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	 We studied a method of implementing an electrochemical sensor with high response speed 
using a film made of metal oxide nanoparticles. The optimal conditions for sensor production 
were estimated by calculating the sensor’s response when the bulk and surface resistances of the 
film changed. We also implemented a new manufacturing process to fabricate the sensor. To 
achieve high response speed, an ITO:CB film was produced by mixing ITO nanoparticles and 
carbon black (CB) powder. Depending on the CB content of the ITO:CB film, the response time 
of the sensor continued to decrease from 337 s (CB = 0 wt%) to 2 s (CB = 50 wt%). However, 
even in this case, a continuous decrease in response intensity was observed as well. Therefore, to 
ensure high response speed and appropriate response intensity, a new process of oxygen ashing 
the film surface was introduced. As a result, it was possible to secure high response intensity 
and high response speed at CB contents up to 30 wt%. On the basis of these results, we 
confirmed that CB mixing and surface oxygen ashing can improve both the response intensity 
and speed of sensors using metal oxide nanoparticle films.

1.	 Introduction

	 Various environmental monitoring sensors for air,(1) soil,(2) water,(3) and marine(4) pollutions 
are required to address diverse environmental issues. Since these different environmental factors 
are closely interrelated, comprehensive and systematic management measures are necessary. 
Taking water quality sensors, which significantly affect other factors, as an example, each 
country establishes water quality management strategies.(5) In the Republic of Korea, according 
to water quality management regulations, parameters such as temperature, pH,(6) dissolved 
oxygen (BOD, COD),(7) suspended solids (SS),(8) total nitrogen (TN),(9) and total phosphorus 
(TP)(10) are continuously monitored on-site in the field.(11)

	 However, hazardous chemicals that can have negative effects on living organisms and the 
environment are diverse and have small molecular sizes, making on-site monitoring difficult. 
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Therefore, periodic sampling and laboratory analysis are still being employed. Although those 
methods (such as spectroscopy, chromatography, and mass spectroscopy) allow for accurate 
analysis, it requires a time-consuming process. Considering the risk to human health or the 
environment caused by the rapid spreading of hazardous substances in aquatic environments, 
there is a need for sensor technologies that enable continuous on-site monitoring for immediate 
response.
	 Sensors capable of measuring the concentrations of hazardous chemicals in water must detect 
low concentrations in the water, operate at typical water temperatures, and have simple 
calibration and regular maintenance requirements. To address these issues, our research group 
proposed a sensor utilizing indium tin oxide (ITO) nanoparticles for continuous automatic 
measurement in water.(12) We demonstrated its ability to detect oils(13) and hazardous 
chemicals.(14) Films using ITO nanoparticles showed a higher chemical stability in water than 
those using other metal oxides.(15) Moreover, a recent result confirmed the capability of an ITO 
sensor to detect ethanol concentrations as low as 619 ppb.(12)

	 However, according to existing research, the measurement time was tens of minutes or more 
and needed improvement. One possible way to shorten the measurement time is to increase the 
sintering temperature to increase the conductivity of the film and minimize grain boundary 
scattering. This will reduce the bulk resistance of the film and also reduce the response time. In 
a previous study,(16) we attempted to confirm this idea by manufacturing a sensor using an ITO 
film produced through sputtering. However, when the bulk resistance of the film decreased, the 
response intensity of the sensor decreased rapidly, so the effect of reducing the response time 
was unclear.
	 Therefore, in this study, we proposed a method of reducing the sensor response time by 
mixing compounds such as activated carbon (carbon black: CB). We produced an ITO:CB film 
and analyzed the changes in the bulk resistance, response intensity, and response time of the 
ITO:CB sensor.

2.	 Experimental Procedure

	 In this study, a 76 × 26 × 1.5 mm3 quartz plate was used as the substrate, which was cleaned 
in distilled ionized (DI) water for 15 min in an ultrasonic bath. The ITO film was screen-printed 
on an area of 16 × 13 mm², and the thickness of the printed film was 20 ± 5 μm. ITO nanoparticles 
with diameters of 20–70 nm were used. The organic binder was made with a mixture of 
α-terpineol (C10H18O) and ethyl cellulose at a weight ratio of 19:1. Then, the ITO nanoparticles 
and organic binder were mixed at a weight ratio of 0.8:1 to prepare a paste with a viscosity of 550 
dPa·s.
	 The ITO:CB film was manufactured by mixing CB and ITO while changing the weight ratio 
of CB (particle diameter: 35–40 nm) from 0 to 50 wt%. After printing, heat treatment was 
carried out at 100 °C for 3 h to remove the residual organic binder. Subsequently, O2 ashing was 
performed at 225 °C for 30 min under pure O2 gas (flow rate: 3000 sccm) to clean the surface.
	 To make the ITO:CB film sensor, electrodes were printed at both ends of the film using Ag 
paste and cured at 80 °C for 1 h. The produced ITO:CB film was compared with the ITO film 
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through scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
analysis. Furthermore, electrical characteristics and changes in sensor operation were compared. 
Ethanol (EtOH) is a hazardous substance according to water hazard test regulations, so it was 
used as a representative organic solvent to monitor sensor operation. The EtOH concentration in 
DI water was varied from 10 to 200 ppm. To evaluate the sensor performance, we measured the 
change in the resistance ratio of the ITO (ΔR = R/R0, R0 = initial resistance, R = saturation 
resistance). Response time was defined as the time to change from 10 to 90% of the maximum 
change.

