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Active colloids powered by self-generated gradients are influenced by nearby solid boundaries, leading
to their reorientation. In this study, the tilt angles (the angle between where an active colloid moves and
where it faces) were measured to be 13.3° and —33.9° for 5 um polystyrene microspheres half coated
with 10 nm Pt caps moving in 5% H,O, along the bottom and top glass wall, respectively, indicating that
the colloids moved with their PS (forward) caps tilted slightly toward the wall. The speeds and tilt angles
of Pt Janus colloids increased consistently with increasing H,O, concentration (0.5 to 10 v/v%) and Pt
cap thickness (5 to 50 nm). We propose that the tilt results from a balance between gravitational torque
(caused by the Pt cap’'s weight) and chemical activity-induced torque (from self-generated chemical
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gradients), qualitatively supported by finite element simulations based on self-electrophoresis. Our
findings are useful for understanding how chemically active colloids move in, and interact with, their
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Introduction

Chemically active colloids are particles that move directionally in
a self-generated chemical gradient arising from asymmetric sur-
face reactions."™ Fundamentally, chemically active colloids serve
as an effective model system for active matter,”” an emerging
field studying the collective behavior of self-propelled agents. On
an applied level, they are used as prototypical microrobots by
materials scientists and chemical engineers for applications ran-
ging from biomedicine to environmental remediation.®™*°
Whether used as a model for active matter or as a micro-
robot, a chemically active colloid typically moves along a solid
surface, most likely a bottom wall, since the colloid is heavier than
water and naturally settles. The presence of a solid boundary is
known to significantly affect the speed, orientation, or trajectories
of natural microswimmers.'*™* Likewise, it has been shown both
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experimentally and theoretically that such boundaries signifi-
cantly affect chemically active colloids, likely because of a
complex interplay between chemical gradients, electrostatics,
and hydrodynamics."*® One consequence of the wall effect is
the misalignment of the active colloid’s motion relative to its
orientation, resulting in a non-zero tilt angle (see definition
below). The presence of such a tilt has important consequences.
For example, in ref. 17 we showed that 2 pm polystyrene (PS)
microspheres half coated with platinum (Pt) moving in hydrogen
peroxide (H,0,) moved ~146% faster when their tilts were
rectified by alternating current (AC) electric or magnetic fields,
so that they faced in the direction of movement. In a more recent
study, we showed that the positive tilt angle is critical for a
photocatalytically powered titanium dioxide (TiO,)-Pt Janus
colloid to be attracted to a solid boundary."®

Despite the significant influence of the tilt of a chemically
active colloid on its dynamics near a wall, there is still a gap of
knowledge in its origin and magnitude. On the experimental
side, it has been sometimes reported that a chemically active
colloid (for example, a microsphere half-coated with Pt moving
in H,0,) moves with zero tilt, so that its Janus interface aligns
perpendicularly to a solid wall."”>*® Such an orientation is
also sometimes assumed in studies that do not specifically
focus on tilts.’>'° On the other hand, several theoretical studies
predicted based on diffusiophoresis that a chemically active
colloid could move with a non-zero tilt.**>* This was experi-
mentally confirmed in our own study of ref. 16 as well as a
recent study by Carrasco-Fadanelli and Buttinoni,>® yet the
exact angle of tilt was not available. Nor has there been any
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systematic, experimental study of how this tilt varies with
experimental parameters such as chemical activity and the
cap weight of a Janus colloid.

Using Pt-coated Janus fluorescent polystyrene (PS) or silicon
dioxide (SiO,) microspheres moving in H,O, as a model system,
this study measures their tilt angles when moving along the
bottom and top solid walls of an experimental chamber (some-
times referred to as the “floor” and ‘“ceiling”, see e.g., ref. 22).
In addition, we measure the change in their tilt angles when
H,0, concentrations (i.e., chemical activity) and Pt coating
thickness (i.e., cap weight or bottom heaviness) were system-
atically varied. We also provide a qualitative explanation for the
origin of the tilt and an estimate for its values using finite
element simulations based on self-electrophoresis. This study
advances the understanding and control of a chemically active
colloid moving near solid boundaries, as well as in more
complex environments, including liquid-liquid and liquid-air
interfaces, obstacle-laden spaces, and dense populations.

Experimental
Materials and instruments

Hydrogen peroxide (H,0,, 30 wt%) was purchased from Alfa Aesar.
Ethanol (CH3;CH,OH, 99.5%) and isopropyl alcohol (C;HgO,
99.5%) were purchased from Aladdin, China. All chemicals
were used without further purification. Fluorescent silica (SiO,)
microspheres were purchased from Tianjin Baseline Chromtech
Research Center, China. Fluorescent polystyrene (PS) microspheres
were procured from Shanghai Huge Biotechnology Co., Ltd of
China. Glass cover slips coated with 200 + 50 nm indium-tin oxide
(ITO, custom-ordered) were subjected to 30-minute ultrasonic
cleaning in ethanol and then isopropanol, followed by drying with
nitrogen gas (N,). Subsequently, they were subjected to 30-minute
ultrasonic cleaning in deionized water (18.2 MQ cm) and dried
with N,. The dried ITO were then stored in a dry glass container for
future use. Green LED (THORLABS, M530L4) was used as to excite
fluorescent light. A Leica EM ACE600 sputter coater was used to
deposit platinum onto microspheres. A field-emission scanning
electron microscope (FESEM; Zeiss SUPRA 55) was used for
imaging. For the magnetic field experiment, a hand-held magnet
was positioned near the experimental chamber.

Preparation of Janus microspheres

To make Janus microspheres, isotropic microspheres were sus-
pended in 20 pL of ethanol and dispersed using ultrasound.
Subsequently, the suspensions were deposited onto a small piece
of clean silicon wafer to form monolayers. Janus active colloids,
including SiO,-Pt and PS-Pt were made by sputtering a layer of
Pt of various thickness onto one side of the microsphere mono-
layers in a chamber prefilled with argon, at a vacuum level of
6.77 x 1072 Torr with a high vacuum sputter coater (Leica EM
ACE600). Following ref. 24, 5 um PS-Ni-Pt Janus microspheres
were made by evaporating a 15 nm Ni layer before sputtering Pt.
The resulting Janus microspheres were dispersed in deionized
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water after sonication. Typical morphologies of the prepared
Janus particles are shown in Fig. S1 (ESI¥).

