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This paper presents a systematical evaluation of the effects of CO,, H,0, CO, N, and CH4 in the coal syngas
on the properties of typical Ni/YSZ anode-supported solid oxide fuel cells (SOFCs). The results show that
CO,, H,0, CO, N, and CH4 have complicated effects on the cell performance and the electrochemical
impedance spectra (EIS) analysis reveals the addition of these gases influences electrode processes such

as the oxygen ion exchange from YSZ to anode TPBs, the charge transfer at the anode TPBs, gas diffusion
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and conversion at the anode. Two kinds of mixture gases with different compositions are thus constituted
and used as fuel for aging test on two cells at 750 °C. No degradation or carbon deposition is observed for
the cell fueled with 40% H,-20% CO-20% H,0-20% CO- for 360 h while the cell fueled with 50% H,-30%
CO-10% H,0-10% CO, exhibits an abrupt degradation after 50 h due to the severe carbon deposition.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted much attention
because of their high efficiency, significant environmental benefits
and good flexibility to fuel gases [1]. The SOFCs can reach electrical
efficiencies of 45-60% and total efficiencies of 80% with cogenera-
tion of heat and power [2]. Their high operation temperature makes
the need of precious metal catalysts negligible, and they can run on
a wide range of fuels, such as natural gas, biogas, methanol and coal
syngas [3,4]. It is thus well believed that the SOFC technology is a
bridge between fossil energy and hydrogen energy.

Coal syngas with Hy, CO, CO,, H,0, N, and CH4 as major com-
positions is a fuel of rich resources and low cost, therefore, its use
for SOFC as fuel has gained increasing interest [5-10]. However,
there are two concerns on the application of coal syngas as fuel for
SOFC. Firstly, some traces of impurities in the coal syngas such as
H,S, HCl, Cl; and PH3 can poison the anode of SOFCs [11,7,12,13],
resulting in performance degradation of the cell. Secondly, the CO
tends to disproportionate due to the catalysis of Ni [14] when the
SOFCs are fueled with some coal syngases at high temperatures,
i.e. 600-900°C, which leads to significant carbon deposition on
the anode surface. In addition, this disproportionation reaction is
exothermic [14], thus the carbon deposition becomes much more
serious for the SOFCs operated at intermediate or low tempera-
tures. Carbon deposition deactivates the anodes by increasing the
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polarization resistance, reducing porosity and blocking active sites
[15], which results in failure of the cell.

For coal syngas, carbon is formed from the disproportionation
reaction (Eq. (1)) or CO reduction (Eq. (2)) [15]:

2C0 = CO, +C (1)
CO + Hy= C + Hy0 (2)

The extent of each reaction depends on the temperature and gas
composition. Different strategies have been developed to prevent
carbon deposition on the anode surface of SOFC. Weber et al. [8]
reported that a sufficient amount of water vapor and carbon dioxide
in the loaded work anode could inhibit the formation and deposi-
tion of carbon, but a large amount of H,O and CO, may reduce
the real fuel proportion and cast a detrimental effect on the SOFCs.
Nevertheless, it is possible to adjust coal syngas compositions to a
certain extent so that the SOFCs operated using these “depleted-
syngas” [10] can achieve high energy conversion efficiency and
no carbon deposition at the same time. Burnette et al. [10] indi-
cated that SOFC could operate using a “depleted-syngas” with the
composition of 14.2% H,-18.5% H,0-43.1% CO-17.6% CO,-6.6% N,
however, no long-term cell performance was presented which is
most important if slow carbon deposition exists.

The present investigation was thus initiated to give a compre-
hensive evaluation on the effect of each composition in the coal
syngas, especially H,0, CO,, CO, N, and CHy, on the properties of
SOFCs. Based on these investigations, two kinds of syngas with com-
positions of 40% H,-20% CO-20% H,0-20% CO, and 50% H,-30%
CO-10% H,0-10% CO, were designed and used as fuels for typical
Ni/YSZ anode-supported single cells for durability evaluation.
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2. Experimental

Experiments were carried out on flat plate anode-supported
cells having dimensions of 5cm x 5.8 cm with an active area of
4cm x 4cm. A Ni/8 mol% Y,03-doped ZrO, (Ni/8YSZ) anode sub-
strate of 400 wm thick was prepared by tape casting. An anode
functional layer (Ni/YSZ) of 10 wm in thickness, an electrolyte
layer (8YSZ) of 10 wm in thickness and a cathode including a LSM
(Lag.75Srg25Mn0O3) active layer and a LSM current-collecting layer
were sprayed on the anode substrate one by one followed by co-
sintering.

