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Abstract 

The 2-D Ti3C2 (MXene) materials have found applications in various fields, particularly as a candidate 

for field emission electron source when mixed with carbon nanotubes (CNTs) as the electron source 

material. In this study, a novel multilayer film structure utilizing Ti₃C₂ (MXene) / CNTs and fabricate 

a unique field emitter device using these 2-D Ti3C2 (MXene) / CNT materials have been presented. 

The material exhibits a tensile stress of 950 MPa and a low elongation at break of 8%. Specifically, 

utilizing the sharp edges of this material for emission, the field emission characteristics of Ti3C2 

(MXene) and Ti3C2 (MXene) / CNT have been compared. The field emission characteristics of Ti3C2 

(MXene) and Ti3C2 (MXene) / CNT have been compared. Measuring the current density is up to 3.49 

A∙cm-2 at an electric field of 2.91 V∙µm−1, It has low turn-on field (Eon) 1.6 V∙ m-1, and low threshold 

electric field (Eth) 0.22 µA.cm-2. The field enhancement factor β of Ti3C2 (MXene) / CNT is about 4.5 

times more than pristine Ti3C2 (MXene). Utilizing curved tip of Ti3C2 (MXene) / CNT emission, the 

field emission current device slightly increases surround the vacuum degree from 1.010-3 Pa to 

4.710-5, and the current can be emitted steadily for a duration of 1 hour under the voltage of 723 V 

and vacuum level of 1.010-3 Pa. Those results provide that this kind of multilayer film Ti₃C₂ (MXene) 

/ CNT exhibits exceptional mechanical properties and can be easily shaped, particularly suit to 

fabricate vacuum electronic devices and other uses. 

Keywords: field emission; Ti3C2 (MXene); CNT 

 

1. Introduction 

2-D Ti3C2 (MXene) materials have found applications in various fields [1,2], including energy 

storage, supercapacitors and batteries [3], biomedicine [4], catalysis [5], environmental detection and 

so on. However, the two-dimensional MXene material exhibits relatively low mechanical properties, 

including tensile strength and elongation, and is very vulnerable to moisture due to its 

hydrophilicity. In oder to enhance its elasticity, researchers have successfully fabricated composited 

devices by combining MXene with other materials, such as carbon fiber, expanded graphite, 

graphene, and even CNT, all of which possess exceptional electrical conductivity and flexibility [6]. 

Such as Rajasmita Malik and his team used MXene composite polymer (EMA) s with a concentration 

of 10% to make an elastic electron storage device [7]. And mix graphene oxide or carbon nanotubes 

can be increase its strength and reduce infrared absorption [8,9]. Mengyao Xu and his team adopted 

the autocatalytic growth of CNTs on Ti3C2Tx nanosheets at low temperature and combined with the 

thermal annealing technology in nitrogen atmosphere to prepare a mixture of Ti3C2TX-cnts [10]. As 

electromagnetic interference (EMI) shielding materials [11,12], Hao Wu's team used a natural rubber 

NR and combined it into a "sandwich" structure of a composite membrane of NR / MXene / CNTs to 

enhance its durability and thermoelectric conversion, as well as hydrophobic. Its mechanical strength 
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of multilayer NR / MXene / CNTs-50 has a tensile stress of 20.7 MPa and elongation at break of 123.2% 

[13].  

The materials can also be used in microwave absorption (MA) materials [14,15]. but the electric 

field emission properties of their structures in lower vacuum are rarely studied. Here, we utilized the 

vacuum-assisted filtration system and employed to fabricate a multilayer film of Ti₃C₂ (MXene) / 

CNT. The measurement techniques have been employed to analyze the properties of MXene 

materials, such as SEM, x-ray diffraction (XRD) [16], field emission scanning electron microscopy 

(FESEM). 

The characteristics of electric field emission are affected by the surrounding atmosphere. By 

utilizing vacuum assistance, the device’s emitter can be measured in a vacuum environment, which 

can reduce the work function of materials [17]. MXene exhibits high electrical conductivity values, 

such as metal-like electrical conductivity reaching ≈20000 S∙cm−1, while nanotubes show 

semiconducting or metallic electronic properties. However, these materials are susceptible to sputter 

erosion and chemical contamination, which negatively impact their field emission behavior and 

result in degradation. Therefore, high vacuum conditions are necessary for operation [18]. 

