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Abstract

The catalytic properties of the passivated, reduced passivated,and fresh bulk molybdenum nitride for hydrazine decomposition were
evaluated in a microreactor. The reaction route of hydrazine decomposition over molybdenum nitride catalysts seems to be the same a
of Ir/γ -Al2O3 catalysts. Below 673 K, the hydrazine decomposes into N2 and NH3. Above 673 K, the hydrazine decomposes into N2 and
NH3 first, and then the produced NH3 further dissociates into N2 and H2. From the in situ FT-IR spectroscopy, hydrazine is adsorbed
decomposes mainly on the Mo site of the Mo2N/γ -Al2O3 catalyst.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, the catalytic performances of transition me
nitride and carbide catalystsfor hydrazine decompositio
have been studied because of their low cost and platin
like behavior in catalysis [1–6]. Transition metal nitride and
carbide catalysts have the potential to substitute for the tr
tional noble metal catalyst (20–40 wt% Ir/Al2O3), which has
been widely applied to hydrazine decomposition in spac
technology since the 1970s [7–10].

In 1997, hydrazine decomposition over molybdenum ni-
tride and tungsten carbide catalysts was reported for the
time [1]. Their catalytic properties were similar to those
the iridium catalyst in a thruster. Three years later, tung
nitride and niobium nitride catalysts were also studied
hydrazine decomposition reaction. The activity of niobium
nitride was lower than that of tungsten nitride and iridiu
catalysts [2]. Moreover, alumina-supported molybdenum
tride and carbide catalysts areactive as Ir catalysts for hy
drazine decomposition in the thruster [5,6].
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Generally speaking, there are two typical reaction rou
for hydrazine decomposition as depicted in Eqs. (1) and
[8,9,11]. The produced ammonia decomposes further
nitrogen and hydrogen at elevated temperatures acco
to Eq. (3). Eq. (4) describes the overall reaction of hydraz
decomposition. In Eq. (4),X is defined as the selectivity o
hydrazine decomposition, which is the decomposition p
centage of hydrazine followed by Eq. (1):

(1)N2H4 = N2 + 2H2,

(2)3N2H4 = N2 + 4NH3,

(3)2NH3 = N2 + 3H2,

(4)3N2H4 = 4(1− X)NH3 + (1+ 2X)N2 + 6XH2.

It has been reported that the reaction route of hydra
decomposition depends on the metal and the temper
range [11]. For instance, the main reaction over Ir, Ni, C
Ru, Ag, and Cu catalysts proceeds through Eq. (2), w
reactions (1) and (2) can take place over Rh, Pt, and Pd
alysts at the same time between 333 and 433 K [3]. Furt
more, the products of hydrazine decomposition over tung-
sten carbide catalysts are nitrogen and ammonia, sugge
that the reaction route is through Eq. (2) [3].

Although the catalytic performances of transition meta
nitrides and carbides for hydrazine decomposition have be
studied extensively, little attention has been paid to the
trinsic activity, reaction route, and active site on transit
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metal nitride and carbide catalysts. In this work, the c
alytic activities of passivated, reduced passivated, and f
molybdenum nitride catalystsfor hydrazine decompositio
evaluated in a microreactor are compared in order to co
late the catalysis nature and surface chemistry of moly
num nitride catalysts. FT-IRspectroscopy, combined wit
the adsorption of probe molecules, has been employe
characterize the surface of molybdenum nitride catal
[12–14]. The hydrazine adsorption and decomposition ove
a Mo2N/γ -Al2O3 catalyst were investigated by in situ FT-
spectroscopy for the first time. The reaction route of
drazine decomposition over molybdenum nitride catalys
also proposed.

