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In-suit DRIFTS
Volatile organic compounds

1. Introduction the amount of light alkanes released from stationary sources is

increasing with the rapid development of chemical technology

Volatile organic compounds (VOCs), as the major contribu-
tors to global air pollution, have caused serious environmental
problems in recent years. They are emitted from various
sources, such as chemical plants, power stations, oil refineries,
and vehicle exhausts [1]. Over time, environmental legislation
on the permissible levels of atmospheric emission has become
increasingly stringent; consequently, the usage of liquefied
petroleum gas (LPG) and liquefied natural gas (LNG) as alter-
natives in gasoline and diesel vehicles is increasing. Moreover,

[2]. Due to the stability of the molecular structure of light al-
kanes, their elimination is considerably difficult. Therefore,
developing a highly efficient purification technology for the
control of light alkane emissions is urgent and necessary.
Nowadays, adsorption, membrane separation, pho-
to-catalysis, catalytic oxidation, and plasma oxidation are being
used to control the emissions of light alkanes [3]. Catalytic oxi-
dation, as a significant technique for converting pollutants to-
tally into water and carbon dioxide, is considered one of the
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most efficient routes for light alkane elimination due to its low
reaction temperature, low operating cost, and zero auxiliary
fuels [4,5]. Owing to the dependence of catalytic oxidation on
catalysts, the search for high activity, better stability, and
low-cost catalysts is attracting much attention. Although noble
metal catalysts, such as Pd and Pt, are supposed to be highly
active and stable, their high expense, sintering rates, volatility,
and the possibility of being poisoned by water or sulfur com-
pounds limit their wide practical application [6-8]. In recent
years, intensive efforts have been devoted to the synthesis of
transition and rare earth metal oxides as alternatives to noble
metal catalysts and for the reduction of the reaction tempera-
ture [9-11].

Cobalt oxide (CoOx) and cerium oxide (CeOx) are the com-
mon choices for the catalytic oxidation of VOC. Co304 is known
as an active and prevalent catalyst for CO and VOC catalytic
oxidation at low temperatures [12-14]. Different polymorphs
of Co304 and Co304-MOx binary oxides have been reported as
effective and stable catalysts for the total oxidation of propane
[15,16]. Zheng et al. [15] reported that doping Ni into spinel
Co304 lattice resulted in 100% propane conversion at the tem-
perature below 400 °C, and the reaction kinetics were also en-
hanced owing to the improvement of the surface lattice oxygen
activity. CeOz, known as a rare earth oxide, has been widely
used as a significant component or structural and electronic
promoter of heterogeneous catalysts owing to its excellent
oxygen storage capacity (OSC) [17-19]. Molecular oxygen can
easily be diverted to the CeO2z surface through the rapid and
reversible redox of Ce#* and Ce3* [20]. Recently, catalytic syn-
ergistic effects between Co and Ce oxides have been found in
various reactions, such as methane combustion [17], N20 de-
composition [21], and formaldehyde oxidation [22]. Therefore,
Co304-Ce02 binary oxides may be potential catalysts for the
catalytic oxidation of light alkanes.

Propane, a typical kind of light alkane, is common in auto-
mobile exhaust systems (LPG automobile) and the exhaust gas
of some chemical factories (production of epoxy pro-
pane/styrene, phenol acetone, and acrylic acid). The molecular
structure of propane is very stable, which can well represent
the characteristic of light alkanes. Therefore, Co304-CeO2 binary
oxide catalysts were synthesized by the citric acid method and
applied to propane catalytic oxidation to study the correlation
among the composition, structure, and the catalytic perfor-
mances of the catalysts. The reaction kinetics and reaction
mechanism for the total oxidation of propane over Co304-CeO2
catalysts are further studied. In addition, the effects of COz and
water vapor on the propane conversion and stability of the
catalyst have been investigated.

2. Experimental
2.1. Catalyst preparation

C0304-Ce02 binary oxides with various Co/(Ce+Co) molar
ratios from 0 to 100% (labeled as CoCeOx-0 and CoCeOx-100)

were synthesized by the citric acid method. Typically, for the
CoCe0x-70 sample, 3 mmol of Ce(NO3)3:6H20 and 7 mmol of

Co(NO03)3-6H20 were dissolved in 20 mL of deionized water. An
excess amount of citric acid solution (citric acid/metal = 1.5,
molar ratio) was added to the above solution. Thereafter, the
mixture was stirred at 60 °C for 1 h and rotary-evaporated to
produce a gel-like substance. The substance was dried at 90 °C
overnight and transferred to a muffle furnace at 300 °C for 1 h
to decompose citric acid. Finally, the powder was ground and
calcined at 550 °C for 4 h.

2.2. Characterization methods

X-ray diffraction (XRD) patterns were recorded using a
Smart-Lab 9KW diffractometer with Cu Ka; radiation (4 =
1.54178 A). N2 physisorption measurements were conducted
on a Quantachrome Autosorb-iQ instrument, and the specific
surface area was obtained according to the Brunau-
er-Emmett-Teller (BET) method. Raman spectra were acquired
using a laser confocal micro-Raman instrument (Thermo Fisher
Scientific). XPS measurement was performed on an
ESCALAB250 instrument (Thermo-VG Scientific). The mor-
phologies and microstructure of the sample were characterized
by scanning electron microscopy (SEM, FEI QUANTA 450) and
transmission electron microscopy (TEM, FEI TECNAI
20S-TWIN), respectively. Hz-TPR and O2-TPD experiments
were carried out on an automatic chemical adsorption instru-
ment (Quantachrome OBP-1). C3Hs-TPSR experiment was car-
ried out in a quartz reactor connected to a mass spectrometer
(GSD 320 OMNISTAR). In-situ DRIFTS analysis was conducted
on an FTIR spectrometer (Thermo fisher Nicolet iS50)
equipped with an MCT/A detector in the 650-4000 cm-! range.
Detailed characterization methods are described in Supporting
Information.

