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Excellent low-temperature catalytic activity and SO, resistance are two longstanding challenges for existing
catalysts in short-chain alkanes oxidation. In this study, superior catalytic activity and stability for ethane
degradation on Co304 catalysts were achieved by the introduction of Pt and Zr. Especially, the 0.5 %Pt-CoZr
catalyst demonstrated exceptional catalytic performances with the complete conversion of ethane at 275 °C.
Additionally, the 0.5 %Pt-CoZr catalyst exhibited flexible adaptability to complex working conditions and
showed outstanding stability in the presence of HyO and SO». The enhanced redox property was obtained by the
interaction between Pt and Co, which significantly improved the low-temperature catalytic efficiency. The 0.5 %
Pt adding into CoZr led to the weaken Co-O bond strength and more oxygen vacancies, which contributed to the
electron transfer into O atoms and finally generated more surface-active oxygen. Thus, the cleavage of the C-C
bond was facilitated in 0.5 %Pt-CoZr catalyst, ultimately accelerating the degradation process of the acetate into
formate. Meanwhile, the dopant of Zr greatly increased the specific surface area of catalysts and promoted the
distribution of Pt particles. Moreover, the enhanced sulfur resistance was achieved by the increased weak acid
sites with Zr doping, which effectively inhibited SO, adsorption and sulfates deposition. Therefore, the present
study revealed the underlying structure-activity mechanism of ethane oxidation process and offered an efficient
catalyst for ethane degradation with high-performance SO, tolerance.

widely applied in catalytic reactions and both are reported to present
excellent low-temperature performances [6-11]. However, despite the

1. Introduction

Environment pollution is one of the urgent challenges in the society
and the massive emission of volatile organic compounds (VOCs) has
made great threats to the environmental and humans [1]. Among them,
short chain alkanes are a typical category of the most intractable VOCs
to be eliminated owing to the stable molecule structure of C-H bonds [2].
Especially, ethane (CyHg) accounts for a large proportion of alkane
emissions of various sources including vehicle emission, petrochemical
processing and coal chemical industry, which causes serious atmo-
spheric problems [3,4]. Catalytic oxidation has been widely investigated
for the VOCs control for its low energy consumption, high degradation
efficiency and non-secondary pollution [5]. Supported noble metals (Pt,
Pd, and Ru) and transition metal oxides (Co304, CeOo, and MnQO,) are

high activity, the inevitable and realistic problems (impurities and harsh
conditions) seriously hinder the application of catalysts [12,13]. Among
them, SO, exists widely in industrial exhaust gases and has been highly
valued, which can interact with the active metals to form metallic sul-
fates and finally leads to the deactivation of the catalysts as well as the
suppressing catalytic reaction [14]. Up to now, the design of highly
active and strongly SO,-resistance catalysts is still a tough breakthrough
which needs to be conquered.

Co304-based is known to be favorable for the activation of the C-H
bond and has been widely used for the degradation of short-chain al-
kanes [15]. But the Co304 surface was reported to be easily poisoned by
the SOy to change into inactive cobalt sulfate species and finally
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deactivate [16]. Nowadays, great efforts in introducing modified com-
ponents (Fe, Cu, V etc.) had been done to enhance the poisoning toler-
ance of selective catalytic reduction(SCR) catalysts and were reported to
be effective [17-20]. For example, Zha et al. confirmed that Fe species
could keep the strong adsorption of SO, from active Co oxides and
inhibit the formation of stable sulfate species, which effectively reduced
the effects of SO, poisoning [21]. Meanwhile, Cu was reported to show
great the resistance of SO, owing to the effective inhibition of the
adsorption and further oxidation of SO, [22,23]. In addition, the effects
of V-doped catalysts on the enhanced sulfur resistance were determined
by the increased surface acidity and the restrain the deposition of sulfate
species [20,24]. Wu et al. successfully prepared a hollow core-shell
structure CoNiOy@CusV10y catalyst with excellent catalytic activity
and sulfur tolerance for the catalytic combustion of C3Hg, in which the
CusV;0x shell layer effectively inhibited the adsorption toxicity of SO
at the Co® * site [25]. However, there were few reports on the devel-
opment of efficient catalysts with SO, tolerance for catalytic degrada-
tion of ethane in coal processing industry, and more attention should be
paid on the studies of the structure-activity relationship and SO, toler-
ance mechanism as well.

