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Self-powered micro-machines are promising toolstha future environmental remediation
technology. Waste water treatment and water resisgni essential part of environmental
sustainability. Herein, we present reusable Fe/&ltiffunctional active micro-cleaners that
are capable of degrading organic pollutants by g#aed hydroxyl radicals via Fenton-like
reaction. Various different properties of microaners such as the effect of their size, short-
term storage, long-term storage, reusability, ecwdus swimming capability, surface

composition and mechanical properties are studid@ find that micro-cleaners can
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continuously swim for more than 24 hours and cansteeed more than 5 weeks during
multiple cleaning cycles. Micro-cleaners can algorbused, which reduces the cost of the
process. Over the reuse cycles, the outer iromserdf the Fe/Pt micro-cleaners generates
situ heterogeneous Fenton catalyst and releases adogewmtration of iron into the treated
water while the mechanical properties also appeabd improved due to both surface
composition and structural changes. Results havwen beharacterized by SEM, XPS,

Nanoindentation and Finite Element Modeling (FEM).

1. Introduction

It has long been known that organic and industsastewater poses a serious threat to the
environment and if the wastewater is released atdde it can damage aquatic life and is
harmful to human health®. Since the last century, significant efforts hdeen made to
improve the efficiency of water treatment metH8s However, due to the increasing
population and pollution, water cleaning is becagnimcreasingly challengifig*Y. With the
advancement of nanotechnology, new catalysts aminegred nanomaterials are being
developed for water treatm&At-*. One of the growing areas in nanotechnology igeorémd
nano-robots or motors, envisioned to carry out desnmedical tasks such as drug delivery,
cancer treatment and microsurd€y®. Catalytic self-propelled micro-motors use cherhica
fuel such as hydrogen peroxide, hydraZiher acetylen€” for propulsion. Amongst them,
hydrogen peroxide is being most widely used aseh ifu combination with the platinum
catalyst for propulsidfi’. However, due to the highly oxidative nature ofltngen peroxide,
medical applications of micromotors are limited their current stat&>%. Nonetheless,
environmental applications of motors have showmysing resulté*?>. Recent advances in

this area demonstrated degradation of org&fié8 and chemical warfare ag€fit®?, sensing



of heavy met&t’!, separation of organic materidts and oil removat® capabilities of

nano/micromotors.

Iron-containing micromotors swimming in hydrogenrgede serve as micro-cleaners to
degrade organic pollutantsa Fenton-like reactidff!. The degradation rate of organics is
much higher when motile micro-cleaners are deploy@tipared to degradation using non-
motile iron-containing tubes. Hydrogen peroxidethe main reagent in Fenton reaction,
which is already in use for many commercial wateatment proceduréd. Hydrogen
peroxide is also considered as a green reagerguitainable chemistry because it can be
degraded into water and oxygen gas without produany toxic chemical¥ . The
classical Fenton reaction generates hydroxyl résliehen F&' reacts with hydrogen

peroxide, as follow& 3942

Fe + H,0, > Fe* + OH + OH 1)
Fe" + H,0, > FE€" + HO, + H' )

During the reaction chain, Fe oxidizes to F& and Fé&' regenerates back from
Fe**(equations 1 and 2). One of the main disadvantafjee classical Fenton reaction is that
at the end of the treatment iron ions need to beved from the solution. Iron salt removal
requires a high amount of chemicals for preciptatnd produces a large amount of sludge.
Further sludge removal is an expensive processeqdres a lot of energy. In addition, non-
reusability of iron salt as a catalyst and enesgyuirement for mixing results in extra cost for
the treatment. To overcome the disadvantages a&bicl homogeneous Fenton reaction,

significant efforts have been made to develop bgmeous Fenton catalydts

Towards the development of more practical use dfroncleaners and to overcome the
limitation of Fenton reaction, we developed micteaners that can be reused several times
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for batch cleaning, can swim continuously for hocamsl can be stored for weeks for later use,
also minimizing the iron release to the solutionganerating in-situ heterogeneous catalyst
from iron surface. The effect of different micreeaher sizes on the organic dye degradation
rate, chemical composition after the cleaning cy@ad mechanical properties of micro-
cleaners were studied to understand the systernugbly. We extended the applicability of
micro-cleaners to another model of organic contamtini.e. 4-nitrophenol, demonstrating

their versatile remediation functionalities.

