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ARTICLE INFO ABSTRACT

Keywords: Ethanol dehydrogenation process contributes significantly to the ethanol-based chemical industry which is ex-
Cu nanoparticles-encapsulated Silicalite-1 pected to grow up in the forthcoming future. Cu-based catalysts are highly active for this process, while the poor
zeolite

stability of which limits its practical application. Encapsulating Cu species into zeolites exhibits great potential in
creating and stabilizing Cu nanoparticles. The present investigation reports the synthesis of Cu@Silicalite-1
(Cu@S-1) catalysts with high Cu loading up to 10 wt% and finely distributed nanoparticles of 2.5-5 nm by a
modified steam-assisted strategy. Cu@S-1 presents robust and stable catalytic performance for the dehydroge-
nation of ethanol to acetaldehyde, remarkably superior to Cu/SiO,. No aggregation of Cu species could be
observed after three cycles of harsh reaction-oxidative regeneration-reductive activation or long-term reaction.
Kinetic investigation reveals that the rates of ethanol dehydrogenation exhibit a Langmuir dependence on
ethanol partial pressure. The rate coefficient for rate-limiting C-H cleavage over Cu@S-1 is about 2.4 times
higher than that over Cu/SiOy at 523 K, in consistency with its superior dehydrogenation performance.
Furthermore, Cu@S-1 possesses lower apparent activation energy and ethanol adsorption enthalpy compared
with Cu/SiO». In situ infrared and X-ray photoelectron spectroscopy investigation prove that the Cu@S-1 catalyst
with rich amount of Cu™ is kinetically favorable for ethanol dehydrogenation.

High metal loading
Spatial confinement effect
Ethanol dehydrogenation
Kinetics

1. Introduction several years. Besides, the world first zeolite-catalyzed dimethyl ether

(DME) carbonylation unit was commercialized in 2017 for EtOH pro-

Direct ethanol (EtOH) dehydrogenation to acetaldehyde (AcH) and
hydrogen is an attractive alternative way for AcH production which
currently mainly relies on the Wacker oxidation of non-sustainable
ethylene route over expensive palladium catalyst [1-8]. Concerning
the continuously increasing production of EtOH, development of effi-
cient EtOH dehydrogenation to AcH technique would contribute to the
EtOH-based chemical industry that is anticipated to make a significant
growth in the forthcoming future. In 2018, the bio-EtOH production
surpassed 30 billion gallons with an increase of ca. 5 % for the next
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duction, which is growing rapidly in China and by 2025 [9], the total
production capacity will reach around 4 million tons, with an industrial
value of around 36 billion USD [10].

One of the most famous cases for the utilization of AcH in industry is
the production of 1,3-butadiene from the Ostromislensky process, once
industrialized in Russia in 1900s, by co-conversion of EtOH and AcH
over Lewis-acid-base centers through consecutive processes including
aldol condensation, Meerwein-Ponndorf-Verley (MPV) reduction and
dehydration reactions [11-23]. Besides the manufacture of 1,
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3-butadiene as bulk commodity chemicals, AcH as raw material can also
react with NHs, Clp, HCN, ROH as well as formaldehyde to produce a
wide range of fine chemicals.

Transition metals (Ag, Zn, Zr, Ni and Cu) supported materials have
been widely investigated for EtOH dehydrogenation reaction [24-28].
Based on previous investigations, both metal species and the support
impose remarkable influence on their EtOH dehydrogenation activity
and selectivity [29-32]. Up to now, Cu supported over non-acidic sili-
ceous material exhibits high catalytic activity as well as selectivity,
which is regarded as one of the promising catalyst [33,34]. Construction
of Cu nanoparticles with high dispersion and accessibility is important
for obtaining active EtOH dehydrogenation catalyst. However, as Cu
possesses a low Tamman temperature (678 K), the Cu
nano-clusters/particles, especially with higher concentration, will un-
dergo migration and coalescence, aggravating the Ostwald ripening to
generate large-size Cu particles, and causing the deactivation of catalyst
[35,36]. Consequently, one of the major challenges for the utilization of
Cu-based siliceous catalysts is enhancing the catalyst stability while
maintaining its high activity and selectivity.

Cheng et al. found that the metal and support interaction (B-O-Cu™
linkages) could prevent the Cu species from aggregating [37]. Compared
with introducing Cu over amorphous silica (SiO2) support, encapsu-
lating the Cu species into microporous crystalline zeolite during the
zeolite synthesis process exhibits great potential in creating and stabi-
lizing nano-sized Cu species, since the confined zeolite cavities or
channels could provide spatial restriction and improve the metal sta-
bility against sintering during catalysis [38,39]. Confining noble metals
like Pt, Rh and the corresponding bimetallic centers in microporous
zeolite crystals have been well demonstrated for propane dehydroge-
nation, which is generally performed at high temperature of > 823 K
[40-42]. However, reports for the encapsulation of non-noble metal
species with high loading and uniform nano-scale size into zeolites are
still limited. Besides the geometrical confinement advantage in stabi-
lizing metal species, it is found that encapsulation of metal species into
zeolites would further generate metal-support interaction (MSI), pro-
moting the generation of oxidative metal species [43,44]. Despite the
recognition of essential valence for Cu active sites remains controversial,
Cu species with oxidative states play a critical role in the efficient con-
version of EtOH to AcH [1,37,45-47]. Zheng et al. proposed that cu’t
(1 < & < 2) species formed due to the strong interaction between Cu and
MFI support are the essential active centers for EtOH dehydrogenation
[38]. Accordingly, a (Cu/MFI)@MFI catalyst with theoretical Cu loading
of 5 % via secondary growth of MFI zeolite shell over Cu/MFI precursor
was synthesized, which exhibits well stability for AcH generation in
about 190 h time on stream [39]. The size of Cu particles within
(Cu/MFI)@MFI was estimated to be ca. 19 nm. Luo and co-workers
confined wultra-small and finely distributed Cu nanoparticles
(~1.8 nm) inside Silicalite-1 (S-1) via in-situ hydrothermal synthesis
strategy [1], where tetraethylenepentamine was applied as protecting
agent for Cu®" cations and the Cu loading was limited to around 2 wt%.
Styskalik et al. tried four different pathways to prepare Cu/SiO; cata-
lysts with ~2.5 wt% of Cu [48]. The Cu species size can be modified
from sub-nanometer clusters with hydrolytic sol—gel method to large
particles up to 32 nm with dry impregnation method. Based on the
recent investigations, achievements have been obtained in the con-
struction of well-distributed Cu nanoparticles by utilizing zeolite sup-
ports, however, it is still challenging to fabricate high concentration (>
5 wt%) of Cu species with finely distributed nano-scale size in zeolites
through a one-step and cost-effective synthesis process.

