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Introduction

The electrochemical cells have been investigated intensively for various applications, such as solid oxide fuel cell (SOFC), solid oxide electrolysis cell (SOEC), oxygen separation, and purification of flue gasses emitted from the diesel engines. The mentioned last application is of significance. It is expected that the worldwide market for diesel engines will grow remarkably due to their superior thermal efficiency, durability, and reliability compared to those of the traditional gasoline-powered engines [1]. However, some major challenges are still posed because of the emissions from the diesel engines.

In general, CO, HxCy, NOx, and soot particulates are released from the diesel-powered vehicles, which causes serious environmental and health problems [1,2]. Emissions of CO and HxCy are now low and already fulfill the standards, and therefore recently more attention has been paid to reducing the emissions of NOx and soot particles [1]. For NOx removal, the method using direct catalytic decomposition has been attracting the attention for several decades because the reaction is simple and no reducing agent is required [3].

However, most of the catalysts are deactivated in the presence of oxygen, which drastically reduce the NOx removal ability [4]. For soot particle capture, particulate filters with tiny pores are commonly used, but the regeneration caused from the residual materials accumulation in the filter adds significant cost and complexity, which is a major obstacle to the widespread use for soot traps [1]. Therefore, the development on innovative technologies for treating the nitrogen oxides and soot particles emitted from the diesel engines is strongly in demand nowadays.

The use of the electrochemical cell for the removal of NO x and soot particle is a novel and effective approach. Figure 1 shows the schematic diagram of the structure and the working principle of the electrochemical cell. When the external power is applied on the cell, nitrogen oxide is reduced at the cathode to form N 2 and oxygen anion. The oxygen anions are transported through the electrolyte to the anode [5]. It is noted that the reduction and the oxidation take place at the cathode and the anode, respectively. Thus, when soot particles are placed on the anode, direct reaction of soot is made by using the active oxygen anions coming from the electrolyte [6].

The development on electrode and electrolyte materials is essential for making high efficient electrochemical cells for NOx and soot particle treatment. The electrode 3 materials should have high selectivity, high catalytic activity, and high current efficiency [7][8][9]. Perovskite-type oxides (ABO 3 structure) are suitable electrode candidates because they are characterized by a mixed ionic-electronic conduction in solid electrolyte and could catalyze the simultaneous removal of NOx and soot particulates [1]. The electrolyte materials, such as gadolinia-doped cerium oxide (CGO) [10] and yttria stabilized zirconia (YSZ) [11], should possess high ion conductivity at exhaust gas temperatures for oxygen anion transportation. On the other hand, for practical application of the electrochemical cells, porous microstructures are required for electrode and electrolyte materials to facilitate the penetration and removal of gasses and soot particles.

In the present work, porous electrochemical reactors (comprising 5 cells) with a novel configuration were fabricated via the processes of slurry preparation, tape casting and lamination, and sintering. The produced reactors have 12 layers: alternately arranged 6 electrode layers and 5 electrolyte layers with 1 supporting layer at one end. The supporting layer is lanthanum strontium manganate (LSM)-YSZ composite, the electrode is LSM-CGO composite, and the electrolyte is CGO. The involvement of the supporting layer in the reactor design is to enhance the mechanical performance and the electrical property. For all the layers, graphite powders were used as pore-formers to create porous structures. The multi-layered reactors were co-sintered at different temperatures in a gradient tube furnace to investigate the sintering effects on the reactor properties and determine the appropriate sintering temperature for reactor performance. The advantage of gradient furnace is that the samples can be subjected to sintering at several different temperatures simultaneously only using one sintering run. The property characterization includes microstructure, porosity, pore size, shrinkage, flow rate of the reactor, and electrical conductivities of the electrode and the supporting layer. This work is in an attempt to achieve porous, flat, and crack-free electrochemical reactors for potential application in removing NOx and soot particles emitted from the diesel engines.

