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Developing efficient and stable catalyst is crucial for the catalytic removal of volatile organic compounds
(VOCs). Herein, we report an effective and versatile surface defect engineering for regulation of surface
lattice oxygen species in Co30,4 catalyst by alkaline-earth metal doping-etching strategy. The as-
synthesized Ca-Co304-Ac exhibited remarkable catalytic activity and stability in propane oxidation, with
high propane oxidation rate (5.65 x 10~ mol g! s~') and turnover frequency (TOF, 2.12 x 103 s 1) at
210 °C. Simultaneously, the doping-etching strategy could increase the specific surface area, low-
temperature reducibility, and oxygen mobility of Co30,4 catalyst. In addition, in situ diffuse reflectance
infrared Fourier transform spectroscopy (in situ DRIFTS), density function theory (DFT) calculation, and
propane temperature-programmed desorption/surface reaction (C3Hg-TPD/TPSR) further revealed that
active lattice oxygen species induced by doping-etching strategy promoted the propane activation on
the catalyst surface. This work offers a deeper understanding of the reactive oxygen species and provides
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a feasible strategy for the design of efficient catalysts for practical VOCs removal.
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1. Introduction

Volatile organic compound (VOCs) emissions have been strictly
regulated and prohibited due to their extensive harm to human
health and the environment [1,2]. In general, the majority of the
emitted VOCs consist of alkanes, alkenes, halogenated hydrocar-
bons, aldehydes, ketones, aromatics, alcohols, and sulfur/nitrogen
containing compounds [3]. Propane, a typical light alkane, gives
rise to considerable proportion of VOCs emissions owing to its
wide application as raw material for industrial synthesis [3,4]. Up
to now, various remediation technologies have been developed
and applied for the removal of VOCs [5-7]. Catalytic oxidation is
considered to be one of the best terminal techniques for com-
pletely converting VOCs into CO, and H,0 [8]. Due to the structural
stability of propane, it is necessary to develop and design more effi-
cient and durable catalysts for its total oxidation [9]. Generally,
noble metal catalysts show high catalytic performance in propane
oxidation, but high cost, low thermal stability and poisoning ten-
dency limit their wide application [10-12]. Therefore, there is an
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urgent need to explore cost-effective and alternative catalysts for
propane oxidation.

According to former reports, transition metal oxides are consid-
ered as promising alternatives to noble metal catalysts in propane
oxidation [13]. Co30y4, as a well-known transition metal oxide, has
received enormous attention owing to its excellent redox proper-
ties, abundance and low-cost [14,15]. Recently, considerable work
has been devoted to fine-tune and precisely control the properties
of Co304, such as morphologies [16,17], specific surface areas [18],
exposed crystal planes [19,20], and elements doping [21,22], to
improve its catalytic activity. For example, Jian et al. developed
Co304 catalysts with various morphologies and exposed facets for
propane catalytic oxidation, and found that Co304-R possessed
more lattice defects and lower coordination Co atoms in the
exposed (110) facet, which promoted the generation of active oxy-
gen and thus enhanced the catalytic activity [23]. Zhang et al. pro-
posed that the precipitation pH affected the composition of cobalt
oxide precursor, as well as the physicochemical properties and cat-
alytic performance of Co304 [24]. Our research group also achieved
some results in this area, and found that Ce doping and morphol-
ogy regulation could significantly improve the catalytic activity
of Cos0,4 for propane oxidation [17,21].
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Compared to the traditional modifications, the surface defect
engineering has exclusive advantages in sophisticatedly modulat-
ing the number and properties of active sites on the catalyst sur-
face. For example, Li et al. reported a chemical etching method to
selectively dissolve A-site cations in ABO3; perovskites to obtain
modified nanomaterials with higher catalytic activities, such as
3DOM-LMO [25], MnO,/LaMnOs [26], and LaCoO3 [27]. However,
the existing chemical methods relied on strong acids, which inevi-
tably destroyed the structure and stability of the catalyst, thus
restricted their applications in transition metal oxides, especially
for Co304. In order to improve the stability of catalyst and the
applicability of chemical etching method, a novel strategy for sur-
face defect engineering is proposed, which takes advantage of the
easy solubility of alkaline-earth metals oxides in weak acid. This
strategy is to first modulate the surface electronic structure and
metal valence state of Cos04 by doping alkaline-earth metals,
and then use weak acid etching to induce active sites, which in
turn improves the catalytic activity of the catalyst. In addition,
the alkaline-earth metals (Mg, Ca, etc.) as additives to Co;04 cata-
lyst are rarely reported, and systematic elucidation of the effects of
alkaline-earth metal doping and subsequent acid etching will con-
tribute to the development of other types of transition metal
oxides.

In this work, the doping-etching strategy was firstly applied to
the synthesis of Co30,4 catalyst, and its catalytic activity and stabil-
ity for propane oxidation were investigated. Various characteriza-
tions were performed to explore the physicochemical properties
of Co304 catalyst with alkaline-earth metal doping and the follow-
ing acid etching, as well as their structure—function relationship in
propane oxidation. Concomitantly, the C3Hg adsorption and activa-
tion on the catalyst surface were investigated by the DFT calcula-
tion and CsHg-TPD/TPSR experiments. In addition, in-situ DRIFTS
analysis was performed to reveal the reaction mechanism of pro-
pane oxidation, and the evolution of intermediates due to
alkaline-earth metal doping and the following acid etching.

2. Experimental section

All chemicals and reagents were analytical reagent grade and
purchased from Sinopharm Chemical Reagent Co., Ltd. The reaction
gases, including CsHg (>99.999%), O, (>99.999%), Ar (>99.999%),
10 vol% H;/Ar and other mixed gases were purchased from Dalian
Special Gases Co., Ltd. and used without further purification.

2.1. Catalyst preparation

The M—Co304 (M = Mg, Ca, Co) samples were synthesized by a
citric acid sol-gel method, similar to those in [21]. Co(NO3),-6H,0
(5.82 g, 20 mmol) and Mg(NOs3),-6H,0 (0.26 g, 1 mmol) or Ca
(NO3),-4H,0 (0.24 g, 1 mmol) were dissolved in 60 mL of deionized
water. Then, the above solution was stirred with an excess citric
acid solution at 60 °C for 1 h. Afterwards, the mixed solution was
rotary-evaporated into a viscous substance and dried at 100 °C
overnight. Finally, the powder was calcined at 400 °C in O,/Ar
stream for 3 h. The resulting samples were denoted as Co30,,
Mg-C0304, and Ca-Co304. XCa-Co304 (X = 1%, 3%, 5%) indicated
the different molar ratios of Ca/Co in Ca-Co304 samples.

