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Effects of Adding CeO, to Ag/Al,O; Catalyst for Ammonia Oxidation
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Abstract: The effects of adding CeO, to Ag/AL,O; on the selective catalytic oxidation of ammonia to nitrogen were investigated by activity
test and N, physisorption, X-ray diffraction, X-ray photoelectron spectroscopy, UV-Vis diffuse-reflectance spectroscopy, high resolution
transmission electron microscopy, in situ diffuse reflectance infrared Fourier transform spectroscopy of NHj adsorption, and O,-pulse ad-
sorption. Adding a suitable amount of CeO, improved the catalytic activity of Ag/AL,O; for NH; oxidation at temperatures below 160 °C, and
slightly influenced N, selectivity by improving the catalyst’s ability to adsorb and activate O, and the adsorption and activation of NHj.

Key words: ammonia; silver; cerium; alumina oxide; supported catalyst; oxygen uptake; high resolution transmission electron microscopy;
in situ diffuse reflectance infrared Fourier transform spectroscopy

Received 4 January 2011. Accepted 23 February 2011.

“Corresponding author. Tel/Fax: +86-10-62911040, E-mail: fdliu@rcees.ac.cn

?Corresponding author. Tel/Fax: +86-10-62849123; E-mail: honghe@rcees.ac.cn

This work was supported by the National Basic Research Program of China (973 Program, 2010CB732304), the National High Technology
Research and Development Program of China (863 Program, 20094A4064802), and the National Natural Science Foundation of China
(50921064,).

English edition available online at Elsevier ScienceDirect (http://www.sciencedirect.com/science/journal/18722067).

The selective catalytic oxidation (SCO) of NHj to nitro- cal processes such as the selective catalytic reduction (SCR)
gen (N,) and water can reduce NH; emissions from chemi- of NO, by NHj; and from soda production [1-5]. In particu-
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lar, the low temperature oxidation of NH; to N, has impor-
tant environmental applications. Noble metals such as Pt
and Ir are the most active but least selective [5—7]. Gang et
al. [6,8] reported that an alumina-supported Ag (10 wt%
Ag/AlL)O3) catalyst was extremely active for NH; oxidation
at low temperatures, and was superior to the noble metals.
Nonetheless, there is still a considerable need for better
catalysts that are active at low temperatures. The addition of
CeO, improves the NH; oxidation activities of Au-, Cu-,
and Ag-based catalysts [2,3]. Lippits et al. [3] found that
adding CeO, to Ag-based catalyst lowered the temperature
for the onset of oxidation from 300 to 200 °C. However, the
role of CeO, in the Ag-based catalyst has not been studied
in detail. Recently, we investigated the SCO of NH; over a
10 wt% Ag/Al,O; catalyst and discovered that the Ag va-
lence state and particle size were significant for activity and
N, selectivity at low temperatures [7]. To further improve
the catalytic performance at low temperatures, we investi-
gated the catalytic effects and the role of CeO, addition on
Ag/AlL)O; for the oxidation of NH;.

1 Experimental
1.1 Catalyst preparation and H,-pretreatment

The Ag-Ce/Al,O; catalysts used had different Ce load-
ings and were prepared by co-impregnating y-Al,O; powder
(250 m%/g) with appropriate amounts of AgNO; and
Ce(NO;);:6H,0 in aqueous solution. After impregnation,
excess water was removed in a rotary evaporator at 80 °C
and the samples were dried overnight at 120 °C before cal-
cination at 600 °C in air for 3 h. The mass ratio of Ag to
v-AlL,O; was maintained at 0.1 and the resulting
Ag-Ce/Al,O5 samples were designated as Agy;Ce,/AlL O,
where y was the Ce/Al,O; mass ratio. The catalysts were
sieved to a particle size of 2040 mesh and pretreated in a
H,/N, flow (20 vol% H,, 60 cm3/min) at 400 °C for 2 h be-
fore testing.

1.2 Activity test
1.2.1 Steady state activity for NH; oxidation

The SCO activity was measured in a fixed-bed quartz re-
actor using 0.2 g catalyst. The reactant gas was obtained
from blends of different gas flows at a combined flow rate
of 200 cm’/min (W/F = 0.06 (g's)/cm’). A typical reactant
gas composition was 0.05 vol% NH; and 10 vol% O,, with
N, providing the balance. The individual NH;, O,, and N,
flow rates were controlled by mass flow controllers. Inlet
and outlet gas compositions were analyzed using an online
NEXUS 670-FTIR spectrometer fitted with a 200 cm’ gas

cell. N, balance was calculated using Myy; (inlet) = My
(outlet) + 2My,0 + Mnox + 2My,. These operating conditions
were used as the standard.

