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ABSTRACT Magnetically driven hydrogel robots exhibit 
significant potential in biomedical and underwater applica
tions owing to their remote controllability, flexibility, bio
compatibility, and chemical stability. However, the lack of 
functional integration in existing hydrogel robots limits their 
adaptability to diverse applications. In this work, a novel 
universal strategy for modular assembly of hydrogels has been 
introduced, which involves the incorporation of magnetic 
particles within a self-healing κ-carrageenan/polyacrylamide- 
based hydrogel, facilitating the free assembly of magnetic ac
tuation modules. These modules can construct magnetic soft 
robots characterized by complex geometries and magnetiza
tion distributions, allowing for diverse deformations under 
magnetic fields. Furthermore, this strategy enables the in
tegration of additional functionalities, such as photocatalysis. 
The free assembly of functional modules embedded with 
specifically designed photocatalysts (e.g., Ru-Bi 2CrO 6) and 
magnetic actuation modules results in an oxygen-generating 
robot. The robot demonstrates flexible underwater movement 
through magnetically controlled oscillatory actuation, effec
tively reducing water agitation while providing a stable oxygen 
supply to specific aquatic environments via photocatalytic 
oxygen generation, achieving an oxygen evolution rate of 
389.1 μmol g−1 h−1. The hydrogel skeleton of the oxygen- 
generating robot effectively suppresses photocatalytic particle 
aggregation and sedimentation, while enabling facile magnetic 
recovery. This innovative method provides a scalable and 
adaptable approach to the design and multifunctional in
tegration of soft robots. 
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INTRODUCTION 
In recent years, soft robots have demonstrated remarkable 
potential in biomedical applications and aquatic environmental 
remediation due to their exceptional environmental adaptability 
and safe human-machine interaction capabilities [1–4]. Parti
cularly, magnetically actuated robots have emerged as a pivotal 
approach for developing soft robotic systems capable of complex 
motions and morphological transformations, owing to their 
unique advantages in remote maneuverability, fuel-free opera
tion, programmability, and recyclability [5–7]. A variety of 
magnetically responsive smart materials, including hydrogel 
composites and elastomers, have been developed to enable 
diverse motile behaviors such as crawling and folding [8,9]. 
Among them, magnetically actuated hydrogel robots, which 
comprise hydrogels embedded with magnetic particles, have 
garnered significant attention in constructing flexible under
water robotic systems by synergistically integrating magnetic 
responsiveness with the inherent advantages of hydrogels, 
including flexibility, biocompatibility, and chemical stability 
[10–12]. However, current research primarily focuses on the 
actuation of soft robots, lacking functional integration, thereby 
limiting their expansion into diversified application scenarios. 

As exemplified by addressing the imbalance in dissolved 
oxygen dynamics in specific water bodies, such as aquariums or 
localized water areas, photocatalytic oxygen generation tech
nology demonstrates green and sustainable potential in ecolo
gical restoration [13–15]. In recent years, bismuth-based 
materials have garnered substantial attention from researchers in 
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the field of photocatalysis, exhibiting remarkable potential as 
photocatalysts. From the perspective of atomic orbital structure, 
the specific orbital configuration of Bi3+ (e.g., the occupancy 
state of its 6s/5d orbitals) plays a pivotal role in regulating the 
energy level distribution and structural construction of the 
material’s bands [16]. This distinctive electronic structure serves 
as a theoretical foundation and offers practical feasibility for the 
precise modulation of the materials’ band structures and elec
tronic properties [17]. Bismuth chromates   , an essential subset 
within the bismuth-based material family, manifest diverse 
chemical compositions and crystal structures, primarily attrib
uted to the variable oxidation states of chromium. By precisely 
tuning parameters such as crystal structure, the directional 
optimization of the physical and chemical properties of these 
materials can be accomplished. This characteristic confers upon 
them significant exploratory value and promising application 
prospects in frontier research areas, such as photocatalysis. Tao 
et al. developed the Bi 2CrO 6 in triclinic crystalline phase, which 
exhibited a broad light absorption range (<650 nm) and high 
charge carrier mobility, providing insights for photocatalytic 
water splitting toward oxygen generation [18]. Nevertheless, the 
relatively intrinsic surface reaction inertness of this material 
critically compromises its practical catalytic activity. Elemental 
doping strategies currently stand as one of the most effective 
approaches to address this fundamental limitation [19,20]. 
Especially, owing to the superior chemical stability and high 
catalytic activity of Ru [21,22], the Ru doping strategy is 
anticipated to enhance the photocatalytic performance of 
Bi 2CrO 6 in oxygen generation by modulating its electron cloud 
distribution, improving visible-light absorption, and establishing 
a built-in electric field conducive to photogenerated charge 
carrier separation. Notably, photocatalytic technologies face 
inherent limitations in practical applications, including catalyst 
agglomeration and deactivation as well as the necessity of 
mechanical agitation to maintain suspension [23,24], while 
conventional agitation methods risk compromising aquatic 
ecological balance. Moreover, existing photocatalytic approaches 
lack operational flexibility in precisely controlling treatment 
locations within aquatic environments, while the recovery of 
photocatalytic particles remains challenging. Consequently, 
there is a critical need to develop novel magnetically actuated 
hydrogel robots capable of programmable locomotion and 
integrated photocatalytic functionality in underwater settings. 
The three-dimensional (3D) porous framework of hydrogel 
robots serves as an effective carrier for photocatalysts, prevent
ing particle aggregation and enabling efficient recovery. Simul
taneously, the flexible and controllable deformation of robots 
can generate partial hydrodynamic disturbance to enhance the 
mass transfer rate of catalytic reactions, thereby achieving water 
oxygenation. Nevertheless, the development of strategies syner
gistically integrating programmable magnetic actuation with 
high-efficiency photocatalytic oxygen generation capabilities 
remains a critical challenge. 

