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Abstract 

The role of yttria stabilized zirconia (YSZ) as a carrier in the catalytic oxidation of ethane and methane over B203/YSZ has 
been investigated. The electrochemical pumping of oxygen through YSZ to the B2Oa/YSZ catalyst enhanced the conversion of 
ethane but had no effect on that of methane. The addition of boron oxide to YSZ greater than 10 wt.-% accelerated only the 
conversion of ethane very specifically. The XPS studies suggested the formation of peroxide ions as a result of the strong 
interaction between boron oxide and the carder. Very similar results have been obtained for BEO3/A1203 catalysts. The role of 
YSZ has been suggested to increase the concentration of the surface peroxide ions that is responsible for the activation of ethane. 

I. Introduction 

There are many reports and patents [ 1-8 ] con- 
cerning prospective catalysts for the oxidative 
dehydrogenation of ethane (ODE reaction). 
Otsuka et al. have suggested that the compound 
oxide or mixed oxide of boron is one of the can- 
didate catalysts for partial oxidation of ethane 
[6,9-11 ]. Among the boron oxides supported on 
various carders tested so far, boron oxides on 
yttria stabilized zirconia (donated as B203/YSZ 
hereafter) was most active and selective for the 
oxidative dehydrogenation of ethane at 773-873 
K [ 12]. The carrier YSZ was suggested to play 
an important role for supplying reactive oxygen 
to the catalytic active sites through oxygen anion 
conduction in the solid electrolyte. Boron perox- 
ide on the surface has been suggested to be the 
reactive oxygen for ethane activation [6,12]. 
However, further studies are needed to verify 
these speculations. 
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It is natural to expect that the catalyst effective 
for the activation of ethane is active as well for 
the conversion of methane. However, preliminary 
experiments have indicated that this is not true. 

In this report, we study the role of YSZ carrier 
in the catalysis of B203/YSZ for oxidative dehy- 
drogenation of ethane using an electrochemical 
technique. Comparing the conversions of methane 
and ethane, we discuss the active sites and acti- 
vation mechanisms for these light alkanes. The 
catalytic active sites on B 2 0  3 / Y S Z  for ethane con- 
version are investigated using XPS. 

2. Experimental 

The B 2 0 3 / Y S Z  catalysts were prepared by the 
wet impregnation method using YSZ powder and 
aqueous solutions of H3BO3. The catalysts were 
calcined in air for 2 h at 573 K and further for 2 h 
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at 873 K. The YSZ powder and YSZ plate were 
supplied from Nippon Shokubai Kagaku Ind. 
Most of the reagents used in this work were pur- 
chased from Wako Chemical Co. 

The catalytic tests were performed using a 
fixed-bed continuous flow reactor (quartz) oper- 
ated at atmospheric pressure. The standard 
reaction conditions were as follows; W = 0.50 g, 
T=823 K, P(C2H6)=P(CH4)=P(O2)=20 
kPa, F(total) = 50cm 3. min-~ and the balance to 
atmospheric pressure was provided with He. The 
reactants and products were analyzed by using a 
Hitachi 263-30 gas chromatograph. 

The electrocatalytic cell used for oxygen pump- 
ing experiments was prepared from the YSZ plate 
( 14 × 20 × 0.4 mm) with silver electrodes depos- 
ited on both sides of the plate. The B 2 0 3 (  10 wt.- 
%)/YSZ catalyst was deposited on either of the 
silver electrodes. The cell thus prepared was cal- 
cined in a flow of air at 1073 K for 2 h before the 
experiments. The electrical connection between 
both electrodes was performed using a gold wire. 
The cell was suspended in a flow of the gas mix- 
ture of ethane (or methane), oxygen and helium. 
Oxygen pumping through the solid electrolyte 
(YSZ plate) from the cathode (Ag) to the anode 
(B203/YSZ/Ag) was controlled by changing the 
applied voltage using a potentiostat. 

XPS measurements for the catalysts were con- 
ducted by a FISONS Surface Instrument 
ESCALAB 220-1 with MgKa X-rays (1253.6 
eV). The binding energy was calibrated, using a 
C]s peak (284.6 eV). The background subtraction 
and peak separation were carried out on an 
ECLIPSE Data System. Before the XPS measure- 
ments, the sample was degassed at 653 K. 

