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a b s t r a c t

Some of the limits on fuel cell development include the issues of hydrogen availability and storage.
Methanol has many advantages as an alternative fuel for fuel cells but depending on the anode composi-
tion, the formation of carbon may be a problem. In this paper, the direct utilization of methanol in solid
oxide fuel cells with impregnated Ni/YSZ and Ni–Zr0.35Ce0.65O2−ı (ZDC)/YSZ anodes was investigated at
1073 K. Performance and stability of these anodes, as measured by steady-state polarization and electro-
chemical impedance spectroscopy, were improved by the presence of ZDC; although, the deposition of
eywords:
olid oxide fuel cells
irect utilization
ethanol

arbon formation

carbon, as detected by scanning electron microscopy and temperature-programmed oxidation analysis,
was not entirely avoided. The impact of the carbon, however, was different depending on the anode.
That is, carbon formation caused the delamination of impregnated Ni/YSZ anodes, while the structural
integrity of Ni–ZDC/YSZ anodes was maintained and the cell performance was not negatively impacted.
Increasing the fuel utilization decreased coking, as predicted by equilibrium calculations.
i/YSZ
i/Zr0.35Ce0.65O2−ı

. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices for
he simultaneous generation of electrical power and heat, and
re characterized by high efficiency and low direct emissions [1].
ecently there has been interest in developing SOFC for small aux-

liary power units (<10 kW) and portable power generation [2],
n which case it would be convenient to operate the fuel cells
irectly with liquid fuels, such as alcohols, rather than with hydro-
en (H2). Methanol (MeOH) could be a convenient fuel [3] because
o pre-treatment is required given the low level of impurities in
ommercial-grade MeOH [4], and the risk of severe coking is less
ompared to other liquid hydrocarbons [5].

Presently there are only a few publications on the direct utiliza-
ion of MeOH with nickel/yttria-stabilized zirconia (Ni/YSZ) anodes
6,7]. Jiang and Virkar [6] tested anode-supported Ni/YSZ cells with
ure MeOH and obtained maximum power densities of 1.3 and
.6 W cm−2 at 1073 and 923 K, respectively. At the end of these

ests, no carbon was visible, but no results on the long-term sta-
ility or information on the testing protocols (e.g., overall time of
xposure to MeOH) were provided. These results demonstrate the
easibility of direct utilization of MeOH on Ni/YSZ anodes, but more
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testing is required to prove the long-term stability at low or zero
fuel utilization, which are the most favorable conditions for coking.

Sasaki et al. [7] tested electrolyte-supported Ni/YSZ anodes with
pure MeOH at 1273 K and the performance in MeOH was similar
to the performance obtained with a mixture of H2 and CO (molar
ratio of 2:1). These results suggested that MeOH was completely
decomposed by gas phase and surface reactions before reaching
the electrochemically active layer in the anode. Again no coking
was observed, in agreement with the thermodynamic predictions
for 1273 K [8].

These results are consistent with thermodynamic calculations
[8] that predict the propensity to form carbon decreases with
increasing temperature when an SOFC is operated directly with
MeOH. Carbon formation also decreases with increasing fuel uti-
lization and the minimum fuel utilization for avoiding coking can be
calculated for each operating temperature and pressure. At 1073 K
and 1 atm, this minimum value is ∼2% [8].

In practice, SOFC will be operated over a range of fuel utiliza-
tions including open circuit voltage (OCV) (i.e., zero fuel utilization).
Exposure of Ni/YSZ to pure MeOH at OCV and 1073 K for more than
12 h did result in visible coking, and subsequent deformation and
delamination of the electrode [9].
One strategy to avoid deactivation due to coking is the use of
alternative anode materials. For the direct utilization of MeOH the
alternative anodes tested include lanthanum cobaltite (LaCoO3)
[10], copper/gadolina-doped ceria (Cu/GDC) [11], and copper/ceria
(Cu/CeO2) [12]. Unfortunately, all of these materials were unstable.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:max.cimenti@afcc-auto.com
mailto:valzate.alzate@nrc-cnrc.gc.ca
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Nomenclature

APD average performance decay
ASR area specific resistance
EDX energy-dispersive X-ray analysis
EIS electrochemical impedance spectroscopy
LSM La0.8Sr0.2MnO3−ı cathode
KKT linear Kramers–Kronig transformation
MeOH methanol
mGC micro-gas chromatograph
MS mass-spectrometer analyzer
Ni/YSZp impregnated Ni/YSZ anode
Ni/ZDC Ni–Zr0.35Ce0.65O2 anode
OCV open circuit voltage
SEM scanning electron microscopy
SOFC solid oxide fuel cells
STP standard temperature and pressure
TPO temperature programmed oxidation
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Table 1
Tape cast formulations.

Component Mass for dense YSZ (g) Mass for porous YSZ (g)

Ethyl alcohol 7.67 8.50
Toluene 11.25 11.25
Fish oil 1.10 1.10
Polymer solution 20.50 20.50
YSZ 50.00 28.02

ode was 47.7 wt% LSM, 43.2 wt% YSZ, and 9.1 wt% graphite. After
firing at 1473 K for 2 h, the average thickness of the LSM cathodes
was approximately 30 �m and the area was 0.21 cm2.
YSZ Y0.08Zr0.92O2−ı electrolyte
ZDC zirconia-doped ceria, Zr0.35Ce0.65O2

or ceria-based anodes instability was attributed to Cu sintering
nd surface instability of ceria [12]. Thermal stability and com-
atibility of ceria with the electrolyte (YSZ) can be improved by
oping ceria with zirconia (ZrxCe1−xO2) [13]. Specifically, the pres-
nce of Zr4+ ions in the lattice improves both oxygen storage
apacity and ionic conductivity of ceria [14], and also increases
he adsorption capacity for H2 and CO [15], which may increase
he rate of electrochemical oxidation of these species. In fact,
he rate of electrochemical oxidation of H2 and CO on Ni/CeO2
ccurred at comparable rates [16]. Although Ni/CeO2 anodes
ere susceptible to coking with methane [17,18], the addition

f zirconia, however, may improve the coke tolerance of these
nodes.

