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Abstract A series of Ni, Sn and Ca modified Pd/TiO2-

Al2O3 catalysts were prepared by the incipient wetness

impregnation method and their catalytic performance for the

selective catalytic reduction of NOx by H2 was evaluated. The

results showed that the NOx conversion and N2 selectivity

were improved over Pd-Sn/TiO2-Al2O3 and Pd-Ni/TiO2-

Al2O3 catalysts above 200 �C. More importantly, the N2

selectivity and high-temperature activity of Pd-Sn/TiO2-

Al2O3 catalyst was far superior to the single Pd/TiO2-Al2O3

catalyst. The optimal Sn loading was 2 wt.%. X-ray diffrac-

tion (XRD) results showed that the interaction between Pd and

Sn promotes the dispersion of Pd over TiO2-Al2O3. Temper-

ature-programmed reduction (H2-TPR) results demonstrated

that the addition of Sn contributes to the formation of Pd0 and

improving the redox property of Pd/TiO2-Al2O3. The addi-

tives of Ni and Sn also facilitated the absorption of NOx and

the oxidation of NO to NO2, which play important roles in the

selective catalytic reduction of NOx by hydrogen.

Keywords DeNOx � H2-SCR � Sn modification �
Pd/TiO2-Al2O3 � Pd dispersion � NO adsorption and

oxidation

1 Introduction

Nitrogen oxides (NOx) emitted from diesel vehicle are the

major air pollutants that greatly contribute to the formation

of photochemical smog and acid rain. With the rapid increase

of the vehicles, the air pollution in China has become to the

combined pollution of coal flue gas and vehicle exhaust

[1–3]. Therefore, the removal of NOx from mobile sources

has attracted more and more attention. The conventional

three-way catalyst is no longer effective for the removal of

NOx in the presence of oxygen. Selective catalytic reduction

(SCR) of NOx with different reducing agents is an effective

method for the control of NOx under lean-burn conditions.

In the NH3-SCR of NOx, besides the ‘‘NH3 slip’’, the

formed ammonium nitrate and ammonium sulfate at low

temperatures can occupy the active sites and result in the

activity loss of the catalyst [4, 5]. For the HC-SCR, the

low-temperature activity of the catalyst needs to be

improved to reduce NOx emitted from diesel vehicle [6, 7].

Recently, H2-SCR has attracted attention because in this

process H2 can efficiently reduce NOx at low temperatures

(100 to 300 �C) [8–15]. Another advantage of this tech-

nique is that the surplus hydrogen will react with oxygen to

form water with zero pollution. The following are the two

main reactions occur in the H2-SCR of NOx:

2NOþ 4H2 þ O2 ! N2 þ 4H2O ð1Þ
4NOþ 4H2 þ O2 ! 2N2Oþ 4H2O ð2Þ

The greenhouse gas N2O may be formed in the H2-SCR

through reaction (2). Therefore, the catalyst which can

promote the reaction (1) to proceed while inhibiting the

reaction (2) is desirable. Pt and Pd-based catalysts have

shown to be active for the H2-SCR of NOx. Since Pd is less

costly than Pt, Pd-based catalysts have been paid more and

more attention. Improving the NOx conversion and N2

selectivity are the main targets in the development of Pd-

based catalysts for the H2-SCR. Melanie et al. [16] found

that the addition of W can promote the H2-deNOx activity
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of Pd/ZrO2 catalyst. Pd was predominately present in the

form of PdO with particle sizes smaller than 2 nm due to

the addition of W. However, the reaction temperature

window of the catalyst was too narrow to meet the demand

of vehicle exhaust emission control. Greenhalgh et al. [17]

have studied a series of Fe, Co and K modified Pd/Al2O3-

TiO2 catalysts for the H2-SCR. They found that the added

Co promoted the N2 selectivity at low temperature, while K

not only enhanced the N2 selectivity but also increased the

activity at high temperatures. Yue et al. [18] reported that

Ca showed a promoting effect on the catalytic performance

of Pd/Ce-Zr/Al2O3. The addition of Ca to Pd/Ce-Zr/Al2O3

induced the well-dispersion of PdO particles on the support

and improved the reduction/reoxidation property and

thermal stability of the active PdO species, and thus

enhanced the catalytic activity and thermal stability of the

Pd/Ce-Zr/Al2O3 catalyst. The promoting effect of Ca on

Pd/Ce-Zr/Al2O3 catalyst was also reported by Wang et al.

