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Controlling autonomous propulsion of microswimmers is essential
for targeted drug delivery and applications of micro/nanomachines
in environmental remediation and beyond. Herein, we report two-
dimensional (2D) carbon nitride-based Janus particles as highly effi-
cient, light-driven microswimmers in aqueous media. Due to the
superior photocatalytic properties of poly(heptazine imide) (PHI),
the microswimmers are activated by both visible and ultraviolet
(UV) light in conjunction with different capping materials (Au, Pt,
and SiO2) and fuels (H2O2 and alcohols). Assisted by photoelectro-
chemical analysis of the PHI surface photoreactions, we elucidate
the dominantly diffusiophoretic propulsion mechanism and estab-
lish the oxygen reduction reaction (ORR) as the major surface reac-
tion in ambient conditions on metal-capped PHI and even with TiO2-
based systems, rather than the hydrogen evolution reaction (HER),
which is generally invoked as the source of propulsion under ambi-
ent conditions with alcohols as fuels. Making use of the intrinsic solar
energy storage ability of PHI, we establish the concept of photocapa-
citive Janus microswimmers that can be charged by solar energy, thus
enabling persistent light-induced propulsion even in the absence of
illumination—a process we call “solar battery swimming”—lasting
half an hour and possibly beyond. We anticipate that this propulsion
scheme significantly extends the capabilities in targeted cargo/drug
delivery, environmental remediation, and other potential applications
of micro/nanomachines, where the use of versatile earth-abundant
materials is a key prerequisite.

carbon nitrides | light-driven | microswimmers | photocharging | solar
battery

Microswimmers are micrometer-scale wireless machines that
are propelled in fluids by converting energy made available

in their surroundings, such as chemical bonds, light, and mag-
netic and acoustic fields (1, 2). Such autonomous propulsion
makes microswimmers highly attractive, active microdevices in
various biomedical and environmental applications (3). While the
use of sacrificial reagents can provide chemical energy for pro-
pulsion, it requires their continuous supply (4) and makes direc-
tional control difficult. Light, however, is abundant and one of the
most widely exploited “fuels” to propel microswimmers photo-
catalytically (5, 6), enabling temporally and spatially controlled
motion, called phototaxis (7). Two light-driven propulsion mech-
anisms are possible for Janus microparticle-based microswimmers.
The first mechanism is self-diffusiophoresis (8), which is induced
by diffusion of catalytically converted species in solution due to the
surface reactions of the photocatalyst or its capping material. The
production of a concentration gradient of reduced and oxidized
species leads to convection and spontaneous motion of the
microswimmer along the gradient, enabling continuous propulsion
(4, 9). The second mechanism is self-electrophoresis (8), which is
characterized by the transfer of electrons between the different
layers of the Janus photocatalyst, generating momentum transfer
(propulsion) by the formation of an electric field, which is

balanced by convection of charged species generated by surface
redox reactions.
So far, many photoactive molecules and materials have been

adapted to serve as light-driven microswimmers by decoration
with electrocatalysts (6, 10). However, photocatalytic propulsion
has mostly been realized with inorganic semiconductors, such as
TiO2 (1, 11–27). A transition to nature-inspired, organic micro-
swimmers is thus of high interest, especially regarding potential
improvements in biocompatibility, tunability, and cost (28). In
recent years, organic semiconductors have become a prominent
class of materials for (opto)electronics and photocatalysis
(29–32), which renders them promising material candidates for
microswimmers as well. Nevertheless, only a few examples of
organic materials being used for light-driven self-diffusiophoretic
or -electrophoretic propulsion have been reported (33, 34). They
rely on agglomerated, melon-based “graphitic” carbon nitrides
(CNx), which consist of strictly alternating carbon and nitrogen
atoms forming heptazine units that are linked by imide bridges to
one-dimensional (1D) polymer chains. Among the most recent and
most active hydrogen evolution photocatalysts is poly(heptazine
imide) (PHI) (Fig. 1A) (32, 35), a 2D CNx with intriguing photo-
physical properties (32): PHI has the ability to store photogenerated
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electrons in a long-lived photo-reduced state for days after illu-
mination is stopped, with a capacity ranging up to 96 C/g (35–37).
These electrons can be discharged on-demand, i.e., by the time-
delayed addition of a cocatalyst that reduces water to hydrogen.
As a consequence, the light and dark reactions of photocatalysis
can be decoupled to produce solar fuels under dark conditions,
akin to the processes occurring in natural photosynthesis (37).
This concept called “dark photocatalysis” can be extended to
electrical charge transfer to realize new types of solar batteries
(37, 38).
In this work, we investigate the light-induced propulsion of

PHI Janus particle-based microswimmers with caps consisting of
Au, Pt, and SiO2, and we demonstrate that these properties can
be exploited to realize efficient microswimmer propulsion not
only in the presence, but also in the absence of light. Our find-
ings reveal the light-induced surface catalytic processes and in-
dicate that the reduction reaction, which is responsible for the
microswimmer propulsion with alcohol donors in ambient con-
ditions, is not the hydrogen evolution reaction (HER), but rather
the oxygen reduction reaction (ORR), or more generally, the
formation of reactive oxygen species (ROS), even when Pt or Au
are used as cocatalysts. Under optimized conditions, our PHI-
based Janus microswimmers move with comparable speeds of
similar, melon type CNx-based microswimmers, and we demon-
strate propulsion with visible light only (33, 34).
Making use of the dual functionality of light absorption and

charge storage, we further show that light-induced charging is
possible in H2O2, enabling persistently enhanced propulsion af-
ter the illumination stopped, up to a duration of ∼30 times the
initial illumination period, with some particles showing dark
ballistic swimming for more than half an hour. This “solar battery
swimming” concept potentially enables new micro/nanomachine
applications, such as drug delivery and environmental remedia-
tion under dark conditions, e.g., inside the human body, and
in situ power supply for micro/nanomachines.

