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Ammonia synthesis remains one of the most important catalytic processes since it enables efficient hydrogen
storage and provides the basis for the production of fertilizers. Herein, complementary bulk and local analytical
techniques were combined to investigate the effect of selected promoters (Al, K, Ca) on the reduction of wuestite
into a-iron and their catalytic performance for ammonia synthesis. The use of promoters appears to have a
positive effect on the wuestite-derived catalyst in ammonia synthesis. The promoters seemingly act as a binder
for wuestite grains and impede the reduction and disproportionation events of wuestite precursors resulting in an

increased catalytic performance. This effect is associated with an increase of surface area and mesoporosity. The
study delivers new insights into the interplay of structure and promoters in wuestite-based catalysts.

1. Introduction

In the past centuries, human society has made tremendous techno-
logical and economical progress, which were accompanied by the rapid
growth in world population [1]. The resulting challenge of fulfilling the
increasing demand in food supply has always been a universal concern.
As an efficient solution to this problem, intensive agriculture strongly
relies on the industrial manufacturing of synthetic fertilizers, which
require a large-scale supply of ammonia as feedstock. Fritz Haber [2-4]
demonstrated the possibility of a catalyzed synthesis of ammonia from
hydrogen and nitrogen under high temperature and pressure. Later Carl
Bosch realized the industrial scale production of ammonia from its ele-
ments through the Haber-Bosch process [5,6].

Although many catalyst systems have been proven to be active for
ammonia synthesis [7,8], only two of them showed a potential high
enough for application in the industrial production of ammonia. One of
these catalyst systems is the promoted Ru-based catalyst supported on
carbon materials [9-11] or metal oxides [12-14]. However, the high
manufacturing costs make Ru-based catalysts hard to compete with the
other catalyst system [15,16], i.e. the industrially widely applied iron
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catalyst found by Alwin Mittasch. The catalyst precursor of the
iron-based catalysts is routinely prepared by fusing iron oxides with
other oxide additives consisting of “structural” promoters like Al;03 and
CaO, and “electronic” promoters like K;O [17-20]. Prior to ammonia
synthesis, the fused iron oxide, which contains additional oxide pro-
moters, is activated by a multistep-reduction process in a Hy/No mixture
[21-23]. The iron oxide phase in the catalyst precursor has proven to be
a crucial factor that influences the phase composition and the
morphology of the reduced catalyst and determines the performance of
the catalyst in ammonia synthesis [24,25]. Besides the conventional
fused magnetite, wuestite has shown promising potential as an alter-
native catalyst precursor [25-28]. In the late 1980s, Liu et al. [27,
29-32] have reported that catalysts based on non-stoichiometric wues-
tite Fe; 4O as precursor show superior activity in ammonia synthesis
compared to the magnetite-based catalysts. Please note, that although
magnetite and wuestite are the typical industrial oxide precursors for
Fe-based ammonia synthesis catalysts, Fe;Os-derived ammonia synthe-
sis catalysts are widely applied in academic research [33-35].

In addition to the iron oxide precursor, the oxide promoters also play
a decisive role not only in the formation of the active catalyst but also on

E-mail addresses: lunkenbein@fhi-berlin.mpg.de (T. Lunkenbein), holger.ruland@cec.mpg.de (H. Ruland).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cattod.2021.03.013

Received 29 November 2020; Received in revised form 3 March 2021; Accepted 7 March 2021

Available online 23 March 2021

0920-5861/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:lunkenbein@fhi-berlin.mpg.de
mailto:holger.ruland@cec.mpg.de
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2021.03.013
https://doi.org/10.1016/j.cattod.2021.03.013
https://doi.org/10.1016/j.cattod.2021.03.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2021.03.013&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Folke et al.

the performance. Alumina is considered as one of the important struc-
tural promoters for ammonia synthesis catalyst [18,36]. For
magnetite-based catalysts it is reported, that alumina is present in the
reduced catalyst in the form of a thin Al,O3 layer [37,38] on the surface
or segregated as both, FeAl;04 and Al;03 [39]. The presence of alumina
or/and a Fe-Al solid solution [40] can prevent the activated iron from
sintering, which would otherwise lead to the formation of larger crystals
[18]. In the wuestite precursor, FeAl;04 can also be formed via the solid
reaction between FeO and Al,O3 [41]. However, due to the different
crystal structure of FeO and FeAl,Oy, the distribution of AlyOg3 in the
wuestite precursor is not as uniform as in magnetite precursors [25].
Consequently, it is assumed that alumina is not the only structural
promoter and other oxide promoters such as SiO and ZrO, are required
[25]. Nevertheless, for wuestite-based precursor alumina is believed to
participate in the restructuring of the surface of the reduced catalyst [25,
42,43]. CaO is another structural promoter for catalysts based on
magnetite as precursor [44,45]. In the reduced catalyst CaO segregates
to the space between the Fe crystallites [46,47]. Furthermore, CaO in-
creases the surface area and activity of the activated catalyst as well as
promotes its resistance against impurities in the reactant gas [20]. For
the wuestite precursor, CaO additionally inhibits the disproportionation
reaction at low temperature of Fe; xO which would form magnetite and
metallic iron [25].