[19]. SnO2 was reported to be active in the HC-SCR of

NOx [20, 21]. Corro et al. [22] found that the addition of Sn

to Pt/Al2O3 can prevent Pt particles from sintering at high

temperatures, thus leading to the enhanced the activity, N2

selectivity and SO2 resistance above 200 �C in the C3H8-

SCR. For Ni a typical transition metal, Li et al. [23]

reported that the addition of transition metal Ni to Pd

catalyst can lead to higher stability than the Pd alone. Amin

et al. [24] found that PdNi alloy was formed with an

average particle size of 3 nm over Pd-Ni/C catalyst. Pd-Ni/

C showed better stability than Pd/C and Ni/C. These facts

indicated that the activity and selectivity of the catalyst can

be improved by the added promoter through strengthening

the interaction between the different metals and promoting

the dispersion of the active sites.

In the present study, a series of Ni, Sn and Ca modified

Pd/TiO2-Al2O3 catalysts were prepared by the incipient

wetness impregnation method and their catalytic perfor-

mance for the selective catalytic reduction of NOx by H2

was evaluated. The results showed that the NOx conversion

and N2 selectivity were improved due to the addition of Ni

and Sn above 200 �C. These catalysts were further char-

acterized by N2 adsorption, X-ray diffraction (XRD),

temperature-programmed desorption of NOx (NOx-TPD)

and temperature-programmed reduction (H2-TPR). The

relationship between the H2-SCR performance and the

catalyst structure has been elucidated.

2 Experimental

2.1 Catalyst preparation

For the preparation of porous Al2O3, 60.9 g aluminum

isopropoxide was added in 400 mL deionized water, then

the mixture was placed in round bottom flask equipped in

rotary evaporator and hydrolyzed in hot water (85 �C) with

3–4 mL nitric acid. After 3 h rotating, the aluminium

boehmite gel was obtained by vacuum filtration. Subse-

quently, the sample was placed at room temperature for

12 h, dried at 120 �C and calcined at 600 �C for 4 h to

obtain Al2O3. TiO2-Al2O3 support was prepared by

mechanically mixing the obtained Al2O3 and P25 (Degussa

AEROSIL TiO2 P25) at the mass ratio of 1:1, and then

grinded and stirred at 40 �C for 5 h, the product was finally

dried at 120 �C for 12 h.

0.5%Pd-2%Ni/TiO2-Al2O3, 0.5%Pd-x%Sn/TiO2-Al2O3

(x = 1, 2, 5) and 0.5%Pd-2%Ca/TiO2-Al2O3 were prepared by

the incipient wetness of impregnation method. A 3 g TiO2-

Al2O3 was added into the proper amount of Ni(NO3)2�6H2O,

SnCl4 and Ca(NO3)2�4H2O solution, respectively, followed by

drying at 120 �C for 12 h. Then the samples were incorporated

into PdCl4 solution, dried at 120 �C for 12 h and calcined at

500 �C for 4 h. 0.5%Pd/TiO2-Al2O3 was also prepared in the

same way described above. Here-in-after0.5%Pd-2%Ni/TiO2-

Al2O3, 0.5%Pd-x%Sn/TiO2-Al2O3 (x = 1, 2, 5), 0.5%Pd-

2%Ca/TiO2-Al2O3 and 0.5%Pd/TiO2-Al2O3 catalysts are

designed by Pd-Ni, Pd-Sn, Pd-Ca and Pd, respectively.

2.2 Catalytic test

The evaluation of the H2-SCR performance of the catalyst

was carried out in a fixed-bed quartz flow reactor using a

0.2 g catalyst of 40–60 mesh. The feed gas mixture con-

tained 0.25 % NO, 1 % H2 and 5 % O2 in a He balance.