Especially, ZrO, was extensively applied as support or dopant for
various catalysts because of its excellent structural stability and chem-
ical resistance [26-28]. It was reported that 1 % Zr doped Co304 cata-
lysts showed improved performances on propane oxidation than original
Co304 catalyst [28]. Meanwhile, Zeng and co-workers investigated that
higher catalytic activity for propane oxidation could be obtained by
more addition of Zr in MnZrOy oxides owing to the superior reducibility,
oxygen mobility and the higher specific surface area [29]. Besides, Wu
et al. further carried out related DFT theoretical calculations and proved
that the presence of Zr doping in Mn;ZryOy catalysts reduced the for-
mation energy of oxygen vacancy and led to higher concentration of
oxygen vacancies, which played a decisive role in propane catalytic
oxidation [30]. More importantly, it had been declared that the doping
of Zr in La-Mn perovskite oxides enhanced the surface acidity of cata-
lysts, inhibited the adsorption of SO,, and thereby improved the SO,
resistance of the catalyst [31]. Therefore, we envisioned that the Zr
doped in Co304 oxides would not only improve the oxidation activity of
ethane combustion but also enhance the stability while exposing to SO,.

Herein, a series of CoxZr;o.x mixed oxides were prepared by a simple
sol-gel method. Meanwhile, to achieve efficient oxidation under low-
temperature, noble metal Pt was added into the catalysts via an incip-
ient wetness impregnation. Experimental results showed that 0.5 %Pt-
CoZr catalyst achieved the complete conversion of ethane at 275 °C and
presented satisfactory stability under different conditions (long-term,
humid atmosphere, and temperature-alternating tests). Based on the
analysis of the characterizations, the presence of Pt significantly
enhanced the redox property of CoyxZrjpx catalysts, which played the
decisive role in the catalytic activity. Meanwhile, the introducing of Zr
would enlarge the surface area, increase the active surface oxygen spe-
cies and create more oxygen vacancies on the catalysts, which conse-
quently contributed to the catalytic stability and the sulfur resistance.
Specifically, in contrast to the rapid deactivation of 0.5 %Pt-Co304
catalyst, 0.5 %Pt-CoZr could obtain high conversion efficiency of ethane
above 80 % after the 480-min exposure to 50 ppm SO,. Consequently,
the corresponding reaction mechanism, degradation path, and SO,
tolerance mechanism of ethane oxidation were further elucidated in this
study.

2. Experimental section
2.1. Synthesis of catalysts

The catalysts were all synthesized by a sol-gel method. Typically, a
certain amount of cobalt nitrate and zirconium nitrate was dissolved in

20 mL deionized water to form a clear solution, while 0.15 mol citric
acid was added into 15 mL deionized water. Then, the citric acid
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solution was immersed dropwise into the above metallic solution under
magnetic stirring at 60 °C for 1 h. Next, the mixture was evaporated
overnight at 80 °C. The obtained solid was grinded and transferred into a
muffle furnace. The heating process followed as 300 °C for 1 h and then
350 °C for 4 h under air condition with the heating rate of 5 °C-min"".
The obtained samples were labeled as CoxZr;ox(x represented the molar
ratio of Co in the whole catalyst). Among them, the CogZr; catalyst was
abbreviated as CoZr particularly.

Subsequently, a series of Pt catalysts supported on Co304 and
CoxZripx Zwere synthesized by wetness impregnation using Pt
(NH3)4(NOg3)y solution as precursor. A desired amount of Pt
(NH3)4(NO3), solution was dissolved in 1 g Co304 and CoyxZrjo.x cata-
lysts under continuous stirring. After impregnation, the samples were
dried at 90 °C in a drying oven overnight and calcined at 300 °C for 3 h
in air. Finally, the catalysts were treated at 300 °C with 10 %Hs/Ar for
1 h. Pt was deposited on CogZr; and Co304 supports with a nominal Pt
loading of 0.5 wt% and denoted as 0.5 %Pt-CoZr and 0.5 %Pt-Co304,
respectively.

2.2. Catalyst characterization

The catalysts were characterized by techniques as followed: X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), electron paramagnetic resonance
(EPR), H; temperature-programmed reduction (Hz-TPR), Oy
temperature-programmed desorption (O2-TPD), inductively coupled
plasma optical emission spectroscopy (ICP-OES), Raman spectra, in situ
diffuse reflectance infrared Fourier transform spectroscopy (in situ
DRIFTs). And the details were provided in the Supporting information.

2.3. Catalytic activity

The catalytic performance of the catalysts for ethane oxidation was
tested in a fixed-bed reactor at atmospheric pressure. To eliminate the
hot spots effect, the prepared catalyst (100 mg) was diluted in 100 mg of
quartz sand (40-60 mesh) and then was placed in the tubular reactor.
The reactant gas was composed of 0.2 vol% CyHg, 21 vol% O (5 or
10 vol% H,0, 50 ppm SO», while used) and N, balance, with a total flow
rate of 50 mL-min~}, corresponding to a WHSV of 30,000 mL-g~1-h™'.
The reactants and products were analyzed using a gas chromatograph
(GC-97901I FulLi) equipped with a hydrogen flame ionization detector
(FID) and a thermal conductivity detector (TCD, for CO, and CO
detection). Analyses were made at each temperature until steady state
activity was attained (stabilized 30 min before the analysis). The con-
version of ethane (Xcane) and the yield of CO; (Ycoz) were calculated as
followed:

[C2He];, — [CoHs]
X — in out 1 0/
C2H6 —[Csz],-n x 100%
Y, _ [Coz]out
co2 2 x [CZHG]m

Where [CyHglin and [CoHgloyt are the inlet and outlet concentrations
of ethane, respectively. [CO2]oy is the outlet concentration of CO after
reaction.

