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Abstract: Cobalt cerium oxide catalysts with small molecular organic acids (SOAs) as chelating
agents were prepared via the sol-gel method and investigated for the complete oxidation of toluene.
Four kinds of natural SOAs, i.e. malic acid (MA), citric acid (CA), glycolic acid (GA), and tartaric
acid (TA), were selected. The effect of organic acids on the composition, structure, morphology and
catalytic performance of metal oxides is discussed in details. The cobalt cerium oxides catalysts
were characterized by various techniques, including TG-DSC, XRD, SEM-EDS, N,—-adsorption and
desorption, XPS, and H,—TPR analyses. The results show that the nature of organic acids influenced
the hydrolysis, condensation and calcination processes, as well as strongly affected the textural and
physicochemical properties of the metal oxides synthesized. The best catalytic activity was obtained
with the CoCe-MA catalyst, and the toluene conversion reached 90% at 242 °C. This outstanding
catalytic activity could be related to its textural, redox properties and unique surface compositions
and oxidation states. In addition, the CoCe-MA catalyst also showed excellent stability in long—time
activity test.

Keywords: Cobalt cerium oxides; ceria; sol-gel method; catalytic oxidation; volatile organic
compounds; toluene; oxygen species

1. Introduction

Volatile organic compounds (VOCs), as the main precursors of ozone and smog [1], not only
do harm to the environment, but also endanger human health [2—4]. Therefore, control of VOCs
emission has become an urgent environmental issue. Catalytic oxidation, one of the most effective
control technologies for VOCs, has been widely studied in the past decade [5,6]. The performance of
the oxidation catalyst is regarded as a key factor in determining the efficiency of catalytic oxidation
technique [7,8]. VOCs total oxidation catalysts mainly include transition metal oxides and noble
metals [9]. Nble metal catalysts have the advantages of high catalytic activity and low ignition
temperature [10,11]; nevertheless, the high cost limits their wide application. Therefore, in recent
years, transition metal oxide catalysts [12,13], such as Mn, Cu, Cr, Fe, and Co oxides, are becoming
increasingly popular [14,15]. Among these catalysts, Co3Oy is one of the most powerful oxides for
VOCs oxidation [16]. Besides, CeO,, a typical rare earth oxide, has excellent redox property and oxygen
transfer ability [17], thus, it is widely used as a catalyst promoter in VOCs oxidation reaction [18].
Liotta et al. [19] and Michalis et al. [20] investigated the catalytic performance of Co304—CeO, binary
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oxides and found that CeO, promoted the reducibility of Co3O4 and the synergistic interaction between
cobalt and cerium species. Therefore, cobalt cerium oxides catalysts were selected in this study to
evaluate their performance in VOC oxidation.

Various methods, including sol-gel technique [21], co—precipitation method [22], and hydrothermal
process [23], have been developed to synthesize metal oxides catalysts. Among them, the sol-gel
method has been extensively studied in the synthesis of mixed metal oxides for the complete oxidation
of VOCs, such as Co—Ce [21], Ce-Ti [24], Cu-V [25], Cu—Ce [26], and Ce—Fe [27] mixed metal oxides.
As revealed in [28], the sol-gel process consists of hydrolysis and condensation reactions of metal
precursors. The hydrolysis allows the formation of hydroxyl groups (M-OH, M: represents metal) that
subsequently condense into strong and rigid metal-oxo-metal bridges (M—-O-M) [29]. In the sol-gel
process, the chelating agent plays an important role in the above two chemical reactions because it
changes the gel structure by affecting the reaction rate of hydrolysis and condensation. In recent
years, some researchers tried to use carboxylic acids as chelating agents in the sol-gel process and
investigated their roles in phase formation and magnetic or electrochemical properties of the materials
synthesized [30,31]. However, the effects of type of organic acids on the composition, structure,
morphology and catalytic performances of metal oxides have not been mentioned before. On the
other hand, the citric acid method, as one kind of sol-gel methods, has been widely utilized in the
preparation of metal oxides. However, as there are many small-molecule organic acids sharing similar
characteristics with citric acid, can we substitute citric acid with other organic acids in the preparation
process to develop catalysts with superior performance? Therefore, it is necessary to investigate the
influence of SOAs on the structure and catalytic properties of metal oxide catalysts and then develop
high—efficient catalysts for VOCs abatement.