The total flow rate of the feed gas was 200 mL min-1,

corresponding to a space velocity of 40,000 h-1. The

composition of the product gas was analyzed by gas

chromatograph (Shimadzu GC 2014, equipped with Pora-

pak Q and Molecular sieve 5A columns, Japan) and a

chemiluminescence NO/NO2 analyzer (42i-HL, Thermal

environmental instrument, USA). The reaction temperature

was increased from 100 to 400 �C and the activity data

were collected when the catalytic reaction practically

reached steady-state condition at each temperature. The

performances of catalysts were evaluated by means of NOx

conversion and N2 selectivity as described by the following

equations:

NOx conversion ¼ CNOx inlet � CNOx outlet

CNOx inlet

� 100 %; ð3Þ

N2 selectivity ¼ CN2 outlet

CN2O outlet þ CN2 outlet

� 100 %: ð4Þ

2.3 Catalyst characterization

Characterization of the Brunauer-Emmett-Teller (BET)

surface area of the catalyst was carried out with a

3974 Chin. Sci. Bull. (2014) 59(31):3973–3979

123



Quantachrome Autosorb AS-1 system (USA) at liquid N2

temperature (–196 �C). The specific surface area, pore

volume and pore size distribution of the catalysts were

determined by BET and Barrett-Joyner-Halenda (BJH)

methods. Powder XRD measurements recorded on a

Brucker D8 Advanced system (Germany) with Cu Ka
radiation at 45 kV and 200 mA. NOx-TPD was performed

on a fixed-bed quartz reactor using 0.2 g catalyst. The

concentrations of NO, NO2 and NOx were detected on a

chemiluminescence NO/NO2 analyzer. Before the experi-

ment, the catalyst was pretreated in pure He at 400 �C for

1 h. After the catalyst was cooled down to room temper-

ature in pure He, the He flow was switched into 0.25 % NO

and 5 % O2 (balanced with He) for 1 h with the total flow

rate of 200 mL min-1. After being saturated, the sample

was degassed by He to remove the physically adsorbed NO

and NO2. The sample was then purged in pure He with the

heating rate of 10 �C min-1 to 600 �C. Temperature-pro-

grammed reduction (H2-TPR) experiments were conducted

on a chemisorptions analyzer (Micromeritics, ChemiSorb

2720 TPx, USA) under a 5 % H2 gas flow (100 mL min-1)

at a rate of 10 �C min-1 to 500 �C. Each catalyst was pre-

treated at 300 �C in helium for 1 h before test.

3 Results and discussion

3.1 H2-SCR activity

3.1.1 Comparison of the H2-SCR performance

Figure 1 shows the NO conversion (a) and N2 selectivity

(b) for the SCR of NO with H2 over Pd, Pd-Ni, Pd-Sn and

Pd-Ca catalysts. From Fig. 1a it can be seen that NOx

conversion is improved by the addition of Ni and Sn, and

Pd-Sn shows the widest temperature window and the

highest NOx conversion above 200 �C. On the contrary,

H2-SCR activity is decreased over Pd-Ca catalyst. The

‘‘volcano-type’’ behavior of NOx conversion as a function

of temperature is observed in Fig. 1a. On one hand, the

combustion reaction of H2 with O2 above 150 �C becomes

predominant, leading to less remained reductant for the

SCR reaction and thus a drop of NOx conversion. On the

other hand, the partial oxidation of Pd under H2-SCR

occurred above 150 �C, the chemical nature change of Pd

could lower the surface coverage of hydrogen on its sur-

face, and in turn the rate of H-spillover from Pd to the

support interface, and thus the rate of NOx reduction [14].

Besides the activity, N2 selectivity is also greatly increased

over Pd-Sn and Pd-Ni catalysts compared with Pd alone.

Obviously, the N2 selectivity on all catalysts gradually

decreased with increasing temperature. At low temperature

the reaction route is H-assisted dissociation of NO domi-

nating on active sites, while at high temperature the route is

accomplished by H-assisted reduction of nitrates on the

support. N2O can be produced by the decomposition of

surface nitrate, thus resulting in the decreased N2 selec-

tivity [25, 26]. Despite all that more than 70 % N2 selec-

tivity was obtained in the temperature range of 100–400 �C

over Pd-Sn catalyst. Therefore, the additives of Sn and Ni

are favorable for improving the activity and selectivity of

Pd catalyst for the H2-SCR of NOx, and the promoting

effect is more noticeable in the case of Sn modification.

Compared to the previously reported Pd-Ir/TiO2 [25] and

Pd-K2O/TiO2 catalysts [26], Pd-Sn and Pd-Ni showed

much higher N2 selectivity for the H2-SCR of NOx.

