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A B S T R A C T

One of the critical issues in the lifetime of metallic interconnects is related to their high oxidation rate and Cr 
diffusion, which negatively affect their performance. In the present study, a novel Fe modified Mn–Cu spinel 
oxide with the chemical composition of Mn1.5CuFe0.5O4 as protective coating was deposited on the surface of 
Crofer 22 APU and alumina by the spray pyrolysis method. The effects of different deposition conditions 
including deposition temperature, spraying speed, and volume of precursor on the properties of deposited spinel 
coatings were investigated. Scanning electron microscopy characterizations showed that the deposited layer was 
uniform and non-cracked at the deposition temperature of 400 ◦C. However, at temperatures of 300 ◦C and 
lower, the deposited layers became non-uniform and cracked. Additionally, spraying with speeds of 10 ml/h and 
lower resulted in uniform and non-cracked coatings, and a higher spraying speed of 15 ml/h caused a nonuni-
form and cracked layer. Atomic force microscopy measurements proposed that the value of Ra was reduced by 
increasing the deposition temperature and reducing the spraying speed. X-ray diffraction characterization 
showed that deposition temperature has affected the phase structure of deposited spinel oxides on both sub-
strates. According to electrical conductivity measurements, deposited layers at higher deposition temperatures 
with lower spraying speeds showed higher electrical conductivity and lower activation energy. Decreasing the 
deposition temperature reduced the electrical conductivity of the spinel oxide coatings.

1. Introduction

Due to climate change, there is a crucial need to expand technical 
technologies for clean and renewable energy production and diminish 
the evolution of greenhouse gases. One of the interesting solutions is 
green hydrogen technology, which has attracted the attention of scien-
tists in recent years. Solid oxide cells (SOCs) with an efficient capability 
of green hydrogen production are one of the main technologies for the 
clean energy market [1–3].

One of the solid oxide cell’s limitations is related to degradation of 
ferritic stainless-steel metallic interconnects during their performance of 
connecting near cells. The degradation of metallic interconnects directly 
affects the growth of oxide scales, reduces electrical conductivity, and 
correspondingly, results in a remarkable decrease in the efficiency of 
SOCs [4–8]. The critical solution to suppress Cr2O3 formation is the 
deposition of protective ceramic coatings on the surface of metallic in-
terconnects. With their complex structure, thermal stability, and high 

electrical conductivity, spinel oxide materials are good candidates for 
protective coatings [1,2,7–12]. Spinel oxides with the general formula of 
(AB)3O4 are widely used as protective coatings for metallic in-
terconnects. The structure of spinel coatings consists of A and B cations, 
which are divalent, trivalent or quadrivalent, located in octahedral and 
tetrahedral sites and oxygen anions placed on the face-centered cubic 
lattice sites. (AB)3O4 spinel protective coatings play an essential role in 
preventing volatile Cr diffusion to the surface and the formation of 
Cr2O3, which is known as chromium poisoning [2,3,11–13].

Different kinds of spinel oxide materials such as Mn-Co [10,14–16], 
Mn-Cu [14,17–21], Co-Ni [22–24], Mn-Ni [25], Cu-Fe [26], Ni-Fe [27] 
and so on are studied by researchers. For example, Geng et al. [26] re-
ported that applied CuFe2O4 spinel layer significantly limited Cr 
migration and decreased oxidation rate and area specific resistance. 
New classes of spinel oxide protective coatings, such as Mn–Cu–Fe spinel 
oxides, need more investigation to understand their properties and 
performance in the real SOC device [7,19,28,29]. For example, Acharya 
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et al. [20] studied the effect of Mn3O4 and CuMn2O4 spinel oxide 
coatings on oxidation resistance of SUS430 metallic interconnects. They 
reported that both coatings have good electrical conductivity, and 
Mn2CuO4 spinel oxide coating showed higher area-specific resistance 
than Mn3O4 spinel oxide coating. Ranjbar-Nouri et al. [18] applied 
Cu–Mn spinel oxide on the ISI-430 ferritic stainless-steel by pulse elec-
trodeposition method to reduce cathode poisoning and oxide growth on 
the surface of metallic interconnects. Their findings showed that 
CuMn2O4 spinel layer effectively controlled Cr diffusion.

Additionally, doping of rare earth elements or transition metals such 
as Cu [19,20,23,30,31], Fe [22,24,30,32], Ce [31,33,34], Y [35,36], La 
[35], Gd [36], Ti [37], Nb [37], is proposed as an effective method for 
further improvement of properties of spinel oxide materials like 
expansion coefficient, electrical conductivity, oxidation resistance, 
thermal and chemical stability [7,13,29]. For example, Mazur et al. [17] 
prepared Ni or Fe doped Cu1.3Mn1.7O4 spinel oxide materials with wet 
chemistry and solid-state reaction methods. Their results suggested that 
electrical conductivity further increased by doping higher amounts of 
Ni. For Ni doped samples, CuMnNi0.1 and CuMnNi0.3, the reported value 
of electrical conductivity at 800 ◦C, were 128 and 150 S/cm. At the same 
time, higher amounts of Fe reduced electrical conductivity. For Fe doped 
samples, CuMnFe0.1 and CuMnFe0.3, the reported values of electrical 
conductivity at 800 ◦C, were 140 and 106 S/cm, respectively. Ignaczak 
et al. [38] compared the properties of Mn2CoO4 coating with Fe doped 
Mn2-xCuFexO4 (x = 0, 0.1, 0.3) spinel oxide coatings. Their findings 
proposed that Fe-doped Mn2CuO4 spinel materials showed significantly 
higher electrical conductivity compared to Mn2CoO4 spinel material at 
800 ◦C. Spinel materials with lower amounts of Fe and a higher ratio of 
Cu/Mn, because of a higher concentration of Mn3+/Mn4+ cations, 
showed higher electrical conductivity. Additionally, Mn1.7CuFe0.3O4 
coating showed the best oxidation resistance after 3000 h. Brylewski 
et al. [39] found that introducing Cu into the lattice of Mn–Co spinel 
resulted in a significant increment of electrical conductivity and 
blockage of outward diffusion of Cr. Their study confirmed that 
Cu0.3Mn1.1Co1.6O4 spinel oxide coating could be a potential 
protective-conductive coating on the surface of ferritic steel metallic 
interconnects.