Experimental setup for observing and electrically manipulating
Janus active colloids

The schematic of the experimental setup is shown in Fig. S2
(ESIt). The experimental chamber for AC experiments was con-
structed by stacking together 2 pieces of ITOs (10 to 15 Q cm™?),
with the ITO sides facing each other. A silicone spacer ~400 pm
thick (custom-ordered, Gracebio) was placed in between. A wave
function generator (Keysight 33500B) was connected to both ITO
slides with copper tapes, and sinusoidal waves of 10 V (peak to
peak) and 1 MHz were applied. The 10 pL suspension of
fluorescent Janus particles and 10 pL H,0, with different con-
centrations of 1%, 2%, 5%, 10%, 20% were pipetted into the
homemade chamber before the observation, to reach a final
H,0, concentrations of 0.5%, 1%, 2.5%, 5%, and 10%.

Data collection and analysis

An Olympus IX73 inverted fluorescence microscope and a Point
Gray camera (GS3-U3-51S5C-C, Point Grey) were used for the
microscopy and recording at 20 frames per second. The videos
were processed and analyzed by MATLAB to yield the x-y
coordinates of each colloid and their 2D instantaneous speeds.
The 3D trajectories of the active colloids, especially their
instantaneous positions along the z-axis, were obtained using
the defocus-based algorithm (DefocusTracker) described in ref.
25. Additionally, MATLAB codes were developed to extract the
fluorescence brightness of the particles for the subsequent
calculation of the tilt angles.

The tilt angle (0) of the fluorescent Janus active colloid was
calculated from the brightness of the fluorescent micrographs
(see Fig. S3 for schematic, ESIt). To elaborate, active colloids
moving with different 0 show distinct moon phases in the
fluorescent micrographs. According to the literature,>® 6 can
be calculated approximately

A
B= E(l + cos0)

where A is the fluorescence intensity of a Janus active colloid
when 0 is 90° (ie., the colloid is completely bright in the
fluorescent micrograph, Fig. S3(i), ESIt), and B is the fluores-
cence intensity of a Janus active colloid with 0 being studied
(Fig. S3(ii), ESIT). In practice, the value A is hard to directly
acquire from a fluorescence image, because a moving Janus
active colloid is rarely completely bright. From previous
studies,”” we know that under an AC electric field, the Janus
active colloid rectifies its tilt to minimize electrical energy. We
therefore assumed that 6 = 0° (corresponding to a half-moon
phase) when an AC electric field is applied and doubled the
intensity value obtained in this case to obtain A (Fig. S3(iii),
ESIT). See the main text for the details of the AC electric field.

Numerical simulations

To elucidate the factors influencing the tilt angle of motors at
the boundary, we utilize a 2D numerical model that solves the

This journal is © The Royal Society of Chemistry 2025
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Poisson-Nernst-Planck-Stokes equations.?®*”** This steady-state
model operates under conditions of low Péclet and Reynolds
numbers. The ion concentration fields are described by the
Nernst-Planck equation: V-J; = 0 and J; = —D;V¢; — z;Fvie,V ¢,
where J; represents the ion flux, D; the diffusivity, v; the mobility,
z; the valence, F the Faraday’s constant, ¢ the electrostatic
potential, and the subscript i indicates the ion species. The
electrostatic potential is linked to the local free charge density
through the Poisson equation: —eV2¢ = F Y z;c;, where ¢ is the
permittivity of the liquid. Fluid dynamics are governed by the
Stokes equations: —Vp + nV*u — p.V¢ = 0 and V-u = 0, where p
is the pressure and u is the fluid velocity.

The model is driven by chemical reactions occurring on the
motor surface. We impose a proton flux (—J) perpendicular to
the boundary, directed inward near the poles of the Pt shell,
while at the equator, the proton flux is directed outward. On the
inert surface, the proton flux is zero, and the total proton flux
across the entire motor surface is balanced to zero; other ion
fluxes are also set to zero. At the particle surface, we apply the
no-slip condition for fluid velocity and specify the local surface
potential as ¢ = {;;. On the wall, chemical fluxes are zero, the
electrostatic potential is set to ¢ = {,, and the no-slip condition
is enforced. At the outer boundaries of the computational
domain, we set the potential and flow velocity to zero, and
the ion concentrations to their bulk values, ¢; = cpyix,-

We employ a finite-element method to solve the model.
From the solutions of the physical fields, the electrostatic and
hydrodynamic forces and torques acting on the motor are
computed using the Maxwell stress tensor ¢ and the hydro-
dynamic stress tensor oy. The total force and torque on the
motor, Fy, and Ty, are determined by combining these results
with external force and torque arising from gravity. An iterative
procedure is designed to identify the equilibrium state para-
meters of the forces acting on the motor at the boundary by
adjusting V, 0, and % to minimize the magnitudes of the total
force |Fio¢| and torque |Tyo|. The procedure terminates when
|Fiot] and |Tyot| fall below a predefined threshold. For further
details on the model, please refer to the ESI.

Results

Chemically active colloids were prepared by half-coating 5 pm
PS or 2 um SiO, fluorescent microspheres with a thin layer of Pt
(thickness varied from 5 to 200 nm, see below) by vacuum
sputtering. See Fig. S1 (ESIt) for the scanning electron micro-
graphs and elemental mapping of the prepared Janus micro-
spheres. In a typical experiment, a dilute suspension (2D
packing fraction ¢ = 0.06%) of 10 nm Pt Janus colloids in 5 v/
v% H,0, was placed on the surface of a pre-cleaned, hydro-
philic glass slide and sealed at the sides and top to form an
experimental chamber of 400 pm in height. See Fig. S2 (ESIt)
for a schematic of the experimental setup. Due to gravity, these
colloids sedimented to the bottom of the chamber and onto the
surface of the glass slide (ie., the “bottom wall” of the
experimental chamber), where they self-propelled toward the
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uncoated cap by the catalytic decomposition of H,0, into water
and O, on the Pt cap.®® Results from PS-Pt colloids will be
described in detail in the following, while the results from
SiO,-Pt colloids were qualitatively the same and can be found
in the ESIt (Fig. S9 and Video S6).

Our key observation is that both the PS-Pt and SiO,-Pt
colloids moved near a solid wall with a non-zero tilt angle (0),
also known as the polar angle."" The tilt angle 0 is defined in
this work as the angle, measured clockwise, between the
horizontal axis on the wall and the line connecting the centers
of the two caps of the Janus colloid (see Fig. 1a for a schematic).
Following this definition, a positive 0 along the bottom wall
means that the Pt Janus colloid moves with its uncoated/
unreactive PS or SiO, cap tilted toward the wall, and that a
negative 0 means that the uncoated cap tilts away from the wall.
The cases are opposite for colloids moving along the top walls,
i.e., negative 0 corresponds to heads tilting toward the wall.
Note that other definitions of 0 have been used in the literature,
for example setting 6 = 0 for a Janus sphere that points its Pt cap
straight away from the wall**"**2%37 (corresponding to 0 = 90° in
our definition), but this difference in definition does not affect
our conclusions.