3.1.2 Effect of Sn loading on the H2-SCR performance

Since Sn showed a more noticeable promoting effect on Pd

catalyst for the H2-SCR of NOx, the effect of Sn loading on

the catalytic performance of Pd catalyst for the H2-SCR of

Fig. 1 H2-SCR performance over Ni, Sn and Ca modified Pd and single Pd catalysts. a NOx conversion; b N2 selectivity
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NOx was further investigated and the results are shown in

Fig. 2. From Fig. 2a it can be seen that 1 % Sn additive

leads to a slight increase of NOx conversion. With

increasing Sn loading to 2 %, NOx conversion is signifi-

cantly improved above 200 �C. The further increase of the

Sn loading to 5 % results in the decrease of the NOx

conversion. From Fig. 2b it is evident that the addition of

Sn promotes the N2 selectivity and the optimal loading is

also 2 %.

3.2 BET surface area and XRD

The textural properties of Pd, Pd-Ni, Pd-Sn and Pd-Ca were

characterized and the results are summarized in Table 1. It

is seen that the addition of Ni and Sn slightly increased the

specific surface area. While the added Ca leads to the

decreased specific surface area and increased average

particle size, indicating that the dispersion of Pd was

suppressed due to the addition of Ca, thus leading to the

poor performance of H2-SCR of NOx on Pd-Ca catalysts.

XRD patterns of Pd and modified Pd catalysts are

illustrated in Fig. 3. The diffraction peaks ascribed to the

anatase TiO2 phase (101), (004) and (200) (2h = 25.3�,

37.8�, 48.1�) can be observed. The diffraction peaks at

2h = 27.5�, 36.1�, 41.3�, 54.4�, 56.6� are corresponding to

(110), (220), (111), (211) and (220) crystalline of rutile

TiO2 phase [27, 28]. c-Al2O3 diffraction peaks are also

observed at 2h = 36.4�, 38.3�, 42.8� and 53.8� [29]. From

the XRD results it can be seen that there is little change in

the crystallinity of TiO2-Al2O3 support after modification.

The peaks assigned to Ni, Ca and Pd species are not

observed. The absence of Pd could be due to the low

loading and the high dispersion of Pd on the surface of

TiO2-Al2O3. The weak reflections near 2h = 37.1�, 47.8�
and 62.6� are corresponding to tetragonal SnO [30]. It is

well worth to note that the peaks at 2h = 54.2� and 41.2�
appeared, which are assigned to Pd3Sn2 and Pd3Sn alloy

[31, 32], indicating that the strong interaction between Pd

and Sn exists, which results in the high dispersion of Pd

and high catalytic performance of H2-SCR of NOx.

Fig. 2 H2-SCR performances over Pd-Sn catalysts with different Sn loading. a NOx conversion; b N2 selectivity

Table 1 BET surface area, pore volume, pore size and average

particle size of different catalysts

Samples BET area

(m2 g21)

Pore volume

(cm3 g21)

Pore

size

(nm)

Average

particle size

(nm)

Pd 132 0.48 10.9 46

Pd-Ni 134 0.38 11.4 46

Pd-Sn 133 0.32 10.1 45

Pd-Ca 125 0.36 10.5 48
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Fig. 3 XRD patterns of Pd, Pd-Ni, Pd-Sn and Pd-Ca catalysts
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3.3 H2-TPR

The redox properties of Ni, Sn and Ca modified Pd cata-

lysts were investigated by H2-TPR and the profiles are

shown in Fig. 4. For Pd alone, a small peak appears around

115 �C, which is due to the reduction of PdO [33]. It

should be noted that H2-TPR profiles of Pd-Ni, Pd-Sn and

Pd-Ca are significantly different from that of Pd alone. For

Pd-Ni catalyst, no H2 consumption peak was observed

below 300 �C, indicating that Pd mainly exists in the form

of Pd0, which is favorable for improving the N2 selectivity

[34] according to eq. (1). The small peak at 360 �C could

be associated with the reduction peak of PdNi alloy [33]. In

the case of Pd-Sn, a broad reduction peak centered at

190 �C can be observed. It could be attributed to the

reduction of Pd3Sn2 and Pd3Sn alloy [35]. The reduction

peak of tin oxide to metallic tin is absent [36], indicating

that Sn is mainly present in the form of PdSn alloy. The

H2-TPR result of Pd-Sn is in accordance with XRD, both of

which suggest the high dispersion of Pd and the existence

of strong interaction between Pd and Sn. Over Pd-Ca cat-

alyst, the small negative reduction peak at 70 �C corre-

sponds to the decomposition of b-palladium hydrides [37].

