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ABSTRACT

Thin film technologies have attracted ever-growing interest in different industrial areas. Concerning solid oxide fuel cells (SOFCs), especially devices operating in the intermediate temperature range, such technologies are applied particularly for the deposition of dense, gas-tight electrolyte films with a thickness of several µm to decrease ohmic resistance and enhance the cell performance. The main requirements for the technology selected are its low cost, simplicity of the equipment used, short depo-sition time and flexibility regarding the cell shape. First, we overview thin-film technologies adapted to the deposition of SOFC functional layers, discussing their strengths and weaknesses, with special attention given to electrophoretic deposition (EPD) as being the most simple and cost-effective col-loidal method to fabricate different electrolyte films. Then we present the contribution of our scientific group in the development of the EPD method. The preparation of stable suspensions for the EDP is one of the key requirements for its successful implementation and reproducibility; this was considered in detail and the effect of self-stabilization in suspensions based on nanopowders (7–15 nm), obtained by the method of laser evaporation with consequent condensation, was discussed. Such suspensions, exhibiting high positive ζ-potential values (30–50 mV), were shown to be suitable for EPD without the addition of dispersants or iodine. The requirements for the electrode substrates were formulated and a model of particle aggregation near the porous substrate surface was proposed. Deposition parameters were established for different electrolyte films – commonly used yttria-stabilized zirconia, single and 

multiply doped CeO and proton-conducting doped BaCeO electrolytes. As was shown, the deposition 2 3 on the highly conducting cathode substrates is simpler to implement than the EPD on non-conducting anode substrates and, in addition, it produces high quality films which render high OCV values and superior SOFC performance.
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1  INTRODUCTION

Solid oxide fuel cells (SOFCs) are considered to be promising power sources for decentral-ized electricity production, individually or in combination with renewable energy sources [1]–[3]. Both the academic community and the manufacturers have maintained a high level of interest in investigations in this area to finally overcome the problem with their commer-cialization and reduction in price per kW of power produced. Decreasing the SOFC operational temperature is dictated by the necessity of significantly reducing the rate of deg-radation processes and extend the choice of cheaper electrode and interconnecting materials used. Along with the development of new materials with advanced functional characteristics 

in an intermediate temperature range (600–750° С) [4]–[8], peculiar methods are applied to fabricate thin SOFC layers. Since the electrolyte thickness in second-generation SOFCs [9] decreases to a 5–10 µm range, it can no longer be the cell supporting element, so a new design of SOFC with supporting electrodes (anode or cathode) or metal-supported cells has been developed [10]–[12]. The thin-film electrolyte allows high performance of the cells to be preserved at decreased temperatures including those with traditional yttria-stabilized zirconia (YSZ) electrolytes [13]–[15]. Thin-film technology is also advantageous in deposition of 
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barrier layers on the electrode–electrolyte interface, functionally graded electrodes and Cr-protective oxide layers for interconnectors [16]–[19]. In general, the methods for produc-ing thin films are divided into physical, chemical and ceramic methods (Fig. 1). Plasma-assisted methods, wet chemical methods, colloidal and electrochemical methods [20],[21] can also be included. The list of methods for thin film production being applied to SOFC technology has been constantly growing. Modern integrated technologies are now directed towards entire cell production, especially when producing micro-SOFCs. However, it should be noted, that the majority of thin-film methods require complicated equipment. Electrophoretic deposition (EPD) is one of the colloidal processes in which a ceramic film is formed on a substrate from an electrostatically stabilized colloidal suspension in an electric field [22, 23]. The EPD method was chosen by our scientific group for the fabrication of thin electrolyte films for several reasons: it does not require expensive equipment; it is less time-consuming in com-parison to the majority of chemical and physical methods (about 1 µm per minute) and is easily adaptable to changes in the electrolyte compositions and substrate shapes. To the best of our knowledge, there have only been a few reviews devoted to the application of thin-film technology for SOFCs with a little or no attention given to the EPD itself [9], [13], [14], [18], [20], [21] or to the EDP (fundamentals and application in different areas), where the applica-tion of the EPD in the SOFC technology was considered only in brief [22], [23], [24].

Growing interest in the application of the EPD technology for SOFCs in Russia has com-

pelled us to present a review of recent improvements in the EPD technology, including our own achievements, and also attempt to determine this method’s place among the others tech-nologies adapted for SOFC formation in order to evaluate its prospects.

In Section 2, we give a short review of recent work on the application of different thin-film 

technologies in SOFC manufacture with a discussion of their advantages and disadvantages. 
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Figure 1: Thin-film methods adapted to the deposition of the SOFC 

functional layers.
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Also chemical solution and colloidal methods are reviewed with special attention given to EPD to show the place of the EPD among the other methods and its practical perspectives. The subsequent chapters are dedicated to our recent achievements in EPD. In discussion, we give examples from the studies of different groups as well for the sake of comparison.

As far as the successful implementation of the EPD process and its reproducibility is 

largely determined by preparation of stable suspensions, in Section 3, we present our the main findings, that is, self-stabilized suspensions for EPD based on nano-sized powders, obtained by the method of laser evaporation with subsequent condensation.

In Section 4, we discuss important issues relevant to the successful production of best 

quality films such as deposition parameters and requirements for the electrode substrates and then present examples of deposition of different solid-state films from the stabilized 

suspensions (YSZ, CeO , BaCeO ). Additionally, we discuss the SOFC performance for the 2 3

cells obtained using the EPD method and an important parameter, the OCV value character-izing the electrolyte film quality, including the results obtained by our group on the cathode supported cell.

 

2  METHODS ADAPTED FOR THE THIN FILM DEPOSITION IN THE 

SOFC TECHNOLOGY

 

2.1  Ceramic methods

 

Tape casting, screen printing and tape calendaring are the most commonly used ceramic techniques for cost-effective thin SOFC layer formation [9],[21]. Screen-printing is a method of applying a film by extruding a viscous paste consisting of a mixture of ceramic powder, an organic binder and a plasticizer through a grid. This method is widely applied for the electrode layers’ formation and can be used for formation of thin electrolyte films on porous substrates [20],[21]. High shrinkage due to burning of organic components and high sintering temperatures, however, often results in low-quality films obtained by screen print-ing. Preparation of a printing paste using a mixture of highly reactive sol–gel precursors with micro-sized oxide powders offers the opportunity to obtain crack-free, gas-tight electrolyte layers with a thickness of a few microns [25].