Currently, a desirable strategy for fabricating magnetically 
driven soft robots with programmable motion involves creating 
magnetic materials possessing complex geometries and magne
tization distributions [25]. Various advanced fabrication tech
niques, including additive manufacturing, have been developed, 
which enable the creation of intricate shapes and magnetization 
distributions via physical alignment of magnetic dipoles and 
curing of the matrix [26,27]. For example, Kim et al. utilized a 

direct ink writing technique to manipulate complex magneti
zation patterns in 3D printed magnetically responsive materials 
to achieve a predetermined shape deformation [27]. However, 
the magnetization of the above methods is coupled with the 
manufacturing process, which prevents changes to the geometry 
and magnetization distribution after fabrication, as well as 
making it difficult to integrate other functionalities (e.g., oxygen 
enrichment in water bodies). It also remains challenging to 
construct 3D structures of magnetic composites with complex 
shapes through the direct 3D printing technique. In terms of 
more convenient preparation of magnetically driven materials, 
methods for assembling and magnetization programming of 
magnetic material modules have been proposed to effectively 
combine them into larger and more complex two-dimensional 
(2D) structures [28]. Nevertheless, most of the existing magnetic 
assemblies are based on physical connections of different mag
netic modules to each other, which can be easily damaged under 
external perturbations. 

Hydrogels with self-healing capabilities provide an ideal 
platform for module assembly. Due to the adjustable structures 
and diverse functionalities of hydrogels, their self-healing 
properties can be achieved by introducing reversible physical or 
chemical bonds [29–34]. It has been investigated that κ-carra
geenan (KC) exhibits cation sensitivity (e.g., K+ ions) and ther
mally reversible phase transitions, which exhibits double helices 
in structure at low temperature and dissociates into single chains 
at high temperature [35–37]. Therefore, the double-network 
hydrogels prepared containing KC may have excellent self- 
healing ability, as well as improved mechanical properties. 

In this work, a method for assembling magnetic soft robots 
utilizing the self-healing properties of hydrogels is proposed, 
enabling programmable deformation and the integration of 
functionalities. Incorporating hard magnetic microparticles into 
KC/polyacrylamide (KC/PAm) dual-network hydrogels results 
in the creation of a series of magnetic actuation modules that 
possess self-healing properties to enable flexible assembly into 
soft robots with complex geometries and magnetization dis
tributions. Under magnetic field actuation, these soft robots 
demonstrate multiple shape transformation modes for various 
potential applications (e.g., photocatalytic oxygen generation). 
By integrating a well-designed Ru-doped Bi 2CrO 6 (Ru-Bi 2CrO 6, 
as an example) photocatalyst into the KC/PAm dual network, a 
functional oxygen-evolving module has been successfully con
structed. This module can be further assembled with a magnetic 
driving module to form a magnetic oxygen-generating robot 
(OGR), enabling targeted oxygen supply in aquatic environ
ments. This study provides new approaches for the development 
of programmable soft robots and the construction of function
ally integrated soft robotic systems. Simultaneously, it offers new 
insights into the design of efficient oxygen-evolving photo
catalytic systems. 

EXPERIMENTAL SECTION 

Materials 
Ruthenium chloride (RuCl 3), KC, and 3-(trimethoxysilyl) propyl 
methacrylate (TMSPMA) were purchased from Shanghai Ada
masi Reagents Co., Ltd. Acrylamide (Am), potassium chloride 
(KCl), bismuth nitrate pentahydrate (Bi(NO 3) 3·5H 2O), nitric 
acid (HNO 3), potassium chromate (K 2CrO 4), ammonium per
sulfate (APS), aqueous ammonia (NH 3·H 2O), silver nitrate 
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(AgNO 3), ethylene glycol (EG), acetone, and ethanol were pur
chased from Sinopharm Chemical Reagent Co., Ltd. N,N’- 
methylenebis(acrylamide) (MBA) was purchased from Shanghai 
Macklin Biochemical Technology Co., Ltd. NdFeB microparticle 
was purchased from Guangzhou Xinnuode Transmission Part 
Co., Ltd. 

Preparation of TMSPMA-modified NdFeB (T-NdFeB) 
In a triple-neck flask, 5 g of NdFeB powder, 238 mL of ethanol, 
and 12 mL of TMSPMA were added sequentially, and stirred 
under an ice bath for 24 h. The obtained T-NdFeB was then 
washed with deionized water three times and dried at 60 °C. 

Preparation of T-NdFeB/KC/PAm (T-NKP) hydrogel 
In a triple-necked flask, 0.4 g of KC was dissolved completely 
into 15 mL of deionized water by stirring at 80 °C for 2 h. After 
the temperature of the above solution was reduced to 60 °C, 
1.5 g of T-NdFeB was added and stirred for 30 min. Then, 3.2 g 
of Am, 1.6 mg of MBA, 24 mg of KCl, and 32 mg of APS were 
also dissolved, which was transferred to a mold, polymerized at 
60 °C for 5 h, and followed by a placement in an environment at 
4 °C for 1 h. The hydrogel obtained is noted as T-NKP-1.5, 
where “1.5” represents the added T-NdFeB mass (1.5 g in this 
sample). The hydrogel prepared from NdFeB without mod
ification by TMSPMA was marked as NKP hydrogel. 