2.3. Catalytic performance evaluation

The catalytic activity of the Co304-CeO2 binary oxide cata-
lysts toward the total oxidation of propane was evaluated in a
fixed-bed reactor. The catalyst sample (0.1 g) was placed in the
reactor (10 mm i.d.) for each reaction. The reactant gas con-
sisted of 0.2 vol.% CsHs, 5 vol.% Oz, and balanced with Ar at a
total flow rate of 200 mL min-1 (GHSV = 120000 mL h-1 g-1).
Catalytic performance was evaluated with the programmed
temperature from 100 to 500 °C (2 °C min-1). The concentra-
tion of CsHs in the reactant gas was detected using an online
gas chromatograph (GC-7900) with an FID detector. The C3Hs
conversion (Xy) was determined using Equation (1), as follows:

CHin_CHout
3118 3118 (1)

Xy = = X 100%,

where C3Hgm and C3Hgout are the concentrations of C3Hs in the
inlet and outlet gas, respectively, and T1o, Ts0, and Too represent
the reaction temperature for 10%, 50%, and 90% C3Hs conver-
sions, respectively.

2.4. Reaction kinetics

The reaction order for each catalyst was measured in the
above fixed-bed reactor at normal pressure. The reactant gas
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was composed of x vol.% C3Hs and y vol.% Oz, balanced with Ar
(200 mL min-1). For each test, 0.05 g of the catalyst was diluted
with 1 mL of quartz sand (60-80 mesh), and propane conver-
sion was restricted below 15%. The reaction order of every
catalyst was obtained using the following formula:

r = k(Pc3us)*(Poz)P 2
where Pc3ng and Poz represent the partial pressures of C3Hg and
02 in the reactant gas, respectively. The values a and £ are the
partial reaction orders of C3Hs and Oz, respectively. The a val-
ues were determined by varying the concentration of C3Hs (x
vol.%) to achieve the partial pressure of C3Hg between 0.1 and
0.8 kPa when the flow rate (200 mL min-1) and oxygen partial
pressure (5.0 kPa) remained unchanged. Similarly, the § values
were obtained by varying the concentration of Oz (y vol.%) to
achieve the oxygen partial pressure between 2.0 to 8.0 kPa at a
fixed CsHs pressure (0.2 kPa).

3. Results and discussion

3.1. Characterizations of Co304-CeQ2 binary oxides
The XRD patterns of CeOz, Co304, and Co0304-CeO2 binary
oxides are illustrated in Fig. 1a. Two diffraction peaks corre-
sponding to CeOz and Co304 are found for all the Co304-CeO2
binary oxides. All the diffraction peaks of Co304 and CeO2 can
be ascribed to the Co30a spinel structure (JCPDS 43-1003) and
CeO2 cubic fluorite structure (JCPDS 34-0349), respectively.
The crystallite sizes and the specific surface area of all samples
are listed in Table 1. It can be found that the Co304-CeO2 binary
oxides exhibit smaller crystallite sizes of CeOz (8.7 nm) and
Co304 (11.4 nm) than those of single CeO2 (18.8 nm) and Co304
(31.0 nm), and their specific surface areas increase with re-
spect to those of single CeOz (39 m2 g-1) and Co304 (13 m2 g-1).
These results demonstrate that the interaction of Ce and Co
could restrain the growth of the crystallite and increase the
specific surface area. In addition, the crystallite size of CeO: (8.7
nm) is nearest to that of Co304 (11.4 nm) when the Co/(Ce+Co)
molar ratio is 70%. This suggests the better dispersion of CeO2
and Co304 crystallites over that of the CoCeOx-70 catalyst,
which contributes to improving the interaction between CeO:
and Co304 [17].

Fig. 1b shows the Raman spectra of the Co304-CeO2 binary
oxides. The band at ca. 462 cm-! detected in pure CeO2is as-
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cribed to the Fzg symmetric O-Ce-O stretching vibration of
CeO2 with a cubic fluorite symmetric structure [23]. For the
Co304 sample, there are five peaks at 194, 482, 522, 619, and
694 cm-1, corresponding to the Fzgl, Eg, F2g2, F2¢3, and A1g modes
of the Co304 with spinel structure, respectively [24,25]. The
effects of the cations and isomorphous isotope replacement
show that the 694 cm-! vibration is characteristic of the
sub-lattice (octahedral/tetrahedral), where the highest-valence
cations are located [25]. With the increase in the Ce content
from Co304 to CoCeOx-20, the A1g vibration (694 cm-1) slightly
shifts toward lower wavenumbers, and the peak becomes
asymmetric and smaller. Since the slight differences in the vi-
bration are connected to the residual stress or lattice distortion
of the structure, the intensity of the Raman spectra depends on
the grain size and morphology [26]. The changes of the Aig vi-
bration may be ascribed to the distortion of the Co304 lattice
and aggregation of CeOz on the surface. This effect could result
in increased concentration of Co at low oxidation state and, in
turn, indicate an increased amount of oxygen defects. Moreo-
ver, the bands corresponding to CeO: also slightly shift toward
lower wavenumbers when the Co content is 20%, indicating
that some amount of Co can be incorporated into the CeO: lat-
tice and deform the crystal lattice. All these results indicate that
lattice distortion or residual stress exists in the Co304-CeO2
binary oxides, which can activate gas oxygen and offer lattice
sites for oxygen migration.

