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Low-temperature heterogeneous catalytic reaction in an electric
field is anticipated as a novel approach for on-demand and small-scale
catalytic processes. This report quantitatively reveals the important
role of proton coverage on the catalyst support for catalytic ammonia
synthesis in an electric field, which shows an anti-Arrhenius behaviour.

During the past several decades, industrial catalytic processes
have been optimized for large-scale processes. They are operated
efficiently under harsh conditions (high temperatures and pres-
sures) using various facilities such as heat exchangers. However,
for next-generation catalytic processes supporting a sustainable
society, small-scale plants that work under milder conditions are
anticipated for on-site and on-demand operation. To moderate
catalyst working conditions, catalytic reactions using external
stimuli (e.g. photonic, magnetic, and electric fields) have attracted
great attention.”® Our group, which has specifically examined the
use of an electric field for low-temperature catalysis, has facilitated
various catalytic reactions such as steam reforming of hydro-
carbon, dehydrogenation of methylcyclohexane (MCH), and
NH; synthesis.”?® In an electric field, H" hopping via surface
hydroxyl groups proceeds (so-called surface protonics), thereby
enabling the reaction path through collision between H'
over support and adsorbent over loading metals such as CHy,
MCH, and N,.

Various analyses have revealed novel catalysis qualitatively in an
electric field induced by H' hopping.®** Quantitative evaluation of
the H' contribution to the overall reaction rate is extremely impor-
tant. The work described herein succeeded in formulizing the effect
of H" amount over supports in the electric field using NH; synthesis
and Ru/CeO, respectively as a model reaction and catalyst.

For this study, 1 wt%Ru/CeO, was prepared using an
impregnation method with CeO, (JRC-CEO-01) as a support.
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The effects on the NH; synthesis rate (r) were observed when
using an electric field (6 mA direct current) and H, partial
pressure (Py) at various catalyst bed temperatures. Before all
activity tests, the catalyst was pre-reduced under a common
condition (N;:H, = 1:3 (Py, = 0.75 atm), 723 K, 2 h). A
schematic image of the fixed-bed type reactor is presented in
Fig. S1 (ESIf). The catalyst bed temperature was detected
directly using a thermocouple attached on the catalyst particles
to exclude Joule heat effects on the reaction caused by the
imposed current.

Without the electric field, a conventional-shaped Arrhenius
plot was obtained (open symbols in Fig. 1(a)). In contrast, the
electric field induced completely different temperature dependence
of the NH; synthesis rate (closed symbols in Fig. 1(a) and
Tables S1, S2, ESIt). Conventional Arrhenius-like behaviour was
detected in the high-temperature region (573-673 K). However,
the slope decreased with the temperature decrement. Also, anti-
Arrhenius-like behaviour emerged around 373-573 K. Subsequently,
Arrhenius-like behaviour was confirmed again at temperatures
lower than around 373 K. This peculiar trend suggests a change
in the reaction mechanism depending on the catalyst bed
temperature. The Py, dependence supported this assumption
(Fig. 1(b) and Tables S3-S6, ESIf). At around 373-573 K,
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Fig. 1 Arrhenius plots for NHz synthesis rate (r) over 1 wt%Ru/CeO5: (a)
with/without the electric field (O or 6 mA) under Py, =0.75atm; and (b) Pr,
dependence in the electric field (0.58, 0.67, and 0.75 atm) with 6 mA.
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at which anti-Arrhenius-like behaviour was observed, Py, has a
positive effect on the reaction rate, although the reaction rates
changed slightly at other temperature regions. Conventionally,
Ru-based catalysts show negative dependence on Py, because of
H, poisoning over the Ru surface.>*>® When the CeO, is used
as the support, the poisoning is suppressed by virtue of the
spillover of H atom from Ru surface to CeO,.>” Without the
electric field, we also confirmed a slight change of activities
with increasing Py, (Fig. S2, ESIT). Therefore, enhancement of the
activities by high Py over Ru/CeO, is a completely specific trend in
the electric field, indicating a novel reaction mechanism.
Reportedly, conventional ammonia synthesis proceeds via the
‘dissociative mechanism’, where supplied N, directly dissociates.*®

N, — 2Nyq [1)
H, — 2H,q (2)
Nag + 3Hag — NH3(y (3)

However, most recently, we have inferred that ammonia synthesis
in the electric field proceeds through the ‘associative mechanism’,
where N, associates with H' over supports before dissociation."

