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Abstract: Here we report the fabrication of a CNT-Al2O3-Ag-TiO2 composite nanomaterial through 

a two-step process: (1) constructing the CNT-Al2O3-Ag composite on a silicon substrate using elec-

trophoretic deposition (EPD), and (2) integrating Ti particles by magnetron sputtering followed by 

annealing. Comparing with the CNT-Al2O3 and CNT-Al2O3-Ag samples, the CNT-Al2O3-Ag-TiO2 

composite demonstrated the best field emission (FE) performance with a turn-on field of 2.1 V/µm 

and a threshold field of 4.76 V/µm. Under an oxygen pressure of 2×10⁻⁶ Pa, the CNT-Al2O3-Ag-TiO2 

composite exhibited the best stability with current fluctuations of about 2% at a current density of 

2.5 mA/cm². In hydrogen sensing tests, the CNT-Al2O3-Ag-TiO2 sample showed the best perfor-

mance, displaying a 176% increase in sensing current at 5×10⁻⁴ Pa and an 87% increase at 8×10⁻⁶ Pa 

within 5 minutes at the initial current of 1.0 μA, highlighting its enhanced sensitivity. These results 

demonstrated that the CNT-Al2O3-Ag-TiO2 nanocomposite is a promising candidate for field emis-

sion and high sensitive low-pressure hydrogen sensing applications. 

Keywords: Carbon nanotubes (CNTs); Nanocomposite; Oxygen environment, Field emission; Low 

pressure; Hydrogen sensing 

 

1. Introduction 

Carbon nanotubes (CNTs) have garnered substantial research interest in recent dec-

ades owing to their extraordinary electrical, thermal, and mechanical properties, making 

them the promising materials for various electronic applications, including field emission 

(FE) and gas sensing applications [1,2]. Advantages of low operation power, less thermal 

radiation, and quick start make the field emission sources attractive for various applica-

tions, such as X-ray sources and analytical instruments [3]. Nevertheless, the applications 

of CNT-based materials in harsh vacuum environments containing oxygen or other reac-

tive gas agents could bring out significant technical challenges. The oxygen exposure 

could induce the oxidation and structural corrosion of CNTs, leading to the degradation 

of field emission currents [4,5]. On the other aspect, CNT-based gas sensors demonstrated 

remarkable potentials for hydrogen detections under atmospheric pressures, attributed 

to their exceptional sensitivity and fast response characteristics [6,7]. With the rapid devel-

opment of vacuum microelectronics (VM) technology, the VM devices, such as X-ray 

tubes, microwave tubes, particle accelerators, mass spectrometers, and electron micro-

scopes, need to be operated in high vacuum environments [8]. When the internal pressure 

of the vacuum device is less than 1×10-3 Pa, hydrogen gas is one of the main components 

of the residual gases in the vacuum device cavity. In addition, the small hydrogen molec-

ular is easy to dissolve inside the device wall, and then release into the interior of the 
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vacuum system, which can also cause the pressure changes for the vacuum microelec-

tronic devices in long term, significantly impacting the operation performances and ser-

vice life [9]. Therefore, it is necessary to detect hydrogen contents in the VM devices. How-

ever, there are still limitations on reliable miniature low pressure hydrogen detection 

methods. 

To address these limitations, researchers have explored various strategies, such as 

coating CNTs with protective layers or incorporating functional nanoparticles [10-15]. 

