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Metal oxide single-component light-powered micromotors for
photocatalytic degradation of nitroaromatic pollutants
Xia Peng1, Mario Urso 1 and Martin Pumera 1,2,3,4✉

Mass transfer is a key parameter in heterogeneous reactions. Micro/nanomachines, a promising technology for environmental
applications, significantly enhance the performance of conventional purification treatments because of the active motion ability
and thus enhanced diffusion (superdiffusion) of these photocatalysts, which in turn leads to dramatically improved mass transfer
and higher degradation capability compared to stationary microparticles. However, the design of micromotors generally involves
noble metals, for instance, Au and Pt, to achieve an effective autonomous motion. Considering the expensive fabrication cost and
complicated steps, we present Pt-free single-component light-powered WO3 micromotors capable of enhanced diffusion and
effective degradation of nitroaromatic compounds in water. These microswimmers, synthesized by a hydrothermal method, which
is highly scalable at low cost, followed by calcination, exhibit fuel-free light-driven motion due to asymmetric light irradiation. Picric
acid (PA) and 4-nitrophenol (4-NP) were selected as representative nitroaromatic contaminants and photocatalytically decomposed
by WO3 micromotors thanks to the close contact with the micromotors promoted by their self-propulsion. This work provides a low-
cost, sustainable, scalable method for enhancing mass transfer by creating moving catalysts with broad application potential for
water cleanup.
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INTRODUCTION
Nitroaromatic compounds are organic composites that comprise
one or more nitro groups (-NO2) connected to the aromatic ring1.
Taking advantage of these groups, nitroaromatic compounds have
been broadly applied to fabricate diverse industrial products, such
as explosives, pesticides, and dyes2. Unfortunately, the nitro group
also hinders the biodegradation of these compounds, resulting in
continuous environmental accumulation. Indeed, their extensive
employment has led to severe contamination of groundwater and
soil, which is usually associated with drinking water quality,
severely posing a threat to human health3,4. Traditional waste-
water purification approaches mainly depend on biological
oxidation and physical procedures (i.e., activated carbon adsorp-
tion, nano-filtration)5–7. The biological process is inadequate as
these compounds are barely degraded due to their high
constancy in the water system. Physical methods only transfer
the pollutants instead of destructive removal, which indicates that
further treatments are necessary. Advanced oxidation processes
(AOPs) have been extensively explored in degrading organic
contaminations in wastewater8–10. AOPs generally involve highly
reactive oxygen species (ROS), for instance, hydroxyl radical (•OH)
and superoxide radical (•O2

-), which can oxidize hazardous
chemical species in water11. Photocatalysis is a promising light-
driven AOP technology, necessitating a photocatalyst and proper
light irradiation to generate ROS that break down organic
pollutants. Recently, nanostructured TiO2, ZnO, and Fe2O3 photo-
catalysts have received great interest12–17. For instance, Reddy
et al. proposed Cu-doped ZnO nanoparticles for RhB dye
degradation under light irradiation18. Similarly, Z-scheme binary
heterostructured nanocomposites (i.e., MoS2/g-C3N4 and ZnWO4/
NiFe2O4) were employed for the efficient photocatalytic

degradation of toxic organic pollutants19,20. However, these
approaches are restricted because of the passive diffusion of
photocatalytic materials, requiring constant agitation. Further-
more, most of them involved more than one component.
Consequently, it is highly desirable to explore more facile and
practical strategies to facilitate the removal of pollutants.
Light-powered micromotors, micro/nano-sized materials that

exploit energy from a powerful, renewable, and abundant source,
such as light, and convert it into motion, have received
considerable interest21–26. Previous research has shown that the
active locomotion of light-powered micromotors based on
photocatalytic materials can overcome the limitation of passive
diffusions of photocatalysts by enhancing the interactions with
targeted pollutants27–31. For instance, Ma et al. developed tubular
micromotors based on TiO2, magnetic Fe3O4 nanoparticles, and Pt
for the effective degradation of rhodamine 6G30. Moreover, light-
powered ZnO/Pt micromotors with H2O2-free light-driven propul-
sion ability and hematite/Pt Janus microrobots were explored for
nitroaromatic explosives decomposition31,32. However, a noble
metal coating was required in both cases to unlock the self-
propulsion ability, increasing fabrication costs and complexity.
Therefore, low-cost and simpler micromotors remain to be
explored for future practical applications.
Here, we demonstrate the photocatalytic degradation of

