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Abstract

Ceramic solid-state electrolytic sensors using electrochemical methods are the most suitable for manufacturing NOx sensors that can

operate reliably over a long period of time in high temperature and corrosive environment of exhaust gases. Unlike other oxides, nitrogen

compounds are covalently bonded, and there is no separate conductor for nitrogen ions; therefore, it is not possible to produce sensors

based on simple electromotive force measurements. Hence, electrochemical Type III electromotive force measurement, amperometric

type, electrical resistance type using oxide semiconductors, and mixed potential-type sensors can be used to measure NOx. However,

Type III electromotive force measurement method is limited in that the melting point of the auxiliary electrode for NOx detection is

lower than the exhaust gas temperature at which the sensor must be driven. The amperometric sensor is not feasible because the elec-

trical signal obtained from the sensor is too weak to discriminate it from other signals, and the oxide electrode is subject to degradation.

Therefore, this research aims to develop a solid electrolyte and sensing electrode material that can obtain a high detection signal for NOx

gas even at temperatures above 800oC using a highly sensitive mixed potential method that solves these problems, and develop an algo-

rithm and automotive NOx sensor that can stably detect NO and NO2 gas concentrations simultaneously.

Keywords: NOx sensor, Mixed-potential sensor, Electrochemical detection, Ceramic solid electrolyte, Automotive exhaust gas

sensing

1. INTRODUCTION

The automotive NOx sensor market is expected to reach US

$120 billion by 2021 with a growth rate of more than 10%, and

is expected to grow to US $160 billion by 2022. The domestic

market for automotive NOx sensors is expected to reach more than

380 billion won by 2023 because diesel cars, which emit harmful

gases, have become the main market for automotive

denitrification (DeNOx) systems [1,2]. Therefore, it is necessary to

develop DeNOx systems to improve fuel efficiency and reduce

NOx emissions in accordance with the European Union’s

automotive NOx emission regulations, and it is crucial to develop

high-temperature NOx sensors that can directly measure NOx in

real time for efficient operation. Most nitrogen oxides (NOx) are

produced when nitrogen and oxygen in air react under high heat

during combustion [3]. NOx is lethal to humans on its own, and it

also reacts with various hydrocarbons in the atmosphere to form

ozone via a photochemical reaction with sunlight. Despite its

usefulness in several industrial applications, ozone contributes to

photochemical smog, which significantly reduces air quality [4].

Ozone irritates the mucous membranes of the eyes, causing

watery eyes, chest tightness, and development and aggravation of

respiratory diseases such as asthma and bronchitis [5]. It is also a

strong oxidizing agent that damages plants and their inherent

properties, resulting in reduced crop yields. Ozone also oxidizes

NOx and SO2 in the atmosphere to produce nitric and sulfuric

acids, which contribute to acid rain. To reduce NOx emissions, the

emission regulations have been gradually tightened, and strict

emission allowance standards have been established to curb

emissions from motor vehicles [6]. The emissions that are mainly

harmful to human health owing to the increase in number of

vehicles in metropolitan areas are unburned hydrocarbons (CmHn,

500–1500 ppm), carbon monoxide (CO, 0.5–2.0%), and nitrogen

oxides (NOx, 0.01–0.2%), and ozone (O3) gas due to the

photochemical reactions of NOx gas in the atmosphere. The health

and safety of workers exposed to hazardous gases at industrial

sites is of great concern. Therefore, the immediate challenge for
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human health and safety from these combustion gases is to

quickly detect and respond to exposure to hazardous gases. In

such systems, the application of highly sensitive and reliable NOx

sensors enables miniaturization, portability, mobility, and low-cost

NOx measurement instruments [8,9]. However, the development

of NOx sensors for high-temperature automotive emissions is

currently mostly at the NGK level in Japan [10]. In Korea, certain

companies such as Iljin and Sejong Corporation and KAIST are

developing them; however, their success has not yet been

confirmed [11]. There have been several reports published on NOx

measurement at low temperatures (<300oC) using WO3

semiconductor oxide [12,13]. In the case of automobiles, the

temperature of the exhaust gas is high (>800oC), and NOx sensors

that can be used for this purpose have not been developed in

Korea. Therefore, it is essential to develop NOx sensors with

features such as miniaturization, high sensitivity, fast response,

and selectivity to save energy by improving fuel efficiency and

preventing environmental pollution.

2. EXPERIMENTAL METHOD

The manufacturing process of the sensor elements for the

development of automotive nitrogen oxide (NOx) sensors is

shown in Fig. 1.

