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A B S T R A C T

Rapid advancement of Internet of Things technology propels novel actuators towards independence, autonomy 
and intelligence. Self-powered actuators, which are highly integrated and require no external power supply, have 
garnered extensive interest. However, current actuating systems are deficient in recognition and feedback of 
sensing signals, restricting their intelligence. Herein, we report sunlight-driven self-powered actuators and 
intelligent systems based on conductive metal–organic framework@fiber composites. The inherent π-conjugated 
electron system of Ni3(HITP)2 provides extra channels for electron transport, while its microporous structure 
exhibits strong reflection and phonon scattering capabilities. Therefore, the Ni3(HITP)2@fiber film possesses 
considerable electrical conductivity and low thermal conductivity, acting as a photo-thermoelectric generator 
with a Seebeck coefficient of –23.7 μV K− 1. Coupled with the high photoabsorption and low thermal expansion of 
Ni3(HITP)2, the Ni3(HITP)2@fiber/polymer actuator exhibits bending actuation and concurrently outputs self- 
powered sensing signals under sunlight irradiation. An intelligent window system with sensing and feedback 
functions based on the actuators is designed for intelligent home. Additionally, an intelligent gripper system with 
sensing, feedback, and indication functions is constructed. The operating states of the gripper, self-powered 
signals, and indicating colors of light-emitting diodes are highly synchronized. This actuator offers great po
tential for applications in intelligent home and Industry 4.0.

1. Introduction

Actuating materials, which efficiently convert external controllable 
stimuli (e.g., light [1,2], heat [3], electricity [4], magnetism [5], and 
humidity [6]) into mechanical energy, have garnered significant interest 
in fields such as soft robotics, biomedicine, and bionic systems [7–11]. 
However, with the advancement of Internet of Things (IoT) technology 
and the increasing reliance on electronic devices across various sectors, 
there is an urgent need to develop smart actuators that can simulta
neously provide power and sense key parameters. These devices enable 

autonomous operation and intelligent sensing [12,13]. Compared to the 
traditional approach of combining multiple devices, the development of 
integrated, self-powered actuators with sensing capabilities is an ideal 
solution, as they require no external power supply and have low energy 
consumption.

Solar energy, as a renewable and eco-friendly source, can be 
captured anywhere [14–16]. Compared to humidity-driven and 
electricity-driven methods, the sunlight-driven actuator incorporates 
the advantages of wireless driving, remote operation and precise control 
(Table S1). Therefore, the development of solar energy and its 
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application in self-powered actuators have been considered a carbon
–neutral approach to alleviate the global energy crisis and environ
mental pollution. Compared with other types of self-powered modes, 
self-powered actuators based on the photo-thermoelectric (PTE) effect 
have attracted great interest from researchers, due to the absence of 
direct contact, gentle working conditions, easy operation, and efficient 
conversion efficiencies [17–19]. For instance, Weng et al. developed a 
multi-responsive bilayer actuator using a graphene cellulose film coated 
with polypyrrole, which was applied to gesture recognition and self- 
powered temperature/humidity sensing [20]. Gu et al. designed a 
light-driven actuator integrated with self-powered/visual dual-mode 
sensing and rewritable display functions, using a pencil, thermochromic 
dye, and a polyimide film [21]. Unfortunately, previously reported PTE- 
based all-in-one actuators typically can only monitor the operating state 
of the device and output a voltage signal, lacking further utilization of 
the signal. When environmental conditions change, these devices lack 
the ability to respond with feedback. The IoT technology enables intel
ligent interactions between devices through data acquisition and 
transmission, facilitating real-time monitoring, intelligent control, and 
remote management [22,23]. Consequently, integration of IoT tech
nology with PTE-based all-in-one actuators is anticipated to support 
simultaneous monitoring, data transmission and feedback operations in 
intelligent actuators. Additionally, this integration, which operates 
without human intervention and autonomously optimizes energy con
sumption, holds immense potential for applications in smart cities, 
intelligent homes, and Industry 4.0.

The ZT value, typically used to benchmark the thermoelectric 
properties of a material, is proportional to the square of the Seebeck 
coefficient and inversely proportional to the thermal conductivity 
[24,25]. Therefore, the thermoelectric properties of the materials can be 
markedly improved by enhancing the Seebeck coefficient and reducing 
the thermal conductivity. Inorganic thermoelectric materials, such as 
Bi2Te3 and Sb2Te3, have demonstrated impressive ZT values [26,27]. 
However, the inherent brittleness makes them typically showcase poor 
mechanical durability. Furthermore, rare and environmentally un
friendly elements are required [28]. These disadvantages partly restrict 
their use. In contrast, organic thermoelectric materials have garnered 
significant attention in the field of flexible actuators and thermoelectric 
devices due to their flexibility, cost-effectiveness and eco-friendliness 
[24,29]. Despite these advantages, the absence of long-range ordering 
and low charge mobility restrict their thermoelectric performance. 
Therefore, the design and fabrication of thermoelectric materials 
necessitate the simultaneous enhancement of electrical conductivity and 
the reduction of thermal conduction. The introduction of pores into the 
materials is an effective strategy to improve thermoelectric properties, 
since pores can strongly scatter phonons [30]. Notably, porosity does 
not necessarily impede charge transport. Due to the different wave
lengths of electrons and phonons, continuous non-porous regions can 
still provide efficient charge transport pathways [31].