In the acetic acid etching process, fresh M—Co30,4 sample (0.5 g)
was dispersed in 100 mL acetic acid solution (0.1 M) and stirred for
1 h. Then, the suspension was filtered and washed with deionized
water to neutral, and dried at 100 °C overnight. The samples were
labeled as M—Co304—Ac. Ca-Co304-Y (Y = 0.05, 0.1, 0.2 M) denoted
that Ca-Cos;0,4 samples were etched by acetic acid solution at these
concentrations. The synthesis prodedure of M—Co304 and M—Cos-
04—Ac samples is shown in Scheme 1.
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2.2. Catalyst characterization

The X-ray diffraction (XRD) was performed on a SmartLab 9KW
diffractometer. The metal element composition was determined by
inductively coupled plasma-optical emission spectrometer (ICP-
OES, Optima 2000DV). The N, adsorption-desorption isotherms
were measured on a Quantachrome Autosorb-iQ instrument. The
X-ray photoelectron spectroscopy (XPS) was performed on Thermo
ESCALAB 250. The morphology and nanostructure were obtained
by scanning electron microscope (SEM, FEI Nova NanoSEM 450)
and transmission electron microscope (TEM, FEI Tecnai G20 F30).

Hydrogen temperature-programmed reduction (H,-TPR), oxy-
gen temperature-programmed desorption (O,-TPD), and O,-pulse
chemisorption experiments were performed on Micromeritics
AutoChem II 2920 chemisorption analyzer. For H,-TPR experiment,
each sample (50 mg) was pretreated at 200 °C for 1 h in Ar flow
(30 mL min~!). Then, the sample was reduced in 10 vol% H/Ar flow
(30 mL min~!) from room temperature to 600 °C (10 °C min™!). In
0,-TPD experiment, 100 mg of sample was pretreated at 300 °C for
0.5 h in 2 vol% 0,/He flow (30 mL min~!). Then, the sample was
purged with a He flow (30 mL min~!) at 50 °C for 1 h, and pro-
grammed heating to 600 °C (10 °C min~!). In O,-pulse chemisorp-
tion, 50 mg of sample was firstly pretreated in an oxygen stream
(30 mL min~!) for 30 min at 210 °C, and swept with He for
10 min. Then, 10 vol% H,/Ar (30 mL min~!) was introduced to acti-
vate active species, followed by He purged for 10 min. Finally, the
experiment was started with a calibrated loop injection of O,.

Carbon dioxide temperature-programmed desorption (CO,-
TPD) and propane temperature-programmed desorption/surface
reaction (C3Hg-TPD/TPSR) were carried out on a mass spectrograph
(GSD 320 OMNISTAR). In a typical CO,-TPD experiment, 100 mg of
sample was pretreated at 200 °C for 1 h in Ar flow (30 mL min?).
Then, the sample was exposed to 10 vol% CO,/Ar (40 mL min~!) at
40 °C for 1 h and purged with Ar for 1 h. Lastly, the experiment
started from 40 to 600 °C under Ar flow (40 mL min~!). The MS sig-
nal of CO, (m/z = 44) was recorded. C3Hg-TPD procedure was sim-
ilar to CO,-TPD analysis while the adsorption gas was changed to
5 vol% C3Hg/Ar. C3Hg-TPSR experiment was conducted with the
similar C3Hg-TPD procedure except the desorption gas of 5 vol%
0,/Ar (40 mL min~!) at the heating process. MS signals of H, (m/
z = 2), H,0 (m/z = 18), CO (m/z = 28), C3Hg (m/z = 43), and CO,
(m/z = 44) were recorded.

Thermal decomposition of the sample was carried out on a ther-
mogravimetric analyzer (TA SDT-650) coupled with a mass spec-
trograph (GSD 320 OMNISTAR). About 10 mg samples were
loaded into an alumina crucible and heated up to 1000 °C (10 °-
C min~') under Ar flow (50 mL min~!). The MS signal of CO, (m/
z = 44) was recorded.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (in situ DRIFTS) were recorded on an FTIR spectrometer
(Thermo Fisher Nicolet iS50) with an MCT/A detector and Harrick
in situ cell. Before recording the background spectra, the sample
(40 mg) was pretreated at 300 °C under 10 vol% O/Ar
(40 mL min~!) for 1 h. The C3Hg adsorption experiment was carried
out at 50 °C under 0.2 vol% C3Hg (50 mL min~!) flow, while the
C3Hg oxidation experiment was performed at 50-300 °C in
0.2 vol% C3Hg, 5 vol% O,, and Ar balanced atmosphere. All spectra
were recorded with 64 scans at a resolution of 4 cm™.

2.3. Catalytic performance evaluation

The catalytic activity of the catalysts for propane total oxidation
was tested using a fixed-bed reactor under atmosphere pressure.
For each test, 100 mg of catalyst was diluted with 2 mL of quartz
(60-80 mesh) to avoid the hotpots effect. The flow rate of reactant
gas (0.2 vol% C3Hg, 5 vol% O,, and balanced Ar) was controlled by a
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Scheme 1. Synthesis procedure of M—Co0304 and Co304-Ac samples.

mass flow meter at 200 mL min~'. In some cases, 2.5 vol% H,O was
mixed into the reactant gas. The concentrations of exhaust gas
were recorded on an online chromatograph (GC7900) equipped
with FID and a mass spectrograph (GSD 320 OMNISTAR). The pro-
pane conversion (Xp), specific reaction rate (rs), and turnover fre-
quency (TOF) were calculated as follows:

_ Cp‘in Cp

X, = =P P2 x 100% (1)
p,in
FXp
rs = 2
7 MearSper @)
FX
TOF = P 3
chatV02 ( )

where Cp,;; and G, 4, Were the concentration of propane in the inlet
and outlet gas, respectively. F represented the flow rate of propane
(mol s71), meee was the mass of catalyst (g), Sger represented the
specific surface area (m? g~ '), and Vo, represented the O, uptake
of the catalyst (umol g'). The number of V,, was estimated by
0, pulse chemisorption [28,29], and the TOFs were calculated using
the CsHg conversion that was below 20% to exclude the heat or
mass transfer limitation. In addition, the mass diffusion transport
limitation was checked by the Weisz-Prater criterion [30],

—1ap R
CuD. (4)

The detailed calculation of Weisz-Prater criterion is described in
Supplementary Information, and the calculated value of Nw.p in
this case is 1.54 x 103, which suggested that the mass transfer
limitation can be ignored in the activity measurement.

