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Abstract Silver-Bag 5Sry sCog gFeg,05.5 (BSCF) cathodes
were prepared in two ways. In the first method, Ag-BSCF
composite powder was prepared in ethanol solution, where Ag
nanoparticles serving as a component in the preparation of
Ag-BSCF composite cathodes had been previously obtained
via one-step synthesis in absolute ethanol using a neutral
polymer (polyvinylpyrrolidone). To the best of our knowl-
edge, this is the first study to use a Ag sol obtained by the
above method for preparation of Ag-BSCF composite pow-
der. Then, a paste containing this powder was screen-printed
on a Smy»,Ce( 3O o electrolyte and sintered at 1,000 °C. In the
second technique, an aqueous solution of AgNOs was added
to a previously sintered BSCF cathode, which was then
sintered again at 800 °C. The oxygen reduction reaction at
the quasi-point BSCF cathode on the Sm,Ce gO1 o electro-
lyte was tested by electrochemical impedance spectroscopy at
different oxygen concentrations in three electrode setup. The
continuous decrease of polarization resistance was observed
under polarization —0.5 V at 600 °C. The comparative studies
of both obtained composite Ag-BSCF materials were per-
formed in hydrogen-oxygen IT-SOFC involving samaria-
doped ceria as an electrolyte and Ni-Gdj»>Ceq 3O ¢ anode.
In both cases, the addition of silver to the cathode caused an
increase in current and power density compared with an IT-
SOFC built with the same components but involving a
monophase BSFC cathode material.
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Introduction

Nowadays, efforts in the domain of solid oxide fuel cells
(SOFCs) are focused on devices capable of operating within
an intermediate temperature (IT) range (500—700 °C). In this
range, the main polarization losses occur on the cathode.
Lag gSry,MnO;_s (LSM), a commonly used cathode material
within higher temperature ranges, exhibits high polarization
resistance below 800 °C [1, 2]. Other manganites also exhibit
polarization resistances two orders greater than cobaltites in
the IT range [2]. Among other new materials,
Bag 5Srg sCop gFep 035 (BSCF) perovskite seems to be a
promising candidate. BSCF, first described by Shao and
Haile [3], was the subject of numerous papers reviewed in
2009 by Zhu et al. [4].

Shao and Haile [3] reported values of peak power density
for cells with BSCF cathodes more than twice those measured
for a similar cell that used Scy sSmg sCo05.5 (SSC)+
Smg ,Ce 3019 (samaria-doped ceria (SDC)) as a cathode.
Baumann et al. [5, 6] compared BSCF, Lag ¢Sry4C003_5
(LSC), Lag.Sro.4Co0.8Fe9 2035 LSCF, Lag 6Sro.4FeO3_5
(LSF), and SSC cathodes. The authors showed that among
these cobaltites and ferrites, BSCF has the lowest surface
exchange resistance; for example, electrochemical surface
exchange at a BSCF microelectrode was 50 times lower than
at a similar LSCF microelectrode. Liu et al. [7] compared
anode-supported SOFCs based on a Gdy,Cey 3019
(gadolinia-doped ceria (GDC)) electrolyte 10-pum thick. The
authors concluded that a BSCF cathode shows a much lower
interfacial polarization resistance at low temperatures (450—
600 °C) than LSCF- and SSC-based cathodes. Kim et al. [8]
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compared metal-supported cells with unsintered BSCF, LSCF,
and LSM cathode materials. They found that the lowest po-
larization resistance is exhibited by BSCF cathodes, and ob-
tained the greatest peak power density for cells with BSCF
cathode material. BSCF reveals some degree of instability. It
reacts with CO, present in oxidant gaseous mixtures, forming
oxides and carbonates [9] as follows:

Ba0'5sro‘5C00<8Feo'203 + C02—>Bao'5 SI‘0.5CO3 + 0.8CoO (1)
+0.4 Oy + 0.1Fe, 05

The reverse reaction occurs at temperatures higher than
807 °C and is also used in the synthesis of BSCF [10, 11].
Yan et al. [12] examined the adsorption and desorption of CO,
on a BSCF surface and concluded that CO, can adsorb and
react with BSCF from 400 to 700 °C to form Sry ¢Bay 4COs.
The other disadvantage of BSCF is low electronic conductiv-
ity: 40-60 S cm ™' [13, 14]. The addition of second phase with
high electric conductivity should lead to improved cathode
performance [14]. Zhou et al. [14] used LaCoOj5 (LC), which
revealed that electric conductivity of 1,000 S cm™' was
achieved by a BSCF-LC composite cathode with an electric
conductivity of 300 S cm ™, although the authors observed a
rise in both polarization resistance R, and ohmic resistance of
the cell Rypnm, along with rising LC content.

Silver has the greatest electric conductivity among metals.
Silver exhibits excellent electrocatalytic properties in oxygen
reduction reaction (ORR) and the lowest cathodic
overpotential resistance (among Ag, Au, Pt, LSC, LSM,
LSCF, and Lag ¢Sy 4FegsMngy,03) [15]. Pure silver is not
used as a cathode in SOFC due to its disadvantages.

Silver moves rapidly under negative polarization, changing
electrode geometry [16], which causes a rise in electrode
performance at an early stage but can lead to the separation
of silver from a composite cathode at the electrode/electrolyte
interface [17]. Silver electrodes reveal high polarization resis-
tances reported on both quasi-point [ 18] and porous electrodes
[19]. Composite cathodes with silver and ionic conductor
material are characterized by good performance [17, 20-27].
Many composites containing silver and oxide cathode mate-
rial, such as LSCF, LSM, SSC, La, ¢Sry4NiO,4, and BSCF,
exhibit better electrochemical performance than the same
materials without silver [13, 16, 28-39]. Moreover, silver is
used in current collectors and as a sealant [40, 41]. The
abovementioned composites reveal considerable stability.
Sasaki et al. [27] found no structural changes in an Ag-SSC
composite electrode following —0.5 V polarization. Simner
et al. [42] reported that cells with Ag-LSCF and Ag-SSC
composite cathodes worked for nearly 2,000 h at 650 °C with
stable power output. Sarikaya et al. [43] reported that porous
Ag-LSM composite current collector worked for 5,000 h at
800 °C with stable electrical properties and no microstructural
degradation.

@ Springer

Silver current collectors are used frequently. Shao and Haile
[3] supposed that silver in current collectors does not affect
cathode performance. A conflicting assumption was drawn
from data presented by Gou et al. [19, 41]. Similar cells
differing only in terms of current collectors (Au, Ag) with
BSCF or SSC cathodes were compared [19]. The use of silver
as the current collector for a BSCF electrode was accompanied
by lower area-specific resistance (ASR) and improved cell
performance compared to a cell with a gold current collector
[19]. Silver is a good catalyst for oxygen surface adsorption,
dissociation of molecular oxygen into atomic oxygen, and
oxygen surface diffusion, improving the overall oxygen surface
exchange kinetics of BSCF electrodes [19]. Five different
current collection techniques using Ag and LC were compared
[41]. BSCF cathodes with a current collector made of diluted
silver paste exhibited an ASR seven times lower than that of a
similar cathode without a current collector, whereas the peak
power density of cells containing these cathodes measured at
600 °C were 960 and 30 mW cm 2, respectively.

Zhang et al. [44] prepared a composite Ag-BSCF cathode
using a paste containing 14 % silver. These authors reported
that the introduction of either SDC or Ag into the BSCF
cathode lowered the performance of the cells. Su et al. [35,
37] prepared the Ag-BSCF composite using a vacuum-assisted
electroless Ag deposition. The fabrication of a silver-modified
BSCEF cathode was performed in a vacuum (<20 kPa) by using
aqueous solutions of AgNO; and formaldehyde as a reducing
agent. The authors demonstrated that the presence of Ag
significantly reduced the electrode’s ohmic resistance and en-
hanced the catalytic O, reduction performance of the BSCF
cathode. Zhou at al. [38] compared Ag-BSCF composite cath-
odes obtained using hydrazine or formaldehyde and concluded
that the application of formaldehyde could lead to the forma-
tion of the carbonate Ba,Sr;_,COj3, which poisons active sites
for oxygen adsorption and inhibits ORR.

