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KEYWORDS Abstract In this paper, in situ growth of Co3;0,4 nano-dodecahedra on In,O; hexagonal prisms
In-situ growth; were synthesized via pyrolysis of ZIF-67/MIL-68. Interestingly, the amount of Co3;0,4 dodecahedra
ZIF-67/MIL-68; on In,O5 hexagonal prisms was regularly regulated and controlled. In detail, four Co;04/In,05 cat-
C0304/In,05; alysts with various Co/In molar ratio were prepared, including Coyln; (Co/In molar ratio was 4:1),
Co/In molar ratio; Co,In; (Co/In molar ratio was 2:1), Co,In; (Co/In molar ratio was 1:1), Cog sIn; (Co/In molar ratio
Toluene catalytic was 0.5:1). The catalytic performance of Co304/In,03 catalysts was systematically investigated for
combustion toluene combustion. It could be noted that the Co,In; sample exhibited the superior catalytic per-

formance, and the temperatures for 90% toluene conversion (Tgy) was 182 °C. Furthermore, the
toluene conversion of Co,In; sample had no significant decrease at 178 °C for 15 h, indicating that
it presented superior stability for toluene oxidation reaction. Through various characterizations, it
was verified that the Co/In molar ratio of Co304/In,O5 catalyst could obviously alter the surface
atomic ratio of Co® " /(Co®>* + Co?"), BET surface area, the number of surface adsorbed oxygen,
the interaction between In,O; and Co304 of ColnOy catalysts and so on. The lots of surface
adsorbed oxygen, strong interaction between In,O5; and Co304 would promote the catalytic oxida-
tion of toluene. Especially, we discovered that the catalytic activity of Co3;04/In,O3 was obviously
improved with the increase of Co®* /(Co®" + Co") surface atomic ratio.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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concentrations of VOCs could affect the respiratory system
and could also cause blood diseases and cancer. To reduce
the negative impacts on environment and human health, VOCs
are worldwide supervised (Han et al., 2018; Liu et al., 2014;
Kampa and Castanas, 2008; Garcia et al.,, 2010; Jones,
1999). It is important to develop effective materials and meth-
ods to remove VOCs. Among those conventional control pro-
cesses, adsorptionbased techniques are only really suitable for
controlling of highly dilute VOCs emissions (Malhautier et al.,
2014; Li et al., 2011; Kotodziej and Lojewska, 2005). Absorp-
tion and membrane separation are costly (Tokumura et al.,
2008; Ruddy and Carroll, 1993). Biological degradation is gen-
erally selective, concentration and temperature-sensitive, and
effective only for low-weight and highly soluble hydrocarbons
(Santos et al., 2007). According to the literature, catalytic com-
bustion is regarded as one of the most effective methods
because it avoids repeated contamination and operates at
lower temperatures (Wu et al., 2004; Everaert and Baeyens,
2004; He et al., 2009; Papaefthimiou et al., 1997; Li et al.,
2009; Tang et al., 2014; Delimaris and Ioannides, 2008).

Metal oxides are regarded as an effective catalyst, which
could trigger the reaction for catalytic oxidation of VOCs at
low temperature. Co;Oy has a typical spinel structure of Co®* -
Co>*0,, in which Co*" is in an octahedral coordination,
Co?™ is in tetrahedral coordination structure, and O®" is cubic
dense. The high activity of Co304 may be due to the low AH of
O, vaporization (Wang et al., 2017). Therefore, among the
most common metal oxides, cobalt oxide is the most widely
used for catalytic oxidation material (Han et al., 2018;
Konsolakis et al., 2017). As recently reported, appropriate
incorporation of metal oxides may be more active and ther-
mally stable than the single oxides. For example, Mn,Cos.
<04 (Zhao et al., 2019), Co3.4CuOy4; (Feng and Zheng, 2012)
7Zn,Co;.,Co0,04 (Marcos et al., 2013) and NiO,, CrO, and
Bi,0O3 modified Co304 (Yan et al., 2003; Zhao et al., 2012;
Lou et al., 2011) exhibited higher activity than pure Co;O4.
In addition, Lou et al. prepared In,O3;/Cos0, catalysts for
ultralowtemperature CO oxidation by simultaneously tuning
the CO adsorption strength and oxygen activation over a
Co30, surface, which could completely convert CO to CO,
at temperatures as low as —105 compared to 40 over pure
Co030,4. The doping of In,Oj; significantly promoted the cat-
alytic performance of Co;04 for CO oxidation (Lou et al.,
2014). According to a series of characterization, it could be
inferred that the doping of In,O; induced the structural
defects, modified the surface electronic structure, and pro-
moted the redox ability of Co3;04, which tuned the adsorption
strength of CO and oxygen activation simultaneously (Lou
et al., 2014).

