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Irreversible catalytic methylcyclohexane
dehydrogenation by surface protonics at low
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Liquid organic hydrides are regarded as promising for use as hydrogen carriers via the methylcyclohexane
(MCH)—-toluene—hydrogen cycle. Because of the endothermic nature of MCH dehydrogenation, the
reaction is usually conducted at temperatures higher than 623 K. In this work, low-temperature catalytic
MCH dehydrogenation was demonstrated over 3 wt% Pt/CeO, catalyst by application of electric field

across a fixed-bed flow reactor. Results show that a high conversion of MCH beyond thermodynamic

equilibrium was achieved even at 423 K. Kinetic analyses exhibited a positive correlation of hydrogen to
the reaction rates and an “inverse” kinetic isotope effect (KIE), suggesting that accelerated proton
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hopping with the H atoms of MCH promotes the reaction. Operando analyses and DFT calculation

proved that the reverse reaction (ie. toluene hydrogenation) was suppressed by the facilitation of
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1. Introduction

Hydrogen is anticipated for use as a promising secondary
energy because it is producible from various sources. However,
as hydrogen is gaseous, with low volume-density, a safe and
cost-effective hydrogen storage system must be devised. Over
many years, various hydrogen storage systems have been
proposed such as hydrogen compression, hydrogen liquefac-
tion, and hydrogen adsorption using solid state materials and
organic hydrides: cycloalkanes.'* The organic hydride method
is the most beneficial for long-term storage and mass
transportation.®?

The organic hydride method consists of two reactions;
hydrogenation and dehydrogenation between aromatic and
naphthene compounds. The extracted hydrogen is useful for
fuel cells, hydrogen combustion, and other applications.
Among several organic hydride systems, methylcyclohexane
(MCH) and toluene cycle are the most feasible for mobile and
stationary applications because of their wide range of liquid
phase and low toxicity.*” Dehydrogenation of MCH is an
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toluene desorption in the electric field. The electric field promoted MCH dehydrogenation by surface
proton hopping, even at low temperatures with an irreversible pathway.

endothermic reaction, as shown in eqn (1). It is normally con-
ducted at reaction temperatures higher than 623 K due to its
kinetic and thermodynamic limitations.®

C7H,4 — C;Hg + 3Hy, AH%g = 204.8 kJ mol ™' (1)

Various Pt-supported catalysts have been investigated
extensively because of their high activity and selectivity for MCH
dehydrogenation.>® However, Pt-supported catalysts are re-
ported as easily deactivated with toluene fouling and coke
deposition.*™ Many studies assessing the prevention of fouling
and coke have been conducted.*®”'**® Catalyst stability is
important to achieve adequate cost-effectiveness of the organic
hydride system. Lowering the dehydrogenation temperature is
also very important, because it can reduce energy consumption,
and enables use of low-grade heat.>**** Nevertheless, the
dehydrogenation reaction is limited strongly by the thermody-
namic equilibrium, especially at low temperatures. To exceed
this equilibrium limitation, several attempts have been exam-
ined using catalytic membrane reactors,”? liquid-film-type
catalyst®*>* and wet-dry multiple phase condition.*>*® Imposi-
tion of an electric field also promotes endothermic catalytic
reactions at low temperatures.’’** Manabe and co-workers re-
ported that methane steam reforming proceeded, exceeding
equilibrium limitations in an electric field at 423 K because of
an irreversible reaction mechanism.*” Hopping proton over
electric-field-imposed Pd/CeO, plays an important role,*”** and
hydrogen can be obtained even at low temperatures by proton
hopping.***”** This is the first report that electric field

This journal is © The Royal Society of Chemistry 2019
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application enables catalytic MCH dehydrogenation at low
temperature (423 K) with high conversion; exceeding the equi-
librium limitation by a surface proton hopping.

2. Experimental

2.1. Catalyst preparation

Pt/CeO, catalyst was prepared using a wet-impregnation
method. Catalyst support CeO, (JRC-CEO-1) was impregnated
with a solution of Pt(NH3)4(NO;), (Sigma-Aldrich Corp.). CeO,
support was soaked in 25 mL of water for 2 h. Then, Pt precursor
was added with 15 mL of water and was stirred for 2 h using an
evaporator. The loading amount of Pt was adjusted to 3 wt%.
The solution was dried up. Then the resultant powder was
calcined at 773 K for 2 h. The obtained catalyst was sieved to
355-500 pm.