However, silver has a low melting temperature (961 °C),
whereas most perovskite-based cathodes should be sintered at
1,000-1,100 °C. For this reason, composite cathodes were
prepared in a two-step sintering procedure. First, the BSCF
cathode was fired at a high optimized temperature, then
soaked in a solution containing silver nitrate and reducing
agent and fired again at a lower temperature [35-38].

Several one-step sintering procedures for silver perovskite
cathodes have been proposed as follows: (i) Simner et al. [29]
used a mechanofusion dry processing method to prepare the
Ag-LSCF composite cathode; (ii) silver-perovskite composite
powder was obtained by adding silver nitrate to the starting
nitrate solution during the synthesis of perovskite [33, 45, 46];
(iii) silver paste was screen-printed prior to the perovskite
paste, forming a layer of silver between the perovskite and
electrolyte [47].

As has been pointed out, recent developments have inten-
sified the need for the preparation of composite cathodes
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containing perovskite and silver. In our opinion, efforts should
be focused on the preparation of well-dispersed silver nano-
particles and their incorporation into the skeleton of oxide
cathode material such as BSCF. To synthesize the silver
nanoparticles, a physical [48], biochemical [49], or chemical
method (e.g., synthesis in aqueous solution [50]) can be
applied. Furthermore, an alternative method for the prepara-
tion of silver sol might be the reduction of silver nitrate with
absolute ethanol in the presence of a polymer [51]. As was
proved in [51], silver nanoparticles characterized by fine
dispersion and narrow-size distribution can be obtained by
this technique.

Comparison of the electrochemical performance of various
cathode materials has usually been performed by measuring
the power output of fuel cells or by electrochemical measure-
ments (electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and long-time polarization) of cathode
properties in argon-oxygen mixtures. These measurements
have been performed using point electrodes [5, 6, 15, 18,
52-54], porous electrodes in a symmetrical cell [55-59], or
three-electrode setup [60-62].

In the present study, a new wet route for synthesis of evenly
dispersed Ag-BSCF composite material for the preparation of
cathodes in one sintering step is proposed. Ag nanoparticles
were obtained via one-step synthesis by using absolute etha-
nol and a neutral polymer (polyvinylpyrrolidone). Then,
BSCF powder was added to the obtained silver sol and metal
nanoparticles were incorporated into the BSCF oxide powder.
Next, the cathode was sintered in a one-step process. To the
best of our knowledge, this is the first study which uses the Ag
sol obtained using the above method for preparation of the
Ag-BSCF composite. The performance of a cell with the new
Ag-BSCF composite cathode is compared with that of a
similar cell containing a Ag-BSCF composite cathode obtain-
ed using a different method.

Fig. 1 The diffraction pattern of

obtained BSCF powder
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Experimental
Materials
Synthesis of BSCF

BSCF was prepared from a nitrate solution using the Pechini
method. The starting materials were Ba(NOs), (99.5 %,
POCH), Sr(NOs), (99 %, POCH), Fe(NOs); 9H,O (99 %,
POCH), Co(NO3), 6H,0 (99 %, POCH), citric acid (99.5 %,
POCH), and ethylene glycol (99.9 %, POCH). The
reagents were mixed in distilled water in stoichiometric
proportions to prepare a compound of the composition
Bay ¢Srg.4Cog gFe(,03. Citric acid and ethylene glycol
were added to the respective nitrate solutions. The solutions
were then evaporated at 180 °C for 12 h, then at 200 °C for the
next 12 h, and finally at 220 °C to remove gaseous reactants.
The obtained material was calcined at 1,100 °C for 3 h and
then rotary-vibratory milled with zirconia grinding media in
dry ethanol (Fig. 1).

