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Hydrogen migration over a metal oxide surface is an extremely important factor governing the activity
and selectivity of various heterogeneous catalytic reactions. Passive migration of hydrogen governed by
a concentration gradient is called hydrogen spillover, which has been investigated broadly for a long
time. Recently, well-fabricated samples and state-of-the-art measurement techniques such as operando
spectroscopy and electrochemical analysis have been developed, yielding findings that have elucidated
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the migration mechanism and novel utilisation of hydrogen spillover. Furthermore, great attention has
been devoted to surface protonics, which is hydrogen migration activated by an electric field, as
DOI: 10.1039/d0cp04139d applicable for novel low-temperature catalysis. This article presents an overview of catalysis related to

hydrogen hopping, sophisticated analysis techniques for hydrogen migration, and low-temperature
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1 Overview

Hydrogen migration plays an important role in various catalyses
such as hydrogenation-dehydrogenation of hydrocarbon,' CO,
reduction®® and NH; synthesis."®"” However, the utilisation
of hydrogen migration is not limited to catalysis. It is also
fundamentally important for catalyst preparation,'®' hydrogen
storage,”®*" fuel cells and sensors.?***

Commonly, hydrogen migration is driven by the concen-
tration gradient. Supplied gaseous H, is dissociated on active
metals. H atoms migrate onto adjacent hydrogen-poor surfaces
such as metal oxide, which is not able to activate H, under the
same conditions. This phenomenon is designated as hydrogen
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spillover.>*** Spillover was first reported by Khoobiar et al. in
1964.”° They observed that WO; was reduced by H, into blue
H,WO; at 323 K only when it was in contact with Pt-loaded
metal oxides (Pt/y-Al,0;). This result suggests that H atoms
over Pt particles spill over onto physically connected WO;. Since
that seminal report, many researchers studying catalysts have
shown keen interest in hydrogen spillover.

A well-balanced and comprehensive review of hydrogen
spillover was written by Prins in 2012.>* The review also
explained some points of uncertainty in the discussion about
hydrogen spillover onto non-reducible metal oxides such as SiO,
and Al,O;. Over reducible metal oxides, fast hydrogen spillover
proceeds via coupled proton electron transfer, as presented
in Fig. 1. In contrast, this mechanism is not approved over
non-reducible metal oxides. The main controversies related to this
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Fig. 1 Schematic images of spillover of H atoms from metal particles to
reducible metal oxides.

H+

concept involve the lack of a detailed understanding of migration
mechanism and direct proof of the catalysis using migrating
H atoms. After publication of the review by Prins, in-depth investi-
gation using well-fabricated samples, operando spectroscopy
and density functional theory (DFT) have been reported.*>**™’
Choi et al. presented a review about one of them: encapsulated
metal catalyst.>®

Furthermore, most recently, we have actively facilitated
hydrogen migration by application of an electric field.>*™*" This
active migration is called surface protonics. It has been revealed
that surface protonics plays a key role in activating the cleavage of
strong bonds, as in the N=N bond in N,,"*"*”*>** and the C-H
bond in hydrocarbons, as in CH,*™*® and methylcyclohexane
(MCH).*® Those activations make it possible to catalyze hydrogen
production and formation of the hydrogen carrier, even at low
temperatures (<500 K). Therefore, we have eagerly investigated
low-temperature catalysis using surface protonics in an electric
field as promising novel catalytic systems.***'

In this review, we provide an overview of recent reports
about catalytic reactions and operando analysis related to
hydrogen spillover and active facilitation of the reaction using
surface protonics. We first discuss catalysis involving hydrogen
spillover and recent progress in that field in chapter 2.
In chapter 3, state-of-the-art evaluation techniques of hydrogen
migration using well-fabricated samples, operando spectroscopy,
DFT calculations and electrochemical measurements are also
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introduced. Finally, novel low-temperature catalyses achieved by
virtue of surface protonics are presented in chapter 4.

2. Recent reports of catalyses related
to hydrogen spillover

Hydrogen spillover has been applied for various catalytic
reactions. Its benefits are attributable to two main processes.
One process is the supply of H atoms from one active site
to other sites where there is no ability to dissociate H,. In
Sections 2.1-2.3, such benefits are explained. Especially, the
change of net migration by doping is shown in Section 2.3. The
other process is removal of H atoms from sites that are hindered
by excess amount of H atoms, as introduced in Section 2.4.