Preparation of magnetic actuation module 
The magnetic actuation module was obtained by magnetizing T- 
NKP-1.5 hydrogel with a suitable size and shape using a mag
netizing apparatus (SFY-2070, Shenzhen Shengfengyuan Auto
mation Equipment Co., Ltd.). 

Preparation of Bi 2CrO 6 
Bi 2CrO 6 was synthesized by a hydrothermal method. In a typical 
procedure, 2 mmol of Bi(NO 3) 3·5H 2O and 1 mmol of K 2CrO 4 
were dissolved in 30 mL of 2 M HNO 3 solution. The pH of the 
above solution was adjusted to 1.0 with NH 3·H 2O under vigor
ous stirring. The obtained yellow precursor was then transferred 
to a Teflon-lined stainless-steel autoclave and hydrothermally 
treated at 180 °C for 10 h. After cooling to room temperature, a 
red precipitate was obtained, washed with deionized water, and 
dried at 60 °C. 

Preparation of Ru-Bi 2CrO 6 
Bi 2CrO 6 (0.0995 g) was dispersed in 30 mL of EG, followed by 
the addition of 1 mg of RuCl 3. The resulting dispersion was 
stirred at 180 °C for 10 h, which was subsequently filtered and 
dried to obtain the sample. The obtained sample was heated to 
350 °C in a muffle furnace and maintained for 3 h to obtain Ru- 
Bi 2CrO 6. 

Preparation of functional module 
The preparation of the functional module was similar to that of 
T-NKP-1.5 hydrogel, except that 1.5 g of T-NdFeB was replaced 
by 0.5 g of Ru-Bi 2CrO 6. The obtained Ru-Bi 2CrO 6/KC/PAm 
hydrogel was used as a functional module. 

Assembly of modules 
The cut surfaces of the two hydrogels were contacted together, 
which were sealed in a polyethylene bag and immersed in a 
water bath at 80 °C for 1 h. Subsequently, they were placed at 

4 °C for 30 min to obtain the healed sample. The magnetic 
actuation module could be assembled into a complete unit after 
the above self-healing process to obtain a magnetic soft robot. 
The soft robot assembled with magnetic actuation and func
tional modules was noted as OGR. 

The healing efficiency was evaluated by comparing the tensile 
strengths of pristine and self-healed hydrogels, and defined as:  
Healing efficiency = / ×  100%,1 0

where σ 0 and σ 1 represent the tensile strengths of the original 
and self-healed hydrogels, respectively. 

Photocatalytic performance for oxygen generation 
0.05 g of photocatalyst (or OGR) was dispersed into 100 mL of 
solution containing 3 mM AgNO 3. The vessel was sealed and 
filled with Ar to drive out the air before the test. The photo
catalytic system was irradiated vertically for 3 h using a 300 W 
xenon lamp positioned 10 cm from the reaction solution. The 
reaction temperature was maintained at 20 °C through a circu
lating water bath. The generated oxygen was detected by gas 
chromatography (GC, GC9790plus, Ar carrier, Zhejiang Fuli 
Analytic Instruments Co., Ltd.). For the photocatalytic processes 
of Bi 2CrO 6 and Ru-Bi 2CrO 6 powders, continuous stirring was 
required to ensure their homogeneous dispersions. 

Magnetically driven process 
Motion control of the soft robot was achieved through the 
coordinated action of a 3D magnetic field. Specifically, an 
alternating square-wave magnetic field (18 mT, 3 Hz) was 
applied along the Z-axis to induce periodic oscillatory motion at 
the tail of OGR, thereby providing the primary driving force. 
Meanwhile, a static magnetic field of 15 mT was superimposed 
along the X- or Y-axis, enabling precise steering control by real- 
time modulation of the magnetic field direction within the 
horizontal plane. 

Measurement of dissolved oxygen (DO) concentrations around 
OGR in simulated hypoxic water environment  
Firstly, the temperature was maintained at 20 °C and the con
tainer was filled with deionized water. Then, Ar gas was con
tinuously bubbled into the container for 30 min to simulate a 
hypoxic water environment. Next, five OGRs were placed in the 
simulated hypoxic water environment and then irradiated with a 
300 W xenon lamp. The photocatalytic oxygen-generating 
reaction was confined to a localized area. After 6 h of illumi
nation, the DO concentrations in the water were measured at 
multiple positions around the OGR, including near the OGR 
and at varying distances. 

