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Barium-doped iron nanoparticles supported on MgO as an
efficient catalyst for ammonia synthesis under mild reaction
conditions

Encapsulation of Fe nanoparticles by BaO achieves
significant ammonia synthesis activity under mild reaction
conditions. High temperature reduction induces the
accumulation of BaO clusters over Fe nanoparticles. A strong
electron donation from this BaO cluster via Fe facilitates the
cleavage of the dinitrogen triple bond, the rate-determining
step in ammonia synthesis. This discovery will contribute to
the development of a low-cost ammonia synthesis catalyst
that will lead to the realisation of a carbon-neutral society.
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Barium-doped iron nanoparticles supported on
MgO as an efficient catalyst for ammonia synthesis
under mild reaction conditionsy
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To realize a carbon-neutral society, developing highly active and inexpensive catalysts for ammonia (NH=)
production working under moderate conditions (<400 °C, <10 MPa) using hydrogen fabricated from the
electrolysis of water is demanded. Current industrial fused iron (Fe) catalysts show deficient activity
under such conditions. Although Ru-based catalysts have been introduced as highly efficient catalysts
working under desired conditions, they are scarce and consequently expensive. This work introduces Fe/
Ba/MgO (reduced at 700 °C) as an active catalyst with a high ammonia production rate working at mild
temperature and pressure (350 °C, 1.0 MPa). Ba doping to Fe nanoparticles supported on MgO and pre-
reduction at high temperatures dramatically ameliorated the NH3 production rate. Due to the absence of
hydrogen poisoning, the catalytic activity of the Fe/Ba/MgO increased gradually by raising the pressure
from 0.1 to 3.0 MPa. The activity of this catalyst at 3.0 MPa was higher than that of two benchmark Ru

Received 25th March 2024 . . .
Accepted 7th May 2024 catalysts. After pre-reduction at high temperature, electrons are donated from the BaO encapsulating
the Fe® nanoparticles to the N, molecule, which promotes the rate-determining step of ammonia

DOI: 10.1039/d4se00411f synthesis. We anticipate that these findings will contribute to developing inexpensive Fe catalysts for
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Introduction

Ammonia (NHj;) is a promising component for helping to achieve
a carbon-neutral society."” Today, most NH; is produced by the
industrial Haber-Bosch process using fused Fe-based catalysts.
These conventional catalysts, which include Al,O; as a structural
promoter and K,O as a chemical promoter, are introduced as
highly active catalysts for NH; production at high temperatures of
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decarbonizing the ammonia synthesis process to achieve a carbon-neutral society.

more than 450 °C and pressure higher than 20 MPa.? Al,O; and
K,O promoters facilitate the cleavage of the nitrogen bond (N=N)
with a high dissociation energy of 945 k] mol ".* However, in its
current form, the Haber-Bosch process is not suitable for achieving
a carbon-neutral society for two reasons. First, the utilized H, gas in
the process is provided by fossil fuel steam reforming, which leads
to the emission of huge amounts of CO, (1.9 tons-CO, per ton-
NH3;).> Second, the NHj; yield of current Fe-based catalysts is
significantly decreased at temperatures and pressures lower than
400 °C and 10 MPa, respectively.” Thus, novel catalysts are needed
that show high NH; synthesis activity under mild conditions,
which will allow for the use of H, produced from clean processes
and ultimately, decarbonization of the Haber-Bosch process."

Recently, various alternative NH; synthesis catalysts have been
developed.” Reported Ru catalysts have demonstrated consider-
able NH; yield under moderate conditions, and they are consid-
ered the most promising candidates for synthesizing decarbonized
NH,."*"” However, Ru utilization in large-scale commercial appli-
cations is limited due to its high cost and rarity, and transition
elements, such as Mn,*® Fe," and Co,* which are more accessible,
have been proposed as catalysts for decarbonized NH; synthesis.
Fe is the most appropriate element in terms of cost and abun-
dance, which makes the development of Fe-based catalysts for use
in a decarbonized NH; synthesis process highly desirable.

Sustainable Energy Fuels, 2024, 8, 2593-2600 | 2593
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In our previous study, the performance of potassium-doped
Fe nanoparticles supported on MgO was investigated for cata-
lytic NH; synthesis.”* Characterization of this catalyst revealed
that use of the optimal reduction temperature and the optimal
amount of K doping increased the number of Fe” nanoparticles
on the catalyst surface and the Fe turnover frequency. Moreover,
it was reported that a Co/Ba/MgO catalyst prepared by impreg-
nating cobalt(n) acetylacetonate into Ba-doped MgO followed by
pre-reduction at high temperature (700 °C) contained BaO
encapsulating Co nanoparticles and that this encapsulation
dramatically improved the NH; synthesis activity of Co.*® These
findings motivated us to study the effects of Ba doping on the
catalytic behaviour of the Fe/MgO catalyst.

