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a b s t r a c t

The influence of reduction temperature on the anodic microstructure and electrochemical properties of a
typical nickel/yttria-stabilized zirconia anode-supported solid oxide fuel cell (SOFC) has been investigated
in a range of temperatures from 550 ◦C to 750 ◦C. The cell reduced at 650 ◦C yields the largest power
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vailable online 1 February 2010
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output (Pmax = 0.56 W cm−2 at 850 ◦C) and the lowest area specific resistance (ASR = 0.5 � cm2 at 850 ◦C).
Electrochemical impedance spectrum (EIS) analysis shows that the cell reduced at 650 ◦C exhibits the
lowest polarization resistance (Rp) of 0.72 � cm2, which is in good agreement with the results from i–V
curves. Nickel agglomeration is observed in the anode for the cells reduced at 550 ◦C and 750 ◦C while
a homogeneous anodic microstructure is inspected for the cell reduced at 650 ◦C, suggesting reduction

on th
lectrochemical properties
icrostructure

process has a vital effect

. Introduction

The anode-supported solid oxide fuel cell (SOFC) has attracted
uch attention as an effective clean energy converter for its poten-

ial to provide high power density [1]. The most commonly used
node material for the SOFC cell is a double phase of nickel and
ttria-stabilized zirconia (Ni/YSZ) [2], which has been widely inves-
igated in terms of material fabrication [3,4], chemical stability
5,6] and characterization [7,8]. Desired anodic microstructure is
n anode composed of NiO and YSZ particles with similar sizes [9].
he Ni/YSZ volume ratio has also a significant influence on cell per-
ormance including power output, IR resistance and polarization
esistance [10]. Wilson and Barnett [11] reported that the high-
st triple phase boundary density was at a Ni:YSZ volume ratio of
0.5, which enhanced the electrochemical reactions at the anode
reatly. The maximum power density of SOFC cells was also shown
o be greatly dependent on the anodic microstructure [12–14]. Kim
t al. [13] showed that the anode layer with a highly reactive and
niform electrode microstructure reduced the polarization resis-
ance of the SOFC single cell from 1.07 � cm2 to 0.48 � cm2 at
00 ◦C.

Besides the powder size and the volume ratio of NiO to YSZ,

peration condition is also found to affect cell performance for both
short period and a long duration [15–17]. This may be because

he anode microstructure develops during cell operation and this
evelopment is directly associated with cell testing conditions.

∗ Corresponding author. Tel.: +86 574 87915139.
E-mail address: xucheng@nimte.ac.cn (C. Xu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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e anodic microstructure of the cell before aging.
© 2010 Elsevier B.V. All rights reserved.

Haanappel et al. [15] showed that electrode activation was much
faster for the cell reduced at 900 ◦C than the cell reduced at 800 ◦C
and the electrode activation was incomplete unless the tested cell
was at least heated to and reduced at 900 ◦C. This implies that
a reduction temperature interval of 100 ◦C could result in differ-
ent cell performances. However, the effect of reduction procedure
on the long-term performance of the cell is limited since the total
degradation over 1000 h is only ∼1% [16] and the reduction is real-
ized by a short-term current load for less than 10 h at the beginning
of aging. The degradation mechanism for anode has been consid-
ered to be mainly related to nickel agglomeration [17] and thus
reduction in electrochemical reaction sites would definitely cause
cell performance degradation.

In summary, the initial anodic microstructure is important to the
cell performance, especially over a short period, and the reduction
procedure is crucial to the initial anodic microstructure. Therefore,
it is necessary to define the reduction process in order to achieve
optimized initial microstructure of the cell. The present investiga-
tion is thus initiated to evaluate the effect of reduction temperature
ranging from 550 ◦C to 750 ◦C on anode microstructure and cell
performance. Impedance spectra are monitored during reduction
process and anodic microstructure is closely inspected to give an
insight on reducing course.