1.2.2 Evolution of NH; oxidation with time at various
temperatures

A Hj-pretreated Ag,;Ce,1/Al,O; catalyst was fed with
the reactant mixture and kept at temperatures of 100 and
160 °C, respectively, to evaluate the activity of the catalyst
under these different conditions. The evolution of NH; oxi-
dation versus time was recorded at both 100 and 160 °C.

1.3 Characterization of catalyst

N, adsorption-desorption isotherms were obtained by the
adsorption of N, at —196 °C using a Quantasorb-18 auto-
matic instrument (Autosorb-1C, Quanta Chrome Instrument,
USA). Specific areas were computed from these isotherms
by the Brunauer-Emmett-Teller (BET) method. The pore
size distribution was calculated wusing the Bar-
rett-Joiner-Halenda (BJH) method. Before measurement,
samples were degassed at 300 °C for 4 h.

Powder X-ray diffraction (XRD) scans of the catalysts
were conducted in the 20 range of 20° to 70° at a scan speed
of 6°/min using a Rigaku D/max-RB X-ray diffractometer
(Japan) with Cu K, radiation, operating at 40 kV and 40
mA.

The surface structure and concentration of the active spe-
cies on the catalysts were characterized by X-ray photoelec-
tron spectroscopy (XPS). Spectra were recorded using a PHI
Quantera spectrometer (ULVAC-PHI, Inc. USA) with Al K,
radiation (v = 1486.7 eV). The binding energies were cali-
brated against the C 1s peak of C present as a contaminant
on the catalyst (284.8 eV).

UV-Vis diffuse-reflectance spectra (UV-Vis DRS) were
recorded under ambient conditions using a U-3010 (Hitachi,
Japan) spectrometer with a standard diffuse reflectance unit.
The scan range was 190—850 nm and the scan rate was 300
nm/min. The treated by
Kubelka-Munk functions and deconvoluted into Gaussian

measured spectra  were
peaks that were used for the quantitative assignment of dif-
ferent Ag and Ce species [9-18].

High-resolution  transmission electron  microscopy
(HR-TEM) images were recorded on an H-800 (Hitachi,
Japan) instrument. The accelerating voltage for the micro-
scope was 200 kV, the point resolution was 0.204 nm, and
200-300 particles were counted to evaluate the particle size
(diameter) distribution.

In situ diffuse reflectance infrared Fourier transform
spectra (in situ DRIFTS) were recorded using a Nexus 670
(Thermo Nicolet) FT-IR spectrometer equipped with an in
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situ diffuse reflection chamber and a high sensitivity mer-
cury-cadmium-telluride (MCT) detector. A sample of ca. 30
mg was ground finely and placed into a ceramic crucible. A
feed gas mixture, controlled by mass flow meters, was sup-
plied at a flow rate of 100 cm’/min. The samples were first
treated in a flow of high purity 10 vol% O4/N, at 500 °C for
0.5 h and then cooled to room temperature, followed by
H,-pretreatment in a flow of H,/N, (20 vol% H,) at 400 °C
for 1 h before being cooled to the desired temperature in a
flow of high purity N,. At each temperature, the background
spectrum was recorded in flowing N,, and it was subtracted
from the sample spectrum obtained at the same temperature.
All spectra were recorded at a resolution of 4 cm ™' with 100
accumulated scans.

O, uptake was determined by O,-pulse adsorption at
temperatures over Hj-pretreated Ag,/Al,O;,
Cey.1/ALLO3, and Ag,,Ce,/Al,0; catalysts using a Quan-
tasorb-18 automatic instrument (Quanta Chrome Instrument
Co, USA). Prior to the O,-pulse adsorption, 300 mg sample
was reduced in situ with a flow of 5 vol% H,/Ar (40
cm’/min, 10 °C/min) at 400 °C for 2 h. Then He gas (40
cm’/min) was passed over the sample for 1.5 h. After cool-
ing to the desired temperature in He, O, pulses (4.46 pmol)
were injected into a He carrier flowing over the sample. The
time intervals between the O, pulses were about 100 s. The
O, signal was analyzed online with an Autosorb-1-C TCD
controller.

