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Catalytic steam reforming of methane in an electric field (named “electreforming”) was conducted over
metal catalysts supported on CeO; or CeyZr;_xO, at low temperatures such as 423 K where conventional
catalytic reactions hardly proceeded. The conversion of methane was greatly increased by weak and
effective application of an electric field to the catalyst bed. Use of CeyZr;_,O; as a catalyst support pro-
moted electreforming, the lattice oxygen of Ce,xZr;_xO; playing an important role. Energy efficiency of
electreforming, reaction mechanism, and the role of lattice oxygen were investigated and are discussed

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen production from various primary energy sources such
as fossil fuels and biomass is very important technology to meet
future energy demand. Today, the major process of hydrogen pro-
duction is catalytic steam reforming of methane. The reaction
is highly endothermic and requires high temperature. Normally,
steam reforming of methane is conducted at very high temperature
like as 973-1123 Kwith supported Ni catalyst[1-11]. High temper-
ature processes require long start-up time for heating the catalyst
bed, a heat-exchanger for achieving higher energy efficiency. Small
commercial devices require quick start-up and simple processes,
so use of high temperatures has serious problems. Therefore, a cat-
alytic process that works at lower temperatures is desired, and it is
also required that the process has high energy efficiency and fast-
startup feature. Up to now, many processes have been proposed for
low temperature hydrogen production as shown in Fig. 1. Processes
for rapid start-up of the reaction by internal heat include oxida-
tive reactions like as partial oxidation of methane/hydrocarbons
to produce syngas (H, and CO), autothermal reforming, oxida-
tive steam reforming (so called oxyreforming). Some researchers
have investigated autothermal reforming [12-15] and partial oxi-
dation [16-20] of methane/hydrocarbons to produce synthesis gas
at lower temperatures of 773-973 K. These reactions can be con-
ducted at lower temperatures than steam reforming of methane,
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but their use of exothermic reactions (oxidation) lowers the fuel’s
calorific value. On the other hand, EHC (electrically heated cat-
alyst) process for cold start has been investigated in 1990s for
the rapid heating of the catalyst bed by external heat to increase
the catalytic activity [21-23]. Also, many investigations for the
application of low-temperature non-equilibrium plasma [24-33],
electrochemical catalytic reactions, especially non-Faradaic elec-
trochemical modification of catalytic activity (NEMCA) [34-47],
have been conducted to promote the catalytic reaction at low
temperature. Plasma-aided catalytic reaction is very promising at
low gas phase temperature, but it is hard to enlarge the reac-
tion system due to the structure of the reactor and the electric
power consumption. NEMCA process is also very attractive for its
high activity, but it has been conducted at higher temperature to
produce 02~ or Na*, F~ or other mobile ions on the solid oxide
surface. To solve such problems, we have investigated an appli-
cation of an electric field to conduct catalytic steam reforming of
methane/hydrocarbon/alcohol at low temperatures like as 423 K
[48,49]. Because an electric field requires less energy than other
methods of application of electricity such as plasma or electroly-
sis, the reaction can be conducted in milder conditions. To date,
we have found that highly efficient and low-temperature catalytic
degradation of ethanol in an electric field is achievable at lower
temperatures of about 573 K [48]. The reaction proceeds in a lower
temperature region in which conventional catalytic reactions can-
not occur. Because products show a similar trend of conventional
catalytic process, the reaction is easily controlled by the nature
of catalyst [49]. Applying this novel reaction system to a conven-
tional catalytic system, selective catalytic reaction can proceed
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Fig. 1. Low temperature hydrogen production processes from hydrocarbons.

using low-temperature-wasted-heat which has not been used so
far.

In this paper, a conventional catalytic reaction and a catalytic
reaction in an electric field (electreforming) were performed and
compared for the steam reforming of methane at low temperatures
such as 423 K. Thermodynamic equilibrium remits the methane
conversion at a very low level under such a low temperature. Steam
reforming of methane is a highly endothermic reaction and requires
high temperatures.