The further reaction evaluation was provided in Supporting
information.

3. Results and discussions
3.1. Catalytic performances of prepared catalysts
The ethane catalytic activity of the synthesized catalysts as functions

of reaction temperature was evaluated under the same conditions, and
the temperatures corresponding to the 50 % and 90 % conversion of
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ethane (denoted as Tsg and Tgg) were listed in Table 1. Generally, Co304
showed satisfactory activity for ethane oxidation, but the ZrO, was
inactive in the whole temperature region. Typically, as displayed in
Fig. Sla, 10 % Zr introduced into the Co304 catalysts exhibited an
enhanced activity than single metal catalysts. Thus, the CogZr; catalysts
(denoted as CoZr) was selected as the target catalyst for supporting
noble metal Pt, which was also optimized by regulating the roasting
temperature showed in Fig. S1b. Moreover, the optimal adding content
of Pt in CoZr catalyst was determined at 0.5 wt% as showed in Fig. S2a.
Based on the above results, we carried out the following detailed ex-
periments to show the effects of Pt and Zr on the Co304 catalysts. As
displayed in Fig. 1a, the catalytic activities of the catalysts for ethane
oxidation decreased in the order of 0.5 %Pt-CoZr> 0.5 %Pt-
C0304>CoZr>Co304>Zr0O,. Moreover, we carried out a three-time re-
petitive experiments of ethane oxidation between 0.5 %Pt-CoZr and
0.5 %Pt-Co304 catalysts in Fig. S3, which further confirmed the
improved activity of 0.5 %Pt-CoZr catalyst. Meanwhile, the CO; selec-
tivity of tested catalysts was also depicted in Fig. S4. The Tqg over 0.5 %
Pt-CoZr catalyst was achieved at 247 °C, lower than that of 0.5 %Pt-
Co304 (262 °C) and CoZr (272 °C) catalysts, which was superior to most
reported catalysts (Fig. 1b and Table S1). Besides, the kinetic studies of
catalysts were displayed in Fig. 1c, and the apparent activation energy
(Ea) of 0.5 %Pt-CoZr showed the lowest value (63.64 kJ/mol) compared
with that of 0.5 %Pt-Co304 (64.17 kJ/mol), CoZr (78.26 kJ/mol) and
Co304 (103.52 kJ/mol) catalysts. Moreover, considering the fluctuating
flow conditions presented in actual flue gas, the effect of WHSV on the
ethane degradation over 0.5 %Pt-CoZr catalyst was further carried out
in Fig. S5, and the complete degradation was achieved at 325 °C even
under 90000 mL~h’1-g&11t.

The stability of the catalysts is another crucial factor judging their
catalytic performances. As showed in Fig. 1d, the 0.5 %Pt-CoZr catalyst
maintained excellent stability under temperature fluctuation impact
conditions. Considering the presence of the impurities in the real
exhaust condition, the effects H,O and SO on the catalytic stability of
prepared catalysts were studies at 275 °C. As depicted in Fig. le, the
0.5 %Pt-CoZr catalyst was still able to maintain over 90 % ethane con-
version in the impact of water, demonstrating its superior water resis-
tance stability compared to other catalysts (Fig. S5). The effect of SO on
the catalytic activity was also analyzed. As shown in Fig. 1f, the 0.5 %Pt-
CoZr catalyst kept a stable conversion over 80 % of ethane compared to
other catalysts, indicating the fantastic stability against SO,. Meanwhile,
the improved sulfur resistance was further verified on Pt-CoZr catalyst
with different loading contents of Pt in Fig. S2b. It was noteworthy that
both Co304 and 0.5 %Pt-Co304 rapidly deactivated within 360 min
under the influence of SO,. However, the sulfur resistance of the cata-
lysts was significantly enhanced after the addition of Zr as a promoter, as
observed in CoZr and 0.5 %Pt-CoZr. This clearly indicated that Zr played
a crucial role in improving the sulfur resistance of the catalysts. The
above results demonstrated that 0.5 %Pt-CoZr exhibited excellent
ethane conversion performance and stability compared to CosOj,
showing promising potential for industrial applications. The roles of Pt
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and Zr in the structure-activity relationship was comprehensive
analyzed in the following parts.

