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Light alkanes make up a class of widespread volatile
organic compounds (VOCs), bringing great environmental hazards
and health concerns. However, the low-temperature catalytic
destruction of light alkanes is still a great challenge to settle due to
their high reaction inertness and weak polarity. Herein, a Co;0,
sub-nanometer porous sheet (Co;0,-SPS) was fabricated and
comprehensively compared with its bulk counterparts in the
catalytic oxidation of C;Hg. Results demonstrated that abundant
low-coordinated Co atoms on the Co;0,-SPS surface boost the
activation of adsorbed oxygen and enhance the catalytic activity.
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beneficial to electron transfer between the catalyst surface and the
reactant molecules, promoting the interaction between C;H,
molecules and dissociated O atoms and facilitating the activation of C—H bonds. Due to these, Co;0,-SPS harvests a prominent
performance for C;Hj destruction, 100% of which decomposed at 165 °C (apparent activation energy of 49.4 k] mol™"), much better
than the bulk Co;0, (450 °C and 126.9 k] mol™") and typical noble metal catalysts. Moreover, Co;0,-SPS also has excellent thermal
stability and water resistance. This study deepens the atomic-level insights into the catalytic capacity of Co;0,-SPS in light alkane
purification and provides references for designing efficacious catalysts for thermocatalytic oxidation reactions.
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completely oxidized at —77 °C by Co;0, nanrroad which
mainly exposed (110) crystal plane. They pointed out that the
high catalytic activity is mainly attributed to abundant Co*" in
the (110) plane. Tang et al.* proposed that porous Co;0,
nanoparticles can oxidized 90% propane under a w8 hly space
velocity of 240,000 mL g™' h™" at 250 °C, even better than the
commercial Pt/Al,O; and Pt/CeO, catalysts. However, the
performance of Co;0, materials in catalytic low-temperature
destruction of light alkanes is still far from satisfactory.'®"”
Two-dimensional (2D) nanomaterials have a large area-to-
thickness aspect ratios mainly due to their sheet-like
nanostructures with thicknesses ranging from a single layer
to several unit cells.'”'” The geometric constraints in the third
dimension of space may cause their physical and chemical
properties to be significantly different from those of their bulk
counterparts. This structure has an impact on quantum

The emission of industrial volatile organic compounds
(VOCs) can cause serious environment hazards,' ® and
efficient VOC elimination has become one of the most critical
issues to be solved. Among them, light alkanes such as propane
(C3H) are a class of widespread and intractable pollutants due
to their stable molecular structures.” Although previous
research has shown that some precious metal-loaded materials
such as Pt/ZSM-5,° Pd/TiO,’° and Pd/WO,/TiO,’ show
superior activity in catalytic oxidation of C;Hg, their high cost
and easy inactivation at high temperatures limit their
applications. In comparison, the transition metal oxides
which have low cost, considerably activity and excellent
thermal stability have received great attention.'”'" For
example, in the lattice of Co;0, spinel oxide, the 16 octahedral
and eight tetrahedral sites are occupied by Co’* and Co®*
cations respectively that has a relatively high catalytic activity
owing to low reaction enthalpies (AH) for O, vaporization. In
general, the Co—O bond strength of Co;0, can affect the ease
of dissociation of lattice oxygen.'” Many previous works
describe how to increase the activity of cobalt oxide by
exposing more reactive crystal faces or adjusting the
morphology.”*™"> Xie et al.'” have shown that CO can be
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Figure 1. Catalytic performance of prepared catalysts: (A) catalytic activity, (B) CO, selectivity, (C) reaction rate, (D) corresponding Arrhenius
plots; (E) stability tests of Co;04-SPS from 40 to 600 °C; (F) time-on-stream stability of CO, yield.

confinement. In addition, the large surface area and high
concentration of surface defects are also play vital roles in
heterogeneous catalytic reactions.'” For example, inorganic
graphene analogs (IGA) with high surface atomic percentages
have recently been the attention of the world caused by their
novel properties”~>* and huge applications in transistors,”"
energy storage,22 thermal conductors,”® and topological
insulators.”* IGAs with a single layer or several layers have
been recognized as a new type of nanomaterial due to their
unique two-dimensional structural characteristics of atomic
thicknes.”>™*” These substances show a large proportion of
surface atoms and exposed specific faces, which leads to an
increase in the density of states at the edge of the valence band,
thus promoting the diffusion of the reactants along the 2D
conductive channel and the reaction with the dissociated
atomic oxygen atoms. These were totally different from those
of their bulk counterparts in terms of catalytic oxidation.”” In
addition to this, 2D metal crystals possess abundant
coordinatively unsaturated atoms, and the different local
atom distributions may lead to completely different electronic
structures. Therefore, since the electronic structure is regarded
as the most effective axis between the microscopic structure
and macroscopic properties and it leads to many exciting
applications in energy-related applications, such as energy
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storage, energy conversion.”® In addition, for those who want
to understand the real active site and surface reaction
mechanism, two-dimensional materials are ideal model
catalysts, which can be obtained through theoretical computa-
tional chemistry and surface science and technology."®