Since 2020, Yan et al reported the utilization of 2D Ti3C2 (MXene) as a cold field emission cathode 

material under the vacuum pressure of 10-6 Pa. They achieved a measured current density of 59 mA∙ 

cm−2 at an electric field strength of 7.5 V∙µm−1. They further investigated the MXene–TiO2 composite 

and measured an enhanced emission current density reaching up to 289 mA∙cm−2 from the cross-

section of the composite film at a pressure of 1.0 × 10−5 Pa [19,20].  

Based on previous study, Utilizing the sharp edge of this material for emission, a field emitter 

device using 2-D Ti3C2 (MXene) material and Ti3C2 (MXene) Mixing CNT have been fabricated 

respectively.  

2. Experimental Section  

2.1. Materials  

The production of few-layer Ti3C2 (MXene) can be achieved by utilizing various etchants and 

delamination techniques [21]. The wet-chemical etching methods commonly employed at the earliest 

stage involve the utilization of hydrofluoric acid (HF) or HF-containing solutions.the process can be 

represented by following equation:  𝑇𝑖3𝐴𝑙𝐶2 + 3𝐻𝐹 = 𝑇𝑖3𝐶2 + 𝐴𝑙𝐹3 +
3

2 
 𝐻2 [22] [23]  . 

Obviously , HF has more hazardous, In the current year, Ti3AlC2 Mixture lithium fluoride (LiF) and 

concentrated hydrochloric acid (HCl) produced in situ HF to obtained Ti3C2. The delaminated 

solution of few-layer Ti3C2 (MXene) was obtained using this method and purchased from Jilin 11 

Technology Co., Ltd 

The cross-stacked CNT films were fabricated using super-aligned carbon nanotubes. First, 

individual CNTs are extracted using tweezers. These individual tubes are then assembled into an 

initial ribbon without any interruptions. This initial thin ribbon is further extended to form a CNT 

film of the same width as the substrate. Finally, by stacking multiple layers of superaligned CNT 

films in a crosswise manner, a "cross-stack film" could be produced [24,25]. 
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2.2. Preparation of Ti3C2 (MXene)/CNTs Films 

A schematic illustration of the preparation process for the Ti3C2 (MXene) / CNT film ( Figure 1), 

shows that the fabrication of Ti3C2 (MXene) / CNT hybrid films involved a mixing filtration technique. 

Firstly, about 5 mg / ml aqoeous solution Ti3C2 (MXene) suspension was initially subjected to a 30-

minute ultrasonic treatment as an initial step. The solutions should be subjected to vacuum filtration, 

with a volume of approximately 0.2ml each., a single layer Ti3C2 (MXene) was deposited on the top 

of another CNT cross-stack film of four layers.and followed by vacuum-assisted filtration to complete 

a cycle. The process was repeated layer by layer ten times before finally unveiling the dried multilayer 

film.    

CNT

Ti₃C₂ (MXene)

+ 

Ti₃C₂ (MXene) / CNT

 

  Mxnen
(Ti3C2)

Nanosheets

Vacuum
assisted
filtration
system

dispersion

CNT film

Mxene/CNT
film

（a）

 

Figure 1. Schematic diagram for the fabrication of multilayer film Ti3C2 (MXene)/CNT. 

2.3. Fabrication of Emitters 

The entire measurement the device process is conducted in vacuum atmosphere, utilizing a 

diode-type measurement system. The cathode is represented by a composite film measuring 

approximately 5 mm in length and 5 mm in width. A fluorescent screen is used as an anode, the 

distance (d) between the emitting surface and the anode is maintained at around 300 𝜇𝑚.  

3. Results and Discussion 

3.1. Fabrication and Characterization of Film 

The FESEM top view image of the film is shown (Figure 2a-d), with a voltage of 10KV applied, 

from image (Figure 2a,b) it can be observed that the surface morphology of film in pure Ti3C2 (MXene) 

is predominantly flat, with a cross profile thickness of approximately 10 m. This structure provides 

an excellent emission source for subsequent cold field emission applications. Figure 2c,d. shows the 

surface and cross profile morphology after incorporating CNTs. It can be seen from the images that 

after doping CNT, the structures resemble spider webs. The stress–strain curves of Ti3C2 (MXene) / 

CNT film have been described ( Figure2e), we can see that the film of Ti3C2 (MXene) / CNT at a stretch 

speed of 0.1 mm / min, which has a high tensile stress of 950 MPa and a low elongation at break of 

8%. The analysis reveals that the multilayer film of Ti3C2 (MXene) / CNT exhibits fewer defects and 

demonstrates favorable tensile properties. 
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Figure 2. The SEM images of pristine Ti3C2(MXene) film（a,b）and Ti3C2(MXene) / CNT film（c,d）the stress–

strain curves of Ti3C2(MXene) / CNT(e). 

