NdBaM n2Os.+5 L ayered perovskite asan active cathode material for solid oxide
fuel cdls

AbdallaM. Abdalla-?%",Shahzad Hossain3#, Jun Zhou®, Pg M.I.Petrat,Stene Erikson®
Cristian D. Savaniu®, John T. S. Irvine®, Abul K. Azad'

Faculty of Integrated Technologies, Universiti Brunei Darussalam, Jalan Tungku Link, Gadong
BE 1410, Brunei Darussalam
2Mechanical Engineering Department, Faculty of Engineering, Suez Canal University, Ismailia

41522, Egypt

SCenter for Advanced Material, School of Chemistry, University of  Andrews, Fife KY169ST,
UK

“Ingtitute of Nuclear Science and Technology, Bangladesh Atomic Energy Commission, GPO
Box No. 3787, Dhaka 1000, Bangladesh

SCenter of Nanomaterials for Renewable Energy, State Key Laboratory of Electricallnsulation
and Power Equipment, Xi'an Jiaotong University, Xi'an 710049, China
5Department of Chemistry and Chemical Engineering, Chalmers University of Technology,SE
41296, Sveden
* Correspondence to: abdallam.al984@gmail.com/ abul.azad@ubd.edu.bn / jtsi @st-

andrews.ac.uk




Abstract

A layered perovskite, NdBaMn,Os+5(NBMO), was synthesi zed by the solid state reaction method
in air. Rietveld analysis of X-Ray Diffraction (XRD) data showed the materia crystallizing in
orthorhombic symmetry (Pmmm space group). Scanning electron microscopy (SEM)was used to
examine the morphology and, the analysis of the micrographs showed the formation of a porous
structure exhibiting in-situ growth of nanoparticles. Electrochemical Impedance Spectroscopy
(EIS) measurements from 600°C to 800°Cshows the highest conductivity value of 1.17x 10S/cm
obtained at 800°C with low activation energy (Ea) of 0.3 eV in air. In 5% Hz/Ar gas mixture, the
conductivity and activation energy values were 1.97x 10°S/cm and 0.4 eV, respectively at 800°C.
The DC conductivity measurements al so showed that this materia is highly conductivein air with
a conductivity value of 0.75 S/cm at 850 °C. Dua chamber fuel cell measurements on Ni-
Y SZ/Y SZINBMO cdll using 5% Hz/Aras fuel (from 700 °C to 800 °C)shows a maximum power
density of 0.202 W/cm?at 800°C. The relatively high conductivity of the material in air and low

activation energy makes it a potential candidate as cathode for solid oxide fuel cells.

Keywords. Layered perovskite; SOFC; Cathode materials, Exsolution; Impedance

measurements

1. Introduction

Solid Oxide Fuel Cell (SOFC) technology is very efficient and promising energy conversion
system for replacing the existing fossil fuel economy in-line with other types of renewable and
aternative energies like solar, wind and biomass [ 1-7]. The development of new materials to use

in fuel cell devices contributes to the achievement of high performance through electrochemical



reactions, along with good durability and life time for these eectrochemical devices. The
electrochemical transport reactions and the proper characterization of the material depend on the
structure at various scales, from atomic level to the microstructural level. This has an important
synergistic effect on the performance of the materia[7].Recently introduced materials such as
ABOss and A2B20:s:;s perovskite material aimed to use in fuel cells offer the advantage of high
electrical and ionic conductivities at higher temperatures|8,9].The electrical properties can be
further improved by favorable substitution of either A or B sites of the nomina perovskite with
acceptoror donor-type cations [ 10]. Recent research focuses on lanthanide (Ln) -containing oxide
materials doped with akaline elements (Ba, Sr,Ca, etc.) and transition metals (Cr, Mn, Fe, etc.).
Hence, their good mixed electronic and ionic conducting behavior were recognized as very
promising (LT, IT, HT-SOFCs)for electrode materials|11-13].However, these materials still
exhibit ow oxygen transportation kinetics, specifically with intermediate temperatures of 500—
800°C.

The oxygen kinetics in perovskite type structures has been reported showing the significant
enhancement of layered types than the disordered perovskites [14]. Furthermore, layered type
perovskites [9,15- 21] have shown interesting findings with a superior power density
values[9,17,20] under different atmospheres for application as electrode materia in SOFC. The
novelty of using layered materias provide more powerful, efficient, stable and durable devices
especially for intermediate temperatures I T-SOFCs. PrBaMn2Os.5 [9] was reported as a new A-
site layered perovskite that display superior performance as anode material compared to the
PrBaCo2xMnyOs+s with various fuels [22]. NdBaCox-xMnxOs.+5 [23] with different values of x are
reported to have suitable electrical properties, in addition to being thermally stable cathode

materials. In arecent study, the material of NdBaMn2Os-s was investigated [24] with regard to its



structure and electrical conductivity. Hence, Ln®*and Ba?*cations order in alternating layered
perovskites in LnBaMn20s+s (Ln = lanthanide)[9],[23-26]showing the ability to perform as an
electrode material for SOFCs as well as oxygen storage applications[25].