CH4 + 2H20 i COZ + 4H2 AHzgg =164.9 l(_l Il'lOl_1 (1)

In previous studies, we have found that noble metals such as Pt
show high catalytic performances for steam reforming of hydro-
carbons in the electric field. Therefore, we chose Pt, Rh, Pd and Ni
as supported metals and CeO,, CexZri_40, and other oxides as a
catalyst support based on its properties of dielectric constant and
other catalytic characteristics.

2. Experimental
2.1. Catalyst preparation

All the catalysts used in this study were prepared by an impreg-
nation method with an aqueous solution of metal precursor and
an oxide support. For the catalyst support, we applied CexZr;_xO,
(x=1, 0.75, 0.5, 0.25, 0) prepared by co-precipitation method of
Ce(NO3)3-6H,0 and ZrO(NOs),-2H,0 with NH3zaq. After a precipi-
tate was obtained, it was well-washed and calcined at 973 K for 3 h
to form CexZr,_,0, oxide phase. Perovskite oxide SrTiO3 was also
used as a catalyst support, and it was prepared using a complex
polymerization method as follows: the precursors (Kanto Kagaku
Corp.) of perovskite-type oxides, [(CH3),CHO]4Ti, Sr(NO3),, were
dissolved in distilled water, then citric acid and ethylene glycol
were added to the solution. The obtained solution was dried to pro-
duce a gel and was pre-calcined at 673K, then calcined at 1123 K
for 10h.

For the impregnation of metal onto the support, an aque-
ous solution of metal precursor (for Pt, Pt(NH3)4(NO3),, for Rh,
Rh(NOj3 )3, for Ni, Ni(NO3),-6H,0 was used) or an acetone solution
of Pd(OCOCH3 ), was used to support 1wt % of metal onto the sup-

port (only for Ni, 10wt% of Ni was impregnated). The produced
oxide powder was soaked in water for 2 h for deaeration before the
impregnation of metal. A mixture of catalyst-support and liquid
solution of the precursor was heated on the stirrer and evaporated
to dryness. The resultant powder was dried in an oven at 393 K for
20h in air. Then, it was calcined in a muffle furnace at 973K for
12 h. Obtained powdery catalyst was pressed at 60 kg N for 10 min
then it was crushed and sieved into particles of 355-500 wm.

2.2. Catalytic activity test with/without an electric field

All experiments for the catalytic activity test were conducted
in a fixed bed flow-type reactor. A schematic image of the reac-
tion system of electreforming is shown in Fig. 2. Two stainless
steel rods were inserted from each end of the quartz tube as elec-
trodes. A quartz tube of 8.0mm o.d. was used as a reactor and
SUS304 rods 2.0 mm o.d. were used as electrodes. Reaction flow
was a mixture of CH4/H,O/Ar=12/24/18 SCCM, total space veloc-
ity (GHSV) was 22,500 h~! and steam/carbon ratio (S/C) was 2. A
200mg of the catalyst was charged in the reactor and fixed by
quartz wool. The catalyst bed height was about 4 mm; the gap dis-
tance of each electrode was 5 mm. Consequently, the catalyst bed
did not contact with the tip of the upper electrode. The catalyst
was not pre-treated (reduced) before the electreforming reaction
because we did not find any difference of activity between a pre-
reduced catalyst and an as-calcined catalyst on the electreforming.
Steam was supplied using a micro-feeder and evaporated in a pre-
heating zone, carried with Ar. The product gases were analyzed
using a gas chromatograph-FID and -TCD after passing a cold trap.
In this study, methane conversion was calculated from products. No
carbon deposition was observed in any reactions. A DC high voltage
power supply was used to generate an electric field. The electric
field was controlled by changing the input current, and 3 mA of
current was applied to the catalyst bed in this work. Regarding
the controlling parameter for the electreforming, the superimposed
electric pressure depended on the nature of the catalyst. The total
input power (=electrical power consumption) was calculated and
shown independently in the results (Tables 2-6). Waveforms of
the current and voltage were observed using a digital signal oscil-
loscope (TDS3052B; Tektronix Inc.). Each profile of the current and
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Fig. 2. Schematic image of the electreforming system.

voltage was flat and no plasma/discharge was observed under any
conditions of electreforming.

