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ABSTRACT: A practically applicable strategy is developed to
rationally immobilize easily accessed and highly dispersed
redox-active metal oxides into porous metal silica (PMS)
materials templated and functionalized by porous metal

ligand moieties. On the basis of this strategy, the highly active
porous catalyst PMS-1 is successfully targeted for aerobic
oxidation of cyclohexane with conversion up to 14.6%, which
is much superior to the current industrially adopted catalysts
(less than 4% cyclohexane conversion) that use harsh
conditions. This promising approach to explore highly active
heterogeneous catalysts for inert C H bond activation should
lead to the further discovery of numerous industrially useful
catalysts for the oxidation of inert hydrocarbon raw materials.
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1. INTRODUCTION

Zeolites are a class of crystalline porous inorganic silica
materials, demonstrating vital features of multifarious mor-
phologies, acidic functionalities, uniform porosity, and out-
standing stability in harsh environments.™? Acidic heteroatoms
(e.g9., Al, Ti and Ga) are easily embedded into the backbone
structures of zeolite materials, while redox-active metals/metal
oxides can be anchored onto the pore surfaces, which make
zeolites very promising catalysts in numerous reactions.**
However, the ful lled catalytic applications of zeolites remain
limited because of the following intrinsic characters of zeolite
materials. The supported redox-active metal sites are mainly
located on the external surfaces of zeolites and are easily
aggregated when the loadings are more than 3 wt %, limited by
the small micropore diameters.”® The redox-active metal
species easily leach o and agglomerate during a long period of
use, limited by the low a nity between silica and redox-active
metals or metal oxides.® ® To vitalize inorganic zeolites as
highly e cient catalysts, alternative approaches which could
easily tune and control the pore sizes and the locations,
distributions, and electronic properties of redox-active catalytic
sites have to be systematically proposed.® **

Since the pore structures and properties of zeolites are
mainly determined by the templates and additives during
synthesis, developing new kinds of functional templates might
be able to expand the applications of the porous inorganic
materials by eliminating the application barriers. Metal
organic frameworks (MOFs) are a class of porous coordination
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materials, consisting of uniformly expanded metal ligand
coordination moieties, with tunable constituents, pore
structures, and properties, which have been gained consid-
erable attention in numerous elds.*?> ?* The porous metal

ligand moieties in MOFs with tunable sizes and controllable
redox metal species should be an ideal class of porous and
functional templates for the synthesis of zeolite analogues,
porous metal silica (PMS) materials, consisting of inherited
pore structures and well-distributed redox-active metal species.
To systematically immobilize redox-active metal oxide sites
into PMS materials, we developed an in situ synthesis strategy
and successfully synthesized the porous material PMS-1,
consisting of highly dispersed CoO, active sites, templated
by the expanded porous cobalt(ll) 2-methylimidazolate
(MelM) coordination fragments. PMS-1 demonstrates ex-
cellent catalytic performance in the aerobic oxidation of
cyclohexane with conversion up to 14.6% and a turnover
frequency (TOF) of 25.7 h !, which is much superior to the
industrially adopted homogeneous catalysts. New insight into
the cyclohexane oxidation was obtained by combining
experimental and density functional theory (DFT) calculation
analyses, demonstrating that the surface oxygen atoms on
CoO, play key roles in the activation of molecular oxygen and
cyclohexane by strengthening the binding energy between the
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Co redox-active species and the super cially activated C H
bonds of cyclohexane.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Cobalt nitrate hexahydrate (99%),
tetraethyl orthosilicate (98%, TEOS), acetonitrile (99%), and
cyclohexane (99.5%) were supplied by Aladdin-Reagent (Shanghai,
China), and 2-methylimidazole (MelM; 99%) was supplied by J&K
Scienti ¢ Ltd. High-purity oxygen (99.999%) was supplied by Messer
Ltd. (Foshan, China). Powder X-ray di raction (PXRD) patterns
were collected using a Bruker D8 di ractometer with nickel- Itered
CuK radiation ( =1.5418 A)ina2 range of 5 80° at 40 kV and
40 mA. The morphologies of solid materials were investigated using a
JSM-7500F (JEOL) scanning electron microscope (SEM) and
Tecnai-G20 (FEI) transmission electron microscope (TEM). The
X-ray photoelectron spectroscopy (XPS) measurements were carried
out on an Escalab 250Xi instrument, and the calibration was
performed using the C 1s binding energy at 284.8 eV. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was carried
out on an iCAP-6500 instrument (Thermo Scienti c). The solid
samples (ca. 50 mg) were dissolved in HF aqueous solution (40%) to
prepare aqueous solutions of the samples for the ICP-OES
measurements. Nitrogen gas sorption isotherms were measured at
77 K on a Micromeritics ASAP-2020 instrument. The speci ¢ surface
areas were calculated employing the Brunauer Emmett Teller
equation in the pressure range of p/p, = 0.05 0.25. The micropore
surface area (Syicro) and external surface area (S,,;) were calculated by
the t-plot method. Hydrogen temperature-programmed reduction
(H,-TPR) experiments were carried out on a Micromeritics 2920
instrument. In situ Fourier transform infrared (FT-IR) spectroscopy
and conventional FT-IR spectroscopy were performed on a TENSOR
Il instrument (Bruker) equipped with a reaction system and a
turbomolecular pump. The samples were pretreated in situ at 200 °C
for 20 min under ultravacuum (1 x 10 5 Pa) to desorb the adsorbed
oxygen molecules.