Besides the structural promoters, K30 is the most important elec-
tronic promoter for ammonia synthesis catalysts based on both,
magnetite or wuestite precursors [18,25]. Here, an enrichment of po-
tassium on the surface during the reduction of the iron oxide precursors
is taking place [25,46,48]. K20 is hydrolyzed to strongly basic potassium
hydroxide during the reduction, which enables the formation of
amphoteric metal oxohydroxides with alumina and iron oxide [20]. The
basic iron oxides act as a binder to the other oxide promoters as well as
positively influence the reduction kinetics. In the activated catalyst K
exists in the form of anhydrous KOH rather than a metallic adsorbate
[20]. The promoting effect is attributed to the ability of the active
anhydrous KOH species to enhance the dissociative adsorption energy of
nitrogen, which is described as rate determining step of ammonia syn-
thesis [20,49]. Furthermore, the basic KOH species reduces the
adsorption energy of ammonia and, therefore, prevents the catalyst from
self-poisoning caused by adsorption of the formed ammonia, especially
at high reaction pressures.

In the present work, we focus on wuestite-based ammonia synthesis
catalysts. To investigate the effect of different promoters on the per-
formance of the catalyst, a series of wuestite-based catalysts containing
different oxide promoters were synthesized, characterized and tested in
ammonia synthesis. An industrial wuestite-based catalyst was used as
reference. As we will show, disproportionation is the dominant chemical
feature during the reductive activation at lower pressures and it can be
strongly influenced by the use of promoters. Furthermore, the promoters
as well as elevated pressure let all reductive events collapse into one
reduction process that retains the phase disposition generated during
fusion. This allows for the complete reduction of wuestite and the for-
mation of “ammonia iron” below 500 °C.

2. Materials and methods
2.1. Synthesis of the precursor materials

The catalyst samples (Table 1) were prepared according to the recipe
of the applied industrial catalyst in a lab-scale electric arc furnace. Raw
materials were mixed together as fine powders, and the mixture was
placed inside a melting pot. The furnace chamber was evacuated and the
synthetic air pressure was set to the desired value. A voltage was
applied, creating an electric arc. When the melting process was finished,
the melt was cooled down and crushed by jaw crusher. Finally, the
granules were sieved in order to obtain the desired size fraction.
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Table 1
Composition of Fe; ,O-based precursors.
Sample name Promotors
FeO-01 none
FeO-02 K, Al
FeO-03 K, Al, Ca
FeO-04 multipromoted (industrial)

2.2. Catalyst characterization

For the TEM investigation, the wuestite grains were crushed and the
resulting powders were dispersed in ultrapure ethanol and sonicated for
5 min. The experiments were performed with a transmission electron
microscope (TEM) JEOL ARM 200 F operating at 200 kV, equipped with
a double spherical aberration correctors, and GATAN Oneview and
Orius cameras. For scanning TEM (STEM) studies, a high-angle annular
dark-field (HAADF) detector was used, which maximized the collection
of incoherent scattered electrons.

SEM investigations were conducted using Hitachi microscope,
operating at 15 kV, and which is equipped with a secondary ion and
electron detectors.

The BET surface areas and BJH pore size distributions were deter-
mined by measuring Np-physisorption isotherms at —196 °C with a
Quantachrome QUADRASORB evo MP set-up. For regular measure-
ments of the air-stable precursors the sample surfaces were cleaned from
water and other potential adsorbates by degassing them at 100 °C for 12
h in vacuum. The air sensitive catalysts after reduction were transferred
without air contact and directly measured without any thermal pre-
treatment. BET surface areas were calculated from data collected in a p/
po range between 0.05 and 0.3. Adsorption and desorption isotherm
were measured at a p/po range between 0.05 and 0.95 and used for the
determination of BJH pore size distributions.

The quasi in situ XRD data were collected in Bragg-Brentano geom-
etry using a STOE Theta/theta X-ray diffractometer (CuKy; ;2 radiation,
secondary graphite monochromator, scintillation counter) equipped
with an Anton Paar XRK 900 in situ reactor chamber. The samples were
reduced in the in situ chamber with a heating rate of 3 °C min™! until the
desired target temperature was reached, followed by rapid cooling (20
°C min~!) and XRD measurement at 25 °C. Subsequently, the sample
was heated again with 20 °C min~! until reaching the previous target
temperature, where the original TPR ramp of 3 K min~! was resumed
until the final reduction temperature of 850 °C was reached. The gas
feed was mixed by means of Bronkhorst mass flow controllers, using 20
% Hy in helium at a total flow rate of 100 N mL min . The effluent gas
composition was monitored with a Pfeiffer OmniStar quadrupole mass
spectrometer. Ex situ XRD measurements of post mortem samples were
performed in Bragg-Brentano geometry on a Bruker AXS D8 Advance II
theta/theta diffractometer, using Ni filtered CuK,; 2 radiation and a
position sensitive energy dispersive LynxEye silicon strip detector. The
diffraction patterns were analyzed by whole powder pattern fitting using
the TOPAS software (version 5, ©1999—2014 Bruker AXS).