Results and Discussion
PHI-based Janus microswimmers were obtained by sonication of
the bulk material and subsequent separation of particle sizes by

centrifugation (Materials and Methods). The largest fraction is
deposited on a substrate and caps are evaporated on top direc-
tionally to form Janus microswimmers, as illustrated in Fig. 1B.
Scanning electron microscopy (SEM) analysis revealed near-
spherical shapes with a diameter of 1 to 3 μm (Fig. 1C) and
the backscattered electron image showing the gold content in
Fig. 1D. The obtained microswimmers are not completely
spherical, since they represent agglomerates of PHI nano-
particles that are separated after bulk synthesis resulting in im-
perfectly half-capped Janus microswimmers. Therefore, the
fabricated Janus microstructures are also irregularly shaped Ja-
nus microstructures, as shown in SI Appendix, Fig. S1. In order to
check whether and how these microswimmers can be moved in
aqueous conditions, an additional thin Ni layer is deposited in
between the PHI and the cap to enable magnetic control (for
more details, see SI Appendix, Supplementary Note 1). The
PHI–Ni–Pt microswimmers follow the direction of the applied
magnetic field as shown in SI Appendix, Fig. S3 and in Movie S1.
Their speed is 12.1 ± 0.3 μm/s at an applied field of 8 mT, which
is comparable to inorganic TiO2-based microswimmers of similar
size (13.3 ± 0.4 μm/s) (39).
To establish the optical properties of the PHI–Pt micro-

swimmers, the absorptance is measured (SI Appendix, Fig. S4).
The absorption edge of ∼450 nm is similar to bulk and nano-
structured PHI (38), but with an increased background, which is
attributed to the metal cap. Hence, light in the blue and UV part
of the solar spectrum can be absorbed and used for catalytic
conversion to propel the microswimmer. The organic semicon-
ductor PHI has a conduction band (CB) edge well negative of
the reversible hydrogen electrode (RHE), approximately −500
mV versus normal hydrogen electrode (NHE), and a valence
band (VB) as positive as +2.2 V vs. NHE, allowing PHI to drive
multiple redox reactions, such as HER, ORR, and water oxida-
tion (37, 38, 40, 41). The type of cocatalyst, i.e., the material used
for the Janus cap, and the choice of fuel are crucial design pa-
rameters for optimized phototactic applications. To study the
swimming behavior of the PHI microswimmers, we used Pt, Au,
and SiO2 caps and illuminated the Janus microswimmers with
visible and UV light.

Swimming Behavior in Water and Water–Alcohol Mixtures. In order
to enable the HER on PHI, an active catalyst such as Pt or Au is
required owing to the high intrinsic overpotential of carbon ni-
trides for HER (38). We hence illuminated the corresponding
Janus microswimmers and measured their mean square dis-
placement (MSD) in deionized (DI) water. On short timescales
(∼1 s), the motion is ballistic and hence mostly linear. The dis-
placement is significantly enhanced by UV light, as shown in
Fig. 2A for all Janus microswimmers, along with a control ex-
periment using the microscope light only. The mean speed can
be extracted from the average slope. On longer timescales (∼15 s),
the speed of the UV-illuminated PHI–Pt microswimmers are
10.4 ± 0.6 μm/s, while PHI–Au microswimmers swam with 9.1 ±
0.6 μm/s (13% slower), as shown in Fig. 2B (Left side). Inter-
estingly, the PHI–SiO2 microswimmers were propelled at almost
the same speed (8.6 ± 0.7 μm/s), without having a redox-active
cap. Importantly, however, this observation excludes HER as the
source of self-diffusiophoresis, owing to the large overpotential
of the HER on the PHI surface as shown in an earlier work (38).
Hence, another reductive process must be operative, which will
be discussed further below. However, these results show that the
capped PHI microswimmers can move even in the absence of a
dedicated fuel and indicate that the propulsion process is almost
independent of the capping material when only water is used
as fuel.
In order to increase the propulsion activity of the micro-

swimmers, which is limited by the sluggish kinetics of the hole ex-
traction in pure water, alcohols like methanol (MeOH) or 4-methyl

Fig. 1. Structure of poly(heptazine imide) (PHI)-based Janus micro-
swimmers. (A) Chemical structure of PHI consisting of carbon (blue), nitrogen
(gray), and hydrogen (omitted for clarity). Solvated potassium ions reside in
structural pores (purple). (B) Schematic of the preparation of the PHI-based
Janus microswimmers by directional sputtering of cap materials (Au, Pt, or
SiO2) on PHI microswimmers. (C) In-lens and corresponding backscattered
electron (D) Scanning electron microscope (SEM) images of the spherical
PHI–Au Janus microswimmers with the Au-capped side being on the left. The
expected elemental contrast (Au brighter) is clearly visible in D. (Scale bar,
400 nm.)
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benzyl alcohol were added, which have been shown to reduce the
lifetime of photogenerated holes on PHI efficiently to significantly
below 3 μs (42). With 5% MeOH added as a hole extraction fuel,
the mean speed of the PHI–Pt microswimmers is almost doubled to
20.4 ± 1.3 μm/s (Fig. 2B, Left side). Increasing the MeOH con-
centration to 10% yields comparable speeds of 20.6 ± 0.9 μm (SI
Appendix, Fig. S5). Hence, a saturation of the rate-limiting donor
reaction can be estimated at 5% MeOH already.