In this study, with the aim of developing effective catalysts, four kinds of natural SOAs, i.e. malic
acid (MA), citric acid (CA), glycolic acid (GA), and tartaric acid (TA), were chosen as chelating agents
for the sol-gel synthesis of cobalt cerium oxides. Their chemical formula, molecular structure and part
of the physical properties are summarized in Table 1. The chosen organic acids have different numbers
of hydroxyl groups as well as carboxyl groups. Thus, they can serve as chelating media and are
commonly used in the sol-gel method. In this work, Cobalt cerium oxide catalysts were synthesized
with four kinds of organic acids as chelating agents. The effect of different organic acids on the
physicochemical properties of the catalysts was confirmed by thermogravimetric analysis—differential
scanning calorimetry (TG-DSC), X-ray diffractometer (XRD), scanning electron microscopy—energy
dispersive spectroscopy (SEM-EDS), Ny—adsorption and desorption, X-ray photoelectron spectroscopy
(XPS) and hydrogen temperature programmed reduction (H,—TPR). The structure-activity relationship
between cobalt cerium oxide catalysts and toluene conversion rate was investigated.
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Table 1. The molecular structure and part of the physical properties of the organic acids selected.
. . . Chemical - . o 0
Organic Acid  Abbreviation Formula Structure Molecular Mass (g/mol) Boiling Points (°C) A Hp,” (kJ/mol) 2
OH O
Malic acid MA C4HgO5 HONOH 134.1 140 -1326.5
e}
o HO O
Citric acid CA CgHgO7 HO OH 192.1 175 —1952.8
e
OH
Glycolic acid GA CoH403 How/‘ 76.1 100 —695.3
o
OH O
Tartaric acid TA C4HgO4 HONOH 150.1 170 -1141.1
o] OH

2 The standard molar heat of combustion (A.H,?) data were obtained from the manual of physical chemistry.
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2. Results

2.1. TG-DSC Results

The TG-DSC results of the uncalcined CoCe-X samples are shown in Figure 1. As can be seen in the
figure, two weight-loss steps were observed. The first weight-loss step occurred below approximately
350 °C and can be attributed to the combustion of residual organic acids and the pyrolysis of NO3~
and organic phases to give an amorphous inorganic phase [5,32]. The second weight-loss step was
due to the further transformation of amorphous inorganic phase into crystalline inorganic phase [33].
Additionally, in the DSC curves, the first weight-loss step was accompanied by a strong exothermic
peak, which was centered at 262, 327, 277 and 297 °C, respectively. It was interesting to find that the
sequences of the heat released as well as the weight-loss percentage in the first step of the four samples
were consistent with that of the standard molar burning enthalpy of the organic acids used. In other
words, the higher was the standard molar burning enthalpy of the organic acid (Table 1), the more heat
was released and the more weight was lost. This result suggest that the thermal properties of SOAs
had an important role in the formation of metal oxides prepared by the sol-gel method.
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Figure 1. TG-DSC curves of the CoCe-X precursors: (a) CoCe-MA; (b) CoCe—-CA; (c) CoCe-GA; and

(d) CoCe-TA.

2.2. XRD Results

The XRD patterns of all synthesized catalysts are presented in Figure 2. The diffraction peaks at
19.0°, 31.3°, 36.8°, 38.5°, 44.8°, 59.4°, and 65.4° were ascribed to spinel phase CozO4 (JCPDS 74-1656),
and the other diffraction peaks at 28.5°, 33.1°, 47.5°, and 56.3° could be assigned to fluorite phase CeO,
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(JCPDS 43-1002). It was observed that the intensity and width of the characteristic diffraction peaks of
the CoCe—X catalysts varied with different organic acids used. The peak intensity of the CoCe-GA and
CoCe-TA catalysts were stronger than those of the CoCe-MA and CoCe-CA catalysts.

® Ce0, v Co 0,

(b)

Intensity (a.u.)

10 20 30 40 50 60 70
2 Theta (°)

Figure 2. XRD patterns of the CoCe—X catalysts: (a) CoCe-MA; (b) CoCe-CA; (c) CoCe-GA; and
(d) CoCe-TA.

