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Abstract

The effects of using fumed SiO2, MCM-41, and SBA-15 as supports for Ru and Ni catalysts on ammonia decomposition were investig
was found that the supported catalysts on these siliceous materials are more active than those supported on ordinary silica. In general, td
Ru catalysts are more active than the Ni catalysts, and MCM-41 is the best support material for Ru and Ni. Significant enhancement
was observed when the supported Ru catalysts were modified by KOH, but such effect was minimal in the cases of supported Ni cat
results of N2 adsorption and transmission electron microscopy studies revealed that the Ni particles of Ni/MCM-41(TIE) prepared by tem
exchange (TIE) method are largely located inside the pores of MCM-41. Compared with the Ni/MCM-41(IMP) catalyst prepared by impr
method, the Ni/MCM-41(TIE) catalyst exhibited appropriate Ni dispersion and weaker Ni/support interaction, and consequently higher
activity. In terms of the remarkable changes in turnover frequency (TOF) with Ni dispersion on different catalysts, it was demonstrated3
decomposition over Ni is significantly structure sensitive. Some unique metal clusters similar to B5 active sites should be responsib
catalytic activities. Preparation methodology has a substantial influence on metal dispersion. For the supported Ni catalysts prepared
method, the generated metal particles are very small and the constitution of unique active sites becomes unfavorable, which acco
apparently lower TOF values.
 2005 Elsevier Inc. All rights reserved.

Keywords: Ruthenium catalyst; Nickel catalyst; Siliceous materials; Ammonia decomposition
ng
en

(e.
CO
low
n-
ee

al

an-

e
t

y
have

and
s of

ase
ently,
NTs)
lysts
1. Introduction

The on-site generation of hydrogen for proton-excha
membrane fuel cells (PEMFCs) is of great importance for
vironmental protection consideration[1]. The option of pro-
ducing hydrogen directly from carbonaceous substances
methanol, methane) has limitations, because the byproductx

(x = 1,2) degrades the cell performance even at extremely
concentrations[2–6]. As an alternative route, the direct ge
eration of hydrogen from ammonia decomposition has b
considered for the production of COx-free hydrogen[7–15].
On the other hand, NH3 decomposition is a more economic
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method, and NH3 storage and delivery can be more readily h
dled[16,17].

As for the research on NH3 decomposition, most of th
work has been related to NH3 synthesis and/or NH3 abatemen
[18–27]. There are reports on H2 generation from pure NH3
[19–26]; however, catalytic activity is low even at 873 K. Man
metals, alloys, and compounds with noble metal characters
been tested for ammonia decomposition[8,11,13,28–36]. It was
found that Ru is the most active among the noble metals,
nickel is the most active among the cheap metals. In term
cost, Ni is attractive[15]. Supports have been used to incre
the dispersion and surface area of active components. Rec
it was reported that Ru catalyst using carbon nanotubes (C
as a support showed the highest activity among metal cata
supported on various materials[30–34].

http://www.elsevier.com/locate/jcat
mailto:jiwj@nju.edu.cn
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Fumed silica is a unique kind of siliceous material co
prising nonporous primary particles. It has chain-like part
morphology and porosity only between primary particles[37].
MCM-41 and SBA-15 are two important mesoporous silice
materials synthesized by liquid crystal template (LCT) meth
that have well-ordered hexagonal porosity and are high in t
mal stability and surface area[38–40]. In view of the unique
structural features of these siliceous materials, we envis
that better catalytic activity could be achieved by using th
as catalyst supports for ammonia decomposition. In cont
carbon-based supports are unstable, due to methanation,
presence of H2 at high temperatures. The metal catalysts s
ported on siliceous materials should be more stable and
better prospects for practical applications.

In this work, fumed SiO2, MCM-41, and SBA-15 were
adopted as catalyst supports for ammonia decomposition
Ru and Ni were selected as the active components. Sp
attention was given to the nickel catalysts, and two dif
ent methods for loading Ni were adpoted. Investigation
physicochemical properties of the catalysts was done u
techniques such as X-ray diffraction (XRD), transmiss
electron microscopy (TEM), N2 adsorption–desorption, H2
temperature-programmed reduction (TPR), and H2 tempera-
ture-programmed desorption (TPD).