2. Resultsand discussion

2.1. Size effect of micro-cleanerson dye degradation and reusability

Pre-strained nanomembranes of iron and platinune sequentially evaporated by e-beam on
photoresist squared patterns of different sizes. f"dnomembranes were selectively lifted off
from the glass substrate and rolled up into miatutar structures (Movie S1), leading to the
formation of the micro-cleaners as explained in élxperimental sectionWe studied the
effect of size of the Fe/Pt micro-cleaners on tbgrddation rate using three different sizes of
micro-cleaners. For all sizes, we deposited equeh @f previously designed photoresist
patterns to keep the amount of catalytic matehi@aldame in each experiment even though the
total number of tubes was different. Three sizemmfo-cleaners (200 um, 300 um and 500
pum long) were fabricated by rolling up Fe/Pt nanorbenes(Figure 1A and Figure 1B)
and used for the degradation of dye. Experimendahmeters for the dye degradation are

presented in the experimental section.
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Classical Fenton reaction is highly oxidative intuna because of the hydroxyl radical
production during the reaction of £eions with hydrogen peroxide that are capable of
completely oxidizing organic molecules. Degradatmna model pollutant dye malachite
green via classical Fenton reaction was studietetail using iron salt (ferrous sulfate) as the
source of F& iond*. However, external mixing used during the degradateaction and
removal of sludge produced by#éonsvia precipitation after the completion of the reaction
can make the process expensive. In similar expetamheonditions, active micro-cleaners
showed similar results but without any externalimgxand less amount of iron released from
the surface into the treated water. Micro-clearamtsas multipurpose agents, the platinum
layers present inside the micro-cleaner act agnigine to decompose&, into O, and HO.
The oxygen bubble trail produces thrust on the orateaner to propel it which additionally
provide micro mixing and enhanced mass trafisféf. The iron layer present outside the
micro-cleaners reacts with the®hto produce hydroxyl radicalsa Fenton-like reaction that
degrades the organic compouiithe pH was adjusted to 2.5 using sulfuric acid (dyp@orted
optimum pH is between 2-3 for the Fenton reactiatalyzed by zero valent metallic
iron*®“%) and the initial concentration of malachite greems kept to 50 ug/ml in all the
experiments. During the dye degradation experimeiye concentration was periodically
measured by the UV-visible spectrometer and theaxateaners were left swimming in the
contaminated dye solution until steady state ofraidation was observed after 60 minutes.
Figure 1C shows the degradation curves of 200 pm, 300 uchb80 pm micro-cleaners and
control experiments without micro-cleaners. Micteamers degraded more than 80 % of
malachite green in 60 minutes; furthermore, conepl@egradation can be achieved over
longer time (not shown). After 60 minutes of deg@mh, we measured the degradation of
malachite green for all the three sizes of micemnokers. We calculated one-way analysis of

variance (ANOVA) for all measured data points fdfedtent sizes of micro-cleaners to verify
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the statistically significant difference betweererth There was no significant difference
found in the amount of dye degraded by the thréferdint sizes of micro-cleaners at the P =
0.9850 (n=5) level. Degradation of malachite grelse is due to the oxidation reaction
facilitated by hydroxyl radicals produced while th®n containing micro-cleaners are
swimming in wastewater containing hydrogen peroxidgdroxyl radicals have very strong
oxidation potential (2.8 V) just below the oxidatipotential of fluorine (3V); therefore, if

enough time is given, hydroxyl radicals can mineeabrganic molecules into carbon dioxide
without leaving any toxic byproducts. Hydroxyl redis oxidize malachite green into final

byproduct oxalic acid before mineralizing into camtdioxide®®!.

Clearly, Fe/Pt micro-cleaners show higher degradatrate compared to the control
experiments without the micro-cleaners lgure 1C shows. Fe/Pt micro-cleaners were
already shown to outperform the dye degradatiom catmpared to various controls such as:
(a) only Fe tubes, (b) non-iron containing motass, Ti/Pt and (c) immobilized Fe/Pt micro-
cleaner8®. Figure 1D show dye degradation by a single micro-cleaner iderisg that all
micro-cleaners present in the solution contribujeadly to the total degradation. The figure
reveals that a larger micro-cleaner of 50 is more effective than a 3Q0n or a 20Qum
micro-cleaner. Provided thaihe amount of total rolled up catalytic materiaégent in the
solution is equal, i.e. 0.64 éim all cases, differences in the size of micro4ekza do not
give added advantage and have limited effect orddgradation of dye in the studied size
range. The total amount of catalytic material playsiore important role than the size of the
micro-cleaners. Different experimental parametershsas the effect of hydrogen peroxide
concentration and the addition 0§%0, were further studied by using 500 um micro-cleaner
fabricated in a new batchkigure 1E shows the percentage of degradation of 50 pg/ml
malachite green by micro-cleaners in 60 minutethatdifferent concentrations of hydrogen

