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electrical efficiency compared to existing technologies. Optimal design and operation of such a system
require SOFC models that include accurate description of the steam reforming rate. The objective of this
article is to review the reported kinetic expressions for the steam reforming reaction. Extensive work

has been performed on traditional catalysts for steam reforming. Because of differences in operating

{;"’tye ‘;V:;f;eam reforming conditions, catalyst support material and structure it is critical to transfer this knowledge directly to
Kinetics internal reforming in SOFCs, which is discussed in further detail in this article. There are big differences
Solid oxide fuel cells in the reported kinetic expression for steam reforming over both industrial Ni catalysts and SOFC anode
Modeling materials. Surprisingly, there is a good agreement between measured rates pr. geometric anode area at
Ni-YSZ high operating temperatures, even for very different anodes. Detailed experimental data on the intrinsic
steam reforming kinetics of Ni-YSZ are necessary for micro structure SOFC modeling, such expression
are however lacking, but it may be viable to use measurements on industrial steam reforming catalysts
instead. Nevertheless there is a further need for experimental studies on determining the exact steam

reforming kinetics for SOFC anodes.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) systems have a strong potential
to become economically competitive with existing technologies
for power generation, such as gas turbines in co-generation plants
[1-3]. The striking advantage of fuel cells is that they directly con-
vert fuel electrochemically to electricity and thus the efficiency is
not limited by the Carnot cycle. In addition, high efficiency can be
achieved in small units, applicable for power production for refrig-
erated trucks, mobile homes and other small scale applications [4].
Small power generation units also allow alternative fuel sources
such as gasified biomass or agricultural biogas, to be harnessed to
a greater extent, without expensive transportation [5-7].

Among the different types of fuel cells, SOFCs have attracted
strong attention [8-14] due to the higher outlet temperature (ease
of waste heat utilization), its fuel flexibility, and its resistance
to some of the poisons that affect other fuel cells [4]. The most
straightforward fuel in a fuel cell is hydrogen at present mainly pro-
duced from hydrocarbons. For low temperature fuel cell systems
this hydrocarbon to hydrogen conversion is typically achieved by
external steam reforming. In contrast, for SOFC’s, internal steam
reforming can also be applied, because the Ni containing SOFC
anode support can act as a steam reforming catalyst and the oper-
ating temperature is suitable for methane conversion [15-17].

One of the advantages of internal steam reforming is that part
of the heat generated in the cell by electrochemical reactions, and
ohmic heating is directly used for the endothermic reforming reac-
tion [3,18,19]. In consequence, less heat needs to be supplied for
the pre-reformer and less cooling of the stack is needed. Both aspect
decrease the operating costs of the system. Furthermore, the equip-
ment costs are lower since a smaller pre-reformer is needed and
finally more even temperature distributions in the SOFC, than with
pure hydrogen can potentially be achieved, if proper control of the
catalytic activity is achieved.

With the current SOFC technology, the internal steam reform-
ing is much faster than the electrochemical reactions, which means
that the temperature gradients are actually larger than for SOFC’s
running on pure hydrogen. By gradually removing heat and produc-
ing hydrogen through the cell, the temperature and concentration
gradients can be decreased which could significantly improve its
performance [20]. This requires, however, detailed knowledge of
the kinetics of the steam reforming reaction in order to tune the
conditions and the anode structure or composition.

The kinetics of the steam reforming reaction of nickel-based cat-
alysts have been studied widely in literature, especially in catalytic
reactors, because of the industrial importance of this process [21].
However, the studies have often been performed at conditions or
on materials that are far from those of SOFC anodes. Only a few suit-
able kinetic data sets on real SOFC anode materials are available in
literature.

The aim of this article is to give a present status on the available
information on the internal steam reforming reaction over fuel cell
anode catalysts. Focus is first laid on the material aspect followed in
the second part by how the steam reforming activity can be tuned
and which conditions are preferred for internal steam reforming
over Ni-based anodes. The key part of the review focuses on a com-
parison of steam reforming kinetics on catalytic materials and in
SOFCs. Finally, its impact on the modeling of solid oxide fuel cells
is briefly discussed.

2. The structure of an SOFC

An SOFC is a continuously fed electrochemical cell, where the
electrodes and electrolyte are ceramic materials. The major elec-
trochemical reaction which takes place in an SOFC is the oxidation
of fuel. A large variety of materials are used in SOFCs and novel

Fig. 1. Illustration of the structure and major processes of an anode supported SOFC.

materials are presented regularly [22-34]. Typical SOFCs use anode
supported cells with [4,22-27]:

e yttria stabilized zirconia (YSZ) electrolyte (7~ 10m).

¢ Ni-YSZ anode (7gn ~ 10pm) and support (Tsyp =300 — 1000pm).

e Strontium doped lanthanum manganate (LSM) cathode
(Tcat ~50pm).

These thicknesses (T, Tan, Tsup, Tcat) are used as estimations
laterin this article. A cell isillustrated schematically in Fig. 1. Typical
structural parameters for a Ni-YSZ SOFC anode support are: poros-
ity ~ 40-50%, Ni content ~ 40 vol.% , d, nj~ 1 pm [4,22-27]. The
anode support can be manufactured by first tape casting a slurry
of NiO and YSZ powders. The active anode, electrolyte and cathode
are then sprayed or screenprinted on the anode support. The active
anode normally has a composition similar to that of the support,
but is denser. Finally, the NiO in the anode and anode support is
reduced, which significantly increases the porosity [23,26,27,35].
Note, that the nickel particle size is much larger than in traditional
steam reforming catalysts and the amount of nickel is significantly
higher in order to ensure a high conductivity.

It is convenient to use Ni-YSZ as the structural backbone of
the cell because it has desirable mechanical properties, low ohmic
resistance and it allows preparation by cofiring of the entire cell,
which decreases production costs [36].

3. Steam reforming catalyst

Steam reforming has been used for hydrogen production since
1930 and the process as well as the kinetics have been examined in
numerous studies [21,37-43]. The most commonly used catalyst in
this process is nickel on a support of «-Al;03, MgO or (Mg,Al)304
spinel. The nickel loading is around 25% w/w, with nickel particles
that are preferably smaller than 10 nm.

CH4 + H,0 = CO + 3H, (M
CO+ Hy0 = COy + Hy (2)

The steam reforming reaction (reac. 1) is highly endothermic
(AHS4g =206 K] mol~1) whereas the water gas shift reaction (reac.
2) is slightly exothermic (AH3gq = -41K] mol~1), which means that
energy must be supplied for the total reaction to proceed. A num-
ber of different existing reactor designs [42,44-46] allow for such
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large energy supply. In the traditional industrial process the reac-
tion takes place over catalyst particles in large number of vertical
tubes. Heat is supplied by placing the tubes in a furnace, which is
heated by combustion of natural gas [21,42]. The operating condi-
tions of a typical industrial steam reforming process are 700-1000°
C with a pressure around 30 bar and a steam-to-carbon ratio (S/C)
of 2.5-4[39,47]. Often more than one reactor will be used in series,
with different conditions. The first reactor is designed for high reac-
tion rate and the subsequent reactors to increase output by shifting
the equilibrium.