Recently, metal organic frameworks (MOFs) have gained
extensive consideration to synthesize porous materials (Cai
et al., 2015). MOFs has been studied as potential application
in various fields owing to the unique architectures and versatile
functionalities (Wang et al., 2015; Koo et al., 2017). Zeolitic
imidzolate frameworks (ZIFs) are a highly ordered porous
soilds (Luo et al., 2018; Ding et al., 2017; Tsai and Langner,
2016). ZIF-67 has been considered a typical ZIF species (Shi
et al., 2011). Furthermore, MIL-n materials are a class of
MOFs derived from trivalent metal cations such as AI*",
Cr’t, V3 In*" or Ga®" and carboxylic acid groups (Jin
et al., 2015). Compared with activated carbon and zeolite,
MOFs materials have many advantages, including huge speci-

fic surface area, order pore structure, diverse pore surface func-
tional group and surface potential energy. Thus, the
application of MOFs materials to VOCs field has board pro-
spects (Yang et al., 2012). As we know; almost few research
on the application of Co304/In,03 with different Co/In molar
ratio synthesized by pyrolysis of ZIF-67/MIL-68 as the cata-
lyst supports for VOCs.

In the work, four samples of Co0304/In,O5 with different
Co/In molar ratio were synthesized. Moreover, the catalytic
performance was investigated by toluene combustion. The
effect of morphology was extensively characterized on the cat-
alytic performance.

2. Results and discussion

2.1. Morphology of the catalysts

Fig. la and b was SEM images of ZIF-67/MIL-68 (In)
nanocrystals. Obviously, MIL-68 nanocrystals had a regular
hexagonal prisms shape with high uniformity, the average size
was about 1.7 um. ZIF-67 presented the appearance of dodec-
ahedron, which grew in situ on the surface of MIL-68
nanocrystals. Fig. 1b-e were SEM images of Couln;, CosIn;,

Fig. 1 SEM image of the as-prepared ZIF-67/MIL-68(In) (a),
Coyln; (b), Co,ln; (c), CoiIn; (d) and Cog sIn; (¢); TEM image of
EDS mapping images of CoyIn; (f) and the HRTEM image of
Cosln, (g).
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Co,In; and Cog sln;, respectively. After the calcination treat-
ment at 400 °C for 2 h with a heating rate of 1 °C min~' in
air, it was discovered that the mass of Co304/In,O5 well inher-
ited the morphology and uniformity of ZIF-67/MIL-68, while
a small number of Co0304 dodecahedra and In,O3 hexagonal
prisms collapsed in process of pyrolysis of ZIF-67/MIL-68.
Nevertheless, the samples presented concave and plicated
appearance. Moreover, the amount of Co3;04 dodecahedra
on In,O3 hexagonal prisms was different, notably. The quan-
tity of Cos304 followed the order: Coyln; > Cosln; > Co;-
In; > CogsIn;. Meanwhile, the particle size of Co3;04
nanoparticles of four catalysts were different. Thus, it could
be rational reduced that the quantity of Cos0, affected the
the particle size of Co304 nanoparticles of four catalysts.