nitroaromatic pollutants by noble metal-free single-component
light-powered WO3 micromotors. Compared to Au-WO3@C Janus
micromotors proposed by Ren et al. for the photodegradation of
dye pollutants25, single-component WO3 micromotors without
the need for additional noble-metal coating were prepared by a
facile hydrothermal reaction followed by a calcination process.
Once exposed to asymmetric light illumination, the micromotors
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can exhibit fuel-free self-actuation in pure water, with remote
control and rapid response over on/off switching of UV-light.
Motion behavior in different conditions demonstrated that H2O2

enhanced the motion and diffusion of micromotors. Finally, these
WO3 micromotors were applied for the effective photodegrada-
tion of nitroaromatic compounds, among which picric acid (PA)
and 4-nitrophenol (4-NP) were selected as models because of their
hazardous nature and high stability in water. Such simple and low-
cost micromotors capable of degrading toxic substances hold
great potential in the micro/nanomotors systems for environ-
mental remediation.

RESULTS
Characterization of WO3 micromotors
WO3 micromotors were successfully prepared via the combination
of a simple hydrothermal method and a calcination process, as
described in Fig. 1a. Specifically, a homogenous solution consist-
ing of the tungsten precursor and glucose was sealed under the
hydrothermal condition, followed by an annealing process in air to
promote the formation of single-component WO3 micromotors.

Scanning electron microscopy (SEM) images in Fig. 1b illustrate
the obtainment of WO3 microspheres with sizes varying from 1 to
2 µm. A more detailed analysis displays a highly rough surface,
ascribed to a hierarchical structure composed of assembled
nanoparticles (Fig. 1c). Energy-dispersive X-ray spectroscopy (EDX)
elemental mapping images validate the existence and even
distribution of the W and O elements, as shown in Fig. 1d, e. The
X-ray diffraction (XRD) pattern of WO3 micromotors is displayed in
Fig. 1f, which agrees with the standard monoclinic phase (JCPDS
83-0951)33. In fact, diffraction peaks are observed at 2θ= 22.9°,
23.4°, 24.1°, 26.4°, 28.1°, 32.8°, 33.1°, 41.6°, 50,43° and associated
with the (002), (020), (200), (120), (112), (022), (202), (222), and
(400) crystalline planes of WO3. The chemical states of WO3

micromotors were additionally determined by X-ray photoelectron
spectroscopy (XPS). Figure 1g shows the main peaks ascribed to W
4f and O 1s, highlighted in the XPS wide spectrum. The high-
resolution spectrum of W 4f demonstrates two distinguished
peaks in Fig. 1g. The binding energies of W 4f7/2 and W 4f5/2,
positioned at 35.3 eV and 37.3 eV, respectively, match well with
reported values of the W6+ oxidation state for WO3 microspheres.
The high-resolution spectrum of O 1s displays two peaks at 531.8
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Fig. 1 The preparation process and characterization of WO3 micromotors. a Schematic illustration of the preparation of WO3 microspheres
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and 530.3 eV binding energy (Fig. 1i)34. The peak at 531.8 eV is
ascribed to OH groups on the WO3 micromotors’ surface, and the
other peak agrees with the lattice oxygen in the crystal structure
of WO3 micromotors.

Motion behavior of WO3 micromotors
The single-component WO3 micromotors display autonomous
motion when exposed to UV-light illumination both in fuel-free
and H2O2 solutions. Previous research has elucidated the
locomotion mechanism of single-constituent photocatalytic
micromachines under light irradiation35,36. As illustrated in
Fig. 2a, the incidence of photons with higher energy than the
optical bandgap of WO3 micromotors triggers the generation of
electron-hole pairs. According to previous works37–39, the edge of
the conduction band (CB) of WO3 micromotors (ECB= 0.77 VNHE,
where ECB is the conduction band edge at the normal hydrogen
electrode (NHE)) lies below the photocatalytic hydrogen evolution
threshold. The photogenerated electrons in the CB could not react
with H+ to generate H2, whereas they can decompose H2O or
H2O2 in protons (H+). Meanwhile, the photogenerated holes in the
valence band (VB) can contribute to breaking down H2O or H2O2

