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Abstract: Distinguishing the operating mechanisms of nano-
and micromotors powered by chemical gradients, i.e. “auto-
phoresis”, holds the key for fundamental and applied reasons.
In this article, we propose and experimentally confirm that
the speeds of a self-diffusiophoretic colloidal motor scale
inversely to its population density but not for self-electro-
phoretic motors, because the former is an ion source and thus
increases the solution ionic strength over time while the latter
does not. They also form clusters in visually distinguishable
and quantifiable ways. This pair of rules is simple, powerful,
and insensitive to the specific material composition, shape or
size of a colloidal motor, and does not require any measure-
ment beyond typical microscopy. These rules are not only
useful in clarifying the operating mechanisms of typical
autophoretic micromotors, but also in predicting the dynam-
ics of unconventional ones that are yet to be experimentally
realized, even those involving enzymes.

Introduction

Colloidal motors are artificial objects that convert energy
stored in their environment into autonomous motion.[1]

They are useful model systems for studying active matter
and non-equilibrium phenomena[2] and could enable func-
tional micro- and nanorobots in a wide range of
applications.[3] Developing effective propulsion mechanisms,
and understanding how they operate, remains a key issue in
both fronts.

Many colloidal motors are powered by surface chemical
reactions.[4] Some move by converting ambient chemical
fuels into neutral molecules that either nucleate into
bubbles[5] or create an osmotic flows.[6] These two mecha-
nisms are relatively easy to identify, because in neither case
does the speed change upon adding salt, and the former
often leaves a trace of bubbles. On the other hand, many
phoretic motors produce and/or consume ions, which then
generate an electric field that propels a charged colloidal
motor.[7] Such an electrokinetic process can occur via either

self-electrophoresis,[8] where ions are produced and con-
sumed at different parts on a motor. It can also occur via
ionic self-diffusiophoresis,[9] where a motor produces both
cations and anions and consumes neither. Knowing which
mechanism is in operation not only explains the individual
propulsion of a colloidal motor, but more importantly,
clarifies their communication,[10] self-assembly,[2c,11] collective
behaviors[12] and dynamics in a complex environment.[13]

Note that, for simplicity, the term “self-diffusiophoresis” is
used throughout this article to refer only to the ionic
(electrolyte) type. Neutral self-diffusiophoresis is not consid-
ered in detail in this paper, because experimental evidence
is rare,[6a] and its presence can be easily identified by adding
salt. Much of the ambiguity, however, lies between ionic
self-diffusiophoresis and self-electrophoresis.

Although self-diffusiophoresis and self-electrophoresis
entail different distributions of ions, electric fields, and
flows, distinguishing them during the operation of a colloidal
motor remains a challenge: in both mechanisms, a colloidal
motor slows down as ionic strength is increased.[14] They also
attract or repel charged tracer particles and/or obstacles in
virtually indistinguishable ways. Resolving this problem
often involves two steps. First, the exact chemical reaction
and species involved need to be identified, but this is often
challenging particularly when intermediates are
considered,[14a,b] or if more than one chemical reaction (or
multiple pathways of the same reaction) occur.[14b,15] Second,
local chemical[16] or flow profiles[17] need to be measured
precisely (e.g., with fluorescent probes and/or tracer nano-
particles), but the steep learning curves and possible
interferences and caveats of these fine measurements limit
their widespread use. Simply put, the real yet subtle differ-
ences between self-electrophoresis and self-diffusiophoresis
are impossible to visualize using straightforward microscopy,
a problem that has haunted experimentalists like us for a
long time. At a fundamental level, this problem has greatly
obscured the picture of how chemical motors operate
individually or collectively, and has thus contributed to the
divide between theoretical predictions and experimental
observations of colloidal motors. This challenge also ham-
pers societal adoption of colloidal motors since a lack of
knowledge of their inner workings prevents us from
knowing exactly what tasks they may (or may not) be useful
for.

