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Synthesis and properties of copper and samarium
doped yttria-bismuth oxide powders
and membranes

Y. ZENG, Y. S. LIN
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Powders of Bi15Y¢5-,Cu,O3_5 (BYC) and Bi; 5Y03Sm 203 in the fluorite phase structure were
prepared by the citrate method. The chemical reactions involved in the synthesis of these
powders were proposed and verified experimentally. Dense BYC and BYS membranes
were prepared from the powders by the press and sintering method. The optimum
conditions for powder preparation as well as for membrane fabrication were determined in
this study with the aid of various characterization methods. The BYC and BYS membranes
were gas-tight to helium. These doped bismuth-yttrium (BY) oxide membranes show
similar ionic conductivity but much higher oxygen permeability (electronic conductivity) as
compared to the undoped BY membrane. © 2001 Kluwer Academic Publishers

1. Introduction 2. Experimental
Fluorite structured bismuth oxidé-8i,03) has been The citrate (Pecchini) method [10] was used to prepare
known as a good ionic conductor attemperatures highgoowders of solid solution of BsY ¢5-yCuy,Os (abbre-
than 750C. However, due to its low melting point viated asBYC) and BisYq5-ySm O3 (with y=0.2
(~810°C) and electronic conductivity, it is not feasible only, abbreviated aBYS). Preliminary work showed
to utilize pure ByO3; as an oxygen permeable mem- that it was difficult to obtain single phase, fluorite-
brane for high temperature applications. Research eftructured solid solution of BYS and BYC witharger
forts were reported to stabilizephase BiOs to lower  than 0.2. Therefore, the study was focused on BYS and
temperatures (500-700) by doping certain amount BYC with highest possible Cu or Sm concentration.
(20—35 mol%) of appropriate metal oxide, such as yttriaBYC in three compositionsy(=0.2, 0.1, 0.05), ab-
and erbia[1, 2]. Although such attempt was later provedreviated as BYC20, BYC10 and BYC5 respectively,
unsuccessful [3], yttria or erbia doped:Bi; could find ~ were prepared in order to investigate the effects of
applications at higher temperatures since their meltdopant concentration on preparation of this group of
ing points are about 20C higher than that of pure materials.
Bi,Os. In synthesis of the powders, stoichiometric amounts
Recently we found that the yttria doped bismuth ox-of the corresponding metal nitrates, i.e., Bi()y&
ide (BY) in the fluorite structure has excellent catalytic 5H,O (99%, Fisher), Y(N@)3-6H,O (99.5%, Alpha)
properties for oxidative coupling of methane (OCM) and Cu(NQ)3-2.5H,O (98%, Fisher) or Sm(N§)s-
[4, 5]. The results show possibility of using this ma- 6H,O (99.9%, Alpha), were fully dissolved in a dilute
terial as membrane in a membrane reactor to substamitric acid solution (10 vol% of concentrated HNO
tially improve the selectivity and yield for the important followed by addition of citric acid (99%, Fisher). A
OCM reaction [6]. Two problems that need to be solvedtransparent solution was obtained and subsequently
before BY can be used in the membrane reactor foheated while stirring to temperature about 90110
OCM. First, BY is not stable under highly reducing and After the system was kept isothermally with reflux and
reactive environment, such as methane. The chemicatirring for a certain amount of time, water was removed
stability of BY should be improved. Second, due to itsfrom the system by evaporation until a sticky gel-like
low electronic conductivity, dense BY membrane hassolid was formed. It should be noted that the above ex-
relatively low oxygen permeation flux [7]. Therefore, periment must be conducted in a fume hood due to the
it is important to increase its electronic conductivity emission of hazardous chemicals.
in order to achieve higher oxygen permeability. It was The above-mentioned gel was dried in air overnight.
shown that doping Sp®3; and CuO into BY could im-  The dried polymeric gel was accurately weighed in or-
prove respectively the chemical stability and electronicder to study the chemical reactions occurred during the
conductivity of BY ceramic [8, 9]. The present paper polymerization and condensation periods. It was then
is focused on citrate synthesis and properties ofGm placed in a box furnace which had been pre-heated to
and CuO doped BY powders and membranes. 400°C. A thermal couple was attached to the sample
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to monitor the instantaneous temperature change insid® o o o

the sample. Self-ignition of the sample took place when o i don Moy, —>  HNOs
it reached a certain temperature. The weight change
during this period was studied by using a high temper-

0=C-OH

ature microbalance (Cahn 1000). After self-ignition, N EZH ll)o |
this powder was further calcined at 600-760for a A NV T L NG
certain period of time to obtain a yellowish (for BYS) T R

or gray to black (for BYC) powder, which is referred O=c-oH
to as green powder in this study.