Fig. 1f showed the elemental mapping image of Co,ln
sample manifested that O element was uniformly distributed
in the nanocrystals. Meanwhile, In element was distributed
in the hexagonal prisms and dodecahedra while Co element
was uniformly distributed in the dodecahedra. It could be
inferred the In element on the surface of the hexagonal prisms
was migrated or dissolved when in situ growth of Co3;04 nano-
dodecahedra on In,O3 hexagonal prisms. Fig. 1g showed the
HRTEM image of the as-prepared Co,In; sample. The Co,In;

showed the Co304 (1 11) and In,O3 (2 2 2) crystalline plane
with lattice distances of 0.421 nm and 0.29 nm, respectively.

2.2. Texture properties of the catalysts

XRD analysis was conducted to study the structural properties
of the Co4ln;, Coyln;, CojIn; and CogsIn; catalysts. As
shown in Fig. 2a, the diffraction peaks at 19.0°, 36.9°, 44.8°,
59.3° and 65.2° were corresponding to the (111), (311),
(400), (511) and (440) of Co304 (PDF#42-1467). The
detectable reflections were consistent with standard data of
cubic phase Cos0,, indicating that ZIF-67 has been success-
fully transformed into Co3;04. In addition, The diffraction
peaks at 21.5°, 30.6°, 35.4°, 41.8°, 46.7°, 51.0° and 60.6° were
corresponding to the (211), (222), (400), 332), 431),
(440) and (6 22) of In,O3 (PDF#06-0416), suggesting that
the MIL-68 has been successfully transformed into In,O;
(Chen et al., 2018). Obviously, with the increase of the molar
ratio of In to Co, it could be seen that the diffraction peaks
of Co30,4 tended to weak while the diffraction peaks of
In,0; strengthened. Contacted to the SEM, Co30,4 well inher-
ited the dodecahedron morphology of ZIF-67 and In,O3
exhibited the hexagonal prisms morphology of MIL-68, sug-
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Fig. 2 XRD pattern of Coyln;, Co,In;, Co;In; and Coqsln; (a); N, adsorption—desorption isotherms of Coyln;, Co,In;, Co;In; and

CogsIn; (b) and TG curves of the ZIF-67/MIL-68 (2:1) in air (c).
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gesting that the structure of In,O; and Co;04 was unbroken.
Moreover, the incorporation of In into the Cosz04 structure
would inevitably result in lattice distortion due to the differ-
ence in ionic radius and electronic state. By applying the Scher-
rer equation, the crystallite size could be also calculated from
the In,O5 (222) diffraction peak (Luo et al., 2018; Chen
et al., 2018; Wei et al., 2010). The results were shown in
Table 1. The crystallite size of Cogln;; Co,In;, Co;In; and
Copsln; catalysts was 13.64 nm, 12.14 nm, 13.71 nm and
12.87 nm, respectively.

The N, adsorption—desorption isotherms of the Coylny,
Co,lIn;, Coqln; and Cog sIn; catalysts was shown in Fig. 2b.
By the IUPAC, the N, adsorption—desorption isotherms of
four catalysts could be divided to type IV with H3 hysteresis
loop, which due to the capillary condensation, the adsorption
branch of isotherms at higher relative pressure was inconsis-
tent with the desorption branch. Table 1 showed the average
pore diameters, pore volumes and BET surface areas of Coy-
In;, CoyIn;, Co;In; and CogsIn; catalysts. The BET surface
areas of the Coyln;, CosIn;, Co In; and Co, sIn; were 63.07,
75.58, 67.07, and 68.53 m* g~!, respectively. Easy to see, the
BET surface areas of four catalysts were almost similar. Thus,
the main factor was not the BET surface areas, which affect
the catalytic performance. In addition, Co,In; sample showed
the larger average pore diameter (16.1 nm) than that of Co4ln,
sample (11.3nm) Coyln; (15nm) and CogsIn; sample
(14.9 nm). In catalytic oxidation of toluene process, these por-
ous structures could be beneficial for toluene molecules to
quickly penetrate into the pores and contact to active sites.

