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Abstract: In this work, thin films (~1000 nm) of a pure MnCo2O4 spinel together with its partially
substituted derivatives (MnCo1.6Cu0.2Fe0.2O4, MnCo1.6Cu0.4O4, MnCo1.6Fe0.4O4) were prepared
by spray pyrolysis and were evaluated for electrical conductivity. Doping by Cu increases the
electrical conductivity, whereas doping by Fe decreases the conductivity. For Cu containing samples,
rapid grain growth occurs and these samples develop cracks due to a potentially too high thermal
expansion coefficient mismatch to the support. Samples doped with both Cu and Fe show high
electrical conductivity, normal grain growth and no cracks. By co-doping the Mn, Co spinel with both
Cu and Fe, its properties can be tailored to reach a desired thermal expansion coefficient/electrical
conductivity value.

Keywords: manganese cobalt spinel; high temperature protective coatings; thin films; electrical
conductivity

1. Introduction

Ceramic materials are important in engineering. Many future efficient energy conversion and
storage technologies depend on the development of new electroceramic materials with desired
and tailored properties [1–5]. Materials based on MnCo2O4 are interesting for a broad range of
applications, from room temperature to high temperatures (800 ◦C). They can be used in Li-ion battery
electrodes [6,7], electrochemical supercapacitors [8] and as coating materials for steel interconnects for
fuel cells [9–11]. The microstructure and the composition of the spinel strongly affect its performance
and applicability in a specific technology. In recent years, doping of the spinel by either Fe or Cu has
been pursued in order to increase its electrical conductivity, enhance sintering and possibly alter the
thermal expansion coefficient [12,13]. Only very recently has simultaneous substitution by both Fe and
Cu been reported (on bulk samples) [13].

Manganese cobalt spinel is a preferred material for high temperature protective coatings for
steel interconnects for Solid Oxide Fuel/Electrolysis stacks [14]. Its high electrical conductivity and
the low mobility of chromium in the material are two important qualifying factors [15]. For high
temperature protective coatings, thicknesses > 10 µm are typically used, whereas in applications like
supercapacitors and Li-ion batteries, thin films or composites are typically used.

Electrical conductivity of thin films of several materials showed interesting behavior. Effects
like ionic conductivity and activation energy dependent on the grain size have been reported [16].
For example, Rupp et al. have studied an ionically (O2−) conducting CGO (cerium-gadolinium
oxide) and YSZ (yttria-stabilized zirconia) thin films deposited by spray pyrolysis [17,18]. These
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studies have revealed very interesting properties of thin films prepared by the low temperature spray
pyrolysis process.

Spray pyrolysis is a solution based deposition method, in which liquids are deposited on a heated
substrate via droplets from a pressurized atomizer. In comparison to other solution based deposition
methods, e.g., spin coating, thermal decomposition of the liquid precursor occur directly on the surface
during the deposition process [19–22]. Therefore, spray pyrolysis is a cost and time effective method,
well suited for fabrication of thin nanocrystalline films [19]. An important advantage of the solution
based methods is their easy ability to modify the chemical composition of the desired products by
adding dopants to the liquid precursor.

In this work, MnCo2O4 spinel and Cu/Fe substituted derivatives (MnCo1.6Cu0.4O4,
MnCo1.6Fe0.4O4, MnCo1.6Cu0.2Fe0.2O4) are deposited in the form of thin (~1 µm) films by spray
pyrolysis. Sapphire was used as a substrate and the in-plane electrical properties and microstructure
of the films were characterized as a function of temperature up to 800 ◦C.