various

2 Results and discussion

2.1 NH;oxidation over different Ag,;Ce,/Al,O;
catalysts

After similar pretreatment, the catalysts (200 mg) were
tested under standard conditions for their activities. The
activities of the Ag,,Ce/AL,O; catalysts with different
Ce/Al,O; mass ratios are illustrated in Fig. 1. The NH;
conversion over Ce-promoted Ag/Al,O; catalysts at low
temperature was increased comparing with unpromoted
Ag,1/AL,O;. However, although increasing the mass ratio to
0.1 enhanced NH; oxidation to the highest conversion, fur-
ther increase of this ratio gave lower NH; conversion. This
indicated that adding CeO, to Ag/AL,O; improved the cata-
lytic activity of Ag/Al,O; at temperatures below 160 °C, and
the best Ce/Al,O; mass ratio was 0.1. The conversion of
NH; using the Ag,,Cey /Al O5 catalyst at 100 °C was 73%,
which was significantly higher than the 30% obtained with
unpromoted Agy ;/Al,O; catalyst under standard conditions.

The effects of Hy-pretreatment and the effects of CeO, on
NHj; oxidation at low temperatures over the Ag,;Ce1/Al,04
catalyst were also investigated (results not shown here) by
comparing the activities of H,-pretreated Ag,;Ce /Al O3,
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Fig. 1. Catalytic performance of the H,-pretreated Agy;Ce,ALO;

catalysts with different Ce/Al,O; mass ratios for NH; oxidation at
different temperatures. Reaction conditions: NH; 0.05 vol%, O, 10
vol%, N, as balance, flow rate 200 cm’/min, catalyst 0.2 g (W/F =0.06
(g-s)lem’).

Cey1/ALLOs, and fresh Ag,;Ce(;/Al,O; catalysts. Both the
fresh Ag;Ceq1/Al,0; and Hj-pretreated Ce,;/Al,O; cata-
lysts showed little or no activity below 160 °C, while high
NH; conversion occurred with the Hj-pretreated
Ag,,Ce /ALLO; catalyst at temperatures below 160 °C.
Clearly, H,-pretreatment enhanced significantly the low
temperature of Agy:Cer1/ALL,O;, although
Cey.1/Al,05 was inactive at low temperatures (<160 °C). The
stability of Hy-pretreated Ag,Cey 1/Al,O3 for NH; oxidation
was evaluated at 100 and 160 °C. The results are shown in
Fig. 2. NH; conversion at 100 °C decreased gradually over
48 h from 73% to 37%, while the 100% NHj; conversion at
160 °C continued for more than 96 h.

100?

activity

O QT T

at 160 °C
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NH; conversion (%)
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Fig. 2. Stability test of the H,-pretreated Ag,Cey1/Al,O; catalyst at
various temperatures. Reaction conditions: NH; 0.05 vol%, O, 10
vol%, N, as balance, flow rate 200 cm®/min, catalyst 0.2 g (W/F = 0.06
(g's)/em’).

The performance of Ag,Ce,/Al,O; was also compared
with the reported results from Ag/Al,O; and other noble
metal catalysts [7]. The performance of Ag,;Ceqi/Al,O4
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was superior to that of the Ag/Al,0; and other noble cata-
lysts at low temperatures and its N, selectivity (about 50%
at temperatures below 160 °C) was similar to that of
Ag/AL,O;. N,O was the main by-product
Ag1Cey1/ALLO; at low temperatures. With further im-
provement, this catalyst would be promising as a suitable

over

catalyst at low temperatures (< 160 °C).
2.2 Characterization results
2.2.1 N, physisorption

The effects of CeO, addition on the textural characteris-
tics of the co-impregnated Ag/Al,O; samples were assessed
by measuring N, adsorption-desorption isotherms. The re-
sults are shown in Table 1. The BET surface area, pore size,
and pore volume of the Ce-promoted Ag/Al,O; catalysts
decreased with increasing Ce/Al,O; ratio. At lower Ce
loadings, the decrease in pore size can be attributed to the
blockage by Ce species formed from excess Ce. At higher
Ce loadings, this could be due to the smaller pores of CeO,
deposited on the Al,O; surface. The results showed that the
activities of the Ag,,Ce,/Al,O; catalysts at low tempera-
tures (Fig. 1) were not related to their BET surface areas.