Among these approaches, the introduction of metal nanoparticles (e.g., Ag) and metal ox-

ides has shown potentials on enhancing the emission stabilities for CNT-based composites 
[11,14]. Silver (Ag) nanoparticles are known for their excellent electrical conductivity and 

catalytic activity, benefiting the improvements of field emission and gas sensing proper-

ties [14,16]. Aluminum oxide (Al2O3) is particularly effective on enhancing the interfacial ad-

hesion between CNTs and substrates due to strong electrostatic interactions and mechan-

ical interlocking [17], thereby reducing the interfacial resistance, while its inherent second-

ary electron emission properties, to further enhance the field emission performance of 

CNT-based nanomaterials [18]. On the other hand, TiO₂ was introduced primarily due to 

its lower work function (~4.0 eV) compared to the CNTs [19], which could effectively de-

crease the overall work function of the CNT-based composite material. Meanwhile, tita-

nium dioxide (TiO2) offers high chemical stability and resistance to oxidation, making it 

an ideal protective layer for CNTs in complicated environments [20,21]. These effects opti-

mize synergistically the field emission properties of the CNT-based nanocomposites. Be-

sides, TiO₂ exhibited promising hydrogen sensing properties at atmospheric pressure [22], 

suggesting hydrogen detection potential under low-pressure conditions. By integrating 

Al₂O₃ and TiO₂, the CNT-based nanocomposite could enhance both the field emission and 

low pressure hydrogen sensing performance. 

In this study, we synthesized CNT-Al2O3, CNT-Al2O3-Ag, and CNT-Al2O3-Ag-TiO2 

nanocomposites using a two-step method and their field emission and low pressure hy-

drogen sensing performance were evaluated. The incorporations of Al2O3, Ag and TiO2 

were designed to enhance the electrical and thermal properties and environmental stabil-

ity of the CNT emitters. We systematically investigated the field emission properties, in-

cluding turn-on field (Eto), threshold field (Ethr) and emission stability, as well as the hy-

drogen sensing performance of the materials. Our results demonstrated that the CNT-

Al2O3-Ag-TiO2 composite exhibits good field emission stability in oxygen environment 

and hydrogen sensing sensitivity, making it a promising candidate for electronic applica-

tions. 

 

2. Materials and methods 

2.1. Preparation of CNT-Based Nanocomposite Cathodes on Silicon Substrates 

 

The CNT-based electrodes were synthesized on silicon substrates using EPD method 
[16,23]. To prepare CNT-based electrodes, the pristine CNTs (0.10 g/L, Shenzhen, China, 

Shenzhen Suiheng Graphene Technology Co., Ltd.) was first subjected to carboxylation 

treatment by immersing into the concentrated nitric acid under sonication. Subsequently, 

the treated CNTs were dispersed in an ethanol solution and sonicated for 2 hours to en-

sure a homogeneous suspension. Finally, the CNT electrode were fabricated via EPD, 

where the CNTs were deposited onto the silicon substrates under an applied electric field. 

For the EPD synthesis of CNT-Al2O3 cathode, Al(NO3)3 and pristine CNTs (0.05g/L, 

99.5%, Aladdin) was added to an ethanol solution. To synthesize CNT-Al2O3-Ag cathode, 

Ag powder (0.01 g/L, 99.5%, Aladdin) was mixed with the treated CNTs and Al(NO3)3 in 

ethanol. During the EPD process, the distance between the anode and cathode was set to 

1 cm, with an applied voltage of 250 V and a deposition time of 2 minutes. For the prepa-

ration of CNT-Al2O3-Ag-TiO2 cathode, a Ti layer was deposited on the surface of CNT-
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Al2O3-Ag sample using radio frequency (RF) magnetron sputtering. This sputtering pro-

cess was carried out at a power of 150 W with an Ar flow of 100 sccm, and a deposition 

time of 1 min. After deposition, the CNT-Al2O3-Ag-TiO2 composite electrode was an-

nealed in a furnace at 350 ℃ for 30 minutes under an argon atmosphere with a flow rate 

of 200 sccm. 

