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� New technique of obtaining thin ceramic layers - electrolytic technique.

� Electrolytic deposition of cerium, gadolinium, lanthanum and yttrium oxide layers.

� Thin ceramic layers, on the order of tens of nanometers.

� Reduction of the thermogravimetric weight gain of samples covered with a ceramic layer.

� Electrical measurements showed that the surface-modified samples had lower resistance than the uncoated sample.
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This article presents electrolytic deposition of thin Rare Earth (RE) coatings on Crofer 22

APU stainless steel substrates for high temperature applications, such as interconnects

in solid oxide cell stacks. The deposition of coatings based on yttrium-, gadolinium-,

lanthanum-, and cerium nitrates is discussed. The high temperature corrosion properties

of surface-modified steels were examined using thermogravimetry and electrical resistivity

measurements. Coatings and oxide microstructures were examined by XRD and SEM of

surfaces and cross-sections. The results showed that the use of the RE element oxide layers

reduced the growth of oxide scale, as evidenced by lower weight gain. The layers based on

Y- and Gd-oxides showed the best corrosion protection properties. The electrical mea-

surements showed that the surface-modified samples had lower resistance than the un-

coated sample.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
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Introduction

High-temperature corrosion of stainless steel interconnects is

one of the main undesirable phenomena of solid oxide cells,

limiting their long-term operation [1e3]. Current generation

anode-supported Solid Oxide Cells (SOCs) operate at the

600e900 �C temperature range and therefore, surface oxide

scale growth is inevitable during exposure of iron-chromium

alloys at these temperatures. Due to the low electrical con-

ductivity of the oxide, its growth results in an increase in the

electrical resistance across the interconnects, leading to a

decrease in the power output of the stack. The increase in

resistance and deterioration of physical properties due to

corrosion spurred the development of protective layers [4e6].

One type of protective coatings is thick and dense spinel layers

that block chromium evaporation. These are mostly based on

cobalt or cobalt-manganese oxides [7e10]. Our group has so

far extensively studied thick MneCo oxide spinel-based

coatings for the reduction of Cr-evaporation [11,12]. Another

type of coating is very thin Rare Earth elements-based (RE)

oxide coatings applied to decrease the rate of corrosion, e.g.,

cerium-, gadolinium-, lanthanum-, and yttrium oxide [13e17].

These two types of coatings can be combined to obtain syn-

ergistic effects [18,19]. The use of even very low RE oxide

thickness (~10 nm) coatings is very beneficial in decreasing

scale thickness [20,21].

Among the many ceramic deposition methods, the elec-

trolytic technique seems well suited for the deposition of RE

oxide thin layers on steel interconnects [22]. In comparison to

the electrophoretic deposition process, where solid particles

are deposited, the electrolytic method utilises metal salts (e.g.

nitrates, chlorides) and solvents (ethanol or water) which, by

electrochemical reaction, form deposits on the working elec-

trode [23]. The thickness of the deposits can be controlled by

the deposition voltage, time, and concentration of the solu-

tion. This method and similar cost-effective techniques have

been previously used for the deposition of ceramic coatings in

order to improve corrosion protection of steel at high tem-

perature. Some works refer to coating process only, while

some include also corrosion tests. Molin et al. presented re-

sults of the electrolytic deposition of a Y-based layer from a

0.05 M ethanol solution of yttrium nitrate together with the

results of corrosion investigation. The corrosion rate of the

yttriaecoated Crofer 22 APU sheets at 750 �C was 20 times

lower than that of uncoated samples [22]. Zhitomirsky et al.

showed the results of coating nickel with the layer of yttrium

oxide using precursor consisting of 0.02 M aqueous yttrium

nitrate solution mixed with poly (diallyldimethylammonium

chloride). During the process of cathodic electrodeposition at

the current density of 10 mA cm-2, the layer of about 0.2 mm

was obtained [24]. In another work, Zhitomirsky et al. pro-

posed the deposition of the cerium oxide layer by electrolytic

technique from 0.01 M cerium chloride solution dissolved in a

19:1 ethanol: water mixture. The deposition at the current

density of 10 mA cm�2 resulted in the cerium oxide layer

thickness of ~0.2e0.3 mm [25]. Yang et al. deposited 0.1e0.3 mm

thick layer of cerium oxide using a solution consisting of 5mM

cerium chloride [26]. Mazur et al. proposed coating ferritic

steel intended for interconnectors with gadolinium oxide
Please cite this article as: Lemieszek B et al., Electrolytic deposition of
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nanoparticles using the electrolytic and immersion tech-

niques. The obtained results indicate a reduction of oxidation

rate of about 10 times at 700 �C [27]. Yoon et al. coated steel

using the dip-coating technique, which allowed depositing

200e210 nm thick layers of lanthanum oxide. After the 500-h

oxidation process at 700 �C, the presence of lanthanum-

chromium and manganese-chromium spinels on the sample

surface was proven [28]. Saeidpour et al. coated Crofer 22 APU

steel with a composite of metallic cobalt and yttrium oxide

using the electroplating method. After 500 h at 800 �C, weight

gain was much higher for the coated samples than for un-

coated one. However, the oxidation rate was greatly reduced,

and the coated samples would perform much better in time.