peroxide. Above 15 % hydrogen peroxide, the dedmaalgpercentage does not increase
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significantly, reaching a plateatrigure 1F shows the absorbance spectrum of malachite
green after 60 minutes of degradation by microredes with and without the addition of
sulfuric acid for 2.5 pH maintenance. Interestinghe effect of sulfuric acid addition on the
degradation percentage is almost negligible, megthat in future applications, addition of

acidic media is not required for the degradationrgnics using micro-cleaners.
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Figure 2. Reusability of micro-cleaners (A) Schematic deagrof reusability cycle of micro-
cleaners. Ferromagnetic micro-cleaners were celieatith an external magnet. After
cleaning the surfaces of the micro-cleaners, neg+abntaminated water was added for the
next degradation cycle. (B) Reusability performaantelifferent sizes of micro-cleaners in 5
consecutive degradations during periods from 1 bodrs and at 18 hours and 24 hours after

short-term storage. One degradation cycle is 6Qutagof swimming of micro-cleaners in
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polluted water. (C) Reusability performance of micleaners in each cycle after 1 to 5

weeks of storage

A reusable catalyst is important for cost effeatiees of the Fenton-based advanced oxidative
processes. The reusability performance of micraredes was studied as showrFigure 2A.

We tested all three sizes of micro-cleaners fosabllity to verify if the performance remains
comparable in later cycles. In each cleaning cywke kept the micro-cleaners swimming in
the malachite dye contaminated water for the degial After each cleaning cycle, the
micro-cleaners were collected using a permanenmnetagleaned with ultrapure water three
times and then reused in subsequent cleaning cythestime intervals between two cycles
were chosen in incremental fashion in order to wa&pboth short-term or long-term changes
and the effect on the degradation rate. The fing¢ ftleaning cycles were performed
consecutively from 1 to 5 hours, then next cyclesenperformed after 18 hours and 24 hours
of storage in sodium dodecyl sulfate (SDS) contgnwater solution without hydrogen
peroxide to study changes after short term storegbowing cycles were performed while

keeping 1-week time interval between each cycle.

Degradation of the dye from 1 to 5 hours, when maeaners were reused continuously
without storing them and at 18 hours and 24 hoftes ahort-term storage was between 68%-
86%, as shown in th&igure 2B. After long-term storage (one week to five weekbg
degradation was slightly reduced to 56%-67%, asqgmted inFigure 2C. Percentages of
degradation are in the similar range for differsizes of micro-cleaners in the different dye
degradation cycles in short-term and long-term ,usdsch shows that the size of micro-

cleaners remains unimportant in terms of reusgbilit

Previously, iron layers were used for magnetic rstgeand guiding purpo§&. Here, we

exploited the ferromagnetic nature of the Fe laagean added functionality to recover micro-
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cleaners, along with Fenton reaction capabilitycidicleaners can be magnetically recovered
and reused several times without significant changethe percentage of dye degradation

efficiency, even after weeks of storage.

After each reusability cycle, the swimming behavidrthe micro-cleaners was observed
under an optical microscope to assess the motlitg bubble production activity. We
observed that from second cycle onwards the milgarers were producing bubbles more
vigorously because of the self-cleaning and adgtwaof platinum surface in the first cycle.
Micro-cleaners remained active after 5 weeks (idiclg both short-term and long-term
intermediate storage, see Movie S5). Micro-cleapeesented very good structural integrity
during initial cycles but in the later cycles, solneger micro-cleaners were broken into two
pieces or broken layers were visible while sometshanicro-cleaners were broken in even
smaller pieces without tubular geometry. Damagieénstructure could be due to (i) multiples
exposure of micro-cleaners to the external magreid of a strong neodymiume-iron-boron
magnet during recovery process after every cyclé @n internal pressure of bubbles
generated while swimming. Damage in the structumarity could be one of the reasons for
the observed decrease of dye degradation percentéiye later cycles after long-term storage

(Figure 2C).
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1hr

Figure 3. Micro-cleaners of three different sizes (200 puro0 31m and 500 pum long)

swimming continuously at time intervals of 1 hadbihours and 24 hours.