To address this issue, we here report a pair of empirical
rules for experimentally distinguishing self-electrophoresis
and self-diffusiophoresis during their operation by examin-
ing their speeds at different population densities, and how
they cluster. These rules build upon the fundamental differ-
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ence that (in the most typical cases) a self-diffusiophoretic
motor is an ion source that continuously increases the local
(and the bulk) ionic strength (confirmed in Figure 3),
whereas a self-electrophoretic motor does not (see Figure 1
for an illustration of this principle). The core impact of a
raised ionic strength is a reduction of self-propulsion speeds,
commonly attributed to an increase in surface conductance
that reduces the magnitude of the self-generated electric
fields.[14a,c, 18] Two rules then follow. Rule #1: a self-
diffusiophoretic motor moves more slowly in a denser
population due to the overlapping ion clouds of neighboring
motors, while self-electrophoretic motors maintain an al-
most constant speed regardless of population density (Fig-
ure 4). Rule #2: self-diffusiophoretic motors form clusters
that grow over time with an increasing rate, while self-
electrophoretic motors form dynamic clusters with limited
sizes (Figure 5). Six types of well-studied phoretic colloidal
motors of both spherical and rod shapes are used to validate
these rules. Our proposed rules suggest that PS-Pt and SiO2-
TiO2 Janus motors are self-electrophoretic rather than self-
diffusiophoretic (Figure 6). Moreover, our rules can also
predict the speeds and clustering of four types of atypical
phoretic motors at high population densities. This article
ends with a comment on the far-reaching consequences of
our study in clarifying the fundamental operations of
chemical micro- and nanomotors.

Results and Discussion

Principles of the Empirical Rules

We begin with a brief introduction to the operating
principles of self-electrophoresis and self-diffusiophoresis,
which lead to the principles of the rules.

For a typical self-electrophoretic motor (Figure 1a–d),
part of its surface contains a chemically active material that
releases ions, which are consumed at other parts of the
particle surface in such a way that the total ionic current
into or out of the particle surface is zero at steady state.
These processes often occur on the separate ends of a
colloidal motor (such as two opposing caps of a Janus
microsphere,[19] two ends of a conductive carbon fiber,[20] or
two segments of a microrod[21]). The resulting distribution of
ions creates an electric field that points from regions of an
excess of cations to regions of their depletion.[22] When
coupled to a colloidal particle carrying a surface charge
(often negative), this self-generated electric field moves the
particle by electrophoresis, thus the name self-
electrophoresis.[8,15b] Typical examples include bimetallic
microrods (or spheres) moving in H2O2 (such as the Au-Pt
spheres and Au-Rh rods we use below),[19a, 23] and Janus
microspheres containing a semiconductor-metal junction
(such as the TiO2-Pt spheres we use below).[24] Importantly,
because self-electrophoretic motors generate and consume
the same ions simultaneously (an ion “source” and “sink”,
Figure 1b), at steady state a self-electrophoretic motor
produces no net ions over time regardless of the population
density.

On the other hand, a self-diffusiophoretic motor (Fig-
ure 1e–h) often contains a single chemically active cap or

Figure 1. Principles for differentiating self-electrophoretic (a)–(d) from self-diffusiophoretic (e)–(h) colloidal motors. a) A self-electrophoretic motor
releases ions on one side (“source”) and consumes them on the other (“sink”). As a result, self-electrophoretic motors do not increase the bulk
ionic strength (b), maintain largely the same speed when moving in a dense population (c), and form dynamic clusters that reach a steady, but
limited, size over time (d). e) A self-diffusiophoretic motor releases ions (typically both positive and negative ions simultaneously) on part of its
surface (“source”), while the rest of the particle is inert. As a result, they continuously raise both the local and bulk ionic strength (f), exhibit
slower speeds in a dense population (g), and form clusters that grow over time (h). In panels (b)–(d) and (f)–(h), darker and lighter shades of blue
indicate higher and lower local ionic strength, respectively.
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patch, which typically releases ions. Unlike the case of self-
electrophoresis, these ions are not consumed elsewhere on
the particle surface. In addition, cations and anions are often
released together to conserve charge. In the typical case that
these two ions diffuse at different rates, an electric field is
generated to maintain charge neutrality in the bulk solution
by accelerating the slower ion and slowing down the faster
one.[25] This electric field then propels a charged colloidal
motor.[26] Note that the origin of this self-generated electric
field is a difference of diffusivity in the released cation and
anion, rather than the space charges as in the case of self-
electrophoresis. Examples of self-diffusiophoretic motors
include insert colloids partially coated with silver chloride
(AgCl), which reacts with water to produce Cl� and H+

under light,[26b,27] or coated with calcium carbonate (CaCO3)
that dissolves in water to release Ca2+, OH� , CO3

2� and
HCO3

� .[28] Some enzyme-powered colloidal motors also fall
into this category.[29] The most important feature of a self-
diffusiophoretic motor in the current context is that it
effectively acts as an ion “source” (Figure 1e) that raises the
local and bulk ionic strength over time.