The TG curves of ZIF-67/MIL-68 (4:1) were showed in
Fig. 2c. In the temperature range of 310-500 °C, not hard to
see, ZIF-67/MIL-68 (2:1) had a sharply weight loss by two step.
The total weight loss from 310 °C to 500 °C was 51.8% in
the decomposition process. In the temperature range of
310-350 °C, it was concluded that the weight change in the
transformation from ZIF-67 to Co304, which was regarded
as resulting from desorption of surface adsorbed OH, water
and decomposition of 2-MIM. In the temperature range of
350-500 °C, the TG curve was well represented by the weight
change in the transformation from MIL-68 to In,O3 and the
stoichiometry of Co304 decompositions, which could
be attributed to the stoichiometry of decomposition of
1,4-dicarboxybenzene and lattice oxygen loss from Co30,. It
could be concluded that large amounts of CO, H,O and
NO, would be released in the decomposing process of the
ZIF-67/MIL-68.

2.3. Chemical states and redox behavior

The Co 2p, In 3d and O 1s XPS spectra of four catalysts were
shown in Fig. 3. In the Co 2p spectrum of four samples, two

main peaks at 780 eV and 795 eV were observed, corresponding
to Co 2ps3,> and Co 2p 2, respectively. The fitting peaks at bind-
ing energies of 781.2 eV and 796.6 eV were related to Co’™,
while another fitting peaks of 780.0eV and 795.1 eV were
related to Co®™ (Bao et al., 2018). Meanwhile, it could be seen
that the satellite peaks were located on 786.3 eV and 804.3 eV.
Table 2 exhibited the Co® " /(Co®* + Co?*) ratios. The relative
ratio of Co®*/(Co®" +Co?™) that was calculated using the
curve-fitted data, which were 0.43, 0.49, 0.41 and 0.44 respec-
tively. It was found that the ratio of Co® " /(Co® " + Co**) con-
formed the order of Co,In; > CogsIn; > Couln; > Coyln;.

Fig. 3b displayed the XPS spectra in the In 3d region of the
four samples. Generally, the In 3d peaks were composed of
two main spin-orbital lines, In 3ds;, and In 3ds, peaking at
452.1 and 444.6eV (Lou et al, 2014). The In 3d;;/(In
3ds;, + In 3dsp,) ratios were also exhibited in Table 3. The rel-
ative ratio of In 3ds,/(In 3ds;, + In 3d;),) that was calculated
using the curve-fitted data decreased, which were 0.45, 0.45,
0.45 and 0.45 respectively. It was discovered that the ratio of
In 3d;/(In 3ds, + In 3ds5) had no difference.

Fig. 3c showed the XPS spectra of O 1s. The O 1s XPS of
four catalysts could be fitted by three peaks. The peaks at
binding energies of around 529.6, 530.6, 532.1 eV was assigned
to the surface lattice oxygen in the lattice oxygen (Oy),
chemical adsorption oxygen (Og), adsorbed water/OH (O,),
respectively. It was generally accepted that the charge on the
oxide ions was significantly influenced by their surrounding
chemical environment, and the nature of dopant ions would
decide the shifts of O Is binding energy to either side (Shang
et al., 2017). It was rationally deduced that there existed the
strong interaction of two oxides in C0304/In,O5. Furthermore,
the chemical adsorption oxygen species played a significance
part in catalytic oxidation. The more Og species exhibited,
the better catalytic activity was discovered. Table 2 exhibited
the Og/(Oq + Og + O,) ratio. For Couln;, CoIn,, CoIn,
and Coyg sIny, the surface atomic ratio of Og/(Oy + Op + O,)
were 0.31, 0.37, 0.24 and 0.33, respectively.

The Raman spectra of four samples were shown in Fig. 4a.
Five distinct peaks were located at 192, 477, 521, 613 and
678 cm ™', which were consistent with the position and width
of Co30, (Bahlawane et al., 2009). The band at 192 cm™'
was attributed to the characteristics of tetrahedral sites
(Co0y), corresponding to Fig symmetry. The band at
678 cm™!, corresponding to the A;, mode, was attributed to
the octahedral sites (CoQg) in the Of symmetry. The weak
band at 613cm™! was associated with the Fﬁg mode, the
Raman modes at 477 cm™' and 521 cm™' was respectively
symmetries of Fgg and E, mode, which resulted from the
vibration of tetrahedral and octahedral sites. Nevertheless,
no position and width was consistent with the spinel of
In,05. Compared with Coyln;, Co;In; and Cog sIn; catalysts,

Table 1 Crystallite size and pore structure parameters of Coyln;, Co,In;, CoIn; and Cog sln;.

