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Abstract: A series of Ce Co,_ AlO, composite oxides were prepared by citric acid based sol-gel method and further modified

by K,CO;. The effect of composite oxide compositions, pH values of mother liquid, and potassium loadings on catalytic ac-

tivity for N, O decomposition was investigated. The bare and K-modified Ce_ Co,_ AlO, catalysts were characterized by means

of nitrogen physisorption, X-ray diffraction( XRD) , scanning electron microscopy(SEM) , hydrogen temperature-programmed

reduction( H,-TPR) , temperature-programmed desorption of oxygen( 0,-TPD) , and X-ray photoelectron spectroscopy ( XPS)

techniques. The results show that the catalytic activity of Ce, Co,_, AlO, composite oxides was enhanced in comparison with

Co,AlO,, and the optimal composition was Ce, s Co, os AlO, with larger surface area, smaller particle size and the Ce-Co sy-

nergistic effect. Further results indicate that 0. 05 K/Ce, ,sCo, ¢sAlO, catalyst due to the electronic effect of potassium on

cobalt oxides was more active than other catalysts, over which N,O conversion reached 98.5% at 450 °C after 50 h continu-

ous reaction in the presence of oxygen.
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Anthropogenic N, O mainly emits from some indus-
trial processes such as nitric acid production. N,O has
high global warming potential (GWP) of 310 and long
lifetime of 120 years in atmosphere, furthermore N,O
contributes to the destruction of ozone layer in the stra-
tosphere. Therefore, N,O was listed in the six most
noticeable greenhouse gases controlled by Kyoto proto-
col. Catalytic decomposition of N,O into nitrogen and
oxygen has been considered as an economic method to
destruct this harmful gas. So far, catalysts including

[1-4]
’

supported noble metals

[5-7]

ion-exchanged  zeo-
lites , and transition metal oxides'®'" have been
used for N,O decomposition. Among these catalysts,
transition metal oxides especially cobalt-based spinel
oxides have attracted much attention.

In our previous work,, we reported that the substi-
tution of partial Co in cobalt-based catalysts by Ni''"
or Mn'"' improved the catalytic activity and stability.

Xue' "' and Dziembaj' "' reported that the addition of

Received date; 2015-09-26; Revised date; 2015-10-20.

Ce0, to Co,0, could improve the reduction of Co™ to
Co’* and then promote the N,O decomposition ; further-
more, the activity of Ce-Co mixed oxides in N,O de-
composition could be enhanced significantly through
modifying with K"/,

In this work, a series of Ce Co,_ AlO, composite
oxides were prepared by sol-gel method and impregna-
ted by K,CO; solution. The effect of catalyst composi-
tions, pH values of mother liquid, and potassium load-
ings on catalytic activity for N,O decomposition was in-
vestigated. In addition, the catalysts stability in atmos-
phere of oxygen-alone or oxygen-steam together was

tested.

1 Experimental

1.1 Catalyst preparation
1.1.1 Ce, Co,_,AlO, with different compositions
Ce,Co,_,AlO, composite oxides were prepared by sol-

gel method with citric acid as chelating agent. 1 mol/L
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citric acid solution was dropped into the same volume
aqueous solution containing stoichiometric amounts of
Ce(NO;);, Co(NO,), and AI(NO,), with a total ca-
tion concentration of 1 mol/L. The mixed solution with
pH value of 0.5 was vigorously stirred at room tempe-
rature for 30 min. Then the solution was concentrated
by a rotary evaporator at 65 °C to reach a viscous state,
dried at 120 °C for 12 h to gain xerogel, and calcined
at 600 °C for 4 h. The as-prepared catalysts were de-
noted as Ce_ Co,_ AlO, (x=0, 0.03, 0.05, 0.10,
0.15,0.20).

1.1.2 Ce, osCo, 4sAlO, with different mother liquid pH
values 1 mol/L citric acid solution was dropped
into the same volume aqueous solution containing
Ce(NO;),, Co(NO,), and AI(NO, ), with a total cat-
ion concentration of 1 mol/L. and Ce/Co/ Al atomic ra-
tio of 0.05/1.95/1. The pH value of above mixed so-
lution was adjusted to a required value by 2. 5% am-
monia solution. The as-prepared catalysts were denoted
as Ce, 45Co, osAlO, (pH=1y), where y is the value of
mother liquid in the range of 0.5 ~5.