Due to the biocompatibility of Au, its use as catalytically active
cap material instead of Pt is also of interest, especially for bio-
medical applications (43, 44). Again, the speed of PHI–Au
microswimmers is found to be almost doubled to 16.3 ± 1.4 μm/s
with 5% MeOH, i.e., 20% less than that observed with PHI–Pt
microswimmers. The overall similar mean speed of both types of
metal Janus microswimmers indicates similar surface reaction
kinetics, despite the distinctly different catalytic activities of Pt
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Fig. 2. Characterization of the swimming behavior of different PHI-based Janus microswimmers in water and with alcohol. (A) Two-dimensional
mean-square-displacement (MSD) swimming trajectory data as a function of the time interval for the PHI–Pt, PHI–Au, and PHI–SiO2 microswimmers in DI
water with UV light on short timescales (∼1 s) and the control experiment in the dark (dotted lines). (B) Average (n = 25) mean speed of the UV light-driven
PHI–Pt, PHI–Au, and PHI–SiO2 microswimmers on longer timescales (∼15 s) in water and with methanol (MeOH) (Movies S2 and S3). (C–E) Electrochemical
characterization of exfoliated PHI sheets deposited on FTO. (C) Current–voltage measurement (CV) showing reversible electron storage and release above
RHE upon cathodic cycling in O2-free electrolyte (black line) and the oxygen reduction reaction (ORR) (red line) occurring positive of the RHE under oxygen-
containing conditions, thus hindering charge accumulation and storage. The inset illustrates the positions of the valence band (VB) and conduction band (CB),
where electron storage occurs. (D) Open circuit potential (OCP) measurements for both conditions in the dark, under and after UV illumination. (E) CV
showing potential-dependent electron extraction current under UV illumination in the presence of an electron donor (MeOH), providing a measure of the
charges available for diffusiophoresis under ambient and O2-free conditions. (F) Hydrogen evolution measurement of PHI–Pt Janus microswimmers in
degassed water containing 10% MeOH (Left) and evidence of the absence of hydrogen production in oxygen-containing conditions (Right) (see SI Appendix,
Fig. S10 for the same finding on other semiconductor–metal combinations). (G) Schematics illustrating the major and minor light-induced redox reactions on
both sides of the three PHI-based Janus microswimmers. Reduction reactions (driven by electrons) are indicated by a red arrow (with Au and Pt caps), whereas
the oxidation (driven by photogenerated holes) is highlighted in gray.
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and Au toward HER. The mean speed of SiO2-capped micro-
swimmers, however, increased only slightly upon addition of the
alcohol (10.7 ± 0.5 μm/s with 5% MeOH, +25%) and remains
significantly below that of the metal-capped Janus micro-
swimmers (47% less that Pt–PHI). The catalytic reactions that
are responsible for propulsion hence rely on the complex inter-
play of both sides of the Janus particle.
The swimming speed of the PHI Janus microswimmers is ap-

proximately two times larger than for inorganic TiO2–Au
microswimmers with 1- to 2-μm diameter under the same illu-
mination and donor conditions, which is 9.2 ± 0.5 μm/s (39), and
of similar speed as TiO2–Pt microswimmers (8.9 μm/s) in DI
water under the same illumination conditions (1.9 W/cm2) (45).
The PHI microswimmers are capable of active propulsion at
similar speed as melon-type CNx-based microswimmers (33).
The efficient use of light by PHI microswimmers can be attrib-
uted to the high quantum yield of the surface reaction occurring
on PHI in comparison to other organic photocatalysts, possibly
originating from the more efficient hole transfer to the alcohol
(42), less recombination-active trap states in the material (46),
and from better charge separation efficiencies at the metal–
semiconductor junction in the Janus particle.

