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Ceramic anodes have many advantages over cermet anodes for solid oxide fuel cells. We report the
synthesis and characterization of Sn doped double perovskite PrBaFe, ,Sn,Os.s (x = 0-0.3) anode
materials. Different crystal structures were observed depending on the Sn doping level and gas
atmosphere. The materials demonstrated excellent stability in both reducing and redox atmospheres at
elevated temperatures. The oxygen content in the as-prepared PrBaFe;_,SnOs.; was nonlinearly
correlated to the Sn doping level and reached maximum values around x = 0.1. After the reducing
treatment, the oxygen content linearly decreased with increasing Sn doping level. The electrical
conductivity of bulk PrBaFe_,Sn,Os,s (x = 0.1) reached 63.6 S cm~t at 800 °C in humidified hydrogen.
At 750 °C, the surface exchange coefficient and bulk diffusivity of PrBaFe_,Sn,Os,s reached the

maximum values of 4.42 x 107® m s~ and 6.04 x 1077 m? s, respectively, in the reducing process
Received 16th March 2017

Accepted 18th April 2017 when the Sn doping level was x = 0.1. The activation energies of surface exchange coefficient and bulk

diffusivity of PrBaFe;_,SnOs,s (x = 0.1) were 0.22 eV and 0.16 eV, respectively, in the reducing process.
The area specific resistance of the PrBaFep_,)Sn,Os,s (x = 0.1) anode was 0.095-0.285 Q cm? from
850-750 °C in humidified hydrogen, better than or comparable to the best ceramic anodes in the literature.
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices that
convert the chemical energy in fuels directly to electrical energy
in an environmentally benign and highly efficient manner.*
SOFCs can utilize fuels of not only hydrogen but also various
hydrocarbons and even carbon, demonstrating excellent fuel
flexibility.” Since fuels are oxidized at the anode electrode,
multiple functionalities are required for anode materials. These
include stability in a reducing atmosphere, high catalytic
activity, and high conductivity, as well as chemical and thermal
compatibility with the electrolyte. Traditional anode materials
are nickel cermets, where nickel is mixed with electrolyte
materials. While Ni-cermet anodes show excellent catalytic
activity and high electrical conductivity, they also suffer from
the issues of redox instability, micro-morphology instability
induced by nickel agglomeration, carbon coking and sulphur
poisoning.® Together these issues affect structural integrity and
reliability, conductivity and electrochemical reaction sites, and
surface catalytic activity, deteriorating both the electrochemical
performance and long-term stability of SOFCs.
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To overcome the disadvantages of Ni-cermet anode, alter-
native cermet anode such as Cu-CeO,-YSZ cermet has been
studied to replace Ni-cermet.* Although the Cu-based anode
may improve carbon and sulphur tolerance, its catalytic activity
is lower than Ni-cermet towards fuel oxidation. Therefore, noble
metal catalysis of Ru-CeO, was later on applied directly on the
Ni-cermet anode to achieve high catalytic activity while retain-
ing the advantages of Ni-cermet anode.® Since SOFCs are oper-
ated at high temperatures (above 500 °C), it is almost
unavoidable to have metal particle agglomerations under long-
term operations regardless of types of cermet anodes. This in
turn leads to a variety of issues as mentioned above. It is well-
known that cermet anodes are composite electrodes with
metal phase as an electronic conductor and ceramic (electrolyte
material) phase as an ionic conductor. As a consequence, elec-
trochemical reactions are confined at triple phase boundaries,
where metal and electrolyte material as well as gas phase meet
together.

To avoid intrinsic drawbacks of cermet anodes, mixed ionic
and electronic conductors (MIECs) of ABO; type simple perov-
skites have been studied as anode materials such as Lags-
Sr.25Cro sMn, 503 (LSCM)® and its derivatives,” where the A-site
is usually occupied by La, Sr, Y or their combination while the B-
site is occupied by the first row transition metals, e.g., Sc, Ti, V,
Cr, Mn, Fe. The MIEC anode materials of double perovskites
have also been investigated, including Sr,Mg; ,Mn,Mo0Og_s,*
and Sr,Fe; sMo0g 506_s.° The AA'B,Os5.5-type double perovskites
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have been widely studied as cathode materials for SOFCs,**"*
where the A-site is typically an element in the lanthanide series
Ln,e.g., Pr, Sm, Nd, and Gd, while the A'-site is either Ba or Sr, or
their combination. The B-site cation, to a large degree, is related
to catalytic activity of layered perovskite, and therefore is usually
selected from the first row transition metals. Recently, AA'B,-
Os.5-type double perovskites have also been studied as anode
materials, such as PrBaMn,Os,; and its derivatives.>™* It has
been experimentally confirmed that Fe-based AA'B,Os.stype
double perovskites, e.g., LnBaFe,0s.s (Ln = lanthanides), are
chemically and thermally stable in a reducing atmosphere at
high temperature of 1000 °C.** This result indicates that such
Fe-based double perovskites could be potentially used as anode
materials for SOFCs. However, their electrical conductivity and
catalytic activity are relatively low, further advancement is
needed to improve electrochemical kinetic properties while
maintaining their stability in reducing atmosphere at high
temperatures.

In this research, Tin doped PrBaFe,0s.s double perovskites,
i.e., PrBaFe_,)Sn,Os.; (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3) were
investigated as anode material for SOFCs. The materials were
synthesized using a combustion method. The crystal structures,
compositions, stability, electrical conductivity and electro-
chemical kinetic properties, as well as electrochemical perfor-
mance as anode material of SOFCs were systematically
characterized.

2. Results and discussion

The phase structures of LnBaFe,0s.; (Ln = La, Gd, Nd, Sm, Eu)
as widely reported were either tetragonal (space groups: P4/
mmm (123)), or much lower symmetric orthorhombic (Pmmm
(47)). The tetragonal crystal structures (P4/mmm (123)) of
LnBaFe,0s,s (Ln = La, Gd, Nd, Sm, Eu) have very similar XRD
patterns according to the Inorganic Crystal Structure Database
(ICSD). The substitution of lanthanide element Pr for La, Gd,
Nd, Sm or Eu at A site would not affect the crystal structure due
to their similar outer electronic structures, valences and ionic
radius. Fig. 1 shows the XRD patterns of the synthesized
PrBaFe;,_,Sn,Os,; (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3) powder
samples. The diffraction peaks of PrBaFe;_,Sn,Os.; (x = 0,
0.05, 0.1, 0.15) can be well indexed to the single phase of
tetragonal Barium Iron Praseodymium Oxide (PBFO), and are
identical to those of the tetragonal LaBaFe,Os 5 (JCPDS, no. 00-
057-0089). The diffraction peaks of PrBaFe(,_,Sn,Oss (x = 0.2,
0.3) can be indexed to the mixture of tetragonal and ortho-
rhombic PBFO. The diffraction peaks of orthorhombic PBFO are
similar to those of orthorhombic GdBaFe,Os o3 (JCPDS, no. 01-
072-6547).