To quantify 0, one naturally turns to the partially transpar-
ent image obtained under optical microscopy, since the Pt cap
blocks the transmitted light for a Janus colloid. However, it was
difficult to distinguish the case of positive or negative 6 with
bright field transmission microscopy because the Pt cap would
block the same amount of light and the micrographs would be
indistinguishable in both cases (see Fig. S4 for schematic,
ESIT). An example is given in Fig. S5 (ESIt), where the tilt
angles were the same for two Janus magnetic colloids orien-
tated differently with magnetic fields. To solve this issue, we
used fluorescent PS or SiO, microspheres so that a “head
down” colloid (i.e., positive 0, its uncoated cap pointing toward
the wall) would be bright for most of its circular projection
when observed from below (Fig. 1b-ii, known as “gibbous” in
the terminology of the moon phase). On the other hand, a
“head up” colloid (negative 0, with the uncoated cap pointing
away from the wall) would be partially illuminated only at the
edge of the sphere (i.e., crescent in the moon phase) when
observed from the below. The value of 0 can then be calculated
from the fluorescence intensity of the moon phases (see
Methods for calculation details). This technique of inferring
the orientation of a Janus, fluorescent microsphere from its
moon phase has been reported before (e.g., ref. 38 and 39). It
has also been used in a few experimental studies of chemically
active colloids,™*8234%41 byt tilt angles were not examined
carefully or reported in these references.

In addition to the use of moon phases, for more accurate
identification and calculation of 0, an alternating current (AC)
electric field was applied across the thickness of the experi-
mental chamber (see Fig. S2 for a schematic of the setup, ESIT).
The electric field forced the half-dielectric, half-metallic colloid
to orient with its Janus interface parallel with the electric field
lines (and thus perpendicular to the wall) in order to minimize
the electrical energy.”” We set 0 = 0° in such case as the
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Fig. 1 Quantifying the tilt angles (0) of Pt Janus active colloids moving along a glass bottom wall. (a) Schematic of the system, where the Pt cap on a
fluorescent polystyrene (PS) microsphere catalytically convert H,O, into water and O,. The Janus sphere thus self-propels at a speed V along a glass
bottom wall with a tilt angle 0 defined according to the scheme. (b) Cartoon schematic (top row, side view) and the corresponding fluorescent
micrographs (bottom row, bottom view) of a 10 nm Pt-coated PS microsphere initially settled to the bottom (i), activated by the addition of 5% H,O» i),
and in the presence (iii) or absence (iv) of a1 M Hz AC electric field. See Videos S1 and S2 (ESI}). (c) and (d) The instantaneous 6 of one 5 um Pt—PS in 5%
H,0, along the bottom wall in the absence (c) or in the presence (d) of intermittent AC electric fields. Arrows connect the bottom-view fluorescent
micrograph in (b) to the corresponding time stamps in (d). (e) Probability distributions of 6 of one 5 pm Pt—PS in 5% H,O, along the bottom wall over
the course of ~10 seconds. (f) Probability distributions of the time-averaged 0 ((0),) of 100 5 pm Pt—PS in 5% H,O,, each averaged over ~5 seconds.

The average and standard deviations of the data in (c), (e) and (f) are 15.1° + 3.0°, 13.7° + 1.9° and 13.3° & 3.6°, respectively.

reference, and ignore the slight deviations that arises from the
torque by gravity.*> A similar strategy was used in ref. 42 to find
the reference values of the fluorescence intensities of different
moon phases of Janus particles, using a magnetic field instead
of an electric field.

Using a combination of fluorescent particles and AC electric
fields, we found that 0 = —90° for a PS-Pt colloid sedimented to
the bottom wall of the experimental chamber in the absence of
H,0, (Fig. 1b-i). In other words, the Pt cap pointed completely
towards the wall, because the Pt cap was much heavier (density =
21.45 g cm™?) than the PS cap (density 1.05 g cm™®) and water.
However, when 5% H,0, was added, the PS-Pt colloid reoriented
(over a period of ~3 s, see Fig. S6 and Video S2, ESIt) so that its
Pt cap flipped upward. As an example, Fig. 1c shows such a PS-Pt
colloid move along the bottom wall at a speed of 3.8 =+

3518 | Soft Matter, 2025, 21, 3515-3526

0.68 um s ', with its PS cap slightly tilted downward at an

average 0 = 14.6° + 3.8° (the + corresponds to the standard
deviation over 8 s). However, its tilt was rapidly (in less 1 s)
rectified (0 = 0°), and the motor speed increased to 6.5 =+
0.5 um s~ !, upon the application of a sinusoidal AC electric
field of 1 MHz and a time averaged electric field strength of
17.7 V. mm ' (ie., 10 V,, across a solution of 400 pm in
thickness). When the AC field was turned off, the colloid gradually
returned over a few seconds to 0 values fluctuating by about ~15°
with propulsion speeds around 4.0 pm s '. This process was
repeated several times in Fig. 1d to show that the tilting of a PS-Pt
colloid was highly reproducible. Finally, Fig. 1e and f show the
distributions for the 0 of one particular PS-Pt colloid over a period
of operation (Fig. 1le), or for the time averaged 0 ((0),) of a
population of PS-Pt colloids (Fig. 1f). These variations in 6 are

This journal is © The Royal Society of Chemistry 2025
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possibly due to thermal noise, or the intrinsic inhomogeneity in
the shape, size and coating of different PS-Pt colloids. Unless
otherwise specified, all the 6 values reported below are (6), for a
population.

We show in Fig. S7 (ESIt) that such AC fields moved the PS—
Pt colloids at ~1 um s~ " toward the Pt cap as typically found in
the literature,"” but all the values of colloidal speeds reported in
this study were measured when AC fields were turned off to
eliminate the AC-induced propulsion. Also note that immotile
PS-Pt colloids of 6 ~ —90° because of H,0, depletion resumed
their tilt angles of 10-15° when H,0, was replenished.

