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Abstract 

The contemporary digital revolution, which demands for miniaturized electronics, has 

prompted the search for molecule-based nanomaterials that handle some of the 

computational logic functions —which relates the concept of zeros (0) and ones (1) in 

binary code— reached by mainstream silicon-based semiconductor technology. Herein, 

the feasibility of emerging 2D transition metal carbide (MXene) derivatives to write, erase 

and readout bistable molecular switches has been elucidated. As a first demonstration of 

applicability, 2D-Ti3C2Tx MXene has been covalently functionalized with an optically 

active molecule as azobenzene (AZO), in which the photo-driven inputs of the AZO 

isomerization (E–AZO@Ti3C2Tx ↔ Z–AZO@Ti3C2Tx) resulted in two distinguished 

electrical states when it was immobilized in an emerging 3D-printed transducer. Thus, 

this work provides the basis towards the yet undisclosed concept of “Responsive 

MXetronics” by molecularly engineering smart MXenes to perform logic (opto)electronic 

tasks. 
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1. Introduction 

The ability of electronic devices to act as switches makes digital information processing 

possible. The development of electronic devices can be described using Moore’s Law, 

which postulates that computing power doubles roughly every year and a half.1,2 To date, 

conventional silicon-based semiconductor processors, which are fabricated according to 

a top-down principle, have been at the forefront of this technology.3,4 However, the 

increasing demand on miniaturizing electronic devices, together with the challenging 

production of silicon-based electronics at the nanometer scale,5,6 has prompted the search 

for molecule-based digital processing and communication (Molecular Electronics).7–9 In 

this regard, molecular engineering is currently leading the global “Fourth Industrial 

Revolution” —also called as Industry 4.0, described as the convergence of digital 

technologies with breakthroughs in Materials Science, Chemistry and Biology to progress 

in the deep digital transformation— through the use of molecular-level science to supply 

“intelligent” materials and devices with entirely new and advanced capabilities for people 

and machines.10,11 Molecular Electronics can be seen as computational processors of 

physical or chemical inputs to generate a single output following a set of logical 

operations, which relates to the concept of logical zeros (0) and ones (1) in binary code.12 

The translation of an external input (i.e., chemical, optical, electrical, etc.) into a readable 

output signal can be achieved using responsive materials, which result from the 

confinement of active molecular components upon passive materials to promote bistable 

switches.[11]  Bistability relies on the existence of two or more thermodynamically stable 

states in a single system, making possible to apply binary logic (0, 1). Ferrocene, 
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azobenzene, imidazole or cyclodextrin represent prominent examples of (supra)molecular 

components that display bistable active forms in solution when they are subjected to an 

external trigger (e.g., electrical, optical, chemical or supramolecular, respectively).[12] In 

particular, the readout of electrical signals between two well-defined bistable molecular 

states has been at the heart of the modern information due to the accessible 

miniaturization of electronic components.15–17 Thus, engineering responsive conductive 

nanomaterials harboring stimuli-responsive molecules represent an efficient pathway to 

electrically monitoring bistable molecular switches.18–20 Although extremely motivating 

from a scientific point of view, retaining the bistability of molecules on the surface of 

interest is a chemical challenge.  

 MXenes —referring to a new class of 2D layered transition metal carbide 

structures beyond mainstream graphene— have recently aroused extensive attention in 

the materials science community for a wide range of applications.21–24 MXenes have a 

general formula of Mn+1XnTx —where M stands of an early transition metal (e.g., Ti, Mo, 

V or Cr), X represents C and/or N elements, and Tx symbolizes the surface-terminating 

functionality (e.g., –O, –OH and –F) with n ranging from 1 to 3—, being titanium carbide 