We carried out a separate continuous swimming @xjet to understand if it is possible to
use micro-cleaners for continuous longer swimmippgliaations or many batch-wise shorter
cleaning cycles. All three sizes of micro-cleangnsam in HO, (15% v/v)solution for 24
hours and swimming was periodically monitored urmjgtical microscope (Movie S2 to S4).
Figure 3 shows that all 200 um, 300 um and 500 um micrarges swam even after 24
hours of continuous motion. Thus, it is indeed fgmego use them for long-term swimming
activity. Although some micro-cleaners were broketo smaller pieces after few hours of
swimming, they were still active. Changes in thenaeter were also observed after few hours

of swimming as irFigure 3. Namely, a decrease in the diameter is visiblddnger micro-
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cleaners in 24 hours images. An opposite effect elaserved for 200 um micro-cleaners;
some of them were opened up and broken into piddes.difference is due to the presence
of fewer numbers of windings in the micro-cleanfaisricated from the smaller photoresist
patterns. Since the same thickness of Fe/Pt nanbraees rolled up from different sizes of
photoresist patterns, similar diameters betweenod480 um (and thus, different number of

windings in the rolled up tubular micro-cleaneusture) were achieved.

2.2 Heterogeneous catalytic shift in the Fenton reaction and surface characterization

It is widely accepted that zero valent iron-mediafenton reaction is mainly a manifestation
of ferrous ions generated from the iron surfaceadgidic pH. F&" ions leached from the
surface in the solution play an important rolehia teaction kinetics, which oxidizes into’Fe
ions during the Fenton reaction (equation 1). Reggion rate of F& ions from F&
(equation 2) is a rate-limiting factor for classi€anton reaction and the presence of metallic
surface are believed to help the reduction of ken to Fé*, thus maintaining the Fenton

reaction raté®,

The iron released from the surface of micro-clesiner the solution was measured by
inductively coupled plasma spectrometry (ICP-OBBgasurements were performed after 60
minutes of degradation cycle for up to 8 cyclese Tieasured iron concentrations for all three
sizes of micro-cleaners 200 um, 300 um and 500 ftantae first cleaning cycle are ca. 2.10,
2.15 and 2.20 pg/ml respectively. The similar cotiagion of iron in the solution for all sizes
(Figure 4A) further proves a similar initial dye degradatiate for different sizes of motors
(Figure 1C). In the subsequent cycles, the concentrationmidsharply, and remained in a

lower range, as shown Figure 4A.
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The initial ferrous ion concentration in the reantmixture greatly affects the kinetics of the
Fenton reaction. As reported by Hameed et al.,ran concentration above 2 pg/ml is
sufficient to carry out classical homogeneous Ferdegradation of malachite greféf.
However, if the F& concentration in the solution is below 1 pg/mle tmalachite green
degradation rate should not be higher than thealagerved in the control experiment without
Fe*. The dye degradation in first cycle can be attel to the released iron from the surface
of micro-cleaners but from the second cycle onwatls iron concentration was below 1
pa/ml. In spite of having the iron concentratiowés than 1 pg/ml, percentage of degradation
only changes marginally. This result suggests & shithe reaction pathway towards the
heterogeneous Fenton reaction. There should befotimeation of in-situ heterogeneous
Fenton catalyst on the surface of the micro-cleabt@achieve a dye degradation efficacy as
in the first cycle. Also, the motion of micro-cleas can keep regenerating the active surfaces

and increases the mass transfer to help maintaihengercentage of dye degradation.
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Figure 4. Iron release in the solution and the surface dtanaation of micro-cleaners. (A)
Iron concentration released in the solution aftst tleaning cycle was above 2ug/ml, which
decreased rapidly in the consecutive cycles andiread extremely low. (B, C, D) Fe 2p, Pt
4f and O 1s high resolution XPS spectra on theasarfof micro-cleaners before Fenton
reaction after 5 hours of consecutive cleaningeyend in the cycle after term storage of 5

weeks.

To study surface changes occurred after Fentortioeac micro-cleaners were analyzed by
X-ray photoelectron spectroscopy (XPS) using a P00 multi-technique system
spectrometer, equipped with a monochromatic X-rayree. The micro-cleaners before
Fenton reaction, after Fenton reaction of 5 houars ater 5 weeks of storage were subjected
to XPS analysis. The micro-cleaners were washeld wéter and then dried in an ethanol-
CQO, critical point dryer before measurements (to ditheut damaging the structure). Critical
point drying is necessary to avoid the mechanicakses generated due to the surface tension
changes when the solvent on and around the mieanels is drying.