The cells were tested by mounting in an identical alumina test-
ing house and using silicon dioxide as sealant. Platinum foil was
employed as current collector at cathode side while nickel foil was
used as current collector at anode side. Silver mesh sandwiched
LSM and two layer nickel foams were utilized for gas distribution
at cathode side and anode side, respectively. The cells were then
placed into a furnace and heated to 850°C in N, with a heating
rate of 1°Cmin~!. The reduction of the NiO-YSZ was performed
under pure hydrogen with a flow rate of 0.3 SLM (standard liter
per minute) for more than 5 h. After reduction, the furnace tem-
perature was decreased to 750°C for testing. The air with a flow
rate of 2 SLM and pure H, with a flow rate of 0.5 SLM were used
as cathode oxidant and anode fuel gas, respectively. The cell was
discharged galvanostatically at 0.5Acm~2 for 24 h to ensure full
electrode activation [16].

I-V curves and electrochemical impedance spectrum (EIS) were
obtained when the single cell was fueled with 0.3 SLM Hj. The
vapor, CO;, N, and CH4 were added in the fuel gas with the flow
rate for H, unchanged, respectively. Each gas mentioned above had
a volume fraction of 10%. The mixture gases having a composition
of 70% (CO +H;)-25% CO,-5% H,0 was injected into the anode of
SOFC with a flow rate of 0.5 SLM where the CO content varied from
0% to 70% in order to study the role of CO on the properties of
SOFCs. AL EIS curves were obtained at open circuit voltage (OCV) by
four-electrode configuration using an Electrochemical Workstation
(IM6ex, ZAHNER) with a scanning frequency range from 0.01 Hz to
1 MHz.

Aging tests were performed with a current density of 0.5 A cm—2
at 750°C on two SOFC single cells (denoted as cell 1 and cell 2)
using two kinds of simulated coal syngases (40% H,-20% CO-20%
H,0-20% CO, and 50% H,-30% CO-10% H,0-10% CO,) as fuel.
Both the two kinds of simulated coal syngases had a flow rate
of 0.5 SLM. Anodic microstructures of the cells after aging test
were observed by a HITACHI S4800 Scanning Electron Microscope
(SEM).

3. Results
3.1. Electrochemical properties

Fig. 1 shows I-V curves of an anode-supported SOFC single cell
fueled with Hy/H,0/CO, mixture gases at 750°C. It can be seen
that the OCV of the single cell decreases with the addition of 10%
H,0 and CO, into the pure H,. The OCV of the cell fueled with 90%
H,-10% CO, is 990 mV, which is much lower than that of the cell
fueled with pure H; (1074 mV). The Pmax of the single cell increases
from 316 to 325mW cm~2 with the addition of 10% H,0 to pure
H,, while the Ppax decreases with the addition of 10% CO, because
of the much lower OCV. In addition, the slope of the I-V curves
at high current densities (>0.6 Acm~2) becomes smaller with the
addition of the above gases, especially H,0, which indicates the
proper addition of H,O and CO, can decrease the concentration
polarization effectively. Fig. 2 shows the EIS curves of the SOFC
single cell fueled with different ratios of Hy/H,0/CO, at 750°C. It
can be seen that the polarization resistance (R, ) decreases with the
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Fig. 1. I-V curves of a 4cm x 4 cm anode-supported SOFC single cell fueled with
H,/H,0/CO, mixture gases at 750°C.
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Fig. 2. EIS (Nyquist plots) of a 4 cm x 4 cm anode-supported SOFC single cell fueled
with H,/H,0/CO, mixture gases at 750°C.

addition of H,0/CO;. The R, obtained at 90% H,-10% CO, mixture
gas is 60 mS2 which is much smaller than that operated with pure
H, (110 m2).

