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Abstract Redox reactions catalyzed by cobalt nitrides

should be carried out below the critical temperature at

which bulk oxidation of the nitrides occurs. Then, a cata-

lytic redox cycle could be established by introducing a

reducing agent into the system below this temperature so

that the oxygen could be removed prior to the occurrence

of bulk oxidation.
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1 Introduction

It is meaningful to explore the catalytic properties of

transition metal nitrides because the materials exhibit

behaviors similar to those of noble metals. Much of the

focus has been on bulk and supported VN, Mo2N, W2N and

Mo/W-based bimetallic (oxy) nitrides due to their com-

petitiveness in NH3 synthesis [1–3], CO hydrogenation [4],

NO removal [5–12], hydrazine decomposition [13–15],

hydrogenation (HYN), hydrodesulfurization (HDS), hyd-

rodenitrogenation (HDN) and hydrodeoxygenation (HDO)

[16–18] reactions. Being poor in thermal stability, the

nitrides of Fe, Co, Re (Group VII–VIII) received far less

attention in comparison to their Group V–VI (e.g., V, Mo,

W) counterparts [19]. The results of earlier studies indi-

cated that Co4N was unstable and underwent stepwise

decomposition with N2 evolution below 700 �C:

Co4N ? Co3N ? Co, Co3N ? Co2N ? Co, Co2N ?
CoN ? Co [20]. Kojima and Aika investigated the use of

Re3N as catalysts for ammonia synthesis (623 K and

0.1 MPa). They reported that despite activity was high

initially there was decline in activity in the later stage due

to Re3N decomposition [21]. To utilize the nitrides of

Group VII–VIII transition metals, one has to find a way to

improve the thermal stability of these materials. In our

recent study [11], Co4N particles were dispersed on c-

Al2O3 and the Co4N structure could be retained up to a

temperature as high as 950 �C. It is envisaged that further

studies on interaction between metal nitrides and support

materials could result in better thermal stability of Group

VII–VIII transition metal nitrides.

Transition metal nitrides have been investigated as

potential catalysts for NO removal in the presence or

absence of reducing agents. He et al. [5] reported NO

conversion of ca. 89% in NO dissociation over Mo2N at

450 �C for a period of 10 h. We conducted investigations

on NO dissociation and reduction with H2 over VN, Mo2N,

W2N, and Co3Mo3N [6–8]. We found that deactivation of

VN, Mo2N, and W2N catalysts was due to various degrees

of bulk oxidation, and by increasing the relative concen-

tration of H2 in NO/H2, the lifetime of the catalysts could

be extended. In the case of Co3Mo3N [8], we found that the

material was resistant to oxidation during NO/H2 reaction,
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exhibiting activity and stability much higher than that of

Mo2N. The phenomenon was explained based on structural

consideration. The dissociation and CO reduction of NO

over Ni3N has been reported by Egashira and Komiyama

[10]. They found that activity for NO dissociation was high

in the initial stage but there was fast deactivation of Ni3N

due to oxidation. When CO was added to aid the removal

of surface oxygen species, there was decline in deactivation

rate. From these studies, one can come to three important

points. First, it is essential to have transition metal nitrides

of high thermal stability for catalytic removal of NO.

Second, deactivation is due to gradual incorporation of

oxygen into the nitride lattice. Third, bulk oxidation and

deactivation of nitride catalysts can be mitigated when a

reducing agent such as CO or H2 is introduced to the feed

gas, and as a result the lifetime of catalyst can be

prolonged.

In this paper, alumina-supported and unsupported cobalt

nitrides were compared for NO dissociation, and two kinds

of oxygen-induced deactivation of cobalt nitride were

identified. The redox properties of the supported catalyst in

NO dissociation and reduction were investigated and a

possible route for keeping the catalyst stable and active was

proposed.

