
Autonomous MXene-PVDF
actuator for flexible solar trackers

Item Type Article

Authors Tu, Shao Bo; Xu, Lujia; El Demellawi, Jehad K.; Liang, Hanfeng;
Xu, Xiangming; Lopatin, Sergei; De Wolf, Stefaan; Zhang, Xixiang;
Alshareef, Husam N.

Citation Tu, S., Xu, L., El-Demellawi, J. K., Liang, H., Xu, X., Lopatin, S., …
Alshareef, H. N. (2020). Autonomous MXene-PVDF actuator for
flexible solar trackers. Nano Energy, 77, 105277. doi:10.1016/
j.nanoen.2020.105277

Eprint version Post-print

DOI 10.1016/j.nanoen.2020.105277

Publisher Elsevier BV

Journal Nano Energy

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Nano Energy. Changes resulting from the
publishing process, such as peer review, editing, corrections,
structural formatting, and other quality control mechanisms
may not be reflected in this document. Changes may have been
made to this work since it was submitted for publication. A
definitive version was subsequently published in Nano Energy,
[77, , (2020-08-15)] DOI: 10.1016/j.nanoen.2020.105277 . © 2020.
This manuscript version is made available under the CC-BY-
NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-
nd/4.0/

http://dx.doi.org/10.1016/j.nanoen.2020.105277


Download date 23/05/2023 20:01:50

Link to Item http://hdl.handle.net/10754/665023

http://hdl.handle.net/10754/665023


1 
 

Autonomous MXene-PVDF actuator for flexible solar trackers  

Shaobo Tu1,2†, Lujia Xu3†, Jehad K. El-Demellawi1, Hanfeng Liang1, Xiangming Xu1, Sergei 
Lopatin4, Stefaan De Wolf3, Xixiang Zhang1*, Husam N. Alshareef1* 

 
1Materials Science and Engineering, Physical Science and Engineering Division, King Abdullah 

University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia 

2Institute of Advanced Materials, Jiangxi Normal University, Nanchang, 330022, China 

3Solar Center, King Abdullah University of Science and Technology (KAUST), Thuwal 23955-

6900, Saudi Arabia 

4Core Labs, King Abdullah University of Science and Technology (KAUST), Thuwal 23955-

6900, Saudi Arabia 

†Contributed equally to this paper 

E-mail: xixiang.zhang@kaust.edu.sa, husam.alshareef@kaust.edu.sa 

 

Abstract 

We report a novel flexible solar tracking system based on a photothermal-thermomechanical (PT-

TM) actuator comprised of Ti3C2Tx MXene and polyvinylidene fluoride (PVDF) bilayer. The 

actuation function of the proposed device originates from photothermal and surface plasmon-

assisted effects in MXenes, coupled with thermomechanical deformation of in-plane aligned 

PVDF polymer. Two types of solar tracking modes are evaluated based on the experimental 

deformation behavior of the PT-TM actuator. We find that uniaxial East-West solar tracking option 

increases the overall energy intensity reaching the solar module by over 30 %, in comparison with 

the optimized tilting-controlled mode. We also demonstrate thermally driven self-oscillation of 

MXene-PVDF device, which may have promising potential for optically and thermally driven soft 

robotics. The PT-TM actuator devices display robust mechanical strength and durability, with no 

noticeable degradation in their performance after more than 1000 cycles.  

Keywords: Surface plasmons, photothermal-thermomechanical actuator, solar tracking, PV 

efficiency, output power 
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1. Introduction 

Flexible photovoltaic (PV) modules represent an attractive mode for energy conversion 

and storage applications in wearable self-charging power systems[1-3]. Indeed, conventional fixed 

PV modules suffer from low annual energy efficiency and power output due to their average high 

incident angle between sunlight and solar cells over the daytime. In order to minimize their incident 

angle, the concept of sunlight tracking was introduced to the PV industry, where one or two electric 

mechanical tilting axes are usually utilized according to the geographic location of the modules[4]. 