The initial greater weight gain was due to the rapid oxidation

of cobalt [29]. As presented, RE oxidesmay be deposited by the

cost-effective techniques and usually these layers lower the

oxidation rate of the steel, however thorough corrosion pro-

tection studies of RE oxides still should be carried out.

This work is an investigation of promising thin RE oxide

layers fabricated by electrodeposition. The results of the

fabrication of thin ceramic films based on cerium-, yttrium-,

gadolinium-, and lanthanum oxides and their effects on the

resulting high temperature corrosion properties relevant for

solid oxide cells are presented. The surface-modified samples

were studied by thermogravimetry, electrical conductivity

measurements, and post-mortem analyses (microscopy,

diffractometry).
Experimental procedures

Commercial hydrated metal salts: Gd(NO3)3,6H2O (Sigma

Aldrich 99.9% purity, Saint Louis, United States of America),

Y(NO3)3,6H2O (Sigma Aldrich 99% pure, Saint Louis, United

States of America), Ce(NO3)3,6H2O (Honeywell Fluka, North

Carolina, United States of America), and La(NO3)3,6H2O

(Sigma Aldrich 99.99%, Saint Louis United States of America)

were used for the preparation of solutions in ethyl alcohol

(Sigma Aldrich 99.8%, Saint Louis, United States of America)

with a cation concentration of 2 mM. The solution was semi-

transparent without visible precipitation even after several

months of shelf life. The specific conductivity of electrolytic

solutions was determined from impedance spectra obtained

by 2-probe measurement with 100 mV amplitude in the range

from 100 kHz to 1 Hz. For conductivity calculations, 1 mM and

0.1 M KCl were used as reference solutions.

A 0.3 mm thick sheet of Crofer 22 APU steel (VDM Metals,

Verdohl, Germany) was cut into 1.5 � 1.5 cm plates to be used

as the substrates for RE electrodeposition. A small hole (3 mm

in diameter) was punched in the top part of the samples so

they could be suspended on an alumina rod for corrosion

exposure. The edges of plates were smoothed out in order to

remove visible flexures using a polishing machine with wet

1200 grit paper. Before applying the RE coatings, the plates

were thoroughly cleaned in acetone (POCH, Gliwice, Poland) in

an ultrasonic bath. The cleaned and dried plates were croco-

dile clips connected as the working electrode (cathode) in a

two-electrode electrolytic deposition system. The counter

electrode (anode) was an oversized Crofer 22 APU steel sheet

and was placed symmetrically on both sides of the working
reactive element thin films on Crofer 22 APU and evaluation of the
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electrode (active geometrical surface area of about 50 cm2).

The distance between the working electrode and the counter

electrodes was ~1.5 cm 3 samples were made for each RE-

oxide, and each sample was weighed three times. Each sam-

ple was gently air dried before being annealed at 400 �C. Each
operationwas performedwith extreme care to ensure that the

layers were undamaged. A sketch of the deposition setup is

presented in Fig. 1.

A voltage of 40 V was applied between the electrodes as in

Ref. [19] using a programmable power supply (Delta Elek-

tronika Power Supply SM 300e5, Zierikzee, The Netherlands).

Current measurements were recorded using the ammeter

(Sanwa PC500A, Sanwa Electric Instrument Co., Ibaraki,

Japan). The optimised deposition time for each of the solu-

tions was deduced from the preliminary tests (not reported

here). After application of the RE layer, each of the samples

was air-dried and heated to a temperature of about 400 �C for

complete conversion of the deposited layers to oxides and the

decomposition of residual nitrates. This process has been

studied and described in the literature [30e32].

To determine corrosion kinetics, the thermogravimetry

(weight changes) method was used. Oxidation tests were

performed in a chamber furnace (Kittec SQ11, Vranovice-

Kel�cice, Czech Republic) in stagnant air. The oxidation tests

were carried out in a cyclic manner in two stages. The first

“pre-evaluation” was based on a relatively short time (250 h

with weight measurements every 50 h) at three different

temperatures (700 �C, 800 �C, and 900 �C). The second step,

“long-term” corrosion study, was carried out for a total of

2000 h at 700 �C with weight gain measurements every 250 h.

The weight gain measurements were performed on a balance

with an accuracy of 10�6 g (Radwag XA 6/21.4Y.M.A.B PLUS,

Radom, Poland).

The microstructure of the Crofer 22 APU steel samples was

analysed by X-ray diffraction (XRD) using a Bruker D2Phaser

(Bruker AXS, Mannheim, Germany) diffractometer with a

Lynxeye XE-T detector with CuKa radiation (k ¼ 0.15406 nm).

Post-mortem studies in the form of surface and cross-section

analyses were performed using a scanning electron micro-

scope with an integrated energy dispersive X-ray (EDS) ana-

lyser (Thermo Fischer Phenom XL, Waltham, United States of

America).