Furthermore, the production method of protective coatings is an 
effective factor in the final price and good performance of the coated 
metallic interconnects. There is a vital need to make it possible to de-
posit protective coatings with eco-friendly and cost-effective methods. 
Researchers tried to apply protective coatings with different methods 
like electrophoretic deposition [16,19,25,28], spin coating [40], spray 
pyrolysis [41–45], dip coating [46,47], sputtering [5,26,48,49], elec-
trodeposition [18], electroplating [5,22,23,50], powder spray [51] and 
extra. For example, Hu et al. [52] prepared Mn1.5Co1.5O4 spinel coatings 
using aerosol spraying method with 5–8 μm thickness. The prepared 
layer significantly improved oxidation resistance and reduced oxide 
scale from 4 to 0.75 μm with prevention of Cr diffusion. Sun et al. [53] 
performed CuMn1.8O4 spinel coatings on flat and mesh metallic in-
terconnects using electrophoretic method. They reported that the 
coating layer was a combination of Mn3O4 and cubic spinel phase at 
room temperature, and pure cubic spinel phase between 750 and 850 ◦C.
The coated interconnects act as an effective Cr getter, resulting in pre-
vention of Cr poisoning of cathode.

Spray pyrolysis as a simple, cost-effective, and reproducible method 
could be used for large-scale production of coatings on any kind of 
substrate for different applications [54–56]. Spray pyrolysis is a 
liquid-based deposition method that results in complete surface 
coverage through a sequential deposition of atomized droplets splashing 
on the heated substrate. After random coverage of atomized droplets on 
the whole surface area, uniform coating layer formation starts and the 
thickness of the layer increases. Different deposition parameters such as 
deposition temperature, spraying speed, chemical composition of pre-
cursor, and volume of precursor influence the final properties and per-
formance of spinel oxide coatings [54,56–58].

The most important features of a successful deposition of protective 
coatings by wet chemistry processing methods like spray pyrolysis are to 
achieve a dense, uniform and defect-free coating, directly affecting the 
electrical conductivity and oxidation resistance of the metallic in-
terconnects. This purpose is complex because of a need to manage the 
pyrolysis reactions and obtain equilibrium between spraying, evapora-
tion of organic components and the densification process to form a solid 
film on the substrate [59–61]. The deposited spinel oxide coatings with 
wet chemistry methods such as spray pyrolysis could be denser than 
those with other methods, using powder of the spinel oxide materials 
[43,45,56,58,60,62–64]. For example, Rupp et al. [59] reported that 
spray pyrolysis could effectively produce dense, defect-free and amor-
phous ceria thin films. Simons et al. [60] deposited ceria ceramic thin 
films by spray pyrolysis method and reported that the spray pyrolysis 
parameters affected the crack-formation and uniformity of the coating. 
Ryll et al. [58] deposited defect- and crack-free lanthanum nickelate thin 
films using the spray pyrolysis, promoting electrical conductivity and 
area specific resistance. Kamecki et al. [55] proposed that spray pyrol-
ysis method is an effective method for the deposition of thin (Mn, Co, Fe, 
Ni, Cr)3O4 spinel oxide coatings with homogenous elemental distribu-
tion and defect-free microstructure.

In the present study, Fe modified Mn–Cu spinel oxide material with 
chemical composition of Mn1.5CuFe0.5O4 is deposited on the surface of 
Crofer 22 APU and alumina with spray pyrolysis as a simple and effec-
tive method. The main objective of this research is to focus on the effects 
of spray pyrolysis parameters, including deposition temperature, 
spraying speed, volume of the precursor and distance from the spraying 
center, on the properties of the deposited spinel oxide coatings. For this 
purpose, effects of spraying parameters on deposition yield, micro-
structure, roughness, phase structure and electrical conductivity of 
Mn1.5CuFe0.5O4 spinel oxide coatings as a new class of protective 
coating are investigated.

2. Experimental procedures

2.1. Materials

In the present study, Mn1.5CuFe0.5O4 spinel oxide materials were 
deposited as protective coatings on the surface of Crofer 22 APU ferritic 
stainless-steel (FSS) metallic interconnect and alumina. Firstly, aqueous 
solutions of Mn(NO3)2.4H2O (Sigma Adrich, purity ≥97 %), Cu(NO3)2. 
H2O (Sigma Adrich, purity ≥99.99 %) and Fe(NO3)3.9H2O (Sigma 
Adrich, purity ≥99.99 %) were prepared at room temperature. Precursor 
by cations ratios of Mn:Cu:Fe = 3:2:1 by addition of tetra ethylene glycol 
(4 EG) (Sigma Aldrich, 99 % purity) as organic component was prepared 
using magnetics stirring at room temperature. The total concentration of 
cations (total metal ions) in the prepared precursor was 0.1 M (corre-
sponding spinel concentration of 0.0667 M).

Crofer 22 APU sheets (batch number 104754334, VDM-Metals, 
Verdohl, Germany) with chemical composition reported in Table 1, 
and dimensions of 20 × 20 × 0.3 mm3, and commercial alumina sheets 
with dimensions of 10 × 20 × 1 mm3 were used as substrates for 
deposition of Mn1.5CuFe0.5O4 spinel oxide material.

Table 1 
Chemical composition of used Crofer 22 APU as substrate in this research.

