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Abstract Nanosized NazTi307, KzTi6013 and CSZTi6013
materials were prepared and used as supports of ruthenium
nanoparticles for catalytic ammonia decomposition. It is
shown that these catalysts exhibit higher catalytic activity
than ruthenium supported on TiO, nanoparticles promoted
with cesium. The difference is attributed to the use of
nanostructured materials with incorporated alkali metals in
the crystal lattice, which apparently gives a higher effect of
the promoter. All samples were characterized by X-ray
powder diffraction, transmission electron microscopy and
N, physisorption measurements. Furthermore, the effect of
ruthenium loading on the catalytic decomposition of
ammonia was investigated.

Keywords Ammonia decomposition -
Ruthenium nanoparticles - Titanate nanowires -
Titanate nanotubes - Hydrogen production

1 Introduction

In the past decades, the increased CO,-emission to the
atmosphere from utilization of fossil fuels has led to
intensive research in order to substitute the fossil resources,
like oil and coal, with suitable alternatives. One of the
more promising ideas is to use hydrogen as energy carrier
[1-3]. The hydrogen economy has come far but the final
breakthroughs regarding some of the major challenges are
still to come. The challenge of how to store and transport
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hydrogen efficiently has led to an increased interest in
using various materials for direct hydrogen storage [4—10].
All of those technologies are still only at the research stage
and far from widespread commercial use. The challenge of
how hydrogen can be produced in a cheap, efficient and
“green” way has also achieved attention in several studies
[11-15], but most hydrogen is still produced from methane
by steam-reforming and the water gas shift reaction. The
efficient conversion of hydrogen into electricity is the only
technology that is now starting to get commercialised and
several operational hydrogen fuel cell systems are now
available on the market (http://www.ballard.com/, http://
www.dantherm-power.com/).

The lack of a significant breakthroughs for direct
hydrogen storage has led to increased interest in indirect
hydrogen storage, e.g., in methanol, ethanol and methane
[16, 17], but all these compounds contain carbon and will
unavoidably produce CO, at the end user. Therefore,
ammonia as an indirect hydrogen storage medium has
gained renewed focus [18-20]. The main reason for this
interest is that ammonia is a bulk chemical that is widely
available and has a high hydrogen density on both weight
and volume bases [21]. Ammonia can also be transported
and stored as a liquid by known and well-proven technol-
ogy [22]. Moreover, the use of ammonia as an indirect
hydrogen storage media has been promoted by the devel-
opment of efficient and reversible solid ammonia storage in
the form of metal ammines [23]. Metal ammines make the
use of ammonia safe by lowering the vapor pressure [24].
However, the use of ammonia as an indirect hydrogen
source makes it necessary to perform a catalytic decom-
position of ammonia to liberate nitrogen and hydrogen.

The ammonia decomposition reaction has traditionally
been studied to gain more information about the ammonia
synthesis catalyst [25]. This is, however, changing as
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ammonia is getting more attention as a potential hydrogen
carrier. Several studies have shown that ammonia can
easily be decomposed to CO,-free hydrogen [26-28].
Furthermore, studies of the optimal catalyst for the
ammonia decomposition reaction have shown that ruthe-
nium nanoparticles promoted with cesium and supported
on graphitized carbon is the currently best catalyst candi-
date [29-31]. The general trend for the effect of the alkali
metal promoters on ruthenium catalysts for ammonia
decomposition has also been studied and found to be
Cs > K > Na > Li [32].

In this paper, we investigate how nanostructured titan-
ates with incorporated alkali metals, can be used as com-
bined supports and promoters for ruthenium catalysts in the
ammonia decomposition reaction. The idea is that by
incorporating the promoter into the support material, the
promoter will be better dispersed or activated in the crystal
lattice and thereby increase the promoting effect. Further-
more, the nanostructured supports will give higher surface
area, which is also expected to increase the activity.

The support materials are characterized by X-ray pow-
der diffraction (XRPD), transmission electron microscopy
(TEM) and N, physisorption measurements. The XRPD is
done to verify that the synthesis of the support materials is
complete, and no TiO,-phase is present. TEM is used to
evaluate the detailed nanostructure of the support materials
and the physisorption is done to evaluate the total surface
areas of the different support materials. After the catalyst is
prepared the apparent particle size of ruthenium is tested
with pulse chemisorptions under similar reduction condi-
tions to those applied under the final catalyst testing. The
final catalysts are tested for catalytic activity in the
ammonia decomposition reaction.

