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–shell catalyst: an effective
strategy for suppressing side reactions in syngas for
direct selective conversion to light olefins†

Li Tan, ab Fan Wang,c Peipei Zhang,b Yuichi Suzuki,b Yingquan Wu,d

Jiangang Chen,d Guohui Yang *bd and Noritatsu Tsubaki *b

An elegant catalyst is designed via the encapsulation of metallic oxide Zn–Cr inside of zeolite SAPO34 as

a core–shell structure (Zn–Cr@SAPO) to realize the coupling of methanol-synthesis and methanol-to-

olefin reactions. It can not only break through the limitation of the Anderson–Schulz–Flory distribution

but can also overcome the disadvantages of physical mixture catalysts, such as excessive CO2 formation.

The confinement effect, hierarchical structure and extremely short distance between the two active

components result in the Zn–Cr@SAPO capsule catalyst having better mass transfer and diffusion with

a boosted synergistic effect. Due to the difference between the adsorption energies of the Zn–Cr

metallic oxide/SAPO zeolite physical mixture and capsule catalysts, the produced water and light olefins

are easily removed from the Zn–Cr@SAPO capsule catalyst after formation, suppressing the side

reactions. The light olefin space time yield (STY) of the capsule catalyst is more than twice that of the

typical physical mixture catalyst. The designed capsule catalyst has superior potential for scale-up in

industrial applications while simultaneously extending the capabilities of hybrid catalysts for other

tandem catalysis reactions through this strategy.
Introduction

C1 chemistry has become a hot research area because one of the
most challenging scientic issues is to nd alternative energy
sources for petroleum in the 21st century. With the development
of biomass reforming technology and methane mining tech-
nology in shale gas and combustible ice, syngas (a CO + H2

mixture) can be used as a much cheaper stock with larger
reserves to synthesize chemicals and energy fuels via a non-
petroleum route. Conversion to light olens (C]

2 to C]
4 ) has

attracted immense interest since light olens are playing more
important roles in the chemical industry for a long period.1–3

Light olens are widely used in the organic chemicals with the
largest production volumes all over the world.4 Currently,
petroleum resources continue to decrease, which raises barriers
do Characterization, State Key Laboratory

nment, College of Chemistry, Fuzhou

thomas@eng.u-toyama.ac.jp

of Engineering, University of Toyama,

. E-mail: tsubaki@eng.u-toyama.ac.jp;

iversität Rostock, Albert-Einstein Strasse

, Institute of Coal Chemistry, Chinese

na

tion (ESI) available. See DOI:

f Chemistry 2020
for the traditional synthesis of light olens from naphtha
cracking.5,6

To solve this problem, considerable studies on the conver-
sion of syngas (synthesis gas, CO + H2) to light olens by the
Fischer–Tropsch synthesis have been reported due to the cost-
effective feeding stock as compared to crude oil, which is
called Fischer–Tropsch to olens (FTTO).7–13 CO can be con-
nected to H2 on the surface of the catalyst and the formation of
CHx (x¼ 1, 2, 3) takes place to convert to CnHm by C–C coupling;
nally, the alkane or olen products are formed by the hydro-
genation or dehydrogenation of CnHm. However, the Anderson–
Schulz–Flory distribution affects the selectivity for light olens,
which is a maximum of 58% theoretically.5

In another way, light olens can also be obtained from
methanol over a SAPO34 zeolite, namely by the methanol to
olen (MTO) process;14–19 methanol synthesis from syngas has
been a mature industrial product since 1923, which was built by
BASF.20 Using a hybrid catalyst is also a feasible way to realize
the tandem catalysis reaction from complex to simple
approaches.21–29 For the above-mentioned ndings, a new direct
route for syngas to light olen (STO) synthesis using physical
mixture catalysts has been reported.30–36 The light olen selec-
tivity breaks through the Anderson–Schulz–Flory distribution,
which is beyond 58%. Even though it is a discovery of great
importance, the challenges of suppressing highly undesirable
CO2 selectivity of approximately 50% and uneven mixing of
Chem. Sci., 2020, 11, 4097–4105 | 4097
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physical mixture catalysts still need to be optimized for its
further use in industrialization.