In this study, the Fe/MgO catalyst doped with barium was
employed for the NH; synthesis process under mild conditions,
and its catalytic behaviour was evaluated. This catalyst showed
a high NH; production rate (13.8 mmol h™' g.. ') under
moderate conditions. Moreover, raising the pressure from
1.0 MPa to 3.0 MPa resulted in improving the NH; production
activity to 26.1 mmol h™" g, ' for the Fe/Ba(1)/MgO-700red
(Ba/(Ba + Mg) = 0.01 mol mol ", pre-reduced at 700 °C) cata-
lyst. This value is more than the activity of two benchmark Ru
catalysts (Ru/Ce0,-500red?* and Cs'/Ru/MgO-500red??). Reduc-
tion of Fe/Ba(1)/MgO at 700 °C, a higher temperature than that
used for conventional Fe-based catalysts, resulted in the
decomposition of BaCO; and the formation of a structure in
which Fe’ nanoparticles were encapsulated within BaO. This
encapsulation led to a significant enhancement of the NH;
synthesis activity and turnover frequency of Fe/Ba(1)/MgO-
700red by electron donation to adsorbed N, molecules from
the BaO encapsulating Fe® nanoparticles. We also discuss the
difference in dopant effects between Ba and K.*®

Experimental
Synthesis of the Ba-doped Fe/MgO catalyst

The stepwise impregnation method was employed to fabricate
the Ba-doped Fe/MgO catalyst.>®** In this regard, specified
amounts of MgO (MgO-500A, Ube Material Industries, Ltd,
Japan) and Ba(OH),-8H,O0 (Fujifilm Wako Pure Chemicals, Co.,
Japan) solution were mixed for 1 h. It should be noted that
different amounts of Ba(X) (X = 0.5, 1 and 3) were loaded for
investigation of the influence of doping on catalytic behaviour
(X is the mole percentage of Ba with respect to the total molar
value of Ba plus Mg). After blending, the powder was separated
using a rotary evaporator and treated in a muffle furnace at
700 °C for 5 h to form the Ba/MgO support. To deposit the Fe
catalyst on the support, iron(m) acetylacetonate [Fe(acac)s]
(Tokyo Chemical Industry Co., Ltd, Japan) was mixed with Ba/
MgO in tetrahydrofuran (Fujifilm Wako, Japan). The Fe
loading amount was considered to be 20 wt% of the catalyst.
However, this value was 16.2 wt% according to the X-ray fluo-
rescence analysis after the catalytic tests. The powder and
solvent were separated using a rotary evaporator at 35 °C and
calcined in a tube furnace in Ar at 500 °C for 5 h. The procedure
to synthesize the catalyst without Ba doping (Fe/MgO) was the
same as the mentioned route except for the Ba loading step. It
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should be noted that for this catalyst, MgO was heated in
a muffle furnace at 700 °C for 5 h before loading the Fe cata-
lyst.** Ru/CeO, and Cs'/Ru/MgO as benchmark catalysts were
fabricated utilizing the same method reported before.*

Catalytic NH; synthesis test

For the catalytic NH; synthesis test, 100 mg of catalyst powder was
pressed to make a pellet and then was sieved (250-500 pm particle
size).?*?' The pelleted catalyst was located in a tubular Inconel
reactor (The Nilaco Corporation, Japan) and reduced at 500 or
700 °C with a 2 °C min~' ramping rate.>®** The reduction was
performed under a mixture of H, and N, gas flow for 1 h. The H, to
N, ratio, total stream rate, and pressure were 3, 240 mL min~" and
0.1 MPa, respectively. After reduction, the reactor temperature was
decreased under the same flow. Then, the H,-N, stream with H,/
N, = 3 and total stream rate of 120 mL min ' was fed to the
reactor to obtain the space velocity of 72 000 mL h™" g, * and the
pressure increased to 1.0 or 3.0 MPa. The synthesis rate of the
catalysts was measured by trapping the produced NH; in 1-10 mM
H,S0, solution. The rate decrease in conductivity, measured using
an electronic conductivity detector (CM-30R, DKK-TOA, Japan), is
employed to calculate the NH; synthesis rate based on a standard
curve of electronic conductivity (Fig. S11). All utilized gases in this
work were obtained from high-pressure and high-grade
(>99.9999%) cylinders and purified using an inline gas purifier
(MicroTorr MC50-904FV, SAES Pure Gas, USA).

