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Abstract: The catalytic oxidation of VOCs is widely acknowledged as the most available technology
to reduce air pollution. Among the catalysts for VOCs, 1 wt%-Pt/TiO; catalysts using metal as a
doping element have shown amazing potential in many fields. However, achieving high catalytic
performance at relatively low temperatures based on the activation of molecules is still a formidable
challenge owing to the catalytic activity being highly dependent on temperature. Here, the role of
the rare earth metal Ce in the catalytic oxidation of ethane was studied by preparing Pt/CexTi;_xO,
(x =0, 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts. When the Ce/(Ce+Ti) molar ratio was 0.01,
Pt/Ceq 01 Tip.990, achieved 90% ethane conversion at 436 °C. This reaction temperature is 15% lower
than that for Pt/ TiO,. The characterization results show that the doping of Ce caused lattice expansion
of TiO; and its distortion brought about by oxygen vacancies. Additionally, the appropriate amount
of Ce-doping can alter the interaction between the active component Pt and the carrier TiO,, thereby
improving the activity and concentration of the active surface lattice oxygen species of the catalyst.
These results provide a foundation for the design of the catalytic oxidation of VOCs under mild
operating conditions.
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1. Introduction

Volatile organic compounds (VOCs) are a class of numerous gas pollutants including
hydrocarbons (alkanes, olefins, and aromatics), ketones, esters, alcohols, etc. Produced by
industrial sources, VOCs are discharged into the atmosphere, leading to photochemical
reactions when encountering other pollutants, such as nitrogen oxides (NOy) and sulfur
dioxide (SO,), under certain conditions. This generates fine particles, ozone, and other
secondary pollutants [1,2]. Ethane is a significant low-weight VOC that results from
the gasification of coal, the outgassing of rock oil, and a variety of chemical reactions.
Compared with other VOCs, ethane is more difficult to be totally oxidized [3]. These
products can aggravate urban haze pollution, damage human organs and the nervous
system, and increase the likelihood of cancer in citizens [4,5]. Therefore, it is important
to reduce the number of discharged VOCs, especially ethane. The catalytic oxidation of
VOCs has been recognized as the most promising technology, and several studies have
been conducted to increase its reaction rate. Jian et al. [6] reported that solvothermally
prepared nanosphere x-Fe,O3 exhibited satisfactory ethane catalytic combustion activity
and stability that greatly improved the concentration of reactive oxygen species, the oxygen
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transfer rate, and the redox properties of the catalyst due to more oxygen vacancies and
lattice defects. In addition, DFT results showed that the oxygen vacancy formation energy
of nanosphere «-FepO3 was the lowest and that the adsorption energy of ethane and O, was
the strongest, which could accelerate the ethane oxidation process. Guo et al. [7] introduced
different amounts of Fe, Bi, and Ce to change the performance of manganese-based oxide
catalysts. MnOx(MS)-5%Fe, MnOx(MS)-15%Bi, and MnOy(MS)-10%Ce catalysts were
observed to significantly change the catalytic performance in removing oxygen-containing
VOCs because of a larger specific surface area, higher active surface oxygen, higher Mn
ion concentration, and better reducibility at low temperatures. Consequently, increasing
surface defect sites and the active surface oxygen concentration by doping is a common
method for catalyst modification.

However, due to the lack of active sites with strong oxidation ability, non-noble-metal
oxides with poor oxidation activity cannot meet the requirements of practical industrial
applications and thus are used as carriers in many cases. Therefore, highly active noble-
metal catalysts are more widely used in VOC catalytic oxidation applications. Yu et al. [8]
reported that the oxygen vacancy-rich Ru/TiO; catalyst exhibited excellent activity and
stability in the oxidation of mixed VOCs, which could inhibit the production of by-products
and Cl,. At present, Pt-based catalysts play an increasingly important role in the catalytic
removal of VOCs. By manipulating the chemical properties of the multi-component
interface, Mi Yoo [9] synthesized dense Pt single atoms that were shown to be highly reactive
to oxidation reactions and optimized the catalytic performance of noble-metal single-atom
catalysts by means of the atomic-scale tuning of the metal support interface. Ye [10]
prepared hierarchical Pt/Co304-NiO catalysts that showed a hollow porous structure with
characteristics of low air resistance, fast diffusion channels, and abundant active oxygens at
the interface between Coz0O,4 and NiO. Oxygen vacancies generated during Pt deposition
were favorable to the adsorption and conversion of HCHO, and the electron transfer from
NiO to Pt enhanced the adsorption and activation of O,. Due to the advantages described
above, the novel catalyst presented excellent activity. In Pt-based catalyst systems, other
metal elements are often introduced to increase the interaction between the catalyst active
component and the support. The doping of rare earth elements, e.g., La [11], Ce, etc., can
improve catalytic activity; furthermore, Ce has good oxygen storage performance. Chen
et al. [12] reported a study in which Pt was supported using CeO;-Al,Os. Due to the
strong interaction between Pt and CeO,, it showed high stability and catalytic activity in
the catalytic oxidation of dichloromethane. H,-TPR, NH3-TPD, and other characterization
results demonstrated that the optimal combination of surface acidity and redox properties
of the catalyst synergistically contributed to its high activity. The interaction between the
noble metal and the support also improved the oxygen mobility of CeO, and accelerated
the oxidation of Cl, by Cl ions.

