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ABSTRACT

Dimethyl ether (DME) as a fuel of SOFCs is investigated with great attention paid to coke formation
over the Ni-YSZ anode. DME is easily decomposed to CH4, CO and H, at temperatures above 700°C,
with total conversion occurring at 850°C over the Ni-YSZ catalyst. These data suggest that the DME
electro-oxidation likely proceeds via an indirect pathway. O,-TPO analysis, laser Raman spectroscopy and
SEM-EDX characterizations demonstrate coke formation over Ni-YSZ, which is obvious and become more
prevalent at higher temperatures. The introduction of CO, in the fuel gas decreases the CH, selectivity
and effectively suppresses coke formation above 700 °C. The suppression effect is increasingly apparent at
higher temperatures. At 850 °C, the anode still maintains geometric integrity after exposure to DME-CO,
(1:1, volume ratio) under OCV condition. With DME or DME-CO,, the fuel cell power output is comparable
to results obtained by operating with 3% water humidified hydrogen. No obvious cell degradation from
the anode is observed when operating with DME-CO,, while it is obvious with DME. The introduction of
CO, may be a good choice to suppress the coke formation when operating on DME; however, the proper

selection of operation temperature is of significant importance.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

With ever-diminishing oil resources and increasing environ-
mental pollution from the inefficient burning of fossil fuels, it is
crucial to find alternative and cleaner fuels and develop more
efficient energy conversion techniques for a sustainable world.
Recently, oxygenated hydrocarbons, such as ethers and alcohols,
have been receiving increasing attention as alternative fuels [1-5].
Among them, dimethyl ether (DME) is of particular interest [6-8]
because it is the simplest ether and possesses physical properties
similar to those of liquefied petroleum gases, such as propane and
butane. DME exists as a gas at normal conditions and is easily lig-
uefied under 0.6 MPa of pressure at room temperature. In the liquid
phase, it shows a larger volumetric and gravimetric energy density
than methanol [6]. Furthermore, DME is free of sulfur, heavy metals
and other impurities. Reduced NOy, SOy, CO, formaldehyde, partic-
ulates and non-methane hydrocarbon emissions are expected to
result from replacing current fossil fuels with DME. As a secondary
fuel, DME can be synthesized from primary fuels such as natural
gas, coal and biomass through gasification or reforming integrated
with a chemical synthesis. DME is an excellent clean energy car-
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rier of coal and is believed to be a potential fuel for the 21 century
[9]. The application of DME as an alternative fuel for gas turbines,
internal combustion engines and diesel engines has been explored
recently [10-12].

Fuel cells are electrochemical energy conversion devices which
can generate electric power from chemical fuels with much higher
efficiency and significantly lower emissions relative to conven-
tional fire power plants [13]. Low-temperature direct DME fuel
cells have been extensively investigated as a potential alternative
to direct methanol fuel cells for portable application [14-19]. In
such fuel cells, a polymer electrolyte is applied and the DME is
directly oxidized to CO, and H,0 at low temperature. Compared
to direct methanol fuel cells, direct DME fuel cells are less toxic and
less explosive. In addition, they exhibit less fuel crossover through
Nafion membrane and a higher energy density. However, DME is
also less active than methanol during oxidation on conventional
catalysts at normal fuel cell operational conditions and, as a result,
low cell power density is obtained [20,21].

Recently, DME has also been investigated as a fuel for high-
temperature solid oxide fuel cells (SOFCs) without the external
reforming process [22], high power output was achieved. How-
ever, one practical problem associated with SOFC supplied directly
with DME fuel is the coke formation that occurs over the nickel-
based cermet anode. It is interesting that Murray et al. reported no
coke formation on the anode of a SOFC operating on DME with-
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out an external reforming process at temperatures up to 700°C
[22]. However, thermodynamically, coke formation is unavoidable.
Murray et al. indeed observed higher mole fractions of CO and
H, than CH,4 at temperature lower than 700°C, suggesting the
possible formation of solid carbon. They believed that the oxy-
gen ion current was high enough to oxidize any carbon deposited
at the anode during the fuel cell operation. In principle, under
open circuit conditions, no oxygen transports from the cathode
to the anode, accumulation of solid carbon is then likely to hap-
pen. Especially for a long-term operation, coke formation continues
to be a major concern. However, to date, the literature lacks a
systematic investigation of the carbon deposition over the SOFC
anode.