2.2. Synthesis Procedures of PMS-1. PMS-1 (Si:Co = 4:1) was
prepared by employing a sol gel method. Typically, MeIM (5.40 g,
66 mmol) was dissolved in H,O (8.05 g, 447 mmol) with ultrasound
for 1 h, followed by dropwise addition of TEOS (13.75 g, 66 mmol)
into the solution. The mixture was further stirred at 600 rpm at room
temperature for 15 min. Co(NO3),-6H,0 (4.79 g, 16 mmol) was
added to the solution with vigorous stirring and was further vigorously
stirred for 12 h. The resulting sol gel was Itered to remove excess
TEOS and then reacted at 70 °C overnight in an oven, followed by
transferring into a Te on-lined autoclave for further reaction at 120
°C for 12 h. The purple solid was collected by centrifugation, washed
with methanol ve times, and dried in a vacuum oven at 60 °C for 24
h. The as-obtained purple solid sample was subsequently calcined in
air at 600 °C for 20 h, resulting in a black mesoporous material
denoted as PMS-1. The other control PMS materials with di erent
Si:Co ratios were synthesized under the same procedures.

2.3. Typical Procedure for Aerobic Oxidation of Cyclo-
hexane. Aerobic oxidation of cyclohexane was performed in a 50 mL
autoclave lined with polytetra uoroethylene (PTFE). A mixture of
cyclohexane (15 mmol) and catalyst PMS-1 containing 15 mol of
Co species in acetonitrile (5 mL) was placed in the autoclave. Oxygen
(1.0 MPa) was injected three times to remove the dissolved air, and
the pressure was retained for 20 min. The autoclave was heated at 120
°C in an oil bath for 3 h. The solid catalyst was separated by
centrifugation, and the products were identi ed by GC-MS
(ATOMX-7890B-5977B, Agilent) and analyzed by GC (7820A,
Agilent). The major products were calibrated by using standard
curves. The conversion and selectivity were evaluated by eqs 1 and 2
to avoid overestimated conversion and selectivity.
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In the recycling catalytic experiments, the solid catalyst was carefully
collected by centrifugation and dried at 80 °C overnight in a vacuum
oven to remove the adsorbates, and no supplementary catalyst was
added for all catalytic cycles. Except for the recycling catalytic
experiments, all catalytic reactions were performed twice and the
reported results are the averaged values.

2.4. Computational Methods. All DFT calculations were
performed using the Vienna ab initio simulation package (VASP).?2
The electron ion interactions are described with a plane-wave DFT
code using projector augmented wave (PAW) and generalized-
gradient approximation (GGA).>?* In each model, the plane-wave
energy cuto was set to be 400 eV and spin polarization was applied.
The GGA+U method was adopted, with a value of U J=2.0eV to
calculate the band gap.”® The calculated band gap is 1.61 eV, which is
in agreement with the experimental and the literature theoretical
results (1.6 eV).?>?® The optimized Co;0, lattice constants are a =
b =c =810 A, close to the experimental values (cf. 8.08 A).>" For
Co;0, species, the Co;0, (110) and Co;0, (111) surfaces are the
naturally occurring facets, and a four-layer slab was chosen to
represent the CozO, surface.®*

The four-layered Co;0, (110)-B slab and the four-layered Co;0,
(111) slab containing 56 atoms are modeled as depicted in Figure 1,

V4 | |
}Co é€0§§}@i€d Ju@ [

= Co*Og(fixed layer): | ‘

;‘Lgo‘!“c«;,ﬂos (fixed layer)