Under this condition, Ce was introduced into a Pt/ TiO, system to construct a CeO;-
TiO, composite carrier in many recent studies [13-15]. However, few reports focused on
the change in oxygen vacancies and oxygen species caused by the change in the carrier
lattice structure owing to the introduction of Ce. In this study, Ce was utilized as a doping
modifier for the amendment of structural defects on the surface of the Pt/TiO, catalyst with
an in situ doping method to increase oxygen vacancies and the active surface lattice oxygen
concentration and promote the interaction among the Pt active component, the Ce-doping
element, and the TiO, carrier. The catalytic performance of 1 wt%-Pt/CexTi;_4O; catalysts
with different Ce/Ti molar ratios was compared using ethane as a typical reactant. The
results suggest that Pt/CeTi;_4O; catalysts can improve the deep oxidation activity of
ethane and that the temperature of Tqy of the Pt/Ce1Tig 99O, catalyst can be as low as
436 °C. XRD, N, adsorption—-desorption, SEM, XPS, H,-TPR, O,-TPD, and NH3-TPD were
carried out to characterize the physicochemical properties of the catalysts and indicate the
relationship between structure and catalyst activity. In addition, the resistance ability of the
catalysts to sulfur and water was also measured.
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2. Results and Discussion
2.1. Catalytic Activity
2.1.1. Catalytic Performance in Ethane Oxidation

In the preliminary preparations, we prepared Pt/M-TiO; catalysts (M = Ce, Mg, Ni,
Mn, Co, Sn, Ca, La, W, V, Zr, Mo, Sm, Fe, Cr, and Cu; M:Ti (molar ratio) was fixed at
1:99), which were used to evaluate the activity and durability of catalysts in a complex
atmosphere. Figure 1a,b present the ethane conversion rates of these catalysts at different
temperatures and over time, respectively. It can be seen that the Pt/Ceg o1 Tip.99O, catalyst
showed the best catalytic oxidation activity and stability; therefore, Ce was selected as
the doping modification additive for this study. Figure 1c and Figure S1 show the activity
evaluation curves of Pt/Ce,Ti; O, (x =0, 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts and
the corresponding supports, i.e., Cegg1Tig99O2 and TiO,, where TiO, was observed to
have nearly no catalytic oxidation ability for ethane. Apparently, the catalytic ability of
Ce01Tip 990, is limited when doping Ce, indicating that it is not an active component.
After loading Pt, however, the activity of Pt/ TiO, was greatly improved due to the strong
catalytic oxidation performance of Pt and the possible interaction among metal elements.
The catalytic activity of the Pt/CexTi;_xO; (x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts
was improved to varying degrees compared with that of the Pt/TiO, catalysts without
doping the Ce element due to a possible interaction among the metal elements. In addition,
the activity first increased but then decreased with the increase in the proportion of the Ce
element, and the catalyst doped with 1% Ce exhibited the best ethane catalytic oxidation
activity (Tgp = 436 °C). The diminishing order of catalytic activity at 90% ethane conversion
was as follows: Pt/Ceq 1 Tig.990,, Pt/ Cego5Tin.99502, Pt/ Ceg .02 Tig.9sO2, Pt/Ceg o5Tig.9507,
and Pt/Ceg g2 Ti.9980> (see Table 1), and this shows that excessive or insufficient doping
is detrimental to the improvement of catalyst activity. Figure 1d describes the Arrhenius
plots of the Pt/CexTi;_xO, (x =0, 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts. The trend of
apparent activation energy was opposite to the that of the Tgg data, and Pt/Ce 91 Tig.99O>
had the lowest apparent activation energy, indicating that the reactant molecules in the
catalytic oxidation of ethane were more easily activated on the catalyst and that the catalytic
oxidation performance was the best.

Table 1. Catalytic activity and Ea values of Pt/CexTi;_4O, (x = 0, 0.002, 0.005, 0.01, 0.02, and
0.05) catalysts.

Catalyst Tso ' (°C) Too ' CCO) Ea (kJ/mol) Ts0 2 (°C) Too 2 (°C)

Pt/TiO, 441 514 79.54 345 413
Pt/Ce 2 Tip.9802 439 500 72.31 348 441
Pt/Ceq 5Tip.9502 390 455 57.92 321 416
Pt/Ce 01 Tig.9902 360 436 48.84 316 370
Pt/Ce 2 Tip.9802 389 460 62.82 326 472
Pt/Ce 05Tip.9502 407 466 70.75 403 490

1 Temperature at which conversion was 50% or 90%. Reaction conditions: [C;Hg] = 1000 ppm, [O;] = 4 vol%,
and balance N. 2 Temperature at which conversion was 50% or 90%. Reaction conditions: [CoHg] = 1000 ppm,
[O2] = 4 vol%, [HyO] = 5%, [SO,] = 100 ppm, and balance N,.
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Figure 1. (a) Catalytic activity and (b) durability at 420 °C of part of M-Pt/TiO; catalysts. Reaction
conditions: [CoHg] = 1000 ppm, [O;] = 4 vol%, [H,O] = 5%, [SO;] = 100 ppm, balance Ny, total
flow rate = 200 mL/min, and GHSV = 60,000 h—1. (c) Catalytic activity of Pt/CeTi;_4O, catalysts.
Reaction conditions: [C;Hg] = 1000 ppm, [O,] = 4 vol%, balance Nj, total flow rate = 200 mL/min,
and GHSV = 60,000 h—1. (d) Arrhenius plots of Pt/CexTij_4O, catalysts.