Metal-organic framework (MOF) materials, composed of metal ions 
bridged with organic ligands, are known for their high porosity, large 
surface area, and periodically distributed pores with long-range trans
lational symmetry [32–34]. Different from graphene and carbon nano
tube with high thermal conductivities [35,36], the microporous 
structure within the MOF possesses the ability to reflect and scatter 
phonons, which reduces thermal conductivity [25,37]. In addition, some 
conductive MOFs (cMOFs) incorporate organic ligands with conjugated 
π-electron systems or conductive metal coordination centers, which 
ensure moderate electrical conductivity [31,38]. These advantages 
render cMOFs ideal materials with high thermoelectric properties. For 
example, Sun et al. reported a mutually noninterfering flexible pres
sure–temperature dual-mode sensor based on conductive and micro
structured MOF, with great sensitivity and large sensing range [39]. 
Crucially, the inherent π-π conjugation in cMOFs enhances material 
stability and mitigates thermal expansion [40]. As a consequence, 
cMOFs often exhibit lower coefficients of thermal expansion (CTE), 

which is a significant advantage for photo/thermal-driven actuators that 
achieve large bending deformations. However, the preparation of large- 
area flexible cMOF films and the utilization of the advantages of cMOF 
for PTE-based all-in-one actuators have not been reported.

In this work, we develop a large-area flexible cMOF@fiber composite 
film by interface-induced growth, referred to as the Ni3(HITP)2@fiber 
film, which serves as a self-powered actuator. With the assistance of IoT 
technology, an actuating system based on the actuators achieves both 
sensing and feedback functions (Scheme 1a). Due to the interaction 
between hydrophilic sites on Ni3(HITP)2 and the fibrous substrate, the 
Ni3(HITP)2@fiber film exhibits high stability. In consideration of the 
excellent photothermal properties and low CTE of Ni3(HITP)2, we 
laminate the Ni3(HITP)2@fiber film with a biaxially oriented poly
propylene (BOPP) film, forming sunlight-driven actuators with large 
bending deformations. In addition, synergizing with the considerable 
electrical conductivity and low thermal conductivity of Ni3(HITP)2, the 
Ni3(HITP)2@fiber film exhibits a Seebeck coefficient of –23.7 μV K− 1, 
surpassing other organic materials such as polyaniline [41], polypyrrole 
[42], and poly(3,4-ethylenedioxythiophene)(styrenesulfonate) [43], 
identifying it as an n-type organic thermoelectric material. Importantly, 
the Ni3(HITP)2@fiber/BOPP actuator can undergo bending deformation 
and spontaneously generate thermoelectric signals under simulated 
sunlight irradiation. Additionally, with the assistance of a program 
controller, an intelligent window system is constructed with the 
Ni3(HITP)2@fiber/BOPP actuator array. This intelligent window can 
automatically control a mini-fan based on the spontaneously generated 
PTE signals (Scheme 1b). Finally, an intelligent gripper system is care
fully designed to act as a robotic arm. It can not only achieve stable 
gripping, moving and releasing objects, but also real-time output voltage 
signals. Simultaneously, with the assistance of a program controller, it 
automatically controls different colored light-emitting diodes (LEDs) to 
light up for an indication function (Scheme 1c). Notably, the operating 
state of the gripper, the voltage signals and the color of the LEDs are 
highly synchronized. Therefore, this intelligent gripper system achieves 
comprehensive management of the operating status for the actuator 
through real-time monitoring, automatic identification and intelligent 
feedback.

2. Experimental section

2.1. Materials

The commercial fibrous substrate with thickness of 28 μm, which 
was composed of cellulose paper, and BOPP film with thickness of 30 μm 
were purchased online. Deionized water was used for all experiments. 
All solvents and reagents were purchased through commercial suppliers 
and used without further purification. Nickel chloride hexahydrate, 
anhydrous ethanol and ammonium hydroxide were purchased from 
Adamas. 2,3,6,7,10,11-hexaaminotriphenylene hexahydrochloride was 
synthesized according to the procedure in the previous work [44].