RESULTS AND DISCUSSION 
As shown in Fig. 1a, a programmable magnetic soft robot, 
consisting of functionalized hard magnetic microparticles 
(NdFeB) and reversibly cross-linked hydrogel matrix, was wisely 
designed. As a proof of concept, by combining an ionically 
cross-linked KC network with a covalent polyacrylamide (PAm) 
network, KC/PAm composite hydrogel with double cross-linked 
networks was selected for preparation. The NdFeB micro
particles were treated by TMSPMA, which introduces C=C 
groups on TMSPMA to the surface of NdFeB microparticles 
(Fig. S1). Furthermore, T-NKP hydrogels were obtained by 
incorporating T-NdFeB microparticles into the precursor solu
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tion of KC/PAm hydrogel, followed by polymerization. The C=C 
groups on the T-NdFeB microparticles are capable of partici
pating in free radical polymerization with C=C bonds in PAm 
and MBA, resulting in enhanced stability and distribution of 
NdFeB microparticles in the hydrogel (Fig. S2). The T-NKP 
hydrogel was selected as a modular unit and constructed into a 
larger structure through magnetization and assembly processes 
(Fig. 1b). Based on the aforementioned principle, it is also fea
sible to integrate additional functionalities (e.g., photocatalytic 
oxygen generation) by combining magnetic and functional 
modules (Fig. 1c), leading to the successful fabrication of OGR. 

Fourier transform infrared spectroscopy (FT-IR) was 

employed to analyze the chemical structure of T-NKP, as 
depicted in Fig. S3. The prominent peak observed at 3434 cm−1 

corresponds to the –OH group and N–H bond stretching of the 
amide group, while the peak at 1658 cm−1 is attributed to the 
carbonyl group within the Am moiety [38]. To be noted, a 
distinct peak at 1089 cm−1 indicative of Si–O bond emerges in 
the FT-IR spectrum of T-NKP, confirming the successful func
tionalization of NdFeB microparticles with TMSPMA molecules 
[39,40]. The morphologies of various hydrogels were observed 
by scanning electron microscopy (SEM) technique. As shown in 
Fig. S4a, the PAm hydrogel is porous with an average pore 
diameter of 40 μm, which is slightly larger than that of KC/PAm 

Figure 1 Schematic illustrations for (a) the preparation of T-NKP and (b) assembling magnetic soft robots. (c) Assembly and driving mechanism of the OGR.  
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hydrogel (10 μm) with dense pore wall (Fig. S4b). After the 
addition of magnetic T-NdFeB microparticles, the T-NKP 
hydrogel is maintained porous with a pore diameter of 
approximately 40 μm and uniform distributions of T-NdFeB 
microparticles on the pore walls of the hydrogel (Fig. S5). The 
energy dispersive spectroscopy (EDS) elemental mappings of the 
T-NKP hydrogel indicate that C, N, O, S, Nd, Fe, B, and Si 
elements are uniformly distributed throughout the hydrogel, 
which further prove the successful preparation of T-NKP 
hydrogel. 

The self-healing abilities of NKP and T-NKP hydrogels are 
discussed in Fig. 2. A rectangular hydrogel was cut into two 
pieces, which were re-contacted and maintained in an envir
onment at 80 °C for 1 h. Then, the above integrated piece was 
transferred to an environment at 4 °C for a short holding time of 
20 min. After the above steps, the self-healing hydrogel could 
withstand a certain degree of stretching (approximately 59%) 
deformation without breaking apart (Fig. 2a). As the schematic 
illustration for the self-healing process of the T-NKP shown in 
Fig. 2b, the double helix-shaped KC is able to transform into 
coils during the heating process, leading to the self-healing 
property of T-NKP hydrogel. The toughness of T-NKP hydrogel 
is determined not only by the KC/PAm double networks but also 
by the T-NdFeB microparticles. By comparing three kinds of 
hydrogels with different T-NdFeB contents, it is observed that 
the elongation decreases from 832.7% to 25.0% with the increase 
of added T-NdFeB content from 0 to 2 g, but the Young’s 
modulus exhibits a significant increase (Fig. 2c). Based on the 
stress-strain curves of T-NKP-1.5 and NKP-1.5 hydrogels, their 

enhanced mechanical properties originate from the incorpora
tion of T-NdFeB microparticles, where the introduced C=C 
groups on the surface of T-NdFeB microparticles are beneficial 
to increasing the cross-linking density within the T-NKP 
hydrogels. As the fractured chemically cross-linked PAm net
work is unable to be reformed, the self-healing behavior can only 
occur in the KC network through coil-helix transition and 
recombination of double helices with limited self-healing effi
ciency (38.2% for T-NKP-1.5 hydrogel, as shown in Fig. 2d, e), 
while the healed hydrogel can still withstand an elongation of 
about 70%. The recoverable and self-healing properties induced 
by heat treatment are sufficient for exploring magnetic hydrogels 
to bring interesting and potential applications. 

The self-healing process is an essential fundamental to the 
modular assembly of magnetic hydrogels, while its magnetic 
property is crucial in determining the shape changes of hydro
gels. The hysteresis loop of T-NKP-1.5 (Fig. 3a) shows its large 
coercivity (6800 Oe) with significant hard magnetism, which is 
the basis for the motion ability of magnetic soft robots under a 
magnetic field. A magnetically-induced bending deformation of 
end-fixed T-NKP hydrogel occurs when exposed to an external 
magnetic field perpendicular to its remanent magnetization 
(Fig. 3b). Under a fixed magnetic field of 18 mT, the bending 
angle of T-NKP hydrogel increases from 0° to 90° as the 
incorporated mass of T-NdFeB microparticles in the magnetic 
module increases from 0 to 2 g. T-NKP-1.5 and T-NKP-2 
hydrogels exhibit maximum bending angles close to 90°, 
demonstrating their excellent magnetic responsiveness. As the 
poor mechanical property of the healed T-NKP-2 hydrogel 

Figure 2 (a) Self-healing process of T-NKP hydrogel. (b) Schematic diagram of the self-healing process. Stress-strain curves of the (c) T-NKP and NKP 
hydrogels, and (d) self-healed T-NKP and NKP hydrogels. (e) Self-healing efficiency of T-NKP and NKP hydrogels, where A, B, C, D, and E represent KC/ 
PAm, T-NKP-1, NKP-1.5, T-NKP-1.5, and T-NKP-2, respectively.  
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(Fig. 2d) is unfavorable for module assembly, the rectangular 
magnetized T-NKP-1.5 hydrogel is chosen as the magnetic 
module. As shown in Fig. 3c, the bending angle of the magnetic 
module increases from 0° to almost 90° with the increase of the 
magnetic field from 0 to 20 mT, which is favorable for con
trollable deformation of the magnetic modules by adjusting the 
magnetic field. 

