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Abstract 

An electrochemical membrane reactor, RhlYSZIAg, has been tested for the partial oxidation of CH 4 to CO/H 2 under 
'oxygen pumping' through YSZ. An ionically transported oxygen species over the Rh anode was highly active for the partial 
oxidation. The reaction mode of the CH 4 oxidation strongly depends on the surface state of Rh particles; a highly oxidized 
Rh surface accelerates complete oxidation of CH 4 to CO2/H20, while a reduced Rh surface catalyzes the partial oxidation 
to CO/H 2. Oxygen concentration over the Rh predominantly determines the selectivity; a high oxygen concentration leads 
to the complete oxidation, while an adsorbed oxygen species gives the partial oxidation. 
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I. Introduction 

The conversion of CH 4 into valuable com- 
pounds is practically important from the view 
point of utilization of natural gas. Recently, 
partial oxidation of C H  4 into synthesis gas has 
been studied as a promising method for CH 4 
conversion [1], where metals in group VIII such 
as Rh, Ni, Ru, Pt, Ir and Pd are active catalysts 
for the reaction (1). 

i 
C H  4 + ~O 2 --~ C O  + 2H 2 (1) 

This reaction is basically composed of several 
reactions, including complete oxidation of CH 4 

to CO2/H20  and reforming of C H  4 by H20 
and CO 2, and is normally performed at high 
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temperatures, since the reforming reactions are 
thermodynamically highly endothermic. 

Hickman and Schmidt, using a Rh- or Pt- 
coated monolith catalyst at a short residence 
time, recently proposed that CO and H 2 were 
not the final products but the primary products 
in this process [2]. They explained the superior 
behavior of Rh compared to Pt because of the 
higher activation energy for OH formation from 
adsorbed hydrogen and oxygen on Rh (20 
kcal/mol) than on Pt (2.5 kcal/mol).  We [3] 
have found that adsorbed oxygen species on 
Rh/SiO 2, from gaseous oxygen, can oxidize 
C H  4 directly into synthesis gas. Furthermore, an 
incorporation of oxygen from SiO 2 via the Rh 
surface into the reaction products was observed 
in the reaction of adsorbed 180 on Rh/SiO 2 
with CH 4 at 300-600°C, suggesting a spillover 

0920-5861/96/$32.00 © 1996 Elsevier Science B.V. All rights reserved 
SSDI 0920-586 1(95)003 10-X 



398 K. Takehira et al. / Catalysis Today 29 (1996) 397-402 

mechanism. Matsumoto and Tanabe [4] have 
also reported an important role of surface oxy- 
gen species on Pd in the Pd-Y zeolite catalyzed 
partial oxidation of CH 4 to C O / H  2 under oxy- 
gen deficient conditions. Another group of the 
authors (NIMC) have studied solid electrolyte- 
aided oxidation of hydrocarbons using 8 mol-% 
yttria-doped zirconia (YSZ) where M IIYSZIM 2 
serves as an 'oxygen pump' [5-9]; 0 2 is re- 
duced to form oxide ions at the cathode (M2), 
incorporated into the YSZ and are migrated to 
the anode (MI), where the oxide ions are reoxi- 
dized to 0 2. When Au was used as the anode, 
propene and ethane were partially oxidized into 
acrylaldehyde [5] and acetaldehyde [8], respec- 
tively, over an inert Au anode film under the 
oxygen pumping; this suggests that oxygen 
species transported through YSZ onto Au sur- 
face were active for the selective oxidation. 
Moreover, the oxygen species transported 
through YSZ onto the Au surface also enhanced 
the activity of molybdate catalysts for alkene 
oxidation when the molybdate was coupled with 
the AulYSZIAg system [6,7]. Therefore, it is 
reasonably expected that C H  4 c a n  be continu- 
ously converted into synthesis gas by supplying 
surface oxygen species onto a Rh anode when 
Rh is coupled with the oxygen pump. We found 
that C H  4 w a s  directly oxidized into CO and H 2 
over the RhlYSZIAg system [9], which showed 
a remarkable and stable formation of synthesis 
gas under oxygen pumping through the YSZ at 
a low temperature of 500°C. In this paper, we 
report the behavior of oxygen species generated 
electrochemically on the Rh anode surface for 
the partial oxidation of C H  4. 