Fig. 3 shows the [-V properties of the single cell fueled with
x% Hy-(70 —x)% CO-5% H,0-25% CO, (x=0-70) mixture gases at
750°C. Here, on the purpose of suppressing the severe carbon depo-
sition caused by the disproportionation reaction of CO, a proper
portion of CO, and H,0 were added into the H,—CO mixture gases.
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Fig. 3. [-V curves of a 4 cm x 4 cm anode-supported SOFC single cell fueled with x%
H,-(70 — x)% CO-5% H,0-25% CO, (x=0-70) mixture gases at 750°C.
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Fig. 4. EIS (Nyquist plots) of a 4cm x 4 cm anode-supported SOFC single cell fueled
with x% Hy—(70 — x)% CO-5% H,0-25% CO, (x=0-70) mixture gases at 750°C.

It can be seen that the OCV values of the single cell fueled with
different ratios of H, to CO are almost the same, about 976 mV. The
Pmax decreases from 299 to 211 mW cm~2 with increasing CO con-
tent from 0% to 70%. Also, the slope of I-V curves at high current
densities increases with the increase of CO content, which indi-
cates that the concentration polarization increases. In addition, as
can be seen from Fig. 4, the R increases from 65.5 to 81.8 mS2 with
increasing CO content from 0% to 70%.

Fig. 5 shows the I-V properties of the single cell fueled with
H,/N,/CH4 mixture gases at 750°C. The OCV of the single cell
decreases with the addition of 10% N, to the pure H, but increases
to 1218 mV with the injection of 10% CH4. However, the Ppax of the
single cell decreases with the injection of either N, or CH4 into the
pure Hy. The Pmax is 197 mW cm~2 for the single cell fueled with
90% H,-10% CH,4, which is about 80 mW cm~2 lower than that of
the cell fueled with pure H,. From EIS curves as shown in Fig. 6 for
the cell fueled with H,/N,/CH4 mixture gases, it can be seen that
the addition of N or CH, into pure H; increases the R;, of the single
cell. The Ry, of the single cell fueled with 90% H,-10% CH4 reaches
294 mS2.

3.2. Degradation behaviors

The results from Section 3.1 indicated that CO, N, and CH4 had
the negative effects on the single cell. Considering the small amount
of N, and CH4 (the volume fractions of them are usually less than
5%) in the coal syngas, the mixture gases being developed in this
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Fig. 5. I-V curves of a 4cm x 4 cm anode-supported SOFC single cell fueled with
H, /N, /CH4 mixture gases at 750 °C.
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Fig. 6. EIS (Nyquist plots) of a 4 cm x 4 cm anode-supported SOFC single cell fueled
with Hy /N, /CH4 mixture gases at 750°C.

section were designed with the elimination of N, and CH,4. Two
kinds of “depleted syngas” with the compositions of 40% H,-20%
C0O-20%C0,-20%H,0 and 50% H,-30% CO-10% CO,-10% H,0 were
thus developed.

Fig. 7 shows the ageing testing results for two cells (denoted as
cell 1 and cell 2) fueled with different ratios of H—CO-CO,-H,0
simulated coal syngases with a current load of 0.5 Acm~2 at 750 °C.
It has to be noted that the two full cells showed different per-
formances prior to aging test: the cell 1 has a Ppax value of
550mW cm~2 at 750 °C when fueled with 0.8 SLM pure H, while
the cell 2 exhibits a Ppmax of 300 mW cm~2. During the aging test,
as can be seen from Fig. 7, the output voltage of cell 1 fueled with
40% Hy-20% CO-20% CO,-20% H, 0 increases gradually from 683 to
735 mV after 360 h, and no degradation can be found. Whereas, the
output voltage of cell 2 fueled with 50% H,—-30% CO-10% CO,-10%
H,0 decreases at a constant rate for about 50 h after activation and
then abruptly drops to 189 mV. Koch et al. [17] reported that a
voltage limit for the SOFCs existed and the degradation became
significant when the output voltage was below this value. The volt-
age limit which might be related to the anode polarization was
about 750 mV at 750°C. For cell 2, the output voltage is much
lower than 750 mV, which might be an explanation for its quick
degradation.
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Fig. 7. Cell output voltage versus operation time for 4 cm x 4 cm anode-supported

SOFC single cells fueled with different ratios of H,-CO-CO,-H,0 mixture gases
under a constant current load of 0.5Acm~2 at 750°C.
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Table 1
Summary of the effects of CO;, H,0, CO, N, and CHy4 on the major electrochemical
properties of SOFC single cell.