To investigate the morphology of the samples, the TEM im-
ages of C0304, Ce0Oz, and CoCeOx-70 catalysts are shown in Fig.
2. The particle sizes of Co304 (Fig. 2a) and CeO: (Fig. 2c) are ca.
40 nm and ca. 18 nm, respectively. For the CoCeOx-70 sample,
the particle size significantly decreases and, the boundary be-
tween the nanoparticles becomes obscure with uniform size
distribution. The HRTEM characterization of CoCeOx-70 (Fig.
2e) clearly shows several lattice fringes of the crystallinity of
oxides, with the d-spacing of 0.24 nm indexed to the (311)
crystal plane of spinel Co304, and the d-spacing of 0.31 nm in-
dexed to the (111) crystal plane of cubic CeO2. These results
indicate that cubic fluorite CeOz and spinel Co304 coexist in the
CoCe0x-70 catalyst, agreeing with the XRD analysis. Moreover,
Fig. 2e clearly shows that there is an interface between Co304
nanoparticles and CeOz nanoparticles in binary oxides. The
elemental mapping image and EDX line-scan analysis (Fig. S1)
confirm the uniform distribution of Co, Ce, and O elements over
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Fig. 1. XRD patterns (a) and Raman spectra (b) of C0304-CeO: binary oxides.
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Fig. 2. TEM and HRTEM images of (a, d) Co304, (b, €) CoCe0x-70, (c, f)
CeOo.

CoCe0x-70, and the Co/(Ce+Co) molar ratio (ca. 67%) is close
to the theoretical value (70%). The SEM and EDX experiments
(Fig. S2) show that the CoCeOx-70 catalyst features an irregular
shape with a uniform distribution of elements on its surface.
Consequently, it can be concluded that the CoCeOx-70 binary
oxide shows a uniform element distribution in nanometer and
micrometer sizes, which may be attributed to the role of citric
acid as a chelating agent and for minimizing the phase separa-
tion of the components.

The Hz-TPR profiles of CeOz, Co304, and Co304-CeO2 binary
oxides are shown in Fig. 3. Two reduction peaks were observed
for the signal CeO2 reduction process, the first peak at ca. 550
°C is assigned to the reduction of the surface oxygen species
(lattice oxygen), while the second peak above 800 °C is at-
tributed to the reduction of bulk oxygen [17]. However, there is
only one broad peak (300-550 °C) for the reduction of single
Co304 and no traces of chemisorbed oxygen reduction. It is
reported that large particles of Co304 are often directly reduced
to metal Co through a one-step process [10,21,27]. In our re-
search, the broad peak has been split into three peaks. Consid-
ering the total reduction of Co304 and stoichiometry of the re-
duction, peak I corresponds to the reduction of Co3+ to Co?+, and
the process of Co3*/Co?+ to Co is the sum of peak II. With the
incorporation of Ce into Co304, multiple reduction peaks gen-
erate and the peak position changes accordingly. The reason is

Co,0,
S CoCeO -90
S
=
‘B CoCeO -70,
[
2 ]
= CoCeO -50"
|
Y CoCeO,-20:
o B v 0 CeO, |
1 i 1 i 1 i 1 i 1 i 1 i 1 i 1

100 200 300 400 500 600 700 800

Temperature (°C)
Fig. 3. H2-TPR profiles of CeOz, Co304, and Co304-CeO: binary oxides.

that the fine particles of Co304 interacting with CeO2z appear to
be reduced in a two-step process. The first is promoted by the
interaction between CeOz and Cos304, which is probably at-
tributed to the binding energy of the Co-0 bond. The second is
hindered by the stabilizing action of CeO: to Co ions with in-
termediate valency [27,28]. Moreover, the reduction peaks
above 800 °C for all the Co304-CeO2 binary oxides are attribut-
ed to the bulk oxygen reduction of CeO2, and the peaks below
the temperature are primarily connected with the Co304 phase,
which has greater reducibility than CeO2. Meanwhile, the re-
duction peaks of Co304 could overlap the peaks of CeO2 since
the reduction of CeO2 consumes less Hz than that in the case of
Co304. Based on the above, the reduction peaks for the
Co304-Ce02 binary oxides with respect to the temperature are
assigned in the following: peak a (below 200 °C) - surface ad-
sorbed oxygen species; peak f3 (250-350 °C) - Co3* at the in-
terface between Co304 and CeO:z reduction to Co?*; peak y
(360-450 °C) - independent Co30s4 weakly interacting with
CeO2 reduction to metallic Co; peak 8 (450-600 °C) - Co?* in-
teracting with CeOz reduction to Co; peak A (above 800 °C) -
the bulk oxygen reduction of CeOx.

Notably, among all the Co304-CeOz2 binary oxides, the inten-
sity of peak a for CoCeOx-70 is the highest, which indicates that
CoCe0x-70 has the most adsorbed oxygen species. Moreover,
the B reduction peaks slightly shift toward lower temperatures
and their intensities simultaneously decrease with the increase
in the Ce content (As shown in Table 1). The downshift and
reduction of the § peaks are related to the amount of Co3+ at the
interface between CeO2z and Co304. Considering the amount of
Co304 in the Co304-CeO2 binary oxides, the highest relative in-
tensity of peak B (1.3) is found on the CoCeOx-70 catalyst. In
other words, CoCeOx-70 has the highest proportion of Co3* with
respect to Co304 among all the catalysts, which is probably due
to the strong interaction between Co304 and CeOz. Since peak a
and peak 8 correlate with the catalytic activity [13], it is rea-
sonable to infer that the Co304-CeO2 binary oxides, particularly
the CoCeOx-70 catalyst, may contain more easily redox species,
and may thus improve the catalytic activity toward the catalytic
oxidation of propane.