2. Materials and Methods

Four kinds of polymeric precursor solutions were prepared in order to create a dense layer on a
500 µm thick c-plane sapphire substrate by the spray pyrolysis method. The concentration of cations in
each precursor was fixed at 0.2 mol/L. For precursor preparation, Mn(NO3)2·4H2O, Co(NO3)2·6H2O,
Cu(NO3)2·3H2O and Fe(NO3)3·9H2O nitrate salts were used. For MnCo2O4, MnCo1.6Cu0.4O4,
MnCo1.6Fe0.4O4 and MnCo1.6Cu0.2Fe0.2O4 nitrate salts were mixed in a stoichiometric ratio 1:2, 1:1.6:0.4,
1:1.6:0.4 and 1:1.6:0.2:0.2, respectively. Salts were dissolved in a mixture of deionized water, diethylene
glycol and tetraethylene glycol (1:1:8 vol % respectively). For spray pyrolysis, the following deposition
parameters were used: hot plate temperature −390 ◦C, precursor flow rate −1 mL/h, nozzle-surface
distance −600 mm, air pressure −2 bars. For the desired 1 µm layer thickness, 20 mL of the precursor
was used. For each composition, two samples with an approximate dimension of 1 × 1 cm2 were
prepared. One has been used for the electrical conductivity study, the second for the in-situ high
temperature c.

The deposited layers were characterized for their electrical conductivity using the van der Pauw
method. To get more information about crystallization and electrical conductivity, five heating-cooling
cycles were followed, as presented in Figure 1. In each cycle, the samples were heated with a rate of
100 ◦C/h until the maximum designed temperature was reached. Every cycle had different maximum
temperatures starting with 400 ◦C for the 1st cycle, and 500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C for the
subsequent cycles. For each cycle, the temperature was held at maximum for 1 h. The data were
collected from the highest temperature of the cycle and at hold during cooling down to 200 ◦C at every
25 ◦C.
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For microstructural analysis of the layers, scanning electron microscope (SEM) with energy
dispersive spectroscopy (EDS) and X-ray diffractometry (XRD) were used. A Hitachi TM3000 with
Bruker Quantax 70 and a Zeiss Supra 35 FEG-SEM were used for characterization of both surfaces
and fracture cross-sections. For XRD analysis, a Bruker D8 Advance with CuKα radiation was used.
Characterization in both a standard 2θ configuration and in a grazing incidence mode were carried
out. In-situ high temperature XRD measurements were carried out using an MRI heating stage based
on a Pt-Rh heating element. XRD patterns were used for phase identification, determination of the
crystallite size and crystal structure.

The crystallite size was calculated according to the Scherrer formula and the influence of
temperature was evaluated by the procedure presented in [18]. The following equation has been used:

d =
Kλ

β cos θ
(1)

where: The symbols have the following meaning: d—crystallite size, K—shape factor, taken as 0.94,
λ—X-ray wavelength, β—broadening at FWHM, θ—Bragg angle.

As the coatings were very thin and deposited on a sapphire substrate, Rietveld refining of the
unit cell was not successful. Instead, for qualitative description, a simple approach of calculation of the
lattice parameter of the cubic crystal lattice was used. Based on the position of the observed diffraction
peaks in the XRD pattern, the lattice parameter was calculated from [18].

a =
λ
√

h2 + k2 + l2

2 sin θ
(2)

where: A—lattice parameter (Å); h, k, l—the Miller indices of the considered Bragg reflection θ,
λ—X-ray wavelength (Å).

3. Results and Discussion

3.1. Analysis of the Produced Coatings

Scanning electron microscopy images of the as-prepared MnCo1.6Fe0.4O4 coatings are shown
in Figure 2A,B at two different magnifications (500× and 10,000×). The surfaces of other coatings
looked very similar. Due to the low processing temperature of the deposition process (~380 ◦C),
no characteristic grain features are visible by the SEM. The coatings are continuous, they cover the
surface well and no cracks nor defects are detected. The chemical compositions of the coatings have
been evaluated by the EDS analysis at a low magnification (500×) to average over a large area. The
EDS spectra show a presence of Mn, Co and the respective dopants, Cu and/or Fe, as illustrated in
Figure 2C–F. Calculated compositions are summarized in Table 1. XRD patterns of the as-produced
coatings are shown in Figure 2G. Measurements have been performed in a grazing incidence (GI)
mode at an x-ray source angle of 1.5◦ to avoid a strong signal from the sapphire substrate. Diffraction
patterns reveal broad peaks due to small crystallites and especially for the pure MnCo2O4 show
possible presence of some amorphous phase (broad peak around 28◦). Even at this relatively low
processing temperature of ~380 ◦C, a cubic spinel phase has crystallized. For reference, positions of
the peaks according to JCPDS-ICDD card number 23-1237 are also plotted in Figure 2G. No preferred
orientation of the as-deposited film can be detected, as the intensities of the respective peaks seem to
resemble the reference pattern.