3.	 Results and Discussion

	 Figure 1 shows the basic operating principle of an electrochemical sensor.(17) As shown in 
Fig. 1(a), there is a difference at the interface between the chemical potential of the film (Fermi 
energy: EF) and the electrochemical potential of the solution (E[A]). The E[A] of the solution is 
determined using the Nernst equation. It depends on the concentration of hazardous substances 
in the water, which changes the space charge layer on the film surface. Therefore, when the 
solution concentration changes, the potential difference Vbi (Vbi = EF − E[A]) changes. As a 
result, the surface charge concentration (ns), which can be expressed in Eq. (1), also changes. 
This allows one to determine the concentration of hazardous substances in solution. 

	 exp bi
s b

qVn n
kT

 = − 
 

	 (1)

	 Figure 1(b) shows a schematic diagram of the ITO film. When a film composed of spherical 
particles of diameter D is sintered at an appropriate temperature, conductive channels are formed 
between the particles, promoting the transfer of charge. Here, the resistance Rfilm of the ITO film 
can be regarded as the parallel resistance (Rfilm = RS//RB) of the surface resistance (RS) and the 
bulk resistance (RB). Sintering the film at high temperatures improves its conductivity and 

Fig. 1.	 Theoretical model of ITO nanoparticle film sensors. (a) Built-in potential formation at the solid and liquid 
interface. The electrochemical potential E[A] of solution is determined using the Nernst equation. (b) Role of carbon 
black in the formation of conductive channels in ITO:CB films.

(a) (b)
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reduces the bulk resistance of the sensor. At this time, the sensor’s response intensity 
(ΔR = RC/R0) will also change, where RC is the resistance of the film when in contact with the 
analyte and R0 is the resistance before contact with the analyte. We considered the sputtered ITO 
film to be a suitable example with minimal bulk resistance. However, as a result of examining 
the characteristics of the sensor using the sputtered ITO film, we found that the response 
intensity of the sensor was significantly lower than that of the ITO nanoparticle film sensor.(16) 
Therefore, it is necessary to look at the reason theoretically in more detail. 
	 Figure 2 shows the relationship between the surface resistance Rs and bulk resistance RB of 
the ITO film. The reference resistance R0 of the ITO film can be expressed as a parallel 
resistance of RS and RB as shown in Eq. (2). Additionally, the resistance RC of the sensor (contact 
with the analyte) can be expressed as Eq. (3). Here, δrs and rs represent the surface resistance of 
the part in contact (δrs) and that of the part not in contact (rs), since the diameter of the analyte 
droplet on the ITO surface is smaller than the distance between the electrodes. Therefore, the 
sensor’s response ΔR can be calculated using Eq. (4).

	 0 // / 1 11S B
S B

R R R
R R

 
= = + 

 
	 (2)
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R
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Fig. 2.	 Changes in sensor response intensity (ΔR) according to those in (a) surface and (b) bulk resistances of film.

(a)

(b)
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	 As shown in Fig. 2(a), as RS increases, the sensor response ΔR decreases, and as RB increases, 
ΔR increases [Fig. 2(b)]. These calculation results clearly show that the response intensity of ITO 
sensors with low bulk resistance degrades rapidly. 
	 We also show that producing films with a surface resistance that is lower than the bulk 
resistance is a way to produce sensors with short response times while maintaining a high 
response intensity. Therefore, in this study, an oxygen ashing process was introduced to remove 
residual contaminants and lower the surface resistance. In Fig. 2, the resistances of the typical 
ITO and ITO:CB films are indicated by arrows. Compared with those of the ITO film, the 
surface and bulk resistances of the ITO:CB film decreased. It was presumed that changes in 
surface resistance would increase the response strength of the sensor and those in bulk resistance 
would decrease the response strength of the sensor.
	 Figure 3 shows the selected photographic images of the ITO:CB films according to the CB 
content. Figure 3(a) shows the ITO film (CB, 0 wt%), whereas Figs. 3(b) to 3(f) show ITO:CB 
films with CB contents of (b) 1.2, (c) 2.4, (d) 4.7, (e) 33.3, and (f) 50 wt%. It is evident that as the 
CB mixing ratio increases, the color of the ITO:CB film darkens. EDS and SEM analyses were 
conducted to determine the CB contents in these samples and observe the morphological change. 
	 Figure 4 shows the SEM images and EDS analysis data (inset) of the films. Figure 4(a) is the 
result for the ITO film and Fig. 4(b) is the result for the ITO:CB film. SEM images were captured 

