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Abstract

A comparison is made of the performances of methanol-fuelled solid oxide fuel cells (SOFCs) with different types of electrolyte (i.e.,
oxygen ion- and proton-conducting electrolytes) and flow patterns (i.e., plug flow (PF) and mixed flow (MF)). Although it was demonstrated
earlier that, under the same inlet steam:methane ratio, an SOFC with a proton-conducting electrolyte (SOFC-H+) thermodynamically offers
higher efficiency than one with an oxygen ion-conducting electrolyte (SOFC-O2−), the benefit of a lower steam requirement for the SOFC-O2−
was not taken into account. Therefore, this study attempts to consider the benefit of differences in the steam requirement on the performance
of SOFCs operated with different electrolytes and flow patterns. The efficiencies under the best conditions are compared in the temperature
range of 900–1300K. It is found that the maximum efficiencies decrease with increasing temperature and follow the sequence: SOFC-H+
(PF) > SOFC-O2− (PF) > SOFC-H+ (MF) > SOFC-O2− (MF). The corresponding inlet H2O:MeOH ratios are at the carbon formation boundary
for the SOFC-O2− electrolyte, but are about 1.3–1.5 times the stoichiometric ratio for the SOFC-H+. It is clearly demonstrated that the PF
mode is superior to the MF mode and that, although the benefit from the lower steam requirement is realized for the SOFC-O2−, the use of
the proton-conducting electrolyte in the SOFCs is more promising.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The solid oxide fuel cell (SOFC) is a promising technol-
ogy for electrochemical power generation. Due to its high
operating temperature, the SOFC offers the prospect of a
wide range of applications, flexibility of fuel choices and the
possibility of operation with an internal reformer. Among
the various possible fuels, i.e., methane, methanol, ethanol
and gasoline, both ethanol and methanol have been reported
[1] to offer high electromotive force output and efficiency.

∗ Corresponding author. Tel.: +662 218 6868; fax: +662 218 6877.
E-mail address: Suttichai.A@chula.ac.th (S. Assabumrungrat).

Methanol is preferable given its availability, high energy den-
sity and ready storage and distribution [2,3], as well as the
claim [4] that methanol can be injected directly onto an-
odes without serious carbon blockage [4]. In operation, the
SOFC can use either an oxygen ion-conducting electrolyte
or a proton-conducting electrolyte. Most current research
efforts have been focusing on the SOFC with the oxygen
ion-conducting electrolyte (SOFC-O2−) rather than with the
proton-conducting electrolyte (SOFC-H+). A number of re-
cent studies on advanced SOFC operations, such as develop-
ment of intermediate temperature-SOFCs [5] and the integra-
tion of SOFCs with intercool gas turbines [6], are still based
mainly on the use of the oxygen ion-conducting electrolyte.
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Nomenclature

E electromotive force of a cell (V)
F Faraday constant (Cmol−1)
�H0 lower heating value of methanol (J s−1)
K equilibrium constant of the hydrogen oxida-

tion reaction (kPa−0.5)
pi partial pressure of component i (kPa)
q electrical charge (A)
R gas constant (Jmol−1 K−1)
T temperature (K)
Uf fuel utilization (%)
W electrical work (W)

Greek letters
ϕ potential (V)
η system efficiency (%)

Subscripts
a anode
c cathode

Some research efforts have been carried out to compare
the performances of SOFCs with different electrolytes. Ther-
modynamic analysis reveals that the SOFC-H+ shows higher
efficiency for the conversion of chemical energy to electrical
power than the SOFC-O2− for systems fed by hydrogen [7].
The same conclusion has also been reached for methane-
fuelled SOFCs [8]. The comparisons were, however, per-
formed under the same inlet steam:methane ratio [8]. Our
previous work employed thermodynamic analysis to deter-
mine the carbon formation boundary for a direct internal-
reforming (DIR) SOFC fed by methanol [9] and found that
the SOFC-O2− is more attractive than the SOFC-H+ in terms
of a lower steam requirement at the feed to the anode due to
the simultaneous formation of steam by the electrochemical
reaction of H2 and O2−.
The difference in the steam requirement among both types

of SOFC is particularly pronounced at high values of the
extent of the electrochemical reaction. The effect of the
SOFC operation modes (i.e., external reforming (ER), in-
direct internal-reforming (IIR) and direct internal-reforming
(DIR)) on the steam requirement at the carbon formation
boundary has been investigated for SOFCs fed by methane
[10]. It was found that when using the SOFC-O2−, the
ER-SOFC and the IIR-SOFC show the same values of the
steam:methane ratio at the carbon formation boundary, inde-
pendent of the extent of electrochemical reaction. By con-
trast, due to the presence of extra steam from the electro-
chemical reaction at the anode chamber, the DIR-SOFC can
be operated at lower values of the steam:methane ratio com-
pared with the other modes. For the SOFC-H+, the required
steam:methane ratios are higher than those for the SOFC-
O2−, but they are independent of the SOFC operation modes.