Co,0, (110)-B

(a) i 0 ¢V/Co atom i (b) 0.27 eV/Co atom
i 0eV/A i 0.006 eV/A
? Co 0y (relaxed layer) | 2 C04¥ 0,4 (relaxed layér)
| !

oL Coido, (retdxed laye)
a ~ V' a &S
Co,** 054 (fixed layer)
v S - -
~C Co* (ﬁxed\}ayer)
Co,0, (111)

[110] 4

-

Figure 1. Structures of (a) Co;0, (110)-B and (b) Co;0, (111)
surfaces. The Co® ions are placed on the outermost surfaces, while
the bottom two layers are xed. The relative structure energy per Co
atom and relative surface energy of the Co;O, (111) surface are 0.27
eV per Co atom and 0.006 eV/A, respectively, higher than those of
the Co;0, (110)-B surface. E (structure energy per Co atom) = E/n,
where E, equals the structure energy and n represents the number of
Co atoms in the model.

where the Co®" atoms are exposed on the surfaces. A vacuum of 15 A
is used, while the Brillouin zone for the Co;0, (110)-B and Co;0,
(111) surfaces are sampled with 4 x 3 x 1 and 3 x 3 x 1 k-meshes,
respectively.*® Both surfaces show good convergence of k-mesh and
energy cuto (Tables S1 and S2).

The structure energy and surface energy of the CozO, (111)
surface are 0.27 eV per Co atom and 0.006 eV/A, respectively, which
are higher than those for the Co;0, (110)-B surface, indicating that
the Co;0, (110)-B surface is more stable and energetically favorable.
Together with the previous nding that the C H bond activation for
propane is more active on the CozO, (110)-B surface, the Co;0,
(110)-B surface was chosen to study the behaviors of cyclohexane
oxidation.** Co;0, (110)-B is also named the Co;O, (110) surface in
the following descriptions. All con guration optimizations were fully
relaxed until the energy criterion di erences were less than 0.001 eV
and the force criteria were less than 0.05 eV/A between two
successive steps. The activation energy barriers of cyclohexane were
evaluated with the climbing image nudged elastic band (CI-NEB)
method.®? Seven images were adopted along the reaction coordina-
tion to obtain the minimum energy pathway (MEP) and energy
barriers. The energy and total force convergence criteria for all atoms
of images are 0.001 and 0.1 eV/A, respectively.
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3. RESULTS AND DISCUSSION

3.1. Structure and Properties. As illustrated in Scheme 1,
PMS-1 was prepared a by sol gel method. When MelM,

Scheme 1. Schematic Representation of the Synthetic
Procedures for PMS-1
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TEOS, and Co(NO3),-6H,0 in a molar ratio of 4:4:1 were
dissolved in water, the mixture quickly formed a purple sol gel
(Figure S1). After further reaction at 120 °C for 12 h, a purple
solid was collected by centrifugation, washed with methanol,
and dried at 60 °C in a vacuum oven. Subsequently, the purple
solid was calcined in air at 600 °C for 24 h, which generated a
porous material denoted as PMS-1. PXRD patterns indicate
that both the PMS-1 precursor and PMS-1 are amorphous
materials, suggesting that there is no crystallized MOF ZIF-67
and aggregated Co30, in these materials, respectively (Figure
2). In other word, the Co"-MelM templates and CoO,
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Figure 2. PXRD pro les of the PMS-1 precursor, PMS-1, PMS-1c

precursor, PMS-1c, simulated ZIF-67, and commercial Co30,.

moieties are highly dispersed in both materials, respectively.
An SEM image shows that there are loosely packed
nanoparticles in the PMS-1 precursor (Figure 3a). The
morphology of the nanoparticles was almost unchanged after
calcination, indicating that the precursor structure was well
preserved in PMS-1 after combustion of the Co"-MelM
templates (Figure 3b). Additionally, no lattice fringe could be
observed in the HR-TEM image of PMS-1, even though the
Co content is very high (21.6 wt %), as revealed by ICP-OES
analysis (Figure 3c and Table 1). The high-angle annular dark-
eld scanning transmission electron microscopy (HAADF-
STEM) image, elemental mappings, and line scan energy
dispersive X-ray spectra further con rmed the compositions of
PMS-1 (Figure 3d f). These results indicate that the redox-
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active CoO, species is highly dispersed in the amorphous
material PMS-1.