Thus, in thiswork, NdBaMn.Os_slayered perovskite material was synthesized (with an interesting
findings of nanoparticles exolusion) by a conventiona solid state reaction technique then
characterized by using X-Ray Diffraction (XRD), scanning electron microscopy (SEM), direct
current (d.c) conductivity, electrochemical impedance spectroscopy (EIS) in both dry air and 5%
dry Hz/Ar conditions and electrochemical performance (I-V) using a dua chamber fuel cell
arrangement.

2. Experimental

The compound NdBaMn2Os.s was obtained by the solid state reaction route. Stoichiometric
amounts of the pre-dried precursors:Nd>O3, BaCOs and MnOsweremixed in ethanol, dried and
ball milled for 24 hours. The mixture was dried in the drying oven again and calcined at 800 °C
for 8 hoursin air. The powder was mixed again in an agate mortar and pestle, pressed into pellets
and fired at 1200 °C for 12 hours in air and then initial XRD phase was checked. After re-
grounding and mixing, the final sintering was performed at 1400 °C for 12 hours. The heating and
cooling rate wasb °C/min. XRD data were collected using a SIEMENS Diffractometer (D5000

Kristalloflex, Cu Kal, A = 1.5406A) in the range of 10° << 20 <X 80° with a0.01step size. Scanning

Electron Microscope (SEM) images were collected on a pellet surface using a JSM-7610F. The
electrical conductivity was measured in air using a Van Der Pauw, four-probe DC setup. The
material was pressed into arectangular bar and sintered at 1400 °C for two hours. Next, four gold
wires were attached on the sample surface with gold paste and fired again at 700 °C for one hour

with 2 °C/min heating and cooling rate. Afterwards, the samplewas collected and fixed on aspecial



jig and the four probes were attached to the samples before the whole set up was inserted in to the
furnace and tested at temperature range from 30 °C to 850 °C in air at4 °C/min heating and cooling
rate.

ElS was measured using Solartron1260 Impedance analyzer with Solartron1255 (Schlumberger)

frequency response analyzer (0.01 Hz~1 MH2z)in dry air and 5% dry H2/Ar in the temperature

range from 600 °C to 800 °C. The samplesfor symmetrical cellswere prepared using aslurry made
by mixing NdBaMn.Os powder with an organic vehicle containing terpineol and
binder(turpentine). The slurry was then applied onto both sides of a'Y SZ thick electrolyte (2mm,
symmetrical cell setup) by screen-printing method, followed by sintering at 1000°C for two hours
in air. The thickness of the electrode coated layer was approximately 30 um and the electrode area
(effective ared) was 0.125 cm?.
Current versus voltage measurements were done using SSL scientific test rigs at the temperature
800 °C and 700 °C with open circuit voltage (OCV) of 0.92 V in dual chamber mode. Single cells
were prepared by screen printing the slurries of Ni-YSZ (anode material, 50-50 vol/vol) and
NdBaMn,Os(cathode) on athin'Y SZ pellet(2 mm thickness, 20 mm diameter, Fuel Cell Materials,
USA) and sintered at 1100°C for 2hours. The thickness of the screen printed layer was about30
pm. Platinum (Pt) current collector was painted to the cathode surface and gold (Au) current
collector was painted to the anode surface and fired at 750 °C for 1h with arate of 2 °C/min.

3. Resultsand Discussion

3.1  Structural analysis

Figurel(a) shows the Rietveld profile of the obtained X-ray powder diffraction pattern for the
layeredNdBaMn0:s.;using Fullprof software[27]. Schematic 3D crystal structure has been shown

intheinsert and in Figure 1(b). The XRD pattern was indexed by using STOE Win*PW software



package| 28].The atomic positions were obtained with the help of SPUDS software [29].However,
various possible structures of LnBaMn2Os+swere reported in the literature [9,18,20] and we
obtained the main phase of crystal structure in the orthorhombic symmetry in the (Pmmm) space
group. Hence, avery small amount (~ 5%) of hexagonal phase was observed, with the main phase
similar to Thibault et al.[23]. The impurity phase was identified as Nd>Os, which can be refined in
the rhombohedral symmetry in the R-3c space group. Rietveld analysis using both phases together
converged in a very good y? value (32 =0.99). Structural symmetry, unit cell parameters, space

group, cell volumes, atomic positions and R-factors are listed in Tables 1 and 2.

