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Unprecedented Reversible Redox Process in the ZnMFI—H, System
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Hydrogen activation is a key process in catalytic hydro-
genation and hydrogen-transfer reactions. The study of the
adsorption and activation of H, on solid materials is thus of
great importance for research areas, such as H, activation on
solid surfaces for applications in catalysis and vehicle fuel
cells, as well as H, storage.!! Zinc-ion-exchanged high-silica-
type zeolites, such as the zinc-ion-exchanged MFI-type
(ZnMFT) zeolite, are known to be efficient catalysts for the
dehydrogenation and aromatization of light alkanes,” despite
the Zn* ion, which has a d' electronic configuration, being
generally considered to have low reactivity. Therefore, an
investigation of the surface properties of the Zn’* ions that
are incorporated into zeolites through exchange in the
context of H-—H bond activation is of importance because of
the analogies with the C—H bond activation caused by the
ZnMFI zeolite.>) We wanted to clarify the roles of the Zn**
ions within ZnMFI zeolites in H, activation. Herein, we
describe the properties associated with the adsorption and
activation of H, molecules in ZnMFI samples, properties,
which were identified using experimental and theoretical
methods. The results show that H, is activated at the Zn>*-
containing M7 sites of MFI-type zeolites with a specific
environment.) A new and fascinating phenomenon was
observed on this site: the Zn?* ion was converted into a stable
Zn° species through reaction with H, at 573 K, despite the
order in the reduction potentials of Zn** (E°= —0.762 V) and
H*" furthermore, the Zn° species undergoes reversion to the
Zn>* species upon heating the zeolite in vacuo.
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IR spectroscopy was used to determine the identity of the
species that is formed when the ZnMFI zeolite reacts with H,
at 300 K. When the zeolite was exposed to H, (13.3 kPa) at
300 K, specific bands were observed at 3615cm™' and
1933 cm™'; the bands were assigned to the OH stretching
vibration associated with the Brgnsted-acid site and the ZnH"
stretching vibration, respectively, (see the Supporting Infor-
mation, Figure SI-1), thus indicating heterolytic bond disso-
ciation of H, at 300 K, a behavior, which was previously
observed in the interaction between ZnO and H,.®! These IR
bands were still observed after evacuation of the zeolite at
300 K, thus indicating that strongly adsorbed species are
formed upon interaction with H, even at 300 K. These data
are consistent with the isotherm data (Figure SI-2). Notably,
only a small percentage (10-15%) of the incorporated zinc
ions are responsible for the bond dissociation of H,. H,
adsorption on MgMFI(N)-82 zeolites (magnesium-ion-
exchanged MFI-type zeolite wherein the number, 82, repre-
sents the percentage of sodium ions exchanged for magne-
sium ions during their preparation) was also investigated by
using conditions similar to those used for ZnMFI(N)-95
zeolites (Figure S1-2).” Tt is clear from the data that H, barely
adsorbed on MgMFI(N)-82 zeolites; similarly, H, did not
adsorb on HMFI (hydrogen-ion-exchanged MFI-type) zeo-
lites. These data clearly indicate that the particular electronic
and structural states of the Zn** ions in ZnMFI zeolites plays
a pivotal role in the heterolytic bond dissociation of H, with
these zeolites at 300 K.

IR spectra show behavior characteristic of heterolytic
bond dissociation of H, on ZnFMI zeolites at temperatures up
to 573 K at a H, pressure of 13.3 kPa (Figure SI-1). The area
of the IR band associated with the OH moiety increases with
increasing temperatures; the IR band associated with the
ZnH moiety also increases with increasing temperatures but
attains a maximum area at treatment temperatures of
approximately 423 K, and the area of the band subsequently
decreases upon further increase in temperature. To examine
this behavior, the area of the IR bands was plotted against
treatment temperature (Figure 1). Below 423 K, bond disso-
ciation of H, takes place heterolytically and with simulta-
neous formation of a zinc hydride and a Brgnsted acid moiety
[Eq. (1)], where Z, and Zj are lattice sites containing
aluminum atoms. At temperatures higher than 423 K, the
amount of the ZnH species decreases, despite an increase in
the amount of the OH species. This behavior can be
reasonably interpreted by assuming the formation of a Zn’
species [Eq. (2)].
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Figure 1. Intensity of IR bands, assigned to an OH species (circles)
and a ZnH species (squares), of ZnMFI zeolites treated with H, at
various temperatures. The intensity of the bands was normalized with
reference to the band observed at 1892 cm ™', which was assigned to
the lattice mode of the zeolite.

