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ABSTRACT We describe the use of catalytically self-propelled microjets (dubbed

Rhodamine 6G Oxidized byproducts
micromotors) for degrading organic pollutants in water via the Fenton oxidation ‘ /,H,O‘/’* ‘+C0_2‘_
— s - &
process. The tubular micromotors are composed of rolled-up functional nanomem- - :

branes consisting of Fe/Pt bilayers. The micromotors contain double functionality
within their architecture, i.e., the inner Pt for the self-propulsion and the outer Fe for
the in situ generation of ferrous ions boosting the remediation of contaminated water.
The degradation of organic pollutants takes place in the presence of hydrogen

& |

peroxide, which acts as a reagent for the Fenton reaction and as main fuel to propel

self-propulsion: 2H,0, —> 2H,0 + O,

Fenton reaction: Fe”* + H,0, — Fe” + OH + HO-

the micromotors. Factors influencing the efficiency of the Fenton oxidation process, including thickness of the Fe layer, pH, and concentration of hydrogen

peroxide, are investigated. The ability of these catalytically self-propelled micromotors to improve intermixing in liquids results in the removal of organic

pollutants ca. 12 times faster than when the Fenton oxidation process is carried out without catalytically active micromotors. The enhanced

reaction—diffusion provided by micromotors has been theoretically modeled. The synergy between the internal and external functionalities of the

micromotors, without the need of further functionalization, results into an enhanced degradation of nonbiodegradable and dangerous organic pollutants

at small-scale environments and holds considerable promise for the remediation of contaminated water.
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ontamination of water with nonbio-

degradable and dangerous organic

compounds is a major global envi-
ronmental problem mainly caused by hu-
man activities. Organic pollutants are com-
monly found in industrial wastewaters and
often cannot be processed efficiently with
biological or chemical conventional treat-
ments (chlorination, ozonation, coagula-
tion, etc.). Currently, the rapid and recent
advances in nanotechnology have in-
creased the interest of finding useful nano-
materials and nanotools for environmental
applications and for water remediation in
particular.’

The Fenton method is one of the most
popular advanced oxidation processes (AOP),
which are effective alternatives to conven-
tional treatments for the degradation of
organic pollutants,>® and nowadays it is
still a topic of numerous investigations.* 8
Commonly, AOP including Fenton reactions
utilize the hydroxyl radical (HOs, 2.8 V vs
normal hydrogen electrode), which is a
powerful nonselective oxidant, as their
main oxidizing agent. The generation of
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HOe in the Fenton method occurs by reac-
tion of H,O, in the presence of Fe(ll)
(see eq 1).

Fe’" +H,0, — Fe** + OH™ + HOe
k=63M""s" m

Fe (ll) is regenerated in the catalytic cycle
from the so-called Fenton-like reaction (see
eq 2), and consequently only a small cata-
lytic amount of Fe(ll) is required.® In addi-
tion, other significant reactions also occur in
Fe(ll)/Fe(ll)/H,0, mixtures (eqs 3-6)°

Fe’* +H,0, — Fe—OOH*" +H"  (2)
Fe — OOH*" — Fe?" +HOe  (3)
Fe’" +HOye — Fe®" + 0, +H"  (4)
Fe?™ + HOes — Fe(OH)*" (5)

Fe(OH)** +HOe = Fe?* + H,0, (6)

The effectiveness of Fenton processes
has been demonstrated in several environ-
mental applications.'®'" In the standard
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industrial methodology with real wastewaters, the
Fenton method is coupled to processes such as coa-
gulation, membrane filtration, and biological oxidation
to degrade organics to a much larger extent. However,
one disadvantage of these processes is that Fe ions in
solution must be removed after the treatment to meet
regulations for drinking water.'? In order to diminish
and, in the best scenario, solve the problems caused by
the presence of Fe ions in treated effluents and de-
crease the costs of recovery, the use of heterogeneous
Fenton catalysts is a promising strategy that could
allow the degradation of pollutants by Fenton pro-
cesses without the requirement of dissolved iron
salts.’® Among the different approaches, the utilization
of zero-valence metallic iron materials has been proven
as an alternative method to achieve degradation of
organic pollutants in aqueous solutions.'*'®> We propose
the coupling of self-propelled metallic micromotors and
Fenton reactions for enhanced water remediation.