In this study the performance and stability of
i/Ni–Zr0.35Ce0.65O2−ı (ZDC) anodes were investigated and
ompared to Ni/YSZ anodes. Both anodes were tested in H2 and
n pure MeOH at 1073 K. Our objectives were to verify whether
he presence of ZDC suppresses carbon deposition at zero fuel
tilization and to verify whether coking is suppressed or reduced
hen the cell is operated at fuel utilizations higher than the

hermodynamic carbon formation boundary [8]. To maintain
consistent microstructure, both anodes (Ni/YSZ and Ni/ZDC)
ere prepared by impregnating a porous YSZ structure with
etal precursors. Steady-state polarization, electrochemical

mpedance spectroscopy (EIS), and potentiostatic measurements
ere used to characterize the performance and stability of these

ells. Scanning electron microscopy was used to investigate the
orphology of the anodes, while temperature-programmed

xidation was used to characterize carbon deposited on the
nodes.

. Materials and methods

.1. Preparation of electrolyte, anode support, and cathode

A dense YSZ electrolyte layer was prepared by tape casting using
ommercial YSZ powders (TZ-8Y; Tosoh, Tokyo, Japan) according
o the formulation of Table 1. The ingredients of the tape cast-

ng formula were dehydrated ethyl alcohol (Commercial Alcohols,
nc., Chattam, ON, Canada), toluene (ACS grade; VWR, Chester
ounty, PA, USA), fish oil (Tape Casting Warehouse, Morrisville,
A, USA), and a polymer solution containing 19.5 wt% polyvinyl
utyral (B79; Tape Casting Warehouse), 36.5 wt% butylbenzylph-
Corn starch – 15.04
Graphite – 6.95

talate (S160; Tape Casting Warehouse), 17.2 wt% dehydrated ethyl
alcohol, and 26.9 wt% toluene.

A porous YSZ layer for the impregnation of the anode was
obtained by adding corn starch (average particle size ∼10 �m;
generic brand) and graphite powder (−325 mesh; Alfa Aesar, Ward
Hill, MA, USA) to the tape casting mix (Table 1). Green tapes of
both the dense and porous electrolytes were laminated together
and punched into disks 2.6 cm in diameter (see also [19]). Cells
so obtained were sintered at 1773 K for 4 h using a heating rate
of 2 K min−1 [20]. After sintering, the thicknesses of the dense
and porous layers were approximately 50 and 70 �m, respectively
(Fig. 1a). The apparent porosity of the porous layer was estimated
as 60% based on Archimedes’ method. The cathode was obtained
by screen-printing a paste composed of �-terpineol (Alfa Aesar),
LSM (La0.8Sr0.2MnO3−ı, Praxair Specialty Ceramics, Danbury, CT,
USA), YSZ, and graphite powder (−325 mesh; Alfa Aesar) onto the
dense surface of the YSZ electrolyte. The composition of the cath-
Fig. 1. SEM micrographs: (a) Ni/ZDC cross-section (anode at top of image); (b)
porous YSZ layer and reduced Ni/YSZp and Ni/ZDC anodes before exposure to MeOH.
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.2. Preparation of impregnated anodes

Ni/YSZ anodes and Ni/Zr0.35Ce0.65O2 (Ni/ZDC) anodes were
btained by impregnation of the YSZ porous layer with solutions
onsisting of metal nitrates in isopropyl alcohol using a modifica-
ion of a procedure proposed elsewhere [21]. For the impregnated
i/YSZ cells (hereafter referred to as Ni/YSZp), nickel was added

o the porous YSZ layer with a 2 M solution of Ni(NO3)2·6H2O
Alfa Aesar). Impregnated cells were dried at 343 K under vac-
um for 15 min and then fired at 723 K for 60 min using heating
nd cooling rates of 2 and 5 K min−1, respectively. This procedure
as repeated until the weight of Ni was equivalent to approxi-
ately 40 wt% of the porous layer. NiO was reduced in situ using

umidified H2.
Ni/ZDC anodes were prepared in a similar manner. ZDC was

eposited on the porous YSZ layer using an aqueous solution con-
aining ZrO(NO3)2·xH2O and (NH4)2Ce(NO3)6 (Alfa Aesar) at the
alculated molar ratio. Cerium–ammonium nitrate precursor was
elected to obtain a single ZDC phase at lower firing tempera-
ures [22]. The presence of a single ZDC phase was verified by
-ray powder diffraction (XRD). ZDC powders were prepared by
ring samples of the solution containing cerium and zirconium pre-
ursors at 723 K, and XRD patterns were obtained with a Rigaku
owder diffractometer scanning between 10◦ and 80◦ using Cu K�
adiation. The XRD pattern shown in Fig. 2 presents the same peaks
bserved for ZDC solid solutions by Hartridge and Bhattacharya
23], confirming the presence of a single phase.

Impregnated cells were dried and then fired as described earlier

or Ni/YSZp. The final ZDC content was approximately 30 wt%. Ni
as added as described above until a loading of 40 wt% was reached.
oth mass percents are with respect to the porous layer.

The cells have been named C1 through C8. The typical morpholo-
ies of the Ni/YSZp and Ni/ZDC cells after reduction are shown in

ig. 3. Schematic of the (a) cell holder and (b) experimental set-up. WE and CE are the w
nd TC2 are thermocouples.
Fig. 2. XRD pattern of ZDC powders obtained after firing an aqueous solution of
metal precursors at 723 K.

Fig. 1b. An SEM image of the YSZ porous layer is also shown for
comparison.