In addition to the bottom wall, a PS-Pt or SiO,-Pt colloid is
also able to move against gravity and along the top wall of an
experimental chamber (Video S3, ESIT). On the top wall, they
move with a 0 that was non-zero but different from that on the
bottom wall. To elaborate, experiments were performed with
the same 5 um PS-Pt Janus colloids in 5% H,0,, in the same
experimental chamber, as described above. The PS-Pt colloids
were made to move on the top wall in one of two ways. Because
the Pt cap was heavier, some Janus colloids spontaneously
lifted off the bottom when H,0, was added (or upon

View Article Online
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perturbations), moved through the bulk liquid against gravity,
and reached the top wall along which they continued to move.
Similar observations have been reported previously,>* except
that SiO,-Pt colloids were able to move along the top wall
(“ceiling”) in our experiments, while ref. 22 reported that they
could not. Alternatively, the experimental chamber could be
flipped so that those originally moving along the bottom wall
were at the top after flipping. These active colloids would not
disengage from the top because of an activity-induced attrac-
tion between the colloid and the wall that counteracted gravity.
The details of this wall-induced attraction are given in a recent
study of ours,"® but are not relevant to the current study.
Along the top wall, PS-Pt colloids moved at a tilt angle (0;op)
of ~—33.9° + 4.8° (£ represents the standard deviation of
~100 colloids), suggesting that they also moved with their PS
caps toward the wall (Fig. 2g and Fig. S8, ESIf). The PS-Pt
colloids moved against gravity and through the bulk liquid at a
speed of 5.9 + 1.8 um s ' (£ corresponds to the standard
deviation over 4 s of one same PS-Pt colloids). After correcting
for the downward sedimentation velocity due to gravity (esti-
mated to be 2.7 um s, see the caption of Fig. 2 for details), the

(a) at bottom (d) in bulk (9) at ceiling
. Ve g RNNglassNNNN
slight YL
v perturbation reach ceiling 6<0
e = o -— v
0>0
1 lg 6<0
| v qlass”/
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Fig. 2 The speeds and tilt angles (0) of 5 um Pt Janus active colloids (10 nm Pt coating) when swimming near the bottom wall (a)—(c), in the bulk liquid
(d)=(f) and near the top wall (g)—(i). Instantaneous values of one representative active colloid are given in (b)-(i). The average and standard deviations are
56 +£1.0um s (b), 10.8 +1.0°(c), 8.6 + 1.8 um s~ (e), —87.3 + 7.8° (f), 4.1 + 0.7 um s~ (h), —33.9 & 1.2° (). The upward speeds in (e) was obtained by
summing the experimentally measured upward colloidal speed V with its theoretical sedimentation speed V; = 2(p, — pw)azg/9n, where p, and p,, is the
density of the Janus particle and water respectively, a is the particle radius, g is 9.8 m?s™%, and y is the viscosity of water at 298 K. The 3D trajectory of the
active colloid was obtained using the defocus-based algorithm (DefocusTracker).?> Note that the 6 values in (f) and (i) are negative according to our
definition for a Janus colloid tilted to the ceiling.
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effective self-propulsion speed in the bulk was 8.6 + 1.8 um s,
higher than the speed along the bottom wall (5.6 + 1.0 um s )
and that along the top wall (4.1 £+ 0.7 um s~ %). One intuitive
explanation for such speed differences between different swimming
environments is the difference in their tilt angles: the propulsive
force of an active colloid swimming in the bulk against gravity
was almost entirely aligned with its swimming direction, but
only a fraction of the propulsive force contributed to the motion
when it moved along the bottom or top wall because of a non-
zero tilt. The more the propulsive force deviated from its swim-
ming direction, the slower a PS-Pt colloid moved, an effect we
called “tilt-induced retardation” in ref. 17. Note that although
the data above and in ref. 17 suggest that a larger tilt is correlated
with a smaller propulsion speed, the causal relationship is not
clear, given the complex interplay among the electrical fields,
chemical gradients and hydrodynamics at the boundary.'® Also
note that our results are different from ref. 23, which showed
that Pt coated active colloids moved at approximately the same
speeds regardless of whether near a bottom or a top wall.

We also discovered that 0 along the bottom wall was
sensitive to the H,0, concentration (Fig. 3a and b) and the
thickness of the Pt cap (Fig. 3¢ and d) of a PS-Pt colloid. The
data in Fig. 3a show that 5 um PS-Pt colloids of 10 nm Pt cap
moved along the bottom wall progressively faster from 1.8 £ 0.8
to 5.7 £ 1.3 um s~ when the H,0, concentration was increased

05% 1% 2.5% 5% 10%
v
00— 0 O O ©
o Lz

X
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i@%ééé
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from 0.5% to 10%. At the same time, Fig. 3b shows that 0
increased from 5.2 + 1.6° to 15.2 + 3.6° upon increasing H,0,
concentrations (also see in Video S4, ESIt), indicating that PS-
Pt colloids that were more chemically active moved with their
PS heads more tilted toward the wall. As discussed above, a
larger tilt slows down the PS-Pt colloid possibly because the
propulsive force is less aligned with its direction of motion.
The competition between these two factors — on the one hand,
higher chemical activity provides a stronger propulsive force,
but on the other hand, it tilts the colloid further toward the
wall, so that less of the propulsive force points along the wall -
could qualitatively explain why the speeds of PS-Pt colloids
saturate at high H,O, concentrations shown in Fig. 3a.
A similar saturation of propulsion speed has been reported
for chemically powered phoretic active colloids,**™** and could
potentially be explained by the above competition.

The effect of Pt thickness on the speed and tilt of a 5 pm PS-
Pt colloid in 5 v/v% H,0, is examined in Fig. 3c and d. Our
measurements show that a PS-Pt colloid coated with a thicker
Pt cap moves faster and at a larger 0 (its head tilted progres-
sively more toward the wall): a PS colloid coated with 50 nm Pt
moved at 6.8 = 1.4 pm s~ * and at a 6 of 39.0 £ 8.7°, whereas one
coated with 5 nm Pt moved at 3.5 & 0.9 um s~ * and at a 0 of
5.9 + 2.0° (also see Video S5, ESIf). The counterintuitive
observation that a PS colloid with a thicker and heavier Pt

(c)

o
, éé
| & B
X
5 10 20 50 100 200

0O 0O © © & o

501

é@%

5 10 20 50 100 200
Pt cap thickness (nm)

Fig. 3 The self-propulsion speeds and tilt angles (0) of 5 um PS—Pt Janus colloids moving along the bottom wall in different H,O, concentrations (a) and
(b) and for colloids of different Pt cap thickness (c) and (d). The dot and the horizontal line inside a box plot are the mean and the median, while the top
and bottom edge of the box are the first and third quartiles of the data. Side-view cartoons of the corresponding tilting conditions of the Janus colloids
are given for illustrative purposes. The red Xs in (c) and (d) for the case of a 100 nm Pt cap are because the colloid does not self-propel along the bottom
wall. See the main text for details. Note that the y axis in (d) is broken below 0 to accommodate the large negative value for the case of 200 nm Pt cap.

