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Often, trace impurities in a feed stream will cause
failures in industrial applications. The efficient removal of such a
trace impurity from industrial steams, however, is a daunting
challenge due to the extremely small driving force for mass
transfer. The issue lies in an activity—stability dilemma, that is, an m
ultrafine adsorbent that offers a high exposure of active sites is
favorable for capturing species of a low concentration, but free-
standing adsorptive species are susceptible to rapidly aggregating in
working conditions, thus losing their intrinsic high activity.
Confining ultrafine adsorbents in a porous matrix is a feasible
solution to address this activity—stability dilemma. We herein tagt responsive and highly stable adsorbent for the ultradeep H,S removal
demonstrate a proof of concept by encapsulating ZnO nano-
clusters into a pure-silica MFI zeolite (ZnO@silicalite-1) for the ultradeep removal of H,S, a critical need in the purification of
hydrogen for fuel cells. The Zn species and their interaction with silicalite-1 were thoroughly investigated by a collection of
characterization techniques such as HADDF-STEM, UV—visible spectroscopy, DRIFTS, and 'H MAS NMR. The results show that
the zeolite offers rich silanol defects, which enable the guest nanoclusters to be highly dispersed and anchored in the silicious matrix.
The nanoclusters are present in two forms, Zn(OH)" and ZnO, depending on the varying degrees of interaction with the silanol
defects. The ultrafine nanoclusters exhibit an excellent desulfurization performance in terms of the adsorption rate and utilization.
Furthermore, the ZnO@silicalite-1 adsorbents are remarkably stable against sintering at high temperatures, thus maintaining a high
activity in multiple adsorption—regeneration cycles. The results demonstrate that the encapsulation of active metal oxide species into
zeolite is a promising strategy to develop fast responsive and highly stable adsorbents for the ultradeep removal of trace impurities.
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combination of which is widely used in hydrogen purification
to reduce the H,S concentration to a certain degree. Further
removal of the residual H,S to meet the hydrogen specification
for PEM fuel cells becomes infeasible due to the issue of
equilibrium limitation. Physisorption-based pressure swing
adsorption (PSA) is proposed as a technical alternative’;
however, PSA not only requires a high energy input but also
causes considerable hydrogen loss for reaching a satisfactory
degree of desulfurization.

The challenge of ultradeep removal of trace impurities
comes from both thermodynamic and kinetic aspects. Specific
to H,S, from the thermodynamics point of view, the sorbent
(being adsorbent or absorbent) is required to have a high
affinity with H,S so as to achieve an ultradeep degree of

In many chemical processes, the purity of the feed matters, and
even trace impurity may cause fatal failures such as
contamination, corrosion, and catalyst deactivation. The
ultradeep removal of trace impurities, however, is a daunting
challenge. One apparent example is the purification of
hydrogen for fuel cell applications. Hydrogen is a sustainable
and clean energy, and currently, the hydrogen production from
fossil resources (e.g, methane and coal) remains the most
economically competitive compared with alternative routes."”
Proton exchange membrane fuel cell (PEMFC) is a promising
technique to utilize hydrogen to drive zero-emission vehicles.”
As such, the purity of hydrogen has to be strictly controlled;
particularly, contaminants such as H,S and CO must be
carefully removed, as H,S and CO can easily deactivate

platinum-based catalysts. For H,S, the tolerance in hydrogen November 21, 2023
should be no higher than 0.004 ppm to ensure satisfactory February 15, 2024
performance and durability of PEM fuel cells.”” Different February 16, 2024