2.2. Catalytic activity tests

Catalytic activity tests were conducted with a fix-bed flow type
reactor in which 200 mg of Pt/CeO, catalyst was charged. Two
stainless steel electrodes were inserted contiguously on the
upper-side and bottom-side of the catalyst-bed to impose an
electric field (see ESI Fig. S17). The same setup was used also for
the reaction without the electric field. For reaction in the elec-
tric field, 3.0 mA of constant current was applied between two
electrodes. The reaction temperatures were set respectively to
423 and 523 K for reactions with and without the electric field.
The reaction gas composition was C;Hy, : Ar = 6.4 : 30 and the
total gas flow rate was 36.4 mL min~', 0.1 MPa. We confirmed
that the reaction condition is in a kinetic region at lower
temperatures, and confirmed that diffusion is not a rate-
determining factor (Fig. S21). The reaction was conducted for
480 min to confirm the catalytic stability for MCH dehydroge-
nation. The product gas of the reaction was measured using GC-
FID (GC-8A; Shimadzu Corp.) and GC-TCD (GC-8A; Shimadzu
Corp.). Hydrogen yield was defined with the MCH feed rate
(umol min~") and the H, formation rate (umol min ). The
resultant liquid during the reaction was analyzed using GC-FID
(GC-4000; GL Science Inc.).

Hydrogen yield (%) = ry /(C7H 4 feed rate x 3) x 100 (2)

Arrhenius plots were obtained over Pt/CeO, catalyst to eval-
uate the apparent activation energy of MCH dehydrogenation
with and without the electric field in a kinetic condition.
Reaction rates were evaluated in kinetic control. In fact, the
reaction rates were defined from the formation rate of H, in the
same manner as that used for activity tests. For a reaction with
the electric field, the catalyst temperature was increased with
Joule heating from the imposed electricity. Therefore, a ther-
mocouple was inserted to the catalyst bed. It monitored the
actual temperature of the catalyst.

After reaction for 480 min, the coke deposited on the catalyst
was found from temperature-programmed oxidation (TPO)
measurements obtained using a gas chromatograph to estimate
CO or CO, formation by coke oxidation. The temperature was
increased from 298 K to 1173 K at 10 K min~' in the gas
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composition of O, : He = 10 : 90 (mL min ). The produced gas
components and coke formation amount met a conceivable
mass balance, i.e. almost 100%.

2.3. Partial pressure dependence and isotope effect

To elucidate the reaction mechanism, the dependence of partial
pressure and reaction rate was evaluated for MCH, toluene, and
hydrogen in each reaction condition because MCH conversion
showed almost equal levels for these two cases: (1) at 423 K with
the electric field and (2) at 523 K without the electric field. The
feed gas composition was modified as C;Hy, : Ar = (3.2, 6.4, 9.6,
11.3): (53.2, 50.0, 46.8, 45.1), C;Hy, : C;Hg : Ar = 6.4 : (1.0, 2.0,
3.0, 4.0) : (49.0, 48.0, 47.0, 46.0) and C;Hy, : H, : Ar = 6.4 : (4.0,
7.0,9.0,12.0) : (46.0, 43.0, 41.0, 38.0). The total gas flow rate was
56.4 mL min~*, 0.1 MPa. Reaction rates were calculated from
the formation rate of H, analyzed using GC-TCD (GC-84; Shi-
madzu Corp.).

To elucidate the isotope effects of MCH dehydrogenation
reaction, isotopes of MCH and H, were used. The feed gas
composition was modified as C;Hy, (or C;Dy4) : H, (or Dy) : Ar
= 6.4:4.0:46.0. The total gas flow rate was 56.4 mL min .
Reaction rates were calculated from the formation rate of H,,
HD, and D,.

2.4. Operando DRIFTS measurements

To observe the surface state of Pt/CeO, catalyst in the electric
field, DRIFTS measurements were conducted using a Fourier
transform infrared spectrometer (FT/IR-6100; Jasco Corp.).
Additionally, measurement apparatus was assembled for
application of the electric field to the samples as described in an
earlier report of the relevant literature.”* In this experiment,
sieved catalyst was used. Two Pt electrodes were set on the
catalyst. First, to confirm the state of the adsorbed species on Pt/
CeO, catalyst during the reaction, operando DRIFTS measure-
ments were conducted. This operando measurement was con-
ducted with the electric field at 423 K and without electric fields
at 423 and 523 K. For measurements with the electric field, the
constant current was imposed after the MCH introduction.
Second, to observe the time course behavior of the absorbed
species of MCH, intermediates, and toluene, DRIFTS measure-
ments were taken with the electric field at 423 K and without the
electric field at 523 K. For these measurements, MCH was
supplied for 5 min into the measurement vessel to adsorb MCH
on the catalyst. Subsequently, the gas flow was switched to Ar
during measurement. Constant current was imposed immedi-
ately after the gas switching to Ar. Subsequently, IR spectra were
observed for 60 min in each condition.