Kinetic calculations

Kinetic calculations were conducted using a similar procedure
reported before at 350 °C and 0.1 MPa.**** Ammonia synthesis
reaction rate was calculated using eqn (1) by considering that
the synthesis rate of NH; depends on the N,, H, and NH;
pressures. More details regarding the kinetic calculations and
retardation index can be found in the ESI.{

r = kPNZnPHZhPNH;’ [1)

Characterization

It should be noted that all catalyst characterizations were per-
formed after samples were passivated with CO, (>99.95% purity
with O, as an impurity).

Scanning transmission electron microscopy (STEM) with
high-angle annular dark-field (HAADF) imaging and corre-
sponding Energy dispersive X-ray spectroscopy (EDX) mapping
were performed at 120 kV using a JEM-ARM200CF electron
microscope (JEOL, Japan). The sample was prepared by crush-
ing the catalysts in ethanol, dispersing them on a carbon-coated
copper grid, and drying them at ambient temperature for 1 day
in vacuum.

An EDXL 300 apparatus (Rigaku, Japan) was utilized for X-ray
fluorescence analysis of the samples.

The crystal structure was examined by X-ray diffraction
analysis using a SmartLab X-ray diffractometer (Rigaku) with
a CukK, source. Analysis of X-ray diffraction profiles was con-
ducted using the PDXL2 software (Rigaku) and three databases

This journal is © The Royal Society of Chemistry 2024
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(ICDD, COD,” AtomWork).”® The crystallite size of Fe’ was
measured by Scherrer's equation using the Fe® (110) peak
located at 44.67° in the X-ray diffraction profile.

After pre-treatment under a N, flow at 300 °C, the Brunauer-
Emmett-Teller method was performed to measure the specific
surface area of the catalysts using a BELSORP MINI X-
instrument (Micro-Trac BEL, Japan).

The turnover frequencies of Fe/Ba(1)/MgO and Fe/MgO catalysts
were determined by CO-chemisorption capacity measurement
using a BEL-CAT-II apparatus (Micro-Trac BEL). To prepare the
sample, 50 mg of the catalyst was exposed to a mixture flow of H,
and N, (Hy/N, = 3, 120 mL min " total) for reduction. The
temperature was increased to 500 or 700 °C with a 2 °C min™*
ramping rate and kept constant for 1 h. For pre-treatment, the
sample was located under the He flow for 2 h. The temperature
decreased to 50 °C, and the sample was flushed with the He flow
for 10 min. Pulse chemisorption was utilized for CO-chemisorption
measurement under the He flow (30 mL min™") at 50 °C.

X-ray Absorption Fine Structure (XAFS) analyses of the Fe K-
edge were conducted using the BLO1B1 beamline at Spring-8
(Hyogo, Japan) with Japan Synchrotron Radiation Research
Institute permission. To avoid the natural oxidation of Fe upon
exposure to air, the measurements were done using in situ XAFS
techniques. Samples (50 mg) diluted with boron nitride were
pressed into self-supporting disks with 7 mm diameter and
located in a quartz in situ XAFS cell (Makuhari Rika Glass, Japan).
Each disk was reduced by increasing the cell's temperature by 2 ©
C min~* from room temperature to 500 or 700 °C under a mixed
H,-N, gas stream (H,/N, = 3, 120 mL min ' total) and held for
1 h. The spectra were then measured after cooling to 50 °C under
the same stream. Measurements of the Fe K-edge were per-
formed in transmission mode using two ion chambers. A Si (111)
two-crystal monochromator was used for the monochromatiza-
tion of X-rays. X-ray energy was calibrated against the spectrum
of a standard Fe foil. Data reduction was carried out using the
Athena program (ver. 0.9.26) included in the Demeter package.?

Infrared spectra of Fe/Ba(1)/MgO measured by in situ reduc-
tion under a gas flow of H,-N, mixture (H,/N, = 3) were obtained
with a spectrometer (FT/IR-6600, JASCO, Japan) equipped with
a mercury-cadmium-telluride detector at a resolution of 4 cm ™.
The sample (about 10 mg) was pressed into the self-supporting
disk (10 mm in diameter), placed in a silica-glass cell with
a CaF, window, and connected to a closed gas-circulation system
(Makuhari). The disk was pre-treated with a H,-N, mixture (H,/
N, = 3, about 80 kPa) that had been passed through a liquid N,
trap and reduced by increasing the temperature of the cell by 10 ©
C min~" from room temperature to 700 °C. The infrared spec-
trum of air measured at room temperature was used as the
background, and the difference spectrum was obtained by sub-
tracting the background spectrum from the spectrum measured
before reduction (fresh) or after reduction at 500 or 700 °C.

