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of Chemistry Magnetically-driven dynamic systems have gained considerable attention in multiple applications ranging

from cargo delivery to environmental remediation. However, they commonly require ferromagnetic
components or sophisticated electromagnetic equipment. In this work we take advantage of the synergy
between exogenous bipolar electrochemistry and the classic geometry of a solenoid in order to design
an externally driven chemo-electromagnet. By wirelessly triggering redox reactions at each extremity of
a solenoid-shaped swimmer, the generated electric current follows the helical path of the coil, thus
generating a concentric magnetic field in its center. Such an externally induced redox current generates
magnetic fields in the range of uT which are proportional to the applied electric field. The on-board
chemically induced magnetic dipole allows the swimmers to perform rotational motion in the presence

of an external magnetic field, without the use of traditional ferromagnetic materials. Additionally, when

iig:g;%ﬂl;iﬁ?:goigzs exposing these devices to alternating electric and magnetic fields, well-defined oscillatory motion is
produced, demonstrating the efficient electromagnetic control of the dynamic displacement. This opens

DOI: 10.1039/d55c00911a up novel and, so far, unexplored possibilities for localized chemical conversion via magnetically-driven
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Introduction

Magnetically driven dynamic systems have attracted significant
attention across various fields of science,’” including cargo
delivery,*® sensing,*” and environmental remediation.**° These
systems typically rely on propulsion triggered by a magnetic pull
mechanism or rotational and undulating motions.'*"** While
being very efficient, such devices usually require ferromagnetic
components, such as nickel (Ni), iron (Fe) or cobalt (Co),
coupled with a precise control of external magnetic fields via
sophisticated electromagnetic equipment.’*"” Additionally,
ferromagnetic materials can cause biocompatibility issues
when used in medical or biological applications. Moreover,
coating ferromagnetic materials with biocompatible layers adds
complexity to their design. Therefore, the development of
approaches that induce an on-board magnetic field without
relying on ferromagnetic components is highly desirable.

A promising approach is to exploit the conventional working
principle of a solenoid-shaped electromagnet.’® According to
Ampere's law, a current-carrying coiled wire generates
a concentrated magnetic field along its axis. The strength of this
magnetic field can be tuned by changing the number of loops
and the magnitude of the current flowing through the sole-
noid.*>** Such devices are crucial components in many everyday
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devices, including electric motors, generators, and alternators.
However, they typically rely on the direct electrical connection
to an external power source in order to maintain the current
flow, which limits their applicability, particularly in environ-
ments where electrical impractical or
undesirable.

In this context, bipolar electrochemistry (BE) has emerged as
a powerful tool for inducing in a wireless manner an electric
current across objects.”»? When a polarization potential
difference (AV) is generated across a conducting object, acting
as bipolar electrode (BPE), redox reactions occur at both
extremities of the device once AV exceeds the thermodynamic
threshold potential (AVy;,) of the involved redox reactions. The
ability to induce an asymmetric polarization within a single

connections are

object makes BE highly attractive for multiple applications
ranging from surface modification***® and electroorganic
synthesis***® to motion generation®**" and electroanalysis.*"*?
Interestingly, such a AV can be induced either by coupling
thermodynamically spontaneous redox reactions (endogenous,
AG < 0) or by applying a high enough external electric field (e)
powering non-spontaneous reactions (exogenous, AG > 0).37%°
Recently the concept of endogenous BE has been exploited to
induced an on-board magnetic field in coiled-shaped Janus
BPEs.*® The thermodynamically spontaneous redox reactions
induce a helical flow of electrons from the anodic to the
cathodic extremity of the solenoid-shaped device, generating
a concentrated magnetic field inside the coil. This concept
presents a novel paradigm for wireless electromagnetism,
where the current is driven not by direct electrical connections
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but by redox chemistry. A significant advantage is that the
chemically induced magnetic field is generated as long as the
solenoid interacts with its chemical environment. However, this
type of system operates continuously once placed in solution, as
the redox processes are driven by thermodynamically favored
reactions. As a result, the magnitude of the magnetic field is
limited by the swimmer's inherent redox chemistry.