desulfurization techniques have been developed over the March 1, 2024

decades, such as the Claus process and Rectisol process, to
capture sulfur compounds from various streams; the
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desulfurization; whereas from the kinetics perspective, the
adsorption/absorption process should take place at a
reasonable pace even at a low H,S concentration (or partial
pressure), that is, with a small driving force for mass transfer.
The above-mentioned Claus and Rectisol processes are
insufficient to reduce H,S concentration in the stream down
to the parts-per-billion (ppb) level primarily due to the
limitation in thermodynamics. Due to unique chemical
properties, metal oxides have been widely studied and applied
as adsorbents and catalysts.”® Particularly, some metal
oxides”'? (e.g, ZnO, CuO, and MnO) can react with H,S
to form metal sulfides, and this sulfidation reaction is
thermodynamically favorable even at a very low H,S
concentration, making metal oxides a feasible class of
adsorbents for the ultradeep H,S removal. In fact, ZnO has
been practiced as a H,S adsorbent in the treatment of sour
gas."" However, the conventional ZnO nanoparticles (tens of
nanometers in general) are not efficient for the ultradeep
removal of H,S. The gas—solid sulfidation reaction over the
ZnO nanoparticle is often diffusion-controlled, and the
formation of a ZnS layer over ZnO further impedes the
diftusion and sulfidation, which together result in that only
limited external parts of the ZnO nanoparticle can participate
in the sulfidation.”” Ultrafine ZnO nanoclusters are thus
favorable for the capture of low-concentration H,S; yet, they
are susceptible to severe sintering in high-temperature
regeneration, losing the intrinsic high activity. Clearly, an
activity—stability dilemma exists when exploring ultrafine ZnO
nanoclusters for the ultradeep removal of trace H,S (Scheme
1). Mesoporous silica has been attempted to confine metal

Scheme 1. Conceptual Illustration of the Preparation of Fast
Responsive and Highly Stable Adsorbent for the Removal of
Trace H,S“
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oxide nanogpartlcles toward developing recyclable H,S
adsorbents."”'* Due to relatively large pore size and poss1bly
weak interactions between metal oxide nanoparticles and
mesoporous silica, however, apparent sintering and thereof
degradation in adsorption capacity cannot be avoided. We thus
envision that encapsulating ultrafine ZnO nanoclusters in a
robust and microporous matrix can be a better solution to
address the dilemma.

Zeolites are a class of crystalline microporous materials
composed of tetrahedral (alumino)silicates. They possess
remarkable properties, such as molecule-sized pores, tunable
acidities, and unique shape selectivity, which enable them to
play a critical role in chemical industries as adsorbents and
catalysts.'>'® Besides, zeolites offer plenty of nanospace to
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accommodate guest species of various forms, including single
atoms, nanoclusters, and nanoparticles. Specifically, the
encapsulation of metal nanoclusters into zeolites has drawn
considerable research interest in recent years. The driving force
for the encapsulation is mainly van der Waals interactions, that
is, the physical confinement of nanoclusters from zeolite
frameworks, which yields metal—zeolite composites that
combine the high activity of ultrafine metal species and
intrinsic features of zeolites. This combination has opened up a
new avenue to design zeolite-based bifunctional catalysts that
offer high activity, shape selectivity, and remarkable stability, as
demonstrated in a number of examples. It is worth noting that,
although considerable progress has been made in the field of
catalysis, the potential of encapsulating active species into
zeolites to create rapidly responsive and highly stable
adsorbents for ultradeep removal of trace impurities has
remained untapped.

As a proof of concept, we herein demonstrate that
encapsulating ultrafine ZnO nanoclusters into a pure-silica
MFI zeolite (silicalite-1) is a feasible route to develop highly
active and exceptionally stable adsorbents for the ultradeep
removal of trace H,S (Scheme 1). To this end, we herein
present the synthesis, characterizations, and H,S adsorption
assessments of the ZnO@silicalite-1 adsorbents. A particular
focus is made to analyze the speciation and location of the
ZnO nanoclusters, which allows us to understand how the
ZnO nanoclusters interact with the zeolite matrix as well as
how this interaction evolves in the adsorption—regeneration
cycles. The results indicate that the silicliate-1 zeolite offers
rich silanol defects serving as ideal anchors to confine
uniformly dispersed ZnO nanoclusters of different forms,
which enable the ZnO@silicalite-1 adsorbents to achieve high
adsorption activity toward trace H,S and maintain robust
sintering-resistance in multiple adsorption—regeneration
cycles. We believe this work showcases a promising strategy
to develop highly selective, fast responsive, and remarkably
stable adsorbent systems for the ultradeep removal of trace
impurities.

