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Abstract

A number of M-Cu-ZSM-5 (M=La, Ni, La-Ni) samples were prepared via an aqueous
solution ion-exchange method. The co-doping with Ni and La into a Cu-ZSM-5 catalyst
enhanced the NO decomposition activity in a temperature range 350-550 °C. The
characterization results indicate that doping with La effectively improved the dispersion
of the Cu species forming more Cu?* ions in the sample, while the effect of Ni is likely
to facilitate the implantation of Cu?* to form (Cu?*-0%-Cu?*)?* dimers. The synergistic
effect of La and Ni contributes to the increased (Cu?*-0?-Cu?*)?* content in the co-
doped sample, thus enhancing the NO decomposition activity.
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1. Introduction

The abatement of nitrogen oxide in the exhaust gases, both of mobile and stationary
sources, has received extensive research interest, and many technologies were
developed such as selective catalytic reduction (SCR), lean NOx trap and NO
decomposition [1-8]. NO direct decomposition to N> and O, is an ideal route for NO
removal because of the simple reacting network with no additional reductant [9].
Nevertheless, NO is stable in gas phase, requiring over 1000 °C to overcome the 364
kJ/mol barriers for the N-O bonding cleavage in thermal decomposition. As a result, a
suitable catalyst is critical to overcome the huge energy barrier, lowering the NO

decomposition temperature [10].

Ion-exchanged ZSM-5, especially the copper ion-exchanged ZSM-5 (Cu-ZSM-5),
has been reported active for NO decomposition in 300-600 °C, whereas the deNOx
activity should be further improved [11, 12]. Doping with additives in Cu-ZSM-5 was
considered as an effective method to enhance its NO elimination performance [13-15] .
Parvulescu et al. reported that samarium significantly improved the activity of the Cu-
ZSM-5 for NO decomposition [14]. Zhang and Flytzani-Stephanopoulos observed
enhancement of NO decomposition activity in wet gas streams in 400-600 °C with
doping cerium into the Cu-ZSM-5 catalyst [13]. Grange et al. prepared Ce, Sn and Tl
doped Cu-ZSM-5 with co-exchange method, and found that the presence of a second

component led to a better positioning of Cu, resulting in an improvement of the catalytic

property [15].



In this work, both La and Ni are used as the promoters to improve the NO
decomposition activity of a Cu-ZSM-5 catalyst. The promotion effect of La, Ni on the

Cu-ZSM-5 catalyst in NO decomposition reaction will be discussed.



2. Experimental

2.1. Chemicals

Cupric nitrate (Cu(NO3)2 > 99 wt.%) was purchased from Aladdin. Ammonium nitrate
(NH4NO3 > 99 wt.%) was purchased from Yuanli. The H-ZSM-5 (Si02/A1,03=25) was
provided by Nankai Catalyst Corporation. All the aqueous solutions were prepared

using ultra-pure water (Yongqingyuan Tianjin).

2.2. Preparation of Catalyst

The H-ZSM-5 sample was ion-exchanged in ammonia sulfate solution (2.3 mol/L)
at 80 °C for 2 h to form NH4-ZSM-5. After filtration, washing and drying at 90 °C for
19 h, 1 g of NH4-ZSM-5 was immersed in 0.1 L of Cu(NO3): solution (0.01 mol/L) for
ion-exchange overnight at ambient temperature at pH 5. Subsequently, the samples
were filtrated, washed and dried at 90 °C again, followed by calcination in air at 550 °C

for 5 h, for obtaining the Cu-ZSM-5 sample.

1 g of NH4-ZSM-5 was dispersed in 0.1 L of Cu(NOs3), solution (0.01 mol/L) and
0.001 mol/L La(NO3)36H20 or 0.002 mol/L Ni(NO3)>6H>0 at room temperature for
24 h, for obtaining the La-Cu-ZSM-5 or Ni-Cu-ZSM-5 samples, respectively. 1 g of
NH4-ZSM-5 was dispersed in 0.001 mol/L La(NOs3);6H2O or 0.002 mol/L
Ni(NO3)26H20 at room temperature for 24 h, for obtaining the La-ZSM-5 or Ni-ZSM-
5 samples, respectively. The La-Ni-Cu-ZSM-5 catalyst was prepared with ion-exchange

in an aqueous solution containing 0.001 mol/L La(NO3)36H20, 0.002 mol/L



Ni(NO3)26H20 and 0.01 mol/L Cu(NO3)>3H,0 at room temperature for 24 h. After the
ion-exchange, the samples were filtrated, washed, dried, and subsequently calcined in
air at 550 °C for 5 h. Finally, all the samples were pelletized, then crushed and sieved
afterwards to 40-60 mesh.

