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We investigated four catalytic reactions assisted with an electric field to promote catalytic activity, and we
could achieve an effective process for hydrogen production at low temperatures, such as 423 K. In the presence
of the electric field, four reactions of steam reforming of ethanol, decomposition of ethanol, water gas shift,
and steam reforming of methane proceeded at very low temperature, such as 423 K, where a conventional
catalytic reaction hardly proceeded. Conversion of reactant was greatly increased by the electric field, and
apparent activation energies for these four reactions were lowered by the application of the electric field.
This process can produce hydrogen and syngas by using a considerably small energy demand and has quick
response.

1. Introduction

Hydrogen production from various energy sources such as
fossil fuel and biomass is desired in the near future. Today, a
major route for hydrogen production is catalytic steam reforming
of methane, other hydrocarbons, or ethanol. The reaction is
highly endothermic and requires a high temperature. As for high-
temperature catalytic processes, there are many problems, such
as selection of strong materials to heat, deactivation of the
catalyst, and the difficulty of using wasted heat at a low
temperature after the heat exchanger. The heat loss is a one of
the reasons for the depression of the total energy efficiency of
chemical processes. In the case of small commercial chemical
processes without a heat exchanger, application of high tem-
perature is a serious problem because of the high heat loss, so
a low temperature catalytic process that works at a lower
temperature without a heat exchanger is desirable for high
energy efficiency.

To solve such problems, many researchers have investigated
hybridization of nonequilibrium plasma and catalysts as novel
chemical processes.1-14 In addition, there have been many
investigations for the utilization of electric power to convert
such fuels into hydrogen/syngas.15-19 In contrast, we have
investigated catalytic reactions in an electric field. Since an
electric field needs less energy than a nonequilibrium electrical
discharge, the reaction can be conducted under milder condi-
tions. We have reported the effect of an electric field on the
catalytic decomposition of ethanol.20 The reaction proceeds at
a lower temperature region in which conventional catalytic
reaction cannot take place. The electric field is not plasma, is
milder than plasma, and has properties of lower consumption
energy and no emission spectra.

In this research, we investigated steam reforming of ethanol
and another three elemental reactions: ethanol decomposition,
water gas shift reaction, and steam reforming of methane.

Ethanol is being paid a lot of attention as an alternative fuel.
It can be easily produced by fermentation of carbohydrate of
biomass, so ethanol is expected to be a clean energy source
having many possibilities. In addition, development of effective
use of ethanol as a fuel is important because petroleum will be
in short supply in the future.

Steam reforming of ethanol is an endothermic reaction and
requires high temperature, about 773 K or higher.

If this reaction could proceed at low temperature using wasted
heat, a novel process for effective hydrogen production would
be realized.

Many researches have investigated steam reforming of ethanol
at the lower temperature region.21-41 Supported Co catalyst
exhibited high activity for steam reforming of ethanol,21 and
noble metals such as Pt, Pd, Rh, and Ru have shown high
catalytic activities at 573-723 K.28,32,33 We also investigated
this steam reforming reaction over Co supported catalyst on
perovskite oxide, such as SrTiO3,39,40 and we found that the
reaction mechanism for steam reforming of ethanol was a
combination of the following five reactions:

(1) dehydrogenation of ethanol to form acetaldehyde,

(2a) steam reforming of acetaldehyde to form carbon mon-
oxide and hydrogen,
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C2H5OH(g) + H2O(g) f 2CO + 4H2

∆H298 ) 255.9 kJ mol-1

C2H5OH(g) + 3H2O(g) f 2CO2 + 6H2

∆H298 ) 173.5 kJ mol-1

C2H5OH(g)T CH3CHO(g) + H2 ∆H298 ) 68.9 kJ mol-1

∆G573 ) -4.2 kJ mol-1, Kp573 ) 6.4 × 103, ∆G673 )

-19.8 kJ mol-1, Kp673 ) 2.8 × 106
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(2b) decomposition of acetaldehyde to form methane and
carbon monoxide,

(3) steam reforming of methane,

(4) and water gas shift of carbon monoxide to carbon dioxide.

In these sequential reactions, reaction 3, steam reforming of
methane, is a highly endothermic reaction, so a high temperature
is required. For this reaction, the Gibbs free energy at 573 K is
positive, 18.9 kJ/mol; 13.0 kJ/mol at 673 K. As a result, the
thermodynamic equilibrium constant for this reaction is only
6.5 × 10-8 at 573 K, 5.9 × 10-5 at 673 K. Although many
researchers have investigated steam reforming of methane,42-54

it is still a difficult problem to achieve a lower reaction
temperature, higher conversion, and lower carbon deposits on
the catalyst. On the other hand, reaction 4, a water gas shift
reaction, is an exothermic reaction, but a conventional catalyst
for the reaction, such as Cu/ZnO/Al2O3 or Pt/CeO2, is not so
highly active, not stable.55-75

In this research, we investigated steam reforming of ethanol,
and we also conducted three reactions of ethanol decomposition,
water gas shift reaction, and steam reforming of methane. In
each reaction, a conventional catalytic reaction (mode A) and
catalytic reaction in an electric field (mode B: named “electre-
forming”) were conducted and compared. Schematic images of
the reaction systems in this research are shown in Figure 1.

