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Abstract

In this study, heterogeneous ZnO/CNTF composites were developed to improve the NO2-sensing response, facilitated by the self-

heating property. Highly conductive and mechanically stable CNTFs were prepared by a wet-spinning process assisted by the liquid

crystal (LC) behavior of CNTs. Metal-organic frameworks (MOFs) of ZIF-8 were precipitated on the surface of the CNTF (ZIF-8/

CNTF) via one-pot synthesis in solution. The subsequent calcination process resulted in the formation of the ZnO/CNTF composites.

The calcination temperatures were controlled at 400, 500, and 600 oC in an N2 atmosphere to confirm the evolution of the micro-

structures and NO2-sensing properties. Gas sensor characterization was performed at 100
oC by applying a DC voltage to induce Joule

heating through the CNTF. The results revealed that the ZnO/CNTF composite after calcination at 500 oC (ZnO/CNTF-500) exhibited

an improved response (Rair/Rgas = 1.086) toward 20 ppm NO2 as compared to the pristine CNTF (Rair/Rgas = 1.063). Selective NO2-sens-

ing properties were demonstrated with negligible responses toward interfering gas species such as H2S, NH3, CO, and toluene. Our

approach for the synthesis of MOF-driven ZnO/CNTF composites can provide a new strategy for the fabrication of wearable gas sensors

integrated with textile materials.
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1. INTRODUCTION

Excessive inhalation of nitrogen dioxide (NO2) at low

concentrations (–1 ppm) can cause pulmonary disease and severe

damage to the respiratory system, making NO2 one of the most

harmful gas species to human health [1]. The National

Aeronautics and Space Administration (NASA) reported air

pollution trends in major cities worldwide using high-resolution

global satellite maps [2], revealing a significant increase in NO2

concentration in 2014, particularly in East Asia, due to growing

economies and the demand for fossil fuels. In view of this, new

types of sensing platforms with potential flexible and wearable

functions should be developed to realize real-time and rapid NO2

detection.

Carbon nanotubes (CNTs) are attractive electrical transducer

layers for chemical sensors [3-5]. However, the major limitations

of pristine CNTs are their low response and selectivity owing to

the stable surface chemical states for gas sensor applications [6].

Therefore, functionalization of surface additives and elevating the

operating temperature are general approaches for improving the

gas-sensing response and selectivity [7,8].

Metal-organic frameworks (MOFs) have been employed as

functional materials in gas-sensing layers mainly because of their

high porosity and large surface area [9-12]. For example, various

carbon nanocomposites have been developed by the

functionalization of MOFs on templates such as carbon fibers

(CFs) [13], macro-porous carbon (MPC) [14,15], graphene oxide

(GO) [16], CNTs [17-19], and fullerene [20]. In addition, MOF-

driven nanostructures to form porous metal oxides have been

demonstrated to facilitate the p-n junction effect for improved gas-

sensing performance [21]. 

In this study, we propose porous polyhedral ZnO-functionalized

carbon nanotube fibers (ZnO/CNTFs) for improved NO2 sensors.

To this end, carbonaceous fibers were first prepared via a wet-

spinning process assisted by the liquid crystal behavior of CNTs
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[5,22]. Liquid phase growth of ZIF-8 was performed by

immersing CNTF in a precursor-containing solution, resulting in

the homogeneous precipitation of ZIF-8 on the surface of CNTF

(ZIF-8/CNTF). Subsequent heat treatment in an inert atmosphere

was performed at elevated temperatures to form porous ZnO

nanocubes on the CNTFs (ZnO/CNTF). The ZnO/CNTF

exhibited an increased response toward NO2 gas as compared with

pristine CNTF, enabling the self-heating property of CNTFs to

control the operating temperature. The MOF-driven ZnO/CNTF

composite sensor can be integrated with textile materials for

applications in wearable NO2 sensors.

2. EXPERIMENTAL

2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), 2-

methylimidazole (2-MeIM, 99%), methanol (MeOH, 99.8%), and

chlorosulfonic acid (CSA) were purchased from Sigma-Aldrich.

