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Catalytic Behavior of K-doped Fe/MgO Catalysts for
Ammonia Synthesis Under Mild Reaction Conditions
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Saeid Akrami, Hiroshi Yamada,® Takaaki Toriyama,'” Tomokazu Yamamoto,™
Yasukazu Murakami,”® Ken-ichi Aika,"” Koji Inazu,” and Katsutoshi Nagaoka*™

An important part of realizing a carbon-neutral society using
ammonia will be the development of an inexpensive yet
efficient catalyst for ammonia synthesis under mild reaction
conditions (<400°C, <10 MPa). Here, we report Fe/K(3)/MgO,
fabricated via an impregnation method, as a highly active
catalyst for ammonia synthesis under mild reaction conditions
(350°C, 1.0 MPa). At the mentioned conditions, the activity of
Fe/K(3)/MgO (17.5 mmolh™'g.. ") was greater than that of a
commercial fused iron catalyst (8.6 mmolh 'g., ') currently
used in the Haber-Bosch process. K doping was found to
increase the ratio of Fe° on the surface and turnover frequency
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of Fe in our Fe/K(3)/MgO catalyst. In addition, increasing the
pressure to 3.0 MPa at the same temperature led to a significant
improvement of the ammonia synthesis rate to
29.6 mmolh~'g.,, ', which was higher than that of two more
expensive, benchmark Ru-based catalysts, which are also
potential alternative catalysts. A kinetics analysis revealed that
the addition of K enhanced the ammonia synthesis activity at
>300°C by changing the main adsorbed species from NH to N
which can accelerate dissociative adsorption of nitrogen as the
rate limiting step in ammonia synthesis.

Introduction

Ammonia (NH,) is one of the most important chemical feed-
stocks in modern society. Currently, global NH; production is
about 200 million tons per year, and more than 80% of this
amount is used as fertilizer for the production of food for
almost half the world’s population.™” Due to universal concerns
regarding global warming caused by the emission of CO,, NH,
has attracted attention for its potential as a carrier of hydrogen
for use as a renewable energy and decarbonized fuel. However,
there are many challenges that must be overcome to realize
widespread utilization of NH; as part of a carbon-neutral energy
society.'®?

Most ammonia is synthesized by the reaction of nitrogen
and hydrogen through what is known as the Haber-Bosch (HB)
process. Although this process is very well-optimized, the
hydrogen used in this reaction comes from the reforming of
fossil fuels, which results in high global emission of CO,
(1.9 tons NH;7").®! Thus, because NH; production has a marked
impact on global warming, decarbonization of the HB process
will be a necessary step toward achieving a sustainable future
society.

In the conventional commercial HB process, a fused Fe-
based catalyst has been used since its discovery by Mittasch.”!
This catalyst is doped with Al,O; (structural promoter) and K,0
(chemical promoter) to accelerate N, triple bond cleavage
(bond dissociation energy, 945 kJmol™"), which is the rate-
determining step for NH; synthesis. However, this catalyst is not
suitable for a green NH; synthesis process using hydrogen
derived from renewable energy sources, instead of fossil fuels,
because it requires a high temperature and pressure (>450°C,
>20 MPa)."”! Therefore, to efficiently synthesize green NH,, it
will be crucial to reduce the temperature and pressure of the

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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NH; synthesis process by developing catalysts that are
sufficiently active under mild reaction conditions (<400°C,
<10 MPa).”!

Ru-based catalysts show high activity for NH; synthesis
under mild reaction conditions and are regarded as potential
alternatives to fused Fe-based catalysts for the HB process.
However, Ru is a rare and expensive element, so it's commercial
application as a catalyst for the synthesis of green NH; has been
limited." Instead, catalysts containing more abundant transition
elements, namely Mn,” Fe,® and Co,"” have been proposed for
green NH; synthesis. Of the proposed elements, Fe is the most
abundant and economically feasible, indicating the scientific
requirements to develop and promotion of Fe-based catalysts
for NH; synthesis.

While a commercial fused iron catalyst does not show
sufficient activity for NH; synthesis under mild reaction
conditions, we have thought that the activity under mild
reaction conditions can be improved by increasing the number
of active sites, i.e. nanoparticulation of Fe. Several strategies
have been reported to increase the number of active sites
including Fe nanoparticles loading on support materials which
result in enhancement of NH; synthesis rate. Fan et al. have
developed a catalyst comprising FeEOOH nanosheets supported
on y-AlL,O; and reported that the NH; synthesis activity of the
catalyst was closely related to the Fe° particle size."” However,
their developed catalyst, FeEOOH—K/AI,O;, had poor NH; syn-
thesis activity under mild conditions. Maksoud et al. and Yan
etal. have both reported active Fe nanoparticles trapped in
porous carbon nanostructures including K homogeneously
prepared by solid-state pyrolysis of organometallic compounds
(Metal Organic Frameworks (MOF) or phthalocyanine) and
suppression of carbon removal via the methanation reaction by
doping with an alkaline metal (K).2' However, utilizing a
carbon material as the carrier is a concern. In all of these
strategies, K is proven to enhance the rate of NH; synthesis, but
its catalytic behavior and kinetics have not been studied well at
low temperatures (<400°C). Hattori et al. have demonstrated
that metallic iron particles can catalyze NH; synthesis from
nitrogen and hydrogen at 100°C in combination with BaH,;"?
however, their approach to catalyst preparation requires a glove
box, making large-scale production impossible.

