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Self-Phoretic Microswimmers Propel at Speeds Dependent upon an
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ABSTRACT: Self-phoretic colloids are emerging as critical components of program-
mable nano- and microscale active matter and may usher in a new area of complex,
small-scale machinery. To date, most studies have focused upon active particles confined
by gravity to a plane located just above a solid/liquid interface. Despite this ubiquity,
little attention has been directed at how the physicochemical qualities of this interface
might affect motion. Here, we show that both the chemical and physical properties of
the solid, above which motion takes place, significantly influence the behavior of
particles propelled by self-generated concentration gradients. More specifically, titania/
silica (Ti0,/SiO,) photoactive microswimmers move faster when the local osmotic flow
over the stationary solid is diminished, which we demonstrate by reducing the
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magnitude of the surface’s zeta potential or by increasing surface roughness. Our results
suggest that consideration of surface properties is crucial for modeling self-phoretic active matter while simultaneously offering a
new avenue for engineering the kinematic behavior of such systems.

N onequilibrium active particles," droplets,” and mole-
cules™ are expected to be the ingredients of future
micro- and nanomachines™ capable of performing detailed
tasks at very small scales, highlighting the need for developing
advanced systems of this type’ '’ that can simultaneously
provide new insight about how such systems operate.'"'”
Much remains unknown about the intricacies of microscale
active motion, which may be especially true for particles that
undergo self-propulsion via localized chemical concentration
gradients.””~" Further complicating the understanding of the
behavior of such systems arises when microswimmers move
near boundaries, such as other particles16 or walls,"”'"'® as
many do. However, a flurry of research has led to significant
progress on this topic of late,'”” and furthermore, we may be
able to turn this complication into an asset in the following
way: If the swimming behavior changes as a function of the
immobile surface’s properties, new opportunities for control-
ling motion at the microscale are expected to arise. In this
study, we show that photoactivated catalytic microswimmers
made from titanium dioxide (TiO,) and silicon dioxide
(Si0,)*'™** move at speeds dependent upon the physico-
chemical properties of an adjacent surface. The micro-
swimmers propel at disparate average speeds when traversing
surfaces of different materials; here we show that motion is
~25% faster over gold (Au) vs SiO,. We also observe changes
in speed when the material is held constant but the surface
roughness is altered. We suspect that our observations arise
from surface-dependent osmotic flow in the electrical double
layer above the stationary solid, which links back to the nearby
microswimmer, consequently affecting its overall dynamics.
The way in which a nearby surface influences the motive
behavior of a particular self-propelled microswimmer is
intricately related to its mechanism of motion,”* which may
lead to self-assembly”>*® and aggregation at boundaries,””**
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and in special cases, the walls may even be responsible for the
active motion itself” Here, we are interested in catalytic
microswimmers that gain self-propelled mobility resulting from
a chemical reaction taking place on the particle’s surface.””*!
More specifically to this study, the reaction is light-activated,
made possible by constructing the swimmers from a photo-
catalyst.” To date, the majority of studies on this topic have
investigated particles moving just above the interface forming
the boundary between a stationary bottom solid surface and
the liquid through which the particles swim on the top. This is
true for two reasons: (1) the particles are heavy and therefore
sink to the interface under the effect of gravity and (2) after
settling remain mostly confined to a single plane, allowing for
practical observation via optical microscopy. Because a
catalytic microswimmer moves as a result of self-generated
local chemical concentration gradients, which induce flow over
the swimmer and consequential self-propulsion, when moving
near a solid boundary, these same gradients can also activate
chemiosmotic flow at that interface.”* This secondary fluid
motion may couple significantly to the nearby particle,
potentially leading to marked changes in its dynamics. By
extension, because the way that any submerged surface
responds to a concentration gradient depends on its
physicochemical properties, it would be reasonable to imagine
that surface modification could give rise to appreciable changes
in microswimmer behavior due to this coupling. Our aim is to
investigate this effect, for which only a very limited amount of
experimental evidence currently exists,””>* by observing
surface-dependent motion of two distinct photoactive TiO,/
$iO, microswimmer morphologies: the Janus™ ™ sphere and
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an elongated Janus particle with a photocatalytic “tail”, as
shown in Figure la,b, respectively. The particles propel above
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Figure 1. Schematic showing two morphologies of photoactive TiO,/
SiO, Janus microswimmers moving just above a solid surface in H,0,
and H,0: (a) spherical and (b) elongated Janus particles with
photoactive tails. When UV light is present, photolysis of H,O, on the
surface of the titania leads to the microswimmers translating toward
the active segments.

