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improved further, while the opposite tendency is observed for Fe. Finally, it was shown that
spinels obtained via EDTA gel processes are promising protective-conducting coating

materials for SOEC/SOFCs steel interconnects.

Keywords: protective ceramic coatings, manganese-copper spinel, SOFC/SOEC, electrical

properties, interconnects

1. Introduction

Sustainable development, which became a priority for many highly industrialized
countries at the turn of the 21% century, will not be possible without solving the issue of
energy storage. One of the most promising solutions to this problem entails the use of solid
oxide electrolyzer cells (SOECs) to convert excess energy into fuel such as hydrogen via
electrolysis. SOECs are constructed by applying the same materials and design solutions used
in the case of solid oxide fuel cells (SOFCs) [1-3]. A single cell of these electrochemical
devices consists of a cathode, an anode and a solid oxide electrolyte, while the component
called the interconnect connects individual cells into stack, allowing the entire device to
output a significant amount of power. Since the operating conditions specific to SOECs — high
operating temperatures (above 650°C), a lifespan of up to 40,000 hours, and exposure to an
oxidizing-reducing environment — are very demanding, the criteria set for interconnect
materials are very strict. These requirements include high chemical stability, resistance to
high-temperature corrosion in both oxidizing and reducing atmospheres, compatibility
between the thermal expansion coefficients of interconnect materials and other cell elements
as well as low area-specific resistance (ASR), which should not exceed 0.1 Q-cm? at any point
during the lifetime of the device [4]. There is currently increased interest in metallic

interconnects — particularly those made of heat-resistant ferritic steels.
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Ferritic steels have become popular because they are relatively inexpensive to
manufacture and easier to machine than their ceramic counterparts, they have a thermal
expansion coefficient that closely matches the coefficients of the other electrolyzer
components, and they exhibit high thermal and electrical conductivity [5]. The main issue
associated with the use of metallic interconnects based on ferritic steel is the increase in ASR
that stems from the formation of a Cr.O3 scale on the surface of the steel. The scale itself is
characterized by low electrical conductivity. In addition, its formation allows chromium to
react with oxygen and water vapour, which contributes to chromium evaporation [6]. As a
result, a phenomenon known as “electrode poisoning"” is observed and the efficiency of the
device diminishes [7,8]. In order to mitigate these negative effects, the steel may be coated
with protective-conductive layers, many of which are spinel-based [9-11].

The composition of spinel oxides can be expressed by the general formula AB2Oa4. In
cubic spinel structures, A and B are metal cations that can occupy tetragonal (A is a divalent
ion) or octahedral positions (B is a tri- or quadrivalent ion) [12,13]. Spinel may also form an
inverse structure. In such a structure, divalent A cations and half of the trivalent B cations
occupy octahedral sites, whereas the rest of the B cations occupy tetrahedral sites. Spinel
materials exhibit a wide range of electrical properties; some of them exhibit insulating
behavior, while others are metallic conductors. These properties strongly depend on the type
of metal ion and its distribution in the unit cell [14,15]. The type of the ions that occupy the
octahedral positions determines the electrical properties of the spinel material [14]. Cations
with multiple valence states, such as manganese ions, provide the most significant increase in
electrical conductivity. Furthermore, reports indicate that electrical conductivity, which is
determined predominantly by electron hopping between octahedral sites, can be strongly

affected by the preparation method and thermal history of spinels [16,17].
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In recent years, coatings based on MnxCosxOs (where 0<x<3) have been intensively
studied [12,18]. A widely used practice is to apply dopants (e.g. Cu, Ni, Fe, active elements)
to improve the physicochemical properties of coatings [19-24]. Coatings based on a
manganese-cobalt spinel are especially popular owing to their unique transport properties.
The studies that have been conducted indicate that the use of coatings with a spinel structure
in an Mn-Co-O system ensures that the rate of scale growth is reduced and is a strongly
limiting factor with regards to chromium evaporation. The possibility of maintaining area-
specific resistance at a low level during long-term operation of such layered systems is
another important advantage [22,25-27]. However, since cobalt has proven to be
carcinogenic, its application requires special safety measures. This is associated with an
increase in production costs and a potential health risk for humans. In light of these facts,
there is an urgent necessity to eliminate Co from protective-conductive coatings. One
interesting alternative is copper. It should be noted that manganese-copper spinels have other
potential applications — as spectrally selective solar absorbers [28,29], anodes for lithium-ion
battery [30], methanol steam reforming catalysts [31] and electrode materials for
supercapacitors [32].

The Cu13Mn1.704 spinel exhibits significantly higher electrical conductivity (~225 S/cm
at 750°C after correcting for porosity) [12] compared to the MnCo0.04 and Mn1.5C01504
spinels (~36 S/cm and ~60 S/cm at 800°C, respectively) [33,34] that are currently considered
the best coating materials for the surface modification of metallic interconnects applied in
SOFCs. Studies on copper-doped spinel in the afore-mentioned Mn-Co-O system demonstrate
that this additive also has a beneficial influence on the sinterability of the coating, which is
very significant with regard to inhibiting the undesirable chromium evaporation phenomenon
[20,35,36]. The noteworthy physicochemical and catalytic properties of Cu-Mn-O spinels

stem from the presence of two Jahn-Teller ions — Mn®* and Cu?* — in the material [37]. In the
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MnCo20s and Mn15Co1504 spinels, the cubic phase is stable within a certain composition
range, which also affects their properties. However, the range of composition and temperature
in which the cubic phase occurs in the Cu-Mn-O system is far narrower [38]. Cu-Mn-O
spinels are also slightly less stable compared to spinels from the Mn-Co-O system due to the
higher volatility of copper vapors. It is therefore difficult to obtain a spinel with a nominal
composition corresponding to Cu1.3Mnz.704. Any deviation from stoichiometry may, however,
lead to the formation of additional phases such as CuO or manganese oxides, which will cause
electrical properties to grow significantly worse. It is thus very important to apply the most
suitable method for the synthesis of the Cu-Mn-O spinel. Numerous synthesis methods have
been proposed for this purpose, including Pechini's method [33,39], glycine nitrate process
(GNP) [13,40,41], co-precipitation [42] as well as solvothermal [43], hydrothermal [44], and
solid-state reactions [45,46]. Wet chemistry methods seems to be particularly effective at
obtaining spinel material with high spinel phase content, and the EDTA gel processes method
is especially noteworthy [47]. In this case, the use of ethylenediaminetetraacetic (EDTA) acid
as a cation-complexing agent allows elements to be distributed more evenly, making it
possible to obtain a Cu-Mn-O powder with the intended composition. On the other hand,
despite some disadvantages, solid-state reaction methods offer lower energy consumption and
simplicity, and they are relatively environment-friendly. These factors are especially
important in the context of large-scale industrial production [48].

Like those of manganese-cobalt spinels, the physicochemical properties of Cu-Mn-O
spinels can be improved by partial substitution with certain dopants. Ignaczak et al. presents
the possibility of substituting Cu with Fe in the spinel structure [39] obtained via the Pechini
method. According to the authors, in the case of Mn1.7Cu1.3xFexOs a small amount of Fe (x =
0.1) does not improve properties considerably. On the other hand, due to the Jahn-Teller

distortion of the octahedral sites, a higher concentration of iron (x = 0.3 or 0.5) leads to the
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phase transformation into tetragonal spinel. At the same time, a higher amount of the dopant
stabilized the spinel phase, as evidenced by the fact that the CuO phase was only present in
small amounts or absent altogether. Additionally, while investigating the impact of sintering
temperature (900, 1000 or 1100°C) the authors observed that partial substitution of Cu with
Fe improved the sinterability of spinels and their thermochemical properties [39]. Bhandage et
al. investigated the substitution of Cu with Cd in the CuxCd1-xMn204 system [49] obtained via
grinding, heating at ~900°C for 100 h, and finally quenching. This study led the authors to the
conclusion that below a certain Cu concentration (x < 0.5) the spinel undergoes a cubic-to-
tetragonal phase transition. Nickel is another that has been studied. Joshi and Petric [50]
synthesized Cu-Mn-O spinels doped with Ni using a solid-state reaction method. They then
formed them into pellets and sintered them at 1100°C for 72 h. The authors found that Ni can
stabilize the cubic phase in a wider temperature region than Fe. In terms of electrical
conductivity at 800°C, some improvement was observed when Cu was substituted with Ni,
forming Cuo.77Nio.45Mn1.7804 (~116 S/cm), when compared to the Cu1.18Mn1g204 (~60 S/cm)
initial material. Sun et al. showed that a Ni-doped (CuMn)sO4 spinel coating effectively
reduced the Cr diffusion rate due to fact that the preference of octahedral sites for Ni%* is
higher than for Cr** ions [51]. Although Ni as a dopant in Cu-Mn-O spinels has been
evaluated in some studies on sinters, the information concerning its influence on
microstructure is insufficient.

