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Stability of SrZrg9Ybo.103_, protonic conductor in
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The stability of the SrZrygYbg 103_, protonic conductor in an atmosphere containing
nitrogen oxides (NOy) was investigated. When a fine powder of SrZrg9Ybg 105_, with a
specific surface area of about 50 m?/g was annealed at 440 °C in He gas containing 8% O,
and 0.1% NO, the formation of Sr(NO3), was observed by IR measurement,
ion-chromatography analysis and ICP analysis. The formation mechanism of Sr(NO3), was
examined by considering the thermodynamic equilibrium. Based on the results of the
thermodynamic calculation, H,O dissolved into SrZrg9Ybg 105_, was estimated to play an
important role in the reaction for the formation of Sr(NQO3), between SrZrygYbg 103_, and
NO,. © 2000 Kluwer Academic Publishers

1. Introduction is stable when the C{£xoncentration is less than 15%,
SrCe.95Ybg 0503_«, BaCegGdy,03_, and SrZpg however, it is decomposed into barium carbonate and
Ybo103_, (a: mole fraction of oxide ion vacancies) fluorite-type cerium gadolinium oxide in an atmosphere
with the perovskite-type structure have oxide ion vacan<ontaining more than 18% GQ@t a temperature higher
cies, and HO can be dissolved into the crystal structurethan 500°C. Scholtenet al. have studied the reac-

according to Equation 1, tion of protonic conductors based on SrGeBaCeQ,
SrZrO; and BaZrQ with CO, by calculating the ther-
H,O + VG = 2H + O} (1) modynamic equilibrium [21, 22]. Kreuer has summa-

rized the stability of protonic conductors in an atmo-
sphere containing C£or H,O [23], and mentioned the

where \g is the oxide ion vacancy, Hs the proton relation between the thermodynamic stability and con-
and @ is the oxide ion at the normal lattice site [1, 2]. - . y y
ductivity of protonic conductors [24].

H,O dissolved in the perovskite structure forms protons In this paper, the chemical stability of Stz
combined with oxide ions at the normal lattice sites bbe o i?] a% a,tmos here containin Néas inves-
an OH bond [3]. This proton can migrate around semi-; ot~ 3-¢ P 9

stable positions near the oxide ion by the hopping contigated. Fine SrZjoYbo 103, powder with a specific

2 -
duction mechanism [4] and shows high protonic mo_surface.area of about 50°g was prepared, and an
bility (5 x 105 (cr? s+ V1)) around 700C [5] nealed in an atmosphere containing N@nd then the

These materials have been widely studied forreaction products were analyzed. Moreover, the stabil-
their applications to hydrogen sensors [6-10], SOFCg[y of SrZr0; was examined by calculating the ther-

[11-15] and gas reactors [16—18] by utilizing theirpro_modynamlc equilibrium, and the reaction mechanism

tonic conduction. On the other hand, we constructed petween SrZfs¥Do105 and NG was estimated us-

steam electrolysis cell using this protonic conductor ad9 these calculations.

an electrolyte and proposed a new method of NO reduc-

tion using the electrolysis cell [19]. This method allows

harmful nitrogen oxides in the exhaust gases from com2. Experimental procedure

bustion engines to be reduced using hydrogen produce8rCQO; powder (Rare Metallic Co., Ltd., 4N), ZrO

by the electrolysis of steam that is also contained in thgpowder (Rare Metallic Co., Ltd., 4N) and ¥O3;

exhaust gases [19]. powder (Kojundo Chemical Lab. Co., Ltd., 4N) were
The study on the chemical stability of these protonicused as the starting materials for the synthesis of the

conductors is necessary for the application of these de5rZr gYbg103-, powder. These powders were well

vices. Taniguchet al. have examined the stability of mixed in the desired proportion of SiZgYbo 103 by

the protonic conductor, BageGdy 203_,, inan atmo-  ball-milling for 3 days. The mixed powder was then

sphere containing CQusing TG and XRD measure- calcined in air at 1350C for 10 hours. By XRD mea-

ments [20]. They have reported that Ba@8dy 203, surement, it was revealed that the calcined powder
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had an orthorhombic perovskite-type structure, i.e.3. Result and discussion

SrZrp9Ybo 103, and no additional phases were de-3.1. Annealing in the atmosphere

tected. The specific surface area of the powder was  containing NO and O,

about 3 m/g. Fine SrZsgYbo 103, powder with a  Fig. 2 shows XRD pattern of sample (c). The XRD

specific surface area of about 5¢/mwas then ob- pattern showed only the peaks of Sramdith the or-

tained by ball-milling the calcined powder for 7 days. thorhombic perovskite-type structure.