In the performance comparisons among the SOFCs with dif-
ferent types of electrolyte, the differences in the steam re-
quirement should be taken into account as it is generally
known that extra steam can act as a diluent and lower the
SOFC efficiency. Therefore, it remains unclear whether the
SOFC-H+ is superior to the SOFC-O2−.
It is the objective of this study to compare the perfor-

mances of DIR-SOFCs with different electrolytes (i.e., oxy-
gen ion- and proton-conducting electrolytes) and flow pat-
terns (i.e., plug flow (PF) and mixed flow (MF)) by taking
into account the benefit from the differences in their steam
requirement. The flow pattern should be considered because
it affects both the steam requirement of the system, particu-
larly for the SOFC-O2−, and the cell performance. The in-
formation obtained from this work is important for deter-
mining whether research into fuel cell development should
be directed towards the system using the proton-conducting
electrolyte.

2. Theory

The reactions involved in the production of hydrogen from
methanol steam-reforming can be represented byEqs. (1)–(3)
[11,12], i.e.,

CH3OH = 2H2+CO (methanol decomposition) (1)

CO + H2O = H2+CO2 (water gas shift reaction) (2)

CO + 3H2= CH4+H2O (methanation) (3)

The reactions taking place at the anode and the cathode for
the two types of electrolyte can be summarized as follows:
SOFC-O2−:

anode : H2+O2− = H2O + 2e− (4)

cathode : O2+ 4e− = 2O2− (5)

SOFC-H+:

anode : H2= 2H+ + 2e− (6)

Cathode : 2H+ + 1
2O2 + 2e− = H2O (7)

As seen from the above equations, it should be noted that
water is produced in the anode chamber for the SOFC-O2−,
but in the cathode chamber for the SOFC-H+.
The electromotive force (E) of a cell is the difference in

the potential of the two electrodes. Thus, the electromotive
force can be represented as follows:

E = |ϕc − ϕa| (8)

where ϕc and ϕa are the potentials of the cathode and the
anode, respectively. The electrode potential can be calculated
from Nernst equation. Because the electrochemical reactions
at the electrodes are different, depending on the electrolyte
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type, the potential can be expressed as follows:

SOFC-O2− : ϕ =
(

RT

4F

)
ln pO2 (9)

SOFC-H+ : ϕ =
(

RT

2F

)
ln pH2 (10)

where pi is the partial pressure of component i,R the universal
gas constant, T the absolute temperature and F is the Faraday
constant.
For SOFC-O2−, the partial pressure of oxygen in the cath-

ode chamber is calculated from its mole fraction, while the
following equation is used to determine the partial pressure
of oxygen in the anode chamber.

pO2 =
(

pH2O

KpH2

)2
(11)

For the SOFC-H+, the partial pressure of hydrogen in the
anode chamber is calculated from its mole fraction, while the
partial pressure of hydrogen in the cathode is given by:

pH2 =
pH2O

Kp
1/2
O2

(12)

In Eqs. (11) and (12), K is the equilibrium constant of the
hydrogen oxidation reaction.
Regarding the possible SOFC configurations, gas flow

within the flow channels of the SOFC stack can be classi-
fied broadly into two ideal flow patterns, i.e., plug flow and
mixedflow.The former is characterizedby the fact that the gas
mixture moves orderly through the channel with no element
of the gas mixing with any other element ahead or behind,
whereas with mixed flow the contents are well-mixed and
uniform throughout. Although most typical SOFCs are oper-
ated under a condition close to the PF mode, the MF mode
can be realized by using a high recycle rate.
In the PFmode, the electromotive force (E) changes along

the SOFC stack due to the distribution of gas compositions
along the flow channels in both the anode and the cathode
sections. The average electromotive force (Ē) can be obtained
from numerical integration of the gas distribution along the
stack. To simplify the calculation, the gas compositions at the
anode are assumed to reach their equilibrium compositions
along the stack. The calculation procedures of the equilibrium
compositions in SOFCs have been described in our previous
work [9].
When current is drawn from the SOFC cell, the maximum

electrical work (W) produced by the SOFC and the system
efficiency (η) defined as the ratio of the maximum conversion
of the chemical energy of the fuel fed in the SOFC system
to electrical work, are calculated from Eqs. (13) and (14),
respectively.