2.2. Sample Characterizations 

The morphology and microstructure of the CNT-based composite materials were an-

alyzed using scanning electron microscopy (SEM; JSM-7100F, JEOL, Tokyo, Japan) and 

high-resolution transmission electron microscopy (HRTEM; JEM-2100, JEOL). The crystal 

structures of the samples were characterized by Raman spectroscopy (DXR3, Thermo 

Fisher Scientific, Waltham, MA, USA). The element composition of the samples were de-

termined using energy dispersive X-ray spectroscopy (EDS, Oxford Ultim max, Oxford, 

UK) and X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scientific etic escalab250x, 

Waltham, MA, USA). The C1s peak at 284.6 eV was used as the reference for calibration. 

2.3. Field emission and hydrogen sensing tests 

 

 

The field emission and gas sensing performance of CNT-based composite emitters 

were studied using an ultra-high vacuum system equipped with molecular pumps and 

ion pumps. Prior to each test, the system was heated to 300 ℃ and maintained at this 

temperature for 12 hours to acquire a base pressure below 3×10-7 Pa. Both the field emis-

sion and low-pressure hydrogen sensing performance of three samples were investigated 

in this high-vacuum turbine system. The field emission area was set to 0.16 cm2, and the 

distance between the cathode and the stainless steel anode was fixed at 300 µm. The FE 

current and voltage were controlled by a Keithley 244 multimeter and a Keithley 248 high-

voltage power supply.  

The turn-on field (Eto) and threshold field (Ethr) were defined as the electric fields re-

quired to generate emission current densities of 10 µA/cm2 and 10 mA/cm2, respectively. 

As described in our previous reports [16], hydrogen sensing tests were conducted on the 

three samples. First, a high current of 400 µA was applied to the sample for 5 minutes to 

desorb the gas from the sample surface. Subsequently, high-purity hydrogen gas (99.999%) 

was introduced into the vacuum chamber while maintaining the system pressure within 

the range of 10-7 Pa to 10-3 Pa. A low FE current at the microampere level was then applied, 

and the current changes were recorded. This process allowed the sensing emitter to re-

spond to specific hydrogen partial pressures. To ensure reliable pressure sensing data, the 

normalized current IN (calculated as the average value of the current obtained at the end 

of every 10-second interval during a specific emission cycle), was used to evaluate the 

hydrogen sensing performance of CNT-based samples. 

 

3. Results and discussions 

3.1. Morphologic and Structural Characterizations of CNTs and CNT-Based Nanocomposites 

The SEM, Raman and EDS results of the three types of CNT-based nanocomposites 

were presented in Figure 1. As shown in Figure 1a, the diameter of the CNT-Al2O3 sample 

ranged from 20 to 30 nm, and the carbon nanotubes were entangled with each other, 

which could be due to the carboxylic acid treatment [16,23]. Compared to the CNT-Al2O3 

sample, the morphologies of CNT-Al2O3-Ag and CNT-Al2O3-Ag-TiO2 samples did not ex-

hibit significant differences (Figures 1b and 1c). Figure 1d exhibited the cross-section of 

the CNT-Al2O3-Ag-TiO2 composite, demonstrating strong adhesion between the CNT-
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Al2O3-Ag-TiO2 layer and the silicon substrate. In Figure 1e, the Raman spectra of the three 

samples displayed CNT characteristic peaks, specifically the D band (1345 cm-1) and G 

band (1582 cm-1). The D band corresponds to the defects in the carbon lattice, while the G 

band represents the in-plane stretching vibration of sp2 hybridized carbon atoms [23,24]. The 

intensity ratio of the D band to the G band (ID/IG) is an indicator of defect density in CNTs, 

a higher ID/IG ratio indicates more defects. The ID/IG ratios of the three CNT-based compo-

site materials were nearly identical, suggesting that the crystal structure of the CNTs re-

mained largely unchanged during the fabrication process. The EDS characterizations of 

all samples were shown in Figure 1f. For the CNT-Al2O3 sample, EDS detected the signals 

for C, O, Al and Si. The Si and Al signals originated from the silicon substrate and Al2O3, 

respectively, while the O signal was attributed to the Al2O3, and the surface contamination 

of carbon nanotubes resulting from the carboxylic acid treatment and exposure to air. In 

the CNT-Al2O3-Ag sample, the additional Ag signals were observed. For the CNT-Al2O3-

Ag-TiO2 sample, Ti signal were also detected, confirming the presence of Ti element. 

