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Abstract: Uniform and highly dispersed y-Fe,O3; nanoparticles with a diameter of ~6 nm supported on
CMK-5 carbons and C/SBA-15 composites were prepared via simple impregnation and thermal treatment.
The nanostructures of these materials were characterized by XRD, Mdssbhauer spectroscopy, XPS, SEM,
TEM, and nitrogen sorption. Due to the confinement effect of the mesoporous ordered matrices, y-Fe,O3
nanoparticles were fully immobilized within the channels of the supports. Even at high Fe-loadings (up to
about 12 wt %) on CMK-5 carbon no iron species were detected on the external surface of the carbon
support by XPS analysis and electron microscopy. Fe,Os;/CMK-5 showed the highest ammonia decomposi-
tion activity of all previously described Fe-based catalysts in this reaction. Complete ammonia decomposition
was achieved at 700 °C and space velocities as high as 60 000 cm® g, * h™1. At a space velocity of 7500
cm?® geo * h™1, complete ammonia conversion was maintained at 600 °C for 20 h. After the reaction, the
immobilized y-Fe,O3; nanoparticles were found to be converted to much smaller nanoparticles (y-Fe,O3
and a small fraction of nitride), which were still embedded within the carbon matrix. The Fe,03/CMK-5
catalyst is much more active than the benchmark NiO/Al,O; catalyst at high space velocity, due to its
highly developed mesoporosity. y-Fe,O3 nanoparticles supported on carbon-silica composites are structurally
much more stable over extended periods of time but less active than those supported on carbon. TEM
observation reveals that iron-based nanoparticles penetrate through the carbon layer and then are anchored
on the silica walls, thus preventing them from moving and sintering. In this way, the stability of the carbon-
silica catalyst is improved. Comparison with the silica supported iron oxide catalyst reveals that the presence

of a thin layer of carbon is essential for increased catalytic activity.

1. Introduction

Over the past decades the synthesis of solid catalysts with
defined structure and homogeneously distributed and size
selected particles supported on high surface area materialsin a
controlled manner has become possible™* However, the
deposition of particlesin predefined regions of asupport material
on the nanometer scaleis <till a challenge, while macroscopically
this can be achieved, such as in the synthesis of egg-shell type
catalysts.® Some reports have been published, such as the
selective deposition of magnetic particles exclusively on the
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external surface of ordered mesoporous materials by areversible
pore-blocking strategy,®’ the controlled embedding of noble
metal particlesin the mesopores®® and the micropores of ordered
mesoporous silica,™® or the targeted deposition of single catalytic
particles in the core of hollow zirconia shells.**

A particularly suitable matrix for the spatialy controlled
deposition of catalytically active particlesis CMK-5, an ordered
mesoporous carbon with a dual pore system.*? In conventional
porous carbon materials, the pore system often consists of the
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available space between primary particles and, thus, is usually
ill-defined. In such cases, one may anticipate an inhomogeneous
distribution of the active species over the support material.
Ordered nanostructured carbons, such as CMK-5, have pore
systems with a defined narrow pore size distribution and tunable
pore sizes. Thus, well-defined catalysts can be produced in a
confining environment. The particle sizes of metal or metal oxide
catalysts should remain equal to or smaller than the pore sizes
of the supports due to the spatial limitations. In order to control
not only particle sizes but also particle location in such materials,
we developed a pathway for the targeted modification of only
the intratubular pores of CMK-5 to create highly active catalysts
for ammonia decomposition.

Liguid ammonia has recently been considered as a potential
source for clean and carbon oxide free hydrogen.*** Generating
H, via ammonia decomposition has gained much attention
because of the low cost of this technology and ease of operation
compared to the complex systems required for reforming
methanol or hydrocarbons. In the past, the NH3; decomposition
reaction has mainly been studied in order to obtain further
insight into the reaction kinetics of NH; synthesis.>*® Nowa-
days, reports on the decomposition of NH3z mainly focus on the
generation of high quality H, to supply PEM fuel cells” In
comparison to other carbonaceous H, precursors such as
methane or methanol, NH; offers a higher H, storage capacity
(17.7 wt %) and a higher energy density (3000 W h/kg).28°
Moreover, at room temperature and at a pressure of 10 bar, NH3
isin liquid form which makes the storage and delivery relatively
easy. More importantly, H, generation from NH; does not
produce any COy (x = 1, 2) as a byproduct, which is crucial
for fuel cell applications. Using NH3 as the hydrogen source,
the problem of Pt catalyst poisoning can be avoided.?*2* In
addition, efficient ammonia decomposition also offers the
possibility to remove ammonia from the product stream of coal
gasification processes.?® The cleanup of raw fuel gas produced
in an integrated gasification combined cycle (IGCC) plant will
increase the power generation efficiency and lead to a more
efficient reduction of CO,, compared to conventional coal fired
power plants.