Table 1 BET surface area and pore size of AgyCe,ALLOs catalysts
with different Ce/Al,O; mass ratios

Surface area  Pore volume  Average pore

Sample ) 3 .
(m/g) (cm’/g) diameter (nm)

AlLOs 250 0.81 13.0
Ago1Ce¢/ALLOs 249 0.80 12.9
Ago1Ces/Al,O3 205 0.65 12.7
Ago1Ce1/ALO; 206 0.63 12.2
Ago1Ce.15/AlL O3 197 0.53 10.8
Ago1Cego/ALO; 173 0.52 12.0
Ago1Ce3/ALO; 168 0.42 10.1
2.2.2 XRD

The XRD patterns of the Ag,;Ce,/ALO; catalysts are
shown in Fig. 3. In the unpromoted Ag/Al,O3, y-Al,O3 was
the only phase. With the Ce-promoted samples, diffraction
lines from CeO, were present in addition to those of
v-Al,O;. The intensities of the CeO, lines became stronger
and sharper with increasing Ce loading, demonstrating that
the size of the CeO, particles on the y-Al,O; matrix in-
creased with increasing Ce loading leading to a decrease in
CeO, dispersion. This coincided with the decrease in BET
surface area (Table 1). As shown in Fig. 1, the activity of
the Ag,,Ce/AlLO; catalyst at low temperatures first in-
creased with increasing Ce loading (y < 0.1), then decreased
at higher loadings. This implied that a suitable Ce loading (y

Intensity

10 20 30 40 50 60 70 80

20(°)
Fig. 3. XRD patterns of the fresh AgyCe,/ALO; catalysts with dif-

ferent Ce/Al,O; mass ratios.

< 0.1) gave the best dispersion of CeO, in Agy;Ce,/ALOs,
which gave the highest NH; conversion at low temperatures.
Conversely, the reduced dispersion of CeO, at higher Ce
loadings (y > 0.1) was one cause for the decrease in NHj
oxidation activity over the Ag;Ce,/Al,O5 catalysts at tem-
peratures below 160 °C.

223 XPS

XPS was used to determine the element compositions and
their of fresh,
Hj-pretreated Agg;Ce,1/Al,O; catalysts and the samples
after the stability test. The results for Ag are not shown
here, but previous data [4] indicated that the binding ener-

chemical valences on the surfaces

gies of the 3d electrons in Ag’, Ag’, or Ag”" were similar.
Therefore, it was difficult to get the oxidation state of the
Ag species from the XPS results. Instead, these were ob-
tained from UV-Vis DRS results.

The experimental and fitted Ce 3d spectra of the catalysts
are shown in Fig. 4. The broad line for the Ce 3d core level
indicated that both Ce®" and Ce*" existed. The curves were
fitted with eight peaks, which corresponded to the four pairs
of spin-orbit doublets [19-21]. The letters V and U refer to
the Ce 3ds, and Ce 3d;, spin-orbit components, respectively.
The relative percentage of the two Ce species was obtained
from the area ratio of the Ce*" 3ds, (V, V", V™) relative to
Ce* 3ds, (V).

Table 2 shows the results of the XPS quantitative analysis
based on the atomic ratios obtained. The chemical valence
of Ce on the surface of fresh Ag,;Ceq/Al,O; was mainly
Ce'" with a small Ce’ component. The surface ratio of
Ce''/Ce® on  fresh Agi1Ce 1/ALOs
H,-pretreatment, with some surface Ce*" reduced to Ce*".
The surface ratio of Ce*"/Ce’* increased during the stability
test at 100 °C for 48 h (4.6), which indicated that some Ce**

decreased with
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Intensity

Intensity

Binding energy (eV)

Binding energy (eV)

Fig. 4. Experimental and fitted Ce 3d XPS profiles for
Ago.1Ce.1/ALLO5 catalysts: (a) H,-pretreated; (b) Kept at 100 °C for 48
h; (c) Kept at 160 °C for 96 h; (d) Fresh catalyst.

was gradually oxidized at 100 °C over 48 h. In addition, the
surface ratio of Ce*'/Ce’" increased further after testing at
160 °C for 96 h (5.2), which demonstrated that more Ce’*
was oxidized at the higher temperature with the longer pe-
riod of time. Taking into account this and the activity test
results shown in Fig. 2, it can be seen that while NH; con-
version at 100 °C decreased gradually together with the
partial oxidation of Ce’" in which Ce*"/Ce’" was increased
to 4.6, the conversion did not decrease at the higher tem-
perature of 160 °C despite more partial oxidation of Ce’™ in
which Ce**/Ce” was increased to 5.2.