Tape casting is a commercial technology traditionally used for the production of func-

tional ceramics with a thickness of 25–1000 µm and has also been successfully used to form planar SOFC elements with a supporting anode. The process includes the distribution of the slip, consisting of a ceramic component with the addition of a modifier, an organic ligament, dispersant (fish oil) and a solvent (alcohol or toluene), over a flat surface where it remains until the solvents evaporate. Usually, a green anode film has thickness of 1–2 mm and elec-trolyte film—of 40–100 µm, then they are laminated, co-rolled or calendared, and elements of the required size are cut out and sintered at temperatures of 1300–1400°C in special fur-naces to avoid deformation of the elements. As a rule, the final thickness of electrolyte layers reaches 15–100 µm [26]. In this technology, the incompatibility of the expansion of lami-nated materials during heat treatment becomes critical, which can lead to deformation, cracking and delaminating of the sandwich [27].

Tape-calendaring is gradual rolling of ceramic films in order to obtain an electrolyte film 

with a thickness of 10–30 µm on a carrier anode [28]. Thin electrolyte and anode films are rolled from plastic mixture prepared from ceramic powders with an organic binder (based, for example, on natural rubber), which are then co-rolled together to produce a two-layer 4     E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 

 

anode-electrolyte film. Then this film is laminated with a thick anode film and subjected to co-rolling again. The process is repeated to achieve the desired thickness of the electrolyte film. After burning the organic binder, the finished product is sintered at a temperature that will both derive a porous-free electrolyte layer and, at the same time, retain the porous anode structure. The process is simple and allows ceramic elements with a size of up to 500 cm2 to be fabricated [29].

Co-pressing and co-firing process is a simple and inexpensive approach to fabricate dense 

electrolyte thin-film of approximately 10 µm on a porous anode. Initially, it was used only for the formation of small-size cells but today the technology is in the process of scaling [30], [31]. Wet powder spraying has been considered recently as a promising processing route for the straightforward and cheap fabrication of dense thin film electrolytes. This non-contact technique is applicable both to planar surfaces or tubes with high deposition rates and, with appropriate spraying parameters being established, allows crack-free, highly dense electro-lyte films with a thickness of approximately 5–10 µm to be obtained [32].

 

2.2  Physical methods

 

Methods of the physical vapour deposition (PVD) series are based on the gas phase forma-tion via evaporation (thermal, inductive, e-beam, laser) or sputtering (ion beam, magnetron, DC, RF) followed by transportation of the material in its atomic state from the source target and its condensation on the substrate with the film formation. These methods are usually carried out in a vacuum or inert gases and require complicated equipment. The rate of depo-sition is quite high—about 1000 atomic layers/s; however, thickness control is difficult. Among the disadvantages of the evaporation methods one can mention also contamination of the film with the container material (thermal evaporation) and the difference in the resulting film stoichiometry from that of the source target due to the differing deposition rates of the components. The laser ablation method shows the high degree of compliance of the cation stoichiometry of the formed films with the composition of the target material and is charac-terized by a higher deposition rate compared to other evaporation methods [33]. An important factor is the almost complete absence of film contamination with components of the camera and auxiliary devices’ materials due to a small beam width. E-beam PVD, modification of this method, was used for deposition of various electrolyte films [34], [35]. Pulsed laser ablation deposition (PLD) if used for high quality thin films, ease of operation and repro-ducibility and the films obtained do not require post-treatment at high temperatures.

Sputtering allows a wider range of materials, even with complex stoichiometry, to be 

deposited. It ensures that the process of obtaining dense films with excellent adhesion and uniformity can be tightly controlled [19], [36]. However, sputtering methods are very expen-sive and almost all have a very low deposition rate (1 atomic layer/sec).

Among physical methods, plasma spraying, which is now dynamically developing, is 

worth noting [37]. In this process the sprayed material is fed into a high-temperature plasma jet, heats up, melts and is turned as a two-phase flow to the substrate. Upon impact and defor-mation, particles interact with the substrate surface or with the sprayed material and form a coating. The method is characterized by high performance and possibility of obtaining coat-ings of various shapes. When applied to the SOFC technology, this method renders the high-temperature sintering of functional layers unnecessary which greatly simplifies and speeds up the technology. By using low-pressure or high-velocity plasma spraying it is pos-sible to obtain dense electrolyte films [38], [39]. Air plasma spraying (APS) can be successfully used to obtain porous electrodes and protective interconnector layers in an 
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integrated technology for producing SOFCs using plasma technology [40]–[42]. However, all these modifications to the plasma spraying method require expensive equipment and are high energy-consuming.

Thus, among the advantages of physical methods one can point out the possibility to pro-

duce very thin gas-tight layers on porous substrates and create unique structures that cannot be obtained by other methods. Moreover, highly-dense films can be obtained at a decreased temperature which prevents unwanted interfacial reactions. Among the disadvantages are their high cost and low deposition rate with a few exceptions [43], [44].

 

2.3  Chemical methods

 

Chemical vapour deposition (CVD) is a chemical process where the final product forms on the target substrate (located in the hottest zone) as a result of the interaction of gaseous pre-cursors or pyrolysis of the precursor vapours. Precursor substances can be not only gases but also solids and liquids; in these cases they are sublimated or evaporated in a special zone of the reactor and then transported to the target substrate by means of a carrier gas. Decomposi-tion of precursors on the substrate surface with the film formation in CVD technology can be carried out by different methods: thermally (TACVD), using plasma (PECVD), ultraviolet radiation (PACVD) or flame (FAVD), etc. If organometallic compounds are used as precur-sors, this kind of a gas-phase method of deposition of films is designated as MOCVD (metalorganic CVD). The CVD methods vary in pressure during the process (atmospheric pressure, low or very low pressure) and in the physical characteristics of the vapour . The advantages of the method include the possibility of applying films of uniform composition and thickness to substrates with a complex configuration without destroying its structure and, while establishing the process parameters, good reproducibility of the coating properties. The ease of process control and the ability to quickly adjust when changing the substances used is also an advantage of the method. The chemical purity of the product precipitated is quite high. The growth of films, however, is very slow and the cost of equipment is also high [44]. There are examples of the effective use of various modifications of this method for the depo-sition of SOFC thin films [45]–[47]. However, CVD can be very expensive due to the power requirements of the process. Chemical vapour deposition reactions often leave byproducts which must be removed by a continuous gas flow. Advantages and disadvantages of various CVD methods are comprehensively described in [48].