The crystallite sizes of CeO, and Co304 of the CoCe—X catalysts were calculated by the Scherrer
equation, as listed in Table 2. The crystallite sizes of CeO, and Co30; shared the same sequence, which
was as follows: CoCe-MA < CoCe—-CA < CoCe-GA< CoCe-TA. In addition, the crystallite sizes of
CeO, were much smaller than those of Co304. These differences may be related to the acidity and
molecular structure of organic acids used because the acidity could affect the speed of metal hydrolysis,
while the molecular structure may influence the dispersion of the colloidal particles in the solution, as
reported in the literature [31,34].

Table 2. Crystallite sizes and structural parameters of the CoCe—X catalysts.

Sample Crystallite Size Crystallite Size BET Surface Average Pore Average Pore
of CeO, (nm) 2 of Co304 (nm) P Area (mz/g) Volume (cm3/g) Diameter (nm)
CoCe-MA 9.6 19.8 40.3 0.153 11.7
CoCe-CA 10.0 25.8 21.1 0.071 10.8
CoCe-GA 11.5 30.2 14.5 0.069 12.3
CoCe-TA 12.8 38.2 14.3 0.041 9.2

ab The crystallite sizes of CeO, and Co30; (diffraction peak at 28.5° and 36.8°, respectively) were estimated by the
Scherrer equation.

2.3. Ny—Adsorption and Desorption Results

To obtain structural parameters of the CoCe—X catalysts, N,—adsorption and desorption of the
CoCe—X catalysts were carried out. The Ny—adsorption and desorption isotherms of the CoCe-X
catalysts are depicted in Figure 3. As shown in Figure 3, the CoCe-X catalysts displayed typical IV
isotherms with Hj—type hysteresis loops, which indicated the existence of mesopores [35]. The BET
surface areas (Sggt), average pore volumes (V}), and average pore sizes (Dp) are summarized in Table 2.
In Table 2, the Sggt and V7, of the CoCe-MA catalyst were 40.3 m?/g and 0.153 cm?/g, respectively,
which were larger than those of the other catalysts.
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Figure 3. N; adsorption and desorption isotherms of the CoCe—X catalysts.

Quantity adsorbed (STP cm’/g)

2.4. SEM-EDS Results
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The SEM images of the CoCe—X catalysts are shown in Figure 4. As can be seen in the figure, the
CoCe—X samples exhibited a porous structure, and the pore size of the CoCe-MA catalyst was relatively
larger than those of the other catalysts. In addition, agglomeration of small particles was observed
on the surface of CoCe-GA and CoCe-TA catalysts. As revealed by TG-DSC, during the calcination
process below 350 °C, there was a distinct exothermic process, which released a large volume of gases
and the gel swelled into porous materials. Thus, the textual properties of cobalt cerium oxides catalysts
greatly depended on the type of the chelating agent used.

Figure 4. SEM images of the CoCe—X catalysts: (a) CoCe-MA; (b) CoCe-CA; (c) CoCe-GA; and

(d) CoCe-TA.
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Elemental content of the CoCe—X catalysts is summarized in Table 3. The CoCe—X catalysts were
mainly composed of cobalt, oxygen, and cerium. In all samples, the mass percentage of cobalt, oxygen,
and cerium was similar.

Table 3. Elemental content of the CoCe—X catalysts.

Elemental Content (wt.%) 2

Sample
(0] Co Ce
CoCe-MA 10.76 39.95 49.29
CoCe-CA 10.65 40.21 49.14
CoCe-GA 10.92 39.82 49.26
CoCe-TA 11.05 41.06 47.89

2.5. XPS Results

To obtain detailed information of the surface composition and local atomic environments of the
CoCe-X catalysts, XPS measurements were carried out. The O 1s, Co 2p, and Ce 3d XPS spectra of the
CoCe-X catalysts are shown in Figure 5A-C. The XPS results of the CoCe-X catalysts are summarized
in Table 4.

Table 4. XPS results of the CoCe-X catalysts.