The above principles regarding ionic strength lead to a
testable experimental prediction: since both types of motors
move more slowly in response to increased ionic strength
(see our descriptions above, and Refs. [14a,b, 18]), and since
self-diffusiophoretic motors raise the local ionic strength
while self-electrophoretic ones do not change it, observable
differences will arise in the speeds and clustering dynamics
of the motors as their population density increases (Fig-
ure 1). At a single-particle level, if the population density of
self-diffusiophoretic motors is high, each individual motor is
affected by the overlapping electrolyte concentration fields
from its neighbors, increasing the local ionic strength
surrounding each motor, reducing its speed as if it were
immersed in a concentrated salt solution. However, a self-
electrophoretic motor will maintain virtually the same speed
even when in proximity to other motors because there is no
net electrolyte production (see below for why this is not
strictly true). This is rule No.1. At a cluster level, the

overlapped electrolyte concentration field of a self-diffusio-
phoretic cluster pulls nearby motors in; since each motor
moves too slowly to escape, the cluster continuously grows.
In contrast, self-electrophoretic motors form a dynamic
cluster with a limited size because each motor still moves at
the same speed as it would on its own (outside a cluster) and
can escape. This is rule No.2. Self-electrophoretic and self-
diffusiophoretic motors can thus be distinguished by exam-
ining their speeds at increasing population densities, and by
observing how they form clusters.

Experimental Validation of Rules

We experimentally validated this pair of rules using six types
of colloidal motors of known composition: three self-electro-
phoretic (Au-Pt and TiO2-Pt microspheres, and Au-Rh
bimetallic microrods) and three self-diffusiophoretic designs
(SiO2-Au and SiO2-Ag microspheres, and SiO2-Ag micro-
rods). The propulsion mechanisms and typical dynamics of
these motors are shown in Figure 2, while the details on
their fabrication and material characterization (Figure S11)
are given in the Supporting Information. Note that the
typical speeds of all motors in their dilute limits are on the
same order of magnitude of approximately 10 μms� 1.

Au-Pt and TiO2-Pt Janus microspheres as well as Au-Rh
bimetallic microrods are typical designs of self-electropho-
retic motors (Figure 2a–c). A Au-Pt self-electrophoretic
microsphere (Figure 2b) can be fabricated by half-coating a
Au or Au-coated microsphere with Pt via physical vapor
deposition (PVD).[19a, 30] A Au-Rh rod (Figure 2c), on the
other hand, is typically grown by template-assisted
electrodeposition.[21b] When such a bimetallic motor is
suspended in an aqueous solution of H2O2, H2O2 is oxidized
into O2 and protons at the anode (Pt or Rh) end, whereas
H2O2 (and, to some extent, O2) combine with protons to be
reduced into water at the cathode (Au) end. As a byproduct
of these bipolar electrochemical reactions, a self-generated
electric field is created (pointing from the Pt/Rh to the Au

Figure 2. Model systems of autophoretic colloids for testing rules. Top: Schematics of the propulsion mechanisms of three self-electrophoretic
motors (a: TiO2-Pt, b: Au-Pt, c: Au-Rh rods) and three self-diffusiophoretic motors (d: SiO2-Au, e: SiO2-Ag, f: SiO2-Ag rods). Bottom: Representative
trajectories of each type of motors overlaid over a few seconds. See Supporting Information for experiment details.
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end) that propels the negatively charged motor with the Pt/
Rh end forward. A similar process also occurs on a TiO2-Pt
Janus microsphere (Figure 2a), which is fabricated by
depositing Pt on one side of a TiO2 microsphere that is
chemically synthesized. In the presence of a fuel molecule
(such as water,[24d] hydrogen peroxide,[24c] hydroquinone[24a]

or triethylamine[31]) and light of proper wavelength, photo-
catalysis generates an excess of protons on the TiO2 side,
which are transported to the Pt side and consumed in the
reduction of H2O2. This motor then moves with its TiO2 end
forward via self-electrophoresis. Crucially, none of the three
types of self-electrophoretic motors cause any net produc-
tion or consumption of ions at steady state since the total
reaction rates on the anode and cathode are equal.