Silicalite-1, the pure-silica zeolite with an MFI structure, was
chosen as the porous matrix because of its robust and inert
framework; in addition, its 10-membered-ring pore openings,
with a size of ca. 0.55 nm, allow H,S to diffuse through the
zeolite micropores to access the encapsulated adsorption sites.
The synthesis of silicalite-1 was carried out following the
procedure reported in a previous study. The resultant zeolite
had a typical morphology of silicalite-1 synthesized from the
classical TEOS-TPAOH-H,O system, and the crystal size was
about 400 nm (Figure S1). The encapsulation of the ZnO
nanoclusters was done via wet impregnation of zinc nitrate into
the silicalite-1 crystals followed by high-temperature calcina-
tion (see the Supporting Information). Three different ZnO
loadings (1, 2, and S wt %, on the basis of the zeolite) were
studied, and the samples were prepared by adjusting the zinc
nitrate-to-zeolite ratio in the wet impregnation step. N,
adsorption—desorption results (Figure S2 and Table S1)
show that the micropore volume decreased with the loading of
ZnO, indicating that the nanoclusters occupied the nanospace
and consumed some of the micropore volume. The
morphology and crystallinity of the zeolites, before and after
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the ZnO loading, were well maintained and almost identical, as
shown in Figures S3 and S4, respectively. Particularly, no peaks
due to ZnO could be identified from the XRD patterns,
excluding the presence of any crystalline ZnO phases. Figure
la—c displays the HAADF-STEM images of the ZnO@
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Figure 1. ZnO@silicalite-1 adsorbents and their performances in
trace H,S removal. (a—c) HAADF-STEM images of 1 wt % ZnO@
silicalite-1, 2 wt % ZnO@silicalite-1, and 5 wt % ZnO@silicalite-1,
respectively; (d—f) H,S breakthrough curves during consecutive four
adsorption—regeneration cycles for 1 wt % ZnO@silicalite-1, 2 wt %
ZnO@silicalite-1, and S wt % ZnO@silicalite-1, respectively (the inlet
H,S concentration was 10 ppm, and the adsorption and regeneration
temperatures were 150 and 500 °C, respectively).

silicalite-1 adsorbents with different ZnO loadings. At low
loadings (1 and 2 wt %), almost no apparent nanoclusters can
be seen. Note that there is a small difference in terms of Z
contrast between Zn and Si, which makes it challenging to
differentiate between Zn and Si with HAADF-STEM if one
element is present as small-sized nanoclusters and highly
dispersed in the other one. As such, we conclude that the ZnO
nanoclusters were highly dispersed and of too small size to be
clearly identified at lower ZnO loadings. With further
increasing the ZnO loading to 5 wt %, the nanoclusters
become clearly visible by HAADF-STEM. The image in Figure
Ic depicts that the nanoclusters were of ca. 2 nm in size and
homogeneously distributed in the zeolite matrix. No apparent
white spots over the edge of the zeolite can be seen from the
HAADEF-STEM, suggesting that there was no enrichment of
nanoclusters on the external surface of the zeolite.
Adsorption tests were conducted to assess the capability as
well as the recyclability of the ZnO@silicalite-1 adsorbents in
the removal of low-concentration H,S. The procedure of the
adsorption tests can be found in Figure SS. The H,S
concentration in the effluent was monitored by using a gas
chromatograph (GC) equipped with a flame photometric
detector (FPD). As the gas injection to GC was done every 2
min, and due to a small amount of adsorbent in the bed, there
was a sudden increase of H,S concentration from non-
detectable to a certain number at the point of breakthrough.
From the breakthrough curves in Figure 1d—f, we can see that
the ZnO@silicalite-1 adsorbents exhibited varying H,S
adsorption capacities, reflecting that the sulfidation of zinc
oxides into metal sulfides did take place although the ZnO
species were encapsulated by the zeolite matrix. The
adsorption capacity of the ZnO@silicalite-1 adsorbents
increased reasonably with ZnO loading. It is worth noting
that the ZnO@silicalite-1 adsorbents exhibited remarkable
recyclability, with a high adsorption capacity preserved after
four sulfidation—regeneration cycles. The high recyclability is
attributed to the fact that the effective confinement of the ZnO
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nanoclusters by the zeolite matrix rendered them highly sinter-
resistant against high temperatures, which will be discussed in
detail later. In contrast, a commercial ZnO adsorbent
composed of free-standing nanoparticles lost 70% of its initial
adsorption capacity after the first regeneration, primarily due to
severe sintering at the high temperature (Figure S6). With S wt
% ZnO loaded, the regenerated ZnO@silicalite-1 adsorbent
much outperformed the regenerated ZnO nanoparticles by
giving a doubled adsorption capacity. These results justify the
merits of encapsulating ZnO nanoclusters in zeolites for the
ultradeep removal of H,S.