Photoelectrochemical Characterization with Water and Methanol as
Donor. To elucidate the nature of the electrochemical reactions
occurring on the surface of PHI, we studied the photo-
electrochemical (PEC) properties of PHI. To this end, exfoliated
PHI nanosheets are deposited on a conductive fluorine-doped
tin oxide glass (FTO) substrate and characterized electrochem-
ically in the dark and with 15 mW/cm2 during UV illumination at
365 nm from the same light source used for the swimming ex-
periments, both in the presence and absence of oxygen
(Fig. 2 C–E). As can be seen in the cyclic voltammogram (CV) in
Fig. 2C, anodic cycling of PHI in oxygen-free conditions (black
curve) in the dark leads to a reversible electron storage and re-
traction process (schematics in the inset), which occurs at
approximately −700 mV vs. Ag/AgCl, well negative of the RHE,
thus enabling electron transfer to a cocatalyst and HER, in
principle. Illumination in the presence of a donor also enables
stable electrochemical electron storage (38) and yields a negative
open circuit potential (OCP) of approximately−800 mV vs. Ag/AgCl
in the absence of O2 (Fig. 2D, black curve), even after illu-
mination. These photogenerated electrons can be extracted by
applying more positive potentials, leading to photocurrents of 10
to 15 μA/cm2 (Fig. 2E, black curve). However, the situation is
distinctly different in the presence of oxygen (red curves); here,
PHI neither shows electron storage upon electrical charging
(Fig. 2C and SI Appendix, Fig. S6 for different conditions) nor by
photo-charging (Fig. 2D and SI Appendix, Fig. S7), which im-
pedes electrical charge extraction, as shown in Fig. 2E. In other
words, the ORR takes place predominantly at potentials of
approximately −200 mV vs. Ag/AgCl or more positive, i.e., well
positive of the RHE and, hence, preferentially over the HER.
Consequently, the accumulation of (photogenerated) electrons
in the CB is impeded by rapid electron transfer to the oxygen
present in solution, reducing it to water or forming ROS that
then react further, as discussed in SI Appendix, Supplementary
Note 2, and as observed on other semiconductors (47).
In the case of inert SiO2-capped Janus microswimmers, all

photoelectrons are transferred to oxygen, and hence, it can be
assumed that self-diffusiophoretic propulsion occurs from the
PHI hemisphere only (Fig. 2G). For Pt- or Au-capped Janus
microswimmers, the same mechanism is possible, in principle,
and probably dominates when no donor is present, since all
swimming speeds are comparable (SI Appendix, Supplementary
Note 3 and Fig. S8). Since significantly increased swimming
speeds have been observed only on metal-capped Janus micro-
swimmers with MeOH, i.e., when the hole extraction from PHI is

fast and not rate limiting, the cap must be active for charge
separation and also drive a surface reaction under these condi-
tions. Charge carrier separation at the metal–semiconductor
interface decreases recombination and simultaneously enables
reduction reactions on both Janus hemispheres. Internal elec-
tron transfer from PHI to the metal cap hence adds self-
electrophoresis as a likely propulsion mechanism to the MSD
(Fig. 2G).
To obtain a full picture of the reduction products, we studied

the gas formation of Pt-capped PHI Janus microswimmers. Il-
lumination in the presence of MeOH under oxygen-free condi-
tions evidences the accumulation of hydrogen in the headspace
of a sealed reactor, as shown in Fig. 2F, black bar, for the full
spectrum of a xenon lamp and SI Appendix, Fig. S9 for com-
parison to air mass filter (AM 1.5 G) and UV illumination
conditions used to study the swimming (see SI Appendix, Sup-
plementary Note 4 for discussion). However, if oxygen is not re-
moved from the suspension, no hydrogen is observed over 23 h
with the same Janus particle suspension. The same observation is
made with photo-deposited Pt or Au on both PHI and TiO2
(anatase), where HER is only observed when oxygen was re-
moved from the suspension (SI Appendix, Fig. S10). ORR occurs
in ambient conditions with water and/or alcohol donors present
with Au and Pt used as reduction catalysts, which is evidenced on
both PHI and TiO2. Therefore, it can be expected that the
preference of the ORR over HER in the presence of oxygen can
be generalized. We thus conclude that the fastest swimming Pt-
capped and Au-capped microswimmers are dominantly active for
ORR/ROS formation in ambient conditions, which is happening
on both sides as long as oxygen is present in the environment.

Swimming with H2O2 as Fuel.We also studied the active propulsion
in H2O2, a widely used fuel for microswimmers. Since noble
metals such as Pt also catalyze the decomposition of H2O2 in the
absence of light, this fuel is commonly used for microswimmer
propulsion without light (4). H2O2 is redox amphoteric, i.e., it
can be both oxidized and reduced (SI Appendix, Supplementary
Note 5), making swimming faster under appropriately chosen
conditions. The activity of the microswimmers is tested in the
presence of various concentrations of H2O2 to study concentra-
tion and illumination effects on the microswimmer speed and
mechanism of propulsion. When PHI–Pt and PHI–Au micro-
swimmers are illuminated with visible light at an intensity of
1.6 W/cm2 in the presence of 2 vol% H2O2, they swim with a
similar speed of 12.1 ± 0.6 and 11.9 ± 0.4 μm/s, respectively,
significantly faster than without illumination (Fig. 3A). Hence,
also visible light propulsion is possible with H2O2 as a fuel. The
propulsion under UV illumination is shown in Fig. 3B. The
PHI–Pt swimmers move with a speed of 13.2 ± 0.9 μm/s already
at a concentration of 0.05% H2O2, which slightly increases at
0.5% H2O2, saturating at 1% (13.6 ± 1.1 and 16.5 ± 1.1 μm/s,
respectively; see SI Appendix, Fig. S11 for saturation). The
maximum speed of the illuminated Pt microswimmers is hence
33% lower than the mean speed with 5% methanol as a fuel.
The PHI–Au microswimmers move faster than the PHI–Pt