Results and discussion
Catalytic NH; production

In the first step, the efficiency of the Fe/Ba(1)/MgO catalyst for
NH; production was evaluated. Since Fe is easily sintered at

This journal is © The Royal Society of Chemistry 2024
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high temperatures, a low-temperature, slow reduction is
generally used.'?**> A previous study on the Fe/K/MgO catalyst
indicated that catalyst reduction at 500 °C results in the best
NH; production rate. However, because Co/Ba/MgO-700red has
been previously reported to show high activity, we performed
pre-reduction of Fe/Ba(1)/MgO at 700 °C.

Fig. 1 shows the NH; synthesis rates and yields versus reac-
tion temperature for Fe/Ba(1)/MgO-700red, Fe/Ba(1)/MgO-
500red, and Fe/MgO-700red, compared with fused iron (wiis-
tite-based) as the commercial catalyst at 1.0 MPa. It was
observed that Fe/Ba(1)/MgO-700red activity was better than that
of the other three catalysts at temperatures of 150 °C to 400 °C.
As equilibrium NH; yields at 350 °C and 400 °C are 14.8 and
7.91%, respectively, NH; yields were far below the equilibrium
value. Fe/Ba(1)/MgO-700red even showed NH; synthesis activity
at 150 °C (0.1 mmol h™* g ., *). From our previous work, it was
realized that the K(3)-doped Fe catalyst supported on MgO and
reduced at 500 °C cannot produce NH; at 150 °C.** This indi-
cates that Ba can enhance the NH; synthesis activity at lower
temperatures. The activity of Fe/Ba (1)/MgO-700red for NH;
production at 350 °C was 13.8 mmol h™" g.,. *, which is 5.3
times higher than that of Fe/Ba(1)/MgO-500red and Fe/MgO-
700red, and 1.6 times higher than that of the commercial
catalyst as shown in Table 1. Thus, Ba was found to be an
effective additive for Fe nanoparticles, which is similar to what
we reported previously for Co nanoparticles.”® Further analyses
revealed that the highest NH; synthesis rates were observed for
the catalyst with a reduction temperature of 700 °C (Fig. S27)
and when the amount of Ba doping (Ba/(Ba + Mg)) was 0.01 mol
mol ™" (Fig. S37).

The catalytic activity for NH; production versus time at 350 °©
C and 1.0 MPa was observed in Fig. 2, indicating that the activity
of Fe/Ba(1)/MgO-700red slightly decreased at the beginning and
then stabilized. At lower amounts of weight hourly space
velocity (36 000 mL h™" g.,. "), the NH; production activity of
the Fe/Ba(1)/MgO-700red catalyst at 350 °C and 1.0 MPa reached
8.8 mmol h™* gcafl. Even at this lower space velocity, the
catalyst synthesized 0.05 mmol h™" g.,, ' NH; at 150 °C. Fe/

T§ 25 - —@— Fe/Ba(1)/MgO-700red e 115
Tm Commercial fused iron catalyst
_C -
3 20 e Fe/MgO-700red _
£ —@— Fe/Ba(1)/MgO-500red / 110 o
> 15 =
8 ¢ 8
5 =
Sor 5
o /
g . . o
s 5 e
™
z L —
.,,7—7-. vﬂ—:*”"" 1 1 0.0
150 200 250 300 350 400

Temperature (°C)

Fig.1 Ammonia production activity versus temperature at 1.0 MPa for
Fe/Ba(1)/MgO-700red, Fe/Ba(1)/MgO-500red, Fe/MgO-700red, and
a commercial fused iron catalyst. xxxred stands for pre-reduction of
the catalyst at xxx °C. Detailed information regarding the commercial
catalysts can be found in the ESI.{
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Table 1 Properties and ammonia production rate for Fe-based catalysts
Fe’ crystallite size’®  CO-chemisorption
Entry  Catalyst SSA® [m* geoe '] [nm] [wmol gear '] Rate? [mmol h™! g., '] TOF* [s™*]
1 Fe/Ba(1)/MgO-700red 64 10 11.9 13.8 0.322
2 Fe/Ba(1)/MgO-500red 110 7 11.4 2.6 0.063
3 Fe/MgO-700red 90 8 20.5 2.6 0.035
4 Commercial fused iron catalyst — — — 8.6 —

“ BET specific surface area. > Measured by using Scherrer's equation. © Measured as CO-chemisorption capacity. 4 Ammonia production rate at 350 ©
C and 1.0 MPa.  Turnover frequency measured from the amount of CO-chemisorption and the ammonia production rate.

251
201

15'.

10F

NH, production rate (mmol h™! g.,,™")

0 1 1 1 1 1
0 20 40 60 80 100

Time on stream (h)

Fig. 2 Ammonia production activity of Fe/Ba(1)/MgO-700red versus
time course at 350 °C and 1.0 MPa.