CH 

Rh e 

Fig. 1. Schematic diagram of the reactor. 

face of the disk by vacuum evaporation [5,9]. 
SEM observation of the Rh anode clearly 
showed cracks in the texture of the Rh film, 
suggesting the presence of triple phase bound- 
ary, i.e., Rh-YSZ-atmosphere. The two elec- 
trodes of the disk were connected with gold 
wires to an electrical circuit, and the oxygen 
transfer flux, across the YSZ from the Ag cath- 
ode to the Rh anode, was controlled by chang- 
ing the applied voltage. The cell system was 
placed in a furnace to control the temperature 
[5], and the oxidation of C H  4 w a s  carried out at 
500°C under the following conditions: an oxy- 
gen pressure of 101.3 kPa was maintained on 
the cathode of the cell and a gaseous mixture of 
C H  4 ( 0 . 4 % )  and nitrogen was passed (1 l /h )  
over the anode side for testing the activity of 
oxygen species generated on the Rh anode film. 
The products in the effluent gas were analyzed 
by gas chromatography using a thermal conduc- 
tivity detector. 

3. Results and discussion 

2. Experimental 

An electrochemical reactor (Fig. 1) was con- 
structed from an YSZ disk (diameter of 32 mm 
and in thickness of 1 mm) as described else- 
where [9]. Thin compact films of Ag (2.0 /zm 
thick) and Rh (0.5 /zm thick) were prepared as 
the cathode and the anode, respectively, on each 

When C H  4 w a s  oxidized over the RhIYSZIAg 
at 500°C under oxygen pumping, the partial 
oxidation to C O / H  2, as well as the complete 
oxidation, proceeds on the Rh anode surface [9]. 
Changes in the product distributions and the 
electric current during cyclic voltametries, un- 
der various atmospheres in the anode room, 
strongly suggest that oxygen evolves at the 
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triple phase boundary through YSZ and then 
migrates to the Rh surface by a reverse spillover 
mechanism. We previously reported the propene 
oxidation over a AuiYSZIAg system [5], and 
showed that the best oxygen pumping through 
the YSZ disk as well as the highest rate and the 
highest selectivity for acrylaldehyde production 
from propene was obtained over 1.0 /xm thick 
Au film. When increasing the thickness above 
1.0 /xm, not only the oxygen pumping but also 
the acrylaldehyde production decreased. These 
observations strongly suggest that the partial 
oxidation of propene to acrylaldehyde takes 
place at the Au-YSZ-atmosphere triple phase 
boundary. Also in the present Rh[YSZIAg sys- 
tem, a good oxygen pumping with the Rh film 
of 0.5 /zm thick supports the existence of triple 
phase boundary of Rh-YSZ-atmosphere as pre- 
viously mentioned in the experimental section. 
We observed both the partial oxidation of C H  4 

to C O / H  2 and the complete oxidation to 
CO2/H20  over the Rh anode and the reaction 
pathways were independent each other, as shown 
by the dependence of the reaction behavior on 
the applied potential and the reaction time course 
[9]. It is likely that the complete oxidation was 
accelerated by the oxygen species evolved at the 
triple phase boundary, while the direct partial 
oxidation was carded out by the adsorbed oxy- 
gen species migrating from the triple phase 
boundary onto the Rh surface [9]. An experi- 
ment using 5 g of YSZ (Tosoh Zirconia TZ-8Y; 
specific surface area, 16 mZ/g) as a fixed bed 
catalyst showed formations of CO (11 ~ m o l / h )  
and CO 2 (4 /xmol/h) at 500°C under a mixed 
gas flow (1 l /h )  of CH 4 (0.5%) and O 2 (0.5%) 
in N z. When a geometric surface area of 8.0 
cm 2 of the YSZ disk is taken into account, the 
activity of the YSZ surface itself must be negli- 
gible in the present study. Here, we have stud- 
ied the effect of oxygen pumping during the 
C H  4 oxidation over the RhlYSZIAg system as 
well as the C H  4 oxidation by the pre-adsorbed 
oxygen species at the Rh anode surface in order 
to establish a more precise view of the reaction 
mechanism. 