Electrical resistance measurements were performed in a

cross-scale configuration (across Pt/oxide/steel/oxide/Pt). The

platinum electrodes (with an area of 0.5 cm2) were brush-

painted on the two sides of the steel, dried and heated to
Fig. 1 e Sketch of the deposition setup.
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700 �C for 2 h. The electrical resistance measurement was

carried out in a four-electrode system using an impedance

analyser (Gamry Interface 1000E, Warminster, PA, United

States). The measurement was performed at a frequency of

1 Hz (the imaginary part of the impedancewas negligible) with

an amplitude of 5 mV. The sample was heated to 700 �C and

then cooled to 300 �C while the resistance was measured. The

maximum current flowing through the sample was limited to

5 mA cm�2.
Results and discussion

The results section is organised as follows: first, the results

related to the deposition process of the RE coatings with

different thicknesses are presented. Then an accelerated

oxidation screening test of the differently coated samples is

shown. Based on the accelerated test, the most promising RE

coating thickness was selected. Short-term (250 h at 700/800/

900 �C) and long-term oxidation studies are conducted on the

selected samples. Finally, post-mortem analyses are per-

formed to describe the microstructures of the samples.

Preparation of the layers

The preparation of the layers was started by analysing the

solution conductivity and electrical charge density measure-

ments during the electrodeposition process. Measurements

on the solutions of Ce-, La-, Gd-, and Y-nitrates showed spe-

cific conductivity of 24.6 mS cm�1, 23.1 mS cm�1, 32.1 mS cm�1

and 41.0 mS cm�1, respectively. The obtained conductivities

show similar values, which may suggest that this parameter

should not have a crucial influence on the deposition process

of the RE-layer on the steel surface. During the deposition, the

electric current was recorded in order to estimate the effec-

tiveness of the deposition process. Based on this measure-

ment, the electric charge per cm2was calculated and shown in

Fig. 2A. The calculated value of deposited RE-oxide according

to charge (for the deposition time of 1 min) is 3,28, 59,6; 22,9

and 19,9 mmol � C�1 for Ce-, Gd-, La-, and Y-oxide, respec-

tively. According to Faraday's first law, the deposition effi-

ciency of the proposed method was calculated for each RE-

oxide. The determined efficiencies are 60%, 79%, 79%, and

80% for the deposition of Ce-, Gd-, La-, and Y-oxide, respec-

tively. In the initial stage of the study, the dependence of the

deposition time on the deposit weight was studied, and Fig. 2B

shows the results. For this purpose, a series of Crofer 22 APU

steel samples with different deposition times (of up to 4 min)

were prepared.

The deposition of the La-coating showed the highest

weight gain, thus deposition times within 10e60 s were also

studied. The deposition of the La-oxide layer seems more

intense than the other coatings. It was estimated, assuming

formation of a continuous and dense layer, that 10 s of La-

oxide deposition results in ~24 nm layer thickness

(16 mg cm�2), while in the case of Y-oxide deposition, 1 min of

deposition results in ~37 nm layer thickness (44 mg cm�2).

Calculated layer thicknesses can be compared with those

obtained by theoretical calculations. Namely, ~30 nm for

La-oxide and ~46 nm for Y-oxide were obtained, which is
eactive element thin films on Crofer 22 APU and evaluation of the
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Fig. 2 e Electric charge density vs. the deposition time (A) weight of the coating materials vs. the deposition time (B), SEM

surface images of the reference, uncoated steel (C), Ce- (D), Gd- (E), La- (F), Y- (G) coated for 1 min.
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reasonably close to the experimentally calculated layer

thicknesses and at the same time to the mass change values

given in Fig. 2B. Since 10 s is a relatively short time, the weight

obtained during the electrodeposition process was compared

with the dip coating technique. In the case of the La-oxide

layer, ten times greater weight gain was obtained during 10 s

of La-nitrate deposition in comparison with the dipped sam-

ple in the La-nitrate solution for the same period of time.

Electron microscopy images of the 60 s deposits are pre-

sented in Fig. 2 CeG. In nearly all cases, the deposits are

visible as discontinuous layers. The presence of the respec-

tive RE was further confirmed by EDS analysis, where the RE

content (based on low magnification surface analysis) was

estimated to be ~1 at.% for the prepared coatings. The weight

gain results show that the Ce-oxide layer is less effectively

formed in comparison with the other layers. The SEM ob-

servations showed that Ce-oxide is formed as randomly

distributed deposits. Local agglomerates of deposited RE-

oxides are visible. However, according to the EDS analysis

on the surface of steel samples (where the RE-oxide layer is

not visible), the concentration of the analysed rare earth el-

ements is in the range of 0.6e0.7% by area. In the case of the

areas where these agglomerates occur, the obtained result of

atomic concentration increases to 1.2%. The mapping of el-

ements in combination with the determined deposition ef-

ficiency indicates the efficiency of the process. Formed oxide

agglomerates may be caused by local imperfections of the

steel surface (formed in the process of rolling steel, which

can be seen in the reference sample). Despite this observa-

tion, the EDS tests clearly show the presence of deposited Ce

oxides in significant amounts, though it is impossible from

these measurements to judge the layer thickness or its

continuity. Nevertheless, all tested RE layers were further

investigated since the RE layer quality on corrosion protec-

tion effectiveness is unknown.
Please cite this article as: Lemieszek B et al., Electrolytic deposition of
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Short-term corrosion evaluation

Initial corrosion screening at 900 �C
After the fabrication of samples with different weights of the

RE-oxide layer, the samples were subjected to high tempera-

ture oxidation to assess the influence of the oxide layer

thickness on the corrosion rate. This helps the selection of

samples for extended measurements.