2.1 Enhancement of atom efficiency

Noble metal nanoparticles are well known to be active to several
reactions, but high atomic efficiency is necessary because of
their scarcity on Earth. Recently, to enhance atomic efficiency,
great efforts have been undertaken for specific examination of
size reduction of the supported metal particles to single atoms,
which can achieve 100% atomic efficiency. Studies of single-
atom catalysts (SAC) were described by the Liu group.*”*8
Those catalysts have been used for various reactions such as
CO oxidation,*® water gas shift reaction,’® and O, or CO,
electroreduction.”™*> However, they do not function as a catalyst
for ketone-aldehyde reductions, which are widely used and
fundamental reactions in chemical engineering. Difficulties arise
from a low reaction rate of H, dissociation over single-atom sites.
H, dissociates heterogeneously at single-atom sites. The dissocia-
tion barrier is much higher than a homolytic reaction over metal
nanoparticle surfaces. Yan et al. reported the H, reaction order as
about 1.2 for the hydrogenation of 1,3-butadiene over Pd single-
atom-supported catalysts, indicating hydrogen dissociation as the
rate-determining step.’®

Kuai et al. solved this limitation by hydrogen spillover and
achieved high atomic efficiency of Pd-based catalysts for
ketone-aldehydes into alcohols.”® They supported both Pd
single atoms (Pd;) and Pd nanoparticles (Pdyps) over mesoporous
TiO, (Pd;.nps/TiO,) using spray-assisted method, developed by the
same group.>*> They compared 4-methylacetophenone (MAP)
hydrogenation activities among Pd;.nps/TiO,, Pd;/TiO, and
Pdnps/TiO,. A schematic image is presented in Fig. 2. Results
revealed that Pd;.nps/TiO, synergetic catalyst exhibited much
higher activity than either Pd,/TiO, or Pdyps/TiO,. Regarding
the activity per exposed Pd atom (turn over frequency, TOF),
Pd;.nps/TiO, and Pdypg/TiO, showed almost equal values
(4361 h™' for Pdy.nps/TiO, and 4565 h™' for Pdyps/TiO,),
although Pd,/TiO, exhibited much lower TOF (645 h™'). Those
results clarified a synergetic working mechanism of Pd; and
Pdyps. Gaseous H, splits over Pdyps into H atoms. The H atoms
migrate over TiO, surface. They are supplied to ketone-
aldehyde adsorbed on Pd; sites. By virtue of that migration,
Pd; can function as a reaction site for the hydrogenation
of ketone-aldehydes. Consequently, hydrogen spillover can
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Fig. 2 Schematic image of the ketone/aldehydes hydrogenation over
PdﬂTIOz (a) and Pd1+Np5/TiOZ (b).

expand the possibilities of SAC usage. Although the TOF over Pd, and
Pdyps changed slightly in this report, some reports have described
single atoms as more positively charged rather than nanoparticles.
The charge difference influences the reactivity.>*® Therefore, this
research by Kuai et al.>* can facilitate not only atom efficiency for

various reactions but also utilisation of SAC reactivity.

2.2 Selective hydrogenation

Synergy of the two reaction sites, which are called tandem
catalysts or dual sites catalysts, using hydrogen spillover have
enabled highly selective hydrogenation.

Campisi et al. reported that Pd/NiO can catalyze the selective
conversion of furfural to tetrahydrofurfuryl alcohol (72%),
although Pd/TiO, favours furfuryl alcohol (68%).> Furfural is
regarded as a promising platform molecule to various products
in a biorefinery. Its selective conversion using tailored catalysts
is desired. Without Pd loading, TiO, did not exhibit observable
activity; also, NiO showed minor activity. Actually, Pd/NiO
retained its high activity even with a tiny amount of Pd loading.
The activity of 0.1 wt%Pd/NiO exhibited almost identical activity
to that of 1 wt%Pd/NiO. In contrast, 0.1 wt%Pd/TiO, showed
much smaller activity than 1 wt%Pd/TiO,. Those results suggest
that furfuryl over NiO was converted by H atoms supplied from Pd
particles. Reportedly, the product distribution of furfural hydro-
genation depends on the adsorption structure of the reactant over
reaction sites.>>>” Campisi et al. also confirmed distinct differences
of adsorption structures over each surface using DFT calculations.
No clear role of the adsorption structures has been revealed yet.
However, they reported that the parallel adsorption of a furan ring
and alcohol group over NiO support led to selective formation of
tetrahydrofurfuryl alcohol (Fig. 3). As described in this report,
hydrogen spillover makes it possible to use various metal oxides
surface as reaction sites.
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Fig. 3 Selective hydrogenation of furfural over NiO using hydrogen spil-
lover from Pd.