Nw_p = <1

2.4. Computational models and methods

All calculations were performed using the Doml® package. The
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) function was selected in this study. The cal-
culation parameters were similar to those in previous study [31],
as described in Supplementary Information.

3. Results and discussion
3.1. Textural properties of M—Co304 and M—Co304—Ac

The XRD patterns of the M—Co304 and M—Co304—Ac samples
are shown in Fig. 1. For all samples, intense diffraction peaks were
observed at 19.0, 31.3, 36.9, 38.5, 44.8, 59.4 and 65.2°, correspond-
ingwelltothe (111),(220),(311),(222),(400),(422),(511),and
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(440) planes of spinel Cos04 (PDF#43-1003). The high-purity
phase of all samples indicated that the spinel structures of Co304
were preserved after alkaline-earth metal doping or acid etching
treatment. In addition, the alkaline-earth metal doping inhibited
the growth of crystallite, as the crystallite size sharply decreased
from 22.8 to 20.9 and 14.3 nm after the Mg and Ca introduction
(Table 1). However, the crystallite sizes of M—Co304—Ac sample
did not change significantly after the following acid etching, indi-
cating that the primary structure of the M—Co304—Ac sample
remained unchanged during the acid etching process. Meanwhile,
ICP-OES analysis demonstrated that most alkaline-earth metals
were dissolved during the acid etching treatment, especially for
Ca-Co304 sample, where the Ca/Co molar ratio was 4.6% in the
Ca-Co304 sample and reduced to 0.83% in the Ca-Co304-Ac sample.

Fig. 2 shows the N, adsorption-desorption isotherms and pore
size distribution curves of the M—Co304 and M—Co304—Ac sam-
ples. Obviously, all samples displayed a type-IV isotherm with an
H3 hysteresis loop in the relative pressure (p/po) range of 0.6-
1.0, which are characteristic of interstitial mesoporous structure
formed by the nanoparticle aggregation. It is worth noting that
the detection hysteresis of pure Co30,4 started at a relative pressure
of 0.80 and shifted to a lower p/po value over M—Co304 samples,
implying the progressive change of the textural properties of the
M-Co30,4 samples upon alkaline-earth metal doping. The textural
properties of specific surface area, pore volume and average pore
size are shown in Table 1. Compared to that of pure Co30,4, the
specific surface area and pore volume of Mg-Co30,4 and Ca-Co304
increased from 31 m? ¢! (0.19 cm® g ') to 46 m? g~! (0.22 cm®
g 1) and 68 m? g~! (0.24 cm? g !), respectively, combining with

f\ A Ca-Co;0,

1 A Mg-Cos0,-Ac

. a Ca-Co0,-Ac

=
8
>
@ . Mg-Co;0,
(0]
=
\ . N JL.J\ C33O4-Ac
DY N e
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Fig. 1. XRD patterns of the M—Co0304 and M—Co304—Ac samples.
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Table 1
Textural properties and XPS result of M—Co304 and M—Co304—Ac samples.
Sample D,*? Sger VP D,” 0, uptake © M/Co ¢ Co®*| Co** ¢ 0,/ Or ¢ 0p/ Or ©
(nm) (m*g™") (cm’g™) (nm) (umol g™ (%)
Co304 22.8 31 0.19 17.4 75.9 - 0.65 0.055 0.22
Co304-Ac 229 27 0.20 174 77.3 - 0.70 0.062 0.23
Mg-Co304 209 46 0.22 123 87.0 4.5 0.76 0.15 0.18
Mg-Co304-Ac 21.2 40 0.22 123 100 3.6 0.90 0.063 0.26
Ca-Cos04 143 68 0.24 5.6 77.6 4.6 0.85 0.26 0.14
Ca-Co304-Ac 14.7 61 0.25 6.5 134 0.83 0.97 0.043 0.29
¢ Crystallite sizes calculated by Scherrer formula.
b Specific surface area, pore volume and average pore size are obtained from N, adsorption/desorption isotherm.
¢ Data obtained from O, pulse chemisorption at 210 °C.
4 Data obtained from ICP-OES.
¢ Data determined from XPS results.
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Fig. 2. (a) N, adsorption-desorption isotherms, and (b) pore size distribution curves of the M—Co304 and M—Co304—Ac samples.

an appropriate minification of the average pore size from 17.4 to
12.3 and 5.6 nm, respectively. In contrast to M—Co304 samples,
the average pore size and pore volume of the corresponding
M—Co304—Ac samples increased slightly, especially for Ca-Co304-
Ac, of which the average pore size and pore volume increased from
5.6 nm and 0.24 cm® g~ to 6.5 nm and 0.25 cm® g, respectively.
Simultaneously, the specific surface areas of Co304-Ac, Mg-Co304-
Ac, and Ca-Co;04-Ac decreased to 27, 40 and 61 m? g !, respec-
tively. This difference is probably attributed to the etching degree
of primary particle and the reconstruction of agglomerates.

The microstructure and morphologies of the samples are shown
in Fig. S1 and Fig. 3. All samples featured an irregular shape, and no
obvious change occurred with the Ca doping and acetic acid etch-
ing (Fig. Sla-c). The analysis of EDS elemental mapping image
revealed that Co, O, and Ca were distributed uniformly on the
Ca-Co304 surface (Fig. S1d-g), and the surface Ca content decreased
significantly after the following acid treatment (Fig. S1h-k), in
accordance with the ICP-OES results. From Fig. 3a and b, the parti-
cle sizes of Co30,4 was reduced significantly with Ca incorporation,
and the average particle size decreased from 27.1 to 13.1 nm, sug-
gesting that the alkaline-earth metal (Ca) inhibited the crystallite
growth of Cos04 particles. Moreover, the average particle size of
Ca-Co304-Ac was 13.2 nm (Fig. 3c), similar to that of Ca-Co304. This
suggested that the acid etching treatment did not destroy the pri-
mary particle of Ca-Cos0,4, agreeing with the results calculated by
Scherrer formula. In Fig. 3 d-f, the lattice fringes with the inter-
planar distance of 0.206, 0.246 and 0.290 nm belonged to the
(400), (311) and (220) planes of Cos304 respectively, which
proved that all samples retained the spinel structure of Co30,. Cor-
respondingly, the lattice fringe of CaO or CaCOs particles were not
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detected in the Ca-Co30,4 and Ca-Co304-Ac samples, which was
probably due to the amorphism or highly dispersion of CaO or
CaCOs in the Co304 sample, as verified by XRD.