2.3. Characterization

The chemical composition of the catalysts was determined with an inductively
coupled plasma optical emission spectrometry (ICP-OES, VISTA-MPX, Varian).

The crystalline structure of the commercial zeolite was checked with a D/max-y b-
type X-ray diffractometer (Rigaku) using monochromatic Cu Ka radiation (at 40 kV
and 100 mA), with a scan rate of 2 °/min.

The X-ray photoelectron spectroscopy (XPS) was performed on a PHI-1600 ESCA
SYSTEM spectrometer using Mg Ka as X-ray source (1253.6 eV) under a residual
pressure of 5 x 107® Pa. The error of the binding energy is £0.2 eV using C 1s at
284.8 eV as the standard.

N2 physical adsorption at -196 °C was used to determine the surface area and the pore
distribution of the catalysts on Quantachrome Autosorb-1, and the micropore volumes
was determined using the t-plot method. All the samples were degassed at 300 °C for 6
h prior to the measurement.

The temperature-programmed desorption (TPD) was carried out in a home-built
fixed-bed micro-reactor (10 mm in diameter) equipped with a thermal conductivity

detector (TCD). For NO-TPD, 0.2 g of sample was loaded in the reactor and pretreated



in He (50 ml/min) at 550 <C for 1 h and then cooled to 50 °C. Subsequently, the sample
was exposed to 500 ppm NO/He (500 ml/min) at 50 °C for 1 h. The physical adsorption
NO was removed by flushing with He until no NO was detected. Then, the catalyst was
heated in He from 50 °C to 550 °C at a rate of 10 °C/min for the NOx (NO, NO,, N>O)
desorption.

For the O>-TPD, 0.2 g of sample was pretreated in 40% O»/He (30 ml/min) at 500 °C
for 8 h, then cooled to room temperature in the same atmosphere. After that, the sample
was purged in He (30 ml/min) for 1 h. The temperature was then increased up to 800
°C with a ramp of 10 °C/min for O2 desorption.

The reducibility of copper in the catalyst was investigated with temperature-
programmed reduction with H» (H2-TPR). The experiment was performed on a
Micromeritics AutoChem 2910 equipped with a TCD detector. 0.1 g catalyst was loaded
into a quartz U-reactor. The catalyst was pretreated in Ar flow (50 ml/min) at 550 °C
for 1 h and then cooled down to the room temperature in the same atmosphere.
Subsequently, the catalyst was heated in 5 vol.% H/Ar (30 ml/min) from room
temperature to 800 °C with a ramp of 10 °C/min to perform H>-TPR.

2.4. NO decomposition performance

The catalysts samples were tested for the decomposition of NO in a fixed-bed reactor
(10 mm in diameter) in a steady flow operation. Typically, 0.5 g sample (40-60 mesh)
was loaded in the reactor. The sample was preheated in He (20 ml/min) at 500 °C for 2

h. After that, the reaction gas (2 vol.% NO/He) was fed with a flow rate of 20 ml/min
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(space velocity = 1200 h'!). The reaction temperature was increased from 350 °C to 550
°C with steps of 50 °C. The NO decomposition activity at 500 °C in different space
velocity was obtained with the reaction gas varied from 20 ml/min to 180 ml/min. The
outlet composition was monitored with a GC equipped with TCD detector. The NO
conversion was calculated with the following equation:

: 2 [N ]out
NO conversion = [Né]in x100% (1)

where [N2]out is outlet concentration of the N> (ppm), [NO]in is inlet concentration of
NO (ppm).
The TOF (turn over frequency: number of NO molecules converted to N> and O> per

metal site per second at 2 vol.% NO) data is calculated with formula:

o 1x Y el
TOF= XNo[%]*Fno [Lno min_ ]_IMCu[g mol ]_1 @)
Meatal[8]¥Weu[%]*60[S min™ ]x22.4[L-mol "]

where Xno 1s the conversion of NO, Fno is the flow rate of NO, Mcy is the molar mass
of Cu. mcatal 1s the mass of catalyst, Wcy 1s the mass fraction of Cu in the samples

according to the results of ICP.



