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Abstract

The effects of active component (Ru, Rh, Pt, Pd, Ni, Fe) and support (CNTs, AC, Al2O3, MgO, ZrO2, TiO2) on the catalysis of ammoni
decomposition were studied for the generation of COx-free hydrogen. It was shown that the Ru catalyst using CNTs as support exhibits t
highest conversion of NH3. The performance can be further improved by modifying CNTs with KOH. According to the results of
TEM, and chemisorption (CO and H2 as adsorbates) investigations, Ru dispersion is the highest on CNTs. In the range of 2–5
particle size of Ru on CNTs is the smallest among the supported Ru catalysts; the Ru particles on the metal oxides are in the 3–16
It seems that larger Ru particles are more active for NH3 decomposition in terms of TOF. Further investigation on the relationship bet
support basicity and catalytic activity disclosed that a support material of strong basicity is essential for high catalytic performan
N2-TPD studies of supported Ru catalysts, desorption was promoted over catalysts of strong basicity, suggesting that N2 desorption is the
rate-determining step in ammonia decomposition. These results implied that it is possible to develop a highly efficient Ru catalys3
decomposition by using electron-conductive materials of strong basicity as support.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The concern for environmental protection has risen
matically over the past two decades. In order to elimin
pollution that arises from automobile exhaust and sm
scale power units, on-site hydrogen generation for pro
exchange membrane fuel cells (PEMFC) is a topic of cur
interest [1]. The option of producing hydrogen directly fro
carbonaceous substances (e.g., methanol, methane) h
limitation because the by-product COx (x = 1,2), even at ex-
tremely low concentrations, degrades the cell performa
[2–6]. The use of ammonia (NH3) as a hydrogen provide
appears to be attractive because it produces no COx, and
the unconverted NH3 can be reduced to less than 200 p
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level by means of a suitable adsorber [1]. It has been poi
out that it is more economical to generate H2 via NH3 de-
composition than via methanol reforming [7,8]. Traditio
ally, research conducted on the catalytic decompositio
NH3 is mainly devoted to the understanding of the ca
ysis of NH3 synthesis and/or NH3 abatement [9–17]. Th
reaction was usually conducted under diluted conditions
mechanistic studies. Recently, a number of papers have be
published and patents filed for H2 generation from ammoni
[18–23]. However, a reaction temperature higher than 87
was required for satisfactory activity over these cataly
Based on thermodynamic data at 298 K [24], the follo
ing equation can be adopted for the calculation of equilib
rium conversion in NH3 decomposition at normal pressu
(1.01325× 105 Pa):
[
40100− (25.46T lnT ) + (

0.00917T 2)

− (103000/T ) + 64.81T
] = −RT ln

[
1.3X2/

(
1− X2)],

http://www.elsevier.com/locate/jcat


S.-F. Yin et al. / Journal of Catalysis 224 (2004) 384–396 385
Table 1
Equilibrium conversion of NH3 at different temperatures and 1 atma

Temperature (K) 523 573 623 643 673 693 723 743 773
Conversion (%) 89.21 95.69 98.12 98.61 99.11 99.31 99.53 99.63 99.74

a NH3(g) � 1
2N2 (g) + 3

2H2(g), �rH0m(NH3(g), 298.15 K) = −46.19 kJ/mol,

�rG0m(NH3(g), 298.15 K)= −16.63 kJ/mol, �Cp = 25.46− 0.01833T + 205000T −2.
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whereT andX are reaction temperature (K) and equilibriu
NH3 conversion (%), respectively. Listed in Table 1 are
related data; one can see that at 673 K, the equilibrium
version is 99.1%. Above 673 K, the conversion becomes
dependent on temperature. In the viewpoint of thermo
namics, it is possible to develop active catalysts for comp
NH3 decomposition at around 673 K.

In a recent communication, we reported that the us
multiwall carbon nanotubes (CNTs) as support for Ru
sulted in a highly active Ru/CNTs catalyst for NH3 decom-
position [25]. In order to understand the roles of the sup
and to investigate further the catalysis for complete NH3 de-
composition, we conducted a systematic investigation on
effects of active metals (Ru, Rh, Pt, Pd, Ni, Fe) on the
action with CNTs being the support material. Then CN
was compared with a number of other materials (Al2O3, ac-
tivated carbon (AC), MgO, TiO2, ZrO2, and ZrO2-BD) as
a support for Ru catalyst. To understand the effect of
face basicity on the catalysis, we modified neutral CNTs
acidic ZrO2-BD with KOH for comparison purposes.

2. Methods

2.1. Preparation and pretreatment of catalyst support

The employed CNTs (i.d. 3–10 nm, OD 6–20 n
ratio of length to diameter 100–1000, specific surfa
area 224 m2/g) were prepared by the CVD method usi
Fe/Al2O3 as catalyst [26]. The surface area of the comm
cially available activated carbon (AC) was 1220 m2/g. The
Al2O3, MgO, TiO2, and ZrO2 (A.R.) materials were pur
chased from the Beijing Chemical Plant, China. A ZrO2-BD
support of high surface area was also adopted; this m
rial was prepared by reflux digestion in a glass vesse
ZrO(OH)2 in an aqueous NH4OH solution at pH 11.5 ac
cording to the procedures described by Yin and Xu [2
The calcination temperature of this ZrO2-BD support was
873 K. The raw CNTs were purified in 5 M aqueous HN3
solution for 2 h by means of refluxing, followed by calcin
tion at 973 K in H2 flow for 2 h. For support modification
potassium was impregnated onto ZrO2-BD and the purified
CNTs from a KOH/ethanol solution, followed by calcin
tion at 773 K for 5 h in Ar flow. The metal oxide suppor
were calcined at 873 K for 5 h prior to the loading of act
metal component. The specific surface areas of the sup
materials are listed in Table 4.
t

2.2. Catalyst preparation

All the catalysts were prepared by wetness incipient
pregnation with acetone as solvent, followed by drying at
328 K for 5 h and calcination at 823 K for 2 h in A
flow. The precursors of the active metals were H2PtCl6·H2O,
PdCl2, RuCl3 ·xH2O, RhCl3 ·xH2O, Ni(NO3)2 ·6H2O, and
Fe(NO3)3 ·9H2O (analytic grade), respectively, and were
purchased from Aldrich Chemical Company, Ltd. The
sired loadings of the active components in the catalysts w
4.95× 10−4 mol per g catalyst. The K/Ru atomic ratios in
the RuK/CNTs and RuK/ZrO2-BD catalysts were 1.