2. Experimental

2.1. Catalyst preparation

Fumed silica was commercially available from Aldrich a
used without any further treatment. MCM-41 and SBA-
were synthesized by direct hydrothermal treatment accor
to the procedures described previously[38–40]. The loading
of metal component and potassium promoter onto the sup
was done by the incipient wetness impregnation method
cording to the procedures of Yin et al.[33]. Analytic-grade
RuCl3 (Aldrich) and Ni(NO3)2·6H2O (Aldrich) were used a
the precursors of Ru and Ni components, respectively. A
tone (for Ru and Ni loading) and ethanol (for KOH loadin
were used as solvents, and KOH was used as a K precu
The intended loading of metal component was 5 wt%; the c
lysts are designated as Ru/support(IMP) and Ni/support(IMP),
respectively. The KOH-modified catalysts are designated a
metal/support(IMP), and the K/metal molar ratio was 2/1.

Another MCM-41-supported Ni catalyst was prepared
a template ion-exchange (TIE) method and designated
Ni/MCM-41(TIE). Typically, 2 g of as-synthesized MCM-4
containing 50 wt% template was added to an ethanol s
tion of nickel nitrate, and the mixture was stirred vigorou
at 333 K for 6 h. The as-prepared Ni/MCM-41(TIE) catal
precursor was collected by hot filtration, followed by th
ough washing with ethanol to remove the unbound metal
on the surface of MCM-41. The remaining organic temp
was expelled by calcination at 823 K for 2 h in Ar flo
The reduction procedure was carried out in a 25% H2/Ar
flow at 973 K for 2 h. The KOH-modified catalyst was pr
pared similarly to the metal/MCM-41(TIE) and is designa
s
r-

d

t,
the
-
ve

nd
ial

f
g

g

ts
-

-

or.
-

-

s

-

s

as K-Ni/MCM-41(TIE). Inductively coupled plasma–atom
emission spectrometry (ICP-AES) measurements showed
the actual loading of Ni was 7.2 wt%.

2.2. Catalytic testing

Catalytic testing was carried out in a continuous-flow qua
reactor (catalyst: 100 mg, 60–80 mesh) under pure NH3 (flow
rate: 50 ml/min; GHSVNH3: 30,000 ml/(h gcat)). Before the re-
action, the catalyst was reduced in situ in a 25% H2/Ar flow at
823 K for 2 h, then purged with a flow of pure Ar. The reacti
temperature was in the range of 623–993 K. The acquisitio
activity data at a particular temperature was conducted afte
establishment of steady state. Product analysis was perfo
on an on-line gas chromatograph (Shimadzu) equipped
thermal detector and Poropak Q column, using Ar as a ca
gas. NH3 conversion in a blank reactor was<1.0% at 823 K.

2.3. Characterization

Powder XRD experiments was conducted on a Rigaku
tomatic diffractiometer (Rigaku D-MAX) with monochroma
tized Cu-Kα radiation (λ = 0.15406 nm) at a setting of 30 kV
A JEM-2010F TEM device was used (at 200 kV) to investig
the morphology and particle size of the catalysts. The am
of Ni loading in the Ni/MCM-41(TIE) catalyst was validate
on an American JA-1100 type ICP-AES instrument. The B
surface areas and pore structures were measured with a N
1200 Material Physical Structure Determinator. The sam
were degassed at 573 K for 3 h, then N2 adsorption was con
ducted at 77 K. H2 TPR and TPD experiments were conduc
as described previously[33], with sample sizes of 40 mg fo
TPR and 0.2 g for TPD.

3. Results

3.1. Physical properties

The mesostructure features of the three support mate
were verified by small-angle XRD patterns and N2 adsorption–
desorption measurements. MCM-41 and SBA-15 showed t
cal mesoporous structures in accordance with those report
the literature[38–40], whereas fumed SiO2 is essentially non
porous.

Table 1reports the physical characteristics of the supp
materials and the supported metal catalysts. It is apparen
the loading of active component has a notable impact on
surface area of mesoporous MCM-41 and SBA-15, but no
much on that of nonporous fumed SiO2. The specific surface
area and pore volume of MCM-41 dropped appreciably w
metal loading and decreased further with KOH modificati
The slight decrease in average pore size indicated that sig
cant amount of active component had entered the pores. W
SBA-15 was loaded with an active component, the specific
face area and pore volume decreased more notably than
of the MCM-41 case, and, interestingly, average pore size
creased. Surely, the large pores of SBA-15 can provide m
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Table 1
The physical properties of supports and supported metallic catalysts

Catalysta SBET

(m2/g)

Pore volume

(cm3/g)

Pore diameter

(Å)