Electrochemical vapour deposition (EVD) is a modified form of CVD, developed by 

Westinghouse [49]. At the first stage of the combined CVD/EVD technique the pores of the carrier substrate are closed by simple chemical deposition from the gas phase; at the second stage, the growth of films occurs under the influence of a gradient of electrochemical  potential directed across the film. The production of thin-film electrolyte on the supporting anode using this technology has been studied in detail in [46], [50]. In the CVD/EVD process it is possible to determine the electrolyte film quality by performing in situ gas permeation tests [46].

Atomic layer deposition (ALD) is a special kind of chemical vapour deposition, in which 

a film is formed on a substrate by exposing its surface to alternate gaseous precursors, inserted into the reactor as a series of sequential, non-overlapping pulses. By varying the number of cycles it is possible to grow layers uniformly with precisely controlled thickness and on  substrates of complex shapes and of large area [51].

Aerosol spray pyrolysis is a simple and cost effective method compared to other methods 

of deposition from the gas phase and widely used in SOFC technology to obtain both electro-lyte films and electrode layers [52]–[54]. It is based on the thermal decomposition of the 6     E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 

 

aerosol of a solution containing cations of the synthesized material in a stoichiometric ratio. When using this method it should be taken into account that, due to different resistance to heat, some salt components can decompose on the way to the substrate and then some of the components will already settle in the form of solid particles and agglomerates, or undergo pyrolysis only after the micro droplet reaches the specified temperature on the substrate. This phenomenon can lead to a decrease in the chemical and phase homogeneity of the films as well as the possible high volatility of some salt components and it is necessary to adjust the composition of the initial solutions, increasing the proportion of volatile components. The negative influence of these factors can be diminished by the introduction of different soluble polymers into working solutions to regulate decomposition temperatures.

 

2.4  Chemical solution deposition and colloidal methods

 

Chemical solution deposition (CSD) is the method based on deposition of precursors to the substrate from a solution, followed by drying, pyrolysis and high-temperature treatment. As precursors, inorganic salts, hydrides and organometallic compounds soluble in a specific sol-vent can be used. In some modifications colloidal suspensions or slurries of the powders are used. Liquid precursors can be deposited by spraying, by centrifuging the substrate with a suspension applied on its surface (spin-coating) or immersion of the substrate into the solu-tion followed by its slow withdrawing (dip-coating) [55]–[60]. CSD and related techniques provide versatile and cost-effective processing routes for SOFC thin layers with controlled stoichiometry and morphology on porous substrates. Among the disadvantages of these methods is the necessary numerous repetition of the deposition-drying operation (at temper-atures necessary to remove the organic binder, usually 300–400º С) to obtain a dense, porous free coating.

Electrodeposition of SOFC oxide materials can be performed by EPD or electrolytic 

 deposition (ELD). EPD is one of the colloidal processes in which a ceramic film is formed on a substrate from an electrostatically stabilized colloidal suspension in an electric field [22]. ELD produces colloidal particles in electrode reactions for subsequent deposition. As positive qualities of these methods, one can note its simplicity, the uniformity of the films obtained and high deposition rate. For the EPD process preparation of stable suspensions is an important factor for successful deposition [23]. The content of the ceramic component is quite low in comparison to other colloidal methods and usually amounts of 2–10 g/l. ELD are widely used for deposition of protective layers in SOFC as well as deposition of thin electro-lyte films and electrodes [63]–[66]. The EPD method is successfully applied to fabricate microtubular SOFCs [65]–[68], fabrication of SOFC electrodes on the supporting dense elec-trolyte [69], [70] and protective coatings for SOFC interconnects [71], [72]. Electrophoretically deposited electrolyte films exhibit improved adherence and higher density compared with dipped or sprayed coatings and have uniform composition and structure. Gas-tight electrolyte films can be obtained by the EPD method both on conducting cathode and non-conducting anode supports [73], [74].

 

3  PROSPECTS FOR USE OF ELECTROLYTE POWDERS OBTAINED BY A  

LASER EVAPORATION METHOD FOR EPD OF THE THIN-FILM  

ELECTROLYTES FOR SOFCs

The EPD method for the fabrication of thin electrolyte films in SOFC technology was chosen by our scientific group for several reasons: it does not require expensive equipment, it is less time-consuming in comparison to the majority of chemical and physical methods (about 8     E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 
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1 µm per minute) and is easily adaptable to changes in the electrolyte compositions and, thus, suitable for deposition of multilayer electrolytes with easy control of the layer thickness through the simple adjustment of the deposition time and applied voltage. It is flexible to the support shape and has no special requirements for binder burnout as the green coatings con-tain few organics. As far as successful implementation of the EPD process is largely determined by preparation of stable suspensions [75], in this section we share our expertise in preparation of those based on nanopowders, obtained by the method, developed in the Institute of Electrophysics UB RAS [76]–[80]. The use of weak aggregated powders with particles of almost spherical shape obtained by the method of laser evaporation with subse-quent condensation (LEC) opens up the potential possibility of obtaining stable self-stabilized suspensions. The use of LEC nanopowders in the EPD technology not only simplifies and significantly reduces the cost of obtaining stable suspensions and the amount of organic  dispersants and charge agents but also reduces the sintering temperature and improves the quality of thin-film coatings.

 

3.1  Laser evaporation followed by condensation (LEC) as a method of obtaining 

electrolyte nanopowders

 

The production of nanopowders by the LEC method occurs as a result of evaporation of a ceramic target by laser radiation in an evaporation chamber (Fig. 2).