Based on the described observations it can be concluded that the effect of iron or nickel
on the physicochemical properties of Cu-Mn-O spinels largely depends not only on the dopant
content but also to a large extent on the procedure applied for the synthesis of these ceramic
materials. It is therefore worth undertaking further research to establish with high precision
the influence that the amount of each dopant has on the structure, microstructure and electrical

properties of spinels synthesized via selected wet chemistry methods. This approach can
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potentially yield an Mn-Cu-O spinel material with high electrical conductivity, which can
subsequently be applied to coat steel substrates with spinels in order to create interconnect
materials with superior performance in SOEC/SOFCs applications.

In the presented study, manganese-copper spinel with the starting composition of
Cu13Mn1704 was synthesized using the EDTA gel processes method and a solid-state
reaction applied for reference. Additionally, equal amounts of Cu and Mn in the initial
composition were partially substituted with Ni and Fe to evaluate the physicochemical
properties of doped Cu-Mn-O spinel and the influence of both synthesis methods on the
obtained powders. The properties that are crucial from the point of view of application as
coating materials for metallic interconnect were then investigated, including the phase and
chemical composition, microstructure, and electrical properties. Finally, as a proof of concept,
the selected powder was deposited electrophoretically on a metallic substrate to demonstrate
the suitability of the powders obtained via EDTA gel processes as a coating material with

protective-conductive properties.

2. Experimental
2.1. Spinel powder synthesis

Spinel powders with the composition of Cuz 3.05xMn1.7-05xMxO4 (where M=Ni or Fe and
x=0, 0.1 or 0.3) were obtained using a modified sol-gel method with EDTA as the agent
complexing metal cations in an aqueous solution; the applied method is also known as EDTA
gel processes. Another batch of samples with the same composition was obtained using a
solid-state reaction method.

The starting substrates used for synthesis via EDTA gel processes were manganese(ll)

nitrate tetrahydrate Mn(NO3)2-4H20 (SIGMA-ALDRICH, >97.0%), copper(Il) nitrate hydrate

Cu(NO3)2:H2O (SIGMA-ALDRICH, 99.999%), iron(lll) nonahydrate Fe(NO3)3-9H.0
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(SIGMA-ALDRICH, 99.999%), nickel(11) hexahydrate Ni(NO3)2-6H20 (SIGMA-ALDRICH,
>97.0%, and ethylenediaminetetraacetic acid (C1oH1sN20s, ALDRICH, 99.995%) — all of
analytical-grade purity. Appropriate amounts of each nitrate salt were used to prepare the
following nitrate solutions: Mn(NO3)2, Cu(NOs)2, Ni(NOs), and Fe(NOs).. After the
concentrations of these solutions had been determined, they were used to prepare mixtures
with the desired Mn:Cu:(Ni,Fe) molar ratio derived from the assumed nominal composition.
A 0.1 M EDTA solution was then added to the previously prepared solutions in an amount
such that 1 mol of metal cations corresponded to 1.1 mol of the complexing agent. After
adding ammonia in an amount required to stabilize the pH level at 8, the solutions were mixed
vigorously. The prepared solutions were heated until an amorphous gel had been obtained;
this gel was then pyrolyzed for 30 min in air at 500°C, which transformed it into
agglomerated powders. These powders were calcinated for 5 h in air at 750°C to obtain fine-
grained ones with a specific chemical and phase composition. The powders were then milled
in isopropanol for 30 min at 975 rpm in a vibrational-rotational mill with zirconia balls (ball
to powder ratio 4:1) and dried for 30 min in a vacuum at 90°C.

For the solid-state reaction method, the following oxides were used as starting
substrates: copper oxide, CuO (Chempur, 99%), manganese oxide, MnO (Chempur, 93%),
iron oxide, Fe-Oz (Chempur, 96%), nickel oxide, NiO (Sigma-Aldrich, 99%). The substrates
were weighed in stoichiometric ratios on an analytical balance with an accuracy of four
decimal places. To initiate the reaction, the weighed powders were vigorously ground in an
agate mortar with ethanol for one hour and then dried for 2 h at 70°C. The next stage involved
5 h of calcination in air at 750°C. Finally, the powders were soaked in isopropanol and
underwent 30 min of high-energy grinding in a vibrational-rotational mill with zirconia balls
(ball-to-powder ratio 4:1) at 975 rpm. After grinding, the powders were vacuum-dried at 90°C

for 30 min.


http://mostwiedzy.pl

©CO~NOOOTA~AWNPE

A\ MOST

2.2. Spinel sinter preparation

The appropriate amount of the powder (approx. 400 mg) was formed into green bodies
using the biaxial pressing process under the pressure of 50 MPa. The green bodies underwent
cold isostatic pressing using a pressure of 250 MPa and were then sintered in air at 1000°C.
Both the heating and the cooling rate was 5°C/min, while the dwell time was 2 h. The sintered
samples obtained in this way had a diameter of 8 mm and a thickness of 1.2-1.60 mm.

Table 1 lists the sample designations depending on the type and amount of the dopant

and the synthesis method. These designations are subsequently used to refer to each sample.

Table 1. Sample designation.

Sample preparation method
EDTA gel processes | Solid state reaction
Cu1.3Mn1 704 CuMn-EDTA CuMn-SSR
Cu1.2sMn1.65Ni0.104 CuMnNIi0.1-EDTA CuMnNi0.1-SSR
Cu1.15Mn165Nio304 | CuMnNi0.3-EDTA CuMnNi0.3-SSR
Cu12sMnyiesFe0104 | CuMnFe0.1-EDTA CuMnFe0.1-SSR
Cur1sMny1esF€0304 | CuMnFe0.3-EDTA CuMnFe0.3-SSR

Nominal composition

2.3. Electrophoretic deposition of spinel coating on the metallic substrate

To demonstrate the effectiveness of a powder obtained via EDTA gel processes as a
coating material, a coating with the composition Cui2sMniesNio1Os was deposited
electrophoretically on the Nirosta 4016/1.4016 (Thyssen Krupp VDM GmbH, Germany)
ferritic stainless steel. This substrate had the following composition (wt%): Cr-16.2, Mn-0.34,
Si-0.35, Ni-0.04, P-0.02 and balance Fe [52]. The solution applied for the electrophoretic
deposition consisted of a 75:25 v/v mixture of acetone (Chempur, 99.9%) and ethanol
(Chempur, 99.8%) mixed with the synthesized CuMnNi0.1-EDTA powder (concentration of
10 g/dm?3). lodine at a concentration of 1.5 g/dm?® (Sigma-Aldrich, >99.8%) was introduced
into the solution, acting as a dispersant. Before the deposition of the coating, the solution was

homogenized for 15 min in an ultrasonic bath. The deposition conditions were as follows:

9
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voltage — 60 V, deposition time — 60 s, distance between electrodes — 10 mm. The coatings
were dried for 24 h in air at 70°C. To obtain a coating with the appropriate density, the
samples underwent a two-stage thermal treatment; the first stage involved 6 h of reduction in
an Ar+10% H> gas mixture at 1000°C, while the second stage was 8 h of re-synthesis in air at
850°C. The obtained coating/steel layered system and an unmodified steel sample were
oxidized for 2000 h in air at 800°C. The oxidation kinetics of these samples were measured
using thermogravimetry — by determining the mass gained after each 100 h interval. At each
measurement point, the samples were removed from the furnace, left to cool to ambient

temperature, and then weighed with an accuracy of 1.0x10° g.

2.3. Material characterization

Thermal analysis (DSC/TG) of the precursor gels obtained using EDTA gel processes
was carried out using the NETZSCH STA 449 F3 apparatus. The gels were heated in air at a
rate of 10°C/min over the temperature range of 25-1000°C.

Additionally, to determine the chemical states of elements in the studied samples, X-ray
photoemission spectroscopy (XPS) measurements were performed. XPS analyses were
carried out at room temperature under ultra-high vacuum conditions, at pressures below
1.1x10 Pa, using Omicron NanoScience equipment. The data were analyzed with the CASA
XPS software. The Shirley background subtraction and Gauss-Lorentz curve-fitting algorithm
applied by means of the GL (30) least-squares method was used for spectra deconvolution.
All spectra were calibrated to obtain a binding energy of 285.00 eV for the C 1s line.

The phase composition of the samples was investigated using the X-ray diffraction
method (XRD). For this purpose, the Panalytical X'Pert Pro PW 3710 diffractometer was used
with CuKa monochromatic radiation. The HighScore Plus compute software and the standard

PCPDFWIN v.2.3 data set was used to identify the phase composition of the tested materials.

10
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The mass fractions of individual phases as well as their lattice parameters were determined
via Rietveld refinement.

