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Composite membranes based on Ni and Zr-doped BaCeOs are promising for hydrogen separation. Such
composites show high proton conductivity and adequate chemical stability in H,O and CO,, but may
be unstable in H,S. In this work, the hydrogen permeation performance of Ni-BaZrg;Ceo7Y0203_5 was
measured in an H,S-containing atmosphere at 900 °C. The hydrogen permeation flux began to degrade in
60 ppm H,S and decreased by about 45% in 300 ppm H,S. After hydrogen permeation tests, X-ray diffrac-
tion analysis revealed the formation of BaS, doped CeO,, Ni3S; and Ce,0,S. Analysis of the microstructure
and phase composition, and results of thermodynamic calculations suggest that reaction between H,S
and doped BaCeOs caused the performance loss of the Ni-BaZrg;Ce7Y0203_s.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

With the stress of global climate change and the development
of fuel cells, hydrogen is expected to be a clean fuel which can
substitute for oil-based fuels in the future [1]. The high cost of
hydrogen production is a choke point in the process of its com-
mercialization as a fuel. The use of membrane technology for the
separation of hydrogen from gases generated by reforming or gasifi-
cation of fossil fuels and biomass is promising as a low-energy-cost
process. As these gas mixtures usually contain H,0, CO, and H,S,
the membranes must be chemically stable in such atmospheres.
Dense cermets (ceramic-metal composite) composed of nickel
and high-temperature proton conductors such as doped barium
cerate (BaCeO3) have been developed as cost-effective materials
for hydrogen separation membranes [2]. Ni-BaZrg1Ceg7Y0205_s
(Ni-BZCY) shows rather high performance and adequate stabil-
ity in H,O and CO, at 900°C [3,4], but there have been few
investigations of its stability and performance in the more acidic
H,S.

Some researchers have studied the chemical stability of BaCeO3
in H,S. Tomita et al. [5] found that the impedance spectra of BaCeO3
were unaffected in 0-10 ppm H,S at 800°C. After studying the
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chemical stability of BaCeg g5_xZrxYp1503_5 (x=0,0.3,0.5 and 0.85)
in 5000 ppm H,S at intermediate temperatures (450-700°C), Li et
al.[6] found that BaZrg g5Y01503_5 (BZY) was stable in H,S, whereas
BaCe( g5Y01503_5 (BCY) reacted with H,S, forming BaS and doped
CeO,. Although BZY has adequate stability, its proton conductivity
is about one order of magnitude lower than that of BCY [7], and this
is too low for high-drain applications such as fuel cells or hydro-
gen separation. In addition, H,S may poison Ni-based cermets by
sulfur adsorption on the Ni surface [8-10] or by the formation of
nickel sulfides (mainly Ni3S,). Sasaki et al. [9] found that 5 ppm
H,S caused a significant decrease in the performance of a fuel cell
based on a Ni-YSZ anode at 800 and 1000 °C. Zha et al. [10] showed
that the poisoning effect became worse at lower temperatures and
attributed the poisoning to sulfur adsorption on the Ni surface,
which was favored at lower temperatures. Generally, H,S may dete-
riorate the performance of Ni-BZCY by interaction between H,S,
BZCY and Ni. Unfortunately, crude natural gas, coal gas and bio-
gas usually contain high levels of H,S [6], and thus desulfurization
is necessary. For the selection of a cost-effective desulfurization
process, it is essential to determine the tolerance of Ni-BZCY to
H,S.

In the work described here, we investigated the hydrogen per-
meation flux and chemical stability of Ni-BZCY in the presence of
H,S concentrations between 30 and 300 ppm at 900 °C. The mech-
anism of poisoning was also studied in order to find possible means
to improve the tolerance of Ni-BZCY to H,S.
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Fig. 1. Experimental arrangement for hydrogen permeation flux measurement: (1)
water bath, (2) thermocouple, (3) furnace, (4) sample, (5) glass sealant, (6) alumina
tube.

