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Abstract: Diesel engines have been more and more widely used in heavy duty vehicles because of high efficiency and low fuel 

consumption compared with petrol engines. Taking ZrO2 as the additive, the influence of the mass ratio of ZrO2 to Al2O3 on catalytic 

performance was studied. The results show that, with an increase of ZrO2 doping, the Pt particles become smaller at first and then 

larger in the catalyst. The interaction between Pt and the carrier increases, and then decreases. Analysis of the activity data shows the 

optimized doping amount of ZrO2 is 40 wt% the complete oxidation temperatures of CO and C3H6 are reduced by 20 and 25 
o
C, 

respectively. When the ZrO2/Al2O3 mass ratio in the carrier is varied, the precious metal dispersion on the catalyst and the precious 

metals interaction with the carrier are different with varying levels. The smaller the Pt particle size, the stronger the interaction 

between precious metal and the carrier, and the performance of catalyst is improved. 
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According to a German Environmental Protection Bureau’s 

survey, diesel engine exhausts pollutants of particulates and NOx 

accounts for nearly half of all car emissions
[1]

. Nitrogen oxides, 

as a major air pollutant, are harmful to human health due to the 

formation of photochemical smog, acid rain, ozone depletion 

and greenhouse effect
[2,3]

. Several attempts are being 

implemented to reduce NOx emissions, and one of the leading 

techniques is selective catalytic reduction by ammonia 

(NH3-SCR), which has been extensively studied for lean NOx 

control in stationary applications and diesel vehicle emissions
[4-6]

. 

In recent years, diesel engines have been more and more 

widely used in heavy duty vehicles because of their high 

efficiency and low fuel consumption compared with petrol 

engines. However, the particulate matter (PM) emissions, 

which cause environmental pollution and adverse health 

effects, are major a drawback of diesel engines
[7-9]

. To reduce 

PM emissions and protect human health, emission standards 

and legislations levels have been established in Europe, which 

demand after-treatment of the exhaust gases
[10,11]

. Important 

research has been completed in order to develop a suitable 

soot removal system for diesel vehicles
[12,13]

. Initially, diesel 

oxidation catalysts (DOC) technology was based on the use of 

Pt loaded on an alumina support. As emissions regulations 

became more stringent, however, both oxidation activity 

towards the PM and soluble organic fraction (SOF) at low 

temperatures and reduced oxidation of SO2 became necessary 

aspects of DOC technology, and cerium-based catalysts which 

enabled the low temperature oxidation of the SOF became 

common, along with composite supports made from materials 

such as ZrO2, because these substances exhibit low SO2 

adsorption. In addition, DOCs incorporating molecular sieves 

were developed, to improve the oxidation of THC, CO and the 

SOF under cold start conditions
[14]

. 

However, catalysts often show poor thermal stability under 

high-temperature conditions, which leads to severe catalytic 

deactivation and decreases the selectivity to CO2 produced 

during the soot oxidation process
[15,16]

. One solution is to 

develop efficient and thermally stable catalysts
[17,18]

. It has 

been proved that the contact between the catalyst and soot 

markedly influences the reaction kinetics
[17]

. The most 
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commonly used mixed oxides is ceria-zirconia (CexZr1-xO2). 

Cerium is replaced with Zirconium in the crystal lattice. 

Zirconium doping also confers thermal stability to ceria. The 

importance of these mixed oxides catalysts has been raised in 

several studies for application to oxidation reactions
[19-22]

. 

Diverse oxide supports, such as ZrO2, TiO2, SiO2, Al2O3 and 

CeO2, have been reported to be useful in diesel soot oxidation 

catalysts. ZrO2 that presents appropriate acid-base and redox 

properties is mentioned as a material that is moderately active to 

soot combustion
[23-25]

. Since ZrO2 is an stable high- temperature 

material and can be used as the carrier of hydrocarbon 

compounds for catalytic combustion, it improves the interaction 

between the carrier and precious metal. Recently, adding a 

prescribed amount of ZrO2 in Pd/Al2O3 systems to increase the 

reactivity and high-temperature stability of the system has been 

given extensive close attention
[26]

. 