Table 2 XPS data (Ce*"/Ce®) from the Agy,Ceo,/ALO; catalysts in
Fig. 4

Ago1Ce1/ALO; catalyst Cce*'/ce®”
H,-pretreated 4.4
Retained at 100 °C for 48 h 4.6
Retained at 160 °C for 96 h 5.2
Fresh 6.3

2.24 UV-Vis DRS

The results of the UV-Vis DRS confirmed the details of
the state of the supported Ag and Ce species. Fig. 5 shows
the UV-Vis DRS of the fresh, H,-pretreated
Agy1Ceg /Al O3 catalyst and two samples after stability test
as described above. The UV-Vis DRS analysis demon-
strated the existence of different states of the Ag and Ce
species, which can be seen after subtraction of the Al,Os
spectrum. Fresh Ag,;Ce,/Al,O; showed broad absorption
bands at 206, 220, 260, and 305 nm, while the other three
samples had an additional broad band at 450 nm (Fig. 5(a)).
The bands at 206, 450, and 260 nm can be attributed to
highly dispersed Ag" ions, metallic silver (Ag") particles

(@)
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Fig. 5. Diffuse reflectance UV-Vis spectra (a) and deconvoluted
subbands (b) of the AgiCep1/ALLO; catalysts. (1) H,-pretreated; (2)
Retained at 100 °C for 48 h; (3) Retained at 160 °C for 96 h; (4) Fresh
catalyst.

[9-15], and Ce*"[17,18], respectively. The bands at 220 and
305 nm can be attributed to Ce** [16-18].

In Fig. 5(b), the measured spectra of the Ag,;Ceq1/Al,O3
catalysts have been treated by Kubelka-Munk functions and
deconvoluted into Gaussian peaks assigned to different Ag
and Ce species [9-18]. Deconvolution was performed based
on the above assignments. The relative intensities of these
peaks are listed in Table 3, along with the quantification
results for the different Ag and Ce species: /; for Ag™ (band
at A <238 nm), I, for Ag’ (> 350 nm), I; for Ce** (250 nm
< 2 <300 nm), and , for Ce*" (210 nm < 4 < 250 nm and
260 nm < 4 < 350 nm). Although the peaks can be used to
give a semi-quantitative description of the distribution of
the different species, the quantification results shown in
Table 3 provides a better comparison of the relative
amounts of the various Ag and Ce species on the catalysts.

Table 3 Percentage of integrated area of the peaks derived from
deconvolution of the UV-Vis DRS in Fig. 5

AgoCeq./AlLO; catalyst 1% L% L% L%
Fresh 100 0 12.5 87.5
H,-pretreated 1.8 98.2 27.6 72.4
Retained at 100 °C for 48 h 2.0 98.0 233 77.7
Retained at 160 °C for 96 h 7.3 92.7 21.5 78.5

*For Ag" (band at 2 < 238 nm).

°For Ag’ (band at /> 350 nm).

“For Ce** (band at 250 nm </ < 300 nm).

For Ce*" (band at 210 < 4 < 250 nm and 260 < 4 < 350 nm).
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The UV-Vis DRS results (Fig. 5) also confirmed that
Ce*" and Ce*" coexisted on the alumina support. Further-
more, the relative amount of Ce* decreased following
H,-pretreatment but increased slightly following the stabil-
ity test for 48 h at 100 °C and then increased more signifi-
cantly after the stability test for 96 h at 160 °C. This was in
agreement with the XPS results (Table 2). It can be con-
cluded that some Ce®" on the surface of the H,-pretreated
Agy1Ceg /AL O5 catalyst was oxidized to Ce*" at both 100
and 160 °C during the stability test, but the relative amounts
of Ce*" were lower than that in the fresh catalyst.

In fresh Ag,,Cey/ALO;, Ag" was the major Ag species
present. On the H,-pretreated catalyst, Ag” was the main Ag
species present (Table 3), showing that most Ag,O on the
support was reduced to Ag” by the H,-pretreatment. Taken
together with the activity test results shown in Fig. 1, this
showed that high NH; conversion was obtained over the
H,-pretreated Agy;Ce/Al,O; catalyst in the temperature
range of 100—160 °C with the presence of Ag’, while almost
no NH; conversion was observed over the H,-pretreated
Cey.1/ALLO5 or fresh Ag,Cey1/Al,O3 due to the absence of
Ag’. That is, the presence of Ag” explains the enhanced low
temperature activity of the H,-pretreated Ag,;Ce1/Al,0;
catalyst. It can therefore be concluded that Ag” is the main
active species on this catalyst that is responsible for NHj
oxidation at temperatures below 160 °C. However, a com-
parison with the Hy-pretreated Ag,/Al,O; catalyst showed
the H,-pretreated Agy;Ce,/Al,0; catalyst has a much
higher NH; conversion in the presence of Ce. This showed
that Ce has an important role in NH; oxidation at low tem-
perature. This will be discussed in detail in the following
section.