The Si:Co ratio is a very important factor to determine the
distributions of redox-active CoO, species and the pore
structures of the PMS materials. When the Si:Co ratio was
decreased to 1:4, there appeared the typical PXRD peaks for
MOF ZIF-67, indicating that the Co"-MelM moieties were
highly aggregated to form long-range ordered crystals (Figure
2).% As a consequence, there appear the typical PXRD peaks
that match well with those of the commercial Co;0, for the
calcinated material (denoted as PMS-1c). SEM images show
that the particles of the PMS-1c precursor present rugged
surfaces and subsequently collapsed into small particles in
PMS-1c, indicating that the crystallized ZIF-67 particles are
not good templates for the formation of PMS materials
consisting of well-distributed redox-active CoO, species and
pore structures (Figure 3g,h). The HR-TEM image clearly
shows that there are aggregated Co3;0, nanoparticles
embedded in PMS-1c (Figure 3i). These results revealed
that an excessively low Si:Co ratio would result in the
formation of large crystallized MOF ZIF-67 particles, which
further resulted in agglomerated metal oxide species in the
resultant silica materials by collapsing the MOF structure and
subsequently the pore structure under annealing conditions.
When the Si:Co ratio was increased to 8:1, excess TEOS
separated from the sol gel (Figures S1 and S2 and Table S3).

N, sorption measurements show that PMS-1 precursor,
PMS-1, and PMS-1c exhibit typical type IV isotherms
consisting of hysteresis loops, whereas the PMS-1c precursor
and Co,0, show type | isotherms.** The PMS-1 precursor,
PMS-1, PMS-1c precursor, PMS-1c, and Co30, take up 379,
621, 9, 63, and 4 cm® g ! N, at 77 K and 1 bar, resulting
microporous BET surface areas of 193, 391, 18, 45, and 10 m?
g 1, respectively (Figure 4 and Table 1). The surface area of
PMS-1 remarkably increased after calcination by the
fabrication of mesopores, which is nearly twice those of the
precursor. The large BET surface area of PMS-1 is bene cial
for mass transfer during catalysis. In contrast, the BET surface
area of PMS-1c was slightly increased after calcination,
exhibiting an almost nonporous nature. Calculations of the
pore size distribution from the nitrogen adsorption isotherm of
PMS-1 revealed that the pore diameters are mainly around 3.5
nm. This value is very close to the dimension of the
coordination cage fragments in ZIF-67 if the extended
coordination units are considered (3.2 nm), indicating that
the pore characters of PMS-1 are dependent on the
coordination cage units that served as sacri cial templates.
The above results again demonstrate that an appropriate Si:Co
ratio plays a vital role in the formation of porous material
PMS-1 with controlled porosity.

In the FT-IR spectrum of PMS-1, the band at 460 cm * is
attributed to the vibration of the Si O bond, and the band at
570 cm s associated with the O Co®* vibration in the spinel
lattice, whereas Co%* is located in the octahedral hole of Co,0,
(Figure 5a). The band at 670 cm * is ascribed to the Co**
0,Co% vibration, where Co?" is located in the tetrahedral
hole.* In comparison with the typical vibration bands for
Co030, in PMS-1c, the Co O bond vibrations for PMS-1 are
relatively weakened, indicating that the crystal lattices of
Co30, were hardly formed, in addition to the low Co weight
ratio.

XPS measurements were performed to study the binding
energies and the oxidation states of Co species embedded in
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Figure 3. SEM images of (a) the PMS-1 precursor and (b) PMS-1. (¢) HR-TEM and (d) HAADF-STEM images of PMS-1. (¢) STEM-EDS
elemental mappings and (f) line scan energy dispersive X-ray spectra of Co, Si, and O elements in PMS-1. SEM images of (g) the PMS-1c

precursor and (h) PMS-1c. (i) HR-TEM image of PMS-1c.

Table 1. Textural Properties of Di erent Materials

Co Si Set (M?
material wt %% wt %° SBET (m2 g 1)b Smicru (m2 g 1)C g 1)d
PMS-1 124 186 193 7 186
precursor
PMS-1 216 329 391 8 383
PMS-1c 135 22 18 16 2
precursor
PMS-1c 527 109 45 9 35
Co;0, 711 0 10 5 5

3Determined by ICP-OES. PDetermined by multipoint BET method.
°Determined by t-method. %t-Plot external surface area.