Methane conversion and yield of product are calculated from
the amount of products by following equation:

moles of produced amount of product

yield of product (%) = input moles of methane x 100
(2)
H, yield (%) = moles of produced hydrogen 100 3)

input moles of methane

So, maximum hydrogen yield is 400% by regarding Eq. (1).
Enthalpy gain of the electreforming AE.¢ was calculated by the
following equation:

AEes = |:{ E AH, (electreforming) — AHcua (electreforming)}

- { E AHj, (catalytic reaction) — AHcpg (catalytic reaction)}] (4)

following terms represent; ZAHp (electreforming): Summation of
heating values of products on electreforming, AHcpg (electreforming)-
heating value of consumed methane on electreforming,
> " AHp (catalytic reaction): summation of heating values of prod-
ucts on catalytic reaction (i.e. almost zero at low temperature),
AHct4 (catalytic reaction): heating value of consumed methane on
catalytic reaction (i.e. almost zero at low methane conversion).

This AEes corresponds to the consumed energy which con-
tributes to the endothermic reaction (steam reforming of methane;
Eq. (1)).

2.3. Characterization of catalyst

Characterization of the prepared catalyst was conducted using
following methods; for monitoring the structure of the catalyst
and evaluating the particle diameter, X-ray diffractometer (XRD:
Rint-2000; Rigaku Corp.) with CuKa radiation using 40 kV/20 mA

current. Specific surface areas of catalysts were measured using
N, adsorption at 77 K. The samples were outgassed at 573K for
2h prior to N, adsorption. Calculated specific surface areas are
summarized in Table 1 and discussed in latter section. For measur-
ing the reducibility of catalyst support, temperature programmed
reduction (TPR) was conducted using a thermogravimetric analyzer
(TG: TGA-50, SHIMADZU corp.) under the flow of 10%H;/90%N, at
50 ccmin~!. Samples were pre-heated in situ at 323K for 15 min
to desorb the adsorbed water, then heated to 873K at the heating
rate of 10 Kmin—1.

3. Results and discussion

3.1. Effect of an electric field for catalytic steam reforming over
metal catalysts supported on CeO,

First, the conventional catalytic steam reforming of methane
with/without an electric field was performed at low tempera-
tures from 423K to 773 K. Because the equilibrium constant of
endothermic steam reforming of methane was quite small in the
low temperature range of 423-573 K, the thermodynamic equilib-
rium conversion of methane under these conditions is very small,
for example only 0.5% at 423 K.

Fig. 3 shows the conversion of methane for each metal catalyst
(Pt, Pd, Rh - 1 wt%, Ni — 10 wt%) supported on CeO, in the presence
or absence of the electric field. In this figure, the open symbols rep-
resent results for the catalytic reactions without the electric field

Table 1
BET specific surface areas of CeyZri;_xO, supports.

Catalyst support Specific surface area (m? g~1)

CeO, 7.2
Ceg.75Zr0250; 42.9
Ceo5Zro502 53.2
Cep25Zr07502 55.0
SrTiOs3 18.8
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Fig. 3. Methane conversion versus temperature measured by a thermocouple for
various metal catalysts supported on CeO, in the absence or presence of an electric
field.

and closed symbols represent results with the electric field (=elec-
treforming). Methane conversion for the catalytic reaction without
the electric field was almost zero at such a low temperature like as
423 K. These four catalysts showed little or no activity at 423-573 K.
By applying the electric field for the catalyst bed, steam reforming of
methane proceeded and methane conversion increased drastically.
The effect of the electric field was larger for the Rh/CeO, catalyst.
The methane conversion for electreforming was 15.0% at 490 K over
Rh/Ce0;, 14.5% at 487 K over Ni/CeO,. The catalyst bed tempera-
ture was measured by a thermocouple. The maximum conversion
in this range of the reaction temperature was 39.3% at 763 K over
Rh/CeO, for the electreforming. These conversions for the electre-
forming exceeded the corresponding thermodynamic equilibrium

Thermodynamic

119

conversion at each temperature. Fig. 4 shows the yield of products
over each catalyst. In addition, a calculated yield based on the ther-
modynamic equilibrium at a certain temperature (shown in the
figure) was indicated at the right-end in each figure. From Fig. 4,
it can be seen that both catalytic reactions and the electreforming
produced H;, CO; and a little amount of CO. Product gas composi-
tion in both cases corresponded to about 80% of Hy, 20% of CO, and
few percents of CO. The selectivity to these products was similar in
the presence or absence of the electric field. Products were practi-
cally only H, and CO; at conversion lower than 20%, however, the
ratio of CO to CO, increased for all catalysts with the increase of
methane conversion.