The as-prepared PrBaFe(,_,Sn,Os.; (x = 0, 0.05, 0.1, 0.15,
0.2, 0.3) powder samples were heat-treated at 800 °C for 24 h in
areducing atmosphere, where the gas mixture H, : N, =1 : 9in
volume ratio was humidified. Fig. 2 shows the XRD patterns of
the powders after the reducing treatment. Compared to those
before the reducing treatment (Fig. 1), the XRD pattern of
PrBaFe(,_,Sn,Os,; (x = 0) shows no obvious change except that
the peak intensity of (006) decreased, indicating its good
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Fig. 1 The XRD patterns of as-prepared PrBaFe;_,Sn,Os,s (x = 0O,
0.05, 0.1, 0.15, 0.2, 0.3) powder samples calcinated at 1000 °C for 6 h
in air. Vertical axis are the standard peaks of tetragonal barium iron
praseodymium oxide.

+ I ~ Orthorhombic
v Tetragonal
: +
s+ v 4 4
?LL/+ ++ v =+ x=0.3
g
= —/\-\_LJ X:0.2
(220) Cubic
—~ (400) (422) (620)
Z (200) (222) (420) (440) x=0.15
g—’\—~ L—A—A_—_«s—k—-’\_—/‘_—.—
2 ) | x=0.1
|
x=0.05
1 1 ‘ Il L 1 L 1 1
5 (400) Tetragonal
ﬁi x=0
2 (440) (518)
Z (I8 620y | (800) (649)
! Lt Lo

0 30 w0 50 e 70 80
20 (degree)

Fig. 2 The XRD patterns of PrBaFe_,Sn,Os4s (x = 0, 0.05, 0.1, 0.15,

0.2, 0.3) after reducing treatment at 800 °C for 24 h in the humidified

gas mixture of hydrogen and nitrogen with H, : N, = 1:9 (volume

ratio). Vertical lines are the standard peaks of tetragonal (bottom) and

cubic (middle) barium iron praseodymium oxide respectively.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03143b

Open Access Article. Published on 25 April 2017. Downloaded on 3/15/2026 9:15:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

chemical and phase stability. Interestingly, the (006) diffraction
peak disappeared in the XRD patterns of PrBaFe(,_,Sn,Os.s (x
= 0.05, 0.1, 0.15) after reducing treatment, which can be well
indexed to the pure phase of cubic supercell PrBaFe,0s.; (space
group: Pm3m (221)). It is noteworthy that the diffraction peaks
of cubic supercell PrBaFe,0s,; are quite similar to those of
Lay sBag sFe0, o55 (space group: Pm3m (221), JCPDS, no. 01-080-
1054), however the lattice parameters of the former are two
times those of the latter. These observations imply a phase
transition of PrBaFe(,_,Sn,Os.s (x = 0.05, 0.1, 0.15) from the
tetragonal to the cubic during the reducing treatment. The
diffraction peaks of PrBaFe(,_,Sn,Os.s (x = 0.2, 0.3) are still the
mixture of tetragonal and orthorhombic PrBaFe,0s.s, showing
no obvious change before and after the reducing treatment.
The redox stability of PrBaFe;_,Sn,Os.; (x = 0.1) was
examined at 800 °C in a cycling atmosphere, where a reducing
(humidified 10% H, + 90% N,) and oxidizing (air) atmosphere
were changed alternatively with nitrogen as a purging gas in
between. In the long cycling treatment, both the reducing
period and oxidizing period were 24 h; while in the short cycling
treatment, the reducing period and oxidizing period were
30 min. Fig. 3a shows the XRD patterns of PrBaFe(,_,jSn,Os, (x
= 0.1) at different stages of one long cycling treatment. A phase
transition was observed from the tetragonal to cubic when the
as-prepared powder was treated in a reducing atmosphere for
a half cycle. The cubic phase was then changed back to the
tetragonal phase after oxidizing treatment for another half
cycle. Fig. 3b shows the XRD patterns of PrBaFe;, _,)Sn,Os.; (X =
0.1) before and after 10 short cycle treatment. Obviously, the as-
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Fig. 3 The XRD patterns of PrBaFe;_,SnsOs.s (x = 0.1) at different
stages of redox cycles at 800 °C. (a) Long redox cycle with a period of
48 h, the reducing atmosphere is humidified gas mixture of H, : N, =
1: 9involume ratio; (b) short cycles with the period of 1 h, the nitrogen
is used to purge system between adjacent half cycles.
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prepared PrBaFe(,_,)Sn,Os.; (x = 0.1) was the tetragonal phase;
after 10 cycling treatment, the structure of PrBaFe(,_Sn,Os.s (x
= 0.1) was still tetragonal, indicating excellent redox stability.

The chemical compositions (metal ion molar ratio) of as-
prepared PrBaFe; ,Sn,Os.; (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3)
were determined by Inductively Coupled Plasma-Optical Emis-
sion Spectrometer (ICP-OES) technique. As shown in Table S1,}
the resultant compositions and molar ratios of Pr/Ba, Fe/Ba and
Sn/Ba are very close to the nominal values even though a little
bit deviations of less than 2% exist. The energy dispersive X-ray
analysis (EDS) technique was further employed to examine
element distribution and doping uniformity of the powders,
including the as-synthesized PrBaFe;,_,)Sn,Os.; (x = 0, 0.1,
0.15, 0.3) and heat-treated powders at 800 °C for 24 h in the
humidified gas mixture of 10% H, + 90% N,. The results are
shown in Fig. S1-S3.f The peak intensity of Sn element
increased obviously with increasing the doping level of Sn
element (Fig. S11), however the peak intensity of other elements
did not show any observable change. For a given Sn doping
level, the EDS of the powders did not show any observable
changes before and after the reducing treatment. The SEM
images in Fig. S2 and S37 indicate that the particle size of the
powders decreases with increasing Sn doping levels. The cor-
responding EDS mappings show that the elements are
uniformly distributed, no element separation or aggregation
can be observed.

Since oxygen nonstoichiometry of powder samples usually
affects the density of charge carriers and conducting mecha-
nism in the bulk, the oxygen content (5 + ) in PrBaFe,_,)Sn,-
Os:s (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3) was determined using
iodometric titration technique. The iodometric measurements
were carried out at least three times for every single samples.
The titration results showing good repeatability were then
averaged for the determination of ¢ values. The oxygen content
in PrBaFe;,_,)Sn,Os,; cannot be obtained directly from iod-
ometry experiment. Further analysis is needed for this purpose.
It is assumed that trivalent and higher valence state of iron
cations (the average valence is denoted as F+) are reduced to
their divalent state ferrous ion, while trivalent and lower valence
state of tin element (the average valence is denoted as S+) are
oxidized to their tetravalent state tin cations according to the
following reactions (1) and (2):

(F-2)

Fe!™ + (F —=2)I” = Fe’™ + 3

I, (1)

(4

s + =9 _gnt 4 sy )

The average valence of the transition metal cations Fe™* and
5* can be determined from the quantity of the liberated
iodine, I3, which is measured by the titration of Na,S,0; with
the starch as an indicator using the following reactions (3)
and (4):

Sn’

L+1 =13 (3)
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12 + 2520327 = 217 + S4O627 (4)

The balance equation of Na,S,0; titration can be described
as,
(F -2) (4-5)

m
V1C7M><2>< (2—-x) x 7T XX (5)

where C (mol L™") and V; (L) are the molar concentration and
volume of Na,S,0; standard solution used for titration, m and
M are the mass (g) and molecular mass (g mol ') of
PrBaFe(, Sn,Oss (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3), and the
valences of Pr cation and oxide anion are assumed as 3+ and 2—,
respectively.