2 Experimental
2.1 Catalyst Preparation

2.1.1 Synthesis of Alkaline Titanate Nanomaterial
Supports

Alkaline nanostructured titanates were prepared by hydro-
thermal treatment of TiO, with different alkaline bases. The
hydrothermal treatment of TiO, was done with NaOH
(Sigma—Aldrich 98%), KOH (Sigma—Aldrich 90%), and
CsOH - H,O (Sigma—Aldrich, Cabot high-purity grade)
giving the corresponding alkaline titanate nanostructures:
sodium titanates Na,Ti3;O; nanotubes, potassium titanates
K,TicO,; nanowires and cesium titanates Cs,TigO;3 nano-
wires [33-35]. The produced materials were then used as
supports for ruthenium nanoparticles.
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In a typical synthesis of the alkaline titanate nanoma-
terials, 1.92 g of the commercial TiO, anatase nanoparti-
cles were suspended in 160 mL of aqueous 10 M alkaline
base, followed by hydrothermal treatment at 150 °C in a
stainless Teflon-lined autoclave for 72 h. The resulting
powders were washed with large amounts of distilled water
until neutral pH was achieved and dried at room
temperature.

2.1.2 Preparation of Ruthenium Nanoparticles

The catalysts were prepared from 0.5 g of the titanate
nanostructured material by incipient wetness impregnation
using a ruthenium nitrosyl nitrate solution with a ruthenium
content of 8.1 wt%. After impregnation, the sample was
calcined in air at 250 °C.

2.2 Physicochemical Characterization
2.2.1 Transmission Electron Microscopy

Transmission electron microscopy was performed on a
JEM 2000 FX with an accelerating voltage of 300 kV. A
few milligram of the powdered samples were suspended
in 2 mL ethanol, and the suspension was sonicated for
30 min. The suspension was allowed to settle for 15 min,
before a drop was taken and dispersed on a 300 mesh
copper grid coated with Holey carbon film.

2.2.2 X-Ray Powder Diffraction

X-ray powder diffraction patterns were recorded using
Cu-K, radiation in the 20 interval of 5-100° by a Philips
PW 1820/3711 powder diffractometer.

2.2.3 Nitrogen Adsorption and Desorption

Nitrogen adsorption and desorption measurements were
performed at liquid nitrogen temperature on a Microme-
retics ASAP 2020. The samples were outgassed in vacuum
at 200 °C prior to measurement. Total surface areas were
calculated according to the BET method.

2.2.4 CO-Pulse Chemisorption

CO-pulse chemisorption was performed on the same cat-
alyst batch used for activity testing. The CO-pulse
chemisorption was done on a Micromeretics Auto Chem II
chemisorption analyzer. A sample of 0.1 g catalyst was
reduced in hydrogen for 2 h at 400 °C, then the gas was
switched to helium for 1 h before the sample was cooled in
a flow of helium to 50 °C and pulsed with 5% CO in
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helium. From the amount of adsorbed CO the apparent
particle size was calculated.

2.3 Catalyst Testing

The catalyst testing was performed in a specialized setup
for ammonia decomposition. 0.1 g of catalyst was trans-
ferred to the stainless steel reactor with an inner diameter
of 4.6 mm, where it was reduced for 5 h at 400 °C in a
100 mL/min flow of hydrogen. The temperature of 400 °C
for reduction in all experiments is selected to avoid
decomposition of the alkali nano-titanate supports. The
decomposition of the supports was observed in catalytic
testing at 490 °C as a rapid deactivation of the catalysts
and can be due to ammonia or hydrogen destabilizing the
nanostructure at high temperatures. The temperature can
influence the degree of reduction; if the reduction is not
complete the measured apparent particle size will increase.
The testing was done from 400 °C and down using steps of
15 °C in a flow of 20 mL/min ammonia and 50 mL/min
argon. The ammonia concentration in the carrier stream

Fig. 1 TEM images of a TiO,
nanoparticles, b Na,Ti;0;
nanotubes, ¢ K,TigO;3
nanowires and d Cs,TigO;3
nanowires

was determined using a Fischer—-Rosemount NGA 2000
equipped with a MLT analyzer calibrated to NH; concen-
trations from 0.03 to 30%.