The catalyst in an SOFC is different from the commercial cata-
lyst, even though nickel is also the main catalytic component. As
described in Section 2, Ni is mixed with YSZ. Both the Ni con-
tent and particle size are significantly higher than in industrial
steam reforming catalysts, to ensure a high electrical conductivity.
Furthermore, the geometry is also different (thin plate). Operat-
ing conditions are: T=600-1000°C, S/C ~ 1.5 and P=1-15 bar [4].
High pressure is theoretically advantageous since it increases the
cell voltage and improves electrode kinetics, but is non-trivial to
realize in practice due to the brittle character of the cells and seal-
ing used, which do not tolerate large pressure differences. The
energy for steam reforming is supplied by the waste heat from the
electrochemical reactions and ohmic heating. The continuous con-
sumption of hydrogen in a SOFC and the requirement of high fuel
consumption lead to complete conversion of methane.

It would be highly advantageous if the extensive knowledge
gained in the industrial steam reforming process could be trans-
ferred to internal steam reforming in SOFCs. Despite nickel is the
catalyst in both processes, the above descriptions show that the
support material, catalyst structure and pressure are not similar.
This means that knowledge from the industrial steam reforming
process does not necessarily apply directly to internal reforming in
SOFCs.

One of the major issues for internal steam reforming at the
temperatures used in SOFCs today is that the reforming reaction
is much faster than the electrochemical reactions. This is mainly
due to the high nickel content, which is required for electric con-
ductivity, but also offers a high number of catalytic sites. Steam
reforming consumes energy and the electrochemical reactions pro-
duce energy and since the steam reforming is fastest, the result is
cooling at the fuel inlet and heating at the fuel outlet. This intro-
duces large temperature gradients, resulting in thermal stress and
reduced efficiency [20]. The result is that in contrast to what is nor-
mally desired when investigating catalytic reactions, the goal for
optimizing internal steam reforming is to lower the reaction rate
of steam reforming, while maintaining high electric conductivity
and high reactivity of the electrochemical reactions. The techniques
used in industrial steam reforming for altering the reaction rate
are also relevant for changing the reaction rate in SOFC. However,
the goals are opposite i.e. lowering the reaction rate. The major
challenge for industrial steam reforming is to avoid a reduction in
activity by minimizing sintering, sulfur poisoning and carbon for-
mation [38]. This is also relevant for internal steam reforming in
SOFCs to achieve long-term performance.

3.1. Carbon poisoning

The deposition of elemental carbon on the catalyst is a major
issue for both industrial steam reforming and SOFCs with internal
reforming. The carbon may be formed by the methane cracking
reactions shown below, and similar for higher hydrocarbons. It is
especially important to be aware of carbon poisoning when using
Ni-YSZ anodes, since these are vulnerable to carbon deposition [48].

CHy — C+2H, (3)
2C0 — C + COy (4)

Fig.2. CarbondepositionregioninaC-H-0 phase diagramat 1 atm [51], reproduced
with permission from Elsevier.

Three different types of carbon depositions have been reported
forindustrial steam reforming catalysts: pyrolytic carbon, encapsu-
lating carbon (gum) and whisker carbon. Pyrolytic and gum carbon
reduce the catalyst activity and block the pores while whisker car-
bon destroys the structure of the catalyst [38,40,49,50]. Especially
the destructive effect of whisker carbon must be avoided, both in
SOFCs and industrial reforming.

The theoretical carbon deposition region has been determined
by thermodynamic equilibrium calculations by several authors
[51-54], and is shown as the area above the equilibrium lines in the
phase diagram depicted in Fig. 2. The curvature of the low temper-
ature lines at high hydrogen content illustrates that CH4 becomes
stable under these conditions. Moreover the carbon deposition
region shrinks with increasing temperature, but the rate of car-
bon formation is reported to increase with temperature [48,49,55].
Fig. 2 shows that carbon deposition should not occur for O/C > 1 at
900-1200° C (corresponding to S/C > 1 at the inlet) and at lower
temperatures higher O/C ratios are needed. In a model study by
Hsiao et al. [56] it was reported that the most critical point for
carbon deposition occurs about one quarter down the fuel channel.
This is caused by two partly compensating effects: oxygen is moved
to the anode side in the electrochemical reactions, which shifts the
gas composition away from the carbon deposition region, and the
cooling of the cell caused by the endothermal steam reforming
reduces the temperature, which increases the carbon deposition
region. No carbon deposition was observed for S/C ratios higher
than 1.5-1.6 on Ni-YSZ in an SOFC [52,57], but higher S/C ratios
are needed to avoid carbon deposition from higher hydrocarbons
[48,51,58,59]. The lower the fuel utilisation the higher S/C ratio is
needed to avoid carbon deposition [52].

In the industrial steam reforming process carbon deposition is
normally avoided by using a relatively high S/C ratio. However, in
SOFCs the S/C ratio should be kept as low as possible since water
is a product in the electrochemical reactions, and as such a higher
steam content in the fuel will decrease the reversible cell voltage
(Urey), as seen from the Nernst equation below.

T AL
v =55t 2F, Pio

A lowering of the S/C ratio in industrial steam reforming will
result in a reduction in equipment cost, so methods for avoiding
carbon depositions at low S/C have long been searched for [47].
In situ microscopy studies reported by Sehested [38,60] show that
step sites on the Ni catalyst particles are the most active nucleation
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sites for both carbon formation and steam reforming. This is backed
up by density functional theory calculations [61,62] and is in line
with the observation that potassium, sulfur and gold reduce carbon
formation by blocking these step sites [13,14,47,63-65]. Blocking
the step sites also significantly reduces the steam reforming rate,
which makes this method one of the most promising ones for reduc-
ing carbon deposition in SOFCs with internal steam reforming. New
approaches to lowering carbon deposition by adding different pro-
moters (Sn, Mo, Li, n-butanethiol, Mg, Ca, Sr, Ce, Ru, Rh, Pd, Pt) to
the Ni-YSZ anode, are regularly reported in literature [54,66-69].

3.2. Effect of current

It has been shown that a sufficiently high cell current prevents
carbon deposition, even for a cell fueled by methane with 3 % H,O
(§/C=0.03)[70-73]. Lin et al. [70] suggested that deposited carbon
isreoxidised by the oxygen ions passing through the electrolyte, but
another possible explanation is that backflow of steam produced in
the electrochemical reactions increases the local S/C ratio to values
were elemental carbon is not formed. The necessary minimum cell
current density is greatly dependent on temperature. At 700° C a
current of approximately 0.1 A cm~2 is needed while at 800°C, 1.8
Acm~2 is needed. The minimum cell current density is, most likely,
highly dependent on the total flow, and this should also be investi-
gated (The flow used by Lin etal. [70] was 30 sccm on a anode area of
2.8 cm? with a thickness og 0.7-1 mm). Such a high current density
will with present day state of the art cells mean that one has to oper-
ate at very low voltage unlikely to be optimal from an overall cost
point of view. It has been shown that it is possible to decrease the
necessary current with up to a factor 3 by applying an inert barrier
layer on the anode support. This is most likely caused by increased
mass transport limitations, which in turn should also decrease the
rate of the electrochemical reactions. A further investigation of the
effect of such an inert layer would be very interesting. There are,
however some fundamental difficulties, with using pure methane
fuel and relying on current to prevent carbon deposition. Natural
gas contains higher hydrocarbons, which have a much higher ten-
dency for carbon deposition, meaning that some degree of external
purification is needed. Also, it is highly problematic if a commercial
cell is not tolerant towards sudden drops in current. The possibility
of direct electrochemical oxidation of methane in SOFC has been
shown [74], however with high polarization resistance. Recently,
some groups have reported fast direct electrochemical oxidation
of methane [75-77], however, it has been debated [78] whether it
is direct electrochemical oxidation of methane or rather oxidation
via an indirect route, e.g. cracking of methane with subsequent oxi-
dation of carbon or possibly via partial steam reforming followed
by electrochemical oxidation of hydrogen and CO.