1.1.3 K,CO, modified Ce, 4sCo, 4sAlO,(pH=2) cata-
lysts Cey osCo, osAlO,(pH=2) was incipiently im-
pregnated by K,CO, solution at room temperature for
24 h, dried at 120 °C for 12 h, and calcined at 600 °C
for 4 h. The denoted as zK/
Ceg 45Co, sAlO,(pH=2), where z refers to the molar
ratio of K/(Ce+Co) in the range of 0.03 ~0. 10.

1.2 N, O decomposition reaction

catalysts were

N, O decomposition was carried out in a fixed-bed

reactor using 1 g catalyst ( particle size 0. 45 ~ 0. 28
mm). Unless otherwise stated, the feed gases consis-
ted of 2% N,O and 4% O, balanced in argon at a total
flow rate of 140 mL/min. For the catalytic activity and
stability test in steam-oxygen together, the feed gases
were 2% N,0, 4% O,, 8.8% H,0 and argon.

The outlet gases were analyzed with a gas chroma-
tography ( GC-920, Shanghai Haixin) equipped with
Porapak Q column and thermal conductivity detector
(TCD). N,O conversion was calculated at each tem-
perature for 30 min after reaction.

In catalytic stability test, the temperature was

raised from room temperature to 450 °C with a ramping

rate of 10 °C/min, kept at 450 C for 50 h, and N,O
conversion was measured every 2 h.
1.3 Catalyst characterization

BET surface area of catalysts was measured by ni-
trogen physisorption using an automated adsorption ap-
paratus ( NOVA3000, Quantachrome). Prior to the
measurement, the samples were pretreated at 300 C
for 3 h under vacuum to remove any impurities.

The catalysts phases were characterized by X-ray
diffraction ( XRD) on a powder X-ray diffractometer
( XRD-6100, Shimadzu) with CuKo radiation and
graphite monochromator, operating at 40 kV and 30
mA. The crystallite size of crystallographic plane
(311) attributed to spinel-structure catalyst was meas-

ured by Scherrer equation ;

0.89A
B+ cosf
where B is the FWHM of diffraction peak and 0 is the

diffraction angle.

D=

Temperature programmed reduction of hydrogen
(H,-TPR) and temperature programmed desorption of
oxygen( 0,-TPD) were performed using an adsorption
apparatus ( PCA-1200, Beijing Builder). Prior to the
H,-TPR measurement, 80 mg catalyst was pretreated
under Ar flow at 500 °C for 30 min. After cooling down
to ambient temperature, the catalyst was heated from
room temperature to 900 °C under 10% H,/ Ar flow at a
ramping rate of 10 °C/min, and the hydrogen con-
sumption was monitored by TCD. Before O,-TPD
measurement, 100 mg catalyst was pretreated under
pure O, at 120 “C for 30 min. After cooling to ambient
temperature and getting a smooth baseline, the catalyst
was heated from room temperature to 900 “C under
pure He flow at a ramping rate of 10 “C/min, and the
oxygen desorption was measured by TCD.

The morphology of catalysts was observed with a
scanning electron microscopy ( SEM, S-4800, Hita-
chi). To improve the electric conductivity, the catalyst
sample was coated previously with platinum by using an
ion sputter ( E-1045, Hitachi).

X-ray photoelectron spectra ( XPS) of cobalt and
cerium elements on catalyst surface were recorded in an
ESCALAB250 spectrometer using Al Ka radiation with
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pass energy of 20 eV. The charging effect was correc-

ted by referencing C 1s peak centered at 284.6 eV.

2 Results and discussion

2.1 Catalytic activity of Ce, Co,_,AlO, composite

oxides with different compositions

XRD patterns of Ce, Co,_ ,AlO, composite oxides
are shown in Figure 1. The dominant peaks of all the
catalysts are ascribed to (220), (311), (400),
(422), and (511) crystallographic planes indexed to
spinel-structure phases. In addition, a small peak as-
cribed to CeO, appeared in Ce, sCo, 4sAlO, and
Cey 2 Co; 4AlO, catalysts. It is demonstrated that the
ceria existed as highly dispersed or amorphous species
in Ce, 4;Co, 4;AlO, and Ce, osCo, osAlO, catalysts, re-

sembling with the results reported by Xue *7147

* Ce0,
(311)

f , (220) (400)  (422(511)(440)

Intensity /(a.u.)