3.1. Effect of  the oxygen pre-pumping on the 
C H  4 oxidation over the Rh anode 

We investigated the effect of oxygen pre- 
pumping through the YSZ on the C H  4 oxida- 
tion since adsorbed oxygen on the Rh anode can 
affect synthesis gas formation [3]. The CH 4 
oxidation was carried out over the Rh (0.5 
/~m)IYSZIAg system under oxygen pumping at 
5 mA and 500°C for 60 min (Fig. 2). Before the 
reaction, the Rh anode surface was treated for 
30 rain at 500°C in air and then reduced with 
H2 (20% in N2, 1 l /h )  for 30 min. Each run of 
the CH 4 oxidation was done just after pre- 
pumping of oxygen at the electric current of 0 
(open circuit), 0.01, 0.1, 1 and 5 mA, respec- 
tively, for 20 rain at 500°C. For the C H  4 oxida- 
tion, 0.4% CH 4 in N 2 (1 l /h )  was passed over 
the Rh anode under oxygen pumping at 5 mA, 
which corresponds to a C H 4 / O  2 molar ratio of 
4 /1 .  Under open circuit conditions, in the first 
step in Fig. 2, a part of C H  4 was  decomposed 
into H 2 and CH x (x = 0-3)  species. Upon 
pumping of oxygen at 5 mA, C H  4 was con- 
verted mainly into synthesis gas, where the 
H 2 / C O  molar ratio was 2 /1 ,  and a small 
amount of CO 2 was formed. The amount of 
synthesis gas increased while that of CO 2 was 
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Fig. 2. Effect of pre-pumping of oxygen on the CH 4 oxidation. 
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almost constant during the reaction for 60 min. 
After the oxygen pumping at 0.01 mA for 20 
min, the rate of synthesis gas formation in- 
creased compared with that after no oxygen 
pumping under open circuit conditions. When 
the current of oxygen pre-pumping increased up 
to 1 mA, the rate of synthesis gas formation 
increased while CO 2 formation slightly de- 
creased. The highest rate of synthesis gas for- 
mation was observed at 1 mA. Further increas- 
ing the current (5 mA) resulted in a slight 
decrease in the formation rate of synthesis gas 
as well as in the evolution of oxygen gas in the 
anode space during the pre-pumping. No evolu- 
tion of oxygen gas in the anode space during 
pre-pumping at 1 mA suggests that all oxygen 
species pumped through the YSZ were adsorbed 
on the Rh anode surface. A moderate pre-ad- 
sorption of oxygen strongly enhanced the syn- 
thesis gas formation in the present study, sug- 
gesting the direct partial oxidation of C H  4 to 

C O / H  2. It is thus likely that, in the present 
system, adsorbed oxygen species over the Rh 
anode are important in the synthesis gas forma- 
tion from C H  4. 

Generally in the C H  4 conversion over metal 
catalysts, carbon formation occurs during the 
dissociation of C H  4 into adsorbed carbon atoms 
followed by nucleation (CHa-CHx-C(ads)- 
C(~ep)]) [10]. In the presence of surface oxygen, 
adsorbed CH x can be oxidized to CO or CO 2. 
Algahtany et al. [11] reported that ionically 
transported oxygen through the YSZ promoted 
CO formation more than gaseous 0 2 , while 
these two oxygen species showed no clear dif- 
ference for H 2 formation, in C H  4 oxidation 
over FeIYSZIPt at 950°C. These observations 
suggest that oxygen pumping through the 
FelYSZIPt allows oxygen to be utilized more 
efficiently in promoting CO rather than carbon 
formation. In the present work over the Rh 
anode, we already reported that both the partial 
oxidation of CH 4 to C O / H  2 and the complete 
oxidation to CO2/H20  simultaneously occur 
and the reaction pathways are independent of 
each other, by considering dependency of each 

reaction on the applied potential and the reac- 
tion time course [9]. It is likely that oxygen 
evolves through the triple phase boundary and 
then migrates to the Rh surface by a reverse 
spillover mechanism; the oxygen species ap- 
pearing at the triple phase boundary are active 
for the complete oxidation to CO2/H20,  while 
the species migrating onto the surface of the Rh 
anode are active for the selective partial oxida- 
tion to C O / H  2 [9]. It will be necessary to study 
the behavior of the 'adsorbed' oxygen species 
on the Rh anode for each oxidation to 

CH 4 + O(ads)/Rh ~ CO + 2H 2 (2) 

establish a more precise view of the reaction 
mechanism. 

3.2. C H  4 oxidation with ionically transported 
and adsorbed oxygen 

The activity of 'adsorbed' oxygen species 
was tested in the C H  4 oxidation. Oxygen was 
transported through the RhIYSZIAg at various 
electric currents for 20 min and stored on the 
Rh anode under N 2 gas flow (1 l /h) .  Then, the 
anode gas was replaced by C H  4 gas (0.4% in 
N 2, 1 l /h )  and the products in the effluent gas 
were analyzed. The results obtained after the 
oxygen pumping at 5 mA are shown in Fig. 3. 
CO 2 was detected as the first peak, 6-7  min 

200 

o 

g 
100 

,2o 
"6 
¢) 

n -  

o.o.--Q'- 
OH 4 unreacted,J 0° 

5 10 15 

Time (rain) 

Fig. 3. CH 4 oxidation with adsorbed oxygen. CH 4 oxidation was 
carried out after the oxygen pumping for 20 rain at 5 mA. 
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after replacing the anode gas, followed by 
C O / H  2 and then unreacted C H  4. The delay of 
6-7 min corresponds to the time for replacing 
N 2 gas completely with the C H  4 mixed gas in 
the reactor, and coincides well with the value 
calculated from the reactor size and the gas 
velocity. Each product showed its own charac- 
teristic formation curve during time on stream, 
with a peak of the maximum rate. CO 2 showed 
an almost symmetrical shape, while both CO 
and H 2 showed asymmetrical shapes with sig- 
nificant tailing, i.e., the rates slowly decreased 
with time after passing the peak. A peak of CO 2 
appeared at 7-8  min and reached the maximum 
value of 100 /~mol/h, while those of H 2 and 
CO simultaneously appeared at 8-9.5 min. The 
maximum H 2 formation rate was 100/zmol /h ,  
and the ratio of each peak height (CO/H 2) was 
nearly 1/2.  Peak position of each product did 
not substantially vary even when the electric 
current, i.e., the amount of oxygen pumped, was 
changed. 