In this study, ZrO2 doped catalysts of different composition 

have been prepared by different methods, and soot combustion 

experiments have been performed with soot and catalyst solid 

particles mixed in the so-called“loose contact”mode
[27]

. The 

interaction of ZrO2-Al2O3 has been widely studied in Pt 

catalysts; however, the research of ZrO2-Al2O3 Pt catalysts are 

rare. Therefore, it is necessary to further study ZrO2-Al2O3 

systems in Pt catalysts. 

In recent years, ZrO2 based catalysts for selective catalytic 

reduction of NOx with NH3 were studied, and the precious 

metal catalysts were calcined in an electric furnace in air. 

Evaluations of the catalyst efficiency for oxidation 

performance for the species CO and C3H6 were carried out 

using a Simulated Gas Bench (SGB). Due to the difference of 

the ZrO2-Al2O3 mass ratio in the carrier, specific surface area, 

crystal phase, and noble metal dispersion, REDOX properties 

of catalysts are distinct. In order to optimize the activity 

catalyst of CO and HC, characterizations such as BET, XRD, 

TPR, HRTEM were studied in detail. 

1  Experiment 

1.1  Preparation of the catalysts 

A series of catalysts with different ZrO2 doping (0, 20, 40, 

60, 80, 100, wt%) were prepared by co-precipitation. Then 

they were impregnated with precious metals. The carrier was 

achieved by co-precipitation. Firstly, to obtain the required 

mixture of aluminum, and zirconium, a specific amount of 

Zirconium di-nitrate oxide (Zr(NO3)2) powder and white 

crystal aluminum nitrate (Al(NO3)3) were dissolved in 

deionized water and then mixed with a buffer solution 

consisting of NH3·H2O. After sediment deposition, mixing for 

4 h, and then standing for 12 h, the mixture was dissolved in 

deionized water. The pH was controlled at around 9.0. The 

precipitates obtained were filtered and dried at 120 
o
C for 12 h. 

The precursor was placed in an oven for drying, then calcined 

for 4 h at 750 
o
C in a muffle furnace, and the composite oxide 

was identified as ZA. By adjusting the adding quantity of 

zirconium di-nitrate oxide and aluminum nitrate in the process 

of synthesis, the mass ratio of ZrO2 and Al2O3 of composite 

oxide were varied from 0:100, 20:80, 40:60, 60:40, 80:20 to 

100:0, and they were identified as ZA0, ZA20, ZA40, ZA60, 

ZA80 and ZA100, respectively. 

Catalysts were obtained by the saturated impregnation 

method. A precious metal Pt solution with certain 

concentration was prepared, then the synthesized ZrO2-Al2O3 

composite oxide was added to the solution, and after stirring 

for a period of time, standing until being completely adsorbed, 

then calcined in air at 550 
o
C for 2 h in a oven, so the platinum 

compounds we selected will be pyrolysis into Pt
0
/Pt

2+
, and can 

be reduced under the emission reaction status. These samples 

with different ZrO2 doping (wt%) of 0, 20, 40, 60, 80, 100 

were labeled as PZA0 or (1), PZA20 or (2), PZA40 or (3), 

PZA60 or (4), PZA80 or (5), PZA100 or (6), respectively. 

Content of Pt was 1.5 wt% in all catalysts. 

1.2 Catalytic activity measurement 

Catalytic activity measurement was carried out by a 50 mm 

long quartz tubular fixed reactor bed by tabletting and sieving. 

0.3 g of catalyst particles (420~250 µm) was used. The gas 

was made up of 1% CO and 5% O2 for CO reaction, and N2 

was used as the equilibrium gas; the gas was made up of 0.3% 

C3H6 and 5% O2 for C3H6 reaction, and N2 was also used as 

the equilibrium gas. The space velocity of both model reaction 

was approximately 18 000 mL·h
- 1

·g
-1

. The type 7890 Agilent 

gas chromatograph was used for online analysis. 

Temperature programmed reductions with H2 (H2-TPR) 

were carried out in a CHEMBET 3000 device, consisting of a 

tubular quartz reactor coupled to a thermal conductivity 

detector (TCD). Firstly, the sample was pretreated in Ar (80 

mL·min
-1

) from room temperature (RT) to 120 
o
C, and held 

for 0.5 h. After cooling to room temperature (RT), and the 

samples were treated in H2/Ar (80 mL·min
-1

) until TCD signal 

stabilized, and then heated to 800 
o
C with a rate of 10 

o
C /min. 