20/(° )
Fig. 1 XRD patterns of Ce Co, AlO, with different compositions
a. Co,AlO,; b. Cej (3Co; 4;AlO, 5 c. Cey o5Co; 45 AlO, 5
d. Cey 1yCoy ooAlO, 5 e. Ce, 5Co, 4sAlO, 5 f. Cep ,,Co, 4 AlO,

Figure 2 presents the N,O conversions over
Ce,Co,_, AlO, with different compositions. We can see
the catalysts with Ce substitution for Co exhibited
higher activity than Co,AlO,. The catalytic activity
was improved to a maximum value at x =0.05 in
Ce,Co,_ AlO,, then decreased with increase in Ce con-
tents. The Ce, (sCo, osAlO, catalyst exhibited better
activity than other catalysts. BET surface area and
crystallite sizes of Ce Co,_ AlO, are listed in Table 1.
It can be seen that the crystallite size decreased gradu-

ally with the increasing content of Ce, thus the XRD

peaks intensity was weakened, while the BET surface

area presented irregularly.

100 7
80 / /’j
° I
g
g 60 - /
s I
§ —=8—Co,Al0,
=] S —8—Ce;Co0,,AlO0,
Z Cey45C0,,5A10,
—¥—Ce,,,Co, 4AlO,
2o Cey,15C0,45A10,
—4—Ce,Co,4Al0,
0 " 1 " 1 " 1 " 1
400 450 500 550 600
Reaction temperature/’C
Fig.2 N,O conversions over Ce, Co,_ AlO, with
different compositions
Table 1 BET surface area and crystallite size of
Ce, Co,_,AlO, with different compositions
Crystallite size®  BET surface area
Catalysts I
/nm /(m” - g )
Co, AlO, 37.7 46.3
Cey 43 Co, o7 AlO, 31.6 30.5
Cey g5 Co, s AlO, 22.3 39.0
Cey.19Co, 4 A0, 16.0 47.7
Cey.15Co, 45 AlO, 12.1 50.4
Cey 59 Coy 5Al0, 13.0 50.1

a. Calculated by Scherrer equation on the basis of (311)
crystallographic plane data in XRD patterns.

N,O decomposition mechanism can be described
as follows'®'. N,0 molecule is adsorbed on catalyst ac-
tive sites, resulting in the weakening and breaking of
N—-O bond, followed by the production of N, and sur-
face oxygen atom, then the surface oxygen atoms react
with each other to form oxygen molecule and desorb
from catalysts surface. In this process, the desorption
of surface oxygen atoms is a controlling step. Figure 3
shows the H,-TPR profiles of Ce Co,_,AlO, catalysts.
It was reported that the reduction temperatures of sur-

face and bulk CeO, were ca. 540 and 840 °C, respec-

18]

tively'" . As shown in Figure 3, the low temperature

peak at 350 ~540 °C is ascribed to the mixed reduc-
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Fig.3 H,-TPR profiles of Ce Co,_ AlO,
with different compositions
a. Co,AlO,; b. Cej ;Co, ;AlO, ; c. Ceg osCo, 45AlO, ;
d. Cey 19Co; 9AlO, 5 €. Cey 15sCo; 45 AlO, ;1. Cey o0 Co, 5 AlO,

tion of Co™ to Co™* and surface CeO, to Ce,0,, while
the high temperature at 540 ~850 “C can be assigned
to reduction of Co™* to Co” and bulk CeO, to Ce,O;. It
can be seen the reduction temperature of CeO, shifted
to lower temperature due to the effect of cobalt. Con-
sidering the actual reaction temperature, the catalytic
activity is just associated with the reduction peak below
600 °C. We found that the reduction temperature of
Co’* to Co™* lowered gradually with increasing Ce, in-
dicating that the oxygen atom bonded with cobalt ion
was easily removed, that is, the oxygen migration was
promoted and N,O decomposition was enhanced. It is
indicated that the good reducibility of cobalt and ceri-
um ions due to their synergistic effect in Ce-Co cata-
lysts is a crucial factor for their excellent performance.
2.2 Catalytic activity of Ce, ,sCo, ,sAlO, composite

