Downloaded viaDALIAN INST OF CHEMICAL PHY SICS on January 10, 2023 at 01:49:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Atomic Insight into the Local Structure and Microenvironment of
Isolated Co-Motifs in MFI Zeolite Frameworks for Propane

Dehydrogenation

Zhong-Pan Huy," Ganggiang (lin,V Jingfeng Han, Wenna Zhang, Nan Wang, Yijun Zheng, Qike Jiang,
Te Ji, Zhong-Yong Yuan, Jianping Xiao,* Yingxu Wei,* and Zhongmin Liu*

Cite This: J. Am. Chem. Soc. 2022, 144, 12127-12137

I: I Read Online

ACCESS |

[ihl Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Embedding metal species into zeolite frameworks can
create framework-bond metal sites in a confined microenvironment.
The metals sitting in the specific T sites of zeolites and their
crystalline surroundings are both committed to the interaction with
the reactant, participation in the activation, and transient state
achievement during the whole catalytic process. Herein, we
construct isolated Co-motifs into purely siliccous MFI zeolite
frameworks (Co-MFI) and reveal the location and microenviron-
ment of the isolated Co active center in the MFI zeolite framework
particularly beneficial for propane dehydrogenation (PDH). The
isolated Co-motif with the distorted tetrahedral structure ({(=
Si0),Co(HO—-Si=),}, two Co—O-Si bonds, and two pseudo-
bridging hydroxyls (Co--*OH=Si) is located at T ;) and T sites
of the MFI zeolite. DFT calculations and deuterium-labeling
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reactions verify that the isolated Co-motif together with the MFI microenvironment collectively promotes the PDH reaction by
providing an exclusive microenvironment to preactivate C;Hjg, polarizing the oxygen in Co—O—Si bonds to accept H* ({(=
SiO)CoH’~ (H?*O—Si=),}), and a scaffold structure to stabilize the C;H,* intermediate. The Co-motif active center in Co-MFI
goes through the dynamic evolutions and restoration in electronic states and coordination states in a continuous and repetitive way,
which meets the requirements from the series of elementary steps in the PDH catalytic cycle and fulfills the successful catalysis like

enzyme catalysis.

B INTRODUCTION

The introduction of metallic active centers into porous
materials, especially zeolites to form metal—zeolite materials,
has achieved great success in catalytic applications such as
dehydrogenation,”” hydrogenation,’ S0 A
growing consensus is that the zeolite catalysis in a specific
reaction depends not only on the active sites located in the
zeolite but also on the microenvironment surrounding the
protonic or metallic centers.””'" The confined nanospace close
to the guest molecular size can provide a promising and
fascinating space for reactant activation and transformation.
These advantages should also be reflected in the metallic
species-introduced zeolite materials and their applications.
This kind of introduction would unconsciously imitate some of
the characteristics of enzyme catalysis.'”'” Through the
synergistic effect of metallic active sites and the reaction
microenvironment, the constructed metal—zeolite catalytic
system helps the reactants to be adsorbed, be activated,
reach the transition state, and generate products, therefore
realizing the catalytic cycle in an optimized reaction pathway in
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some typical reactions, such as alkane activation with strong
potential, which is a necessity for industrial applications."*~"”

The combination of metallic species and zeolites has
contributed to the development of important catalysts, for
example, Fe—BEA,H_16 Cu-CHA,"*"® and Rh-ZSM-5."" With
zeolites as the support, metal species are encapsulated inside or
highly dispersed on the zeolite surface resulting in nano- or
subnano-scale metal particles, which are responsible for the
high efficiency and long-life reaction performance of alkane
dehydrogenation.”’™** In other cases, researchers are seeking
to embed metal species into zeolite frameworks to form
heteroatomic zeolites. This kind of incorporation realizes
atomic-level metallic species dispersion and produces a

Received: March 10, 2022
Published: June 28, 2022

https://doi.org/10.1021/jacs.2c02636
J. Am. Chem. Soc. 2022, 144, 12127-12137


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Pan+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gangqiang+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingfeng+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenna+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yijun+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qike+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Te+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Te+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Yong+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianping+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingxu+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongmin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c02636&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02636?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02636?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02636?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02636?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02636?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/27?ref=pdf
https://pubs.acs.org/toc/jacsat/144/27?ref=pdf
https://pubs.acs.org/toc/jacsat/144/27?ref=pdf
https://pubs.acs.org/toc/jacsat/144/27?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c02636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

uniform metal—zeolite material with metal atoms sitting in the
tetrahedrally coordinated frameworks. To date, several
heteroatomic metal—zeolites have been synthesized and used
for industrial applications, such as titanium silicalite (TS-1) for
olefin epoxidation® and Sn-Beta for carbohydrate conversion
into platform and commodity chemicals.””** However, the
incorporation of some other transition metal atoms (e.g.,, Co,
Ni, and Cu) selectively into a specific position of the zeolite
framework is still very difficult owing to the steric constraints
of zeolites and problematic host—guest matching between
metallic species and zeolites. Usually, nanoparticles with a size
larger than 0.5 nm would be formed in or on zeolites during
the synthesis procedure.”>” So far, the introduction of single
transition metallic atoms within the desired framework or
channel of zeolites is still a challenging and cutting-edge
technology in the exploitation of functional metal—zeolite
catalysts.