The above-mentioned green powders were packec
in a stainless steel mold (26.5 mm in diameter) and®
uniaxially pressed into the disk shape by imposing a
hydraulic pressure, ranging from 20 to 160 MPa. The
densities of the green disks were calculated from their
weights and dimensions (accuraey0.05 mm). The
green disks were sintered at 825-110Gor 1-60 h | |
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with a heating/cooling rate of&/min. 6 0uco o o 9 /M\
The bulk densities of the final BYC and BYS disks e o0 € CHiCClyC-0
were obtained by using the same method applied for M/O [ 0=CO __
the green disks while their real (or skeleton) densities ~~ . +HO TN T
were measured by the Archemedes method using D P | |
water as the immersion liquid. Phase structure and the A" 79702 9 X

crystallinity of the samples obtained in each step af- — > 7 To-c-a-e-aico
ter the self-ignition process were investigated by the 0-C0 —-
X-ray d!ffI’aCtIOI’] measu_rement (Sl_emens Kristalloflex Figure 1 Polymerization reactions in the initial stage (A) and water re-
D500 diffractometer, with Culradiation). The theo-  moval stage (B) of the citrate process (M represents metal ions, such as
retical densities of the samples were calculated from theismuth, yttrium, copper or samarium).
d-spacing values in their XRD patterns. The grain size
(micro-structure) of the samples formed in each step of ] ) ] o

Gas tightness of the membrane disks was tested p§ght blue (for BYC) or white (for BYS). This phe-
helium permeation in a permeation system at room temd0menon strongly suggests that reactions occurred be-
perature using vacuum grease as sealant. Oxygen pdWeen the previously forme_d polymgrlc mo_IecuIes via
meation through these membranes was measured in the OH and HOC-condensation, forming a big chuck of
same permeation system at temperatures higher th&0ss-linked, gel-like polymer. The removal of water
650°C, using a homemade Bds-based sealant [11]. ©Out of the system had also favored these reactions. At
The electrical conductivities of the membrane disksthe time when nearly all the water was evaporated, a

were obtained with the four point DC conductivity mea- Prownish gas bubbled out of the sticky gel, resulting in
surement method [12]. a large expansion in the solid volume. The solid thus

became very porous. This is caused by the decomposi-
tion of nitric acid in the system into N O The overall

3. Results and discussion reaction during this period is represented by reaction
3.1. Material synthesis chemistry shown in Fig. 1B.
In the citrate method polymerization reactions between The above-mentioned gel-like material was dried in
citric acid and metal ions were taking place during theair. The theoretic weight of this dried sample was also
first isothermal reflux period, as suggested by Lessealculated from reactions shown in Fig. 1 by knowing
ing [13]. Otherwise, metal citrates would be formed andthe initial amount of the precursors, i.e., metal nitrates
precipitated out of the solution since they are insolubleand citric acid, and assuming that all the -COOH and
in water. In the present experiments, no sedimentatiorRCOH groups in citric acid were ether chelated with
was observed and the solution was transparent duringnetal ions or self-condensed to generate water. The real
the whole period of the synthesis experiment when thesample weight was close to the theoretical one within
conditions were properly controlled. It is generally be- +4%. This further verifies that the above polymeriza-
lieved that the metal ions are chelated with citric acidtion and condensation reaction indeed took place during
through -OH and -COOH groups and served as théhe citrate process.
bridges between the citric acid molecules to form poly- Fig. 2 shows the bulk temperature in BYC sample as
meric molecules. Direct polymerization between cit-a function of time during the self-ignition period. With
ric acid molecules could also take place. Such formedhe oven temperature at 400, the sample tempera-
polymers are soluble in water since they contain a conture increased quickly from room temperature to about
siderable amount of hydrophilic groups, such as: -OHLOO’C due to the large temperature difference between
and -COOH. These polymerization reactions can be ilthe sample and oven. After that, the increase in the
lustrated by reaction shown in Fig. 1A. sample temperature became slower as the temperature