Binding Energy (eV) Atomic Ratio
Sample O1s Co 2p3p» Ce 3d5p, Oaas/Olat  Co?*/Co%*  Ce¥/Cet*
Ot 0,45 Co?t  CoP+t  Ce+  Cett
CoCe-MA 5299 5314 7822 779.8 8858 8826 0.40 0.35 0.22
CoCe-CA 5299 5314 7829 7799 8857 8824 0.36 0.33 0.20
CoCe-GA 5299 5315 7825 7799 8860 8825 0.35 0.30 0.19
CoCe-TA 5299 5314 7827 7799 8856 8826 0.33 0.28 0.17

As shown in Figure 5A, the XPS spectra of O 1s was decomposed into two bands. The first one
located at 529.9 eV, which could be attributed to the lattice oxygen, Oj,¢ [36]. The second one at 531.4
eV was assigned to the adsorbed oxygen, O,4s, which was related to the oxygen species on surface
oxygen vacancies [20,37]. The content of adsorbed oxygen could be estimated on the basis of the peak
area ratio of O,qs/Olat- The O,45/O1,¢ Values and the binding energies of O 1s are summarized in Table 4.
The O,45/Ojat value of the CoCe-MA catalyst was the highest, while the other catalysts were of the
following order: CoCe-CA > CoCe-GA > CoCe-TA.

The Co 2p spectra of the CoCe—X catalysts are shown in Figure 5B. The Co 2p spectra were
decomposed into two spin-orbit doublets D; and D, and two satellite peaks S; and S;. The Co 2p3p,
peak at 779.8 eV and the Co 2py); peak at 795.8 eV were marked as Dy, which was attributed to the
Co3* species. The D, with a binding energy of 2p level of 782.6 eV and a 2p3,-2p1)» splitting of 14.6 eV
corresponded to Co?* species [20,37]. The surface Co?*/Co>* atomic ratios and the binding energies of
Co 2p3 are summarized in Table 4. In Table 4, the Co?*/Co%* atomic ratios on the surface of the CoCe-X
catalysts followed a sequence of: CoCe-MA > CoCe-CA > CoCe-GA > CoCe-TA. This sequence was
consistent with the order of the surface O,qs/Oj,t ratios. According to the literature [38,39], the amount
of oxygen species adsorbed on the surface was closely related to the higher concentration of Co?".
Therefore, the high Co?*/Co3* atomic ratio could indicate an increase of the surface oxygen vacancies,
which may enhance the catalytic oxidation activity of the catalyst.
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Figure 5. Experimental and fitted: (A) O 1s; (B) Co 2p; and (C) Ce 3d photoelectron spectra of the
CoCe—X catalysts: (a) CoCe-MA; (b) CoCe-CA; (c) CoCe-GA; and (d) CoCe-TA.

The XPS spectra of Ce 3d are shown in Figure 5C. The peaks labeled U and V were attributed
to 3d3p and 3dsp, spin—orbit components, respectively [21]. In addition, the peaks at 882.4 (V), 889.0
(V’"), 898.1 (V'""), 901.6 (U), 908.2 (U’’), and 916.7 (U’"’) eV were ascribed to Ce**, whereas those at
885.8 (V') and 904.6 (U’) eV were assigned to Ce>* [20]. The surface Ce>*/Ce** atomic ratios could be
obtained by the XPS peak areas ratios of Ce 3d3, and Ce 3ds;, components combined with Ce** and
Ce3*. The Ce>*/Ce*" atomic ratios and the binding energies of Ce 3ds), are summarized in Table 4.
The surface atomic ratios of Ce3*/Ce** were 0.22, 0.20, 0.19, and 0.17 for the CoCe-MA, CoCe—CA,
CoCe-GA, and CoCe-TA catalysts, respectively. In other words, the CoCe-MA catalyst exhibited the
highest concentration of surface Ce3* species. The presence of Ce3* could cause charge imbalance
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and oxygen vacancies of catalysts, resulting in more active surface oxygen species [40,41]. Thus, the
concentration of surface Ce* species may be closely related to the catalytic activity of the catalysts.

2.6. H)—~TPR Results

To investigate the reduction properties of the CoCe—X catalysts, the TPR experiments were carried
out. The H,-TPR profiles of the CoCe—X catalysts are plotted in Figure 6. Additionally, the Hj
consumption of the CoCe—X catalysts is summarized in Table 5.
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Figure 6. H,—TPR profiles of the CoCe—X catalysts.

Table 5. H, consumption and catalytic activities of the CoCe—X catalysts.