Here, we investigated the catalytic behavior and kinetics of
Fe nanoparticles loaded on K-doped MgO under mild reaction
conditions. We used a MgO support because we have
previously reported that MgO is an effective support for Co-
based catalysts that include a Co core and BaO shell and that
can be prepared without the use of a glove box.” In the
present study, we found that Fe/K(3)/MgO-500red (K/(K+Mg) =
0.03 mol/mol, pre-reduced at 500°C) exhibited high NH; syn-
thesis activity (17.5 mmolh™'g.,,~") at 350°C and 1.0 MPa. This
value is 2.0 and 9.1times higher than that of current
commercial fused Fe catalysts per catalyst weight and Fe mass,
respectively. In addition, the NH; synthesis rate of Fe/K(3)/MgO-
500red at 3.0 MPa was higher than that of the benchmark Ru
catalysts Ru/Ce0,-500red"™ and Cs*/Ru/Mg0-500red."™ A ki-
netics analysis demonstrated that the Fe catalyst was free from
hydrogen poisoning, which is a typical drawback of Ru catalysts,
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and that its activity improved drastically with increasing
pressure. We found that the K doping dramatically increased
NH; synthesis activity at 300 °C, not only because of the ratio of
Fe® on the surface and electron-donating™ to Fe° but also
because of replacing main adsorbed species from NH to N.

Results and Discussion
Ammonia Synthesis Activity of Fe/K/MgO

First, we investigated the NH; synthesis activity of Fe/K(3)/MgO-
500red. Figure 1 shows the temperature dependence of the
NH; synthesis rates of Fe/K(3)/MgO-500red, Fe/MgO-500red,
and a commercial wistite-based fused iron catalyst (AmoMax
10RS, Clariant, Japan). The NH; synthesis rate of Fe/K(3)/MgO-
500red was higher than that of both Fe/MgO-500red and the
commercial fused iron catalyst over the investigated temper-
ature range (200-400°C). At 350°C, the NH; synthesis rate of
Fe/K(3)/MgO-500red (17.5 mmolh 'g., ") was about 6.6 times
higher than that of Fe/MgO-500red and 2.0 times higher than
that of the commercial fused iron catalyst (Table 1). The Fe/K(3)/
MgO-500red catalyst with Fe nanoparticles effectively catalyzed
NH; synthesis and exhibited considerable ammonia synthesis
activity per Fe unit weight, about 9.1 times higher than the
commercial fused iron catalyst containing a bulk form of iron
(Table 51).0'!

Next, the effect of pre-reduction temperature on Fe/K(3)/
MgO was investigated by pre-reducing at the usual temper-
atures of 400 and 500°C as well as at 700°C, following our
previous report on Co@BaO/Mg0-700red.” Co@BaO/MgO
formed a Co-core and BaO-shell structure when pre-reduced at
700°C, a higher temperature than usual, resulting in very high
NH; synthesis activity under mild conditions. In case of Fe/K(3)/
MgO, the highest NH; synthesis rate was obtained when the
catalyst was pre-reduced at 500 °C (Figure 2).
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Figure 1. Temperature dependence of NH; synthesis rate and yield for Fe/
K(3)/MgO-500red, Fe/MgO-500red, and commercial fused iron catalyst at

1.0 MPa. xxxred stands for pre-reduction of the catalyst at xxx °C. See the
Supporting information about pre-treatment procedure of commercial fused
iron catalyst.
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Table 1. Physicochemical Properties and Catalytic Performance of Supported Fe Catalysts.
Entry Catalyst SSAE CO-chemisorption® Rate' TOF
M*gear ] [umolge, '] (mmolh™ge, ] Is7]
1 Fe/K(3)/MgO-500red 115 49.5 17.5 0.098
2 Fe/MgO-500red 123 17.0 2.7 0.043
3 Commercial fused iron catalyst - - 8.6 -
[a] Specific surface area. [b] Measured as CO-chemisorption capacity. [c] NH; synthesis rate at 350°C and 1.0 MPa. [d] Turnover frequency calculated from
the CO-chemisorption value and NH; synthesis rate.
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Figure 2. Investigation of pre-reduction temperature. Temperature depend-
ence of NH; synthesis rate and yield over Fe/K(3)/Mg0O-400red, -500red, and
-700red catalysts at 1.0 MPa.