For the evaporation an LS-06 ytterbium fibre laser with 1.07 µm wavelength and the aver-

age irradiation power output equal to approximately 600 W is used. The target, made of a purpose material, is installed in the evaporation chamber onto a moving mechanism that provides both rotation and horizontal movement of the target on which the laser beam is focused using an optical system Optoscand d25 f60/200 with 200 mm focal length. The gas 

flow blown into the evaporation chamber (a mixture of N and O in a volume ratio of 0.79: 2 2 0.21, flow rate of 70 l/min) carries away the target vapour formed. In the circulating gas flow, vapour condensation occurs predominantly in the form of spherical nanoparticles, which are then transferred by the working gas flow to a cyclone where the initial separation of the nan-oparticles takes place. Next, the flow enters the electric filter on which the final fraction of the weakly aggregated spherical nanoparticles is collected.
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Figure 2: Scheme of the laboratory set for the LEC method (1—moving mechanism, 

2—target, 3—evaporation chamber, 4—blower, 5—cyclone, 6—electric filter, 7—mechanical filter, 8—optical system) [76].

 

Examples of LEC nanopowders are shown in Fig. 3. The particles are mainly of spherical 

shape and the particle size distribution (PSD) obtained by the method of graphical analysis of the TEM images (a JEOL JEM 2100 transmission electron microscope) closely correspond to the lognormal distribution:

 

f d        1           2 2 ( ) − (                    2 ln d PSD − ln m ) =               s e      (1)

d   s p 2 PSD

 

where µ is an average value of the logarithm of the particle diameter and σ is a dispersion of the normal distribution of the logarithm of the diameter.

The mean diameter of particles d  calculated from PSD was in the range of 7–15 nm  PSD

(Table 1), the specific surface area of the nanopowder, determined by the BET method (a Micromeritics TriStar 3000 vacuum sorption analyzer), exceeded 50 m 2/g. According to the XRD analysis (a D8 DISCOVER diffractometer) all the materials prepared were single phase and exhibited a cubic fluorite-type structure with a Fm3m (225) space group.
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Figure 3: Powder TEM images and particle size distribution in the 

nanopowders obtained by the LEC method: (a) Y O-2 2 stabilized ZrO (YSZ); (b) Ce   Gd   O (CGO); (c) 2 0.8 0.2 1.9 Ce Sm O (CSO); (d) Ce (Sm   Sr Ba   ) O 0.8 0.2 1.9 0.8 0.75 0.2 0.05 0.22-δ (CSSBO) [77], [79], [80].
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Table 1: XRD characterisation of the LEC nanopowders.

 

LEC powder                    YSZ       CGO      CSO     CSSBO

Specific surface area (m 2/g)               55            93            83            53

 

Mean particle diameter, d     (nm)        11            7            9            15 PSD

Lattice parameter, a (nm)              0.5145       0.54261      0.5429       0.5440

 

3.2  Effect of self-stabilization in suspensions of the LEC powders

 

One of the main conditions for successful EPD is the selection of the dispersion medium which would provide sedimentation and aggregative stability of the suspension. From an economic and environmental point of view the most convenient medium is water. However, the use of water in the EPD processes of ceramic powders is limited, due to the low voltage of water electrolysis which results in gas release during the process preventing the formation of dense coatings [22], [23]. In spite of the fact that there are several studies on successfully conducted EPD in the aqueous medium, such processes, as a rule, require the use of noble metal electrodes [81], [82]. Thus, alcohols and ketones, as well as their mixtures, are usually used as a dispersion medium [83]–[85]. The zeta potential (ζ-potential) is used as a criterion for the stability of the suspension, that is the potential difference between the liquid medium and the particle interfacial double layer at the slipping plane [23], [75]. A magnitude of ζ- potential above 20 mV is required to maintain a well-dispersed suspension.

For stabilization of non-aqueous suspensions of commercial powders (Tosoh, Nanostruc-

tured and Amorphous Materials Inc., Aldrich) different particle charge modifiers and dispersants (iodine) as well as additives of acids or alkalis for pH and ζ-potential regulation are introduced [74], [83], [86], [87]. The main advantage in using the LEC powders is the spontaneous formation of the electric double layer (EDL) with a positive ζ-potential on the surface of the nanoparticles [88]. The initial suspensions in a mixed isopropanol-acetylaceton medium (50:50) of all nanopowder compositions are characterized by a weak acid medium and a sufficiently high ζ-potential initial value (Fig. 4). During titration with KOH ζ potential values decrease with increasing pH for all the suspensions prepared, however, the charge exchange of EDL does not occur: the ζ-potential values remain positive. To determine the reasons for the absence of an isoelectric point, potentiometric titration was carried out. The shape of the titration curves for various nanopowders was similar: the pH increases monoton-ically with KOH addition and there is no characteristic step indicating the point of equivalence of the acid-base equilibrium. This behaviour is probably a consequence of the non-aqueous nature of the dispersion medium of the suspension, in which the protolytic dissociation con-stant of the solvent is significantly lower than in water and the point of equivalence can be reached at substantially higher alkali concentrations. The study of suspensions of commercial CGO powder (Fuel cells materials) [89] showed that the isoelectric point in aqueous suspen-sion occurred at neutral pH value. Such behaviour of the titration curves in our case is probably a consequence of the of the non-aqueous dispersion medium’s nature, in which the protolytic dissociation constant of the solvent is significantly lower than in water and the point of equivalence can be reached at substantially higher alkali concentrations. To maintain stability of the water and ethanol-based commercial CGO suspensions, polyacrylamide (Duramax-D3005) in the amount of 3.0 wt% and phosphate ester (Beycostat-C213) in the amount of 2.0 wt% were used as deflocculants, respectively [89].
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Figure 4: Dependence of ζ-potential on pH value in the isopropanol/

acetylaceton-based suspensions (50:50) according to the electroacoustic measurements (DT-300 analyzer) [80], [88].

