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A noble metal-free catalyst, Raney Ni, exhibited> 99% selectivity toward H2 for hydrous hydrazine decomposition in
basic solution at 30

�
C. The particle size of the initial Ni-Al alloy and the concentration of additional alkali influenced

the H2 selectivity on Raney Ni catalysts. This convenient route provides great potential for industrial application of
hydrous hydrazine as a promising hydrogen storage material. VC 2013 American Institute of Chemical Engineers AIChE
J, 59: 4297–4302, 2013
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Introduction

Storing hydrogen safely and efficiently remains one of the
major technological barriers preventing the large-scale utili-
zation of hydrogen energy.1 Chemical hydrogen storage is
thought to be one of the most promising approaches to meet
this challenge, due to its considerably high gravimetric and
volumetric hydrogen density.2–4 Recently, hydrous hydra-
zine, such as hydrazine monohydrate (N2H4�H2O), was dis-
covered as a promising hydrogen carrier material for H2

generation at ambient temperature, because it has the follow-
ing advantages: high content of usable hydrogen (e.g., 8.0 wt
% for N2H4�H2O), production of CO-free hydrogen by com-
plete decomposition, and safe for handling.5

The decomposition of hydrazine proceeds via two typical
reaction routes:

Complete decomposition

N2H4 ! N2 gð Þ12H 2 gð Þ (1)

Incomplete decomposition

3N 2H4 ! 4NH 3 gð Þ1N2 gð Þ (2)

Obviously, only the complete decomposition of hydrous
hydrazine (pathway 1) led to H2 generation and the pathway
2 should be hindered. However, it is a thermodynamic unfav-
orable process for complete decomposition of hydrazine
(pathway 1) at low temperatures. For example, on the indus-
trially used iridium catalyst for this process, the main prod-
ucts are NH3 and N2 at low temperatures, and the selectivity

to H2 is very low (�2%).6,7 NAN bond is much easier to
cleavage than NAH bond over Ir surface, which leads to the
formation of NH3 in the final products.8 Thereby, it is a great
challenge of developing efficient catalysts for the selective
decomposition of hydrous hydrazine to H2 production. To
this end, a series of Ni-based bimetallic catalysts were syn-
thesized, including Ni-Rh, Ni-Pt, and Ni-Ir, which showed
alomost 100% H2 selectivity at room temperature.9–14

Although these Ni-based bimetallic catalysts exhibited
high selectivity to H2, the cost of catalysts was greatly
increased with the incorporation of noble metals. Thus, the
development of completely noble metal-free catalysts is
urgently required for selective decomposition of hydrous
hydrazine. With this aim, Xu’s group employed Ni-Fe nano-
particle as the catalyst, which exibited 100% selectivity to
H2 in basic solution when the temperature increased to 70
�C.15 Shao and coworkers once reported that composite
oxide Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF) was an effective cata-
lyst for the decomposition of liquid hydrazine to H2 and N2

in strong basic conditions.16,17 Meanwhile, Tong et al. pre-
pared Fe-B catalyst for hydrogen generation from the N2H4

decomposition.18 In our recent work, a supported Ni/Al2O3

catalyst was synthesized using Ni-Al hydrotalcite as a pre-
cursor, which showed 93% selectivity to H2 for this reaction
at 30�C.19 This unique catalysis is due to the cooperative
action of highly dispersed metallic Ni particles and strong
basic sites located in the neighborhood.

Previous research has indicated that, among all the metallic
catalyst systems, Ni showed the highest selectivity to H2 from
hydrous hydrazine decomposition under mild conditions.
Raney Ni is one of the most widely used Ni catalysts in indus-
try due to its high activity, large BET surface area, and struc-
tural stability.20–27 In this work, we have discovered that
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Raney Ni is both active and selective for H2 production from
hydrous hydrazine decomposition. This noble metal-free cata-
lyst showed high (> 99%) and sustainable selectivity to H2 in
basic solution (NaOH solution) at 30�C. Separation of this cat-
alyst from the reactant liquid is quite simple by using a magnet,
as Raney Ni has an excellent magnetic property. This conven-
ient route provides great potential for industrial application of
hydrous hydrazine as a promising hydrogen storage material.

Experimental Procedure

Hydrous hydrazine decomposition test

Two types of commercialized Raney Ni catalysts were
employed for hydrous hydrazine decomposition. They were
denoted as Raney Ni-40 and Raney Ni-300, indicating that the
original particle size of catalysts were 40 meshes and 300
meshes, respectively. The Raney Ni-40 and Raney Ni-300 were
provided by Dalian General Chemical Industry Co., Ltd. Both
catalysts were washed with degassed water before utilization.