We characterized the ZnO@silicalite-1 adsorbents in detail to
probe the ZnO speciation as well as to understand how the
ZnO species interact with the zeolite. Figure 2a shows the
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Figure 2. Characterization of ZnOg@silicalite-1 adsorbents with
different ZnO loadings. (a) UV—visible diffuse spectra of ZnO@
silicalite-1 with different ZnO loadings. (b) Zn k-edge XANES spectra
of ZnO@silicalite-1 with different ZnO loadings. (c) Fourier
transform of the k*-weighted EXAFS spectra with different ZnO
loadings. (d—f) Zn 2p;,, XPS spectra of ZnO@silicalite-1 with
different ZnO loadings (“ZnO@silicalite-1” was abbreviated as
“ZnO@S-1” for clarity in the figures).

diffuse reflectance UV—vis spectra of the host silicalite-1
zeolites and ones encapsulated with varying loadings of ZnO.
Only a weak absorption feature around 200 nm can be
observed, which suggests that the extraframework zinc species
dominated in the ZnO@silicalite-1 samples. The absorption
band at ca. 370 nm could probably be attributed to
nanocrystalline ZnO, the intensity of which increases
reasonably with the ZnO loading.'” The previous reports by
Haase et al. demonstrated that there exists a blue shift in the
UV—vis absorption spectra of ZnO particles if the size
decreases to the order of the Bohr radius.'”~*° Accordingly,
the absorption band at ca. 270 nm could be assigned to ZnO
nanoclusters with sizes of less than 1 nm. XAS measurements
were conducted to probe the state and composition of Zn
species. Figure 2b shows the Zn k-edge XANES spectra of the
ZnO@silicalite-1 samples together with those from bulk ZnO
and the Zn foil references. All the ZnO@silicalite-1 samples
exhibit an apparent absorption feature at 9961.8 eV, which is in
consistent with absorption feature of the ZnO standard
reference. Figure 2c¢ depicts the Fourier transforms of the
EXAFS spectra k* weighted over the k range from 2.3 to 11.0
A™'. An apparent feature of the first-shell distance in the range
of 1.0-2.0 A can be seen from the ZnO@silicliate-1 samples,
which is ascribed to the Zn—O backscattering. Besides, a
feature at ca. 2.6 A possibly arising from the Zn—Si
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backscattering is also observed.”"””* The XAS data collectively
demonstrate that divalent zinc species dominated in the
samples, which is fairly reasonable, as there should be no
occurrence of self-reduction to generate any atomic zinc
species. Although the valence state of the zinc species was
unaffected by the loading, the Zn 2p;/, XPS results (Figure
2d—f) indicate that the zinc species exhibited different
interactions with the zeolite framework depending on the
amount. At a low zinc loading (Figure 2d), only a weak peak
centered at ca. 1023.6 eV is detected, which is assumed to be
zinc oxide in its hydroxide form, Zn(OH)*. The presence of in
ZSM-S has been confirmed in previous studies by XPS along
with other spectroscopic tools.””** Although the pure-silica
zeolite is theoretically neutral, silicliate-1 actually exhibits a
certain electronegativity due to the existence of abundant
defects, which thus create a microenvironment to accom-
modate the Zn(OH)* species.”>*® The other peak centered at
ca. 1022.6 eV, which corresponds to ZnO, started to appear in
Figure 2e, and its relative intensity with respect to that of the
peak at 1023.6 eV increased with the zinc loading (Figure
26)."%*77*° The XPS results indicate that the framework
oxygen in the zeolite could exert a higher electronegativity
toward zinc in the Zn(OH)" species than that between oxygen
ligand and zinc in the species of ZnO nanoclusters.””** This
loading-dependent interaction between the zinc species and
zeolite is consistent with previous studies of zinc-containing
ZSM-S zeolites.