In the past decade, many different metals including Fe, Pd,
Pt, % Ni,** Ru,?® Ir,?® and Co;?” aloysincluding Zr,_,TiM:M,
with M1, M, = Cr, Mn, Fe, Co, Ni and x = 0—1;2 and nitrides®®
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and carbides®*! including MON,, VN,, VC,, and MoC, have
been tested as catalysts for ammonia decomposition. Among
the systems studied so far, Ru-based catalysts showed the highest
activity in ammonia decomposition.>® However, such catalysts
have the obvious disadvantages of high cost and limited
availability, especially of Ru, for large scale applications. Fe-
or Ni-based catalysts also exhibit good activity in ammonia
decomposition though they usually work at higher temperatures
than ruthenium based materials. The activity of the catalystsis
also highly dependent on the nature of the support materials. %>
Among the widely investigated supports in ammonia decom-
position, such as carbon, silica, and alumina,?>?® carbon
materials with their high thermal stability and electrical
conductivity are advantageousin high temperature reactions and
are thought to be able to transfer electrons from the support to
the active species, thus facilitating the recombinative desorption
of surface nitrogen atoms. Li and co-workers have demonstrated
that Ru catalysts supported on various carbon supports, such
as graphitic carbon, carbon black, and CMK-3 carbons, are
active in ammonia decomposition.®* The most active catalyst
consists of small Ru nanoparticles with sizes of ca. 3—4 nm
and a graphitized carbon support.

In this study, y-Fe;O3 nanoparticles were immobilized within
one of the pore systems of CMK-5 carbons and a carbon-SBA-
15 composite by impregnation, drying, and calcination.®=® This
y-Fe,04/CMK-5 material showed the highest anmonia decom-
position activity of all previously reported Fe-based catalysts.
Moreover, notably Fe,Os-carbon-SBA-15 catalysts are very
stable over extended reaction times. The excellent performance
is attributed to the spatia confinement in the pores and the strong
interaction with the silica in the composite support, preventing
nanoparticle migration and subsequent sintering.

2. Experimental Section

2.1. Synthesisof SBA-15 Template. Hexagonally ordered SBA-
15 mesoporous silica was synthesized according to the synthesis
conditions reported by Zhao et a.*” In a typical synthesis, SBA-
15 was prepared using 10.0 g of Pluronic P123 (EO,0PO70EOx0,
Sigma Aldrich) dissolved in 262.5 mL of demineralized H,O and
50 mL of HCl (37%). After complete dissolution, 21.3 g of
tetraethoxysilane (TEOS, Acros 99%) were added dropwise (80
mL h™1) under constant vigorous stirring at a temperature of 40
°C. The stirring was continued for another 6 h at the same
temperature. Afterward the white milky suspension was transferred
into an autoclave and placed under static conditions at 110 °C in
an oven for 3 days. The obtained silica product was directly filtered
without further washing, dried at 90 °C, and then calcined in air at
atemperature of 550 °C for 6 h with a heating rate of 4 °C min™?.

2.2. Synthesisof CMK-5 Carbon. Tubular mesoporous CMK-5
type carbon was synthesized via a surface-templating approach as
described in our previous report.® In atypical synthesis, furfuryl
acohol (FA, Fluka, 98%) as a carbon precursor was dissolved in
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Scheme 1. lllustration of the Synthesis Principle of y-Fe,O3; Nanoparticles Spatially Confined within the Tubes of CMK-5 Carbon
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trimethylbenzene (TMB, Aldrich, 99%), and oxalic acid (OA,
Acros, 98%) was added as a polymerization catalyst. To obtain
tubular carbon, the volume ratio between FA and TMB was fixed
to 1:1. This solution was infiltrated at room temperature into the
free pore space of SBA-15. After polymerization at 50 °C for 1
day and then at 90 °C for 2 days under air, the composite materials
were treated under an argon atmosphere at 150 °C for 4 h and then
heated to 300 °C with a heating rate of 1 °C min™! and finally to
850 °C for 4 h with a heating rate of 5 °C min~*. The obtained
black carbon-silica composites, named as CS, were transferred to
an aqueous-ethanolic NaOH (1.5 M) solution to leach out the silica.
After filtration and washing with distilled H,O, dilute HNOs4),
and acetone, the obtained black powder was dried at 90 °C to obtain
high quality CMK-5.

2.3. Synthesis of Well-Defined y-Fe,O3; Supported Catalysts.
CMK-5 carbon has a bimodal pore system, which is derived from
surface-templating the inner pores of SBA-15 and silica leaching,
respectively. To selectively immobilize Fe,Oz within the tubes of
CMK-5 carbons and |eave the mesopores between the tubes open,
theiron precursor was impregnated into the carbon-silica composite
(C9), because here only the pores within the tubes are accessible.
The preparation procedure is illustrated in Scheme 1. First, 2.33
M Fe(NO3)3:9H,0O containing one drop of HCI (37%) was
impregnated into the pore space of CS. Subsequently, the samples
were dried at room temperature and further heated to temperatures
up to 1000 °C with a heating rate of 2 °C min~* and left at this
temperature for 4 h in an argon atmosphere. Finally the silicawas
leached out by an aqueous NaOH solution. The resulting y-Fe,O4/
CMK-5 catalyst was recovered by filtration and washed with
demineralized water and acetone. Catalysts with different Fe,O3
loadings were synthesized by diluting the stock solution by afactor
of 2, 4, 5, 6, and 8. Catalysts are labeled as C-Fe-z- where z and
S indicate the molarity of the agueous Fe(NOz); solution and the
thermal treatment temperature, respectively. Similarly, Fe,Os sup-
ported on CS was named CS-Fe-z-4.