The C3Hs-TPSR experiment is carried out to further detect
the redox properties of Co304-CeO2. The MS signals of H20 (m/z
= 18), CsHs (m/z = 43), and COz (m/z = 44) are shown in Fig. 4.
The results show that no reaction product is detected for pure
CeO2 within the testing temperature range of 100-500 °C, indi-
cating that CeOz is almost inactive at temperatures below 500
°C. For the Co304 catalyst, two positive broad peaks at 433 and
452 °C in the curves of CO2 and H:0 are observed, and a nega-
tive peak at 435 °C in the C3Hs curve is also found, suggesting
that the total oxidation of propane occurs on the Co304 surface
at this temperature. Similar results are found in the Co304-CeO2
binary oxides; however, the peak at < 450 °C shifts toward
lower temperature and a narrow peak appears at > 450 °C. The
broad peaks below 450 °C are attributed to the reaction of
propane with the lattice oxygen species in Co304 interacting
with CeO2. Conversely, the narrow peaks above 450 °C are due
to the consumption of the lattice oxygen in CoO stabilized by
Ce02 [12]. The downward shift of the peaks (< 450 °C) upon
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Table 1
Textural properties, XPS, and Hz-TPR results of CeOz, Co304, and Co304-Ce0O2 binary oxides.
Catalyst Ager/ D2 Dpa XPS resolving H2-TPR

(m2g1) (nm) (nm)  Oas(eV) Out(eV)  Oaas/One  Co3+/Co?*  Ce3+/(Ce*+Ce3*) A0 (°C) AP R([P)
C0304 13 — 31.0 531.4 529.9 0.31 0.88 — 367 1 1
CoCe0x-90 40 8.7 14.4 531.4 529.7 0.32 1.01 19.6 346 0.81 1.1
CoCe0x-70 39 8.7 11.4 5314 529.7 1.08 1.15 20.8 325 0.68 1.3
CoCeO0x-50 43 8.9 12.4 531.4 529.4 0.29 0.86 19.3 324 0.36 1.1
CoCe0x-20 50 10.0 13.9 531.2 529.1 0.28 — 18.6 318 0.11 1.1
CeO2 39 18.8 — 531.6 529.5 0.20 — 18.3 — — —

aCrystallite sizes calculated from the line broadening of the (111) plane of CeOz and (311) plane of Co304, respectively.

bArea of peak [3; peak I area is a reference value of 1.

cRelative area of peak f3; the area of peaks 3 per unit Co304 mass: R(B) = Ag/(ArM%), where M% is the mass fraction of Co304 in the Co304-CeO2 bi-

nary oxides.

increasing the Ce content is mainly ascribed to the interaction
between Co304 and CeOz that promotes the activation of oxy-
gen species, while the decline in the peak intensity is due to the
decrease in the Co304 amount in the binary oxides. Interesting-
ly, the lowest temperature of the narrow peak is found on the
CoCe0x-70 sample, which indicates that its oxygen species are
highly active to react with propane. In general, all the positive
peaks of COz are ascribed to the lattice oxygen species con-
sumption, which is consistent with the Mars-van Krevelen
mechanism that lattice oxygen species play an important role in
catalytic oxidation of propane [29].

The 02-TPD analysis is used to identify oxygen species and
study the oxygen desorption behavior of the catalyst. In gen-
eral, the adsorbed oxygen species are arranged as follows: O2
(ad) — Oz~ (ad) — O- (ad) — 0% (lattice) [6,30]. As shown in
Fig. 5, the peaks below 300 °C correspond to the desorption of
the surface oxygen species (O2-, 0-), and the desorption peaks
above 350 °C are attributed to the desorption of lattice oxygen
[13]. For the Co304-CeO2 binary oxides, it is found that peak 8
shifts toward lower temperatures, and peak a splits into two
peaks (a1 and a2). These changes can be ascribed to the inter-
action between Co304 and CeOz. Considering the thermostabil-
ity of the adsorbed oxygen species, peaks o1 and o2 are as-
signed to the desorption of adsorbed Oz~ and O- species, re-
spectively. For peak a (Oz- and 0-), a relatively low-beginning
temperature and high peak intensity are found for the CoCe-
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CoCeO-90 e i\
_____ : !
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Fig. 4. C3Hs-TPSR experiments over the CeOz, Co30s, and Co0304-CeO2
binary oxides.

Ox-70 catalyst. Large intensities of the desorption peaks and
low beginning oxygen desorption temperatures could result in
improved catalytic oxidation activity [31]. It can be concluded
that CoCeOx-70 has abundant active oxygen species on its sur-
face and may have better catalytic performance toward the
total oxidation of propane.