2.5. Hydrogenation of toluene

Regarding the investigation of toluene hydrogenation activity
on Pt/CeO, catalyst, the reaction was conducted with and
without the electric field. The feed gas composition was C,Hg-
:H, : Ar = 6.4 :19.2 : 10.8 (molar ratio). The total gas flow was
36.4 mL min~ ', 0.1 MPa. The product liquid during the reaction
was measured using GC-FID (GC-4000; GL Science Inc.).
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2.6. Characterization

Dispersion and metal surface area of Pt metal was estimated
using CO pulse measurements (BELCAT II; MicrotracBEL
Corp.). Pre-treatment was conducted at 623 K in He gas to
vaporize the adsorbed water. In addition, the state of supported
Pt was confirmed with STEM images and EDX mapping results
from scanning transmission electron microscopy (STEM; HF-
2210; Hitachi Ltd.). The specific surface area of the catalyst
was investigated based on N, adsorption using the BET method
(Gemini VII; Micromeritics Instrument Corp.). Pre-treatment
was conducted at 473 K in a N, atmosphere for 2 h.

2.7. First-principles calculation

Theoretical analysis for vibrational spectral analysis was con-
ducted using DFT calculations. All calculations were conducted
using the Vienna ab initio simulation package (VASP) ver. 5.4.1.
Procedure is described in ESL}

3. Results and discussion

3.1. Catalytic activity and the proton hopping role in the
electric field

We conducted MCH dehydrogenation over 3 wt% Pt/CeO, at
temperatures of 423-573 K to confirm the electric field effects at
low temperature range. 3 wt% Pt/CeO, catalyst is an excellent
catalyst for this purpose in an electric field, as confirmed from
our pre-screening test (60 catalysts with various metals and
supports are tested, not shown). Catalytic activities in terms of
H, yield and the CH, production rate at each temperature are
presented in Table 1. All the tests are conducted in a kinetic
region (i.e. lower conversion condition). The actual temperature
of catalyst was increased by Joule heating of the imposed elec-
tricity. Although the increase of temperature was 19 K at most
(423 K), the catalytic activity was strongly promoted from 0.8%
to 21.6% in the electric field. The conversion in the electric field
can be increased to higher value by changing the contact time as
shown in Fig. S2.1 Consequently, the Joule heat effects on the
catalytic activity are negligible. The catalyst activity was affected
considerably by the applied electric field in the lower tempera-
ture range. Notably, the catalytic activity (21.6%) at 423 K with
the electric field, which exceeds the equilibrium limitation
(=5.5%) at this temperature. In terms of the methane (by-
product) production rate, the catalyst in the electric field
showed a lower methane production rate than the catalyst
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without an electric field at a similar catalytic activity level. In
other words, applying an electric field to the catalyst facilitated
dehydrogenation and suppressed MCH decomposition. To
confirm this facilitative effect for dehydrogenation, Arrhenius
plots are presented for kinetic region for both cases, i.e. with
and without the electric field (Fig. 1). The apparent activation
energy was 55.6 k] mol~ " without the electric field, whereas it
was 28.6 k] mol ™" with the electric field. These results suggest
that the MCH dehydrogenation was strongly promoted with
electric field imposition. This phenomenon shows that the
reaction mechanism on the catalysis in the electric field is
completely different from that on the heated catalyst. To
elucidate the reaction mechanism, the dependence of partial
pressure and reaction rate for MCH, toluene, and hydrogen was
evaluated over Pt/CeO, catalyst with the electric field at 423 K
and without the electric field at 523 K, as presented in Fig. 2.
Here, the reaction rate of MCH dehydrogenation is defined as
described in eqn (3) with each partial pressure.