3. Results

3.1. Structural and textural properties

ICP results show that all samples have the almost identical Cu content in Table 1.
Both La, Ni contents in the co-doped La-Ni-Cu-ZSM-5 sample are less than those in
the single doped Ni-Cu-ZSM-5 and La-Cu-ZSM-5 samples. Table 2 shows that the
surface areas and pore volumes decreased with the further doped samples as compared
to those of the Cu-ZSM-5 sample. Fig. 1 shows the micropore size distribution of NHs-
ZSM-5 sample determined with the Horvath-Kawazoe methods. The pore size is mainly
concentrated at 5.0 A.

As shown in Fig. 2, all the catalyst samples exhibit typical diffraction pattern of the
ZSM-5 zeolite structure with a high degree of crystallization (PDF#44-0003) [9, 16].
The diffraction peaks for CuO (PDF#45-0937) are also clearly observed in La-Ni-Cu-
ZSM-5, Ni-Cu-ZSM-5, La-Cu-ZSM-5 and Cu-ZSM-5 samples, as shown in the insert
of the Fig.2 [9, 16]. However, no other crystalline phases involving Ni or La can be
identified with XRD, which illustrates their well dispersion over the ZSM-5 structure
or too small size under detection limitation.

3.2 0-TPD

Three desorption peaks were observed in the O>-TPD curve of Cu-ZSM-5 in the
temperature range below 550 °C, at around 100, 250, and 350 °C, respectively, as shown
in Fig. 3. These peaks at 100 and 250 °C can be assigned to the desorption molecularly

adsorbed oxygen species and the Q> desorption on Cu?* monomers, respectively [17,
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18]. The peak at 350 °C was ascribed to the O, desorption from (Cu?*-O?"-Cu?*)?" sites,
which was referred to the Cu-dimer sites in dynamic transformation with the (Cu™-[]-
Cu")?** (O = oxygen vacancy) sites [17, 18]. In addition, the peak with the highest
temperature at around 720 °C was assigned to the lattice oxygen desorption, indicating
collapse of the molecular sieve skeleton at such a high temperature [18]. The
desorption peak positions of the La-Cu-ZSM-5 and Ni-Cu-ZSM-5 samples are very
similar to those of the Cu-ZSM-5 sample. Nevertheless, the O, desorption peaks from
the Cu?* monomers and (Cu?*-0%*-Cu?")?* sites shift to lower temperatures at around
240 and 330 °C, respectively, with the La-Ni-Cu-ZSM-5 sample.
3.3. Hb-TPR
The reduction of Cu?" ions (including the Cu?>" monomers and the (Cu?*-0* -Cu?*)?*
dimers) in the Cu-ZSM-5 sample was explained with a two-step mechanism [19, 20],
as shown in Equation (3) and (4)
Cu**+1/2H, — Cu™+H" (3)
Cu"+12H, — Cu’+H" (4)
whereas CuO particles are reduced with a one-step reduction [1, 21], as shown in
Equation (5)
CuO+Hz — Cu’+H0 )
As illustrated in Fig. 4, all the catalysts show three H, consumption peaks at around
220, 330 and 580 °C, respectively, assigned to the reduction of one-step reduction of

bulk CuO to Cu’[19, 22], the reduction of the isolated Cu’** ions to Cu’, and the