3.3. Finetuning of catalyst

In SOFC systems running on natural gas with internal steam
reforming, some degree of pre-reforming is necessary to avoid
carbon formation due to higher hydrocarbons and decrease the
methane concentration to a level that result in acceptable temper-
ature and concentration gradients in the SOFC stack [18,79]. There
is, however, potential for significant improvement of the system
efficiency by lowering the degree of pre-reforming and reducing
the temperature and concentration gradients in the stack. A possi-
ble strategy, is to lower the reforming rate to the same level as the
electrochemical reactions. In fact, the general tendency of today’s
SOFC research is to lower the operating temperature [80-82] and
since the steam reforming reaction has a high activation energy
(58-228 k] mol~1, see Table 5), the reaction rate decreases rapidly
with temperature. The present lower temperature limit for effi-
cient operation of an SOFC is around 650-700° C [25,82]. In order

Table 1
Theoretical hydrogen production rate from steam reforming in 1 cm? of an SOFC
anode, using the kinetic expression by Wei et al. [40], details see text.

T°C rHZ,prod mol Silcmiz iequivalen[ A Cmiz n

400 4.3E-07 0.08 0.99
500 4.8E-06 0.9 0.97
600 3.1E-05 58 0.84
700 1.3E-04 26 0.58
800 4.5E-04 86 0.34
900 1.2E-03 233 0.21

toillustrate the temperature dependency of internal steam reform-
ing, order of magnitude calculations were made based on the
steam reforming rate by Wei et al. [40] (E4 =102 k] mol~1), which
is later used as a reference expression. The calculations are made
for a 1 cm? Ni-YSZ anode with thickness = 500 wm, Ni content = 50%
(w/w), Ni particle size = 1 wm and porosity = 50%, Gas composi-
tion: 50/50 methane and water and no mass transport limitation for
steam reforming. The resulting rate of hydrogen production from
steam reforming is shown in Table 1. The efficiency factor in Table 1
is calculated from Eq. (5) and describes how big a fraction of the
available catalyst material that is being fully used, i.e. an efficiency
factor = 1 corresponds to full usage of the catalyst [42].

Tan h(¢)
=7/ 5
n ? (5)
where ¢ is the Thiele modulus:
k
$=Ly/5

where L is the anode thickness, k is the rate constant (s—!) and
D is the diffusion coefficient (m2s~1). The diffusion coefficient of
methane is assumed to be 107> m25~1. igyiyglen is the theoretical
current that corresponds to a consumption of hydrogen in the same
rate as it is produced from the steam reforming reaction, calculated
from:

lequivalent = 2FAer,prod

where F, is the Faraday constant.

These calculations illustrates how the rate of the steam reform-
ing reaction compares to the rate of electrochemical reactions. For
optimal operation, without hydrogenithe inlet gas, ioqyivqien: Should
probably be a little higher than the operating current. This means
that at temperatures 600-700° C the rate of steam reforming rate
is in a range where it should be possible to reduce it to the desired
level by finetuning the catalyst. It should be noted however, that
during the calculation of i,qyjyglen: it Was assumed that the steam
reforming rate was not limited by diffusion. The 7 values show that
this assumption is only valid at low temperatures, meaning that
at high temperatures the actual rate will be lower than the one
calculated here.

Another theoretical possibility for decreasing the steam reform-
ing rate, by changing the conditions, is to have a low S/Cratio in the
fuel inlet, so that the conversion of methane will be controlled by
equilibrium and thereby the amount of water produced in the elec-
trochemical reaction. However, this will result in significant carbon
deposition in the cell as described in Section 3.1.

Up to now, alternative materials has been hampered by low elec-
tronic conduction. For example, Georges et al. [15] has presented
a strontium doped lanthanum chromite impregnated with ruthe-
nium catalyst (LSCRu), which operates at S/C ratios down to 0.08
without carbon deposition. Unfortunately, this material has very
poor anode properties, so this study can only be considered a proof
of concept, not a solution.



D. Mogensen et al. / Journal of Power Sources 196 (2011) 25-38 29

Rostrup-Nielsen et al. [14] conclude that the catalytic steam
reforming of methane does not take place at the same catalytic sites
as the electrochemical conversion of hydrogen. It might therefore
be possible to further decrease the steam reforming reaction rate
by selectively blocking the catalytic sites without significantly low-
ering the cell performance. Several possible methods for doing this
originating from the research on preventing poisoning of industrial
reforming catalysts are described in the following sections.

3.3.1. Particle size

The size of nickel particles in the anode support will influence
the steam reforming rate because larger particles give a smaller
surface area for the same nickel content and thereby less active
sites for catalysis. If the particle size in the active anode is also
increased it can however result in a smaller triple phase boundary
between anode, electrolyte and gas, which is the active area for the
anode reaction [83-85]. It was shown by Simwonis et al. [86] that
the nickel particle size also influences the electrical conductivity of
the anode and that the particle size increases during operation by
agglomeration, which is in fact one of the major anode degradation
mechanisms [38,86,87]. This means that an increase in Ni particle
size in order to reduce the steam reforming reaction rate may result
inareductionin cell performance. Note however that nickel particle
size in SOFC anodes is in general much larger than in industrial
steam reforming catalysts.

3.3.2. Sulfur

Several studies on the effects of sulfur on the fuel cell perfor-
mance of NI-YSZ anodes operating in hydrogen have been reported
in literature [64,88-94]. Exposing an operating cell to ppm lev-
els of sulfur in the anode stream results in an immediate voltage
drop (few minutes up to few hours) followed by a slower decay
of the voltage occurring over the following hundred hours [89].
In hydrogen under the studied current loads (less than 1A cm~2)
the effect of the sulfur poisoning seems fully reversible—the cell
voltage returns slowly (over 10 to few hundreds hours) to its orig-
inal value after removal of the sulfur [89,90]. The effects of sulfur
on Ni catalysts and SOFC anodes has recently been reviewed by
Hansen and Nielsen [95]. The poisoning is due to adsorption of
sulfur on sites active in the electrochemical reaction [95]. Both
the temperature dependence and the dependence on sulfur con-
centration of the experimentally observed voltage losses can be
accounted for assuming that the loss scales in a linear manner with
the sulfur coverage on the Ni, the temperature and H,S partial pres-
sure dependence of which is known assuming that the adsorption
follows a Temkin-like isotherm [95].

Only few reports are available on the effects of sulfur on the elec-
trochemical processes considering operation in CO/H2/H20/C02;
Noponen [96] reports only a small adverse effect of sulfur (at 800 °C,
i=0.5Acm2) and Silversand [14,97] reports in a short-term test
that there are no irreversible degradation of the electrochemical
performance of up to 50 ppm H2S at 700-800 °C.

Interestingly, it has been reported that the effects of sulfur on
the SOFC Ni-cermet anode performance is strongly affected by the
ceramic part of the anode: Sasaki finds that a Ni/SzSZ is more robust
toward sulfur poisoning than a similar NI-YSZ anode and that the
tolerance can be further increased by various oxide additions (e.g.
Ce-oxide, Y-oxide, La-oxide) [88].