Recently, cobalt (Co)-containing catalysts have been
reported to be active for alkane dehydrogenation.”’ ™
Typically, the diversity of supports and preparation methods
employed for Co-containing catalyst construction would result
in the diversity of Co species and further significantly affect the
alkane dehydrogenation performance. The presence of various
Co species, e.g,, isolated Co, cluster, and nanoparticle CoO,,
caused controversy about the metallic active sites. Employing
zeolites as the environment to accommodate Co sites is a
promising approach to achieve a uniform Co—zeolite catalytic
system for efficient conversion, as well as for the structure
definition, acid site identification, and catalysis understand-
ing,33’34 For a long time, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) has been
used to identify metallic sites in zeolites but has been seriously
restricted to identify the light atoms in the zeolite frame-
work.*%¢ Alternatively, integrated differential phase-contrast
scanning transmission electron microscopy (iDPC-STEM) has
exhibited unique advantages in the identification of heter-
oatoms within zeolites, as a result of its sufficient and
interpretable ima;e contrast for light elements under low-
dose conditions.”’ *? In addition, other multiple technologies,
e.g, X-ray absorption spectroscopy (XAS),'”'??° FTIR
spectroscopy,>'” and UV—visible spectroscopy,”'* com-
bined with theoretical calculations,*~">"**° help to under-
stand the structure and reaction mechanism of the metal—
zeolite system.

Based on the above considerations, the Co-MFI catalyst with
atomically dispersed Co species embedded into the MFI
zeolite framework was constructed through the ligand-
protected hydrothermal synthesis method. The location and
structure of Co active centers were identified by combining
iDPC-STEM, XAS, and FTIR spectroscopy, revealing a
homogeneous distribution of single Co sites in the MEFI
framework with a distorted tetrahedra-coordination state. Co-
MFI was used for the propane dehydrogenation (PDH)
reaction, exhibiting excellent performance. Through density
functional theory (DFT) calculations including the projected
density of states (PDOS) and charge analysis, together with
deuterium-labeling experiments, the active site of Co-MFI was
identified and the PDH reaction mechanism was proposed.
The unique catalytic microenvironment with Co sites
embedded into the MFI framework and the zeolite
surrounding could collectively participate in promoting
propane activation and dehydrogenation and are responsible
for the highly efficient conversion.

B RESULTS AND DISCUSSION

Construction of Co-MFI Zeolites. In this work, we
construct Co-MFI zeolites and present direct evidence for
single Co atoms embedding into the purely siliceous MFI
zeolite framework. Typically, the Co-MFI zeolites were
prepared by the ligand-protected hydrothermal synthesis
method starting from the gel of 1Si0,:nC00O:2nETD
(ethanediamine):0.3TPAOH (tetrapropylammonium hydrox-
ide):4IPA (isopropanol):35H,0 (n = 0.03, 0.0S, 1.0, 2.0, and
3.0). Due to the coordination interaction between Co and
ETD, Co species in the form of Co(II)-ETD complexes are in
situ embedded into the siliceous MFI framework during the
crystallization process (Figure S1 and Table S1). By optimizing
the synthesis conditions, Co-MFI with 1.12 wt % Co content is
selected as the representative material. The XRD patterns of
Co-MFI exhibit typical diffraction peaks, characteristic of the
MFI framework (Figure S2). Cg-corrected HAADF-STEM
(Figure S3) and iDPC-STEM images (Figure la—f) of Co-
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Figure 1. Electron microscopy analyses of the Co-MFI zeolite with a
Co content of 1.12 wt %. (a—c) Structure of the MFI-type framework.
(d—f) Cy-corrected iDPC-STEM images of the Co-MFI framework
were taken along the three main crystallographic axes. (g) Cy
corrected HAADF-STEM image and (h) corresponding iDPC-STEM
image of the Co-MFI framework. (k—m) Zoomed-in areas of 1, 2, and
3 in (h), respectively: the MFI framework without Co (i) and the
MFI framework containing Co at the T, site (j) and the T, site

(K.