Representative data are shown in Videos S4 and S5 (ESIT).
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cap moved at a larger 0 (i.e. heavier metal caps tilted further away
from the wall) than one with a thinner Pt coating suggests the
competition of two effects. On the one hand, a thicker and thus
heavier Pt cap intuitively rotates the PS cap of a PS-Pt colloid
away from the bottom wall by gravity (i.e., decreases 6). On the
other hand, a thicker Pt is likely more catalytically active for the
decomposition of H,0,, as an earlier measurement suggests.*® A
more catalytically active Pt cap then possibly increase 0 in the
same way as increasing the H,0, concentrations. Therefore, the
0 at a steady state is determined by the competition of these two
contributions—a thicker Pt cap decreases 0 because it is heavier
but increases 0 because it is more catalytically active. The result
in Fig. 3c and d could be rationalized by the explanation that the
contribution of the Pt coating to the chemical activity dominates
that of gravity, but a quantitative, mechanistic understanding is
lacking at this moment.

We note two interesting observations in Fig. 3¢ and d by
further increasing the thickness of the Pt coating. First, PS-Pt
colloids coated with 100 nm Pt could not stably move along the
bottom. Instead, most of them had their Pt caps pointing
downwards to the bottom wall (ie. 0 close to —90°), and
therefore spontaneously moved upward against gravity upon
even minor disturbances such as a slight touch on the experi-
mental chamber. Further increasing the Pt coating thickness to
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200 nm, however, re-enabled the Janus colloid to move slowly
along the bottom wall at 3.8 & 1.4 um s~ ' with its PS side
pointing away from the wall at a 0 of —77 £ 3.7°. This is
possibly because a PS-Pt colloid of 200 nm Pt is too heavy to
easily move upward. Currently, we do not fully understand the
dynamics of PS-Pt colloids of 100 or 200 nm Pt caps, except to
note that earlier studies have suggested the role of surface
morphology and the distribution of activity sites on the speeds
of Pt Janus active colloids,*”*® which could become important
for thicker Pt caps. The “lift-off” of heavy-bottom PS-Pt col-
loids, or their unique sliding states with a negative 0 along the
bottom wall, has been theoretically studied in earlier studies®®
and will be the subject of a future study.

The tilting of the PS-Pt colloids moving in H,0, along the
bottom or the top solid wall can be qualitatively understood by
a balance between the gravitational torque (7) from the heavy
Pt cap, and the torque (T,) arising from the activity of the
colloid that tilts it in the opposite direction. A numerical
simulation was performed to provide qualitative support to
this proposed mechanism. Following ref. 46, our numerical
model assumed that PS-Pt moved via self-electrophoresis,
with the pole and equator of the Pt cap being the cathode
and anode of the electrochemical decomposition of H,O,
(Fig. 4a), respectively, ie.:

b
(b) 61a -0- J=2x10° molim’/s | g
E4 E
= —_
X X
Z 2 pd
(o3 (o1
0] o
24
0 5 10 15
8(°)
d
( )16- 16
121 12
> — @0
&5 B 8 E
4 s =
0 L0
0 1 2 3 4
T (pPN-pm)

Fig. 4 Understanding the origin of tilts. (a) Calculated activity-induced torque (Ta) of a Pt—PS colloid near the bottom wall at various ionic fluxes (J) on
the Pt cap. Inset: Schematic of the gravitational torque (Tg) and the T, acting on the Janus microsphere. Ty is larger near the bottom because of the
strong confinement. See main text for details. (b) Calculated T (left) and Tg (right, corresponding to the horizontal solid line) for Janus microspheres fixed
at various 0, for two flux values. The steady-state 0 is determined for each flux when T, equals Tg. Inset: Zoomed-in view of the intersections between the
results of Thand Tg. Note how a larger flux leads to a larger 0. See Fig. S13 (ESIT) for more details. (c) and (d) Calculated steady-state 0 (left, orange circles)
and colloidal speeds V (right, black diamonds) at various fluxes J ((c), corresponding to H,O, concentrations) and T ((d), corresponding to the Pt cap
thickness).
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Cathode (pole):

H,0, + 2H" + 2¢~ — 2H,0

Anode (equator):

H,0, —» 2H" + O, + 2e~

Overall:

2H,0, — 2H,0 + O,

The proton gradient across the Pt cap establishes a local
electric field that points from the equator to the pole, and
generates an electroosmotic slip velocity on the negatively
charged colloidal surface, which powers the active colloid
into autonomous motion away from the Pt cap. We note that
although there has been growing experimental evidence for the
operation of self-electrophoresis outlined above for a Pt-Janus
colloid in H,0,,*® a conclusive proof is not available yet.
Nevertheless, this mechanism is assumed in our models.

In addition to leading to directional propulsion, and more
pertinent to the current discussion of tilt angles, the electro-
osmotic slip flows on the surface of the Pt cap also generate a
torque (Ta, where A stands for “activity”) on the colloid due to
the non-slip boundary conditions for the flow. Let us use the
case near the bottom wall as an example, while the case near
the top wall is qualitatively the same. When viewed from the
side and for a PS-Pt that faces the right (Fig. 4a), the electro-
osmotic torque from below turns it clockwise and the torque
from above turns it counter-clockwise. In the absence of a
boundary, these torques cancel and T, = 0. However, in the
presence of a nearby solid bottom wall, the shear flow and
therefore T, is stronger at the bottom, confined side of the
colloid than the top side farther from the wall (see Fig. S13 for
more details, ESIt). This asymmetric torque then tilts the
colloid moving at the bottom wall into a positive 0. As the Pt
cap (especially the equator) tilts away from the wall, however,
the electroosmotic flow on the bottom of the colloid becomes
less confined and the total T, smaller, until finally T, is
balanced by T at a particular 6 (i.e., the steady-state ).

To calculate T, T and ultimately the steady-state tilt angle 0
where T, and T balances each other, the chemical, electrical
and flow fields of a PS-Pt Janus colloid moving above a solid,
nonslip, charged surface were simulated using a finite element
method (COMSOL version 5.6), by solving for Poisson-Nernst-
Planck-Stokes equations in 2D.*® The Janus sphere was fixed in
space and its tilt angle was allowed to vary between different
calculations. The T, acting on the PS-Pt colloid was computed
via Maxwell o and the hydrodynamic oy stress tenors and
integrated over the colloidal surface. This calculation of T, was
repeated for multiple 6, until the steady-state 6 that generated
the T, that most closely matched Tg (so that T, + Tg = 0) was
found. See Fig. 4b for details of this search strategy, where the
steady-state 0 is where the two lines intersect. Details of our
models are given in the ESI,T including governing equations,
boundary conditions, parameters used for calculation,

3522 | Soft Matter, 2025, 21, 3515-3526

View Article Online

Soft Matter

meshing, tests for model accuracy, and simulation results of
various physical and chemical fields.

