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ABSTRACT

Electrochemistry is a highly versatile part of chemical research which is involved in many of the processes in the field of micromotion. Its
input has been crucial from the synthesis of microstructures to the explanation of phoretic mechanisms. However, using electrochemical
effects to propel artificial micromotors is still to be achieved. Here, we show that the forces generated by electrochemical reactions can
not only create active motion, but they are also strong enough to overcome the adhesion to the substrate, caused by the increased ionic
strength of the solutions containing the ions of more noble metals themselves. The galvanic replacement of copper by platinum ions is a
spontaneous process, which not only provides a sufficiently strong electromotive force to propel the Janus structures but also results in

asymmetric Pt-hatted structures, which can be further used as catalytic micromotors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085838

INTRODUCTION

Electrochemical processes can be used to synthesize materi-
als, characterize their electrical properties, and produce a usable
electric potential. Since the early years of artificial motion on
the microscale, plenty of electrochemical fabrication methods
have been deployed in order to produce a variety of micro-
motors." Starting from the bimetallic rods that have marked
the initial electrophoretic swimmers,”’ other asymmetric struc-
tures evolved which were often produced by bipolar electro-
chemical deposition’ to a more simple and straightforward
approach to produce tubular motors.”* From an analytical point
of view, electrochemical techniques are widely used to charac-
terize employed materials and material combinations. One exam-
ple is results from cyclic voltammetry or Tafel plots that are
commonly discussed in related publications. Nearly any propul-
sion mechanism, besides bubble propulsion,” is associated with
electrochemical reactions'’ or conditions.'"'” Even for neutral
diffusiophoresis, the one phoretic mechanism that was believed
not to be influenced by charge distribution, several observa-
tions indicate that this initial assumption must be corrected.”” "’
On the other hand, the dielectrophoretic interactions in electric
fields have also proven to be a sophisticated way to successfully

propel and assemble particles."”'” Looking at the applications

of micromotors, electrochemistry plays a role, with the elec-
trochemical detection of biosensors being a well-established
procedure.* !

However, despite these frequent links between electrochem-
istry and micromotion, the use of the electromotive force (EMF)
as a propulsive mechanism needs further research. EMF refers to
the maximum potential difference between two electrodes of a cell.
However, since this potential is only related to the tendency of an
element to gain or release electrons, no applied current is required,
and the work generated from this reaction is directly suitable to pro-
pel micromotors. To the best of our knowledge, this has not been
shown yet.

In nanotechnology, galvanic replacement reactions are fre-
quently used for the fabrication of hollow nanostructures and
microstructures, for the inexpensive production of catalysts” or for
microscale alloying of different materials, obtaining tunable compo-
sitions, porosity, and shape.”’ The galvanic replacement reactions
are driven by the difference in the standard reduction potential
between the solid sacrificial metal with a noble metal ion in the
solution.” Noble metal structures obtained via galvanic replace-
ment are especially attractive for catalytic applications due to their
larger reactive surface area, owing to the production of mostly
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hollow or porous surfaces and their much less expensive production
route.”’

In the first part of this work, we take advantage of the high
tendency of noble metal ion solutions, such as [PtClﬁ]z_, to gal-
vanically replace the sacrificial copper hemisphere of Janus par-
ticles. This chemical reaction creates an EMF, strong enough to
enable the auto phoretic motion of Janus particles, despite the
fact that no traditional fuel is present. In the second part, the
suitability of galvanic replacement as an inexpensive strategy for
the preparation of active galvanic Pt capped microswimmers is
demonstrated.

ARTICLE scitation.org/journalljcp

RESULTS AND DISCUSSION
Electromotive force to propel Janus particles

Going back to the early work of Nernst and Faraday, we can
define our Janus particles (see Experimental section for details) as
an electrochemical cell, consisting of a Cu anode in a Pt-ion con-
taining solution. After completion of the exchange, a double layer
is built up but no further thermodynamically favored process is
ongoing in the system.