It was also found that Ag” was slightly oxidized after the
stability test for more than 48 h at 100 °C while some Ce’*
on the surface of the catalyst was oxidized to Ce*" under the
same conditions. During this time, NH; conversion de-
creased gradually (Fig. 2). Consequently, Ce*" oxidation can
partly explain the decrease in catalytic activity at 100 °C
with H,-pretreated Agg;Ce /Al O;.

It is worth noting that both Ag” and Ce’" were partly oxi-
dized during the stability test at 160 °C for 96 h (Fig. 5), but
that 100% NH; conversion was maintained throughout (Fig.
2).

225 HR-TEM

The HR-TEM images shown in Fig. 6 for the
H,-pretreated Ag,;/ALO; and Ag,Ceq/ALO; catalysts
show the surface distribution of Ag particles. Statistical
calculations of Ag particle size measured from these images
provided the mean particle size (d) and degree of Ag disper-
sion (Table 4). The particles were assumed to be spherical.

Fig. 6. HR-TEM images of the H,-pretreated Ag,;/ALO; (a) and
Ago1Ce.1/ALLO; (b) catalysts.

Table 4 Ag dispersion (D), mean particle size (d), and turnover
frequency (TOF) of H-pretreated Agyi/AlLO; and Agp;Ceyi1/ALO;
catalysts at 100 °C

Catalyst d*/nm D% TOF (107%/s)
Ago/ALO; 4.6 29.0 0.36
AgO_ICeO,l/A1203 52 25.5 1.61

Reaction conditions: catalyst 0.2 g, NH; 0.05 vol%, O, 10 vol%, total
flow rates 200 cm*/min, temperature 100 °C.

“Determined by HR-TEM.

"Spherical Ag crystallites are assumed, and the relationship between
crystallite diameter size (d) and dispersion D is d = 1.34/D [22].
“Calculated as moles of NH; converted per mole of Ag on the whole

catalyst per second.

The relationship between the crystallite diameter (d) and Ag
dispersion (D) was d = 1.34/D [22]. H,-pretreated
Agy1Ceo1/Al,O; had a Ag mean particle size of 5.2 nm,
which is similar to that of Agg;/Al,O;3 (4.6 nm). This is con-
sistent with the previous results based on O, chemisorption
[7]. The Ag dispersion had to be determined by HR-TEM
based on a H,-pretreated Ag,;Ce;/Al,O; catalyst because
reduced CeO, chemisorbs O,.

It was found that Ag” was the main active species in-
volved in NH; oxidation in H,-pretreated Agy;Ceq/Al,O; at
temperatures below 160 °C, which was in agreement with
previous results on Hj-pretreated Ag/AL,O; [7]. The
HR-TEM images from the present study showed that
H,-pretreated Agy;Ce,1/Al,O; and Ag,;/Al,O; both had
similar Ag dispersions. The turnover frequency (TOF) for
NH; at 100 °C (Table 4), however, showed that
Ag;1Cey1/Al,O; had a better activity than Ag,/Al,O;.
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These results indicated that Ag dispersion is not the primary
contribution to the difference in activity observed between
these two samples at low temperature. Indeed, the enhanced
activity at low temperatures may be primarily linked to the
role of the Ce species.

2.3 Insitu DRIFTS study of NH; adsorption

In order to investigate the role of Ce and Ag for the ad-
sorption of NH; on the catalysts, in situ DRIFTS spectra for
the H,-pretreated Ce,;/Al,0; and Ag,Cey /Al O; catalysts
exposed to NH; are shown in Fig. 7. In Fig. 7(a), the bands
at 1695, 1481, and 1392 cm™' are from the deformation
modes of NH, formed by the interaction of NH; with
Bronsted acid sites on y-Al,05 [2,23-27]. The bands at 1608
and 1240 cm' can be attributed to the asymmetric and
symmetric deformation modes, respectively, of NH; mole-
cules coordinated on Lewis acid sites of the y-AlLO;
[23-27]. The band at 1456 ecm' can be attributed to imide
(-NH) deformation modes [2,28,29]. The two shoulders at
1580 and 1376 cm ' can be assigned to amide (—NH,) scis-
soring and (-NH,) wagging, respectively [2,28,29]. The
bands in the N-H stretching region also occur at 3401,
3356, 3270, and 3149 cm ™' [28,29].