(2D-Ti3C2Tx) the most widely studied, and therefore representative metallic MXene 

member.25,26 In particular, 2D-Ti3C2Tx presents unique characteristics, such as high 

surface area, good chemical stability and tunable surface functionality, that in 

combination with its inherent metallic conductivity and hydrophilic TiO2-like surface, 

endow it with outstanding electrochemical performances for MXetronics (which allude 

to electronic and photonic applications of MXene-based devices).27,28 Nonetheless, since 

this research is still in an early stage, the main bottleneck in the field of MXetronics relies 

on the limited library of responsive MXenes acting as switches for molecular logic gates 

development.29 This drawback could be overcome by the confinement of ad hoc active 
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molecular components on MXenes in order to translate a molecular signal into a readable 

macroscopic change. In this regard, the assembly of organic molecules has resulted in a 

simple and effective synthetic methodology to tailor the physicochemical properties 

according to task-specific applications. The presence of reactive terminal groups (Tx) 

renders the MXene surfaces suitable to accommodate different architectures via a bottom-

up assembly strategy, making possible to tune the properties of MXenes.30–34 Such a 

tunability with active molecules would enable further possibilities to cover the current 

gap in the field of MXetronics due to the acquisition of programmable properties. 

 Herein, motivated by the possibility to advance in the field of MXetronics, a 

straightforward and sustainable strategy has been devised to produce Responsive MXenes 

capable of writing, reading and erasing bistable molecular switches via implanting active 

molecular moieties. As a first demonstration of applicability, 2D-Ti3C2Tx has been 

covalently functionalized with an optically active molecule as azobenzene (AZO) by 

esterification chemistry, since it entails a prominent example of photo-responsive 

molecule in which the conformational changes, as a result of a reversible E/Z 

isomerization upon irradiation, form the basis of a light-driven bistable molecular switch 

(see Scheme 1 for illustration).35,36 To date, several photo-responsive carbon 

nanomaterials (e.g., graphene, carbon nanotubes or fullerenes) have been achieved by 

grafting AZO moieties.37 Further, a recent work has reported the functionalization of 2D-

Ti3C2Tx with an AZO derivative via weak electrostatic interactions38 (rather than the 

covalent esterification reaction report here). However, it is important to point out that no 

photo-switchable studies were considered. To achieve this, the electrical output signals 

of the resulting AZO@Ti3C2Tx were modulated (write/erase) with external light stimuli 

and electrochemically monitored (readout) by means of cyclic voltammetry (CV), using 

an emerging 3D-printed nanocomposite carbon electrode (3D-nCE) as a model 
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transducing platform to reach a proof MXetronic prototype.39,40 In this regard, 3D printing 

has proven to be a powerful technology for the large-scale manufacture of free-form 

electronic devices on-demand.41,42 Interestingly, two electrical states (0, 1) at the 

MXetronic/electrolyte interface were successfully discerned by CV. Accordingly, the 

significant findings of this proof-of-concept paves the way towards the yet undisclosed 

concept of “Responsive MXetronics” by devising programamable MXenes carrying 

active molecules, which supposes the principle to reach complex logic functions at the 

molecular level on-demand. In light of the state-of-the-art, the combination of molecular 

engineering and 2D-Ti3C2Tx foresees a promising pathway towards the development of a 

new family of Molecular MXetronics to extend their implementation in alternative fields, 

such as switching memories, logic gates and (bio)sensors. 

 

 
Scheme 1. Schematic illustration of the approach. Covalently functionalization of 2D-Ti3C2Tx with AZO 

molecules via esterification chemistry to achieve a photo-responsive AZO@Ti3C2Tx, in which the 

switchable optical inputs of the AZO isomerization (E–AZO@Ti3C2Tx ↔ Z–AZO@Ti3C2Tx) have been 

electrically discerned via cyclic voltammetry (output signals). Insets: structures of pristine and 

functionalized 2D-Ti3C2Tx. 
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2. Experimental Section 

2.1. Materials and reagents 

2D-Ti3C2Tx was purchased from Laizhou Kai Kai Ceramic Materials Co., Ltd. (Hong 

Kong S.A.R). 4-(phenylazo)benzoic acid (AZO), phosphate-buffered saline (PBS) 

electrolyte and tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid 

copolymer (Nafion 117 containing solution, ∼5% in a mixture of lower aliphatic alcohols 

and water) and sulfuric acid (96% wt.) were obtained from Sigma-Aldrich (Germany). A 

commercially available conductive graphene/polylactic acid filament (BlackMagic, 

Graphene Supermarket, USA) was employed for 3D-nCE fabrication. Organic solvents 

(dimethyl sulfoxide (DMSO) and isopropyl alcohol (IPA)) were of HPLC grade and 

supplied by Penta s.r.o. (Czech Republic). 

