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a  b  s  t  r  a  c  t

This  study  investigates  dimethyl  ether  (DME)  as  a  potential  fuel  for proton-conducting  SOFCs  with  a
conventional  nickel  cermet  anode  and  a  BaZr0.4Ce0.4Y0.2O3−� (BZCY4)  electrolyte.  A  catalytic  test  demon-
strates  that  the  sintered  Ni  +  BZCY4  anode  has  an  acceptable  catalytic  activity  for the  decomposition  and
steam reforming  of  DME  with  CO, CH4 and  CO2 as  the  only  gaseous  carbon-containing  products.  An  O2-
TPO analysis  demonstrates  the  presence  of  a  large  amount  of  coke  formation  over  the  anode  catalyst
when  operating  on  pure  DME,  which  is  effectively  suppressed  by  introducing  steam  into  the  fuel  gas. The
selectivity  towards  CH4 is  also  obviously  reduced.  Peak  power  densities  of  252,  280  and  374  mW  cm−2

◦

roton conductor
olid oxide fuel cells
oke formation
team reforming

are  achieved  for  the  cells  operating  on  pure  DME,  a DME  +  H2O gas  mixture  (1:3)  and  hydrogen  at 700 C,
respectively.  After  the  test,  the  cell  operating  on  pure  DME  is  seriously  cracked  whereas  the  cell  operating
on DME  +  H2O  maintains  its  original  integrity.  A  lower  power  output  is  obtained  for  the  cell  operating  on
DME  +  H2O  than  on H2 at  low  temperature,  which  is  mainly  due  to the  increased  electrode  polarization
resistance.  The  selection  of  a  better  proton-conducting  phase  in  the  anode  is  critical  to  further  increase

the cell  power  output.

. Introduction

Fuel flexibility is one of the most significant advantages of solid
xide fuel cells (SOFCs) over polymer electrolyte membrane fuel
ells (PEMFCs). Because of a high operating temperature, even a
ickel catalyst shows fast electrode kinetics. As a result, in addition
o hydrogen, many fuels, such as hydrocarbons, ammonia and car-
on monoxide, can be directly oxidized over a nickel-based SOFCs
node [1–5]. This feature is highly attractive because hydrocarbons
nd other fuels are much easier to be find, store and transport than
ydrogen.

Conventional SOFCs use oxygen ion-conducting oxides [6,7],
ncluding stabilized zirconia and doped ceria, as the electrolytes,
nd the fuels react with oxygen ions transported from the cath-
de side with the formation of H2O and CO2 as the final products
n the anode chamber, which may  dilute the fuel gas and reduce
fficiency. Recently, SOFCs with proton-conducting oxides as the
lectrolytes have received increasing attention [8–10]. In 1981,
wahara et al. first observed that some perovskite oxides had pro-

on conductivity at high temperatures [11]. Because the size of a
roton is much smaller than that of an oxygen ion, it is believed
hat high conductivity is easier to achieve in proton conductors
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than in oxygen ion conductors at lower temperatures. Indeed,
selected BaCe0.8−xZrxY0.2O3−ı-based proton conductors show com-
parable conductivity at intermediate temperatures to that of doped
ceria and La1−xSrxGa0.8Mg0.2O3−ı (LSGM) [12,13],  which are the
oxygen ion conductors with the highest known oxygen ion con-
ductivity [14,15]. Increasing numbers of scientific papers about
proton-conducting SOFCs have recently appeared in the literature.
However, in those studies, attention was  mainly paid to the new
electrolytes or cathodes, and there have been few studies examin-
ing different fuels.

