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Reaction mechanism of low-temperature catalysis by surface 

protonics in an electric field

Yasushi Sekine*a, Ryo Manabea

The process combining heterogeneous catalysts and DC electric field can achieve high catalytic activities, even under mild 

conditions (<500 K) with less electrical energy consumption. Hydrogen production by steam reforming of methane, aromatics 

and alcohol, dehydrogenation of methylcyclohexane, dry reforming of methane, and ammonia synthesis are known to proceed 

at low temperatures in an electric field. In-situ/operando analyses have been conducted using IR, Raman, XAFS, 

electrochemical impedance spectroscopy, and isotopic kinetic analyses to elucidate the reaction mechanism for these reactions 

at low temperatures. Results show that surface proton hopping by a DC electric field, called surface protonics, is important 

for these reactions at low temperatures because of higher surface adsorbate concentrations at lower temperatures.

Introduction

Importance of low-temperature catalysis

Many chemical processes including petroleum refining, exhaust 

gas cleaning, and petrochemical production use catalysis, 

especially heterogeneous catalysis. Commonly, the rate of 

heterogeneous catalysis is controlled by the Arrhenius kinetic 

law, i.e. ln k = ln A � Ea/RT. If the pre-exponential (frequency) 

factor A and the apparent activation energy Ea are fixed, then the 

kinetic constant k is determined by the temperature. Therefore, 

catalytic reactions must be operated at higher temperatures to 

promote a reaction. For endothermic reactions such as steam 

reforming and dry reforming, not only kinetic limitations but also 

thermodynamic equilibrium limitations should be considered 

when seeking higher product yields. From these viewpoints, 

novel catalytic systems that support catalysis at lower 

temperatures with higher productivity are highly anticipated.

Various processes to date for low-temperature catalysis

To date, various processes have been proposed for lowering 

reaction temperatures of catalysis. Fig. 1 presents a summary of 

various catalytic processes for low-temperature reactions. Many 

researchers have proposed and investigated photocatalysis, 

plasma-catalysis, electrocatalysis, sono-catalysis, mechano-

catalysis, and bio-catalysis.
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Figure 1. Various catalytic processes that work at lower 

temperatures.

Among them, photocatalysis is a promising option for 

lowering reaction temperatures. Based on findings reported by 

Fujishima and Honda, various semiconductor materials have 

been investigated for photocatalysis. Recently, a Z-scheme type 

system, plasmon catalysis, and other promising methods have 

been proposed.

Discharge and plasma technologies are sometimes combined 

with catalysis because electrons with high energy can activate 

the raw material directly in gas phase or promote active species 

production on the catalyst. On non-equilibrium plasma such as 

spark discharge 1�8 and corona discharge, 9�11 only the electron 

temperature increases by control of the plasma generation. The 

application of discharge/plasma to catalysis lowers the reaction 

temperature for various catalytic reactions.

As for the electrochemical routes, the impressed electron 

(current) is used stoichiometrically. In contrast to Faradaic 

reaction, some types of reactions proceeding beyond the 

stoichiometry of impressed electrons are reported. One is the 

non-Faradaic electrochemical modification of catalytic activity 

(NEMCA)12,13 which is observed at higher temperature than 900 

a.3-4-1, Okubo, Shinjuku, Tokyo, Japan 1698555.

� Footnotes relating to the title and/or authors should appear here.

Electronic Supplementary Information (ESI) available: [details of any supplementary 

information available should be included here]. See DOI: 10.1039/x0xx00000x
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Experiment Procedure

Sample preparation

For this study, various semiconductors including CeO2 (JRC-

CEO-1 for steam reforming and MCH dehydrogenation), SrZrO3 

perovskite (for ammonia synthesis) were used as the catalyst 

support. Using an impregnation method, Pd (for steam 

reforming), Pt (for MCH dehydrogenation), Ru (for ammonia 

synthesis) or other active metal supported catalyst was prepared. 

For loading Pd, Pd(OCOCH3) (Kanto Chemical Co. Inc.) was 

used as a metal precursor, for Pt, Pt(NH3)4(NO3)2 (Sigma-

Aldrich Corp.) was used and for Ru, RuCl3M�32O (Kanto 

Chemical Co. Inc.) was used. The dried sample was calcined at 

973 K for 12 h. The prepared catalyst was crushed into 

monomodal particles of 355�500 N(� For evaluating the surface 

adsorbate, fine structure, and electric/ionic conduction, a disk 

was prepared using a pressing apparatus.