A capsule catalyst with a tailor-made core–shell structure has
been designed for several given reactions. Specically, it can
connect two or more consecutive catalytic processes into
a direct synthesis. In our previous studies, several successful
applications of capsule catalysts have been reported.37–43 For
instance, a Co–Al2O3 (core)@H-b-zeolite (shell) capsule catalyst
was designed for the direct synthesis of isoparaffins from
syngas via the Fischer–Tropsch synthesis. Syngas passes
through the zeolite membrane channels to reach the core
catalyst, where it forms normal paraffins. These linear hydro-
carbons exit by diffusion through the zeolite membrane and
those with a straight-chain structure have a chance of being
cracked and isomerized at the acidic sites of the zeolite.39 The
capsule catalyst (Cu–ZnO–Al2O3 was encapsulated by an H-ZSM-
5 layer) for a syngas to DME (CH3OCH3) direct synthesis has
also been successfully prepared. The formed methanol on the
Cu–ZnO–Al2O3 catalyst from syngas can easily be converted to
DME in situ by the H-ZSM-5 layer.40

In this study, the core–shell catalyst comprises metallic oxide
Zn–Cr covered by a SAPO34 layer and is used for STO (syngas to
light olens) synthesis. The catalyst is prepared by a modied
physical encapsulation method.41–43 With this tailor-made
designed catalyst, methanol can form on the metallic oxide
Zn–Cr initially, then themethanol will pass through the SAPO34
membrane to dehydrate to light olens, as illustrated in Scheme
1.

The SAPO34 shell can also protect the metallic oxide Zn–Cr
core to block the contact of the formed light olens and CO2. As
a result, the light olen product has difficulty further hydroge-
nating into a paraffin on the metallic oxide Zn–Cr. Meanwhile,
the water gas shi reaction on Zn–Cr is also limited by SAPO34.
A DFT study was performed that clearly shows that the
adsorption energies of H2O and C2–C4 light olens on the
SAPO34 shell are greater than on the metallic oxide Zn–Cr core,
which provides theoretical evidence for illustrating the protec-
tive function of the SAPO34 shell. Herein, in contrast to the
regular hybrid or physical mixture catalyst, a capsule catalyst
can signicantly achieve enhanced light olen selectivity while
limiting CO2 formation successfully.
Scheme 1 The preparation of a Zn–Cr@SAPO catalyst and the
strategy for light olefin synthesis from syngas.
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Results and discussion
Design of active physical mixture catalysts in STO reaction

In our study, we rst applied a CO hydrogenation catalyst of Zn–
Cr prepared by a co-precipitation method for syngas conversion
(Fig. 1A and B). The Zn–Cr metallic oxide catalyst is pre-treated
and activated by H2 to form oxygen vacancies at temperatures
below 400 �C, as given in Fig. S1.†44–48 In the reaction, the
selectivity of methanol is as high as 92.58% at 300 �C under
2.0 MPa (Table S2†). In detail, CO is absorbed at the oxygen
vacancies then dissociated and hydrogenated by H2 gradually to
CH3O, followed by further hydrogenation to methanol. Aer the
formation of oxygen vacancies, the number of electrons and
magnetic moments in the vicinity of Zn increases and there are
many electrons located above the highest valence band of the
oxide.49 Thus, the transfer of these energetic electrons to
methoxyl promotes its adsorption at the oxygen vacancies.
However, by increasing the temperature (300–450 �C) and
pressure (2.0–5.0 MPa), light olen selectivity reached
a maximum of 20% with nearly 50% CO2 produced (Table S1–
S3†). It shows that the reaction process has a high barrier to the
Fig. 1 The catalytic performance over different assembly models of
catalysts. Reaction condition: H2/CO ¼ 2.0, P ¼ 2.0 MPa, T ¼ 400 �C,
space velocity ¼ 6480 cm3 h�1 gcat

�1. (A) CO conversion and product
selectivity over varied catalysts, CO2 is excluded in the histogram. (B)
Zn–Cr metallic oxide catalyst. (C) Dual bed of Zn–Cr metallic oxide
and SAPO34 zeolite catalyst. (D) Physical mixture of Zn–Cr metallic
oxide and SAPO34 zeolite catalyst. (E) Capsule catalyst of Zn–Cr
metallic oxide and SAPO34 zeolite components. (F) The space time
yield of light olefins over different catalysts.