Dimethyl ether (DME) is the simplest ether and has physical
properties that are similar to those of liquefied petroleum gases
(LPGs) [16]. For example, DME  is a gas at room temperature and
ambient pressure, but it can be easily liquefied at medium pressure
(1.35 MPa) at room temperature. All of the available infrastruc-
ture for LPG can be used for DME. Therefore, the storage and
transportation of DME  is relatively easy. In addition, natural gas,
coal and biomass can also act as raw materials for DME  synthe-
sis, and, with advances in the synthetic technique, DME may  be
widely available in the near future. Recently, the use of DME  as a
fuel for SOFCs has received attention [17–21].  Because of the high
energy density of liquid DME, DME-fueled SOFCs have great poten-

tial for portable or domestic uses. Previously, we  studied oxygen
ion-conducting SOFCs operating on DME  [20,21]. Coke formation
can occur with pure DME  as the fuel [20]; however, through inter-
nal partial oxidation under the catalysis of nickel cermet anode,

dx.doi.org/10.1016/j.jpowsour.2011.07.051
http://www.sciencedirect.com/science/journal/03787753
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romising cell performance was achieved with reduced coke for-
ation [21]. Up until now, the application of hydrocarbon or

xygenated-hydrocarbon as a fuel of proton-conducting SOFCs has
eldom been reported [22–24].  In proton-conducting SOFCs, the
lectrochemical oxidation of fuel occurs only at the cathode side;
herefore, the hydrocarbons should first be converted to hydrogen,
hich is the only possible direct fuel for proton-conducting SOFCs.

nternal steam reforming may  be preferable to internal partial oxi-
ation because it can maximize hydrogen production. In addition,
he endothermic reaction of steam reformation can consume the
artial heat produced during exothermic fuel electrochemical oxi-
ation over the cathode, thereby increasing the overall energy
fficiency.

In this study, we report an investigation of DME  as a fuel
f anode-supported proton-conducting SOFCs with a conven-
ional nickel cermet anode. A sintered Ni + BaZr0.4Ce0.4Y0.2O3−ı

Ni + BZCY4) cermet anode was applied as the catalyst and the inter-
al steam reformation of DME  at intermediate temperatures was
ttempted. This study examined coke formation over the anode,
ell integrity and cell performance at different DME-to-H2O ratios.

 comparative study with hydrogen as fuel was also performed.

. Experimental materials and methods

.1. Fuel cell fabrication

The fuel cells used in this study were anode-supported, thin-
lm, electrolyte proton-conducting SOFCs with a Ni + BZCY4 anode,

 BZCY4 electrolyte, and a Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) cathode.
ZCY4 was prepared using a complexing sol–gel method. Detailed

nformation about the preparation can be found in our previous
ublication [25]. The BZCY4 powder was calcined at 1000 ◦C for
0 h in air for later use in the proton-conducting phase of the anode
r the electrolyte. To fabricate the fuel cell, the as-prepared BZCY4
owder and commercial NiO (Chengdu Shudu Nano-Science Co.,
td.) were co-milled at a weight ratio of 40:60 by high energy
all milling (Pulverisette 6) using ethanol as a solvent to reach
he desired particle size. Polyvinyl butyral (PVB, molecular weight
0,000–45,000) was also added to the NiO + BZCY4 mixture as a
ore-former during the ball milling process. After ball milling at
00 rpm for 30 min, the obtained slurry was dried in an electric
ven and prepared into disk-shape anode substrate by dry press-
ng under a hydraulic pressure of 150 MPa  using a stainless steel
ie. After cleaning the surface of the anode substrate within the
ie by air brushing, a suitable amount of fluffy BZCY4 powder with
ltralow packing density was carefully and homogeneously dis-
ributed onto the entire exposed anode surface. The electrolyte
nd the anode were co-pressed again under a pressure of 300 MPa
or 2 min. After slowly being released from the die, the dual layer
ells were sintered at 1450 ◦C in air for 5 h to create a dense BZCY4
hin-film electrolyte on the anode substrate. The BSCF powder was
repared by the same complexing sol–gel method of BZCY4. To
abricate the cathode layer, BSCF powder was mixed with a solu-
ion of ethylene glycol and isopropanol by using high-energy ball

illing, and the slurry was subsequently painted onto the central
urface of the sintered BZCY4 surface with a geometric surface area
f 0.48 cm2. The cells were then fired at 1000 ◦C for 2 h in air to
btain single cells for later use.