Preparation of outstanding catalysts that have two totally
separated active sites has been investigated for selective hydro-
genation. Xue et al. constructed a novel Ru/TiO, catalyst
encapsulated by porous TiO, (denoted as (Ru/TiO,)@p-TiO,)
using an earlier reported method>® with some modification,
and achieved selective hydrogenation of benzene to cyclohexene
(98.1% benzene conversion, 76.6% cyclohexene selectivity).’
The partial hydrogenation of benzene is of great importance in
cyclohexene production: it is a key intermediate for various fine
chemicals because of its reactive C—C bond. Ru-based catalysts
have been investigated widely for this hydrogenation. However,
the selectivity remains limited because of the favourable deep
hydrogenation into cyclohexane over a Ru surface.>*® Xue et al.
overcame this limitation by capping a Ru surface with porous
TiO,. Fig. 4 presents a schematic image of this catalyst and
selective hydrogenation of benzene. Results obtained from
H,-TPD and CO-TPD revealed that only H, can diffuse into
interior Ru particles. Access of other reactants was inhibited by
the TiO, shell. During hydrogenation, H, dissociates over Ru
particles and H atoms spill over to TiO, surface. Formation of
the hydroxyl species was confirmed using FT-IR measurement.
The hydroxyl species migrate toward the external surface via
coupled proton electron transfer as shown in Fig. 1. Finally, over

Hydrogenation

®

o+ it
T

p-TiO,

Fig. 4 Selective hydrogenation of benzene over (Ru/TiOz)@p-TiO,.
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the external surface of the TiO, shell, the hydroxyls react with
hydrocarbons along with the charge recombination. Thanks to
the weak adsorption of cyclohexene and high reaction barrier
of the hydrogenation of cyclohexene on the TiO, surface,
(Ru/TiO,)@p-TiO, exhibited high selectivity, as indicated by
DFT calculations.

2.3 Change of reaction mechanism by doping because of
hydrogen migration enhancement

It can be readily inferred that doping into metal oxides can
change the extent of hydrogen spillover. Franken et al. reported
that Mn addition into CoAl,O, facilitated hydrogen spillover,
leading to the high CO, methanation activity.® Because CO, is a
main greenhouse gas component, the development of CO,
capture and storage (CCS) or capture and utilisation (CCU)
methods is urgently necessary. The reaction mechanism of CO,
reduction, which is complex, has given rise to some conflicting
views. Their details will not be explained herein because
comprehensive reviews on the topic have been published.®"*>
Franken et al. examined the utilisation of mixed metal oxides
(CoMn,Al, ,0,) with pre-reduction for this reaction. The Co
nanoparticles are formed by pre-reduction of CoMn,Al, ,Oy;
the particles then function as active sites. They found that Mn
incorporation led to the strong CO, adsorption over supports.
Furthermore, hydrogen spillover was facilitated because of the
redox ability of doped Mn cations. These two effects of Mn
incorporation decreased the activation energy from 108 kJ mol "
(CoALO,) to 69 k] mol™* (CoMn, sAl, s0,). In line with operando
DRIFTS measurements, it was inferred that the reaction sites and
reaction mechanism are changed by Mn incorporation effects as
presented in Fig. 5. Without Mn addition, Co nanoparticles func-
tion as CO, reduction sites solely, and CO is formed as a reaction
intermediate. In contrast, with Mn addition, supports can function
as main reaction sites. Hence, the reaction over CoMn sAl; 0,
proceeds via formate species, where the adsorbed CO, over metal
oxides is reduced by H atoms supplied from Co nanoparticles. The
shifts of reaction sites and mechanisms by Mn addition resulted in
suppressing the formation of CO as a by-product. This report
describes the possibility of hydrogen spillover on various metal
oxides by the doping of cations with redox ability.

2.4 Suppression of hydrogen poisoning

Wu et al. reported hydrogen spillover effects on NH; synthesis."°
It is widely known that NH; serves as an important nitrogen
source for chemical industry purposes, but it is also a promising
candidate as a hydrogen carrier by virtue of its high hydrogen
content (17.8 wt%). Therefore, many studies of NH; synthesis
have been developed. Ozaki and Aika et al. reported that Ru-based
catalysts had much higher intrinsic activity than widely used
doubly promoted iron catalyst (Fe-Al,0;-K,0).®*** Since those
reports were published, various important Ru-based catalysts have
been developed.®>®® It is said conventionally that N, direct
dissociation over a Ru surface is the rate-determining step.®’
In addition, Ru-based catalysts are poisoned easily by H, under
high H, pressure. Typical H, reaction orders for NH; synthesis
over Ru-based catalysts are well known to be negative.”””"
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Fig. 5 Change of CO, methanation mechanism by addition of Mn.