To achieve the goals proposed above, herein, we report a steam-
assisted strategy for embedding high concentration of nano-scaled Cu
particles in zeolites. The synthesis involves the use of pre-fabricated
metal phyllosilicate (AE-Cu-SiO3) as precursor, delivering metal
nanoparticles-encapsulated Silicalite-1 (Cu@S-1) with high metal
loading of 4-10 wt% and finely distributed nanoparticles of 2.5-5 nm
(depends on the metal loading amounts). The prepared Cu@S-1 catalysts
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presented high AcH formation rate and long-term stability in the EtOH
dehydrogenation to AcH reaction, remarkably superior to conventional
Cu/SiO; catalyst. Kinetic measurements and detailed characterization
were further carried out to reveal the intrinsic reaction activity of the
catalysts and the reaction mechanism. Pseudo in situ X-ray photoelectron
spectroscopy characterization revealed the essential oxidation state of
Cu active sites over Cu@S-1 is + 1. Kinetic experiment showed that
Cu@S-1 presented relatively lower apparent activation energy (62.2 kJ/
mol) compared with Cu/SiO5 (68.2 kJ/mol) and the rate coefficient of
EtOH dehydrogenation over Cu@S-1 is around 2.4 times higher than
that over Cu/SiOs. It is well demonstrated that the spatial confinement
effect of zeolite framework prevents the sintering of Cu nanoparticles
and facilitates the preservation of intrinsically active Cu™ species, which
is kinetically favorable for EtOH dehydrogenation.

2. Experimental methods
2.1. Catalyst synthesis

2.1.1. Synthesis of AE-Cu-SiO, precursor

The AE-Cu-SiO; precursor for Cu@S-1 synthesis was prepared by an
ammonia evaporation (AE) method. Typically, certain amounts of Cu
(NO3)2-3 Hy0 was dissolved in 250 mL of deionized water and subse-
quently, 13 mL of 25 % ammonia aqueous solution was added within
30 min under agitation. Then, 12.0 g of fumed silica was added into the
formed copper ammonia complex solution. After stirring for 4 h at
308 K, the temperature was rapidly increased to 363 K to allow for the
complete evaporation of ammonia and the deposition of copper species
onto the silica. After the pH of the suspension decreased to 6-7, the
generated precipitate was filtered, washed with deionized water and
dried at 393 K overnight. The synthetic precursors were calcined in
static air at 723 K for 4 h, pelletized, crushed, sieved to 20-40 meshes.
Through varying the amount of Cu(NO3)3-3H20, AE-Cu-SiO; precursors
with different Cu weight loadings were prepared and denoted as XAE-
Cu-SiO9, where x stands for the weight percent of Cu.

2.1.2. Synthesis of Cu@S-1

Cu@S-1 zeolites were synthesized by a steam-assisted crystallization
method using AE-Cu-SiO; as precursor. Firstly, 1.3 g of AE-Cu-SiO2 was
impregnated with 25 % tetrapropylammonium hydroxide (TPAOH)
aqueous solution. Then, the gel was dried at 323 K to remove excess
water, forming a dry gel with a composition of n Cu: 1.0 SiO2: 0.25
TPAOH: 7.0 Hy0. Subsequently, the dry gel was transferred to a Teflon
plate and sealed in a Teflon-lined stainless-steel autoclave with 10 mL
water at the bottom of the autoclave. After crystallization at 423 K for 3
days, the solid was collected by filtration, washed with deionized water,
dried overnight at 353 K and finally calcined in air at 823 K for 4 h to
remove organic species. The products were labeled as yCu@S-1, where y
means the weight percent of Cu (y = 4 wt%, 8 wt% and 10 wt%,
respectively).

2.1.3. Synthesis of Cu/SiO2

Cu-supported silica (Cu/SiO») catalysts were prepared for compari-
son via wetness impregnation method. Typically, certain amounts of Cu
(NO3),-3H,0 was dissolved in a minimum amount of water (10.0 g) to
obtain the target Cu weight loadings. 2.8 g of the solution was then
added dropwise into the silica support (1.0 g) to get a uniform gel. After
impregnation, the gel was subsequently dried at room temperature for
more than 24 h and 323 K for 0.5 h to remove excess water. This step was
followed by further heating the dry material to 673 K at rate of 2 K/min
and holding it at this temperature for 4 h under static air, after which it
was cooled to room temperature. The black products obtained were
denoted as zCu/SiO2, where z means the weight percent of Cu (z = 4 wt
% and 8 wt%, respectively). To explore the influence of calcination
conditions, Cu/SiOy with Cu loading amount of 8 wt% was also prepared
following similar calcination process as that utilized for Cu@S-1, which
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is denoted as 8 wt%Cu/SiO5-HT.
2.2. Catalyst characterization

The Cu contents in the Cu@S-1 and Cu/SiO5 catalysts were deter-
mined using inductively coupled plasma optical emission spectroscopy
(ICP-OES). Powder X-ray diffraction (XRD) patterns were acquired on
X'pert Pro diffractometer equipped with a Cu-Ka source (60 kV, 55 mA).
To obtain the textural properties of catalysts, Ny physisorption-
desorption isotherms were acquired at liquid nitrogen temperature
(77 K) using a gas adsorption analyzer (Micrometrics 3Flex). Tempera-
ture programmed reduction of Hy (Hy-TPR) was performed to investi-
gate the redox property of catalyst. Specifically, about 100 mg of
calcined catalyst was loaded into a quartz tube and dried in argon stream
at 423 K for 1 h to remove the adsorbed water. After being cooled down
to 323 K, the catalyst was heated in 10 %H,/Ar at a heating rate of 10 K/
min up to 873 K and the TCD signal was recorded.

To observe the morphologies and crystal sizes of catalysts, scanning
electron microscopy (SEM, Hitachi SU8020) was performed. Trans-
mission electron microscopy (TEM) and energy dispersive spectroscopy
(EDS) mapping were used to characterize the dispersion of metal spe-
cies, crystalline structure and elemental distributions of the catalysts. In
order to distinguish the distribution of metal species, a combination of
focused ion beam/scanning electron microscopy (FIB/SEM) slicing with
TEM imaging techniques was applied. The sample was firstly thinned to
a thickness of less than 100 nm through FIB sectioning on a FEI Helios
5CX FIB/SEM system and then observed under a JEM-ARM200F trans-
mission electron microscope. To assess the coke generation during EtOH
reaction, thermogravimetry (TG) analysis of fresh, reduced and spent
catalysts were carried out with SDT Q600 thermal analyzer. The TG
experiments were performed in the temperature range of 303 —1173 K
with a heating rate of 10 K/min.