The effect of the coating deposition time (~thickness) on

the weight gain of the samples was determined by cyclic

oxidation at a temperature of 900 �C for 250 h (5 cycles of 50h).

An initial test at a relatively high temperature of 900 �C was

carried out to highlight the differences resulting from the

physicochemical properties of the oxides in a short time

frame e it acts as an accelerated test procedure.

For the Ce-, Gd-, and Y-oxide layers, samples with depo-

sition times varying between 1 min and 4 min were studied.

The time was also varied between 10 and 60 s due to the for-

mation of thick deposits.

The oxidation weight gain values for samples exposed at

900 �C are shown in Fig. 3. In all cases, the uncoated steel was

used as a reference. The weight gain of the uncoated Crofer 22

APU steel after 250 h at 900 �C is ~0.6 mg cm�2, which is

consistent with the literature data. Talic et al. reported virtu-

ally the same value for a Crofer 22 APU sheet with a similar

thickness (1 mm) [33].

The deposition of all coatings resulted in visibly reduced

weight gains caused by oxidation. The obtained weight gain

data indicates that there was no significant effect of the

deposition time on the weight gain. The average weight gain

of the coated steel sheets was similar in all cases

(~0.37 mg cm�2). The weight gain difference between the un-

coated and coated alloys was ~40%, which is a marked

improvement in corrosion resistance. Similar thermogravi-

metric results at high temperatures for the oxides analysed
reactive element thin films on Crofer 22 APU and evaluation of the
900 �C, International Journal of Hydrogen Energy, https://doi.org/
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Fig. 3 e Weight gain curves for samples oxidised at 900 �C deposited with a layer of: Ce- (A), Gd- (B), La- (C), Y- (D).
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may have a different basis. The fact is that even a thin layer of

rare earth oxides reduces weight gain. High corrosion tem-

perature (900 �C) affects the corrosion rate and the influence of

RE-oxides is visible. Therefore, despite the lower efficiency in

the deposition of cerium oxide compared to other analysed

ceramics, the result is ultimately similar. The initial stage of

oxidation of the cerium oxide coated sample shows the least

reduction of weight gain compared to the other RE-oxide

layers. This information may indicate the behaviour of

cerium oxide at lower temperatures. Another observation is

the flattening of the weight gain for lanthanum oxide, which

initially showed similar values to the reference sample, then

to slow down the oxidation process and get the most prom-

ising result. Each of the described results indicates that each

of the rare earths has its own physicalechemical process

behind the reduction of weight gain under the influence of

oxidation.

Based on these results, the samples prepared with the

shortest deposition times (10 s for La-oxide and 1 min for Ce-,

Gd-, and Y-oxides) were selected for further research. These

samples showed (Fig. 2 B) the deposited weights in the range

of 0.01e0.05 mg cm�2 (60 s deposition for Ce-, Gd-, and Y-ox-

ides, and 10 s for the La-oxide coating). Based on layer weight,

one can predict the layer thickness. The theoretical average

equivalent thickness of the coating is 50 nmwhen the density

of the RE oxides (5e7 g cm�3) and the specified deposit weight

are considered.
Please cite this article as: Lemieszek B et al., Electrolytic deposition of r
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Short-term corrosion exposure at 900/800/700 �C
The selected samples were tested for their corrosion proper-

ties at lower temperatures for 800 �C and 700 �C. Typically, the
temperature range between 900 �C and 700 �C is most often

studied for the determination of corrosion properties of alloys

used in solid oxide cell stacks [34].

The weight gain results for 800 �C and 700 �C are shown in

Fig. 4. At all temperatures, the uncoated samples have the

largest weight gain, also confirming the protective properties

of the coatingmaterials used at lower temperatures. At 800 �C,
the lowest weight gain was obtained for the Y-oxide coated

sample (~0.089 mg cm�2), followed closely by the Gd-oxide

coated sample (~0.093 mg cm�2). The La-oxide coated sam-

ples showed intermediate weight gain values, with the weight

gain of the Ce-oxide samples closest to the uncoated alloy.

At 700 �C, the weight gain behaviour is similar to that

observed at 800 �C. The lowest weight gain is noted for the Gd-

oxide coated sample (~0.028 mg cm�2), whereas the Y-oxide

and La-oxide coated samples are slightly worse, but still pre-

sent a lowerweight gain than the uncoated sample. Again, the

Ce-oxide coated alloy has a weight gain quite similar to the

uncoated alloy.