2.2. Synthesis of photo-responsive AZO@Ti3C2TX  

Firstly, 2D-Ti3C2Tx was sonicated in deionized water and sonicated for 30 min in an 

ultrasonic homogenizer probe (amplitude 70%, 29 s of sonication and 20 s of resting). 

Afterwards, 10 mg of 2D-Ti3C2Tx and 10 mg of AZO were mixed in 1 mL DMSO 

containing 100 μL H2SO4 (96% wt.) and aged overnight at 60 ºC under stirring conditions 

to induce the esterification chemistry. Finally, the resulting photo-responsive 

AZO@Ti3C2Tx was collected by centrifugation, washed several times with DMSO and 

IPA and dried to the air. The AZO@Ti3C2Tx material was stored in powder form, while 

fresh aqueous dispersions were prepared for the measurements in order to prevent its 

oxidation with water over time.  

2.3. Apparatus and procedures 

Material characterization of AZO@Ti3C2Tx was carried out by means of scanning 

electron microscopy coupled to an energy-dispersive X-ray spectroscopy detector (SEM-

EDX, Tescan LYRA3) for morphological characterization and elemental mapping 



7 
 

composition, X-ray photoelectron spectroscopy (XPS, Kratos AXIS Supra) to analyze the 

atomic composition at the surface level, Fourier-transform infrared spectroscopy (FTIR, 

Bruker Vertex 80v) and ultraviolet-visible spectroscopy (UV-Vis, JASCO V-730) to 

identify functional groups, and thermogravimetric analysis (TGA, TA Instrument) under 

N2 atmosphere (ramp: 10 ºC·min-1 up to 700 ºC) to quantify the organic content. Studies 

of wettability were run by water contact angle (SEE-SYSTEM) employing 3 μL of 

deionized water. For this, samples were prepared by collecting 3 mL of AZO@Ti3C2Tx 

(concentration: 1 mg·mL-1, solvent: IPA) in a cyclopore track etched membrane (pore 

size: 0.4 μm) using a vacuum pump. For comparison purpose, same experiments were 

conducted employing the pristine 2D-Ti3C2Tx material. 

2.4. Electrochemical redout of the light-driven molecular switch 

Electrochemical experiments were run in an Autolab PGSTAT204 potentiostat 

(Metrohm, Switzerland). For electrically monitoring the molecular switch, 120 μL of a 

fresh aqueous dispersion of AZO@Ti3C2Tx (5 mg·mL-1) was drop-casted upon a 3D-nCE 

surface and used as a model transducing system, which was fabricated as previously 

reported (see Figure S1 for illustration).43,44 The AZO@Ti3C2Tx dispersion was prepared 

in 3:2 IPA/H2O containing 2% (v/v) of Nafion. The two different states (E–

AZO@Ti3C2Tx ↔ Z–AZO@Ti3C2Tx) were photo-driven by irradiating the working 

electrode with an external light source (λUV: 365 nm; λVis: 465 nm) for 15 min and 

electrochemically read out by means of CV employing a three-electrode configuration 

cell filled with 0.1 M PBS as the electrolyte (scan rate: 50 mV·s-1). A Pt wire, an Ag/AgCl 

and the drop-casted 3D-nCE (MXetronic) were used as the counter, reference and 

working electrodes, respectively. The reversibility of the molecular switch was 

considered doing 3 different cycles. 
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3. Results and Discussion 

3.1. Characterization of photo-responsive AZO@Ti3C2Tx 

Differently to a previous report in which 2D-Ti3C2Tx was decorated with an AZO 

derivative via weakly ionic interactions,38 herein a covalently functionalized 

AZO@Ti3C2Tx was realized via Ti–O–C bond formation. The driving force of the 

esterification chemistry relies on the dehydration reaction derived from the nucleophilic 

substitution between the terminal –OH sites and the carboxylic acid group from the AZO 

derivative in acidic catalytic media.45 The successful formation of the photo-responsive 

MXene (AZO@Ti3C2Tx) was confirmed employing a wide range of characterization 

techniques, including SEM, EDX, XPS and UV-vis spectroscopy (Figure 1). Additional 

characterization data by means of FTIR and TGA is also provided in Supporting 

Information (see Figure S2-S3). 