2.1.2. Catalytic Performance towards SO, and H,O Resistance

Figure 2a shows the activity evaluation curve of the Pt/Ce,Ti;_,O, (x = 0.002, 0.005,
0.01, 0.02, and 0.05) catalysts under conditions of SO, and H,O. Through the activity
evaluation data, it was found that the catalyst still showed good activity when doped
with 1% Ce, and the decreasing order of catalytic activity at 90% ethane conversion was as
follows: Pt/Ceq 01 Tig.9902, Pt/Ceq 005 Ti0.99502, Pt/ Cep.02Tig.9802, Pt/ Ce 002 Tig.99802, and
Pt/Cep95Tig9507. Therefore, the appropriate doping amount of the Ce element is also a
significant factor for obtaining the highest catalytic activity even under conditions of SO,
and H,O. Moreover, an unexpected promotion of catalytic activity was observed after the
introduction of SO, and H,O, which are generally recognized as poisonous in catalytic
oxidation. In order to further reveal the roles of SO, and H,O, the Pt/Ceq 1 Tig.99O, cat-
alyst with the best activity in Section 2.1.1 was selected for catalytic activity evaluation
in different atmospheres (Figure 2b). It was evident that the highest catalytic activity of
the catalyst was found in atmosphere C, followed by atmosphere A, atmosphere B, and
atmosphere D. Specifically, the introduction of HyO in the reaction inhibited the reaction,
which is consistent with the phenomenon of most VOC catalytic oxidation reactions [16].
Figures S2 and S3 indicate that the water molecules and reactants only constitute competi-
tive adsorption on the surface of the catalyst, and its effect on the reactivity is reversible,
which further proves that the catalyst has good water stability. In contrast, SO, presented a
catalytic impact and thus promoted the catalytic reaction, which can be explained by the
fact that catalytic activity can be improved by the interaction between sulfate on the surface
and highly oxidized platinum atoms on the edge of platinum particles [17].
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Figure 2. (a) Catalytic activity of Pt/CexTi;_4O, catalysts. Reaction conditions: [CoHg] = 1000 ppm,
[O2] = 4 vol%, [HpO] = 5%, [SO;] = 100 ppm, balance Ny, total flow rate = 200 mL/min, and
GHSV = 60,000 h—1. (b) Catalytic activity of Pt/Cegg1Tigg9O, catalysts in different atmospheres.
Atmosphere A: 1000 ppm ethane, 4% oxygen, N, balance, 100 ppm SO,, and 5% water. Atmosphere
B: 1000 ppm ethane, 4% oxygen, and N, balance. Atmosphere C: 1000 ppm ethane, 4% oxygen, N,
balance, and 100 ppm SO,. Atmosphere D: 1000 ppm ethane, 4% oxygen, Ny balance, and 5% water.

2.2. XRD

The XRD characterization results of the Pt/Ce,Ti;_O, (x = 0, 0.002, 0.005, 0.01, 0.02,
and 0.05) catalysts describing all crystal forms of anatase-TiO; are shown in Figure 3a. The
diffraction peaks appearing at 25.4°, 37.0°, 37.9°, 38.6°, 48.1°, 54.0°, 55.1°, 62.1°, 68.8°, 75.9°,
and 77.4° belong to the (101), (103), (004), (112), (200), (105), (211), (213), (116), (320), and
(202) crystal planes, respectively (JCPDS No. 21-1272). No Ce species were found in the
XRD spectra of TiO, nanoparticles doped with metal elements, which might have been
due to deficient doping amounts of Ce ions. In this case, Ti** cannot be replaced in the
lattice position, and it is hard to form a large number of corresponding oxides [18]. At the
same time, the diffraction peaks of platinum species were not found either, suggesting high
dispersion of Pt [19]. With the increase in the Ce-doping amount, the diffraction peak of
TiO, gradually weakened, indicating the decrease in crystallinity or particle size of TiO,.
Additionally, from Figure 3b, it can be seen that the main peak of (101) shifted to a smaller
angle with the increase in the doping amount, which indicates lattice expansion of TiO; [20].
Lattice expansion is mainly due to the fact that the radius of Ce** (0.092 nm) is much larger
than that of Ti** (0.068 nm), which cannot replace the position of the original titanium atom.
Instead, some metal elements enter the lattice and become interstitial atoms, expanding the
lattice of TiO,, leading to large lattice distortion and strain energy. The oxygen atoms on
the surface of TiO; escape from the lattice to form oxygen defects [21], thus improving the
catalytic activity.