It has clearly been demonstrated [95,97,98], that sulfur adsorp-
tion in the anode has a much stronger impact on the steam
reforming rate than it does on the electrochemical processes and
hence, slowing down of the reforming rate by controlled sulfur
poisoning is an interesting technological possibility [99,100]. How-
ever, more studies are needed to map out the span of operation
conditions and sulfur levels that will not lead to non-recoverable
loss of the electrochemical performance of the cell.

3.3.3. Alkali and earth alkali metals

Rostrup-Nielsen and Christiansen [63] reported that the rate of
catalytic steam reforming over 7-9% Ni on Mg/Al-spinel is signifi-
cantly reduced by addition of alkali metals. An explanation of this is
suggested from DFT calculations, which show that blocking of step
sites will significantly reduce catalyst activity [61,62] and alkali
metals absorb to step sites. The reduction in activity was shown
to be a factor 2-5 depending on the alkali metal. Alkali poisoning
is thus a promising method for finetuning of catalytic activity in
SOFCs.

Kikuchi and coworkers [54,58] investigated the change in
carbon deposition and steam reforming rate when adding CaO,
MgO, SrO and CeO, to Ni-YSZ anodes in the temperature range
600-800°C. CaO and SrO decreased carbon deposition with 30-50%
while Mg increased it with up to 20%, low amounts of CeO, (0.2%,
w/w) decreased the carbon deposition (~50%) while high amounts
(2%, wjw) increased carbon deposition (~25%). In most cases the
addition of the alkaline earth metals to Ni-YSZ resulted in a slight
increase in steam reforming rate, with the following 3 exceptions:
A high amount of SrO almost removed the catalytic effect of nickel
(whereas low amounts increased activity), small addition of MgO
reduced reforming rate by about 40% and high amounts of CeO,
decreased reforming rate with up to 75%. From this it can be con-
cluded that MgO and CeO, in the right amounts could possibly be
used for reducing steam reforming rate in SOFC’s, but it has to be
considered that both of these increase carbon deposition. It should
be noted that the Ni-YSZ in these investigations contained 75-80%
Ni (w/w), which is very high for an SOFC anode.

3.3.4. Modified Ni-YSZ anodes and Ni substitution

The suggestions for finetuning the anode catalyst in the previous
sections by larger particles and poisoning by sulfur or alkali met-
als have the disadvantage that the electrochemical reactions are
also influenced. Another method for lowering the steam reform-
ing rate is modification of Ni-YSZ or using entirely different anode
materials. Note, however, that other requirements also have to be
considered, such as low electric resistance, high porosity and a ther-
mal expansion coefficient similar to the active anode, electrolyte
and cathode.

A promising work on modifying the anode was presented by
Boder and Dittmeyer [79], who reported that replacing some of the
nickel in the anode with copper reduces the steam reforming rate
with a factor 4-20 without significant reduction in electrochemi-
cal performance. Further investigations into this direction could be
rewarding.

An SOFC with an anode catalyst layer consisting of Ir impreg-
nated Ceria on top an active anode of Ni-YSZ is reported by Klein et
al.[12]to operate on pure methane for almost 30 h without showing
signs of degradation, i.e. carbon deposition. The power production
during this experiment was only about 55 mW m~2, so the perfor-
mance of this type of cell has to be greatly improved in order to
be relevant. Ru and Pt additives have also been reported to prevent
carbon deposition on Ni-YSZ for internal steam reforming with S/C
as low as 0.1 [54,101].

Gorte and coworkers [102-104] report the use of Cu-CeO,-YSZ.
It is applicable for higher hydrocarbons but has lower affinity
toward hydrogen oxidation in the triple phase boundary. A fuel cell
with Ni-YSZ as the active anode and Co-Ni-SDC as support material
and steam reforming catalyst has been tested with pure methane
as the fuel with no observed carbon deposition. The cell perfor-
mances were however relatively poor, with a maximum power
density of 0.35W cm—2, which decreased significantly with time
[105]. Finally, a Ni-YSZ anode coated with a layer of catalytically
inert YSZ was proposed to reduce the steam reforming rate due to
mass transport, but there is disagreement about the effect on the
electrical efficiency [70-72,106-108]. On a side note, these find-
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Table 2

Langmuir-Hinshelwood steam reforming kinetics reported for Ni catalysts. (The constants in the table are: k overall rate constants, K equilibrium constants, the subscript ad
is adsorption of the denoted species and a roman numeral in the subscripts refers to reactions 1-11. (1 — Q;/K;) describes the approach to equilibrium of reaction i where Q

is defined in Eq. (6), and at equilibrium Q=K.)

RDS Expression Support T[°C] Pyo¢ [bar] S/C Ref.
. kPct1, Pr, 0
A) Classical r= Pif}z; (1 . %) a MgAl,04 500-575 3-15 3-5 [39]
k,PCH‘lPZIZD Q' .
(Eq. 1) W ( - W) spinel
K, K, P P
B) Classical = k——4.Hq ad )0 CHy 10 YSZ-CeO 700-1000 = 2-7 [111]
(HKadﬂ-i4 Peuy +KadAH20PH20)
© Classical r=k Kadchy Kad y 0PcHy Prty0 ; sz 700-1000 - 3-7 [110]
(1 +Kad,cty Pery +Kad,H,y DPHZO'*'Kad‘COPCO)
k-
D) CHa+* S CH} + H, r= P‘H"+ Ni foil 700-900 1 1.6-25 [37]
1+ky P72+k3l’co
Hy
k,
E) 1,7 r = kag,ca1, Pest, (1 - K,'?% P*L?H';f‘* > Ysz 800-900 1 0-2 (73]
F) 1,7 r=k Petiy Zr0, 700-1000 1 1-3 [113]

P
1/2 Hy 0
(1+1<ad‘HZ Pyt +Kad Hy0 Ty

K, P,
@ Where Z = 1+ Kag,coPco + Kad,n, Py + Kad,cr, Pcr, + %
ings suggest that it would be interesting to investigate a system
with Ni-YSZ as the active anode, to ensure high electrochemical
activity, and a copper containing Ni-YSZ anode support, to lower
the steam reforming rate.

4. Steam reforming kinetics

The kinetic behaviour of the steam reforming reaction has been
extensively studied over Ni supported model and industrial cata-
lysts [21,37,39-41,43]. More recently, also the kinetics over Ni-YSZ
anodes have been reported [9,79,109]. The reported kinetics seem
to be significantly different, but this may be because the reaction
conditions vary a lot in the different studies. Moreover, due to
the high temperatures applied, mass and heat transport effects are
difficult to control. A full kinetic analysis over a wide range of condi-
tions has only been given in a few cases. The studies can be grouped
in three according to which type of kinetic expression is used in the
analysis of the experiments:

¢ General Langmuir-Hinshelwood kinetics.
e First order reaction with respect to methane.
* Power law expressions derived from data fitting.