Therefore, the H atom removal from Ru surfaces are also
fundamentally important for the total NH; synthesis rate. Wu
et al. reported that hydrogen poisoning of the Ru surface was
suppressed by simple replacement of the polycrystalline
MgO(110) or (100) with polar MgO(111)."® Comparison of the
NH; synthesis rate revealed that Ru/MgO(111) has a much
higher NH; synthesis rate than that of Ru/MgO(110) or (100),
although the N, reaction order was almost identical (Ru/
MgO(111): 0.9, Ru/MgO(110): 0.9, Ru/MgO(100): 0.8). In addition,
the H, reaction order became a positive value (0.6) over Ru/MgO(111)
from negative values over other MgO surfaces (Ru/MgO(110): —0.2,
Ru/MgO(100): —0.5). Therefore, suppression of hydrogen poisoning
over Ru loaded over MgO(111) was confirmed to cause a high NH;
synthesis rate. "H NMR, in situ FTIR measurements and DFT
calculations clarified the high stability of H atoms over polar
MgO(111). They concluded that H atom stability on MgO(111) led
to removal of hydrogen poisoning over Ru, as depicted in Fig. 6.
Their report did not address the net migration of H atoms and the
reaction of H atoms after migration. However, to reduce hydrogen
coverage over Ru by hydrogen spillover, their details must be
considered. Therefore, in-depth consideration of relations among
H atom stability, net migration rates, hydrogen coverage over loaded
metals and NH; synthesis rate using sophisticated methods are
recommended, as introduced in the following chapter.

3. Novel technique for observing
hydrogen migration
3.1 In situ FT-IR measurement

Reportedly, after H, interaction with metal nanoparticles
(Cu, Ru, Pt, Au, Rh) supported reducible metal oxides such as

Phys. Chem. Chem. Phys., 2020, 22, 22852-22863 | 22855
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Fig. 6 Hydrogen poisoning suppression by hydrogen spillover.

Zn0’*7® and TiO,,*>*"** broad-band IR background absor-
bance around 1000-4000 cm™ " is observed. Such signals are
assumed to be unrelated to the vibration of metal oxide lattices
but are related to their respective electronic characters.
Panayotov et al. explained the case of H, reaction with Au- or
Rh-supported TiO, as follows.>'** First, supplied gaseous H,
dissociates over metal nanoparticles. Then, H atoms spill over
onto the TiO, surface. At that time, H atoms protonate the TiO,.
Upon formation of hydroxyl over the TiO, surface, electrons are
donated to shallow trap (ST) state resulting in n-doping. Doped
electrons can be trapped in ST state or can be excited thermally
and by IR radiation into the conduction band (CB). Such
electron transfer is induced by Fermi level difference between
TiO, and H atoms. Consequently, n-doping by hydrogen
spillover on semiconductor supports can be detected sensitively
using IR spectroscopic method. Furthermore, they obtained
in-depth understandings of hydrogen spillover procedure over
Rh/TiO, by simultaneous monitoring of adsorbed CO (carbonyl
species) and a broad-band IR background absorbance in accor-
dance with electron accumulation (Fig. 7).** Actually, CO
adsorption over metallic Rh (Rh°) works as a sensitive probe
for the detection of co-adsorbed H atoms.*? The prepared
Rh/TiO, was partially covered with CO and supplied H,.
Dissociative adsorption of H, over the Rh° surface can be detected
as a shift of peaks assigned to carbonyl species. They also
investigated the time dependence of the charge accumulation
amount in TiO,. Obtained time-resolved spectra revealed the
existence of two kinetic branches: fast accumulation occurring
upon initial 10 min H, exposure and subsequent slower accumula-
tion for longer exposure times. Initially, H atoms are supplied
quickly from Rh® nanoparticles to TiO,, followed by an immediate
response of electron accumulation. Progression of TiO, n-doping,

22856 | Phys. Chem. Chem. Phys., 2020, 22, 22852-22863
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C-O spectra shift along with the
interaction with adjacent H atoms l
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background absorbance
around 1000-4000 cm"'!