MCM-41 991 0.92 37.0
SBA-15 762 0.96 50.4
Fumed SiO2 260 – –
Ru/MCM-41(IMP) 948 0.84 35.5
K-Ru/MCM-41(IMP) 816 0.69 34.0
Ru/SBA-15 616 0.78 50.3
K-Ru/SBA-15 415 0.59 56.9
Ru/fumed SiO2 227 – –
K-Ru/fumed SiO2 203 – –
Ni/MCM-41(IMP) 860 0.74 34.5
K-Ni/MCM-41(IMP) 742 0.60 32.3
Ni/MCM-41(TIE) 449 0.38 33.8
K-Ni/MCM-41(TIE) 297 0.25 33.5
Ni/SBA-15 389 0.58 59.8
K-Ni/SBA-15 334 0.52 63.4
Ni/fumed SiO2 215 – –
K-Ni/fumed SiO2 189 – –

a The metal catalysts not prepared by TIE method were all prepared b
pregnation method.

space for access of more active components, producing a
table decrease in surface area and pore volume. Some ex
micropores were preferably blocked by metal particles, and
apparent average pore size of SBA-15 increased apprec
with metal loading.

The surface area of the supported Ni catalyst is slig
lower than that of the corresponding supported Ru cata
signifying that the dispersions of the metal particles in
two cases are somewhat different. The surface area and
volume of Ni/MCM-41(TIE) are only about half those
Ni/MCM-41(IMP), but there is little difference in pore siz
-

o-
ing
e
ly

t,

re

between the two. It is possible that the TIE method had a c
siderable effect on the structural character of the support.

3.2. Catalytic activity

Table 2gives the NH3 conversion and H2 formation rates
over supported Ru catalysts. One can see that the Ru cat
prepared in this study are more active than the 10% Ru/SiO2 of
ordinary silica support reported previously[7]. Both catalysts
were evaluated under identical conditions. The results cle
illustrate that the nature of support material plays an imp
tant role in determining the activity of metal catalysts. It w
previously reported that alkali or alkaline earth metal ions
efficient promoters for supported Ru or Fe catalysts in NH3 syn-
thesis and decomposition; they are also effective adjuvant
preventing Ru or Fe from sintering[19,30]. As shown inTa-
ble 2, KOH modification leads to increased catalytic activ
for all catalysts. The effect of KOH modification becomes m
significant over Ru supported on MCM-41 at reaction temp
atures above 450◦C. Over K-Ru/MCM-41, K-Ru/fumed SiO2,
and K-Ru/SBA-15, almost 100% ammonia conversion can
achieved above 550◦C. The corresponding H2 formation rates
achieved on these three catalysts at 500◦C were 29.41, 27.61
and 26.51 mmol/(min gcat), respectively, much higher than th
(20.0 mmol/(min gcat)) achieved over 10% Ru/SiO2 at equal
temperature[7].

Table 3depicts the NH3 conversion and H2 formation rates
over supported Ni catalysts of the current study. Simila
NH3 conversion was much higher than that achieved o
10% Ni/SiO2 with ordinary silica as a support[7]. At 600◦C,
NH3 conversion achieved over Ni/MCM-41(IMP) was almo
twice that achieved over 10% Ni/SiO2 [7]. It is noteworthy
that the nickel catalysts supported on the three siliceous
Table 2
H2 formation rate (mmol/(min gcat)) and NH3 conversion (data in parentheses, %) over the supported Ru catalysts

Temperature
(◦C)

Ru/support K-Ru (2:1)/support 10% Ru/SiO2
Ref. [7]Fumed SiO2 MCM-41 SBA-15 Fumed SiO2 MCM-41 SBA-15

400 7.6 (22.6) 6.9 (20.5) 9.2 (27.6) 11.0 (32.7) 11.3 (33.8) 11.8 (35.4) 4.5 (14.3)

450 16.7 (49.7) 14.2 (42.4) 16.4 (49.0) 19.0 (56.6) 20.4 (60.9) 19.4 (57.9) 11.4 (36.4)

470 20.3 (60.7) 18.4 (54.9) 19.8 (59.3) 22.6 (67.5) 26.4 (78.9) 22.4 (66.8) –
500 26.2 (78.1) 23.9 (71.3) 24.6 (73.4) 27.6 (82.5) 29.4 (87.8) 26.5 (79.2) 20.0 (64.0)