3.2. Physical properties of catalysts

HRTEM was used for insight into the texture morphology and lattice
structure of 0.5 %Pt-CoZr and 0.5 %Pt-Co304 catalysts in Fig. 2. Obvi-
ously, smaller and more regular particles were detected in 0.5 %Pt-CoZr
catalyst (Fig. 2a) while comparing with 0.5 %Pt-Co304 catalyst
(Fig. 2d). Meanwhile, the deposition of Pt nanoparticles was further
investigated and the measured d-spacing of 0.23 nm was assigned to the
(111) facets of Pt nanoparticles on both catalysts in Fig. 2b and e.
Moreover, the texture and morphology of catalysts and the distribution
of Pt species were characterized by HAADF. As displayed in Figs. 2c and
2f, smaller Pt nanoparticles were observed on the surface of 0.5 %Pt-
CoZr compared to 0.5 %Pt-Co304, which was likely attributed to the
addition of Zr promoting the dispersion of Pt on the catalyst surface. The
higher metal dispersion determined by the CO pulse chemisorption
further confirmed the smaller Pt nanoparticles in the 0.5 %Pt-CoZr
catalyst. Moreover, the result of EDS elemental mapping indicated that
the Zr and Pt were successfully loaded and highly dispersed on the
surface of 0.5 %Pt-CoZr catalyst (Fig. S7). Besides, we conducted the
TEM and HAADF analysis on the used 0.5 %Pt-CoZr catalysts after the
catalytic activity test and displayed the results in the Fig. S8. The results
showed that Pt species on used 0.5 %Pt-CoZr catalyst was in highly
dispersed state without obvious aggregation even after the high-
temperature reaction, indicating the excellent stability of 0.5 %Pt-
CoZr catalyst in propane oxidation.

The XRD patterns of various samples were studied as shown in
Fig. 3a. The prepared Co304 catalyst matched well with the spinel Co304
crystal phase (JCPDS42-1467), while the ZrO, catalysts showed the
phase of ZrO, (JCPDS49-1642). After introducing the Pt or Zr into the
Co304 catalyst, only a slightly evident peak at 36.9° was observed on
0.5 %Pt-CoZr, which was attributed to the (311) crystal planes of Co304
(Fig. S9). Moreover, no characteristic diffraction peaks assigned to Pt
metal were recorded owing to a low Pt loading (0.5 wt%) or high
dispersion of Pt on the surface of catalysts. Besides, another peak
belonged to the crystal phase of CoO was detected in 0.5 %Pt-Co304
catalyst attributed to the reduction of Hy during the preparing process.
However, related peak was not discovered in 0.5 %Pt-CoZr catalyst,
which was probably contributed to the influence of Zr [30].

The specific surface area and pore structure parameters of the pre-
pared materials were characterized by low-temperature Ny adsorption,
showed in Fig. 3b and Table 1. It was obvious that all prepared catalysts
displayed the unique IV-type isotherms with irregular appearance. In
detail, 0.5 %Pt-CoZr and CoZr catalysts possessed a type IV isotherm
with a H3 type hysteresis loop, but other belonged to a H4-type.
Furthermore, the surface area of them followed the order of 0.5 %Pt-
CoZr (79.4 m%/g)>CoZr (72.9 m%/g)>Zr0; (22.9 m?/g)> 0.5 %Pt-
Co304 (19.1 rnz/g)>C03O4 (11.5 mz/g). The results indicated that the
introduction of Zr made great contribution to the high surface areas.

Table 1

Catalytic activities, pore structure and surface information of the catalysts.
Catalyst Tso Too Rate” Sper’ A Dp“ Binding energy(eV)

0 0 (moleg™les™) (m®/g) (cm®/g) (nm)
& & & Co®* 2py 5 Co™" 2py 2 Oon Ogurf Olate

ZrOqy > 300 - - 229 0.03 5.5 - - 532.98 531.13 529.34
CoZr 232 271 0.11 72.9 0.13 7.3 794.78 796.20 532.00 530.84 529.70
0.5 %Pt-CoZr 212 247 0.18 79.4 0.13 6.6 794.87 796.42 531.91 530.77 529.76
0.5 %Pt-Co304 225 260 0.15 19.1 0.12 25.3 794.84 796.43 532.22 531.09 529.83
Co304 247 279 0.04 11.5 0.12 42.6 794.80 796.19 532.24 531.26 530.00

2 Calculated at 125 °C;
LI — specific surface area obtained by the Brunauer-Emmett-Teller method;
¢ V¢ the total of pore volume calculated by BJH desorption method;

d Dp: the average pore diameter obtained by BJH desorption average pore diameter.
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Fig. 1. Catalytic performance for ethane oxidation (a), comparation of ethane conversion of Tgo with other catalysts reported in the literatures (b), arrhenius plots
over the prepared catalysts (c), ethane oxidation when alternating the reaction temperature between 200 and 350 °C on the 0.5 %Pt-CoZr catalyst (d), water vapor

resistance (5 vol% and 10 vol%) tests for CoZr and 0.5 %Pt-CoZr catalyst at 275 °C (e) and time-varying ethane conversion over catalysts at 275 °C when 50 ppm SO,
was introduced (f). The feed gas consisted of 2000 ppm CyHs, 21 % O4/Ns, the WHSV was 30,000 mL-h~!.gz1.