MFI taken along three main crystallographic axes display that
the Co-MFI zeolite possesses good crystallinity and well-
defined MFI topological structure without any clusters and
nanoparticles. Since the framework Co and Si atoms are
difficult to be distinguished by HAADF-STEM under the low-
electron dose conditions to keep the zeolite structure (Figure
1g), accordingly, iDPC-STEM technology is employed to
disclose them (Figure 1h—k). In Figure 1h, some brighter
white dots sitting in T sites of the MFI lattice, circled in yellow,
can be distinguished as the framework Co atoms from other
framework atoms in the MFI zeolite. The enlarged images of
three typical local structures are provided in Figure li—k: the
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Figure 2. Structure of Co-MFL (a) Co K-edge XANES spectra and (b) corresponding FT k*-weighted EXAFS spectra of Co foil, Co;0,, and Co-
MFI samples. (c) Local structure of Co-MFI with Co atoms at T}, T3, T, and T, positions by DFT calculations. The distances between the Co
atom and the first coordinated O atoms are provided in each image. (d) Charges of Si and Co atoms at the T} site and the surrounding O and H
atoms. (e) PDOS analysis of the framework O atom surrounding the Si atom (T; site of MFI), the framework O atom surrounding the Co atom
(T, site of Co-MFI), and the Co atom (T} site of Co-MFI). The Fermi level is defined at 0 eV. (f) FTIR spectra of Co-MFI were recorded after
CNCD; adsorption and desorption at different temperatures (323, 373, 473, and 573 K). (g) FTIR spectra of Co-MFI were recorded after pyridine
adsorption and desorption at different temperatures (473, 573, and 623 K).

MFI framework without Co atoms (Figure 1i) and the MFI
framework containing Co atoms at the Ty (Figure 1j) and
Ty sites (Figure 1k). The corresponding STEM-energy
dispersive spectroscopy (STEM-EDS) elemental mapping
images show that the Co species are ultradispersed within
the MFI zeolite matrix (Figures S4 and SS and Table S2).
These results illustrate that Co-MFI possesses a well-defined
MEFI topology and atomically dispersed Co species embedded
into the zeolite framework.

To investigate the coordination environment of Co species
in Co-MFI, UV—vis spectroscopic experiments are performed
(Figure S6). Three prominent peaks at wavelengths of 653,
582, and 529 nm in the UV—vis spectra, corresponding to ‘A,
- *T,, *A, — *T, (*F), and *A, — *T, (*P) transitions,
respectively, indicate the formation of monomeric tetrahedral
Co species in the Co-MFI zeolite.”****" Furthermore, the
structure of Co species in Co-MFI is identified by Co K-edge
XAS (Figures 2 and S7). Co;0, and Co foil are used as the
references for Co—O—Co and Co—Co bonds. The X-ray
absorption near-edge structure (XANES) spectrum of Co-MFI
displays two peaks at energies of 7709.8 and 7724.1 eV (Figure
2a). The peak at 7709.8 eV is the pre-edge feature of Co(II),
corresponding to the 1s — 3d excitation of Co (low-spin),
which is similar to what is observed in Co/SiO, with isolated
Co(II) atoms.””*® The high intensity of the peak at 7724.1 eV

in Co-MFI indicates the increased degree of the covalent
character of Co(3d)—O(2p). The corresponding Fourier
transform (FT) k’-weighted extended X-ray absorption fine
structure (EXAFS) spectrum of Co-MFI presents a noticeable
peak at 1.5 A (Figure 2b), typical for the first shell scattering of
O atoms.””* In addition, a small band at 2.7 A can be
detected, which possibly originates from the second shell
scattering of Si atoms.”” The Co K-edge EXAFS spectrum of
Co-MFI in k*-weighted k-space is different from that of Co foil
and Co;0, (Figure S7a), suggesting the presence of a unique
structure of Co species in Co-MFIL The FT EXAFS spectrum
of Co-MFI is fitted by the Artemis software package (Figure
S7b and Table S3). The EXAFS spectrum of Co-MFI can be
fitted well to the theoretically predicted structure (Figure 2d),
indicating that Co-MFI with Co species incorporated into the
MFI framework, ie., {(=Si0),Co(HO-Si=),}. These
results agree well with the observations by iDPC-STEM and
UV-—vis spectroscopy, revealing the single tetrahedral Co
species being formed and embedded into the corner-sharing
network of MFI zeolites in the form of tetrahedral
coordination with framework O atoms (Figure 1jk).
Furthermore, DFT calculations are performed to identify the
chemical and electronic structure of Co atoms in MFI zeolites.
Co atom incorporation into the siliceous MFI framework
causes the special Co species to be embedded into the MFI
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Figure 3. PDH reaction over Co-containing catalysts. (a) Initial C;Hs formation rate and selectivity over Co/SiO,, C0;0,/S-1, Co/Al,O;, Co-
MFI, Co/S-1-IM, and Co/HZSM-S. (b) C,H, formation rates over Co-MFI, Co/S-1-IM, and Co0;0,/S-1 as a function of time on stream. (c) C;Hg
formation rates and C;H selectivity over Co-MFI with different cobalt contents as a function of time on stream. The reaction conditions of (a—c):
0.2 g of catalyst, S80 °C reaction temperature, WHSV = 0.6 h™', § mol % C;H; in Ar. (d) Initial C;H, formation rates over Co-MFI (reaction
conditions: 0.05 g of catalyst, 580 °C reaction temperature, WHSV = 2.4 h™!, 5 mol % C;Hj in Ar). (e) PDH performance over the Co-MFI
catalyst in six reaction-regeneration cycles. Regeneration conditions: $S80 °C, air (20 mL/min), 10 min. (f—h) C,-corrected TEM results of the
spent Co-MFI after six cycles: HRTEM (f), HAADF-STEM (g), and STEM-EDS elemental mapping images (h). O (red), Si (yellow), and Co