Table 2 shows the formation rate of products and the endother-
mic enthalpy gain, AE.;, which was calculated the difference
of endothermic enthalpy between electreforming and catalytic
reaction at each reaction temperature over Pt/CeO, or Pt/SrTiO3
perovskite. These energies at 423-473K were 10.1-10.5] min~!
for the Pt/Ce0O, catalyst, 9.1-10.4] min~! for the Pd/Ce0, catalyst,
18.8-19.7Jmin~! for the Rh/CeO, catalyst, and 16.9-17.9] min~!
for the Ni/CeO, catalyst, respectively. The input electric energies
at 423-473K were 99.9-101.0] min~! (=1.66-1.68 W; Pt/Ce0;),
91.9-96.5]min~! (=1.53-1.61W,; Pd/Ce0,), 82.6-94.0]min~!
(=1.38-1.57 W; Rh/Ce0,), and 92.1-99.4]min~! (=1.54-1.66W;
Ni/CeO,). Therefore, the endothermic enthalpy gain by the electric
field over metal catalysts supported on CeO, was about 10-20%
of the input electric energy, and metal catalysts supported on
SrTiO3 perovskite showed lower energy efficiency than CeO, for
the electreforming.

3.2. Effect of Zr-doping into CeO, support

Zr-doped ceria (CexZri_x0O,) is known to be a good catalyst
support due to its redox ability. So we investigated the effect of

Thermodynamic
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Fig. 4. Hydrogen, CO and CO, yield as a function of temperature measured by a thermocouple over various metal catalysts supported on CeO, in the absence or presence of

an electric field.
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Table 2
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Activities and energy balances for various metal catalysts supported on CeO; or SrTiOs in the presence or absence of an electric field at 423 K of furnace temperature.

EF? Te? (K)  CHgconv.(%)  AHes (Jmin~')  EPCS(W)  Formation rate Ha/(3CO ZAHdp AHe, AE
(nmol min—1) +4C0,) (min-1) (min~')  (min')
H, 0, co
Pt/Ce0, No 423 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
With 482 105 47.6 1.66 2003 483 30 10 58.1 105 105
Pd/Ce0, No 422 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
With 487 6.8 294 1.61 1341 322 08 10 386 9.1 9.1
Rh/Ce0, No 426 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
Wwith 490 15.0 67.3 1.38 2962 705 51 1.0 86.1 18.8 18.8
Ni/CeO,(10wt%)  No 425 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
With 487 145 65.0 1.66 2814 679 51 1.0 81.9 16.9 16.9
Pt/SrTiO; No 415 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
With 457 49 208 1.97 959  19.1 43 1.1 286 7.9 7.9
Pd/SITiOs No 414 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
With 466 13.1 54.7 1.93 2250 301 314 1.0 732 18.4 18.4
Rh/SITiO3 No 425 0.0 0.0 - 0.0 0.0 00 - 0.0 0.0
with 496 224 102.9 232 4318 884 232 10 133.0 30.0 30.0

EF: electric field.

Tic: catalyst bed temperature measured by a thermocouple.

AHp: summation of the heating values of products.

a
b
¢ EPC: electric power consumption for the electric field.
d
e

H,: difference of the heating rate of products and consumed methane.

Zr-doping into CeO, support on the electreforming. The catalytic
activity of Pt/CexZri_xO, with different zirconium content (x=0,
0.25, 0.5, 0.75, 1) was examined in order to investigate the effect
of Zr-doping. Fig. 5 shows the conversion of methane for the cat-

alytic reaction without the electric field and for the electreforming
over Pt/CeyZr;_x05 catalyst. Although the activity of catalytic reac-
tion without the electric field was not affected by the introduction
of ZrO,, the activity was drastically promoted by the introduction
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Fig. 5. Methane conversion versus temperature measured by a thermocouple for Pt, Rh and Pd catalysts supported on various CeyZr;_4O- in the absence or presence of an