Fig. 7 lllustration of FT-IR measurement for detecting H atoms adsorp-
tion over Rh® and n-doping into TiO,.

the conduction band edge of TiO, (at Rh-TiO, interface) bends
down, meaning the decrease of Fermi level difference between
TiO, and H atoms. This approach lowers the probability of
subsequent n-doping. As discussed up to this point, in situ
FT-IR measurements for charge accumulation and CO probe
have provided some important mechanistic insights into hydrogen
spillover.

3.2 X-ray adsorption spectromicroscopy with clearly separated
iron oxide and Pt pairs

Karim et al. visually quantified hydrogen spillover onto both
non-reducible and reducible metal oxides using well-defined
samples prepared and confirmed based on results of electron
beam lithography’* and STM measurement.”® They arranged
clearly separated pairs of iron oxides and Pt nanoparticles over
TiO,- and Al,O;-support, precisely controlling the distance
of 0-45 nm. Subsequently, they measured iron oxides reduction
by H atoms supplied from Pt nanoparticles using in situ X-ray
absorption spectromicroscopy (XAS).”* This investigation elicited
information about the hydrogen spillover length, as presented in
Fig. 8. Regarding Al,O3, 15 nm was the limitation. In contrast,
irrespective of the distance between iron oxides and Pt particles,
all iron oxide particles were reduced over TiO,, clearly indicating
long-range hydrogen spillover. Additionally, they confirmed three-
coordinated surface Al adsorption sites,”® which can adsorb H
atoms.”® Their works clearly illustrate differences of hydrogen
spillover on reducible metal oxides and non-reducible metal
oxides. They quantitatively revealed the limitation of spillover
distance on Al,Oj;.

3.3 Surface enhanced Raman spectroscopy using Au/TiO,/Pt
sandwich sample

Wei et al. investigated hydrogen spillover and its role in catalytic
hydrogenation using surface enhanced Raman spectroscopy
(SERS) and precisely tuned Au/TiO,/Pt sandwich nano-
structures.®® Reportedly, we can sensitively analyze the vibra-
tion of adsorbed molecules over rough metals using SERS by
virtue of Raman signal enhancement by a strong electro-
magnetic field.”””® Therefore, it is a promising method for
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Fig. 8 Spillover on Al,Oz and TiO; traced using Pt-iron oxide pairs.

tracking catalytic reactions in situ.®>®' The well-fabricated
sample (Au/TiO,/Pt sandwich) designed by Wei et al. has
spatially isolated active sites (Fig. 9): a hydrogen activation site
(Pt), hydrogen migration site (TiO,), and hydrogenation site (Au).
For Au, they prepared large particles that cannot dissociate H,.**
They prepared a monolayer of TiO, nanoparticles (10 nm) using
Langmuir-Blodgett (LB) method and loaded it on Pt film. The
TiO, layer height was controlled by increasing the deposition
layers. Finally, a monolayer of Au nanoparticles (55 nm) with
probe molecule (para-nitrothiophenol, pNTP) was deposited.

Decrease of H atoms coverage

Detection of along with the increase of TiO, layer

the reaction
using SERS

Hydrogenation

H, dissociation over Pt Hydroger\q spillover

:Au O:Tio, O:H O :pNTP

Fig. 9 Schematic image of hydrogen spillover on a Au/TiO,/Pt sandwich
sample.
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Using those finely fabricated samples, they performed hydro-
genation of pNTP. The reaction was traced by SERS. Consequently,
efficient pNTP conversion was detected over Au/10 nm-TiO,/Pt,
indicating that H atoms can migrate from Pt to Au through the
TiO, surface. The activation energy increases along with increasing
TiO, thickness. Results show that reaction proceeds only slightly
for TiO, thickness of 50 nm. Furthermore, the selectivity changed
by TiO, thickness because of the change of H atom coverage over
Au, which is related to H atom reactivity over Au. Consequently,
in situ SERS with well-fabricated sample can achieve direct
confirmation of the hydrogen spillover length effects on the
reactivity and selectivity of hydrogenation.