2.3. Catalytic testing

Catalytic testing was carried out on a continuous fl
quartz reactor (catalyst: 100 mg, 60–80 mesh or 180
200 mesh) under pure ammonia atmosphere [NH3 pu-
rity, 99.99%; flow rate, 50 ml/min; GHSVNH3 = 30,000
ml/(h gcat); another flow rate, 250 ml/min; GHSVNH3 =
150,000 ml/(h gcat)]. Prior to the reaction, the metal (R
Rh, Pt, Pd) catalyst was reduced in situ in a 25% H2/Ar
flow at 773 K for 2 h and then purged with pure argon. T
reaction temperature was in the range of 623–873 K.
reduction temperature for Ni and Fe catalysts was 973
Product analysis was performed on an on-line GC-8A
chromatograph (Shimadzu) equipped with a thermal c
ductivity detector and a Poropak Q column, using Ar
carrier gas. We found that ammonia conversion obse
in a blank reactor or over the supports was less than 0.2
773 K.

2.4. Characterization

The actual loadings of the active components and the
tents of residual chlorine in the prepared catalysts were
termined on a sequence XRF-1700 X-ray fluorescent s
trometer (Shimadzu), at a setting of 40 kV and 95 mV. T
BET surface areas of the supports and catalysts were
sured on a Micromeritics 2010C instrument; before e
measurement, the sample was heated to 573 K and
at this temperature for 5 h. The same instrument was u
for the measurement of CO- and H2-chemisorption uptake
at 313 K. Prior to each measurement, the sample was fir
reduced in H2 flow at 773 K for 2 h, followed by 1 h evacu
ation.

Powder X-ray diffraction experiment was conducted
a Rigaku Automatic Diffractometer (Rigaku D-MAX) with
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monochromatized Cu-Kα radiation (λ = 0.15406 nm) at a
setting of 40 kV and 80 mA. The patterns recorded were
ferred to the powder diffraction files-1998 ICCD PDF Da
base for identification. TEM was used to investigate the m
phologies and particle sizes of the catalysts. Images w
taken on a JEM-2010F transmission electron microscope
erating at 200 kV.

Temperature-programmed reduction (TPR) was oper
according to the following steps. Prior to each measureme
the sample (0.1 g) was heated from room temperature
to 623 K with a heating rate of 10 K/min under Ar flow
(40 ml/min) and kept at this temperature for 30 min for t
removal of adsorbed impurities (e.g., H2O). After the sample
was cooled to RT, the gas flow was switched to 5% H2/Ar
(40 ml/min). Finally, TPR profiles were obtained with
temperature ramp of 10 K/min using a thermal conductiv
ity detector. Before entering the detector, the gases from
TPR reactor were passed through a glass tube filled up
4A molecular sieve and cooled to ca. 177 K to ensure c
plete elimination of any water in the gases. Calibration
the TPR peak area for absolute H2 consumption was mad
by reducing a series of standard CuO samples. The redu
ity of the loaded metal component was estimated base
the amount of H2 consumption.

The N2-TPD experiment was carried out using the m
analyzer of a HP4890 GC-MS instrument as the dete
Before the measurement, the catalyst was heated at 6
and reduced with 20% H2–Ar at 773 K for 1 h. Then the
gas flow was switched to pure He for purging at 773 K
30 min, and the gas flow was switched to N2 and the sam
ple was cooled slowly to RT and kept at RT for 20 m
Then, the gas flow was switched to pure He (40 ml/min).
A stable baseline was established after a flow of He at
for 30 min, and the catalyst was heated (10 K/min) and the
N2-TPD curve was recorded. The desorbed amount was
ibrated against a standard pulse of N2 via a sampling tube o
10 µl.

The procedure for the NH3- or CO2-TPD experiment o
support was similar to that described previously [28]. T
carrier gas was pure He, and the gases for adsorption
1% NH3/He and high-purity CO2, respectively. The detecto
was MSC-200 quadrupole mass spectrometer from Ba
Company, Ltd.

3. Results

3.1. Investigation on active component

In tests that lasted tens of hours, we observed stable
formance for ammonia decomposition over all the cataly
Shown in Fig. 1 and Table 2 are the NH3 conversion and
H2 formation rate over the different CNT-supported ca
lysts recorded at a time on stream (TOS) of 3 h, respectiv
The particle size of catalysts was 60–80 mesh, and the
composition reaction was conducted at GHSVNH3 = 30,000
-

-

-

e

-

-

Fig. 1. NH3 conversion over CNT-supported metal catalysts (F, Ru; E,
Rh;2, Ni; P, Pd;1, Fe;Q, Pt), GHSVNH3 = 30,000 ml/(h gcat).

Table 2
H2 formation (mmol/(min gcat)) over the CNT-supported metal catalystsa

Reaction
temperature (K)

Ru Rh Pt Pd Ni Fe

623 2.11 0.2 0.05 0.03 0.10 –
643 3.42 0.34 0.10 0.07 0.17 0.02
673 5.73 0.6 0.21 0.15 0.33 –
703 9.51 1.38 0.37 0.3 0.74 0.07
723 14.64 1.94 0.61 0.57 1.11 0.17
743 – – – – – 0.34
773 28.35 4.19 1.41 1.43 2.90 0.65

a The molar loadings of the active metal in the catalysts are
4.75× 10−4 mol/gcat, which corresponds to a 5% weight loading for R
GHSVNH3 = 30,000 ml/(h gcat); the data are averaged within initial TO
of 3 h.