Scanning electron microscopic (SEM) observations of the morphology of the samples
were carried out by means of the Phenom XL microscope (Thermo Fisher Scientific)
equipped with an integrated X-ray microanalyzer with energy dispersive X-Ray spectroscopic
(EDS) capability. The porosity was calculated using dedicated Porometric software (Thermo
Fisher), for SEM microscopes which analyzed SEM images. For each sample, we took 25
SEM images (3000x magnification) from different regions. Final porosity was the average of
the porosities obtained from each of the 25 analysed images. The program determines the
percentage of dark areas (pores) in relation to the entire image and on this basis determines
the porosity. Dilatometric tests were carried out using DIL 402C manufactured by Netzsch
and equipped with a linear displacement transducer. The tested green bodies were heated in
air over a temperature range of 25-1050°C and at a rate of 10°C/min.

The Bruker Vertex 70v spectrometer was used to conduct Fourier transform infrared
spectroscopic (FTIR) studies in the mid- (MIR) and far-infrared (FIR) ranges in a vacuum.
The transmission technique was used; this involved mixing ca. 2 mg of each well-ground
sample with 400 mg of KBr (Uvasol®, Merck) and 180 mg of polyethylene (Uvasol®,
Merck) — these two materials are used as reference for the MIR and FIR ranges, respectively —
and subsequently pressed with an oil press. 256 and 512 scans at a resolution of 2 cm™ were
run within the 4000-400 cm™ (MIR) and 400-100 (FIR) ranges, respectively. The OPUS 7.2.
software was used to record spectra and to process the obtained data, which included cropping
the MIR spectra to the 800-400 cm™ range due to the absence of significant bands in the
remaining sections. The positions of individual bands were estimated with the Peak Picking

function.

11
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The electrical conductivity of the studied samples was measured in air using the two-
probe four-point DC method, and this was combined with measurements of the Seebeck
coefficient over the temperature range of 300-850°C. The custom setup applied for this
purpose consisted of a Keysight 33210A generator of function/arbitrary waveform, TF1200
tube furnace, Keysight 34465A multimeter, CFRASB-1000 control unit, SSC-15 measuring
probe, BRO7 retaining decade and AM16/32B multiplexer. Rectangular-shaped samples were
prepared using a machine saw from the sinters and then polished with 2000-grit SiC abrasive
paper; their dimensions were measured with a calliper. The thus-prepared samples were
heated to 850°C, and then as the samples cooled the electrical resistance was measured at
steps of 25°C, down to 300°C. The relative error of the performed electrical conductivity
measurements can be estimated to be ~5% of the determined absolute values. Electrical
conductivity was calculated based on the following formula:

L
SR

o=

(1)

where: R — sample resistivity [Q], L — sample thickness [cm], S — area of the Pt electrodes
[cm?]. The obtained electrical conductivity data were adjusted for porosity. For this purpose,
the Brueggemann model was applied according to the following formula [53]:

1
")

where: o — conductivity after adjusting for porosity [S/cm], om — measured conductivity

()

G=0

[S/cm], p — sinter porosity [-].

The electrical resistance of steel/coating and steel/scale layered systems obtained after
oxidation is usually measured in terms of their area-specific resistance (ASR). Due to the
symmetrical design of the samples, their ASR was calculated based on the obtained resistance

values using the following formula:

12
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R-A

where: R — electrical resistance [Q], and A — surface area of the Pt layer [cm?].

3. Results and discussion
3.1. Characteristics of the gel precursors

The CuMn-EDTA, CuMnNi0.1-EDTA, CuMnNi0.3-EDTA, CuMnFe0.1-EDTA and
CuMnFe0.3-EDTA gels obtained after synthesis via EDTA gel processes were thermally
evaluated using DSC/TG. This allowed the appropriate conditions for the calcination of gel
precursors to be applied, and made it possible to obtain powders with the desired
physicochemical properties, including phase and chemical composition and a fine-crystalline
structure. The DSC/TG curves shown in Fig.1 were recorded for the studied gels over the

range of 25-1000°C.
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Fig. 1. DSC/TG curves for studied gels obtained via EDTA gel processes.
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The shape of the TG curves indicates that the decomposition process consisted of four
steps. Additionally, the DSC curves revealed some accompanying exo- and endothermic
reactions. The first mass loss in the range of 25-200°C (ca. 6-9% of the initial mass, based on
the analyzed sample) can be attributed to the removal of adsorbed and crystallization water,
with two associated endothermic effects (at ~130 and ~190°C). The second and third losses of
mass — ca. 38-42% and ca. 13% of the initial mass, respectively — were observed in the range
of 200-240°C and 240-340°C, respectively. These mass losses were accompanied by two
weak exothermal effects (at ~230 and 290°C) and can be attributed to the combustion of metal
nitrates used for the synthesis [54].

Finally, in the 350-430°C range the last mass loss (ca. 27-29% of the initial mass) was
detected, with a strong accompanying exothermal effect (at ~360-390°C, depending on
sample type). This effect was related to the combustion of the organic matrix, which was
present in the gels after synthesis.

Overall, the total weight loss during synthesis via EDTA gel processes was ~90 wt%.
The presented results suggest that in order for the gels to be calcinated completely, the
temperature of at least 600°C is required. However, taking into account the phase diagram of
the Cu-Mn-O spinel [38] — particularly with regard to the narrow range over which cubic
spinel is stable — as well as the proposed stoichiometry, the optimal temperature for its

calcination was determined to be 750°C.

3.2. Chemical and microstructural characterization of powders

After the calcination and the high-energy milling process, the powders obtained using
both synthesis methods were evaluated in terms of morphology and chemical composition.
Table 2 shows the results of the chemical analysis of the powders in relation to the nominal

composition (with an accuracy of ~1-2%).

14
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Table 2. Chemical composition of powders obtained via EDTA gel processes or a solid-state

reaction.
Nominal Metal ratio Corresponding spinel
- Sample name - it

composition Cu ITMn T Ni I Fe composition

CuMn-EDTA 0.44|10.56| - - Cu1.32Mn163804

ClirsMn1704 CuMn-SSR 045/055| - | - Cu1.3sMn 16504
Cu12sMn1 6sNio 10 CuMnNiQ.l-EDTA 0.42(055/0.03| - CU1.26M|’11.65N?0.0904
' ' ' CuMnNIi0.1-SSR  |0.43|0.52(0.05| - Cu1.20Mn156Ni0.1504
CU115Mn16sNio3Os CuMnNiQ.3-EDTA 0.39(0.51/0.10| - CU1.17Mn1.53N_io.3O4
' ' ' CuMnNIi0.3-SSR  {0.41]0.47(0.12| - Cu1.23Mn1.41Ni0 3604
CU125Mn16sFe0.104 CuMnFe0.1-EDTA [0.43(0.54| - |0.03| Cu120Mn1.62Fe0.0004
‘ ' ' CuMnFe0.1-SSR  [0.41]0.55| - |0.04| Cu123Mn1esFeq.1204
Cu11sMn1 ssFeo0s CuMnFe0.3-EDTA [0.39/0.50| - |0.11| Cu1.17Mn1s0Fep3304
' ' ' CuMnFe0.3-SSR  |0.41|0.49| - |0.10| Cu123Mnz1.47Fep304

The obtained results indicate that EDTA gel processes yield powders with a
composition that is closer to the nominal composition than in the case of the solid-state
reaction method.

Fig. 2 presents examples of SEM images of CuMn-EDTA and CuMn-SSR powders

after calcination and high-energy milling.

Fig. 2. SEM images of A) CuMn-EDTA and B) CuMn-SSR powders

obtained after calcination and high-energy milling.

Some minor differences can be found between the powder prepared using the two
synthesis methods. The particle size of the powders obtained via EDTA gel processes was
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typically in the ~250-450 nm range, but some larger particles with a size of ~1-1.5 um were
also present. In the powder obtained using the solid-state reaction, the smaller particles were
similar in size to those in the CuMn-EDTA powders, but some of the larger ones were as
large as ~4-8 um. No larger particle agglomerations were observed. Nickel and iron dopants

did not appear to influence particle morphology.

3.3. Sintering properties of compacted powders

Prior to the physicochemical characterisation of spinel sinters, dilatometric studies were
carried out to determine the sintering temperature of the compacted powders obtained via the
EDTA gel processes and solid-state reaction methods. Fig. 3 shows the dilatometric curves

recorded for the green bodies received after calcinating and milling the powders.

5 5
A) EDTA gel processes B) Solid-state reaction
0 0 ;
\
T 5 C 5
o ‘_.D
= -0t ﬁ A0k
o CuMn-EDTA o CuMn-SSR
CuMnNi0.1-EDTA CuMnNi0.1-SSR
-15 | | —— CuMnNi0.3-EDTA 51 CuMnNi0.3-5SR
CuMnFe0.1-EDTA CuMnFe0.1-SSR
CuMnFe0.3-EDTA [ CuMnFe0.3-SSR
-20 " ] " 1 " 1 L 1 " ] -20 1 1 L 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature [°C] Temperature [°C]
Fig. 3. Dilatometric curves recorded for green bodies obtained via A) EDTA gel processes,

and B) solid-state reaction.