Analysing the results of oxidation at 700, 800, and 900 �C, it
seems that the sample with ceria layer coating is effective

only at the highest temperature, whereas the Gd-oxide, La-

oxide, and Y-oxide are effective in the whole temperature

range. The Gd-oxide coating seems the most effective at
eactive element thin films on Crofer 22 APU and evaluation of the
900 �C, International Journal of Hydrogen Energy, https://doi.org/
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Fig. 4 e Weight gain and parabolic plots for samples oxidised (for 250 h) at 800 �C (A) and 700 �C (B).
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reducing the oxide growth, especially in lower temperatures

(700 �C). That confirmed the first ~100 h at 800 �C, during

which the Gd2O3 -based layer showed less weight gain than

the other ceramic layers, but in the subsequent phase of the

experiment, the samples with the gadolinium oxide layer

showed growing weight gain, and finally, after 150 h, they

showed a higher weight gain than the sample coated with

yttria. RE-oxide coatings are able to provide a marked reduc-

tion of the oxide growth rate even at a moderate temperature

of 700 �C, which seems especially important since, e.g., the

MneCo oxide spinels do not provide an oxide growth rate

reduction at this temperature [30]. Thus, by potentially

combining these two coating materials (RE þ spinel), a syn-

ergistic low-temperature effective coating can be designed.

Electrical resistivity measurements. The weight gain mea-

surements showed a protective effect of the applied thin

coatings in terms of the lowered weight gain. The influence of

the coatings can also be studied by electrical resistivity mea-

surements. The thicker the oxide scales formed on the alloys

due to oxidation, the higher the cross-scale electrical resis-

tance of the alloys. The deposited ceramic coatings can also

influence the electrical resistivity of the samples since the

oxide form of the coated elements (CeO2, Gd2O3, La2O3 and

Y2O3) are electrical insulators. Thus, their applicability to solid

oxide cell stacks should not negatively influence the electrical

properties, which must be studied.

The Area Specific Resistance (ASR) was studied on sam-

ples after the 250-h oxidation test at 700, 800 and 900 �C.
Graphs showing the temperature dependence of the ASR,

including the comparison of the ASR values obtained at

700 �C, are shown in Fig. 5. The ASR results show that in

almost all cases, the samples with the applied coatings have a

lower electrical resistance than the uncoated samples (with

the exception of the Ce-coated alloy oxidised at 800 �C). As
indicated in Fig. 5 AeC and summarised in D, there is a strong

effect of the exposure temperature on the resulting ASR level:

the higher the exposure temperature, the higher the resis-

tance. For example, for the uncoated samples, the ASR values

after 250 h of exposure at 900, 800, and 700 �C were

~140 mU cm2, ~70 mU cm2 and ~35 mU cm2 (values measured

at 700 �C, Fig. 5 D). For the surface-modified samples, the
Please cite this article as: Lemieszek B et al., Electrolytic deposition of
resulting high-temperature corrosion protection properties at 700 �Ce
10.1016/j.ijhydene.2022.07.220
lowest ASR values were obtained for the yttria-coated series.

The ASR valueswere ~95mU cm2, ~15mU cm2 and ~7mU cm2

after 250 h exposures at 900/800 and 700 �C. The difference in

the ASR between the uncoated and the Y-oxide coated sam-

ple is pronounced at lower oxidation temperatures, where as

high as a 5-fold decrease in the ASR value was obtained. For

the Ce-oxide, Gd-oxide, and La-oxide modified samples, the

ASR values were also lower than for the reference sample

(except for the ceria coated sample measured at 800 �C), with

the Gd-oxide and La-oxide coatings being slightly inferior to

the Y-oxide coating. The slopes of the ASR curves were also

similar for all samples, indicating a similar overall conduc-

tivity mechanism of the uncoated and coated samples, most

probably dominated by chromia scale in all cases.

The RE coating procedure, especially in the case of Y-oxide

and La-oxide, has a very positive effect on the resulting ASR

value, which is very important for efficient and low-

degradation SOC stacks.

After short-term weight gain and ASR measurements, the

samples were analysed by scanning electron microscopy

(SEM). Micrographs of the sample cross-sectionswere taken to

assess the differences in the surface structure after short-

term corrosion at 700 �C, 800 �C and 900 �C. Selected images

of the lanthanum coated samples are shown in Fig. 6.

At 700 �C, where the weight gain was very low

(~0.035 mg cm�2), only a very thin, rough corrosion layer is

visible. No sign of the La-oxide coating is noticeable. At 800 �C,
due to the higher weight gain (~0.1 mg cm�2), the oxide layer

becomes more apparent. The formed oxide uniformly covers

the sample surface. Within the oxide (in the middle), a very

thin bright layer is visible, which is the deposited La-oxide

material. The sample at 900 �C has the highest weight gain

(~0.35 mg cm�2) and traces of the La-oxide coating are

noticeable on the surface of the oxide.