During water removing period, the above mentioneddifference became smaller. However, when the sample
system became more and more sticky and viscougemperature reached about 260it suddenlyincreased
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Figure 2 Sample temperature as a function of time during self-ignition

period Figure 4 BYC20 sample weight as a function of time during self-

ignition period.

to more than 40CC at very fast rate. This indicates that aog revealed by XRD measurement, the major phase
self-ignition reactions started and generated a consithf the metal oxides formed after the self-ignition pe-
erable amount of heat. After sample temperature waggg wasa-Bi,03 phase with mino$-Bi,03 phase. No
higherthan 42€C, itincreased at a much lower rate and phases of CuO, Sy, Y,03 or Cu and Sm metals,
eventually leveled off at 550-58C. The whole period  \yere observed in the XRD patterns. This indicates that
lasted for 30-50 min, as indicated by the temperaturene solid solutions of BiO; phases doped with Y and
and sample appearance. This primarily depended onthey or Sm ions were formed after self-ignition.

sample amount and the rate of oxygen transport from The sample weight change during the self-ignition
the gas phase to the ignition reaction. The charred sanyeriod was studied by an experiment carried out in the
ple was so loose that its volume was about 4 times thatahn electronic microbalance. The results for a BYC
of the original dried gel. Its color ranged from light sample are illustrated in Fig. 4. After atidlg dried gel
green to black as the copper content increased. Sim{yas mounted in the sample pan of the balance, the sys-
lar temperature change was also found for BYS sampl@am was heated up to 40D at a very fast rate. As shown

during its s.elf-.ignition pe_:riqd as shOWﬂ ih Fig. 3. in Fig. 4, sample weight decreased exponentially with
The self-ignition reaction is relatively simple and can tjme and eventually reached a constant value after about
be described by the following reaction: 30-40 min. The sample maintained 45% of its original

weight. This is very close to the theoretical value which
was calculated with the assumption that the dried gel
had a molecular structure given in Fig. 1B and the ma-
jority of carbon and metal atoms in the gel respectively
600 became C@and metal oxides after self-ignition. After

Polymeric Geh- O, — a-Biz—xM; O3
+8-Bi2,XM;Og 4+ C+CO; 1 +H01

N calcination at 600-80 for 3 h, the carbon remained
in the charred powder was removed by combustion re-
500 — action and all the:-phase BiO3 was completely trans-
- ferred toé-phase as confirmed by the XRD analysis.
S a0l The chemical and phase-structural change of the sam-
g . ple can be described as:
=
£ 300 — a-Biz_xM/ O3 + §-Biz_xM} O3 + C + O,
g " — 8-Bip_xM03+ CO; ¢
v 200 - ~--- Oven
=
¢ Sample Bulk
100 |- 3.2. Optimum synthesis conditions
Since hydrolysis of Bi(N@)z and Y(NG;)3 was found
to take place in water, dilute nitric acid was used to
0 ! ‘ ‘ ‘ J ‘ dissolve metal nitrates to avoid the formation of the

0 10 20 30

Time, min Bi(OH)3; and Y(OH} precipitates. The minimum con-

centration was found to be 10 vol% of concentrated
Figure 3 BYS sample temperature as a function of time during self- NItrC aC|d_- To ma!(e' 0-031 r_nOI of BYC, at |ea5t_400 ml
ignition period. of such diluted nitric acid is requied to fully dissolve
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the corresponding amount of metal nitrates and citric
acid. The molar amount of the citric acid was 1.5 times
that of the total metal ions in order to ensure that all
the metal ions are chelated into the polymer structure
The optimum temperature for polymerization period
was found to be 90-12C. For temperature lower than
80°C, metal citrates were formed and precipitated from
the solution, resulting in a white, unclear suspension
In this case, polymerization reactions would not take
place. It took at ledas3 h for polymerization reactions
to be finished.