2.3. Experimental cell and set-up

The current collectors on the cathode side were platinum (Pt)
wire (Omega Eng. Inc., Bergar, QC, Canada) attached using Pt paste
(Engelhard, Iselin, NJ, USA). On the anode side, silver (Ag) wire
(Alfa Aesar) and Ag ink (Alfa Aesar) were used. Part of the anode

surface was masked using glass-sealing paste (4460, ESL Electro-
Science, King of Prussia, PA, USA) to match the geometric area
of the cathode (0.21 cm2). The cell was attached to an alumina
tube (diameter 13 mm, Vesuvius Ceramics, Carnegie, PA, USA) using
glass-sealing paste cured on the cathode side with ceramic cement

orking and counter electrodes, RE and RE2 are the voltage references, and TC, TC1
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Table 2
Testing protocols used in this study.

Stage Fuel Time (h) Measurement type

Conditioning H2, 4% H2O 24 Potentiostatic at 0.6 V
Initial performance MeOH – Polarization, EIS
Stability MeOH 12 Open circuita or

Potentiostatic at
0.6 Vb, GC

Final Performance MeOH – Polarization, EIS
M. Cimenti et al. / Journal of Po

Ultra-Temp 516, Aremco, Valley Cottage, NY, USA). Ag wires (Alfa
esar) inserted in Nextel sleeves (Omega) were used as lead-
ires; the wires were twisted to reduce stray-inductance during

mpedance measurements. Quartz tubes were used as fuel and
ir inlets in the cell arrangement of Fig. 3a. The H2 flow rate was
0 mL min−1, while the air-flow rate was 150 mL min−1.

Pure liquid MeOH (water < 0.1 wt%) was injected directly to the
node compartment at 2 mL h−1 (1.373E−5 mol s−1) through a cap-
llary inlet tube (0.43/0.32 Lexis, Polymicro Technologies, AZ, USA)
sing a syringe pump (PHD 2000 Harvard Apparatus, Holliston,
A, USA). The outlet gases were directed to a gas chromatograph

mGC 3000 Agilent Technologies, Santa Clara, CA, USA) and to a cold
rap kept at 200 K. The mGC has three channels (Molecular Sieve,
lot U, OV1) and was calibrated for the quantification of hydro-
en (H2), methane (CH4), carbon monoxide (CO), carbon dioxide
CO2), ethene (C2H4), ethane (C2H6), formaldehyde (HCHO), water
H2O), and methanol (CH3OH). The standard error for the chro-

atographic measurements was less than 2% for all species, except
or HCHO and MeOH that was less than 5% for vapors. The qual-
ty of MeOH and the composition of the condensate from the cold
rap were analyzed using a GC–MS (5975B-6890N Agilent Tech-
ologies). A schematic of the experimental set-up is shown in
ig. 3b.

.4. Electrochemical testing

Steady-state polarization curves (i–V) and electrochemical
mpedance spectra (EIS) were measured using an electrochem-
cal interface (1287 Potentiostat and 1260 Frequency response
nalyzer, Solartron Analytical, Farnborough, Hampshire, U.K.).
olarization curves were obtained from potentiostatic steps of
min taken every 50 mV. Impedance spectra were measured at
quilibrium (OCV) and at different loads with AC amplitude of
0 mV in the frequency range of 0.01 Hz to 1 MHz. EIS results were
alidated by applying the Kramers–Kronig transformation (KKT)
24] in the linear implementation [25]. Lack of stability during the
IS measurement can be detected by comparing the residuals of the
KT to the error structure of the measurement [26,27]. In this study,

he nominal errors of the electrochemical interface were used to
etect instability in the KKT analysis. Long-term stability of the cells
as determined at constant potential for periods of 12 h.

The typical testing procedure was as follows. First, cells were
eated to 1073 K and tested in dry H2 to verify that the sealing was
dequate. Cells producing a stable voltage higher than 1.15 V in dry
2 were exposed to humidified H2 (approximately 4 vol%, bubbler

emperature 301 K) and conditioned for at least 12 h before further
easurements. After conditioning, cells were tested in pure MeOH

t 1073 K.

.5. Testing protocols

Eight cells were tested: four cells with Ni/YSZp anodes and four
ells with Ni/ZDC anodes. Two cells of each type were tested to
nvestigate the effectiveness of ZDC in suppressing coking at OCV.
he remaining four cells were tested to verify whether operating
he cells under load reduced coking compared to operation at OCV.
n testing protocol-1, the cells were tested according to the follow-
ng sequence: (1) cells were conditioned in H2; (2) the fuel was
witched to pure MeOH and the initial performance was deter-
ined; (3) cells were kept at open circuit in MeOH for 12 h while
onitoring the voltage and outlet gas composition by GC; (4) the
erformance in MeOH was determined again; (5) the anode feed
as switched to dry He while the cell was cooled to room temper-

ture (Table 2). Protocol-2 was identical to protocol-1, except the
ells were held at a constant voltage of 0.6 V for 12 h in the stability
hase of the protocol (step 3).
Cooling He, dry 6 –

a Open circuit was used for protocol 1.
b Potentiostatic at 0.6 V was used for protocol 2.

2.6. Post-testing analysis

Tested anodes were broken into two parts: one part was
used to examine the anode morphology using scanning electron
microscopy (SEM, Philips ESEM-XL30) while the other part was
characterized for carbon using temperature-programmed oxida-
tion (TPO). The samples were gold-sputtered before SEM imaging.
TPO experiments were carried out using 10 vol% O2 in He with a
flow rate of 50 mL min−1 STP. The temperature was ramped from
room temperature to 1173 K at 10 K min−1 and the effluent gases
were analyzed using a mass spectrometer (Cirrus 200 Quadrupole,
MKS, Andover, MA, USA). The species monitored during the TPO
were CO2, O2, CO, H2O, and He. After each experiment the signal for
CO2 was calibrated using a 1 vol% CO2 calibration mixture (Praxair),
while the signal for H2O was calibrated using 3 vol% H2O in He.