Synthesis of samaria-doped ceria

Cey.gSmy,0, 9 powder was prepared using Ce(NO3); 6H,0O
and Sm(NOj3); 6H,0 (both 99.99 % purity, supplied by
Aldrich). Aqueous NHj; solution was used as a precipitating
agent. The aqueous solution, containing both cations in proper
ratio, was slowly added to the continuously-stirred 25 % NH;
solution; finally, the pH was adjusted to 10 with the NH;j
solution. The precipitate was washed with distilled water,
calcined at 800 °C for 1 h, and ground in ethyl alcohol in a
rotary-vibratory mill with zirconia grinding media. The sam-
ples were formed into disks 19.8 mm in diameter and 1.8—
2.0 mm thick, and sintered at 1,500 °C for 2 h. The relative
density of such prepared samples was at least 98 %. The X-ray
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Fig.2 The UV-Vis adsorption spectra obtained from silver sol at various

times of synthesis: a 100 min, b 200 min, and ¢ 280 min. The peak of the
maximum absorption occurs at A,,,=418 nm

diffraction (XRD) analysis method determined that only cubic
samaria-ceria solid solution had been obtained. The physico-
chemical properties of sintered SDC samples as electrolytic
material were described in the previous paper [63].

Synthesis of silver nanoparticles and preparation of Ag-BSCF
composite powders

The precursor used to synthesize colloidal silver was silver
nitrate (Chempur). Polyvinylpyrrolidone (PVP; M=
29,000 Da) and ethanol (pure 99.8 %) were purchased from
Sigma-Aldrich and Avantor Performance Materials Poland
S.A., respectively.

Q
~

Fig. 3 Size distribution of silver
nanoparticles a by intensity, and b

In order to determine the average size of synthesized silver
nanoparticles, they were deposited on natural ruby mica sheets
(Continental Trade, Poland).

Prior to the experiments, all glassware was cleaned with a
strong surfactant (Mucasol), and ultrapure water (Elix and
Simplicity 185 system; Millipore SAS, Molsheim, France).

Silver sol was prepared according to the modified method
described by Kim [64] through the reduction of silver nitrate by
ethanol in the presence of PVP, serving as a protective agent.

In a typical synthesis, 0.237 g of AgNOs, 100 ml ethyl
alcohol, and PVP were added into a 250-ml round-bottomed
flask equipped with a magnetic stirring bar and
thermocontroller. The flask was placed in a water bath and
all components were vigorously mixed with the magnetic
stirrer at 50 °C for 5 h. Over time, the solution gradually
turned yellow, and the evolution of stable dispersion of silver
nanoparticles was observed.

During the synthesis, samples of silver sol were removed
from the reaction mixture at various time intervals (100, 200,
and 280 min) and placed in quartz cuvettes. Then, the UV—Vis
adsorption spectra of samples were measured by a Shimadzu
UV-1800 spectrophotometer.

In Fig. 2, the UV—Vis absorption spectra of silver sol
sampled at various points during synthesis are presented. As
can be observed, a broad peak appeared at the reaction time of
100 min, suggesting the formation of the first silver nanopar-
ticles. However, the intensity of the adsorption peak around
418 nm, attributed to the surface plasmon band of Ag nano-
particles, did not increase strongly until approximately
200 min of synthesis. Furthermore, this peak (marked as b)
was sharper than the previous one (marked as a). This
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Fig. 4 a The SEM image of silver particles on mica (scan bar=100 nm); b histogram of the size distribution of the particles. The average diameter of

particles is equal to 31 nm

observation can be explained by the increased concentration
of silver nanoparticles in the sol. Additionally, the intensity of
the surface plasmon band changed insignificantly, from 200 to
280 min, suggesting that the reduction process of silver nitrate
was almost complete.

In order to determine the exact size of the silver nanoparti-
cles, two complementary methods, dynamic light scattering
(DLS) and scanning electron microscopy (SEM), were applied.

In the DLS technique, the size (hydrodynamic diameter) dyy
of silver nanoparticles was calculated using the Stokes-
Einstein equation as follows:

kT
= (2)
3m™mD
where D is the diffusion coefficient of particles measured in

bulk by a Malvern Zetasizer Nano ZS instrument, & is the
Boltzmann constant, and 7 is the absolute temperature.

