








Figure 2. SEM pictures of YSZ powders: Neochem (top images), CMP (middle images) 

and Aldrich (bottom images) obtained at different magnifications: 1kX and 100kX 

 

One can observe from SEM images in figure 2 that NeoChem powder is formed by 

nanoparticles with the size of about 100 nm, particles are formed in agglomerates with 

the complex shape. CMP and Aldrich powders also consist of nano-scale particles with 

average size of about 100 nm. These particles are agglomerated. For CMP powders these 

agglomerates have large size – up to 10-20 um, and for Aldrich they have size of about 

300-500 nm. 

 

Aerosol deposition unit 

 

In present work we used “cold” aerosol deposition in vacuum using supersonic jet of 

solid particles aerosol as the most promising technique for thin-film deposition of 

electrolyte layers for solid oxide fuel cells. This technique was developed in 90s years of 

the last century in Japan (22-23), it is based on the process of room temperature impact 

consolidation (RTIC). 
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Experimental setup developed and created in Institute of Problems of Chemical 

Physics RAS was equipped by highly-efficient vacuum pump system based on rotary 

pump with a mechanical booster AVD 150/25 with pumping speed of 150 l/s in the 

working pressure range of 50-600 Pa. Schematic diagram (left) and photo (right) of the 

setup is presented in figure 3. 

 

  
 

Figure 3. Schematic diagam (left) and photo (right) of the setup used for aerosol 

deposition of thin-film solid electrolyte layers 

 

Thin films were deposited in a vacuum chamber with the volume of 0.3 m
3
. 

Supersonic jet of solid particles aerosol was formed using Laval nozzle with axial 

symmetry with throat of 0.5 mm
2
. The working vacuum during deposition was controlled 

at about 200 Pa. A thin-film coating was formed in the collision of accelerated particles 

with a support surface. The distance between the Laval nozzle and the substrate during 

the deposition of the electrolyte layer was 10 mm. 

 

Nitrogen was used as a carrier gas. The gas-powder mixture was formed in an 

aerosol chamber with vortex flows of the carrier gas at an additional pressure of 

0.05 MPa. The aerosol chamber was fixed on a vibrating platform with circular vibrations 

(shaker Vibramax 100, Heidolph, Germany). Circular vibration speed was controlled on a 

level of about 600 revolutions per minute, which was an optimal one to shake the powder 

and to form the aerosol. 

 

The substrate was placed on the X-Y-platform with computer control (Jiangxi 

Liansheng Technology Co., China). To obtain an entire coating over a large area, the 

substrate was moved in the form of a rectangular raster with a step of 0.2 mm with 

subsequent passes with a rotation of the raster by 90°. The sweep speed of the substrate 

was 1 mm/s. The thickness of the deposited films was obtained after 4 deposition passes. 
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Results and discussion 

 

Results of the first deposition tests 

 

The application of granular powder for aerosol deposition in vacuum allows to 

fabricate exceptionally large ceramic thick films with areas of 1000×800 mm
2
 and with 

high deposition rates of more than 1 µm/min (24). In addition, Park et al (25) showed the 

possibility of deposition of dense optically transparent films from Al2O3 granules, the 

structure of which largely depends on the raw powder particle size. On the other hand, 

the presence of agglomerates in the aerosol jet leads to the formation of porous films with 

insufficient quality (4). Thus, all the powders described in section “Solid electrolyte 

materials” were employed to test for depositions using aerosol deposition setup. The 

GuangDong, Terio and SOFCMAN powders showed in figure 1 were successfully 

deposited, but the deposition rate showed a dependence on the origin of the powder. . 

GuangDong and Terio powders showed lower deposition rate. For this reason, only 

SOFCMAN powder was used further from the group of granulated compositions (from 

first three powders, showed in figure 1). 

 

Aldrich and Neochem powders were also tested from the point of view of aerosol 

deposition, but we did not manage to reach the stable and quick deposition. CMP powder 

showed quick growth of thin film, and this powder was chosen as only one powder from 

the group of agglomerated compositions (from the last three powders showed in figure 2). 

So, as a result of test depositions, we have chosen SOFCMAN and CMP powder for 

further optimization of deposition process. 