In contrast to endogenous systems, exogenous bipolar elec-
trochemistry allows for the external triggering of non-
spontaneous redox reactions (AG > 0) by fine-tuning the
applied electric field (¢). In this work, the synergy between
exogenous BE and the classic solenoid shape was exploited to
design a wireless, externally driven chemo-electromagnet. By
exploiting redox reactions at the extremities of an Au/Ti
solenoid-shaped swimmer, the ability to generate an on-board
magnetic field is demonstrated. In principle, the system can
behave as a switchable chemo-electromagnet, where the
magnetic field can be easily turned on-off by modulating the
external electric field. This feature provides precise control over
the swimmer's magnetic field, expanding its potential applica-
tions in fields requiring magnetic manipulation. This on-board
chemically induced magnetic field enables simultaneous
control of the swimmer's dynamics and the electrochemical
transformation of an analyte of interest. Therefore, it is possible
to envision utilizing these devices, for example, in electro-
organic synthesis as dynamic macro- and micro-reactors. In
this instance, the in situ transformation would enhance mass
transport, addressing one of the main limitations in
electrocatalysis.

Results and discussion

The concept of exogenous chemo-electromagnets is based on
the synergetic coupling of two principles: the externally-driven
electric current passing through a BPE and the features of
a classic solenoid electromagnet (Scheme 1). Briefly, by applying
a high enough external ¢ in the presence of electroactive species,
an oxidation and a reduction reaction occur at the anodic and
cathodic extremities of the solenoid-shaped BPE (Scheme 1).
These redox reactions are accompanied by a flux of electrons

Red,

Scheme 1 |llustration of the current produced by the wirelessly trig-
gered redox reactions taking place at the extremities of a clockwise or
anticlockwise solenoid, with a representation of the currents produced
by the chemical reactions and the exogenous chemically-induced
magnetic field. The blue and red colored arrows represent the north
and south pole of the generated magnetic fields, respectively.
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which follows the helical path of the coil-shaped object,
generating a magnetic field according to the principles of
electromagnetism. Furthermore, the orientation of the
magnetic field is intimately related to the direction of the
winding, hence a clockwise orientation induces the north and
south poles at the anode and cathode of the device, whereas the
anticlockwise winding produces the opposite polarity (Scheme
1). The Au/Ti solenoid-shaped swimmer was designed by tightly
wrapping a Ti wire (¢ = 0.25 mm) around a glass rod (¢ = 0.6
mm) to form the solenoid. Titanium was chosen as a core
material due to its relatively low density, allowing the coil to stay
at the air-liquid interface. Subsequently, the device was
removed from the rod and trimmed in order to obtain a sole-
noid of 16 loops (I = 5.7 mm). After this, the object was etched
with HF (10%) to remove an eventually present oxide layer and
then covered with a thin layer of Au in order to avoid the
possible formation of a passivation layer of TiO, during the
bipolar electrochemistry experiments. The final composition of
the Au/Ti solenoid-shaped swimmer was studied by energy
dispersive X-ray spectrometry (EDX) (Fig. S1f). EDX analysis
exhibits the characteristic signals of Ti (Ti-Ko) and Au (Au-Ko)
(Fig. S17) whereas the optical pictures exhibit a rather homo-
geneous deposit of Au on the surface of the Ti coil (inset
Fig. S1t1), confirming the surface modification.