(green).

framework and varies the local environment and electronic
states. All the possible locations of Co atoms in the MFI zeolite
framework (T}, T3, T, and Ty) according to the iDPC-STEM
characterizations were evaluated theoretically and Co atoms
are predicted to be accommodated in the zeolite in a
tetrahedral coordination state with two Co—O—Si and two
Co---OH-Si linkages, {(=Si0),Co(HO-Si=),} (Figures 2c
and S8). The detailed bond length and angle of Co atoms
located at different T sites are summarized in Figures 2¢ and
S8. Notably, the two linkages in the tetrahedral coordination
state of the Co atom possess two kinds of interactions with the
surrounding O atoms, e.g,, one is in the form of Co—O-Si
with Co—O distances of 1.783 and 1.838 A and another is in
the form of Co---OH—Si with prolonged Co--O distances of
2.084 and 2.932 A (weak interaction), at the Tj site.
Correspondingly, the electronic states achieved by the charge
density analysis show a charge of +1.15 for Co atom, —1.33
and —1.40 for O atoms in Co—O—Si, —1.45 and —1.59 for O
atoms in Co--OH-Si, and +0.72 and +0.8 for H atoms in
Co--OH-Si (Figure 2d). Comparatively, the charges of Si (T
site) and the first coordinated O atoms are +3.17 and —1.59,
respectively. PODS analysis conducted for the electronic states
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of Co-MFI and siliceous MFI zeolites reveals the change of the
electronic state brought about by the introduction of Co
(Figure 2e). Good symmetry is present in the purely siliceous
MFI zeolite without Co, while asymmetric signals can be
observed near the Fermi level over the 2p orbitals of the O
atom coordinated to the Co atom in Co-MFI, which means
that the O atoms are significantly polarized by the Co atom.
This is caused by the hybridization between O-2p and Co-3d
states, indicating that the introduction of Co atoms into the
zeolite framework can significantly affect the electronic and
chemical microenvironment of the MFI zeolite and likely lead
to the special catalysis of Co-MFI with unique isolated Co-
motifs.

To verify the structure of Co-MFI with a {(=SiO),Co-
(HO-Si=),} local microenvironment, the FTIR experiments
were performed for CD;CN-absorbed Co-MFI and exhibited
two bands at 2308 and 2273 cm™" (Figure 2f), which can be
attributed to the v(C=N) of CD;CN coordinated to Lewis
acid Co sites in {(=S$i0),Co(HO—Si=),}(2308 cm™') and
silanol sites (Si—OH, 2273 cm™"), respectively.*”~** Notably,
no other characteristic peaks about {(=Si0),(HO—Si=)Co-
(OH)} and {(=Si0),Co(OH),} can be observed, suggesting
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that almost all Co species are embedded into the MEFI
framework with a well-defined {(=Si0),Co(HO-Si=),}
structure. Since each Co atom is individually embedded into
the zeolite framework and bonded with framework oxygen, Co
species cannot be reduced to metallic Co by H, until
temperature increases to 800 °C (Figure S9). The CO-pulse
results show that Co-MFI possesses a high Co dispersion of
90.6% (Table S4), suggesting that the Co species are almost
atomically dispersed in the MFI zeolite. The acidity of Co-MFI
characterized by pyridine adsorption/desorption FTIR spec-
troscopy also shows that only Lewis acid sites with prominent
bands at 1450, 1490, and 1610 cm™! are detected (Figure 2g),
indicating that Co embedding into the MFI zeolite framework
can only generate the non-Brensted acidic hydroxyl groups
(pyridine adsorption on Brensted acid sites generally gives rise
to the FTIR bands at 1440 and 1550 cm™, all absent in Figure
2g), which are not capable of protonating pyridine.*** The
successful introduction of transition metals, such as Co, into
the zeolite resulting in the generation of a pure Lewis acidic
environment, would be conducive to the activation of inert
alkane molecules, at the same time inhibiting the side reactions
of cracking and coke deposition due to no Brensted acid
catalysis.