2. Experimental

BZCY powder was prepared via a solid-state reaction method.
Appropriate amounts of BaCO3 (AR), ZrO, (AR), CeO, (AR) and
Y>03 (AR) were mixed and ball-milled in alcohol for 24 h. The
mixture was then dried and calcined at 950, 1200 and 1400°C
for 10 h with intermittent grinding in an agate mortar. After the
presence of a single perovskite phase had been confirmed by
use of X-ray diffraction (XRD) patterns, the powder was mixed
with Ni powder (>99.5%) in a volume ratio of 70:30. The pow-
der obtained was ball-milled in alcohol for 24 h, dried, ground
and then pressed uniaxially to obtain pellets with a diameter of
15 mm. The green pellets were cold isostatically pressed at 300 MPa,
and then sintered at 1430°C for 10h in 4% H, balanced with
N,. The densities of the pellets obtained were measured by the
Archimedes method in mercury, and were ~93% of the theoretical
density.

The hydrogen permeation flux was measured in a home-built
apparatus, shown in Fig. 1. The sintered pellets were polished with
120-, 240- and 600-grit SiC paper in order to make sure that both
sides were flat and parallel. The thicknesses of all pellets were about
0.5 mm. Samples were sealed to an alumina tube with a glass ring
sealant at 1000 °C for 90 min, after which the temperature was kept
at900°C. Three samples (labeled 1, 2 and 3) were employed to study
the performance and chemical stability for different concentrations
of H,S. Sample 1 was tested in 30 and 60 ppm H,S, sample 2 was
tested in 80 and 100 ppm H,S, and sample 3 was tested in 120 and
300 ppm H,S. After the hydrogen permeation flux had stabilized
at a low H;S level, the H,S was removed. When the hydrogen per-
meation flux had stabilized again, H,S was introduced at a higher
level.

The feed gas was obtained by mixing 40 ml min—! pure H, which
bubbled through deionized water at 28°C, pure N, and a certi-
fied mixture gas (100 or 503 ppm H,S in N;). The total flow rate
was 100mlmin~!. The flow rates of pure N, and H,S/N, mix-
ture were adjusted by gas gauge to form a feed gas with required
H,S concentration. The nominal compositions of the feed gases
with different H,S levels are shown in Table 1. The sweep gas was
high-purity Ar (99.99%) with a flow rate of about 20 ml min~!. The

Table 1
Nominal composition of feed gases with different H,S levels

pH3S (ppm) pH> (atm) pH>0 (atm) pN> (atm) Used sample
30 0.4 0.015 0.585 1
60 04 0.015 0.585 1
80 0.4 0.015 0.585 2

100 0.4 0.015 0.585 2

120 04 0.015 0.585 3

300 0.4 0.015 0.585 3

permeated effluent gas was analyzed with a Shimadzu GC-14C gas
chromatograph using high-purity Ar as a carrier gas. The hydrogen
leakage rate was checked by measuring the leakage of nitrogen,
and was below 10% during our measurements. After the tests, the
samples were cooled together with the furnace in the testing atmo-
sphere.

The phase composition was analyzed by XRD with a Philips
X'Pert Pro Super instrument, using Cu Ka1 at 40 kV and 50 mA. The
microstructure was observed by SEM with a JEOL JSM-6700F instru-
ment coupled with INCA energy-dispersive X-ray spectroscopy
(EDX).

3. Results and discussion
3.1. Time dependence of hydrogen flux in the presence of H,S

Fig. 2 shows the poisoning processes of samples 1,2 and 3 in H,S
at 900 °C. The hydrogen permeation flux remained stable when the
H,S concentration was 30 ppm but decreased gradually at higher
concentrations (60-300 ppm). After the removal of H,S, the hydro-
gen permeation flux always recovered to a value which was slightly
higher than the initial flux; thus we have employed the relative
hydrogen permeation flux here to avoid overlap. The relative hydro-
gen permeation flux decreased by about 3, 10, 13, 19 and 45% for
60, 80, 100, 120 and 300 ppm H,S, respectively. Fig. 3 shows the
dependence of the drop in the relative hydrogen flux on the H;S
concentration. It can be seen that the critical H,S concentration
above which the hydrogen flux begins to decrease is ~50 ppm. Thus
Ni-BZCY cermet is sustainable in a feed gas containing <50 ppm
H,S at 900°C, for example, a mixture produced from natural gas
which commonly contains ~1-30 ppm H,S [11]. Gas mixtures with