The chemical composition of the coatings (determined from the EDS analysis), given in Table 1,
agrees with the desired stoichiometry, though a slightly higher B atom content (in an AB2O4

structure nomenclature) is observed (~2.2 instead of the expected 2). This difference from the desired
stoichiometry, noticed in all samples, might be due to a different cation content in the used nitrate salt
source. Higher Co content can be tolerated as it should help to stabilize the cubic phase, as phases
with a lower Co content (<2) can separate into a mixture of tetragonal Mn2CoO4 and cubic MnCo2O4
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spinel [23]. Based on the cation content and assuming (based on the XRD) the existence of only the
pure spinel phase, the experimentally determined stoichiometry of the spinel has been calculated.Crystals 2017, 7, 185  4 of 12 

 

 
Figure 2. SEM surface image of the MCO/Fe layer (A,B) with EDS spectra of all prepared layers (C–
F) for compositional analysis and XRD patterns (G) of prepared coatings (grazing incidence at 1.5 
deg). 

Table 1. Chemical composition of coatings determined by energy dispersive spectroscopy (EDS) 
analysis. 

 MnCo2O4 MnCo1.6Cu0.4O4 MnCo1.6Fe0.4O4 MnCo1.6Cu0.2Fe0.2O4

 MCO MCO/Cu MCO/Fe MCO/CuFe 
O 60.0 56.7 60.2 58.5 

Mn 12.3 13.4 12.7 12.6 
Co 27.7 23.9 21.6 22.9 
Cu 0 6.0 0 3.2 
Fe 0 0 5.5 2.8 

(Co + Fe + Cu)/Mn 2.25 2.23 2.14 2.30 
EDS determined stoichiometry Mn0.92Co2.08 Mn0.93Co1.66Cu0.42 Mn0.96Co1.63Fe0.41 Mn0.91Co1.66Cu0.23Fe0.20 

3.2. Electrical Characterization 

The as-produced coatings have been characterized electrically following the temperature profile 
shown in Figure 1. With each consecutive measurement, the samples have been held at maximum 
temperature for 1 h and then the electrical conductivity has been measured during cooling. 
Measurement/temperature profile has been selected to check the possible influence of crystallization, 
crystallite/grain growth on electrical conductivity. Recorded conductivity values are presented in an 
Arrhenius type plots for the four samples in Figure 3A–D. 

 
Figure 3. (A–D) Electrical conductivity as a function of temperature plots for all samples after different heat 
treatments. 

Figure 2. SEM surface image of the MCO/Fe layer (A,B) with EDS spectra of all prepared layers (C–F)
for compositional analysis and XRD patterns (G) of prepared coatings (grazing incidence at 1.5 deg).

Table 1. Chemical composition of coatings determined by energy dispersive spectroscopy
(EDS) analysis.

MnCo2O4 MnCo1.6Cu0.4O4 MnCo1.6Fe0.4O4 MnCo1.6Cu0.2Fe0.2O4

MCO MCO/Cu MCO/Fe MCO/CuFe
O 60.0 56.7 60.2 58.5

Mn 12.3 13.4 12.7 12.6
Co 27.7 23.9 21.6 22.9
Cu 0 6.0 0 3.2
Fe 0 0 5.5 2.8

(Co + Fe + Cu)/Mn 2.25 2.23 2.14 2.30
EDS determined stoichiometry Mn0.92Co2.08 Mn0.93Co1.66Cu0.42 Mn0.96Co1.63Fe0.41 Mn0.91Co1.66Cu0.23Fe0.20

3.2. Electrical Characterization

The as-produced coatings have been characterized electrically following the temperature
profile shown in Figure 1. With each consecutive measurement, the samples have been held at
maximum temperature for 1 h and then the electrical conductivity has been measured during cooling.
Measurement/temperature profile has been selected to check the possible influence of crystallization,
crystallite/grain growth on electrical conductivity. Recorded conductivity values are presented in an
Arrhenius type plots for the four samples in Figure 3A–D.