To reveal the intrinsic chemical state of Cu species during reaction,
calcined and reductive pretreated catalysts were characterized by
pseudo in situ X-ray photoelectron spectroscopy (XPS) on a Bruker
Vextex 70 spectrometer equipped with a mercury-cadmium-telluride
(MCT) detector. Specifically, Cu 2p and LMM XPS spectra of calcined
Cu@S-1 and Cu/SiOy were firstly collected and then, catalysts were
transferred to a pretreatment cabinet under vacuum. Subsequently, the
catalysts were heated at 2 K min ™! from room temperature to 573 K and
held at that temperature for 2 h under flowing 10 %H2/90 %N,, and
then cooled naturally. The reductive treatment conditions mimic that for
catalytic performance evaluation. After that, Cu 2p and LMM XPS
spectra of reduced Cu@S-1 and Cu/SiO, catalysts were collected.
Binding energy (BE) values were referenced to the C 1 s core level at
284.6 eV.

To investigate the evolution of intermediates, comparative analysis
of EtOH conversion over Cu@S-1 and Cu/SiO; was performed through in
situ Fourier transform infrared (FTIR) spectroscopy measurements using
a Brukers Optics XF808-04 spectrometer. For these experiments, around
10 mg of catalyst was pressed into a thin self-supporting wafer, trans-
ferred into the transmission IR cell, and pretreated at 573 K for 2 h in
30 mL min~! of 10 %H/90 %N,. Subsequently, the sample was purged
with 30 mL min~! Ny and cooled naturally down to reaction temperature
to collect the background spectrum. After that, EtOH was fed onto the
catalyst through a saturated bubbler at 283 K and 80 mL min~! of
flowing No. The spectra for EtOH conversion were recorded at constant
time intervals to monitor the generation of intermediates and products.

2.3. Catalyst evaluation

EtOH conversion was performed using a fixed bed instrument
equipped with a tubular quartz plug flow reactor at atmospheric pres-
sure. Catalyst samples (~20 mg) were placed at the center of the quartz
reactor and supported by a quartz wool plug. Catalyst charges less than
20 mg were diluted with SiO; (Silica Flash 150 A). Prior to experiments,
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catalysts were heated at 10 K min~! from ambient temperature to 573 K
under flowing 10 %H/90 %N3 (30 mL min~) and held at this tem-
perature for 2 h. Initially, the influence of pretreatment atmosphere was
explored, in which N was applied in place of 10 %H3/90 %N, while the
pretreatment temperature remains unchanged. In a typical experiment,
EtOH was introduced into the stream of flowing N5 using a syringe pump
(EPP010) and N; was used as carrier gas. Products streams were
analyzed by gas chromatography using a Panna Pro60 GC fitted with a
Plot-Q capillary column and flame ionization detector.

3. Results and discussion
3.1. Synthesis and characterization of Cu@S-1 catalysts

A one-pot steam-assisted crystallization strategy is developed for the
synthesis of Cu nanoparticles encapsulated in zeolite Silicalite-1 (Cu@S-
1). Scheme 1 illustrates the synthetic procedures of the materials, which
involves the utilization of AE-Cu-SiO; as a precursor. High-resolution
transmission electron microscopy (TEM) characterization reveals that
ultra-small CuOx nanoparticles (average diameter of ca. 2.5 nm) are
highly dispersed in the calcined AE-8 %Cu-SiO; precursor (Fig. S1),
which should greatly contribute to the successful encapsulation of well-
dispersed metal nanoparticles in zeolites [49,50]. Moreover, Cu/SiO3
reference catalysts were prepared via wetness impregnation method by
utilizing the commercial mesoporous silica as support and to probe the
relationship between the distribution of Cu species and their catalytic
performance for EtOH dehydrogenation reaction.

Fig. 1A shows the XRD patterns of the calcined Cu@S-1 and Cu/SiO,
with different Cu loadings as well as the spent catalysts after harsh
catalytic evaluation and regeneration treatment. Standard XRD patterns
of Silicalite-1 zeolite, Cu, CupO and CuO were also shown for compari-
son. Accordingly, the XRD patterns of Cu@S-1 (4 wt%Cu@S-1, 8 wt%
Cu@S-1 and 10 wt%Cu@S-1) present characteristic diffraction peaks of
the MFI structure and the sharp peaks suggest the high crystallinity of
these materials. No peaks attributable to Cu, CupO and CuO species can
be observed, indicating that Cu species are highly dispersed on Cu@S-1.
In sharp contrast, two major peaks at 26 values of 35.3° and 38.9° are
detected for calcined Cu/SiO;, which changed to 43.5° and 50.3° after
Hj reduction. This suggests the formation of large CuO and Cu particles
over calcined and reduced Cu/SiOs, respectively.

The Cu loadings, textural properties as well as the morphology of
Cu@S-1 and Cu/SiO, were further characterized. In all cases, the Cu
amounts on the catalysts closely matched the targeted loadings of Cu
introduced (Table 1). The scanning electron microscopy (SEM) images
with high and low magnification (Fig. 1C and S2) show that Cu@S-1 has
a typical morphology of MFI-type zeolite with smooth surface and no
bulk metal oxide particles are observed. The particle size of zeolite
crystals is about 200-300 nm. N5 physisorption-desorption isotherms of
the catalysts were shown in Fig. 1B. Cu@S-1 samples have large Ny
uptakes at relative pressures below 0.01 due to the filling of micropores,
which also confirms the high crystallinity of Cu@S-1 samples. Cu/SiO2
samples show a type IV isotherm with hysteresis loop in the range of P/
Py =0.65-0.90 due to capillary condensation in mesopores. The
detailed textural properties of these samples are summarized in Table 1.
The micropore surface areas and micropore volumes of both 4 wt%
Cu@S-1 and 8 wt%Cu@S-1 are ~250 m?> g’l and 0.13 cm® g’l,
respectively, which are close to those previously reported for MFI zeolite
[39,51-53]. The lower values observed for 10 wt%Cu@S-1 should be
attributable to the partial pore plugging caused by high concentration of
metal nanoparticles. The external surface areas of Cu@S-1 are about
120-140 m? g~!, which is in agreement with their nano-sized crystal-
lites. For Cu/SiO2 samples, they possess large external surface of around
154-203 m? g~ and mesoporous volume of 0.94-1.01 cm® g™}, but
nearly no microporosity.