It has been reported that the ultrathin Co;0, sheets showed
good activity in oxygen evolution reaction and CO, electro-
reduction.”” However, it has hardly been applied to any VOC
catalytic oxidation reaction. Herein, we prepared a Co;0, sub-
nanometer porous sheet (Co;0,-SPS) and adopted it to
oxidize C;Hg considering the large specific surface area,
abundant coordinatively unsaturated atoms and surface oxygen
vacancies, and superior electron transfer property. As expected,
we found that the Co;0,-SPS material exhibits extremely high
C;H; decomposition activity with C;Hg totally converted at
just 165 °C and apparent activation energy (E,) as low as 49.4
kJ mol™, much better than that of the bulk Co,0, (Co;0,-B)
catalyst (450 °C and 126.9 kJ mol™'). Experimental and
theoretical calculation results reveal that the sub-nanometer
porous sheet structure can promote the oxidation reaction by
exposing large number of coordinatively unsaturated surface
Co atoms as the active sites. At the same time, the larger
specific surface area allows the reaction to occur in a larger
area, thereby greatly expanding the reaction space.”” In
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Figure 2. (A) AFM image and (S1—S3) the corresponding height profiles (S1—S3 correspond to the numbers from S1—S3 in Figure 2A); (B) AC-
TEM images of Co;0,-SPS sample and related theoretical models; (C) local amplification of AC-TEM images and related theoretical models.

addition to this, the density of states (DOS) near the Fermi
level in the sub-nanosheet material will be significantly
increased by the obvious structural disturbances on the surface,
thereby promoting the rapid electron transport along the 2D
conductive channel and hence accelerates the reaction
kinetics.'®

2.1.1. Synthesis of Co;0, Sub-nanometer Porous Sheets
(Co30,4-SPS). First, 140 mL of ethylene glycol was dissolved in 28 mL
of deionized water, and 700 mg Co(acac); was then added and stirred
for 60 min. Then the solution was transferred to the Teflon-lined
autoclave and heated it at 190 °C for 48 h. After the autoclave is
naturally cooled, the precipitate after the reaction was collected by
centrifuging the mixture. The collected precipitate was washed with
water and ethanol several times and then placed in a vacuum drying
oven at 60 °C for 12 h. Then the as-obtained ultrathin CoO sheets
were directly heated at 300 °C for 30 min in air and then cooled to
the room temperature to obtain the Co;0,-SPS.*

2.1.2. Synthesis of bulk C0304(C03;0,-B). In a typical
procedure,'* 1 g Co(NO;),-6H,0 was heated at 900 °C for 18 h
in air and then cooled to the room temperature. The obtained
powders were collected for further characterization. The preparation
methods of other comparison materials (Co;0, thin sheets, rod-like
Co;0,, plate-like Co;0,, and cube-like Co;0,) are listed in Text S1.1
(Supporting Information).

The detailed catalyst characterization techniques including N,-
sorption, X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), high resolution transmission electron
microscopy (HR-TEM), aberration corrected transmission electron
microscopy (AC-TEM), atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR) absorption spectra, Raman spectra, H, temperature-
programmed reduction (H,-TPR), C;H, temperature-programmed
surface reaction (CyHg-TPSR), in situ diffuse reflectance infrared
Fourier transform spectra (in situ DRIFTS), and X-ray absorption find
structure spectra (XAFS) are described in Text S1.2 (Supporting
Information).
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The first-principles calculations were performed by employing the
Vienna ab initio simulation package20 using a generalized gradient
approximation augmented by a Hubbard U term (GGA+U) with PBE
functional, and the detailed methods are described in Text S1.3
(Supporting Information).

The catalytic activity of prepared catalysts was evaluated in a
continuous flow fixed-bed reactor at atmospheric pressure, and the
detailed methods are described in Text S1.4 (Supporting
Information).

Figure 1A and B shows the catalytic activity of prepared
catalysts for the oxidation of C;Hg. Among the prepared
Co;0, catalysts, Co;0,-SPS shows the highest catalytic activity
with 50% and 90% of C;Hg converted at 145 and 160 °C,
respectively, which are approximately 175 and 260 °C lower
than that of bulk Co;0, (Co;0,-B; 320 and 420 °C,
respectively). The total conversion and mineralization temper-
atures (respectively; 165 and 178 °C) of Co0,0,-SPS for C;H,
oxidation are much lower than the reported results in the
literature (Table S1). For instance, the total conversion
temperature of C;Hg over y-MnO,,*° Co,Ce,0,°" and
MnNi,,0,’” are 325, 275, and 300 °C, respectively.
Remarkably, the propane oxidation activity of Co;0,-SPS
catalyst is even higher than some typical noble metal-loaded
catalysts (e.g, the total conversion temperature are respectively
of 310, 269, and 275 °C over reported LM-EG,* Co30434 and
10CoAl-400RO™ materials).

