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Abstract

Presently, scientists are vigorously exploring effective, sustainable and environmentally friendly energy sources, which has
lent momentum to the adoption of solid oxide fuel cells (SOFCs). The present research focuses on the synthesis and
investigation of a binary oxide composed of lanthanum and copper, which was characterized using FTIR, XRD, SEM, XPS and
BET. The findings revealed that the surface morphology exhibited mesoporosity, due to the interconnection and sintering of
the pliable, rod-like crystalline structure, which was determined to be the binary oxide La,CuO4. Furthermore, within the
temperature range of 500 to 600 °C, a two-fold increase in current density through the anode material was observed for every
50 °C temperature increment, coupled with a nearly three-fold reduction in polarized resistance.
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1. Introduction

Promoting technologies that balance environmental
sustainability with effective energy utilization stands as a
paramount goal in contemporary scientific pursuits, allowing
the rapid adoption of new technologies, such as solid oxide
fuel cells (SOFCs). In comparison to other fuel cell varieties,
SOFCs are distinguished by their extended operational
lifespan, as well as impressive efficiency, reaching
approximately 60%.['" A notable advantage lies in the
versatility of fuel sources, which extends beyond hydrogen to
encompass natural gas, biogas and propane. Additionally, the
environmental footprint of SOFC technology is remarkably
reduced in contrast to conventional electricity generation
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methods, resulting in minimal waste emissions.?! Furthermore,
a possibility exists to harness the heat created through
cogeneration.P!

Nonetheless, the elevated temperature within the SOFC
membrane-electrode unit (MEA) diminishes the system's
operational lifespan, lowers the efficiency of the catalyst, and
triggers thermal expansion-induced diffusion between the
electrolyte and electrodes.¥ Moreover, the production of
specialized cathode, anode and heat-resistant membrane
materials, along with the necessity for ongoing maintenance
and repair, become imperative.’

The energy power density in an SOFC is chiefly
determined by the surface area and materials used in the
cathode, anode and electrolytes.[/) Consequently, this poses
challenges when designing economically affordable and
portable SOFCs.[”l Therefore, the primary research focus has
revolved around enhancing the composition of ceramic oxides
utilized in fabricating electrode materials and membranes,
while concurrently lowering operating temperatures. ®!

Currently, the anode material most commonly employed in
SOFCs is yttrium-stabilized zirconia (YSZ), along with a
nickel-based catalyst. However, following the introduction of
small amounts of additives, the nickel is adulterated, quickly
decreasing its catalytic activity.”! A review of the literature
shows that ceramic materials derived from copper and rare
earth elements hold substantial promise in addressing these
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issues.l'11B3] Some studies have demonstrated that a Cu-Ce
anode possesses excellent conductivity and remarkable
resistance to damage, particularly within the tubular and
planar cells. In such a setup, the copper primarily serves as the
conduit for the current, while the cerium exhibits notable
catalytic activity in oxidation reactions. Moreover, the Cu-Ce
anode material has been investigated for its ability to
withstand corrosion induced by sulfur and redox reactions.%!4]
Therefore, incorporating copper, which boasts catalytic
activity comparable to nickel, in the fabrication of anode
materials has a beneficial impact on lowering the operating
temperature of the electrode-membrane unit and extending the
longevity of the catalytic system.[!!:15]

During a particular study, an anode material based on
cerium doped with 35-45% Cu-Li-Gd was synthesized at a
temperature of 900-950 °C, and its electrochemical
characteristics were then studied at a temperature of 600 °C.
Nevertheless, operational tests revealed a migration of copper
towards the electrolyte, which raises concerns about potential
reductions in the operational lifespan of such a cell. In a related
study,['” an anode comprising 10 layers, constructed from
cerium doped with copper and gadolinium was manufactured.
At a temperature of 650 °C, the maximum output power was
observed to reach 225 mV/cm?, and the energy output was
shown to demonstrate a dependency on the number of layers.
This underscores the substantial promise of composites
utilizing copper and rare earth elements in anode material
formulation.

During the present study, an anode material based on Cu-
La was synthesized for use in SOFCs, following which its
physical, chemical and morphological characteristics were
analyzed, and its electrical properties were then studied over a
temperature range of 500-600 °C.

2 Materials and methods

2.1 Chemicals and materials

Lanthanum (III) nitrate hexahydrate (La(NO3)3-6H20

99.99%), copper(ll) sulfate pentahydrate (CuSO4-5H0,

98.0%), and acrylamide (C3HsNO, 99%) were purchased from

Sigma-Aldrich (India). The original La(NO3);-6H,O and

CuSOy4-5H,0 were pre-dried in a vacuum oven (LabSol, China)
for 2 hours at a temperature of 110°C, in order to remove any

water adsorbed and carbon dioxide. All reagents were used as

is, without preliminary purification.