Experimental Procedure

The raw materials used in the present work were commercially available powders of LSM15 (Haldor Topsøe, Denmark), CGO10 (Rhodia, France), 3-YSZ (Tosoh, Japan), and graphite (Graphit Kropfmühl, Germany). The slurries for tape casting were prepared 4 by combining the solid contents with a solvent (mixture of ethanol and butanone), a dispersant (polyvinylpyrrolidone), and a binder (polyvinylbutyral based). The slurries were made through a 3-step milling process using a ball miller (Swedrive, Sweden). The particle size distribution and the viscosity of the milled slurries were measured using a LS 13320 laser diffraction particle size analyzer (Beckman Coulter, USA) and a Haake RheoStress 600 rheometer (Thermo-scientific, USA), respectively, to ensure that the desired particle size distribution and viscosity were achieved for tape casting. After degassing, the slurries were tape cast by a tape caster (Procast, USA). Three tapes, LSM-YSZ for supporting layer, LSM-CGO for electrode, and CGO for electrolyte were made.

The detailed compositions of the tapes are shown in Table I. The gaps of the doctor blade were adjusted to 1000, 300, and 250 µm, respectively, for supporting layer, electrode, and electrolyte. After drying, the cast tapes were laminated using a laminating machine For the sintered electrochemical reactors, the porosity and the pore size were measured by a mercury porosimeter (Micromeritics, USA). The shrinkage was calculated from the measured dimensional change before and after sintering. The flow rate was tested from the gas leak via a Model 50D mass flow meter (McMillan, USA). A TM 1000 scanning electron microscope (SEM, Hitachi, Japan) was used to observe the cross section of the polished sample to reveal the microstructure and measure the layer thickness. The electrical conductivities of the supporting layer and the electrode were measured using the Van der Pauw technique [12], where a Model 580 micro-ohmmeter (Keithley, UK) was used to measure the 4-terminal resistance. For one of the conductivity measurements, silver paste was applied for connecting the reactor along the direction perpendicular to the in-plane surface. The Ag-coated samples were heat-treated at 500 o C for 4 hours in a furnace (Heraeus, Germany) with both the heating rate and the cooling heat of 5 o C/min. 

Results and Discussion

The electrochemical reactors obtained in the investigated sintering temperature range are visually flat. As illustrations, Figure 2 shows the low-magnification SEM images of the reactors sintered at 1100 and 1300 o C, respectively. As expected, the sintered electrochemical reactor comprises 1 thicker supporting layer LSM-YSZ, 6 electrode layer LSM-CGO, and 5 electrolyte layer CGO, and the layers of the electrode and the electrolyte are alternately arranged. There is no defect (crack or delamination) at the interfaces of supporting layer-electrode and electrode-electrolyte, which indicates an appropriate composition design and process control has been made to minimize the shrinkage mismatch among different layers during sintering. In the present work, the supporting layer and the electrode are composites, therefore, there existed densification retardation for the matrix materials during sintering due to the inclusion of the second phase [13]. In view of monolithic CGO as electrolyte, which might possess higher densification rate than the composite, more content of pore-former was designed for the electrolyte, as shown in table I, to lower its green density, and hence minimize the shrinkage mismatch [14]. On the other hand, slow heating rate and cooling rate employed for the sintering also provide a beneficial approach to effectively releasing the thermal stress caused by different compositions.

The sintered electrochemical reactors are porous, which could be seen more clearly from the high-magnification SEM images, as shown in Figure 3. In addition to the intrinsic pores in the matrix after sintering, the porous structure is mainly contributed by the added graphite pore-formers, which were burnt off at the temperature above 800 o C and left flaky pores in the matrix [10]. The evolution of reactor microstructure with sintering temperature could also be seen from Figure 3. With respect to Figures 3a and3b I, it is noted that the added graphite content for the supporting layer is the least. In addition, the actual number of graphite in the electrode or the electrolyte is much larger than that of in the supporting layer due to its existing 30% smaller particles in the former, and hence the pore interconnectivity of the electrode or the electrolyte is better than that of the supporting layer after the pore-former was burnt off and left porous structure. From the viewpoint of poreformer, the electrolyte CGO should display very good pore inter-connectivity due to its having both high graphite content (30%) and combination of two particle sizes (3 and 10 µm). This issue could be illustrated from Figure 3. On the other hand, the fact that the electrode shows better pore inter-connectivity than the supporting layer at a given sintering temperature could also be attributed to more second phase CGO (35%) than YSZ (17%) in the matrix LSM, and therefore the degree of densification retardation in the electrode is stronger [16].