3.2  Microstructural analysis
Figure 2 shows the SEM image of a pellet surface of the layered NdBaMn,Os The SEM images
indicate that this material has a good porosity with arelative density (p) of 82.74%.Densities of
the material were measured using structural refinement(theoretically) and Archimedes method
[30] (experimentally); and was found to be 6.88 g/lcm® and 5.68 g/cm?®, respectively. For

theoretical density calculation the equation (1) [31]was used,;

Z*Fy,
P =T, D

Where:p is the density, Z is the number of atoms in the asymmetric unit in the unit cell, Fwis the
formulaweight [kg mol], V istheunit cell volume of [m®] and Naisthe Avogadro’ s number [atoms
mol-Y].The theoretica density was measured from bulk using mass per volume in Archimedes
procedure. The relative density was calculated from dividing theoretical density by bulk density

according to the equation 2 [31]:

Actual density —pores(%) (2)
Bulk density

Relative density (%) =



where: Actua density - pores (%) is representing the experimental value of density got from
Archimedes method (measured) and Bulk density is representing the theoretica value got from
reitveled analysis (crystallographic).

There are visible elongated grains well connected to each other which is important for SOFC
electrode materials asit provides a pathway for conduction. This type of morphology isimportant
to show an excellent stability and reversibility of oxygen storage-related process|26].

Due to sufficient and well-connected porosity, high ionic transportation is aso expected, and
allowed the gas flow to diffuse through the cell and results in the escape of the exhaust gas from
it aswell [32,33].Figure 2(b) shows the enlarged view of the SEM image. A careful observation
of the enlarged view in Figure 2 (b) shows the growth of nano-particles on the surface of the grains
which basically occurred at higher sintering temperature. An area containing well distributed and
uniformly grown of nano-particlesis shown in Figure 3 and this formation of nanoparticlesis most
probably resulted from MnO; basedon the study of T. Le et al.[34]showing a great enhancement
of electrochemical performance. Formation of nanoparticles iswell reported in the literature, e.g.
recent reports by Neagu et al.[35]on reduced perovskite material with A-site deficiency for fuel
electrode applications. Moreover, Zhou et al.[20] in a very recent study have shown the similar
phenomenon with layered perovskite LaosSr12FensC001045(LSFCO). The occurrence of this
phenomenon is very important for the enhancement of eectocatalytic activity [34] and this
growth/nucleation of the particles that decorate the native surface alows enhancing the
performance in ion transportation for the el ectrode which is expected for SOFC devices[2-5].
SEM morphology observations of NBMO € ectrode was also carried out before and after testing

the single cell (see Fig 4b, ¢). Aswe can seg, the layers are adherent and no delamination



happened. Moreover, the both sides of electrode became more porous and the dense el ectrol yte
attached them without any cracks.
3.3  Electrical conductivity

The d.c. conductivity of the rectangular NBMO bar was measured in air. The conductivity value

o was calculated using Uhilr equation [36].

d

o= 3)

- RxtxLgy

Where d is the spacing between the voltage wires, t is the bar thickness and Lay is the effective
length of the bar.

Figure 5 shows the calculated value of the NBMO which exhibits a higher electrical conductivity
vaue of 0.75 Scmat 850 °C in air. This conductivity value is influenced by the existence of
mixed oxidation states (Mn*4/Mn*3/Mn*2in NBMO)[37].Thus, the changein oxidation state of Mn
associated with the presence of Nd*3(based on the structural analysis and from morphological
images) that showed the growth of nanoparticles which basically from Mn oxide results in an
optimized balanced ratio as a function of electronic charge carrier concentration, leading to this
enhancement in the el ectrical conductivity [38].

34  Electrochemical impedance spectroscopy(ElS

EIS measurements of symmetrica cell NdBaMn;Os|YSZ|NdBaMn,Os was performed and
analyzed by Z-plot software. The data were collected at 600, 650, 700, 750 and 800 °C in air and
5% Ho/Ar. The collected data was fitted with a series of equivalent circuits (see figure 6 insert)in
order to obtain the resistance values of the different contributing components to the impedance
spectrai.e. bulk, grain, grain boundary, etc. Theimpedance curveswere showing two characteristic

semicircles, the dominant one being at low frequency associated with electrode processes[39].The



polarization resistance values in 5% Hx/Ar were much higher than in air (see figure 6 a, b for
comparison).