Furthermore, modular assemblies using different modules are 
efficient for the construction of stable 2D structures to satisfy the 
demands of different magnetization patterns and geometries. As 
shown in Fig. 3d–g, different shapes of magnetic soft robots are 
achieved through self-healing assembly of suitably sized mag
netic modules, which are then deformed by an external magnetic 
field. The shape morphing of the assembled magnetic soft-robots 
(Fig. 3d–g) was also predicted by finite element analysis (FEA), 
which provides guidance for assembling other shapes of mag
netic soft robots. Based on the experimentally measured 
mechanical and magnetic properties, the FEA simulation mat

ches well with the experimental results. By taking the rectangular 
magnetic soft robot in Fig. 3d as an example, we observe that its 
two sides are subject to less stress under an applied magnetic 
field than that in the middle part, which is due to the opposite 
magnetization directions in these two magnetic modules. This 
modular assembly strategy can be used for further fabrication of 
complex 2D magnetization patterns to achieve complex shape 
morphing. In particular, the as-assembled “X”- and “H”-shaped 
models can even go through large deformations under an 
external magnetic field of 18 mT, as demonstrated by both 
experiments and FEA simulations in Fig. 3f, g. 

The self-healing behavior of T-NKP-1.5 hydrogel allows not 
only the free combination of magnetic modules but also the 
integration of other functional modules, such as the ones con
taining photocatalysts for oxygen generation [41,42]. As a proof 
of concept, this study employs a Ru element doping strategy to 
design and develop a Ru-Bi 2CrO 6 photocatalyst with the aim of 
further enhancing its photocatalytic activity. As the X-ray dif

Figure 3 (a) Magnetization curve of T-NKP-1.5 hydrogel. (b) Bending angles of T-NKP hydrogel under a magnetic strength of 18 mT plotted against the 
mass of T-NdFeB in the T-NKP hydrogel. (c) Bending angle of T-NKP-1.5 hydrogel plotted against applied magnetic field strength from 0 to 20 mT. 
(d–g) Schematic designs, finite-element analysis, and experimental results of various assembled 2D planar structures (scale bar: 1 cm, B = 18 mT).  
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fraction (XRD) patterns shown in Fig. 4a, the diffraction peaks 
of the Bi 2CrO 6 powder agree well with the simulated diffraction 
peaks obtained by triple-sloped phase Bi 2CrO 6, indicating that 
Bi 2CrO 6 was prepared successfully [18]. On the other hand, the 
XRD pattern of Ru-Bi 2CrO 6 displays negative deviation from 
that of Bi 2CrO 6, indicating that Ru doping does not affect the 
crystal structure of Bi 2CrO 6. The morphologies of Bi 2CrO 6 and 
Ru-Bi 2CrO 6 were investigated using transmission electron 
microscopy (TEM) and HAADF-STEM, as shown in Fig. 4b and 
Figs S6 and S7. Both Bi 2CrO 6 and Ru-Bi 2CrO 6 exhibit relatively 
regular plate-like morphologies with micrometer sizes. The EDS 
elemental mappings of Ru-Bi 2CrO 6 demonstrate the uniform 
distributions of Bi, Cr, O, and Ru elements, indicating the suc
cessful incorporation of Ru species onto the Bi 2CrO 6 (Fig. 4b). 
The high-resolution transmission electron microscopy 
(HRTEM) images (Fig. 4c, d) clearly show that the lattice spa
cing distances of Bi 2CrO 6 and Ru-Bi 2CrO 6 are 0.30 and 0.28 nm, 
respectively. This decrease in lattice spacing originates from the 
shrinkage of the Bi 2CrO 6 lattice after slight Ru doping. Addi
tionally, X-ray photoelectron spectroscopy (XPS) was employed 
to reveal the electronic structures of Bi 2CrO 6 and Ru-Bi 2CrO 6. 
For Ru-Bi 2CrO 6, the two characteristic peaks of Ru 3p at 465.5 

and 486.9 eV belong to Ru 3p 3/2 and Ru 3p 1/2, respectively, 
indicating that the valence state of Ru is close to +4 (Fig. S8) 
[43,44]. As shown in Fig. S9a (Supporting Information), the 
binding energy values of Bi appear at 158.7 and 164.0 eV in both 
Bi 2CrO 6 and Ru-Bi 2CrO 6, which are attributed to Bi3+ 4f 7/2 and 
Bi3+ 4f 5/2, respectively, indicating that the oxidation state of the 
Bi element remains essentially unchanged after doping of Ru 
[45]. In the case of Ru-Bi 2CrO 6, the Cr 2p XPS spectrum of Ru- 
Bi 2CrO 6 exhibits two new characteristic peaks at 586.4 and 
576.4 eV corresponding to Cr3+ 2p 1/2 and Cr3+ 2p 3/2, respectively, 
alongside the characteristic peaks at 588.1 and 578.8 eV of Cr6+ 