the solid surface toward the photoactive TiO, portions,
indicated by the arrows in Figure 1, in hydrogen peroxide
(H,0,) and water, while exposed to ultraviolet (UV) light.
We start by comparing motion over surfaces of either SiO,
or Au. For each experiment, we measure the speeds of at least
75 distinct particles, and the results are represented by the
probability distributions in Figure 2a for Janus spheres and
Figure 2b for asymmetric elongated Janus microswimmers (see
the Experimental Section for details of how the data was
obtained and processed). The narrow light blue and diagonal
striped black bars represent the chance of measuring a particle
with a particular range of speeds moving over SiO, or Au,
respectively. Note that the former have been artificially
narrowed for clarity but in reality span the same 1 um/s
range as the wide bars. The insets in Figure 2 allow one to
quickly reference the experimental conditions that led to each
plot, i.e., surface- and particle-type. A point of potential interest
is the generally much higher speeds of the elongated (Figure
2b) vs spherical Janus partlcles (Figure 2a), which is consistent
with our earlier results.”> On average, both particle types
moved ~25% faster over Au: for spherical, Vg, 50, = 3 + 1 um/

$) Vspau = 4 £ 1 pm/s; elongated, Vg0, = 22 &+ S um/s, Vg 5, =
27 + 9 pm/s, where the subscripts Sp and E refer to spherical
and elongated, respectively. Before moving forward, we’d like
to articulate the rational for investigating two different
microswimmer morphologies: Perhaps unsurprisingly, the
purpose was to help clarify if the observed surface-dependent
average speed is itself a function of particle shape. Our results
in Figure 2 suggest that the effect may not be strongly shape-
dependent, if at all. More importantly, the two different
samples showing almost identical relative increases in speed is
evidence of reproducibility.

Although the average speeds near surfaces of Au are higher
than what is observed near SiO, for both particle types, the
standard deviations obscure whether or not the average helps
us extract any definitive conclusion. In order to quantify the
significance of the difference between the average speeds over
SiO, and Au, we performed an unpaired t-test, which gave p
values of <0.0001 for spherical and 0.0003 for elongated
particles, both of which indicate a high level of significance. We
furthermore found the size of the effect of the substrate on
particle speed to be ds, ~ 0.9 and di ~ 0.6 (Cohen’s d),*® for
the spherical and elongated particles, respectively, indicating
“medium” to “large” effect sizes. We additionally give a
qualitative description of the results. The probabilities for the
speeds of the Janus spheres shown in Figure 2a have a few
notable characteristics: For the SiO, surface, we are most likely
to measure a particle moving within the range of the slowest
speeds 1.5 < v < 2.5 um/s, and indeed, a true majority, ~55%,
fell into this bin. On the other hand, we have the highest
chance of measuring a particle moving over Au in the slightly
faster 2.5 < v < 3.5 ym/s range, ~32%. As we look at the
probabilities for even higher speeds than these first two
intervals, we arrive at what is the most important feature: The
chance of measuring a particular speed decays to zero more
rapidly for the SiO, surface as we move along the horizontal
axis in Figure 2a. Further, the highest speed measured over
SiO, from a 190 point data set was v = 5.8 ym/s, while we
found ~20% propelled faster than this value when moving atop
Au. We note that the two fastest speeds for Au, ~14 and ~16
um/s, which are not plotted in Figure 2a for clarity, are about

(a)

VSp si:=3 %1 um/s
| A,
' "
' A
- - e -
50 i \SiO: surface
> 401 !
= 40 1 Vspau=4 =2 um/s
3 . :
.301 , g
8 : i*’
& 20 ‘ = -
s~e— Au surface
S =
.10

Probability

\_/ESr02= 22 +5 um/s

E ‘l_)E,Au= 27 +9 pm/s
« A |l
1
L N AN
.25  SiO2 surface - § — —
E § Au surface
.20 | \ N
. T | \\ S|
AN
&@@&%
05 AN \\\\
< NN \\

20253035404550
v (Um/s)

Figure 2. (a) Plot showing the probability distributions of measuring speeds for photoactive TiO,/SiO, Janus spheres moving over SiO, or Au,
shown as narrow light blue vertical bars and wide bars with black diagonal lines, respectively. Note that the blue vertical bars for the SiO, surface
are artificially narrowed for clarity. (b) Probability distributions for the TiO,/SiO, elongated microswimmers moving over SiO, or Au. The insets
schematically illustrate the particle morphology and surface material, the latter of which is color-coded: blue for SiO, and golden for Au. Also
shown in the insets are the average speeds, where the subscripts indicate the surface material and particle morphology: Sp represents spherical, and

E represents elongated.
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2.5X faster than the quickest particle moving over SiO,. We
find similar trends for the elongated particles. The plot in
Figure 2b indicates that the distributions for both surfaces are
approximately normal, with some skewness, but the peak
probability is shifted to faster speeds for Au, consistent with
the higher average, while the distribution is simultaneously
broader. Also mirroring the Janus sphere data, we find a
significant number (~16%) of elongated particles moving over
Au at speeds higher than the absolute fastest over SiO,, ~35
um/s.