The band intensities from NH; coordinated on Bronsted
(1695, 1481, and 1392 cm™') and Lewis acid sites (1608 and
1240 cm") decreased gradually with increasing tempera-
ture. Those related to -NH, and -NH (1580, 1456, and 1376
cm ') appeared at room temperature together with those of
NH;, but disappeared at higher temperatures (Fig. 7(a)).
These results showed that NH; adsorbed on H,-pretreated

0.05 @

3356
3270

Absorbance

" 1 "
4000 3500

Wavenumber (cm')

Cey.1/ALL,O3; was adsorbed dissociatively to form —NH, and
—NH intermediates and followed reactions (1) and (2) with
the abstraction of hydrogen. Furthermore, these —-NH, and
—NH are stable on H,-pretreated Ce,;/Al,0; and do not
disappear until a temperature of 400 °C.
NH; — NH, + H (1)
NH, - NH+H 2)
In the case of the H,-pretreated Ag,Cey1/Al,O5 catalyst,
similar bands occurred at 1695, 1608, 1481, 1456, 1392,
1365, and 1240 cm ' following NH; adsorption (Fig. 7(b)).
The bands of NH; adsorbed on the Bronsted and Lewis acid
sites of Agy,Cey/AL,O; disappeared at 160 °C. While the
intensity of these bands decreased with increasing tempera-
ture, the bands corresponding to —NH, (1365 c¢cm') and
~NH (1456 c¢m') increased and then disappeared at tem-
peratures below 160 °C, indicating that NH; adsorbed on
H,-pretreated Ag,;Ceq1/Al,O0; was activated to form —NH,
and —NH intermediates first and then desorbed from the
surface of the catalyst. Comparing with the in situ DRIFTS
results in Fig. 7(a), it is seen that the adsorbed NH; on both
H,-pretreated Ag,;Ceq1/Al,O; and Ce,;/Al,0; can be acti-
vated to form —NH, and —-NH intermediates, but the -NH,
and —NH formed can be activated and desorbed from the
surface of Hy-pretreated Ag,;Cey/Al,O; much faster in the
presence of Ag’. In addition, according to our previous in
situ DRIFTS results of NH; adsorption on H,-pretreated
Ag1/AL,0; [30], bands corresponding to —NH, and —NH
did not appear at room temperature, which is different from
that with Hj-pretreated Cey;/Al,0;. Hence, we conclude
that CeO, addition promoted the dissociative adsorption of
NH; to form —-NH, and —NH intermediates.
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Fig.7. 1In situ DRIFTS spectra of the adsorbed species arising from contact of NH; (0.05 vol%) with the H,-pretreated Ce,/Al,O5 (a) and

Ago.1Ce1/ALLO; (b) at room temperature and successive purging with N, at various temperatures.
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Fig. 8. O, uptakes on the Hy-pretreated Agy1/AL,03, Cey1/Al,05, and
Ago.1Ce1/ALLO5 catalysts at 100 °C.

2.4 O,-pulse adsorption

The O, uptakes of the catalysts were determined by
measuring O,-pulse adsorption at 100 °C. As shown in Fig.
8, O, was chemisorbed on the three catalysts. As expected,
the amount of O, uptake on Ag,;Cey/Al,O3 (69.71 umol/g)
was much higher than that on either Ag,;/Al,O; (45.73
pmol/g) or Cey /Al,O3 (36.47 pmol/g).

Gang et al. [6,8] reported on adsorbed atomic oxygen (O)
on reduced Ag catalysts, and considered the dissociation of
O, to be the rate controlling step in NH; oxidation [8]. Lef-
ferts et al. [31] also detected O on a Hj-pretreated Ag sur-
face. From the present O,-pulse adsorption results, it is
likely that some molecular O, was chemisorbed dissocia-
tively on the surface of H,-pretreated Ag,;/Al,05 as O spe-
cies.