3.2. Surface chemical properties

The redox properties of M—Co304 and M—Co304—Ac samples
were investigated by H,-TPR experiments. As shown in Fig. 4a,
the reduction curves of pure Cos0,4 exhibited three overlapping
peaks centered at 280, 340, and 395 °C, respectively. The former
peak is usually attributed to the reduction of Co>* to Co?*, and
the latter two peaks are ascribed to the reduction of Co?* to metal-
lic Co [17,32,33]. Alkaline-earth metal oxide is known to possess
very stable M—O bonds, which are unreducible by hydrogen below
900 °C. Therefore, the main reduction peak of the M—Co30,4 sam-
ples can be deservedly attributed to the reduction of Co304. In term
of alkaline-earth metals addition, the reduction peaks shifted
towards a higher temperature, where the reduction peaks centered
at 300 and 440 °C for Mg-Co30,4, and at 305, 360, and 450 °C for Ca-
C0304. This indicated that the alkaline-earth metal doping inhib-
ited the reducibility of Cos0,. Interestingly, one evident reduction
peak appeared below 200 °C for Ca-Co304, which may be due to the
loosely adsorbed surface oxygen anions induced by the surface
alkaline-earth metals [34]. After the subsequent acid etching treat-
ment, the redox properties of M—Co304—Ac were improved, espe-
cially for Ca-Co304-Ac sample, of which the reduction peak
temperature downshifted to 275, 340 and 375 °C, while the inten-
sity of reduction peaks increased. As a result, it is reasonable to
conclude that alkaline-earth metal doping-etching strategy signif-
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Fig. 3. TEM and HRTEM images of (a, d) Co304, (b, e) Ca-Co0304, and (c, f) Ca-Co304-Ac samples.
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icantly improve the redox property of Cos04 leading to the
enhancement of catalytic cycle in the propane oxidation reaction.

To investigate the properties of oxygen species in the catalysts,
0,-TPD were conducted and the profiles are shown in Fig. 4b. The
oxygen species in Co304 can be assigned to three types: surface
adsorbed oxygen species, surface lattice oxygen species and bulk
lattice oxygen species [35,36]. Generally, the surface adsorbed oxy-
gen species and surface lattice oxygen species are considered to be
the active species in the catalytic oxidation process due to their
lower desorption temperature and easy regeneration in oxidizing
atmosphere. For pure Cos0,4, the desorption peaks below 200 °C
and at 200-450 °C could be assigned to the surface adsorbed oxy-
gen species and surface lattice oxygen species, respectively [36].
After alkaline-earth metal doping, the desorption peaks at 200-
450 °C shifted to a higher temperature, suggesting the inhibition
of oxygen mobility and difficult utilization of surface lattice oxygen
species. After the subsequent acid etching treatment, the desorp-
tion peaks of M—Co304—Ac was restored to be similar to that of
pure Co304, while the desorption peaks of surface lattice oxygen
downshifted to a lower temperature. In particular, Ca-Co304-Ac
exhibited a lower desorption temperature (160 and 300 °C) and a
higher desorption peak intensity than Co304 and Co304-Ac. This
result strongly indicates that doping-etching strategy can increase
the oxygen mobility and active oxygen species.

The basicity of Co304 and M—Co304—Ac samples was also inves-
tigated by CO,-TPD and shown in Fig. 4c. For pure Co30y4, the des-
orption peak between 200 and 400 °C can be assigned to the CO,
desorbed at medium basic sites, which is related to the bidentate/-
monodentate carbonate (formation by the adsorption of CO, on the
0O bond with Co or unsaturated O) [37]. The CO, desorption peak
almost disappeared upon addition of alkaline-earth metals, while
the CO, desorption peak was enhanced after the subsequent acid
etching, with the strongest desorption peak of Ca-Co304-Ac. This
indicated that the basic oxygen ions (such as 0", 03~ and 03) and
surface defects on the surface increased significantly after the
alkaline-earth metal doping-etching [23,38]. These basic sites
increase the ease to attack the propane molecule in the region with
highest electron density and cause its oxidation due to their strong
electrophilicity [23,39]. Combined with O,-TPD result, the oxygen
species of Co304 is blocked by the alkaline-earth metal doping,
and more surface defects and active oxygen species generate after
the subsequent acid etching treatment.

XPS was carried out to investigate the surface chemical states of
the M—Co304 and M—Co304—Ac samples. Table S1 shows that the
surface M/Co molar ratio of M—Co304 was higher than the theoret-
ical value, indicating that the alkaline-earth metal was enriched on
the M—Co30,4 surface. After the subsequent acid treatment, the
surface M/Co content decreased significantly, confirming that most
of the alkaline-earth metals on the M—Co304—Ac surface were dis-
solved. The XPS spectra of Co 2p shows two spin-orbit splitting
peaks of Co 2pqj; (795.0 eV) and Co 2ps3;; (780.0 eV), which were
deconvoluted into Co?*, Co®*, and two weak satellite peaks
[40,41]. The low binding energy peaks at 779.5 and 794.8 eV were
attributed to Co®*, and the high binding energy peaks at 781.5 and
797.1 eV were assigned to Co?*. As shown in Table 1, the Co*/Co**
molar ratio of Co304 gradually increased after the alkaline-earth
metal doping and acid etching treatment. For example, the molar
ratio of Co>'/Co®** over Cos0, was 0.65, whereas it severally
increased to 0.85 for Ca-Co304 and 0.97 for Ca-Co304-Ac. This phe-
nomenon demonstrated that the alkaline-earth metal (Ca, Mg)
doping and acetic acid etching treatment favor Co cations in high
valence state on the surface.