As representative self-diffusiophoretic motors, SiO2-Au
and SiO2-Ag micromotors (Figure 2d–f) were fabricated by
PVD of the respective metal onto one half of a SiO2

microsphere (or the side of a SiO2 rod in the case of a SiO2-
Ag microrod). A recent study by the Gao group[32] shows
that SiO2-Ag Janus microspheres (Figure 2c) self-propel
toward their Ag caps in aqueous solutions of H2O2, likely
because of the oxidation of Ag by H2O2 into Ag+ and OH� ,
which diffuse at different rates and thus move the colloid via

self-diffusiophoresis. A SiO2-Ag microrod also moves in
H2O2 via the same mechanism.[32b] A SiO2-Au Janus micro-
sphere (Figure 2d), on the other hand, moves in a mixture of
N2H4 and H2O2,

[33] as the Au cap catalyzes the oxidation of
N2H4 and generates H+, N2H5

+ and OH� that diffuse at
different rates away from the Au cap, leading to propulsion
by self-diffusiophoresis. It is then reasonable to speculate
that ions are produced only on the metal caps of both SiO2-
Au and SiO2-Ag Janus micromotors, making them ion
sources.

For simplicity, only the results of spherical micromotors
are given below, while those of rod-shaped motors are
qualitatively the same as their spherical counterparts and
therefore shown in Figure S8 in the Supporting Information.

Figure 3 aggregates the experimental and numerical
evidence suggesting that self-diffusiophoretic motors are ion
sources and self-electrophoretic motors produce no net ions.
Specifically, Figure 3a and b show experimental measure-
ments of much more significant increases in the electrical
conductivity (σ) of aqueous suspensions of self-diffusiopho-
retic motors (SiO2-Ag and SiO2-Au) than self-electropho-
retic motors (Au-Pt and TiO2-Pt) of similar speeds during
their operation. (The population density φ is determined by

Figure 3. Changes in global ionic strength by autophoretic colloids. a) Experimentally measured electrical conductivity (σ) of suspensions of SiO2-
Ag microspheres (in 0.01%wt H2O2) and Au-Pt (in 1 wt% H2O2) over time. b) Increases in solution conductivity (Δσ) of aqueous solutions of SiO2-
Au (5 wt% H2O2 and 0.01 wt% N2H4), TiO2-Pt (in water, under UV), SiO2-Ag, and Au-Pt motors at different population densities. These results were
obtained after the conductivity values reached steady state (80 s). c–f) Numerical simulations of the changes in solute concentrations in
suspensions of autophoretic colloids. c) Model configuration, containing an array of 28×28 (=784) microspheres at a population density of 6.3%.
Particles settle close to a substrate because they are typically heavier than water. d, e) Solute concentration profiles along the red cutline in (c), as a
function of time, for self-diffusiophoretic motors (d) and self-electrophoretic motors (e). Note the y axes in (d) and (e) are in different scales.
f) Simulated solute concentration at z=50 μm along the red cutline in (c) and at t=180 s for both types of motors at different population
densities.
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the packing fraction of colloids on a 2D plane they reside
on, enabled by computer-assisted image recognition. See
Figure S1 for details.) To corroborate these results, numer-
ical simulations were performed that solved for the spatio-
temporal evolution of solute concentrations in a closed box
containing either type of motor of various population
densities. Results shown in Figure 3c–f agree qualitatively
with the measurement of solution conductivity: the solute
concentration in the bulk increases linearly with the
population density of a suspension of self-diffusiophoretic
motors, but remains unchanged for self-electrophoretic
motors. More quantitatively, our models yield a solution
conductivity of 6.1 μScm� 1 for SiO2-Ag motors of 6.3%
population density (See Supporting Information for calcu-
lations), close to the experimentally measured value of
3.5 μScm� 1 shown in Figure 3b. The above results confirm
the significant rise of solution conductivity by the ions
released from self-diffusiophoretic motors but not self-
electrophoretic motors.

Rule #1: Motor Speeds vs. Population Density

To confirm that the speed of self-diffusiophoretic motors
decreases with increasing population density much more
than the speed of self-electrophoretic motors, we measured
the speeds at a variety of population densities for all six
types of phoretic motors in their respective operating
conditions (Note that SiO2-Au motors were tested at an oil-
water interface, with justification and experimental details
given in the Supporting Information). Results of the
spherical and rod-shaped motors are shown in Figure 4 and
Figure S8a, respectively (also see Supporting Video S1).
Figure 4a clearly shows that the speeds of self-diffusiopho-
retic SiO2-Au and SiO2-Ag motors drop sharply upon

increasing their population densities, much more so than
self-electrophoretic TiO2-Pt and Au-Pt motors. The latter
two also slow down (but quite mildly) in a crowd instead of
maintaining a constant speed as expected from the con-
ductivity argument, likely because of the same steric
hindrance (“traffic jams”) that caused the “motility induced
phase separation”, or MIPS.[34]