First investigations on industrial and model catalyst systems
shall be discussed in Sections 4.1-4.3 for the three types of kinet-

and ' denotes overall reaction: CH4 +2H,0 <= CO; +4H,

ics. Subsequently a review of the available studies carried out on
SOFC anodes is given in Section 4.4. An overview of the used kinetic
expression and references can be found in Tables 2-4 for the model
and industrial catalysts and in Tables 5 and 6 for the SOFC anode
studies. When trying to compare kinetics reported for different
SOFC anodes and between anodes and model systems, it should
be noted that the microstructure of the Ni particles in Ni-YSZ
may not be stable. Firstly, the Ni grain size distribution has been
reported to have large fractions in two different sizes, the large Ni
particles (0.3-2 wm) which are needed in SOFC anodes to ensure
a high electrical conductivity, and small Ni particles (10-30 nm),
which have a significant influence on the catalytic activity [9]. Sec-
ondly, sintering both increases particle size of the small particles,
and removes some highly active reaction sites, for both small and
large particles [9]. Thirdly, it has been shown that Ni particles
are highly dynamic and can dramatically change structure during
operation [60]. These effects are very difficult to describe accu-
rately and this should be kept in mind when evaluating kinetic
expressions.

4.1. Langmuir-Hinshelwood kinetics

The classical approach of Langmuir-Hinshelwood kinetics is
derived from the reaction of surface species. Mainly two mech-

Table 3
First order steam reforming kinetics reported for Ni catalysts.
Expression Support T[°C] Pyo¢ [bar] S/C References
r = kPcy, none 700-900 1 - [121]
Zr0,-CeO 800-850 1 2-4 [122]
Ceria - - - [50]
r = kP, (1 = %T;) MgO 600-700 1-15 0-10 [40]
YSZ 650-950 = 2 [79]
ZrO, 700-940 1.1-2.8 2.6-8 [109]
Table 4
Power law steam reforming kinetics reported for Ni catalysts.
Expression Support T[°C] Pyo¢ [bar] S/C References
kP}i_}f CGO 800-950 1 0-3 [123]
kPGP0 YSZ 850-900 1 1.53-2.5 [124]
kPcy, P, 28 Zr0, 800-1000 1 2-8 [65]
kPéHZAO ZrO; 900-1000 1 1.5-2.5 [125]
kpL3 p-12 YSZ = = = [126]

CHy" Hy0
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anistic schemes have been considered. The classical mechanism,
presented first by Xu and Froment [39], postulates that the reac-
tion of adsorbed carbon and oxygen species is the rate determining
step (RDS) as shown below.

e CHO*** = CO* +H*
* CO* + 0" = €03
* CHO* + 0* = CO3 + H*

From this they conclude that the reaction rate is dependent on
partial pressure of methane, water and hydrogen as shown in entry
A in Table 2. Similar kinetics (without the strong hydrogen depen-
dence) was used for Ni-YSZ, by Peters et al. [110] and Nakagawa
etal.[111] as given in entry B and C in Table 2. The positive influ-
ence of water predicted by entries A, B and C is, however, rarely
observed in literature. The value Q in expressions A, B and C is
defined by:

Q= H Pproducts (6)
H PTECICI‘GHI‘S

The term connected with Q, which appear in some of the kinetic
expressions accounts for the backwards reaction close to equilib-
rium. In more recent work it has been shown that dissociative
adsorption of methane is the rate limiting step (step 1). This leads
to the following model for the elementary reactions, which nowa-
days is often used to derive kinetic expressions for steam reforming
[42,112,40].

. CHy +2* — CHj + H*
. CHi+* 5 CH; + H*
. CHj+* = CH* + H*
CH*** = C*+H*
Hy0+2* = HO* + H*
HO*** < 0* + H*
C'+0* s CO***

. C*+HO* S CHO* **
CHO*** = CO* + H*
. CO* s Co**

. 2H* =S Hy +2*%

~OLRNAUTAWN =

—_

It is generally agreed that Reaction 1 is an RDS, but there is
great disagreement on whether or not reactions 5 and 7 should
also be considered as RDS. The Langmuir-Hinshelwood expres-
sions that have been reported for steam reforming over Ni-YSZ are
presented in Table 2 along with some expressions for Ni on other
support materials. Langmuir-Hinshelwood expressions are often
presented with only a few rate and equilibrium constants, which
are not connected to a specific elementary reaction, like in the last
three expressions in Table 2. When observing such expressions it
is important to remember that these constants are a combination
of rate and equilibrium constants for several different elemen-
tary steps. This is especially relevant when the activation energy
is reported without a derivation or indication of which elementary
step(s) are rate determining [110,111].

There seems to be a consensus on a reaction order of 1 for
methane. However, the expressions in entry E and F indicate
another rate-limiting step than only the dissociative adsorption of
methane. This is in line with the results of Aparicio et al. [41]. In
addition, the effect of other adsorbates are considered in D and F
as well as the reverse reaction in entry F. Expressions E and F are
Langmuir-Hishelwood expressions that can be derived from the
elementary reactions in Eqs. (1)-(11), D origins from an earlier, but
similar set of elementary reactions.

A possible explanation for the many different expressions is
given by density functional theory calculations, which show that

reactions 1 and 7 are kinetically controlling, and that reaction
1 is rate controlling at high temperature while 7 (or another
CO formation reaction) is rate controlling at low temperatures
[114,115]. Hence the kinetic expression will change with operat-
ing conditions. Furthermore, it must be kept in mind that a large
number of different plausible expressions can be derived from
Langmuir-Hinshelwood kinetics with several constants in each
expression. This means that an agreement to experimental data
is not a definite proof for a mechanism.

4.2. First order kinetics with respect to methane

The Langmuir-Hinshelwood kinetics with dissociative adsorp-
tion of methane as the only rate determining step (Reaction 1)
results in a first order expression that is only dependent on the
methane partial pressure, under the assumption that the sur-
face is not covered by other adsorbents. This assumption is valid
at high temperatures and low pressure and since these condi-
tions are normally used in experiments designed for investigating
kinetic expression, this type of expression has received much atten-
tion. Several studies reporting first order kinetics are presented in
Table 3.

A very extensive work on determining steam reforming kinet-
ics at high temperatures has been performed by Wei and Iglesia,
where steam reforming kinetics have been determined for a num-
ber of different metal-based catalysts, including Ni [40,116-120].
The experiments were conducted in packed catalyst beds. By chang-
ing the catalyst pellet size and the degree of dilution in the bed,
mass transport effects could be excluded in these studies. The
results were corrected for approach to equilibrium as shown in
Eq. (7).

I'n =1y (1 - %:) (7)

where r, is the net CHy conversion rate, ry is the forward reaction
rate, K is the equilibrium constant of the steam reforming reaction
and Q is given by Eq. (6). The forward reaction rate was found to
be first order in CH4 and independent of the H,O and CO, content,
resulting in the simple expression in Eq. (8) for all the examined
catalysts. The first order dependence in methane is in agreement
with the majority of the reported steam reforming kinetics, but the
independence of other gasses is less commonly reported.

Ir = kPCH4 (8)

Wei and Iglesia also examined the steam reforming and water
gas shift reactions by isotopic tracing of some of the elementary
steps, showing that they are in quasi-equilibrium. The results are
summarized in Fig. 3, underlining that the rate determining step is
activation of the first C—-H bond (reaction 1), resulting in a first order
expression for steam reforming with water gas shift and hydrogen
formation/dissociation in quasi-equilibrium.

More recently, Hecht et al. [112] reported a combined model
and experimental study of internal steam reforming over Ni-YSZ.
They conclude that their findings on Ni-YSZ are consistent with the
result of a first order expression with activation of the first C-H
bond, found by Wei and Iglesia. However, an overall reaction rate
for the steam reforming reaction is not explicitly presented. The
model in this work is described in more detail in Section 6.