The XRD patterns of these catalysts indicated that Fe°
crystallite size increased with the pre-reduction temperature
indicating that increasing the catalyst pre-reduction temper-
ature resulted in sintering of the Fe® nanoparticles (Figure S1
and Table S2). The K/Fe ratio indicated that the high temper-
ature treatment at 700 °C promoted sublimation of K (Table S2).
These factors are considered to lower the activity of the catalyst
pre-reduced at 700°C. To determine why the pre-reduced
catalyst at 500°C (Fe® peak was detected) showed higher
activity than that pre-reduced at 400°C (Fe® peak was not
detected), the CO-chemisorption capacity (an index of Fe
dispersion) of Fe/K(3)/MgO treated at each reduction temper-
ature was measured (Table S2). The CO-chemisorption capacity
was larger for the catalyst pre-reduced at 500°C than for that
pre-reduced at 400°C, and the ratio of Fe° on the surface was
larger over the former than the latter catalyst. A comparison of
the CO adsorption capacity of the catalysts pre-reduced at
500°C and 700°C shows that the former is still larger because
the Fe® nanoparticles are sintered by the high temperature
reduction at 700°C. To investigate the reduction behavior of
Fe/K(3)/MgO, H,-TPR measurement was performed. We ob-
served three water formation peaks in the m/z=18 profile of
the fresh, non-reduced catalyst, which were attributed to water
adsorbed on the sample (at around 100 °C), reduction of Fe*" to
Fe’* (at around 350°C), and reduction of Fe?* to Fe® (at and
above 500°C) (Figure 3a). Peaks for reduction of oxidic iron
species were decreased with increase in reduction temperature
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to 700°C. The m/z=16 profiles, which were derived from the
methanation of residual carbon on the catalyst surface, showed
similar trend with the profile of the m/z=18. We observed
three methane formation peaks in the m/z=16 profile of the
fresh, at around 550, 750, and above 1000°C (Figure 3b). The
m/z=16 profile after pre-reduction at 400 °C showed a methane
formation peak above 400°C, which was smaller than fresh
catalyst, and the profile after pre-reduction at 500°C showed
the peak only above 600°C. Therefore, because the residual
carbon derived from Fe(acac); continued to be removed from
the Fe surface, the CO-chemisorption capacity was larger for
the catalyst pre-reduced at 500°C than for that pre-reduced at
400 °C, indicating that the 500 °C pre-reduction was optimum.

Next, we investigated the effects of K doping on the
catalysts activity. For better comparison, we prepared Fe/
MgO(water) by impregnating Fe(acac); to water-treated MgO
which was once added to ultrapure water (see the Supporting
Information for detailed preparation method). The preparation
method was the same as for Fe/K/MgO except for the KOH
addition. The rate of NH; synthesis was found to differ depend-
ing on the doping amount (Figure S2). Fe/K(3)/MgO-500red and
Fe/K(5)/MgO-500red catalysts showed similar NH; synthesis
rates, and their activities were higher than those of Fe/
MgO(water)-500red and the other Fe/K/MgO-500red catalysts,
suggesting that the optimal amount of K is in the range of 3-
5mol%. To clarify the final composition, catalyst samples were
examined by X-ray fluorescence analysis (Table S2) after the
NH; synthesis test. The lower amount of actual value of K from
the theoretical value were considered to be due to partial
volatilization of K during calcination and reduction because the
heat treatment was above the melting point of the K species
(e.g., the melting point of KOH is 360°C). For Fe amount, this
difference was considered to be due to partial sublimation of
Fe(acac); during the heat treatment under the Ar stream.

The XRD patterns of these catalysts revealed that crystallite
size of Fe® increased gradually with increase in K value,
confirming that Fe nanoparticles were sintered (Figure S3 and
Table S2). The specific surface area also decreased with
increasing K content. In contrast, increasing the K value led to
increase in the CO-chemisorption capacity and the turnover
frequency. To understand this inconsistency, TPR measurements
were performed (Figure S4). The results indicate that Fe®* was
reduced to Fe’ (m/z=18) but residual carbon derived from
Fe(acac); remained unreacted (m/z=16) during the pre-reduc-
tion with increasing K content. The effect of Fe** reduction was

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 3. H,-temperature-programmed reduction profiles ((a) m/z=18 and
(b) 16) for Fe/K(3)/MgO-fresh catalyst (before reduction) and -400red,
-500red, and -700red catalysts.

more predominant. Therefore the K doping effect and the size
of the Fe’ nanoparticles were in a trade-off relationship,
resulting in the maximum NH; synthesis activity being afforded
by the Fe/K(3)/MgO-500red and Fe/K(5)/MgO-500red catalysts.

Investigation of the effects of different Fe precursors
showed that Fe(acac); was superior to the more typically used
Fe precursor iron (lll) nitrate nonahydrate in terms of NH,
synthesis activity (Figure S5). The lower activity was attributed
to the aqueous acid solution (pH=2.2) used during Fe
impregnation, which can damage the basic MgO carrier and
greatly decrease the specific surface area and enhance sintering
of Fe (Figure S6 and Table 52)."”