(a) © Anatase-TiO, (b) Shifte———
o] ~

Intensity(a.u.)

Intensity(a.u.)

1 1 L L
20 40 60 80 20 22 28 30

24 26
2Theta (°) 2Theta (°)

Figure 3. (a) XRD patterns and (b) partially enlarged detail of XRD patterns of Pt/CeyTi;_xO, catalysts.

Note that with the increase in the Ce-doping amount, the peak position of the
Pt/Cep 01 Tip.990O; catalyst showed the maximum offset. However, with a further increase in
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the doping amount, there was a slight variation in the main peak position of (101), since
CeO, may be generated in the process of peak intensity weakening but cannot be detected
with XRD. In this case, no more Ce ions can exist in the lattice, and the largest number of
oxygen vacancies in the Pt/Ceg 01 Tip 99O, catalyst may be achieved. This phenomenon is
further discussed in the following sections.

2.3. Physisorption

Figure 4 shows the N adsorption—desorption isotherms and pore size distribution
of the Pt/CexTi; 4O, (x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts. The isotherms of all
catalysts belong to the IV-type, and H1-type hysteresis loops between P/Py = 0.5 and 0.9
can also be observed, indicating that the five samples had a mesoporous structure. From the
shape of the hysteresis loop, it can be determined that the pores had mixed cylindrical and
ink-bottle-like features, and that the pore size distribution of the Pt/CexTi;_xO; catalysts
was uniform [22]. The specific surface area, pore volume, and pore size distribution of the
catalysts are provided in Table 2. The Pt/Ce 5Tip 950, catalyst exhibited a certain degree
of amorphous structure and a high specific surface area, which is consistent with the XRD
results. With the increase in Ce content, the specific surface area and pore volume increased,
while the pore size decreased. Due to the difference in the specific surface area of each
catalyst, it is necessary to normalize the apparent activity to the specific surface area, that
is, the specific activity of the catalyst needs to be compared. As shown in Figure 54, the
Pt/Cep 01 Tip 99O, catalyst still exhibited the highest specific activity.
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Figure 4. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distribution curves of
Pt/CexTij_xO, catalysts.

Table 2. Specific surface areas, Op-TPD, and XPS results of catalysts.

Physisorption O,-TPD XPS
Catalyst Surface Pore A‘Ii)il‘lge Temperature Temperature AB/ Ti 2p3ps PE/ Olatt. Ced*/
Area Volume Diameter of x of B Axl V) P+ +PE0 conc.
(m?/g) (cm3/g) (am) Peak (°C)  Peak (°C) 2 (%) total
Pt/TiO, 48.40 0.13 10.29 250.10 420.68 1.33 459.58 - 0.86 -
Pt/Ce.02Tip.9802 53.47 0.14 7.66 228.62 404.06 1.52 458.19 0.33 0.81 0.38
Pt/Ce.05Tip.9502 66.78 0.17 7.20 232.49 383.23 242 458.42 0.41 0.60 0.55
Pt/Ce.01Tip.9902 81.14 0.19 6.87 227.18 382.87 2.90 458.28 0.49 0.88 0.56
Pt/Cep02Tip.9802 87.70 0.21 6.89 236.10 439.08 2.39 458.28 0.48 0.87 0.43
Pt/Ce05Tip.9502 168.32 0.23 4.48 266.18 439.02 1.55 458.18 0.41 0.77 0.39

1 Calculated using integral areas of O,-TPD peaks. 2 Oy, concentrations were estimated using (Opatt. / Otate. +
Oags.) X 100% from XPS.

2.4. SEM

Figure 5 presents the morphology and element distribution of Pt/CeTi;_xO, (x =0,
0.002, 0.005, 0.01, 0.02, and 0.05). It can be seen that the six catalysts were characterized
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by disordered agglomeration of irregular composite metal oxide nanoparticles. With the
increase in Ce content, the phenomenon of catalyst particle agglomeration tended to be
more obvious. EDS showed that the distribution of Pt and Ce in the Pt/CexTi; 4O, catalysts
was uniform, which is consistent with the results of XRD. Good dispersion can improve
the contact between the Pt active species and the reaction gas molecules and promote the
catalytic oxidation reaction [23].

Figure 5. SEM images of Pt/CexTi;_xO, catalysts: (a) Pt/TiO;, (b) Pt/Cepgo2Tip.99802,
(¢) Pt/ Cep.005Ti0.99502, (d) Pt/Ceq 1 Tip.9902, (€) Pt/Ceq g2 Tig.9802, and (f) Pt/ Ceg o5 Tig 950x-

2.5. XPS

Figure 6 shows the XPS spectra of Ti 2p, Pt 4f, O 1s, and Ce 3d of the Pt/TiO, and
Pt/CexTi;_xO, (x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts, and the quantified data
are summarized in Table 2. The XPS spectra of the Ti 2p orbitals of the Pt/ TiO, and
Pt/CexTi;_xOy catalysts are described in Figure 6a. Peaks corresponding to Ti 2p can be
divided into two peaks at the binding energies of 458.2-459.5 eV and 463.9-465.2 eV, both
of which represent Ti**. Compared with the Pt/ TiO; catalyst, obvious shifts in the Ti 2p3 >
and Ti 2p; /, peaks to the lower binding energy region can be observed in all spectra of the
catalysts with the doping of Ce (Table 2), which is attributed to the strong Ce-Ti interaction
(Ce** + Ti3*—Ce* + Ti*") in the Pt/CexTi;_, O, catalysts [24].

