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Abstract: Pt1/CeO2 nanospheres (Pt/CeO2-NS) were synthesized by the bath oiling method with
L-asparagine as a necessary additive. Owing to the morphology control effect and coordination
interaction of L-asparagine, CeO2 nanospheres can retain their nanosphere structure and show
stronger electronic metal-support interaction with highly dispersed Pt. Moreover, the toluene catalytic
combustion performance of Pt/CeO2-NS was investigated. The structure-performance relationship
is analyzed according to the coordination state of Pt. The Pt/CeO2-NS catalyst exhibited superior
catalytic activity than the commercial CeO2-supported Pt catalyst, which is attributed to its higher
oxygen vacancy and Pt4+.

Keywords: toluene; catalytic combustion; highly dispersed Pt; L-asparagine; ceria

1. Introduction

Volatile organic compounds (VOCs), threats to human health, are the main precursors
of surface ozone and photochemical smog, and can cause sensory stimulation, allergy, and
acute or chronic respiratory diseases [1–3]. At present, catalytic combustion is considered
an effective method to eliminate VOCs due to its relatively low ignition temperature,
high VOC treatment capacity, and desirable selectivity to non-toxic products [4]. Among
catalytic combustion catalysts, Pt-based catalysts show excellent performance and receive
much attention [5–7].

Cerium dioxide (CeO2) has been widely used in selective catalytic reduction of NOx
by NH3 (NH3-SCR) [8], CO oxidation [9], and catalytic combustion of volatile organic
compounds (VOCs) [10–12] due to its excellent oxidation-reduction performance and
high oxygen storage/release capacity. In addition, CeO2 can anchor noble metals and
promote noble metal dispersion. The interaction strength between CeO2 and noble metals
affects the catalytic activity and reaction mechanism. Peng et al. studied the size effect
of Pt nanoparticles on CeO2 for toluene oxidation. Results showed that the structure
and chemical properties of Pt/CeO2 largely depended on the particle size of Pt. Pt-O-Ce
bonds, Ce3+, and oxygen vacancies increased with the increase in particle size. Pt/CeO2-1.8
with a Pt particle size of 1.8 nm showed the best catalytic performance due to the balance
between Pt dispersion and CeO2 oxygen vacancy concentration [13]. The shape and size
of CeO2 also significantly affect the catalytic activity of toluene oxidation [14]. Peng et al.
synthesized Pt/CeO2 with CeO2 nanorods, nanoparticles, and nanocubes as supports
and studied their toluene oxidation performance. The results showed that Pt loaded on
nanorods (Pt/CeO2-r) showed the best catalytic activity due to its best reducibility and
highest surface oxygen vacancy concentration. Moreover, preparation methods also affect
activity and stability. Lee et al., designed a post-encapsulated composite structure in which
individual Pt nanoparticles were encapsulated by the gas permeable and catalytically active
CeO2 shell. The Ce precursor complex with a negative charge was spontaneously adsorbed
by the positively charged surfactant on the surface of a Pt nanoparticle and then restricted to
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precipitation to form CeO2. The enhanced metal-support interaction significantly prevented
Pt aggregation, resulting in high activity for methane combustion [15].

The noble metal single-atom catalysts have received widespread attention due to their
excellent catalytic activity and low economic costs. However, under high temperature
conditions, single atoms tend to aggregate into clusters or nanoparticles, which reduces
the catalytic activity [16]. The chemical interaction between the metal atoms and the
support surface can be constructed by strong coordinative interactions or surface lattice
reconstruction, which makes it more likely to obtain thermally stable single atom catalysts.
It is necessary to rationally design the coordination structure of metal atoms [17,18].

Amino acids with desirable functional groups (such as -NH2, -SH, -COOH, and -OH)
can strongly coordinate with noble metal ions. Complexes formed by amino acids with
noble metal ions can significantly regulate the reduction of noble metals and control their
structure and morphology. Shao et al. synthesized nano-gold with L- aspartic acid. It is
obvious that L-aspartic acid has the ability to prepare gold nanosheets, mainly due to its
specific adsorption [19].