Element Fe Cr Mn La Ti Si Al

Weight 
percentage 
(Wt.%)

base 23 % 0.45 
%

0.1 
%

0.06 
%

<0.05 
%

<0.05 
%

EDS 
composition 
(Wt.%)

base 21.86 
%

0.69 
%

– – – –
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2.2. Deposition of coating layer

In order to deposit the Mn1.5CuFe0.5O4 spinel oxide layers, the spray 
pyrolysis method, which is schematically shown in Fig. 1, was used. 
First, at room temperature, substrates were ultrasonically cleaned for 10 
min in a mixture of acetone + isopropanol to remove contaminations. 
Samples were located on the heating plate and heated to the desired 
temperature, and subsequently the precursor was sprayed using the 
Paasche VL airbrush. Both Crofer 22 APU and alumina substrates were 
coated at different deposition temperatures, including 250, 300, 350 and 
400 ◦C, with a spraying speed of 7.5 ml/h. Additionally, both substrates 
were coated at constant deposition temperature of 400 ◦C with different 
spraying speeds including 5, 7.5, 10 and 15 ml/h. Finally, in constant 
conditions including the deposition temperature of 400 ◦C with the 
spraying speed of 7.5 ml/h, different volumes of precursor including 20, 
40, 80 and 100 ml were sprayed on the surface of both substrates. The 
precursor was atomized into droplets at an air pressure of 2 bar. The 
distance between the atomizing nozzle and the heated substrates was 60 
cm. Some of the coated samples were sintered at 800 ◦C for 3 h with 
heating and cooling rate of 3 ◦C/min in the static air atmosphere and 
were compared with the coated samples without the sintering process.

2.3. Characterization

The effectiveness of spray pyrolysis as a simple and productive 
method for preparation of spinel oxide coatings was evaluated in the 
terms of deposition yield according to the below equations: 

Deposition yield
(
g
/

cm2)=
(m a– mb)

S
(4) 

In this equation (4), ma is the weight of substrate after deposition pro-
cess (g), mb is the weight of substrate before deposition process (g) and S 
is the surface area of the sample which is exposed to the sprayed droplets 
(cm2). Additionally, the efficiency of the spray pyrolysis process was 
calculated. The ratio of the total weight of the deposited oxide coatings 
to the weight of the oxides inside precursor defines the efficiency of the 
spray pyrolysis method.

Surface and cross sectional of the deposited Mn1.5CuFe0.5O4 spinel 
oxide coatings after thermal treatment (800 ◦C for 3 h in the static air 

atmosphere) were investigated by a scanning electron microscope 
(SEM), Phenom XL (Thermo Fisher Scientific), equipped with an energy 
dispersive X-ray spectrometry (EDS) for chemical composition evalua-
tion with an acceleration voltage of 20 kV and a pressure of 10 Pa. For 
the cross sectional imaging, the samples were embedded in epoxy resin 
(EpoFix, Struers) and polished to 1 μm finish by the help of an automatic 
Struers Tegramin-20 machine. A very thin carbon layer was deposited 
on the cross section of the deposited coatings for better charge transfer 
and high resolution. A Bruker D2 Phaser second generation (Bruker AXS, 
Germany) X-ray diffractometer (XRD) with CuKα radiation (λ = 1.5404 
Å) and XE-T detector at 40 KV and 30 mA was used to investigate phase 
structure of the deposited spinel oxide coatings in the as-deposited state 
and after thermal treatment (800 ◦C for 3 h in the static air atmosphere). 
The spectra data were collected in a range of 2θ = 10◦–70◦ with a 
scanning speed of 0.01◦/s and accounting time of 2 s for each step. The 
results were analyzed using the High score plus software. The crystalline 
size (D) of the prepared cubic spinel oxide coatings can be calculated 
using the Scherrer formula: 

D=((Kλ))/((β cos θ)) (5) 

In this equation, λ is the wavelength of the X-rays, which is 0.15406 nm 
for Cu-Kα, K shows the shape factor, which is equal to 0.9, β indicates the 
FWHM determined from Expert software, and θ is the Bragg diffraction 
angle.

A Nanosurf easyscan 2 (Nanosurf AG) controller Atomic Force Mi-
croscopy (AFM), was used to measure roughness of the coating layers in 
the contact mode. Obtained data were analyzed using Gwyddion soft-
ware to calculate average roughness of the deposited coatings. More-
over, the Van Der Pauw method measured electrical conductivity of 
Mn1.5CuFe0.5O4 spinel oxide coatings. For this purpose, a coated 
alumina sample with the dimensions of 10 × 20 × 1 mm3 was contacted 
at the middle of the sides to platinum wires by silver paste. Platinum 
wires were connected to an automatic measurement including electrode 
multiplexer and a Keithley 2400 SourceMeter. Multiplexer applies 
required changes of electrodes for Van Der Pauw technique [38,41]. The 
constant current working mode with a current value of 0.1–1 mA based 
on the resistance value was utilized. Any possible thermovoltage pres-
ence was corrected by the system with switching current direction. The 
electrical conductivity measurement was performed in the temperature 

Fig. 1. Schematic illustration of spray pyrolysis method used for preparation of Mn1.5CuFe0.5O4 spinel oxide coatings in this research.
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range of 850 ◦C down to 200 ◦C with cooling steps of 50 ◦C and keeping 
time of 1 h in the static air atmosphere, which is schematically shown in 
Fig. S1 in the supplementary file. The electrical conductivity of the 
spinel oxide coatings has an inverse relation with the porosity percent-
age of the coating layer, according to the Bruggeman asymmetric model 
equation, which is reported below: 

σ=
σm

(1 − p)
3
2

(6) 

Where, σ (S cm− 1) is the modified electrical conductivity value, σm (S 
cm− 1) shows the obtained electrical conductivity value and P is the 
average percentage of the coating layer, which could be estimated 
through cross sectional SEM characterization.

3. Results and discussions

3.1. Deposition yield

To improve the oxidation resistance of ferritic stainless-steel in-
terconnects, a thick and uniform protective oxide layer must be pro-
vided, and the thickness must be kept below the critical range of crack 
formation. For this purpose, deposition parameters correlated with 

pyrolysis reactions, including evaporation of organic components and 
densification occurring simultaneously during film formation on the 
substrate, should be controlled.

In this study, spray pyrolysis parameters including deposition tem-
perature, spraying speed, volume of precursor and distance from the 
center of sprayed precursor, were examined to provide opportunity for 
deposition of thick, dense, uniform and crack-free Fe modified Mn2CuO4 
spinel oxide coating. Fig. 2 shows the deposition yield and crack for-
mation of coatings for the deposited spinel oxide coatings at the different 
deposition conditions on both substrates. As explained in the experi-
mental part, weight changes of the substrate after the deposition process 
are related to the formation of spinel oxide coatings, which could be 
considered as the deposition yield of the spray pyrolysis method. 
Deposition yield could be a function of the temperature of the substrate 
when droplets reach the surface, spraying speed, volume of precursor, 
distance from the center of the spraying direction and the kind of 
substrate.