Fe is mostly present in an oxidized form at theeoubst surface already before the Fenton
reaction, as evidenced by the existence of a FeRjblet located at 709.8 and 723.9 eV,
which can be assigned to #&>°% (Figure 4C). It is plausible to assume that thesitu
generation of K&y, heterogeneous catalét at the surface of the micro-cleaners reacts with
hydrogen peroxide to yield reactive oxidative spedn the Fenton-like reaction after first use.
In fact, the Fe 2p doublet is slightly shifted tad/digher binding energies after 5 weeks of
storage, indicating the presence of‘FeAccording to the literature, peak positions shift
toward higher binding energies as the oxidatiortestsf Fe increas€d. Although the
difference in binding energy betweerfFand F&* oxidation states is very small (therefore, it
is difficult to determine the relative amount ofFand F&" in the micro-cleaners), it is clear

that the surface becomes more oxidized. Notice thiabthe shoulder observed ca. 706 eV
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both before and after 5 hours of Fenton reactiot aftributed to metallic Fe (2p"”
weakens after 5 weeks. Hence, a complex mixtumonfoxides (FeOOH, E©®, or FeOs) is
probably present at the surface of the micro-clesaatter 5 weeks. Also, a slight shift in Pt 4f
doublet is observed after 5 weeks of FenfBigure 4B). This might indicate oxidation of
metallic Pt, but to a much less extent than Fe gwinthe noble nature of Pt. Regarding the O
1s core-level spectra, a complex, broad signal setreral maxima is observé@gigure 4B).
After 5 hours of Fenton reaction the contributiooni lattice G (529 eV) relatively increases,
indicating again that the surface is more oxidizakewise, the peak at 530.7 eV has been
attributed to non-stoichiometric oxides in the aug region (oxygen deficienci€§) After 5
weeks, the Ols signal is dominated by the contohatfrom hydroxyl groups. Moreover, the
Fe/Pt ratio markedly diminishes after Fenton reactil.51 before Fenton; 1.37 after Fenton
for 1 h; 0.90 after Fenton for 5 weeks, indicatthgt Fe undergoes leaching, in agreement

with ICP analyses.

2.3 Mechanical behaviour of Fe/Pt micro-cleaners

In order to assess the mechanical robustness atedyrity of the micro-cleaners,
nanoindentation experiments were performed on éled tubular micro-cleaners obtained
from the 500 x 50Qum Fe/Pt flat films. Experiments were carried oytliefore Fenton

reaction (ii) after 5 hours of Fenton reaction @nylafter 5 weeks of storage.
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Figure 5. Representative load (P) — displacement (h) curmdsogtical microscopy images of

micro-cleaners before indentation (center) andrafigentation (right) corresponding to the

micro-cleaners (A) before Fenton, (B) after 5 haafrEenton and (C) after 5 weeks of storage.

Arrows indicates chipped off layers and cracks had micro-cleaners that occurred during

indentation and, most likely, associated to theliragy event shown in the respective load-

displacement curve.

Figure 5(A, left) shows the applied load (P) — penetration depthnghgntation curve of a
micro-cleaner before the Fenton reaction (i.e.uaansed micro-cleaner). The test reveals a

smooth loading behavior up to a load of about ON, mvhere a pronounced pop-in (i.e.,
16



sudden displacement burst) is observed. This displant was associated to a cracking event
of the material, and was further verified througttical microscopyFigure 5(A, center)
shows the image of the tubular micro-cleaner befodentation, whileFigure 5(B, right)
shows the same micro-cleaner after indentationowsrin Figure 5(B, right) indicates a
layer of micro-cleaner that has been chipped awayng indentation and, most likely,
corresponds to the cracking event shown Figure 5(A, left). A similar behavior,
accompanied with a certain barreling of the midemners, was observed in all other
investigated micro-cleaners before Fenton reaction.

A representative nanoindentation curve of the mateaners after 5 hours of Fenton reaction
is shown inFigure 5(B, left). The maximum penetration depth attained after Fergaction

is smaller than before Fenton. Namely, h decrefases[135 um (before Fenton) 023 pm
(after 5 hours), respectively. This means thatRbeton reaction induces an increase of the
strength of the micro-cleaners. Cracking eventsexidliation of the micro-cleaners usually
take place during indentation tests performed &feton reaction, although at loads typically
close to 0.2 mN (se€igures 5(B, center) and 5(B, right)). In summary, before Fenton
reaction the micro-cleaners appear to be more ldugtith higher attained penetration depths
than for micro-cleaners after Fenton reaction fagiven value of maximum applied load
(compareFigures 5(A) and 5(B)). Both, before and after 5 hours of Fenton reaction
indentation tends to cause a certain barrelinfp@tabes (particularly before Fenton reaction)
inducing, finally, cracking and exfoliation of tloaiter shells of the tubes. As aforementioned,
after 5 hours of Fenton reaction micro-cleanerseapgo be mechanically stiffer mainly
because: (i) tightening up, reducing the diamefethe micro-cleaner and increasing the
number of layers (i.e., their thickness) and (ig formation of iron oxides at the outer surface