3.4 Encapsulated sample and DFT calculation

As Prins reported in his review, hydrogen spillover on non-
reducible materials such as Al,O;, SiO, and zeolites are contro-
versial issues.>* Recently, direct experimental evidence of the
hydrogen spillover on a zeolite surface was found using encap-
sulated samples.®>*® Details of experiments using zeolite
capsules were explained by Choi et al.*® The concept itself is
the same as that of the research explained in Section 2.2.
Therefore, for this discussion, only the hydrogen migration
mechanism over zeolite revealed by DFT calculations is
introduced.***® Im et al. and Shin et al. reported that dynamic
defect generation and annihilation cause and influence long-
range hydrogen migration over aluminosilicate with sufficient
Bronsted acid sites. Fig. 10 shows the schematic image of H
atoms migration mechanism over aluminosilicate. Al placed
at the left end in the figure represents the external support
surface. It has three covalent bands. At the first stage without
defect, one H atom at Brgnsted acid sites can migrate to
adjacent sites, and the activation energy of migration (through
Si atom) is 0.98 eV (Fig. 10(a)).>> Additionally, it was revealed
that Pde cluster deposition can facilitate this initial defect
formation step with 0.52 eV activation energy.’” This first
migration generates [AlO4H,]" and [AlO,]” simultaneously.
Once these defect pairs are formed, subsequent hydrogen
migration proceeds effectively at both sites (Fig. 10(b)). The
[AlO,]™ site can accept H radical (H®) yielding [AlO,]” H°. Also,
[AlO,]” H* has a three-centred bond (O-H-O) with local struc-
tural distortion compared with Brensted acid sites [AlO,]” H
because of spatially localised unpaired electron (i.e. polaron).
This unpaired electron located at [AlO,]™ readily diffuses into
neighbouring Brensted acid sites, forming another three-centred
O-H-O bond (i.e. polaron conduction) (Fig. 10(c)). When H'
reached the cation defect at the external support surface, the H"
recombines with the electron (Fig. 10(c)). It was also confirmed
that the cation defect can function as a reaction site of benzene
hydrogenation with the reached H'.

3.5 Electrochemical impedance spectroscopy using porous
pellets

Recently, evaluation methods for surface protonics under
H,0 atmosphere have been developed using electrochemical
impedance spectroscopy (EIS).*>***! Furthermore, we have observed
surface protonics under H, atmosphere using this technique.®®

Phys. Chem. Chem. Phys., 2020, 22, 22852-22863 | 22857
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Fig. 10 Schematic images of H atoms migration mechanism over
aluminosilicate. (a) Generation of [AlO4H,]™ and [AlO4]~ by H migration.
(b) Subsequent H atoms migration at both [AlO4H,]* and [AlO4] ™. As for the
migration at [AlO4]7, [AlO4]~ H*® is formed. (c) Migration of unpaired
electron. H* reached to the external support surface recombines with
the electron. (d) Hydrogenation of hydrocarbons using H* at the external
support.

First, we prepared two density-controlled SrZrO; pellets: porous
pellets with 60% relative density and dense samples with 90%
relative density. With dense samples, the detected conductivity
was dominated by resistance of the inner bulk. Conversely, with
porous samples, the conduction of adsorbent also becomes
necessary. Schematic images of conduction over each sample
are presented in Fig. 11. Thanks to open pores, EIS measure-
ments using porous samples provide information about con-
duction relevant to the adsorbed species. Based on this idea,
we conducted EIS measurements under N, or N, + H, atmo-
spheres using density-changed pellets. The apparent conduc-
tivity of dense pellets was unaffected by H, interaction,
although that of porous pellets was increased clearly by the
H, supply. Such a completely different response to H, supply
between two pellets can be attributed to the dissociative
adsorption of H, and the formation of conductive species.
Additionally, we investigated H/D isotope effects on apparent
conductivities to ascertain conductive species under a H, (D,)
atmosphere. Only the porous sample exhibited a H/D isotope
effect, indicating that H" (D') was the dominant conductive
species over porous pellets. In this manner, detection of surface
protonics using EIS was demonstrated.
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Fig. 11 Schematic images of EIS measurements using dense and porous
samples.

4. Low-temperature catalysis using
surface hydrogen migration in an
electric field

Recently, low-temperature catalysis is attracting great attention
for on-site and on-demand processes, which are important
for sustainable chemistry. Consequently, moderation of catalyst
working conditions using external stimuli such as photonic,
magnetic, and electric fields is becoming a key research topic.
We have specifically wrestled with enhancement of catalytic
activity at low-temperature regions by application of the electric
field on catalyst beds. Using this approach, two electrodes are
attached on catalyst granules. Weak direct current is applied as
presented in Fig. 12. To date, this method has been applied to
various catalytic reactions, revealing that surface ion conduc-
tion participates in low-temperature catalysis.*>*>** Herein,
we have described reaction mechanisms that are relevant to
surface protonics under a H, atmosphere: NH; synthesis proceeds
via N,H" ™" and dehydrogenation of methylcyclohexane (MCH)
facilitated by H' collision. Both compounds are promising
hydrogen carrier candidates. Their efficient synthesis at moderate
conditions is needed.*®