oxides prepared by mother liquids with differ-

ent pH values

The XRD patterns of Ce, osCo, osAlO, with diffe-
rent pH values of mother liquid are shown in Figure 4,
and the peaks ascribed to (220), (311), (400),
(422), and (511) crystallographic planes in spinel-
structure phases are observed, indicating that the
difference of mother liquid pH values has not changed
the catalysts structure. The particle morphology of
Cey o5 Coy o5 AlO, catalysts is given in Figure 5. It can
be seen that Ce, ,sCo, ysAlO, (pH =2) revealed the

minimal particles, in addition, the space between par-
ticles became broader as pH values increased. It is
thought that the chelating degree of metallic ions and
the particle morphology may be affected by chemical

forms of citric acid at different pH values.

(311)

(220) (511) (440)

; @y

Intensity /(a.u.)
E‘»

10 20 30 40 s0 60 70 80
200 )
Fig.4 XRD patterns of Ce, s Co, s AlO, with
different pH values of mother liquid
a. pH=0.5; b. pH=1; c. pH=2; d. pH=3;
e. pH=4; f. pH=5
Figure 6 illustrates that the activity of
Cey o5 Co, 4sAlO, is related to the pH value of mother
liquid, and a maximum N,O conversion is achieved
over the Ce, osCo, 4sAlO, prepared with a pH value of
2. Table 2 lists the BET surface area and crystallite
size of Ce, osCo, 4sAlO,. The catalyst with pH value of
2 has the largest surface area and smallest crystallite,
which is relevant to its superior performance.

H,-TPR profiles of Ce, o5sCo, ¢sAlO, are shown in
Figure 7. The Ce, ysCo, 4sAlO, (pH =2) catalyst ex-
hibited easier reduction of Co’* to Co>* than others,
thus the oxygen species was desorbed easily and cata-
lytic activity was improved. In order to further eluci-
date the influencing factors for catalysts activity, O,-
TPD profiles were measured and shown in Figure 8.
Several peaks of desorbed oxygen species can be as-
cribed to the desorption of surface adsorbed oxygen. It
is reported that the amount of oxygen desorption was
associated with catalyst activity, 1. e. , catalyst with
higher activity adsorbed larger amount of oxygen spe-

[19-21]

cies . As shown in Figure 8, the desorbed oxygen
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Fig. 5 SEM images of Ce, sCo, osAlO, with different pH values of mother liquid

100 -

—&—pH=0.5
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—A—pH=2
—v—pH=3
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Fig. 6 N,O conversions over Ce, o Co; 45 AlO, with

different pH values of mother liquid

Table 2 BET surface area and crystallite size of

Ce, 4sCo, osAlO, with different pH values of mother liquid

Catalysis Crystallite BET Surfacti‘ area
size’/nm  /(m®> - g1)
Cey.05Co, 55 AlO,(pH=0.5)  22.3 39.0
Ceq. 5 Co.o5AlO,(pH=1) 18.7 46.8
Cep. g5 Coy o5 AlO, (pH=2) 12.5 69.9
Cey, 05 Co, 45 AlO, (pH=3) 21.8 52.0
Cey 05 Coy o5 AlO, (pH=4) 28.8 42.8
Cey 05 Coy o5 AlO, (pH=5) 24.3 38.2

a. Calculated by Scherrer equation on the basis of (311)

crystallographic plane data in XRD patterns.
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Fig. 7 H,-TPR profiles of Ce, osCo, 45 AlO, with
different pH values of mother liquid
a. pH=0.5; b. pH=1; ¢. pH=2; d. pH=3;
e. pH=4; f. pH=5

Intensity /(a.u.)

Al

100 200 300 400 500 600
Temperature/°’C

Fig. 8 0,-TPD profiles of Ce, osCo, 45 AlO, with

different pH values of mother liquid
a. pH=0.5; b. pH=1; ¢. pH=2; d. pH=3;
e. pH=4; f. pH=5

amount from Ce, 4sCo, osAlO,(pH=2) was more than

other catalysts, indicating the larger amount of ad-

sorbed oxygen and lower desorption temperature was

contributed  to  the performance  of

Cey.05Coy 05A10,(pH=2).