into •OH, O2, and H+. The non-uniform light exposure of WO3

micromotors results in an asymmetrical generation of these
chemical species, establishing a product gradient leading to their
movement by self-phoresis40,41. An optical bandgap of 2.72 eV,
representing the minimum energy to excite the electrons from the
VB to the CB, was determined from the absorption spectrum of
WO3 micromotors (Fig. 2b) using the Tauc plot (inset in Fig. 2b)42.
Figure 2c exhibits the time-lapse images of a WO3 micromotor’s
trajectory at intervals of ∼5 s in pure water and 1% H2O2

(Supplementary Videos 1 and 2). WO3 micromotors exhibit
Brownian motion without light and fuel-free propulsion when
illuminated by UV-light. A longer trajectory can be observed when
1% H2O2 is introduced due to the more pronounced product
gradient around the micromotor. The corresponding speeds of
these micromotors are also depicted in Fig. 2d and Supplementary
Fig. 1a, further indicating the light-controlled on/off movement in
pure water and H2O2.
The motion of WO3 micromotors under different conditions was

further studied by calculating the mean squared displacement
(MSD). As reported in Fig. 2e, the MSD of WO3 micromotors in 1%
H2O2 without UV-light irradiation follows a linear increase within
1 s, indicating merely Brownian motion. The same is observed for
the micromotors in pure water (Supplementary Fig. 1b). When UV-
light is involved, the MSD of micromotors in pure water and H2O2

manifests a parabolic increase with time owing to the light-
induced micromotors’ self-propulsion (Fig. 2e and Supplementary
Fig. 1b)32,43,44. According to MSD analyses, the diffusion coeffi-
cients (D) of WO3 micromotors were plotted and inserted in
Fig. 2e. Under UV-light irradiation in pure water, D is up to
2.0 ± 0.1 µm2 s−1, whereas a tenfold increase is noted in 1% H2O2

(20 ± 1 µm2 s−1). To study the parameters that regulate the
photocatalytic locomotion of WO3 micromotors, different con-
centrations of H2O2 were introduced, as depicted in Fig. 2f. The
speed of micromotors was progressively increased from
5 ± 1 μm s−1 to 26 ± 2 μm s−1 as a higher concentration of H2O2

(1% H2O2) was added.

Nitroaromatic pollutants degradation
Water contamination caused by nitroaromatic compounds poses
severe environmental hazards due to their wide usage for the
manufacture of explosives, pesticides, and pharmaceuticals and
their non-biodegradable nature with high persistence2. Recently,
various environmentally friendly treatments that employ active
propelled micro/nanomotors have been demonstrated for the
degradation or absorption of nitroaromatic compounds6,45–48.
Nevertheless, most micromotors involve a primary half-coating

with expensive Pt or Au to achieve the asymmetrical structure for
light-activated propulsion or chemically-driven motion based on
H2O2 decomposition. There is a strong desire to develop easily
fabricated, low-cost, and recyclable micromotors as candidates to
facilitate their practical applications. Therefore, we employed the
single-component WO3 micromotors to degrade nitroaromatic
compounds in water. PA and 4-NP (molecular structures in the
insets in Figs. 3a and 4, respectively) were both selected as
representative nitroaromatic contaminants. PA was also employed
to investigate the reusability and photodegradation mechanism of
WO3 micromotors.
PA photocatalytic degradation capability of WO3 micromotors

was estimated under UV-light irradiation up to 2 h in 1% H2O2.
Figure 3a shows the UV-Vis spectra of PA solutions at different
reaction times. The intensity of the absorbance peak after the
treatments with micromotors decreases with time, suggesting the
degradation of PA. The degradation efficiency of micromotors was
estimated according to Eq. (1)