To further probe the interactions between the zinc species
and zeolite, we carried out diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) and 'H solid-state magic-
angel spinning nuclear magnetic resonance (MAS NMR)
measurements to analyze the changes of the microenvironment
in the pure-silica MFI zeolite. The previous works claimed that
the ZSM-S zeolite could not accommodate ZnO nanocrystal-
line species larger than 1 nm, which would instead appear on
the external surface of the zeolite if present. As for the pure-
silica MFI zeolite in our study, nevertheless, we found that the
rich defective environments can play a critical role in the
encapsulation of ZnO species of different types and sizes.
Because the parent zeolite was synthesized using TPAOH as
an organic structure- dlrectlng agent, it contained various
silanol groups,””*' as seen from the DRIFT spectra of the
parent zeolite and ones encapsulated with ZnO (Figure S7).
The bands at 3740 and 3510 cm™' correspond to isolated
silanols located on the external surface and silanol nests inside
the silicalite-1 zeolite, respectively. Besides, the band at ca.
3730 cm™" could correspond to terminal silanols inside the
zeolite.””~** When loading of Zn species, the band at 3740
cm™' weakens; while the one at 3510 cm™' decreases
apparently, implying that the ZnO species occupied the silanol
nests and made their vibrations less detectable. Furthermore,
we note that, when the ZnO content reached to 5 wt %, a new
band at 3680 cm™" appeared, which is probably associated with
the formation of Zn—OH on the surface.’” In further,
qualitative analysis of the silanol defects was obtained from
the '"H MAS NMR measurements. Due to large diversity of the
hydroxyl groups in terms of geometry and proximity, the
silanol defects in the silicalite-1 exhibit very complex hydrogen-
bonding abilities.”> According to previous models obtained
from a combination of DFT calculation and spectroscopic
studies, two types of silanols can be identified from the 'H
MAS NMR spectra (Type I and Type II in Figure 3a)*": the
chemical shift in the range of ca. 1.2—2.8 ppm is assigned to
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Figure 3. Interaction between the zinc species and zeolite. (a)
Schematic illustration of different types of silanols and hydrogen
bonds formed; (b—e) '"H MAS NMR spectra of silicalite-1, 1 wt %
ZnO@silicalite-1, 2 wt % ZnO@silicalite-1, and 5 wt % ZnO@
silicalite-1, respectively (“ZnO@silicalite-1” was abbreviated as

“ZnO@S-1” for clarity in the figures).

the Type I silanols, which have lower possibility to form
hydrogen bonds, whereas the chemical shift in the range of ca.
2.8—8.5 ppm is assigned to the Type II silanols, which exhibit
medium and strong hydrogen-bonding abilities. Detailed peak
assignments are given in the Supporting Information. The
deconvolution result in Figure 3b shows that the proportion
values of Type I silanols and that of Type II silanols were 34.19
and 65.81%, respectively, in the parent zeolite. From Figure
3c—e, we observe a decreasing trend of the Type II silanols
when the ZnO species were encapsulated, and correspond-
ingly, the relative amount of the Type I silanols increased. The
results suggest that the Type II silanol groups tend to capture
the ZnO species in between, thus reducing the possibility of
forming hydrogen bonds.

Based on the analyses of the ZnO speciation as well as the
interaction between the ZnO species and silanol groups, we
propose the states and microenvironments of the encapsulated
ZnO species in the silicalite-1 zeolite (Figure 4). At a low ZnO
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—\Si 0(% @\/O s /_ Inceasing Zn loading —\si ,O\/ \/O \si/——
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Figure 4. Schematic illustration of the interactions between the Zn
species and zeolite. At a low ZnO loading, the zinc species tend to be
highly dispersed and are mainly present in the form of hydroxide
oxide. With the increase of ZnO loading, zinc oxide with a higher
nuclearity is formed.

loading, where the silanol groups in the zeolite are relatively
rich, the zinc species tend to be highly dispersed and mainly
present in the form of hydroxide oxide. With the increasing of
ZnO loading, more zinc species enter the silanol groups and
thus form zinc oxide with a higher nuclearity. In either case,
the zinc species closely interact with the silanol groups (in
particularly, the Type II silanols), which explains the high
dispersion of the ZnO nanoclusters as well as their high
stability against sintering at high temperatures.
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The sulfidated and regenerated ZnO@silicalite-1 adsorbents
were characterized to track the evolution of the ZnO species in
multiple sulfidation and regeneration cycles. According to the
TEM images in Figure S8, no apparent aggregation of the ZnO
species is observed from the sulfidated and regenerated
samples, indicating that the adsorbents were remarkably
sintering-resistant against the high-temperature regeneration.
The '"H MAS NMR spectra of the sulfidated and regenerated
ZnO@silicalite-1 adsorbents (Figure 5) show that a large