In this study, DME was applied as a fuel of an intermediate-
temperature Ni-YSZ cermet anode-supported SOFCs. The coke
formation over the Ni-YSZ cermet anode was systematically inves-
tigated. The effect of internal reforming of DME with CO, on the
cell performance and coke formation over the anode was also
studied.

2. Experimental
2.1. Synthesis and fabrication

LaggSrg>MnO3 (LSM) cathode material for SOFC was synthe-
sized by an EDTA-citrate complexing sol-gel process [23], while
NiO and (Y203)0.1(ZrO3 )9 (YSZ) oxide powders were purchased
as commercial products (Chengdu Shudu Nano-Science Co., Ltd.,
China for NiO and Tosoh for YSZ). To fabricate the single cells, a tape-
casting method was adopted to prepare the green anode substrates,
which were fired at 1100°C for 2h to release the organic com-
pounds and create sufficient mechanical strength. The electrolyte
(YSZ) slurries were then spray-deposited onto the anode substrate
using a modified spraying gun (BD-128, Fenghua Bida Machin-
ery Manufacture Co. Ltd., China). The green anode-electrolyte dual
layer cells were co-fired at 1400 °C for 5 h to sinter the electrolyte
layer. Finally, the LSM (1000°C calcined)-YSZ composite cathode
was spray deposited onto the electrolyte surface in a round shape
and fired at 1100°C for 2 h. The effective geometric surface area is
~0.48 cm?.

2.2. Catalytic evaluation

The thermal and catalytic decomposition of DME, CO, reforming
of DME, and CO, reforming of methane was tested in a flow-through
type fixed-bed quartz-tube reactor (ID: 8 mm) using Ni-YSZ cer-
met as the catalyst in the temperature range from 600 °C to 850 °C.
After sintering at 1400°C for 5h (to ensure the properties simi-
lar to the anode in a real fuel cell), the NiO-YSZ anode powder
was pressed into disks and milled into pellets of 40-60 mesh for
the catalytic tests. Approximately 0.2 g of catalyst particles was
placed into the middle of the reactor. Mixtures of DME, CO,, He and
CHy4 at the ratios of DME:CO,:He =10:10:80 (DME CO, reforming),
DME:He =10:80 (DME decomposition) and CH4:CO,:He=10:10:80
(methane CO, reforming) were introduced from the top of the reac-
tor. For the catalytic test, the DME and methane flow rates were
fixed at 10mlmin~! [STP]. The respective gas flow rate was con-
trolled by AFC 80MD digital mass flow controllers (Qualiflow). The
effluent gases from the reactor were introduced to an on-line Var-
ian 3800 gas chromatograph (GC) for compositional analysis. The
GC was equipped with Hayesep Q, Poraplot Q and 5A molecular
sieve capillary columns, a thermal conductivity detector (TCD) for
the detection of H,, O,, CO,, CO and CHy, and a flame ionization
detector (FID) for analyzing DME.

2.3. Characterizations

For the carbon deposition tests, ~0.2 g Ni-YSZ particles were
first placed in a flow-through type quartz-tube reactor (ID: 8 mm).
The samples were then treated at various temperatures between
650 and 850°C under pure DME or DME-CO, (1:1, volume ratio)
for 30 min with a constant DME flow rate of 40 mlmin~! [STP].
After the treatment, the samples were cooled to room tempera-
ture under the protection of a helium atmosphere. Approximately
0.02 g of the powder from the treatment in DME or DME-CO, atmo-
sphere was placed into a U-type quartz reactor (ID: 4 mm). A gas
mixture containing 10vol.% O, in Ar (10vol.% O,-Ar) at a flow
rate of 20 ml min—! [STP] was introduced to the reactor for oxygen
temperature-programmed oxidization (0,-TPO) of the deposited
carbon over the catalyst. After flowing the gas at room tempera-
ture for 30 min, the reactor was heated to 900°C at 10°Cmin~".
The deposited solid carbon on the Ni-YSZ surface was then pro-
gressively oxidized to CO,. The effluent gas from the reactor was
connected to a Hiden QIC-20 mass spectroscope (MS) for in situ
monitoring of CO,.

To evaluate the potential elimination of carbon deposited over
the catalyst by CO,, the catalyst was also studied by CO, temper-
ature programmed reaction (CO,-TPR) analysis after treatment in
DME atmosphere. For a typical process, pure CO, was introduced
to the reactor at the flow rate of 20 mlmin~' [STP]. The temper-
ature was automatically increased at the rate of 10°Cmin~!, and
the reaction between gaseous CO, and the solid carbon deposited
over the catalyst proceeded. The effluent gas from the reactor was
connected to an MS for on-line monitoring of the variation in CO
concentration.