1 1
Pt nanoparticles

50 nm

Fig. 2. Typical HRTEM and HAADF images of 0.5 %Pt-CoZr catalyst (a-c) and 0.5 %Pt-Co304 catalyst (d-f).

Meanwhile, the similar information of CoyZry catalysts was displayed in
the Fig. 3c and further confirmed the critical effects of Zr on the
enhancement of surface area. The high specific surface area of 0.5 %Pt-
CoZr facilitated the molecular mass transfer and exposed more active

sites, thereby demonstrating superior catalytic performance in ethane
conversion [32].

As showed in Fig. 3d, four Raman bands at ca. 192, 484, 522 and
689 cm~! were detected and corresponded to F3 o Eg F3 g and Ajg
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Fig. 3. XRD patterns (a), N, sorption isotherm (b), BET surface area (c), Raman spectra (d), Co-O force constant (e) and EPR spectra (f) of prepared catalysts.

modes of Co304, respectively [33]. Compared to the pure Co304 cata-
lyst, the introduction of Zr and Pt led to a slight shift of the Raman peaks
toward lower wavenumbers in CoZr, 0.5 %Pt-Co304, and 0.5 %Pt-CoZr
catalysts. These findings suggested modifications in the Co-O bond
strength and an enhanced presence of defects. Besides, the bond force
constant was calculated to further study the Co-O bond strength ac-
cording to the Hooke’s law [34]:

=5 k/u

where o, ¢ and p represented the Raman shift (em™) of A; ¢ Symmetry,
light velocity (3.0 x10% m/s) and effective mass, respectively. As dis-
played in Fig. 3e, the Co-O bond force constant (k) followed the order of
C0304>CoZr> 0.5 %Pt-Co304> 0.5 %Pt-CoZr, which was exactly
opposite to the catalytic activity. The 0.5 %Pt-CoZr catalyst exhibited
the lowest Co-O bond strength, indicating that the Co-O bond was more
prone to cleavage. This facilitated the participation of oxygen atoms in
catalytic reactions and promoted the formation of a large number of
oxygen vacancies on the surface of 0.5 %Pt-CoZr [35]. Similar phe-
nomena were also observed in the result of EPR. As displayed in Fig. 3f,
the modified catalysts exhibited enhanced peak intensity at the g-value
of 2.003 compared to the Co3O4 catalyst. Especially, 0.5 %Pt-CoZr
catalyst demonstrated the strongest symmetric signal, which referred to
the abundant electrons trapped in the oxygen vacancy defects [36].
These above results illustrated that the introduction of Zr and Pt
weakened the Co-O bonds in Co304 through the interactions among Pt,
Zr, and Co. The more oxygen vacancy defects were easier to form in
0.5 %Pt-CoZr catalyst and finally contributed to the promoted catalytic
activity. Furthermore, compared to Zr, the introduction of Pt demon-
strated a significantly greater capacity to weaken the Co-O bonds in
Co304 through metal-metal and metal-oxygen interactions (Fig. 3e).

3.3. Structure-activity relationships

XPS was conducted to characterize the valence state changes and
surface chemical states. The XPS survey spectra was concluded in
Fig. S10, and the Co 2p, O 1 s and Pt 4 f spectra were shown in Fig. 4. The
Co 2p XPS profiles of the catalysts could be split into four peaks of Co>*
(780.0 eV and 795.0 eV) and Co** (781.5 eV and 796.5 eV), respec-
tively [15]. Especially, after the introduction of Pt, the binding energies
of Co®' shifted to higher values, indicating the presence of electron
transfer in Co304 phase. Besides, the ratio of Co3*/Co?* was calculated
and followed the order as 0.5 %Pt-CoZr(1.38)> 0.5 %Pt-C0304(1.22)>
CoZr(1.17)>C0304(0.72), which implied the potential of excellent
redox ability on Pt-supported catalysts. The Hy-TPR experiment was
employed to further determined the effect of Pt addition on the redox
property. As showed in Fig. 4d, two clear reduction peaks at 348 °C and
439 °C were observed for the single Co304 catalyst, which were divided
into two stages of Co>* to Co®" and Co?* to Co, particularly [15,37].
After the introduction of Pt, the reduction peaks of Co shifted to lower
temperature. Meanwhile, the peaks around 100 °C were observed on
0.5 %Pt-CoZr and 0.5 %Pt-Co304, which were attributed to the reduc-
tion of the PtOy species [26]. And the Hy consumption at temperatures
below 200°C was significantly increased (Table S3), which was attrib-
uted to the weaken interaction between PtOy and Co304 [38]. These
results demonstrated that Pt addition markedly improved the
low-temperature redox activity of catalysts.