Nano- and micromotors are in the forefront of
nanotechnology, providing several examples of appli-
cations, ranging from the pumping of fluids at the
microscale,'®"” on-chip biosensing,'® targeted trans-
port and delivery of cells'® " and microparticles,*>?*
drilling of cells,** and tissues®>?® to capture oil from
water.>’%®

Great efforts have been made to efficiently propel
and accurately control micro- and nanomotors by
different mechanisms.2?~37 Most self-propelled sys-
tems are based on the conversion of chemical energy
into mechanical motion.® Nonetheless, there are also
other ways to produce self-motion at the micro- and
nanoscale, for instance electromagnetic fields,?>394°
local electrical fields,*' thermal gradients,**** photo-
induced motion,***® or the Marangoni effect?® This
variety of propulsion mechanisms gave rise to a rich
diversity of designs of nanomotors such as nanorods,*”*®
spherical particles,***° microhelices,?>*%*° polymeric
capsules,?®*° and tubular microjets.51 33

Tubular microjets containing a Pt catalyst as inner
layer are able to catalyze the decomposition of H,0,
into water (H,0) and oxygen (O,), resulting in an O,-
bubble propulsion system.>'*? The release of O, gas
from one end of the catalytic microjets in solution
reciprocally implies the motion of the fluid that sur-
rounds and fills them, enabling the self-pumping of
fluids at the micro/nanoscale. Self-propelled microjets
have been fabricated by roll-up nanotechnology of
thin films>'°2 and later produced in porous templates
combined with electrodeposition methods.>®> How-
ever, in the latter case, parameters such as shape,
length, and diameter are limited by the commercially
available templates, reducing the versatility in the
design of those nanomotors. Differently, roll-up nano-
technology of functional nanomembranes allows a
reproducible mass production method>* of micro/
nanomotors with custom-made dimensions, flexible
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in material composition and design. Therefore, it allows
the fabrication of either cylindrical or conical tubes®>>
ranging from about 300 nm diameter®*?® to a few tens of
micrometers with lengths spanning from 4 umto 1 mm."’

One special feature of tubular microjets is that both
the inner and the outer layers can provide functional-
ities for different purposes.>®>” For example, the inner
layer was selectively functionalized with catalase en-
zymes for the biocatalytic decomposition of peroxide
into oxygen gas, leading to efficient propulsion.®” Also,
a similar biofunctionalization concept has been used to
capture and isolate biomolecules and droplets.>58-¢°
However, the use of the outer layer of catalytic micro-
motors as active materials, without the need of func-
tionalization, has not been reported so far.

Here, we report the first example of micromotors
employed for degrading organic pollutants in water. In
this work, rhodamine 6G (Rh6G) is used as a model
pollutant of xanthene dyes to study the water reme-
diation efficiency of a Fenton process performed by
Fe/Pt-based self-propelled micromotors. The mechanism
of degradation is based on Fenton reactions relying on
spontaneous acidic corrosion of the iron metal surface
of the microtubes in the presence of H,0,, which acts
both as a reagent for the Fenton reaction and as main
fuel to propel the micromotors. Moreover, the ability
of tubular micromotors to improve mixing results in a
synergetic effect that enhances the degradation of
organic pollutants. We investigated the effect of the
components influencing the removal of pollutants:
thickness of the outer Fe layer, concentration of
H,0,, presence of surfactant, and effect of the platinum
layer. We analyzed the evolution of involved reactants
(Fe, H,O, and pH) during the degradation of the
pollutant. The enhanced mixing has been experimen-
tally proven and theoretically modeled based on the
continuum theory of mixing of the H,O, solution
dragged by an ensemble of microjets.

RESULTS AND DISCUSSION

We fabricated tubular bubble-propelled micromo-
tors containing small amounts of metallic iron (from
20 to 200 nm layer thickness) as outer layer and
platinum as inner layer, enabling Fenton reactions
between iron ions generated in situ and hydrogen
peroxide (Figure 1). These iron ions are generated by
oxidizing the metallic Fe surface of the tubes in acidic
media, in a thermodynamically spontaneous process.
Since the optimum reported pH to achieve a classical
Fenton reaction is 2—3,*' a pH of 2.5 was selected to
perform all the reported experiments in the present study.

