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Experimental Section

All materials were prepared by pyrolysis of metal phthalocyanines Fe(II)Pc and Co(II)Pc,
purchased from Sigma-Aldrich, were used without further purification, following a previously
reported procedure.! The detailed preparation procedure is the following: A certain amount of
precursor, the starting molecule of the metal pthalocyanine, was positioned in a porcelain boat
placed in a tubular oven under nitrogen. The temperature was increased to 735 °C (heating rate:
2°C min!) and maintained at that temperature for 6 h. After the pyrolysis the oven cools down to
room temperature and the sample is passivated with 1%0, in nitrogen for 6 h.

The catalyst FePc + CoPc, was prepared by a physical mixture of Fe(II)Pc and Co(II)Pc (9:1, mass
ratio Fe(Il)Pc: Co(I)Pc) that was grounded together for 20 minutes in a mortar, before the
pyrolysis step described above.

The materials obtained after the pyrolysis of the phthalocyanine precursors, were impregnated
with aqueous solutions of cesium nitrate or barium nitrate. The Cs loading (2-10% wt.) and that of
Ba (8% wt.).

For the control experiment a sample of Iron supported on carbon was prepared via classical
impregnation method; also promoted with cesium (2%Cs-10%Fe/carbon).?* To obtain the carbon
support, commercially available activated carbon was heated under inert atmosphere (Nitrogen) at
950°C (heating rate: 5°C min!) for 12 h, followed by cooling to ambient temperature, washing
with water to remove the dusty fraction and drying at 100°C overnight. The material thus prepared
was impregnated with aqueous solutions of iron nitrate, cobalt nitrate or both (co-impregnation),
dried and calcined in air at 220 °C (heating rate: 2°C min™!) to convert the salts into their oxides.
Then, it was impregnated with aqueous solutions of cesium nitrate to obtain a material with 2%
wt. Cs.

Characterization of the materials

Electron Microscopy and Elemental Mapping: Transmission electron microscopy (TEM) of the
samples was performed with a Titan Themis-Z microscope from Thermo-Fisher Scientific by
operating it at the accelerating voltage of 300 kV. Prior to the analysis, the microscope was set to
scanning TEM (STEM) mode to acquire atomic number (Z) sensitive STEM images with an
attached a high-angle annular dark-field (HAADF) detector. Furthermore, a high throughput X-
ray energy dispersive 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 elemental maps of Fe and/or Co C, N, Cs. It is also pertinent to note herein that
Spectrum-imaging datasets were acquired in so-called frame mode in which electron beam was
allowed to dwell at each pixel for the only time of few microseconds in order to keep a total frame
time to merely one second or less. However, each Spectrum-imaging dataset was collected until
more than 200 frames were completed. This mode of operation allowed to have a high signal to
noise ratio in the acquired STEM-EDS spectrum-imaging datasets while causing a little or no
damage to beam-sensitive zeolite samples by the electron beam. Both imaging and spectroscopy
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 analysis using
using inductively coupled plasma optical emission spectroscopy (ICP—OES) on a Thermo-Electron
3580 instrument.

Powder X-ray diffraction (XRD) measurements were performed on a Bruker D8 Advance
reflection diffractometer equipped with a LynxEye energy-discriminating position-sensitive
detector (1D-PSD) using Cu Ka1+2 radiation.

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 estimated in the relative
pressure range of 0.06—0.2.

Metal dispersion and Number of Active surface sites

The dispersion of iron (FE, mean fraction of the total atoms exposed at the surface) was calculated
from the generalized equation* and also proposed by Borodzinski and Bonarowska® and widely
used for iron/carbon catalysts used for ammonia synthesis earlier, using the mean particle size of
iron nanoparticles obtained by HR-TEM images considering 120 particles at least. The number of
active surface sites was calculated according to the equations provided for iron ammonia synthesis
catalysts.® The equation are next ones:

Dispersion: FE(%) = 6 (vi/an)/d
S (m™2 g ) = 60000 f,/( p x d)
NA (mol g'')=f, x FE/M

Where:

am (A2): The surface area occupied by an atom of metal on a polycrystalline surface. 11.80 and
11 A2 for Fe and Co, respectively.

vm (A3): The volume occupied by an atom of metal in the bulk of metal; 6.09 and 5.43 A3 for Fe
and Co, respectively.

d: mean particle size (A)

p: density of the metal in g cm™3



fin: metal loading in the sample, mass fraction wt.