(Fig. 4e). These observations suggest that the average valence 
state of Cr decreases upon Ru doping. Since the atomic radius of 
Ru is smaller than that of Bi, the Bi atoms in the main crystal are 
more easily replaced by Ru atoms [46,47]. This replacement of 
Bi3+ by Ru4+ with a higher valence necessitates a decrease in the 
average valence state of Cr to maintain charge equilibrium. The 
O 1s XPS spectra of Bi 2CrO 6 and Ru-Bi 2CrO 6 exhibit three 
characteristic peaks at binding energy values of 529.8, 531.6, and 
533.4 eV (Fig. S9b), which are attributed to the lattice oxygen, 
adsorbed oxygen or hydroxyl groups, and surface-adsorbed 
H 2O, respectively [48–50]. To further analyze the coordination 

Figure 4 (a) XRD patterns of Bi 2CrO 6 and Ru-Bi 2CrO 6. (b) HAADF-STEM image and corresponding EDS elemental mappings of Ru-Bi 2CrO 6. HRTEM 
images of (c) Bi 2CrO 6 and (d) Ru-Bi 2CrO 6. (e) High-resolution XPS spectra of Cr 2p in Bi 2CrO 6 and Ru-Bi 2CrO 6. (f) Ru K-edge XANES profiles of Ru foil, 
RuO 2, and Ru-Bi 2CrO 6. The inset in (f) shows the magnified near-edge structures of different samples. (g) FT-EXAFS spectra of Ru K-edge for Ru foil, RuO 2, 
and Ru-Bi 2CrO 6. (h) UV-vis DRS spectra, and (i) band gap energy calculation (Tauc plot) of Bi 2CrO 6 and Ru-Bi 2CrO 6. (j) The diagram for the band structures 
of Ru-Bi 2CrO 6.  
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environment of Ru, X-ray absorption spectroscopy was 
employed. Fig. 4f exhibits the X-ray absorption near-edge 
spectrum (XANES) at Ru K-edge, confirming that the edge 
energy for Ru-Bi 2CrO 6 is lower than that of RuO 2, while higher 
than that of Ru foil, which suggests that Ru atoms in Ru-Bi 2CrO 6 
carry positive charges +δ (0 < δ < 4) [51]. The Fourier-transform 
extended X-ray absorption fine structure (FT-EXAFS) spectra 
for different samples indicate that Ru–O bonds are formed in 
Bi 2CrO 6 after Ru doping, with a bond length of 1.44 nm, and no 
Ru–Ru bonds are observed (Fig. 4g). To investigate the energy 
band structures of Bi 2CrO 6 and Ru-Bi 2CrO 6, ultraviolet-visible 
diffuse reflectance spectra (UV-Vis DRS) were recorded. As 
shown in Fig. 4h, the absorption threshold of Ru-Bi 2CrO 6 pre
sents a red shift and indicates that the doped Ru element can 
broaden the absorption range of Bi 2CrO 6. On the basis of the 
Tauc curves by the Kubelka-Munk equation, the calculated band 
gap (E g) values of Bi 2CrO 6 and Ru-Bi 2CrO 6 are 1.91 and 1.76 eV, 
respectively (Fig. 4i). The conduction band (CB) values of 
Bi 2CrO 6 and Ru-Bi 2CrO 6 were estimated according to Mott- 
Schottky curves. The slopes of the curves for both Bi 2CrO 6 and 
Ru-Bi 2CrO 6 are positive (Fig. S10), demonstrating that both of 
them are n-type semiconductors with flat band potentials (E FB 
vs. Ag/AgCl) of −0.70 and −0.60 V, respectively. Therefore, the 
CB positions of Bi 2CrO 6 and Ru-Bi 2CrO 6 are estimated to be 
−0.50 and −0.40 V vs. NHE, respectively. According to the 
empirical formula (E g = E VB − E CB), the valence band (VB) 
positions of Bi 2CrO 6 and Ru-Bi 2CrO 6 are 1.41 and 1.36 V vs. 
NHE (Fig. 4j and Table S1), respectively. The photo
luminescence (PL) intensity of Ru-Bi 2CrO 6 is lower than that of 
Bi 2CrO 6 (Fig. S11), which indicates that the doped Ru can hinder 
the recombination of photo-generated carriers. Furthermore, the 
electrochemical performance of the Bi 2CrO 6 and Ru-Bi 2CrO 6 
was studied by transient photocurrent and electrochemical 
impedance spectra (EIS) to provide information on their charge 
separation and transfer dynamics [52]. As shown in Fig. S12, the 
photocurrent density of Ru-Bi 2CrO 6 reaches 1.36 times that of 
pristine Bi 2CrO 6, demonstrating that Ru doping substantially 
improves the separation and transport efficiency of charge car
riers. The charge transfer resistance was calculated according to 
the Nyquist plots [53]. After Ru doping, the resistance decreases 
from 64.3 to 48.3 kΩ (Fig. S13), leading to an increased charge 
separation efficiency of Ru-Bi 2CrO 6 with enhanced carrier 
transfer dynamics at the interface between photocatalyst and 
solution. 