ml/(h gcat). One can see that at 623 K, the NH3 conversion
over Ru/CNTs is 6.31%, 8–40 times larger than those
served over the supported Rh, Ni, Pt, Pd, and Fe catalys
equal temperature; and the corresponding H2 formation rate
is 2.11 mmol/(mingcat). Since NH3 decomposition is an en
dothermic process (�H = 11 kcal/mol; 45.98 kJ/mol), an
increase in reaction temperature would result in an enha
ment in NH3 conversion [18]. In the range of 623–773
elevation of reaction temperature leads to a drastic increa
of the absolute difference in NH3 conversion over the cata
lysts. At 773 K, the conversion (84.65%) over the Ru cata
approximates equilibrium value (99.74%). The H2 formation
rate over Ru/CNTs is ca. 28.35 mmol/(mingcat) at 773 K.
We found that under similar reaction conditions, Ru/CN
(e.g., 17.14% NH3 conversion at 673 K) is superior to 10
Ru/SiO2 (14.3% NH3 conversion at 673 K), the most acti
catalyst recorded in Goodman and co-workers’ work [1
Since the space velocities of NH3 adopted in evaluation o
the catalysts are identical, a change in NH3 conversion re-
flects the variation of H2 formation rate over the catalys
at different temperatures. Therefore, Ru can be regarde
the most suitable for NH3 decomposition. Goodman and c
workers [18] reported that over the SiO2-supported meta
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catalysts for NH3 decomposition, Ru was more active th
Ni and Ir. It has been suggested that Ru is an attractive
alyst for NH3 synthesis because Ru/C, a commerciali
product, is much more active than the conventional Fe-ba
catalyst [29].

3.2. Investigation on catalyst support

In the evaluation of catalytic efficiency of Ru cat
lysts, we adopted a high reaction space velocity (flow r
250 ml/min; GHSVNH3 = 150,000 ml/(h gcat)) and very
small catalyst particle size (180–200 mesh). Since the
fect of mass transfer would become a genuine concer
high reaction rates, all the tests of the present study w
carried out at conditions ofΦ < 1, where there would b
no mass-transfer limitations during the reactions accordin
to the Weisz criterion [30],Φ = (dN/dt)(1/C0)(R

2/Deff),
where dN/dt is the reaction rate (mol/(cm3 s)), C0 reac-
tant concentration (mol/cm3), R particle radius (cm), and
Deff effective diffusivity (cm2/s). It should be noted tha
both CNTs and AC (unlike the metal oxide supports)
relatively fragile, leading to a gradual size reduction of
catalysts. Therefore, the calculatedΦ value for the CNT- or
AC-based catalysts is higher than the theoretical one.

Depicted in Fig. 2 are the NH3 conversions over the sup
ported Ru catalysts at GHSVNH3 = 150,000 ml/(h gcat),
and listed in Table 3 are the corresponding H2 formation
rates. It is obvious that within the temperature range
623–773 K, although the data of Table 3 were obtai
at a NH3 space velocity 4 times that adopted for the c
lection of the data in Table 2, no significant difference
H2 formation rate was observed at similar reaction temp
atures for the same Ru/CNTs catalyst, thus providing
rect evidence for the absence of mass-transfer limitation
in the present study. Moreover, the order of NH3 conver-
sion can be ranked as Ru/CNTs> Ru/MgO > Ru/TiO2 ∼=
Ru/Al2O3 ∼= Ru/ZrO2 > Ru/AC> Ru/ZrO2-BD, signifying
that Ru/CNTs are indeed the most active. In other wo
among the support materials studied, CNTs are the m
suitable support for Ru catalyst.
Fig. 2. NH3 conversion over 5 wt% Ru catalysts supported on various
terials (+, K/CNTs; F, CNTs;E, MgO; Q, TiO2; P, AC; 1, ZrO2; 2,
Al2O3; !, ZrO2-BD; ", K/ZrO2-BD), GHSVNH3 = 150,000 ml/(h gcat).

In ammonia synthesis, alkali or alkaline earth ions
used as efficient promoters for supported Ru or Fe c
lysts; they are also effective adjuvants for preventing Ru
Fe from sintering [31–33]. Here, we modified CNTs a
ZrO2-BD with KOH; then RuK/CNTs and RuK/ZrO2-BD
catalysts were obtained by impregnating the modified s
ports with RuCl3 dissolved in acetone, respectively. T
catalytic results at GHSVNH3 = 150,000 ml/(h gcat) are
shown in Fig. 2 and Table 3. At 623 K, NH3 conver-
sion and H2 formation rate over RuK/CNTs are 3.54% a
5.93 mmol/(mingcat), respectively, much higher than tho
over Ru/CNTs. However, compared to a KOH-modifi
Ru/CNTs catalyst [15], it is lower in activity. At 773 K
NH3 conversion over RuK/CNTs is 28.60%, and the c
responding H2 formation rate is 47.88 mmol/(mingcat).
When the reaction was carried out at GHSVNH3 = 30,000
ml/(h gcat) and 773 K, there was no detectable ammo
in the effluent, showing that NH3 conversion was close t
the equilibrium level (99.74%). Similar enhancement in
tivity was observed for Ru catalyst supported on a KO
modified ZrO2-BD sample. In ammonia synthesis, Aika a
Table 3
Effect of support on H2 formation (mmol/(min gcat)) over supported Ru catalysts at different reaction temperaturesa

Reaction temperature (K) CNTs MgO TiO2 AC Al2O3 ZrO2 ZrO2-BD KCNTs KZrO2-BD

623 2.01 1.98 1.67 0.97 1.51 1.42 0.40 5.93 3.65
643 3.30 3.11 2.68 1.51 2.24 2.09 0.67 8.12 5.29
673 6.23 5.42 4.35 2.68 3.85 3.68 1.32 12.22 8.54
693 – – – – – – – 16.81 11.55
703 10.08 7.67 6.90 5.02 5.59 5.52 2.41 – –
723 14.28 10.35 9.11 7.37 7.87 7.20 3.23 25.95 17.07
743 – – – – – – – 33.48 21.76
753 – – – – – – – 37.00 25.11
773 27.74 22.43 18.93 17.58 18.08 16.24 8.54 47.88 31.64

a The molar loadings of Ru in the catalysts are ca. 4.75× 10−4 mol/gcat, and the ratio of K/Ru is 1 in the RuK/CNTs
and RuK/ZrO2-BD catalysts; GHSVNH3 = 150,000 ml/(h gcat); the data are averaged within initial TOS of 3 h.
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co-workers [32], observed no marked difference in activi
over RuK/MgO and Ru/MgO. We also found that the mo
ification of MgO with KOH does not result in a remarkab
increase in activity (not shown here). Thus, the modifica
effect of the alkali metal ions is dependent on the natur
support materials and the reaction system.