of the micro-cleaners as seen in the XPS analy$tggure 4(C).
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Figure 5(C) shows the results of nanoindentation on a miceasetr after 5 weeks in storage.
In this case, the penetration depth attained faappiied load of 0.2 mN is around 10 um and
no cracking events were observed for this maximpplied load. In order to assess whether
exfoliation of the micro-cleaners takes place ahbr loads, nanoindentation experiments
were performed with jgx = 1 mN. As it can be observed kingure 5(C, left), in this case a
clear cracking event occurs at’F0.6 mN. This critical load for cracking is theredchigher
than the one observed irigures 5(A) and 5(B), suggesting an increase of mechanical
resistance of the micro-cleaners with usage. Typiptacal microscopy images of these tubes
before and after indentation withy2 = 1 mN are shown ifigures. 5(C, center) and5(C,

right).

Table 1. Summary of the elastic @), plastic (L) and total (L) indentation energies for the

micro-cleaners. The ratio Ui corresponds to the elastic recovery of the inadkemtéro-

cleaners.
Elastic energy Plastic energy Total energy
Tube Uel/Utot
Uel (nJ) Upl (nJ) Utot (nJ)
Before Fenton 0.97 2.71 3.68 0.26
After Fenton 5 hrs 0.46 1.83 2.29 0.20
After Fenton 5 weeks 2.13 1.67 3.80 0.56

Table 1 shows the energy analyses performed during intdentaf the micro-cleaners for the

three investigated conditions. Remarkably, thetelagcovery (i.e., the ratio between the
elastic energy, L) and the total energy,«J after 5 weeks of storage is clearly larger than
before Fenton or after 5 hours of usage. Hence) fomechanical point of view, the tubes

after Fenton are better than before Fenton, astubeds clearly delayed and the elastic
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recovery is enhanced by more than a factor of B v@spect to the as-prepared micro-cleaners

before Fenton.

S, Mises (Avg:75%)

0

0.4540 0.9080 1.362

S, Mises Avi:TS%)

0 1.305

Figure 6. Scanning electron microscopy images and FiniteanEte Modelling of (A) a
micro-cleaner before Fenton and (C) a micro-cleaffer Fenton reaction, together with the
simulated von-Mises stress distribution of indenta@tro-cleaners with similar wall-to-

thickness aspect ratios (B and D, respectively).

Additionally, nanoindentation finite element simiibas were performed using the
commercial software ABAQUS in order to shed furthght on the mechanical performance
of the micro-cleaners. The chosen geometry fostimellations was a cylinder with a wall-to-

diameter aspect ratio similar to the investigatadroacleaners before and after 5 hours of
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Fenton reaction. The mesh used during the simulatannsisted of fully-integrated brick-
shape elements, Berkovich indenter was considexyedo@rfectly rigid body and the cylinders
perfectly elastic, with a Young’s modulus equalk@® GPa. Boundary conditions were such
as to prevent the vertical displacement of thencgr during indentation. The von Mises yield
criterion was used to study the differences in tiechanical performance of the micro-
cleaners before and after 5 hours of Fenton raaclibe diameter of the micro clearers was
decreased after the reactidfiqure 6(A) andFigure 6(C)) due to the tightening of the layers,
likely because of the pressure pulses generatedgdbubble development and release could
promote the release of residual strains from tlyerka The simulations reveal that the tube
after Fenton reactioriF{(gure 6(D)) accumulates higher stress directly beneath thented tip

for a given applied load than the tube before Feméaction Figure 6(B)), indicating that it

is mechanically harder. Concomitantly, for a certapplied load, the overall deformation of
the tube before Fenton reaction is higher thaménsimulated tube after Fenton. The results
of this simple simulation (which does not take imccount the multiwall structure of the

micro-tubes) agree qualitatively well with the expeental observations.