The electrode resistance clearly increases with decreasing temperature. However, the better fitting
cannot be obtained without addition of an inductance element, for al the temperature ranges in
case of measurementsin air.

The actual capacitance can be calculated using the expression given in reference [40]. The
capacitance values in this temperature range were 2.76x 102 F to 3.56x 107 F in air and 5.12 x
10° Ft0 4.36 x 10F in 5% H/Ar describing processes associated with various electrochemical
reactions on the electrode and electrolyte-electrode interface.. The total conductivity of the
electrode(o), the total capacitance (C) and the area specific resistance (ASR) are listed in table 3.

The activation energy (Es)was calculated [41] through the use of the following equations:

_dink(T)
Bo =R [ d(1/T) ™

and
m=—" 5)

where; R is the gas constant , T is the temperature, m is the slope of the Arrhenius plot. The
significant higher conductivity in air 0.75 Scmr! and low activation energy Eaof 0.3eV at 800 °C
compared to Hx-containing atmosphere indicates that these porous electrode are suitable for
cathode component; however, asimilar material obtained by replacing the Nd by Pr was reported
as an anode material [9]. Fig 7 represents the Arrhenius plots of total conductivity measured in air
and 5%H: in the temperature range of 600 °C— 800 °C.

Figure 8 shows a representation of polarization resistance against temperature for NBMO bothin
Air and 5% Hzconditions, showing the increase of the polarization resistance with the decrease of

temperature[42].However, athough in both cases it shows the same trend of increase, in air it till



shows the smaller value of 0.298 Qcm? at 800°C, thus explaining the higher conductivity exhibited
in ar. This value is dso smaller compared to the commonly used cathode materials such as
La0sSro2MnOs(LSM) (4.2Q cm? at 700 °C) [43], and LaSri—xCoyFel-yOs_5(LSCF) (0.34Q cm? at
700 °C) [44].
3.5  Power density measurements

The single cell of Ni-YSZ/YSZ/INBMO was prepared for testing in a dual chamber mode under
5% Ho/Ar fuel from 700 °C to 800 °C with a water bubbling system for humidification (~3% at
room temperature). As shown in Fg. 9, the performances were done under open circuit
voltage(OCV) with humidified Hzas a function of applied current density. The OCV was 0.92 V
for cells with NBMO cathode at 800 °C was found amost in the close range to the theoretical

values derived from the Nernst equation where :

RT RT RT 1
Er =Ey+ ﬁlnPHz ~oF InpH,0 + oF Inpz0, 4)

which can be noticed from table 4. This value is also very close to the value reported by Kim et
al.[10]. No cracks or holes were observed during the testing process of the cells [45], the lower
OCV value normallyindicate imperfect sealing. The measurementswere done at 800°C, 750 °Cand
700 °C using air in the cathode side and 5%humidified hydrogen (H2/Ar) at the anode side (at a
flow rate of 100 ml/min). The obtained results are shown in Figure9,representa maximum power
density value of 0.202 W/cm? at 800°C which decreases with decreasing temperature. Similar
power density was observed by Zhou et al.[20] using LagsSr1.2Fe0.9C00104-5(L SFC)as a layered
perovskite cathode material. A very good performance was obtained by Sengodanet a.[9]using

PrBaMn2Os PBMO layered anode materia with NdBaosSr05C01.5F€0505:5-Ce09Gdo10s- 5
NBSCF50-GDC composite cathode materia with power density of 1.5 W/cm?. The good power

density in this work is due to the high ionic conductivity associated with e ectrolyte (support
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Y SZ)and from the low ASR obtained from the electrodes [46]. This material NBMO is similar
to of the materials presented by Adler SB[45].NBMO apparently increase the electrochemical
activity of cathode of this cell [45-48].

The non-linearity in I-V measurements for SOFC arises when the amplitude of voltage and current
excitation is large. SOFCs are complicated systems containing multiple mass-transfer, chemical
and electrochemical processes. The coupling of these processes makesthe systems non-linear. The
transfer function in a non-linear system reflects the relationship between the voltage and current
at different frequencies. The amplitude of the perturbation signa must be small enough to meet
the linearity requirement of the transfer function (Z(jw)). If the amplitude is large, non-linear
analysis must be used [49].

Although the power density of our cell is not very high compared to the literature but still it has
the potential for the effective use in future after modification and more electrochemical
investigations. Thislow vaue may be was due to the usage of two different current collectors Pt
and Au which resultsin an increases of the single cell total resistance.

