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Highly efficient and very stable iron and/or cobalt-based catalysts for the ammonia synthesis reaction were
synthesized by one-step pyrolysis of metal phthalocyanine precursors. The presence of alkaline earth or
alkali metals is found to be essential for accelerating the reaction rate for the ammonia synthesis process.
When promoted by alkali metals, the catalysts show a 3-fold increase in their catalytic performance (at 400
°C and 0.1-7 MPa) compared to a commercial benchmark iron-based catalyst, widely used for the Haber-
Bosch process. TEM images reveal the local structure of the catalysts obtained upon pyrolysis of the metal
phthalocyanine precursor, with metal nanoparticles (5-50 nm) confined in a nitrogen-doped carbon meso-
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porous matrix, where the alkali metal promoters are located on the top of the iron nanoparticles but also
on the carbon support. Finally, kinetic analysis shows a lower activation energy for the Fe phthalocyanine-
derived catalyst (42 kJ mol™) versus 70 kJ mol™ reported for the iron-benchmark catalyst. Furthermore,

DOI: 10.1039/c9cy023269g
this kinetic analysis suggests that the rate-determining step shifts from nitrogen activation to NH, forma-
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Introduction

Ammonia synthesis is the key technology for the production
of synthetic fertilizers and nitrogen-containing chemicals."
The negative environmental impact of the Haber-Bosch pro-
cess is enormous, since 3% of the global CO, emissions into
the atmosphere are related to industrial, large-scale NH; syn-
thesis® (1.9 metric tons of fossil CO, are released per metric
ton of ammonia produced).*

Considering the very harsh operating conditions of the
Haber-Bosch process (350-525 °C and 10-30 MPa) with an
iron-based commercial catalyst, the process is responsible for
roughly 1% of the annual global energy consumption.””” Con-
sequently, it is highly desirable to develop more efficient and
stable catalysts.

Theoretical calculations have revealed that the activation
barrier for nitrogen dissociation and binding energy are scal-
ing with each other, with a linear energy relation.® Thus, for
conventional catalyst formulations, it has not yet been possi-
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tion, which only few catalysts have achieved.

ble to obtain a situation where the barrier is very low, and
the binding energies of the relevant intermediates are low.
Nevertheless, it might be possible to find a reaction pathway
where the barrier for the initial activation of dinitrogen is de-
creased.® This could lead to much more active catalysts oper-
ating at lower temperatures, and the reaction rates could be
orders of magnitude higher than what are seen today.

The route to design more active catalysts requires a step
out from that of the conventional catalyst, in order to develop
new catalytic systems with an optimized balance between ac-
tivation and bonding, as observed in homogeneous catalysis.®
An example is by designing heterogeneous analogs of known
homogeneous nitrogen-fixing systems based on two main
components: a transition metal compound needed for acti-
vating dinitrogen and a sufficiently strong reducing agent
serving as a source of electrons for reducing activated N,
molecules.”™" This could be achieved by creating interfaces
between two different types of sites or introducing confined
active sites like those found in carbon-based materials.?

Nowadays, one-step pyrolysis of metal-organic com-
pounds'” has recently emerged as a new strategy and facile
method for the preparation of metal nanoparticles embedded
in carbon nanostructures. Metal clusters are thus confined in
the cavities created by the decomposition of organic
compounds.’®™** Different from the traditional synthetic strat-
egies, the solid-state pyrolysis of metal-organic compounds
undergoes two main pathways: thermal reduction of metal

This journal is © The Royal Society of Chemistry 2020
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atoms and carbonization of organic molecules, which gener-
ate metal/heteroatom-doped carbon composites.'®™"?

Inspired by this novel and facile synthetic strategy, we re-
port here efficient iron and/or cobalt-based catalysts for am-
monia synthesis. This is achieved by a one-step pyrolysis of
iron and/or cobalt phthalocyanine precursors (FePc and/or
CoPc) (Scheme 1). The resulting materials, iron and/or cobalt
nanoparticles supported on nitrogen-doped carbon compos-
ites, exhibit catalytic activity for ammonia synthesis with bet-
ter performances than conventional catalysts and with long-
term stability. Commercial phthalocyanines are widely used
industrially with a worldwide annual production of >80 000
ton from cheap phthalonitrile precursors."®

Results and discussion

Different iron and/or cobalt-based catalysts were prepared by
one-step pyrolysis under nitrogen at 735 °C of commercially
available metal phthalocyanines, FePc, CoPc and mixture
FePc + CoPc, as detailed in the ESLt After the pyrolysis, alkali
metals were incorporated by impregnation. Activation under
H,/N, atmosphere of the resulting materials was conducted
prior to catalytic activity measurements.