2.2. Preparation of the Ni3(HITP)2@fiber composite film

Firstly, nickel chloride hexahydrate (6.6 mg) and HITP 
(2,3,6,7,10,11-hexaaminotriphenylene) (10 mg) were mixed into 
deionized water (10 mL) and completely dissolved. Secondly, a square 
fibrous substrate (5 cm × 5 cm) was immersed into the above mixed 
solution with continuous stirring under air atmosphere. Thirdly, the 
ammonium hydroxide (400 μL) was added dropwise to the system and 
the reaction was carried out at 65 ◦C for 4 h. After the reaction was 
completed, the formed Ni3(HITP)2@fiber composite films were washed 
sequentially with ethanol and deionized water. Finally, the composite 
films were dried under vacuum at 30 ◦C. Notably, to ensure that the 
Ni3(HITP)2 was uniformly coating on the surface of the fibrous substrate, 
a secondary growth was carried out.
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2.3. Preparation of the Ni3(HITP)2@fiber/BOPP actuator

Firstly, the Ni3(HITP)2@fiber composite film with a thickness of 
about 36 µm was cut into a strip of 4.5 cm × 0.5 cm. Secondly, a BOPP 
film with a thickness of about 30 µm was bonded to the prepared 
Ni3(HITP)2@fiber film. Finally, the Ni3(HITP)2@fiber/BOPP actuator 
was assembled. Notably, the thicknesses of all actuators in subsequent 
applications are the same.

2.4. Preparation of the Ni3(HITP)2@fiber/BOPP-based window

Four pre-treated Ni3(HITP)2@fiber/BOPP actuator units were 
secured using adhesive tape. Then, the copper electrodes were 
embedded into each unit with silver adhesive. Finally, the window was 
assembled by connecting the four actuator units in series.

2.5. Preparation of the intelligent gripper

The intelligent gripper consists of two actuator units. Specifically, 
the two actuators were attached to the glass slides separately. In 
particular, the dimension of the free-end portion was 1.5 cm × 0.5 cm. 
Notably, the portion beyond the free-end of the right actuator was 
shielded by a photomask to construct the spatial temperature gradient. 
Then, copper electrodes were embedded into one end of each of the 
remaining portions of the actuator unit. Finally, the gripper was 
assembled by attaching these two glass glides with actuator units to the 
opposite sides of a foam block. The surface of the foam block was 
brushed with silver adhesive to form a conductive pathway.

2.6. Measurement of PTE properties of the Ni3(HITP)2@fiber composite 
film

Firstly, a strip of Ni3(HITP)2@fiber composite film with the di
mensions of 4 cm × 1 cm was attached to a glass frame using polyimide 
films. Secondly, copper electrodes were embedded at both ends of the 
strip with silver adhesive. Additionally, a portion (3.5 cm) of the 
Ni3(HITP)2@fiber film was shielded with a photomask. Finally, the 
remaining portion of the Ni3(HITP)2@fiber film was irradiated with 
simulated sunlight of different intensities. During this process, the 
temperature difference and output voltage at both ends of the 
Ni3(HITP)2@fiber composite film were recorded by a infrared ther
mometer and a digital source meter, respectively.

2.7. Measurement of the actuation and PTE properties of 
Ni3(HITP)2@fiber/BOPP actuator

First, the Ni3(HITP)2@fiber/BOPP actuator with dimensions of 4.5 
cm × 0.5 cm was attached to a glass slide. In particular, the free-end 
portion was 1.5 cm × 0.5 cm. The location where the copper elec
trodes were embedded was provided in the Supporting Information. 
Afterwards, the portion beyond the free-end of the Ni3(HITP)2@fiber/ 
BOPP actuator was shielded with a photomask. Finally, the free-end 
portion of the Ni3(HITP)2@fiber/BOPP actuator was irradiated with 
simulated sunlight of different intensities for 5 s, respectively. The real- 
time temperature difference and output voltage at both ends of the 
actuator were recorded. Meanwhile, the bending deformation process of 
the actuator was recorded by a digital camera.

Scheme 1. (a) An all-in-one actuating system with sensing and feedback functions with the assistance of IoT technology. (b) A conceptual diagram of an intelligent 
window system based on PTE actuator arrays. (c) Intelligent robotic arm with self-powered sensing and indication functions.
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3. Results and discussion

