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A B S T R A C T   

In this work, ZnCoOx catalysts were prepared using in situ pyrolysis of ZnCo bimetallic zeolitic imidazolate 
frameworks (ZIFs), which were rationally designed on the basis of a metal ion doping strategy. The derived 
Zn0.05CoOx with proper doping of Zn (Zn/Co molar ratio of 0.05) exhibited superior catalytic activity and 
durability towards catalytic elimination of different volatile organic compounds (VOCs) including benzene, 
toluene and cyclohexane under simulated real-exhaust conditions. Both Brønsted and Lewis acid sites were 
beneficial for cyclohexane degradation, whereas only Lewis acid sites were responsible for eliminations of 
benzene and toluene. In addition, the effect of chemical structures of VOCs on their catalytic elimination over 
Zn0.05CoOx was explored. Compared to benzene and toluene, cyclohexane molecule was more easily eliminated, 
attributed to strong adsorption onto catalyst and special chemical structure of cyclohexane. The obtained results 
can provide new strategy for rational design of highly efficient catalytic materials for eliminating VOCs.   

1. Introduction 

Volatile organic compounds (VOCs) are ubiquitous in the ecosystem 
and mainly emitted from outdoor (industrial processes and trans-
portation) and indoor sources (household products, construction mate-
rials, and cooking) [1–3]. Many of these VOCs, particularly the 
aromatics and alkanes, not only threaten human health and 
eco-environment, but are also regarded as the precursors of secondary 
pollutants, such as ozone and organic/inorganic secondary aerosols 
[4–6]. Therefore, the efficient purification of VOCs has attracted a lot of 
attention in recent years. The catalytic oxidation of VOCs is a promising 
approach, and includes technologies such as (thermo)catalysis, photo-
catalysis, and photothermocatalysis [2]. Although photocatalytic 
oxidation has the advantage of low energy consumption (by employing 
solar energy), it suffers easy deactivation and low catalytic efficiency [2, 
7]. Photothermocatalysis is essentially a light-driven (thermo)catalytic 

oxidation, which is also restricted by the shortcomings of photocatalysis 
[8]. Moreover, (thermo)catalytic oxidation of VOCs has the advantages 
of high elimination efficiency, few byproducts and outstanding catalytic 
stability, making it as an alternative removal technology for VOCs. 
However, the rational design of highly efficient catalytic materials is 
urgently required for removing VOCs [5,9]. Catalysts supported by 
noble metals are abundantly studied and applied for deep catalytic 
elimination of VOCs at lower temperatures. However, high cost of 
precious metal restricts their large-scale applications [4,10]. Recently, 
transition metal oxides were deemed as a promising alternative, how-
ever, the catalytic activity and stability of these catalysts remain a major 
challenge for effective elimination of VOCs. 

Metal-organic frameworks (MOFs) have the advantages of high 
specific surface area, high porous structure and regular morphology, and 
are regarded as ideal precursors for the preparation of metal oxides. 
Moreover, the derived samples can effectively inherit the 
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physicochemical properties of the original MOFs through appropriate 
pyrolysis conditions [1,11,12]. Furthermore, the transformation of 
MOFs into metal oxides can realize the heteroatom doping at molecular 
level, which is vital to the derived catalyst for catalytic degradation of 
VOCs [13,14]. For instance, compared to CeO2 and CuO that are derived 
from monometallic MOFs, mixed CeCuOx catalyst, which was derived 
from bimetallic MOFs, demonstrated enhanced catalytic activity for the 
oxidation of toluene [13]. Similar results were observed for the com-
bustion of toluene over CoCeOx, Co3O4/CeO2 and CeO2 catalysts [14]. 
Among different kinds of MOFs, zeolitic imidazolate frameworks (ZIFs) 
have been identified as ideal precursors for preparing catalysts in recent 
years. Additionally, the ZIFs-derived catalysts have demonstrated 
outstanding performance in various fields, such as VOC oxidation, CO2 
hydrogenation, and electrocatalysis [15–17]. For instance, this 
approach was used to prepare CuO/Co3O4 catalyst of the catalytic 
oxidation of toluene, which was derived from Cu ions and partly 
substituted framework of ZIF-67 [15]. 