All the catalysts were tested for the ammonia synthesis re-
action in a fixed-bed flow reactor as described in the ESLf
The catalytic activity and stability of the materials explored
here are shown in Fig. 1 and compared with the performance
of an iron benchmark catalyst (doubly promoted iron cata-
lyst, KM1) for the Haber--Bosch process.”* >

Fig. 1A and B show the pressure and temperature depen-
dence of the catalytic activity, respectively. As clearly visible,
all of the catalysts obtained from phthalocyanine precursors,
when promoted by alkali metals (2%Cs-FePc, 8%Ba-CoPc,
2%Cs-FeCoPc and 10%Cs-FePc), were very efficient in the
ammonia synthesis reaction and led to a higher activity than
the commercial catalyst used as a benchmark. When pro-
moted by alkali metals, the 10%Cs-FePc catalyst showed a
3-fold increase in the catalytic performance (at 400 °C and
0.1-3 MPa) compared to the commercial benchmark iron-
based catalyst.

The catalyst 10%Cs-FePc showed an NH; synthesis rate of
14000 pmol g™* h™ at 400 °C and 3 MPa, with a similar cata-
lytic performance to cesium-promoted CosMosN,?? and is
reported to be not only better than the iron-based catalyst
but also better than the commercial graphite supported
ruthenium.>*>*

\\@
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Scheme 1 Catalyst synthesis by one-step pyrolysis of iron phthalocya-
nine precursors.

Pyrolysis under N,
at735°C
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The reaction rate over these catalysts shows an approxi-
mately linear response to the pressure increase (Fig. 1A). For
2%Cs-FePc, the rate underwent a near sevenfold rise to
20000 pmol g.,. ' h™ when the reaction pressure was in-
creased from 1 to 7 MPa at 400 °C (Fig. S3 in the ESIY).

When the catalytic performance is evaluated with the spe-
cific activity (Fig. 1C), the reaction rate per gram of metal
over the 2%Cs-FePc and 8%Ba-CoPc catalysts is about 10
times that of the commercial benchmark catalyst. The activity
was also evaluated per the number of active surface sites (as
detailed in the ESI}); for the 2%Cs-FePc catalyst, the TOF is
1.51 x 10> s7*, almost 2 times faster than that of the Fe-
based commercial catalyst (0.85 x 107> s7).

The crucial role of cesium (for Fe) or barium (for Co) in
these systems is illustrated by the fact that in the absence of
the alkali metal, the reaction rate dramatically decreases
(Fig. 1A). The alkali promotion is commonly assumed to pro-
ceed via electron transfer from an alkali metal to the Fe sur-
face.*>*® As a result of the presence of alkali or alkaline
earth metals, the barrier for nitrogen dissociation (a com-
monly accepted rate-limiting step in ammonia synthesis) is
decreased. Furthermore, also all NH, species, including
adsorbed NH; molecules, would be destabilized resulting in
more free sites on the surface, thus, increasing the catalytic
activity.>”*®

In order to confirm that the use of the phthalocyanine
template is absolutely necessary to attain the most active
structure for this process and to boost the catalyst perfor-
mance, a control experiment was performed using a sample
of iron/alkali metal supported on carbon (2%Cs-10%Fe/car-
bon) prepared by an impregnation method according to the
previously reported procedure.>® The catalyst derived from
phthalocyanine (Cs-FePc) exhibited much better activity for
ammonia synthesis (Fig. 1A), compared to that of the cata-
lysts prepared by the traditional impregnation method, cor-
roborating the advantage of using phthalocyanines to obtain
highly active catalysts.

The catalyst stability under reaction conditions appeared
satisfactory as shown in Fig. 1D. No deactivation phenomenon
was observed during the long-term stability test performed for
100 h with 2%Cs-FePc and 8%Ba-CoPc. The ammonia synthe-
sis rate remained perfectly constant under several reaction
conditions in the range of 400-520 °C and 3-7 MPa.

