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Abstract. The kinetics of the steam reforming reaction of CH 4 were investigated at temperatures 

750 to 950~ under both open-circuit and closed-circuit conditions on Ni-YSZ (Yttria Stabilized 

Zirconia) solid oxide fuel cell (SOFC) anodes and polycrystalline Ni film SOFC anodes of measured 
Ni surface area. It was found that the rate of methane reforming on the Ni surface exhibits a Lang- 

muir-Hinshelwood type dependence on PCH4 and PH20 which results from competitive adsorption 
of carbonaceous species and oxygen or OH. Consequently the rate is maximized for intermediate 

PCH4 to PH:,O ratios. The reaction kinetics are affected significantly by cell current and potential un- 

der closed-circuit conditions. Over a rather wide range of operating conditions the observed rate 

changes are Faradaic, which implies negligible variation in the catalytic properties of the Ni surface 

with potential. At lower temperatures, however, and particularly under conditions of carbon de- 

position, the rates of CO, H2, CO2 and, more importantly, carbon formation exhibit pronounced 
non-Faradaic (NEMCA), or electrochemical promotion, behaviour. Some non-Faradaic hehaviour is 

also observed for higher H20 to CI-I4 ratios but in this ease the effect of applied potential is repro- 

ducible but not readily reversible. 

1. Introduction 
One of the most attractive features of solid oxide fuel 

cells (SOFCs) is their ability to oxidize efficiently fuels 

such as CH4 or natural gas without the need of an exter- 

nal reformer. This is due to the catalytic action of the 

fuel-exposed Ni surface of the Ni-yttria stabilized zirconia 

(YSZ) cermet anode in the temperature range of SOFC 

operation (850-1000~ The Ni surface catalyzes the 

steam reforming reaction: 

CH 4 + H20 --~ CO + 3H2 (1) 

and thus produces I-I2 and CO which can he readily oxi- 

dized electrochemically at the three-phase-boundaries (tpb) 

Ni-YSZ-gas: 

H 2 + O  2- --o H20+2e- (2) 

C O + O  2- ---} CO2+2 O- (3) 

The Ni surface also catalyzes very efficiently the water -  

gas-shift reaction: 

H20+CO _~ CO 2 + H  2 (4) 

thus further facilitating the SOFC operation by, gene- 

rally, increasing the H2 to CO ratio at the tpb, thus eli- 

minating a significant part of the activation overpotential 
associated with the anodic reaction (3). 

The kinetics of the steam reforming reaction have 

been extensively studied on Ni surfaces due to the indas- 

trial importance of this reaction [1,2,3]. On the contrary 

much less information is available regarding the kinetics 

of the steam reforming reaction on Ni-YSZ cermets [4-7] 

and unfortunately, in some cases published data do not re- 

flect true kinetics but the approach to thermodynamic 
equilibrium [7]. 

A detailed knowledge of the CI-I4 steam reforming ki- 

netics on Ni-YSZ cermet anodes can he very important in 

optimizing the anode cermet design, although at the high 
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operating temperatures of most SOFCs the kinetics of re- 
actions (1) and (4) are fast and thus the approach to ther- 
modynamic equilibrium is facile. 

The reason that this information can be important in 
optimizing the anode cermet design is the following: Re- 

action (1) is quite endothermic (AH=35kcal/mol) and 

thus, when occuring fast, can cause severe cooling of the 
anode near the SOFC anodic compartment entrance. Such 
a local cooling can have a severe adverse effect on SOFC 

performance and durability, but may, in principle, be 
avoided by judicious anode design, if the steam reforming 
kinetics are known. 

Reactions (1) and (4) may be accompanied by carbon 
forming reactions, catalysed by the nickel anode, i.e. me- 
thane decomposition and CO disproportionation: 

CH 4 ~ C + 2H 2 (5) 

2CO ~ CO2 + C (Boudouard reaction) (6) 

Carbon deposition results in a rapid loss of reforming ac- 

tivity [1,6] and in degradation of cell performance, thus 
knowledge of the kinetics and mechanism of coke forma- 

tion is of great importance for optimizing cell operation. 
In general, the carbon-forming tendency decreases with 
increasing temperature and pressure, with increasing 
steam to carbon ratio and with increasing methane con- 

version [1,8]. 
Under closed circuit conditions, i.e. during operation 

of the SOFC under load, pumping of 02- to the anode is 

expected to alter the rate of formation of the products of 

the steam reforming reaction as well as the carbon depo- 
sition rate. 