2 Experimental

2.1 Sample Preparation

The Co3O4/c-Al2O3 precursor with 30wt% Co loading was

prepared by stirring c-Al2O3 (SBET & 250 m2 g-1, 40–60

mesh) in an aqueous cobalt nitrate (Co(NO3)2 � 6H2O)

solution, followed by drying at 120 �C for 12 h and cal-

cination at 500 �C for 3 h. The bulk cobalt nitride and

c-Al2O3-supported cobalt nitride samples were generated

by means of NH3-temperature-programmed reaction.

Typically, about 2.0 g of the oxide precursor was placed in

a micro-reactor and a flow of NH3 (150 mL/min) was

introduced into the system. Initially, the sample was line-

arly heated from room temperature (RT) to 300 �C over a

period of 30 min followed by a rise in temperature from

300 to 450 �C at a rate of 0.67 �C/min, and a further

increase from 450 to 700 �C at a rate of 1.67 �C/min. The

temperature was then kept at 700 �C for 2 h before cooling

to RT in a NH3 flow. The material was then purged with N2

for 10 min followed by passivation in 1% O2/99% N2 for

12 h.

The samples of cobalt metal and c-Al2O3-supported

cobalt metal were prepared from their corresponding oxide

precursors under H2 at 700 �C for 2 h. The as-obtained

materials were then passivated in 1% O2/99% N2 for 12 h

before exposure to air.

2.2 Sample Characterization

X-ray diffraction (XRD) examination was carried out on an

X-ray diffractometer (Rigaku D-Max Rotaflex) with Cu Ka
radiation and Ni filter. Scanning electron microscopy

(SEM) image was obtained using a KYKY 1000 B scan-

ning electron microscope. The sample was covered by a

thin film of gold for better image definition. Transmission

electron microscopy (TEM) was acquired using a TECNAI

G220 transmission electron microscope.

The O2 uptake experiments were performed by injecting

a standard volume (101 lL) of pure O2 via a calibrated

loop at 5 min intervals into the sample using He as carrier

gas until there was no detectable uptake of oxygen. Prior to

adsorption, the sample was pretreated in He at 400 �C for

1 h. The NO uptake experiments were performed using the

same apparatus. The sample (0.05 g) was first treated in He

at 400 �C for 1 h and then cooled in He to RT. We kept

pulsing NO onto the sample until there was no change in

NO signal intensity. The volume of each pulse of NO was

101 lL.

2.3 NO Dissociation in the Presence/Absence

of Reducing Agent

The NO dissociation reaction was evaluated using a quartz

microreactor (i.d. 4 mm). The temperature was measured

with a thermocouple placed adjacent to the sample outside

the reactor. A reaction gas mixture composed of 1,000 ppm

NO, 0 or 1,000 ppm H2 and 0 or 1,000 ppm CO in He

(balance gas) was fed through the sample (0.4 g, pretreated

in pure He at 400 �C for 1 h). At a flow rate of 20 mL/min,

the corresponding W/F was 1.2 gsmL-1. The effluent

gasses were monitored by online GC using a molecular

sieve 5A column (for the analysis of H2, O2, N2, CO and

NO) as well as a mass spectrometer (MS, HP G1800A) and

an infrared absorption spectrometer (IRAS, SICK-MAI-

HAK-S710) (for that of NH3, CO2, N2O and other possible

nitrogen oxides).

2.4 Catalyst Regeneration

A typical test of successive reaction-regeneration cycles

was conducted in a quartz reactor. A reaction gas mixture

composed of 1,000 ppm NO and He as balance gas was fed

through the sample (0.4 g, pretreated in pure He at 400 �C

for 1 h). After deactivation of sample, the flow of 0.1%NO/

He was stopped and replaced by a flow of H2. The sample

was then treated in H2 at 400 �C for 2 h followed by He

purging at the same temperature for 1 h. The reaction was

again started when a flow of 0.1%NO/He mixture was

introduced to the sample at a designated temperature.
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3 Results