Achenbach and Riensche’s [109] study of steam reforming kinet-
ics over Ni on a zirconia support is focused on use for SOFCs and
the determined kinetic expression for the initial rate is also first
order in methane. The study takes into account the mass transport
by using Newtons law for convective mass transfer (analogue to
Fick’s law), and uses an approach to equilibrium term like the one
used by Wei and Iglesia, shown in Egs. (7) and (6).
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Fig. 3. Sequence of elementary steps for steam reforming and water gas shift reac-
tion on Ni catalysts, as found by isotopic analysis. — irreversible step, = reversible
step, (05 ), quasi-equilibrated steps, k; is the rate constant and K; is the equilibrium
constant for reaction i [40], reproduced with permission from Elsevier.

4.3. Power law expressions

The kinetic expressions presented in Section 4.1 rely on several
assumptions and simplifications (a single RDS, one dominat-
ing species on the surface, quasi equilibrium, etc.). To have a
model independent description, many of the measured kinetics
are instead given by power law expressions without tracing back
to a mechanism of elementary steps. Kinetic measurements of
the steam reforming reaction are normally fitted to the following
power law expression.

B pY pd
= kPgH4PH20PH2 Pc02

Py 9)
y, 8 and X are often found to be close to zero (see Table 4). The rate
constant, k, as well as « and 8 vary between different studies. An
overview of the reported power law expressions for steam reform-
ing over Ni catalysts on either ceria or zirconia support is shown
in Table 4. The reaction order with respect to methane is close to 1
for all expressions, in agreement with the expressions presented in
Sections 4.1 and 4.2. There is, however, no agreement on the reac-

tion order with respect to water. This may be due to the different

—TcH,
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conditions used in these studies. It is striking that many report the
order to be negative.

Unfortunately, in many of the studies that present power law
kinetics the experimental method does not follow the recom-
mended practice for measuring catalytic reaction rates as described
in “Concepts of Modern Catalysis and Kinetics” [42]. Some works
do not comment on the possible effects of mass transport [124] and
others have a high degree of conversion across the reactor (50-95%)
giving strong temperature and concentration gradients along the
reactor [65,125,123]. Temperature gradients imply that the actual
temperature in the catalyst material will differ from the measured
temperature and high concentration gradients mean that approach
to equilibrium may influence the results. These uncontrolled effects
are probably an additional cause for the disagreement on the reac-
tion order with respect to water partial pressure. When using
power law kinetics, it must be kept in mind that they are often
used to describe measurements that are specific to the setup they
are measured on, and in such cases they will probably not be rep-
resentative for another system.

4.4. Kinetics over Ni-YSZ anode catalysts

Steam reforming kinetics for SOFCs have been investigated
since the late 1980s but there is still no consensus on the kinetic
expression [50,127]. In this section a comparison of the reported
expressions is given as follows:

1. Reaction orders and experimental conditions.
e Kinetic expressions (i.e. reaction orders) and activation ener-
gies are given in Table 5.
e Experimental conditions of the compared expressions are
summarized in Table 6.
2. Comparison of predicted rate under specific conditions normal-
ized by:
¢ Ni weight, Fig. 4.
e Ni surface area, Fig. 5.
e Geometric anode area, Fig. 6.

Besides the studies that are discussed here, additional exper-
iments exist in the literature [8,79,110,113,126,131-133]. These
studies were not included in this comparison because of insuffi-
cient information on experimental details to allow for appropriate
calculations.

As can be seen in Table 5, there is a large spread in the reported
activation energies (E,), i.e., 58-229 k] mol~1, but the majority of
the reported E,4 lies just below 100 k] mol~!, which also fits well

gtaeb;;sreforming kinetics and activation energies reported for steam reforming over Ni-YSZ SOFC anode/anode-supports.
Expression E4 [k] mol—1] T[°C] Pyor [bar] S/C References
Py e (1 - K;de:‘;o P'?HZC:" ) 2288 800-900 1 0-2 LH1 [73]
kP, 113-124 650-800 = 3-15 SLH1 [9]
kPer, (1- %) 63.3 650-950 - 2 SLH2 [79]
kPeuy (1- %) 82 700-940 1.1-28 268 SLH3 [109]
I<PCH4P,;21§5 74-98 800-1000 - 2-8 PL1[65]
kPgj0 58 900-1000 - 1.5-2.5 PL2 [125]
kPGP, 0 95 850-900 1 1.5-2.5 PL3 [124]
kb Abars 191 - - - [126]
ks Kot g fat 4,074 P 0 5 - 700-1000 1 3-7 [110]

(1+Knd,CH4 Pctiy +Kad 1y OPH20+Knd,COPCO)

k* Py, Pt 0 — k~PcoPy, - 700-950 1.5 3 [128,129]
kP, Pityo (1 - %) 205 600-700 = 2-35 [130]
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Table 6
Ni-YSZ properties and measuring conditions for the compared expressions.
Expression/reference Setup Preparation T[°C] Thickness [mm)] Ni content [% w/w] Anisurf [M? Sanode ™' dppi[pm] Porosity
LH1 [73] cermet film  Precipitation ~ 800-900 0.01 70 0.83 0.88 ¢ =
SLH1 [9] PFR Tape Casting 650-800 0.075-0.150 P 50 0.18 10-2000 -
SLH2 [79] anode Coat mix 650-950 0.04 65 1.2 04¢ -
SLH3 [109] anode -¢ 750-950 14 20 - - -
PL1 [65] CSTR 4 different 800-1000  2.4-4.8P° 50-80 - - 0.14-0.66
PL2 [125] anode Spray paint 900-1000 0.04 60 vol.% - - -
PL3 [124] anode Screen print 850-900 0.05 - - - -
Ref. [40] PFR - 600-700 0.25-0.45 7 1.8 0.0067 -

2 Estimated value, assuming spherical Ni particles.
b Particle diameter of crushed anode.
¢ ZrO, support.

with the value of 102 k] mol~! reported by Wei and Iglesia [40]
on an industrial steam reforming catalyst. There is, however, also a
large spread in the activation energies reported for industrial steam
reforming catalysts, for example the studies i Refs. [37,39,40,121]
report values in the range 102-240 k] mol~!.In general the reported
values seems to be higher than for Ni-YSZ.

A comparison with the activation energy of the electrode reac-
tions is interesting in order to evaluate the idea of lowering the
internal steam reforming rate by lowering the operating tempera-
ture and thereby spread the reforming reaction over a larger part of
the cell, as described in Section 3.3. Barfod et al. [134] report acti-
vation energies of the anode reaction in the order E4~ 1 eV ~100
k] mol~1, meaning that it is similar to that of the steam reforming
reaction. A decrease in operating temperature of a specific cell will
therefore not have the desired effect on spreading the conversion of
methane over a larger part of the cell area. However, a lowering of
the SOFC operating temperature will only be industrially relevant
if new cells are developed, with a higher electrochemical activity
at the lower temperatures. New types of cells with improved elec-
trodes could show a better balance between the rates of the steam
reforming and the electrochemical processes if the modifications
only affect the latter.