Based on the hydrolysis of cerium nitrate and coordination between amino acids and
noble metals, CeO2 nanospheres (CeO2-NS) and Pt/CeO2 nanospheres (Pt/CeO2-NS) with
highly dispersed Pt were prepared. The reaction mechanism and effect of L-asparagine were
studied systematically. Moreover, Pt/CeO2-NS was used for toluene catalytic combustion
and showed higher activity than Pt/CeO2. The differences in their performance were
explored based on the structure characterization.

2. Results and Discussion
2.1. Characterization of Material Structure

Figure 1 shows the XRD patterns of CeO2-NS before calcination, Pt/CeO2-NS before
calcination, CeO2-NS, and Pt/CeO2-NS. Their XRD characteristic peaks are consistent with
the standard card of face-centered cubic CeO2 (JCPDS NO.43-1002). The Pt loading of
Pt/CeO2-NS determined by ICP-AES is 1.14 wt%, which is close to the theoretical loading
of 1 wt%. No diffraction peak corresponding to Pt (JCPDS NO.04-0802) arises in these
samples, which indicates that Pt is highly dispersed [20].

Figure 1. XRD patterns of (a) CeO2-NS before calcination; (b) Pt/CeO2-NS before calcination;
(c) CeO2-NS and (d) Pt/CeO2-NS.

Figure 2 shows SEM images of CeO2-NS before calcination, Pt/CeO2-NS before cal-
cination, CeO2-NS, and Pt/CeO2-NS. Their nanosphere structure can be maintained to
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some extent even after calcination. According to XRD and SEM, these samples have no
significant change in phase structure and morphology before and after calcination.

Figure 2. SEM images of (a) CeO2-NS before calcination; (b) Pt/CeO2-NS before calcination; (c) CeO2-
NS and (d) Pt/CeO2-NS.

Figure 3 shows nitrogen adsorption-desorption isotherms and pore size distribution
curves of CeO2-NS and Pt/CeO2-NS. The two samples show I-IV composite adsorption-
desorption isotherms (Figure 3A) with micropores of about 1.5 nm and stacked secondary
pores of 10–100 nm (Figure 3B). The specific surface area, pore size distribution, and
pore volume of CeO2-NS and Pt/CeO2-NS are listed in Table 1. Loading of Pt showed a
negligible influence on the pore structure.

Table 1. Specific surface area, pore size, and pore volume of CeO2-NS and Pt/CeO2-NS.

Sample BET Surface Area
(m2/g)

Micropore Size
(nm)

Secondary Pore Size
(nm)

Pore Volume
(cm3/g)

CeO2-NS 75 ~1.5 10–100 0.10
Pt/CeO2-NS 70 ~1.5 10–100 0.11
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Figure 3. (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution curves of (a)
CeO2-NS and (b) Pt/CeO2-NS.

Figure 4 shows the TEM, HRTEM, and EDS elemental mapping of CeO2-NS and
Pt/CeO2-NS. They are all nanospheres with a particle size of about 50–200 nm (Figure 4a,d).
Moreover, it can be seen from Figure 4b,e that CeO2-NS and Pt/CeO2-NS show a certain
degree of single crystal characteristics, which shows that the orientations of the grains
constituting the ceria nanospheres are correlated rather than randomly packed, and the
lattice spacing is 0.31 nm, which is consistent with the face-centered cubic (111) crystal plane.
This indicates that the formation of CeO2 nanospheres conforms to the orientation adhesion
mechanism [21,22]. According to Figure 4c,f, Pt is uniformly distributed in Pt/CeO2-NS,
which is consistent with XRD.