24. Characterization. The X-ray diffraction patterns of al
samples were measured on a STADI P diffractometer (STOE) in
Bragg—Brentano (reflection) geometry using Cu Ko radiation. To
avoid possible interfering reflections from stainless steel holders,
for selected samples also a quartz holder was used. Transmission
electron micrographs (TEM) were obtained using a Hitachi HF 2000
microscope (operated at 200 kV), Hitachi H-7500 (operated at 100
kV), and JEOL 3010 (operated at 300 kV). In order to better anayze
the dispersion and the sizes of the iron oxide nanoparticles, catalysts
were embedded in Spurr’s resin and cut into 60 nm thin sections
using amicrotome. High resol ution scanning electron micrographs
were recorded using a Hitachi S-5500 instrument. Nitrogen sorption
isotherms were measured with an ASAP2010 adsorption analyzer
(Micromeritics) at liquid nitrogen temperature (77 K). Prior to the
measurements the samples were degassed at 150 °C for a minimum
of 4 h. The surface area was calculated by the BET method,
typically using the points in the pressure range from p/p, =
0.04—0.2. The total pore volume was estimated from the amount
of nitrogen adsorbed at p/po = 0.99. Pore size distribution curves
were obtained using the BJH method from the adsorption branch
(to avoid misinterpretation due to network percolations effects).
XPS measurements were performed with a Kratos HSi spectrometer
with a hemispherical analyzer. The monochromatized Al Ka. X-ray
source (E = 1486.6 €V) was operated at 15 kV and 15 mA. For
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the narrow scans, an analyzer pass energy of 40 eV was applied.
The hybrid mode was used as the lens mode. The base pressure in
the analysis chamber during the experiments was 4 x 1077 Pa. To
account for charging effects, al spectraare referred to C 1sat 284.5
eV. Mosshauer spectra were collected on a >Fe Mosshauer
spectrometer. The samples were measured at room temperature.
Mossbauer data were recorded on a spectrometer with alternating
constant acceleration. The minimum experimental line width was
0.24 mm s* (full width at half-height). The sample temperature
was maintained as constant either in an Oxford Instruments Variox
or an Oxford Instruments Mossbauer-Spectromag cryostat. The
latter was a split-pair superconducting magnet system for applied
fields up to 8 T where the temperature of the sample can be varied
in the range 1.5—250 K. Thefield at the sample was perpendicul ar
to the y-beam. The 5Co/Rh source (1.8 GBq) was positioned at
room temperature inside the gap of the magnet system at a zero-
field position. Isomer shifts were quoted relative to iron metal at
300 K.

2.5. Catalytic Test. Catalytic activities were evaluated in a
quartz tube fixed bed reactor. In a standard experiment, 25 mg of
catalyst (as powder) were placed on a frit in the reactor, and the
temperature was raised in a pure ammonia stream (25 cm® min—!
at 1.15 bar, corresponding to a space velocity of 60 000 cm? gy *
h™%) with a heating rate of 10 °C min™! up to 600 °C. This
temperature was maintained for 20 h, and the catalytic activity was
recorded over this time in order to evaluate the stability of the
catalyst. After the stability test, the temperature was varied between
400 and 700 °C at a space velocity of 60 000 cm® gez * h™L. In
some cases the space vel ocity was varied between 7500 and 120 000
cm® gex * h™* by changing the ammonia flow in order to determine
the dependence of conversion on the temperatures and flow rates.
Outlet gases (N, H,, and NH3) were analyzed under isothermal
conditions by an online gas chromatograph (3000A MicroGC,
Agilent), equipped with two lines: the first one equipped with a
PLOTU precolumn/Molsieve column in combination with Ar as a
carrier gas for N,, H,, and CH,4 separation and quantification, the
second equipped with a PLOTU column with He as a carrier gas
for NH3 quantification. Both lines are equipped with TCD detectors.

3. Results and Discussion

3.1. Location and Crystal Phase Identification of Iron
Oxides Confined in CMK-5. The crystal phases of the iron
oxides could be important for the activity in ammonia decom-
position. Thus, the dependence of phase composition of theiron
oxides within the support on temperature was investigated.*
First, CS composites were impregnated with 2.33 M Fe(NOz)3
solution and then heated to different temperatures from 200 to
900 °C under argon. After removal of silica, the crystal phases
of the samples C-Fe-2.33-3 were characterized by XRD,
Mdsshauer spectroscopy, and TEM. XRD patterns (Figure 1A)
were measured routinely on a stainless steel holder which shows
the reflections of metallic iron. For comparison, some selected
samples were measured on a quartz holder (Figure 1B). In none
of the XRD patterns measured on a quartz holder were
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Figure 1. XRD patterns ((A) measured on a stainless steel holder; (B) measured on a quartz holder) and room temperature measured 5’Fe Mossbauer
spectra of C-Fe-2.33-3 (3: calcination temperature) prepared at different temperatures.

reflections of metallic iron detected. All reflections observed
were strongly broadened, irrespective of the phase, indicating
the existence of very small crystals. In the temperature range
between 200 and 400 °C, the reflection intensities corresponding
to y-Fe,05 increase with temperature. Based on the XRD
patterns, the mean size of the y-Fe,O; crystallitesisin the range
of 4—6 nm as calculated by the Scherrer formula. When the
temperature exceeds 400 °C, the intensities of the reflections
decrease and reflections at ~36° 26 shift to lower angles,
indicating that a phase transformation of the iron oxides occurs.
At temperatures higher than 600 °C, the crystalline y-Fe,O3 is
clearly transformed to other iron containing compound, most
likely present as amorphous compounds or nanosized particles,
whichisindicated by the overall decrease of reflection intensity.