2.3 Catalytic activity of K-modified Ce, (sCo, s
AlO,(pH=2) catalysts

In this part, the optimal catalyst Ce, (s Co, osAlO,

superior

(pH=2) was modified by potassium. As shown in Fig-

ure 9, K-modified catalysts were spinel-structure with-
out any impurities. Table 3 lists the BET surface area
and crystallite size of K/Ce, ,sCo, osAlO,(pH=2) ca-
talysts. It is shown that the BET surface area tended to
a slight decrease with the increase in potassium load-

ings, while the crystallite size was similar.

(311)

(220) (511)(440)
e (400) (422)

Intensity /(a.u.)
(<]

10‘2()‘30‘40 50I60‘70I80
20/(° )
Fig. 9 XRD patterns of K/Ce, (s Co, 45 AlO,(pH=2)
with different potassium loadings
a. Cey gsCo; osAlO, ;5 b. 0.03K/Ce, o5 Co, o5AlO,
c. 0.05K/Ce 4sCo, 4sAlO, ; d. 0.08K/Ce o5 Co, osAlO, ;
e. 0. 10K/ Cey o5 Co, 45AlO,

Table 3 BET surface area and crystallite size of
K/Ce, (s Co, ,sAlO,(pH=2) with different

potassium loadings

Crystallite size* BET surface area
Catalysts

/nm /(m* - g
Cey 05 Co, o5 A0, 12.5 69.9
0.03K/Ce, 45 Co, o5 AlO, 13.1 59.4
0. 05K/ Ce, o Co, o5 AlO, 15.1 57.1
0.08K/Ce, 45 Co, o5 AlO, 12.3 57.5
0. 10K/ Ce, 45 Co, o5 AlO, 19.2 50.9

a. Calculated by Scherrer equation on the basis of (311)
crystallographic plane data in XRD patterns.

Figure 10 presents the N,O conversion on K/
Cey o5 Coy osAlO, catalysts, 0. 05 K/Ce, osCo, 4sAlO,
(pH=2) catalyst exhibited higher activity than other
catalysts for N,O decomposition. As shown in Figure
11, the reduction peaks ascribed to Co™ to Co™* and

surface Ce0, to Ce,0, tended to lower temperature with
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the increase in potassium loadings, in response to their
better catalytic activity, followed by a decrease in cata-
lytic activity because some active sites on catalysts sur-
face were coated by excessive potassium. We suggest
that the appropriate potassium loadings and good reduc-
tion of Co’*-07 in catalysts play an important role on

superior performance for N,O decomposition.

100} — %« & g o
—% ——
/ i./ il
sof /)

60

40 - —— Ce.5C01.95A10;4
—8—0.03K/Ce, 5 Co,4sAl0,
0.05K/Ce s C0,5sA10,
20 —¥—0.08K/Ce, 45 Co,,5A10,
0.10K/Ce s Co,sA10,

N,O conversion/ %

1 L 1 " 1 1 1 L 1
400 450 500 550 600
Reaction temperature/°C

Fig. 10 N,O conversions of K/Ce, osCo; osAlO,(pH=2)

with different potassium loadings

(A) Co 2p,,

. [ [ [ [ [ [ [
810 805 800 795 790 785 780 775 770

Binding energy/eV

Intensity /(a.u.)

1 n 1 N 1 n 1 " 1 " 1 L 1

100 200 300 400 500 600 700 800 900

Temperature/°C
Fig. 11 H,-TPR profiles of K/Ce, osCo, osAlO,(pH=2)

with different potassium loadings
a. Cej sCo, 4sAlO, ; b. 0.03K/Ce, osCo, osAlO, ;

c. 0.05K/Ce, osCo, 55 Al0, ; d. 0.08K/Ce, o5 Co, o5 AlO, ;
e. 0. 10K/Ce, o5 Co, 5 AlO,

Figure 12 shows the XPS spectra of cobalt and ce-
rium elements on the surface of Ce, osCo, osAlO, and
K/Ce, osCo, 4sAlO, catalysts. In Figure 12 (A), the
binding energy (BE) of Co 2p,,, in K/Ce, ,sCo, 4AlO,

