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Abstract- In this research, a well-defined CeO2 (rod, 

cube, and polyhedron) were elaborately constructed as 

the nanocatalysts with predominantly exposed facets of 

{110}, {100}, and {111}, respectively. TheCeO2nanocube 

catalyst supported with metals ion (Mn and Pt) was 

successfully synthesized by gas bubbling-assisted 

membrane reduction (GBMR) method. Activity test 

results show that all the synthesized catalysts are good, 

but PtMn-CeO2 catalyst has the best soot burning activity 

(T50 = 367 oC). The PtMn-CeO2 catalyst has the best 

catalytic activity. The synergy between Pt and Co can 

effectively increase the number of surface oxygen 

vacancies and promote surface active oxygen generation. 

Thereby accelerating the adsorption and activation of 

reactant molecules (O2 and NO) and increasing the 

mobility of lattice oxygen.Through various 

characterizations (SEM, BET and H2-TPR), the effect of 

CeO2 catalyst on crystal plane was systematically studied. 

The study showed that the catalytic activity of CeO2NOx 

removal catalyst which mainly exposed {110} crystal 

plane and its excellent low-temperature oxidation-

reduction performance was found to be more promising 

in terms of totalNOx particles removal.The research 

discovered that using gas film assisted reduction method; 

platinum and manganese nanoparticles were uniformly 

dispersed and loaded onto cerium dioxide carriers. 

Through SEM characterization, it was evident that Pt/Mn 

CeO2 and other catalysts were successfully prepared and 

the morphology of the loaded catalysts remained intact. 

Cerium dioxide demonstrated some catalytic activities 

which were further enhanced by the addition of Pt and 

Mn nanoparticles. Notably, when Pt and Mn 

nanoparticles were loaded simultaneously, the T50 of 

Pt/Mn-CeO2 decreased to 367℃ under loose contact 

conditions. 
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I. INTRODUCTION 

 

Nitrogen and Oxygen compounds (NOx) emitted by 

diesel vehicle exhaust are among the main 

environmental pollutants[1]. These compounds are 

easy to produce acid rain, photochemical smog and 

other environmental problems. It is important to 

control the emission of nitrogen and oxygen 

compounds in diesel vehicle exhaust[1]. In diesel 

vehicle tail gas post-treatment technology, catalysts 

coated in diesel particle catcher are generally used to 

oxidize NO to become NO2, and then the strong 

oxidation performance of NO2 is used to oxidize and 

eliminate soot particles[2].According to the "2016-

2019 National Ecological Environment Statistical 

Bulletin" in China, NOx emissions in the national 

exhaust emissions reached 12.339 million tons, of 

which 6.556 million tons were emitted by mobile 

sources, accounting for more than 50%; PM 

emissions reached 10.885 million tons, of which 

74,000 tons were emitted by mobile sources[2]. In 

mobile sources, cars emit more than 90% of 

pollutants[3]. As of the end of March 2022, the 

number of motor vehicles in the country reached 402 

million, including 307 million cars, with the 

popularity of automobiles, the exhaust gas generated 

during automobile driving has become one of the 

important sources of air pollution[2], and the urgency 

of motor vehicle pollution prevention and control has 

become increasingly prominent. In the face of the 

current grim situation of environmental pollution, the 

report of the 20th National Congress clearly pointed 

out that it is necessary to accelerate the green 

transformation of development mode and further 

promote the prevention and control of environmental 

pollution[3]. As a result, the development of more 

sophisticated catalytic technologies has become 

necessary for treatment of automotive exhaust and to 

comply with national regulations on automotive 
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exhaust control[4]. Reducing NOx emissions from 

vehicle exhaust is a crucial and formidable objective. 

To address this challenge, this study was conducted 

to design catalysts with different morphologies using 

cerium dioxide supports. The study also involved the 

addition of platinum and manganese to enhance the 

catalyst's intrinsic catalytic activity and investigate 

their role in NOx combustion catalysis. There are two 

main ways to improve the activity of NOx removal: 