In the case of small nanoparticles, it is difficult to distinguish
between the y-Fe,O; and Fe;O,4 phases based only on XRD
analysis. To determine the oxidation state of iron, 5’Fe Moss-
bauer spectra were measured at room temperature. As shown
in Table 1 all samples show very similar results: the isomer
shift (0) isin the range between 0.32 and 0.34 mm s™! and the
quadrupole splitting (A) is in the range between 0.74 and 0.84
mm s, indicating in all cases a high spin Fe** materia that is

Table 1. Mdssbauer Parameters of the C-Fe-2.33-5 Series
Samples

Isomer shift & Quadrupole Splitting Peak width

Sample (mms™) A (mms™) W (mm s™7)
C-Fe-2.33-200 0.34 0.82 1.00
C-Fe-2.33-400 0.34 0.74 131
C-Fe-2.33-600 0.34 0.83 121
C-Fe-2.33-900 0.32 0.84 0.77

in good agreement with the literature for y-Fe;0s.%° Only the
experimental peak width W (full width at half-maximum, fwhm)
differs marginally. Since no Fe with a valence state of +2 was
detected, the presence of the spinel phases of Fe;O,4 or FeO at
significant concentrations can be excluded. This indicates that,
even in the presence of athin layer of carbon, the Fe** cannot
be reduced to Fe?" or Fe under an inert atmosphere. Very
interestingly, at low temperature and in the confined environ-
ment, magnetic y-Fe,O3 rather than o-Fe,O; is preferentially
generated.

The results discussed above reveal that thermal treatment at
400 °C is adeguate to completely decompose and convert

(40) Kuzmann, E. Pure Appl. Chem. 2003, 75, 801.
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Figure 2. SEM (Hitachi S-5500) images (A, B) of CMK-5 carbon, and TEM images ((C, D) bulk material measured with Hitachi HF 2000; (E, F) 60 nm
thin microtome sections measured with JEOL 3010) of C-Fe-2.33-400. The y-Fe,O; nanoparticles are deposited exclusively inside the inner pore system of

the CMK-5 matrix.

Fe(NOs); to y-Fe;O3 nanoparticles, without formation of other
phases. In order to obtain a better understanding of the
morphology and spatial arrangement of the components of this
catalyst, first the catalyst support CMK-5 was investigated with
HR-SEM. As can be seen in Figure 2A, B, CMK-5 essentialy
replicates the morphology of the mother template SBA-15. No
excess amount of nonstructured carbon residue was observed
on the replica. The two pore systems of CMK-5 can clearly be
observed with unprecedented resolution in this SEM image. One
can easily distinguish the tube-like mesopores and the pores
generated by removal of the hard template. The diameters of
the carbon tubes are about 6 nm, which is in good agreement
with TEM and nitrogen sorption data mentioned below. The
voids in between the carbon tubes, opened by leaching of the
silica, have diameters of approximately 2—3 nm. The shape of
these pores is not well-defined. Introducing the Fe,O3 particles
into the carbon tubes does not lead to any changes in the HR-
SEM images (not shown, but similar to that of Figure 2A, B),
giving a first indication that the iron oxide particles are
completely located inside the channel system. Sample C-Fe-
2.33-400 was then characterized by TEM in order to examine
the morphology and distribution of the supported y-Fe,O3

14156 J. AM. CHEM. SOC. = VOL. 132, NO. 40, 2010

particles. y-Fe,O; nanoparticles appear as elongated shapes and
are homogeneoudly distributed in the intratubular pores of the
CMK-5 support (Figure 2C, D). As expected from the synthetic
procedure, theiron oxide is exclusively located within the carbon
tubes, not in the pore space which has been created by removal
of the silica. Even at such ahigh Fe-loading (12 wt %, see Table
2), no Fe;O3 nanoparticles are observed on the external surface
of the carbon matrix, corroborating the HR-SEM data. To
analyze more clearly the nanoparticle distribution, the resin
embedded and cut C-Fe-2.33-400 samples were carefully
characterized with TEM. As shown in Figure 2E, the image
taken along the mesopore channels displays a high number of
rod-type iron oxide particles highly dispersed within the
mesopores. Figure 2F clearly shows the hexagonal arrangement
of poresin CMK-5, and the black dots with sizes of around 6
nm are Fe,O3 particles that are exclusively embedded in the
mesopores (inner tubes) of CMK-5. Thisresult isin agreement
with the size analysis from reflection broadening in the XRD.
Careful analysis of many areas of this sample proved that no
larger domains of Fe,O; particles are located on the externa
surface of the carbon support, indicating that al the nanoparticles
are selectively embedded in the inner pore system of CMK-5.
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Table 2. EDX Mapping Results of the Fe-Loaded Catalysts