H, — 2H,q (4)

Haa » Haa t e~ (5)

Noaa + Hag + € — NoHaq (6)
NyHgaq + Hyg + € — NyHag )
NyHjaq + Hag + € — Nag + NHg(y (8)

Here, ‘ad’ denotes adsorbed species, and ‘g’ means gaseous
species. In addition, N,H, (x = 0-2, y = 0-2) adsorbs over loaded
metals and H' adsorbs over lattice oxygen of supports (Op).
Similarly, we have reported C-H cleavage activation by hopping
proton over a support.’*® Therefore, the amount of H" over the
support is expected to be crucially important for novel catalysis
in the electric field. We assumed, therefore, that the temperature
dependence of the H' coverage over CeO, plays an important role
in specific temperature dependence with the electric field.

To elucidate this hypothesis quantitatively, the temperature
dependence of H' coverage over Oy, under Py, = 0.75 atm was
investigated using in situ FT-IR measurements in a transmission
mode (Fig. 2(a)) without the electric field and DRIFTs mode
(Fig. 2(b)) with/without the electric field. The hydrogen adsorption
energy over Oy, (H' stability over Oy,) was fundamentally
important for the NH; synthesis rate in the electric field."® To
exclude effects of atmospheric H,O outside of the measurement
cell, D, was supplied as a reactant. Also, O,-D" stretching peaks
(around 2780 cm ™ ")* were used for pseudo-quantitative analysis
of the H" amount at each temperature. Detailed measurement
procedures are shown in Fig. S3 (ESIt). The IR cell for transmis-
sion mode is suitable for a quantitative investigation of surface
OH group (Fig. 2(c)), on the other hand the electric field is not
applicable for the cell due to its structure. So we also measured
DRIFTs for evaluating the effect of the electric field on the
amount of surface OH group (note that DRIFTs cannot evaluate
the precise quantitative amount due to its principle). The qualitative

3366 | Chem. Commun., 2020, 56, 3365-3368

View Article Online

ChemComm
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Fig. 2 Quantitative analysis for O-D* over 1 wt%Ru/CeO, under N, 5
SCCM and D, 15 SCCM: (a) in situ IR transmission spectra, (b) in situ IR
DRIFTs spectra with/without EF, and (c) relative coverage by transmission
spectra (0(T) = Area(T)/Area(323 K)).

analysis with the electric field (Fig. 2(b)) showed that no significant
change was observed by the application of electric field. Electric field
application produces small amount of Joule heat, so small
change can be observed, but the effect of gas phase temperature
(i.e. difference in between 323 K and 473 K) on the adsorption is
much larger.

We calculated the relative coverage of H' (0(7)) using the
peak area, where the value at 323 K (Area (323 K)) was used as a
reference (eqn (9)).

6(T) = Area(T)/Area(323 K) 9)

Results revealed that the H' coverage decreased with the
increment in temperatures (Fig. 2(c)). Furthermore, at 323-373 K,
the H' coverage changed slightly, indicating saturation of H"
coverage.

The obtained 0(T) suggested the contribution of H' coverage
dependence on the temperature to the specific Arrhenius plots
in the electric field. When catalyst bed temperatures are higher
than 573 K, the decrement in H" over CeO, renders the NH;
synthesis rate acceleration negligible, which means that NH;
synthesis at the high-temperature region proceeds via a con-
ventional ‘dissociative mechanism’. Fig. 2 reveals that the Oy,
D' remained on the surface to some extent even at high
temperature region, however, the influence became small from
following reasons. At first, the reaction through ‘dissociative
mechanism’ is much active at high temperature region. Further-
more, the ‘associative mechanism’ is limited at the three phases
boundary (TPB),** although the ‘dissociative mechanism’ can
proceed over all region of metal surface. It means that the
reaction site for ‘dissociative mechanism’ is much larger than
that for ‘associative mechanism’. Therefore, the contribution of
‘associative mechanism’ to the overall reaction rate became very
small at high temperature region even if there is proton over
supports. In contrast, the CeO, surface is covered by H' sufficiently
at temperatures lower than 373 K; also, H' reacts with N, over Ru.
The overall reaction rate at around 373-573 K can be described as
the sum of two rates of reaction through the ‘dissociative
mechanism’ and the ‘associative mechanism.’ Therefore, we
assumed that the overall NH; synthesis rate in the electric field
is definable as