electric field.
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of Zr into CeO, on the electreforming. The methane conversion
for electreforming increased with increasing zirconium content
in the CexZri_4O,. In particular, Pt/Ceg,5Zrg750, exhibited the
highest methane conversion, for example 39.1% at 526 K. For the
other cases, methane conversion was 10.2% over Pt/Ceq 75Zrg 2502
at470Kand 31.6% over Pt/Ceq 5Zrg 50, at 543 K. The maximum con-
version in the investigated range of the reaction temperature was
73.4% at 807 K over Pt/Ceg 25Zr¢.750,. In the case of ZrO,, we could
not apply the electric field to the catalyst bed and we could not
conduct electreforming due to its conductivity.

Fig. 6 shows the yield of products over each Pt-catalyst
with/without application of electric field. From this figure it can
be concluded that the products in the case of electreforming were
about 80% H,, 20% CO, and few percents of CO on the all Pt catalysts
supported on CexZr;_,0;, the trend being almost the same as that
for the Pt/Ce0O, catalyst. For the catalytic reaction without electre-
forming over Pt/CexZr{_xO, catalyst, a similar trend was observed
with that for Pt/CeO, catalyst. At low conversion level, the products
over Pt/CexZri_x0O, catalyst were almost only H, and CO,, while
the ratio of CO to CO, increased for all catalysts with the increase in
methane conversion due to the equilibrium limitation of water-gas
shift reaction.

Table 3 indicates the formation rate of products and the
endothermic enthalpy gain, AE.s for Pt catalysts supported on
CexZri_x0,. These energies at 423K were 12.4-12.8]min!
for Pt/Ce0_75Zr0,25 0,, 30.1-324] min~! for Pt/ceO.5Zl'0.502,
42.5-44.9]min~! for Pt/Ceg5Zrg750,. The input electric ener-
gies were 73.4-82.5]min! (=1.22-1.37W; Pt/Ceq75Zr92507),
157.2-162.4] min~! (262—271 W; Pt/Ceo‘szro‘SOZ),
169.8-211.4]min~! (=2.83-3.52W; Pt/Ceg25Zro.750>). Therefore,
about 16-26% of input electric energy was utilized to endothermic
enthalpy gain by the electric field on the electreforming.

Other experiments under the same condition were conducted
with Pd or Rh catalysts supported on CexZry_4O,. Results are
included in Fig. 5. As presented in Fig. 5, the conversion increased

423 467 510 554 602 648 697 754 526 585 596 635 675 712 762 807 783

Temperature / K

Hydrogen, CO and CO, yield over Pt catalysts supported on various CeyZr;_40, with/without an electric field.

greatly for all catalyst by the presence of electric field from the
conversion for the reaction without electric field. In the case of
using Ceq25Zrg 7505 as support, the catalyst exhibited the highest
conversion of methane, such as 42.3% at 544K for Rh/CexZr;_x0>.
Pd/CexZri_xO, and Rh/CexZri_xO, resulted in a distribution of
products similar to that for Pt/CexZr;_x0,. These products were Ho,
CO,, CO.

Tables 4-6 shows AE.s (endothermic enthalpy gain) at 423K
over Pd, Rh and Ni catalysts supported on. CexZr;_x05. From these
tables, the amount of endothermic enthalpy gain for the elec-
treforming over Pd/CexZri_x0, Rh/CexZri_x0, or Ni/CexZri_xO,
catalyst was 12-29% of the input electric energy.

Also we conducted experiments over catalysts without sup-
ported metal. Table 6 shows the experimental results for these
cases, and we found that the catalyst support itself had little or
no activity for the electreforming. So the active site of the steam
reforming of methane by the electreforming requires supported
metal and catalyst support which can conduct both oxygen ions
and electrons (i.e. mixed conductor).

Fig. 7 shows the conversion for various metal catalysts sup-
ported on four CexZr;_xO, (X=0, 0.25, 0.5, 0.75) supports. Here,
X=1, i.e. ZrO, was eliminated from the figure because ZrO, sup-
port was not applicable for electreforming. From these figures, the
methane conversion for the electreforming increased as the ratio
of Ce/Zr decreased. On the other hand, difference of activity among
various metals seems small. This phenomenon indicated that the
catalytic performance was enhanced by the interaction between
electric field and the catalyst support with adding ZrO, to CeO,.