Z,—0-Zn*"—0—Zy + H, —» Z,—O—(ZnH)" + Z,—OH" (1)
Z,—O—(ZnH)* — Zn" + Z,—OH"* 2)
Z,—0-Zn**—0—Zy + H, —» Zz;—OH" 4+ Zn’ + Z,—OH"* (Total)

These data suggest that when ZnMFI zeolites are treated
with H, at temperatures higher than 423 K, Zn’ species are
formed within the ZnMFI, via an intermediate cationic ZnH
species; this result is inconsistent with the standard reduction
potentials, that is, the ionization tendencies, of the species
involved.l"

On the basis of these experimental data, we investigated
the heterolytic bond dissociation of H, through DFT calcu-
lations adopting models wherein two silicon atoms in the six-
membered ring (6-MR) of the M7 site in the skeleton of the
MEFI lattice, were replaced with two aluminum atoms.”! The
resulting loss in positive charge would be compensated by the
incorporation of a single Zn** ion; this type of model is based
on previously reported work (these models, which exhibit
different distances between the two aluminum atoms, are
depicted in Figure SI-3).1 In the models (Figure SI-3, S1-S4),
the Zn** ion is situated close to the midpoint between the two
aluminum atoms and is stabilized in the 6-MR by simulta-
neously compensating for the loss of positive charge resulting
from the exchange of two silicon atoms for two aluminum
atoms. In addition, EXAFS data (see the Supporting Infor-
mation, Figure SI-4) related to the coordination number of
the first shell observed in the spectrum, (N is approximately
3) are not in conflict with the present results; the zinc ion is
surrounded by three oxygen atoms with bond lengths between
2.06 and 2.61 A (Figures SI-3 and SI-4, and Table SI-1).
Taking these points into consideration, we recognized four
reasonable models that differ in the positions of the aluminum
atoms in the M7 site (a detailed discussion of other models is
given in the Supporting Information; Figure SI-5). Among the
models for the M7 site, the S2 model works especially well as
the site for bond dissociation of H,. For this model, a number
of structural changes, which occur without activation energy,
were found upon bond dissociation of H,. The position of the
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H, molecule changes from that of an end-on coordination to
an n>-like coordination; this is followed by continuous
elongation of the bond between the two hydrogen atoms
leading to complete bond dissociation of H,, thus forming
both ZnH and OH species (Figure 2). The IR bands of final
species were calculated as 1922 cm ™ (v,,4) and 3656 cm™!
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Figure 2. Reaction energies as a function of H—H bond distance, as
calculated using DFT, for the reaction of H, with the Zn**-containing
M7 site of MFl-type zeolites. Calculations were done on the S2 model
of the M7 site, as given in the Supporting Information (Figure SI-3 and
SI-6).

(vo.u) (Figure SI-6). In addition, the resulting reaction energy
was calculated as —213 kJmol™', and the distances between
the hydrogen and zinc atoms, and between the hydrogen and
oxygen atoms of the formed species were calculated as 1.51 A
(Zn—H1) and 0.97 A (H2-04), respectively (Figure SI-6).
The evaluated adsorption energy corresponds well with the
data on the bond energy for the Zn-H species reported by
Platts;['” the bond distance and IR data of the ZnH species
(Figure SI-1 and Figure SI-6) are consistent with the data
related to the ZnH species formed in the gas phase.'!! Prior to
H, adsorption, the Zn** ion compensates the loss of positive
charge that results when two silicon atoms are replaced by
two aluminum atoms by being positioned at the midpoint
between the resulting aluminum atoms; after bond dissocia-
tion of H,, the zinc atom is at a position where it is still able to
compensate for the loss of positive charge (Figure SI-6).
Whether H, undergoes bond dissociation depends on the
energy stabilization, which is in turn determined by the
position of the zinc atom; there is a subtle balance in that the
zinc atom should not be too far away yet not too close to the
aluminum atoms. Notably, the reaction energy and IR band
associated with the formed ZnH species is similar to that of
the species in the 8-membered ring in MOR that was
proposed by Pidko and van Santen, although the proposed
model is different, the distant placing of two aluminum ions
being termed Zn-Z,"? It was calculated that H, could also
undergo bond dissociation using the S3 model. However, the
bond dissociation was not as favorable as that calculated for
the S2 model, because the reaction energy was calculated to
be —82 kI mol™" (Figure SI-7); additionally, the calculated IR
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bands (Vz,;=1909 cm™ and vo.=3306 cm™') do not agree
with those obtained by experiment. In addition, a viable
pathway to H, bond dissociation was not found in calculations
involving the S1 and S4 models (Figure SI-4).