H

Fig. 5 Schematic views: a

1234567896

The size distributions of synthesized silver particles by
intensity and by number are presented in Fig. 3a, b, respec-
tively. As can be seen, three peaks with maxima assuming the
values 9, 36, and 92 nm were obtained (see Fig. 3a). However,
in Fig. 3b, only one peak with a maximum at 36 nm was
observed. Thus, it can be concluded that 36-nm particles
occurred in the largest numbers in the synthesized silver
suspension.

To confirm this hypothesis, the average size of parti-
cles was measured using the SEM technique, in which a
drop of silver suspension was first placed on the surface
of a freshly cloven mica sheet. Then, silver nanoparticles
deposited on mica were air-dried and analyzed using the
SEM technique. A typical micrograph can be seen in
Fig. 4a. Size (diameter) was calculated as the averaged
value of measurements in two perpendicular directions.
According to the histogram presented in Fig. 4b, the average
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Fig. 6 Images of Ag-BSCF composite powders determined by the SEM method in COMPO mode

diameter of nanoparticles was 31 nm, which correlated well
with the average size (by number) equal to 36 nm obtained by
DLS.

In the second step, Ag-BSCF composite powder was
prepared. The obtained silver sol was added to a stirred
ultrafiltration cell (Millipore, Model 8400) followed by
the addition of 0.2882 g of BSCF powder (ground for
20 h at 250 rpm). Vigorous stirring was maintained
throughout the entire process of Ag-BSCF composite
formation, i.e., 60 min. To separate the Ag-BSCF pow-
der from ethanol, the mixture was left in the ultrafiltra-
tion cell for 60 min and then the ethanol was gently
decanted. The obtained precipitate was dried under ar-
gon at 25 °C.

b)

Preparation of porous electrodes for EIS measurements

The LSCF porous counter electrode was fabricated by screen-
printing LSCF paste (Fuel Cells Materials Inc.) on the entire
rear side of the electrolyte disk (20-mm diameter), which was
then dried and fired at 1,100 °C for 2 h with a heating and
cooling rate of 1 °C min'. The disk was cut in half and the
reference electrode was made on the front side of the disk (see
Fig. 5d) as described below.

BSCF powder and an organic vehicle (Fuel Cells Materials)
were used to prepare BSCF paste. The BSCF electrodes were
screen-printed on the SDC surface, and sintered at 1,000 °C for
2 h with a heating and cooling rate of 1 °C min™". The average
thickness of the printed electrodes was 12 pm.

50 1 1 1 1 1 1 1 1

30 A -

Count

10 :

100nm JEOL
15.0kV COMPO SEM WD 8.0mm 0 |

1

0 20 40 60 80 100 120 140 160 180

X 100,000

Diameter/ nm
Fig.7 a SEM image of Ag-BSCF composite powders (scan bar=100 nm); b histogram of the size distribution of the silver particles on the BSCF surface
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Fig. 8 The diffraction pattern of

the obtained Ag-BSCF powder. L4

The diffractograms are shifted
upwards with increasing anneal-
ing time: not sintered, sintered
cathode, and sintered cathode af-
ter 48 h of tests at 600 °C, re-
spectively. Reflexes are marked:
asterisk regular BSCF phase,
diamond (Ba,Sr)COs3, heart sil-
ver, triangle hexagonal BSCF
phase

3000 +

2000

Intensity / a.u.

1000 —

£

20

The Ag-BSCF powder obtained as described in Synthesis of
silver nanoparticles and preparation of Ag-BSCF composite
powders and an organic vehicle (Fuel Cells Materials) were used
to prepare the Ag-BSCF paste, using method (1). The BSCF

electrodes were screen-printed on the SDC surface, and sintered
1

at 1,000 °C for 2 h with a heating and cooling rate of 1 °C min .

The Ag-BSCF electrode was prepared through modifica-
tion of the BSCF cathode with silver, using method (2). The
method of nitrate decomposition was applied for this purpose:
0.05 mol dm > of AgNOj; solution was added by drops, using
a suction pipette accurate to 0.01 ml, and poured into the
porous BSCF cathode layer placed on a heated hot plate to
evaporate water, followed by firing at 800 °C for 6 h.