Samples BET surface area® (m” g ') Pore volume® (cm®g ") Average pore diameter” (nm) Crystallite size” (nm)
Coyln, 63.07 0.21 11.3 13.64

Cosln, 75.58 0.26 16.1 12.14

Co,In, 67.07 0.26 15 13.71

Cop sIn, 68.53 0.38 14.9 12.87

* From the N, adsorption—desorption isotherms of the CoIn;, CosIn;, Co;In; and Cog sIn; catalysts.
® The crystallite size was calculated from the In,Os (2 2 2) diffraction peak by applying the Scherrer equation.
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Fig. 3 The Co 2p (a), In 3d (b), O 1s (c) XPS spectra of Coyln;, CoyIn;, Co;In; and Cogsln, catalysts.

Table 2 Surface element compositions of Co304/In,O; materials by XPS analysis.

Sample Co> " )(Co*" +Co% ™) 0p/(0q+0; + O,) In 3ds/(In 3ds;, + In 3ds))
Coyln; 0.43 0.31 0.45
Co,In, 0.49 0.37 0.45
Co,In, 0.41 0.24 0.45
Cog sIn; 0.44 0.33 0.45
Used CosIn; 0.47 0.35 0.45

Table 3 Toluene catalytic oxidation performance of the

catalysts at WHSV = 30,000 mL g"'h~".

Samples Reaction temperature (°C) Ea (kJ mol™")
Tso Too

Coyln; 176 208 132

Co,ln, 159 182 88

CoyIn, 167 224 136

Cog sIn, 164 200 130

C0304 244 260 /

the strongest symmetry, Aj,, in the Co,In; sample slightly
shifted to lower wave-numbers as well as described red shift.
Generally speaking, red shift narrow peaks indicated that the
sample had a highly defective structure. It was vitally signifi-
cant to activate absorbed oxygen molecules (Ren et al., 2018).

Characteristic functional groups of the synthesized ZIF-67/
MIL-68 were verified by FT-IR spectra. The adsorption peaks
in the range of 500-4000 cm™! for ZIF-67/MIL-68 (4:1, 2:1,
1:1, 0.5:1) were shown in Fig. 4b. It was well known that
ZIF-67 were derived from the stretching ligand of 2-MIM,
and the peaks at 1568 cm™' and 2936 cm™! were assigned to
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Fig. 4 Raman spectra of Coyln;, Co,In;, Co;In; and Coq sIn; (Fig. 7a) and FT-IR spectra of Coysln;, CoyIn;, CoiIn; and Cogsln,;

(Fig. 7b).

the stretching modes of the C=N and C-H bonds in 2-MIM. It
was obvious that the strength of bonds tended to decrease
from ZIF-67/MIL-68 (4:1) to ZIF-67/MIL-68 (0.5:1). It was
verified that bonds strength was proportional to the amount
of 2-MIM added.

The oxidation—reduction properties of the four samples
were studied by H,-TPR. Fig. 5 illustrated the results of the
four samples. It was observed that there were four reduction
peaks. The first weak peak centered at 100-130 °C could be
related to active surface oxygen species (Xie and Shen, 2009;
Davies et al., 2006). The second reduction peak should be the
reduction of Co3;04 to CoO (Co304 + H, —» 3CoO + H->0),
and the third reduction peak should be the reduction of CoO
to metallic cobalt (3CoO + 3H, — 3Co + 3H,O) (Ji et al,
2009). The fourth weak peak could be assigned to the reduc-
tion process of In,Oz to metallic indium for the case of
In,O5 reducation. As shown in Fig. 5, it was observed that
the different peak position of these four samples was caused
by different moral ratio of Co to In. Compared to other cata-
lysts, the active surface oxygen (peak I) Co®* reduction (peak

Co,In, Ay e v

Intensity (a.u.)