The O 1 s spectra of M—Co304 and M—Co304—Ac samples were
fitted into three components (Fig. 5b), which were assigned to lat-
tice oxygen species (O, 529.3-529.8 eV), adsorbed oxygen species
(Op, 530.8-531.1 eV), and surface hydroxyl groups or water (O,
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532.0 eV), respectively [42]. The shift of O, peak for M—Co304
and M—Co304—Ac samples indicated that the effective negative
charge and electron density of the surface oxygen were changed
[43]. Meanwhile, the surface O, content (O,/O1) of the samples
obviously increased with the doping of alkaline-earth metal, which
could be interpreted as the loosely adsorbed oxygen anions
induced by alkaline-earth metal on the surface. Conversely, the
Op content (Og/Or) of the samples slightly decreased as the
alkaline-earth metals addition, in which the Og content of Co30y,
Mg-Co30,4 and Ca-Co304 were 0.22, 0.18 and 0.14, respectively.
The chemisorbed oxygen species is known to have better oxidation
activity in the oxides catalyst [36]. Therefore, it can be inferred that
the catalytic activity of the Co30, samples may be restricted by the
alkaline-earth metal doping. After the following acid etching, Mg-
C0304-Ac (0.26) and Ca-Co304-Ac (0.29) had a relative high Oy con-
tent on the surface, even higher than that of Co304-Ac (0.23), sug-
gesting that the existence of more active oxygen species on the
M—Co304—Ac surface. This is in accordance with the O,-TPD result
that the alkaline-earth metal doping-etching strategy enhances the
active oxygen species on the surface.

3.3. Catalytic performance

The activities of the M—Co304, and M—Co304—Ac catalysts for
propane oxidation were evaluated and the results are shown in
Fig. 6a. With the doping of alkaline-earth metals, the propane con-
version curves of M—Cos0,4 catalysts shifted to high temperature,
where the Tgg of Co304, Mg-Co30,4 and Ca-Co304 were 279, 306
and 348 °C, respectively, indicating that alkaline-earth metal dop-
ing inhibited the catalytic activity of M—Co304 catalyst. After the
subsequent acid etching treatment, the catalytic activity of
M—Co304—Ac catalyst was improved significantly, and Ca-Co304-
Ac exhibited the best catalytic performance, accompanying with
the Too of 260 °C, which was 19 and 88 °C lower than that of
Co304 and Ca-Cos0,4 catalyst, respectively. This indicated that
alkaline-earth metal doping-etching strategy could significantly
enhance the catalytic activity of Cos0,4 catalyst. In particular,
Fig. S2 showed that the catalytic activity of Ca-Cos0,4 catalyst
decreased with the incorporation of Ca content, while the subse-
quent acid etching improved the catalytic activity of Ca-Co304-Ac
to different degrees. This result further confirmed the effectiveness
of the alkaline-earth metal doping-etching strategy for improving
catalyst activity. Fig. 6b showed that Ca-Co304-Ac catalyst pos-
sessed the lowest activation energy (E, = 62.6 k] mol ') for propane
oxidation, notably lower than the E, values of Ca-Co304
(88.1 k] mol~!) and Cos04 (66.9 k] mol~!). This implied that the
alkaline-earth metal doping-etching strategy reduced the E,
required for the propane oxidation. Fig. 6¢ displayed the retention
of good catalytic activity at high GHSV within Ca-Co304-Ac, which
showed potential for practical application under harsh conditions.

For better understanding the intrinsic catalytic activity of the
M-Co304 and M—Cos04—Ac catalysts, the reaction rate, specific
surface activity and turnover frequency (TOF) at 210 °C were calcu-
lated and listed in Table 2. It was observed that the propane reac-
tion rate of Ca-Co304-Ac was 5.65 x 107" mol g~! s~!, almost two
times higher than that of Co50, catalyst (3.55 x 1077 mol g~ s71).
The specific surface activity of Ca-Co304-Ac catalyst (0.924 x 1078
mol m~2 s~!) was also higher than that of Ca-Co30, (0.0314 x 1078
mol m~2 s~1), but a bit lower than Co;0,4 (1.14 x 10~ mol m?
s~1). Given the differences in specific surface area of Ca-Co30,4
(68 m? g 1), Ca-Co304-Ac (61 m? g ') and Cos0, (31 m? g 1), it
can be inferred that there is a relationship between the specific
surface area and the catalytic activity, but it is not the key factor
affecting the catalyst activity. In addition, the TOFs of propane oxi-
dation for M—Co304—Ac catalyst were higher than those of the cor-
responding M—Cos30,4 catalyst as expected, but the TOF of Ca-
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C0504-Ac (2.12 x 1073 s7') was slightly lower than that of Co;04-
Ac (2.38 x 1073 s71), which may be due to the fact that the oxygen
uptake of Ca-C0304-Ac (134 pmol g~!) was much larger than that
of Co304-Ac (77.3 pmol g~1). This result suggests that higher cat-
alytic performance of Ca-Co304-Ac is related to the abundant reac-
tive oxygen species induced by the alkaline-earth metal doping-
etching strategy.

Fig. 6d shows the catalytic activity of Ca-Co30,4 catalysts etched
at different acid concentrations. It is observed that the catalytic
performance of Ca-Co30, was significantly improved after acid
etching treatment, and their crystal structures remained in the ini-
tial state (Fig. S3). Fig. 6e further shows that the catalytic activity of
Ca-Co304-Ac tended to decrease slightly with increasing acid con-
centration, which was consistent with the oxygen uptake, suggest-
ing that reactive oxygen species plays a crucial role in the
oxidation reaction. The same conclusion can be drawn from
Fig. 6f. The reaction rate of the catalyst was consistent with the
reactive oxygen species (Og/Or and oxygen uptakes), further con-
firming that the reactive oxygen species is the key factor affecting
the catalytic activity. However, Ca-Cos04 presented similar specific
surface area as Ca-Co304-Ac and similar oxygen uptake as Co30y,
but its reaction rate was much lower than that of the above cata-
lysts. According to O,/CO,-TPD and H,-TPR results, it is mainly
due to the doping of Ca which hinders the oxygen mobility and
basic sites, and inhibits the reducibility of the catalyst, thus leading
to the poor ability to oxidize propane. All these results demon-
strate that the factors such as specific surface area, reactive oxygen
species, oxygen mobility and reducibility combine to affect the cat-
alyst activity. In addition, compared with the reported catalysts
(Table 3), Ca-Co304-Ac catalyst exhibited superior catalytic perfor-
mance in propane oxidation, indicating that the Co304 catalyst syn-
thesized by the alkaline-earth metal doping-etching strategy
presents great potential for practical application in alkanes VOCs
removal.