3.2. Results and Discussion 

The cross-section of the Ti3C2 (MXene) film was measured as a cold field emission cathode 

material. As depicted (Figure3a, b) the results demonstrate that the current density can reach up to 

351 mA∙ cm−2 at an electric field of 7.12 V∙µm−1, with a surrounding vacuum chamber pressure of 

3.7×10-6 Pa. Moreover, this device exhibits excellent current stability with minimal fluctuations over 

the course of one hour.  

Analysis showed that Fowler-Nordheim from Ti3C2 (MXene) cathodes of the field electron 

emission. Figure 3c shows the typical Fowler-Nordheim plots under different vacuum chamber 

pressure, adopt cross-section of composite film. From the linear plots, it can be deduced that the 

electron emission process from Ti3C2 (MXene) is a typical Fowler-Nordheim tunneling behavior. In 

the linear zone, the slope of the straight line is similar to the same, that is to say, it has nearly no 

relation to vacuum degree. 

The crystal structures of samples were determined using X-ray diffraction (XRD, Rigaku Smart 

Lab-SE, Japan) with Cu-K𝛼 radiation (40 KV, 200 mA), and a scanning rate of 4°min−1 from 5° to 85°. 

The XRD patterns shown (Figure 3d) reveal that the Ti3C2 (MXene ) crystals, As can be observed, the 

crystals exhibit prominent peaks at 7.04°( 002 ), while the peak of ( 002 ) shifts towards smaller angles, 

indicating simultaneous intercalation and weakening. These results provide confirmation that the 

nanosheets have been successfully prepared. After mixing the CNT, the crystals peaks of Ti3C2  

(MXene ) are located 6.7°(002 ), indicating the crest creates a tiny amount of movement, The shift in 

crystal peaks indicates that the interlayer spacing increases after maximizing the CNT film [26]. The 

CNT peak of ( 002 ) is located 25.27°, and those peaks are narrow and sharp due to the high 

crystallinity. From Figure 4.b, the analysis reveals the presence of a crystalline peak in close proximity 

to the CNT (002) peak, observed at 24.9◦, which corresponds to the formation of TiO2 during the 

hydrothermal reaction [13]. 

 

（c） 

(b)     (a) 

（d） 

 10m 50m

100m 50m  
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Figure 3. The J-E curev surround vacuum chamber pressure 3.7×10-6 Pa and 2.1×10-5 Pa . (a) The stability (J–t) 

curve current of field emission under the electric field intensity 6191V/ mm. (b)  The typical Fowler-Nordheim 

plots under different vacuum pressure. (c) The XRD patterns combined with films of Ti3C2 (MXene)and Ti3C2 

(MXene) / CNTs. (d). 

According to relevant reports, the Ti3C2 (MXene) material probably contains O, OH, and F [22]. 

(Figure 4a, b) The elemental analysis of Ti3C2 (MXene) and Ti3C2 (MXene) / CNT respectively, From 

EDS chart (Figure 4a) shows the presence of C, Ti atom, but no OH in the film. And these spectra 

indicate the existence of O atom and a minoramount residues of F atom which can combine with C 

atom to form a-C: F nanostructures [27,28]. From EDS chart, (Figure 4b) shows the presence of C, Ti, 

F atom, there is not OH in the film as well. After mixing carbon nanotube, measurements were 

conducted on the Ti3C2 (MXene) / CNT composite as the cathode field emission under pressure 2.4×10-

4 Pa (Figure 4c). Results showed that at an electric field of 2.91 V∙µm−1, the current density reached up 

to 3.49 A∙cm-2 with a current value of 1.81mA. The turn-on field (Eon) 1.6 V∙ m-1. The threshold electric 

field, applied electric field for generating a current density of 0.22 µA∙cm-2 [29].  
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Figure 4. EDS spectra of Ti3C2 (MXene ) before(a) and after (b) field emission. The J-E curve field emission 

performance of Ti3C2 (MXene) / CNT, and the surround vacuum pressure 2.4×10-4 Pa. (c) The typical Fowler-

Nordheim plots under different vacuum pressure. (d). 