I'Dehydrogenation = k[MCH]a[t()luene]b[HZ]c (3)

Generally, toluene and hydrogen partial pressures negatively
affect the reaction rates of MCH dehydrogenation because
toluene adsorption competitively inhibits adsorption of MCH to
the reaction site. As Fig. 2 shows, the partial pressures of
toluene and hydrogen are negatively correlated with the reac-
tion rates without the electric field (i.e. heated catalyst).®
Although toluene partial pressures are also negatively correlated
with the reaction rate in the electric field, the order of correla-
tion slope increased from —0.18 (without the electric field) to
—0.07 (with the electric field). Moreover, the partial pressure of
hydrogen was positively correlated with dehydrogenation reac-
tion in the electric field, which is an extraordinary phenomenon
considering the nature of hydrogenation reactions (i.e. normally
reversible). We found in earlier studies that proton hopping on
the catalyst enables low-temperature catalysis in many cases. In
such cases, hydrogen partial pressure dependence shows posi-
tive values.>~* Therefore, H species are considered to promote
dehydrogenation of MCH on the Pt/CeO, in an electric field.

To confirm the role of H species in the electric field, isotope
effects were investigated supplying isotope MCHp, (i.e. C;D14)
and D, to the catalyst with and without the electric field (Table
2). Isotope effects were defined as kp/ky, where & is the rate
constant of dehydrogenation calculated from the hydrogen

Table 1 Temperature dependencies of catalytic activity in a kinetic condition on 3 wt% Pt/CeO, with and without the electric field; gas supply:

MCH : Ar = 6.4 : 30 (total flow rate 36.4 mL min™Y), EF: 3 mA current®

With EF Without EF
Reaction temperature/K Ty ./K  H,yield/% CH, production/lO’2 pmol min™* T./K H,yield/% CH, production/lO’2 pmol min™*
423 442 21.6 1.1 422 0.8 n.d
473 479 30.2 2.4 468 5.6 n.d
523 522 51.8 4.1 523 21.5 1.6
573 572 88.3 14.0 566 52.5 5.2

“ T,e: catalyst bed temperature measured using a thermocouple.
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Fig.1 Arrhenius plots for 3 wt% Pt/CeO, catalyst with and without the
electric field (EF): gas supply, MCH : Ar = 6.4 : 30 (total flow rate 36.4
mL min~™Y); EF: current 3 mA.
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Fig. 2 Dependence of partial pressure and reaction rate for (a)
methylcyclohexane, (b) toluene, and (c) hydrogen over 3 wt% Pt/CeO,
in methylcyclohexane dehydrogenation with the electric field at 423 K
and without electric field at 523 K; current 3 mA.

formation rate in a kinetic region. Without the electric field, the
kp/ky value was lower than 1.0 when MCHp, was supplied: 0.67
and 0.69 for MCHp/H, and MCHp/D, cases, respectively.
Furthermore, reaction rates were unaffected by the exchange of
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H, and D,. In most cases, chemical bonds including heavier
isotopes require higher dissociation energy because of the
stability of zero-point energy (ZPE), which leads to a lower
kinetic value of the reaction (kp/ky < 1). Thereby, kinetic isotope
effect (KIE) was observed during the reaction without the elec-
tric field. However, kp/ky values with the electric field were
increased; kp/ky were 1.20, 1.22, and 1.42 for MCHp/H,, MCHyy/
D,, and MCHp/D,, respectively. These “inverse” KIE were
observed when a C-H-H configuration is formed with proton
collision because the three-atom transition state has greater
discrepancy of ZPE between isotopes than the physisorption
state.*** From kinetic isotope analyses, MCH dehydrogenation
is promoted by proton collision in the electric field.

3.2. Observation of adsorbed species and reaction
mechanism on Pt/CeO, in the electric field

Operando IR measurements were conducted over Pt/CeO,
catalyst to confirm the role of accelerated protons in MCH
dehydrogenation. Fig. 3 portrays the operando IR spectrum
during MCH gas supply with the electric field at 423 K, without
the electric field at 423 K, and also without the electric field at
523 K. Without the electric field, two peaks for C-H stretching
vibrations were observed, respectively, at 2925 and 2938 cm™*,
assigned to -CH; and —-CH,- of physisorbed MCH (Fig. S3t).”>*
In addition, doublet peaks of C-H stretching were confirmed
around 2860 cm™ '.5>% Regarding peaks with the electric field,
there were four peaks in the C-H stretching region: 2910, 2925,
2938, and 2953 cm ™. The peak intensity of the formed toluene
was negligible compared to that of MCH (Fig. S4t). Thereby,
peculiar peaks for the spectra in the electric field were detected
at 2910 and 2953 cm ™.