It is commonly acknowledged that the surface acidity of a catalyst 
plays a crucial role in the adsorption and catalytic oxidation of VOCs 
[18,19]. Catalysts with abundant acid sites not only demonstrate high 
adsorption capacity for VOCs, but also exhibit strong capability for 
activating the C–H bonds during reaction with VOCs. With regards to 
the types of acid sites on the catalyst surface, Brønsted acid sites (proton 
donor) and Lewis acid sites (electron pair acceptor) are derived from 
hydroxyl groups and coordinatively unsaturated cation sites of the cat-
alysts, respectively [20]. Although Brønsted and Lewis acid sites usually 
coexist on the sample, the two acid sites play different roles during the 
catalytic degradation of specific VOCs due to the properties of acid sites 
and the nature of VOCs. For example, Lv et al. [21] found that the in-
crease in moderately strong Lewis acid sites on the surface of catalyst 
was beneficial to the activity and stability of CH3Br oxidation. The 
rational design of various catalysts with a certain number of Brønsted 
and Lewis acid sites for catalytic degradation of VOCs is particularly 
important. Among various synthesis methods for catalysts, metal ion 
doping can be regarded as a novel and effective strategy for improving 
the acid sites of the samples. For instance, the addition of ZrO2 to TiO2 
could increase the Lewis acidity of the supported catalyst, thus 
enhancing the thermal stability of the catalyst for oxidizing chloroben-
zene [22]. The doping of Nb could also improve the number of Lewis 
acid sites of Ru/Nb/a-TiO2 catalysts, which was beneficial for the 
oxidation of CH3Br [21]. 

As for the air pollutants, over 300 chemicals are recognized as VOCs 
by the Environmental Protection Agency of USA, which are the major 
contributors to air pollution [23]. More importantly, the catalytic 
decomposition of VOCs is closely related to their chemical structures and 
corresponding properties [4,10,24]. Nevertheless, the majority of recent 
studies mainly focused on the preparation of catalysts and the 
structure-activity relationship [2,5,25]. Only a handful of studies have 
focused on the mechanism of the catalytic reaction of VOCs with 
different chemical structures. Furthermore, alkanes are the simplest 
organic pollutants, which contribute to a large proportion of the emitted 
VOCs in recent years. However, very few reports have paid attention to 
the catalytic degradation of alkane-based VOCs using metal oxides as 
catalysts [5]. 

Herein, the catalytic performance of ZnCo-ZIFs-derived catalysts for 
eliminating typical VOCs was demonstrated on the basis of the doping of 
a metal ion. In the strategy, the catalytically inactive Zn could be 
introduced into catalysts through in situ pyrolysis of bimetallic ZIFs. The 
original ZIFs and ZIFs-derived catalysts were characterized using a series 
of techniques to explore their compositions, morphologies, structures, 
adsorption, and acid sites. More importantly, three representative VOCs 
were selected to investigate the performance of the catalytic elimination 
of ZIFs-derived catalyst under simulated real-exhaust conditions. 
Moreover, the influence of the chemical structures of VOCs on their 
catalytic oxidation efficiencies was also systematically investigated. 
Furthermore, catalytic mechanism and kinetics of different VOCs were 

demonstrated. Most importantly, compared to traditional synthesis 
methods of metal oxides, the use of ZnCo-ZIFs as precursors of derived 
ZnCoOx catalysts not only realized proper molecular level doping of Zn, 
but also inherited the physicochemical properties of the original ZnCo- 
ZIFs. Overall, this work elucidates that the appropriate doping of Zn is 
favorable for catalytic activity of ZIFs-derived catalyst towards the 
oxidation of various VOCs, whereas the chemical structures of VOCs 
have a vital effect on their catalytic eliminations over the prepared 
catalyst. 

2. Experimental 

2.1. Sample preparation and characterization 

ZnCo-ZIFs were synthesized according to a typical process with some 
modifications [26]. Briefly speaking, the mixture of Zn(NO3)2.6 H2O and 
Co(NO3)2.6 H2O with desired molar ratio of Zn2+/Co2+ was dissolved in 
methanol (90 mL). Then, a mixture of 2-methylimidazole with 90 mL of 
methanol was quickly added to the above solution. The mixed solution 
was stirred violently under ambient temperature for 24 h. Finally, the 
product was centrifuged, washed with methanol for at least three times, 
and dried overnight under vacuum. Monometallic Co-ZIFs (known as 
ZIF-67) were prepared using the same method as described above except 
for the addition of Zn(NO3)2.6 H2O. The synthesized samples were 
named as ZnCo-ZIFs (n), where n represents the molar ratio of Zn/Co (n 
= 0, 0.025, 0.5, 0.1, 0.2 and 0.4). Furthermore, the ZIFs-derived metal 
oxide catalysts could be obtained using high-temperature pyrolysis of 
the corresponding ZnCo-ZIFs in air and stored at 350 ◦C for 3 h. These 
samples were denoted as ZnnCoOx (where n represents the molar ratio of 
Zn/Co). The calcination temperature of 350 ◦C was determined using 
the thermogravimetric analysis. Among various samples, the samples 
with the Zn/Co molar ratios of 0, 0.05 and 0.4 were chosen as the 
representative samples. 