Therein, the following half-cell reactions can be formulated,
with the positive potential indicating a spontaneous reaction

Anode: 2Cu(y — 2Cu” +4e” Elyijcu = 034V, (1)
Cathode :  PtCle(,) +4e” — Pt(y) +6Cl- Epcy- o = 0.74 V7, ®)
Combined :  2Cu(y) +PtCle(pg) = Pt(s) +2CuClyiy +2C17  E°=0.40V. 3)

This galvanic approach for the production of Pt capped microswim-
mers represents a spontaneous, simple and inexpensive method-
ology for the production of noble metal capped microswimmers.
The conditions depend on the difference of reduction potentials of
the two species, as well as on the concentration of the noble metal
ions.”” The different optical properties of the two metals, as well as
the different stoichiometry, allow the screening of the process by
optical microscopy besides the documentation of the EMF as a
propulsion generator for the active motion. Consequently, we
present the first approach to use the EMF as a driving force for
micromotors, transforming Cu@SiO; particles into catalytic plat-
inum motors obtained by galvanic replacement (;Pt@SiO, motors).

Furthermore, the obtained particles are found to be catalyt-
ically active when placed in hydrogen peroxide solution, pro-
pelling themselves, as the decomposition of H;O, takes place
only on the Pt surface cap obtained by the galvanic replacement,
generating concentration gradients of the solute that drive the
movement.””’

The as deposited Cu@SiO; Janus particles present a smooth
half coverage on one of the hemispheres. Despite the nanoscale
roughness, these particles have a nearly spherical shape (as shown
in Fig. 1). After the addition of HyPtCls (as a noble metal pre-
cursor), the visual impression of the particles changes strongly.
The caps shrink in size and resemble hats instead of hemispheres.
As expected from structures obtained by galvanic exchange, they
present greater roughness, and further precipitates are observable.

This new morphology is due to the stoichiometric ratio Cu/Pt
[as shown in Eq. (3)] as well as the difference in atomic radii (1.28 A
for Cu and 1.39 A for Pt).”* Both effects contribute to the displace-
ment of Cu atoms on the outermost layer of the Janus hemisphere
through PtCls®", while only a fraction of the top layer of the Cu
will be initially replaced by Pt atoms, leaving the inner Cu layers
for further reactions.

The overall process leads to the increase in the roughness of
the resulting Pt layers, but with a decrease in size when compared to
the Cu template. This is visible in the loss of contrast optical images,

(

resulting in “hatted particles.” Also visible from the scanning elec-
tron microscopy (SEM) image is that the galvanic hat is not always
permanently attached to the particle body; especially after the fast
addition of the Pt-solution, many detached hats are observable. The
change in the material of the metal cap/hat can be seen by energy
dispersive x-ray (EDX) elemental mapping documented in Fig. 2.
From both the convex and the concave part of the cap, the Cu is
almost completely exchanged by Pt.

However, the galvanic replacement depends upon the pres-
ence of a high ionic strength—due to the required concentration
of Pt ions—for which the Cu particles are initially attached to
the bottom substrate [see Fig. 3 (Multimedia view)]. According
to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the
balance between the double layer interaction and van der Waals
forces causes Janus particles to stick to the substrate walls, start-
ing at ionic strengths just above 107> mol/l, leading to an inhi-
bition of motion, random Brownian motion, and active motion.”’
Here, we use KClI solutions with an ionic strength of 0.0015 mol/l
and find that the Brownian motion is nearly suppressed and inac-
tive Cu@SiO; particles stick to the substrate wall. Using a solu-
tion with a concentration of HoPtClg that gives a comparable ionic
strength (0.0006 mol/l), we observe that Cu@SiO; particles ini-
tially stick to the substrate, but eventually start to move. Even
after extended waiting time, in experiments using KCI, a negligi-
ble amount of particles are able to detach and undergo Brownian
motion for a short time, whereas after the addition of H,PtClg,
about 25% of the particles starts to move. The motion resembles
Brownian motion in speed or is slightly higher, but we observe the
position of the particles to be oriented with their symmetry axis
about 0° to the substrate, similarly to catalytic swimmers.”’ This
behaviour is due to the potential difference between the materials.
Taking into account the ion concentrations obtained by inductively
coupled plasma optical emission spectroscopy (ICP-OES) measure-
ments in the Nernst equation, we can calculate the EMF and the
Gibbs free energy (AG) for the actual process (see the following
equations):
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FIG. 1. Process of galvanic replacement with optical microscopy transition: (a) SEM and optical image of half capped Cu@SiO, Janus particles and (b) scheme of the

galvanic exchange inspired by Xia et al.” and optical images documenting loss of intensity trough time. (c) SEM and optical image of 4Pt@SiO; after exchange. Scale bars
correspond to 2 um.