Nitric acid (HNO3), sulfuric acid (H2SO4), hydrogen peroxide

(H2O2), acetone, and hydrochloric acid were purchased from

Daejung Chemical & Materials (Korea). Single-walled CNT

powders (Tuball™) were obtained from OCSiAl. All chemicals

were used without further purification.

2.2 Synthesis of pristine CNTF

The CNT powders were purified using CSA to remove

impurities. A concentrated CNT solution up to 4 wt% in CSA was

prepared by dispersing the purified CNT powder. The wet-

spinning process was performed to obtain continuous CNT fibers

collected on a bobbin from a coagulation bath containing acetone.

The collected CNT fibers were dried in a vacuum oven at 80 oC.

2.3 Synthesis of ZIF-8/CNTF and ZnO/CNTF

Individual solutions were prepared by dissolving 0.203 g of

Zn(NO3)2·6H2O and 0.108 g of 2-MeIM in 10 mL of MeOH.

Then, these two solutions were mixed together with a pristine

CNTF and stirred at 120 rpm for 40 min at room temperature.

During stirring, the transparent solution turned white, indicating

the growth of ZIF-8. ZIF-8/CNTF was obtained after drying at

room temperature. To obtain the ZnO/CNTF, the as-synthesized

ZIF-8/CNTF was calcined in an N2 atmosphere at various

temperatures (400, 500, and 600 oC) for 3 h with a ramping rate

of 2 oC min-1. After calcination, the samples were labeled as ZnO/

CNTF-400, ZnO/CNTF-500, and ZnO/CNTF-600. 

2.4 Gas sensing characteristic

The gas-sensing characteristics of the ZnO/CNTF samples

(ZnO/CNTF-400, ZnO/CNTF-500, and ZnO/CNTF-600) were

evaluated at a operating temperature of 100 oC. The operating

temperature of the ZnO/CNTF was maintained at 100 oC by

applying a DC voltage to induce self-heating of the CNTFs. After

the stabilization step under exposure to baseline air for 12 h, NO2

gas was injected for 10 min at a concentration in the range of 1–

20 ppm. The gas response was calculated by monitoring the

resistance changes, that is, Rair/Rgas, where Rair and Rgas are the

resistances of the ZnO/CNTF sensors under exposure to baseline

air and analyte gas, respectively, using a source measurement unit

(Keithley 2400).

3. RESULTS AND DISCUSSIONS

The synthesis processes for ZnO/CNTF are schematically

illustrated in Fig. 1. First, a one-pot synthesis method was

conducted to form ZIF-8 on the pristine CNTF. Separate solutions

of Zn(NO3)2·6H2O and 2-MeIM in methanol were mixed together,

and CNTF was immersed into the mixed solution to

simultaneously precipitate ZIF-8 on the surface of the CNTF (Fig.

1(a), (b)). The CNTF possesses numerous functional groups on its

surface, which provide nucleation sites for Zn2+ and 2-MeIM

clusters, allowing homogeneous growth of ZIF-8 on the CNTF

[23]. The one-pot synthesis is advantageous considering that ZIF-

8 polyhedrons are tightly bonded to the CNTF chemically, leading

to efficient transduction properties during the gas-sensing process

compared to physical attachments. Subsequent heat treatment was

performed at elevated temperatures to form porous ZnO

nanocubes on CNTF (ZnO/CNTF) (Fig. 1(c)). 

After the wet-spinning process, the pristine CNTF exhibited a

continuous fibrous structure with high mechanical stability and

flexibility (Fig. 2(a)). The microstructure and surface morphology

were investigated via scanning electron microscopy (SEM) before

and after the growth of ZIF-8. For the pristine CNTF, a rough

surface morphology was observed with the aligned CNT bundles

(Fig. 2(b), (c)). The CNTF was immersed in a solution containing

Zn2+ and 2-MeIM to precipitate ZIF-8 on the surface, wherein the

transparent solution turned into a white solution (Fig. 2(d)). The

microstructure in which CNTFs homogeneously decorated with

polyhedral ZIF-8 by one-pot synthesis was confirmed (Fig.
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2(e),(f)). 