The C;Hg conversion rate can be used to further evaluate
the activity of the catalyst, and the corresponding results are
shown in Figure 1C. At a reaction temperature of 145 °C, the
C;H; conversion rate over Co;04-SPS reaches up to 3.9 X
107" mol g™, s (no CyH; conversion can be observed over
Co0;0,-B), which is 2.5 and 10 times higher those that of
C030,-TS (1.5 X 107'° mol g™, s™" and Co;0,-R (0.3 x
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Figure 3. (A) XRD patterns and (B) FT-IR spectra of prepared samples; (C) local FTIR magnification of C0;0,-SPS and Co;0,-B; (D) Raman

spectra of prepared materials.

107" mol g, s, respectively, demonstrating the excellent
low-temperature C;Hg oxidation activity of the Co;0,-SPS
catalyst. It is known that the apparent activation energy (E,)
can reflect the difficulty of the reaction. Figure 1D shows that
Co030,-SPS has the lowest E, in C;Hg oxidation (49.4 kJ
mol™"), which is 1.6 and 2.5 times lower than those of Co30,-
TS (82.8 kJ mol™") and Co;0,-B (126.9 kJ mol™") materials,
respectively. The corresponding reaction temperature and
C,;H; conversion for the calculation of E, are listed in Table S2.

The stability of the catalysts is another crucial factor judging
their catalytic performance. Figure 1E and F shows that almost
no deactivation occurs over Co;0,-SPS in propane conversion
and CO, yield during three heating and cooling cycles
(temperature range of 40—600 °C) and a 40 h continuous
reaction at 190 °C, suggesting the excellent structural and
thermal stability, which was further verified by the XRD
pattern and TEM images of the used catalysts (Figures S1 and
S2). The H,O resistance results of prepared catalyst are shown
in Figure S3, which show that the addition of H,O (S and 10
vol %) has little effect on the activity. Also, a complete
conversion of propane can be restored shortly when H,O is no
longer added, suggesting that the deactivation of catalyst is
reversible. In summary, the experimental results demonstrate
that the Co;0,-SPS catalyst has excellent reaction stability and
water resistance.

SEM (Figure S4A;) and TEM (Figure S4A,) images indicate
that Co;0,-SPS possesses a 2D graphene-like morphology and
sub-nanostructures. The AFM image and height distribution
(Figure 2A) shows that Co;0,-SPS material possesses an
average height of ca. 0.47 nm. The relevant high-precision
AFM results are shown in Figure S5. TEM image in Figure
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S4A, clearly demonstrates that there are many holes on the
surface of Co;0,-SPS with a [111] orientation, confirmed by
the corresponding fast Fourier transform image (Figure S4A;,
insert) and atomic model (Figure S4A,). The results of AC-
TEM (Figure 2B) further prove that the Co;0,-SPS catalyst
exposes the (111) crystal plane, and its surface porosity leads
to a large number of defects. By local amplification of the
defect site (Figure 2C), it can be clearly seen that there are
abundant low-coordinated Co atoms, and the corresponding
theoretical model further proves this result. XRD patterns of
prepared materials are shown in Figure 3A, and the (111),
(220), (311), (222), (400), (422), (S511), and (440) planes
attributed to cubic spinel Co;O, (PDF #43-1003) can be
observed over all prepared catalysts.

In addition, we explored the synthesis process of the Co;O4-
SPS catalyst. It can be seen from the experimental results that
the ultrathin CoO sheet is the intermediate precursor in the
synthesis of Co;0,-SPS (Figures S6 and S7A). A previous
study concluded that HOCH,CH,OH can be partially
oxidized to HOCH,COOH at 190 °C, at which time CoO
nucleates,”” verified by the FTIR spectrum (Figure S7B).
Meanwhile, the surface energy of the CoO core can be reduced
by adsorbing HOCH,COO— on its surface. Because of the
ionization of the carboxyl group, the existence of
HOCH,COO— can make the CoO core generate a net
negative charge.?’6 Furthermore, a directional short-range
gravitational force will be generated between CoO nuclei
due to the hydrogen bonding and van der Waals interaction
between HOCH,COO— species.*® Then, the CoO nuclei will
be driven by the directional short-range attractions and
electrostatic interactions to self-assembled into 2D CoO sub-
nanometer sheets.>® After heating at 300 °C in air, CoO will be
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Table 1. Textural Properties of Prepared Catalysts

sample
C0,0,-SPS 81.3 0.72 15.7 147
Co30,-TS 50.8 0.38 15.1 0.64
Co;0,-B 3.7 0.01 9.6
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3.04

1.98
1.68

“Specific surface area obtained at P/Py = 0.05—0.30. "Total pore volume estimated at P/P, = 0.99. “BJH pore diameter calculated from the
desorption branch. “/Specific activity (reaction rate/surface area) of prepared catalysts at 120, 130 and 145 °C, respectively.
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Figure 4. (A) XPS survey spectra; (B) Co 2p and (C) O 1s XPS spectra of prepared catalysts; and (D) ESR spectra of prepared catalysts.

converted to Co;0,. At the same time, the combustion or
decomposition of HOCH,COO— will cause many holes on
the Co;0, sheets.