TEM tests were further applied for characterizing the dispersion of
Cu species over SiOy and embedded within Silicalite-1. The major
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Scheme 1. Schematic illustration for the synthesis of Cu@S-1 catalysts.
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Fig. 1. (A) XRD patterns of calcined Cu@S-1 and Cu/SiO, catalysts with different Cu loadings as well as the spent 8 wt%Cu@S-1 and 8 wt%Cu/SiO, catalysts
collected after reaction. (B) N, adsorption-desorption isotherms of Cu@S-1 and Cu/SiO,, catalysts with different Cu loadings. (C) SEM image of calcined 8 wt%Cu@S-

1 catalyst.

disadvantage of TEM is that the two-dimensional mode allows all metal
species, not only metal species embedded in crystals, can be imaged. To
investigate the intracrystalline distribution of metal species at high
spatial resolution, a combination of focused ion beam (FIB) with TEM
techniques, known as FIB/TEM slice and view, was utilized. Consecutive
thin slices of the entire Cu@S-1 crystals perpendicular to the crystal
substrate were collected and a high-resolution TEM image of this
exposed cross-section of the crystal is recorded, as shown in Fig. 2A. It is
observed that finely distributed CuOx nanoparticles with a dominant
size of 2.5 nm are well embedded in the crystals of calcined 8 wt%
Cu@S-1. No CuOx particles are observed on the external surface of
zeolite crystals. The size distribution of CuOx nanoparticles is in good

consistence with that of calcined AE-8 %Cu-SiOy precursor (Fig. S1).
Fig. 2B further presents the TEM image of 8 wt%Cu@S-1 after reductive
treatment, which shows that the size of Cu nanoparticles increases to
4.2 nm in comparison with its calcined counterpart. However, for the
reduced 8 wt%Cu/SiO,, obviously large Cu particles are observed with a
dominant size of 54.6 nm, in line with the XRD result in Fig. 1A. These
results demonstrate the effectiveness of the present synthesis strategy for
encapsulating high concentration of metal nanoparticles inside the
zeolite crystals. According to the previous works [54,55], the
steam-assisted  crystallization @ may  follow an in  situ
dissolution-recrystallization mechanism. The SiO; of AE-Cu-SiOy pre-
cursor are activated, rearranged and in situ transformed to the
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Table 1
Textural properties and metal loadings of Cu-based catalysts.

Catalyst Cu loading, wt%  Surface area (m?/g) Pore volume
(ecm®/g)
SBer  Shico  Séx Vbl Viiero

4 wt%Cu@S—1 4.7 391 254 137 0.50 0.15
8 wt%Cu@S—1 7.4 392 252 140 0.53 0.15
10 wt%Cu@S—-1 9.8 303 182 121 0.31 0.11
4 wt%Cu/SiO, 4.4 222 68 154  0.98 0.04
8 wt%Cu/SiO, 6.7 237 34 203  1.03 0.02

a: Spgr is the total surface area obtained by Brunauer-Emmet-Teller (BET)
method; b: Spicro is the t-plot micropore surface area; ¢: Sext = SpeT — Smicro; d:
Viotal is the total pore volume at P/Po= 0.99; e: Vpicro is the t-plot micropore
volume.

framework of Silicalite-1 zeolite. The close interactions between
ultra-small CuOx particles and SiO, matrix (the formation of Si-O-Cu
linkages) should help the successful encapsulation of metal nano-
particles during the transformation, avoiding the occurrence of phase
separation.

TEM images of reduced 4 wt%Cu@S-1 and 10 wt%Cu@S-1 are
shown in Fig. 2D-E. Well-dispersed Cu nanoparticles encapsulated in
crystals are observed for 4 wt%Cu@S-1, the corresponding size distri-
bution histogram of which shows a dominant diameter of around
2.4 nm. For 10 wt%@S-1, relatively larger Cu nanoparticles (dominant
diameter: ~5.2 nm) are formed. Although most of the Cu nanoparticles
are embedded in the crystals, small amounts of nanoparticles are

-

v
z
=
-
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presented on the surface of crystals likely because of the high concen-
tration of Cu species. Accordingly, Cu@S-1 with high Cu loadings up to
10 wt% and nano-scale Cu diameter of about 2.4-5.2 nm are success-
fully fabricated through steam-assisted crystallization method.

H,-TPR measurement was performed to gauge the reducibility of Cu
species incorporated in Silicalite-1 zeolite and that supported on SiOy
(Fig. 3A). No obvious reduction peak is observed at temperature higher
than 550 K on Cu@S-1, which indicates the complete reduction of
reducible Cu species by 550 K. Beyond that, reduction of possible re-
sidual Cu®" species cannot be realized via increasing temperature. As
reported for Cu/MCM-22, the assignment of reduction peak at around
473-573 K is complicated with high Cu loading, which covers the
reduction of Cu?* to Cu™ and also CuO to Cu®. Combining the XPS result
shown below, the strong peak centered at 484 K of Cu@S-1 are possibly
attributable to the reduction of Cu?* to Cu* and also CuO to Cu® species,
while the small shoulder at higher temperature (525 K) may correspond
to small amounts of Cut to Cu® species (18.5 %). For Cu/SiO2, higher
reductive temperatures are observed due to the lower accessibility of
highly aggravated Cu particles by Hy molecules. The obviously large
proportion of high-temperature peak at 558 K (around 61 %), associated
with the reduction of bulk CuO species and Cu™ to Cu?, is consistent with
the larger CuO particles on Cu/SiOa.

Pseudo in situ XPS analysis was employed to reveal the chemical
state of Cu species on 8 wt%Cu/SiO and 8 wt%Cu@S-1 before and after
reductive treatment. Fig. 3B shows the main and the satellite peaks of Cu
2ps,2 and Cu 2pj 2 of the catalysts. The calcined 8 wt%Cu@S-1 shows
Cu 2p;,2 and Cu 2ps/, signals centered at around 956 eV and 936 eV,

Diamcter(nm)

Diamecter(nm)