For the specification of such peculiar peaks in the electric
field, DFT calculations were done. This first-principles calcula-
tion considered the physisorption state of MCH (C,H,4) and
chemisorption states of C,H;; species. According to kinetic
analyses, MCH dehydrogenation was promoted by proton
collision in the electric field. In this case, C;H;; species could be
formed after the first proton collision to MCH with production
of H,. The most stable structures and adsorption energies were
calculated for MCH physisorption and C;H;; chemisorption
states (Fig. 4). Consequently, chemisorption on the y-position

Table 2 MCH dehydrogenation using isotope; 3 wt% Pt/CeO, catalyst; gas supply MCH : Hy(or D) : Ar = 6.4 : 4 : 46 (total flow rate 56.4

mL min~Y); EF: 3 mA current?

Condition T /K H, production rate/umol min~* H, yield/% kplkyl—

With EF (423 K) MCHy/H, 445 148 18.8 —
MCHy/D, 441 178 22.6 1.20
MCHp/H, 445 180 22.9 1.22
MCHp/D, 442 209 26.6 1.42

Without EF (523 K) MCHy/H, 519 247 31.5 —
MCHy/D, 519 255 32.5 1.03
MCHp/H, 518 165 21.0 0.67
MCHp/D, 520 170 21.7 0.69

“ T,e: catalyst bed temperature measured using a thermocouple.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Operando DRIFTS spectra for 3 wt% Pt/CeO, with the electric
field at 423 K and without the electric field at 423 and 523 K.

or d-position was more stable, but all chemisorption states were
able to be formed in view of the calculated adsorption energies.
For that reason, theoretical C-H stretching vibrations were
calculated to assign those peaks. As results of the calculations
(Fig. S51), peaks at 2910 and 2953 cm ' can be attributed
respectively to C;H;; chemisorption with the B-position and -
position. These C,H;; species were regarded as reaction inter-
mediates after proton collision. Therefore, the latter dehydro-
genation steps might be the rate-determining steps from the
fact of this intermediate observation.

More detailed investigations for operando IR measurements
were conducted to identify such C;H;; species as reaction
intermediates. Fig. 5 portrays the time-course spectra of oper-
ando IR peaks after the electric field was applied and the MCH
supply was turned off simultaneously. After 3-5 min with
application of the electric field, peaks for the chemisorption

m ABC. |

E,q=0.61eV E,q=-0.77 eV

(a) (b)

E,q=-0.75¢eV

E,q=-0.96 eV

E,y =-0.95 eV E,y=-0.87 eV

Fig. 4 Calculated optimized structure and adsorption energy with
DFT calculation for MCH physisorption and C;H;3 chemisorption at
various positions: (a) MCH physisorption, (b) a-position, (c) B-position,
(d) y-position, (e) 3-position, and (f) methyl-group.

5922 | RSC Adv., 2019, 9, 5918-5924

View Article Online

Paper

.2908 cm’
=v'q

2925 cm'!

2938 cm' |

Intensity / arb. unit

30 min

10 min
\ 20 min

3200 3100 3000 2900 2800 2700 2600
Wavenumber / cm™

Fig. 5 Operando DRIFTS spectra for 3 wt% Pt/CeO, with the electric
field at 423 K with time course and theoretical identification of C-H
stretching for IR peaks of C;H;3 chemisorbed at (a) B-position and (b)
d-position based on DFT calculation.

were observed in addition to that of physisorption. Subse-
quently, at 10 min, peak intensity for physisorption of MCH
decreased faster than that of C;H;; chemisorption, which
suggests that the second or third dehydrogenation was slower
than the first dehydrogenation in the electric field. Then, the
chemisorption peaks disappeared gradually within 30 min.
These physisorption peaks represented physisorbed MCH on
inactive sites. Fig. 6 depicts the time-course spectra of operando
IR without the electric field after the MCH supply was stopped.
Contrary to the case with the electric field, MCH physisorption
peaks were observed during IR measurement. Thereby, it can be
surmised that the first dehydrogenation of MCH (cyclohexane
to cyclohexene) was a reaction barrier or rate-determining step
without the electric field.>»** Whereas the peak intensity for

(a) 2938 cmr?

f2e A t

2925cm’!