Degradation Efficiency ¼ C0 � Ct
C0

´ 100% (1)

where C0 represents the original PA concentration, while Ct is the
PA concentration at the time t. Specifically, the decomposition
efficiency of PA is 72% after 2 h treatment, as shown in Fig. 3c (red
line). Additionally, several control experiments were accomplished
to assess other contributions to the PA photocatalytic degradation
using WO3 micromotors: 1) PA+ UV-light; 2) PA+ UV-light +
H2O2; 3) PA+ H2O2; 4) PA+WO3+ UV-light; 5) PA+WO3+ H2O2.
As shown in Supplementary Fig. 2a, negligible decreases in the
peak intensity can be observed after 2 h photodegradation
without micromotors. For fuel-free motion (PA+WO3+ UV-light)
and no motion (PA+WO3+ H2O2), the degradation efficiencies
are merely 28% and 5%, respectively, which are lower than the
efficient motion with H2O2 (PA+WO3+ UV-light + H2O2). These
results suggest that UV-light and the addition of H2O2 are not
sufficient to degrade PA. The reusability of materials has been
considered one of the most critical factors for their practical
applications. Figure 3b shows that the degradation efficiency still
exhibits up to 55% after several consecutive degradation cycles
(Supplementary Fig. 2b), which indicates that these micromotors
preserved their high photocatalytic capability.
Photogenerated radicals (i.e., h+, •OH, O2

-) are crucial for
degrading organic pollutants. Owing to the low CB position of
WO3 micromotors (ECB= 0.77 VNHE), the reduction of O2

(O2+ e-→•O2
- (aq), −0.33 VNHE) cannot happen under light

irradiation37. Consequently, photogenerated h+ and •OH are
considered the main radicals that can break down PA. Upon UV-
light irradiation, •OH radicals can be formed in two paths: the
oxidation of water and reduction of H2O2 adsorbed on the surface
of WO3 micromotors as follows.

H2Oþ hþ ! �OHþ Hþ (2)

H2O2 þ e� ! �OHþ OH� (3)

A suitable potential value for the reduction of H2O2 is ECB=
0.87 VNHE49. WO3 has a higher ECB (0.77 VNHE), so this reaction can
happen due to being energetically favorable. Therefore, the
enhanced photodegradation efficiency achieved by PA+WO3

+ UV-light + H2O2 relies on the photocatalytic capability of WO3

micromotors and also the enhanced radical production on the
surface of WO3 micromotors because of the presence of H2O2. In
order to further understand the degradation mechanism, radical
trapping experiments were performed50. In this regard, EDTA
(10mg L−1) and isopropanol (0.25 μL mL−1) were chosen as typical
scavengers to capture h+ and •OH, respectively51. As shown in
Fig. 3c, the involvement of isopropanol sharply decreased the
photo-induced degradation efficiency of the micromotors,

X. Peng et al.

3

Published in partnership with King Fahd University of Petroleum & Minerals npj Clean Water (2023)    21 



resulting in 37% (Supplementary Fig. 3b). Therefore, the addition
of isopropanol decreased the amount of free •OH species,
resulting in a markable decrease in the PA photodegradation
efficiency. On the contrary, the addition of EDTA accelerated the
photodegradation process, enhancing the photoactivity of the
micromotors after 2 h light exposure with 1% H2O2 (Supplemen-
tary Fig. 3a). On these bases, it can be concluded that the radicals
•OH are the key photogenerated chemical species responsible for
PA oxidation (Fig. 3d).
4-Nitrophenol (4-NP) is a poisonous and bio-rebellious nitroaro-

matic contaminant that can harm human health considerably8. In
this work, WO3 micromotors were also used to degrade 4-NP.
Initially, control experiments were run to exclude the interference
of other factors (UV-light, H2O2, and their combination). As
depicted in Supplementary Fig. 4a, no noticeable decline in the
absorbance intensity can be observed when micromotors are not
involved in control experiments. Figure 4 demonstrates the 4-NP
degradation after the treatment with WO3 micromotors under
light exposure in water (free-fuel motion) and in the presence of
H2O2 (fuel-driven motion) for different durations. Obviously,
micromotors powered by the fuel presented an enhanced
degradation activity, resulting in an efficiency of 40%, higher

than fuel-free motion (11%). This phenomenon can be explained
by the lower propulsion speed of micromotors in pure water
without any agitation.