100
. - ;e otee
] » - T MMM M AL A A A
b -~y D7) bid
80 | LN RARM R P VPP
S >
<=
< % R
& 604 >
© S 2 SN
._E —=— sample 1, 30 ppm H,S
% 40 - @ sample 1, 60 ppm H,S
e A— sample 2, 80 ppm H,S
v sample 2, 100 ppm H,S
0 g sample 3, 120 ppm H,S
»— sample 3, 300 ppm H,S
0 T % T " T . T 4 T J
0] 10 20 30 40 50

Time (h)

Fig. 2. Time dependence of hydrogen flux in the presence of H,S, in 0.4 atm H, and
0.015 atm H,0 at 900°C.
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Fig. 3. Dependence of drop in relative hydrogen permeation flux on the H,S con-
centration, in 0.4 atm H; and 0.015 atm H,0 at 900°C.

higher sulfur levels need to be desulfurized so that an H,S level of
<50 ppm is achieved.

3.2. Regeneration behavior

Fig. 4 shows the regeneration behavior of sample 3. After the
introduction of 120 ppm H,S for 37 h, the hydrogen permeation flux
decreased ~19% and then stabilized. When the H,S was removed
for 30 h, the hydrogen permeation fluxes recovered slowly and sta-
bilized at ~102% of the initial value. Similar behavior was observed
for sample 2.

3.3. Chemical stability

Fig. 5a shows an XRD pattern of a fresh pellet. The main peaks
can be assigned to Ni (JCPDS no. 70-1849) and BZCY, which is sim-
ilar to BaCegY(p102.95 (JCPDS no. 82—2372). Fig. 5b-d shows XRD
patterns obtained from the feed side surfaces of samples 1, 2 and
3, respectively, after the tests described above. The peaks for BZCY
diminish in Fig. 5b and disappear in Fig. 5¢, while the peaks of BaS
(JCPDS no. 75-0896), doped CeO, (similar to Yg,CeggO19, JCPDS
no. 75-0175) appear in Fig. 5b and rise in Fig. 5c. The formation of
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Fig. 4. Sulfur poisoning and regeneration process of Ni-BZCY in 120 ppm H,S,
0.4atm H; and 0.015 atm H,0 at 900°C.
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Fig. 5. XRD patterns of Ni-BaZrg; Cep7Y0205_s obtained from (a) surface of sintered
pellet, (b) feed side surface of sample 1 after exposure to 60 ppm HS, (c) feed side
surface of sample 2 after exposure to 100 ppm H,S, (d) feed side surface of sample
3 after exposure to 300 ppm H,S, and (e) feed side surface of tested sample 3 after
reduction in 0.4 atm H; and 0.015 atm H,0 at 900°C for 20 h. (0) BZCY, (¢) Ni, (A)
Bas, (O) doped CeO-, (#) Ni3S,, (®) Ce,0,S, (?) unknown phase.

BaS and doped CeO, is due to reaction between BZCY and H,S [6].
These results suggest that the reaction is worse at higher H,S levels.
The reaction is incomplete in 60 ppm H,S but so serious in 100 ppm
H,S that all BZCY on the pellet surface is consumed. Ce;0,S (JCPDS
no. 26-1085) is found additionally in Fig. 5d, which is attributed to
reaction between CeO,, H, and H,S [6,12,13]. This reaction causes
the decrease in the intensities of the peaks corresponding to doped
CeO, in Fig. 5d. The intensities of the peaks corresponding to BaS
continue to increase in Fig. 5d, suggesting that more BZCY reacted
with H,S. As the BZCY on the surface is completely consumed in
the sample corresponding to Fig. 5c, this may be related to BZCY
below the surface. Ni3$S, is found in Fig. 5c and d, which is due to
reaction between Ni and H,S [14]. As a simulation of the regener-
ation process, one half of sample 3 was reduced in 40% H,, 1.5%
H,0 and residual N, at 900°C for 20 h. An XRD pattern obtained
from the feed side surface of the reduced sample 3 is shown in
Fig. 5e. The peaks for Ni3S; and Ce,0,S vanish and the intensities
of the BaS peaks are much weaker than before the reduction. Thus
the formation of Ni3S,, Ce;0,S and BasS is reversible. In addition,
the reverse reaction of BaS formation was so slow that part of BaS
remained in the sample after treatment in H,S-free H, at 900 °C for
20h.