The laser Raman spectroscopy of the Ni-YSZ powders after the
treatment at various temperatures (650, 700, 750, 800 and 850°C)
under pure DME and DME-CO, (1:1, volume ratio) for 30 min was
conducted in an HR800 UV Raman microspectrometer (Jobin Yvon,
France) using the green line of an argon laser (A =514.53 nm) as the
excitation source.

The morphologies of cross-sections of the fuel cells were inves-
tigated by field emission scanning electron microscopy (FESEM,
Hitachi S-4800) equipped with an energy dispersive X-ray analyzer
(EDX) for the elemental distribution in the electrodes.

The I-V polarization of the cells was measured using a Keithley
2420 source meter based on 4-probe mode from 850 to 650 °C. Dur-
ing the measurement, 3% water humidified hydrogen, pure DME or
a mixture of DME-CO, was fed to the anode chamber at a flow rate
of 80 ml min~—! [STP] while ambient air was provided as the oxidant
gas in the cathode chamber.

3. Results and discussion
3.1. Decomposition and CO, reforming of DME

One significant advantage of SOFCs compared to low-
temperature fuel cells is the fuel flexibility. Methane, the simplest
and most stable hydrocarbon, is thermally stable up to 850°C
because of the 410 k] mol~! C-H bond energy. By applying methane
as a fuel of SOFCs, the direct electro-oxidation of methane is possi-
ble when a proper anode material is employed [24-26]. CH3OCH3 is
the simplest oxygenated hydrocarbon in which two kinds of bonds
are available, i.e., C-H and C-0. The much lower bond energy of C-O
(330KkJ mol~1) suggests that catalytic or thermal decomposition of
DME should occur more readily than CH4. The electro-oxidation of
DME over SOFC anode is believed to proceed via an indirect path-
way; it is first decomposed into CHg, CO and H;, which are then
electro-oxidized over the anode to produce electricity [22].



C. Su et al. / Journal of Power Sources 196 (2011) 1967-1974

100 (@) —a—DME 100
—o—CH,
80+ —4—CO -80
Py —¢—CO,
) g
= 604 o 60 T
2 e [T 2
o /\_{OT___O o ) B
z 404 4 - -40 o
8 7
20 = e |20
0 =" L o
600 650 700 750 800 850

Temperature (°C)

1969
1004 (b) L 100
=0
/ﬂ |
80 = -80
£ e g
g 807 = ——ove [0 2
» 7°7CH4 g
2 404 —s—CO |40 @
8 o S —()—CO2 | C?)
20 \c L 20
04 O——_J: i‘—:g Lo
600 650 700 750 800 850

Temperature (°C)

Fig. 1. The decomposition of DME without the catalyst (a) and with Ni-YSZ catalyst (b).

The decomposition behavior of DME was first tested at various
temperatures with and without the presence of Ni-YSZ cermet. CO,
CH4 and Hj are the main products for both thermal and catalytic
decomposition of DME, in agreement with published observations
[22]. As shown in Fig. 1(a), at 600 °C, the thermal decomposition of
DME is negligible, with a DME conversion of less than 2%. In addi-
tion to CO, H, and CHy4, a small amount of CO, was also detected at
600, 650 and 700 °C. However, it was not produced at temperatures
above 700 °C. The DME conversion increased steadily with temper-
ature and reached a value of ~22% at 800 °C. This result suggests
that DME was already partially decomposed before reaching the
fuel cell anode, especially at temperatures greater than 750 °C. The
slightly higher selectivity for CO, relative to CHg, implies coke may
also be formed during the thermal decomposition. Fig. 1(b) shows
the DME conversion and selectivities for CHg4, CO and CO, at vari-
ous temperatures with the presence of Ni-YSZ cermet. Compared
to the blank run (thermal decomposition), a substantial increase
in DME conversion was observed at all investigated temperatures,
suggesting the catalytic effect of Ni-YSZ during DME decomposi-
tion. For example, the DME conversion was ~60% at 600°C and
~94% at 800 °C. Therefore, the electro-oxidation of DME over a Ni-
YSZ cermet anode in a conventional SOFC likely proceeds via an
indirect pathway; the DME first decomposes to H, and CO before
being electro-oxidized.