This journal is © The Royal Society of Chemistry 2020



Fig. 2 Relationship curves of CO conversion vs. (A) light olefin
selectivity and (B) CO2 selectivity of physical mixture and capsule
catalysts. Reaction conditions: H2/CO ¼ 2.0, P ¼ 2.0 MPa, T ¼ 400 �C.
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next MTO step on this sole metallic oxide catalyst. The Zn–Cr
metallic oxide does not provide enough active sites for meth-
anol to further dehydrate to light olens. Thus, the SAPO34
zeolite prepared by a hydrothermal synthesis method was
introduced as a C–C coupling catalyst for continuing the light
olen synthesis to realize the STO route. Initially, the SAPO34
zeolite is packed below the Zn–Cr catalyst using a layer of quartz
wool to separate these two types of components (Fig. 1A and C).
The light olen selectivity slightly increased to 27.86% but
52.58% of CH4 and 45.50% of CO2 are produced, which is far
from the target, as given in Fig. 1A and Table S1.† This may be
due to the formed methanol and water on the Zn–Cr metallic
oxide, which makes it difficult to attach the SAPO34 zeolite for
further tandem catalysis reaction and drainage. The methanol
and water are involved more readily in further methanation and
the WGS reaction with the CO absorbed on the Zn–Cr metallic
oxide defects, according to its thermodynamic equilibrium.50,51

In order to accelerate the tandem catalysis process as well as
mass transfer and diffusion, two kinds of components were
physically mixed as a uniform distribution catalyst to shorten
the distance between the two different active phases (Fig. 1D).
Several reaction conditions were investigated by varying the
space velocity (2160–6480 cm3 h�1 gcat

�1); the light olen
selectivity was boosted to 39.70% at most as the space velocity
increased (Fig. 1A and Table S1†). These ndings prove that
shortening the distance of two different active phases is
conducive to the light olen synthesis. Furthermore, from the
investigation of the catalyst acidity, the NH3-TPD proles reveal
that the Zn–Cr catalyst has the appropriate acidity to form
methanol from CO hydrogenation;52,53 meanwhile, the acidity of
the Zn–Cr metallic oxide and SAPO34 zeolite is not too strong to
limit the light olen synthesis, as given in Fig. S2,† because the
strongly acidic catalyst will suppress light olen formation and
favour alkanes in the product distribution.54
Design of powerful capsule catalyst to address the problems of
physical mixture catalysts

According to the above results, the capsule catalyst was explored
for STO synthesis since it has a unique connement effect, the
ability to regulate a tandem-catalysis reaction sequence, and
good mass transfer and diffusion performance (Fig. 1E). The
Zn–Cr/SAPO weight ratio of the capsule catalyst is 4 : 1 accord-
ing to the ICP results (Table S4†). In the reaction, as shown in
Fig. 1A, the light olen selectivity is signicantly enhanced to
64.31% with only 36.16% CO2 formation on the Zn–Cr@SAPO
catalyst. Hence, its light olen space time yield of 4.2 � 10�3 c-
mol$gcat

�1$h�1 is notably higher than that of any other type of
catalyst (Fig. 1F). The reason is that the SAPO34 shell of the Zn–
Cr@SAPO catalyst prevents the formed light olens from
further hydrogenating into alkanes on the in situ or neigh-
bouring Zn–Cr active sites. At the same time, the SAPO34 shell
also protects the Zn–Cr core from further water gas shi (WGS)
reactions on the core due to its better water absorbency with
larger surface area (Table S4†). It is clear that the capsule
catalyst has an advantage over the physical mixture catalyst
because of the much higher light olen selectivity with lower
This journal is © The Royal Society of Chemistry 2020
CO2 selectivity at the same CO conversion level (Fig. 2).
Consequently, the product distribution favours light olens
while CO2 is greatly suppressed by the synergistic effects and
connement effect of this unique core–shell structured catalyst.
Meanwhile, CH4 selectivity is also decreased because the
conversion of CH3O species to CH4 is limited in the SAPO34
zeolite shell considering the extremely short distance between
the two components, which leads to better mass transfer and
MTO-oriented reaction relay.55

In particular, the formation of CH3OH or CH4 from inter-
mediate CH3O hydrogenation depends on H donor-attaching C
or O on the active surface sites of the Zn–Cr metallic oxide. The
reaction channel of the Zn–Cr metallic oxide catalyst to CH3OH
has a reaction barrier of 1.33 eV, which is kinetically muchmore
favourable in comparison to CH4 formation with a reaction
barrier of 2.41 eV.49 Theoretically, accompanied by CH3OH
accumulation on the active sites, the product distribution will
shi to CH4 according to the chemical equilibrium between the
two competing reactions. Therefore, methane production can
be effectively inhibited by the fast scavenging of the accumu-
lated CH3OH over the SAPO34 zeolite shell to obtain target
products with high selectivity while decreasing CH4 selectivity.