In order to understand the mechanism of Co;0, nanocryst-
als mainly exposing (111) crystal planes, we used theoretical
calculation methods to analyze the energy relationship of CoO
crystal planes in the HOCH,COO— system. Previous study
shows that the surface energy of CoO follows the order of
(100) < (110) < (111)*” and thus proposed that the (111)
plane has the highest activity compared with other crystal
planes, indicating that the (111) planes usually decrease
rapidly due to the minimization of surface energy during
crystal growth. However, in the HOCH,COO- system, it can
be seen that CoO nanocrystals mainly expose the (111) crystal
plane. This is mainly because the adsorption capacity of
HOCH,COO- on the (111) plane is stronger than that of the
(001) and (110) planes (Figure S8) and the (111) plane can
be protected by the adsorption of the surfactant. Then the
(111) crystal plane is mainly exposed during the growth of the
crystal. Finally, based on the close structural matching, the
CoO (111) crystal can be topochemically transformed into
(111)-oriented Co;0, (Figure S9).
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For comparison, different Co;0, materials, i.e., Co;0, thin
sheet (Co0;0,-TS), Co;0,rod (Co3;0,-R), Co;0,-plate
(Co30,4-P), Co30,-cube (Co0;0,-C), and bulk Co;0,
(Co;0,-B), were also prepared (Figure S10). The specific
surface area and porosity of the prepared materials were
characterized by low-temperature N, sorption, as displayed in
Figure S11. It is displayed that all Co;0, samples possess type
IV isotherms with clear H3-type hysteresis loops, characteristic
of mesoporous materials. The structural properties of the
catalysts are displayed in Table 1. It can be seen from the
results of specific activity (reaction rate/surface area) that the
prepared catalysts follows the order of Co;0,-SPS > Co;0,-TS
> Co030,-B, which indicates that the activity of catalysts is not
depend on the surface area and maybe mainly related to their
physical and chemical properties.

FTIR and Raman spectra were employed to investigate the
structural and chemical natures of prepared materials. For the
FTIR spectra (Figure 3B), the broad band centered at ca. 3457
cm™! is attributed to the vibration of O—H bond of water
adsorbed on the surface of samples.”® The peak at 1638 cm™"
is assigned to the adsorption of water.’”® The peaks at 1383
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cm™' can be attributed to the organic impurities left on the
surface of the catalyst during the synthesis of the catalyst.’®
The bands in the range 500—800 cm ™" are characteristic of the
Co—O band vibrations. More specifically, two peaks located at
660—680 and 560—590 cm™' correspond to the stretching
vibrations of Co(II)—O and Co(III)—O, respectively.”® It is
noted that the two peaks of Co;0,-SPS show a slight red shift
toward lower wavenumbers compared to those of Co;0,-B
(Figure 3C), suggesting a large number of defects on the
surface of the nanoparticles, which can weaken the Co—O
bond strength.*

Five peaks located at 194, 520, 619, 481, and 689 cm™! can
be observed over the Co;0,-B sample in the Raman spectra,
assigned to the 3F,y E,, and Ay modes of Co;0,, respectively
(Figure 3D)."" The weak peaks at 194, 520, and 619 cm™ can
be regarded as the characteristics of CoO,, and the peak
centered at 689 cm™' can be assigned to the stretching
vibration of symmetric CoOg.*" In comparison to the Co;0,-B
sample, the peak positions over Co;0,-SPS (respectively; 181,
502, 595, 459, and 650 cm™") shift to lower wavenumbers by
11-40 cm™" due to the fhonon confinement effect evoked by
the ultrathin structure.”” Furthermore, the full width at half
maxima (fwhm) values (30—50 cm™) of Raman spectrum for
Co30,-SPS are much higher than those of Co;0,-B sample
(ca. 5—7 cm™"), indicating that the lateral dimensions of these
layers are in nanoscale.*” These data offer reliable evidence for
the successful synthesis of Co;0,-SPS, in consistentcy with the
TEM results (Figure 2). The red shift of Raman peaks also
suggests that the original coordinative environment of Co*"
and Co’' in lattice of Co;0, has changed, indicating the
presence of more crystal defects,”’ in consistent with the
results of AC-TEM and FTIR (Figures 2B and 3B). The
presence of a larger amount of defects would lead to a higher
content of active surface oxygen species on Co;0,-SPS, which
can promote the catalytic activity for propane oxidation.