The ground powder was also SgdiYbg 103, single Fig. 3showsthe IR profiles of samples (a), (b) and (c).

phase. The absorption peaks for @Owere detected around
The annealing of SrgkYbg 103, was carriedoutat 850 cntt and 1470 cm? in all samples. These show

440°C in He gas containing 8% £and 0.1% NO. The the possibility that the fine SrggYbg10s_, powder

annealing temperature and the concentration,ofi@  reacted with CQ@in air. The absorption peak for NO

NO corresponded to those of the exhaust gases from awas detected around 1380 chfor samples (b) and (c)

tomobile engines operated under lean-burn conditionsvhich were annealed at 44Q in He gas containing NO

of which the ratio of air to fuel was about 20. and Q. Itshows the possibility that NDwas formed by
Fig. 1 shows the schematic diagram of the annealthe reaction of the SrggYbo103_, powder with NO

ing experiment for the fine SrgsYbo103 , pow- and Q, because the intensity of the N@absorption

der. Sample (a) was the fine Sg4l¥by10s_, pow-  peak of sample (c), which was annealed for 36 hours, is

der annealed at 80@ in air for 3 hours. Sample (b) stronger than that of sample (b) annealed for 4.5 hours.

was the fine SrzrgYbo 103, powder heated from Table | shows the concentrations of ions dissolved

room temperature to 44€ in He gas, and annealed in water for samples (a) and (c). The amount ot'Sr

at 440°C in He gas containing 8% £and 0.1% NO and NQ; ions dissolved from sample (c) are very large

for 4.5 hours, and then cooled from 44D to room

temperature in He gas. Sample (c) was obtained by

the same process as sample (b) except that the ar 1000

nealing time was 36 hours. In order to prevent the i g
absorption of NQ between room temperature and 800 F 3 =)
440°C, pure He gas was used during the heating an(m e S 8
cooling. U N < g

Samples (a), (b) and (c) were analyzed by XRD and > 600r % =

FT-IR measurements to investigate the reaction durg &

ing annealing. Furthermore, 150 mg of sample (a) oru 400 b 2 §
(c) was added to 20 ml of the ultrapure water andH N S e
stirred for 30 minutes, and then the dissolved ions g g8 ga S
were analyzed. The negative and positive ions were 200 ? =t =t
determined by ion-chromatography and ICP analysis 3 %% %;

respectively.

0 £ 3
15 20 25 30 35 40 45 50 55 60 65

260 (deg)(CuKa)

Figure 2 XRD pattern of sample (c) annealed in He containing 8% O

. and 0.1% NO at 440C for 36 hrs.
Fine SrZr; 4Yb, ;05 , powder

Cooling in air
— Sample (a) 3
lPure He gas flow at room temperature for lhr | §
]Heating to 440°C in pure He gas flow | é
Charllging pure He gas to He gas containing é
8% O, and 0.1% NO —
T &
440°C in l[-[e gas flow containing 440°C in !I-[e gas flow containing
8% O, and 0.1% NO for 4.5hrs 8% Oy and 0.1% NO for 36hrs
| Changinlg to pure He gas flow | | Changinlg to pure He gas ﬂowl
|440°C in pure He gas flow for 1hr | | 440°C in pure He gas flow for 1hr| 200.0. — 1500 1000 500
Wavenumber (cm™)
Sample (b) Sample {(c)