.2. Catalytic testing
The catalytic activity of the anode material for DME  decomposi-
ion and the steam reforming reactions was evaluated in a fixed-bed
atalytic reactor. A feed gas of DME, DME  + He or DME  + He + H2O
as introduced to the reaction section in which an 8 mm diameter
ces 196 (2011) 9246– 9253 9247

quartz reactor was mounted vertically inside a tubular electric fur-
nace. Before the test, the NiO + BZCY4 (60:40 by weight) material
was  sintered at 1450 ◦C in air for 5 h to make the properties as simi-
lar as possible to the real anode. Samples of 40–60 mesh were used
for all tests. Approximately 0.2 g NiO + BZCY4 catalysts were diluted
with silica sand to avoid temperature gradients and then loaded in
the quartz reactor. The reactor was  heated by an electric furnace to
750 ◦C, and hydrogen was introduced at a flow rate of 80 ml min−1

[STP] to allow the reduction of nickel oxide in the anode catalyst to
metallic nickel. After reduction for approximately 1 h, the gas was
switched to a mixture of DME  + He or DME  + He + H2O with fixed
DME  and He flow rates of 10 and 80 ml  min−1 [STP], respectively,
which were precisely controlled by digital mass flow controllers.
After the reactions, the effluent from the reactor was transferred
into the analysis section, which consisted of an online Varian 3800
GC equipped with Hayesep Q, Poraplot Q, 5 Å  molecular sieve cap-
illary columns, a thermal conductivity detector (TCD) and a flame
ionization detector (FID) for gas composition analysis. The tested
temperatures were ranged from 750 to 450 ◦C at 50 ◦C per step.
DME-to-H2O molar ratios of 1:1, 1:2 and 1:3 were tested. The water
was  introduced by a constant flow pump (Wufeng, LC-P100 Pump).
The conversion of DME  was mainly calculated taking into account
the amount of DME  consumed. In certain cases, it was  also deter-
mined on the basis of the H and C contents of the reactant and
products. Selectivities towards hydrogen and different products
were calculated based on the equation in the published paper [26].

2.3. Characterization

For the carbon deposition tests, the NiO + BZCY4 catalysts were
first sintered at 1450 ◦C for 5 h. The sintered catalysts with a 40–60
mesh were placed in a flow-through-type quartz tube reactor and
reduced by hydrogen at 700 ◦C for 1 h. Next, DME  or DME  + H2O
at different DME-to-H2O ratios were introduced into the reactor
at 700 ◦C for 30 min, and the DME  flow rate was  maintained at
40 ml  min−1 [STP]. The treated samples were quickly cooled to
room temperature under the protection of a helium atmosphere to
perform a subsequent oxygen temperature-programmed oxidation
(O2-TPO) experiment to characterize the eventual carbon deposits
formed. Approximately 0.02 g catalysts were introduced into a U-
shaped quartz reactor with a 4 mm inner diameter. A gas mixture
containing 10 vol.% O2 in Ar (10 vol.% O2–Ar, 15 ml  min−1 [STP]) was
passed through the sample, which was heated from room tempera-
ture to 850 ◦C at a constant rate of 10 ◦C min−1. The deposited solid
carbon on the Ni + BZCY4 surface was  then progressively oxidized
to CO2. The analysis of the gases was performed continuously with
an on-line mass spectrometer (Hiden, QIC-20MS).

The evaluation of cell performance was performed in an in-
lab-constructed SOFC test station equipped with a Keithley 2420
source meter. The anode side of the cells was sealed with Ag
paste. During the measurement, hydrogen (humidified by bub-
bling water at room temperature), pure DME, or a mixture of
DME  + H2O (1:3) was flowed into the anode chamber at the flow
rate of 80 ml  min−1 [STP], and the cathode was exposed to ambi-
ent air. The NiO in the anode was reduced in situ to metallic Ni
by hydrogen. The current–voltage characteristics of the single cells
were determined by linear sweep voltammetry at intervals of 50 ◦C
over a temperature range of 700–500 ◦C. Electrode performance
was also determined based on the complete cells configuration,
and the electrochemical impedance spectroscopy (EIS) of the cells
under different fuels was  measured under open circuit voltage