The morphological characteristics of 2D-Ti3C2Tx before (control) and after being 

functionalized with AZO molecules were evaluated by SEM. As shown in Figure 1a, the 

pristine 2D-Ti3C2Tx exhibited the typical accordion-like structure.46 After AZO 

anchoring, no significant morphological changes were noticed (Figure 1b), suggesting 

that the AZO molecules might be distributed mainly on the edge of the 2D-Ti3C2Tx walls 

rather than intercalated between the walls. The elemental mapping of AZO@Ti3C2Tx 

revealed a homogeneous distribution for C, Ti, O and N (Figure 1c-g). In particular, the 

apparition of N into the composition material together with its uniform distribution 

throughout the edges of the studied surface (Figure 1g) advocates the formation of the 

photo-responsive AZO@Ti3C2Tx. To further verify this, the surface chemical 

composition was also explored by XPS. Figure 1h depicts the XPS survey spectra of 

pristine 2D-Ti3C2Tx and functionalized AZO@Ti3C2Tx. While both materials exhibited 

three main contributions (attributed to Ti 2p, C 1s and O 1s), an additional peak around 
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400 eV was clearly observed after AZO functionalization, which must correspond to the 

N 1s signal of AZO molecules. Although the N 1s peak confirms the presence of the 

organic moiety in the functionalized MXene, the interacting nature between both 

components is not revealed. In order to reach a deeper and better understanding about 

such interaction, the high-resolution Ti 2p spectra of both pristine 2D-Ti3C2Tx and 

AZO@Ti3C2Tx were compared. Table 1 summarizes the binding energy attributions for 

Ti 2p. As shown in Figure 1i, the Ti 2p spectrum of AZO@Ti3C2Tx not only displayed 

the main three chemical species for 2D-Ti3C2Tx (Figure 1j) but also an additional 

contribution fitted at 456.3 eV (Ti 2p3/2) and 463.2 eV (Ti 2p1/2). According to literature, 

these additional features can be assigned to the specific Ti–O–C bond formation, 

demonstrating the covalent nature of the molecular assembly.30,31  In concordance with 

XPS measurements, FTIR analysis also suggested the covalent functionalization by 

transferring the basic characteristic peaks from AZO to 2D-Ti3C2Tx, as well as the 

presence of a new peak at 886 cm-1 in the FTIR spectra of AZO@Ti3C2Tx that has been 

previously associated to the Ti–O–C vibration (see Figure S2).47 Therefore, the nature of 

the covalent assembling is consistent with both XPS and FTIR analyses.  

By taking advantage of the optical properties of the molecular moiety (AZO), an 

additional UV-vis characterization was also considered to further support such results. 

The absorption wavelength of AZO depends on the particular molecular structure.48 As 

shown in Figure 1k, the two main absorption bands associated to the raw AZO molecule49 

—one in the ultraviolet region (λUV,max = 327 nm, high-intensity π–π* absorption) and 

another one in the visible region (λVis,max = 441 nm, low-intensity n–π* absorption), see 

inset— were clearly blue-shifted to 278 nm (λUV,max) and 430 nm (λVis,max) after being 

grafted to the MXene. This supposes an additional proof of the covalent nature of the 

anchoring. Finally, TGA analyses were run under N2 atmosphere in order to quantify the 
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total amount of AZO grafted to 2D-Ti3C2Tx (Figure S3). Comparing to pristine 2D-

Ti3C2Tx, a total weight gain of 2.05% was yielded by the resulting AZO@Ti3C2Tx.  