The valence balance of Pr**, Ba**, Fe™ and Sn®" cations and
0% anion in PrBaFe(;_,Sn,O5.; can be represented as,

3424+ Q2-x)x F+xxS=2x(5+0) (6)

Combining (5) with (6), gives,

nCeM

5=
2m

+x7% (7)

For the preparation of Na,S,0; standard solution, the
deionized water was boiled to remove dissolved air and kill
bacteria, then cooled down to room temperature. The deionized
water was then used to prepare the standard solution with the
concentrations of Na,S,0; ~0.1 N and Na,CO; 0.2 g L
respectively. The prepared Na,S,0; solution was sealed in
a brown glass flask, and placed in dark environment at room
temperature for about 10 days.

The actual concentration of Na,S,0; standard solution
needs to be calibrated by titration method, where the Na,S,0;
solution was used to titrate the solution mixture of K,Cr,0-, KI
and 6 N HCI in dark environment at room temperature for
about 10 min. The detailed reactions are described in (8) and

(9),
Cr,0%~ + 61" + 14H" = 2Cr*" + 31, + 7H,0 (8)
I, + 25,057 = 21" + S,04° 9)

Given the concentrations of K,Cr,0O- solution and KI solu-
tion, the actual concentration of Na,S,0; standard solution was
calculated from above calibrations. The measurement and
analysis results are shown in Fig. 4 and Table S2.1 The oxygen
content (5 + ) in the as-synthesized powder samples increased
with increasing the Sn doping levels in the range of 0 = x < 0.1,
and reached a peak value around x = 0.1. Beyond the Sn doping
level of 0.1, the oxygen content decreased with increasing the Sn
doping levels. Clearly, the oxygen contents are nonlinearly
correlated with Sn doping levels in the as-synthesized powder
samples. This nonlinear correlation could be resulted from the
complex valence state changes of Sn(v) < Sn(u) < Sn(i) and
Fe(vi) < Fe(iii) < Fe(u), and their competing interactions.
Reordering eqn (6), one can obtain,

26=(S—F)xx+2xF—5 (10)

22652 | RSC Adv., 2017, 7, 22649-22661

View Article Online

Paper
6.0 ——

As-prepared in Air
o
5.8 wﬂ
g
g
g
S 5.6 After reducing treatment in Hz
g
& Linear Fit
O 5.4+

0.0 0.3

1
x value

Fig. 4 The oxygen content (5 + 6) as a function of x value in
PrBaFe_,SnOs.5 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3) before and after
reducing treatment at 800 °C for 24 h in humidified gas mixture of 10%
Ho + 90% Na.

In the PrBaFe,0s.; sample where the Sn doping level is 0, the
calculated average valence state of Fe is F = 3.27. With a little
amount of Sn doping (e.g., x =< 0.1), the initial valence state of Sn
in PrBaFe;_,Sn,O;.; is close to 4, i.e., § = 4,and S — F> 0. As
a result, the oxygen content increases with increasing x value.
When a relatively large amount of Sn was doped into the B-site
of PrBaFe,0s,s (e.g:, x > 0.1), part of valence states of Sn in
PrBaFe(,_,Sn,O;,; was prone to decrease, resulting in a mixed
valence of Sn(u) and Sn(v). Accordingly, the average valence
state of Sn decreased. This could lead to the situations where S
— F = 0 oreven S — F< 0 and the fact that oxygen content in
PrBaFe(,_,Sn,Os,, decreased with increasing Sn doping levels,
i.e., x values.

Interestingly, the oxygen content is linearly correlated with
the Sn doping levels after the powder samples of PrBaFe(,_,y
Sn,Os.5 (x =0, 0.05, 0.1, 0.15, 0.2, 0.3) were reduced at 800 °C for
24 h in a humidified gas mixture of 10% H, + 90% N,. Simple
curve-fitting (Fig. 4) gives,

54 6=5.5818 —0.7786 x x (11)

Combining eqn (10) with (11), one can readily obtain that the
average valence state of Fe is F = 3.08, which is close to Fe(u),
while the average valence state of Sn is S = 1.53, implying the
coexistence of Sn(n) and Sn(i). These analysis indicate that the
oxygen loss in the reduced powders of PrBaFe(, ,Sn,Os,; (x =0,
0.05, 0.1, 0.15, 0.2, 0.3) was mainly induced by the valence state
decrease of Sn although Fe also brought a slight decrease in
valence state. Therefore, the B-site doping of Sn in PrBaFe,Os.s
is an effective way to introduce oxygen deficiency.

The crystal structures of PrBaSn,Fe, ,Os.; (x = 0.1) before
and after reducing treatment were further characterized using
TEM technique. Shown in Fig. 5a and b are the TEM image and
the corresponding fast Fourier transform (FFT) diffraction of
PrBaSn,Fe, ,Os.; (x = 0.1) sample respectively before reducing
treatment. As can be seen from Fig. 5a, the inter-planar
distances of (220) and (006) are about 0.40 and 0.32 nm
respectively. The diffraction spots of (220) and (006) along the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 HR-TEM images, fast Fourier transform (FFT) and schematic illustration of crystal structure of PrBaFe_,jSn,Os4s (x = 0.1). (@ and b) HR-
TEM image and corresponding FFT before reducing treatment; (c and d) HR-TEM image and corresponding FFT after reducing treatment; (e)

schematic representation of double perovskite PrBaFe,Os, .

[110] zone axis in Fig. 5b correspond to the 26 of 22.7 and 28.7
degree of XRD patterns in Fig. 1 respectively. These results agree
well with those of JCPDS, no. 00-057-0089, where the d(,0) =
0.395 nm and dos = 0.317 nm. The inter-planar distance of
(003) measured from Fig. 5a is 0.64 nm, approximately two
times that of d(yoe). The d(go3) = 0.64 nm is also approximately
1.6 times that of the lattice parameter ¢ = 0.394 nm in a simple
cubic perovskite Lag sBag sFe0, 055 (space group: Pm3m (221),
JCPDS, no. 01-080-1054). Combining these observations with
XRD patterns in Fig. 1, it tends to indicate that crystal structure
of PrBaSn,Fe, ,Os.s (x = 0.1) before reducing treatment is
tetragonal.

After reducing treatment, the TEM image and the corre-
sponding FFT of PrBaSn,Fe, ,Os.;(x =0.1) are shown in Fig. 5¢
and d respectively. The XRD patterns of PrBaSn,Fe, ,Os.; (x =
0.1) after reducing treatment (shown in Fig. 2) are quite similar
to those of simple cubic La, sBay 5FeO, 055 (Space group: Pm3m
(221), JCPDS, no. 01-080-1054). This simple observation indi-
cates that the crystal structure of PrBaSn,Fe, ,Os.s (x = 0.1)
could be cubic, which is different from tetragonal structure of
PrBaSn,Fe, ,Os.; (x = 0.1) before reducing treatment as
mentioned above. In fact, one can see that the characteristics of
diffraction spot (006) with 26 = 28.7° disappeared in both XRD
patterns (Fig. 2) and FFT diffraction (Fig. 5d), indicating that
a phase transition took place. Interestingly, the characteristic