3. Results

3.1. Performance and stability at zero fuel utilization

3.1.1. Ni/YSZp cells
An example of the polarization curves obtained in humidi-

fied H2 and in pure MeOH at 1073 K with Ni/YSZp anodes (cells
C1–C4) is shown in Fig. 4a. In both fuels, the polarization curves
have a nonlinear region characterized mainly by activation losses
(i < 0.1 A cm−2), followed by a linear region where ohmic losses
dominate (i > 0.1 A cm−2). The activation losses are larger for MeOH
than for H2, while the slope of the ohmic region is steeper in H2
indicating a larger ohmic resistance. These Ni/YSZp cells produced
modest maximum power densities when compared to optimized
anode-supported Ni/YSZ cells [6]. The results summarized in
Table 3 show significant performance variability for Ni/YSZp cells,
which is likely a result of the preparation procedure used.

Fig. 5 shows examples of the characteristic equilibrium
impedance spectra obtained for a Ni/YSZp anode (cell C1). The
complex plots obtained in humidified H2, in MeOH initially, and
in MeOH after 12 h of testing are shown in Fig. 5a, while the
respective Bode plots are shown in Fig. 5b. The ohmic resistances
(R�, high frequency intercept in the complex plots) were 0.60
and 0.56 � cm2 in H2 and MeOH, respectively. The polarization
resistance (anode + cathode) was ∼9 � cm2 in H2 while in MeOH
the polarization resistance was ∼20 � cm2. After 12 h of expo-
sure to the pure alcohol, the impedance spectrum increased with
decreasing frequency approaching a slope of ∼45◦ in the complex
plane, similar to an infinite-length Warburg impedance [24]. The
peak-frequency was approximately 500 Hz for H2, and approxi-
mately 5 Hz in MeOH initially, which is a difference of 2 orders
of magnitude between the characteristic relaxation times associ-

ated with the oxidation of these reactants. The spectra obtained for
the other Ni/YSZp cell was similar, with comparable ohmic resis-
tances but higher polarization resistances in both fuels. The EIS
results obtained for these cells were validated by the linear KKT
analysis. In general, the KKT was not satisfied for data obtained in
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ig. 4. Initial polarization (open symbols) and power density (closed symbols)
urves at 1073 K in humidified H2 (©, �) and in MeOH (�, �) for (a) Ni/YSZp cell C1
nd (b) Ni/ZDC cell C5.

eOH. Specifically, the residual was higher than 1% for frequencies
ower than ∼1 Hz, indicating that the condition of stability was not
atisfied during the EIS measurement (∼5 min).

Fig. 6a shows the outlet gas composition, the measured OCV and

he calculated cell voltage based on the measured gas composition
s a function of time during the stability testing for the Ni/YSZp
node (cell C1). The main species detected were MeOH, H2, and CO.
mall amounts (≤1%) of HCHO, H2O, and CH4 were also detected,

able 3
ummary of performance and stability (at either OCV or 0.6 V) results obtained in pure M

Ni/YSZp OCV Ni/YSZp 0

C1 C2 C3

Humidified H2

OCV (V) 1.074 1.070 1.067
Power (W cm−2) 0.139 0.075 0.127
R� (� cm2) 0.61 0.76 0.91
ASRa (� cm2) 2.29 4.18 2.49

Methanol
Initial OCV (V) 1.118 1.102 1.109
Initial power (W cm−2) 0.117 0.093 0.119
Initial R� (� cm2) 0.56 0.55 0.88
Initial ASR (� cm2) 7.54 4.54 6.92

Uf during stability (%) – – 0.4

Final OCV (V) 1.078 1.076 1.069
Final power (W cm−2) 0.055 0.026 0.065
Final R� (� cm2) 0.59 1.32 0.94
Final ASR (� cm2) 15.5 21.9 13.1
APDb (mW cm2 h−1) 5 6 5

EDX carbon (wt%)c 41 45 36

a Average area specific resistance (ASR) according to the definition given in Ref. [39].
b Average performance decay (APD) calculated as the variation of power per unit time.
c Carbon on the pore surface determined by EDX (average atomic weight fraction calcu
Fig. 5. Equilibrium impedance (a) complex plot and (b) Bode plots obtained in
humidified H2 (solid line), in MeOH initially (dash-dot), and in MeOH after 12 h
(dashed) for Ni/YSZp cell C1.
while trace amounts of C2H4 and C2H2 were only detected occa-
sionally. CO2 was not detected. Generally the partial pressure of
MeOH decreased with time while the partial pressures of H2 and
CO increased. Although there was some scatter in the profiles, the

eOH at 1073 K for cells C1–C8.

.6 V Ni/ZDC OCV Ni/ZDC 0.6 V

C4 C5 C6 C7 C8

1.076 1.072 1.064 1.069 1.072
0.094 0.247 0.209 0.233 0.229
0.87 0.38 0.41 0.46 0.45
3.42 1.19 1.37 1.22 1.25

1.112 1.092 1.106 1.089 1.117
0.082 0.259 0.212 0.226 0.252
0.70 0.30 0.33 0.34 0.40

10.1 1.25 1.41 1.32 1.17

0.3 – – 2.2 2.5

1.077 1.099 1.085 1.087 1.102
0.049 0.185 0.193 0.213 0.250
1.01 0.31 0.33 0.32 0.42

17.4 1.62 1.54 1.45 1.18
3 6 2 1 1

42 5 3 2 2

lated from the K-ratio, semi-quantitative).
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Fig. 6. Outlet composition (left ordinate) and voltage (right ordinate) versus time for
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ells Ni/YSZp cell C1 (a) and Ni/ZDC cell C5 (b). Species with concentration ≥1 vol%
re: H2 (�), CO (©), MeOH (�), and HCHO (�). The solid lines represent the mea-
ured OCV, while the dashed lines are the calculated potentials corresponding to
he measured composition.