Figure 3 IR profiles of samples (a), (b) and (c); (a) is annealed in air at
Figure 1 The experimental procedure of annealing $8&fbo103_« 800°C for 3 hrs, (b) is annealed in 8%@nd 0.1% NO at 440C for
in air and in He containing 8% £and 0.1% NO. 4.5 hrs, and (c) is annealed in 8% &nd 0.1% NO at 440C for 36 hrs.
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TABLE 1 Concentrations of ions dissolved in water from samples 1
PIeS AGP(T) (I mol™)

(a) and (c)
_ ° 1y _ -1 -1
Sample (@) Sample (¢) = AH(T)mol) - T x AS(T) K =mol™)

lon (mol I71) (mol I71) >~ A Hro(298. 15) (J mol—l)

4 5 4 . —1
e 10 Siiee  —TxAS(20815) 0K Mmol
Zrit 8.77 x 107 <1.19x 1077 ~
NO; 49 x 10-7 11y x 105 ~ _15985x 10° +18125x T (5)
NO; 4.85 x 1077 379x 1074

When reaction (2) is in an equilibrium state, the differ-
ence in the chemical potential of the left and right sides

TABLE Il The list of the standard molar enthalpy and entropy of of Equatlon 2 is zero.

formations.
AG(T) = psrcos~+ mzro2 — Usrzro3— tcoz =0
Compound AH¢ (kImor?) AS @K Imoll) . S B 5
= Msrcost Hzio2 — Isizioz — Kco2

CO; (gas) 39351 213.63
Hs (gas) 0.0 130.575 + RTIn(asrco®zro2/asrzro3)
H,0 (gas) —241.818 188.716
NO (gas) 90.25 210.65 — RTInacoz
NO (gas) 33.18 239.95 = AG/(T) = RTInPco2=0 6
0, (gas) 0.0 205.03 /(T) coz (6)
Srco; (solid) -1220.1 97.1 .
SI(NOy); (solid) _978.02 194.56 The activities of SrZr@, Sr(NQG;), and ZrQ should be
SrZr0; (solid) —1767.30 115.10 unity, because they are solid phases.
ZrO; (solid) —1100.56 50.38

asrcoBzroz/asizroz = 1 (7)

The activity of CQ can be expressed by the partial
compared with that from sample (a). This means thabressure 0¥C@ Q P y P

the product during the annealing of Sg4¥bp103_

is considered to be Sr(Ng. aco2 = Peos @)

. . Equation 9 is derived from Equations 5-8.
3.2. Thermodynamic equilibrium

calculation _ Log Pcop = 9.47 — 8.35x 10°/T 9)
The formation reaction of Sr(N§), described above

was estimated by calculating the thermodynamic equiFig_ 4 shows the relation between L&gop and 17T
librium. The thermodynamic parameters listed ingceording to Equation 9. This result is in good agree-
Table Il were used for the calculation. The parameters,ant with that obtained by Scholtent al. [21] or by

for SrZrQ; instead of for SrZf9Ybo 103, were used,  kreyer [23]. SICQ and ZrQ are thermodynamically
because there was no references for the thermodynamigape in the upper right region of the line indicated by

data for SrZ§9Ybo10za. Equation 9, SrZr@and CQ are stable in the bottom
3.2.1. Reaction of SrZrO; with CO, T (C)
Calculation for the formation reaction of GOwas at- 700 600 500 400 300
tempted first. By considering the equilibrium of Equa- o T T T
tion 2, the partial pressure of GQPcoy) in an equilib- 0k N Scholten et al. [21] i
rium state can be calculated. —~ o (1993)
g W, Kreuer [23] ]
SrZrG; + CO, = SICG; + ZrO, 2 = gt \/ (1997) i
. S This work \
The changeinenthalpyHS°), entropy A §)andstan- & N SrCO. . 7O
dard Gibbs energyAGy) of formation of SrCQ and ::o 2k N 3 2
ZrO, from SrZrQ; and CQ are calculated as follows. 3
SrZr0,
AH?(29815) (kJ mot™Y) =3r air .
= —12201-110056+ 176730439351 [ N . ]
4t i
= —15985 (3) LN
AS(29815) (JKtmol-1) 1 1.2 1.4 1.6 1.8
= 97.1+5038— 11510 — 21363 1000/T (K™)
= —-18125 (4)  Figure 4 Stability of SrzrQ in atmosphere containing GO
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left. Because the partial pressure of £@air is about The same calculation as described above can be ap-
10-3°, the mixture of SrC@and ZrQ is more ther-  plied for reactions (11) and (13), and Equations 12 and
modynamically stable than the mixture of Srzrénd 14 were derived, respectively.