 

It was shown in our earlier work [90] that nanopowders prepared by electric explosion of 

wires also formed self-stabilizing suspensions. Moreover, the materials obtained by the wire electrical explosion and LEC methods were similar both in EDL parameters and how they change during the titration [88, 90]. This gave reason to suppose that they have a similar mechanism to EDL formation based on specific adsorption of cations. However, the nature of the anions in this mechanism is not yet clear. In the case of the powders prepared by explo-sion it may be a nitrate anion, whereas for the laser powders it may possibly be a condensed form of carbon as small amounts of carbon are always detected in the LEC nanopowders [88]. It should be noted that the stability of these suspensions is primarily caused by the elec-trostatic factor and the small particle size is of secondary importance. The small particle size in itself does not provide stability of suspensions caused only by thermal motion and even in the presence of electrostatic repulsion between nanoparticles (high ζ-potential values) the suspensions can experience substantial aggregation, which, however, does not always affect its sedimentation stability. In our opinion, the dispersion composition of aggregates in sus-pension has a significant effect on such characteristics of the resulting coatings as density and the presence of various defects. As a method for producing suspensions with a narrow  distribution of particles and their aggregates by size, ultrasonic treatment followed by centrif-ugation is usually applied. Examples of the application of this technology are given in the next section.

 

4  EPD OF THIN ELECTROLYTE FILMS ON DENSE AND POROUS 

CATHODE SUBSTRATES

 

4.1  Deposition parameters

 

Along with such parameters as ζ-potential, viscosity and dielectric constant of the dispersion medium, EPD mode is characterized by such parameters as: voltage between electrodes, 12    E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 
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deposition current, electrode area and deposition time. The kinetics of deposition may vary depending on the properties of the electrokinetic system under consideration. In our works, we experimentally selected EPD modes in non-aqueous media (isopropanol/acetylacetone with different ratios of the components) at constant voltage in the range from 50 to 100 V. Under the conditions used, the deposition time was 1 min to obtain a green coating thickness of approximately 2 µm at a suspension concentration of 10–20 g/l. The polymer modifier BMC-5 (copolymer of butyl methacrylate with 5 wt% of methacrylic acid) was introduced into the suspensions to avoid cracking the coatings during drying and was limited to a specific value (3 g/l), above which the EPD process stops [88].

Below we give some common requirements for the substrates used for EPD, derived from 

our experimental studies [73], [88], [91], [92]:

 

•  high electrical conductivity and homogeneity of electrical properties along the surface; • proximity of the thermomechanical properties and sintering behaviour of the substrate and 

the electrolyte film deposited;

• high level of the substrate porosity (not less than 35 vol%) to avoid gas diffusion 

 limitations;

• the pore size on the substrate/electrolyte film contact surface not more than 1 µm; • surface roughness not more than 0.20 µm; •  stability of the substrate porous structure during electrolyte sintering.

 

Because a high level of substrate conductivity is one of the main qualities required for 

successful deposition of the film by EPD our group conducted deposition on different dense and porous cathode substrates. Deposition on non-conducting substrates (for example, NiO– YSZ, deposition on the electrolyte surface) is possible when covering the substrate surface with a conducting material (graphite, polypyrrole) or using a conducting plate (metallic or carbon) placed on the other surface of the substrate which is not exposed to deposition [74], [93], [94].

 

4.2  Deposition of YSZ films

 

The effect of the degree of de-aggregation of YSZ nanoparticles in suspensions of the LEC 

powder on the deposition process on the dense La   Sr   MnO (LSM) cathodes was high-0.7 0.3 3-δ lighted in [95]. It was shown that the combination of ultrasonic treatment (UST) using a UZV-13/150-TN processor with following centrifugation in a Hermle Labnet Z383   centrifuge lead to a narrow distribution of particle sizes in suspension (Fig. 5). The process of centrifug-ing the suspension was carried out at different durations—from 1 minute to 9 minutes at the same rotational speed of 10,000 rpm. It was established that, when the suspension was pro-cessed for 6–9 minutes, the resulting green coating had a porosity of more than 35%, whereas with a treatment time of 3 minutes the green-coating porosity did not exceed 15% and ensured that dense, crack-free films would be obtained after sintering. From the stable sus-pensions with varying degrees of de-aggregation, thin-film coatings were obtained using both EPD and model drying on the substrates. It was found that there was a significant dif-ference in the structure and morphology of the films obtained in these two cases: the model drying from the stable suspensions lead to the formation of loose aggregates on the surface; in the case of EPD, electrocoagulation of particles firstly occurred near the cathode with the formation of sufficiently dense aggregates and then the resulting aggregates were deposited on the  electrode.
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Figure 5: Influence of the YSZ suspension processing on the particle 

size distribution: (a) UST 125 min; (b) UST 125 min + 

centrifugation for 3 min at 10,000 rpm; (c) UST 125 min+ centrifugation for 6 min [95].

 

The EPD from the isopropanol/acetylacetone suspension based on the YSZ powder was 

also performed on the La Sr   MnO porous substrates with different mean pore size— 0.6 0.4 3

LSM1 (up to 1µm) and LSM2 (3–20 µm) [92] (Fig. 6a, b). Analysis of the particle size distribution in the suspension before EPD revealed that the percentage of the individual YSZ particles (14 nm) exceeded that of aggregates (155 nm) by a factor of 10. Based on this, the YSZ nanoparticles in both cases should penetrate inside the porous cathode without being deposited on its surface. However, in the case of the LSM1 cathode the YSZ green deposit of high density, consisting of almost spherical formations with a mean size of 100–200 nm, was formed on the surface (Fig. 6c). For the explanation of this fact, it was assumed that on the surface of the electrode an EDL with a finite thickness is also formed. Due to the EDLs of particles and the electrode overlapping, the aggregates were formed and then deposited in the pores near the surface without penetrating into the cathode. Thus, the experimental results have revealed that for the successful deposition from the LEC suspensions the critical pore size on the substrate/electrolyte film contact surface should not exceed 1 µm.

The possibility of modifying the surface of the LSM2 substrate for further deposition of 

the nano-sized powder was also validated in [92]. For this, the EPD at 100 V for 1 min was carried out to deposit LSM2 electrode material with micron-sized particles in order to close the macropores. The applied intermediate LSM layer (25 µm) was annealed at the tempera-

ture of 1050°С, 15 min and then YSZ film (4 µm) was electrophoretically deposited onto the modified LSM2 substrate surface (Fig. 6d).