reduction of Cu’ to Cu®[17, 20], respectively. Fig. 5 gives the ratio of the reducible Cu
species calculated according to the deconvoluted peak areas of the H>-TPR plots.
Surprisingly, the amount of the reduced Cu" are much more than the Cu?* monomers
reduced during the H,-TPR. The (Cu?*-0*-Cu?*)?* is thermally unstable and is easily
reduced to Cu” with deoxygenation at high temperatures in the pre-treatment in He
before the H>-TPR [23]. In fact, the difference of the amount between the reduction of
Cu" and Cu?" during H>-TPR can be used to quantify the amount of (Cu?*-O?-Cu?*)?*
sites. Obviously, the Ni doped Ni-Cu-ZSM-5 and La-Ni-Cu-ZSM-5 contains more
(Cu**-0?"-Cu**)*" sites than both Cu-ZSM-5 and La-Cu-ZSM-5, although the La-Cu-
ZSM-5 contains more Cu®* ions in total (including the monomer and the dimer) than
Ni-Cu-ZSM-5, according to the Cu” amounts measured in Fig. 5.
3.4. NO-TPD

NO-TPD plots in Fig. 6 show four peaks with all the catalysts. The first peak at
around 150 °C is assigned to the desorption of NO from the Cu®* ions [20, 22]. The
second peak at around 280 °C is attributed to the desorption of N2O corresponding to
the reaction between NO and (Cu*-[J-Cu")?** [20], formed from (Cu?*-0O*-Cu?*)** with
the oxygen desorbed during the pretreatment in He at 500 °C. The desorption of N>O
also caused the recovery of the (Cu?*-O% -Cu?*)?* dimer. The peak at around 350 °C is
referred to the desorption of NO, corresponding to the reaction between NO and (Cu?*-
0?-Cu?")2*[20]. The peak at around 390 °C is related to the decomposition of nitrate
(NO5") or nitrite (NO2) caused by NO adsorption on (Cu?*-02-Cu?*)?* [24, 25].
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It is clear that all the NOx desorption peaks above 200 °C are related to the adsorption
of NO on (Cu?*-0?-Cu?*)?*, and the amounts of NO were calculated with integrating
the convoluted peak areas and are shown in Fig. 7. La-Ni-Cu-ZSM-5 exhibits the largest
NOy desorption amount, as compared to the other catalyst samples.

3.5. XPS

XPS technique was used to characterize the La and Ni state on the surface. Fig. 8
displays the core spectra of La 3d and exhibits asymmetric peaks at 835.8 and 852.8 eV
for the 3ds» and 3ds; levels, respectively. The spin-orbit splitting is 17.1 eV, which are
the characteristic of La**. Moreover, both La 3ds» and 3ds2 peaks exhibit “shake-up
satellites” locating at a binding energy of 838.8 and 855.8 eV for the 3ds» and 3ds.
levels, respectively, in the La doped samples. This multiple splitting peak was ascribed
to the transfer of an electron from bonded oxygen to the empty La 4f state of La’",
indicating La** stays as La>Os species on the external surface of the catalysts [26-30].
Fig. 9 indicates the absence of Ni species on the external surface of Ni-Cu-ZSM-5 and
La-Ni-Cu-ZSM-5 catalysts [28].

3.6. NO Decomposition activity

The NO decomposition activity in the space velocity of 1200 h™! was adopted to study
the effect of La and Ni on Cu-ZSM-5 in NO direct decomposition (Fig. S1), which is
plotted in Fig. 10. H-ZSM-5 showed less than 8% NO conversion in the temperature
range of 350 to 550 °C, which is consistent with the pervious works [31]. It is known

that decomposition of NO to O; and N3 is thermodynamically favorable, thus NO can
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be slowly decomposed even in the absence of catalyst [32]. The low NO decomposition
of the sample ZSM-5 is ascribed to the NO thermal decomposition. For the ZSM-5
doped with La and Ni, similar NO decomposition activity with that in the H-ZSM-5
sample was observed in 350-550 °C. This confirms the La and Ni is inactive for the NO
decomposition.