 

 
Figure 1. SEM, Raman and EDS characterizations of the CNT-Al2O3, CNT-Al2O3-Ag and CNT-Al2O3-

Ag-TiO2 composites. SEM images of (a) the CNT-Al2O3 composite; (b) the CNT-Al2O3-Ag composite; 

and (c) the CNT-Al2O3-Ag-TiO2 composite; (d) Cross-sectional SEM image of the CNT-Al2O3-Ag-

TiO2 composite; (e) Raman spectra and (f) EDS spectra of the CNT-Al2O3, CNT-Al2O3-Ag and CNT-

Al2O3-Ag-TiO2 composites.   
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Figure 2. TEM images and EDS mapping analysis of the CNT-Al2O3-Ag-TiO2 composite. (a) Low-

resolution TEM image of the CNT-Al2O3-Ag-TiO2 sample; (b) HRTEM image of the CNTs; (c) 

HRTEM image of the Ag nanoparticle; (d–i) EDS element mappings of C, O, Al, Ag and Ti elements 

in the CNT-Al2O3-Ag-TiO2 composite. 

TEM and EDS mapping of CNT-Al2O3-Ag-TiO2 nanocomposites were presented in 

Figure 2. The diameter of CNTs was observed to be about 20-30 nm. The carbon nanotubes 

grew along the [002] direction, exhibiting a lattice spacing of about 0.34 nm. The HRTEM 

image of CNT-Al2O3-Ag-TiO2 sample revealed that Ag nanoparticles, with a diameter of 

around 4 nm, adhered to the CNT surface. These nanoparticles displayed a lattice spacing 

of approximately 0.238 nm, corresponding to the (111) plane of Ag (Figure 2c) [16]. The 

composition of CNT-Al2O3-Ag-TiO2 samples was further characterized using EDS map-

ping (Figures 3d-i), which confirmed the presence of the expected elements: C, O, Al, Ag, 

and Ti. 
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Figure 3. XPS spectra of the CNT-Al2O3, CNT-Al2O3-Ag and CNT-Al2O3-Ag-TiO2 samples. (a) Sur-

vey; (b) C1s; (c) O1s; (d) Al2p; (e) Ag3d and (f) Ti2p. 

Further analysis of CNT-Al2O3, CNT-Al2O3-Ag, and CNT-Al2O3-Ag-TiO2 nanocom-

posites was conducted using XPS characterization, as shown in Figure 3. In Figure 3a, the 

detected signal corresponded to the expected elements: C, O, Al, Ag, and Ti. For the C1s 

spectra (Figure 3b), the dominant peak at 284.6 eV was attributed to the C-C/C=C bonds, 

while three minor peaks at 285.8, 286.4 and 289.0 eV were assigned to C-O, C=O and O=C-

OH [23,25,26], respectively, for the CNT-Al2O3 and CNT-Al2O3-Ag samples. In the CNT-Al2O3-

Ag-TiO2 sample, an additional peak at 284.2 eV was observed, corresponding to the C-O-

Ti bonds [27-29]. For the O1s spectra (Figure 3c), four peaks at 530.3, 531.4, 532.4 and 533.2 

eV were attributed to the O-Al, O-C, O=C and O=C-OH bonds [26,30,31], respectively, in the 

CNT-Al2O3 and CNT-Al2O3-Ag samples. In the CNT-Al2O3-Ag-TiO2 sample, an additional 

peak at 529.8 eV was identified, corresponding to the O-Ti bonds [28,29]. For the Al2p spectra 

(Figure 3d), three peaks at 74.1, 74.8 and 75.5 eV were assigned to the Al-O-C, Al-O and 