Diffuse reflectance (DR) spectra of the ZnMFI(N)-95
zeolite treated with H, are given in Figure 3a. Prior to the
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Figure 3. a) DR spectra of the ZnMFI zeolite in the reaction with H, at
various temperatures: spectrum 1) ZnMFI(N)-95 zeolite evacuated at
873 K; spectra 2-7) ZnMFI(N)-95 zeolite evacuated at 873 K and then
exposed to H, at 13 kPa at 300, 373, 423, 473, 523, and 573 K,
respectively. b) DR spectra 1-6 of a ZnMFI(N)-95 zeolite evacuated at
873 K, then exposed to H, vapor at 13 kPa at 573 K (spectrum 7,
Figure 3a), and then reevacuated at 300, 473, 573, 673, 773, and

873 K, respectively.

measurement of spectra, the samples were treated in the
following way: the zeolite was evacuated at 873 K it was then
treated at various temperatures in a H, atmosphere (13 kPa)
for 0.5 hours; the sample was then cooled to 300 K without
reevacuation and DR was measured. A sample that was
evacuated at 873 K, but not subsequently exposed to a H,
atmosphere (Figure 3a, spectrum 1), showed a weak band at
around 39000 cm™ (indicated by an arrow), which was
assigned to the 3d—4s transition. When this sample was then
treated with H, (13 kPa) at 300K, the spectrum barely
changed (Figure 3a, spectrum 2). A small change in the
spectrum was observed when the sample was treated with H,
at 373 K (Figure 3a, spectrum 3). Subsequent treatment at
473 K brought about the appearance of distinct bands at
42000 and 47000 cm™! (Figure 3a, spectrum 5; bands indi-
cated by arrows). These bands increase in intensity with
increasing treatment temperature, and reached a maximum
intensity at 573 K (Figure 3 a, spectrum 7). Subsequent treat-
ments at higher temperatures (as high as 773 K) with H,
(13 kPa), caused no change in the spectra. Together with the
IR data presented above, the strong bands observed in the
DR spectra could be associated with the formation of atomic
metal species or particles. Similar data was collected when the
DR experiments were carried out under a lower pressure of
H, (0.67 kPa).

Zeolites that were treated with H, gas at temperatures of
573 K, or higher, as in the above experiment, were subse-
quently reevacuated at increasing temperatures from 300 to
873 K (Figure 3b). Reevacuation at temperatures between
300 and 573 K resulted in a small change in the strong DR
bands at 42000 and 47000 cm™' (Figure 3b, spectra 1 to 3).
When the zeolite was reevacuation at 673 K, the furnished
strong DR bands underwent a reduction in intensity to
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become DR bands of moderate intensity (Figure 3b, spec-
trum 4). After a subsequent treatment at 773 K (Figure 3b,
spectrum 5), the DR bands had greatly decreased in intensity
and the resultant spectrum was similar to that of the sample
that was pretreated at 423 K with H,. Reevacuation at 873 K
resulted in a spectrum that was similar to that of the zeolite
that was not exposed to H, gas (Figure 3a, spectrum 1 and
Figure 3b, spectrum 6). These results, the DR spectra of
zeolites that were treated with H, at various temperatures and
that of zeolites that were subsequently reevacuated at various
temperatures, clearly show the reversibility in the reaction
between H, and the zeolite. When the zeolites used in the
above experiments were resubjected to the H, treatment and
reevacuation experiments, the same spectral behavior was
observed, thus showing that the cycle is highly stable. Yates
carried out pioneering research on the formation of Zn metal
particles in the zinc-ion-exchanged X-type zeolite through
treatment with H, at high temperatures”! The reaction
conditions used in the work herein are far milder than those of
Yates, and the formed metal species herein do not undergo
further transformation during treatment with H, at the higher
temperature of 773 K (not vaporize from the zeolite sample);
furthermore, our observation that the Zn®* species can be
recovered through reevacuation of the zeolite is a completely
new phenomenon.