elationship between the concentration of reactant (MeOH) and
he concentration of the products H2 and CO was consistent. A
imilar behavior has been observed for tape-cast Ni/YSZ catalysts
xposed to MeOH [28]. The measured OCV was essentially con-
tant at 1.080 V during the entire stability test in MeOH, although
he OCV in MeOH during initial performance testing (immediately
fter testing in H2, see Table 3) was approximately 1.120 V. The
CV calculated based on the outlet composition is almost 150 mV
igher than the measured value, indicating that the gas phase com-
osition at the electrochemically active surface (i.e., triple phase
oundary) was different than the outlet gas phase composition.
he composition profiles measured for the other Ni/YSZp anode
cell C2, not shown) were similar to that for cell C1, except that the

eOH concentration decreased more slowly.
After stability testing, the Ni/YSZp cells were tested again for

erformance and a significant decrease (∼50%) in the maximum
ower density was observed (Table 3). At the end of the experiment
he anodes were inspected visually and with SEM. The Ni/YSZp
node (cell C1) after testing is shown in Fig. 7a. Dust-like carbon
eposits were present on the internal surface of the alumina cell
older up to 5–6 cm from the electrode. Part of these deposits
ere likely pyrolytic in nature, as shown in [28]. The surface of the

node was also covered with carbon; the cell easily crumbled when
etached from the cell holder and essentially all of the mechanical

ntegrity was lost.
Fig. 8 shows SEM micrographs of the Ni/YSZp anode (cell C1)

fter testing in MeOH at OCV. Comparing Fig. 8a and Fig. 1b (cen-
er image), the pores of the anode exposed to MeOH have been
lled with amorphous carbon deposits. This result is corrobo-

ated by the EDX analysis, which shows a large carbon peak (inset
n Fig. 8a). The micrograph shown in Fig. 8b shows an example
f the extensive delamination of the electrode observed for the
i/YSZp anode exposed to MeOH. EDX analysis indicates an aver-
ge carbon concentration of ∼40 wt% but the concentrations varied
Fig. 7. Images of (a) Ni/YSZp cell C1 and (b) Ni/ZDC cell C5 after testing in MeOH for
12 h at 1073 K and OCV.

considerably between locations. EDX quantification provides only
semi-quantitative results because the atomic weights of the com-
ponents (e.g., C and metals) of the spent anode samples are very
different. The TPO profile obtained for the Ni/YSZp anode (cell C1)
is shown in Fig. 9a. The profile has a peak at 915 K, and a shoulder at
1031 K. There was not a peak for H2O, indicating that the hydrogen
content of the carbon deposits was negligible.

3.1.2. Ni/ZDC cells
Fig. 4b shows an example of the polarization curves obtained

with Ni/ZDC anodes (cells C5–C8). In general the performance of
Ni/ZDC was higher than Ni/YSZp, although the Ni content was
nominally the same (note the different scales on the power den-

sity curves in Fig. 4a and b). After less than one hour of exposure
to pure MeOH, the performance of a Ni/ZDC anode (cell C5) was
slightly higher than in H2, consistent with results obtained pre-
viously with Ni/CeO2 anodes [16]. In both fuels, the polarization
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ig. 8. SEM micrographs of (a) pore surface of Ni/YSZp anode after 12 h of testing
howing delamination of electrode; (c) pore of a Ni/ZDC anode after 12 h exposure
howing a carbon layer on the external surface of the electrode, the inset is an enla

urves were essentially linear over the entire current range tested,
ndicating that ohmic losses were likely dominating. The perfor-

ance variability for Ni/ZDC anodes was smaller than for Ni/YSZp
nodes (Table 3).

Fig. 10 shows the equilibrium impedance spectra measured for
Ni/ZDC anode (cell C5) in H2 (solid lines) and MeOH (dash-dot

ines). The complex spectrum measured in H2 (Fig. 10a) contains
ne depressed arc with a peak frequency at approximately 200 Hz
Fig. 10b), whereas the spectrum obtained in MeOH contains two
rcs (Fig. 10a) with peak frequencies at 100 and ∼0.02 Hz for the
rst and second arc, respectively. As for Ni/YSZp anodes, the ohmic
esistance was lower in MeOH than in H2 (0.30 and 0.38 � cm2,
espectively). For this cell, the polarization resistance in H2 was
.94 � cm2, while in MeOH the spectrum was not closed at the low
requencies. The impedance spectrum after 12 h in pure MeOH for
his cell (C5, not shown) was almost identical to the initial spec-
rum, except that the low frequency arc was noisier. All Ni/ZDC cells
ad similar impedance spectra, and the EIS data satisfied the KKT,
ith residual errors of less than 1% within the entire bandwidth.

Fig. 6b shows the time profile of the outlet gas composition,
easured OCV and calculated cell voltage for the Ni/ZDC anode

cell C5) during the stability testing at open circuit conditions. The
oncentration of MeOH increased from 0 to approximately 17 vol%
ithin the first 2 h, while the concentration of H2 and CO decreased

o ∼54 and 25%, respectively, over the same time period. After 2 h
t OCV, the outlet-gas composition and calculated OCV were sta-

le. The measured OCV was constant at ∼1.09 V. The measured
utlet composition was 19% MeOH, 55% H2 and 24% CO. The calcu-
ated potential (Nernst equation) for such composition is ∼1.22 V.
hus, as for Ni/YSZp anodes, the potential calculated based on the
utlet composition was approximately 120 mV higher than the
OH at OCV, EDX profile is shown in the inset; (b) cross-section of the Ni/YSZp cell
eOH at OCV, EDX profile is shown in the inset; (d) cross-section of the Ni/ZDC cell
nt of carbon deposited on the surface.

measured OCV. The composition profiles measured for the other
Ni/ZDC anodes (cell C6) were similar. After stability testing the per-
formance decrease of the Ni/ZDC cells were 28 and 9%, which was
significantly smaller than for Ni/YSZp cells (Table 3).