4. Characterization

The decomposition steps of NH3 are sensitive to th
structure and texture of support and metal catalyst. In o
to investigate the essential factors that affect catalytic pe
mance, we employed XRF, BET, XRD, TEM, H2-TPR, CO
(H2)-chemisorption, and N2-TPD techniques to characteri
the catalysts.

4.1. Elemental analysis

The designed loadings of active component were 4.95×
10−4 mol per gram of catalyst, which corresponds to
weight percentage of 5% for the Ru catalysts. Accordin
the color of the precursor metal salts, one can have a r
estimation on the successfulness of loading the metals o
supports. If there was no color implanted on the inner w
of the glass container used for impregnation, the actual l
ing could be considered as close to the intended value. A
impregnation and drying processes, we observed no c
implantation on the wall of the container, and deduced
the actual content of the active component should be c
to 4.95× 10−4 mol/gcat. The results of XRF measureme
(Table 4) revealed that the actual contents of active met
the prepared samples (except the modified ones) were i
range of 4.6–4.9× 10−4 mol/gcat, suggesting that the me
als were loaded nearly completely on the supports.
e

The XRF results (in Table 4) also showed that the m
ratios of Cl/metal in the present catalysts of unmodified s
port were in the range of 0.003–0.061. For the Fe/CNTs
Ni/CNTs catalysts, the Cl/metal ratios are very small; the
are 0.003 and 0.007, respectively. Therefore, we deduce
the Cl−1 ions are originated from the precursor of the cor
sponding metal component, and the H reduction at 77
could almost lead to the complete removal of Cl−1. The
reduced RuK/CNTs and RuK/ZrO2-BD catalysts, howeve
show a molar Cl/Ru ratio of 0.284 and 0.258, respective
The high content of Cl in these two catalysts is a resul
KOH interaction with RuCl3, and the KCl generated is a st
ble compound under hydrogen [40].

4.2. BET surface area

From Table 4, one can see that among the supports,
are significant discrepanciesin surface area. For exampl
the surface area of activated carbon is 1220 m2/g, while
that of CNTs is 224 m2/g. The metal oxide supports e
cept ZrO2-BD (289 m2/g) exhibit surface areas in the ran
of 6–189 m2/g, much lower than the carbon materials. T
loading of metals on these support materials led to a s
decrease in specific surface area.

4.3. NH3 and CO2-TPD

Fig. 3 depicts the NH3-TPD profiles of the supports. N
signals of NH3 desorption were observed over AC, CNT
KOH-modified CNTs, and KOH-modified ZrO2-BD, sig-
nifying that there were no acidic sites on these mater
Broad signals ranging from RT to 723 K were observed o
TiO2, ZrO2, Al2O3, and ZrO2-BD. It is obvious that ZrO2-
BD is the strongest in acidity and the largest in numbe
acidic sites.
n

Table 4
Properties of catalysts employed in ammonia decomposition

Catalyst Surface area (m2/g) Cl/Mb Loading Ru particle sizes by TEM (nm) Dispersioc

Support Catalyst (µmol/gcat) Size range Average sizea (%)

Ru/CNTs 224 168 0.058 464 2-5 3.9 25.6
Rh/CNTs 224 171 0.044 469 – – –
Pt/CNTs 224 172 0.035 481 – – –
Pd/CNTs 224 162 0.061 476 – – –
Fe/CNTs 224 174 0.003 482 – – –
Ni/CNTs 224 170 0.007 486 – – –
Ru/AC 1220 1130 0.056 469 2–5 4.1 24.4
Ru/MgO 24 13 0.021 477 2–15 9.1 11.0
Ru/Al2O3 159 108 0.024 480 3–16 8.7 11.5
Ru/TiO2 6 3 0.022 469 – – –
Ru/ZrO2 30 19 0.022 475 – – –
Ru/ZrO2-BD 289 223 0.012 481 4–16 9.4 10.6
RuK/CNTs 189 147 0.284 447 2–5 3.7 27.0
RuK/ZrO2-BD 264 227 0.258 438 – – –

a Estimated by the equation:dn = ∑
nidi/

∑
ni from Ref. [39] based on TEM data.

b M, active metal component; Cl/M, molar ratio of the residual chlorine ion to the active metal, measured by XRF.
c The dispersion is obtained according to the average size of Ru.
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Fig. 3. NH3-TPD curves of supports (a, AC; b, CNTs; c, K/CNT
d, K/ZrO2-BD; e, MgO; f, TiO2; g, ZrO2; h, Al2O3; i, ZrO2-BD).

Fig. 4. CO2-TPD curves of supports (a, AC; b, CNTs; c, ZrO2-BD; d, TiO2;
e, ZrO2; f, Al 2O3; g, MgO; h, K/CNTs; i, K/ZrO2-BD).

Fig. 4 shows the CO2-TPD profiles of the supports. On
can see that there was almost no CO2 desorption from AC,
CNTs, and ZrO2-BD. It was suggested before that CN
is weakly basic [34]; according to our current results,
adopted CNTs after purification are neutral. Small amou
of CO2 were desorbed from TiO2 and ZrO2 and desorption
ended up at ca. 550 K, revealing that there are weakly
sic sites on these supports. Three peaks centered at 383
and 467 K over MgO and two broad ones at ca. 383 and
K over KOH-modified CNTs and ZrO2-BD samples were
observed, showing that there are both weak and strong
sic sites on the two KOH-modified support materials. T
broad peak at 839 K is possibly related to the decompos
of K2CO3, because KOH can react with CO2 in the course
of CO2 adsorption. Certainly, the results still reflect the pr
ence of strong basic sites on the KOH-modified supports
2,

-

Fig. 5. TPR profiles of CNTs-supported metal catalysts (a, Ni; b, Fe; c, re
erence RuO2 without support; d, Ru; e, Pd; f, Rh; g, Pt).