2. Experimental

2.1. Catalyst preparation

Bulk molybdenum nitride catalyst was prepared
temperature-programmed reaction of MoO3 and ammonia
(� 99.99%). The temperature was increased from room t
perature to 573 K at a rate of 5 K/min and then to 973 K a
a rate of 1 K/min, and finally was kept at the terminal tem
perature for 2 h. The nitrided sample was cooled to ro
temperature in a flow of ammonia and passivated with a m
ture of 1 vol% O2/N2 to avoid the violent oxidation of th
prepared catalyst before exposure to air. The BET spe
surface area of the passivated bulk Mo2N is 104 m2/g. The
XRD result shows that the main phase of this sample isγ -
Mo2N.

The supported Mo2N/γ -Al2O3 (8.7 wt%) catalyst was
synthesized by nitriding MoO3/γ -Al2O3 precursor with am
monia. The nitrided and passivated procedures are the
as those for the bulk molybdenum nitride sample. T
MoO3/γ -Al2O3 precursor was prepared by the incipie
wetness method using an aqueous (NH4)6Mo7O24·4H2O so-
lution andγ -Al2O3, followed by drying at 393 K for 12 h
and calcination at 773 K for 4 h. The BET specific surfa
area ofγ -Al2O3 is 198 m2/g.

A commercial 31.6 wt% Ir/Al2O3 catalyst with BET spe
cific area of 164.9 m2/g was used and compared with t
molybdenum nitride catalyst in the catalytic activity test a
NH3-TPD experiment. In order to obtain good transmiss
in IR measurements, Ir/Al2O3 and Mo2N/Al2O3 with lower
metal loadings (7.7 and 8.7 wt%, respectively) were u
The 7.7 wt% Ir/γ -Al2O3 catalyst was prepared by the inci
ient wetness method using an aqueous solution of H2IrCl6
andγ -Al2O3 (198 m2/g), and then dried at 393 K for 12
and calcinated at 673 K for 4 h.

2.2. Catalyst tests

The catalytic activities were evaluated in a fixed-bed c
tinuous flow microreactor. Thetemperature of liquid hy
drazine remained at 303 K and a flow of Ar gas was pas
e

through the liquid hydrazine. The feedstock consists of a
3 vol% N2H4 in Ar. The space velocity of the N2H4/Ar mix-
ture was 17,000 h−1. A 0.04 ml catalyst and 0.26 ml silic
were mixed together and placed in the quartz reactor.
ferent activation procedures were used. Before the rea
test, the fresh Mo2N was obtained by renitriding the pas
vated Mo2N through a flow of ammonia (� 99.99%). The
flow rate of ammonia is 100 ml/min. The temperature wa
raised to 973 K with a rate of 10 K/min and held at this
temperature for 1 h. The passivated Mo2N catalyst was re
duced by H2 at 773 K for 1 h and is called reduced passiva
Mo2N catalyst. The 31.6 wt% Ir/Al2O3 catalyst was also re
duced by H2 at 773 K for 1 h before the catalytic test. T
initial reaction temperature was 303 K and was gradually
creased until N2 and H2 were detected as the main produ
of reaction.

The feedstock and the product analysis were car
out using an on-line gas chromatograph (Agilent-68
equipped with a thermal conductivity detector and an
tomatic injection valve. The carrier gas is argon. Separa
of the products is achieved using a Chromosorb 102 col
and a 13 X molecular sieve column before the detector.

2.3. NH3-TPD characterization

Catalysts (200 mg) were reduced at 773 K for 1 h
then were flushed for 0.5 h at 773 K with He. When
temperature was decreasedto room temperature, NH3 was
injected using a syringe until saturation. During the T
process the desorbed products were monitored by TCD
a mass spectrometer (Omnistar) at the same time. The
nals ofm/e = 2, 14, 15, 16, 17, 18, and 28 were detec
simultaneously.