PMS-1 (Figure 5b). After deconvolution of the PMS-1c pro e,
the strong peaks at 780.6 and 796.1 eV are characteristic of
Co®*, and the peaks at 782.4 and 797.6 eV correspond to
Co0% %37 The Co®**:Co?* ratio is 0.72. In contrast, the Co**
2ps/; and 2p;, peaks for PMS-1 are located at 781.4 and 797.4
eV, respectively, whereas the Co®*:Co?* ratio was increased to
1.40. The shift of the valence state to the higher state of Co
2ps/, in PMS-1 can be attributed to the cobalt ions that are

rmly associated with the silica support.®**° These results
indicate that the CoO, species in PMS-1 is markedly di erent
from that in the traditional supported or pure CozO,, tuned by
the special electronic microenvironment, which might exhibit
some unusual redox properties.
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Figure 4. (a) Nitrogen adsorption/desorption isotherms and (b) pore
size distributions for PMS-1, PMS-1c precursor, PMS-1c, PMS-1c
precursor, and Co30,.
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Figure 5. (a) FT-IR spectra of PMS-1, PMS-1c, and Co;0,. (b) XPS Co 2p spectra of PMS-1 and PMS-1c. (¢) H,-TPR pro les of PMS-1, PMS-

1c, and Co;0,.

Figure 6. (a) Cyclohexane conversion rate as a function of reaction time. Reaction conditions: cyclohexane (15 mmol), PMS-1 (15 mol of Co
species), acetonitrile (5 mL), oxygen (1.0 MPa), 120 °C. (b) Reusability test over PMS-1. Reaction conditions: cyclohexane (15 mmol), PMS-1
(30 mol Co of species), acetonitrile (5 mL), oxygen (1.0 MPa), 120 °C, 6 h; no supplementary catalyst among all cycles.

H,-TPR spectra were performed to investigate the redox-
active properties of PMS-1. As shown in Figure 5c, the Hy-
TPR pro le of PMS-1 is totally di erent from those of
supported PMS-1c and pure Co;0,. There is no obvious peak
observed between 100 and 250 °C, indicating that Co(OH), is
not the main species in PMS-1. Additionally, a weak peak at
470 °C, attributed to the reduction of CoO, species in PMS-1,
is also di erent from those for PMS-1¢c and Co;0,. It is
interesting that there emerged a new strong peak at 750 °C
that was rarely observed in the traditional supported catalysts,
which can be ascribed to the strong interaction between the
Co0, species and the solid support.*° In contrast, the H,-TPR
pro le of PMS-1c is similar to that of pure Co;0,, indicating a
weak interaction between cobalt oxide and the solid support.
The above experimental results demonstrate that the redox-
active CoO, species with a high Co®**:Co?* ratio in PMS-1 is
totally di erent from that in the traditional supported Co;0,,
which might present unusual catalytic properties in some redox
reactions.

When the sample of PMS-1 was further treated with 10% H,
in nitrogen at 250 °C for 2 h, the structure and electronic
properties of PMS-1 were not obviously changed (Figures S5
S7). In contrast, the 2p,,, peak of Co® in PMS-1c shifted to a
lower binding energy of 778.7 eV under identical conditions
(Figure S7b). Meanwhile, the Co*":Co?" ratio in PMS-1c
decreased from 0.72 to 0.50, indicating the easy formation of
low-oxidation-state Co species. In comparison with the binding
energy of -Co metal with a peak at the low region of 777.2
eV, the higher binding energies for PMS-1 indicate the higher
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valence state of the embedded CoO, species, demonstrating
that there is a strong support interaction between the CoO,
species and the silica matrices which could markedly increase
and further stabilize the oxidation state of CoO, species in
PMS-1 (Figure S7c).

3.2. Catalytic Performance. Aerobic oxidation of cyclo-
hexane is of considerable importance to the chemical industry,
which could upgrade the low-cost raw material for the
production of high-value-added synthetic organic chemicals,
such as cyclohexanone (K) and cyclohexanol (A) (K-A oail),
the exemplary large-scale building-block chemicals for the
industrial production of Nylon-6 and Nylon-6,6.** Further
oxidation of K-A oil can lead to the manufacture of adipic acid
(AA), which is another very important building block for the
production of a variety of commercially useful products such as
polyamides and urethanes.”” In the pursuit of avoiding
numerous byproducts caused by the highly nonselective
intermediates, the current industrially adopted catalysts are
homogeneous cobalt salts which can only convert less than 4%
cyclohexane into K-A oil with a selectivity of 70 85% under
harsh conditions, while the process is risky and environ-
mentally hazardous.** A tremendous amount of research
endeavors have been pursued to target e cient heterogeneous
catalysts for the oxidation of cyclohexane, including metal
oxides, metal nanoparticles, zeolites, alumina phosphates,
carbon nanotubes, and mesoporous materials that consist of
reliably introduced speciation, such as Pd, Au, Fe, Mn, Cu, and
Co.** *° However, no signi cant breakthrough has been made,
because activation of C H bonds within the saturated
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hydrocarbon is very di cult, given the fact that the single
bonds with a very high C H bond dissociation energy ( 99.3
kcal/mol) are quite stable.”*>*