Temperature-programmed reduction (TPR) experiments were per-
formed in a custom-designed set-up equipped with stainless-steel tubes,
a fixed bed reactor (quartz glass, U-tube) and an on-line thermal con-
ductivity detector (TCD) for monitoring the Hy consumption. The TCD
(Emerson X-stream) was calibrated by reducing a known amount of
CuO. A molecular sieve containing tube was installed ahead of the de-
tector as water trap.

For a measurement 100 mg of catalyst precursor (particle fraction
250—425 pm) were reduced by heating it to 900 °C in a total gas flow of
75N mL min~! (20 % Ha, 80 % Ar) applying a linear heating rate of 3 °C
min~L. The Monti-Baker criterion was in a range of 100-125 depending
on the sample [50]. The Mallet-Caballero criterion was in a range of
5-6.5 K depending on the sample [51].
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Fig. 1. a) H, consumption/H,0 formation during the reduction of the precursors at 30 bar and at 1 bar. b) Relative NH3 synthesis activity at 400 °C and 90 bar
normalized to the multipromoted industrial catalyst compared to their BET surface area and pore volume after catalytic testing.

2.3. Catalytic testing

The ammonia synthesis tests were conducted in a commercial all
stainless-steel flow set-up (Integrated Lab Solutions Gmbh) equipped
with a guard reactor, a synthesis reactor, and an on-line IR-detector for
NHj3 and H20 (Emerson X-stream) for quantitative product gas analysis.
For a detailed description of the set-up see [52].

For a measurement 3 g of Fe-based precursor (particle fraction
425—-560 pm) were diluted with 3.9 g SiC (average particle size 154
pm). The catalyst bed was placed in the synthesis reactor between pure
SiC and held in position by glass wool plugs at the entrance and exhaust
of the reactor. After intensive purging of the reactor until water content
was stable at almost zero, the sample was reduced by heating it in a gas
flow of 858 N mL min~! (75 % Ha, 25 % N3) with a temperature program
up to 500 °C at an elevated pressure of 30 bar. The precursor was
reduced in three temperature steps with different heating rates: from
room temperature to 250 °C with 1.2 °C min ™}, 250—400 °C with 0.3 °C
min~! and 400—500 °C with 0.2 °C min~!. Afterwards, the conditions
were kept constant for ca. 4.5 h. In total the reduction procedure took 24
h.

For catalytic testing, the temperature was kept at 500 °C while the
total gas flow was adjusted to 357 N mL min~! (75 % Hy, 25 % Ny). The
pressure was increased from 30 bar up to 90 bar in three steps of 20 bar.
Each step was performed with a pressure ramp of 1 bar min~* (1 h per
step) and after reaching the elevated pressure it was kept constant for 40
min before starting the next step. After reaching 90 bar, the temperature
was reduced to 400 °C with a rate of 1 °C min~! and kept constant for 22
h. Afterwards the catalyst was heated again with 1 °C min™! to 500 °C
and measured for 14 h before cooling it back to 400 °C and measuring it
for 22 h. This was repeated in total two times. At the end of the mea-
surement the pressure was released and the catalyst was cooled down to
room temperature, while the reactor was flushed with nitrogen. The
tested sample was removed inside of a glovebox to allow further char-
acterization of the catalyst in a reduced form. The activity of the cata-
lysts is given as relative NHg synthesis activity, where the effluent mole
fraction of NHjs of the different catalysts was normalized to the initial
effluent mole fraction of NH3 of the industrial catalyst FeO-04.

3. Results and discussion
3.1. Reduction behavior/Catalytic activity

Four different Fe; xO-based precursors were investigated (Table 1)
including three laboratory produced samples (FeO-01, FeO-02, FeO-03)
and one industrially applied catalyst (FeO-04). The samples differ in
their degree of promotion (Table 1). One laboratory sample (FeO-01) is
unpromoted. Fe0-02 is promoted with K and Al which reflect the most
common promotors for all Fe-based ammonia synthesis catalysts [18].
FeO-03 has the same K and Al content as FeO-02 and is additionally

doped with Ca as it is known to be one of the most important promoters
for wuestite-based precursors [25]. The industrial FeO-based catalyst
(FeO-04) contains a package of different promoters that are present in
different amounts. The amounts of K, Al and Ca in FeO-04 are similar to
FeO-03.