The acid/base natures of MgO, Al2O3, ZrO2, and TiO2
are similar to those reported in the literature [35,36]. T
high surface area ZrO2-BD support prepared by the reflu
digestion method was found to show higher acidity than
conventional ZrO2 support. Our previous study showed th
during the reflux digestion in basic solution, dissolution
Si4+ ions from the glass vessel can result in incorporatio
Si4+ ions into the sample of ZrO2-BD [27]. According to the
results of colorimetry analysis, the Si content in this ZrO2-
BD sample was 5.0%. The presence of SiO2 could lead to
the elimination of surface basicity on ZrO2-BD [36–38].

4.4. H2-TPR

In H2-TPR studies, one can obtain useful informat
for catalyst reduction prior to activity evaluation as well
evidence for the interaction between active component
support. Plotted in Figs. 5 and 6 are the TPR profiles of
catalysts and CNTs-supported metal catalysts. The calc
precursors of Rh/CNTs, Pd/CNTs, Pt/CNTs, and Ru/CN
can be completely reduced at a temperature below 67
while those of the other two CNT-supported (Ni and F
catalysts are more difficult to reduce. The reduction tem
atures for the supported Ru catalysts are slightly higher
“pure” RuO2, implying that there is interaction between su
port and active component. From Fig. 6, it is apparent
the supports show little effect onthe reduction behavior o
the supported Ru precursors.

Based on the amounts of H2 consumption, the reducibi
ity of and oxidation states of the active components in
calcined catalyst precursorscan be estimated, respective
As listed in Table 5, H2 consumption for all the Ru catalys
is almost identical, independent of support materials, and
reducibility of the active metal components is nearly 100
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Fig. 6. TPR profiles of Ru catalystssupported on different materia
(a, K/CNTs; b, AC; c, Al2O3; d, MgO; e, TiO2; f, ZrO2-C; g, ZrO2-BD;
h, K/ZrO2-BD).

The active metals in the calcined precursors are in the f
of Fe2O3, NiO, RhO2, RuO2, PdO2, and PtO2, respectively.

4.5. XRD

In the XRD analysis of the reduced CNT-supported c
alysts, we observed only the broad diffraction lines (1
and 102) of CNTs (Fig. 7) for the supported noble me
catalysts. The absence of any diffractions attributable
Fig. 7. XRD patterns of CNTs-supported metal catalysts (a, Ru; b, Rh; c, N
d, Fe; e, Pt; f, Pd).

the metals indicates that theyare highly dispersed on th
CNTs support. But, there are characteristic lines ascr
to Fe (2θ = 44.67◦) and Ni (2θ = 44.52, 52.1◦) in the
XRD patterns of Fe/CNTs and Ni/CNTs, respectively. W
respect to the XRD patterns of the Ru catalysts (Fig.
those of Ru/CNTs, RuK/CNTs, and Ru/AC show no d
fraction lines related to Ru particles, whereas the other
catalysts exhibit characteristic lines of Ru nanocrystal
44.02, 38.38, and 42.15 (2θ ). The results again suggest th
CNTs and AC are support materials enabling high Ru
persion.
Table 5
Properties of catalysts for ammonia decomposition

Sample H2-TPR Chemisorption (µmol/gcat) Activation energy

H2 uptake
(µmol/g)

Peak temp.
(K)

Reducibility
(%)

CO H2 Dispersiona

(%)
(Eα , kJ/mol)b

CNTs 114 879 – 1.1 0.8 – –
RuO2 14,987 465 99.7 – – – –
Ru/CNTs 907 518 97.7 98.2 50.0 21.2 69.2b,69.9c

Rh/CNTs 912 473 97.2 115.1 50.3 24.5 80.9b

Pt/CNTs 914 468 95.0 139.2 61.4 28.9 88.2b

Pd/CNTs 925 495 97.2 133.1 62.1 28.0 99.7b

Fe/CNTs 703 839 97.2 47.4 31.9 9.8 148.5b

Ni/CNTs 476 568,873 97.9 67.9 32.5 14.0 90.3b

Ru/AC 914 514 97.4 97.1 52.2 20.7 75.7c

Ru/MgO 921 508 96.5 44.2 – 9.3 62.3c

Ru/Al2O3 917 518 95.5 50.4 – 10.5 64.6c

Ru/TiO2 913 511 97.3 48.5 – 10.3 63.3c

Ru/ZrO2 911 494 95.9 51.4 – 10.8 65.5c

Ru/ZrO2-BD 914 513 95.0 58.4 – 12.1 80.4c

RuK/CNTs 864 473 96.6 104.1 – 23.3 56.1c

RuK/ZrO2-BD 850 503 97.0 63.5 14.5 57.2c

a The dispersion was estimated according to CO-chemisorption data, assuming Ru:CO= 1:1 [18].
b The apparent activation energies were obtained from the Arrhenius plots with GHSVNH3 = 30,000 ml/(h gcat).
c The apparent activation energies were obtained from the Arrhenius plots with GHSVNH3 = 150,000 ml/(h gcat).
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Fig. 8. XRD patterns of Ru catalystssupported on different material
(a, K/CNTs; b, AC; c, Al2O3; d, MgO; e, K/ZrO2-BD; f, ZrO2-BD;
g, TiO2; h, ZrO2).

4.6. TEM

In order to investigate the effect of support on the pa
cle size and morphology of the Ru catalysts, we emplo
the TEM technique. As shown in Fig. 9, the Ru particles
CNTs, K/CNTs, and AC are spherical, and 2–5 nm in s
With tilting operation in the TEM measurement, we detec
that some of Ru particles were actually inside the channe
CNTs, while the others on the outer walls. The TEM res
of Ru sizes over CNTs and AC are similar to those obtai
by HRTEM [25]. On Al2O3, MgO, and ZrO2-BD, the sizes
of Ru crystals are in the 3–15 nm range. According to
dn = ∑

nidi/
∑

ni equation depicted in Ref. [39], the ave
age size of Ru particles was estimated based on the ran
size of 100 particles. We found that the average sizes o
nanocrystals on CNTs and AC are around 4.0 nm, sma
than those observed on MgO, ZrO2-BD, and Al2O3. The
modification of CNTs with KOH shows only a slight effe
on the size of Ru particles.