2.4 Degradation of phenolic compound

== Control (No H;05)
e===H504 (60 min)
0.94 === Micro-cleaners (10 min)
" = Micro-cleaners (60 min)
Q
2
o 0.6 4
o]
=
o]
[72]
Q2
< 0.3-
0.0

400 450

Wavelength (nm)
20

300 350



Figure 7. Degradation of 4-nitrophenol by,8, control in 60 min. (red), 500um micro-

cleaners in 10 min. (blue) and 60 min. (cyan). Bllmes indicates control with H20

In order to prove the remediation capabilities aénmcleaners to other organic pollutants, we
performed a degradation experiment for a phenammound (4-nitrophenol) using 500 um
micro-cleaners. 4-nitrophenol is one of the moshicmn organic pollutant molecules present
in the industrial wastewater. Its degradation isllemging using bacteria, yet hydroxyl
radicals are capable of completely mineralizininio carbon dioxide’ . Figure 7 shows
that by using KO, as oxidant alone cannot degrade 4-nitrophenollewhicro-cleaners can
degrade more than 30% in 60 minutes. The differendbe percentage of degradation for
malachite green and 4-nitrophenol is due to thieiht reaction kinetics of hydroxyl radicals
for different organic molecules. Micro-cleaners @etpd ~18 pg of 4-nitrophenol in 10
minutes and ~41pug in 60 minutes from 3 mL of comtated water containing 150 pg of
initial amount (50pg/ml). Longer duration is recuadrto achieve complete degradation but
also the addition of larger amounts of micro-clearmuld achieve faster oxidation and even

total degradation.

3. Conclusions

We demonstrated the reusability of self-propellesdPE micro-cleaners that can carry out
highly active Fenton-like reaction without extermaiking. We found that the variation in the
length of micro-cleaners does not affect the pemtorce if the amount of catalytic material
that is rolled-up is kept constant. Reusabilityutessshowed that the micro-cleaners can be
recovered using magnets and reused for multipledimithin less than a week without the
decrease in the performance of the organic degoadabeveral weeks storage is possible

without much sacrificing the activity. Micro-cleasecan also be used for continuous
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swimming applications, namely at least 24 hours. W¥served that the surface micro-
cleaners were oxidized to produicesitu iron oxides which act as a heterogeneous catalyst.
Iron oxides formation along with the tighteningrofled up layers increase the mechanical
strength of the micro-cleaners after the Fentorctiea Degradation experiments of 4-
nitrophenol and malachite green proved the podsilmf using micro-cleaners for wide range
of organic pollutants. The experiments presented,levidence the long-term and reusability
of very active micro-cleaners, which will be beredl towards lowering the cost of the water
treatment using this advanced technology. Furtkpe@ments should be driven towards the
remediation of other pollutants in real wastewa@mples and in confined pipes or places

difficult to reach by traditional methods.
Experimental section
Fabrication of the micro-cleaners

Micro-cleaners were fabricated by rolling up theo@embranes of iron and platinum metal
deposited on square patterns of photoresist. RPesuinotoresist patterns (2Qon, 300 um
and 500um) were developed using standard photolithograpblgriiques. Positive photoresist
(ARP 3510) was spin coated (3500 rpm for 35 s) oewvipusly cleaned glass wafers
(18x18mm) to make a layer with uniform thicknesst(2m) and exposed to the UV light
under a chromium mask with the respective sizgmterns confined in 1 charea by a mask
aligner. Photolithographic patterns on glass sabetrwere developed (using 1:1 water/AR
300) and dried by blowing nitrogen before depogitihe metal nanomembranes. A custom
built e-beam evaporator was used for the deposifiovo layers of iron (100 nm) were
evaporated at different deposition rates (at 0r86’nand 0.06 nms respectively): third layer
of platinum (5 nm) was evaporated (at 0.02 A&\l three layers were deposited at the

glancing angle (69, which leads to a non-deposited window at eadtepa The photoresist
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walls, adjacent to the non-deposited windows, ranexiposed which was required for the
controlled directional rolling of nanomembranesmixture of dimethyl sulfoxide (DMSO)

and acetone (1:1) was used to etch photoresisttselly from the exposed wall. The
nanomembranes were rolled up from the side of tpesed wall to the unexposed wall in the

shape of tubular micro-cleaners (Supporting videos)
Size effect and reusability and 4-nitrophenol degradation experiments