The precursors were activated by a reductive pretreatment as
described in the experimental section to form the actual catalyst. The
reduction of the precursors is accompanied by water formation and
initiates the production of ammonia (Figure S1). Following the reductive
activation, the catalytic activity towards ammonia synthesis was
measured at a pressure of 90 bar at two different temperatures (400 °C
and 500 °C) (Figure S2).

The reduction behavior of the Fe; 4O precursors varies strongly with
the applied reduction conditions (Fig. 1a). Under the pressure of 30 bar
the samples exhibit quite similar reduction profiles. The peak shape
during reduction is asymmetric for all catalysts indicating overlaying
reduction steps and/or higher order kinetics. Furthermore, the rate
maximum is shifted to higher temperatures with increasing degree of
promotion. Temperature programmed reduction (TPR) analysis of these
catalysts at atmospheric pressure reveals kinetic resolution and a split-
ting of the reduction profile and for the catalysts with lower degree of
promotion intermediate phases between reduction steps become stable.
Due to the lower pressure and the lower Hy amount in the gas phase the
reduction potential is lower compared to the activation procedure at
higher pressures as evidenced by the TPR measurements. In addition,
the position of all reduction peaks is shifted to higher temperatures at
lower hydrogen partial and total pressures. Although for pure wuestite
only one reduction signal would be expected (Fe; O — Fe), the reduc-
tion profile of the unpromoted sample FeO-01 is split into three over-
lapping peaks. This arises from the consecutive reduction of wuestite
and the disproportionation products. With increasing promotion the
peak splitting decreases. While FeO-02 that is doped with K and Al
shows two overlapping peaks, FeO-03 and FeO-04 exhibit only one
visible reduction peak. This observation highlights that phase formation
during reduction is strongly affected by the promoters acting on the
catalysts synthesis as well as on the ammonia synthesis.

As expected, the comparison of the catalytic activity of the samples
that is presented in Fig. 1b displays an enhancement of the activity with
an increasing degree of promotion. The addition of K and Al (FeO-02)
almost doubles the activity of the wuestite-based catalyst in comparison
to the unpromoted sample (FeO-01). A further significant activity boost
is achieved by the additional presence of Ca (FeO-03), which leads to an
even three times higher activity compared to the unpromoted sample.
With the addition of several different promoters the multi-promoted
industrial catalyst (FeO-04) exhibits by far the highest activity and
still leaves a significant gap to the sample with 3 promoters (FeO-03).
The massive influence of promotion is especially visible by comparing
the multi-promoted industrial catalyst (FeO-04) to the unpromoted
sample (FeO-01). The multi-promoted Fe; O-based catalyst is more
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Fig. 2. Ambient pressure TPR profiles and quasi in situ XRDs of samples FeO-01 (a, b), Fe0-02 (c, d) and FeO-03 (e, f).

than 5 times as active as the unpromoted analogue.

A major contribution to this increase in activity can be assigned to
structural promotion as can be seen by the BET surface areas and mes-
oporous pore volumes of the reduced and tested catalysts (Fig. 1b,
Table S1). The addition of K and Al (FeO-02) and the subsequent
introduction of Ca (FeO-03) leads to an increasing surface area and pore
volume quite comparable to the increase of the overall catalytic activity.
It should be noted that this behavior does not exclude an influence of
other promoting effects like the improvement of the reaction kinetics,
where K is known to be important. In general, Al and Ca are known as

15

structural promoters, which preserve the Fe nanostructures from sin-
tering [27,32]. Furthermore, they cause an increase of the surface area
of the catalyst and, therefore, an increase of the total number of active
centers. By comparing the BJH pore size distribution of the samples after
ammonia synthesis the difference in the effect of structural promotion
becomes visible (Figure S3). While FeO-01 exhibits only little meso-
porosity the addition of K and Al (FeO-02) leads to the formation of a
small mesoporous pore volume with a broad pore size distribution. A
significant effect can be seen by the addition of Ca (FeO-03). A clear
mesoporous structure can be observed with a defined maximum
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Table 2
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Precursor composition during the quasi in situ XRD before, at 500 °C and after reduction estimated by quantitative Rietveld analysis.

Sample Phase Before Reduction After Reduction to 500 °C After Reduction at 850 °C
FeO-01 Fe;.<O [wt-%] 99 29 -
Fe304 [wt-%] - 64 -
a-Fe [wt-%] 1 7 100
Fe0-02 Fe;.<O [wt-%] 99 23 -
Fe304 [wt-%] - 13 -
a-Fe [wt-%] 1 64 100
Fe0-03 Feq.<O [wt-%] 99 57 -
Fe304 [wt-%] - 7 -
a-Fe [wt-%] 1 36 100

centered around 15 nm. The pore size distributions of FeO-03 and
FeO-04 are almost identical. Thus, Ca seems to have a major role as a
structural promoter and leads to the formation of a mesoporous network
within high performance ammonia synthesis catalysts. Besides struc-
tural promoting, the addition of further promoters in FeO-04 may have a
primary effect on the ammonia reaction kinetics, while the combination
of K, Al and Ca in FeO-03 are believed to be the major constituents that
lead to the total surface area and mesoporous nanostructure of the in-
dustrial catalyst.