Catalyst activity evaluation

For all activity tests, a quartz tube was used as a fixed-bed flow-

type reactor. Two electrodes were inserted into the reactor. The 

electric field was applied using a high-voltage power supply. The 

catalyst bed temperature was measured using a thermocouple. 

The imposed current and response voltage were observed using 

a digital phosphor oscilloscope (Tektronix Inc.). Activity tests 

were conducted basically at around space velocity of 25 000 h-1 

at various pre-set temperatures under atmospheric pressure. 

Reaction rates were estimated in kinetic control. We confirmed 

that the diffusion is not rate limiting in this condition. Product 

gases were assessed qualitatively and quantitatively using GC 

and Q-Mass (QGA; Hiden Analytical Ltd.). Reactant conversion 

was calculated using the ratio of output moles and input moles. 

The reaction rate (r) corresponds to the sum of the product flow 

rates. For reaction with hydrocarbon or CO2, the carbon 

deposition amount on the catalyst was evaluated using 

thermogravimetry with ramping temperature in air.

Characterization

Operando-DRIFTS measurements were conducted using FT-IR 

(Jasco Corp.) with an MCT detector and a diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) reactor cell 

(DR-600Ai and DR-600Ci; Jasco Corp.) with a ZnSe window to 

elucidate the adsorbed species on catalysts with/without the 

electric field. A DRIFTS cell made of Teflon was used to avoid 

short circuits in the cell for IR measurements with application of 

an electric field.

Electrochemical impedance spectroscopy (EIS) 

measurements for CeO2 were conducted in a measurement cell 

(ProboStat; NorECs AS, Norway) with a two-electrode four-

wire set up connected to an impedance spectrometer (alpha-A; 

Novocontrol Technologies) with a ZG4 interface. A schematic 

illustration of measurement cell is presented in Fig. 4-1. All AC 

impedance spectra were recorded at frequencies of 107 � 10-3 Hz 

with amplitude of 0.1 V RMS.

The dispersion of supported active metal was evaluated 

using CO pulse (BEL CAT II; Microtrac-Bel Japan Inc.). Before 

measurements, the catalyst sample was pre-treated under He 

flow at 473 K for 1 h. After the treatment, the temperature was 

decreased to 323 K using He. Then 10% CO was pulsed. The 

TOF-s (based on the metallic surface area) and TOF-p (based on 

the perimeter of supported metal) were calculated with the 

number of surface metal atoms and that of interfacial metal 

atoms, respectively. Operando X-ray absorption fine structure 

(in-situ XAFS) spectra were recorded on BL14B2 at SPring-8 

(Hyogo, Japan) for evaluation of the fine structure of supported 

metal and its valence. The crystalline structure was characterized 

using powder X-ray diffraction (XRD, SmartLab3; Rigaku 

Corp.) operating at 40 kV and 40 mA with Cu-K��radiation. The 

structure of supported metal was observed using TEM (JEM-

2100F200 kV;  JEOL).

Results

Kinetic analyses and isotope effect analyses for various 

reactions in an electric field

Heterogeneous catalytic reactions in DC electric field have been 

reported as showing high conversion rates, even at low 

temperatures of < 500 K. This section presents kinetic evaluation 

of this phenomenon. The first study is steam reforming of 

methane over Pd-catalyst supported on CeO2. Two conditions 

are applied for this reaction. One is heated by a furnace (SR: 

steam reforming) controlling the temperature from 423 K to 623 

K. Another is with application of DC electric field (ef-SR: 

electric field assisted steam reforming). The respective 

temperature dependencies for the reactions (SR and ef-SR) are 

presented in Fig. 3(A). Under these conditions in the electric 

field, catalytic activity was very stable. Almost no coke was 

observed on the Pd/CeO2 catalyst. Methane conversion increased 

drastically by the electric field application, even at low 

temperatures (< 500 K). The activities for ef-SR at low 

temperatures exceeded the limitation of thermodynamic 

equilibrium, indicating that the reaction in the electric field 

includes some irreversible elementary steps. Evaluation was 

conducted of partial pressure dependencies for both reaction 

rates. Results show that the dependences of methane pressure 

were almost first order. The water pressure on the reaction rate 

was about 0.25 for SR. The trend is similar to those reported from 

earlier works 48�50. Actually, ef-SR showed a different trend. The 

dependence of methane pressure was almost first order. The 

water pressure was almost zero. To date, many investigations 

have been conducted for steam reforming of methane. The rate-

determining step of methane steam reforming is known to be the 

methane dissociative adsorption step. For that reason, the partial 

pressure dependence of methane is almost first-order. However, 

different trends were observed for ef-SR. The water pressure 

dependence was greater than that of methane pressure for ef-SR. 