The XPS spectra of O 1s, Co 2p, and Ce 3d for CeOz, Co304,
and Co304-CeO2 binary oxides are shown in Fig. 6. The single
lobed asymmetric peak of the O 1s spectra (Fig. 6a) confirms
the existence of several kinds of surface oxygen species with
different chemical states [32]. The O 1s spectra is split into
three peaks: the peak at ~529.7 eV is attributed to the lattice
oxygen (Olatt), the peak at ~531.4 eV corresponds to the surface
adsorbed oxygen (Oads), and the peak at ~532.7 eV is connected
to the absorbed OH groups or carbonate species [33,34]. The
surface Oads/Olat molar ratio of CoCeOx-70 (1.08) is much high-
er than those of other samples, indicating that the CoCeOx-70
catalyst has a relatively high amount of electrophilic oxygen
species on its surface, which is beneficial for deep oxidation
reactions. The results are consistent with the 02-TPD analysis
results that CoCeOx-70 has a high number of oxygen species at
relatively low temperatures. In addition, the O 1s peak shift is
associated with the charge of oxide ions, which may be affected
by the surrounding chemical environment. Therefore, the shift
of the O 1s peak here should be attributed to the interaction
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Fig. 5. 02-TPD profiles of CeOz, Co304, and Co304-CeO2 binary oxides.
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Fig. 6. XPS spectra of O 1s (a), Co 2p (b), and Ce 3d (c) for CeO2, Co304, and Co304-CeO: binary oxides.

between CeO2z and Co304.

Fig. 6b illustrates the Co 2p spectra of all the samples. All the
Co 2p spectra show two broad and asymmetric peaks, which
are separated by a spin-orbit splitting of ca. 15.1 eV and ac-
companied by two shake-up satellites (S1, Sz2). The Co 2p3,2 sig-
nal at BE = 779.7 eV demonstrates the existence of Co3+ on the
surface, while the Co 2ps3/2 signal at BE = 781.5 eV indicates the
existence of Co2* on the surface [35]. By curve-fitting the Co 2p
peaks (Table 1), the Co3+/Co?2+ ratio increases from 0.86 to 1.15,
and subsequently decreases to 0.88 with increasing
Co/(Ce+Co) ratios. It is reported that Co3+ is active for CO oxi-
dation, whereas Co?* is almost inactive [12]. The Co ions in the
CoCe0x-70 catalyst has abundant Co3* sites (Co3+/Co2* = 1.15),
which will be beneficial for the catalytic oxidation of propane.

The Ce 3ds/2 and 3ds/2 XPS spectra are illustrated in Fig. 6c.
The Ce 3d spectra can be resolved into ten peaks, where six
peaks, denoted as v, v”, v'"/, u, u”, and u'”, are assigned to Ce#,
while the other four peaks, denoted as vo, v/, uo, and u’, are as-
cribed to Ce3+ [6]. The amount of surface Ce3+ ions is obtained
according to the following formula:

C€3+
Ce3++Cett’

3)

where Ce3+ is the area sum of vo, v/, uo, and u’, and Ce#* is the
area sum of v, v, v'"’, u, u”, and u’”. The Ce3+ concentration is

Ceest =
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related to the oxygen vacancies on the CeO: surface. As shown
in Table 1, with the increase of the Co/(Ce+Co) ratio, the Ce3+*
concentration increases from 18.3% to 20.8%, and thereafter
drops to 19.6%. The highest Cce3+ value (20.8%) is obtained on
the CoCe0x-70 surface, suggesting that the CoCeOx-70 surface
has the highest number of oxygen vacancies.

3.2. Catalytic activity and reaction kinetic study

The catalytic activities of the Co304-CeO2 binary oxide cata-
lysts toward the oxidation of propane are evaluated. As shown
in Fig. 7a, single CeOz species exhibit low activity toward the
total oxidation of propane, while single Co304 species occur
with superior activity. The Tio, Tso, and Toeo values of the
Co304-Ce02 binary oxide catalysts are summarized in Table 2.
Evidently, the presence of Co significantly enhances the cata-
lytic activity, and the catalytic activity of the Co304-CeO2 binary
oxide catalysts exhibits a volcanic distribution: CoCeOx-70 >
CoCe0x-90 > Co304 > CoCe0x-50 > CoCeOx-20 > CeO2. Among
the Co304-CeO2 catalysts, CoCeOx-70 exhibits the highest cata-
lytic activity and its T9o value is 310 °C, which is approximately
25 °C and 165 °C lower than those of the single Co304 and CeO2
catalysts, respectively. In addition, the single Co304 and CeO:
catalysts are mechanically mixed with the same molar ratios of

44

(b) ~ ~
CoCe0 -50  CoCeO -70
CeO,
4.0 F
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321 CoCeO -90
CoCeO -20
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Fig. 7. (a) Activities of the Co304-CeO2 binary oxide catalysts for the catalytic oxidation of propane; (b) Arrhenius plots for the catalytic oxidation of

propane over Co30s-CeO2 binary oxide catalysts.
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Table 2
Catalytic performances of CeOz, Co304, and C0304-CeO2 binary oxide
catalysts.

Catalyst T1o Tso Too Reaction rate2 Ea
(&) (°Q) (°C)  (rx107 mol gt s-1) (k] mol-1)
Ce0: 350 415 475 0 123
CoCe0x-20 285 355 435 1.08 124
CoCeO0x-50 255 305 345 2.40 114
CoCeO0x-70 245 265 310 4.48 97
CoCe0x-90 245 295 330 3.71 112
C0304 255 300 335 2.11 108
CoCe0x-70(M) 270 305 360 1.11 —

aThe feed gas was 0.2% Oz + 5% 0z/Ar, and T = 250 °C, GHSV = 120000
mLhg

CoCe0x-70 and their catalytic activities toward the oxidation of
propane are tested (shown in Fig. S3). CoCeOx-70 shows a su-
perior activity toward the total oxidation of propane to that of
the mechanically mixed oxide CoCeOx-70 (M), and its reaction
rate at 250 °C is 4.48x10-7 mol g-1 s-1, almost four times that of
CoCe0x-70 (M) (1.11x10-7 mol g-1 s-1). It can be deduced that
the Co304-Ce02 binary oxide catalysts synthesized by the citric
acid method are not the simple mechanical mixing catalysts,
and a strong surface mutual interaction exists between Co304
and CeO2z, which may improve the redox properties of the
Co304-Ce02 catalysts and subsequently enhance their catalytic
activities. To study the intrinsic catalytic activities of the
Co304-Ce02 binary oxide catalysts toward the total oxidation of
propane, the reaction rate and apparent activation energies
(Ea) were evaluated, and the results are shown in Table 2 and
Fig. 7b. It is observed that the reaction rate of CoCeOx-70
(4.48x10-7 mol g-1 s-1) is the highest, and its corresponding Ea
(97 kJ/mol) is the lowest among all the Co304-CeO: catalysts.
These findings confirm that CoCeOx-70 exhibits the highest
catalytic activity and Ce promotes the intrinsic activity of the
Co304 catalyst.