The solvent was removed by drying the gel at 100-
110°C overnight. The dried gel showed continuous
fibers with irregular pores in between. It was not nec-
essary to grind the dried sample into powder before
self-ignition, since it had a very porous structure good
for transport of oxygen and self-ignition. Although the
polymer sample started to be pyrolyzed at Z5@&s
observed in Figs 2 and 3, it was not combusted with
glow and flame until 350C. Therefore, in order to ful-
fill a fast and uniform self-ignition without pyrolysis,
oven was pre-heated to 400. The ignition time was
selected as 1 h. It was noted that a fast supply of air intc
the system was very important.

The powders after self-ignition contained particle ag-
gregates (BYS or BYC solid solution) and some fibers
in relatively larger size (carbon residuals). The parti-
cles inside the aggregates were smaller than.®rl
The charred sample was ground into powder with an
agate mortar and peddle. The powder was then calcine
at 600-800C for 3 h, during which the carbon resid-
ual was decomposed and thighase was formed. The
green powders after calcination consisted of aggregat
with sizes of 3—&«m. The aggregates were porous and
contained particles smaller than Q. It was found
that the calcined powder had worse sinterability when
higher temperature and longer time were used in the cal
cination due to the formation of larger grains and parti-
cles. The best calcination temperatures were C50r
BYC samples and 80C for BYS sample.

@D
Green Density (glcm3)

The green powders were packed into a stainless steglyure 6 Effect of pressing pressure on the densities of BYC green disk.

mold and pressed into disk shape with hydraulic pres-

¢

ty (g/cm”)

nsi

Green De

sure. Figs 5 and 6 show the effect of pressing pressure on

the densities of BYC and BYS green disks. The density
of both sample increased exponentially with increasing
pressure and leveled off at about 100 MPa. As showr
in Fig. 7, the effect of pressing pressure on the density
of sintered disk followed a similar trend as that for the
density of green disk. Therefore, the optimum pressin
pressure was selected as 100 MPa for both samples.
is worthy to mention here that BYC powders were gen-
erally more difficult to be pressed into an integral disk
than BYS powder. It was also found that addition of
appropriate amount of water into both green powders
would improve the pressing performance, on both den-
sity and integrity of disks. The amount of water added
was 10-20 wt% of dried green powder.

Beside pressing pressure, sintering temperature an
time have significant effects on the properties of the
final disks. It was found that the sintering tempera-
ture played a more important role than the sintering

Disk Density (:g7cm3)

time. The sintering temperatures for the BYC disks Withrigure 7 Efect of pressing pressure on the densities of sintered BYC20

4.0
35—
3.0
() -BYC5

25~ [ | -BYCI10

i /N -BYC20

O

2‘0 1 L | L l L l L | 1 ‘ i l L |

0 20 40 60 80 100 120 140 16

4.0

Pressure, MPa

Figure 5 Effectof pressing pressure onthe densities of BY C green disks.
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different compositions were selected to be 2030 membrane disks.
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lower than their melting points to avoid possible sam-erable amount ofk-Bi,O3 phase and carbon residual.
ple melting and partial segregation of CuO from theFor BYS thea-Bi,O3; phase transformed #-Bi,O3
solid solution. Therefore, the sintering temperature forphase at higher temperature (about &0)) as com-
BYC20, BYC10 and BYC5 were respectively 825, 875 pared to BYC. For this reason and also because of
and 900C and that for BYS was 105@. The sintering its higher melting point, BYS disk was sintered at a
time was selected as 48 h for all samples to ensure higher temperature (1050) than BYC disk. As shown
complete sintering. in Fig. 9, the sintered BYS disk also has the perfect flu-
orite structure.

For BYC disks, both real and theoretical densities

3.3. Material and membrane properties were found to decrease with increasing copper content.

Fig. 8 presents the XRD patterns of BYC10 powderA_t_the optimum _preparation conditions the relative den-
and final disk. As shown, the major phase in the greer$itieS of BYC disks were larger than 95%. For exam-
powder was-Bi,O3 phase while the final sintered disk ple, the real a_md theoretical densities of a BYC10 disk
was in a perfeci-phase structure with relatively larger WEre respectively 7.76 and 8.17 gferfior BYS mem-
grain size as indicated by its sharp peaks. Fig. 9 show@raneé made of green powder calcined at &for 3 h,
the XRD patterns of a BYS sample. The green powdepressed with 120 MPa and sintered at 1@5€r 48 h,

of BYS sintered at 60CC for 3 h contained a consid- 'tS real and theoretical densities were respectively 8.02
and 8.10 g/crhy i.e., with a relative density of 99%.