2.2 Synthesis of binary oxide

0.5 g of La(NO3);-6H,0 and 0.5 g of CuSO4-5H,O were
combined with 1 g of acrylamide, then thoroughly ground
using an agate mortar until a smooth consistency was achieved.
The mixture obtained was transferred to a porcelain crucible
and stirred vigorously with a glass rod for 30 minutes until
black cotton consistency was achieved, while adding 25 ml of
deionized water. Subsequently, the solution underwent
calcination in an electric furnace at a temperature of 200 °C.
The resulting black cotton mass was subjected to thermal
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activation in a Fibre Muffle 1100 furnace (SNOL, Lithuania)
for 1 hour at a temperature of 800+£10 °C. The mass obtained
was cooled and ground in a Pulverisette-6 planetary ball mill
(FRITSCH, Germany) for 15 min at 300 rpm. As a result, the
particle size of the resulting powder was 10+1 pum, at a yield
of 43+3%.

2.3 FTIR analysis

FTIR analysis of the LaxCuO4 was performed using an FT-801
FTIR spectrometer (Simex, Russia), with a resolution of 1 cm-
!at a range of 300-4700 cm’!, at a temperature of 25+10 °C, in
accordance with the standard method. An accessory was used
to measure attenuated total reflection (ATR) and specular-
diffuse reflection (SDR).

2.4 XRD analysis

The crystal structure of the resulting La,CuO4 was studied
utilizing X-ray diffraction on an X'Pert PRO diffractometer
(Malvern Panalytical, Netherlands), using monochromatized
copper (CuKa) radiation at a scanning speed of 0.05° for 10 s,
with a K-Alphal wavelength 1.54187 A. Reflection mode
measurements using a rectangular aluminum universal sample
holder (PW1172/01) were carried out at a 20 diffraction angle
of 10° to 80°, with X-ray tube voltage of 45 kV and current of
30 mA., with a measurement time of each step at 0.5 s. The
ICDD PDF-4/AXIOM radiograph database was used to
analyze the radiographs obtained, and the POWDER CELL
2.5 software package was utilized in refining the Rietveld unit
cell parameters.

2.5 SEM analysis

The microstructure of LaxCuO4 was analyzed using a Quanta
3D 200i SEM (FEI, Netherlands), with measurements carried
out in high vacuum mode utilizing a secondary electron
detector at an accelerating voltage of 5 kV. In order to obtain
the EDX spectrum, the accelerating voltage was set to 15 kV.

2.6 Adsorption porosimetry

The textural properties of La,CuO4 were evaluated employing
adsorption porosimetry, specifically low-temperature nitrogen
adsorption, using an Autosorb 1 surface area and porosity
analyzer (Quantachrome Instruments, USA) and an ASAP-
2020 adsorption analyzer (Micromeritics, USA). Prior to
analysis, the samples underwent vacuum degassing for 20
hours at a temperature range of 200 to 220 °C. The
experimental data were subsequently assessed using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods. For the determination of the volume (V) to
pressure (P) relationship at a constant temperature, which is
the adsorption isotherm, the adsorbent sample was degassed
under vacuum conditions at temperatures within the range of
200-300 °C. The specific surface area was quantified using the
BET method, with an associated measurement error (A) of
+2.8 rel.%, using the above apparati. In order to ascertain the
distribution of both total volume and pore size, the BJH

© Engineered Science Publisher LLC 2023


https://himreactiv.ru/catalog/khimreaktivy_1/khimicheskie_reaktivy_osch_khch_chda_tekhnicheskie/lantan_azotnokislyy_6_vodnyy_khch_tu_6_09_4676_83/
https://himreactiv.ru/catalog/khimreaktivy_1/khimicheskie_reaktivy_osch_khch_chda_tekhnicheskie/lantan_azotnokislyy_6_vodnyy_khch_tu_6_09_4676_83/
https://himreactiv.ru/catalog/khimreaktivy_1/khimicheskie_reaktivy_osch_khch_chda_tekhnicheskie/lantan_azotnokislyy_6_vodnyy_khch_tu_6_09_4676_83/

ES Materials & Manufacturing

Research article

method was applied, utilizing desorption isotherm data.

2.7 XPS analysis

XPS spectra (Thermo Fisher Scientific, USA) were obtained
using a NEXSA X-Ray photoelectron spectrometer, with pass
energy of 50 eV for the survey scan and 20 eV for individual
scans, at 380 W operating power. The XPS positions were
referenced using the Carbon (1s) peak at 284.5 eV. Prior to
actual analysis, the samples were pre-treated in a desorption
chamber, maintained at 10 Torr vacuum.