Since aerobic oxidation of cyclohexane has been considered
as one of the major challenging industrial chemical processes of
lowest e ciency, we examined PMS-1 as the J)otential catalyst
for the aerobic oxidation of cyclohexane.>* The catalytic
oxidation was carried out using molecular oxygen (1.0 MPa) as
the oxidant at 120 °C. As shown in Figure 6a, a high
conversion rate could be achieved around 180 min (TOF =
25.7 h 1), while the conversion reached to a plateau at 360 min
(13.6%). Prolonging the reaction time from 360 to 720 min
hardly improved the yield of K-A oil but increased the K/A
ratio from 5.8 to 8.7 (Table S4). The excellent heterogeneous
catalysts not only should have high catalytic activity and
selectivity but should also be highly stable and thus be easily
recycled for long-term usage. The cyclic generation reactions
were performed over PMS-1, as shown in Figure 6b. PMS-1
could be easily recovered by centrifugation and and further
dried in a vacuum oven at 80 °C overnight. Stable conversion
(128 14.3%) and selectivity (86.6 94.2%) of the K-A oll
products could be observed for 10 successive cyclic runs,
demonstrating its excellent reusability and stability. The PXRD
pattern of the recovered solid PMS-1 after catalysis does not
present any di raction peak, indicating that the redox-active
CoO, species in PMS-1 is stable and was not aggregated
during the catalytic reaction (Figure S8).

The catalytic properties of PMS-1 were further compared
with those of the other control catalysts under identical
conditions. Table 2 presents the catalytic data in the

Table 2. Aerobic Oxidation of Cyclohexane over Various
Catalysts®

conversn sel TOF

entry catalyst )° ®)° K/A  (hHd

1 blank 0

2 -Co metal 0

3 PMS-1c precursor 0

4 PMS-1 precursor 0

5 MelM/Co;0, 0 e

6  Co0, 18 98 14 6.1

7 PMS-1c 4.0 97 23 13.2

8 PMS-1 17 93 31 25.7

9 H, treated PMS-1c 15 99 11 4.9

10 H, treated PMS-1 6.4 95 31 21.2

11 PMS-1 0 f

#Reaction conditions unless speci ed otherwise: cyclohexane (15
mmol), catalyst containing 15 mol of Co species, acetonitrile (5
mL), oxygen (1.0 MPa), 120 °C, 3 h. "Conversion =  [product]/
[initial cyclohexane]. “Selectivity = {[cyclohexanone (K)] + [cyclo-
hexanol (A)]}/ [product]. Main byproducts: adipic acid, hexylic
acid, and valeric acid. “TOF =  [product] mol/(Co t mol h). °A
physical mixture of MelM (4 mg) and Co,0, (4 mg). Phenol (0.2
mL) as a free radical scavenger was added into the reaction mixture.

cyclohexane oxidation reaction over various catalysts. Without
catalyst or with -Co metal or the PMS precursors as catalysts
(entries 1 4), no product was detected, although the Co?*
species existing in the PMS precursors should be active for the
cyclohexane oxidation.**** A physical mixture of MelM and
Co030, suppressed the activity (entry 5). PMS-1c delivered
4.0% of cyclohexane conversion, higher than 1.8% for the
commercial Co;0, (entries 6 and 7). In contrast, PMS-1 gave
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the highest conversion of 7.7% (entry 8). Without exception, a
decreasing trend of the selectivity was observed accompanying
an increase in the cyclohexane conversion in all entries. There
have been many nanoparticles, consisting of Co, Mn, Cu, Ni,
Cr, Au, Pd, Ce, or Fe redox-active sites, that have been used as
e cient heterogeneous catalysts for aerobic oxidation of
cyclohexane (Table S5). In comparison with these catalysts,
PMS-1 exhibits superior catalytic performance in the aerobic
oxidation of cyclohexane in terms of substrate conversion and
K-A oil selectivity. The superior catalytic properties of the
stable PMS-1 catalyst for cyclohexane oxidation have provided
the potential for its industrial applications.