 
Figure 1. Material characterization of photo-responsive AZO@Ti3C2Tx. SEM images of (a) pristine 

Ti3C2Tx and (b) AZO@Ti3C2Tx with (c) its corresponding EDX elemental mapping for (d) C, (e) Ti, (f) O 

and (g) N. (h) XPS survey spectra of pristine Ti3C2Tx and AZO@Ti3C2Tx, and (i-j) their corresponding 

high-resolution core level spectra of Ti 2p with the resulting contributions. (k) UV-vis spectra of pristine 

Ti3C2Tx, AZO@Ti3C2Tx and raw AZO molecule (inset: blank experiment). Inset: legend of colors and 

material illustration. 
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According to all characterization data, it is safe to say that 2D-Ti3C2Tx was 

functionalized with AZO molecules via esterification chemistry, resulting in the photo-

responsive AZO@Ti3C2Tx. 

 

Table 1. Ti 2p binding energies (in eV) extracted from the corresponding high-resolution XPS spectra of 

pristine 2D-Ti3C2Tx and functionalized AZO@Ti3C2Tx. 

Bond 
TiO2 

2p1/2 

Ti–Tx 

2p1/2 

Ti–O–C 

2p1/2 

Ti–C 

2p1/2 

TiO2  

2p3/2 

Ti–Tx 

2p3/2 

Ti–O–C 

2p3/2 

Ti–C 

2p3/2 

2D-Ti3C2Tx 467.7 466.3 – 460.8 459.7 457.1 – 454.4 

AZO@Ti3C2Tx 466.1 465.2 463.2 461.2 459.1 457.1 456.3 454.8 

Color Legend         

 

3.2. Light-driven isomerization of photo-responsive AZO@Ti3C2Tx 

AZO derivatives are stimuli-responsive molecules capable of undergoing a trans/cis (E/Z) 

isomeric transition via light irradiation. By applying a UV light source, the phenyl ring 

of E–AZO can be inverted, leading to the Z–AZO form. A reverse photo-isomerization 

from Z–AZO to E–AZO can be also reached by employing a visible light source. The 

geometrical changes resulting from such photoisomerization provides distinctive features 

(i.e., different electric dipole moment and optical properties).50,51 Therefore, different 

photo-responsive performances of AZO@Ti3C2Tx before (E–AZO@Ti3C2Tx) and after 

UV irradiation (Z–AZO@Ti3C2Tx) were considered in order to elucidate whether the 

molecular characteristics of AZO isomers were successfully transferred to 2D-Ti3C2Tx 

(Figure 2).  

 On one hand, the optical properties of the photo-responsive AZO@Ti3C2Tx were 

studied by UV-Vis (Figure 2a). The absorption band centered at 430 nm —which 

corresponds to the n–π* transitions of the Z–form— slightly increased after irradiation 

with UV light at 365 nm for 15 min, suggesting the isomerization from E–AZO@Ti3C2Tx 
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to Z–AZO@Ti3C2Tx.
52 Subsequently, the photo-reversibility of the isomer formation was 

explored by exposing the sample to a 525 nm green light source for 15 min. As depicted 

in Figure S4, the n–π* transition band decreased until yielding almost the beginning 

intensity due to the Z-to-E transformation, demonstrating the reversibility of the 

molecular switch.  

 On the other hand, the photo-triggered E–AZO@Ti3C2Tx to Z–AZO@Ti3C2Tx 

transition was also monitored by means of water contact angle (Figure 2b-d). The E-to-

Z isomerization promotes changes on the electric dipole moment. While the straight form 

of E–AZO is almost non-polar (with a dipole moment close to 0 D), the polarity of the 

bent Z–form highly increases due to a dipole moment around 3 D.53 Thus, a hydrophobic-

to-hydrophilic transition of AZO@Ti3C2Tx is expected after UV irradiation. The water 

contact angle of pristine 2D-Ti3C2Tx, which was estimated to be lower than 5º, was 

considered as a control (Figure 2b). After grafting the AZO molecule to the MXene, the 

water contact angle of the resulting AZO@Ti3C2Tx remarkably increased up to 51.2 ± 