To prove the capability of self-propelled micromo-
tors to degrade model pollutants in water, we im-
mersed a suspension of Fe/Pt tubular micromotors in
Rh6G solution and quantified spectrophotometrically
its degradation over time (for calibration curve see
Figure S1 in the SI). A concentration of 15% of H,0, was
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systematically used in the experiments, unless other-
wise stated. Sodium dodecyl sulfate (SDS) was used as
surfactant at a concentration of 0.5 wt % to facilitate
bubble ejection from the micromotors. The experi-
mental results plotted in Figure 2 clearly indicate that
the presence of Fe/Pt micromotors in the treated liquid
improves the degree of oxidation of Rh6G (Figure 2B)
compared with the results using Fe microtubes, which
do not contain a Pt layer and are hence unable to self-
propel (Figure 2A). For instance, a complete removal of

Figure 1. Schematic process for the degradation of polluted
water (rhodamine 6G as model contaminant) into in-
organic products by multifunctional micromotors. The self-
propulsion is achieved by the catalytic inner layer (Pt),
which provides the motion of the micromotors in H,0,
solutions. The remediation of polluted water is achieved by
the combination of Fe?* ions with peroxide, generating HOe
radicals, which degrade organic pollutants.

toxic organic compounds
products + CO,

Rh6G was achieved after 5 h of treatment using Fe/Pt
micromotors with a Fe thickness of 100 nm (Figure 2B,
blue plot), but only 32% of Rh6G was oxidized in
5 h using Fe microtubes with the same thickness
(Figure 2A, red plot). The initial rates of Rh6G degrada-
tion in both experiments were determined to be 12
and 1 mg-L~"-h™" respectively; that is, a removal of
Rh6G takes place ca. 12 times faster when the Fenton
oxidation process is carried out with propelling Fe
rolled-up micromotors. Therefore, a synergetic effect
is achieved taking advantage of the release of the iron
ions from the outer layer of the micromotors and their
active motion in the solution (see also Video 1 in the SI).
Control experiments demonstrate that both H,O, and
Fe together are necessary for the degradation of Rh6G
(see eq 1). If one of these components is missing, no
oxidation of Rh6G takes place and the concentration of
Rh6G stays constant over 5 h (Figure 2, black plots).

In addition, the evolution of Fe and H,0, reactants
and the pH of the solution during the degradation of
the model pollutant were also investigated. The con-
centration of released Fe ions in the aqueous solution
after 5 h of experiment was analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES).
The content of Fe was determined to be 1.6 + 0.5 mg/L
(ie., 107* M), which is 1 to 3 orders of magnitude lower
than reported in previous works.*® The evolution of the
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Figure 2. Removal of toxic organic compounds from aqueous solutions with pure iron microtubes (column A) and
catalytically active iron/platinum (Fe/Pt) microjets (column B) in hydrogen peroxide solutions. Pink molecules represent
rhodamine 6G (Rh6G); the small blue molecules represent oxidized compounds and carbon dioxide as reaction products.
Pollutant Rh6G is removed faster when the solution contains active Fe/Pt microjets (column B) than containing nonactive pure
iron microtubes (column A). Quantitative comparison of Rh6G degradation by pure iron (Fe) tubes (red triangles) and by
catalytically active Fe/Pt tubes (blue diamonds) over 5 h. All samples were prepared at pH 2.5, with Rh6G (C, = 45 mg/L), 15%
H,0,, 0.5% sodium dodecyl sulfate as surfactant, and 441 & 10 microtubes in a total volume of 1 mL. Controls without H,0,

and without microtubes were added for comparison.
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TABLE 1. Evolution of the Concentration of H,0, over an
Experiment of Degradation of Rhodamine 6G

time (h) concentration of H,0, (%)
0 15
1 15
2 n+4
3 5+2
4 5+2
5 5+2

concentration of H,0, was studied by semiquantitative
method using MQuant peroxide test strips (see Table 1)
with the concentration of remaining H,0, in the aque-
ous solution determined to be 5 + 2%. After 5 h of
experiment, the pH value was 2.6, revealing that is
possible to work over many hours at the optimal range
of pH 2—3 to perform the Fenton reaction.

We performed a series of control experiments to
elucidate the effect of all components involved in the
enhanced degradation of pollutants by self-propelled
micromotors. Although tubular micromotors based on
bubble propulsion require the presence of surfactants
to reduce the surface tension and help in the stabiliza-
tion of bubbles,? in the present approach the addition
of surfactants might bring an additional pollutant in
the aqueous solution. For this reason, the efficiency of
the degradation without surfactant was investigated.
As illustrated in Figure S2 (green plot), Fe/Pt micro-
motors in the absence of surfactant (sodium dodecyl
sulfate) were able to oxidize 63% of Rh6G in 5 h, and
even a complete removal of the dye was achieved later
on. Hence, it is noteworthy that the addition of surfac-
tant is not necessary for upcoming applications where-
in the reaction rate is not an important factor for the
performance of the desired process.