In the present study we have carried out kinetic mea- 
surements both under open and closed circuit conditions, 
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Fig. 1. Schematic of the apparatus; S: water saturator; 3WV: 
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Fig. 2. Schematic of the fuel cell reactor 

in order to investigate the effect of anode potential on the 

kinetic behaviour of the system and examine the Faradaic 
or non-Faradaic nature of the observed differences in cata- 
lyric rates. 

2. Experimental 

A schematic diagram of the experimental apparatus is 
shown in Fig. 1. The feed CH4/He mixture was saturated 

with H20 by sparging through a thermostated water satu- 

rator. The fuel cell reactor inlet steam concentration was 
controlled by varying the saturator temperature. Reactants 
and products were analysed by on-line gas chromatogra- 

phy using a Shimadzu 14A gas chromatograph with a 
TC detector and a Shimadzu C-R5A integrator. A Pora- 
pak N column was used to separate CO, CH 4, CO2 and 
H20 and a molecular sieve 5A column to separate CO 

and CI-I4. 
In the series of experiments addressing the kinetics of 

coke formation a Carbosieve column was used to separate 

H 2, CO, CI-I4 and CO2 and a Porapak Q column to sepa- 
rate H20. 

A Balzers QMG 311 mass spectrometer with a conti- 
nuous gas sampling system and a Balzers 101 QDP data 
processor was also used for reactant and product analysis. 

This allowed for continuous monitoring of the effluent 

concentrations of CO, CO2, CI-I4, H 2 and H20. 
The carbon formation rate was computed by the 

following equation: 

1 
rc =~ [rH 2 - 3rco -4rco2] (7) 

derived from the C, H and O mass balances: 

C: rCHa=rco+rco2+rc (8) 
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Table 1. 

Catalyst Type Surface Ni mols 

# (N/mol) 

2Fro 
Exchange aa-rent 

Io 
at 800oC Io/mA 

A 

C1 Ni/YSZ cermet 8.5.10 s 

C2 Ni/YSZ cermet 1.2.10 7 

C3 Ni/YSZ cermet 6.3.10 "s 

C4 Nifilm 3.0.10 -9 

-0.5 300 

- 5  4 -1 

~ 2 300 25 

-0.2 40 15 

H: 2rclh+rnzo=ra2 (9) 

O: rH20=rco+2rco,z (10) 

where rCH 4, rH20 are the rates of consumption of CH 4 

and H20 and rco, r c o ,  rH2 are the rates of formation of 
2 

CO, CO2 and H2, respectively, all expressed in mol/s. 
All lines and valves were heated to 150~ to prevent 

condensation of H20. Reactants were certifw, d standard of 

CH4 in He and ultrapure 99.999% He (L' Air Liquide). 

The atmospheric pressure 8 mol% Y203-stabilized 

ZrO2 continuous flow SOFC (Fig. 2), has a volume of 

30 cm 3 and has been described in detail previously (4-6). 

Within the flowrate range used in this investigation, i.e. 

typically 150-300 cm3STP/min, the anodic compartment 

has been shown to behave like a CSTR (Continuous 

Stirred Tank Reactor) by measuring the residence time 

distribution with an IR analyzer [4]. 

Two types of Ni anodes were used in this investiga- 

tion (Table 1). One type was a porous Ni film prepared 

by applying a thin coating of NiO paste on the YSZ sur- 

face (catalyst labeled C4, Table 1). The NiO paste was 

prepared by thoroughly admixing butyl acetate containing 

5 wt% poly-vinyl acetate binder and fine NiO powder pre- 

pared by decomposing nickel nitrate hexahydrate at 

400~ for several hours. The deposited Ni paste was cal- 

cined in air at 450~ for 2h and then at 900~ for lh. 
The heating rate was 10aC/min. 