CO, at temperatures lower than 370. The existence

of COZ~ shown in Fig. 3 indicates the formation of SrZrOs +2NO+3/20; = Si(NGs)2 + Zr0z - (11)
SrCG; by the reaction of fine SrggYbg103_, pow- Log Pvo = —3/4 Log Poy + 15.65
derwith CQ in air before and after the NGannealing.

This reaction rate might depend on the characteris- ~1285x 10°/T (12)
tics of the samples. The specific surface area of thesrzrO; 4+ 2NO, + 1/20, = Sr(NG3), + ZrO, (13)
SrZrh9Ybo103_, powder used in this study is about

50 nf/g so that the reaction rate with G@night be Log Pnoz = —1/4 Log Poz +11.83
comparatively fast. However, it was postulated that the —9.87x10°/T (14)
reaction rate of the sintered Sg4lYbg 103_, With CO,

mightbe slow, therefore, it can be used as the electrolytgqyations 15 and 16 are then derived from Equations 12
of a steam electrolysis cell. and 14 when the concentration of @ the gas is 8%.

Log Pyo = 1647 —1285x 10°/T  (15)
3.2.2. Reaction of SrZrO; with NO,
The formation reaction of NDcan be dealt with using Log Phoz = 1210-9.87x 10/ T (16)

the same method described above. )
When NO is mixed with @, NO, must be produced The dependence & andPyo2 on the temperature is

according to Equation 10. plotted in Figs 6 and 7 according to (12) and (15), and

1/20, + NO = NO, (10) T (C)
700 600 500 400 300
Fig. 5 shows the existence ratio of N@ the sum of ! N \r N !
NO and NQ calculated by the equilibrium constantat ~ O 2w SHNOL), . Z o_
a constant pressure in He containing 8%a#dd 0.1%  § | Ture e gy DT S5
NO. When this gas is in an equilibrium state at 4¢0 = _;L NP 2R J
the concentrations of NO and N@re calculated to be S '
0.016% and 0.084%, respectively. In this experiment, QO*D
however, the gas used for annealing is not thought to S —2r S17:0 7
be in the equilibrium state, therefore, we dealt with the ’
two reactions between SrZg@nd NO, and between ey ©\ )
SrZrO; and NGQ. The experimental conditions were
assumed such that the concentrations of NO and NO [ experimental condition",
are less than 0.1%, respectively. 4} . -
An oxygen source must be necessary for the forma- L . . . ' MR ANER
tion of Sr(NGs), by the reaction of SrZr@with NO 1 1.2 1.4 1.6 1.8
or NOo. 1
) . o 1000 K
First, G in the gas used for annealing is assumed as /T (K5
the oxygen source. Figure 6 Stability of SrZrQ in atmosphere containing NO an.O
T(C)
1 700 600 500 400 300
| AN T |
o N\
E = f~>\m° )
= £ IRy, SN0y, , 200,
Q N %%
Z. ~ -1} O\ N -
X S R
S osf ool
> S 2T -
o -
Z 3k SrZ104 ® B
! experimental condition A
0 A ) . P 1 . 1 A —4r 7]
0 200 400 600 800 1000 L . . . L . Lo
Temperature (C ) 1 1.2 1.4 1.6 1.8
1000/T (K™)
Figure 5 Phase diagram of NONO system in a gas containing 8% O
and 0.1% NO. (NGr 1/2 O, =NOy). Figure 7 Stability of SrZrG in atmosphere containing N&nd G.
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(14) and (16), respectively. In Figs 6 and 7, Sr@}O Temperature ( C )
and ZrQ are thermodynamically stable in the upper