After this characterization, the possible generation of an
electromagnetic field via externally driven redox reactions was
evaluated. As stated above, when a high enough electric field is
applied, redox reactions are triggered at each extremity of the
solenoid-shaped device. Hence electrons are flowing across the
helical path of the object from the anode to the cathode.
Considering the principles of a conventional current-carrying
solenoid wire, it is possible to assume that the asymmetrically
polarized coil can induce its own concentrated magnetic field.
In order to test this hypothesis, the dynamic behaviour of the
externally-driven chemo-electromagnets was evaluated in the
presence of an external magnetic field. For this, the solenoid
was placed at the air/water interface of a 5 mM LiClO,4, 10 uM
DBS solution, containing hydroquinone (HQ) and quinone (Q)
in an equimolar ratio (10 mM). The HQ/Q redox pair was chosen
as model electroactive probe, since it presents a relatively small
AV (114 mV) (Fig. S21). In addition, both Q and HQ are organic,
diamagnetic molecules, meaning that they do not interact with
the external magnetic field. This is crucial for demonstrating
the operation principles of the device in the absence of ferro-
magnetic components. A homogeneous external magnetic field
(Bext) was generated by placing two identical FeNdB permanent
magnets with their poles aligned (Bgurface = 250 mT, A = 8 cm®),
at the extremities of the bipolar cell at a distance of 12 cm
(Fig. 1a). Under this configuration, a magnetic field of 15 mT
was generated at the center of the bipolar cell (Fig. S31). The
same experimental setup was used for all the measurements
unless otherwise indicated. When applying a high enough ¢, the
oxidation and reduction of hydroquinone and quinone take
place at the respective extremities of the coil (eqn (1)).

HQ = Q +2H" + 2¢~ 1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration and (b) optical pictures of the rotational displacement of a clockwise and anticlockwise coiled exogenous
chemo-electromagnet in the presence of an external magnetic field, with a representation of the chemical reactions, the direction of the
associated electron flow, the orientation of the induced and external magnetic fields, the external electric field, the torque force and the
trajectory of the rotation. The blue and red color represent the north and south pole of the magnetic fields, respectively. Global time of the
experiment was 20 seconds. (c) Average angular progression as a function of time, measured during the displacement of a clockwise (black dots)
and anticlockwise (red dots) Au/Ti solenoid moving at the air/water interface of a 5 mM LiClO,4/10 uM DBS solution containing a 1: 1 ratio of HQ/

Q (10:10 mM) in the presence of an external magnetic field and a constant applied electric field (4.2 V cm™).

These reactions produce a helical flow of electrons along the
solenoid, which in turn induces a concentric magnetic field
inside the coil-shaped object (Bswim). In theory, the presence of
a Bex leads to the electromagnetic self-alignment of the device,
which translates in a rotational displacement (Fig. 1a). As it can
be seen, by applying a constant electric field (4.2 V s~') and in
the presence of B, both the clockwise (CW) and counter-
clockwise (CCW) Au/Ti solenoids exhibit a rotational displace-
ment in order to align Bowim and Bexe (Fig. 1b and Video S1%).
Such an electromagnetic alignment is characteristic of the
polarized solenoid since an Au wire (I = 0.6 cm), acting as BPE,
presents only a very slow linear drift under the same experi-
mental conditions (Video S21). In order to corroborate the
synergy effect between the external electric and the magnetic
field, the dynamic behaviour of the solenoid-shaped BPE was
evaluated in the presence of exclusively one external perturba-
tion (Video S31). In the absence of Bey, the BPE exhibits a rather
slow linear motion, mainly toward the feeder cathode, probably
due to an electrophoretic propulsion mechanism (Video S37 left
panel). On the contrary, in the absence of ¢, the swimmer
presents a random motion (Video S37 right panel). These results
confirm that the externally polarized solenoid generates
a magnetic dipole, which interacts with B to trigger rotational
motion. It is important to emphasise that this rotational motion
is not driven by the Laplace force. In a uniform magnetic field,
the net force on the solenoid is zero due to the cancelling of the
Lorentz forces on opposite sides of each loop (Fig. S4f).
However, the solenoid experiences a torque due to its chemi-
cally induced magnetic dipole moment, given by,

o =IAN

(2)

where W is the magnetic dipole moment of the solenoid, I is the
current, A is the cross-sectional area and N is the number of
windings. This magnetic dipole moment interacts with the
external magnetic field, producing a torque given by

© 2025 The Author(s). Published by the Royal Society of Chemistry

— — 123
T =W X Bex

(3)

and is strongest when 7’ is orthogonal to B., and parallel to the
external electric field.

However, as the solenoid-shaped BPE rotates, a decrease of
the angular speed was observed, which leads to a maximum
rotation angle of approximately 70° (Fig. 1c). According to the
principles of BE, the AV induced by a given electric field is
a function of the angle («) formed between the electric field and
the object main axis (eqn (4)).