The XPS results of O 1 s highlighted the effects of Zr doping. As
displayed in Fig. 4b and Fig. S9, three peaks at 529.6 eV, 531.1 eV and
532.20 eV were assigned to lattice oxygen (Ojatt), surface-active oxygen
(Osurf) and hydroxyl oxygen (Oop), respectively [9]. Compared with the
Co304 catalyst, the binding energies of Ogyf peaks on CoZr significantly
shifted to lower values. This indicated that the electron shifted towards
oxygen sites, thereby enhancing the formation of Ogyf (such as 03) on
the catalyst surface [15]. As for 0.5 %Pt-Co304 and 0.5 %Pt-CoZr, the
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Fig. 4. XPS spectra of Co 2p(a), O 1 s(b) and Pt 4 f(c), Ho-TPR(d), NH3-TPD(e) and acid sites of prepared catalysts(f).

chemical valences of the Pt species on these two catalysts were also
studied by XPS. As shown in Fig. 4c, the peaks at 71.4 and 74.7 eV were
related to the Pt® species, while the peaks at 72.5 and 75.8 eV were
correlated with the Pt2+ species [14]. Compared with 0.5 %Pt-Co304,
after introducing Zr, an increased proportion of active Pt® species
(59.40 %) was observed on the surface of 0.5 %Pt-CoZr, [39]. Simulta-
neously, the binding energy of Pt shifted to higher values on 0.5 %
Pt-CoZr, while the binding energy of Ogys shifted to higher values in
Fig. 4b. This demonstrated that Zr incorporation facilitated electron
transfer from Pt to O on the 0.5 %Pt-CoZr surface, promoting the gen-
eration of more Oj. Furthermore, the higher ratio of Ogy/Ojar Were
found on Zr-doped -catalysts in Fig. 4b. Higher percentage of
surface-active oxygen species implies more oxygen vacancies on the
catalysts [33]. These results demonstrated that the introduction of Zr
was conductive to regulate and improve the surface-active oxygen (e.g.
03, 0%)on prepared catalysts, which in turn accelerated the oxidation of
ethane on 0.5 %Pt-CoZr.

Based on existing researches, metallic platinum (Pt%) has been
identified as one of the most reactive phases for the catalytic combustion
of short-chain alkanes[40,41]. Further, it was considered that Pt sites
are conductive to activating O, to generate active oxygen and increasing
the C-H and C-C activation ability of alkanes[42-45]. Besides, the
increased percentages of Pt° species at higher binding energies was
detected in 0.5 %Pt-CoZr catalysts compared to 0.5 %Pt-Co304, sug-
gesting a significant interaction was formed between Pt and Zr. While
putting the XPS results of Pt and Co into consideration together, the
opposite change was detected due to the inner interactions. In detailed,
higher percentages of high valence of Co (Co®") and low valence of Pt
(Pt were existed in 0.5 %Pt-CoZr, while the 0.5 %Pt-Co304 catalyst
displayed reverse state. That is to say, electronic transfer must exist in
these two metal elements. Thus, the higher percentages of active species
(Pt°, Co®Tand Ogu) jointly determined the activity of 0.5 %Pt-CoZr

catalysts.

The surface acidity was reported to be beneficial to enhance the
capacity of cracking the C-H bond and deep oxidation [26,46]. Here,
temperature-programmed desorption of NH3(NH3-TPD) was carried out
to identify the surface acidity and acid amount of prepared catalysts, and
the results were displayed in Fig. 4e and Table S3. The NH3 desorption
zones at below 250 °C, 250-400 °C, and above 400 °C were assigned to
the desorption of NH3 adsorbed on weak, medium strong and strong acid
sites on the catalyst surface, respectively [47]. It was obvious that pure
ZrO, catalyst owned more abundant acid sites than pure Co304 catalyst.
Meanwhile, as concluded in Table S3 and Fig. 4f, the total acidity
improved with the incorporation of Zr on CoZr catalysts. The intro-
duction of Pt on 0.5 %Pt-Co304 catalyst also made promoting influence
on the total acidity. However, the weak acidity was greatly enhanced by
Zr addition. Moreover, it was worth noting that the surface weak acid
sites in both of 0.5 %Pt-CoZr and CoZr catalysts were significantly
enhanced. Considering their exclusive catalytic performances of
sulfur-resistance, it could be proposed that the introduction of Zr
enhanced the surface weak acidity and consequently strengthened the
tolerance to sulfur, which corresponded to the previous work [48].