Al-OH bonds [30-32], respectively, in the CNT-Al2O3 and CNT-Al2O3-Ag samples. In the 

CNT-Al2O3-Ag-TiO2 sample, an additional peak at 73.4 eV was observed, attributed to Al-

O-Ti bonds. For the Ag3d spectra (Figure 3e), the binding energies (BE) at 374.4 eV and 

364.4 eV corresponded to Ag3d3/2 and Ag3d5/2, indicating the presence of metallic silver 
[16]. For the Ti2p spectra (Figure 3f), the two peaks located at 464.4 and 458.6 eV were as-

signed to Ti2p1/2 and Ti2p3/2 [29], respectively, confirming the presence of TiO2 in the CNT-

Al2O3-Ag-TiO2 composite. 
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3.2. Field Emission Performance Test 

 

 

 

 

 

 

 
Figure 4. Field emission performances of the CNT-Al2O3, CNT-Al2O3-Ag and CNT-Al2O3-Ag-TiO2 

samples. (a) Current densities versus electric field (J-E) curves; (b) Fowler-Nordheim (F-N) plots; 

and (c) field emission stability under an oxygen environment at a pressure of 2×10-6 Pa.  

 

 

 

 

Table 1. Comparison of FE parameters of CNT−based composites 

Sample 
Turn-on Field 

(V/µm) 

Threshold Field 

(V/µm) 
β 

CNT-Al2O3 3.11 5.19 1706 

CNT-Al2O3-Ag 2.66 4.90 1699 

CNT-Al2O3-Ag-TiO2 2.10 4.76 2290 

 

Table 2. Comparison of FE parameters of other CNT−based composites 

Sample 
Turn-on Field 

(V/µm) 

Threshold Field 

(V/µm) 
β Ref. 

CNT-Pd 2.7 5.3 1900 34 

CNT-ZnO 3.72 / 2082 35 

α-Fe2O3 /CNTs* 1.211 3.23 8658 36 

CNT–Graphene# 2.9 3.3 1373 37 

CNT-MgO-Ag-BaO 3.32 5.92 1417 16 

CNT-Al2O3-Ag-TiO2 2.10 4.76 2290 this paper 

Note: *Ethr was defined as the electric fields required to generate emission current densities of 1 mA/cm2; #Ethr was defined as the 

electric fields required to generate emission current densities of 0.1 mA/cm2. 
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results were presented for comparison (Table 1).The J-E curves in Figure S1 (Supplemen-

tary Material SM-1) confirm good FE repeatabilities for all three samples, showing minor 

variations in J-E curves after three test cycles (see error bars in Figure 4a). Compared to other 

CNT-based samples, the CNT-Al₂O₃-Ag-TiO₂ composite exhibited best FE perfor-

mance, with a minimum Eto and Eth of 2.10 and 4.76 V/µm, respectively (Figure 4a, see 

Table 1). Compared to CNT-Al₂O₃-Ag (21.22-6.60=4.62eV, Figures 5b,d), the CNT-Al₂O₃-

Ag-TiO₂ composite exhibited lower work function (21.22–16.97=4.25 eV, Figures 5c,f) and 

more emission sites due to the TiO₂ incorporation, similar to the enhanced FE properties 

for CNT-TiO₂ [33]. Furthermore, compared to the CNT-Al₂O₃ sample, the CNT-Al₂O₃-Ag 

cathode has more emission sites and the lower surface resistance due to the introduction 

of Ag, similar cases could be observed in the CNT-MgO-Ag composite [16] , leading to bet-

ter FE properties. Compared with the FE performances of other CNT-based nanomaterials 

[16, 34-37], the CNT-Al2O3-Ag emitters in our experiment exhibited a lower turn on fields (See 

Table 2). Further efforts should be focuses on the further improvement of the turn on fields 

to match the excellent turn-on field of other one-dimensional nanomaterials [36].  