(OCV) conditions using a Solartron 1260 Frequency Response Ana-
lyzer combined with a Solartron 1287 Potentiostat. The frequency
ranged from 0.1 to 1000 kHz, and the signal amplitude was 10 mV.
After testing, the microstructure and cross-sectional morphologies
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Fig. 2. DME conversion and products selectivity over the Ni + BZCY4 catalyst at var-
ig. 1. DME  conversion and products selectivity over the Ni + BZCY4 catalyst at
arious temperatures.

f the tested cells were investigated with an environmental scan-
ing electron microscope (ESEM, Model QUANTA-200).

. Results and discussion

.1. Catalytic performance

We  first investigated the catalytic activity of the Ni + BZCY4
node for a DME  decomposition reaction, which is similar to the
on-catalytic homogeneous cracking CH4, CO and CO2 were found
o be the only detectable carbon-containing gaseous species in
he effluent gas from the catalytic decomposition. Fig. 1 shows
he DME conversion and the CH4, CO and CO2 selectivity for DME
ver the Ni + BZCY4 catalyst at various temperatures. In a previous
tudy, we demonstrated that DME  conversion by thermal decom-
osition is relatively low at less than 25% even at 850 ◦C [20]. In
his study, approximately 68% of DME  was already decomposed at
50 ◦C by catalytic decomposition with CH4 and CO as the main
arbon-containing products, and the amount of CO2 was quite low.
his suggests that the main reaction for the catalytic reaction over
he Ni + BZCY4 catalyst is CH3OCH3 → CH4 + H2 + CO. However, the
igher selectivity of CO than CH4 implies that coke formation was

ikely to occur over the Ni + BZCY4 catalyst. The possible carbon
eposition over Ni + BZCY4 is discussed later in detail. It is very

nteresting that the DME conversions were all within the range of
7–81% between 450 and 750 ◦C with the maximum conversion
eing reached at 600 ◦C. At the same temperature, CH4 selectivity
lso reached a minimum of approximately 20%. This finding is dif-
erent for the case of Ni + YSZ as the catalyst for which an increase
n DME  conversion with temperatures between 600 and 750 ◦C

as observed [20]. Clearly, the large difference in catalytic activity
etween the Ni + YSZ and Ni + BZCY4 catalysts for DME  decompo-
ition originated from the difference in the ion-conducting phase
ithin the catalysts.

Because hydrogen is the only possible direct fuel that can be
xidized in proton-conducting SOFCs, it is preferable that DME  be
onverted to hydrogen with maximum selectivity. It was  reported
hat some catalysts have high catalytic activity for DME  steam
eforming [27–31],  and DME  conversion as high as 100% and H2
electivity higher than 90% were reported at a temperature of
pproximately 350 ◦C over a Cu spinel and a solid-acid compos-
te catalyst [32]. The performance of Ni + BZCY4 as a catalyst for

ME  steam reforming was further investigated. It was found that
H4, CO2 and CO remained the main carbon-containing products
hen introducing steam into DME  fuel gas. Fig. 2(a)–(c) shows the
ME conversion, CH4, CO2 and CO selectivity over Ni + BZCY4 at
ious  temperatures with different molar ratios of DME-to-H2O: (a) 1:1; (b) 1:2; (c)
1:3.

DME-to-H2O molar ratios of 1:1, 1:2 and 1:3, respectively. By intro-
ducing steam into the DME  fuel gas, the DME conversion increased
sharply, and a DME  conversion of approximately 90% was already
reached at 600 ◦C at DME-to-H2O molar ratios of 1:1 and 1:2. DME
conversion further increased to approximately 97% at a DME-to-
H2O molar ratio of 1:3. CH4 is an unfavorable product from the
internal steam reforming of DME  because the electrocatalytic oxi-
dation rate of CH4 over a nickel cermet anode is relatively slow. In

addition, CH4 is believed to be the main source of coke formation
over a nickel anode when operating on DME  fuel [20]. There-
fore, low CH4 selectivity is preferable. Although the electrocatalytic
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Fig. 3. O2-TPO profiles with a CO2 signal of Ni + BZCY4 after treatment in pure DME
and  various DME + H2O gas mixtures at 700 ◦C for 30 min.