3.4. Reaction mechanism study

To get deep insights into the reaction mechanism, the CoHg degra-
dation processes were investigated by in situ DRIFTs on the 0.5 %Pt-
CoZr catalyst. Firstly, the flow of 0.2 vol% CyHg/N2 was introduced into
the reaction chamber to reveal the adsorption of CyHg at 150 °C. As
displayed in Fig. 5a, the signal of bands at 2983, 2931 and 2894 cm !
were assigned to the C-H stretching vibrations of gaseous CoHg [3,4].
Meanwhile, the band at 1436 cm™! corresponded to the ethyl was
detected, and multiple bands attributed to the carbonate and carbox-
ylate species were also observed at 1000-1600 cm ™}, which implied that
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Fig. 5. In situ DRIFTS of ethane adsorption (a) and oxidation (b) over 0.5 %Pt-CoZr catalyst.

the broken of first C-H band happened owing to the surface-active ox-
ygen of 0.5 %Pt-CoZr catalyst [49]. After reaching adsorption saturation
within 30 min, the feed gas was replaced with 0.2 vol% CyHg and air,
and the reaction temperature was gradually increased. As displayed in
Fig. 5b, the bands intensity of ethane on the 0.5 %Pt-CoZr catalyst
gradually declined and the bands of hydroxyl species (3658 and
3612 cm 1) emerged with the progress of the oxidation reaction [50]. At
the low temperature, the peaks at 1420 em! (CH3CHOOH) and
1345 cm ™! (polydentate carbonate) were firstly found [33,51]. With the
increasing of the temperature, the peaks of formate (1560 and

1613 cm™ 1) and acetate (1591 cm ™) emerged and then disappeared
[38,52]. Besides, the carbonate species (1219, 1316, 1360 and
1492 cm™ 1) were always the dominant intermediates during the CyHg
degradation [36,53]. Moreover, the detailed peaks of the intermediates
at 1650-1200 cm ! were shown in Fig. S12. Based on the above results,
the degradation path of CyHg oxidation was proposed as followed by:
CH3CH3 — CH3CH2* — CH3HCOO* - HCOO* — HCO3*/COs* — Hy0
and CO,, which obeyed the MvK mechanisms. It was worth noting that
during the reaction of ethane on the CoZr surface, the signal peaks of
acetate and carbonate were observed, while no obvious formate signal
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peak was detected (Fig. S10). However, after the introduction of Pt, a
significant formate signal peak was observed on the 0.5 %Pt-CoZr sur-
face. These results indicated that on the CoZr surface, the catalytic re-
action of ethane only proceeded to the C-H bond cleavage stage, whereas
the presence of Pt on the 0.5 %Pt-CoZr surface facilitated C-C bond
cleavage and promoted the conversion of acetate to formate.

The results in Fig. 1f demonstrated that the introduction of Zr could
significantly enhance the sulfur resistance of the catalyst. To distinguish
the effects of Zr modification on the enhancement of the sulfur resis-
tance, the distribution and chemical states of S species on the surfaces of
used 0.5 % Pt-CoZr and 0.5 % Pt-Co304 were analyzed. XPS survey
spectra of 0.5 %Pt-CoZr-S and 0.5 %Pt-Co304-S (after 480-min ethane
oxidation reaction with SO;) were displayed in Fig. 6a. The peaks
observed at 169.70 and 168.70 eV were correspond to SO‘Z{ and SO%’
species, respectively [54]. And the higher percentage of stable sulfates
was formed on the 0.5 %Pt-Co304-S catalyst (58.30 %) compared with
0.5 %Pt-CoZr-S (Table 2). Similarly, the percentage of S content in 0.5 %
Pt-Co304-S surface was twice of that in 0.5 %Pt-CoZr-S surface, along
with the increased contents of O element. This indicated that on the
surface of 0.5 %Pt-Co304, SO2 was more likely to consume surface active
oxygen species to form sulfate deposits on the catalyst surface. After
introducing Zr, the generation of sulfate on the surface of 0.5 %Pt-CoZr
was significantly inhibited. This was mainly because the introduction of
Zr increased the surface acidity of the 0.5 %Pt-CoZr catalyst (Fig. 4e),
thereby inhibiting the adsorption of SO, [55].

In order to validate the effects of sulfates on ethane oxidation, we
further carried out a 180-min continuous test of in situ DRIFTS under the
condition of 0.2 vol% CyHg, 50 ppm SO; and air at 275 °C. As depicted
in Fig. 6¢ and d, there were obvious bands of carbonate intermediates
(1030, 1123,1360 and 1340 cm ) on the both catalysts [56,57].
However, the bands of sulfates (910, 925 and 990 em™ ) gradually
emerged and intensified within 60 min on the surface of the 0.5 %
Pt-Co304 catalyst [58]. Meanwhile, the bands intensity of carbonates
became higher as well. These phenomena indicated that SO5 undergone
oxygen-competitive reactions with ethane by consuming surface-active
oxygen on 0.5 %Pt-Co30y, resulting in the deposition of sulfates on
the surface, which in turn hindered the deep degradation of ethane’s
reaction intermediates, such as carbonates. However, no evident bands
of sulfates were detected on the 0.5 %Pt-CoZr catalyst. Therefore, it was
reasonable to deduce that the modification of Zr could greatly prevent
the accumulation and further conversion of sulfates in 0.5 %Pt-CoZr
catalyst, which maintained the satisfactory performances under
long-time exposure to SOy (Fig. 1f).