The BSCF powder was pressed into the form of a pellet,
which was then sintered at 1,100 °C for 5 h with a heating and
cooling rate of 1 °C min ™", and finally cut by a diamond saw.
The obtained ingots, 2 mmx 1 mm, were crushed into pieces
4-mm long. The cross-sectional surface was rough, with many
crystals oriented at angles between 30 and 60° to the surface,
with protruding corners. This surface was used as a quasi-
point electrode (Fig. 5d).

Methods
XRD, SEM, X-ray fluorescence

The phase composition of all powders and sintered samples
was identified by XRD analysis based on the ICDD database.
XRD measurements were performed using the PANalytical
X’Pert Pro system with monochromatic CuK, radiation. The
microstructure observations were carried out by means of a
JEOL JSM-7500F field emission apparatus with an INCA

T T 1
40 60 80 100 120 140

26/ degree

PentaFETx3 EDS system. Chemical composition of investi-
gated solids was determined with an Orbis Micro-EDXRF
analyzer with a Rh anode as an X-ray source (operating at
30 kV and 400 mA) and Si(Li) detector, using Orbis Vision
software, a system enabling multielement detection for ele-
ments from sodium to uranium.

EIS, CV, and long-time polarization measurements

The test fixture (see cross-section Fig. 5a) consists of a gas-
tight outer alumina tube 300-mm long and an inner alumina
tube with six channels (see cross-section Fig. 5b). A spring

-35 A — 1% cycle
e 2" cycle

3" cycle

v/Vv
Fig. 9 CV of quasi-point BSCF electrode at 600 °C in air
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For analysis of the impedance data, the Minuit [65] pro-
-20 - gram, based on a complex nonlinear regression least-square
40 procedure, was used to fit the equation describing the assumed
< equivalent electrical circuit (EEC) to the measured data. The
= -60 1 quality of the fit was characterized by the standard deviation s,

.80 - calculated from the formula as follows:

n 2
-100 - —_— Z Modulus (Z,»,measumrzmm)
Modulus( Zi measured )
-120 T T T T T § = 1 (3)
0 2 4 6 8 10 12 n—1
t/'h

Fig. 10 Current recorded during the long-time polarization experiment:
quasi-point BSCF electrode, —0.5 V, 600 °C

located in the beginning of the central canal presses on an
alumina rod, which presses in turn on the cell elements, joining
them together. Platinum wires connecting the cell to the
potentiostat are located in three of the five smaller channels.
The fourth is used for the thermocouple, the fifth as the gas inlet.
The narrow channel in the front of the spring is used as a gas
outlet. The details of the cell with three electrodes are sketched
in Fig. 5c, d. Platinum wires terminating in platinum foil are
used to connect with the potentiostat. Two steel (SUS 430,
Ningbo Institute of Materials Technology & Engineering) plates
are used as current collectors. The electrode, made of porous
BSCF with a diameter of 5 mm, was screen-printed on one side,
while the LSCF porous electrode, printed on the whole surface
of the back side of the electrolyte, served as the counter elec-
trode. The details of the cell are sketched in Fig. 5c, d.

EIS measurements were performed using a Gamry Series G
300 potentiostat/galvanostat/ZRA in a three-electrode setup
(Fig. 5¢c, d) at rest potential in the frequency range from 0.01 to
300,000 Hz, with the amplitude of the sinusoidal voltage
signal at 5 mV with a density of ten points per decade.

Every series of measurements began with 8 h of system
equilibration at a temperature of 700 °C in oxygen. The
dependency of impedance on the potential and concentration
of oxygen was measured in mixtures of 99.95 % oxygen and
99.999 % argon (Linde Gaz Polska) in predetermined propor-
tions. The flow rate of gas through the cell was 150 cm®/min.
The equilibration time after each change in oxygen concen-
tration was 15 min.

where Z; is the impedance at the frequency number .

The CV was performed in the three-electrode setup pre-
sented in Fig. 5, with a scan rate of 5 mV s~ '. The long-time
polarization experiment was performed using the Gamry soft-
ware written for chronoamperometry measurements, with the
same electrode polarized at —0.5 V for 18 h.