3.2. Quasi in situ XRD of the reduction

As mentioned before the four samples vary in their reduction
behavior during the TPR at 1 bar. In order to understand associated
changes of the iron phases, XRD measurements were performed before
the reduction, after the reduction and in the middle of the reduction
process at 500 °C in a hydrogen-containing atmosphere. Due to the low
time resolution (ca. 20 h per scan), all XRD measurements were per-
formed at room temperature to avoid ongoing reduction of the sample
during the data collection, which renders this technique quasi in situ.
The intermediate target temperature of 500 °C was chosen according to
the minima of the TPR profile of the sample FeO-01, while 850 °C was
the maximum temperature accessible with the setup. At the minima of
the TPR profile, the reduction rate is the lowest and thus the necessary
interim cooling/re-heating phases should have the smallest possible
impact on the reduction profile. Furthermore, it may be expected that
potential intermediate phases have their maximum concentrations at
these points. Although the minima are less resolved for FeO-02 or no
TPR minima could be found for FeO-03, the same temperature program
was applied to all samples for the sake of comparability.

Before reduction, the XRD patterns of all samples exhibit a distinct
wuestite (Fe;4O) phase with a small amount of a-Fe, while after
reduction only an a-Fe phase is present for all samples (Fig. 2). A dif-
ference for the samples can be observed with the XRD patterns in the
middle of the reduction progress at 500 °C. It is possible to see the for-
mation of a magnetite (Fe3O4) phase in different amounts for all samples
before iron is fully reduced at higher temperatures. It should be noted
that the XRD pattern of sample FeO-03 after reduction to 500 °C is
peculiar in showing an unusually strong 220 reflection (60.5°) of the
wuestite phase. Peak shape and broadening exclude the possibility of
bad sampling statistics, which could cause significant intensity de-
viations in the case of highly crystalline phases. Furthermore, the cubic
crystallographic symmetry and the lack of directing mechanical forces
during the experiment rule out preferred orientation effects as a possible
explanation. Thus, we interpret this surprising change of the relative
intensities as a true structural effect. A Rietveld refinement was obtained
after allowing the occupation of tetrahedral interstitial sites in the
wuestite crystal structure by Fe atoms [53]. In the refined model, about
one third of the iron atoms resided on the new tetrahedral positions,
while the rest occupied the normal octahedral sites. Whether this un-
usual, modified wuestite phase is directly stabilized by the promoters in
FeO-03, or whether it occurs generally as an intermediate during
reduction and was only accumulated into noticeable amounts due to the
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delayed disproportionation/reduction kinetics, remains open.

The formation of magnetite is caused by thermal disproportionation
of the wuestite into a-iron and magnetite. When the amounts of the
different iron oxide phases are compared (Table 2) it can be seen that the
unpromoted sample FeO-01 exhibits a much higher amount of magnetite
at 500 °C compared to the two other promoted samples at this tem-
perature. This shows that the promoters are stabilizing the metastable
wuestite phase and inhibit thermal disproportionation (Fig. 2), i.e.
minimizing the amount of magnetite at the final reduction temperature
such that the individual events occur at lower temperature and coincide.

The thermal disproportionation can explain the peak splitting of the
reduction peaks, which is strong in the unpromoted sample. Due to the
disproportionation into o-Fe and Fe3O4 the precursor turns into phase
mixtures of Fe; O, a-Fe and Fe3O4. This leads to a reaction network
during reductive activation (Fig. 3). Hence, parts of the Fe; O phase are
directly reduced, while other parts of this phase disproportionate into
iron and magnetite. The newly formed Fe3Oj4 is also reduced at higher
temperatures compared to the original wuestite phase. It can be specu-
lated that Fe3O4 forms during its reduction a new Fe; 4O phase as an
intermediate step, which is subsequently reduced or disproportionated.
It is further possible that Fe; O phases with different x values are
formed. This could also explain the change of their reduction rate. At the
applied higher temperatures all reactions can happen simultaneously as
indicated by the overlaying TPR profiles.

Peak splitting in TPR decreases with increasing degree of promotion
until only one reduction peak is present. However, disproportionation
can still not be fully excluded as even the most promoted model sample
Fe0-03 still exhibits a detectable amount of magnetite as shown by the
XRD patterns in Fig. 2f. Thus, the single reduction peak of the FeO-03
precursor can result from an overlap of different reduction events.