More quantitatively, Figure 4b further shows that the
speeds of self-diffusiophoretic motors scale inversely with
their population densities, but the same is not true for self-
electrophoretic motors. Furthermore, a similar scaling
between motor speeds and ionic strength was found in
Figure 4c regardless of whether the solution ionic strength
was adjusted manually (by adding KNO3, see Figure S5 for
raw data) or by the motors themselves, suggesting that
diffusiophoretic motors indeed slow down in their own
generated ions. Possible reasons for the deviation of speed
data from a linear fit in Figure 4b and c in their dilute limits
are discussed in the Supporting Information (see Figure S12
and Figure S13).

Rule #2: Self-Diffusiophoretic and Self-Electrophoretic Motors
Cluster Differently

Clustering is ubiquitous in populations of colloidal
motors,[11a,c,34a,35] especially for those powered by chemical
gradients.[16b,23a,b,24d,36] The second rule is that self-diffusio-
phoretic motors tend to form “static” clusters that grow over
time, while self-electrophoretic motors form “dynamic”
clusters of a relatively steady size (see Figure 5, Supporting
Video S2). This rule again is rooted in their differences in
ion production and consumption, as elaborated below.

To validate this rule, Figure 5a shows the clustering of
self-diffusiophoretic SiO2-Ag motors (top panel, φ=13.2%)

Figure 4. Speeds of self-electrophoretic and self-diffusiophoretic motors in different sized populations. a) Speeds of two types of self-electrophoretic
motors (TiO2-Pt, hollow squares and Au-Pt, filled squares) and two types of self-diffusiophoretic motors (SiO2-Au, hollow circles and SiO2-Ag, filled
circles) at different population densities. Data of higher population densities for SiO2-Au were not possible because of they easily form clusters
that disable single particle tracking. Error bars represent standard errors from each independent measurement, and the samples (number of
particles) increases as the population density. b) Data in a) replotted against inverse population density, φ� 1. Solid lines are linear fits of the first
four data points. c) Speeds of SiO2-Ag motors scale roughly to the inverse of salt concentrations. Both the speeds and the solute concentrations
are normalized to their maxima. Data in black squares correspond to the speeds SiO2-Ag motors in manually added KNO3 (original data in
Figure S5). Data in red circles are for self-generated salts, inferred by combining the simulated results in Figure 3f (relating c with φ) and the
experimental results in Figure 4a (relating φ with U). The solid line is a linear fit of the black data points through the origin. Possible reasons for
the deviation of the red curve from the linear fits are given in the main text.
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and self-electrophoretic TiO2-Pt motors (bottom, φ=

12.4%) as examples (results of the other four types of
motors are given in Figures S8 and S9). In such a dense
population, SiO2-Ag motors lose their self-propulsion be-
cause an increase in local ionic strength is known to suppress
electrokinetic flows.[14a,c, 18] They therefore formed a large
cluster that continued to phase separate. In lieu of electro-
kinetic flows, these diffusiophoretic clusters are speculated
to form because of neutral diffusio-osmosis in a gradient of
H2O2 and O2 that pulls colloids in regardless of their
orientations, whereas other mechanisms such as
chemotaxis[37] and MIPS[34b,c] are inoperative. Electrostatic
repulsions and van der Waals attractions are not considered
because clustering in our experiments is clearly activity-
induced and disappear when self-propulsion ceases (see
Figure S10). However, the exact physical mechanism of
cluster formation of chemically active colloids remains an
ongoing investigation and not a focus of the current study.

Self-electrophoretic TiO2-Pt motors, on the other hand,
remained highly mobile and were continuously exchanged
among clusters (see optical micrographs and cartoons in
Figure 5a, bottom panel), because of a lack of high ionic
strength that slows them down in a cluster. As a result, these
clusters constantly split and reorganized, and saturated to
certain sizes with a cluster growth rate that decreased over
time. Similar observations of dynamic clustering have been
reported previously.[23b,c, 34a]

The change in the cluster sizes over time of four types of
colloidal motors is plotted in Figure 5b, all showing positive
growth (and positive values of first derivatives against time,
see Figure S6). Therefore, to avoid ambiguity, we note that
the first and second derivatives of cluster size with respect to
time are both positive for the self-diffusiophoretic motor
clusters, while only the first derivatives are positive for
clusters of self-electrophoretic motors. These operations are