Figure 4 shows the pressure dependence of the NH;
synthesis rate at 350°C for Fe/K(3)/MgO-500red, Fe/MgO-
500red, and two previously reported benchmark Ru catalysts,
Cs*/Ru/MgO-500red and Ru/Ce0,-500red. Cs*/Ru/MgO is a
well-known active Ru catalyst, and Ru/CeO, is a good candidate
for NH; synthesis using renewable energy.*'¥ The NH; syn-
thesis rate of Fe/K(3)/MgO-500red was lower than those of the
benchmark Ru catalysts-500red at 0.1 MPa but increased
drastically with increasing reaction pressure, whereas the rates
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;:\ N of the benchmark Ru catalysts-500red did not increase as much.
S As a result, the NH; synthesis rate of Fe/K(3)/MgO-500red was
=z Fe/K(3)/MgO-400red , much higher than that of the Ru catalysts-500red at 3.0 MPa.
E I The NH; synthesis rate of Fe/MgO-500red was much lower than
= I/U that of the other catalysts-500red over the investigated pressure
% Fe/K(3)/MgO-500red | ‘ range (0_1_3_0 MPa).
= | We also investigated the stability of Fe/K(3)/MgO-500red
J and found that NH; can be synthesized steadily at the same
Fe/K(3)/MgO-700red e initial rate at 350°C and 1.0 MPa for at least 100 h (Figure 5). We
! L L L also compared the NH; synthesis activity of Fe/K(3)/MgO-
0 200 400 600 800 1000

500red with that of previously reported bulk-type fused Fe
catalysts and Fe-based nanoparticle catalysts (Table S3). When
the weight hourly space velocity was decreased from 72,000 to
36,000 mLh g, for Fe/K(3)/MgO-500red, the NH; synthesis
rate was 10.4 mmolh™'g,, " at 350°C and 1.0 MPa. Fe/K(3)/
MgO-500red prepared by a simple impregnation method
showed comparable or better activity for NH; synthesis than
the previously reported Fe-based catalysts under mild con-
ditions.
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Figure 5. Time course of ammonia synthesis rate over Fe/K(3)/MgO-500red
at 350°C and 1.0 MPa.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH



ChemSusChem

Research Article

doi.org/10.1002/cssc.202300942

Chemistry

Europe

Influence of K Doping on the Kinetics of Fe/MgO Catalysts

Next, a kinetic analysis was conducted to evaluate the reasons
for the NH; synthesis rate dependence on reaction temperature
and pressure. Figure 6 shows Arrhenius plots for Fe/K(3)/MgO-
500red, Fe/MgO-500red, and the commercial fused iron catalyst.
The slope of the plot for Fe/K(3)/MgO-500red changed
markedly at 300°C. For the lower temperature range (200-
300°C, dashed line), the apparent activation energy for Fe/K(3)/
MgO-500red, Fe/MgO-500red, and the commercial fused iron
catalyst was 96.5, 85.5, and 72.9 kJmol ™", respectively, indicating
that Fe/K(3)/MgO-500red had the highest apparent activation
energy. However, for the higher temperature range (300-400 °C,
solid line), the apparent activation energy was 32.3, 52.5, and
59.7 kJmol™', respectively, indicating that Fe/K(3)/MgO-500red
had the lowest apparent activation energy. This suggests that
the addition of K to Fe/MgO significantly lowers the apparent
activation energy at temperatures of 300 °C and above.

In the present experiments, measurements were performed
in a stepwise manner as the temperature was increased from
200 to 400°C. Therefore, to examine whether the apparent
activation energy of 323 kJmol™' can be retained at a low

9
Apparent activation energy [kJ mol~T]
L Symbol Catalyst 200-300 °C 300-400 °C
(dashed line) (solid line)
6 @ Fe/K(3)/MgO-500red 96.5 323
¢ Commercial fused iron catalyst 85.5 52.5
° Fe/MgO-500red 729 59.7

In (NH; synthesis rate) {In(mmol h=' g,")}

1.5 . 1.6 l 1.7 l 1.8 . 1.9 l 2.0 . 2.1
1000/T (K1)

Figure 6. Arrhenius plots for NH; synthesis reactions of Fe/K(3)/MgO-500red,
Fe/MgO-500red, and commercial fused iron catalyst at 1.0 MPa.

reaction temperature (<300°C) after the catalyst had been
taken above 300°C, the NH; synthesis test was conducted for a
second cycle. After the first cycle, the reactor temperature was
kept at 400°C and 1.0 MPa for at least 15 h, then the temper-
ature was lowered to 200°C, and the NH; synthesis test was
conducted for a second cycle once the NH; synthesis rate had
become constant. The apparent activation energy for the
temperature range of 200-300°C was 89.7 kJmol™', which was
slightly lower than the 96.5 kJmol™" obtained during the first
cycle at the same temperature range, but much higher than the
32.3 kymol™" obtained at the higher temperature range (Fig-
ure S7). Together, these results indicated that the catalytic
behavior of Fe/K(3)/MgO-500red was improved during reaction
at high temperature (300-400°C) and that the effect of K
doping was obvious at temperatures above 300°C. In other
words, to develop Fe-based catalysts with high NH; synthesis
activity below 300°C, it will be necessary to employ a different
strategy using elements other than K.