C Si 0 Fe

Sample (Wt %) (Wt %) (Wt %) (Wt %)
CS-Fe-2.33-400 34.7 23.2 37.0 5.1
CS-Fe-1.17-400 358 254 36.3 25
CS-Fe-0.58-400 36.7 25.8 36.1 14
CS-Fe-0.47-400 354 25.0 34.2 12
CS-Fe-0.39-400 355 25.1 34.1 11
CS-Fe-0.29-400 374 26.5 35.3 08
CS-Fe-0.15-400 375 27.0 351 04
C-Fe-2.33-400 715 08 145 122
C-Fe-1.17-400 814 08 117 52
C-Fe-0.58-400 8L5 10 136 28
C-Fe-0.29-400 83.7 10 129 12

As discussed above, when the annealing temperature is higher
than 600 °C, y-Fe,O3 is subjected to phase transformation to
other compounds. A representative example is C-Fe-2.33-900
which was treated at 900 °C. TEM analysis (Figure 3) shows
that the particles are still homogeneously distributed over the
carbon support. However, some big particles are now located
on the external surfaces and the boundary of the carbon particles.
At such temperatures, the Fe;Oz nanoparticles obviously become
mobile and can thus leave the confinement of the mesopores.
Further EDX (Hitachi HF 2000) analyses on these big particles
reveal that they consist of iron and silicon at a molar ratio of
1:1. The nature of this materia is unclear. One may expect
amorphous or nanocrystalline iron silicates, but for most iron

silicates one would expect the presence of Fe** which is not
detected in the Mossbauer spectra. Thus, the amount of this
phase either is below the detection limit or is not a conventional
iron silicate.

In the following discussion, the influence of the amount of
Fe-loading on the catalytic activity of the catalysts will be
discussed. Catalysts with different Fe-loadings were prepared
by impregnating aqueous solutions of Fe(NOs); having different
nitrate concentrations into the mesopores of CS, followed by
thermal treatment at 400 °C and the silica leaching step. EDX
mapping analyses (Hitachi S-3500N) on these catalysts before
and after silica leaching were performed. The EDX results are
summarized in Table 2. All EDX mapping results confirm that,
independently of the Fe,Os-loading, the immobilized y-Fe,O;
particles are uniformly distributed over the support. Fe-loadings
from 1.2 wt % to 12 wt % can be achieved easily by varying
the concentration of Fe(NO3); solution viaa single impregnation
step. After NaOH solution leaching, the detected residual Si
content is <1 wt %.

Differing from EDX anayses, XPS analysis is a surface
sensitive technique with a sampling volume that extends from
the surface to a depth of 1—5 nm.** XPS analysis of C-Fe-
2.33-400 was performed in order to quantitatively determine
the surface composition. The XPS result (Figure 4) shows that
the C and O contents are about 97 and 3 wt %. The surface and
near-surface concentration of iron is below or just at the
detection limit. Resynthesis of anominaly identical sample gave

Figure 3. TEM (Hitachi HF 2000) images of C-Fe-2.33-900.
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Figure 5. Catalytic activity measured at 600 °C as a function of GHSV
for C-Fe-2.33-400, and catalyst stability measured both at 600 °C and GHSV
= 60 000 cm® gz * h™* (dotted ling) and at 700 °C and GHSV = 120 000
cm® gex t h71 (solid line).

16

the same result. This indicates that the Fe,O3 nanoparticles are
exclusively immobilized in the pore system, confirming the
previous conclusion from the electron microscopy analysis. This
is in contrast to previously reported results on Fe/carbon
nanotube catalysts where only ~85% of the Fe-nanoparticles
were encapsulated within the carbon nanotubes.*>*

Figure 4 shows the nitrogen sorption isotherms of the original
CMK-5 carbon and sample C-Fe-2.33-400 (loaded with
y-Fe,03). They are of type IV with hysteresis loops in the
relative pressure range of p/pp = 0.4—0.7. The pore size
distributions of both materials calculated by the BJH method
show a bimodal pore system, indicating that the pore structure
of the carbon support is well-preserved after immobilization of
y-Fe,0O3 nanoparticles. The specific surface area and pore
volume of the iron oxide loaded sample are 1177 m? g * and
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1.04 cm® g1, which are substantially reduced compared to those
(surface area and pore volume are 1783 m? g~ and 2.18 cm?®
g™Y) of the native CMK-5. This not only can be explained by
the additional mass of the iron oxide (12.1 wt %) but also is
probably related to blockage of part of the pore system, as can
also be inferred from the electron microscopy data.