To confirm the reversibility of the transformation of Zn**
into Zn’, we carried out the following experiment: the
ZnMFI(N)-95 zeolite was first evacuated at 873 K and then
H, adsorption was measured as a function of H, pressure at
573 K (isotherm 1, Figure SI-8); the zeolite was then reevac-
uated at 573 K and H, adsorption was measured again as
a function of H, pressure at 573 K (isotherm 2, Figure SI-8);
the last step was repeated using different evacuation temper-
atures, 673, 773, and 873 K, to give isotherms 3, 4, and 5,
respectively (see also Table SI-2). These data also show that
when ZnMFI(N)-95 zeolites that were treated with H, are
reevacuated at 873 K, they revert to the state they were in
prior to H, treatment. This reaction at 873 K, the reversion of
species that were initially formed according to reactions (1)
and (2) can be written as [Eq. (3) ]. All of the processes,
including those represented by Egs. (1)-(3), are schematically
represented in the Supporting Information, Figure SI-9.

Zn® + Z,—OH* + Zy—OH* — Z,—0—-Zn* —-0-Z, +H, T (3)

As described above, the DR spectra are consistent with
the formation of a Zn® species upon treatment of the ZnMFI
zeolite with H, at temperatures higher than 423 K. The
formation of Zn° species and its conversion back into Zn>*,
which was achieved through reevacuation of the zeolite at
873 K, could be repeated again and again, thus representing
a complete redox cycle. We performed time-dependent (TD)
DFT calculations on a single Zn atom, as well as on
a composite of two atoms, to determine whether we could
theoretically reproduce the experimentally obtained DR
spectra (Figure 4).

First, we confirmed that the spectrum of the sample
treated at 873 K (spectrum 1, Figure 4) represents a Zn>*
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Figure 4. Absorption spectra obtained experimentally (solid lines) and
with the aid of TD-DFT calculations (dashed lines): spectrum 1)
ZnMFI(N)-95 sample evacuated at 873 K; spectrum 2) ZnMFI(N)-95
sample treated with H, at 573 K; spectrum 3) TD-DFT calculated
spectrum of Zn**-containing M7 site of the S2 model; spectrum 4) TD-
DFT calculated spectrum of a single Zn° species interacting with two
OH groups; spectrum 5) TD-DFT calculated spectrum of a dimeric Zn°
species interacting with OH groups. The positions of all elemental
metal and metal ions in the sites were optimized prior to the TD-DFT
calculation. The ground and excited states of the monomeric Zn°
species are also shown.

species by comparing it with the theoretically derived
spectrum (spectrum 3, Figure 4). We assumed that when the
Zn° species is formed, according to the model proposed
above, two H" ions are formed as constituents of two
Brgnsted acid sites, OH species, which compensate for the
replacement of two silicon ions for two aluminum ions. We
then carried out DFT calculations using a larger model that
better represented the pore structure in the zeolite.["! These
calculations showed that the Zn° species is stable and is
favorably located close to the formed OH species in the pore
(Figure SI-10a). A subsection of the model that included the
Zn° species was truncated from the larger model and
reoptimized (Figure SI-10b). A TD-DFT calculation was
carried out on this optimized substructure to obtain a theo-
retical DR spectrum. For comparison, a similar treatment was
carried out on a dimeric model (Figure SI-10c). The calcu-
lated DR spectrum for the optimized substructure (Figure 4,
spectrum 4), wherein a single Zn” species is represented by
strong bands centered at around 46500 and 40000 cm™',
compared well with the experimentally obtained DR spec-
trum, which exhibits peaks at around 45600 and 41350 cm™!
(Figure 4, spectrum 2). These peaks can be attributed to the
4s—4p electronic transition of a Zn’ species; representations of
the ground and excited states associated with the electronic
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transition are given in Figure 4. On the other hand, calcu-
lations on the dimeric model gave spectrum 5. These results
allow us to conclude that when a ZnMFI zeolite is treated
with H, at high temperatures, a Zn® species is formed via ZnH
and OH species (Figure SI-9); this is the first example of such
a phenomenon. A similar formation of anchored single
elemental atoms in HY-type zeolites that had undergone
metal exchange with [Ir(C,H,),(acac)] (acac =acetyl aceto-
nate) has been demonstrated by the (HAADF)STEM
method."