Fig. 4. Digital photos of the fresh cell and the cells after the treatment in DME  or
◦

Y. Liu et al. / Journal of Powe

xidation rate of CO over a nickel anode may  also be much lower
han hydrogen, the reaction of CO + H2O → CO2 + H2 can be easily
erformed at an elevated temperature over a nickel catalyst [33]. In
his case, similar cell performance is typically observed for fuel cells
perating on H2 + CO gas mixture and pure hydrogen; therefore,
O is an acceptable product for SOFCs operating with the internal
team reforming of DME. As expected, CH4 selectivity was  greatly
educed by introducing steam. It was almost zero at temperatures
ower than 600 ◦C with a DME-to-H2O molar ratio of 1:1. With a
urther increase in temperature, CH4 selectivity increased slightly
o reach a value of approximately 18% at 750 ◦C. At a DME-to-H2O

olar ratio of 1:2, a steady decrease in CO2 and CH4 selectivity was
bserved with temperature within the entire investigated range
f 450–750 ◦C, and CH4 selectivity was only approximately 5% at
50 ◦C. At a DME-to-H2O molar ratio of 1:3, CH4 selectivity was

ess than 6% even at 600 ◦C suggesting that the increase in the H2O-
o-DME ratio reduced CH4 selectivity, which increased cell power
utput and decreased coke formation. From Fig. 2(a)–(c), it was
ound that the increase in the H2O-to-DME molar ratio also resulted
n an increase of CO2 selectivity. At DME-to-H2O ratios of 1:1, 1:2
nd 1:3, the ideal reactions should be as follows, respectively:

H3OCH3 + H2O → 2CO + 4H2 (1)

H3OCH3 + 2H2O → CO + CO2 + 5H2 (2)

H3OCH3 + 3H2O → 2CO2 + 6H2 (3)

According to Eq. (1),  only CO should be detected at a DME-to-
2O molar ratio of 1:1; however, some CH4 and CO2 were also

ormed, and the higher selectivity of CH4 than CO2 implies that solid
arbon was less likely to be formed over the nickel cermet anode
uring the steam reforming process based on the carbon balance.
t DME-to-H2O molar ratios of 1:2 and 1:3, higher CO selectivity

han what was expected from Eq. (2),  and Eq. (3) indicates that it is
ikely that partial steam did not react with DME.

.2. Carbon deposition

As demonstrated from the catalytic test, the high levels of coke
ormation were probably due to operating the fuel cell directly on
ure DME  fuel. However, the coke may  be effectively suppressed
y introducing steam into the fuel gas even at a low H2O-to-DME
olar ratio of 1:1. To obtain more direct information on the coke

ormation over the Ni + BZCY4 anode, the anode catalysts were
reated in various DME  + H2O gas mixtures with different DME-to-
2O ratios at a fixed period of 30 min. Next, the treated samples
ere subjected to O2-TPO analysis. By putting the catalysts in an

xygen-containing atmosphere, with the programmatic increase in
emperature, any carbon deposited over the catalyst was progres-
ively oxidized with the production of CO2 or CO as a result. MS
nalysis demonstrated that CO2 was the main oxidation product;
herefore, we only recorded the CO2 signal. Fig. 3 shows the corre-
ponding O2-TPO profiles with the CO2 signal. A large CO2 peak was
bserved in the O2-TPO profile of the catalyst after the treatment in
ure DME  fuel, which suggests that carbon was indeed formed over
he Ni + BZCY4 catalyst. This finding agrees with the results of the
atalytic test. From the O2-TPO profile (Fig. 3). We  found that the
xidation of deposited carbon began at a relatively low tempera-
ure of approximately 500 ◦C and ended at approximately 700 ◦C. It
s well-known that amorphous carbon is much easier to eliminate
han crystallized graphite. In a previous study, we  demonstrated
hat the carbon from DME  was mainly in an amorphous state [20],
hich may  explain the relatively low temperature of the carbon
limination (oxidation). By introducing steam into the fuel gas, the
O2 peak intensity decreased sharply. At DME-to-H2O ratios of 1:2
nd 1:3, almost no CO2 peak was observed in the O2-TPO profiles,
uggesting that there were negligible amounts of coke formed over
DME + H2O (1:3) gas mixture at 700 C for 30 min.