Fig. 6 presents SEM micrographs obtained from a polished sur-
face of a fresh sample and from the feed side surfaces of the tested
samples 1, 2 and 3. In most of the backscattered micrographs,
there are only two phases: a light ceramic phase and a dark Ni
phase, which may contain Ni3S; and adsorbed sulfur. However,
three phases (light, gray and dark) are observed on the feed side
surface of tested sample 1 after exposure to 60 ppm H,S (Fig. 6b).
Fig. 7 shows EDX spectra obtained from the same surface of sam-
ple 1. It can be seen that the main component of the light and gray
phases is BZCY. It is known that phases with lower average atomic
weights are darker in backscattered micrographs. The gray phase
contains more sulfur than does the light phase (6% and 2%, respec-
tively, by atomic ratio), and thus it appears darker. Because sulfur
exists in the form of BaS on the ceramic surface, the sulfur content
indicates the extent of the reaction between BZCY and H,S. The
light phase occupies a larger area than the gray phase, suggesting
that only a minor part of the BZCY reacts with H,S at a level 60 ppm.
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Fig. 6. SEM micrographs (backscattered mode) of Ni-BaZrg;Ceo7Y0203_5 obtained from (a) surface of sintered pellet, (b) feed side surface of sample 1 after exposure to
60 ppm H,S, (c) feed side surface of sample 2 after exposure to 100 ppm H,S, (d) feed side surface of sample 3 after exposure to 300 ppm H,S, and (e) feed side surface of

sample 3 after reduction in 0.4 atm H; and 0.015 atm H,0 at 900°C for 20 h.

In Fig. 6¢ and d, there are no color differences in the ceramic phase,
which means that the ceramic phase is uniform after exposure to
100 and 300 ppm H,S.

The ceramic phase in the fresh sample is dense and crack-free
(Fig. 6a). After tests in H,S-containing atmospheres, cracks are
observed on the surfaces of the samples in Fig. 6b—d. When the
feed gas contain a higher H,S level, more cracks appear. When the
reactions from BaCeO3 to BaS and CeO, and from CeO, to Ce;0,S

are complete, the theoretical volume expansion is 22 and 20%,
respectively (calculated on the basis of the information in the JCPDS
cards). As the reactions proceed, the volume of the ceramic phase
increases, causing severe cracking on the surface. There are many
more cracks in Fig. 6d than in ¢, and thus H,S can react with more
BZCY below the surface, which causes the increase in the inten-
sities of the peaks corresponding to BaS in Fig. 5d. Fig. 6e shows
a micrograph of the reduced surface of sample 3. Obviously, the
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Fig. 7. EDX spectra obtained from the surface of sample 1 after exposure to 60 ppm
H,S. (a) gray phase, (b) light phase, (c) dark phase.

cracks have been preserved after reduction, and some unknown
particles (marked by an arrow) have appeared on the surface of the
ceramic phase.

The appearance of the planar Ni surface changed greatly after
exposure to H,S. Tiny sphere-like particles appeared on the dark
regions of the surface in sample 1 (Fig. 6b). These particles con-
tained Ni and S with an atomic ratio of 88:12 (Fig. 7c), which could
indicate Ni together with bulk Ni3S,. In the case of samples 2 and 3,
the planar Ni surface became granular (Fig. 6¢ and d). After reduc-
tion in Hy at 900 °C, the rough surface of the dark phase in Fig. 6d
became smooth (Fig. 6e); this phase should be Ni, considering the
XRD pattern in Fig. 5e.