To clarify the inuence of the reaction conditions on the STO
synthesis with the Zn–Cr@SAPO capsule catalyst, the effects of
the temperature, pressure and space velocity were also investi-
gated (Fig. 3, Table S1–S3 and S5†). Light olen selectivity
ranged from 5.06% to 64.31% within the tested temperature
(300–450 �C), pressure (2.0–5.0 MPa) and space velocity (2160–
6480 cm3 h�1 gcat

�1) conditions. The optimum reaction
temperature for SAPO34 is 400 �C since more methanol was
converted to light olens as the temperature increased from
300 �C to 400 �C. However, a very high temperature such as
450 �C will drive the products to methane according to the
thermodynamics (Fig. 3B). The reaction results also indicate
that the hydrogenation ability of the catalyst weakened as the
gas ow rate increased. Extending the contact time (decreasing
the gas ow rate) for each active site on the catalyst supplies
more opportunities for olen secondary hydrogenation,
according to the consecutive reaction kinetics, which alters the
product distribution of light olens (C2–C4 olens) and paraf-
ns (Fig. 3A). Furthermore, the product distribution prole
shied to light olens rather than alkanes when the pressure
was lower (Fig. 3C), which indicates that the light olen
Chem. Sci., 2020, 11, 4097–4105 | 4099



Fig. 4 The surface morphology of the capsule catalyst. (A) FE-SEM
images of cut section of Zn–Cr@SAPO capsule catalyst. (B) The EDS
analysis by a linear scan of the cut capsule catalyst. (C) The photo of
themapping section. (D) Themapping of all the elements on the above
section. (E) Zn elemental map. (F) Cr elemental map. (G) Al elemental

Fig. 3 The specific investigation of catalytic performance for the
capsule catalyst. (A) The effect of space velocity. (B) The effect of
temperature. (C) The effect of pressure. (D) The stability of the capsule
catalyst in the reaction.
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synthesis was conducted under the appropriate reaction
conditions. The H2/CO ratio of syngas was also studied, as given
in Table S5.† In comparison to the reaction results under syngas
(H2/CO ratio of 2), the methane selectivity increased to 18.45%
from 8.39%, partly inhibiting the formation of light olens at
the lower H2/CO ratio. However, there was no distinct difference
in the CO2 selectivity. The water formation was inevitable due to
the dehydration route for the light olen synthesis from
methanol. It is necessary to synthesize methanol from syngas in
the initial stage, which differs from other Fischer–Tropsch
routes. To realize methanol synthesis, each CO molecule needs
two hydrogen molecules. If there is not enough hydrogen, it is
hard to initiate methanol synthesis. As a competitive reaction,
more side products will be produced, inhibiting the nal light
olen formation. Therefore, it is concluded that the evaluated
H2/CO ratio of 2 is necessary for our catalysts to realize a highly
efficient direct synthesis of light olens from syngas. As known,
the strongly acidic catalyst will suppress light olen formation,
favouring alkane formation.54 Zeolite acidity, the hydrogenation
ability of the core catalyst, and hydrogen pressure determine the
nal olen selectivity.

Two samples were prepared and studied to verify the effects
from the silica sol. The Zn–Cr catalyst and SAPO-34 zeolite were
moistened separately by the diluted silica sol, followed by
drying and calcining. In Table S6,† the reaction results suggest
that trace Si from the silica sol has no effect on the catalysts or
their catalytic performance because the Si concentration in both
catalysts is extremely low in the induced diluted silica sol
during the catalyst preparation. It had a negligible inuence on
the acidity of the catalysts according to the NH3-TPD results
(Fig. S3†).