Using experimentally relevant parameters (see Table S1,
ESIY), our numerical models predicted 0 values of a few degrees
for 5 pm PS-Pt colloids moving in H,O, along the bottom wall
(Fig. 4c and d), in qualitative agreement with the experimental
values reported above. Moreover, our models predicted that PS-Pt
active colloids would tilt further toward the wall at higher surface
ionic fluxes (i.e., in more concentrated H,O, solutions, see Fig. 4c),
consistent with the experimental observations in Fig. 3a. A quali-
tative explanation is that, as the flux (H,O, concentration)
increases, so does the magnitude of the surface electroosmotic
flow, which consequently increases T,. As a result, the increased T,
now balance T at a new, larger 0 (see Fig. 4b for a detailed example
of how increased fluxes lead to a larger steady-state 0).

Our models made the interesting, counterintuitive predic-
tions that the colloidal speeds peaked at an intermediate
chemical flux of ~3 x 107°> mol m 2 s~ *. This peak in speeds
could be due to a competition of two effects from increasing
the flux. On the one hand it provides more propulsion force so
that the speed increases. One the other hand, it pulls the colloid
closer to the bottom wall'® and increases the activity-induced
torque (7,) so that 0 increases, both decreasing the propulsion
speed. Such a competition could explain the scattered report in
the literature of similar counterintuitive decrease in propulsion
speeds of chemically powered active colloids at high fuel
concentrations.***® Even though the PS-Pt colloids in our
experiments did not move more slowly at higher concentrations
of H,0,, the rate of increase in speeds indeed slowed at H,O,
concentrations up to 10% (Fig. 3a). Moreover, we indeed occa-
sionally observe that they moved more slowly at higher H,0,
concentrations, but such observations were poorly reproducible.

Our models also predicted that the tilt angle would mono-
tonically decrease for Pt-Janus colloids with larger gravitational
torques (i.e., heavier Pt caps, see Fig. 4d). A qualitative explanation
is that, increasing the Pt cap while assuming constant surface flux
raises the T values (effectively raising the black line in Fig. 4b), so
that T, and T are now balanced at a smaller . This prediction of
smaller 0 for heavier Pt caps was, however, contrary to our
experimental observations in Fig. 3d that showed higher 0 for
thicker Pt caps. This discrepancy can be attributed to the model’s
assumption that the surface flux was the same for metal caps of
different thicknesses, yet, as we suggested earlier, the surface
chemical flux likely varies in reality and potentially even non-
linearly over Pt thickness. In addition, the coverage of the Pt cap
could change at different cap thickness. For example, Fig. S14
(ESIT) shows preliminary simulation results that increasing the
chemical flux and the area of the Pt coverage could lead to larger,
instead of smaller, 0 values for a thicker Pt cap. However, the lack
of the exact information of how the flux or the Pt coverage varies
over Pt thickness prevented us from making solid conclusions.

Discussion and conclusions

Taking advantage of fluorescent microspheres and AC electric
fields, we measured the tilt angle - defined as the angle
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between the wall and the line connecting the two caps of the
colloid - of PS-Pt and SiO,-Pt Janus colloids moving in H,0,
along a solid wall. Typical values of the tilt angle were 13.3° or
—33.9° for 5 pm PS microspheres half-coated with 10 nm Pt
moving in 5% H,0, along a bottom or top glass wall, respec-
tively, indicating that these colloids moved with their PS caps
tilted toward the wall. For PS-Pt colloids moving in the bulk,
near the top and the bottom wall, we found that |{Opun)| >
|<9t0p>| > |<9bottom>|y and <Vbu1k> > <Vbott0m> > <Vt0p> for the tilt
angles and the self-propulsion speeds, respectively. The tilt
angles and propulsion speeds of PS-Pt colloids at the bottom
wall increased with higher concentrations of H,O, and, less
intuitively, with thicker Pt caps. A finite element simulation based
on self-electrophoresis offers a possible explanation for the tilt: it
results from a balance between the torque due to gravity and the
combined torque due to electrostatics and hydrodynamics that
arise from the self-generated chemical gradients. Notably, our 2D
model is based on colloidal electrokinetics and calculated the
torques by solving for the full electrical double layers, which
distinguishes it from earlier studies that have examined the tilt
angles of similar active colloids and even proposed theoretical
explanations (see below).

Although only one type of active colloids is studied here (i.e.
those half-coated with Pt and moving in H,0,), we speculate that
other types of chemically powered, autophoretic colloids could
also move along a boundary with a non-zero tilt, such as those
half-coated with Ag,>° PtO,”" TiO,,>> or those containing two
chemically active caps such as Au-Pt microrods* and
microspheres® in H,0,, or TiO,-Pt Janus microspheres under UV
light.*® However, whether they move with a tilt or how large the tilt
is could depend sensitively on the distributions of chemical
activity on the colloidal surface, the magnitude of the surface
chemical fluxes, and particle properties such as shapes,”>>* sizes,
surface chemistry,” and surface roughness.’®>® Moreover, the
material properties of the wall, such as its wettability, surface
charges, or roughness, could also significantly affect the tilt angles
of nearby active colloids, in a similar way to how they affect the
colloidal speeds.""” This is a likely source of the mixed reports of
zero and non-zero tilts in the literature.

From the experimental point view, this uncertainty can be
clarified by measuring the tilt angle of a fluorescent particle,
possibly aided by an AC electric field or magnetic fields, as we
did in the current study or in ref. 42. However, we do note that
the acquisition of fluorescent micrographs of high quality and
sharp contrast, and a reference image based on which the moon
phase is calculated, is critical to extracting correct tilt angles, yet
non-trivial and prone to errors. An additional experimental
challenge is that many types of active colloids cannot be made
from fluorescent polymer or SiO, beads, and therefore require a
different technique to measure their tilt angles.

Our numerical models for explaining the tilts are limited in
the following aspects. First, due to computational costs, parti-
cularly an extremely fine meshing at the boundary layer, our
numerical models are in 2D, and we expect a 3D model to be
different in the distribution of chemical concentrations, the
structure of the electrical double layers, and the details of the
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hydrodynamics. These differences could lead to a smaller
hydrodynamic torque in a 3D model where part of the sphere
is farther from the wall than a 2D model. Second, our current
model requires a Pt coverage of >50% on the colloidal surface
for it to slide stably on both the top and the bottom wall. Our
experimental observations, however, were not bound by this
requirement. Third, our model assumes the active colloid is
powered by self-electrophoresis and that the equator and the
pole of the Pt cap is the anode and the cathode, respectively.
These assumptions are based on previously studies and
reasonable,*®*"*®% but have not been experimentally con-
firmed. Finally, the predicted values of 0, and how it changes
over chemical fluxes or cap weight, does not quantitatively
match experimental results. One possible source of these
discrepancies could be the high sensitivity of the simulation
result to the height of the colloid, which was challenging to
determine accurately. The other source could be the assump-
tion of constant chemical flux and Pt coverage for Pt caps of
different thickness. Despite these limitations, the order-of-
magnitude agreement between the predicted and measured 6
values qualitatively suggests that the PS-Pt active colloid’s
tilting behavior near a solid wall can be explained by self-
electrophoresis and its electrostatic and hydrodynamic interac-
tions with the boundary.