W = qĒ (13)

η = qĒ

−�H0 × 100% (14)

whereq is the electrical charge passing through the electrolyte
and�H0 is the lower heating value (LHV) of methanol at the
standard condition.
It should be noted that the assumption of the equilibrium

state of gas compositions along the flow channel may be
reasonable because the rates of methanol steam-reforming
and the water gas shift reaction are fast, particularly at high
temperature [13–16]. Several researchers reported that the
conversion of methanol from the methanol steam-reforming
always close to 100% when the operating temperature above
573K is applied [13–15]. Moreover, at 1173K, methanol
steam-reforming has been reported [16] to occur homoge-
nously and reach equilibrium. Deviation from this equilib-
rium condition would result in lower values of the electromo-
tive force and the efficiency of SOFCs as less hydrogenwould
be generated in the anode chamber to compensate for the hy-
drogen consumed by the electrochemical reaction. Therefore,
the results shown in thiswork represent the best performances
for all SOFC cases.

3. Results and discussion

The efficiency and electromotive force at different fuel
utilizations for methanol-fuelled SOFCs with different elec-
trolyte types and flow patterns are shown in Fig. 1. The inlet
steam:methanol (H2O:MeOH) ratio is at the stoichiometric
value of 1 for all SOFCs. The fuel utilization,Uf, is defined as
the moles of hydrogen consumed by the electrochemical re-
action divided by the maximummoles of hydrogen produced
from the methanol steam-reforming (3mol of hydrogen per
1mol of methanol). As can be seen from Fig. 1(a), efficien-
cies increase with increasing fuel utilization for all SOFCs
because more hydrogen is utilized for electrical power pro-
duction. At high fuel utilization, however, the efficiencies of
the SOFCs with the MF mode decrease, which corresponds
to a sharp drop in the electromotive force observed in the MF
mode (Fig. 1(b)). Although it is typical that the electromotive
force decreases with increasing fuel utilization as the hydro-
gen partial pressure becomes smaller at higher fuel utiliza-
tion, the flow characteristics of the PF mode allow the elec-
tromotive force to decrease gradually along the flow channel.
Consequently, the PF mode provides a higher average elec-
tromotive force than the MF mode in which the electromo-
tive force is at its minimum value over the entire cell area.
It should be noted that although both ideal flow modes are
not achieved in real operations, experimental SOFCs using
tubular and planar cells show behaviour close to the PF and
MF modes, respectively.
At present, most experimental studies related to the in-

vestigation of SOFC performance are based on systems that
use an oxygen ion-conducting electrolyte, and experimental
comparison of SOFC performance for the two flow patterns
at the same operating condition is not available in the liter-
ature. According to Veyo and Forbes [17], an efficiency of
66–70% was achieved at 85% fuel utilization when pure hy-



S. Assabumrungrat et al. / Journal of Power Sources 148 (2005) 18–23 21

50 60 70 80 90 100
0

20

40

60

80

100

)
%(  ycneiciff

E

Uf(%)

SOFC-O
2-
(MF)

SOFC-H
+
(M F)

SOFC-O
2-
(PF)

SOFC-H
+
(PF)

(a)

50 60 70 80 90 100
0

0.5

1

1.5

SOFC-H+(MF)

)
V( F

M
E

SOFC-H+(PF)

SOFC-O2-(PF)SOFC-O2-(MF)

Uf(%)(b)

Fig. 1. Performance of SOFC-O2− and SOFC-H+ operated under plug flow
(PF) and mixed flow (MF): (a) efficiency; (b) electromotive force (inlet
H2O:MeOH=1, T= 1300K, P= 101.3 kPa).

drogen was used as a fuel in a tubular SOFC. At the same
level of utilization, the data in Fig. 1(a) show that the effi-
ciency is reduced to 65% if methanol is fed to the system
and a SOFC-O2− (PF) combination is used. The information
obtained has strengthened the fact that operation with pure
hydrogen fuel yields higher efficiency than using any fuel of
an equivalent amount. In addition, when methane was fed to
a planar SOFC, at a methane utilization of 86% an efficiency
of 53.6% was obtained [18], which is close to the value of
55% if methanol is applied in place of methane in our study
(SOFC-O2− (MF)).
The results in Fig. 1 also show that the SOFC-H+ offers

higher efficiency than the SOFC-O2− for both flow pattern
modes. This is in good agreement with previous results ob-
tained for SOFCs fuelled by hydrogen [7] and methane [8].
The electrolyte type plays an important role on the value of
the hydrogen partial pressure in the anode side and, therefore,
on the electromotive force and efficiency of the SOFC. The
partial pressure of hydrogen for the SOFC-H+ is relatively
higher than that for the SOFC-O2− because the water gener-
ated from the electrochemical reaction is present and acts as
an inert gas at the anode side for the SOFC-O2−, whereas it
appears at the cathode side for the SOFC-H+. It is noted that
when pure hydrogen is fed to the anode, the mole fraction of
hydrogen in the anode chamber is always unity along the cell
length for the SOFC-H+.
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Fig. 2. Influence of inlet H2O:MeOH ratio on SOFC performance at fuel
utilization of 90% (solid line) and 99% (dashed line): (a) efficiency; (b)
electromotive force (T= 1300K, P= 101.3 kPa).