Usually, for carbon-based catalysts, the resistance of the
system to the methanation of the support under ammonia
synthesis conditions is an important issue.’® Early studies
have demonstrated, however, that both iron and cobalt
poorly catalyze the hydrogenation of the carbon support
(whereas the methanation of the substrate material starts at
480 °C for Ru/C and Ni/C, and it starts between 800-850 °C
for Co/C and Fe/C).*" This is far above the temperature for
NH; synthesis. Under the reaction conditions explored here,
400 °C and 1-7 MPa, methane was not detected either by
mass spectrometry or with GC instruments connected online
to a reactor outlet. For similar materials, methanation was
not observed until 800 °C.**
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Fig. 1 Catalytic performance of the phthalocyanine-derived catalysts for the ammonia synthesis reaction. A) Pressure effect on the NHs-synthesis
rate (umol NHz h™ g, ™) at 400 °C. B) Temperature effect on the NHsz-synthesis rate (umol NHs h™ g.,™") at 1 MPa. C) Specific activity in umol
NHsz h™® gmeta * and TOF (s7Y) (diagonal stripes) at 400 °C and 3 MPa. D) Time dependence of the catalytic activities for stability testing in the range
of 400-520 °C and 3-7 MPa (other conditions: 200 mg catalyst, flow rate 40 ml min™%, N,:H, = 1: 3, with a WHSV of 12000 ml gt h™?).

Finally, we analyzed the kinetics with these phthalocyanine-
derived catalysts, and the results are shown in Fig. 2. The ki-
netic parameters were obtained for 2%Cs-FePc, 8%Ba-CoPc,
2%Cs-FeCoPc and 10%Cs-FePc (Table 1) and can be com-
pared with the values reported for selected catalysts from the
literature (Table S1 in the ESIt). Apparent activation energies
were calculated from the Arrhenius plots (Fig. 2A). The
smaller value of the apparent activation energy (42 kJ mol™)
for the 10%Cs-FePc catalyst, compared to the value for the
benchmark catalyst (70 kJ mol™), provides evidence that N,
dissociation over this catalyst is favored (dissociative mecha-
nism). This value is close to the one observed for other cata-
lysts, in which the formation of NH, species was claimed as
the rate-limiting step (Table S1 in the ESIt)*® The difference
in the catalytic performance between the FePc and CoPc cata-
lysts (Fig. 1A) is matching with the different values observed
for the apparent activation energies, 41.9 versus 60.9 kJ
mol ™', for the FePc and CoPc catalysts respectively. This can
be explained by the difference between the nitrogen adsorp-
tion energies in Fe and Co metals.”

The N, reaction orders for the explored catalysts are
shown in Fig. 2B and Table 1. The N, reaction orders for the
conventional heterogeneous catalysts are varying from 0.8 to
1.0. (Table S1 in the ESIT). A slight decrease in the N, reac-

846 | Catal Sci. Technol, 2020, 10, 844-852

tion order with increasing cesium loading (10%Cs-FePc cata-
lyst) suggests that nitrogen dissociation is faster,®® which is
in agreement with the recently reported catalysts.***"

The reaction order with respect to H, is around 2 (Fig. 2C
and Table 1) since H, dissociates on the Fe surface. A similar
value is reported for the commercial benchmark iron-based
catalyst.>"*®

The reaction order with respect to NH; is around -2 for
the iron-based catalysts explored here (Fig. 2D and Table 1).
This observation suggests that ammonia competes with H,
for the same Fe sites, and the NH, species cover the active
surface more densely than H and N adatoms.*® This is an im-
portant issue which is also affecting the Fe-based commercial
catalyst, bimetallic CozMo;N and most of the catalysts
reported (Table S1 in the ESI}).