3.3. Catalytic Mechanism. As shown in Table 2, the
conversion of cyclohexane catalyzed by di erent catalysts is in
the sequence of PMS-1 (Si:Co = 4:1) > PMS-1c (Si:Co = 1:4)
> C050,. Their di erent catalytic properties can be attributed
to the di erent porosities with di erent substrate and product
transportation capabilities and the accessibility as well as the
distribution of CoO, redox-active sites exposed on the pore
surfaces. In addition, the high Co®":Co?* ratio in PMS-1 is of
particular importance for the C H activation by tuning the
activation pathways and activation barriers inside pore
matrices.**>* After PMS-1c was treated at 250 °C under an
H, atmosphere for 2 h to displace the active oxygen on the
surface, the conversion decreased to 1.5% (Table 2, entry 9),
even though the BET surface area of H, treated PMS-1c was
increased from 45 to 134 m? g * and the crystallinity and the
reducibility were retained, as observed from the PXRD and H,-
TPR pro les (Table S3 and Figure S5). It is interesting that
the cyclohexane conversion only slightly decreased to 6.4%
after PMS-1 was treated with H, at 250 °C (Table 2, entry 10).
To make a comparison, we also collected the XPS of -Co
metal, which is inactive for the cyclohexane oxidation reaction
(Table 2, entry 2). As shown in Figure S7c, the Co 2p binding
energy of -Co metal is located at the lower energy area,
demonstrating that expelling of the active oxygen on the CoO,
surface could decrease the Co®* proportion and subsequently
decrease the catalytic activity in the aerobic oxidation reaction.

In situ FT-IR spectra were employed to gain insight into the
cyclohexane oxidation over PMS-1. The O, ow was
introduced to be adsorbed on the clean CoO, surface, and
the redundant O, gas was extracted under vacuum (Figure 7a-
1). When cyclohexane was infused into the system (Figure 7a-
2), strong peaks appeared at 1460, 2870, and 2930 cm ! in the
FT-IR spectrum, accompanying several weak peaks in the
region of 1500 1750 cm *. The peaks at 1460, 2870, and
2930 cm ! are assigned to the H C H scissor binding
vibration, CH, symmetrical vibration and CH, asym-
metrical vibration of cyclohexane, respectively.>® The broad
peak at 1640 cm ! can be assigned to the C O bond, resulting
from the interaction between C H bonds of cyclohexane and
the active oxygen species on CoO,.*° The bands in the 1680
1750 and 1500 1600 cm ! regions can be assigned to the
carbonyl moieties and surface bidentate carbonate species,
respectively.*>*® These results indicate that cyclohexane was
activated and further converted into the oxidized products
under the conditions.

After the clean surfaces of PMS-1 (Figure 7b-1) rst
adsorbed cyclohexane under an N, atmosphere at 50 °C
(Figure 7b-2), a broad peak appeared at 1640 cm !, due to
the coordination of cyclohexane with the active oxygen species
in the catalyst. This peak was subsequently replaced by weak
peaks at the band regions of 1680 1750 and 1500 1600 cm *
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Figure 7. In situ FT-IR spectra for the aerobic oxidation of
cyclohexane by PMS-1: (a-1) O,-adsorbed surface at 150 °C under
vacuum; (a-2) cyclohexane infusion at 150 °C; (b-1) clean surface at
50 °C; (b-2) cyclohexane-adsorbed surface in N, at 50 °C after
cyclohexane infusion and desorbing under vacuum; (b-3) cyclo-
hexane-adsorbed surface in N, at 150 °C; (b-4) O, infusion at 150
°C.

when the temperature was raised to 150 °C (Figure 7b-3).
This evolution revealed the depletion of active oxygen species
as well as the formation of carbonyl compounds. After infusion
of O, into the system (Figure 7b-4), the characteristic peaks of
cyclohexane were further converted into those of the carbonyl
products. Meanwhile, the peak at 1640 cm ! reappeared,
indicating regeneration of the surface active oxygen species.
The above two series of in situ FT-IR spectra revealed that the
active oxygen species on CoO, is of signi cance for the
cyclohexane oxidation. The active oxygen species rst
combined with cyclohexane at 50 °C, then directly oxidized
cyclohexane at 150 °C, and nally was regenerated in the
presence of O,.

3.4. Computational Results. We rst invested the valence
state of the Co atom in the Co;0, surface. There are four
kinds of computational models for Co;O, (110) surfaces with

various terminals to illustrate the valence states of Co species
(Figure 8). A Bader charge analysis showed that the positive
charge of Co atoms increases upon increasing the number of
terminal oxygen atoms.’’ These results indicate that the
surface oxygen is very important in determining the Co valence
state, which matches well with the XPS results that the Co®*
binding energy shifted to a lower band for the H,-treated PMS-
1c sample, accompanied by a decrease in the Co**:Co?" ratio.
Additionally, the molecular oxygen adsorbed Co;0, (110)
surface negligibly in uenced the electron allocation of the Co
atom as a result of the strong covalent interaction between two
oxygen atoms (Figure 8d).