0.7º due to the intrinsic hydrophobic skeleton of AZO molecules (Figure 2c). Upon UV 

irradiation, the contact angle of the AZO@Ti3C2Tx significantly diminished to 44 ± 1º 

due to the E-to-Z transition (Figure 2d), which supposes a decrease of 14%. Importantly, 

these results are also in agreement with the trend observed by zeta potential (ζ-potential, 

see Figure S5), since a higher absolute ζ-potential value was yielded by the Z–form (–

29.9 ± 0.7 mV vs. the lower –20.6 ± 0.1 mV for E–form). Finally, the reversibility of the 

switch was further confirmed after irradiating the sample with a green light source, 

increasing the water contact angle value to 49.6 ± 0.2º (see Figure S6).  

Thus, both optical and hydrophobic-to-hydrophilic transitions confirm that the 

molecular characteristics of AZO molecules were properly implanted onto the 2D-

MXene, verifying the switchable nature of the photo-responsive AZO@Ti3C2Tx. 
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Figure 2. Photo-responsive performance of AZO@Ti3C2Tx before and after UV light irradiation. (a) 

UV-vis spectra of pristine Ti3C2Tx, and functionalized AZO@Ti3C2Tx before (E–AZO@Ti3C2Tx) and after 

UV irradiation (Z–AZO@Ti3C2Tx) using a material concentration of 0.12 mg·mL-1. Water contact angle 

characteristics of (b) pristine Ti3C2Tx, (c) E–AZO@Ti3C2Tx and (d) Z–AZO@Ti3C2Tx (volume: 3 μL). 

 

3.3. Electrical readout of a light-driven molecular switch for MXetronics  

Having verified the transferred molecular properties of AZO to 2D-Ti3C2Tx, the last 

approach was focused on exploring the photoinduced isomerization ability of 

AZO@Ti3C2Tx to trigger (write) and reverse (erase) two different bistable molecular 

states (0, 1) in an electronic device. As a proof-of-principle, CV has been considered as 

the output system to read out the electrical interfacial changes derived from the two 

different bistable switches, using [Fe(CN)6]
3-/4- as the benchmark redox marker. In this 

regard, electronic transduction tools are particularly appealing since electrical signals can 

be directly integrated with current nanotechnologies for developing novel logic elements 

for information processing. CV is an electrochemical tool that provides information 

regarding to the accessibility of the redox marker to be oxidized or reduced at the 

electrode surface. While the peak high intensity (Ip) is a parameter indirectly related to 

the interfacial charge transfer resistance at the electrode/electrolyte interface, the peak 

potential separation (ΔE) value determines the reversibility of the redox couple.54 As a 

proof of MXetronic prototype, a proper amount of photo-responsive AZO@Ti3C2Tx was 
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drop-casted on an emerging 3D-nCE as a model transducing platform (see Figure 3a and 

Experimental Section for further details). The electrochemical measurements were run in 

a three-electrode configuration cell before and after in situ irradiating the MXetronic for 

15 min with i) UV light at 350 nm (to obtain Z-AZO@Ti3C2Tx from E-AZO@Ti3C2Tx) 

and ii) visible light at 465 nm (to obtain E-AZO@Ti3C2Tx from Z-AZO@Ti3C2Tx).  

Figure 3b reveals the CV performances of the MXetronic depending on the 

isomer nature of the photo-responsive AZO@Ti3C2Tx. Remarkably, the two light-

triggered isomerization states (E/Z as the states 0 and 1, respectively) were dually 

discerned by means of ΔE (ΔΔE = 0.15 V) and Ip (ΔIp = 0.18 mA). As illustrated in Figure 