M: molar mass of the metal 55.85 and 58.93 g mol™! for Fe and Co, respectively
D: dispersion (FE, mean fraction of the total atoms exposed at the surface)

Sm: Specific metal surface area inm™2 g

NA: number of active surface sites in mol g~!

Catalytic activity: 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 stoichiometric H, + N, mixture as shown in the Figure S1. The flow rate of hydrogen
and nitrogen controlled by Brooks mass flow-controllers. The pressure and temperature were kept
constant using the correspondent controllers. In general, 200 mg of catalyst and a total flow of 40
ml min~! are used for the experiments, keeping H,:N, ratio 3:1. The reactor outlet is connected to
the Mass-Vac Spectrometer for continuous monitoring of the NH3 mass signal (Mass = 17). Ar
(0.6 ml min™"') is used as reference for the calibration of the instrument (see below).
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Figure S1. Experimental Setup with mass spectrometer connected online.

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 (Barium-
promoted cobalt catalyst) (heating rate 4°C min™'); according to previously reported procedures.
Activation at higher temperature than those indicated resulted in a decrease of the catalytic
performance for the iron-based catalysts. The signal of ammonia was monitored during the
activation pre-treatment until this signal was constant, after that the catalysts are considered under
the steady-state conditions.



The commercial Iron-benchmark KM-1 catalyst was activated under H,/N, atmosphere (3/1 molar
ratio) following the reported procedure;’ a two-step reduction process using a slow linear heating
ramp (4°C /min) from 25 to 525 °C for 40 h, with an isothermal break of several hours (6h) at the
point of maximum water evolution (225 °C).

The reaction temperature was varied in the range 400-550°C, and the pressure from atmospheric
to 70 bar. During the experiments, each set of conditions was kept constant for 1 h to ensure a
stable performance was reached and to analyze the ammonia in the reactor outlet using the online
connected Mass-Vac Spectrometer. From the concentration of ammonia in the outlet gas, the
reaction rate was determined and expressed in NH; pmol g™ ! h™!.

The ammonia signal monitored by the mass-Vac is converted into the concentration of ammonia
in the outlet gas by the calibration curve previously obtained for the instrument, using Ar inert gas
as reference. The calibration curve (Figure S2) was obtained for gas mixtures of known
concentration of ammonia in Ny:H, (3:1) mixtures. And the calculation procedure in order to
convert the signal monitored in the mass spectrometer to the moles of NH;3 and to the ammonia
synthesis rate, is described here:
1) The signal for the ammonia in Torr is converted into ppm of NH; using the calibration
curve (Figure S2)
2) Then ppm of ammonia is converted into flow rates in ml/min and mol/min using next
equations:
3) ml NH;3 (NTP)/min = ppm NH; x 1.10°° x total flow rate (ml/min)
4) moles NHz/min = (ml NH; (NTP)/min / 1000ml) x 1 atm / [0.082 atm L/mol/K x 293.15 K]

5) NH; rate (umol g* h™1) = (moles NH3/min x 60 min/h x 1.106 umol/mol) / mass catalyst (g)
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Figure S2. Calibration curve to convert the signal of ammonia monitored in the Mass-Vac Spectrometer into NH;
concentration in the reactor outlet.

The activity evaluated per the number of active surface sites (N.A) is reported as the turnover
frequency. It is calculated according the next equation:

TOF (s7!) = NH; rate (umol g1 h™1) x 1.107¢ (umol/mol) / NA (mol g71)/3600 (s h™!)

The N, and H, reaction orders measurement were carried out with a total flow rate of 60 ml min~!
of mixed gas (N, H,, Ar), at constant total pressure (10 bar) and temperature (400°C). For the N,
order measurement the H, flow rate was 45 ml min™! kept constant, and the flow rate of N, is
changing while keeping (N, +Ar) in 15 ml min~!. For the H, order measurement the N, flow rate
was 15 ml min~! kept constant, and the flow rate of H, is changing while keeping (H; +Ar) in 55
ml min~!.The reaction order with respect to NH; was obtained by changing the flow rate of syngas
in the range 40-120 ml min~!, while keeping a constant N, and H, partial pressure (H,:N, ratio
3:1.).% All the kinetic measurements were conducted under conditions far from equilibrium.