According to plots, with increasing the volume of the sprayed pre-
cursor, the values of deposition yield increase, which could be correlated 
to higher thickness of the formed coating layers and is in good agree-
ment with SEM results, which will be discussed in detail in the following 
sections. Most research on spray pyrolysis reports that substrate tem-

Fig. 2. Deposition yield of prepared spinel oxide coatings by spray pyrolysis method as a function of (a) volume of precursor, (b) deposition temperature, (c) spraying 
speed, (d) distance of center.
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perature during deposition is the most critical parameter [65–67]. Ac-
cording to Fig. 2 (b), at 350 and 400 ◦C, deposition yield is lower 
compared to 250 and 300 ◦C, and there is a slight difference between 
them. In spray pyrolysis, the temperature must be high enough for py-
rolytic decomposition of organic precursors. This happens when the 
organic solvent evaporates, and the metal salt crystallizes as it hits the 
heated surface. Adjusting the temperature during spray pyrolysis helps 
to control rates of two simultaneous reactions, evaporation and crys-
tallization, which monitor the deposition yield, microstructure, and 
quality of the densified coating layer [60]. In other words, the kinetics of 
drying and decomposition of atomized droplets and growing coatings 
are responsible for forming uniform and crack-free coatings. As a result, 
the higher deposition yields at temperatures below 300 ◦C are likely 
related to the residual of solvent. Beckel et al. [67] reported that the 
ratio of deposition temperature to boiling temperature of solvent is an 
effective factor in producing uniform and crack-free coatings. Lower 
ratio of deposition temperature to boiling temperature of solvent could 
cause lower drying and decomposition kinetics of atomized droplets. At 
the same time, a higher ratio of deposition temperature to boiling 
temperature of solvent could lead to fast evaporation and decomposition 
of atomized droplets. Therefore, this ratio is lower for the deposited 
coatings at 250 and 300 ◦C, than those at higher temperatures. So, at 
lower temperatures, some droplets are still wet when hitting the surface; 
however, at higher temperatures, most droplets are already dry when 
touching the substrate’s surface. Therefore, the residuals in a growing 
layer at lower temperatures could lead to different shrinkage and crack 
formation.

In addition, spraying speed does not significantly affect deposition 
yield, and with increasing spraying speed from 5 up to 10 ml/h, the 
deposition yield is slightly decreased. With increasing spraying speed to 
15 ml/h, because of lower kinetics of drying and decomposition of 
atomized droplets, some are still wet when attached to the substrate 
surface, resulting in residuals. Because of different shrinkage of re-
siduals, cracks could be formed at the deposited coatings with higher 
spraying speed. Our results propose that the optimized spray pyrolysis 
conditions for the deposition of Fe modified Mn-Cu spinel oxide layer 
including temperature and spraying speed are 350–400 ◦C and 5–10 ml/ 
h, respectively.

Furthermore, changes of deposition yield versus distance from center 
are shown in Fig. 2 (d). According to Fig. 2 (d), the deposition yield 
significantly decreases in distances more than 3 cm from the center, and 
the coatings become nonuniform with partial surface coverage. Gener-
ally, increasing distance of samples from the center of spraying direction 
results in partial delivery of atomized droplets on heated substrates and 
consequently formation of nonuniform coating with random surface 
coverage. Supplementary results regarding center effect on deposition 
yield are reported in Fig. S2. Additionally, the efficiency of spray py-
rolysis refers to how much of the oxides present inside the precursor is 
converted into solid oxide coating during the spray pyrolysis process. 
The efficiency of spray pyrolysis for the Crofer 22 APU and alumina 
substrates was 10.25 % and 10.9 %, respectively.

3.2. Microstructure

Top-view SEM characterization was used to evaluate the quality of 
the deposited spinel oxide layers prepared by the spray pyrolysis. Fig. 3
shows the top-view SEM images of the deposited Mn1.5CuFe0.5O4 spinel 
oxide layers on the surface of Crofer 22 APU and alumina at different 
deposition temperatures with the same spraying speed (7.5 ml/h) and 
volume of precursor (100 ml). It is observable that the deposition tem-
perature is one of the critical parameters at the formation of uniform, 
dense and crack-free coatings on the surface of both substrates (Crofer 
22 APU and alumina). At the temperature of 250 ◦C, most parts of sur-
face are covered with microscale cracks and delamination. At this 
temperature, some organic residue remained on the surface of the 
floating and different shrinkage resulted in crack formation. Increasing 

the temperature up to 300 ◦C remarkably reduces the number and size of 
cracks, however, some pores and cracks are observable on the surface. 
By increasing the temperature up to 350 and 400 ◦C, the deposited spinel 
coatings showed a uniform and non-cracked microstructure. Addition-
ally, increasing temperature significantly reduces the number of pores in 
the deposited coatings. The deposited coating at 400 ◦C presented the 
most dense and uniform microstructure.

Preparing coatings with the exact chemical composition is chal-
lenging with wet chemistry methods such as spray pyrolysis. The 
chemical composition of the deposited coatings was characterized using 
SEM equipped with an energy dispersive spectroscopy detector (SEM/ 
EDS). To avoid errors in the Fe amount of chemical composition of the 
deposited spinel oxide coatings, a coated alumina sample at 400 ◦C with 
a spraying speed of 7.5 ml/h, was selected for EDS and Map analyses. 
Also, to provide more reliable results, measurements were performed at 
five different points, and the average values are reported. According to 
the elemental analyses results shown in Fig. 4 (a), there is no agglom-
eration or impurity in the microstructure of the deposited coating and all 
elements are uniformly distributed throughout the coating. According to 
Fig. 4(b) and (c), some Cu precipitates are formed on the surface, while 
no Cu compounds are present throughout the cross section of the 
coating. The formation of copper oxide may be related to the diffusion of 
Cu to the surface and its subsequent reaction with oxygen. The measured 
atomic ratios of Mn to Fe and Cu to Fe are approximately 2.88 ± 0.021 
and 2.1 ± 0.01, respectively, which is close to the chemical composition 
of Mn1.5CuFe0.5O4 spinel oxide. Additionally, to reduce errors in esti-
mating the chemical composition of the deposited coatings, elemental 
analysis was performed across the cross section of the coating over a 
larger area. According to the results, the estimated chemical composi-
tion of the coating throughout the cross section closely matches our 
desired composition. There is strong agreement between the average 
point analyses and the elemental analysis over the larger area. Obtained 
results show that Mn1.5CuFe0.5O4 spinel oxide layers were successfully 
produced with spray pyrolysis as a potential method to produce high 
quality and uniform coatings with different chemical composition on 
various substrates based on the appropriate chemical composition of 
precursors.