This journal is © The Royal Society of Chemistry 2017

diffraction spot (001/2) of double perovskites with d(go1/2) =
0.79 nm appeared along the [010] zone axis as shown in Fig. 5d,
which is two times d(o1) = 0.394 nm in the simple cubic
perovskites. Since the Miller index (% k I) should be integers, the
minimum integer index (001) of double perovskites can be ob-
tained by doubling the (001/2). Accordingly, we have A* = 2h, k*
= 2k, I* = 2/, given the Miller index (% k [) of simple perovskite
and (h* k* [*) of double perovskite respectively. As observed
above, the lattice parameter of simple cubic La, sBay sFeO, 055
a = 0.394 nm while that of PrBaSn,Fe, ,Os.; (x = 0.1) after
reducing treatment a” = 0.79 nm. Accordingly, the inter-planar
distance d* of double perovskite is two times that of simple
perovskite, i.e., d* = 2d. Compared with a simple cubic perov-
skite Lay sBag sFeO, 055, the crystal structure of PrBaSn,Fe, ,-
Os.5 (x = 0.1) after reducing treatment is a supercell cubic
double perovskite. Fig. 5e shows a schematic illustration of
such a crystal structure. The BaO layer and PrO; 5 (6 =1 — 24')
layer are formed alternatively along the [001] direction (c axis
direction), resulting in [PrFeOs];/[BaFeOs]; super-lattice. In the
meantime, the cell parameter is doubled along the c-axis
compared with simple cubic LaysBag sFeO, 955. To retain the
cubic structure, the cell parameters are also doubled simulta-
neously along the a- and b-axis directions, forming the 2ap x
2ap x 2ap supercell lattice, here ap is the lattice parameter of
simple cubic perovskite LagsBagsFeO,055. The inter-planar

RSC Adv., 2017, 7, 22649-22661 | 22653
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distance d(po)* = 0.79 nm identified in Fig. 5c is either the
distance between two adjacent BaO and BaO layers, or PrO; g
and PrO,_y layers along the c-axis, while d(go2)* = 0.39 nm is
the distance between two adjacent BaO and PrO,_ layers along
the c-axis, d(gos)* = 0.20 nm is the distance between two adja-
cent BaO and FeO layers, or PrO; _y and FeO layers along the c-
axis. The inter-planar distances of d(5o0)* = 0.39 nm and d400)*
=~ 0.20 nm can also be observed along a-axis in Fig. 5c. In
addition, the inter-planar distance of d(40,)* = 0.18 nm can also
be identified in the FFT image of Fig. 5d. The plane (002), (004)
and (400), and (402) can be classified into {200}, {400}, and {420}
crystal plane family respectively in cubic crystal structure, which
are also observable in XRD patterns shown in Fig. 2.

The electrical conductivity of PrBaFe_,Sn,Os.s (x = 0, 0.1,
0.15, 0.3) was measured from 400 to 800 °C using four-probe
technique in different reducing atmospheres, including the
humidified hydrogen (~3% H,0) and humidified gas mixture of
hydrogen and nitrogen (H, : N, = 1 : 1). The electrical conduc-
tivity of the bulk was monitored on-line but not recorded until it
reached an equilibrium in a given operating condition. The
results are shown in Fig. 6. Obviously, the electrical conductivity
almost linearly increased with increasing operating tempera-
tures from 400 to 700 °C. Beyond 700 °C, the electrical
conductivity of bulk PrBaFe(,_,Sn,Os,; (x = 0.1, 0.15) dramat-
ically increased. The bulk demonstrated a little bit higher
electrical conductivities in the humidified hydrogen than those
in the humidified gas mixture of hydrogen and nitrogen,
exhibiting a N-type semiconductor characteristic. With
increasing the Sn doping level from 0 to 0.1, the electrical
conductivity increased a little bit. With further increasing the Sn
doping level from 0.1 to 0.3, the electrical conductivity
decreased.

T ture (°C
6cOr61pcra rc( )
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The maximum electrical conductivity of 63.6 S cm ' was
obtained at 800 °C in humidified hydrogen with the bulk
PrBaFe(,_,Sn,Os,; (x = 0.1). It is generally recognized that the
electrical conductivity of threshold requirement for anode
material is 1 S cm™ " in the electrolyte-supported SOFCs while 10
S em™! in the anode-supported SOFCs.** The electrical
conductivities of bulk PrBaFe;_,Sn,Os.s; (x = 0.1, 0.15) are
higher than 10 S em™" in both humidified H, and H, + N,
atmospheres above 750 °C, indicating that these materials are
potential anode materials for SOFCs.

As confirmed by iodometric measurement (Fig. 4), Sn(u) and
Sn(1) were formed and stabilized in PrBaFe;_,Sn,Os.; (x = 0-
0.3) in the strong reducing atmosphere of humidified hydrogen.
Low valence Sn(u) could act as a donor in an atmosphere of very
low oxygen partial pressures.’” In fact, the electronic structures
of Fe are [Ar] 3d® 4s> while those of Sn are [Kr] 4d"° 55> 5p?,
further confirming this understanding that Sn can act as elec-
tronic donor dopant for Fe-based perovskite. With a small Sn
doping level at B-site (0 < x < 0.1), the electronic concentration
would be increased, leading to the enhanced electrical
conductivity.

However, when a relatively large amount of Sn was doped
into the B-site (x = 0.15), more oxygen vacancies were created,
which was confirmed by above iodometric results. This in turn
led to the decreased electronic concentration and electrical
conductivity.

The electrical conductivity of bulk PrBaFe(, _Sn,Os.;s (x = 0,
0.1, 0.15, 0.3) is also shown in the form of Arrhenius plot in
Fig. 6. An excellent linear relationship can be observed in
different atmospheres below the operating temperature of
700 °C. The corresponding activation energy (Ea) is calculated
using Arrhenius equation, and the results are listed in Table 1.
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I —_100;
1 I W i
i I g 104
/-\5 : e : CZ, l
N 4 | Z 0.1,
D 1 ! 80.014
o I = 3
g 3 A @ | o glE-};
gl M V! ClE-4! , , ‘
S | 400 500 600 700 800
;\1 ] _ Temperature ("C)
O {x=0: B wetH; O wet H+N,
04 2 2
SOV 1x=0.1: @ et H; O wet H#N,
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Fig. 6 Arrhenius plots of ¢T versus 1000/T for PrBaFe_,Sn,Os,s (x =0, 0.1, 0.15, 0.3) bulks between 400 °C and 800 °C. Squares, cycles, down
triangles and diamonds represent Sn doping amounts of x = 0, 0.1, 0.15 and 0.3 respectively. Solid and hollow geometries represent
conductivities tested in wet H, and wet gas mixture of H, + N, respectively. Solid and dash lines represent corresponding linear fitting results in
wet H, and wet gas mixture of H, + N, respectively. The insert figure is the relationship between electrical conductivities (o) and operating

temperatures.
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Table 1 Activation energy (E,) calculated from temperature-dependent electrical conductivity using Arrhenius equation

Sn doping amount

x=20 x=0.1 x =0.15 x=0.3
Atmosphere H, H, + N, H, H, + N, H, H, + N, H, H, + N,
E, (eV): 400-700 °C 1.14 1.18 1.03 1.01 0.96 0.92 1.29 1.31
E, (eV): 750-800 °C — — 0.53 0.59 0.74 0.77 — —

As shown in Table 1, for a given Sn doping level, the activa-
tion energies (Ea) are very close to each other in the atmosphere
of humidified hydrogen and humidified gas mixture of
hydrogen and nitrogen. However, the Ea values strongly depend
on the Sn doping levels and obtained relatively low values with
the Sn doping levels of x = 0.1, 0.15. When the operating
temperature was beyond 750 °C, the activation energy was
significantly decreased, particularly for PrBaFe(,_,)Sn,Os.; with
Sn doping level of x = 0.1. These results indicate that the Sn
doping levels of x = 0.1, 0.15 are close to the optimal doping
amounts.