Conclusions

NdBaMnOslayered perovskite was synthesized by solid state reaction method in air. Structural
characterization of NdBaMn,Os was done through XRD and SEM. The electrochemical properties
were measured using dc conductivity, impedance and fuel cell tests. The results indicate that this
material will be a good candidate as SOFC air electrode. The structural analyses were precisely
done for investigating the space group, cell parameters, atomic positions as well as oxygen
occupancies. By careful anaysis of the peak splitting, we have demonstrated the accurate
structural parameters, symmetry and space group (e Orthorhombic, S.G. Pmmm). SEM images

show a porous structure with in-situ growth of nanoparticles which is beneficia to increase
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electrochemical performance in the perovskite structure, both single and layered. Meanwhile, dc
conductivity measurements indicate that the NBMO is a good e ectric conductor in air (0.75 Scm-
1). The conductivity in air is higher than in 5% Ha/Ar and decreases with decreasing temperature.
The power density was found to be 0.202 W/cm? at 800 °C, which is reported for the first time in
this studies.
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Fig.1. Rietveld refinement profileofNdBaMn;Os+s. 3D schematic diagrams is shown in the
insert,in addition to the super cell structure at the right hand side.
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Fig. 2.SEM micrographs showing the different particle sizes and morphologies of (a)
NdBaMn;0sand (b) The enlarged view of the porous structure of NBMO.



Fig. 3.SEM of the NdBaMn;0Os sample exhibiting nanoparticle exsolution.

Fig. 4. Cross sectional area of a) NdBaMn»0s/YSZ/NdBaMn,Osinthe Symmetrical cell, b) before
testing and c) after testing of the single cell NdBaMn;0s/YSZ/NiO-YSZ using humidified H; fuel.



Fig. 5.Dc electrical conductivity of NdBaMn;0s measured in air showing the highest value of 0.7
Scm™ at 850 °C.
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Fig. 7.NdBaMn0s total ionic conductivity measured in both air and 5%Hat various
temperatures from 600 °C to 800 °C.

Fig. 8.Polarization resistance of NBMO measured in dry air and 5 % H,obtained from
symmetrical cell as a function of temperature with calculated activation energy.



Fig. 9.Performances of the single cell Ni-YSZ/YSZ/NBMO from 700°C to 800 °C.



Table.1. Cell parameters, symmetry and space group of layeredNdBaMn;0s.s compared with

some literature data.

Chemical Symmetry Space a(A) b (A) c(A) v (A3)

composition group

NdBaMn,0s Orthorhombic Pmmm 3.8956(1) 3.8817(6) 7.7828(1) 117.690(2)
Hexagonal R-3c 5.6560(5) 4.6516(3) 148.799(2)

NdBaMn,0s"  Tetragonal P4/nmm  5.6134(2) 7.7363(3) 243.773(4)

NdBaMn;0s"*  Cubic Pm3m 3.89675(3) 59.170(9)
Hexagonal - - -

NdBaMn,0s"ref [18]

NdBaMn,0s “ref [17]

Table. 2. Atomic positions and R-factors of the NBMO oxide from Rietveld refinement.

Atomic positions R-factors
X y z Rwp Rexp 12
Nd 0.5 0.5 0.0 7.8 4.4 4.38 0.996
Ba 0.5 0.5 0.5
Mn 0.0 0.0  0.7406(2)
01 0.0 0.5 0.2501(8)
02 0.5 0.0  0.2430(5)
03 0.0 0.0 0.5




Table 3. The observed values of the EIS impedance by fitting of the impedance spectra in both

air and 5% H..

T c Rs R Ohmic ASR o
(K) (F) (Qcm?) (Qcm?) (Qcm?) (S/cm?)
Air
873 3.56E-07 24.9 42.508 1.35 1.2929E-02
923 7.23E-05 15.82 55.861 0.620 2.8240E-02
973 0.80E-03 10.42 77.591 0.272 6.4440E-02
1023 0.95E-03 7.307 177.06 0.196 8.9508E-02
1073 2.76 E-03 5.418 386.73 0.149 1.1762E-01
5% H/Ar

873 4.36- E-07 57.46 4.1748E+03 76.5 2.2896E-04
923 6.57E-05 29.47 5.6075E+03 50.2 3.4866E-04
973 5.46E-05 19.44 8.9527E+03 314 5.5849E-04
1023 5.55E-05 13.54 1.4341E+04 19.6 8.9166E-04
1073 5.12E-05 10.55 2.1838E+04 14.6 1.1976E-03

Table 4. Calculated theoretical values of (OCV) based on Nerst equation.

T(°C) Eo(V) Ex(mV)
700 1.006 1.121
750 0.997 1.078
800 0.977 1.020