The decomposition test was carried out in a three-necked
round-bottom flask containing �0.20 g Raney Ni with 5 mL
oxygen-free water to avoid oxidation. When NaOH was nec-
essary, it is dissolved in the water mentioned previously and
cooled to reaction temperature before the test. Under mag-
netic stirring, the reaction was initiated by introducing 5 mL
diluted hydrous hydrazine solution (containing 1.6 mmol
N2H4) into the reactor. The gaseous product was allowed to
pass through a trap containing 0.5 mol L21 hydrochloric
acid to ensure the absorption of ammonia, and was then
measured volumetrically using the gas burette connected to
one neck of the reactor.

The selectivity toward hydrogen generation (x) was eval-
uated on the basis of the equation: 3 N2H4! 4(1-x)
NH3 1 6x H2 1 (112x) N2, which could be deduced from
the Eqs. 1 and 2 in this article. The selectivity is defined as
follows

x5
3k21

8
k5

n N21H2ð Þ
n N2H2ð Þ

1

3
� k � 3

� �� �

The turnover frequency (TOF) value was calculated as
follows

TOF 5
C

mNi 3D3t

C is 30% conversion of hydrous hydrazine (g), mNi is the
mass of Ni in the catalyst (g), D is the metal dispersion, and
t: reaction time (min).

Characterization

Thermo IRIS Intrepid II inductively coupled plasma (ICP)
was used to determine the exact content of Ni and Al in
Raney Ni-40 and Raney Ni-300 catalysts. The X-ray diffrac-
tion (XRD) patterns were recorded with a PANalytical
X’Pert-Pro powder X-ray diffractometer, using Cu Ka mono-
chromatized radiation (k 5 0.1541 nm) at a scan speed of 5�

min21. The scanning angle (2h) range was from 10� to 80�,
operated at 40 kV and 40 mA. The SEM images were
recorded using a HITACHI S-5500 FEASEM instrument.
Nitrogen adsorption2desorption measurements were per-
formed at 2196

�
C with a Micrometrics ASAP2010 instru-

ment. The specific surface areas were calculated with BET
equation(SBET).

The metal dispersion of Raney Ni was measured by H2

pulse adsorption method on a Micromeritics AutoChem II
2920 automated catalyst characterization system. The sam-
ples were first flushed with Ar for 2 h at 150�C to remove
water in the catalysts. After cooling to 50

�
C, H2 was injected

until saturation. The amount of H2 adsorbed could be calcu-
lated from the pulse results monitored by a thermal conduc-
tivity detector (TCD). The metal dispersion was obtained
from the H2 adsorption results by assuming adsorption of
one H per Ni atom.

Results and Discussion

The Raney Ni-40 and Raney Ni-300 catalysts were tested
in the hydrous hydrazine decomposition reaction. Figure 1
illustrated that both of the Raney Ni catalysts showed 100%
conversion of hydrous hydrazine at 30

�
C. However, Raney

Ni-300 exhibited 80% selectivity to H2, which was higher
than Raney Ni-40 (68%, Table 1). The N2H4 decomposition
turnover frequency (TOF) was 2.0 min21 on Raney Ni-300
at 30

�
C, which was also higher than that on Raney Ni-40

(1.1 min21, Table 1). The performance difference was prob-
ably attributed to the structural difference of the two types
of Raney Ni catalysts. From XRD patterns (Figure 2), it is

Figure 1. Kinetic plots for Raney Ni with different
meshes (a) Raney Ni-40, (b) Raney Ni-300,
and (c) Raney Ni-300 with addition of NaOH
(0.5 mol L21).

The reaction temperature was 30�C. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Table 1. Summary of H2 Selectivity and TOFs for Different Catalysts at 30�C