3.2. Ammonia Decomposition Reaction. Using sample C-Fe-
2.33-400 as the catalyst, complete ammonia decomposition was
achieved at 700 °C at a space velocity as high as 60 000 cm?®
gea * ™! (Figure 5). Even at twice the space velocity (120 000
cm® gzt hY) initially more than 90% of the ammonia can be
converted. To the best of our knowledge, thisis the best reported
catalytic activity of Fe-based catalysts for this reaction. For
example, Fe-containing carbon nanotubes convert only ~75%
ammonia at a space velocity of 5000 cm® gz * h™* and at 700
OC.44

Unfortunately, at such high temperatures, the C-Fe-2.33-400
catalyst deactivated quickly. After 16 h under an ammonia
stream the conversion decreased to less than 60% at a space
velocity of 120 000 cm® gy * h™%. However, at 600 °C, the
C-Fe-2.33-400 catayst is stable for 16 h on stream after adlight
initial deactivation. At a space velocity of 60000 cm® gey *
h~! the conversion remains constant at 74%. At this temperature,
complete ammonia conversion to nitrogen and hydrogen was
achieved at a space velocity of 7500 cm® gz * h™*. No methane,
which could be a possible byproduct from methanation of the
carbon support, was detected by GC in any run. The specific
surface area of this catalyst changed from 1177 m? g~* before
reaction to 1378 m? g~ after reaction.

For comparison, the commercia benchmark NiO/Al,Os
catalyst was tested under the same reaction conditions. As shown
in Figure 6A, at 600 °C and a space velocity of 7500 cm?® gey *
h™1, about 73—79% of ammonia can be converted by the
benchmark NiO/Al,O5 catalyst. At 600 °C, with an increase in
space velocity from 7500 cm® gt h™! to 60 000 cm?® gy *
h™1, the conversion decreased from 76% to 29%. The perfor-
mance of the C-Fe-2.33-400 catalyst is thus substantially better.
The temperature dependent catalytic activity of the NiO/Al,Os
benchmark catalyst is shown in Figure 6B. It can be seen that,
at a space velocity of 7500 cm® gt h™%, the ammonia

100

801

60 4

401

204

{Pure NH,; 7500 cm3g.,"h")

0

500 550 600 650

Temperature (°C)

400 450 700

Figure 6. (A) Catalytic activity of the NiO/Al,O3 benchmark catalyst measured at 600 °C as a function of GHSV and the catalytic stability measured at 600
°C and GHSV = 7500 cm?® gy * h™%; (B) temperature dependent catalytic activity measured at GHSV = 7500 cm® gy * h™%
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Figure 7. Catalytic activity measured at a GHSV of 7500 cm® gzt ™t
as a function of temperature for different Fe;O/CMK-5 materials.

conversion increases from 6% at 450 °C to 93% at 700 °C. At
600 °C, only 80% of ammoniawas converted, while over C-Fe-
2.33-400 complete ammonia conversion is reached.
Furthermore, the influence of the Fe-loading on the catalytic
activity of Fe;0s/CMK-5 catalysts was investigated. All cata
lysts, after a short activation period, reach a steady state
conversion that is stable without any appreciable deactivation
over the course of the experiments up to the final temperatures.
As can be seen in Figure 7, the activity of Fe,0Oz/CMK-5
catalysts increases with increasing Fe-loading. Catalyst C-Fe-
1.17-400 (5.2 wt % Fe) nearly completely decomposes ammonia
at 600 °C, which is similar to the case of C-Fe-2.33-400. The
other two catalysts showed complete ammonia decomposition

at temperatures of 650 and 675 °C, respectively. After catalysis,
these catalysts exhibited a mass loss of ca. 10 wt %.

To understand the deactivation of the catalysts under reaction
conditions, the catalyst was collected after 16 h on stream and
characterized by TEM and XRD. As seen in the TEM images
(Figure 8A, B) of a catalyst taken after 16 h on stream at 600
°C, theiron oxide particles are still homogeneously distributed
and embedded in the carbon matrix. Though the particles have
grown to a small extent, they most likely still consist of very
small crystals, as revealed by the XRD characterization (see
below). This could be responsible for the dlight initial deactiva
tion. In contrast, big particles were observed after the sample
had been exposed to the higher reaction temperature of 700 °C
(Figure 8C, D). Some of the particles even have sizes exceeding
50 nm. Possibly, the initidd 6 nm y-Fe,O; particles become
mobile at high temperature and form larger particles through
migration along the channels and penetration through the carbon
walls of the carbon support. By carefully checking the boundary
of the carbon matrix, no iron-based particles located on the
external surface were observed. That is significantly different
from the CS-Fe-2.33-900 shown in Figure 3. Thisindicates that
although the iron oxide particles had sintered strongly they were
most likely still embedded in the carbon matrix. Such a growth
of particles within a porous matrix is also known from noble
metals in zeolites, where the framework is locally destroyed to
allow growth of particles exceeding the sizes of the structural
voids.*® The loss of the catalytic activity can thus be attributed
to the formation of larger particles with a lower surface to
volumeratio. Particle growth by sintering is dependent not only
on temperature but also on other factors, such as texture, size,
morphology, and the melting point of the particles. The so-
caled Tamman and Hittig temperatures, which are directly
correlated with the melting point, are good indicators for the
temperature at which sintering may occur. The Hiittig (Thitig
= 0.3Tmeting) ad Tamman (Tramman = 0.5Tmating) temperatures
are semiempirical and correspond to the expected onset of

Figure 8. TEM (Hitachi HF 2000) images of C-Fe-2.33-400 after reaction for 16 h at 600 °C (A, B) and 700 °C (C, D).