Composition OCV (mV) ASR(2cm?) Ppax (MWcem=2) R, (2) Zone (Hz)

CO, - @) - = <1000
H,0 - O + - <1000
co O + - + <10,000
Ny = @) + + <10
CHy + + - + <3000
Note: Zone denotes frequency deviation zone of Z, in Fig. 8, “—" denotes decrease,

“O” denotes slight change or no change and “+” denotes increase.

4. Discussion
4.1. Effects on open circuit voltage and electrode processes

Table 1 summaries the effects of CO,, H,0, CO, N, and CH4 on
the major electrochemical properties of SOFC single cells where
area specific resistance (ASR) is calculated by (OCV —0.7)/Iy.7. Io.7
denotes the current density corresponding to an output voltage
of 0.7 V. Apparently, the CO,, H,0 and N, contents in coal syngas
have a negative effect on the OCV of the single cell whereas the CO
content has no effect on the OCV and the CH,4 content increases the
OCV. The OCV value is very close to the electromotive force (e.m.f.)
which can be calculated by Eq. (3) [18]

p/
emf = & I 92 (3)
4F po,

where F, R, T, p’02 and p’c’)2 are the Faradic constant, gas constant,
absolute temperature, the partial pressure of oxygen on the cath-
ode and the partial pressure of oxygen on the anode, respectively.
Generally speaking, pbz is equivalent to 1 atm so that the e.m.f. is
determined by p’c’)2 .When the anode fuel gas of SOFCis H,, the anode
reaction can be described as Eq. (4), and then pgz can be calculated
by Eq. (5) [18].

Hy + 0%~ = H,0 + 2e~ (4)
2
N
02 PH, RT
where AGY, py,0. PH, is free energy change of Eq. (4), partial pres-
sure of H,O and partial pressure of H,, respectively. The AGY is
calculated to be —196.4 k] here using the Gibbs-Helmholtz equa-
tion. When CO,, H,0 and N, are injected into the pure H,, they
cannot react with 02~ on the anode three phase boundaries (TPBs).
According to Eq. (5), the py, will decrease, which can cause an
increase of pgz. From Eq. (3), e.m.f. decreases with the increase of
p62' which may be an explanation of the decrease of OCV with the
addition of CO,, H,0 and N5.
When CO is used as anode fuel gas, the anode reaction can be

described as Eq. (6), and Eq. (5) becomes Eq. (7) by substituting py, o
and py, with pco, and pco, respectively.

CO + 0%~ = CO,y +2e” (6)

2
Y Dco AGP
Po, = {Pcoz exp (RT>} (7)

In Eq. (7), AG) is free energy change of Eq. (6) and calculated to
be —194.2 k]. The values of exp(AG®/RT) and exp(AGP/RT) in Egs.
(5)and (7) are 0.9772 and 0.9774, respectively. Assuming temper-
ature and external pressure is the same for oxidation reactions of
H, and CO, Eq. (7) is in a similar form to Eq. (5). The calculated
e.m.f. value and thus the OCV remain constant as long as the total
amount of fuel is constant, which is the experimental setting for
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Fig. 8. Variation of Z.,; with frequency of a 4 cm x 4 cm anode-supported SOFC sin-
gle cell fueled with different fuel gases: H,/CO,/H,0 (a); x% H,—(70 —x)% CO-5%
H20—25% COZ (X=0—70) (b), Hz/Nz/CH4 (C)

the present investigation. Therefore, the OCV exhibits no change
with the addition of CO into the fuel gases.

When CHy is used as anode fuel gas, the anode reaction is more
complicated than that of H, and CO. As the ratio of O, to CH4 (x) is
low, methane cracking reaction (Eq. (8)) takes place; as x increases
up to 0.5, electrochemical partial oxidation reaction (Eq. (9)) takes
place; as x increases above 0.5, the reaction becomes complete
oxidation, i.e. Eq. (10) [19].