The application of DC electric field to the heterogeneous catalyst 

increased the water pressure dependence. Enhancement of the 

catalytic activity by the electric field is not attributable to Joule 

heating because the partial pressure dependence of the reaction 

rate was clearly different, even at the same methane conversion 

level. Arrhenius plots for both SR and ef-SR are presented in Fig. 

3(b), demonstrating that the temperature dependence of reaction 
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rates with and without the electric field differ considerably. The 

calculated apparent activation energy was 54 kJ mol-1 for SR. On 

the other hand, the slope of the Arrhenius plot for ef-SR changed 

at around 600 K. The apparent activation energy decreased to 14 

kJ mol-1 by application of the electric field at lower reaction 

temperatures. The reaction mechanism of SR and ef-SR differs 

markedly, that of ef-SR proceeds along the lower activation 

energy path at temperatures lower than 600 K.
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Figure 3 Methane steam reforming activity with (ef-) and without an 

electric field (A) and apparent activation energy for methane steam 

reforming with and without an electric field (B) 47.
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Figure 4 Ammonia synthesis rate with (ef-) and without an electric 

field (A) and apparent activation energy for ammonia synthesis with 

and without an electric field (B) 46.

To ascertain of the generality of this phenomenon, we have 

conducted other reactions in the electric field. This section 

introduces two other examples: ammonia synthesis and 

dehydrogenation of methylcyclohexane. Ammonia synthesis 

(AS) was conducted in the electric field at lower temperatures 

(denoted as ef-AS) using 9.9wt%Cs/5.0wt%Ru/SrZrO3 catalyst 

based on our preliminary screening. Fig. 4(A) shows the 

ammonia synthesis rate with and without the electric field. As 

observed from this figure, the application of DC electric field 

enhances the reaction rate drastically. The partial pressure 

dependence changes by the application of electric field. We 

obtained a remarkably high ammonia yield, with an ammonia 

production rate as high as 31 mmol g-cat
R� hR� at 0.9 MPa, which 

is still in the kinetically controlled region 46. The activity was 

stable for a long duration: > 500 hr. The Arrhenius plots for AS 

and ef-AS are shown in Fig. 4(B). From this figure, a drastic 

decrease in the apparent activation energy by application of 

electric field is visible, from 110 kJ mol-1 to 37 kJ mol-1 by the 

electric field. For AS (i.e. without the electric field), the 

ammonia synthesis rate exhibited a positive N2 partial pressure 

dependence of 0.68. The H2 and NH3 partial pressure 

dependencies were negative: R	��� for H2 and R	�� for NH3. 

These trends coincide with results reported from earlier kinetic 

studies of ammonia synthesis 51�54. They indicated that the rate-

determining step is N2 activation, especially N2 dissociative 

adsorption on Ru, because of the strong triple bond of N2 46. The 

negative H2 pressure dependence indicates that the Ru surface 

was covered by dissociated hydrogen. However, in ef-AS, the N2 

and H2 pressure dependencies changed drastically. The N2 

pressure dependence was 0.24, which shows that the electric 
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field promoted the N2 activation step. Moreover, the H2 pressure 

dependence was almost 0: the application of the electric field 

mitigated the adsorbed hydrogen poisoning of Ru to some 

degree.

As another example, we conducted dehydrogenation of 

methylcyclohexane for hydrogen production with and without 

the electric field over Pt/CeO2 catalyst. Methylcyclohexane is 

regarded as a liquid hydrogen carrier. Lowering the 

dehydrogenation temperature is crucially important. As Fig. 5 

shows, the apparent activation energy for the dehydrogenation of 

methylcyclohexane decreased drastically because of application 

of the electric field from 56 kJ mol-1 to 29 kJ mol-1. These results 

demonstrate that the application of an electric field to 

heterogeneous catalyst enables a low-temperature reaction. 