200 400 600 800

Temperature (°C)
Fig. 5 H,-TPR profiles of different catalysts.

I1) Co®* reduction (peak II) and of CoIn, catalyst shifted to
lower temperatures at /01 °C and 368 °C, respectively. The
shift of these reduction peaks was generally recognized as a
sign of the improved reducibility of Co>" to Co?". Mean-
while, Co,In; catalyst owned the more active surface oxygen.
Nevertheless, the In®* reduction peak (peak IV) shifted to a
higher temperature around 700 °C. The shifted of peak loca-
tions indicated the presence of strong interactions between
cobalt oxide and indium oxide (Ma et al., 2018). In general,
a catalyst with small crystallite size showed superior reduction
capacity. Thus, the CoyIn; sample displayed excellent
reducibility due to smallest crystallite size. Because of more
adsorbed oxygen species, it could clearly be noticed that the
Co,In; catalyst might exhibit superior catalyst activity.

2.4. Catalytic performance of toluene oxidation

2.4.1. Catalytic activity

The catalytic activity curves of Coyln;, Co,In;, Co;In; and
Coyp.sIn; and pure Co30, catalysts was shown in Fig. 6a, and
the temperatures for 50%, 90% and 100% toluene conversion
(Tso, Top and Tygo) of four catalysts were listed in Table 3. It
could be observed that the conversions of toluene increased
with a rise of the reaction temperature. Tsy of Coyln;, Co,lny,
Coilny, Copsln; and Co304 catalysts were 176, 159, 167, 164
and 244 °C, while Tgy of Coyln;, CosIn;, Co;In;, Cogsln;
and Co30, catalysts were 208, 182, 224, 200 and 260 °C,
respectively, indicating that the performance of catalysts was
the order of CoyIn; > CogsIn; > Coyln; > Co;In; > Co304
catalysts. It could be inferred that Co30,4/In,O5 catalysts pre-
sented the superior catalytic performance due to the presence
of In,03. In addition, the differences distinctly depended on
the various moral ratio of Co to In, indicating that the choice
of suitable moral ratio played an important role in determining
the activity of toluene oxidation. Table 4 summarized the com-
paration of catalytic activity on these samples and the former
literatures for toluene oxidation. For example, Co-Mn (1:1)
(Too = 240 °C) (Luo et al., 2018), C0304-0.01 (Tyg = 226 °C)
(Li et al., 2018), 7.4 Au/Co3;04 microspheres (Tog = 250 °C)
(Yang et al., 2014), Co304-KIT-6 (Tyg = 233 °C) (Du et al.,
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toluene catalytic oxidation reaction over Coyln;, Co,In;, Co;In; and CogsIn; catalysts.

2012), Co304-HT (Tgp = 260 °C) (Bai and Li, 2014). Com-
pared to the previous literature, Co,In; catalyst presented
excellent catalytic performance.

Fig. 6b showed the influence of weight hourly space velocity
(WHSYV) for the toluene reaction over Co,In, catalyst. Because
of the increase of retention time of toluene in the catalyst bed,
the complete conversion temperature of toluene increased with
the decrease of WHSYV from 60,000 to 30000 mL g'lhfl. When
the WHSV was 30,000 and 60000 mL g"h’l, the total conver-

sion temperature (T o9) was 182 and 298 °C, respectively. The
Co,lIn, catalyst exhibited superior catalytic performance at the
lower WHSV, suggesting that the WHSV greatly influenced on
the performance of Co,In; catalyst.

The phenomenon about different on catalytic activity of
four Co304/In,05 catalysts might be explained by catalysts
synthesis and characterization. From N, adsorption—desorp-
tion analysis, the Co,In; catalyst exhibited larger specific sur-
face area, thus it showed better catalytic activity.
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Table 4 The oxidation of toluene over Co-based catalysts.

samples Surface area(m2 vVOC VOC conc. WHSV (mL g Tso0, Toge, Ref. no.
g type (ppm) 'h™") (°C) (°C)

Mn-Co (1:1) 27.9 Toluene 500 96,000 226 240 36
C0304-0.01 56 Toluene 1000 15,000 217 226 53