As shown in Fig. 4b, the Fowler Nordheim (F-N) curves of all cathodes exhibit a lin-

ear relationship, indicating that all CNT based emitters follow the ideal FE process. The 

field enhancement factor (β) is considered a key parameter for evacuating the cathode 

materials and can be calculated using the F-N formula [16,26]:  

β=-6.83×103×ϕ3/2/slope (1) 

where β is the field enhancement factor, ϕ is the work function of the cathode mate-

rial, and the slope is obtained from the F-N curves. The work functions of CNT-Al2O3, 

CNT-Al2O3-Ag, and CNT-Al2O3-Ag-TiO2 composites were estimated to be about 4.68, 4.62 

and 4.25 eV, respectively (Figure 5). Based on the F-N formula, the estimated β values for 

the CNT-Al2O3, CNT-Al2O3-Ag, and CNT-Al2O3-Ag-TiO2 samples are approximately 1706, 

1699, and 2290, respectively. 

The investigation of emission stability under oxygen environments is important for 

practical field emission applications, as the oxygen exposure represents a key challenge 

for device reliability.The emission stability of all CNT based field emitters was studied 

under an oxygen pressure of 8×10⁻⁶ Pa, as shown in Figure 4c. For the CNT-Al2O3 sample, 

the current decreased by 17.6% after 8 hours of emission. The current decay is possibly 

due to a combination of oxygen etching and local thermal effects. Compared to the CNT-

Al2O3 sample, the CNT-Al2O3-Ag sample showed lower current fluctuations (8.5%), ben-

efiting from its good thermal conductivity from Ag [16]. Because the high thermal conduc-

tivity of this sample could transfer the Joule heat during the FE process more efficiently 

to reduce the damage of the CNT-based sample [16]. The CNT-Al2O3-Ag-TiO2 sample ex-

hibited best stability with current fluctuations about 2% at a current density of 2.5 mA/cm², 

which was probably due to the enhanced oxidation resistance [20]. These experimental re-

sults suggest the CNT-Al₂O₃-Ag-TiO₂ cathod material could serve as a reliable field emis-

sion source in oxygen-containing vacuum conditions. 
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Figure 5. UPS measurements of the (a,d) CNT-Al2O3, (b,e) CNT-Al2O3-Ag and (c,f) CNT-Al2O3-Ag-

TiO2 samples. Note: SEC, VB and EF refer to the secondary electron cutoff, valence band and Fermi 

level, respectively. 
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Figure 6. Pressure sensing performances for all samples. (a) CNT-Al2O3; (b) CNT-Al2O3-Ag; and (c) 

CNT-Al2O3-Ag-TiO2. 

Table 3. Comparison of hydrogen sensing performances of CNT-based samples under the pressure of 5.0×10-4 Pa 

Sample 1min 3min 5min Ref. 

CNT-Al2O3 47% 60% 76% This paper 

CNT-Al2O3-Ag 58% 103% 156% This paper 

CNT-Al2O3-Ag-TiO2 68% 133% 176% This paper 

CNT-MgO-Ag-BaO 67% 120% 164% 16 

All samples were tested for hydrogen sensing between 10⁻⁷ and 10⁻⁴ Pa at an initial 

emission current of 1.0 μA (Figure 6). To ensure reliable sensing at low emission currents, 

the normalized average current (IN) was utilized [8,16] and the sensing curves of all compo-

sites with six groups of test on the same sample, showing minor deviations for these sam-

ples (see Figures S3, S4 and S5 in supplementary material). Furthermore, to demonstrate 

the superior sensing performance of the CNT-Al₂O₃-Ag-TiO₂ composite compared to 

other CNT-based samples, error bars were added in the sensing curves. It could be noticed 

that the shapes of the pressure sensing curves were different for three CNT-based samples, 

which could be attributed to two primary factors. Firstly, the low-pressure hydrogen sens-

ing occurs through gas adsorption-induced work function changes, thereby increasing 