one is to improve the contact site between the NOx 

compounds and catalyst; the second is to improve the 

redox performance of the catalyst[4]. Transition 

metal-based nanomaterials have attracted more and 

more attention due to their superior redox 

performance and their cheap and easy-to-obtain 

characteristics[5]. Modifying transition metal-based 

nanomaterials to improve their catalytic performance 

is expected to replace precious metal catalysts in the 

future. In this paper, cerium-based nanomaterial is 

selected as the research objects, and the catalytic 

activity of the materials is improved from two 

directions: Firstly, the CeO2 (rod, cube, and 

polyhedron) were elaborately constructed the 

nanocatalysts with predominantly exposed facets of 

{110}, {100}, and {111}, respectively. The order 

catalytic activity of the three catalysts  is CeO2-R > 

CeO2-O > CeO2-C, CeO2-R catalyst has an activity 

index value T50 of 413 oC, and has good stability and 

high CO2 selectivity. Through various 

characterizations, the effect of CeO2 catalyst on NOx 

compounds removal crystal plane was systematically 

studied. 

 

II. METHODOLOGY 

2.1 Preparation of catalysts 

CeO2nano-rods (CeO2−R) were synthesized by a 

hydrothermal method. Generally, 1.96 g of 

Ce(NO3)3·6H2O and 16.88g of NaOH were dissolved 

in 40 and 30 mL of deionized water (DI water), 

respectively. After cooling naturally, the NaOH 

solution was added dropwise into a cerium nitrate 

solution to form a mixture. After stirring for 0.5 h, the 

resulting slurry was moved into a 100mL volume 

autoclave. Hydrothermal treatment was conducted at 

373 K for duration of 24 h. The obtained precipitate 

was first wash or with both DI water and ethanol, 

collected by centrifugation, and finally dried at 353 

K for duration of 8 h[6]. The final products were 

acquired by the process of calcination, will be carried 

out by exposing the sample to an air atmosphere at a 

temperature of 673 K for duration of 4 hours. 

 

CeO2nano-octahedra (CeO2−O) were prepared by 

following a previously reported method[6]. 

Typically, 0.858 g of Ce(NO3)3·6H2O and 0.0075 g 

of Na3PO4 were dissolved in 10 and 70 mL of 

deionized water, respectively. After mixing and 

stirring, the resulting solution was moved into a 100 

mL autoclave. Hydrothermal treatment was 

conducted at 443 K for duration of 10 h. The obtained 

precipitate was first wash or clean with both DI water 

and ethanol, collected by centrifugation, and finally 

dried at 353 K for duration of 8 h. The final products 

were acquired by calcination in an air atmosphere at 

673 K for duration of 4 h[7]. 

 

CeO2nano-cubes (CeO2−C) were synthesized by a 

hydrothermal process[7].Generally, 1.96 g of 

Ce(NO3)3·6H2O and 16.88 g of NaOH were dissolved 

in 40 and 30mL of deionized water (DI water), 

subsequently. After cooling naturally, a NaOH 

solution was added dropwise into a Ce(NO3)3 

solution to form a mixture. After stirring for 0.5 h, the 

resulting slurry was moved into a 100mL volume 

autoclave. Hydrothermal treatment was conducted at 

453 K for duration of 24 h. The obtained precipitate 

was first wash or clean with both DI water and 

ethanol, collected by centrifugation, and finally dried 

at 353 K for duration of 8 h. The final products were 

acquired by the process of calcination in an air 

atmosphere at 673 K for duration of 4 h.Pt and other 

metals were supported by GBMR (gas bubbling-

assisted membrane reduction-precipitation) 

technique was utilized to facilitate reduction and 

precipitation processes during the experiment[7]. 

However a protective agent in the form of polyvinyl 

pyrrolidone (PVP) was employed during the 

experiment was added to control the particle size. 

Firstly, PtCl6
- ions are adsorbed and anchored on 

surface OH2
+ groups on the CeO2 support formed 

because of the pH value of the solution is lower than 

the isoelectric point of the CeO2 support. 

Simultaneously, a hybrid between PtCl6
- ions and 

capping ligands of the poly(N-vinyl-2-pyrrolidone) 

(PVP) might form. When NaBH4 was highly 

homogeneously dispersed into the holes (d=40 nm) 

the tubular reactor with a ceramic membrane 

facilitated the reduction of PtCl6- leading to the 

formation of Au nucleus. This process was carried 

out with adequate protection, which restricted the 

growth of crystal nucleus on the surface of CeO2 

supports. The H2 gas bubbling, which was maintained 

at a steady pace, played a crucial role in promoting 

mass transfer, reducing dead space, and enhancing 
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the even distribution of Au nanoparticles on the CeO2 

carrier The appropriate adjustment of reaction 

conditions, including the PVP concentration and the 

whole size of ceramic membrane, provides an 

effective way to control the dispersion and size of Au 

nanoparticles. The actual content of Au in catalysts 

was determined by inductively coupled plasma 

atomic emission spectrometry (ICP-AES)[8]. 