3. Results and discussion 

We have tested more than 20 metal oxides as 
carders for B203 catalysts [ 12]. Neither the basic 
metal oxides, amphoteric nor acidic metal oxides 
are favorable as the carders of B203 for oxidative 
dehydrogenation of ethane. Yttria stabilized zir- 
conia (YSZ) was most favorable since the YSZ 
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Fig. 1. A model for the formation of active oxygen (O") on B203/ 
YSZ. 

showed a remarkable catalytic activity for this 
reaction. YSZ is well known as a solid electrolyte 
in which conduction is due almost entirely to oxy- 
gen ion transport in a lattice with anion vacancies. 
In the presence of reductant such as ethane, a par- 
tially reduced surface which is electronically con- 
ductive may be formed at the interface of B203 
particle and YSZ. Around these boundaries, we 
can assume the generation of active oxygen (O*) 
on the B203 surface which is enhanced by oxygen 
transport through the bulk of YSZ as schemati- 
cally demonstrated in Fig. 1. We have suggested 
that the role of YSZ carder is to increase the num- 
ber of O* that is responsible for the activation of 
ethane over B203/YSZ [ 12]. 

3.1. Effect of oxygen pumping through YSZ 

In order to ascertain the above hypothesis, we 
have designed an electrocatalytic cell schemati- 
cally indicated in Fig. 2. The cell was suspended 
in a flow of ethane and oxygen at 900-950 K. The 
oxygen was electrochemically pumped from the 

~ - - ~  Ag (anode) 

.H o*., 

(cathode) YSZ B203/YSZ 

Fig. 2. Effect of oxygen pumping through YSZ. Schematic design of 
the cell. 



Kiyoshi Otsuka et al. / Catalysis Today 24 (1995) 315-320 317 

Rate of O z" pumping / 10 "s mol. sec "1 

0 0.13 0.47 3.11 
1.8 . 

/ 
e 

~ ~ 1.4 

" ~  1.2 

I I I I I 
1 . 0 -  

0 2 4 6 

Applied Voltage/V 
Fig. 3. The increased conversion as functions of applied voltage or 
O 2- pumping rate. Experimental conditions: T =  948 K, 
P(C2I-I~) = 10kPa, P(O2) =5 kPa, F(total) = 100 cm3/min, amoant 
of catalyst = 2 mg. 

pumping rate of 02- .  The rate of ethane conver- 
sion increased considerably with the pumping of 
oxygen. If B2Oa/YSZ catalyst was not present at 
the anode, the oxygen pumping to the Ag anode 
did not influence the rate of ethane conversion. 
These observations support the speculation that 
the formation of O* is enhanced by the transfer of 
oxygen from the bulk of YSZ to B 2 0  3. 

It is interesting to examine the effect of the 
applied voltage on the conversion of methane in 
comparison with the results for ethane conversion 
using the same procedure in Fig. 2. The experi- 
ments were performed at the temperatures 973- 
1023 K and under the applied voltage of 0 to 6 V. 
In conclusion, no enhancing effect on the rate of 
methane conversion was observed within experi- 
mental error. 

left to the B203/YSZ catalyst through the YSZ 
membrane. By this procedure we can expect the 
enhancement in the formation of active oxygen 
O* suggested in Fig. 1. 

Fig. 3 shows the effect of oxygen pumping on 
the rate of ethane conversion. The ratio of the 
increased rate of ethane conversion and that 
obtained under the open-circuit conditions is plot- 
ted as functions of the applied voltage or the 
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Fig. 4. Conversion rates of CI-I4 and C2I~ vs. B203 content on YSZ. 
Experimental conditions: P(C2H~) = P(CI-I4) = P(O2) = 20 kPa, 
T=823 K (0),  923 K (O). 

3.2. Effect of B203 content on the methane and 
ethane activations 

Fig. 4 shows the specific rates of conversion of 
methane and ethane as functions of the content of 
B 2 0  3 supported on YSZ. The YSZ without B 2 0  3 

catalyzed both methane and ethane conversions 
mainly into CO and CO2. These deep oxidation 
reactions were depressed sharply with addition of 
a small amount of B 2 0  3 as Can be seen in Fig. 4. 
However, further addition of B203 to YSZ 
increased the conversion of ethane specifically. 
The selectivity to ethylene was higher than 70% 
for the catalysts with a B 2 0  3 content greater than 
10 wt.-%. Surprisingly, activation of methane did 
not take place for the sample with a BzO 3 content 
greater than 10 wt.-%. These results strongly sug- 
gest that the active site effective only to the ethane 
activation is generated for the BEO3/YSZ catalyst 
at a large content of B 2 0  3. 

3.3. XRD and XPS analyses for B2OJYSZ 

X-ray diffraction analysis for the samples of 
B 2 0 3 / Y S Z  indicated that no compound oxide 
between B 2 0  3 and YSZ was formed. Only the 
diffraction peaks due to YSZ crystals were 
observed even for the B203 (30 wt.-%) /YSZ sam- 
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Fig. 5. Ols XPS spectra for (a) YSZ, (b) B203(5 wt.-%)/YSZ, (c) B203( 15 wt.-%)/YSZ and (d) pure B203. 

ple, suggesting that the boron oxide added may 
exist in an amorphous state on the YSZ surface. 