Figure 4. TEM images of (a) CeO2-NS and (d) Pt/CeO2-NS; HRTEM images of (b) CeO2-NS and
(e) Pt/CeO2-NS; EDS elemental mappings of (c) CeO2-NS and (f) Pt/CeO2-NS.
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2.2. Research on Synthesis Mechanism

It has been reported that the formation of CeO2 nanosphere goes through stages of
hydrolyzation and oxidation of cerium nitrate, formation and growth of the crystal nucleus,
and orientation adhesion of nanocrystallites [23–26]. To explore the effect of reaction time
and calcination on CeO2 nanosphere synthesis, the XRD patterns of CeO2-NS synthesized
by condensation reflux for 2 h, 4 h, and 6 h were compared. According to Figure 5A, the
CeO2 crystal phase had already formed within 2 h, and the CeO2 crystal phase remained
after 4 h and 6 h of reaction. It was found by weighing the product that the yield increased
with the extension of time. Figure 6 shows SEM images of CeO2-NS reaction for 2 h, 4 h,
and 6 h, in which negligible morphological change can be observed. Moreover, calcination
also has no obvious influence on their crystal phase and morphology.

Figure 5. (A) XRD patterns of (a) CeO2-NS 2 h before calcination; (b) CeO2-NS 2 h; (c) CeO2-NS
4 h before calcination; (d) CeO2-NS 4 h; (e) CeO2-NS before calcination and (f) CeO2-NS; (B) XRD
patterns of (a) CeO2-NS-NA 2 h before calcination; (b) CeO2-NS-NA 2 h; (c) CeO2-NS-NA 4 h before
calcination; (d) CeO2-NS-NA 4 h; (e) CeO2-NS-NA before calcination, and (f) CeO2-NS-NA.

In order to explore the effect of L-asparagine, CeO2-NS-NA and Pt/CeO2-NS-NA were
synthesized without L-asparagine. According to Figure 5B, when the reaction time was 6
h, in addition to CeO2, cerium formate (JCPDS NO.49-1245) appeared before calcination,
which was because part of the solvent polyethylene glycol was oxidized to oxalic acid
(HOOC-COOH) under the oxidation of CeO2, and then oxidized to formic acid (HCOOH).
While the polyethylene glycol was gradually oxidized, the Ce4+ was gradually reduced
to Ce3+, and then Ce3+ reacted with HCOOH to form cerium formate Ce(HCOO)3 [27].
According to Figure 7a–d, CeO2-NS-NA synthesized at 2 h and 4 h are still nanospheres.
However, in Figure 7e–f, CeO2-NS-NA synthesized at 6 h shows conical morphology before
and after calcination. The results implied that a Ce(HCOO)3 cone might form without
L-asparagine.
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Figure 6. SEM images of (a) CeO2-NS 2 h before calcination; (b) CeO2-NS 2 h; (c) CeO2-NS 4 h before
calcination; (d) CeO2-NS 4 h; (e) CeO2-NS before calcination, and (f) CeO2-NS.
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Figure 7. SEM images of (a) CeO2-NS-NA 2 h before calcination; (b) CeO2-NS-NA 2 h; (c) CeO2-NS-
NA 4 h before calcination; (d) CeO2-NS-NA 4 h (e) CeO2-NS-NA before calcination, and (f) CeO2-
NS-NA.

The XRD pattern of Pt/CeO2-NS-NA (Figure 8) shows three distinct diffraction peaks
(2θ at 39.8◦, 46.2◦, and 67.5◦) corresponding to Pt (JCPDS NO.04-0802) [28,29]. Without L-
asparagine, only nanoparticles encapsulated by some amorphous substance can be obtained
(Figure 9a–c). According to EDS (Figure 9d), these nanoparticles are mainly Pt, while the
content of Ce and O is very low, which indicates that chloroplatinic acid may hinder cerium
nitrate hydrolyzation. In summary, L-asparagine can prevent the formation of by-product
cerium formate and plays an essential role in the in situ loading of Pt.
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Figure 8. XRD pattern of Pt/CeO2-NS-NA.