. 1 . 1 . 1 . I A
920 910 900 890 880 870

Binding energy /eV

Fig. 12 XPS spectra of cobalt and cerium on the surface of K/Ce, (sCo, 45 AlO,(pH=2)
a. Cej sCo, 45AlO, ;5 b. 0.05K/Cey o5sCo, osAlO, 5¢. 0. 10K/ Cey o5 Co, o5 AlO,

catalysts shifted to a lower value of 0.3 eV compared
with un-doped catalyst. We suggest that the electronic
effect of potassium resulted in the change of chemical
environments of Co ions and thus the improved catalytic
activity of K-modified catalysts. Figure 12 (B) shows
the XPS spectra of Ce 3d ions, no great difference in

BE of Ce 3d between K-doped and un-doped catalysts
can be found. It is thought that the promotional effect
of K on cobalt oxides was more significant than ceria.
Similar result was reported in K-doped Co-Ce mixed

]

oxides'™’. In sum, K-modified catalysts presented

good reduction of Co’* -0 to Co’* due to the electronic
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effect of potassium on cobalt oxides, and thus high ca-

talytic activity.

2.4 Catalytic stability of K/
Ce, sCo, s AlO, (pH =2) in oxygen and

activity and

steam
Catalytic activity and stability of K/Ce; osCo, o5
AlO,(pH=2) catalyst are tested under various atmos-
pheres and N,O conversions are shown in Figures 13-
14. Tt is found that the activity and stability in the

presence of steam was declined due to the occupation

N,O conversion/%

—— Cey,5C0,,:A104(0,)
201 —8— Ce,:C0,,:Al10(0;+H,0)

0.05K/CeysC0,5:A1040,)
__—* —%—0.05K/Ce,,Co,,:A10(0+H,0)
n 1 n 1 n 1

ole———¢
400 450 500 550 600
Reaction temperature/°C

Fig. 13 N,O conversions over K-promoted Ce, o5 Co, 45 AlO,

catalysts under various atmospheres

100 -

v
sof 7 v-v v-v-v.
VvV Veyyy Yy Vv y_yv—y

60 = "-p-n-n-n-n-E-E-E-m g g N-u g E-Ey gE-E-E-E

—8—Ce,5C0,,5A10, (0,)

—8— Ce.05C01.95A104 (0,+H,0)

20 L 0.05K/Ce.05C01.95A1040;)
—¥—0.05K/Ce,5C0,95A10,0+H,0)

N,O conversion/%

[ o—0_qo
o— _0—0—0—_g_o_ . °. _ —o—
*—o | o—0. .‘.T ~o—0—" \.T./. | N

—O.
*—0 " 0

0 10 20 30 40 50

Time on stream/h
Fig. 14 Stability of K-promoted Ce, (s Co, 45 AlO,

catalysts under various atmospheres at 450 C

of water molecule on catalysts surface. After continu-
ous reaction at 450 °C for 50 h, N,O conversion over
0.05 K/Ce ¢sCo, sAlO, (pH=2) kept 98. 5% and

73.5% in oxygen-alone and oxygen-steam together,

respectively, while that on un-doped Ce, (sCo, osAlO,
(pH=2) was only 61.6% and 3.9%. As a contrast,
0.05 K/Ce ¢5Co, osAlO, (pH =2) exhibited a better

catalytic performance than un-modified catalyst.

3 Conclusions

Ce, Co,_,AlO, composite oxides were prepared by
sol-gel method with citric acid as chelating agent and
further modified by K,CO,. The composite oxide com-
positions, pH values of mother liquid and potassium
loadings produced significant effect on catalysts activity
for N,O decomposition. The results show that 0. 05 K/
Ceg 45Co, sAlO,(pH=2) is an active catalyst, over
which N,O conversion reached 98.5% and 73.5% at
450 °C after 50 h runs in the atmosphere of oxygen-a-
lone and oxygen-steam together, respectively. In con-
trast to bare Ce Co,_,AlO,, K-modified catalysts pre-
sented higher catalytic activity and resistance against
oxygen and water due to the electronic effect of K on

cobalt oxides.
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