(b)I 05

1 min

l
i ]
H i I
.
:
:

30min |

Intensity / arb. unit
S
% ) .
- |
Intensity / arb. unit

1500:m‘ |500~cm‘

3200 3100 3000 2900 2800 2700 2600 1900 1800 1700 1600 1500 1400 1300
Wavenumber / cm™ Wavenumber / cm™

Fig. 6 Operando DRIFTS spectra for 3 wt% Pt/CeO, without the
electric field at 523 K with time course: wavenumber range (a) 2600—
3200 cm ' and (b) 1300-1900 cm ™.
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MCH physisorption decreased, that of toluene increased as
measurements proceeded. These peaks were found for toluene:
C-H stretching at around 3030 cm™ " (Fig. S67) and C-C
stretching at around 1500 and 1600 cm™* were derived from
dehydrogenation of MCH.*>**** Remarkably, toluene adsorp-
tion was not observed during the electric field application
(Fig. 5) even though the conversions for two conditions were
almost identical (with the electric field at 423 K and without the
electric field at 523 K).

3.3. Reversibility of the reaction and the reaction
mechanism

Toluene hydrogenation reaction was conducted with the Pt/
CeO, catalyst to assess the reversibility of the reaction because
conversion of catalytic dehydrogenation of MCH with the elec-
tric field exceeded the calculated equilibrium, as shown in
Table 1. Fig. 7 and Table S17 present temperature dependencies
of toluene hydrogenation with and without the electric field.
They show that hydrogenation activity with the electric field was
lower than that without the electric field at temperatures below
523 K. Toluene hydrogenation activity reached the equilibrium
limit above 523 K because catalysis with heat is reversible. This
reversible path is dominant at temperatures higher than 523 K,
irrespective of the reaction with/without the electric field. Sup-
pressing catalytic activity for the reverse hydrogenation reaction
with the electric field was observed. It derived from two reasons.
First, as described above, the reactant toluene only slightly
approached the reaction sites on Pt/CeO, because toluene can
desorb easily by the application of the electric field. Addition-
ally, it was difficult for the hydrogenation of adsorbed toluene to
proceed because of proton conductivity ascertained from
“inverse” kinetic isotopes. Proton hopping promoted MCH
dehydrogenation through three-atom transition (C,H;;-H-
H").** Consequently, hydrogenation with the electric field
necessitated large apparent active energy and might be nearly
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Fig.7 Temperature dependencies of toluene hydrogenation on 3 wt%
Pt/CeO, with and without the electric field: 423-673 K of reaction
temperature; gas supply toluene : H, : Ar=6.4:19.2 : 10.8 (total flow
rate 56.4 mL min~3); EF: current 3 mA.
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Fig. 8 Schematic illustration of MCH dehydrogenation in the electric
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irreversible.***”** This phenomenon is related to the effects of
proton collision during MCH dehydrogenation. Therefore, the
electric field application promoted dehydrogenation reaction
with proton collision, and it inhibited reverse hydrogenation,
then the dehydrogenation of MCH exceeds the equilibrium
limitation by applying the electric field at low temperatures.
Also, the catalytic dehydrogenation in the electric field showed
stable activity (Table S21) and no change for the catalyst struc-
ture was observed (Table S37).

Fig. 8 presents the proposed reaction scheme according to
the series of obtained results. We inferred that accelerated
protons in the electric field (step 1) collided with H atoms of
physisorbed MCH on either the B-position or 3-position (step 2),
which triggered the first dehydrogenation reaction of MCH
(step 3). After subsequent dehydrogenation had proceeded,
toluene desorption was also promoted with the electric field
(step 4).

4. Conclusions

MCH dehydrogenation was conducted on 3 wt% Pt/CeO, with
the electric field application. High catalytic activity was ob-
tained even at 423 K, exceeding the equilibrium limitation. In
the electric field, partial pressure dependence of H, was found
to be correlated positively with the reaction rate of dehydroge-
nation despite reversibility of the reaction. Furthermore, kinetic
analyses revealed an “inverse” kinetic isotope effect (KIE).
Proton acceleration that occurred along with the electric field
application induced collisions with H atoms on MCH, which
advanced the dehydrogenation on Pt/CeO,. According to oper-
ando IR measurements and DFT calculations, peculiar peaks
were observed at wavenumbers of 2910 and 2953 cm ™' in the
electric field. They were attributed to chemisorbed C,H;;
species with B-position and d-position. Results demonstrate
that protons collided with H atoms of MCH at such positions,
and that C;H;; remained on the surface as the reaction inter-
mediates. Although toluene adsorption was observed without
the electric field, it was not confirmed with the electric field.
Consequently, electric fields can also facilitate toluene desorp-
tion. Moreover, toluene hydrogenation (i.e. reverse reaction)
was inhibited in the electric field. In conclusion, the electric
field promoted MCH dehydrogenation with proton collision
irreversibly, even at the low temperature of 423 K.
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