Microstructural evolution during the calcination process at

different temperatures (i.e., 400, 500, and 600 oC) in an N2

atmosphere was investigated (Fig. 3). The ZnO/CNTF-400

exhibited a minor change in the shape and structure of ZIF-8 (Fig.

3(a), (b)). In addition, porous ZnO nanocubes were not obtained

because of insufficient thermal energy at low temperatures [24].

On the other hand, ZnO/CNTF-500 (Fig. 3(c), (d)) and ZnO/

CNTF-600 (Fig. 3(e), (f)) exhibited a highly porous structure after

calcination of the ZIF-8/CNTF. The polyhedral ZIF-8 was

converted into porous ZnO nanocubes after the calcination

process, which was mainly achieved through the reaction between

Zn from ZIF-8 and the oxygen functional groups on the CNTF.

However, calcination at sufficiently high temperatures (i.e.,

600 oC) induces agglomeration of ZnO nanocubes, as shown in

the case of ZnO/CNTF-600 (yellow circles in Fig. 3(e)).

To improve the NO2-sensing response, we utilized the self-

heating effect by applying a voltage to the ZnO/CNTF, facilitating

activated surface reaction kinetics. A suspended ZnO/CNTF

sensor was fabricated on a glass substrate (2.5 cm × 1.0 cm) and a

DC voltage was applied through the two probe tips (Fig. 4(a),(b)).

An increased temperature of 100 oC was achieved for the ZnO/

CNTF by Joule heating when the DC voltage was applied in the

range of 2–3 V. For example, the heating temperature of the ZnO/

CNTF-500 sensor was confirmed by an infrared camera, wherein

a temperature of 100 oC was obtained under an applied voltage of

2.4 V (Fig. 4(c)). To investigate the heating property of ZnO/

CNTF-500, voltage-dependent temperature changes were

confirmed by slowly increasing the applied voltage (Fig. 4(d)-(f)).

When voltage is applied, the temperature rises owing to the self-

heating behavior of the CNTF [5]. In particular, ZnO/CNTF-500

exhibited step-like current-resistance transitions by increasing the

voltages in the range of 0–2.4 V with a 0.4 V step. When 2.4 V

Fig. 1. Schematic illustrations of the synthesis of ZnO/CNTF: (a) Before and (b) after one-pot synthesis of ZIF-8 on CNTF. (c) ZnO/CNTF after

calcination in N2 atmosphere at elevated temperatures.

Fig. 2. (a) Photograph image of pristine CNT fiber. (b) SEM image

of pristine CNT fiber and (c) its magnified SEM image. (d)

One-pot synthesis of ZIF-8/CNTF in a mixture solution. (e)

SEM image of ZIF-8/CNTF and (f) its magnified SEM

image.

Fig. 3. SEM images of ZnO/CNTF calcined at (a)–(b) 400 oC (ZnO/

CNTF-400), (c)–(d) 500
o
C (ZnO/CNTF-500), and (e) –(f)

600 oC (ZnO/CNTF-600) in an N2 atmosphere for 3 h.
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was applied to the ZnO/CNTF-500, the maximum current and

resistance of 64 mA and 38 Ω were obtained, respectively,

resulting in an operating temperature of 100 oC. Reversible

temperature transitions were observed as the sensor recovered the

initial current by decreasing the voltage

The degree of self-heating according to the applied voltage

varied with calcination temperatures of the ZnO/CNTFs. For this

reason, different DC voltages were applied to the individual ZnO/

CNTF and pristine CNTF samples, as summarized in Table 1, to

equalize the operating temperature for NO2 sensing as 100 oC. In

the case of the ZnO/CNTF, slightly higher voltages (–3 V) should

be applied to maintain 100 oC as compared to the pristine CNTF

(–2 V), which was mainly attributed to the increased resistance of

ZnO/CNTFs after the calcination process. 

A comparative gas-sensing characterization was performed

using pristine CNTF and ZnO/CNTF calcined at different

temperatures toward NO2 at an operating temperature of 100 oC

(Fig. 5). All the sensors were stabilized under exposure to baseline

air for 12 h to maintain a stable baseline resistance followed by

the injection of NO2 gas in the concentration range of 1–20 ppm.