The O~ XPS spectra obtained for pure YSZ, 
B203 (5 wt.-%)/YSZ, B203 ( 15 wt.-%)/YSZ and 
pure B203 are shown in Fig. 5a-d. The pure YSZ 
and B203 samples showed only one symmetric 
peak at a binding energy greater than 532 eV. 
Spectra (b) and (c) indicate that the addition of 
B20 3 to YSZ generates several kinds of oxygen 
species probably due to the interaction between 
YSZ and the boron oxide. Although these oxygen 
species have not been identified at the moment, 

the Ols peak at the binding energy of 531-532 eV 
can be ascribed to a surface peroxide species by 
referring to the literature [ 13 ]. 

The relative intensity of this peak against the 
peak ascribed to YSZ alone increased sharply with 
a rise in the amount of B20 3, showing a maximum 
at ca. 15 wt.-% of B203. It should be noted that 
pure B203 does not show the peroxide peak. These 
observations suggest that a strong interaction 
between the added boron oxide and the support is 
essential for the formation of peroxide. This per- 
oxide may be responsible for the activation of 
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Fig. 6. Conversion rates of CH4 and C2H6 vs. B203 content on A1203. 
Experimental conditions: P(C2H6) = P (CH4) = P (O2) = 20 kPa, 
T=823 K (Tq), 923 K ( 0 ) .  

ethane on the B203/YSZ catalyst in Fig. 4. The 
acceleration in the rate of ethane conversion 
observed under the applied voltage in Fig. 3 may 
be ascribed to the enhancement in the concentra- 
tion of this surface peroxide. 

3.4. Oxidation of methane and ethane on B20/  
Al203 and B2OJSm203 

One of the authors has studied the partial oxi- 
dation of ethane over B203-added A1203 [ 6] and 
B2Oa-added Sm203 [ 12]. It is interesting to com- 
pare the results for these catalysts with those of 
B203/YSZ under the same experimental 
conditions. 

Fig. 6 shows the effects of B203 content on the 
specific conversion rates of methane and ethane 
over the B203/A1203 catalysts. The specific rate 
of ethane conversion was one order of magnitude 
less than that for B203/YSZ. It should be noted 
that the results in Fig. 6 indicate that the addition 
of boron oxide to the AlzO3 carrier enhance only 
the activation of ethane. The XPS studies on the 
oxygen species for B203/A1203 catalyst clearly 
suggested the formation of peroxide species as can 
be seen in the XPS spectra (O~s) in Fig. 7. 

The rates of conversion of methane (at 973 K) 
and ethane (at 823 K) over B203/Sm203 

decreased monotonously with increasing addition 
of B203 from 0 to 35 wt.-%. The conversion of 
ethane was not enhanced at a B203 content above 
20 wt.-%, thus no newly formed active site was 
suggested. The XRD studies on the B203/Sm203 
catalysts indicated the formation of compound 
oxide SmBO3 which did not improve but 
decreased the activity of the catalyst. The XPS 
studies for the B203/Sm203 catalysts with B203 
content of 15 and 30 wt.-% did not give the oxygen 
peak at ca. 531 eV, indicating the absence of per- 
oxide species on these catalysts. 

The results obtained for the B203/A1203 and 
B203/Sm203 support a close correlation between 
the formation of peroxide species and the specific 
enhancement in the rate of ethane conversion at a 
boron content > 20 wt.-%. 

3.5. Role of YSZ and the activation of ethane 

The results obtained for the B203/A1203 cata- 
lysts suggest that the generation of active sites for 
the specific activation of ethane is not a unique 
phenomenon to YSZ. The strong interaction of the 
catalyst (boron oxide) with the carriers (YSZ, 
A1203) may enhance the formation of active oxy- 
gen species (peroxide). However, we believe that 
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Fig. 7. Ol~ XPS spectrum for B203 (30 wt.-%)/A1203. 
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the highest catalytic activity observed for the 
B203/YSZ must be ascribed to the nature of the 
solid electrolyte which promotes the generation 
of the surface peroxide as schematically demon- 
strated in Fig. 1. The results of oxygen pumping 
in Fig. 3 have supported this consideration. 

Concerning the active sites specifically effec- 
tive to the oxidative dehydrogenation of ethane, 
we tentatively suggest the activation mechanism 
of ethane on the peroxide as demonstrated in Fig. 
8. The ethyl intermediate in reaction (3) of Fig. 
8 may either be converted on the catalyst into 
ethylene or desorb into the gas phase for subse- 
quent reactions. The larger C-H bond energy of 
methane than that of ethane as well as the high 
distortion energy required for the methane to coor- 
dinate to the two oxygen atoms of the peroxide 
might make it impossible to activate methane. 
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