Fig. 7b shows a Ni/ZDC anode (cell C5) after testing. Loose carbon
deposits were present on the anode surface and also on the surface
of the sample holder. The structure of the cells, however, was not
as fragile as for Ni/YSZp and the cell could be removed from the
sample holder without crumbling. Fig. 8c and d shows micrographs
of a pore and the cross-section of the Ni/ZDC anode (cell C5) after
12 h at OCV in MeOH. The pores in the cross-section appear to be
free of carbon deposits (Fig. 8c compared to Fig. 1b), but ∼18% C was
detected in some locations by EDX. The intensity of the EDX C-peak
was always smaller for Ni/ZDC anodes than for Ni/YSZp anodes (see
insets in Fig. 8a and c). A ∼50 �m thick carbon layer covered the
anode surface (Fig. 8d), while no damage was visible on the anode
microstructure.

Fig. 9b shows the TPO profile for the Ni/ZDC anode (cell C5) after
12 h in MeOH at OCV or under load. After operation at OCV, less car-
bon was deposited than on the Ni/YSZp anode and this carbon was
slightly more reactive. That is, the peak temperature is 882 K (com-
pared to >900 K for Ni/YSZp). When current is flowing, no carbon
was deposited on the Ni/ZDC anode as will be discussed below.

3.2. Performance and stability under load
3.2.1. Ni/YSZp cells
The polarization curves of Ni/YSZp cells tested for stability under

load (cells C3 and C4) were essentially the same as those obtained
for cells tested at OCV. Results are summarized in Table 3. The ini-
tial equilibrium impedance spectra of cells C3 and C4 were also
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ig. 9. TPO profiles of (a) Ni/YSZp cell C1 and (b) Ni/ZDC cell C5 after 12 h in MeOH
nd OCV (solid line) and after 12 h in MeOH at 0.6 V (dashed line).

imilar to the spectra shown in Fig. 5. To better understand the
imiting processes of these cells, the impedance spectra were mea-
ured for different loads and the results are shown in Fig. 11a.
he ohmic resistance did not change with load, while the polar-
zation resistance decreased with increasing load, indicating some
ctivation limitation of the anode, consistent with the polarization
ehavior of Fig. 4a. The peak frequency of the main arc increased
ith increasing loads, which is also expected in the case of acti-

ation limitations. Similar to Fig. 5a, the impedance spectra of
i/YSZp cells measured in MeOH at 0.6 V (not shown) increased
oth in real and complex components with decreasing frequency.
he impedance points for frequencies less than 0.1 Hz were noisy,
nd generally the residual obtained from the linear KKT was larger
han 1%, indicating that the condition of stability was not satisfied.

Fig. 12a shows the outlet gas composition profile and the power
ensity measured at 0.6 V as a function of time. The main species
etected were MeOH, H2, and CO, with small amounts (<2%) of
CHO, H2O, and CO2. The concentration profiles were noisy as for
ells tested at OCV (Fig. 6a), and the apparent MeOH concentra-
ion decreased with time, while the concentrations of H2 and CO
ncreased. Both H2O and CO2 were detected but at concentrations
ower than 2%. The power density measured at 0.6 V decayed with
ime, and for cell C3 was ∼50 mW cm−2 after 12 h. The estimated
uel utilization (calculated from the MeOH flow rate and the mea-
ured current) was 0.4%, which was within the thermodynamic
arbon formation region [8].

The SEM micrograph of a Ni/YSZp anode tested at constant
oad is shown in Fig. 13a. Amorphous carbon deposits covered

he anode pores and surface, and several portions of the electrode
ere delaminated. In fact, there was no visible difference between

nodes tested at OCV and under load. EDX results showed high con-
entrations (>30%) of C in the pores and on the surface of cell C4.
ig. 9a shows the TPO profile for a Ni/YSZp anode (C4) tested under
Fig. 10. Equilibrium impedance (a) complex plot and (b) Bode plots obtained in
humidified H2 (solid line), and in MeOH initially (dash-dot) for Ni/ZDC cell C5.

load. The CO2 signal has a peak 935 K, while H2O was not detected.
The height of the peak was lower than for cell C1; the same mass
of sample was used in each TPO analysis.

3.2.2. Ni/ZDC cells
The polarization curves for Ni/ZDC cells tested under load (C7

and C8) were similar to the curves in Fig. 4b; likewise, the equi-
librium impedance was similar to that in Fig. 5. Fig. 11b shows the
impedance of Ni/ZDC cell C8 measured in H2 at different loads. The
ohmic resistance of the Ni/ZDC cells increased slightly with increas-
ing load. Also the polarization resistance increased with load, while
the peak frequency of the main arc did not change significantly.
This behavior, opposite of that observed for Ni/YSZp, indicates that
the electrochemical oxidation was not limiting the anode perfor-
mance, but rather charge transport in the ZDC layer was likely the
limiting factor. The impedance spectra measured at 0.6 V in MeOH
(not shown) were similar to the spectra of Fig. 11b. As seen also in
Fig. 10, a second semicircle was visible at lower frequencies.

Fig. 12b shows the gas composition and power density time pro-
files for a Ni/ZDC cell (cell C8) operated under load. The species
detected at the outlet were the same as that observed for cells tested
at OCV (Fig. 6b), but the average conversion of MeOH was lower
(∼10%, compared to ∼15% at OCV). The concentration profiles were

less stable than in Fig. 6b. The average power density for cell C8 was
∼240 mW cm−2 and the calculated fuel utilization was ∼2.2%, indi-
cating that theoretically carbon deposition was not favored. The cell
performance for Ni/ZDC cells in MeOH after stability testing was
similar to or slightly higher than the initial performance (Table 3).
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Fig. 11. Complex plot of the impedance spectra for different loads in humidified
H2 at 1073 K for (a) Ni/YSZp cell C3 and (b) Ni/ZDC cell C8. Peak-frequencies are
indicated by the solid markers and labeled. Frequency range shown for all spectra
is 0.01 Hz to 1 MHz.