Figure 6b shows the Pt 4f orbital XPS spectra of the Pt/TiO, and Pt/CexTi;_xO2
catalysts. Pt/TiO, was observed to have two obvious characteristic peaks at the binding
energies of 72.3 eV and 75.7 eV, which were attributed to the 4f;/, and 4f5/, orbitals of Pt3+,
respectively [25]. However, from the XPS spectra of Pt/CexTi;_xO; doped with a certain
amount of Ce, it was found that the position of the peak evidently shifted to a lower binding
energy. After peak fitting, spectra could be divided into two groups, where one represented
the characteristic peak with binding energies of 70.5-70.9 eV and 74.0-74.3 eV, belonging to
metal element PtV [26], and the other represented the 4f7,, and 4f5, orbital peaks of Pt2* at
72.3 eV and 75.7 eV. The results show that Pt existed in the forms of an oxidation state and
metal in the catalysts. Generally, after Ce-doping, Pt ions preferentially locate at the Pt/Ce
interface; thus, CeO, tends to intensively interreact with Pt single atoms compared with Pt
nanoclusters or nanoparticles [24]. The initial C-H bond was broken at the site, forming
CyH5 and a hydroxyl group on the surface, and this is where the reaction took place [27].
Under this condition, more fresh structural defects at the interface between Pt and support
were generated, and Pt/CexTi;_xO; catalysts doped with Ce showed better activity than
Pt/TiO,. The highest relative content of Pt” in the Pt/Ce 1 Tig 99O, catalyst was 49%
(Table 2), which was higher than that of Pt/Cep2Tip.98O2 (48%), Pt/Ce 005Tig.99502 (41%),
Pt/Ce05Tip.9507 (41%), and Pt/ Ceq 0pTig 99807 (33%). Moreover, the low valence of Pt was
beneficial to the catalytic oxidation reaction [28]. Therefore, the Pt/Ceg 91 Tig.99O, catalyst
showed better catalytic activity.
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Figure 6. XPS spectra of Pt/Ce,Ti;_4O, catalysts: (a) Ti 2p, (b) Pt 4f, (c) O 1s, and (d) Ce 3d.

Figure 6¢ shows the O 1s orbital spectra of the Pt/ TiO, and Pt/CexTi; O, catalysts.
All the spectra could be fitted to the peaks of surface-adsorbed oxygen (O,4s,) and surface
lattice oxygen (Ojyy.), where the peak of O,qs. was at 531.7 eV and that of Oy, was at
529.8 eV [29]. The O,y concentration (shown in Table 2) decreased in the following order:
Pt/Ceo'OlTiO'ggoz (880/0) > Pt/CeobozTiO.ggoz (870/0) > Pt/TlOz (860/0) > Pt/CeoboozTio_gggoz
(81%) > Pt/Ceg.05Tig.9502 (77%) > Pt/ Ceg 905 Tin.99502 (60%). Specifically, Pt/Ce( 01 Tip.9907
and Pt/Cep 0, Tip.9gO2 showed the highest Oy, relative contents, 88% and 87%, respectively.
Catalysts doped with 1% and 2% Ce exhibited relatively better activity, since the oxygen
species involved in the reaction were mainly Oy, during the deep oxidation reaction
process of ethane.

Figure 6d shows the Ce 3d orbital spectra of the prepared Pt/Ce,Ti;_xO, catalysts.
They could be fitted into eight parts, where 881.6 eV, 885.3 eV, 890.6 eV, and 898.6 eV
belong to the Ce 3ds,, orbital and 901.1 eV, 903.2 eV, 908.4 eV, and 917.0 eV belong to the
Ce 3d3/, orbital [30]. Among them, BE = 885.3 and 903.2 eV belong to Ce**, while the
other peaks belong to Ce**. It is generally believed that higher concentrations of Ce**
species are associated with more oxygen vacancies on the catalyst surface [31]. By quanti-
tatively analyzing the relative content of Ce®*, the calculated amount of Ce®*/ Ceyy,; was
sorted as follows: Pt/Ce0.0lTiQ'ggoz (560/0) > Pt/Ceo'005Tio.995OZ (550/0) > Pt/Ce0.0zTio_ggoz
(43%) > Pt/Ce 002 Tig.99802 (39%) > Pt/Ceq 05Tip.950, (38%) (see Table 2). Pt/Ceg g1 Tig.9902
contained the highest Ce3* relative content, 56, and accordingly, the most oxygen vacan-
cies. The more oxygen vacancies form, the higher the catalytic activity of the catalyst is.
Therefore, the 1% Ce-doped Pt/CexTi;_xO; catalyst had relatively good activity, which is
consistent with the conclusion of XRD. This was followed by 0.5% and 2% doping amounts
of catalyst activity and then 5% and 0.2% doping amounts of catalyst activity.
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2.6. O»-TPD Analysis