Although electro-mechanical tracking systems can successfully provide over 20% increase in 

annual energy conversion compared with non-tracking solar modules, such tracking systems are 

not widely used in industry due to their high installation costs[5-6]. Because of their complex 

installation process and large size, conventional electro-mechanical tracking systems are not 

suitable for flexible devices. One of the autonomous solar tracking systems that has recently 

generated a lot of interest from the research community is the bioinspired actuator, due to its high 

durability, lightweight, and multi-stimulus responsiveness[7-10]. By integrating large thermal 

expansion polymer into surface plasmon-enhanced photo-thermal two-dimensional materials, 

built-in photothermal-thermomechanical (PT-TM) actuators can achieve high levels of sensitivity 

to sunlight stimulus, which make them ideal candidates for flexible solar tracking systems.  

In-plane aligned PVDF exhibits extremely large thermal expansion along specific 

directions, which makes it a suitable polymer for controllable thermally-driven actuator 

applications. In 2018, Prof. Ghim Wei Ho’s group reported a self-governing thermo-

mechanoelectrical system (TMES) to exploit low-grade ambient heat for a diverse adaptive 

mechanical actuation based on the in-plane aligned PVDF and polydopamine modified reduced 

graphene oxide-carbon nanotube layer (PDG-CNT) bimorph structure[11]. The responsiveness of 
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in-plane aligned PVDF based actuators can be enhanced by photo to thermal conversion, which 

can also be realized by optical effects of MXenes such as inter-band transition and collective 

oscillations of free charge carriers, commonly known as surface plasmons (SPs)[12-14]. MXenes 

are a new class of 2D-materials with the general formula Mn+1XnTx, in which M is an early 

transition metal, X is a carbon and/or nitrogen, Tx stands for the surface functional groups (e.g. 

OH, O, and/or F groups). In particular Ti3C2Tx has been demonstrated to have good photothermal 

and plasmonic properties[15-18], which have shown great potential in applications such as 

photothermal therapy[19], surface-enhanced Raman spectroscopy (SERS)[20], photodetectors[21] 

and photonic diodes[22].  

In this paper we demonstrate for the first time actuators fabricated by integrating MXenes 

(which have well-known photothermal and surface plasmon resonance effects) with a 

thermomechanical in-plane aligned PVDF films, which have large anisotropic coefficient of 

thermal expansion. These actuators can work as highly efficient solar tracking devices for flexible 

solar module by using their in-built photothermal-thermomechanical uniaxial deformation. We 

show that we can achieve over 30 % energy conversion improvement using the PT-TM actuator 

tracking system compared to the tilting-controlled system. We also demonstrate the thermo-

mechanical self-oscillation in PT-TM actuators, which means they may have potential in thermally 

and optically-driven soft robotics[23-24].  

2. Actuator fabrication 

Figure 1a illustrates the design concept of our photothermal-thermomechanical (PT-TM) 

actuator based on 2D MXene and in-plane aligned PVDF. For thermomechanical bilayer actuator 

to respond to external thermal stimulation, a mismatch in the coefficient of thermal expansion 

(CTE) between the active and coated materials is required. PVDF is a suitable active layer for a 



4 
 

thermal actuator due to its extremely high CTE value and excellent mechanical flexibility. By 

carefully aligning the polymer chains in the PVDF layer, we can maximize the mismatch in the 

thermal expansion coefficient between the two layers, which can maximize the mechanical 

actuation. Figure 1b shows the atomic force microscopy (AFM) images of the in-plane aligned 

PVDF film showing its alignment along the longitudinal direction. The characteristic peak at θ = 