right region and SrZr@is stable in the bottom left. 4 1000 500
The experimental conditions used in this study are lo 10 L 3
cated in the bottom left region of Figs 6 and 7. This [ H,0+Vo =2.H +00"
shows that SrZr@is more stable, and that Sr(NRR —_ 103 - -
can not be formed by reactions (11) and (13) unde< E Ks = [H+ ]Z/P 20 [ Vo]
these experimental conditions. § X 3 H20
Another possibility for the oxygen source for the for- = 102 3 =
mation of Sr(NQ). is the oxygen in HO dissolved into '3
SrzrQ; (Equation 1). This reaction may be written as & o
Equations 17 and 18. 'g o0 3
N
Srzr0z + 2NO+ 6H' + 303 I oL Uchida et al. [2]
. v 107E (1989)
2 Sr(NGs)2 + ZrO2 + 3V +3H,  (17) F 3
SrZrO; + 2NO; + 2H + OF 10—1 s -
= Sr(NGs)2 + ZrO2 + Vo + Ha (18) ; ;
2
H, gas produced by reactions (17) and (18) may reac 10 05 1.0 15
fast with G in the gas phase, and then, they are con : ’ :
sidered to reach fast the equilibrium state expressed t 1000/ T ( K )
Equation 19.
H, + 1/202 = H,0 (gas) (19) Figure 8 Equilibrium constant K for SrCe g5Ybp,0503_ -
Therefore, the total reactions are written as Equa- Log Pnoz = 1/2 Log Puzo — 1/4 Log Poy

tions 20 and 21.
+11.84—957x 10°/T (24)

SrZrO; + 2NO+ 6H + 305 +3/20,
y WhenPg,=0.08 is inserted into Equations 23 and 24,
= Sr(NGy)2 + ZrOz + 3V + 3H20 (gas)  (20)  gquations 25 and 26 are obtained.
SrZr0; + 2NO; + 2H + OF + 1/20;,

" Log Pno = 3/2 Log P 16.51
= Sr(NG)2 + ZrO; 4 Vg + H20 (gas) (21) g Pno = 3/2 Log Przo +

—11.96x 10°/T (25)
Uchidaet al.have reported the equilibrium constaty Log Pyoz = 1/2 Log Przo + 12.11
of reaction (1) for the dissolution reaction of@ into
SrCe.95Yb0.0503_¢ [2]. —957x10°/T (26)
K
H,0 (gasH Vg = 2H + 04 (1) Equations 25 and 26 are shown in Figs 9 and 10.

Their resultis shown in Fig. 8. Based on the assumptior] € concentration of 0 as an impurity in gases
that K3 was expressed by the straight line (the broken .
line in Fig. 8) in the temperature range of 600-8Q00 T(C)

Equation 22 is obtained. 700 600 500 400 300
for SrZrgYbo10s_,. The difference between the

T T T | T
O |- .
[ Sr(NO3)2 N Zr02 T
-1
equilibrium constants for Sr@esYbg 0503_, and for

SrZrp9Ybo 103, is thought to be small, because they -3
are protonic conductors and have the perovskite-typ:
structure containing the Srion. 4 ' .

Finally, Equations 23 and 24 are obtained for reac- ICXPerlmenfal Condltl\on .
ions (2 21 ively. ' — ‘
tions (20) and (21), respectively 1 12 14 16 18
LOg Pno = 3/2 LOg Pr2o — 3/4 LOg Po> 1000/T (K_l)

+15.69— 11.96 x 103/T (23)  Figure 9 Stability of SrZrQ; in atmosphere containing NO and 8%.0

Log;oKs = 0.0252+ 0.594 x 103/ T(K)  (22)

This K3 value for SrCggsYbg 0503, instead of for
SrZrpoYbo 103 is employed for the calculation of
the standard Gibbs energnG;) for Equations 20
and 21, because there is no referencesKervalue

Log Pyo (atm)

1
wn
=
N
Fy
@]