Kinetic calculations

The rate-determining step (RDS) for ammonia synthesis was examined by fitting the modeled
rate equations to a set of obtained reaction rates. The rate equations were expressed by the
Langmuir—-Hinshelwood mechanism.?10.11.1213 The following sequence of elementary steps can
be expressed for the overall reaction:



H,(g) — Hy(ad) Hy(g) — Hy(ad), ®

N2(g) = Na(ad)N;(g) — Na(ad), 2
H,(ad) — 2H(ad)H, (ad) — 2H(ad), 3)
N,(ad) — 2N(ad)N;(ad) - 2N(ad), )
N(ad) + H(ad) - NH(ad)N(ad) + H(ad) — NH(ad). G)
NH(ad) + H(ad) - NH,(ad)NH(ad) + H(ad) — NH,(ad), 6)
NH,(ad) + H(ad) — NH;(ad)NH,(ad) + H(ad) — NH;(ad), )
NH;(ad) — NH;(g)NH;(ad) — NH;(g). ®)

where (g) and (ad) denote gas-phase and adsorption species, respectively. Among these steps,
steps (4)—(7) control the overall rate of reaction due to the large activation energy. The partial
pressure of NHs (Pnn3) was omitted when it was sufficiently small compared with Pn2 and P2 at
the outlet. Under the reaction conditions employed, Pnu3 of the obtained experimental rates
were much smaller than Pn2 and PH2 at the outlet, and the equilibrium value, which reasonably
satisfied the applicable condition of the calculated equations derived with elimination of the Pnhs
term and the reverse reaction. The final rate equations are as follows>®789:

_ EKZPNZ 5 (9)
(1 + K1Pu,+ K>Pn,+ [K1KzPH,)
_ ks\/K1KzK3Ks [P, Py, _ (10)
(1 + K1Py,+ KoPn,+ [K1K3Py, + [K2R4Pn,)"
c k_ﬁ’KlKEKSM\/p—IﬁpNZ a1

= 23
(1 + KlPH2+ KZPN2+JK1K3PH2 + 'JKQK‘ipNZ + K5.JK1K2K3K4PH2PN2)

k7K1 K3KsKe\ K1 K2K3KaPpr, [PH, PN,

(1 + K1Py,+ K2Pn,+[KiKaPp, + \[K2K4PN, + Ks[KiK2KzKaPp,Pn, + Ki1KaKsKs £K2K4PN2PH2)2
(12)

where kg, ks, kg, ks, are the rate constant of the forward reactions 4-7, and K; is the equilibrium
constant in step i. Equations (9)-(12) are expressed based on the assumption that steps (4)-(7)
are the RDS, respectively. In order to examine the RDS for ammonia synthesis, the derived



equations were separately fitted into sets of experimental rates using a least squares method
and evaluated to determine which equations best described the experimental rates.
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Figure S3. Catalytic performance of the 2%Cs-FePc catalysts for the ammonia synthesis reaction. NH;-synthesis rate as
a function of the pressure at 400 °C. Reaction conditions: 200 mg of catalyst, flow rate 40 ml min™!, Ny:H, = 1:3, with a
WHSV of 12000 ml g' h™!, P = 1-70 bar, T =400 °C
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Figure S4. Catalytic performance phthalocyanine derived catalysts for the ammonia synthesis reaction. Influence of the
space velocity at 10 bar and 400 °C. Reaction conditions: 200 mg of catalyst, flow rate 40-120 ml min~!, N,:H, = 1:3, with
a WHSV of 12000-40000 ml g™' h™!, P =10 bar, T =400 °C

Table S1. Kinetic parameters of selected catalysts from literature

Catalyst E, (kJ mol™ 1) N, order (o) H, order (B) NH; order (y) Ref
Fe-benchmark 70 0.9 22 -1.5 1415
Co3Mo3N 55.6 0.99 0.8 —1.34 4
2%Cs-Co3Mo3N 56.8 0.96 0.89 —0.89 4
8%Ba-10%Co/carbon 103 09 1.5 -1.1 11
LaCoSi 42 0.45 0.8 -1.5 5
Fe-LiH 46.5 0.37 0.88 -1.3 16
Co-LiH 52.1 0.48 0.65 -1.2 12
Ru/C12A7:¢e 49 0.46 0.97 -1.0 17
Cs-Ru/MgO 106 1.0 —0.43 —0.12 18
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Figure S5. XRD Patterns 2%Cs-FePc and 2%Cs-FeCoPc catalysts, after activation under hydrogen. Fe (%), Fe;C(#4)
Carbon (9).
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