The properties of samples were characterized using various tech-
niques including X-ray diffraction (XRD), thermogravimetric analysis 
(TGA), scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), high-angle annular dark field-scanning transmission 
electron microscopy (HAADF-STEM), selected area electron diffraction 
(SAED), nitrogen adsorption–desorption, X-ray photoelectron spectro-
scope (XPS), inductively coupled plasma mass spectrometry (ICP-MS), 
Raman spectroscopy, hydrogen temperature-programmed reduction 
(H2-TPR), VOC temperature-programmed desorption (VOC-TPD), and 
pyridine adsorbed IR spectroscopy (Py-IR). The detailed information 
about the instruments and their operating conditions are described in 
the Supplementary material. 

2.2. Evaluation of the catalytic activity 

Catalytic activity of the catalyst was evaluated in a fixed-bed reactor 
(internal diameter = 6 mm) under ambient pressure with online gas 
chromatography (GC) detection. The sample (50 mg) with the particle 
size of 40–60 mesh was packed in the reactor, and the gas mixture 
containing 1000 ppm VOCs + Air was introduced into the reaction 
system at a gas hourly space velocity (GHSV) of ca. 60,000 mL g− 1 h− 1. 
Benzene, toluene and cyclohexane were chosen as the typical VOCs. The 
concentrations of VOCs were monitored using GC-9800 (Kechuang 
China), which was equipped with flame ionization detector. It is worth 
noticing that the catalytic performance of catalyst was analyzed under 
the condition that the feed gas stream always contained high content of 
water vapors. Approximately 5.0 vol% of water vapor was introduced 
into the reaction system by passing the reactant gas through a water 
saturator at 33 ◦C. The balance of carbon was above 98.0% during the 
degradation of VOCs. As for the evaluation of the catalytic performance 
of the catalyst, the mineralization of VOCs was calculated according to 
Eq. (1). 
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VOC mineralization =
[CO2]out

n × [VOC]in
× 100% (1)  

where [VOC]in is the inlet molar quantity of vaporous VOCs, [CO2]out is 
the outlet molar quantity of CO2, and n represents the number of carbon 
atoms in the corresponding molecular formula of VOCs including ben-
zene, toluene and cyclohexane. 

3. Results and discussion 

3.1. Structural characterization of prepared sample 

Thermogravimetric analysis (TGA) in air flow shows that all the 
three ZIFs (ZIF-67, ZnCo-ZIFs (0.05) and ZnCo-ZIFs (0.4)) started to 
decompose at around 266 ◦C (Fig. S1a). The samples were heated with 
continuously increasing the temperature during the whole TGA tests. In 
this regard, 350 ◦C was selected for the substantial transformation of 
various ZIFs into metal oxide catalysts. The color of ZnCo-ZIFs (0.05) 
was purple whereas that of Zn0.05CoOx was black, which manifested the 
successful pyrolysis of bimetallic ZIFs into metal oxide catalyst (Fig. S2). 
In addition, TGA characterizations of the three derived metal oxide 
catalysts were also conducted (Fig. S1b), indicating good thermal sta-
bility of this kind of catalysts. Based upon the XRD patterns, the crys-
talline structures confirm that the three derived catalysts (Co3O4, 
Zn0.05CoOx and Zn0.4CoOx) possessed similar diffraction peaks (Fig. 1a). 
They were ascribed to the reflections of (111), (220), (311), (400), 
(422), (511), (440) and (533) lattice planes of Co3O4, respectively 
(JCPDS PDF#43-1003) [27,28]. No ZnO peaks were detected from the 
XRD patterns of Zn0.05CoOx and Zn0.4CoOx, which can be ascribed to the 
low doping and good dispersion of Zn on the catalyst. In addition, XRD 
patterns of the derived metal oxide catalysts with other Zn/Co ratios 
were also obtained (Fig. S3), which were consistent with the results 
presented in Fig. 1a. 

Furthermore, the changes in the lattice structures of catalysts were 
explored using Raman spectrum. All the derived catalysts exhibited five 

typical absorption peaks, corresponding to different modes of Co3O4 
(Fig. S1c). Compared to the undoped Co3O4, the band shapes of Zn- 
doped catalysts broadened and weakened, which were related to the 
lattice distortion of the spinel structure [29]. Besides, the band positions 
of ZnCoOx exhibited slight red-shifting, indicating that the samples had 
undergone structural changes such as lattice defects [30]. Therefore, the 
Raman spectra results imply that Zn species were successfully incorpo-
rated into the lattice of CoOx over ZnCoOx catalysts. Besides, the XRD 
patterns of all ZnCo-ZIFs showed similar characteristic peaks, which 
matched well with the simulated ZIF-67 (Fig. S1d) due to similar unit 
cells and crystal lattices [26]. The ICP-MS analyses of Zn0.05CoOx and 
Zn0.4CoOx demonstrate that the actual values of Zn/Co molar ratios 
were 0.049 and 0.379, which were close to the theoretical values of 0.05 
and 0.4, respectively. 