The performance of ethane oxidation is closely related to the oxygen storage capacity
of the catalyst. The O,-TPD results of the Pt/Ce,Ti;_xO; (x = 0, 0.002, 0.005, 0.01, 0.02, and
0.05) catalysts are studied in this section and are shown in Figure 7a. All catalysts showed
three desorption peaks near 230, 400, and 700 °C, which can be expressed as «, 3, and v,
i.e., the desorption of surface-adsorbed oxygen species, the desorption of surface lattice
oxygen, and the thermal decomposition of the catalyst, respectively. Since the Ce element
has a good oxygen storage performance, it can be seen intuitively from the figure that as the
doping amount of Ce increased, the O, desorption peak area of the & and 3 peaks gradually
increased, indicating that the oxygen storage capacity of the catalyst was enhanced. The
quantitative data obtained from the peak fitting of the curve are shown in Table 2. It has
been reported that o and 3 oxygen species can participate in catalytic oxidation through a
surface mechanism and an MVK mechanism [32], respectively. The desorption temperature
of the o peak and the 3 peak of Pt/Ce 1 Tig.99O, was lower than that of other catalysts,
which directly reflects that the surface-adsorbed oxygen species and surface lattice oxygen
species were more active than those of other catalysts. During the catalytic oxidation
of ethane, oxygen absorbed on the surface and stored in Pt/Ceg 1 Tip. 99O, in the lattice
state was first activated, which resulted in a better catalytic performance than that of
other catalysts. However, lattice-state oxygen became predominant with the promotion
of oxidation and participated in the whole process. Generally, the ratio between two
desorption peak areas (Ap/Ay) represents the relative amount of active lattice oxygen
on the catalyst surface [33], and a more relative amount of active lattice oxygen facilitates
the catalytic oxidation reaction. As shown in Table 2, after calculation, Ag /A4 could be
sorted as Pt/Ce.01 Tip.99O2 (2.90) > Pt/Cep 005 Tip.99502 (2.40) > Pt/Cep 02 Tig.9sO2 (2.39) >
Pt/Cep 05Tip.9507 (1.55) > Pt/Ce 002 Tig.99807 (1.52). The obtained pattern is consistent with
the T results of the catalyst evaluation (Table 1), proving that surface lattice oxygen is
positively correlated with the deep catalytic oxidation of ethane. Consequently, among
these catalysts, Pt/Cep 1 Tip99O2, with the largest Ag /Ay and abundant active surface
lattice oxygen, was proven to have the best catalytic oxidation performance.

Intensity(a.u.)

w COZ
Pt/Ce 45Ty 950,
> C/2H6+Olatt.’
a - A A
[ 4 o u » N
z ¢« ) (. b lk.‘ 02
S L ‘
q )] _ ,O, . <
Pt . P . 4 ads.
[ &
7 - \ 4 [ | 4\
PUCe 0, Tig 59502 L/ Ps 5
A .
: I lpzmoZ e “ Ce0.01T10.9902

400 600 800
Temperature (°C)

(a) (b)

Figure 7. (a) O,-TPD profiles of Pt/CexTi;_xO; (x = 0, 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts.
(b) Reaction mechanism section of the Pt/Ce g1 Tip 99O, catalyst.

Interestingly, the Pt/Ceg 01 Tig99O5 catalyst exhibited the maximum surface lattice oxy-
gen concentration and oxygen vacancies. Unlike CO catalytic oxidation, ethane catalytic
combustion is an interfacial reaction, and the main oxygen species involved in the reaction
are lattice oxygen species. In the catalytic oxidation reaction, after lattice oxygen is con-
sumed, the generated oxygen vacancies are supplemented by surface oxygen, and finally
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the surface oxygen vacancies are supplemented by gas-phase oxygen. In addition, surface
lattice oxygen is supplemented by the rapid movement of bulk lattice oxygen through
oxygen vacancies to achieve oxygen migration and participate in interfacial reactions, while
bulk lattice oxygen cannot directly participate in the reaction (see Figure 7b) [34,35].

2.7. Hy)-TPR Analysis

The H,-TPR results of the Pt/CexTi;_xO; (x = 0, 0.002, 0.005, 0.01, 0.02, and 0.05)
catalysts and the corresponding supports, Cej1Tig99O, and TiO,, are studied in this
section and are shown in Figure 8. There was a strong reduction peak between 310 and
330 °C for all samples. After doping with Ce, the reduction peak of the carrier TiO,
sample moved to a lower temperature and continued shifting to further lower regions
with the loading of the Pt noble metal, which reflects the interaction between the active Pt
component and the Ce- and TiO,-doped elements [36]. The reduction temperature of all
Pt/CexTi; _xO; reduction peaks was higher than that of Pt/TiO,. This can be explained by
the formation of the Ce;Ti, O solid solution, which can form weak Ce-O and Ti-O bonds,
further improve the mobility of lattice oxygen, and promote the catalytic oxidation reaction,
according to past studies [37]. Therefore, the promotion of catalytic activity obtained by
doping the Ce element was again proven based on this result. Among the Pt/Ce,Ti;_,O,
(x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalyst systems, Pt/Ceq 01 Tip 99O, had the lowest
reduction temperature (320 °C) and the largest reduction peak area, indicating that it had
the best redox ability and exhibited the highest activity.