3.1 Structure Characterizations

Figure 1 shows the XRD patterns of Co4N, Co4N/c-Al2O3,

Co metal, and c-Al2O3. The XRD patterns of Co4N and

Co4N/c-Al2O3 are consistent with those reported in the

literature for pure Co4N [22]. Fang et al. [20] reported that

the grain structure of Co4N is similar to that of Co. We also

found that it is impossible to differentiate Co4N from Co

because the XRD pattern of Co3O4 reduced in H2 at 700 �C

for 2 h looks exactly the same as that of Co4N (Fig. 1). In

our previous papers [11, 12], the results of XPS and tem-

perature-programmed decomposition investigation provide

proofs for the formation of bulk Co4N and Co4N/c-Al2O3

after the nitridation of their corresponding precursors.

According to the XRD data, the crystal size of Co4N and

Co4N/c-Al2O3 samples estimated by the Scherrer method

was 25 and 14, respectively.

The morphology of Co4N and Co4N/c-Al2O3 was

examined by SEM and TEM technique. The SEM image of

Co4N shows faceted particles composed of agglomerates of

irregular shape with size in the range of 20–40 nm (Fig. 2),

which matches well with that estimated by the Scherrer

method. The aggregation of fine particles is a result of

sintering during ammonolysis treatment. Figure 3 presents

the low- and high-magnification TEM images of alumina-

supported cobalt nitride. As shown in the low-magnifica-

tion TEM image (Fig. 3a), the Co4N on the support is oval

in shape and is well-dispersed over the support. The cor-

responding high- magnification TEM image (Fig. 3b)

reveals that the oval-shaped Co4N particles have

20 9 25 nm dimension. The particle size determined by

TEM is closed to that estimated by XRD.

3.2 NO and O2 Uptakes

Figures 4 and 5 show the amount of NO and O2 uptakes

versus temperature over the Co4N and Co4N/c-Al2O3

samples, respectively. From Fig. 4, one can see that below

100 �C, the amount of NO uptake by the two samples was

very little. Above 100 �C, the NO uptake increased with

temperature; it was 35 lmol g-1 at 200 �C and

95 lmol g-1 at 400 �C over the Co4N/c-Al2O3 sample, and

3 lmol g-1 at 200 �C and 29 lmol g-1 at 400 �C over

Co4N. It indicated that a rise in temperature would enhance

the uptake process, and the NO uptake increased quickly

over supported Co4N but slowly over unsupported Co4N.

On the other hand, the amount of oxygen uptake increased

with increasing temperature over both samples (Fig. 5). In

the case of Co4N the curve of oxygen uptake drastically

increased above 300 �C; it was 1,470 lmol g-1 at 400 �C.

While in the case of Co4N/c-Al2O3, the oxygen uptake

increased significantly above 200 �C; it was

1,276 lmol g-1 at 300 �C and 1,622 lmol g-1 at 400 �C.

3.3 NO Dissociation in the Absence of Reducing Agent

Variation of NO conversion as a function of reaction

temperature over Co4N and Co4N/c-Al2O3 are shown in

Fig. 6. It can be seen that NO dissociation occurred at

200 �C over Co4N, and the extent of NO dissociation

increased with increasing temperature; dissociation of NO
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Fig. 1 XRD patterns of Co4N, Co metal, Co4N/c-Al2O3 and c-Al2O3