Based on the above characterizations, the local structure,
microenvironment, and electronic states of the Co-MFI zeolite
are roundly identified: Single distorted tetrahedral Co species
are embedded into the MFI zeolite framework via two strong
linkage Co—O—Si and two weak linkages of pseudobridging
hydroxyls (Co--+*OH—Si), named {(=Si0),Co(HO-Si=),}.
Benefiting from the high dispersion of Co atoms, the delicate
tetrahedrally coordinated spatial structure, and the very high
specific surface area, the isolated Co-motif combined with the
zeolite surrounding creates a more favorable catalytic environ-
ment for alkane conversion.

PDH Performance over Co-MFI. Zeolite catalysis relies
not only on the local active sites but also on the unique
microenvironment characteristic of the crystallized framework
and three-dimensional topology. When Co-MFI was success-
fully synthesized and employed as a catalyst for PDH reaction,
atomically dispersed Co atoms and their local MFI structure
contributed together to propane activation and transformation,
making Co-MFI a very active and selective catalyst compared
to other cobalt-supported catalysts (Figures 3 and S10—S14).
Typically, Co-MFI exhibits a much higher initial C;Hg
formation rate and TOF value than that of the other prepared
Co-containing catalysts (Figure 3a and Table S4). The ligand-
protected hydrothermal synthesis approach can construct the
isolated active center of {(=S$i0),Co(HO-Si=),} with
tetrahedrally coordinated Co species in Co-MFI, which
presents high efficiency and selectivity in the PDH reaction.
Figure 3b depicts the stability tests of the Co-MFI zeolite
during the PDH reaction and a high C;H, formation rate is
kept during the 600 min time on stream. In contrast, Co/S-1-
IM, prepared by the wet impregnation method for Co species
introduction on purely siliceous MFI zeolite, exhibits lower
PDH performance than Co-MFIL Usually, metallic species
supported on zeolites, prepared by the wet impregnation
method, possessed complex metallic species, e.g, isolated
metallic sites,*”’ ultrasmall metallic clusters,"*** and bulk
metallic oxides.’® >* Herein, both tetrahedral Co species,
CoO,, clusters and nanoparticles are formed on Co/S-1-IM, as
demonstrated by CD;CN-FTIR (Figure S15), TEM (Figure
S16), and UV—vis spectra (Figure S17). When Co;0, was

introduced onto the S-1 zeolite by mechanically mixing Co;0,
and S-1, Co;0,/S-1 is composed of nanoparticle Co species
and the S-1 zeolite (Figure S18) and displays almost no
catalytic performance for propane conversion. The different
ways of introducing Co into S-1 bring about the difference in
the combination of Co species and zeolites (Figure S19).
Integration of Co species with the zeolite via embedding Co
species into the MFI framework to form tetrahedrally
coordinated Co species is the key to achieving the high-
efficient PDH performance. The silicecous MFI structure
accommodates the reaction center of {(=Si0),Co(HO—
Si=),} and works together with these uniform and highly
dispersed single Co species in the PDH reaction.

Figure 3c shows the C;Hg formation rates of Co-MFI with
different Co contents from 0.32 to 2.17 wt % as a function of
time on stream. At Co contents lower than 1.12 wt %, the
C;Hg formation rates of Co-MFI increase with the Co
contents. With further increasing the Co content up to 2.17
wt %, the activity and selectivity of the PDH reaction over Co-
MEFI decrease. A volcano type variation tendency in the initial
C;Hg formation rate is presented in Figure 3d with Co content
variation. In terms of the above characterizations, all Co
species are embedded into the MFI zeolite framework at low
Co content of 0.32—1.12 wt %, corresponding to the PDH
conversion increases over Co-MFI with the intensification of
the active center, {(=Si0),Co(HO-Si=),}. However, with
much more Co atom incorporation with Co content up to 2.17
wt %, with the appearance of CoO, clusters or nanoparticles,
the conversion rate of PDH reaction declines. This confirms
that isolated Co species with the tetrahedrally coordinated
state in the MFI zeolite framework are of extremely high
reactivity for the PDH reaction, much higher than CoO,
clusters or nanoparticles (Figure S20). The TOF values of
the previous Co-, Cr-, and Pt-based catalysts are calculated and
listed in Tables S5—S7. Notably, Co-MFI exhibits a high TOF
of 124.3 h™!, which is comparable to that of some Pt-based
catalysts and much higher than that of previously reported Co-
and Cr-based catalysts, illustrating the excellent PDH perform-
ance of Co-MFL The cycle stability test demonstrates the high
cycle stability of the Co-MFI catalyst (Figure 3e). An initial
C,H; formation rate of 5.05 mmol g.,,~' h™' accompanied by
96.7% C3Hj selectivity is presented in the first cycle, and these
two values are well maintained after six cycles, with a C;Hy
formation rate of 5.07 mmol g, ' h™' and 96.8% C;H,4
selectivity.