Therefore, we investigated the reasons why the electric field 

promoted reactions by isotope exchange tests.
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Figure 5 Apparent activation energy for dehydrogenation of 

methylcyclohexane with (ef-) and without an electric field (B) 41.

Kinetic isotope exchange tests

We conducted kinetic isotope exchange tests using D instead of 

H on methane steam reforming, ammonia synthesis, and 

methylcyclohexane dehydrogenation in the electric field. For the 

procedure, a steady state reaction including H in the reactant was 

conducted first. Then the flow was switched to another reactant 

including D at the same temperature. Table 1 presents the H/D 

isotope exchange tests for these three reactions. As this table 

shows, the reaction in the electric field showed a higher rate 

using D instead of H: the �inverse kinetic isotope effect�. 

Generally, a Langmuir�Hinshelwood type surface reaction 

shows a kinetic isotope effect. Therefore, introduction of D 

lowers the reaction rate. However, the reaction in the electric 

field showed higher rates when D was introduced: steam 

reforming was 1.18 times faster; ammonia synthesis was 1.21 

times faster; and methylcyclohexane dehydrogenation was 1.41 

times faster. These results correspond to the inverse isotope 

effect. This fact suggests that the electric field affects changes in 

the reaction mechanism.

Table 1 Evaluation of kinetic isotope effects on three reactions 

in the electric field 41, 46, 47

� � � � � � �

Reaction Catalyst Condition Reactant
Measured 

temperature

Reaction 

rate
kD/kH

/ K
/ mmol 

h-1
/ -

� � � � � � �

Methane 
With electric 

field
CH4+H2O 473 10.9* -

steam reforming

Pd/CeO2

� CD4+D2O 473 12.9* 1.18

With electric 

field
N2+H2 585 56 -

Ammonia 

synthesis
Cs/Ru/SrZrO2

� N2+D2 588 71.2 1.21

Methyl-

cyclohexane

Without 

electric field
MCH+H2 519 14.8 -

dehydrogenation � MCHD+D2 520 10.2 0.69

With electric 

field
MCH+H2 445 8.9 -

�

Pt/CeO2

� MCHD+D2 442 12.5 1.41

* conversion of methane

Operando-DRIFTS measurements

Considering the adsorption equilibrium, adsorption of molecules 

on the catalyst surface occurs more readily at lower temperatures. 

The DC electric field effects on catalytic activity are remarkable 

at lower temperatures. Therefore, we conducted investigations 

using operando-DRIFTS measurements to evaluate kinetic 

changes caused by the electric field, based on surface adsorbates. 

Fig. 6 presents infrared spectra with and without an electric field 

for steam reforming of methane and for ammonia synthesis.

In case of methane steam reforming (Fig. 6(A)), Pd-catalyst 

showed many adsorbed species at 473 K in the electric field (not 

shown). However, the spectrum at 473 K ef-SR over bare CeO2 

catalyst showed no adsorbate, indicating that no adsorption 

enhancement proceeded by application of the electric field 

without supported Pd. Therefore, Pd supported on CeO2 is 

regarded as an active site for methane activation in the electric 

field 47. Clear differences are visible with and without the electric 

field from Fig. 6(A). These two reactions, SR at 673 K and ef-

SR at 473 K, showed the same methane conversion in this case. 

This result gives evidence that reaction mechanisms with and 

without the electric field differ completely. The result also 

demonstrates that Joule heat is unimportant for reaction in the 

electric field. The peak assigned to rotation of adsorbed water at 

850 cm-1 55 was observed for Pd/CeO2 catalyst only when the 

electric field was applied at 473 K. This peak is related to the 

Grotthuss mechanism, a widely known mechanism for proton 

hopping. On the Grotthuss mechanism, protons hop via adsorbed 

water molecules with a distorted O�H bond. The rate-

determining step of the Grotthuss mechanism is the water 

rotation step.55�57 Therefore, activated water exists on the 

catalyst surface, related to proton hopping. These results reveal 

that proton hopping occurred via adsorbed water on the catalyst 

surface during ef-SR.