Fig. 2 SEM image of bulk Co4N
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was about half at 250 �C, and complete dissociation NO

was detected at 350 �C. Over Co4N/c-Al2O3, the degree of

NO dissociation was much higher even at lower tempera-

tures: NO dissociation was 60% at 100 �C and 91% at

200 �C. The degree of NO dissociation increased slowly

from 200 to 350 �C, and total NO dissociation was

achieved at 350 �C. These results indicated that Co4N/c-

Al2O3 showed activity for NO dissociation at lower tem-

perature, and remained active and stable at temperature

higher than 450 �C. In the case of Co4N, decomposition of

Co4N with the evolution of N2 occurred above 450 �C

(dashed line in Fig. 6). It was worthy to note in Fig. 6 that

NO was dissociated to N2 over Co4N and Co4N/c-Al2O3,

with no detectable production of O2. The results indicated

that the oxygen formed by dissociation of NO should

chemisorb on Co4N and Co4N/c-Al2O3 surfaces or migrate

into their bulks at a high temperature. The observations

motivated us to investigate the stable activity of NO dis-

sociation on Co4N and Co4N/c-Al2O3 catalysts.

Figure 7 shows the time dependence of NO conversion

at a given temperature over Co4N and Co4N/c-Al2O3. It can

be seen that the durability of unsupported and supported

Fig. 3 a Low- and b high-magnification TEM images of Co4N/c-

Al2O3
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Co4N is strongly dependent on reaction temperature. Over

the Co4N sample, NO conversion (80%) decreased rapidly

after 3 h at 300 �C due to deactivation of catalyst.

Although the plateau of high activity was prolonged at

reaction temperature of 400 �C, deactivation of catalyst

occurred after 10 h: NO conversion decreased from ca. 100

to 51% within a period of 17 h. The same is true for Co4N/

c-Al2O3: a high NO conversion of ca. 90% was attained at

200 �C but there was sharp decrease after 5 h. With tem-

perature increasing to 300 �C, the conversion was ca. 92%

and the catalyst started to deactivate after 10 h. As the

reaction temperature was further increased to 400 �C, NO

conversion of ca. 100% stayed for a long time, and only

after 30 h that a drop was detected. It is apparent that

despite the lifetime of unsupported and supported cobalt

nitrides could be prolonged by increasing the reaction

temperature, the effect is temporarily and deactivation of

catalysts was inevitable.

3.4 Investigation of Spent Samples

Figure 8 shows the powder XRD patterns of spent sam-

ples collected after reaction at various temperatures (see

Fig. 7), and for comparison those of fresh catalysts and c-

Al2O3 are also given. Over spent Co4N/c-Al2O3 sample of

200 �C reaction, the diffraction peaks resemble those of

fresh sample, in width as well as in intensity. As for the

spent sample of 300 �C reaction, the peaks of CoO

(marked j) coexisted with those of Co4N (marked d).

The results indicated that certain portion of Co4N was

oxidized to CoO during NO dissociation. The spent Co4N/

c-Al2O3 sample of 400 �C reaction showed peaks of CoO

crystallites and the signals of Co4N was barely traceable.

The results indicated that above 200 �C bulk oxidation of

Co4N occurred during NO dissociation over Co4N/c-

Al2O3, and the degree of Co4N oxidation increased with

increasing temperature, and near complete oxidation of

Co4N occurred at 400 �C. As for the spent Co4N sample

of 300 �C reaction, the diffraction peaks resemble those

of fresh Co4N. It is only after reaction at 400 �C that the

spent Co4N sample indicated the coexistence of CoO and

Co4N, with the signals of the former much more intense

than those of the latter. The results indicated that bulk
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oxidation of Co4N occurred during NO dissociation above

300 �C.

For reactivation, the spent Co4N and Co4N/c-Al2O3

samples of low-temperature reaction (300 �C for the bulk

Co4N, 200 �C for supported Co4N) were reduced in H2 at

400 �C. Figure 9 shows the results of three successive

reaction/regeneration cycles. It is clear that NO conversion

was almost the same across the three successive runs,

verifying that the spent Co4N and Co4N/c-Al2O3 catalysts

of low-temperature reaction can be reactivated by means of

H2 treatment.