Fig. 1a illustrates the schematic diagram of the fabrication process 
for the Ni3(HITP)2@fiber composite film. Specifically, an aqueous so
lution containing the organic ligand HITP (2,3,6,7,10,11- 
hexaiminotriphenylene)•6 HCl and nickel (II) chloride hexahydrate was 
continuously stirred at 65 ℃. Next, a fibrous substrate was immersed in 
the above reaction mixture. Immediately after, NH3⋅H2O was added 
dropwise into the above mixture. Ultimately, the Ni3(HITP)2@fiber 
composite was obtained after 4 h of reaction. During the interface syn
thesis, the coordination between Ni2+ centers and tritopic HITP ligands 
formed a 2D conjugated structure featuring hexagonal pores within the 

ab plane. These 2D layers were stacked through strong π-π interactions, 
resulting in a honeycomb architecture with uniform 1D channels along 
the c axis (Fig. 1b). More detailed synthesis procedures are provided in 
the Experimental Section. Additionally, the Ni3(HITP)2@fiber film was 
soaked in an aqueous solution for a long time. Notably, no significant 
shedding of Ni3(HITP)2 was observed, underscoring the excellent sta
bility of the composites (Fig. S1). This phenomenon was attributed to the 
fact that the surface of the oxidized fibrous substrate was rich in 
carboxyl groups, which allowed for the continuous and robust growth of 
Ni3(HITP)2 nanolayers (Fig. 1c). Compared to traditional non- 
conductive MOFs, the Ni3(HITP)2 possesses unique structural features 
and electrical properties. First, the arrangement of HITP ligands in 

Fig. 1. (a) Schematic illustration of the fabrication process for Ni3(HITP)2@fiber composites through the interface-induced growth method. (b) Synthesis of 
Ni3(HITP)2 and a portion of its crystal structure showing multiple stacked 2D layers. The 2D layered structure gives Ni3(HITP)2 a uniform 1D pore channel. (c) 
Molecular structure of Ni3(HITP)2 layered on the fibrous substrate. (d) Optical photos of the Ni3(HITP)2@fiber composite film as an electrode material to light a 
red LED.

Y. Qian et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 513 (2025) 162835 

4 



Ni3(HITP)2 forms a continuous π-conjugation network within the entire 
material, facilitating electron delocalization. Second, the strong π-π 
conjugation and weak metal–metal interactions in Ni3(HITP)2 flakes 
contribute to charge transfer. Third, the unique homogeneous 1D 
channels of Ni3(HITP)2 along the c-axis also provide an active path for 
charge transmission [44]. The electrical conductivity of Ni3(HITP)2@
fiber composite was measured to be ~ 8.2 S m− 1 at room temperature 
(Fig. S2). Fig. 1d demonstrates that the composite film can serve as an 
electrode material to light a red LED.

The structure and morphology of the pristine fibrous substrate and 
Ni3(HITP)2@fiber film can be clearly observed by scanning electron 
microscopy (SEM) at various scales. As shown in Fig. 2a, the pristine 
fibrous substrate consists of bundles of fibers with various sizes, intri
cately interwoven to form a network. Moreover, there are discernible 
gaps between these fiber bundles (Fig. S3). With the continuous growth 
of Ni3(HITP)2 thin film on the fibrous substrate, the Ni3(HITP)2@fiber 
film still retains the structural integrity of the pristine fibrous substrate 
(Fig. 2b). The optical photos in the inset show a clear comparison be
tween the pristine fibrous substrate and the synthetic Ni3(HITP)2@fiber 
film. Remarkably, the micrometer-scale macropores of the fibrous sub
strate still remains in the interior of the Ni3(HITP)2@fiber film (Fig. 2c). 
High-magnification SEM image of Ni3(HITP)2@fiber film further con
firms that the fibers are entirely wrapped by continuous Ni3(HITP)2 
nanolayers (Fig. 2d). The cross-sectional SEM image of the pristine 
fibrous substrate shows that the thickness of the film is about 28 μm 
(Fig. 2e). In contrast, the thickness of Ni3(HITP)2@fiber film remains 
approximately 36 μm (Fig. 2f). Fig. 2g-2j illustrate the SEM image of 
Ni3(HITP)2@fiber film and its corresponding elemental mapping. The 

uniform distribution of C, N, and Ni in the mapping indicates that 
Ni3(HITP)2 is uniformly grown on the fibrous substrate.