0.0591, [PtCI1Z This potential characterizes the spontaneous reaction, and thus, the

EMF cen = 040 = log [Cu“]z ’ @ electrical energy released during the process, which can be used to

s generate work, equals the free energy of the system. The presence

EMEF,; = 0.40 — 0.0591 lo [9-6 x 107°] , 5) of Cu and Pt ions in the media leads to a decrease in the cell potential

4 [7.8 % 1075]2 of 0.06 V in comparison with the standard potential for the gal-

EMFE,; = 0.34 V, vanic replacement of Cu by Pt, in addition to the significant attach-
ment effect explained previously. Nevertheless, the Gibbs ener

AG = —4-96 500 - EMFea, ©) value obtainedpfor the fctual reaZtion conditions [Eq. (7)] was higg

AG=-131x10 kJ/molcy. 7) enough for the eventual detachment from the substrate. This could

FIG. 2. EDX chemical mapping [(a)—(d)] and SEM of Pt@SiO, microswimmers with different morphologies obtained by the galvanic replacement reaction.
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FIG. 3. (a) Scheme of the motion caused through the galvanic exchange and the EMF, (b) tracks end final positions of particles overcoming van der Waals adhesion on the
substrate during the galvanic replacements, and (c) speeds and fraction of moving particles. Multimedia view: https://doi.org/10.1063/1.5085838.1

be explained to the predominant fact of the high difference between
the standard reduction potential values of Cu and Pt [0.40 V as
presented in Eq. (3)], which drives the high spontaneity of the
process.

Galvanic replacement as synthetic strategy

Not only the process of replacing the copper by Pt in the metal
cap gives rise to an EMF creating active propulsion, this approach
can also be used in microtechnology. Also, the synthesis of Pt
patches on the particles can be achieved using this electrochemi-
cal pathway. Depositing a layer of a non-noble metal and replacing
it with Pt ions from a solution is more cost efficient in terms of
machinery, but also material consumption. While several grams of
Pt are needed to prepare an e-beam crucible or expensive sputter
targets are used to cover the whole inner surface of the deposition
machine, this material loss can be transferred to cheaper materials
such as copper and only a small volume of Pt-salts can be employed
to achieve catalytic patches.

However, the obtained structures are not exactly equivalent to
their engineered counterparts. ;Pt@SiO; microswimmers obtained
by the galvanic replacement with Pt starting from Cu@SiO; Janus

particles present different morphologies, which are difficult to
obtain by common deposition methodologies. It can be differen-
tiated between structures where the “hat” is completely attached
to the particle [Fig. 4(a)], semi-detached as in Fig. 4(b), or fully
detached, leading to passive SiO; particles and actively swimming
hats [see Fig. 4(c)].

The obtained microswimmers showed active motion due to
the catalytic decomposition in dilute H,O; solutions, as expected
from catalytic Pt Janus microswimmers (see the summary table in
the supplementary material). It is worth indicating that the loss of
symmetry of the initial Janus particle as well as possible alloyed
structures may lead to different swimming modes. In Fig. 4, we see
three typical structures obtained by galvanic replacement of Cu by
Pt. Representative tracked trajectories (for 30 s) of ;Pt@SiO; par-
ticles with different morphologies are also presented in Fig. 4. The
particles showed different motion with a maximum speed when the
effective concentration of peroxide is 7%v/v. Most similar to the
initial particle geometry is the hatted particle, moving in irregular
trajectories, with a maximum velocity of 4.1 + 0.8 yum s~ [Fig. 4(a)].
The semi-detached morphology [Fig. 4(b)] showed a velocity of
2.7 + 0.9 yum s, often displaying very curvy trajectories or cir-
cling, which is due to the torque induced by the irregular particle
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H,0, 7% VIV

FIG. 4. Upper row: Trajectories of the microswimmers after 25 s reaction in 7% H,0,; lower row: swimming position of ;Pt@SiO, microswimmers (a), hatted particles (b),
and semi-detached hatted (c) motile caps swimming actively after loss of the microparticles. The velocity values («m s~") are presented as an inset in each case.

attachment. The totally detached caps are also motile by them-
selves, as has previously been reported by Wang’s group and oth-
ers.”' These morphologies have the highest speed of 8 + 1 ym s/,

as this is the lightest microswimmer configuration.