2.1 Ceramic Raw Material Powder

In the tape-casting ceramic molding method, fine powdered

ceramic raw materials with a particle diameter of 3 µm or less are

used. When manufacturing ceramic sheets using the blade

molding method, the composition of the raw material powder,

particle size, and distribution of the particle size are significantly

influenced by the ultimate sensor element; therefore, it is

necessary to consider the characteristics of the starting material to

manufacture sheets with excellent sinterability. In this experiment,

commercially available YSZ powder (Inframat Advances

Materials, LLC 99.95+% / Tosoh, 99.9+%) was used to prepare a

green sheet for the solid electrolyte, a mixture of YSZ powder was

used as the solid electrolyte, and cordierite (2Al2O3-2MgO-5SiO2)

powder of less than 9 wt% was used to prepare a green sheet for

the porous diffusion barrier.

2.2 Selection of Starting Organic Additives

To produce sheets by tape-casting ceramic powders, proper

additives must be mixed in appropriate quantities. These additives,

which are mainly organic, impart strength and plasticity to the

ceramic sheet, ensure uniform dispersion of the ceramic powder in

the solvent, and significantly affect the properties of the ceramic

sheet during casting. Therefore, knowledge is acquired through

repeated experiments. Although the selection of organic additives

is an important experimental process, a broad selection criterion

has not yet been established; hence, proper organic additives were

selected through experiments for basic research.

2.3 Slurry Preparation and Tape Casting

Because the simultaneous addition of dispersants, plasticizers,

and binders makes it difficult for organic matter to be

competitively adsorbed onto the surface of the particles, thereby

preventing complete dispersion, a homogeneous slurry was

prepared by first mixing the solvent, dispersant, and YSZ powder

with zirconia balls, followed by a second mixing with binders and

plasticizers. In this experiment, MEK+Ethanol was used as a

solvent, PEG was used as a dispersant and binder to maintain the

strength of the sheet, and DBP was used as a plasticizer to loosen

the bonds and impart plasticity to the sheet to prepare a slurry for

tape casting. As the bubbles generated by the vapor pressure of air

and solvent entering the slurry cause defects in the sheet, the

slurry was subjected to a defoaming process by stirring at a

constant speed under reduced pressure to remove the bubbles and

excess solvent added for mixing, and to obtain a viscosity suitable

for molding tape castings. The defoamed slurry was tape-cast and

molded using a doctor blade. The tape carrier film was a

polyethylene film with a thickness of 100 μm and a width of 170

mm, coated with SiO2 on the surface. The tape transport speed

was 30 cm/min and blade height was 1.65 mm for the first and

1.15 mm for the second.

2.4 Processing of Green Sheet

2.4.1 Cutting

The prepared green sheets were cut to fit the size of the sensorFig. 1. Manufacturing process of NOx sensor element
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elements. In this experiment, the green sheet for the solid

electrolyte was first cut to a size of 7 mm × 80 mm, and then the

two cavity layers in the device were cut to the appropriate size.

The cutting machine was an STC-10B (Hansung Systems, Inc.).

2.4.2 Screen Printing

An experiment was conducted to print patterns, such as heaters,

reference electrodes, and sensing electrodes, on a green sheet after

cutting. The panel used for printing was divided into different

materials to minimize the loss of paste during printing, as shown

in Fig. 4. In addition, in the case of green sheets printed on both

sides, drying was performed in an oven at 50oC for 10 min after

printing on one side to prevent damage to the pattern.

2.4.3 Lamination

After printing, lamination was performed to integrate the green

sheets. Lamination was performed by varying pressure,

temperature, and holding time based on the structural diagram of

the manufactured sensor element. Depending on the condition of

the green sheet, the temperature was 40–120oC, the pressure was

10–150 kgf/cm2, and the holding time was 1–60 min to ensure that

the sensor element was not deformed.

2.4.4 Co-firing

The NOx sensor elements fabricated through lamination were

subjected to heat treatment. The most important part of the heat

treatment step is to degrease the amount of various organic

solvents used during the green sheet manufacturing and establish

conditions that can prevent cracking, bending, and warping of the

device during heat treatment. For this purpose, the removal

temperature of the organic solvent and shrinkage temperature of

the green sheet were determined prior to heat treatment. In

addition, the damage caused by the direct heat applied to the

sample during heat treatment was prevented.

3. RESULTS AND DISCUSSIONS

3.1 Green Sheet of Ion Conducting Layer and

Diffusion Barrier Layer

The two types of green sheets used in this study are solid

electrolyte layer for ionic conduction and diffusion barrier layer.