(a) 1wt% zno@s-1-s () 2wt% zno@s-1-s  (C) 5 W% ZnO@S-1-S
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Figure S. Evolution of different types of silanols during the sulfidation
and regeneration cycles. (a—c) "H MAS NMR spectra of sulfidated
ZnO@silicalite-1 with different ZnO loadings. (d—f) 'H MAS NMR
spectra of regenerated ZnO@silicalite-1 after 4 sulfidation—regener-
ation cycles with different ZnO loadings. (Note: “ZnO@S-1”
represents “ZnO@silicalite-1”, “ZnO@S-1-S” represents “sulfidated
ZnO@silicalite-17, and “ZnO@S-1-R” represents “regenerated ZnO@
silicalite-1 after four sulfidation—regeneration cycles”).

number of the silanol defects were preserved in the
sulfidation—regeneration cycle. The preservation of silanol
defects is also confirmed by the DRIFT results in Figures S9
and S10.

We note that the relative amount of Type II silanols
decreased after the sulfidation and that the declining tendency
was more apparent with the increase of ZnO loading. It was
reported that self-healing of zeolite defects can take place in an
aqueous solution,’™*” where water molecules could mediate
the migration and condensation of silanol groups. Since H,S is
an acid gas, it is likely that the H,S molecules, albeit of low
concentration, could to some extent behave similarly as H,O
molecules to induce the partial condensation of the silanols. It
is interesting to observe that there was considerable presence
of the Type II silanols in the ZnO@silicaliate-1 adsorbents
even after four cycles of sulfidation and regeneration, with the
latter performed at 500 °C for 4 h. We also performed a
control experiment in which the parent zeolite was further
calcined at 500 °C for different periods of time. The result in
Figure S11 shows that the proportion of Type II silanols
decreased with the calcination period and that they almost
disappeared after the calcination for 10 h because of
condensation at high temperatures. This comparison implies
that the ZnO species could help prevent the silanol groups
against condensation at high temperatures. With above results,
we come to a conclusion that the interaction between the guest
ZnO species and parent zeolite is 2-fold: the zeolite offers rich
silanol defects as ideal anchors to encapsulate the ZnO
nanoclusters, rendering them to be homogeneously dispersed
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in the zeolite and behave highly active and sintering-resistant in
the H,S adsorption; meanwhile, the encapsulated ZnO
nanoclusters segregate the silanol groups, which reduces their
chances of condensation at high temperatures.

In summary, we put forward a new concept to design
adsorbents that are capable of overcoming the activity—
stability dilemma in the ultradeep removal of trace impurities.
This concept involves encapsulating metal oxide nanoclusters
as chemisorption-active sites into a robust zeolite matrix. We
demonstrated a validation of this concept by confining ZnO
nanoclusters into a pure-silica MFI zeolite and proved that the
ZnO@silicalite-1 adsorbents were highly active and exception-
ally stable in the ultradeep removal of H,S. The detailed
characterization results showed that the zeolite offered rich
defective sites to anchor the ZnO nanoclusters and that the
interaction between the guest ZnO nanoclusters and parent
zeolite played a critical role in the stabilization of the ultrafine
ZnO nanoclusters. Although zeolites feature remarkable
(hydrothermal) stability, the diffusion limitation due to their
intrinsic micropores might be a concern. To overcome this
issue, we also demonstrated that it could be possible to
encapsulate the ZnO nanoclusters into a hollow silicalite-1
zeolite (Figure S12). The ultrafine ZnO nanoclusters were
uniformly dispersed in the thin shell (with a thickness of ca. 20
nm) of the hollow zeolite, thus greatly reducing the diffusion
distance. The hollow adsorbent exhibited a fast response in the
ultradeep removal of H,S as well as reasonable stability against
sintering at high temperatures. On the basis of the collective
results, we believe our work offers a promising strategy to
develop highly selective, fast responsive, and remarkably stable
adsorbent systems that are of particular significance to the
ultradeep removal of trace impurities.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00733.
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