The Cg-corrected TEM characterization of the spent Co-
MFI zeolite (Figure 3f—h) after the sixth reaction-regeneration
cycle shows the same micromorphology as that of the fresh
Co-MFI zeolite (Figure 1). The STEM-EDS mapping images
also reveal the homogeneous distribution of Co species in the
spent Co-MFI (Figure 3h). Multitechniques employed for the
measurement of the spent Co-MFI after regeneration in an air
atmosphere and reduction in H, flow (Figures $21-S27)
illustrate the good maintenance of the structure of the Co
center, {(=Si0),Co(HO-Si=),}, and the MFI framework
during the long-term and recycling PDH reaction. The MFI
zeolite framework provides an extremely unique microenviron-
ment for accommodating and stabilizing the isolated Co
species under PDH conditions.

To better understand the superior PDH performance of the
Co-MFI zeolite, C;Hg-TPSR experiments were performed over
Co-MFI in a stable C;Hj, flow (Figure S28). The H, and C;H,
signals increase predominantly, while signals from CH,, C,H,,
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Figure 4. Mechanism investigation of the PDH reaction on the Co-MFI zeolite. (a) Proposed catalytic cycle of the PDH reaction over the Co-MFI
zeolite (Co atoms at the T} site). Optimized structures, transition states, and the charge of the Co atom are given. The charge of Co and C atoms
and the silanol network with three hydrogen bonds (III, 1-3) are highlighted. (b) Energy profile of the PDH reaction over the Co-MFI zeolite
following the reaction route in (a), and DFT predicted the Co—C, Co—O, and Co—H distance. Blue and green represent the AG and barrier,
respectively. (c) PDOS analysis for C;Hg inside and outside of the Co-MFI zeolite. (d) Charge density of the HESBF for C,Hj inside and outside
of the Co-MFI zeolite. (e) PDOS analysis for Co and surrounding O atoms at the initial stage of Il and TS1. The Fermi level is defined to 0 eV. (f)
Online MS analysis of the generated H—D and H, in the PDH reaction over D-labeled Co-MFI. (g) In situ FTIR spectroscopy study of the D-
labeled Co-MFI during the PDH reaction. (h) Energy profile of C;H¢* cracking and desorption over Co-MFI with Co atoms located at the T} site.

and C,Hy are detected in very low intensity even at 600 °C,
indicating the highly reactive and selective PDH reaction over
Co-MFIL. Comparatively, C;Hg-TPSR over the supported
catalyst, Co/HZSM-5 and Co/SiO,, shows much more
byproduct generation, such as CH,, C,H,, and C,H4 The
catalysis of Co-MFI not only guarantees the highly active PDH

12132

reaction due to the performance of highly isolated Lewis acidic
sites of {(=Si0),Co(HO-Si=),} in the catalyst but also
ensures the selective generation of the target product by
decreasing the possible side reactions, such as catalytic
cracking and coke deposition by the construction of non-
Bronsted acidic zeolite catalysts. During the PDH reaction, the
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quick leaving of the generated C;H4 from Co-MFI is
confirmed by the C;H4 adsorption—desorption experiments
(Figures S29—S31). Typically, the formation of coke
precursors stems from the deep dehydrogenation of C;H,
going through the reaction route from propenyl species to
propyne. Also, cracking or aromatization is likely to occur for
the strongly adsorbed C;H4 Over Co-MFI, weak interaction
with the generated C;Hj inhibits the further transformation of
the generated product and achieves nearly 100% C;Hg
selectivity.

Mechanism Investigation of the PDH Reaction over
Co-MFI. The above characterizations and catalytic results
demonstrate that the isolated tetrahedral Co sites are
embedded into the zeolite framework to form the Co-MFI
zeolite. The Co-motif in the form of {(=Si0),Co(HO—
Si=),} and the surrounding zeolite microenvironment work
synergistically for the highly efficient PDH performance. To
understand the reaction mechanism, DFT calculations of C;Hy
activation were performed over Co-MFI with framework Si
atoms replaced by Co atoms at the observed sites (T, T;, T,
and T,, Figure 1) and a referenced site (T;,) according to the
MFI topology. Since C;Hg* (in the adsorption state)
dissociation has been confirmed as the rate-determining step
in the PDH process in the previous studies,”>>® the energy
profiles of C;Hg* — C;H,* + H* on these sites are studied
(Figures S32—S36 and Table S8). Among all the T sites, the
C—H bond dissociation at the T} site is the most energetically
favorable with a kinetic barrier of 1.51 €V and a reaction free
energy of 1.12 eV. The preference in kinetics and
thermodynamics at the Tj site can be attributed to its unique
microenvironment, where the produced C;H,* intermediate
encounters very weak steric hindrance effects from the zeolite
framework. In the following, we will only discuss the reaction
mechanism and electronic origins over Co-MFI with Co atoms
embedded at the T site.