The capsule catalyst was also used in a syngas conversion
reaction for 100 continuous hours to evaluate its catalytic
stability (Fig. 3D and S4†). The Zn–Cr@SAPO capsule catalyst
had very stable CO conversion and target product selectivity
during this period, which reveals that the catalyst possesses
4100 | Chem. Sci., 2020, 11, 4097–4105
a steady core–shell structure in the STO reaction. To identify
whether there were coke deposit species on the catalyst surface,
thermogravimetric analysis, Raman and UV-vis spectroscopy
were employed to test the used catalysts (Fig. S5 and S7).† All the
results suggest that there was no amorphous carbon and
graphitic carbon deposition in the spent catalysts. The good
catalytic performance of the Zn–Cr@SAPO capsule catalyst also
demonstrates its potential for further scale-up in industrial
applications.
In-depth and comparative study of the capsule and physical
mixture catalysts

Further studies were performed to understand the unique
catalytic functions of the Zn–Cr@SAPO catalyst. Fig. S8† renders
the XRD patterns of the catalysts. For the Zn–Cr@SAPO catalyst,
the peaks appearing in the range of 30�–45� are attributed to
non-stoichiometric spinel ZnxCr2/3(1�x)O; the minor peaks
appearing in the range of 5

�
–30� are attributed to zeolite

SAPO34, indicating that the two different components are
combined within an integrated catalyst successfully. In the
tested samples, the particle size of the catalyst is about 1–2 mm,
possessing complete structure. In the tested Zn–Cr@SAPO
catalyst, each particle size is about 1–2 mm, possessing an
intact core–shell structure. Moreover, the 2D-XRD also shows an
obvious thermal signal for non-stoichiometric spinel ZnxCr2/
3(1�x)O in the Zn–Cr and SAPO34 physical mixture catalyst
(Fig. S9†). However, the signal is much weaker in the Zn–
Cr@SAPO capsule catalyst too. This is further evidence that the
capsule catalyst with a conned structure was prepared
successfully. Meanwhile, the capsule catalyst has the same
crystal orientation because of the observed similar Debye rings
in both catalysts, which indicates that the Zn–Cr@SAPO catalyst
is successfully synthesized without structural damage via the
encapsulation method.
map. (H) Si elemental map. (I) P elemental map.

This journal is © The Royal Society of Chemistry 2020



Fig. 6 Active sites in the crucial first methanol synthesis step. (A) XPS O
1s spectrum of fresh Zn–Crmetallic oxide catalyst. (B) XPSO 1s spectra
of activated Zn–Cr metallic oxide catalyst in H2 at 400 �C.
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The surface morphology of the Zn–Cr@SAPO capsule cata-
lyst was analyzed by FE-SEM and SEM (Fig. 4, S10 and S11†). The
Zn–Cr surface is totally covered by a SAPO34 layer and no
signals were observed from Zn and Cr in the EDS of the Zn–
Cr@SAPO capsule catalyst, as shown in Fig. 4A and S11(A and
C),† which indicates that the shell of the catalyst is encapsu-
lated well over the core. The EDS linear scan of the cut section in
the capsule catalyst (Fig. 4B and S11D†) further demonstrates
that the Zn–Cr catalyst is encapsulated by SAPO34 evenly. An
obvious boundary between the two different components was
observed. The different elements clearly show a boundary line
between the Zn–Cr metallic oxide and the SAPO34 zeolite in the
mapping pictures (Fig. 4C–I). The thickness of the SAPO34
membrane is about 30–45 mm, which is obtained from Fig. S10
(A and B), and S11 (B and D).† In the EDS analysis given by
a frontal horizontal incision photo of the capsule catalyst, the
signals of Zn and Cr started to increase from 45 mm beneath the
catalyst surface with decreasing Si, Al, and P signals, which
gives us the thickness of the SAPO34 shell on the capsule
catalyst. This is sufficient for the formation of light olens from
methanol on the catalyst shell. The innitesimal space between
Zn–Cr and SAPO34 is benecial for the mass transfer and
diffusion, which leads to the process of MTO (methanol to light
olens) synthesis on SAPO34 using a methanol immediate that
forms on the metallic oxide Zn–Cr. Moreover, the surface of the
Zn–Cr metallic oxide component is very smooth and clean,
Fig. 5 Demonstrating the synthetic capsule catalyst. (A) The three-
dimensional elemental distribution images of Zn in the Zn–Cr@SAPO
capsule catalyst. (B) The fluorescence intensity map of Zn in the Zn–
Cr@SAPO capsule catalyst. (C) The three-dimensional elemental
distribution images of Cr in the Zn–Cr@SAPO capsule catalyst. (D) The
fluorescence intensity map of Cr in the Zn–Cr@SAPO capsule catalyst.
(E) XPS Zn 2p spectra of Zn–Cr@SAPO capsule catalyst. (F) XPS Cr 2p
spectra of Zn–Cr@SAPO capsule catalyst.