Results of testing the single SOFCs fabricated using EPD are shown in Table 2. Depending 

on the substrate type, applied EPD mode, film thickness, and fuel/oxidant ratio it varies  significantly, from 2.56×10-3                         2 to 1.84 W/cm. The most promising results were obtained in [96], [97] using cyclic EPD both on anode and cathode substrates. For the cell with a 10YSZ 14    E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 
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Figure 6: La   Sr   MnO porous substrates with different mean pore size: 0.6 0.4 3

LSM1—up to 1µm (a) and LSM2—3–20 µm (b); YSZ film deposited at LSM1 (c); YSZ film (3) deposited on the intermediate LSM layer (2) at the LSM2 substrate (1) (d) [92].

 

Table 2: Performance of SOFCs with thin-film YSZ electrolyte fabricated using EPD.

 

Electrolyte             OCV, V               Pmax,

(thickness, μm)                                      2 (fuel/oxidant) W/cm                Ref.

*8YSZ 10 µm        ~1.0 (800°C)             0.64                [67]

(N +20%H /air) 2 2

8YSZ <10 µm        ~1.1 (800°C)             0.26                [68]

(H +3%H O/air) 2 2

*8YSZ 40 µm      0.86 (850°C) (H /           0.27                [93] 2

air)

8YSZ 5 µm        1.03 (1000°C)            1.84                [96]

(H +2%H O/O ) 2 2 2

8YSZ 10 µm        1.0 (1000°C)             1.5                 [97]

(H +3%H O/O ) 2 2 2

**10YSZ 5 µm     1.10 (860°C) (H /           0.55                [98] 2

air)

 

(Continued)

 

8YSZ 9-12 µm      1.08 (850°C) (H /           0.57                 [99] 2

air)

 

8YSZ 4 µm       1.10 (700°C) (H /           0.71                [100] 2

air)

 

8YSZ 4 µm/       1.10 (700°C) (H /           0.61                [100] 2

***CSO20 1 µm          air)

8YSZ 40 µm        ~1.0 (800°C)             0.36                [101]

(N +20%H /air) 2 2

8YSZ 3 µm         ~1.0 (800°C)            ~0.90               [102]

(H +3%H O/O ) 2 2 2

8YSZ 6.5 µm                                   -3 1.09 (800°C) 2.56×10              [103]

(H +3%H O/O ) 2 2 2

 

*8YSZ – Zr0.92Y                                                       . 0.08 O 2-δ ; **10YSZ – Zr 0.9 Y 0.1 O 2-δ ; ***CSO20 – Ce 0.8 Sm 02 O 2-δ

 

film fabricated on a LSM cathode substrate from a stable suspension of the LEC 10YSZ elec-trolyte powder the high OCV value (1.10 at 860 oC for the fuel/oxidizer mixture of H /Air) 

2

and performance, comparable with the best results presented in literature were obtained [98].

EPD can also be applied to the deposition of composite and multilayer coatings based on 

YSZ and other solid state electrolytes [69], [100], [104]–[107]. This method offers the oppor-tunity to deposit very thin layers with high adhesive properties and allows the problem to be resolved with layer delaminating during sintering. For instance, a functionally-graded NiO– YSZ composite film was obtained by a controlled voltage-decay EPD process from the suspension containing the particles of two different sizes (fine YSZ and coarse NiO particles) [69]. The film contained varying NiO concentration from 46 wt% near the substrate to 32 wt% close to the electrolyte with 42 wt% NiO in the intermediate region. The multilayer structures with 5, 31 and 75 alternating layers of tetragonal 3YSZ (5.22 wt.% Y2O3) and cubic 8YSZ zirconia with uniform layers’ thickness of 125, 55 and 20 µm were successfully obtained in [105], [106].

 

4.3  Deposition of CeO-based films 2

 

Some recent studies have been devoted to EPD of Ce (Sm   Sr Ba   ) O 0.8 0.75 0.2 0.05 0.22-δ (CSSBO) electrolyte films both on a dense La NiO  (LNO) substrate [88], [108] and on a porous  2  4+  δ

substrate consisting of the LaNi   Fe   O    (LNFO) collector and La NiO    functional 0.6 0.4 3-δ 2 4+ δ layers  [73].

Suspensions of the CSSBO electrolyte powder (LEC) with concentrations of 10 and 20 g/l 

were ultrasonically treated for 5–125 min. The stable and reproducible results were obtained at 80 V with the deposition current density equal to 1.5 A/cm2. Under this regime, deposition of 1 min duration resulted in a uniform CSSBO green deposit of 2.5 mg/cm2 with thickness approximately 2 µm. The film sintered at 1400°C, 4 h had a uniform microstructure with an average grain size of 4 µm and a total conductivity of 0.1 S/cm at 650ºC. It should be noted that, to ensure the operational reliability of the electrolyte layer, especially one based on doped ceria, it is necessary to increase the film thickness to not less than 5 µm. However, our numerous experimental studies have shown that the maximum thickness of the layer depos-ited in one stage is about 2–3 µm. Thus, the cyclic EPD with intermediate sintering at 
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(a)                                    (b)                                     (c)
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Figure 7: SEM images of the CSSBO film cross-section (a), the film (b) and 

[image: ]

the LNFO substrate surface structure after the all manufacturing steps of the half-cell, including the final sintering of the electrolyte film at 1400°C, 4 h (c) [73].

[image: ]

 

decreased temperatures (6 stages) was performed to deposit the green CSSBO film with a total weight of 5.6 mg/cm2 and 8.5 µm thickness on the porous substrate [73]. The film  sintered at 1400°C, 4 h was approximately of 5 µm in thickness (Fig. 7) and had surface roughness of about 0.20 µm. Adhesion to the substrate was studied by the scratching method using a 600 Nanotest device with acoustic emission module. It was shown that the critical load at which the film can be destroyed was 111 mN. The amplitude curve of the acoustic emission signal consisted of a single step which confirmed that under the constant increase in load the dissipation of the introduced fracture energy occurred in the form of plastic defor-mation of the film, excluding the formation of microcracks and destruction occurred at a macroscopic level and under a sufficiently high mechanical load.

The gas permeability coefficient of the electrolyte film measured using a special laboratory 

device was equal to zero. At the same time, the gas permeability coefficient of the thick  supported LNFO layer (1 mm), measured at all stages of the cell manufacturing, was constant and equal to 30.38×10−3     2 µm.