In high contrast with Fe based systems, for the cobalt-
based catalyst (8%Ba-CoPc), the most significant observation
is the reaction order with respect to ammonia, -0.2,
suggesting that the Co-based catalysts are much less poi-
soned by ammonia, which is in agreement with other cobalt
catalysts reported.”® For that reason, the ammonia synthesis
rate is less affected with Co than with Fe in terms of the
changes in the space velocity due to the differences in the
ammonia concentration levels (Fig. S4 in the ESIt). This is

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Kinetic parameters of the phthalocyanine-derived catalysts for the ammonia synthesis reaction. (A) Arrhenius plots at temperatures of 250-
450 °C and 1 MPa. Dependence of the NH3-synthesis rate on the partial pressures of N, (B), H, (C) and NH3 (D) at 400 °C and 1 MPa.

essential for the industrial practice, where the low inhibition In contrast, when the formation of NH, NH, and NH; are as-

of the reaction rate by the ammonia product is an essential ~ sumed to be the RDS, the fitting improved significantly; the

factor in the catalyst usefulness. NH; formation rate reveals the highest R, value of 0.96 in
The rate-determining step (RDS) for the NH; synthesis

over the 10%Cs-FePc catalyst was further examined by com-

paring the experimental reaction rates and calculated rates.

The rate equations were established based on the Langmuir- 10 10
Hinshelwood mechanism (ESIt).>” The rate (eqn (9)-(12) in ~ gl Ne(ad) 2N(adl 8 N<ad)+H(ad)(_)N'jfad)
the ESIT) were deduced by assuming the dissociation of N, or b 124 g,..o;' . o o‘. ¢
formation of NH, NH, or NH; as the RDS, respectively.>**® % 61 i 6 ",s"‘
To identify the RDS for the ammonia synthesis reaction, the g 41 A 4 o
derived equations were then fitted by a least-squares method g 5] R » oo
to the set of experimental rates obtained for different reac- @ A B
tion gas compositions. The best fitting of the modeled rates ﬁ 0 0 2 4 6 8 10 0 0 2 4 6 8 10
to the experimental rates is shown in Fig. 3. The fitting is not :% 10 10
so good when the activation of N, is supposed to be the RDS. -% . NH(ad)+ H(ad)«<>NH(ad) . NHz(ad)+H(ad)>NHs(ad)
E 8] 7y &
§ 1 ,..;..-% 6 m-’
Table 1 Kinetic parameters of the catalysts derived from the Pcs and g 4 ",.v" " 4 o
compared to the Fe-benchmark catalyst % ’
O 24 7 Re=0844 2 Rz = 0.967
N, order H, order NH; C D
Catalysts E, (K mol™) (o) 1) order (y) 0 0 5 4.6 8 10 0 0 > 46 8 10
2%Cs-FePc 525 0.75 2.08 —2.16 Experimental ammonia synthesis rate (umol h-1g-1)
8%Ba-CoPc 60.9 0.87 1.92 -0.21
2%Cs-FePc + CoPc  52.0 0.78 1.94 -2.15 Fig. 3 Best-fit results for the 10%Cs-FePc catalyst. Experimental and
10%Cs-FePc 41.9 0.68 2.10 -2.10 calculated rates assuming as rate-determining steps: N, activation (A),
Fe-Benchmark cat. 70 0.9 2.2 -1.5 NH formation (B), NH, formation (C) and NH3 formation (D).
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this case (Fig. 3D). These fittings indicate that the RDS for
ammonia synthesis over these catalytic systems derived from
metal phthalocyanines could be any of the formation steps of
the NH, species rather than the N, dissociation step, only
achieved by few catalysts in the literature.**>%?®

The local structure of the 10%Cs-FePc and 2%Cs-FePc +
CoPc catalysts was evaluated using high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and energy-dispersive X-ray spectroscopy (EDX). The
representative TEM images in Fig. 4 and 5 of the materials
synthesized by the pyrolysis of the different phthalocyanine
precursors were collected after the NH; synthesis reaction.
As shown in Fig. 4, small-sized Fe and Fe-Co nanoparticles
are highly dispersed onto the nitrogen-doped carbon sup-
port material; as previously observed for the phthalocya-
nines after the pyrolysis process, and widely reported in the
literature."””™"> The size of the metal particles is mainly dis-
tributed in the range of 5-50 nm, with a particle size distri-
bution being generally quite broad, as observed for both
10%Cs-FePc (16 nm average particle size in number) and
2%Cs-FePc + CoPc (13 nm average particle size in number).
The catalysts were characterized by energy-dispersive X-ray
(EDX) analysis of Fe, Co, Cs and C. The alkali metal intro-
duced by impregnation, cesium, is located on the top of the