The surface composition and chemical status of the prepared
samples were investigated by XPS. Figure 4A shows that only
Co, C, and O elements can be detected, demonstrating the
formation of pure Co;0,. Figure 4B shows the Co 2p XPS
spectra of the prepared catalysts. The main peak at binding
energy about 780 eV is characteristic of Co 2p,/, with Co®*
(7794 €V) and Co®* (780.8 eV), while the shoulder peak at
binding energy of 795 eV is attributed to Co (2p;,).** Figure
4C shows the O 1s XPS spectra of three samples. The major
peak of O 1s of Co;0,-SPS at about 529.5 €V is assigned to
lattice oxygen O, (O*7), lower than those of Co;0,-TS and
Co0304-B respectively at at 530 and 530.2 eV. This
phenomenon can be attributed to the different combination
manners of O>~ bonded with Co®" and Co** on the surface of
catalysts (three-coordinated O bonded with three Co®, O
bonded with one Co** and two Co’*, and two-coordinated O
bonded with one Co** and one Co’"), leading to the binding
energy of O®” bonded with Co ions having a considerable
difference.”> From previous studies, it is known that the
substantial shift of O, peak toward to the lower binding energy
(ca. 529.5 €V), demonstrating that the electrons around the
lattice oxygen are easily excited, which can be attributed to the
reduction of Co® to Co?*.** This also indicated that the Co—
O band of Co;0,-SPS are easier to break and then the oxygen
vacancies is more likely to occur on Co;0,-SPS. Besides, a
shoulder peak centered at 531.6 eV can be clearly observed,
assigning to the low coordination oxygen species (O,, O~ and
O7) or oxygen adsorbate residual on oxygen vacancies, in
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agreement with the reported results;"> namely, oxygen
vacancies are formed on the surface of Co0;0,-SPS, Co;0,-
TS and Co;0,-B. The high relative concentration of oxygen
vacancies on the surface of catalyst can be correlated with the
high activity in the oxidation reaction.*

It is shown in Table 2 that the ratios of O4/O, are
approximately 0.89, 0.54, and 0.49 for Co;0,-SPS, Co;0,-TS,

Table 2. XPS Results of the Prepared Catalysts

binding energy (eV)

Co** Co** Co**/ Op/

sample 203/, 2p3» O, Oy Co** O,
Co;0,-B 780.1 781.5 530.2 531.5 1.72 0.44
Co;04-TS 779.8 781.1 530.0 5314 1.76 0.54
Co;0,-SPS 779.2 780.8 529.5 531.6 1.82 0.89

and Co;0,-B, respectively, suggesting that there are largest
amount of oxygen vacancy species existed over the Co;0,-SPS.
Accordingly, the Co?*/Co®" surface ratio of Co0;0,-SPS is
determined to be 1.82, which is higher than that of Co;0,-B
(1.72), indicating that there are more surface oxygen vacancies
which are balanced by the conversion of Co®* to Co> on
C0,0,-SPS.*® ESR was carried out to further explain the
oxygen vacancy concentration of prepared materials (Figure
4D), and the results show that the Co;0,-SPS catalyst has the
highest oxygen vacancy concentration.

XAFS and DFT were further employed to investigate their
structural and chemical nature. As shown by Co K-edge
EXAFS (Figure SA), the postedge oscillation amplitude for the
Co0;0,-SPS exhibits obvious differences in comparison with the
Co030,-B ascribed to the structural difference between Co;0,-
SPS and Co;0,-B.*” C0;0,-SPS has a lower Co—O
coordination number of Co atoms on the surface compared
to that of Co;0,-B. Moreover, the results of the corresponding
Co K-edge k’y(k) oscillation curve and Fourier transformed
K (k) functions (Figure 5B,C) also confirm a lower Co—O
coordination number of Co atoms on the Co;0,-SPS surface
and quantitatively reveal their distinct local atomic arrange-
ment. Three peaks located at ca. 1.51, 2.51, and 3.04 A are
considered to be characteristics of Co;0,. In detail, the peaks
at 2.51 and 3.04 A are attributed to the Co—Co bond and the
one at 1.51 A is related to the Co—O coordination in the first
coordination shell."” Obviously, the intensity of Co—O
coordination peaks over Co;O0,-SPS decreases significantly
compared to those of the Co;0,-TS and Co;0,-B due to the
surface structural disorder of Co;0,-SPS (Figure 2A,).*

In order to obtain the structural parameters around the Co
atoms on the surface of the Co;0,-SPS sample, we performed
a least-squares curve fitting (Figure S12), and the fitting results
are documented in Table 3. It is found that, due to the
existence of abundant lattice defects (Figure 2C), a large
number of low coordination atoms are generated, which
reduce the local coordination number.*® XPS results prove that
C0;0,-SPS has abundant oxygen deficiencies (Figure 4C). For
the Co;0,-SPS sample, the reduction of Co—O, Co—Coy, and
Co—Co, coordination number and increase in disorder
degrees suggested its surface has a large number of dangling
bonds and obvious distortion,”” which in turn helps to create
excellent structural stability.** Undoubtedly, the surface
distortion of Co3;0, layer significantly influences its electronic
properties.”” In addition, as shown in Figure 5D, the results of
DFT calculations indicated that the state density of the
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Table 3. EXAFS Fitting Parameters at the Co K-Edge of
Prepared Catalysts