AV =¢lcosa (4)

Hence, when the coil-shaped BPE rotates, AV consequently
decreases as a function of the cosine of «, and thus, the inten-
sity of electrochemically generated current passing through the
solenoid decreases. Since the magnitude of Bgyn, is directly
related to this current, the externally triggered chemo-
electromagnetic field weakens during rotation. This was ana-
lysed in more detail by plotting the angular acceleration and the
theoretical AV as a function of the angle of rotation (Fig. S51). As
it can be seen, the maximum angular acceleration (=5° s 2) is
found for « = 0°, that is when the main axis of the BPE is
parallel to the orientation of ¢, thus the highest theoretical AVis
induced along the coil-shaped BPE. Then a steep decrease of the
angular acceleration is observed. Nonetheless the BPE exhibits
a continuous displacement reaching a maximum of « = 80°,
where the current and the related induced magnetic field are no
longer sufficient to be affected by Bex. TO provide further
evidence of the relation between the magnitude of Bgyin, and the
angle of rotation, the current passing through the solenoid-
shaped BPE was evaluated (Fig. S6af). For this experiment,
two separate Au/Ti coils composed of 8 loops each, were con-
nected to an ammeter and placed in the bipolar cell containing
a5 mM LiClO,4, 10 uM DBS solution, in the presence of HQ/Q in
an equimolar ratio (10 mM). The measurement was performed

Chem. Sci., 2025, 16, 13291-13297 | 13293
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by changing manually the angle («) formed between the electric
field and the BPE main axis. As expected, under a constant ¢
value (4.2 Vem ™'~ 1) a maximum current (= 0.2 mA) is produced
when «a = 0° (Fig. S6a,t green dots), which decreases as a func-
tion of the angle of rotation. This drop of current correlates with
the profile of the AV calculated with eqn (3) (Fig. S6T grey line).
From these current values, it is possible to estimate the
magnetic field generated by the externally driven redox reac-
tions by means of eqn (5).

ol N
v 6

Bswim =

where Bgyim is the magnetic field generated by the polarized
solenoid, u, is the permeability of free space (47 x 10~ T m
A™Y), N is the number of turns, L is the length of the solenoid,
and I is the current passing through the coil-shaped device. A
maximum magnetic field value of around 0.8 uT was obtained
(Fig. S6bT). A steep decrease of Bgyin, as a function of the rota-
tion angle is observed, in agreement with the theoretical AV and
the angular acceleration estimations.

After this set of experiments, corroborating the external
induction of a chemo-electromagnetic field, the influence of the
electric field on the magnitude of Bgyim Within the coil and its
concomitant angular displacement has been evaluated.
According to the principles of BE, a decrease of the applied ¢
leads to a lower AV across the BPE (eqn (4)). This has an impact
on the kinetics of the redox reactions, which in turn, due to the
solenoidal shape of the BPE, will influence the magnitude of
Bgwim- This effect was investigated by using electric field values
ranging from 0.5 to 5.3 V cm™*. Under these conditions, in
theory, it is possible to induce a sufficient AV (between 0.28 and
3.0 V), triggering the corresponding redox reactions. However,
at relatively low & values (below 0.5 V cm ') no rotational
displacement was observed (Video S471 left panel), which is
attributed to a too low AV (=0.28 V) induced across the BPE.
Above this ¢ value, the redox reactions take place, generating the
chemo-electromagnetic field within the solenoid. This leads to
the characteristic rotation related to the self-alignment between
Bswim and Beg (Video S4t center and right panels). Fig. 2a
presents the angular transients obtained by applying different
electric field values. As it can be seen, as ¢ increases, a steeper
variation of the rotation angle as a function of time is produced.
From the slope of the linear region of the angular displacement,
the angular velocity was evaluated. A rather linear correlation
between the angular velocity and ¢ was obtained in the range
between 0.9° s~* and 9.1° s~ * (Fig. 2b black dots). In order to
correlate these results with the approximate magnitude of the
induced chemo-electromagnetic field, the currents passing
through the coil-shaped BPE were once again measured. For
electric fields from 0.5 to 5.3 V cm ™!, the calculated Bgyim
gradually decreases as a function of the angle of rotation
(Fig. S6bt). However, plotting the maximum By, that is when
the main axis of the BPE is parallel to the electric field, for each
applied ¢ value, a linear tendency in the range between 0.15 puT
and 0.9 uT was obtained (Fig. 2b green dots). As expected, both
profiles, the angular velocity and Bgyim, overlap, presenting
a linear dependence as a function of the external electric field. It
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Fig. 2 (a) Angular progression as a function of time observed during
the rotation of a clockwise Au/Ti solenoid moving at the air/water
interface of a 5 mM LiClO,4/10 uM DBS solution containing a 1: 1 ratio
of HQ/Q (10 : 10 mM) in the presence of an external magnetic field, for
different applied electric fields (indicated in the figure). (b) Maximum
angular velocity of the swimmer (left axis black dots) as a function of
the applied electric field and the average Bsim Value estimated from
amperometric measurements (right axis green dots). The red dot refers
to a measurement carried out with the anticlockwise Au/Ti solenoid.
The blue dots refer to the maximum angular velocity of the swimmer
as a function of the applied electric field for the oxygen and hydrogen
evolution reactions.