X-ray diffraction (XRD) patterns of the Ni3(HITP)2@fiber film and 
Ni3(HITP)2 powders were investigated. The characteristic peaks at 
approximately 4.68◦, 9.42◦, 12.52◦, 16.36◦ and 27.04◦ reveal a typical 
crystalline structure, confirming the successful synthesis of Ni3(HITP)2 
[44]. The N2 adsorption–desorption isotherm confirms the microporous 
characteristics of Ni3(HITP)2. In particular, the pore size distribution of 
Ni3(HITP)2 is concentrated at 1.5 nm (Fig. S4). Moreover, the prominent 
peak positions of Ni3(HITP)2@fiber film coincide with the above results, 
indicating the successful growth of Ni3(HITP)2 on the fibrous substrate 
(Fig. 3a). Raman spectra were investigated to characterize the 
Ni3(HITP)2 and Ni3(HITP)2@fiber composites, as shown in Fig. 3b. The 
two characteristic peaks at 1,365 cm− 1 and 1,563 cm− 1 are assigned to 
the breathing mode of the κ-point phonon at the D-band and the E2g 
phonon of the sp2 C atoms at the G-band, respectively [45]. Further
more, to assess the effect of induced growth of Ni3(HITP)2 on the pho
tothermal properties of the material, the UV–vis-NIR absorption spectra 
of the fibrous substrate before and after the growth of Ni3(HITP)2 were 
measured (Fig. 3c). The results indicate that the photoabsorption of the 
pristine fibrous substrate is poor, with an average absorption of 
approximately 20 % in the wavelength range of 250–2500 nm. There is a 
slight rise beyond 1870 nm. In contrast, the Ni3(HITP)2@fiber film 
overall exhibits strong photoabsorption, with an average photo
absorption of approximately 80 %, encompassing the full solar spec
trum. In particular, the photoabsorption of the Ni3(HITP)2@fiber film 
exceeds 85 % in the wavelength range of 250–870 nm. Meanwhile, the 
photoabsorption decreases over 2000 nm. Moreover, according to 

Fig. 2. (a) Surface SEM image of the pristine fibrous substrate. The inset shows an optical photograph of the pristine fibrous substrate. (b) Surface SEM image of the 
Ni3(HITP)2@fiber film. The inset shows an optical photograph of the Ni3(HITP)2@fiber film. (c) Medium-magnification SEM image of Ni3(HITP)2@fiber film. (d) 
High-magnification SEM image of Ni3(HITP)2@fiber film. (e) Cross-sectional SEM image of the pristine fibrous substrate. (f) Cross-sectional SEM image of the 
Ni3(HITP)2@fiber film. (g) SEM image of Ni3(HITP)2@fiber film and its corresponding elemental mapping images for (h) C, (i) N and (j) Ni.

Y. Qian et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 513 (2025) 162835 

5 



Fourier’s law [40,46], the thermal conductivity of the Ni3(HITP)2@fiber 
composite film was estimated to be less than that of standard A4 printing 
paper (0.05 W m− 1 K− 1) (Fig. S5). The excellent photoabsorption and 
low thermal conductivity of Ni3(HITP)2@fiber film assist in coupling the 
photothermal and thermoelectric effects to generate higher output 
voltages, enhancing the PTE properties.

The mechanical properties of a material are important parameters in 

its practical application. Several tensile experiments were conducted on 
the pristine fibrous substrate and Ni3(HITP)2@fiber film. As shown in 
Fig. 3d, the pristine fibrous substrate displays an average tensile strength 
of 17.9 MPa and an average breaking strain of 2.1 %. In contrast, the 
Ni3(HITP)2@fiber film shows an average tensile strength of 18.4 MPa 
and an average breaking strain of 3.7 %. In addition, the Young’s 
modulus of fibrous substrate decreased from 1.64 to 0.70 GPa after 

Fig. 3. (a) XRD patterns of fibrous substrate, Ni3(HITP)2 and Ni3(HITP)2@fiber composite. (b) Raman spectra of Ni3(HITP)2 and Ni3(HITP)2@fiber composite. (c) 
UV–vis-NIR absorption spectra of the pristine fibrous substrate, Ni3(HITP)2@fiber film and AM 1.5 standard spectrum. (d) Tensile stress–strain curves of the pristine 
fibrous substrate and Ni3(HITP)2@fiber film. (e) Young’s modulus and toughness of the pristine fibrous substrate and Ni3(HITP)2@fiber film. (f) Electrical con
ductivity of Ni3(HITP)2@fiber films under different temperatures.

Fig. 4. (a) Schematic illustration of a prototype for the photo-thermoelectric property test. (b) Infrared images of Ni3(HITP)2@fiber film under different solar in
tensities. (c) Cyclic response of ΔT for Ni3(HITP)2@fiber film under different solar intensities. (d) Cyclic response of output voltage of Ni3(HITP)2@fiber film under 
different solar intensities. (e) Stepped change of output voltage with increasing ΔT. (f) Output voltage of the Ni3(HITP)2@fiber film as a function of ΔT.
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surface-induced growth of Ni3(HITP)2, while the toughness increased 
from 0.33 to 0.47 MJ m− 3 (Fig. 3e). These results demonstrate that the 
toughness of composites can be enhanced by the growth of Ni3(HITP)2 
on the fibrous surface, with almost no change in the tensile strength. The 
above characteristics are advantageous for practical use and storage. 
Additionally, the electrical properties of Ni3(HITP)2@fiber film under 
different temperatures were investigated (Fig. S6). As shown in Fig. 3f, 
the electrical conductivity of Ni3(HITP)2@fiber film increased with 
increasing temperature. Specifically, when the temperature was 
increased from 295 K to 335 K, the conductivity of the Ni3(HITP)2@fiber 
film was improved from 8.2 S m− 1 to 11.7 S m− 1.