To further identify Sn doping effects on ionic conductivity
and surface exchange kinetics of bulk PrBaFe(,_Sn,Os.s (x = 0,
0.1, 0.15, 0.3), electrical conductivity relaxation (ECR) technique
was employed to determine bulk diffusivity and surface
exchange coefficient. Fig. 7 shows the relaxation history of
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Fig. 7 Normalized electrical conductivity relaxation behaviors of bulk
PrBaFep_,SnOs.s (x = 0, 0.1, 0.15 0.3) at 750 °C when the
surrounding atmosphere changes (a) from humidified H, to humidified
mixture of 50% H, + 50% N, (b) from humidified mixture of 50% H, +
50% N, to humidified H,.

This journal is © The Royal Society of Chemistry 2017

normalized electrical conductivity of bulk PrBaFe;,_Sn,Os.; (x
=0, 0.1, 0.15, 0.3) at 750 °C when the surrounding atmosphere
was switched between the humidified hydrogen and humidified
gas mixture of hydrogen and nitrogen (H, : N, =1 : 1 in volume
ratio). Obviously, the relaxation behaviors from the fastest to
the lowest are ordered with the Sn doping levels of x = 0.1, 0.15,
0.3, 0 in both reducing and oxidizing conditions. The corre-
sponding surface exchange coefficient and bulk diffusivity were
extracted from the ECR curves and are summarized in Table 2.
In the oxidizing condition, the surface exchange coefficient and
bulk diffusivity of PrBaFe(,_,jSn,Os,s (x = 0.1) reached 3.56 x
10 °ms " and 4.22 x 1077 m” s " respectively. With Sn doping
level increasing from 0.1 to 0.3 or decreasing from 0.1 to 0, both
the surface exchange coefficient and bulk diffusivity decreased
monotonically. In the reducing condition, the surface exchange
coefficient and bulk diffusivity demonstrated the similar trend.
It is also noticed that both the surface exchange coefficient and
bulk diffusivity in the reducing condition were much higher
than those in the oxidizing condition.

Since PrBaFe(,_,;Sn,Os.; (x = 0.1) demonstrated relatively
high surface exchange kinetics and bulk diffusivity at 750 °C, it
was further studied in a wide temperature range of 400-800 °C.
Fig. 8 shows the relaxation history of normalized electrical
conductivity of bulk PrBaFe; ,Sn,Os.; (x = 0.1) when the
surrounding atmosphere was switched between humidified
hydrogen and humidified gas mixture of hydrogen and
nitrogen. It is easy to see that the relaxation time monotonically
decreased with increasing operating temperature from 400 to
800 °C. Table 3 summarizes the surface exchange coefficient
and bulk diffusivity extracted from ECR curves in Fig. 8. The
surface exchange coefficient and bulk diffusivity reached 4.35 x
10" m s 'and 5.34 x 1077 m®> s~ respectively at 800 °C in the
oxidizing condition. These two parameters then monotonically
decreased with decreasing operating temperatures, and reached
5.9 x 107" ms 'and 3.72 x 10 '° m? s~ " respectively at 400 °C.
In the reducing condition, the surface exchange coefficient and
bulk diffusivity showed similar treads but higher than those in
the oxidizing condition, implying that it is easier for
PrBaFe(,_,Sn,Os.s (x = 0.1) to release oxygen to than intake
from the surrounding atmosphere.

Using the data in Table 3, the temperature-dependent bulk
diffusivity and surface exchange coefficient are also obtained
and represented in Fig. 9a and b respectively in the Arrhenius
format. The bulk diffusivity showed a good linear relationship
with the operating temperature in the temperature range of
500-800 °C. The surface exchange coefficient demonstrated an

RSC Adv., 2017, 7, 22649-22661 | 22655
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Table 2 Surface exchange coefficient (kex) and bulk diffusivity (Dcpem) Of PrBaFei_»SnOsys (x = 0, 0.1, 0.15, 0.3) extracted from ECR experi-

mental data at 750 °C

Sn doping amount

x=20 x=0.1 x = 0.15 x=0.3
Step change
Of OXygerl kex Dchem X Dchem kex Dchern kex Dchem
partial pressure (10 °ms™") (10 "m?’s™) (10 °ms ) (10 "m’s") (10 °ms") (10 "m’s) (10 °ms ) (10 "m’sh
H, — H, + N, 2.30 0.57 3.56 4.22 3.28 3.12 2.76 1.58
H,+N, > H, 298 3.14 4.42 6.04 3.32 5.52 3.18 4.27
1.0 0.22
K = (5.62 % 107) x exp| — —— (15)
3’0 8- Pa (a) kT
£ & x=01] i
2 o :
4 e i 0 . - .
gO 6 f .,a-"'f-- §, 400°C The chemical compatibility of PrBaFe;oSng ;05,5 with
e 0 .. . .
= oo w ¢ 500°C commonly used oxygen ionic conducting electrolyte materials
2044 ¥ e 0 . . .
R R e __.-"'. Oxidizi r 600 °C was studied, including LSGM (Lag g0Sro.20G20.80Mg0.2003—s),
< - xidizin, = oc . o ; .
021 !_.- & & 700°C SDC (Smy.20Ce.8001.9), and YSZ (8% yttria-stabilized zirconia).
z g-' F * 750 09 For this purpose, the mixture of PrBaFe;oSng;0s:; and an
0.0+ . : . : . S 809 C electrolyte material was calcinated at 1150 °C in air for 24 h. The
0 500 1000 0 3000 6000 XRD patterns of individual materials and the mixtures were
Times (s) Times (s) ) .
- o then examined. Fig. 10a shows the XRD patterns of PrBaFe; o-
1O, 3 Sny 10545, and LSGM, as well as their mixture before and after
-‘?() . ,' 01 ‘ (b) calcinating treatment. The diffraction peaks corresponded to
% ’ ' x. . 400°C either PrBaFe; ¢Sn, ;0545 or LSGM. No peaks corresponding to
§O,6— ,§ ..., B4 s00°C other phases appeared, indicating that PrBaFe; ¢Sng0s.s i
59 y‘i e, (3] 600 °C chemically compatible with LSGM. Fig. 10b shows the XRD
§0.4~ (X . i v 700 °C patterns of PrBaFe; ¢Sn, 10s.s, and SDC, as well as their mixture
X Reducing 3 o . .
g !%Qa, i\ - 750°C before and after calcinating treatment. Obviously, the diffrac-
e 0.24 !iiga‘ 13 800 °C tion peaks corresponded to either PrBaFe; 4Sn, ;O5.s or SDC. No
0.0 M L peaks corresponding to other phases appeared, indicating that
: O ‘ 50'0 ‘ 10'00 m PrBaFe; oSn, ;05,5 is also chemically compatible with SDC.