With an initial increase in the temperature from 400 ◦C (~deposition temperature) to 500 ◦C and
to 600 ◦C, conductivity increases for all samples. The least increase was observed for the unmodified
spinel, where electrical conductivity values do not change for exposures of 400 ◦C and 500 ◦C.

Between 500 ◦C and 400 ◦C, a change in slope of the conductivity curves is observed. These effects
have been reported previously for similar spinel compositions [11,24]. One possible explanation is a
change in the prevailing conduction mechanism. Typically, at low temperatures, grain boundaries are
considered more conductive than grains and at high temperatures, grains contribute more.

It is interesting to note, that for the exposure temperatures higher than 700 ◦C, a drop in electrical
conductivity occurs. This happens to MCO, MCO/Fe and MCO/CuFe samples. So the maximum
electrical conductivity is achieved for layers processed at ~700 ◦C.

Increase and change of the electrical conductivity of the layers can be due to several factors. The
deposition of the layers has been performed at ~390 ◦C and subsequently, the samples have been
evaluated by XRD and measured electrically. As evidenced by the XRD, even at this low temperature, a
crystalline phase is obtained for all samples. Clearly, for the pure spinel, some amorphous phase is still
present. This might be possible also for the other samples, though this is not seen in the XRD spectra.
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One possibility that may account for the increase of conductivity is an increase in the degree
of crystallization of the layer. The amount of the well conducting crystalline phase increases with
temperature (assuming that the amorphous phase would have a lower/negligible conductivity).
However, as the slope of the electrical conductivity (activation energy) curves do not change much for
the samples processed at both high and low temperatures, it might be assumed that the crystalline
phase (grains plus grain boundaries) has been already continuous at low temperatures. Therefore, an
observed 3–4 fold increase in the electrical conductivity cannot be simply explained by a change in the
ratio of the crystalline to the amorphous phase. Therefore, the main mechanism responsible for the
changes of the total measured electronic conductivities might be the change of the size and thus the
number of crystallites, grains and grain boundaries. The total electronic conductivity is determined
by both the grain and grain boundaries contribution (σG and σGB), with typically different thermal
activation. For the low exposure temperatures, with small grains, the ratio of the number (or volume
part) of grain boundaries to grains would be high and with increasing temperature it decreases. This
seems to be the dominating mechanism and will be studied further in future works.

For the MCO/Cu layer, some irregularities in the curves are observed, especially during the
measurement with the maximum temperature of 700 ◦C. As will be described in more detail later, this
layer had cracked and thus these results should be taken with caution.

As already mentioned, a complex behavior of the evolution of the conductivity vs. the temperature
is observed for higher temperatures. Maximum conductivity values at 400 ◦C, 500 ◦C and 600 ◦C
plotted as a function of the maximum exposure temperature are presented in Figure 4.

Figure 4 shows that layers containing Cu have roughly 4 times higher conductivity than the
samples without. Also, an interesting maximum electrical conductivity for samples treated at 700 ◦C
can be observed. It is only in the case of the MCO/Cu sample that a different trend is observed,
possibly due to cracking. The highest overall electrical conductivity is found for the MCO/Cu sample.
However, in this case, the conductivity values become irregular for temperatures higher than 600 ◦C,
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most likely due to the evolution of cracks in the film. The layer containing both the Cu and Fe also
shows high electrical conductivity, whereas addition of Fe alone decreases the electrical conductivity.