Fig. 2. High-resolution TEM images of (A) calcined 8 wt%Cu@S$-1 slice sample prepared by focused ion beam slicing technique, (B) reduced 8 wt%Cu@S$-1 and (C)
spent 8 wt%Cu@S-1 catalyst collected after three reaction-oxidative regeneration-reductive activation cycles. (D) SEM image and elemental mapping of Si, O and Cu
for reduced 8 wt%Cu@S-1 catalyst. (E-G) TEM images of reduced 4 wt%Cu@S-1, 10 wt%Cu@S-1 and 8 wt%Cu/SiO,, respectively. The insets are the particle size

distribution histograms of Cu species.
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respectively, accompanied with two strong shake-up satellite peaks sit-
uated at 943.7 eV and 962.9 eV attributable to Cu®™ [39,46,56]. While,
calcined 8 wt%Cu/SiO; exhibits two signals at relatively lower binding
energy (BE) of 952.8 eV and 932.9 eV and two weak satellite peaks of
Cu®". Deconvolution of Cu 2ps/, peaks was performed to clarify the
content of Cu species with different valence [39,57]. The cu?t species
content on calcined 8 wt%Cu@S-1 (85 %) is markedly higher than on
calcined 8 wt%Cu/SiO5 (29 %) (Fig. 3D). The existence of more cu*t
species with higher BE on 8 wt%Cu@S-1 should be due to the smaller
particle size of Cu species and their stronger interaction with zeolite
framework [38]. After Hj treatment, the Cu 2ps,, peak associated with
Cu®" species becomes negligible, suggesting the reduction of Cu®*

Quantitative analysis reveals that the content of Cu?>* decreases to about
9 % for 8 wt%Cu@S-1 and 13 % for 8 wt%Cu/SiO,, respectively.

To distinguish Cu® and Cu™ species, X-ray induced Auger electron
spectroscopy (XAES) measurements were performed on the catalysts. As
shown in Fig. 3C, two peaks centered at 916.7-918 eV and
913.6-914.4 eV attributable to reduced Cu® and Cu* species [58],
respectively, were detected for all catalysts. The contents of different Cu
species were estimated based on the areas of characteristic signals ob-
tained through peak deconvolution of Cu 2p and LMM XPS spectra
(Fig. 3D). It is noteworthy that the abundance of Cu™ on 8 wt%Cu@S-1
HT catalyst (58 %) is significantly greater than that of 8 wt%Cu/SiO, HT
(43 %), as illustrated in Fig. 3D. The predominance of Cu't specie on
8 wt%Cu@S-1 may be attributed to the stabilization of silanol groups of
zeolite, which have been documented to effectively anchor transition
metal species in zeolite-confined environments [59,61-63].

The catalytic performance of Cu@S-1 catalysts in the EtOH dehy-
drogenation to AcH reaction was investigated at 523 K under high
weight-hourly space velocity (WHSV) of 24 h™! (Fig. 4A). As shown, all
catalysts are active for the reaction, and the principle carbon-based

product observed is AcH. The side products include ethylene, diethyl
ether (DEE) and trace amounts of ethyl acetate (EA) (Fig. 4B). 10 wt%
Cu@S-1 exhibited the highest initial EtOH conversion of about 59 % and
a high selectivity toward AcH (96 %). It is noted that the EtOH con-
version over 10 wt%Cu@S-1 gradually drops from 59 % to 49 % in
250 min, which is possibly ascribed to the slight aggregation of some Cu
nanoparticles dispersed on the external surface of zeolite with such high
metal concentration. This deduction can also be verified by the superior
catalytic stability and high EtOH conversion (52 %) for EtOH dehydro-
genation over 8 wt%Cu@S-1 catalyst. The rate of AcH formation
normalized by the amount of Cu species over 8 wt%Cu@S-1 is around
1.3 times of that over 10 wt%Cu@S-1 (Fig. 4C). Reference catalyst 8 wt
%Cu/SiO, with the same metal loading as that of 8 wt%Cu@S-1 exhibits
a remarkably lower EtOH conversion of around 36 %, which should be
ascribed to the lower dispersion of Cu species as well as the lower
concentration of Cu' active sites as proposed by Zheng et al [39].
Furthermore, a gradual deactivation can be observed for 8 wt%Cu/SiOs.
This result is consistent with previous observations that the zeolite
support could provide a spatial confinement effect to disperse and sta-
bilize metal nanoparticles encapsulated and enhance their catalytic ac-
tivity due to the generation of Si-O-M linkages. To clarify the effect of
calcination conditions on the distribution and catalytic performance of
Cu species, 8 wt%Cu/SiO,-HT prepared at high temperature of 823 K
was also investigated for EtOH dehydrogenation under identical reac-
tion conditions. As shown in Fig. S3A, extremely low EtOH conversion of
2 % is observed, which is remarkably lower than that on 8 wt%Cu/SiO,.
Due to the low Tamm temperature of metallic Cu and the absence of
spatial restriction from support, serious Cu aggregation on 8 wt%
Cu/SiO2-HT occurs as observed in TEM image (Fig. S3B), which reduce
the accessibility of Cu active sites and lead to poor catalytic activity.
To clarify the valence of intrinsic Cu active sites, the activity and
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Fig. 4. (A) Conversion of EtOH and selectivity toward AcH over Cu@S-1 and Cu/SiO; measured at 523 K with 7.7 kPa EtOH/N, and WHSV= 24 h~!. The average (B)
products distribution and EtOH conversion as well as (C) AcH formation rates over different catalysts. Reaction conditions: EtOH flow rate = 0.6 mL/h, N, flow rate

= 50 mL/min, mc,; = 0.02 g.

selectivity of 8 wt%Cu@S-1 after pretreatment in Ny (without Hy
reduction), was also investigated for EtOH dehydrogenation. As
revealed in Fig. S4, a high initial EtOH conversion of 49 %, close to that
of reduced 8 wt%Cu@S-1 (52 %), can be observed. However, the con-
version of EtOH decreases monotonically with time, in sharp contrast
with the superior stability of reduced 8 wt%Cu@S-1 (Fig. 4A). Accord-
ingly, it is assumed that Lewis acidic Cu?" species may promote the
cascade condensation of AcH to produce long-chain unsaturated alde-
hydes, which lead to the coverage of active sites and their deactivation.
To evidence such deduction, the formation rates of coke species over
spent catalysts pretreated under N, and Hy/N; atmosphere were
comparatively investigated by thermogravimetry (TG) analysis. As
revealed, the rate of coke formation over Cu@S-1 pretreated under N3 is
around 4.51 mg/(g-h), which is higher than that over the counterpart
pretreated in reductive atmosphere (3.89 mg/(g-h)).