J. AM. CHEM. SOC. m VOL. 132, NO. 40, 2010 14159



ARTICLES

Lu et al.

® [00-39-1346] Fe, O,
| # [01-071-4451] Fe,N
¥ [01-070-7432] Fe;N, 5o
e

1
\Mv .l 1

i b i * v

. o J‘MIWX'J ’

N
i Aot
After reaction at 700 °C

Intensity (a.u.)

After reaction at 600 °C
o
L ]

C-Fe-2.33-400
Mo radiation / 0.5 mm capillary
T X T T v | B

T 4 T

10 15 20 25 30 35
2 theta (°)

Figure 9. XRD patterns of the C-Fe-2.33-400 catalyst before and after
catalytic tests at 600 and 700 °C.

surface diffusion and bulk diffusion, respectively. The melting
point of bulk Fe,03 is 1838 K; the corresponding Huttig (Thiig)
and Tamman (Tramman) t€Mperatures are thus ca. 613 K (340
°C) and 919 K (646 °C). Since these temperatures are either
lower or in the range of the reaction temperatures, it is not
surprising that sintering of such small Fe-based nanoparticles
occurred, especially, since it has been suggested already 100
years ago and later many times experimentally confirmed that,
for small particles, melting points can be strongly decreased.*®

The XRD patterns of the catalysts before and after reaction
are displayed in Figure 9. The samples were packed in a 0.5
mm capillary and then measured with molybdenum radiation
in transmission mode. Before reaction, the C-Fe-2.33-400
sample shows broad reflections, which can be assigned to
y-Fe,0; asindicated by the dots. Theiron oxide particle size is
estimated to 6 nm, based on the Scherrer equation, which isin
good agreement with the TEM observations (Figure 2). After
ammonia decomposition reaction, the XRD patterns of the
catalysts are significantly different from those of the original

one. The catalyst reacted at 600 °C has an XRD pattern with
only weak detectable reflections. Although the broad reflections
occur at the same diffraction angle as those of y-Fe,Os, they
cannot be clearly assigned to a defined crystalline phase. The
loss of the reflection intensity might be attributed to the
formation of other, X-ray amorphous iron species, or fragmenta-
tion of the particlesinto very small crystals. Noticeably, at 600
°C, this catalyst does exhibit long-term stability for anmonia
conversion. Thisrevealsthat those X-ray amorphousiron species
or smal crystals are active for ammonia conversion. After
reaction at 700 °C, three different crystalline phases including
y-Fe03, FeyN, and FegNj,33 are formed. The reflections
corresponding to FeN, phases are very sharp, indicating a
particle size larger than 25 nm. This is in agreement with the
TEM observation (Figure 8). The XPS analysesreveal that, after
reaction at 700 °C, signals corresponding to iron (with high
intensity) and nitrogen arise. In comparison with the XPS of
C-Fe-2.33-400, the detected iron and nitrogen signals indicate
that FeNy species appeared on the external surface of the carbon
support. At 700 °C, the mobility and corresponding sintering
of the iron-containing particles are responsible for the deactiva-
tion of the catalyst.

Thus, in order to find a solution for retaining the particles on
the pore system, the carbon/silica composite was used as the
catalyst support where the additional silicalayer might provide
an additional barrier against movement of the iron species and
an additional anchor site for the iron-containing particles.

Figure 10 shows the ammonia conversions over a series of
CS-Fe-z-400 catalysts with different Fe-loadings. As shown in
Figure 10A, the maximum conversion of CS-Fe-2.33-400 is
reached after a short activation period. During this period the
ammonia conversion gradualy increased and approached a
steady conversion after about 1—2 h. Independent of the Fe-
loading, a constant conversion is retained even after 20 hin an
ammonia stream at 600 °C. No catalyst deactivation was
observed for the CS composite catalysts. As expected, with an
increase in space velocity, the conversion over the CS-Fe-z-
400 catalyst gradually decreased. However, even at a space
velocity of 120000 cm® gey * h7%, still more than 20% of
ammonia was converted on CS-Fe-2.33-400 at a temperature
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Figure 10. (A) Catalytic activity measured at 600 °C as a function of GHSV for different CS-Fe-z-400 catalysts (dotted line: Catalyst stability at 600 °C
and GHSV = 7500 cm?® gex * h™Y); (B) temperature dependent catalytic activity measured at a GHSV of 7500 cm? g * h™%; and (C) catalytic stability
measured at 700 °C and GHSV = 7500 cm® gy * h™%
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Figure 11. TEM (Hitachi H-7500) images (A, B) of CS-Fe-2.33-400 measured after catalysis test at 600 and 700 °C, respectively, and TEM images from
the 60 nm thick microtome sections of the CS-Fe-1.17-400 (C, D) after reaction and CS-Fe-0.58-400 ((E) before reaction; (F) after reaction). Reaction