The influence of the platinum layer by itself on the
removal of the dye, apart from its role in the propul-
sion, was also examined. For this study, the Fe outer
layer of the micromotors was replaced by titanium,
which is an inert metal unable to produce hydroxyl
radicals through Fenton-like reactions.’ Tubular Ti/Pt
micromotors were utilized to carry out a control ex-
periment on the degradation of Rh6G under the same
conditions as for Fe/Pt micromotors. As illustrated in
Figure S2 (pink plot), the platinum inner layer of the
micromotors has a slight contribution on the oxidation
of Rh6G, leading to a 10% oxidization of dye after 5 h
with Ti/Pt micromotors. Rh6G can be adsorbed on
platinum surfaces;®? thus its partial oxidation can be
explained by a mechanism of the decomposition of
H,0, already described, as follows.®*™®° In the pre-
sence of a platinum surface, H,0, undergoes decom-
position into H,O and O, involving the adsorption of
hydroxyl radicals on platinum, forming Pt—OH,qs
species. Once such Pt—OH,q;s species are formed, they
can also react with both free and adsorbed organic
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molecules,®®%7 yielding a slight but noticeable oxida-

tion of Rh6G under our experimental conditions.

The use of an external Fe surface as active material of
catalytic micromotors, without the need of further
functionalization, results in a synergy between the
internal and external functionalities of the micromo-
tors. In the present work, we take advantage of the
motion given by the generation of O,-bubbles in the
internal Pt layer combined with the useful function of
the external Fe that enables the degradation of organic
pollutants. Because of the possible corrosion of the Fe
material, optimization of the thickness of the outer Fe
layer seems to be crucial for an efficient and long-
standing Fenton reaction. Initially, we fabricated rolled-
up tubes from very thin layers (5 nm thickness of Fe)
and lengths of 50 um but did not observe any sub-
stantial degradation of Rh6G. Hence, we decided to
design tubes with a larger surface area that could
accommodate a large range of Fe layer thicknesses.
This modification in design comprised only a modifica-
tion in the pattern structure to be rolled-up, which is
not possible with other fabrication techniques. We
fabricated tubes 500 um in length, which allows the
deposition of Fe layers up to 200 nm while keeping an
aspect ratio diameter/length around 1:10, enabling
good rolling up of the thin layers into tubes and active
motion of the catalytic micromotors.

Only about 20% and 32% Rh6G was removed after
6 h using micromotors with 20 and 50 nm of Fe thickness
(Figure 3A, red and blue plots, respectively). A signifi-
cant increase in the removal up to about 88% Rh6G
was achieved after 6 h of treatment using micromotors
with an iron thickness of 100 nm on the outer layer
(Figure 3A, pink plot). We further fabricated tubes with
thicker layers of Fe (120, 150, and 200 nm), but those
micromotors did not provide significant faster or
further degradation of organic pollutants (Figure 3A,
green, navy blue, and violet plots, respectively). Con-
sequently, we chose tubes containing 100 nm Fe as
optimum for the Fenton degradation of model pollu-
tants in water. From the experimental results plotted in
Figure 3A, one can conclude that the larger the Fe
thickness, the faster the oxidation of Rh6G. However,
further increase of the iron layer thicker than 100 nm
did not show significant improvement of degradation
rate. The resulting tubular micromotors were charac-
terized by scanning electron microscopy (SEM) before
and after the Fenton process. Figure 3B depicts SEM
images of the Fe/Pt micromotors before the Fenton
process. From the SEM image (Figure 3B) a smooth and
uniform surface is observed. Moreover, pitting corro-
sion of the Fe outer layer was observed on tubes after
the Fenton reaction, as shown in Figure 3C, where
several nanopits were detected in the tube walls. In
aqueous acidic media, pits can occur and grow during
the active dissolution of the Fe surface of the micro-
motors if certain regions of the Fe layer are more
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Figure 3. Optimization of Fe thickness for efficient pollutant degradation using Fe/Pt micromotors. (A) Rhodamine 6G
degradation over time with self-propelled micromotors containing different Fe thickness, i.e.,, from 20 to 200 nm, and
constant Pt thickness at 1 nm. Each sample contained a 2 mL solution at pH 2.5 with Rh6G (C, = 100 mg/L), 5% H,0,, 1% SDS,
and 882 £ 10 microtubes. The control sample was carried out under equal conditions omitting micromotors. Inset: Actively
moving Fe/Pt micromotors in Rh6G solution. Scale bar: 250 um. (B) SEM images of Fe tubes with 100 nm Fe thickness before
Fenton reaction and (C) after 20 h of Fenton reaction. The blue triangles indicate the position of nanopits in tube walls.