Both the pristine CNTF and ZnO/CNTF exhibited decreased

resistance upon exposure to NO2, indicating p-type-sensing

properties. Dynamic response (Rair/Rgas) transitions were evaluated

by comparing the CNTF and ZnO/CNTF at each calcination

temperature. For the sensors with a calcination temperature of

400 oC, a decreased response of ZnO/CNTF-400 (Rair/Rgas=1.051)

was obtained as compared to the response of the pristine CNTF-

400 (Rair/Rgas=1.029) at 20 ppm NO2 (Fig. 5(a)). The negligible

improvement in the NO2-sensing response of the ZnO/CNTF-400

sensor is mainly attributed to the insufficient oxidation of ZIF-8 at

400 oC, leading to a less porous structure of ZnO on the surface of

the CNTF (Fig. 3(b)). On the other hand, a noticeable

improvement in the responses was observed after calcination at

500 and 600 oC. For the ZnO/CNTF-500 sensor, the response was

1.086 at 20 ppm NO2, which was slightly higher than that of the

pristine CNTF-500 (Rair/Rgas=1.06) (Fig. 5(b)). Similarly, we

obtained an enhanced response (Rair/Rgas=1.076) for ZnO/CNTF-

600 at 20 ppm NO2 as compared to the response (Rair/Rgas=1.047)

of the pristine CNTF-600 (Fig. 5(c)). The increased NO2-sensing

responses after calcination at 500 and 600 oC were mainly

attributed to the complete oxidation of ZIF-8 to form ZnO with

high porosity (Fig. 3(d), (f)). However, the slightly reduced NO2

Table 1. Applied DC voltages to maintain the operating temperature

at –100 oC for individual samples.

Sample Temperature Voltage

Pristine CNTF-400 102
o
C 1.9 V

Pristine CNTF-500 100 oC 2.1 V

Pristine CNTF-600 102
o
C 1.8 V

ZnO/CNTF-400 100 oC 3.0 V

ZnO/CNTF-500 102 oC 2.7 V

ZnO/CNTF-600 100 oC 3.0 V

Fig. 4. (a) Camera image of ZnO/CNTF sensor for the detection of NO2. (b) Camera image and (c) infrared camera image of ZnO/CNTF-

500 sensor maintain operating temperatures at 100
o
C under an applied voltage of 2.4 V. (d) Current, (e) resistance, and (f) temperature

transitions of ZnO/CNTF-500 sensor under applied voltages in the range of 0–2.4 V with a 0.4 V step.
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response of ZnO/CNTF-600 compared to that of ZnO/CNTF-500

was attributed to the agglomeration of ZnO nanocubes after

excessive heat treatment at an elevated temperature, resulting in a

decreased active surface area for the NO2 reaction.

The improved NO2 sensing mechanism of ZnO/CNTFs is

discussed based on the resistance transitions and charge transfer

behavior. Both CNTF and ZnO/CNTF exhibited decreased

resistance upon exposure to NO2. Because NO2 is an oxidizing gas

and has an electron-accepting nature, an increased hole

concentration can be achieved in CNTF, resulting in p-type

sensing. Considering that the pristine CNTF exhibited a NO2-

sensing response, there was a direct chemical interaction between

NO2 and CNTF. Specifically, surface-adsorbed nitrate (NO3
–) can

be formed on the surface of graphitic carbon based on the

following chemical reaction [5]: 

2NO2 (g) + O2 (g) + 2e– → 2NO3
– (ads), (1)

this chemical equation explains that the reason for decreasing

resistance upon exposure to NO2 is trapping of electrons, which

increases the hole concentrations in the CNTF. 

The improved NO2-sensing response upon the functionalization

of ZnO on CNTFs can be explained by electronic sensitization.

ZnO is a well-known n-type semiconductor metal oxide, which

can react with NO2 via chemical adsorption, as shown below:

NO2 (g) + e– → NO2
– (ads), (2)

resulting in an electron trap on the ZnO surface. Hence, a

decreased Fermi level of ZnO can be obtained while lowering the

energy barrier between ZnO and CNTF, which results in facile

electron transfer from CNTF to ZnO. This observation is

consistent with the decreased resistance upon exposure to NO2 as

a result of the increased hole concentration in ZnO/CNTF [7].