As temperature increased, the green bodies expanded by ~1% and then sintering began.
Based on Fig. 3A it can be observed that the densification process for all analyzed pellets
begins at approximately 675°C for CuMnFe0.3-EDTA and in the range of 725-760°C for the
other investigated systems. During the study, the most pronounced shrinkage was observed

for the CuMnFe0.3-EDTA sample (~17%), while the lowest one was for CuMnNi0.3-EDTA
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(~8%). Moreover, for CuMnNi0.3-EDTA the sinter (~1%) was found to expand near 975°C.
This can be attributed to the intensive formation of CuO. For the undoped spinel material
(CuMn-EDTA) the shrinkage was about ~15%. On the other hand, by analyzing the
dilatometric curves presented in Fig. 3B, it can be concluded that in the case of the samples
prepared via the solid-state reaction the densification process for all green bodies began in the
range of 680-710°C. The most intensive shrinkage was observed for green bodies of
CuMnFe0.1-SSR and CuMnFe0.3-SSR (almost 20%). At the same time, the lowest shrinkage
was detected for CuMnNi0.3-SSR (~12.5%), as had been the case with the corresponding
powder obtained via the EDTA gel processes. Undoped samples exhibited a shrinkage of
~18%. The conducted dilatometric studies showed that doping with a sufficient amount of
iron can enhance the sinterability of spinel powder, while the opposite is true for higher nickel
content. It was also observed that the synthesis method can affect the point at which
densification process starts and the overall shrinkage of the tested systems. Additionally, due
to the investigated material's target application, the degree of densification should be as high
as possible. Consequently, a high sintering temperature should be applied; however, the
maximum effective sintering temperature determined from the CuO-MnO, phase diagram
[38] should not exceed approximately ~1000°C. On the other hand, Waluyo et al. [33]
investigated the sintering behaviour of CuxMns.xOs green bodies obtained from Pechini-
derived powders for x=1-1.5. The authors observed that the maximum shrinkage rate was at
temperatures in the 850-910°C range, with the sintering process completed at 1000-1050°C.
In the same study, the authors investigated cobalt-based spinel (Mn15C01504) for comparison,
and demonstrated that replacing Co with Cu significantly enhanced the sintering
characteristics.

It is important to emphasize the fact that the spinel samples obtained from powders

prepared via EDTA gel processes were characterized by lower shrinkage than those obtained
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from powders prepared using the solid-state reaction method. The spinel coating prepared
with the former type of materials may therefore be less prone to cracking during the thermal

treatment performed for the purpose of its formation on the metallic substrate.

3.4. Phase composition of the powders and sinters

Fig. 4 shows the diffraction patterns recorded for the powders (Fig. 4A and B) and
sinters (Fig. 4C and D) of Cu-Mn-O spinels (with and without the Ni and Fe dopants) for both
powder synthesis methods.

Fig. 4A presents the XRD results for the CuMn-EDTA, CuMnNi0.1-EDTA,
CuMnNIO0.3-EDTA, CuMnFe0.1-EDTA and CuMnFe0.3-EDTA powders. XRD phase
analysis revealed that after calcination the powders consisted of two phases — either
Cu15Mn1504 (undoped sample) or Cu1.4Mn1604 (for all doped samples) spinel with a cubic
structure (space group Fd-3 m, ICDD 01-070-0262 and ICDD 01-071-1145 respectively) and
a small amount of monoclinic CuO (space group C2/c, ICDD 00-048-1548). The presence of
both phases is in agreement with the Cu-Mn-O phase diagram, from which it follows that
higher temperatures may lead to the decomposition of the spinel cubic phase into a cubic one
and CuO [38]. The presence of CuO after powder calcination had previously been observed
by Bobruk et al. [47] and Ignaczak et al. [39].

Fig. 4B shows the results of diffraction studies conducted for CuMn-SSR, CuMnNi0.1-
SRR, CuMnNi0.3-SSR, CuMnFe0.1-SSR and CuMnFe0.3-SSR spinel powders obtained via
solid-state reaction. These powders contained one more phase than those obtained via EDTA
gel processes. In addition to the CuMn2O4 cubic spinel (space group Fd-3m, ICDD 01-073-
1605) and the monoclinic CuO (space group C2/c, ICDD 00-048-1548), orthorhombic Mn20s
(space group Pbca, ICDD 01-071-0635 or ICDD 00-024-0508) was also detected. Although

bixbyite may be present along with the spinel phase when a low sintering temperature is
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applied and the Mn concentration in the spinel is high, in this case the orthorhombic phase

was likely a remnant of unreacted Mn,Oz powder after the solid-state synthesis.

EDTA gel processes (powders) Solid-state reaction (powders)
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Fig. 4. Diffraction patterns recorded for powders synthesized via A) EDTA gel processes
and B) solid-state reaction method, as well as the corresponding sinters:

C) and D), respectively.

It should be noted that the spectra recorded for powders obtained via both methods did

not indicate the presence of either nickel or iron oxide, which suggests full incorporation into

the spinel structure.
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Tables 3 and 4 list the lattice parameters of the unit cells of the studied spinel. In

general, lattice parameter a for the powders obtained via the solid-state reaction tended to be

higher than for the corresponding spinel powders obtained via EDTA gel processes.

Table 3. Relative mass fractions of phases identified in the powders obtained via EDTA gel

processes and the corresponding sinters.

Sample Mass fraction Lattice parameter a
type Sample name ' [%0] A]
Spinel | Mn;03 | CuO
CuMn-EDTA 92.2 - 7.8 8.2861(1)
CuMnNIi0.1-EDTA 94.9 - 5.1 8.2957(1)
Powder | CuMnNi0.3-EDTA 92.1 - 7.9 8.2816(4)
CuMnFe0.1-EDTA | 934 - 6.6 8.3011(9)
CuMnFe0.3-EDTA 96.4 - 3.6 8.3156(3)
CuMn-EDTA 84.0 - 16.0 8.3186(4)
CuMnNi0.1-EDTA | 865 - 13.4 8.3063(5)
CuMnNi0.3-EDTA 86.2 - 13.8 8.2984(1)
Sinter | CuMnFe0.1-EDTA | 84.4 - 15.6 8.3315(3)
68.2 C* 8.2948(2)
CuMnFe0.3-EDTA 9.9 T** - 21.9 a=6.0151(8)
' c=8.8374(4)

* — cubic structure, **— tetragonal structure

When considering the influence of the introduced dopants on the unit cell parameter, it
can be noticed that for the powder obtained using the solid-state reaction method, the addition
of nickel results in the compression of the unit cell, while iron causes its expansion. A similar
effect was observed for the powders obtained via the EDTA gel processes with the exception
of the CuMnNi0.1-EDTA powder, for which a small addition of nickel caused the unit cell to
expand slightly. For the sinters obtained from both types of powders, compression of the unit
cell after the addition of nickel was also observed. The introduction of a larger amount of

nickel resulted in a more pronounced compression of the unit cell for both powders and

sinters.
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Table 4. Relative mass fractions of phases identified in the powders obtained by means of the

solid-state reaction method and the corresponding sinters.

Sample Mass fraction Lattice parameter a
type Sample name ' [%0] (A]
Spinel | Mn;03 | CuO

CuMn-SSR 85.5 6.5 8.0 8.3672(2)
CuMnNi0.1-SSR 77.9 2.5 19.6 8.3490(5)
Powder CuMnNi0.3-SSR 74.3 3.3 22.4 8.3381(7)
CuMnFe0.1-SSR 78.8 3.5 17.7 8.3715(5)
CuMnFe0.3-SSR 90.9 35 5.6 8.3779(5)
CuMn-SSR 86.0 5.9 8.1 8.3671(9)
CuMnNI0.1-SSR 77.4 2.9 19.7 8.3571(4)
Sinter CuMnNi0.3-SSR 75.3 2.5 22.1 8.3298(8)
CuMnFe0.1-SSR 79.2 35 17.3 8.3716(1)
CuMnFe0.3-SSR 88.0 1.7 10.3 8.3852(1)

Fig. 4C presents the diffraction patterns recorded for the sinters prepared from the
powders obtained via EDTA gel processes. Phase analysis revealed that these sinters
generally consisted of two phases, as did the initial powders. These phases were the CuMn204
spinel with a cubic structure (space group Fd-3m, ICDD 01-084-0543) and monoclinic CuO
(space group C2/c, ICDD 00-048-1548). However, in the case of CuMnFe0.3-EDTA, the
XRD results also indicated the presence of tetragonal CuMn204 spinel (space group 141/amd,
ICDD 00-034-1322). The presence of a tetragonal phase after introducing larger amounts of
Fe had already been observed [39]. Its formation is explained by the Jahn-Teller effect, i.e. the
elongation of the octahedral sites along the ¢ axis [55]; in this case this effect is caused by the
presence of octahedrally coordinated Mn3* cations (or possibly also Cu?*) [55,56].