The second type was Ni-YSZ cermet (Catalysts la- 

beled C1,C2,C3 in Table 1), prepared as described else- 
where [5]. The porous Ni-YSZ anode (-2 cm 2) was de- 

posited on the inner side of the bottom of the YSZ tube 

while the La0.75Sr0.25MnO 3 perovskite cathode (-1 cm2), 

prepared via the metallo-organic decomposition method 

(MOD) at 1200~ together with a small (0.1 cm 2) Pt 

reference electrode were deposited on the outer side on the 

YSZ and were exposed to ambient air. A porous Pt ca- 
thode was used in the experiments addressing the kinetics 

of carbon deposition. 

The four catalyst electrode films used in the course of 
the investigation (Table 1) gave qualitatively similar 

open-circuit kinetic results. The total mass of the catalyst 

electrode C 1 was 9.5 mg, while the true surface area of 

the Ni surface was 33 cm 2 corresponding to N=8.5-I0 8 

surface Ni mol as measured via H 2 chemisorption in an 

Accusorb 2100 E Micromeritics chemisorption appara- 

tus, which was also used to measure the Ni surface area 

of the catalyst electrode C3. 

These values have been used to convert observed reac- 

tion rates (mol/s) into turnover frequencies (TOF) (s-l), 

i.e. molecules reacting per surface Ni atom per s. The 

surface areas of the other two catalyst electrodes (C2 and 

C4) were computed by comparing the rate of CH4 re- 

forming under standard conditions (PH20~7 kPa, PCH4-9 
kPa, "I"-850~ 

An Amel 553 galvanostat-potentiostat was used both 

to apply and measure cell and anode potential as well as 

current flow through the cell. 

3. Results 
3.1. Steam Reforming Kinetics under Open-Circuit 
Conditions. In all kinetic experiments the total conver- 

sion (utilization) of CI-I4 was kept below 30% to ensure 

that true kinetics are observed which are not obscured by 

thermodynamic limitations. Figures 3 and 4 show typical 

results of the dependence of the rate of CI-I4 consumption 

rca 4 on the partial pressure of H20, PH20, and methane, 

PCH4. Note that the rate rCH 4 is also expressed as a 
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Fig. 3. Open-circuit effect of PH20 and temperature at fixed 
PCH4 on the total rate of CH4 consumption and on the cor- 
responding turnover frequency; Catalyst electrode C1. 
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Fig. 4. Open-circuit effect of PCH4 and temperature at fixed 
PH20 on the total rate of CI-I4 consumption and on the cor- 
responding turnover frequency; Catalyst electrode C1. 

turnover frequency (TOF, s-l), i.e. molecules of CH4 re- 

acting per surface Ni atom per sec, by using the measured 

Ni surface area. 

The kinetics depicted on Fig. 3 have been obtained at 

constant PCH4 =1 lkPa. Typically 90-95% of the conver- 

ted CH4 appears as CO, the rest as CO2 [9]. The In'st in- 

teresting feature of Fig. 3 is that there is a minimum 

PH20 pressure, subsequently denoted by PH2 o, below 

which rcru vanishes and extensive coking of the surface 

takes place. As discussed elsewhere [5] this low PH20 
region is the region where C formation is thermodyna- 

mically favored via the Boudouard reaction: 

2CO ~ CO2+C (6) 

For PH20 > PH20 the ,rate of CI-LI consumption increases 

linearly with PH20 PH20 (Fig. 3) until a maximum is 
reached. The maximum location shifts gradually to the 

right with increasing temperature, i.e. from --0.25 at 

800~ to --0.5 at 900~ By further increasing PH20, the 

rate starts to decrease, i.e. the rate of CI-I 4 consumption 
starts to exhibit negative order kinetics with respect to 

HE0. This behaviour strongly indicates competitive ad- 

sorption of CI-I4 (in the form of active C) and H20 (in 

the form of OH) on the Ni catalyst surface and can be 

modeled within the framework of classical Langmuir- 

Hinshelwood kinetics [5,9]. 

Similar behaviour is shown on Fig. 4 which depicts 

the effect of PCH4 on rCH4 at constant PH20 =7kPa. 