The abbreviations that are used in both Tables 5 and 6 and
Figs. 4-6, denote classical Langmuir-Hinshelwood (LH), Simple
Langmuir-Hinshelwood (SLH, first order with respect to methane),
and Power Law (PL). Fig. 4 shows a comparison of the rates with

respect to Ni content (weight), note that the reaction rate is on a
logarithmic scale. LH1 is not included in the bottom plot, because
the expression is not valid for this gas composition. The large dif-
ference between the values in Fig. 4 may be caused by differences
in Ni particle size for the tested catalysts. The reported Ni particle
sizes for SOFC anodes are in the range 0.3-3 pwm [9,35,73,79,86,83],
though Iwata et al. [83] report sintering up to 10 pm particles. The
Ni particles in the alumina supported catalyst used as the reference
have an average particle size of 6.7 nm [40]. The study by Bebelis
et al. [73] further reports small (10-20 nm) particles on top of large
particles. Hence, the rate expressions with respect to Ni content
are very system specific and as such, they should only be used in
connection with the system they have been measured on.

The reference (ref) refers to the kinetic expression reported by
Wei and Iglesia [40] over Ni on alumina support and allows com-
parison with the kinetics for catalysts related to industrial steam
reforming. In Figs. 5 and 6 the reforming rates per Ni area or per
cell area are compared, as expected, the values are much closer to
each other than those in Fig. 4, so a logarithmic scale is not suited
for comparing these values. Instead the two first plots represent the
same data, with the first plot being on a logarithmic scale to ease the
comparison with Fig. 4. The optimal comparison of catalytic reac-
tivity is with respect to active catalyst surface area. Unfortunately
only three studies on Ni-YSZ report the Ni surface area and one of
these, LH1, has an exceptionally high activation energy and is only
valid at one of the gas compositions that are used for comparison.

Fig. 4. Comparison of the reaction rate, at ambient pressure, of steam reforming over Ni-YSZ reported in literature with respect to nickel content: LH1 [73],SLH1 [9], PL1

[65], PL2 [125], Ref. [40].
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Fig. 5. Comparison of the reaction rate, at ambient pressure, of steam reforming over Ni-YSZ reported in literature with respect to nickel surface area: LH1 [73],SLH1 [9],
SLH2 [79], Ref. [40].

Fig. 6. Comparison of the reaction rate, at ambient pressure, of steam reforming over Ni-YSZ reported in literature with respect to geometric anode surface area: LH1 [73],
PL2 [125], PL3 [124], SLH2 [79], SLH3 [109].
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The reactivity predicted from these three expressions along with
the reference (Ni on alumina) is shown in Fig. 5. Obviously some
of the expressions that were orders of magnitudes apart in Fig. 4
are now relatively close, except for LH1 at high temperatures (note
that this anode is very thick). It is especially worth noticing that
the catalytic activity of the industrial catalyst is now very similar
to that of the anodes, in spite of the big difference in nickel parti-
cle size, i.e. the majority of the difference when comparing based
on mass is simply an effect of differences in Ni area. Only few of
the kinetic studies on catalytic steam reforming over SOFC anodes
explicitly report the Ni surface area, and if the Ni particle size is not
given either, then an estimation of the surface is also not possible.

When comparing the measurements given as activity pr. geo-
metric anode surface area as shown in Fig. 6, a surprisingly good
correspondence is seen, especially when considering that the Ni
content in these experiments range from 20 to 70 wt%. It should
be noticed that all expressions in this comparison were measured
over a planar cell structure, so it might not be valid for other con-
figurations or other anode materials very different from the ones
of the four studies.

The depth of the steam reforming reaction zone on Ni-YSZ
anodes has been reported to be in the range 0.15-0.30 mm at 900 °
C[129,133,135,136]. No systematic variation with anode thickness
isfound in Fig. 5, there is, however, a tendency showing that thicker
anodes give higher activity. The thickest anode SLH3 (1.4 mm) gives
the highest rates pr. cell area and the thinnest anode LH1 (0.01 mm)
gives the second lowest rates, which indicates that the reaction
depth is larger than 0.01 mm. This is supported by the fact that the
thinnest anode, LH1, has the highest rate per nickel area in Fig. 5.

The rate expression that gives the lowest activity and deviates
most from the others is PL2, even though the anode used to deter-
mine this expression has a thickness of 40 wm, which is a medium
value for this comparison. The experiments underlying this rate
were conducted with a very high conversion of methane (85-96%).
This was taken into account in the data treatment by treating the
anode as an integral plug flow reactor, but because of the high con-
version the result are highly sensitive to small changes in the outlet
composition [125]. It is not reported whether or not the cooling of
the catalyst material was considered during data treatment. Note
also that the activation energy reported in this study is very low,
which could indicate that some mass transfer limitations are not
accounted for.

In future studies, the surface area of nickel should be deter-
mined, in order to both ease comparison with other experimental
studies and to increase the value of the measurements with respect
to SOFC modeling work. Until further experimental studies are
available, it is reasonable to use a kinetic expression from the gen-
eral Ni-based steam reforming or with respect to anode surface area
in a first, rough SOFC model. The relative good agreement between
rates measured on different anodes, means that these expressions
should result in reasonable results as also indicated from the model
work performed by Nagel etal.[137] where several different kinetic
expressions were used in the same model with similar results.

Hecht et al. [112] studied steam reforming kinetics over Ni-YSZ
by using a setup were the porous anode was supplied with methane,
water and carbon dioxide on one side and a mixture of water and
carbon dioxide on the other side. No dense electrolyte was present
in this setup. In this way steam reforming could be investigated
under SOFC conditions, including realistic diffusion through the
anode. The experimental results were compared to a dusty gas
model to describe diffusion and a system of 42 elementary reac-
tions to describe the reforming kinetics. The model results fitted
the measured data well indicating the suitability of the model. A
comparison of the elementary reactions and the other rate expres-
sions in Table 5 would be interesting, both with respect to the rate
and the reaction orders, but such a comparison is unfortunately

not possible. Special notice should be given to the experimental
setup used in this work, which is especially suited for measuring
steam reforming kinetics for Ni-YSZ in an anode structure. Further
experiments on this or similar setups would be valuable.

5. Water gas shift reaction

In SOFC modeling it is often assumed that the water gas shift
reactionis at equilibrium at all time. Little work has been conducted
to investigate this, but in several experimental works examining
steam reforming kinetics, it is outlined that the water gas shift
reaction was not at equilibrium [9,110,130,138,139]. Also Hecht
et al. [112] include the elementary reactions of the water gas shift
reaction in their model (see Section 4.4). Ahmed and Fger [138]
examines the approach to the equilibrium of the reverse water
gas shift reaction over a Ni/zirconia based anode. The inlet gas
contains H, and CO, at different concentrations representing dif-
ferent levels of fuel utilization in an SOFC, but anode size and flow
rates are not reported. The approach to equilibrium was defined as
100%-[1—(Pco [ Pcoeq — 1)] and is reported to be in the range 80-
90% for most fuel utilizations. A few works include an expression
for the water gas shift reaction rate [128,130] and the previously
described set of elementary reactions by Hecht et al. [112]. If the
water gas shift reaction is not at equilibrium, then the potentials of
the H, oxidation and CO oxidation are not equal, which means that
the reaction with the highest potential will drive the other reac-
tion forward and thereby move the water gas shift reaction further
toward equilibrium. The resulting cell voltage will lie between the
two reaction potentials.