 

4.4  Deposition of BaCeO-based films 3

 

Development of proton-conducting electrolytes including those of the BaCeO-BaZrO 3 series is a promising direction for the SOFCs with decreased operating temperature [109]. Such materials can be used individually or as an electron-blocking component in a composite 

electrolyte or as a protective layer in the CeO-based cells [110], [111]. A feature of the 2 BaCe(Zr)O-based electrolytes is their very high sintering temperature which increases with 3

an increase in Zr content [109]. Because of that the EPD of proton-conducting electrolyte films was previously performed mainly on anode substrates which allows sintering at the temperature of 1500°C and higher [112]–[114]. For the EPD on the cathode substrates, due to high sintering properties of majority of cathode materials, to preserve porous structure of the cathode substrate it is necessary to reduce the electrolyte film sintering temperature down to 1400°C. The LEC method is advantageous in obtaining nano-sized powders for which a decreased sintering temperature is needed to obtain gas-tight coatings. However, in the case of Ba-containing electrolyte, in the LEC process it is difficult to produce powders of nominal 

compositions, as demonstrated by the specific example of BaCe   Sm   O    (BCSO) in [115]. 0.8 0.2 3-δ Nevertheless, in the study it was revealed that successive annealing of the BCSO LEC  powder at the temperatures of 800–1400°C  allowed the content of unidentified crystalline phases to be reduced to a trace amount (<5 wt%). EPD of the BCSO nanopowder was successfully 16    E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 

 

performed using a stable suspension in a mixed isopropanol–acetyl acetone (70/30 vol%) medium characterized by a high positive ζ-potential of +30 mV with following final synthe-sis and sintering in the deposited film at 1400°C.

Recently, it has been shown that both doping with transition metals and their introduction as 

a sintering additive allows the sintering temperature of proton conducting electrolyte films to 

be reduced [116], [117]. On the basis of it, BaCe Sm   Cu   O    (BCSCuO) and 0.8 0.19 0.01 3– δ BaCe   Gd Cu   O (BCGCuO) micro-sized powders, obtained by the solid-state reaction 0.89 0.1 0.01 3– δ

and citrate–nitrate combustion methods, were selected for the suspension preparation, charac-terization and study of the electrokinetic parameters of the EPD process in [118]. Conventional ceramic and chemical methods are more technological from the point of view of providing a single-phase composition of a multi-doped electrolyte material—barium cerates or zirconates substituted with rare-earth elements. It is also expected that suspensions of micro-sized pow-ders are more resistant to aggregation compared to nanopowders [102]. It is known that natural sedimentation stability is not typical for the suspensions of micro-sized powders due to the large aggregate size [23]. The use of ultrasonic processing and centrifugation made it possible to obtain deaggregated stable suspensions of micron particles of BCGCuO and BCSCuO [118]. The centrifuging process allows the particle size distribution to substantially narrow (Fig. 8), so the effective hydrodynamic diameter and geometric standard deviation for  BCGCuO were 294 nm and 1.376, for a suspension of BCSCuO 329 nm and 1.472, respectively.

In Ref. [119], to obtain homogeneous, crack-free solid electrolyte films, cyclic EPD was 

carried out from the BCSO and BCGCuO suspensions at a constant voltage of 80 V and a deposition current in the range from 1.00 to 1.21 mA/cm2. The deposition time was 1–3 min.

The amount of green deposit in each cycle was 0.4–0.7 mg/cm2 of the geometric surface of 

the cathode substrate. The total weight of BCGCuO and BCSO films after final sintering was 3.2 and 1.0 mg/cm2, respectively. After the final stage of sintering at a temperature of 1500°C, the BCGCuO film was dense, with fully formed grains ranging in size from 1 to 7 µm with small defects in the form of potholes, which are concentrated on the film surface and are practically absent in its volume. The calculated sintered film thickness (assuming that the particle density is ρBCGCuO = 6.35 g/cm3) is 5 µm, which agrees well with the results of electron microscopy performed using a TESCAN MIRA 3 LMU field emission scanning electron microscope. However, according to the microprobe analysis the spatial distribution of the elements in the BCGCuO film showed a lack of barium which can be caused both by 
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Figure 8: Unimodal distribution for the BCGCuO suspension: (a) UST 5 

min; (b) UST 25 min; (c) UST 125 min; (d) УЗО 125 min + centrifugation 3 min with the rate of 1500 rpm; and for the BCSCuO suspension: (a) UST 5 min; (b) UST 125 min; (c) UST 125 min + centrifugation 3 min with the rate of 1500 rpm [118].
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the more intense evaporation of barium from the film compared to the compact sample and by the diffusion of Ba into the cathode substrate during sintering. In the literature this prob-lem is considered and possible methods such as covering the film surface with a Ba-containing 

powder [120] or applying a protective film of undoped BaCeO [121] to eliminate the loss of 3 barium during sintering of thin films based on barium cerate are discussed. However, analysis of the chemical composition of the BCGCuO film both after sintering the film covered with 

powder of the same material and under the BaCeO protective coating (the BaCeO layer was 3 3 electrophoretically deposited on the BCGCuO film before the final sintering) showed a lack of barium and revealed that the evaporation of barium during sintering is not the determining factor, the main loss of barium being due to diffusion into the LNO substrate. In recent stud-ies [122, 123], Ba-doped layered nickelates have been reported as being most promising for 

the proton-conducting electrolytes of the BaCeO-BaZrO series as they show low interac-3 3 tion with the electrolyte along with excellent electrochemical activity and long-term stability. In our recent study, in order to reduce the interaction, the cyclic deposition of the BCGCuO 

film was performed on the La   Ba NiO (LBNO) model cathodes. The total weight (calcu-1.7 0.3 4 lated thickness) of BCGCu coatings sintered at a temperature of 1450ºρ for 2 hours after 3 and 8 deposition-sintering cycles was 1.2 mg/ cm2                               2 (1.8 µm) and 2.8 mg/cm (4.4 µm), respec-tively. After final sintering almost stoichiometric barium content in the BCGCuO coating was confirmed. Partial diffusion of lanthanum into the film and no nickel diffusion was detected. The conductivity of the film was 0.107 S/cm at 700°C with an activation energy of 0.5 eV which is close to the conductivity of a compact sample. Our future work will be directed to the study of EPD of proton-conducting films on the porous cathode substrates.