rcalc[T) = rdissociative(T) + H(T) X rassociative(T) (10)

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Experimental reaction rate under Py, = 0.78 atm and calculated
reaction rate (rc,c(T)). Data in Fig. 1(a) are used for ryissociative aNd Fassociative-

where Tgissociative(Z) and Tassociative(I) show the extrapolated
values (Fig. 3). The Arrhenius plots without the electric field
(Fig. 1(a)) are used for rgjssociative(T)- Tassociative(T) Was calculated
using approximate straight line which was drawn using experi-
mental values at low-temperature (T < 373 K) region. At the
region, negligible change of 0(T) was detected, and Arrhenius-
like behaviour was confirmed for NH; synthesis rate in the
electric field. Therefore, we concluded that the straight line at
right side in Fig. 3 would mean the ideal NH; synthesis rate
through ‘associative mechanism’ with maximum H" coverage.
Rate determining step (RDS) approximation was used for the
second term of the eqn (10). We inferred that the RDS in
the electric field might be the N,H formation step (eqn (6)),
meaning that the reaction rate would be scaled linearly by the
H' concentration.'® As for the H" concentration, the actual
measured values presented in Fig. 2(c) are used. Fig. 3 shows a
comparison between r.,.(7) and the experimental value. For
this consideration, r under Py, = 0.75 atm with 6 mA was used.
It is particularly interesting that the calculated value showed
close agreement with the experimental value. The coincidence
reveals the linear correlation between the enhancement of the
reaction rate and H" amount in the electric field. It also supports
the credibility of RDS approximation on N,H formation step. This
result also corresponds to the P; dependence shown in Fig. 1(b).
The temperature of inflection points around 373 K became lower.
Under Py, = 0.78 atm, the H' coverage hits ceiling at around
373 K, and the conventional temperature dependence emerged.
When the Py, decreased, the temperature at which reaches a
limit became lower owing to the decrease of H' source.

This report is the first study that quantitatively assesses the
relation between H' coverage and reaction rates in the electric
field. This finding is expected to be expanded to other reaction
systems involving H' and is expected to constitute an essential
guideline for the optimization of catalyst and reaction conditions
in an electric field. For instance, when the reaction was conducted
in a low-Py;, atmosphere, catalysts should be designed to keep H
tightly. In contrast, under high Py, catalysts that bind H' loosely
would be demanded to enhance the H supply ability."

In summary, we analysed the novel catalysis quantitatively
and qualitatively under an electric field using NH; synthesis as

This journal is © The Royal Society of Chemistry 2020
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a model reaction. We identified a peculiar temperature dependence
of the NH; synthesis rate in the electric field. Three regions were
confirmed: anti-Arrhenius-like behaviour emerged at around
373-573 K; Arrhenius-like behaviour was observed in the other two
temperature regions (T > 573 K or T < 373 K). Furthermore, Py,
dependence on the electric field was influenced by the temperature.
The activities increase with high Py only around 373-573 K. The H'
coverage was detected using in situ FI-IR measurements in a
transmission mode. The results of analysis showed that the incre-
ment of H' coverage accorded to the temperature decrease. The
coverage hits a ceiling at around 373 K. Based on the findings
described above, the overall reaction rate in the electric field was
formulated. The calculated reaction rate fitted closely to the experi-
mental values. The linear relation between the H' coverage and
enhancement of the reaction rate by the electric field are indicated
clearly. These insights are fundamentally important for the further
investigation of catalytic reactions in the electric field.
This study was supported by JST MIRAL
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