2. Experimental Section

In previous research, we have found that noble metals such
as Pt showed highly catalytic performance for steam reforming
of ethanol. We choose Pt, Rh, and Pd as the supported metals
for comparison in this research. We choose CeO2 as the best
catalyst support from previous investigations. CeO2 shows a
highly synergetic effect with an electric field,20 so we prepared
the following catalysts of 1 wt % Pt/CeO2, 1 wt % Pd/CeO2,
and 1 wt % Rh/CeO2. The catalysts were prepared by an
impregnation method. CeO2 was soaked in distilled water and
stirred and deaerated for 2 h at room temperature. An aqueous
solution of the precursor of the supported metals
(Pt(NH3)4(NO3)2, Pd(OCOCH3)2, Rh(NO3)3) was added, stirred
for 2 h, evaporated to dryness, then calcined at 973 K and
crushed into particles with sizes of 355-500 µm.

In all experiments, a quartz tube (6.0 mm o.d.) was used as
a flow-type reactor, as shown in Figure 2. Two stainless steel
rods (2.0 mm o.d.) were inserted from each end of the quartz
tube as electrodes. In each reaction, reactant was supplied at a
rate of 0.5 mmol min-1. Steam by carbon ratio was 2. In the
cases of both mode A and mode B, 100 mg of catalyst was
charged into the quartz reactor. The height of the catalyst bed
was 4 mm, and the gap distance of each electrode was 5 mm,
so the catalyst bed did not contact the tip of the upper electrode.
The catalyst was pretreated in situ in a 5% hydrogen flow (Ar
balance) at 723 or 823 K before the reaction to reduce the
catalyst. Liquid reactants such as ethanol and water were
supplied using a microfeeder (0.5 mmol min-1), evaporated in
a preheating zone (423 K), and carried into the reactor through
a gas line (393 K) with Ar (20 cc min-1). After the reaction,
product gases were analyzed using a GC-FID and a GC-TCD
after passing a cold trap (2-buthanol). Liquid products were
analyzed using a GC-FID before passing a cold trap. In this
research, the conversion of reactant was calculated from product
gases such as CO, CH4, CO2, C2H4, C2H6, and CH3CHO in each
reaction.

The yield of each product without hydrogen was defined as
below:

CH3CHO(g) + H2O(g) f 2CO + 3H2

∆H298 ) 186.9 kJ mol-1

CH3CHO(g) f CH4 + CO ∆H298 ) 19.2 kJ mol-1

CH4 + H2O(g) T CO + 3H2 ∆H298 ) 206.1 kJ mol-1

∆G573 ) 18.9 kJ mol-1, Kp573 ) 6.5 × 10-8, ∆G673 )

13.0 kJ mol-1, Kp673 ) 5.9 × 10-5

CO + H2O(g) T CO2 + H2 ∆H298 ) -41.2 kJ mol-1

∆G573 ) -4.2 kJ mol-1, Kp573 ) 3.9 × 10,

∆G673 ) 3.3 kJ mol-1, Kp673 ) 1.2 × 10

Figure 1. Schematic images for two catalytic reaction modes with/
without an electric field.

Figure 2. Reaction apparatus.

conversion (%) )
output moles of carbon atom in product gases

input moles of carbon atom in reactant
× 100
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The yield of hydrogen was defined as below:

A DC high-voltage power supply was used to generate the
electric field. The electric field was controlled by input current
with a fixed value of 3 mA, so the impressed voltage depended
on the nature of the catalyst. Waveforms of the current and
voltage were observed by a digital signal oscilloscope (Tektronix
TDS3052B). The profile was flat for the voltage, and micro-
pulse-shaped for the current. The applied electric pressure
(voltage) was about 130-600 V, depending on the reactant and
catalysts. The total input power was about 0.4-2 W.

3. Results and Discussion

3.1. Steam Reforming of Ethanol. First of all, we conducted
steam reforming of ethanol over various catalysts with/without
the electric field. Figure 3 shows the conversion of ethanol at
423-523 K by catalytic reaction without the electric field (mode
A) and by catalytic reaction in the electric field (mode B:
electreforming). Figure 4 shows the yield of products over each
catalyst and in each reaction mode. From Figure 3, mode A
shows low conversion for all catalysts about 10% or lower at
523 K, and conversion increased with an increase of reaction
temperature. In mode B: electreforming, conversion was greatly
increased for all catalysts by impressing the electric field to the
catalyst bed. In the case of Pd/CeO2 and Rh/CeO2, conversion
was about 60% at 423 K that conventional catalytic steam
reforming hardly proceeded, and maximum conversion of
ethanol was 70.2% at 523 K over Pd/CeO2 catalyst. In the case
of Pt/CeO2 catalyst, conversion was lower than the other two
catalysts, and the maximum conversion of ethanol was 61.6%
at 523 K. For the required reaction temperature to obtain the
same conversion level between modes A and B, the application
of the electric field can decrease the reaction temperature about
150 K or more for all catalysts.

Figure 4 indicates the effect of the electric field on the product
distribution. In general, the reaction path of catalytic steam
reforming of ethanol without the electric field is known as
described above. Dehydrogenation of ethanol and formation of
acetaldehyde and hydrogen is observed at very low conversion
(initial step of the reaction). Sequential decomposition of
acetaldehyde or steam reforming of acetaldehyde proceeds, and
CO, CH4 and H2 are produced on the catalyst. Then CO reacts
with water as a water gas shift (WGS) reaction, and CO2 and
H2 are produced.