The X-ray diffraction (XRD) experiments were performed 

on a Japan Science D/Max-R diffractometer using Cu Kα 

radiation (λ=0.154 06 nm), operated at 40 kV and 40 mA. The 

X-ray diffractogram was recorded at 0.01
o
 intervals in the 

range of 10
o
≤2θ≤80

o
 with 3 s count accumulation per step. 

The identification of the phase was made with the help of 

JCPDS cards (Joint Committee on Powder Diffraction 

Standards). 

Firstly, the sample was pretreated in H2/Ar (80 mL·min
-1

) 

from RT to 450 
o
C, and held for 2 h. After the sample was 

pretreated in pure Ar (80 mL·min
-1

) to get a stable TCD signal 

baseline, the temperature was raised to 460 
o
C and kept for 10 

min. After cooling to 80 
o
C and held for 0.5 h, the sample was 

titrated by pure CO (300 μL) until peak area kept constantly, 

and the peak area was recorded. 

Ultrastructure and particle size of Pt in catalyst were 

observed by transmission electron microscopy (JEM-2100). 

The accelerating voltage was 200 KV. Firstly, the sample was 
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grinded, and then was dispersed by ultrasonic vibration with 

ethanol as dispersant. Finally, the sample was moved to 

observe in copper gauze. 

2  Results and Discussion 

2.1  Catalysts characterizations 

N2 adsorption-desorption isothermal curves of the catalysts 

with different aluminum zirconium doping are shown in Fig.1. 

The diagram shows the isotherms of PZA0 and PZA20 have 

obvious hysteresis when relative pressure P/P0 between 0.4 

and 1, which indicates the catalyst exhibits mesoporous 

structure. According to the classification of IUPAC
[28]

, 

isotherm with hysteresis loops belongs to H2 type. The visual 

characteristic of the porous of catalyst is worm shape. Fig.1 

shows that, when the content of ZrO2 is more than 20%, N2 

adsorption-stripping isotherms of catalysts are between I 

isotherm and IV isotherm, particularly PZA40 conforming to 

IV type isotherm. With the increase of ZrO2 content, PZA100 

conforms to I type isotherms. It shows that, with the increase 

of ZrO2, the microporous structure of the catalysts increases 

gradually. The pore diameter distribution curves of the 

catalysts are shown in Fig.2. The diagram show pore diameter 

distribution of PZA0 and PZA20 have regular mesoporous 

hole peaks. With the increase of ZrO2 content in the samples, 

the regularity of mesoporous structure weakens gradually, 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 N2 isotherms of different catalysts (1-PZA0, 2-PZA20, 

3-PZA40, 4-PZA60, 5-PZA80 and 6-PZA100) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Pore size distribution of different catalysts (1-PZA0, 2-PZA20, 

  3-P ZA40, 4-PZA60, 5-PZA80 and 6-PZA100) 

disappearing gradually from PZA40 to PZA100. However, 

microspore structure of the catalysts increases gradually. It 

conforms to the adsorption-stripping curves of the catalysts. 

The specific surface area, pore diameter and pore volume of 

the catalysts are listed in Table 1. In addition, compared to the 

commercial Al2O3, specific surface area of zirconium 

aluminum composite oxide is generally much larger except 

PZA80 and PZA100. When the carrier additive and the 

proportion of carrier are different, by different synthesis 

methods, they inevitably affect the interaction of precious 

metals with carrier of the catalysts, so as to influence the size 

of the precious metal particles. 

2.2  XRD results 

XRD patters of different catalysts are shown in Fig.3. PZA0 

only exhibits a peak for Al2O3, without the peak of any 

element or precious metal oxide. It shows that the precious 

metal is highly fragmented or forms tiny nano clusters (<5 

nm). With the increase of the content of ZrO2, a ZrO2 

morphology peak appear. However, PZA20 to PZA80 do not 

present any characteristic peak of elements or Pt oxide, which 

shows the Pt is highly fragmented. It is revealed that the 

interaction between Al2O3 and ZrO2 can stabilize the ZrO2 

crystalline phases. 