A possible reaction pathway and free energies of the PDH
reaction on Co-MFI are depicted in Figure 4a—e. Once the
gas-phase C;Hg molecule is adsorbed on the reaction center of
{(=Si0),Co(HO-Si=),} in Co-MFI (I in Figure 4a),
preactivation of C;Hg would occur at this moment (II in
Figure 4a). The analysis of PDOS (Figure 4c) and the highest
electronic states below the Fermi level (HESBF, Figure 4d)
compares the C;Hg inside and outside of the Co-MFI zeolite
confined space. The LUMO of C;Hjg, which is assigned to p
states of carbon atoms, shifts downward, as C;Hjy is placed
from the gas phase to a confined state, which means the
adsorbed C;Hg™* can accept electrons easily than a molecule in
the gas phase. In other words, the adsorbed C;Hg* has been
preactivated by Co-MFIL Furthermore, the Bader charge
analysis shows that the carbon atom in the methyl of C;Hq
indeed accepts electrons (—0.11 ¢) in the first C—H bond
dissociation step. These electronic factors discussed above
strongly indicate the existence of the preactivation effect for
C;Hg, as being confined within the unique microenvironment
of the Co-MFI zeolite. The embedded Co atom and its
surrounding microenvironment collectively provide the pre-
activation.

After the preactivation, the C;Hg* species can be dissociated
into C;H,* and H* on the active site of {(=Si0),Co(HO—
Si=),} (III in Figure 4a). As the neighboring O atoms are
significantly polarized by the Co atom, as shown in Figure 2f,
therefore, the H* prefers to bond with the O atom after C;Hg*
dissociation, resulting in a stable {(=SiO)(C;H,)Co(HO—

Si=),} intermediate (IV in Figure 4a). Figures 4e and S37
show that the electronic states of O and H atoms are stabilized
at a more negative energy level, which means the tight bonding
between O and H atoms. Simultaneously, a strong Co-C;H,*
bond can be formed after the first dissociation step. With the
aid of distorted tetrahedral Co sites and polarized O atoms in
the reaction center of {(=Si0),Co(HO—-Si=),}, the first C—
H bond dissociation can be realized by overcoming an energy
barrier of 1.51 eV. After the first C—H bond dissociation, the
silanol network with three hydrogen bonds can be formed
among these pseudobridging hydroxyls. Then, the adsorbed
C;H,* intermediate is dissociated into C;H¢* and H* with a
low barrier of 0.65 eV (AG = —0.78 eV), resulting in a Co—H
bond. Subsequently, a C;Hy molecule can be released and an
intermediate in the form of {(=Si0)CoH’ (H**O-Si=),}
will be formed(IV). Note that at this moment, the H atom
attached to the Co atom is negatively charged, while the H
atom in the hydroxyl group is positively charged. At last, the
coupling reaction between H’~ and H’" in{(=Si0O)-
CoH’ (H?*O-Si=);} produces a H, molecule with a low
barrier of 0.26 eV (AG = —1.66 eV). The active site of Co-
MFI participates in all the steps, including adsorption,
activation, dissociation of propane, stabilization and acquisition
of C;H,* and H¥*, and release of H,. With the completion of
the entire catalytic cycle, the reaction center turns to the initial
structure, {(=Si0),Co(HO-Si=),}, and is ready for the
next and repetitive catalytic cycle for the PDH reaction.
Bader charge analysis reveals that the Co reaction center is
unique and acts as an electron reservoir, where the charge of
the Co atom is dynamically evolved in the whole catalytic
process (Figure 4a). After the first C—H bond dissociation,
three hydroxyl groups are formed. The positive charge of the
Co site decreases gradually from +1.21 (II), +1.10 (TS1) to
+0.99 (III). Meanwhile, the surrounding oxygen atoms can
bond with the dissociated H* and result in three
pseudobridging hydroxyls with positively charged H atoms
(Figure S38). Then, C;H,* is dissociated into C;Hg* and H*
with the dynamical change of the Co charge from +0.81 (TS2)
to +1.00(IV), resulting in a Co—H bond. H-H coupling
enhances the positive charge on the Co atom (+1.20, TS3) and
then the electronic state of the Co reaction center restores to
the initial state (+1.15, I). It is noticeable that the O atom acts
as a bridge for electron transfer because of the 3d—2p orbital
hybridization (Figure 4e), promoting the PDH catalytic cycle.
To confirm the proposed mechanism, deuterium-labeling
experiments were performed over Co-MFI before the catalytic
test (Figure S39). The H atoms in the Co-motif {(=
$i0),Co(HO—Si=),} of Co-MFI can be exchanged by D
atoms to form OD groups in the D, atmosphere at a
temperature of 580 °C, evidenced by the in situ FTIR
spectroscopy with the emergence of new absorbance bands
from OD in the region of 2500—2800 cm'. Then, the
deuterium-labeled Co-MFI was tested for C;Hg conversion.
The online mass spectrometry (MS) results demonstrate the
formation of HD molecules at the initial stage of the PDH
reaction (Figure 4f). At the same time, in situ FTIR
measurement detects that the OD absorbance band at
2500—2800 cm ™" progressively declines and finally disappears
with continuous C;Hg feeding (Figure 4g), and at the same
time, the OH bonds (3400—3700 cm™') on the surface are
restored. Comparatively, for the PDH reaction performed over
D-labeled S-1, the formation rates of HD and H, are both
much lower than that over D-labeled Co-MFI. Also, the slow
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H-D exchange between D, and surface hydroxyls in Co-MFI at
the same temperature was evidenced experimentally and
theoretically (Figures S40—S42). Especially, the appearance
of HD was ahead of H, over Co-MFI at the very beginning of
the PDH reaction (Figure S40). Therefore, HD formation over
D-labeled Co-MFI was confirmed to be mainly from the
participation of hydroxyl groups of Co-MFI in the dehydrogen-
ation procedure as suggested in Figure 4a. All these indicate
that the cooperation of Co species and the hydroxyl groups in
the neighborhood in Co-MFI contributes to the efficient PDH
reaction.