Nitrogen (N2) adsorption-desorption isotherms and pore size distri-
butions of the samples are shown in Fig. 1b. All the ZIFs-derived cata-
lysts exhibited a Type IV N2 physisorption isotherm, with hysteresis 
loops being found at relative pressures (P/P0) of 0.50–0.99, which was a 
proof of the presence of mesoporous structure [31,32]. Moreover, both 
Co3O4 and Zn0.05CoOx presented a H1 hysteresis loop, indicating that 
the derived mesoporous samples had relatively narrow pore size distri-
butions and spherical particle aggregates with relatively uniform sizes 
[31]. However, Zn0.4CoOx showed a H2 hysteresis loop, implying the 
existence of ink-bottle pores with wide bodies and narrow necks [31]. 
Compared to original ZIFs with micropores (Fig. S4 and Table S1), the 
transformation from micropore to mesopore could be efficiently ach-
ieved through thermal calcination process, whereas the specific surface 
area of derived catalysts is tempestuously decreased, indicating the 
collapse of ZIFs framework structure [27]. Based on the pore size dis-
tribution profile (the inset of Fig. 1b), the pore sizes of maximum 
adsorption peaks decreased in the descending order of: Co3O4 
> Zn0.05CoOx > Zn0.4Co3O4, which implied that more Zn doping could 
promote the aggregation of crystalline particles and reduce the pore size 
of derived catalysts. The detailed textural properties of the derived 
catalysts are presented in Table 1. With the increase of Zn doping, the 

Fig. 1. (a) XRD patterns and (b) nitrogen adsorption-desorption isotherms and the corresponding pore size distributions (inset) of Co3O4, Zn0.05CoOx and Zn0.4CoOx.  

Table 1 
Textural properties and surface species of the catalysts.  

Sample BET specific surface area (m2 g− 1) Pore volumea (cm3 g− 1) Pore diameterb (nm) Co3+/ (Co3++Co2+)c (%) Oads/ (Oads+Olatt)c (%) 

Co3O4  74  0.35  20.3  49.0  47.7 
Zn0.05CoOx  85  0.38  17.9  58.9  51.1 
Zn0.4CoOx  114  0.31  6.5  55.7  47.9  

a Calculated from the volume adsorbed at P/P0 = 0.99. 
b Calculated from the desorption branch of nitrogen isotherm by using the BJH model. 
c Calculated from the XPS data. 
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specific surface area of samples increased. However, the average pore 
diameter became smaller. This can be ascribed to the decreased crys-
tallinity of the derived catalyst, which was induced by Zn doping, and 
resulted in the alteration of specific surface area and pore size [27]. 
Compared with other MOFs-templated or Co-based catalysts [27,33], 
the ZIFs-derived catalysts displayed high specific surface areas of 
74–114 m2 g− 1, indicating the advantage of using ZnCo-ZIFs as the 
precursors for catalyst synthesis. 

According to the SEM images of ZIFs with different Zn/Co molar 
ratios (Fig. S5), the particle size of dodecahedron over ZIFs became 
smaller with the increase in Zn/Co molar ratio. This means that the 
molar ratio of Zn/Co is a key factor for the particle size of ZIFs crystals. 
As for the representative ZnCo-ZIFs (0.05), both the elements of Zn and 
Co were evenly dispersed on the sample, whereas Co content was much 
higher than that of Zn (Fig. S6). This result is consistent with the molar 
ratio of Zn/Co, which was measured using ICP-MS. In addition, the 
transformation of ZIFs into metal oxide catalysts did not lead to sub-
stantial change in morphology, while the corresponding particle sizes of 
polyhedron became smaller than that of original ZIFs (Fig. 2a–c), which 
are presumably due to the shrinkage of the whole ZIFs caused by high- 
temperature calcination. Accordingly, when the calcination temperature 
was 350 ◦C, the ZIFs-derived catalysts successfully retained the poly-
hedron structure of original ZIFs. 

The Zn0.05CoOx was further characterized using TEM. The results 
showed that the surface of the catalyst consisted of numerous crystal 
nanoparticles, on which the mesopores could be clearly observed 
(Fig. 2d). The bright electron diffraction rings in the SAED pattern 
indicated the formation of polycrystalline structures of the catalyst 
(Fig. 2d, inset). In addition, the high magnification image shown in 
Fig. 2e demonstrated the exposure of (311) plane and (220) plane of 
Co3O4 [27]. STEM-EDS elemental mapping (Fig. 2f) indicates that the 
doped Zn was uniformly dispersed throughout the catalyst, demon-
strating the reasonable doping of Zn into the catalyst. 