Because complete solubility could not be obtained when using a

single solvent alone, good solubility results were obtained using

mixed solvents. In addition, plasticizers were used appropriately

to control viscosity and suppress adhesion to the film. The

plasticizers contained in the green sheet decompose during heat

treatment to prevent cracking of the green sheet owing to

interaction with each other when it burned [14,15]. A 30 cm × 100

cm pilot green sheet without cracks was manufactured by

adjusting the type and amount of the binder and organic solvent.

Fig. 2 (a) shows the mixing sequence and proportions of the

solvent, binder, dispersant, and plasticizer used to prepare the

green sheet. Fig. 2 (b) shows a sample of the prepared green sheet

and its structure obtained using SEM analysis.

3.2 Detector Electrode Manufacturing

3.2.1 Preparation of Sensing Powder

ZnFe2O4 and ZnCr2O4 were selected as sensing materials. Using

ZnO (Aldrich Chemical Co, Ltd 99.9%), Fe2O3 (Aldrich Chemical

Co. Ltd., 99.9%), and Cr2O3 (Aldrich Chemical Co. Ltd., 99.9%)

as starting materials, Zn:Fe or Zn:Cr in a molar ratio of 1:2 was

mixed using a wet ball mill for 24 h and then heat treated at

1600oC for 4 h to obtain synthesized ZnFe2O4 and ZnCr2O4. Fig.

3 (a) shows the XRD patterns of the synthesized ZnFe2O4 and

ZnCr2O4 powders [16]. All synthesized powders exhibited single-

phase spinel crystal structures.

3.2.2 Preparation of Sensing Electrode Paste

The sensing electrode powders were mixed with the solvents

and binders listed in Table 1, and prepared as a paste in a three-

roll mill. The paste thus prepared was applied to alumina by

screen printing method and dried at 50oC for 30 min [17,18]. The

dried paste was heat treated at 1600oC to form a sensing electrode

Fig. 2. (a) Schematic of green sheet fabrication method, and (b) fab-

ricated green sheet sample and SEM image
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and analyzed by SEM and EDS to confirm its printability and

composition (Figs. 3 (b) and 3 (c)).

3.3 NO
x
 Sensor Structure Design and Fabrication

The NOx sensor device for automotive use was designed to

improve the oxygen pumping efficiency and detection of NO and

NO2 using a diffusion barrier layer, as shown in Fig. 4 (a) [19,20].

The designed NOx sensor is a next-generation NOx sensor with

improved sensitivity achieved by controlling the oxidation-

reduction rate of NO and NO2 on the oxide sensing electrode to

improve the detection of NO and NO2 by improving the oxygen

Fig. 3. (a) XRD patterns of synthesized ZnFe2O4 and ZnCr2O4 powders, (b) SEM microstructure and composition of ZnFe2O4 sensing electrode,

and (c) SEM microstructure and composition of ZnCr2O4 sensing electrode

Table 1. Sensing electrode paste preparation (Mixing ratio of sol-

vent, binder, and additives)

Sensing electrode paste

ZnFe2O4 / ZnCr2O4 powder 40 wt%

Solvent Toluene 40 wt%

Binder PMMA 10 wt%

Additives α-terpineol, BCA(Butyl Carbitol Acetate) 10 wt%
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pumping efficiency and using a diffusion barrier layer, as shown

in Fig. 4 (a) [21]. The nitrogen oxide sensor was designed using

15 green sheets. Each layer has a complex structure, as shown in

Fig. 4 (b). The top surface of the first layer consists of an external

oxygen-pumping electrode, a terminal electrode, and a lead

electrode, which are protected by a porous protective layer and an

insulating layer. An internal oxygen-pumping electrode and lead

electrode were formed underneath the third layer, and the exhaust

gas cavity was separated into two parts. The sixth and eighth

layers formed the detection and reference electrodes, respectively,

and the air duct was the bottom layer. In the third layer, a heater

is formed between the insulating layers. The bottom of the fifth

layer is composed of terminal electrodes, including heater

terminals, which must be precisely controlled during mass

production. In addition, to reduce the defect rate of the sensor

element, the process was optimized to prevent adhesion between

the paste and the green sheet, and short circuit of each pattern.

When printing the heater pattern embedded in the sensor element,

insulation layers of 15–30 µm thickness were formed above and

below the heater to prevent the deterioration of the heater due to

the applied voltage and to block the leakage current from the

detection cell or pumping cell. In addition, an insulating layer and

a porous protective layer were simultaneously formed to protect

the electrode and lead electrode responsible for oxygen pumping

outside the sensor, and the sensor element was manufactured to

significantly improve the sensing characteristics (Fig. 4 (c)).