A prototype was designed to systematically investigate the PTE 
properties of Ni3(HITP)2@fiber film (Fig. 4a, Fig. S7). One end (1 cm × 1 
cm) of the Ni3(HITP)2@fiber film was irradiated by a xenon lamp, 
referred to as the solar simulator. The other end (3.5 cm × 1 cm) was 
shielded by a photomask. Owing to the photothermal effect, the tem
perature increased rapidly at the irradiated end. In contrast, the tem
perature at the other end remained almost unaltered. This phenomenon 
was mainly attributed to the low thermal conductivity of Ni3(HITP)2. 
The temperature distribution of Ni3(HITP)2@fiber film under a solar 
intensity of 2 kW m− 2 was recorded (Fig. S8). The results demonstrate 
that there was no significant thermal diffusion between the hot and cold 

ends of the Ni3(HITP)2@fiber film. The temperature difference (ΔT) 
reached 25 K for a distance of 2 cm. Notably, the temperature at the 
cold-end was almost unchanged. The infrared images of Ni3(HITP)2@
fiber film under different solar intensities are provided in Fig. 4b. With 
the increase of solar intensity, the hot-end temperature of 
Ni3(HITP)2@fiber film gradually rises and is uniformly distributed. 
Obviously, the Ni3(HITP)2@fiber film accurately responds to external 
solar intensity changes, showing excellent reproducibility and recog
nizability (Fig. 4c). In particular, the PTE effect of Ni3(HITP)2@fiber 
enables the composite film to possess excellent self-powered capability. 
Fig. 4d illustrates the dynamic open-circuit voltage under different solar 
intensities. Six temperature gradients were applied to both ends of 
Ni3(HITP)2@fiber film under different intensities of simulated sunlight. 
The open-circuit voltages were obtained (Fig. 4e). Specifically, the open- 
circuit voltage was up to − 1.71 mV at a ΔT of 73 K. As shown in Fig. 4f, 
the thermoelectric output voltage of Ni3(HITP)2@fiber film increases 
with ΔT, and the voltage-ΔT curve exhibits a strong linear relationship 
in the temperature range of ΔT from 20 K to 73 K. Consequently, the 
slope of the voltage-ΔT curve, namely Seebeck coefficient (S), is calcu
lated to be –23.7 μV K− 1. The performance of the Ni3(HITP)2@fiber film 
is at the medium–high level among previously reported single flexible 
thermoelectric materials (Table S2).

Fig. 5. (a) Schematic diagram of a prototype sunlight-driven actuator with self-powered sensing function. (b) Optical photographs and the infrared images of the 
maximum bending amplitude of Ni3(HITP)2@fiber/BOPP actuator under different solar intensities. (c) Maximum ΔT, bending curvature and output voltage of 
Ni3(HITP)2@fiber/BOPP actuator as a function of solar intensity. (d) Maximum output voltage and bending curvature of Ni3(HITP)2@fiber/BOPP actuator as a 
function of ΔT. (e) Schematic diagram of the principle of the intelligent window system. (f) Optical photographs of the intelligent window system at different stages. 
(i) Initial, (ii) light on, (iii) light on for 27 s, (iv) light on for 39 s, (v) light off, (vi) after 59 s.
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The conflict between rigid MOFs and flexible substrates was 
addressed by induced growth of Ni3(HITP)2 thin film on fibrous sub
strate, while simultaneously optimizing the mechanical and photo
thermal properties of the composites. Moreover, in consideration of the 
excellent PTE properties of Ni3(HITP)2@fiber film, a sunlight-driven 
actuator was fabricated by combining the Ni3(HITP)2@fiber film with 
a BOPP film. The device was expected to undergo mechanical defor
mation, while generating self-powered thermoelectric sensing signals. 
As shown in Fig. 5a, a section (3 cm) of a rectangular Ni3(HITP)2@fiber/ 
BOPP actuator was fixed on a glass slide. Meanwhile, the remaining 
section (1 cm) of the actuator could bent freely to deform under simu
lated solar irradiation. Furthermore, to construct a spatial temperature 
gradient at both ends of the Ni3(HITP)2@fiber/BOPP actuator, a copper 
foil affixed with the other side of the glass slide, referred to as a 
photomask. At the same time, copper electrodes were affixed to the cold- 
end terminus and 1 cm from hot-end terminus of the Ni3(HITP)2@fiber/ 
BOPP actuator, respectively, with silver adhesive (Fig. S9). When the 
simulated sunlight irradiated the Ni3(HITP)2@fiber/BOPP actuator, the 
free-end of the actuator bent. Moreover, due to the PTE effect, an output 
voltage signal was generated spontaneously at both ends of the 
Ni3(HITP)2@fiber/BOPP actuator.