H; Consumption (mmol/gcat) Catalytic Activity

Sample i
Ratio of
Ppp-1 Ppo-II Pyp-IIH Total Pr2-11 /Ppp-1

Tso °C)  Tgo (°O)

CoCe-MA 1.84 5.33 1.41 8.58 2.90 232 242
CoCe-CA 1.91 5.71 1.10 8.72 2.99 237 245
CoCe-GA 1.89 5.80 0.60 8.29 3.07 240 250
CoCe-TA 2.19 6.55 0.05 8.74 2.99 245 256

As shown in Figure 6, three reduction peaks were observed in the temperature range of 50-900 °C.
According to the literature [39,41], the first reduction peak (Py,-I) was attributed to the reduction of
Co304 to CoO, while the second peak (Pyp—1II) was due to the further reduction of CoO to metallic
cobalt [42]. In addition, the weak reduction peaks around 480 °C (Pyp»—1II) could be ascribed to the
reduction of surface oxygen species of CeO; [43,44]. As listed in Table 5, the peak area ratios of
Pro-1I/Ppp-1 were in the range of 2.90-3.07, which was close to the theoretical values (the theoretical
H; consumption ratio of Pryp—II/Prp-1 should be 3:1). This result further confirmed that the attribution
of the Pypp—1 and Pypp—I1 should be the stepwise reduction of CozOs.

As shown in Figure 6, the peak positions of Prp—I and Piyp-1I changed with different organic acids
used. For CoCe-TA, the peak temperatures of Prp—I and Pyp—II were 328 and 373 °C, respectively,
which were the highest among these catalysts. For CoCe-MA, the peaks temperatures of Pyjp—I and
Pip-1I lowered to 303 and 342 °C, respectively. The peak temperatures for CoCe-CA and CoCe-GA
were between those of CoCe-MA and CoCe-TA. Therefore, the CoCe-MA catalyst exhibited the best
redox properties. These results also indicate that the type of organic acids used could strongly affect
the reducibility of the samples synthesized.
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It should be noted that isolated peaks attributed to the reduction of CeO, (Pypp-1II) could be
observed in the TPR profiles of CoCe—GA and CoCe-TA, while such peaks changed in positions and
were overlapped with Pyp-1I in the TPR profiles of CoCe-MA and CoCe-CA. Additionally, compared
with the TPR profiles of CoCe-GA and CoCe-TA, the peak Pip—II of CoCe-MA and CoCe-CA
broadened, especially for CoCe-MA. The broadening of Pgp—II might suggest that the reduction of
Co?* interacting with CeO, was perhaps delayed by the stabilization effect of ceria to cobalt ions at
medium valence, as reported by Luo et al. [34]. Furthermore, as for Piy,-II1, the Hy consumption of
CoCe-MA and CoCe—-CA were much larger than those of CoCe-GA and CoCe-TA. This result could
be due to the spill-over effect of hydrogen from the Co to CeO; [45]. Therefore, it can be confirmed
that, in the CoCe-MA and CoCe—CA catalysts, the cobalt species shared a homogeneous interaction
with CeO, phase.

2.7. Catalytic Performance

The catalytic activity of the CoCe—X catalysts for the complete oxidation of toluene is shown in
Figure 7A. As shown in Figure 7A, the CoCe—X catalysts showed good activity for toluene oxidation
and the conversion rate of toluene was close to 100% at about 275 °C. Ty and Ty, i.e. the temperature
required for 50% and 90% conversion, respectively, are shown in Table 5. The results show that the
Ts9 and Ty of the CoCe-MA catalyst (T'59 = 232 °C, Tgg = 242 °C) were the lowest, while those of
CoCe-TA catalyst (T5p = 245 °C, Tgg = 256 °C) were the opposite. The T5y and Tgy were 237 and 245 °C
over the CoCe-CA catalyst, and 240 and 250 °C over the CoCe—GA catalyst, respectively. Therefore,
when Ty was used as the active standard, the order of activity of the CoCe—X catalysts was as follows:
CoCe-MA > CoCe-CA > CoCe-GA > CoCe-TA. For better comparison, Figure 7B demonstrates the
toluene consumption rates over CoCe—X catalysts. This results further confirm the superiority of the
CoCe-MA catalyst among the CoCe—X catalysts.
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Figure 7. Toluene conversion (A); and reaction rate (B) as a function of reaction temperature over the
CoCe-X catalysts. Reaction conditions: 500 ppm toluene, balanced dry air, total flow rate: 100 mL/min,
300 mg catalyst, GHSV = 20,000 mL/(g-h).