Times (s) Times (s)

Fig. 8 Normalized electrical conductivity relaxation behaviors of bulk
PrBaFep_,Sn,Os,s (x = 0.1) at 400-800 °C when the surrounding
atmosphere changes (a) from humidified H, to humidified mixture of
50% Hz + 50% Ny, (b) from humidified mixture of 50% H, + 50% N, to
humidified H,.

excellent linear relationship with the operating temperature in
the temperature range of 400-800 °C. Using the simple curve-
fitting technique, one can obtain Arrhenius equations for bulk
diffusivity and surface exchange coefficient, in particular for,
oxidizing process:

2
Doy = (6.71 x 107) x exp(f ?{—7(3) (12)
Kox = (1.15x 107%) x exp(f ?{‘—3;)) (13)
and reducing process:
1
Dy = (3.54 x 10°) x exp(f 2—?) (14)

22656 | RSC Adv., 2017, 7, 22649-22661

However, the XRD patterns shown in Fig. 10c indicated that the
new phases of BaZrO; and Pr,Zr,0, were generated after the
mixture of PrBaFe; ¢Sny 05,5 and YSZ was calcinated. This
result also agrees well with those in open literature.'***

The PrBaFe, ,Sn,,0s;; as anode material was evaluated
using a symmetrical cell with the configuration of
PrBaFe; ¢Sn, 10s.5|LSGM|PrBaFe; oSn, 105.5. The symmetrical
cell assembly was sealed in a tubular quartz chamber. The
humidified hydrogen with the flow rate of 50 mL min~* flew
through the chamber. The temperature of the chamber was
controlled by a high temperature furnace. The symmetrical cell
was first reduced at 850 °C for 2 h. The impedance spectra of the
reduced symmetrical cell were subsequently measured in the
temperature range of 700-850 °C. The results are shown in
Fig. 11a. For convenient comparison, the ohmic resistance was
graphically eliminated from the impedance spectra. The
difference between low frequency intercept and high frequency
intercept with real axis represents the overall polarization
resistance of the electrodes. The area specific resistance (ASR) of
individual electrode was then obtained by using the half of
overall polarization resistance multiplying effective area of
electrode. The ASR of the PrBaFe, ,Sn,,05,; anode obtained
from this analysis are 0.529, 0.285, 0.141 and 0.095 Q cm” at

This journal is © The Royal Society of Chemistry 2017
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Table 3 Surface exchange coefficient (keyx) and bulk diffusivity (Dchem) of PrBaFe_,SnOs.s (x = 0.1) extracted from ECR experimental data at 400-800 °C

This journal is © The Royal Society of Chemistry 2017

Operating temperature

500 °C 600 °C 700 °C 750 °C 800 °C

400 °C

Step change
of oxygen
partial

Dchem

kex

(10°ms™) (10 " m?>s™) (10°ms™) (10 "m?>s) (10°ms™Y) (10 "m?s ") (10°°ms™) (10 "m?s) (10°ms) (10 "m?s™!) (10°msY) (10 T m?sY)

Dc¢hem Dchem Dchem Dchem

Dchem

pressure

5.34
6.70

4.35
4.97

4.22
6.04

3.56
4.42

3.48
5.39

3.02
4.05

2.74
3.85

2.31
3.16

1.5

1.31
2.65

3.72
2.92

H, —» H, + N, 0.59
H, +N, — H, 1.08

3.58
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Fig. 9 Arrhenius plots of (a) bulk diffusivity Denem and (b) surface
exchange coefficient Kox of PrBaFe; ,SnOs,s (x = 0.1) when the
surrounding atmosphere changes from humidified H, to humidified
mixture of 50% H, + 50% N, (black), and from humidified mixture of
50% H, + 50% N, to humidified H, (red).

700, 750, 800 and 850 °C, respectively. Table 4 lists the ASR of
different anodes in open literature. Obviously the ASR of the
PrBaFe; oSn, ;05,5 anode prepared in this work is better than or
comparable to the best of ceramic anodes in open literature.

The PrBaFe; ¢Sny;0s:; as an anode material was further
evaluated using the LSGM electrolyte-supported single cell with
the configuration of PrBaFe, oSn, ;Os.5|LSGM|SDC|PrBaC0,0s.s,
where a SDC buffer layer was used to avoid chemical reactions
between LSGM and PrBaCo,Os.s. Fig. 12a shows the electro-
chemical performance of the cell when the humidified hydrogen
was used as the fuel and ambient air as the oxidant. The
maximum power density reached 203.9, 360.1. 532.4 and 631.7
mW cm™ > at 700, 750, 800 and 850 °C, respectively. The cross-
sectional view of the post-test electrode/electrolyte interface is
depicted in Fig. S5, T suggesting intimate contacts at the interface.

Since PrBaFe, ¢Sny ;05,5 can be used as both anode and
cathode materials for SOFCs, LSGM electrolyte-supported
symmetrical single cell was fabricated with PrBaFe; ¢Sng 1Os.s
as both anode and cathode. Compared with traditional SOFCs
where anode material is different from the cathode material,
symmetrical one has many advantages. For example, the fabri-
cation process for a symmetrical SOFC is simpler than the
conventional one, therefore reducing the cost of cell fabrication.
The symmetrical design may mitigate thermal stresses induced
by thermal mismatch among different layers especially the
interfaces between the neighboring layers, improving stability
and reliability for a long-term operation.>

RSC Adv., 2017, 7, 22649-22661 | 22657
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Fig. 10 The XRD patterns of PrBaFe; Sng 105,44 and its mixtures with
electrolyte material of (a) LSGM, (b) SDC, and (c) YSZ before and after
heat treatment at 1150 °C in air for 24 h.

In the above studies, the ASR of PrBaFe; oSn, ;05,4 electrode
was measured in a reducing atmosphere at different tempera-
tures. To evaluate PrBaFe; ,Sn,;0s.; as potential cathode
material, the ASR of PrBaFe; ,Sn,,0s:; electrode was deter-
mined using impedance spectra and symmetrical cell of
PrBaFe, oSn, ;05.5|LSGM |PrBaFe; oSn, ;05,5 in air at the
temperatures of 700-850 °C. The resulting ASRs of PrBaFe; o-
Sny 105, electrode were 0.030, 0.061, 0.108, and 0.205 Q cm? at
850 °C, 800, 750 and 700 °C, respectively (Fig. 11b). These
results are comparable to those of high performance cathode
materials reported in literature, such as SmBaCo0,0,s., (0.031 Q
cm? at 800 °C),*® PrBag 5Sry5C0,0s., (0.027 Q cm? at 800 °C).”
The electrochemical performance of the symmetrical cell
PrBaFe; oSn, 105.5|LSGM|PrBaFe; ¢Sng 1055 was then
measured using the humidified hydrogen as the fuel and
ambient air as the oxidant. As shown in Fig. 12b, the peak power

22658 | RSC Adv., 2017, 7, 22649-22661
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Fig. 11 Impedance spectra of symmetrical cells

PrBaFel'gsﬂo_105+é|LSGM|PrBaFelvgsﬂo_105+é measured in pure H2 (a)
and in air (b) at different temperatures.