This journal is © The Royal Society of Chemistry 2020
which indicates that the core catalyst was not corroded in
comparison with the capsule catalyst synthesized by the routine
hydrothermal method. In summary, the Zn–Cr@SAPO capsule
catalyst prepared by a physical coating method illustrates
superior selectivity of light olens due to its tailor-made core–
shell structure.

Other strong evidence for the successful preparation of the
Zn–Cr@SAPO capsule catalyst without structural damage is the
XRF-CT results, as shown in Fig. 5 and S12.†

The prepared capsule catalyst is scanned by horizontal,
angular and vertical triple cycle scanning in 9 random positions
at a 100 mm depth (Fig. S13†). The uorescence intensity of Zn
and Cr is easily detected over all the positions. The 3-D images
also show an even distribution of Zn and Cr inside the Zn–
Cr@SAPO capsule catalyst (Fig. 5A and C).56,57More importantly,
at the 100 mm depth of the catalyst, there are no signals for
SAPO34 (Si, Al, P), which indicates that there is no corrosion
occurring. XPS was also performed to investigate the catalyst
surface components (Fig. 5E and F). The photoemission
features of the Zn 2p spectrum suggest that the binding ener-
gies of Zn 2p1/2 and Zn 2p3/2 are 1045 eV and 1021.5 eV,
respectively (Fig. 5E). However, it is difficult to identify the state
of Zn by this approach because the binding energy of metallic
Zn and cationic Zn are too close to distinguish.58 The photo-
emission features of Cr 2p3/2 suggest that Cr is only present in
the cationic state Cr3+ since the binding energy of Cr 2p3/2 is
about 576 eV, which differs from the binding energy of metallic
Cr or the cationic state Cr6+ (Fig. 5F).59,60 Aer H2 activation
prior to the STO reaction, the binding energy of Cr 2p3/2 shows
a slight downshi to 575.5 eV, which indicates that the state of
Cr is a mixture of Cr0 and Cr2+ since the observed binding
energy is between the two states (Fig. S14†).

As shown by Fig. S1†, the H2-TPR result has a double over-
lapping reduction peak in the catalysts, which corresponds to
Cr3+/ Cr2+ and small quantities of Cr2+/ Cr0. Combined with
the XPS results, it is concluded that the catalyst active sites for
methanol synthesis are Zn2+ and Cr0/Cr2+ during the reaction.
As a surface-sensitive characterization technique, the signals
from the sample in XPS analysis are only detected from the 0–
2 nm depth on the catalyst surface. In Fig. 5E and F, no signals
of Zn and Cr are observed from the surface of Zn–Cr@SAPO
catalyst, which further indicates that the Zn–Cr metallic oxide is
covered by a SAPO34 shell.
Chem. Sci., 2020, 11, 4097–4105 | 4101



Scheme 2 The two different mass transfer routes over the Zn–Cr

Fig. 7 The adsorption properties over the physical mixture and capsule catalysts. (A) DRIFTS spectra of the physical mixture and capsule catalysts
under a flow of syngas at 300 �C; the signals were collected during the syngas conversion process. (B) DRIFTS spectra of the physical mixture and
capsule catalysts under a flow of syngas at 400 �C; the signals were collected during the syngas conversion process. (C) In situ FT-IR spectra of
the Zn–Cr and SAPO34 physical mixture catalyst; the catalyst was absorbed by propylene, then purged under a flow of Ar for 10 min at 400 �C;
the signals were collected at 0min, 5min, and 10min, respectively. (D) In situ FT-IR spectra of the Zn–Cr@SAPO capsule catalyst; the catalyst was
absorbed by propylene, then purged under a flow of Ar for 10 min at 400 �C; the signals were collected at 0 min, 5 min, and 10 min, respectively.
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In the rst step of STO synthesis, the oxygen vacancy plays
a crucial role in the conversion of syngas to methanol. In
Fig. 6A, B and Table S7,† aer H2 pre-treating of the catalyst
for 10 h at 400 �C, the Olattice on the catalyst surface decreased
from 43.83% to 2.77%, accompanied with a rapid increase of
OH from 21.56% to 63.74%. Simultaneously, the ratio of
Odefect/Olattice was obviously enhanced from 0.79 to 12.09,
which indicates that the sites supplied by oxygen vacancies
favour CO adsorption and continuous activation.44–48 OH
increased in the H2-activated Zn–Cr catalyst, which resulted in
the adsorption of formed H2O on the catalyst surface from the
process of Cr3+ reduction. In general, with increasing syngas
(CO/H2) pressure and reaction temperature in the STO reac-
tion, the oxygen vacancies concentration also increased,
which was conducive for the release of surface oxygen on the
Zn–Cr catalyst in an anaerobic environment. During the
period of sustained syngas feeding, unlike the CO adsorption,
the positions for H2 adsorption were at the exposed Olattice