the Ni + BZCY4 catalysts. We believe that CH4 was the main source
for the coke formation when operating on DME fuel [20]. As shown
in Fig. 2, the CH4 selectivity was 34%, 19%, 6% and 1% when operat-
ing on pure DME, DME  + H2O (1:1), DME  + H2O (1:2) and DME  + H2O
(1:3), respectively. This strongly indicates that CH4 was  likely the
origin of the carbon formation.

Deposited carbon can cover the active sites of the anode and
decrease the electrocatalytic activity of the electrodes. Sometimes,
carbon accumulation in the electrodes may  eventually destroy the
geometric integrity of the electrodes and lead to the failure of the
fuel cells. Two  Ni + BZCY4 anode-supported BZCY4 half cells were
treated in pure DME  and a DME  + H2O gas mixture (DME:H2O = 1:1)
at 700 ◦C for 30 min. Fig. 4 shows the digital photos of the fresh
cell and the cells after treatment in DME  and the DME  + H2O
(1:3) gas mixture. The cell after treatment in pure DME  was seri-
ously deformed, whereas the cell after treatment in the DME  + H2O
gas mixture maintained its original geometric shape. This further
indicates that the introduction of steam into the DME  fuel gas
effectively suppressed coke formation over the Ni + BZCY4 elec-

trode.
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Fig. 6. Cell voltages and power densities as function of current density for fuel cells
ig. 5. Cross-sectional SEM image of the tested Ni + BZCY4|BZCY4|BSCF fuel cell.

.3. Cell performance

Completed cells with an anode-supported thin-film BZCY4 elec-
rolyte were fabricated using BSCF as a cathode. The thickness of the
lectrolytes for different cells was fixed at approximately 21 �m
y precisely controlling the amount of BZCY4 powder during the
ry pressing process. Fig. 5 shows a typical SEM image of the fuel
ell from a cross-sectional view. The BZCY4 electrolyte was  quite
ensified without the appearance of penetrating pinholes.

The fuel cells were first tested using 3% H2O humidified hydro-
en as the fuel. Comparable results were observed for different
ells due to their similarity. Typical results at various temperatures
re shown in Fig. 6(a). The open circuit voltages (OCVs) of the cell
ll exceeded 1.0 V suggesting a highly densified BZCY4 electrolyte
ayer, which agrees with the SEM observation. A peak power density
f approximately 374 mW cm−2 was achieved at 700 ◦C, which was
igher than our previous result of 187 mW cm−2 at the same tem-
erature for a similar cell with an electrolyte thickness of ∼35 �m
34]. The decrease in operating temperature resulted in a modest
ecrease in the cell power output, and a peak power density of
pproximately 192 mW cm−2 was reached at 500 ◦C. The relatively
ow dependence of the cell power output on the temperature can be
xplained in part by the fact that the protonic conductivity of BZCY4
ad a low activation energy. It has been reported that the activa-
ion energy of proton diffusion is approximately 0.3–0.6 eV [35,36],
hich is much lower than 0.8 eV required for oxygen ion diffusion

37,38].  The linear response of the cell voltage to the polariza-
ion current suggests that the electrodes had sufficient porosity to
nsure negligible concentration polarization. Fig. 6(b) and (c) shows
he I–V and I–P polarization curves of two cells at different temper-
tures operating on pure DME  fuel and a gas mixture of DME  + H2O
1:3), respectively. When operating on DME  fuel, an OCV of 0.97 V
as obtained at 700 ◦C, and peak power densities of 252, 150, 97,