Please note, the quasi in situ XRD analysis was limited to a maximum
measurement angle of 90° 20. Due to this limitation only three accessible
reflections that can be assigned to bec Fe could be obtained. The absence
of further reflections has limited the peak profile analysis to consider
only isotropic size broadening. Nonetheless, this analysis hints to a slight
anisotropy in the peak profiles corresponding to a-Fe (Fig. 4) [54]. The
peak width misfit is most pronounced for the 200 reflection. As opposed
to the quasi in situ analysis, this effect of anisotropic peak broadening is
more obvious in the diffraction patterns that were measured of all FeO
catalysts after ammonia synthesis. However, these catalysts have been
investigated ex situ. To illustrate the effect of anisotropic peak
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Table 3

Lattice parameters a and volume weighted mean domain sizes Ly,-IB for the o-Fe phases of the investigated FeO samples at different temperatures. The numbers in
parentheses represent estimated standard deviations (esd), referring to the last significant digit(s).

Promoters After reduction at 500 °C After reduction at 850 °C After reduction at 500 °C After reduction at 850 °C
a[A] a[A] Lyor-IB [nm] Lyo-IB [nm]
FeO-01 none 2.8672(2) 2.86747(6) 65(5) 520(30)
Fe0O-02 K, Al 2.86709(18) 2.86735(10) 27.4(7) 53.6(11)
FeO-03 K, Al, Ca 2.8697(2) 2.86752(8) 23.8(7) 55.3(11)

broadening, the XRD results of FeO-03 after ammonia synthesis are
presented as a structural example in Figure S4a. The data was fitted with
an isotropic profile in the absence of a crystal structure model.
Furthermore, a fit that includes a crystal structure model (i.e. Rietveld
refinement), reveals an additional mismatch of the calculated relative
intensities for the spent FeO-03 catalysts (Figure S4b). Since the bcc
crystal structure of a-Fe has no internal degrees of freedom, i.e. it ac-
commodates only one atomic site that is fixed to a special position,
except the thermal displacement parameter, this result can be taken as
evidence that the real structure of the iron phase must be more complex
than simple a-Fe. Phenomenologically, the observed intensity distribu-
tion could be approximated either by allowing the thermal displacement
parameter to take physically implausible negative values or by assuming
that additional electron density is residing on interstitial positions. It
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should be noted here that diffractometer misalignment or beam spill
effects were explicitly ruled out as potential causes for the observed
intensity mismatch.

From the applied Rietveld analysis of the experimental data of the
wuestite precursors that have been measured by the quasi in situ XRD
approach lattice parameters a and domain size values Ly,-IB were
extracted which are presented in Table 3. However, due to limitations to
the isotropic fit model, these values should be interpreted only in terms
of a trend rather than absolute values. The domain size values suggest
that the addition of K, Al reduce sintering, while the addition of Ca
seems to increase the Fe lattice parameter after reduction at 500 °C. It
should be noted that the peculiarity of the lattice parameter occurs in the
same scan as the “interstitial wuestite” phase occurred and vanishes with
higher reduction temperatures.
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{022)Fe,0

Fig. 5. TEM images of identical locations of FeO-03 before (a) and after (b) the quasi in situ experiment (Hy/Ar = 3/1, 10 bar, 365 °C) showing the reduction induced
transformation of the nanostructure. False colored- HRTEM image (c) recorded at the edge of the particle (red square in b) and corresponding FFT (d), indicating the

thermal disproportionation of wuestite into iron and magnetite.

These different possible reduction pathways render any detailed
analysis difficult. While the formation of magnetite can only originate
from the disproportionation of wuestite, the a-Fe can come from the
disproportionation of wuestite as well as from the reduction of magne-
tite. In addition, it is possible that the full amount of all Fe phases cannot
be detected by XRD due to the absence of translational symmetry or the
formation of too small crystalline domains. For example, for sample
FeO-01 (4 FeO — Fe304 + Fe) that exhibits a large amount of magnetite
a o-Fe to magnetite weight-% ratio of 1-4 it could be stoichiometrically
expected. However, the actual ratio is only around 1-9. This indicates
that probably not all a-Fe in the sample is detected. Despite these un-
certainties it is still possible to conclude on a few trends, in particular,
when the amount of phases is strongly changing as it does for the
aforementioned amount of magnetite. It is also possible to observe that
the FeO-02 sample is at 500 °C more reduced indicated by a higher
amount of a-Fe compared to FeO-03 sample. This can be explained by
the presence of Ca in the FeO-03 sample, which slows down the
reduction process of wuestite [55]. CaO crystallizes in the same crystal
structure than wuestite and, therefore, it can be incorporated into the
wuestite lattice [25]. This could form CayFe3 404 solid solutions, which
inhibits the disproportionation process. This is in agreement with the
findings of Li et al. [55], who have shown the positive effect of CaO on
thermal stability of wuestite structure under base pressure of 1.33 Pa.
Meanwhile, the formation of CayFe34O4 species will hinder the
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reduction rate in comparison to the wuestite precursor without Ca. A
similar hindering effect of Ca on the magnetite-based precursor reduc-
tion has been reported by Liu et al. [32]. As the Ca content is sufficiently
low the precipitation of the spinel phase could be avoided. It has been
highlighted that phase purity of the oxide precursor is a necessary
requirement for a good ammonia synthesis catalysts [25].