Fuel cell testing
The following solid oxide fuel cells were tested:

H, [Ni-GDC|SDC|BSCF-GDC|BSCF
H, [Ni-GDC|SDC|BSCF-GDC|Ag-BSCF

where Ni-GDC was anode material, SDC was an electrolyte
disk 1.5-mm thick, and BSCF-GDC was composite cathode
material obtained from BSCF+5 % mol GDC, BSCF, and Ag-
BSCF investigated cathode materials. The electrochemical
setup and details of the procedure for electrochemical mea-
surements were described in previous papers [16, 33, 47].
Humidified hydrogen (3 wt.% H,O) was used as a fuel and
air as an oxidant. The flow rate of hydrogen was about

30 ml min .

Results and discussion
Ag-BSCF composite nanopowder

Figure 6 shows typical SEM images of the Ag-BSCF com-
posite, where the silver nanoparticles were obtained via the

205 °0.2
240.05 ©0.02
20.005 ©0.002

Fig. 11 EIS spectra at 600 °C at 23 1 of
various oxygen concentrations (in E 881
the legend in dimensionless Pqy/ 18 T 0,001
P) at quasi-point BSCF electrode;
the numbers near filled symbols g 137
denote the logarithm of the =
N 1

frequency 0.8

03 1

-0.2 +
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CPE;

CPE: CPE;

Fig. 12 Equivalent electrical circuit used to fit the data

reduction of silver nitrate by ethanol in the presence of PVP.
As can be observed, the silver nanoparticles were uniformly
distributed on the BSCF skeleton (Fig. 6a) and were incorpo-
rated into the porous BSCF matrix (Fig. 6a, b).

Furthermore, as can be seen (Fig. 6), the silver nanoparti-
cles deposited on the BSCF appeared to be bimodal. To
confirm this observation, a histogram of silver nanoparticles
attached only to the BSCF surface was produced (Fig. 7). The
micrograph and histogram presented below unambiguously
indicated that the BSCF was covered by Ag particles with an
average assumed size of 31 nm; however, there were a few
larger particles with diameters greater than 100 nm. This result
correlated quite well with the particle diameters measured in
bulk by DLS (36 and 92 nm) and on the mica surface by SEM
(31 nm) and presented in “Synthesis of silver nanoparticles
and preparation of Ag-BSCF composite powders”.

The comparison between unsintered Ag-BSCF powder, the
sintered Ag-BSCF cathode, and the Ag-BSCF cathode after
48 h of testing are shown in Fig. 7. There are only very small
differences between these diffractograms. Present are silver,
regular BSCF phase, a small amount of hexagonal BSCF
phase, and (Ba,Sr)COj3 phase (Fig. 8).

The planned silver content was 34 %. When checked by the
X-ray fluorescence (XRF) method in the obtained composite
powder, this value was 43.5 %; after electrochemical tests in
the composite cathode material, it was 42.4 %. In the cathodes
obtained by method (2) after electrochemical tests, the mea-
sured by XRF method silver content was 41.9 %, whereas
40.0 % was planned.
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Fig. 13 Family of curves (U-/ and P-I) recorded for an IT-SOFC with a
monophase BSCF cathode
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Fig. 14 Family of curves (U~ and P-I) recorded for an IT-SOFC with a
composite Ag-BSCF cathodes

Electrochemical measurements
Quasi-point BSCF electrode

The CV presented in Fig. 9 reveals no reduction or adsorption
peaks in the measured range, but in the second and the
third cycles, higher and higher currents were recorded;
whereas in CV measurements in ranges —0.2 to 0.0 V
and —0.3 to 0.0 V, the rise in current was not observed.
The flowing current may be a reason for the decrease in
electrode resistance. This was checked in a long-time
polarization experiment (Fig. 10). The current increased
more than twice within 18 h of polarization at —0.5 V.
The rise in current can be explained by sintering BSCF
cathode to the SDC electrolyte. The polarization speeds
up this process. It is in accordance with results present-
ed by Kim et al. [8]. These authors performed electro-
chemical cell tests of SOFCs containing an unsintered
BSCF cathode at 700 °C and reported a good
performance.
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Fig. 15 Current recorded using IT-SOFC with Ag-BSCF cathode (meth-
od (1)) during 120 h
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EIS spectra