According to average particle sizes, the dispersions o
Ru catalysts were calculated and are listed in the final
umn of Table 4. The Ru dispersions on CNTs, K/CNTs, a
AC are almost the same, around 25%. Thus, the modifica
of CNTs with potassium shows little effect on Ru dispersi
The dispersions over Al2O3, MgO, and ZrO2-BD are simi-
lar, ca. 12%.

4.7. CO and H2 chemisorption

First, CO and H2 chemisorption was conducted over t
supports. We observed a small amount of H2 adsorption
(0.1 µmol/gCNTs) over CNTs but zero adsorption over t
others. All the supports showed zero capacity of CO ads
tion.
The chemisorption capacity of CO on Ru/CNTs, Ru
CNTs, and Ru/AC is rather close, ca. 100 µmol/gcat. The
number of exposed metal sites based on CO-chemisor
results agrees well with that indicated by the H2-chemisorp-
tion data. Since the H:metal (e.g., Ni, Ru, Pt) stoichio
etry is commonly assumed to be 1, we deduced that
CO:metal stoichiometry is 1:1, consistent with that of Go
man’s group [18]. The levels of CO chemisorption ov
the Ru catalysts supported on the metal oxides are
the 40–60 µmol/gcat range, lower than those over Ru/A
Ru/CNTs, and RuK/CNTs. We observed no significant
ference in chemisorption level between Ru/ZrO2-BD and
RuK/ZrO2-BD, although that observed over the latter w
marginally higher than that over the former. In terms of C
adsorption on the CNT-supported catalysts, both Pt/C
and Pd/CNTs adsorb ca. 140 µmol/gcat, while the ad-
sorbed amounts over Rh/CNTs and RuK/CNTs are sim
to that over Ru/CNTs. The amounts of CO adsorbed
Ni/CNTs and Fe/CNTs are considerably smaller, 67.9
47.4 µmol/gcat, respectively, much lower than those on t
noble metal catalysts supported on CNTs.

Based on the chemisorption data and assuming an ad
tion of one CO (or H) per metal atom [18], one can estim
the dispersion of the metal catalysts. The dispersions o
and Pd are 28–29%, the highest among the present
lysts. The dispersion of Ni is 9.8%, the lowest among
CNTs-based catalysts. The dispersion of Ru over AC, CN
and K/CNTs is ca. 21%, significantly better than that o
the other supports. Such level of Ru dispersion is hig
than that reported by Goodman and co-workers over
10% Ru/SiO2 and 10% Ru/Al2O3 catalysts [18]. The dis
persion figures of Ru/AC and Ru/CNTs are agreeable to
H2-chemisorption data (118 µmol/gcat) reported by Brad-
ford et al. over Ru/C [16]. As for CO chemisorption, th
reported a value of 647 µmol/gcat. They regarded that th
large extent of CO adsorption is due to carbonyl format
We, however, did not find such a large discrepancy betw
H2 and CO uptakes over a particular sample. Therefore
deduce that the formation of carbonyl complexes was
serious in the course of CO adsorption on catalysts of
present study. Moreover, our data indicated that the m
fication of CNTs and ZrO2-BD with KOH results in only
slight changes in Ru dispersion.

4.8. N2-TPD

Shown in Fig. 10 are the N2-TPD patterns of Ru/CNTs
RuK/CNTs, Ru/ZrO2-BD, and RuK/ZrO2-BD. Over Ru/
CNTs, N2 desorption begins at 503 K and shows a maxim
at 623 K. Over RuK/CNTs, the values are 478 and 607
respectively, suggesting that the modification of CNTs w
KOH promotes N2 desorption. We observed similar resu
in the modification of a reduced Ru/CNTs catalyst w
KOH [40]. The N2-TPD behavior over the KOH-modifie
samples is similar to those over KRu/C reported by Kow
czyk and co-workers [41]. Compared to Ru/CNTs, Ru/ZrO2-



392 S.-F. Yin et al. / Journal of Catalysis 224 (2004) 384–396
Fig. 9. TEM pictures of Ru catalysts on different supports (a, CNTs; b, K/CNTs; c, AC; d, MgO; e, ZrO2-BD; f, Al 2O3).
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BD shows a higher temperature of maximum desorp
(648 K) but no marked difference in onset temperature.
modification of ZrO2-BD with KOH results in a similar ef
fect on N2 desorption.

As for the amount of N2 desorption, it is 29.2 and 13.
µmol/g, respectively, over Ru/CNTs and Ru/ZrO2-BD. The
modification of CNTs with KOH led to a slight increase
the amount of desorbed N2 (31.4 µmol/g), whereas ther
was a decrease in the case of KOH-modified Ru/CNTs [
It is possible that the loading of KOH on Ru/CNTs caus
a reduction in the surface area of Ru. The modification
ZrO2-BD with KOH resulted in ca. 9% increase in the N2
desorption.

5. Discussion

The results of Ru dispersion based on the chemisorp
data are in good agreement with those of TEM and XRD;
dispersion is good on CNTs and AC supports. One expl
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Fig. 10. N2-TPD curves over three Ru catalysts (a, Ru/CNTs; b, R
CNTs; c, Ru/ZrO2-BD; d, RuK/ZrO2-BD).

tion is that AC and CNTs are high in surface area, and be
nanosize, the CNTs material restricts the growth of Ru
ticles. It is known that there are various functional grou
(e.g., –COOH, –OH) on CNTs and AC [42] that cause
negative effect on the electronic structure of metal cata
in NH3 decomposition and synthesis. However, it is po
ble that such groups are responsible for the anchoring o
metal on the carbon materials.In addition, because of th
strong oleophylic ability of CNTs and AC, the use of ac
tone as solvent for RuCl3 is beneficial for the anchoring o
Ru precursor. Previously, we found that the use of wate
solvent would result in Ru particles of larger sizes on CN
[40]. The poor dispersion of Ru on the metal oxide supp
is possibly related to a different kind of interaction betwe
the support oxides and Ru precursor during the impregna
and drying processes.