One potentially simple explanation for the difference in
speed for motion adjacent to the surfaces of disparate
chemistry could arise from UV light reflecting more from
Au, prov1d1ng greater light intensity and consequential higher
speeds.”’ However, gold is not particularly effective at
reflecting wavelengths around ﬂ 365 nm, but the reflectance
does increase with thickness.”” If greater reflectance from the
Au surface is the primary contributing factor for our
observations, we would expect there to be a correlation
between Au thickness and average speed. We tested this idea
by measuring the speed of the Janus spheres moving over Au
thin films of four thicknesses, 2.5, 10, 20, and 25 nm, as well as
“0 nm”, which corresponds to bare silica. The results are given
in Table 1. Consistent with the data in Figure 2, the average

Table 1. Average Speed of Janus Spheres vs Thin-Film
Thickness of Au”

thickness (nm) speed (um/s)

0 3x+1
2.5 S5+3
10 4+1
20 S+3
25 42

“Note that thickness = 0 nm corresponds to bare SiO,.

speed for any Au surface was higher than the average for bare
SiO,, but we did not find any discernible correlation between
speed and thickness, suggesting that increased reflection does
not have a pronounced impact. This result also advances the
idea that the observed material-dependent speed is a surface
effect only, which if nothing else agrees with intuition.

In order to delve a little deeper into a possible mechanism,
we take a closer look at the reaction taking place on a particle’s
photoactive surface. When exposed to UV light, the TiO,
segment generates electron—hole pairs, UV + TiO, — TiO,(h*
+e7),% greatly increasing the rate of the reaction 2H,0, —
2H,0 + O, via photolysis, likely proceeding by two partial
reactions

H,0, + 2¢” + 2H" — 2H,0

H,0, + 2h" —» O, + 2H* (1)

which generate local concentration gradients of the reactant
and its products. Although it is unclear if gradients of the
neutral (H,0,, O,) or charged (H") chemical species
dominate in establishing the phoretic flow over the particle,
which is responsible for self-propulsion, we suspect that there
is at least some contribution from a gradient of the protons,
HY, or in other words, “self-electrophoresis” contributes.*' If
such a mechanism is at least partially responsible for motion,
we expect hl%her solution conductivity, K, to decrease the

average speed "’ as electrokinetic mobility scales inversely to
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the conductivity, v & j¢,€/nK, where j, ,, €, and 7 are the
proton current, zeta potential of the particle, permittivity, and
viscosity of the fluid, respectively. To test this idea, we once
again turn to the elongated microswimmers moving over SiO,
but this time in a solution of 0.1 mM NaCl. With all other
conditions held constant, i.e., H,O, concentration and UV
light intensity, the particles move in the salt solution at an
average speed of 3 + 1 um/s, which is substantially slower than
what is measured in water alone, 22 + S um/s (see Figure 2b).
The slower speed in the salt solution hints that there is a self-
electrophoretic component to the mechanism, but it should be
noted that this observation does not necessarily mean that this
mechanism dominates. In the following, we assume that self-
electrophoresis does dominate for simplicity of argument.

Similar to the electrophoretic speed for the particle, electro-
osmotic (EO) flow over the stationary surface is given by the
well-known Helmholtz—Smoluchowski (HS) equation for the
slip velocity & = —( e/ 17E where {, is now the zeta potential of
the wall and E is the electric field, which in this case is
generated by the imbalance in the concentration of protons.**
By accounting for both phoretic flow over the particle and EO
flow over the stationary surface, we should be able to
approximate the expected observed speed

[
7o~ el E
n

)

We assume that E remains unchanged despite altering the
surface material (as discussed shortly, this may be a poor
approximation) and assume that the field is a function of only
the H,O, concentration and light intensity, both of which were
held constant. If we also assume that the properties of the fluid
n and € remain unchanged, then the zeta potential difference
between the two surfaces would be the determining parameter.
From the literature, at pH & 7, the zeta potentials for Au and
SiO, surfaces have been measured to be {4, & —20 mV™* and
Lysio, ® —62 mV,*® respectively. For an increase in speed of