It is known that over the metallic Pd H2 molecule will

dissociate at room temperature, and the small dissociated

hydrogen atom can enter the lattice of metallic Pd, forming

b-palladium hydrides. On big crystallites of Pd palladium

hydrides are more easily formed, while on the highly dis-

persed Pd the formation is considerably suppressed. Based

on this, Pd over Pd-Ca catalyst is supposed to be present in

the form of big crystallites with the poor dispersion, which

is also confirmed by BET results. Furthermore, the rela-

tively big peak around 90 �C ascribed to the reduction of

PdO also reveals the same result. It is noted that there is

one H2 consumption peak around 415 �C, which could be

attributed to the reduction of the surface capping oxygen of

TiO2 [38]. Different from Ni and Sn promoter, Ca is sup-

posed to be present in the form of CaO over Pd-Ca catalyst.

Chiarello et al. [39] reported that over Pd/LaCoO3 catalyst

the formation of PdCo alloy contributes to improving the

H2-SCR performance. Therefore, the promoting effect of

Ni and Sn can be attributed to the formed alloy. Correlated

to the H2-SCR activity of Pd, Pd-Ni, Pd-Sn and Pd-Ca

catalysts, it is concluded that both the dispersion of Pd and

the redox property play significant roles on the catalytic

performance for the H2-SCR of NOx.

3.4 NOx-TPD

NOx-TPD has been carried out to investigate the NOx

adsorption over the investigated catalysts. Figure 5 shows

the NOx-TPD profiles over the modified and unmodified

catalysts. It can be seen that Pd-Ni and Pd-Sn catalysts

exhibit the similar profiles, with a sharp peak at low tem-

perature (\150 �C) and a broad one at high temperature

(150–550 �C). Compared with Pd catalyst, the adsorption

of NOx on Pd-Ni and Pd-Sn catalysts are remarkably

increased. Therefore, these two catalysts are of higher NOx
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Fig. 4 H2-TPR profiles of Pd, Pd-Ni, Pd-Sn and Pd-Ca catalysts

Fig. 5 NOx-TPD profiles over Pd-Ni and Pd (a), Pd-Sn and Pd (b), Pd-Ca and Pd (c) catalysts
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adsorption capacity than Pd alone. The adsorption of NOx

is important for the H2-SCR to proceed. It should be noted

that more NO2 formed at low temperature over Pd-Sn

catalyst than Pd-Ni catalyst. NO2 is one key reaction

intermediate in the H2-SCR of NOx [40, 41]. The higher

activity of Pd-Sn than Pd-Ni could be due to more NO2

formed in the H2-SCR reaction. In addition, excess of NOx

adsorbed over the Pd-Ni catalyst leads to the occupation of

active sites and thus limits active sites available for the

adsorption and activation of H2. This could be another

reason for the lower activity of Pd-Ni than Pd-Sn. In the

case of Pd-Ca catalyst, even less amount of NO2 was

adsorbed on it compared with the single Pd catalyst,

implying that the adsorbed NO is hard to be oxidized into

NO2 and thus this catalyst showed poor catalytic perfor-

mance for the H2-SCR of NOx.

4 Conclusions

Pd/TiO2-Al2O3 catalysts were modified by Ni, Sn and Ca

and their catalytic performance for the H2-SCR of NOx was

evaluated. It was found that the addition of Ni and Sn to Pd

catalyst leads to the increased NOx conversion and N2

selectivity above 200 �C. The promoting effect is more

noticeable in the case of Sn addition and the optimum Sn

loading is 2 %. The added Sn leads to the highly dispersed

Pd, the formation of Pd0 and the strong interaction between

Sn and Pd. All of these contribute to the adsorption of NO

and the oxidation of NO to NO2, which was one key

reaction intermediate in the H2-SCR of NOx. As a result,

Pd-Sn catalyst showed higher catalytic performance than

the Pd alone. In contrast, Pd-Ca catalyst showed poor H2-

SCR performance, which can be attributed to the increased

average particle size and the decreased BET surface area

after the addition of Ca.
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