Long-term oxidation at 700 �C

A temperature of 700 �C was selected for performing the

longer-term study, as it is of interest for intermediate tem-

perature SOFC technology [35]. As discussed, the RE-oxide

coatings seem to provide an important reduction in oxide

scale growth at this temperature. The exposures were
reactive element thin films on Crofer 22 APU and evaluation of the
900 �C, International Journal of Hydrogen Energy, https://doi.org/
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Fig. 5 e Arrhenius plots of Area Specific Resistance of samples oxidised at 700 �C (A), 800 �C (B) and 900 �C (C) for 250 h, and a

comparison of ASR values measured at 700 �C (D) and comparison of the activation energies (E).

Fig. 6 e SEM pictures of the cross-section for La-coated samples. From the left for 700 �C, 800 �C and 900 �C.
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performed up to 2000 h (8 cycles of 250 h) and the obtained

weight gain results are presented in Fig. 7 A together with a

parabolic plot (Fig. 7 B).

Typically, the weight gain values determined at 700 �C are

very low due to slow corrosion kinetics [19]. The weight gain
Fig. 7 e Weight gain (A) and parabolic plot (B) for the long-term

Please cite this article as: Lemieszek B et al., Electrolytic deposition of r
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was again the highest for the uncoated alloy; after 2000 h it

reached ~0.09 mg cm�2. The coated samples showed lower

weight gain values, with the yttria- and La-oxide coated alloys

resulting in a weight gain of ~0.055 mg cm�2, so a decrease of

~40% was achieved.
oxidation of differently coated samples at 700 �C (A, B).

eactive element thin films on Crofer 22 APU and evaluation of the
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When considering the kinetics of high-temperature

oxidation, usually a square (parabolic) dependence of the

weight increase vs. time is used:

�Dm
A

�2

¼kptþ C

where: Dm is the weight gain [g], A is the sample area [cm2], kp
is the corrosion rate parameter [g2 cm�4 s�1 ], t is the oxidation

time [s], and C is the integration constant [g2 cm�4 ].

A parabolic plot of the weight gain values is presented in

Fig. 7B. Due to its nonlinear behaviour, the fitting of the kp was

performed separately for the periods of 250e1000 and

1000e2000 h. The calculated kp values are summarised in

Table 1. The constant C is usually assigned to the initial

corrosion phenomena. For the uncoated samples, the C value

is visibly larger than for the coated alloys, meaning that the

initial stage of corrosion was modified by the addition of the

reactive element.

The initial oxidation of the alloys follows a similar kinetics,

where the kp values range from 1.26 x10�15 g2 cm�4 s�1 to 0.94

x10�15 g2 cm�4 s�1 for the uncoated and La-oxide coated al-

loys, respectively. A more pronounced difference is visible for

the 2nd analysis period (1000e2000 h), where the corrosion

kinetics slows down. The difference between the uncoated

and the La-oxide coated sample is one order of magnitude.

Also, the Y-oxide coated sample shows a marked corrosion

rate decrease. The samples coated with Gd-oxide and Ce-

oxide show little improvement.

The possible change of slopes of the weight gain is often

reported in the literature. One of the reasons might be

changes in the chemistry of the layers, including phase sta-

bilisation/grain growth (e.g., Cr2O3 and/or (Mn,Cr)3O4), or

depletion of oxide scale-forming elements (Mn) from the

substrate. Additionally, differences in the formation of spinel

(Mn,Cr)3O4 and chromium oxide may be caused by the for-

mation of protective phases during the conversion of depos-

ited Ce-/Gd-/La-/Y-oxide coating precursors [36].

Overall, the deposited reactive element coatings, especially

in the case of the Y2O3 and La2O3 coatings, resulted in a

marked improvement in corrosion resistance.

After the long-term exposure test, the samples were also

subjected to electrical resistivity measurements. The results

are shown in Fig. 8. The samples coated with La-, Gd-, and Y-

oxide show a visible decrease of the ASR, whereas Ce-oxide

has a minor effect. The highest ASR values at 700 �C were

found for the uncoated samples (~85 mU cm2 at 700 �C).
Slightly lower values were found for the Ce-, Y- and La-oxide

coated samples (~45 mU cm2 for Ce-oxide, ~35 mU cm2 for
Table 1 e Determined values of the kp coefficient correspondin
divided into two stages (1st from 250 to 1000 h, 2nd from 1000 h

Temperature kp (250he1000h) C

[x 10�15 g2 cm�4 s�1] [x 10�10 g2 c

Reference 1.26 5.35

CeO2 1.20 1.25

Gd2O3 1.01 1.15

La2O3 0.94 0.21

Y2O3 1.00 4.26
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yttria and La-oxide). The lowest ASR value was obtained for

the Gd-oxidemodified sample (~20mU cm2). At a temperature

of <600 �C, the highest resistance was obtained for the ceria-

coated sample, which showed an activation energy of

~0.55 eV.