Based on previously discussed band structures of Bi 2CrO 6 and 
Ru-Bi 2CrO 6, their oxygen generation efficiencies were system
atically examined with the objective of thoroughly assessing their 
capability in boosting the DO concentrations within aquatic 
surroundings. The oxygen content generated was quantitatively 
assessed via gas chromatography, with the corresponding stan
dard curve shown in Fig. S14. As illustrated in Fig. 5a, stable and 
efficient photocatalysis can be achieved by Bi 2CrO 6 with an O 2 
yield of 148.4 μmol g−1 h−1, while the efficiency of photocatalytic 
water oxidation is further improved after doping with a Ru atom 
(O 2 yield: 391.9 μmol g−1 h−1). The produced O 2 amount of Ru- 
Bi 2CrO 6 is almost 1.6 times higher than that of Bi 2CrO 6 after 3 h 
(Fig. S15), demonstrating the positive role of doped Ru atoms in 
enhancing the photocatalytic oxygen evolution of Ru-Bi 2CrO 6. 
The results in Table S2 (Supporting Information) indicate that 
Ru-Bi 2CrO 6 demonstrates superior oxygen generation efficiency 
compared to most of the reported photocatalysts. The XRD 

pattern of Ru-Bi 2CrO 6 after photocatalysis is consistent with its 
original pattern, affirming the unaltered integrity of its crystal
line lattice and its excellent structural stability (Fig. S16). Fur
thermore, the Ru-Bi 2CrO 6 photocatalyst maintains 88.2% of its 
initial activity after five successive cycles (Fig. S17), indicating its 
exceptional recyclability. The slight decline in performance 
during recyclability testing is mainly attributed to the reduction 
in the number of active sites from the joint effects of photo
corrosion and catalyst agglomeration [54,55]. Additionally, 
density functional theory (DFT) calculations were carried out to 
investigate the structure-property relationship between Ru- 
Bi 2CrO 6 and its enhanced water oxidation performance. 
According to the charge density differences (Fig. 5b, c), the 
Bi 2CrO 6 model acquires only 0.013 electron during water 
adsorption, whereas the Ru-Bi 2CrO 6 model gains an additional 
0.024 electron, indicating Ru-induced electronic redistribution 
facilitates stronger interfacial water chemisorption. This opti
mized charge environment promotes subsequent oxygen evo
lution kinetics through improved reactant activation. The 
catalytic sites on Bi 2CrO 6 and Ru-Bi 2CrO 6 models were inves
tigated by tracking the consecutive electron transfer steps during 
the water oxidation process. The schematic diagrams for oxygen 
generation steps on both Bi 2CrO 6 and Ru-Bi 2CrO 6 models are 
presented in Fig. 5d, with corresponding Gibbs free energy (ΔG) 
values depicted in Table S3 (Supporting Information). The 
oxygen generation process proceeds via a four-electron transfer 
pathway with three transient intermediates, involving *OH, *O, 
and *OOH [56]. As revealed by DFT calculations, the Bi atom in 
the Bi 2CrO 6 model is the active site for photocatalytic oxygen 
generation, showing the highest potential barrier (ΔG = 2.05 eV) 
on deprotonation of *H 2O species to generate *OH species, 
which is regarded as the potential-determining step. For the Ru- 
Bi 2CrO 6 model, the Bi atom serves as the active site. The highest 
potential barrier during the deprotonation of *H 2O to *OH 
drops to 1.91 eV, indicating enhanced intrinsic activity for 
oxygen generation. 

Subsequently, the Ru-Bi 2CrO 6 photocatalyst was incorporated 
into the KC/PAm hydrogel to obtain the functional module 
(photocatalytic module) for oxygen generation, which was fur
ther assembled with the magnetic actuation module and resulted 
in the fabrication of OGR. The mechanical properties of the 
photocatalytic module (Ru-Bi 2CrO 6/KC/PAm), the healed Ru- 
Bi 2CrO 6/KC/PAm, and OGR were evaluated (Fig. S18). The 
results show that the self-healing efficiency of the photocatalytic 
module is 42.3%, which is comparable to that of KC/PAm 
(42.9%). This is primarily attributed to the fact that the self- 
healing property is predominantly governed by KC within the 
composite hydrogel. Fig. S18 also indicates that the OGR 
assembled via the self-healing process of the KC/PAm hydrogel 
matrix can withstand a maximum stress of 51.6 kPa, demon
strating the excellent stability of the assembled OGR, which is 
crucial for the effective actuation of the OGR under a realistic 
environment. Based on these results, the OGR was designed and 
fabricated into the shape shown in Fig. 5e, with its tail’s mag
netic actuation module programmed with magnetization to 
facilitate directed motion under an external magnetic field. The 
tail of the robot oscillates by changing the direction of the 
external magnetic field in the Z-direction, which, in turn, gen
erates a propulsion force and makes the robot move forward. By 
adjusting the magnetic fields in the X- and Y-directions, the 
motion direction of the OGR can be precisely controlled, 
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enabling it to quickly steer. As a result, the OGR can accurately 
navigate to the target area through the aforementioned process 
(Fig. 5e, f and Movie S1). Specifically, Fig. 5a shows that the 
oxygen generation rate of the OGR under stationary conditions 
(OGR-S, “S” represents the stationary state) reaches 
292.8 μmol g−1 h−1, significantly lower than that under actua
tion. This enhancement is primarily due to the dynamic beha
vior, which facilitates the desorption of products from the 
catalyst surface, thereby accelerating the oxygen generation 

efficiency. This clearly highlights the significant improvement of 
the photocatalytic process by the actuatable soft robot. The 
oxygen generation rate of OGR (389.1 μmol g−1 h−1) under 
actuation is comparable to that of Ru-Bi 2CrO 6 powder, under
scoring that the OGR can fully harness its photocatalytic 
potential without the requirement of supplementary energy 
input (e.g., mechanical agitation). To further explore the prac
tical implications and effectiveness of OGR in real-world aquatic 
scenarios, the DO concentrations in water before and after 