Table 4 Comparisons of ASRs of the typical anode materials for SOFC
in literature with those of the PrBaFe; 9Sng 1Os..5 prepared in this work

Temperature ASR
Anode Electrolyte (°C) (Qcm?®) Ref.
Ni-YSZ YSZ 800 0.16 20
Lag 75T 25Clo sMng 505 YSZ 900 0.26 6
Sr,Fe; sM0o.506_s LSGM 850 0.21 9
Sr,MgMoOs_; LSGM 850 0.48 21
Sr,C04 1M0g 9065 LSGM 800 ~0.35 22
La,SrsTiy;;Mng 5 YSz 850 ~0.25 23
Gag.50;4_5/YSZ
Sr,FeMog ¢sNig3506_s  LSGM 850 0.106 24
800 0.163
750 0.290
PrBaFe, ¢Sng 1055 LSGM 850 0.095 This
800 0.141 work
750 0.285

densities of the PrBaFe;oSn,;0s.; symmetrical single cell
reached 889.6, 709.7, 558.5 and 387.2 mW cm ™2 at 850, 800, 750
and 700 °C, respectively. These results are also comparable to
other high performance symmetrical cell in literature,”® where
the (Pry.4)xSr0.6C00.2Fe ;Nby 3035 was used as electrode mate-
rial and the power density of 0.94 W cm™> was obtained at

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Voltage and power density versus current density plots for
single cell with configuration of PrBaFe; 9Sng 105, |LSGM|SDC|PBCO
(@) and PrBaFe; 9Sng 105.4|LSGM| PrBaFe; 9Sng 105,45 (b) with humidi-
fied hydrogen as fuel and static air as an oxidant.

850 °C with a 265 pm thick LSGM electrolyte. The SEM images
of the post-test cell indicate that the electrodes intimately
contacted with the electrolyte, no interfacial delamination was
observed (Fig. S67).

3. Experimental section

3.1. Material synthesis

The PrBaFe(, ,)Sn,Os.; (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3) powders
were synthesized using a combustion method. Specifically,
Pr(NO;)3;, Ba(NOj3),, Fe(NOs);-9H,0 and SnCl, were used as
metal precursors. Citric acid monohydrate was used as metal
ion complexing agent, and poly(vinyl alcohol) (PVA) was used as
the combustion fuel. Metal precursors in stoichiometric ratio
and citric acid monohydrate as well as PVA were dissolved in
deionized water under the condition of continuous heating and
magnetic stirring to form a clear dark-red solution. After heat-
ing and stirring for a few hours, the solution was converted into
a dark red-brown concentrated liquid, which was subsequently
heated up for combustion, resulting in porous black powders.
The black powders were then grinded and subsequently fired at
600 °C for 1 h to remove organic residues, and then calcined at
1000 °C for 6 h in air to obtain pure phase PrBaFe(,_,)Sn,Oss.
The heating and cooling rates were 3 °C min " for firing and
calcination. Layered PrBaCo,0s.s (PBCO) powder was synthe-
sized using Pechini process with PrgO;;, Ba(NOs),-9H,0 and
Co(NO3),-6H,0 as precursors, followed by calcinations at
950 °C in air for 5 h.

This journal is © The Royal Society of Chemistry 2017
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3.2. Characterization of phase stability

The synthesized powders of PrBaFe(,_,)Sn,Os,; (x = 0, 0.05, 0.1,
0.15, 0.2, 0.3) were heat-treated at 800 °C for 24 h in a reducing
atmosphere of humidified hydrogen-nitrogen mixture with
H,:N, = 1:9 in volume ratio. The X-ray diffraction (XRD)
patterns of the powders were examined before and after the
treatment.

The redox stability of PrBaFe_,Sn,Os.; (x = 0.1) powder
was examined at 800 °C in a cycling atmosphere, where the
humidified gas mixture (H, : N, =1 : 9 in volume ratio) and dry
air were switched alternatively. In the long cycling test, the
humidified gas mixture was supplied for 24 h followed by the
supply of dry air for 24 h. In the short cycling test, the humid-
ified gas mixture was supplied for 30 min followed by the supply
of dry air for 30 min. The nitrogen was used to purge the system
in between. The short cycling test was last for about 12 h. The
XRD patterns of the powders were obtained before and after the
cycling tests.

3.3. Characterizations of powder materials

The phase identification of powder materials was studied using
the powder XRD by Cu-Ka radiation (D/MAX-3C) with a scan-
ning rate of 5° min~" in the range of 10° < 26 < 90°. The micro-
morphology and composition of the powders were investigated
by thermal field-emission scanning electron microscopy (SEM,
Zeiss ultra-plus) equipped with energy dispersive X-ray analysis
(EDS). The high-resolution transmission electron microscopy
(HRTEM) (JEOL JEM-2100F) was used to study crystal structures
of the powder materials.

Chemical compositions (metal ratios) of the powders were
analyzed by Perkin-Elmer Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES). Praseodymium (Pr), barium
(Ba), iron (Fe) and tin (Sn) standard solutions used for ICP test
were purchased from Sigma Corporation. The solutions were
diluted with deionized water to obtain required concentrations,
which was used for calibrations. PrBaFe(,_,)Sn,Os.; (x = 0, 0.05,
0.1, 0.15, 0.2, 0.3) powders were dissolved completely into 6 N
(mol L' was abbreviated as N) hydrochloric acid (HCI) under
the condition of heating and continuing magnetic stirring,
which was subsequently diluted with deionized water to form
a transparent acidic solution with the pH = 1 for analysis.

3.4. Determination of oxygen content with iodometry

The oxygen content of the powders PrBaFe(,_,Sn,Os,s (x = 0,
0.05, 0.1, 0.15, 0.2, 0.3) was determined using iodine titration
technique at room temperature.® The 0.100 g of dry
PrBaFe(,_,Sn,Os.; powder and 1.000 g of potassium iodide (KI)
were weighed and placed in a 250 mL three-neck flask glass
vessel. A few drops of deionized water were then added into the
vessel. The air in the flask glass vessel and the system was
purged using dry N, with a flowing rate of 40 mL min~* for
30 min. Then, 30 mL HCIl with a concentration of 6 N was added
into the vessel, and the vessel was heated up and maintained at
~108 °C, the azeotropic point of 6 N HCI, under continuous
magnetic stirring until the powders were dissolved completely
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and a clear and transparent solution was formed in a dark
environment. The heating of the vessel was terminated and 30
mL deionized water was added to dilute the solution and cool
down the temperature. The solution was then titrated with
0.0337 N sodium thiosulfate (Na,S,0;) solution. Since the
reaction of iodine and starch leads to a characteristic color,
about 1 mL starch solution (1%, wt) was used as an indicator to
determine the titration endpoint. In the entire process, the
flowing N, was used to protect excess I, Na,S,0;3, and low
valence transition metal cations from oxidation.

3.5. Chemical compatibility of PrBaFe,; ¢Sn, 105.; with
electrolyte materials

The widely used electrolyte materials, LSGM (Lag g0ST0.20G20.s0"
Mg .2003_,) and SDC (Smy,oCeg g00;.0) Were purchased from
Fuel Cell Materials Corporation, and YSZ (8% yttria-stabilized
zirconia) was purchased from Tosoh Corporation.

The as-synthesized PrBaFe; oSn,;0s.s powder was mixed
with the electrolyte material with the weight ratio of 1: 1, and
grinded to form a powder mixture. The mixed powders were
then dry-pressed into bulks, which were subsequently calcined
at 1150 °C for 24 h in air. The calcinated bulks were then
grinded into fine powders. The XRD patterns of the fine
powders were examined and compared with those of the indi-
vidual materials.