The reaction orders with respect to reactants CsHs and 02
are determined on the Co304 and CoCeOx-70 catalysts (Figs. 8a
and 8b). The reaction order of the propane catalytic oxidation
on CoCeOx-70 is calculated to be 0.37 with respect to CsHs,
which is lower than that of the single Co304 catalyst (0.46). The
result suggests that the adsorption and activation of propane

on CoCeOx-70 catalyst are stronger than those on Co30a4 [9]. In
addition, the reaction order of Oz on CoCeOx-70 (0.35) ap-
proximates to that of Co304 (0.34), suggesting that the incor-
poration of Ce is less sensitive to Oz concentration. Moreover,
the reaction orders of CsHs and Oz often display considerable
differences in the literature date, even for the same catalytic
system, which is due to the different experimental conditions
[36]. Moro-oka et al. testified that the reaction orders of C3Hs
and Oz over Co304 catalysts strongly depend on the partial
pressure, reaction temperature, and catalyst preparation
method [37]. The zero-order dependence of the Oz concentra-
tion suggests that lattice oxygen is the active oxygen species
[25]. However, the order of Oz is greater than zero in this study.
It can be assumed that weakly bound oxygen species would
participate in the reaction and serve as active species in the
catalytic oxidation of propane.

3.3.  Effects of COz and water vapor concentrations and stability

Considering the inevitable existence of CO2 and water vapor
under practical conditions, variable concentrations of CO2 and
water vapor are added into the feed gas, respectively (Figs. 9a
and 8b). The addition of water vapor and CO: in reactant gas
has a negative effect on the propane conversion over CoCe-
0x-70 catalyst, although its influence weakens with the increase
in water vapor and COz concentrations within the tested range.
The negative effect could be attributed to the competitive ad-
sorption of water vapor or CO2, which decreases the number of
active sites available for propane and O: [38,39]. Chemical
equilibrium simultaneously accounts for the decline of propane
conversion. Remarkably, the addition of water vapor has a
more significant effect than that of COz on the decline of pro-
pane conversion. As shown in Fig. S4, under the same concen-
tration, the Tso and T9o values of CoCeOx-70 in a water vapor
condition are higher than those in a CO2 condition. For exam-
ple, the Tso and Too values in water vapor condition (5 vol.%)
are 310 °C and 350 °C, while those in COz condition are 282 °C
and 315 °C, respectively. This is probably due to the relatively
strong adsorption of Hz20 on the catalyst surface. In general,
CoCe0x-70 can maintain a high activity in CO2 and water vapor
atmosphere, and water vapor has a greater effect on the cata-
lyst activity than COa.

26
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Fig. 8. Determination of the reaction order of C3Hs (a), Oz (b) over the Co304+ and CoCeOx-70 catalysts.
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(5 vol.% H:0).

The stability of the CoCeOx-70 catalyst is determined under
severe conditions. As shown in Fig. 103, the catalytic activity of
the CoCeOx70 catalyst hardly changes after 50 h at 310 °C.
When 5 vol.% COz2 is added into the reactant gas, the propane
conversion drops slightly (ca. 5%) but remains constant for 40
h, and recovers back to the original value in the absence of 5
vol.% COz2. A similar result is achieved when 5 vol.% water va-
por is added into the reactant gas during the stability test, ex-
cept for the significant drop (ca. 30%) in the propane conver-
sion. The competitive adsorptions of COz (or H20) and O, as
well as C3Hs, give rise to the decrease in catalytic performance.
When 5 vol.% water vapor and 5 vol.% CO: are added into the
reactant gas simultaneously, an interesting phenomenon oc-
curs: the propane conversion value decreases by ca. 35%,
which is the superposition of individual effects of water vapor
and COz. Similarly, its original value is restored when the addi-
tional gas is cut off. These results indicate that CoCeOx-70
maintains a stable structure after a long-time reaction under
CO2 and water vapor atmosphere. All these results reveal that
CoCe0x-70 can be efficiently used in simulated real conditions
and that it exhibits good resistance to CO2 and water vapor.
Since stability is critical for the efficient use of a catalyst, the
reusability of the catalyst also plays a significant role in the
sustainability. It is observed that the Tso and Too values of
CoCe0x-70 are maintained around 310 °C and 350 °C after be-

ing repeatedly tested 10 times under humid conditions, indi-
cating that the CoCeOx70 catalyst exhibits favorable
re-usability even in humid conditions.