3.2. Catalytic elimination of different VOCs 

The catalytic performances of Co3O4, Zn0.05CoOx and Zn0.4CoOx for 

the degradation of three typical VOCs were evaluated. As shown in  
Fig. 3a–c, Zn0.05CoOx exhibited the best mineralization activity towards 
the elimination of different VOCs (including benzene, toluene and 
cyclohexane) in the presence of 5.0 vol% water vapors at various tem-
peratures, followed by Co3O4 and Zn0.4CoOx. As a comparison, the 
catalytic degradations of the three different VOCs over Zn0.05CoOx 
catalyst was also carried out under the feed gas containing 5.0 vol% 
water vapors (Fig. 3d), and the temperatures required for 90% miner-
alization (T90) of benzene, toluene, and cyclohexane were determined to 
be 237, 252 and 234 ◦C, respectively. The detailed description of the 
catalytic evaluation data is presented in Table S2. Besides, the specific 
reaction rates of the three VOCs over different catalysts were also 
calculated. On the basis of BET specific surface area of the catalysts, both 
the Co3O4 and Zn0.05CoOx exhibited higher specific reaction rates than 
that of Zn0.4CoOx (Fig. S7). The aliphatic hydrocarbons exhibit lower 
mineralization temperatures than those of aromatics, which may be 
ascribed to simultaneous abstraction of hydrogen from phenyl and 
methyl groups on 4–5 adjacent oxygen sites towards the oxidation of 
aromatics [34]. Furthermore, the mineralization of various VOCs using 
different catalysts in the absence of water vapors was also evaluated 
(Fig. S8 and Table S3). The results show that the water vapors had little 
influence on the catalytic performances of ZIFs-derived catalysts for the 
elimination of benzene, toluene and cyclohexane during the whole 
catalytic elimination process, which is in favor of real exhaust elimi-
nation in practical atmospheric environment. Moreover, benzene was 
selected as a model pollutant to investigate the influence of Zn/Co molar 
ratio of the ZIFs-derived catalyst on the catalytic performance of the 
process (Fig. S9). The results showed that Zn/Co molar ratio of 0.05 was 
optimum for various ZnCo-ZIFs-derived catalyst. In addition, the 
optimal Zn0.05CoOx catalyst also exhibited superior catalytic perfor-
mance than previously reported catalysts for the catalytic elimination of 
benzene, toluene and cyclohexane (Table S4). 

The catalytic endurance of a catalyst is a very crucial evaluation 
index for the degradation of VOCs in practical applications. Therefore, 
the catalytic durability of the optimal Zn0.05CoOx for catalytic elimina-
tion of benzene, toluene and cyclohexane was conducted under the feed 
gas containing 5.0 vol% water vapors. As shown by Fig. 4, the catalytic 

Fig. 2. SEM images of (a) Co3O4, (b) Zn0.05CoOx and (c) Zn0.4CoOx; For Zn0.05CoOx: (d) TEM and its SAED pattern in the inset, (e) HRTEM and (f) STEM-EDS 
elemental mapping. 
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mineralization of benzene, toluene and cyclohexane within the range of 
60–80% remained unchanged during 30 h for the reaction temperatures 
of 225, 245 and 220 ◦C, respectively, demonstrating that Zn0.05CoOx is 
catalytically and thermally stable for the catalytic elimination of various 
VOCs under the conditions of high water vapor content. In addition, 
based on the XRD and SEM characterizations (Figs. S10 and S11), the 
crystal structure and morphology of Zn0.05CoOx catalyst after 30 h of 
continuous VOC elimination in the presence of 5.0 vol% water vapor 
were the same as the original catalyst, implying the excellent stability 
and durability of ZIFs-derived catalyst for long-time on-stream reaction 
in practical applications. 

3.3. Reducibility characterization and surface acidity assessment 

XPS analysis can efficiently reflect the surface elemental composi-
tion, metal oxidation states and oxygen species of the samples. Herein, 
XPS spectra were analyzed for the ZIFs-derived catalysts. The full XPS 
spectra are presented in Fig. S12, proving that Co and O existed on the 
surface of Co3O4. Moreover, the elements of Co, O and Zn existed on the 
surfaces of Zn0.05CoOx and Zn0.4CoOx. As shown in Fig. 5a, the Co 2p 
demonstrated two peaks at 779.6 and 781.3 eV, which corresponded to 
Co3+ and Co2+, respectively [27]. A peak fit software was used to 
calculate the molar ratios of the species. As shown in Table 1, the 
Zn-doped catalysts had higher values of Co3+/(Co3++Co2+), indicating 
that the doping of Zn could change the valence of cobalt species. This 
result further supported high VOC degradation capability of the 