The results so far show that Ru/CNTs and RuK/CN
are promising catalysts for on-site generation of H2 from
NH3. We ascribed the high activity to the high dispersion
Ru, and to the high graphitization and purity of CNTs [2
Generally speaking, the catalytic performance of a c
lyst is dependent on (i) acidity and/or basicity of suppo
(ii) interaction of active sites with reactants and/or product
(iii) surface area and structure of catalyst and/or support,
(iv) resistance to sintering. Despite that the surface are
Ru/CNTs is much lower than that of Ru/AC, the cataly
activity of the former is much higher than that of the latt
Also, Ru/ZrO2 is catalytically more active than Ru/ZrO2-
BD, though the surface area of the latter (223 m2/g) is 11
times larger than that of the former (19 m2/g). Therefore,
it seems that surface area is not a determining factor
good performance of the supported Ru catalysts. The re
of the XRF study showed that the Cl ions in the cataly
of unmodified supports are small and similar in concen
tion. Another study on the stability of Ru/CNTs cataly
disclosed that over a TOS of ca. 30 h, a slight (< 5%) in-
crease in ammonia conversion (from 43.71 to 45.53%)
Fig. 11. Arrhenius plots of CNT-supported metal catalysts (F, Ru; 2, Ni;
E, Rh;P, Pd;1, Fe;Q, Pt).

observed [40]. Similar results were observed over the o
catalysts of unmodified supports. Thus, despite that re
ual chlorine has been considered as a strong inhibitor
ammonia decomposition/synthesis catalysts [10,31–33
negative effect on the activity of the present catalysts of
modified supports can be considered as negligible.

5.1. Comparison of active component

As a standard parameter for catalytic performance, T
is calculated by normalizing the observed reaction rates (
lar conversion, NH3/(s gcat)) to the number of exposed R
sites (atoms per gram). The Arrhenius plots of the CN
supported catalysts are shown in Fig. 11. Obviously
a reaction temperature of 673 K, the TOFs on the C
supported metal catalysts can be arranged in the ord
Ru > Rh ∼= Ni > Pt ∼= Pd > Fe. The ranking is nearl
similar to that of NH3 conversions over the metal catalys
Therefore, supported Ru is the most active catalyst for N3
decomposition, similar to the reported results in NH3 synthe-
sis [10] and decomposition [13,18]. The TOF in the pres
Ru catalyst is slightly lower than that reported by Goodm
et al., because the Ru particles in their work are much big
than the Ru particles on CNTs [18]. In ammonia synthe
it has been reported that the larger the particle size of
on carbon support, the more active the catalyst in term
TOF value [43]. A similar trend was observed over the
catalysts of different supports in the present study. Till n
there has been no clear explanation for such an experim
tal observation. We cannot compare the present TOF re
with those of the others in the literature due to difference
reaction conditions.

The apparent activation energies (Eα) based on the Ar
rhenius plots are listed in Table 5. TheEα values for
Ru/CNTs, obtained at different hourly space velocit
of ammonia [i.e., 69.2 kJ/mol at GHSVNH3 = 30,000
ml/(h gcat); 69.9 kJ/mol at GHSVNH3 = 150,000 ml/(h gcat)]
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are reasonably close. This fact excludes any possible
volvement of mass transfer and equilibrium limitatio
that could affect theEα values. TheEα of Ru/CNTs
is the lowest among the metal catalysts; it is interes
to note that the value is lower than those reported
Ru/SiO2 (19.0 kcal/mol, i.e., 79.6 kJ/mol) and Ru/Al2O3
(19.5 kcal/mol, i.e., 81.5 kJ/mol) [18]. The apparent act
vation energies of the Rh, Ni, and Pt catalysts are wi
the 80.9 to 90.3 kJ/mol range, while those of the Pd an
Fe catalysts are 99.7 and 148.5 kJ/mol, respectively. Pa
papolymerou and Bontozoglou [13] found that the app
ent activation energies for the decomposition reaction o
polycrystalline Pt and Rh wires are both 21 kcal/mol (i.e.,
87.8 kJ/mol), while over Pd wires, it is 26.2 kcal/mol (i.e.,
109.5 kJ/mol). TheEα of the Ni/CNTs catalyst is similar t
those of Ni/SiO2 and Ni/SiO2/Al2O3 [18]. TheEα of KRu/C
and KFe/C catalysts reported by Kowalczyk and co-work
[22] are 139 and 166 kJ/mol, respectively, much higher tha
those of the present CNT-supported catalysts. Previo
Bardford et al. [16] showed that in NH3 synthesis and de
composition, reaction conditions can exert great influenc
on theEα of Ru catalysts.

5.2. Effect of the basicity of support

Illustrated in Fig. 12 is the effect of supports on the T
of the Ru catalysts. Unlike the CNT-supported ones, the
der of TOF over the Ru catalysts is support dependent
is different from the order of NH3 conversions. Despite tha
the NH3 conversion over Ru/CNTs is higher than that o
Ru/MgO, the TOF of the former is lower than that of the l
ter. The TOF of RuK/CNTs is higher than that of Ru/Mg
Among all the catalysts, the TOF over Ru/AC is the sec
lowest, only higher than that over ZrO2-BD.

The apparent activation energies (Eα) of Ru catalysts on
different support materials are also listed in Table 5. TheEα

Fig. 12. Arrhenius plots of Ru catalysts on different supports (F, CNTs;E,
MgO; Q, TiO2; P, AC; 2, Al2O3; 1, ZrO2; !, ZrO2-BD; ", K/ZrO2-BD;
×, K/CNTs).
,

values of the Ru catalysts on the metal oxide supports ex
that of ZrO2-BD are in the range of 62–66 kJ/mol, lower
than those over the CNTs- and AC-supported Ru catal
The Eα is 69.9 kJ/mol for the Ru/CNTs and 80.4 kJ/mol
for Ru/ZrO2-BD. The modification with KOH results in
marked decrease inEα of the Ru/CNTs and Ru/ZrO2-BD
catalysts. TheEα is 56.1 kJ/mol for RuK/CNTs and 57.2
kJ/mol for RuK/ZrO2-BD.