Figure 5. Clustering dynamics of self-electrophoretic and self-diffusiophoretic motors. a) Cartoon illustrations and optical micrographs of the
clustering processes of self-diffusiophoretic SiO2-Ag motors (top) and self-electrophoretic TiO2-Pt motors (bottom). The micrographs for TiO2-Pt
motors are overlaid with cartoons that show the evolution of three clusters (labelled red, blue and green) over a course of 122 s. Inset in a) shows
the simulated ion concentrations of a self-diffusiophoretic (top half) and a self-electrophoretic cluster (bottom half) at t=10 s stitched together.
The orientations of Janus spheres are random in either cluster. See Supporting Information for simulation details. b) The evolution of cluster sizes
(represented by the average number of particles in each cluster) for self-diffusiophoretic SiO2-Ag and SiO2-Au motors (hollow and filled red circles,
respectively), and self-electrophoretic TiO2-Pt and Au-Pt motors (hollow and filled black squares, respectively). Shades represent standard
deviations of all clusters. Solid lines are parabolic fits (R2>0.97). c) The parabolic fits in (b) are taken second derivatives with respect to time and
plotted against time, yielding positive values for self-diffusiophoretic motors (red) and negative for self-electrophoretic motors (black). First
derivatives are given as Figure S6 in Supporting Information. Experiments of SiO2-Ag, SiO2-Au, TiO2-Pt, and Au-Pt motors were carried out at a
population density of 13.2%, 10.5%, 12.4% and 11.8%, respectively.
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necessary for a definitive rule to distinguish these two types
of motors.

Applying the Rules to Other Motor Systems

Having proposed and validated the 2 rules for distinguishing
between self-diffusiophoretic motors and self-electrophoret-
ic motors, we now seek to apply these rules to two additional
colloidal motors whose propulsion mechanisms remain
unsettled. The first test was on the Pt-coated Janus micro-
spheres. In the early days of its discovery, the motion of
these motors was attributed to neutral self-
diffusiophoresis,[38] which was proposed to arise from a
concentration gradient of neutral solutes, such as O2, that
are generated around the Pt cap as it catalyzes the
decomposition of H2O2. However, recent studies have
discovered that Pt-coated micromotors slow down in
solutions of high ionic strength,[14a,b,18a] and that Janus

spheres half-coated with discrete Pt nanoparticles move
much more slowly than ones coated with continuous Pt films
despite their similar catalytic activity.[39] Neither observation
is consistent with neutral self-diffusiophoresis. A variety of
alternative mechanisms have been proposed,[14a,b,15a,38,40] with
self-electrophoresis gaining momentum.[17,39] But more ex-
perimental support is still required.

Applying our rules to PS-Pt micromotors, however,
clearly reveals that they exhibit the key experimental
features of a self-electrophoretic motor (see Figure 6,
Supporting Video S3 and Supporting Video S4). Specifically,
Figure 6a and b show a mild decrease of PS-Pt motor speeds
as population density increased that is far from a 1/φ scaling,
and Figure 6c and d show that PS-Pt clusters grow slowly
with a negative second derivatives over time. Figure 6e
further illustrates how PS-Pt clusters are dynamic and
motile. All three observations are consistent with features of
self-electrophoretic rather than self-diffusiophoretic motors.

Figure 6. Applying the rules to distinguish the propulsion mechanisms of SiO2-TiO2 and PS-Pt motors. a) Normalized speeds of SiO2-TiO2 (blue
filled squares) and PS-Pt (red filled squares) motors at different population densities. Speeds data of SiO2-Ag (hollow circles) and TiO2-Pt motors
(hollow squares) from Figure 4a are also plotted here to represent self-diffusiophoretic motors and self-electrophoretic motors, respectively. All
speeds are normalized to the speed at their lowest population density (i.e. speed maxima). Error bars represent standard errors from each
independent measurement, and the samples (number of particles) increases as the population density. b) Second derivative of the cluster sizes of
SiO2-TiO2 and PS-Pt over time. The evolution of SiO2-Ag and TiO2-Pt clusters are plotted in grey for reference. c) Optical micrographs of the
clustering processes of PS-Pt motors. The bottom row is overlaid with colored cartoons to highlight the dynamics of three clusters. Experiments of
SiO2-TiO2 were carried out in aqueous solutions containing 5 wt% hydroquinone irradiated with UV light of 114 mWcm� 2, at a population density
of 11.9%. Experiments of PS-Pt were performed in 1 wt% H2O2, at a population density of 9.2%. Original data for (a) and (b) are shown in
Figure S7.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202116041 (7 of 11) © 2022 Wiley-VCH GmbH