Two earlier studies of the orientation of chemically powered
active colloids near a solid wall are worth comparing with the
current study. First, a model similar to ours was proposed in ref.
22 to explain the tilt of a chemically active, Janus colloids moving
near solid walls. It assumed neutral self-diffusiophoresis for the
active colloids, and solved for the torques from chemical activity,
hydrodynamics, and gravity, which combine to determine the
steady state 0. This study also predicted that an active colloid
that release solutes from one side, such as PS-Pt, could stably
slide along both the top and bottom walls, with their unreactive
caps tilted toward the wall. These conclusions are qualitatively
consistent with our experimental data and our numerical simu-
lations. The key difference is the propulsion mechanism, and
therefore the forces contributing to motion and torques, in our
models (self-electrophoresis) and that in ref. 22 (neutral s-
diffusiophoresis). However, we emphasize that the current study
is not intended to challenge the results in ref. 22, but rather to
provide an alternative perspective centered around electrokinetic
effects. In fact, it is possible these two mechanisms coexist in our
experiments and both generate torques, one from the gradients
of neutral molecule such as H,O, and O,, and the other from the
self-generated electric fields.

The second study worth discussing is ref. 11, which experi-
mentally observed, and theoretically explained, that the same
PS-Pt Janus microsphere as we experimented with would move
in H,0, along a solid wall with a zero tilt (or a polar angle of 90°
in their definition), so that its Janus interface is perfectly
perpendicular to the wall. This was especially clear in ref. 11
for spheres of 1.55 or 2.4 pm in diameter, while the smaller
sphere of 1 um in diameter moved with its unreactive cap
slightly tilted toward the wall. These values of tilt angle were
obtained from the moon phases of florescent microspheres
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similar to ours. In order to explain such a zero tilt, the authors of
ref. 11 simulated the electrostatics and hydrodynamics of a PS-Pt
colloid near a solid wall, assuming self-electrophoresis, and were
able to find a set of parameters that led to zero tilt. The
experimental and theoretical values of the tilt angles reported in
ref. 11 are different from the current study possibly for the
following reasons. First, the “halos” in the optical micrographs
in Fig. 1a of ref. 11 could lead to small errors in the measurement
of the fluorescence intensity of half-moons, and consequently lead
to errors in the determination of 0, especially for small 0. Such
errors were mitigated in our study through the use of reference
images obtained under AC electric fields. Second, the thin Pt
coating (10 nm) used in ref. 11 could also lead to a small 6 (as
suggested in Fig. 3d here) that further contributes to the errors.
Third, the electrostatic torque is calculated differently between ref.
11 and our work. In ref. 11, this is assumed to arise from an
alignment of the particle’s zeta potential dipole with its self-
generated electric field, while we simulated the complete electrical
double layer and calculated the stress tensor.

It is also interesting to note that SiO,-Au Janus microspheres
were found to move with a tilt along an optical fiber,*® powered
by optical forces from evanescent waves. There, the tilt was a
result of the torque balance between gravity, friction and optical
forces. However, we do not discuss any further because of the
apparent difference between these optically powered Janus
colloids and ours that are chemically powered.

To summarize, by experimentally measuring the tilt, proposing
a likely origin, and showing how the tilt changes under different
experimental conditions, this study sheds important light on
understanding how chemically active colloids move and interact
with solid boundaries. This study builds on and extends the
findings of two earlier studies on the orientations of passive Janus
particles near walls®' by showing that for an active Janus colloid,
cap weight alone does not fully dictate orientation—rather, the
competition between gravitational torque and activity-induced
torque determines the final tilt. Furthermore, although we have
focused on PS-Pt active colloids, it is reasonable to speculate that
other active colloids driven by self-generated chemical gradients
also move along a wall with a tilt. We therefore caution the active
colloid community against assuming that a self-propelled active
colloid moves with a zero tilt along a boundary. They could very
well still do so, but not necessarily. We also draw the community’s
attention to the possible effects of such tilts on the speeds,
directionality, and interaction of a chemically active colloid with
a boundary.
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I. EXPERIMENTS
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Figure S1. SEM and EDS mapping of 5 pm PS-Pt and 2 pm SiO,-Pt Janus microspheres.
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Figure S2. Schematic diagram of the experimental chamber with Janus Pt colloids sandwiched
between two pieces of ITOs.
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Figure S3. Schematic illustration of the moon phases and corresponding tilt angles of Janus Pt
colloids: 1) side and bottom view of a Janus motor with tilt angle 6 = 90°, ii) side and bottom view
of a Janus motor with a non-zero 0, iii) side and bottom view of a Janus motor with 6 = 0°, which

is experimentally realized by the application of a vertical electric field.
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Figure S4. Schematic illustration of the differences of the moon phases of Janus Pt colloids
acquired by bright-field microscopy (left) and epi fluorescence microscopy (right). Note how
bright field images cannot distinguish between the two configurations
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Figure S5. The differences in the optical micrographs of 5 um Janus PS-Ni colloids acquired by
bright-field microscopy (center row) and epi fluorescent microscopy (bottom row). A handheld
magnet was used to tilt the Janus sphere.
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Figure S6. A 5 um PS-Pt colloid gradually flipped and started to move after the addition of 5%
H,0,, with 10 nm Pt cap.



Figure S7. 10 s trajectory of 5 pm Janus PS-Pt colloids in 5% H,0,, under a sinusoidal AC electric
field of 1 MHz and a time averaged electric field strength of 17.7 V/mm .
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Figure S8. Quantifying the 6 of a 5 um PS-Pt Janus active colloid moving along a top ceiling in 5%
H,0,. The colloid was coated with 10 nm Pt cap.



top ceiling

Figure S9. Fluorescence imaging of SiO,-Pt Janus colloids moving in 5% H,0, along the bottom
wall and top ceiling. The colloid was coated with 10 nm Pt cap.



II. NUMERICAL METHODS

Based on our previous research['], we apply the finite element method to solve the Poisson-
Nernst-Planck-Stokes equations with fully resolved electric double layers. The 2D model is
computed within a 160 pum by 80 um domain in the x-z plane, as depicted in Figure S10. When 5%
H,0, triggers chemical reactions on the motor surface, we assume that the proton fluxes on the
anode and cathode hemispheres are in opposite directions, resulting in a net ion flux of zero. Protons
are generated at the equator of the Pt side (anode) and absorbed at the poles of the Pt side
(cathode),[?] as shown in Figure S11. The charged wall disturbs the upper and lower equilibrium of
the physical fields generated by the motor.
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Figure S11. Schematic of the model § range setting



Our model accounts for an electrolyte containing equal concentrations of H™ and OH™ ions,
along with background ions, denoted as BI* and BI™, which are included to modify the ionic strength
and Debye length. With the Debye length set to 70 nm, the equilibrium height of the motors is
approximately 0.27 pum, aligning closely with the experimentally measured equilibrium height.[?]