catalysts, because Co3+ species is regarded as the active sites of catalysts 
towards the degradation of VOCs [33]. With respect to O 1s species, 
three peaks could be observed at 529.5, 531.7 and 533.2 eV (Fig. 5b), 
which were ascribed to lattice oxygen species (Olatt), adsorbed oxygen 
species (Oads) and hydroxyl species/adsorbed water, respectively [35]. 
The highest Oads/(Oads+Olatt) was observed for Zn0.05CoOx (Table 1). It 
is generally accepted that Oads species usually have higher mobility than 
Olatt and participate as active sites of catalysts for the oxidation of VOCs 
[36]. In addition, the Zn 2p spectra over Zn0.05CoOx and Zn0.4CoOx were 
also analyzed (Fig. S13). The binding energies centered at 1021.0 and 
1044.2 eV belonged to Zn 2p3/2 and Zn 2p1/2, respectively, which were 
assigned to Zn2+ species [37]. This result elucidates that Zn element has 
been successfully doped into the catalyst and appears in oxidized state 
on the catalyst. 

Since the oxidation of VOCs is correlated with the redox properties of 
the catalyst, the H2-TPR measurements were conducted to explore the 
influence of Zn/Co molar ratio on the reducibility of ZIFs-derived cat-
alysts. As shown in Fig. 6, three reduction peaks were observed for 
Co3O4, Zn0.05CoOx and Zn0.4CoOx catalysts. The first reduction peak at 
around 200 ◦C was assigned to the consumption of reactive oxygen 
species, which were adsorbed onto the surface oxygen vacancies of the 
samples [38]. The second and third reduction peaks appeared within the 
range of 297–421 ◦C, and attributed to the stepwise reduction of 
Co3+→Co2+→Co0. It is observed that, with the increase of Zn doping in 
Co3O4, Zn0.05CoOx and Zn0.4CoOx, the reduction temperatures of the 
corresponding peaks shifted to higher values. According to the 

Fig. 3. (a) Benzene, (b) toluene and (c) cyclohexane mineralization as a function of reaction temperature catalyzed by Co3O4 (red), Zn0.05CoOx (black) and Zn0.4CoOx 
(blue); (d) The profile for catalytic mineralization of benzene, toluene and cyclohexane over Zn0.05CoOx catalyst. Note: 5.0 vol% of water vapor, VOC = 1000 ppm 
and GHSV = 60,000 mL g− 1 h− 1. 
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oxidation-reduction mechanism [6,39], such shifts demonstrate the 
strong interaction between Co and doped Zn. The H2-TPR results 
demonstrate that such interactions decrease the reducibility of the 
doped catalysts, which are unfavorable for the catalytic activity of the 
catalysts. Therefore, the molar ratio of Zn/Co is an important factor for 
the determination of redox capabilities of ZIFs-derived catalysts. In 
general, low temperature reducibility of catalysts is beneficial for the 
catalytic performance towards the oxidation of VOCs. 

It is generally accepted that acid sites are regarded as the active sites 
on the surface of metal oxide catalysts [5]. Therefore, Py-IR character-
izations were performed for the three catalysts to distinguish and 
quantify the acid sites on the surface of the catalysts. The Py-IR spectra 

of pyridine adsorption on the catalyst showed five characteristic peaks 
(Fig. 7). The absorption bands at 1447 and 1609 cm− 1 were assigned to 
pyridine adsorption on Lewis acid sites, whereas the bands at 1540 and 
1637 cm− 1 were ascribed to pyridine adsorbed onto the Brønsted acid 
sites [40]. It is worth noticing that the band at about 1489 cm− 1 was 
ascribed to pyridine adsorbed onto both Brønsted and Lewis acid sites 
[40]. Generally speaking, the absorption band at 1450 cm− 1 is used to 
quantify the Lewis acid sites, whereas the number of Brønsted acid sites 
can be calculated from the peak areas centered at 1540 cm− 1 [41]. The 
results presented in Table 2 show that Zn0.05CoOx catalyst processed the 
highest concentration of acid sites due to the contribution of 
high-concentration Lewis acid sites, followed by those of Co3O4 and 
Zn0.4CoOx. Moreover, Zn doping had an important influence on the 
surface acidity of the catalyst. In this regard, the Brønsted acid sites 
would be considerably replaced with Lewis acid sites after proper Zn 
doping (Zn/Co molar ratio of 0.05) due to highly dispersed Zn species of 
the prepared catalyst [42]. Nevertheless, it is speculated that too much 
Zn doping (Zn/Co molar ratio of 0.4) would cause the agglomeration of 
Zn species on the catalyst, which is not conducive to the generation of 
Lewis acid sites. Therefore, the results presented in Table 2 show that, an 
appropriate doping of Zn can obviously increase the Lewis acid sites of 
the catalysts, and eventually, increase the total acid sites. Similar results 
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Fig. 5. XPS spectra of (a) Co 2p and (b) O 1s for Co3O4, Zn0.05CoOx and Zn0.4CoOx catalysts.  
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could be also observed when the samples were vacuumed at 300 ◦C 
(Fig. S14 and Table S5). 