20.6⁰ of X-ray diffraction (XRD) and the Fourier-transform infrared spectroscopy (FTIR) analysis 

respectively reveal a predominant β phase[24] (Figure 1c) and its corresponding vibrational 

modes[25] (Figure 1d). The in-plane aligned PVDF film has an anisotropic CTE, as can be seen 

from the visible transverse thermal expansion (~ 30 μm) and negligible thermal expansion along 

the longitudinal direction (~ 0) when heated from 23 ⁰C to 60 ⁰C (Figure S3c-f). XRD phi scan 

was performed to investigate the mechanism of the anisotropic thermal expansion in in-plane 

aligned PVDF (Figure 1e). The XRD data shows that the aligned PVDF is out-of-plane (200) 

oriented (Amm2 symmetry), and the ψ angle between (200) and (310) is about 30 degree according 

to the stereopraphic projection along (100) direction (Figure S1). Figure 1f shows that (310) peak 

can only be detected along the alignment direction when performing XRD phi scan at ψ=30⁰, which 

indicates that the alignment direction is parallel to [001] axis (Figure 1e), thus also to the 

orientation of the molecular chains as further indicated in Figure 1h. In addition, the pole figure of 

(310) lattice plane shows the highly textured structure of the aligned PVDF layer (Figure 1g). The 

strong covalent bonding along the longitudinal molecular chains barely responds to the thermal 

variation, while the much weaker hydrogen bonding between polymer chains can be easily 

thermally modulated. The results of XRD phi scan pattern and pole figure explain the origin if the 

anisotropic thermal expansion of the in-plane aligned PVDF very well. Ti3C2Tx MXene is a good 

candidate as a secondary layer in the photothermal-thermomechanical actuator due to its low CTE 
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(Figure S3a-b) and effective photothermal and surface plasmon absorption effects. Figure S2 

shows the X-ray photoelectron spectra (XPS) indicate the negative functional groups on the 

Ti3C2Tx MXene surface[26], which guarantees its strong adhesion on the plasma treated 

hydrophilic PVDF surface, thus ensuring the mechanical robustness of PT-TM actuator to bear 

substantial and repeated deformations. Figure S4 illustrates the fabrication process used to make 

PT-TM actuator. The process involves a hydrophilic treatment of the surface, followed by 

sequentially drop casting PEDOT:PSS and MXene layers, and finally cutting the device in the 

desired size and orientation. 

 

Figure 1. (a) Schematic illustration of the photothermal-thermomechanical (PT-TM) actuator 

based on MXene- aligned PVDF. (b) Atomic force microscopy surface image, (c) X-ray diffraction 

pattern, and (d) Fourier-transform infrared (FTIR) spectroscopy of in-plane aligned PVDF. (e) 

Schematic illustration of the phi scan set-up. (f) Phi scan pattern along the [310] direction. (g) The 

pole figure of (310) lattice plane, which shows the highly textured structure of aligned PVDF layer. 

(h) Schematic showing alignment direction and  crystal structure of in-plane aligned PVDF layer, 

which reveals the molecular chains of PVDF polymer are aligned along the [001] direction. 
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3. Origins of the PT-TM actuator deformation 

Figure 2a shows the morphology of a typical single layer Ti3C2Tx MXene flake with the 

size of 3×4 μm. The high resolution TEM image depicts the hexagonal atomic arrangement of 

titanium (Figure S2a), and the hexagonal symmetry of Ti3C2Tx MXene was further confirmed by 

using selected area electron diffraction (Figure S2a, inset i). The size (~4 μm) and thickness (1.6 

nm) of single layer Ti3C2Tx MXene flakes were confirmed using atomic force microscopy (Figure 

S2b). Figure 2b shows the characteristic peaks of Ti3C2Tx, where multiple parallel reflections can 

be seen indicating good c-axis out of plane orientation. Figure 2c shows the typical absorption 

spectrum (200-1000 nm) of Ti3C2Tx, with a two characteristic spectral bands at ca. 340 and 760 

nm. The former is assigned to the inter-band transitions of Ti3C2Tx[16,27], while the latter band is 

ascribed to the LSPR effect at the edge of the visible-NIR spectral regime. The plasmonic behavior 

was further corroborated by means of scanning transmission electron microscopy (STEM) 

combined with electron energy loss spectroscopy (EELS). Figure S2b depicts the annular dark 

field (ADF) image of a triangular Ti3C2Tx flake supported by a lacey carbon film, in addition to 

the corresponding EELS-fitted intensity maps of various surface plasmon (SP) modes and inter-

band transitions (with an onset at 3.5 eV) in Ti3C2Tx, which were distinctly visualized as described 

in [17, 18]. Interestingly, the energy of the SP mode and inter-band transition visualized at ca. 1.7 

eV and 3.5 eV correlates very well with the absorption peak at ca. 760 nm and 340 nm, respectively.  