3.4. Mechanism of sulfur poisoning

Our results show that the hydrogen permeation performance
and the microstructure of Ni-BZCY cermets are severely deterio-
rated by H,S, but the mechanism of this poisoning is not clear. To our
knowledge, H,S might poison a Ni-BZCY cermet by three routes:
sulfide (Ni3S;) formation, sulfur adsorption and BaS formation.
Peaks corresponding to Ni3S, were observed in the XRD patterns
of pellets after testing in 100 and 300 ppm H,S. If the poisoning is
caused by NisS, formation, the regeneration process should finish
when the Ni3S; has been completely reduced. However, Ni3S; was
reduced quickly to Ni (Fig. 5e) whereas the regeneration process
takes about 30 h. Thus it is unlikely that Ni3S; formation causes
the poisoning. In fact, Sasaki et al. [9] demonstrated that Ni3S, was

Table 2

Thermodynamic properties of the substances involved in reaction (1)

Substance  AgH° (kJmol~')  $°(Jmol'K~') G,°(Jmol'K~!)  Reference
HoS —20.6 205.8 34.19 [19]
BaCeOs3 —1690.0 144.5 111.91 [20]

H,0 -2419 188.8 33.60 [19]

BaS —460.0 78.2 49.37 [19]

CeO, —1089.4 62.3 61.49 [13]

stable only when pH,S was greater than 1% at 800-1000°C after
studying the Ni-S-O phase diagram. Cheng and Liu [15] reported
that Ni3S; formed only in a slow cooling process below 500 °C with
pH,S/pH; =100 ppm. We have also calculated the critical value of
pH,S/pH; above which H,S would react with Ni to form NisS,, and
the result of about 17,000 ppm at 900 °C was much higher than the
value obtained in our experiment. Thus the Ni3S; found after test-
ing at 900°C was formed during the cooling process, and should
not affect the hydrogen permeation performance.

Sulfur adsorption may decrease the performance of Ni-YSZ/SDC
anodes by decreasing the number of electrochemical reaction sites
at relatively low HsS levels and causing the oxidation of nickel to
nickel oxide at higher H,S levels [9]. The latter is feasible in solid
oxide fuel cells (SOFCs) owing to the continuous supply of oxy-
gen ions from the electrolyte, but unfeasible for Ni-BZCY in our
reducing atmosphere, and thus the effect of the poisoning caused
by sulfur adsorption should be weaker in Ni-BZCY cermets than
Ni-YSZ/SDC anodes. In practice, Matsuzaki and Yasuda [16] found
that 0.05 ppm H,S affected the polarization impedance of a Ni-YSZ
electrode at 800-1000 °C. Adrop in cell performance in several ppm
of HyS at 800°C has also been reported [9,10,17]. In contrast, the
hydrogen permeation performance of Ni-BZCY remained stable in
30 ppm H,S at 900°C. The cell voltage of SOFCs based on Ni-YSZ
anode has been measured at a constant load of 200 mA cm—2 in H,S-
containing atmospheres at 1000 and 800°C[9,18].In both cases, the
cell voltage decreased with increasing H, S content in the fuel gas at
lower H;S levels but remained stable above a certain H,S concen-
tration; this effect was not observed in our experiment. Besides, the
recovery in cell performance is usually incomplete in Ni-YSZ-based
SOFCs poisoned by sulfur adsorption [10], whereas the hydrogen
permeation flux of our Ni-BZCY recovered to ~102% of the initial
value. Considering the difference in behavior between Ni-BZCY cer-
mets and Ni-YSZ/SDC anodes, we believe that sulfur poisoning of
Ni-BZCY is not dominated by sulfur adsorption on Ni, especially
when the H,S concentration is low.

On the basis of our results from performance measurements
and microstructure analysis, we know that the extent of sulfur
poisoning increases when the reaction between H,S and BZCY is
reinforced. It is reasonable for us to make an assumption that the
reaction between BZCY and H,S is the main cause of the poison-
ing at low H,S levels. In this case, the hydrogen permeation flux
will decrease when the reaction starts. Thus it is necessary for us to
know the critical conditions for the reaction, which can be obtained
by thermodynamic calculations. The reaction between H,S and
doped BaCeOs is as follows [6]:

H,S(g) + BaCeO3(s) = Hy0(g) + BaS(s) + CeOx(s) (1)

On the basis of the thermodynamic properties in Table 2, the stan-
dard Gibbs free energy change for this reaction is computed to be
AG; = —-81907 +23.06T] mol~'. The Gibbs free energy change for
this reaction is given by the equation:

pH20/p°
pHyS/p°’

where p° denotes the standard atmospheric pressure.