The stoichiometric decomposition of DME to CO, H, and CHy
should result in 50% selectivity for both CO and CH4. However, the
actual CHy selectivity is substantially less than that of CO, even at
600 °C over Ni-YSZ cermet; this value is only ~3% at 850 °C. These
data imply that substantial amounts of coke could be forming. This
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phenomenon is well understood because nickel catalyzes the crack-
ing of hydrocarbons. The in-depth discussion about coke formation
will be presented in the next section. The increase of the O/C ratio
is a practical way to suppress the coke formation. CO, is a deep
electrochemical oxidation product of DME, which has a high O-to-
C ratio. In this study, CO, was introduced as a reforming gas for
DME in order to suppress coke formation.

Fig. 2(a) shows the DME and CO, conversions and the selec-
tivities for CH4 and CO at various temperatures. Compared to the
thermal decomposition of pure DME, only a slight improvement in
DME conversion was observed. The CO, conversion was also low
with a value of approximately 22% at 850°C. These results sug-
gest that the homogeneous gas-phase reaction between CO, and
DME (or the decomposition products) is weak between 600 and
850°C. Fig. 2(b) shows the DME and CO, conversions and the selec-
tivities for CH4 and CO at various temperatures after introducing
Ni-YSZ as a catalyst. The CO, conversion reached ~58% at 600 °C and
increased to ~93% at 750 °C. These data suggest that nickel anodes
catalyze the reaction between CO, and DME or its decomposition
products. Compared to the decomposition of pure DME over Ni-
YSZ cermet, as shown in Fig. 1(b), an increase in DME conversion
and a decrease in CHy selectivity at all corresponding temperatures
were demonstrated by introducing CO,. Thus, CO, likely reacted
with both DME and its decomposition products, such as methane
and solid carbon. The catalytic activity of Ni-YSZ towards the CO,
reforming of methane (CH4:CO; =1:1) is shown in Fig. 3. By com-
parison, the non-catalytic and homogeneous reaction between CH,
and CO, is also presented. The CH4 and CO, conversions at 800 °C
are both greater than 95%.
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Fig. 2. The CO, reforming of DME (DME:CO, = 1:1) without the catalyst (a) and with Ni-YSZ catalyst (b).
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catalyst.

3.2. Coke formation

In principle, SOFCs can directly operate on a wide range of fuels
without the external reforming process. However, coke can easily
form over conventional nickel-based cermet anodes with hydro-
carbon fuels. The carbon covers the active sites and leads to a fast
decay in cell performance. Furthermore, the accumulation of car-
bon could lead to the failure of the fuel cell by destroying the
geometric integrity of the cell. Based on above catalytic tests, seri-
ous coke formation s likely occurring over the Ni-YSZ catalyst when
the cell is operating on pure DME fuel.

The carbon deposition properties of the Ni-YSZ electrode when
operating on DME fuel were first examined by treating the Ni-YSZ
cermet anode powders in a pure DME atmosphere at various tem-
peratures for 30 min. The as-obtained samples were then subjected
to 0,-TPO analysis. Fig. 4(a) shows the O,-TPO profiles with the CO,
signal. Broad CO, peaks were observed for all samples. The CO, was
formed from the oxidation of the solid carbon deposited on the Ni-
YSZ during the programmed heating process. Coke formation over
the Ni-YSZ occurred under the open circuit conditions. An increase
in the peak intensity was observed at elevated temperatures, sug-
gesting more severe coke formation. This result can be explained by
the increased reaction kinetics and agrees with the decreased CHy
selectivity, as shown in Fig. 1(b). The enhanced carbon deposition
is more clearly demonstrated by the larger CO, peak area at higher
temperature, as listed in Table 1. The average coke formation rate
at 850°C is greater than 3 times the rate at 650°C.
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Table 1
CO, peak area of 0,-TPO profiles of Ni-YSZ after the treatment in pure DME or
DME-CO, at various temperatures.

Temperature (°C) CO, peak area

DME atmosphere DME-CO, atmosphere

850 8.49E-6 1.90E-7
800 4.77E-6 4.23E-7
750 3.51E-6 1.38E-6
700 2.99E-6 3.14E-6
650 2.51E-6 2.42E-6
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Fig. 5. 0,-TPO profiles of Ni-YSZ after treatment in DME-CO, (DME:CO, =1:1) for
30 min at various temperatures.

