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Abstract A series of Cs promoted copper oxide catalysts

were prepared by co-precipitation method and tested for

the direct decomposition of nitrous oxide (N2O). The Cs

promoted catalysts were more active particularly with a

molar ratio of Cs/Cu at 0.1 compared to bulk CuO.

Methods of XRD, BET, XPS, H2-TPR, and N2O-TPD were

used to characterize these catalysts to evaluate structure

activity relationship. The characterization results indicated

that the addition of Cs could improve the reduction of

Cu2?–Cu0 by facilitating the desorption of adsorbed oxy-

gen species, during the N2O decomposition. The influences

of oxygen and steam on N2O decomposition over these

catalysts were also studied.

Keywords Nitrous oxide � Copper oxide � Cesium �
Decomposition

1 Introduction

Nitrous oxide (N2O) is a greenhouse gas with a long life-

time of about 150 years in the atmosphere [1, 2]. Although

N2O is not the major contributor to global warming, it is

much more potent than either of the other two most com-

mon anthropogenic greenhouse gases, CO2 and CH4. N2O

is 310 and 21 times of the Global warming potential

(GWP) of CO2 and CH4, respectively [1, 3]. Furthermore,

N2O is an important source of stratospheric nitrogen

oxides, which initiates a chain of cyclic reaction leading to

stratospheric ozone destruction [1–4].

It is emitted from both natural and anthropogenic

sources such as nitric acid and adipic acid plants and flu-

idized bed combustors for sewage-sludge or industrial

wastes besides the medical exhaust biological and agri-

cultural emissions [5]. The concentration of N2O in the

atmosphere continues to increase, and this increase appears

to be caused mainly by human activities. With increasing

concerns about protecting our environment, the catalytic

removal of N2O from exhaust becomes at most important.

It was reported that N2O is easily decomposed to nitrogen

and oxygen on various types of catalysts such as noble

metals [5–7], metal oxides [8–12], and ion-exchanged

zeolites [13–15]. However, few of them have been found to

be active and stable enough for industrial applications,

because their activities are severely inhibited by the pres-

ence of other gases such as O2. Moreover, oxygen atoms

formed by the decomposition of N2O are hardly desorbed

from the catalyst surface and accumulated on the surface,

finally causing catalyst deactivation [5, 16].

Catalysts with copper oxide as an active component

have been extensively employed in the recent past for the

selective catalytic reduction of NOx and also for the syn-

thesis and steam reforming of methanol [17–21]. Copper

catalysts are very selective in hydrogenation–dehydroge-

nation reactions such as conversion of benzaldehyde to

benzyl alcohol [17, 22], furfural to furfuryl alcohol [23] or

the transformation of alcohols into their corresponding

aldehydes or ketones [24–26]. Copper based catalysts for

direct decomposition of N2O–N2 have been reported [27,

28]. Most of the catalysts are supported ones where Cu is

supported on metal oxides and perovskits [29–35]. Zeolite

supported Cu catalysts are also studied for N2O decom-

position [36, 37]. There are no studies about the alkali
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promoted catalysts for this reaction. Generally alkalis

promoted metal oxides exhibit better activity toward N2O

decomposition at low reaction temperatures.

In the present paper, we report the catalytic performance

of a Cs metal-doped catalyst for N2O decomposition. The

effects of oxygen and steam on N2O decomposition are

also studied. Discussions are made on the relationship

between catalytic performance and structural properties

revealed by characterization of catalysts.

2 Experimental

A series of Cs promoted CuO catalysts were prepared by

conventional techniques. Cu(OH)2 was first precipitated

from an aqueous solution of Cu(NO3)2 � 6H2O by the

addition of required amount of aqueous Na2CO3, at room

temperature until the pH reached a value of 10. The pre-

cipitate thus obtained was washed with distilled water, dried

at 120 �C and then calcined at 400 �C for 4 h in flowing air.

Cs was added to CuO by impregnation with an aqueous

solution of cesium nitrate. The excess solution was removed

on hot plate, followed by drying at 120 �C. All the catalyst

samples were finally calcined at 450 �C for 5 h in flowing

air. The Cs to Cu atomic ratio was varied from 0.05 to 0.2.