Based on Rietveld’s quantitative analysis shown in Table 4 it was observed that the
content of the spinel phase in the sinters was lower than in the initial powders. This
observation can be associated with the high sintering temperature, at which the spinel phase
undergoes thermal decomposition into CuO. The CuMnFe0.3-EDTA sinter exhibited lower
cubic phase content than the remaining samples; however, the total spinel content, including

the tetragonal phase, was at a similar level. Lattice parameter a of the spinel was generally
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higher for the sinters than for the powders. Additionally, the addition of 0.1Ni lead to a
decrease in the sinters' a parameter, rather than an increase, as in the case of the powders. The
addition of 0.1Fe caused the cubic cell parameters to increase. For CuMnFe0.3-EDTA,
parameter a of the cubic phase decreased significantly, but this can be attributed to the partial
transition into the tetragonal phase.

The XRD results for the sinters prepared from the powders obtained via the solid-state
reaction method are presented in Fig. 4D. In this case, phase composition was again similar to
the initial powders. Both the sinters and the powders consisted of the same phases, namely the
CuMn204 cubic spinel (space group Fd-3m, ICDD 01-073-1605 or ICDD 01-071-1143) or
monoclinic CuO (space group C2/c, ICDD 00-048-1548) and the orthorhombic Mn»Os (space
group Pbca, ICDD 01-071-0635 or ICDD 00-024-0508). For the CuMnFe0.3-SSR sinter, no
tetragonal phase was detected. Lattice parameter a of spinel for sinters CuMn-SSR and
CuMnFe0.1-SSR was on a similar level or slightly higher in comparison to the corresponding
initial powders. The quantitative analysis presented in Table 4 shows that for this method of
powder synthesis, the amount of each phase before and after the sintering process is on a
relatively constant level. The only noticeable difference in phase composition was observed
for CuMnFe0.3-SSR, in which sintering resulted in increased CuO content and a decreased

amount of Mn2O:s.

3.5. IR spectroscopy

IR spectroscopy is a very apt tool for the determination of possible substitutions with Ni
and Fe within the proposed CuMn;04 spinel structure, as four IR-active bands can be found
for type 11 and type 111 spinels with a cubic structure according to the group theory — two in

the MIR range (v1 and v2), assigned typically to vibrations of octahedral units, and two in the
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FIR range (v3 and va), originating mostly from mixed octahedral and tetrahedral units (v3) or
tetrahedral units alone (v4) [57,58].

Fig. 5 demonstrates the combined spectra from the MIR and FIR ranges. Two main
MIR regions of absorption were observed at ca. 580 cm™ and 475 cm™ (Fig. 5) — these regions
can be attributed to v1 (Cu-O with highly likely Cu?* ionization state [59-61] and Mn-O with
highly likely Mn®* ionization state [57]) and v2 (Mn-O with highly likely Mn**/ Mn*

ionization state [59-61]) octahedral modes, respectively.

s 3 s ¢ 83
Q - e .29 ~
i 3 s 3ixii > S
f ) -
' e i\
' - ] 1
: L
g e % .
Bi N : :
/ ' l' ] ]
T g : c, :
/ B : : Yo 5,
s QSSQ -
g !

/
/
\\ N
= )582==-==x 579~ - - }560- - 7560 - -+
(
470------- 1475~} 477
/ v‘/
7
//
J
/o Q°
$/ & S
S/& /&
S &
o X &
3
L
147

Absorbance

MIR FIR
800 7.;70 7(')0 6;0 6;)0 5;0 560 4;0 400 3;0 3(')0 2:’)0 260 1 ;D 100
Wavenumber [cm™]

Fig. 5. Mid- (MIR) and far-infrared (FIR) spectra with marked positions

of spinel bands v1 - va.
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The impact of substituting cations on FTIR spectra can be explained with the concept of
cation "covalency" proposed in [62]. By calculating the N-V parameter (where N is the
number of unpaired electrons and V is the valence state), it is possible to estimate bond
strength taking into consideration the fact that valence states can be different for Mn, Cu and
Fe. Higher N-V values results in lower covalency (shifting the electron density from oxygen
towards metal cations), leading to lower bond strength and, finally, a band shift towards lower
wavenumbers in FTIR spectra [16,63]. The N-V parameter of the investigated materials can
be calculated as follows: (Cu?*: 1—2 =-1), (Mn*":4-3=1), (Mn*:3-4=-1), (Ni*:2-2 =
0) and (Fe**: 5—-2=13).

As no change up to the resolution (2 cm™) can be considered meaningful, no significant
shift of v1 band was found. This indicates that the conducted substitution did not affect Cu?*
and Mn** cations. On the other hand, for the v, band, a clear shift towards lower wavenumbers
and the broadening of bands can be seen, especially for higher concentrations of dopants.
Since Mn®* had likely not been substituted, it is highly probable that the observed tendencies
were caused by the substitution of Mn** cations with both Ni** and Fe**. Moreover, hardly
any difference between the FTIR spectra recorded for spinels prepared using different
synthesis methods was observed. For the EDTA-derived samples no band shift was observed
for lower concentrations of dopants, whereas for the SSR-derived specimens a band shift was
noticeable and more pronounced for higher concentrations. Furthermore, the overall shift is
slightly more pronounced for EDTA-derived spinels (max. 13 cm™) than for SSR-derived
ones (max. 10 cm™). In addition, all bands shifted slightly towards lower wavenumbers for
SSR-derived samples, which may originate from lower overall covalency — of all constitutent
cations, Mn** was characterized by the highest N-V parameter and thus the lowest covalency,
which suggests slightly higher concentration of these cations after the SSR process. Apart

from the v1 and v2 modes, several additional bands — modes at ca. 695, 455 and 430 cm™ (a-
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Mn,0s [64], mostly for SSR), 500 cm™ (MnOx [65]), as well as 630 and 520 cm™ (CuO
[66,67]) — can be observed, which is consistent with the XRD results (Fig. 4). In the case of
the MnOx bands, the much higher sensitivity of FTIR compared to XRD explains why no
corresponding peaks are seen in the XRD patterns.

As far as FIR range is concerned, two more regions of absorption can be seen for bands
v3 and va. The first of these was determined based on the presence of a very broad band in the
325-295 cm™ range. Even though it differs for the EDTA-derived samples of 0.1Ni and 0.3Ni,
it is very difficult to provide an informed explanation for this, since the vs mode is dependent
on cations from both tetrahedral and octahedral sites [57,58], and numerous bands originating
from Mn oxides can be found within this region [64]. Emphasis should therefore be placed on
the v4 band, which is largely dependent on the mass of tetrahedral cations [57]. In this work,
two modes can be seen at ca. 163 and 147 cm™, which strongly suggest the occurrence of two
types of cations at tetrahedral sites — lighter Mn?* cations found at higher wavenumbers and
heavier Cu™ cations found at lower ones [57,58]. It is worth noting that no shift was observed

for either band, which indicates Ni and Fe substitution at octahedral sites only.

3.6. XPS measurements

Fig. 6 shows high-resolution XPS spectra for Cu2p, Mn2p, Ni2p and Fe2p regions. The
Cu2p spectra presented a characteristic spin-orbit doublet. This doublet was deconvoluted into
two pairs and additional satellite peaks. The positions of peak pairs and presence of
characteristic satellite peaks indicate a mix of Cu'* and Cu?* on the surface of the prepared
samples [68-70]. It was possible to deconvolute the spectra recorded for Mn2p region into

two doublets corresponding to Mn®* and Mn** valence states [71-73].
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Fig. 6. XPS spectra recorded for Cu2p, Mn2p, Ni2p and Fe2p regions.
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The doublet recorded for Ni2p spectra can be attributed to the Ni?* state [74]. The signal
was clear for samples with the composition of 0.3Ni, while for samples with the composition
of 0.1Ni it was almost imperceptible. The measured spectra for Fe2p were deconvoluted into
two peaks corresponding to a mix of Fe?* and Fe*" compounds and a characteristic satellite
peak [74]. It should be noted that Fe3* ions were only observed on the oxidized surface of the
tested materials. During IR measurements, no Fe>* ions were detected.

Taking into consideration the effect of the applied synthesis method and the introduced
dopants on the discussed ions, it can be concluded that they affect the ratios of the Cu*/Cu?*
and Mn®*’Mn** cations. Generally, the EDTA method allows a higher content of Cu* ions to
be obtained at the expense of Cu?* ions and a higher content of Mn** ions at a reduced Mn**
content. Since electrical conduction in spinels occurs mainly via electron hopping between the
Mn®*'Mn** jon pair, increased Mn** content may translate to higher electrical conductivity. In
addition, in Cu-Mn-O spinels, the introduction of copper increases the amount of formed
Mn** ions, simultaneously generating Cu* ions due to charge compensation. It was also
observed that the introduction of the Ni?* admixture, especially in larger amounts, usually
contributes to an increased concentration of Mn** ions. On the other hand, for the introduced
Fe?* ions, the share of Mn** was lower compared to the sample without the addition of the

admixture (CuMn-EDTA, CuMn-SSR).