The dependence of the rates of EtOH dehydrogenation on the metal
loadings of the catalysts is illustrated in Fig. 4. The conversion of EtOH
drops as the decrease of the Cu loading, while the selectivity of AcH
increases. The EtOH conversion over 4 wt%Cu@S-1 is around 29 %,
which is close to that over 8 wt%Cu/SiO3 (33 %) with twice amounts of
Cu supported. While the initial conversion of EtOH over 4 wt%Cu/SiO5
decreases to 15 %, further evidencing the superior catalytic activity of
Cu species encapsulated in zeolite to that supported over SiO, material.
The rates of EtOH dehydrogenation over Cu@S-1 and Cu/SiO2 with
different metal loadings are also normalized by the molar amount of Cu
species (Fig. 4C). As shown, the dehydrogenation rates over Cu/SiO5
normalized by this way are independent with the loading amount
(2.1 mol/mol Cu/min), which may suggest that the dispersion as well as
existence status of Cu species supported over SiO, are almost invariant
with the metal loadings. While, due to the much smaller size of Cu
species over 4 wt%Cu@S-1, the rate of EtOH dehydrogenation over
Cu@S-1 is about 4 mol/mol Cu/min, which is around two times of Cu/

SiO,. Combined with the characterization results presented above, we
attribute the excellent catalytic activity and stability of Cu@S-1 to the
better dispersion of Cu species encapsulated in zeolite and enrichment in
the concentration of Cu' active species.

Fig. 5A shows the conversion of EtOH and selectivity toward AcH
measured at 4 kPa EtOH/N, over 8 wt%Cu@S-1 and 8 wt%Cu/SiO5
catalysts, as a function of reaction temperature. The EtOH conversion
increased nearly monotonically while the AcH selectivity only shows a
slight decrease from 100 % to 95 % as the reaction temperature in-
creases from 453 K to 553 K. Accordingly, high temperature is favorable
for the dehydrogenation of EtOH to AcH. Influence of space velocity was
investigated by increasing the feeding rate while maintaining the EtOH
partial pressure constant (4 kPa). Throughout the experiments (Fig. 5B
and S5), the dominant product is AcH, the selectivity of which rises with
the increase of space velocity, which indicates that AcH is produced as a
primary product. Moreover, the rates of AcH formation rise as the space
velocity increases from 2.4 to 9.5 h™!. With high space velocity (short
space time), the diffusion of guest molecules including EtOH, in-
termediates and AcH would be accelerated, which is favorable for the
regeneration of active sites. Concurrently, the secondary reversible AcH
hydrogenation, disproportionation of AcH to EA and cascade conden-
sation of AcH to long-chain aldehydes/ketones are significantly inhibi-
ted at high space velocity.

To get a deep insight into the reaction mechanism, the dependence of
the rates of EtOH dehydrogenation on reactant partial pressures over
8 wt%Cu@S-1 and 8 wt%Cu/SiO, catalysts was investigated, and the
results are shown in Fig. 5C. Generally, the rate of EtOH dehydrogena-
tion over both Cu-based catalysts is positive or nearly first order with
respect to EtOH at low partial pressure and then increases further but at
a much lower rate with increasing EtOH partial pressure for the range of
partial pressure tested (Pgog = 2-20 kPa). At low EtOH partial pressure,
it is assumed that the sites responsible for EtOH dehydrogenation are
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Fig. 5. (A) Effect of reaction temperature and (B) space velocity on the conversion of EtOH and selectivity toward AcH for 8 wt%Cu@S-1 and 8 wt%Cu/SiO,.
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SiO,. Reaction conditions: T = 523 K, total gas flow rate = 208 mL/min. (D) Arrhenius plots of EtOH dehydrogenation over 8 wt%Cu@S-1 and 8 wt%Cu/SiO,.
Reaction conditions: T = 473-523 K, Pgion = 4 kPa and total gas flow rate = 208 mL/min.

predominantly unoccupied, while as the partial pressure of EtOH in-
creases, saturated adsorption of EtOH-derived species would occur,
leading to a constant EtOH dehydrogenation rate. It is noted that the
EtOH dehydrogenation rates approach to nearly zeroth order at a rela-
tively lower EtOH partial pressures of about 8 kPa over 8 wt%Cu/SiOq,
indicating the saturated adsorption of EtOH-derived species. In contrast,
for 8 wt%Cu@S-1, a slight bend in the rate of EtOH dehydrogenation is
observed for the same range of partial pressure tested. The different
behaviors regarding the influence of reactant partial pressure on EtOH
dehydrogenation rates suggest weaker adsorption of EtOH over 8 wt%
Cu@S-1. In this case, the adsorption of EtOH over Cu active sites is not
promoted by the microporous porosity of zeolite crystals, otherwise
which would lead to stronger adsorption of EtOH. Based upon the ki-
netics observations and the precedent for EtOH dehydrogenation in the
literature [11,39,51,60], a rate expression for AcH formation from EtOH
dehydrogenation can be derived using a Langmuir model and is given
below in Eq. 1. The rate expression was derived with the following as-
sumptions: the adsorption of EtOH is quasi-equilibrated; the cleavage of
O-H bond of EtOH is rapid; the concentration of surficial AcH and Hj is
negligible and the C-H bond cleavage is discerned as the rate-limiting
step. The assumptions and methods used to derive the rate expression
are described in detail in the Supplementary Information.

r—= ka
T 1+Kp

@

The parameter k represents the effective rate constant associated
with the rate-limiting abstraction of a-H from EtOH (C-H bond cleav-
age), while K is the equilibrium constant for EtOH adsorption onto
active sites. The rate data presented in Fig. 5C can be fitted to Eq. 1.
Table 2 shows the experimentally measured rate coefficients and
adsorption constants for EtOH dehydrogenation at 523 K. As estimated,
the rate coefficient for EtOH dehydrogenation over Cu@S-1 is 2.4 times
higher than the corresponding rate coefficient over Cu/SiO2, which

Table 2
Rate parameters for EtOH dehydrogenation over Cu@S-1 and Cu/SiO, measured
at 523 K.

Cu@S-1 Cu/Si0,
rate coefficient k (mol/(mol Cuemin)) 6.292 2.570
pre-exponential factor A (mol/(mol Cuemin)) 8.7 x 10° 3.3 x 10°
EtOH adsorption constant K (kPa™ ) 0.085 0.203

indicates obviously promoted dehydrogenation activity of Cu species
confined in Silicalite-1 zeolite. In addition, the much higher equilibrium
constant for EtOH adsorption on Cu/SiO; suggests the stronger
adsorption of EtOH species, which is consistent with the phenomenon
that Cu/SiO; is saturated by EtOH-derived species at low EtOH partial
pressure. The apparent pre-exponential factors, A, were further esti-
mated based upon the apparent activation energies and rate coefficients
for EtOH dehydrogenation. As shown in Table 2, the apparent pre-
exponential factor for EtOH dehydrogenation over Cu/SiOy is
3.3 x 10° mol/mol Cu/min, which is around 3.8 times of that over
Cu@S-1. Actually, apparent pre-exponential factors are the combination
of entropies of EtOH adsorption and activation, hence, it can be deduced
that a small difference of 11 J/mol/K in the entropies could readily
account for this small difference.