Furthermore, Fig. 5 demonstrates the top-view SEM images of the 
deposited Mn1.5CuFe0.5O4 spinel oxide coatings on the surface of Crofer 
22 APU and alumina with different spraying speeds at the same depo-
sition temperature. For Crofer 22 APU substrate, at the spraying speed of 
5, 7.5 and 10 ml\h, the deposited spinel oxide coatings showed uniform, 
and non-cracked microstructure. However, by increasing the spraying 
speed to 10 ml/h, some tiny pores are observable on the surface. How-
ever, at the spraying speed of 15 ml/h, there is nonuniform coating 
covered with cracks and defects. It means that deposition temperatures 
lower than 350 ◦C and spraying speeds higher than 10 ml/h are not 
appropriate to control two simultaneous pyrolysis reactions including 
drying organic components and growth of solid oxide layer for Crofer 22 
APU substrate.

In comparison between Crofer 22 APU and alumina substrates, ac-
cording to Fig. 5 (b), the deposited spinel oxide layers on alumina with 
different spraying speeds from 5 up to 15 ml/h, show uniform and non- 
cracked microstructure. There are some tiny pores on the surface of the 
deposited spinel oxide layers with spraying speeds of 10 and 15 ml/h 
and their number and size increase with increasing spraying speed.

One of the possible reasons for this difference between deposited 
spinel oxide layers with spraying speeds of 10 and 15 ml/h on Crofer 22 
APU and alumina might be related to higher thermal conductivity of 
alumina compared to Crofer 22 APU, which are approximately 30–35 
and 15 W/mk, respectively. Based on the results, temperature of 400 ◦C 
and spraying speeds of 7.5 ml/h and lower would be the best conditions 
for the deposition of spinel oxide coatings on alumina.

Fig. 6 depicts the surface morphology of the deposited Mn1.5Cu-
Fe0.5O4 spinel oxide coatings with different volume of the precursor at 
400 ◦C with spraying speed of 7.5 ml/h on Crofer 22 APU and alumina. It 
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Fig. 3. The top-view SEM images of the deposited Mn1.5CuFe0.5O4 spinel oxide coatings on: (a) Crofer 22 APU and (b) alumina substrates at different deposition 
temperatures with 7.5 ml/h spraying speed and 100 ml of precursor.
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is observable that with increasing volume of the precursor there is no 
significant difference in the microstructure of the deposited coatings on 
both substrates.

It is needed to find optimized preparation conditions for thick, uni-
form and non-cracked spinel oxide coatings through the spray pyrolysis 
method. The thickness and porosity percentage variations of the 
deposited spinel oxide coatings on both substrates were investigated 
using cross sectional SEM images and are reported in Fig. 7.

According to Fig. 7 (a), the thickness of the deposited spinel oxide 
coatings prepared with 100 ml of precursor and spraying speed of 7.5 
ml/h, decreases from 7.19 μm to 6.08 μm for Crofer 22 APU substrate 
and from 7.55 μm to 6.59 μm for alumina substrate, with decreasing 
temperature from 400 ◦C to 300 ◦C. This behavior is most likely related 
to the incomplete decomposition of precursor droplets because of 
insufficient thermal energy at lower temperatures, which results in less 
solid material being deposited onto the substrate. In this case, droplets 

may sit on the surface without reacting, and evaporating during coating 
process or during sintering process, without decomposing and contrib-
uting to the formation spinel oxide coating. Additionally, film growth is 
related to the nucleation and adhesion of the decomposed droplets. At 
lower temperature, reaction kinetics and diffusion processes may be 
slowed down, which is more likely to result in the formation of a less 
dense and thinner coating layer [68]. The sprayed droplets of the pre-
cursor splash on the uniform surface of the coating and by growth of 
spinel oxide layers, droplet to droplet helps to increase the thickness of 
the spinel oxide coating. Consequently, with increasing deposition 
temperature, the porosity percentage of the deposited spinel oxide 
coatings reduces to approximately 70.1 % and 55.4 % for Crofer 22 APU 
and alumina substrates, respectively.

Additionally, volume of the precursor is the most critical factor in the 
thickness variations. As shown, with increasing volume of the precursor 
from 20 to 100 ml, the thickness of coatings on Crofer 22 APU increases 

Fig. 4. (a) Elemental analyses showing the elemental distribution across the surface of the deposited coating and the chemical composition at designated points; (b) 
high-magnification mapping results showing Cu precipitates on the surface; and (c) elemental analyses showing the elemental distribution and chemical composition 
across the cross section of the deposited coating (larger area). The coatings were produced at 300 ◦C (c) and 400 ◦C (a and b) with a spraying speed of 7.5 ml/h using 
100 ml of precursor on an alumina substrate.
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Fig. 5. The top-view SEM images of the microstructure of deposited Mn1.5CuFe0.5O4 spinel oxide coatings on: (a) Crofer 22 APU and (b) alumina substrates with 
different spraying speeds at deposition temperature of 400 ◦C and 100 ml of precursor.

M. Mehdizade et al.                                                                                                                                                                                                                            International Journal of Hydrogen Energy 130 (2025) 213–229 

220 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


from 1.66 μm up to 7.19 μm and on alumina from 1.73 μm up to 7.55 μm. 
With increasing amount of the sprayed and splashed droplets, spinel 
oxide coating grows layer by layer. It seems, with increasing volume of 
the precursor, the porosity percentage of the deposited spinel oxide 
coatings reduces to approximately 36.2 % and 32.3 % for Crofer 22 APU 
and alumina substrates, respectively. In the beginning of the deposition 
process, because of random placing of the droplets some small pores 
could be created. Some of the pores with continuing deposition process 
(increasing volume of the precursor) eliminate from the upper surface; 
however, some of them remain and their size increase. So, the porosity 
percentage of the deposited spinel oxide coatings is intensely influenced 
with temperature.