4. Discussion

Based on the above results, both Pt and Zr play crucial roles in the
catalytic oxidation of ethane over the 0.5 %Pt-CoZr catalyst. The
comprehensive relationship between structure and performance of cat-
alysts was concluded in Fig. 7a. Specifically, the introduction of 0.5 % Pt
significantly enhanced the ethane conversion rate of the catalyst. This
was mainly because the introduction of Pt weakened the Co-O bond
(Fig. 3d), facilitating the participation of O in the ethane oxidation
process and the formation of corresponding oxygen vacancies (Fig. 3f).
Additionally, the interaction between Pt and Co improves the low-

Table 2
XPS results of catalysts after long-time SO, exposure.
Catalyst Surface S Surface O Binding Energy S0% (%)
content content (eV)
Atom.% Atom.%
om.% om.% o 02
0.5 %Pt- 2.18 41.26 169.69 168.70 39.45
CoZr-S
0.5 %Pt- 4.39 44.18 169.71 168.66 58.30
Co304-S
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temperature redox properties of the catalyst (Fig. 4d). Meanwhile, the
increased Co®*/Co** ratio indicated that more electrons were trans-
ferred from Co to O, generating abundant surface-active oxygen species
(e.g. 02’, 03), which promoted the deep degradation of ethane (Fig. 4b).
As a co-catalyst, Zr also played an essential role in enhancing the ethane
conversion. On the one hand, the introduction of Zr enhanced the spe-
cific surface area of the catalysts (Fig. 3b and c), facilitated the exposure
of active sites, and offered reaction sites for ethane. Meanwhile, the
presence of Zr enhanced the dispersion of Pt on the catalyst surface
(Fig. 2). On the other hand, Zr regulated the surface electronic distri-
bution, further promoting the generation of surface-active oxygen spe-
cies (Fig. 4e). More importantly, the introduction of Zr enhanced the
overall acidity of the catalyst, thereby inhibiting the adsorption of SO
and the deposition of sulfates on the catalyst surface (Fig. 6b).

The identification of key active sites in the catalytic oxidation of
ethane is crucial. Through the analysis of the catalytic mechanisms of
ethane on the 0.5 %Pt-CoZr surface, it was found that Pt served as the
primary site for C-C bond cleavage, facilitating the decomposition of
acetate into formate. In terms of sulfur resistance, SO, preferentially
consumed active species on the 0.5 %Pt-Co304 surface, depositing sul-
fate species and inhibiting the deep degradation of key intermediates in
ethane oxidation (Fig. 7b). However, the introduction of Zr significantly
reduced the deposition of sulfate species on the 0.5 %Pt-CoZr surface.
Ultimately, under the synergistic effects of Pt, Zr, and Co sites, ethane
could be successfully and efficiently conversed into the harmless CO5
and Hy0 under the exposure to SO3 on the 0.5 %Pt-CoZr catalyst.

5. Conclusions

In summary, a series of CoyZrjox mixed oxides and Pt-supported
catalysts were prepared for efficient ethane catalytic degradation
under different conditions. The 0.5 %Pt-CoZr catalyst was the optimal
candidate and achieved efficient performances with the Ty of ethane
oxidation at 247 °C. Moreover, great thermal stability and water resis-
tance of 0.5 %Pt-CoZr catalyst were tested under 40-hour tests,
demonstrating shining adaptability to variable working conditions. It
was found that the interaction between Pt and Co critically contributed
to the efficient catalytic performances. More oxygen vacancies and
surface-active oxygen were obtained with the presence of Pt, implying
the superior ability of activating the strong C-C bond in ethane.
Compared to the CoZr catalyst, the introduction of Pt in 0.5 %Pt-CoZr
catalyst promoted the conversion of intermediate species, especially the
acetate. Meanwhile, the 0.5 %Pt-CoZr catalyst could maintain high ac-
tivity after 480 min exposure to SO9, while the 0.5 %Pt-Co304 catalyst
was seriously poisoned within 240 min. Notably, the strengthened weak
acid sites by Zr doping played the decisive role, which effectively
inhibited the SO, adsorption and sulfates deposition. Besides, the Zr
introduction was favorable to increase the specific surface area of cat-
alysts and then promote the homogeneous distribution of Pt particles.
Additionally, the results of in situ DRIFTs illustrated that the path of
ethane oxidation was followed by CH3CH3— CH3CHy*— CH3HCOO*—
HCOO*— HCO3*/CO3*— Hy0 and CO,. Overall, this study proposed a
satisfactory catalyst in efficient degradation of ethane under SO5 expo-
sure and provided an insight to eliminate short-chain alkanes emission.
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