The reaction kinetics of EtOH dehydrogenation over 8 wt%Cu@S-1
and 8 wt%Cu/SiO, were investigated with constant EtOH partial pres-
sure of 4 kPa. EtOH conversion was kept below 15 % (Fig. S6) to exclude
the influence of surficial adsorbed products and any intermediates. From
the Arrhenius plot of the rate of EtOH dehydrogenation (Fig. 5D), 8 wt%
Cu@S-1 catalyst exhibited slightly lower experimental apparent acti-
vation energy of 62.2 kJ/mol than that of 8 wt%Cu/SiO2 (68.2 kJ/mol).
Taking an assumption that Cu™ sites predominantly catalyze the rate-
limiting C-H cleavage, the rates of EtOH dehydrogenation can also be
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normalized per Cu® via dividing the rates per Cu site by the Cu’/Cu
ratio. The rates of EtOH dehydrogenation normalized this way, shown in
Fig. S7, increase monotonically at low EtOH partial pressures and then
increase further but at a lower rate for high EtOH partial pressures. The
apparent activation energies for EtOH dehydrogenation over 8 wt%Cu/
Si05 and 8 wt%Cu@S-1 normalized per Cu™ active sites were estimated
to be 62.9 and 68.5 kJ/mol, respectively.

As found in the effect of EtOH partial pressure on the rate of EtOH
dehydrogenation above, the adsorption of EtOH over Cu nanoparticles
confined in Silicalite-1 zeolite is weaker than that over larger-sized Cu
particles supported on SiOy, i.e., the adsorption enthalpy for EtOH
should be less negative. On that basis, it can be reasonably deduced that
the intrinsic activation energy (Ein; = Eapp - AHags) for EtOH dehydro-
genation over Cu@S-1 should be lower than Cu/SiO;. This demonstrated
that, besides the much higher concentration of available active centers
for 8 wt%Cu@S-1, the activation barrier over 8 wt%Cu@S-1 is also
lower compared with that of 8 wt%Cu/SiOs, leading to superior dehy-
drogenation activity.

In situ FTIR experiments of EtOH reaction on both 8 wt%Cu@S-1
and 8 wt%Cu/SiO; catalysts at different temperatures were carried out
to gain more insight into the surface reaction behaviors. As shown in
Fig. 6 and S8, the surface hydroxyl groups over the catalysts are
immediately consumed once fed in EtOH with an intense negative band
at 3728 cm ™! for Cu@S-1 and 3740 cm ! for Cu/SiOs, because of the
adsorption of EtOH over Si-OH groups. At the same time, obvious C-H
stretching signals in the range of 2800-3000 cm ™! and C-H bending
signals in the range of 1300-1500 cm ! are observed, which are typical
for the ethyl groups of adsorbed EtOH [64-67]. The maxima of negative
IR bands are centered at 3728 cm™' for Cu@S-1 and 3740 cm™! for
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Cu/SiO,, which are attributable to internal silanol groups in zeolitic
micropores and isolated silanol groups over SiOy, respectively [61-63].
It is also noted that the interaction between EtOH and the surface Si-OH
group is weak, since the signal of Si-OH group can be easily recovered
and the signals representing C-H vibration from ethyl groups of EtOH
become negative once purging with Ny for a short time of 1 min
(Figs. 6B, 6D, S8B and S8D). During the EtOH reaction at 453 K, an IR
band at 1723 cm ™! appears over Cu@S-1 (Fig. 6C), which is typical of
the C=O stretching vibration in AcH [65,68]. However, no band
attributable to AcH, is observed for Cu/SiO, even after 30 min of reac-
tion at this temperature (453 K, Fig. S8A). As shown in Fig. S8C, further
heating to 523 K reveals the appearance of weak IR band representing
AcH generation at 1723 cm ™! for Cu/SiO,. In sharp contrast, IR signals
at 1723 cm™ ! could be observed over 8 wt%Cu@S-1 even under much
lower temperature of 423 K. These observations suggest the superior
catalytic activity of Cu nanoparticles encapsulated into zeolite than Cu
particles supported on SiO3, which agrees well with the kinetics inves-
tigation that 8 wt%Cu@S-1 catalyst has much lower activation barrier
for EtOH dehydrogenation reaction.

The long-term catalytic performance of EtOH dehydrogenation over
Cu@S-1 and Cu/SiO,, including activity, selectivity and durability, were
comparatively investigated at 523 K (Fig. 7). Cu@S-1 shows a high
initial EtOH conversion of ca. 93 % and high AcH selectivity of 88 %-
99 % and undergoes extremely mild deactivation, retaining 91 % con-
version even after 202 h of reaction. For Cu/SiO5, EtOH conversion is
93 % initially and drops very rapidly to about 55 % within 37 h. Their
catalytic lifetimes differ by one order of magnitude. To clarify the evo-
lution of Cu species constructed over the catalysts during reaction, TEM
images of spent catalysts were collected. For the spent 8 wt%Cu@S-1
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catalyst (after reaction at 523 K for 202 h), Cu nanoparticles are still
well dispersed in zeolite crystals with an average size of 4.7 nm
(Fig. 7B), similar to what observed for fresh catalyst. In contrast, the Cu
particles over 8 wt%Cu/SiO, further sinter and the average size in-
creases to around 76.8 nm (Fig. 7D). The catalytic performance together
with the TEM images well demonstrate that zeolite framework provides
effective spatial confinement effect on stabilizing non-noble metal
nanoparticles, even in reductive atmosphere. Coke deposition is gener-
ally accompanied with the EtOH dehydrogenation reaction, which may
contribute to the catalyst deactivation. Thus, TG analysis of fresh,
reduced and spent catalysts were performed following identical condi-
tions, to assess the coke deposition of the spent catalyst. From Table S1
and Fig. S9, it is observed that the overall amount of coke species
generated over spent Cu@S-1 after the continuous EtOH dehydrogena-
tion reaction for 202 h is around 2.18 %, which is higher than that over
spent Cu/SiO; catalyst after a TOS of ~ 40 h. Noteworthily, the forma-
tion rate of coke species estimated through dividing the coke amount by
TOS is 0.30 mg/(g-h) for 8 wt%Cu/SiO2, which is nearly 3 times faster
than that over 8 wt%Cu@S-1. Therefore, 8 wt%Cu@S-1 exhibits well
enhanced coke resistance in comparison with 8 wt%Cu/SiOs.
Combining the TEM and TG analysis of spent catalysts with their cata-
lytic performance, it can be deduced that both coke deposition and Cu
sintering contribute to the rapid deactivation of 8 wt%Cu/SiO,, while
slow coke generation mainly lead to the mild deactivation of 8 wt%
Cu@S-1.