2.4. FT-IR studies

All the infrared spectra were collected at room temp
ature on a Fourier transform spectrometer (Nicolet Imp
410) with a resolution of 4 cm−1 and 64 scans in the regio
4000–1000 cm−1. A passivated 8.7 wt% Mo2N/γ -Al2O3

sample was pressed into a self-supporting wafer and pu
a quartz IR cell with CaF2 windows. The passivated samp
was heated in ammonia from room temperature to 623
a rate of 10 K/min, and then to 723 K at a rate of 1 K/min,
further from 723 to 903 K at a rate of 3 K/min, and then
held at this temperature for 1 h. The passivated sample
itrided by NH3 in the IR cell is called fresh Mo2N/γ -Al2O3

sample, while the passivated sample treated with H2 at 773 K
for 1 h is denoted as reduced passivated Mo2N/γ -Al2O3. Be-
fore adsorption the as-prepared sample was held in vac
at 773 K for 1 h and then cooled to room temperature. All
spectra were obtained at RT after the system was evac
at 10−2 Pa.
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3. Results and discussion

Previous literature shows that the surface of fresh,
duced passivated, and passivated molybdenum nitride
alyst is quite different [12,13]. However, most studies ab
the catalytic decomposition of hydrazine over passivat
transition metal nitrides and carbides were investigate
thrusters on which there is a thin oxynitride or oxycarb
layer on the surface of the catalyst [1,2,4–6]. In order to g
sight into the intrinsic catalytic property of molybdenum
tride catalyst, the catalytic activities of passivated, redu
passivated, and fresh bulk Mo2N catalysts for hydrazine de
composition versus reaction time at 303 K were compa
in the microreactor (Fig. 1). It can be seen that the con
sion of hydrazine over the passivated Mo2N catalyst is only
about 20% at the beginning and then decreases slightly
reaction time. The hydrazine conversion declines to 7%
ter 240 min on stream. After the passivated Mo2N catalyst
was reduced with H2 at 773 K for 1 h, the catalytic activitie
for hydrazine decomposition increase significantly. The
drazine conversion is around 90% and then tends to be s
at the level of 80%. It was reported that after the passiva
Mo2N sample was renitrided at 973 K, the BET spec
surface area, the crystal structure, and the H2 uptake charac
teristics are similar to those of the fresh one [12–15]. As s
in Fig. 1, the conversion of hydrazine over a fresh Mo2N cat-
alyst remains 100% in the initial 20 min on stream, and t
decreases slightly with the increase of reaction time. T
result indicates that there is no big difference between th
fresh and the reduced passivated Mo2N catalysts. However
the catalytic activities of the passivated Mo2N catalyst are
relatively lower than those of the fresh Mo2N catalyst. The
lower activity of the passivated Mo2N catalyst is due to the
passivated procedure, which leads to great change on th
face of the Mo2N catalyst.

As noted in Section 1, hydrazine decomposes into
drogen, nitrogen, and ammonia by two reaction routes

Fig. 1. Hydrazine decomposition over fresh, reduced passivated, and
vated bulk Mo2N catalysts at 303 K.
-

r-

-

order to know the reaction route of hydrazine decomp
tion over molybdenum nitride catalysts, thermal decomp
tion and catalytic decomposition over the commercial Irγ -
Al2O3 catalyst and fresh bulk Mo2N catalyst are shown in
Fig. 2.

Without any catalyst, no reaction occurs when the re
tion temperature is below 473 K. As soon as the reac
temperature is up to 473 K, hydrazine begins to decomp
into N2 and NH3. The conversion of hydrazine increas
with increasing reaction time.Hydrazine decomposes com
pletely at 513 K. When the reaction temperature is increa
gradually, H2 begins to appear and the selectivity to re
tion (1) increases. The selectivity to H2 is about 15% a
973 K. For the thermal decomposition of hydrazine, the m
reaction is reaction (2) below 873 K.