In order to further understand the photothermal-thermomechanical properties of the PT-

TM actuator, we investigated the deformation behavior of 1×5 cm PT-TM actuators cut along 90°, 

45°, and 0° (1×5 cm) under solar irradiation (Figure 2d-f). The cutting direction is defined with 

respect to the angle the cut makes with the direction of the aligned polymer chains. We found that 

the deformation direction of the PT-TM actuator is always perpendicular to the mechanical 
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(polymer chain) alignment direction of the PVDF substrate when applying an external thermal 

stimulation. Typically, the 90°-cut and 0°-cut of PT-TM actuators (visible by naked eye) resulted 

in normal and parallel uniaxial bending respectively, under sunlight. This was the case even for 

temperature as low as 28 °C (Figure 2d and f). Under the same conditions, the 45°-cut PT-TM 

actuator underwent anti-clockwise biaxial chiral distortion (Figure 2e). In addition, we 

demonstrate that the PT-TM actuators display a robust mechanical strength and durability, with no 

noticeable degradation in performance after over 1000 cycles (Figure S5). For comparison, we 

investigated the photo-thermal-mechanical response of pristine MXene free standing film and 

PVDF substrate individually, but neither of them presented deformation under sunlight (Figure 

S6). These results indicate that the direction and degree of bending of the PT-TM actuator along 

the normal and parallel axes under sunlight can be tuned by adjusting the cutting direction of the 

in-plane aligned PVDF film. Movie S1 shows the photothermal-thermomechanical deformation of 

a 90⁰-cut PT-TM actuator film under sunlight at 35 ⁰C, indicating its excellent sensitivity, even at 

low outdoor temperatures. The abovementioned findings shows that the exceptional sensitivity of 

the fabricated PT-TM actuators is attributed to the inter-band absorption and localized surface 

plasmon resonance (LSPR) effect in Ti3C2Tx MXene[17,27] along with the orientable, extremely 

large coefficient of thermal expansion (CTE) mismatch with of the aligned PVDF polymer film. 

A PT-TM actuator up to 100 cm2 was prepared in order to easily obtain several PT-TM actuator 

strips cut at various alignment angles with respect to the mechanical and polymer chain alignment 

direction (Figure 2g).  The multi-layered structure of the fabricated PT-TM actuator is shown in 

the cross-sectional SEM image (Figure 2h). 
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Figure 2. (a) Transmission electron microscopy (TEM) image, (b) X-ray diffraction pattern of 

Ti3C2Tx MXene flakes. (c) UV-visible-NIR absorption spectrum of Ti3C2Tx MXene (dispersed in 

deionized water). (d-f) Schematic illustration of PT-TM actuator cut along different directions (φ 

= 90°, 45°, 0°) and their corresponding deformation under sunlight. The cutting direction is defined 

with respect to the angle the cut makes with the direction of the aligned polymer chains. (g) Optical 

image of a uniaxial tilting of 90°-cut PT-TM actuator under sunlight. These optical absorption of 

sunlight complements the mechanical deformation from thermal expansion mismatch between 

PVDF and MXene. An optical image (h) and cross-sectional scanning electron microscopy (SEM) 

image (k) of PT-TM actuator.  