EtOH dehydrogenation over 8 wt%Cu@S-1 with high EtOH partial
pressure of 20 kPa and high WHSV of 1.9 h~! was further performed. As
shown in Fig. S10, Cu@S-1 shows an initial EtOH conversion of 64 %
and even after a TOS of 100 h, the EtOH conversion still remains at
around 62 %, indicating its good catalytic stability. During the period,
the selectivity toward AcH increases gradually from 90 % to 97 %. TEM
image of the spent Cu@S-1 reveals that the dominant size of Cu species is
6.2 nm, which is slightly larger than that of the fresh catalyst (4.2 nm).
Furthermore, TG analysis indicates that the formation rate of coke is
0.26 mg/(g-h), which is 2.4 times of that measured at 2.5 kPa EtOH and
WHSV of 0.53 h™ L. Consequently, the mild deactivation of 8 wt%Cu@S-
1 is caused by both enhanced coke deposition and some Cu sintering at
high EtOH partial pressure.

To further evidence the spatial confinement effect of Silicalite-1

10

zeolite for protecting Cu species from aggregation, three continuous
EtOH dehydrogenation reaction followed by air regeneration at high
temperature and then Hj pretreatment test cycles were performed for
both 8 wt%Cu/SiO3 and 8 wt%Cu@S-1 catalysts. As shown in Fig. 8,
Cu/SiO; displays a quick deactivation after a TOS of 12 h, with a sig-
nificant decrease in the EtOH conversion from 89.6 % to 76.1 %, indi-
cating the aggregation of Cu particles. Similar deactivation of Cu/SiO,
has also been reported by Luo et al., in which Cu/SiO, showed 46.5 %
drop in EtOH conversion after a TOS of 16 h at even lower WHSV of
0.53h ! [1]. For 8 wt%Cu@S-1, no diminish in the EtOH conversion is
observed after a TOS of 15h under identical reaction conditions
(Fig. 8B). For both Cu-based catalysts, the selectivity toward AcH
gradually increases from 94 % to 99 %. Notably, 8 wt%Cu@S-1 presents
very stable EtOH dehydrogenation activity and AcH selectivity even
after consecutive oxidative-reductive treatment. TEM and XRD charac-
terizing the spent Cu@S-1 sample further demonstrate the well disper-
sion of Cu species after reaction. The XRD pattern of spent 8 wt%
Cu@S-1 (blue line, Fig. 1A) shows the characteristic peaks of MFI zeolite
while no obvious peaks of Cu species can be distinguished. TEM image of
spent Cu@S-1 (Fig. 2C) exhibits no changes on the Cu size and distri-
bution compared with that of fresh sample, in good agreement with XRD
result. However, for the spent Cu/SiOy, XRD peaks at 20 = 43.4° and
50.5° attributable to metallic Cu are observed, indicating the formation
of bulky Cu particles (yellow line, Fig. 1A).

The reaction mechanism for EtOH dehydrogenation to AcH over
Cu@S-1 catalyst is envisioned based on the catalyst characterizations, in
situ IR experiment and reaction behaviors obtained above as well as
findings reported previously [33,39,64,68]. Accordingly, Cu® and Cu*
confined in Silicalite-1 are both active for EtOH dehydrogenation,
among which Cu™ is reported to be the predominant active centers. In
situ XPS experiments revealed that 58 % of Cu over reduced Cu@S-1 are
presented as Cu™ specie. Furthermore, it has been proposed that both the
metal and support play critical roles in the alcohol dehydrogenation for
metal supported catalysts, in which the functional groups over support
generally promote the O-H cleavage and the metal sites participates in
the rate-limiting C-H cleavage and H; recombination. As shown in
Scheme 2, the mechanism starts with adsorption of EtOH with the O of
hydroxyl group onto the Lewis acidic Cu" sites to form surface ethoxy
and hydroxyl species with the assistance of Si-OH group on Silicalite-1
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Scheme 2. Schematic illustration of reaction mechanism for EtOH dehydro-
genation to AcH over Cu@S-1.

zeolite, which is confirmed by the in situ IR investigation of EtOH re-
action (Fig. 6 and S8). This is followed by the rate-limiting C-H bond
cleavage over Cu" sites and recombination of two H atoms to form Hj
possibly over proximal Cu? site.

Compared with traditional method with organic protecting agent,
the steam-assisted crystallization strategy developed in this work could

11

help create higher amounts of well-dispersed Cu species. The stronger
interaction between Cu and zeolite framework O makes the Cu species
more positive compared with that supported on the surface of amor-
phous SiO», and therefore leads to the lower activation barrier and su-
perior dehydrogenation activity. More importantly, the unique
confinement effect from zeolite framework can protect Cu species from
sintering, providing more guarantee for catalytic stability when
considering further applications.

4. Conclusion

In the present study, Cu@S-1 catalysts with high concentration of
nano-scaled metal nanoparticles were successfully synthesized via uti-
lizing metal phyllosilicates as precursor by a facile steam-assisted
approach. Based on the comprehensive characterization, Cu nano-
particles were well embedded in the body of zeolite crystals. Specif-
ically, Cu@S-1 with high loading up to 10 wt% and finely distributed
nanoclusters of 2.5-5 nm were synthesized. Cu@S-1 catalyst exhibits
stable catalytic performance for EtOH dehydrogenation to AcH, with an
EtOH conversion of 91 % even after a TOS of 202 h at 523 K. Both the
catalytic activity and stability of Cu@S-1 are superior to those of Cu/
SiO,. The regeneration ability of Cu@S-1 catalyst is evaluated under
harsh conditions and no aggregation or deactivation of Cu species could
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be observed, demonstrating the powerful effect of zeolite framework on
preventing Cu sintering. Based on the pseudo in situ XPS characterization
of calcined and reductive catalysts, it is proposed that the superior
catalytic performance of Cu@S-1 is associated with the existence of
highly active Cu" species and better accessibility of Cu active sites. Ki-
netic experiments suggest that the activity superiority of Cu@S-1 be-
comes more prominent with the increase of EtOH partial pressure, since
the Cu/SiO; is more easily saturated with EtOH-derived species. The
rate coefficient for EtOH dehydrogenation over Cu@S-1 is estimated to
be 2.4 times higher than that over Cu/SiO; at 523 K.
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