ones with H2O2 (+10% at 0.05% H2O2 [14.6 ± 0.8 μm/s] and by
+81% at 0.5% [24.6 ± 1.6 μm/s]). Unlike the Pt microswimmers,
their speed is significantly increased with increasing the H2O2
concentration to 0.5% (+68%), while being 51% faster than with
5% MeOH. The swimming trajectories of the PHI–Pt and
PHI–Au microswimmers in 0.5% H2O2 are shown in Movies S4
and S5. When the insulating SiO2 cap is used, the microswimmer
speeds are comparable to the metal-capped ones at low H2O2
concentrations (10.8 ± 0.7 μm/s at 0.05% H2O2). The speed is
significantly increased with 0.5% H2O2 (19.4 ± 0.9 μm/s, +80%),
which remains only 21% below the speed with Au caps and is
much higher than with Pt caps at 0.5% H2O2 (+43%). Compared
to 5% MeOH, the increase is most drastic for the SiO2-capped
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microswimmers (+81%). The fundamentally different trends in
propulsion with H2O2 compared to MeOH indicate a more com-
plex interplay of the surface reactions, or competitive processes
occurring simultaneously on both sides.

Photoelectrochemistry with H2O2. The PEC characterization of
PHI microswimmers with H2O2 relies predominantly on the
photoresponse because the dark reduction and oxidation cur-
rents from the FTO substrate alone are of comparable size or
even stronger than from the electrode containing PHI (SI Ap-
pendix, Fig. S12 and Supplementary Note 6), which cannot be
circumvented. Fig. 3C contrasts the dark and illuminated OCP of
PHI nanosheets on FTO in aqueous 1% H2O2. The negative
shift from +340 to +70 mV vs. Ag/AgCl upon illumination
proves the photoelectron generation, whereas the immediate
decay shows that no charge accumulation is possible in the
presence of H2O2. This is similar to MeOH and O2 (Fig. 2D and
SI Appendix, Fig. S2), but at overall more positive potentials,
since H2O2 is reduced more easily than O2 (SI Appendix, Sup-
plementary Note 6). Fig. 3D illustrates the photocurrents negative
and positive of the illuminated OCP value, which remain rather
constant at −10 and +15 mA/cm2, respectively, and illustrate
that both the light-induced reduction and oxidation occur very
efficiently on PHI, albeit with a slight asymmetry kinetically fa-
voring the oxidation reaction. Similar findings are made with
intermittent (chopped) illumination (SI Appendix, Fig. S13). Pt-
capped PHI Janus microswimmers do not allow for the extrac-
tion of photocurrents due to strongly enhanced dark currents by
the Pt (SI Appendix, Fig. S14). However, the observation of an

initially weak negative and subsequently transient positive OCP
shift under UV illumination suggests the major photoreaction on
PHI still being the H2O2 oxidation, while Pt subsequently con-
tributes more to the H2O2 reduction (SI Appendix, Fig. S15).
This case is discussed in more detail in SI Appendix, Supple-
mentary Note 7.
These findings help us pinpoint the propulsion mechanism.

The PHI Janus microswimmer propulsion appears to occur
predominantly due to photogenerated electrons and holes on the
PHI surface, which drive redox reactions with H2O2 at signifi-
cantly faster kinetics compared to MeOH and dissolved O2 due
to lower reaction overpotentials and, consequently, higher cur-
rents on the PHI hemisphere. Hence, the pure symmetry-
breaking propulsion mechanism (self-diffusiophoresis) in the
PHI–SiO2 system leads to enhanced MSD in H2O2 with respect
to MeOH. Au and especially Pt, however, are redox-active ma-
terials supporting the disproportionate decomposition of H2O2
(48), and Pt is electrochemically much more active than Au,
FTO, or PHI, as evidenced by CV measurements (SI Appendix,
Fig. S16). Consequently, competing reactions at both hemi-
spheres of the Janus microswimmer, effectively lifting the sym-
metry breaking necessary for propulsion, can slow down the
Janus particle under illumination in the presence of a metal cap
(49). Therefore, the propulsion with Pt caps is decreased over Au
(Fig. 3B) where the self-catalyzed and possibly thermally en-
hanced decomposition of H2O2 is less pronounced by more than
two orders of magnitude (48).
The light-induced photocatalytic Janus particle propulsion

with metal caps thus appears to mainly originate from the PHI
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hemisphere, like in the SiO2 case. A slight increase in swimming
speed with Au can again be attributed to a self-electrophoretic con-
tribution enhancing charge separation at the metal–semiconductor
interface, akin to the metal-capped microswimmers in MeOH. A
summary of the proposed light-induced propulsion mechanisms,
which accounts for the complex interplay of the various competing
surface catalytic processes of capped PHI microswimmers, is illus-
trated in Fig. 3E for all three Janus particle cases. An overall sum-
mary of the mean speeds of the different PHI-based Janus
microswimmers under UV-light illumination in different fuels is
shown in Table 1.