is important to highlight that similar angular velocity values
were obtained for the CW and CCW devices (Fig. 2b, red dot).
These results allow us to conclude that the angular displace-
ment of the swimmer in the presence of Bey is a direct conse-
quence of the solenoidal architecture of the BPE and the
externally-driven polarization, that produces a wireless non-
ferromagnetic exogenous chemo-electromagnet. Alternatively,
according to the principles of BE, it is possible to fine-tune AV
across the solenoid-shaped BPE, and its concomitant induced
magnetic field, by changing the length of the device. Changes in
the length of the BPE can be achieved by increasing the number
of coils of the solenoid. This will directly impact the magnitude
of the chemo-electromagnetic field in agreement with eqn (4).
Au/Ti solenoids composed by 8, 16 and 32 coils were designed
and their dynamic behavior was evaluated independently in the
presence of a constant electric and magnetic field (4.2 Vs~ and
15 mT, respectively). As expected, all three swimmers rotate in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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order to self-align their internal electromagnetic field with Bext
(Video S57). Unexpectedly, a decrease of the angular velocity was
obtained for the larger coil-shaped BPE (36 loops) (Fig. S7T top,
black dots). Although, in theory the polarization potential
difference increases linearly with the length of the BPE (and the
number of coils) (Fig. S7T bottom), other physical factors may
hinder the dynamic displacement of the rotor, e.g. friction at the
water/air interface or the weight of the solenoid. By plotting the
weight as a function of the number of coils a direct correlation
with the AV is obtained (Fig. S71). However, as the weight
increases, the induced electrochemical driving force is over-
compensated by the additional torque required to surpass the
increase of friction and momentum associated with larger
objects. This is reflected by the decrease of angular speed for the
solenoid-shaped BPE composed of 32 coils (Fig. S77).

Furthermore, in order to illustrate the general validity of the
concept, the dynamic behaviour of the externally-driven chemo-
electromagnets was evaluated by using an alternative redox
system, e.g. hydrogen and oxygen evolution reactions (HER and
OER, respectively). For this, the solenoid was placed at the air/
water interface of a 5 mM LiClO,4, 10 uM DBS solution, in the
absence of the HQ/Q redox couple. HER and OER reactions were
chosen as alternative electroactive systems, since they present
a rather larger AV on Au (2.4 V) (Fig. S2t). Once again, when
applying a high enough ¢, the oxidation and reduction of water
take place at the extremities of the coil (eqn (6) and (7),
respectively), producing the helical flux of electrons that
induces the chemo-electromagnetic field.