Ba(1)/MgO-700red showed NH; synthesis activity comparable to
Fe-based catalysts, which have been introduced in the literature
under mild conditions (Table S1t). Compared to our previously
reported Fe/K(3)/MgO-500red, the NH; synthesis rate for Fe/
Ba(1)/MgO-700red was lower above 300 °C, but it was higher
below 250 °C.”* This suggests that Ba and K have different
effects on the NH; synthesis activity of Fe’.

Arrhenius plots of ammonia production reactions using Fe/
Ba(1)/MgO-700red, Fe/Ba(1)/MgO-500red, Fe/MgO-700red, and
the commercial catalyst are observed in Fig. 3. Following our
previous report, the apparent activation energy was calculated
separately because the slope changed above and below 300 °C.**
Here, it was confirmed that these differences were not due to
internal diffusion, as the same activity was obtained when
testing with smaller catalyst pellets. The different slopes can be
attributed to the fact that the adsorbed species which strongly
adsorb on the catalyst surface and retard the reaction vary
depending on the temperature. Based on the idea that the rate-
limiting step is the dissociative adsorption of dinitrogen, this
step is retarded by adsorbed species such as NH,(a) (x =0, 1, 2)
and H(a), and these adsorbed species are in equilibrium with
gaseous NH; and H,. At lower temperatures, H(a) may be
strongly adsorbed on the surface, while at higher temperatures
NH,(a) replaces H(a) as discussed in ref. 33. The apparent
activation energies which are equivalent to the slope of the
curves were 57.3, 74.5, 111.5, and 85.5 k] mol " for Fe/Ba(1)/
MgO-700red, Fe/Ba(1)/MgO-500red, Fe/MgO-700red, and the

2596 | Sustainable Energy Fuels, 2024, 8, 2593-2600

commercial catalyst at temperatures lower than 300 °C,
respectively. On the other hand, for the higher temperature
range (300-400 °C), it was 38.5, 53.3, 70.5 and 52.5 kJ mol",
respectively. Thus, Fe/Ba(1)/MgO-700red showed the lowest
apparent activation energy over the whole temperature range,
suggesting that the high NH; synthesis activity of Fe/Ba(1)/MgO-
700red resulted from its low apparent activation energy.

The effect of pressure on the NH; synthesis activity of Fe/
Ba(1)/MgO-700red at 350 °C and also for Cs’/Ru/MgO-500red
and Ru/Ce0O,-500red as benchmark Ru catalysts is observed in
Fig. 4. Cs'/Ru/MgO and Ru/CeO, are known catalysts due to
their activity and for ammonia production by renewable energy
utilization, respectively.”*** Although the activity of the Fe/
Ba(1)/MgO-700red catalyst at 0.1 MPa was lower than that of
benchmark Ru catalysts, at 1.0 MPa it was higher than that of
Cs*/Ru/MgO and at 3.0 MPa it improved significantly and
reached a value higher than that of both benchmark Ru
catalysts.

To determine the reason for the different pressure depen-
dencies of Fe/Ba(1)/MgO-700red and the two benchmark Ru
catalysts, we performed kinetic analyses at 350 °C and 0.1 MPa
(Table S2 and Fig. S47). Orders of the reaction with respect to N,

=~ 3} —@— Fe/Ba(1)/MgO-700red
'5 38.5 Commercial fused iron catalyst
o
T o2t ¥ —@— Fe/MgO-700red
g ®— Fe/Ba(1)/MgO-500red
% 4k 53.3 ~'\
= S\ 573
2
g o} 70.5
S \\74.5 ‘@
b3 DN S
> NN S
B -t NN

\ N
;M @ .
Z Ll 111.5 \ ‘\.
= \
= e

1 1 1 1
14 1.6 1.8 2.0 22 24
1000/T (K1)

Fig. 3 Arrhenius plots corresponding to ammonia production reac-
tions over Fe/Ba(l)/MgO-700red, Fe/Ba(1l)/MgO-500red, Fe/MgO-
700red, and a commercial fused iron catalyst at 1.0 MPa. The numbers
in the figure denote the apparent activation energy (kJ mol™) calcu-
lated from the slope. The dashed lines and underlined numbers are
plots and apparent activation energies below 300 °C, and the solid
lines and non-underlined numbers are the plots and apparent acti-
vation energies above 300 °C. xxxred stands for pre-reduction of the
catalyst at xxx °C.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Ammonia production activity versus pressure at 350 °C for Fe/
Ba(1)/MgO-700red and two benchmark Ru catalysts. xxxred stands for
pre-reduction of the catalyst at xxx °C.