The abundant Brønsted and Lewis acid sites on the surface of catalyst 
can obviously enhance the low-temperature catalytic activity of the 
catalyst towards the elimination of various VOCs [21,43]. Combining 
the results with those shown in Fig. 3, it can be inferred that Zn0.05CoOx 
catalyst with the highest concentration of Brønsted and Lewis acid sites 
exhibited superior catalytic performance towards the catalytic oxidation 
of benzene, toluene and cyclohexane as compared to Co3O4 and 
Zn0.4CoOx. It is worth noticing that cyclohexane molecule can be more 
easily eliminated over the same catalysts, followed by benzene and 
toluene. This may be due to the acid sites of the catalysts as well as the 
types of VOCs with different chemical structures. The aromatic mole-
cules with the characteristic of benzene ring can be deemed as Lewis 
basic hydrocarbons, of which aromatics are adsorbed on the derived 
metal oxide catalysts by the acid-base interaction between the Lewis 
base aromatics and the Lewis acid sites of the catalyst [18,19]. On the 
contrary, it is speculated that cyclohexane molecules with C–C bonds 
demonstrated two reaction pathways with the acid sites on the surface of 
the derived catalyst. The cyclohexane molecules could be converted to 
non-classical five-coordinated carbonium ions through protonation ef-
fect of the Brønsted acid sites, whereas classical carbonium ions would 
be generated due to the loss of H- from cyclohexane molecules through 
the capture of Lewis acid sites [44]. Then, the two types of carbonium 
ions would be converted to intermediate species as well as final products 
over the catalyst [41]. On the basis of this analysis, it is implied that both 
the Brønsted and Lewis acid sites are beneficial for the catalytic elimi-
nation of cyclohexane. Nevertheless, only the Lewis acid sites are 
responsible for the oxidation of benzene and toluene. Therefore, in 
comparison to the catalytic elimination of aromatics (benzene and 
toluene), the cyclohexane could be more effectively degraded under 
same conditions. 

3.4. Comparison of catalytic mechanism and kinetics of VOC elimination 

In order to explore the adsorption-desorption and oxidation capa-
bility of catalyst for benzene, toluene and cyclohexane, the VOC-TPD 
experiments were performed. As shown in Fig. 8, the peaks at the tem-
perature of 130–250 ◦C can be ascribed to the desorption of weakly 
adsorbed VOCs. For these, the desorption temperature was almost 
identical for the three VOCs. However, for the desorption of strongly 
adsorbed VOCs (350–450 ◦C), the desorption temperatures of VOCs over 
Zn0.05CoOx decreased in the descending order of: cyclohexane 
> benzene > toluene. Generally, a higher desorption temperature in-
dicates a stronger adsorption, and thus, easier catalytic oxidation of 
VOCs [45]. Therefore, this result can elucidate that cyclohexane mole-
cule is more inclined to be catalytically degraded due to stronger 
adsorption capability than those of benzene and toluene. With regards to 
the interaction between the catalyst and the VOCs, it is deduced that the 
adsorption of aromatics (benzene and toluene) over Zn0.05CoOx catalyst 
can be assigned to cation-π interaction due to the characteristics of the 
benzene ring. However, the adsorption of cyclohexane may be ascribed 
to van der Waals interactions due to the characteristics of a typical 
aliphatic hydrocarbon [11,46]. Therefore, the chemical structures of 
VOCs play a crucial role in determining the interactions between the 
VOCs and the catalysts. 

Typically, the reaction mechanism for the oxidation of VOCs can be 
explained by three kinetic models including Langmuir-Hinshelwood (L- 
H) model, Eley-Rideal (E-R) and Mars-van Krevelen (MvK) model [2]. 
The applicable catalytic reaction mechanism depends on both the 
properties of the catalyst and the nature of VOC molecules. According to 
the definitions of the three models, the adsorbed oxygen species are 
regarded as the main reactive species for both the L-H and E-R models, 
whereas lattice oxygen species can be deemed as the main reactive 
species for the MvK model [47]. Based upon the VOC-TPD spectra 
(Fig. 8), it can be inferred that all the three VOC molecules can be easily 
adsorbed on the surface of Zn0.05CoOx, which indicates that the degra-
dation of VOCs possibly follows the L-H or MvK model. In addition, after 
removing the adsorbed oxygen species on the surface of catalyst with 
helium gas [47], the VOC-TPD spectra still maintained the desorption 
peaks of VOCs even at high temperature. Therefore, it is implied that the 
three VOC molecules were difficult to oxidize in the absence of adsorbed 
oxygen species on the catalyst, indicating that the lattice oxygen species 
could not react with the VOC molecules. Based on these results, the 
catalytic reaction mechanism for the oxidation of three VOC molecules 
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Table 2 
Concentration of acid sites of three different catalysts at 150 ◦C.  