CH4= C + 2H, (8)
CH,4 + 0%~ = 2H, +CO + 2e” (9)
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Fig. 9. SEM micrographs of the SOFC single cells using different ratios of H,~CO-CO,-H, O mixture gases as fuel under constant current load of 0.5 Acm~2 at 750 °C: surface
(a) and cross-section (b) of cell 1 fueled with 40% H,-20% CO-20% CO,-20% H,0 for 360 h; surface (c) and cross-section (d) of cell 2 fueled with 50% H,-30% CO-10% CO,-10%

H,0 for 76 h.

1 51 1 _
7CHa +0°" = SHy0 + 2C0z +2¢ (10)

Assuming x is more than 0.5 as the general condition in the
present investigation, the pgz can be calculated by Eq. (11):

1/4_1/2 2
v _ | PcoPHy0 AGS 11
Po, = | — g5 XP| &t (11)
Pcy,

where AG¢ is the free energy change of complete oxidation reaction
of CH4 which is —199.2 k]. Apparently, Egs. (5) and (7) are different
from Eq. (11) in exponents, therefore, the change in p62 due to the
introduction of CH, into the fuel is very different from the change
in pgz corresponding to the decrease in fuel amount besides CHy,
that is H, and/or CO. It is thus difficult to estimate the change of
OCV from Eq. (11) with the addition of CH, into the fuel gases. Lin
et al. [19] reported that the OCV of SOFC fueled with pure CH4 was
much higher than that fueled with pure H, at 750°C, which is in
accord with our results.

It is well believed that the resistance of a SOFC single cell (Re);)
is the sum of a number of contributions, which can be determined
by EIS. The resistance of the cell can thus be described using Eq.
(12) [20]:

Reell = Relec + Reath + Rano + Reonc (12)

where Rgjec is the resistance of the electrolyte, R i, and Rapo are
the chemical and electrochemical losses at the cathode and anode,
respectively, and Rconc denotes the diffusion and gas conversion
losses at the anode. The latter three components, R¢yh, Rano, and
Reonc, cover the polarization losses.

These losses can be further broken down into electrode pro-
cesses by EIS curves analysis according to frequency zone of each
arc, i.e. transport of O-intermediates at LSM-YSZ interface, charge
transfer between Ni and YSZ, dissociative adsorption of O, and

transport to TPB, diffusion and gas conversion at anode [20-22].
Previous experimental results indicated that the frequencies at the
arc summits (fyummit) corresponding to the above electrode pro-
cesses are 12,000-62,000, 1500-10,000, 150-1100 and below 50,
respectively, when the temperature ranged from 700 to 850°C.

Fig. 8 shows the relations of frequency and Z., of the cell
fueled with H,/H,0/CO,/CO/N,/CH4 mixture gases. The frequency
deviation zones of Z, from Fig. 8 are also listed in Table 1. As
can be seen from Fig. 8(a) and Table 1, the difference between
Zea for Hy/CO,/H,0 mixture gases with pure H, become signif-
icant at frequencies below 10Hz, which corresponds to the gas
diffusion and conversion [23-25]. In addition, the Z,, obtained
at Hy/H,0/CO, mixture gases are slightly different at the fre-
quency zone of 1000-10 Hz. This frequency zone can be ascribed
to the dissociative adsorption of O, followed by the electrochem-
ical reduction and transfer of oxygen species at the TPBs [23]. It is
not clear the effect of water on the electrode processes, however,
Hendriksen et al. [26] reported that HO can decrease the anode
gas diffusion losses. Sakai et al. [27,28] also reported the fast inter-
action between H,0 molecule and oxygen ion in electrolytes (Eq.
(13)) was dominant in a humid atmosphere resulting in apparent
high surface exchange rate of oxygen ion.