The specific surface areas of the catalyst samples were

estimated using N2 adsorption at -196 �C by the single-

point BET method on a Micromeritics Chemisorb 2700

instrument. The samples were oven-dried at 120 �C for

12 h and flushed in situ with He gas for 2 h before the

measurements.

X-ray powder diffraction patterns were recorded on a

Siemens D5000 diffract meter, using CuKa radiation

(1.5406 Å) at 40 kV and 30 mA and secondary graphite

monochromatic. The measurements were obtained in steps

of 0.045� with a count time of 0.5 sec and in the 2h of

2–80�. Identification of the solid phase was made with the

help of JCPDS files.

Temperature programmed reduction of the catalysts was

carried out in a flow of 10% H2Ar mixture gas at a flow rate

of 30 ml/min with a temperature ramp of 10 �C/min.

Before the TPR run the catalysts were pretreated in argon

at 300 �C for 2 h. The hydrogen consumption was moni-

tored using a thermal conductivity detector.

Temperature programmed desorption of N2O was per-

formed in a fixed-bed flow reactor interfaced with a micro-

gas chromatograph (Varian CP-4900). Prior to the experi-

ment, the catalyst sample was pretreated in H2 flow (30 ml/

min) at 400 �C for 1 h. After this the sample was flushed

with He gas at the same temperature for 1 h and cooled to

room temperature in He flow. The sample was exposed to

5,000 ppm N2O (balance He) gas for 1 h at room tem-

perature, followed by flushing with He until no N2O was

observed in the vent gas. After these treatments, the N2O-

TPD was carried out in a flow of He (80 ml/min) with a

heating rate of 10 �C/min.

The XPS measurements of the catalysts were conducted

on a Kratos Axis 165 apparatus equipped with a dual anode

(Mg and Al) using a MgKa source. The carbon 1 s binding

energy of 284.6 eV was used as a reference for determining

the binding energies. A charge neutralization of 2 eV was

used to balance the charge up of the sample. The binding

energy values of the samples were reproducible within

±0.1 eV.

The direct decomposition of N2O was carried out in a

fixed-bed continuous flow reactor. The reactant mixture

consisted of one or more of 2,500 ppm N2O, 4% O2, and

2% H2O along with He as the diluent. The gas mixture was

passed over a 0.5 g catalyst at a total flow rate of 60 ml/

min. The effluent gas was analyzed by micro-gas chro-

matography using molecular sieve and poroplot Q

columns. The steady-state catalytic activity was measured

at temperatures between 200 and 550 �C, in steps of 50 �C.

3 Results and Discussion

The physico-chemical properties of bulk CuO and Cs

promoted Cu catalysts are presented in Table 1. The BET

surface area of the bulk CuO and Cs promoted CuO are

very low.

XRD patterns of the bulk CuO and Cs promoted CuO

with different Cs/CuO ratios are shown in Fig. 1. XRD

pattern of the samples shows the characteristic peaks of

CuO with 2h values at 32.4, 35.6, 38.6, 48.8, 53.5, 58.4,

61.6, 66.1, and 68.1 [38]. At higher Cs/Cu ratios, peaks due

to the crystalline Cs2O3 phases are noticed, in addition to

CuO. The intensity of these peaks was found to increase

with increase in Cs loading. The XRD patterns suggest that

at higher Cs content the crystallites of Cs2O3 are formed on

the surface of CuO.

TPR profiles of bulk CuO and Cs doped CuO are shown

in Fig. 2. The bulk CuO shows a single and broad reduc-

tion peak at around 350 �C related to the single step

reduction of Cu2?–Cu0. Cs doped CuO, consists of two

well-resolved reduction peaks at around 300–340 and 400–

450 �C. According to the literature [39–41], the low-tem-

perature peak can be ascribed to the reduction of Cu2?–

Cu1?; while the higher one is due to the reduction of Cu?

to Cu0. As the Cs content increased the reduction peak

related Cu?–Cu0 shifted to high temperature. The low

temperature peak is not varied for the very low Cs content

i.e., upto 0.1 and above this content both the low and high

temperature reduction peaks are shifted to higher temper-

atures. The TPR results suggest that the presence of small

amount of Cs is effective in stabilizing the lower oxidation
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state of Cu. A similar type of trend has been reported,

which is an indication of electronic promoting function of

Cs to Al–Cu catalysts [42]. At higher Cs content CuO

reduction peaks were shifted to higher temperatures. It is

known that at high concentrations of Cs it migrate to Cu

surface leading to reduction inhibiting counter effect [43].