According to the above analysis for SOFCs with differ-
ent electrolyte types and flow patterns under the same inlet
H2O:MeOH ratio, it is demonstrated that the SOFC with the
proton-conducting electrolyte operated under the PF mode
(SOFC-H+ (PF)) is the most favourable choice. Our previous
work [9] has shown, however, that the steam requirement to
operate the SOFC without carbon formation for the SOFC-
O2− is lower than that of the SOFC-H+. Thus, it is important
to take into account this benefit in efficiency comparisons be-
tween different SOFCs. The effect of the inlet H2O:MeOH
ratio on the efficiency and electromotive force of the SOFC
at the fuel utilizations of 90% (solid lines) and 99% (dashed
lines) is presented in Fig. 2. The minimum inlet H2O:MeOH
ratios represent values at the carbon formation boundary. De-
tails of the calculations for the carbon formation boundary in
each operating mode have been described in our earlier work
[9]. It was found that the SOFC-O2− can be operated at the
carbon-free condition without a requirement for extra steam
in the methanol feed, and both the efficiency and electromo-
tive force decrease with an increase in the inlet H2O:MeOH
ratio. Therefore, an addition of steam in the feed lowers the
performance of the SOFC-O2−. For the SOFC-H+, the in-
let H2O:MeOH ratios at the carbon formation boundary are
higher than those for the SOFC-O2−, particularly at high fuel
utilization, and the effect of the inlet H2O:MeOH ratio on the
SOFC performance is less pronounced. As the water from
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the electrochemical reaction is generated at the cathode side,
additional steam is required in the methanol feed at the anode
side to promote hydrogen production. On the other hand, ex-
cessive steam will reduce the hydrogen concentration of the
gas mixture at the anode side.
As it has been found that the SOFC performance is de-

pendent on fuel utilization and inlet H2O:MeOH ratio, it is
possible to determine the maximum efficiency and the corre-
sponding conditions for all SOFC cases at a specified temper-
ature by performing calculations at various values of the inlet
H2O:MeOH ratio and the fuel utilization. The results for a
temperature range of 900–1300K are shown in Figs. 3 and 4.
The maximum efficiencies follow the sequence: SOFC-
H+ (PF) > SOFC-O2− (PF) > SOFC-H+ (MF) > SOFC-O2−
(MF). The corresponding inlet H2O:MeOH ratios are at the
carbon formation boundary for both the SOFC-O2− (PF) and
SOFC-O2− (MF), but are about 1.3 and 1.5 times the stoi-
chiometric ratio for the SOFC-H+ (MF) and the SOFC-H+
(PF), respectively. The values of fuel utilization at the maxi-
mum efficiency are mainly governed by the flow pattern. For
SOFCs operated under the PF mode, the utilization is con-
stant at approximately 99%, but decreases slightly from 96.1
to 92.3% and from 95.5 to 92.0% for the SOFC-H+ (MF) and
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the SOFC-O2− (MF), respectively, when the temperature is
increased from 900 to 1300K. From these results, it is obvi-
ous that the proton-conducting electrolyte is more preferable
for use in SOFCs. In addition, the PF mode is better than the
MFmode. The SOFC-H+ provides approximately 7.7–10.6%
higher efficiency than the SOFC-O2− with the same flow pat-
tern mode in the range of temperature studied. Themaximum
efficiency for all cases decreaseswith increasing temperature.
This is in good agreement with the decrease in electromotive
force due to the thermodynamic Gibb’s free energy.
From the above studies, it is found that although the benefit

of lower steam requirement is taken into account in the calcu-
lations for the SOFC-O2−, the SOFC-H+ still shows higher
efficiency than the SOFC-O2− for both the PF and the MF
modes. This implies that the development of SOFCs should
be directed towards the use of the proton-conducting elec-
trolyte. It should also be noted, however, that this study has
not taken into account all the losses presented in real SOFC
operation and, therefore, it will be the aim of our next inves-
tigation to consider these losses when undertaking efficiency
comparisons. The SOFC-H+ allows the cell to reach easily a
high hydrogen utilization without an additional effort to sep-
arate steam from the anode gas and circulate it back to the
cell as required for the SOFC-O2−.