2.3  H2-TPR results  

The H2-TPR spectra of different catalysts are shown in 

Fig.4. It is shown that the temperature for the reduction peak 

and peak area of PtOx species is different in catalyst. The 

reducing peak temperature corresponds to the intensity of the 

interaction of species with the carrier. If the peak area is  

 

Table 1  Physical properties and Pt dispersion of catalysts 

Catalyst 
S(BET)/ 

m
2
·g

-1
 

Pore 

diameter/nm 

Pore volume/ 

cm
3
·g

-1 

Dispersion 

(Pt)/nm
[29]

 

PZA0 235.1 3.1 0.6113 3.1 

PZA20 215.0 3.1 0.4855 - 

PZA40 180.2 2.2 0.3576 2.4 

PZA60 170.2 < 2 0.2942 - 

PZA80 123.9 < 2 0.1674 4.3 

PZA100 7.7 < 2 0.0223 6.4 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 XRD patters of different catalysts (1-PZA0, 2-PZA20, 3-PZA40, 

4-PZA60, 5-PZA80 and 6-PZA100) 
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different, the consumption is not the same as the amount of 

hydrogen, which is associated with the quantity of reduction 

species in catalyst. For Pt/Al2O3 samples, there are two 

reduction peaks: at 152 
o
C, which corresponds to the reduction 

of high dispersion of PtO; at 306 
o
C, which is in regard to the 

reduction of large particles. At the observed optimum doping 

level of ZrO2, e.g. 40 wt%, the lower temperature for the 

reduction peak of catalyst is only 102 
o
C, while the high 

temperature reduction peak temperature is 290 
o
C. Compared 

with the unmodified sample, the temperature decreases by 50 
o
C and 16 

o
C, respectively. Compared with the H2-TPR results 

of catalyst and catalyst performance on SGB for CO and C3H6, 

if reduction temperature of the species of PtOx is lower, the 

peak area is greater, and thus the complete oxidation perfor- 

mance of CO and C3H6 is better. 

2.4  HRTEM results 

HRTEM results of different catalysts processed with 

different gas composition are shown in Fig.5. The figure 

shows for PZA0 loaded with pure Al2O3, the carrier exhibits a 

worm shape characteristic. This correlates to the Al2O3 carrier 

of catalyst; it is in line with the aforementioned specific 

surface area analysis. It is observed that the Pt particle size of 

PZA40 is minimum in the catalysts loaded with varying 

carrier additive proportions, while the Pt particles of PZA100 

is the largest. It is consistent with XRD results. 

2.5  In-situ infrared and pulse adsorption results 

CO DRIFTS characterization technology and CO pulse 

adsorption technology were used for the complete qualitative 

and semi-quantitative analysis of precious metal particle size. 

The results are shown in Fig.6 and Table 1. The linear 

adsorption and the bridge type adsorption correspond to Pt 

particle size. The stronger the linear adsorption, the weaker 

bridge type adsorption, which shows that Pt particles are 

smaller, and vice versa. Fig.6 shows PZA40 has the highest 

linear adsorption intensity/bridge type adsorption intensity 

ratio, which indicates minimum Pt particle size. While 

PZA100 has the lowest linear adsorption intensity/bridge type 

adsorption intensity ratio, which illustrates larger Pt particles. 

It indicates that, the addition of ZrO2 to modify the pure Al2O3 

carrier enhances the interaction of precious metal Pt and 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  H2-TPR spectra of different catalysts (1-PZA0, 2-PZA20, 

3-PZA40, 4-PZA60, 5-PZA80 and 6-PZA100)  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  HRTEM for different catalysts: (a) PZA0, (b) PZA40, and (c) PZA100 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  In-situ DRIFTS of CO of different catalysts 

carrier (see H2-TPR results), and promotes the precious metal 

Pt to disperse. While ZrO2, when acting as the carrier, has low 

specific surface area of the carrier itself and poor interaction 

with the precious metal, and Pt particles increase sharply. 

XRD analysis can detect this interaction. 