3.7. Microstructural characterization of the sinters
Fig. 7 presents the SEM images of the cross-sections of sinters with different
compositions and obtained from powders synthesized via the two methods and thermally

treated for 2 h in air at 1000°C.
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Fig. 7. SEM images of cross-sections of polished sinters prepared from powders obtained
via EDTA gel processes or the solid-state reaction method and sintered

in air at 1000°C for 2 h.
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These images show that the synthesis method significantly affects sinter morphology.
The sinters obtained from the powders synthesized via solid-state reaction exhibited a more
complex microstructure than those obtained from the powders prepared using EDTA gel
processes. First of all, in the case of former the spinel phase matrix was not continuous.
Instead, this phase was separated by numerous grain boundaries or inclusions of secondary
phases. On the other hand, the EDTA-powder-based sinters exhibited a continuous spinel
phase matrix without any visible grain boundaries between the spinel grains.

The only exception was the CuMn-EDTA sample. The results of the EDS chemical
analysis carried out for this sample (Fig. 8) revealed the likely presence of two spinel phases.
The first one was a phase also found in the other samples, namely the Mn-rich spinel (darker

areas in Fig. 8), while the second one was the Cu-rich spinel (brighter areas in Fig. 8).
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Fig. 8. SEM image of the cross-section of polished CuMn-EDTA sinter

and the results of EDS chemical analyses conducted for the indicated areas.

It should be noted that this was observed only for the undoped spinel, which leads to the
conclusion that introduction of Ni or Fe dopants can lead to the stabilization of the Mn-rich
spinel phase when such processing conditions are applied. Furthermore, the SEM images in
Fig. 7 indicate that the CuO that had been detected via XRD had a different distribution
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depending on the powder synthesis method. For the solid-state reaction method, the CuO
phase formed larger and approximately oval grains dispersed in spinel matrices, while for the
EDTA gel processes CuO grains were likewise evenly distributed in spinel matrices, but they
are much smaller and had a far less regular shape. Another difference between the sinters is
their porosity.

Sinters based on the powders prepared via the solid-state reaction method exhibited
higher (~10-16%) porosity in comparison to almost all sinter samples prepared from the
powders synthesized via EDTA gel processes (~4-6%). The only exception was the
CuMnNNI0.3-EDTA sample with a porosity of ~20%, which can be attributed to its poorer
sinterability, as indicated by the dilatometric results shown in Fig. 3A. Additionally, the pores
in the sinters based on the powders synthesized using the solid-state reaction method were
less numerous but much larger than those observed for the sinters based on the powders
prepared using EDTA gel processes. These results can be compared with those reported in the
available literature.

Ignaczak et al. [39] investigated Mn17CuisxFexOs with different Fe content; the
samples were sintered for 2 h in air at different temperatures, and the determined porosity
values were as follows: 900°C — ~40-47%, 1000°C — ~19-30%, and 1100°C - 5-17%.
Waluyo et al. [33] investigated CuxMnz.xOs (x=1-1.5) sintered for 5 h in air at 1000°C, and
observed a porosity of ~5-7%. Bobruk et al. [47] studied Cu13Mn170s sintered for 2 h in the
air at 1120°C and applied different powder calcination conditions; they reported a porosity of
~11-12%. Hosseini et al. [13] determined a porosity of ~6-8% for CuxMn3.xO4 spinels (where
0.9<x<1.3) sintered for 2 h in air at 1250°C.

As mentioned when discussing the conducted XRD studies, phase composition also
differed depending on the synthesis method. However, even though the spinel and CuO

phases could clearly be identified in the presented SEM images, it was impossible to locate
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the Mn2Oz phase in the sinters based on powders prepared using the solid-state reaction

1
g method. One of the possible explanations is that Mn2Os was mixed with the spinel phase,
4 L . i . .
5 making it impossible to optically distinguish between the two phases. Another feature unique
6
; to this group of sinters was the presence of elongated, nearly rectangular grains that were not
18 evenly distributed across the entire sample. Their placement differed depending on the dopant
11
12 type and content.
13
ig Fig. 9 presents a large-scale SEM image of a region in the CuMnFe0.1-SSR sinter,
16
17 located on the border of areas with and without such grains, and for comparison an image of
18
;g the CuMnFe0.1-EDTA sinter, using the same scale. Additional magnification was applied in
21 . . .
22 order to conduct EDS chemical analyses of the regions considered most noteworthy.
23
24 .
o5 Atomic [%]
36 0-632+06
o Mn—12.2+0.4
29 Cu-20.3£0.6
30 Fe-4.3%20.6
3 0-63.6 £0.4
33 Mn - 18.9 £0.2
34 Cu-98+0.2
35 Fe—-7.7%+0.1
36
37 0-56.1+0.9
38 Cu-439%0.9
39
40
41 0-671%£04
#2 Mn-17.8+0.2
43 Cu-11.6%04
44 Fe-3.5%0.1
€45
46 0-615+1.9
@7 Cu-385+%19
A8
A9
%2 Fig. 9. SEM images of cross-sections of polished CuMnFe0.1-SSR and CuMnFe0.1-EDTA
o

sinters and the results of EDS chemical analyses conducted for the indicated areas.

The chemical composition of these elongated grains was found to be similar to those of

the Cu-rich spinel phase found in the CuMn-EDTA sinter shown in Fig. 8. As mentioned, the
31
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distribution of these grains was uneven. For the undoped sample and for both samples doped
with Ni, these elongated grains were less numerous and could be found predominantly near
the edge of the sinters, whereas for the Fe-doped sinters they could be found across the entire
body of each sample.

In conclusion, microstructure was found to have significant influence on those
properties of the investigated materials that are relevant to their potential application. In this
respect, the EDTA gel processes method seems to be more appropriate for the following
reasons: i) it yielded a more homogeneous microstructure and allowed the formation of
continuous spinel matrices, which should provide high electrical conductivity, ii) with the
exception of CuMnNi0.3-EDTA, the obtained material had fewer pores and these pores were
smaller, which should ensure that the deposited coating is dense and can effectively inhibit the
formation of volatile Cr compounds, iii) the dopants in the corresponding samples had a more
even distribution, which should effectively stabilize the cubic spinel phase in the target

temperature ranges.

3.8. Electrical conductivity of the sinters

When discussing DC electrical conductivity in spinel materials, it should be noted that
this property is related to the presence of transition metal cations at different valence states in
octahedral sites. Therefore, the mechanism of electrical conduction can be represented mainly
by the hopping of electrons between nearest cations [75]. It is a well-known fact that
manganite-based spinels contain a certain amount of Mn** ions [23]. In these spinels, electron
hopping occurs between Mn®* and Mn** ions due to their strong tendency to occupy
octahedral sites [76]. CuxMnzxO4 spinels (0.9 < x < 1.3) also exhibit conduction based on an
electron hopping mechanism. However, in the presence of copper ions, this mechanism may

be expressed using the following equation [13]:
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Cu* +Mn* —Cu’ +Mn* (4)

This explains the significant increase in the electrical conductivity of CuxMnzxQOa,
observed when copper content in the range of 0.9 < x < 1.3 increases [13]. With higher
copper content, the number of Mn®*/Mn*" pairs increases. At the same time, the average
distance between available hopping sites is reduced, facilitating the transfer of electrons and
thereby increasing conductivity [13,77].

To evaluate the influence of the synthesis method and the applied Fe and Ni dopants on
the electrical conductivity of the Cu1.3Mn1.704 spinel, measurements were carried out in the
temperature range of 850-300°C. The results are presented in Figs 10A and 10B. To reduce
the effect of pores, conductivity was corrected for porosity using the Brueggemann model
[53] expressed by Eg. 2. In addition, Figs 10C and 10D shows the values of the Seebeck
coefficient for all tested materials.