2 AE,

sample shell N“ R (A)b 107%)° (eV)d
C0,0,B  Co—O 6402 1924003 32+02 51
Co—Co, 40+02 285+003 31+02 39
Co—Co, 108+02 335+003 80+02 LS

Co;0, Co—O 43+02 192+003 28+02 48
TS Co—Co,  34+02 286 +003 35+02 36
Co—Co, 72402 335+£003 70+02 16

Co,0,  Co—O 37402  195+003 25+02 47
SPS Co—Co, 27 +02 2854003 21+02 32
Co—Co, 79402 335+003 70+02 07

“Coordination numbers. “Bond distance. “Debye—Waller factors.
“Inner potential correction.

ultrathin Co;0, layer at the edge of the conduction band is
significantly higher than the bulk phase. Moreover, the results
of partial charge density (Figure S13) also demonstrate that
the charge density in the ultrathin Co;O, layer increases
noticeably compared with Co;0,-B.

The high density of states at the edge of the valence band
and conduction band (Figure S14) means that the surface
polarization of the catalyst is strong, and the catalysts need to
be depolarized to a stable state through the flow of free charges
in the surface layer, so that the surface of the catalyst has
strong metal properties, which is conducive to the transfer of
electrons.”*” Through the charge density difference diagram
and better charge analysis (Figure S15), it can be concluded
that this surface electronic state is beneficial to the charge
transfer between the catalyst surface and the reactant
molecules. The surface electron density of more low-
coordinated Co atoms on the surface of Co;0,-SPS which
also exhibits metallic properties can also causes an imbalance in
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the charge distribution at the interface, generating a built-in
electric field around the low-coordinated Co atoms and
promoting the transfer of electrons.”” As shown in Figure S16,
Co030,-SPS has a larger CV curve integral area and a stronger
current density than Co;0,4-B, indicating that Co3;0,-SPS
possesses a stronger electron conduction capability. The
accelerated electron transport at the interface can facilitate
oxygen activation and the redox cycle of Co*"/Co®" during the
catalytic reaction, thereby promoting catalytic oxidation of
propane.SI’52 After fitting the experimental data, the bond
distances of Co—O, Co—Co;, and Co—Co, of different
catalysts were obtained and are listed in Table 3. It can be
observed that the Co—O band of Co;0,-SPS is slightly
elongated compared with the Co;0,-B, indicating there are a
lot of lattice distortions on the surface of Co304-SPS, which
may be caused by many defects on the surface of Co;0,-SPS
(Figure 2C). The slight elongation of the Co—O band in
Co;0,-SPS also indicates that the Co—O bands are easier to
break and form oxygen vacancies compared with other
catalysts.

Reducibility of the prepared catalysts was tested by H,-TPR, as
shown in Figure 6. The reduction process of Co;O4-B can be
reasonably divided into two stages of Co®* to Co** and Co*" to
Co (Figure 6A).*> Co030,-SPS possesses the best low-
temperature reducibility with the first reduction peak centered
at 292 °C, much lower than that of the other catalysts (313—
427 °C). It is demonstrated that the Co—O band in Co,0,-
SPS is easier to break and therefore releases lattice oxygen to
create oxygen deficiency, accelerating the reduction of Co®* to
Co*".* To compare the low temperature reducibility of
synthesized catalysts more efficiently, we calculated the initial
H, consumption rate of the first reduction zone of each sample
before the phase transition (where the initial H, consumption
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Figure 6. (A) H,-TPR and (B) initial H, consumption rates of prepared catalysts; in situ DRIFTS of (C) Co;0,-SPS and (D) Co;0,-B for C;H,

oxidation.

of the first reduction band of catalyst is less than 25%),”>>* as
shown in Figure 6B. It can be noted that the initial H,
consumption rate of Co;0,-SPS is much higher than the
other catalysts, suggesting the superior low-temperature
reducibility.