Again the rate goes through a maximum which occurs at 

=0.25 at lower temperatures and =0.5 at 90 (0 .  
A detailed kinetic analysis and resulting approximate 

rate equations based on the data presented here and on a 
large volume of similar data not shown here due to space 

limitations, will be given elsewhere [9]. In general it was 

found that under most conditions the water-gas-shift reac- 

tion (4) is at or near equilibrium. One complicating fac- 

tor in the present kinetic study was the appearance of rate 

hysteresis or "memory" effects due to formation of diffe- 

rent amounts of coke on the catalyst surface. These me- 

mory effects were more pronounced at lower temperatures 

and become apparent by a careful comparison of the low- 

er temperature data shown on Figs 3 and 4. Stated diffe- 

rently, for any fixed T, PH20, PCH4, PCo and Pco2 the 
reaction rate can also depend on the catalyst previous 

history, i.e. on the amount of C originally present on the 
Ni surface. 

The most important conclusion which can be drawn 

from Figs. 3 and 4 is that there exists an optimum tem- 

perature-dependent PH20/PcH 4 ratio for rca 4 maximiza- 

tion and also for SOFC power production, as discussed 

elsewhere [5]. Too little H20 ((PH20/PcH4 < 0.15) leads 
to excessive coke formation, but too much H20 (PH2o/ 

PCH4 > 0.5) also has an adverse effect on the open-circuit 

CH4 steam reforming rate. 

3.2. Steam Reforming Kinetics under Closed Circuit 

Conditions - Faradaic Behaviour. Figure 5, obtained 

with the Ni cermet C2 (Table 1) shows the effect of vary- 

ing steam partial pressure on the rate of CO production 

(which corresponds to typically 90-95% of the total 
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Fig. 5. Effect of PH~ on the rate of CO formation under open 
(I=O) and closed 0=300 mA) circuit conditions and on anode 
overpotential. Total flowrate 155 ccSTP/min; Catalyst elec- 
trode C2; Arrows connect points obtained at the same inlet 
partial pressure of H20. 

reforming rate) at 900~ both under open circuit con- 

ditions and under fuel cell operation, i.e. when a current 

of 300 mA flows through the cell. The overpotential B, 

also shown in Fig. 5 is defined as the deviation of the ca- 

talyst potential VWR, with respect to the reference elec- 

trode, from its open-circuit (I=0) value. 

The filled symbols, corresponding to fuel cell ope- 

ration, represent the sum of the c a!~lytic and electrocata- 

lyric rate of CO production. As shown by the arrows 

connecting the corresponding points under open and 

closed circuit conditions, at high methane to steam ratios 

the predominant electrocatalytic reaction is methane par- 

tial oxidation to CO and H 2 (synthesis gas): 

CH 4 + O 2" ---> CO + 2H2 + 2e- (11) 

while for low methane to steam ratios there is little extra 

production of CO and a near-Faradaic increase in the rate 

of H20 production: 

CH4 + 402- --~ CO2 + 2H20 + 8e- (12) 

The conclusion drawn from Fig. 5 is that the CO pro- 

duction rate is enhanced under fuel cell operation con- 

ditions and that the methane to water ratio determines the 

extent of each particular electrocatalytic reaction (11) or 
(12) taking place. 

Furthermore it appears that during fuel cell operation 

5 
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Fig. 6. Effect of PH20 on the rate of CO formation at various 
fixed overpotentials and currents; conditions as in Fig. 5. 

the critical steam partial pressure necessary to avoid coke 

formation shifts to lower values. 

The observed rate changes in this case (Fig. 5) are 

purely Faradaic, i.e. they correspond exactly to the rate of 

oxygen ion transfer to the Ni-YSZ cermet anode accor- 

ding to Faraday's law. 

The faradaic rate changes shown in Fig. 5 imply that 

under these conditions altering anode potential determines 

solely the rate of the electrocatalytic reactions taking 

place at the three phase boundaries and does not affect the 

catalytic properties of the Ni-YSZ cermet anode. This is 

not surprising in view of the fact that the papameter 

2Fro/I0 which provides a good qualitative measure of the 

Faradaic efficiency A [4,10] is of the order of 4 for the 

catalyst film C2 (Table 1). 

Figure 6 shows the effect of PH20 on the rate of CO 
formation at various fixed catalyst-electrode overpoten- 

rials and also for I=300 mA. These data, obtained under 

the same conditions as those of Fig. 5, correspond to 

Faradaic increases in the total rate of CH4 consumption. 

3.3. Non-Faradaic Behaviour. At lower operating tem- 

peratures (T<830~ and under conditions of coke depo- 

sition, it was found that changing catalyst potential 

causes pronounced non-Faradaic variations in the rates of 

formation of CO, CO2, H2 and C, indicating significant 

potential-controlled variations in the catalytic activity of 
the Ni surface. 