Figure 9. (a–c) TEM, and (d) EDS element mapping of the Pt/CeO2-NS-NA.

2.3. Toluene Catalytic Combustion Activity

Pt/CeO2 was prepared by impregnation with commercial CeO2 as the support. The
actual Pt loading amount of Pt/CeO2 is 1.16 wt% measured by ICP, which is similar to that
of Pt/CeO2-NS and close to the theoretical loading of 1 wt%. Figure 10 and Table 2 show the
toluene catalytic combustion activities of Pt/CeO2-NS and Pt/CeO2. Pt/CeO2-NS shows
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much better performance than that of Pt/CeO2. Figure 10B and Table 2 show T50 (reaction
temperature at 50% conversion) and T90 (reaction temperature at 90% conversion) of the
two catalysts. Pt/CeO2-NS has T50 and T90 of 224 ◦C and 237 ◦C, respectively, whereas
Pt/CeO2 has T50 and T90 of 283 ◦C and 304 ◦C, respectively.

Figure 10. (A) Toluene catalytic combustion activity of Pt/CeO2-NS and Pt/CeO2; (B) T50 and T90 of
Pt/CeO2-NS and Pt/CeO2.

Table 2. Pt loading amount, T50 and T90 of Pt/CeO2-NS and Pt/CeO2.

Catalyst Pt Loading Amount (wt%) T50 (◦C) T90 (◦C)

Pt/CeO2-NS 1.14 224 237
Pt/CeO2 1.16 283 304

Figure 11 shows the XRD pattern of Pt/CeO2 synthesized by the impregnation method.
The diffraction peak of Pt/CeO2 is consistent with the standard card of face-centered cubic
CeO2 (JCPDS NO.43-1002). No peak corresponding to Pt arises, which is due to the high
dispersion of Pt [30–32].

Figure 11. XRD pattern of Pt/CeO2.
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Figure 12 shows O 1s, Pt 4f, and Ce 3d XPS spectra of Pt/CeO2-NS and Pt/CeO2.
In the O 1s spectrum, peaks at about 529.5 eV, 531.7 eV, and 533.6 eV belong to lattice
oxygen species (Olatt: O2−), surface adsorbed oxygen species (Oads: O2−, O2

2−, or O−),
and physically adsorbed water (OH2O), respectively. As can be seen from Table 3, the
surface oxygen ratio of Pt/CeO2-NS is much higher than that of Pt/CeO2, which can be
attributed to more oxygen vacancy on Pt/CeO2-NS. Figure 12B shows the Pt 4f spectrum.
Peaks at about 72.8 eV and 74.6 eV correspond to the 4f7/2 peak of Pt2+ and the 4f7/2
peak of Pt4+, respectively. The ratio of Pt2+/Pt2++Pt4+ is shown in Table 3. As can be seen
from Figure 12B and Table 3, Pt existed in the form of Pt2+ and Pt4+ in Pt/CeO2-NS and
Pt/CeO2 catalysts, and there was no Pt0

. Pt/CeO2-NS has more Pt4+ than Pt/CeO2, which
is more conducive to toluene catalytic combustion [33,34]. Figure 12C shows the Ce 3d
spectrum, u”’ (916.9), v”’ (898.6), u” (907.7), v” (889.9), u (901.1), and v (882.7) correspond
to Ce4+, and u’ (903.7), v’ (885.8), u0 (898.4), and v0 (880.8) correspond to Ce3+ [35]. The
ratio of Ce3+/Ce3++Ce4+ calculated quantitatively is listed in Table 3. The Ce3+ ratio of
Pt/CeO2-NS is higher than that of Pt/CeO2, which is consistent with the O 1s spectrum.

Figure 12. (A) O 1s; (B) Pt 4f and (C) Ce 3d XPS spectra of (a) Pt/CeO2-NS and (b) Pt/CeO2.

Table 3. Ratios of Oads/Olatt+Oads+OH2O, Pt4+/Pt2++Pt4+, and Ce3+/Ce3++Ce4+ of Pt/CeO2-NS and
Pt/CeO2 measured by XPS.