It is well known that Ni-YSZ cermet anode catalyzes methane
pyrolysis at elevated temperatures [27-29]. Murray demonstrated
that carbon deposition at high temperatures from DME fuel is likely
created via an indirect pathway by the pyrolysis of CH4. To demon-
strate the origin of the deposited carbon, Ni-YSZ was treated in CH,
at 850°C for 30 min; the obtained sample was studied by 0,-TPO
analysis. As shown in Fig. 4(b), the CO, peak intensity for the sam-
ple treated in CHy4 is more than half of the value for the sample
treated in DME. This result implies that the carbon deposition over
the Ni-YSZ cermet when operating on DME fuel is not simply from
the catalytic decomposition of CH4. The decomposition of CH4 may
partially contribute to the carbon deposited on the Ni-YSZ cermet.

Fig. 5 shows the O,-TPO profiles of Ni-YSZ samples after treat-
ment in DME-CO,. The CO, peakintensity of Ni-YSZ after treatment
at 650 and 700°C are very similar to those that were treated in a
pure DME atmosphere at the corresponding temperatures. How-
ever, with the further increase of temperature, an obvious decrease
in peak intensity was observed. As shown in Table 1, the carbon
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Fig. 4. 0,-TPO profiles of Ni-YSZ after treatment in pure DME for 30 min at various temperatures (a) and in pure CH4 for 30 min at 850°C (b).
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Fig. 6. CO,-TPO profile of Ni-YSZ after treatment in pure DME for 30 min at 850°C.

peak area is comparable for the Ni-YSZ samples after treatment in
pure DME and DME-CO, at 650 and 700 °C. These data suggest that
the introduction of CO, did not obviously suppress coke formation
over the Ni-YSZ anode at 650 and 700 °C. However, at temperatures
above 700 °C, the suppression effect of CO, for coke formation was
clearly demonstrated; less carbon was deposited at higher opera-
tion temperatures, which is contrary to operating on pure DME. At
850°C, the amount of carbon deposited over the Ni-YSZ that was
exposed to DME-CO, is approximately 45 times less than when
exposed to pure DME.

The suppression effect of CO, for coke formation over Ni-
YSZ cermet is closely related to the increased O-to-C ratio. As
demonstrated in the previous section, CO, can react with DME
and methane through the formation of syngas, decreasing the
coke formed from the decomposition of DME and methane. Fur-
thermore, CO, may also react with the deposited solid carbon to
form gaseous CO at elevated temperature, eliminating the carbon
deposited over the Ni-YSZ cermet. The reactivity of deposited car-
bon towards CO, was tested by CO,-TPR. The Ni-YSZ was first
treated in an atmosphere of pure DME for 30 min at 850°C. The
obtained sample was then programmatically heated in pure CO5.
Fig. 6 shows the CO,-TPR profile with the CO signal. The elimination
of the deposited carbon by CO, started at ~540°C. The negligible
suppression effect of CO, on coke formation at 650 and 700°C can
be explained by the kinetic limitations. The rate of coke forma-
tion is likely much faster than the rate of coke gasification at such
temperatures.

The structure of the deposited carbon over the various sam-
ples after treatment in DME and DME-CO, was investigated by the
laser Raman spectroscopy. As shown in Fig. 7, two main bands are

1971

Table 2
The value of R (Ip/I¢) as the Raman spectral parameter of the deposited carbon over
Ni-YSZ after the treatment in pure DME or DME-CO, at various temperatures.

R (Ip/lc)

Temperature (°C)

DME atmosphere DME-CO, atmosphere
850 0.39 0.53
800 0.52 0.60
750 0.70 0.84
700 1.27 1.68
650 145 1.78

observed in the first-order Raman spectrum of carbon materials.
They are the D band (~1360cm~!) and the G band (~1580cm™1),
which represent the amorphous structure and the graphite struc-
ture, respectively. The degree of structural order of the carbon can
be mainly characterized by the peak integration intensity ratio in
the form of R (Ip/Ig). The value of R decreases with increasing degree
of the order of the carbon [30-32], which are listed in Table 2. We
find that the values of R corresponding to the deposited carbon
over the Ni-YSZ decreased with increasing treating temperature in
both atmospheres. The values of R are 1.45 and 0.39 after the treat-
ment in DME at 650°C and 850 °C, respectively. These values are
1.78 and 0.53 at the corresponding temperatures, respectively, after
the treatment in DME-CO,. The results indicate that higher treat-
ment temperatures result in deposited carbon with higher graphite
structure. Meanwhile, R values of the deposited carbon after treat-
ment in DME-CO, are slightly larger than those corresponding to
a DME atmosphere at the corresponding temperatures. These data
imply that the degree of graphite structure of the deposited carbon
is slightly reduced by introducing CO, into the DME atmosphere. An
induced change in the coke formation mechanism by the presence
of CO,, in the reactant gases is also suggested.