To evaluate the stability of the CoCe-X catalysts, the CoCe-MA catalyst was selected for the
long-time test at 220 and 240 °C. The results are shown in Figure 8. During 48 h, the toluene conversion
did not decrease significantly, indicating that the CoCe-MA catalyst had excellent catalytic stability.
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Figure 8. Long-time stability test for the CoCe-MA catalyst in the combustion of toluene at 220 and
240 °C. Reaction conditions: 500 ppm toluene, balanced dry air, total flow rate: 100 mL/min, 300 mg
catalyst, GHSV = 20,000 mL/(g-h).

3. Discussion

In this study, cobalt cerium oxide catalysts were prepared via the sol-gel method, and four natural
carboxylic acids were chosen as chelating agents in the preparation process. As is known, there are two
main reactions involved in the sol-gel process: (1) hydrolysis of the precursors; and (2) condensation
of the hydrolyzed products [46]. The nature of the chelating agents could influence the hydrolysis
and condensation reactions, and then strongly affect the properties of the metal oxides synthesized.
For example, the chosen organic acids possessed distinct acidity, molecular structures and thermal
properties. The acidity of organic acids affected the hydrolysis reaction, while its molecular structure
influenced the condensation process. As revealed by the TG-DSC curves, the weight loss and thermal
released during the calcination strongly depended on the organic acids used. Therefore, not only the
processes of hydrolysis and condensation but also calcination could be influenced by the nature of
organic acids [31,47]. Furthermore, such variation in the preparation process could give rise to a series
of differences in the textural and physicochemical properties of metal oxides synthesized. According
to the characterization results, the type of organic acids affected neither the composition nor structure
of the oxides obtained, while they did alter the crystallite size, textual property, and morphology of
the catalysts. According to the H,—TPR results, the CoCe-MA catalyst possessed the best reducibility,
while the CoCe-TA was relatively the worst among these catalysts. Besides, it could be confirmed that,
in the CoCe-MA and CoCe-CA catalysts, the cobalt species shared a homogeneous interaction with
CeO; phase, which may enhance their catalytic performance. Consequently, the nature of the organic
acids used as chelating agents has an important influence on the crystal size, morphology, and redox
properties of the metal oxides obtained.

As for surface chemistry, the atomic ratio of O,45/Oj,t varies with the type of SOAs, and the
maximum O,44/Op,¢ value was obtained with the CoCe-MA catalyst. Figure 9 shows the relationship
between the O,4s/Ojat and catalytic activity (Ts, Tgp). As shown in this figure, the T'5y and Ty gradually
declined with the increase of O,4s/Oat- As is known, the lower are the Tsy and Tgy values, the better
is the catalytic activity. Thus, the order of catalytic activity was the same as that of surface O,qs/O,¢
atomic ratios. As revealed by the literature [39,41], not only the surface oxygen species but also the
distribution of the valence of the metal ions can affect the catalytic activity by the number of oxygen
vacancies. The nonstoichiometric Co?*, as well as the presence of Ce®* on the surface, could increase
the vacancies and unsaturated chemical bonds on the surface, resulting in more surface oxygen species.
The relationship between the Tqj and surface Co?*/Co3*, Ce®*/Ce** atomic ratios is shown in Figure 10.
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The results show that the surface Co?*/Co%*, Ce3*/Ce*" atomic ratios decreased with increasing Tgg
values. In addition, the XPS spectra of the CoCe-MA- used catalyst is shown in Figure S1, and the
quantitative estimates result is summarized in Table 6. As shown in Table 6, the surface atomic ratios
of Oags/Olat, Co?*/Co®* and Ce3*/Ce*t of the CoCe-MA catalyst slightly decreased after the reaction,
indicating that the active oxygen species at the surface took part in and played an important role in the
oxidation reaction.
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Figure 10. The relationship between Tog (90% toluene conversion temperatures) and surface Co?*/Co*,
Ce3+/Ce** ratios.