2.8 Electrical characteristics

Galvanostatic assessments were conducted at a fixed current
density of 0.44 A/em?. Electrochemical impedance
spectroscopy (EIS) was performed using an CS model
potentiostat/galvanostat ~ (Corrtest, China). The EIS
measurements were performed under open-circuit conditions
across a frequency spectrum spanning from 0.1 Hz to 5 kHz,
utilizing a signal amplitude of 10 mV. The investigations were
conducted at temperatures of 500 °C, 550 °C, and 600 °C. In
order to prepare the sample for the study, La,CuO4 was
blended with terpineol to produce a gel-like suspension. This
resultant gel was subsequently applied onto a Ni foam plate at
a pressure of 250 MPa, followed by drying at a temperature of
120+10 °C for a duration of 2 hours. The prepared anode
material was then cut into a symmetrical configuration with a
thickness of 2 mm and a surface area of 0.64 cm?.

3. Results and discussion

3.1 FTIR analysis

The chemical structure of the La,CuOs binary oxide was
studied using FTIR (Fig. 1a). The samples show bands at 490,
596, 649 and 1420 cm™, assigned to the stretching mode of
Cu-O and La-O-H groups.l'Yt The low intensity bands
observed at 502, 1065 and 591, 1108 cm™! correlate to the Cu—

O and La—O stretching modes of orthorhombic La,CuOy phase.

Further, the presence of bands at 596 and 1187 cm, related to
the Cu-O stretching mode, in all the samples confirm the
presence of Cu—O as the secondary phase, the reason for which
is the 1:1 precursor ratio and the product formed with a
A»BOs-type structure.l'”? The obtained La,CuQs4 through a

hydrothermal treatment of a mixture of copper and lanthanum
nitrates for 6 hours, followed by calcination at 900 °C.
However, in this study, the synthesis process only took 1.5
hours.

3.2 XRD analysis

The X-ray diffraction pattern of the La,CuOs4 binary oxide is
shown in Fig. 1b. Following temperature treatment of the
oxide composition at 800 °C, the Miller indices were found to
be 24.58° (111), 27.03° (131), 31.06°(002), 33.17° (200),
41.11° (060), 41.67° (151), (200), 43.41° (042), 44.74° (061),
47.77° (202), 53.94° (113), 55.78° (080), 58.23° (331), 64.91°
(153), 66.56° (082), 70.19° (400), 75.23° (371), 76 49° (282)
and 78.37° (083), demonstrating that the orthorhombic crystal
based on the binary oxide La;CuQj4 consists of a lattice phase.
Some studies have established that during the synthesis of
carbamate derivatives of lanthanum and copper using the
NHBu,/CO; reaction, a phase corresponding to the
orthorhombic crystal lattice of La,CuQy is formed, after which
the resulting precipitate is treated at a temperature of
800 °C.I'21 Such results are consistent with those obtained in
the present study.

3.3 SEM analysis

The results of SEM analysis of the binary oxide La,CuQOj4 are
shown in Figs. 2a-d. The surface morphology of the La,CuO4
can be seen to be agglomerated and to contain large porous
particles (Fig. 2a). The morphology of La,CuO4 becomes
porous due to the presence of carbon dioxide and evaporating
water released during the formation of the complex oxide
through primary homogenization and heating at 200 °C (Figs.
2b, 2c). At a high temperature (800 °C), the porous
morphology of the La;CuO4 changes into an agglomeration of
rod-shaped structures (Fig. 2d).'! Such rods were found to
have a length of 171.6-209.0 nm and a diameter of 65.03-
75.43 nm. The sizes of pores formed during mutual adhesion
of the rods were discovered to range from 314.4 nm down to
1.338 um. A similar morphological structure was identified in
previous research.l'$!) The EDS result showed that the
elements La and Cu constitute the matrix of the binary oxide
La,CuOq4 (Fig. 3).
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Fig. 1 (a) FTIR spectrumbinary oxide La>;CuQOs. (b) XRD pattern of the binary oxide La,CuOs.
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binary oxide are shown in Fig. 4a. The curve is indicative of a
type IV nitrogen adsorption isotherm, and confirms the
material as being mesoporous. LaxCuO4 was shown to exhibit
H1-type hysteresis due to the cylindrical channels.?”! The
results indicate a blocking effect of the material in the process
of nitrogen sorption, an effect which, accordingly, applies to
large porous structures in alloyed metals.?'’ Based on the
nitrogen adsorption isotherm, LaCuOs demonstrated
monolayer adsorption on the walls of the mesopores at relative
pressure (P/P0) ranging from 0 to 0.8. Further, the calculated
surface area of La,CuQ4 was 123.87 m?/g, with an average
pore radius of = 14.25 nm (Fig. 4b). The variation in pore
radius values is attributed to the influence of carbon dioxide
and evaporated water during synthesis. We see that this is
Energy [keV] consistent with the SEM result (Fig. 2). It was determined that
Fig. 3 The EDS mapping analysis of the binary oxide La,CuQO4.  the surface area of the synthesized CuCeO> binary oxide is
equal to 31.9 m%g. The surface area of the La,CuQO, binary
3.4 Adsorption porosimetry oxide obtained in this study was 3.9 times greater.
The nitrogen adsorption-desorption isotherms of the La,CuQO4
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Fig. 4 (a) Nitrogen adsorption-desorption isotherms of the binary oxide La,CuOs. (b) Pore size distribution of the binary oxide
La,CuOa.
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Fig. 5 XPS spectra of the binary oxide La,CuOs.