emission current and producing the sensing response. Consequently, the characteristics 

of cathodic materials significantly influence the shape of sensing curves. Secondly, the 

normalized sensing current (IN) represents an averaged value of measurements during the 

sensing test, rather than direct sensing current. Thus, the sensing curves with different 

shapes may appear. As illustrated in Figure 6, the sensing currents of all samples increased 

with rising hydrogen pressure from 10-7-10-4 Pa, indicating that all samples exhibit hydro-

gen sensing capabilities (Table 3). As shown in Figure 6a, the CNT-Al2O3 sample showed 

the IN increases of 47%, 60%, and 76% for 1, 3, and 5 min emissions under the pressure of 

5.0×10-4 Pa, respectively, while the CNT-Al2O3-Ag samples exhibited the IN increase of 58%, 

103% and 156%, respectively, under the same conditions. This enhancement could be at-

tributed to the better catalytic activity of Ag [16,39]. Because silver could facilitate the disso-

ciation of hydrogen molecules into atomic hydrogen during the FE process. The adsorp-

tion of these hydrogen atoms on CNT-based nanomaterials reduces their effective work 

function, resulting in enhanced field emission current (sensing current). Furthermore, at 

the same pressure conditions, the CNT-Al2O3-Ag-TiO2 sample demonstrated the best 

sensing performance, with the IN increase of 68%, 133% and 176% for 1, 3, and 5 min emis-

sions, respectively, probably due to the introduction of additional TiO2 active sites [40]. 

When TiO₂ nanoparticles were introduced, they adsorbed the hydrogen atoms produced 

by both Joule heating and silver catalytic effects, leading to further work function decrease 

of the CNT-Al₂O₃-Ag composite. In comparison with the CNT-MgO-Ag-BaO composite, 

the sensing current of the CNT-Al₂O₃-Ag-TiO2 sample showed higher current-increase 

amplitude under the same conditions (Table 3). Additionally, the CNT-Al2O3-Ag-TiO2 

sample achieved an 87% increase in sensing current at a pressure 8×10-6 Pa within 5 min, 

suggesting its high sensitivity for low pressure hydrogen detection. Therefore, the CNT-

Al₂O₃-Ag-TiO2 composite FE cathodes provide a promising approach to develop practical 

FE cathodes with low-power consumption and good low-pressure hydrogen sensing ef-

fect.  

4. Conclusions 

The CNT-Al₂O₃-Ag-TiO₂ composite nanomaterial developed in this study demon-

strated good field emission properties and excellent low pressure hydrogen detection ca-

pabilities. This composite exhibited the best field emission characteristics with a low turn-

on field of 2.1 V/µm and a threshold field of 4.76 V/µm. Furthermore, the CNT-Al₂O₃-Ag-
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TiO₂ composite exhibited good emission stability with current fluctuations of about 2% 

under the current density of 2.5 mA/cm² and oxygen pressure of 8×10⁻⁶ Pa. In the hydro-

gen pressure detection experiments, this composite demonstrated high sensing perfor-

mance with current enhancements of 176% and 87% within 5-minutess at hydrogen pres-

sures of 5×10⁻⁴ Pa and 8×10⁻⁶ Pa, respectively. These results demonstrated application po-

tentials of the material in two different fields, that is, robust field emitters for harsh vac-

uum environments and high sensitive hydrogen sensors capable of low pressure detection. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: The FE repeatability for all three samples. Figure S2: The varia-

tion curves between the sensing current and the time under different partial pressure of hydrogen 

for CNT-Al2O3-Ag-TiO2. Figure S3: Pressure sensing performances for CNT-Al2O3 with six groups 

of test on the same sample with different test time. Figure S4: Pressure sensing performances for 

CNT-Al2O3-Ag with six groups of test on the same sample with different test time. Figure S5: Pres-

sure sensing performances for CNT-Al2O3-Ag-TiO2 with six groups of test on the same sample with 

different test time. 
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