520 29.2 (87.3) 27.5 (82.1) 27.7 (82.7) 29.9 (89.3) 31.6 (94.4) 29.3 (87.4) –
550 32.3 (96.5) 31.7 (94.6) 31.2 (93.3) 32.7 (97.7) 33.5 (100.0) 32.0 (95.5) –

Table 3
H2 formation rate (mmol/(min gcat)) and NH3 conversion (data in parentheses, %) over the supported Ni catalysts

Temperature
(◦C)

Ni/support K-Ni (2:1)/support 10% Ni/SiO2
Ref. [7]Fumed SiO2 MCM-41 (IMP) MCM-41 (TIE) SBA-15 Fumed SiO2 MCM-41 (IMP) MCM-41 (TIE) SBA-15

400 1.5 (4.6) 2.7 (8.0) 2.1 (6.3) 2.8 (8.2) 2.28 (6.8) 2.9 (8.6) 3.2 (9.5) 3.2 (9.5) 0.44 (1.4)

450 3.5 (9.4) 4.7 (14.1) 4.0 (11.9) 4.0 (12.0) 4.52 (13.5) 4.9 (14.5) 5.7 (17.0) 4.4 (13.2) 1.3 (4.2)

500 6.5 (18.1) 9.0 (26.9) 8.9 (26.5) 7.3 (22.0) 8.37 (25.0) 8.9 (26.5) 10.7 (31.9) 7.7 (22.9) 3.3 (10.5)

550 11.6 (34.6) 14.9 (44.6) 15.9 (47.6) 12.7 (37.8) 14.28 (42.6) 15.0 (44.9) 17.3 (51.8) 12.9 (38.4) 6.8 (21.6)

600 18.0 (53.7) 21.5 (64.2) 24.0 (71.6) 19.2 (57.3) 20.77 (62.0) 21.8 (65.1) 24.5 (73.2) 19.3 (57.8) 11.4 (36.4)

650 25.1 (75.0) 27.9 (83.2) 30.6 (91.5) 25.6 (76.6) 27.28 (81.5) 28.2 (84.2) 31.1 (92.8) 26.4 (78.7) 21.1 (70)
670 27.7 (82.6) 29.8 (89.1) 32.1 (95.7) 28.2 (84.1) 29.78 (88.9) 30.3 (90.4) 32.5 (97.0) 28.8 (85.9) –
700 31.3 (93.4) 32.0 (95.4) 33.1 (98.8) 31.3 (93.6) 32.06 (95.7) 32.8 (97.8) 33.5 (100) 31.8 (94.9) –
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Fig. 1. XRD patterns of supported Ru catalysts: (a) Ru/MCM-41; (b) K-
MCM-41; (c) Ru/SBA-15; (d) K-Ru/SBA-15; (e) Ru/fumed SiO2; (f) K-Ru/
fumed SiO2.

terials were also more active than that supported on C
[30–34]. The H2 formation rates at 500◦C for the Ni catalysts
supported on MCM-41, SBA-15, and fumed SiO2 were 9.00,
7.35, and 6.05 mmol/(min gcat), respectively, compared wit
a value of 2.90 mmol/(min gcat) for Ni/CNTs [31]. Further-
more, the Ni/MCM-41(TIE) catalyst was more active th
Ni/MCM-41(IMP), probably owing to higher Ni dispersio
(seeTable 4later). The effect of KOH modification on nicke
catalysts was also investigated. The catalyst supported
fumed SiO2 showed a certain improvement in activity, but on
slight changes were observed over the catalysts supporte
MCM-41 and SBA-15. Thus it follows that the effect of pota
sium modification varies depending on the active compon
and supports.

3.3. Metal dispersion

Fig. 1 shows the XRD patterns of reduced Ru cataly
All samples exhibit broad diffraction peaks of siliceous m
terials. Compared with the SBA-15 sample, the MCM-41 a
fumed SiO2 samples demonstrate weaker diffraction lines
tributable to crystalline Ru particles (2θ = 43.86◦), signifying
relatively higher Ru dispersion. The larger pore size of SBA
means more space and better accommodation for active
ponents, which may favor the formation of bulk-like speci
There are no obvious changes in KOH modification. As s
gested by Ying et al.[34], the potassium might still remain a
KOH, because the corresponding oxide phase is unfavorab
the presence of water produced during the reduction proce