7.4 Au/Co504 22.4 Toluene 1000 20,000 242 250 54
microspheres

Co304-KIT6 102 Toluene 1000 20,000 228 233 55
Co304-HT 41.9 Toluene 1000 20,000 241 260 56
Co,ln, 75.58 Toluene 3000 30,000 159 182 Present

work

Furthermore, the higher surface Co®" species and surface
chemical adsorbed oxygen of Co,In; catalyst were advanta-
geous to the reaction of toluene oxidation. Thus, the combina-
tion of these effects usually leads to the superior catalytic
activity of Co,In; catalyst in reaction of toluene oxidation.
According to XRD, XPS and Raman, cobalt oxide spinel-
type crystallites included both Co®* in tetrahedral and Co®*
in octahedral positions. Active centers of oxidation were
formed in octahedral positions, it could be benificial to form
oxygen vacancies in electron transferred progress, which boost
absorption of toluene molecules in the catalytic oxidation cycle
(Ma et al., 2018). Thus Co’" which located at a relatively
opened coordination position could be a centre of oxygen
adsorption and formation of active oxygen species which were
a precondition for catalytic oxidation. The Co,In; catalyst had
the higher surface Co> " species, thus it exhibited superior cat-
alytic activity. The surface chemical adsorbed oxygen played
an extremely important role on toluene oxidation. It could
be observed that the Co,In; catalyst owned the more surface
Og species and Op/(O, + Op + O,) atomic ratios was directly
proportional to catalytic activity. Therefore, this was a reason
that Co,In; catalyst possessed excellent catalytic activity in
reaction of toluene oxidation. In addition, a weak reduction
peak was observed from H,-TPR, it attested the molecular
oxygen species adsorbed on the oxygen vacancies, which con-
sistent with XPS. The oxygen vacancy could active the O, and
promote catalytic oxidation, simultaneously. Furthermore, the
strong interactions between cobalt oxide and indium oxide
influenced the catalytic activity in toluene catalytic oxidation.
Besides, the Co,In; catalyst had smallest crystallite size, lead-
ing to strong reducibility. Low temperature reducibility could
enhance the catalytic performance of this catalyst. All of these
factors determined that the Co,In; catalyst presented excellent
catalytic activity for toluene catalytic oxidation.

2.4.2. Stability

The suitability of a catalyst for VOCs catalytic combustion
was influenced by a limited or ideally negligible ability to yield
by-products coming from an incomplete conversion of the
feed. At lower reaction temperatures, although no CO was
noticed, significant amounts of benzoic acid benzaldehyde
and benzyl alcohol were detected. However, catalysts showed
a comparable excellent selectivity to CO, (100%) at the tem-
perature for 100% toluene conversion. Furthermore, the best
Co,ln; catalyst was selected to evaluate its thermal stability,
and the results were exhibited in Fig. 6. The thermal lifetime

experiments of the Co,In; were investigated and shown in
Fig. 6c. It was obvious that the curve fluctuates in 85% ranges.
Hence, the Co,In; catalyst at 178 °C was stable over the period
of 15 h, perfectly. In summary, Co,In; catalyst had excellent
thermal stability. As shown in Fig. 6d, it was discovered that
there was almost no differences between the three curves, sug-
gesting that the Co,lIn; catalyst presented similar catalytic
activity. Therefore, it was concluded that the Co,In; catalyst
had favorable performance in the catalytic cycling for toluene
combustion.

It was well known that the rate of chemical reaction was
associated with the activation energy. By reducing the activa-
tion energy, some slow reactions would be promoted. The
Arrhenius plots for toluene oxidation over three samples reac-
tion were studied. The detail calculation method was shown in
supporting information. As shown in Fig. 6e, all profiles
exhibited excellent linear relations between In r and 1000/T
and the E, of the Co,ln; catalysts were listed in Table 3.
The CosIn; catalyst had the lower E, (Ea = 88 kJmol™})
than CouIn; catalyst (Ea = 132kJmol™"), Coln,
catalyst (Ea = 136 kImol™!) and CogsIn; catalyst
(Ea = 130 kJ mol~"). It was obvious that the catalytic activities
followed an inverse trend with respect to the E, values. Thus,
the results confirmed that the Co,In; exhibited the superior
catalytic activity.