Three different sizes of micro-cleaners (200 unf) @én and 500 um long with the diameter
between 40-60 pm) were fabricated from the nanomanals deposited on photoresist
patterns that were confined in 1 Tarea on the glass substrate. The number of mieemers
rolled up from a constant amount of catalytic matgsresent in 0.64 cfrarea including all
square patterns were different for different siakpatterns (~1600, ~729, ~ 256 respectively
for sizes in increasing order). After rolling upicno-cleaners were first transferred into SDS
water (0.5 % wi/v) and then used for degradationesrgents, carried out in a beaker
containing total 3 ml of polluted water consistddnmalachite green (50 pg/ml), hydrogen
peroxide (15% v/v) and SDS (0.5 % w/v) at the adidsacidic pH (2.5). Dye concentration
was measured by a spectrophotometer (Specord 2&lytical Jena) at 0, 10, 30 and 60
minutes during the experiments to study the eftéddizes. A new batch of 500 um micro-
cleaners was fabricated and used to study theteaffdtydrogen peroxide concentration (5%,
10%, 15%, 20% and 25%) on the degradation of ma&gneen in 60 minutes. Degradation
of 4-nitrophenol (50 pg/ml) was carried out by @sBO0 um micro-cleaners in the same

experimental condition used for malachite greerraidation.

In a different batch, micro-cleaners of all size=revfabricated using the same parameters that
were used for size effect experiments to studyehsability. All three sizes of micro-cleaners

were reused after short and long term storage.t$wn experiments were carried out at
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varying time intervals; first five cycles were dad out at 1 to 5 hours continuously changing
polluted water after the end of the 60 minutes oegradation cycle. After the end of each
cycle, micro-cleaners were confined in a cornethefbeaker using a strong neodymiume-iron-
boron hard magnet and the treated water was replaitd pure water (Millipore water) to
clean the surfaces of micro-cleaners, cleaning isteppeated twice and then polluted water
solution is added for the next cycle. Polluted watamposition was kept same as in the size
effect experiments. After 5 hours, micro-cleanemravcleaned and stored in SDS water
(0.5% w/v) before using in next cycles at 18 hoamsl 24 hours form the first cycle. In a
similar fashion, long term storage experiments veareied out using the same micro-cleaners
after 1 week of intermediate storage between twebesyup to 5 weeks from the first cycle.
Dye concentration after each cycle was measurethéyJV-Vis spectrophotometer. After
each cycle, treated water was collected and furdimatyzed by ion coupled plasma (ICP-
OES) method to measure the iron concentrationwastleached from the surface of micro-

cleaners.

Continuous swimming and video recording

An upright microscope (Leica DFC3000G camera) wseduo record rolling up videos for
different sizes of micro-cleaners (supporting vslewhile an inverted microscope (Leica
DMI300B) was used to study the swimming behaviomaéro-cleaners after each cleaning
cycle. A custom designed 3D printed microscope estagas fabricated to record the
swimming of micro-cleaners directly in the beakdnene the degradation experiment was

going on.

During the continuous swimming experiment, micreariers were observed under the

inverted microscope at 1, 5 and 24 hours.
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Surface characterization

X-ray photoelectron spectroscopy (XPS) analysesewearried out on a PHI 5500
Multitechnique System (from Physical Electronicspecrometer, equipped with a
monochromatic X-ray source (i line with energy of 1486.6 eV and 350 W), placed
perpendicular to the analyser axis and calibrasiigudd’line of Ag with a full width at half
maximum (FWHM) of 0.8 eV. The analysed area was8ndm diameter disk surface for
each sample. Charging effects were corrected gree€ing the binding energies to that of

the adventitious Cls line at 284.5 eV.
Mechanical properties

Micro-cleaners were dried using an ethanol;Cftical point dryer before doing the nano-
indentation experiments. Typical load-displacemer@asurements were conducted on the
micro-cleaners before Fenton reaction, after SofifSenton reaction and after 5 weeks. For
the sake of simplicity, the micro-cleaners obtaifredn the 500 x 500 um Fe/Pt layers were
selected for the mechanical tests. Experiments wer®rmed in load-control mode, using a
UMIS instrument from Fischer-Cripps Laboratoriesiipged with a Berkovich pyramidal-
shaped diamond tip. Maximum applied load valuegednbetween 0.2 mN and 1 mN. To
ensure statistically meaningful results, at ledsintentations were performed for each type
of micro-cleaners and the representative averabavieur is reported. The elastic {Jand
plastic (L) energies during indentation were assessed frenatbas enclosed between the
unloading segment and displacement axig)(lAnd between the loading and unloading
segments (). The total indentation energy isolJ= Ug + Uy and corresponds to the area
enclosed between the loading segment and the despknt axis. The ratioUJ:,: denotes to

the elastic recovery of the tubes after having hedented.
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