HAADF-STEM

: ‘-
£ W
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iron nanoparticles but also on the support in both the sam-
ples. The Cs loading in the catalyst 2%Cs-FePc after the re-
action was around 1.8 + 0.8 wt% according to EDX analysis.
The nitrogen content in the range of 1.2-2% wt was ana-
lyzed by EDX analysis and elemental analysis. The role of
nitrogen in catalysis is currently being investigated in our
laboratories. Presumably, while the carbon support facili-
tates the electron donation from the alkali metal to the
metal,” the nitrogen doping could enhance the electron
transfer properties of this carbon support, as observed in
the electrochemistry field.

In the 2%Cs-FePc + CoPc catalyst, Fig. 5, the FeCo parti-
cles having a uniform and synchronized distribution of Fe
and Co in the N-doped carbon. EDX analysis of the Fe and
Co contents in the FeCoPc sample resulted in an Fe/Co molar
ratio of 80/20, which is in agreement with the ICP analysis
(79/21) as shown in Table 2.

The XRD patterns recorded for the FePc after the pyrolysis
and after the treatment under H, at 525 °C for 6 h, respec-
tively, are shown in Fig. 6. The FePc after the pyrolysis con-
sists of graphitic carbon, iron, and Fe;C crystallites. Once the
catalyst is exposed to H, treatment, the catalyst undergoes
various phase transformations, as shown in the XRD pat-
terns. Iron carbide (Fe;C) is no longer observed and metallic

Fig. 4 Representative image of the 2%Cs-FePc catalyst by high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and energy-dispersive X-ray spectroscopy (EDX). Elemental mapping images of Fe (green), carbon (yellow), and cesium (red) in the Cs-FePc

catalyst after activation under hydrogen at 525 °C for 6 h.
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Fig. 5 Representative image of the 2%Cs-FePc + CoPc catalyst by high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX). Elemental mapping images of Fe (green), cobalt (blue), carbon (yellow), and ce-
sium (red) in the Cs-FePc + CoPc catalyst after activation under hydrogen at 525 °C for 6 h.

Fe becomes a sharp peak, whereas the peak of graphitic car-
bon decreases in intensity.

The peak positions in the XRD patterns recorded for the
2Cs%-FePc + CoPc catalyst were found to be identical (Fig.
S5 in the ESIf) to those observed for 10Cs%-FePc. This con-
firms that Co is dissolved in the iron phase, forming an alloy,
as suggested previously.*" This is in agreement with the ob-
servation of binary FeCo particles in the TEM images for the
2%Cs-FeCoPc sample (Fig. 5).

The iron and cobalt loadings were analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES,
Table 2). The iron loading is around 19% wt and cobalt is
13% wt. In the sample prepared with Fe and Co (80/20 molar
ratio), the final contents of Fe and Co are 13.3 and 3.6 wt%,
respectively, as shown in Table 2.

Nitrogen adsorption-desorption isotherms and pore-size
distributions of the catalysts were analyzed after the pyrolysis
treatment and after the reaction with no significant changes
observed. The values of the high surface areas and pore vol-
umes are shown in Table 2, for the sample 2%Cs-FePc,

Table 2 Textural properties of the catalysts derived from the Pcs

217 m* g (pore size 36 A), and for the sample FePc + CoPc,
228 m? g* (pore size 33 A).

The dispersion of iron (FE, mean fraction of the total
atoms exposed at the surface) and the number of active sur-
face sites were calculated from the generalized equations®
detailed in the ESIf using the mean particle size of iron
nanoparticles obtained with HR-TEM images considering 120
particles at least. In Table 3, the dispersion of iron and the
number of active sites for the catalysts prepared from decom-
position of metal phthalocyanines, with and without the ad-
dition of the alkali metal, are compared to the corresponding
values for the commercial Fe-benchmark catalyst. It is clearly
seen that a larger fraction of atoms are exposed at the sur-
face, when the catalyst is based on nanoparticles like the Fe
and Co catalysts derived from phthalocyanines, and conse-
quently, a larger number of active surface sites are available
for the reaction in the 2%Cs-FePc catalyst, compared to the
commercial iron-based catalyst.