The serious carbon formation by operating with DME fuel and
the suppression effect of CO, in the fuel over real fuel cell anode
under open circuit conditions were further demonstrated by the
different geometric changes of the cells after the treatment in a
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WO?. 26@0¢C
Fresh

Fig. 8. Digital photos of a fresh anode and anodes after treatment in pure DME or
DME-CO, (DME:CO; =1:1) for 30 min at various temperatures.
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Fig. 7. Raman spectra of the deposited carbon over Ni-YSZ after treatment in pure DME (a) and DME-CO, (DME:CO; =1:1) (b) for 30 min at various temperatures.
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open circuit conditions at 850 °C for 30 min.

Table 3

The weight difference between the fresh cell and the cell after the treatment in pure DME or DME-CO,, at various temperatures.

Temperature (°C) m; (g)° ma (g)° 100 (mg —mye )[my (%) me (g) mey (g)° 100 (mg —me)/m; (%)
850 0.414 0.535 29.2 0.419 0.427 1.91

800 0.421 0.534 26.8 0.385 0.398 3.38

750 0.405 0.491 21.2 0.394 0.417 5.84

700 0.416 0.494 188 0.408 0.454 113

650 0.400 0.464 16.0 0.420 0.466 11.0

2 Weight of the fresh cell.

b Weight of the cell after the treatment in pure DME.

¢ Weight of the cell after the treatment in DME-CO, gas mixtures.
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Fig.10. The [-Vand I-P polarization curves of fuel cells with Ni-YSZ anode operating on hydrogen (a), pure DME (b) and DME-CO, (DME:CO, = 1:1) (c) at various temperatures.

DME or DME-CO, atmosphere at various temperatures for a period
of 30 min. Fig. 8 shows the digital photos of a fresh anode and
anodes after treatment in pure DME or DME-CO, for 30 min at
various temperatures. After treatment in pure DME, serious defor-
mation of the anode disk was observed at temperatures above
650°C; more serious deformation was observed at higher operat-
ing temperatures. Clearly, the deformation is due to coke formation
over the anode. Table 3 lists the weight difference between the fresh
cell and the cell after the treatment in pure DME or DME-CO, at var-
ious temperatures. After the treatment at 850°C in pure DME, the
weightincreased approximately 29.2%. By comparison, the increase
was 16.0% at 650°C. Such weight gain is obviously from the coke
formation over the anode. By introducing CO, into the fuel, the
integrity of the cell was preserved much better. Less changes were
observed in the anode geometry at higher operating temperatures.
As shown in Table 3, less weight gain was also observed at elevated
temperature, in good agreement with the 0,-TPO results. The pres-
ence of CO, effectively reduced the carbon deposition at elevated
temperature, due to the reforming of DME or CH4 by CO, or the
elimination of deposited carbon by CO5.

Fig. 9(a, c and e) shows SEM photos of the Ni-YSZ anode fresh,
after the treatment in pure DME, and in DME-CO, under open
circuit conditions at 850 °C for 30 min, respectively. No obvious dif-
ference between the fresh anode and the anode after the treatment
in the mixture of DME-CO, at 850°C for 30 min was observed.
However, extra particles, which are likely the solid carbon, were
observed during SEM analysis of the sample treated in pure DME.
To further determine the composition of particles, the three anodes
(mentioned previously) were investigated by EDX at selected posi-
tions, as shown in Fig. 9(b, d and f). We know that the samples for
EDX examination were easily contaminated with carbon. Consid-
ering this effect, carbon information of the fresh anode was also

obtained by EDX. As shown in Fig. 9(b), a small carbon peak was
found at positions 1 and 2 of Fig. 9(a), and the average amount of
carbon was 14.8 wt.%. For the sample after treatment in DME-CO,
at 850°C, the intensity of the carbon peaks at positions 5 and 6
of Fig. 9(e) were weak, and the average amount of carbon was
15.9 wt.%. These results indicate that there was minimal coke for-
mation over the anode after treatment in DME-CO, at 850°C. On
the contrary, carbon peaks of high intensity were detected at posi-
tions 3 and 4 of Fig. 9(c) for the anode after treatment in pure DME
at 850 °C. The above results agree well with the 0,-TPO results and
suggest the importance of the introduction of CO, at proper tem-
peratures to suppress the coke formation when operating on DME
fuel.