3.5 NO Dissociation in the Presence of Reducing

Agent

Table 1 shows the catalytic activities of NO dissociation in

the presence of H2 or CO over Co4N/c-Al2O3. When H2

was added to the NO feed, the Co4N/c-Al2O3 catalyst

showed high activity for conversion of NO to N2 (87%) at

200 �C, and 100% NO conversion to N2 was achieved at or

above 400 �C. The conversion of H2 over Co4N/c-Al2O3 is

an activated process and is temperature dependent. One can

see that H2 conversion was only 30% at 200 �C and

increased to 92% at 600 �C. Above 600 �C, there was a

decline in NO reduction plausibly due to the large extent of

NO dissociation on Co4N/c-Al2O3 surface. On the other

hand, when CO was introduced as reducing agent, con-

version of NO to N2 and CO was 15 and 23% at 200 �C,

respectively, significantly lower in NO conversion to N2 in

comparison with that of the NO/H2 reaction (i.e., 87%).

The catalytic behavior of Co4N/c-Al2O3 in NO/CO at

temperatures above 200 �C shows trends similar to those in

NO/H2: NO conversion to N2 reached 100% at 400 �C and

CO conversion increased with increasing temperature,

reaching 82% at 600 �C and declined slightly to 79% at

700 �C. As shown in Table 1, the conversion of reducing

agent (H2 or CO) was much lower than that of NO at any

temperature, except in the case of NO/CO at 200 �C in

which the conversion of CO was slightly higher than that of

NO. It was worthy to note that the Co4N/c-Al2O3 showed a

activity of 94% NO conversion without H2 or CO at 200 �C
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(Fig. 6), however, the conversion of NO decreased to 87%

in the presence of H2 and 12% in the presence of CO

(Table 1). This was because, there was a competition in

adsorption between NO and reducing agent (H2 or CO) on

nitride surfaces, as suggested before [6, 7]. Once the sur-

face active sites were not very effective for co-adsorption

of NO and reducing agent (H2 or CO), the amount of

adsorbed and dissociated NO would reduce and hence the

conversion of NO to N2 would decrease correspondingly.

Figure 10 shows the time dependence of NO conversion

over Co4N/c-Al2O3 at 200 �C in NO/CO and NO/H2

reaction. In NO/H2 reaction, Co4N/c-Al2O3 showed high

initial activity of ca. 87% NO conversion to N2 but deac-

tivated rapidly after 8 h, showing 0% NO conversion to N2

at 13 h. In the case of NO/CO, Co4N/c-Al2O3 showed

relatively lower activity (ca. 12%) but was catalytically

stable throughout the entire period of 20 h.

4 Discussion

The nitrides and carbides of transition metals show cata-

lytic properties similar to those of noble metals [14]. In the

formation of nitrides and carbides, there is contraction of

metal d band and greater density of states near the Fermi

level. The result is catalytic properties different from those

of the parent metals but similar to those of noble metals

[23, 24]. It is well known that noble metal catalysts are

catalytically active in decomposition and reduction of NOx,

and are used as active components in three-way catalyst

(TWC) converters [25, 26]. The similarity in chemical

properties between transition metal nitrides and noble

metals suggests that the former could be active for NO

adsorption and dissociation.

4.1 Catalyst Deactivation

Due to small crystal size and big surface area as well as the

strong interaction of Co4N and c-Al2O3, Co4N/c-Al2O3

showed much higher activity for NO dissociation than

Co4N at 200 �C [11, 12]. While both Co4N and Co4N/c-

Al2O3 deactivate during NO dissociation, the latter shows

better performance than the former. Based on the results of

XRD characterization (Fig. 8), it can be deduced that

deactivation of Co4N during NO dissociation at 400 �C is

mainly due to Co4N bulk oxidation. The same applies to

Co4N/c-Al2O3 during NO dissociation above 300 �C.

Nevertheless, the deactivation of catalysts at lower tem-

peratures (B300 �C for Co4 N, B200 �C for Co4N/c-

Al2O3) might not be due to bulk oxidation as suggested by

the results of XRD studies (Fig. 8). The idea is confirmed

by the results of H2-regeneration experiments where spent

Co4N and Co4N/c-Al2O3 of low-temperature reactions

could be reactivated (Fig. 9).