Another reason for the improved NO2 response can be attributed

to the p-n junction formation between n-type ZnO and p-type

CNTFs. The p-n junction forms a depletion layer, wherein the

thickness of the depletion layer can be effectively modulated upon

exposure to NO2, leading to large resistance changes and a high

response. In addition, the porous polyhedral structure of ZnO

facilitates NO2 penetration into the sensing layers, which induces

efficient surface chemical reactions.

In terms of optimum sensing characteristics with respect to the

calcination temperature, ZnO/CNTF-400 exhibited increased

baseline resistance after heat treatment, which indicates the

formation of ZnO by forming a p-n junction with CNTF.

However, mesopores were not noticeably generated on the ZnO

nanocubes because of insufficient calcination temperature,

Fig. 5. Dynamic response transitions of pristine CNTF and ZnO/

CNTF after calcination at (a) 400
o
C, (b) 500

o
C, and (c)

600
o
C toward NO2 gas in the concentration range of 1–20

ppm at the operating temperature of 100 °C.

Fig. 6. Selective sensing property of ZnO/CNTF-500 sensor toward

various gas species of 20 ppm at the operating temperature of

100 oC.
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resulting in a decreased NO2 response. For ZnO/CNTF-500, we

observed an increased baseline resistance, which is consistent with

the formation of the p-n junction. In addition, highly porous ZnO

nanocubes were uniformly decorated on the surface of the CNTF,

leading to an improved NO2 response. After calcination at 600 °C

in N2, the ZnO/CNTF-600 exhibited a decreased baseline

resistance compared to the pristine CNTF-600. The decreased

resistance is mainly attributed to the disappearance of the p-n

junction. Indeed, excess heat treatment in an inert atmosphere can

reduce ZnO, limiting the formation of the p-n junction [7].

Although porous ZnO nanocubes were formed on the surface of

CNTF, the ZnO/CNTF-600 sensor exhibited a slightly decreased

NO2 response because of the inactive modulation of the depletion

region formed by the p-n junction. Overall, the optimized

calcination temperature was confirmed to be 500 oC considering

the efficient charge transfer to ZnO, p-n junction formation, and

decoration of porous ZnO nanocubes by forming a ZnO/CNTF

composite.

The selective NO2-sensing properties of ZnO/CNTF-500 were

evaluated by exposure to various interfering gases, such as

hydrogen sulfide (H2S), ammonia (NH3), carbon monoxide (CO),

and toluene (C7H8) at 20 ppm (Fig. 6). The results confirmed that

ZnO/CNTF-500 exhibited the highest response (Rair/Rgas) toward

NO2 (1.083) as compared to the response toward H2S (1.0003),

NH3 (1.0007), CO (1.0028), and toluene (1.0004). 

4. CONCLUSIONS

In this work, ZnO/CNTF composites were developed by

homogeneous decoration of ZIF-8 on CNTF through one-pot

synthesis and subsequent calcination in N2 atmosphere. The

microstructure of the ZnO/CNTF composites was investigated

with respect to the calcination temperature. In particular, porous

polyhedral ZnO nanocubes were deposited on the surface of

CNTFs after calcination at 500 and 600 oC. In addition, the p-n

junction was formed after calcination at 400 and 500 oC between

the interfaces of n-type ZnO and p-type CNTF, which induces

efficient modulation of the depletion layer, leading to improved

NO2-sensing properties. To activate the surface reaction kinetics,

we utilized the self-heating property of CNTFs by applying a

voltage to induce Joule heating. The operating temperature was

maintained at 100 oC during gas-sensing characterization. As a

result, an improved NO2-sensing response (Rair/Rgas=1.086 at 20

ppm) was achieved with ZnO/CNTF-500. In addition, the ZnO/

CNTF-500 exhibited high NO2 selectivity with minor responses

toward interfering gas species such as H2S, NH3, CO, and toluene.

This study demonstrates a new approach for the synthesis of CNT-

based sensing composites functionalized with MOF-driven ZnO

nanocubes, which can be integrated with textile materials for

wearable chemical sensors.
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