Catalyst Raney Ni-40 Raney Ni-300
Raney Ni-300 1

NaOH (0.5 mol L21)
Raney Ni-300 1 NaOH

(0.5 mol L21)220th cycle

Selectivity (%) 68 80 >99 96
TOFa (min21) 1.1 2.0 1.9 1.9

aTOF value was calculated at the conversion of 30%
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observed that the main diffraction peaks of Raney Ni-300
were at 44.4, 51.7, and 76.2�, which belonged to (111),
(200), and (220) planes of fcc Ni (PDF #01–089-7128),
respectively. However, the three peaks slightly shifted to
higher angles (44.6, 51.9, and 76.4�) for Raney Ni-40. This
little shift to higher angles may be attributed to the remain-
ing Ni-Al alloy in Raney Ni-40 catalyst because of a smaller
atomic radius for Al atom. Extraction of aluminum from Ni-
Al alloy precursor is an important step in preparing Raney
Ni catalyst, leaving behind a porous residue of nonsoluable
Ni.26,27 Compared with Raney Ni-300, the particle size of
Ni-Al precursor was larger for Raney Ni-40, which may lead
to more Al remaining in the final catalyst. ICP results indeed
indicated that the contents of Al were higher in Raney Ni-40
(6.9 wt %) than in Raney Ni-300 (5.8 wt %) (Table 2). Fig-
ure 3 shows the HRSEM images of the studied catalysts.
Both of the catalysts were constituted by fractured and strati-
fied particles. This typical stratified structure was generated
after leaching Al from the Ni-Al alloy precursor. However,
compared with Raney Ni-40, the structure was more homo-
geneously distributed in Raney Ni-300 catalyst with a
brighter border, indicating less Al residue.21 Therefore, the
size of the Ni-Al alloy precursor may have an influence on
the aluminum extraction, which is easier to occur on the pre-
cursor with a smaller size, for example Raney Ni-300. More-
over, Al2O3 may be formed during the leaching process,
which also makes it difficult for Al leaching from the inside
of Ni-Al particles.27 It has been reported that this remaining
Al species could modify the chemisorption properties of
reactant molecules.28,29 The lower activity and selectivity on

Raney Ni-40 reflects the detrimental effect of residue Ni-Al
alloy, which prevents the selective activation of NAH bond.
Hereafter, we focused our following study on Raney Ni-300
catalyst.

To further improve the performance, alkali (NaOH) was
used as a promoting additive to Raney Ni-300 catalyst in
this reaction. It has been reported that the existence of strong
basic sites plays an important role in promoting the selectiv-
ity to H2.15,16 The amount of additional NaOH was adjusted
and precisely controlled. Interestingly, the selectivity to H2

was promoted to 91% from the original 80%, when the con-
centration of NaOH solution was 0.05 mol L21 (Figure 4).
The selectivity was further raised by increasing the amount
of additional NaOH. To be noted, the selectivity to H2 reach-
ed> 99% when the concentration of NaOH solution was
extended to 0.5 mol L21, and this high selectivity remained
as further increasing the amount of NaOH. In other words,
the addition of NaOH is beneficial for H2 selectivity, which
coincides well with the results reported over BSCF, Ni-Fe,
and Rh-Ni/graphene catalysts.13,15,16 The possible reason of
this promoting effect will be discussed below.

We also measured the influence of reaction temperature
on H2 selectivity. As shown in Table 3, an increase in tem-
perature is accompanied by an increase in reaction rate. It
was found, however, the H2 selectivity was gradually
decreased with increasing reaction temperature. We calcu-
lated the apparent activation energy for each decomposition
pathway over Raney Ni-300 catalyst before and after adding
NaOH (Figure 5). The results showed that the variation of
apparent activation energies for reactions (1) and (2) were
quite different after adding NaOH as a promoter. For path-
way 1, this value decreased from 47.5 6 1.6 kJ mol21 to
44.4 6 1.7 kJ mol21, while increased from 60.5 6 1.8 kJ
mol21 to 92.7 6 4.1 kJ mol21 for pathway 2. These data
indicated that the addition of NaOH increased the energy
barrier for NH3 generation but scarcely influenced that for
H2 production. Consequently, when the two pathways com-
peted with each other during the process of hydrous hydra-
zine decomposition, reaction was easier to occur toward
pathway (1) after adding NaOH.

The aforementioned results have illustrated that the selectiv-
ity to H2 on Raney Ni-300 catalyst was significantly promoted

Figure 2. XRD patterns for (a) Raney Ni-40, (b) Raney Ni-300, and (c) Raney Ni-300 after 20 cycles of reaction.