When the electric current for the oxygen 
pumping increased, the peak height of each 
product increased, i.e., the maximum rate of 
each formation increased (Fig. 4). The increase 
in the CO 2 formation compared with that in 
synthesis gas formation was more significantly 
observed at high electric current, i.e., under 
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Fig. 4. Effect of the electric current on the maximum rate of 
formation. CH 4 oxidation was carried out after the oxygen pump- 
ing for 20 rain at each electric current. 

high oxygen supply. These observations suggest 
that the selectivity for the formation of CO or 
CO 2 is predominantly determined by the con- 
centration of oxygen on the surface of Rh or in 
the bulk of Rh, as observed previously for the 
product selectivity in the reaction between C H  4 

and adsorbed oxygen on the Rh surface of 
Rh/S iO:  [3]. C H  4 will be completely oxidized 
to CO 2 in the presence of a high concentration 
of oxygen on the Rh surface. On the other hand, 
C H  4 might be oxidized to C O / H  2 when the Rh 
surface is moderately oxidized or covered with 
the adsorbed oxygen. When the oxygen supply 
increased, by increasing the current, the surface 
of the Rh anode may be oxidized to form 
rhodium oxide even at 500°C because of its film 
character. XRD measurement of the Rh surface, 
after a sufficient oxygen pumping, showed some 
weak peaks corresponding to Rh:O 3. C H  4 first 
reacts with the rhodium oxide to form CO 2 as 
the first peak, and the surface rhodium oxide is 
consequently reduced to form the rhodium sur- 
face covered with the adsorbed oxygen, which 
in turn reacts with C H  4 giving the second peaks 
of CO and H: (Fig. 3). This would explain the 
time lag of around 1 min which appears be- 
tween the peaks of CO 2 and C O / H  2 forma- 
tions. 

It is considered that, under the oxygen pump- 
ing conditions, the oxidation state of Rh is 
controlled by the kinetic balance between the 
migration of oxygen evolved from the triple 
phase boundary leading to oxidation of Rh, and 
the reaction of CH 4 with the migrated oxygen 
forming CO and CO 2. Under a sufficient oxy- 
gen supply, the surface of Rh is oxidized to 
become more active for the complete oxidation; 
the active oxygen for the complete oxidation 
must be more abundant than the O(ads)/Rh 
species active for the partial oxidation, as seen 
from the relative rates of CO 2 and CO produc- 
tion in Fig. 4. It is likely that synthesis gas 
formation proceeds via dissociation of C H  4 into 
CH x (x = 0-3) and hydrogen atoms over Rh 
followed by a reaction of CH x with O(ads)/Rh to 
form CO and a recombination of hydrogen atoms 
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to H 2 [2]. This mechanism also suggests that 
synthesis gas can not be formed over the highly 
oxidized Rh surface, which is unfavorable for 
the dissociation of CH 4. We observed that the 
complete oxidation proceeds at the triple phase 
boundary, while the selective partial oxidation 
occurs with the adsorbed oxygen over the Rh 
surface [9]. The concentration of oxygen must 
be high at the triple phase boundary compared 
to the Rh anode surface during a high oxygen 
pumping, where the oxygen concentration pre- 
dominantly determines the selectivity of C H  4 

oxidation either to the complete oxidation or to 
the partial oxidation. Under a stable supply of 
adsorbed oxygen species over the Rh anode 
through the YSZ, the O(ads)/Rh can continu- 
ously react with C H  4 leading to the formation 
of CO and H2. 

4. Conclusions 

In the RhIYSZIAg electrochemical reactor, 
ionically transported oxygen through the YSZ 
showed high activity for the partial oxidation of 
C H  4 into synthesis gas. Details of the behavior 
of oxygen species, generated electrochemically 
and adsorbed on the Rh anode surface for the 
partial oxidation of C H  4, have been studied. 
When oxygen accumulated on the Rh anode by 
high oxygen pre-pumping, the Rh surface was 
oxidized to become rhodium oxide and was 
active for the complete oxidation of C H  4 into 
CO 2. After the accumulated oxygen species was 
spent by the complete oxidation, the adsorbed 
oxygen species appeared over the Rh surface 
and partially oxidized C H  4 to C O / H  2. It is 
likely that the adsorbed oxygen species can be 
formed over the Rh surface and continuously 

oxidizes C H  4 to CO and H 2 under the oxygen 
pumping conditions. 
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