In the limit of dilute solutions, the steady-state ion concentration distribution c; for the i-th ion
is governed by the Nernst-Planck equation:

V-J=0 (1

Ji=—-DNc;— z;Fvic Vg 2)

where J; represents the ion flux, D;is the diffusivity, v; is the ion mobility, z; is the ion valence, F is
Faraday's constant, and ¢ is the electrostatic potential. The subscript i = 1 corresponds to H*.

The electrostatic potential ¢ is determined by the local free charge density, as described by the

Poisson equation:
—£0&, V20 = p. (3)

pom @)
where p,. is the local free charge density, & is the vacuum permittivity, and &, is the relative
permittivity of the solution.
The flow field u is described by the Stokes equation:
~Vp +nV2u—pVp=0 %)
V-u=0 (6)
where p is the pressure and p.V¢ represents the electrical body force resulting from the coupling
between the charge density and the electric field.
Chemical reactions are modeled using boundary conditions that define the molar proton fluxes
on the motor surface. The motor has a uniform zeta potential, ¢ = {,,, and moves parallel to the
bottom wall with a velocity V. The boundary conditions on the motor surface are as follows:

0 Jicathode = —JOi1 if — B <B<p- 7

0 Jiie =Jd i~ pi<f<forf<f<p+p ®)
n-J;=0 otherwise )

¢=Cn (10)

u = Ve, (11)

where £ is the azimuthal angle as defined in the Figure S11, and . and - represent the anode
and cathode regions, respectively. The proton flux on the anode, J,, is set to -/, ensuring that
the net ion flux is zero. In the calculation, we set §+ = 32°and - = 85°.

At the wall, the chemical fluxes are zero, the zeta potential is ¢ = ¢, and the no-slip boundary
condition is applied:

n-J=0 (12)
b=Co (13)
u=0 (14)
The hydrodynamic stress tensor oy and the Maxwell stress tensor oy are derived from the
physical fields as:
on=pl+n(Vu+(Vu)") (15)
E2
or=¢(EE— 21) (16)

where E is the electric field and I is the identity matrix. The force and torque exerted on the motor



due to the chemical reaction are calculated as:

¢ (o + op) dS
F, = e, - motor (]6)

¢ (o + op) dS
F, = e, - motor (16)

¢ (r = 7g) x (op + o) dS
Ty = motor (] 6)
where r represents points on the motor surface, 7 is the center of the motor, and dS is the surface
element with unit normal vector n.

The total force and torque applied to the motor is given by:

Fiotx = F (12)
Ftot,z:Fz_Fg (13)
Tiw=T,— Tgcos 0 (14)

In this steady-state model, the total force and torque are set to zero. The 5 pum motor moves
near a charged wall at a constant self-propelling speed V, with a tilt angle 6 and a height h. We use
an iterative method[!] to satisfy these balance conditions, resulting in typical motor parameters near
the wall: 6 =11.5°, h=0.27 um, and V = 3.1 um/s. When a specific parameter is queried, the other
balance parameters are fixed.

Unless stated otherwise, the parameters used in this study are listed in Table S1. The zeta
potentials {,, {,, and flux values are determined based on Refs.[+7], with the proton flux further
adjusted to match the experimental self-propelling speed. The diffusivities of background ions BI*
and BI™ are assumed to be the same as those of K™ and Cl". The bulk concentration cpyx; is
determined by the Debye length, which is estimated from the motor height.

We also present the physical fields around the motor at steady-state. In Figure S12, we plot
spatial distributions of protons concentration ¢, the electric potential ¢* and flow field u around a
sliding motor. For clarity, we remove the sharp changes of fields in the Debye layer by subtracting
background fields in the absence of chemical reactions from instantaneous fields, noted with asterisk

superscript.
¢;(mmol/m?) ¢*(mV)
-6 3 0 3 6 -4 -2 0 2 4
EE = s T = 2T
12 . : - 12

a(pm) x(pm)



Figure S12. Instantaneous fields of hydrogen ion concentration €1 and electric potential ¢* around

a Janus motor near a flat wall. These fields represent the values after subtracting those obtained in
the absence of proton flux. The white arrows indicate the distribution of the fluid flow field.



Table S1. Parameters used for COMSOL modeling.

parameter value parameter value
r 2.5 um T 293.15K
G -0.05V n 1.003x103 Pa-s
Gn -0.04V z1,3 1
£ 8.85x1012C/(V'm) Z4 -1
& 80 D, 9.31x10 m?/s
B- 85° D, 5.03x10% m?/s
n 32° D; 1.957x10° m?/s
J 2.0x10° mol/(m?'s) Dy 2.032x10° m?%/s
F, 0.16 pN Chulk 12 3.5%10°% mol/L
T, 1.0 pNxum Coulk 3.4 1.6x1075 mol/L
3 T . :
2
S
S /S
=
'.a 1 H—0=0°
— —f =6"
2b—0 =12°
—f =18
-3 s . .
0 90 180 270 360

B(°)
Figure S13. Hydrodynamic stress calculated at different points of a Pt Janus colloid for different
tilt angles. The tangential hydrodynamic stress o-n; is calculated as a function of azimuthal angle
(B, see inset for definition), where the unit tangential vector is defined as ng=(—sinf, —cosp),
following a clockwise positive convention. The results reveal that electroosmotic flow stress near
the boundary (B = 90°) significantly decreases as the active colloid tilts its PS cap toward the wall
(i.e. increasing 0), whereas the stress on the opposite side (B =~ 270°) remains largely unaffected.
Consequently, T decreases with increasing tilt angle and eventually becomes negative, explaining
the observed sign change around 0 ~ 13—-14° in Figure 4b in the main text.
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Figure S14. Activity-induced torque (TA) values simulated for different chemical flux on the Pt cap
(J) at two cap coverage values (p_, the azimuthal angle for the cathodic part of the Pt cap, see Fig.
S11 for definition). The 0 of the sphere is fixed at 30°, which is a large value specifically chosen to
find the simulation parameters necessary to allow such a large tilt. The results show that T, values
calculated at f.=85° are increasingly negatively at increasing J, so that a steady state 6 where
Ta+Ts=0 cannot be found. Rather, increasing f.=120° reversed the sign of T, and a steady state 0
is found at J=~4x10° mol/(m?-s). The values of B, are the same for these two cases.
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