From the observed temperature dependences of the electrical conductivity (Figure 3), activation
energies were deduced from the expression [25]:

σT = σ0 exp
(
− EA

kBT

)
(3)

where: σ—electrical conductivity (S cm−1), T—temperature (k), E—activation energy (eV),
kB—Boltzmann constant (eV k−1).
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Due to the inflection point on the conductivity curves, activation energies were calculated for a
high (~800 ◦C–400 ◦C) and low (~400 ◦C–200 ◦C) temperature range (HT and LT). Calculated activation
energies are presented in Table 2. For layers with the maximum processing temperature of 400 ◦C,
the activation energy remains the same (~0.45 eV) for all materials. After the first heating to 500 ◦C,
which is 100 ◦C above the deposition temperature, the activation energy of the low temperature regime
lowers to ~0.40 eV for all samples. A visible variation is observed for the high temperature regime. The
highest activation energy is reported for the MCO layer (~0.59 eV for the max temperature of 700 ◦C),
with slightly lower values for the MCO/Fe layer (~0.52 eV for the max temperature of 700 ◦C). Both
samples containing Cu have visibly lower activation energy, with the MCO/Cu having the lowest
(~0.44 eV for a maximum temperature of 700 ◦C) and the MCO/CuFe being intermediate (~0.48 eV for
the max temperature of 700 ◦C). The same value of the low temperature activation energy indicates a
similar conduction mechanism. For high temperatures (400 ◦C–800 ◦C), substitution of Co with Cu
clearly lowers the activation energy.

Table 2. Activation energy and electrical conductivity at 800◦C for the coatings.

σ

800 ◦C
EA

(max 800 ◦C)
EA

(max 700 ◦C)
EA

(max 600 ◦C)
EA

(max 500 ◦C)
EA

(max 400 ◦C)

Name/S cm−1/eV HT LT HT LT HT LT HT LT

MCO 73.0 0.58 0.40 0.59 0.40 0.57 0.41 0.54 0.42 0.45
MCO/Cu 85.2 0.43 0.46 0.44 0.41 0.40 0.38 0.44 0.40 0.44
MCO/Fe 37.9 0.52 0.41 0.52 0.40 0.54 0.41 0.54 0.43 0.44

MCO/CuFe 86.6 0.48 0.38 0.48 0.38 0.47 0.40 0.48 0.41 0.44

Electrical properties of the substituted (Mn,Co)3O4 spinels have been studied by other groups
on bulk samples. Brylewski et al. [24] studied CuxMn1.25−0.5xCo1.75−0.5xO4 in the composition range
x = 0 to 0.5. A change in the activation energy was also reported in this work. For the undoped
spinel, activation energies of 0.68 eV and 0.41 eV were reported for the high and low temperature
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regions, respectively. The addition of Cu up to x = 0.3 lowered the activation energy in both the high
temperature (0.58 eV) and low temperature regions (0.28 eV). The conductivity of the spinel at 800 ◦C
equaled 162 S cm−1.

Masi et al. have studied single and double substituted spinels (reported for the first time to the
best knowledge of the authors) with compositions similar to the ones investigated in this work [13,26].
The high temperature activation energies were lowered by addition of the Cu. For MnCo1.6Fe0.4O4,
MnCo1.8Cu0.2O4, MnCo1.6Cu0.2Fe0.2O4 the activation energies of 0.53 eV, 0.46 eV and 0.50 eV were
reported, respectively. The electrical conductivity of MnCo1.6Cu0.2Fe0.2O4 has been reported to be
~82 S cm−1, while for the undoped spinel ~75 S cm−1 and clearly the values are similar to the
values reported here. Similarly, the addition of Fe leads to a decreased electrical conductivity. In
summary, measurements reported here for thin films agree well with literature studies carried out on
bulk samples.

3.3. Microstructural Characterization

To characterize the microstructure of the layers, X-ray diffractometry and scanning electron
microscopy methods were applied.

All four layers were investigated by in-situ high temperature XRD. As produced layers were
evaluated first during heating to 400 ◦C, 600 ◦C and 800 ◦C in order to determine their crystallite size
and growth using Equation (1). Additionally, after heating to 800 ◦C and holding for 1 h, XRD patterns
were recorded every 100 ◦C during cooling to check the change in lattice parameters according to the
Equation (2). Exemplary results obtained for the MnCo1.6Cu0.4O4 sample are shown in Figure 5 and
summarized in Figure 6.
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With an increase in maximum processing temperature, peaks become narrower and more
intensive, as seen in Figures 5A and 6A; this is related to growing crystallite size, as presented
in Figures 5A and 6A. For all samples, for the initial lowest processing temperature of 400 ◦C, peaks
(220 and 311) are slightly shifted towards a higher 2θ range in comparison to layers processed at higher
temperatures. This means that after the deposition at 390 ◦C, for very small crystallites (<10 nm), the
lattice parameter is slightly smaller than after high temperature exposure. For layers processed at
600 ◦C and 800 ◦C, the lattice parameter stays the same, and only the crystallite size changes.