3.4. C3Hg-TPD/TPSR analysis

C3Hg-TPD experiment was carried out to investigate the rela-
tionship between reactive oxygen species on the sample surface
and the oxidation behavior of propane. Noting that CO, and CsHg
have the same molecular mass (m/z = 44), the MS signal of m/
z = 43 refers to C3Hg, and the signal with m/z = 44 subtracting m/
z = 43 refers to CO, production. Fig. 7a shows the CO, MS signal
over Co304, Ca-Co304, and Ca-Co304-Ac samples during C3Hg-TPD
process. It was observed that the CO, peak was negligible over
Ca-Co304 in the temperature range of 100-400 °C, whereas Ca-
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Co304-Ac showed a larger CO, peak than Cos304. According to the
0,-TPD results, the CO, production peak formed in 100-400 °C
was due to the consumption of active surface lattice oxygen spe-
cies, which participated in propane oxidation via a Mars-van Krev-
elen mechanism [22,29]. Therefore, it can be inferred that the
alkaline-earth metal doping had a blocking effect on the surface
lattice oxygen, which inhibited the C3Hg adsorption on Co304 sur-
face. After the subsequent acid etching treatment, more active lat-
tice oxygen and enhanced oxygen mobility were induced on the
surface, which promoted the propane activation on the surface.

The role of gaseous oxygen in oxidation reaction was studied by
C3Hg-TPSR. As shown in Fig. 7b, with the introduction of gaseous
0,, the CO, peak temperature in C3Hg-TPSR was much lower than
that in C3Hg-TPD, indicating that the presence of gaseous oxygen
effectively lowered the reaction temperature, and the consumption
of reactive oxygen in the catalyst would be replenished by gaseous
oxygen. In addition, the CO, MS signal of Ca-Co304-Ac in CsHg-
TPSR process was much larger than that of Co304 and Ca-Co030,,
which suggested that larger amount of adsorbed C3Hg and reactive
oxygen species existed on Ca-Co304-Ac surface. All these results
demonstrate that gaseous oxygen plays an essential role in replen-
ishing oxygen species in propane oxidation reaction, and the
doping-etching strategy promotes the activation of propane and
oxygen species on the catalyst surface.

3.5. DFT calculation

To gain insight into the different phenomenon of C3Hg oxidation
on Co304, Ca-Co304, and Ca-Co304-Ac samples, DFT calculation was
performed. Generally, the activation of the initial C-H bond is
thought to be the rate-determining step in the oxidation of alkanes,
which has been supported by isotopic substitution experiment
[50], kinetic measurement [51] and theoretical studies[52,53].
Besides, the structure of Ca-Co30, sample was constructed in
two models, most of Ca on the surface as CaCOs-Co304 model,
and little Ca substitution into Co304 lattice as Ca,Cos_xO3 model,
which was inferred from the decomposition of carbonate in TG-
MS analysis (as shown in Fig. S4) and above characterizations.
For Ca-Co304-Ac sample, the Co304-D model represented that most
of CaCO3/Ca was etched, inducing lattice defects and more active
oxygen species on the surface. Based on these, the heterolytic dis-
sociation process of the first C-H bond of C3Hg was simulated to
investigate the surface reactivity of Co304, Ca-Co304, and Ca-
Co304-Ac catalysts.

Fig. 8 a and b show the initial adsorption structure of C3Hg as
well as the transition state and final states for its heterolytic disso-
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Table 2

Catalytic activities, reaction rates, TOFs, and activation energy (E,) of M—Co304 and M—Co304—Ac catalysts for propane oxidation.
Catalyst Tso (°C)? Too (°C)? r(x107 mol g~ 's~')° r(x10® mol m2s~1)° C3Hg conversion (%)” TOF E. (k] mol~1)

(103 571

Co304 251 279 3.55 1.14 11.2 2.34 66.9
Co304-Ac 246 271 3.69 1.38 11.7 2.38 67.0
Mg-Co304 274 306 1.73 0.375 5.70 0.995 73.0
Mg-Co304-Ac 241 267 4.62 1.15 144 2.31 66.3
Ca-Co304 313 348 0.215 0.0314 0.87 0.139 88.1
Ca-Co304-Ac 236 260 5.65 0.924 17.3 2.12 62.6

? Tsp and Tgg are the temperatures for 50% and 90% propane conversion, respectively.
P Data obtained at 210 °C.
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Table 3
Comparison of the catalytic results of Ca-Co304-Ac catalyst to those reported in literatures.
Catalyst Reaction condition GHSV Tso Too Conversion TOF x 10* Ref.
(mLg'h™) (°C) (°C) (%) (s
LaCop2Mng 03 0.2 %C3Hg + 5 %0y /Ar 120,000 310 355 16.0(260 °C) 0.58 [7]
LM-EG 0.2 %C5Hs + 99.8 %Air 30,000 275 310 15.0(250 °C) 7.60 [44]
SMO-A-HNO3 0.2 %C3Hg + 10 %0,/N, 60,000 210 235 14.8(185 °C) 1.59 [9]
SMO-A 0.2 %C3Hg + 10 %0,/N 60,000 270 315 7.0(200 °C) 1.53 [9]
C0304 0.1 %CsHg + 21 %0,/He 40,000 229 269 9.4(185 °C) 5.66 [22]
1 %Zr-Co304 0.1 %C3Hg + 21 %0,/He 40,000 212 241 18.2(185 °C) 9.01 [22]
Pt/Al,03 0.2 %C3Hg + 2 %0,/N, 80,000 280 350 4.0(200 °C) 21.6 [45]
Ru-Re/y-Al,03 0.5 %C3Hg + 99.5 %Air 60,000 195 270 8.0(170 °C) 94 [46]
Pt/ZSM-5 0.2 %C3Hg + 2 %0,/Ar 30,000 220 240 3.5(200 °C) 40 [47]
Pt-1 W/ZSM-5 0.2 %C3Hg + 2 %0,/Ar 30,000 205 212 14.5(200 °C) 171 [47]
NiCeOy-4 0.2 %C3Hs + 2 %0,/Ar 30,000 275 300 14.5(250 °C) 033 [48]
10CoAI-400RO 0.1 %C3Hg + 18 %0,/N, 30,000 232 275 0.3(185 °C) 0.72 [49]
10CoAI-600RO 0.1 %C3Hg + 18 %0,/N, 30,000 216 257 11.5(185 °C) 5.43 [49]
Ca-Co304-Ac 0.2 %C3Hg + 5 %0,/Ar 120,000 236 260 17.3(210 °C) 21.2 This work
C0304-Ac 0.2 %CsHs + 5 %0,/Ar 120,000 246 271 11.7(210 °C) 2338 This work
(@) C4Hg-TPD 0,0, (b) C,Hg-TPSR Co,0,
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Fig. 7. (a) C3Hg-TPD, and (b) C3Hg-TPSR profiles of Co304, Ca-Co304, and Ca-Co304-Ac.