The hydrazine conversion is 100% over 31.6 wt% Ir/A2-
O3 catalyst even at 303 K. Below 573 K, the main produ
of hydrazine decomposition are N2 and NH3, and then the
selectivity increases with increasing reaction temperatur
N2, H2, and NH3 exist in the products of hydrazine decom
position at the same time. When the temperature is u
723 K, NH3 vanishes, and the selectivity of the catalys

Fig. 2. Thermal decomposition of hydrazine and catalytic decompositio
hydrazine on fresh bulk Mo2N and 31.6 wt% Ir/γ -Al2O3 catalysts: (a) hy-
drazine conversion, (b) selectivity of hydrazine decomposition.
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100%; that is, hydrazine decomposes mainly through r
tion (1). Similar to the Ir/γ -Al2O3 catalyst, the main prod
ucts are N2 and NH3 below 673 K over fresh Mo2N catalyst
and then the selectivity of the catalyst begins to increase
increasing reaction temperature. H2 starts to be produce
when the temperature is above 773 K and the hydrazine
composition is mainly followed by reaction route (1).

The produced ammonia could decompose into nitro
and hydrogen at elevated temperatures. It has been rep
that both Ir/γ -Al2O3 and transition metal nitrides are e
cellent catalysts for NH3 decomposition [16–20]. In orde
to make sure that the produced ammonia decomposes
N2 and H2 at the elevated temperatures, NH3-TPD over
γ -Al2O3, commercial 31.6 wt% Ir/Al2O3, and bulk Mo2N
catalysts were studied. As seen in Fig. 3, the maxim
NH3 desorption (mass= 16) appears around 370 K on t
γ -Al2O3 support. No N2 (mass= 28) and H2 (mass= 2)
desorption peaks are observed. NH3 desorbs from the Ir/γ -
Al2O3 catalyst from 330 to 430 K. The desorption of N2
commences in the temperature region of 500–700 K; m
while, a H2 desorption peak appears. Therefore, the des
tion peaks of N2 and H2 are attributed to NH3 decompo-
sition on Ir/γ -Al2O3 catalyst. NH3-TPD for reduced pass
vated bulk Mo2N is also shown in Fig. 3. Although there a
two kinds of NH3 desorption peaks in the low temperatu
range (300–600 K), which are different from the Ir/Al2O3,
the desorption of N2 and H2 can also be found in tempe
atures higher than 600 K. The N2 desorption between 60
and 800 K is accompanied by H2 desorption. It must com
from the decomposition of NH3. On the other hand, the N2
desorption peak at temperatures higher than 800 K sh
be the result of Mo2N decomposition. The NH3-TPD results
suggest that there are active sites for NH3 decomposition on
both the Ir/γ -Al2O3 and Mo2N catalysts, and also at elevat
temperatures the produced NH3 really decomposes into N2
and H2. The similar product distributions of hydrazine d
composition and similar NH3-TPD profiles over Ir/γ -Al2O3
and molybdenum nitride catalysts indicate that hydrazine
composition experiences similar reaction routes on Ir/Al2O3
catalysts and fresh Mo2N catalysts. At lower temperature
hydrazine decomposes into nitrogen and ammonia. Ab
673 K, hydrazine decomposes into nitrogen and ammo
In the second step the produced ammonia dissociates
nitrogen and hydrogen.

Fig. 4 shows the IR spectra of adsorbed NH3 and N2H4
on γ -Al2O3, N2H4 on 7.7 wt% Ir/γ -Al2O3 catalyst, and
gaseous N2H4. The gas phase of hydrazine has three c
acteristic IR bands at 3330–3287, 1620, and 1262 c−1

(Fig. 4, a). The 3330–3287 cm−1 band can be attributed t
the vibrations of N–H stretching, while the bands at 16
and 1262 cm−1 are mainly assigned to the N–H bendi
vibrations [21]. When N2H4 is adsorbed onγ -Al2O3, the
characteristic IR band of N2H4 is at 1620 cm−1. Adsorbed
NH3 on γ -Al2O3 gives three IR bands at 1620, 1484, a
1260 cm−1. These bands are similar to those observed
Contour and Pannetier [9]. IR bands at 1620 and 1260 c−1
-

d

Fig. 3. The NH3-TPD profiles (mass spectroscopy) ofγ -Al2O3, 31.6 wt%
Ir/γ -Al2O3, and reduced passivated bulk Mo2N.