for the three catalysts were almost unity (Table S2t), suggesting
that dissociation of N, is the rate-determining step. The reac-
tion orders for Cs'/Ru/Mg0-500red and Ru/Ce0,-500red with
respect to H, were negative. It demonstrates the significant
adsorption of hydrogen atoms on the surface of Ru catalysts.
This hydrogen adsorption, which is known as hydrogen
poisoning, is the main limitation of Ru catalyst utilization.
However, the reaction order for Fe/Ba(1)/MgO-700red was
positive. Thus, one of the reasons for the increase in NH;
synthesis rate over Fe/Ba(1)/MgO-700red in response to
increased pressure is the absence of hydrogen poisoning. The
reaction order for NH; was negative for all three catalysts, this
value for Fe/Ba(1)/MgO-700red was lower than —1.0, which is
a larger negative amount compared to other catalysts. This
result shows the significant adsorption of NH, species on the
surface of the catalyst and the equilibrium formed between NH,
and NH; components, which prevent N, adsorption and
activation.

To further investigate the kinetics of Fe/Ba(1)/MgO-700red,
the retardation index was considered following previous
reports.>** We define the retardation index for NH,(a) and H(a)
as y and z, respectively. A higher value of y indicates strong
adsorption of NH,, while a higher value of z indicates strong
adsorption of H. If the sum of y and z exceeds 1 when x = 0, then
x = 0 is not suitable and x = 1 or 2 is considered. The calculated
retardation index was (y, z) = (0.69, —0.16) when x = 1 (Table
S37), meaning that the main surface adsorbed species of Fe/
Ba(1)/MgO-700red was NH. The main adsorbed species of Fe/
K(3)/MgO-500red estimated in our previous study was N,*
suggesting that the kinetics and reaction pathways differ,
depending on whether K or Ba is doped.

Effect of Ba on the ammonia synthesis activity of Fe/Ba/MgO-
700red

The effect of barium doping on the efficiency of the catalysts for
NH; production, was investigated by evaluating their physico-
chemical properties. Comparison of these properties for Fe/
Ba(1)/MgO-700red, Fe/Ba(1)/MgO-500red, and Fe/MgO-700red

This journal is © The Royal Society of Chemistry 2024
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is observed in Table 1. Comparison of the catalysts with and
without Ba showed that the specific surface area of Fe/Ba(1)/
MgO-700red (entry 1) is smaller, and it's Fe° crystallite diam-
eter (calculated with Scherrer's equation using the Fe® (110)
peak in the X-ray diffraction patterns (Fig. S51)) is larger than
that of Fe/MgO-700red (entry 3). For the Fe/Ba(1)/MgO-700red
catalyst, the CO-chemisorption capacity, which is considered
as an index of Fe dispersion, and the turnover frequency were
approximately half and 9.2 times that of Fe/MgO-700red. This
means that even though the ratio of surface Fe" sites is greater
on Fe/MgO-700red than on Fe/Ba(1)/MgO-700red, the latter has
significantly more active Fe® sites owing to the Ba doping. Here,
it was also confirmed that the crystallite size of Fe® of Fe/Ba(1)/
MgO-700red was 10 nm and was not changed before and after
the reaction (Fig. S6t).

Comparison of the Ba-doped catalysts with different reduction
treatments showed that Fe/Ba(1)/MgO-700red (entry 1) had about
half the specific surface area of Fe/Ba(1)/MgO-500red (entry 2) and
a larger Fe’ crystallite size (Fig. S7t). However, the CO-
chemisorption capacity of Fe/Ba(1)/MgO-700red was comparable
to that of Fe/Ba(1)/MgO-500red. This is strange from the view-
point of the sintering of Fe® and will be discussed in the section of
Effect of Ba on catalyst surface morphology. The turnover
frequency of Fe/Ba(1)/MgO-700red was about 5.1 times that of Fe/
Ba(1)/MgO-500red, which means that the high-temperature
reduction treatment enabled Ba to effectively activate Fe’.

In the X-ray diffraction pattern of Fe/Ba(1)/MgO-700red, the
peaks attributed to BaCO; that were observed for Fe/Ba(1)/MgO-
fresh and Fe/Ba(1)/MgO-500red had disappeared (Fig. S71). It
should be noted that basicity and electron-donating decrease
with the formation of carbonates in catalyst samples. Therefore,
the significantly improved turnover frequency of Fe/Ba(1)/MgO-
700red can be attributed to the decomposition of Ba carbonates
during high-temperature reduction. We also performed Fourier
transform infrared spectroscopy analyses of Fe/Ba(1)/MgO
under an H,-N, mixed gas (Hy/N, = 3) flow with heating
(Fig. S87). The infrared spectrum of fresh Fe/Ba(1)/MgO before
reduction showed characteristic peaks attributed to MgCO;
(1555 cm ™) and BaCO; (1443 cm ™ 1).2%%% At 500 °C, the spectrum
showed carbonate peaks, but these peaks were primarily absent
at 700 °C. Together, these results indicate that higher temper-
ature reduction is necessary to eliminate carbonates from the
Ba-doped Fe/MgO catalyst.