As characteristic parameters for this reaction, we examined
the ratio of rR/rD and the WGS ratio, which are defined as
follows;

In the formula, f(product) means formation rate of each
product. The parameter of rR/rD represents the ratio of the

reaction rate of steam reforming and the decomposition of
acetaldehyde. If the steam reforming of acetaldehyde is the
dominant reaction over decomposition of it, the value of rR/rD

would become larger. The WGS ratio means the reactivity for
the WGS reaction on this condition. Notice that these parameters
are calculated supposing CO and CH4 are generated from only
reactions of steam reforming or decomposition of acetaldehyde,
and no methanation has been considered. This assumption was
based on the experimental result in which we could not observe
the formation of methane by steam reforming of “methanol”
with the same catalyst at the same temperature (results are not
shown), and CO2 is assumed to be generated only by the WGS
reaction.

Table 1 shows the ratio of rR/rD and WGS for each catalyst
and in each reaction mode. In mode A with Pd/CeO2 or Pt/
CeO2 catalyst, steam reforming of acetaldehyde slightly pro-
ceeded, and decomposition of acetaldehyde was a dominant
reaction because the rR/rD ratio was almost 0. Over Rh/CeO2

catalyst, these two reactions proceeded simultaneously because
rR/rD ratio was about 0.2-0.3. Over Pd/CeO2 or Rh/CeO2

catalyst, WGS ratio was about 10-30%, and over Pt/CeO2

yield (%) ) carbon moles of product species
input moles of reactant

× 100

H2 yield (%) ) moles of hydrogen
input moles of reactant

× 100

rR/rD(-) )
f(CO) + f(CO2) - f(CH4)

f(CH4)

WGS ratio (%) )
f(CO2)

f(CO) + f(CO2)
× 100

Figure 3. Effect of temperature on the conversion of catalytic steam
reforming of ethanol without the electric field (mode A) and with the
electric field (mode B: electreforming).

Figure 4. Effect of temperature on the yield of products for catalytic
steam reforming of ethanol without the electric field (mode A) and
with the electric field (mode B: electreforming).
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catalyst, the WGS ratio was about 50%. In mode B, rR/rD and
the WGS ratio were increased over all the catalysts by the
application of the electric field. Especially on the Rh/CeO2

catalyst, rR/rD greatly increased up to 1.3. It was supposed that
the reason for the increase in rR/rD was the shift of the reaction
path from decomposition of acetaldehyde to steam reforming
of acetaldehyde or promotion of steam reforming of methane,
which was generated by the decomposition of acetaldehyde. The
WGS ratio also increased up to 50-60% for all catalysts by
the application of the electric field. Thus, by impressing of the
electric field, hydrogen production was promoted by the change
of the reaction path.

Table 2 shows the formation rate of products; their combus-
tion enthalpy; and the endothermic enthalpy gain, ∆Eef. The
respective energies were about from 13.4 J/min (endothermic)
to -92.1 J/min (exothermic) for the catalysts Rh, Pd, and Pt/
CeO2. The input electric energy at 473 K was 72.4 J/min ()
1.21 W; Pd/CeO2), 98.2 J/min () 1.64 W; Rh/CeO2), and 92.0
J/min () 1.53 W; Pt/CeO2), respectively. Although the syner-
getic effect of noble metal and CeO2 support with the electric
field was observed, electric energy was consumed as heat, and
the reactant ethanol lost a part of its caloric value by exothermic
reaction in the cases of Pd or Rh catalysts.

3.2. Decomposition of Ethanol. Next, we examined decom-
position of ethanol over various catalysts to investigate the role
of steam in the electric field.

Figure 5 shows the conversion of ethanol for the catalytic
decomposition of ethanol without the electric field (mode A)
and for the catalytic decomposition of ethanol in the electric
field (mode B: electreforming). Figure 6 shows the yield of
products over each catalyst and in each reaction mode. In Figure
5, the conversion of ethanol was increased for all catalysts by
impressing the electric field to the catalyst bed. The rate of
conversion was in the following order: Pd/CeO2 > Rh/CeO2 >
Pt/CeO2. The promotion effect was smaller than that of steam
reforming of ethanol. It seems that the existence of steam in
the reaction field promoted synergetic interaction between the
catalyst and the electric field. In Figure 6, the effect of the
electric field on catalytic decomposition of ethanol (mode A)

TABLE 1: Steam-Reforming/Decomposition Ratio and Water Gas Shift Ratio over Three Catalysts with/without EF (electric
field) on Steam Reforming of Ethanol

Pd/CeO2 Rh/CeO2 Pt/CeO2

temp, K rR/rD, - WGS ratio, % rR/rD, - WGS ratio, % rR/rD, - WGS ratio, %

mode A (without EF) 523 0.01 8.2 0.34 21.2 0.07 42.9
mode B, electreforming 423 0.74 47.4 1.39 57.9 0.13 62.9
with EF 473 0.50 50.6 1.27 58.3 0.38 60.2