susceptible and dissolve faster than the rest of the
surface, commonly due to the presence of defects in
the surface of the microstructure.®® This pitting corro-
sion of the iron layer is expected to play an important
role in achieving an accelerated in situ generation of
ferrous ions.®®

The effect of hydrogen peroxide concentration on
Rh6G degradation using Fe/Pt micromotors was also
explored (Figure 4). The obtained results, shown in
Figure 4, proved that the initial rate of degradation of
Rh6G increases with the concentration of H,0, in the
solution. Therefore, increasing the dosage of H,0,
allows the micromotors to move faster and, conse-
quently, the mass transfer of the reagents involved in
the Fenton process is improved due to mixing. In
addition, a higher amount of H,0, also permits a faster
Fenton oxidation process, since the in situ generated
ferrous ions can react immediately with H,O, to pro-
duce HOe and achieve the oxidation of Rh6G. However,
the initial degradation rate of pollutants reaches a
plateau at 15% H,0,, which corresponds to the satura-
tion typically observed for the speed of microjets with
increasing fuel concentration.?

We studied the performance, i.e., self-propulsion, of
the micromotors over four hours, as illustrated in
Figure 5. We observed that the micromotors are active
over long periods of time when the chemical degrada-
tion takes place. Figure 5 shows that 500 um micro-
motors are active for at least 4 h (see also Videos 2—4in
the SI). Moreover, the tubes mix the fluid vigorously,
inducing a convection flow that efficiently diffuses
molecules of dye, ions, and radicals enhancing the fast
degradation of Rh6G. The mixing of treated liquids is
improved not only by the movement of the micro-
motors in the aqueous solution but also by the con-
tinuous generation of bubbles originated in the
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Figure 4. Effect of the concentration of hydrogen peroxide
on the oxidation of rhodamine 6G. The main plot illustrates
the initial rates of oxidation of Rh6G using different con-
centrations H,0.. Inset shows the oxidation of Rh6G over
time using Fe/Pt micromotors with increasing H,0, con-
centration over time. All samples were prepared with Rh6G
(Co = 44 mg/L) and 1% SDS.

catalytic reaction in the interior of the microtubes.
Their release can provoke mixing along the z-plane. A
sample containing active Fe/Pt micromotors attached
to a glass wafer and immersed in the same conditions
as previous experiments showed that 49% of Rh6G was
oxidized in 5 h with an initial rate of 3 mg-L™'-h™"
(Figure S2, purple plot). The motion of those catalytic
microtubes was hindered because they were fixed on
the chip; however, they continuously generated bub-
bles that moved up to the surface of the liquid. Thus,
the bubble generation from the fixed microtubes is not
enough to accelerate the Fenton reaction as efficiently
as the swimming Fe/Pt micromotors (Figure 2B,
blue plot). These results are not surprising, since
the movement of micromotors in liquids occurs in
x—y—zdirections,?**? and in addition they bring the
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Figure 5. Motion of Fe/Pt micromotors versus time: Fe 100 nm/Pt 1 nm Fenton micromotors, scale bar 125 um. The
experiment was prepared at pH 2.5, with Rh6G (Co = 45 mg/L), 5% H,0,, 1% SDS, and micromotors in a total volume of 2 mL.

reactive iron ions in close contact with the Rh6G
molecules.