2. Experimental
Experiments were conducted using a typical anode-supported SOFC single cell
manufactured by Division of Fuel Cell and Energy Technology in Ningbo Institute of
Material Technology & Engineering, Chinese Academy of Sciences. The cell consisted
of a Ni/8YSZ anode substrate of 400 �m thick, a functional layer of 10 �m thick,
an 8YSZ electrolyte layer of 10 �m thick and a double layer of strontium-doped

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xucheng@nimte.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.01.103
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anthanum manganite perovskite (LSM) cathode. All the tests were carried out using
identical samples cut from a single cell with dimensions of 12 cm × 12 cm. All

amples had dimensions of 5 cm × 5.8 cm with an active area of 4 cm × 4 cm.
All samples were tested in an alumina testing house with platinum patch and

ickel foil as current collectors at cathode and anode sides, respectively. For better
as distribution, nickel mesh and LSM plate were also utilized at anode and cathode
ides, respectively. Ceramic glass mainly consisting of silicon dioxide was used as
ealant with an external weight of 5.5 kg for good sealing. The samples were then
eated in an electric furnace at a heating rate of 1 ◦C min−1 to 850 ◦C and retained
t 850 ◦C for more than 3 h to intenerate the sealant. The reduction was carried
ut subsequently at temperatures of 550 ◦C, 650 ◦C and 750 ◦C up to 5 h using pure
ydrogen with a flow rate of 300 Nml min−1 as anode fuel and air as cathode gas
ith a flow rate of 500 Nml min−1.

After reduction for 5 h, air and pure hydrogen were introduced into the cathode
nd the anode with a flow rate of 2000 Nml min−1 and 800 Nml min−1, respectively.
he electrical properties of the cell were recorded at different operation temper-
tures ranging from 650 ◦C to 850 ◦C. Electrochemical impedance spectrum (EIS)
easurements were taken at open circuit voltage (OCV) by four-electrode config-

ration using an Electrochemical Workstation (IM6ex, ZAHNER) with frequencies
anging from 0.1 Hz to 2 MHz. To determine the reduction degree of the sample using
ifferent reduction courses, the EIS measurements were taken during the reduction
rocess at least every 30 min.

Microstructural observation was conducted using a HITACHI S4800 scanning
lectron microscope (SEM) and the distribution of Ni element in the anode of the
s-tested cell was inspected using an energy dispersive spectroscopy (EDS).

. Results and discussion

Fig. 1a shows the EIS results for the cell reduced at 550 ◦C
or different time periods. The impedance of the cell decreases
ramatically with the increasing reduction time in the first cou-
le of hours and then declines slowly until stabilization after 4 h.
ig. 1b displays the variation of OCV of the cell reduced at 550 ◦C
ith the reduction time where the OCV achieves saturation after

eduction for 4 h. Therefore, a complete reduction of the anode is
btained after reduction for 5 h at 550 ◦C. Since the reduction is a
hermal-activated process, the cell is completely reduced after 5 h
t temperatures above 550 ◦C.

Fig. 2 shows the performance of single cells reduced at temper-
tures of 550 ◦C, 650 ◦C and 750 ◦C for 5 h and then tested at 700 ◦C,
50 ◦C, 800 ◦C and 850 ◦C, respectively, where the curves with solid
oints denote i–V curves of the cells while open points denote the
ariation of output power with current density. According to the
iscussion based on the results in Fig. 1, all the cells subjected to
lectrochemical testing are fully reduced. Among these cells, the
ingle cell reduced at 650 ◦C yields the highest power output under
ll operation temperatures and achieves a maximum power density
Pmax) of 0.5 W cm−2 at 850 ◦C whereas the Pmax for the single cells
educed at 550 ◦C and 750 ◦C are 0.45 W cm−2 and 0.42 W cm−2,
espectively.

As an important performance parameter, the area specific resis-
ance (ASR) is calculated using Eq. (1):

SR = OCV − 0.7
(1)
I0.7

here OCV is the open circuit voltage and I0.7 is the discharging
urrent density at a voltage of 0.7 V. The results are summarized in
able 1. It is apparent that the cell reduced at 650 ◦C has the lowest
SR over all operation temperatures. This is consistent with the

able 1
he electrochemical properties (including Pmax , ASR, Rp and Rs) of SOFC reduced at variou

Reduced at 550 ◦C Reduced at 650

700 ◦C 750 ◦C 800 ◦C 850 ◦C 700 ◦C 75

Pmax/W cm−2 0.19 0.30 0.41 0.50 0.25 0.3
ASR/� cm2 1.67 1.16 0.78 0.61 1.32 0.8
Ea/eV 0.64
Rs/� cm2 0.36 0.29 0.17 0.17 0.29 0.2
Rp/� cm2 3.10 2.24 1.63 0.84 1.69 1.2
Fig. 1. Electrochemical impedance spectra recorded during reduction process at
550 ◦C.

results shown in Fig. 2 where the cell reduced at 650 ◦C exhibits
the highest performance.