Fig. 12. Outlet composition (left ordinate and symbols) and power density (right
ordinate and lines) versus time for (a) Ni/YSZp cell C3 and (b) Ni/ZDC cell C8 operated
with a MeOH feed at 1073 K and 0.6 V. Species shown are: H2 (�), CO (©), MeOH
(�), HCHO (�), CO2 (�), and H2O (�).

Fig. 13. SEM micrographs of (a) Ni/YSZp cell C5 (cross-section) after 12 h of testing
in MeOH at 0.6 V; (b) Ni/ZDC cell C8 (cross-section) after 12 h of testing in MeOH at

1073 K and 0.6 V and (c) carbon deposits on the surface of cell in (b).

Although there was no performance degradation, carbon
deposits were still observed (by visual inspection) on the surface
of tested anodes. Fig. 13b and c show the SEM micrographs of
the cross-section and surface, respectively, of a Ni/ZDC anode (cell
C8) tested in MeOH under load. The cross-section of the anode
appears relatively clean (Fig. 13b) although a small carbon signal
was detected by EDX (not shown). Carbon deposits were visible in
isolated spots on the anode surface. Fig. 13c shows the morphology
of these surface deposits. As mentioned previously, there was no

CO2 evolved from the Ni/ZDC (cell C8) operated under load during
the TPO analysis (Fig. 9b).
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. Discussion

One of the objectives of this study was to compare the influ-
nce of ZDC on Ni/YSZ anodes exposed to pure MeOH. Based on the
esults (Figs. 7, 9 and 13), ZDC was effective in reducing the carbon
eposited on the anodes both at open circuit and under load (0.6 V).
he higher performance of the Ni/ZDC anodes (Table 3 and Fig. 4)
as likely due to the mixed conducting properties of ZDC. The ZDC
hase provides a pathway for the conduction of electrons so that

solated Ni particles in the Ni/ZDC anode can still function elec-
rocatalytically, while in Ni/YSZ anodes isolated Ni particles only
rovided sites for the catalytic decomposition, where coke is likely
o accumulate. Further improvements in preventing carbon deposi-
ion could be achieved by optimizing the electrode microstructure,
hile stability to coking could be improved by doping the anodes
ith coke-inhibitors such as K and Ag as suggested by theoretical

tudies [29–31].
Although others [6,7] showed that Ni/YSZ anodes can operate

ith pure MeOH without coking, it is likely that the absence of
oking was a consequence of the specific conditions used. Namely,
t high fuel utilization and high temperatures carbon formation can
e inhibited. In a practical setting in which an SOFC may be operated
t a range of loads, including OCV, thus, the direct utilization of
eOH could lead to irreversible deactivation of the Ni/YSZ anodes

fter longer term operation.
After stability testing at OCV, carbon was deposited on both

i/YSZp and Ni/ZDC, as expected from thermodynamic calcula-
ions. However, the performance of the Ni/ZDC cells was less
mpaired, and the carbon deposits were visible only on the external
urfaces of these electrodes. Whereas the microstructure of Ni/ZDC
nodes was not damaged by carbon, the Ni/YSZp anodes became
elaminated from the electrolyte. Coked Ni/YSZp anodes were frag-

le likely because the deposited carbon resulted in metal dusting
32]. TPO profiles indicated that carbon deposits were more reac-
ive (i.e., removed at a lower temperature) on Ni/ZDC than Ni/YSZp.
revious studies [33] have shown that the presence of ceria influ-
nces the type of carbon formed on Ni anodes exposed to methane.
arbon deposits were not quantified by TPO but EDX results showed
hat more carbon was present on Ni/YSZp anodes and also that the
ores of Ni/ZDC anodes were relatively clean.

Consistent with other results [6,7], less carbon was deposited
hen the anodes were tested under load (Figs. 9 and 13). The
erformance of the Ni/ZDC was sufficiently high that the fuel uti-

ization was slightly above the carbon deposition boundary (2.5%
ersus 2.1%). Although no carbon was detected with TPO, some car-
on was detected with SEM/EDX analysis on the Ni/ZDC anodes.
arbon deposits were evident on the Ni/YSZp anodes with both
PO and SEM/EDX analyses.

The higher stability of Ni/ZDC cells was evident particularly con-
idering that the initial performance in MeOH was maintained for
oth cells during 12 h in MeOH (Figs. 6 and 12). The gas phase con-
entration profiles at the outlet of the cell during testing at OCV
Fig. 6b) were stable after 2 h on stream for the cells with Ni/ZDC
nodes, but were considerably less stable for cells with Ni/YSZp
nodes. Similar trends were observed in a study on the decompo-
ition of MeOH ex-situ on Ni/CeO2 and Ni/YSZ catalysts [9], likely
ecause of the similar catalytic properties of these materials for the
ecomposition of MeOH.

Not only was the performance of the Ni/YSZp anodes unsta-
le but there was also poor reproducibility between the prepared
nodes. The lack of electronic conductivity is most likely the

ause of the performance variability between samples for Ni/YSZp
ells. The performance of Ni/ZDC cells was more consistent, likely
ecause the presence of ZDC results in less variability of the over-
ll conductivity of the anode. In the Ni/YSZp anodes, the only
onductive phase was Ni, and the Ni content was close to the
ources 195 (2010) 4002–4012 4011

conductivity threshold (according to percolation theory) such that
the anode conductivity was more sensitive to the preparation
method.