In many cases, the catalyst preparation method (pyrolysis)
and pretreatment (activation under hydrogen) strongly affect

Catalysts Metal loading (% wt) BET surface area (m” g™") Pore volume (cm?® g ™) Pore size (A)
FePc 18.9 217 0.10 36
CoPc 13 24 0.01 54
FePc-CoPc 13.3 (Fe), 3.6 (Co) 228 0.11 33

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XRD patterns of the FePc based catalyst after pyrolysis and
after activation under hydrogen. Fe (%); FesC (4); carbon (0).

Table 3 Metal dispersion and number of active surface sites

Metal Number of active
Mean particle dispersion surface sites
Catalysts size (nm) FE (%) (mol gy x 107*
Cs-FePc 16.5 7.0 2.4
Ba-CoPc 18 6.8 1.6
FePc 80 1.5 0.5
Fe-(KM1) 100 1.2 1.5

its catalytic performance. This was also observed for reported
catalysts in the literature, including the commercial, iron-
based ammonia synthesis catalyst for which the reduction
must be carefully performed under particular conditions. To
unravel different preparation and pretreatment methods,
more investigation is currently underway in our laboratories
in order to understand the effect of these parameters on cata-
lysts developed from phthalocyanine precursors.

Conclusions

This paper describes the use of metal phthalocyanine precur-
sors to develop novel catalysts for ammonia synthesis, which
exhibit highly efficient and stable catalytic performance.

The catalysts obtained by one-step pyrolysis of phthalocya-
nine precursors have metal nanoparticles confined in a
nitrogen-doped carbon mesoporous matrix, which are effi-
cient catalysts for ammonia synthesis. The iron/carbon and/
or cobalt/carbon resulting materials, when promoted with al-
kali metals, are found to be highly active and stable catalysts,
even outperforming the activity of a commercial iron-based
catalyst, widely used for the ammonia synthesis process.

An alkali metal is found to be essential in order to im-
prove the catalytic activity and stability. In order to elucidate
the role of alkali metals, further investigation is required to
distinguish the electronic or surface structural effects. This is
currently under investigation in our laboratories.

Furthermore, the kinetic analysis corroborates that the
RDS for ammonia synthesis over these catalytic systems
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derived from metal phthalocyanines could be any of the for-
mation steps of NH, species rather than the N, dissociation
step, which only a few catalysts have achieved to date.
Although these results are very promising, more work is
necessary to further boost the catalytic performance, espe-
cially at lower reaction temperatures. Based on the result
shown here, the method of preparing catalysts from metal
phthalocyanines can be used to develop more efficient am-
monia synthesis catalysts for lower temperature processes.

Experimental

All materials were prepared by pyrolysis of iron phthalocya-
nines (FePc), which was purchased from Sigma-Aldrich, and
were used without further purification, following a previously
reported procedure. The detailed preparation procedure is
the following: a certain amount of the precursor (iron phtha-
locyanine) was positioned in a porcelain boat placed in a tu-
bular oven under nitrogen. The temperature was increased to
735 °C (heating rate: 2 °C min~') and maintained at that tem-
perature for 6 h. After the pyrolysis, the oven was cooled
down to room temperature and the sample was passivated
with 1%0, in nitrogen for 6 h.

The materials obtained after the pyrolysis of the phthalo-
cyanine precursors was impregnated with aqueous solutions
of cesium or barium nitrate (Cs = 2-10% wt for FePc and
FePc + CoPc or Ba = 8% wt for CoPc).

For the control experiment, a sample of iron supported on
carbon was prepared via the classical impregnation method,
which was also promoted with cesium (2%Cs-10%Fe/carbon).
To obtain the carbon support, commercially available acti-
vated carbon was heated under inert atmosphere (nitrogen)
at 950 °C (heating rate: 5 °C min™') for 12 h, followed by
cooling to ambient temperature, washed with water to re-
move the dust fraction and dried at 100 °C overnight. The
material thus prepared was impregnated with aqueous solu-
tions of iron nitrate, dried and calcined in air at 220 °C
(heating rate: 2 °C min'). Then, 2% wt of Cs was impreg-
nated using aqueous solutions of cesium nitrate.