2H,0 — 4H* + O, + 4e” (6)
2H" +2¢” > H, (7)

However, due to the considerably larger AV value required to
trigger these redox reactions, a substantial decrease of the
angular velocity is expected in the same range of applied electric
field values (0.5 to 5.3 Vem ™). As it can be seen, at low ¢ values
(below 2.1 V em ') there is not enough driving force (AV<1.2V)
to trigger the OER and HER at the anode and cathode of the coil,
thus no rotational displacement was observed (Video S67 left
and center panels). Above this threshold electric field value, the
redox reactions take place, inducing the chemo-electromagnetic
field (Bswim), which slowly self-aligns with Bey (Video S67 right
panel). For even higher ¢ values, a linear increase of the angular
velocity as a function of the applied ¢ was observed (Fig. 2b, blue
dots). Moreover, this plot provides evidence for the impact of
the thermodynamic nature of the redox probes on the onset
electric field (eonset) required to induce Bgyim (Fig. 2b). Thus,
redox pairs with rather small AVvalues (114 mV), such as HQ/Q,
induce motion at low egneee values (0.5 V em™ '), whereas for
electroactive systems with a large thermodynamic potential
difference (AV = 2.4 V) require higher eyneee (2.1 V. em ™). This
opens up new opportunities for the straightforward screening of
electroactive systems, using the angular velocity as a dynamic
readout of chemical information.

Finally, after demonstrating the induction of magnetic fields
by BE, the possible electric and magnetic control of the dynamic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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displacement has been evaluated. In theory when using a high
enough alternating electric field, the direction of the current
passing through the solenoid-shaped BPE changes according to
the orientation of the external ¢ (Fig. S8at) This leads to a peri-
odic change of the orientation of the induced magnetic field
within the coil, which in the presence of a homogeneous Bey
leads to a oscillatory rotation. This type of electromagnetic
alignment can also be generated by an alternating external
magnetic field in the presence of an external electric field with
constant orientation (Fig. S8bt). With every reversal of the
external magnetic field, the devices rotates in order to reach an
alignment between Bexe and Bgyim. In a first test, with a constant
external magnetic field orientation, an alternating ¢ (3.15
V em™ "), with a frequency of 0.1 Hz, was applied. Subsequently,
the orientation of Bey Was manually reversed, in the presence of
a constant electric field (3.15 V em ™). This kind of perturbation
scheme allows evaluating the electric and magnetic control of
the dynamics in a single measurement. The angular progres-
sion and angular velocity were plotted as a function of time for
a more quantitative analysis (Fig. 3). As it can be seen, initially
under the influence of the alternating ¢, the CCW solenoid
exhibits an oscillatory displacement due to the continuous
change of the orientation of its internal magnetic field in order
to self-align with By (Video S5+ left panel). The periodicity of
the displacement is reflected by the +40° rotation, from the
initial position (90°) of the device (Fig. 3 top, black dots).
Furthermore, for the angular velocity transient, the maximum
value is reached when the solenoid is perfectly parallel to the
external electric field (Fig. 3 bottom, green dots), which is in
agreement with eqn (3). When alternating the external magnetic
field in a constant electric field, a similar oscillatory pattern of
the motion was observed (Video S77). These periodic changes in
torque, induced by alternating electric and magnetic fields,
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Fig. 3 (Top) Angular progression and (bottom) angular velocity as
a function of time observed during the rotation of a counter clockwise
Au/Ti solenoid moving at the air/water interface of a 5 mM LiClO,/10
puM DBS solution containing a 1:1 ratio of HQ/Q (10 :10 mM) in the
presence of an alternating external electric (3.15 V cm™) and magnetic
field (indicted in the figure).
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produced the observed oscillations in both angular displace-
ment and velocity (Fig. 3). Overall, the behavior of the solenoid
swimmer under these alternating fields demonstrates its
responsiveness to external stimuli. It is important to point out
that when comparing the right and left panel of Video S7,}
a specular rotational trajectory is obtained for the CW coiled
solenoid, evidencing the control of the electromagnetic field
polarity by the sense of the windings.