Table 6. Surface atomic ratios of the CoCe-MA catalyst before and after reaction.

Atomic Ratio

Sample
0,4s/O1a¢ Co?*/Co?* Ce3*/Ce*t
CoCe-MA 0.40 0.35 0.22
CoCe-MA-used 0.27 0.24 0.17

The types of organic acids caused the differences in the physicochemical properties of the CoCe-X
catalysts and then led to the variation of the catalytic activity. As shown in Figure 7, the CoCe-MA
catalyst exhibited the best catalytic performance. The catalytic activity of the CoCe-MA catalyst
was extensively compared with other representative catalysts used for toluene oxidation in the
literature [26,48-52], as displayed in Table 7. Table 7 shows that the Ty values of most catalysts in
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toluene conversion were higher than that of the CoCe-MA catalyst. This indicated that the superiority
of the CoCe-MA catalyst in the complete oxidation of toluene.

Table 7. Comparison of catalytic performance for toluene oxidation over typical metal oxides catalysts.

Catalyst GHSV (mL/(g-h)) Concentration (ppm) T (°C) References
CoCe-MA 20,000 500 242 this work
CuMng 5 60,000 1200 273 [48]
CoMny 5 60,000 1200 258 [48]
Mn;Coq 30,000 1000 249 [49]
CoAl5-70 60,000 1000 298 [50]
CoAl3-70 60,000 1000 281 [50]
Cu;Mn; O-600 20,000 1000 243 [51]
MOF 2-Mn; Co;, 96,000 500 270 [52]
CujMng 24,000 500 255 [26]
Cu;Ceg 24,000 500 259 [26]

2 MOF: metal-organic frameworks.

In conclusion, the type of organic acids selected influenced the hydrolysis and condensation
reactions, and then strongly affected the properties of the metal oxides synthesized. The CoCe-MA
catalysts showed better catalytic performance than the CoCe—CA as well as other catalysts. The better
catalytic performance of the CoCe-MA catalyst can be related to its texture, redox properties and
unique surface compositions. Additionally, this paper provides an alternative for the choice of the
chelating agent in the sol-gel method. Besides the commonly used citric acid, malic acid could also
give excellent performance.

4. Materials and Methods

4.1. Catalyst Preparation

Cobalt cerium oxide catalysts were prepared by the sol-gel method. Firstly, a certain amount of
Ce(NO3)3-6H0 and Co(INO3),-6H,O (Shaghai, China) (Co/(Ce+Co) molar ratio was 0.70 [53]) were
dissolved in deionized water, and then the selected organic acid was added into the solution under
magnetic stirring for 30 min at 60 °C to form a homogeneous solution. The molar ratio of the organic
acid to total metal ions was set as 1.2. After that, the mixture was evaporated in a rotary evaporator at
90 °C to produce viscous syrup which was then decomposed at 200 °C. Finally, the solids were ground
and calcined at 550 °C in air for 4 h with a heating rate of 2 °C/min. The respective catalysts were
marked as CoCe-X, where “X” represents MA, CA, GA, or TA.

4.2. Catalyst Characterization

The thermal decomposition behavior of CoCe-X precursors was evaluated by the thermal analyzer
(NETZSCH-STA 409 PC, Beijing, China) with thermogravimetric analysis (TG) and differential scanning
calorimetry (DSC). In the air atmosphere, the temperature rises from room temperature to 800 °C with
the heating rate of 10 °C/min.

The crystallinity of the CoCe—X catalysts was tested by Rigaku D/MAX-2500PC X-ray diffractometer
using Ni-filtered Cu K radiation. During the analysis, the CoCe—X catalysts were scanned from 10°
to 70° with a speed of 5°/min. The crystallite sizes of the CoCe-X catalysts were estimated by
Shelley equation.