Effect of spraying speed on the thickness of the deposited spinel 
oxide coatings on both substrates is discussed in Fig. S3 in the supple-
mentary file.

Fig. 8 demonstrates the EDS line scan curves for the spinel oxide 
coatings prepared at 300 and 400 ◦C, after sintering at 800 ◦C for 3 h. 
The deposited spinel oxide coating at the deposition temperature of 400 
◦C, significantly suppressed Cr diffusion alongside the diffusion zone 
compared to the deposited spinel oxide coating at the deposition tem-
perature of 300 ◦C. In fact, the dense structure of the coating and 
reduced number of the pores and holes are the most important factors in 
inhibition of Cr diffusion and formation of oxide scale in the interface of 
the deposited coating and steel substrate. Additionally, different ele-
ments are uniformly distributed throughout the thickness of coating.

3.3. Surface topography

The surface topography of the deposited spinel coatings was inves-
tigated with AFM measurements, which helps to analyze the physical 
properties of the prepared spinel oxide layers. Fig. 9 shows AFM images 
(area of 10 × 10 μm2) of the deposited spinel coatings at the different 
temperatures with different spraying speeds after thermal treatment at 
800 ◦C for 3 h. Additionally, the values of the calculated average 
roughness (Ra) for each sample are reported in Table 2. A repeating 
structure with valleys and hills is detectable in all deposited coatings. 
According to results, the average roughness of the deposited spinel 
coatings decreases from 19.93 nm to 12.17 nm, with increasing the 
deposition temperature from 300 ◦C to 400 ◦C. The AFM image of the 
prepared spinel coating at 250 ◦C is not reported due to its cracked and 
nonuniform microstructure. It is more likely correlated to equilibrium 

between spraying of precursor, evaporation of organic components and 
deposition of solid spinel oxides on the substrate, which is anticipated to 
be more stable in the higher temperatures [60]. In prepared coatings at 
350 ◦C and 400 ◦C, no microstructural defects like cracks, voids and 
delamination are observed. Additionally, with increasing spraying speed 
from 5 ml/h up to 15 ml/h, the value of average roughness is enhanced 
from 10.04 nm up to 21.65 nm. Because when precursor is sprayed with 
higher speed, equilibrium between spraying, evaporation and solidifi-
cation decreases and results in formation of more rough coating layer 
full of defects (reported in SEM section). Spraying speeds up to 10 ml/h 
leading to formation uniform coating layer without significant defects 
on the surface. In conclusion, spraying at low temperature with high 
spraying speed is not appropriate for deposition of uniform, defect-free 
and non-cracked spinel coatings on the surface of Crofer 22 APU. Pre-
pared coatings with spraying speed of 15 ml/h at 400 ◦C and with 
spraying speed of 7.5 ml/h at 300 ◦C and lower, did not show defect-free 
microstructure, which could be related to lack of stable equilibrium 
between spraying, evaporation and deposition.

3.4. Phase structure

Fe modified Mn–Cu spinel oxide layers were prepared by the spray 
pyrolysis method, which is described in detail in the experimental sec-
tion. To investigate the effect of spray pyrolysis parameters and thermal 
treatment on the phase structure of spinel oxide coatings, the coated 
samples at different temperature before and after sintering were char-
acterized by X-ray diffractometry method. Fig. 10 (a) and (b) demon-
strate the X-ray diffraction patterns of the deposited coatings at 300 ◦C 
and 400 ◦C with spraying speeds of 7.5 ml/h on the surface of Crofer 22 
APU and alumina substrates before and after sintering at 800 ◦C for 3 h 
in static air atmosphere.

Regarding Fig. 10 (a), diffraction peaks related to the steel substrate 
are detectable in both deposited spinel oxide layers at 300 and 400 ◦C, 
before and after thermal treatment. Additionally, the peaks related to 
the single phase of Mn2 ± xCu1 ± xO4 spinel oxide with cubic crystal 
structure and Fd3m space group (PDF No. 00-034-1400) are detectable 
for both deposited spinel oxide coatings before and after sintering 
treatment. In its crystal structure, oxygen atoms create a face-centered 
cubic close-packed lattice and some of the metallic cations occupy the 
octahedral sites, in contrast, other metallic cations occupy the tetrahe-
dral sites within the lattice. The peaks of cubic spinel for the deposited 

Fig. 6. Top-view SEM images showing microstructure of the deposited Mn1.5CuFe0.5O4 spinel oxide coatings with different volume of the precursors on Crofer 22 
APU and alumina.
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spinel oxide coating at 400 ◦C and sintered at 800 ◦C, are slightly shifted 
to higher values of 2θ compared to that of at 300 ◦C. This diffraction 
angle shift is likely related to slight crystallization during deposition at 
higher temperature. Cubic spinel oxide peaks for the deposited coatings, 
become narrower with increasing deposition temperature and by 
applying sintering treatment because of slight increase in crystalline 
size. Narrower peaks show higher crystallinity of cubic spinel structure. 

In the as-deposited spinel oxide coating at 300 ◦C before sintering 
thermal treatment, all of the peaks related to cubic spinel oxide are not 
completely detectable; however, in the as-deposited coating at 400 ◦C 
before sintering thermal treatment, diffraction peaks located at 2θ (de-
gree) ≅ 18.46, 30.11 and 35.46 are detectable. The mentioned peaks 
present wider shape and prove slightly crystallization of spinel oxide 
during deposition process. In other words, the deposited spinel oxide 

Fig. 7. Cross sectional SEM view showing (a) the effect of volume of precursor, and (b) effect of deposition temperature on the thickness and porosity percentage of 
Mn1.5CuFe0.5O4 spinel oxide coatings on Crofer 22 APU and alumina substrates.
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coating at 300 ◦C is highly amorphous; however, the deposited spinel 
oxide coating at 400 ◦C is partially crystallized during deposition pro-
cess. By comparing XRD pattern of the deposited spinel oxide coatings at 
400 ◦C before and after sintering thermal treatment, there is not 
considerable peak shift, but peaks with the diffraction angle of 42.91 
and 62.35 appeared after sintering thermal treatment. Additionally, 

diffraction peaks correlated to tetragonal spinel oxide with chemical 
composition of Mn2 ± xCu1 ± xO4 and I41/amd group space (PDF No. 01- 
071-1142) are detectable for the deposited coating at 400 ◦C after sin-
tering treatment. However, the mentioned peaks are not completely 
detectable for the deposited coating at 300 ◦C. The values of calculated 
crystalline size of the spinel oxide layers deposited on Crofer 22 APU at 

Fig. 8. The EDS line scan results throughout thickness of the sintered spinel oxide coating prepared at (a) 300 ◦C and (b) 400 ◦C.
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300 and 400 ◦C, after the sintering process, is approximately 49.37 and 
74.6 nm, respectively. Our results are consistent with the data reported 
by other researchers [20,38,69].