Solar Battery Swimming. An intriguing question is whether pho-
tocharging of PHI microswimmers—the basis for time-delayed
photocatalysis in the dark as well as solar batteries based on PHI
(37, 38)—could be used to realize a new propulsion mechanism:
sustained swimming of light-driven PHI swimmers in the dark
through time-delayed discharge, which we call “solar battery
swimming.” However, the presence of ambient oxygen or H2O2,
which act as electron scavengers on the PHI surface, would in-
tuitively be expected to hinder charge accumulation of electrons
in the conduction band of PHI. A way to circumvent this prob-
lem is to charge the bulky Janus particle from inside, making use
of sluggish electron transfer kinetics within PHI (from the inside
to the surface) for delayed propulsion in the dark (37, 38).
As described before, the surface reactions on the Pt and PHI

hemispheres in PHI–Pt Janus microswimmers are in strong
competition in H2O2, which is not beneficial for fast light-driven
propulsion. However, the H2O2 decomposition reaction on the
Pt surface becomes asymmetric if electrons are transferred away
from Pt, as reported for Pt–Au nanorods where the Au hemi-
sphere acts as an acceptor and drives the reduction reaction (50,
51). Translating this effect to Pt–PHI microswimmers could en-
able electron transfer from Pt to photoexcited PHI, thus leading
to hole quenching near the PHI–Pt interface and hence charge
accumulation on PHI. We thus studied the propulsion behavior
of PHI–Pt microswimmers at 1% H2O2 concentrations in more
detail, i.e., before, during, and after illumination for different
prior illumination times, as shown in Fig. 4. Fig. 4A visualizes the
instantaneous speed of the microswimmers during an off/on/off
cycle, which can be observed in Movie S6. Initially, when the
light is off for 7 s, the microswimmers show enhanced Brownian
motion due to the surface reaction of Pt with H2O2. When the
light is turned on for 7 s, the swimmers increase their speed and
swim ballistically due to reactions enabled by photogenerated
charges, as described earlier. When the light is switched off again
for 7 s, however, the swimmers continue to show ballistic motion,
hence more directional propulsion in the dark, which is faster than
the initial Brownian motion. Hence, the PHI–Pt Janus particle can
actually be charged by light while increasing its swimming speed
ballistically, which leads to enhanced and lasting propulsion in the
dark. Fig. 4B illustrates this continuous solar battery swimming
process on longer timescales with 5 s of photocharging. The total
instantaneous displacement of the microswimmers before, during,
and after illumination is illustrated in Fig. 4C. The solar battery
displacement describes the enhancement in the total instantaneous

displacement after illumination on top of the Brownian motion
prior to illumination, highlighting that the microswimmers travel
much faster and further after illumination than they would have
done without it. The ballistic swimming during the dark is shown in
orange-color regions in Fig. 4 B and C (293 μm solar battery dis-
placement in 120 s, which is 2.36 times further than the expected
passive Brownian motion in the same duration prior to illumina-
tion). The particle trajectory is shown in Fig. 4D. Overall, a 5 s
period of charging results in 120 to 160 s of enhanced MSD until
the swimmers are discharged. This corresponds to a 24 to 32 times
increased propulsion period compared to the illumination time.
The light-induced enhanced motion as well as its decay is further
shown in Movie S7. To further study the solar battery swimming
behavior and the relationship between charging and discharging
times, we measured the solar battery swimming after 10 and 30 s of
prior illumination (see SI Appendix, Fig. S17), for instantaneous
speeds and total instantaneous displacements for the overall pro-
cesses). For 10-s illumination, we observe the solar battery swim-
ming effect for ∼400 s (6.7 min), which is ∼40 times longer than the
initial charging time, with a solar battery displacement of 767 μm
(2.2 times further than the expected passive Brownian displace-
ment in the same duration prior to illumination). As the charging
time is increased to 30 s, we observe that the swimming slows down
after 800 s, which is about 27 times longer than the initial charging
time. However, they continue to swim ballistically up to half an
hour and some even beyond, opposite to the non-ballistic Brow-
nian displacement, which is therefore only local without prior il-
lumination. Such an observation indicates that the discharging
continues without significantly affecting the swimming speed di-
rectly. The total solar battery displacement is 3,580 μm in 27 min
(2.16 times further than the passive Brownian displacement in the
same duration prior to illumination). The summarized solar battery
swimming durations for 5, 10, and 30 s prior illumination times and
their respective solar battery displacements are shown in Fig. 4 E
and F, respectively.
In order to realize such a solar battery swimming effect, the

electron accumulation process on the PHI during the illumina-
tion period, akin to the photocharging occurring prior to “dark
photocatalysis” (37, 38), requires faster charging of the PHI
compared to the intrinsic discharge rate of electrons driving self-
diffusiophoresis or self-electrophoresis. Therefore, a high and
asymmetric reaction rate on the Pt side is thus required that
quenches the holes on PHI as shown in Fig. 4G on the Left.
Alternatively, the slow electron transfer kinetics from the
charged PHI volume to the Pt surface, together with the fast
surface reaction on the Pt side, may be the reason for the time-
delayed discharge of the PHI particle after the illumination pe-
riod. In any case, the drift of accumulated charge carriers to the
surface enables the photocapacitive, enhanced motion without
the presence of light, as shown on Fig. 4G on the Right, despite
conditions that are not beneficial for charge accumulation per se.