From Figure 4d, the F-N plot displayed a straight line indicating that the electron has a excellent 

tunneling behavior. (Figure 4d) Display the shift of two materials before and after mixed the CNT, 

respectively. Based on the Fowler-Nordheim (F-N) theory, use the following equation: 𝐽 =

𝐴𝜑−1𝛽2𝐸2 exp (−
𝐵𝜑3 2⁄

𝛽𝐸
)  (mA∙cm-2), transform it to the other equation:, 𝑙𝑛 (

𝐽

𝐸2) = 𝑙𝑛 𝐴
𝛽2

𝜑
−

𝐵𝜑3 2⁄

𝛽𝐸
, where A and B is a constants, just depends on electron charge and its mass,  𝑎𝑛𝑑 𝑡ℎ𝑒𝑛 𝐴 =

1.5410−6𝐴 ∙ 𝑒𝑉 ∙ 𝑉−2   and 𝐵 = 6 ⋅ 83 × 109𝑣 ⋅ 𝑚−1 ⋅ 𝑒𝑣−3 2⁄   respectively [30]. The 

parameter φ represents the work function of the cathode material [31]. The value of 𝛽  can be 

calculated from the next the following equation: 𝛽 = −
𝐵𝜑3/2

𝐾
 , here the parameter 𝛽  is the field 

enhancement factor, and using the following value to calculate the field enhancement factor β. 

Based on Thorsten Schultz and his co-workers calculation results. Use value of the work 

functions ( 𝜑) of the Ti3C2 (MXene) 4.1 ev, to calculate the field enhancement factor 𝛽 is 750 [32]. 

Moreover, combining the metallic CNTs with the dielectric Ti3C2 (MXene) , use the 𝜑 = 4.8 eV for the 

work function of CNT, the β of Ti3C2 (MXene) / CNT is 3453. All the J-E curves (Figure 4c,d) of this 

study are satisfactorily fitted with the F-N equation [33]. By analyzing the slope of the linear portion 

(Figure 4d) using the F-N plot of ln (J/ E2 ) versus 1/E, we define this plot as parameter K [34–37]. It is 

evident that when Ti3C2 (MXene) is mixed with CNT, the decrease in the plot can be attributed to 

either a reduction in the work function or an increase in the field factor (β), and it may also result 

from their combination, and the other reason perhaps resulting Joule heating, which occur defect 

scattering on CNTs.  
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From the calculation, the field enhancement factor 𝛽 present a different result. Firstly, the field 

enhancement factor β almost has nothing to do with the vacuum degreen. From above Figure 4d, 

those devices of field emitter even though surround different vacuum environments, there are the 

same slop in the curves. 

From Figure 3d, we can see that the XRD patterns films of Ti3C2 (MXene) have a small amount 

TiO2, this is own to consequence of oxidized，while Ti atoms exposed on the surface of Ti3C2  

(MXene) and also the oxygen elements in the environment, the Ti atoms easily can be oxidized into 

TiO2. This is necessary a consequence of process, thus decreasing the conductivity of Ti3C2 (MXene) 

[28,38], and this process as same as the material of Ti3C2 (MXene) / CNTs. The band gap of TiO2 is 3.2 

eV [16]. The work function 𝜑  of TiO2 is lower than Ti3C2 (MXene ), and calculate the field 

enhancement factor 𝛽  must be low, coating TiO2 leading to thansform the crystal structure and 

reduce the turn-on electric field and threshold electric field [29].  

The significant affecting the field enhancement factor is the work function (𝜑) of the emitting 

material. Using the relation 𝜑 = Evac − EF, here, EVac is the electrostatic potential in the vacuum 

and EF indicates the Fermi level [37]. After mixing the CNT, the Ti3C2 (MXene) of field emission 

performance will be considerably enhanced, this may be due to electronic charge transfer results in 

the reduction of the work function.  

And the surface resistivity is another influence factor under the electron emission from carbon 

films. This Ti3C2  (MXene) structure due to addition of CNT, the conductive network can extend the 

current transmission path, so that the conductivity can be improved. The F-N curve reveals that for 

the same shape of the emitter, its field emission range remains linear and unaffected by changes in 

slope. Under identical external conditions, it can be inferred that the field enhancement factor remains 

constant. Furthermore, it has been observed that the value of 𝛽 is strongly dependent on the device 

geometry, aspect ratio, aspect ratio (emitter geometry), screening effect, shape and size as will [39].  

The film sample was subsequently transformed into a curved tip (with a central angle of 

approximately 45 degrees and a radius of about 10mm), replacing the original square shape. Utilizing 

tip emission. A fluorescent screen is used as an anode, the distance (d) between the emitting surface 

and the anode is maintained at around 500 µm. We first tested the change of current with voltage in 

a low vacuum environment (about 1.010-3 Pa) and tested the stability, and then following using 

scanning electron microscopy to measurement the image of the emitted arc tip thin film material, 

Then increase the vacuum degree and repeat the experiment. 