ciation into C3H; and H and its corresponding free energy profile.
The adsorption energy of CzHg on pure Co304 was —0.42 eV, which
was higher than the value of —0.47 eV computed for the CaCOs-
Cos0,4 surface, but a little lower than the value of —0.36 eV for
the CayCos4O4 surface of Ca-Co30,4 sample. This indicated that
the presence of CaCO3 on the Co304 surface led to stronger adsorp-
tion of C3Hg, while Ca incorporation into Cos0,4 lattice resulted in
weaker adsorption of C3Hg on the surface. Besides, the adsorption
energy of C3Hg on Co304-D surface was —0.50 eV, nearly similar
to that of CaCOs-Cos04, suggesting that the generation of active
oxygen species also promoted C3Hg adsorption on the surface.
However, the activation barrier for C3Hg dissociation on Co304-D
surface was 0.43 eV, which was significantly lower than that of
CaC0s3-Co304 (1.00 eV), Co304 (0.80 eV) and Ca,Cos.x04 (0.80 eV)
surface. This difference inferred that more facile activation of
C3Hg molecule on Ca-Co304-Ac sample than that on Cos04 and
Ca-Co304 samples, agreeing with the C3Hg-TPD/TPSR results. From
the DFT simulation, the active oxygen species originated from
doping-etching strategy favors CsHg adsorption and activation on
Ca-Co304-Ac surface.

3.6. In-situ DRIFTS analysis

In-situ DRIFTS technique was used to identify the adsorbed spe-
cies and the intermediates on the catalyst surface during the reac-
tion process, and thus providing an insight into the effect of
alkaline-earth metal doping and acid etching treatment on reaction

158

mechanism. The in-situ DRIFT spectra of propane adsorption over
the Co304, Ca-Co304 and Ca-Co304-Ac catalysts at 50 °C are shown
in Fig. 9a. The bands at 2968 and 2980 cm™~! usually belonged to
the C-H vibrations of gaseous CsHg, while the bands at 2902-
2872 cm~! were attributed to the C-H vibrations of CH, CH, or
CH3 species, indicating that propane was adsorbed and partially
oxidatively cracked on the catalyst surface [4,54]. The bands
around 3500/1626 and 3380 cm™! were classified as v(O-H) of iso-
lated/ polymerized -OH groups or adsorbed water and intensified
with exposure time [55]. In addition, multiple bands between 1000
and 1800 cm~! appeared and gradually intensified with exposed
time. Briefly, the bands at 1548, 1430, and 1350 cm™' were
assigned to v, (COO0), v (CO0) and & (CH3) of acetate species. Other
band at 1470, 1378 and 1290 cm™' was attributed to 8,5 (CHs), 8
(CHs) and v(C-0) groups, respectively. Meanwhile, carbonate spe-
cies (1510 and 1420 cm™') and alkoxide species (<1156 cm™')
were also identified during the propane adsorption [56]. This indi-
cated that propane adsorbed on the catalyst was easy to be par-
tially oxidized by Ilabile oxygen. The formation of the
intermediates over Ca-Co304-Ac was similar to that of Co30;,
whereas more carbonate species accumulated on the Ca-Co30, sur-
face. This difference may be closely related to presence of surface
CaCOs and active oxygen species.

After the adsorption of propane, 5 vol% O,/Ar was introduced
and the in-situ DRIFT spectra of all samples were recorded at the
temperature of 50-300 °C. For Co304 sample (Fig. 9b), most of
the characteristic bands tended to strengthen first and then



W. Zhu, Xing-bao Wang, C. Li et al.

( a) Initial State Transition State Final State

« . - "

E,g=-0.42 eV

E,q=-0.47 eV E,=1.00eV E.= -1.07‘
CaxC03_xO4

E,q=-0.36 eV =0.80 eV E.=-1.26

E,q=-0.50 eV E,=043 eV E.,=-230¢
H:O C:@ 0. Co:@ ca:Q

eV

eV

T -

A%

— Co,0,
—— CaCO0,;-Co;0,
1 — CaCo,,0, )
— - C03O4-D l'l/ \\“\
- > /'ﬂf —_—\
[0) 5 ¢ v YN
~ "{"/' v ‘\\
\
> 0 F—, l{',l Y \\\‘
2 s g LY)
oS . )
o A" IR
C S — \ ‘\\‘\
L EEAW
L} \
(O 1t | \\\‘
(0] VN ——
st AR
™ N N
‘\
\
\
\
\
\
R \
“I—
C3.H8 adsorption C,Hg dissociation

Journal of Catalysis 413 (2022) 150-162

(b) 5 Refeirence InitialI state TransiEion state *C3IH7

Reaction Coordinates

Fig. 8. (a) Heterolytic reaction paths for the first C-H bond activation of propane, and (b) the corresponding energy profile over Co304, Ca-C0304, and Ca-Co304-Ac catalyst.