Crystalline phase: (�) metallic Ni. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Table 2. ICP, Metal Dispersion and SBET Results for Raney

Ni-40 and Raney Ni-300

Catalyst
Ni

(wt%)
Al

(wt%)

Metal
dispersion

D (%)
SBET

(m2 g21)

Raney Ni-40 75.5 6.9 2.0 57
Raney Ni-300 74.8 5.8 2.1 55
Raney Ni-300 1

NaOH
(0.5 mol L21)220th

cycle

77.9 3.7 - 32
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to> 99% after adding NaOH. Alkali (e.g., NaOH) itself could
not catalyze the decomposition of hydrous hydrazine. The addi-
tional alkali only played the role of a promoter for the enhanced
selectivity. As the presence of NaOH provides OH 2 in solu-
tion, which may create a strong basic environment, and,
thereby, inhibit the production of basic NH3 via incomplete
decomposition (pathway 2). Besides, the decomposition of
N2H4 contains several elemental reaction steps. It has been
reported that the preferred cleavage of NAH bond instead of
NAN bond leads to the complete decomposition of N2H4 to N2

and H2.30,31 The break of first NAH bond (N2H4 !
N2H3

* 1 H*) is thought to be a rate-determine step, which could
be accelerated by adding alkali.15,30 In addition, The existence
of OH- reduces the amount of N2H5

1, generated from ioniza-
tion of N2H4 in water, which is beneficial for the reaction.

The reusability was evaluated for this effective catalyst
system (Raney Ni-300 combined with NaOH). To be noted,
as Raney Ni catalyst showed perfect magnetic property, the
catalyst could be easily collected and reused after each cycle
(Figure 6). Twenty cycles of reaction were carried out over
the same Raney Ni-300 catalyst in basic solution (NaOH,

Figure 3. SEM images of (a) Raney Ni-40 catalyst, and (b) Raney Ni-300 catalyst.

Figure 4. Comparison of H2 selectivity in the decompo-
sition of hydrous hydrazine (0.16 mol L21)
catalyzed by Raney Ni with the addition of
different amount NaOH.

The reaction was carried out at 30�C. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Table 3. Comparison of H2 Selectivity and TOF for Raney

Ni-300 with and without NaOH at Different Reaction

Temperatures

Reaction
Temperature
(oC)

Raney Ni-300
Raney

Ni-300 1 NaOHb

Selectivity
(%)

TOFa

(min21)
Selectivity

(%)
TOFa

(min21)

30 80 2.9 >99 2.7
40 79 5.4 96 5.2
50 76 9.7 93 8.5
60 75 18.0 89 13.4
70 72 33.1 87 23.2
80 70 44.9 85 39.4

aTOF value was calculated at the conversion of 30 %.
bThe concentration of NaOH was 0.5 mol L21.

Figure 5. Kinetic plots and corresponding fitting lines
for hydrous hydrazine decomposition over
Raney Ni-300 with and without NaOH (0.5
mol L21) at 30–80

�
C: a, b. fitting lines for

pathway (1) over Raney Ni-300 before and
after adding NaOH; c, d. fitting lines for
pathway (2) over Raney Ni-300 before and
after adding NaOH.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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0.5 mol L21) (Figure 7). The recycling test showed� 99%
selectivity for this reaction during the first three cycles. For
the next 17 cycles, the selectivity remained � 97% without
obvious changes. Even after 20 cycles of reaction, this cata-
lyst still showed as high as 96% selectivity to H2. The
XRD pattern of this Raney Ni-300 catalyst after 20 cycles
was shown in Figure 2c. The position of diffraction peaks
for Ni particles remained the same compared with the fresh
Raney Ni-300 catalyst, but the intensity was slightly inten-
sified. The size of Ni particle increased a little from 10.4
nm to 11.9 nm calculated by Sherrer equation. A few per-
centages of Al species were leached away after immersed
in NaOH solution for 20 cycles of reaction (Table 2), which
led to a slight increase of the Ni particle size. The leaching
of Al also led to a decrease of surface area for Raney
Ni-300 from 55 m2 g21 to 32 m2 g21. However, the TOF
and the H2 selectivity over the Raney-Ni-300 remained
almost the same values even after 20 cycles of activity test,
indicating that the extraction of Al under reaction
conditions has minor influence on the catalytic performance
in this case.

Conclusion

Raney Ni catalyzed the decomposition of hydrous hydra-
zine with> 99% selectivity to H2 after adding small amount
of NaOH. Compared with Raney Ni-40, Raney Ni-300 exhib-
ited higher activity and H2 selectivity in this reaction, which
was probably caused by the relatively lower content of
remaining aluminum. NaOH played the role of an effective
promoter for H2 selectivity by hindering NH3 generation.
This catalyst system (Raney Ni-300 1 NaOH), with an
advantage of resuablity, performed sustainable selectivity
after 20 cycles of reaction. The usage of the low-cost, easy-
getting catalyst to realize the production of CO-free hydrogen
under mild condition gives more confidence for the applica-
tion of hydrous hydrazine as a hydrogen storage material.
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