Fig. 2 reports the XRD patterns of the reduced Ni ca
lysts. Diffraction lines attributable to crystalline Ni particl
(2θ = 44.25◦,51.8◦) are clearly visible for all samples pre
pared by the impregnation method. The Ni diffraction sig
can hardly be identified for Ni/MCM-41(TIE). Considering th
7.2 wt% Ni loading of Ni/MCM-41(TIE) and 5.0 wt% Ni load
ing of Ni/MCM-41(IMP), the TIE method enables greater
dispersion. It follows that due to ion exchange between
and template ions, the supported Ni components were loc
s
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Fig. 2. XRD patterns of supported Ni catalysts: (a) Ni/MCM-41(IMP
(b) K-Ni/MCM-41(IMP); (c) Ni/MCM-41(TIE); (d) K-Ni/MCM-41(TIE);
(e) Ni/SBA-15; (f) K-Ni/SBA-15; (g) Ni/fumed SiO2; (h) K-Ni/fumed SiO2.

Fig. 3. Small angle XRD patterns of MCM-41 and supported Ni catalysts
different preparation methods: (a) MCM-41, as prepared; (b) MCM-41, a
calcination; (c) Ni/MCM-41(IMP); (d) Ni/MCM-41(TIE).

mainly on the pore wall of MCM-41 and retained in mu
smaller sizes.

Fig. 3 shows the small-angle XRD patterns of the
prepared MCM-41, calcined MCM-41, Ni/MCM-41(TIE), an
Ni/MCM-41(IMP) samples. The XRD diffraction lines o
the four samples can be indexed to hexagonal regularit
MCM-41 pore structure, that is, (100), (110), and (200) plan
The (100) peak of calcined MCM-41 and Ni/MCM-41(IMP
is more intense, because of removal of the template. The
intensity of Ni/MCM-41(TIE) is much weaker than those
the other samples; we deduce that even though the mesop
pore structure of MCM-41 was not largely destroyed in
TIE method, the long-range order of the hexagonally orde
porosity may be significantly lowered, which also accounts
a considerable decrease in the surface area of this sampleTa-
ble 1).

Figs. 4 and 5depict the N2 adsorption–desorption isotherm
and pore size distributions of MCM-41, Ni/MCM-41(TIE), an
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Fig. 4. Nitrogen adsorption and desorption isotherms of MCM-41, Ni/MC
41(TIE) and Ni/MCM-41(IMP).

Fig. 5. Pore distribution of MCM-41, Ni/MCM-41(TIE) and Ni/MCM-4
(IMP).

Ni/MCM-41(IMP). The samples show type IV hysteresis lo
isotherms with a sudden increase within theP/P0 range of
0.3–0.4, signifying that the mesoporous pore structures w
be largely maintained in both loading methods. However,
pore volume of MCM-41 was greatly reduced with Ni loadin
especially in the Ni/MCM-41(TIE) case. The results of po
size distribution indicate uniform pore size and a ca. 4 Å
crease in average pore size of the sample with Ni loading.

3.4. Metal–support interaction

Fig. 6 reports the TPR profiles of Ru and Ni precurs
supported on MCM-41. The metal oxides (NiO and RuO2)
could be completely reduced below 850◦C. It can be seen tha
the impregnated Ni precursor is the most difficult to red
(Fig. 6, a). The temperature for Ni/MCM-41(TIE) reduction
notably lower than that for Ni/MCM-41(IMP) reduction. Th
ld
e

-

Fig. 6. H2-TPR profiles of precursors: (a) Ni/MCM-41(IMP); (b) Ni/MCM
41(TIE); (c) Ru/MCM-41(IMP).

Fig. 7. H2-TPD profiles of MCM-41 supported Ni and Ru catalysts: (a) K-R
MCM-41(IMP); (b) K-Ni/MCM-41(IMP); (c) K-Ni/MCM-41(TIE).

can be ascribed to weaker interaction of Ni component w
support and/or to smaller size of the metal particles.

Fig. 7 illustrates the H2 desorption behaviors of the K-N
MCM-41(IMP), K-Ni/MCM-41(TIE), and K-Ru/MCM-41
(IMP) catalysts. (H2 adsorption on pure MCM-41 is insigni
icant.) The H2-desorption profiles of K-Ru/MCM-41(IMP) an
K-Ni/MCM-41(IMP) are quite similar, the desorption temper
tures are ca. 70 K lower than that of the K-Ru/CNTs—a cata
reported by Yin et al.[33]. However, Ni loading with the TIE
method resulted in a notable decrease in both onset tempe
and peak temperature (ca. 50 K shift to the lower-tempera
end). The amount of H2 desorption over K-Ni/MCM-41(TIE)
was almost twice as that over K-Ni/MCM-41(IMP), indicat
that the former has more exposed surface Ni atoms.