523 0.62 49.0 1.31 41.1 0.28 61.0

TABLE 2: Reaction Enthalpy and Energy Gain for the Steam Reforming of Ethanol over Three Catalysts with/without the
Electric Field at Each Temperature

formation rate (C-base)/µmol min-1

temp, K
catalyst with/
without EF conversion, % H2

CH3

CHO C2 CO2 CH4 CO
∑∆Hc-P

a,
J min-1

∆Hc-EtOH
b,

J min-1
∆Hr

c,
J min-1

∆Eef
d,

J min-1

423 Pd/CeO2 1.1 8.3 8.6 0.0 0.1 0.8 0.5 13.5 8.0 5.4
Pd/CeO2 with EF 61.4 691.4 22.9 10.8 87.3 105.7 97.1 362.7 432.7 -70.0 -75.4
Rh/CeO2 0.5 4.6 3.7 0.0 0.1 0.3 0.3 6.1 3.6 2.5
Rh/CeO2 with EF 65.0 986.0 28.5 3.8 125.6 90.8 91.4 428.3 457.8 -29.5 -32.0
Pt/CeO2 0.4 4.0 3.1 0.0 0.2 0.1 0.0 4.9 2.6 2.3
Pt/CeO2 with EF 21.1 262.6 29.3 1.9 30.0 42.1 17.7 155.3 148.7 6.6 4.4

473 Pd/CeO2 6.4 29.7 28.7 0.0 4.5 7.3 5.8 50.8 45.0 5.8
Pd/CeO2 with EF 60.8 624.2 28.7 1.5 87.6 115.7 85.5 342.1 428.3 -86.2 -92.1
Rh/CeO2 3.7 18.5 16.2 0.0 5.7 2.7 2.2 27.6 26.3 1.3
Rh/CeO2 with EF 71.2 1012.4 23.1 4.1 138.2 104.5 98.8 444.1 502.0 -57.8 -59.1
Pt/CeO2 1.6 10.4 13.2 0.0 0.4 0.8 0.4 19.5 11.6 8.0
Pt/CeO2 with EF 45.2 502.0 91.8 6.2 61.6 74.4 40.7 340.1 318.7 21.4 13.4

523 Pd/CeO2 10.4 63.6 28.3 0.3 1.6 18.8 17.4 74.0 73.4 0.6
Pd/CeO2 with EF 70.2 784.6 25.6 6.9 101.3 127.7 105.6 408.9 494.7 -85.9 -86.5
Rh/CeO2 8.7 46.9 44.2 0.1 2.6 9.0 9.5 77.0 61.0 16.0
Rh/CeO2 with EF 58.8 726.5 38.8 1.8 78.4 82.6 112.2 361.9 414.2 -52.3 -68.3
Pt/CeO2 7.6 45.6 48.7 0.0 3.0 6.6 4.0 78.1 53.6 24.6
Pt/CeO2 with EF 61.6 660.6 44.1 6.7 96.8 123.6 61.7 378.9 434.0 -55.0 -79.6

a ∑∆Hc-P: summation of standard combustion enthalpy of products. b ∆Hc-EtOH: summation of standard combustion enthalpy of consumed
ethanol. c ∆Hr: endothermic enthalpy of the reaction. d ∆Eef: the difference of ∆Hr (without the electric field) and ∆Hr (with the electric field) at
the same temperature.

catalytic decomposition of ethanol: C2H5OH f CO +
CH4 + H2

Figure 5. Effect of temperature on the conversion of catalytic
decomposition of ethanol without the electric field (mode A) and with
the electric field (mode B: electreforming).
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was examined. Over Pt/CeO2 or Pd/CeO2 catalyst, dehydroge-
nation of ethanol produced acetaldehyde, and its sequential
decomposition to CO and CH4 was observed. In the case of
electreforming, selectivity to products did not change so much,
but a small amount of ethylene formation was observed. Over
the Rh/CeO2 catalyst, ethanol was only dehydrogenated, and
acetaldehyde was generated. Decomposition of acetaldehyde
hardly proceeded in mode A. During electreforming, simulta-
neous reaction of dehydrogenation and dehydration of ethanol
proceeded to acetaldehyde, ethylene, H2, and H2O. Sequential
steam reforming of acetaldehyde and the WGS reaction were
also promoted over this catalyst to produce H2O, CO, H2, and
CO2 by the electric field.

Table 3 presents the effects of an electric field on the catalytic
decomposition of ethanol over various catalysts. On the basis
of these results, the synergetic effect of a noble metal and CeO2

with the electric field is extremely high, especially for Rh/CeO2

catalyst. Regarding the endothermic enthalpy gain ∆Eef, the
respective energies were 13.5-26.3 J/min for Pd/CeO2 catalyst,
64.9-102.7 J/min for Rh/CeO2 catalyst, and 38.3-81.7 J/min
for Pt/CeO2 catalyst. On the other hand, the input electric energy
at 473 K was 55.8 J/min () 0.93 W; Pd/CeO2), 87.3 J/min ()
1.46 W; Rh/CeO2), and 39.7 J/min () 0.66 W; Pt/CeO2).
Consequently, almost all the electric energy injection was used
for the endothermic reaction.

3.3. WGS Reaction. As for the investigation of the reaction
of steam reforming of ethanol in section 3.1, the WGS reaction
was promoted by impressing the electric field, so the water gas
shift reaction in the electric field was conducted using CO as a
reactant to investigate the effect of the electric field. The WGS
reaction is an exothermic reaction, as shown in following
equation:

The reaction is desired to proceed at lower temperature by the
thermodynamic equilibrium limitation due to its exothermic

reaction. On the other hand, the reaction rate is very small at
lower temperature by kinetics limitation.

Figure 7 shows the conversion of CO in each reaction mode.
Figure 8 shows the yield of products over each catalyst and in
each reaction mode. In Figure 7, it can be seen that conversion
was greatly increased at all temperatures by impressing the
electric field. Especially over Rh/CeO2 catalyst, the effect of
the electric field was very large.