could be assigned to the adsorbed NH3 on the Lewis acid
site of γ -Al2O3, and the band at 1484 cm−1 could be at-
tributed to ammonium ions. N2H4 adsorption on the reduce
Ir/γ -Al2O3 catalyst at 773 K shows absorbance feature
1620, 1484, and 1262 cm−1 (see Fig. 4,d). Considering th
results of NH3 and N2H4 adsorption onγ -Al2O3, the band a
1484 cm−1 can be attributed to the NH4+, which is produced
by NH3 adsorption on the surface of the catalyst. These
sults suggest that hydrazine decomposition occurs on
Ir/γ -Al2O3 catalyst because the band at 1484 cm−1 is not
observed when N2H4 is adsorbed on the surface ofγ -Al2O3;
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Fig. 4. IR spectra of (a) gaseous N2H4, (b) N2H4 adsorbed onγ -Al2O3,
(c) NH3 adsorbed onγ -Al2O3, and (d) N2H4 adsorbed on 7.7 wt%
Ir/γ -Al2O3 at RT.

Table 1
Assignment of the IR bands from NH3 and N2H4 adsorption onγ -Al2O3,
7.7 wt% Ir/γ -Al2O3, and 8.7 wt% Mo2N/γ -Al2O3 catalysts

Species Gas phaseγ -Al2O3 Ir/γ -Al2O3 Mo2N/γ -Al2O3 Assignment

NH3 3337–3414 ν(NH)
1628 1620 1620 1620 δ(NH)

1484 1484 1484 NH4
+

950 1260 1260 1260 δ(NH)

N2H4 3330–3287 3330–3287 3330–3287 3330–3287 ν(NH)
1620 1601 1620 1620 δ(NH)
1262 1260 1260 δ(NH)

1484 1484 NH4
+

however, the band at 1484 cm−1 is seen when N2H4 is ad-
sorbed on the Ir/γ -Al2O3 catalyst. The assignment of the I
bands from NH3 and N2H4 adsorption onγ -Al2O3 and Ir/γ -
Al2O3 catalysts is listed in Table 1.

As described before, the fresh and reduced passiv
Mo2N/γ -Al2O3 catalysts have a much higher activity th
the passivated Mo2N/γ -Al2O3 catalyst. N2H4 adsorptions
on passivated, reduced passivated, and fresh Mo2N/γ -Al2O3
catalysts were therefore studied using in situ IR spe
(shown in Fig. 5). N2H4 adsorption on passivated Mo2N/γ -
Al2O3 catalyst gives IR bands at 3330–3287, 1620,
1455 cm−1. However, the characteristic IR bands of N2H4
adsorption on reduced passivated and fresh Mo2N/γ -Al2O3
catalysts appear at 3330, 1620, and 1484 cm−1, similar to
the adsorption of N2H4 on Ir/γ -Al2O3 catalysts. The ban
of NH3 adsorption on the Brønsted acid site of fresh a
reduced passivated Mo2N/γ -Al2O3 catalysts (1484 cm−1)
shifts to lower frequencies (1455 cm−1) when hydrazine is
adsorbed on the passivated Mo2N/γ -Al2O3 catalyst. This
result is possibly due to the oxynitride layer on the s
face of passivated catalyst [22]. The oxygen atom on
surface of passivated Mo2N/γ -Al2O3 catalyst has a signifi
Fig. 5. IR spectra of N2H4 adsorption on 7.7 wt% Ir/γ -Al2O3 catalysts and
8.7 wt% Mo2N/γ -Al2O3 catalysts with different states.

cant effect on the adsorption and reaction properties of f
Mo2N/γ -Al2O3 catalyst for hydrazine decomposition. Ya
et al. found that the surface of reduced passivated Mo2N/γ -
Al2O3 catalyst is in a highly oxidic form; i.e., most Mo site
are in high valence state (+4). When the sample is renitride
at a temperature as high as 873 K, the surface molybde
atoms can be reduced to Moδ+ (0 < δ < 2) cations [12].
These similar catalytic results are probably because the
is no obvious difference of hydrazine adsorption and re
tion behaviors. These suggest that when the valence
of Mo atom on the surface of Mo2N/γ -Al2O3 catalysts is
lower than or equal to+4, the Mo2N/γ -Al2O3 catalysts have
catalytic activities close to those of Ir/γ -Al2O3 catalysts for
hydrazine decomposition.