Based on the peak area of the H2-TPD profiles and assum
ing an adsorption of one H atom per metal atom[7], the H2

chemisorption uptakes can be estimated accordingly as
brated by a standard procedure of CuO reduction. As show
Table 4, H2 chemisorption uptake over K-Ni/MCM-41(IMP
is roughly 42.5 µmol/gcat, slightly higher than that ove
K-Ru/MCM-41(IMP) (34.1 µmol/gcat), but lower than tha
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Fig. 8. TEM images of catalysts: (A) Ru/MCM-41(IMP); (B) Ni/MCM-41(IMP); (C) Ni/MCM-41(TIE).
al
or

up
y o
al
wa
trib
les
el
u.
H
tio
nc
ely
Ni
o

m-
re

er-
re

or
de

ive
s,
of
u-
Th
ca

i

eas
ared
n Ni
y and

tive

e fo-

ciated
t to

ith
s

five-

er-
tion
ter-

re-
ique
size.
Ru
over K-Ru/CNTs (51.4 µmol/gcat) [33]. The H2 chemisorp-
tion uptake of K-Ni/MCM-41(TIE) (89.2 µmol/gcat) was
twice that of K-Ni/MCM-41(IMP). The dispersions of met
components were 14.4% for K-Ni/MCM-41(TIE), 9.9% f
K-Ni/MCM-41(IMP), and 13.8% for K-Ru/MCM-41(IMP),
much higher than the values of 0.9% for 10% Ni/SiO2 and 1.2%
for 10% Ru/SiO2 reported by Choudhary et al.[7].

3.5. Particle size of metal components

We used the TEM technique to investigate the effects of s
port and loading method on the particle size and morpholog
catalysts. As shown inFig. 8A, the Ru particles are spheric
and evenly dispersed on MCM-41. The mean particle size
estimated by averaging the diameter of 100 randomly dis
uted particles; it was approximately 5 nm for Ru metal partic
TEM image ofFig. 8B clearly shows that the dispersion lev
of Ni particles on MCM-41 is indeed lower than that of R
This observation is consistent with the results of XRD and2
chemisorption measurements. It is obvious that Ni aggrega
to larger particles (ca. 8 nm) occurred. Besides the differe
in intrinsic chemical nature between Ni and Ru, the relativ
lower dispersion may also account for the lower activity of
in ammonia decomposition. Comparing with the TEM image
Ni/MCM-41(IMP), that of Ni/MCM-41(TIE) (Fig. 8C) shows
fewer Ni particles were on the outer surface of MCM-41, i
plying that a larger amount of Ni was located inside the po
of the support.

4. Discussion

4.1. Turnover frequency and structure sensitivity

The turnover frequency (TOF) of the reaction over diff
ent catalysts was calculated by normalizing the observed
action rate (mol H2/(s gcat)) to the number of exposed Ru
Ni surface atoms per gram of catalyst. The TOF value
rived on the K-Ru catalyst was much higher than that der
on the Ni-based catalysts (Fig. 9). For the Ni-based catalyst
the TOF value of K-Ni/MCM-41(TIE) was lower than that
K-Ni/MCM-41(IMP), despite the fact that the former is act
ally more active on the basis of per unit mass of catalyst.
difference in TOF values between the Ru and Ni catalysts
-
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Fig. 9. Comparison of TOFs of H2 formation over MCM-41 supported K-N
and K-Ru catalysts.

be attributed mainly to their intrinsic chemical natures; wher
the difference in TOF values between the Ni catalysts prep
by different methods should be ascribed to the changes i
dispersion and, consequently, to the changes in morpholog
structure of Ni particles.

It is generally accepted that at metal surfaces, the “ac
sites” with low-coordination atoms are more reactive[41]. The
current studies on ammonia synthesis/decomposition wer
cused mainly on Fe and Ru systems[42–44] and less on Ni-
based catalysts. For the Fe catalysts, the active sites asso
with N2 dissociation in ammonia synthesis were though
be the oligo-atomic metal clusters, that is, the C-7 sites (w
seven nearest neighbors)[42]; for the Ru catalysts, the B5 site
(with five nearest neighbors) were proposed[43,44]. The results
of DFT calculations suggested that B5 sites can be the
member sites on the steps of the Ru(0001) plane[43]. Because
of their unique geometry configuration and electronic prop
ties, the B5 sites can favor both dissociation and desorp
of N2 at the steps of the Ru(0001) face rather than at the
races[44].