Catalyst Oads/Olatt+Oads+OH2O Pt4+/Pt2++Pt4+ Ce3+/Ce3++Ce4+

Pt/CeO2-NS 0.28 0.39 0.30
Pt/CeO2 0.11 — 0.20

X-ray absorption spectroscopy (XAS) was used to analyze the coordination structure
and valence of Pt in Pt/CeO2-NS. Pt foil and PtO2 were used as the reference samples.
Figure 13A shows the Pt L3-edge XANES spectra. It can be seen that the white line strength
of Pt/CeO2-NS is similar to that of PtO2 rather than Pt foil, which indicates that the valence
state of Pt is close to +4, which is consistent with the Pt 4f XPS results. According to Pt
L3-edge EXAFS data in R space (Figure 13B), the first peak in 1–2 Å is attributed to the
coordination of Pt-O [31,36]. The peak of Pt/CeO2-NS in 2–3 Å (Pt-O-Pt) is different from
that of PtO2, which indicates that there is undetectable coordination of Pt-O-Pt related
to PtO2. At the same time, the XPS (Figure 12) results show that there is no Pt0 in the
Pt/CeO2-NS catalyst, which indicates that the Pt is highly dispersed in the Pt/CeO2-NS [37].
The Pt-O-Ce structure is used to fit the first and second coordination layers. The EXAFS
fitting curve and fitting parameters are shown in Figure 13C and Table 4. These results
demonstrate that the highly dispersed Pt exists in the form of Pt-O-Ce in the Pt/CeO2-
NS catalyst.
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Figure 13. (A) Pt L3-edge XANES spectra and (B) R-space spectra from Pt L3-edge EXAFS data of
Pt/CeO2-NS, Pt foil, and PtO2; (C) Corresponding EXAFS fitting curve of Pt/CeO2-NS.

Table 4. EXAFS fitting parameters at Pt L3-edge for Pt/CeO2-NS.

Sample Shell CN a R (Å) b σ2 c ∆E0
d R Factor

Pt/CeO2-
NS

Pt-O 5.2 ± 0.3 2.00 ± 0.01 0.0017
11.0 ± 1.7 0.0132Pt-O1 1.4 ± 0.6 2.45 ± 0.03 0.0016

Pt-O-Ce 2.0 ± 1.4 3.20 ± 0.04 0.0071
a CN: coordination numbers; b R: bond distance; c σ2: Debye–Waller factors; d ∆E0: edge correction.

From the activity of toluene catalytic combustion, it can be seen that the catalytic
performance of the Pt/CeO2-NS catalyst is better than that of the Pt/CeO2 catalyst. From
the characterization results of XRD, ICP, XPS, and XAS, it can be seen that the Pt loadings
of the Pt/CeO2-NS catalyst and the Pt/CeO2 catalyst are similar, and both catalysts have
no obvious Pt nanoparticles, but the Pt/CeO2-NS has more oxygen vacancies and Pt4+,
which are more favorable for the catalytic reaction.

3. Experimental Section
3.1. Materials

L-asparagine (C4H8N2O3), cerium nitrate hexahydrate (Ce(NO3)3·6H2O), polyethy-
lene glycol 400, chloroplatinic acid hexahydrate (H2PtCl6·6H2O), commercial CeO2, or-
thoboric acid (H3BO3), nitric acid (HNO3), and hydrofluoric acid (HF) were purchased
from Aladdin (Shanghai, China). Hydrochloric acid (HCl) was purchased from Chemical
Reagent Wholesale Company (Tianjin, China).