3.3. Cell performance

Fig. 10(a-c) shows the I-V and I-P polarization curves of the
anode-supported fuel cell with a conventional Ni-YSZ anode oper-
ating on 3% water humidified hydrogen, pure DME and DME-CO, at
temperatures ranging from 850 to 650 °C. When 3% water humid-
ified hydrogen was applied as the fuel, the peak power densities
(PPDs) are 990, 739, 524, 291 and 162 mW cm~—2 at 850, 800, 750,
700and 650 °C, respectively; these values are 965, 786,495, 340 and
187 mW cm~2 when operating on DME fuel. Similarly, by apply-
ing DME-CO,, as the fuel, the PPDs reached 811, 664, 548, 351 and
171 mW cm~2 at corresponding temperatures. The results indicate
that the cell power outputs are comparable when operating on
hydrogen, DME fuel or DME-CO, gas mixtures. This outcome could
be explained by the decomposition and CO, reforming of DME. As
H, and CO are the main products of these reactions, similar power
outputs can be obtained for the fuel cell operating on H,, DME or
DME-CO,. In this study, the open circuit voltage (OCV) of the fuel
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Fig. 11. Time dependence of the polarization curve of Ni-YSZ anode in different
atmospheres under a constant polarization current of 1000 mA cm~2 at 850°C.

cell operating on H, was 1.08 V at 850 °C, which is close to the theo-
retical value. When applying DME as the fuel, the OCV of the fuel cell
was 1.10V at 850 °C. Meanwhile, we found that the OCV decreased
with decreasing operating temperatures. This behavior could be
related to the nature of DME fuel. The OCV of the fuel cell operat-
ing on DME-CO, mixtures was 1.03V, which was lower than pure
DME. This result can be explained by the increased oxygen partial
pressure in the anode chamber due to the introduction of CO, to
pure DME.

Good operational stability is significant for practical application
of fuel cells. Tests to determine the cells’ stabilities when oper-
ating on DME or DME-CO, under a constant current density of
1000 mA cm—2 at 850 °C were performed. For comparison, the cell
stability while operating on 3% water humidified hydrogen was also
investigated under the same conditions. As shown in Fig. 11, when
hydrogen was the fuel, the cell voltage remained stable at 0.77V
during the first 150 min, and slightly dropped to 0.73V (a reduc-
tion of ~5.2%) after operation on H; for 300 min. By operating on
pure DME fuel, the cell voltage obviously decreased with operating
time, from an initial value of 0.72V to only 0.65V (a reduction of
~9.7%) after 300 min at 850 °C. The performance degradation can be
explained by the coke formation over the anode, which covered the
active sites. However, less cell degradation was demonstrated by
operating on DME-CO,. The initial value of the voltage was 0.67V,
which decreased slightly to 0.63V (a reduction of ~5.9%) after an
operational period of 300 min. Combined with the results from
operating on hydrogen fuel, such degradation was unlikely due to
the fuel. In other words, the cell can stably operate on DME-CO, at
850 °C without coke formation.

4. Conclusions

The conventional anode catalyst, Ni-YSZ, had good catalytic
activity for the decomposition and CO, reforming of DME. When
applying DEM as the fuel of SOFCs, the carbon deposition over the
surface of the anode is a major concern, especially under open cir-
cuit condition. Obvious coke formation over the Ni-YSZ anode was
detected in a pure DME atmosphere, and more carbon deposits
were observed at higher operating temperatures. The carbon depo-
sition can destroy the integrity of the fuel cell under OCV conditions

and result in degradation of the cell’s performance. Coke forma-
tion can be suppressed greatly by introducing CO, to the DME,
especially at high temperatures. A fuel cell delivered similar power
densities operating on 3% water-humidified hydrogen, pure DME
and DME-CO,, respectively. The performance of the fuel cell was
stable when using DME-CO, as the fuel under a constant current
polarization at 850 °C for 300 min, while obvious degradation was
noticed when operating on pure DME. Future work will focus on
modifications to the anode that will enable operation with DME
fuel.
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