4. Conclusions

The performance of methanol-fuelled SOFCs using
proton- and oxygen ion-conducting electrolytes and operat-
ing under plug flow and mixed flow modes is investigated.
The electromotive force and efficiency are dependent on fuel
utilization, inlet H2O:MeOH ratio, operating temperature,
operationmode and electrolyte type. The benefit of less steam
requirement for the SOFC-O2− is taken into account in com-
parisons of SOFC performance. It is demonstrated that the
plug flow is superior to the mixed flow and that the use of
the proton-conducting electrolyte is more preferable. These
findings indicate that SOFC development should be directed
towards a system that was the proton-conducting electrolyte.
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Glycothermal synthesis of nanocrystalline zirconia and their
applications as cobalt catalyst supports
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Abstract

Nanocrystalline zirconia have been prepared by the glycothermal method with two different glycols (1,4-butanediol and 1,5-pentanediol)
and employed as the support for cobalt catalysts. Commercial zirconia supported cobalt catalyst was also prepared and used as a reference
material. The glycothermal-derived zirconia possesses large surface areas with crystallite sizes of 3–4 nm. The catalytic activities for CO
hydrogenation of the glycothermal-derived zirconia supported cobalt catalysts were found to be much higher than that of the commercial
zirconia supported one. However, the cobalt catalysts supported on zirconia prepared in 1,4-butanediol with lower amount of Zr content
in the starting solution exhibited higher activities than the ones supported on zirconia prepared in 1,5-pentanediol. The results suggest that
the different crystallization mechanism occurred in the two glycols may affect the amount of crystal defects produced in the corresponding
zirconia. As shown by TPR profiles, lower metal-support interaction was observed for the catalysts supported on the zirconia formed via
solid-state reaction in 1,4-butanediol (more defects). Consequently, higher active surface cobalt was available for H2 chemisorption and CO
hydrogenation reaction.
© 2005 Elsevier B.V. All rights reserved.

Keywords: A. Nanocrystalline zirconia; B. Glycothermal method; Zirconia supported cobalt

1. Introduction

Zirconia powder has been effectively used in different
areas of chemistry such as in ceramics and catalysis. It has
been found that zirconia has high catalytic activities for iso-
merization of olefins [1] and epoxides [2]. Commercially
available zirconia, however, usually possesses low BET sur-
face area (<50m2 g−1) thus may have limited their uses as
catalyst supports where a high dispersion of metal is required
in order to have high catalytic activity. Recently, synthesis of
a high surface area nanocrystalline zirconia has been devel-
oped by Inoue et al. [3,4] and is so-called the glycothermal
or solvothermal method depending on the solvent used. By
thermal decomposition of zirconium alkoxide in organic sol-
vents, large surface area zirconia can be obtained directly

∗ Corresponding author. Tel.: +66 2 218 6859; fax: +66 2 218 6877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

without bothersome procedures such as purification of the
reactants or handling in an inert atmosphere. Nanocrystals
were formedwhen the startingmaterialswere completely dis-
solved into the solvent. However, apparently polycrystalline
outlines can be observed due to rapid crystal growth [5].
Processing variables such as pH, concentration, temperature,
reaction medium, and crystallization time have influences on
the crystal structure of zirconia [6–9].
In this study, nanocrystalline zirconia were prepared

by the glycothermal method in two different glycols and
used as supports for cobalt catalysts. The influences of
the glycol source and the Zr concentration in the starting
materials on the physicochemical properties of the zirco-
nia were investigated by means of N2 physisorption, XRD,
and SEM. The corresponding glycothermal-derived zirco-
nia supported cobalt catalysts were further characterized
by H2 chemisorption, temperature programmed reduction,
and were tested for catalytic activities in CO hydrogenation
reaction.

0254-0584/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2005.04.035
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2. Experimental

2.1. Preparation of zirconia

Nanocrystalline zirconia was prepared by the glycother-
mal method according to the procedure described in Ref.
[9]. Approximately 15 g of zirconium tetra n-propoxide,
Zr(OC3H7)4 (ZNP) with 20.5% Zr from Strem Chemicals
or ZNP with 29.5% Zr from Mitsuwa Pure Chemicals was
added to 100ml of a glycol (1,4-butanediol (Aldrich) or
1,5-butanediol (Merck). Thismixture was placed in a 300ml-
autoclave. After the atmosphere inside the autoclave was
replaced with nitrogen, the mixture was heated to 300 ◦C at a
heating rate of 2.5 ◦Cmin−1 and was kept at that temperature
for 2 h. After cooling to room temperature, the resulting pow-
ders were collected after repeated washing with methanol.
The products were then air-dried and were used without
further calcinations. For comparison purposes, commercial
zirconium dioxide was obtained from Aldrich.