Furthermore, according to Fig. 10 (b), in the deposited spinel oxide 
coatings on alumina after and before sintering at 800 ◦C for 3 h, peaks 
related to the substrate are detectable. Additionally, there are identified 
peaks related to single phase of Mn2 ± xCu1 ± xO4 spinel oxide with cubic 
crystal structure and Fd3m space group (PDF No. 00-034-1400). The 
diffraction peaks related to this phase are slightly shifted to the lower 
diffraction angles with increasing deposition temperature from 300 to 
400 ◦C, which is likely correlated with a partial crystallization during 
deposition and slight unit cell size increase. Despite the deposited spinel 
oxide coatings on Crofer APU 22, the diffraction peaks related to 
tetragonal spinel oxide coatings are not detectable for the deposited 
spinel oxide coatings on alumina. The average crystalline size for the 
deposited spinel oxide layers on alumina at 300 and 400 ◦C after sin-
tering process calculated by Scherrer formula is approximately 70.45 
and 106.93 nm, respectively. In comparison between as deposited and 
thermally treated spinel coating’s XRD pattern, diffraction peaks of 
spinel oxide at diffraction angles of 2θ (degree) ≅ 30.4, 35.77and 63.22, 
become visible after sintering treatment due to crystallization of the 
spinel oxide coating. The mentioned diffraction peaks of spinel oxide 
become narrower with increasing deposition temperature from 300 up 
to 400 ◦C, because of a slight increase of crystalline size and partial 
crystallization during deposition. Furthermore, there are no detectable 
peaks correlated with Mn or Cu oxides, which means that pure spinel 
phases are synthesized without presence of precipitation. Our results are 
in good agreement with other researches [17,38].

Furthermore, according to XRD results of the deposited spinel oxide 

coatings at 300 and 400 ◦C before sintering, it seems that formation of 
spinel oxide phases just starts around 300 ◦C, which strongly agrees with 
the literature [70]. As the temperature increases, additional peaks 
related to spinel phase are revealed. Also, even at 400 ◦C, the spinel 
phase is not fully crystallized. After sintering at 800 ◦C, most of the peaks 
related to the spinel phases become visible.

3.5. Electrical conductivity

The electrical properties of the deposited spinel oxide coatings were 
investigated using measurement of the DC electrical transport properties 
of the sintered coatings in the static air atmosphere at the temperature 
range of 200–850 ◦C using Van Der Pauw method. Because of steel’s 
conductivity, it is impossible to measure the electrical conductivity of 
spinel oxide coatings on Crofer 22 APU. Therefore, the deposited oxide 
spinel on the surface of alumina was selected for electrical conductivity 
measurements.

Fig. 11 (a) shows the electrical conductivity versus temperature 
curve. The obtained electrical conductivity data were corrected using 
estimated porosity percentages of the coating layer by Image J software. 
Fig. 11 (b) demonstrates the diagram of modified electrical conductivity 
versus temperature. The measured average porosity percentages for the 
deposited spinel oxide coatings are shown in Fig. 11 (c). By considering 
the effect of the porosity of the deposited spinel oxide coatings, the 
values of the electrical conductivity for all samples are increased.

It is observable that the value of electrical conductivity increases 
with increasing deposition temperature. The prepared spinel oxide 
coatings at deposition temperature of 400 ◦C show the higher value of 
electrical conductivity (σ) because of their denser, uniform, defect-free 
and non-cracked microstructure. While prepared spinel oxide coatings 
at lower deposition temperatures present reduced electrical conductiv-
ity due to cracks, voids and delimitations in their microstructure. For-
mation of microstructural defects inside coating results in blocking the 
movement of charge transfer species and increases the sensitivity of 
metallic interconnects to corrosion and oxide scale growth. Addition-
ally, with increasing spraying speed due to formation microstructural 
defects in the spinel oxide coating, the electrical conductivity value 
slightly reduces. Our findings regarding electrical conductivity values 
propose that prepared spinel oxide coatings by spray pyrolysis shows 
acceptable electrical properties to be used as protective coatings for 
metallic interconnects in real SOC stacks without any disruption in 
electrical properties.

Fig. 9. AFM images in 10 × 10 μm2 of surface area of the deposited Mn1.5CuFe0.5O4 spinel oxide coatings at temperature of 300, 350 and 400 ◦C with spraying speed 
of 5, 7.5, 10 and 15 ml/h, before and after sintering at 800 ◦C for 3 h.

Table 2 
The values of Ra obtained from AFM measurements for the deposited 
Mn1.5CuFe0.5O4 spinel oxide at the different temperatures with different 
spraying speeds before and after sintering.