 

4. Thermomechanical self-consistent oscillation  

The precisely aligned PT-TM actuator experienced a quick bending deformation on a hot 

surface with Ti3C2Tx MXene layer facing upwards, which can be attributed to the thermal 

expansion mismatch between the aligned PVDF and Ti3C2Tx MXene layers. Figure 3a illustrates 

the thermo-mechanical oscillation of PT-TM actuator cut at 90 with respect to polymer chain 

alignment direction in the PVDF layer when placed on a hot surface. The actuator shows an 

oscillating motion due to the cyclical shift in its center of gravity, caused by thermal exchange and 

dimensional change with the surrounding air and hotplate surface. After undergoing a fast 

deformation in the first few seconds, we found that the PT-TM actuator loses its balance between 

two wings due to an uneven thermal expansion caused by the disturbance of the air-PT-TM 
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actuator heat exchange. When the PT-TM actuator shifted to its right side, the rightwing bended 

as temperature increased on the hot plate and the left wing expanded as temperature decreased 

under cold air, which led to a left shift of the gravity center and pulling the PT-TM actuator back 

to its left side. The inertia of the locomotion and continuous non-equivalent heat exchange of two 

wings forms a dynamic equilibrium with the gravity damping of the actuator. These events 

ultimately lead to microscopic thermally-driven oscillation within a certain temperature range. 

Figure 3b shows in detail thermally-driven oscillations of the PT-TM actuator placed on a 45 °C 

hot plate, with the air temperature constant at 21.4 °C. After achieving a dynamic equilibrium 

oscillation, it took 0.333 s for the PT-TM actuator to swing from its initial position to its leftmost 

position, which was followed by swinging back to the starting location, then reaching to the 

rightmost position at 0.777 s, and finally returning to the initial position at 1 s (Movie S2 and S3). 

The infrared images show the temperature distribution in the actuator at each step in the oscillation 

process, and the variations of temperature clearly indicates the existence of a heat exchange 

between the PT-TM actuator and hot plate and cold air, respectively. The ultrasensitive thermo-

mechanical properties of PT-TM actuator show great potential for applications such as low grade 

waste energy conversion, thermal stimulated actuator, and soft robotic materials[28-30]. Here, we 

focus our research for applications in soft solar tracking systems. Figure 3c shows the infrared 

images of a 90⁰ cut (cut perpendicular to alignment direction of polymer chains) PT-TM actuator 

(1 x 5 cm) placed on hot plate set at 55 °C. The figure shows the actuator temperature gradually 

increases along with changing radius and curvature. The thermal distribution along the longitudinal 

direction of the PT-TM actuator changes as its temperatures rises to 55.2 °C. The circle-fitted 

bending radius of the PT-TM actuator decreases from 2.4 cm to 0.6 cm while the temperature of 

PT-TM actuator increases from 39.3 °C to 55.2 °C in 2 s, meaning that the corresponding curvature 
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increases from 0.42 to 1.67 cm-1 within the same temperature range (Figure 3d). It is worth noting 

that the deformation of PT-TM actuator can be observed even at a temperature of 26.5 °C, which 

indicates a high sensitivity to external thermal stimulation (Movie S2). 

 

Figure 3. (a) Schematic illustration of the thermomechanical oscillation of the PT-TM actuator 

initiated by heat exchange. (b) Time-dependent infrared images of a complete oscillation of the 

actuator. (c) Infrared images of the actuator at the beginning seconds on a 55 °C hot surface. (d) 

Radius and curvature of the actuator corresponding to (c). 

5. Actuator performance for solar tracking 

One promising application of this self-distorting PT-TM actuator in the photovoltaic (PV) 

industry is for active solar tracking systems that do not require electricity to drive. Figure 4a-b 

define the sun position across the sky, where solar zenith angle (θ) and solar azimuth angle (φ) 

change with the earth’s revolution and rotation. To maximize the solar illumination, PV modules 

are normally installed with a tilt angle β (the angle between the plane of the module and the 

horizontal surface) and an azimuth angle γ (the angle between the plane of the module and due 
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north). For tilting-controlled module[31-32], β is set to be equal to the lattice, γ equals 180° for the 

Northern hemisphere and 0° for the Southern hemisphere. Although the fixed module saves on 

installation cost, it results in a low effective use of solar energy due to the limited time within a 

day for a small-angle incidence (ϕ).  In order to improve the efficiency of the module, the concept 

of solar tracking is introduced, which can dynamically rotate to follow the position of the sun. 