Crystallite growth evaluated by XRD peak broadening is similar for all layers. Crystallites grow
from the initial ~6 nm to ~25 nm after processing at 800 ◦C. The Initial crystallite size is similar to the
one observed previously by SEM in a similar system where MnCo2O4 precursors were impregnated
into an MnCo2O4 matrix [11].

The variation in the lattice parameter (analyzing the structure as cubic) with temperature,
measured during cooling from 800 ◦C is presented in Figure 6B. A clear effect of the introduced
dopants on the lattice constant is observed. The addition of Cu lowers the lattice constant, whereas the
addition of Fe increases the lattice constant. Simultaneous addition of the two dopants seems to cancel
out the change in the lattice parameter. Observed changes are consistent with the ones reported in the
literature [13,24,27].

XRD patterns measured at room temperature are presented in Figure 7. The different position
of the 220 and 311 peaks represent a different cell size, as summarized in Figure 6B. Due to a low
thickness of the film (~1 µm), the strongest peak comes from the sapphire substrate. After the heating
to 800 ◦C, still only a single spinel phase is detected in the film.
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In an MnCo2O4 spinel, the tetrahedral sites are occupied preferentially by Co2+ cations, with
octahedral sites occupied by mixed valence Co2+, Co3+, Mn3+, Mn4+. As summarized by Masi et al. [13],
the addition of Fe in place of Co results in substitution in the octahedral position of Co2+ by Fe3+,
thus reducing the electrical conductivity. On the other hand, added Cu tends to occupy preferentially
tetrahedral sites with the presence of Cu+/Cu2+ which additionally promotes oxidation of Mn3+ to
Mn4+ to maintain charge neutrality. This, in turn, increases the number of different valence species,
possibly leading to higher electrical conductivity and thermal expansion. In general, the spinel structure
is quite complex, as cations (Mn, Co, Fe, Cu) can have different oxidation states and additionally some
spinel inversion is possible, where “B” atoms can occupy “A” sites and lead to mixed composition of
the cation sublattices. Therefore, no single defect model is proposed here.

High magnification surface SEM images are presented in Figure 8. The samples are shown after
the high temperature XRD evaluation with a maximum temperature of 800 ◦C for two hours. Well
sintered and dense films are observed for all samples. There are evident differences in grain sizes. The
smallest grains are found for the undoped spinel (49 ± 12 nm), followed by MCO/Fe (67 ± 14 nm) and
with the largest grains for the Cu containing layers: MCO/CuFe with 126 ± 12 nm and MCO/Cu with
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178 ± 10 nm grains. Both dopants increase the average grain size, with Cu having a stronger effect.
Enhanced sintering of the Cu containing spinels has been one of the reasons (in addition to enhanced
electrical conductivity) for the focus on them [28,29]. Grain sizes determined by SEM are different from
the grain sizes determined by the XRD. One possible explanation might be that due to a large strain
from the deposition method and from the substrate TEC mismatch, the Scherrer formula becomes
inaccurate due to peak modification in the XRD spectra by strain in the simple procedure used. Very
good surface coverage of the sapphire substrates has been achieved by the spray pyrolysis method
with dense coatings prepared at a maximum temperature of only 800 ◦C. Temperatures required to
achieve dense layers prepared by spray pyrolysis are typically 200 ◦C–400 ◦C lower than temperatures
in standard powder processing methods.Crystals 2017, 7, 185  9 of 12 
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spray pyrolysis deposition method. 

SEM pictures of the surface of the MCO/Cu layer are presented in Figure 10. Cracks are clearly 
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not detected in the as-produced sample; they must have formed during heat treatment of the layers. 
As previously described, irregularities in electrical conductivity measurements for the MCO/Cu 
layers were found. It is likely that the cracking of the layer is responsible for the step-changes in the 
measured electrical conductivity seen in Figures 3 and 4. 