 

III. CHARACTERISATION 

 

3.1 BET specific surface area analysis 

The N2 physical adsorption method was used to 

determine the specific surface area of the catalyst. 

The specific surface analysis of the samples in this 

paper was performed using the Micromeritics ASAP 

2020 fully automated specific surface analyzer[8]. 

 

3.4 Scanning electron microscopy (SEM) 

Shape and microstructure of the catalyst are directly 

observed using the field emission environment 

scanning electron microscope (FEI Quanta 200F) 

produced by FEI in the United States. Technical 

indicators: accelerating voltage is 5 kV; the 

resolution is 1.2 nm. Magnification 25-200 K, 

scanning mode is high vacuum mode, low vacuum 

mode, ring scanning mode. X-ray energy loss 

spectroscopy (EDX) can simultaneously analyze the 

surface and composition of solid materials[9]. 

 

3.5 H2-programmed temperature reduction (H2-TPR) 

Catalysts with metal oxide supported noble metal 

nanoparticles have a certain reduction temperature 

and strength, which represents the oxidation 

performance of the catalyst. H2-TPR is one of the 

effective methods to study oxidation-catalytic 

interactions between metal ions or between precious 

metal particles and supports[10]. 

 

IV. NOx REMOVAL EXPERIMENT 

 

NO-TPO uses the Quantachrome autosorb-1 

quadrupole mass spectrometer to detect the 

concentration of NO2 at the reaction outlet on the line. 

Since NO plays an important role in the catalytic soot 

combustion, NO is catalytically oxidized to NO2, 

which is an important intermediate product in soot 

oxidation. Therefore, the catalytic oxidation capacity 

of the catalyst to NO is related to the performance of 

the catalyst.In this paper, NO-TPO experiment was 

performed on a homemade fixed-bed tubular quartz 

reactor. Pretreat 100 mg of catalyst at 200 °C for 0.5 

h under N2 atmosphere. Then, at a total flow rate of 

50 mL min-1, composed of 5 v% O2, 0.2 v% NO and 

N2 as equilibrium gases, the catalyst is heated from 

150 °C to 500 °C at a heating rate of 2 °C min-

1[10],[11]. 

 

In this research, the performance of the synthesized 

catalysts was tested on a self-made atmospheric 

pressure micro-fixed-bed reaction device. The NOx 

particles used in the experiment were Printex U 

commercial carbon particles produced by Degussa. 

The 0.1 g catalyst and 0.01 g NOx particles were 

mixed evenly with a sample spoon, and the contact 

mode was loose contact, which was closest to the 

actual working conditions[12]. The evenly mixed 

sample was loaded into an atmospheric fixed quartz 

tube with a pipe diameter of 6 mm, fixed with quartz 

wool at both ends, and the quartz tube was placed in 

the constant temperature section of the tube furnace, 

the heating rate was 2°C min-1, and the reaction 

atmosphere was 2000 ppm NO, 5 v% O2 and Ar with 

a gas flow rate of 50mL min-1. Also the reaction 

outlet gas is analyzed qualitatively and quantitatively 

by GC 9890B gas chromatography produced by 

Shanghai Linghua Instrument Co., Ltd. Porapak N 

column was used to separate CO and CO2 produced 

by soot combustion, the product concentration is 

quantitatively detected by FID hydrogen flame ion 

detector[13]. 

 

V. RESULTS AND DISCUSSIONS 

 

The results of the experiments as well as the 

characterization of the catalysts prepared are 

presented and also explained under the below 

highlighted headings. 

5.1  NO-TPO measurement 

In order to explore the catalytic potential of CeO2 

with catalysts having three different morphologies 

for NO oxidation, NO-TPO tests were conducted 

using online FT-IR spectroscopy. 
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Figure 1: Plot ofNO2 profiles of NO oxidation with three different CeO2 morphologies with increasing 

temperature 

 

As shown in figure 1, it was observed that the 

concentration of NO2 played a critical role in the 

catalytic mechanism for soot oxidation. The 

temperature corresponding to peak concentration of 

NO2 can be seeing as an important parameter to 

evaluate oxidation ability for catalysts. However, 

CeO2-R at peak NO2 concentration occurs at lower 

temperature (411 oC) compared to CeO2-C and CeO2-

O catalysts. This indicates that CeO2-R catalyst has 

excellent ability to activate NO molecule than the 

others. In addition, it can also be seeing that the 

activity of CeO2 catalysts for NO oxidation is 

dependent on the exposed crystal facets of CeO2[14]. 
 