Theoretically, if there is no limitation on the module rotation, the ideal solar tracking is to maintain 

the relation of β = θ and γ = φ all the time, which enables the maximum solar illumination to fall 

on the PV panel (ϕ = 0°). The tracking system, via uniaxial tilting, can partially or fully achieve 

this purpose. Conventionally, a tracking system includes an electrically driven mechanical set-up 

and a rotating feedback system, both requiring heavy costs of installation, operation and 

maintenance. Thus, it is highly advantageous to study our self-tilting photothermal-

thermomechanical (PT-TM) actuator for a solar tracking system. Figure 4c displays a schematic 

of the photo-thermal deformation of 90°-cut actuator with respect to mechanically aligned polymer 

direction. To evaluate the gain of the solar tracking system based on our MXene/PVDF actuator, 

the solar spectrum calculator from  PV lighthouse was utilized to simulate the solar spectrum and 

solar incident angle within a specific day (17 Sep 2019, the tilting angle of our actuator was 

experimentally measured outdoor) at KAUST (22.3095° N, 39.1047° E). Additionally, the PV 

module efficiency and power output were obtained by using the light ray tracking simulation and 

built-in equivalent circuit model in sunsolver of PV lighthouse. Figure 4d-e illustrate the solar 

tracking modules of uniaxial North-South (N-S) tilting and uniaxial East-West (E-W) tilting, 

respectively. Figure 4f shows the optical images of PT-TM actuator in the uniaxial E-W mode. 

When including the tilting-controlled module, a total of three tracking modes were considered in 

our discussion, which include: (1)Tilting-controlled mode: γ = 180° and β = 22.3095°; (2) Uniaxial 
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tracking North-South (N-S) mode: γ = 180°, and β0 = 79° (varies from 79° to 20° due to the tilting 

of PT-TM actuator, Figure S7); (3) Uniaxial tracking East-West (E-W) mode: γ = 90° (6:00 am-

12:00 pm), γ = 270° (12:00 pm-6:00 pm), β0 = 90° (varied from 90° to 1° due to the tilting of PT-

TM actuator, Figure 4f). 

A few simulating tools from the PV lighthouse platform were utilized to do the relevant 

simulation, including the solar position and spectrum simulation, light ray tracing simulation and 

equivalent circuit efficiency simulation. In the simulation, the albedo value was set to 0.4 under a 

clear sky condition. An in-house silicon heterojunction solar cell optical model plus standard EVA 

(conventional)[33-34], glass (low Iron soda-lime)[35-36], and glass ARC (Magnesium 

fluoride)[37] were used in the light ray racking simulation. In the equivalent circuit module, for 

all wavelength, the collection efficiency, ideal factor, saturation current density J01, shunt 

resistance, series resistance, and additional grid resistance were respectively set to 0.9, 1, 10 

FA/cm2, 10 kΩ·cm2, 0.8 Ω·cm2 and 0.07Ω·cm2.  
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Figure 4. Schematic illustration of (a) the sun path across the sky, (b) the zenith angle and azimuth 

angle, (c) the photo-thermal deformation of 90°-cut PT-TM actuator, (d) uniaxial north-south (N-

S) tilting, (e) uniaxial east-west (E-W) tilting. The square boxes in d and e represent holders. (f) 

Tilting angle evolution of PT-TM actuator over time during the E-W solar tracking mode. 

 

Figure 5a-b shows the module orientation for all three modes and the solar position. For 

the solar zenith angle, the uniaxial N-S mode offers better tracking than the uniaxial E-W mode. 

In terms of the azimuth angle, the uniaxial E-W mode showed optimized tracking results (Figure 

4f). A combination of the zenith and azimuth angles, and the incident angle ϕ of the three 
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mentioned modes are depicted in Figure 5c[38]. The difference in the incident angle between the 

control mode and the uniaxial N-S mode is negligible, due to the absence of tracking effect in the 

solar azimuth angle, even though it shows much better tracking in the solar zenith angle. As 

expected from the azimuth angle tracking, the uniaxial E-W mode shows optimized incident angle 

tracking. The direct and the diffuse solar spectrum on the plane of the module and PV efficiency 

can be calculated based on the incident angle. Typically, the smaller the incident angle, the more 

solar energy reaches the PV module plane[39]. In this work, a light ray tracing simulation and 

equivalent circuit model were used to predict the PV efficiency and the PV output power. During 

the simulation, both direct and diffused solar spectra were calculated based on the incident solar 

angle. Figure 5d and e respectively display the simulated PV efficiency and the PV output power 

intensity of the control mode and uniaxial E-W mode. The uniaxial N-S mode was omitted in this 

simulation, considering that its incident angle was quite close to that of the control mode. 