The constitution of such active sites is very structu
sensitive; in other words, the concentration of these un
sites is strongly dependent on metal dispersion or particle
Recent work on a series of Ru/C catalysts with different
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Table 4
H2-TPD results of MCM-41 supported K-Ni and K-Ru catalysts for ammonia decomposition

Sample H2-TPD Ea
b

(kJ/mol)Onset desorption
temperature (◦C)

H2 uptake
(µmol/gcat)

Peak temperature
(◦C)

Dispersiona

(%)

K-Ni/MCM-41(TIE) 84 89.2 126 14.4 49.3
K-Ni/MCM-41(IMP) 125 42.5 176 9.9 53.5
K-Ru/MCM-41(IMP) 107 34.1 178 13.8 49.7

a Dispersion was estimated according to H2 uptake, assuming molar ratio of Ru:H= 1:1.
b Apparent activation energy was obtained from the corresponding Arrhenius plots inFig. 10.
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loadings revealed that Ru particle size increased monotono
with increasing Ru content[45]. At Ru loading<3 wt%, the
Ru particles were smaller than 0.7–0.8 nm and catalytically
active for ammonia synthesis. This is because less B5 a
sites were present on these extremely fine Ru particles.
maximum concentration of B5 sites was observed over the
crystallites of∼2 nm size. Another study of ammonia synth
sis on Ru/C catalysts[46] showed that the optimal Ru loadin
was ca. 3.5 wt%, with Ru dispersion of 10–15% very close
the values of Ni dispersion (9.9–14.4%) reported in the pre
study. Too high a dispersion (>15%) would result in a reduc
tion of B5 sites and consequently lower catalytic activity. B
Ru loading beyond a certain amount also was not helpful,
cause heavy Ru loading simply increased the particle size
did not effectively increase the number of B5 sites. Jacob
et al. [47] found significantly increased activity over Ru ca
alysts supported on magnesium aluminium spinel during
initial period of ammonia synthesis. This activity increase w
ascribed to sintering of very small Ru particles (<1 nm) to
medium Ru crystals. All of these observations strongly s
gest that the concentration of B5 sites is closely related to
metal particle size. One should bear in mind that in these s
ies, the adopted supports are different, and the procedure
catalyst characterization and evaluation are not identical;
the optimal dispersion can vary somewhat even for the s
supported metal component.

In the present study, the TOF values derived on the Ni-ba
catalysts for ammonia decomposition changed significa
with varying levels of Ni dispersion. It follows that ammon
decomposition over Ni catalysts is also very structure-sensi
and that a relationship between the number of active sites
the Ni dispersion (particle size) can also be established. The
like sites are proposed to be active for ammonia decompos
on the surfaces of Ni particles. For the K-Ni/MCM-41(TIE) ca
alyst, the Ni component is located mainly on the internal wa
MCM-41 and has an extremely fine particle size. Although
metal dispersion is higher, less active sites are present on
very fine Ni particles, leading to a considerable decrease in
values. It should be mentioned that the morphology of m
crystallites changes simultaneously with metal dispersion (
ticle size), which in turn influences the constitution of uniq
active sites. A previous study on Ru catalysts[48] revealed tha
at low Ru loading, the small Ru particles (∼2 nm) are spher
ical, whereas at higher loadings, the exposed faces of la
Ru crystallites are essentially flat. There were more B5 s
present on the latter planes, beneficial for the reaction. Bec
ly
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Fig. 10. The Arrhenius plots over MCM-41 supported K-Ni and K-Ru c
alysts. The temperature range adopted for K-Ni/MCM-41(TIE) and K-
MCM-41(IMP) was 808± 35 K, at NH3 conversions of 45± 15% and
40 ± 15%, respectively. The temperature range adopted for K-Ru/MCM
(IMP) was 708± 35 K, at NH3 conversions of 50± 17%.

of the difference in Ni dispersion between K-Ni/MCM-41(TIE
and K-Ni/MCM-41(IMP), the morphology of Ni particles ca
also be envisaged to change. In K-Ni/MCM-41(IMP), there
larger Ni crystallites and hence flatter faces, on which m
B5-like sites are probably present, resulting in a higher T
in NH3 decomposition. A correlation between metal dispers
(particle size) and TOF for NH3 decomposition has been o
served by other investigators. For instance, Choudhary et a[7]
investigated ammonia decomposition over Ni, Ir, and Ru c
lysts supported on different materials. A common observa
was that for a certain metal component, TOF decreased wit
creasing metal dispersion. Liang et al.[49] observed that the
TOF value over a Ru catalyst supported on activated carbo
creased by a factor of 9 when the size of Ru particles incre
from 1.7 to 10.3 nm. Yin et al.[33] also observed similar phe
nomenon on the Ru catalysts supported on CNTs.