In Figure 8, it can be seen that for all catalysts and reaction
modes, CO2 and H2 were mainly generated, and the formation
ratio of CO2 and H2 was almost 1:1, so disproportionation of
CO was negligible under this condition. A trace amount of
ethylene and CH4 was generated by impressing the electric field.
Using Rh/CeO2, the yield of methane was about 2% in mode
B. These phenomena suggest that the electric field promoted
methane formation by changing the reaction path or enhancing
the catalytic activity of methanation. Table 4 presents the effect
of the electric field on the water gas shift reaction over various
catalysts. Regarding the endothermic enthalpy gain, ∆Eef, the
respective energies were 1.8-18.8 J/min for Pd/CeO2, 6.0-8.2
J/min for Rh/CeO2, and -1.3 to 6.7 J/min for Pd/CeO2 catalyst.
The input electric energy at 473 K was 120.3 J/min () 2.00
W; Pd/CeO2), 105.7 J/min () 1.76 W; Rh/CeO2), and 78.8 J/min
() 1.31 W; Pt/CeO2). Consequently, almost all the electric
energy injection was used for the activation of the reactant.

3.4. Steam Reforming of Methane. Steam reforming of
methane in the electric field was also conducted to investigate
the possibility of steam reforming of methane that was generated
from decomposition of acetaldehyde or methanation.

So far, conventional catalytic steam reforming of methane
has been operated at high temperatures, such as 1000 K. Since
the thermodynamic equilibrium constant of the reaction was
quite small at low temperatures such as 423-523 K, catalytic
steam reforming of methane with wasted heat hardly proceeds
under such low temperature conditions without an electric field.

Figure 9 shows conversion of methane over each catalyst and
in each reaction mode. Figure 10 shows the yield of products
over each catalyst and in each reaction mode. In Figure 9, mode
A shows little or no activity at 423-573 K. On electreforming,
steam reforming of methane proceeded, but conversion was
lower than other reactions in this research. The effect of the
electric field was comparatively large when using the Rh/CeO2

catalyst. Conversion of methane was increased by increasing
the input current. In Figure 10, it is shown that CO2 and H2

were mainly generated in mode B. Thus, the WGS reaction
proceeded over all catalysts, and over Rh/CeO2 catalyst, CO
formation was comparatively greater than over the other two
catalysts.

Table 5 shows the effect of the electric field on steam
reforming of methane over various catalysts. Regarding the
endothermic enthalpy gain, ∆Eef, the energies were 18.8-26.1
J/min for the Pd/CeO2 catalyst, 38.0-43.2 J/min for the Rh/
CeO2 catalyst, and 19.2-32.8 J/min for Pt/CeO2 catalyst. The
input electric energy was 79.5 J/min () 1.32 W; Pd/CeO2),
166.5 J/min () 2.78 W; Rh/CeO2), and 167.9 J/min () 2.80
W; Pt/CeO2). Consequently, about 25% of the electric energy
injection was used for the endothermic reaction. Optimizing the
reaction conditions would lessen the energy demand. From these
results, the synergetic effect of a noble metal and CeO2 with
the electric field is extremely high for this reaction.

3.5. Mechanism of Promotion Effect on the electreform-
ing. From the experimental results above, we considered the
promoting mechanism of electreforming from kinetics and
thermodynamics. First, we estimated the apparent activation

Figure 6. Effect of temperature on the yield of products for catalytic
decomposition of ethanol without the electric field (mode A) and with
the electric field (mode B: electreforming).

water gas shift reaction: CO + H2O T CO2 + H2
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energy for these four reactions over the three catalysts. We
assumed that all the reactions were pseudo-first-order reactions
in the reactant concentration, and zero-order in the water
concentration for steam reforming of ethanol, water gas shift
reaction, and steam reforming of methane. Apparent activation
energies were calculated by following the Arrhenius equation.

where A is the preexponential frequency factor, Ea is the
apparent activation energy and R ) 8.314 J/mol/K.

Table 6 shows the apparent activation energies for four
reactions on the three catalysts with/without the electric field
(EF), and Table 7 shows the preexponential frequency factors
for the same, calculated by the Arrhenius equation. From these
calculated results, application of the electric field for the catalyst
bed lowered the apparent activation energy for all four reactions.
This phenomenon might be derived from the activation of the
catalyst by the positive effect of the charge of an electron on
the active metals due to the dielectric polarization by electre-

forming. As for the preexponential frequency factor, although
the value was not changed much on the decomposition (DC)
of ethanol and water gas shift reaction, the value decreased much
on the steam reforming (SR) of ethanol or methane. The
preexponential frequency factor A is described as follows:

From this equation and these calculated results, it is seen that
the electric field changes the mobility of molecules under the
same temperature conditions. Further investigations would need
to be conducted for the elucidation of the reaction mechanism
of electreforming.