Compared to the control mode, the PV efficiency of the uniaxial E-W mode resulted in a significant 

improvement during the early morning (6:00 am-10:00 am) and late afternoon (2:00 pm-6:00 pm) 

periods (Figure 5d). The output power of the module, a function of both the PV efficiency and 

solar spectrum, displayed an upward bended shape due to the fact that the solar intensity 

maximized around noon time and lowers down in the early morning and late afternoon (Figure 5e). 

Notably, the uniaxial E-W modules present higher overall power intensity than the control group. 

Figure 5f depicts the energy intensity of the given day by integrating the powder intensity with 

time, which is assumed to be constant in every hour. The uniaxial E-W solar tracking system based 

on PT-TM actuator improved the energy output by over 30% compared to the tilting-fixed control 

PV system.  
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Figure 5. (a) Solar zenith θ or module tilt angle β. (b) Solar azimuth angle φ or module azimuth 

angle γ. (c) Solar incident angle ϕ. (d) Efficiency and (e) power intensity of module within the 

daytime. (f) Energy intensity per day of different module groups. 

 

6. Conclusions 

  We have developed a simple photothermal-thermomechanical (PT-TM) actuator using a 

bilayer of Ti3C2Tx MXene and PVDF with in-plane aligned polymer chains. The alignment of 

polymer chains along [001] direction in PVDF leads to anisotropic thermal expansion of PVDF 

layer, which is critical for actuator operation. The sensitivity of the PT-TM actuator to photo 

stimulation is enhanced by the light absorption in MXenes by either inter-band or surface plasmon 

effect. Two types of solar tracking modes were simulated, where uniaxial E-W tracking modes 

improved the overall energy intensity of solar module by over 30 % compared to the optimized 

tilting-controlled approach. Our results clearly show an improvement in PV efficiency, PV power 

intensity, and energy intensity using our actuator. Further, our actuator may have potential in 

thermally and optically driven soft robotics. 
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SUPPLEMENTARY MATERIALS 

Supplementary material for this article is available at  

Figure S1. Stereopraphic projection along (100) direction, which reveals that the ψ angle between 

(200) and (310) is about 30 degree. 

Figure S2. Characterization of Ti3C2Tx MXene. 

Figure S3. Thermal expansion of Ti3C2Tx MXene and in-plane aligned PVDF. 

Figure S4. Fabricating process of MXene/PEDOT:PSS/in-plane aligned PVDF PT-TM actuator. 

Figure S5. Thermo-mechanical deformation and recovery of PT-TM actuator. 

Figure S6. Optical images of individual PVDF and Ti3C2Tx MXene films under sunlight. 

Figure S7. Tilting angle of PT-TM actuator in uniaxial N-S mode. 

Movie S1. Visible video of photo-thermo-mechanical deformation of PT-TM actuator under 

sunlight at 35 ⁰C. 

Movie S2. Visible video of thermo-mechanical oscillation of PT-TM actuator on a 45 ⁰C hot plate. 

Movie S3. Infrared video of thermo-mechanical oscillation of PT-TM actuator on a 45 ⁰C hot plate. 
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A novel flexible photothermal-thermomechanical (PT-TM) actuator comprised of Ti3C2Tx 

MXene and polyvinylidene fluoride (PVDF) bilayer is developed. The actuation function of 

the proposed device originates from photothermal and surface plasmon-assisted absorption 

in MXenes, coupled with thermomechanical deformation of in-plane aligned PVDF polymer.  

The actuator can greatly enhance solar energy harvesting compared to tilt-controled solar 

tracking system. 

 

 

 

 