The variations of porosity and average pore size with sintering temperature of the electrochemical reactors are shown in Figure 4. It could be seen that the porosity decreases and the pore size increases with increasing the sintering temperature up to 1250 o C, and then the porosity turns flat and the pore size decreases for the reactor sintered at 1300 o C. In general, sintering process tends to decrease the porosity and increase both pore size and grain size, as expected from the coalescence of pores and grains [17]. This effect was found pronounced with increasing the sintering temperature from 1100 to 1250 o C. It is noted that the porosity should have decreased further when the reactor was sintered at 1300 o C due to the further employed sintering temperature. However, the result seemed not this case for the present work. This is mainly attributed to the fact that only open porosity value was obtained from the mercury porosimeter technique. It could be seen that there have closed pores in the 1300 o C-sintered reactor, as shown in Figure 3, which however were not counted. As sintering proceeded at 1300 o C, the inhibition of grain boundary movement from the pores turned weak and fast grain growth occurred. Fast grain growth changed the coordination number and made the rearrangement of the pore surfaces changing from convex to concave, which led to pore shrinkage [18].

Figure 5 shows the pore size distributions of the electrochemical reactors sintered at different temperatures. From the full width at half maximum (FWHM) of the curves, it is noted that the pore size distribution tends to be narrower with rising the sintering temperature in the range of 1100 to 1250 o C. The increasing uniformity of pore size distribution is an interesting feature, which was also reported by Vasconcelos et al [17] when they investigated the diatomite layers processed by tape casting. For the reactor sintered at 1300 o C, however, the pore size distribution turns wider. The exact mechanism of pore size distribution changing with sintering temperature is investigated on the progress, however, it might be due to some shrunk pores in the reactor sintered at 1300 o C, which resulted in a wider pore size distribution.

Figure 6 shows the variations of shrinkage and flow rate with sintering temperature of the investigated electrochemical reactors. The result that the shrinkage increases with increasing sintering temperature could be easy to understand, which is mainly attributed to the enhanced densification rate of the reactor at high temperature [14]. The flow rate shows less decrease with the sintering temperature in the temperature range from 1100 to 1250 o C, but later it drops more at the sintering temperature of 1300 o C. Vasconcelos et al [17,19] proposed that the flow rate of the reactor was proportional to the porosity and the square of the pore size, and inverse proportional to the thickness. In the present work, the thickness difference for the electrochemical reactors sintered in the investigated temperature range is less than 8%, and therefore, the porosity and pore size are the main parameters affecting the flow rate. In the sintering temperature range of 1100 to 1250 o C, the inverse variations of porosity and pore size with sintering temperature resulted in a less remarkable effect of the sintering temperature on the flow rate. Comparing the electrochemical reactors sintered at 1250 and 1300 o C, their porosities are almost the same, but the pore size of the 1300 o C-sintered one reduces, which led to a lower flow rate for the reactor sintered at 1300 o C.

The room-temperature electrical conductivities of the sintered electrochemical reactors were characterized using the Van der Pauw technique [12]. The sheet (in-plane) conductivity of the electrode was measured directly when applying the probes on the surface of the first electrode layer (the end without supporting layer), since the electrolyte layer next to it is insulating at the room temperature. The other end surface, which would combine the electrical conductivities of both the supporting layer and the electrode, was also measured to separate their contributions. From the configuration of the electrochemical reactor, it was assumed that the supporting layer and one electrode layer are connected electrically in parallel. Therefore, the sheet conductivity of the supporting layer C SL was calculated using the measured conductivity C M subtracting the sheet conductivity of the electrode C E , as obtained by measuring the other end surface without the supporting layer,

C SL =C M -C E (1) 
To confirm this assumption, further measurement on the silver-connected reactor was made. According to this design, the supporting layer was connected electrically in parallel with all the six layers of the electrode. Therefore,

C SL = C M -6C E (2) 
For both of the supporting layer and the electrode, their bulk conductivities were obtained after taking into account the thicknesses of the layers, which were measured from the SEM images of the reactors, as partial illustrations shown in Figure 2.