Summary and Conclusion
We have studied the propulsion of carbon nitride-based light-
driven microswimmers and demonstrate light-induced photo-
capacitive swimming under dark conditions, which originates

Table 1. Mean speed results of different PHI-based Janus microswimmers under illumination
with different fuels added to DI water

Fuel type PHI–Pt, μm/s PHI–Au, μm/s PHI–SiO2, μm/s

Pure DI water (1.9 W/cm2 at 365 nm) 10.4 ± 0.6 9.1 ± 0.6 8.6 ± 0.7
Methanol (5 vol%, 1.9 W/cm2 at 365 nm) 20.4 ± 1.3 16.3 ± 1.4 10.7 ± 0.5
H2O2 (0.05 vol%, 1.9 W/cm2 at 365 nm) 13.2 ± 0.9 14.6 ± 0.8 10.8 ± 0.7
H2O2 (0.5 vol%, 1.9 W/cm2, at 365 nm) 13.6 ± 1.1 24.6 ± 1.6 19.4 ± 0.9
H2O2 (2.0 vol%, 1.4 W/cm2 at 470 nm) 12.1 ± 0.6 11.9 ± 0.4 —
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from a solar battery functionality in poly(heptazine imide). The
PHI–Janus microswimmers show efficient light-induced pro-
pulsion under visible light and UV illumination using both al-
cohols and H2O2 as fuels. Assisted by PEC analysis, we elucidate
the surface reactions being responsible for the predominantly
self-diffusiophoretic propulsion with different caps (Pt, Au, and
SiO2) in the presence of MeOH and H2O2 under ambient con-
ditions. We find that PHI–Pt Janus microswimmers swim the
fastest with water and alcohol as fuel, whereas PHI–Au ones,
followed by PHI–SiO2 ones, show the fastest propulsion with
H2O2 as fuel (Table 1). Opposed to the mainstream assumption,

we find that hydrogen is not evolved during the photocatalyti-
cally induced propulsion under ambient conditions, but oxygen
serves as electron scavenger with alcohol donors used as fuels
when Pt or Au are used as cocatalysts, even for the most widely
used photocatalyst TiO2. With H2O2, unexpected propulsion
trends with different caps can be explained by competing surface
reactions on both hemispheres. This interplay of different sur-
face processes can be exploited to realize photocharging on
PHI–Pt Janus microswimmers at H2O2 concentrations of 1% or
above, enabling continued enhanced propulsion in the dark for
∼40 times longer than the initial illumination period. Some
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particles show ballistic swimming beyond half an hour in the
dark, after only 30 s of prior illumination. This first observation
of a solar battery swimming process is based on the dual light
absorption and energy storage capability of PHI, akin to dark
photocatalysis. However, its realization is a product of careful
interfacial reaction studies and their rational tuning in order to
enable the simultaneous charging and discharging of the PHI
volume to achieve continued propulsion in the dark.
The unique properties of PHI-based microswimmers make

them particularly promising for potential medical (e.g., targeted
drug delivery) and environmental remediation applications, due
to their sensitivity to visible light, their soft organic nature, and
the possibility to use biocompatible caps such as Au or SiO2. The
solar battery swimming effect is anticipated to open new capa-
bilities in diverse applications, where micro/nanomachines need
to operate without continuous external fuel supply, and where
environmentally or biologically benign materials are required.
Finally, the charging effect reported here opens the door to the
creation of autonomous systems with built-in energy storage
capabilities, since PHI cannot only drive redox reactions in a
time-delayed manner, but also provide an electrical potential,
akin to a battery.

Materials and Methods
PHI Synthesis. PHI was synthesized according to a procedure described in the
literature (32, 37). In brief, melamine (5.0 g) was heated in a tube furnace in
a quartz glass boat to 550 °C for 12 h with a heating rate of 5 °C/min under
argon (Ar) flow. After cooling to ambient temperature, a yellow powder (2.0
to 2.5 g) was obtained. A total of 1.5 g of this product (Melon) was thor-
oughly ground with KSCN (3.0 g), which was heated overnight to 140 °C in
vacuum to evaporate water. The mixture was heated in a tube furnace in an
aluminum oxide (Alox) boat to 400 °C for 1 h and 500 °C for 30 min with a
heating rate of 30 °C/min under Ar flow. The Alox boat with the PHI was
sonicated two times for 15 min in 80 mL of water to disperse the yellow
product. This suspension was washed six times with DI water by centrifu-
gation (20,000 rpm). The insoluble product was dried in vacuum at 60 °C
overnight.

PHI Characterization. SEM images of the Janus microswimmers were captured
by a Zeiss Merlin SEMwith an Oxford Ultim Extreme EDS. For the Janus metal
cap deposition, a Nano 36 DC sputtering machine from Kurt Lesker was used.
In order to capture the swimming of the microswimmers, a Zeiss Axio A1
inverted optical microscope was used. A Thorlabs M365L2 UV lamp (365 nm)
was used for illumination through the inverted microscope. The videos were
recorded from the microscope using a LD Plan-NeoFluar 40× objective lens
and Axiocam 503 CCD camera at 62 frames per second (fps). In the case of
solar battery swimming experiments, the videos were recorded at 10 fps for
5- and 10-s prior illumination and at 5 fps for 30-s prior illumination. The
swimming behavior of the microswimmers was systematically investigated
by 2D MSD analysis on the captured videos for 15 s using a custom MATLAB
code. All fuel concentrations are in volume percentage. In Fig. 4B, the in-
stantaneous data have been smoothened by a fast Fourier transform filter
with a cutoff frequency at 3.1 Hz after averaging.