XPS measurements were performed to examine the

influence of alkali metals on the surface electronic state of

CuO. Figure 3 shows the XPS spectra of Cs/CuO with

different Cs/Cu atomic ratios in the Cu 2p region. The peak

of Cu 2p3/2 binding energy for all the samples appeared at

around 934.2–934.6 eV. The Cu 2p3/2 binding energies for

bulk CuO and Cs/Cu catalyst ratio with 0.1 are showed at

934.6 and 934.2 eV, respectively. The addition of Cs–CuO

leads to a slight shift in BE of the Cu 2p3/2 to a lower value

[44] is noticed. It is well known that electron donation from

alkali metal to transition metals causes a change in the

Table 1 Physico-chemical

properties of unpromoted and

Cs promoted CuO catalysts

a Calculated from XPS analysis
b Calculated from ICP analysis

Catalyst Cs/Cu ratio BET surface area (m2/g) Cs/Cu ratioa Cs/Cu ratiob

CuO 0.84 – –

Cs/Cu = 0.05 0.05 0.28 0.045 0.047

Cs/Cu = 0.1 0.10 0.40 0.088 0.09

Cs/Cu = 0.15 0.15 0.54 0.14 0.13

Cs/Cu = 0.2 0.20 0.72 0.18 0.22
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*
#

# ********
**

)u.a( ytisnetnI

Cs/Cu - 0.2

Cs/Cu - 0.15

Cs/Cu - 0.1

Bulk CuO

Cs/Cu - 0.05

2-Theta scale

Fig. 1 XRD patterns of bulk CuO and Cs promoted CuO catalysts:

(a) bulk CuO, (b) Cs/Cu = 0.05, (c) Cs/Cu = 0.1, (d) Cs/Cu = 0.15,

(e) Cs/Cu = 0.2, (*) CuO, (#) Cs2O3

Fig. 2 TPR profile of bulk CuO and Cs promoted CuO catalysts: (a)

bulk CuO, (b) Cs/Cu = 0.05, (c) Cs/Cu = 0.1, (d) Cs/Cu = 0.15, (e)

Cs/Cu = 0.2

Fig. 3 XPS patterns of bulk CuO and Cs promoted CuO catalysts: (a)

bulk CuO, (b) Cs/Cu = 0.05, (c) Cs/Cu = 0.1, (d) Cs/Cu = 0.15, (e)

Cs/Cu = 0.2
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electronic state of Cu. A similar type of shift in the BE value

has been reported for K promoted Co3O4 catalyst [45]. The

reduction in BE values indicates a change in the electronic

state of Cu which means that the Cu–O bond is weakened

with the addition of Cs. No further shift in the BE of Cu 2p3/

2 observed, when Cs/Cu atomic ratio is increased further. In

agreement with this, the BE for Cs 3d3/2 did not change for

any of the Cs promoted CuO catalysts.

The activity profiles of the catalysts for the decompo-

sition of N2O are shown in Fig. 4. On the bulk CuO

catalysts, the decomposition of N2O started at 250 �C and

the complete conversion occured at 400 �C, whereas on the

Cs promoted catalysts particularly with Cs/Cu ratio 0.05

and 0.1 attained 100% conversion of N2O at 300 �C itself.

The presence of small amount of Cs monotonically

increased the N2O decomposition at lower temperatures.

Further increase in Cs content (Cs/Cu ratio above 0.15)

leads to decrease in the N2O decomposition activity.