We have also applied the same rules to SiO2-TiO2 Janus
micromotors, which are fabricated by evaporating TiO2 on
one side of SiO2 microspheres. They are known to self-
propel away from the TiO2 caps under UV irradiation via
photocatalysis.[41] Although self-diffusiophoresis has been
suspected to be its operating mechanism,[9a,41a,42] our results
in Figure 6 and Figure S7 clearly show that SiO2-TiO2

motors, like PS-Pt, are self-electrophoretic. The most popu-
lar speculation for a Pt motor to be self-electrophoretic is to
consider the uneven thickness of a Pt cap,[14a,b,17] but it is
difficult to imagine how the thickness variation of a TiO2

cap could alter its catalytic performance. However, a study
from Brook et al.[15a] has predicted the operation of self-
electrophoresis for a both a Pt- and a TiO2-coated Janus
colloidal motor without invoking the thickness argument,
and could thus reconcile with our observations. More efforts
are clearly needed to clarify the operating mechanism of a
SiO2-TiO2 motor, a topic that is rarely explored.

Reliability of the Six Model Systems

Uncertainties exist for the six motor systems used to
corroborate our rules, related to the details of their chemical
reactions and operating mechanisms. For example, a few
studies have revealed the possible (yet to a lesser degree)
presence of self-diffusiophoresis in the case of bimetallic
rods[43] or pumps[44] that are commonly considered to be self-
electrophoretic. Nevertheless, it is still generally agreed that
self-electrophoresis[8,15b,45] is the dominant mechanism for
TiO2-metal and bimetallic motors used in this article. On the
other hand, the mechanisms for SiO2-Au motors moving in
H2O2 and N2H4 and SiO2-Ag motors in H2O2, although
reasonably speculated to be ionic self-diffusiophoresis, have
not reached general consensus yet. Besides, the inevitable
catalytic decomposition of H2O2 on the surface of Au or Ag
could cause complications, yet this was not considered in
our models.

Despite these caveats, the speed data and clustering
dynamics of all six systems consistently show agreement
between the three within the same category and resonate
with the reasonable arguments based on ion sources/sinks,
lending credibility to the proposed rules.

Applicability of Our Rules to Atypical Autophoretic Motors

Throughout this article, we have defined self-electrophoretic
motors as those being both an ionic source and a sink, and
self-diffusiophoretic micromotors being only ionic sources.
These are the most typical cases in the literature, yet it is
theoretically possible to envision other possibilities. Below,
we describe how our rules can qualitatively predict the
dynamics of four atypical kinds of phoretic micromotors at
large populations and during clustering.

The first kind is a Janus micromotor that, on one side of
its body, consumes and releases two types of ions of the
same sign (Figure 7a–d). A possible example is an ion
exchange resin particle that takes in a metal ion and releases

protons on the same side of its Janus body, and thus moves
via self-diffusiophoresis. However, unlike a typical self-
diffusiophoretic motor, such an ion exchange resin motor
produces zero net flux of ions. Therefore, it behaves like a
self-electrophoretic motor in that its speed does not drop
sharply upon increasing the population density, nor does its
cluster grows continuously. This scenario has not been
tested, even though ion exchange resin microspheres have
been used in studies of active colloids.[16b,46]

A second kind of motor is a twist to a typical self-
diffusiophoresis motor, so that ions are consumed on one
side of its Janus body instead of being released (Figure 7e–
h). This motor is therefore an ion sink and reduces the local
and global ionic strength as it moves. Following our argu-
ments throughout this article, this unusual motor would
accelerate in a dense population without forming clusters,
completely opposite to a typical self-diffusiophoretic motor.
A possible example is a microparticle infused with an
organic base (such as amines). When suspended in dilute
HCl, H+ are constantly neutralized by the microparticle,
reducing the solution ionic strength.