According to the TOF andEα data, the order of catalys
activity can be ranked according to the order of increas
basicity of the support materials. The TOF over the Ru
alyst using basic MgO as support is the highest among
unmodified catalysts. On the other hand, the NH3 conver-
sion and TOF over the Ru catalyst using acidic ZrO2-BD as
support is the lowest among the present Ru catalysts.
increase in basicity of neutral CNTs and acidic ZrO2-BD
due to KOH modification results in a marked increase
both NH3 conversion and TOF. We deduce that a suppo
high acidity is unsuitable for NH3 decomposition, whereas
support of high basicity is necessary for high catalytic effi
ciency.

It is noted that after hydrogen reduction at high temp
ature, residual chlorine in the Ru catalysts of unmodi
supports is almost completelyremoved. The stability of ac
tivity also suggests that the negative effect of residual c
rine on the catalysts is negligible. As for the RuK/CNTs a
RuK/ZrO2-BD catalysts, the Cl/Ru molar ratios are ca. 4–
times higher than that of the unmodified supports. Due to
partial conversion of KOH to KCl, the amount of KOH ava
able on the modified supports was reduced after the loa
of RuCl3. We believe that most of the potassium still e
ists as KOH. After refluxing the reduced RuK/CNTs a
RuK/ZrO2-BD samples in deionized water (solid/liquid ra-
tio 1/5) at 370 K for 4 h, we found that the water turn
basic, confirming that the two catalysts are still strongly
sic. Hence, despite the negative effect of residual Cl,
activities of RuK/CNTs and RuK/ZrO2-BD are still higher
than that of the corresponding Ru/CNTs and Ru/ZrO2.

In NH3 synthesis, Aika and co-workers [32] observed t
the activities of supported Ru catalysts could be arran
according to support electronegativity; the higher the elec
tronegativity, the lower the activity. Furthermore, the ext
of such support effect shows an inverse relationship w
the electronegativity of the compounds adopted for Ru/M
modification. The activities of Ru catalysts can be range
the order of the basicity of supports or promoter/suppo
Al2O3 < MgO < Cs/Al2O3 (Cs/Ru = 8 mol/mol) <

Cs/MgO (Cs/Ru = 0.1 mol/mol) < Cs/MgO (Cs/Ru =
1.0 mol/mol). Using FTIR to study the effect of promote
Aika et al. found that with the increase of support bas
ity, the vibration frequency of adsorbed N2 shifts to a lower
wavenumber. They considered that activity enhanceme
due to electron transfer from the promoter to Ru [44]
should be noted that for both ammonia synthesis and de
position, the use of acidic support for metal catalysts is r
One reason for that is an acidic support means strong3
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adsorption; the other reason disclosed by the present s
is that being an electron-withdrawing material, an aci
support exerts a negative effect on NH3 decomposition, an
aspect to be discussed in the next subsection.

Additionally, we observed that the TOFs of the Ru ca
lysts show a declining tendency when the size of the Ru
ticles becomes smaller or the Ru dispersion level beco
higher.

5.3. Reaction kinetics of NH3 decomposition

The N2-TPD results (Fig. 10) and TOF data (Fig. 12) d
close that the lower the temperature for N2 desorption, the
larger the TOF over the Ru catalysts, suggesting that
desorption of N2 is the rate-determining step in NH3 decom-
position. Moreover, a higher temperature of N2 desorption
means higher apparent activation energy over the Ru c
lysts. With respect to the CNT-supported catalysts, we fo
that the higher the TOF, the lower the apparent activation
ergy. Although we are unable to disclose the chemical na
of the key reaction intermediate on these catalyst, it is
highly possible that desorption of N2 is the slowest step in
NH3 decomposition over the catalysts used in the pre
study.

Boudart et al. [45] proposed that over W and Mo, (i) t
breaking of N–H bonds, (ii) the combination of two N atom
and (iii) the desorption of N2 are slow irreversible steps du
ing NH3 decomposition. Despite certain subtle differenc
the results of experiments conducted on Pt and Ru by Lo
et al. [46], Tsai et al. [47], and Bradford et al. [16] advoc
such a proposition. Apparently, the acid-base nature of
supports exerts certain effects on N2 desorption and henc
on the TOF over the Ru catalysts.

It was reported that electron transfer from support
Ru facilitates the recombinative desorption of surface
atoms [16]. We observed that in KOH modification of R
catalysts supported on conductive CNTs and noncon
tive MgO, the effect of modification was more promine
over the former case [25]. This is because electron tr
fer from promoter to Ru is more feasible in the case o
conductive support. Certainly, the promotional effect is a
dependent on the adopted active component. In anothe
of experiments, we observed that KOH modification can a
result in activity enhancement of a Ni/ZrO2 catalysts for
NH3 decomposition, although the degree of enhancem
is much lower than that observed over the Ru-based c
lyst.

6. Conclusion

The metallic Ru catalyst is highly active for the gene
tion of COx-free H2 from ammonia, and CNTs are an e
cellent support material for the catalyst. The dispersion
Ru on CNTs is the highest among all the support mat
als examined in this study. The modification of CNTs a
-

t

ZrO2-BD with KOH results in a significant enhancement
the catalytic activity of supported Ru catalyst. A support
basic nature is required for high catalytic efficiency, and
increase in the support basicity leads to TOF enhancem
of the Ru catalysts. The apparent activation energies o
reaction over Ru catalysts are dependent on the proper
materials adopted as the catalyst support. The desorptio
N2 appears to be the rate-determining step in the cata
NH3 decomposition reaction. The results also implied th
if a support having both strong baisicity and good electro
conductivity is used as the support for Ru catalyst, it is p
sible to develop a more efficient catalyst for the generatio
of COx-free hydrogen from ammonia.
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