3.3. Conversion/gas composition and thermodynamic equilibrium

To discuss the distribution of products for consecutive water gas
shift reaction after steam reforming of methane, we investigated
the interrelation between the methane conversion, CO/CO, compo-
sition and thermodynamic equilibrium temperature corresponding
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Table 3
Activities and energy balances for Pt catalysts supported on Ce,Zr;_xO; in the presence or absence of an electric field at 423 K of furnace temperature.
EF? T« (K)  CHgconv.(%)  AHcus Jmin~')  EPCS(W)  Formation rate H,/(3CO ZAH% AHe, AE
(pmol min—1) +4C0,) (min-1) (min~')  (Jmin')
HZ COZ co
Pt/Ceo75Zr0250, No 423 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 470 10.2 45.6 1.37 203.6 50.3 1.0 1.0 58.5 12.8 12.8
Pt/Ceq5Zro 502 No 411 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 543 31.6 131.9 2.71 554.3 127.1 21.0 1.0 1644 324 324
Pt/Cep25Zr0.7502 No 423 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 526 39.1 180.2 2.83 725.2 139.6 62.8 1.0 225.0 449 449
2 EF: electric field.
b Ty: catalyst bed temperature measured by a thermocouple.
¢ EPC: electric power consumption for the electric field.
d AH, summation of the heating values of products.
¢ AH;: difference of the heating rate of products and consumed methane.
Table 4
Activities and energy balances for Pd catalysts supported on Ce,Zr;_xO; in the presence or absence of an electric field at 423 K of furnace temperature.
EF? T (K)  CHgconv.(%)  AHeys (Jmin~')  EPCC (W)  Formation rate H,/(3CO ZAHdp AHe, AEes
(pmol min—1) +4C0y) (min-1) (min')  (Jmin')
l'12 COZ co
Pd/Ceg75Zr92502 No 424 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 483 12.6 54.1 1.74 229.5 56.0 4.8 1.0 67.0 12.9 12.9
Pd/Ceq5Zro 50, No 423 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 519 27.0 120.1 2.99 516.8 117.0 18.0 1.0 152.8 32.6 32.6
Pd/Ceg25Zr0.7502 No 423 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 536 41.0 187.0 3.47 761.9 147.8 62.2 1.0 235.4 483 483
2 EF: electric field.
b T.: catalyst bed temperature measured by a thermocouple.
¢ EPC: electric power consumption for the electric field.
d

> " AHj, summation of the heating values of products.
e ZAHF: difference of the heating rate of products and consumed methane.

to these conversion/composition. Fig. 8 shows the methane conver-
sion and the corresponding composition of CO/CO, in the products
over Pt/CexZri_40O,. In addition, the equilibrium composition of
CO/CO, was calculated and plotted in the figure. As presented in
the figure, almost all the experimental points are along the equi-
librium line. This shows that the water gas shift reaction after
reforming methane reached equilibrium. Fig. 9 shows the rela-
tionship between the temperatures of catalyst bed measured by
a thermocouple (Tinermocouple) aNd the temperature of equilibrium
for water gas shift (Twgs equilibrium) cOrresponding to the measured
CO/CO, composition for Pt/CexZr,_,0, catalyst. As shown in the fig-
ure, Twgs equilibrium 1S higher than Tipermocouple- Thus in the methane
electreforming, methane is activated by the catalyst surface due to

the electric field, while the successive water gas shift reaction is
regulated by the equilibrium at higher temperature than the exact
temperature measured by a thermocouple.