Conclusions

In summary, an externally driven chemo-electromagnet was
designed by coupling the features of exogenous BE with
solenoid-type conducting objects. This unique and efficient
approach allows generating magnetic fields in the range of uT
by taking advantage of the current produced by the stimulated
redox reactions. Such an on-board magnetic dipole enables the
efficient control of rotational motion in the presence of an
external magnetic field, without the use of traditional ferro-
magnetic materials. A direct correlation between the angular
velocity and the intensity of the chemically induced magnetic
field was observed. These devices exhibit a well-controlled
oscillatory motion when exposed to alternating electric and
magnetic fields. In fact, in a first order of approximation the
periodicity of the swimmer's motion can be easily fine-tuned by
modifying the magnitude of the external perturbation. Such
a feature enables the possible use of these devices for the design
of mechanical oscillators or microfluidic mixers, where periodic
motion allows overcoming mass transport limitations.
Although this is a proof-of-concept work, it is possible to
assume that this concept is generic, hence different electro-
active systems can be used as electron source. Thus, this feature
opens up novel and, so far, unexplored possibilities for localized
chemical conversion, such as in “chemistry on-the-fly”
systems,*? since the chemo-electromagnets act as externally
propelled reactors. Thus, we envisage the development of
different redox-based solenoids for multiple applications
ranging from sensing and electro-organic synthesis to envi-
ronmental remediation.

Data availability

Additional data can be obtained from the corresponding author
upon request.

Author contributions

C. L. and A. C. performed the electrochemical and dynamic
experiments and analysed the data. S. R. and P. G. performed
device characterization measurements. A. K. and G. S. directed
the study and designed the research. All authors prepared the
manuscript and approved the final version.

Conflicts of interest

There are no conflicts to declare.

13296 | Chem. Sci, 2025, 16, 1329113297

View Article Online

Edge Article

Acknowledgements

The authors are grateful for financial support by the European
Research Council (ERC) under the European Union's Horizon
2020 research and innovation program (grant agreement no.
741251, ERC Advanced Grant ELECTRA).

Notes and references

1 M. Sitti and D. S. Wiersma, Adv. Mater., 2020, 32, 1906766.

2 Y. Kim and X. Zhao, Chem. Rev., 2022, 122, 5317-5364.

3 H. Zhou, C. Mayorga-Martinez, S. Pane, L. Zhang and
M. Pumera, Chem. Rev., 2021, 121, 4999-5041.

4 J. Lin, Q. Cong and D. Zhang, Micromachines, 2024, 15, 664.

5 S. Lee, J. Y. Kim, J. Kim, A. Hoshiar, J. Park, S. Lee, J. Kim,
S. Pane, B. J. Nelson and H. Choi, Adv. Healthcare Mater.,
2020, 9, 1901697.

6 B. Glahn-Martinez, B. Jurado-Sanchez, E. Benito-Pena,
A. Escarpa and M. C. Moreno-Bondi, Biosens. Bioelectron.,
2024, 244, 115796.

7 J. M. Gordon Pidal, M. Moreno-Guzman, A. Montero-Calle,
A. Vvalverde, ]J. M. Pingarron, S. Campuzano, M. Calero,
R. Barderas, M. A. Lopez and A. Escarpa, Biosens.
Bioelectron., 2024, 249, 115988.

8 F. Mushtaq, X. Chen, S. Staufert, H. Torlakcik, X. Wang,
M. Hoop and S. Pané, J. Mater. Chem. A, 2019, 7, 24847-
24856.

9 M. Pacheco, C. C. Mayorga-Martinez, A. Escarpa and
M. Pumera, ACS Appl. Mater. Interfaces, 2022, 14(22),
26128-26134.

10 V. Asuncion-Nadal, B. Jurado-Sanchez, L. Vazquez and
A. Escarpa, Chem. Sci., 2020, 11, 132-140.

11 M. Medina-Sanchez, L. Schwarz, A. K. Meyer, F. Hebenstreit
and O. G. Schmidt, Nano Lett., 2016, 16, 555-561.

12 L. Schwarz, D. D. Karnaushenko, F. Hebenstreit,
R. Naumann, O. G. Schmidt and M. A. Medina-Sanchez,
Adv. Sci., 2020, 7, 2000843.

13 V. M. Kadiri, J. P. Glinther, S. N. Kottapalli, R. Goyal, F. Peter,
M. Alarcon-Correa, K. Son, H. N. Barad, M. Borsch and
P. Fischer, Eur. Phys. J. E, 2021, 44, 74.

14 T. Li, J. Li, H. Zhang, X. Chang, W. Song, Y. Hu, G. Shao,
E. Sandraz, G. Zhang, L. Li and J. Wang, Small, 2016, 12,
6098-6105.