sites nearby the surface oxygen vacancies.49 Hence, the
absorbed CO on the oxygen vacancies can continuously
convert into CHO, CH2O, CH3O and CH3OH by attaching to
the adjacent H donor.

The catalytic behaviour of the physical mixture and capsule
catalysts in the presence of syngas was studied by diffuse
4102 | Chem. Sci., 2020, 11, 4097–4105
reectance infrared Fourier transform spectroscopy (DRIFTS),
as illustrated in Fig. 7A and B. The evolution of two peaks at
around 2300 cm�1 is attributed to the presence of formed CO2,
indicating that the amount of formed CO2 on the capsule
catalyst was less than that on the physical mixture catalyst,
which suggests that the water gas shi (WGS) reaction is limited
by the unique core–shell structure of the Zn–Cr@SAPO capsule
catalyst during STO synthesis. In comparison to the vibration
physical mixture catalyst and capsule catalyst.

This journal is © The Royal Society of Chemistry 2020



Fig. 8 (A) Optimized periodic structures of SAPO34 (i); H2O (ii), C2H4

(iii), C3H6 (iv) and C4H8 (v) are adsorbed on SAPO34 with adsorption
energies (Eads). The SAPO34 shell is represented by a SAPO34 12T cell
having one acidic site at the O 1 position. Green, red, pink, yellow and
white balls represent P, O, Al, Si and H atoms, respectively. (B) Top
(above) and side (below) view of optimized configurations for H2O (i),
C2H4 (ii), C3H6 (iii) and C4H8 (iv) adsorption on CO occupied spinel
ZnCr2O4 (111) surface with adsorption energies (Eads). The surface of
spinel ZnCr2O4 (111) is presented as CO molecules occupied at the
sites of the O vacancies for the syngas first through the Zn–Cr core,
the subsequently formed products and by-products were calculated
by the adsorption on the CO occupied surface. Red, white, cyan,
purple and grey balls represent O, H, Cr, Zn and C atoms, respectively.

Edge Article Chemical Science
peak of the hydroxyl group adsorbed in the two different cata-
lysts, water easily remained in the Zn–Cr phase on the physical
mixture catalyst for the continuous WGS reaction. However, the
formed water more easily transfers via the SAPO34 shell, which
prevents the water from attaching to the Zn–Cr core for further
WGS reactions, as shown in Scheme 2. High pressure in situ IR
experiments were also performed under the reaction conditions
to support this view, as shown in Fig. S15.† The relative amount
of the produced CO2 was obviously decreased compared to that
of CO in the Zn–Cr@SAPO capsule catalyst. In addition, the DFT
calculations also indicate that the adsorption energies of water
are much higher on the SAPO34 shell (�0.87 eV, Fig. 8A) than on
the Zn–Cr core (�0.05 eV, Fig. 8B). This means the SAPO34 shell
has better water absorbency to prevent the WGS reaction from
occurring on the Zn–Cr core.