Typical examples are shown in Figs. 7 to 9 obtained 

with the catalyst electrode C3 (Table 1). Figure 7 shows 

rate changes measured between open-circuit operation 
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Fig. 7. Effect of PCH4 on the rate Go=I/2F of 0 2- transfer to 
the catalyst, on the change (vs open-circuit operation) in the 
rates of CO, CO 2 and H 2 production and on the Faradalc 
efficiency ACO when the catalyst electrode potential is 
maintained at VWR=-0.6 V; T=826~ PH20 =0.75 kPa; 
Catalyst C3. 

O 
(I=0, VWR =-1V) and when the catalyst potential is 
maintained at VWR=-0.6 V. The Figure thus shows the 

effect of PCH4 on the rate I/2F of O 2- transport to the ca- 

talyst-electrode and on the induced change in the rates of 

production of CO, 1-12 and CO2 under conditions of spon- 

taneous cell operation. It is obvious by comparing Arco, 

ArH2 and Arcoz with I/2F (Fig. 7) that the induced 
changes in the rates of CO, H2 and CO2 production are 

strongly non-Faradaic. Thus the Figure also depicts the 

dependence on PCH4 of the Faradaic efficiency Aco de- 
f'med from: 

Arco (13) 
Aco = (I/2F) 

As shown in Fig. 7, ACO takes values between 15 and 

30. The increase in the rate of H2 production is also 

strongly non-Faradaic, while, interestingly, rco2 de- 

creases and -Arco2 is up to a factor of 5 larger than I/2F. 

Consequently, under the conditions of Fig.7, the Ni/YSZ 

cermet anode exhibits the effect of Electrochemical Pro- 

motion [4,10] or non-Faradaic Electrochemical Modifica- 

tion of Catalytic Activity (NEMCA) [4,10]. 

It is worth emphasizing that although the measured A 
values in Fig. 7 are rather large (-15) the corresponding p 

(=r/ro) values for the production of I-I2, CO and CO2 do 
not deviate significandy from unity, i.e. are typically in 

the range 0.9 to 2. Regarding the carbon formation reac- 
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Fig. 8. Effect of PCH4 on the rate Go=I/2F of 02- transfer to 
the catalyst, on the change (vs open-circuit operation) in the 
rate r C of carbon formation and on the Faradaic efficiency A C. 
Conditions as in Fig. 7. 

tion rate, rc, however, the situation is different and 

pc(=rc/rc,o) approaches zero over a certain Pcrl4 range, 

as shown below. 
The rate rc of carbon formation is computed from Eq. 

(7). Figure 8, obtained via Eq. (7) from the data of Fig. 

7, shows the effect of PCH4 on the change in the rate Ar c 
of C formation and on the corresponding Faradaic effi- 

ciency AC, defined from: 

Ac = Arc/(I/2F) (14) 

20 

1 6 -  
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,-, 12 

t ~ . "  

//  
b / 

T= 8 2 6 o c  
PH2o=0.75 kPa 

I I 

4 g 12 
Pca4, kPa 

Fig. 9. Effect of PCH4 on the rate of C formation under open- 
circuit conditions (a) and for VWR =-0.6 V (b). Conditions as 
in Fig. 7. 



lorries 1 (1995) 497 

As shown in Fig. 8 -Arc exceeds the rate I/2F of 02- 

supply to the catalyst by up to a factor of 20 and thus 
-Ac takes values up to 20. The minus sign indicates that 

the carbon formation reaction is electrophilic, i.e., its 
rate is suppressed by positive current, or equivalently, in- 
creasing catalyst potential [4,10]. 

Figure 9 shows the dependence of the rate of carbon 
formation, rc, on PcH4. Interestingly r~ increases linear- 

ly with PCH4 above a critical value PCH4.The lines la- 
beled (a) and (b) in Fig. 9 correspond to open-circuit 

operation (I=0, VWR ==-IV) and VWR=-0.6 V, respec- 
tively. Increasing catalyst potential decreases the apparent 
first-order rate constant for carbon formation and shifts 

PCH 4 to higher values. Between these two values of 
PCH4, it is pC=0, i.e. the rate of C formation is totally 
suppressed by increasing catalyst potential. 