2.2. Catalyst preparation

The zirconia supported cobalt catalysts were prepared by
incipient wetness impregnation method using Co(II) nitrate
hexahydrate (Aldrich). The catalysts were dried overnight
at 110 ◦C and then calcined in air at 300 ◦C for 2 h. The
final cobalt loading of the calcined catalysts were determined
using atomic absorption spectroscopy (Varian Spectra A800)
to be ca. 8wt%.

2.3. Catalyst nomenclature

The different glycothermal-derived zirconia are desig-
nated as ZrO2–BG-20, ZrO2–BG-30, ZrO2–PeG-20, and
ZrO2–PeG-30 in which BG and PeG refer to the glycol used
(BG= 1,4-butanediol, PeG= 1,5-pentanediol) and the num-
ber 20 and 30 refer to the concentration of Zr in the ZNP solu-
tion used. Commercial zirconiawas designated as ZrO2-com.
Cobalt catalysts supported on different zirconia are desig-
nated as Co/ZrO2–BG-20 for Co supported on ZrO2–BG-20
and so on.

2.4. Catalyst characterization

The BET surface areas were determined by N2 physisorp-
tion using a Quantachrome Nova 1000 automated system.
Each sample was degassed in the system at 150 ◦C for 2 h
prior to N2 physisorption. The XRD spectra of the sample
powders were measured using a SIEMENS D5000 X-ray
diffractometer using Cu K� radiation with a Ni filter in
the 10–80◦ 2θ angular regions. The particle morphology
was obtained using a JEOL JSM-35CF scanning electron
microscope (SEM) operated at 20 kV. H2 chemisorption was
carried out following the procedure described by Reuel and
Bartholomew [10] using a Micromeritics Pulse Chemisorb
2700 system. Prior to chemisorption, the catalysts were

reduced at 350 ◦C for 10 h after ramping at a rate of
1 ◦Cmin−1. Static H2 chemisorption was performed at
100 ◦C. The TPR profiles of supported cobalt catalysts were
obtained by temperature programmed reduction using an
in-house system and a temperature ramp of 5 ◦Cmin−1 from
30 to 500 ◦C in a flow of 5% H2 in argon. Approximately
0.20 g of a calcined catalyst was placed in a quartz tube in
a temperature-controlled oven and connected to a thermal
conductivity detector (TCD). The H2 consumption was
measured by analyzing the effluent gas with a thermal
conductivity detector.

2.5. CO hydrogenation reaction

CO hydrogenation was carried out at 220 ◦C and
1 atm total pressure in a fixed-bed stainless steel reactor
under differential conversion conditions. A flow rate of
H2/CO/Ar = 20/2/8 cm3 min−1 was used. Typically, 0.2 g of
the catalyst samples was reduced in situ in flowing H2
(50 cm3 min−1) at 350 ◦C for 10 h prior to reaction. The prod-
uct samples were taken at 1 h intervals and analyzed by gas
chromatography. Steady state was reached after 6 h time-on-
stream in all cases. The percentages of CO conversion and
reaction rates were defined as

%COconversion

= mole of CO in feed−mole of CO in products
mole of CO in feed

× 100

reaction rate (g CH2 g cat.−1 h−1)

=

%COconversion×flowrate of CO in feed(cm3 min−1)
× 60 min h−1 ×mol.wt. of CH2(gmol−1)

catalyst weight(g)× 22400 cm3 mol−1

3. Results and discussion

The X-ray diffraction patterns of the zirconia powders
prepared by the glycothermal method in two different
glycols with various Zr contents in the ZNP solutions
and the commercial zirconia are shown in Fig. 1. All the
glycothermal-derived zirconia samples exhibited tetragonal
crystalline zirconia phase. No other crystal structures were
observed. The crystal structure of the commercial zirconia
as observed from XRD shows a mixture of tetragonal and
monoclinic phases, typical for a commercial one. The
average crystallite sizes calculated from the XRD line
broadening using the Scherrer’s equation [11] and the BET
surface areas of the zirconia are reported in Table 1. The
average crystallite sizes of the glycothermal-derived zirconia
were approximately 3–4 nm while that of the commercial
zirconia were found to be ca. 10.5 nm. The BET surface
areas of the glycothermal-derived zirconia were found to be
much higher (195–220m2 g−1) than that of a commercial



J. Panpranot et al. / Materials Chemistry and Physics 94 (2005) 207–212 209

Fig. 1. X-ray diffraction patterns of the zirconia (T = tetragonal, M = mon-
oclinic).