As seen in Fig. 6, CO adsorption on the fresh Mo2N/γ -
Al2O3 catalyst gives two characteristic IR bands at 20
and 2200 cm−1, corresponding to the adsorbed CO on
surface Mo and N sites, respectively, forming linearly ad-
sorbed CO and NCO species [12]. When N2H4 is adsorbed
on the CO-preadsorbed Mo2N/γ -Al2O3 catalyst, the band a
2200 shifts to 2191 cm−1, while the band at 2045 cm−1 dis-
appears, accompanied by the appearance of a new ba
2240 cm−1. This band may be assigned to one or severa
the following possible species:

(1) NCO species,
(2) Mo–NC (or Mo–CN) species,
(3) Al–NC (or Al-CN) species, or
(4) Al–NCO species [13].

At the same time, the bands at 1620 and 1484 cm−1 were
seen which can be attributed to N2H4 adsorption and reac
tion on the Mo2N/γ -Al2O3 catalyst. The disappearance
the band at 2045 cm−1, which is assigned to the adsorb
CO on the Mo site of the Mo2N/γ -Al2O3 catalyst, suggest
that N2H4 is adsorbed mainly on the Mo site and then
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Fig. 6. IR spectra of CO and N2H4 coadsorbed on fresh 8.7 wt% Mo2N/
γ -Al2O3 catalyst at RT: (a) CO alone, (b) CO preadsorbed, then N2H4,
(c) N2H4 preadsorbed, then CO.

composes to NH3 and N2 over it. When N2H4 is preadsorbed
on the Mo2N/γ -Al2O3 catalyst, subsequently adsorbed C
gives one band at 2191 cm−1 and the band at 2045 cm−1

does not appear. This reveals that N2H4 adsorption on the
Mo2N/γ -Al2O3 catalyst is so strong that it covers the a
sorption site of the catalyst, so the IR band of CO adsorp
on the Mo sites is not observed. These results show tha
drazine is mainly adsorbedand decomposes on the Mo s
of the Mo2N/γ -Al2O3 catalyst.

4. Conclusions

The performances of molybdenum nitride catalysts w
different states for hydrazine decomposition have been s
ied in the microreactor. The catalytic activity for hydrazine
decomposition over passivated molybdenum nitride is m
lower than those of reduced passivated and fresh moly
num nitride catalysts. The reaction route of hydrazine
composition over a molybdenum nitride catalyst is simila
to that of a Ir/γ -Al2O3 catalyst. Below 673 K, hydrazin
mainly decomposes into N2 and NH3; when the reaction
-

-

-

temperature is up to 673 K, hydrazine decomposes into2
and NH3 at first, and then the produced NH3 begins to dis-
sociate into N2 and H2.

The hydrazine adsorption and reaction behaviors o
Mo2N/γ -Al2O3 catalysts were investigated by in situ F
IR spectroscopy for the first time. It is found that IR spec
of adsorbed hydrazine over the reduced passivated and
Mo2N/γ−Al2O3 catalysts are also similar to those of Ir/γ -
Al2O3 catalysts. This provides new evidence for the simi
ities of molybdenum nitride with platinum metal in catalys
With assistance of the IR technique, N2H4 adsorption test
on the nitride surface, containing preadsorbed CO, sug
that the adsorption occurs mainly on the Mo site of Mo2N/γ -
Al2O3 catalysts.
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