The ceria-coated sample showed the highest ASR, possibly

due to the combination of several effects. The first is the ceria

layer itself, which is an electrical insulator, and the weight

gain of the Ce-oxide coated sample was comparable to that of

the reference, uncoated sample (especially at lower temper-

atures). This contributes to the formation of a fairly thick

corrosion layer on top of which the cerium oxide layer is

deposited. Ultimately, this increases the ASR value even

compared to the reference sample. Also, the slope of the ob-

tained curve clearly indicates the highest activation energy.

The La-oxide and Y-oxide coated samples showed improve-

ment compared to the reference sample. Despite the thicker

layers, the ASR values were lower due to the formation of a

much thinner corrosion layer for the La-oxide-based layer. In

the case of the Y-oxide based layer, this value was slightly

worse because the layer itself was the most continuous of all.

This was also confirmed by the activation energy values. The

best ASR properties were obtained for samples coated with

Gd-oxide. The thickest layer of the Gd2O3-based sample did

not cause the thinnest corrosion layer, but even this did not

prevent the greatest decrease in the ASR value. The applica-

tion of Gd-oxide-based coating led to a 4-fold decrease in the

ASR, which is an important achievement regarding potential

long-term stack operation.

In Fig. 9 A X-ray diffractometry analysis was performed on

the samples oxidised at 700 �C for 2000 h. Due to the small

thickness of the oxide coating layer, the intensity of the

coatings-related peaks is low but still allows qualitative

identification.

For the uncoated sample, the peaks from the steel sub-

strate could be detected together with the peaks from the

formed oxide phases. The most intensive peak came from the

cubic MnCr2O4 (ICDD card #75e1614) followed by Cr2O3

(#38e1479). The measured peaks were shifted in comparison

to the database inputs, but qualitatively they very well

describe the oxides. The shift might be caused by sample

misalignment or a slight difference in the chemical compo-

sition of the oxides. The two found oxide phases are typical for

Crofer 22 APU oxidised in the conditions used [36,37].

The analysis of the coated samples revealed some differ-

ences in the oxide scale formation on different substrates. The

sample coated with cerium showed the formation of

(MnCr)3O4, Cr2O3 and the CeO2 phase (#34e394), which seems
g to the kinetics of the oxidation reaction. Corrosion was
to 2000 h) due to the visible difference in the reaction rate.

kp (1000he2000h) C

m�4] [x 10�15 g2 cm�4 s�1] [x 10�9 g2 cm�4]

0.47 3.41

0.39 2.82

0.43 1.97

0.07 3.27

0.12 2.71

reactive element thin films on Crofer 22 APU and evaluation of the
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Fig. 8 e Arrhenius plots of Area Specific Resistance of samples oxidised at 700 �C for 2000 h (A), comparison of ASR values

measured at 700 �C (B) and comparison of the activation energies (C).

Fig. 9 e XRD spectra of coated alloys after 2000 h of oxidation (A), relative ratio of the intensities of the steel peak to the main

peak of the oxide phase (B).
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to retain its fluorite structure. In the case of the gadolinium-

coated sample, the most intensive peaks came from the

MnCr2O4 spinel, followed by GdMnO3 (#25e337), Cr2O3 and

Gd2O3 (#12e797) phases. Gadolinium oxide reacts with man-

ganese oxide, forming a new phase. Some gadolinium

remained in the pure oxide form. The La-oxide coated sample

showed the formation of a LaCrO3 perovskite phase

(#24e1016), which was the most intense peak. In addition,

Cr2O3 could be detected. For this sample, the formation of the

MnCr2O4 seemed suppressed e it had the lowest relative in-

tensity among the studied samples. In the case of the samples

with a Y2O3 layer, the most intense peak corresponded to

cubic MnCr2O4. The less intense peak corresponded to Cr2O3

and the least intense, but still characteristic peak, to Y2O3

(# 41e1105) [38e41].

To qualitatively compare the oxide scale thickness formed

on different samples, the relative intensity ratio of the main

steel substrate peak and themost intensive oxide phase peaks

is plotted in Fig. 9 B.

For the long-term samples, the sample with the La-based

layer had the highest value of the intensity ratio coefficient.

This was mainly due to the formation of the chromium-

lanthanum spinel. This spinel is the most intense peak in

the diffraction pattern. There is no visible spinel in the Y2O3

layer, only the oxide itself. These two layers also showed the

lowest weight gain. In the case of the sample with a layer of
Please cite this article as: Lemieszek B et al., Electrolytic deposition of r
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cerium oxide and gadolinium oxide, both the presence of the

oxide and the spinel were identified. At the same time, these

samples showed a little better weight gain properties than the

reference sample.

The results obtained are supported by studies conducted

by Chevalier et al. [40]. In his work, he investigated the for-

mation of perovskites from Gd-oxide, Y-oxide and La-oxide.