For ammonia synthesis, application of the electric field 

brings the formation of peaks at 3146 cm-1, 3046 cm-1, and 2819 

cm-1. These peaks were not observed under a pure N2 supply in 
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the electric field, or during ammonia synthesis without the 

electric field even at high temperatures. Therefore, these peaks 

can be observed only when the electric field was applied to the 

catalyst bed, and are assigned to the bending and stretching 

modes of N�H vibrations.58 In addition, these species remained 

on the catalyst surface even after stopping of the electric field 

caused by the strong adsorption of NHx species on the catalyst.
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Figure 6 Operando-DRIFTS for methane steam reforming (A) and 

ammonia synthesis (B) with (ef-) and without an electric field 46,47.

Turnover frequency for reactions in the electric field

Considering the role of surface protons, water generally adsorbs 

on the catalyst support, rather than loaded metal. Hydrocarbons 

and dinitrogen adsorb on the supported metal particle. 

Considering this phenomenon, activation of methane, nitrogen, 

and methylcyclohexane with protons is likely to occur at the 

metal�support interface. To elucidate the reaction site for both 

catalyses with and without the DC electric field, we evaluated 

the turnover frequency by changing the particle size and surface 

area of the supported metal. Metallic surface area, metal particle 

size, and the perimeter were evaluated using CO pulse 

adsorption. Here we defined two turnover frequencies: TOF-s 

and TOF-p. TOF-s is calculated based on the metallic surface 

area. TOF-p is calculated based on the perimeter of the supported 

metal. Fig. 7 presents the trends of two TOFs versus Pd particle 

size for ef-SR at 473 K and SR at 673 K. Generally, the activity 

of methane steam reforming is determined by the metallic 

surface area of supported metal. Regarding SR without the 

electric field, we obtained the same trends as those reported from 

the literature, as shown in Fig. 7(b). The TOF-s for SR is the 

same despite the Pd metallic surface area. However, these trends 

differed drastically for ef-SR with the electric field. For these 

catalysts, the electronic state of the supported Pd was the same, 

as confirmed by XPS. The ef-SR activity showed strong 

dependence on the Pd perimeter, rather than on the Pd metallic 

surface area, which indicates that the ef-SR reaction proceeds 

mainly at the Pd�CeO2 interface. The same trend was observed 

for catalytic ammonia synthesis in the electric field, as shown in 

Fig. 8. From these data, one can infer that ammonia synthesis 

without an electric field depends on the TOF-s. At around 2 nm 

particle size of Ru, the B5 site exists, which is known to be highly 

active for ammonia synthesis. The activity depends on the TOF-p 

on the reaction in the electric field, as shown in Fig. 8(a), which 

is evidence that the reaction rate-determining step occurs at the 

periphery of the supported Ru.
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Surface proton transport properties for catalyst support under 

humid and dry conditions were investigated using 

electrochemical impedance spectroscopy. Using samples of low 

relative density at 60% enables evaluation of the interior and 

surface conductivities. The surface protonic conductivity under 

humid and dry conditions increased concomitantly with 

decreasing temperatures, indicating that adsorbed water or 

hydrogen plays an important role for proton hopping on the 

catalyst surface. A related schematic image is shown in Fig. 11.

Discussion

Our experimentally obtained results indicate that surface proton 

hopping (surface protonics) plays an important role in various 

heterogeneous catalyses, including those of methane steam 

reforming, ammonia synthesis, and dehydrogenation of 

methylcyclohexane. Proton conduction is known to play an 

important role in fuel cells, electrolysers, gas-separation 

membranes, sensors, and catalysis. Therefore, numerous 

investigations have already been conducted to assess solid-state 

protonic conduction. Regarding proton conductivity, the proton 

concentration and mobility are fundamentally important for 

achieving high protonic conductivity. Regarding mobility, ionic 

mobility including that of protons is regarded as linked with the 

Nernst�Einstein relation, as presented in equation (1), where D 

is the diffusion coefficient, R is the gas constant, z stands for the 

electric charge, and F is the Faraday constant.

D = N RT/zF  eq. 1

The diffusion coefficient follows Arrhenius behaviour. 

Therefore, the proton mobility can be expressed as Arrhenius-

type, as in equation (2). Thereby, the ionic conductivity can be 

discussed as a function of inverse temperature, as shown in 

equation (3).