zirconia (50m2 g−1).Within experimental error, therewas no
significant difference in BET surface areas and the crystallite
sizes of the zirconia prepared in different glycols or prepared
with different amounts of Zr content in the ZNP solution.
Typical SEM micrographs of zirconia samples prepared

in 1,4-butanediol and 1,5-pentanediol with different Zr con-
tents are shown in Fig. 2. It was reported that when the
starting material were completely dissolved into the glycol,
nanocrystals were formed [5]. Each particle was, therefore,
a single crystal grown from a nucleus. It was found that the
samples prepared in 1,4-butanediol have a spherical shape
and a dense mass while in 1,5-pentanediol the samples did
not form separate spherical particles. The secondary particles
which appeared as separate spherical particles when prepared
in 1,4-butanediol seem to be formed by aggregation of pri-
mary particles. The results were found to be in agreement
with the work previously reported by our group on the effect
of solvent on the preparation of zirconia by glycothermal
method [9]. It has been proposed by Praserthdam et al. [9]
that the mechanisms during crystallization of zirconia in the
two glycols were completely different. While the synthesis
in 1,5-pentanediol, a homogeneous solution (i.e., glycoxide)
was formed after themixturewas heated to 250 ◦Cand cooled
down, the synthesis in 1,4-butanediol yielded a solid precip-

Table 1
The characteristics of the zirconia samples

Sample Average crystallite
sizea (nm)

Crystal
structureb

BET surface
areac (m2 g−1)

ZrO2–BG-20 4.0 T 206
ZrO2–BG-30 3.0 T 195
ZrO2–PeG-20 3.7 T 220
ZrO2–PeG-30 3.6 T 207
ZrO2-com 10.5 T, M 50
a Based on XRD line broadening.
b T = tetragonal, M=monoclinic.
c Error of measurement =±10%.

itate. The authors suggested that crystal growth of zirconia
in 1,5-pentanediol proceeded by precipication and crystal-
lization of the glycoxide while zirconia particles crystallized
from solid-state transformation in 1,4-butanediol.
The characteristics and catalytic activities for CO hydro-

genation of various zirconia supported cobalt catalysts are
shown in Table 2. In this study, cobalt loading on the cata-
lyst samples was approximately 8wt% in order to make it
close to that required for a commercial cobalt catalyst used
in the Fischer–Tropsch synthesis. The BET surface areas of
the zirconia supported cobalt catalysts were slightly less than
that of the original zirconia supports suggesting that cobalt
was deposited in some of the pores of zirconia. It would
appear that the particle size and shape of the catalyst particles
were not affected by impregnation of cobalt since no physical
changes were observed. The X-ray diffraction patterns of the
zirconia-supported cobalt catalysts are shown in Fig. 3. The
XRD diffraction peaks for cobalt oxide (Co3O4) at ca. 31.3◦,
36.8◦, 45.1◦, 59.4◦, and 65.4◦ 2θ were not clearly seen for
all the catalyst samples except for the Co/ZrO2-com where a
small peak at ca. 36.8◦ 2θ was apparent. The results suggest
that the crystallite sizes of cobalt oxide on the glycothermal-
derived zirconia were probably smaller than the lower limit
of XRD detectability (3–5 nm). It is also possible that on
glycothermal-derived zirconia, cobalt did not form Co3O4
crystallites but may have formed an amorphous cobalt oxide
[12]. The non-appearance of the XRD characteristic peaks
for cobalt oxides was similar to the results obtained from
cobalt supported on other metal oxides prepared by sol–gel
technique that usually possesses very small cobalt particles
[13–18].
The relative amounts of active cobaltmetals on the catalyst

samples were calculated fromH2 chemisorption experiments
at 100 ◦C according to Reuel and Bartholomew [10]. It is
known that only surface cobalt metal atoms are active for CO
hydrogenation not its oxide or carbide [19]. It was found that
our glycothermal-derived zirconia supported cobalt catalysts
exhibitedmuch higher H2 chemisorption and CO hydrogena-
tion activities than the commercial zirconia supported one
with Co/ZrO2–BG-20 exhibited the highest amount of H2
chemisorption and CO hydrogenation activity. It should be
noted that differences in the amount of H2 chemisorption
and the catalytic activities among the glycothermal-derived
zirconia supported catalysts were not due to difference in the
BET surfaces areas or the crystallite sizes of zirconia because
within experimental error the BET surface areas for all the
glycothermal-derived zirconia supported cobalt catalysts and
the crystal sizes of zirconia were quite similar. However,
the crystallization mechanism in the two glycols probably
yielded the final zirconia particles with different amount of
crystal defects. Since crystal defects were frequently created
especially when crystal growth proceeded rapidly, zirconia
prepared in 1,4-butanediolwhichwas found to formvia solid-
state reaction would contain more crystal defects compared
to the ones prepared in 1,5-pentanediol which crystallized via
precipitation of alkoxide solution. These defects in the zirco-
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Fig. 2. SEM micrographs of (a) ZrO2–BG-20 (b) ZrO2–BG-30 (c) ZrO2–PeG-20 and (d) ZrO2–PeG-30.