9 and 8 mW cm−2 were reached at 700, 650, 600, 550 and 500 ◦C,
espectively. As mentioned, hydrogen is the only electro-active fuel
n proton-conducting SOFCs. Based on the catalytic test, pure DME
an be decomposed to CH4, CO2, CO and H2 under the catalysis
f a Ni + BZCY4 cermet anode. The produced hydrogen acted as the
irect fuel while CH4, CO2 and unconverted DME  acted as the dilut-

−2
ng gas. This indicates that the power output (252 mW cm ) and
CV (0.97 V) at 700 ◦C for a cell operating on pure DME  were lower

han those (374 mW cm−2 & 1.01 V) of the same cell operating on
umidified hydrogen. With the decrease in operating temperature,
consisting of the Ni + BZCY4 anode fed with different fuels: (a) H2; (b) pure DME; (c)
DME  + H2O (1:3) gas mixture.

a slight decrease in OCV was  observed, which is opposite of what
occurred for hydrogen fuel. Furthermore, a sharp decrease in cell
power output was observed with the decrease of temperature when
operating on DME  fuel, and the peak power density decreased to
only 8 mW cm−2 at 500 ◦C. After operating for approximately 3 h,
the fuel cell was failed due to the sudden appearance of zero OCV.
When the DME  + H2O gas mixture (molar ratio of DME:H2O = 1:3)

was  applied as the anode feeding gas, the cell power outputs were
slightly improved. The peak power densities reached 280, 218, 131,
66 and 21 mW cm−2 at 700, 650, 600, 550 and 500 ◦C, respectively.
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Table 1
Ohmic resistances (Ro) and electrode polarization resistances (Rp) of the cell at various temperatures operating on humidified hydrogen and DME+H2O (1:3) gas mixture.

Fuel type 700 ◦C 650 ◦C 600 ◦C 550 ◦C 500 ◦C

Ro (� cm2) H2 0.68 0.74 0.85 0.99 1.19
DME  + H2O (1:3) 0.76 0.93 1.12 1.42 1.70

Rp (� cm2) H2 0.15 0.24 0.47 1.01 5.39
DME  + H2O (1:3) 0.23 0.78 2.22 5.05 12.49

uit co

U
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w
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t
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g
c
s

Fig. 7. Impedance spectroscopy of the fuel cell under open circ

nlike the cell operating on pure DME, cell performance was  fairly
table when operating on DME  + H2O gas mixture. The cell OCV
as slightly increased with the decrease of operating temperature

nd reached 0.98, 1.00, 1.02, 1.04 and 1.05 V at 700, 650, 600, 550
nd 500 ◦C, respectively. To obtain more information to interpret
he lower cell performance when operating on the DME  + H2O gas
ixture than on hydrogen, the EIS of the cell operating on hydro-
en and DME  + H2O gas mixture was measured under open circuit
onditions, and the results are shown in Fig. 7(a) and (b). In these
pectra, the intercepts at high frequencies represent the electrolyte
nditions with (a) H2 fuel and (b) DME  + H2O (1:3) gas mixture.

resistances, whereas the intercepts at low frequencies represent
the total resistances of the cell. The difference between the inter-
cepts at high and low frequencies are the electrode polarization
resistances, which are sum of the resistances of the two interfaces,
the cathode/electrolyte resistances and the anode/electrolyte inter-
face. The cell resistance was  mainly due to the electrolyte ohmic

resistance at 700 ◦C, and, with the decrease in operating tempera-
ture, the electrode polarization resistance increased more quickly
than the electrolyte ohmic resistance. At 500 ◦C, the electrode
polarization resistance was more than three times greater than that
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Fig. 8. Digital photos of the cells after testing wi

f the electrolyte ohmic resistance. This finding suggests that the
ell power output was determined mainly by poor electrode per-
ormance at reduced temperatures, whereas the electrolyte made a
ignificant contribution at high temperature (700 ◦C). When oper-
ting on the DME  + H2O gas mixture, the electrode polarization
esistance increased even more quickly than when operating on
ydrogen fuel with the decrease of operation temperature. Table 1