We estimated the N, H, and NH; reaction orders by
measuring the influence of N,, H,, and NH; partial pressure on
the NH; synthesis rate at 350°C and 0.1 MPa (Figure S8). The
determined reaction orders are summarized in Table 2. The
reaction order was investigated with respect to N,. The reaction
orders for the Fe- and Ru-based catalysts were almost at unity,
indicating that dissociation of molecular N, is the rate-limiting
step. In contrast, the reaction order with respect to H, differed
markedly for the Ru- and Fe-based catalysts: the reaction order
with respect to H, for Cs*/Ru/MgO-500red and Ru/Ce0O,-500red
was negative, indicating that H atoms are strongly adsorbed on
the Ru surface resulting in hydrogen poisoning, which is a
typical drawback of Ru catalysts, whereas it was positive for Fe/
K(3)/MgO-500red and Fe/MgO-500red. The reaction order with
respect to NH; was negative for both Ru- and Fe-based
catalysts, but both Fe-based catalysts showed large negative
values below —1.0, indicating that the NH, species generated
on the Fe surface were strongly adsorbed and that the
equilibrium between the NH, species and molecular NH,
inhibited the adsorption and activation of N,.

To further understand the kinetics of the catalysts, the
retardation index was considered."® Based on the idea that the
rate-limiting step is the dissociative adsorption of dinitrogen,

Table 2. Results of kinetic analyses for Fe/K(3)/MgO-500red, Fe/MgO-500red, commercial fused iron catalyst, and two previously reported Ru catalysts-
500red.
Catalyst Analyses Temp. Order® Reference

[°d

n h a

Fe/K(3)/MgO-500red 350 1.00 2.30 —1.53 This work
Fe/MgO-500red 1.16 1.47 —1.35
Cs*/Ru/MgO-500red 1.07 —-0.76 —0.15 9
Ru/CeO,-500red 0.85 —-0.18 -0.19
Commercial fused iron catalyst 0.85 1.56 —0.92 This work
Fe/K(3)/MgO-500red 300 0.87 1.26 —1.03
[a] n, h, and a are the reaction order for N,, H,, and NH;, respectively.
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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,. Assuming the Langmuir-type rate
equation used for Fe catalysts, the rate is given by Eq.1
below."” When the retardation index is described as y for NH,(a)
and z for H(a), the NH; synthesis rate can be described as
following a power rate form (Eq. 2), which is transformed from
Eq. 1:

r = kPy, (14 KiPyy, P, 700 4 K,P %) )
r=kPy, (KiPuu,Pu,”"570%) ¥ (K,Py, %)
= kK1 ’Zsz *ZZPNZ PHz (3f><>yfz,pNH3 -2y
= K Py, Py, ® 7Py, 2)
(K = kK, 2K, %)
where k is the rate constant for dinitrogen adsorption (Eq. 3), K;
is the equilibrium constant for NH; adsorption (Eq. 4), and K, is

the equilibrium constant for H, adsorption (Eq. 5) (*: vacant site
for adsorption).

N,(9) + 2" = 2N(a) 3)
NH;(g)+* = NH,(a) + (1.5 — 0.5x)H,(g) (4)
Ha(g) + 2" = 2H(a) (5)

By comparing Egs. 2 and 6, y and z can be calculated using
h=(3—-x)y—z and a=-2y. The retardation index of Fe/K(3)/
MgO-500red was (y, z2)=(0.76, —0.01) at 350°C when x=0
(Table 3). The value of x is considered to be 0 because 0 <y+
z< 1. This means that the surface of Fe/K(3)/MgO-500red is
covered with N(a), and the equilibrium of N(a)+ 1.5H,(g)=
NH,(a) controls the reaction.”” In case of the commercial fused
iron catalyst, the retardation index was (y, z)=(0.46, —0.18) at
350°C when x=0, which satisfies 0 <y+z< 1, so the value of x
is considered to be 0. This means that the main surface
adsorbed species of doubly-promoted commercial fused iron
catalyst is N, which is identical to Fe/K(3)/MgO-500red. In
contrast, the retardation index of Fe/MgO-500red was (y, z) =

(0.68, 0.56) at 350°C when x=0, which is not reliable because y
+z>1. When x=1, (y, 2=(0.68, —0.11), which satisfies 0 <y+
z< 1, so the value of x is considered to be 1. This means that
the surface of Fe/MgO-500red is covered with NH(a), and the
equilibrium of NH(a)+ 1.0H,(g) =NH;(@) controls the reaction.
Thus, K changed the main adsorbed species from NH(a) to N(a),
and the activity of Fe/K(3)/MgO-500red increased with increas-
ing pressure, whereas the activity of Fe/MgO-500red did not
increase as much owing to the retardation effect of the strongly
adsorbed NH species (Figure 4).