4.2. Activation energy

From the Arrhenius plots inFig. 10 based on the H2 for-
mation data far away from the equilibrium value, we obtain
the related apparent activation energies (Ea); the results are
listed in Table 4. The Ea values are estimated from the int
gral reaction rates obtained at SV= constant and at typical NH3
conversions, for example, at 45±15% and 40±15% NH3 con-
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Fig. 11. stability study of K-Ni/MCM-41(TIE), K-Ni/MCM-41(IMP), and
K-Ru/MCM-41(IMP).

versions for K-Ni/MCM-41(TIE) and K-Ni/MCM-41(IMP), re-
spectively. TheEa value for K-Ru/MCM-41(IMP) was also
estimated similarly. It is believed that theEa values obtained
in such a way are still meaningful and are not influenced
nificantly by mass transfer limitations. If one compared
Ea value of K-Ni/MCM-41(IMP) (53.5 kJ/mol, seeTable 4)
with that of Ni/CNTs (90.3 kJ/mol) [31], one can conclud
that theEa value derived in the present study is reasona
because the former catalyst is indeed more active than th
ter. It is also evident that loading method of Ni has a gr
influence on the activation energy of the supported Ni c
lysts; theEa value of K-Ni/MCM-41(IMP) was 53.5 kJ/mol,
whereas that of K-Ni/MCM-41(TIE) was 49.3 kJ/mol. Both
values are lower than that (varied from 20 to 22 kcal/mol) re-
ported for 10% Ni/SiO2, 10% Ni/HY, 10% Ni/HZSM-5, and
65% Ni/SiO2/Al2O3 [7], and also much lower than the va
ues (43 kcal/mol) reported for Ni films[50] and Ni wires
(50 kcal/mol) [51].

4.3. Catalyst stability

Fig. 11 clearly shows that the catalysts of K-Ni/MCM-4
(TIE), K-Ni/MCM-41(IMP), and K-Ru/MCM-41(IMP) showed
excellent stability under applied reaction conditions. The K-
MCM-41(TIE) catalyst did not show any loss in NH3 con-
version even after a reaction period of>20 h at 700◦C. In
contrast, the carbon-supported catalysts are unstable (d
methanation) in the presence of H2 in both NH3 synthesis and
decomposition[34,46,52]. It was reported that the rate of CN
methanation was rather notable (1.3 × 102 unit/K) at 427◦C,
a common temperature applied for NH3 decomposition[34].
Although the resistance to carbon methanation can be enha
with the pretreatment of carbon or the modification of alkal
alkaline earth metal salts, degradation of carbon-supported
alysts is usually inevitable. Therefore, the present Ru and
-

t-
t
-

to

ed

t-
i

catalysts supported on MCM-41 are thermally more stable
have better prospects for practical applications.

5. Conclusion

Adopting fumed SiO2, MCM-41, and SBA-15 as catalys
supports, highly active Ru and Ni catalysts have been fa
cated for the generation of COx-free H2 from ammonia. The
Ru catalysts were more active than the corresponding Ni
alysts. Modification of Ru catalysts with KOH led to signi
cant activity enhancement; however, KOH modification of
catalysts did not result in any significant change in catal
activity. Among the Ru and Ni catalysts, the KOH-modifi
Ru/MCM-41 and Ni/MCM-41 are the most active. Thus, of t
three siliceous materials, MCM-41 is the most suitable for s
porting Ru and Ni for ammonia decomposition.

The Ni component loaded on MCM-41 by the TIE meth
is located largely inside the pores of support and ex
ited appropriate dispersion and higher catalytic activity t
that loaded by conventional impregnation method. Acco
ing to the deviations in metal dispersion and TOF betw
K-Ni/MCM-41(TIE) and K-Ni/MCM-41(IMP), it was demon-
strated that NH3 decomposition over the supported Ni cataly
is also significantly structure-sensitive. Preparation metho
ogy can have a considerable effect on metal dispersion
thus change the catalytic performance of a catalyst. In v
of the superior catalytic activity and high thermal stability, t
MCM-41-supported Ru and Ni catalysts are promising ca
dates for practical applications.
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