3.4. Insitu DRIFTS

In-situ DRIFTS is employed during propane adsorption and
oxidation to obtain more detail of the reaction on the catalyst
surface and to identify the evolved surface species. Figs. 11a
and b show the in-situ DRIFTS spectra of the Co304 and CoCe-
0x-70 catalyst in an atmosphere of C3Hs/Ar (20 mL min-1) at 50
°C. The strong adsorption peak at ~2964 cm-! with the shoul-
der peaks at 2871, 2902, and 2983 cm-! are assigned to the C-H
vibration of propane gas [6,40,41]. The peaks between 1200
and 1600 cm-! are assigned to various carbonate species, such
as polydentate CO32- (~1340 cm-1), &s (CHs) (~1380 cm-1), das
(CHs) (~1470 cm1), and vas (COO-) (~1506 cm-1) [40,42], the
intensities of which increase with time of C3Hs exposure. A
similar phenomenon is observed over the CoCeOx-70 catalyst,
indicating that Ce modification hardly changes the surface car-
bonate species during the propane adsorption. Afterward, the
reactant gas is replaced by 0.2 vol.% C3Hs, 5 vol.% Oz, and Ar
balanced (20 mL min-1), in-situ DRIFTS spectra over Co304 and
CoCe0x-70 are recorded after 20 min of reaction at 50-350 °C
and shown in Figs. 11c and 11d. For pure Co304 (Fig. 11c), the
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Fig. 11. In-situ DRIFTS spectra of the Co30s and CoCeOx-70 catalyst: (a) and (b) under an atmosphere of C3Hg/Ar at 50 °C; (c) and (d) under an at-

mosphere of 0.2 vol.% CsHg + 5 vol.% 02/Ar at 50-350 °C.

adsorption peaks of ds (CH3) (~1370 cm-1), vs (COO-) (~1460
cm-1), and vas (COO-) (~1506 cm-1) are observed at < 100 °C.
With the further increase in the reaction temperature, new
adsorption peaks appear at 1675 cm-! and 1740 cm-!, which
are assigned to acetone v (C=0) and aliphatic ester species v
(C=0), respectively [43-45]. Furthermore, the intensity of the
adsorption peak assigned to the C-H vibration of propane
(~2902 cm-! and ~2964 cm-1) decreases, and an adsorption
peak assigned to hydroxyl species (~3580 cm-1) emerges with
continuously increasing temperature [46,47]. These illustrate
that the species with C=0 bonds participate in the propane
total oxidation as intermediates. Similar peaks can be observed
in the spectra recorded over the CoCeOx-70 catalyst (Fig. 11d).
However, the intensity of the adsorption peaks between 1200
and 1750 cm-! noticeably decreases at > 300 °C, and the ad-
sorption peaks indicative of s (CH3) (1370 cm-1) and vs (COO-)
1460 cm-1 disappear at 350 °C. This suggests that a highly ef-
fectively propane activation occurs on the CoCeOx-70 surface.
In other words, the presence of Ce in Co304 does not change the
reaction mechanism of the propane total oxidation, but accel-
erates the CsHs activation on the catalyst surface, leading to the
improvement of the catalytic activity.

3.5, Discussion

The Co304-CeO2 binary oxides exhibit superior activity to-

ward the catalytic oxidation of propane to those of single CeO:
and Co30a4 catalysts, and the catalytic activity depends on the
Co/(Ce+Co) molar ratios. Among Co304-Ce0O2binary oxide cat-
alysts, CoCeOx-70 exhibits the highest catalytic activity, and its
Too (GHSV = 120000 mL h-1 g-1) is 310 °C. As shown in the TEM
images, the particle size in the Co304-CeO2 sample significantly
decreases with the incorporation of Ce (agreeing with the XRD
results), and the boundary between the nanoparticles obscures
with uniform size distribution. These provide the possibility for
the generation of the interaction between Co30s4 and CeOz,
which would improve the low-temperature redox properties
and thus enhance the activity [17]. The downshift of the reduc-
tion peaks in Hz-TPR and CsHs-TPSR profiles confirm that the
Ce incorporation promotes the redox properties of the
Co304-Ce02 binary oxides. In the Raman spectra, the changes of
the Aig vibration indicate the distortion of the Co304 lattice,
which can increase the oxygen vacancy concentration of the
catalyst and provide lattice sites for oxygen migration. The
02-TPD and O1s XPS analyses reveal that CoCeOx-70 possesses
abundant active oxygen species on the surface. It is widely rec-
ognized that high mobility of bulk oxygen (Mars-van Krevelen
mechanism) and abundance of active oxygen species are the
dominant factors influencing the catalytic activity of catalysts
toward CH4, CO, and VOC catalytic oxidation [48-50]. According
to the above results, an interaction between Co304 and CeOz is
believed to occur, where the Co304 component can be partly
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reduced to Co2* or metallic Co by the reactant gas and oxygen
vacancies are produced at the same time. Meanwhile, the re-
duced Co or Co?* would combine with the oxygen species
around the surrounding CeO2, generating a large number of
oxygen vacancies nearby the Co304-CeO2 interface (Equations
(4) and (5)).
Co304 — Co2*/Co3* + [0] — Co® + [O] 4)
Co? (Co2*) +Ce02 — Co2*/Co3* (Co3*) +CeO2-x+ [0]  (5)
These oxygen vacancies could react with oxygen and gener-
ate some active oxygen species, which could improve the cata-
lytic activity. As shown in the in-situ DRIFTS spectra, the spe-
cies with C=0 bonds participate in the total oxidation of pro-
pane as intermediates, and the presence of Ce accelerates the
activation of propane on the CoCeOx-70 surface. Based on the
in-situ DRIFTS analysis and various characterizations, a possi-
ble reaction pathway for the catalytic oxidation of propane over
Co304-Ce02 binary oxide catalysts is proposed (as illustrated in
Scheme 1). It is widely accepted that the total oxidation reac-
tion of propane over transition metal oxides involves the
Mars-van Krevelen mechanism, where propane is initially ad-
sorbed on the surface of the lattice oxygen, of which the latter is
re-oxidized by oxygen. After adsorption on the surface, propane
is decomposed to produce carbonate species and subsequently
oxidized to acetone and aliphatic ester species. Thereafter, the
obtained v (C=0) species undergo an oxidation process, which
converts them into COz and Hz0.