Li et al. [32] reported that molecular O, was adsorbed on
the surface of partially reduced cerium oxide to form a su-
peroxide species (O,), which can be further chemisorbed
dissociatively to O on the surface of H,-reduced cerium
oxide. In the present study, some surface Ce'" of the
H,-pretreated Ag,,Ce,/ALO; was reduced to Ce’” by H,
reduction (Tables 2 and 3). This can lead to the formation of
surface oxygen nests together with bulk oxygen vacancies,
to result in the dissociative adsorption of O, on reduced
cerium oxide. Taken together with the O, pulse-adsorption
results (Fig. 8), it can be concluded that some molecular O,
is chemisorbed dissociatively to form O on the surface of
H,-pretreated Cey;/Al,O3, which would explain the en-
hanced O, uptake on the H,-pretreated Ag,;Ceqi/Al,O;

catalyst.

From these results, it can be concluded that adding CeO,
enhanced the O, uptake of Ag/Al,O; by promoting the
catalytic ability of Ag/AlLO; for
non-dissociative adsorption of O, at low temperatures (100
°C). The NH; oxidation activity of Ag/AL,O; at low tem-
peratures is determined by its catalytic ability for both dis-

dissociative  or

sociative and non-dissociative adsorption of O, [6]. Chemi-
sorbed O enhanced NH; oxidation below 140 °C on
Ag/AlL,Os, while gas phase molecular O, mainly interacted
with adsorbed NH; at temperatures above 140 °C [30]. From
Fig. 1 it can be seen that higher NH; conversion occurred on
H,-pretreated Ag,;Ce,;/Al,O;, with a higher O, uptake at
100 °C. This confirmed that O, uptake was the main factor
causing the enhanced low temperature activity of the cata-
lyst, since the addition of CeO, improved the activation of
0, to form O at 100 °C. In addition, our previously reported
results [30] showed that O favors the activation of adsorbed
NH; to form —NH and —HNO intermediates (reactions
(3)—(5)), which are the key intermediates for NH; oxidation
(route (6) and (7)) at low temperatures (< 140 °C).

NH; + O — NH + H,0 3)
0, — 20 4

NH + O — HNO (5)

NH + HNO — N, + H,O (6)
HNO + HNO — N,O + H,0 @)

Hence, we conclude that adding CeO, to Ag/Al,O; im-
proved the catalyst’s ability in the adsorption and activation
of O, to form O. Then the O species activated adsorbed NH;
to form —NH and —HNO intermediates. Our in situ DRIFTS
results also proved that adding CeO, favored the dissocia-
tive adsorption of NH; to form —NH, and —NH (reactions
(1) and (2)), giving the reason for the enhanced activity of
the Hj-pretreated Ag,;Ceo1/Al,O; at temperatures below
160 °C.

The 100 °C/48 h stability test results (Fig. 2) showed that
the high degree of NH; conversion decreased gradually with
the oxidation of some Ce’" (Tables 2 and 3), although Ag’
showed little oxidation under these conditions. This pre-
sumably reflected a decrease in the ability of the catalyst to
participate in the dissociative adsorption of O, as a result of
the oxidation of Ce3+, thus contributing to a decrease in NH;
oxidation activity at 100 °C.

The 160 °C/96 h stability test results, however, showed
that 100% NH; conversion was maintained throughout (Fig.
2), although both Ag’ and Ce™ were partly oxidized during
the test (Fig. 5). Gas phase molecular O, mainly interacted
with adsorbed NH; at temperatures above 140 °C on
Ag/AL,O5 [30]. Hence, it can be inferred that at the higher
temperature of 160 °C, adsorbed NH; mainly interacted with
0, on Ag,Cey/Al,O3 and any partial oxidation of Ce™ did
not affect the activity under these conditions. Furthermore,
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Ag’ is the active species on Ag/Al,O; at temperatures above
140 °C [7], and thus Ag" on Ag,Ce, /ALO; is likely also
the active species involved in NH; oxidation at 160 °C.
Hence, high NH; conversion will persist in spite of the oxi-
dation of some Ag” species.

3 Conclusions

The addition of an appropriate amount of CeO, to
Ag/AL,O; improved the catalytic oxidation of NH; at tem-
peratures below 160 °C. Ag’ is the main active species on a
Hy-pretreated Ag,,Ce,/Al,O5 catalyst. It is responsible for
the adsorption and activation of NH; and O, simultaneously
at temperatures below 160 °C. The addition of CeO, en-
hanced the catalyst’s ability to adsorb and activate O, to O,
the O to further activate adsorbed NH;, and also the disso-
ciative adsorption of NH;. This was the main reason for the
enhancement of NH; oxidation at low temperatures (< 160
°C) over Agy ,Cey /AL, 0.
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