Therefore, kinetic analysis indicated that the obtained
advantage of K doping is not only electron-donation to Fe°
which are long-accepted mechanisms,™>*" but also is the
acceleration of the nitrogen dissociation by main adsorption of
N(a) species instead of NH(a) on the surface. While non-
existence of K atoms in the catalyst structure leads to the
retardation of nitrogen dissociation by main adsorption of
NH(a) species.

To examine why the slope of the Arrhenius plot of Fe/K(3)/
MgO-500red in Figure 6 changed markedly at around 300°C, a
kinetic analysis at 300°C and 0.1 MPa was performed (Fig-
ure S8). The reaction order with respect to H, (4 1.26) was much
smaller than that at 350°C (Table 2). The retardation index was
(y, 22=(0.52, 0.29) at 300°C when x=0 (Table 3). This means
that with increasing temperature, dissociative adsorption of
nitrogen is accelerated due to lower hydrogen adsorption (z
retardation index decreases) and consequently NH; synthesis
activity improves. But this retardation becomes slightly larger
due to absorbed nitrogen species (y retardation index
increases), resulting in a linear activity behavior with a slight
improvement at high temperatures (Figure 1). Due to this
phenomenon, the slope of the Arrhenius plot of Fe/K(3)/MgO-
500red differs greatly around 300 °C. Investigations are currently
underway to understand the cause of temperature-dependent
changes in the main adsorbed species.

Influence of K on the Structure and Catalytic Properties

Next, we investigated the surface morphology of Fe/K(3)/MgO-
500red and Fe/MgO-500red after ammonia synthesis test by
STEM observation and elemental distribution mapping
(Figures 7 and 8). High-magnification HAADF-STEM images with

Table 3. Results of kinetic analyses and retardation indexes for Fe/K(3)/MgO-500red, Fe/MgO-500red, and commercial fused iron catalyst.

Catalyst Analyses Temp. Order® Retardation indexes™
[°d
h a y=-0.5a z=0B-x)y—h
x=0 x=1

Fe/K(3)/MgO-500red 350 2.30 —1.53 0.77 —0.01 -
Fe/MgO-500red 1.47 —1.35 0.68 0.56 —0.11
Commercial fused iron catalyst 1.56 —0.92 0.46 —0.18 -
Fe/K(3)/MgO-500red 300 1.26 —1.03 0.52 0.29 -

[a] h and a are the reaction order for H, and NH,, respectively. [b] y and z are the retardation index for NH,(a) and H(a), respectively. 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.
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(a) (b) (c) localized around the Fe particles (Figure 7b,c,d). This result is in

Overlay

(e) (f)
.

Figure 7. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and energy dispersive X-ray (EDX) maps
of Fe/K(3)/MgO-500red after ammonia synthesis test. (a) HAADF-STEM image.
(b) Overlay EDX maps of Fe K, K K, and Mg K. EDX maps of (c) Fe K, (d) KK,
(e) Mg K, and (f) O K. The area in (b-f) is the same as that in (a).

(b) ()
(€)

Figure 8. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and energy dispersive X-ray (EDX) maps
of Fe/MgO-500red after the ammonia synthesis test. (a) HAADF-STEM image.
(b) Overlay EDX map of Fe K and Mg K. EDX maps of (c) Fe K, (d) Mg K, and
(e) O K. The area in (b—e) is the same as that in (a).

atomic resolution showed that the contours of the Fe° particles
were ambiguous due to oxidation in the atmosphere. This
made it difficult to calculate a clear particle size distribution. In
fact, when the XRD patterns of the samples were measured at
about one month after the NH; synthesis test, the Fe’ peak
(44.67°) had disappeared (Figure S9). A commercial fused iron
catalyst is often treated in air to stabilize the catalyst surface.
However, in the MgO-supported Fe catalyst, Fe nanoparticles
are considered to be completed oxidation due to its small
particle size even after surface passivation treatment. The
implication here is that MgO-supported Fe catalysts should be
kept without exposure to air after being subjected to NH,
synthesis testing. EDX elemental maps of Fe/K(3)/MgO-500red
collected after the ammonia synthesis test showed that K was

ChemSusChem 2023, €202300942 (7 of 9)

agreement with previous results for K-doped Fe catalysts.®'”

On the other hand, EDX elemental mapping for fresh Fe/K(3)/
MgO before reduction showed that Fe and K were dispersed
over the MgO (Figure S10). These results showed that Fe and K
move across the MgO surface during reduction and NH,
synthesis and that K is enriched in the vicinity of the Fe
nanoparticles.