4. Conclusions

In this study, we demonstrate that an appropriate amount of
Ce addition has a promotion effect on Co030s-CeO2 catalysts
toward the total oxidation of propane, and CoCeOx-70 exhibits
the highest activity (T90 = 310 °C, GHSV = 120000 mL h-t g-1).
The enhancement in the catalytic activity of the CoCeOx-70 cat-
alyst toward the total oxidation of propane can be explained by
the strong interaction between CeOz and Co304, which results
in an improvement of the low-temperature reducibility and
generates additional oxygen vacancies and active oxygen spe-
cies. In-situ DRIFTS analysis and reaction kinetics measurement
confirm that Ce addition does not change the reaction mecha-
nism of the propane catalytic oxidation, but accelerate the acti-
vation of propane on the surface. In addition, CoCeOx-70 exhib-
its good resistance to COz and water vapor during the
long-term stability test, and no deactivation is observed after
10 usage cycles, providing the possibility for further industrial

® Ce

@ Co © O © Active oxygen species

Scheme 1. Mechanism of the propane catalytic oxidation over
Co304-CeO02 binary oxides.
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C030,4-CeO, R I At TE 2 R R EIL I RE

AXES, BT 4EE, B &Y BREY, adRY
KEBIAFKACIEZEALRE, LHMBERATIRLRE, {7 A%116024
Pob BB Bk L RSB, R E R B RGO B, WA E R TRERE, T A#116023

WE: HERMEAIAYI(VOCS)R AR KA T5 YW 32 BRI, 1 AR it B™ I A5 1 8. Ak S b2 — oA 250
LT HIVOCs EFRHER, HHF 7 IS BEAE T A Mk, R AT, A, RATRAMBRIES R T — RIS
AN Co/(Cet+Co)EE /R L H1C0;04-CeO, — T A AL, B 5T T HXF A FE (IR B VOCs) AL S AL PE .

FEMEALTE I b, SRS I 4LRN0.2 vol.% C3HgMI5 vol.% O,, ArJy~FAii <, <A Sfi% 79200 mL min'. SZE6 45 5
LW, Cel B NBEME B R4 55 Coy04 [ P e i AL B AL 1 B, Co30,4-CeO, 1R A4 77 1 TR Jo i A S8 AL 735 IR 29 CoCeO,-70 >
C0Ce0,-90 > C050, > CoCe0,-50 > CoCeO,-20 > CeO,. 4Co/(Cet+Co)EE /K Lt T70%I}, CoCeO,-70M AL 71 i1 75 Kt M Ak Ak
PERERUT. 7E R BE e b 3R IK F90%HE, CoCeO,- 701 AL T [ S B2 B 24310 °C (GHSV = 120000 mL h™' g ™), AHEL T 88— 1)
Co; O, AT Y S SL B A 1725 °C.

XRDFITEMZEAESE G IR, £ C03;04-CeO, — JL AWM AL H A7 1E Cos0,F1CeO, B P L, [R5 Cef1iB N, AL
FUTIRLAR B 2 PR, Raman it ¥ R, CeffI48 NS AL T b A A W AR, A2 b A 7002 THD 480 AL PR P A, A 7 HR 4R
HIE AR L A% AL £, Hy-TPRAIC;Hg-TPSRES K W, Co30,5 CeO, [HIA-FEA FLAEH, REME 4 i A0 77 AR IRLAE SR PR A, DA
PRI R Bt AL AL, O,-TPDRIO 1s XPSEEHE KW, CelfI35 N BENS I 1b 70) 26 1 5 P S R i 72 A 32 ik 77
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HEAE B, AN B i 1 PR A 00T PR I (0 A0 AT M. ZEXT Co304F1 CoCeO - T0MEA I 3E 4T in-situ. DRIFTSZ AR A 7 B
1B 12 ERE T, FATR I Ce I8 NAS U AT ) R e fhE AL S84 S S R A%, FLATAE RE 8 (I 2 A e 75 1 A 790 3 T ) B PR R
b, CASE AR B TR b A S . RIS, DIBR AN R AR [ 40 2 5 3103 o R A A SEL A0 S R o F .

BEAh, FATTHELE T R H K2 SACOL AT AL AL PERE IR MR 25 SRR W, COL MK ZE A AE AR I 1
PEA T 0 T e i A SR A T 2, A PR BE B A COL MK 28 BE I BG INTTT PR, ZEAH [R) 264, 7K 28 SO EAL TR AL PR BE 1
FHIAE B B S K- COL R4t H, AEX M) 1 H 22 B8 SR Hh /K 28 SURICO, T 2R 2% #E AR E PRI, CoCe-
O,-70fEALFFIZ I H A 5 BIPTK 28 MCOPERE. 7R B FAFAES vol. %7K ZE IS vol.% CO,HIZKE T, CoCeO,- 7044 711
FES0 hif)Fe e M R 3 ok HIL AR B ) 0GR A [RIE, 223 10 AN B iR B PRI 0 fa , (R 7] A R AT 1 0 R AR
A2k, X N CoCeO,-TOMEAL T AR Tl A I 2 #4417 7T HE.

KRR b TEAREA; Co304-CeOy; JRALIE SIS B AR SR LT A0, R IEAHUL S
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