VI. NO OXIDATION 

 

The more robust oxidizing properties of NO2 in 

comparison to NO and O2 are widely acknowledged. 

The oxidation process of NO to NO2 is a crucial stage 

in the catalytic oxidation of soot in vehicle emissions 

consisting of NO and O2. This mechanism is 

commonly referred to as the NO2-assisted catalytic 

combustion process for diesel soot particles[15]. 

Although diesel exhausts predominantly comprises 

NOx gas in the form of NO, with minimal presence of 

NO2. Consequently, it is crucial to enhance the 

activation capacity of catalysts for gaseous reactants 

such as O2 and NO. Figure 2 illustrates the results of 

NO oxidation experiments which were conducted to 

determine the concentration of NO2 that resulted 

from oxidation of NO across all the prepared 

catalysts with nanocube structure. The catalytic 

activity of pure CeO2 catalyst for NO oxidation was 

found to be poor with only 20% conversion at 300-

500℃. On the other hand, PtMn/CeO2-C catalyst 

demonstrates superior activity for oxidation of NO to 

NO2, at a peak temperature of about 403 ℃. This is 

accompanied by an increase in the NO2 concentration 

within the same temperature range[15]. This 

observation suggests that PtMn/CeO2-C catalyst 

outperformed the other catalysts in terms of NO 

oxidation activity. Furthermore, the concentration of 

NO2 resulting from the catalysts remains constant as 

the temperature increases until it reaches a 

thermodynamic equilibrium point which can be 

expressed using the equation (NO + 1/2O2 ↔ NO2).  

 

After this point, the concentration of NO2 decreases 

with further temperature increase and it conforms to 

the thermodynamic profile. This indicates that the 

NO2 concentration is not affected solely by 

temperature but rather by the equilibrium established 

by the reaction[16]. 
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Figure 2: The NO-TPO profiles over CeO2, Mn-CeO2, Pt-CeO2 and PtMn-CeO2. 

 

VII. THE BET ANALYSIS 

 

 
Figure 3: Nitrogen adsorption−desorption isotherms of as-prepared catalysts. 

 

Results from the nitrogen adsorption-desorption 

isotherms for the four catalysts (i.e.  CeO2, Mn-CeO2, 

Pt-CeO2 and PtMn-CeO2), are presented in figure 3. 

In terms of adsorption and desorption behavior, the 

isotherms for the freshly prepared catalysts exhibit a 

standard type IV pattern similar to that of IUPAC 

classification[17]. The shapes of the adsorption-

desorption isotherms are also comparable to one 

another. In addition, based on the data presented in 

table 4.2, PtMn-CeO2 boasts the greatest surface area, 

whereas Mn-CeO2 and Pt-CeO2 exhibit nearly 

identical surface areas which are somewhat lower 

than that of PtMn-CeO2. The pattern of total pore 

volume and pore size aligns with the order of surface 

area. It should be noted that the surface areas of these 

catalysts are below 30 m2/g, which is lower than other 

particle catalysts[18]. It is worth mentioning that the 

application of a CeO2 coating creates additional voids 

within the particles and it somewhat increases the 

SBET of PtMn-CeO2. However, the crucial factor for 

NO catalytic oxidation is the number of contact 

points between the catalyst and NO rather than the 

SBET[19]. 

 

Table 1:Values obtained for BET surface areas (SBET), pore volume (Vp), pore diameter (Dp) and crystal size is 

all as-prepared catalysts. 

 SBET
a Vp

b Dp
c Crystal size d 

Catalysts (m2/g) (cm3/g) (nm) (nm) 

CeO2-C 18.2 0.177 13.6 40.6 

CeO2-R 98.8 0.472 15.8 9.5 

CeO2-O 26.1 0.009 8.3 17.8 
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VIII. MORPHOLOGICAL STUDY 

 

In this study, the catalysts prepared were examined 

using scanning electron microscopy (SEM) in order 

to check their morphological behaviors. Basically, 

hydrothermal method was used for synthesizing 

CeO2 catalyst and three different morphologies (i.e. 