H50,4 + 02~ (inYSZ) = 20H~ (onYSZ) (13)

Since this equation is reversible, the fuel gas can react with the
oxygen ion from OH™ at the TPB preferentially. The diffusion and
transfer of oxygen ion from the YSZ to anode TPBs may thus become
less dominant, which may be an explanation for the decrease of
concentration polarization with the addition of H,O. Similarly, CO,
may have similar effect as H,O on the properties of the SOFCs.

As shown in Fig. 8(b) and (c), Z, for the cell fueled with
x% Hy—(70 — x)% CO-5% H,0-25% CO, (x=0-70) and 90% H,-10%
CH4 mixture gases becomes different from Z.,; for the cell fueled
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with pure H, when the frequency is less than 10,000 and 3000 Hz,
respectively, which indicates that both charge transfer at the anode
TPBs and the gas diffusion and conversion at anode become slower
with the injection of CO and CH,4 in the fuel gas [20]. In addition,
from Fig. 8(c), the deviation of Z,; occurs when the frequency is
less than 10 Hz with the injection 10% N, into pure H,. It is thus
concluded that the addition of N, into the pure H; only affects the
gas diffusion and conversion at anode [23].

4.2. Degradation mechanisms

As shown in Fig. 7, the two cells fueled with two different ratios
of H,-CO-CO,-H,0 mixture gases exhibit different degradation
behaviors. The anodic microstructures for these two as-tested cells
are thus inspected at the surface and cross-section plane in Fig. 9.
Arich carbon layer about 5 pm thick is observed at the anode sur-
face of cell 2 fueled with 50% H,-30% CO-10% CO,-10% H;O0. This
layer must be disadvantageous to the fuel gas diffusion from anode
surface to TPBs. In addition, some “nano-particles” having sizes of
about 50 nm are distributed on the surface of nickel in the anode.
The “nano-particles” should be the deposited carbon or nickel car-
bide, which may greatly decrease the conductivity or activity of
nickel in the anode. The formation of the carbon layer and “nano-
particles” should be ascribed to the disproportionation reaction or
CO reduction (Egs. (1) and (2)) of CO [15]. For cell 1, no such carbon
layer or “nano-particles” can be found on the anode surface. It is
well known that H,0 and CO, can effectively suppress the carbon
deposition at high temperatures by Eqs. (14)-(16) [29].

C + COy = 2CO (14)
C + H,0 = CO + H, (15)
CO + H,0 = CO, +H, (16)

Thus, no carbon layer or “nano-particles” on the anode surface
of cell 1 can be related to the higher CO, and H,O contents in the
fuel gas.

From the degradation behavior of SOFCs operated under sim-
ulated coal syngas, we can find that the carbon deposition on the
anode surface is fatal for the cell life. The deposited carbon increases
the ohm resistance and polarization resistance by decreasing the
conductivity or activity of nickel and blocking the pore of anode
support. The carbon deposition may be caused by the dispro-
portionation reaction or CO reduction and can be eliminated by
increasing CO, and H,O contents in the mixture gases, especially
when the content of H,O and CO, is somewhat larger than that
of CO. So a proper increase of H,O and CO, content in syngas can
effectively improve the electrochemical properties of the single cell
and suppresses the carbon deposition on the anode surface caused
by CO.

5. Summary and conclusions

The effects of the H,0, CO,, CO, N, and CHy in the coal syngas
on the SOFCs properties were systemically investigated and their
mechanisms were discussed through individual electrode process
analysis. It was found that the OCV of the cell decreased with the
injection of N,, CO, and H,O while CO had no effect on the OCV.
The OCV also increased with the injection of CHy.

Proper H,0 and CO, contents in the coal syngas could decrease
the concentration polarization and accelerate the oxygen ion
exchange rate from YSZ to anode TPBs, and thus lead to a good
cell performance. The CO and CH,4 slowed down the charge trans-
fer at the anode TPB and the gas diffusion and conversion at anode,
while N, affected the gas diffusion and conversion at anode.

A simulated coal syngas with compositions of 40% H,-20%
CO-20% H,0-20% CO, was used as fuel for a typical anode-
supported cell and no degradation or carbon deposition could be
found in the cell operating at 750°C for 360 h. Whereas, the single
cell operated under 50% H,-30% CO-10% H,0-10% CO, showed an
abrupt degradation due to the severe carbon deposition.
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