The OCV measured in MeOH could be a result of a mixed
potential established through the anode, but more likely reflected
the local composition at the functional layer. Thus, the differ-
ence between the measured and calculated voltages of ∼120 mV
(Figs. 6 and 12) was an indication that the gas composition at
the outlet was different from the composition at the anode func-
tional layer. The measured OCV was close to the value calculated
assuming that equilibrium composition for MeOH decomposition
was reached (∼1.08 V for the equilibrium composition 62.9 mol%
H2, 29.5% CO, 2.5% H2O, 1.9% CH4, 1.3% CO2, and 1.9% C at 1073 K,
see [8]), supporting our previous hypothesis [9] that the gas phase
in the proximity of the active layer is close to equilibrium. Aside
from the concentration gradient within the anode, pyrolysis reac-
tions within the sample holder could have also contributed to the
difference between the calculated and measured OCV. The gas com-
position profiles at the outlet of the cell measured under load were
essentially similar to those obtained at OCV, likely because of the
low fuel utilizations. Peaks for H2O and CO2 were identified in the
chromatograms, but the concentration of these species remained
lower than 2%.

EIS results contained information both on the limiting processes
and stability of Ni/YSZp and Ni/ZDC electrodes (Figs. 5, 10 and 11).
The variation of the impedance spectra with load for Ni/YSZp cells
in H2 (Fig. 11a) indicated that the electrochemical oxidation was
limiting the electrode performance. As discussed previously, this
result was likely a consequence of the non-optimized microstruc-
ture and resulting poor electronic conductivity (i.e., smaller TPB)
of these anodes. According to the KKT analysis impedance spec-
tra collected during operation in MeOH for Ni/YSZp cells did not
satisfy the stability condition. In addition, the ohmic resistance in
the impedance spectra decreased when the fuel changed from H2
to MeOH. Both of these results are consistent with carbon being
deposited on the anodes [34].

Ni/ZDC cells exhibited a characteristic impedance behavior both
in H2 and MeOH. The increase of polarization resistance with load
seen in Fig. 11b could be related to the electrochemical oxidation
of H2 and/or CO on the ZDC surface, as observed in three-electrode
experiments [35]. A second arc with peak-frequency at ∼0.02 Hz
was observed in the equilibrium impedance spectra in MeOH.
The possible causes of this feature are: gas-conversion within the
volume of the sample holder contiguous to the electrode sur-
face [36]; gas-diffusion within the electrode/current collector [37];
gas and Knudsen diffusion through electrode. The characteristic
resistance and peak-frequency produced by gas-conversion in the
case of H2 fuel can be predicted as proposed in [36]. For the
setup and conditions used in this study these are ∼0.11 � cm2 and
∼0.16 Hz, respectively. However, the predicted gas-conversion arc
was not present in the impedance spectrum of H2 (solid line in
Fig. 10a).

Similarly, resistance and peak-frequency generated by gas-
diffusion can be predicted as proposed in [37]. Assuming that the
low frequency arc was caused by diffusion through the anode, it
is possible to calculate the ratio of the effective diffusivity to the
diffusion length required to produce the size and peak-frequency
observed in MeOH (∼0.8 � cm2 and ∼0.02 Hz, dashed line in
Fig. 10a), which should be ∼5 × 10−3 m s−1. For a length equivalent
to the electrode thickness results in a diffusivity of ∼10−7 m2 s−1.
Such a small diffusivity would be possible only if Knudsen diffu-

sion is predominant with an effective pore diameter of ∼20 nm,
which is not in agreement with the microstructure observed by
SEM. Finally, the low frequency arc observed in MeOH for Ni/ZDC
cells could be related to the coupled effect of MeOH decomposi-
tion, convection/diffusion, and electrochemical oxidation of some
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ecomposition products. Although a specific model to verify this
ypothesis is not available yet, this could be the actual origin of
he observed low-frequency arc, particularly considering that the
esults of Fig. 10b indicate that equilibrium of decomposition was
ikely reached in the proximity of the anode surface, in which case
hree molecules were produced for each MeOH molecule reacted
enerating a convective flow away from the anode surface. Thus,
he small effective diffusivity calculated could be in fact the result
f the volume increase produced by MeOH decomposition.

In general EIS results indicate that the processes limiting the
erformance of Ni/ZDC anode with pure MeOH are very different
rom those limiting Ni/YSZp anodes, and these processes could be
he main cause of the improved stability observed.

. Conclusions

The direct utilization of MeOH was tested on impregnated
i/YSZ and Ni/ZDC anodes for SOFC. Stability was tested at OCV to
erify and compare the resilience of these anodes at the most severe
oking conditions, and also under load to verify that the presence of
xygen ions and/or water (produced by electrochemical oxidation)
educes coking. The results verified that Ni/ZDC anodes were more
table than Ni/YSZp anodes for the direct utilization of MeOH at
073 K, both at OCV and under load. Under load, the performance
f the Ni/ZDC anode was essentially stable over 12 h.

ZDC has a positive effect on the performance, similar to ceria
38], likely because of the increased conductivity within the anode.
he presence of ZDC also influenced the type of carbon that formed
uch that the carbon was more reactive and could be removed
ithout complete destruction of the anode microstructure. Oper-

tion under load reduced the amount of carbon formed on both
nodes. The Ni/ZDC anode had relatively little carbon after opera-
ion with MeOH for 12 h at 0.6 V. The Ni/YSZp anode delaminated
hen operated at OCV for 12 h with MeOH. Under load, the perfor-
ance of Ni/YSZp anode degraded substantially (100–50 mW cm−2

ver 10 h).
EIS results indicate that performance on Ni/YSZp anodes was

ominated by activation overpotential, while on Ni/ZDC the con-
uction of O2− in ZDC is likely dominating. The higher stability in
ure MeOH of Ni/ZDC is also reflected on the stability of EIS mea-
urements. The characteristic low-frequency arc observed in the
quilibrium impedance of Ni/ZDC cells tested in pure MeOH could
e related to catalytic decomposition of MeOH on the anode.
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