CeO2-C, CeO2-R and CeO2-O) were obtained. In 

addition, agglomeration of the catalyst with three 

morphologies also occurred as shown in figures 5A, 

D and G. Further, transmission electron microscopy 

(TEM) was also employed in order to probe the 

crystal growth and the structures of the all as-

prepared catalysts with different morphology[21]. As 

shown in figure 5B, the nanocube morphology of 

CeO2-C has approximately 10-30 nm diameters. 

However, CeO2-R catalyst shows a uniform diameter 

of 10 nm with its length in the range of 40-100 nm as 

shown figure 5E. An interplane spacing of 0.19 and 

0.31 nm was attributed to the (110) and (111) planes 

as observed in figure 5F. The polyhedron shape of 

CeO2-O catalyst is also synthesized with a uniform 

particle size of 10-30 nm (Figure 4H [22]. 

 

 
Figure 5: SEM images (A, D and G) and HRTEM (C, F and I) images of CeO2-C, CeO2-R and CeO2-O 

respectively. 

 

IX. MEASUREMENTS OF SPECIFIC SURFACE 

AREA USING N2 ADSORPTION-

DESORPTION. 

 

The specific surface area (SBET) and pore structure of 

all catalysts were deduced using N2 adsorption-

desorption method at -196oC. The results obtained 

are presented in figure 6 below. The representative N2 

adsorption-desorption isothermal and size 

distribution curves of all as-prepared catalysts can be 

vividly seeing. As shown in figure 6A, all the 

catalysts exhibit a small H4 hysteresis loop in the 

P/P0 range of 0.8 to 1.0[23].  
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Figure 6: (a) Nitrogen adsorption-desorption isotherms. (b) Pore size distribution curves of CeO2 catalysts with 

the three morphologies. 

 

The SBET, average mesopore size (Dp) and total pore 

volume (Vp) values of all as-prepared catalysts are 

listed in Table 1. Among all as-prepared catalysts, the 

CeO2-R catalyst has the largest specific surface area 

(98.8 m2 g-1). The pore size distribution results of all 

as-prepared catalyst are also shown in figure 6B. The 

pore size of CeO2 catalysts are within the range of 10-

100 nm. This indicates the presence of porous 

structure in all as-prepared catalysts[23]. The 

formation of this porous structure can be attributed to 

the nanoparticles being stacked on top of one another 

. Surface area were obtained by BET method; Pore 

volume were obtained by BET method; Pore 
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diameter were calculated via the BJH method 

according to the N2 desorption isotherm. 

 

 

 

 

X. REDOX PROPERTIES. 

 

The redox properties of all as-prepared catalysts were 

measured with the aid of H2-TPR experiments. As 

shown in Figure 7, the CeO2 catalysts with three 

different morphologies show different reduction 

temperature. The reduction of ceria surface oxygen 

occurs with the maxima at 715, 553 and 495oC for 

CeO2-C, CeO2-R and CeO2-O respectively.  
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Figure 7: Plot ofH2-TPR profiles with three different morphologies for CeO2 catalyst. 

 

Reduction temperature within the range of 307 to 

364oC, can be attributed to reduction of surface 

oxygen in CeO2. Generally, the process of reducing 

bulk oxygen over CeO2 occurs within the temperature 

range of about 495 to 715 oC [34]. However, CeO2-R 

catalyst shows strongest reduction property at 

relatively low temperature (307 oC) in comparison 

with CeO2-C and CeO2-O catalysts. This indicates 

that CeO2-R with exposed {110} facet has better 

redox property than those with {100} and {111} 

facet[24]. 

 

XI. CONCLUSION 
 

The results from this study using H2-TPR and NO-

TPO experiments show that CeO2-R catalyst has 

excellent oxidation property which enables it to 

rapidly convert NO to NO2 thereby enhancing 

oxidation. Based on findings in this study, the order 

of crystal facet-dependent activity for NOx 

oxidation/removal is as follows: CeO2{110} > 

CeO2{100} > CeO2 {111}. This research has wide 

practical applications and it highlights a new strategy 

for fabrication of efficient CeO2-based catalysts with 

optimized surface facets which can be used to 

monitor diesel soot particles or other pollutants which 

represent future nanomaterial for soot removal. 

Activity test results show that all the synthesized 

catalysts are very good, but PtMn-CeO2 catalyst has 

the best NOx removal activity (T50 = 367 oC). 
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