3.2. Catalyst Preparation

One mmol of L-asparagine was dissolved in 4 g of water at 45 ◦C. Under strong
stirring, 2 mmol of cerium nitrate was added to the above solution. After all the cerium
nitrate had dissolved, 80 g of polyethylene glycol 400 was added. After stirring for 10 min,
the obtained solution was transferred into a 100 mL round bottom-flask and condensed by
reflux in an oil bath at 160 ◦C for 6 h. The product was washed with deionized water and
absolute ethanol, dried at 60 ◦C, and then calcined at 360 ◦C for 1 h at a rate of 5 ◦C/min in a
muffle furnace under static air. The sample was named CeO2-NS. The samples synthesized
by condensation reflux reaction for 2 h and 4 h were designated as CeO2-NS-2 h and
CeO2-NS-4 h, respectively.

One mmol of L-asparagine was dissolved in 4 g of water at 45 ◦C. Under strong stirring,
2 mmol of cerium nitrate was added to the above-mentioned L-asparagine aqueous solution,
then 9.0 mg of chloroplatinic acid hexahydrate was added, and then 80 g of polyethylene
glycol 400 was added. After stirring for 10 min, the obtained solution was transferred into
a round-bottom flask (100 mL), condensed by reflux in an oil bath at 160 ◦C for 6 h, washed
with deionized water and absolute ethanol, dried at 60 ◦C and calcined at 400 ◦C for 2 h at



Catalysts 2022, 12, 887 12 of 15

the rate of 5 ◦C/min in a muffle furnace (Tianjin Central Electric Furnace Co., Ltd., Tianjin,
China) under static air. The sample was named Pt/CeO2-NS. The loading of Pt was 1 wt%.

The samples synthesized without L-asparagine were used for comparison. Two mmol
of cerium nitrate was dissolved in 4 g of water, and then 80 g of polyethylene glycol 400 was
added. After stirring for 10 min, the solution was transferred into a 100 mL round-bottom
flask, condensed by reflux in an oil bath at 160 ◦C for 6 h, then washed with deionized water
and absolute ethanol, dried at 60 ◦C, and calcined at 360 ◦C for 1 h at a rate of 5 ◦C/min
in a muffle furnace under static air. The sample was named CeO2-NS-NA. The samples
synthesized by condensation reflux reaction for 2 h and 4 h were named CeO2-NS-NA-2 h
and CeO2-NS-NA-4 h, respectively. Then, 2 mmol of cerium nitrate was dissolved in 4 g
of water, then 9.0 mg of chloroplatinic acid hexahydrate was added, and then 80 g of
polyethylene glycol 400 was added. After stirring for 10 min, the solution was transferred
into a 100 mL round-bottom flask, condensed by reflux in an oil bath at 160 ◦C for 6 h,
washed with deionized water and absolute ethanol, dried at 60 ◦C, and calcined at 360 ◦C
for 1 h at a rate of 5 ◦C/min in a muffle furnace under static air. The sample was denoted
as Pt/CeO2-NS-NA.

0.3 g of commercial CeO2 was dispersed in 6 mL of ethanol. After stirring for 0.5 h,
8.0 mg of chloroplatinic acid hexahydrate was added. After being stirred for 0.5 h, heated
to evaporate and dried at 80 ◦C, the product was calcined in a muffle furnace at 400 ◦C for
2 h at a rate of 5 ◦C/min in a muffle furnace under static air. The sample was denoted as
Pt/CeO2.

3.3. Characterization

X-ray diffraction (XRD) was tested on the Rigaku Smart Lab 3kW diffractometer (Rigaku
Corporation, Japan) (Cu Kα) with a tube voltage of 40 kV and a tube current of 40 mA.

The morphology of the samples was measured by field emission scanning electron
microscopy (FE-SEM, JSM-7800, JEOL, Tokyo, Japan).

The high-resolution morphology and element distribution of the samples were mea-
sured by transmission electron microscopy (TEM, JEM-2800, JEOL, Japan) with an energy
dispersive spectrometer (EDS). Before the measurement, all samples were ultrasonically
dispersed in ethanol and then dropped onto the carbon film.

The elemental composition and valence of the sample surface were determined
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Thermo,
Waltham, MA, USA) with an Al Kα X-ray source, and the C 1s peak (BE = 284.8 eV) was
used for calibration.