15 S. Tottori and B. J. Nelson, Small, 2018, 14, 1800722.

16 T. Qui, T. C. Lee, A. G. Mark, K. I. Morozov, R. Miinster,
O. Mierka, S. Turek, A. M. Leshansky and P. Fischer, Nat.
Commun., 2014, 5, 5119.

17 B. Kichatov, A. Korshunov, V. Sudakov, O. Petrov,
V. Gubernov, E. Korshunova, A. Kolobov and A. Kiverin,
ACS Appl. Mater. Interfaces, 2022, 14, 10976-10986.

18 J. M. D. Coey, Magnetism and Magnetic Materials, Cambridge
Univ. Press, 2009.

19 G. S. Harmon, J. Appl. Phys., 1991, 69, 7400-7405.

20 Z. Yang and L. Zhang, Adv. Intell. Syst., 2020, 2, 2000082.

21 S. E. Fosdick, K. N. Knust, K. Scida and R. M. Crooks, Angew.
Chem., Int. Ed., 2013, 52, 10438-10456.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00911a

Open Access Article. Published on 16 June 2025. Downloaded on 12/9/2025 3:16:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

22 N. Karimian, P. Hashemi, A. Afkhami and H. Bagheri, Curr.
Opin. Electrochem., 2019, 17, 30-37.

23 L. Koefoed, S. U. Pedersen and K. Daasbjerg, Curr. Opin.
Electrochem., 2017, 2, 13-17.

24 P. Chassagne, P. Garrigue and A. Kuhn, Adv. Mater., 2024, 36,
2307539.

25 R. Gao, S. M. Beladi-Mousavi, G. Salinas, P. Garrigue,
L. Zhang and A. Kuhn, Nano Lett., 2023, 23, 8180-8185.

26 N. Shida, Y. Zhou and S. Inagi, Acc. Chem. Res., 2019, 52,
2598.

27 E. O. Bortnikov and S. N. Semenov, Curr. Opin. Electrochem.,
2022, 35, 101050.

28 G. Salinas and A. Kuhn, Curr. Opin. Electrochem., 2025, 49,
101612.

29 S. Arnaboldi, G. Salinas, G. Bonetti, R. Cirilli, T. Benincori
and A. Kuhn, Biosens. Bioelectron., 2022, 218, 114740.

30 K. Tieriekhov, N. Sojic, L. Bouffier, G. Salinas and A. Kuhn,
Adv. Sci., 2024, 11, 2306635.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

31 K. L. Rahn and R. K. Anand, Anal. Chem., 2021, 93, 103.

32 L. Bouffier, D. Zigah, N. Sojic and A. Kuhn, Annu. Rev. Anal.
Chem., 2021, 14, 65.

33 G. Salinas, L. Bouffier, N. Sojic, A. Kuhn and ]J. Solid, State
Electrochem., 2024, 28, 1225-1231.

34 H. Lee, J. Kim, M. Hwang and J. Kim, ACS Sens., 2023, 8,
4374-4383.

35 M. Liu, G. Salinas, J. Yu, A. Cornet, H. Li, A. Kuhn and
N. Sojic, Chem. Sci., 2023, 14, 10664-10670.

36 C. Lozon, A. Cornet, S. Reculusa, P. Garrigue, A. Kuhn and
G. Salinas, Angew. Chem., Int. Ed., 2024, 63, €202408198.

37 E. Karshalev, B. Esteban-Fernandez de Avila and J. Wang, J.
Am. Chem. Soc., 2018, 140, 3810-3820.

38 K. Yuan, C. Cuntin-Abal, B. Jurado-Sanchez and A. Escarpa,
Anal. Chem., 2021, 93, 16385-16392.

39 R. Maria-Hormigos, A. Molinero-Fernandez, M. A. Lopez,
B. Jurado-Sanchez and A. Escarpa, Anal. Chem., 2022, 94,
5575-5582.

Chem. Sci., 2025, 16, 13291-13297 | 13297


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00911a

	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a
	Exogenous chemically-driven electromagnetsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00911a