3.6. Electrical conductivity and electrical conductivity
relaxation (ECR) measurements

The synthesized PrBaFe;,_,Sn,Os.; (x = 0, 0.1, 0.15, 0.3)
powders were mixed with a binder material of 1% (wt%) ethyl
cellulose, then isostatically cold-pressed into a rectangular bar
(40 x 8 x 2 mm) with a stainless steel mold at 600 MPa. The bar
was sintered at 1150 °C for 5 h in air, resulting in a relative
density over 97% as confirmed by Archimedes' method. Four
silver wires were attached onto the surface of sample bar at well-
aligned four different locations using silver paste (Heraeus
2807). The sample bar with silver wire assembly is sealed in an
alumina test chamber. The temperature of the chamber is
controlled by a high temperature tube furnace. The humidified
gas mixture of hydrogen and nitrogen was supplied to the test
chamber. The conductivity of the sample bar is automatically
recorded using a digital multimeter (Agilent 4284A) in combi-
nation with a computer system. To obtain gas mixture with
different oxygen partial pressures, two routes of gas supply
subsystems were employed. The humidified gas mixture of one
route is composed of 50% H, and 50% N,; while another route
is composed of 100% H,. In either route, the total flow rate of
the humidified gas was controlled at 100 mL min~*. The overall
electrical conductivity of the sample bar was monitored on-line
but not recorded until it reached an equilibrium at a given
operating temperature and gas atmosphere. For electrical
conductivity relaxation measurement, one of the gas mixtures
was supplied to the alumina chamber. After stabilization of
sample conductivity, the supplied gas mixture was instantly
switched to another one until it reached an equilibrium. The
relaxation history of sample conductivity was recorded during
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this process. The surface exchange coefficient and bulk diffu-
sivity were then extracted from electrical conductivity relaxation
data wusing an algorithm. The details were described
elsewhere.*®

3.7. Cell fabrication and electrochemical characterization

Electrolyte-supported button cells were employed to rapidly
evaluate PrBaFe; 4Sn, ;05,4 as electrode material. In literature,
both LSGM and YSZ were widely used as electrolyte materials for
this purpose (see examples in Table 4). Since electrolytes have
little effect on ASRs of the concerned material, here we use
LSGM as a model electrolyte material for the button cell fabri-
cations. The LSGM powders were mixed with the binder of
polyvinyl butyral (1% wt). The mixed powders were isostatically
cold-pressed at 600 MPa to form an electrolyte substrate with
a diameter of ~10 mm. The green electrolyte substrate was then
sintered at 1470 °C for 5 h in air to form a dense electrolyte. The
surface of sintered LSGM electrolyte substrate was mechanically
polished using sand-papers, and subsequently washed by
anhydrous ethanol in an ultrasonic cleaner. The resulting
thickness of LSGM electrolyte substrates was about 300 um. The
fine electrode material (PrBaFe;¢Sng,0s:5, PrBaCo,Os.s)
powders (40% wt) were grinded with ethyl-cellulose and o-
terpineol (6% wt and 54% wt, respectively, Alfa Aesar, USA) to
form electrode inks. The electrode inks were then screen-
printed onto either side of dense LSGM electrolyte substrate.
After drying and aging, the electrode-electrolyte assembly was
fired at 1100 °C in air for 1 h to form a symmetrical cell
PrBaFe, ¢Sn; 105.5/LSGM/PrBaFe; oSng 10s5:5. A single cell
PrBaFe; oSny 105:5/LSGM/SDC/PrBaCo,05,; was fabricated
using the similar process, where a buffer layer of SDC was
embedded between LSGM and PrBaCo,Os,; to avoid chemical
reactions. The SDC buffer layer was first screen-printed onto the
LSGM electrolyte and then sintered at 1400 °C for 2 h in air,
followed by screen-printing PrBaCo,Os.; layer and sintering at
1000 °C for 3 h in air. The resulting effective area of electrodes
was about 0.5 cm?, and the thickness of electrodes was about 25
pm. The electrochemical impedance spectra (EIS) of the
symmetrical cell PrBaFe; oSn,0s.s/LSGM/PrBaFe; oSng 10s.s
were obtained in both air and pure hydrogen from 700 to 850 °C
under open circuit voltage conditions. The Solatron 1260
frequency response analyzer in combination with a Solartron
1287 potentiostat was used for EIS measurement with a voltage
perturbation of 10 mV over the sweeping frequency range from
0.01 Hz to 10° Hz. Single cells were tested from 700 to 850 °C
with the humidified hydrogen (~3% H,O) as a fuel and the
static air as an oxidant. The flow rate of fuel was controlled at 50
mL min~ " using a precision flow meter (APEX). The voltage-
current curves and EIS were obtained using the Solatron elec-
trochemical workstation.

4. Conclusion

Sn doped PrBaFe,0s.; double perovskites PrBaFe(;_)SnyOs.s (x
=0, 0.05, 0.1, 0.15, 0.2, 0.3) were successfully synthesized using
a combustion method. The as-synthesized PrBaFe(_Sn,Os;;

This journal is © The Royal Society of Chemistry 2017
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exhibited different crystal structures depending on Sn doping
levels. The materials also demonstrated excellent stability in
both reducing and redox atmospheres at elevated temperatures.
The transitions between tetragonal and cubic phases were also
observed for PrBaFe(, ,Sn,Os.; (x = 0.05, 0.1, 0.15) after redox
treatment. The oxygen content in the as-prepared PrBaFe(,_,y
Sn,Os.,; was nonlinearly correlated to the Sn doping level and
reached maximum values at x = 0.1, 0.15. After reducing
treatment, the oxygen content linearly decreased with
increasing Sn doping levels. The electrical conductivity of
PrBaFe(;_,Sn,Os.s (x = 0, 0.1, 0.15, 0.3) exhibited an N-type
semiconducting characteristics, and almost linearly increased
with increasing operating temperatures from 400 to 700 °C, but
dramatically increased beyond 700 °C for Sn doping levels of x =
0.1, 0.15. The maximum electrical conductivity of 63.6 S em™"
was obtained at 800 °C in humidified hydrogen with the bulk
PrBaFe(,_,jSn,Os,; (x = 0.1). The surface exchange coefficient
and bulk diffusivity of PrBaFe(,_,Sn,O5.; with Sn doping level
of x = 0.1 reached the maximum values, and decreased mono-
tonically with both decreasing and increasing Sn doping levels.
Both the surface exchange coefficient and bulk diffusivity in the
reducing condition were much higher than those in the
oxidizing condition. The surface exchange coefficient and bulk
diffusivity of PrBaFe;_,Sn,Os,; (x = 0.1) decreased with
decreasing operating temperatures. The activation energies of
bulk diffusivity and surface exchange coefficient of
PrBaFe(,_,Sn,Os.s (x = 0.1) in oxidizing condition are higher
than those in reducing condition. The PrBaFe(;_,Sn,Os.s (x =
0.1) also demonstrated chemical compatibility with electrolyte
materials of LSGM and SDC. The ASRs of both PrBaFe; ¢Sn ;-
Os.s anode and cathode electrode prepared in this work were
comparable to those of ceramic anode and high performance
cathode respectively in open literature. The peak power densi-
ties of LSGM electrolyte-supported symmetrical cell with
PrBaFe; oSn, ;05,5 electrodes were also comparable to those of
high performance symmetrical cells in open literature.
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