Optical photographs and infrared images of the Ni3(HITP)2@fiber/ 
BOPP actuator were recorded during sunlight irradiations (0.5 kW m− 2 

to 3.0 kW m− 2) for 5 s (Fig. 5b, Fig. S10). The results reveal that the 
bending deformation and surface temperature of the Ni3(HITP)2@fiber/ 
BOPP actuator gradually increase with the enhancement of simulated 
sunlight intensity. The response time and recovery time of the actuator 
under different solar intensities are provided in Table S3. Obviously, the 
higher the solar intensity, the more energy absorbed by the actuator and 
the shorter the response time. In contrast, the actuator takes longer time 
to recover due to the water absorption process. This actuation mecha
nism of the sunlight-driven actuator is mainly attributed to the asym
metric thermal expansion effect of Ni3(HITP)2@fiber film and BOPP 
film. Specifically, the inherent π-π conjugation effect of Ni3(HITP)2 re
stricts the thermal expansion motion within itself, typically showing a 
low CTE [40]. The CTE of the fibrous substrate is in the range of 4–16 
ppm K− 1 [47]. In contrast, the CTE of BOPP is 137 ppm K− 1 [48]. When 
the simulated sunlight irradiated the Ni3(HITP)2@fiber/BOPP actuator, 
due to the mismatch in volume change caused by the differences of CTE 
between the bilayer structures, it ultimately bent towards the 
Ni3(HITP)2@fiber side. Fig. 5c shows the maximum values of the ΔT, 
bending curvature and output voltage of Ni3(HITP)2@fiber/BOPP 
actuator under different solar intensities. The ΔT, bending curvature and 
output voltage remain synchronized with increasing solar intensities. 
The maximum values of ΔT, output voltage and bending curvature of the 
Ni3(HITP)2@fiber/BOPP actuator are 20.4 K, − 0.44 mV and 2.0 cm− 1, 
respectively, at a solar intensity of 3 kW m− 2. The calculation details of 
the bending curvature of the actuator are provided in Supplementary 
Note 1 and Fig. S11. The fitted Seebeck coefficient for the 
Ni3(HITP)2@fiber/BOPP actuator is –22.5 μV K− 1 (Fig. 5d). This result is 
similar to that of the previous PTE property tests. These findings indicate 
that the sunlight-driven deformation and the PTE signals of this 
Ni3(HITP)2@fiber/BOPP actuator are mutually non-interfering, which is 
a significant advantage for practical use. At the same time, the actuator 
has a high matching relationship between the self-powered voltage and 
the bending curvature (matching rate of more than 99 %). The excellent 
synchronization characteristics of the Ni3(HITP)2@fiber/BOPP actuator 
enable the temperature and the deformation amplitude to be observed in 
real-time by monitoring the self-powered output voltage.

Based on this Ni3(HITP)2@fiber/BOPP actuator with self-powered 
sensing function, a prototype of all-solar-powered intelligent window 
system was constructed to implement carbon neutrality. Specific di
mensions of the window are provided in Fig. S12. The operation prin
ciple of this intelligent window is shown in Fig. 5e. First, an array 
composed of four actuator units was constructed to act as a window. 
Second, one end of this window was irradiated by simulated sunlight. In 

contrast, the other end was shielded with a photomask. Then, the win
dow was opened automatically, and the output voltage signals were 
generated spontaneously at both ends. Afterwards, this output voltage 
was amplified by a signal amplifier and introduced into a program 
controller. Notably, an Arduino development board served as the pro
gram controller (Fig. S13). As the window was continuously irradiated 
by simulated sunlight, the output voltage signals were gradually 
enhanced. Once the output voltage reached a preset threshold, the 
switch on the program controller closed, making the mini-fan operate 
(Video S1). Meanwhile, a solar battery panel served as the external 
power (EP). In contrast, the internal power of the program controller, i. 
e., the voltage common collector (VCC, 5 V), was typically used to power 
the circuit components. Fig. 5f exhibits optical photographs of the 
intelligent window system at different stages. Initially, the window was 
closed and the mini-fan did not work (Fig. 5f-i). When the simulated 
sunlight was turned on, the window was gradually opened. Since the 
output voltage was low at this time, the switch of the program controller 
remained disconnected. Therefore, the mini-fan still did not work 
(Fig. 5f-ii). After the simulated sunlight was turned on for a while, the 
window was opened more obviously and the output voltage increased. 
When the intelligent window was irradiated by the simulated sunlight 
for 27 s, the mini-fan started to work (Fig. 5f-iii). After 36 s, since the 
incident simulated sunlight deviated from its initial position, the output 
voltage started to decrease. The mini-fan stopped working at 39 s, as the 
output voltage fell below the threshold value (Fig. 5f-iv). After the 
simulated sunlight was turned off, the intelligent window rapidly closed 
(Fig. 5f-v). Finally, the intelligent window gradually returned to the 
initial state after 59 s (Fig. 5f-vi). The real-time output voltage signals of 
this intelligent window system are provided in Fig. S14.