4.1 NHj; synthesis in an electric field

It is noteworthy that NH; synthesis using Ru/CeO, as a catalyst
in the electric field exhibited anti-Arrhenius-like behaviour
at 373-473 K, at which temperature the NH; synthesis rate
increased with lowering of the catalyst bed temperature
(Fig. 13(a), black closed plot)."® Furthermore, partial pressures
of H, positively influenced the reaction rate at this temperature
region, where anti-Arrhenius-like behaviour was observed.
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As described in Section 2.4, Ru-based catalysts conventionally
show negative values on the H, reaction order because of
H, poisoning.”®”* Therefore, we assumed that the NH; synthesis
mechanism in the electric field would be different from conven-
tional dissociative mechanisms (eqn (1)-(3)).

Nz i ZNad (1)

H, — 2Hyq (2)
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Naq + 3Hag — NH3 (3)

Those reactions proceed via a novel mechanism by which
H' derived from the supplied H, facilitate N, dissociation
(eqn (4)-(8)), which is designated as an associative mechanism.

Hy — 2Haq (4)

Nag > Haq' +e” (5)

Npag + Hag' + €7 = NpHug (6)
NoHag + Hag' + € —NyHaag 7)
NoHoaq + Hag" + € = Nyg + NH; (8)

Hereinafter, “ad” denotes adsorbed species. H,q" sits on
lattice oxygen of supports (Op,), and N,H, .4 (x = 0-2) repre-
sents adsorbed species over supported metals. This hypothesis
was elucidated quantitatively using in situ FT-IR measurements.
The spectroscopic examination revealed that H" coverage over
supports decreased as the temperature increased. It suggested
that H' coverage over metal oxides played a key role in the anti-
Arrhenius-like behaviour. Based on these results, the overall
reaction rate (7o) Was formulated as presented in Fig. 13(b).
The first term represents the rate of NH; synthesis process via
dissociative mechanisms over the Ru surface (Fgissociative)- The
second term shows that via associative mechanisms at the Ru
periphery (Fassociative)- These two terms are divisible because of
the separation of reaction sites. Furthermore, ryssociative Was
multiplied by H atom coverage over supports (§(H')) because
the rate-determining step in this reaction mechanism is N,H
formation.'> As presented in Fig. 13(a), the reaction rates
(red closed plot) calculated based on assumption described
above show great agreement with the experimentally obtained
values (black closed plot). Consequently, specific low-temperature
catalysis using actively promoted hydrogen migration was
confirmed.

This novel reaction mechanism via N,H was also elucidated
based on the relation between the NH; synthesis rate and N,H
formation energy from the viewpoints of supports and active
metals. First, we examined the support role in NH; synthesis in
the electric field combining experiments and DFT calculations.”
Ru was chosen as a supported metal. Ru particle was expressed by
a Ru rod having a periodic structure in DFT calculation, as
presented in Fig. 14(a). This model can keep the experimentally
confirmed facets of Ru: (1011) and (0001)." SrZrO; was selected as
a host support, and the A site (Sr) or B site (Zr) cations were
partially replaced by other cations (A site, Ba, Ca; B site, Al, Y).
Doped surfaces were expressed by substitution of Sr (or Zr) around
a Ru rod during DFT calculations (Fig. 14(a)). Using those as
model supports and an active metal, correlation between DFT
calculated N,H formation energy at Ru periphery and experi-
mentally obtained NH; synthesis rate was regarded as presented
in Fig. 14(b). Results revealed that the NH; synthesis rate
increased as the N,H formation became feasible. In addition,
analyses of the electronic density and adsorption energies of
intermediates using DFT calculations revealed that both the
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electron and proton donation ability of supports were fundamen-
tally important for high NH; synthesis rates in the electric field.