3.4 Analysis of the Structure and Composition

of the Sensor Element After Heat Treatment

After the heat-treated NOx sensor specimens were cut using a

cutting machine, the solid electrolytic zirconia sheet, internal and

Fig. 4. (a) Structural schematic of the proposed NOx sensor, (b) Detailed schematic of each layer of the sensor element, and (c) Images of the

formation of electrodes and insulation layers used in the sensor element
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external pumped Pt electrodes, and external lead electrodes were

analyzed using an electron microscope (Figs. 5 (a-c)), and the

external morphology of the NOx sensor after firing was observed

using an optical microscope (Fig. 5 (d)). The results showed that

the interior of the green sheet had a fairly good filling of organic

additives and ceramic powder, with few cracks and residual

organic matter. This indicates that the selection of the organic

additives according to the ceramic powder is appropriate, and that

the conditions of the green sheet are satisfied in that it is possible

to form an electrode of a certain thickness in the green sheet state

and that no burn-out, bending, or cracking occurs during the

manufacture of the sensor element. In addition, the reference,

Fig. 5. Microstructure and composition analysis images of (a) solid electrolytic zirconia sheet, (b) internally pumped Pt electrode, (c) externally

pumped lead electrode, (d) externally pumped Pt electrode, and (e) optical microscopy image of the external shape of the sensor after

firing
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pumping, and detection electrodes showed little volatilization or

diffusion of the electrode, even after heat treatment.

A test of the heater integrated into the nitrogen oxide sensor

element was performed using an infrared thermal imaging camera.

The temperature distribution of the entire sensor element and the

temperature distribution of the heating area, where the oxygen-

Fig. 6. (a) Infrared thermal imaging camera measurement of sensor element, (b) heater heating test result of NOx sensor, (c) analysis of sensing

signal according to NOx concentration change, (d) response characteristics of NOx sensor (ON, at NOx 300 ppm), (e) response char-

acteristics of NOx sensor (ON, at NOx 1350–1500 ppm), and (f) response characteristics of NOx sensor (OFF, at NOx 0 ppm)
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pumping, detection and reference electrodes were located, were

investigated while maintaining 12 V. Fig. 6 (a) shows the infrared

thermal imaging camera measurements, and Fig. 6 (b) shows the

thermal test results of the fabricated nitrogen oxide sensor.

Nitrogen oxide sensors directly measure the combustion gases in

automotive exhaust, and hence, they should be able to operate at

high temperatures of 700–800oC. As shown in Fig. 6 (b), the

heater in the device is maintained at a temperature >800oC, which

is sufficient for high temperature operation. Fig. 6 (c) shows the

sensing signal as the NOx concentration changed under the

conditions of 13–14% oxygen and 3% moisture. The results

showed that a wide range of NOx concentrations can be detected

and that the sensing signal changed stably with gas in/out. The

time required for a sensor to detect a certain concentration of a test

gas is called the response time; the faster the response time, the

better the sensor. Figs. 6 (d-f) shows the response characteristics

of the nitrogen oxide sensor at gas temperatures above 800oC as

a function of time. The response time of the sensor obtained in this

study was ON (at NOx 300 ppm): 2.29 s, ON (at NOx 1350–1500

ppm): 1.2 s, OFF (at NOx 0 ppm): 1.3 s, which is higher than that

of the world's best sensor (NGK, 0.75 s); this is a very good result

compared to the response time of most of the solid electrolyte

sensors studied previously, which was more than 3 s.

4. CONCLUSIONS

In this study, an automotive NOx sensor was developed by

fabricating a solid electrolyte green sheet with ion conducting

and diffusion barrier layers, which served as the foundation for

producing the sensor component and assessing its high-

temperature NO and NO2 sensing performance. The automotive

NOx sensor structure was designed using a mixed-potential

mechanism, which enables regulation of NO and NO2 redox

reactions, while incorporating an internal heater, porous

protective layers, and an insulation to prevent degradation and

leakage current. The post-sintering analysis confirmed that

electrode diffusion and cracking were effectively minimized,

resulting in a uniform structure. Infrared thermography further

verified that the heater maintained stable heat distribution at

temperatures exceeding 800oC. In addition, NOx response

characteristics were evaluated at gas temperatures above 800oC,

and the sensor demonstrated a response time of 1.2–2.29 s,

showing significant improvement in speed and stability

compared to conventional solid electrolyte sensors. These results

indicated that the developed NOx sensor could reliably detect

NOx with high accuracy and speed under high-temperature

conditions, indicating its practical applicability in automotive

exhaust gas monitoring.
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