~1.25X when the particles are propelled over Au surfaces, as
we observe, eq 2 tells us that the particles would need to have a
zeta potential {, &~ —225 mV, which is unlikely to be accurate,
as we expect the value to be somewhere in the range of —20 <
{p <40 mV. *7 This discrepancy is not surprising as eq 2 is an
over51mp11ﬁcat10n of the system. For instance, eq 2 likely does
not hold for conductive surfaces, and the E field is furthermore
not uniform. In a previous study investigating a similar yet
slightly different system to the one herein, ie., self-electro-
phoretic Janus spheres in which a chemical is oxidized and
reduced on two different electrically contacted electrodes,
Chiang and Velegol showed by simulation that localized EO
flow fields over a nearby wall affect such a particle’s speed.”
Importantly, the authors showed that the electric field
generated by a self-propelled particle is significantly different
from a typical uniform externally applied field, as is usually
assumed in the HS equation. From that study, the critical
parameter affecting speed is the ratio {,/{,,. Because we expect
$w &y < 0, according to these simulations, the condition (g,

< {\,ae would lead to the particles moving faster over Au, as we
observe. The rationale is that the osmotic flow over the
stationary surface counteracts phoretic flow when ¢, and ¢, are
the same sign, slowing the particle. Because the counteracting
flow is slower over Au, the particles move faster over this
surface.
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We note that a number of issues arise from our mostly
qualitative explanation for our observations, with the most
prominent being the following: (1) We do not know if the
distance between the particles and the surface changes
appreciably when we change materials. A constant distance
was assumed in the above discussion regarding the ratio ¢./¢,
being the determining factor.”® (2) Another potential
complication rests in the fact that Au is a catalyst for the
breakdown of H,0,, which may alter the local concentration
gradients. (3) The E field above the dielectric surface vs the
conducting Au surface is likely to be significantly different, i.e.,
the field lines must be perpendicular to the conductive surface.
For issue (1), if we assume that the distance does not change

appreciably, the condition {, g0, < {,, 4, may explain the result,

but deriving a quantitative value to match our observations is
impractical without knowing these distances. We suggest that
direct measurement of this distance could be achieved by
digital holography,48 which is capable of high-resolution out-
of-plane information. In order to address issues (2) and (3),
we performed one additional experiment to bolster evidence
that osmotic flow is the dominant factor determining the
observed changes in speed. The idea is the following: if the
osmotic flow can be suppressed in some other way besides
changing the surface material ({,) and if this leads to an
increase in observed particle speeds, then the hypothesis would
be supported.

It has been shown that increasing surface roughness impedes
EO flow,*° and therefore, we expect our microswimmers to
move faster with increasing roughness despite the material
remaining the same. We measured the speeds of ~100
elongated microswimmers moving over both smooth and
rough surfaces of SiO,. The smooth SiO, surfaces are
thoroughly cleaned silica microscope slides, while the rough
surfaces are produced by physically depositing 100 nm of SiO,
onto a silica substrate at an oblique angle of 80°.>'™>* At this
angle and deposition length, we expect the root-mean-square
of the roughness to be ~5 nm.”> We note that the data in
Figure 3 for the smooth surface is different from that presented
in Figure 2b in order to keep the experimental conditions as
identical as possible. The data for motion over the rough vs
smooth surfaces of SiO, in Figure 3 have some similarities to
those comparing motion over SiO, vs Au (Figure 2b): We find
a higher chance of measuring faster speeds for motion over the
rough vs smooth surface, as expected, with averages of 75 = 21
+ 8 um/s and vy = 26 + 10 um/s, respectively. Also, the
speeds of the fastest swimmers moving over the rough surface
were significantly higher than those of the fastest moving over
smooth SiO,. Simple schematic representations of what we
expect to be occurring are illustrated in the insets of Figure 3.
For both rough and smooth SiO,, EO flow, represented by the
light blue arrows, counteracts the phoretic flow that gives rise
to propulsion. However, for the rough surface, EO is partially
impeded, and therefore, the counteraction is reduced, leading
to higher observed speeds.