Figure 7 shows the variations of room-temperature sheet conductivity and bulk conductivity with sintering temperature of the supporting layer and the electrode in the sintered electrochemical reactors. It could be seen that, at a given sintering temperature, the sheet conductivities of the supporting layer obtained from both Equations 1 and 2 are consistent (with the difference less 5%), which confirms the correct measurement on the sheet conductivity of the supporting layer. The sheet conductivity and the bulk conductivity increase with increasing the sintering temperature for both the supporting layer and the electrode. This is mainly attributed to the increased densities of the LSM-YSZ and the LSM-CGO with increasing the sintering temperature. At a fixed sintering temperature, the sheet conductivity and the bulk conductivity of the supporting layer are at least one order of magnitude higher than those of the electrode. This is a desired result from the reactor design. High electrical conductivity of supporting layer is very benefit to reducing the working power of the electrochemical reactor for practical applications. In the present work, higher ratio of LSM to YSZ than LSM to CGO was used for supporting I. Therefore, the room-temperature conductivity of the supporting layer is higher than that of the electrode due to the existence of higher conductive phase of LSM. On the other hand, from the microstructural investigation, supporting layer is denser than the electrode sintered at the same temperature, which also contributes a higher conductivity.

In the practical application for the removal of NOx and soot particles, high porosity and pore size, and hence high flow rate are required for the electrochemical reactor to facilitate the operation of the gasses and the soot particles and provide more active boundaries for the electrocatalytic reactions. At the same time, the electrochemical reactor should maintain excellent electrical and robust mechanical properties. Based on the point of prioritizing the flow rate as well as considering other parameters, 1250 o C is believed as the appropriate sintering temperature for the production of the electrochemical reactor investigated in the present work.

Conclusions

Porous, flat, and crack-free electrochemical reactors with a novel configuration comprising supporting layer, electrode, and electrolyte were successfully produced via the processes of slurry preparation, tape casting, lamination, and sintering in the temperature range of 1100 to 1300 o C.

For the sintered electrochemical reactors, the flow rate decreases and the shrinkage increases with increasing the sintering temperature. In the sintering temperature range of 1100 to 1250 o C, the porosity decreases, the pore size increases, and the pore size distribution becomes narrow, as the sintering temperature increases. Further increase in sintering temperature at 1300 o C results in a nearly constant porosity, a lowered pore size, and a wider pore size distribution.

The room-temperature electrical conductivities of the supporting layer and the electrode in the reactor increase with increasing the sintering temperature. The sheet conductivity and the bulk conductivity of the supporting layer at a given sintering temperature are at least one order of magnitude higher than those of the electrode. High electrical conductivity of supporting layer is advantageous to reducing the working power of the electrochemical reactor. 
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  Fujipla, Japan) at a temperature range of 150-160 o C. The laminated green body comprised 12 layers with 1 supporting layer at one end and alternately arranged 6 electrode layers and 5 electrolyte layers. Densification of the green reactors (with the diameter of 24 mm) was made in a gradient furnace (Nabertherm, Germany). After an initial binder removal process up to 800 o C, the sintering conditions were 1100, 1150, 1200, 1250, and 1300 o C held for 4 hours with the heating rate of 20 o C/hour and the cooling rate of 50 o C/hour, respectively.

  , the inter-connected porous networks were formed in the supporting layer, the electrode, and the electrolyte for the reactor sintered at 1100 o C. In addition to the porosity created by the pore-former, the matrices LSM-YSZ, LSM-CGO, and CGO have open porosities, which indicates the early stage sintering[15]. As the sintering temperature increases, the materials densify and the density of the electrochemical reactor increases. On the other hand, the inter-connectivity of the pores in the electrochemical reactor reduces as the sintering temperature increases, especially for the supporting layer. Compared to the electrolyte sintered at 1250 o C (Figure3d), which still has open porosity, the supporting layer sintered at same temperature (Figure3c) displays partially isolated pores. From Figures3e and 3f, for the reactor sintered at 1300 o C, the pores in the supporting layer are almost fully isolated, while the open porous channels in the electrode and the electrolyte are still partially formed. From Table

  , respectively, as listed in Table
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