Next, we conducted in situ X-ray absorption fine structure
(XAFS) measurements to investigate the changes induced by Ba
doping in the state and local structure of Fe in the catalyst. Fig. 5
shows the Fe K-edge X-ray absorption near edge structure
(XANES) spectra of Fe/Ba(1)/MgO and Fe/MgO, as well as spectra
of several reference samples. The spectra of the fresh, non-
reduced Fe/Ba(1)/MgO (spectrum e) and Fe/MgO (spectrum f)
were comparable to that of Fe;0, (spectrum c), suggesting that
the valence of Fe in the catalyst was +2 or +3. In the spectra of
the reduced samples (spectra g, h, and i), we observed that the
intensity of the white line decreased, whereas the intensity of
the pre-edge characteristic of the Fe’ (spectrum a) spectra
increased. We examined the degree of reduction of each sample
by calculating the fraction of Fe® from the linear combination of
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— (g) Fe/Ba(1)/MgO-700red
— (h) Fe/MgO-700red
— (i) Fe/Ba(1)/MgO-500red

— (e) Fe/Ba(1)/MgO-fresh
— (f) Fe/MgO-fresh

Normalized absorption (a.u.)

— (a) Fe foil
— (b) FeO

— (c) Fe;0,
— (d) Fe,04
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Energy (eV)

Fig. 5 Normalized Fe K-edge XANES spectra for Fe/Ba(1)/MgO and
Fe/MgO before (fresh) and after in situ reduction and for reference
samples.

the Fe K-edge XANES spectra of FeO and Fe foil. Comparing the
catalysts with and without Ba doping, the reduction degree of
oxidized Fe species to Fe’ in Fe/Ba(1)/MgO-700red and Fe/MgO-
700red was calculated to be 100% and 85%, respectively; thus,
Ba doping enhanced the reduction of oxidized Fe species to Fe’.
Comparing the Ba-doped catalysts with different reduction
treatments, the degree of reduction for Fe/Ba(1)/MgO-700red
and Fe/Ba(1)/MgO-500red was calculated to be 100% and 54%,
respectively, indicating that reduction to Fe® is incomplete at
500 °C.

Effect of Ba on catalyst surface morphology

Fig. 6 and S9-S111 show the scanning transmission electron
microscopy (STEM) images and corresponding EDX mapping
for Fe/Ba(1)/MgO-700red, Fe/Ba(1)/MgO-500red, and Fe/MgO-
700red after the catalytic ammonia production experiment as
surface morphology evaluation. As shown in our previous
report, Fe is oxidized rapidly by trace amounts of oxygen,* and
because it is challenging to prepare samples completely without
exposure to oxygen, the samples were observed after exposed to
air using high-magnification, high-angle annular dark-field
(HAADF) STEM at atomic resolution. Thus, the contours of
the Fe® particles were not clear.
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Fig. 6 Comparison of the surface morphology of Fe/Ba(1)/MgO-
700red (a and d), Fe/Ba(1)/MgO-500red (b and e), and Fe/MgO-700red
(c and f) after the ammonia synthesis test. (a—c) High-angle annular
dark-field scanning transmission electron microscopy images. (d—f)
Overlay energy dispersive X-ray maps. (d and e) Overlay of Fe K (red),
Ba L (green), and Mg K (blue). (f) Overlay of Fe K (red) and Mg K (blue).

EDX mapping for Fe/Ba(1)/MgO-700red after the catalytic
ammonia production experiment indicated that Ba was
enriched near the Fe® particles (Fig. 6a and d). This observation
was also reported in our previous work on a barium doped Co
catalyst supported on MgO.*

Fig. 6 shows the HAADF-STEM images of Fe/Ba(1)/MgO-
700red, Fe/Ba(1)/MgO-500red, and Fe/MgO-700red (Fig. 6a—c),
and overlay EDX maps of Fe K, Ba L, and Mg K (Fig. 6d and e)
and Fe K and Mg K (Fig. 6f). The overlay EDX maps of Fe/Ba(1)/
MgO-500red and Fe/MgO-700red indicate that Fe is distributed
along the MgO edges. Together with the Fe® ratios calculated
from the XANES spectra shown in Fig. 5, it can be inferred that
the Fe existing along the MgO edges is related to the unreduced
Fe oxidized species. In contrast, no such distribution of Fe was
observed for Fe/Ba(1)/MgO-700red. This supports our earlier
calculation that the fraction of Fe® in Fe/Ba(1)/MgO-700red is
100%. Comparison of Fig. 6d and e shows that Ba is enriched
near Fe® after reduction at 700 °C. This indicates that Fe®
particles and Ba species move across the MgO surface during
reduction at 700 °C, and that the Ba species is enriched in the
vicinity of the Fe® nanoparticles, reducing the surface energy of
Fe.2°