6. Modeling internal steam reforming

Modeling of SOFCs is being used widely, for a variety of dif-
ferent purposes. First of all there is the need for relative quick and
cheap testing of new configurations and stack designs [10,140-145]
as well as ideas for innovative system designs based on SOFCs
[146-154]. These are the classical reasons for modeling. For SOFCs
the further motivation comes from the fact that it is very diffi-
cult to measure the specific condition inside the cell or stack. Here
modeling is an invaluable tool to evaluate concentration and tem-
perature profiles and thereby to both avoid hotspots [155,156,126]
and to determine optimal operation conditions [20,113,157-160].
An equally important use of models is as a tool in research both
to interpret experimental observations [128,161,162] and to deter-
mine specific trouble areas where future research should be focused
[142,161,163].

A large number of SOFC models exist that include either partial
or complete internal steam reforming. A detailed rigorous model
of a complete SOFC stack is highly computational demanding, so
normally a SOFC model will focus on one aspect and models can
roughly be divided into three categories based on the focus of the
model.

Micromodels (electrode models) describe in great detail the cat-
alytic, electrochemical and gas phase reactions in the porous
electrodes, often taking into account mass and heat transfer effects
as well as electrical conduction. This type of model will normally
be one-dimensional and describes the performance of a cell in a
single point with known bulk concentrations, this can be used to
determine key issues for material research and micro structural
optimization [112,163,161].

Cell/stack models examine the changes in composition and tem-
perature in the gas channels of an SOFC and they will often
have a simplified description of the electrodes and electrolyte in
order to avoid excessive computations. These models are two- or
three-dimensional and can be used to evaluate concentration and
temperature profiles in the cell/stack, and thereby identify trou-
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ble areas such as hotspots or areas with low S/C ratio. single sell
models can to some extent incorporate a micro structure model
[20,112,137,154,164-166].

System models describe the performance of a complete stack,
they are highly simplified and are normally focused on the interac-
tion of the stack with the surroundings. These models are zero- or
one-dimensional and intended to be incorporated in flow sheets in
order to evaluate and optimize complete systems which includes
an SOFC [167-172,7].

When modeling an SOFC with a significant amount of methane
in the inlet, the steam reforming kinetics will have a deciding influ-
ence on both the gas composition and the temperature profile both
of which are major parameters in determining both the local and
overall performance of the cell or stack. This means that micro
structure and cell/stack models need to have an accurate descrip-
tion of steam reforming in order to be accurate. System models will
often use a thermodynamic description, instead of kinetic expres-
sions to describe the effect of internal reforming [171,172].

Some models describe the reforming reaction by using assump-
tions such as: equilibrium at all time, or 75% of the remaining CH, is
converted in each finite element [172-178]. This approach should
only be used for initial calculations for a new system or as an alter-
native to the thermodynamic description in system models.

The most widely used rate expression in SOFC modeling is
the one found by Achenbach and Riensche [109] (SLH3 in Fig. 6)
[7,20,137,154,161,163,165,166,179]. The Ni content was smaller
than typical in SOFCs (20% w/w on ZrO,), did not match the elec-
trochemical specifications of an SOFC anode and was rather thick.
From the comparison in Fig. 6 it can be seen that this expression
gives a reaction rate a bit higher than average, but it is a valid choice
for flow models.

Another rate expression, often used in modelling, is that found
by Lehnert et al. [128] given in entry 10, Table 5, for example in
modeling studies in Refs. [142-145,180-182]. It corresponds to the
expression by Xu and Froment [39] onindustrial catalyst. It assumes
first order dependence both on methane and water. The latter is
rarely observed experimentally, especially at conditions relevant
for steam reforming in SOFCs (see Section 4).

In recent literature, several micro structural model works have
used a complete set of elementary reactions (42 reactions), with
separate kinetic expressions, to describe the catalyzed steam
reforming and water gas shift reactions [112,141,159,164,183]. The
accuracy of this type of models will primarily depend on how well
the gas diffusion and micro structure of the anode are described.
This method requires high computer power and since the kinetic
data sets are taken from different studies, a comparison with the
experimental data would be highly rewarding.

6.1. Recommendations

Until a consensus on the steam reforming kinetics is reached,
the best choice for a steam reforming rate expression for use in a
model is the use of a kinetic expression measured on the specific
cell under the reaction conditions that are relevant for the model,
as done by several research groups [112,126,135,162]. If this is not
possible, we recommend an expression with a reaction order of
methane close to 1,and E, around 100 k] mol~?, possibly a bit lower.
The dependency of water is disputed, but it seems that if there is a
dependency it is slightly negative.

In micro structure models it is necessary to use a steam reform-
ing rate with respect to Ni surface area. Only few experimental
works report this for Ni-YSZ. There seems to be a close correlation
to industrial steam reforming for these kinetics and the thoroughly
examined expression reported by Wei and Iglesia [40] appears to
be a valid choice for this type of model, even though the study was
not performed on Ni-YSZ.

7. Conclusion

Optimal operation of SOFCs with internal steam reforming
requires that the steam reforming reaction and the electrochemical
reactions progress at similar rates. Order of magnitude calculations
show that at the temperatures targeted in SOFCs today (~ 700 °C),
the difference between the rates are now so small that it should be
possible to lower the reforming rate to the same level as the electro-
chemical. Much work is being done on finetuning the SOFC anode
material in order to achieve this, and an elegant solution would be
to use the sulfur that is already present in the natural gas, to reduce
the internal reforming rate by blocking the active nickel step sites.
Unfortunately, sulfur increases the long-term degradation of the
cell voltage and therefore it may be more viable to block the step
sites with alkali metals. A completely different approach that also
seems promising is to replace some of the nickel with copper. This
seems to lower the catalytic activity, without having a significant
influence on cell performance and, furthermore, it increases the
resistance toward carbon poisoning. When considering this type of
work, it is important to keep in mind that the operating tempera-
ture of SOFCs is generally being lowered, so the finetuning of the
catalyst must be done with consideration to the intended operating
temperature.

Another approach for optimizing internal steam reforming uti-
lization is to carefully control the operating conditions so that
existing stacks can withstand the temperature gradients that arise.
This requires precise modeling, and therefore an overview of steam
reforming kinetics on SOFCs was given and discussed. There are
large differences in the reported steam reforming kinetics, which
is reflected by the number of kinetic expressions that exist for
both industrial steam reforming catalysts and on Ni-YSZ for SOFCs.
Recent improved understanding of the elementary steps by surface
science studies, in situ electron microscopy and DFT calculations
have given the possibility to give an atomic level view and to
develop micro structure models. These verify a strong positive
dependence on the partial pressure of methane and a negative
influence of water under conditions that are relevant for internal
steam reforming in SOFCs.

SOFC models incorporating internal steam reforming have only
recently been developed. Even though their number is rapidly
increasing they only use a few experimental data sets. Five stud-
ies were compared with respect to the geometric surface area of
the anode (Fig. 6). It is worth noticing that these anodes showed
similar overall reaction rates, in spite of relatively large structural
differences. Only three studies on Ni-YSZ could be compared with
respect to the surface area of nickel (Fig. 5). The comparison showed
a relatively good agreement, but nothing conclusive.

There is a surprising lack of detailed investigations of the cat-
alytic activity of Ni-YSZ with respect to steam reforming, where the
nickel surface area and particle size are reported and the common
practice for measuring catalytic activity is followed. Such thorough
experimental studies are needed to increase the precision of SOFC
models with internal steam reforming.
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