As depicted (Figure 5a,b) the field emission current of Ti3C2 (MXene) / CNT device slightly 

increases with increasing vacuum degree, this phenomenon is attributed to the effects of vacuum 

environment on emission stability, current density and lifetime. In low vacuum conditions, ignition, 

gas ionization and ion bombardment cathode can occur and affect the performance of field emission 

devices. Conversely, high vacuum environments reduce gas molecule collisions and scattering 

between electrons and molecules while also decreasing the probability of gas adsorption by the 

chamber walls. These factors enhance electron emission from cathode materials leading to improved 

current stability.[17] Foretheremore, the brightness of the screen is also indicative of the size of the 

electron beam generated through field emission from the cathode material.  
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Figure 5. The I-V curve field emission performance of Ti3C2 (MXene ) / CNT (a) The typical Fowler-Nordheim 

plots under different vacuum pressure.(b) The SEM images of Ti3C2 (MXene) / CNT film (c). The typical Fowler-

Nordheim plots under different vacuum pressure (d). 

The morphological changes observed after each test are depicted (Figure 5c), which shows SEM 

images of Ti3C2 (MXene) / CNT film. It is evident that as the tests progress towards the tip, the sample 

experiences more severe damage. Following the initial low vacuum (1.0×10-3 Pa) test, significant 

morphological alterations occurred, particularly at the posterior region of the tip where holes were 

observed. Additionally, it was apparent that CNT within the surface layer had undergone 

vaporization, potentially attributed to field emission under low vacuum conditions and thermal 

effects caused by emitted oxygen leading to carbon vaporization into holes on the surface. However, 

minimal damage was observed on lower regions due to their coverage by Ti3C2 (MXene ) film. This 

phenomenon can be explained by Joule-heating resulting from increased temperature, while the local 

carrier generation promoting that emission simultaneously enhancing. Furthermore, the 

nanochannels can be limit transportation of generated holes. The source material of the emission has 

remained relatively unchanged over an extended period of time, primarily due to its ability to 

inversely suppress net carrier generation and stabilize enhanced current flow. [40] The outermost 

layer of the material is coated with a CNT film, and the presence of these small holes may be 

attributed to defects in the crystal structure of the CNTs. Consequently, electron accumulation occurs 

at these holes place, and leading to an increase in material temperature and subsequent vaporization. 
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Figure 5d shows the results of the analysis the experimental data using the corrected form of the 

Fowler–Nordheim (FN) FE theory. The results also show that the material has better field emission 

performance [41,42]. 

4. Conclusions 

The Ti3C2 (MXene) / CNT composite structure exhibits robust mechanical properties and is easily 

cut, making it suitable for electronic devices in low vacuum. Additionally, it demonstrates excellent 

field emission properties under low vacuum conditions. After mixing CNT, at an electric field of 2.91 

V∙µm−1, current density reached up to 3.49 A.cm-2. It has low turn-on field (Eon) 1.6 V∙m-1, and low 

threshold electric field (Eth) 0.22 µA.cm-2. And the field enhancement factor β is 3453, it is about 4.5 

times more than pristine Ti3C2 (MXene) (β=750). These materials are suited to fabricate vacuum 

devices.  

The cold electron emission from 2D Ti3C2 (MXene) was comparatively studied with Ti3C2 

(MXene) / CNTs nanosheets. Moreover, the field emission current is influenced by various factors, 

including the vacuum level, aspect ratio of the emission film material, shape of the cathode emission 

surface, temperature, surface structure of the film, and impedance of the anode phosphor screen. 

Additionally, it can be considered to modify the band structure of the material through introducing 

impurity elements, and alter the work function and consequently adjust the emission current. The 

development of new Ti3C2 (MXene) / CNTs composites also offers us additional possibilities for 

investigating field emission performance, which will be our next focus. 

These films exhibited robust mechanical properties and were easily molded into desired shapes, 

andalso exhibits superior field emission characteristics in low vacuum conditions, rendering it highly 

suitable for electronic devices operating under such environments. Additionally, Ti3C2 (MXene) / 

CNTs composites doped with other elements can also be utilized as pressure sensors and bilateral 

brakes. Furthermore, since Jianli Wang and his colleagues employed CNT / MXenes nanospheres for 

the fabrication of lithium-sulfur batteries in 2019, CNT / MXenes have been consistently reported as 

a promising material for solar cells, Combined with Carbon nanotubes (CNT) can be utilized to 

fabricate diverse optoelectronic devices that are especially suitable for operation in vacuum 

environment [43–45]. It is anticipated that these films will find potential applications in future 

research studies. 
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