One can gain a better understanding on the interaction of

oxygen with the surface of Co4N by looking into the results

of oxygen uptake experiments (Fig. 5). The results indi-

cated that oxygen uptake on both samples is an activated

process. At low temperatures (B300 �C for Co4N,

B200 �C for Co4N/c-Al2O3), the oxygen is primarily

absorbed on the surface. A rise in temperature would cause

a rapid increase in O2 uptake, probably due to diffusion of

surface oxygen into Co4N lattice and start of bulk oxida-

tion. In order to confirm whether the steep slope in O2-

uptake profile was due to progressive oxidation of cobalt

nitrides, we heated the as-prepared Co4N and Co4N/c-

Al2O3 samples at 320 and 220 �C, respectively, in air for

2 h. Subsequent XRD analysis (not shown) of both samples

Table 1 Catalytic activities of NO dissociation in the presence of H2

or CO over Co4N/c-Al2O3

T/�C Conversion (%)

NO/H2 system NO/CO system

NO to N2 H2 NO to N2 CO

200 87 30 15 23

300 92 56 86 62

400 100 78 100 74

600 100 92 100 82

700 100 61 100 79

Reaction conditions: NO = 1,000 ppm, H2 or CO = 1,000 ppm, gas

flow rate = 20 cm3 min-1, W/F = 1.2 gscm-3, reaction time = 8 h
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yielded cobalt oxide phase. This is an important piece of

information and since bulk oxidation of Co4N occurred

above 300 �C and that of Co4N/c-Al2O3 above 200 �C, the

structure of the catalysts are intact in low-temperature

reactions (B300 �C for Co4N, B200 �C for Co4N/c-Al2O3)

as confirmed in XRD studies (Fig. 8). We propose that

there are two kinds of deactivation mechanism for NO

dissociation over Co4N-based catalysts. First, the surface of

Co4N is covered with chemisorbed oxygen originated from

NO dissociation, and NO adsorption and dissociation

cease. Nevertheless, the deactivation is temporary and the

spent catalyst can be completely reactivated via removal of

surface oxygen by means of H2-reduction (Fig. 9). Second,

the diffusion of surface oxygen into the bulk of Co4N

during high-temperature reactions ([300 �C for Co4N,

[200 �C for Co4N/c-Al2O3) would result in bulk oxidation

and permanent deactivation of catalyst.

Based on the deactivation mechanism mentioned above,

it is confirmed that the oxygen generated from NO disso-

ciation is not evolved on Co4N and Co4N/c-Al2O3 catalysts

at any temperature. It can therefore be said that Co4N and

Co4N/c-Al2O3 catalysts are catalytic but not effective for

the self-dissociation of NO at low temperature (B300 �C

for Co4N, B200 �C for Co4N/c-Al2O3); NO dissociation

reactions proceed non-catalytically at high temperature

([300 �C for Co4N, [200 �C for Co4N/c-Al2O3), con-

suming cobalt nitride to yield those of corresponding

oxide(s).

4.2 Removal of Surface Oxygen

It is hence clear that the adoption of a reducing agent for

the removal of surface oxygen is beneficial for maintaining

a steady-state of NO dissociation. In the reactions of NO

reduction with H2 or CO, the following stoichiometric

conversions (Eqs. 1 and 2) of NO to N2 are expected:

2NO þ 2H2 ¼ N2 þ 2H2O ð1Þ
2NO þ 2CO ¼ N2 þ 2CO2 ð2Þ

From the data at the temperature above 200 �C in

Table 1, the conversion of NO to N2 is much higher than

that of reducing agent (H2 or CO), indicating that the self-

dissociation of NO on supported cobalt nitride catalyst

occurs to yield a portion of N2, but oxygen generated from

NO dissociation was captured by the catalyst. In other

words, in NO/H2 and NO/CO reactions, oxygen from NO

dissociation would inevitably incorporate into the bulk of

Co4N/c-Al2O3 catalyst above 200 �C, and hence can not be

removed completely by reducing agent. The results have

been verified by O2-uptake and XRD measurements as

shown in Figs. 5 and 8. Therefore, in order to obtain a

steady-state NO dissociation, the reducing agent has to be

effective below the temperature at which diffusion of

surface oxygen into bulk occurs. During NO/H2 and NO/

CO reactions at 200 �C, the nitrogen-containing reaction

products is only N2, without N2O, NH3 (in the case of H2)

and other nitrogen oxides by analysis of MS and IRAS. The

product of N2 can be originated from the reactions (Eqs. (1)

and (2)) and the self-dissociation of NO on Co4N/c-Al2O3

catalyst. Thus, we believe that a steady-state NO

dissociation can be obtained when a completely

stoichiometrical conversion of NO and reducing agent

(H2 or CO) seems to be achieved. From Table 1, in the case

of H2 as reducing agent, H2 and NO conversion at 200 �C

over Co4N/c-Al2O3 was 30 and 87%, respectively. The

results reveal that despite NO dissociation is effective at

200 �C, only a minor part of oxygen was removed by H2

(Table 1). In the case of CO as reducing agent, CO and NO

conversion at 200 �C was 23 and 15%, respectively. The

data indicated that although the extent of NO dissociation

was relatively lower in comparison to that of the NO/H2

case, the oxygen originated from NO dissociation can be

effectively captured and removed by CO. The conversion

of NO and CO is non-stoichiometric with the latter higher

than the former. Considering the passivation procedure in

catalyst preparation, there would be surface oxygen prior to

NO adsorption, and the extra oxygen would mean CO

conversion larger than NO conversion. It is obvious that a

catalytic cycle can be established over Co4N/c-Al2O3 at

200 �C in NO/CO reaction. As in the case of NO/H2, the

oxygen produced in NO dissociation is captured by the

catalyst in large proportion. With heavy accumulation of

surface oxygen on Co4N/c-Al2O3, there is deactivation of

catalyst with reaction time (Fig. 10).

5 Conclusions

Bulk and c-Al2O3-supported Co4N were synthesized by

NH3-temperature-programmed reaction, and their redox

properties for NO dissociation and reduction were investi-

gated. We found that the lifetime of Co4N can be prolonged

by increasing the reaction temperature but the catalysts still

suffer from deactivation in NO dissociation reaction. As

indicated by the results of XRD and catalyst regeneration

experiments, there are two kinds of deactivation mecha-

nism. (1) Heavy accumulation of surface oxygen generated

in NO dissociation at low temperatures (B300 �C for Co4N,

B200 �C for Co4N/c-Al2O3,) would cause temporary

deactivation of catalysts. By reduction with H2, the samples

can be reactivated. (2) The diffusion of surface oxygen into

the lattice of Co4N at high temperatures ([300 �C for Co4N,

[200 �C for Co4N/c-Al2O3) would result in bulk oxidation

and permanent deactivation of catalysts. Therefore, Co4N

and Co4N/c-Al2O3 catalysts are catalytic but not effective
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for low-temperature NO dissociation; NO dissociation

reactions proceed non-catalytically at high temperatures,

consuming cobalt nitride to yield those of corresponding

oxide(s). Clearly, it is advisable to establish a steady-state

of NO dissociation over Co4N/c-Al2O3 when a suitable

reducing agent is adopted for the complete removal of

surface oxygen at a temperature low enough to avoid bulk

oxidation. We found that surface oxygen from NO disso-

ciation could be effectively removed by CO at 200 �C, and

cycles of catalytic dissociation of NO can be achieved using

Co4N/c-Al2O3 as catalyst.
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