The Pt loading amount was measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES, SpectroBlue, Spectro Analytical Instruments, Kleve, Germany). A
certain amount of sample was added to the sample tube, then a certain amount of aqua
regia and HF were added in turn and heated to dissolve. After dissolution, the solution
was poured into a volumetric flask. The remaining solution was washed several times with
deionized water and added to the volumetric flask. Then a certain amount of 4% H3BO3
was added, and finally the volume is fixed in the volumetric flask.

The specific surface area, pore volume, and pore size of the samples were measured
by the micromeritics ASAP 2020 physical adsorption instrument (Micromeritics, Norcross,
GA, USA). N2 adsorption and desorption isotherms were measured at liquid nitrogen
temperature. The BET (Brunauer-Emmett-Teller) method was used to calculate the specific
surface area, and the BJH (Barrett-Joynew-Halenda) method was used to calculate the pore
size distribution and pore volume.

The X-ray absorption fine structure spectra (XAFS) Pt L3-edge were collected at the
BL07A1 beamline of the National Synchrotron Radiation Research Center (NSRRC). The
data were collected using a Lytle detector in fluorescence mode, while the corresponding
reference sample was collected in transmission mode.
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3.4. Catalytic Combustion of Toluene

The catalytic oxidation of toluene was carried out in the fixed bed reactor (WFS-2017,
Tianjin Xianquan Industry and Trade Development Co. LTD, Tianjin, China). A quantity
of 0.1 g of the catalyst with a particle size of 40–60 mesh was placed in the middle of the
tubular reactor and fixed by quartz cotton. The temperature of the catalyst was monitored
by a thermocouple placed in the middle of the reaction bed. Before testing, the catalyst was
heated under N2 gas (50 mL/min) at 200 ◦C for 1 h. Synthetic air (21% O2 + 79% N2) was
bubbled into the carrier gas tank containing pure toluene and then diluted with another
stream of air before reaching the reaction bed to obtain a mixture inlet gas of 1000 ppm
toluene. In order to stabilize the saturated vapor pressure of toluene, a condensate pump
was used to control the temperature of the tank containing toluene. The total flow rate was
maintained at 100 mL/min, corresponding to the weight hourly space velocity (GHSV) of
60,000 mL·g−1·h−1.

The concentrations of toluene, carbon dioxide, and by-products were analyzed by
the SP-7890 gas chromatograph (Shandong Lunan Ruihong Chemical Instruments Co.,
Ltd., Shandong, China) equipped with two flame ionization detectors (FID), one equipped
with a methanation furnace for CO and CO2 detection, and the other for toluene and
organic by-products such as benzene. The channel for organics was adopted as a SE-30
capillary column (30 m × 0.32 mm × 0.25 µm). The concentrations of CO and CO2 were
measured by a TDX-01 column. The formation of benzene was not observed in our whole
set of experiments. A negligible amount of CO was observed at low temperature, and
it disappeared completely when the temperature increased, which can be proved by the
carbon contents in the inlet and outlet gases based on toluene and CO2. Such a small
amount of the by-products has little effect on toluene conversion. The conversion of toluene
was calculated by the following Formula (1):

Toluene Conversion (%) =
CTol,in − CTol,out

CTol,in
× 100% (1)

4. Conclusions

In summary, porous CeO2 nanospheres with highly dispersed Pt were synthesized
via an L-asparagine assisted bath oiling method. L-asparagine, as an additive, could
inhibit the formation of cerium formate and coordinate with Pt. For toluene catalytic
combustion, Pt/CeO2-NS showed much better catalytic activity than Pt/CeO2 synthesized
by impregnation with commercial CeO2 as the support, which could be attributed to more
Pt4+ and oxygen vacancy on Pt/CeO2-NS. Therefore, L-asparagine is an effective additive
for preparing Pt-based toluene combustion catalysts.
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