3 Results and Discussion
3.1 Characterisation

The prepared titanate nanostructured support materials were
analysed with high-resolution TEM. Representative TEM
images of the titanate nanomaterials can be seen in Fig. 1.

In Fig. 1la, the TiO, anatase nanoparticles used as
starting material for the synthesis of the alkaline titanate
nanomaterials are shown. The results of the hydrothermal
treatments of TiO, anatase nanoparticles with different
alkaline bases, NaOH, KOH, and CsOH, are shown in
Fig. 1b, ¢ and d, respectively. From the TEM images, is it
seen that the hydrothermal treatment gives nanotubes in the
case of NaOH, whereas the use of KOH or CsOH gives
small flakes/nanowires.
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Table 1 BET surface areas of anatase TiO, before and after hydro-
thermal treatment with different alkaline bases

Main BET surface Base M) Time Temperature
product  area (m?/g) (h) 0

TiO, 139 - 0 -

Na,Tiz;O; 224 NaOH 72 150
K,;TigO;3 309 KOH 72 150
Cs,TigOq3 208 CsOH-H,O 72 150

Table 1 shows the BET surface areas of samples obtained
after hydrothermal treatment with different alkaline bases.
From Table 1, it is seen that the surface areas of the nano-
structured titanates increase significantly after the hydro-
thermal treatments with the different alkaline bases in
comparison with the starting anatase TiO,.

The support materials were also investigated using
XRPD. The obtained XRPD-patterns for all the nanoma-
terial samples are shown in Fig. 2.

The XRPD patterns were obtained in the interval from 5 to
100 (20) degrees. XRPD patterns for nanostructured titanates
were obtained after hydrothermal treatment. Figure 2A
shows crystalline TiO, anatase. The other nanomaterials
appear less crystalline but this is only because the nanotubes
and nanowires are too thin to yield good diffraction. Thus, it
is concluded that all the titanium in the samples is present as
nanostructured titanate materials and that no TiO, nano-
particles are present.

The obtained XRPD patterns are very similar to those
previously published for Na,TizO; nanotubes [36],
K,TigO;5 nanowires [37] and Cs,TigO,3 nanowires [38, 39].

3.2 Catalyst Testing

All catalysts were tested under the same conditions in a
constant flow of ammonia diluted with argon as described in

the experimental section. In Fig. 3, an Arrhenius type plot
showing the catalytic rate based on active metal concentra-
tion of 3% ruthenium on TiO, nanoparticles, Na,TizO;
nanotubes, K,TigO13 and Cs,TigO;3 nanowires is given. This
confirms the general trend for promotion of ruthenium cat-
alysts with different alkali metals in the ammonia decom-
position reaction [32, 40—42].

From Fig. 3, it is seen that the promoting effect of alkali
metals increases in the order: Cs > K > Na. To verify that
the higher catalytic activity of Cs,TigO;3 nanowires was
due to structural changes, the ruthenium on TiO, support
was promoted with a similar cesium loading(~ 30 wt%)
using a CsNOj solution. The promoter was deposited on
the already prepared 3% Ru TiO, with incipient wetness
impregnation, calcined, and tested (not shown), but it
showed lower activity than the pure ruthenium on TiO,.
This shows that incorporating alkali metal promoters into
the crystal lattice of the nano-titanates, gives a stronger
promoting effect than surface deposition of the promoter
on top of the ruthenium. The lower activity after promotion
has not been seen in other studies were high cesium
loadings has been impregnated on a ruthenium catalyst
[29, 32, 43].

The relatively high catalytic activity of ruthenium on
the nano-titanates can thus be explained by the promoting
effect of the alkali metals in the crystal lattice. Further-
more the higher surface area of the alkali titanates will
increase the dispersion of the Ru-nanoparticles on the
surface.