The NEMCA behaviour depicted in Figs. 7 to 9 is 
quite reversible, as in previous NEMCA studies [4,10], 

and is observed for low, typically less than 0.25, PH20/ 

PcH4 values, i.e. under conditions of carbon deposition. 
We have also observed a second type of Non-Faradaic 

behaviour at high (>0.5) PH~,o/PcH4 ratios and a typical 
example is shown in Fig. 10. This figure shows the tran- 
sient response of the exit stream H20, CI-I4 and CO mole 

fractions and cell current upon imposing a constant po- 
tential VWR=IV between the catalyst and reference elec- 

trodes at 800~ and a feed H20 to CH4 ratio of 0.6. 

As shown in the potentiostatic transient of Fig. 10 
the cell current exhibits a pronounced maximum before 
stabilizing to a value of 20 mA. The steam and CH 4 con- 

versions increase significantly with a concomitant 57- 
fold (5700%) increase in the rate of CO production. This 
rate increase Arco=1.45.10 -6 tool CO/s is 15 times larger 

than the steady state rate I/2F of 02- supply to the cata- 
lyst. Consequendy under these conditions the steam re- 
forming reaction: 

CH 4 + H20 ---> CO + 3H 2 (1) 

exhibits the NEMCA effect with A=15 and p=57, i.e., 

the catalytic properties of the Ni-YSZ anode cermet are 
affected significantly by the appEed current and potential. 
It was noticed, however, that although the transient be- 

haviour depicted in Fig. 10 is quite reproducible, the sys- 
tem lacks reversibility, i.e. current interruption does not 
restore the initial state, even after many (>60) minutes of 

operation. It is thus very likely that the observed pro- 
nounced non-Faradaic behaviour of Fig. 10 is due to the 
clean-off effect of 02- on carbon previously deposited on 
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Fig. 10. Potentiostatic (VWR=+IV) transient. Effect of 
applied potential on cell current I and on the mole fractions 
of H20, CH 4 and CO in the cell reactor effluent; total flow-ram 
205 ecSTP/min; Catalyst C4. 

the Ni surface. This is also corroborated by the observed 

transient maximum in current and mole fraction of CO 
(Fig. 10). 

Fig. 11 shows for the same catalyst film and under 

the same conditions the effect of PH20 on the rate of CO 
production under open circuit conditions and, when the 

anode potential is maintained at 1 V with respect to the 

reference electrode. For PH20/PcH4 above -4).5 there is 
an abrupt fifty-fold (-5000%) increase in the rate of CO 
l~oduction. 

Figure 12 shows the effect of catalyst potential VWR 
on the rate of CO formation at fixed PH20 and PCH4. 
Above a threshold VwR value of -0.4 V the rate in- 
creases abruptly by approximately 5000%. As previously 
noted, however, the return from the high-rate state to the 
low-rate state of Figures 11 and 12 is very slow and is 

probably controlled by the rate of carbon deposition on 
the Ni surface. 
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4. Conclusions 

The main conclusions of the present work can be sum- 
marized as follows: 

1. There is a minimum PH20 value necessary to avoid 
excessive coke formation on the Ni cermet anode. 
This value is close to the one computable from ther- 
modynamics. 

2. There is an optimal PH20/PCH4 ratio (0.25-0.5) for 
maximization of the reforming rate under open-circuit 
conditions. This is due to the competitive adsorption 
of C and OH on the Ni catalyst surface. 

3. The kinetics of the steam reforming reaction and of 
carbon deposition on Ni-YSZ cermet anodes can be 
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Fig. 12. Effect of VWR on the rate of CO formation; Catalyst 
C4 

Ionics 1 (1995) 

affected significantly by the anode potential. At low 
operating temperatures, positive overpotentials can 
modify the catalytic activity of the Ni-YSZ cermet 
anode so that the reforming rate is significantly en- 
hanced and the carbon deposition is hindered. This de- 
monstration of the effect of Non-Faradaic Electro- 
chemical Modification of Catalytic Activity (NEM- 
CA) may be of practical importance for the operation 
of SOFCs at temperatures below 850~ The system 
is, however, kinetically complex and in view of the 
observed hysteresis effects, a more systematic in- 
vestigation is necessary. 
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