Deposition temperature (◦C) Spraying speed (ml/h) Sintering Ra (nm)

400 7.5 × 19.93
5 ✓ 10.04
7.5 ✓ 12.17
10 ✓ 17.49
15 ✓ 19.07

350 7.5 ✓ 16.73
300 7.5 ✓ 18.56

M. Mehdizade et al.                                                                                                                                                                                                                            International Journal of Hydrogen Energy 130 (2025) 213–229 

224 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Because of multiple valence states inside the lattice of Mn2CuO4 
spinel oxide materials, they can serve as high temperature conductors. It 
is known that conduction mechanisms for manganite spinel oxide ma-
terials such as Mn2CuO4 spinel oxide are based on hopping of charge 
between octahedral sites. Indeed, hoping charge between Mn3+ ↔  
Mn4+ exchanging pairs placed in octahedral sites are responsible for 
promoting the electrical conductivity [71,72]. In the hopping process, 

charge carrier mobility is a temperature-dependent mechanism and can 
be conceptualized by activation energy. It is expected that by enhancing 
thermally activated mobility of charge transfer carriers based on the 
hopping conduction mechanism, the electrical conductivity will in-
crease. The activation energy for the electrical conductivity variations 
according to the hopping conduction mechanism can be obtained by 
Arrhenius relation [73]. Fig. 11 (d) depicts Arrhenius diagrams for the 

Fig. 10. XRD patterns of deposited Mn1.5CuFe0.5O4 spinel coatings at different temperatures on the surface of (a) Crofer 22 APU and (b) alumina.
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deposited spinel oxide coatings at different temperatures with different 
spraying speeds. Arrhenius diagrams correlate the electrical conduc-
tivity of spinel oxide coatings with applied temperature during Van Der 
Pauw measurement. The activation energy needed for electrical con-
ductivity could be calculated for each sample according to Eq. (7): 

LnσT=
− Ea

kT
+ Ln σ0 (7) 

In this equation, Ea (eV/K) is the activation energy, T (K) is the tem-
perature, σ (S/cm) is the electrical conductivity, σ0 is the pre- 
exponential factor and K is the Boltzmann’s constant which is equal to 
8.617 × 10− 5 eV/K. The values of the activation energy and pre- 
exponential factors calculated for two temperature ranges including 
300–400 ◦C and 450–850 ◦C, are reported in Table 3. At the higher 
temperatures, mobility of the charge carriers inside crystal lattice of Fe 
modified Mn2CuO4 spinel oxide increases, which facilitates their 
movement and decrease the needed energy to transfer charge [71,72].

Moreover, the results show that the activation energy of the depos-
ited spinel oxide coatings reduces with increasing deposition tempera-

ture. It means that in the spinel oxide coatings with more uniform and 
dense structure, mobility of the charge carriers inside the crystal lattice 
is easier than in spinel oxide coatings with cracks and pores. Indeed, 
uniform and dense microstructure without cracks can facilitate the 

Fig. 11. (a) Measured electrical conductivity of the deposited spinel oxide coatings at the different temperatures and spraying speeds, (b) electrical conductivity of 
the deposited spinel oxide coatings at the different temperatures and spraying speeds modified with the average porosity percentage, (c) the measured average 
porosity percentage of the deposited spinel oxide coatings at the different temperatures and spraying speeds, and (d) Arrhenius diagram presenting the correlation 
between electrical conductivity and applied temperature during Van Der Pauw measurement for the deposited spinel oxide coatings.

Table 3 
The values of the calculated activation energy and pre-exponential factor for the 
deposited spinel oxide coatings at the different temperatures with different 
spraying speeds.

Deposition 
temperature (◦C)

Spraying speed 
(ml/h)

Temperature 
range

Ea 

(eV)
Ln σ0

400 7.5 300–400 0.42 17.47
850–450 0.16 13.17

350 7.5 300–400 0.31 15.54
850–450 0.18 12.98

300 7.5 300–400 0.38 19.18
850–450 0.2 12.77

400 10 300–400 0.43 17.19
850–450 0.17 13.05
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movement of charge species. The needed activation energies for the 
mobility of the charge transfer species for the spinel oxide coating 
deposited are 0.2 eV and 0.16 eV for deposited coatings at 300 ◦C and 
400 ◦C (with the same spraying speed), respectively. Our findings agree 
with other researchers’ reported activation energy for Mn2CuO4 spinel 
oxide materials [74,75]. However, increasing spraying speed for the 
deposited spinel oxide coatings at 400 ◦C has negligible effect on the 
electrical conductivity and the needed activation energy.

Our obtained results are in good agreement with other researches. 
For example, for Mn1.7CuFe0.3O4 powders (pellets) synthesized with sol- 
gel method, the electrical conductivity value at 800 ◦C is reported 69 S/ 
cm [38]. Also, for Cu1.15Mn1.55Fe0.3O4 synthesized with sol-gel and 
solid-state reaction methods, the electrical conductivity value at 800 ◦C 
are reported around 106 and 12 S/cm, respectively [17]. Up to now, 
there was no available data for Mn1.5CuFe1.5O4 spinel oxide materials in 
the form of coating or powder. Our measured value for electrical con-
ductivity of Mn1.5CuFe1.5O4 spinel oxide coatings at 800 ◦C is 78.12 
S/cm (before correction with porosity), which is above required value 
(> 50 S/cm) in the temperature range of 400–850 ◦C.

4. Conclusions

In the present research, the spray pyrolysis method as a simple, 
accessible and cost-effective method was used to prepare Fe-modified 
Mn2CuO4 spinel oxide coatings on the surface of Crofer 22 APU 
metallic interconnect and alumina. Obtained results suggest that the 
spray pyrolysis method could be a promising method for preparing 
dense and thick spinel oxide coatings with uniform, defect-free and not- 
cracked microstructure. The main conclusions based on our results are 
drawn and listed below. 

1. Increasing deposition temperatures from 250 ◦C up to 400 ◦C, 
resulted in reducing and elimination of cracks, voids and defects, and 
achieving dense and uniform layer.

2. Increasing spraying speed to more than 10 ml/h led to increasing 
cracks, voids and delamination on the surface of spinel oxide 
coatings.

3. Deposition temperature influenced the crystallization of the spinel 
oxide coatings during the deposition process.

4. The deposited spinel oxide coating on alumina was pure cubic spinel 
oxide, and Crofer 22 APU was a mixture of cubic and tetragonal 
spinel oxides. No impurities were observed in X-ray pattern.

5. Prepared spinel oxide coatings at higher deposition temperatures 
with lower spraying speed showed lower average roughness.

6. The deposited spinel oxide coatings at the higher deposition tem-
perature with lower spraying speeds showed higher electrical 
conductivity.

7. Increasing deposition temperature reduced the activation energy for 
charge transfer throughout the spinel oxide coatings. While, 
increasing spraying speed showed a negligible effect on the activa-
tion energy.
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