 

Deposition of initial powders without pre-treatment 

 

Selected powders – SOFCMAN and CMP were deposited using aerosol deposition 

technique. Thin films deposited were sintered in air at 1350 °C for 4 hours. SEM-images 

of film surface (top images) and cross sections (bottom images) for SOFCMAN (left 

images) and CMP (right images) are shown in figure 4. 
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Figure 4. SEM-images of film surface (top images) and cross sections (bottom images) 

for SOFCMAN (left images) and CMP (right images) 

 

One can observe from figure 4, that SOFCMAN powder gave opportunity to deposit 

a film with a thickness of about 50 µm (figure 4 left bottom image). This film has large 

scale cracks with a size of about 30 µm. We explain appearance of these cracks by shape 

and size of powder granulates (figure 1 bottom left image). We expect these granulates to 

collide the surface during deposition process and separate into smaller pieces to form the 

film. Large size of granulates did not give opportunity to form a dense film during 

deposition process. Cracks can be also observed from the surface view of film (figure 5 

left top image). 

 

CMP powder gave opportunity to form more uniform film, but this layer has much 

smaller thickness of about 5 µm. One can also observe high porosity of this film caused 

by agglomerated powder morphology. 

 

As all the difficulties of depositions were caused by powder morphology, we came to 

the conclusion about the necessity to mill the powders in ball-mill to destroy granulates 

(in case of the SOFCMAN powder) and dense agglomerates (in case of the CMP powder). 

 

Deposition of pre-treatment powders  

 

SOFCMAN and CMP powders were preliminary milled in planetary ball mill in 

zirconia cup with zirconia balls with the diameter of 10 mm for 2 hour. Rotation speed 

was controlled on a level of 400 rpm. Milled powders were deposited via aerosol 

deposition. SEM-images of film surface (top images) and cross sections (middle and 

bottom images) for different magnifications (2.5kX from middle and 5kX for bottom 
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images) for SOFCMAN (left images) and CMP (right images) powders after milling are 

shown in figure 5. 

 

Figure 5. SEM-images of film surface (top images) and cross sections (middle and 

bottom images) for different magnifications (2.5kX from middle and 5kX for bottom 

images) for SOFCMan (left images) and CMP (right images) powders after milling 

 

One can observe from figure 5 right images, that milling of CMP powder did not 

change the situation dramatically. Milling energy is not high enough to destroy the 

agglomerates. Film deposited is still porous. 

 

Milling of SOFCMAN powder changed the film quality dramatically. As a result, we 

managed to deposit a thin film with small defects, their size is much lower than film 

thickness. So, one needs to avoid the existence of dense agglomerates to form the dense 

film via aerosol deposition. 

 

Cathode deposition and electrochemical performance of model SOFC will be 

described in future manuscripts elsewhere. 
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Conclusions 

 

In this work we describe an experience of thin film deposition of dense gas-tight 

solid electrolyte membranes for SOFCs via aerosol deposition in vacuum. We tested 

different YSZ solid electrolyte powders manufactured by GuangDong Orient Zirconic, 

Qingdao Terio Corporation, Ningbo SOFCMAN Energy Technology (three granulated 

powders); NeoChem, CMP and Aldrich (three agglomerated powders). SOFCMAN and 

CMP were chosen as most promising powders from each morphology group. It was 

shown that the use of granular powders (such as SOFСMAN) allows to obtain coatings 

with a high deposition rate (thickness of 50 µm for 4 passes at the sweep speed of 

1 mm/s). On the other hand, the deposition of the granular powders leads to the formation 

of films, which even after annealing have a defective structure containing large pores and 

channels. Planetary ball milling dramatically changes the situation for granulated 

SOFCMAN powder, as this routine gives opportunity to destroy granules and form a 

dense gas-tight uniform film. As for CMP, ball milling does not lead to so dramatic 

changes as ball mill energy is not sufficient enough to destroy the agglomerates. So, one 

needs to avoid the existence of dense agglomerates to form the uniform gas-tight film via 

aerosol deposition. Electrochemical performance of model SOFC with solid electrolyte 

membrane deposited via aerosol deposition will be described in future manuscripts 

elsewhere. 
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