The activation of C H bonds in cyclohexane on a Co;0,
(110) surface was calculated as shown in Figure 9. We rst
modeled the oxygen molecule adsorbed on a Co;0, (110)
surface by coordinating with the surface Co in the modes Co
O Oand Co( O O ). The calculated activation energies
of cyclohexane on di erent surfaces are 89.9 and 82.9 kiJ/mol
(Figure 9a and Figure S9). According to the radical-chain
mechanism of cyclohexane oxidation,>™ as proved by the
scavenging free radical experiment (Table 2, entry 11),
cyclohexyl hydroperoxide (CyOOH) and cyclohexoxy radical
(CyO7) would be released by cleavage of the Co O bond and
O O bond, which required calculated energy barriers of 45.5
and 38.9 ki/mol, respectively, much lower than that of the C
H bond breakage (Figure S10). On the other hand, the at
Co30, (110) surface exposes O* O* pair and Co* O* pair
sites. As shown in Figure 9b and Figure S11, the activation of
C H bonds over fa lat Co30, (110) surface occurs by either a
homolytic or heterolytic mechanism, delivering calculated
activation energies of 35.7 and 52.9 kJ/mol, respectively.**>*
The simulation results indicate that the O* O* pair
(homolytic mechanism) is more preferred for C H bond
breaking. However, the release of CyO~ radical required a
much higher energy barrier (>219.7 ki/mol) if there was the
absence of extra activation conditions, such as assistance from
additional oxygen atoms. For the active oxygen terminated
con gurations, the additional terminal oxygen atoms on the
Co03;0, (110) surface signi cantly decreased the calculated
activation barriers (25.6 kJ/mol for one terminal oxygen and

8

Figure 8. Computational models of Co;0, (110) terminated with (a) at surface, (b) one active oxygen atom, (c) two active oxygen atoms, and
(d) one adsorbed oxygen molecule. The simple formulas and the Bader charges of the coordinated Co atoms are presented at the right side of the

models.
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Figure 9. Reaction paths for the rst C H bond activation of
cyclohexane over (a) O, molecule terminated Co;O, (110) surface,
(b) at Co;0, (110) surface, and (c) active oxygen atom terminated
Co30, (110) surface. The red curves represent the MEP between two
structures, and the black imaginary lines represent the energy
di erence between two structures.

22.5 kJ/mol for two terminal oxygen, as shown in Figures S9c
and S12). The terminal oxygen atoms anchored on Co centers
are active for breaking of the C H bonds. These calculation
results revealed that the C O functional group could form in
the absence of an extra O, molecule, which is consistent with
the in situ FT-IR results. However, direct breakage of the O
O bond to form a CyCO" radical needs extra conditions such
as additional oxygen or huge energy (>157.3 kJ/mol).
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On the basis of the above results, the presence of active
terminal oxygen atoms contributes to a higher valence state of
Co, which could remarkably decreases the activation barrier of
C H bonds in cyclohexane in comparison to the at surface.
These active oxygen atoms cannot form by directly breaking an
O, molecule, due to the high calculated energy barrier (208.8
ki/mol) for breaking the O O bond on the Co;0, (110)
surface (Figure S13). These ndings are consistent with the
experimental results, which delivered higher cyclohexane
conversion with a higher Co®:Co?* ratio and a higher binding
energy of Co 2ps,, for the PMS-1 catalyst.

4. CONCLUSION

In summary, we developed a practically applicable strategy to
synthesize a highly stable PMS material that consists of
narrowly distributed pores and highly dispersed redox-active
CoO, species in the pore surfaces, templated and function-
alized by porous Co'-MelM moieties. The redox-active CoO,
species in PMS-1 presents a high Co®*/Co?* ratio and unusual
electronic properties, in comparison with that in the traditional
supported or pure Co;0, PMS-1 demonstrates excellent
catalytic performance in aerobic oxidation of cyclohexane with
a conversion of up to 14.6% and TOF of 25.7 h 1, which is
much superior to the current industrially adopted catalysts that
use harsh conditions. The power to rationally tune the pore
structures and properties and to immobilize and stabilize
highly active redox-active CoO, sites in the pore matrices has
highlighted this approach as a very promising strategy to
develop a new generation of porous heterogeneous catalysts,
which might be implemented in industrial applications in the
future.
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