3b (inset), such voltammetric outcomes can be accounted by changes in the interfacial 

electron transfer reaction at the MXetronic/electrolyte interface promoted by the applied 

optical inputs. On one hand, the straight E-AZO@Ti3C2Tx form allows a tree-like 

molecular organization on the MXetronic surface that favors the formation of empty 

channels where the [Fe(CN)6]
3-/4- redox marker can penetrate, fact that facilitates the 

interfacial electron transfer. From an electrochemical point of view, this can be translated 

as higher Ip (1.37 mA) and lower ΔE (0.50 V) values. Otherwise, the bent Z-

AZO@Ti3C2Tx counterpart obtained after irradiation with UV light sterically hindered 

the MXetronic surface, blocking the interfacial electron transfer reaction that leads to 

lower Ip (1.19 mA) and higher ΔE (0.66 V) values. As shown in Figure S7, a control 

experiment carried out with pristine 2D-Ti3C2Tx did not display significant voltammetric 

changes before and after UV light irradiation, demonstrating the key role of the photo-

switchable AZO molecule in the 2D-MXene. Finally, the reversibility of the photo-driven 

molecular switch was demonstrated by simply manipulating the external light source 

(from UV light at 365 nm to Vis light at 465 nm) for several cycles (Figure 3c).  
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Such promising results achieved at this optical input/electrical output system 

elucidate the suitability of MXene-based (opto)electronics carrying active molecules —

herein referring to the term “Responsive MXetronics”— to discern electrical signals at 

the molecular level by combining active molecular components with 2D-Ti3C2Tx for 

binary logic (0, 1) processing.  

 

 
Figure 3. Electrically reading a bistable molecular switch at the photo-responsive AZO@Ti3C2Tx. (a) 

Illustration showing the immobilization of the photo-responsive AZO@Ti3C2Tx on the top of a 3D-printed 

nanocomposite carbon electrode (3D-nCE) to electrochemically discern two different light-driven states 

(E–AZO@Ti3C2Tx ↔ Z–AZO@Ti3C2Tx) at the MXetronic. (b) Electrochemical output signals obtained by 

CV (scan rate: 50 mV·s-1) at the switchable MXetronic interface, using [Fe(CN)6]3-/4- as the benchmark 

redox marker. Inset: Illustration of the ability of the two different interfaces to properly oxidize/reduce the 

redox marker. (c) Dual electrochemical reversibility of the photo-switchable MXetronic achieved by CV in 

terms of ΔE and Ip. 
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4. Conclusions  

A light-responsive MXene has been devised by covalently functionalizing 2D-Ti3C2Tx 

with a photo-active molecule as AZO via Ti–O–C bond formation. The inherent 

switchable molecular characteristics of AZO has shown to be successfully transferred to 

2D-Ti3C2Tx, resulting in a photo-switchable AZO@Ti3C2Tx in which two bistable 

molecular states (E–AZO@Ti3C2Tx ↔ Z–AZO@Ti3C2Tx) have been successfully written 

and erased by manipulating the external light source. As a first demonstration of 

applicability, this AZO@Ti3C2Tx has been casted upon a 3D-printed transducer to achieve 

an MXetronic prototype to electrically read out a reversible light-triggered molecular 

switch via CV. As a result, a dual modulation of the electrochemical output signals was 

reached by means of current intensity peak (Ip) and peak potential separation (ΔE). 

Nonetheless, this supposes a proof-of-principle and therefore, some setup modifications 

should be considered for real implementation (e.g., by fully 3D printing responsive 

MXetronics —rather than casting the material to the electrode to avoid some possible 

leakage— for in situ measurements in an integrated photoelectrochemical cell). 

Overall, tuning 2D-Ti3C2Tx with active molecules has demonstrated to be a 

suitable approach to manipulate/control the electronic properties of MXenes. It is 

important to point out that the bottom-up functionalization approach is straightforward 

and might be simply customized through anchoring the desired active molecular moiety. 

Accordingly, this work represents an alternative to overcome the current bottleneck in the 

real applicability of 2D-MXenes by providing a new family of “Responsive MXetronics” 

which offer binary logic processing capabilities at the molecular level. Finally, the 

combination of molecular engineering with 2D-MXene foresees a promising path forward 

for the development of Molecular MXetronics, while 3D-printed substrates allow for 

manufacturing ready-to-use transducers on-demand. 
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