The mixing effect of large microtubes is depicted in
Figure 6. The micromotors have two key features that
enhance mixing: (i) the generation of bubbles and (ii)
the fluid flow through and around the microtubular
motor. Figure 6 reveals the mixing effects of micro-
motors at the macro- and microscale. The different
distributions of black ink in a T mL solution without
(Figure 6A, left panels) and with catalytic tubes
(Figure 6A, right panels) illustrate the enhanced mixing
on the macroscale over 17 min. Each beaker contains a
solution of 6% H,0, and 1% surfactant with 10 uL of
ink. In the control experiment mixing of ink and solu-
tion occurs solely due to diffusion of the ink particles
under Brownian motion. However, in the solution
containing catalytic micromotors, the ink was spread
out faster and over a larger area than in the control
experiments, due to turbulences caused by bubbling
catalytic tubes. Our results are in agreement with the
findings of Zhao et al.,’® who found enhanced diffusion
coefficients during dissolution of pollutants in water
due to the presence of self-propelled macroscopic
particles. Furthermore, the direct surrounding of the
tubular micromotor is affected, as shown in Figure 6B.
Figure 6B illustrates trajectories of fluorescent particles
(visible as white dots) near the nozzle outlet over a time
frame of 3.3 s. Fluorescent particles are clearly acceler-
ated in the zone of influence of the micromotor (see
video S5 in the SI), and the tracked trajectories of
fluorescent particles appear to be longer than those
susceptible only to Brownian motion (see Video S6 in
the SI). Insets in Figure 6B and C highlight trajectories of
three selected particles, indicating that the actively
bubbling tubes lead to a fast mixing and distribution of
reagents within the solution. Itis important to note that
ink and particles have different diffusion coefficients
than Rh6G. Therefore, Figure 6 serves only as a quali-
tative illustration and not as a quantitative analysis
of the improved mixing by micromotors in Fenton
reactions.

These results indicate that the active mixing com-
ponent of the self-propelled micromotors, the amount
of Fe contained at the surface or the multifunctional
micromotors, and a proper concentration of hydrogen

SOLER ET AL.

peroxide are well suited for enhancing the efficiency of
the degradation of pollutants in contaminated solutions.

Mixing of the peroxide solution in the reaction vessel
due to the propulsion of microjets is modeled using
the stationary continuity equation for fluid dynamics
(ref 70, eq 2-1.1):

divj(r) = 0 7)

where the mass flux density is defined as a product of
the local concentration c(r) and local fluid velocity v(r):

jr) = cr) v(r) (8)

The process of mixing along the vertical z-axis can
be modeled by assuming that the concentration is a
function of the z-coordinate only, while the z-component
of the velocity is an average over an ensemble of
microjets with different coordinates (x,y) in the hori-
zontal plane over all area in the Petri dish, which is
accessible to the moving microjets:

v,(2) = / vy(x,y,z) dx dy/ dx dy
accessible area

accessiblearea
C)

Then the continuity equation (eq 7)

dg @) v,(2)] = 0 (10)
z

after integration over the vertical coordinate from a
point z to the top of the fluid in the Petri dish (Lquiq)
gives

c2)  villauid)

= 11
c(Lid) vz(2) a

With the diameter of the Petri dish D =30 mm and the
volume of the fluid V = 1 mL, the height of the fluid in
the Petri dish is Lq,iq = 1.41 mm.

Investigation of the velocity profile v(r) of a viscous
fluid dragged by a moving microjet constitutes a
separate hydrodynamic problem, which is beyond
the scope of the present paper. Here we use a standard
approximation: when analyzing motion in a viscous
fluid, elongated orthotropic bodies can be represented
by prolate ellipsoids of revolution (ref 70, p 222). The
flow of a viscous fluid dragged by an ellipsoid (in our
calculation, the axes of the ellipsoid are equal to
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A Control

Catalytic 5
Tubes

Figure 6. Mixing with self-propelled micromotors. (A) Improved mixing of solutions on the macroscopic scale over time. (Left)
Control solutions without micromotors and catalytic Fe/Pt micromotors (right) containing a sample with ca. 400 actively
moving microtubes (Fe 100 nm/Pt 1 nm). All beakers contain 3 mL of solution (6% H,0,, 1% SDS, and 10 uL of black ink as dye
to visualize diffusion). (B) Trajectories (colored lines) of 3 um diameter green fluorescing particles near a tube opening of a
500 um Fe/Pt micromotor over 3.3 s. (C) Control experiment with trajectories (colored lines) of the same sized fluorescing
microparticles without microtubes as micromixers. In B and C, a total volume of 200 L contained 1.5% H,0, with 0.5% SDS
and 10 uL of 3 um green fluorescing microparticles. Scale bar is 100 um. Insets B and C show representative trajectories of

three particles for each corresponding case.

diameter 2R = 120 um and length L = 500 um of the
microjet) moving with velocity vje; (according to the
experimental data, vjee = 538 um/s) is described
employing the Navier—Stokes equation (see ref 70,
Chapter 4, and references therein). The solutions are ob-
tained using two assumptions: (i) low-Reynolds-number
regime and (i) no-slip boundary conditions at the surface
of the body. These results provide a generalization of the
well-known Stokes' law of resistance onto a fluid flow past
a nonspherical body (ref 70, pp 145—149). Because of the
large diameter of the Petri dish compared to the sizes
of a model microjet, the effects of the walls on the fluid
velocity field are negligible.