Gas permeation tests showed that helium was im-
permeable through the membrane disks at tempera-

tures ranging from the room temperature to 85for
Green powder calcined at 600°C for 3 BYC) or 1000°C (for BYS), indicating a complete
hours gas-tightness for both membranes. Oxygen permeation
flux through BYC and BYS membranes were mea-
sured at 650-85C with an oxygen partial pressure
> gradientof 0.21 atm and%10~* — 1 x 10~3 atm [11].
'E For 2 mm thick BYC10 and BYS membranes, the
£ oxygen flux is respectively.6 x 10~° and 75 x 10~°
= mol/cn?.s at 800C. The oxygen permeability of BYC
fed Disk sintered at 900°C for 48 hours and_ BYS memb_ranes is a_lbout 5to 10 times that of
yttria- or erbia-bismuth oxide membrane without be-
ing doped with copper or samarium [7, 11]. Since for
the oxygen ionic conductor the oxygen permeability is
determined by the electron-conductivity [11], this im-
JL A provement in oxygen permeability indicates that dop-
| : ‘ : i : : ‘ | [ ing copper or samarium has substantially improved the
20 30 40 50 60 7 electronic conductivity of the bismuth oxide based ce-
ramics.
2-Theta Electric (oxygen ionic) conductivity of BYC and
Figure 8 XRD patterns of BYC10 green powder and final disk. BYS membranes was measured by the four point DC
1.00 —
Green powder calcined 3 A
at 600°C for 3 hours ] % ]  20% Oxygen
: @ O 50% Oxygen
@ A 100% Oxygen
yg
0.10 = E
™
'E A A A A A A A g q @
[ 9 4
E 7] | B
Disk sintered at 1050°C 0.01 — w
for 48 hours T
] =]
A A A 0.00 T T T T é
T ‘ ! ‘ | ' T 0.8 1.0 12 1.4 L6
20 30 40 50 60 7 1000/T, K1
2-Theta
Figure 10 Electric conductivity of BYC20 membrane as function of
Figure 9 XRD patterns of BYS green powder and final disk. temperature.
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TABLE | Comparison of conductivities of different BD3-based materials

Ea (kJ/mol) Conductivity (S/cm)
Material low temp. high temp. 50C 600C 700C Ref.
BYC20 100.2 66.9 D5x 1072 5.82x 1072 0.154 this work
BYS 98.3 66.6 N1x 102 6.79x 1072 0.197 this work
Bi15Y 0503 103.3 63.7 2x102 N/A 0.16 [1]
BiogY01Nbg 1015 121.7 95.6 Ux1072 5.7 x 1072 0.19 [14]

TABLE Il Conduction activation energy for BYC20 sample

Poz (atm) 0.2 0.5 1
Ea (<600°C) 100.2 95.3 88.1
Ea (>600°C) 66.9 76.1 86.1
1.00 —
] BYS in air atmosphere
0.10 =
g i
S~
m 4
0.01
0.00 ‘ i , . I
0.8 1.0 1.2 1.4 1
1000/T, K-1

Figure 11 Electric conductivity of BYS membrane as function of
temperature.

method in the temperature range of 400—¥DORe-

sure has some, but small effect on the conductivity of
BYC oxide. Table Il lists the activation energy for elec-
tric (oxygen ionic) conduction in the BYC sample in
these two temperature ranges at different oxygen par-
tial pressures. It is interesting to note that the transition
in the activation energy becomes less obvious at higher
oxygen partial pressure, as shown in Table II.

4. Summary

Optimum conditions were identified for synthesis of
powders of BisYos5-yCuyOsz (y<0.2) (BYC) and
Bi15Y03Smy 203 (BYS) in the fluorite structure. The
powder synthesis process involved polymerization and
chelating reactions resulting in uniform mixing of dif-
ferent metal ions in the atomic scale. Solid solution
is formed right after the self-ignition step. Gas-tight
dense BYC and BYS membranes with relative density
respectively higher than 95% and 99% were prepared
from the powder prepared by the citrate method. BYC
and BYS membranes have oxygen permeability about
five- to ten-fold that of BY membranes.
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