AGr= AG; +RTIn (2)
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Fig. 8. Dependence of Gibbs free energy change for reaction (1) on H,S concentra-
tions with 0.015 atm H,0 at 900°C.

Fig. 8 shows the dependence of the Gibbs free energy change for
reaction (1) on the H,S concentration in an atmosphere contain-
ing 1.5% H,0 at 900°C. Obviously, the critical H,S concentration
for reaction (1) is about 55 ppm, which is very close to the value
(~50 ppm) deduced from the experimental data in Fig. 3. The
hydrogen permeation performance began to decrease when BZCY
started to react with H,S. The assumption that the poisoning is
caused by reaction between H,S and BZCY is therefore validated by
thermodynamic calculations. We suggest a simple mechanism for
the poisoning here: when proton-conductive BZCY on the surface
transforms into insulating BaS and doped CeO-, the proton con-
ductivity of the ceramic decreases, which causes a decrease in the
hydrogen permeation performance. This mechanism can explain
the poisoning behavior very well. When pH, S was 30 ppm, reaction
(1) was thermodynamically unfeasible, and the hydrogen perme-
ation flux remained stable. When pH,S was 60 ppm, reaction (1)
was thermodynamically feasible but very weak owing to the low
H,S content, and only part of the BZCY reacted with H,S, forming
a little BaS and doped Ce0,, causing a slight performance decrease
(3%). As the H,S content increased to 120 ppm, reaction (1) was

120
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Critical H,S concentration (ppm)
[}
o
1 n

T T T T T T T T T
600 700 800 900 1000
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Fig. 9. Temperature dependence of critical H,S concentration for reaction (1) with
0.015atm H,0.

greatly enhanced and all of the BZCY on the surface was consumed,
causing a severe performance decrease (19%). When 300 ppm H,S
was introduced, CeO, reacted with H,S and H,, forming many
cracks. Thus H,S could react with more BZCY, leading to a more
severe performance decrease (45%).

We have also calculated the dependence of the critical H,S con-
centration on temperature when pH,O is 0.015 atm; the result is
showninFig. 9. The critical H,S concentration decreases as the tem-
perature falls, indicating the reaction is thermodynamically favored
at lower temperatures. The calculated value is 25 ppm at 800°C.
Tomita et al. [5] found that the impedance spectra of BaCeO3 was
unaffected in 10 ppm H,S at 800 °C, which fits well with our calcu-
lation results.

It is noticeable that the Gibbs free energy of reaction (1)
increases with increasing temperature and pH,O/pH,S, and thus
the sulfur tolerance of Ni-BZCY is governed by the H,O partial
pressure at any given temperature, such as 900°C. An increase
in H,O concentration may be effective in weakening the poi-
soning effect; this can be easily achieved in steam methane
reforming.

4. Conclusions

The hydrogen permeation flux of the Ni-BZCY cermet was sta-
ble in 30 ppm H,S, but decreased when the BZCY reacted with H,S
to form BaS and doped CeO,. The performance loss increased with
increasing H,S concentrations. After removal of H,S, the hydrogen
permeation flux was regenerated completely in a few dozen hours.
Microstructure analysis showed that the hydrogen permeation per-
formance decreased significantly when the BZCY reacted seriously
with H;S, and thermodynamic calculations suggest that the hydro-
gen permeation performance began to decrease when BZCY began
to react with H,S; thus the main cause of the sulfur poisoning of
the Ni-BZCY at 900 °C was the reaction between BZCY and H,S. A
cermet membrane of this type can be used sustainably with the
products of steam reforming of common natural gas, and its tol-
erance to H,S may be improved by increasing the water partial
pressure in the feed gas.
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