To understand the influence of Cs on CuO in enhancing

the N2O decomposition activity, the bulk CuO and the Cs

promoted CuO catalysts with Cs/Cu ratio of 0.1 are studied

for the temperature programmed desorption of N2O. Fig-

ure 5 shows the temperature programmed desorption

profiles of N2O adsorbed on CuO and Cs doped CuO (Cs/

Cu = 0.1). The bulk CuO sample shows the desorption

peak of O2 at a temperature of 420 �C and the Cs doped

CuO samples show the O2 desorption peak at 340 �C. The

desorption of N2 is occurred in three stages in the

temperature range of 260–600 �C for bulk CuO and

160–550 �C for Cs promoted CuO catalysts. The first low

temperature desorption peak can be attributed to the N2

produced by N2O dissociation. The second and third

desorption peaks might be a result of the decomposition of

a nitrate complex formed during TPD of N2O. The nitrate

is formed via nitric oxide, which in turn is formed from

N2O and surface oxygen atom. The existence of nitrate

species during decomposition of N2O is already known

[46]. It is apparent that the temperatures of O2 and N2

desorption were significantly shifted to lower values for the

Cs containing CuO catalyst. The TPR result shows the

early reduction of Cs promoted CuO catalyst when com-

pare to bulk CuO. XPS results also suggest a change in

electronic state of Cu with addition of small amount of Cs.

The N2O decomposition activity and the deactivation of the

catalysts depend on the ability of oxygen release from the

surface. Generally, the catalysts for this reaction are readily

deactivated by the strong adsorption of O2. The early

desorption of O2 in case of Cs promoted catalysts might be

the reason for its high activity at low reaction temperatures.

Stability of the CuO and Cs promoted CuO catalyst for

N2O decomposition was examined at 400 and 300 �C

respectively, and the results are shown in Fig. 6. The Cs

promoted catalyst maintained [90% N2O conversion for

the period study i.e., 12 h. It is noteworthy that the Cs
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Fig. 4 N2O activity of bulk Co3O4 and Cs promoted Co3O4 catalysts:

(m) CuO bulk, (j) Cs/Cu = 0.05, (h) Cs/Cu = 0.1, (D) Cs/

Cu = 0.15, (d) Cs/Cu = 0.2

Fig. 5 N2O-TPD profiles of (a) bulk CuO, (b) Cs/Cu = 0.1 catalysts
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promoted catalyst exhibited a stable activity during the

entire time of operation. However, the bulk CuO catalyst

has started deactivating with in 3 h of operation. This

might be due to the accumulation of oxygen on the surface

of CuO. It is well known that noble metal catalysts have

quite highly activity for decomposition of N2O, more over

Rh catalyst was reported to catalyze the reaction even at

room temperature [47]. However, oxygen atoms formed by

the decomposition of N2O were accumulated on the Rh

surface, and therefore, the activity of the catalyst decreased

suddenly after high N2O conversion for a while. On the

contrary, the present Cs promoted CuO catalyst maintained

high activity for more than 12 h. This result suggests that

oxygen formed by the decomposition of N2O is easily

desorbed from the surface of the present catalyst.

The presence of excess O2 and H2O often inhibited the

decomposition reaction of N2O over most of the catalysts

for N2O decomposition [4, 5, 14, 48–51]. Figure 7a, b

shows N2O conversion in the presence of O2 and H2O over

CuO and Cs promoted CuO catalysts, respectively.

Although pure CuO had showed good activity for N2O

decomposition, the Cs promoted CuO led to a significant

improvement in catalytic performance for N2O decompo-

sition, making the N2O conversion curves to shift more

than 100 �C to lower temperatures. The presence of excess

O2 and water (steam) inhibited the N2O decomposition

reaction, which suggests that molecular oxygen and water

competed with N2O to adsorb on active sites of the catalyst,

thus suppressing the decomposition of N2O. The inhibition

of O2 for N2O decomposition over Cs promoted CuO is

weaker compared to bulk CuO, indicating that the

adsorption of O2 on CuO is stronger than that on Cs pro-

moted catalysts.

4 Conclusions

The present results demonstrate that the addition of Cs to

CuO leads to an enhanced catalytic activity for the direct

decomposition of N2O. The Cs promoted CuO catalysts

showed stable activity over bulk CuO catalyst. The XPS,

TPR, and TPD measurements suggest that desorption of

oxygen was promoted by the addition of Cs–CuO catalyst.

The catalyst with Cs/Cu ratio of 0.1 exhibits the best cat-

alytic activity even in the presence of O2, H2O during N2O

decomposition.
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