The tests were performed at a temperature of 1000 �C.
Chevalier showed that La2O3 converts to perovskites very

quickly. Gd2O3 transforms much slower (more than 100 h at

this high temperature). In the case of Y2O3, this time was even

longer, nearly 300 h. In our case, the described tests were

carried out at a lower temperature (700 �C) but the phase

formation after 2000 h of exposure was similar [42]. Gil et al.

undertook the task of explaining the effect of the grain

structure on the oxidation product in the case of the appli-

cation of protective layers on steel. Studies have shown that

thin yttria layers do not form a continuous layer at tempera-

tures close to 1000 �C. At lower temperatures, the oxide forms

a continuous layer. However, attention should be paid to the

short measurement time of 100 h. When using longer times, a

tendency towards oxide discontinuity may be observed. The

formation of perovskite in the form of YCrO3 facilitates the

slow diffusion of oxygen to the inside, which at the same time

significantly slows down the diffusion of chromium to the

outside [37]. The cited studies show that the temperature of
eactive element thin films on Crofer 22 APU and evaluation of the
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700 �C is too low for the formation of the perovskite form of

YCrO3. More time and a higher temperature are needed to

produce such a phase that could inhibit the diffusion of

chromium to the outside. This problem does not occur in the

case of lanthanum, which is produced in a significant amount

in the form of LaCrO3, and even the shorter deposition time
Fig. 10 e SEM and EDS elemental maps of surfaces of CeO2 (A), Gd

oxidation at 700 �C.

Fig. 11 e SEM photos and the EDS analysis taken for sections of s

layers and the reference sample.

Please cite this article as: Lemieszek B et al., Electrolytic deposition of
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and the thinner layer did not significantly deteriorate the

thermogravimetric results obtained. The samples with Gd2O3

and CeO2 partially form a perovskite phase, so the protective

effect is more complex. It seems that several “protective”

mechanisms are plausible, and these have been studied for

many years, as pointed out in a recent summary of Chevalier
2O3 (B), La2O3 (C) and Y2O3 coated (D) samples after 2000 h of

amples after long-term corrosion at 700 �C for the discussed

reactive element thin films on Crofer 22 APU and evaluation of the
900 �C, International Journal of Hydrogen Energy, https://doi.org/
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[43]. Nevertheless, both thermogravimetric, electrical and

XRDmeasurements show the importance and effectiveness of

rare earths in corrosion protection.

A post-mortem examinationwas performed by SEM/EDS to

analyse the surfaces and cross-sections of the samples. This

analysis was performed after 2000 h at 700 �C. The results are

shown in Fig. 10 and Fig. 11.

On the Ce-oxide and Gd-oxide coated samples’ surfaces,

small (1e2 mm) manganese-chromium spinel crystals are

visible. The Y-oxide coated sample shows the largest surface

crystallites, which are composed of Cr and Mn. In these cases,

the active elements seem to be distributed uniformly on the

surface of the alloy and are not present in the large

crystallites.

The samples based on a layer of La2O3 show a different

surface morphology. In this case, it seems that the formation

of the LaCrO3 perovskite phase occurred uniformly over the

sample surface. According to the XRD, this indicates a

significantly reduced formation of MnCr2O4, which seems to

grow along the alloy grain boundaries. The surface of the La-

oxide coated sample is the smoothest, with no large

crystallites.

The results of the SEM/EDS cross-section analyses are

presented in Fig. 11. The oxidation at 700 �C resulted in a very

thin oxide scale. The corrosion products seem similar in all

cases. The chemical composition of the outer oxide deter-

mined by EDS shows the presence of reactive elements at

some spots. The coatings are not continuous as they are quite

thin and they react with the Mn/Cr oxide scale. Some internal

oxidation is visible on all samples, which is connected to the

growth of the oxide scale in the grain boundaries of the alloy.
Conclusions

This article presents the results of the electrodeposition of

Ce-, Gd-, La-, and Y-oxide coatings based on ethanol solutions

of dissolved reactive element nitrates. In terms of reducing

the kinetics of oxide scale growth, all of the coatings per-

formed similarly. This was confirmed by both thermogravi-

metric and electrical resistivity measurements. The lowest

weight gain was obtained for the Y-oxide and La-oxide based

coatings, where the corrosion rate parameter was decreased

by ~40%. The electrical resistivity of the oxide scale was

reduced by a factor of 4-7-fold depending on the particular

coating. X-ray diffractometry allowed for the qualitative

identification of the oxides on the surface of the Crofer 22 APU

plates. The reactive elements showed different reactivity

with the Mn/Cr from the alloy. In the case of the yttria coated

sample, no reaction with Cr/Mn was detected, whereas for

the La-oxide coated samples, transformation of the La-oxide

coating to LaCrO3 perovskite was apparent. SEM microscopy

confirmed the dissimilar behaviour of the different coatings.

In the case of the La-oxide coating, its distribution was also

uniform on the sample surface and no large MneCr oxide

spinel particles were formed, whereas in the case of the Y-

oxide coating, its distribution was also uniform but large

MneCr oxide crystallites grew. Overall, the most promising

layers seem to be either La-/Y-/Gd-oxide based, offering quite

similar performance and benefits.
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