326°C PUCe45Ti 950,
304°C PUCe) iy 950,
320°C PUCe) 4 Tip 990,
—~ S
= 2 PUCe) 095 L 99502
s 330°C
> F
E 332°C PUCe) 405 Tig 90502
s
=}
= M PUTIO,
Ceg 01 Tig 990,
319°C
331°C =
1 1 1
200 400 600

Temperature (°C)

Figure 8. Hy-TPR profiles of Pt/CexTi;_,O, (x = 0, 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts and
Ce.01Tig.99O, and TiO; carriers.

2.8. NH3-TPD Analysis

The surface acidity of the catalyst is related to the catalytic activity. The NH3-TPD
results of the Pt/CexTi;_xO; (x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts are studied in
this section and are shown in Figure 9. The obtained curves were fitted into several peaks,
and all catalysts showed two desorption peaks. The desorption peaks between 100 and
200 °C and between 200 and 350 °C represent weak acid and medium acid [38], respectively,
and are denoted as peaks A and B, respectively (see Figure 9). The data obtained after
further quantification are shown in Table 3. It was found that the relative acid content of the
catalysts significantly decreased with the increase in the doping amount. After calculation,
the relative content of medium acid was sorted as follows: Pt/Ceg g1 Tig990; (80.41%) >
Pt/Ce.005Tig.99502 (80.03%) > Pt/Ceq 0pTig.9802 (76.78%) > Pt/ Ceg o2 Tig.99807 (72.13%) >
Pt/ Ce5Tip.9507 (75.55%). Pt/Ceq01Tip.99O7 had the highest relative number of medium
acid sites and exhibited the best activity. According to relevant literature reports, medium
acids play a decisive role in VOC catalytic oxidation [39,40], and the broad peak centered at
medium acid sites could also be assigned to NH3 weakly absorbed on Brensted acid sites.
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The increase of Brensted acid sites will improve the redox capacity of the catalyst, thereby
improving the catalytic activity [41].

PU/Ce 45Ty 950,

= .
P"/Ccl} lrlTiU ‘)KOZ
~| =
5 B S ———— e
3 PUCe 1 Tig O
2 K‘\—’_
£
72}
S = I ——
2 PY/Cey 005 Tig 9950,
=
[
Kr“ﬂ" PUCe) 40, Tig 99502
L L L
200 400 600
Temperature(°C)

Figure 9. NH;3-TPD profiles of Pt/Ce\Ti;_4O, (x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts. (A:
weak acid and B: medium acid).

Table 3. NH;3-TPD results of Pt/CexTi; 4O, (x = 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts.

Catalyst Weak Medium Total ! Weak (%) Medium (%)
Pt/Ce g2 Tip.9s02 2.28 7.18 9.46 24.45 75.55
Pt/Ce05Tig.9502 0.88 3.52 4.40 19.97 80.03
Pt/Ceg.01Tig.9902 0.33 1.34 1.67 19.59 80.41
Pt/Ce 2 Tip 9802 0.42 1.39 1.81 23.22 76.78
Pt/Ce(05Tig.9502 0.25 0.65 0.90 27.86 72.13

! The total acidity amount of the Pt/Ceg 05Tip 950, sample was assumed to be 0.90.

3. Materials and Methods
3.1. Preparation of Catalysts

Ti(SO4)2, Ce(NO3),2-6H,0, and Pt(NO3), solutions (18.06 wt%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. NH3-H,O (25 wt%)
and (HO(CH,CH,0),H) were purchased from Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China. Deionized water was made in our laboratory. The above reagents were
analytically pure and directly used in the experiments.

Certain amounts of Ti(SO4), and Ce(NO3),-6H,O (Ce:Ti (molar ratio) =0/0.2/0.5/1/
2/5:100/99.8/99.5/99/98 /95) were weighed, dissolved in water, and dropped into NH3-H,O
for precipitation; then, after 24 h of hydrothermal reaction, they were filtered and washed to
obtain uncalcined carriers. Pt(NOj3), with a mass fraction of 1 wt% was loaded on the above
carrier using the excessive impregnation method, dried at 100 °C for 12 h, and calcined at
450 °C for 5 h. Pt/CexTi;_xO; catalysts were obtained.