(a) © o _o_CaCo0,Ad (b) 7/ o Co,0,
o o =
mn S &8 &\g% g&@%g%g g 00°C 2
30M"—’~u\ IR~ | S - '
e
6 p2—t—t——— = ———— e ©
P Ny iy 1 iCa-Cos0, 0
€ min & =a £ 200
© haw ©
S o+~ N AHEN N2 e
g P~ N T g
o 2 Nl AR Rel
< Peeost= &} e g S B e < |150
min § Co;0, L MM~
30— AR AN M 100
10— L AALL 1 L MM
12 : By P ; ‘)’é@""’”\ o il i
3600 3200 2800 1600 1200 3600 3200 2800 1600 1200
Wavenumber (cm™) Wavenumber (cm™)
() " Ca-Co,0, (d) " Ca-Co,0,-Ac
o 239w g =
V(C-H) ¥ e-893s 2 300 °C v(CH) N
. [300°C PJ TRTo =] I AN i
5 e SR NG
€ 1a50 w/ <
Q A N “”\ S~
£ [a00 J =
g v’\/"""’"’“""—\_/\\__ et ~—~~\ \__/“ _(é,
< & firm <
oo AL M
50~ AL _~J‘/ A
3600 3200 2800 1600 1200 3600 3200 2800 1600 1200

Wavenumber (cm™)

Fig. 9. In-situ DRIFT spectra of (a) propane adsorption (0.2 vol% C3Hg/Ar) over Co30y,
% 0,/Ar) over (b) Co304, (c) Ca-Co304, and (d) Ca-Co304-Ac samples at 50-300 °C.

weaken with the temperature rising, indicating that gaseous oxy-
gen supplemented the labile oxygen consumed on the catalyst sur-
face and continued to react with propane. When the temperature
was 150 °C, new adsorption peaks corresponding to the vibration
of C = O bonds of acetone and aliphatic ester groups (1700 and
1740 cm™!) appeared on the catalyst surface under the attack of

Wavenumber (cm™)

Ca-Co304 and Ca-Co304-Ac samples at 50 °C, and propane oxidation (0.2 vol% C3Hg, 5 vol
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labile oxygen, and these bands also increased first and then
decreased throughout the reaction [57,58]. As the temperature
rose to 250 and 300 °C, the bands of above-mentioned intermedi-
ates substantially disappeared, and new absorption bands attribu-
ted to unidentate carbonates appeared at 1310 cm™! [59,60]. It
implied that multiple pathways coexisted in propane oxidation
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over the Co304 catalyst, in which unidentate carbonates may be
the final intermediates and were converted to CO, eventually.
However, the evolution process of above-mentioned functional
groups over Ca-Co304 was different. As shown in Fig. 9¢, more acet-
ate and carbonate species (1501 cm™!) accumulated on Ca-Co304
surface. Even at the reaction temperature of 300 °C, there were still
some residual acetate and carbonates intermediate on the Ca-
Co30,4 surface. It could be speculated that alkaline-earth metal
doping promoted the accumulation of carbonates and carboxylate
intermediates on the surface. In other words, alkaline-earth metal
doping inhibited the transformation of the intermediates, which
covered some active sites, thus reducing the catalytic activity.
The evolution process of the intermediates over Ca-Co304-Ac was
similar to that of Co304, except a trace of carboxylate species exist-
ing at 250 °C (Fig. 9d), which may be related to the residual
alkaline-earth metals on the surface.

Based on the in-situ DRIFTS, C3Hg-TPD/TPSR, and DFT calcula-
tion, the propane oxidation mechanism was proposed (Scheme 2).
Although the alkaline-earth metals doping promoted the initial
adsorption of CsHg on the surface, but inhibited the further activa-
tion of C3Hg, while the active oxygen species induced by doping-
etching strategy not only promoted the C3Hg adsorption, but also
accelerated the further activation of C3Hg. In general, the complex
reaction pathway can be described as follows: The gaseous CsHg
was firstly adsorbed on the active sites of catalyst surface, forming
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©

CaHs 5{

\&\

@@kmg ~effect

Ca Co304

¢)

Journal of Catalysis 413 (2022) 150-162

chemisorbed CsHg_,; Then, the activated C3Hg., reacted with the
chemisorbed oxygen species to form alkoxide species, which easily
converted to carboxylate and carbonates species. Meanwhile, as
the reaction temperature rose, the intermediates such as acetone
and aliphatic ester groups generated on the surface, which would
be further oxidized to carbonate or carboxylate species. Finally,
these intermediates were all oxidized into the final products CO,
and H,O0.

3.7. Stability

Experimentally, thermal stability and water vapor resistance
are essential to evaluate the catalyst for potential industrial appli-
cations. To achieve approximately equal initial propane conver-
sion, the thermal stability tests of Ca-Co304 and Ca-Cos304-Ac
were performed at 280 and 260 °C, respectively. Both Co30,4 and
Ca-Co304-Ac catalysts exhibited stable activity for propane oxida-
tion during the tested 50 h (Fig. 10a), and their XRD crystallite
phase remained unchanged after the stability test (Fig. S5). With
2.5 vol% water vapor introducing into feed gas, the propane con-
version of Cos04 and Ca-Co304-Ac slightly decreased, but they
could restore to the original level after the remove of water vapor.
All these indicated that Ca-Co304-Ac catalyst had a good stability
and water vapor resistance comparable to Co30,4. Furthermore,
Ca-Co304-Ac also exhibited a satisfactory cycle stability, and no
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Scheme 2. Probable propane oxidation mechanism on M—Co304 and M—Co304—Ac catalysts.
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significant changes of the catalytic activity occurred after four cyc-
lic experiments (Fig. 10b). These results further confirmed that Ca-
Co304-Ac catalyst had a satisfactory hydrothermal stability and
cycle stability, and doping-etching is a potential strategy for
designing highly efficient catalyst for practical application in VOCs
removal.

4. Conclusions

In summary, the doping-etching strategy significantly
enhanced the catalytic performance of Co30,4 catalyst via the pro-
cess of alkaline-earth metal doping and the subsequent acid etch-
ing treatment. The as-synthesized Ca-Co304-Ac catalyst exhibited
the best catalytic performance, for which the Tgy was 260 °C,
88 °C and 19 °C lower than that of Ca-Co304 and Co304 catalyst,
respectively. Simultaneously, Ca-Co3;04-Ac showed high propane
oxidation rate (5.65 x 107 mol g ' s°!) and TOF (2.12 x 103
s~ 1) at 210 °C. Characterizations revealed the doping-etching
strategy could increase the specific surface area, low-
temperature reducibility, and oxygen mobility of Cos0,4 catalyst,
thus promoting the catalytic activity of the M—Co304—Ac catalyst.
In-situ DRIFTS, DFT calculation, and C3Hg-TPD/TPSR analysis fur-
ther revealed that active lattice oxygen species induced by
doping-etching strategy promoted the propane activation on the
surface. In addition, Ca-Co304-Ac showed excellent long-term sta-
bility and reusability in the presence of 2.5 vol% H,0. This work
offers a deeper understanding of the reactive oxygen species,
and provides a doping-etching strategy to effectively improve
the catalytic performance of Co304 catalyst in practical VOCs
removal, which can also be generalized for the development of
other transition metal oxides.
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