nia particles may play a role in cobalt-support interaction in
supported cobalt catalysts.
Fig. 4 shows the temperature program reduction (TPR)

profiles of various zirconia supported cobalt catalysts. TPR
is a powerful tool to study the reduction behavior of the
catalysts. Reduction of cobalt in the oxide form, Co3O4 or
Co2O3, to Co0 involves a two-step reduction: first reduction
of Co3O4 to CoO and then the subsequent reduction of CoO
to Co0 [20,21]. The two reduction steps may not always be
observed as separate peaks in TPR profile, as seen in Fig. 4
for the reduction of bulk Co3O4 powder [22]. However, a
separation of the two reduction steps has often been found

for supported cobalt catalysts due to interactions between
cobalt and support materials [23,24]. A wide range of vari-
ables such asmetal particle size andmetal-support interaction
have an influence on the reduction behavior of cobalt catalysts
resulting in the observation of different locations of the TPR
peaks. Since the catalysts were pre-calcined at 300 ◦C, the
nitrate precursor has been completely thermally decomposed
below 300 ◦C [25]. Therefore, the hydrogen consumption
observed during TPR study cannot be ascribed to residual
nitrates. The TPR profiles of the glycothermal-derived zirco-
nia supported cobalt catalysts were different from that of the
commercial zirconia supported one in which the reduction

Table 2
The characteristics and catalytic activities of the zirconia supported Co catalysts for CO hydrogenation reaction

Catalyst BET S.A.a (m2 g−1) H2 chemisorptionb
(×1018 mol g cat−1)

Reaction ratec
(g CH2 g cat−1 h−1)

Product selectivity (%)

CH4 C2–C3 C4+
Co/ZrO2–BG-20 170 12.9 14.5 29.5 11.4 59.1
Co/ZrO2–BG-30 160 6.7 12.0 53.6 11.7 34.8
Co/ZrO2–PeG-20 173 5.9 7.7 70.7 4.2 25.1
Co/ZrO2–PeG-30 180 5.8 6.4 73.4 7.5 19.1
Co/ZrO2-com 46 3.1 3.8 77.8 8.6 13.5
a Error of measurement =±10%.
b Error of Measurement =±5%.
c Reaction conditions were 220 ◦C, 1 atm, and H2/CO ratio = 10.
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Fig. 3. X-ray diffraction patterns of various zirconia supported cobalt cata-
lysts.

peaks tend to shift to lower temperatures. However, cobalt
species supported on zirconia prepared in 1,5-pentanediol
were found to be more difficult to reduce than the ones sup-
ported on zirconia prepared in 1,4-butanediol indicating a
stronger metal-support interaction. The dotted line in the
graph represents the standard reduction temperature used
to reduce the catalysts prior to reaction (350 ◦C), it was
found that on the zirconia prepared in 1,5-pentanediol and
the commercial zirconia, a portion of cobalt oxide species
could not be reduced at this temperature hence lower amount
of active cobalt metals were available for H2 chemisorption
and CO hydrogenation reaction. Moreover, the selectivities
for long chain hydrocarbons (C4+) were found to be in the
order: Co/ZrO2–BG-20 >Co/ZrO2–BG-30 >Co/ZrO2–PeG-
20 >Co/ZrO2–PeG-30 >Co/ZrO2-com. The unique proper-
ties of such glycothermal-derived zirconia supported cobalt
catalysts offer interesting possibilities for catalyst design and
applications.

Fig. 4. Temperature programmed reduction (TPR) profiles of various zirco-
nia supported cobalt catalysts.

4. Conclusions

Nanocrystalline zirconia prepared by the glycothermal
method in two different glycols with various Zr content in
the starting materials showed similar crystallite sizes of ca.
3–4 nm and large BET surface areas. Compared to com-
mercial zirconia supported cobalt catalyst, the glycothermal-
derived zirconia supported ones exhibited superior activities
forCOhydrogenationwith the use of zirconia prepared in 1,4-
butanediol with lower amount of Zr content as the support
resulted in the highest H2 chemisorption and CO hydro-
genation activities. The lower activities of cobalt catalysts
supported on the zirconia prepared in 1,5-pentanediol were
due to stronger interaction of cobalt and the zirconia sup-
ports as shown by higher reduction temperature peaks in the
TPR profiles. The type of glycol used for preparation of the
glycothermal-derived zirconiamay affect the amount of crys-
tal defects in the zirconia particles resulting in the difference
in metal-support interaction behavior.
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