The absorptance spectra of these samples were measured with a double
monochromator spectrophotometer (Edinburgh Instruments; FLS-980). The
measurements were performed locating the sample in the center of an in-
tegrating sphere attached to FLS-980 working in synchronous mode to dis-
cern any photoluminescence signal from the PHI particle. The sample
suspension was measured in aqueous solution with and without O2 while
being stirred to prevent sedimentation.

PHI-Based Janus Microswimmer Fabrication. To obtain microswimmers of PHI
for the microswimmer preparation, 0.3 g of the material was sonicated in
200 mL of DI water in an ice-cooled bath for 2 h, while shaking the sus-
pension by hand every 30 min in addition. The obtained suspension was then
centrifuged at 353 rcf for 20 min to agglomerate smaller particles that were
used for PEC purposes. The supernatant containing larger particles was re-
moved for the Janus particle fabrication. These were resonicated for 30 min
and centrifuged at 1500 rcf. Five hundred microliters of the stock solution
with a concentration of 3 mg/mL were suspended in 10 mL of ethanol,

followed by further sonication for 30 min. One hundred microliters of the
resulting suspension were drop cast onto the glass wafer, resulting in a thin
layer of the particles on the substrate. Thirty nanometers of Pt were sput-
tered on top to form Janus microswimmers. The wafer was then sonicated in
water to release the microswimmers that were then used for further ex-
periments. The same procedure was repeated for fabrication of PHI–Au,
PHI–SiO2 (with 20-nm-thick sputtered material, respectively), and the bilayer
PHI–Ni–Pt Janus microswimmers used for magnetic propulsion.

Light Intensity Measurements. The spectral irradiance of the illumination in
the microscope was measured at the place of the sample chamber with a
calibrated Ocean Optics OCEAN-FX-XR1-ES spectrophotometer after atten-
uation by a neutral density filter. The results (SI Appendix, Fig. S2) have been
normalized to the filter attenuation and to the spot size of the light beam in
the microscope, which was measured to be 2.0 ± 0.5 mm in diameter,
resulting in a relative experimental error of 50% after the error propagation
calculation. In the case of visible light propulsion, a broad-spectrum white
LED is illuminated from the top and a 470-nm light is illuminated through
the microscope objective lens. The intensity of the microscope light (2 mW/cm2

for the control experiments in the dark and 7 mW/cm2 for imaging during
UV illumination) was increased to 20 mW/cm2 for visible light propulsion. For
photocatalytic and PEC experiments, the light intensity was directly mea-
sured by a calibrated Thorlabs S310C/PM100D power meter.

Photocatalytic Experiments. Photocatalytic experiments were performed in a
double-walled glass reactor with a quartz glass window on top, as previously
reported (52). The temperature within the reactor was thermostated by a
water cooling jacket to 25 °C. Top illumination of the reactor is performed
with a xenon lamp (Newport; 300 W) with a water filter, or by a Thorlabs
M365L2 UV lamp. To cut off some of the UV-light, air mass filter (AM 1.5 G)
was used in the respective experiments. If not stated otherwise, CNx Janus
microswimmers were suspended in water (9 mL) and methanol (1 mL). Prior
to illumination, the head space of the reactor was evacuated and backfilled
with Ar six times to remove oxygen. The headspace was periodically ana-
lyzed by a gas chromatograph (Thermo Scientific; TRACE GC Ultra) equipped
with a thermal conductivity detector using Ar as a carrier gas.

For HER measurements with photodeposited Pt or Au on PHI or TiO2

(anatase; Sigma-Aldrich; 232033), the same reactor preparation and geom-
etry were used, with full arc illumination by the same Xe lamp, set to 100
mW/cm2. For photodeposition of the cocatalyst Pt or Au, an optimized
amount (8 wt% or 2 wt%) of H2PtCl6 or HAuCl4 (Sigma-Aldrich) was added
to the suspension before the measurement in argon-containing conditions.
After at least 6 h of measurement, the O2 containing experiment was per-
formed on the same material. The suspension was purged with O2 through a
needle for 20 min while stirring (1 mL of MeOH was added after 15 min to
prevent its evaporation), and the reactor was left open for 10 min to
equilibrate. In all cases, the HER rate was determined by the average slope
after activation over at least 3 h, with a minimum sensitivity of 0.06 μmol H2/
h over 3 h.

PEC Measurements. The PEC measurements were performed in a closed glass
reactor equipped with a quartz window for side illumination. An Ag/AgCl
reference electrode with saturated KCl (+0.197 V vs. NHE) was used with the
different aqueous electrolytes. A Pt wire acted as counter electrode. To
remove dissolved oxygen, the electrolyte was purged with >99% pure N2 or
Ar prior to the respective measurement through a porous glass frit for at
least 1 h. Electrochemical measurements were recorded and analyzed using
an IVIUM CompactStat potentiostat and the IviumSoft software. UV illumi-
nation was provided by a Thorlabs M365L2 UV lamp at an operating current
of 1.4 mA and a working distance of 20 cm (15 mW/cm2). PHI was deposited
on FTO by drop casting nanosheets as reported previously (38).

Data Availability. All data, materials, and associated protocols that support the
findings of this study are shown in Materials and Methods and SI Appendix.
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