The PDH reaction over the Co-MFI zeolite exhibits
extremely high C;Hg selectivity, which benefits from the
quick leaving of the generated C;H; from Co-MFI, as
presented in the C;H; adsorption—desorption experiments
(Figures S29—S31). After PDH over Co-MF], in addition to
C;Hy release from the catalyst surface, some secondary
reaction routes from the precursor of C;H, were also evaluated
theoretically. The C;Hg* cracking process is endothermic with
a AG of 2.02 eV (Figure 4h). The dehydrogenation of C;H*
(C3Hg* —» C3Hg* + H*) is also endothermic with a AG of
0.68 eV (Figure $43). Comparatively, the release of C;H4 from
its precursor species is exothermic with a AG of —0.74 eV.
Since the generated C;Hy can be easily desorbed from the Co
sites during the PDH reaction, at the same time cracking and
deep dehydrogenation of propene are both thermodynamically
unfavorable, highly selective PDH reaction can be realized. In
summary, we reveal the underlined nature of why Co-MFI
exhibits efficient and selective catalysis in the PDH process:
The Co species embedded into the zeolite framework,
polarized oxygen atoms in the surrounding, and the spatial
microenvironment of the zeolite can collectively participate in
and promote the PDH process, which is like enzyme catalysis.

B CONCLUSIONS

In this work, we present direct evidence for the construction of
isolated Co-motifs within the purely siliccous MFI zeolite
framework. The location, uniformity, and exact structure of
Co-MFI are fully identified by iDPC-STEM, XAS, pyridine/
CD;CN FT-IR, and UV—vis spectroscopy, revealing that the
isolated Co-motifs with the distorted tetrahedral structure of
{(=Si0),Co(HO-Si=),} are homogeneously embedded
into the T(;) and Tj( sites of MFI zeolites. These isolated
Co-motif species in the MFI zeolite framework as well-defined
active sites together with the unique zeolite microenvironment
commit to highly efficient PDH performance.

Like enzymatic catalysis, the participation of Co-motifs in
the PDH reaction as the reaction center is in a special
dynamically cooperative mode. First, Co-MFI catalyzes C—H
bond dissociation of C;Hg in which the Co-motif center
simultaneously accepts C;H,* and H* atoms and evolves itself
to the intermediate state of {(=Si0)(C;H,)Co(HO—Si=),}.
After this, the second C—H dissociation from C,H.* is
accompanied by the Co-motif self-evolution to another
intermediate state of {(=Si0)CoH’(H’*0-Si=),} for
accepting another H*. Finally, the leaving of C;Hs and H,
from this complex restored the Co-motif to its initial state of
{(=Si0),Co(HO-Si=),}.

The catalytic mode with the direct participation of Co-MFI
in the PDH reaction involves the dynamic and continuous
evolution of the entity of the Co-motif reaction center, not
only being varied in electronic states but also in the
coordination states. These dynamic evolutions and restoration

of the Co-motif reaction center proceed in a continuous and
repetitive way to meet the requirements from the series of
elementary steps in the PDH catalytic cycle, including propane
adsorption, activation, C—H bond dissociation, and dehydro-
genation. The proposed pathway with the cross-talk of the Co-
motif center and the reactant is supported by in situ FTIR
spectroscopy and online mass spectroscopy by tracking the
hydroxyl group evolution and hydrogen generation with the
employment of the deuterium-labeling technique.
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