For the samples with Cu loading, the NO conversion was 25% at 350 °C with Cu-
ZSM-5, and then increased to 57% at 500 °C. The NO conversion decreased slightly to
55% with further increase of the temperature to 550 °C. The Ni-Cu-ZSM-5 sample
shows enhanced NO decomposition performance as compared to that of the Cu-ZSM-
5 sample in the temperature range of 350 to 550 °C. Meanwhile, the single doping of
La (La-Cu-ZSM-5) caused slightly decrease of the NO conversion. Finally, La-Ni-Cu-
ZSM-5 shows the best activity in 350-550 °C as compared to the Cu-ZSM-5 sample as
well as to the single doped catalyst samples, showing 10% higher NO conversion than
that in the Cu-ZSM-5 at 500 °C.

As shown in the Fig. 11, the TOF value decreased in an order of La-Ni-Cu-ZSM-5 >
Ni-Cu-ZSM-5 > Cu-ZSM-5 > La-Cu-ZSM-5, identical with the sequence of NO
decomposition activity curves. This indicates the co-doping of La and Ni or signal

doping with Ni is beneficial to the formation of active sites in Cu-ZSM-5.
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4. Discussion

The N physisorption results in Table 2 show identical surface areas and pore
volumes with the doping of Ni and La and the co-doping of the two elements, indicating
that the doping has no influence on the accessibility to the active sites in the pore
structure. Meanwhile, Table 1 shows no significant change of the Cu content with the
doping practice.

The XPS results in Fig. 8 shows that the La in the sample mainly exists as the La;O3
on the external surface. This result clearly demonstrates the failure of cation exchange
of La ion into ZSM-5 with the ion exchange method. It is reported that the hydrolysis
of La ion in aqueous solution is inevitable, and the La ion is hydrolyzed and stays as
the [La(H20)6]*" during the ion-exchange procedure [33]. Moreover, the diameter of
[La(H20)s]** was estimated to be roughly 6.6 A which is much larger than the pore size
of NH4-ZSM-5 (5.0 A) as shown in Fig. 1 [34]. Hence, the ion exchange of La ion into
the cage of ZSM-5 was hardly taken place, resulting in a large amount of La exists on
the out surface of the samples. Similar phenomenon was also observed in the Cu-ZSM-
5 samples doped with other lanthanide series elements such as Ce which possesses a
similar size of the hydrated ions with La, where Ce predominately stays as the CeO; on
the out surface of the zeolite crystallites [13].

The O,-TPD curves in Fig. 3 show that two types of Cu?" ions, the Cu?* monomers
and the (Cu?*-O?-Cu?")?* dimers co-exist in all the catalyst samples. The La-Ni-Cu-

ZSM-5 and La-Cu-ZSM-5 samples contain more Cu®" ions than that in the Cu-ZSM-5
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and Ni-Cu-ZSM-5 samples, according to the H>-TPR result in Fig. 7. However, the total
content of Cu is almost constant (Table 1) in all samples. This indicates the addition of
La effectively improved the dispersion of the Cu species, which may be attributed to
the preventing effect on the aggregation of the hydrated Cu®* ions, thus reducing the
bulk CuO content, which is consistent with the previously reported results [35, 36].

According to the XPS results in Fig. 9, no Ni was observed on the out surface of the
Ni doped samples, whereas a low content of Ni was measured with ICP in the samples
as the data given in Table 1. This suggests that Ni mainly exists in the inside of ZSM-
5 crystallites. In comparison to the La ions, hydrated Ni ion processes a much smaller
diameter (4.0 A) [37], therefore, Ni ions can compete with the Cu?* ions migrating into
inside of the ZSM-5 crystallites to coordinate with the Al sites in the framework [38].
This may contribute to the reduced amount of the Cu?" ions in the Ni-Cu-ZSM-5 sample,
as compared to that in the Cu-ZSM-5 sample (Fig. 5).

Higher amounts of (Cu?*-0%-Cu?*)?" exist in La-Ni-Cu-ZSM-5 and Ni-Cu-ZSM-5
samples than those in the Cu-ZSM-5 and La-Cu-ZSM-5 samples, according to the Ho-
TPR results presented in Fig. 5. The (Cu?*-0*-Cu?")?* may be formed due to the
dehydration of the adjacent Cu?* ions (stay as Cu(OH)™) follow the reaction: [19, 39-
41].