To further investigate the effect of the Cs,TigO;3 sup-
port material, samples with different ruthenium loadings
were prepared, in order to find the optimum ruthenium
content. The effect of varying the ruthenium loading is
shown in Fig. 4, the rates are plotted at 377 °C.
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Fig. 2 XRPD patterns of (A) TiO, nanoparticles, (B) Na,Ti;O;
nanotubes, (C) K;TigO13 nanowires and (D) Cs,TigO;3 nanowires
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Fig. 3 Arrhenius type plot for catalytic ammonia decomposition with
3 wt% ruthenium, respectively, on TiO, nanoparticles, Na,Ti;O;
nanotubes, K,TigO;3 and Cs,TigO;3 nanowires as support materials
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Table 2 Measured particle sizes and molar ratios between cesium
and ruthenium in the different catalysts for the same catalyst batches
as used for activity measurements in Fig. 4
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Fig. 4 Reaction rate at 377 °C plotted as a function of the ruthenium
loading in wt%. The rates are normalised to molar ruthenium loading
(red) and catalyst weight (blue)

The two plots in Fig. 4 illustrate that different normal-
izing factors is important for understanding the data. For
the weight based normalization the normalization factor is
constant as all test is done with same amount of catalyst
(0.1 g). For normalization to molar ruthenium content the
normalization factor changes with a factor of 20 from 0.05
to 0.99 mmol/g. This favours low loading best seen with a
comparison between 1 and 5 wt% ruthenium. The two
catalysts have similar rates on weight base but on mole
base the five times higher Ru-loading of 5 wt% sample
gives a rate on mole base that is one-fifth of the 1 wt%
sample.

From Fig. 4, it is seen that the best utilization of the
available ruthenium on a molar base is achieved with a
loading of 1 wt%. The reaction rate also show that the
activity per mole ruthenium decreases until a loading of
5 wt% is reached, here after the activity stabilizes. How-
ever, the change in specific activity as a function of
ruthenium loading is almost invariant, the main features
being a lower spread in activity and a shift of the maximum
activity to a loading of 3 wt% ruthenium. This is inter-
esting regarding catalyst mass optimization.

The change in activity can partly be explained by dif-
ferent particle sizes, which were measured by CO-chemi-
sorption, see Table 2.

By comparison of the particle size and activity norma-
lised to the ruthenium amount in mole, it is seen that there
is a good correlation between the measured particle size
and the relative activity. The loading of 1% ruthenium has
the highest activity and the lowest particle size. We have
no experimental explanation of the observed lower particle
size of this catalyst compared to the others displayed in
Table 2. The 0.5 and 3% ruthenium loadings have particle
sizes and activities in the same ranges. The 10% ruthenium

loading have the highest measured particle size and lowest
activity. This is, however, not the full picture, as the par-
ticle size for the 10% ruthenium is only slightly larger than
for the 3% ruthenium. This indicates that the ratio between
cesium and ruthenium also has influence on the measured
activity.

Thus, if we look at the particle size and activity for 0.5,
3, and 10% ruthenium, the particle size is in the same range
and should not result in large differences in activity due to
changes in particle size. This tells us that the cesium
loading is also important for the activity and from the ratios
of cesium to ruthenium in Table 2, it is clear that a ratio
higher than five is preferable, if it is assumed that the 5%
loading of ruthenium has similar particle size.

To determine what ratio of cesium to ruthenium is
optimal the particle size must be controlled better. Other-
wise it is difficult to determine which effect is most
important. This also means that the optimal loading of 1%
ruthenium may be a combination of small better dispersed
particles and more frequent contact between cesium and
ruthenium. This is due to the limited surface exposure of
the cesium ions, defined by the distribution of cesium in the
crystal lattice of the cesium titanate. This scenario is also
supported by the non-promoting effect observed by loading
non-titanate cesium on the surface of the Ru-TiO, catalyst.

4 Conclusions

In conclusion, the synthesis of the nanostructured support
materials Na,Ti;0, K, TigO;3, and Cs,TigO;3 from anatase
TiO, nanoparticles has been performed. The produced
nanostructured materials were loaded with ruthenium and
tested in the ammonia decomposition reaction. The clear
promoting effect of alkaline metals increasing in the
sequence: Cs > K > Na was shown. Furthermore, a sig-
nificant effect of the incorporation of the promoters in the
support crystal lattice instead of classic surface promoting
procedures was obtained. Further development of these
Ru-titanate catalysts should also include long term stability
measurement in the desired temperature interval.
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Finally, the optimal apparent ruthenium loading on
Cs,TigO;3 was found to be 1%, but further studies on the
influence of the ruthenium particle size and the metal loading
on the catalytic activities are needed, for this conclusion.
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