Figure 5 (a) Photocatalytic oxygen generation performance of Bi 2CrO 6, Ru-Bi 2CrO 6, OGR under actuation, and OGR-S. (b) Charge density differences and 
(c) corresponding 2D contour maps of Bi 2CrO 6 and Ru-Bi 2CrO 6. The yellow and cyan areas represent the accumulation and depletion of electrons, 
respectively. (d) Gibbs free energy values for the photocatalytic oxygen generation processes on Bi 2CrO 6 and Ru-Bi 2CrO 6 models. (e) Photograph and working 
principle of OGR. (f) Complex motion trajectory of OGR.  
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catalysis at multiple positions were measured. At an ambient 
temperature of 20 °C, the initial DO concentration was recorded 
to be 9.0 mg L−1. Subsequently, a hypoxic water environment 
was successfully simulated by bubbling Ar gas for 30 min, where 
the DO concentration reduced to 6.4 mg L−1. Following this, five 
OGRs were placed in this simulated environment, and their 
photocatalytic oxygen generation reactions were confined to a 
localized area. After 6 h of illumination, spatially resolved 
measurements of the DO concentration were taken in the water. 
As shown in Fig. S19a, the DO concentration near the OGR 
increases significantly to 9.4 mg L−1. As the distance from the 
OGR increases, however, the DO concentration decreases gra
dually, with a concentration of 7.6 mg L−1 measured at a dis
tance of 30 cm from the OGR. These findings demonstrate that 
the OGR can effectively enhance the DO concentration in 
localized water areas and create a distinct oxygen concentration 
gradient, thereby providing direct evidence for improving oxy
gen supply in target aquatic environments. These results not 
only demonstrate the remarkable flexibility of the OGR but also 
highlight its capacity to efficiently deliver oxygen to the target 
area (Fig. S19b), further confirming the feasibility of OGR in 
practical applications. 

CONCLUSIONS 
In conclusion, a magnetically actuated soft robot has been suc
cessfully developed by integrating functionalized magnetic 
microparticles (T-NdFeB) into a KC/PAm double-network 
hydrogel matrix. The unique properties of this hydrogel, 
including self-healing behavior and magnetic actuation, enable 
the free assembly of these magnetic actuation modules to achieve 
multiple morphing, with the deformation results closely 
matching the shapes predicted by FEA simulation. Furthermore, 
an efficient photocatalyst for oxygen generation 
(391.9 μmol g−1 h−1) was developed by doping Ru into Bi 2CrO 6. 
The reaction mechanism of photocatalytic oxygen generation 
was also analyzed by DFT calculations, revealing that Ru doping 
significantly reduces the energy barrier during the oxygen gen
eration reaction. As a proof of concept, functional modules were 
produced by incorporating the Ru-Bi 2CrO 6 component into the 
KC/PAm hydrogel. These functional modules were subsequently 
assembled with a magnetic actuation module to obtain a flexible 
OGR. The OGR demonstrates excellent maneuverability and 
targeted oxygen delivery capabilities (389.1 μmol g−1 h−1), mak
ing it a promising candidate for enhancing oxygen content in 
aquatic environments and other relevant applications. This 
study provides a new paradigm for designing programmable soft 
robots and the convenient integration of functionalities. 
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基于自愈合水凝胶模块化组装策略的磁性产氧机器 
人 

秦静静1†, 李嘉豪2†, 楚凯斌1, 陈昊祥3, 宣鹏洋1, 吴秀明1, 董洪亮4,7, 
彭咲远5, 钱运5, Silvio Osella6, 陈玉洁3, 樊玮1, 刘天西1, 赖飞立3,8* 

摘要 磁性水凝胶机器人因具备远程可控性、灵活性、生物相容性及 
化学稳定性等优势, 在生物医学及水下环境中极具应用前景, 但功能单 
一性制约了其进一步发展. 本研究提出一种模块化组装策略: 通过将磁 
性颗粒嵌入κ-卡拉胶/聚丙烯酰胺水凝胶中获得磁驱动模块, 利用其自 
愈合能力实现磁驱动模块的自由组装, 从而构建可编程水凝胶机器人. 
该机器人在磁场下可执行多种形变行为. 此外, 该策略支持功能性集 
成.例如, 将磁驱动模块与负载Ru-Bi 2CrO 6光催化剂的功能模块组合, 
构建出兼具运动与产氧功能的软机器人. 该机器人通过磁控振荡行为 
在水下实现低扰动运动, 产氧速率达389.1 μmol g−1 h−1, 可为特定水域 
持续供氧. 产氧机器人的水凝胶骨架不仅能有效抑制光催化颗粒的团 
聚和沉降，还可便捷地利用磁场进行回收. 本研究为软机器人的设计 
和多功能集成提供了一种便捷且适应性强的方法. 
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