The desorption performance of light olens on the physical
mixture and capsule catalysts was simulated under the reaction
conditions by DRIFTS, as given in Fig. 7C, D, S16 and S17.†
Initially, aer the propylene adsorption, the hydrocarbons are
more easily adsorbed in the SAPO34 zeolite shell of the Zn–
Cr@SAPO capsule catalyst since the p electrons of olens prefer
to be absorbed on the electron-decient Lewis acid sites of the
zeolite. The vibrational peaks of C–H and C]C species are
slightly red-shied, indicating that the vibration energies of
C–H and C]C species are lower than that on the physical
This journal is © The Royal Society of Chemistry 2020
mixture catalyst. Therefore, the formed light olens are more
easily adsorbed in the capsule catalyst due to the presence of the
zeolite shell. Then, aer Ar purging, the intensity of C–H drops
rapidly, suggesting the desorption ability is also strong on the
capsule catalyst due to the SAPO34 shell in the hierarchical
structure. However, desorption is difficult with the Zn–Cr
metallic oxide and SAPO34 zeolite physical mixture catalyst
during STO synthesis; therefore, parts of the formed propylene
were converted into other species (1800 to 2300 cm�1) on the
active phase of the metallic oxide, which led to a decline of light
olen selectivity. Fig. S16† clearly shows that even though more
propylene remain over the Zn–Cr@SAPO capsule catalyst, the
absorbed propylene are more easily removed by Ar purging,
which provides strong evidence that the Zn–Cr@SAPO capsule
catalyst has a better desorption ability. The variety of vibration
peaks of w]CH2 observed in the ethylene adsorption and
desorption IR experiments under the same reaction conditions
are similar to the results in the adsorption and desorption of
propylene (Fig. S17†). In a continuous mobile phase system, the
adsorbed species are more rapidly desorbed in the capsule
catalyst, which promotes the mass transfer and diffusion,
maintaining a dynamic balance process. The results suggest
that the SAPO34 shell can prevent the adsorption of light olens
on the Zn–Cr metallic oxide core, which is consistent with our
reaction results, as shown in Scheme 2. In addition, the
adsorption energies are also provided by DFT calculation, which
are �0.45, �0.60 and �0.52 eV for C2H4, C3H6 and C4H8

adsorbed on the SAPO34 shell, respectively (Fig. 8A). The
adsorption energies of C2H4, C3H6 and C4H8 on the Zn–Cr core
are correspondingly �0.20, �0.26 and �0.22 eV (Fig. 8B), which
are all higher than on the SAPO34 shell. According to the
difference between the adsorption energies of the Zn–Cr
metallic oxide/SAPO zeolite physical mixture and capsule cata-
lysts, the formed water and light olens are easily removed in
the Zn–Cr@SAPO capsule catalyst in the case of side reactions.
The complementary DFT study is completely consistent with
our experimental results.

Conclusion

In summary, our study supplies a unique strategy to advance the
light olen selectivity and limit CO2 formation in the STO
(syngas to light olens) synthesis over a core–shell structured
Zn–Cr@SAPO capsule catalyst fabricated from a physical
encapsulation method. This catalyst efficiently combines a Zn–
Cr metallic oxide with a SAPO34 zeolite membrane, yielding
a light olen selectivity as high as 64.31% with a CO2 selectivity
at only 36.16%. The exquisite structure of the Zn–Cr@SAPO
capsule catalyst maximizes its catalytic performance in the STO
reaction by utilizing the different absorption barriers and active
phases of the two components. The lower adsorption energy
and larger surface area of the SAPO34 shell protect the Zn–Cr
core to limit the water gas shi (WGS) reaction. The hierarchical
structure and extremely short distance between the two active
components allow the Zn–Cr@SAPO capsule catalyst to
demonstrate better mass transfer and diffusion for a better
synergistic effect. At the same time, the connement effect of
Chem. Sci., 2020, 11, 4097–4105 | 4103
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the capsule catalyst also decreases the possibility of side-
reactions and enhances the light olen selectivity.

It should be noted that the connement structure of the
capsule catalyst determines these differences, rather than the
random assembly of the physical mixing analogue. All the
methanol from the Zn–Cr core must enter the channels of
SAPO34 to be regulated for the formation of light olens under
the control of the zeolite acidic and spatial properties. On the
other hand, some of the methanol may not enter the narrow
channels of SAPO34 in the case of the physical mixture catalyst
where most methanol only reacts at the outside surface acidic
sites of the SAPO34 zeolite without the zeolite molecule-shape
selective regulation, resulting in the formation of many by-
products and lower light olen selectivity. Furthermore, the
capsule catalyst structure provides a dense SAPO34 membrane
to effectively absorb and collect water and olens from the Zn–
Cr core, reducing CO2 formation and stopping olen secondary
hydrogenation at the core. The hierarchical structure also
provides a zone-separated adsorption difference to control the
reaction sequence and avoid side reactions. But all these tools
and effects are unavailable or severely weakened for the physical
mixture catalyst with random assembly due to its spatially
normalized features.

In addition, this type of catalyst has superior potential since
it can be easily scaled up to industrial requirements in the
future and it has extensive application prospects for various
reactions.
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