2.4.3. The texture and chemical properties after toluene
oxidation reaction

XPS results of Co,In; catalyst after three consecutive runs
(used Co,lIn;) were presented in Fig. 7. The Co 2p XPS results
of the catalyst could also be curve-fitted into 2 components,
which were characteristic of Co®" (low energy) and Co*>"
(high energy). The above work confirmed that the ratio of
Co* " (Co** +Co®") could influence the catalytic activity of
catalyst. It was discovered that there was no difference
between the fitting peaks of fresh and used Co,In; catalyst at
binding energies. Furthermore, according to Table 2, the ratios
of Co*"J(Co** +Co*") were 0.49 and 0.47, indicating that
Co’™ cations were the dominant species in Co;Oy spinel oxide.
As shown in Fig. 7b, the O 1s XPS of used Co,In; catalyst
could be fitted by three peaks as well. The peaks at binding
energies of around 529.6, 530.6, 532.1 ¢V was assigned to the
surface lattice oxygen in the lattice oxygen (Og), chemical
adsorption oxygen (Opg), adsorbed water/OH (O,), respec-
tively. According to Table 3, the ratios of Og/(Oq+Op + O,)
were 0.37 and 0.35, indicating that the surface adsorption oxy-
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Fig. 7 Co 2p, In 3d and O 1s XPS spectra of Co,In; catalyst before and after reaction.

gen was not much less. Thus, the Co,In; catalyst had favorable
performance in the catalytic cycling of toluene oxidation.

2.4.4. Proposed reaction mechanism

According to the above results and literature (Han et al., 2018;
Kamal et al., 2016), chemically adsorbed oxygen played an
important role and Co®* transformed to Co®* in the catalytic
reaction of toluene combustion. Thus, Langmuir-Hinshelwood
(L-H) mechanism was considered for the toluene oxidation
process, preferentially. The L-H mechanism assumed that the
reaction occurred between the adsorbed molecular, including
the adsorbed VOCs and the adsorbed oxygen species. There-
fore, both the VOCs and oxygen molecule must be adsorbed
on the surface of the catalyst. Toluene oxidation reaction path
could be carried out in a continuous step. As shown in Fig. §,
the toluene molecule was adsorbed on the surface of catalysts,
and reacted with the chemical adsorbed oxygen to form ben-
zaldehydic species, eventually, formed CO, and H,0. At the
same time, the catalysts produced oxygen vacancies, and then
O, molecular would replenish in the reaction gas to form the
new chemical adsorbed oxygen. So, it completed the redox
cycle.

Adsorption
Active

0,

CCo@nh@o@c @ H

‘:.;. Oxygen Vacancy Chemical adsorbed oxygen

Fig. 8 Schematic of toluene combustion on Co304/In,0s.
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3. Conclusion

In summary, we synthesized a series of C0304/In,O5 catalysts
with different Co/In molar ratio through the pyrolysis of ZIF-
67/MIL-68, and the influence of Co/In molar ratio of Co3;0,/
In,05 catalysts on the toluene oxidation was studied. From
SEM image, the amount of in situ growth of Co3;04 nano-
dodecahedra on In,O3 hexagonal prisms was diverse, obvi-
ously. Among the four Co30,4/In,O5 catalysts, the Co,In, cat-
alyst exhibited superior catalytic activity. The temperature for
90% toluene conversion (Tyg) of Co,In; catalyst was 182 °C.
Meanwhile, the CoyIn; catalyst also exhibited good cycling
at three consecutive runs and the excellent long-term thermal
stability. Through various characterizations, it was concluded
that the excellent catalytic performance of Co,In; catalyst was
attributed to the higher atomic ratio of Co** /(Co** + Co*™)
on the surface, lots of surface adsorbed oxygen, larger specific
area and minimum crystallite size. In addition, this novel strat-
egy could also open a door for the application of MOF mate-
rials to VOCs removal.
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