3.5 X-ray Photoelectron spectroscopy (XPS)

Photoelectron spectroscopy (XPS) revealed peaks in the Ols,
Cuzpss, Cuzpizand Lasdsy, Laszdss, regions (Fig. 5). Inthe Ols
region, a high, irregular Gaussian peak is seen, along with
minor assymetrically located plateaus on either side, which
shows a binding energy (BE) of 532.5 eV (Fig. 5a). The
regions of Cuzps2 and Cuzpi2 were observed at a BE value of
935.4 eV, with a characteristic satellite structure in the BE
region of 945-955 eV. The ratio of the intensity of the satellite
line to that of the Cuzps» region is about 0.25 (with a
corresponding value for CuO at 0.55), which is very close to
that obtained in many superconducting copper oxide
compounds®! (Fig. 5b). The BE value of Cuzps in LaxCuO4
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is between those observed for CuO (933.4) and Cu,0 (934.6).
The Lasds, region shows a pronounced asymmetry on the low
binding energy side (Fig. 5c). The Lasd level, along with its
satellite structure, resolved into multiple Gaussian peaks. The
first pair had a value of BE 837.7 (Lai), whereas the second
pair had BE values of 853.6 (Lall). The BE values of the first
pair are very close to the La values of La,O3, and the BE values
of the second pair are very close to both La(OH); and
Lax(CO3)3. Thus, the results obtained are in good agreement
with previous studies.?>24

3.6 Electrical characteristics
We determined the electrochemical characteristics of the
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Fig. 6 (a) Temperature and voltage (V) dependence on current density (mA/cm?). (b) Temperature dependence on electrochemical
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LayCuOj4 anode material within a relatively low temperature
range. Fig. 6a shows the I-P curves of a mixture of 1.5% water
and bubble of hydrogen with the La,CuO4anode material over
a temperature range of 500 °C-600 °C. The peak densities
were 0.23 W/ecm?2 at 500 °C, 0.48 W/cm™ at 550 °C, and 1.05
W/em? at 600 °C. Comparing the numerical values obtained
at the various temperatures, the current density through the
anode material is clearly shown to rise by two times with each
temperature increase of 50°C. The temperature dependence of
the La,CuO4 anode material anode was found to be similar to
that based on La-Ni.l?%!

Figure 6b shows the electrochemical impedance curves of
a mixture of 1.5% water and bubble of hydrogen with the
LayCuO4 anode material over a temperature range of 500 °C-
600 °C. Note that the numerical values obtained showing
polarization resistance decrease as temperature increases
(Table 1). The polarized resistance of the La,CuOs4 anode
material was demonstrated to decrease by approximately three
times with each temperature increase of 50 °C, which means
that when the anode material is in contact with hydrogen, the
La-Cu present shows an active catalytic property in the
decomposition of hydrogen.?°! Similar results were obtained in
a similar study using anode material consisting of the complex
oxides of Cu-CepsSmo202.5. When compared, the
electrochemical characteristics of the anodic system
consisting of binary oxides (La;CuQj) utilized in the present
study were found not to be inferior to other complex oxide
systems.

Table 1. Quantitative values of the polarization resistance of the
anode material over the temperature range of 500-600 °C.
500 °C 550 °C 600 °C

0.19 Q-cm®>  0.07 Q-cm? 0.02 Q-cm?

Anode material

LaxCuOq4

4. Conclusion

The binary oxide La,CuO4 was synthesized using the sol-gel
method. Following characterization with FTIR, XRD, SEM,
XPS and BET, the clectrical characteristics of the La,CuQO4
anode material were examined. In a 1.5% mixture of water and
bubble of hydrogen, the current density passing through the
anode material was discovered to increase by two times, and
the polarized resistance to decrease by approximately three
times, for every 50°C rise over a temperature range of 500-
600°C. The results obtained showed that the La;CuOg4
composite oxide is a reasonable option for use as an anode
material for SOFCs. The present research team plans to
perform further experiments in order to compare the
effectiveness of LaxCuQy4 against both existing and proposed
complex and binary oxides, so as to find the lowest cost
materials that provide the best characteristics for the
production of electrodes to be used in SOFCs.
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