CONCLUSIONS

Here, we presented a galvanic replacement strategy for the
production of (Pt@SiO; Janus particles using Cu@SiO; particles
as templates. The synthetic electrochemical approach is based on
the difference of reduction potential values of Pt and Cu, which
leads to a highly spontaneous process. Optical microscopy obser-
vation of the galvanic replacement of Cu@SiO; to ;Pt@SiO; Janus
particles showed that the resulting EMF enables the particles to
overcome the adhesion to the substrate at increased ionic strength
values, resulting in a slow but steady motion. It is worth high-
lighting that the obtained ;Pt@SiO; Janus particles have different
morphologies compared to the initial copper structures; from SEM
characterization, they resemble a hatted shape. This morphology is
difficult to obtain by common platinum deposition methodologies.
The differently prepared ;Pt@SiO; microswimmers proved to be
catalytically active and capable of motion when they were put in
diluted hydrogen peroxide solutions.

EXPERIMENTAL
Materials and reagents

Chloroplatinic acid hydrate (HoPtCls-H;0) and 2 ym SiO; par-
ticles were obtained from Sigma Co., Ltd. All other reagents includ-
ing H,O, were purchased from Sigma and were of analytical grade
and used as received without further treatment. Milli-Q water was
used for preparing aqueous solutions.

Synthesis of Pt/SiO, microswimmers via
galvanic replacement

First, monolayers of 2 ym SiO; particles were prepared by
Langmuir-Blodgett deposition, using a suspension of particles
5 wt. % in ethanol/chloroform (1:4). Then, the particles were coated
with a Cu layer (15 nm in thickness) by thermal deposition. Differ-
ent morphologies of Pt microswimmers could be obtained by the
galvanic replacement reaction. In order to obtain a higher amount
of undetached ,Pt@SiO; microswimmers (and minimize possible
detachment of Pt caps), the ratio between Cu@SiO; (dispersed in
Milli-Q water) and the Pt precursor was controlled. Therefore, Cu
capped particles were immersed in 10 ml of Milli-Q water and soni-
cated 5 s. Then, 2 ml of H,PtCls-H,O 0.6 mM were added to 4 ml
of Cu@SiO; particles suspension. After 10 min of the reaction,
the exchanged ;Pt@SiO; particles were separated by centrifugation
and rinsed three times with Milli-Q water.

Microscopy analysis of Cu@SiO,
and 4Pt@SiO; particles

Optical microscopy analysis of Cu@SiO; and (Pt@SiO, was
performed in an optical microscope (Carl Zeiss Microscopy GmbH
Germany) equipped with a Zeiss Colibri lamp. Glass slides were
plasma treated in order to avoid the attachment of the particles to
the slide. For the evaluation of Brownian motion of Cu@SiO, parti-
cles, 10 ul of particle suspension was placed on the glass slide. Image
and video analyses were carried out using 25 ms of exposure time
and a frame rate of 40 fps. Extended time experiments were carried
out using 25 ms of exposure time, recording data for every second
in cycles of 100 s.

For the evaluation of Brownian motion of ;Pt@SiO2 micropar-
ticles, 10 pl of HoPtCls-H20 0.6 mM solution were added to 10 ul
of Cu@SiO; particle suspension. Data acquisition is the same as
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described for the previous case, in order to record in situ the gal-
vanic replacement reaction for the synthesis of ¢Pt@SiO; micropar-
ticles.

For determining the swimming behavior of Pt@SiO;
microswimmers, 5 ul of ;Pt@SiO; particle suspension and 10 ul of
hydrogen peroxide solution of 10 vol. % in water were used. The
analysis of the recorded videos was carried out using the track-
ing tool from Image]J software version 1.52i (National Institute of
Health, USA).“

Metal content analysis

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was carried out on a Perkin-Elmer Optima 7000 DV
optical emission spectrometer for the determination of the metal
content (Cu, Pt) during the different stages of the preparation
of ¢Pt@SiO; microswimmers. Particles were separated from ICP
samples by centrifugation. Dissolution was done in nitric acid.

Electron microscopy characterization

Scanning electron microscopy (SEM) characterization was per-
formed on a Zeiss DSM 982 Gemini instrument. SEM-EDX measure-
ments were performed using an SU8000 SE Microscope (Hitachi).

SUPPLEMENTARY MATERIAL

See supplementary material for additional information regard-
ing metal content analysis, velocity comparison with other Pt cap
catalytic microswimmers, zeta potential data, and further EDX
characterization.
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