Sample CBrønsted (μmol 
g− 1) 

CLewis (μmol 
g− 1) 

Ctotal (μmol 
g− 1) 

CLewis/ 
CBrønsted 

Co3O4  17.4  71.2  88.5  4.1 
Zn0.05CoOx  16.3  97.7  114.0  6.0 
Zn0.4CoOx  22.2  62.9  85.1  2.8  
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Zn0.05CoOx catalyst. 
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was found to follow the L-H model. The adsorbed VOC molecules 
reacted with the adsorbed oxygen species, as a result, the intermediates 
and final products were produced. 

Presently, many studies have reported the catalytic elimination of 
VOCs [2,5]. Nevertheless, the calculations and comparison of catalytic 
elimination for different VOCs are rarely discussed. Therefore, in this 
paper, the kinetic studies were demonstrated to explain the influence of 
the chemical structure of VOCs on the catalytic degradation of the 
catalyst. It is speculated that the catalytic degradation of the three 
different VOCs may follow the first-order kinetic mechanism in the 
presence of excess oxygen, which is relevant to the concentrations of 
VOCs and oxygen [48]. The Arrhenius plots for the degradations of three 
VOCs over Zn0.05CoOx under the impact of a feed gas stream containing 
5.0 vol% of water vapors were drawn (Fig. 9a). The apparent activation 
energy (Ea) values for the degradation of VOCs were obtained from the 
slopes of the Arrhenius plots. The Ea value for cyclohexane was found to 
be 97.7 kJ mol− 1, which was lower than those of benzene 
(107.4 kJ mol− 1) and toluene (165.3 kJ mol− 1). It is well-known that 
lower Ea usually implies lower reaction energy barrier for the degrada-
tion of VOCs (such as C–H bond dissociation energy) and stronger 
conductibility for catalytic elimination of VOCs, which are ultimately 
beneficial for eliminating the VOCs [20,49]. In addition, the values of 
TOFCo increased with the increase in temperature even when the gas 
stream contained 5.0 vol% water vapors (Fig. 9b). Cyclohexane showed 
the highest elimination efficiency, followed by benzene and toluene. 
Overall, the catalytic degradation of cyclohexane over Zn0.05CoOx had 
the highest TOFCo as well as the lowest Ea value in the presence of 5.0 vol 
% water vapors, which could be ascribed to the special chemical struc-
ture of cyclohexane and strong adsorption of cyclohexane onto the 
catalyst. Unlike cyclohexane that has only the C–H single bond, the 
degradation of aromatics needed to destroy the aromatic ring, which is 
the main reason for slower catalytic reaction [33,34]. The difference in 
the chemical structures of toluene and benzene is that toluene has an 
added methyl group. Moreover, the degradation of toluene molecule 
required simultaneous abstraction of H atoms from the phenyl and 
methyl groups [34,50]. Therefore, the catalytic degradation of toluene 
was more difficult than benzene, due to the steric hindrance of methyl 
groups. 

4. Conclusions 

The transformation of ZnCo bimetallic ZIFs into ZnCoOx was suc-
cessfully conducted using Zn doping strategy via in situ pyrolysis. The 
synthesized ZnCoOx catalysts were applied for the catalytic elimination 
of three typical VOCs. The results show that, compared to the reference 

catalysts of Co3O4 and Zn0.4CoOx, proper doping of Zn can obviously 
enhance the catalytic performance of Zn0.05CoOx for the catalytic 
elimination of benzene, toluene and cyclohexane in the presence of 
5.0 vol% water vapors. In addition, Zn0.05CoOx also exhibited excellent 
catalytic durability for at least 30 h of on-stream reaction under high 
content of water vapor. The excellent catalytic activity and durability of 
Zn0.05CoOx catalyst can be attributed to high concentration of Co3+ and 
Oads species, good low-temperature reducibility, abundant acid sites as 
well as strong interaction between Co and Zn. Besides, Brønsted and 
Lewis acid sites on the surface of the catalyst play an important role in 
the catalytic elimination of typical VOCs with different chemical struc-
tures. Both the Brønsted and Lewis acid sites are beneficial for the cat-
alytic elimination of cyclohexane. However, only Lewis acid sites are 
responsible for the catalytic oxidation of benzene and toluene. 
Furthermore, the mineralization of cyclohexane catalyzed by 
Zn0.05CoOx had the lowest T90 of 234 ◦C in the presence of 5.0 vol% 
water vapors, followed by those of benzene and toluene. Overall, this 
study demonstrates that typical VOCs can be effectively eliminated 
using MOFs-derived metal oxide catalysts under the simulated exhaust 
conditions, which will provide theoretical and experimental foundations 
for controlling the atmospheric pollution in real-world environment. 
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