In addition, we examined the effect of the preparation
procedure on ammonia synthesis activity by re-impregnated
the Fe/MgO with KOH (expressed K(3)/Fe/MgO, see the
Supporting Information for detailed preparation method).
Compared with Fe/K(3)/MgO (doping with K followed by
impregnation with Fe), K(3)/Fe/MgO showed a lower ammonia
synthesis rate over the investigated temperature range (200-
400°C, Figure S11). From XRD patterns, HAADF-STEM images
and EDX mapping, we found that for K(3)/Fe/MgO, the
crystallite size of Fe® becomes larger and is more sintered
compared to Fe/K(3)/MgO (Figures S12, S13, and Table S2),
although K is enriched on the surface of Fe nanoparticles for
K(3)/Fe/MgO like Fe/K(3)/MgO. This difference indicates that the
order of impregnation is a crucial factor determining the activity
of this catalyst.

EDX elemental maps of Fe/MgO-500red collected after the
ammonia synthesis test showed Fe particles as well as some
distribution of Fe along the contours of MgO, which was not
observed in the EDX elemental map of Fe/K(3)/MgO-500red
(Figure 8b,c,d). To confirm whether Fe is solidly dissolved in
MgO, XRD patterns of Fe/K(3)/MgO-500red and Fe/MgO-500red
after the ammonia synthesis test were measured (Figure S14).
However, since there was no peak shift of MgO to the lower
angles (Figure S14), it cannot be concluded from the XRD
patterns that Fe was solidly dissolved in the MgO structure.
Considering that some Fe remained unreduced after pre-
reduction at 500°C (Figure S15) as a result of H,-TPR analysis,
the Fe observed along the MgO contour was relevant to
unreduced Fe oxide. Because of existence of oxidic and metallic
Fe mixture, the Fe dispersion estimated from the STEM images
is not consistent with that estimated from the CO-chemisorp-
tion. Therefore, CO-chemisorption is more reliable for estimat-
ing the number of Fe atoms available on the surface.

In summary, K moves across the MgO surface during
reduction and NH, synthesis to reduce the surface energy” of
Fe nanoparticles and is enriched in the vicinity of the Fe
nanoparticles. Appropriate amounts of added K promoted Fe
reduction without inducing the Fe® nanoparticles sintering in
Fe/K(3)/MgO-500red, resulting in high CO-chemisorption ca-
pacity and turnover frequency.

Conclusions

Here, we reported the catalytic behavior of Fe/K(3)/MgO-500red
obtained by impregnating iron (lll) acetylacetonate into K-
doped MgO under mild conditions. At 350°C and 1.0 MPa, the
activity of the Fe/K(3)/MgO-500red catalyst per Fe mass was
about 9.1 times higher than that of a commercial fused iron
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catalyst. Appropriate amounts of K doping increased the ratio
of Fe® on the surface and turnover frequency of Fe in the Fe/
K(3)/MgO-500red catalyst. The activity of the catalyst increased
with increasing reaction pressure up to 3.0 MPa at the same
temperature and was higher than those of two benchmark Ru
catalysts-500red. This is because the Fe/K(3)/MgO-500red cata-
lyst was free from hydrogen poisoning, which is a typical
drawback of Ru catalysts-500red. We found that K doping
dramatically increased the catalyst's NH; synthesis activity
because of electron-donation to Fe® and reduction
enhancement of Fe oxide without inducing the Fe® nano-
particles sintering in Fe/K(3)/MgO-500red, resulting in high CO-
chemisorption capacity and turnover frequency. In addition, K
doping accelerated the cleavage of N, triple bond by replacing
adsorbed NH to N species. The effects of K doping became
most evident at temperatures above 300°C. Morphological
observation of the catalyst revealed that K moves across the
MgO surface during reduction and NH; synthesis and is
enriched in the vicinity of Fe nanoparticles. The simple
preparation method of Fe/K(3)/MgO used in the present study
will facilitate future research into the effects of doping with
various elements and/or bimetallization of the catalysts for
further enhancement of NH; synthesis activity. Our findings
show the high potential of Fe nanoparticles for NH; synthesis
under mild conditions. Such an inexpensive catalyst that
exhibits high activity under mild conditions will be an important
step for the realization of a green NH; synthesis process.

Experimental Section

Catalyst Preparation

K-doped MgO-supported Fe catalyst (Fe/K/MgO) was prepared by
sequential impregnation following our previously reported
procedure.”’ First, granules of KOH (Fujifilm Wako Pure Chemicals
Co., Japan) were added to ultrapure water. Then, a commercial
MgO support (MgO-500 A, Ube Material Industries, Ltd., Japan) was
added to the aqueous solution and stirred for 1 h before removing
the aqueous solvent by rotary evaporation. Hereafter, K-doped
MgO support containing X mol% of K (K/(K+Mg)=X/100 mol/mol)
is denoted as K(X)/MgO. The resulting powder was calcined at
500°C for 5 h in static air. Next, the support was impregnated with
iron (lll) acetylacetonate [Fe(acac);] (Tokyo Chemical Industry Co.,
Ltd., Japan) in tetrahydrofuran (Fujifilm Wako, Japan); the Fe
loading was fixed at 20 wt%. The suspension was dried using a
rotary evaporator, and the resulting powder was heated at 500°C
for 5 h under an Ar stream to remove the ligand from Fe(acac),. Fe/
MgO without K was prepared in the same way, except without the
KOH impregnation and drying steps, and the MgO support was
calcined at 500°C for 5 h in static air before Fe(acac), impregnation.
Two benchmark Ru catalysts (Ru/CeO, and Cs*/Ru/MgO) were also
prepared by following our previously reported procedures.”