The presented plots show that the CuMn-EDTA, CuMnNi0.1-EDTA, CuMnNiO0.3-
EDTA and CuMnFe0.1-EDTA spinels (Fig. 10A) exhibit their maximum electrical
conductivity at temperatures in the range of about 706-750°C. The CuMn-EDTA sample
reached its highest electrical conductivity of 142 S/cm at ~750°C, while the corresponding
values for the CuMnNi0.1-EDTA, and CuMnNi0.3-EDTA were 136 and 163 S/cm at ~730
and ~706°C, respectively. For the sinter with the lower Fe content (CuMnFe0.1-EDTA), the
maximum measured electrical conductivity was equal to 150 S/cm at ~730°C. Below the
maximum, conduction was thermally activated, whereas above the maximum, conductivity
decreased with increasing temperature. The sample with the higher iron content —
CuMnFe0.3-EDTA (Fig. 10A) — and all samples based on powders obtained via the solid-
state reaction — CuMn-SSR, CuMnNi0.1-SSR, CuMnNi0.3-SSR, CuMnFe0.1-SSR, and
CuMnFe0.3-SSR (Fig. 10B) — exhibited regular thermally activated behavior across the full

range of measurement temperature.
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Fig. 10. Electrical conductivity of spinels based on powders prepared using A) EDTA gel

processes or B) solid-state reaction and the corresponding Seebeck coefficients: C) and D).

As far as the influence of the powder synthesis method on the electrical conductivity of

Cu-Mn-O spinels, it can be concluded that the application of EDTA gel processes yields
sinters with significantly higher conductivity. Table 5 lists the conductivity values measured
for the discussed sinters at 800°C — a temperature that reflects the anticipated operating
conditions of a SOEC/SOFC interconnect. Depending on the dopant type and content, the

included values are 7-10 times higher in the case of spinels based on powders synthesized via

A\ MOST

EDTA gel processes than the sinters obtained from powders prepared using solid-state
reactions. Electrical conductivity in spinel materials is a complex phenomenon and can be

influenced by many factors. In the present study the fact that the differences in the spinels'
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conductivity were so high can be explained mainly by the differences in sample
microstructure. However, the different ratios of cations in the obtained materials — as
indicated by the conducted XPS investigations — may also affect the observed conductivity
values to a certain degree. As already shown in Fig. 7, applying two different synthesis

methods is associated with significant differences in the sinter microstructure.

Table 5. Electrical conductivity (o) and activation energy of electrical conductivity (Ea), as

determined for the studied spinels at 800°C.

o Ea
Sample type © E[‘;fc?r(])] c [eV]
300-420°C | 450-730°C
CuMn-EDTA 137 0.41 0.20
CuMnNi0.1-EDTA 128 0.29 0.19
CuMnNIi0.3-EDTA 150 0.29 0.20
CuMnFe0.1-EDTA 140 0.41 0.17
CuMnFe0.3-EDTA 106 0.44 0.17
o Ea
Sample type © *[1;/?2] C [eV]
300-680°C | 700-850°C
CuMn-SSR 17 0.34 0.43
CuMnNi0.1-SSR 18 0.35 0.43
CuMnNi0.3-SSR 21 0.33 0.43
CuMnFe0.1-SSR 14 0.33 0.42
CuMnFe0.3-SSR 12 0.33 0.45

The EDTA gel processes method yields sinters with a spinel phase that forms
continuous, highly conducting matrices in which less conductive CuO inclusions can be
found. This is not true when the solid-state reaction is applied for powder synthesis. In this
case the microstructure of the obtained sinters is characterized by numerous grain boundaries,
mostly between different phases. The scattering of electrons at these grain boundaries hinders
their transport, leading to a significant decrease in electrical conductivity [78]. Moreover, the
presence of poorly conducting secondary phases and microstructural defects such as pores or

cracks can further reduce electrical conductivity [79]. However, in this case there are at least
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two reasons why these particular microstructural features are unlikely to be the cause of the
observed differences. The secondary phases form rather isolated inclusions (mainly CuO)
scattered in the spinel matrices — continuous for EDTA gel processes and non-continuous for
solid-state reactions. Moreover, the differences in the secondary phase content determined for
nearly all sinters regardless of the powder synthesis methods are by no means dramatic
(Tables 3 and 4). As mentioned earlier, some differences in pore size, shape and distribution
can be noticed when comparing spinels based on powders obtained using the two methods.
However, although these differences certainly contribute to the differences in electrical
conductivity to some degree, they are again not the main reason. This is especially evident for
sample CuMnFe0.3-EDTA, which has the highest porosity, but also the highest conductivity.
With regard to the influence of the dopant on electrical conductivity (Table 5), it can be
observed that the highest and the lowest values were obtained for the spinels with 0.3 of Ni
and Fe, respectively, regardless of the synthesis methods. The addition of 0.3Ni improved
electrical conductivity by ~9.5% for the samples based on EDTA gel processes and ~23.5%
for those based on solid-state reactions, whereas the introduction of 0.3Fe decreased
conductivity by ~22.5% and ~29.5%, respectively. The lowest conductivity of the
CuMnFe0.3-EDTA spinel can be attributed to the partial transformation of the highly
conducting cubic spinel structure into a poorly conducting tetragonal one, observed for the
higher Fe content [39]. On the other hand, the lower amount of each dopant did not affect the
electrical conductivity of doped spinels in a very pronounced way (with exception of
CuMnFe0.1-SSR), increasing or decreasing it only slightly. For EDTA gel processes, the
introduction of 0.1Ni decreased electrical conductivity by ~7% and adding 0.1Fe increased it
by ~2%; in the case of the samples for which the preparation involved solid-state reactions,

the opposite effect was observed (0.1Ni) increases conductivity by ~6% and 0.1Fe decreases
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it by ~17,7%). It should be noted that for some doped spinels, this change in electrical
conductivity was within the error margin (£ 5%).

The obtained results are in good agreement with literature data. For example, Hosseini
et al. [13] obtained a Cu13Mn1704 spinel with an electrical conductivity of ~140 S/cm at
750°C after 2 h of sintering in air at 1250°C. Bobruk et al. [47] reported a conductivity of
~90-105 S/cm for Cu1.3Mny1704, depending on the powder calcination temperature. Ignaczak
et al. [39] showed that increasing the iron content generally leads to a decrease in the
electrical conductivity of a Cu-Mn-O spinel sintered for 2 h in air at 900°C across the
temperature range in which maximum conductivity was observed (600-750°C). The only
exception was addition of 0.1Fe, which slightly improved conductivity; however, according to
the authors the observed improvement was within the error margin. The situation changed at
800°C, at which the conductivity of the CuMny.7Feo304 spinel was higher (~140 S/cm) than
that of Cu1sMn1704 and Cui2Mnyi7Feo104 (~130 S/cm and ~134 S/cm, respectively). It
should be noted that the cited results were obtained after correcting for porosity. In the same
study, the authors evaluated the electrical conductivity of the following samples:
Cu1.3Mn1.704, Cu1.2Mn1.7Fe0.104 and CuMny.7Feo304. When sintered at 1000°C, these samples
exhibited electrical conductivity values of ~48 S/cm, ~75 S/cm, and ~95 S/cm, respectively.
The corresponding values after sintering these spinels at 1100°C were ~96 S/cm, ~93 S/cm,
and ~65 S/cm. In this case, no correction for porosity was made. It was also indicated in this
study that high Fe content (Cuo.sMni7Feos04) leads to a significant reduction in electrical
conductivity at all sintering temperatures, mainly due to the transformation into a poorly
conducting tetragonal phase. With regard to Ni as a dopant, Joshi and Petric [50] reported
improved conductivity when Cu was substituted with Ni, forming Cuo.77Nio.4sMn17804 (~116

S/cm), in comparison to the initial Cu118Mn1.8204 (~60 S/cm). The authors postulated that Ni
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can significantly contribute to the electrical conductivity of the CuxNi1-xMn204 system when
0.8>x>0.6.

The determined values of the Seebeck coefficient for all tested sinters in the entire
measurement temperature range (Figs. 8C and 8D) varied between -40 and -120 puV/K for
both synthesis methods, with no significant differences between them.

The negative values of the Seebeck coefficient show that the studied materials exhibit
an n-type conductivity. Assuming a negligible contribution of both ionic and electron-hole

conductivity components, the estimated concentrations of electrons, n, were determined based

a=_§{m(§jm} ©)

where k — Boltzmann constant [J/K], N — density of states for electrons [1/cm®], A — Kinetic

on the following relationship:

parameter related to electrons [-], e — elementary charge [C] and n — concentration of
electrons [1/cm®]. Assuming that parameter A is equal to zero — as proposed in [80] — the
concentration of charge carriers expressed as an atomic percent, Eq. 6 takes the form of the

equation below:
n[at%]=100-exp {%e} (6)

Calculation show that n changes from ca. 30 at.% at 300°C to 56 at.% at 800°C (Table
6).

At this research stage, it can be concluded that electrical conduction in the investigated
sinters is predominantly determined by electron carriers. Moreover, taking into consideration
the different valency of ionic components of the material (Cu*/Cu?*; Mn*/Mn*"), the above-

postulated (Eq.4) hopping mechanism of charge transport is likely.
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Table 6. Concentrations of quasi-free electrons for selected samples, estimated from Seebeck

coefficients.