TABLE 3: Reaction Enthalpy and Energy Gain for the Decomposition of Ethanol over Three Catalysts with/without the
Electric Field at Each Temperature

formation rate (C-base), µmol min-1

temp, K
catalyst with/
without EF conversion, % H2

CH3

CHO C2 CO2 CH4 CO
∑∆Hc-P

a,
J min-1

∆Hc-EtOH
b,

J min-1
∆Hr

c,
J min-1

∆Eef
d,

J min-1

423 Pd/CeO2 1.4 6.2 12.5 0.0 0.0 0.5 0.4 17.2 10.1 7.2
Pd/CeO2 with EF 10.8 76.4 42.4 5.0 0.5 14.3 15.1 96.9 76.2 20.7 13.5
Rh/CeO2 1.0 4.1 9.3 0.0 0.1 0.2 0.2 12.5 7.3 5.2
Rh/CeO2 with EF 16.2 78.0 115.2 10.7 1.6 6.7 9.2 184.2 114.1 70.1 64.9
Pt/CeO2 2.0 4.6 19.4 0.0 0.0 0.2 0.1 24.6 14.1 10.5
Pt/CeO2 with EF 18.7 105.3 106.5 10.3 2.4 16.9 15.9 192.1 131.9 60.2 49.7

473 Pd/CeO2 4.4 20.0 31.4 0.0 0.1 3.3 3.0 46.9 31.1 15.7
Pd/CeO2 with EF 38.5 184.2 149.3 13.1 1.1 52.9 55.7 313.2 271.2 42.0 26.3
Rh/CeO2 1.8 6.8 14.6 0.0 0.1 0.8 0.8 20.3 12.7 7.6
Rh/CeO2 with EF 17.7 89.5 125.9 11.6 1.3 7.3 10.5 202.6 124.5 78.1 70.5
Pt/CeO2 2.4 10.4 22.4 0.0 0.1 0.6 0.4 30.3 17.2 13.1
Pt/CeO2 with EF 37.3 148.6 209.6 15.6 2.0 35.5 36.4 357.7 262.8 94.9 81.7

523 Pd/CeO2 10.5 51.2 59.6 0.1 0.1 11.1 11.3 99.0 74.0 25.0
Pd/CeO2 with EF 44.7 229.9 157.9 19.3 2.1 63.6 66.9 358.5 314.7 43.8 18.7
Rh/CeO2 3.2 13.5 24.8 0.1 0.2 1.6 1.7 35.5 22.6 12.9
Rh/CeO2 with EF 24.7 117.7 183.1 18.4 2.0 7.4 13.1 289.9 174.3 115.6 102.7
Pt/CeO2 6.5 29.6 52.2 0.3 0.1 3.6 2.7 75.1 46.0 29.1
Pt/CeO2 with EF 33.8 167.4 161.7 11.8 1.4 39.7 40.8 305.3 237.8 67.4 38.3

a ∑∆Hc-P: summation of standard combustion enthalpy of products. b ∆Hc-EtOH: summation of standard combustion enthalpy of consumed
ethanol. c ∆Hr: endothermic enthalpy of the reaction. d ∆Eef: the difference of ∆Hr (without the electric field) and ∆Hr (with the electric field) at
the same temperature.

Figure 7. Effect of temperature on the conversion of water gas shift
reaction without the electric field (mode A) and with the electric field
(mode B: electreforming).

ln k ) ln A - Ea/RT

Figure 8. Effect of temperature on the yield of products for water gas
shift reaction without the electric field (mode A) and with the electric
field (mode B: electreforming).

A ) σL(8kT/πµ)1/2
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3.6. Energy Efficiency of electreforming. From these
results, the electreforming enabled hydrogen production at a
lower temperature. Table 8 shows the energy demand on each
reaction/catalyst by electreforming to produce 1 kg of H2.
Table 9 shows the energy demand to produce 1 kg of syngas
(H2 + CO) and the H2/CO ratio. In this calculation, the input
energy was calculated from the energy demand to impress
the electric field, and ∆Eef in Tables 2-5 shows the difference
values of the energy consumption between conventional
catalytic reactions and electreforming. In Table 8, it is seen
that the energy demand of hydrogen production was 50-129
MJ/kgH2

by steam reforming of ethanol, 109-568 MJ/kgH2

by decomposition of ethanol, 114-208 MJ/kgH2
by WGS

reaction, and 144-359 MJ/kgH2
by steam reforming of

methane in these processes of electreforming. These energies
depend on the kind of catalysts and reaction temperatures.
Rh/CeO2 and Pd/CeO2 catalysts showed lower energy de-
mands for hydrogen production by steam reforming of
ethanol/methane, and Pt/CeO2 was effective in the WGS
reaction.

In Table 9, for the steam reforming of ethanol, it is seen
that the energy demand was about 12-45 MJ/kgsyngas and
the H2/CO ratio was about 3-5 on all catalysts. The energy
demand for syngas production by ethanol decomposition was
12-44 MJ/kgsyngas using Pt/CeO2 and Pd/CeO2 catalysts and
56-132 MJ/kgsyngas over Rh/CeO2 catalyst. The H2/CO ratio
was about 2 over Pt/CeO2 and Pd/CeO2 and 4.2-4.5 over
Rh/CeO2. The gas composition was hydrogen-rich because
a small amount of acetaldehyde was not completely decom-
posed. For the steam reforming of methane, the energy
demand was 63-307 MJ/kgsyngas. The H2/CO ratio was quite
large because the WGS reaction proceeded well on these
catalysts. The energy demand might be smaller by optimizing
the reaction conditions.