3.2. Characterization

The physicochemical properties of the catalysts were characterized by means of X-ray
diffraction (XRD; RigakuMiniFlex600; Rigaku, Tokyo, Japan). N, adsorption-desorption
measurements were conducted using Micromeritics ASAP 2460 equipment. The morphol-
ogy and chemical composition of the samples were characterized using field-emission
scanning electron microscopy (FESEM; Tescan MIRA3LMH, TESCAN, California, USA).
The X-ray photo-electron spectrometer (XPS) used was a Thermo Scientific K-Alpha+ (Ther-
moFisher, Thermo Fisher Scientific, Massachusetts, USA) photoelectron spectrometer. The
binding energies of all elements were corrected using the standard C 1s line at 284.6 eV. A
Micro-Meritics AutoChem I1-2920 chemical adsorption instrument (Micromeritics, Georgia,
USA) was implemented to perform H; temperature-programmed reduction (H-TPR),
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O, temperature-programmed desorption (O,-TPD), and NH3 temperature-programmed
desorption (NH;3-TPD). A total of 0.03 g of catalyst was loaded into a quartz tube for
H,-TPR. For 60 min, the catalyst was pretreated in Ar at 300 °C. After cooling to room
temperature, a 10 vol% Hp/Ar gas mixture was introduced into the reactor vessel at a flow
rate of 20 mL/min. Finally, the catalyst was warmed to 700 °C at a rate of 10 °C/min. In
the sample chamber, 0.05 g of precursor was loaded for O,-TPD. The pretreatment was
analogous to that for H,-TPR. Mixed gas of 4 vol% O,/ Ar at a flow rate of 20 mL/min was
added after cooling to 40 °C for 30 min for adsorption. The catalyst was then heated to
800 °C at a ramping rate of 10 °C/min after being flushed with Ar for 60 min. Finally, 0.03 g
of catalyst for NH3-TPD was placed into the sample chamber. The catalyst underwent 1 h
of pretreatment in He at 300 °C. Mixed gas of 10% NHj/He was injected after reaching a
temperature of 40 °C at a flow rate of 20 mL/min for 30 min to achieve adsorption. The
catalyst was then heated to 700 °C at a ramping rate of 10 °C/min after being flushed with
He for 60 min. During the reaction rates test, it is necessary to control the ethane conversion
rate below 15% by adjusting the airspeed at the specific temperature. Reaction conditions
were: [CoHg] = 1000 ppm, [O;] = 4 vol%, [HyO] = 5%, [SO,] = 100 ppm, and balance Nj.

3.3. Catalytic Evaluation

In a fixed-bed continuous-flow quartz reactor (10 mm i.d.) at temperatures between
100 and 560 °C, 0.2 g of catalyst was used for the activity experiments (40-60 mesh). Re-
action conditions were: [C,Hg] = 1000 ppm, [O;] = 4 vol%, [HyO] = 5% (when used),
[SO,] =100 ppm (when used), balance Ny, total flow rate =200 mL/min, and GHSV = 60,000 h—1.
A GC-4000A (EWAI) gas chromatograph (GC) equipped with an FID detector was used to
measure the ethane concentration at the inlet (C™) and outflow (C°%) of the reactor in real
time. Ethane conversion (n) was determined as follows:

n=T o X 100%

4. Conclusions

In this work, Pt/CexTi;_xO, (x = 0, 0.002, 0.005, 0.01, 0.02, and 0.05) catalysts were
successfully prepared by means of an in situ metal-doping co-precipitation method. The
catalytic activity of the catalysts in different reaction atmospheres was screened. The doping
of Ce with a larger atomic radius caused the lattice expansion of TiO,, resulting in large
lattice distortion and oxygen vacancies, which improved the catalytic activity. Excess or
insufficient amounts of doping reduced the catalyst activity. Through H,-TPR, XPS, and
other characterization methods, it was found that with Ce-doping, the catalytic oxidation
performance was improved as a result of the interaction among the Ce-doping element,
TiO,, and Pt, which led to abundant active lattice oxygen on the catalyst surface and rapid
supplementation caused by abundant oxygen vacancies. This study provides practical
value for the use of doping strategies to modify catalysts and enhance the ability of the
catalytic oxidation of VOCs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13030626/s1, Figure S1: Catalytic activity of Pt/Ceg 1 Tig.99O2
catalysts in the low-temperature range. Reaction conditions: [CoHg] = 1000 ppm, [O,] = 4 vol%,
balance N, total flow rate = 200 mL/min, and GHSV = 60,000 h—1. Figure S2: Durability test at 540 °C
of Pt/Ceq 01 Tig.99O, catalyst under moisture condition. Reaction conditions: [C,Hg] = 1000 ppm,
[0;] = 4 vol%, [HyO] = 5%, balance Ny, total flow rate = 200 mL/min, and GHSV = 60,000 h—1.
Figure S3: Durability test at 370 °C of Pt/Ceq o1 Tip.99O; catalyst under moisture condition. Reaction
conditions: [CoHg] = 1000 ppm, [O;] = 4 vol%, [H,O] = 5%, balance Ny, total flow rate = 200 mL/min,
and GHSV = 60,000 h—1. Figure S4: Specific reaction rates of Pt/Ceq o Tig.99O, catalysts at 280 °C.
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