EIS is a powerful technique used to study electrode reaction
mechanisms, enabling the separation of reaction steps accord-
ing to timescale [66]. Each slow reaction step can be reflected
in a Nyquist plot of impedance spectra as a semicircle. The
identification of steps can be improved performing measure-
ments in different conditions (oxygen concentration, temper-
ature, and potential). The impedance spectra of investigated
electrodes are presented in Fig. 11 in a Nyquist representation.
The EEC most frequently used (in cases where a more sophis-
ticated EEC is not previously recommended for the electrode
in question) consists of a resistor and several resistor-and-
capacitor (R, C) pairs connected in series. Each pair reflects
at least one slow step of the electrode reaction. Instead of a
capacitor, a constant phase element (CPE) can be used. The
impedance of the CPE may be expressed by the following
formula [67]:

1 wo «
— 3
wo C() (]w ) ( )

where w is the angular frequency, wy is the angular frequency
of reference, Cj is the capacitance at the angular frequency of
reference, and « is a coefficient close to 1 for an ideal capac-
itor, usually assuming a value between 0.7 and 1.0 in the case
of nonideal capacitance. In our case, the frequency of refer-
ence was assumed to be 1,000 Hz. The same CPE element
may represent the diffusional (Warburg) impedance, but coef-
ficient «v in this case is 0.5.

The spectra of the quasi-point BSCF electrode presented in
Fig. 11 consist of two well-developed semicircles and a short
straight segment (middle frequency semicircle) between them.
The diameter of the high-frequency semicircle does not de-
pend on oxygen concentration, whereas that of the low-
frequency one does. For BSCF, the quasi-point electrode
EEC presented in Fig. 12 was used. This kind of EEC can
be fitted to the spectra containing three discernible semicir-
cles. The resistance depends on oxygen concentration accord-
ing to the following formula:

Zcpg =

log(R) = a-mlog(Po2) @)

where a and m are coefficients.

According to [59], m gives information about the reaction
order. For Ry, R, R», and R;, the coefficient m is equal to
—0.0002, —0.017, —0.0059, and 0.53 respectively. The value
m=0.53 may point to a charge transfer reaction with molecu-
lar oxygen involved, or to the diffusional impedance of mo-
lecular oxygen. The a parameter of a parallel CPE can help us
to discern between both cases. It varies from 0.94 to 0.66 for
oxygen partial pressures from 1 to 0.001, respectively, indi-
cating the charge transfer reaction resistance.

@ Springer

Electrochemical tests of hydrogen-oxygen IT-SOFC

Figures 13 and 14 present the family of curves (U-/ and P-I)
recorded for an IT-SOFC with an SDC electrolyte and
monophase BSCF or a composite Ag-BSCF cathode, respec-
tively, within a temperature range of 500-750 °C, obtained
with composite cathode materials via different preparation
routes. As can be seen, an increase in power P and current
density / was observed for the IT-SOFC with SDC and the Ag-
BSCF composite cathode compared to the same IT-SOFC
with only monophase BSCF material. The highest values for
power density within the investigated temperature range were
found for the Ag-BSCF composite cathode obtained via the
new wet route. This could be related to the uniform distribu-
tion of silver particles on the BSCF cathode material at the
stage of synthesis.

In a subsequent experiment, a 120-h stability test was
completed with a voltage load of AE=0.5 V, presented in
Fig. 15. A stable current was observed during IT-SOFC oper-
ation under the applied current load. The preliminary results
showed that Ag-BSCF obtained by method (1) seems to be a
promising material for IT-SOFC application.

Conclusions

A new wet route for Ag-BSCF composite cathode powder is
proposed. Silver nanoparticles obtained via one-step synthesis
under absolute ethanol were used for the first time to prepare
Ag-BSCF composite. The applied nanoparticles homoge-
neously dispersed on the surface and inside porous BSCEF,
which increased electrode performance. An IT-SOFC cell
with composite cathode Ag-BSCF material exhibited better
performance compared to a BSCF cathode by 48 %.
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