The reaction route and intermediate distribution were
determined by C;Hg-TPSR and in situ DRIFTS. C;Hg-TPSR
was performed to explore the reduction behaviors of prepared
samples under a flowing of C;Hj, as presented in Figure S17.
For the Co;0,-SPS sample, the first C;Hg consumption peak is
assigned to the reaction between surface adsorbed oxygen and
C;Hg. The presence of a strong peak with m/z of 44 (CO,)
and a negative peak with m/z of 29 (C;Hj) indicates that the
total oxidation of C;Hg occurred (Figure S15A).%° Previous
work claimed that the oxygen adsorbed on catalyst surface
defect sites is mainly the reactive oxygen species.ss’56 Active
oxygen mainly exists in the form of adatoms, such as O,~, and
O~, which are highly electrophilic. Active oxygen can extract
hydrogen from alkanes to form alkenes, then they will undergo
a continuous oxidation reactions to CO,.”® The strong
positive peaks (m/z = 44 and 28) and negative peaks (m/z =
29) appeared at about 320 °C, suggesting that at this
temperature, C;Hg reacts with the lattice oxygen in Co;0,
to generate CO,. The main active oxygen species at this time is
the lattice oxygen (O*7), which is nucleophilic oxide ions and
has a high oxidative dehydrogenation rate during the deep
oxidation process.”® Similar results can also be observed in
C;Hg-TPSR spectra of Co;0,-B sample (Figure S17B), but all
related peaks shift to much higher temperatures. It is indicated
that both C;Hg and surface adsorbed oxygen are more easily
activated on the Co;0,-SPS sample.
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In situ DRIFT spectra of C;Hg oxidation over Co;0,-SPS
and Co;0,-B materials were performed to clarify the C;Hq
adsorption and decomposition processes. As shown in Figure
6C and D, the bands at 3057 and 3041 cm™! are related to the
C—H stretching vibrations of adsorbed C;Hg.>” The bands at
1361 and 1460 cm™ can be attributed to the 5(CH) species,éo
and the bands at 1124 and 1153 cm™" can be assigned to vC—
C.%" The bands at 2313 and 2362 cm™" are assigned to gaseous
CO,, suggesting the oxidation of C;Hg happened.”” The band
at 3597 and 3537 cm™! can be attributed to the —OH bond
vibration adsorbed on the catalyst surface.”® It is shown that
the formation of CO, started at 70 and 170 °C for Co;0,-SPS
and Co;0,-B, respectively, indicating the excellent low-
temperature activity of Co;0,-SPS, in good agreement with
the light-off curves (Figure 1A). For Co;0,-SPS, the bands at
1124, 1361, 1460, and 3057 cm™' first increase and then
decrease, and four new peaks (2964, 3253, 1411, and 1502
cm™") appeared when the temperature reaches 160 °C. The
peak at 2964 cm™! can be attributed to the C—H stretching
vibrations of formate species.”” The peaks at 1502 (v,, COO™)
and 1411 ecm™ (v,,, COO”) can be assigned to the
carboxylate which may come from acetate and formate
species,””®> which are important precursors for CO,. This
means that, in the whole reaction process, with the increase of
the reaction temperature from 50 to 120 °C, the consumption
of propane increases. With the further increase of the
temperature from 120 to 170 °C, the S(CH) species is
oxidized to COO~ (comes from acetate and formate species)
by reactive oxygen species; COO™ species at around 1411 and
1502 em™! increase, which leads to the decrease of the other
positive peaks of propane. The band at 3253 cm™ can be
attributed to the OH™ species of H,O produced after the
oxidation of C;Hj on catalyst surface.”*
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For bulk Co;0,, however, all peaks increase gradually with
the increasing of temperature, indicating that the C;Hg
molecule is only adsorbed but not decomposed in this
temperature range. Based on the above results, it is proposed
that the adsorbed C;H; can be deeply oxidized to CO, by
surface adsorbed oxygen at low temperature, while in the high
temperature range of >150 °C, the adsorbed C;Hj is activated
and oxidized to carbonate intermediate products over active
oxygen, and then are further converted into CO, and H,O.
Combining the results of C;Hg-TPSR, it is indicated that the
activated propane molecule is oxidized by dissociatively
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chemisorbed oxygen to form carbon dioxide and water when
the temperature reaches 150 °C. Finally, as can be seen from
the activity diagram, the activity showes a sharp increase at 150
°C. Combined with previous studies,”” it can be concluded
that the breaking of the C—H bonds at this temperature is the
rate-determining step of the entire active reaction.

In order to further prove the above conclusions, we carried
out PTR-QMS experiments to detect the intermediate species
produced during the catalytic degradation process (Figure 7).
It can be seen from Figure 7A and B that, in the low
temperature section (50—150 °C), the catalytic degradation of
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propane on Co;0,-SPS produces intermediate products such
as HCOO* and C,H,O, while no intermediate products are
produced on the Co0;0,-B sample. This phenomenon is
consistent with the in situ DRIFTS results. Combined with the
results of C;Hg-TPSR, it is further proved that, compared with
Co0;0,-B catalyst, the Co;0,-SPS catalyst more easily activates
surface adsorbed oxygen at low temperature, thus further
activating propane. From the formation temperature of C;H,*
species, it can be seen that the Co;0,-SPS catalyst more easily
activates the C—H bonds of propane, which is consistent with
the results of in situ DRIFTS. When the C—H bonds of
propane are activated, C;H,O, C,H,O,, and CH;O%*
intermediate products appear during the degradation of
propane on both catalysts. From the above conclusions, it
can be inferred that the degradation path of propane on
Co0;0,-SPS catalyst is as follows (Figure 7C): at a low
temperature range, propane is activated by active oxygen on
the surface of the catalyst to form HCOO* and C,H,O, which
is further mineralized to CO, and H,O; at a high temperature
range (>150 °C), C—H bonds are activated to form
intermediate products such as C;H,O, C,H,0,, and CH;0%,
and then deeply oxidized to CO, and H,O. Therefore, the
activation of both surface adsorbed oxygen and C;Hg (C—H
cracking) plays an important role in C;Hg low-temperature
oxidation.