The nitrogen adsorption-desorption isotherms were obtained at -196 °C on a Micromeritics ASAP
2010 system (Norcross, Georgia, USA). Prior to N, adsorption, the samples were degassed at 250 °C
for 3 h. The Brunauer-Emmett-Teller (BET) equation was used to obtain the specific surface area of the
CoCe—X catalysts. The Barett-Joyner-Halenda (BJH) method was used to measure the pore volume
and pore size distribution from the desorption branches of isotherms.
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The surface morphology and element content of the CoCe-X catalysts were measured by scanning
electron microscopy (SEM, Hitachi S-4700, Tokyo, Japan) and energy dispersive X-ray spectroscopy
(EDS) data. The CoCe-X catalysts were firstly coated on double-sided tape and then platinum sprayed.
The images of CoCe—X catalysts at different magnification were obtained, and their element contents
were measured by EDS.

The CoCe-X catalysts were analyzed by X-ray photoelectron spectroscopy (XPS) with
Thermo-Fisher Escalab 250xi electron spectrometer (Waltham, MA, USA) using Al Ka (1486.6 eV)
radiation source. In this characterization, the C 1s core level induced by carbon in the catalyst was
selected as a reference, and its binding energy was fixed at 284.8 eV. The XPS curves of the CoCe-X
catalysts were fitted by XPSPEAK41 software.

The hydrogen temperature programmed reduction (H,—TPR) analysis over CoCe-X catalysts
were carried out on 2910 microcirculation chemisorption analyzer equipped with thermal conductivity
detector (TCD). Before the testing, the CoCe-X catalysts were pretreated at 450 °C for 1 h with 5%
O,/He flow rate (50 mL/min), and then cooled to 50 °C in the same gas stream. Then, the reducing gas
was introduced at the flow rate of 50 mL/min (10 vol.% Hy/N>), and the reactor was heated from 50 to
900 °C with a rate of 10 °C/min. The response of TCD was calibrated with Micromeritics silver oxide.

4.3. Catalyst Evaluation

The catalytic performance of the CoCe—X catalysts was tested in a fixed bed quartz reactor
(8 mm i.d.). The typical reaction conditions were as follows: 300 mg (40—60 mesh) samples, 500 ppm
toluene, balanced dry air, total flow rate of 100 mL/min, and the gas hourly space velocity (GHSV) of
20,000 mL/(g-h). Before each test, to avoid overestimation of toluene conversion (caused by adsorption),
the reactor was maintained 2 h at 100 °C. The concentration of toluene in the outlet of 100 °C was
taken as the initial inlet concentration. The gas chromatograph (GC1620, Shimadzu, Shaghai, China.)
equipped with a flame ionization detector (FID) was used to determine the concentration of toluene
in the outlet gas. The average values of three steady—state measurements at each temperature were
marked as the final data at that temperature.

5. Conclusions

Cobalt cerium oxide catalysts were prepared via the sol-gel method, and four natural carboxylic
acids were chosen as chelating agents in the preparation process. Their catalytic performance towards
toluene combustion was evaluated. If Tgy was used as the activity standard, the order of activity of the
CoCe—X catalysts was as follows: CoCe-MA > CoCe—-CA > CoCe-GA > CoCe-TA. The CoCe-MA
catalyst showed the highest catalytic activity, which reached 90% of the toluene conversion rate at
242 °C. Moreover, the effects of small-molecule organic acids as chelating agents on the composition,
structure, and morphology of the CoCe—X catalysts synthesized are discussed in detail. The results
of SEM, XRD, and Nj-adsorption and desorption measurements show that the type of organic acids
affected neither the composition nor structure of the oxides obtained, while they did alter the crystallite
size, textual property, and morphology of the catalysts. XPS results suggest that the type of SOAs has
an important influence on the distribution of surface oxygen species and oxidation states of the metal
ions. The order of catalytic activity was the same as that of surface O,45/O1,t atomic ratio. In addition,
the surface oxidation state of Co?*/Co®" and Ce>"/Ce** played an important role in the catalytic
performance of the cobalt cerium oxides catalysts. TPR results reveal that the CoCe-MA catalyst
possessed the best reducibility, and, in the CoCe-MA and CoCe-CA catalysts, the cobalt species shared
a homogeneous interaction with CeO, phase, which enhanced their catalytic performance. Thus,
compared with the other three samples, the better catalytic performance of CoCe-MA catalyst could
be related to its textural, redox properties and unique surface compositions and oxidation states.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/5/483/s1,
Figure S1: Experimental and fitted (A) O 1s, (B) Co 2p and (C) Ce 3d photoelectron spectra of the
CoCe-MA-used catalyst.
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