The average z-components of the fluid velocity are
estimated for model microjets centered at the half-
height of the fluid in the vertical direction (0.5Lq,;q) and
moving at various values of the angle W between the
microjet velocity vjec and the vertical z-axis. In Figure 7A
they are plotted as a function of the coordinate z together
with the average over an ensemble of microjets with
different values of angle W from 0 to 90°. The corre-
sponding profiles of the peroxide concentration calcu-
lated according to eq 11 are represented in Figure 7B.

The average z-component of the fluid velocity
reaches its maximum values at the front and rear
points of the moving microjet, where the absolute

SOLER ET AL.

value of the total fluid velocity is vje; due to the nonslip
boundary condition. These points are separated by a
distance equal to the size of the projection of the
microjet onto the vertical axis. This is clearly seen in
Figure 7A: the distance between the local maxima of
the average z-component of the fluid velocity is the
largest for ¥ = 0 and monotonously decreases with
increasing W. Averaging over an ensemble of microjets
with different values of angle W results in a significantly
broadened profile of the z-component of the fluid
velocity with maxima close to those at W = 45°. The
average z-component of the fluid velocity reaches its
largest values at intermediate angles W ~ 45°, because
in this case contributions to the z-component of the
fluid velocity are gathered optimally from the total
surface of the microjet, which propels inclined with
respect to the vertical axis. However, averaging over an
ensemble of microjets with different values of angle W
provides the z-component of the fluid velocity of the
same order of magnitude as that for vertically moving
microjets (¥ = 0).

Within the present model, mixing of the peroxide
occurs due to the following physical reason: In order to
keep the mass flux density along the vertical axis con-
stant, as implied by eq 10, the peroxide concentra-
tion must be an inverse function of the average
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Figure 7. Average z-component of the fluid velocity related
to the microjet velocity (A) and the peroxide concentration
related to its undisturbed value far away from the moving
microjet (B) calculated as a function of the vertical coordi-
nate z for model microjets centered at the half-height of the
fluid in the vertical direction (0.5 x Lqyiq). The values of the
angle W between the microjet velocity vje; and the vertical
z-axis are given in the inset. The results averaged over an
ensemble of microjets with different values of the angle ¥
are represented with open circles. The pink thin line in panel
(B) represents the undisturbed value of peroxide concen-
tration far away from the moving microjet. Calculation
parameters are given in the text.

z-component of the velocity (eq 11). As shown in
Figure 7B, the peroxide concentration profile has min-
ima just in the regions at the front and rear points of
the moving microjet, where the average z-component
of the fluid velocity reaches its maximal values. Accord-
ingly, there occurs a redistribution of the peroxide
concentration in the vicinity of the microjet, which
decays far away from it. The highest modulation of the
peroxide concentration (~20%) is due to the vertical
propulsion of microjets (¥ = 0). Averaging over an

METHODS

Fabrication of Microjets. Microjets for the Fenton reaction
experiments were fabricated by rolling up thin films of evapo-
rated metals. Glass wafers 18 x 18 mm in size were cleaned with
acetone and 2-propanol by sonication for 2 min in each solvent.
The glass wafers were dried and baked at 120 °C for 2 min.
Coating with positive photoresist ARP-3510 was carried outon a
spin-coater at 3500 rpm for 35 s. The samples were postbaked at
90 °C for 3 min. Exposure to ultraviolet light through a mask of
500 x 500 um squared structures for 7 s with a Karl Suss MA56
mask aligner leads to photolithographic patterning of the
photoresist. The samples are developed in AR 300-35/water
(1:1) solution for 50 s and dried subsequently. Metal evaporation
of 50 nm iron at two different rates (3 A/s, 0.5 A/s) is conducted
on each of these patterned wafers using an Edwards e-beam.
The deposition of 100 nm Fe is carried out at an angle of 75°.
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ensemble of microjets with different values of the
angle W smears the profile of the peroxide concentra-
tion and provides the modulation on the order of 10%.

