits that
cancel each other, or produces Pt nanospheres without any
cathode or anode. The operation of self-electrophoresis is
unlikely for a catalase-laden micromotor.
On the other hand, our observations are in seeming

disagreement with other mechanisms such as self-diffusiopho-
resis, reactive momentum transfer, or ion fluxes. One route of
resolving this inconsistency is to look more closely at how
surface morphology changes these mechanisms. The other
possibility is that, for reasons unknown, they are more effective
for powering nanoscopic swimmers but not those at the
micrometer scale.
This study is a key piece of the puzzle in elucidating how

chemical reactions power nano- or microscopic objects,69−71

which is in turn critical for understanding their collective
behaviors and dynamic self-assembly,72 or in complex
environments, where whether an electric field surrounds each
particle could lead to completely different interpretations and
designs.51−53,73 Finally, our findings could offer new insight in
the emerging topic of enzymes or reacting molecules as active
matter39,74,75 and that of harnessing enzymes to do useful
work.37
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Video S7, Pt shells moving in 5 wt % H2O2 (MP4)
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