3.3. Quasi in situ TEM of the reduction

To investigate how the early stages of disproportionation influences
the structure on the local scale transmission electron microscopy in-
vestigations were conducted. Transmission electron microscopy allows
to investigate the morphology and structure of the catalysts at the (sub)-
nanometric scale and is thus complementary to bulk averaging charac-
terization techniques. In order to study the morphological and structural
changes that occur during the reduction on the individual particles,
quasi in situ TEM experiments were conducted [56,57]. This later allows
to investigate catalyst particles before and after activation at elevated
pressure and temperature, which are relevant for ammonia synthesis
catalysts.

The reduction of the wuestite was first followed for the FeO-03
precursor to exemplify the presence of local disproportionation events
for a fully promoted sample by submitting the sample to a Hy/Ar mixture
of 3to 1 at 10 bar and 365 °C. Fig. 5 shows typical and identical wuestite
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particles before (Fig. 5a) and after the quasi in situ experiment (Fig. 5b).
Before quasi in situ activation (Fig. 5a), surface near diffraction contrast
indicates the formation of defective structures within the particles which
are characteristic of wuestite-type materials. After reductive treatment
(Fig. 5b), a cracking of the identical particle occurred that can be best
described by the formation of a hedgehog-like structure, which is
accompanied by the formation of porosity and the outgrowth of multiple
nanoplatelets [58,59]. High-resolution (HR)-TEM imaging and corre-
sponding Fast-Fourier transform (FFT) analysis (Fig. 5c¢-d) of the nano-
platelets denote the growth of polycrystalline particles with a
nanoparticular structure. After treatment at 365 °C the wuestite struc-
ture is still present in the sample. In addition, a-iron and magnetite are
formed. Thus, this observation corroborates the thermal disproportion-
ation in the early stage of the reduction process, as previously estab-
lished by XRD and TPR even for the fully promoted samples.
Additional areas of the FeO-03 sample after reduction were investi-
gated, which show the formation of complex structures and the local
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Fig. 6. HRTEM images (a) on FeO-03 after
quasi in situ experiment at Ho/Ar = 3/1, 10 bar,
365 °C. Zoom into the areas framed by green
(b), and orange rectangles (c); the correspond-
ing FFT (d and f) analysis indicate the forma-
tion of magnetite; addition of inverse FFT (e
and g) showing the position of individual re-
flections in the HRTEM images. The over-
lapping of lattice planes is noticed in (g) with
the apparition of orange and violet colors. The
HRTEM images focusing on blue and red rect-
angles indicates the presence of amorphous (h),
short-range order (dashed ellipse) and surface
roughness (i) on the overlayer of the
agglomerate.

inhomogeneity of the sample. Fig. 6 presents one example of a detailed
HRTEM analysis. Polycrystalline particles are observed including the
presence of Fe3O4 (Fig. 6b-d) and Fe (Fig. 6e-g) phases. In addition,
Moiré patterns (Fig. 6a and e) as a result of overlapping lattice planes
indicate the presence of turbostratic disordered layers, which can also
highlight the formation of defective phases. The complexity of the
atomic structure is further corroborated by analyzing the surface layer of
such a particular aggregate, including amorphous layers (Fig. 6h), short-
range ordered surface structures (dashed ellipse in Fig. 6i) and surface
roughness (Fig. 6i). The observation of amorphous and short-range or-
dered phase may also be in line with the missing Fe content calculated
from Rietveld analyzed XRD patterns. Elemental analysis indicates that
the promoters (Al, K, Ca) are in close contact with iron phases
(Figure S5).

From the above results, it is apparent that the temperature of 365 °C
is insufficient to fully reduce the wuestite precursor even at elevated
pressure. In order to corroborate the TPR results showing that at
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Fig. 7. TEM images on FeO-01 precursor before (a) and after quasi in situ TEM reduction (b-c) at Ho/Ar = 3/1, 10 bar, 470 °C; HRTEM images after reduction (c)
showing a-Fe (011) planes of different crystals, Moiré patterns and strain (arrows); SAED analysis before (d) and after activation (e) indicating the reduction of

wuestite into iron.