The results from CO pulse adsorption, HRTEM, CO Fourier 

in-situ infrared spectra and SGB for catalytic efficiency (CO 

and C3H6) were analyzed. Based on these analyses, the 

performance of catalyst is better when the precious metal Pt 

particles are smaller in the sample, and vice versa. 

2.6  Catalytic activity evaluation results 

Catalytic oxidation results of CO and C3H6 of different 

catalysts are shown in Fig.7 and Fig.8. The diagrams show 
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mass ratio of ZrO2 and Al2O3 in the catalyst directly affects the 

catalytic activity. The complete oxidation temperatures for CO 

and C3H6 are 170 
o
C and 185 

o
C in PZA0, respectively. As the 

oxidation temperature of the selected species CO is low, and 

the relatively low temperature for C3H6 and for HC, but 

relatively high temperature for CO oxidation has the oxidation 

degree increases, which widens the sample to sample 

deviation of catalytic performance. Initially, adding ZrO2 in 

the samples improved the performance of catalyst, especially 

in PZA40, and the complete oxidation temperatures of CO and 

C3H6 decrease to 150 and 160 
o
C, respectively. While 

complete oxidation temperature of CO and C3H6 reaches 200 

and 215 
o
C in PZA100, respectively, compared with the 

performance of the optimal catalyst, where the complete 

oxidation temperature of CO and C3H6 increased by 50 and 55 
o
C, respectively. Through the analysis of results, it can be 

concluded that the optimal value for the doping amount of 

ZrO2 is 40 wt%. Compared with the unmodified sample, the 

oxidation temperatures of CO and C3H6 are decreased by 20 

and 25 
o
C, respectively. 

In addition, it is unclear how long the life of doped PZA40 

will be changed used aging catalyst and what construction the 

research in Zr with PZA40. Therefore, further demonstration 

will be carried out in our future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7  CO conversion curves for different catalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8  C3H6 conversion curves for different catalysts 

 

As the carrier was loaded with Pt catalyst at different 

aluminum zirconium quality ratio, the specific surface area of 

the sample is gradually decreased as the ZrO2 increases, and 

the Pt particle size of the samples and REDOX ability were 

decreased, and then increased. It shows that when noble metal 

particles are smaller, REDOX ability is stronger, and complete 

oxidation ability of the catalyst for CO and C3H6 is stronger. 

3   Conclusions 

1) The ZrO2/Al2O3 mass ratio in the carrier is varied, and 

the precious metal dispersion on the catalyst and the precious 

metals interaction with the carrier are different. When 

precious metal dispersion degree is higher, the interaction is 

stronger, and the complete oxidation capability of the catalyst 

for CO and C3H6 is stronger, for catalyst with higher- 

performance is of higher specific surface area.  

2) When the amount of ZrO2 reaches an optimum of 40 

wt%, the complete oxidation temperatures of CO and C3H6 

decrease to 20 and 25
 o

C, respectively. Compared with the 

unmodified sample for CO and C3H6, catalytic oxidation 

performance is improved.  
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载体中 ZrO2/Al2O3 比对 Pt/ZrO2-Al2O3 催化剂性能的影响 

 

阳超琴 1，王亚明 1，吴乐刚 2
 

(1. 昆明理工大学，云南 昆明 650500) 

(2. 昆明贵研催化有限公司，云南 昆明 650221) 

 

摘  要：相比汽油车而言，柴油车具有高效、低油耗的优势已得到广泛应用。本实验以 ZrO2作为改性剂，探究了 ZrO2与 Al2O3的质量

比对催化剂的影响。结果表明：随着 ZrO2的加入，Pt 粒子先减小后增大；Pt 粒子与载体的交互作用先增大后减小。活性实验数据的分

析表明，ZrO2的最佳添加质量分数为 40%，CO 和 C3H6完全氧化温度分别降低 20 和 25 ℃。贵金属在催化剂的分散度以及贵金属与载

体的相互作用随着 ZrO2与 Al2O3 质量比的变化而变化。Pt 粒子越小，其与载体的交互作用越强，这表明催化剂性能越强。  

关键词：柴油车；ZrO2；催化剂；比表面积；活性评价 
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