N = N0 1/T exp --8TH)/RT) eq. 2

U = U0 exp --8TE)/RT) or U0 1/T exp --8TE)/RT) eq. 3

With respect to the mechanism of proton conduction, two 

main mechanisms are known to exist for proton conductivity. 

One is that by which a proton itself diffuses toward the nearest 

O�H species through hydrogen bonding: the so-called Grotthuss 

mechanism.60 The other is that by which a proton diffuses as a 

hydrated ion: the so-called vehicle mechanism.61 A schematic 

illustration of mechanisms for proton conductivity is portrayed 

in Fig. 12. The activation energy for Grotthuss mechanism is 

reported as smaller values of below 0.5 eV than those for a 

vehicle mechanism below 1.0 eV.62

Grotthuss Mechanism

(< 0.5 eV)

Vehicle Mechanism

(< 1.0 eV)

M M M

O O

O O O

H+

H
H

H

O O

M M M

O O

O O O

H

H
H

H

O O

hopping

H
H

O H

H

H+

Figure 12 Schematic illustrations of proton conductivity 

mechanisms.

Numerous materials have been reported as proton 

conductors. Among them, solid-state protonic conductors are 

often classified in terms of the transported species, the type of 

synthesis for materials, operating temperature range, organic or 

inorganic compounds, and so on 63. Generally speaking, there are 

two ways to generate protons from supplied water vapour. 

Protons can be generated from interaction between water vapour 

and oxygen vacancy 64, as shown in equation (4). Alternatively, 

protons can be generated as derived from acid�base properties of 

solid oxides 65, as in equation (5), where M denotes the adsorbed 

sites for water.

H2O + Ox
o + V··

o = 2OH·
o�    eq. 4

M-OH + M-OH X M-O- + M-OH2
+   eq. 5

Regarding the former point, the reaction of equation (4) is 

generally exothermic, such that low temperatures are favourable 

for proton production. High temperatures are favourable for the 

formation of oxygen vacancies. Therefore, many researchers 

have devoted attention to acceptor doping to increase the proton 

concentration.66�72 Yttrium, barium, gadolinium, and strontium 

are the candidates of dopant for achieving high proton 

conductivity toward BaCeO3 
66,67, Ba2YSnO5.5 

68, BaZrO3 
69 and 

perovskite-structure materials such as LaErO3 70, LaPO4 
71, and 

BaPrO3 
72.

In contrast to ionic conduction of interior solid electrolytes, 

proton conduction via adsorbed water onto oxides, so-called 

�surface protonics�, has been investigated, especially since 

2010. Researchers used Y-stabilized ZrO2 (YSZ) 73,74, TiO2 75, 

and CeO2-based oxides 76 as examples of nanocrystalline oxides. 

Peculiar dependence of surface conductivity was observed on 

YSZ 73 below 500 K. At lower temperatures, water adsorption 

onto the oxides is favourable.72 Therefore, we might conclude 

that a layer of adsorbed water forms hydrogen bonding, yielding 

high protonic conductivity at low temperatures. It contributes to 

the surface heterogeneous catalysis in the DC electric field.

Conclusion

A catalytic reaction mechanism in an electric field is completely 

different from conventional catalytic reactions, as evidenced by 

kinetic evaluation including the Arrhenius plot and partial 

pressure dependence, operando-IR, and kinetic isotope effect. 

Considering these phenomena, the reaction mechanism in the 

electric field can be regarded explained below. First, proton 

forms on the catalyst support surface from water or hydrogen 

adsorbate. After the formed surface proton is driven by the 

electric field application, it collides with adsorbed reactant (e.g.. 

methane, nitrogen, methylcyclohexane) at the periphery of the 

supported metal. Then activated intermediate (C-H-H+, N-N-H+, 

etc.) is formed. It is converted to products on the metal particle 

surface. C-H dissociation or nitrogen dissociation, which are the 

rate-determining steps over ordinary heterogeneous catalyst, is 

promoted by the formation of such an intermediate (C-H-H+, N-

N-H+, etc.) by the electric field. For the case of ammonia 

synthesis, the mechanism through N2H+ brings higher reactivity 

for dissociating strong nitrogen triple bonds. Theoretical DFT 

calculations also lead to results that agree with those of the 
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assumed model. High protonic conductivity on the catalyst 

support enhances the catalytic activity.
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