Atomic percent
T [%]

[°C] | CuMn- | CuMnNi0.3- | CuMnFe0.3- | CuMn- | CuMnNi0.3- | CuMnFe0.3-

EDTA EDTA EDTA SSR SSR SSR
800 | 52.73 50.55 53.82 52.22 52.87 56.08
725 | 52.56 48.65 50.52 51.02 48.83 54.89
575 | 44.75 37.73 47.39 46.35 45.95 50.13
300 | 42.09 28.98 33.50 33.88 38.60 31.94

The In(eT) = f(1/T) dependence of electrical conductivity presented in Figs 10A and
10B suggests that this process is thermally activated. Consequently, the activation energies of
electrical conductivity for the samples were calculated by applying the Nernst-Einstein

dependence [39]:

Ea
|n(G'T)=|n(SO—k.T (7)

where: ¢ — electrical conductivity [1/(Q-cm)], oo — pre-exponential factor [1(Q-cm-K)], Ea —
activation energy of electrical conductivity [eV], k — Boltzmann constant [eV/K] and T —
absolute temperature [K].

The results are listed in Table 5. The spinels prepared from both the powders
synthesized using the EDTA gel processes and those obtained via the solid-state reaction
method exhibited a visible change in slope; however, in the case of the former, this change
was more evident, while for the latter it was more subtle. Consequently, activation energies
were calculated for two temperature ranges: 300-420°C and 450-730°C for EDTA gel
processes and 300-680°C and 700-850°C for solid-state reactions. For the EDTA-powder-
based spinels a transition point at which electrical conductivity level step-changed could

clearly be distinguished. This transition was observed at a temperature of around 400°C and
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was the result of the transformation of the tetragonal phase to cubic spinel (Fig. 10A). This
effect was not pronounced in the case of the other group of spinels (Fig. 10B).

In general, EDTA-powder-based spinels exhibited higher activation energies across
ranges of lower temperatures. In this temperature range, Ni-doped spinels had lower
activation energies than undoped and Fe-doped spinels. In the ranges of higher temperatures,
activation energies decreased, and were at a similar level for all spinel materials. For the
solid-state reaction spinels, the change in the slope occurred at higher temperatures and was
more subtle. In terms of the activation energy of these spinels, the observed tendencies were
the opposite of those described for the EDTA-powder-based spinels. In this case, lower-
temperature regions were associated with lower activation energies, whereas at higher
temperatures, higher activation energy values were observed. It should be noted that the
determined activation energies were consistent with the typically reported values
[13,39,47,81]. The differences between activation energy values for low- and high-
temperature ranges may be attributed to the concentration of charge carriers and the
microstructure (grain size and distribution, presence or absence of grain boundaries) of the
studied spinels [47,82].

Given that a coating material for SOFC/SOEC applications should exhibit an electrical
conductivity of above 50 S/cm at the target operating temperature range (650-850°C) [13], it
can be noted that all studied EDTA-powder-based spinel materials are suitable for this
purpose. Furthermore, these materials exhibit high conductivity at temperatures as low as
600°C, which it is worth emphasizing in light of the recent strong tendency to reduce the
SOFC/SOEC operating temperature to this level [5]. On the other hand, the conductivity of
the spinels prepared using powders synthesized via the solid-state reaction precludes their

application at either operating temperature.
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4. Potential application as a protective coating on SOFC/SOEC interconnects

Due to its properties, the Cu-Mn-O spinel is considered for many applications, including
as a material for protective-conducting coatings on metallic interconnects for SOFCs/SOECSs.
In fact, spinels — especially (Mn,Co0)304 ones — are already considered some of the best
materials for this purpose. Despite the favourable properties of such coatings, their use is
severely limited due to the presence of cobalt, which has been classified as a carcinogenic
element. Consequently, there is a clear tendency to replace Co with Cu not just in protective
coatings for metallic interconnects but also in next-generation electrodes dedicated for
SOFCs/SOECs [83]. Few studies on manganese-copper protective coatings have been
conducted thus far [33,40,51,84-86], and the evaluated oxidation times were relatively short
in most of them.

To optimize the application of Cu-Mn-O based spinels as coating materials for
SOFC/SOEC interconnects, it is necessary to stage long-term oxidation studies. The results
that have been presented in this work can be considered a starting point for the development
of spinel coatings with the desired physicochemical characteristics for long-term oxidation
studies of steel/coating systems.

Fig. 11 presents mass gain as a function of oxidation time for the unmodified Nirosta
4016/1.4016 ferritic steel and the steel sample modified with a Cui25Mn1e5Nio.1O4 spinel
coating. Both samples had been oxidized for 2000 h in air at 800°C.

As can be seen, significant mass gain is observed for the unmodified steel up to about
600 h, after which its mass decreases due to scale spallation after the thermal treatment (inset
in Fig. 11). In contrast, steel modified with the spinel coating maintains its protective
properties throughout the entire corrosion process.

Fig. 12 presents a SEM micrograph as well as EDS element distribution maps for a

Cu1.25Mn1e5Nio.104 ceramic coating deposited on the Nirosta 4016/1.4016 ferritic stainless
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steel via electrophoresis. This coating/steel layered system had undergone 2000 h of high-

temperature oxidation in air at 800°C.
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Fig. 11. Oxidation kinetics of the unmodified steel and steel modified with a Cu-Mn-Ni-O
spinel coating after 2000 h in air at 800°C.

Inset: morphology of the oxidized unmodified steel, illustrating the spallation process.

As a result of the conducted long-term oxidation test, a reaction layer composed
predominantly of Cr,Os had formed between the substrate and the ceramic coating. This layer
had an average thickness of ~1.7 um. The coated steel exhibited an ASR of ~0.023 Q.cm? at
800°C, which is less than half of the ASR of unmodified steel (~0.049 Q.cm?). Additionally,
the low porosity of the coating allowed Cr-diffusion to be significantly reduced via the
formation of an effective layer protecting the chromium-sensitive elements of SOFC/SOEC
devices (electrodes) against the formation of volatile chromium compounds. Last but not

least, the presented coating was characterized by good adhesion to the ferritic steel, with no

cracks and spallation observed across the tested sample.
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10 ym Ferritic stainless steel

Fig. 12. SEM micrograph of a polished cross-section of a Cu-Mn-Ni-O spinel coating
electrophoretically deposited on ferritic stainless steel after 2000 h of oxidation

in air at 800°C and the EDS element distribution map for this layered system.

The above-described physicochemical properties of the coating/steel layer system can
be of fundamental importance for the durability of an intermediate-temperature SOEC/SOFC,

which has an expected operating time of 40000 h.

5. Conclusions

Spinel powders with the composition of Cui.3-05xMn1.7-05xMxO4 (Where M=Ni, Fe; x=0,
0.1, 0.3) were synthesized using EDTA gel processes and solid-state reaction methods. Of the
two tested methods, EDTA gel processes proved to be much more effective at obtaining
spinel with desirable properties. The most important parameter, namely electrical conductivity
at 800°C, was 7-10 times greater for EDTA-powder-based sinters compared with the
corresponding sinters based on powders obtained via the solid-state reaction. This can mostly
be attributed to the differences in microstructure.

The addition of Ni and Fe affects the properties of the Cu13Mn1704 spinel in different
ways. In general, a low amount of these dopants, i.e. 0.1 Ni or Fe, does not have considerable

influence on the spinels' properties. On the other hand, a higher amount of nickel (0.3Ni)
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improves the electrical conductivity of Cui.3Mn170a4, whereas a higher amount of iron (0.3Fe)
reduces it. Moreover, when added in this amount, iron can cause the transformation of the
cubic spinel phase into the tetragonal one.

To conclude, all spinels obtained from powders synthesized using EDTA gel processes
exhibit an electrical conductivity of over 50 S/cm at the current SOFC/SOEC operating
temperature range of 650-850°C. Based on the obtained data, electrical conduction in the
investigated sinters can be concluded to be determined predominantly by electron carriers.
This conductivity value is the threshold for potential coating materials on metallic
interconnects. These spinel materials are also suitable for operation at even lower
temperatures (~600°C), as per the current trends in SOFC/SOEC devices. On the other hand,
spinels based on powder obtained via solid-state reactions were characterized by electrical
conductivity that was below this threshold across the entire operating temperature range. The
high electrical conductivity of the spinels prepared from powders synthesized using EDTA
gel processes and their low porosity makes them very good coating materials for the surface
modification of SOFC/SOEC metallic interconnects, which was validated by performing
long-term oxidation tests of a layered system in which this spinel was deposited

electrophoretically on a ferritic stainless steel substrate.
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Highlights:
Cu-Mn-O spinel microstructure can be engineered via appropriate powder synthesis.
EDTA-powder-based spinels exhibit electrical conductivity >50 S/cm above 400°C.
Solid-state-reaction-based spinels have low electrical conductivity over 300-850°C.
Higher Ni content improves the conductivity of spinels, whereas Fe decreases it.

Cu-Mn-O spinels are suitable coating materials for SOEC/SOFCs metallic interconnects.
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