Oxygen vacancies are suggested to play an important role in
propane decomposition.” In the present work, the formation
energy of a single oxygen defect over Co;0,-SPS exposed
facets was studied by DFT calculations, as shown in Figure 8A.
Results demonstrate that the formation energy of oxygen
vacancy on surface of Co;0,-SPS (E,, (110) = 0.83 eV) is
obviously lower than that of Co;0,-B facet (E,,(111) = 2.01
€V), indicating that the oxygen vacancies more easily form on
the surface of Co;0,-SPS. These oxygen vacancies will activate
more adsorbed oxygen and as a consequence accelerate the
activation process of propane molecules over Co3;0,-SPS,
consistent with the results of H,-TPR (Figure 6) and C;H;-
TPSR (Figure S17).

As mentioned above, the activation of surface adsorbed
oxygen and efficient C—H cracking are critical steps in the
catalytic oxidation of C;Hg. The chemical adsorption of O, and
disassociation of C—H bond were studied by DFT. The
EXAFS fitting results reveal that the presence of structural
pores decreases the coordination number of Co atoms from 6
to 4 or even 3 in Co0;0,-SPS (Figure 8B). It is well-
documented that the adsorption capacity of oxygen is an
important parameter for oxygen activation in VOC oxidation
reaction.” Figure 8C displays the oxygen adsorption on
different cocoordinated Co atoms. It is found that as the Co
coordination number (CN) decreases from 6 to 3, their
adsorption energy for oxygen gradually increases. The
adsorption energy of the 3-coordinated Co atom is —1.71
eV, which is significantly greater than that of the 4-coordinated
Co atom (—0.58 eV), S-coordinated Co atom (—0.47 eV) and
6-coordinated Co atom (—0.33 eV). It is indicated that the
low-coordination surface Co atoms can be used as catalytically
active sites to maximize the activation of adsorbed O, so that
they can effectively participate in the VOC oxidation reaction.”

In order to gain further insights into the effect of different
cocoordinated Co atoms toward activating adsorbed oxygen,
the corresponding charge-density difference diagram of oxygen
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adsorption on different coordinated Co atoms was calculated,
as shown in Figure 8D—G. Results show that oxygen has a
strong interaction with 3-coordinated Co atoms compared
with the other coordinated Co atoms. As shown in Figure 8D,
a strong electron coupling effect can be observed at the
interface between 3-coordinated Co atoms and oxygen
molecule, which could activate the adsorbed oxygen molecules
easily.”” This is also confirmed by the change of the O—O
bond length displayed in Figure S18. The three-coordinated
Co atom is firmly bonded with O,, and the O—O bond
distance is 1.436 A. It is longer than that on the 4-coordinated
Co atom (1.268 A), S-coordinated Co atom (1.230 A), and 6-
coordinated Co atom (1.226 A), indicating that the low-
coordination Co atoms can more easily destroy and activate
the adsorbed O,.

On the other hand, C—H cracking is the critical step in
activating the C;Hg molecule. As shown in Figure 8H. The
DEFT results show that the C—H bond is easier to break on
C030,-SPS (Ey;, (dissociation energies of C—H) = 0.65 eV)
than that of Co;04-B (Eg = 1.51 eV). The corresponding
configurations of C;Hg(ads), TS, and C;H,(ads) are shown in
Figure S19. It is generally believed that the activation of
hydrocarbon molecules on oxide catalysts occurs at a center
containing MO acid—base pairs, and the oxide ion (O)
functions as the abstract center of hydrogen atoms, while the
cationic center (M) promotes electron transfer.”” Theoretical
calculation reveals that Co0;0,-SPS has a higher surface
electron density than that of Co;0,-B, suggesting the higher
surface basicity,”> which favors the activation of hydro-
carbons.’® The higher DOS at the conduction band edges
can facilitate electron transport™ and increase the interaction
of electron pairs between o and o* C—H orbitals with
transition metal cations and can break C—H bonds more
easily.”

In brief, the Co;0, sub-nanometer porous sheet (Co;0,-SPS)
was fabricated and demonstrated as a robust catalyst in C;Hg
decomposition with the total oxidation temperature and
apparent activation energy being, respectively, as low as 165
°C and 49.4 k] mol™". XAFS and DFT results reveal that the
abundant low-coordinate surface Co atoms favor O,
adsorption and dissociation into highly reactive oxygen
atoms. Moreover, the surface disorder of Co;0,-SPS leads to
the enhancement of its surface metal properties, which is
conducive to the transmission of electrons on its surface,
resulting in more electron transfer between the catalyst surface
and the reactant molecules. Based on these, the C—H bonds in
C;H; can be cracked more easily over Co;0,-SPS, which is
crucial for subsequent reactions. In addition, Co;0,-SPS also
has excellent thermal stability and water resistance. The
present work provides atomic-level insights into the low-
temperature decomposition of C;Hg over Co;0,-SPS and
further sheds new tactics for developing efficient catalysts for
VOC purification and other thermocatalytic oxidation
reactions.
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