Fig. 3.	 (Color online) Photographs of CB-mixed ITO:CB films. (a) ITO, (b) ITO:CB (1.2 wt%), (c) ITO:CB (2.4 
wt%), (d) ITO:CB (4.7 wt%), (e) ITO:CB (33.3 wt%), and (e) ITO:CB (50.0 wt%).
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at 100,000-fold magnification. No considerable morphological change was observed between the 
two sample surfaces. The particle size analyzed by SEM showed no significant change, with 
average values of 51.61 nm for the ITO film and 51.39 nm for the ITO:CB film. In the EDS 
analysis, the ITO film revealed the following atomic contents: In (69.7 wt%), O (20.2 wt%), Sn 
(5.9 wt%), and C (4.2 wt%), whereas the ITO:CB film showed the following atomic contents: In 
(61.7 wt%), O (21.4 wt%), C (12 wt%), and Sn (4.9 wt%). The presence of carbon in the ITO film 
[Fig. 4(a)] is due to the binder material, especially α-terpineol (C10H18O). Therefore, considering 
that value as a background effect, the total carbon content of the ITO:CB film [Fig. 3(b)] was 
determined to be 8.9 wt%.
	 Figure 5 shows the current–voltage measurement results of four selected ITO:CB samples. 
The inset shows the current and voltage measurement results of ITO and ITO:CB films with 1.2 
and 4.5 wt% CB contents. Even a small CB content reduces the resistance significantly. For 
example, the ITO:CB (4.7 wt%) film exhibited a 92.24% reduction in resistance (9.86 × 103 Ω) 
compared with the ITO film (1.27 × 105 Ω). The resistivity also decreased from 25 Ω·cm for the 
ITO film to 10.4 Ω·cm for the ITO:CB film. These resistance and resistivity measurements 
confirmed that the addition of CB increased the conductivity.
	 Figure 6 shows the time-resolved sensor response observed from (a) ITO, (b) ITO:CB (1.2 
wt%), (c) ITO:CB (4.7 wt%), and (d) ITO:CB (50 wt%) sensors. Measurement was performed at 
room temperature under 1 V external bias. After monitoring the reference response for 60 s in 
air, 35 μl of analyte contacted on the sensor surface. Ethanol (EtOH) was used as an analyte, 
which was diluted in DI water with a concentration of 10 to 200 ppm. As the CB content was 
increased, the response time decreased rapidly. However, a higher response intensity was only 
observed when the CB content was relatively low [Figs. 6(b) and 6(c] but it decreased at the 
highest CB content [Fig. 6(d)]. 
	 Figure 7 shows the changes in (a) sensor response intensity (ΔR) and (b) response time (τ) 
according to the CB content. The sensor response was determined when the EtOH concentration 
was 150 ppm. As the CB content increased, both the response intensity and response time of the 
sensor decreased. 

Fig. 4.	 (Color online) SEM and EDS measurement results (inset) of (a) ITO and (b) ITO:CB films.



Sensors and Materials, Vol. 36, No. 6 (2024)	 2205

Fig. 5.	 (Color online) Electrical properties of ITO and ITO:CB films with various CB contents. The inset shows 
the I–V properties of ITO, ITO:CB (1.2 wt%), and ITO:CB (4.7 wt%) films.

Fig. 6.	 (Color online) Time-resolved operating characteristics of ITO and ITO:CB sensors. (a) Response of ITO 
sensor. The response time is 337 s. (b) Response of ITO:CB (1.2 wt%) sensor. The response time is 330 s. (c) 
Response of ITO:CB (4.7 wt%) sensor. The response time is 198 s. (d) Response of ITO:CB (50 wt%) sensor. The 
response time is 2 s.

(a) (b)

(c) (d)
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	 This result shows that in the case of the ITO:CB sensor, as the CB content increases, the bulk 
resistance decreases and the response strength decreases, but a strength higher than that in the 
case of the ITO film sensor can be obtained at CB contents up to 30 wt%. However, the sensor’s 
response speed continues to increase depending on the CB content. Therefore, it can be seen that 
relatively high response strength and speed can be secured. Additionally, these results clearly 
show that in the case of sensors using metal oxide nanoparticles, performance improvement 
cannot be achieved simply by reducing the resistance of the film by heat treatment at high 
temperatures. Rather, they clearly demonstrate that a method of improving conductivity and 
lowering the surface resistance of the film simultaneously is inevitable.

4.	 Conclusion

	 We studied ways to improve the response speed of sensors using metal oxide nanoparticles. It 
was shown that high response speed and improved response strength can be secured by 
improving conductivity by mixing CB powder and ITO nanoparticles, and reducing surface 
resistance through the surface treatment of an ITO:CB film. As a result, it was found that when 
the CB content was less than 30 wt%, the ITO:CB sensor showed a higher response intensity and 
a shorter response time than the ITO sensor, ensuring optimal sensor performance.

(a)

(b)

Fig. 7.	 Experimental results of (a) response intensity and (b) response time of ITO:CB sensors according to CB 
content.
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