3.4. The role of catalyst support

To investigate the role of catalyst support, we examined the spe-
cific surface area of the CexZr;_4O, support (Table 1). By adding
Zr0, to Ce0,, the specific surface area increased, and Ceg 25Zrg.750>
had the highest surface area (55.0m?2g~1) among all CexZr;_40;
and CeO; (7.2 m2 g~1). However, the conversion of methane for the
electreforming using these CexZr,_,0, as a support did not follow
a parallel trend. Although the specific surface area of Ceg5Zrg50,

Table 5
Activities and energy balances for Rh catalysts supported on Ce,Zr;_O, in the presence or absence of an electric field at 423 K of furnace temperature.
EF? TicP (K) CH4 conv. (%) AHcya (Jmin1) EPCC (W) Formation rate H,/(3CO AHY,  AHS, AEes
(pmol min—1) +4C0y) (min-1) (min~')  (min')
H, CO; Cco
Rh/Ce.75Zr0.250, No 426 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 480 14.5 65.2 1.47 299.6 70.5 2.7 1.0 86.4 212 212
Rh/Ceg5Zro50, No 423 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 518 259 1183 3.15 489.7 105.3 27.6 1.0 147.8 29.5 29.5
Rh/Ce25Zro.7502 No 424 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 544 423 188.3 3.46 756.9 140.4 71.0 1.0 236.4 48.1 48.1
2 EF: electric field.
b T.: catalyst bed temperature measured by a thermocouple.
¢ EPC: electric power consumption for the electric field.
4 ¥ AH,: summation of the heating values of products.
e

AH;: difference of the heating rate of products and consumed methane.
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Activities and energy balances for bare supports and Ni catalysts supported on Ce,Zr;_0, in the presence or absence of an electric field at 423 K of furnace temperature.

EF? T (K)  CHgconv.(%)  AHcpa Jmin~')  EPCS(W)  Formation rate Ha/ AHY,  AHS, AEes
(pmol min—1) (3C0+4C0z) (Jmin-') (Jmin~') (Jmin~')
Hy CO; Cco
NiZCeg.75Zrg.2502 No 425 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 463 121 54.7 1.29 241.2 56.2 53 1.0 70.4 15.7 15.7
Ni/Ceg5Zro50; No 425 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 482 19.1 85.1 1.53 354.9 81.2 14.3 1.0 105.5 204 204
NiZCeg25Zrg.7502 No 427 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0
With 535 41.6 191.5 3.54 708.8 126.2 84.6 0.9 229.7 38.1 38.1
Ni/StTiO3 No 425 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 499 2.9 11.7 2.67 49.0 12.2 0.6 1.0 14.5 2.8 2.8
CeO, No 416 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 479 13 6.1 1.31 15.1 1.2 21 1.3 7.5 14 14
SrTiOs No 422 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0
With 492 0.5 2.2 245 7.6 04 14 1.3 3.1 0.9 0.9
2 EF: electric field.
b Ty: catalyst bed temperature measured by a thermocouple.
¢ EPC: electric power consumption for the electric field.
d ;AHP: summation of the heating values of products.
¢ AH;: difference of the heating rate of products and consumed methane.
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Fig.10. TPR profiles of Pt/CeO; catalysts before/after electreforming or conventional
catalytic reaction.

(53.2m% g 1) and Ceg25Zrp750, (55.0m2g-1) were similar, the
conversion of methane for electreforming showed a large differ-
ence between Pt/Ceg 5Zrg 50, and Pt/Ceq5Zrg750,. Therefore, the
observed difference of the catalytic activity for electreforming by
changing zirconium content in CexZr;_xO, was independent of the
surface area of CeyZry_x0,.