Fig. 8. SEM images on the FeO-03 sample before reduction (a) as well as after reduction and NH3 synthesis (b). Zoom in of the grains (c) showing the presence of
sponge-like structure (see white arrows); SEM-EDX mapping (d-f) on the FeO-03 after NH3 synthesis, showing the presence of Fe, O and promoters (Al, K, Ca);

Addition of SEM-EDX elemental maps (i).

elevated pressure and higher temperature (above 400 °C) also the
unpromoted sample can be fully reduced quasi in situ investigations of
FeO-01 were conducted. Fig. 7 shows TEM images on the FeO-01 sample
before (Fig. 7a) and after (Fig. 7b) quasi in situ reduction experiment at
10 bar of Hy/Na (3/1) mixture at 470 °C showing that at elevated
pressure the unpromoted sample is fully reduced even at the local scale.

The wuestite precursor (Fig. 7a) indicates a particle-like morphology
with a length of about 500 nm. Similar to the pristine FeO-03 sample,
localized diffraction contrast is observed which is distributed all over the
particle. After the exposure of the precursor to a Ho/N3 (3/1) mixture at
10 bar and 470 °C (Fig. 7b), a drastic morphological change occurred
which is expressed by the formation of elongated polycrystalline iron
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phases. This is confirmed by HRTEM imaging (Fig. 7c), which shows the
presence of (011) a-Fe planes of different crystals. The HRTEM also
shows the formation of Moiré patterns between the agglomerates of
particles, as a result of the interference of overlapping (011) lattice
planes indicating thin layers. Furthermore, the particles exhibit a dark
contrast (see arrows in the Fig. 7c¢), which is indicative of the formation
of strains on the particles.

In addition, the structure of the sample before and after the quasi in
situ reduction was investigated using selected area electron diffraction
(SAED). Ring patterns were observed in both before (Fig. 7d) and after
(Fig. 7e) quasi in situ reduction, indicating a polycrystalline structure
with a small crystallite size. The analysis confirms that the full reduction
of wuestite precursors to Fe occurs at elevated pressures even for the
unpromoted sample at lower temperatures which corroborates the TPR
results presented in Fig. 1a.

It should be noted that we have conducted similar reduction exper-
iments for Fe0-02 by quasi in situ TEM (see Figure S7). As demonstrated
for FeO-01 (Fig. 7) the sample is reduced and similar morphological and
structural features were detected.

3.4. SEM after NHs synthesis

Additionally, the microstructure of the FeO-03 sample before
reduction (Fig. 8a) as well as after reduction and ammonia synthesis
(Fig. 8b-c) was investigated by scanning electron microscopy (SEM). A
complex microstructure is observed with the presence of different grain
sizes (Fig. 8a). Furthermore, grain boundaries can be observed which
indicate the presence of a defective structure. The bulk morphology of
the wuestite precursor is similar to the one after ammonia synthesis.
However, a sponge-like structure is formed with voids distributed all
along (see areas highlighted by arrows in Fig. 8c). This is in line with the
BJH results, which showed a clear mesoporous structure for the wuestite
sample promoted with K, Al and Ca. This may be related to the reduction
of the particles, which generates the porosity and increases the surface
area of the particles as confirmed by the BET surface area.

In order to investigate the microstructure and chemical composition
on the sponge-like structure formed after NH3 synthesis, SEM-EDX
mapping were conducted (Fig. 8d-I and Figure S6). The EDX mapping
has revealed the presence mainly of Fe. However, O, Al K, Ca were also
detected, and are more concentrated into the grain boundaries. Similar
localization of the promoters in the wuestite grains before reduction
were observed (see Figure S8). Therefore, the promoters could act as
binders between the larger grains and thus help to stabilize the sample
morphology during the reduction/activation steps.

4. Conclusion

In summary, the reduction of wuestite-based precursors occurs in a
complex reaction network involving reduction and disproportionation
events. Our results show positive effects of K, Al and Ca as the main
promoters on the performance and reduction behavior of wuestite-based
ammonia synthesis catalysts. They have a significant influence on
improving and stabilizing the catalyst nanostructure that is defined
during the fusion and retained during the reduction of the precursors,
whereas the promoters seem to be concentrated in the grain boundaries
of the formed o-iron bulk crystals. Furthermore, they narrow the
reduction and disproportionation events of metastable wuestite which
allows a more direct reduction with less amounts of magnetite at the
final activation temperature. The presented results support the forma-
tion of a structure of defective and disordered nanoplatelets within a
mesoporous network as the origin of “ammonia iron” in comparison to
bulk a-iron. This enhances by far the surface area of the catalyst. These
global improvements from the promoters lead to a more active catalyst
for ammonia synthesis. Especially Ca seems to play a major role on
defining the reduction process and, therefore, also the mesoporous
network and the surface area of the resulting catalyst. We note that the
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difference between normal iron and ammonia iron mostly occurs on a
mesoscopic scale. Typical spectroscopies as Mossbauer or EXAFS would
not detect such differences [60]. XRD is slightly sensitive in its line
shapes [61] being peculiar in active catalysts. The information content
of these anomalies precludes a distinction of mesoscopic defect from
possibly present additional local defects for which TEM gave some hints.
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