(@)

TOF-s vs N, dissociation energy
(0 mA @ 723 K)

View Article Online
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Secondly, the effects of active metals on NH; synthesis rate
in the electric field were investigated using CeO, as a support.
Fig. 15 portrays schematic images of DFT calculation models
and the relation between experimentally obtained TOF and DFT
calculated N, dissociation energy or N,H formation energy.
Here, TOF-s represents the activity per exposed metal atom.
Also, TOF-p represents the activity per exposed periphery of
loading metal. TOF depends on the N, dissociation energy
without the electric field (Fig. 15(a)). Then, Ru showed the
highest performance. This trend corresponded closely to
descriptions in earlier reports.’® A surprising finding is that
Fe and Ni showed higher TOF than Ru did in the electric field.
The result was found to depend on the N,H formation energy
(Fig. 15(b)). As described above, a novel reaction mechanism via
N,H was confirmed from various analyses.

4.2 MCH dehydrogenation in the electric field

MCH dehydrogenation in the electric field also proceeds at
low temperatures by virtue of surface protonics. Even in this
reaction, the H, reaction order was positive in the electric field.
Commonly, an opposite trend is observed in dehydrogenation.®”
Therefore, we considered that the MCH dehydrogenation rate was
also enhanced by surface protonics. The facilitation mechanism is
little different from that of NH; synthesis in the electric field. In
this reaction, the rate-determining step is C-H bond cleavage,
which is promoted by the collision of H' in the electric field, as
presented in Fig. 16. We clarified a similar mechanism in CH,
steam reforming with the electric field.”*** In this reaction
mechanism, H" and MCH form three atoms (C-H-H) structures
at the transition state. This peculiar mechanism was elucidated by
an inverse kinetic isotope effect, which was observed when MCH
(C;H,4) was replaced by MCHy, (C,D,4). Reportedly, C-H-H at the
transition state has stronger bond than C-H has,**®° meaning
the potential curve at the transition state is steeper than that at

(b)
TOF-p vs N,H formation energy
(6 mA @ 373 K)

O Meta @ N DH

TOF /h!

Ni Pd  pt

N L @==ia
0.5 1 15 2 25
AE(N2 dissociation) / eV

Fig. 15
electric field, and N,H formation energy (b).
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Fig. 16 Schematic image of MCH dehydrogenation facilitated by surface
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the initial state. The zero-point energy difference between C-H-H
and C-D-D is large than that between C-H and C-D. Therefore,
the activation energy decreased when the hydrogen was exchanged
with heavier deuterium.

5. Perspective

This review described recent investigations for the utilisation
and observation of surface hydrogen migration over metal
oxides.

Catalytic reactions related to the hydrogen spillover were
highlighted. Migration provides various benefits. The hydrogen
spillover effects are divisible into two types. One is the supply of
H atoms to sites where we cannot activate H,. The other is the
expulsion of H atoms from sites that have excess H atoms. The
former is worthwhile from various perspectives. Net migration
of H atoms from metal nanoparticles to single atom sites
expanded the usage of single atom catalysts that have high
atomic efficiency. Hydrogenation over metal oxides with H
atoms supplied by hydrogen spillover can hydrogenate hydro-
carbons selectively. The latter is simpler. The benefit is hydrogen
poisoning suppression, as we introduced with examples of NH;
synthesis.

We have demonstrated various cutting-edge analyses that
have supported our in-depth understanding of hydrogen
spillover. In situ FT-IR measurements are the most powerful
method to detect as-made complicated catalysts that are usually
used in various situations. This method can detect the accu-
mulation of electrons supplied from H atoms to the shallow
state of semiconductors. XAS and SERS measurements with
well-fabricated samples can detect the hydrogen spillover
directly and can provide fundamental migration mechanisms.
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EIS measurements with porous pellets can evaluate the electro-
chemical conductivity of H atoms over metal oxide surfaces,
which is important for the utilisation of surface protonics for
fuel cells and sensors.

Finally, we introduced novel low-temperature -catalytic
reactions using surface protonics, which is hydrogen migration
activated by the electric field. Regarding NH; synthesis in the
electric field, N, is protonated by active H'. The reaction
proceeds via N,H intermediate. Furthermore, C-H bonds in
MCH are dissociated by collision of H" and the formation of the
C-H-H structure. This novel concept, utilisation of actively
migrated H atoms, has great potential because it is readily
applicable to various reactions.

Understanding of hydrogen spillover and novel concepts of
catalysis using surface proton hopping have been expanding
the usage of surface hydrogen migration. Therefore, in the
field of catalysis, conceptual design of catalysts and in-depth
knowledge of individual reaction systems involving hydrogen
migration are promising. Furthermore, doping into metal
oxides can control the surface hydrogen migration amounts,
but the governing factors of the surface hydrogen conductivity
remain unclear. Therefore, their elucidation is a crucially
important theme for future analyses.
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