It is known that the resistance of the cell is greatly dependent
on operation temperature. This temperature dependence can be
described using Arrhenius empirical equation:

ln � = ln A − Ea

RT
(2)

where � is the conductivity of the single cell equivalent to the recip-
rocal of ASR, Ea is the activation energy in eV, R is the gas constant,
T is the absolute temperature of operation and A is a constant inde-
pendent of temperature. The conductivity of the cell is thus plotted
logarithmically against 1/T as shown in Fig. 3 to calculate Ea and the
results are listed in Table 1. It is apparent the single cell reduced
at 650 ◦C obtains the lowest Ea of 0.52 eV by comparison with the

other two cells reduced at different temperatures.

Electrochemical impedance spectra (EIS) of the single cells were
measured and the results are shown in Fig. 4. The cells reduced at
different temperatures exhibit similar series resistance (denoted as
Rs) whereas dramatic deviation in polarization resistance (denoted

s temperatures under the operation temperatures (650–850 ◦C).

◦C Reduced at 750 ◦C

0 ◦C 800 ◦C 850 ◦C 700 ◦C 750 ◦C 800 ◦C 850 ◦C

9 0.50 0.56 0.19 0.30 0.41 0.47
2 0.62 0.55 2.08 1.37 0.90 0.71

0.52 0.78
0.19 0.17 0.24 0.27 0.14 0.14

0 0.95 0.65 3.00 2.25 1.66 1.66
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ig. 2. i–V curves for single cells reduced at different temperatures from 550 ◦C to 7

s Rp) is observed at all operating temperatures (550–750 ◦C)
lthough the Rp for all cells decreases with the increasing temper-
ture. Among the cells reduced at different temperatures, the cell
educed at 650 ◦C produces the smallest Rp, which is recorded at
50 ◦C.

Reduction time has also a significant effect on the performance
f the single cell. As shown in Fig. 1 for the cell reduced at 550 ◦C,
eduction time effect is significant in the first couple of hours.
he EIS for the cell reduced at 650 ◦C is thus recorded at differ-
nt time periods within 1 h as shown in Fig. 5 to give a closer

nspection of the reduction time effect. Apparently, the polariza-
ion resistance decreases continuously with increasing reduction
ime while series resistance (Rs) shows no variation as time
ncreases. Since electrolyte resistance and interfacial resistance at

Fig. 3. ln � versus 1/T for the single cell reduced at different temperatures.
under operation temperatures of: 700 ◦C (a); 750 ◦C (b); 800 ◦C (c); 850 ◦C (d).

electrodes/electrolyte are largely reflected by Rs [18], it is suggested
that the reduction process has no influence on the electrolyte
and electrodes/electrolyte interfaces. The reduction produces Ni by
hydrogen atoms rupturing Ni–O bonds. These nickel atoms may dif-
fuse across the surface of anode support to be away from the center
of reduction and thereby nucleate into metallic clusters [19], lead-
ing to acceleration in charge transfer. Moreover, anode porosity
increases as NiO is chemically converted to Ni because of molar vol-
ume variation of metallic nickel and nickel oxide [20]. The porosity
increase in the anode is in favor of mass transfer and gas conver-
sion, resulting in cell polarization resistance decrease in the low
frequency range [21]. The polarization resistance thus decreases
with increasing reduction time.

The reduction mechanism of the cell is further inspected by plot-
ting the difference of EIS for each single cell reduced for 10 and
30 min, denoted by �Z, against logarithmic frequency, denoted as
log f, as shown in Fig. 6. The �Z can be thus identified by Eq. (3) [21]

�Z = ∂Ztime2

log f
− ∂Ztime1

log f
(3)

where Ztime denotes real part of impedance spectra gained at a cer-
tain reduction time and f is the frequency domain. It is apparent the
�Z for each single cell displays a peak value at low frequency range
(below 2 Hz) which is reported to involve gas diffusion and gas con-
version processes at anode side [22]. In the reduction course, there
is only one relevant chemical reaction (Eq. (4)) where