ists the ohmic resistances and electrode polarization resistances
f the cell at various temperatures when operating on humidified
ydrogen and the DME  + H2O (1:3) gas mixture. It was found that
oth the electrolyte ohmic resistance and the electrode polariza-
ion resistance for the cell operating on the DME  + H2O gas mixture
ere higher than those on hydrogen. The slightly larger ohmic

esistance of the cell operating on the DME  + H2O gas mixture can
e ascribed to the lower concentration of hydrogen in DME  + H2O
ixture than that of pure hydrogen under the same flow rate. It

an also be explained due to the fact that the actual temperature of
he cell operating on DME  + H2O could be lower than that operating
n hydrogen because the DME  steam reforming is an endothermic
eaction [39]. A similar lower temperature has been reported for

 cell operating on ammonia compared to a cell on hydrogen [40],
ecause ammonia decomposition is also an endothermic reaction.
he electrode polarization resistance measured from a single cell
s a sum of the contribution from both the anode and the cathode.
ecause the cathode’s contribution to the electrode polarization
esistance for a cell operating on a DME  + H2O gas mixture and
ydrogen should be the same, the significant increase in electrode
olarization resistance when operating on the DME  + H2O gas mix-
ure must have come from the anode. It has been reported that
aCe0.8Y0.2O3 (BCY) proton conductors are sensitive to CO2, and
igh CO2 concentrations can cause the destruction of the phase
tructure of BCY [41]. Although the partial substitution of Ce with
r during the formation of BZCY4 can substantially increase the
hase structure of the proton conductor against CO2, a notice-
ble amount of CO2 was still adsorbed on the surface of BZCY4
xide under a pure CO2 atmosphere at 650 ◦C for 2 h [42]. When
perating on a DME  + H2O gas mixture, CO2 was the main product
rom the steam reforming of DME  over the anode. The in situ pro-
uced CO2 can adsorb over the BZCY4 surface causing significant

locking of hydrogen surface diffusion and proton charge transfer.

t is well-known that adsorption is preferred at lower tempera-
ures; therefore, the electrode polarization resistance was  sharply
ncreased with a decrease in operating temperature. To further
DME + H2O (1:3) mixture gas and (b) pure DME.

increase the cell power output at a reduced temperature, the selec-
tion of a proton conductor with a higher resistance to CO2 was
required. In any case, the cell still delivered an attractive power out-
put at a temperature higher than 600 ◦C when operating on DME
with internal steam reforming using Ni + BZCY4 as a cermet anode.

Unlike the cell operating on pure DME, which failed after test-
ing for approximately 3 h, the performance is fairly stable for the
cell operating on DME  + H2O fuel. Fig. 8(a) and (b) shows the digital
photos of the cell after testing with a DME  + H2O (1:3) gas mixture
and pure DME  fuel from 700 to 500 ◦C. The cell operating on the
DME + H2O mixture gas maintained perfect integrity, whereas the
cell operating on pure DME  was significantly cracked, which may
explain the sharp decrease in the open circuit voltage to 0 V during
the measurement. This further suggests that it is of great impor-
tance to introduce steam, which increases the operation stability
and the performance of a fuel cell operating on DME  fuel.

4. Conclusions

This study investigated the performance of a proton-conducting
SOFC with a Ni + BZCY4 cermet anode operating on DME  fuel
at an intermediate temperature. On the whole, the sintered
Ni + BZCY4 anode catalyst exhibited acceptable catalytic activity
for the decomposition and steam reforming of DME  at the inves-
tigated temperature range of 500–700 ◦C. Carbon deposition over
the Ni + BZCY4 anode surface was  significant when pure DME  was
used as the fuel, especially at low temperatures, which led to the
formation of significant cracks and caused the failure of the fuel cell
during operation. By introducing steam into the DME  fuel gas, car-
bon deposition over the anode catalyst was effectively suppressed
at all investigated temperatures, and cell integrity was  successfully
maintained. Based on the results of the ohmic resistance and elec-
trode polarization resistance of the cell with DME  and a DME  + H2O
gas mixture as fuels to improve a cell power output, the selection
of a better proton-conducting phase of the anode is critical.
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