conditions: 600 °C, 20 h, 7500 cm® gy * h™%

of 600 °C. As seen in Figure 10B, the highest conversion of
ammonia was achieved for the catalyst CS-Fe-2.33-400 with
5.1 wt % Fe-loading. At 600 °C and a space velocity of 7500
cm® gex * ™%, more than 65% ammonia was converted to N,
and H,. The TEM image in Figure 11A shows that, after reaction
at 600 °C, iron-based nanoparticles are still highly dispersed
within the CS support; no sintering effect occurs. By increasing
the temperature to 675 °C, complete ammonia decomposition
was reached. As seen in Figure 10C, a stability test at 700 °C
and with a space velocity of 7500 cm® g * h™* showed that
ca 93% of ammonia was continuously decomposed over a
reaction period of 16 h, and no deactivation was observed. After
catalysis, the mass loss of this composite catalyst is ~20 wt %.
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The specific surface areas changed from 370 m? g~* before to
420 ? g~ * after catalysis. The dight deactivation of this catalyst
at 700 °C is due to partia sintering of the iron-based catalyst,
as seenin the TEM image in Figure 11B. However, the sintering
degree is much less significant than that for the purely carbon
supported catalyst C-Fe-2.33-400 (Figure 8C, D). Though there
are some particles sintered, the EDX analysis result demon-
strated that iron species are still highly dispersed in the matrix.
This indicates that the carbon-silica support stabilizes the
dispersion of the nanosized iron catalyst better than pure carbon.
A clear correlation between Fe-loading and catalytic activity
exists; i.e. catalytic activity increases with an increasing
concentration of iron.

In order to check the importance of the carbon in the system,
an iron oxide catalyst supported on SBA-15 was measured as
reference. While, for catalyst CS-Fe-1.17-400 with 2.5 wt %
Fe-loading, more than 60% ammonia was decomposed at 600
°C and a space velocity of 7500 cm® gyt h™%, pure SBA-15
with 2.4 wt % converted only ~21% of ammonia under the
same conditions. Clearly, a carbon layer coated on the mesopore
walls of SBA-15 is important for achieving a high catalytic
activity.
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The nanostructures of the Fe;O5/CS catalysts were investi-
gated by TEM. Figure 11C, B show the morphologies of CS-
Fe-1.17-400 with 2.5 wt % Fe-loading after exposure to an
ammonia stream at 600 °C for 20 h. The hexagonally ordered
pore structure of the support was retained after reaction. The
dark spots correspond to the Fe-containing nanoparticles. The
image taken perpendicular to the mesopore channels (Figure
11D) shows Fe-containing nanoparticles homogeneously dis-
tributed throughout the entire support; no aggregated big
particles were observed. The nanoparticles are mainly present
in the form of nearly spherical particles with diameters of around
6 nm. This indicates that the Fe-based nanoparticles are firmly
anchored on the pore walls.

Figure 11E, F shows TEM images of CS-Fe-0.58-400 with
1.4 wt % Feloading before and after the catalytic test.
Obviously, the images of the material before and after catalysis
are rather similar. After reaction, the nanoparticles are still
homogeneously distributed in the CS support. No bigger
particles are visible in the TEM images, indicating that no
sintering of the iron species took place. However, on closer
inspection, it can be seen that the shape and the position of the
nanoparticles have changed. The particles are not any longer
located inside the mesopores, but embedded in the pore walls
of the composite support for which they had to penetrate the
thin carbon layer cladding the silica walls. Thus, the Fe-based
particles are anchored on the silica walls. Consequently, these
nanoparticles are better protected against migration to the
externa surface of the support where they could form big
particles. Thus, with the carbon-silica composites as catalyst
supports, catalysts with high stability in ammonia decomposition
can be synthesized.

4. Conclusions

Highly dispersed y-Fe,O3 (~6 nm) exclusively immobilized
within the intrapore channels of CMK-5 can be prepared simply
by wet impregnation and thermal treatment under argon of the
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initial SBA-15 silicain which theinside of the channelsis coated
with a thin carbon layer. An additional pore system can be
opened by leaching of the silica from the precursor. This
provides a blueprint for the controlled functionalization of the
two pore systems by different means. Due to the large pore
volume of CMK-5, high Fe-loadings of up to about 12 wt %
can be achieved with a single impregnation step.

Using such catalysts, complete ammonia conversion can be
realized at 600 °C at a space velocity of 7500 cm® gzt h71,
and full conversion was retained for 16 h without any deactiva-
tion. With a higher space velocity of up to 60 000 cm® gey *
h™1, complete ammonia decomposition can be achieved at 700
°C. This is the best reported catalytic activity for Fe-based
catalysts in this reaction. The high activity of Fe,0Os/CMK-5
catalysts is possibly due to the high porosity of the CMK-5
support, which is beneficial for the mass transfer, and the high
dispersion of the iron oxide.

Under reaction conditions at 700 °C, some sintering and
migration of large particles to the external surface of the CMK-5
support takes place. In order to prepare structurally more stable
catalysts, Fe;Oz; nanoparticles were immobilized within the
channels of the carbon/SBA-15 composite. This stabilizes the
dispersion of the iron oxide on the silicawalls, because the iron
oxide particle penetrate the thin carbon layer and are then
immobilized more strongly on the silica surface, while still
retaining some contact with the carbon, as the higher catalytic
activity compared to pure SBA-15 suggests.
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