NiO + H2 = Ni + H2O (4)
Thus the deviation of the impedance spectra may reflect the
extent of NiO being converted to Ni. With the increase of reduc-
tion temperature, the deviation peak shifts to higher frequencies,
indicating higher reduction rate for NiO at higher reduction tem-
peratures. At the same time, it is established that a proper reduction
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Fig. 4. Electrochemical impedance spectra (EIS) for the single cells reduced at d

ate of NiO is important to obtain a homogeneous microstructure
23]. The cell reduced at 650 ◦C exhibits a summit frequency of 0.8
t the maximum conversion of NiO to Ni, which may be the clos-
st to the proper conversion rate among all investigated reduction
emperatures. It is thus concluded that 650 ◦C is a proper reduction
emperature for the SOFC single cell based on Ni/YSZ anode in our

tudy.

Fig. 7 shows representative SEM pictures for the anodes of the
ells reduced at different temperatures for 5 h. It is clear that the
urface morphologies of SOFC anodes reduced at different temper-

ig. 5. Electrochemical impedance spectra recorded in reduction process at 650 ◦C.
t temperatures and then tested at: 700 ◦C (a); 750 ◦C (b); 800 ◦C (c); 850 ◦C (d).

atures are different in nickel distribution. Nickel agglomerations
of significant sizes can be detected easily in the cell reduced at
550 ◦C and 750 ◦C while a much more homogeneous microstruc-
ture is observed in the cell reduced at 650 ◦C. Specifically, the nickel
agglomerations having a size of ten microns in diameter can be
observed in the active layer of the Ni-YSZ anode for the single
cell reduced at 550 ◦C while the cell reduced at 750 ◦C exhibits
nickel particles with diameters of several microns dispersed in both
anodic substrate area and active region of the Ni-YSZ anode. This
may explain the good performance of the cell reduced at 650 ◦C.

Generally speaking, the SOFC process involves dissociative
adsorption of H2 and transport to triple phase boundaries (TPBs),
charge transfer and gas diffusion and conversion [10] and these
processes can be interpreted quantitatively as activation resis-
tance, bulk resistance and concentration resistance, respectively.
For the cells reduced at different temperatures, bulk resistance and
concentration resistance may be the dominating factors. Bulk resis-
tance and concentration resistance are majorly determined by the
anodic microstructure because there is no evident deviation for
electrochemical properties in relatively low current density dom-
inated by activation process. But in high current density domain,
much different power output is recorded.

It is also observed that the size of nickel particles in Ni/YSZ cer-
met tends to increase during operation resulting in the decrease
(loss) of specific surface area and conductivity of the anode and

eventually deterioration of the cell performance. Therefore, nickel
agglomeration is detrimental to cell operation at an optimal per-
formance. According to the impedance spectra results shown in
Fig. 6, NiO can be quickly converted to Ni within 1 h reduction.
In the meanwhile, reassembly and successive reduction of nickel
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Fig. 6. The �Z versus logarithmic frequency for cell reduced at temperatures: 550 ◦C (a); 650 ◦C (b); 750 ◦C (c).

Fig. 7. Representative SEM images of SOFC anode reduced at temperatures: 550 ◦C (a); 650 ◦C (b); 750 ◦C (c).
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articles occur. The conducting properties of nickel in anode are
ertinent to microstructure and the specific area of YSZ. High tem-
erature sintering and reduction process are thus crucial to anodic
icrostructure. With more NiO being reduced to Ni, reduction in

article size will lead less contact among particles and less con-
uctivity. Therefore, the nickel agglomeration observed in cells
educed at 550 ◦C and 750 ◦C can be attributed to an improper
educing rate in our work.

. Conclusions

In this paper, the effects of reduction temperatures (550–750 ◦C)
n the electrochemical properties and microstructure of the anode-
upported SOFC single cell were investigated in detail. The results
ndicated that the single cell reduced at 650 ◦C obtained the best
lectrochemical properties, achieving a Pmax of 0.5 W cm−2 and
n ASR of 0.5 � cm2 at 850 ◦C. This may be because the single
ell reduced at 650 ◦C has the most homogeneous microstructure.
herefore, 650 ◦C may be the optimum reduction temperature for
i/YSZ anode-supported SOFC cell.
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