We have shown that the speeds of two distinct morphologies
of photoactivated TiO,/SiO, microswimmers is a function of
the physicochemical properties of the surface over which they
move. On average, the measured speeds change when either
the zeta potential or the roughness of the surface is altered.
This effect is reproducible and appears not to be strongly
shape-dependent. Our results are consistent with a mechanism
based upon surface-dependent osmotic flow at the stationary
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Figure 3. Probability distributions of measured speeds for elongated
particles moving over smooth and rough surfaces of SiO,. The narrow
light blue and wide diagonal dashed black bars represent the
probabilities of measuring speeds over smooth and rough surfaces,
respectively. We expect the EO flow over the surfaces, shown in the
insets, to reduce the observed speeds. EO flow is partially impeded
over the rough surface, as indicated in the lower inset, which is
expected to lead to faster speeds. The average speeds are indicated in
the insets, and the subscripts “S” and “R” stand for smooth and rough,
respectively.

boundary that couples back to the nearby particles. Most self-
phoretic particles investigated to date move near a solid/liquid
interface, and here, we show that consideration of the surface
physicochemical properties is important when investigating
microswimmer dynamics. These results also suggest a new
technique for modulating the behavior of self-phoretic colloids
by modifying surface properties.

B EXPERIMENTAL SECTION

The underpinning of both microswimmer morphologies is an
SiO, microsphere with an average diameter of 3.17 ym (Bangs
Laboratories Inc., Fishers, IN). The photocatalyst TiO, (Kurt
J. Lesker Company, Jefferson Hills, PA) was deposited via
thermal evaporation onto close-packed, nearly monodisperse
monolayers of these particles. To construct the Janus spheres,
50 nm of TiO, was deposited at a direction normal to the
surface containing the monolayer, which led to a half-coating
of the photocatalyst, as shown in Figure la. The structures
with elongated tails, shown schematically in Figure 1b, resulted
from depositing TiO, at an oblique angle of 85° to a thickness
of ~1.5 um.”*® After deposition, the particles were annealed
at 500 °C for ~2 h in order to obtain the anatase crystalline
phase of TiO,, which is more photoactive than titania’s other
phases. The particles were mixed with hydrogen peroxide
(H,0,) and water and were given enough time to settle to the
solid/liquid interface. We carefully prepared the solid surfaces
over which the particles moved because the purpose of this
study is to explore the effect of those surfaces’ properties upon
the dynamics of the two photoactive microswimmer types.
Silica microscope slides were first thoroughly washed with hot
tap water and soap. Immediately after, the surfaces were
liberally rinsed in deionized water followed by ethanol and
then were dried with compressed nitrogen. A final cleaning
step was performed by submitting the substrates to oxygen
plasma. At this point, these slides were ready to be used in the
experiments in which the active motors moved over silica. For
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the Au surfaces, we deposited onto silica slides, precleaned as
detailed just above, 2.5 nm of titanium as an adhesion layer
before depositing different amounts of gold by thermal
evaporation. Afterward, the Au thin films were also further
cleaned with plasma, but for this surface, we used argon to
reduce the chance of oxidation. The particles were suspended
in a colloid, which was pipetted into an observation cell, the
bottom of which made up the surface of interest. The particles
settled to that solid/liquid interface via gravity and were
exposed to UV light at a peak wavelength of A = 365 nm (Zeiss
AxioScope.Al fluorescence microscope). UV light was passed
through a 40X objective while visible light was transmitted
through the bottom of the glass cell. The motion of the
particles was recorded with a Mikrotron EoSens GE Camera
MC1364 at a frame rate of 11 fps. The videos were then
processed via particle tracking, using the free software Image]J
with plugin MTrack2, in order to obtain two-dimensional
trajectories of the swimmers. Microswimmers of both
morphologies moved toward their titania segments, as
indicated by the arrows in Figure la,b, at speeds that depend
on the H,O, concentration, the intensity of the activating light,
and the properties of the surface over which motion takes
place. In order to investigate the latter effect alone, we held the
intensity and concentration constant at ~0.5 W/cm? and 1%
(v/v), respectively. The minimum number of particles
measured was 75, and the maximum was 190. To calculate
the speed of a single particle, we determined the distance
traversed between subsequent frames and divided by 1/11 s
(the frame rate used), and then, we averaged these values over
all intervals of the particle’s trajectory. Each particle was
tracked for a minimum time of S s, and consequently, the
minimum number of frames utilized to calculate the individual
average speeds was ~55. We note that speed fluctuates in
systems such as the present one, and thereore, we corroborated
our measurements against a second method that incorporates
effects of diffusion, as detailed, for example, by Dunderdale et
al.>” We found that each method provided approximately the
same speeds that fell within the standard deviation of the other.
We furthermore note that the shape of the speed distributions
may be affected by the time interval also resulting from speed
fluctuations. However, we found that by reducing the interval,
for example, to 2/11 s, the shape only slightly changed,
preserving the prominent features of the data.
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