Here, we would like to consider the role of CeO, or CexZr;_xO»
as a catalyst support on the electreforming. CeO, has been applied
widely as catalysts for steam reforming of methane or water gas
shift (WGS) reaction and other oxidation reactions [50-56]. CeO,
as catalyst or support shows high activity and/or high selectivity,
derived from its redox property and high oxygen storage capac-
ity (0OSC) [54-56]. On the other hand, addition of ZrO, to CeO,
(CexZri_x03) is known to enhance the activity of CeO, for oxida-
tion reactions compared to pure CeO, [57-61]. The high availability
of surface oxygen for the oxidation of surface adsorbants explains
the high activity of CexZr;_,0,. By introducing Zr into CeO,, other
effects such as improvement of surface area [60,61], increased sta-
bility of the catalytic activity [62], high dispersion of supported
metal [63] have also been reported. Furthermore, the high oxida-
tive function of CeyZr;_x0O, has been assumed to be a good redox
property [64-68]. This has been attributed to an increased oxygen
mobility and an increased activity for the Ce**/Ce3* redox result-
ing from the creation of surface and bulk defects in the CexZr;_,05,
induced by the introduction of the smaller Zr** cation in the fluo-
rite lattice. K. Otsuka et al. [65] reported that the gas—solid reaction
between methane and oxidatively treated CeO,-ZrO, at 1073 K
produced in the absence of gaseous oxidant at 973 K synthesis gas
with a H,/CO ratio of 2. This result suggested that methane, as
reductant, reduced cerium in the CeO,-ZrO, from Ce*" to Ce3*.
The reaction was further accelerated by the presence of Pt, and
the degree of reduction was nearly tripled compared to that in the
absence of Pt at 773 K. Although bare CeO, is reduced around 773 K
in reducing atmosphere, CexZr;_,05 is reduced at lower tempera-
ture as 655 K [66,67]. Furthermore, the chemical composition, that
is Zr contents in CeO,-Zr0,, had an influence on the reducibility
of Ce** sites. The reduction of the diamagnetic Ce** ions of the
Ce0,-Zr0, into paramagnetic Ce3* species due to formation of
oxygen vacancies was exhibited by magnetic susceptibility mea-
surements using a Faraday microbalance. In this paper, we observed
increase of activity for electreforming by doping Zr into CeO, while
we have already found that the reducibility of lattice oxygen on the
catalyst support plays an important role for the electreforming.

To investigate the consumption of lattice oxygen of CexZr;_xO;
after the electreforming reaction, we conducted TPR (temperature
programmed reduction) of the catalyst before/after the reaction.
The results are shown in Fig. 10 and reveal that the surface lat-
tice oxygen is consumed under electreforming. This observation
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Fig. 11. XRD patterns of Pt/CeO, catalysts before/after electreforming.

supports the importance of redox ability of the catalyst support.
Furthermore, the confirmed effect of Zr-doping into CeO, is in
agreement with the TPR results. After reaction, the crystalline struc-
ture of the catalyst support was also confirmed by XRD (Fig. 11). As
shown in Fig. 11, there is no peak-shift derived from the distortion
of bulk structure. From these results of TPR and XRD, it is concluded
that the electreforming consumed only the surface lattice oxygen
on CeyZr1_x0,,and that the consumed lattice oxygen on CexZr_x0,
was regenerated by steam in the reaction mixture atmosphere. If
the regeneration ceased, catalytic activity would decrease with the
time course of electreforming. However we have not observed any
deactivation of the activity of the catalyst for electreforming.

To investigate the reason for the promotion of catalytic activ-
ity by electreforming, we tried other on-off tests using several
catalysts [48]. By applying an electric field on the catalyst bed,
hydrogen and carbon dioxide were produced immediately. After
turning off the electric field the production ceased. Thermodynamic
equilibrium analysis and temperature measurements using IR and
a thermocouple showed that promotion of the catalytic activity by
the electric field was not due to the heat supplied by the electric
field. We observed this enhancement of the activity of catalyst by
impressing the electric field in other cases (reactants, catalysts)
[49]. From observation of the waveforms of current and voltage
using an oscilloscope, this electric field is apparently a kind of dark
current/dark discharge. We observed no light emission from the
catalyst bed, so it was not a kind of plasma.

Our experimental results in this paper revealed that the redox
ability of support was very important for the electreforming, and
the supported metal was also required for the activity. So we
concluded that the high activity of the electreforming at low tem-
perature was derived from the synergetic effect between the high
redox ability of catalyst support and the dark current/dark dis-
charge on the catalyst onto the supported metal.

4. Conclusion

In this paper we conducted catalytic steam reforming of
methane at low temperature in an electric field. Results show that
catalytic steam reforming of methane was drastically promoted
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in an electric field. We found that metal catalysts supported on
CexZri_x0O, showed higher activity. Gas phase temperature mea-
sured by a thermocouple was very low, while the conversions of
methane steam reforming and water gas shift showed that the
equilibrium of the electreforming was determined by a high elec-
tron temperature. We confirmed that the surface lattice oxygen
played an important role for the electreforming, and the catalyst
surface would be reduced by methane and oxidized by steam (redox
mechanism).
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