The Ni3(HITP)2@fiber/BOPP actuator maintains remarkably high 
synchronization between the sunlight-driven shape-deformation and the 
spontaneous output voltage signals, and the Ni3(HITP)2@fiber com
posite film possesses good electrical conductivity. Combining these 
features, a prototype of intelligent gripper integrated with sensing and 
indication functions was designed. The principal schematic of the 
intelligent gripper is shown in Fig. 6a, consisting of two strips of 
Ni3(HITP)2@fiber/BOPP actuator. Schematic dimension of the intelli
gent gripper is shown in Fig. S15. When irradiated by simulated sun
light, the actuators on both sides bent, triggering the circuit. Due to the 
spatial temperature gradient at both ends of the gripper, the output 
voltage signal was spontaneously generated. This voltage was amplified 
and introduced into the program controller. Then, the blue, green, and 
red LEDs were lighted up sequentially. Fig. 6b displays the output 
voltage signals of the intelligent gripper at different stages. Initially, 
without simulated sunlight irradiation, the gripper remained opened, 
and there was no output voltage signal (Fig. 6c-i). At this stage, channel 
1 was connected. Once the simulated sunlight was turned on, the gripper 
gradually closed until it grasped the object (Fig. 6c-ii), and the voltage 
signals at both ends began to rise. However, due to the limited voltage, 
only the blue LED was lighted up. As the simulated sunlight irradiation 
time increased, the gripper tightened its hold on the object, and the 
voltage continued to rise until it reached level 1. At this point, channel 1 
was disconnected, and channel 2 was connected, lighting the green LED 
(Fig. 6c-iii). Then, the gripper lifted, moved, and put down the object. 
During this process, the output voltage kept increasing. Impressively, 
the weight of the object gripped by the intelligent gripper was approx
imately six times heavier than that of the free portion of the two 
Ni3(HITP)2@fiber/BOPP actuators. When the voltage increased to level 
2, channel 2 was disconnected, while channel 3 was connected, lighting 
the red LED (Fig. 6c-iv). When the simulated sunlight was turned off, the 
thermoelectric voltage gradually decreased, and the gripper slowly 
reverted to its initial state (Fig. 6c-v). As the voltage dropped below level 
2, channel 3 was disconnected, and channel 2 was reconnected, lighting 
the green LED (Fig. 6c-vi). When the voltage decreased below level 1, 
the channel 2 was disconnected, and channel 1 was reconnected, 
lighting the blue LED (Fig. 6c-vii). As the gripper gradually opened, the 
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object was released (Fig. 6c-viii), and the output voltage returned to its 
initial state. The complete demonstration is available in Video S2.

Impressively, the working state, output voltage, and illuminated LED 
color for the intelligent gripper system are all well-correlated. Therefore, 
this intelligent gripper not only features thermoelectric sensing capa
bilities, but also can monitor its operational status via the LED colors. 
This characteristic is advantageous for future intelligent robotic arm 
applications.

4. Conclusion

In summary, a conductive Ni3(HITP)2 thin film is successfully syn
thesized and induced to grow on a flexible fibrous substrate to obtain 
large-area Ni3(HITP)2@fiber composite film. Synchronized with its 
considerable electrical conductivity and low thermal conductivity, the 
composite film showcases superior thermoelectric properties, surpassing 
those of other pure organic materials. Additionally, due to the inherent 
high photoabsorption and low CTE of Ni3(HITP)2, the self-powered 
Ni3(HITP)2@fiber/BOPP actuator displays large bending deformation 
under simulated sunlight irradiation. Impressively, automatic bending 
deformation of the actuator correlates highly with the output PTE sig
nals. With the assistance of IoT technology, an intelligent window sys
tem with sensing and feedback functions is elaborately designed for the 
smart home system. When the outdoor temperature is high, the intelli
gent window opens automatically. Simultaneously, it can also intelli
gently control a mini-fan by recognizing the voltage signals. 

Furthermore, a prototype of intelligent gripper system is constructed 
based on this all-in-one self-powered actuator. The intelligent gripper 
can not only grasp and release objects, but also can synchronously 
output voltage signals. Interestingly, the gripper identifies the voltage 
signals by a programmable controller, which turns on different colored 
LEDs to indicate the operating status of the gripper. This research is 
expected to provide valuable insights to the development of self- 
powered, all-in-one and highly intelligent bionic devices for practical 
use.
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