Evaluation of Ammonia Synthesis Activity

NH; synthesis activity was evaluated in accordance with our
previous report” Catalyst (100 mg) in pellet form (250-500 um)
was placed in a tubular Inconel reactor (The Nilaco Corporation,
Japan) in a conventional flow system. For catalyst reduction, the
temperature of the catalyst bed was raised to 500°C at 2°Cmin~"
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under a gas stream of hydrogen-nitrogen mixture (H,/N,=3, total
240 mLmin~", 0.1 MPa) and then held for 12 h. The reactor was
then cooled to 200°C in the same gas stream, a H,—N, mixture with
the space velocity adjusted to 72,000 mLh™' g, ' (H,/N,=3, total
120 mLmin~") was supplied to the reactor, and the pressure was
increased to 1.0 or 3.0 MPa. The NH; produced was trapped in an
aqueous H,SO, solution (1-10 mM), and the NH; synthesis rate was
determined from the reducing rate of electronic conductivity, which
was monitored with an electronic conductivity detector (CM-30R,
DKK-TOA, Japan). The standard curve of electronic conductivity is
shown in the Supporting Information (Figure S16). All gases used
were of high research grade (>99.9999%), were supplied from
high-pressure cylinders, and were purified using a gas purifier
(MicroTorr MC50-904FV, SAES Pure Gas, USA).

Kinetic Analysis

A reaction kinetics analysis was performed at 300 or 350°C and
0.1 MPa in accordance with previous reports.”? Assuming that it
could be described by Eq. 6, reaction rate (r) was determined by
measuring the N,, H,, and NH; pressure dependences of the NH,
synthesis rate.

r=Py,"Pu,"Pun,’ (6)

Catalyst Characterization

All of the samples used in the NH; synthesis test were passivated
with CO, (with >99.95% purity, including O, as an impurity) and
subsequently used for characterization.

High-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) images and energy dispersive X-ray (EDX)
elemental maps were obtained by using a JEM-ARM200CF electron
microscope (JEOL, Japan) operated at 120 kV. The samples were
dispersed in ethanol at room temperature, dropped on a carbon-
coated copper grid, and vacuum dried for 24 h at room temper-
ature.

X-ray diffraction (XRD) analysis was performed by using a SmartLab
X-ray diffractometer (Rigaku, Japan) equipped with a Cu Ka
radiation source. XRD patterns were analyzed with the PDXL2
software (Rigaku) and three databases (ICDD, COD,* and
AtomWork™). The Fe® crystallite size calculated by the Scherrer
equation using the peak on the Fe(110) (44.67°) in XRD patterns.

The specific surface area of the catalyst after N, treatment at 300 °C
was measured with a BELSORP-mini apparatus (Bell Japan Corpo-
ration, Japan) based on the Brunauer-Emmett-Teller method.

CO chemisorption capacity was measured with a BEL-CAT-II instru-
ment (Micro-Trac BEL, Japan) and used to estimate the turnover
frequency of Fe/K/MgO and Fe/MgO. A sample of catalyst (50 mg)
was treated with a H,—N, mixture (H,/N,=3, total 120 mLmin™"),
and the temperature of the catalyst bed was raised from room
temperature to 400 or 500°C at 2°Cmin~". The sample was held at
the same temperature under the H,-N, mixture gas stream for 12 h,
purged with a stream of He for 2 h, cooled to 50°C, and flushed
with He for 10 min. After this pretreatment, CO chemisorption
analysis was performed at 50°C in a He flow (30 mLmin™") by
pulsed chemisorption.

X-ray fluorescence analysis was performed with an EDXL 300
instrument (Rigaku).
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A temperature-programmed reduction (TPR) measurement was
performed with a BEL-CAT-Il instrument under a flow of 100% H, to
investigate the reduction behavior of the Fe/K/MgO and Fe/MgO
catalysts. For fresh catalyst (before reduction), 50 mg of catalyst
was loaded into the reactor, and the temperature was raised from
room temperature to 1000°C at a rate of 10°Cmin~". For catalyst
reduction, 50 mg of catalyst sample was treated with a H,-N,
mixture (H,/N,=3, total 120 mLmin™"), and the temperature of the
catalyst bed was raised from room temperature to 400, 500, or
700°C at 2°Cmin~". The sample was held at the same temperature
in the H,-N, mixture gas stream for 12 h, then cooled to 50°C and
flushed with Ar for 10 min. After this pre-treatment and stabilization
of the detector (quadrupole mass spectrometer, BEL-MS, Micro-Trac
BEL), the temperature was increased using the same procedure
used for fresh catalyst.
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