Characterization of the materials

Electron microscopy and elemental mapping. Transmis-
sion electron microscopy (TEM) of the samples was
performed with a Titan Themis Z microscope from Thermo
Fisher Scientific by operating it at an accelerating voltage of
300 kV. Prior to the analysis, the microscope was set to scan-
ning TEM (STEM) mode to acquire atomic number (Z) sensi-
tive STEM images with an attached high-angle annular dark-
field (HAADF) detector. Furthermore, a high throughput en-
ergy dispersive X-ray spectrometer (EDS) was also utilized in
conjunction with DF-STEM imaging to acquire STEM-EDS
spectrum-imaging datasets. During the acquisition of these
datasets, at every image-pixel, a corresponding EDS spectrum
was also obtained for generating simultaneously the elemen-
tal maps of Fe and/or Co, C, N, and Cs. It is also pertinent to
note herein that spectrum-imaging datasets were acquired in

This journal is © The Royal Society of Chemistry 2020
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the so-called frame mode in which an electron beam was
allowed to dwell at each pixel for the only time of a few
microseconds in order to keep a total frame time of merely
one second or less. However, each spectrum-imaging dataset
was collected until more than 200 frames were completed.
This mode of operation allowed having a high signal to noise
ratio in the acquired STEM-EDS spectrum-imaging datasets
while causing little or no damage to beam-sensitive zeolite
samples by the electron beam. Both imaging and spectro-
scopy datasets for each sample were both acquired as well as
analyzed with a newly developed software package called
Velox from Thermo Fisher Scientific.

The chemical composition of the catalysts was determined
from ICP and elemental analyses using inductively coupled
plasma atomic emission spectroscopy (ICP-OES) on a
Thermo-Electron 3580 instrument.

XRD measurements were performed on a Bruker D8 AD-
VANCE reflection diffractometer with the Bragg-Brentano ge-
ometry using CuK,, , radiation. For the identification of the
phase composition, the program module “Pattern Fitting”
implemented in STOE's WinXPOW software was used.

Specific surface areas and pore volumes were determined
with a Micromeritics ASAP 2010 adsorption analyzer at liquid
nitrogen temperature. Before measurements, the materials
were degassed at a temperature of 150 °C for 10 h. The total
pore volume was calculated by using the adsorbed volume at
a relative pressure of 0.97. The BET surface area was esti-
mated in the relative pressure range of 0.06-0.2.

Catalytic activity: the reaction of ammonia synthesis in a
continuous flow reactor

Activity measurements of ammonia synthesis were carried out
in a stainless-steel flow reactor supplied with a stoichiometric
H, + N, mixture (Fig. S1 in the ESIT). The flow rate of hydrogen
and nitrogen was controlled with Brooks mass flow-controllers.
The pressure and temperature were kept constant using the
corresponding controllers. In general, 200 mg of catalyst and a
total flow of 40 ml min™ are used for the experiments, keeping
a H,:N, ratio of 3:1. The reactor outlet was connected to a
Mass-Vac spectrometer for continuous monitoring of the NH;
mass signal (mass = 17). Ar (0.6 ml min™") was used as a refer-
ence for the calibration of the instrument (Fig. S2 in the ESI}).

Prior to measurements, the samples were reduced in a H,:
N, stream with a total flow of 40 ml min™", at 485 °C for 36 h
(cesium-promoted iron catalysts) and at 520 °C for 48 h (bar-
ium-promoted cobalt catalyst) (heating rate: 4 °C min™"),
according to previously reported procedures. Activation at a
higher temperature than those indicated resulted in a decrease
of the catalytic performance of the iron-based catalysts. The
signal of ammonia was monitored during the activation pre-
treatment until this signal was constant, and after that, the
catalysts were considered under steady-state conditions.

The reaction temperature was varied in the range of 400-
550 °C, and the pressure was from atmospheric to 7 MPa.
During the experiments, each set of conditions was kept con-

This journal is © The Royal Society of Chemistry 2020
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stant for 1 h to ensure that a stable performance was reached
and to analyze the ammonia in the reactor outlet using the
online connected Mass-Vac spectrometer. From the concen-
tration of ammonia in the outlet gas, the reaction rate was
determined and expressed in umol NH; g ' h™".
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