It is worth emphasizing that the region of rearrange-
ment of the peroxide concentration moves in space
together with propelling microjets. Therefore the drag of
the solution due to the propulsion of microjets is an
effective mechanism of mixing peroxide in the reaction
vessel.

CONCLUSIONS

We have demonstrated the ability of self-propelled
micromotors to oxidize organic pollutants in aqueous
solutions through a Fenton process. The combination
of mixing and releasing iron ions in liquids results in a
rate of removal of rhodamine 6G ca. 12 times higher
than when the Fenton oxidation process is carried out
with nonpropelling Fe rolled-up tubes. Consequently,
Fe/Pt micromotors boost the Fenton oxidation process
without applying external energy, and complete de-
gradation of organic pollutants could be achieved.
Advantageously, if desired, the micromotors can be
easily recovered using a magnet once the water pur-
ification process has been completed and the excess of
hydrogen peroxide can be easily decomposed to pure
water and oxygen under visible light. Moreover, with
this method, the remaining iron in the solution is 1 to 3
orders of magnitude lower than in conventional Fen-
ton processes. The high efficiency of the oxidation of
organic pollutants achieved by the Fe/Pt catalytic
micromotors reported here is of importance for the
design of new and faster water treatments, such as the
decontamination of organic compounds in waste-
waters and industrial effluents. Additionally, we have
proven that the usefulness of the micromotors lies in
their capacity not only to move but to exploit their
motion using their external surface to enhance useful
catalytic reactions. This work might pave the way for
the use of multifunctional micromotors for environ-
mental applications where the use of H,0, is not a
major drawback but a co-reagent.

In order to fabricate catalytically active tubes, sputtering of 1 nm
of platinum is performed by using magnetron sputtering.
The sacrificial photoresist layer is removed by immersing the
glass wafers in a mixture of dimethyl sulfoxide/acetone (1:1).
The Fe/Pt nanomembranes roll up immediately into microtubes
of 500 um length and about 40 um in diameter (see Figure S3in
the SI).

Fenton Reaction. Rh6G degradation experiments were per-
formed in a glass Petri dish (diameter 30 mm, height 10 mm)
containing 1 mL of solution at initial pH = 2.5, adjusting the pH
with HCl, with Rh6G (Cy = 45 mg/L), 15% H,0,, 0.5% sodium
dodecyl sulfate as surfactant, and 1 wafer of Fe/Pt microtubes
(441 £+ 10 microtubes). The degradation experiments were
carried out under standard conditions (298 K and 1 atm). All
the experiments were performed under the regular conditions
above-described unless otherwise stated.
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Analysis of Rhodamine 6G. Rhodamine 6G was weighed and
dissolved in water to a concentration of ca. 45 mg/L. A dilution
series of different rhodamine concentrations from 0 to 75 mg/L
was made to calibrate the concentration with the absorption at
550 nm of an MP96 spectrophotometer accordingly (see Figure
S1 in the SI). All spectrophotometric measurements were
carried out in a 96-well plate, using 100 uL of solution in each
analysis. Initial degradation rates were determined by calculat-
ing the negative of the slope of the curves of concentration of
Rh6G versus time at the start of the reaction (i.e., t = 0).

Analysis of Fenton Reactants. The pH in the aqueous solutions
was measured with a pH meter (microprocessor pH meter 211,
Hanna Instruments). The total Fe concentration in solution was
analyzed using an ICP-OES (IRIS Intrepid Il, Thermo Scientific).
H,0, analysis was performed using peroxide colorimetric test
strips (Mquant peroxide colorimetric test strips, Merck Millipore).

Recording and Analysis of Videos. A Zeiss Axio microscope with
high-speed camera was used to record videos of actively moving
tubes in rhodamine solution at a rate of 60 frames per second.
The free software FiJi was used to track particle speed and edit
videos and pictures. Scanning electron microscopic pictures were
taken with a Zeiss SEM/FIB scanning electron microscope.

Theoretical Analysis of Mixing. For analysis of the spatial dis-
tribution of the H,0, concentration, the continuity equation
was solved analytically after averaging the fluid velocity over
the in-plane coordinate as well as over the angle between the
axis of the microjet and the vertical axis of the Petri dish. The
pattern of the fluid velocity around a moving microjet was
modeled by the solution of the hydrodynamic Navier—Stokes
equations for a prolate ellipsoid moving at small Reynolds
numbers in a viscous fluid.
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