Cu(OH)*+ Cu(OH)* =(Cu?*-0%-Cu?")?" + H,0 (6)
Consequently, the doping of Ni may occupy the sites for copper ion-exchange, causing

the increase of (Cu?*-O?-Cu?*)?* and the decrease of the Cu?* monomer.
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In short, La promotes the dispersion of the cupric species, whereas Ni promotes the
formation of the (Cu?*-O%-Cu?*)?* dimers. The co-promotion of La and Ni in La-Ni-
Cu-ZSM-5 results in the highest content of the (Cu?*-O?-Cu?*)?* dimer, as shown in
Fig. 5. This proposition is schematically presented in Fig. 12.

As shown in Fig. 10 and Fig. 11, the activity of NO decomposition and the TOF value
decreased in an order of La-Ni-Cu-ZSM-5 > Ni-Cu-ZSM-5 > Cu-ZSM-5 > La-Cu-
ZSM-5, identical with the sequence of the (Cu?*-O?-Cu?*)?* dimer content estimated
based on H>-TPR in Fig. 5. This indicates the Cu-dimer is the major active sites for NO
direct decomposition, whereas it seems the Cu** monomer is not relevant with the NO
reduction. This remark is consistent with the previous works [20, 40]. It is well known
that the NO decomposition activity is highly relevant to the activation of NO on the Cu
sites [15]. NO-TPD in Fig. 6 shows all the NOy released above 200 °C is produced with
desorption or surface reaction of NO on the Cu-dimer sites. On the other hand, almost
no NOx desorbed from the Cu®" monomer. This is likely related to the unstable oxygen
in the Cu-dimer, as shown in O2-TPD in Fig. 3. In contrast, the neighboring oxygen of
the Cu®" monomers are very stable, inactive with the activation of NO [42]. Apparently,
further effort is needed to optimize the La/Ni ratio for the optimum (Cu?*-0%-Cu?*)?*

dimer content, for the best NO decomposition activity.
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5. Conclusion

This contribution shows different effect of La and Ni on Cu-ZSM-5 as structural and
chemical promoters. La promotes the dispersion of the cupric species, resulting in high
content of Cu?" ions, whereas Ni promotes the formation of the (Cu?*-O%-Cu?*)?*
dimers as the major active sites for NO direct decomposition. The result shows that the
co-doped La-Ni-Cu-ZSM-5 catalyst takes the synergistic effects of the two promoters,
resulting in the highest dimer content as well as the highest activity of NO direct

decomposition.
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Table 1. La, Ni and Cu contents of the M-Cu-ZSM-5 (M=La, Ni, La-Ni) samples determined
with ICP.

Sample Cu content® Al content® Cu exchange level®  Lacontent*  Ni content?
wt.% wt.% % wt.% wt.%
Cu-ZSM-5 3.23 242 113 0 0
Ni-Cu-ZSM-5 3.18 2.46 109 0 0.035
La-Cu-ZSM-5 3.1 2.49 105 0.033 0
La-Ni-Cu-ZSM-5  3.06 2.51 103 0.026 0.025
2 Determined with the ICP.

b Two times Molar ratio of Cu to total Al.
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Table 2. The BET resuilt for the M-Cu-ZSM-5 (M=La, Ni and La-Ni) samples.

Sample Surface area® Pore volume®
m?/g cmi/g
Cu-ZSM-5 272 0.17
Ni-Cu-ZSM-5 259 0.16
La-Cu-ZSM-5 267 0.17
La-Ni-Cu-ZSM-5 247 0.15

2 Determined with the BET equation.
b Calculated with the t-plot method.
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Fig. 1. Micropore size distribution of NH4-ZSM-5 sample determined with the Horvath-Kawazoe
methods
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La-Ni) samples.
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Fig. S1 Effect of space velocity on catalytic activity of Cu-ZSM-5.

The Fig. S1 shows the NOx conversion at 500 °C versus space velocity for NO
decomposition over the Cu-ZSM-5. The NO conversion decreased with the increase of
the space velocity. The appropriate NO conversion is necessary study the promotion
effect of La and Ni on Cu-ZSM-5 in NO direct decomposition, which is consistent with

the pervious works [1-3]. Hence, the GHSV of 1200 h™! was adopted in this work.
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