We use our present findings to summarize the influence of
reduction temperature on the Fe® active sites on a Ba-doped Fe/
MgO catalyst. On Fe/Ba(1)/MgO-500red, the degree of reduction
to Fe® is low, and small Fe’ nanoparticles are formed. With
increased reduction temperature, the Fe oxides on Fe/Ba(1)/
MgO-700red are completely reduced, and the size of the Fe®
nanoparticles is increased. A high reduction temperature leads
to decomposition of BaCOj; to Ba(OH), with a low melting point,
490 °C, migration of the melted Ba(OH), over Fe nanoparticles,
decomposition of Ba(OH), to BaO, and coagulation of the BaO
with a high melting point, resulting in the Fe nanoparticles
enriched by BaO nano-fractions.” Eventually, the CO-
chemisorption of Fe/Ba(1)/MgO-700red is almost the same as
that of Fe/Ba(1)/MgO-500red, but the turnover frequency of Fe/
Ba(1)/MgO-700red is much higher than that of Fe/Ba(1)/MgO-
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500red. The very high turnover frequency of Fe/Ba(1)/MgO-
700red can be attributed to the supply of electrons to the anti-
bonding orbital of the nitrogen-nitrogen triple bond from the
Fe’ nanoparticles encapsulated by BaO, which facilitates
dissociation of the triple bond.**

Finally, we address the different doping effects of Ba and K
on Fe nanoparticles in Fe/MgO. Unlike Fe/K(3)/MgO-500red, Fe/
Ba(1)/MgO-700red demonstrated ammonia synthesis activity
even at a low temperature of 150 °C. This can be attributed to
the high N, dissociation ability of Fe, which is caused by BaO
encapsulation and its enrichment over Fe’ nanoparticles. K
species are volatile and cannot encapsulate Fe’ nanoparticles,
but instead appear to increase the number of Fe’ on the
surface.”® The main adsorbed species of Fe/Ba(1)/MgO-700red
was estimated to be NH at 350 °C, while that of Fe/K(3)/MgO-
500red was N.** This might be related to the affinity of these
catalysts with hydrogen. Such different characteristics of the
dopants bring about different behaviours of these catalysts; Fe/
Ba(1)/MgO-700red shows higher NH; synthesis activity than Fe/
K(3)/MgO-500red at low temperatures and vice versa at high
temperatures.>*

Conclusions

We report here the catalytic behaviour of Fe/Ba(1)/MgO-700red
for NH; synthesis under mild reaction conditions. The Fe/
Ba(1)/MgO catalyst pre-reduced at 700 °C was about 1.6 times
more active per catalyst weight than a commercial fused iron
catalyst at 350 °C and 1.0 MPa, and it was able to catalyze the
synthesis of NH; even at 150 °C. Because Fe/Ba(1)/MgO-700red
suffered no hydrogen poisoning, catalyst efficiency improved
gradually with raising the pressure from 0.1 to 3.0 MPa, and at
3.0 MPa, the catalyst showed higher activity than two bench-
mark Ru catalysts. The addition of Ba promoted the reduction
of Fe oxides to Fe’. The reduction of the Fe/Ba(1)/MgO catalyst
at 700 °C, a temperature far higher than that used for conven-
tional Fe-based catalysts, caused BaCO; to decompose and the
resulting BaO to be enriched in the vicinity of the Fe’ nano-
particles. Subsequently, the donation of electrons from BaO
encapsulating Fe® nanoparticles to the adsorbed N, molecules
significantly improved the NH; synthesis activity and turnover
frequency of Fe/Ba(1)/MgO-700red. The dopant effects of K and
Ba on Fe nanoparticles are related to their physicochemical
properties. Some K is volatile but forms highly dispersed Fe®
sites, while Ba forms fewer but highly active Fe° sites. Further-
more, the main adsorbed species on the catalyst surface were
different: NH and N for the Ba-doped and K-doped catalysts,
respectively. These differences led to different catalytic behav-
iours. Our findings are expected to encourage future research
on multi-component doping, which promotes the development
of inexpensive Fe catalysts to facilitate progress toward
a carbon-neutral society.
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