TABLE 4: Reaction Enthalpy and Energy Gain for the Water Gas Shift Reaction over Three Catalysts with/without the
Electric Field at Each Temperature

formation rate (C-base), µmol min-1

temp, K
catalyst with/
without EF conversion, % H2 C2 CO2 CH4

∑∆Hc-P
a,

J min-1
∆Hc-reactant

b,
J min-1

∆Hr
c,

J min-1
∆Eef

d,
J min-1

423 Pd/CeO2 2.1 7.0 1.1 9.5 0.0 3.6 3.0 0.6
Pd/CeO2 with EF 48.6 278.4 5.7 237.1 0.0 88.1 68.7 19.4 18.8
Rh/CeO2 0.8 1.0 1.1 2.9 0.0 2.0 1.1 0.8
Rh/CeO2 with EF 60.2 274.7 3.0 287.9 10.2 92.1 85.2 6.9 6.0
Pt/CeO2 0.8 0.6 2.3 1.9 0.0 3.6 1.2 2.4
Pt/CeO2 with EF 60.8 308.4 3.7 299.6 0.6 94.2 86.0 8.2 5.8

473 Pd/CeO2 6.8 16.2 2.3 31.5 0.0 8.1 9.6 -1.4
Pd/CeO2 with EF 52.7 289.1 2.3 260.9 0.5 86.5 74.6 11.9 13.3
Rh/CeO2 2.1 4.7 2.1 8.3 0.0 4.5 2.9 1.5
Rh/CeO2 with EF 72.7 326.1 5.8 346.2 11.5 112.2 102.9 9.3 7.8
Pt/CeO2 3.2 7.6 2.0 13.8 0.0 5.2 4.5 0.7
Pt/CeO2 with EF 68.6 345.6 3.3 339.0 0.9 104.5 97.1 7.4 6.7

523 Pd/CeO2 8.4 38.5 0.0 41.9 0.0 11.0 11.9 -0.8
Pd/CeO2 with EF 65.1 325.6 0.0 325.6 0.0 93.1 92.1 0.9 1.8
Rh/CeO2 8.3 19.1 0.0 41.4 0.0 5.5 11.7 -6.3
Rh/CeO2 with EF 72.2 317.2 0.0 345.8 15.1 104.1 102.1 2.0 8.2
Pt/CeO2 14.5 65.8 5.1 67.5 0.0 26.5 20.5 5.9
Pt/CeO2 with EF 68.2 339.9 1.7 337.7 1.6 101.0 96.5 4.6 -1.3

a ∑∆Hc-P: summation of standard combustion enthalpy of products. b ∆Hc-EtOH: summation of standard combustion enthalpy of consumed CO.
c ∆Hr: endothermic enthalpy of the reaction. d ∆Eef: the difference of ∆Hr (without the electric field) and ∆Hr (with the electric field) at the
same temperature.

Figure 9. Effect of temperature on the conversion of catalytic steam
reforming of methane without the electric field (mode A) and with the
electric field (mode B: electreforming).

Figure 10. Effect of temperature on the yield of products for catalytic
steam reforming of methane without the electric field (mode A) and
with the electric field (mode B: electreforming).
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These energy demands for production of hydrogen/syngas
should be compared to the combustion energy of the same
amount of hydrogen or syngas. In Tables 8 and 9, in the
bottom row, these combustion enthalpies are shown. Steam
reforming of ethanol was effective for hydrogen and syngas
production because the energy demands were much lower
than the combustion energy. Industrial production process
of hydrogen from methane46 has a lower energy efficiency,
about 63%; it also requires multistep heat exchangers and
high-temperature furnace(s). On the other hand, electreform-
ing showed a much higher energy efficiency (i.e., the
maximum efficiency was 99% ) 143/144 for the Rh catalyst)
and can be conducted at very low temperatures, so it does
not require a heat exchanger. This novel, simple process
showed better or comparable energy efficiency to the
industrial catalytic complicated process.

3.7. Response of the electreforming. To investigate the
response of the electreforming, transient experiments were

conducted to investigate the reaction bed temperature and
time-resolved production rates of the products (results are
shown in the Supporting Information). The temperature of
the catalyst bed was measured by a thermocouple in the
reactor tube and an IR thermometer for each reaction mode

TABLE 5: Reaction Enthalpy and Energy Gain for the Steam Reforming of Methane over Three Catalysts with/without the
Electric Field at Each Temperature

formation rate (C-base), µmol min-1

temp, K
catalyst with/
without EF conversion, % H2 C2 CO2 CO

∑∆Hc-P
a,

J min-1
∆Hc-CH4

b,
J min-1

∆Hr
c,

J min-1
∆Eef

d,
J min-1

423 Pd/CeO2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Pd/CeO2 with EF 12.0 244.4 0.7 55.4 3.6 71.9 53.2 18.7 18.8
Rh/CeO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rh/CeO2 with EF 28.6 498.3 9.1 88.7 45.4 168.9 127.5 41.4 41.5
Pt/CeO2 0.1 0.5 0.3 0.3 0.0 0.5 0.4 0.1
Pt/CeO2 with EF 11.8 219.2 6.8 49.7 2.7 73.6 52.6 21.0 20.9

473 Pd/CeO2 0.3 0.3 0.0 1.3 0.0 0.1 1.2 -1.1
Pd/CeO2 with EF 12.4 260.8 0.2 58.2 3.6 75.9 55.2 20.7 21.8
Rh/CeO2 0.3 2.3 0.0 1.5 0.0 0.7 1.3 -0.6
Rh/CeO2 with EF 28.2 494.2 7.0 94.9 39.1 162.8 125.5 37.4 38.0
Pt/CeO2 0.4 0.5 0.2 1.8 0.0 0.4 1.7 -1.3
Pt/CeO2 with EF 15.9 303.5 8.4 59.9 11.5 102.5 71.0 31.5 32.8