DISCUSSION
Here, we reported the large-scale synthesis of precious metal-free
single-component WO3 micromotors via a facile hydrothermal
method, which is easily scalable, combined with calcination. We
demonstrated that such WO3 micromachines exhibit self-propulsion
upon light exposure, even without H2O2 fuel. Specifically, they
displayed perceptive on/off motion capability with light exposure.
From MSD analyses, it can be proved that micromotors showed pure
Brownian motion without light, whereas self-propulsion was
achieved under asymmetric UV illumination. The active motion
and photocatalytic activity of WO3 micromotors were applied to
degrade toxic nitroaromatic pollutants, such as PA and 4-NP. The
micromotors degraded 70% of PA and 40% of 4-NP in water without
any external agitation. The photodegradation mechanism was also
investigated through radical trapping experiments, which confirmed
that •OH is the key ROS responsible for pollutant degradation. The
obtained results indicate the possibility of using single-component
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photocatalytic micromotors to eliminate non-biodegradable and
hazardous pollutants from industrial sewages.

METHODS
Synthesis of WO3 micromotors
Firstly, 50 mL of deionized (DI) water was placed in an 80mL
beaker. Then, 1 mmol Na2WO4 was dissolved in the prepared DI
water with constant magnetic stirring. Afterward, 25 mmol of
glucose was added to the prepared suspension. The final mixture
was magnetically mixed until obtaining a homogeneous solution.
Then, the solution was transferred into an autoclave. The
autoclave was sealed and placed in a preheated oven at 200 °C
and lasted for 20 h. When the reaction ended, the autoclave was
taken out from the oven and naturally cooled down to room
temperature. The precipitated product was cleaned using DI water
and ethanol and dried in an oven overnight. Then, the dried
products were sealed with aluminum foil and calcined at 550 °C in
air. The obtained green-colored product was collected for further
experiments.

Characterization of micromotors
SEM images of WO3 micromotors were acquired by a Tescan MIRA
3 XMU instrument. EDX mapping analysis was conducted by an
EDX detector (Oxford Instruments) coupled to the SEM. The
chemical states of WO3 micromotors were characterized by a
Kratos Analytical Axis Supra instrument.

Motion experiments
The micromotors’ motion was recorded by an inverted micro-
scope (Nikon ECLIPSE Ts2R) and a camera (BASLER acA1920-
155uc). Specifically, a 5 μL aqueous suspension containing
WO3 micromotors was used for motion experiments. Three

concentrations of H2O2 (Merck, 30%) were mixed with the
previous suspension, achieving final concentrations of 0, 0.1, and
1%, to observe and record the videos of micromotors’motion with
a frame rate of 25 fps. No surfactants were involved in all
experiments. The micromotors were exposed to a UV-light source
(Cool LED pE-100, 1.6 W cm−2) with a 365 nm wavelength. In order
to observe the on/off behavior of micromotors, the light source
was switched on/off at defined time intervals (~5 s). The WO3

micromotors’ velocities and trajectories were calculated from the
recorded videos and tracked by the NIS Elements Advanced
Research software. The diffusion coefficient of micromotors was
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calculated according to the following equations based on the
results of MSD plot fitting:

MSD ¼ 4DΔt (4)

MSD ¼ 4DΔt þ v2Δt2 (5)

Pollutants degradation experiments
In all experiments, 2mgmL−1 of micromotors, 50 μM aqueous
solution of picric acid (PA, Merck, 99%), and 1% H2O2 were
consecutively placed in UV-transparent cuvettes. Once UV-light
(356 nm, 9W) was turned on, the cuvettes were put in a closed box
for in total of 120min. Control experiments without UV-light
irradiation or H2O2 were performed to elucidate the contribution of
micromotors. After a different light exposure time, the mixtures were
centrifuged at a certain speed for 3min to obtain the final solution
without the micromotors. A UV-Vis spectrophotometer (Jasco V-750)
was used to measure the absorbance spectra of the solutions. The
absorbance peak at 354 nm was considered to calculate the
degradation efficiency. The degradation of 150 μM 4-nitrophenol
(4-NP, Sigma Aldrich, 99%) followed the same procedures as PA.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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