™
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T(C) By inserting Po,=0.08 into Equations 29 and 30,
700 600 500 400 300 Equations 31 and 32 are obtained.
NN SIS N T T
—~ oF NNV N NN _ Log Pno = 1/2 Log Pco2 4+ 11.74
= \ \ \ \ \ \
= PP RPN —868x 10°/T (31)
~ ?OQQOQ?OQ?OQQOQQOQ St(NO,), , ZrO
s -lr NN 325 502 Log Pyo2 = 1/2 Log Pcoo + 7.36
Z g \ {P \ ( \\
Q;D \\\ \\ \\ \\ \\ \\\ — 570 X 103/T (32)
5 2 NONON N NN -
NN NN N ] Equations 31 and 32 are shown in Figs 11 and 12.
\ \ \ \ \ \ . . . .
b szo OV N, i The concentration of COas an impurity in the
: N \ NN gases used in this experiment is less than 2 ppm, i.e.,
NN : Pcoz< 2 x 1078, therefore, the experimental condi-
4} . NN NN N tions belong to the region in which Sr(NRR is stable.
.eXpe,nmenfal COI,]dmor.l ARG In the case of reaction (2), SrG@annot exist at

1 1.2 1.4 1.6 1.8 temperatures higher than 610 as shown in Fig. 4. As

1000/T (K1)

Figure 10 Stability of SrZrQ in atmosphere containing NOand
8% Op.

described in 3.2.1, SrCQs considered to be formed
at a temperature lower than 370 during cooling in

T(C)
used in this experiment was less than 2 ppm, i.e. 700_600__ 500 4(1)0 3?0
P20 < 2 x 1078, therefore, the experimental condi- ok \\\\\'\ ]
tions fall into the upper right region of Figs 9 and 10 in E e
which Sr(NQ); is stable. = v’\\,g \\,9 \\,9 \f S22y,
These calculations reveal that the stable region 0w 1k PeOOvOODy SHNOS),
SrZrQ; spreads out wherPyyo is higher. This is 2
because the dissolution of,B into SrZrQ; proceeds oy
and the amount of oxygen taking part in the formation 3 —-2r T
of Sr(NQGs), decreases with increasiriy.o.
In the above calculation, the thermodynamic param: 3t SrCO, i
eters for SrZrQ instead of for SrZg9Ybg 103_, have
been used. However, the difference between these p
rameters for SrZr@and for SrZpgYbg 103, iS con- -4 experimental condition ]
sidered to be very small. Therefore;®ldissolved into ! . ! ! ) |
SrZrp9Ybg103_, is considered to be involved in the 1 1.2 1.4 1.6 1.8
formation reaction of Sr(N¢), during the annealing 1000/T (K™)
of SrZrp9Ybp 103, in the atmosphere containing NO
and Q. Figure 11 Stability of SrCQ in atmosphere containing NO and 8%.0
. . T (C)
3.2.3. Reaction of SrCO5; with NOy
One of the formation mechanisms of Sr(R®is con- N 7?\0 6?0 5?0 4?0 3(,)0
sidered to be the reaction of Srg@ith NO or NGO, 0 | . \\ \\ N N i
where SrCQ is the product of the reaction of SrZgO E NN
with CO, as described in 3.2.1. This reaction may bef/ N. \\\\ N \\ N
written as Equations 27 and 28. < -1k ™~ NUUNLUN NN Si(NO),
2 1o % B 3 K %
SrCQG; + 2NO+ 3/20, = Sr(NG;), + CO,  (27) 0, °Y za\f 105;10;‘]03;]0;‘ 0\,\ . i
SrCQG; + 2NO, + 1/20, = Sr(NQGs)2 + CO,  (28) 3 ‘\\‘\\\\ N \\\\ S
sb o sco, S e NN
Equations 29 and 30 are derived for reactions (27) an ’ NANONON Y O
(28). h N A \\‘\‘\ NN
-4} experimental condition \\‘\,\\\\\—
I " ! i " L L

LOg PNO = 1/2 LOg Pcoz — 3/4 LOg Poz
+10.92—-8.68x 10°/T (29)
LOg PNOZ = 1/2 LOg Pcoz — 1/4 LOg P02

1 1.2

1.4 1.6 1.8
1000/T (K™)

Figure 12 Stability of SrCQ in atmosphere containing NOand
+7.09—-570x 1C®/T (30) 8%O0,.
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the first annealing in air or at room temperature beforeReferences
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