523 Pd/CeO2 0.4 2.3 0.1 1.7 0.0 0.8 1.6 -0.8
Pd/CeO2 with EF 20.3 375.3 2.3 81.4 18.0 115.8 90.5 25.3 26.1
Rh/CeO2 0.6 12.3 0.0 3.2 0.0 3.5 2.8 0.7
Rh/CeO2 with EF 27.5 509.3 7.8 97.4 32.4 166.4 122.4 43.9 43.2
Pt/CeO2 0.7 3.2 0.8 2.6 0.0 2.0 2.9 -0.9
Pt/CeO2 with EF 13.9 263.6 2.4 62.5 4.8 80.2 61.9 18.3 19.2

a ∑∆Hc-P: summation of standard combustion enthalpy of products. b ∆Hc-EtOH: summation of standard combustion enthalpy of consumed
methane. c ∆Hr: endothermic enthalpy of the reaction. d ∆Eef: the difference of ∆Hr (without the electric field) and ∆Hr (with the electric field)
at the same temperature.

TABLE 6: Apparent Activation Energy for Four Reactions
on the Three Catalysts with/without EF, Calculated from
Arrhenius Plots

apparent Ea, kJ/mol C2H5OH SR C2H5OH DC WGS CH4 SR

Pd/CeO2 42.2 37.6 26.4 67.1
Pd/CeO2 withEF 4.2 30.9 8.3 10.3
Rh/CeO2 53.4 21.0 43.0 77.6
Rh/CeO2withEF 8.5 6.2
Pt/CeO2 56.0 21.6 53.6 35.2
Pt/CeO2 withEF 25.9 13.2 3.8 3.5

TABLE 7: Preexponential Frequency Factor for Four
Reactions on Three Catalysts with/without EF Calculated
from Arrhenius Plots

ln A C2H5OH SR C2H5OH DC WGS CH4 SR

Pd/CeO2 17.3 16.0 13.4 19.9
Pd/CeO2 with EF 10.7 16.4 11.5 10.4
Rh/CeO2 19.6 11.0 16.9 22.8
Rh/CeO2 with EF 8.9 10.2 11.3 8.3
Pt/CeO2 19.9 11.7 19.9 12.8
Pt/CeO2 with EF 15.6 11.9 10.6 8.6

TABLE 8: Electric Energy Demands To Obtain 1 kg
Hydrogen by Various Catalytic electreforming Reactions
over the Three Catalysts and the Combustion Enthalpy of 1
kg Hydrogen

energy demand, MJ kg-H2
-1

temp, K EtOH SR EtOH DC WGS CH4 SR

Pd/CeO2 423 118 284 205 176
473 56 154 208 152
523 66 109 139 202

Rh/CeO2 423 59 568 202 144
473 50 489 162 169
523 80 229 145 149

Pt/CeO2 423 129 230 139 359
473 91 136 114 277
523 63 112 132 318

combustion enthalpy of hydrogen ∆Hc/MJ kgH2
-1 143

TABLE 9: Electric Energy Demands To Obtain 1 kg
Syngas (Hydrogen and CO) by Various Catalytic
electreforming Reactions over the Three Catalysts, and the
Combustion Enthalpy of 1 kg Syngas Having Various
Mixture Ratiosa

energy demand, MJ kgH2+CO
-1 and H2/CO ratio

temp, K EtOH SR H2/CO EtOH DC H2/CO CH4 SR H2/CO

Pd/CeO2 423 24 3.6 44 2.5 146 67.5
473 12 3.7 16 1.7 128 73.5
523 14 3.7 12 1.7 121 20.9

Rh/CeO2 423 16 5.4 132 4.2 63 11.0
473 13 5.1 114 4.3 80 12.7
523 15 3.2 56 4.5 79 15.7

Pt/CeO2 423 45 7.4 44 3.3 307 81.6
473 28 6.2 17 2.0 181 26.5
523 18 5.4 14 2.0 254 55.0

a Combustion enthalpy of syngas (H2 + CO) ∆Hc: 19 MJ
kgH2+CO

-1; 34 MJ kg3H2+CO
-1; 45 MJ kg5H2+CO

-1.
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of WGS reaction and steam reforming of methane. In mode
A without the electric field, the conversion of reactant
transited slowly with an increase in the temperature of the
catalyst bed. On the other hand, in the case of electreforming,
the conversion of the reactant quickly increased with the
impressing of the electric field. With the impressing of the
electric field, the temperature of the catalyst bed increased
up to 35 K. This increase resulted from heat generated by
impressing the electric field; heat generated by the reaction
itself had little effect on the temperature of the catalyst bed.
Conversion of the reactant greatly increased by more than
an amount corresponding to the temperature increase in the
case of electreforming.

4. Conclusion

We investigated various catalytic reactions in the electre-
forming system to promote catalytic activity, and we could
achieve effective process for hydrogen production. In the
presence of the electric field, four reactions proceeded at low
temperatures, such as 423 K, where conventional catalytic
reaction hardly proceeded. Conversion was greatly increased,
and the reaction path was changed to produce much hydrogen.
The reaction temperature decreased by at least 150 K by
impressing the electric field to the catalyst bed. The WGS
reaction and steam reforming of methane were also promoted
by impressing the electric field. This electreforming process
can produce hydrogen and syngas by using a very small
energy demand and has the property of a quick response.
Especially for steam reforming of ethanol, hydrogen and
syngas can be produced using less energy at low temperatures
such as 423 K and at high energy efficiency.

Supporting Information Available: Additional information
as noted in text. This material is available free of charge via
the Internet at http://pubs.acs.org.
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