To add further support to the claim that Zn® species are
formed when ZnMFI zeolites are treated with H, at high
temperature, we acquired XANES spectra of ZnMFI zeolites
that were treated with H, at both 473 and 573 K, followed by
evacuation at higher temperatures (Figure 5; for comparison,

Absorbance
First derived value

9.65 9.67 9.69 9.66 9.67
Photon energy / keV Photon energy / keV

Figure 5. a) XANES spectra and b) DXANES spectra: spectrum 1) ZnO
reference sample; spectrum 2) Zn reference sample; spectra 3)
ZnMFI(N)-95 zeolite evacuated at 873 K; spectrum 4) ZnMFI(N)-95
zeolite treated with H, at 473 K; spectra 5) ZnMFI(N)-95 zeolite
treated with H, at 573 K, spectra 6) ZnMFI(N)-95 zeolite treated with
H, at 573 K followed by reevacuation at 873 K. All measurements were
performed at 300 K.

the spectra of reference samples are given in Figure SI-11).[*"
When the ZnMFI zeolite was treated with H, at various
temperatures, the resulting changes in the XANES spectra
was very small. When the spectra of samples treated with H,
at 473 and 573 K were examined in detail, a shoulder band
appears at the lower energy side of the first main band
(Figure 5a). We thus obtained the derivative of each XANES
spectrum (abbreviated as DXANES) so that the changes in
corresponding XANES spectra could be more easily visual-
ized (Figure 5b). The DXANES spectra clearly show that
a shoulder has appeared in the corresponding XANES
spectra at around 9.658 keV; the Zn® reference sample gives
a distinctive band at 9.659 keV in its DXANES spectrum.
Notably, the intensity of the bands in this region of the
spectrum of the sample that was treated with H, at 573 K is
higher than those of the Zn**-exchanged samples (Figure 5b).
The region of the DXANES spectrum centered at 9.658 keV
of the Hy-treated sample agrees well with that of the Zn®
reference sample. Miheli€ et al. reported the XANES spec-
trum of atomic zinc vapor; the highest band of the spectrum
was centered at approximately 9.66 keV;™ this previously
reported spectrum of Zn” strongly supports our assignment of
the XANES band at 9.658 keV in our sample, despite the
presence of only 10-15% of Zn’. This band decreased in
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intensity when the sample was evacuated at temperatures
higher than 673 K and ultimately returned to an intensity that
corresponded to that of the original sample, that is, the sample
that was evacuated at 873 K and not treated with H,. These
results further support the existence of the reversible redox
cycle, Zn**—ZnH—Zn"—Zn*".

In summary, we examined H, activation in ZnMFI
zeolites and demonstrated that a Zn?* ion, introduced
through exchange, at the M7 site of an MFI-type zeolite
activates H,. A new and fascinating phenomenon was found
to occur at this M7 site: a stable Zn® species is formed through
the reaction of Zn** with H, at 573 K, despite the order of the
ionization tendency of Zn’* (E°=—0.762 V) and H". DFT
calculations provided evidence that the formed species is
composed of an atomic Zn" stabilized through simultaneous
interaction with two H* ions at Brgnsted acid sites; the Zn’
species returned to its original state, the Zn?" species, upon
subjection to high temperature, thus establishing a redox
cycle. This interpretation of the data was supported by DR
spectra and XANES data. Successive H, treatment and
evacuation at high temperature showed that the redox cycle,
Zn**—ZnH —Zn’—Zn’*, was highly stable. The unusual and
unprecedented features associated with the treatment of
ZnMFI zeolites with H, were not observed for MgMFI
zeolites.
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