 

5  CONCLUSIONS

A brief review on the methods for producing thin films in SOFC technology and the research results from our scientific group in the field of EPD of thin-film coatings of solid oxygen- conducting and proton-conducting electrolytes based on zirconia, ceria and barium cerate on the cathode substrates have been herein presented. Characteristic features and advantages of EPD compared with other methods for producing coatings have been shown. The EPD method is very attractive for a number of reasons: it does not require expensive equipment, it is flexible to the substrate form, takes less time compared to most chemical and physical methods (about 1 µm per minute deposition rate) and is easily adapted to changes in the electrolyte composi-tion and, thus, suitable for deposition of multilayer electrolytes with control of the layer thickness by the time and applied voltage variation. Given that the SOFC electrolyte films can be of various types (oxygen-ion, proton—conducting) and initial powders are of different dispersity (from nano to micro-sized), specific parameters to obtain stable suspensions, pre-pare the substrate and achieve effective deposition are essential in order to obtain the right recipe for each type of material. Thus, the results of the study of factors influencing the stabi-lization of suspensions (the influence of the medium, ultrasonic treatment, centrifugation) based on nano- and micro-sized powders (obtained by different methods) and their kinetic parameters have been presented. A number of studies carried out by our scientific group have shown that the combination of ultrasonic processing methods, as well as subsequent centrifu-gation, allow the proportion of individual particles in the suspension to increase significantly and a narrow particle size distribution to be obtained. The effect of self-stabilization for the suspensions on the basis of weakly aggregated nanopowders (7–15 nm) with a spherical shape of particles obtained by the method of laser evaporation with subsequent condensation (LEC) was revealed. The LEC suspensions were shown to exhibit high natural positive ζ-potential values of 30–50 mV, suitable for the EPD. The use of LEC powders in the technology of 18    E. Y. Pikalova & E. G. Kalinina, Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 1 (2019) 

 

preparation of stable suspensions for the EPD was shown to be advantageous since it makes it possible to completely eliminate the use of dispersants and molecular iodine in suspensions. The requirements for electrode substrates were analysed and a model of particle aggregation near the surface of a porous substrate was proposed. Our group carried out the search for  cathode materials exhibiting low sintering properties along with high electrochemical activity to satisfy the conditions for the EPD substrate preparation. The results of obtaining dense electrolyte films with a thickness of 2–8 µm using a cyclic EPD on a porous cathode substrate 

with a carrier (collector) layer of LaNi   Fe   O    (LNFO, of 35–40% porosity, 1 mm in thick-0.6 0.4 3-δ ness) and a thin functional layer of La NiO  (LNO, 30 µm, pore size up to 1 µm) with  2  4+  δ

preservation of the substrate porous structure during all the EPD and sintering stages are pre-sented in the review. As was shown, deposition on highly conductive cathode substrates is easier to implement than EPD on non-conductive anode substrates. Deposition on cathode substrates produces high-quality electrolyte films that provide high OCV values   and excellent SOFC performance. In this short review, we have endeavoured to increase interest in this sim-ple, low-cost and efficient technology for SOFC production and provide an information base for researchers, especially in Russia, who are starting or continuing their work in this area.
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ABSTRACT

Thin film technologies have attracted ever-growing interest in different industrial areas. Concerning
solid oxide fuel cells (SOFCs), especially devices operating in the intermediate temperature range,
such technologies are applied particularly for the deposition of dense, gas-tight electrolyte films with
a thickness of several um to decrease ohmic resistance and enhance the cell performance. The main
requirements for the technology selected are its low cost, simplicity of the equipment used, short depo-
sition time and flexibility regarding the cell shape. First, we overview thin-film technologies adapted
to the deposition of SOFC functional layers, discussing their strengths and weaknesses, with special
attention given to electrophoretic deposition (EPD) as being the most simple and effective
loidal method to fabricate different electrolyte films. Then we present the contribution of our scientific
group in the development of the EPD method. The preparation of stable suspensions for the EDP is
one of the key requirements for its successful implementation and reproducibility; this was considered
in detail and the effect of self-stabilization in suspensions based on nanopowders (7-15 nm), obtained
by the method of laser evaporation with consequent condensation, was discussed. Such suspensions,
exhibiting high positive ¢-potential values (30-50 mV), were shown to be suitable for EPD without the
addition of dispersants or iodine. The requirements for the electrode substrates were formulated and a
model of particle aggregation near the porous substrate surface was proposed. Deposition parameters
were established for different electrolyte films — commonly used yttria-stabilized zirconia, single and
multiply doped CeO, and proton-conducting doped BaCeO, electrolytes. As was shown, the deposition
on the highly conducting cathode substrates is simpler to implement than the EPD on non-conducting
anode substrates and, in addition, it produces high quality films which render high OCV values and
superior SOFC performance.

Keywords: cathode substrate, electrolyte film, electrophoretic deposition, SOFC, thin-film technology.

1 INTRODUCTION
Solid oxide fuel cells (SOFCs) are considered to be promising power sources for decentral-
ized electricity production, individually or in combination with renewable energy sources
[1]-[3]. Both the academic community and the manufacturers have maintained a high level
of interest in investigations in this area to finally overcome the problem with their commer-
cialization and reduction in price per kW of power produced. Decreasing the SOFC
operational temperature is dictated by the necessity of significantly reducing the rate of deg-
radation processes and extend the choice of cheaper electrode and interconnecting materials
used. Along with the development of new materials with advanced functional characteristics
in an intermediate temperature range (600-750°C) [4]-[8]. peculiar methods are applied to
fabricate thin SOFC layers. Since the electrolyte thickness in second-generation SOFCs [9]
decreases to a 5-10 pum range, it can no longer be the cell supporting element, so a new design
of SOFC with supporting electrodes (anode or cathode) or metal-supported cells has been
developed [10]-[12]. The thin-film electrolyte allows high performance of the cells to be
preserved at decreased temperatures including those with traditional yttria-stabilized zirconia
(YSZ) electrolytes [13]-[15]. Thin-film technology is also advantageous in deposition of
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