Figure 8. (A–D) SEM surface view of all layers after the electrical conductivity test.

A tilted (37◦) high-magnification image of a fracture cross section of the MnCo1.6Cu0.4O4 layer is
shown in Figure 9A alongside lower magnification pictures of the fractured films. Thickness varies
between ~0.7 µm for the MnCo2O4 to 1.2 µm for the MnCo1.6Cu0.2Fe0.2O4. The thickness of each
coating is uniform over the whole cross section.
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The thickness of the MnCo1.6Cu0.4O4 layer is built of approximately 10 grains. No large pores
are observed in the cross section. Based on the surface and cross-section images, it seems that spray
pyrolysis is a reliable and effective method for deposition of 1 µm thick layers of different compositions.
In the previous deposition studies, it was not possible to obtain layers thicker than 0.3–0.5 µm in a
single step process [30,31]. Increasing the molarity of the precursor solution allowed for obtaining
thicker layers for the same deposition time, extending possible applications for the spray pyrolysis
deposition method.

SEM pictures of the surface of the MCO/Cu layer are presented in Figure 10. Cracks are clearly
visible over most of the sample surface. Both of the two MCO/Cu samples evaluated were cracked. In
some places the layer spalled off; no cracks were observed for the other layers. These cracks were not
detected in the as-produced sample; they must have formed during heat treatment of the layers. As
previously described, irregularities in electrical conductivity measurements for the MCO/Cu layers
were found. It is likely that the cracking of the layer is responsible for the step-changes in the measured
electrical conductivity seen in Figures 3 and 4.Crystals 2017, 7, 185  10 of 12 
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Figure 10. SEM surface images showing cracks on the MCO/Cu layer after the electrical
conductivity test.

Substitution of Co by Cu leads to an increase in the thermal expansion coefficient. According to
Masi et al. [13] and Brylewski et al. [24], the thermal expansion coefficient (TEC between 30 ◦C–800
◦C) of a partially Cu substituted spinel can reach ~15 ppm K−1. For partial Fe substitution a lowering
of TEC is observed (to ~12.5 ppm K−1) and for the undoped spinel values between 12.5 and 14 are
typically reported [13]. Sapphire substrate has a much lower TEC (~7.5 ppm K−1), so the stresses
caused by the TEC mismatch are quite high. However, MCO/Cu and MCO/CuFe should have quite
similar TEC. Other factors possibly influence the risk of cracking. The risk of crack formation further
increases with film thickness, which varies somewhat between the samples. Cracking might also be
influenced by grain growth and mass transport. Enhanced sintering of the Cu doped sample will cause
lateral stress on the constrained layer and increase the risk of cracking. Simultaneous addition of Cu
and Fe does not lead to such rapid grain growth and therefore doubly doped composition offers an
important stability advantage.

4. Summary and Conclusions

High quality ~1 µm thick layers of MnCo2O4, MnCo1.6Cu0.4O, MnCo1.6Fe0.4O4 and
MnCo1.6Cu0.2Fe0.2O4 have been prepared by spray pyrolysis at 390 ◦C. Electrical conductivity and
microstructural changes of layers have been evaluated up to 800 ◦C. Spray pyrolysis is proven to
produce dense spinel layers at temperatures of only 800 ◦C, which is lower than for standard ceramic
processing methods. Maximum electronic conductivity is found for layers experiencing a maximum
processing temperature of 700 ◦C, whereas no changes in the activation energy were noticed for
different maximum processing temperatures. Electrical conductivity values obtained for the films
agree well with the values reported for bulk samples. The addition of Cu increases the electrical
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conductivity and decreases the activation energy at high temperatures whereas the addition of Fe
decreases the electrical conductivity. The addition of Cu increases the lattice parameter whereas the
addition of Fe lowers the lattice parameter and for a Fe, Cu co-substituted spinel, lattice changes cancel
out and resemble the undoped structure. Additionally, Cu visibly enhances grain growth and leads
to cracked films. Simultaneous addition of Cu and Fe seems advantageous and offer the benefits of
higher electrical conductivity and limited grain growth.
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