The third kind is a Janus micromotor that produces one
pair of cation and anion on one side, and a different pair on
the other (Figure 7i–l). This motor is essentially composed
of two diffusiophoretic caps and moves in a direction
dictated by the pair of ions with the greater difference in
diffusivity. Interestingly, in the case that the self-generated
electric field points from one cap to the other, the electric
field and flow streamlines (Figure 7j,k) are very similar to
those surrounding a typical self-electrophoretic motor. An
example of such scenario is a CaCO3 microsphere half-
coated with AgCl. The AgCl cap releases H+ and Cl� , while
the exposed CaCO3 hemisphere releases Ca2+, HCO3� and
OH� . An electric field then points from the CaCO3 to the
AgCl cap similar to self-electrophoresis, but the produced
ions raise the solution ionic strength. This motor thus
follows our rules of self-diffusiophoretic motors for its
speeds and clustering. Note that a similar design principle
has been recently implemented in a communicating swarm
consisting of ZnO rods and ion-exchange microspheres.[16b]

The final kind (Figure 7m–p) is a variation of the third
kind, so that one pair of ions is consumed on one side of the
Janus motor, and a second pair is produced on the other
side. This motor operates via diffusiophoresis (the same as
the above case) yet produces zero net ion flux (opposite to
the above case). It therefore behaves like a self-electro-
phoretic motor and follows the corresponding rules. We are,
however, unable to devise a motor that behaves this way.

The unusual configurations and behaviors of the above
four types of hypothetical motors blur the boundaries
between self-diffusiophoresis and self-electrophoresis, and
challenge us to rethink how these two mechanisms are
related to each other. This is an interesting topic that
deserves further consideration.
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Broader Impacts of the Rules

Our proposed rules have far-reaching consequences in
clarifying the fundamental operations of chemical micro-
and nanomotors. For example, the standard methodology
for elucidating a chemical motor typically start from
unveiling the nature of the chemical reactions and the
identities of the chemical species, followed by an estimate of
the gradients, the driving forces, and ultimately the
propulsion mechanism. Our rules bypass these steps to work
this problem in reverse, by identifying the propulsion
mechanism first, which then hints at the chemical details.
Moreover, our rules are also critical for understanding and
designing chemical motors that communicate with each
other and form higher order assemblies,[10a] since each
mechanism would predict completely different distributions
of chemicals, electric fields and flows, and lead to qualita-
tively different behaviors (such as the different clustering
described above).

Our rules can also help gain fundamental insight into the
physics of enzymatic micro- and nanomotors.[47] For exam-
ple, two enzymes decorated on two ends of a conductive
colloid serve as the cathode and the anode, thus propelling

the motor via self-electrophoresis.[20,48] Later designs, how-
ever, typically functionalize a colloidal particle asymmetri-
cally with enzymes that convert a substrate into molecular
or ionic species.[49] They are assumed to be self-diffusiopho-
retic, but the mechanism is less well defined. Applying our
proposed rules (and testing in salts) should clarify the
uncertainty.

Conclusion

To conclude, we have presented two empirical rules for
experimentally distinguishing ionic self-diffusiophoretic and
self-electrophoretic motors that are both driven by electro-
kinetic flows: 1) the speed of a self-diffusiophoretic motor
scales inversely with its population density, while self-
electrophoretic motors maintain an almost constant speed
regardless of their population density (a mild speed decrease
is possible in reality), and 2) self-diffusiophoretic motors
form clusters with a growth rate that increases over time,
while self-electrophoretic motors form dynamic clusters with
limited sizes. Both rules originate from the fact that self-
diffusiophoretic motors are ion sources that continuously

Figure 7. Four types of atypical autophoretic motors (in the same order of their appearance in the main text). Panels a, e, i, and m are schematics
of their possible operation. Panels b, f, j, and n are simulated distributions of electrical potential (in colors) and electric fields (in arrows), while
panels c, g, k, and o are simulated flow speeds (in colors) and flow fields (in arrows). Panels d, h, l, and p qualitatively illustrate the expected
dependence of each motor’s speed on population density. The simulations for the bottom two types are for the special cases that produce electric
fields pointing from one cap to the other.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202116041 (9 of 11) © 2022 Wiley-VCH GmbH



increase the local and global ionic strength, thus slowing
motors down. On the contrary, self-electrophoretic motors
are both a source and a sink for ions, producing no net ions.
Applying these rules to SiO2-TiO2 and PS-Pt motors reveal
that they are powered by self-electrophoresis. The dynamics
of four types of unconventional phoretic motors can also be
predicted with our principles, even though they do not
necessarily adhere to a diffusiophoresis or electrophoresis
labeling.

This pair of rules is simple, powerful, and insensitive to
the specific material composition (metal, polymer or oxides),
shape (spheres or rods) or size (micrometer or nanomotor)
of a colloidal motor and does not require any measurement
beyond typical microscopy. They can be generically applied
to phoretic micromotors to understand their mechanisms,
including those powered by enzymes.
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